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INTRODUCTION 

In Liquid Metal cooled Fast Reactors (LMFR) or in accelerator driven sub-critical 
systems (ADS) with LMFR like sub-critical cores, the primary coolant pipes (PCP) connect 
the primary coolant pumps to the grid plate. A rupture in one of these pipes could cause 
significant loss of coolant flow to the core with severe consequences. In loop type reactors, all 
primary pipelines are provided with double envelopes and inter-space coolant leak monitoring 
systems that permit leak detection before break. Thus, the PCP rupture event can be placed in 
the beyond design basis event (BDBE) category. Such an arrangement is difficult to 
incorporate for pool type reactors, and hence it could be argued that the PCP rupture event 
needs to be analysed in detail as a design basis event (DBE, category 4 event). 

The primary coolant pipes are made of ductile austenitic stainless steel material 
and operate at temperatures of the cold pool and at comparatively low pressures. For such low 
stressed piping with negligible creep and embrittlement effects, it is of interest to discuss 
under what design provisions, for pool type reactors, the guillotine rupture of PCP could be 
placed in the BDBE category.  

The topical Technical Meeting (TM) on “Primary Coolant Pipe Rupture Event in 
Liquid Metal Cooled Reactors” was called to enable the specialists to present the philosophy 
and analyses applied on this topic in the various Member States for different LMFRs.  

The scope of the Technical Meeting was to provide a global forum for 
information exchange on the philosophy applied in the various participating Member States 
and the analyses performed for different LMFRs with regard to the primary coolant pipe 
rupture event. 

More specifically, the objectives of the Technical Meeting were to review the 
safety philosophy for the PCP rupture event in pool type LMFR, to assess the structural 
reliability of the PCP and the probability of rupture under different conditions (with/without 
in-service inspection), to review the classification of the PCP rupture event in DBE/BDBE 
categories and discuss the applicable design safety limits, to assess the need for consequential 
analysis like pipe whip effects, primary pump seizure and multiple pipe rupture, and, last but 
not least, to present the results of analyses of the event per se for flows and/or temperatures 
and improved design concepts for minimizing the consequences to the core. 

The TM was attended by 25 participants from six Member States and one 
international organization. The Russian representative had to cancel his participation at the 
last moment due to health reasons. 



 

NATIONAL PRESENTATIONS 

A brief overview of the respective national fast reactor programs was given by the 
representatives of the participating Member States, before addressing the specific objectives 
of the TM. 

China 

Fast reactor research and development activities are pursued by the China 
Institute of Atomic Energy (CIAE). CIAE has evolved out of the Institute of Modern Physics, 
Academia Sinica, founded in 1950. It is the birthplace of nuclear science and technology in 
China. CIAE has a staff of 3400, including 660 senior scientists and senior engineers, 43 
supervisors of doctoral students, and 9 members of Chinese Academy of Sciences and 
Chinese Academy of Engineering. CIAE has eight departments and several research centres, 
and it can count on five famous nuclear facilities, as well as on many small laboratories. 
Presently, CIAE is implementing four significant projects: the Chinese Experimental Fast 
Reactor (CEFR), the Chinese Advanced Research Reactor (CARR), the HI-13 Tandem 
accelerator upgrading project, and the Radiochemistry Laboratory. 

With regard to nuclear energy, China has adopted a strategy based on pressurized 
water reactors, fast breeder reactors, and fusion reactors. Nuclear power will contribute to 
China’s long-term sustainable energy supply, and help meet the challenges of the 21st century. 
However, due to economics reasons and to allow for a solid experience base to be built, 
nuclear power technology development is presently pursued at a moderate pace. In mainland 
China, there are two nuclear power plants (NPPs) in operation with total capacity of 2.1 GWe. 
Four NPPs are under construction, and two NPPs are planned for the Tenth Five Year Plan 
(2001-2005). One or two additional NPPs are still under discussion. A new NPP, located is 
near the Lin Ao NPP in Guang Dong, was licensed in December 2002. As of 2001, nuclear 
power represents 1% of the total installed electric power in China. The share of nuclear power 
will attain 3% before 2005. In absolute terms, it is foreseen that the total nuclear power 
capacity will reach 8.5 GWe by the year 2005, and 14-15 GWe before 2010. With CEFR 
presently under construction, it is hoped that a prototype fast breeder reactor will be 
commissioned before 2020. 

