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Abstract  

Coupled codes can improve accident analysis capabilities with reasonable increase in cost and 
calculation requirements and with moderate additional user effort. The use of coupled code 
system based on RELAP5 mod 3.3, PARCS or QUABOX and COBRA (direct coupling) is 
shown for 3D calculation of NPP Krsko MSLB accident. Another example of coupling used at 
University of Zagreb is coupling of system code RELAP5 mod 3.3 and containment code 
GOTHIC. The capabilities of the coupled system are illustrated in case of IRIS reactor Small 
Break LOCA calculation. 
 
 
1. INTRODUCTION 
 

Most of the usually performed accident analyses were successfully done using system 
thermal-hydraulics codes. In case of complex problems involving solution of thermal-hydraulics 
together with other disciplines such as: reactor physics (neutron diffusion/transport), chemistry, 
aerosol dynamics, metallurgy (severe accidents); system codes are usually not enough or 
prediction capability can be improved by addition of separate computational models. The similar 
is true in case when interaction of different solution domains should be calculated (e.g. primary 
system and containment) with different physical models, or very different spatial or time 
discretization. Different mathematical models which exist for each analyzed phenomena can be 
used independently based on external iterations and appropriate boundary conditions. That is 
time consuming process, with limited number of iterations and additional assumptions needed in 
order to realize separate calculations. Time needed to prepare new codes where all required 
models are properly incorporated are relatively long, as well as time needed to build user 
experience and qualify the code. Coupled codes can be way to make compromise between two 
mentioned approaches. Separate, existing computer codes can be coupled providing new 
capabilities without spending too much time in development and with possibility to use existing 
experience and perform code verification and validation only for coupling part of new code. Still 
some problems has to be solved such as: what is required level of interaction between codes, is it 
is possible to use explicit or implicit connection, which part of the code is responsible for overall 
code control, how to perform coupling and how to exchange data (parallel and serial coupling). 
There are many ways how these questions are solved and there are many types of coupled codes. 
Three basic categories are: thermal-hydraulics/neutronics coupled codes, thermal-
hydraulics/containment coupled codes and thermal-hydraulics/severe accident codes. At 
University of Zagreb codes in first two categories are developed and used. That was result of the 
position that existing experience with standalone codes has to be of primary importance in 
coupled code usage and that full understanding of coupled code potential is possible if the user 
was included in development of the coupled code. 
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2. USE OF THERMAL-HYDRAULICS/REACTOR PHYSICS COUPLED CODES 
 

Best estimate safety analyses require usage of a multidimensional neutron kinetics model 
instead of classic point kinetics for transient calculations where strong spatial changes occur in 
the core. Usually current multidimensional neutron kinetics codes have a simple thermal-
hydraulic model of the core and the plant components outside the reactor core are represented 
with boundary conditions. In most cases current multidimensional neutron kinetics codes have a 
simple thermal-hydraulic model of the core and the plant components outside the reactor core are 
represented with boundary conditions. Best-estimate thermal-hydraulic system codes (e.g. 
RELAP5) provide a respective thermal-hydraulic analysis for all components in the plant, and 
include realistic description of plant protection and control systems. Point kinetics model is 
traditionally used in present system codes. However, that is sufficient only for the cases where 
the space dependent parameters within reactor core remain approximately constant. In order to 
remove described limitations in both types of codes and to enable best-estimate multidimensional 
neutron kinetics calculation a number of coupled thermal-hydraulic and neutronics codes were 
recently developed and used worldwide. In the coupled code, generally speaking, thermal-
hydraulic code calculates system thermal-hydraulics, average core channel thermal-hydraulics 
and heat conduction, while neutronics code calculates only 3D neutron kinetics. Some kind of 
interface module should provide the interchange of the data between the two codes. This type of 
coupled codes can be used for best estimate safety analysis, operational support and training. 
Their benefits are currently related to better understanding and more accurate prediction of 
consequences of the analyzed accidents and transients. Typical examples of accidents where 
application of coupled codes could be important are: 

• Steam line break (large asymmetric reactivity change, stuck rod) 
• Feed line break (safety margins during power uprate) 
• RCCA ejection/withdrawal (localized spatial change, local fuel rod enthalpy) 
• Boron dilution events (large reactivity change, non-uniform boron distribution in the core)  
• Startup of cold loop (asymmetric reactivity change) 
• Transients without scram (accurate evaluation of feedback effects) 
• Instrumentation response (operational support and determining setpoints)  

 
 
2.1 R5QC and R5PA coupled codes description 
 

In the past FER (Faculty of Electrical Engineering and Computing, University of Zagreb) 
has gained significant experience using system code RELAP5 for thermal-hydraulic analyses [1] 
and QUABOX/CUBBOX for neutronic dynamic analyses [2]. Thus, the coupled code system 
R5QC was developed using these two codes [3]. The QUABOX/CUBBOX is well known 3D 
coarse mesh neutron kinetics code developed in GRS Garching, [4]. This code has been coupled 
to different code systems and used for calculation of different types of reactors. The RELAP5 
code is the most distributed system code which has been used worldwide as stand alone code for 
safety analyses [5]. 

Both codes were used in different couplings, but there was no coupled code in which they 
are coupled together. It was concluded that existing experience with standalone codes has to be of 
primary importance in coupled code usage and that full understanding of coupled code potential 
is possible if the user was included in development of the coupled code. Target platform on 
which the coupled code should be developed is Pentium PC and direct explicit coupling of 
constituent codes was chosen. The coupling should be designed so that it is possible to apply it to 
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other codes if we decide to replace some of the originally chosen codes. When PARCS code [6] 
was released we have decided to produce coupled code system R5PA based on experience gained 
with R5QC. Some parts of the codes were redesigned using object oriented and modular 
programming (fortran 90). The coupling has been performed in such a way to keep original input 
decks practically intact and to avoid large data transfers. The codes are coupled through “static 
linking” with limited number of well defined points of interaction. In order to achieve coupling 
additional input data and interface subroutines were required.  

Regarding RELAP5 input data it has to be noticed that there are practically no changes. 
Reactor point kinetic block is disabled and on heat structure 701 cards source option has to be 
1001 with all axial factors inputted as 1 for active core structures. Output files of the codes in 
coupled code are completely independent and restart files are separated. 

The changes in QUABOX/CUBBOX were done in order to improve calculation speed and 
enable usage of the code within coupled system. The code is rewritten without any change in 
mathematical model. The similar was done with PARCS code. Both codes share subroutines 
responsible for mapping of input interface data (Figure 1), new cross section library model with 
multidimensional interpolation suitable for processing of large number of material compositions 
and new spatially dependent decay heat model based on 23 decay groups as defined in 
ANSI/ANS-5.1-1979 standard.  
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Figure 1 Interface arrays 

 
There are two clearly separated calculational paths in coupled code, one for steady state and 

another for transient calculation. When called inside coupled system, during “steady state” 
transient calculation of RELAP5, neutronic code is used to perform number of separate 
eigenvalue calculations. When called during real transient, neutronic code performs one transient 
step under control of RELAP5 code. For both coupled codes, R5QC and R5PA, the versions exist 
(R5QCV and R5PAV) where subchannel COBRA code [7] was used to improve spatial 
resolution of thermal-hydraulics core model. Modified COBRA code (COBRA IIIC with some 
additions from COBRA IV and VIPRE-01) is called once per neutronics code call to perform 
calculation of feedback variables and to calculate DNB ratios for average channel of each fuel 
assembly.  
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Different coupling schemes regarding responsibility for core thermal-hydraulics were 
tested, but for final versions of R5QC and R5PA coupled codes parallel core channels are part of 
RELAP5 model, QUABOX or PARCS are responsible for neutron kinetics only (simplest model, 
easy to realize, rather small number of closed channels, radial TH coupling is not modeled). For 
R5QCV and R5PAV so called overlapping scheme was used, where RELAP5 calculates small 
number (one ore more) of average core channels and COBRA performs open core calculations 
with one channel per fuel element using RELAP5 data as inlet and outlet boundary conditions. 

Time synchronization is organized in such a way that RELAP5 takes leading part of the 
coupled codes and it is responsible for time stepping and organization of the calculation. 
Neutronics codes can influence main integration time step only implicitly, through change in 
generated power. The same level of interaction (explicit or implicit coupling between thermal-
hydraulic and neutronic part of calculation) is obtained as in original point kinetics case. Coupled 
codes response was stable in all tested cases. 

The developed coupled code has been checked together with University of Pisa through 
OECD/CSNI SLB benchmark [8]. 
 
 
2.2 MSLB accident 
 

MSLB accident is classified as ANS condition IV event. It causes increase of the energy 
removal from the Reactor Coolant System (RCS) and, therefore, a reduction of coolant 
temperature and pressure. In the presence of a negative moderator temperature coefficient, the 
cooldown reduces core shutdown margin and, potentially, core returns to power. The core is 
ultimately shut down by the boric acid injection delivered by the Safety Injection System (SIS). 
Fast closing isolation valves in each steam line prevent blowdown of more than one steam 
generator for any break location. 

Since the SLB is normally considered only to occur in one SG, the loop with the affected 
SG is cooled more then the rest. Due to the asymmetric character of the transient, thermal-
hydraulic conditions in the core and power distribution are asymmetric too. The common 
assumption about most reactive control assembly stuck out in full withdrawn position introduces 
additional highly localized reactivity disturbance in the core. 

MSLB analysis is standard content of Final Safety Analysis Report (FSAR) of each NPP 
[9]. The analysis of the transient after break is sensitive to the: size and type of the break (double 
ended, split), steam generator initial conditions (pressure and water inventory), reactor coolant 
system initial conditions (initial power level and heat stored on primary side), nuclear 
characteristics of the core (BOL and EOL reactivity coefficients, boron concentration), available 
shutdown margin (stuck control rod), reactor protection system actuation and availability of 
auxiliary systems (reactor trip, main steam line isolation, feedwater isolation, auxiliary feedwater 
initiation (time, amount, distribution), and availability of AC power related to Reactor Coolant 
Pumps (RCP)). Usual approach is to collect conservative assumptions and to perform two types 
of calculation (each for spectrum of break sizes and initial power levels), one focused on core 
response and another focused on calculation mass and energy release for prediction of 
containment temperature and pressure response. The first type of analysis is standard content of 
SAR Chapter 15 and second type is covered in SAR Chapter 6. Point kinetics system codes are 
traditionally used for MSLB calculation for both purposes. Regulatory requirements define 
requested model characteristics (critical flow model, heat transfer coefficients in the core and 
affected and intact steam generator tubes, energy sources and decay heat) and assumptions which, 
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in first case, maximize core cooldown, and in the second case, discharged mass and energy to the 
containment.  

The complex nature of the transient, large changes in global and local thermal-hydraulic 
variables of the system, asymmetric conditions at the core inlet and localized reactivity insertion 
in the core, made this transient as one of the first candidates for coupled codes testing. MSLB 
also serves as one of the examples where best estimate safety analysis can show benefits over 
classical conservative point kinetics analysis. That is reason why MSLB was chosen for first 
OECD benchmark for coupled codes [10], and in the same time that was the reason why MSLB 
was first NPP Krsko accident for which safety analysis was performed with coupled code.  
 
2.2.1 NPP Krsko calculation model 
 

Standard system code point kinetics calculation was performed as well as coupled code 
calculation. The plant nodalization used both in point kinetics calculation and coupled code 
calculation is based on standard NEK RELAP5 model [1]. The nodalization is modified to take 
into account NEK power uprate (1.06 PN) and SG replacement. It was also updated to newest 
RELAP5 version requirements. The scheme of the NEK nodalization for the RELAP5 is 
presented in Figure 2. The nodalization has 1007 volumes and 1060 junctions. Number of 
equidistant subdivisions in the core is 24. Number of heat structures is 1140, with total number of 
mesh points of 10095. In coupled code versions with COBRA included there are 121 COBRA 
channels with 216 gaps and 121 fuel rods (8+2 radial points). Total of 301 trips (182 variable and 
119 logical) and 446 control variables complete information on the used model. The nodalization 
with split RPV model used in MSLB analysis is presented in Figure 3. 

 

 

Figure 2 NPP Krško nodalization for coupled code analysis 

5 of 24 



Both loops of the plant are explicitly modeled with the pressurizer in loop 1. Two power 
operated relief valves and two safety valves are connected to the top of pressurizer (PRZ). Spray 
lines and spray flow control valves connect cold legs with the spray line header that is connected 
to the PRZ top. Charging and spray line flows are modeled and regulated by PRZ pressure and 
level control system. RELAP5 NEK replacement SG model has been prepared based on Siemens 
model and reference data. The pressure drops between SG downcomer and steam nozzle were 
tuned to get moisture carryover during steam line break comparable to the SG supplier test data. 
The SG main feedwater (MFW) is modeled from header to the SG nozzle. MFW flow 
dependency vs. SG pressure is modeled through the use of time dependent volume and time 
dependent junction. The steam lines are modeled with the physical lengths (the SL lengths are 
different for loop 1 and loop 2). The two steam lines from steam header to the turbine stop valve 
are represented as one, with the area of both pipes and with the average length. Finally, the outlet 
of the steam lines is modeled as time dependent volume to represent boundary condition on the 
turbine inlet. Time dependent junction represents simplified steam dump model and its flow is 
calculated by steam dump control system. Piping of both ECCS loops has been modeled with 
HPIS and LPIS pumps simulated by time dependent junctions (flow vs. discharge pressure) and 
time dependent volumes. 

The reactor pressure vessel (RPV) is represented with control volumes 101 to 199. In order 
to apply model of partial mixing, RPV parts below hot and cold leg nozzles (downcomer, core 
inlet plenum, core, core bypass and core outlet plenum) have been subdivided in two main parts 
(each corresponding to the one plant loop). The mixing was modeled in inlet and outlet plenum. 
Inlet mixing coefficient and outlet mixing coefficients were assumed to be 0.4 and 0.5, 
respectively. With inlet mixing coefficient of 0.4, 70% of cold leg flow is delivered to the closer 
region of the core. With outlet mixing coefficient of 0.5, 75% of hot leg flow is from half of the 
core closer to the loop. There are 18 TH channels in the core (pipe components). The channels 
from upper half of the core (top view) are connected to intact loop (loop 2) and channels from 
lower half are connected to affected loop (loop 1). In axial direction there are 24 equidistant axial 
subdivisions for active core region. Two channels are used to model core bypass. The same axial 
subdivision as in the core is used.  

The interface arrays are used to connect neutronic cells to 18 RELAP5 core channels and 
corresponding heat structures, Figure 4. The radial reflector cells are connected to core bypass 
and axial reflectors are connected to inlet and outlet plenums. Fuel temperature used in feedback 
calculation for radial reflector composition is 551 K for HZP and 600 K for HFP. Fuel 
temperatures used for top and bottom reflector compositions are equal to corresponding fluid 
temperatures. For central row of fuel elements fuel temperatures and coolant densities used for 
feedback calculation are based on neighboring channel properties with weight 0.5. Inlet flow for 
macro channels sharing central fuel assemblies is based on volume weighting of corresponding 
per fuel assembly flows. 16 mesh points are used for fuel rod thermal calculation (10 mesh points 
in the fuel). Fuel and cladding thermal properties and gap heat transfer coefficient are 
temperature dependent. 
The neutron diffusion calculation is performed using one calculational node per fuel assembly 
(15x15 calculational nodes in XY direction with 121 fuel cells and 56 reflector cells in each axial 
layer). In axial direction equidistant subdivision (mesh size 15.24 cm) was used. Total number of 
axial nodes is 24+2 (one node for bottom and one node for top reflector). The thickness of top 
and bottom reflectors is 30.48 cm. 
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Figure 3 NPP Krsko RELAP5 split RPV model 
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Figure 4 Mapping of 18 RELAP5 TH channels to NPP Krsko fuel elements 
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2.2.2 NEK MSLB results 
 

Using experiences gained during TMI MSLB benchmark calculation realistic calculations 
of NEK MSLB from hot full power (HFP) were performed first. No return to power has predicted 
in any point kinetics or coupled code calculation. Both, point kinetics and the coupled code 
provide satisfactory prediction of the characteristics and phenomena related to HFP MSLB 
accident. The noticed differences are mainly related to inability of point kinetics code to take into 
account asymmetric thermal-hydraulic effects at core inlet (split vessel model is used only in 
coupled code) and to less extent to inability to treat spatial effects in the core (effects of control 
rods in first place).  

MSLB accident from hot zero power (HZP) is limitting MSLB accident for NPP Krsko and 
results of its calculation are shown in more detail. The main assumptions used in the analysis are 
summarized hereafter:  

• Core power 1 % full power; 
• all trains of SI and RHR available; 
• one train of CI and RCFC available in containment; 
• both MD AFW pumps as well as TD AFW pump available; 
• no operator actions except isolation of AFW to faulted SG 30 seconds after faulted SG 

pressure decreases below 42 bar; 
• cycle 17 core – EOL; 
• decay heat model is disabled for HZP case in order to maximize cooldown. 

 
The assumptions used in analysis realistically describe behavior of the plant with coupled 

code, but, where applicable, still follow classical assumptions from FSAR. EOL hot zero power 
MSLB case has been analyzed, since there is a common understanding that limiting MSLB case 
is related to EOL conditions due to more negative moderator temperature coefficient. Direct 
dependence of cross sections homogenized at fuel assembly level was used in coupled codes. 
Homogenized cross sections for each fuel element for cycle 17 BOL and EOL are calculated 
using modified CORD-2 package [11]. The thermal-hydraulic feedback data matrix is based on 
6x6x3 (fuel temperature, moderator density, boron concentration) data points and trilinear surface 
interpolation between points (extrapolation is used if original range is exceeded). The automatic 
procedure was used to generate data for Doppler fuel temperature change between 600 and 1500 
K (6 points), moderator density change between 650 and 900 kg/m3 (6 points), and boron 
concentration change between 0 and 2000 ppm (3 points). There are 373 compositions (3 for 
axial and radial reflector and 370 for fuel assemblies) in the core with quadrant symmetry and 10 
burnup/enrichment axial layers. The influence of control rods is described using rodded cross 
sections (110 rodded material compositions). Control rod tip influence (for nodes with partially 
inserted control rod) is taken into account by flux weighting. Constant rod velocity and rod drop 
time till dashpot entry of 2.8 s [9] is assumed in SCRAM modeling. In order to check available 
control rod worth and to determine position and reactivity worth of stuck control assembly HZP 
calculation was performed using the same coupled core model prepared for MSLB calculation. 
Following cases were calculated: ARI (All Rods In), SA out (shutdown rods group A), SB out 
(shutdown rods group B), 1 rod stuck from group SA, and 1 rod stuck from group SB. Based on 
the obtained results stuck rod has been assumed to be at core position K-9 in TH region 12 
(equivalent to position E-11). 

It has been assumed that plant systems perform according to technical specifications 
regarding actuation sequences, time delays and availability. The steam lines, steam line header, 
MSIVs, main and auxiliary feedwater were explicitly modeled. The addition of borated water 
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after SI actuation was modeled. The influence of RCP availability was explicitly treated in the 
analyzed cases. The containment has been simulated with one volume to provide sink for 
discharged steam and pressure signals for protections system. 
 

The results for four different cases are shown:  
• 18 TH core channels (r5qc or r5pa) and reactor coolant pump trip activated (rcpton); 
• 18 TH core channels (r5qc or r5pa) and reactor coolant pump trip deactivated (rcptoff); 
• 18 TH core channels in system code and 121 core channels in subchannel code (r5qcv or 

r5pav) and reactor coolant pump trip activated (rcpton); 
• 18 TH core channels in system code and 121 core channels in subchannel code (r5qcv or 

r5pav) and reactor coolant pump trip deactivated (rcptoff). 
 

Steam generator isolation and SI actuation were initiated on low steam line pressure signal. 
Reactor trip and SI signal are actuated immediately after the accident initiation. Fission power 
time dependence is depicted in Figure 5. Differences between point kinetics (PK) and coupled 
codes calculation exist both in time behavior and in peak power value. Significant increase in 
fission power starts earlier in coupled code cases than in point kinetic cases. That is caused by 
asymmetry in core inlet conditions and by localized reactivity increase in cooler part of the core 
near stuck rod. Point kinetics code is not able to predict that. The relation between PK and 
coupled code results is not simple as was in TMI benchmark (return to power or no return to 
power). In case without RCP trip PK predicts highest peak power, but difference to coupled 
codes predictions is not large. In PK case with RCP trip very small power increase was predicted. 
The cases with deactivated RCP trip show generally larger maximum fission power and more 
intense power decrease at the end of transient, than those with RCP trip activated. R5QC and 
R5PA predictions are similar. Both coupled codes with COBRA core model predict lower 
maximum power than the corresponding pure RELAP5 models. The power transferred to coolant 
behaves in the similar manner as fission power with a slight time delay. The consistence of two 
TH core calculations (system and subchannel) in subchannel core models is guaranteed if the heat 
transferred to the coolant in both models is the same and that was the case. The status of reactor 
coolant pump trip (rcpton and rcptoff) has a substantial influence on reactivity. For all analyzed 
cases maximum reactivity is reached at approximately 30 s after the transient started. However, if 
the pump trip is active, the reactor becomes subcritical after 70 s, while in the case of deactivated 
pump trip, the subcriticality is reached after 120 s. In the case of rcpton scenario, average coolant 
density constantly increases, while in the rcptoff case coolant density decrease between 130 s and 
200 s, and then starts to rise up again. Boron concentration constantly grows due to injection of 
borated water after SI actuation. The increase is faster in the rcpton case. In the case of enabled 
RCP trip the difference of average coolant temperatures in loop 1 (subcooled due to the MSLB) 
and loop 2 (isolated steam generator) is higher (the maximum difference is approximately 40 K). 
The coolant temperatures of the cold and the hot leg behave in the similar manner. The power 
balance for the primary side is depicted in Figure 6. corethp, sgtpow, and netpow stand for power 
transferred to the coolant inside the core, algebraic sum of the power transferred from the steam 
generators primary side, and the difference of the power generated inside the core and the power 
transferred to secondary side of the steam generators, respectively. Primary side pressure drop in 
the pressurizer and reactor vessel upper head is caused by the cooling of the primary system due 
to reactor shutdown as well as for additional subcooling resulting from a MSLB. The pressurizer 
is almost emptied around 70 s after the transient started. Due to the increase in reactor vessel void 
percentage, caused by more intensive evaporation, the pressure drop is stopped, which eventually 
leads to increase of water level in the pressurizer. The pressure in intact and affected steam 
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generator shows usual behavior. The pressure of the affected SG quickly drops to the 
containment pressure value. The final reduction of the pressure is delayed in rcpton case. The 
pressure drop in the intact SG is stopped after 2 to 4 s, by closing the isolation valve. Water mass 
in the intact SG remains approximately constant during the transient. In the affected SG, water 
mass drops fast during the first 150 s of the transient (especially in the rcptoff case). Between 150 
s and 200 s water mass rises due to the auxiliary feedwater, and then the mass stabilizes. The 
intact SG NR water level stabilizes at 60 % 50 s after the beginning of the transient. The affected 
SG constantly transfers power from the primary side, while intact SG, after some time, acts in a 
reverse mode transferring power to the primary side.  
Local conditions of power generation inside the core are best described through power peaking 
factors. Fnq power peaking factor is shown in Figure 7. The behavior of all peaking factors (Fnq, 
Fnz, Fnxy) is approximately the same: maximum at 45 - 50 s from the beginning of the transient, 
drop during significant heat generation and corresponding TH feedbacks, and return to the values 
slightly lower than the maximum ones towards the end of the transient. Minimum DNB ratio is 
depicted in Figure 8. DNBR reduction is strictly localized and values are far from core design 
limits. Local core conditions on the position E11 in rcptoff case can also be seen in the 3D power 
distribution in core at t= 100 s, depicted in Figure 9. Corresponding radial power distribution in 
the axial layer 23 (maximum of the axial power distribution), at t= 100 s (rcptoff case) is shown 
in Figure 10.  

It is demonstrated that classic MSLB SAR type safety analysis can be extended to realistic 
coupled code calculation at reasonable additional cost. Additional data needed for this type of 
calculation can be of equally importance as simple application of coupled code. Analysis of the 
coupled codes uncertainties is necessary in order to be able to use obtained results in plant’s 
safety analysis, but additional insight in plant behavior and understanding of basic phenomena is 
obvious immediate benefit of this type of calculation. 
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Figure 5 Fission power 
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Figure 6 Power balance for primary side (r5qc) 
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Figure 7 Fnq power peaking factor 
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Figure 8 Minimum DNBR 
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Figure 9 3D power distribution in core at t=100 s (r5qcv, rcptoff) 
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Figure 10 Radial power distribution in axial layer 23 at t=100 s (r5qcv, rcptoff) 
 
 
3. USE OF THERMAL-HYDRAULICS/CONTAINMENT COUPLED CODES 
 

Interaction of the reactor coolant system and containment is usually analyzed in two 
independent runs. First mass and energy release rates (MER) are calculated by system code using 
conservative approximation of containment pressure, and then containment response is calculated 
for that MER. That approach is usually good enough for LWR reactors. In new advanced passive 
reactor systems interaction of the coolant system and containment are too complicated and 
coupled thermal-hydraulic and containment codes are necessary. The same is true for 
containment-system interaction during severe accidents. Even LWR accident analyses can have 
benefits of these coupled codes and some analyses can be performed in easier way, especially in 
shutdown modes. Coupling is usually performed as extension of classical calculation approach 
and it is localized at points where communication between system and containment exists. 
Coolant system and containment are characterized by different spatial details and different time 
scales. Containment calculation is usually performed in fraction of time needed for system 
calculation and system code is leading part of the coupled code. The number of realized 
couplings is less than in case of neutronics coupled codes. 
 
3.1 R5G coupled code description 
 

The history of coupling RELAP5 code to containment codes is rather long [12]. 
CONTEMPT and CONTAIN were usual candidates for containment part of coupled code. In our 
case, taking into account rather large experience base in the use of the RELAP5 and GOTHIC 
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codes as well as knowledge of their internal structure; we have decided for direct explicit 
coupling of last version from the RELAP5 family of codes, RELAP5/mod3.3, and one of the 
earlier versions of the GOTHIC code available at University of Zagreb, GOTHIC 3.4e [13]. Our 
primary goal was to explore applicability of coupled code to safety analyses of the new reactor 
systems with close interaction of primary system and containment. The chosen coupling strategy 
has to be simple and basic operation of constituent codes and corresponding input data has to be 
unaffected by the coupling process. The targeted platform for doing the computations was, as in 
the case of coupling to neutronics codes, high-end personal computer. 

The coupling is direct and doesn’t require use of any additional software tool or protocol. 
The coupling is explicit in time and RELAP5 is the leading part of the coupled code. 
Containment conditions from the old time step are used in the RELAP5 new time step system 
calculation. At the end of each converged RELAP5 calculation time step, interface subroutines 
transfer boundary condition data to GOTHIC. GOTHIC then performs one or more time steps 
and then interface subroutines prepare containment conditions for next RELAP5 time step 
(Figure 11). The two codes use different main integration variables and the coupling interface has 
to do the necessary conversions. The interface subroutines responsible for providing GOTHIC 
data to the RELAP5 code use GOTHIC liquid and droplet data to produce RELAP5 liquid phase 
data during flow from the containment into the reactor primary system. Conversion of the 
RELAP5 liquid flow to droplets during blowdown is automatically handled by the GOTHIC flow 
boundary condition depending on input data. The two codes calculate non-condensable gases in 
slightly different ways and therefore they have to be handled properly. 
 

START

RELAP5/MOD3.3

INPUT D

RNEWP

TRNSET

GOTHIC - INI

DTSTEP

GOTHIC - RUN

TRIP

TSTATE

HTADV

HYDRO

CONVERG

TRNFIN

RKIN

CONVAR

TIME

TRNCTL

TIME 
LOOP

REPEAT 
TIME 
STEP

GET_TRIP_INFO

UPDATE R5 TO GOT

G_TRANS

UPDATE GOT TO R5

p, m, h 
αg, βs, βgi

p, Uf, Ug 
αg, xn

INTERFACE 
SUBROUTINES

OPEN G FILES 
OPEN INTERFACE  
INPUT FILE

INIT_R5 _INTERFACE

G - CLEAR

G - INIT

G - BLKDAT

G - INPUT

GOTHIC 3.4e

.
G - TIMCHK

G - TIMSTP

G - PREP3D

G - OUTER

FIRST PASS

CONVERG

TIME

G - EDIT

 
Figure 11 Organization of RELAP5-GOTHIC coupled code 
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The variables transferred from GOTHIC to RELAP5 are total pressure, liquid and vapor 
specific internal energy, vapor void fraction, and non-condensable gas quality. The variables 
transferred from RELAP5 to GOTHIC are mixture mass flow rate, mixture enthalpy, total 
pressure, liquid volume fraction, steam pressure ratio, and gas pressure ratios for each of non-
condensable gases. 

The RELAP5 source is intact in the coupling process except for the addition of two 
subroutine calls in TRNCTL and TRAN. The GOTHIC main program is replaced with two 
subroutines GOTHIC_INI (responsible for input preparation and initialization) and 
GOTHIC_RUN responsible for time step advancement and the exchange of data between the 
codes. The GOTHIC water and steam properties are replaced with corresponding IAPWS-IF97 
properties [14]. The rest of the GOTHIC coding is intact except for some programming details. 
The RELAP5 tmdpvol component and the GOTHIC flow boundary conditions are used as the 
entry points for the reactor system (RELAP5) and containment model (GOTHIC) coupling. 
Although there is no change in the RELAP5 or GOTHIC input decks, some guidelines in input 
preparation have to be followed. A small input file with interface data was added with the 
following information: the number of R5G couplings (0 means without coupling), each coupling 
r5 tmdpvol number, each r5 valve component number connecting tmdpvol and the system, the r5 
trip associated with the above valve/tmdpvol combination, and the GOTHIC flow boundary 
condition number are needed. The code coupling is inactive during steady state calculations and 
the original RELAP5 code can be used to produce initial steady state restart file. 
As a result of the proposed coupling scheme, both RELAP5 and GOTHIC are applied to the areas 
where they can perform best. Multiple connections between the reactor system and the 
containment models are possible. Connections are not limited to atmospheric regions only; e.g., 
the water level effect on the boundary condition pressure and liquid fraction is taken into account 
on GOTHIC side. In addition to coupling the fluid systems it is possible to exchange trip 
information between the two codes, and the heat structures in one code can be connected to 
control volumes in another code. GOTHIC’s capability to allow subdivision of the containment 
lumped volumes can be used in the coupled version to perform multidimensional calculations. 
 
3.2 IRIS SBLOCA accident 
 

The IRIS reactor (International Reactor Innovative and Secure) is a integral, light water 
cooled, medium power reactor [15]. The IRIS concept addresses the key-requirements defined by 
the US DOE for next generation reactors, i.e. enhanced reliability and safety, and improved 
economics. It features innovative, advanced engineering, but it is firmly based on the proven 
technology of pressurized water reactors (PWR). The integral configuration, where all reactor 
coolant system components are contained in the reactor vessel, eliminates all large vessel 
penetrations and the possibility for large LOCAs to occur in IRIS design. The compact size of the 
IRIS coolant system allows the use of a small, spherical, high design-pressure containment. 

An innovative safety approach has been developed to mitigate the IRIS response to small-
to-medium LOCA [16]. This strategy is based on the interaction of IRIS compact containment 
with the reactor vessel to limit initial blowdown, and on depressurization through the use of a 
passive Emergency Heat Removal System (EHRS). A small Automatic Depressurization System 
(ADS) provides supplementary depressurization capability. A pressure suppression system is 
provided to limit the pressure peak following the initial blowdown to well below the containment 
design limit. The ultimate result is that during a small-to-medium LOCA, the core remains 
covered for an extended period of time, without credit for emergency water injection or external 
core makeup. The IRIS LOCA response is based on “maintaining water inventory” rather than on 
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the principle of safety injection. This novel safety approach poses significant issues for 
computational and analysis methods since the IRIS vessel and containment are strongly coupled, 
and the system response is based on the interaction between the two. In order to explore the 
reactor vessel and containment interaction in more detail, a coupled RELAP5/GOTHIC model 
(R5G) was used as one of the calculational options.  
 
3.2.1 IRIS calculation model 
 

Simple explicit coupling of RELAP5/mod3.3 code and GOTHIC code was used with 
connections at the points of hydraulic contact (the break, ADS, and gravity makeup flow paths). 
The connections are comprised of a time dependent volume component on RELAP5 side and a 
flow boundary condition on GOTHIC side. The existing detailed RELAP5 model of reactor 
coolant system and of the engineered safety features was used together with a lumped GOTHIC 
model of the containment. The structure of the primary system nodalization is intuitive (Figure 
12) and it is based on the currently available IRIS geometric and operational data [17]. While the 
overall structure is relatively simple, the discretization of the components is rather detailed in 
order to take into account all the important phenomena. The total number of volumes and 
junctions is 1718 and 1767, respectively. A sliced approach was used in the discretization of the 
reactor vessel due to the importance of natural circulation in the chosen safety concept. Most of 
the calculational nodes have a linear size in the range of 0.2 to 0.5 m. In the nodalization, volume 
is always conserved, as well as height due to importance of natural circulation. 
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Figure 12 RELAP5 mod/3.3 IRIS nodalization 
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The model of the primary system includes the IRIS integral reactor vessel (8 internal 
loops), 4 Emergency Heat Removal (EHRS) trains, and 2 Emergency Boration Tanks (EBT), as 
well as the reactor protection system functions for trips and actuations. Almost all important heat 
structures are modeled. The number of heat structures is 1776 with total number of mesh points 
being 7215. 

The containment design is still in the conceptual phase of development and only a limited 
amount of data was available [18]. The basic view of the containment and the systems relevant 
for LOCA behavior are shown in Figure 13. Because the volume of the containment is small 
there is a high level of interaction between containment and primary system expected during 
LOCA. Another important characteristic of the containment is the pressure suppression capability 
of the contained suppression pool. Since the initial scope of this activity was the development of 
the coupled code, a simple one node containment model was used to test the code coupling. This 
single node model can’t take in to account any 3-D behavior of the containment and suppression 
tanks. In order to address containment behavior during LOCA a Simplified Containment Model 
(SCM) was developed, and is illustrated in Figure 14.  
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Figure 13 IRIS passive core and containment cooling system 

 
Six control volumes and eight flow paths were used in SCM model. Only basic heat 

structures are currently part of the model. Drywell containment space was split in two parts 
(volumes 1 and 2) and connected to the reactor cavity (volume 3) with two flow paths to simulate 
mixing between volumes. The same is true for the pressure suppression pool (GOTHIC volume 
number 5) which is doubly connected to the air space below the reactor vessel (volume 4). 
Volume number 6 simulates vent pipes that connect the suppression tanks to the containment 
atmosphere. The prescribed liquid level in volumes 5 and 6 determines the initial water inventory 
in the pressure suppression system. Flow boundary condition and flow path 1 were used for break 
modeling. The related RELAP5 component is the time dependent volume (component number 
991) and the attached trip valve (component number 992). The break position (4-inch break) was 
assumed to be at the elevation of the reactor coolant pump discharge, which is near the upper 
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portion of the reactor vessel cylindrical section. Another possible characteristic break position (2-
inch break) is in Direct Vessel Injection (DVI) line, just outside reactor vessel. For lower break 
position double ended and split break based on full line cross section area are calculated.  
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Figure 14 IRIS Simplified Containment Model (SCM) nodalization 

 
In order to explore the possibility to use the coupled code with distributed GOTHIC 

volumes and to check multidimensional effects on the containment behavior, some of the 
volumes of the basic SCM model were subdivided. The first step was replacement of the drywell 
volumes 1 and 2 and flow path 4 with subdivided volume. This new 3D volume has 8 axial layers 
and 5x5 subvolumes in each axial layer. Subdivision was somewhat arbitrary due to a lack of 
detailed containment design data, but approximate spatial disposition of important connections 
(break, connections to the reactor cavity and to the suppression tanks) is modeled. The next step 
was subdivision of the suppression pool and vent volume. In this model the suppression pool is a 
3D volume with 7 axial layers and with 3x3 subvolumes in each axial layer. A simple axial 
subdivision in 6 layers was chosen for the vent volume. A similar approach can be used for 
subdivision of reactor cavity volume. This will be important for lower elevation breaks and for 
modeling the long term core makeup from the reactor cavity. In this paper only results of lumped 
SCM model are presented. The results obtained with distributed containment model are similar. 
 
3.2.2 SBLOCA results 
 

Initial testing of the coupled code was performed first for a single connection of the reactor 
system and containment through the break location. The RELAP5 system nodalization and the 
accident scenario are the same in all cases. Since a large LOCA is precluded by design in IRIS 
reactor, only small-to-medium LOCA accidents at low and high vessel elevations are the subject 
of safety analyses. A 4-inch SBLOCA at the upper break position near top of SG module was 
chosen for this calculation. Four EHRS sub-systems are actuated according to the reactor 
protection system logic. The ADS function was not enabled in preliminary calculation. The heat 
source calculation was based on point kinetics model till scram and then on the ANS 1979 decay 
heat model (with 2σ uncertainty). Point kinetics model uses approximate IRIS middle of life 
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reactor kinetics data and feedback coefficients, IRIS specific scram curves and standard chopped 
cosine axial power distribution. After uncovery of primary pumps (located above SG modules), 
special check valves (Riser Shroud Connection - RSC) are activated on pressure difference 
connecting the riser part of the vessel with the space within steam generator shroud. Primary 
coolant flow after the loss of the primary pumps was only by natural circulation. As usual for 
accident analyses, actions of the non-safety grade control systems were not taken into account. 

The coupling was initially checked by comparison with RELAP5 stand alone results in 
situation where it could be assumed that both the standalone RELAP5 and the coupled code can 
give similar predictions. The base case for containment modeling (label R5 only) is one 
containment node modeled as RELAP5 branch component (initial conditions at 101.325 kPa, 40 
oC, nitrogen filled). The corresponding coupled code case (label R5+GIF, IF means that code 
with IAPWS-IF97 water properties was used) uses one control volume and one flow boundary 
condition on GOTHIC side; and on the RELAP5 side the branch component is replaced with a 
time dependent volume component. The usual break nodalization used in RELAP5 modeling was 
applied in all cases. R5 only, and R5+GIF results for the one containment node models are in 
good agreement (taking into account differences in the mathematical methods used); indicating 
that the coupling is performing as expected. Trends of pressurizer and containment pressures and 
break mass flow rates are shown in Figures 15 and 16. The time of the final pressure equalization 
between the reactor vessel and the containment is almost the same (after approximately 1600 s) 
and the asymptotic behavior of key variables is similar. The maximum containment pressure 
predicted by coupled code is higher (2.75 MPa versus 2.65 MPa in the R5 only case), and first 
pressure equalization is earlier (789 s versus 896 s). The final containment pressure is 2.37 MPa 
for R5 only case and 2.33 MPa for the coupled code. Calculated break mass flow rate is less 
oscillatory in coupled code calculation. 

The coupled code results obtained for initial SCM containment model are shown for 
comparison purposes (R5+GIF SCM). Due to the presence of the suppression pool, the 
containment pressure increase is much slower than in the idealized one node containment model, 
and the pressure peak is, even without taking into account condensation on heat structures, 
maintained well below the containment design pressure. The maximum containment pressure in 
the lumped SCM model is around .94 MPa and first pressure equalization is delayed for almost 
1000 s compared to one node case. All reactor system pressure curves for the upper LOCA break 
are similar, during the initial portion of the transient, since the pressure difference is still high and 
the break flow is choked. Thus, the rate of the reactor system pressure decrease is not influenced 
by the containment pressure. After about 500 s, the pressures start to differentiate where the 
lower containment pressure in the cases with the SCM leads to an extended blowdown compared 
to the single node case, and thus the reactor pressure decrease is faster and the break flow is 
larger. Consequently, the amount of fluid discharged in the first 2000 s of the break is higher in 
SCM case. Both the single node and SCM cases show similar behavior. In the single node cases, 
due to earlier flow reversal the depletion of primary fluid is stopped earlier. It is important to 
stress that the SCM model addresses both the pressure response of the containment and 
distribution of liquid mass within it in a much more realistic manner, and the proposed coupling 
is able to track fluid level on containment side during flow reversal. The amount of water present 
in the core at the end of the calculation is around 8500 kg in the single containment node cases 
and slightly below 7000 kg in the SCM cases (9200 kg initially). In all cases, the fuel is properly 
cooled, and the cladding surface temperature at the end of the calculation decreased below 460 K 
in the SCM cases and below 500 K in the single node cases. During the whole calculation, the 
maximum fuel temperature is below the corresponding full power steady state temperature which 
confirms the IRIS design strategy of preventing core uncovery for all postulated LOCAs. 

19 of 24 



After initial calculations number of runs were performed for upper 4” break and two types 
of lower 2” break. ADS and LGMS connections are now included in SCM model and there are 6 
points of interaction between system and containment for split breaks and 7 for double ended 
break. Cases with and without heat structures are performed for two different RSC positions. 
Influence of ADS connected to pool and connected to containment atmosphere is studied too. 
High break is limiting for containment design pressure and low break due to lower break flow 
and due to lower temperature produces lower back-pressure and related larger inventory loss.  

Upper 4” break collapsed liquid level in reactor vessel and corresponding level for 2” 
breaks are shown in Figures 17 and 20. In all calculated cases the core is covered. Influence of 
ADS connection to system and containment pressure response in case of 2” DE break is shown in 
Figure 18. Real position of ADS connection has different meaning for higher and lower breaks. 
Corresponding containment liquid levels are shown in Figure 19. The liquid level in reactor 
cavity is important for long-term gravity supply to the core. The influence of lower break type to 
collapsed RV level is shown in Figure 20. Two effects are present, the influence of initial 
inventory loss and produced containment back-pressure as well as existence of gravity feed.  

There were no numerical problems experienced during test calculations. Most of the 
problems were related to property check logic in RELAP5 time dependent volume used for 
connection (mostly when one of the fluid phases is depleted). Generally speaking, the response of 
the system predicted by the coupled code is reasonable and the performance of the containment-
system interaction analysis is simple. Calculational overhead due to coupling is usually small in 
this large RELAP5 system nodalization. The calculational time of the coupled code, with SCM 
lumped containment, is increased by only about 5% compared to the stand alone RELAP5 code. 
The coupled code is capable to analyze this, rather complex configuration, but different 
improvements are still possible and coupled code related uncertainties should be evaluated.  
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Figure 15 Relap5 and coupled code pressure response for one node and SCM containment 
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Figure 16 Relap5 and coupled code break flow for one node and SCM containment 
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Figure 17 Upper 4” break collapsed liquid level in reactor vessel 
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Figure 18 Lower 2” DE break, pressure response 
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Figure 19 Containment liquid levels for lower 2” DE break 
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Figure 20 2” DVI (DE and split) break collapsed liquid level in reactor vessel 

 
 
4. CONCLUSION 
 

Some aspects common to all coupled codes are discussed and two examples of coupled 
codes use are shown. Coupled codes present improvement in analytical capabilities, but it is not 
always easy to see real benefits of their application. Main benefit is probably better understanding 
and prediction of transient and accident behavior and consequences. Real benefit is in potential 
for relief of restrictive operating limits and increase in safety margins, but in order to do that 
estimation of coupled code uncertainties will be necessary. Present area of application are: best 
estimate safety analyses, operational support and accident management and training.  
In order to estimate real potential of coupled codes in performing accident analyses following 
questions should be answered: 

• Is it difficult to go from standard system calculation to coupled code calculation and what 
additional data are needed? 

• Is the experience from benchmark calculations together with existing safety analysis 
experience enough to perform coupled code safety analysis? 

• What are limitations of coupled calculations and how to address uncertainties? 
• Is it and when it is justified to apply coupled codes, taking into account increased 

calculational effort, and what is best way to use produced results? 
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Abstract 

Different aspects of the accidents are usually calculated by different separate codes. 
Coupled or linked codes are used in cases where either strong or uneven feed-back 
effects (like the thermal-hydraulics influence on the neutron-kinetics) exists or 
different solution domains should be taken into account. 

The paper describes the codes that were used for the supporting analyses documented in 
the Final Safety Analysis Report of the Paks Nuclear Power Plant equipped with for 
identical VVER-440/V-213 reactors. The general principles used to ensure the 
conservative results are also summarised. 

The use of linked or coupled codes can be illustrated with help of different examples. 
Three examples are given. The containment behaviour analysis is an example of an 
iterative scheme of separate containment and system thermal-hydraulic calculations. 
The analysis of reactivity initiated accidents and the recriticality evaluation of the 
steam line break accidents provides examples of using tightly coupled neutron kinetic 
and thermal-hydraulic code systems. 

INTRODUCTION 

The formal licensing basis (FSAR) of the Paks Nuclear Power Plant contains accident 
analyses carried out in early nineties. At that time one of the objectives was to perform 
all the analysis by internationally recognized codes. There has been no internationally 
accepted code system for analysing the accidents of VVER-440/V-213 units. Therefore 
we had to choose codes that were well known and validated for PWR applications. 

Different aspects of accidents were usually calculated by different separate codes. 
Coupled or linked codes were used in cases where either strong or uneven feed-back 
effects (usually the thermal-hydraulics influence on the neutron-kinetics) exists or 
different solution domains should be taken into account. 
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The use of linked or coupled codes can be illustrated with help of different examples. 
The containment behaviour analysis provides an example of an iterative scheme of 
separate containment and system thermal-hydraulic calculations. 

The analysis of reactivity initiated accidents and the recriticality evaluation of the 
steam line break accidents provides examples of using coupled neutron kinetic and 
thermal-hydraulic code systems. 

1. CODE USED IN ACCIDENT ANALYSES 

In the VVER applications we intended to use at least in the case of important codes 
those, which are validated for the VVER type. In cases when the applicability of the 
physical-mathematical model was obvious, it was accepted as a satisfactory status if the 
results of the code were compared with the results of different organisations. 

Thermo-hydraulic analysis 

The structure of the primary and secondary circuits in the VVER-440/V-213 units is 
not essentially different from the structure in Western type reactors, therefore the 
internationally accepted codes could be applied. 

The thermo-hydraulic study of the system was made basically by means of a stand 
alone code, usually by the RELAP5/mod2 program version; the only exceptions are 
the large break LOCAs, steamline break events and the ATWS transients. 

Analysis of large break LOCAs, where the combined simultaneous upper plenum and 
downcomer injection results in a rather complicated process during the reflooding 
phase, was carried out by using the ATHLET MOD 1.1-Cycle A version. 

In steamline break accidents it was important to take into account the mixing of 
coolants in loops with different temperatures in the reactor vessel. An externally 
coupled code system was applied. The thermal-hydraulic effects were calculated by 
SMABRE code that applies a special mixing model for the above-mentioned purpose. 
The three-dimensional reactor kinetic calculations were made by the HEXTRAN 
code. 

All the ATWS analyses were performed by a coupled code system called SMATRA. 
In this system the thermal-hydraulic behaviour of the primary system is modelled by 
SMABRE while the one-dimensional reactor kinetic calculations made by TRAB. 

In those cases (mostly for anticipated operational occurrences) when detailed thermo-
hydraulic analysis of the reactor core (sub-channel analysis) is needed and DNBR 
calculation should prove that no fuel cladding failure has occurred, the COBRA-IV 
computer code was applied in a sequential manner. 

In the evaluation of PTS problems the stagnation of the coolant in the primary circuit 
should also be modelled. This type of process is analysed by a separate code called 
REMIX. 

To model the containment in DBA analyses the CONTAIN code was applied, the 
mass and energy sources are taken from the system thermal-hydraulic code 
calculations results. 
  2 



Analysis of activity transport and doses  

General purpose codes may naturally be applied in this field using appropriate data. 
The release of the activity and its distribution in the containment compartments and, 
as a result of containment leak, in the reactor hall are determined by the TIBSO 
program. The isotope inventory is determined by the pre-calculations with ORIGEN 
code. The outflow and distribution data needed were provided by the thermo-
hydraulic codes. 

Calculation of reactivity induced transients 

The construction of the core of VVER reactors can be considered as special, because 
of the hexagonal fuel assembly shape. This is the reason why code development was 
necessary for analysing reactivity accidents in countries, which operate VVER 
reactors. The core-neutronics and the hot channel calculations are always coupled to 
or integrated into the thermal hydraulic system codes. 

Most of the analyses were carried out by using the above mentioned coupled code 
system SMATRA, which is a combination of a 1D neutron kinetic, hot channel model 
and a primary circuit model. For very complicated cases, namely for the rod ejection 
transients where the spatial effects were important the 3D codes HEXTRAN or 
KIKO3D were used. 

Fracture mechanics analysis 

For studying reactor vessel behaviour during PTS events the analytic ACIB-RPV 
code was applied. The coolant data were obtained by using the results thermo-
hydraulic code calculations. The wall temperatures, and stress and fracture 
mechanical parameters are calculated independently. 

Dynamic stress analysis of the steam system is performed by independent codes. To 
model such effects the same system thermal-hydraulic codes were used, but more 
detailed nodalisation of the steam system and a more precise safety valve model was 
needed. Safety valve behaviour, temperature, pressure and flowrate curves were 
transferred from system code results to the dynamic stress analysis. 

Severe accidents 

Severe accident progression and radioactive material transport in the reactor system 
and in the containment is modelled with the same integrated code (MAAP/VVER). 

2. GENERAL PRINCIPLES OF ACCIDENT ANALYSES IN FSAR 

The general principles of the accident analyses were based on the Standard Review Plan 
issued by the US NRC. The following points were specially emphasised. 

In the analyses the failures of safety systems were assumed in accordance with the single 
failure criterion. In order to avoid investigating all cases of possible failures, the thermo-
hydraulic analyses were made by taking into account the minimum configuration of 
safety systems. This means that the following systems are available: emergency core 
cooling system pumps: 1 out of 3, hydroaccumulators: 2 out of 4, containment spray 
system: 1 out of 3. 
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If the acceptance criteria were not fulfilled in the case of the minimum configuration, 
then the analysis was continued by strictly taking into account the single failure 
criterion. 

Most of the analyses were extended to the case of simultaneous loss of electricity of the 
plant. 

For initiating events of the more frequent transients a non-safety system component had 
to be found and its failure had to be assumed, the simultaneous failure of which is the 
most unfavourable from the point of view of the consequences. Loss of the component 
may also be caused by an operator error. 

Concerning the protection system, similar to DBA analyses for other types of power 
plants, it was conservatively assumed throughout the analyses that only scram signals 
are actuated. Functioning of control systems (e.g. power controller) was also 
conservatively neglected. 

The uncertainties of the measured parameters were specified in the initial and boundary 
conditions in the direction unfavourable from the point of view of the given scenario. 
The axial and radial power and flux shapes (which determine the core state) were 
specified and the maximum unfavourable manner that can be given on the basis of the 
operational experience and control calculations and the more unfavourable (from the 
point of view of the transient) situation was selected. 

When considering reactivity-induced accidents, the reactivity coefficients were set to the 
values corresponding to the most unfavourable operational limits. In every case the 
movement of the control assembly (group) with most unfavourable reactivity 
effectiveness was assumed. Thus obviously the assembly with highest reactivity worth 
was considered in case of control assembly ejection, but in case of inadvertent 
withdrawal the assembly with the lowest reactivity worth was also considered. 
Parameters like effective delayed neutron fraction, gap conductance, reserve reactivity, 
etc. were treated in a conservative manner. In analysing reactivity anomalies the 
operation of the reactor period protection was not assumed, though it fulfils the single 
failure criterion. 

It was required that the minimum DNBR should be greater than 1.33 in the calculations. 
When analysing LOCA scenarios the cladding temperature should be investigated to 
assess cladding failures. If the fuel cladding temperature did not exceed 700°C for a 
longer period, then fuel cladding failure was not assumed, as it was proved by 
conservative fuel model calculations. 

For postulated accidents of the LOCA type, even if no fuel cladding failure is found, a 
source term corresponding to 1% fuel failure was assumed in release calculations, 
accounting also for the iodine spiking from inhermetic fuel rods during a transient. It has 
to be mentioned that, at the Paks units, maximum permissible primary coolant activity in 
normal operating conditions coincides with the activity value emerging from 1% fuel 
failure. 

When calculating the containment pressure, operation of one spray system was assumed 
as a minimum configuration and in the unsatisfactory case two of them was assumed in 
operation (assumption of single failure). The effects due to the recoil of water in the 
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bubbler condenser trays were taken into account. The containment behaviour was 
calculated by assuming the maximum permitted leakage rate. This leakage rate is 
conservative from the point of view of radioactive releases and it has a negligible effect 
on the containment pressure load. 

In dose calculations and in assessing environmental effects both cases when the reactor 
hall ventilation is functioning (unfavourable from the point of view of the environment) 
and when it does not function (unfavourable from the point of view of the plant 
personnel working in the controlled area) was considered. The dose assessments for the 
critical group of population and the reactor staff followed the EU guidelines. 

The PTS analyses had to be performed in a way conservative from the point of view of 
RPV overcooling, i.e. the availability of the entire ECCS at 110% of the maximum 
capacity was assumed with the minimum water temperature. In the fracture mechanics 
part of the PTS analyses the theoretical defect sizes and shapes were assumed in 
accordance with the ASME standards. 

3. DIFFERENT ASPECTS OF REACTOR ACCIDENTS 

It was shown in the previous chapter that different aspects of an accident are usually 
calculated by different separate codes with different assumptions and in many times 
by different organisations. Coupled or linked codes are used in cases where either 
strong and uneven feed-back effects (usually the thermal-hydraulics influence on the 
neutron-kinetics) exists. 

Three different ways were used for assessing the multi-disciplinary nature of the 
accidents: 

− sequential calculation with different codes for different aspects; 

− external coupling of different codes (thermal-hydraulics with neutronics); 

− using of integrated (internally coupled) code systems. 

Sequential calculation with different codes 

In case of the sequential calculation of separate codes it is possible to apply different 
geometrical representation (dimensions, nodalisation) and different level of 
simplifications according to the capabilities of the codes applied. The feed-back effect 
can be modelled only with help of external iterations. 

The most important advantage of such calculation scheme (see figure 1) is that 
different level of conservatism in boundary conditions could be defined, because all 
modules have separate input structure. This ensures that the all aspects of the results 
will be always conservative. On the other hand, inherent inconsistencies would 
always be present that could result in certain added conservatism in results. 
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Module 1 Module 2 Module 3

IN OUT OUT RESULTININ

Module 1 Module 2 Module 3

IN OUT OUT RESULTININ

 

Figure 1 The scheme for sequential calculation with separate codes 

Example 1: Containment and release analysis for loss of coolant events 

Ultimate goal of the containment analysis for loss of coolant events is to calculate the 
radioactivity release through the containment leakage paths and the dose to the 
critical group.  

The first used code module is the thermal-hydraulic system code that calculates the 
energy and mass discharged to the containment. The second code module is the 
containment code that capable to calculate the amount of mass and the isotope 
content discharged to the environment. A separate third module is applied for the 
dose calculations. 

Iterations between the first and second code modules is needed due to the following 
assumptions: 

− the emergency core cooling system is modelled in the thermal-hydraulic 
system code, but the set-point that initiates the injection is the „100 mbar 
containment over pressure” signal that can be generated by the containment 
code; 

− the emergency core cooling system and the containment spray system shares 
the same water reserve; 

− sump and recirculating water temperature that is a boundary condition for the 
thermal-hydraulic calculations can only be calculated by the containment 
code, 

− the bubble condenser tower is modelled with the containment code but 
according to the emergency operating procedures its water reserve is 
sometimes used as an extra backup refill for the ECCS tanks modelled in the 
other code; 

− the actual containment pressure influences the break flowrate. 

Different conservative boundary conditions have to be applied. Minimum discharge 
to the containment and minimum containment leakage rate should be taken into 
account calculating the proper timing of the ECCS initiation signal. Maximum 
discharge to the containment, and minimum containment leakage rate has to be 
applied for the conservative containment internal pressure load calculations. Defining 
the maximum discharge to the containment, and maximum containment leakage rate 
will result in the most conservative description of the release to the environment. 
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Coupled or integrated codes 

The coupled code systems and the integrated codes have similar role in accident 
analysis but the level of integration is different.  

In case of a coupled or integrated code calculation (see figure 2) the geometrical 
representation, the nodalisation in different modules are inherently harmonized. 
Internal iterations (in every time steps) are possible, to properly consider any kind of 
feed-back effects. Using common and consistent input would cause no extra 
conservatism. In order to properly define conservative boundary conditions is not 
straightforward, to ensure conservative results special considerations or sensitivity 
evaluation is needed. 

Module 1 Module 2

Module 3

IN RESULTS

Module 1 Module 2

Module 3

IN RESULTS

 

Figure 2 Coupled or integrated calculation scheme 

Example 2: Analysis of ATWS transients 

The objective of the ATWS transient analysis was to prove whether the acceptance 
criteria are for the postulated accidents fulfilled during the transients initiated by the 
events assuming the failure of the scram system. The analyses were performed by the 
coupled SMATRA code system or by the APROS simulator. 

A common feature of the analysed cases was that due to the strong feed-back effects the 
power decreases from the nominal power to zero or to a very low value by the end of the 
calculation. Correspondingly, the fuel temperature also decreases significantly and the 
released reactivity is compensated by the moderator temperature increase or in certain 
cases the void content, in the absence of scram. In case of „inadvertent withdrawal of a 
control assembly group” the increase of moderator temperature should also compensate 
the reactivity increase due to control assembly group withdrawal, therefore this case is 
the most dangerous ATWS event, and the highest steam generation occurs in this case. 
The decrease of power and the heat-up of coolant are the fastest, the feed-back effect is 
the strongest in those cases when the main coolant pumps are stopped. Besides the 
gradual decrease in power and the increase of moderator temperature, the reactor 
becomes critical again and again. Subcriticality of the reactor can be achieved safely 
only by the later boron injection due to operator intervention that is only possible after 
certain pressure decrease. 

Such kind of ATWS analyses require 1- or 3-dimensional core calculations taking 
into account the thermo-hydraulic feedback effects. 
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The first used code module is the thermal-hydraulic system code that calculates the 
primary pressure, the core inlet temperature and flow fields. The second code module 
is the neutron kinetic core model that capable to calculate the one-dimensional or 
three-dimensional power distribution. The third module is the hot channel model. 

Conservative boundary conditions are applied separately to the neutronics and to the 
hot channel calculations. Conservative neutronics values (reactivity coefficients, axial 
power distributions in the initial states, reactivity worth of the control rods) assumed 
for reference states like full power or hot zero power states. In fact the axial peaking 
can not be set conservatively by peaking factors for all possible conservative rod 
positions. For the hot channel calculations a conservatively set low inlet mass flow, 
higher gas gap conductance are applied in order to increase the calculated DNBR. 

Example 3: Recriticality evaluation of steam line break accidents 

The assessment of the steam line break accidents has different purposes and 
conservative assumptions as regards: 

− integrity of the reactor core, 
− evaluation of pressurized thermal shock phenomena, and 
− calculations of the stresses of the containment. 

An important aspect of the analysis was the description of uneven cooldown in different 
loops and consequently in different sectors of the reactor vessel and the reactor core. A 
three-dimensional description is essential to properly simulate the core behavior. 

The first used code module is the thermal-hydraulic system code that calculates the 
primary pressure, the core inlet temperature and flow fields. The model has to be 
capable to properly model the thermal mixing in the downcomer. The second code 
module is the neutron kinetic core model that capable to calculate three-dimensional 
power distribution in case of asymmetrical cooling and rod positions. The third 
module is the hot channel model. 

Conservative assumptions were made concerning the isothermal recriticality 
temperature of the core (210°C) and the coincidence of a stuck control rod with the 
sector of cold water from the damaged steam generator.  

Certain system failures can intensify the degree of the cooling asymmetry. In the 
worst cases the main steam isolation valve fails to close and as a consequence the 
reactor coolant pump of the affected loop remains in operation thus driving the cold 
water directly into the reactor core. For boration only the HPSI pump is assumed to 
function and the boron is initially supplied to the opposite side of the core from the stuck 
rod and the power peak. These system failures usually have opposite influence on 
DNBR. 

In spite of the conservative assumptions the return to power does not damage the core. 
Not even DNB is calculated to occur. In general, a modest recriticality from cooldown 
of the core inlet temperature can easily be compensated by a well-behaved return to 
power. This is particularly true in cases of low coolant flow rate, when the coolant 
temperature rise in the core acts as the main feedback mechanism. These analyses 
demonstrate that even at full coolant flow rate the feedback from fuel temperature can 
keep the power within harmless limits. 
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ABSTRACT 
Safety Analysis for nuclear power plant is important due to public concern for health and safety, 
which can be assured by meeting various acceptance criteria for different postulated initiating 
events. It is also useful in evaluation of plant mitigation and plant control capabilities. It also 
plays important role in providing limiting conditions of operation, deciding safety settings and 
providing inputs to designers from safety considerations. Safety analysis of Advanced Heavy 
Water Reactor is complex task. Complexities arise due to large number of events to be analysed 
covering wide range, different phenomena to be simulated for such PIEs and complex reactor 
configuration based on advanced concept. The proposed Advanced Heavy Water Reactor 
(AHWR) is a 920 MWth vertical pressure tube type boiling light water cooled and heavy water 
moderated reactor. One of the important passive design features of this reactor is that the heat 
removal is achieved through natural circulation of primary coolant at all power level with no 
primary coolant pumps. Advanced Heavy water reactor has similarity with Pressurised Heavy 
Water Reactor (PHWR), Boiling Water Reactor (BWR), RBMK and Pressurised Water Reactor 
(PWR) with respect to certain features/phenomena/characteristics. Moreover AHWR also has its 
own specific features and systems pertaining to its natural circulation characteristics. In AHWR, 
as soon as the power generation starts the pump function of maintaining flow into the core starts 
based on natural circulation principles. This necessitates appropriate power computation with 
proper reactivity feedbacks.  Different thermal hydraulic conditions exist in different parts of the 
core during both steady state and transient conditions. The power, pressures and inventories can 
change rapidly during these transient. This requires simulation of single and two phase natural 
circulation at different power levels, inventories and pressures and also under depleted inventory 
conditions. Coupled neutronics and thermal hydraulics behaviour should be simulated 
appropriately considering various reactivity feedbacks. Different channels exhibit dissimilar 
physics behaviour that must be accounted for. In AHWR Emergency Core Cooling System 
(ECCS) injection takes place directly in to fuel rods. Accumulators are of advanced type in which 
flow through paths of different resistances need to be simulated with appropriate switching 
action. To determine cut off level in accumulator vapour pull through phenomena should be taken 
in to account. In many transients coupled controller and thermal hydraulics behaviour plays a 
significant role. This paper discusses various aspects of safety analyses like methodology of 
analysis, different computer codes and their applicability for the analysis, particularly with 
reference to simulation of coupled phenomena. In this paper, emphasis is given on slave channel 
analysis methodology for channels with different physics characteristics.   
 
1.0 INTRODUCTION 
 
The proposed AHWR is a 920 MWth vertical pressure tube type boiling light water cooled and 
heavy water moderated reactor. One of the important passive design features of this reactor is that 
the heat removal is achieved through natural circulation of primary coolant at all power level. 
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The present analysis has been carried out to evaluate the thermal-hydraulics of the system and the 
safety parameters. In this analysis three systems are involved, the Primary Heat Transport (PHT) 
System, Emergency Core Cooling System (ECCS) and the Isolation Condenser (IC) Circuit 
which are discussed below. 
 
The Primary Heat Transport System of the proposed AHWR consists of the reactor core, core 
inlet and core outlet extensions, inlet feeders, tailpipes, steam drums, downcomers and inlet 
header (Fig. 1). The reactor core consists of 452 Pressure Tubes. In each Pressure Tube, a 54-
element single fuel bundle is housed. A displacer rod is placed at the centre of the bundle and the 
fuel elements are arranged in concentric circles. In the first circle, second circle and third circle 
12, 18 and 24 fuel elements are arranged respectively. The coolant leaves the Pressure Tubes with 
an average exit steam quality of 18% and reaches four steam drums through 452 core top 
extensions and 452 tail pipes. The steam drum has the large interface area, which provides natural 
steam separation, without using mechanical separators. At the central location  (between two 
plates) of the steam drum bottom, feed water enters which leads to a subcooled condition after 
mixing with the saturated water. This subcooled water leaves the steam drums through 16 
downcomers to a single ring Inlet Header. From the Inlet Header, the coolant enters the 452 
Pressure Tubes through 452 inlet feeders and 452 core bottom extensions. 
 
The reactor has reactor shutdown system for tripping the reactor, relief system for relieving 
system pressure, isolation condenser for decay heat removal and three stage ECCS. 
 
In this paper analyses results for the case of  200 % inlet header break are presented and 
discussed. Coupling between Global analysis having point kinetics neutronics module and 
channels of dissimilar characteristics is also discussed and analysis is carried out for different 
channels. 
 
2.0 DESCRIPTION OF MODELS 
 
Multistage analysis methodology used in this paper involved use of different computer codes 
with appropriate coupling between each other (See Fig. 2). Different models as described below 
can be used in the multistage analysis. Analysis can be carried out in number of stages and 
accordingly appropriate computer codes need to be used. In this section different codes used for 
such multistage analysis are described.    
 
2.1 Description Of RELAP/MOD3.2 
 
The basic field equations for the two-fluid nonequilibium model consist of the two phasic 
continuity equations, two phasic momentum equations and two phasic energy equations. These 
equations are formulated in differential stream tube form with time and one space dimension as 
independent variables and in terms of time and volume-average dependent variables.[1] 
The heat structure is assumed to be represented by one-dimensional heat conduction in 
rectangular, cylindrical, or spherical geometry. Finite difference formulation is used to advance 
the heat conduction solutions. The heat transfer correlation package can be used for heat structure 
surface connected to hydrodynamic volumes and contains correlations for convective, nucleate 
boiling, transition boiling and film boiling heat transfer from the wall to water and reverse 
transfer from water to wall, including condensation. 
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2.2 Description OF HT/MOD4  
 
The reactor channel is simulated thermally in detail. Each fuel pin of the fifty four rod cluster is 
simulated using a 3-D conduction model  with temperature   dependent  thermal  conductivity.  
The pressure tube and calandria tube are also separately simulated by the 3-D model. Convective 
and radiative heat transfer serve as the boundary conditions. For determining radiative heat 
exchange between different nodes a radiosity approach is followed. The deformation of pressure 
tube and fuel bundles is simulated thermally. References 2 to 4 give detailed description of the 
code HT/MOD4. 
 
2.3 DESCRIPTION OF PHTACT  
 
The analytical models of PHTACT comprise of two parts. The first part computes releases from 
different locations in the fuel channels into the PHT system, while the second part involves 
transportation into PHT system and containment. The release models are empirical and are based 
on NUREG-0772 (U.S. Nuclear, 1981) [5] fission release model and PHTACT code is validated 
against experimental data of Prussin et al., Johnson et al. etc [6] for its release predictions.  
 
2.4 DESCRIPTION OF COBRA-IV-I CODE 
 
The thermal-hydraulic subchannel analysis of the nuclear fuel assemblies in COBRA-IV-I code is 
based on the concept of small imaginary cells called subchannels made out of the complex 
geometry of the fuel assembly. The one dimensional conservation equation of mass, momentum 
and energy are written for each subchannel and solved numerically while taking into account the 
possible interactions between adjacent ones. These flow interactions involve diversion cross flow 
caused by pressure differences between the subchannels and turbulent interchange brought about 
by pressure and flow fluctuation. COBRA-IV-I model is based on the fluctuating equal mass 
exchange between adjacent subchannels under single or two-phase conditions. COBRA-IV-I 
Code predicts safety parameters like fuel and clad temperatures for all axial nodes along the fuel 
pin for different rod locations. The basic equations and method of solutions can be obtained from 
[7] 
 
3.0 DESCRIPTION OF DESCRETISATION 
 
3.1 RELAP5/MOD3.2 Specific AHWR Modelling for Global Analysis 
Primary Heat Transport System 
 
Nodalisation schemes of PHT system is shown in Fig. 3. The core channels have been modeled 
by eight equivalent paths, representing 4 average (100, 101, 102 and 103) and 4 hot channels 
(121, 122, 123, 124).  Volume 4 to 8 of each components represent core channels. Volume 1 and 
2 of theses parallel paths represent vertical and horizontal portion of inlet feeders (4” NB sch. 
80), while core bottom extension is represented by volume 3 of these pipe components. Volume 9 
of these components simulates core top extension, while volumes, 10, 11 and 12 represent tail 
pipes. 
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There are 4 steam drums. Each steam drum is connected to 113 channels. 113 channels connected 
to each drum have been by  modeled by 1 hot channel and 112 average channels. Steam drum 
(3.75 m dia, 11 m Long) has been  simulated by saturated (150, 405, 105, 505) and subcooled 
volumes (104, 406, 106, 506). Saturated volume of steam drums (components 505, 105, 405 and 
150) are modeled separately using 10 control volumes in each drum. The bottom part of the drum 
(subcooled portion) in between two baffles is represented by subcooled volume  components 406, 
106, 506 and 104.  
 
The feed water along with recirulation flow enters into the subcooled part of the drums. Flow 
from this portion of steam drums enters the downcomers. Feed water conditions are simulated 
using component 600. Suction header of feed pumps is modeled by component 653. Two feed 
pumps are modeled by components 656 and 657. Component 660 models 10” NB discharge 
header. Individual feed lines (5” NB sch. 80) are modeled by components 675, 676, 677 and 678.   
Four downcomer line (12” NB Sch. 80) from each steam drum is modeled by a single equivalent 
downcomer. There are four equivalent downcomer lines (107, 108, 110 and 119). Inlet header 
(24” NB sch. 120)  is modeled by component 109.  
 
Steam lines (12” NB Sch. 80) from each steam drum has been modeled by volumes 351, 352, 354 
and 355. Two steam lines from each bank are joined together by volumes 353 and 356. Bypass 
valve is modeled by component 673. Bypass valve has been put in the common line (component 
359) joining each bank steam lines (353, 356). CIES valves have been simulated by component 
665 and 670. Governer valves have been modeled by component 671 and 672. Relief valves and 
safety valves mounted on steam lines are modeled by components 313, 314, 413 and 414. 
ECC System: 
 
The Nodalisation scheme of ECCS system is shown in Fig. 4. This system simulates four 
advanced accumulators (component no. 900, 902, 904 and 906), ECCS headers (700, 716, 717, 
718) and 452 feeder and water tubes. ECCS feeder tubes and water tubes are represented by pipe 
components no. 701, 702, 703, 708, 751, 752, 753 and 754. These pipe components are divided 
into 5 internal volumes each, which inject water into 5 core volumes in each parallel path, when 
logic for ECCS injection is satisfied. Advanced accumulators are connected to ECCS header 
through valves, which changes their resistance depending on level in the accumulator and 
simulate resistance in flow path and isolation of accumulator at appropriate level (1m) during 
transient. GDWP is modelled by component 709 with five axial stacked volumes. The pipes 
coming from GDWP from different elevations and the GDWP header are modelled with five 
components (720, 721, 723 and 724) and a single component (710) respectively.  The lines 
connecting GDWP header with  four ECC headers have been modeled by components 712, 713, 
714 and 715. 
 

IC System: 
 
The Nodalisation scheme of IC system is shown in Fig.  5. In simulating isolation condensers, 
each drum is connected to two ICs  (301, 302, 303, 304, 306, 307, 308 and 309) and outlet from 
IC is connected to corresponding subcooled volume of steam drum.  Each IC representing 70 
tubes is divided into 3 axial volumes. Sink of ICs are simulated by  GDWP (709). Inlet 
cylindrical header of each IC are simulated with one component (803, 804, 812, 813, 821, 822, 
830, 831). Outlet cylindrical header of each IC are simulated with one component (805, 806, 814, 
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815, 823, 824, 832 and 832). While piping in IC circuit is adequately simulated by 801, 802, 807, 
808, 816, 817, 825, 826, 834 and 835. 

Slave Channel Modelling 

Slave channel analysis is found to be necessary due to unsymmetrical characteristics of all 
channels with respect to reactivity coefficients, power rating, power distributions, flow rates and 
geometry.  Moreover it enables detailed modeling of a channel with fine discretisation. Slave 
channel analysis is done for single reactor channel using   boundary conditions obtained at inlet 
header, steam drum and ECCS water tubes under transient and modelling complete loop. Reactor 
channel with different ratings are simulated by pipe component 102, which is divided into 24 
control volumes connected to 24 heat slabs as shown in Fig. 6. Appropriate axial heat profile has 
been simulated.  Components 100, 101, 103 and 104 represent corresponding feeder, core bottom 
extension, core top extension and tail pipe. Steam generator and inlet header conditions are 
simulated using time dependent volumes 150 and 109 respectively, while ECCS water tubes are 
simulated by using time dependent volumes fro 751 to 755.    
 
4.0 RESULTS AND DISCUSSIONS. 
 
4.1 Inputs for Analysis 
 
Various important inputs used for the analysis are summarised in Table 1  
 

TABLE 1A: INITIAL CONDITIONS 

Reactor Power 920 Mw 

Inlet Header Pressure 7.168 MPa 

Mass flow rate in Maximum rated Channel 5.05 kg/sec 

Mass flow rate in Average Rated Channel 4.89 kg/sec 

Steam drum pressure 7.0 MPa 

Collapsed Level in drum 1.54 m 

Core exit quality in Maximum Rated Channel 0.265 

Core exit quality in average rated channel 0.1874 

Total mass in the PHT system 365.0 Te 

Feed mass flow rate per steam drum 103.6 kg/sec 

Total steam flow going out 414.5 kg/sec 

Feed water temperature 130 0 C 
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Inlet header temperature 259 0 C 
 
 
4.2 Scenario For Analysis. 
 
In this paper 200 % Inlet header break is analysed  for Advanced Heavy Water reactor. The 
predictions for global scenario is done using RELAP5/MOD3 and descretisation described 
before.  The postulated and observed scenario for this event alon with time of occurrence is 
summarized in Table 2. 
 

TABLE 2: SCENERIO FOR 200 % INLET HEADER BREAK 
 

POSTULATED 

SCENARIO 

OBSERVED SCENERIO TIME 

Initiation of  200 % inlet 
header break 

: Break is initiated 0.0 s 

Reactor Trips at 1 s 
assuming high 
Containment Pressure 
Signal 

: Reactor Trip 1.0 s 

CIES valve starts closing 
after reactor trip 

: CIES valve start closing  1.0 s 

CIES valve close after 3 
second 

: CIES valve closed 
completely, Steam Flow 
totally cuts off 

4.0 s 

The IC valves open after 
10s of the reactor trip, 
hence eight ICs are 
available. 

: IC valves open 11.0 s 

Advanced Accumulator 
Injection Starts at ECCS 
header pressure of 50 bar 

: Accumulator Injection 
starts 

 18 s 

Four of the 8 Ics isolate 
from the system after 120s 
of the reactor trip. 

: 4 ICs get isolated 130.0 s 

GDWP gets initiated at 
ECCS header pressure of 4 
bar 

: GDWP Injection starts 122.0 s 

End of transient : Transient is terminated 150.0 s 
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4.3 Results of Global Analysis 
 
Pressures at different important locations like inlet header, core, and accumulator and ECCS 
header are plotted in Fig. 7. The PHT system depressurizes from an initial value of 7.0 MPa, with 
the initiation of the break. The depressurization rates for all the locations are same up to 18 s, 
after that the PHT system pressure depressurization rate differs from ECCS header. This is due to 
arrival of accumulator water in the ECCS header at that instant causing reduction of the ECCS 
header depressurisation rate. With the initiation of the accumulator injection at 18 s, the ECCS 
header experiences a sharp pressure dip. This is due to sudden condensation of steam prevailing 
in the ECCS header. At 74 s due to cut off of the stand pipe, the ECCS header pressure 
experience a fall in pressure. The accumulator depressurises from its steady state value of 4.9 
MPa, as the accumulator injection establishes at 18 s and continues to ride on the PHT system up 
to the end of the transient. The GDWP header shows a very slow depressurisation after 122 s, as 
the GDWP flow establishes. At the end of the transient, the PHT pressure is found to be 1.8 MPa. 
 
The core exit mass flow rate is plotted in Fig. 8. The whole core experiences a flow reversal with 
the initiation of the break. The flow reversal got enhanced after 12 s as the 2-phase resistance gets 
very much reduced as the quality reduces due to reactor trip. The magnitude of the reversed flow 
reduces as the system pressure depressurizes fast causing lowering of the available head for the 
flow. After 75 s onwards the flow oscillates near zero. 
 
Core exit quality of all the average channel is shown in Fig. 9. With the initiation of the break, 
the core exit quality shoots up to 98% due to sudden depressurisation and the core becomes 
subcooled after 100 s of the transient. As the core experiences a low flow situation during the 
initial period of blowdown (Fig. 8) along with the system depressurisation, the steam formation is 
higher. With the reactor trip the quality gets reduced, causing a establishment of high flow. The 
combined effect of low power and increased flow causes the steam quality to reduce. With the 
ECCS injection the system becomes subcooled after 100 s only. The header quality shoots up 
with the initiation of the break to 100% and stays up to the end of the transient. 
  
Fig. 10 depicts the clad surface temperature at different axial locations of the hot channel. The 
peak-clad temperature is observed in the second heat slab from bottom out of five heat slabs. 
With the break initiation the clad temperature shoots up as dictated by quality (Fig. 9) and flow 
behaviour (Fig. 8) in the channel. With the reactor trip and arrival of accumulator flow the 
temperature drops. At the end of the transient the temperature remains at about 180 0 C. 
Fig. 11 indicates clad surface temperatures for average power rated channel at different axial 
locations. 
 
4.3 Results of Slave Channel Analysis  
 
The slave channel analysis is done using boundary conditions from global analysis for inlet 
header, steam drum and water tubes. The channel being analysed in this case is with power rating 
of 2.496 MW, which has maximum power under fully voided condition. Power of maximum 
power rated channel at 100 % is 2.6 MW.  Fig. 12 depicts variation of power of these channels 
with core density. Average core behaviour is similar to maximum rated channel. Hence, in 
analysing this channel additional boundary condition of modified power profile is given to 
simulate its physics characteristics. Modified power profile is obtained from channel 
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characteristics shown in Fig. 12 and average core density variation in the global analysis. Results 
of the analysis are shown in Figs 13 and 14. It can be seen that peak temperature is less than 
maximum rated channel (Compare Figs. 10 and 13) due to less power and lesser period of 
dominance for positive void feedback compared to other reactivities. However, it is higher than 
average power rated channel (Compare Figs. 11and 13). Fig. 14 indicates axial variation of clad 
surface temperatures at different time intervals. 
 
5.0 CONCLUDING REMARKS 
 
Analysis methodology has been described in simulation of various coupled phenomena for 
Advanced Heavy Water Reactors.  Simulation of channels dissimilar channels has been carried 
out using slave channel analysis approach. 
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Fig. 2: AHWR Safety Analysis Methodology 
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Abstract The Integrated Safety Assessment (ISA) methodology is a useful tool for safety assessment
incorporated into licensing activities at CSN, which implies an intensive use of code coupling techniques
to join typical TH analysis, severe accident and probability calculation codes. The final goal is to dy-
namically generate the event tree that stems from an initiating event, improving the conventional PSA
static approach. The massive use of coupled codes has led to the definition of a standardized connec-
tion methodology, that allows a given code to be incorporated quickly into the overall system and to
overcome difficulties derived from particular models and computational methods. With the methodology
here proposed a coupled code is meant to work in cooperation with any other code meeting the standard
as well, making the connection scheme more open and flexible.

1 Introduction

In the development of a PSA a central role is played by the construction of the event trees that,
stemming from each initiating event considered, lead to the calculation of the core damage fre-
quency (CDF). Its delineation is extensively done by means of expert judgement and heuristics.
Specialised simulation tools such as RELAP5 [27] are used only at specific points of the PSAs
due to time, model complexity and procedure modelling constraints. This weakness may be
relieved by the Integrated Safety Assessment (ISA) methodology1 that generates the event tree
directly from sequence simulation, taking into account thermal hydraulic interactions. The final
goal is to automatically generate the event tree associated to an initiating event, by simulating
the dynamic evolution of the plant, as well as to obtain the probability of each sequence.

The simulation of an accidental sequence involves phenomena of very different nature, such
as thermalhydraulics, severe accident, operator actions, and many others, which can hardly be
found in just one code. Moreover, the results of the sequence simulations must be processed
with the probability calculation tools typically used in classical PSA. The use of coupled codes
arises then to satisfy the two following needs:

1. Build a wide scope simulation system able to deal with the assorted phenomena found
in sequences leading to core damage, by merging the modeling capabilities of several
specific purpose codes.

2. Reuse the plant input decks developed by the facilities to perform their accident analysis,
since the CSN does not count with enough human resources to build their own plant

1Not to be mistaken for the Integrated Safety Analysis [19] suggested by the USNRC.

1



models. Note that different facilities may use different codes to simulate the same kind of
transients. Thus the simulation system must be ready to easily incorporate any code, and
should never focus on a particular one.

Key aspects of the ISA approach that imply new theoretical as well as practical develop-
ments, in addition to those traditionally covered by classical simulation techniques are:

1. A unifying theory that should be able to include the classical, static PSA as a particular
case. In addition, those theoretical developments help identify the type of applications
where the new approach will be a necessary requirement. In fact, ISA can be mathe-
matically derived from the Theory of Probabilistic Dynamics, remaining compatible with
current state of the art, giving credit to present efforts and applying their results as a next
step improvement [5, 6, 12, 11, 16].

2. The capability for simulation of trees, understood as scheduler techniques required to ef-
ficiently simulate all branches. Historically, “pile in-out” algorithms able to do this (DY-
LAM [4]) were already implemented in earlier pioneering work, while modern stochastic
branching suggests Montecarlo techniques [24, 1]. ISA tools include second generation
schedulers, like DENDROS [20], described later.

3. The capability to incorporate new types of branching, particularly operator actions. ISA
integrates COPMA II [21], the computerized procedure system developed at the Halden
Reactor Project. More recently, the connection to the newer COPMA III version [3] is
underway.

4. The definition of a code coupling methodology, that entails a standardized calculational
flow and the specification of standard message passing points, so that codes meeting the
requirements can be easily connected.

This paper highlights the role of the standardized code coupling methodology and shortly
reviews the ISA tools.

2 Proposal of standard for code coupling

2.1 Motivation

Traditional approaches to code coupling attempt most times to connect just two simulation
codes (3D neutronics + two-phase TH is very probably the most usual application). The infor-
mation interchange between the codes is accomplished either by recompiling them in a single
code and sharing common blocks, or by passing messages at certain synchronization points by
means of parallel interfaces such as PVM [2] or MPI [7]. In any case, the coupling depends
on the particular features and models of each code, and the final product is closed and hardly
extensible. If a third code is to be linked to the existing two-code connection, careful attention
must be paid to code internals not to interfere with the previous coupling.

In opposition to this approach, we propose here an open scheme that allows to couple as
many codes as desired, regardless of their particular modeling assumptions. The need for that
kind of approach has already been addressed in [22]. The keypoint to the standardization of code
coupling is that any code supporting the concept of time step may fit the general calculational
flow described next.
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2.2 Standardized calculational flow

1. First of all, the input deck is read.

2. The initial state of the code is computed, as a function of the initial conditions provided
in the input deck. Note that this task does not imply any time step advancement yet.

3. The code executes a cycle consisting of steps, each one representing a time advancement,
with the following tasks:

(a) Computation of the time step size applied to the next calculation advancement.

(b) Computation of the model boundary conditions from time dependent, user defined
tables.

(c) The time advancement itself, which may include iterative procedures. Note that the
code specific models are included in this task.

(d) Eventually, and once the calculation has been successfully advanced, the results are
written in the appropriate output and/or restart files.

4. Termination. All open files are closed.

This general scheme allows the easy connection of the codes by inserting message routines
aint the appropriate synchronization points. Preliminary versions of the standard, which can be
used not only for ISA purposes but for any simulation application, are described in [8] and [9].
A wide agreement about the standard among the international communnity would be desirable.

2.3 Types of coupling

The scheme allows for the two following types of connection:

1. Boundary conditions coupling. With this type of coupling, some of the output variables
obtained at the end of task 3c in one of the codes are passed to the beginning of task 3b in
the other code, overwriting the time dependent tables that define the boundary conditions.
Note that since the synchronization points are external to the solution advancement, the
connection scheme can be applied to any set of codes regardless of the particular models,
making the standardization feasible. This is the traditional type of coupling used to build
a wide scope code starting from several codes with a more limited scope.

2. Initial conditions coupling. This type of coupling can be used when a certain code is
getting out of its scope of applicability, and new models available from other codes are
necessary. In this case the execution of the first code is suspended, the second code is
spawned, and proper initial conditions are transferred before task 2 in section 2.2 is ac-
complished to ensure the consistency and continuity of the transition. A typical example
of this type of coupling is the transition from conventional TH codes to severe accident
codes, once degraded core conditions are detected. This is also the type of coupling nec-
essary to open new branches in event trees without recomputation of the common parts,
since new branches must be initialized with the plant conditions at the time the corre-
sponding setpoint was crossed.
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Figure 1: Hierarchical structure of the standardized scheme

2.4 Main features of the coupling scheme

The output variables that must be extracted from a code, and the boundary and initial conditions
to be overwritten are specified according to a code dependent nomenclature, which should be
set by the developers in the user manuals. Each coupled code receives from the others a single
string per variable, which allows to find a pointer to the memory address where the variable is
placed.

If code developers fullfil the computational flow described above, insert the proper message
passing routines at the synchronization points specified by the standard, and specify the nomen-
clature to refer to the variables, the resulting code can be coupled to any other with no further
development. Users just need to write additional input deck to specify the topology connecting
output variables in one code to boundary and initial conditions in others. Since the connection
scheme is open, the number of codes that can be coupled is unlimited, and they can be added,
replaced or removed depending on the user’s needs like pieces of a construction game.

Another advantage of the scheme is that the same executable file can be used for coupled
and stand-alone simulations. Moreover, the coupled codes can run on different platforms, as
long as they are connected through standard TCP/IP protocol.

Another interesting feature is the hierarchical structure of the coupling. When two codes
are coupled it is assumed that one is spawned by the other, the former being the slave code and
the latter being the master. Slave codes can in turn spawn other codes, as depicted in figure 1
where the arrows stand for a master-slave relationship. This way, the plant models can be easily
extended by addition of new codes. Mandatory information such as the time step size, and the
flags that control the state of the solution advancement (iterations, new time advancement, new
attempt of solution advancement with a different time step, restart, etc.) are propagated top-
down from the top master process to the slaves through the branches of the dependence tree.
Similarly, suggestions for time step size and the state of advancement are propagated bottom-up,
so that the top master process can decide the best option.

2.5 Implicit codes and iterative coupling

The standard also pays special attention to iterative coupling. Codes to be coupled are very
often implicit to some extent. Moreover, the coupling usually yields feedback loops. Those
loops may be solved with two different strategies:
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• With explicit coupling, i.e. the codes in the loop are solved only once. This method has
the advantage that the codes can be solved in any order, since the boundary conditions
are taken from the previous time step. The main disadvantage is that explicit coupling of
implicit codes leads very frequently to instabilities that can be avoided only with small
time steps sizes.

• With implicit coupling, i.e. the codes in the loop are solved as many times as necessary
until the desired convergence in a predefined set of variables is achieved. The advantage
of this method is the enhancement of stability that allows the use of larger time steps. On
the other hand, the codes in the loop must be solved according to a strict sequence, since
the boundary conditions in the current time step must be propagated forward. Very few
simulation codes are able to implement ordered resolution of feedback loops.

To overcome the latter problem, the CSN approach to code coupling provides a general
purpose simulation driver called BABIECA [18], which implements the ordered resolution of
implicit feedback loops. This code can be used as the top parent process that controls the overall
simulation. If this is the case, BABIECA just manages the information exchange between its
slave codes, but does not compute any simulation model itself.

The resolution of implicit codes imposes severe additional constraints to the standardized
flow diagram. The resolution of the continuous in the time domain, floating-point variables,
should be clearly separated from the computation of discrete, logical/integer variables. The
latter should be computed once the time step has been successfully advanced, to avoid discon-
tinuous changes of models and parameters during the iterations associated to the resolution of
feedback loops. Moreover, this separation allows specific treatment of discontinuities when a
transition of the logical variables has been detected. The discrete variables are also subject to
coupling.

3 Basic ISA description

The main idea is the generation of Dynamic Event Trees (DET) starting from an initiating event
that triggers the dynamics and opens branches every time a setpoint or operator action criterion
is satisfied. Simultaneously, the cumulative probability of the sequence being simulated must
be calculated in order both to obtain the desired results in terms of risk assessment and to limit
the size of the DET. The structure of the interplay between the tools used is presented next, and
can be followed in figure 2 and reference [13].

3.1 The DENDROS scheduler

The event tree simulation scheduler is designed as a separate process that controls the branch
opening and coordinates the different processes that play a role in the generation of the DET.
The idea is to use the full capabilities of a distributed computational environment, allowing the
maximum number of processors to be active [20]. The distribution of tasks among the different
processors is managed by thepvm3 [2] interface2. To this end, it manages the communications
among the different processes that intervene in the event tree development, namely, the dis-
tributed plant simulator, the probability calculator, and an output processor in order to process
the information concerning the results of each sequence.

2Conversion to the MPI [7] standard is also foreseen.
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The scheduler arranges for the opening of the branch whenever certain conditions are met,
and stops the simulation of any particular branch that has reached anabsorbing state. To be
able to decide on which branch is suitable for further development, the scheduler must know
the probability of each branch, calculated in a separate process.

Each new branch is started in a separate process, spawning a new transient simulator process
and initializing it to the transient conditions that were in effect when the branch occurred. This
saves a substantial amount of computation time, since common parts of the sequences are not
recomputed.

The applications of a tree structured computation extend beyond the scope of the DETs. In
fact, the branch opening and cutoff can obey any set of criteria not necessarily given by a prob-
ability calculation as, for instance, sensitivity studies or automatic initialisation for Accident
Management Strategy.

3.2 The probability calculation module

The probability calculator module performs the Boolean product of the fault trees corresponding
to each system that intervenes in the sequence either as a success or as a failure. Additionally,
it computes its probability as more fault trees are combined using information passed to/from
the sequence scheduler. The fault trees that will be used for the probability calculations are
those of the PSA studies where tools exist such as RiskSpectrum, CAFTA, and others. This
imposes a strong computational demand that is optimised by preprocessing the header fault
trees as much as possible. Our current approach is to use the Binary Decision Diagrams (BDD)
format, fed from the models for the codes above, since it allows a compact representation of the

6



logical functions associated with each fault tree and speeds up the computation of the products
[23, 25].

3.3 Distributed plant simulation

The sequences obtained in an ISA involve very often a wide range of phenomena, not covered
by any single simulation code. On the other hand, Emergency Operating Procedures are a very
complex set of prescriptions, essential to the sequence development and branching and hard to
represent in detailed codes. A plant model suitable for ISA purposes does not comprise then a
single input deck for just one code, but several inputs for several codes, each one being respon-
sible for the simulation of certain phenomena. The coupled plant model may eventually be built
with the two techniques explained in section 2.3. The codes chosen for ISA applications are
those used by the Spanish industry to perform shorter-range analyses, codes for which models
for all Spanish plants exist. The coupling entails different although interrelated interfaces (see
figure 2) between:

1. The codes that constitute the plant model and the simulation driver

2. The scheduler and the simulation driver

3. The plant model and the operator model.

The following codes can be used at present to build up a distributed plant simulation:

RELAP5 [27] which can perform the simulation of a thermal hydraulic section of a plant
model, receiving the boundary conditions from the driver. RELAP5 is used in principle
when greater detail on the TH aspects is desired.

COPMA-II [21] which follows the operating procedures and schedules the requested actions,
sending signals to the plant model. Because of its design philosophy (as an operator
training aid), the COPMA-II code is not able to perform an unattended simulation task,
and is driven by an ‘operator’ that validates each action. Current developments of the
code allow for unattended simulation. This kind of connection has been used to perform
analyses of EOP performance and available times [10]. Connection to COPMA-III [3] is
also foreseen.

TIZONA [17] is an in-house code specially fitted for BWR plants.

TRETA [15] is another in-house modular code, similar in structure to TIZONA but more suit-
able for PWR applications.

MAAP and MELCOR are severe accident codes that perform the calculation of the plant
model when the transient approaches the severe accident conditions. They are then ini-
tialised with the appropriate transient conditions; some parts of the simulation (specially
the operator actions, but also control systems) may still be performed by the original code
and the appropriate signals be transferred as boundary conditions.
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4 Applications of the ISA tools and methodology

The tools described above have been used in a pilot application for the generation of the Dy-
namic Event Tree for the SGTR scenario. Following previous experiences [26, 14] with first
generation tools, the second generation DENDROS scheduler has been used to provide the re-
sults for the SGTR DET using two different simulation setups. As a quick reminder of these
previous experiences, the application was intended to assess the correct performance of the
E-3 Emergency Operating Procedure, in view of possible failure to start/failure to run of plant
equipment, including the steam release valves to the atmosphere and to the condenser, the main
coolant pump and the pressuriser sprays. The simulations were conducted using the DYLAM
scheduler and the TRETA code.

Firstly, to verify the correct behaviour of the package, and the improvement attained in
using the distributed environment simulation, the results of [26] were reproduced with the same
TRETA code version that was used formerly. The resulting DET is presented in figure 3. The
concurrent simulation of the 12 branches of the ET allowed it to be completed in less than four
times the CPU time used in the simulation of the nominal sequence (the one with no equipment
failure).
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A deeper demonstration for the same scenario using a severe accident code was performed,
also in a distributed environment. Here, the headers were taken from the PSA event tree as
developed by the utility, in such a way that both the code and the data were as originally used
to make the plant PSA; only the way the event tree was built changed. This time the simulation
was carried on for 3· 105s, the 11 sequence DET completing in few hours. A partial event
tree, with five out of the nine headers of the ET is presented in figure 4. The evolution of the
primary and secondary pressure for the nominal sequence as compared with sequence number
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7, where the SI control fails is presented in figure 5. Two failure sequences are presented
in figure 6. Both of them have the Steam Generator isolation failed, so that the Feed and
Bleed operation is demanded. In sequence 15, this operation fails. As to the results, several
important discrepancies between the static and dynamic event trees were identified, mostly due
to the details of the EOPs and some complex, non intuitive physical mechanisms prone to be
overlooked by experts’ judgement .
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5 Conclusions

The flow diagram of computer simulation codes can be standardized in such a way that codes
meeting the proposed standard can be coupled among them with no additional source code
development. The code developers just need to add proper message passing routines at certain
synchronization points and define a specific nomenclature to refer to the exchanged variables.

The proposed scheme, which is independent from the particular models, allows to couple
the codes through boundary and initial conditions and through discrete variables.

Although the standard has been devised within the context of the Integrated Safety Assess-
ment (ISA) methodology to enhance the performance of conventional PSA, it can be used in
any simulation application.

Preliminary versions of the standard are available. However, a wider agreement among the
international community would allow for the quick interchange of simulation codes developed
by different teams.
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ABSTRACT 
 

MARS coupled code system has been developed by KAERI for multi-dimensional thermal-
hydraulic system analysis coupled with a three-dimensional core kinetics code, MASTER, and 
containment thermal-hydraulic codes, CONTAIN or CONTEMPT. Multi-dimensional system analysis 
capability of the MARS was attained by implicitly integrating the hydrodynamics of RELAP5 and 
COBRA-TF and unifying thermal-hydraulic models. In addition, various advanced thermal-hydraulic 
models have been developed and incorporated in the MARS for enhanced code capability. For the 
coupled analysis, MASTER, CONTAIN or CONTEMPT codes were coupled with the MARS 
calculation using dynamic link library (DLL) techniques of Windows system. Then, the graphic 
system analyzer, ViSA, was developed and linked with the MARS for a user-friendly computing 
environment. From various code benchmark and plant calculations, it was demonstrated that the 
MARS coupled code system is a viable tool for the safety analysis of nuclear reactor systems. 

1. INTRODUCTION 

 Safety concept of nuclear reactors has been evolved from a conservative and deterministic safety 
to a realistic and probabilistic safety in such way that the safety is best served when determined based 
on the realistic response of reactor systems. For a realistic analysis of reactor systems, several key 
issues should be addressed in the thermal-hydraulic (hereinafter TH) analysis method, especially in the 
analysis codes. They are 1) the modeling capability of important processes and phenomena of a 
transient, and 2) the multi-dimensional TH analysis capability and 3) the coupled analysis capability 
with multi-dimensional core kinetics and containment thermal-hydraulics when the strong coupling 
effect exists. In addition, user-friendly graphic user interface (GUI) should help the interpretation of 
analysis results. Recent progress in computer technology enabled the practical utilization of a coupled 
analysis system, thus, the more realistic analysis of plant transients. Accidents in which a strong 
coupling and multi-dimensional effect exists include loss of coolant accident (LOCA), reactivity 
induced accident, main steam line break (MSLB), partial loss of flow accident, etc. 

 In this context, many countries are developing coupled code systems using the existing realistic 
analysis codes. We have developed a MARS [1] coupled code system that has a multi-dimensional TH 
system analysis capability coupled with a three-dimensional core kinetics code, MASTER [2], and 
containment thermal-hydraulics codes, CONTAIN [3] and CONTEMPT [4]. The MARS is an 
integrated version of RELAP5 [5] and COBRA-TF [6] and it was developed by implicitly integrating 



the hydrodynamic solution scheme of both codes, by unifying input/output structure and TH models, 
and by restructuring and modernizing the code using FORTRAN90 [7] programming technique. TH 
modeling capability of the MARS is being improved and extended for application not only to light and 
heavy water reactors but also to research reactors and advanced reactors. The MARS is linked with the 
graphic system analyzer, ViSA [8], for a user-friendly computing environment. 

 In this paper, we discuss the code coupling technologies incorporated in the development of the 
MARS coupled code system and demonstrate MARS capability through various code benchmark and 
plant calculations. 

2. DEVELOPMENT OF MARS, A MULTI-DIMENSIONAL SYSTEM TH ANALYSIS CODE 

 MARS code has been developed by KAERI since 1997 under a Nuclear R&D Program of 
Korean government. Research goals are 1) to develop a realistic system TH analysis code that has a 
modeling capability of multi-dimensional transient thermal-hydraulics and coupled analysis and 2) to 
extend the code capability for application not only to light and heavy water reactors but also to 
research and advanced reactors. In order to realize a multi-dimensional system TH analysis, RELAP5 
and COBRA-TF that are well-verified realistic USNRC codes were integrated and unified in the form 
of 1D (RELAP5) and 3D (COBRA-TF) modules of the MARS.  

2.1 Unification of RELAP5 and COBRA-TF 

 MARS is designed to simulate a flow system subdivided into one- and three-dimensional regions 
as shown in Fig. 1. 1D and 3D modules of the MARS model TH behaviors of the one- and three-
dimensional regions respectively, which is a kind of domain decomposition method. In order to 
develop a unified MARS code frame, RELAP5 and COBRA-TF were integrated and unified for the 
scopes in Table 1 such that intrinsic features of both codes were to be maintained and improved. 
Among the code unification scopes, integration of hydrodynamics is described in more detail. 
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Figure 1. Typical MARS System Modeling 



Table 1. Scopes of Code Unification 

Models 
Input/Output 
 - Input Processor 
 
 
 
 - Output Processor 

 
yes 

 
 
 

yes 

 
yes 

 
 
 

yes 

 
INP package of RELAP5 
Unification of duplicated inputs 
Improvement of 3D module input structure 
GUI inputs, simplified 3D boundary, etc. 
Unit conversion  
New output format and files for trip & GUI 

Initialization yes yes Automatic initialization of 1-D/3-D analysis 
Hydrodynamics 
 - Numerical Solution Scheme 
 - 1D/3D Interface 
 - Sparse Matrix Solver 
 - Boron Transport 
 - Water Properties 
 

 
yes(1-D) 

no 
yes 
yes 

tabular 
 

 
yes (3-D) 

no 
yes 
no 

functional 
 

 
Implicit coupling and simultaneous solution 
Partition rule & improved T/H models 
RELAP5 
RELAP5-based 3D Module Boron Transport 
RELAP5 tabular Form 
IAPWS ’95 & ASME ’92 steam tables 

Heat Structure 
 - Heat Conductor &  Fuel 
 - Core Kinetics 

 
yes 
yes 

 
yes 
no 

 
Thermal coupling of 1-D/3-D heat structures 
RELAP5 point kinetics 

Transient Control 
- Control Function 
- Time Step Control 

 
yes 
yes 

 
no 
yes 

 
RELAP5 control functions 
dt=min(dtr, dtc)  

RELAP5 COBRA-TF Code Unification 

 RELAP5 employs a one-dimensional two-fluid model and COBRA-TF employs a three-
dimensional two-fluid, three-field model. Both codes adopt the mass, momentum and energy equations 
for vapor and liquid phases and the mass equation for non-condensable gases. COBRA-TF employs 
additional mass and energy equations for liquid droplet. Numerical solution schemes of both codes are 
basically the same such that both codes use a semi-implicit, finite-difference method based on a 
staggered-grid mesh and donor cell scheme. In both codes, the momentum equations are first solved to 
represent the phasic velocity (phasic mass flow rate in the COBRA-TF) in terms of pressures of the 
adjoining cells. Then, the finite difference equations of mass and energy are linearized with respect to 
the independent scalar variables, which sets up the NxN system pressure matrix equations as below 
equation. The pressure variations obtained from the equation generate the new time velocities, with 
which other scalar variables are calculated by back-substiting the linearized mass and energy equations. 

 rrr bPA =δ , where r = R or C (RELAP5 or COBRA-TF)  

  Review of the basic equations and the numerical method concluded that the hydrodynamic 
system pressure equations of both codes could be implicitly integrated and solved simultaneously if 
with following assumptions; 1) Vapor and non-condensable gas phases are treated continuous across 
the regions, 2) Continuous liquid and droplets flowing from the 3D region are in mechanical 
equilibrium and agglomerated into the liquid phase in the 1D region. The liquid phase flowing from 
the 1D region is subdivided into the continuous liquid and droplet phases in the 3D region by the 
partition rule based on the droplet entrainment fraction in vertical co-current annular-mist flow, 3) 
Momentum balance at the interfaces is modeled by the RELAP5. With these assumptions, phasic 
velocities at the ith interface junction can be expressed as; 
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Using the phasic velocities at the interfaces, the original system pressure equations of both regions can 
be implicitly coupled in the form of;  
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By replacing the unknown velocities in the right hand side with new time-step pressures, the system 
pressure equations above are integrated into a single system pressure matrix equation, which is 
reduced and solved using the sparse matrix solver of RELAP5. Fig. 2 illustrates a typical example of a 
system nodalization and the integrated pressure matrix.  
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10                          x  x  x
11                             x  x  x
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14                                      x  x  x
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16                                            x  x  x
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 8              x     x  x  x
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(a) integrated system pressure matrix            (b) reduced matrix 

Figure 2. Typical MARS Nodalization and Corresponding System Pressure Matrix. 

  For better user accessibility of the code, the hydrodynamic calculation sequence is modified to 
work on a single CPU platform, that is, to run in a serial computation mode. The hydrodynamic time 
step advancement is selected to use the minimum time step size of both codes. Eventually, both codes 
are completely merged into a single code, MARS, in the form of the 1D module (hereinafter replaces 
RELAP5) and the 3D module (hereinafter replaces COBRA-TF). 

 The unified code, MARS, was then restructured and modernized using advanced programming 
technique of FORTRAN90. Data structure was restructured into a modular database-type structure in 
order to make the code more readable and easy-to-maintain. For this, new MODULE data blocks for 
volumes, junctions, components, etc. were defined and the relevant data variables were reorganized as 
the members of a relevant MODULE block. Dynamic memory management scheme was applied to 
each MODULE for flexible memory management. And, for user-friendliness, both on-line and off-line 
GUI routines were incorporated using QUICKWIN features of FORTRAN90.  

2.2 Improvement of TH Models 

 In order to improve and extend the MARS modeling capability, various TH models were 
improved and incorporated in the code. Table 2 summarizes list of major model improvements and 
their implementation status. With these model improvements, the MARS capability has been extended 
for application not only to light and heavy reactors but also to research and advanced reactors such as 
HANARO, SMART and Gas-Cooled Reactors.  



Table 2. Improvement of MARS TH Models 

TH Models Major Improvements MARS Implementation Status

Direct Vessel Injection 
 Interfacial drag and heat transfer in inverted 
pool flow regime 
 Mass/energy transfer during phase change 

Default in 3D module 
Under further improvement 

Mechanistic Dryout  Liquid film dryout in annular flow Option in 3D module 

Critical Flow  NE/NH model for bubbly flow derived from 
system characteristics equation Option in 1D module 

Direct Contact Condensation 
in Condensation Tank 

 Interfacial area and heat transfer, steam 
penetration in sonic jet flow regime Under V&V 

Droplet Field in 1D Module  Incorporation of droplet field in 1D module Under implementation 

Improved Numerical Method 
 Stability enhancing interfacial pressure force 
model 
 Water packing mitigation model 

Option in 1D modules 

Viscous Diffusion  Viscous diffusion term in momentum eq. Option in 1D/3D modules 
Porous Media Approach in 

MULTID Component 
 Multi-D porous media equations 
 R-θ and Cartesian coordinate New component 

Tight Lattice Core  Heat transfer correlations Option in 1D module 

CANDU 

 Horizontal flow regime map 
 Fuel heat-up in stratified flow 
 Digital sampling model 
 Spray flow regime model 
 CANDU decay heat model 
 EM critical flow model 

Option in 1D module 

SMART 
 Helical SG heat transfer 
 Critical heat flux 
 Critical flow with non-condensable gas 

Option in 1D module 

HANARO  Heat transfer package Option in 1D module 

Gas-Cooled Reactor  Thermodynamic and transport properties 
 Heat transfer package for gas flows 

Option in 1D/3D modules 
Under V&V 

 

3. DEVELOPMENT OF MARS COUPLED CODE SYSTEM 

3.1 Code Coupling Technique  

 The Windows system provides the dynamic link library (DLL) technique [7] for the coupling of 
independent codes. DLL is a collection of compiled routines and it can be associated with a main 
project during execution through an interface specification. Data and routines in a DLL are loaded into 
the same address space as the data and routines of the program that calls it. However, variables and 
routines declared in the program and in the DLLs are only shared by special compiler directives, 
DLLIMPORT and DLLEXPORT, which direct the compiler and linker to map to the correct portions 
of the shared address space. These features render the coupled code structure much simpler and easy-
to-maintain than other coupling techniques such as a multi-threading or a parallel virtual machine. 
Another advantage is that multiple DLLs can be easily linked on the request of main application 
program, thus, the DLLs can be independently maintained by relevant expert groups. 

 DLL technique is used in the coupling of MARS with MASTER, CONTEMPT, CONTAIN and 
GUI modules. Data and variables shared between the MARS and coupled modules are specified in 
interface routines. Interface routines also synchronize a coupled calculation by calling the appropriate 
DLLs for given calculation steps; input processing, initialization and transient advancement steps.  



3.2 Coupling with Three-Dimensional Kinetics Module, MASTER 

 MARS and MASTER were coupled for the system TH analysis coupled with three-dimensional 
reactor kinetics using DLL technique. Two coupling schemes, single and double coupling schemes, are 
developed distinguished by the way how the MARS is coupled to the MASTER module as shown in 
Fig. 3. In the single coupling scheme, MARS is connected only to the reactor kinetics module of 
MASTER. Core TH calculations are performed solely by the MARS 1D or 3D modules. However, it 
should be noted that the practical core TH nodes are coarse in comparison with neutronic nodes, that is, 
around 10 fuel assemblies in a TH node, due to a computational burden in solving multi-dimensional 
system thermal hydraulics. Therefore, a mapping between the neutronic nodes and T-H nodes has to be 
established. Mapping scheme was developed in a general manner such that it can specify both radial 
and axial information of overlapping nodes between TH and neutronic nodes. The mapping 
information is given by user input and it is also applied to corresponding heat structures. The data 
shared are given in Fig. 3 and they are the weighted average values of corresponding TH nodes in case 
of MARS and the weighted sum of corresponding neutronic nodes in case of MASTER. 

 

MASTER:
3D 
Kinetics 

1D: System 

3D or 1D: 
Reactor 
Vessel 

COBRA-III: 
Core T-H & 
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Refined 
ρi & TFi at tj

MARS 
Core inlet flow rate, 
enthalpy, and  
exit pressures  t

Single Coupling  

Local powers at tj

Double Coupling  

Local powers at tj-1 

 

 at j 

Figure 3. MARS/MASTER Coupling Schemes 

 In the double coupling scheme, MARS is connected additionally to the core TH module of 
MASTER, COBRA-IIICP [9] that allows fine TH nodalization with a radial size of single or quarter 
assembly. MARS first calculates overall core TH conditions reflecting system effects using coarse 
nodes, then, the COBRA-IIICP module performs detailed core TH calculation using core inlet and 
outlet conditions by MARS as boundary conditions. MASTER calculates local power distribution 
using detailed core TH conditions by the COBRA-IIICP module. Then, new power distribution is 
transferred to MARS for next time advancement. Thus, it enables more realistic calculation of power 
distribution based on a detailed core TH feedback, with which the distortion of power distribution in 
high or low power zones in case of coarse TH feedback can be reduced. The double coupling scheme 
should enhance the calculation accuracy, however, it should be noted that its application is limited to 
moderate transients, since COBAR-IIICP module employs a homogeneous equilibrium model and a 
marching scheme for numerical solution.  



 In general, a neutronic transient in a coupled analysis is numerically slower than a TH transient, 
that is, the required time step size of neutronic calculation is much larger than that of TH calculation. 
For calculation efficiency, a cumulative explicit method was introduced in the time step control, in 
which the advancement of MARS calculation continues until a desired time step size of MASTER is 
reached. This feature was proven effective in reducing computing time without affecting the results.  

 In order to examine the MARS/MASTER capability, OECD MSLB benchmark problem [10] 
was analyzed. MSLB accident is characterized by a return-to-power and local departure-from-
nucleate-boiling (DNB) due to an asymmetric reactivity feedback induced by asymmetric over-cooling 
in a system. Thus, a coupled analysis is quite necessary, in which the system effect as well as multi-
dimensional TH and neutronics in the core are taken into account. Fig. 4 compares the results obtained 
by the single (coarse TH) and double (fine TH) coupling schemes of MARS/MASTER. As shown in 
the figures, transient core power is almost the same in both cases. On the other hand, the local power 
peaking is about 25% lower in case of fine TH feedback, which in turn results in a gain of DNB 
margin. Through the analysis, we found that the coupled analysis especially with fine TH feedback is 
important in calculating local power distribution in the MSLB analysis. It is shown that 
MARS/MASTER is capable of capturing these phenomena. 
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      (a) Transient Core Power   (b) Transient Local Peak Power 

Figure 4. Comparison of Results by Single and Double Coupling Scheme 

3.3 Coupling with Containment Modules, CONTAIN and CONTEMPT 

 For the coupled analysis of system and containment thermal-hydraulics, MARS was explicitly 
coupled with containment TH codes, CONTAIN or CONTEMPT using DLL technique. Design of 
coupling configuration and data transfer is shown in Fig. 5. The MARS works as a main driver and it 
calls associated interface routines in CONTAIN or CONTEMPT DLLs at proper calculation steps. A 
containment cell connected to each break location is treated as a pseudo time-dependent boundary 
volume in the MARS whose conditions are calculated by containment modules. Break and mass flows 
calculated by MARS serve as source or sink in a connected containment cell. Interface routines 
specify the shared data and variables. Basically, each module controls its time advancement, however, 



in order to conserve the amount of mass and energy transferred, the time of data transfer and their 
amount are determined by the interface routine.  
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Figure 5. Coupling Configuration of MARS/CONTAIN and MARS/CONTEMPT 

 With this coupled features of MARS/CONTEMPT, MSLB and LBLOCA analyses of typical 3-
loop PWR were performed. Fig. 6 (a) shows the pressure transients of faulted steam generator and 
containment during MSLB. As in the figure, containment pressure starts to increase with the break, 
then, reaches equilibrium with the pressure of faulted steam generator. Fig. 6 (b) compares the peak 
cladding temperatures during LBLOCA with realistic (Almenas) and conservative (Tagami-Uchida) 
models for containment wall condensation. It is shown that the containment backpressure effect is well 
reflected, that is, the larger the wall condensation by realistic model and the higher the reflood peak 
cladding temperature. From these results, it is concluded that the MARS/CONTEMPT system is 
capable of capturing the coupling effect. Similar results were obtained with MARS/CONTAIN. 
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(a) Secondary and Containment Pressure – MSLB    (b) Peak Cladding Temperature – LBLOCA 

Figure 6. MARS/CONTEMPT Coupled Analysis for MSLB and LBLOCA 

3.4 Coupling with Graphic System Analyzer, ViSA  

 In order to provide a user-friendly computing environment for the MARS, we have developed a 
graphic system analyzer, ViSA (Visual System Analyzer), using Windows FORTRAN90 and DELPHI 
[11] programming technique. ViSA is composed of five functional modules as shown in Fig. 7; 1) 
project module, 2) pre-processor, 3) interactive control, 4) execution control and 5) visual analyzer 



modules. Project module sets up the configuration of problem input, output and graphic display. Pre-
processor module is designed to help users to review and edit a problem input. One of the outstanding 
features is the control input editor which sorts all the control system input data then graphically 
displays rearranged data in a tree structure for their functional groups. Users can also edit and create 
control system inputs. Interactive control module provides functions for users to control pre-defined 
trips and controls interactively during the execution, which provides a potential for extension to a 
compact simulator. Execution module controls the progress of calculation. Visual Analyzer module 
provides various graphic displays of the results on-line and off-line. It consists of windows for plant 
mimic, nodalization, trend graphs, all of which can be designed by the user through ViSA program. 
Plant mimic window displays major calculation parameters pre-designed in the form of numbers and 
indicators, etc. Nodalization window displays transient distribution of the void, temperature and boron 
in an overall system using color spectrum. Trend graphs window shows time X-Y graphs for the user-
selected variables that are defined in a problem input or on-line.  
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Control Input Editor
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Figure 7. ViSA Functional Modules. 

 MARS is linked with ViSA in the form of DLL. Calculation data of MARS are transferred to 
ViSA by pointers for graphic display. MARS/ViSA system is being tested and improved reflecting 
various user feedbacks. It is found that the MARS/ViSA system constructs a user-friendly computing 
environment that helps users not only in interpreting and understanding overall system transients but 
also in calculation efficiency by the use of the on-line and off-line display, input editing and interactive 
problem control functions. GUI functions for 3D module are being developed. 



4. SUMMARY AND CONCLUSIONS 

 The MARS coupled code system has been developed for the coupled analysis of multi-
dimensional system TH transients with three-dimensional core kinetics and containment thermal-
hydraulics on a Windows environment. The capability of the coupled code system has been 
demonstrated through various code benchmark and plant calculations. User-friendly computing 
environment of the MARS linked with ViSA would help users in performing and interpreting a 
realistic analysis. Thus, it can be concluded that the MARS coupled code system is a viable tool for 
the realistic analysis of nuclear reactor system transients. We will improve the coupled code system 
further and the MARS coupling with a severe accident analysis code is under progress. 
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Abstract 
 
This paper highlights two important features that have been implemented into the coupled core 
physics/thermal-hydraulics/heat structures code system RELAP5/PANBOX2/COBRA3 (R/P/C). On 
the one hand, the R/P/C code system has been extended to include a dimensionally adaptive algorithm 
that uses the underlying physical phenomena to switch dynamically between three-dimensional, one-
dimensional, and point-neutron kinetics models. This feature makes it possible to reduce 
computational times up to a factor of five while preserving the accuracy, within user-defined error 
criteria, of the three-dimensional reference calculation. On the other hand, the Adjoint Sensitivity 
Analysis Procedure (ASAP) has been implemented into the coupled two-fluid/heat structures model of 
the RELAP5/MOD3.2 reactor safety code system. This feature enables the efficient calculation of 
local sensitivities of RELAP5 results to all parameters that characterize the thermal-hydraulics and 
heat transfer phenomena modeled by the RELAP5/MOD3.2 code system. Among other uses, such 
sensitivities are very valuable for analyzing experimental results. This use is illustrated by presenting 
ASAP results for the calculated temperature profiles at selected axial and radial levels in the rod 
bundle of the QUENCH-04 experiment; this experiment is part of the QUENCH Experimental 
Program, carried at the Research Center Karlsruhe (FZK) to investigate the hydrogen source term 
produced by water re-flooding the uncovered core of a Light Water Reactor (LWR). Extending the 
ASAP to encompass the full RELAP5/PANBOX2/COBRA3 (R/P/C) system would represent an 
essential milestone of the way to establishing bona-fide best-estimate multi-physics code systems; this 
challenge, however, remains for future work. 
 
1. INTRODUCTION 
 
The coupled RELAP5/PANBOX2/COBRA3 (R/P/C) code system is used for detailed numerical 
simulations and analyses of light-water reactor (LWR) plant transients, both for normal operating 
conditions and for postulated accident scenarios. Within the R/P/C code system, the 
RELAP5/MOD3.2 code system simulates the thermal-hydraulic characteristics of LWR's by using a 
non-equilibrium, non-homogeneous two-phase flow model together with conservation equations for 
boron concentration and non-condensable gases; the PANBOX code solves the diffusion-theory-based 
neutron kinetics equations in three-, one-, or zero (point)-dimensions using the nodal expansion 
method; the COBRA code computes the flow and enthalpy in the sub-channels of rod bundles for 
boiling and non-boiling conditions. 
On the one hand, the coupling of three-dimensional neutron kinetics models with system thermal-
hydraulics codes leads to a very high computational overhead, which prohibits their routine use. On 
the other hand, most of the postulated accident scenarios are characterized by relatively large time 
intervals during which a point-kinetics (PK) or a one-dimensional (1D) neutron kinetics model would 
suffice. Thus, an efficient code system would activate the three-dimensional (3D) neutron kinetics 
model only when called for by the physical phenomena occurring in the respective portions of the 
transient, but would use a correspondingly lower dimensional model at other times. The R/P/C code 
system has been extended by Jackson, Cacuci and Finnemann (1999) to include a dimensionally 
adaptive, automatic algorithm that switches dynamically, using the underlying physical phenomena, 
between the 3D, 1D, and PK-models, as required by the physical phenomena underlying the transient 
scenario under investigation. This dynamic switching algorithm is described qualitatively in Section 2, 
below, which also presents illustrative results for the dimensionally adaptive calculation of the Control 
Rod Ejection OECD/NSC Benchmark Problem. 
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The most important accident management measure for terminating a postulated severe accident 
transient in a Light Water Reactor (LWR) is the re-flooding of the uncovered, degraded core with 
water. During the re-flooding process, though, the immediate consequence of the contact of water 
and/or steam with the core material is not a cooling of this material, as would be intuitively expected, 
but an enhanced oxidation of the zircaloy fuel cladding, accompanied by an increase in temperature, 
hydrogen production, and fission product release. Since the physical and chemical processes 
underlying the release of hydrogen under the above circumstances are poorly known, the Research 
Center Karlsruhe (FZK) has initiated the QUENCH Experimental Program. The objectives of this 
program are to: (a) generate an extensive data base for developing detailed mechanistic fragmentation 
models; (b) examine the physical-chemical behavior of overheated fuel elements under various 
flooding conditions; (c) study the effects of water/steam insertion at various stages of core 
degradation; (d) develop cladding failure criteria and study the cracking of oxide layers; (e) determine 
the hydrogen source term for use in code systems for reactor safety analysis. In particular, Section 5 
describes briefly the QUENCH-4 experiment. 
The pre-test parameters for the QUENCH experiments, and the post-test analysis and interpretation of 
the experimental results are performed with the RELAP5/MOD3.2 safety analysis code system, using 
its two-fluid thermal-hydraulics and heat structure models. For both pre-test and post-test analyses, it 
is important to understand the sensitivities of measured and calculated results (such as temperature 
profiles, pressures, and hydrogen production) to parameters underlying the QUENCH experiment, 
such as initial and boundary conditions, geometry, and material properties. Therefore, the 
implementation of efficient methods to analyze the sensitivity of results (responses) calculated with 
the RELAP5 code system is of considerable interest to the design and interpretation of the QUENCH 
experiments. In practice, the most efficient procedure for deterministic local sensitivity analysis of 
large-scale nonlinear systems is the Adjoint Sensitivity Analysis Procedure (ASAP), originally 
developed by Cacuci (1981). As has been previously reported, the ASAP has been implemented for 
the two-fluid model with non-condensable(s) in RELAP5/MOD3.2, resulting in an additional (adjoint) 
code segment in RELAP5, called ASM-REL/TF (see, e.g., Cacuci and Ionescu-Bujor, 2000, and 
Ionescu-Bujor and Cacuci, 2000). This work has been now extended by implementing the ASAP for 
the heat structure models in RELAP5/MOD3.2 and coupling it to the adjoint two-fluid equations. 
Thus, Section 5 presents illustrative adjoint sensitivity analysis results, using the ASM-REL/TFH, for 
the QUENCH-04 experiment. 
The two features (i.e., the dimensionally adaptive, automatic switching algorithm and the adjoint 
sensitivity analysis capability in RELAP5/MOD3.2) have not been coupled to each other yet. Such a 
coupling would involve augmenting the ASM-REL/TF adjoint system by applying the ASAP to the 
neutron kinetics model in PANBOX. The main steps that would be involved in such a challenging 
endeavor are briefly discussed in Section 6, which summarizes and concludes this work. 
 