The conceptual design of the CEFR was started in 1990 and completed in 1993. 
The CEFR preliminary design was started in early 1995 and finished in August 1997. In the 
period 1995-1996, CIAE had technical design cooperation with a Russian LMFBR 
association whose members were IPPE, OKBM, and Atomenergoproekt. The CEFR detailed 
design work started in early 1998, and now is almost finished (as of beginning 2003). 

The CEFR is a sodium cooled, bottom supported 65 MWth experimental fast 
reactor fuelled with mixed uranium-plutonium oxide (the first core, however, will be loaded 
with uranium oxide fuel). Fuel cladding and reactor block structural materials are made of Cr-
Ni austenitic stainless steel. It is a pool type reactor with two main pumps, and two loops for 
the primary and secondary circuit, respectively. The water-steam tertiary circuit has also two 
loops, with the superheated steam collected into one pipe that is connected with the turbine. 
CEFR’s has a natural circuit decay heat removal system. 

As of beginning of 2003, 95% of the CEFR detailed design is finished, and 70% 
of the components have been ordered, of which 20% have been delivered to CIAE. The status 
and further planning of the construction works are as follows: 
- Reactor building construction has reached the top, i.e., 57 m above ground 
- More than one hundred components and shielding doors have been installed 
- Systems installation works will start in March 2003 
- Sodium procurement will start later in 2003 



- Equipment and system tests will start later in 2003 
- Reactor vessel sodium filling is scheduled for 30 May 2005 
- First criticality is scheduled for the end of 2005. 

France 

For many years, France was involved in an important sodium cooled fast breeder 
reactors R&D, which has seen the construction of Rapsodie (40 MWth), Phénix (350 MWe) 
and Superphénix (1200 MWe). Given the extensive experience available, R&D for the liquid 
metal cooled fast reactor option appears to be no longer necessary, and efforts are instead 
concentrated on a new R&D program on gas cooled reactors. However, it is clearly 
recognized that the knowledge and experience gained from the liquid metal cooled fast 
reactor development must be preserved. Hence, knowledge preservation efforts in France are 
directed towards the creation of a database on R&D and reactor design, as well as on the 
operational experience of the French fast reactors. This database does not consist of a mere 
compilation of technical data and results, but it includes also the collection of interviews of 
senior engineers involved in the design and/or operation of Rapsodie, Phénix, or Superphénix. 
Another area where continuing efforts are necessary is sodium technology in support of 
Superphénix decommissioning. 

Within the framework of the of the 30 December 1991 law concerning long-lived 
radioactive waste management, CEA is implementing an irradiation program in Phénix. As 
outlined below, the restart of Phénix is expected for March 2003. It is planned to operate the 
reactor for another 6 irradiation cycles, corresponding to a period of approximately 5.5 years 
(at 2/3 nominal power). The main scope of this irradiation program is basic data acquisition 
for material and innovative fuel testing, plutonium incineration, as well as minor actinides and 
long-lived fission product incineration and transmutation. 

CEA is also continuing validation work for the re-criticality risk analysis code 
SIMMER III. An important aspect of this research is the analysis of the molten and boiling 
mixed pool behavior taking into account the CABRI/Raft ball-trap experiments. 

As already mentioned, Phénix is scheduled to restart in March 2003. The reactor 
was shut down in November 1998 for plant inspection, normal maintenance, and renovation 
works in view of its life-time extension. The renovation works comprised buildings seismic 
reinforcement, sodium fires protection measures, installation of new emergency cooling 
circuits, and steam generator (SG) repair after the detection of a significant crack on one SG 
module. Inspection work comprised the ultra-sonic inspection of the welds of the core support 
conical skirt, and the visual inspection of the hanging structures of the vessel, and of the 
upper internal structures of the reactor block (above-core structures and subassembly 
heads).India 

As of 31 March 2002, the installed electric capacity increased to 105 GWe. The 
power generation in the period April to December 2002 was 397.6 billion kWh which is 3.7% 
higher than in the corresponding 2001 period. The plant load factor during April to December 
2002 was 71.1% for thermal power, and 78.7% for nuclear, respectively. While thermal and 
nuclear power generation were higher by 6.3% and 0.6% respectively, hydrogeneration 
decreased by 9.6% for the same period. 

The Indian nuclear electric capacity of 2.77 GWe consists of 2 BWRs of 160 
MWe each and 12 PHWRs of various capacities up to 220 MWe each. The performance of 
the nuclear power stations was very good with an average capacity factor of 85% in the 2001-
2002 period. 