2. DYNAMIC ADAPTIVE SWITCHING AMONG NEUTRON KINETICS MODELS WITHIN THE 
R/P/C COUPLED CODE SYSTEM 
 
Within the RELAP5/PANBOX/COBRA (R/P/C) code system, the coupling between the RELAP5 
thermal-hydraulics code system and the PANBOX neutron kinetics code system is achieved by 
replacing the simple neutron point-kinetics model in RELAP by the PANBOX system, which 
comprises: three-dimensional (3D), one-dimensional (1D), and consistently-derived point-kinetics 
(PK) models. The coupling between RELAP5 and PANBOX is performed explicitly; this means that 
PANBOX is called at the end of every RELAP5 time step, and no iterations are performed between 
the RELAP5 and PANBOX solutions for a given time step. For all problems analyzed so far, this 
coupling procedure has proven to be stable. Core thermal-hydraulics can be calculated using either 
RELAP5 or COBRA, with a one-channel-per-fuel-assembly grid. Plant transients and postulated 
accident scenarios can be calculated using PANBOX, with either the 3D neutron-kinetics model, or 
the 1D or the PK-models with parameters generated automatically from the 3-D solution and cross 
section data base.  
The criteria for switching from higher to lower dimensional kinetics models are illustrated in Fig. 1, 
and rely (see Jackson, Cacuci and Finnemann, 1999, for details) on monitoring the value of the time-
derivative  of the slow-varying 1D shape function . To determine when a switch ( ) ttD

g ∂∂ /1ψ ( )tD
g
1ψ

 2



from the 3D model to the 1D model is allowable, the time-derivative  is monitored during 

calculations of the 3D model [see Fig. 1(a)]. From the value of , an estimated 1D model 

integration period, , is calculated to determine the time span during which the 1D model can be 
used so the flux solution does not exceed a user-specified accuracy criterion [see Fig. 1(b)]. If T  is 
less than a user-specified minimum value, T , the 3D model remains active [see Fig. 1(c)]. The 
procedure depicted in Figs. 1(a) through 1(c) is repeated until the evaluation of ∂  yields an 

estimate of T  that satisfies the criterion T , as depicted in Figs. 1(d) through 1(f). When the 
criterion  is satisfied, the 3D model is deactivated and the 1D model activated. A similar 
procedure, as depicted in Figs. 1(g) through 1(l) is followed to determine the switching criterion from 
the 1D model to the PK model. (see Jackson, Cacuci, Finnemann, 1999). 
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Fig. 1. Automatic switching criteria from higher- to lower-dimensional neutron kinetics models. 

 
The macroscopic cross sections are affected by spatial- and time-dependent changes in the fuel 
temperature, moderator density, poison concentration, and control rod positions. In turn such cross 
section variations require the use of spatially-dependent neutron kinetics models: the stronger the cross 
section variations, the less accurate the lower-dimensional models. In such situations, the 3D model 
must be activated, as illustrated in Fig. 2, in order to prevent the development of unacceptably large 
errors in the calculated neutron flux. 
 

 
Fig. 2. Automatic switching from lower- to higher-dimensional neutron kinetics models. 

 
When either the PK or the 1D kinetics models are active, two complementary sets of switching criteria 
are simultaneously used to decide whether a return to the 3D model has become necessary. The first 
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criterion uses an a posteriori estimator of the global error in the neutron flux. The second criterion is 
related to the time-dependent behavior of errors in the precursor concentrations and in the flux; these 
errors do affect the calculated reactivity and must be taken into account. The time-accumulated error 
up to some point in time is estimated by using the PK-model to calculate the time-dependent relative 
changes induced in the point-flux due to spatial accumulation of errors as measured by the global error 
indicator. If this time-accumulated error is greater than some user-specified value, then the 3D-kinetics 
model is reactivated.  
As a third switching criterion, the 3D model is also activated if the reactivity variation (as opposed to 
error-accumulation) during calculations with the PK or 1D models exceeds either a user-specified 
value , when the reactor is supercritical, or  ∆  when the reactor is subcritical. These two user-
specified values are distinct from one another because reactivity changes are considerably more 
important for reactor safety when the reactor is supercritical rather than subcritical. Finally, a fourth 
reactivity criterion allows the user to specify a maximum reactivity value that always activates the 3D-
kinetics model; for example, this criterion would be activated when the reactivity contributions are 
expected to vary rapidly in space and/or time. 

+∆ρ −ρ

The rapid ejection of a single control assembly is accompanied by very strong local perturbations of 
the flux shape. Following the ejection, the power increase in the core induces a global, non-uniform 
increase in fuel temperature that also perturbs the cross sections through the Doppler-effect. These 
features were studied through a set of benchmark problems released by the NEACRP, now Nuclear 
Science Committee (NSC). In the following, we present illustrative results for Case Al of the 
NEACRP benchmarks, which prescribes the ejection of a fully inserted central control assembly from 
a critical reactor core at hot zero power conditions. For this problem, the converged steady-state 
solution is generated a priori by a 100 second-long RELAP calculation. The transient, coupled 
RELAP/PANBOX, calculation starts at this point in time, proceeds through the ejection, between 
101.0 and 101.1 second, of the central control assembly, and ends at 111.0 seconds, when the state 
variables reach their respective asymptotic states.  
The results from the dimensionally adaptive calculation of the total core power and maximum nodal 
power peaking factor are compared in Fig. 3 with the respective results obtained by using solely the 
3D, the 1D, and the PK models, respectively. As this figure shows, the results produced by the 
dimensionally adaptive algorithm are as close to the 3D results as allowed by the user-set error-criteria 
(  maximum deviation, for the results shown there). In contrast, the 1D and the PK models produce 
erroneous results that fail to predict the prompt supercritical power excursion when using the quasi-
static shape functions determined from the initial critical condition. 

%5

The model dimensions chosen by the adaptive algorithm during the entire transient calculation are also 
shown in Fig. 3. During the initial seconds of the transient calculation, prior to the ejection of the 
control rod, the power remains constant so the adaptive algorithm selects the 1D and the PK models, 
since they are within the user-selected error criteria as compared to the full 3D results. The 3D model 
is activated when the rod is ejected: the adaptive algorithm then switches back to the lower 
dimensional models once the rod is out of the core. To remain within the user-selected error criteria, 
the adaptive algorithm makes frequent returns to the 3D model until the transient reaches an 
asymptotic state. Beyond this point in time, the adaptive algorithm activates primarily the PK model, 
which is found by the algorithm to produce results close to the 3D results, within the user-set error 
criteria, for the remaining time steps. 
An enlargement of the adaptive calculation is presented in Fig. 4, which depicts the power behavior 
together with the model-dimensionality activated by the adaptive algorithm during the steepest part of 
the transient, namely between 101.0 and 102.0 seconds. Just as the rod ejection begins at 101.0 
seconds, the dimensionally adaptive algorithm uses the point kinetics model but then immediately 
switches, driven by the reactivity criterion ∆ , to the 3D model. The rate of change of the flux shape 
function is very large while the control rod is being ejected; therefore, the 3D model remains in use 
until after the control rod has stopped moving. For the next 0.9 seconds after the control rod has 
stopped moving, the 3D model is de-activated and the adaptive algorithm uses the lower dimensional 
models, with brief returns to the 3D model to ensure that the user-selected error criteria are satisfied. 
Note that the dimensionally adaptive algorithm yields a 70% CPU savings when compared to the 3D 
reference calculation while preserving the accuracy of the latter. 

+ρ
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Fig. 3. Comparison of results for control rod ejection calculations. 

 

 
Fig. 4. Adaptive algorithm results for time between t=101 and t=102 seconds. 

 
3. THE COUPLED TWO-FLUID/HEAT STRUCTURE ADJOINT SENSITIVITY MODEL ASM-
REL/TFH 
 
The two-fluid model in RELAP5/MOD 3.2 consists of a system of nine coupled nonlinear partial 
differential equations describing the conservation of mass, momentum and energy for the liquid and 
gaseous phases, including non-condensable materials in the gaseous phase and boron concentration in 
the liquid field. Corresponding to these nine equations, there are nine state (i.e., dependent) variables, 
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as follows: the gas specific internal energy, the fluid specific internal energy, the void fraction, the 
pressure, the total non-condensable mass fraction, the non-condensable mass fraction for the i-th non-
condensable species, the boron density, the gas velocity, and the fluid velocity. Heat structures in 
RELAP5 permit calculation of the heat transferred across solid boundaries of hydrodynamic volumes. 
Modeling capabilities of heat structures include fuel pins or plates with nuclear or electrical heating, 
heat transfer across steam generator tubes, and heat transfer from pipe and vessel walls. In RELAP5, 
the heat structures are represented by one-dimensional conduction in rectangular, cylindrical, or 
spherical geometry. Temperature-dependent thermal conductivities and volumetric heat capacities are 
provided in tabular or functional form, either from built-in or user supplied data. The time-dependence 
of the heat source can be obtained from reactor point-kinetics, tables of power versus time, or a control 
variable. Boundary conditions include symmetry or insulated conditions, a correlation package, tables 
of surface temperature versus time, heat transfer rate versus time, and a heat transfer coefficient versus 
time or surface temperature. The heat transfer correlation package can be used for heat structure 
surfaces connected to hydrodynamic volumes, and contains correlations for convective, nucleate and 
transition boiling, and film boiling heat transfer from the wall to water, and reverse transfer from the 
water to wall (including condensation). The coefficients that enter in these correlations, as well as the 
coefficients describing the initial and boundary conditions for the heat conduction equations for the 
respective structures, as well as those for the two-fluid equations, are parameters to be investigated as 
part of a comprehensive sensitivity analysis.  
The Adjoint Sensitivity Analysis Procedure (ASAP) is implemented by applying the general procedure 
described by Cacuci (1981), along the same conceptual lines as was done for the two-fluid model in 
RELAP5/MOD3.2 (Cacuci and Ionescu-Bujor, 2000). The first step is to (Gateaux-) differentiate the 
heat structure equations with respect to the dependent variables and parameters, respectively. Then, 
the resulting equations are related to the sensitivity DR  of the system’s response R  in such a way as 
to eliminate the need to calculate the (Gateaux-) derivatives of the dependent variables. Specifically, 
this procedure involves introducing the adjoint operators to the (Gateaux-) differentiated two-
fluid/heat structure equations, and relating the source for the resulting adjoint equations to the 
sensitivity DR . Although the length of the actual derivations preclude them from being reproduced 
here, the end-result for the expression of the sensitivity DR  of a generic system response R  can be 
represented in scalar-product form as where: (i) the superscript ( )A T ( ),KADR Φ= T  denotes 
“transposition”, (ii) the block column vector  contains the (Gateaux-) derivatives of the coupled 
two-fluid/heat structure equations with respect to all of the parameters that enter in these equations, 
and (iii) the adjoint function (  is the solution of the coupled two-fluid/heat structure adjoint 
system, henceforth called the ASM-REL/TFH adjoint system. In block-matrix form, the adjoint 
system ASM-REL/TFH can be written as ( )  where the block column vector  
represents the adjoint sources corresponding to the two-fluid and heat structures. Note that the adjoint 
system ASM-REL/TFH is solved backwards in time, starting from the final-time step of the forward 
computation. 
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4. BRIEF DESCRIPTION OF THE QUENCH-04 EXPERIMENT 
 
The QUENCH experimental facility comprises the following component systems: a test section with 
fuel rod simulators; an electric power supply for heating the test bundle; a water and steam supply 
system; an argon-gas supply system; hydrogen measurement devices; a process control system; a data 
acquisition system. The top-view of the fuel rod simulator bundle is presented on the right side of Fig. 
5, which shows that the test bundle includes 4 unheated corner rods and 21 fuel rod simulators, each of 
ca. 2.5 m long. The positioning of the four corner rods helps to obtain a more uniform radial 
temperature profile; these rods are also used to determine the thickness of the axial oxide layer, at any 
given instance in time. 
The central fuel rod simulator is unheated, while the others rods can be heated electrically over a 
length of 1024 mm. The unheated rod is filled with solid ZrO2 pellets, while the heated rods contain 
centrally located tungsten heaters surrounded by annular ZrO2 pellets. All of the rods are clad with 
Zircaloy-4, identical in composition and size to that used in typical Pressurized Water Reactors 
(PWR), namely: 10.75 mm outside diameter, and 0.725 mm wall thickness. The rods are filled with a 
mixture of 95% argon and 5% krypton at approx. 0.22 MPa, just slightly above the pressure in the rest 
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of the test section. The krypton additive allows detection (using a mass spectrometer) of fuel rod 
failure during the experiment.  
As shown in Fig.5, the test bundle is surrounded by a shroud made of Zircaloy (2.38 mm thickness), a 
fiber insulation of ZrO2 (37 mm thickness), and an annular stainless steel cooling jacket. The 6.7 mm 
annulus of the cooling jacket is cooled by argon. To allow for higher radial heat losses, the ZrO2 
insulation extends axially only up to the 1024 mm elevation of the heated region. To reduce the 
magnitude of the maximum temperature in the axial direction, the top region of the cooling jacket is 
cooled by water. 
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Figure 5: QUENCH-04 Fuel Rod Simulator Bundle (left) 
and its RELAP5/MOD 3.2 Representation (right) 

 
In the QUENCH-04 experiment, the bundle was initially heated from room temperature to ca. 900 k, 
in an atmosphere of flowing argon (3 g/s) and steam (3 g/s). The bundle was stabilized at 900 K for 
about 2 hours, at an electrical power level of 4.3 kW. At the end of this stabilization period, the 
electrical power was increased so that the bundle was ramped at 0.31 W/s per rod, giving an average 
temperature increase of 0.35 K/s between 900-1400 K, and 1.0 K/s between 1400-1750 K, 
respectively, until the power level reached 16.2 kW. To simulate the QUENCH series of tests with 
RELAP5/MOD 3.2, the test section has been discretized spatially as depicted in the diagram on the 
right-side of Fig. 5. The RELAP5/MOD 3.2 simulation of the QUENCH-04 experiment commenced 
with the initiation of the power transient and was terminated 1000 s (actual time) into the test transient 
in order to ensure that the physical phenomena during the respective time period did not exceed the 
code-system’s capabilities to simulate them. 
 
5. ADJOINT SENSITIVITY ANALYSIS OF THE QUENCH-04 EXPERIMENT: ILLUSTRATIVE 
RESULTS 
 
Typical time-dependent absolute and relative sensitivities of the cladding temperature of the heated 
rods in the inner-ring, marked “202”, at a height of 1,3m (see Fig. 5), have been calculated using the 
ASM-REL/TFH adjoint system. The time dependence behavior of the largest eight absolute and 
relative sensitivities are depicted in Figures 6 and 7, respectively. Positive sensitivities indicate that a 
positive variation in the respective parameter would cause a positive variation in the response (i. e., the 
cladding temperature), while negative sensitivities indicate that a positive variation in the respective 
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parameter would cause a negative variation in the cladding temperature. The correspondences between 
the parameters’ designations and their respective physical meanings are listed in the table below. 
 
 

Parameter Designation Parameter Physical Meaning 

α1 Nominal power factor: 0.7 
α2 Nominal power from 0 to 121s: 4279W 
α3 Nominal power up to 2088.6s: 16350W 
α4 Nominal power up to 2103s: 3874W 

α5 
Nominal internal source multiplier (axial peaking factor) for power of 
heat structure Nr. 202012: 0.06398. This value is multiplied by the 
power to obtain the total power generated in this heat structure 

α6 
Nominal surface area of volume: 0.003007m², volume centre at 1.3m of 
the pipe height 

α7 ZrO2 Pellets, nominal volumetric heat capacity at 873K: 3618KJ/m³K 
α8 Zry, nominal volumetric heat capacity at 1090K: 2456KJ/m³K 
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Figure 6: Time-dependent absolute sensitivities of the cladding temperature of an inner ring heated 
rod. 

 
As Fig. 6 indicates, the cladding temperature sensitivities to the respective parameters follow 
essentially two distinct patterns in time. Thus, the sensitivities to the parameters α1, α4, α3, α5, have 
the largest values (in the order just listed) the largest ones, are positive, and their respective values 
increase as time increases. On the other hand, the other group of sensitivities is relatively small and 
relatively constant in time. 
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Figure 7: Time-dependent relative sensitivities of the cladding temperature of an inner ring heated rod. 
 
The relative sensitivities of the cladding temperature are depicted in Fig. 7 above, and follow the same 
patterns as the respective absolute sensitivities. In particular, the sensitivity of the cladding 
temperature to the nominal power factor reaches 60% after 800s, indicating that a 10% change in the 
nominal power factor affected at 800s would induce a 6% change in the cladding temperature. 
 
6. SUMMARY AND CONCLUSIONS 
 
This work has described the dimensionally adaptive, automatic switching algorithm implemented in 
the RELAP5/PANBOX2/COBRA3 (R/P/C) coupled multi-physics code system, and the adjoint 
sensitivity analysis capability implemented in the RELAP5/MOD3.2 multi-physics code system. For 
the same level of accuracy, the dimensionally adaptive algorithm yields significant computational time 
savings by comparison to the full use of the 3D neutron kinetics equations. In particular, the 
dimensionally adaptive computation of the Control Rod Ejection OECD/NSC Benchmark Problem has 
yielded a 70% CPU savings by comparison to the 3D reference calculation, while preserving the 
accuracy of the latter. 
This work has also summarized the current status of the ongoing work devoted to the implementation 
of the Adjoint Sensitivity Analysis Procedure (ASAP) into the multi-physics code system 
RELAP5/MOD 3.2. To illustrate the results that can currently be obtained by using the newly 
developed ASM-REL/TFH coupled adjoint model, we have presented time-dependent sensitivities of 
the cladding temperatures of the heated rods belonging to the inner ring in the QUENCH-4 
experiment. The sensitivities computed using the adjoint functions corresponding to the coupled two-
fluid/heat structures system indicate that the numerical solution of the coupled model, ASM-
REL/TFH, is as robust, accurate and stable as the original numerical solution underlying the 
corresponding RELAP5/MOD 3.2 system. Current work on the implementation of the ASAP 
procedure in the RELAP5/MOD3.2 code system focuses on obtaining sensitivities to the many 
hundreds of parameters in the two-fluid and heat structure equations.  
The two features (i.e., the dimensionally adaptive, automatic switching algorithm and the adjoint 
sensitivity analysis capability in RELAP5/MOD3.2) have not been coupled to each other yet. Such a 
coupling would involve augmenting the ASM-REL/TF adjoint system by applying the ASAP to the 
neutron kinetics model in PANBOX. The implementation of efficient methods to analyze the 
sensitivity of results (responses) calculated with the R/P/C code system would represent a major 
development towards establishing a general-purpose code system for comprehensive analyses of 
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reactor plant transients and postulated accident scenarios. Such an implementation is envisaged for 
future work, which is aimed at providing efficient computational tools for performing comprehensive 
sensitivity/uncertainty analyses of reactor safety transient problems. 
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ABSTRACT 

The advancements in numerical methods and computer technology together with the 

continuous increase in operational experience have been moved in the last few years toward 

the investigation of realistically simulations of complex phenomena under accidental 

scenarios in nuclear power plants. Nowadays, several international activities have been 

completed or are in progress to demonstrate the capabilities of the 3D coupled code methods 

in performing, in a Best Estimate way, such complex transients. 

The University of Pisa has, so far, experienced several activities in the field of coupled 

code calculations using 3D neutron kinetic, structural mechanic, containment, and thermal-

hydraulic system codes. A database of significant coupled code results for typical NPP (PWR, 

BWR, VVER reactors), has been performed. Part of this broader activity is, herein, briefly 

outlined with mention to the applicability of these methods to safety analysis and to steps to 

follow in order to obtain reliable results, with known uncertainties. The outcome of such 

coupled code techniques should be benefic to the industry and the regulatory bodies as well as 

to improve the design/operating conditions of nuclear reactors and, definitely, putting the 

basis for new advancing in the nuclear technology.  
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I. INTRODUCTION 
Topics connected with the interaction between thermal-hydraulics and neutronics still 

challenge the design and the operation of Light Water nuclear Reactors LWR. The lack of full 

understanding of such complex mechanisms imposed the adoption of conservative safety 

limits. Those safety margins put restrictions in the optimal exploitation of the plants, causing 

increase in the economic profit of the plant. The recent availability of powerful computer and 

computational techniques together with the continuing increase in operational experience 

imposes the revisiting of those areas and eventually the identification of design/safety 

requirements that can be relaxed. 

During the last decades safety analyses were performed using a variety of simplified and 

conservative models. Generally, computational tools were developed in parallel ways, and 

only few connections between them exist. In fact, as for neutronic codes, a simplified thermal-

hydraulic model is generally used. On the other hand, thermal-hydraulic system codes uses 

point or one dimensional kinetic approach. Also, channel codes even though their multi-

channel model they use imposed boundary conditions. Nowadays, with the reduced cost of 

computers and also the availability of higher processor speeds, the code application domain 

has been correspondingly enlarged. Therefore, it becomes feasible to perform ‘Best-Estimate’ 

simulations through the incorporation of three-dimensional modelling of reactor core into 

system codes [1], [2]. Benefits of such technology are expected for the industry, regulatory 

and licensing topics. These issues include, for example, the design of new reactors, relaxation 

of the safety margins, allowing higher operating power, and extending the fuel cycles 

(increased burn-up) [3]. 

Nowadays, several international activities have been completed or are in progress 

aiming at characterizing the capabilities of the coupled codes calculations in simulating 

realistically complex transients in Nuclear Power Plants (NPP). These activities include the 

OECD/NEA Benchmarks as the PWR Main Steam Line Break (MSLB) in TMI-1 [4], the 

BWR Turbine Trip (TT) in Peach Bottom [5], the VVER-1000 coolant transient, and the 

PWR MOX fuel [6]. The University of Pisa has, so far, experienced and participated to 

several activities in the field of coupled code calculations using 3D neutron kinetic, structural 

mechanics, containment, and thermal-hydraulic system codes [7], [8].  For this purpose, 

various versions of RELAP5/3.3 [9] and 3D neutronic codes PARCS [10], NESTLE [11], and 

QUABOX [12]. In addition an uncertainty methodology was developed in order to realize an 

assessment of the code calculations errors.  
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II. SAFETY ANALYSIS, BEST ESTIMATE vs. CONSERVATIVE APPROACH 

Evaluation of the nuclear power plant performance during transient conditions has been 

the main issue of safety researches since the beginning of the exploitation of nuclear energy 

[13]. Generally the safety analyses are performed using two approaches the conservative and 

the Best Estimate one [1]. The selection of a best estimate analysis in place of a conservative 

one depends upon a number of conditions that are away from the analysis itself. These include 

the available computational tools, the expertise inside the organization, the availability of 

suitable NPP data (e.g. the amount of data and the related details can be much different in the 

cases of best estimate or conservative analyses), or the requests from the national regulatory 

body. In addition, conservative analyses are still widely used to avoid the need of developing 

realistic models based on experimental data, task that may reveal ‘un-realistic’ in the case of 

Beyond Design Basis Accident (BDBA), or simply to avoid the burden to change approved 

code and/or the approaches or procedures to get the licensing. The conservative approach 

does not give any indication of the actual margins between the actual plant response and the 

conservatively estimated response. By contrast, the uncertainty estimate provided in the best 

estimate approach is a direct measure of such margins. As a result the best estimate approach 

may allow for the elimination of unnecessary conservatism in the analysis and may allow the 

regulatory body and plant operating organization to establish a more consistent balance for a 

wide range of acceptance criteria. A conservative approach does not give any indication about 

actual plant behavior including time-scale for preparation of emergency operating procedures, 

or for use in accident management and preparation of operation manuals for abnormal 

operating conditions. Although the acceptability of the approach to be used for an accident 

analysis needs to be defined by the regulatory body, the use of totally conservative approaches 

(conservative models, input data and plant conditions) results unwarranted nowadays, given 

the broad acceptance of best estimate methods.  

Nowadays, a huge amount of experimental data has been made available from Basic 

Test Facilities (BTF) and Separate Effect Test Facilities (SETF) and from very complex 

Integral Test Facilities (ITF) simulating all the relevant parts of a LWR [14]. On the other 

hand, sophisticated computer codes like ATHLET, CATHARE, COBRA, RELAP and TRAC 

have been developed in Europe and United States and are widely in use at present. These 

codes have the capability to model in a Best Estimate way the heat transfer and the hydraulic 

phenomena occurring in the core and the coolant loop during by adopting a level of detail that 

corresponds to thousands nodes, roughly.  
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However, neutronically speaking, the afore cited codes could perform only conservative 

calculations since the neutronics model embedded into them is generally the punctual kinetics 

model. This approach makes use of fixed power distribution and quantities such as void and 

Doppler reactivity coefficients as input as well as the use of hot channel factors to represent 

the most critical regions of the core. This lacking is now overcome by the recent availability 

of powerful computer which made possible the coupling of system code with 3D neutron 

kinetics codes that have been, so far, developed in parallel.  

The need of coupled code for safety analyses calculations is enough cute,  especially for 

transients where strong feedback exists between core neutronics and coolant loop, for almost 

the RIA events, and asymmetric phenomena events in the core, and also for the ATWS cases 

[1].   

 

III. 3D COUPLED COMPUTATIONAL TOOLS 

Complex codes are needed for the application of the 3D coupled techniques. These 

codes could be classified into the following categories: 

• Code for deriving neutron kinetics cross sections (CSC = Cross Section Code). 

• Thermal-hydraulic system code (THSC = Thermal-Hydraulic System Code). 

• Neutron kinetics codes (NKC = Neutron Kinetics Code). 

The CSC can be used ‘out of the line’ while the THSC and NKC must be coupled and interact 

‘at each’ time step.  

 

III. 1 Cross Section Codes  

In reactor core analysis for both steady state and transient calculations of LWR 

conventional nuclear power plants, condensed few-group two-dimensional (2-D) cross-section 

sets are used as input data. These cross-section sets are generated by separate database 

calculations using characteristic weighting spectra and are parameterized in terms of burnup 

and thermal-hydraulic feedback parameters. Historically, a two-step process is applied in 

reactor core analysis for both steady state and transient applications. The first step is to 

calculate few-group cross-sections with different dependencies (as a function of burnup and 

local feedback parameters) for various regions of a reactor core in 2-D geometry, employing 

lattice physics codes such as CASMO, [15] and HELIOS, [16]. The second step is to use this 

cross-section data in a 3D nodal diffusion code for determination of different parameters 

throughout the reactor core.  
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For a given geometry of the fuel lattice, the calculation is performed for each axial 

subdivision of the fuel assembly for the various ranges of the main variables that can affect 

the values of the cross sections (e.g., the fuel temperature, moderator temperature, boron 

concentration), at various steps of burnup and taking into account the effect of the absorber of 

the control rods. It is also possible to obtain the value of beta delayed neutron fraction for 

every fuel type. Then the resulting values are printed in a format that can be used later by 

other program for execute polynomial interpolations in order to obtain, e.g., the reference 

value of the cross section. 

 

III.2 Neutron kinetic and thermal-hydraulic nodalisation requirements  

Input data represent the numerical description of the plant (or facility) and the 

considered phenomena within the boundaries and assumptions of the code. Hence the 

nodalisation in code applications, including the analysis of the complex phenomena object of 

coupled 3D neutronics/thermal-hydraulics calculations are. It is commonly assumed four 

fundamental pre-conditions to be fulfilled for the correct application of a complex system 

code to the prediction of transient scenarios expected in NPP [17], [18]:  

• The code should be frozen. 

• The code should be properly qualified through wide, preferably international, 

assessment program. 

• The developer of the nodalisation should be a qualified code user. 

• The nodalisation of the plant (for Thermal-hydraulic nodalisation) should be properly 

qualified [17]. 

 

III.3 Procedure to perform coupled code calculation for safety analysis 

In order to perform coupled 3D neutron kinetics thermal hydraulic calculations for 

Safety Analysis, i.e. capable to gain reliable results, a consolidated procedure has to be used. 

Results shall be associated with known uncertainties and should account of the safety 

margins. The proposed procedure for reliable 3D coupled neutron kinetics thermal hydraulic 

analyses is outlined by the steps reported below. 

 

Step 0: input information and background 

A comprehensive knowledge of the nuclear reactor technology and safety, of the 

nuclear plant general features (design and operation), of the capabilities and limitations of 

computational tools, of specific data for the system object of the simulation constitute 

prerequisites for starting the analysis. 
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Specific data for the system object of the simulation consist of: 

• Plant geometry 

• Thermal hydraulic operating conditions 

• Subsystems having a role during the considered transients, including logic for actuation 

• Material properties 

• Neutron kinetic parameters of the core, including burnup and poison (e.g. boron) related 

information 

• Guidelines for performing analysis 

• Acceptability criteria 

 

Step 1: input check 

The plant model available to be used for the analysis is carefully checked. Some 

simulations are performed (e.g. HFP, HZP) and the model parameters are compared with the 

plant data available. If necessary, the plant model or the cross section data are adjusted in 

order to match the acceptability criteria for the input qualification, [17]. 

 

Step 2: thermal hydraulic system initialization in SS-mode 

The run is executed in Steady State SS-mode until a stationary condition is reached 

(typically 50 s are enough). In SS-mode, the power is imposed and the heat transfer is 

accelerated, since thermal inertia is lowered to zero. This mode is very useful to initialize the 

thermal hydraulic system, since all pressures, temperatures and mass flow rates reach their 

nominal values. 

An example is given hereafter in Fig.1 for some acceptability criteria of the nodalisation at the 

steady state and transient level for thermal-hydraulic codes [19].  
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Fig. 2 – Thermal-hydraulic Nodalisation qualification process. 
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Step 3: 3D core model set up 

The 3D core model is part of the input deck. However, owing to its relevance within the 

current framework, a separate step is considered. The core 3D neutron kinetics thermal 

hydraulic model is set up using the set of cross section available. The 3D core model is 

developed with fixed boundary condition (corresponding to the nominal operating conditions) 

 

Step 4: coupling of the 3D core with the thermal hydraulic input deck 

The availability of a qualified system input deck and of qualified core model does not 

imply a qualified coupled model. There are certain requirements to the coupling of thermal-

hydraulic system codes and neutron-kinetics codes that ought to be considered to provide 

accurate solutions in a reasonable amount of CPU time. More than one possibility exists to 

perform this coupling, depending on the adopted computational tool. Two different 

approaches are generally utilized to couple 3D kinetics models with system codes: serial 

integration coupling and parallel processing coupling. Serial integration requires 

modifications of the codes usually performed by implementing a neutronics subroutine into 

the T-H system code. Parallel processing allows the codes to be run separately and exchange 

data during the calculation. The data exchange is usually performed using Parallel Virtual 

Machine (PVM) environment.  

 

 
Fig. 1 – Exchange of Parameters for Different Ways of Coupling. 
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Step 5: transient (CSS-) mode calculation 

The run is restarted in Coupled Steady State CSS-mode until a new stationary condition 

is reached. In CSS-mode, the power is calculated, given the boundary conditions and the 

neutronic feedback. A short transient is anticipated to be predicted by the code at the restart 

time, since, the passage from the imposed power to the calculated power causes a small 

adjustment of the plant condition (this happens because the neutronic flux shape imposed 

during the thermal hydraulic system initialization is typically a tentative shape and it is not 

know until the restart with the 3D neutron kinetics is run). 

 

Step 6: coupled model check 

Step 6.1: thermal hydraulic check 

If necessary, the coupled model is slightly modified in order to match the acceptability criteria 

for the input qualification [17].  

Step 6.2: Kinetic check 

The CSS calculations are performed to mach as close as possible Keff  = 1. 

Step 6.3: neutron kinetics feedback check 

Separate effect analyses such as Hot Zero Power (HZP) conditions are carried out in order to 

check if the feedbacks calculated by the code (in terms of reactivity changes due to boron 

concentration changes, moderator temperature changes, fuel temperature changes) match the 

expected values. If one of the afore mentioned checks fails, the cross section set available and 

the coupling mode is checked and, if it is necessary to perform modifications, steps from 3 to 

6 are repeated. 

 

Step 7: transient analysis 

When all previous checks are satisfactorily performed, the model is ready to be used for 

transient analysis. A SS-mode run is performed (as in step 4), followed by a restart in   CSS-

mode (as in step 5), and, when the plant has reached the nominal stationary condition, the 

transient starts and the analysis is performed. 
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III.4 Uncertainty Evaluation 

Uncertainty analyses must be connected with any predictions. The need for uncertainty 

evaluation is associated with the use of BE codes. The analyses include the estimation of 

uncertainties in individual modeling or of the overall code, uncertainties in representation and 

uncertainties in plant data for the analysis of an individual event. Scaling studies to quantify 

the influence of scaling variations between experiments and the actual plant environment are 

included in this definition. These concepts are applicable to any of the CSC, NKC and THSC.  

The approaches pursued for uncertainty evaluation can be distinguished into two main 

categories, i.e. propagation of code-input and of code-output uncertainties, respectively. The 

uncertainty methodologies proposed by GRS and by University of Pisa (UMAE) appeared to 

have achieved a reasonable maturity level [20]. The idea of Internal Assessment of 

Uncertainty came out in 1996 and was realized by the CIAU method that utilizes the basic 

approach of the UMAE at the University of Pisa [21]. The CIAU (Code with capability of 

Internal Assessment of Uncertainty) allows the achievement of continuous uncertainty bands 

simultaneously with the BE calculation, thus avoiding the ‘uncertainty-methodology-user’ 

effect and the need of resources for uncertainty prediction. However, a suitable “error-

database” must be made available to pursue the CIAU approach. In a joint effort between 

University of Pisa and PSU the CIAU method has been recently extended to the evaluation of 

uncertainty from coupled 3D neutronics thermal-hydraulics calculations. Sample results are 

shown in Fig. 2 related to the BWR-TT transient in the Peach Bottom NPP [22] The full 

implementation and use of the procedure requires a database of errors not available at the 

moment. However, the data reported in Fig. 2 give an idea of the errors expected from the 

application of present computational tool to problems of practical interest 

 

 

 
Fig. 2 – Results from the sample application of the CIAU to the BWR-TT2 coupled 3D 

neutron kinetics thermal-hydraulics problem benchmark. 
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IV. TRANSIENTS DATABASE 

The prediction of NPP scenarios constitutes the final goal of coupled neutron kinetics 

thermal-hydraulics techniques. However, the full exploitation of those techniques implies 

streamlining their use and recommendations for this. Therefore transients have been selected 

within the present framework whose analysis is recommended by coupled techniques. A 

database of results that can be used by analysts as well as by decision makers to get a 

‘quantitative’ idea about expected transient scenarios and, definitely, to support decisions 

about the need to perform coupled calculations related to a generic NPP. 

Calculations have been performed utilizing computational tools and input decks developed 

and already utilized for different purposes. The adopted computational tools include the 

CASMO code for neutron cross section derivation, the RELAP5/MOD3.2, the 

RELAP5/MOD3.3 and the RELAP5 3D © codes, for thermal-hydraulics and the PARCS and 

the NESTLE codes for 3D neutronics. The Penn State University (PSU) has made all sets of 

cross sections needed for the various analyses available related to PWR, BWR and WWER-

1000, respectively. The RELAP5 input decks have been developed at University of Pisa 

(UPISA), e.g. refs. [23], to [25]. The PARCS and the NESTLE input decks have been 

developed within the framework of cooperation between PSU, UPISA and Texas A&M 

University (TAMU) [26]. BWR stability analyses have been partly performed within 

cooperation between UPISA and University of Valencia (UVA) [27]. The RELAP5 AP1000 

input deck has been developed within the framework of cooperation between Ansaldo 

Nucleare and Pisa, during the European Passive Plant (EPP) Project [28].  

The resulting databases are outlined hereafter, taking into account the following main 

limitations: 

• The cross section sets have been derived for a specific NPP status that it is not 

necessarily the worst or the most critical status expected for the considered transient. As 

a consequence, the range of validity of the derived cross-sections may be over-passed 

when different transient are analyzed (by adopting the same set of cross sections).   

• Although an effort has been made to achieve qualified results, a comprehensive check 

of the various qualification requirements has not been made, as already mentioned. 

Therefore, the reported results should be considered qualified as-far-as-possible.  This is 

true for stand-alone RELAP5 or PARCS or NESTLE input decks as well as for the 

coupled input decks. 

• Actuation logics of all NPP systems that may have a role during the assigned transients 

have not been necessarily simulated.     
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In the following a representative database related to some severe Reactivity Induced 

Accidents (RIA) events, including Design Basis Accident (DBA) such as the Control Rod 

Ejection (CRE), Main Steam Line Break (MSLB), Inhomogeneous boron dilution in the core, 

ATWS events, as well as some relevant experimental tests,  in some representative NPP 

(PWR, BWR, VVER reactors) is carried out. 

 

IV.1 PWR NPP 

The reference NPPs here considered is the TMI-1 (B&W) [4], equipped with 2 OTSG. 

The following table briefly resumes the cases analyzed. 

 

PWR Table 1 – Cases analyzed 

Case 

ID 
Plant Transient Event 

Time  

duration, s 
Scram 

1 TMI-1 MSLB 
Double ended guillotine 

break of one SL 
100 scram 

2 TMI-1 MSLB 
Double ended guillotine 

break of one SL 
70 ATWS 

3 TMI-1 LBLOCA 
Double ended guillotine 

break of HL 
25 Scram 

4 TMI-1 Loop restart 
Deborated water injection in 

one loop 
70 scram 

 

IV.1.1 TMI-1 MSLB RELAP-3D 

The main operating conditions of TMI are summarized in Tab. I-1. 

 

Table  I.1 - Relevant initial conditions for nominal operation of the TMI-1 Plant 

QUANTITY UNITS DESIGN VALUE CODE VALUE 
Core power MW 2772 2772 
CL temperature & sub- K / K 563.76 (51.30) 565.9 (49.16) 
HL temperature & sub- K / K 591.43 (23.63) 593.8 (21.26) 
Lower plenum pressure MPa 15.36 15.26 
Outlet plenum pressure MPa 15.17 15.13 
RCS pressure MPa 14.96 14.96 
Total RCS flow rate kg/s 17602.2 17482 
Core flow rate kg/s 16052.4 15951 
Feed-water flow per OTSG kg/s 761.59 761.7 
OTSG outlet pressure MPa 6.41 6.44 
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The Transient is modeled using RELAP5-3D©/NESTLE. In order to emphasize the 

severity of the accidental scenario the “modified” cross section, generated for hypothetical 

return to power scenario, have been adopted. On the other hand the trip of the main coolant 

pumps has been disabled, and any boron effect has been taken into account. The mechanical 

failure of the feed-water regulating valve in broken SG in open position is assumed 

Due to the asymmetric cooling of the core an appropriate nodalisation involving 3D 

neutronics coupled with thermal-hydraulic multi-channel core model is considered suitable to 

represent the behavior of the spatial core power release and the time evolution of the 

parameters relevant for the neutronic feed-back. The entire plant has been modeled with a 

detailed nodalisation, thermal-hydraulically the vessel has been modeled with 18 parallel 

channels, 4 DC pipes and 4 LP regions. From the neutron kinetics point of view, the core is 

modeled with 26 axial slabs, a radial lattice of 17x17 and a set of 438 cross section 

compositions. 

Case-1-PWR: Table  1 - Imposed sequence of main events 

EVENT DESCRIPTION TIME (s) 

Breaks open 0.0 

Reactor trip 6.9 

MCP trip not occurring 

Turbine valve closure (start-

end) 

7.9-11.9 

High pressure injection start 46.4 

Transient end 100.0 

 

The MSLB is supposed to be originated by a double ended guillotine break of one SL. 

The fast depressurization of one SG causes the primary water cooling, as soon as a plug of 

cold water reaches the core inlet, a positive insertion of reactivity due to the moderator 

neutronic feedback produces core power release. The initial power excursion is terminated by 

scram at about 10s after accident initiation. However following scram (see also hypothesis 

below) owing to one stuck withdrawn CR in a critical position of the core, return to power 

occurs at about 60s. This is not a re-criticality accident and is phenomenologically controlled 

by delayed neutron groups.  
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The second power peak damps down without any active system intervention when 

number of fission generated neutrons physically decays to zero. In the DC and LP regions a 

partial mixing between “cold” water coming from the loop affected by the broken SG and the 

“hot” water of the intact loop takes place. A non-uniform distribution of moderator 

temperature in the core section enhances localized positive insertion of reactivity showing that 

the core half side connected with the broken loop is characterized by lower moderator 

temperatures and higher relative power peak.  

In the following figures the main parameters governing the transient have been plotted: 

power, liquid and steam temperature in LP and UP, SG mass inventory, mass flow rate 

through the break, primary and secondary pressure, 3D view of moderator temperature and 

relative power at second power peak instant in the core. 

 

 
Case -1-PWR: Fig. 1 - Core Power. 

 
Case -1-PWR:  Fig. 2 – SG Mass Inventory. 

 
Case-1:PWR:Fig. 3-Liquid and Steam Temp. 

 
Case -1-PWR: Fig. 4 – Break Mass Flow Rate 
 



 
Case -1-PWR: Fig. 5 - Primary Pressure in 

PRZ, UP and  Core. 
 
 

 
Case -1-PWR: Fig. 6 - Secondary Pressure in 

SG1 and SG2. 

 
Case -1-PWR: Fig. 7 - Moderator 

Temperature at second power peak. 
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Relative power distribution at second power 
peak. 

 



 16 

IV.1.2. TMI-1  MSLB-ATWS – RELAP5-3D©/NESTLE and RELAP5/PARCS 

The accident analyzed is the Main Steam Line Break with ATWS (see MSLB case); it is 

supposed to be originated by a double ended guillotine break of one SL. The same boundary 

conditions adopted in the MSLB case have been applied and assumptions on operational 

characteristics of the pressurizer valves, of the valves installed on the steam lines and of the 

Main Coolant Pumps have been taken. 

The total power produced in the core never overpasses the 140% of the nominal value. When 

the primary pressure reaches the set point of pressurizer the safety valve opens at about 60s 

into the transient. At the same the coolant temperature at the core inlet starts to increase 

causing core power decrease. The asymmetric cooling of the core starts at about 15 s. In the 

region of the core affected by the broken loop, the moderator temperature decreases between 

15 to 20 s and the neutronic feedback the increase of the power next to 140% causing a 

second power peak. The amount of energy dissipated by the broken SG during the considered 

transient is larger then the energy dissipated by the intact steam generator. This is a 

consequence of the flow rate assumed for the feed-water. 

The main parameters governing the transient have been plotted in the following figures: core 

power, temperature at core inlet, primary and secondary pressure, Liquid temperature in HL 

and CL, SG exchanged power. 

 

Case -2- PWR: Table 1 – Imposed sequence of main events. 

EVENT DESCRIPTION TIME (s) 

Breaks open 0.0 

Reactor trip not occurring 

MCP trip not occurring 

Turbine valve closure 

(start-end) 

7.9-11.9 

High pressure injection 

start 

46.4 

Transient end 70.0 

 

 

 

 



 
Case -7- PWR: Fig. 1 - Core Power. 

 

 
Case -2- PWR: Fig. 2 - Moderator 

temperature at core inlet. 
 

Case -2- PWR: Fig. 3 -Pressure in PRZ and  
UH. 

 

Case -2- PWR: Fig. 4 - Pressure evolution 

. 

 
Case -2- PWR: Fig. 5 - Liquid Temperatures 

in HLs and CLs. 

 

 
Case -2- PWR: Fig. 6 - SGs Exchanged 

Power. 
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IV.1.3 TMI-1LBLOCA-DBA - RELAP5/PARCS 

Suitable qualified set of nuclear cross section for each individual fuel element, as well 

as corresponding values of relevant parameters (namely Doppler and moderator coefficients) 

for 0-D neutron kinetics were available in the case of the TMI-1. This suggested adopting this 

data base (i.e. thermal-hydraulic nodalisation and set of 3D neutron kinetics cross section) for 

performing comparative calculations between results from the RELAP5 stand-alone code and 

results from the coupled RELAP5-PARCS code. The same thermal-hydraulic nodalisation 

was adopted in the two cases and a one-by-one fuel element nodalisation was adopted as input 

for the 3D neutron kinetics including 24 axial sub-divisions (this ends up in about 24 x 200 ≈ 

4800 fuel nodes).  Relevant results are given in Figs. 1 to 4  

Case -3- PWR: Table 2 –Imposed sequence of main events 

 

 

  

The main sources of uncertainties are: 

The Upper Plenum pressure and the total reactor power are reported (Fig. 1 and 2) to show 

that the thermal-hydraulic evolution of the transient is the same from the two calculations.  

Differences in the pressure curves (Fig. 1) are mostly originated from differences in the total 

power trends (Fig. 2). Differences in power trend curves are originated other than by the 

feedback coefficient, by the burn-up level and by the decay power production that is derived 

from different sources (no attempt was made to ‘homogenize’ the related databases). The 

comparison between time trends in Fig. 3 constitutes the main target of the investigation: it is 

shown that predicted blow down PCT can be lower in the case of the coupled 

thermalhydraulics/3D neutron kinetics for an amount larger than 300 K. The variation of the 

axial profile for linear power during the transient can be seen from Fig. 4 when coupled 

thermalhydraulics/3D neutron kinetics calculation is performed. The same axial profile 

remains unchanged when 0-D neutron kinetics analysis is performed. This is one of the 

reasons explaining the lower PCT in the case of the coupled calculation. Definitely, 

blowdown PCT is about 300 K lower when 3D neutron kinetics is considered instead of 0-D 

neutron kinetics. Reflood PCT is also expected to be lower when 3D neutron kinetics 

modeling is adopted, but its value is largely affected by the ECCS configuration and response 

time; therefore it is difficult to generalize the result from a single calculation and its 

evaluation was excluded from the present investigation. When 0D neutron kinetics 

calculations are performed, hot channels factors are used, in order to conservatively account 

for the large uncertainties that are intrinsically associated to such a simplified calculation. 

EVENT DESCRIPTION TIME (s) 
Breaks open 0.0 
Transient end 25.0 
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Case -3- PWR: Fig. 1 - Upper plenum 

pressure. 
 

 

 
Case -3- PWR: Fig. 2 - Total core power. 
(% initial power = 2772 MW in both code 

runs) 

 
Case -3- PWR:  Fig. 3 - Rod surface 

temperature at the PCT location. 
 

 

 
Case -3- PWR:  Fig. 4 - Axial power 
distribution at steady state conditions. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 



 

 

IV.1.4 TMI-1 LOOP – BW – RELAP5-3D©/NESTLE  

The main objective of the analysis was to investigate on the capability of RELAP5-

3D© system model to reliably account for boron reactivity feedbacks, during plant 

transients. This objective has been followed analyzing the core response to rapid boron 

density variations and trying to discover whether conditions that might damage the fuel do 

exist within the uncertainties range. 

A procedure that has been developed to find out the values of the boron feedback 

coefficients, given the differential boron worth, and to properly initialize the Thermal 

Hydraulic and the Neutronic (TH/NEU) system.  

Several scenarios have been analyzed, resulting from deborated water injection from the 

reactor make-up system. The most important parameter, during this Reactivity Insertion 

Accidents (RIAs), is the Energy Released to the Fuel (ERF) and it has been monitored, in 

order to identify the situations when the fuel might be damaged [ERF > 250 kJ/kg, for high 

burnup fuel].  

The analyses performed have shown how the RIAs resulting from deborated water 

injection can be dangerous. Indeed the core behavior is very sensitive to boron 

concentration changes and the boron dilution transient evolve so fastly that the safety 

systems cannot prevent damages to occur to the core. Given the core sensitivity to the 

boron concentration, it is fundamental to adopt tools which allow reducing the 

uncertainties associated to this quantity. Without this capability, it is possible to perform 

conservative analyses only, considering the extreme scenarios that could occur. The use of 

Computational Fluid Dynamics (CFD) codes could reduce uncertainties enough to perform 

BE analyses and thus it should be recommended 

Plant model 

The TMI-1 RELAP5-3D© model is composed by the following general zones, each in turn 

composed by single components: reactor pressure vessel, pressurizer and surge line, piping 

and pumps, steam generators and steam line, LPIS and HPIS. 

The two loops of the plant are separately modelled, each including the hot leg (HL), the 

steam generator, the cold legs (CLs) and the associated main coolant pumps (MCPs).  

 

 

 

 

 



 

 

Derivation of Boron Reactivity Coefficients 

The task of this phase has been to find out the poison concentration coefficients in 

order to reach a differential boron worth of 7 pcm/ppm. RELAP5-3D© requires poison 

concentration coefficients for each neutron group in each composition of the neutronic 

model [29]. 

In order to evaluate the reactivity feedback due to boron concentration variation, typical 

values of microscopic cross section in PWR have been used. The macroscopic adsorption 

cross section change due to a variation of 1 ppm in the boron concentration can be 

evaluated: aa N σ⋅=Σ , where N represents the atom concentration (atoms / cm3). Given 

the fluid density of 0.7114 g/ cm3, it is possible to obtain the values of a∆Σ / boronρ∆ . 

The values obtained have been divided by aΣ (different in each composition) and the 

results represent the boron reactivity feedback coefficients used in the RELAP5-3D© input 

file. 

The differential boron worth has been evaluated performing a run with the steady-state 

option on. With this option on, the code calculates a coefficient, named “eigenvalue”, that 

represent the Keff of the reactor and the total power is defined in the input file and it is 

assumed to be constant. Indeed, this option is usually adopted in order to initialise the TH 

system neglecting neutronics feedbacks. During this run, the boron concentration changes 

(due to injection of deborated water from the reactor makeup system), whilst all the other 

quantities do not change (coolant temperature, fuel temperature, voiding…). Hence the 

eigenvalue changes even if power level is constant, since the code evaluates the reactivity 

change due to the boron concentration change. The differential boron worth obtained using 

the coefficients evaluate as a.m. is 6.5 pcm/ppm. In order to match the value of 7 pcm / 

ppm (see figure 1), the coefficients has been slightly modified and the following values 

used: 

 

a∆Σ / boronρ∆  for fast group: 1.95e-07 a∆Σ / boronρ∆  for thermal group: 8.49e-06 

 



 

 

 
Fig. 0 Reactivity vs. Boron Concentration curve during the run carried out with steady state 

option on 

 

Setting the poison density reference value equal to 950 ppm, a Keff of 1.007355 has 

been obtained. A boron search has been carried out in order to have Keff = 1. The boron 

concentration required for criticality is 1055.4 ppm. This means that the uncertainty of 

boron concentration is larger than 100 ppm. 

 

Analyzed Scenarios 

In order to test the model, 9 runs have been performed, simulating 9 preliminary 

scenarios. The objective of these runs was to check the core sensibility to plugs of 

deborated water. These runs have highlighted the importance of the mixing in the RPV 

downcomer. Indeed, the observed power excursion is largely dependent by the mixing in 

DC and LP: given a mass of deborated water that enters in the RPV at a certain time, the 

less is the mixing, the larger is the power peak. 

Notwithstanding these preliminary scenarios are clearly academic, there are situations in 

which deborated water might accumulate in limited zones of the primary system.   

In order to characterize the situations that might cause power excursions, capable to 

damage the fuel, twenty-four runs have been performed, simulating scenarios with 

different plugs dimensions and mixing level. 

 

 



 

 

Energy Released to the Fuel 

During these RIAs, the Energy Released to the Fuel is the most significant 

parameter. Indeed, for high burnups, the value of 250 kJ/kg is the threshold between core 

excursions that do not damage the core and excursion that damage it. The ERF can be 

evaluated with the following simple relationship: 

Energy released to the fuel [kJ/kg] = cp [kJ/kg/K] x ∆T [K] 

Where cp is the specific heat capacity of UO2. The value of 320 J/kg/K has been 

considered significant for the range of temperature in which the core of a PWR operates 

and it has been assumed constant. 

The following figures 1 and 3 represent the relationship between the mass of deborated 

water and the ERF, for the different scenarios analyzed. Each run is represented by a point 

in these graphs. Such graphs do not represent the transient evolution, which varies from 

scenario to scenario, the maximum ERF reached during the whole transient. The objective 

of these representations is to identify the conditions that could bring the reactor to be 

damaged.  

Fig. 2 and fig. 4 represent the maximum power reached during the transient, before the 

scram eventually occurs. The whole transient is very rapid and the power peak is reached 

about 2 seconds after the plug reached the BAF elevation. 

The scram is assumed to occur with a delay of 0.4 seconds on the hi-power signal (nuclear 

power > 3.16 GW, corresponding to 114% of nominal power). The CR banks need 2.2 

seconds to completely insert. Hence, when the scram begins, the plug has already flown 

through the core and the critical condition has already been reached. Anyway, the shut 

down avoids a 2nd transient to occur when the plug will re-enter (diluted) in the core (see 

fig. 5). During a real transient, an eventual plug accumulated in the CLs, due to the mixing, 

will reach the BAF elevation diluted and will affect a portion of the core, which we can 

assume between 25% to 100%, i.e. somewhere in the dashed zone of fig. 1. The large 

dimension of this zone is due to uncertainties, which cannot be reduced without using CFD 

tools, implementing specific models for the representation of the boron mixing. Without 

this tools, it is not possible to perform BE analysis of RIA transients and the critical mass 

of deborated water can be evaluated conservatively only. Scenario 3 is the most critical for 

ERF, since during this scenario the plug of deborated water does not mix and reaches a 

small portion of the active core and it is anticipated that the local thermal excursion will be 

dramatic. Fig. 7 shows that scenario 3 is the most critical even from the total power point 

of view. 
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Case -6- PWR: Fig. 5 – Example of transient evolution (run 23) 

 

Hence, the local conditions of the fuel assembly where the deborated water flows affect the 

whole core behaviour. This is due to the local neutron flux pulse, which in turn cause a power 

peak that propagates throughout the core. Fig. 6 and Fig. 7, which represent the local heat 

generation in the 18 core channels, show this phenomenon: the farer is an assembly from the 

critical assembly, the smaller is the peak and the larger is the delay. 
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Case -6- PWR: Fig. 6 – Heat generation in the core 

                                                                  

 

 

 

 

 

 

 

 

 

 

 

                                                

Case -6- PWR: Fig. 7 Radial power distribution during the pulse 
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IV.2 BWR NPP  

Coupled code calculations are very suited for this kind of reactors since strong feedback 

effects are involved during normal and abnormal operating conditions. In this framework the 

Peach Bottom (GE) was taken to represent the BWR NPP [5]. For this purpose several relevant 

transients are chosen and classified according to the nature of the induced reactivity [30]. Two 

categories of RIA are considered in this framework, the first one is related to cases where 

reactivity addition to the system is caused by thermal-hydraulic feed backs effect. These cases 

are generally characterized by uniform repartition of the phenomena into the core. On the other 

hand, the second category is a positive reactivity insertion into the core caused by control rod 

ejection. The insertion in this case could be either uniform or asymmetric in space. Together 

with these categories ATWS conditions are also considered they must be considered as a 

‘bounding condition’ in safety analysis. In addition a stability issue is also considered in the 

current framework 

The main operating of PB2 are summarized in Table 1, the SCRAM characteristics adopted for 

the whole calculation case are outlined in Table 2s the following tables  

 

BWR:  Table 1 - Main PB2 TT2 initial conditions 

Item Value 

Core thermal power, MW 

Reactor pressure, Pa 

Total core flow, kg/s 

Core inlet subcooling, J/kg 

Feedwater temperature, K 

2030.0  

6.79847 

10 445.0 

48005.3 

442.31 

 

BWR:  Table 2 - PB2 SCRAM characteristics 

Scram set-point, % rated 

Time delay prior to rod motion, ms 

CR time insertion, s 

95  

120 

0.75 

 

 

 

 

 

 



 

 

 

BWR Table 3 - Boundary conditions of the leading event. 

Case 

ID 

Transient Event  Time 

duration, s 

SCRAM/ATWS 

BWR-1  Turbine Trip 

Without 

SCRAM 

Turbine Stop valve closed 

BPV opening 

0.096 

0.06 

SCRAM 

BWR-2 Single Control 

Rod ejection 

Completely inserted Rod ejection 0.1 SCRAM 

BWR-3 Feed Water 

Failure  

Feedwater temperature  

decreased by 100 K 

100.0 ATWS 

BWR-4 Pump Over-

Flow 

Mass flow rate increased by 30% 100.0 ATWS and 

SCRAM 

BWR-5 Stability Issue - 1000.0 ATWS 

 

BWR: Table 4 - Main Results of the considered Cases 

Case ID Maximum amount of 

Inserted Reactivity $ 

Peak Power (% Nominal Power) 

BWR-1 0.82 393.0 

BWR-2 0.043 225.0 

BWR-3 0.41 112.0 

BWR-4 0.56 224.0 
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IV.2.1 PB2 - Turbine Trip without SCRAM  

Turbine Trip without SCRAM constitutes a relatively severe event till the amount of 

void collapse is larger and consequently larger positive reactivity is inserted. Opening of 

condenser bypass valves makes milder the effect of the pressure wave amplitude even though 

its effect is negligible in the proposed scenario. 

As we can see in Fig. 1, the peak power is relatively large 395% of its nominal value. In fact 

the positive reactivity induced (Fig. 2) is larger and close to super prompt critical situation. 

The higher amount of inserted reactivity is due to longer void collapsing effect due to 

continuous pressure rise (see Fig. 3). According to Fig. 4 the energy released into the fuel is 

low to cause any damage to the core integrity. 

 

Case -1- BWR:  Table 1 –Imposed sequence of main events 

 

EVENT DESCRIPTION TIME (s) 

Turbine Stop valve open -

close 

0.0-0.096 

Reactor trip Not 

occurring 

Steam By Pass valve open 0.06 

Transient end 5.0 
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Case -1- BWR:  Fig. 1 - Core power. 

 

 

 
Case -1- BWR:  Fig. 2 - Turbine Trip without 

Scram: core reactivity 
 

 

 

 

 

 
Case -1- BWR: Fig. 3 - Core pressure. 

 

 

 
Case -1- BWR:  Fig. 4 -Turbine Trip without 

Scram: clad temperature 

 

 

 

 

 

 

 

 



 

 

IV.2.2  PB2 - Single Control Rod ejection - RELAP5/PARCS 

Regional reactivity increase is expected following single Control Rod ejection. This test 

emphasizes local effects which justifies the application of the 3D coupled techniques. It is 

considered in this case a single peripheral control rod, initially completely inserted, is 

withdrawn in 0.1 s. 

 
Case -2- BWR: Fig. 1 - Location of the ejected Control Rod bank 

In this case a single peripheral control rod (shown in Fig.1), initially completely inserted, is 

withdrawn into a period of 0.1 s. The transient was modeled using 36 heated channels instead 

of 33 to take into account the local asymmetric effect into the core. This constitutes only a first 

approach since the model need more local channels representation to take into account all the 

interactions between the channels geometrical asymmetries.  

Case -2- BWR: Table 1 - Imposed sequence of main events 

EVENT DESCRIPTION TIME (s) 
Single Control Rod ejection 1.0-1.1 
Reactor trip 1.19 
Transient end 5.0 

 

The obtained results are sketched in the Figures shown below. As we can see in Fig. 1, 

the power peak reaches 225% of its nominal value. The inserted reactivity due to the control 

rod ejection is shown in Fig. 2. We can notice that the amount of inserted reactivity is less than 

one dollar hence the mechanisms are governed by the super-delayed critical behavior. The 

power rise is stopped by control rod drop (see Fig. 3). The power rise in this case is narrow, and 

consequently the energy released to the fuel is low. The thermal-hydraulic parameters response 

to such transient is weak as Fig. 4 for the clad temperature. Fig 5 shows the core inlet flow rate 

which is strongly affected by the core void evolution. 



 

 

 

 

 
Case -2- BWR:  Fig. 2 - Core reactivity 

 

 
Case -2- BWR: Fig. 3 - Core power 

 

 

 

 
Case -2- BWR: Fig. 4 - Clad temperature. 

 

 
Case -2- BWR: Fig. 5 - Core inlet flow 

 

 

 

 

 

 

 

 

 

 

 



 

 

IV.2.3 PB2 - FW temperature decrease without SCRAM - RELAP5/PARCS. 

Malfunction of FW pre-heaters (e.g. sudden depressurization in one pre-heater on the 

heating side) and of FW pumps may cause FW temperature decrease that reflects in colder 

water at core inlet. This creates the potential for reduction of the steam occupied volume into 

the core and consequently the fission power increase. In the current case it is supposed a 

decrease of the feed water temperature of 100 K during time span of 100 s.  

In this case, due to the fact that the temperature at the core inlet zone is uniformly distributed 

hence the 33 heated channels model is used. The transient is governed by the core inlet 

temperature evolution as shown in Fig. 5 which follows the decrease of the feed water 

temperature. But due to the Mixing effect at the core lower plenum the inlet temperature 

decrease only by 8 (K). The core power response is shown in Fig. 1. We can notice that after 60 

s of steady increase of the power due to a constant decrease of inlet temperature (Fig. 4), the 

power trend begins to oscillate. Short time after that the oscillations are sustained but the trend 

undergoes toward a steady level of about 73% of its nominal value. The power oscillations are 

due to the insertion mode of the reactivity which is governed by the coolant void feed back 

effects (Fig. 2, and Fig. 3). Consequently all the related thermal-hydraulic parameters oscillate 

as can be seen in Fig.5 for the core mass flow, and Fig. 6 for the core pressure. 

 

Case -3- BWR: Table 1 - Imposed sequence of main events 

EVENT DESCRIPTION TIME (s) 

Feed water temperature decrease by 

100 K 

0.0-100.0 

Reactor trip  No Scram 

Transient end 200.0 
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Case -3- BWR: Fig. 1 - Core Power. 

 

 

 
Case -3- BWR: Fig. 2 - Core reactivity. 

 

 

Case -3- BWR: Fig. 3 -Core mean void 

 

 
Case -3- BWR: Fig. 4 - Core inlet 

temperature. 
 
 

 
Case -3- BWR: Fig. 5 - Core mass flow rate. 

 

 

 

Case -3- BWR: Fig. 6 - Core inlet 
temperature. 

 

 



 

 

IV.2.4 PB2 - Main Coolant Pump Flow Rate Increase - RELAP5/PARCS. 

Core Flow rate increase may be caused by malfunction of valves installed in the MCP 

lines or by spurious signal controlling the pump speed. Two cases are considered, with and 

without SCRAM. The transient is governed by an increase of the main pumps flow rate by 

about 30% within a time span of 100.s. This will alter the core void distribution and due to the 

inherent negative feed back of the core a positive reactivity is insert into system and a power 

excursion should take place.  

This transient belongs to the category transient governed by thermal hydraulics feedback 

induced reactivity. In this case 33 heated channels for the REALP5 are used. The power 

response to such transients is shown in Fig.1. It is interesting to see that in this case the peak 

power difference between the protected and unprotected case are not so different; the peak 

power for the first case is 108% and for the second is 112%. There is only 4% of peak power 

difference. In Fig.2 we can see the difference between the inherent reactivity response of the 

system which leads to a self-power-limiting behavior during the ATWS case, and the second 

case (with SCRAM) the reactivity rise stopped by the control rods drop.    

The thermal-hydraulic response during the unprotected case is strong enough to maintain a 

power level similar to the initial state; the power level is maintained at 67% of its nominal 

value. 

Both of the considered transients are governed by the inlet core mass flow rate evolution as 

shown in Fig.3. On the other hand the inlet core coolant temperature, the clad temperature, and 

the core mean void responses are plotted in Fig.4, Fig.5 and Fig.6, respectively. 

 

Case - 4: BWR: Table 1 - Imposed sequence of main events 

EVENT DESCRIPTION TIME (s) 

MCP flow rate increased by 30% 0.0-100.0 

Reactor trip  SCRAM/ATWS     

Transient end 200.0 
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Case -4- BWR: Fig. 1 - Core power. 

 

 

 
Case -4- BWR: Fig. 2 - Core reactivity. 

 

 

 
Case -4- BWR: Fig. 3 - Core mass flow rate. 

 
Case -4- BWR: Fig. 4 -Coolant temperature. 

 
 

 
Case -4- BWR: Fig. 5 - Clad temperature 

 

 

 
Case -4- BWR: Fig. 6- Core mean void 

 

 



 

 

IV.2.5 PB2 –Stability issue (MCP trip) – RELAP5 – RELAP5/PARCS and RELAP-3D 

The purpose of this work is to analyze the reactor’s behavior under instabilities 

conditions [27]. The transient analysis has been developed in two steps: 

• The first step consists in performing the calculation using the RELAP5 alone without any 

kinetics calculation. The reactor power was imposed in time.  

• In the second step, coupled (Thermalhydraulic-3D Neutron Kinetics) code calculations 

have been carried out. 

To allow the identification of differences between the calculation methods, the results have 

been compared with results obtained for the same accident using the coupled code RELAP5-

3D©/NESTLE (same TH nodalisation with ¼ 3D neutronic core symmetry). 

In order to simulate the reactor behavior under instabilities conditions the following 

assumptions have been made: 

• Both main coolant pumps have been tripped in 20 seconds (due to the pump’s stop, a 

natural circulation regime is established into the vessel). 

• the feed-water flow has been reduced to the 45% of its nominal flow (760 Kg/s)  

For the RELAP5/PARCS code the plant has been modeled with a detailed nodalisation of the 

entire plant. The thermal-hydraulic core representation is constituted with 33 parallel heated 

channels; the 3D core mesh is composed with 764 nodes, with a large set of cross section 

including 435 compositions. 

From the first calculation (RELAP5 alone), irregular oscillating flows at core inlet have been 

observed from approximately 1600 seconds to 3000 seconds. After that, the flow’s oscillations 

become very low with stable decreasing trend. In the coupled calculation the reactor’s behavior 

is unstable after about 70 seconds.  After 250 seconds, the flow’s oscillations become regular.  

In the following Figures (Fig-1 to 6), comparison between the three calculated trends of core 

inlet flow are shown.  

 

Case -5- BWR: Table 1 - Imposed sequence of main events. 

EVENT DESCRIPTION TIME duration, s 

Main Coolant Pumps tripped 20.0 

Feed Water flow rate reduced by  70% 

Rector Trip Not occurring 

Transient end 3000.0 

  



 

 

 

 

 
 

Case -5- BWR: Fig. 1 - BWR - RELAP5-
Base Case, mass flow rate at core inlet 

 

 
Case -6- BWR:  Fig. 2 - RELAP5/PARCS - 

mass flow rate at core inlet 
 

 

Case -6- BWR: Fig.3 - RELAP5-
3D©/NESTLE mass flow rate at core inlet 

 

 
Case -5- BWR: Fig. 4 - RELAP5-Base Case-

mass Flow rate at core inlet 

 

 
Case -6- BWR:  Fig. 5 - - RELAP5/PARCS - 

Mass flow rate at core inlet 

 

 
Case -6- BWR: Fig. 6 - RELAP5-

3D©/NESTLE -Mass flow rate at core inlet 



 

 

IV.3 VVER NPP 

An analysis of a Rod Ejection Accident can be calculated in a realistic way only using 3D 

neutron kinetics code, which can consider the effects of spatial flux redistribution and the 

effects of a local reactivity insertion [31]. 

The University of Pisa in collaboration with PSU performed a series of analysis for a RIA with 

3D neutron kinetics code PARCS coupled with RELAP5 thermal-hydraulic system code. 

Moreover, sensitivity analysis was performed in order to understand the effect of Cross–

Section libraries variations on the results. The Cross Section libraries were generated by the 2D 

neutronics transport code HELIOS. The analysis were carried out referring to the core of a 

WWER 1000 reactor [6], with control systems like those of Kozloduy 5 NPP.  

Detailed HELIOS input files were developed describing the hexagonal fuel assembly of the 

VVER-1000. A complete thermal-hydraulic nodalisation of a “generic” VVER-1000 NPP was 

developed for the RELAP5 code, describing all the primary side and the secondary side of the 

plant until the turbine. A particular care was dedicated to the description of the core, where 41 

thermal-hydraulic channels were modelled. 14 of these are channels which model only one fuel 

assembly. In this way it was possible to study also the behavior of the fuel assemblies near the 

assembly that experienced the rod ejection. 

 
Case -1- VVER: Fig.1 – Location of CR ejected 

The neutronics calculation were executed by the 3D neutron kinetics code PARCS. The 

complete core was modelled using 22 axial planes for a total number of 4642 nodes. 30 

different assembly types were used for the description of the nuclear fuel and of the reflector. 

The control rod was assumed to be ejected in 0.1 seconds, and the scram delay signal was 

assumed to be 0.3 seconds. RELAP5 code calculates, by an ad-hoc created control variables, 

the energy exchanged between the fuel assemblies and the coolant. A special FORTRAN 

program analyzes the PARCS output and calculates the energy produced into the assemblies. In 

this way is possible to estimate the energy stored into the fuel during the transient. 

CR ejected 



 

 

Case -1- VVER: Table 1 - Imposed sequence of main events. 

EVENT DESCRIPTION TIME duration, s 

Single Control Rod ejection 0.1 

Starting Reactor trip 0.675 

Transient end 8.0 

 

One of the most severe conditions for the fuel was discovered to be when the transient 

occurring at HZP, EOC, when there is a peak in the Xenon concentration, after a scram. The 

energy released was found very high (118 cal/g) and also the clad and the fuel experienced a 

severe temperature transient with several points of the fuel element facing a DNBR < 1.3. The 

transient is terminated by the Doppler effect and later by the reactor scram. The energy release 

to the fuel in this case is just below the threshold value for clad damage for the WWER clad 

(160 cal/g). 
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Case -1- VVER: Fig.2 – Reactor power 
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Case -1- VVER: Fig.3– Pressurizer 

pressure. 

 

Case -1- VVER: Fig.4– Reactivity. 
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Case -1- VVER: Fig.5– Fuel Centreline 
temperature at the Hot Spot. 
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V. CONCLUSIONS 

With the advancements in numerical methods and computer power together with the 

continuing increase in operational experience, it is possible to obtain a global vision of the system 

behavior, and overcome constraining limits related to previous conservative topics. The main 

objective of this paper is to highlight the capability of advanced coupled 3D neutron kinetics 

thermal-hydraulic computational tools in simulating complex phenomena in NPP under 

accidental/transient scenarios. Mention has been made to the applicability of these methods to 

safety analysis and to steps to follow in order to obtain reliable results, with known uncertainties. 

Results of such activities should be benefic for the “common understanding” of safety issues and 

the improvement of the design/operating conditions of nuclear reactors and, definitely, putting the 

basis for advancing the nuclear technology.  
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List of ACRONYMS 
�

ATWS Anticipated Transient Without Scram MCP Main Coolant Pump 
BAF Bottom of Active Fuel MSLB Main Steam Line Break 

BE Best Estimate NEA Nuclear Energy Agency 
BTF Basic Test Facility NEU Neutronics 
CFD Computational Fluid Dynamics NKC Neutron Kinetics Code 

CIAU Code with capability of Internal Assessment 
of Uncertainty NSC Nuclear Science Comitee 

CL Cold Leg OECD Organisation for Economic Cooperation & 
Development 

CPU Central Processing Unit OTSG Once Through Steam Generator 
CR Control Rod PVM Parallel Virtual Machine 

CRE Control Rod Ejection PWR Pressurized Water Reactor 
CSC Cross Section Code RCS Reactor Coolant System 
CSS Coupled Steady State RIA Reactivity Insertion Accidents 

DBA Design Basis Accident RPV Reactor Pressure Vessel 
DC Downcomer SETF Separate Effect Test Facility 

ECCS Emergency Core Cooling System SG Steam Generator 
ERF Energy Released to the Fuel TH Thermal Hydraulics 
ITF Integral Test Facility THSC Thermal Hudraulic System Code 

LOCA Loss Of Coolant Accident TMI Three Miles Island 
LP Lower Plenum TT Turbine Trip 

LPIS Low Pressure Injection System UMAE  Uncertainty Methodology for Accuracy 
Extrapolation 
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Abstract 
 
In the frame of the safety analysis for a joint feasibility study (between Nucleoeléctrica Argentina 
and Atomic Energy of Canada) of using slightly enriched uranium fuel (0.9 w% U235), Loss of 
Coolant Accidents (LOCAs) simulations were performed for Embalse NPP, a CANDU-6 type 
reactor (648. MWe gross). 
Being a reactor with a positive void reactivity coefficient, the void generation during the first 
seconds of LOCAs leads to an initial power increase, which is larger in the half of the reactor 
affected by the break. 
In order to simulate the power transient, which has a strong spatial variation in the flux and 
power distributions due to CANDU reactor features, two computer codes were used: the 3 
dimensional diffusion, spatial kinetics neutronic program PUMA (developed in Argentina) and 
the thermal-hydraulics program CATHENA (developed in Atomic Energy of Canada). 
The codes were coupled by an iterative methodology: the CATHENA thermal-hydraulic 
simulation results (mainly temperatures of fuel and temperatures and densities of coolant) were 
used as input of the PUMA neutronic calculation, then the time dependent power distribution 
calculated by PUMA was applied as input for a new CATHENA calculation. 
The process was repeated up to convergence, which was obtained in a short number of iterations 
due to the relative minor effect of the power pulse and the strong influence of the break on the 
thermal-hydraulics Plant behavior during the analyzed time period. 
The method was utilized to simulate different accidental scenarios (break size and location, and 
initial conditions). 
 
 
1. INTRODUCTION 
 

Embalse NPP (CNE) is a CANDU-6 reactor (648. MWe gross) located in the Province of 
Cordoba, Argentina (near 700.km NW Buenos Aires). At present it is fuelled with natural 
uranium, but feasibility studies have started to evaluate the use of slightly enriched uranium fuel 
(0.9 w% U235). 

In the frame of the required accident analyses to determine the implicancies of the fuel 
change on the Plant safety, simulations of the reactor behavior under loss of coolant accidents 
were performed. 

Being a reactor with a positive void reactivity coefficient, the void generation during the 
first seconds of LOCAs leads to an initial power increase, which has a strong spatial variation in 
the flux and power distributions due to CANDU reactor features. In particular, it is larger in the 
half of the reactor affected by the break. 



 

An appropriate calculation of the initial power pulse is essential to evaluate the Plant safety 
because its effect on key safety parameters like UO2 maximum temperature, clad maximum 
temperature and maximum stored energy (potential energetic break-up of the fuel). 

In order to simulate the initial power pulse, a methodology was developed by coupling the 
3 dimensional diffusion, spatial kinetics neutronic program PUMA [1] and the thermal-hydraulics 
program CATHENA [2]. Calculations were performed through an iterative process. 

This presentation provides a brief description of the Plant and the PUMA and CATHENA 
codes relevant features. It discusses the iterative procedure developed to simulate power pulse 
including its assumptions. Results for two Large Break LOCAs are shown and conclusions about 
them are presented. 
 
 
2. CANDU-6 REACTOR MAIN CHARACTERISTICS 
 

The design concept, mainly the use of natural Uranium as fuel, heavy water as coolant and 
moderator, and on-power refuelling, has defined the most relevant features of CANDU-6 
reactors. 

CANDU-6 reactors are fuelled with natural Uranium (UO2), the fuel bundle consists of 37 
elements (near 0.5 m long) arranged in circular rings: central element, 6-element inner ring, 12-
element intermediate ring and 18-element outer ring. 

Twelve fuel bundles are contained by a six-meter-long horizontal fuel channel. 
The reactor has 380 fuel channels housed in a horizontal cylindrical tank called calandria. 
During normal operation the fission heat generated in the fuel is removed by heavy water 

coolant flowing through the fuel channels (inlet temperature: 264.ºC, outlet temperature: 309.ºC, 
outlet pressure: 100.kg/cm2) , then the coolant transfers it to light water in the steam generators. 
The light water boils and the steam is used to drive the Plant turbine. 

The Heat Transport System (Primary System) is divided in two parallel loops (Fig.1). Each 
loop cools half the reactor fuel channels (190), the two reactor halves are defined by a vertical 
plane containing the reactor axis. Additionally, each loop is arranged in a “figure of 8”, with the 
coolant making two passes, in opposite direction, through the core. The flow arrangement is 
bidirectional in adjacent channels. Each loop has two pumps and two steam generators. 

The Heat Transport System loops are connected by the surges lines during normal 
operation since there is only a Pressurizer to control pressure and inventory for both of them.  
Valves are provided in the surge lines to isolate the loops under accident conditions. 

The calandria is filled with heavy water at low pressure and temperature which moderates 
the neutrons produced by nuclear fission. A circuit cools and purifies the moderator heavy water. 

The Heat Transport System is connected to auxiliary systems: shutdown cooling system, 
inventory control system (feed and bleed), purification system, etc. 

The Emergency Core Cooling System (ECCS) is designed to recover the lost inventory and 
cool the reactor in case of a LOCA. 

Two reactor shutdown systems, functional and physically independent, are available to shut 
down the reactor: SDS #1 consisting of solid shutoff rods and SDS #2 which injects a liquid 
poison into the Moderator. 

 
  
 
 
 



 

 

FIG.1: CANDU REACTOR SIMPLIFIED FLOW DIAGRAM  

 
 



 

 
 
3. CALCULATION METHODOLOGY 
 
3.1 Methodology 
 

A method was developed to calculate the initial fast power transient resulting from an 
hypothetical large break loss-of-coolant accident (LB-LOCA) at an equilibrium CANDU-6 core. 
It involves the neutronic code PUMA [1] (see section 3.2) and the thermal hydraulic code 
CATHENA [2] (see section 3.3) in an iterative calculation procedure.  

A CNE CATHENA model was developed from detailed Plant information. The 
nodalization represents the Primary System, Secondary System, Emergency Core Cooling 
System and Inventory Control System, and includes relevant regulations and Reactor Protection 
System signals. The Primary System and part of the Secondary System models were developed 
from CNE data, while the rest of the representation is based on a generic CANDU 6. 

The core nodalization is described in [11] and is illustrated in Figs.2 and 3. The Reactor is 
divided into two loops: intact and broken loop (where the break location is postulated). Each loop 
has two passes (95 channels each) according to the flow direction (one pass from Reactor face A 
to Reactor face C and the other the opposite direction). 
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While each intact loop pass is modeled by only a representative channel, each broken loop 
pass is simulated by five channels (i.e. the complete core is represented by twelve channels).  

The representative channels have 12 axial nodes. The number of each node (1 to 12) 
increases with the respective flow direction (see Fig.2). 

Flow from Reactor Face C
to Face A

Flow from Reactor Face A
to Face C

Reactor Face C                                                                                                              Drawing 18-33126-1-2-GA-E Rev.3

The Reactor power radial and axial distribution is simulated by the power fraction 
specification for each of the core model 144 nodes. This eventually allows to simulate the 
changing axial and radial power distribution during the power peak. 

 
 
 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

A C4-3 C3-3 C4-3 C1-1 C2-1 C1-1 A

B C4-3 C3-3 C4-3 C3-3 C4-3 C3-3 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 B

C C4-3 C3-3 C4-3 C3-3 C4-3 C3-3 C4-3 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C

D C4-3 C3-3 C4-3 C3-3 C4-3 C3-3 C4-1 C3-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 D

E C4-3 C3-3 C4-3 C3-3 C4-3 C3-3 C4-1 C3-1 C4-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 E

F C3-3 C4-3 C3-3 C4-1 C3-1 C4-1 C3-1 C4-1 C3-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 F

G C3-3 C4-4 C3-4 C4-4 C3-1 C4-1 C3-1 C4-1 C3-1 C4-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 G

H C4-4 C3-4 C4-4 C3-1 C4-1 C3-1 C4-1 C3-1 C4-1 C3-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 H

J C4-4 C3-4 C4-4 C3-1 C4-1 C3-1 C4-1 C3-1 C4-1 C3-1 C4-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 J

K C3-4 C4-4 C3-4 C4-1 C3-1 C4-1 C3-1 C4-1 C3-1 C4-1 C3-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 K

L C4-4 C3-4 C4-4 C3-1 C4-1 C3-1 C4-1 C3-1 C4-1 C3-1 C4-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 L

M C3-4 C4-4 C3-4 C4-2 C3-2 C4-2 C3-2 C4-2 C3-2 C4-2 C3-2 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 M

N C4-4 C3-4 C4-4 C3-4 C4-2 C3-2 C4-2 C3-2 C4-2 C3-2 C4-2 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 N

O C3-4 C4-4 C3-4 C4-4 C3-4 C4-2 C3-2 C4-2 C3-2 C4-2 C3-2 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 O

P C3-4 C4-4 C3-4 C4-4 C3-2 C4-2 C3-2 C4-2 C3-2 C4-2 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 P

Q C4-5 C3-4 C4-5 C3-5 C4-2 C3-2 C4-2 C3-2 C4-2 C3-2 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 Q

R C4-5 C3-5 C4-5 C3-2 C4-2 C3-2 C4-2 C3-2 C4-2 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 R

S C3-5 C4-5 C3-5 C4-5 C3-2 C4-2 C3-2 C4-2 C3-2 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 S

T C3-5 C4-5 C3-5 C4-5 C3-2 C4-2 C3-2 C4-2 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 T

U C3-5 C4-5 C3-5 C4-5 C3-5 C4-5 C3-5 C2-1 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 U

V C3-5 C4-5 C3-5 C4-5 C3-5 C4-5 C1-1 C2-1 C1-1 C2-1 C1-1 C2-1 V

W C3-5 C4-5 C3-5 C2-1 C1-1 C2-1 W
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FIG.3: EMBALSE REACTOR MODEL – REAL CHANNELS GROUPING IN THE CORE 
NODALIZATION

 
The neutronic model based on the PUMA code describes the core with a detailed 3D 

geometric representation that has been developed for the Embalse reactor [3]. The model includes 
the core reactivity devices such as adjuster rods, zone controllers as well as all shutoff rods with 
recently calculated incremental cross sections [4] [5]. 



 

The lattice cell (cross sections for the fuel bundle) calculations were performed using the 
WIMSD5b code [6]. The model utilized to represent a 37 fuel bundle element of Embalse in the 
WIMS code is described in [3].  For the present calculations the ‘1986’ WIMS Nuclear Data 
Library [7] has been used. The library contains Te-149 and various Gd isotopes. This library 
simulates correctly the decay of the different fission products during the long shutdown. 

The core simulation was carried out using PUMA with a two energy group structure and a 
detailed geometric representation of the Embalse core. The kinetic option of the PUMA code: 
improved quasistatic approximation [8] was applied to calculate the power pulse. Validations of 
the kinetic calculations were done and they can be seen in [9]. 

 The decay heat was treated explicitly in the PUMA code, it means that in each time step 
the code evaluates the total power composed of fission power and decay power. Decay power in 
stationary condition accounts approximately for 6% of the total power. 

 The time step used in the simulations varies from 0.025 to 2 seconds. The fine time step 
were used mainly in the first part of the transient during the coolant fast voiding and the falling of 
shutoff rods. 

The initial power distribution was normalized to 103% F.P. 
The time variation of the relevant thermal hydraulic parameters in the core were evaluated 

with the code CATHENA in each of the 12 axial zones in which the 12 representative channels 
describing the core are divided (total: 144 nodes). 

Throughout the power pulse calculation the table of fuel cross sections was updated with 
the current values of fuel temperature, coolant temperature and coolant density by interpolations.  

The flux at in-core detector positions was estimated through interpolation and at ion-
chamber position applying extrapolation. The positions of the all in-core detectors can be seen in 
[3] and ion-chamber of the SDS #1 in [10].  

As a calculation result the power was obtained for each of the 144 nodes during the 
analyzed transient. Thereafter the calculated spatial and time power distribution was used as a 
boundary condition for a CATHENA code new iteration (the first transient evaluation was 
performed by CATHENA with a guess power history). 

The iterative procedure was repeated, usually less than 5 times, up to convergence. 
 
3.2 PUMA code main features 
 

PUMA was developed by the Comisión Nacional de Energía Atómica de Argentina. 
Several versions have been released since 1980. 

The program solves a tri-dimensional, homogeneous, multigroup diffusion model. A finite 
difference numerical scheme is applied for the resolution. 

PUMA can simulate X-Y-Z, R-Q-Z and triangular-Z representations. 
It has an explicit treatement of core material properties changes and the reactivity devices 

for reactor control. 
It is possible to represent power cycles including the effect of Xe core variation and 

reactivity feedbacks due to thermal-hydraulic core conditions. 
Typical applications are on-power refuelling strategy analisis, accident simulation and 

kinetics-spatial transients. 
At present it is used for neutronic analisis of Argentine nuclear power plants and research 

reactors. 
 



 

3.3 CATHENA code main features 
 

The Canadian Algorithm for Thermal-hydraulic Network Analysis (CATHENA) code was 
developed by Atomic Energy of Canada Limited for the analysis of accidental scenarios in 
CANDU type reactors. 

The code has a one-dimensional, non-equilibrium two fluid model, which consists of six 
partial differential equations for mass, momentum and energy conservation for each phase (three 
equations for steam and three for the liquid phase). Up to 4 different non-condensable gases can 
be included in the thermal-hydraulic model.  

Interphase mass, momentum and energy transfer are represented by flow-regime-dependent 
constitutive relations. 

The numerical solution technique used to solve the conservation equations is a staggered-
mesh, semi-implicit, finit difference method. 

The model can represent different flow regimes including flow stratification which has a 
main role in a CANDU Plant behavior (horizontal fuel channels). 

The heat transfer model consist of three major modelling components: wall-to-fluid heat 
transfer, wall-to-wall heat transfer and conduction within solid models. A radiation transfer 
model and a contact conduction model are also available. 

Several component models enable the representation of real Plant components like valves, 
pumps, Steam Generator separators, discharge (break) flows, accumulators, heat exchangers, a 
point  neutron kinetics reactor model to simulate the power history, etc. 

The regulating systems and safety control systems can be represented by different system 
control models and their appropriate combinations.  
 
 
4. POWER PULSE CALCULATIONS AND RESULTS 
 
4.1 Analyzed accidental scenarios 
 

Two Large Break LOCAs were simulated: 35.% of an Inlet Header break and 80.% of an 
Outlet Header break, which are considered the worst cases for breaks in the respective locations. 

Additionally, for each of the above mentioned accidental scenarios were considered two 
core initial conditions (i.e. four simulations were performed): 

- Scenario A:  before the accident (LB-LOCA) the Plant was operating at 100 % full power  
with  equilibrium  Xe concentration. 

- Scenario B:  the reactor operates at 100 % full power after a long shutdown  with  0.8 ppm 
of Gd in the moderator to compensate the fuel fission products decay (≈ 30 days). Actually the 
plant requires more than 10 hours to reach the full power from a start-up. This means that at that 
time some fission products, like Xe, are already formed and it could be estimated that the 
moderator contains less than 0.8 ppm of Gd.   

Finally, the four simulations were performed with a natural Uranium core (NU core) and 
with a slightly enriched uranium core (0.9 w% U235) (SEU core), resulting eight initial power 
pulse calculated. 
 



 

4.2 General boundary and initial conditions 
 

NU Core: a NU representative instantaneous burnup distribution was selected from the 
Embalse Plant corresponding to the present 2 burnup zone fuelling strategy, with maximum 
channel and bundle powers before the accident, in the reactor half that will be voided (broken 
loop) . 

SEU Core: a SEU instantaneous burnup distribution was obtained from a time-average core  
with the Random Age approximation method. The time average distribution was found with a 
two burnup zone (the same zones as the NU case), with 2 bundle shift refueling scheme and with 
an exit burnup of 14000 MWd/tU.  As in the NU core case, this instantaneous distribution has the 
maximum channel and bundle powers before the accident, in the reactor half that will be voided 
(broken loop). 

Coolant isotopic purity: 98 w% (this is the minimum isotopic purity accepted by the 
Policies and Principles Station Manual). 

Moderator isotopic purity: 99.9 w%  (without Gd or Boron equivalent in the Scenario A 
and with 0.8 ppm of Gd in the Scenario B) 

The  kinetic parameters data were taken from [12]. 
Reactor Shutdown System availability: all the performed calculations assumed SDS #2 

unavailability.   
The shutdown of the reactor was assumed by the action of the SDS #1 and it was supposed 

that 26 SORs (of the total of 28 SORs) are effective.  
It was assumed that two rods fail (in a corner of the voided half core, SOR21 and SOR25 ). 
Reactor Trip signal: only the second trip signal was credited to trigger the SDS action. It 

means that it was ignored the neutronic trip of high power (in-core detector signals) and it was 
credited the log rate trip. 

It was also assumed that a system trips only when the trip setpoint is reached in three 
channels. In the case of in-core detectors this means that at least one detector of each channel 
reaches the set-point value. 

Shutoff rods insertion time corresponds to recent SOR speed measurements carried out in 
Embalse [13]. The velocity of the slowest rod (SOR 02) is assumed for all rods, including a delay 
of  0.100 seconds.  

Instrumentation delays: SDS #1 Platinum detectors (original detectors replaced by Pt clad 
SIR detectors in 1997 [14]. Time constants and delayed amplitudes of the detectors obtained 
from the design recommendation (1990) were used. The simulation of electronic delays  has been 
done with a modified version of the POINTSIM Program [15].   

SDS #1  set-points (Embalse): In-core detectors (high power) :  112.%, Ion chamber  (log 
rate):   10.%   

The power distribution at full power calculated with PUMA code for the eight cases 
considered in this presentation were applied in the simulation with CATHENA of the stationary 
Plant operation, which correspond to the initial conditions for the accident thermal-hydraulic 
calculations. The steady state results were compared with the Plant data, obtaining an acceptable 
agreement. 

The power fraction history during the transients for the 144 core nodes in the CATHENA 
simulation were defined by input data time tables (CATHENA “INPUT TABLE”) and some 
additional calculations. The spatial and time power variation was taken from the results of the 
iterative calculation described in the neutronic calculations section. 

Due to uncertainties related to the application of stationary Critical Heat Flux (CHF) 
correlations to a rapid transient, it was assumed that the CHF condition is not reached during the 



 

analyzed time period, it means the heat transfer from the bundle by nucleate boiling is not 
interrupted by a boiling crisis. It maximizes the coolant voiding and as a consequence the power 
pulse. 
 
4.3 Calculation results 
 

The discussion focuses on the first two seconds of the transient because after the shut-off 
rod reactivity insertion interrupts the power excursion, the thermal-hydraulic core properties have 
no longer a relevant influence on the power history due to the large reactivity worth of the rods. 

The following figure shows the break flow for the four cases analyzed corresponding to a 
35.% break in an Inlet Header. There are not relevant differences between the resulting flows. 
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The thermal-hydraulic core behavior during the initial part of the accident is strongly 

influenced by the break mass flow and only as a second order effect, the power pulse (case 
dependent) modifies the coolant thermodynamic properties. 

The fast initial loss of coolant leads to a rapid depressurization and as a consequence the 
coolant flashes and there is a sharp increase in the core void fraction (decrease in coolant 
density).  

As example of the typical coolant density history in the core, its variation in the case 35.% 
Inlet Header break with Natural Uranium core at full power is depicted in fig.5 (average coolant 
density in each representative channel during the first 2.s). 
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The pass 4, where the break is postulated, presents the fastest density reduction, while the 

intact loop passes undergo relative minor density variations.  
During the first 0.5 s the difference between the coolant density behavior in the pass 4 

representative channels is mainly a result of the diverse hydraulic resistance and geometry of the 
corresponding feeders connecting the channels and the broken Inlet Header.  The central zone 
(CHAN4-1 and CHAN4-2) is emptied relatively faster than the peripheral regions. The 
representative channels CHAN4-3 (upper), CHAN4-4 (middle) and CHAN4-5 (lower) decrease 
their densities influenced by their different feeder lengths. 

Figure 6 presents the representative channels power history in pass 4. Their maximum 
powers differ in magnitude and  time of occurrence, basically reflecting the fall of the Shutdown 
System 1 rods. The rods reach each region at different times following their fall. 

The power transient for the intact and broken halves of the Reactor are shown in the figure 
7. 

The other studied cases have similar coolant properties behavior during the analyzed time 
period.  

Figures 8 and 9 compare the power pulses for  different cases for the 35.% Inlet Header 
break and for the 80.% Outlet Header break respectively. 

Finally figure 10 shows the influence of the CHF infinite assumption (it is not reached 
boiling crisis during the analyzed time period). 
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5. CONCLUSIONS 
 

As a first stage of the analysis of the CNE Plant behavior in case of a loss of coolant 
accident due to a 35.% Inlet Header break and 80.% Outlet Header break, the initial power pulse 
was calculated (subsequently the transient including Plant recovery stage and detailed single 
channel simulations will be performed). 

The power excursion was estimated using an iterative procedure including 3D neutronic 
and thermal-hydraulic calculations. 

Four cases, for each break size and location, were analyzed considering 37-element fuels 
with Natural Uranium and Slightly Enriched Uranium (0.9 w% U235) and two different power 
histories previous to the accident initial event. 

The results show a similar behavior in the eight studied cases of the thermal-hydraulic core 
variables, reflecting the strong influence of the break mass flow on their response. The 
corresponding power pulse has a minor order effect on them. 

As a consequence it is possible to conclude that the differences in the calculated power 
pulses for the four analyzed cases mainly depend on the respective neutronic parameters. 
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ABSTRACT 
At Tractebel Engineering (TE), a dynamic coupling has been developed between the 

best estimate thermal-hydraulics system code RELAP5 and the 3-dimensional neutronics code 
PANTHER via the transient analysis code linkage program TALINK. An interface between 
PANTHER and the subchannel core thermal-hydraulic analysis code COBRA 3C has been 
established for on-line calculation of the Departure from Nucleate Boiling Ratio. Since each 
client code has been qualified separately, the TE coupled code package has been qualified 
only by validation of the data exchange interface using OECD TMI-1 MSLB benchmark 
exercises. It has been then applied to develop a MSLB accident analysis methodology based 
on the TE deterministic bounding approach. The results of coupled thermal-hydraulic and 
neutronic analysis of SLB show that there exists an important margin in the traditional FSAR 
MSLB accident analysis. The methodology has been applied for MSLB accident analysis in 
support of licensing of the power uprate and steam generator replacement of the Doel 2 plant. 
The TE coupled code package will be applied for integrated safety analysis of other PWR 
accidents. 

1. INTRODUCTION 
In the traditional Pressurized Water Reactor (PWR) Final Safety Analysis Report 

(FSAR) accident analysis, the core neutronic response is calculated in a decoupled manner 
using a core sub-system separated from the Reactor Coolant System (RCS). The core response 
considered in the thermal hydraulic analysis is based on parameters computed beforehand 
considering simplified and enveloping assumptions. The same decoupled approach is applied 
to the calculation of the DNBR. The most penalising boundary conditions for each separate 
sub-system (system thermal-hydraulics, core neutronics and core thermal-hydraulics) can be 
thus different or even contradictory. Moreover, extra penalties are generally added to some of 
the parameters transferred between two sub-systems.  

The decoupled approach is merely the consequence of practical requirements rather 
than resulting from a lack of physical understanding. Indeed, it allows using dedicated 
simulation codes for both types of accidents. Although this uncoupling is very practical, it 
does introduce large unquantifiable conservatism's in current methodologies. 
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For more realistic simulation of the PWR accidents that are characterised by an 
asymmetric reactor coolant system thermal hydraulics and a strong interaction with multi-
dimensional core neutron kinetics, the incorporation of a full three-dimensional modelling of 
the reactor core into the thermal hydraulic system codes is needed. Recent advances in 
computer technology make it feasible to develop coupled thermal hydraulics and neutronics 
analysis codes for such applications.  

Since 1997, Tractebel Engineering (TE) has been working on the development, 
qualification and application of a coupled code package, in which a dynamic coupling 
between the existing 1D thermal hydraulic system code RELAP5/MOD2.5 [1] and the 3D 
neutronic code PANTHER [2] was implemented via the transient analysis code linkage program 
TALINK [3]. An interface between PANTHER code and the sub-channel thermal hydraulic 
analysis code COBRA3C [4] was developed in order to perform online calculation for 
Departure from Nucleate Boiling Ratio (DNBR). 

The motivation for TE to develop such a coupled code package and related methodology is: 
- to have a state-of-the-art tool allowing to provide optimized solutions for the safe 

and economic operation of the Belgian nuclear power plants; 
- to maintain an independent expertise in nuclear safety analysis at TE at the same 

level of the competitors or partners; 
- to answer the concerns of the Safety Authorities related to the margins and 

conservatism's in the current licensing basis, plant modifications (steam generator 
replacement, power uprate), cycle extension, reload optimization, periodic safety 
review. 

In the TE coupling approach, the RELAP5 and PANTHER codes perform their 
calculations in separate operating system processes, while the TALINK program controls the 
data transfers between the two processes. Such data transfers are performed using the 
industrial standard TCP/IP protocols [5-6]. 

The TE approach favours the dynamic coupling of existing codes that allows making 
the best use of confirmed expertise together with a limited validation effort on the coupling 
process itself while the codes are approved separately. This has been partially fulfilled by 
using the OECD TMI-1 MSLB benchmark exercises [7-8]. 

The coupling enables the codes to be executed in parallel and provides an integrated 
plant system thermal hydraulics and neutron kinetics model. This offers a flexible and robust 
solution for a wide range of applications. As an example, the coupled code package has been 
applied to develop a FSAR accident analysis methodology for the main steam line break 
accident in a typical three-loop PWR [9], based on the TE deterministic bounding approach to 
accident analysis [10]. It has been shown that the model is capable of simulating the coupled 
core-plant interactions during a SLB transient. Sensitivity studies have demonstrated the 
important conservatism's in the traditional FSAR accident analysis. 

The TE coupled code package and the SLB-HZP accident analysis methodology have 
been reviewed and accepted by the Belgian Safety Authorities, for the specific application in 
the framework of the power uprate and steam generator replacement project of the Doel 2 
plant. The coupled code package will be applied to other PWR accidents that involve strong 
and asymmetric core-plant interactions. 
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In this overview paper, the TE coupled code package is first presented in §2, followed 
by a description of the validation of the coupling tools in §3. The application to the SLB 
accident analysis is then presented in details in §4. Finally, the perspectives for the future 
applications are discussed in §5. 

2. THE TE COUPLED CODE PACKAGE 
2.1. The code system 

In order to obtain an integrated plant system thermal-hydraulics and neutron kinetics 
package, TE uses the external dynamic coupling of two existing codes, RELAP5/MOD2.5 and 
PANTHER, by means of the TALINK interface, as shown in Fig. 1. 

 

PAN2COB

COBRA-3C 
DNBR

PANTHER
TALINK

RELAP5/Mod2.5

TALINK dynamic data exchange interface
RELAP5 1D system thermal-hydraulics
PANTHER 3D neutron kinetics + 1D core T-H

PAN2COB    filter for steady-state online DNBR calc’n
COBRA3C    subchannel thermal-hydraulics

PAN2COBPAN2COB

COBRA-3C 
DNBR

PANTHER
TALINK

RELAP5/Mod2.5

TALINK dynamic data exchange interface
RELAP5 1D system thermal-hydraulics
PANTHER 3D neutron kinetics + 1D core T-H

PAN2COB    filter for steady-state online DNBR calc’n
COBRA3C    subchannel thermal-hydraulics

 Fig. 1. The TE coupled code package. 
In this approach, both client codes perform in parallel their calculations as separate 

processes, while the TALINK interface controls the data transfers between the two processes. 
This allows making the best use of extensive efforts and confirmed expertise on qualified 
codes, together with a limited validation effort on the coupling process itself. 

The PAN2COB steady state link between PANTHER code and the sub-channel thermal-
hydraulic analysis code COBRA-3C was developed in order to calculate online the Departure 
from Nucleate Boiling Ratio (DNBR) during the coupled RELAP5/PANTHER transient 
calculations. 
2.2. The 1D system thermal-hydraulic code RELAP5 

The RELAP5 code [1] is a widely used best estimate system thermal hydraulic transient 
analysis code, developed by the USNRC, to simulate the LWR plant response for different 
postulated accidents including loss of coolant and reactivity insertion accidents as well as 
operational transients.     

The major system models of the RELAP5 code are hydrodynamics, heat structures, 
controls, trips and reactor kinetics.  RELAP5 is characterized by a one dimensional two fluid 
model for flow of a two-phase steam mixture that can contain a non condensable component 
in the steam phase and a non volatile component in the liquid phase (e.g. Boron). For each 
hydrodynamic volume the 6 field equations (3 conservation’s equations for the vapor and the 
liquid respectively) are solved with a semi-implicit finite difference algorithm for which the 
constitutive equations are needed as closure equations. 
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Based on the wide scope of developmental and independent code assessment, as well 
as TE's participation in the international standard problems and benchmarks, the 
RELAP5/MOD2.5 code version [1] has been approved by the Belgian Safety Authorities for 
licensing applications at TE since 1992. 
2.3. The 3-D core neutronic code PANTHER 

PANTHER is a 2 or more energy groups 3-D nodal diffusion code for both steady-state 
and transient [2]. PANTHER has been developed by British Energy (BE) to perform a complete 
range of PWR reactor calculations for fuel management design safety parameters assessment, 
fault transient analysis and operational support. 

In order to determine accurately the variation of local variables that have a significant 
feedback on neutronic properties of core elements, PANTHER presents a fully integrated 
coupling between the neutronics and the core thermal-hydraulics: each neutron flux mesh is 
associated to an equivalent T-H mesh with corresponding thermal cells and heat structures. 

The feedback calculation scheme over the T-H mesh is based on the model of thermal-
hydraulic channels in isolation.  Each one of those channels in the core is discretised into a 
structured stack of thermal nodes where the heat structures are modelled by means of one fuel 
rod segment, which receives the average linear rating for that node, and which is surrounded 
by a representative quantity of coolant under forced convective flow conditions from core 
inlet to outlet (Fig. 2). 

The basic fluid flow/heat transfer equations solved are the same as in the subchannel 
code VIPRE-01 [11] except that cross-flow and mixing are not represented.  The calculation 
of radial thermal conduction through the fuel pellet, gap and clad uses the finite difference 
approximation based on annular sub-division of these components 
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Fig. 2. Thermal-hydraulics models imbedded in PANTHER calculation scheme. 

Since each T-H cell consists in a typical fuel rod segment surrounded by its own 
coolant, the spatial mesh for the hydraulics and heat structure overlay by construction.  There 
is therefore a one-to-one correspondence between the two structures and the model produces a 
coupled solution for both coolant and fuel rod conditions. 



 

  5 

At TE, the PANTHER code is in use since 1995, and since the beginning of 2003, the 
code has been approved by the Belgian Safety Authorities for reload design, safety evaluation 
and safety analysis. 
2.4. The coupling interface TALINK 

The TALINK code transfers data between itself and TALINK client codes using 
temporary data files. TALINK also incorporates facilities to perform, on user’s request, simple 
arithmetical operation on these data in each step between reading in and writing out data 
operations. The various files used by TALINK and its clients RELAP5 and PANTHER are 
sketched in Fig. 3. 
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Fig. 3. Data transfer between TALINK and its client codes (R5=RELAP5 and PAN=PANTHER). 

The essence of the RELAP5/PANTHER coupling is a simple extrapolation of existing 
technologies permitted by the fact that the codes are executed as separate processes and that 
they only interact throughout their respective boundary conditions. 

This particular feature ensures that the numerical properties of the solution algorithms 
implemented in each code are entirely preserved by the coupling mechanisms.  In particular, 
each code preserves thus its own time integration scheme : a leap frog feedback technique 
used in PANTHER and the semi-implicit scheme in RELAP5. 

Because core boundary condition updates are needed at each PANTHER time step, the 
RELAP5 minor edit frequency is synchronised on the PANTHER time discretisation. The latter 
must be chosen to insure the best trade-off between computation time and accuracy. 

In practical applications, PANTHER and RELAP5 are installed on separate workstations 
and all the data is exchanged by files across the network.  If this procedure generates a 
significant increase in global execution time for each run, it however simplifies code 
installation and quality assurance procedures as each code is used in its usual standalone 
application configuration and environment. 
2.5. Link with the COBRA-3C core thermal-hydraulics models 

At TE, an extensive know-how has been built around the use of the COBRA-3C code 
[4] for steady state and transient sub-channel analysis of rod bundle nuclear fuel elements 
during both boiling and non-boiling conditions, including the effects of cross flow mixing.  
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A link between PANTHER to COBRA3C has been developed to insert power 
distributions and profiles from 3D core calculations into equivalent sub-assembly models for 
DNBR evaluation purposes. That link is only aimed to separate DBNR calculations and does 
not permit improvement in the PANTHER neutronic feedback calculations by enhanced COBRA 
core T-H modelling of crossflows. Taking into account the actual power distribution 
calculated by the 3D neutronic code for the thermal-hydraulic assessment of fuel assembly 
performance allows to get an accurate picture of local effects within the reactor core. 

3. QUALIFICATION OF THE TE COUPLED CODE PACKAGE 
3.1. Methodology 

Since the TE coupled code package adapts an explicit external coupling approach, the 
qualification of the coupled codes depends only on the validation of each client code in the 
coupled system and the verification of the coupling process (i.e., the data exchange 
interfaces). The domain of applicability of the coupled codes will be thus ensured by that of 
each client code.  

As all client codes, RELAP5/MOD2.5, PANTHER and COBRA-3C have been already 
qualified and approved for licensing applications, the qualification of the coupled code 
package is thus limited only to the validation of the data exchange interfaces TALINK and 
PAN2COB. As a result the qualification effort will be mostly focused on the coupling process 
itself. 
3.2. Qualification of the whole coupling process 

With the lack of experimental data allowing to fully assess the coupled code package, 
TE has participated in the OECD/NRC MSLB numerical benchmark [7;8], with the following 
objectives: 

- demonstration of capabilities of Relap5/Panther coupling for complex transient 
simulation; 

- verification of reliability and efficiency of coupling process; 
- assurance of accuracy by comparing with different state-of-the-art coupled code 

packages. 
Fig. 4 shows the comparison between the RELAP5/PANTHER solution and the mean of 

all solutions for OECD MSLB benchmark exercise 3. The good agreement gives a certain 
degree of confidence in the accuracy of the TE coupled code package in predicting the thermal 
hydraulic and neutronic behaviors in asymmetric transients like MSLB accident. 



 

  7 

OECD/NRC MSLB benchmark - Exercise 3
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 Fig. 4. Comparison between RELAP5/PANTHER solution and the mean of all solutions for 
OECD MSLB benchmark exercise 3. 

4. APPLICATION TO STEAM LINE BREAK ACCIDENT ANALYSIS 

4.1. The TE deterministic bounding approach for accident analysis 
The TE deterministic bounding approach to PWR accident analysis is consistent with 

the current licensing basis (FSAR) and the applicable licensing rules (10CFR50, RG, and 
SRP) and industry standards (ASME, ANS). It is acceptable by the Belgian Safety 
Authorities, and turned out to be cost effective for most of the non-LOCA transient analyses. 

The approach is based on a frozen version of RELAP5 code with best estimate models 
and correlations, qualified through a wide scope of developmental verification and validation,  
independent code assessment, as well as TE participation in the international standard 
problems and benchmarks, and on a realistic standard RELAP5 plant model with integral 
hydrodynamics, heat structures, control logics and trips components, built according to 
generic and specific code user guidelines and experience from code assessment including 
specific real plant transient data. 

The TE deterministic bounding approach is illustrated in Fig. 5 and consists of 7 
elements [10]: 

1. a well-defined accident scenario and acceptance criterion, consistent with the 
initial design basis and current licensing basis analyses; 

2. an identification of key physical phenomena, for which the RELAP5 code and 
the standard pant model are shown to be applicable for their simulation, 
through best estimate calculations (BEC) in a wide range of operational and 
transient conditions during the code verification and validation; 

3. a RELAP5 specific plant model, updated with required initial and boundary 
conditions for the analyzed accident;  
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Fig. 5. TE deterministic bounding approach to accident analysis.  
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4. a bounding treatment of the RELAP5 code bias and uncertainties resulting for 
known code weaknesses and limitations; 

5. a reference case (REC) that includes evident conservatisms and uncertainties 
from licensing requirements, current licensing basis, experiences, or 
engineering judgments; 

6. a set of parametric sensitivity studies (SEC) for determining the non-evident 
conservative initial and boundary conditions, as allowed by the plant Technical 
Specifications or requested by the applicable regulatory rules; 

7. a licensing case (LIC) that combines all conservatisms and uncertainties. 
The establishment of a methodology for accident analysis requires a large number of 

sensitivity studies to identify the most limiting initial and boundary conditions and needs a 
high level of expertise for setting-up the plant model and to assess the results. Moreover, since 
most of the non-LOCA PWR accident analysis methodologies using Relap5 code adapt the 
decoupled approach for the core conditions, the analysis results involved often to large un-
quantified margins, due to: 

- simplistic approximations for asymmetric accidents with strong 3D core neutronics - 
plant thermal hydraulics interactions; 

- additional penalties introduced from “incoherent” initial/boundary conditions for 
separate plant and core analyses. 

 
4.2. Application to development of a methodology for SLB accident analysis 

The TE deterministic bounding approach has been extended for development of a 
methodology for SLB accident analysis using coupled code package. Thanks to the use of the 
qualified coupled code package, the coupled system thermal-hydraulic responses and 3D 
neutron kinetics are more precisely simulated, the conservative initial and boundary 
conditions for plant system thermal hydraulics, core neutronics and thermal hydraulics are 
determined in a coherent and global manner. Furthermore, wherever applicable, the traditional 
conservatism and uncertainties are considered. 
4.2.1. Definition of the SLB accident scenario and acceptance criteria 

The main scenario for this main steam line rupture accident at hot shutdown 
conditions assumes a double-ended break to occur in one main steam pipe, upstream of the 
main steam isolation valves while the reactor is in hot shut-down condition. The steam relief 
through the break causes a supplementary steam flow which then diminishes as the steam 
pressure decreases. The increased steam flow causes an increased energy removal from the 
reactor coolant system and results in a reduction of the primary coolant temperature and 
pressure.  

Due to the negative moderator coefficient, this cooldown causes an increase in core 
reactivity, in this case a reduction of the shutdown margin. Eventually, the shutdown margin 
may be lost and lead to core return to power. 

During a steam system piping failure at hot shutdown conditions, the following 
protection system and safeguards systems may be actuated automatically to protect the core 
integrity:  
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-  the safety injection to provide boron into the reactor coolant system (RCS) so as to 
limit the core power increase; 

- the steam line isolation to terminate or to limit the uncontrolled steam releases; 
- the main feedwater isolation to limit the RCS cooldown; 
- the auxiliary feedwater start-up to provide additional residual heat removal 

capability. 
If automatic or manual actions were not taken in time, the core power would 

eventually rise to a level that may lead to core damage.  
As described in SRP 15.1.5 [12], the basic objective of the analysis of steam system 

pipe break events is to confirm that the reactor primary system is maintained in a safe status 
for a range of steam line breaks up to and including a break equivalent in area to the double-
ended rupture of the largest steam line. Although the most severe steam piping failures are 
classified as ANS Condition IV events, the break size spectrum of the MSLB accident should 
cover steam line ruptures ranging from breaks smaller or equivalent to the inadvertent opening 
of a Steam System valve (such as a SG Relief or Safety valve), to the hypothetical Double 
Ended Break (DEB) of a main steam line. This implies that MSLB accident encompasses 
events classified as ANS Condition II to ANS Condition IV events. 

Consistent with the current licensing basis, the licensing parameter for the design basis 
SLB accident analysis is chosen to be the minimum DNBR,  calculated by using the W3 CHF 
correlation. The acceptance criterion is that the calculated minimum DNBR remains above the 
licensing limit. 
4.2.2. Identification of key physical phenomena 

The key physical phenomena that may affect a MSLB accident are identified as 
follows: 

- break flow; 
- excessive RCS cooldown and depressurization; 
- reactor vessel dome flashing; 
- reactor vessel thermal mixing; 
- core return to power due to neutronic feedbacks;  
- power redistribution effects across the core (3D neutronics); 
- fuel rod heat transfer; 
- SG heat transfer; 
- safety boron injection; 
- auxiliary feedwater; 
- main steam/feed water isolation. 
The TE coupled code package is shown to be capable of simulating all the above 

phenomena. 
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4.2.3. Building a coupled Relap5/Panther specific model for SLB accident 
The RELAP5 plant model 

All T&H system calculations are performed with RELAP5/MOD2.5 [1] that is the 
version currently approved by the Belgian Safety Authorities. 

The standard plant model for a typical Belgian 17x17, 2775 MWth, 3-loops 
Westinghouse-type PWR is used but for some specific modifications introduced for SLB 
simulation or for use with the coupled codes package, namely: 

- break model; 
- adapted SG model: dry steam release; 
- safeguards systems ; 
- other IC/BC’s;  
- split vessel/core model: one sector per loop (B1, R2 and G3);  
- mixing model: modelled explicitly at bottom and top of the core with design mixing 

coefficients; 
- fuel model: one in each sector with 6-nodes axial power profiles from PANTHER. 

The PANTHER core model 
The reactor 3D neutron kinetics transient calculations are carried out using the 

WIMS/PANTHER code package for PWR reactors [2]. 
For this SLB analysis, the standard core neutronic and T-H models from reload design 

and safety evaluation are used to solve the 3D neutron kinetics transient over a full core 
representation, with 1 radial node and 1 T-H channel for each fuel assembly, both with 24 
uniform axial core layers over the active height. Some specific modifications are also made 
for coupling: 

- 3 core sector model, consistent with the RELAP5 split vessel model; 
- redistribution of core inlet T/H conditions from RELAP5; 
- extended pressure dependent Nuclear Data Library. 
The core characteristics corresponds to the end of a reference cycle (0 ppm) at 

equilibrium in hot zero power (HZP) all rods in (ARI) less most reactive rod configuration. 
Coupling of RELAP5 and PANTHER models for SLB 

As shown in Fig. 6, the coupling between RELAP5 system thermal-hydraulic and 
PANTHER neutronic calculations is achieved by exchanging at each time step a set of boundary 
conditions for the neutronic code and the system T-H code. TALINK serves as data exchange 
controller and is capable of simple data manipulation. 

The core inlet conditions are calculated by RELAP5 and retrieved by PANTHER directly from 
TALINK and they are applied uniformly to the corresponding sector (B1, R2 or G3). Those are: 

- enthalpy per sector (H_) : sector enthalpies calculated from internal energy, pressure 
and density in the core upstream volume; 

- boron concentration per sector (B_): boron concentration in core upstream volume; 
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Fig. 6. The schematic coupling process between RELAP5 and PANTHER. 

- mass flow rate per sector (W_) : inlet flow per sector converted into channel-wise 
mass flow; 

- reactor pressure (P) : one uniform pressure in the core upstream volume 
The RELAP5 boundary conditions for each time step are computed by PANTHER and 

retrieved directly from TALINK : 
- nuclear power profile per sector (Pz): the total nuclear power profile in each sector 

is axially distributed on the heat structures that ensures nuclear heat generation in 
each split core volume.  

Batch averaging operations on all the assemblies within a region allow determining 
properties to each RELAP5 split core. 
The COBRA -3C core thermal-hydraulics model 

The COBRA model designed for the sub-channel analysis consists in 42 T-H sub-
channels built around the T-H channel where peak power occurs. The average assembly 
powers and the pin power distributions of the hot assembly and its neighbours are merged 
automatically by the interface into a set of concentric rings that surrounds the hot cells with T-
H sub-channels of identical properties. The DNBR is evaluated using the W3 critical heat flux 
correlation. 
4.2.4. Treatment of uncertainties and conservatism 

In the current coupled methodology, the plant thermal hydraulics and core neutronics 
are calculated by a coupled code package. The use of a coupled code package obviously 
improves the overall model accuracy by representing much more realistically interactions 
between system and core response. For example, certain simplifications in the traditional 
method are no more needed, such as the assumption of a fixed power profile during the whole 
transient or a unique set of neutronic coefficients in asymmetric accident conditions.  
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The advantages of the coupled methodology consist in the improved accuracy brought 
by the reciprocal dynamic interaction between codes, in the replacement of the over-simplified 
point kinetics by a full 3D neutron kinetics, and in the coherence in the application of the 
various uncertainties and conservatisms. However, in order to remain consistent with the 
current licensing basis analyses, the same conservatism's and uncertainties as those applied in 
the traditional decoupled methodology are applied to the coupled calculations.  

Consequently, the coupling makes it possible that the conservatism's and uncertainties 
are accounted for in a global and consistent manner. The method for determining most 
penalising transient conditions and applicable uncertainties follows the deterministic 
bounding approach sequentially for 3D neutron kinetics, core thermal-hydraulics and system 
thermal-hydraulics.  

The nuclear uncertainties applicable to PANTHER 3D neutron kinetics are in a first 
approach assumed to be identical to those of the decoupled methodology to enable a direct 
comparison with the traditional methodology.  Two types of nuclear uncertainties are thus to 
be considered for MSLB transient from EOC HZP ARI-1: uncertainties on the initial 
criticality level (shutdown margin) and uncertainties on the dynamic reactivity changes during 
transient. Since the largest reactivity effects are due to the Moderator density and the Doppler 
Power effect, uncertainties on those two effects only will be considered in the transient 
calculation. 

Because DNBR evaluation is carried out by COBRA, separately from the coupled 
PANTHER-RELAP5 calculations, the usual uncertainties from the decoupled methodology are 
directly applicable for DNBR. The core flow is driven by the RELAP5 model, which is set to 
penalizing initial boundary conditions. The uncertainties on FNDH and flow rate 
redistribution are directly applied onto the steady-state COBRA inputs. 

Uncertainties on the RELAP5 system T-H calculations are the plant input parameter 
uncertainties and the model uncertainties. Since the former are taken into account by using the 
most penalizing bounding initial and boundary conditions, only the model uncertainties need 
to be accounted for. In this application, the two major model uncertainties from the break flow 
model and the SG heat transfer are taken into account. 
4.2.5. Selection of reference case (REC) with evident conservative assumptions 

The main scenario for this accident (based on a double ended rupture) assumes a non 
isolable double ended break to occur on one loop, upstream of the main steam isolation valves 
in the main steam pipe. A Reference Case (REC) is thus defined to include the licensing 
conservatism’s and the evident conservative system T-H initial and boundary conditions. 

As the SLB at HZP is a RCS cooldown accident, the evidently conservative initial and 
boundary conditions for the core neutronics correspond to an End-of-Cycle depletion state 
where cooldown effects are at their maximum, and the most reactive control rod is supposed 
to remain stuck out of the core (ARI-1), and no decay heat is assumed. As the most important 
conservatism, the minimum SDM (SAL) as allowed by Technical Specifications is used. 

The evident conservative system T-H initial and boundary conditions include the worst 
single failure on the safeguards systems, leading to the delayed and minimum safety injection 
flow and boron concentration, early and maximum auxiliary feedwater, and delayed main 
steam isolation.  
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Moreover, all plant parameters are chosen to penalize the key physical phenomena on 
the one hand, and the delay the safeguards system response time on the other hand. This is 
done on the basis of either current licensing basis, experience, or engineering judgments. 
4.2.6. Sensitivity studies (SEC’s) to determine the non-evident conservative I/B conditions 

The single-parameter sensitivity studies (SEC’s) are performed in sequence for core 
neutronics, core T-H and system T-H, respectively. The worst case from the previous 
sensitivity study is used as the reference case for the following sensitivity study. Whenever 
necessary, additional sensitivity studies are performed to verify the linearity of the previous 
sensitivities with different combinations of initial and boundary conditions. 

The most relevant sensitivities on neutron kinetics and core T&H cases include the 
initial reactivity state (shutdown margin), the moderator density effect and the Doppler power 
effect. 

For coupled applications, the mixing at the core inlet is one of the most important 
modeling issues. It is achieved in the RELAP5 split-vessel model by means of cross-flows 
between the upstream volumes of the core sectors where flow fractions are set to the lowest 
bounds derived from the EPRI experiments [13]. For core neutronics, a specific sensitivity 
analysis showed that inlet boundary conditions calculated from the RELAP5 split-vessel inlets 
and applied uniformly on each PANTHER core sector lead to the minimum DNBR value. 

The most penalising single failure has been determined to be the failing to start of the 
safety injection train in the affected loop. This condition is considered in all described 
calculations. 

The sensitivity studies on system thermal-hydraulics initial and boundary conditions 
showed that variations on particular parameters had no significant impact on the transient 
before the minimum DNBR state-point is obtained. The parameters are the pressuriser 
location; the Main Feed Water flow rate; the Main Feed Water temperature; the RCS initial 
pressure; the initial Steam Generator level and the Auxiliary Feed Water flow rate and 
temperature. Only three plant parameters were determined to have a significant impact on the 
transient evolution: the initial RCS temperature, the core coolant flow rate and the initial 
pressuriser level. 

As an example, the results of the sensitivity study on the minimum and maximum 
RCS temperature are shown in Fig. 7.  

In the first phase of the transient before the return to power, it can be seen that a higher 
initial temperature leads a faster depressurisation, which is explained by a larger dilatation 
coefficient and a larger break flow as the initial secondary pressure is higher.  

The core returns to power sooner at a higher RCS temperature, because the moderator 
effect increases with temperature while the initial anti-reactivity is identical in both cases. The 
larger neutronic retroaction is also the cause for a steeper slope of the neutronic power 
evolution.  

The faster initial pressure drop allows for a sooner boron arrival in the core. However 
the maximum power reached is significantly higher in the case of a maximum initial 
temperature. This has a direct penalising effect on the minimum DNBR.  

It is thus confirmed that the maximum RCS temperature should be assumed in the 
licensing case for the specific plant SLB accident analysis. 
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Fig. 7.  SLB sensitivity study on min/max initial RCS temperature. 
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4.2.7. Final licensing case (LIC) to combine all conservative I/B conditions and uncertainties 
The licensing case includes all most penalising assumptions as determined above, uses 

the same uncertainties and conservatisms as in the traditional decoupled analysis, but 
incorporates consistent global plant-core feedbacks by using the coupled code package.  

The so-determined licensing case DNBRmin is compared with the safety analysis limit 
(SAL) to verify the acceptance criterion. 

Fig. 8 presents the typical evolutions of DNBR values obtained by COBRA-3C. The so-
called “best-estimate” DNBR results were obtained using realistic T-H and core neutronic 
assumptions except for the licensing conservatisms for SLB (HZP, ARI-1, single failure on SI 
and minimum shutdown margin). The “conservative” results were obtained by incorporating 
all the conservatisms and uncertainties that are coherent with the coupled methodology. 
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Fig. 8.  Effect of uncertainties and conservatisms on DNBR min value 

It can be concluded from Fig. 8 that: 
- there exist important conservatisms in the final licensing case, due to the application 

of the traditional uncertainties and conservatisms in the coupled SLB accident 
analysis; 

- nevertheless, there still remain significant margins (up to 30%) in the final licensing 
case DNBRmin with respect to the licensing limit (1.45). 

Finally, specific analyses are performed in order to meet the specific licensing 
requirements concerning the break size spectrum and the loss of offsite power assumptions. It 
is confirmed that the double-ended break remains limiting, and the loss of offsite power is less 
limiting. 

5. CONCLUSIONS AND PERSPECTIVES 
In the TE coupled RELAP5 and PANTHER code package, the dynamic coupling 

between system thermal hydraulics and the 3D core neutron kinetics introduces consistent 
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interactions between the respective models. The interface between PANTHER code and the 
sub-channel thermal hydraulic analysis code COBRA-3C allows to perform online calculation 
of minimum DNBR.  

The OECD MSLB Benchmark was used to assess the dynamic coupling between the 
system thermal hydraulic code RELAP5/MOD2.5 and the 3D core neutronic code PANTHER, 
with TALINK data exchange interface. It has been demonstrated that the TE coupled code 
package is an adequate tool to predict the 3D  core power distribution and the major core and 
system physical phenomena occurring in non-symmetrical accidents such as those initiated by 
a steam line break event. 

The TE coupled code package was applied to develop a generic methodology for 
analysis of  the SLB accident in a typical three-loop PWR. It has been thus proven that the 
current coupled simulation is a robust tool for SLB transient analysis that allows the 
identification of large margins on DNBR compared to those traditionally observed in 
decoupled methodologies.  

The coupled calculations smooth out the impact of the variation of each parameter 
separately on the global core/system response, and, hence, on the resulting minimum DNBR 
value. As a consequence, the coupled codes package offers an extended versatility to meet 
new regulatory requirements and to optimise the plant operations. 

In summary, the advantages of the TE coupled code package and related accident 
analysis methodology are: 

- the capability to accurately simulate the key physical phenomena in PWR accidents 
with asymmetric behaviours and multidimensional effects, as well as strong system-
core interactions; 

- the flexibility to upgrade each of the client codes in the package; 
- the consistency to avoid certain unnecessary penalties due to incoherent 

approximations in the traditional decoupled accident analysis methods; 
- the efficiency and reliability for evaluation of safety margins regarding to licensing 

limit. 
Currently, the TE coupled code package has been accepted for application to the 

FSAR SLB-HZP accident analysis in the steam generator replacement and power uprate 
project for Doel 2 plant. Licensing on the application of the generic coupled SLB (HZP) 
methodology to three-loop PWR is under progress. 

The potential future applications of the TE coupled code package include licensing or 
best estimate analysis of: 

- the asymmetric thermal hydraulic accidents, such as the steam line break, feedwater 
line break, locked rotor, etc.; 

- the neutronic accidents, such as the RCCA withdrawal; rod ejection, etc.; 
- the anticipated transients without scram (ATWS). 
Some of the applications need a fully dynamic coupling of the 3D neutronic code 

PANTHER and the sub-channel thermal hydraulic code COBRA-3C via COBLINK, which is 
under development and qualification. 
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Abstract 
 
The VSOP’94 (Very Superior Old Programs) code is a system of codes linked together for the 
numerical simulation of neutronic and thermal-hydraulic behaviors for High Temperature   
Gas Reactors (HTGR) under normal operating and accident conditions. The code can be also 
utilized for the calculations of in-core and out-of pile fuel management and fuel cycle cost 
analysis. 
  
The VSOP code obtained from OECD/NEA Data Bank, has been used for the neutronic and 
thermal-hydraulic prediction calculations for the initial core loading of the HTR-10 reactor. In 
the neutronic aspect of this study, double heterogeneity for the fuel element, buckling 
feedback in the spectrum calculation, and mixture of graphite and fuel balls are taken into 
account. The results, compared to a relevant study based on the first criticality experiment of 
HTR-10 [4], indicate that relative errors for the multiplication factor are less than 1.34%, 
being in a reasonable range. 
 
In the thermal-hydraulic analysis, the power distribution obtained from the neutronic 
calculations is used where temperature and flow distributions are calculated for the reactor 
core. Throughout the analyses, conservative hydraulics and physical parameters, such as 
minimum mass flow rates in the core, no radiation heat transfer in the axial direction, are 
used. The maximum fuel centerline temperature is obtained as 927.4oC for normal operating 
conditions and observed not to exceed the safety limit [6].  

1. INTRODUCTION 
 
The VSOP [1] code compromises the processing of the cross-sections, reactor and fuel 
element design, neutron spectrum evaluation, 2 or 3 dimensional diffusion calculation, 
burnup, fuel shuffling, control and thermal-hydraulics under steady state and transient 



conditions (Figure 1). Basic libraries and sub-codes which are integrated into the VSOP are 
given in Figure 2. In the code, library set is made of ENDF/-B-IV, -V, JEF-I. Epithermal (68 
energy groups) and fast (30 energy groups) libraries are used for spectrum calculations by 
GAM-I and THERMOS, respectively. Resonance cross sections are generated by ZUT-DGL.  
Fuel element input data and 2-dimensional geometric design of the reactor are prepared by 
DATA-2 and BIRGIT (In the 3 dimensional reactor modeling, TRIGIT is used instead of 
BIRGIT). Diffusion calculations are performed by the code CITATION either in 2- or 3- 
dimensions. The burn-up and the fuel shuffling are covered by FEVER code for unlimited 
number of burnup batches.  The THERMIX code is coupled to the VSOP for the thermal 
hydraulic analyses of static and time dependent cases. KPD provides the fuel cycle cost 
evaluation at every step of fuel management.   
 
International interest in the High Temperature Gas Cooled Reactor (HTGR) technology has 
been increasing in recent years due to their robust designs arising from highly inherent safety 
features, cost effective electricity generation that can be appropriate for the developing 
countries such as Turkey, as well as for providing high temperature process heat. The HTR-
10, 10 MW High Temperature Gas Cooled pebble bed reactor is a remarkable prototype that 
has been recently connected to the grid at the beginning of 2003 in China. In this study, the 
VSOP code package is used to predict the steady state core physical behavior of HTR-10 
initial core.  The scope of this case study includes determination of neutronic parameters such 
as effective multiplication factor (keff), core power peaking factors and thermal-hydraulic 
behavior during normal operating conditions. 

2. METHODOLOGY  

2.1 Neutronic Analysis 

2.1.1 Core Physics and method of calculations 
 
The main physical parameters used in the calculations are given in Table 1 [2]. The reactor 
core cross sectional view is given in Figure 3. The core is of the pebble bed design in which 
fuel, in the form of “pebbles” that pass continuously through the core during normal operating 
conditions. Based on initial core loading, the fuel and graphite balls have a ratio of 0.57 and 
0.43, respectively. There are a total of 27000 balls in the full core.   
 
In the neutronic analysis, the VSOP computer code, which is suitable for the physical 
calculations and analysis of pebble bed high temperature gas-cooled reactor is used.  The code 
uses two definite libraries, i.e. GAM and THERMOS, containing fast-epithermal and thermal 
cross-section data, respectively. In the GAM library there are 68 fine group cross-sections 
merged into 3 groups (10 MeV-52.5 KeV, 52.5 KeV-29 eV, 29-2.05 eV).   In the resonance 
integral calculations, 238U resonances within the energy interval 4-4307 eV are considered. 
The THERMOS library contains 30 energy groups covering 0-2.05 eV range. In the spectrum 
calculations the thermal groups are merged into 1 energy group and neutronic analysis are 
performed over 4 energy groups. 
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Table 1 Main design data for the HTR-10 core 
 

Physical Parameter Value 
Core equivalent diameter (cm) 180 
Core equivalent height (cm) 196.5 
Height of the top cavity (cm) 42 
Thickness of the top reflector (cm) 90 
Height of the bottom cone reflector (cm) 38 
Thickness of the bottom reflector (cm) 121 
Equivalent thickness of the side reflector (cm) 78 
Density of the reflector graphite (g/cm3)   1.76 
Impurity content of equivalent to natural boron in the graphite (ppm) 4.8 
Thickness of the top carbon brick with natural boron (cm) 40 
Thickness of the bottom carbon brick with natural boron (cm) 30 
Thickness of the bottom carbon brick without natural boron (cm) 70 
Equivalent thickness of the side carbon brick with natural boron (cm) 22 
Density of the carbon brick (g/cm3) 1.59 
Mass content of B4C in carbon brick with natural boron (%) 5 
Radius of helium flow channels (cm) 4 
Distance between the center of the helium channel and the centre of core (cm) 145 
Radius of control rod channels and irradiation channels (cm) 6.5 
Distance between the center of the control rod channel and the centre of core (cm) 102 
Boron absorber ball channels 
Ellipsoid shape (cm) 16x6 
Distance between the center of the channel and the centre of core (cm) 99 

 
 
In the fuel design, the code considers the graphite balls as dummy layers located at the outside 
of the fuel balls, as if it has a radius of 3.61823 cm, where radius of a fuel ball is 3 cm 
regarding fuel/graphite balls volume ratios. Hence, the envisaged fuel design in the 
calculations from inner region to outer region consists of fuel matrix containing homogenized 
coated particles, graphite shell and graphite moderator layer referring graphite dummy balls.  
Fuel design data used in the calculations are given in Table 2. 
 
The geometric design of the reactor core is modeled in the 2-dimensional r-z geometry. The 
diffusion code CITATION, incorporated in VSOP, serving as the neutronic solver is used for 
reactor calculations via the 4-group energy structure. The fuel elements containing the 
graphite layers are homogeneously distributed in the core. The core is divided into batches 
representing different spectrum zones having different temperatures. The radial core channels 
are shown in Figure 4.  
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Table 2 Main design data for fuel and graphite ball for the HTR-10 
 

Physical Parameter Unit Value 
Fuel Element 
Volumetric filling fraction of  the fuel and the graphite balls in the core  % 61
Heavy metal uranium weight in each fuel element  g 5
Enrichment of 235U (weight) % 17
Diameter of fuel element cm 6
Diameter of fuel zone in the fuel element cm 5
Density of graphite in the  matrix and outer shell of  the fuel element g/cm3 1.73
Impurity content of  equivalent to natural boron in uranium  ppm 4
Impurity content of  equivalent to natural boron in graphite  ppm 1.3
Coated Particle 
Fuel Kernel 
Radius of kernel  cm 0.025
Density of UO2 g/cm3 10.4
Coating Layers  
Density of low density pyrolitic carbon g/cm3 1.1
Thickness of low density pyrolitic carbon cm 0.009
Density of inner high density pyrolitic carbon g/cm3 1.9
Thickness of inner high density pyrolitic carbon cm 0.004
Density of silicon carbide g/cm3 3.18
Thickness of silicon carbide cm 0.0035
Density of outer high density pyrolitic carbon g/cm3 1.9
Thickness of outer high density pyrolitic carbon cm 0.004
Graphite Shell 
Diameter of ball cm 6
Density of graphite g/cm3 1.84
Impurity content of  equivalent to natural boron in graphite ppm 0.125

 
 
During the neutronic calculations, the following assumptions are taken into account: 

• Double heterogeneity of the fuel elements  
• Boron impurities in fuel elements and reflectors 
• Buckling feedback in the spectrum calculations 
• Anisotropic diffusion constant for the top cavity  
 

There are 10 control rod channels, 7 elliptic boron absorber ball channels and 20 helium flow 
channels in the side reflector. Channels for control rods, boron absorber balls and helium flow 
are smeared in the side reflector located at the outer side of the core in r-z geometry, 
regarding conservation of volumes and distances from center of the core. 
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2.1.2 Results 
 
The International Atomic Energy Agency (IAEA) has organized a physics benchmark of the 
HTR-10 initial core as part of its Coordinated Research Program [3]. Later, another study [4] 
has been performed for the calculations of keff for the initial core loading of HTR-10 for 
various loaded core heights and temperatures. Prior to neutronic calculations for full core, 
calculations of the effective multiplication factors are based on the same core configurations 
and temperatures. The results are given in Table 3 and Table 4 for 27oC and 50oC, 
respectively. Critical core heights are 118.27 cm for 27oC and 119.51 cm 50oC by using 
interpolation between keff values. The effective multiplication factor for full core (h=197 cm 
active core height) is predicted as 1.1645. In the case of fully inserted control rods keff is 
calculated to be 0.99048. Reactivity worth of control rods is calculated for 27oC, where the 
total reactivity worth of the control rods is obtained as 149.43 mk (∆k/k). 
 

Table 3 keff versus core height for 27 oC 
 

Active 
Core 

Height 
(cm) 

U-235 
content in 

core 
(calculated-

in g) 

U-235 
content in 

core  
(reference- 

in g)* 

Relative 
mass 

Difference
(g) 

keff 
(calculated) 

k eff 
(reference)* 

Absolute 
Relative 
Error in 
 k eff  (%) 

150 9974.5 9974.8 -0.3 1.0822 1.0792 .2779 
140 9310.2 9310.1 0.1 1.0592 1.0545 .4457 
130 8646.0 8644.5 2.5 1.0338 1.0291 .4567 
120 7981.7 7979.8 1.9 1.0055 .99888 .6627 
110 7317.5 7315.1 2.4 .97371 .96443 .9622 
100 6653.2 6649.6 3.6 .93764 .92530 1.333 

* HTR-10 results are taken as reference 
 

Table 4   keff versus core height for 50 oC 
 

Active 
Core 

Height 
(cm) 

U-235 
content in 

core 
(calculated-

in g) 

U-235 
content in 

core  
(reference- 

in g)* 

Relative 
mass 

Difference
(g) 

keff 
(calculated) 

k eff 
(reference)* 

Absolute 
Relative 
Error in 
 k eff  (%) 

150 9974.5 9974.8 -0.3 1.0793 1.0768 .2322 
140 9310.2 9310.1 0.1 1.0565 1.0521 .4182 
130 8646.0 8644.5 2.5 1.0312 1.0266 .4481 
120 7981.7 7979.8 1.9 1.0028 .99634 .6484 
110 7317.5 7315.1 2.4 .97108 .96305 .8338 
100 6653.2 6649.6 3.6 .93502 .92266 1.339 

* HTR-10 results are taken as reference 
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In the full core modeling, temperatures obtained from thermal-hydraulic calculations (by 
THERMIX) are used in order to obtain neutronic parameters.  The corresponding spectrum 
zones based on these temperatures are used in diffusion core calculations. The effective 
multiplication factors with the definite spectrum zones are 1.1076 for start-up and 1.1013 for 
Xe–Sm equilibrium core.  Power peaking factors (ppf) for start-up core and equilibrium core 
are given in Figure 5 and Figure 6, respectively. The Maximum ppf(=1.292) occurs at R=0 cm 
in radial and Z=112.5 cm in axial direction from center and top of the equilibrium core. The 
power density corresponding to the maximum ppf  at 10 MW  is 2.585 MW/m3 .  

2.2 Thermal-Hydraulic Analysis 

2.2.1 Core parameters and method of calculation 
 
Table 5 shows the basic thermal-hydraulic parameters of the reactor. The core thermal output 
is nominally 10 MW. In the initial core loading, the graphite balls are uniformly distributed 
within the fuel balls due to reactivity reasons. The ceramic core structure consist of side, 
bottom and top reflectors, compromising 15 layers of graphite and carbon blocks along the 
core height (Figure 3). There are 20 gas boreholes in the side reflector for the coolant 
channels. The bottom reflector contains the hot gas plenum. There are 10 reactor control and 
shutdown rod holes in the same side reflector. 7 small absorber ball shutdown units are 
designed for the second shutdown system when any control rods failure happens. The metallic 
components in the reactor consist of core barrel, bottom supporting structure and the top 
thermal shield, which support the whole reactor core and reflectors. During the reactor 
operation, the annular area between the reactor pressure vessel and the core barrel is filled 
with cold helium of 250oC to ensure the temperature of pressure vessel not to exceed the 
safety limits. 
 
The calculations are performed with THERMIX code which is linked into the VSOP. The 
code calculates the temperatures and flow parameters for steady-state operating conditions 
and transients. It performs the calculations in accordance with the relevant KTA-Standards [5] 
in German safety guide while solving the equations which represent the conservation laws; 
mass, momentum and energy.  
 
In the initial flow distribution,  the total inlet mass flow rate into the pressure vessel is 4.3 
kg/s, of which 1% of the rated flow (0.043 kg/s) passes through the fuel discharge tube to cool 
the discharged fuel elements from the core, 2.5% (0.108 kg/s) of the rated flow passes through 
control rod holes, 10% of the rated flow (0.43 kg/s) leaks into the graphite components and 
rest of the coolant, which corresponds to 86% of the rated flow (3.72 kg/s) passes through the 
reactor core to remove the heat generated by the fuel elements [6]. The gas flow model is 
shown in Figure 7 where there are 17 different flow regions divided into 17 radial and 25 
axial mesh points. This model consists of the reactor core channels representing the pebble 
bed, plenums at the top and bottom of the pressure vessel, fuel discharge channel, control rod 
channel and leak flow channel in the side reflector.  The channels, except the plenums, are 
considered to have a pipe flow characteristics. It is assumed that there is no flow resistance in 
the plenums.  
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Table 5 HTR-10 Main Physical Parameters 
 

Physical Parameters Unit Value 
Power MWth 10 
Core volume m3 5.0 
Core equivalent diameter cm 180 
Core equivalent height cm 196.5 
Number of fuel-graphite balls in the core  27 000 
Inlet temperature of helium oC 250 
Outlet temperature of helium oC 700 
Mass flow rate of the helium in primary circuit kg/s 4.32 
Helium pressure in primary circuit MPa 3.0 
Average power density W/ cm3 2.0 
Average power generated in a single fuel element kW 0.37 
Peak power generated in a single fuel element kW 0.55 

 
The small flow channels embedded inside the bottom reflector of the core have two different 
flow areas, where the center section is larger than the outer section in order to reduce 
temperature difference at the core outlet. This effect is considered in the hydraulic modeling 
of flow channels at the bottom reflector (zone 5 and 15 given in Figure 7). For the helium 
leaks from the graphite components, a small pipe (zone 13) at the side reflector is modeled 
where there is no convective heat transfer through this pipe.  Zone 12 is the leak path for the 
control rod holes.  
 
In the thermal modeling, the tabulated formulas existing in the code are used for the thermal 
properties such as thermal conductivity, heat capacity of the materials (pebbles, reflector, 
brick, thermal shield, etc.). 
 
Considering the 0.57/0.43 fuel/moderator ball ratio, the heating factor of a single fuel ball is 
selected as 1.76 instead of 1.0. Power distribution obtained from neutronic analysis is used in 
the calculations.  

2.2.2 Results 
 
The heat removed by the coolant per unit volume in the core is shown Figure 8.  99.7% of the 
rated power generated in the core is removed by convective heat transfer mechanism. Rest of 
the rated power (0.3%) is transferred to the helium leaking through the reflector, the control 
rod holes and the helium flow channels passing outside of the core. 
 
Helium, fuel surface and fuel centerline temperature distributions are shown in Figure 9, 
Figure 10 and Figure 11, respectively. The maximum fuel surface temperature is 865.9oC and 
the maximum fuel centerline temperature is 927.4oC (R=0 cm in radial and Z=210.4 cm in 
axial) that is lower than the maximum fuel temperature limit, 1230oC, under normal and 
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accidental conditions based on the specifications [6]. Helium, fuel surface and fuel centerline 
temperatures at R=0 cm with respect to the axial direction are shown Figure 12. The helium 
temperature increases about 6oC through the flow channels before entering the core. The 
predicted outlet helium temperature at the bottom plenum is 699.5oC.  The calculated pressure 
drop in the core is 1.28 kPa.  

3. CONCLUSION 

The results, when compared to the previous study for HTR-10 design [4] concerning keff, 
yields acceptable relative errors in the neutronic calculations, which are less than 1.34%. 
These errors arise from different nodalization of bottom conus of core, as well as from the 
usage of different energy widths for the generation of few group constants. The difference 
between the volumes of the actual geometry and the volumes modeled in the VSOP for the 
conus leads to error in mass for U-235 content in the core.  
 
In the thermal-hydraulic calculations, results are consistent with the design specifications of 
HTR-10. Comparing the results with the study [6], concerning temperature distributions and 
flow characteristics, there are small differences (≤7oC) in the fuel and helium temperatures. 
The differences between these two studies could arise from the selection of different heating 
factor of a single fuel ball and using different power profiles obtained from the neutronic 
analysis. The results of the thermal-hydraulic analysis show that the safety requirements, such 
as maximum fuel temperature limit are satisfied.  
 
 
Further studies going on at Turkish Atomic Energy Authority consist the modeling of some 
accident cases for HTR-10 as reactivity initiated transient such as all control rods withdrawal 
at hot zero power and loss of coolant  accident arising from hot gas duct rupture with the 
decay heat removal system activation.  For the reactivity accident analyses, a point kinetic 
module which will be coupled to VSOP code is being prepared.  
 
For the current HTGR designs, most of the remarkable and fundamental studies had been 
carried out in the last 2-3 decades. From the point of accident analyses and their evaluations 
views, in the following areas, gaps should be identified and researches are needed:  
 

• Determination of  initial events and definition and ranking of the accidents: how to 
form a accident spectrum and what to be design basis and beyond design basis 
accidents and safety limits   

• Identification of the deficiencies and needs for computer codes used in accident 
analyses and their qualifications: how to form a computer code validation matrices 
like LWR applications 

• Identification of necessary physical data: how to model core geometry and changes in 
geometry, reactivity insertion, air/water ingress, passive decay heat, etc. 

• Determination of uncertainties: how to assess the errors and deviations in the analysis 
arising from analytical approaches, numerical methods, modeling of the reactor, code 
users, etc.  
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Figure 3  View of HTR-10 reactor 
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Figure 4 Radial core channels modeled in VSOP 

 

 
Figure 5 Power peaking factors for start-up core 
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Figure 6  Power peaking factors for Xe-Sm equilibrium core 
 
 

 
Figure 7  Hydraulic modeling of HTR-10 for the VSOP code 
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Figure 8 Heat removal per unit volume from the core by helium flow 

 

 
Figure 9  Helium temperature distribution in the core 
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Figure 10  Solid surface temperature distribution in the HTR-10   

 

 
Figure 11 Fuel centerline temperature distribution in the core 
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Figure 12 Helium, fuel surface and fuel centerline temperatures at R=0 cm along the 

core axial direction 
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Abstract 

There exists a tendency to perform accident analysis of NPP by best estimate codes, that 
decreases the conservatism of performing calculations and allows more realistic simulation of 
transients. A necessary step for this approach is the comprehensive validation of the computer 
codes and the coupling of thermo-hydraulic plant system codes with 3D neutronics models. 
The application of coupled code systems is mandatory for the analysis of accident conditions 
which are determined by a strong coupling between neutronics of the reactor core and thermo-
hydraulics of the primary circuit, especially, when asymmetrical processes take place in the 
core leading to strongly space-dependent power generation. The paper gives an overview on 
the development of the coupled 3D neutronics and fluid-dynamic system code in GRS, in 
particular, the work is presented performed on the basis of the system code ATHLET and the 
3D reactor core model QUABOX/CUBBOX, both developed in GRS. In addition, the 
experiences from applications in accident analysis are summarized and further developments 
are discussed. 

1 INTRODUCTION 

Analytical simulation methods are the main tools that are applied for performing safety 
analysis of NPP. Important fields of safety analysis are the static and transient reactor core 
behaviour by 3D neutronics models and the whole plant transient behaviour by fluid-dynamic 
system codes. In both fields the computer codes have achieved a high degree of realistic 
modelling. Nevertheless, the separate analysis of the reactor core by 3D neutronics models 
and the whole plant system using simplified neutronics models needs additional assumptions 
on the interfacing conditions, if a strong coupling between the neutronics in the reactor core 
and the fluid-dynamics in the primary circuit exists. Therefore, great efforts were made to 
develop coupled code systems directly integrating 3D neutronics models into system codes. 
GRS has developed its own system code ATHLET [1] and its own 3D reactor core model 
QUABOX/CUBBOX [2,3]. Both codes are well validated and have been extensively applied 
for performing LWR design and safety analysis calculations. In the middle of the 90ies the 
two codes have been coupled and quite an experience is being collected with the coupled 
version. Meanwhile, a new scheme is under development which allows to switch during the 
calculations from point kinetics to 3D reactor core calculations, and in that way a considerable 
speed up of the calculations will be achievable. In addition, a 3D module of ATHLET based 
on the GRS CFD code FLUBOX, will describe mixing phenomena in the reactor vessel. 

2 FIELD OF APPLICATIONS OF COUPLED CODES 

The accuracy of the following analyses can be improved significantly by modelling 
directly the interaction of the neutron kinetics and the fluid-dynamics in the coupled codes: 



• The cool-down transients with strongly negative moderator temperature reactivity 
coefficient (MTC) in PWR. The occurrence of a recriticality during cool-down and its 
consequences have to be analyzed. Such high values of MTC are obtained for 
increased high burnup fuel or for extended use of MOX fuel. 

• The local boron dilution accident in PWR, which was identified as a potential 
reactivity initiated accident even in shutdown conditions when all control rods are 
inserted. 

• The results of ATWS analyses are strongly affected by feedback reactivity 
coefficients. The uncertainties of inherent feedback determining power production and 
consequently pressure increase can be strongly reduced by applying 3D neutronics 
models. The spatial effects are emphasized if partial failure of control rod insertion is 
postulated 

• Power upgrading programs generate the demand for reducing uncertainties. 

• The BWR instability in plant conditions beyond the stability threshold. 

3 COUPLING OF THE SYSTEM CODE ATHLET WITH 3D CORE MODELS  

The code structure of ATHLET is highly modular and allows an easy implementation of 
different physical models. ATHLET provides a modular network approach of the primary and 
secondary side including all components of the plant. The coupling approach for 3D 
neutronics models implemented in ATHLET [4,5] allows various options, which are also 
applied within other coupled code systems (Fig.1): 

• Internal coupling 
Coupling of the 3D neutronics model to the system code ATHLET, which models 
completely the thermal-fluid-dynamics in the primary circuit including the core 
region. 

• External coupling  
Coupling of the 3D neutronics model including the fuel rod model and the fluid-
dynamic model of the core region to the system code, which models only the thermal-
fluid-dynamics in the primary circuit excluding the core region. 

• Parallel coupling 
The 3D neutronics model including the fuel rod model and the fluid-dynamic model 
represents the reactor core. The system code models the thermal-fluid-dynamics in the 
primary circuit and the core region in a simplified manner. The calculated boundary 
conditions of the system code are transferred as time-dependent boundary conditions 
of the more detailed core calculation performed in parallel. 

These coupling approaches maintain the capabilities of the separated codes and provide 
the necessary exchange of main physical parameters. These are: 

• The power density distribution, which is the result of the neutronics calculation and 
which must be transferred to the fluid-dynamics. 

• The distribution of fuel temperature, coolant density and coolant temperature as well 
as the boron concentration, which are the result of the fluid-dynamic model including 
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the boron transport model and which must be transferred to the neutronics as feedback 
parameters. 

The coupling of different 3D neutronics models is supported by developing a general 
interface in ATHLET and the specific features of the GCSM (general control simulation 
modul). Meanwhile, the following 3D neutronics models are already coupled with ATHLET: 

• QUABOX/CUBBOX from GRS in cartesian geometry applied for LWR and RBMK, 

• BIPR-8 from Kurchatov Institute in hexagonal geometry applied for VVER, 

• DYN3D from FZ Rossendorf in cartesian and hexagonal geometry applied for LWR 
and VVER, 

• KIKO-3D from KFKI Budapest also in cartesian and hexagonal geometry. 

For all neutronics models the internal coupling was implemented, for DYN3D also the 
external coupling and for KIKO-3D also the parallel coupling was implemented. There is a 
great interest to couple different neutronics models, because a lot of validation and application 
experiences exist for each model.  

The coupling QUABOX/CUBBOX-ATHLET is very flexible with a simple user 
defined mapping scheme by input. It is possible to assign each assembly a separate thermo-
hydraulic channel (THC) with a separate heat conductivity object or several fuel assemblies to 
be enclosed in one TH channel. Rules for designing of mapping schemes have been 
formulated and tested. Optimal mapping schemes have been applied for different type of 
calculations. Sensitivity studies proved that the mapping schemes must be correctly chosen in 
order to decrease the errors generated for the feedback parameters by applying a reduced  
number of TH channels. 

4 THE CODE SYSTEM QUABOX/CUBBOX-ATHLET 

The ATHLET code [1] is a thermo-fluiddynamic system code for a wide range of 
applications comprising anticipated and abnormal plant transients, small and intermediate 
leaks as well as large breaks in PWRs and BWRs. The code offers the possibility of choosing 
between different models of fluiddynamics. The two-phase flow is described either by a 5-
equation model or a full 6-equation model for mass, energy and momentum of both phases 
including models for non-condensables. The basic modules are: Thermo-fluiddynamics, 
Neutron Kinetics, General Control Simulation Module and Numerical Integration Method 
FEBE. ATHLET provides a modular network approach for the representation of a thermal-
hydraulic system.  

The 3D reactor core behaviour is described by QUABOX/CUBBOX [2,3]. This code 
solves the neutron diffusion equations with two prompt neutron groups and up to six groups 
of delayed neutron precursors. The coarse mesh method is based on a polynomial expansion 
of neutron flux in each energy group. The time-integration is performed by a matrix-splitting 
method which decomposes the solution into implicit one dimensional steps for each spatial 
direction. The reactivity feedback is taken into account by dependence of homogenised cross-
section on feedback parameters, the functional dependence can be defined in a very general 
and flexible manner. 

The coupling approach for 3D neutronics models implemented in ATHLET  is based on 
a general interface, which separates data structures from neutronics and thermo-fluiddynamic 

3 
 



code and performs the data exchange in both directions. The approach has been successfully 
applied to couple other 3D neutronics codes. The internal coupling method has following 
features: The fluiddynamic equations for the primary circuit and the flow channels in the 
reactor core region are completely modelled and numerically solved by ATHLET methods. 
The time-integration in the neutronics code QUABOX/CUBBOX is performed separately. 
Therefore, both codes keep their capabilities. The time-step size is synchronised during the 
transient, whereby the accuracy control is preferably done by the fluiddynamic code (Fig.2). 
The coupling allows a flexible mapping defined by input between fuel assemblies of the core 
loading and the thermo-fluiddynamic channels. Also the axial meshes for neutronics and 
fluiddynamics can be defined independently. The coupled code QUABOX/CUBBOX - 
ATHLET  has been already applied to study complex plant transient conditions.  

5 VALIDATION OF THE COUPLED CODE QUABOX/CUBBOX-ATHLET 

The validation process is a continuation of the validation of the separated codes which 
has been established in the past. However, also the specific coupling approaches and their 
applications must be validated. Several activities were performed in international co-
operations: 

• The OECD/NRC PWR Main Steam Line Break (MSLB) Benchmark [6] (code-to-code 
comparisons).  

• The OECD/NRC BWR Turbine Trip Benchmark [7] that is based on measured data of the 
plant Peach Bottom 2. 

       Results for the both benchmarks are discussed  in [8,9].  

6 EXPERIENCES AND FURTHER DEVELOPMENTS 

Performing calculations with the coupled code QUABOX/CUBBOX-ATHLET is done 
always stepwise: 

• Study of the thermal-hydraulic system response and initialization of the system 
models (performance of point kinetics calculations with the stand alone version of 
ATHLET) 

• Generation and qualification of the reactor cross sections. 

• Initialization of the 3D core neutronics model (performance of calculations with the 
stand alone version of QUABOX/CUBBOX with constant feedback distributions). 

• Modeling of the mixing phenomena at core entrance depending on the scenario of the 
transient (nodalization of bottom plenum, cross flows, experimental mixing formulas 
etc.).  

• Selecting a mapping scheme for fuel assemblies and THC (1:1, optimal or any other). 

• Performing a zero-transient with the coupled code at nominal power to prove the 
stability of the whole modeled system and to tune some thermal–hydraulic core 
parameters. 

• Complete simulation of the transient by the coupled code.  

• The evaluation of results needs advanced tools for visualization.    
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Coupled codes require considerable CPU time especially for long term analyses and 
transients. An accelaration can be gaind by applying modern parallel software on multi- 
processor systems. Some experience was obtained in GRS utilizing distributed memory tools 
like MPI and also the FORTRAN extension OpenMP for shared memory environments. Both 
approaches proved to be very promissing. The studies showed that only by parallelization of 
the cross section libraries in the coupled code QUABOX/QUBBOX-ATHLET can be gained 
a speed up in the order of 7 using a 16 multi-processor system with OpenMP environment and 
approximately the same for the MPI environment. Choosing the correct optimal mapping 
scheme can speed up also the calculations, because it reduces the number of the thermo-
hydraulic channels and so the CPU time for the system code calculations will be reduced. 
Usually, the optimal mapping schemes are not universal and are strongly dependent on the 
loading pattern.  

In order to speed up the calculations with the coupled code, we have developed a 
SWITCH coupling in the system code ATHLET (Fig.3). The main idea is following: The 
calculations are done mainly with point kinetics model in the system code ATHLET, but in 
cases of unsymmetries, which appear during the simulation of the transient at core inlet or in 
the core itself, the calculation mode will be switched to 3D reactor core model 
QUABOX/CUBBOX. This coupling option is based on the GRS code SIGMAS, which 
generates consistent data for neutron kinetics models in ATHLET. These data are mainly: 

• Nodal cross-section (XS) – generated by homogenizing the XS-libraries of the 3D 
reactor core model QUABOX/CUBBOX according to the 1D node pattern. 

• Reactivity coefficients and/or absolute reactivity tables of the different feedback 
parameters (fuel temperature, coolant density (temperature), boron concentration, 
control rod efficiency). 

The SWITCH coupling is applied in a test phase and quite good results are obtained for 
first applications. 

A very important aspect of the coupled code simulation is the description of the mixing 
phenomena in the reactor vessel (down comer and lower plenum). Only after a proper 
description of the coolant mixing at core inlet can be succesfully applied the parallel channel 
approximation in ATHLET with cross flow junctions for the core region. To cope  with this 
problem, work is on-going to implement a 3D module in ATHLET on the basis of the GRS 
CFD code FLUBOX.  

7 SUMMARY 

There is an increasing interest in computational reactor safety analysis to replace the 
conservative evaluations by best estimate calculations supplemented by a quantitative 
uncertainty analysis. Most of the acceptance criteria are based on local values (local 
parameters of fuel rod behaviour) and not on average values as calculated by point kinetics. In 
order to calculate the local parameters in the reactor core a realistic analysis is needed, which 
requires the application of coupled codes.  

The coupled code system QUABOX/CUBBOX-ATHLET is an efficient tool capable of 
analyzing PWR and BWR transients within a reasonable execution time. 3D neutronics in the 
coupled code allows to calculate consistently the reactivity changes and the local parameters. 
Application of different mapping schemes between fuel assemblies of the core loading and 
thermal-hydraulic channels can affect the accuracy of the simulation results for local 
parameters. The application of the coupled code system needs a reasonable modelling of 
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mixing at core inlet and the future developments are directed in this field. In order to speed up 
the calculations and make possible simulation of long (from several minutes to several hours) 
term transients we have implemented a SWITCH coupling option, which allows to switch 
from point kinetics to 3D kinetics. A good agreement of point-kinetics and 3D neutronics 
solution can be achieved only when the reactivity feedback coefficients and the reactivity 
effect of the reactor trip used for point-kinetics are consistently determined by 3D neutronics 
calculations. 
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ABSTRACT 
 

 
 

The code package TRAP-97 certified in 1999 makes use of neutron kinetics point 
model and one-dimensional model for calculation of the coolant parameters in the reactor 
chambers.  Problems of consideration of spatial distribution of the coolant parameters within 
the reactor vessel and power field tilt in  the core are solved at OKB “Gidropress” by using 
two specialized modules - KAMERA and MAZ-3. Module KAMERA is intended to simulate 
coolant mixing processes in the reactor chambers, module MAZ-3 - to calculate coolant and 
fuel parameters in the core using 3-D model of neutron kinetics.  Presently, modules are used 
in calculations together with the computer code DINAMIKA-97. This paper deals with a brief 
description of the developed combined package DKM and its capabilities. Calculation results 
of analysis of dynamic testing of power unit  with reactor VVER-1000 are given as the 
examples of application of the developed code package. 

 
 

 
1 INTRODUCTION 

 
 

The analysis of accidents with essential redistribution of  power field in the core 
requires consideration of spatial effects. In  using code package TRAP-97 [1]-[2] including 
point model of kinetics and the model of ideal interloop coolant mixing in the reactor, 
application of special methodical ways for assigning input data ensuring conservatism of the 
results in respect to the acceptance criteria  under checking are necessary. 

Application of 3-D neutron kinetics models and incomplete mixing in the chambers 
of reactor as a part of the package DKM enables adequately to take into account effects of 
redistribution of the form of  power field  under unsteady-state processes. It provides more  
exact determination of local parameters of the core and integrated parameters of the reactor 
plant in transients. 
 
 

2  MAIN PROVISIONS OF MATHEMATICAL MODELS OF  PACKAGE 
DKM 

 
Code DINAMIKA - 97 involved in the structure of package DKM is intended for  

analysis of thermohydraulics situation in the primary and secondary circuits of nuclear power 
installations with water-cooled water-moderated power reactor under the conditions with 
anticipated operational occurrences stipulated by failures of equipment and systems of 
control, protections and interlockings.    

Procedure of  code DINAMIKA - 97 contains description of mathematical models of 
all basic elements of the equipment - reactor, steam generator, pressurizer, main circulation 
pipelines, systems of control, protections and interlockings. Time history of the main primary 
and secondary parameters is determined  which are necessary for analysis of reliability and 
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safe operation of the equipment, elaboration of the requirements and recommendations for 
control systems, calculations of temperature fields and strength of the equipment.       

The core model in code KANAL-97 [2] included in structure of  code DINAMIKA - 
97 is represented by the system of parallel channels which can differ in geometrical 
parameters and power level. Maximum number of channels - 5. The reactor power is 
calculated using point model of neutron kinetics considering 6 groups of delayed neutrons. 
Thermohydraulics model of calculation of parameters in pressure and collection chambers of 
reactor - one-dimensional. In reactor chambers assumption on coolant ideal mixing is 
accepted. 

For elimination of these limitation, mixing models in reactor pressure and collection 
chambers, model of neutron kinetics can be used in  complex DKM. Thermohydraulics model 
of the core is also represented by the system of parallel channels, however their number is 
increased up to 400.  

For modelling processes of interloop mixing in reactor chambers in program module 
KAMERA which is involved in complex DKM, possibility of application of two 
mathematical models is provided.   

In the first model consideration of interloop mixing is provided due to application of 
mixing coefficients determined on the basis of experimental studies or by calculation using 
other codes. 

 In the second model based on application of three-dimensional equation of energy, 
the following basic provisions are used for reactor pressure chamber [3]-[4]: 

1) Constituent sections  of reactor pressure chamber  are down section and lifting 
section. Down section consists of annular volume connected to lifting section. Down section 
of reactor pressure chamber can be broken down into sectional calculated channels and lifting  
section - into hexagonal calculated channels. The number of nodes is determined by necessity 
of calculation of distribution of temperature and boron concentration at the core inlet in terms 
of fuel assembly-by-assembly  approximation. Complete equalizing of velocity field directly 
under reactor inlet nozzles is assumed. The boundary conditions at the reactor inlet is 
determined proceeding from number of coolant flows with the positive flowrate. Thus, 
"width" of each flow is proportional to the flowrate of coolant coming from the loop. At 
presence of coolant reversal flow in the loops, redistribution of flowrates considering coolant 
overflows in loops with negative flowrates is taken into account in model of down section of 
reactor pressure chamber. “Width” of coolant flow from the side of loops with positive 
flowrates is determined considering fractions of  flowrate going into the loops with negative 
flowrates. 

2) Proceeding from the condition of minimization of energy consumption in terms of 
motion of coolant flows  with regard for preservations of material and power balances the 
following parameters are determined: 

- Value of displacement of flow centres at reactor inlet; 
- Values of parameters (enthalpy and boron concentration) in the loops with 

negative flowrates by the values of parameters in the loops with positive flowrates; 
- Values of thermohydraulics parameters in lifting section of reactor pressure 

chamber by values of parameters at the chamber down section outlet; 
- Coefficients determining fractions of flowrate getting from the loops with positive 

flowrates into the  loops with negative flowrates. 
3) For down section the equation of energy is considered in two-dimensional 

approximation in plane geometry, and for lifting section - in three-dimensional 
approximation. In moving coolant in down and lifting sections under the core turbulent mass  
heat transfer  is considered.  Turbulent heat transfer of energy in the direction of coolant 
motion and in the transverse direction are described with the help of coefficient turbulent heat 
conduction; 

Model of reactor collection chamber is constructed using similar assumptions. Thus, 
in reactor collection chamber the volumes are singled out as sectors, turbulent mass heat 
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transfer takes place between them. Absence of coolant flowrate is assumed in the  volumes 
above outlet nozzles of the reactor.  

The coefficient of turbulent heat conduction is assumed in the form of dependence on 
the Reynold’s number basing on the  results of experimental studies  of interloop mixing at 
power units in operation or experimental rigs. Calculated studies of test results which were 
carried out at NV NPP, Unit 5 (mixing studies in case of operation of all RCPs) have shown 
that satisfactory agreement of calculated and experimental temperature values of the coolant 
at the core inlet and at the reactor outlet in case of asymmetric  inlet temperature [3] can be 
obtained by choosing azimuth displacement of flows and the most optimum dependence of 
coefficient  of turbulent heat conduction.  

Program module MAZ-3 [4] also included in complex DKM  is intended for research 
of thermohydraulic situation in the core and WWER reactor under unsteady-state conditions 
considering three-dimensional spatial kinetics in fuel assembly-by-assembly approximation. 
Invariance of core geometry and absence of fuel melting are assumed. Input parameters of the 
code can be either parameters of the coolant at the core inlet and outlet or parameters of the 
coolant in the reactor nozzles. In the latter case code MAZ-3 uses  the above described 
program module KAMERA.  

Output parameters of code MAZ-3 are: three-dimensional fields of flows of neutrons 
and heat decay, indication of ionization chambers; thermohydraulics parameters in the core, 
including time history of temperature of  fuel and cladding. The values of DNBRs and some 
other parameters are also calculated in the module.  

Spatial kinetics of code MAZ-3 is represented the  model in one and a half or two-
group approximation considering 6 groups of delayed   neutrons. In the first case, a specific 
set of neutronphysics constants  applied in code BIPR-7 is used [5]. Calculation of spatial 
field of decay heat can be performed according to standard IAEA MS ISO 10645-92. Burn-up 
calculation in this case is performed together with calculation of decay heat in every 
calculated node during burn-up and for transient. Possibility of contribution up to four fission 
isotopes of fission products (U235, U238,  Pu239  и Pu241) into decay heat is taken into account as 
well as contribution from actinides as a result of neutron capture. Thus, both decay heat level, 
and error of its determination are calculated. Possibility  of consideration of time history 
variation  of concentration of nuclei of xenon, samarium, iodine and promethium, determining 
reactor poisoning during unsteady-state process. 

After calculation of burn-up and reaching the expected steady-state, mathematical 
model provides possibility  of updating the  library of neutronphysics constants and reactor 
poisoning within the ranges of possible range of errors. 

Code MAZ-3 includes thermohydraulics model similar to model of code KANAL-97 
[2]. The basic differences of the model are the result of requirements of fuel assembly-by-
assembly  calculation of  processes in the core and necessity of consideration of dependence 
of fuel thermophysics characteristics on burn-up. The channels of various type  are 
considered, for example, the channel characterizing fuel assembly of the core, channel of 
leaks on the core periphery, channel for calculation of the most powered fuel rods, channel for 
calculation of state of the core by indications of ex-core detectors etc. For consideration of 
change of properties and geometry of fuel and also of gas gap conduction in various fuel 
assemblies depending on temperatures, burn-up, deviation from stehiometry, fuel porosity, 
degree of irradiation etc., a respective unit is added in module TVEL-2. 

To provide a joint work with  code DINAMIKA – 97, a series of  subroutines 
intended  for data exchange and synchronization of integration step is developed that enables 
to perform an external combining of codes. Interaction of codes DINAMIKA - 97, KAMERA 
and MAZ-3 is provided by data exchange whereas the number of calculated channels in the 
core does not exceed 5 in code DINAMIKA - 97.  

Further, more stringent combining of codes is provided. With this purpose code 
KANAL-97 was updated wherein the number of channels is increased up to 500 to provide  
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possibility of fuel assembly-by-assembly  calculation and joint usage with  code MAZ-3 as a 
part of the complex DKM. 
 
 

3. CALCULATION RESULTS OF DYNAMIC TESTS 
 

As an example of application of the updated complex DKM calculated analysis of 
dynamic test with trip of two of four RCPs which has been performed at “Kozloduy” NPP, 
Unit 6. The test was carried out at 90 % Nnom power by the moment of fuel cycle of 172 
effective day for the first fuel cycle of the core of standard reactor V - 320 with two-year fuel 
cycle. Initial boron concentration in the primary circuit by the results  of chemical analysis is 
2,79 gB/kg.  

Comparison with the results of experimental studies is one of the major ways of 
testing and verification of code. The results of steady state before test of similar condition 
with trip of two out of four RCPs at the fuel cycle moment of 31 effective days at power 75 % 
Nnom and before test of condition with off-loading by closing TG stop valves at the fuel 
cycle moment of 174 effective day are considered as additional points on burn-up. In the last 
case reactor power amounted to 99 % from nominal, and the 10-th group of CPS CR  was in 
83 % position  from the core bottom.  

The results of the dynamic tests carried out at “Kozloduy” NPP, Unit 6 within 1991-
1992 years are distinguished by good documenting of the results. The system of continuous 
recording of parameters making possible to execute recording of a great number of parameters 
with step of 0.5 s. In the majority of dynamic tests are given the values of initial critical boron 
concentration and distribution of power peaking between fuel assemblies and mean axial 
power profile before the beginning of tests obtained as a result of processing by external 
software –ICIS. 

Arrangement of fuel grades and CPS CR groups for symmetry sector of 60° of 
“Kozloduy” NPP,  Unit 6 is given in fig. 1. 

Description of parameters and designations of indicators used in obtaining  
information  in the mode of testing with trip two out of four RCPs  is given in Table 1. 

The error of measurement of the main parameters for indicators used in processing 
tests amounts to: 

- Power by NFME – 2% ;  
- Temperature in loops – 2,0°С;  
- Pressure above the core – 1 kgf/cm2;   
- SG and MSH pressure– 1,0 kgf/cm2;   
- Level in PRZ – 150 mm;  
- Level in  SG by a large level gauge –75 mm;   
- Pressure differential in reactor - 0,1 kgf/cm2;   
- RCP pressure differential  -0,2 kgf/cm2. 
In initial position before the beginning of tests the 10-th control group was in the 

position  of 78 % from the core bottom.  
RCP of the first and second loop were tripped manually by the operator by the test  

data at the initial moment. 
Power governor began reactor off-loading in 0,5 s. AUO actuated in 1,5-2 s by the 

factor of tripping two out of four RCPs  at power higher than 75 % Nnom and the first CPS 
CR group dropped into the core. Dropping of the 1-st group  took place during, 
approximately, 2 s. Further power off-loading  up to the level of 44% of the nominal  took 
place due to PG operation by insertion of the 10-th control group. At the 26-th s of the process  
turbine EHCS was changed over into the mode of pressure maintaining  by the factor of APC 
transition into the mode of maintaining the assigned neutron flux. In primary pressure 
decreasing below 157 kgf/cm2  all PRZ TEH actuated... 
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The results of calculation and tests of steady-state of the reactor and dynamic process 
as well as  chronological sequence of events by the data of calculations and tests are given in 
Tables 2-3 and in fig. 1-63.  

To provide convenience of comparison with the experimental  data all dimensions of 
calculated parameters are chosen according to test data. 

Sensitivity analysis of the results to the degree of interloop coolant mixing in the 
reactor  (fig.52-53)  and to the initial axial power peaking distribution has been performed.  

Fig. 1-51 represents parameter variation for the case when initial axial profile of 
power distribution is accepted according to the tests ( steady-state xenon poisoning is 
assumed not to be reached before the test) and fig.54-61 – for steady-state reactor poisoning 
with xenon and samarium. 

In performing calculated analysis all initial data on neutronphysics, geometrical and 
thermohydraulics characteristics of the main components of the reactor plant and SG, 
arrangement of instrumentation is assumed according to design documentation of the reactor 
plant V-320 with two-year fuel loading.  In calculating by  complex DKM library of 
neutronphysics constants was used which was obtained at various  temperatures for code 
BIPR-7.   

To make calculation more simple using complex DKM, the following assumptions 
are accepted which are based on the results of the obtained dynamic tests:   

1) Background of burnup (reactor power variation  and position of the 9-th and the 
10-th groups of CPS CR) is assumed on the basis of their values by the reports of dynamic 
tests at power levels of 50, 70 and 90 –100% against nominal according to fig.2-3;  

2) Variation of position of the 1-st and the 10-th groups of CPS CR in the course of 
transient is accepted versus time;  

3) Operation of regulator of feedwater supply into SG 1-4 is not directly considered 
in calculation ( as it is necessary to know coefficients determining regulator operation and its 
direct simulation in code DINAMIKA-97), variation of feedwater flow rate is approximately 
assumed with regard for test data versus time. For steam generators with RCP-1,2 tripped 
after termination of coastdown of RCP tripped, correction of feedwater flow rate is made 
(increase by 25 kg/s) on the basis of level variation in SG 1-2 obtained by the results of 
dynamic tests by a large level gauge (YB10L08-YB20L08);  

4)  In complex DKM, steam flow to the turbine is determined proceeding from the 
assumption that EHCS maintains current pressure value  in the main steam header (MSH) 
determined by the data of dynamic tests;  

5) calculation of spatial decay heat field is performed according to standard MS ISO 
10645-92; 

6) Absence of azimuthal displacement of coolant flows and the minimum - possible 
coefficient of turbulent heat conductance is accepted as a result of that general coefficient of 
interloop mixing in reactor [3] is determined only by the chosen nodalization; 

7) Number of core axial sections in solving equations of kinetics is assumed equal to 
10 and in solving equations of thermohydraulics involves also inlet and outlet sections, 
channel of leaks is considered additionally. Number of breakdown sections in module 
KAMERA for down section of the pressure chamber along the length is assumed equal to 8 
and for lifting section –5. In this case, down section is broken down into 20 sections in 
azimuth and lifting section –into 163 hexahedral channels. The remaining part of cross-
section is used in determining parameters in the channel of leaks at the core inlet. Collection 
chamber is broken down into 20 sections and 7 sections along the length. Number of sections 
along the length of hot pipelines of the loop is assumed equal to 2 and along the length of 
steam generator and loop cold leg – 5;  

8) Two NFME sets are considered, 3 channels arranged uniformly  in azimuth  
according to the design documentation are considered in each of the set. Each of these 
channels includes two detectors arranged symmetrically in respect to the core middle part. 
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Calculations of average power value  by each of NFME sets involves consideration of time 
constant of neutron flux measurement and averaging by three channels;   

9) Calculation  of variation of rotation frequency of RCP tripped using code 
DINAMIKA—97 is performed  using the model determining its change versus time by the 
factor of disappearance of  voltage; 

10) Average axial power profile of the core in initial state is assumed by test 
results and obtained by correction of effective core axial multiplication factor ( similar in 
cross-section for all nodes);  

11) Correction  of the library of neutronphysics constants  is not used as the most 
probable dependences of these constants on the core state are accepted;   

12) Variation of concentrations of xenon and samarium nuclei in transient is not 
taken into account in calculation.  

Precise values of time constant for thermocouples used at “Kozloduy” NPP, Unit 6 
were not represented, therefore, for determination of indications of coolant temperature in 
cold and hot legs of the loops, variants of thermocouples with time constants of 15 and 20 s 
were considered  and  - under absence of thermocouple sluggishness.  

It is also necessary to note that time constant of thermocouples is not a constant value 
under considerable variation of coolant flow rate in the loops. In particular, under changing a 
direct coolant flow rate in the loop into the reversal one, its value can be considerably 
increased and the given effect shall be simulated in code DINAMIKA-97.  

Coolant flow rate was determined in the initial state within the range of error of 
hydraulic characteristics of the primary coolant and RCP pressure head, with this coolant 
heat-up at the assigned value of the reactor average power corresponded to the average heat-
up in the reactor before tests for in code DINAMIKA-97 similar hydraulic and pressure head 
characteristics of RCP are assigned for all the loops.    

Comparison of calculated  and experimental results on power peaking distribution  
between fuel assemblies in the initial steady-state according to calculation and test results at 
the moments of fuel cycle (fig.5-19) shows that difference in power peakings between codes 
MAZ-3 and BIPR-7 -7 does not exceed 4,5% and 3,6% at the moments of fuel cycle of 31 and 
172 effective days. Differences between  calculation results obtained by codes BIPR-7 and 
MAZ-3 and test data are mainly within the limits of 6-8%. In this case, code BIPR-7 gives 
more close values of power peakings at the moment of 31 effective days than code MAZ-3. 
At the moment of fuel cycle of 172 effective days code MAZ-3 gives more close values of 
power peakings than code BIPR-7. At this moment of fuel cycle, higher values of power 
peakings for fuel assemblies with enrichment of 3% against nominal ( fig.1,47) are obtained 
as compared with test results. The possible cause of it  is not quite a precise adjustment of 
factors  determining power for fuel assemblies with various enrichment. Differences in power 
peaking factors of maximum powered  fuel assembly for fuel cycle moment of 31 effective 
days between calculated and experimental values by code BIPR-7 and MAZ-3 amount, 
respectively, to 2,4 and 4,2% and for fuel cycle moment of 172 effective days – 5,1 and 8,7% 
( both codes  give an increased values of power peaking factor). At fuel cycle moment of 174 
effective days  difference  in  maximum power peaking factor  of fuel assemblies between 
code MAZ-3 and test is within the limits of 1,4% (Table 2). Thus, unlike steady-state at the 
fuel cycle of 172 effective days before test of the mode  - trip of two out of four RCPs, axial 
core power profile by test data is in the core lower part and it is in a good agreement  with 
calculation results  using code MAZ-3 (fig.20). So, this fact confirms assumption on 
possibility of origination of non-equilibrium xenon poisoning before implementation of mode 
with trip of two RCPs out of four in operation at the fuel cycle moment of 172 effective days  
where initial axial  power  profile by test data differ considerably  from that of calculation 
under steady-state poisoning  (fig.63). More precise knowing of burnup background may 
specify conclusions on  comparability of the results of calculation and tests related to power 
peaking distribution.  
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Calculation results of the main parameters ( coolant temperature distribution, primary 
pressure differential) for steady state after performance of corrections show a good agreement  
of calculated and experimental values within the limits of measurement error.  

Calculation results of the main parameters in transient show a satisfactory agreement 
of the results of calculation and tests.  There is a good agreement in respect to variation of 
average power by NFME within the limits of 3% (fig.21-22) – to variation of primary and 
secondary pressure ( fig.23-26), pressure differential of RCP 1-4 and in reactor ( fig.28-29).  

Variation of rotation frequency  of RCP 1-2 tripped versus time is compared with the 
results of oscillography  during testing  with trip of two out of four RCP at 75% power against 
nominal. This comparison shows a good agreement of the results (fig.44).   

Calculation results of coolant temperature variation in cold and hot  loop legs with 
inoperable RCP (fig.33-40) show that minimum values of coolant temperature in loop cold 
legs coincide in the closest as per the data of calculation and tests at the value of time constant 
of thermocouples  of 15-20s. On the contrary, in calculating  variation of coolant temperature 
in the loops with operating RCP, the value of time constant,  at which there is a good 
agreement  of calculated and experimental values, is between 0 and 15 s  that is seen from 
consideration of fig.39-40.  Variation of values of time constant shall vary with variations of 
coolant  flow rate in disconnected loop that is seen from consideration of the graphs given. 
The greatest differences in initial  and finite values of coolant temperature are pertained to 
unequal hydraulic  characteristics of the loops which are not considered in code DINAMIKA-
97.  

At the initial period of the process a significant difference takes place between level 
measured by indicator YP10L05  and calculated level  in PRZ (fig.31). The cause of a sharp 
level lowering and its subsequent rise is not clear  to the end and probably it is pertained to  
incorrect indications of this indicator. In test report it was noted that a great difference  took 
place between PRZ level indications of various indicators of level  measurement. In 
particular, according to indications of indicator YP10L03 PRZ level lowering  from the initial   
one did not exceed 140 cm that corresponds to calculated variation. It shall also be noted  that 
calculation of PRZ and SG level variation in code DINAMIKA-97 is performed  without 
consideration of geometrical and hydraulic characteristics of level gauges.    

Variation of deviation of SG1-4 levels from the initial ones shows to qualitatively 
correct character of its variation in calculation (fig.41-42).  

Comparison of average values of relative neutron flux and that measured by NFME 
obtained in calculation (fig. 43) show that variation of neutron flux by NFME after AUO 
actuation is approximately by 3% higher that its actual value.  After 26 s of the process PG 
stopped  motion of the 10-th control group  of CPS CR, however, neutron flux continued 
decreasing that is pertained  to going on decreasing in coolant flow rate through the reactor 
(fig.46) and availability of negative feedbacks. Stabilization of neutron flux is achieved only 
after termination of coastdown of tripped RCP and coolant flow rate stabilization.  

Variation of maximum power peaking between fuel assemblies (fig.47) shows that after 
AUO actuation  increase in power peaking factor takes place approximately by 9%. Increase 
in power peaking factor is also obtained by processing results  using external software –ICIS 
after test finalization. Finite value of peaking  factor by test results  approximately 
corresponds to calculation results (Table 2).   

Fig.48 represents  comparison of initial and finite axial power profile. Finite profile by 
test data differ (though not considerably) from calculated profile that is probably pertained to 
the fact that it is recorded  in 5 minutes after test finalization according to the given tests. 
Withdrawal of the 10-th group of CPS CR could take place during this period of time that 
might bring about  maximum power shift into the core upper part. 
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Table 1. Description of parameters and designations of indicators used in obtaining  
information  in the mode of testing with trip two out of four RCPs 
 

Parameter Designation of indicator 
1 Pressure differential on reactor, kgf/cm2  YC14P03 
2 Pressure differential on RCP1-4, kgf/cm2 YA10P16, YA20P16, YA30P16, 

YA40P16 
3 Indications of neutron flux by NFME of the first and 
the second set (PNFME1 and PNFME2),%   

- 

4 Position of CPS CR group, % - 
5 MSH pressure,kgf/cm2 RC11P01 
6 Turbine electric power ,% GT01Q10 
7 Degree of opening  of stop-control valves,% SE01G02 and SE02G02 
8 Pressure above the core, kgf/cm2                     YC20P22, YC30P22 
9 PRZ  level, cm YP10L05, YP10L03, YP10L07 
10 Primary average temperature, °С - 
11 PRZ steam temperature, °С  YP10T01 
12 PRZ water temperature, °С YP10T02 
13 Coolant temperature in connecting pipeline of 
PRZ-the primary circuit, °С 

YP10T09 
 

14 Feedwater flow rate from the first and the second  
turbine feed pump (TFP1 and TFP2), t/h 

RL41F01, RL42F02 
 

15 TFP1 and TFP2 pressure head, kgf/cm2 RL41P02, RL42P02 
16 Flow rate from the first and the second  auxiliary 
turbine feed pump (AFWP1 and AFWP 2), t/h 

RL51F01, RL52F01 
 

17 Steam generators 1-4 (SG1-SG4) by a large level 
gauge, cm                  

YB10L08, YB20L08, 
YB30L08, YB40L08 

18 SG1-4 level by a small level gauge, cm YB10L19, YB20L19, 
YB30L19, YB40L19 

19 Degree of opening the valves  in SG 1 in supply 
line from  TFP, % 

RL71S02 and RL71S04 

20 Degree of opening the valves  in SG 2 in supply 
line from  TFP, % 

RL72S02 and RL72S04 

21 Degree of opening the valves  in SG 3 in supply 
line from  TFP, % 

RL73S02 and RL73S04 

22 Degree of opening the valves  in SG 4 in supply 
line from  TFP, % 

RL74S02 and RL74S04 

23 Flowrate of feedwater into  SG 1-4, t/h RL71F01,  RL72F01, RL73F01,  
RL74F01 

24 SG1-4 pressure , kgf/cm2 YB10P10, YB20P10, YB30P10, 
YB40P10 

25 Indications of thermocouples in cold legs, °С YA12T23, YA22T23, YA32T23, 
YA42T23 

26 Indications of thermocouples in hot legs,     °С    YA11T23, YA21T23, YA31T23, 
YA41T23 
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Table 2. Comparison of calculated and experimental data by critical boron concentration in 
steady state, maximum of power peaking between fuel assemblies Kq,max and relative 
difference between the results of calculation and tests 
 

Parameter Fuel cycle 
moment, 
31 eff. days  

Fuel cycle 
moment of 
172 eff. days 
prior to test 
beginning 

Fuel cycle 
moment of  
172 eff. days 
after test 
finalization 

Fuel cycle 
moment of 
174 eff. days 
at power of  
99 % Nnom 

Critical boron concentration 
by the data of  chemical 
analysis before tests), gВ/kg   

1.08 0.50 - (data are not 
given) 

Critical boron concentration 
by the data of calculation by 
code BIPR-7 (MAZ-3), 
gВ/kg 

1.06(1.08) 0.48(0.52) - 0.45 (0.48) 

Kq, max (test) 1.32 1.16 1.33 1.24 
Kq, max (δ, %) (BIPR-7) 1.289 (-2.4) 1.27 (+8.7) -  
Kq, max (δ, %) (MAZ-3) for 
steady-state poisoning 

1.264 ((-4.2) 1.23 (+5.7) - 1.222 (-1.5) 

Kq, max (δ, %) (MAZ-3) 
with regard for correction of 
axial profile 

- 1.22 (+5.1) 1.32 (-1.0) - 

 
Comparison of calculation results of the considered dynamic condition under 

assumptions on non-mixing and ideal mixing of the coolant in reactor shows to insignificant 
influence on process progression because of absence of significant difference in temperatures 
of coolant from various loops at the reactor inlet. Insignificant difference takes place only for 
temperature of clad and power peaking factor between fuel assemblies (fig. 52-53). 

Calculation results of the considered dynamic condition at steady state  xenon poisoning 
(fig. 54-63), i.e. with disregard of updating axial power profile  according to tests, show upon 
the whole that  calculation results  of the main integral parameters are basically close to 
calculation results in its updating.   

Obviously, it is pertained to the  main reactor  power decreasing due to dropping of the 1-
st group, insertion of the 10-th control group at the working velocity occurs only till the  26 s 
of the process.  

The basic difference takes place for local parameters of the core. In particular, essential 
difference takes place for maximum power peaking factors in the core (fig. 47, 62).  

 
Table 3. Chronological sequence of the basic events in the mode of tripping two of four RCPs 
 
Time after  
beginning 
of the 
process, s 

Event taking place by the given tests Event  taking place by calculation data 

0 RP operates at power of 90% Nnom 
by NFME (thermal power of 89% 
Nnom). All RCP  are in operation. 
Fuel cycle moment  is 172 eff.days. 
Critical  boric acid (boron) 
concentration by the data of chemical 
analysis ≈ 2.79 (0.5) g/kg. RCP-1,2  

RP operates at power of 89 % Nnom. 
All RCP are in operation. Fuel cycle 
moment is 172 eff.days. Calculated 
value of critical boron concentration 
=0.52 g/kg. Trip of RCP-1,2 starts.  
EHCS operates in the mode of  
maintaining turbine power 
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Table 3 continued 
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Time after  
beginning 
of the 
process, s 

Event taking place by the given tests Event  taking place by calculation data 

 trip starts. 
EHCS operates in the mode of 
maintaining turbine power 

 

0.5 PG (beginning of motion of the 10-th 
control group of CPS CR) actuates 
by the factor of trip of RCP 1,2  

Beginning of motion of the 10-th 
control group    due to PG actuation 

1.5-2.0 AUO actuation ( beginning of drop 
of the 1-st group of CPS CR into the 
core) 

By the factor of AUO actuation, the 
first group of  CPS CR  begins to drop 
into the core at 1,8 s.  

4.5 Termination of dropping of the 1-st 
group of CPS CR 

Termination of dropping of the 1-st 
group of CPS CR 

5.0 Beginning of a rapid level lowering 
in PRZ by indications of УP10L05 
that brings about  necessity  of 
making up  into the primary circuit. 
Data on the beginning of operation 
of chemical and volume control 
system  are not recorded in the test 
report 

Beginning  of make-up supply into the 
primary circuit  with maximum 
capacity ≈ 60 m3/h (assumed on the 
basis of the requirements for operation 
of chemical and volume control 
system on maintaining PRZ assigned 
level against average temperature of 
the primary circuit) 

5.5 Primary pressure below 158 kgf/cm2 

is reached that requires connection of 
the first and the second group of PRZ 
TEH. Transition of EHCS  into the 
mode of secondary pressure 
maintaining and beginning of off-
loading the unit 

- 

9.0 - Switch on of the first and the second 
group of PRZ TEH under primary 
pressure decrease below 158 kgf/cm2 

11.7 Primary pressure below 157 kgf/cm2 

is reached that requires connection of 
all groups of PRZ TEH 

Switch on  of all groups of PRZ TEH 
under primary pressure decrease 
below 157 kgf/cm2 

26.0 Termination of PG operation 
(cessation of motion of the 10-th 
control group)  

Finalization of PG operation 
(cessation of motion of the 10-th 
control group) 

90.0 - Reduction of number of revolutions in 
RCP-1,2 tripped  up to zero 

120.0 Restoration of the required level in 
PRZ corresponding to the current 
average temperature of the primary 
circuit.  

Finalization of operation of the 
primary make-up. Restoration of the 
required level in PRZ.  

234.0 - Trip of PRZ TEH of all groups except 
for the first and the second  
(primary pressure  above  157 
kgf/cm2)  

300.0 Termination of the test. The reactor 
power by NFME is maintained at the 
level of 35 % Nnom. 

Finalization of calculation. Reactor 
power by NFME is maintained  at the 
level of 37.5% Nnom 



 

Number of assembly 
Number of fuel grade 
Number of CPS CR group 

 
28 
E1 
- 

26    27 
B1    E1 
3     - 

23    24    25 
B1    A1    E1 
7     -     - 

19    20    21    22 
A1    A1    B1    E1 
-     1     9     - 

14    15    16    17    18 
A1    A1    A1    A1    E1 
-     5     2     -     - 

8     9    10    11    12    13 
B1    A1   A1    B1    B1    E1 
6    -     -     8     4     - 

1     2     3     4     5     6     7 
A1    A1    A1    B1    A1    A1    F1 
5     -     -    10     -    -      - 

 
 
 

А1–assembly with 2% enrichment;  
B1– assembly with 3% enrichment; 
E1– assembly with 3,3% enrichment;  
F1- assembly with 3,3% enrichment (profiled) 

Fig. 1 – Arrangement of fuel grade and CPS CR groups in the core for 60° symmetry sector 
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Fig . 2 – Variation of  reactor average power 
in burn-up process 
 

          1 – position of the 10-th control group 
          2 – position of the 9-th control group 
          Fig. 3 – Variation of CPS CR position  
          from the core bottom  during burnup 
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Number of assembly 
Kq (MAZ-3) 
Kq  (BIPR-7). 
(Kq(MAZ -3)-Kq(BIPR -7))/Kq(BIPR -7),% 

 
                           158   159   160   161   162   163 
                         0.692 0.805 0.814 0.814 0.805 0.692 
                         0.672 0.798 0.808 0.808 0.798 0.672 
                           3.0   0.9   0.7   0.7   0.9   3.0 
                  149   150   151   152   153   154   155   156   157 
                0.692 0.991 1.118 0.967 1.104 0.967 1.118 0.991 0.692 
                0.672 0.989 1.120 0.944 1.121 0.944 1.120 0.989 0.672 
                  3.0   0.2  -0.2   2.4  -1.5   2.4  -0.2   0.2   3.0 
               139   140   141   142   143   144   145   146   147   148 
             0.805 1.118 1.044 1.196 1.002 1.002 1.196 1.044 1.118 0.805 
             0.798 1.120 1.022 1.222 0.996 0.996 1.222 1.022 1.120 0.798 
               0.9  -0.2   2.2  -2.1   0.6   0.6  -2.1   2.2  -0.2   0.9 
            128   129   130   131   132   133   134   135   136   137   138 
          0.814 0.967 1.196 1.046 1.023 0.989 1.023 1.046 1.196 0.967 0.814 
          0.808 0.944 1.222 1.037 1.019 0.993 1.019 1.037 1.222 0.944 0.808 
            0.7   2.4  -2.1   0.9   0.4  -0.4   0.4   0.9  -2.1   2.4   0.7 
         116   117   118   119   120   121   122   123   124   125   126   127 
       0.814 1.104 1.002 1.023 1.163 1.036 1.036 1.163 1.023 1.002 1.104 0.814 
       0.808 1.121 0.996 1.019 1.204 1.035 1.035 1.204 1.019 0.996 1.121 0.808 
         0.7  -1.5   0.6   0.4  -3.4   0.1   0.1  -3.4   0.4   0.6  -1.5   0.7 
      103   104   105   106   107   108   109   110   111   112   113   114   115 
    0.805 0.967 1.002 0.989 1.036 1.067 1.228 1.067 1.036 0.989 1.002 0.967 0.805 
    0.798 0.944 0.996 0.993 1.035 1.064 1.274 1.064 1.035 0.993 0.996 0.944 0.798 
      0.9   2.4   0.6  -0.4   0.1   0.3  -3.6   0.3   0.1  -0.4   0.6   2.4   0.9 
    89    90    91    92    93    94    95    96    97    98    99   100   101   102 
 0.692 1.118 1.196 1.023 1.036 1.228 1.060 1.060 1.228 1.036 1.023 1.196 1.118 0.692 
 0.672 1.120 1.222 1.019 1.035 1.274 1.063 1.063 1.274 1.035 1.019 1.222 1.120 0.672 
   3.0  -0.2  -2.1   0.4   0.1  -3.6  -0.3  -0.3  -3.6   0.1   0.4  -2.1  -0.2   3.0 
       76    77    78    79    80    81    82    83    84    85    86    87    88 
    0.991 1.044 1.046 1.163 1.067 1.060 1.026 1.060 1.067 1.163 1.046 1.044 0.991 
    0.989 1.022 1.037 1.204 1.064 1.063 1.034 1.063 1.064 1.204 1.037 1.022 0.989 
      0.2   2.2   0.9  -3.4   0.3  -0.3  -0.8  -0.3   0.3  -3.4   0.9   2.2   0.2 
    62    63    64    65    66    67    68    69    70    71    72    73    74    75 
 0.692 1.118 1.196 1.023 1.036 1.228 1.060 1.060 1.228 1.036 1.023 1.196 1.118 0.692 
 0.672 1.120 1.222 1.019 1.035 1.274 1.063 1.063 1.274 1.035 1.019 1.222 1.120 0.672 
   3.0  -0.2  -2.1   0.4   0.1  -3.6  -0.3  -0.3  -3.6   0.1   0.4  -2.1  -0.2   3.0 
       49    50    51    52    53    54    55    56    57    58    59    60    61 
    0.805 0.967 1.002 0.989 1.036 1.067 1.228 1.067 1.036 0.989 1.002 0.967 0.805 
    0.798 0.944 0.996 0.993 1.035 1.064 1.274 1.064 1.035 0.993 0.996 0.944 0.798 
      0.9   2.4   0.6  -0.4   0.1   0.3  -3.6   0.3   0.1  -0.4   0.6   2.4   0.9 
          37    38    39    40    41    42    43    44    45    46    47    48 
       0.814 1.104 1.002 1.023 1.163 1.036 1.036 1.163 1.023 1.002 1.104 0.814 
       0.808 1.121 0.996 1.019 1.204 1.035 1.035 1.204 1.019 0.996 1.121 0.808 
         0.7  -1.5   0.6   0.4  -3.4   0.1   0.1  -3.4   0.4   0.6  -1.5   0.7 
             26    27    28    29    30    31    32    33    34    35    36 
          0.814 0.967 1.196 1.046 1.023 0.989 1.023 1.046 1.196 0.967 0.814 
          0.808 0.944 1.222 1.037 1.019 0.993 1.019 1.037 1.222 0.944 0.808 
            0.7   2.4  -2.1   0.9   0.4  -0.4   0.4   0.9  -2.1   2.4   0.7 
                16    17    18    19    20    21    22    23    24    25 
             0.805 1.118 1.044 1.196 1.002 1.002 1.196 1.044 1.118 0.805 
             0.798 1.120 1.022 1.222 0.996 0.996 1.222 1.022 1.120 0.798 
               0.9  -0.2   2.2  -2.1   0.6   0.6  -2.1   2.2  -0.2   0.9 
                    7     8     9    10    11    12    13    14    15 
                0.692 0.991 1.118 0.967 1.104 0.967 1.118 0.991 0.692 
                0.672 0.989 1.120 0.944 1.121 0.944 1.120 0.989 0.672 
                  3.0   0.2  -0.2   2.4  -1.5   2.4  -0.2   0.2   3.0 
                             1     2     3     4     5     6 
                         0.692 0.805 0.814 0.814 0.805 0.692 
                         0.672 0.798 0.808 0.808 0.798 0.672 
                           3.0   0.9   0.7   0.7   0.9   3.0 
 

Fig. 4 – Comparison of calculated values by codes BIPR-7 and MAZ-3  
             under steady state  before beginning  the mode with trip of two RCP 
              out of four operating. N=90%. Teff=172 days. Steady state   
              reactor poisoning 
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Fig. 5 – Kq distribution by the data of at power at 
the moment of fuel cycle of  31 eff.days 

Fig. 6 –Kq distribution  by calculation results  
using code BIPR-7 at the fuel cycle of 31 eff.days 
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Fig. 7 –Kq distribution by the results of 
calculation using code MAZ-3 at the moment of 
fuel cycle of  31 eff.days 

Fig. 8 –Kq error  for code MAZ-3 in respect to  
code BIPR-7, % at the fuel cycle  of 31 eff.days 
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Fig. 9 –Kq error for code BIPR-7 in respect to test 
results  at the moment of fuel cycle of 31 eff.days 

Fig. 10 –Kq error of code MAZ-3 in respect to 
test results  at the moment of fuel cycle of 31 
eff.days 
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Fig. 11 –Kq distribution by the data of tests at 
power  at the moment of fuel cycle of 172 
eff.days 
 
 
 
 
 
 

Fig. 12 –Kq distribution by calculation results  
using code BIPR-7 at the moment of fuel cycle of 
172 eff.days 
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1 – correction of axial power profile 
2 – steady state reactor poisoning   
Fig. 13 – Kq distribution  by calculation results  using 
code MAZ-3 at the moment of fuel cycle of 172 eff.days 

Fig. 14 –Kq error  for code MAZ-3 in respect to  
code BIPR-7, % at the moment of fuel cycle of 
172 eff.days 

 
 
 
 
 
 
 
 
 
 
 

Fig. 15 –Kq error  for code BIPR-7 in respect  
to test results at the moment of fuel cycle of  
172 eff.days 

 1 –  correction of axial power profile 
 2 – steady state reactor poisoning 
Fig. 16 –Kq error for code MAZ-3 in respect to test 
results at the moment of fuel cycle of 172 eff. days 
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Fig. 17 –Kq distribution by test data  at the moment  
of  fuel cycle of  174 eff.days 

Fig. 18 –Kq distribution  by calculation results 
using code MAZ-3 at the moment of  fuel 
cycle of 174 eff.days 
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Fig. 19 –Kq error for code MAZ-3 in respect  
to test results at the moment of fuel cycle  
of 174 eff.days  
 
 
 
 
 
 

1 – code MAZ-3; 2 – test 
Fig. 20 – core axial power distribution at 
the moment of fuel cycle of 174 eff.days 
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1 – neutron flux indications by NFME of the first set, % 
(calculation) 
2 – neutron flux indications by NFME of the second set, 
% (calculation) 
3 – neutron flux indications by NFME of the first set, % 
(test) 
4 – neutron flux indications by NFME of the second set, 
% (test) 
Fig. 21  

1 – neutron flux indications by NFME of the 
first set, % (calculation) 
2 – neutron flux indications by NFME of the 
second set, % (calculation) 
3 – neutron flux indications by NFME of the 
first set, % (test) 
4 – neutron flux indications by NFME of the 
second set, % (test) 
Fig. 22  
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1 – pressure above the core, kgf/cm2 (calculation) 
2 – pressure above the core (YC20P22), kgf/cm2 (test) 
Fig. 23  

 
1 – pressure in  MSH, kgf/cm2 (calculation) 
2 – pressure in  MSH (RC11P01), kgf/cm2 
(test) 
Fig. 24 

 
 
 
 
 
 
 
 
 
 
 

 
 1 – Pressure in SG1, kgf/cm2 (calculation) 
 2 – Pressure in SG1 (YB10P10), kgf/cm2 (test) 
Fig. 25 –Pressure variation in SG1 of loop with RCP tripped 

 
1 – Pressure in SG3, kgf/cm2 (calculation) 
 2 – Pressure in SG3 (YB30P10), kgf/cm2 
(test) 
Fig. 26 – Pressure variation in SG3 of loop 
with operating RCP  
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1 – SG1, t/h (calculation) 
2 – SG2, t/h (calculation) 
3 – SG3, t/h (calculation) 
4 – SG4, t/h (calculation) 
5 – SG1 (RL71F01), t/h (test) 
6 – SG2 (RL72F01), t/h (test) 
7 – SG3 (RL73F01), t/h (test) 
8 – SG4 (RL74F01), t/h (test) 
Fig. 27 – Variation of feedwater flow rate in  SG1-SG4 
by test data  and accepted in   calculation 

1 –  RCP1, kgf/cm2 (calculation) 
2 –  RCP2, kgf/cm2 (calculation) 
3 –  RCP3, kgf/cm2 (calculation) 
4 –  RCP4, kgf/cm2 (calculation) 
5 –  RCP1 (YA10P16), kgf/cm2 (test) 
6 –  RCP2 (YA20P16), kgf/cm2 (test) 
7 –  RCP3 (YA30P16), kgf/cm2 (test) 
8 –  RCP4 (YA40P16), kgf/cm2 (test) 
Fig. 28 – Vartiation of pressure differential on  
RCP1-RCP4  by the data of calculation and tests 
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1 – reactor pressure differential, kgf/cm2 (calculation) 
2 – reactor pressure differential (YС14З03),   
 kgf/cm2 (test) 
Fig.  29 

1 – steam flow to turbine, kg/s (calculation) 
2 – steam flow to turbine (determined by the data of 
electric power of turbine (GT01Q10), % (test) 
Fig.  30  
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1 – PRZ level, cm (calculation) 
2 – PRZ level (YP10L05), cm (test) 
Fig. 31 

 1 – position  of the first group, %  
 2 – position of the 10-th control group, % 
Fig. 32 –Variation of position of groups 
accepted in calculation by test data 
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1 – reactor inlet temperature, °С (calculation); 
2 – thermocouple indications at Та=15s, °С  
(calculation);  3 – thermocouple indications at Та=20s, 
°С   (calculation);  4 – thermocouple indications  
( YA12T23),  (test) 
Fig. 33 – Coolant temperature variation in cold leg of 
loop No 1 by the data of calculation and tests  

1 – reactor inlet temperature, °С (calculation) 
2 – thermocouple indications at Та=15s, °С  
(calculation); 3 – thermocouple indications at Та=20s, °С   
(calculation); 4 – thermocouple indications ( YA22T23),  
(test) 
Fig. 34 – Coolant temperature variation in cold leg of 
loop No 2 by the data of calculation and tests  
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1 – temperature at the reactor inlet, °С (calculation); 2 
– indication of the thermocouple at Та=15s, °С  
(calculation); 
3 –indications of the thermocouple at Та=20s, °С      
(calculation); 4 – indications of the thermocouple ( 
YA32T23),  (test) 
Fig. 35 – Variation of  coolant temperature in  cold leg 
No 3 by the data of  calculation and tests 

1 – temperature at the reactor inlet, °С (calculation); 2 – 
indication of the thermocouple at Та=15s, °С  
(calculation); 
3 –indications of the thermocouple at Та=20s, °С      
(calculation); 4 – indications of the thermocouple ( 
YA42T23),  (test) 
Fig. 36 – Variation of  coolant temperature in  cold leg 
No 4 by the data of  calculation and tests 
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1 – temperature at the reactor inlet, °С (calculation); 2 
– indication of the thermocouple at Та=15s, °С  
(calculation); 
3 –indications of the thermocouple at Та=20s, °С      
(calculation); 4 – indications of the thermocouple ( 
YA11T23),  (test) 
Fig. 37 – Variation of  coolant temperature in  hot leg 
No 1 by the data of  calculation and tests 

1 – temperature at the reactor inlet, °С (calculation); 2 
– indication of the thermocouple at Та=15s, °С  
(calculation); 
3 –indications of the thermocouple at Та=20s, °С      
(calculation); 4 – indications of the thermocouple ( 
YA21T23),  (test) 
Fig. 38 – Variation of  coolant temperature in  hot leg 
No 2 by the data of  calculation and tests 
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1 – temperature at the reactor inlet, °С (calculation) 
2 – indication of the thermocouple at Та=15s, °С  
(calculation) 
3 –indications of the thermocouple at Та=20s, °С      
(calculation) 
4 – indications of the thermocouple  
( YA31T23),  (test) 
Fig. 39 – Variation of  coolant temperature in  hot leg  
No 3 by the data of  calculation and tests 

1 – temperature at the reactor inlet, °С (calculation) 
2 – indication of the thermocouple at Та=15s, °С  
(calculation) 
3 –indications of the thermocouple at Та=20s, °С      
(calculation) 
4 – indications of the thermocouple  
( YA41T23),  (test) 
Fig. 40 – Variation of  coolant temperature in  hot leg 
No 4 by the data of  calculation and tests 
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      (YB10L08),   cm (test) 
4 -  SG2 by a large level gauge 
      (YB20L08),   cm (test) 
Fig. 41 – Level variation in  SG1 and SG2 by the data  
of calculation and tests 

1 – SG3 (calculation), cm 
2 – SG4 (calculation), cm 
3 -  SG4 by a large level gauge 
      (YB30L08),   cm (test) 
4 -  SG4 by a large level gauge 
      (YB40L08),   cm (test) 
Fig. 42 – Level variation in  SG3 and SG4 by 
the data of calculation and tests 
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Fig. 43 – Variation of parameters by the data of  
calculation 

1- RCP1 (calculation);  
2- RCP2 (calculation); 
3- RCP3 (calculation);  
4- RCP4 (calculation) 
5- RCP1 (test) 
Fig. 44 – Variation of rotation frequency of 
rotor of RCP1-RCP4 by the data of 
calculation and tests 
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Fig. 45- Variation of total reactivity in the core by 
calculation data 

Fig. 46 – Variation  of coolant flow rate through the 
core by calculation data 
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1 – Kq

max ; 2- Kv
max ; 3- Kz
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Fig. 47 – Variation of power peakings in the core 
by calculation data 

1 – initial distribution Kz  (test) 
2 – final distribution Kz (test) 
3 – initial distribution Kz (calculation)  
4    - final distribution Kz  (calculation) 
Fig. 48 – Distribution of core axial average relative 
power  
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Fig. 49 – Variation of makeup  flow rate into  
the primary circuit 

Fig. 50 – Variation of TEH power in PRZ 
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   Number of assembly  
Kq (MAZ-3) 
Kq  (test). 
(Kq(MAZ-3)-Kq(test))/Kq(test),% 

 
                           158   159   160   161   162   163 
                         0.696 0.809 0.819 0.819 0.809 0.696 
                         0.680 0.810 0.820 0.820 0.810 0.680 
                           2.3  -0.1  -0.1  -0.1  -0.1   2.3 
                  149   150   151   152   153   154   155   156   157 
                0.696 0.996 1.123 0.972 1.109 0.972 1.123 0.996 0.696 
                0.690 1.000 1.040 0.990 1.030 0.990 1.040 1.000 0.690 
                  0.9  -0.4   7.4  -1.9   7.1  -1.9   7.4  -0.4   0.9 
               139   140   141   142   143   144   145   146   147   148 
             0.809 1.123 1.047 1.198 1.005 1.005 1.198 1.047 1.123 0.809 
             0.810 1.040 1.070 1.120 1.030 1.030 1.120 1.070 1.040 0.810 
              -0.1   7.4  -2.2   6.5  -2.5  -2.5   6.5  -2.2   7.4  -0.1 
            128   129   130   131   132   133   134   135   136   137   138 
          0.819 0.972 1.198 1.043 1.018 0.987 1.018 1.043 1.198 0.972 0.819 
          0.820 0.990 1.120 1.080 1.070 1.020 1.060 1.080 1.120 1.010 0.820 
           -0.1  -1.9   6.5  -3.5  -5.1  -3.3  -4.1  -3.5   6.5  -3.9  -0.1 
         116   117   118   119   120   121   122   123   124   125   126   127 
       0.819 1.109 1.005 1.018 1.139 1.029 1.029 1.139 1.018 1.005 1.109 0.819 
       0.820 1.030 1.030 1.070 1.070 1.080 1.070 1.070 1.070 1.030 1.030 0.820 
        -0.1   7.1  -2.5  -5.1   6.1  -5.0  -4.0   6.1  -5.1  -2.5   7.1  -0.1 
      103   104   105   106   107   108   109   110   111   112   113   114   115 
    0.809 0.972 1.005 0.987 1.029 1.059 1.222 1.059 1.029 0.987 1.005 0.972 0.809 
    0.810 0.990 1.030 1.020 1.080 1.100 1.160 1.100 1.070 1.020 1.030 0.990 0.810 
     -0.1  -1.9  -2.5  -3.3  -5.0  -3.9   5.1  -3.9  -4.0  -3.3  -2.5  -1.9  -0.1 
    89    90    91    92    93    94    95    96    97    98    99   100   101   102 
 0.696 1.123 1.198 1.018 1.029 1.222 1.057 1.057 1.222 1.029 1.018 1.198 1.123 0.696 
 0.690 1.040 1.120 1.070 1.080 1.160 1.110 1.110 1.160 1.080 1.070 1.120 1.040 0.690 
   0.9   7.4   6.5  -5.1  -5.0   5.1  -5.0  -5.0   5.1  -5.0  -5.1   6.5   7.4   0.9 
       76    77    78    79    80    81    82    83    84    85    86    87    88 
    0.996 1.047 1.043 1.139 1.059 1.057 1.024 1.057 1.059 1.139 1.043 1.047 0.996 
    1.010 1.090 1.090 1.070 1.100 1.110 1.060 1.110 1.100 1.070 1.090 1.080 1.010 
     -1.4  -4.1  -4.5   6.1  -3.9  -5.0  -3.5  -5.0  -3.9   6.1  -4.5  -3.2  -1.4 
    62    63    64    65    66    67    68    69    70    71    72    73    74    75 
 0.696 1.123 1.198 1.018 1.029 1.222 1.057 1.057 1.222 1.029 1.018 1.198 1.123 0.696 
 0.690 1.040 1.120 1.070 1.080 1.160 1.110 1.110 1.160 1.090 1.080 1.120 1.040 0.690 
   0.9   7.4   6.5  -5.1  -5.0   5.1  -5.0  -5.0   5.1  -5.9  -6.1   6.5   7.4   0.9 
       49    50    51    52    53    54    55    56    57    58    59    60    61 
    0.809 0.972 1.005 0.987 1.029 1.059 1.222 1.059 1.029 0.987 1.005 0.972 0.809 
    0.810 1.000 1.030 1.020 1.080 1.110 1.160 1.100 1.080 1.020 1.030 0.990 0.810 
     -0.1  -2.9  -2.5  -3.3  -5.0  -4.8   5.1  -3.9  -5.0  -3.3  -2.5  -1.9  -0.1 
          37    38    39    40    41    42    43    44    45    46    47    48 
       0.819 1.109 1.005 1.018 1.139 1.029 1.029 1.139 1.018 1.005 1.109 0.819 
       0.820 1.030 1.030 1.070 1.070 1.080 1.080 1.070 1.080 1.030 1.030 0.820 
        -0.1   7.1  -2.5  -5.1   6.1  -5.0  -5.0   6.1  -6.1  -2.5   7.1  -0.1 
             26    27    28    29    30    31    32    33    34    35    36 
          0.819 0.972 1.198 1.043 1.018 0.987 1.018 1.043 1.198 0.972 0.819 
          0.820 0.990 1.120 1.090 1.080 1.020 1.070 1.100 1.130 1.000 0.820 
           -0.1  -1.9   6.5  -4.5  -6.1  -3.3  -5.1  -5.5   5.7  -2.9  -0.1 
                16    17    18    19    20    21    22    23    24    25 
             0.809 1.123 1.047 1.198 1.005 1.005 1.198 1.047 1.123 0.809 
             0.810 1.040 1.080 1.120 1.030 1.030 1.120 1.090 1.040 0.810 
              -0.1   7.4  -3.2   6.5  -2.5  -2.5   6.5  -4.1   7.4  -0.1 
                    7     8     9    10    11    12    13    14    15 
                0.696 0.996 1.123 0.972 1.109 0.972 1.123 0.996 0.696 
                0.690 1.010 1.040 0.990 1.030 0.990 1.040 1.020 0.690 
                  0.9  -1.4   7.4  -1.9   7.1  -1.9   7.4  -2.4   0.9 
                             1     2     3     4     5     6 
                         0.696 0.809 0.819 0.819 0.809 0.696 
                         0.680 0.810 0.830 0.840 0.810 0.690 
                           2.3  -0.1  -1.3  -2.6  -0.1   0.9 
 
 

Fig. 51 – Comparison of power peaking values  between  fuel assemblies  
         by code MAZ-3  and test results in steady state before  

                       the beginning of mode with trip of two RCP out of four   
                       operating RCP. N=90%. Teff=172 days. Core axial power  
                       profile  is assumed according to tests 
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Fig. 52 – Comparison of calculation results at ideal 
and incomplete mixing of the coolant in the reactor 

1 – maximum clad temperature  
      (minimum mixing) 
2– maximum clad temperature 
      (ideal mixing) 
Fig. 53 – Comparison of calculation results at ideal 
and incomplete mixing of the coolant in the reactor 
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1 – indication of neutron flux by NFME of the first set, 
% (calculation) 
2 – indication of neutron flux by NFME of the second 
set, % (calculation) 
3 – indication of neutron flux by NFME of the first set, 
% (test) 
4 – indication of neutron flux by NFME of the second 
set, % (test) 
Fig. 54 – Variation of parameters for steady   state 
poisoning of reactor 

1 – neutron flux, %  
2 – decay h eat level, %  
3 – power rate, %  
4 – heat flux from fuel rod to the coolant, %  
5 –indications of neutron flux by NFME of 
      the first set, %  
6 – indications of neutron flux by NFME of 
      the second set, %  
Fig. 55 – Variation of parameters by calculation 
data under steady state reactor poisoning 
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2 – pressure above the core (YC20P22),  
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Fig. 56 – Variation of parameters  for steady state  
reactor  poisoning 

1 – MSH pressure, kgf/cm2 (calculation) 
2 – MSH pressure (RC11P01), kgf/cm2 
     (test) 
Fig. 57 – Variation of parameters  for steady state 
reactor  poisoning 
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1 – temperature at the reactor inlet, °С (calculation) 
2 – indication of the thermocouple at Та=15s, °С  
(calculation) 
3 – indication of the thermocouple at Та=20s, °С      
(calculation) 
4 – indication of the thermocouple ( YA12T23),  (test) 
Fig. 58 – Variation  of coolant temperature in  cold leg  
No 1 by the data of  calculation and tests for  steady state 
poisoning of reactor 

1 – temperature at the reactor inlet, °С (calculation) 
2 – indication of the thermocouple at Та=15s, °С  
(calculation) 
3 – indication of the thermocouple at Та=20s, °С      
(calculation) 
4 – indication of the thermocouple ( YA32T33),  (test) 
Fig. 59 – Variation  of coolant temperature in  cold leg 
No 3 by the data of  calculation and tests for  steady 
state poisoning of reactor 
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1 – temperature at the  reactor inlet, °С (calculation) 
2 – indication of the thermocouple at Та=15s, °С  
(calculation) 
3 – indication of the thermocouple at Та=20s, °С      
(calculation) 
4 – indication of the thermocouple ( YA11T23),  (test) 
Fig. 60 – Variation  of coolant temperature in  hot leg  
No 1 by the data of  calculation and tests for  steady  
state poisoning of reactor 

1 – temperature at the reactor inlet, °С (calculation) 
2 – indication of the thermocouple at Та=15s, °С  
(calculation) 
3 – indication of the thermocouple at Та=20s, °С      
(calculation) 
4 – indication of the thermocouple ( YA31T23),  
(test) 
Fig. 61 – Variation  of coolant temperature in  hot 
leg No 3 by the data of  calculation and tests for  
steady state poisoning of reactor 
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Fig. 62- variation of core power peakings by calculation 
data 

 1– initial distribution Kz  (test) 
 2– finite distribution Kz (test) 
 3– initial distribution Kz (calculation)  
 4– finite distribution Kz  (calculation) 
 Fig. 63 – Distribution of core axial average  
 relative power 
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4. CONCLUSION 
 
Application of complex DKM with models of spatial kinetics and incomplete coolant 

mixing in the reactor enables   to extend considerably abilities of code package TRAP-97.  
Performed calculated analysis of dynamic testing with tripping two out of four RCP for 

“Kozloduy” NPP, Unit 6 shows a satisfactory agreement of a majority  of calculated and 
experimental parameters of the reactor plant (being mainly  within the limits of measurement 
error) that makes possible to speak  on possibility  and expediency  of application of complex 
DKM for calculated studies of transients.  

 With the aim of obtaining  better  agreement between calculated and experimental results 
it is reasonable to introduce additional capabilities into  code DINAMIKA-97 that enables to 
extend capabilities of the code  for assigning boundary conditions, more precise simulation of 
regulators and consideration of variation of time constants of thermocouples versus coolant 
flowrate.  

To enhance representativeness of calculation results of dynamic tests it is necessary 
to be confident in the right background of fuel burnup and assembly-by-assembly processing 
of the measured power peaking distribution  by in-core detectors  using external software –
ICIS. It is also expedient to perform comparable calculations of the considered dynamic 
modes  using various thermohydraulics codes including the model of spatial kinetics.  

 
 

LIST OF NOMENCLATURE 
 

NFME - neutron flux monitoring  equipment 
NPP - nuclear power plant 
WWER - water-cooled  water-moderated power reactor 
AFWP - auxiliary feed water pump 
RCP  - reactor coolant pump 
MSH - main steam header 
PRZ - Pressurizer 
NV NPP - Novovoronezh nuclear power plant 
nom - nominal 
CR - control rod 
SG - steam generator 
PG - power governor 
RP - reactor plant 
CPS - control and protection system 
TFP - turbine feedwater pump 
TEH - tubular electric heater 
ICIS - in-core inspection system  
AUO - accelerated unit off-loading  
EHCS - electrohydraulic control system of turbine 
eff - effective 
dH - level variation, cm  
G - flow rate, (kg/s) 
Kq - power peaking factor of between fuel assemblies, rel.units) 
Kv - core volume power peaking factor, (rel.units) 
Kz - core axial power peaking factor,  (rel.units) 
N - relative average neutron flux (reactor power), % 
n - rotational speed, (1/m) 
P - pressure, (kg/cm2) 
Teff - fuel cycle moment of fuel loading, (eff. days) 
T - Temperature, °С 
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Ta - time constant of thermocouple, °С 
t - time of process,  (s) 
∆P - Pressure differential, (kg/cm2) 
δ - error, % 
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Abstract 

The GRS results of the two QECD/NRC benchmarks for coupled codes - PWR Main 
Steam Line Break (MSLB) and BWR Turbine Trip (TT) are presented in the paper. Both 
benchmarks have been calculated for all exercises by the coupled code system ATHLET - 
QUABOX/CUBBOX developed by GRS. The OECD PWR Main Steam Line Break 
Benchmark has been defined to validate the coupled code systems with 3D neutronics by 
comparing solutions of different codes (code-to-code comparison). The BWR TT Benchmark 
is based on measurements. Both benchmarks proved to be a valuable source for coupled code 
validation. The sensitivity of results on modelling features is also discussed in the paper. In 
addition, the effect of different mapping schemes between fuel assemblies of the core loading 
and the thermal-fluiddynamics on the accuracy of 3D neutronics solutions is shown. The 
results for the MSLB transient are also evaluated to compare 3D neutronics and point-kinetics 
solutions in view of integral and local parameters. Thus, the experiences with the coupled 
code system ATHLET - QUABOX/CUBBOX during the MSLB and TT benchmarks 
activities are summarised. 

 

1 INTRODUCTION 

The PWR Main Steam Line Break Benchmark [1] refers to the TMI-1 nuclear power 
plant configuration. The benchmark specification provides the geometric data and the 
operational conditions of the plant. Three phases are defined for the MSLB benchmark: a first 
phase analysing the plant transient by standard fluiddynamic system codes using point 
kinetics, a second phase for analysis of the 3D reactor core behaviour with specified boundary 
conditions, and a third phase analysing the plant transient by the coupled codes. Thus, the 
benchmark allows to compare point kinetics and 3D neutronics solutions for plant transient 
calculations. Coolant mixing at core inlet has been defined in the specifications with 
dependances from experiments on the NPP. 

The reference plant for BWR TT Benchmark [2] is Peach Bottom 2, where experiments 
have been performed to study such transients at reduced initial power (62%). Thus, the 
benchmark problem is intended to compare results from different coupled codes with 
measured plant data. Also three phases are defined for the benchmark but with some 
differences in comparison with MSLB benchmark. The first phase requires calculations with 
the system code with predefined core fission time history but not with point kinetics. In 
addition to phase three, four extreme cases are defined for code-to-code comparisons.  

Both benchmarks addressing the 3D neutronics behaviour have been solved by the GRS 
coupled code system ATHLET - QUABOX/CUBBOX. The reactor core transient of phase 2 
was investigated by the 3D neutronics code QUABOX/CUBBOX [3,4] and a parallel thermal 



hydraulic channel (THC) model for the coolant flow in the core build by ATHLET [5] 
components. The whole plant transient of phase 3 (including the extreme cases by the TT 
benchmark) was investigated by combining the 3D reactor core model with the plant model of 
ATHLET, which was applied for phase 1.  

 

2.1 Description of the  ATHLET plant model 

The primary circuit of TMI-1 PWR NPP consists of the reactor vessel with the core and 
two symmetric loops with a hot leg, a once-through steam generator (OTSG) and a cold leg 
(Fig.1). The coolant flow through the reactor vessel and core is modelled by two equal 
parallel flow paths by splitting the down-comer, the lower plenum, the reactor core and the 
upper plenum. These parallel flow paths behave independently, except  for flow connections 
in the upper plenum. The amount of loop flow mixing is adjusted to measurements by 
exchanging energy in the two lower plenum volumes and energy and  mass between the two 
upper plenum volumes. The secondary side of the steam generator consists of the feed water 
supply, the down-comer and the riser region (both are linked by an aspirator flow) and the 
steam line with the main safety valves. 

2.2 MSLB transient description 

The transient being analysed is a main steam line break at hot full power (HFP). This 
causes the worst case of overcooling because the steam generator liquid inventory 
corresponds to the maximum possible value. A stuck rod condition of the most effective rod is 
assumed for the reactor trip, which is initiated at 114 % of nominal power. The accident is 
initiated by a double-ended rupture of the main steam line upstream of the isolation valve. 
The break is simulated by two discharge valves opening within  0.1 s, one at the steam line 
with 24 inch diameter and the other at the cross connecting pipe with an 8 inch diameter. The 
break flow is simulated following the specification by the Moody discharge flow model.  
Following reactor scram, the turbine stop valves are closed isolating the intact steam 
generator. All four recirculation pumps in the main coolant circuit are assumed to operate 
during the event. 

The main physical phenomena of the MSLB transient evolution are following: 

• The break of the main steam line causes a pressure decrease on the steam generator 
secondary side. This is affected by the break mass-flow, dependent on the ratio of 
water and steam discharge, and the feedwater supply. 

• The pressure on the secondary side determines the saturation temperature of the 
coolant in the steam generator and consequently the heat removal from the primary 
side. An efficient heat-transfer exists as long as the steam generator contains sufficient 
liquid. Therefore, the temperature in the cold leg follows directly the decrease of the 
saturation temperature on the secondary side. 

• The cool-down of primary circuit is terminated when the steam generator becomes  
dry. 

• The coolant temperature in the reactor core, which determines the criticality condition 
after reactor trip, is dependent on the mixing phenomena between the coolant flows 
from the affected and intact primary loop as well as the mixing in the core region. 
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These physical phenomena were calculated and analysed first for the Exercise 1 (system 
code ATHLET calculations with point kinetics). The most important results are shown on 
Fig.2 and Fig.3 and are compared with results of some other participants of the international 
benchmark (IPSN – France and PennState University – USA). It can be seen that the 
differences are considerable even by point kinetics calculations for Exercise 1. ATHLET 
results show very small return to power after reactor shut down but not return to criticality. 

2.3 Core mapping schemes 

The analysis of the MSLB transient for Exercises 2 (boundary problem) and Exercise 3 

(best estimate) was performed by using three different mapping schemes: 

• a 1:1 modelling of the core with 178 THC, that means that each fuel assembly 
corresponds to a single THC and a single fuel rod (Fig.4), 

• a mapping proposed in the specification with 19 THC (Fig.5) , and 

• a mapping with 15 THC taking into account the features of the core loading and the 
core configuration (Fig.6). The scheme has been generated applying some general 
rules of constructing such mapping schemes. 

The effect of using different numbers of THCs and fuel rods with mappings to the fuel 
assemblies of the core loading was studied in detail. It is important to know this effect of 
mapping for the correct application of coupled codes. 

The results of these studies showed the following: 

• The simulation of the MSLB transient with all three mapping schemes results in good 
agreement for the integral parameters as power history, primary and secondary 
pressure, cold and hot leg coolant temperatures on the primary side. 

• Deviations are observed for keff-values using different schemes. In comparison with 
the model using a 1:1 mapping, the optimised model with 15 THC obtains a better 
agreement than the 19 THC model as specified. 

• Relevant differences are observed for the local parameters of the core, which are 
directly related to the safety margins of the nuclear and thermal design. Comparing the 
results of different mapping schemes for the maximum fuel temperature, it is seen that 
the difference for the optimised model with 15 THC is only 18 K, but for the 19 THC 
model already 135 K (Fig.7). This is a consequence that the neighbourhood of the 
stuck-rod with high local power peaking is not correctly taken into account by this 
scheme. 

2.4  Descussion of the results for the Exercise 3 (best estimate) 

The experience can be summarised: reliable and accurate results are achieved by the 1:1 
mapping scheme of fuel assemblies and THC. A substantial gain of computing time can be 
reached by coarse mapping schemes, but the development of an optimised mapping scheme to 
calculate precisely also local parameters requires a preliminary study of the loading pattern of 
the core and the transient to be analysed. 
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A challenge of the benchmark was to determine the difference of the simulation with 
PK and with 3D coupled core model. Fig. 8 presents a comparison of the total core power 
history, calculated by ATHLET using point-kinetics and by the coupled code system 
ATHLET - QUABOX/CUBBOX. The deviations between the two solutions are small – less 
than 3.9 %. Differences are to be seen in the time-period before reaching 114 % nominal 
power, when the reactor trip is initiated, and also in the maximum value of power during the 
phase of return to power. Approximately, similar good agreement is obtained for all integral 
parameters. Nevertheless, the great advantage of the coupled code using the 3D neutronics is 
the consistent calculation of reactivity changes and the direct calculation of local core 
parameters. The good agreement of point-kinetics and 3D neutronics solution is only 
achieved, because the reactivity feedback coefficients and the reactivity effect of the reactor 
trip used for point-kinetics was carefully determined by 3D neutronics calculations. 

Detailed results and analyses for all exercises of the PWR MSLB benchmark can be 
found in [6-10]. 

  

3 RESULTS AND ANALYSIS OF THE BWR TT BENCHMARK 

3.1 Description of the  ATHLET plant model 

The Peach Bottom 2 is a BWR with jet pumps and two external recirculation loops. The 
ATHLET model of the coolant flow in the reactor vessel consists of a lower plenum, a core 
region with a single thermal-hydraulic channel with two fuel rod types corresponding to 7x7 
and 8x8 fuel assemblies and a bypass channel, an upper plenum, stand pipes, a separator and a 
steam dome. The downward flow path is modelled by an upper down comer section, where 
the feed water is supplied, the jet pumps and a lower down comer section with the diffusors. 
Two symmetric recirculation loops are described. The model configuration of ATHLET for 
the reactor vessel is shown in Fig. 9. The flow path of the generated steam to the turbine is 
modelled by the main steam line pipes with the turbine stop valve (TSV) and the connected 
bypass line with the turbine bypass valve (TBV). As the transient is initiated by a sudden 
closure of the turbine stop valve leading to pressure wave oscillations on the steam line, the 
steam line system should be modelled in detail. The total length of the main steam line is 133 
m. The bypass line of 74.8 m length is connected to the steam line 9 m before the TSV. The 
ATHLET thermal-hydraulic model describes this transient by the 5-equation flow model. It 
solves both the mass and energy balance in the control volumes separately for the liquid and 
the vapour phase and the momentum balance in the junctions for the mixture. The mapping 
scheme for the core region is shown on Fig. 10. The calculations have been done with the 
specified 33 THC. Some adjustment of the channel mass flows at core inlet is being done on 
the bases of the results and sensetivity studies performed for Exercise 2 (core boundary 
problem) with 764 THC.    

3.2  Analysis of the Exersice 3, best estimate 

The Exercises 1 and 2 of the benchmark have been used to set-up models for the 
coupled system code ATHLET-QUABOX/CUBBOX. Both models are combined for the 
coupled calculation of Exercise 3. It is of great importance to achieve a stable and consistent 
steady state solution corresponding to the initial plant conditions. The coupled code system 
ATHLET-QUABOX/CUBBOX applies a zero transient procedure, which consists of steady 
state calculations by the neutronic code during a zero transient calculation by the ATHLET 
code. The multiplication factor achieved after this procedure is keff=1.00533, the mean void 
content in the core is 30.4 %. The integral reactor power history is compared with the 
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measured one in Fig. 11. The measured and calculated data fit very well in time and 
amplitude. The mean axial power distribution at this initial state with 62 % power is shown in 
Fig. 12. There is a small difference of the axial distribution in comparison with the measured 
data at the bottom and the central part of the core. The ATHLET-QUABOX/CUBBOX 
solution reaches the power maximum at 0.718 s, i.e. before power reduction due to scram 
initiation at 0.750 s. The pressure history is shown in Fig.13 in comparison with the measured 
one and the results obtained by the RETRAN code, which is applied by the utility for 
transient analysis of the Peach Bottom 2 plant. The figures confirm that the deviation between 
the results obtained by ATHLET-QUABOX/CUBBOX and the measurement is small. 

3.3  Results of  Extreme cases 1,2,3 and 4  

Four extreme cases for code-to-code comparisons have been postulated in the  BWR 
turbine trip benchmark on the bases of best estimate case (Exercise 3). Additional 
malfunctions are postulated. In case 1, the opening of turbine bypass-valve fails, but the 
reactor trip is activated. In case 2, the bypass valve opens, but without reactor trip, in case 3 
both malfunctions are combined, and by the case 4 all failures of the the first three cases are 
combined and additionally is assumed that the functioning of the three relief valves (RV) and 
the safety relief valves (SRV) is not considered. 

The power excursion of the first three cases are shown in Fig. 14 and the opening and 
closure time of the RV and SRV in Table 1. 

Table  1.  Status of relief valves (RV) and safety relief valves (SRV) for the extreme cases 

RV -1 

 

RV - 2 RV - 3 SRV  

EXTREME 

CASES 
open close open  close open close open close 

1 2.79    6.79 2.93 4.15 3.06 3.90 - - 

2 4.36 - 4.70 6.79 - - - - 

3 2.26 - 2.58 - 2.69 - - - 

  

The reactor power history for case 4 is shown in Fig. 15. The case represents a closed 
system without heat sink and mass discharge, thereby a continuous increase of mean reactor 
power is observed. The reactor is critical  and reaches a maximum excess criticality of 
1.00180. After the first power peak subsequent oscillations take place, as a consequence of the 
initial pressure disturbance and because the reactor core is still critical. At the beginning of 
the transient the void reactivity is the determining reactivity effect, afterwards the rising fuel 
temperature causes more negative reactivity and so the effective total reactivity is stabilized 
after 10 s at about 0.18% dk/k. The relative changes of all relevant parameters like total 
reactivity, moderator density and void content, fuel temperature and pressure are presented in 
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Fig. 16. The eigen-frequency of the simulated closed reactor system without any external or 
internal perturbation is approximately 1 Hz.  

Detailed results and analyses for all exercises of the BWR TT benchmark can be found 
in [11-14].  

4 SUMMARY 

The 3D neutronics in coupled codes like ATHLET-QUABOX/CUBBOX gives the 
possibility to calculate precisely the reactivity changes and the local parameters relevant for 
safety evaluations. Both OECD/NRC benchmarks proved the capability of the GRS coupled 
code ATHLET-QUABOX/CUBBOX to predict correctly complex transients.  
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Fig. 1  ATHLET nodalization scheme for MSLB Benchmark 
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 Fig. 2  Power  histories for MSLB Exercise 1 for three different participants
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     Fig. 3 Reactivity change for MSLB Benchmark, Exercise 1 (point kinetics) 

14      14    14     14    14

17

17

11

11

410 5 5

4 5

5

5

4 4

44

4

3

33 3

33

3

2 2

2

2 2 2

2

2 6

6 6

6 6

6

5

1 6

6

7

7711

1

771 1 1

777

141415

15

151515

15 13 13

17

17

11

11

14

17

17

11

11

14

17

17

11

11

5

14

17

17

11

11

17

10

10

10

10

10

10

10

10

10

9

9 9

9 9

9 9 9

9

16

16

16

16

16

16 16

16

16 15

15

15

15

15

15

16 16

16

17

12

12

12 12

12

12

12

12

12

12

18

18

18 18

18

18

18

18

18

13

13

1313

13

131313

13

18

18

18

14 14

7

7

8

8

8

8

9 8

8 8

8 8

8

B
Hot Leg

B2
Co

ld
 L

eg B1

Cold Leg

A2

Cold Leg

A1
Co

ld
 L

eg

A
Hot Leg

Core 
Boundary

Core 
Barrel

Downcomer Barrel-Baffle
Region

29
23

24

19

25

21
27

28
22

20
26

4

             Fig. 4 Core position according the affected loop A. 
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 Fig. 5 19 THC mapping scheme for Exercise 3 (best estimate) of MCLB benchmark 

 

 

 

 

 



                    Fig. 6  15 THC mapping scheme for Exercise 3 of MCLB benchmark 
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       Fig. 7  Comparison of maximum fuel temperature for different mapping schemes 
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                 Fig. 8  Comparison of GRS calculations for MSLB with point kinetics and 3D core   
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                     Fig. 10  33 thermal-hydraulic channel mapping scheme 
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            Fig. 12  Mean axial power distributions of calculation and measurement 
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                    Fig. 13  Comparison of pressure histories at different locations 
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                    Fig. 14 Power history for Extreme cases 1, 2 and 3 
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                             Fig. 15 Power history for Extreme case 4 
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                 Fig. 16  Relative values for the main reactor parameters (Extreme case 4) 
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Abstract  

SIMMER-III and SIMMER-IV are general two-dimensional and three-dimensional, multi-velocity-
field, multi-phase, multi-component, Eulerian, fluid-dynamics codes coupled with space-, time- and 
energy-dependent neutron transport models. The philosophy behind the SIMMER development was 
to generate a versatile and flexible tool, applicable for the safety analysis of various reactor types 
with different neutron spectra and coolants. Recently the code has been extended and applied for 
new designs as accelerator driven systems (ADS) for waste transmutation and molten salt reactors. 
Its flexibility also allows the application to non-reactor safety problems as e.g. criticality accidents 
(JCO) or fire safety of fuel casks. SIMMER-III has been originally developed for solid fuel fast 
spectrum systems as the LMFR, where it is one of the key codes for safety analysis, including its 
application within licensing procedures. To serve especially the last purpose, the code must be made 
sufficiently robust and reliable, and be tested and validated extensively. Originally, SIMMER has 
been mainly applied within the framework of severe Core Disruptive Accidents (CDA). The 
application has however been extended to cover transients within DBC (Design Basis Conditions) 
and DEC (Design Extension Conditions) where no core degradation takes place. Examples of this 
application are provided, namely analyses for an accelerator driven subcritical Pb/Bi cooled reactor, 
a critical fast transmuter cooled with supercritical water, and finally a molten salt reactor. The 
extension of the application domain requires cooperative use of SIMMER with other code systems 
as described in this paper. 
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1. INTRODUCTION 
 
The computer codes SIMMER-III and SIMMER-IV [1, 2, 3, 4] are developed by JNC (Japan 
Nuclear Cycle Development Institute, O-arai Engineering Center) in cooperation with 
Forschungszentrum Karlsruhe (FZK), CEA (Commissariat á l'Energie Atomique, CEN Grenoble 
and CE Cadarache) and IRSN (L’Institut de Radioprotection et de Sûreté Nucléaire). Recently PSI 
(Paul Scherrer Institute) and SCK.CEN (Studiecentrum voor Kernenergie-Centre de D’Etude de 
L’Energie Nucléaire) and ENEA (Ente per le Nuove Technologie, L’Energia e L’Ambiente) joined 
the SIMMER cooperation.   SIMMER-III is a two-dimensional (2-D), SIMMER-IV a three-
dimensional (3D), three-velocity-field, multi-phase, multi-component, Eulerian, fluid-dynamics 
code coupled with a structure model including fuel-pins, hexcans, etc., and a space-, time- and 
energy-dependent neutron kinetics model. 
The original focus of the SIMMER development was on the analysis of core disruptive accidents 
(CDAs). This comprised phenomena of core melting up to redistribution of the fuel into the vessel 
and possible thermal and mechanical loading of the vessel [5, 6]. The main original application area 
were the sodium cooled fast reactors. The major breakthrough of SIMMER was the detailed 
mechanistic simulation of an accident through the core melting phase including the neutronics 
feedback of the material redistribution, which significantly influences the core degradation process. 
This mechanistic simulation was only achievable by using a comprehensive computational tool that 
systematically models coupled multi-phase thermal-hydraulic and space-dependent neutronic 
phenomena. An extensive and systematic assessment program of the code has been conducted [7]. 
Two major milestones have been achieved in the past by completing two assessment campaigns, 
Phase 1 and Phase 2. Phase 1 was for fundamental code assessment of individual models. The Phase 
2 assessment program intended to cover key phenomena directly relevant to the accident sequences 
of core disruptive accident (CDA) analysis in LMFR: boiling pool dynamics, fuel relocation and 
freezing, material expansion, fuel-coolant interactions, and disrupted core neutronics. 
Though the main application area is still the simulation of severe core degradation and melting 
accidents, the code application has been extended towards transients without core degradation. The 
extension of its application beyond solid fuel fast reactors forced coupling of additional models and 
codes to the SIMMER overall framework.  
‘Coupling’ in SIMMER means on the first level a tight integration of models taking into account all 
potential feedbacks and also the time scales and relaxation times of processes. Note that the code 
has three space discretization levels (fluid-dynamics, neutronics and, pin/structure) and 3 time 
levels. The modeled processes span a time frame from 10-7 sec to minutes. Depending on the 
application, model packages can be linked into the code. This holds e.g. for modelization of 
hydrolysis (important for simulation of the JCO accident [8]). On the second level a less tight 
integration with larger code systems is furnished, which provides nuclear data or data for specific 
boundary conditions at specific times, e.g. defining a burn-up state or a static reactivity level. 
Taking into account feedback effects is not needed under these conditions.  
 
2. OVERALL FRAMEWORK  
 
A conceptual overall framework of SIMMER-III (XY, RZ) and SIMMER-IV (XYZ, RZΘ) is shown 
in Fig. 1.  The SIMMER codes model the five basic LMFR core materials: fuel, steel, coolant, 
control and fission gas.  A material can exist as different physical states, for example fuel needs to 
be represented by fabricated pin fuel, liquid fuel, a crust refrozen on structure, solid particles and 



fuel vapor, while fission gas exists only in the gaseous state. Thus the material mass distributions 
are modeled by 27 density components in the current version of SIMMER-III.  The energy 
distributions are modeled by 16 energy components since some density components are assigned to 
the same energy component.  For example, a mixture of different vapor components is defined by a 
single energy.  The structure field components, which consist of fuel pins and can walls, are 
immobile. These structures can melt and disintegrate and are transferred to the liquid fields under 
this condition. Detailed fuel-pin models are provided, where the fuel pellet is represented by two or 
several radial temperature nodes, respectively.  The mobile components, which include liquids, solid 
particles and vapors, are assigned to one of three velocity fields (two for liquids and one for vapor), 
such that the relative motions of different fluid components can be simulated.  SIMMER 
thermophysical properties and equation-of-state (EOS) functions are fully flexible also for non-
LMFR materials to be modeled. The core material ‘fuel’ can thus represent UO2, MOX of different 
enrichment, fertile free fuels, coria and simulation materials as alumina, depending on the given 
EOS. The coolants taken into account range from sodium to water, Pb, Pb/Bi, and various gases. 

 
Fig.  1 Overall framework of the SIMMER-III and SIMMER-IV code 

 

2.1 Fluid-Dynamics Model 

The material density and energy component distributions are obtained by solving the mass, 
momentum and energy conservation equations using three velocity fields.  The three-velocity-field 
formulation and the fluid convection solution algorithm are based on a time-factorization approach 
[9]. In this approach, intra-cell interfacial area source terms, momentum exchange functions and 
heat and mass transfer are determined separately from inter-cell fluid convection.  A semi-implicit 
procedure is used to solve inter-cell convection on a Eulerian staggered mesh. A higher-order 
differencing scheme [10] is also implemented to improve the precision, by minimizing numerical 
diffusion, for example  at fluid interfaces.  This solution procedure of separating intra-cell transfers 
from fluid convection is believed to be the most practical for complex multi-component systems like 
SIMMER, and has proven to be, both precise and robust [11], and very CPU time efficient, 



especially for 3-D simulations.The constitutive models describe intra-cell transfer of mass, 
momentum and energy at the fluid interfaces.  In SIMMER-III/IV there are 42 contact interfaces 
among seven fluid energy components (liquid fuel, steel, sodium; fuel, steel and control particles; 
and vapor mixture) and three structure surfaces (a fuel pin and left/right can walls).  SIMMER-
III/IV also has a model for convecting interfacial areas (IFAs) to take better account of highly 
transient flow.  The calculations of intra-cell heat and mass transfers include: structure configuration 
and heat and mass transfer due to structure breakup, multiple flow regime treatment and IFAs with 
source terms, momentum exchange functions for each flow regime, inter-cell heat transfer due to 
conduction, melting and freezing, vaporization and condensation, etc.. In addition to the constitutive 
models, an EOS model, already mentioned above is required to close and complete the fluid-
dynamic conservation equations.  

2.2 Structure Model 

The structure model represents the configuration, and time-dependent disintegration of the fuel pins 
and subassembly can walls.  Can walls can be modeled, at the left and right mesh-cell boundaries, 
each of which contain multiple temperature nodes.  The presence of a can wall at a cell boundary 
prevents radial fluid convection, and provides a surface where fuel can freeze or vapor can 
condense.  The breakup of structure components is currently based on thermal conditions and 
mechanical failure is modeled via a simple model.  A detailed fuel-pin model to calculate fuel-pin 
radial heat conduction and models the fission-gas plena and a molten central cavity are available.  

2.3 Neutronics Model 

The space-dependent neutron kinetics model in SIMMER-III employs an improved quasi-static 
method where the flux shape is calculated by a standard Sn neutron transport theory (with Diffusion 
Synthetic Acceleration). The 2D and 3D neutronics “solvers” are based on TWODANT [12, 13] and 
THREEDANT [12].  Since the changes in material number densities and temperatures are crucial, a 
cross-section model is included in the code to perform self-shielding operations and determine 
effective macroscopic cross sections whenever the reactivity is updated. For ADS application, an 
external time- dependent neutron source has been implemented in the kinetics equations [14, 15]. 
For calculating the kinetics quantities in the improved quasistatic method, different weighting 
functions can be chosen.  
 
3. COUPLING WITH CROSS-SECTION LIBRARIES  
 
The SIMMER neutronics model employs (for neutron flux and reactivity calculations) multigroup 
composition-dependent cross-sections. They are computed for each reactor node at each 
shape/reactivity step during a transient simulation, the fluid-dynamics model of the code providing 
mesh-wise temperatures and densities for the fertile and fissile fuel components, structure, coolant, 
and control materials. The cross-section libraries and their generation procedures may differ in 
different countries. In the following, standard and new approaches for generating cross-sections at 
FZK are presented. 
 



 
3.1 Standard Cross-section Library 
 
The original SIMMER application area was severe accident analyses in fast sodium cooled reactors. 
For fast reactor applications, an 11-group cross-section library was developed earlier at FZK. 
Though the number of energy groups was relatively small (since neutron shape recalculations are 
performed frequently, this number should be kept small), SIMMER neutronics model gave usually 
reasonably accurate results as a weighting spectrum employed for the generation of the 11-group 
data was related to a flux distribution in a sodium cooled fast reactor.  
 
3.2 New Approach: Two-Step Scheme and Involvement of MCNP/ERANOS 
 
Currently SIMMER is applied for analyses of ADS (with a gas or heavy metal coolant), molten salt 
(with e.g. FLIBE solvents), supercritical water cooled reactors, and other advanced concepts. The 
neutron spectra at nominal/transient conditions in these systems may differ significantly from those 
in a sodium cooled reactor. Therefore, employment of a single few-group cross-section library may 
result in high uncertainties of the results. Thus, one has to generate problem-dependent cross-section 
libraries for SIMMER. For this purpose, a new nuclear data processing system is under development 
at FZK. To generate a problem-oriented few-group library, a relevant neutron spectrum should be 
available. This spectrum can be obtained from fine-group neutron flux calculations. Then it can be 
used for averaging fine-group data rather then for processing point-wise evaluated nuclear data files. 
Thus a two-step scheme for generating few-group data can be employed: (1) establishing a fine-
group master library and (2) subsequent condensation of fine-group cross-sections (either before a 
transient simulation, or, maybe in the future, during it). Ideally, the obtained few-group data should 
assure accurate modeling of the power distribution and reactivity effects in SIMMER. This may not 
be always easy to achieve, however, as for a particular system the neutron spectra may depend 
strongly upon the position/perturbation in the reactor and heterogeneity/streaming effects may 
require use of quite sophisticated models, currently not available in SIMMER. Therefore, the idea is 
to take into account the mentioned effects via introduction of certain parameters  (e.g. for relatively 
simple heterogeneity models, one may use a ratio of a cell volume to a fuel surface to adjust 
“effective” background cross-sections for fuel isotopes while taking resonance self-shielding effects 
into account), and to tune the “heterogeneity” and/or other parameters for a particular type of 
reactor/transient. The tuning should result in reactivity effects similar to those computed by more 
complex neutronics codes as MCNP [16] (or ERANOS [17]) provided that they share a nuclear data 
basis with SIMMER. This approach implies that for simplified neutronics models (e.g. 
homogeneous media), processing of the master data library should give results similar to those of 
MCNP (or ERANOS).  
 
3.3 New Master Libraries for SIMMER 
 
In the following, the development of new master libraries compatible with MCNP is presented. The 
ERANOS option has become available very recently from CEA/Cadarache and therefore is not 
discussed here. However, this option was taken into account from the very beginning of the 
presented developments: for choosing a group structure for the master libraries. For choosing a 
suitable group structure, we have established several benchmark models (infinite media), relevant 
for traditional and new SIMMER applications. The benchmark results were computed with MCNP 
by employing continuous (point-wise) cross-sections. The corresponding data files were obtained 



from ENDF-6.7/6.8, JEF-2.2/3.0, JENDL 3.2/3.3 evaluated nuclear libraries (all data from these 
libraries were processed for 2 temperatures: 300K and 1200K). Computed k-inf values - for models 
representing liquid-metal cooled fast reactors (LMFRs), molten salt systems with FLIBE solvent, 
and supercritical water cooled fast reactors (SCFR) - were analyzed. The LMFR cases were oxide 
fuel reactors (with different metal coolants) except one with dedicated nitride fuel containing minor 
actinides (MAs), Pu, and Zr. To get an impression on major reactivity effects for each model, four 
states were considered: (1) cold (at T=300K) and (2) hot (at T=1200K) with moderator,  (3) cold 
and (4) hot without moderator (coolant for LMFRs and SCFRs, graphite for molten salt systems). 
The results did show quite large uncertainties related to nuclear data, in particular for fertile free so-
called dedicated fuels for transmuters and molten salt compositions without graphite. The same 
evaluated data were processed for several group structures: 172, 545, 1968 (only a part of data) 
energy groups. The 172- and 1968-group structures are the standard ones of ERANOS (ERANOS 
data libraries include 1968-group data for major nuclides only). The 545-group structure is an 
intermediate structure, developed at FZK recently and compatible with the 1968/172 structures. 
Compared to the 172-group structure, the 545-group one includes more groups in the energy region 
between ca. 6 eV and 2.5 MeV, very fine groups being employed below about 200 eV. The obtained 
multigroup data libraries include thermal-scattering data; fission spectra are incident-energy-
dependent, delayed neutron spectra being taken into account. A coupling code was developed for 
processing/managing data of the multigroup libraries. Consistent nuclear data processing (for 
MCNP and multigroup libraries), including treatment of prompt/delayed fission spectra and of 
unresolved resonance region, is important for further comparisons between Monte-Carlo 
(continuous energy) and deterministic (based on employment of 1968/545/172-group data) results. 
Good agreement with MCNP is reached for the 1968 and 545- group structures, while the 172-group 
results are not so accurate. For LMFRs, k-inf error in the 545-group case is usually near 0.1% or 
lower (compared to MCNP); in the 172-group case the error is several times larger. For molten salt 
systems and SCFRs, we got acceptable accuracy (slightly higher than for LMFRs) in the 545-group 
case, much larger errors in the 172-group case, in particular for the molten salt systems without 
graphite. 1968-group results are quite accurate, but the corresponding data files are extremely large. 
Thus, we have chosen the 545-group structure for the SIMMER master libraries. 
 
3.4 Extended probability tables, future cross-section developments. 
 
To accelerate SIMMER calculations, cross-section files for natural elements (instead of isotopes, 
e.g., Fe instead of Fe-54, Fe-56, etc.) or for materials (e.g. steel) should be employed. A new 
technique, called extended probability tables, has been developed for this purpose [18]. It facilitates 
significantly (compared to the conventional probability tables) approximation of cross-section 
moments by “subgroup-type” parameters in the resonance energy region. The technique employs an 
extended set of parameters, some constraints being excluded. We have analyzed the performance of 
the technique for a large set (several hundreds) of isotopes. In most cases, the errors were much 
lower than the data uncertainties. 
Extended probability tables method provides a basis for accurate generation of f-factors for 
isotope/element mixtures. In the future, we plan to refine the very SIMMER cross-section 
processing model. High-energy data (above 20 MeV) will be included. We intend to apply the 
developed cross-section system also for supporting fuel cycle and scenario studies. Introduction of a 
fuel burn-up model into SIMMER is currently under consideration. 
 



 
4. APPLICATION FOR TRANSIENTS IN VARIOUS REACTOR DESIGNS  
 
Examples of the application of SIMMER are displayed related to transients without core disruption 
in the range of design basis and design extension conditions. As examples analyses of the European 
ADS project, PDS-XADS [19] are shown. Next, analyses of a transient in a supercritical water 
cooled fast reactor are given [20].  Finally, results from simulations of a molten salt reactor [21] are 
discussed. 
 
4.1 Safety Analyses for Accelerator Driven Systems 
 

Accelerator Driven Systems (ADSs), which combine a subcritical reactor with a high-energy 
proton accelerator and a spallation target, 
are under investigation for their 
transmutation potential of long-lived 
nuclear waste. Within the 5th framework 
program of the European Union, 
Preliminary Design Studies of an 
Experimental Accelerator Driven System 
(PDS-XADS) have been performed [22]. As 
severe transient scenarios, e.g. unprotected 
loss of flow (ULOF) and unprotected 
transient over current (UTOC) are 
simulated. The PDS-XADS is a small scale 
Pb/Bi-cooled ADS using Mixed-Oxide 
(MOX) fuel. The power level and the 
subcriticality level at the beginning of life 
(BOL) are 80 MWth and 0.970, 
respectively. The cross-plane view of the 
core is displayed in Fig. 2. Each hexagonal 
fuel-assembly contains 90 fuel-pins filled 
with MOX fuel (PO2 and UO2), which has a 
plutonium enrichment of 23.25 atom%. 
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Fig. 2. Cross plane of the PDS-XADS.  
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Fig. 3. Coolant flow rate and power for ULOF case. 

 
4.1.1 Unprotected Loss of Flow (ULOF) 

 
ULOF for the present XADS means 

complete loss of forced coolant circulation, 
meaning the coast down of the gas-lift 
pump. The transient of coolant flow rate 
and the normalized power are shown in 
Fig. 3. After the coast down of the gas-lift 
pump, the coolant velocity would initially 
decrease and after reaching a minimum 
would approach a stable value. The 



remaining natural convection, which is an important advantage of the heavy liquid metal cooling, 
would thus result in a new quasi-steady state. The highest cladding temperature at the top position of 
the core would not reach its melting point (1750 K) because of the efficiency of the remaining 
natural convection [23]. Hence, no massive short-term pin failure must be expected.  
 
 
4.1.2. Unprotected Transient Beam Over Currents (UTOC) 

 
This scenario assumes that the beam 

power, which is variable to manage the 
power loss caused by fuel burn-up (no 
rods or burnable poisons are envisioned 
for this ADS), is incidentally increased. In 
the case chosen, the neutron source is 
increased by 100 %. The power and 
reactivity traces are displayed in Fig 4. 
The maximum increase of the fuel 
temperature is 588 K. The results show 
that the 100 % neutron source increase 
does not cause any fuel melting [19]. The 
results of the ULOF and UTOC analyses 
demonstrate the high safety potential of 
the current XADS design.  
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Fig. 4. Results for a 100 % increase of external 
neutron source at BOL condition of keff = 0.97. 

 
 

 
4.2  Safety Analyses for the Supercritical Water Cooled Fast Reactor (SCWFR) 

 
An alternative reactor, which could be used as a transmuter, is a critical fast reactor with 

supercritical water as coolant [24, 20]. An important issue for this reactor is a negative void worth. 
For achieving this condition, the reactor 
is designed in a strongly heterogeneous 
way with seeds and internal blankets. 
The Pu-enrichment of the seeds is around 
23 %. Within the blanket regions, targets 
for transmutation can be positioned. The 
blankets additionally contain ZrH2 layers 
for decrease the void effect value. The 
axial coolant density distribution even 
under steady state conditions is rather 
complex (the water density inlet/outlet 
ratio is about 9) and has a strong 
influence on the reactor safety 
parameters [25]. The power distribution 
in the core is displayed in Fig. 5. Because 
of the complexity of the geometry and 
the thermal-hydraulic conditions it was 
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decided to loosely couple MCNP4C [16] with SIMMER for obtaining the correct neutronic/thermal-
hydraulic conditions, mainly for calculating the coolant void with high accuracy [25]. To go for a 
full coupling of the two system codes has not been decided, but required relevant data can be 
exchanged between the codes.  
Transient safety analyses have been performed for the loss of coolant accident (LOCA). The 
calculations show that if cooling of the core cannot be provided, the core degradation commences. 
In contrast to ordinary LWR scenarios, clad oxidation does not play a role, as steel cladding is 
utilized. A major difference is however the potential of recriticalities under degradation conditions, 
because of the high Pu enrichment levels.  
 
4.3  Safety Analyses for Molten Salt Reactors 
 
Molten Salt Reactors (MSR) combined with on-site fuel reprocessing (on-line or batch wise) can be 
charged with a variety of additives in the liquid fuel such as plutonium (Pu), minor actinides (MAs) 
and long lived fission products and are suited for transmutation and burning such materials [21]. 
The motion of liquid molten salt fuel in core and external circuit introduces unique phenomena 
which differ from solid fuel reactors in thermo-hydraulic and delayed neutron precursor aspects.  

Currently molten salt reactors for transmutation are investigated within the 5th Framework 
Programme MOST of European Union [25] . The fuel of this reactor is liquid in the form of a 
molten salt mixture, which also acts as a coolant at the same time. The liquid fuel circulates through 
the core, primary external loop, primary heat exchanger and enters again into the core. The delayed 
neutron precursors are redistributed in the core contrary to solid fuel reactors because of the 
movement of the liquid fuel, furthermore, a portion of the delayed neutron is emitted outside of the 

core. As a consequence, the number of delayed 
neutrons emitted in the core depends upon the 
salt flow rate that may have an important effect 
on the dynamic response of the systems. To 
perform molten salt reactor analyses, 
SIMMER-III is being extended both in its 
neutronics and thermo-hydraulics parts. At 
nominal conditions, a part of the precursor 
nuclei does decay outside the core (in the loop) 
producing there (instead of the core) the 
delayed neutrons. Therefore the effective 
fraction of the delayed neutrons existing in the 
core is smaller compared to the same system 
with non-movable fuel, while the reactivity is 
greater to meet the reactivity balance. If the fuel 
circulation is stopped, this excess of reactivity 
may induce a power increase in case e.g. 
control rods are not moved into the core [27]. 
In the new model, the basic assumption is that 
variations of precursor concentrations - caused 
by their movement - affects the flux amplitude 

much stronger than the shape. Therefore, the traditional flux factorization (the flux is the product of 
the shape and amplitude, the shape is computed relatively seldom compared to the amplitude) still 
can be employed to improve the code efficiency, but no factorization is performed for the 

 

 
Fig. 6  Pump start-up and coast-down transient 
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precursors. An external loop model has been additionally coupled into SIMMER-III (2D). The main 
purpose of the loop model is to simulate the behavior of pump and intermediate heat exchanger. In 
SIMMER-IV (3D), the external loop could be directly modeled. A transient calculation for zero-
power Molten Salt Reactor Experiment (MSRE) [28] for fuel pump start-up and coast-down to 
verify the extended neutron model is displayed in Fig. 6: the distortions in neutron balance due to 
the pump transient are compensated by control rod movement. The figure shows the control rod 
withdrawal from and insert into the core to maintain this balance.  
 
5. CONCLUSIONS 
 
SIMMER is a versatile and flexible tool, applicable for the safety analysis of various reactor types 
with different neutron spectra, fuels and coolants up to new accelerator driven systems (ADS) for 
waste transmutation and molten salt reactors. The components of the code are under permanent 
extension and development. Currently it is e.g. envisioned to add additional velocity fields in the 
fluid-dynamics part. New equation of state developments make possible modeling of reactor 
materials as heavy-metal coolants, super-critical water and molten salt. An important development 
direction will be that for advanced fuels. SIMMER can treat transients up into core disruption and 
core melting and might also simulate material redistribution within the vessel. This requires an 
elaborate neutronics to assess potential feedback effects and recriticality scenarios. Neutronics 
developments are aimed at general and fast neutron transport/kinetics modeling that could be 
brought into agreement with tools e.g. based on the Monte-Carlo method and detailed (in energy) 
neutron cross-sections treatment. 
Generally two strategies are followed to couple in new features and extend the code: Tight coupling 
or integration of models, where required by physical behavior of the system e.g. where feedback 
effects are important; or a more loose coupling for providing specific boundary conditions or 
checking calculational results. 
The presented results - related to modeling of ADS, super-critical water cooled and molten salt 
systems – show a large potential of the code for transient and safety analyses both DBC/DEC 
conditions and for the traditional application area of core melt accidents. 
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ABSTRACT 
 

 This paper presents a comparison between the models and correlation sets used by 
Eletronuclear and IPEN/CNEN/SP in the thermal-mechanical analysis of the fuel of Angra 1 
Nuclear Power Plant - NPP, during LBLOCA. RELAP4/MOD5 and FRAP-T6 coupled codes are 
used in this analysis. This methodology showed to be very much reliable compared to the one 
used by the regulatory body. These codes were used for the licensing process of Angra 1 NPP 
and now for Angra 2 the best estimate codes are used. Although this methodology could be 
applied to Angra 2, in this case adapting the model and using RELAP5 and the new version of 
FRAP-T, the license of FRAP-T is still under negotiation.  
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1. INTRODUCTION   

 

 The objective of this work is to perform an integrated analysis for a Loss of Coolant 
Accident for a Large Break (LBOCA), focusing the effects in the fuel rod of Angra 1 Nuclear 
Power Plant. The fuel rod cooling and power data during the accident are generated by the 
thermal-hydraulic analysis code, RELAP4 [1], and then they are transferred to the fuel 
performance analysis code, FRAP-T6, [2] through a homemade code [3,4] interconnecting 
RELAP4 and FRAP-T6. 
 The results obtained with the code FRAP-T6 are compared with the ones supplied by the 
code TOODEE-2 [5] and, by FSAR (Final Safety Analysis Report) of Angra 1 [6]. 

 

2. CHARACTERISTICS OF THE CODES  

 

 This section presents the characteristics of the codes used in this paper: 
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RELAP4: Computational codes as RELAP4 [1] are quite versatile and simulate the 
thermal-hydraulic behavior of light water reactors in the analysis of transients and accidents. 
They consider the thermal-hydraulic system to be analyzed as a series of control volumes 
connected by junctions and the heat transfer through the heat structures located among the 
volumes.   
 These codes solve the mass, momentum and energy equations for each one of the control 
volumes, assuming homogeneous fluid, one-dimensional flow and thermal equilibrium [1] for 
the liquid and vapor phases. 
 

FRAP-T: Fuel performance FRAP-T [2] code series analyze the behavior of a fuel rod in 
hypothetical conditions of transients and LBLOCA, and reactivity accidents. They are restricted 
to the analysis of Uranium dioxide and Plutonium/zircalloy fuel.  
 

RELAP4 and FRAP-T Coupling Code: In order to using FRAP-T6 [2] code, it is 
necessary rod data in cold zero power conditions, which are supplied by codes of the FRAPCON 
[7] series which  generate the conditions for the fuel rod steady state. Finally data concerning the 
thermal-hydraulic channel during the transient are supplied by the RELAP4 [1] code.   
 Considering the input data size, which describes the thermal-hydraulic behavior for 
FRAP-T6, generated by RELAP4, a coupling program was developed in order to optimize this 
inputting process. Is presents a great advantage since the data is not typed by the user any longer, 
but read from a file. 
 Depending on the selected option, two different thermal-hydraulic data groups can be 
supplied to FRAP-T6: 

• option 1 - Pressure, enthalpy, temperature and flow in the upper and lower plenum 
and in each axial zone previously defined in the fuel rod; and 

• option 2 – Heat transfer coefficient, pressure and cooling fluid temperature in each 
axial zone previously defined in the fuel rod. 

 
TOODEE-2: It is a program for the thermal analysis of the fuel element, dependent of 

time, developed from the code TOODEE-1 by Regulatory Nuclear Committee - RNC.  
TOODEE-2 calculates the temperature distribution in the fuel rod, determines the maximum 
temperature reached by the cladding and also determines the heat transfer coefficient and  heat 
flux for the channel.   
 This program is a tool for evaluation of the thermal response of the fuel element and 
reflood of the reactor core during an LBLOCA. 

 

3. METHODOLOGY   

 

 The methodology consists in the simulation of the primary side of the plant, Figure 1, 
including pressure vessel and its associated internals. 

It is included in nodalization: the reactor primary cooling system (cold and hot legs, 
steam generator and pumps) and the secondary cooling system is modeled through boundary 
conditions. The objective of the RELAP4 model is to supply the boundary conditions to the hot 
channel and fuel rod performance analyses, to be accomplished with FRAP-T6. 
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Figure 1- Nodalization of Angra 1 for RELAP4/MOD5. 
 
 

 
 The hot channel model, Figure 2, simulated by RELAP4, is constituted of 14 control 
volumes and boundary conditions generated during the simulation of the plant. 
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Figure 2- Nodalization of the Hot Channel  
 
 

Figure 3 shows the model for the simulation of the accident during the reflood phase, 
with RELAP4, and Figures 4 and 5 show the models for the fuel performance analysis during the 
LBLOCA with TOODEE-2 and FRAP-T6 codes, respectively. 
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Figure 3- Nodalization of Angra 1 for FLOOD  
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Figure 4- Axial and Radial division of Hot  Rod using TOODEE-02 
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Figure 5- Axial and Radial division of Hot  Rod using FRAP-T6 

 
 
 
The following stages were adopted in this analysis:   

 
1) Analysis of the thermal-hydraulic behavior of Angra 1 NPP for the blowdown and 

refill phases (LBLOCA), with RELAP4 (EM option - Evaluation Model), Figure 1. 
This study supplies boundary conditions (power, pressure, temperature, quality and 
mass flow) to the hot channel analysis; 
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2) The analysis of the hot channel behavior gives the boundary conditions to two phases 
of the accident for FRAP-T6;   

3) from data generated in the 1rst stage, the reflood phase is simulated with RELAP4 
(option FLOOD), giving the boundary conditions to TOODEE-2 and FRAP-T6; and   

4) the fuel performance is done with RELAP4 (blowdown phase) and TOODEE-2 (refill 
and reflood  phases), and with FRAP-T6 for the three phases of the LBLOCA.   

 
 Results obtained with RELAP4, TOODEE-2 and FRAP-T6 are compared with FSAR 
(Final Safety Analysis Report) of Angra 1. 

 

4. LBLOCA SIMULATION HYPOTHESES 

 

a) Blowdown and refill phases: 
-  Initial reactor power - 102% of the nominal power;   
-  LBLOCA starts at t = 0 s;   
-· Reactor shutdown at t = 0 s;   
-· Pumps shutdown at t = 0 s;   
-· Shutdown of the steam generators feeding water at t = 3.6 s; and   
-· Actuation of the accumulators through the injection emergency system for P = 48.5 

bar.   
 

b) Reflood phase: 
- Simulation of the reflood phase with RELAP4 (option FLOOD) is done with the    
boundary conditions generated in blowdown and refill phases; and 
-· The reflood phase started after 25 s of the accident.   

 

 

5. FUEL RODS RESULTS ANALYSIS   

 

 It is presented in this section a comparison and analysis of the fuel rod performance 
parameters for an LBLOCA accident.   
 The fuel rod presents a dependent thermal and mechanical behavior. However, the rod 
temperature response is a measure that characterizes the rod performance. So that, the cladding 
and central pellet temperature graphs are analyzed in first place. The rod internal pressure 
response depends on the parameters, such as void volumes inside the rod and the gap/pellet 
average temperature, with predominance of the last. The circumferential tension is consequence 
of the internal and external pressure balance and it is important that the tension doesn't rise as to 
provoke high plastic deformation, with possible channel obstruction, or even rod failure due to 
rupture of the cladding. The gap size alters the use of models for open or closed gap and its 
definition is consequence of all the previous parameters. Each performance parameter is 
analyzed independently.  
 
External temperature of the Cladding. Figure 6 presents the behavior of the cladding temperature 
obtained through three different sources: from the results of TOODEE-2 and FRAP-T6 codes, 
and the graph obtained from FSAR. TOODEE doesn't simulate the blowdown phase, as 
mentioned before, and therefore in this phase RELAP4 temperature response comes in its place. 
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Figure 6- External Temperature of the Cladding 

 
 

It is observed a clear proximity between the curves of TOODEE and FSAR, and below 
them with the same type of behavior, FRAP-T6 correspondent curve. It was expected that the 
curve of FSAR was above the other two, because the curves of FSAR represent a conservative 
parameters estimate, so that, codes which possess a more complete modeling, and therefore 
nearer to the real performance, tend to simulate values below the FSAR values.   
 FRAP-T6 is a best estimate code type and therefore its temperature response should be 
smaller than the one of TOODEE. Besides, FRAP-T6 used, in the rod simulation, just an axial 
part for the whole active length of the rod, and therefore its temperature response represents an 
average of the rod. The temperature response of TOODEE, although it is the temperature in the 
central region of the rod, contains the distribution axial factors of power so its values are larger 
than the average of the rod.   
 The comparison of the temperature evolution with time in the three graphs demonstrates 
a tendency of similar behavior. It is good to emphasize that the cladding temperature is a quite 
significant data, because external and internal conditions influence directly in its determination. 
External conditions: cooling condition during the accident and Internal conditions: power 
evolution and the energy stored in the rod before the accident. Thus, the characteristic of 
cladding temperature evolution is a typical result of an LBLOCA. Therefore in the beginning of 
the transient there is a small temperature drop, observed in the response curves of the simulation 
codes. This drop is due to the fast decrease of the cooling temperature due to pressure drop. On 
the other hand, there is a degradation relatively slower in the cooling conditions in terms of the 
rod heat removal capacity, because the mass flow is subjected to a fast oscillation and the 
cooling fluid is still in contact with the cladding. After this first impact, the heat transfer from the 
rod to the cooling fluid decreases and although the power of the rod decreases quickly in the 
beginning of the accident, there is a great amount of energy stored in the rod which tends to an 
equilibrium between the pellet and cladding. This equilibrium provokes an increase of the 
cladding temperature and a decrease of the pellet temperature. This phenomenon is typical of 
LBLOCA, and it is responsible for the temperature peaks observed in the blowdown phase of the 
three cladding temperature graphs, as shown in Figure 6. After this transfer of stored energy 
there is a temperature drop, because there isn’t enough power in the rod to sustain this 
temperature. However, while time goes on, with the actuation of the decay power, although low, 
it provokes increase of the temperature and with the permanence of the condition of degraded 
refrigeration, the temperature increases again. This tendency of gradual temperature increase is 
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only controlled with the actuation of the cooling systems, which inject water in the core during 
its reflooding with stabilization or cladding temperature drop, as it is observed in the final parts 
of the Figure 6 graphs.   
 
Central pellet temperature. The pellet temperature was determined by TOODEE-2 and FRAP-
T6, and for the blowdown phase to the TOODEE-2, RELAP4 is used. The graphs are presented 
in Figure 7. 

Once again FRAP-T6 curve comes below TOODEE curve and this is due to the same 
causes presented before concerning cladding temperature item. For both codes the largest 
temperature value is the initial, so that LBLOCA tends to cooling the fuel.   
 Temperature evolution is the same in both codes, just in the beginning of the transient 
there is temperature drop, due to fast power drop, which is the main factor that sustains the pellet 
temperature. This would be the first temperature drop, which takes about 3 seconds of accident. 
Then, the equilibrium between the pellet and the cladding temperature tends to decrease the 
pellet temperature, with larger influence on the pellet from the center to the periphery. This 
would be the second temperature drop, longer and at the same time more gradual. After the drop, 
the temperature tends to re-establish due to the decay power. With the cooling condition re-
establishment in the reflood phase, the cladding removes heat from the pellet, so the pellet 
temperature tends to stabilize, due to the equilibrium between production and energy removal in 
the pellet.   
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Figure 7- Central Temperature of the Pellet 

 
 
 
 
Internal rod pressure. The internal pressure is totally determined by the temperature distribution, 
by the void volumes inside the rod and also by the amount of gas inside it. The amount of gas 
practically doesn't vary during the effective time of an accident. From the other two effects, the 
sensitivity concerning the temperature is more influential, and it is expected a pressure behavior 
similar to the temperature’s, which really takes place.   
 The internal pressure was simulated by FRAP-T6, according to Figure 8. 
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Figure 8 - Internal Pressure in the Rod 

 
 

There is an initial pressure drop, not so accentuated as the one of the central pellet 
temperature. what is influencing in the rod pressure is the radial temperature distribution, from 
the gap until the center of the pellet, where the average temperature drop is less accentuated than 
the central temperature drop. Then, the drop continues, with a smaller gradient, similar to the 
graph of FRAP-T6 central temperature, and later it increases and finally it stabilizes in an 
intermediary value.   
 
Circumferential tension. The superficial tension in the cladding was simulated by FRAP-T6, 
Figure 9. This tension depends basically on the difference between external and internal pressure 
of the cladding. In the beginning of its evolution, the tension passes quickly from a compression 
condition, with negative value, to a traction condition, with positive value. This is due to the 
initial external pressure drop of the cooling in the blowdown phase. After this inversion, tension 
still increases, although more gradually, since the external pressure drop is still in course.  
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Figure 9- Circumferencial Tension in the Cladding 
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However, there is an instant in which tension change its behavior due to the internal 
pressure drop and decreases its value in traction. It happens during some seconds, then the 
internal pressure recovers and as the external pressure in this instant is practically stabilized the 
tension increases again. At a certain point the internal pressure stabilizes and then tension 
practically reaches a constant value.   
 
Structural and thermal gap size. The gap size is a measure in hundredth of millimeter, which 
gives the distance between the internal surface of the cladding and the external surface of the 
pellet. The difference between structural and thermal gap is that in the calculation of the thermal 
gap the effect of the fuel pellet repositioning is taken in consideration. This repositioning 
consists of circumferential cracks which are formed in the material and produce an extra radial 
deformation of the pellet. For that reason the thermal gap is always smaller than the structural. 
As to the effect of the mechanical contact between the pellet and cladding, these cracks should 
not be considered and therefore what determines the gap closing in this case, is the structural 
gap. As to the effect of temperature calculation, the real position of the pellet surface is 
important, with repositioning, and therefore the thermal gap should be used. The same is valid 
for internal pressure calculation. The gap size is shown in Figure 10. 
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Figure 10 - Structural and Thermal gap size 

 
 

Several factors influence directly in the gap size: the thermal and mechanical deformation 
of the cladding, the permanent and thermal deformation of the pellet that depends on the gap 
temperature, which depends on its size. Therefore, the calculation of the gap size is iterative and 
has several influences. However, considering the graph behavior it can be inferred that the 
preponderant effect is the decrease of the pellet thermal deformation, due to its temperature 
decrease, with consequent increase of the gap size. The increase of the gap size corresponds 
basically to the decrease of the pellet central temperature as observed in the comparison of 
Figures 7 and 10. After 50 s the gap size stabilizes together with the other parameters of the rod 
behavior.   
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6. CONCLUSIONS   

 

The methodology exposed in this paper, considering the analysis of an LBLOCA 
accident, is satisfactory. Data were generated and passed correctly between the programs and the 
results are coherent within the expected behavior to this kind of accident. As to the rod 
performance, it is noticed the great importance of the temperature response on the other 
performance parameters. The cladding external temperature presented two maximum regions: 
one in the blowdown phase due to the energy stored in the rod and another during the reflooding 
phase by the decay power. The values of the performance parameters are always inside of 
acceptable limits for the safety of the core.   
 The methodology using RELAP4 and FRAP-T codes, for the analysis of the fuel 
performance, has shown very much reliable when compared with the methodology proposed by 
CNEN. Besides, the use of best estimate codes as FRAP-T, for the fuel performance analysis, is 
in accordance with the new RNC guidelines, i. e., and accident analysis of nuclear power plants 
in the most possible realistic methodology.  
 Although this methodology could be applied to Angra 2, in this case adapting the model 
and using RELAP5 and the new version of FRAP-T, the license of FRAP-T is still under 
negotiation.  
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ABSTRACT 
 

The present work concerns on the research activity conducted at the “Dipartimento di Ingegneria Meccanica, Nucleare e 
della Produzione” - University of Pisa to develop a computational tool to evaluate the risk of brittle propagation of 
flaws in VVER-1000 Reactor Pressure Vessel (RPV). Coupling complex codes suitable for each different technical 
aspects involved in the analysis, thermal and mechanical loads acting on the RPV wall are computed for a Pressurized 
Thermal Shock (PTS) event, as well as the induced nominal stresses in the undamaged structure for any initiating event 
that may occur during the operation of the Nuclear Power Plant (NPP); then, suitable Weight Functions permit the 
evaluation of the Stress Intensity Factor (SIF) for postulated crack size, shape and localization.. 
The adopted tools, phenomena and pursued procedure for this PTS analysis are presented and discussed.  

1 Introduction 

The safety of Nuclear Power Plants (NPP) constitutes a global concern on the planet. This justifies interchanges of 
competences and information between Countries, especially on the application of advanced system codes for best 
estimate analyses. 
The integrity of the Reactor Pressure Vessel (RPV) in Pressurised Water Reactors (PWR) is of outmost importance as 
safety system inasmuch as it is one of the projected barriers against the fission product release; its rupture could led to a 
Severe Accident for insufficient core cooling.  
The RPV is considered one of the most reliable components, and at the same time it may limit the extension of the 
lifetime operation of old plants. Several design criteria (i.e. material toughness, operational conditions, end of life 
neutron fluence, etc.) allow to prevent the possibility of its failure [1], but the risk of brittle propagation of flaws 
growths in time for the increasing possibility that a flaw of sufficient size exists, and for the increasing material 
embrittlement due to radiation damage. IAEA-EBP-WWER-08, Guidelines on Pressurised Thermal Shock Analysis for 
WWER Power Plant [2], addresses specific requirements for the Thermal-Hydraulic (TH-SYS), Structural (ST) and 
Fracture Mechanics (FM) analyses focused on Pressurised Thermal Shock (PTS) events, dangerous thermal-hydraulic 
transients inducing overcooling conditions in the RPV wall while the pressure of the primary cooling circuit may keep a 
high value.  
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In recent years, important progresses have been made in the development of methods for the best estimation of loads 
and stresses on the vessel wall. A detailed temperature distribution is necessary for an in-depth FM study, resulting in a 
great emphasis on the evaluation of the mixing processes and heat exchange coefficient, especially during the transients 
in which a cold plume and a stratification phenomena or two phase conditions are expected.  
Several analytical and numerical methods can be used for the determination of local fluid temperature and local heat 
transfer coefficient. A research activity is carried out at “Dipartimento di Ingegneria Meccanica, Nucleare e della 
Produzione” (DIMNP) of the University of Pisa to develop a computational tool able to perform parametric analysis of 
Fracture Mechanics assuming various dimensions, shapes and locations of flaw. Different computer codes are used, 
involving various tasks of technical field to achieve the best estimation of the Stress Intensity Factor (SIF) for the 
postulated defect.  
The objective of the present paper is to outlines the adopted tools, phenomena and pursued procedure for PTS analysis. 
Significant result from selected steps of the procedure are described too.  

2 General procedure: IAEA specifications  

The objective of the IAEA guidelines [2] is to establish a set of recommendations for the RPV PTS analysis to provide a 
reasonably bounding plant specific demonstration of the RPV integrity. The approach used is based on realistic 
modelling methods for the individual elements of the analysis, but using conservative assumptions, initial and boundary 
conditions and appropriate safety factors in the assessment of results. Deterministic approach is used in the guidelines 
by analysis of limiting event from each group of events to be considered. The guidelines provide recommendations on 
general considerations for the selection of transients for PTS analysis from the list of postulated initiating events, 
grouping of the initiating events and initiating events categorisation. Attention is drawn to the differences between 
accident analysis performed with respect to the core cooling and the PTS analysis. The factors determining thermal and 
mechanical loading of the RPV are pointed out: 

• The final temperature in the downcomer; 

• The temperature decrease rate; 

• Nonuniform cooling of the RPV, characterized by cold plumes and their interaction and by the nonuniformity of 
the coolant-to-wall heat transfer coefficient in the downcomer; 

• The level of primary pressure. 
Based on the above loading mechanism, the accident sequences to be considered in the PTS analyses can be selected. 
 
The aim for setting a list of initiating events is to assure a complete analysis of the RPV response to postulated 
disturbances which may potentially threaten its integrity. The analysis should determine the consequences and evaluate 
the capability built into the plant to withstand such loadings. The complexity of many interacting systems and operator 
actions makes it sometimes very difficult to choose the limiting transients. 
Typical PSA-like study, for the selection of accident scenario relevant to the PTS, considers initiating events, including: 

• Loss Of Coolant Accident (LOCA): from 25 mm to 850 break, 125 mm break (HP ECCS line), 207 mm break 
(line between PRZ and PRZ SV), 279 mm break (LP ECCS line), PRZ SV opening; 

• Secondary Side Break: SG SV, BRU-A, BRU-K opening, SLB between SG and MSIV, SLB between MSIV 
and main steam header, Feed water line break; 

• Primary to secondary leakage (PRISE): SGTR, SG collector rupture (100 mm), SG collector cover opening; 

• SYSTEM MALFUNCTION: Inadvert ECCS operation during RCS heating up, CVCS malfunction. 
The objective of the RPV PTS analysis is to demonstrate by a conservative deterministic analysis that there will be no 
initiation of a brittle fracture from the postulated defect during the plant design life for the whole set of transients which 
has been selected above. The assessment is based on the static fracture toughness KIC. The RPV material degradation 
during operation should be taken into account.  

The assumptions for PTS analysis are discussed in three areas: plant data, assumptions for the thermal hydraulic 
analysis and assumptions for the structural analysis. Aspects related to systems and their operation, in-service inspection 
results, plant operating conditions, operating experience, operating procedures, operator actions, thermal hydraulic 
phenomena, fracture mechanics methods and the RPV itself are addressed.  

The recommendations for the thermal hydraulic analysis are related to its twofold purpose: to support the selection 
of transients, which is required due to the complexity of the overcooling transients, and to provide necessary input data 
for structural analysis. The results of thermal hydraulic analysis are to be presented in terms of downcomer temperature 
field, coolant-to-wall heat transfer coefficients in the downcomer, and primary circuit pressure as a function of time. 
Specific aspects related to non-uniform cooling, flow stagnation, thermal mixing etc. are also addressed. 
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The recommendations for the structural analysis, purpose of which is to evaluate stress intensity factors for postulated 
cracks loaded by the sequences analysed, are addressing the temperature and stress field calculations, fracture 
mechanics analysis and the postulation of defects including NDT requirements. It is recommended to calculate stresses 
for all selected PTS sequences, considering internal pressure, temperature gradients and residual stresses up to the 
steady state conditions mainly using finite element method. For the fracture mechanics analysis, the use of fracture 
mechanics models, analysis methods and scope are addressed for the three types of postulated defects. For defects 
smaller than ¼ of the wall thickness, it is recommended to take into account the fatigue crack growth. 
The integrity assessment with respect to PTS is performed in terms of stress intensity factor KI  versus lower bound  
static fracture toughness for the Russian type RPV steels. Safety factors on stress intensity factor, crack size and 
temperature are recommended to be used in the assessment for the various categories of initiating events considered. 
Guidance is also provided on the presentation of results. For each individual analysed sequence, the material behaviour 
in terms of fracture toughness KIC, and the crack loading path in terms of stress intensify factor (SIF) KI, are considered 
as a function of temperature and should be presented in a SIF respectively KIC vs. temperature diagram. The vessel 
maximum allowable critical brittle fracture temperature Tka is equal to the minimum value of the set of obtained value 
for all sequences analyzed. The differences between the vessel maximum allowable critical brittle fracture temperature 
and the vessel material critical brittle fracture temperature determines the safety margin (Fig. 1). 
 

 

Fig. 1. Integrity assessment [2]. 
 
To demonstrate the RPV integrity for a specified transient loading, the following condition must be inlet for the 
postulated defect with depth a: 

)(),( TTKanTKn ICaIk ∆+≤⋅⋅  

where KI is the crack loading in terms of SIF and KIC is the lower bound fracture toughness curve: 

( ){ }200;3626min 02.0 kTTeKIc
−⋅+= ( ){ }200;3626min 02.0 kTTeKIc
−⋅+=

 

The parameters nk, na and �T are safety factors with respect to the origin of the uncertainties in the overall PTS analyses. 
Therefore nk, na represent uncertainties with respect to the assumptions on the loading and on the crack size while �T 
reflects uncertainties in the fracture toughness (Tab. 1). 

 
Tab.1. Safety factors [2]. 
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3 Methodology for the PTS analysis at DIMNP 

3.1 Input information and background 
 
The considered power plant is equipped with a WWER-1000/320 reactor (Figure 2.a), and at the purposes of the 
analysis it is important to know that [10-11-12]:  

• the reactor consists of 163 fuel assemblies, producing up to 3000 MWt rated power; 

• the primary system consists of four loops equipped with horizontal tube Steam Generators (SGs) and Main 
Circulation Pumps (MCPs) of centrifugal type; 

• the RPV (Fig. 2.b) inner radius and wall thickness in the belt line region are 2068 mm and 199 mm, 
respectively; 

• the Emergency Core Cooling Systems (ECCS) includes both the High Pressure Injection System (HPIS) and the 
Low Pressure Injection System (LPIS); 

• two independent feed-water loops are connected with each four SGs at four different locations. 
 

 
 

 
(a) 

 
(b) 

Fig. 2. (a) Primary Circuit of WWER-1000 NPP and (b) RPV sketch. 

The Reactor Pressure Vessel is the pressure boundary of the reactor core and high-pressure coolant. The detailed 
geometry of WWER-1000/320 RPV is shown in Fig. 2.b, while in the following tables Tab. 2, all the necessary 
geometrical data are reported. These design characteristics have been implemented in the Relap5 thermal-hydraulic 
skeleton input deck as well as for the Ansys 5.7 RPV mesh.  

The Tab. 3 shows the thermalhydraulic operating conditions 
 
About the material properties, the principal characteristic of the RPV ferritic material used in the assessment is the 
fracture toughness KIC as a function of temperature. The fracture toughness for a particular material is based on the 
lower bound fracture toughness reference curve which is a function of relative temperature T-Tk and for this particular 
material is adjusted to a indexing temperature Tk; the critical brittle fracture temperature is obtained using Charpy 
impact testing.  
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The shift of the KIC curve is assumed to be equal to the shift of the critical brittle fracture temperature due to the 
following degradation mechanisms: radiation embrittlement, thermal ageing and fatigue damage. Critical brittle fracture 
temperature Tk is evaluated by the formula:  

FNTKK TTTTT ∆+∆+∆+= 0  

where Tk0 is the initial critical brittle fracture temperature given in technical specifications and obtained by acceptance 
testing (material certificate) for the particular material, ∆TF is the shift due to the neutron irradiation, �TT is the shift due 
to the thermal ageing and ∆TN is the shift due to fatigue damage. 
 
Different types of materials are used for RPV of WWER-1000/320 reactor: 15Ch2NMFA base metal, 15Ch2NMFAA 
base metal in the beltline region, Sv 12Ch2N2MAA weld metal in the beltline region. Tab. 4 shows the characteristics 
of the material used in the code models and in the RELAP5 input nodalisation 
 

Tab. 2. Reactor Pressure Vessel geometrical characteristics. 
 

Item 
Data 

Overall height of RPV (m) 12.952 

Total volume of the vessel (m3) ~ 110 

Cold Leg nozzles internal diameter (m) 0.850 

Hot Leg nozzles internal diameter (m) 0.850 

Inlet SIT pipe nozzles internal diameter (m) 0.05 

Outer diameter of reactor pressure vessel (m) 4.570 

Inner diameter of reactor pressure vessel (m) 3.986 

Height of elliptical bottom (m) 0.967 

Wall thickness of elliptical bottom (m) 0.244 

Wall thickness of cylindrical part (m) 0.1995 

Wall thickness of in the region of penetrations (m) 0.292 

Height of elliptical top (m) 1.040 

Wall thickness of elliptical top (m) 0.292 

Elevation above inside bottom of reactor vessel (m) 

- inlet nozzles axis 

- outlet nozzles axis 

7.003 

8.803 

 
Tab. 3. Normal operating condition. 

 

N o r m a l  O p e r a t i n g  C o n d i t io n s  

P r im a r y  
P r e s s u r e  

C o ld  L e g  F lu id  
T e m p e r a t u r e  

C o ld  L e g  F lu id  
M a s s  F lo w  R a t e  

1 5 . 9 9  M P a  5 6 2 .6  K  4 6 6 0  k g / s  

 
 

Tab. 4. Material characteristics. 
 

Material characteristics Carbon steel (RPV) Stainless steel (cladding) 
Density 7860 7820 

Thermal expansion coefficient 1.28⋅10-5 1.72⋅10-5 

Linear elastic modulus 1.97⋅1011 1.85⋅1011 

Poisson coefficient 0.33 0.33 
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3.2 Thermal-hydraulic transient for the analysis 
 
In the following, each step of the DIMNP analysis procedure is explained discussing results from different works, 
mainly the ones related to Single and Double Main Steam Line Break (MSLB - DMSLB) accidents. General common 
hypotheses are: 

• 100% break at the top of the affected Steam Generator (SG); 

• reactor scrams when the reactor power exceeds the 7 % of the nominal value; 

• MCPs are stopped for imposed signal; 

• the secondary side of the Steam Generators are isolated. 
The complete description of the thermal-hydraulic transient (TEST ID = MSLB-R) is reported in [3]. 
 

3.3 Procedure for performing analysis 
 
Once the accident scenario is defined, the methodology developed at DIMNP is aimed to examine completely the PTS 
event. The phenomena and the needed computational tools are given in Figure 3.  
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Fig. 3. PTS analysis: tools and phenomena. 

Summarising the IAEA Guidelines, the study is conducted performing: 

• thermal-hydraulic analysis aimed to investigate the plant response respect to the planned transient (different 
investigation are required in order to select the worst scenario for the assumed initiating event in terms of 
pressure trend in primary circuit and RPV wall cooling); 

• assessment of mechanical and thermal loads acting on the RPV wall; 

• calculation of the stresses induced in the undamaged RPV wall (without crack); 

• identification of the worst location for the assumed defect; 

• evaluation of the SIF (KI) for different cracks (size, shape, orientation); 

• comparison between the obtained KI  and the material strength (KIc); 

• assessment of the results. 
In order to carry out each step of this procedure: 

• a system code is employed, developing a suitable nodalisation for the considered plant; 
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• a Computational Fluid Dynamic (CFD) code can be used to study the fluid flow inside the downcomer, 
allowing the evaluation of three-dimensional aspects characterising the convective heat exchange with the 
pressure wall; 

• the nominal stresses into the undamaged structure are estimated by a code for structural calculations; 

• the computation of the Stress Intensity Factor is conducted by means of the Weight Function technique [4-5].  
RELAP 5/Mod. 3.3 [6] is the code adopted for the thermal-hydraulic analysis, developing a qualified nodalisation of the 
entire plant (Fig. 4). The TH-SYS results may be used for two different level of investigation: Level I, to establish 
directly the RPV wall thermal and mechanical loads, or, Level II, they may be used to define the boundary conditions 
for detailed investigations of the downcomer fluid flow by a Computational Fluid Dynamic (CFD) code. In fact, the 
RPV wall is reproduced by “few” heat structure in TH-SYS nodding, able to predict the heat conduction in radial 
direction, but not in axial and hoop directions. 
Two CFD codes are available at DIMNP: TRIO_U [7] (Fig. 5.a), the developed by the “Commissariat a l’Energie 
Atomique, Centre d’etude de Grenoble” (CEA), and FLUENT [8] the multi-purpose commercial code for a wide range 
of flow modelling applications (Fig. 5.b). If the conductive equation is solved for the solid domain, the CFD model 
permits a better evaluation of the wall temperature distribution. 
The structural calculation is performed by mean a Finite Element model (Fig. 7) suitable for the ANSYS 5.7 code [9], 
reproducing the undamaged vessel structure to avoiding the dependence of the structural space discretization by the 
defect characteristics. 
The proposed procedure makes use of specialized codes to obtain a great accuracy in the phenomena prediction, 
employing assessed numerical models for each of them. On the contrary, a right coupling technique has to be employed 
in order to minimize the numerical error in the data transfer, specially between the RPV TH-SYS – CFD and structural 
models. 

4 Nodalisation qualification 

The plant nodalisation for the RELAP 5/Mod. 3.3 system code (Fig. 4) reproduces: 

• the vessel and the piping of the four loops of the plant; 

• the bypass flow through the control rods and guide tube that connects the lower plenum to the upper head; 

• the Steam Generators, sketched with a appropriate nodding philosophy since their geometry; 

• the Emergency Cooling Core System (ECCS), directly connected with the downcomer and with the upper 
plenum of the main vessel, each modelled together with the Auxiliary Feedwater System (AFS); 

• the relief valves at the top of the pressurizer and in the secondary side of the Steam Generators; 

• the Steam Collector placed outside of the containment. 
The adopted nodalisation is based on the one designed in the frame of a cooperation involving the Italian Licensing 
Authority (ANPA), the vendor Ansaldo and the University of Roma “La Sapienza” with the external support of 
Energoproekt [10-11]. The part related to the downcomer region has been modified for a better description of the fluid 
flow below the Cold Leg (CL) nozzles. The added hydraulic components and heat structures permit to calculate the wall 
temperature where the overcooled flow arrives (Fig. 4.a), since the mixing of the fluid flows arriving by the different 
penetrations is initially prevented. In order to compute the cooling effect in lower part of the vessel, the TH-SYS model 
has to modified subdividing the entire downcomer channel (Fig. 4.b). Tab. 5 reports the initial conditions for the 
performed calculations.  
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(a) 

 

(b) 

Fig. 4. Nodding scheme of the VVER-1000 NPP for the RELAP 5.3 code (only one loop shown): a) crack in the 
upper downcomer region, b) crack in the lower downcomer region. 
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Tab. 5 - Nominal conditions at Steady State. 

No QUANTITY Unit DESIGN RELAP5 Acceptable 
error Error Notes 

1.  Primary circuit balance  MWth 3000 3000 2% 0%  

2.  Secondary circuit balance MWth 750 752 2% 0.2% One SG 

3.  PRZ pressure MPa 15.7 15.7 0.1% 0%  

4.  SG pressure MPa 6.3 6.3 0.1% 0% Secondary side SG 
outlet 

5.  Core inlet temperature K 562 562 0.5% 0%  

6.  Core outlet temperature K 593 593 0.5% 0%  

7.  
SG inlet plenum temperature K 593 591 0.5% 0.3% 

Design value is not 
consistent with core 
outlet temperature 

8.  SG outlet plenum temperature K 559 561 0.5% 0.3%  

9.  SG feed–water temperature K 493 493 0.5% 0%  

10.  Maximum fuel rod surface 
temperature K – 619 10K - Calculated value is 

referred to hot rod 
11.  MCP speed Rad/s 104.2 104.2 1% 0%  

12.  RPV pressure losses MPa 0.368 0.342 10% 7%  

13.  Core pressure losses MPa 0.142 0.135 10% 5%  

14.  
MCP head MPa 0.74/0.54 0.55 10% 2% 

Error calculated 
respects to the lower 

design value 
15.  Steam Generator pressure 

losses MPa 0.12 0.123 10% 3% Primary side circuit 

16.  PS total mass inventory ton - 240.8 2% -  

17.  SG SS mass inventory ton - 39.7 2% - One SG 

18.  PS total loop coolant flow rate Kg/s 18250 18262 2% <0.1%  

19.  SG feedwater mass flowrate Kg/s 408 407 2% 0.2% One SG 

20.  Core flowrate 
(active region) Kg/s – 17150 2% -  

21.  Core bypass flowrate 
(LP–UP)  

%  
(Kg/s) – 6% 

(1112) 10% -  

22.  DC – UH and HL nozzle bypass Kg/s – 57 10% -  

23.  
PRZ liquid level m 8.45 8.46 0.05m 0.01m 

Design value is 
related to EOL 

condition 
24.  

SG SS level m 2.55 2.41 0.1 0.14 

The calculated value 
is the level where 

void fraction 
becomes larger then 

0.5  
25.  SG stem mass flowrate Kg/s 408 409 2% 0.2% One SG 

 
 
 

5 3D RPV models setup 
 
Two different type of RPV 3D numerical models are needed: one for the CFD study, and one for the SM calculations.  
As previously mentioned, the employing of CFD model is related to the aim of the investigation. If the Level II of the 
analysis must be performed (Fig. 3), it should be necessary to obtain results about the temperature distribution in the 
overall pressure wall. In this case, the core simulation can be by-passed using the TH-SYS results to establish 
appropriate boundary conditions for the independent simulations of the fluid flow in the downcomer - lower plenum, 
and in the upper plenum (allowing the save of memory and time of calculus). In Fig 5.a, two different space 
discretization built for TRIO_U code are shown; one reproduces the flow inside the downcomer, starting from the cold 
leg nozzles and ending in correspondence of the perforated core support plate, one reproduces the flow inside the upper 
plenum, starting from the volume collecting the core and bypass flows and ending in correspondence of the hot leg 
nozzles. The grids are structured meshes built by the TRIO_U pre-processing program (Xprepro), permitting a greater 
efficiency in the time of calculus, although they do not reproduce the exact geometry of the system. 
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On the other hand, if the CFD study is aimed to qualify the fluid temperature distribution calculated by the TH-SYS 
code in the downcomer, only the fluid flow in the lower part of the RPV should be investigated. In Fig. 5.b, a mesh 
suitable for FLUENT code is reported, reproducing only a half of generic downcomer and “nozzles” arrangement. The 
assumption to simplify the geometry depends from the case of interest (i.e., the mesh in Fig. 5.b could be adequate to 
study the mixing and the convective heat exchange in upper downcomer region with MCP in operation). The 
geometrical grid is build by hexahedral elements both for the fluid flow region and the wall material, assuming a non-
uniform spacing both in the transversal and in the parallel directions with respect to the main flow velocity component, 
both in the fluid and the solid regions.  
 
 

 

(a) 

 

(Not VVER specific) 

(b) 

  
Fig. 5. TRIO models and FLUENT downcomer space discretizations. 

 
About the SM calculations, the Reactor Pressure Vessel ANSYS model has been developed without to consider the 
defect: nominal stresses into the undamaged structure are computed. It reproduces the RPV in its three-dimensional 
shape, taking into account the thickness variations, in order to take into account the stiffness of the different parts. The 



 11 

penetrations of Cold Legs, Hot Legs (HL) and SIT pipes have been simulated, even if for the mechanical stresses it 
should be better to reproduce the closed nozzles too. The RPV Ansys model has been built completely with SOLID45 
elements (Fig. 6). This element type is used for the three-dimensional modelling of solid structures . The element is 
defined by eight nodes having three degrees of freedom at each node: translations in the nodal x, y, and z directions. 
This type of finite element can be loaded with pressure as surface load on the element faces (positive pressure act into 
the element), and temperatures may be input as element body loads at the nodes.  
The RPV material has been defined in the Ansys model with isotropic constant properties, since their limited variations 
in the wall temperature interval.  
In the adopted grid, given in Fig. 7, constrains at the node displacement have been defined on the circumference 
corresponding to the vertical support; a non-uniform spatial node distribution in the wall thickness (parallel to the 
thermal wave propagation direction) has been defined, reaching a better evaluation of thermal-stresses. 
 

 

                                                                     Fig. 6. Ansys SOLID45 element.  
 

 

  
 

  

 
Fig. 7. RPV grid for structural calculation by the ANSYS 5.7 code: general view and node distribution in the wall 

thickness. 
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6 Coupling of the TH-SYS, CFD and FE code 
 
The DIMNP activity has been characterized by a progressive improvement of the PTS analysis. As shown in Fig. 8, 
main effort has been finalized in the establishing the requirements for each numerical models in order to obtain the 
needed accuracy of the results. Simplified simulations, comparisons with other works were conducted in order to judge 
trends and values of each unknowns.  
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Fig. 8. PTS analysis: codes and pursued procedure for a specific study. 

 
Following the red line (Level II of the analysis), the TH-SYS results have been employed to establish the boundary and 
initial conditions for the CFD analyses. Using two TRIO_U RPV models, two different inputs for the CFD code are 
needed (Fig. 9), due to the chosen simulation criteria (paragraph 5). For the study related to the downcomer and lower 
plenum, the time trends of mass flow rate and fluid temperature for each cold leg have to be defined as well as the fluid 
and wall temperatures at the initial instant. Similarly, for the study related to the upper plenum, the same quantities has 
to be defined from the hydraulic component collecting the flows passing through the reactor core and bypass. 
Following the blue line (Level I of the analysis), the difficulty in coupling increases because both mechanical and 
thermal loads have to be defined from the TH-SYS results. A simplifying assumption is to work in the framework of the 
linear elastic theory, so that the stresses related to two types of load can be computed independently. In addition, the 
mechanical stresses at each time can be computed scaling the result of a reference calculation for the ratio between 
reference and actual pressure. Only one FE calculation may be performed applying a reference pressure on the RPV 
internal surface (Fig. 10) .  
About the thermal stresses, the second TH-SYS input is the wall temperature distribution in time. The RELAP heat 
structures allow the knowledge of the wall temperature according to a scheme that reproduce the pressure wall as sum 
of “macro” zones. The temperature in each nodes of the Ansys model (defined as body force in the numerical model) is 
evaluated interpolating the TH-SYS data by an exchanging program written in FORTRAN language. (program 
TRANSTEMP.exe). At each time step, the TRANSTEMP module reads the RPV heat structure temperatures evaluated 
by Relap5 and their spatial coordinates, and it defines the input file for the Ansys code as shown in Fig. 11. To make 
possible this coupling, it must be assured the correspondence between the Relap5 RPV heat structures and the 3D 
geometrical grid (Fig. 12), and an axial symmetry must be assumed for the RPV part where no thermal structure takes 
into account the angular coordinate.  
The linking program TRANSTEMP functionality can be observed in following paragraph. 
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Fig. 9. Scheme for the definition of CFD analyses input data. 

 
 

 

Fig. 10. RPV Ansys mesh internal surface. 
 

WWER-1000 GENERIC

PTS NODALIZATION SKETCH
1/2
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Fig. 11. Flow chart of the TRANSTEMP Fortran program. 

 

 
Fig. 12. Axial coordinate correspondence between Relap5 RPV heat structures and ANSYS 5.7 mesh nodes. 
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7 Evaluation of results 
 
 

7.1. Plant response simulation  
 
The main results from the RELAP MSLB calculation are shown in figures from Fig. 13 to Fig.17 When the high-energy 
line break occurs, the secondary side of the broken loop experiences a fast depressurisation (Fig. 13) and the plant 
leaves the steady state condition (corresponding to the negative time interval in the following figures).  
The primary system pressure decreases for the combined effect of reactor scram and heat removal growth in the  
SG N° 1, due to the secondary water boiling phenomena that takes place when the secondary side pressure assumes the 
atmospheric value. In the following of the transient, the primary pressure growths up to 17.7 MPa, due to the reduced 
capacity of the SG to remove the thermal power. In terms of per cent variations (Fig. 14), the minimum pressure is 21 % 
less than operating pressure, the maximum is 11 % higher.  
Due to the stopping of the forced circulation, the mass flow rate in each CL passes from the nominal value of 4574 kg/s 
to a minimum value comprised between 100 kg/s and 200 kg/s (Fig. 15), suggesting that the natural circulation takes 
place in this particular scenario. It can be observed that before the pumps go out of operation, the CL mass flow rates 
increase, since the greater density of the primary fluid. In fact the temperature of the fluid injected into the vessel 
decreases during the first part of the transient, particularly in the one connected to the affected SG (Fig. 16); the highest 
temperature decrease of the fluid flow coming from SG N. 1 results in 95 K, while in the other cold legs the temperature 
decreases of 22 K.  
Comparing the results shown in previously mentioned figures, it is possible to understand that the investigated thermal 
shock is characterised by a peak of heat transfer located in the first 100 s of the transient; in the following of the 
transient the thermal loads becomes progressively less intensive, while growth the mechanical one. 
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Fig. 13. SG N° 1 primary and secondary side pressures. 
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Fig. 14. Perceptual variation of primary pressure. 
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Fig. 15. Mass flow rate of the Cold Legs. 
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Fig. 16. Fluid temperature of the Cold Legs. 
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Fig. 17. Decreases of the CL fluid temperature.. 
 
In Fig. 18 and Fig. 19 are related to RPV wall temperature distribution applied to the SM model on the base of the TH-
SYS data of the MSLB investigation (Level I of the analysis), aimed to examine the propagation condition of a flaw 
located in the upper downcomer. In Fig. 18, the wall temperature distributions for several instants are reported in 
general views for a half of the vessel and for the affected CL nozzle region. In Fig. 19, it is reported the temperature 
distribution in the wall thickness at the crack location for several instants subdivided in two different graphics in order 
to put in evidence the different time trend of the exchanged convective power between fluid and RPV for the selected 
transient (a first fast cooling of the inner RPV surface followed by a heat up that neutralise the cooling wave 
propagating in the wall).  
 

 

Fig. 18.Applied temperature distributions on the RPV wall 
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Wall temperature distribution at crack location
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Fig. 19. Wall temperature distribution at the crack location for several instants 
 

 

7.2. Assessing the convective heat flux and wall temperature distribution 
The results of TH-SYS analysis have to be qualified, and their conservativeness has to be addressed. This mean that 
different accident simulations have to be performed varying the main TH-SYS assumptions (i.e. allowing the AFS 
acting in the broken SG, the time trend of the CL fluid temperature results as in Figure), verifying that the adopted 
nodalisation does not predicts unconservative phenomena (as well as unreal mixing between hotter and colder fluid). 
Especially when the cooling mechanisms is dominated by stratification, plume or stripe formation this could be not 
sufficient with regard to the accuracy required for a detailed brittle fracture analysis. In fact the complete mixing inside 
each hydraulic component is assumed, the azimuthal repartition of the stacks forming the downcomer region is arbitrary 
defined, no cross flow junction should be defined to connect the parallel flow to maximise the potential for PTS.  
CFD computer codes permits to overpass the mentioned limitation, since they solve the mass, momentum and energy 
conservation equations in their three-dimensional form to determine the velocity, pressure and temperature fields. Thus, 
a higher degree of universal validity can be expected and with respect to the integrity assessment of pressure vessel, and 
a large number of load cases can be studied. The users of the CFD-programs emphasise that prior to such analyses, a 
verification by means of task-related experiments is necessary, but however the number of tests to be performed is 
significant lower compared to the derivation of correlations for more empirical methods.  
From the practical point of view, severe limits to the use of CFD codes are due to: 

• the wall-fluid heat exchange (the 3D grid has to respect general rules of validity to obtain an accurate evaluation 
of the convective heat exchange coefficient); 

• the accurate prediction of the fluid flow (unstructured meshes and explicit solving algorithms permit a better 
reproduction of the vessel geometry and fluid flow instabilities, but with long calculation times); 

• they are not adequate to simulate two phase flows. 
In any case, at least some specific calculations solving the hydraulic problem alone (without the conduction problem in 
the solid material) should be performed as support to the TH-SYS analysis. 
General views of results obtained by the application of different CFD codes (FLUENT 5 and TRIO-U) are given in 
Figure 20. The boundary and the initial conditions have to be derived from the RELAP calculation results by defining 
the cold leg mass flow rates and temperatures as time dependent functions.  
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(a) Downcomer inner surface temperature. 
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(b) Wall temperature distribution on the symmetry plane in the 
cold leg nozzle region. 

 
 

 
 

(b) Downcomer fluid temperature.  

 
 

(c) Downcomer inner surface temperature  
  

 

Figure 20. General views of CFD results: a) - b) FLUENT and, c) – d) TRIO_U calculations. 

7.3. Structural Integrity Assessment    
The structural assessment is focused on the evaluation of the possibility for an assigned TH-SYS transient to produce 
unstable propagation of flaws. The Stress Intensity Factor KI, evaluated along the crack front, adopting the safety 
factors prescribed by the IAEA Guidelines, has to be compared with the material fracture toughness KIc corresponding 
at the crack front temperature (with reference to the first crack opening mode and assuming to conduct the SM-FM 
analysis in the framework of the linear elastic theory). The time evolution of the previous quantities is analysed in order 
to discover if the two paths of load and strength curves are intersecting, respect to the material embrittlement resulting 
from the NPP operation [2].  
As previously mentioned, the KI has been determined by means of Weight Functions technique proposed for the first 
time by Verfolomeyev and Hodulak [14]. This technique allows the SIF evaluation straightforwardly by a simple 
integration of the nominal stresses calculated in the undamaged structure (Figure 21).  
The stresses into the undamaged structure are computed by mean of the RPV ANSYS model (Fig. 7). In Fig. 22, the 
results are an example referred to PTS event study initiated by a Double MSLB, in which a continuous cooling exists 
due to the actuation of AFW in one broken SG. 
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Figure 21. Considered crack position, Weight Function integration technique for the SIF evaluation. 
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Figure 22. ANSYS calculation: (a) imposed wall temperature and (b) total hoop stress distributions through the wall 

thickness calculated at the assumed crack location for different times. 

The data obtained by Structural Mechanics calculation have been employed to predict the crack opening load. From the 
overall stresses database, both mechanical and thermal tensions evaluated at the assumed crack location have been 
selected and stored in several files named TensNodixxx.dat (where xxx is the considered time). To organise this result 
in an arrangement suitable for the Fracture Mechanics analysis, the FM_INPUT.exe was created (written still in 
FORTRAN language). Reading the text format files: 
- TEMPI_INPUT.TXT, containing the list of instants considered for SM calculation; 
- LISTA_NODI.DAT, in which they are stored the cylindrical coordinates of the Ansys grid nodes arranged in 
the radial direction at the crack location; 
- TensNodixxx.dat  (where xxx is the considered time); 
this program saves SM data in the DATISIF.TXT file, containing the considered crack depths, the stresses calculated in 
the nodes at the crack location, their temperatures during the transient and the pressure trends.  
 
For the Fracture Mechanics calculations, the following assumptions have been postulated: 
 

• a pre-existing subcladding defect; 

• the flaw is located on the investigated welding, where higher stresses have been calculated; 

• the stress-free temperature is equal to nominal operation temperature; 

• residual stress σres [MPa] in weld is added, assuming the following expression:  

60cos 2res
w

x
S

σ π
� �

= ⋅� �
� � 

where x is the coordinate along weld thickness (considered from the cladding/weld interface), Sw is weld thickness. 
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The IAEA Guidelines gives some indications about the crack shape and dimension, but an infinite crack scheme (Fig. 
23.b) may be considered too; in fact a flaw of general three-dimensional shape usually shows a first propagation in the 
direction perpendicular to the wall thickness, but the worst propagation direction for the safety of the RPV is through 
the wall thickness. 
 

 

 

(a) 

 

(b) 

 
 

Figure 23. Crack models for the SIF evaluation 

The SIF has been determined by means of suitable Weight Functions [15], on the base of the 2D and 1D schemes. In 
Fig. 24.a the evolutions of the SIF produced by thermal loads is reported, assuming a crack depth equal at 5 mm. The 
condition of propagation has been examined comparing the calculated SIF with the fracture toughness described 
according to the IAEA Guidelines [2] (lower bound fracture toughness curve reported in paragraph 2).  
 
It can be observed that a very high transition temperature (Tk = 215 °C) is needed to promote brittle fracture for the 
considered crack and thermal-hydraulic scenario. This is due to fact that the wall temperature remains relatively high. 
The congruence of the calculated SIF at the crack tip has been judged comparing the results collected employing the 
two different formulations corresponding to the infinite and semielliptical cracks. (a ratio of about 1.5 is expected). 
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Figure 24. (a) Evolution of the total SIF calculated for a shallow crack and (b) comparison of the total SIF evaluated 
by 1D and 2D schemes reported in Figure 23. 
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8 CONCLUSIONS 

The paper is addressed to the study of the PTS in LWR and showed results from analyses performed at DIMNP of 
University of Pisa finalized to WWER 1000 reactor. The performed activity gives an overall idea of the complexity of 
the phenomena involved in PTS that remains a critical issue for the current generation of LWR. Namely the safety of 
nuclear installation is strictly connected with the integrity of the RPV that is challenged by combination of neutron 
fluence, imperfections in geometric continuity of materials, impurity of materials and thermal stresses mostly caused by 
cold coolant entrance in the vessel. The above statement provides an overall view of the difficulty of one PTS analysis 
including sources of uncertainties. It is also clear that the solution of PTS issue requires synergy of information from 
different disciplines, in which framework the coupling between SM and TH constitutes only one ring of a 
multiconnected chain. 
 
Conclusion from the performed activity can be derived at two levels: the various contributors to the solution of the issue 
shall be mentioned, the application of coupled SM-TH techniques must be assessed. 
In relation to the first level it shall be clear that the solution of the PTS issue implies solution of the following  
sub-issues: 

• Application of PSA techniques to identify a reasonable number of NPP scenarios that can be the origin of the 
PTS event from a variety initial conditions including nominal operation, start-up and switch-down; 

• Characterization of chemical composition and metallographic structure of vessel material; 

• Characterization of typical nonhomogeneity defect and of the maximum undetectable defeat size; 

• Characterization of neutron damage of the metallographic structures and characterization of induced changes in 
relevant mechanical properties; 

• Evaluation of limiting-bounding fluid temperature and mixing transient affecting the vessel internal surface 
temperature; 

• Characterization of the strain-stress states accounting for all the external and internal loads acting on the vessel; 

• Characterization of the fracture propagation probability as well as local scenarios consequent to fracture 
propagation. 

In relation of the second level we conclude that the actual sophistication of the applied tools is suitable, however this 
may not be true for the qualification level. 
More specific conclusion are as follows: 

• The sophistication of the TH-SYS and SM tools is sufficient although appropriate qualification is needed; 

• The CFD qualification is necessary especially in heat transfer between the fluid and the vessel wall; 

• Weight Function technique allows to perform FM parametric analyses, in the limit of its validity; 

• Coupling of the tools have been made, but again qualification and improvements are needed. 
 



 22 

REFERENCES 

[1]. J. M. BLOOM, J. of Pressure Vessel and Piping, Vol. 105, 1983, pp.28-34. 
 
[2] IAEA-EBP-WWER-08, Guidelines on Pressurised Thermal Shock Analysis for WWER Power Plant, June 1997. 
 
[3] D’Auria F., Galassi G., Giannotti W., Araneo D. “Nodalization of the WWER 1000 for the RELAP5 Code” Pisa 

University, DIMNP -NT 428 (02) rev0 Pisa, Italy, October 2002 
 
[4] Varfolomeyev I. V., Hodulak, “Improved Weight Functions for Infinitely Long Axial and Circumferential Cracks 

in a Cylinder”, in press on Int. J. Pres. Ves. & Piping, 1997. 
 
[5] Beghini M., Bertini L., Vitale E., 1992, “Three Dimensional Interpretation of Crack Initiation and Arrest during 

Thermal Shock loading of Thick Plates”, Proc. ASME ‘Pressure Vessel & Piping Conference’ 
 
[6] The Thermal Hydraulics Group, SCIENTECH Inc., “RELAP5/Mod3 Code Manual, Volume I: Code Structure, 

System Models and Solution Methods”, Idaho, June 1999. 
 
[7]. P. Ledac, L. Delapierre,  Manuel Utilisateur TRIO_U V 1.2, SMTH/LDTA CEA, May 2000. 
 
[8] Fluent Incorporated, FLUENT User’s Guide Version 4.3, 1995. 
 
[9] Ansys User’s Guide Manual, 1997.  
 
[10] Kolev N.P., Tomov E., Ovchatova I., Angelov D.K., “Kozloduy Nuclear Plant Analyzer. Specification of a 

WWER-1000 reference plant for NPA modelling Purposes”, Energoproekt Report, Sofia (BG), 1992. 
 
[11] Hinovsky I., “Personal Communications to F. D’Auria”, Sofia (BG), March and June 1995. 
 
[12] Gatta P., Mastrantonio L., “Thesis in Nuclear Engineering”, Università di Roma ‘La Sapienza’, 1995. 
 
[13] Cerullo N., D’Auria F., Frogheri M., Hinovsky I., “Data Base for Transient Analysis in WWER-1000 Nuclear 

Plants”, ICONE-4 Conf., New Orleans (US), March 10-14 1996. 
 
[14]. I. V. Varfolomeyev, Hodulak, “Improved Weight Functions for Infinitely Long Axial and Circumferential Cracks 

in a Cylinder”, in press on Int. J. Pres. Ves. & Piping, 1997. 
 
[15] T. Fett, D. Munz, “Stress Intensity Factors and Weight Functions”, Computational Mechanics Publications 

Ashurst Lodge, Southampton, 1997 
 
[16] Beghini M., D'Auria F., Galassi G.M., Vitale E., “Evaluation  of  the PTS potential in a WWER-1000 following  a  

steam  line break", IAEA Spec. Meet. on Methodology for PTS Evaluation - Esztergom (H), May  5-8, 1997 
 
[17] Cappariello A., D’Auria F., Vigni P., “On the use of thermalhydraulic codes to evaluate PTS situations” 16th UIT 

National Heat Transfer Conference, Siena (I), June 18-19,1998 
 
[18] Aprile G., D’Auria F., Frogheri M., Galassi G., “Application of a qualified WWER-1000 plant nodalization for 

Relap5/mod3.2 computer code”, Int. Conf. on Nuclear Option in Countries with Small and Medium Electricity 
Grid, Opatija (Croazia), Oct 7-9 1996 

 
[19] Magliolo P., Beghini M., D'Auria F., Morasso R., “Methodology for Stress-Strain State Evaluation in the WWER  

RPV in case of Pts” Pisa University, DIMNP -NT 378 (99), Pisa, Italy, April 1999 
 
 
 
 
 



 23 

 



IAEA TECHNICAL MEETING VIENNA 26-28 Nov 2003
“Progress in Development and Use of Coupled Codes for Accident Analysis” 1

QUALIFICATION AND APPLICATION OF
COUPLED REACTOR COOLING SYSTEM AND

CONTAINMENT NODALISATIONS

F.D’Auria, G.M. Galassi, W. Giannotti, A. Petruzzi,
K. Moussavian, F. Pierro, A. Lo Nigro, N. Muellner

November 19, 2003

Abstract

The analysis of the combined effects of primary side, secondary side and containment
is subdivided between thermohydraulic and containment related parts. The necessary
calculations are carried out by two different coupled complex system codes. This paper
proposes the use of RELAP5 for modelling both the reactor cooling system (RCS) and the
containment to analyse complex system behaviour during complex transients.

In order to show that RELAP5 is qualified for RCS containment coupled analysis
experimental data from the test facilities Battelle, PANDA and EREC are compared to
calculated results. Three cases in which RELAP5 was applied to model the contain-
ment response (AP1000) or even to describe in detail containment and RCS behaviour
(VVER1000, VVER440) in existing NPP (or NPP design) are presented. The paper con-
cludes that RELAP5 is a suitable tool for RCS containment coupled analysis.

1 Introduction

The RELAP5 code, made available to the international community in the early 80’s, has
been widely used for studies related to thermalhydraulic system behaviour of primary and
secondary loops of PWRs, BWRs and research reactors - recently also for VVERs and RM-
BKs. The frozen versions (mod2 and mod3.2) can be considered as state-of-the-art code suit-
able for applications in nuclear technology (NPP design, safety, etc.). The version (mod3.2)
has improved capabilities in simulating the behaviour of thermohydraulic systems at low
pressure and in the presence of non-condensables.

The objective of this paper is to provide an overview of results that show that RELAP5
is qualified to be used for RCS - containment coupled studies, to present results of the ap-
plication of RELAP5 to this kind of problems, and finally to summarise the advantages of
using just one code for this investigation.

The structure of this paper is to firstly show results which qualify the code RELAP5 not
only to investigate primary and secondary system behaviour, but also for the use of RCS -
containment coupled analysis. For this reason, the results of the application of RELAP5 to
a Battelle containment [1],[2] are presented, then a comparison between experimental data
and a RELAP5 prediction for the ISP-42 experiment of the PANDA integrated test facility
(ITF) [3] (Phase A: passive containment cooling system start - up) is shown. However, the
use of RELAP5 is also shown to be qualified for the VVER440/213 Confinement test facility
at the EREC institute [4].

In the next part the paper presents the application of RELAP5 to simulate the RCS cou-
pled to the containment for three different cases. Firstly a generic VVER1000 [5], secondly,
results for a VVER440 [6] are shown. Finally the analysis of a LBLOCA at a Westinghouse
AP1000 NSSS [12] is considered.
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Figure 1: Sketch of the BCM in the configuration used for CASP 1. The rupture compartment
is R6, compartment chain R6-R8-R7-R4-R5-R9, flow areas Ü 46/48 (circular channel), Ü78B
Ü47, Ü59A (sharp edged orifices), flow path R6 - Ü46/48 - R8 - Ü78B - R7 - Ü47 - R4 - Ü45 -
R5 - Ü59A - R9

Event Time exp. and
comment

Time calc. and
comment

Simulation of the break 0s 0s
Peak temperature (bottom containment) 35s / 44◦C 35s / 28◦C
Peak temperature (middle containment) 56s / 92◦C 48s / 84◦C
Peak of pressure 47s / 2 bar 47s / 2 bar

Table 1: Main events of the CASP1 experiment and of the calculated results

2 Qualifying RELAP5 for RCS - containment coupled anal-
ysis

As mentioned in [7], the validation1 of codes includes the formulation of a model (or hy-
pothesis), design of validation experiments, collection of experimental data, analysis of
these data, comparison of experimental data with code predictions and reformulation (if
necessary) of the model. The need for reformulation of the model and reiteration depends
on whether or not the code is judged to have met the validation goals or criteria.

2.1 Validating RELAP5 for the Battelle containment model (BCM)

In [1] a study to demonstrate the capabilities of the RELAP5 /mod3.2 code in simulating
containment behaviour by comparing code predictions with experimental data has been
conducted. In this connection it must be noted that a number of specific ”containment
codes” have been developed and qualified in the international scientific community; some
of these are openly available. A dozen experiments have been used by the scientific com-
munity to demonstrate the quality of containment codes. One of these, the OECD/CSNI
CASP 1, based upon the D15 experiment performed in the German facility BCM (Battelle
Containment Model) [8] was selected in [1].

1The terms “qualification of code” and “validation of code” are used synonymously in this paper
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Figure 2: Relap5/mod3.2 nodalisation of the Battelle Containment Model for OECD/CSNI
CASP 1

2.1.1 The Battelle facility (containment and RPV) and its nodalisation

The considered facility is a volume scaled version (1/100) of the contaiment and RPV of the
NPP Biblis (a Siemens/KWU PWR). A vessel containing high pressure/temperature water
two phase mixture is connected to the BCM by a fast opening valve to simulate a LBLOCA.

The Battelle facility consists of the Battelle Containment Model (BCM) and the Reactor
Pressure Vessel (RPV).The BCM is subdivided into six main subcompartments (labeled as
R4, R5, R6, R7, R8 and R9), as can be seen in figures 1 and 2. The R6 is the break subcom-
partment (test D-15), while R9 constitutes the main free zone of the containment

The authors of [1] followed three principles when developing the nodalisation:

1. reference length of nodes close to 0.5 m (as far as possible);

2. each sub-compartment was identified and subdivided into two parallel stacks of nodes
to make internal circulation flow paths possible;

3. each junction connecting sub-compartments were divided into two parts to allow the
possibility of countercurrent flows of the gas phase.

In addition, sub-compartment R9 has been divided into three parts: the top dome (nodes
from 600 to 621), the annular zone (nodes from 630 to 683) and the central cylindrical sink
(nodes 684 to 693). All nodes at the same elevation, regardless the sub-compartment, have
the same height to avoid the creation of artificial driving forces for natural circulation inside
a single sub-compartment or between sub-compartments.

In order to exploit the capabilities of the RELAP5 code the entire RPV and the break
line was nodalised, even if the geometry of the connection between RPV and piping was
not known - instead of considering the flowrate vs time as an input parameter (obviously
assigned and code-calculated break flowrates have been compared, see below).
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Figure 3: A comparison of experimental data and calculated results for the Test D-15 at the
EREC containment test facility are shown.

2.1.2 The experiment in question (D-15)

The D-15 experiment was used as German Containment Standard Problem No. 1 (blind)
and OECD/CSNI CASP 1 (open); in [1] reference is made to the last activity. In the D-15
test the sub-compartments of the BCM were arranged in a chain-type way. Starting from
the rupture containment R6 (i.e. the RPV exit piping is connected with R6) the fluid from
the break mixed with air (which is initially still present in the rupture compartment) flows
into:

1. a channel connecting R6 and R8;

2. R8 coming from the channel;

3. R7 coming from the ’orifice’ R8/R7;

4. R4 coming from the ’orifice’ R7/R4;

5. R5 coming from the ’orifice’ R4/R5;

6. R9 coming from the ’orifice’ R5/R9.

The way in which the experiment is conducted in principle is simple. At time ’0’, the
rupture disk separating the RPV exit pipe from R6 is opened, delivering high pressure liquid
and steam from the RPV to the BCM. The blowdown is terminated 70s after beginning of the
transient (a valve isolating the RPV exit pipe from the containment is closed at that time),
while pressures and temperatures in the BCM are measured till 1500s.

2.1.3 Comparison between experimental and calculated results

A comparison between selected experimental and predicted trends are given in figure 3. As
can be seen, the long term pressure is well predicted by the code. Temperatures are reason-
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Figure 4: Drawing of the BCM (Battelle containment model)

bly well predicted in all sub-compartments. In particular, the stratification of the tempera-
ture in R9 can be observed from calculated results and is consistent with experimental data.
Table 1 shows the main results.

The use of the RELAP5 code gave the possibility of simulating both the BCM and the
connected RPV. The authors of [1] have shown that the code can be used for containment
studies. The obtained solution is sufficiently robust (mass error reasonable, and function of
the time step, as expected) and in agreement with experimental data.

2.2 Validation of RELAP5 for modelling the VVER440 bubble condenser
confinement

Another effort to validate RELAP5 for RCS - containment coupled analysis was made by
[4]. The results obtained from an experiment of the EREC (Elekrogorsk Research and En-
geneering Center) test facility for a bubble condenser (BC) confinment for a VVER 440/213
were compared to calculated data.

2.2.1 Main features of the EREC BC V-213 facility

The following description is mainly taken from [9]. The BC V-213 test facility is a large-scale
integral facility modeling the bubble condenser accident localization system and hermetic
compartments of NPP with VVER-440/V-213 reactor. The volumetric scale of the facility is
1:100. The facility consists of a bubble condenser model (BC), models of hermetic compart-
ments and water treatment installation (system of high pressure vessels). The BC model is a
full-scale fragment of NPP bubble condenser containing 18 full-size ”gap-cap” elements po-
sitioned in two rows, nine elements in each row. The elevation scale of the BC model is 1:1.
Hermetic compartment models of the facility (two boxes of steam generators, accident lo-
calization shaft with a full-size fragment of BC, air trap, dead boxes) are scaled 1:100. Outer



IAEA TECHNICAL MEETING VIENNA 26-28 Nov 2003
“Progress in Development and Use of Coupled Codes for Accident Analysis” 6

Figure 5: Nodalisation of the facility BC-213 (VVER440/213 Confinement simulation) “pri-
mary side”

walls and ceilings of hermetic compartments are designed to withstand the overpressure of
0.2 MPa and underpressure of 0.02 MPa. The specially designed system of high pressure
vessels allows to simulate steam-water mix leakage from primary and secondary circuits of
the reactor plant under LOCA conditions.

The purpose of BC V-213 test facility is to conduct thermal-hydraulic tests to study op-
erability and reliability of the bubble condenser accident localization system at NPP with
VVER-440/V-213 under design basis accidents, small break LOCAs and accidents caused
by the secondary steam line breaks.

2.2.2 The BC VVER440/213 facility nodalisation

In [4], the original, un-modified version of the RELAP5 /mod3.3b code has been utilized.
The nodalisation development for both primary and confinement systems of the BC V213
facility was based upon well established criteria. A picture of the nodalisation is shown in
figure 6, the total number of hydraulic nodes is 807, the total number of junctions is 823.

In [4] the confinement nodalisation for RELAP5 has been developed basically using two
steps: in the first step sub-compartments are identified based on the geometric layout of the
system under consideration (e.g. sub-compartments are typically separated by corridors,
openings/doors, or geometric discontinuities); in the second step each sub-compartment is
sub-divided into a number of (typically vertical) stacks to allow the establishment of buoy-
ancy driven circulations.

2.2.3 The experiment at the VVER440 confinement facility

The test starts with the opening of the ”blow-down valve” (actually constituted by a couple
of rupture disks) in the ’far’ position of the SG box1 (figure 7 and 8). 65s after the beginning
of the experiment the spray system is actuated with an imposed flowrate of 10kg/s (taken
constant during the analysis). The test ends at 150s.

A typical blow-down scenario results from the primary system. The discharge of the
steam-water mixture from three vessels initially containing fluid at different temperatures
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Figure 6: Nodalisation of the facility BC-213 (VVER440/213 Confinement simulation) con-
finement with bubble condenser

causes different slopes in the depressurisation curve.

2.2.4 Experimental and calculated results

The experiment showed the following main phenomena:

• Pressurization of the SG box1 and with small delay of SG box2, the dead-end, and the
entrance region of the bubble condenser. Peak pressure in SG box1 occurs at about 7s,
which can be seen in figure 9-a. The figure also shows that the results for the pressure
predicted by RELAP5 are in accordance with the experimental data.

• Air passage through the BC pool and later on air-steam mixture passage and steam
condensation into the BC pool.

• Pressurization of the air-space of the BC pool, opening of the flap valve and pres-
surization of the air-trap. The pressure in the air-trap, during the first phase of the
transient (i.e. till about 20 s, compare figures 9-a and 9-b), remains lower than the
pressure in the blow-down compartment and in the air-space of the BC. When pres-
sure in the air space of the BC becomes close to the pressure in the air trap, the flap
valve closes and fluid communication is interrupted between the air-trap and the rest
of the confinement (therefore, air remains ’trapped’ in this region of the confinement).

• Steam collapse into the blow-down and nearby compartments. This is induced by wall
condensation at the end of the blow-down and by the actuation of spray sprinkler in
SG box1. The consequence is pressure reversal through the BC pool at about 65 s into
the transient, partial emptying of the pool and start of level rise in the SG box 1 and
connected compartments.

A comparison between experimental and calculated results of the PS pressure and tem-
perature is shown in figures 9-c and 9-d respectively. As can be seen, the predictions of
RELAP5 are close to the experimental results.
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Figure 7: BC V213 Test facility: side view of the primary system

2.3 Validatition of RELAP5 for ALWRs (utilising experimental results of
the PANDA facility)

Pisa University used RELAP5 to participate in the International Standard Problem (ISP) 42
exercise (blind phase). An analysis of the results of this activity was presented in [3]. The
PANDA facility is a large scale thermal hydraulic facility suitable for the simulation of the
passive containment of ALWRs. RELAP5 proved to be a possible tool for the problem.

2.3.1 The PANDA facility and its RELAP5 - nodalisation

PANDA is a large scale facility (1:40 volumetrically scaled, pressure drops and heights are
scaled 1:1) for the investigation of passive ALWR containment phenomena and simulation
of system response. PANDA has a modular structure of cylindrical vessels interconnected
by piping (figure 10).

The various containment volumes are simulated by six cylindrical pressure vessels. One
of these represents the Reactor Pressure Vessel (RPV) and is equipped with programmable
1.5 MW electric heater simulating core decay heat generation. Two other vessels may repre-
sent the Drywell (DW), another two the Wetwell (WW), and one a Gravity Driven Cooling
System (GDCS) pool or another containment volume. Four rectangular pools (open to the
atmosphere) are located on top of the facility.

The nodalisiation presented in [3] is shown in figure 11. Each zone of the PANDA loop
is represented. The sensitive parts of the nodalisation are:

1. The RPV is represented by two parallel stacks of volumes: one is the downcomer (22
volumes) and one the heater riser (22 volumes). The lower plenum is represented by
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Figure 8: BC V213 Test facility: longitudinal view of the confinement system

an additional single stack of 9 volumes for the lower part of the RPV dome and two
parallel stacks of four volumes plus an upper plenum for the top of the RPV dome.

2. Both drywell and Wetwell vessels have been modelled with two parallel stacks of
volumes, namely the central and the external stack. This two stacks are only partly
connected to each other.

3. All three large diameter vessel connection lines have been modelled by two parallel
stacks of volumes, namely a lower and upper line.

4. Each of the three PCCs has been nodalised by four parallel stacks of volumes for the
PCC tubes and two parallel stacks of volumes for the PCC pool. This allows for recir-
culation of water in the PCC.

2.3.2 Description of the ISP 42 exercise

The ISP test subdivided in six well defined sequential phases, A through F, in order to re-
strict the phenomena taking place in each test phase to a reasonable number and to separate
them as much as possible.

• Phase A: Passive Containment Cooling System Start-Up

• Phase B: Gravity - Driven Cooling System Discharge

• Phase C: Long - Term Passive Decay Heat Removal

• Phase D: Overload at Pure - Steam Conditions

• Phase E: Release of Hidden Air

• Phase F: Release of Light Gases in the Reactor Pressure Vessel.

However, in [3] only the phases A to C have been analysed and in this paper only the
results of phase A will be reported. The objective of the first test phase was to investigate
the start - up of the PCC system. At the beginning of the transient, steam from the RPV is
injected into the DW filled with cold air and the resulting gas - mixing and system behaviour
is observed.
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Figure 9: Selected Trends (experimental and calculated) for the VVER 440-213 BC confin-
ment test facility.

2.3.3 Code results and experimental data

As can be seen in figure 12 the overall time behaviour of the pressure is reasonably well
predicted. At the beginning of the test, the pressures calculated by the code start to increase
with a little delay in comparison to the experimental trends, and they are slightly over-
predicted. This effect is presumably due to heat capacities in RPV. Later (around 500s) the
slope decreases because of the condensations in the DW. In the range 3000s - 4000s, the pres-
sure slope is influenced by the presence of non condensables. In the final part nearly steady
state conditions are reached and almost the whole steam condenses in the PCC tubes. The
pressure rise stops when PCCs can remove the total RPV power and the pressure reached
under final steady state depends mainly PCCs power. The DW pressure follows very closely
the RPV pressure. The decrease of liquid mass inventory in the RPV determines the produc-
tion of steam, which is injected into the two DW.

At the beginning of the transient the steam partially condenses in the DW and afterwards
it mostly condenses on the primary side of the PCCs. The mass flow in the main steam
lines from the RPV to the DW and the velocity of the steam at the inlet to DWs determines
the air/steam mixing and stratification inside the vessels, the purging of air, the air/steam
composition of the feed flow into the PCCs and eventually the start of PCC operation. The
predictions slightly under estimate the expermental mass flow in the first 1000s. At the
beginning of transient there is steam flowing from the RPV to the condensers through the
drain line. Later the flowrate through the PCCs vent lines goes to zero and all the mass
flow goes to the condensation line; this means that the PCCs condensers and all flows of
the system reach a steady state. As long the PCCs are fully submerged in the PCC pools the
pool level has no significant influence on the PCC performance.

As a summary it can be said that the PCCS showed to have a good performance dur-
ing start-up, the concept to progressively remove non-condensable gas from the DW, by
venting them to the WW through the PCCS vent lines showed to be a good design feature.
RELAP5 proved to be suitable for containment studies. The nodalisation used was capable
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Figure 10: Scheme of the Panda facility

to represent a 3-D flow paths with a 1-D code.
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Figure 11: Nodalisation of the PANDA facility developed by the University of Pisa
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Figure 12: Selected trends which show a comparison of calculated and experimental results
for the ISP-42 blind test at the PANDA facility (containment for ESBWR)
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Figure 13: VVER1000 nodalisation (primary system only)

3 Application for VVER1000, VVER440 and AP1000

In section 2 this paper presented selected efforts to validate the RELAP5 code for RCS -
containment coupled analysis. Important trends of several experiments at test facilities were
reproduced (in one case even predicted) with RCS - containment coupled RELAP5 input
decks. In all cases RELAP5 was able to accurately describe the physics of the problems.

This section presents possible fields of application for RELAP5 as a RCS - containment
coupled code. Three cases are presented: first a LBLOCA at the VVER1000 NPP, then a
LBLOCA at the VVER440/270, finally long term core cooling at the Westinghouse AP1000
NSSS following a LBLOCA.

3.1 A LB-LOCA at a generic VVER1000, with and without containment,
analysed with RELAP5

In [5] RELAP5 was used to analyse a LB-LOCA considering the RCS coupled to the con-
tainment for a generic VVER1000. In the Design Basis Accidents (DBA), LB-LOCA with
ECCS is one of the most important accidents which is considered in licensing analysis of
NPPs. Three cases have been looked into: in the first case the containment was simulated
in a simple way (just one volume) and RELAP5 mod 3.2 was used; in the second case the
calculation was repeated with RELAP5 mod 3.3 (beta version). The results indicated that
RELAP5 mod 3.3 can be used for this purpose (a more detailed analysis of a comparison
between RELAP5 mod 2 and RELAP5 mod 3.3, which also indicates that RELAP5 mod 3.3
can be used for this transient, is given in [11]). In the last case the containment is nodalised
in detail and RELAP5 mod 3.3 was used. In all cases a LBLOCA was analysed.

3.1.1 Short description of the plant and its nodalisation

The following description is mainly taken from [10]. The NPP in consideration is the VVER-
1000. The primary coolant system (360.9 m3) consists of the reactor pressure vessel and four
primary loops. The hot leg nozzles are located above the cold leg nozzles on the reactor
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Figure 14: VVER1000 containment nodalisation
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Figure 15: Results for the VVER1000 LB-LOCA PS. The effect of the containment in the
nodalisation can be seen.

vessel. Each loop has a horizontal SG and a shaft-sealed reactor coolant pump. The nominal
primary system pressure is 15.7 MPa.

The total secondary side free volume of each SG is 127 m3. There are 11,000 SG tubes in
each SG, with an outside diameter of 16 mm and a thickness of 1.5 mm. The normal water
level is 2550 mm (2/3 of total height). There are two inside primary collectors on the SGs
(hot side and cold side). The feedwater collector for main and auxiliary feedwater (AFW)
feeds the feedwater under nominal level.

The nodalisation for the VVER1000 with and without containment can be found in fig-
ures 14 and 13 respectively. It should be noted that the authors of [5] chose to use RELAP5
mod 3.3 because the large number of nodes, when RCS and containment are coupled, im-
pedes the use of RELAP5 mod 3.2.

3.1.2 Comparison of the results with and without containment

One case is analysed by assuming a fictitious containment, in other words the containment
is simulated by a time dependent control volume. Generally in a LB-LOCA immediately
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Figure 16: Results for the VVER1000 LB-LOCA Containment.

after the break (less than 20 seconds in our case) the primary side pressure rapidly drops
(blow-down phase). In this period the total mass inventory of the primary side decreases
to 10% of the nominal value, and the maximum cladding temperature is increased within
a few seconds. After this time, the total mass inventory again increases and maximum fuel
and cladding temperatures decrease (reflood phase). In this phase, primary system pres-
sure and reactor power stabilize. The effect on the PS pressure and the hot rod temperature
when the containment is also nodalised is shown in figure 15. One can see that the presence
of the containment in the nodalisation does not significantly influence the bevaviour of the
PS in this transient. The last figure 16 shows interesting trends of containment parameters
- the pressure in the containment dome, the pressure difference between RPV and SG com-
partment, the stratification of temperature in the SG compartment and formation of a liquid
level at the bottom of the containment.

3.2 A RELAP5 RCS - containment coupled analysis of a 500mm LBLOCA
at a generic VVER440/270 NPP

As next application of RELAP5 as a RCS - containment coupled code an analysis of a
LBLOCA at a VVER440/270 NPP is presented [6]. In addition the results obtained from
RELAP5 are compared to an analysis of the same problem performed with RELAP5 for the
PS, but MELCOR for the confinement [13].

3.2.1 Description of the plant at its representation in RELAP5

The VVER 440/270 NPP is comparable to a western type PWR. The reactor core is located
in the vertically placed cylindrical reactor pressure vessel, whose total height is 13.75 m and
outer diameter is 3.84 m. The six inlet and six outlet pipe connections are located at different
heights on the vessel.

Transport of the heat generated in the reactor core is performed by the six cooling loops,
which surround the reactor. The spatial configuration can be seen in the figure 17. Hot leg
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Figure 17: Scheme of the VVER440/270. All six loops and one loop alone are displayed.

Figure 18: Scheme used for the nodalisation of the confiment for the VVER440/270, and the
nodalisation itself

and cold leg temperature are 297◦C and 267◦C respectively. The pressure in the PS during
normal operation is about 12.4 MPa. The pressurizer is connected to loop the hot leg of
one loop. The pressure in the SGs is 4.6 MPa, temperature of the feedwater 223◦C and the
temperature of the generated steam 260◦C . Three SGs are connected to one turbine.

In [6] a qualified nodalisation was used for the primary system. To nodalise the confine-
ment (see figure 18) the following compartments were identified and modelled:

• SG Cavity: This space is roughly an annular space; it is the more external cavity. This
space was divided in six spaces, one for each SG; each space is connected to the near
SG spaces, hydraulically (by junctions) and thermally (by heat structures); the model
includes the walls separating the several SG areas. The exchange of heat with the
outside environment via the external walls of the SG spaces is simulated. The SG
spaces are connected to Tubes Cavity.

• Tube Cavity: it is considered as an extension of the SG cavity and it is obtained as a
part of the total volume of the SG room. It corresponds to space occupied by primary
piping, pumps and valves. It is divided in six spaces and it is connected to the SG
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Cavity, Pumps Motor Cavity, and to the RPV Cavity. Special heat structures allow
thermal exchanges with the connected spaces. One of the Tube Cavity is connected to
the PRZ Cavity.

• Pumps Motor Cavity: it contains the motors of the MCP; it is divided in six spaces;
each space is connected to the corresponding Tubes Cavity. Thermal exchanges are
simulated with SG Cavity and Tubes Cavity.

• RPV Cavity: it corresponds to the room containing the vessel up to the bellows seal.
This space is connected to the Tube Cavity which with it exchanges heat.

• PRZ Cavity: this is a cylindrical space containing surge line and the pressurizer; it is
connected with one of the Tube Cavity.

3.2.2 Results of the analysis

The transient is a double ended 500mm diameter break originated by a rupture in the cold
leg in loop 1, between the pump and the reactor vessel. The PRZ is connected to loop No 6.
A steady state calculation by running the code with the ’TRANSNT’ option for 100s has been
completed to obtain the steady state conditions at the beginning of the transient; this period
is identified in the time axis by the interval -100s -0s in figure 19; time 0s is the beginning of
the LB LOCA event. The break CL discharges in the volume of the containment constituted
by the component 945.

The results for the confinement put in evidence that pressure exceeds the 2 bar value
(max pressure 2.34 bar, max temperature 107 ◦C , and that the dump valves are taken into
operation. The energy released by the primary fluid flowing by the break to the confine-
ment is mainly removed by dump valves and by spray activation. The heat exchange with
confinement structures constituted by concrete and steel liner affected the pressure peak,
but in a negligible amount in a LB LOCA. The heat generated by primary circuit and sec-
ondary circuit external structures is negligible too in a LB LOCA. The temperature of the
water condensed inside the confinement is equal or slightly lower then the one resulting
in the calculation because the particular simulation of spray system that does not take into
account the mass of spray water.

The obtained results show that confinement pressure exceeds the 2 bar value in the se-
lected transient. This is in agreement with other results obtained by a separate analysis
performed for the same kind of NPP concerning the same transient ([6] and [13], compari-
son in figure 19).
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Figure 20: Scheme of the AP1000 primary system

3.3 Analysis of long term core cooling for the AP1000 PWR

In [12] the question if passive cooling systems alone can provide indefinitely adequate cool-
ing of the reactor following a design basis LOCA was investigated. A RELAP5 model of the
Westinghouse high-power density 3400 MWth (1090 MWe) two loop PWR has been set up.
The containment and the passive containment cooling system (PCCS) have been included
in the model to simulate the thermal-hydraulic behaviour of the primary and secondary
systems and the containment. This allows the analysis long term phenomena during the
recirculation phase including feedback between the PS and the containment. Off-line calcu-
lations (based on experimental data and separate effects models) have been used to properly
represent the physical phenomena that take place in the containment.

3.3.1 Design features of the Westinghouse AP1000 NPP

The AP1000 nuclear steam supply system (NSSS) configuration consists of two Delta-125
steam generators, each connected to the reactor pressure vessel by a single hot leg and
two cold legs. There are four reactor coolant pumps that provide circulation of the reac-
tor coolant for heat removal. A pressurizer is connected to one of the cold leg piping to
maintain subcooling in the Reactor Coolant System (RCS) (see figure 20).

The AP1000 is an upgraded version of the AP600. Major component changes incorpo-
rated into the AP1000 design include a taller reactor vessel, larger steam generators (Delta-
125), a larger pressurizer and slightly taller, canned reactor coolant pumps with higher reac-
tor coolant flows. The designs for these reactor components are based on components that
are used in operating PWRs or have been developed and tested for new PWRs.

An interesting feature of the AP600 and AP1000 plants is the capability of the contain-
ment to provide long term cooling (PCCS, see figure 21). The steel containment vessel itself
provides the heat transfer surface that removes heat from inside the containment and rejects
it to the atmosphere. Heat is removed from the containment vessel by a natural circulation



IAEA TECHNICAL MEETING VIENNA 26-28 Nov 2003
“Progress in Development and Use of Coupled Codes for Accident Analysis” 20

Figure 21: Scheme of the AP1000 containment

flow of air that cannot be isolated. The air cooling is supplemented by water evaporation on
the outside of the containment shell. The water is drained by gravity from a tank located on
top of the containment shield building. Two normally closed, fail-open valves are opened
to initiate the water drain. The water tank is sized for seven days of operation, after which
time the tank is expected to be refilled to maintain the low containment pressure achieved
after the accident. If the water is not resupplied after three days, the containment pressure
will increase.

3.3.2 RELAP5 plant description and results

The RELAP5 plant model which was used in [12] represents all the major primary, sec-
ondary and passive safety system components. The model is composed by the following
general zones, each in term composed by single components: RPV PRZ and surgeline, pip-
ing and pumps, SG and steam line, ECCS (ACCs, CMT, IRWST and PRHR systems), con-
tainment and PCS. The two loops of the plant are modelled separately, each including the
HL, the SG, the two CLs, and the associated canned RCPs. The PRZ is located loop 1, and
the CMT pressure balance lines are connected to the CLs of loop 2. The ACCs, CMTs and
IRWST discharge lines are connected to the DVI lines. The model is composed of 425 vol-
umes, 496 junctions, 350 heat structures (with 2313 mesh points), 270 control variables and
221 trips.

As shown in figure 22 the containment has been modeled with:

• Annuluses 905 and 913 and pipe 930 that represent the inside atmosphere of the pri-
mary containment. They are connected by four junctions, that allow to properly de-
scribe the natural circulation.

• Junction 996 and 997 representing sump screens.

• Pipes 998 and 999 that represent the recirculation line to the DVIs.
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Figure 22: Results for the AP1000 RCS - containment coupled analysis. The peak pressure
in the steel containment was below 4.3 bars.

• Trip valves 994 and 995 that regulate the sump and IRWST injection to the DVIs.

• Time dependent junction 807 and 808, time dependent volumes 4 and 7, and control
variable 812 which allow to represent the recirculation through the gutters.

The predictions from the code are as follows: Immediately after the break the RCS
rapidly depressurises and the core flow quickly reverses. The massive size of the break
causes an immediate rapid pressurisation of the containment, as can be seen in figure 22.
The initial mass inventory is depleted due to the break flow, the core is uncovered and
the cladding temperature starts to rise. At approximately 14s after beginning of the tran-
sient, the lower plenum fills to the point that water begins to reflood the core from below.
With the time the core water level rises, which means that the core is cooled again and the
cladding temperature begins to decrease. The mass flow rate through the break is the heat
source for the containment. Steam goes upward, condenses on the metallic shell and drains
downward. The absorbs heat from within the containment, and transfers it to the external
atmosphere. Inside of the containment a natural circulation mechanism takes place. The
peak pressure in the containment reached during the transient is 4.25 bars, the maximum
cladding temperature was 1043◦C . In [12] it is concluded that the RELAP5 plant and con-
tainment computer model as well as the method of the analysis are a feasible approach.

4 Conclusion

The possibility to use the complex system code RELAP5 to perform a RCS and contain-
ment coupled analysis was investigated. Past activities to validate RELAP5 for RCS - con-
tainment coupled phenomena were the first topic the paper focussed on. The containment
behaviour in test facilities was discussed. The main results are summarised as follows:

• In section 2.1 the effort of [1] to reproduce the behaviour of the Battelle facility for the
OECD/CSNI CASP1 experiment was shown. The predicted and experimental results
were in good agreement.
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• In section 2.2 it was shown that RELAP5 was able to accurately predict the perfor-
mance the VVER440/213 Bubble Condenser Confinement facility EREC. This results
were taken from [4].

• RELAP5 was used by PISA University to participate in the blind test phase for the
ISP 42 exercise (at the PANDA facility, section 2.3, [3]). Again, experimental data and
calculated results were in good accordance.

Since in all cases above experimental and calculated results are in good accordance,
RELAP5 was considered to be qualified for the analysis of RCS - containment coupled
phenomena. Therefore as a next step different applications of RELAP5 RCS - containment
coupled nodalisations were presented.

In [5] (section 3.1) the RCS and the containment of a generic VVER1000 NPP were mod-
elled in detail. The number of nodes exceeded the capabilities of RELAP5 mod 3.2, so
RELAP5 mod 3.3b was used. Efforts were made to ensure that mod 3.3b and mod 3.2 pre-
dictions for the PS do not differ. In the next application the objective was to achieve detailed
results of the confinement of the VVER440/270 during a LBLOCA 500mm double ended
break ([6], section 3.2). The same transient was analysed using MELCOR for the confine-
ment [13] and the results were compared - the qualitative (peak of the pressure, “cycling”
period of the dump valves) and quantitative results are in good agreement. The objective
(concerning the containment) for the analysis of a LBLOCA at the AP1000 NSSS ([12], sec-
tion 3.3) was to get a realistic response as an input for the RCS - therefore less nodes were
used to model the containment than in the other two cases. This approach gave the oppor-
tunity to study the effects of the PCCS on the RCS in detail.

RELAP5 proved to be a possible tool for containment RCS coupled analysis. RELAP5 is
capable of describing the physics of the involved phenomena with good precision. The use
of a single code allows to avoid many downsides of coupling of different codes - like long
computing times, the need to obtain two codes instead of one, errors originating by passing
data from one code to another.
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Abstract 
   

The Nuclear Power Engineering Corporation has developed the IMPACT software 
system.  IMPACT's distinguishing features include interconnected hierarchical modules and 
mechanistic models covering a wide spectrum of scenarios ranging from normal operation to 
severe accident events in light water nuclear power plants, and high-speed simulation on 
parallel processing computers.  As one of the IMPACT software system, the flow induced 
vibration analysis code FLAVOR was developed.  FLAVOR consists of two modules for 
analyses of (1) a three-dimensional fluid force acting on structural surface and (2) fluid-
structure interaction in two-dimensional cross flow.  In the latter module, the fluid flow 
analysis sub-module and the structural displacement analysis sub-module are coupled.  The 
moving boundary evaluated from the displacement analysis of the structure is handled in the 
fluid flow analysis by an Arbitrary Lagrangian-Eulerian (ALE) method.  In the ALE method, 
the matrix of Poisson’s equation is solved by parallel computing.  The former module was 
validated by analysis of fluid force on a core barrel of a 4-loop PWR plant.  Calculated 
frequency dependence on a power spectrum density agreed well with the measurement.  As 
for the latter module, the ALE fluid flow analysis sub-module with moving boundary was 
first verified by analysis of a test in which a vertical cylinder was enforcedly vibrated in a 
horizontal flow.  The lock-in phenomena observed in the test was quantitatively reproduced in 
the analysis.  Then the experiment performed by King, et al. was analyzed with the latter 
module.  In their test, a vertical cylinder naturally vibrated due to a horizontal flow.  The 
module could reproduce the first instability region of in-line oscillation due to symmetric 
vortex shedding.  The vibration amplitude of the cylinder and the fluid velocity region where 
the vibration amplitude became large were well simulated.  The validation analysis was also 
made on the 1/6th sector tests of the ABWR lower plenum in which the guide tubes for the 
control rod drives and in-core monitors were installed at full-scale.   The results showed the 
capability for FLAVOR to be applied to the flow induced vibration of the tube array as well.   
 
 
1. INTRODUCTION 
 

The Nuclear Power Engineering Corporation (NUPEC) has developed a simulation 
system named IMPACT, an acronym for "Integrated Modular Plant Analysis and Computing 
Technology", with financial sponsorship from the Japanese government's Ministry of 
Economy, Trade and Industry [1, 2].  IMPACT was designed as a large-scale system of 
interconnected hierarchical modules covering a wide spectrum of scenarios ranging from 
normal operation to hypothetical, beyond-design-basis-accident events of light water nuclear 
power plants.   The key features of the IMPACT software system are as follows.   

 
(1) Minimization of use of empirical correlations and constants,  
(2) Maximization of use of mechanistic models and theoretical-base equations, 
(3) Utilization of a parallel processing computer for high-speed simulation, and 
(4) Modular structure for easy development and maintenance.   
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First, a three-dimensional fluid dynamics analysis code, PLASHY (Parallel Large-scale 
Analysis System for Hydrodynamics), based on the α-Flow Code [3], has been developed to 
provide the core program for other IMPACT software.  The PLASHY Code analyzes single-
phase, two-phase and multi-phase flows in pipes and vessels in three dimensions using a 
finite-difference numerical scheme and turbulent flow models.  It was incorporated into the 
following IMPACT software; (1) the FLAVOR code (Fluid-Structure Interaction Analysis 
Code for Vortex-Induced Vibration) to demonstrate the structural integrity of components 
under flow conditions in a nuclear power plant, (2) the analysis code for boiling transition and 
the departure from nucleate boiling, CAPE (Critical Power Analysis in Parallel Computer 
Environment) to estimate thermal margin of nuclear fuel bundles including those of improved 
fuel designs, and (3) the SAMPSON Code (Severe Accident Analysis Code with Mechanistic 
Parallelized Simulations Oriented towards Nuclear Fields) to clarify the safety margin of light 
water nuclear power plants under severe accident conditions.   
 

This paper presents outlines of the FLAVOR code and validation studies thereafter.   
 
 
2.  FLAVOR CODE DESCRIPTION 
 

The flow-induced vibration may have a serious effect on the integrity of components 
immersed in the liquid coolant unless the components have been appropriately designed and 
constructed.  If an accident caused by the flow-induced vibration would once occur, the plant 
must be shut down for long time in order to clarify the cause in detail and establish the 
countermeasures to prevent similar accidents.  

 
The FLAVOR code was developed in order to analyze the flow-induced vibration 

phenomena and to demonstrate the structural integrity of components under flow conditions 
in a nuclear power plant.  The FLAVOR Code consists of two modules as shown in Fig. 1.  
The capability of fluid flow analysis in the FLAVOR code is limited to a single-phase flow.   
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Fig. 1  Analysis Modules in FLAVOR 

 
21. Three-dimensional load analysis module 
 

Three-dimensional load analysis module was developed for application to situations in 
which structure movement induced by fluid flow does not affect the fluid flow.  In these 
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situations, the fluid and structural vibration were uncoupled and the fluctuation of pressure 
load on the component surfaces due to fluid flow was evaluated.   This module is the same as 
the PLASHY code with boundary fitted coordinates (BFC) for single-phase flow, except 
additional capability of frequency analysis and statistical treatments.   

 
2.2 Two-dimensional cross flow module 

 
The complete fluid-structure interaction is analyzed by the fluid-structure interaction 

analysis module for two dimensional cross flow.   
 
When the fluid flow is affected by the vibrating component, the interaction should be 

analyzed by an iteration of flow analysis and displacement analysis of the structure.  In the 
fluid structure interaction analysis module, moving boundary evaluated from the displacement 
analysis was handled in the flow analysis by an Arbitrary Lagrangian-Eulerian method.  The 
code developed is capable for analyses of not only a single tube but also multiple tubes under 
cross flow conditions.   

 
The Navier-Stokes equations of incompressible fluid with continuity equations are 

solved by a finite element method which is also used in the structural analysis.   The SMAC 
method is used for time integration.  The boundary velocities of the structure surface give the 
boundary conditions of the flow analysis.  The deformation of the cross section of the 
structure is ignored because it is much smaller than the displacement of the structure itself.  
The natural frequency of the structure in the two-dimensional analysis is obtained by a beam 
model analysis.  The equivalent mass per unit length and the damping factors in x-y 
coordinates are also given from the beam model analysis.   The fluid force on the structure 
obtained from the flow analysis is used as the load boundary conditions for the structure 
analysis after being weighted by the participation factor based on the fundamental mode 
displacement.   
 
 
3. VALIDATION ANALYSIS 
 
3.1  Validation of Three Dimensional Load Analysis Module 
 

Figure 2 shows the pressure oscillation analysis result in a PWR downcomer region.    
The Navier-Stokes equation was solved by the third-order upwind difference scheme.  Inlet 
velocity was assumed to be constant as a boundary condition and free flow out condition was 
applied at the 10D (D: diameter of the nozzle) downstream of the downcomer from the nozzle.  
The analysis result was compared with the measurement at the core barrel of the 4-loop 
pressurized water reactor (PWR) [4].  The lower part of Fig. 2 shows superposition of the 
analysis result on the figure in the reference [4].  Since the quantitative spectrum density was 
not shown in the reference, direct quantitative comparison was impossible, but it is clear that 
the frequency dependency on the power spectrum density (PSD) agreed very well within a 
practical PSD range.  However, comparing the PSD in detail, analyzed frequency dependency 
was larger than the measurement.  Especially at the high frequency region over 100 Hz 
(which is not shown in the figure), the calculated PSD was much smaller, out of the range of 
measured PSD.  This was due to small number of meshes, or large mesh size, in the analysis.  
The small oscillation within a mesh can not be captured in the analysis.  Therefore, it is 
expected that agreement of PSD at higher frequency region must become better with finer 
meshes. 
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Note  f : forced oscillation frequency,  fvk : vortex shedding frequency, 
fk : Karman vortex frequency.

a : oscillation amplitude,  d : diameter of cylinder
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Fig. 2  Analysis of Pressure Oscillation 
 
3.2  Fluid-structure Interaction Analysis Module for Two Dimensional Cross Flow 
 

As for the latter module, the ALE fluid flow analysis sub-module with moving 
boundary was first verified by analysis of a test [5] in which a vertical cylinder was 
enforcedly vibrated in a horizontal cross flow.  The flow duct had 0.4 m width and 0.5 m 
depth.  The circular cylinder with 0.02 m diameter and 0.55 m length was vertically installed 
and enforcedly vibrated.  The vortex shedding was recorded by a video camera.  The 
dependent features of vortex shedding frequency to oscillation frequency and amplitude of 
cylinder movement were examined parametrically.  The experiment was performed in such a 
way that the forced oscillation frequency (f/fk, where fk=Karman vortex frequency) was 
parametrically changed and the vortex shedding frequency was measured.  Analytical results 
were compared with experimental data [5] as shown in Fig. 3 for a sample case.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Features of Vortex Shedding Frequency 
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The data points on the line of fvk/fk = 1.0 show that the vortex shedding frequency is 
equivalent to Karman frequency, which means oscillation does not affect the vortex shedding 
condition.  On the other hand, the data points on the line of fvk/f = 1 show that vortex shedding 
frequency is equivalent to oscillation frequency, which means “lock-in” occurs in these 
conditions.  The lock-in phenomena observed in the test was quantitatively reproduced in the 
analysis.  The good agreement between the analytical results and experimental data 
demonstrates that the two dimensional cross flow module has enough predictive capabilities 
to trace experimental trends.   

 
King et al. made extensive tests [6] on the in-line flow induced oscillations, which 

brought about the sodium leakage from a thermocouple well at Monju, the Japanese prototype 
fast breeder reactor.   The experiment analyzed was an aluminum tube test of one-inch in 
diameter and 41 inches in length fixed at its bottom to the flow duct floor.  The weight 
attached to the tube free end was 0.3 lb (=136g).  The water depth and the channel width were 
0.732L (L: tube length) and 2 ft (=60.96cm).   The tube wall thickness was deduced to be 1.75 
mm from the flexural rigidity of 845 lbf ft2 reported.   The fundamental mode of oscillation 
was observed in the aluminum tube tests.  The minimum size of radial mesh around the tube 
was determined to be 67 µm considering the thickness of the boundary layer under the 
experimental flow conditions.  The analyses results (the stability parameter, ks=0.38) are 
compared with experiments in Fig.4.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Fluid-structure Interaction Analysis 
 

In the figure, the maximum amplitudes are plotted against the reduced velocity (=u/fcd).   
For the deflections, the authors reported a conversion accuracy of 15 % from bending 
moments measured by strain gages.  The analytical results for the six flow conditions simulate 
very well the experimental ones in which an in-line oscillation starts at the reduced velocity of 
about 1.3 and declines at 2.4.   Further, the flow patterns indicated the appearance of a 
symmetric vortex shedding behind the cylindrical tube.  It is concluded from this verification 
study that the FLAVOR code could reproduce the first instability region of in-line oscillation 
due to symmetric vortex shedding.   
 

The validation analysis was also made on the 1/6th sector tests of the ABWR lower 
plenum in which the guide tubes for the control rod drives and in-core monitors were installed 
at full-scale as shown in Fig. 5.   The test was conducted by NUPEC.  The water flow was 
supplied by internal pumps with a flow rate of 2.12 m3/s per each pump.  The water 
temperature was 552 K.  The flow-induced vibration of the in-core monitor housing 
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 Control Rod Housing 

In-core Monitor Housing 
Analysis Region 

Internal Pump 

Flow 

surrounded by four control rod housings was analyzed.  First, three-dimensional flow 
behavior was analyzed by the three-dimensional module to obtain velocity of cross flow to 
housings of the control rods and the in-core monitor.  Then, giving the cross flow velocity, 
two-dimensional flow-induced vibration of the in-core monitor housing was analyzed by the 
latter module.  The analysis region was divided into 180,000 meshes.  In this analysis, the 
control rod housings were assumed as rigid bodies.  The stress at the welding portion of the 
in-core monitor housing with the lower head of the pressure vessel was calculated to be 9 
N/mm2, which was about 20% smaller than the test result.  The results showed the capability 
for FLAVOR to be applied to the flow induced vibration of the tube array as well.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Cross Section of ABWR 1/6 Sector Model and Analysis Region 
 
 
4. CONCLUSIONS 
 

FLAVOR code with modular structure was developed to analyze flow-induced 
vibration phenomena of structures in single-phase flow.   

 
In situations where structure movement induced by fluid flow does not affect the fluid 

flow, the three-dimensional load analysis module can be applied.  The module analyzes the 
fluctuation of pressure load on the component surface.  The module was validated by analysis 
of fluid force on a core barrel of a 4-loop PWR plant.  Calculated frequency dependence on a 
power spectrum density agreed well with the measurement.   

 
The complete fluid-structure interaction is analyzed by the fluid-structure interaction 

analysis module for two dimensional cross flow.  In this module, the fluid flow analysis sub-
module and the structural displacement analysis sub-module are coupled.  The ALE fluid flow 
analysis sub-module with moving boundary was first verified by analysis of a test in which a 
vertical cylinder was enforcedly vibrated in a horizontal flow.  The lock-in phenomena 
observed in the test was quantitatively reproduced in the analysis.  Then the experiment 
performed by King, et al. was analyzed.  In their test, a vertical cylinder naturally vibrated due 
to a horizontal flow.  The module could reproduce the first instability region of in-line 
oscillation due to symmetric vortex shedding.  The vibration amplitude of the cylinder and the 
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fluid velocity region where the vibration amplitude became large were well simulated.  The 
validation analysis was also made on the 1/6th sector tests of the ABWR lower plenum in 
which the guide tubes for the control rod drives and in-core monitors were installed at full-
scale.   The results showed the capability for FLAVOR to be applied to the flow induced 
vibration of the tube array as well.   
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