The following new nuclear projects are under way: Tarapur 3 and 4 (2 x 540 
MWe PHWR), Kaiga 3 and 4 (2 x 220 MWe PHWR), Rajasthan 5 and 6 (2 x 220 MWe 
PHWR), and Kudankulam 1 and 2 (2 x 1000 MWe VVER). 



The Fast Breeder Test Reactor (FBTR) achieved a higher power level of 17.4 
MWth corresponding to higher linear power rating of 400 W/cm (compared to 13.4 MWth 
and 320 W/cm earlier). The reactor has logged 1228 days of cumulative operation generating 
164 GWh of energy and 2.17 million units of electricity. 101.5 GWd/tHM peak burnup has 
been reached without any fuel failure, and clearance for further operation has been obtained. 
A subassembly at peak burnup was discharged for examination after cooling. An earthquake 
of intensity 5.6 on the Richter scale occurred in the sea 80 km south of the FBTR and had no 
effect on the plant. In the FBTR biological shield cooling system some coils were found 
leaking which limited reactor power operation. A consultant company was hired to 
chemically seal the leaks and the system was put back into operation after satisfactory testing 
for leak tightness. 

Works towards the detailed design, manufacturing technology development, and 
safety clearances for the 500 MWe Prototype Fast Breeder Reactor (PFBR) project were 
continued. The radial blanket was re-designed with two rows, and the middle of equilibrium 
cycle breeding ratio was estimated as 1.049. The analysis of core reactivity fluctuations 
during seismic event showed that Category 1 design safety limits are met. The scenario of 
collapse of the core support structure was analysed and suitable preventive design measures 
implemented. It was concluded that the leak before break criterion cannot be fulfilled for the 
primary inlet pipe, and the guillotine rupture was assumed for the analysis of this Category 4 
event. Transient analyses of the main vessel cover gas system showed that main vessel 
buckling failure risk is not present. However, as a measure of defence in depth a pressure 
relief valve is provided. Seismic analyses were completed for the primary sodium pump, the 
intermediate heat exchanger (IHX), and the rectangular shaped reactor containment building 
(RCB). The manufacturing technology development of the main nuclear steam supply system 
(NSSS) components and materials of PFBR was completed. A 75° sector of the roof slab of 
12.9 m diameter and 1.8 m height was manufactured, meeting the required specifications.  

As of beginning 2003, the review of the PFBR Preliminary Safety Analysis 
Report (PSAR) by a two level safety committee is nearing completion. Documents required 
for the environmental clearance were completed, and a public hearing was held for the project 
on 27 July 2001, being the first time that such a hearing was held for a nuclear power plant in 
India. Consequent to the clearance from the Tamilnadu Pollution Control Board, the project 
has been appraised by the Ministry of Environment and Forests, and the formal clearance is 
expected. A final report was prepared on the investigation of mechanical consequences of a 
core disruptive accident (CDA) in PFBR based on simulated tests on scaled down models. 
This covered all the tests done since 1997, and it is concluded that the integrity of the main 
vessel and roof slab are maintained for an energy release of ~ 1200 MJ, while the structural 
integrity of the IHX and of the safety grade decay heat removal system is assured up to 200 
MJ. Primary sodium release to the RCB under CDA is estimated as 350 kg. 

Fast reactor related R&D was continued in reactor physics, engineering 
development, safety engineering, structural mechanics, thermal-hydraulics, metallurgy, non-
destructive evaluation, chemistry and reprocessing. Important works include: obtaining 
calculation vs. experiment (C/E) factors from flux measurements PFBR radial shield models 
using leakage neutrons from a thermal reactor; structural mechanical testing of a sodium pipe 
model, a main vessel model, a core support structure model and a full size T-joint; and stress 
corrosion crack detection and nitric acid corrosion tests on special steels developed in India. 
Neutron radiography of FBTR fuel at burnups of 25 GWd/tHM and 50 GWd/tHM was 
completed and showed no major changes in the fuel region. The examination of the fuel at 
100 GWd/tHM is to start. 

Japan 

In Japan, there are two fast reactors, JOYO and MONJU.  



The loop type experimental fast reactor JOYO (2 loops, no steam generator 
installed) achieved initial criticality in 1977. The reactor was operated from 1978 to 1982 
with the 50 MWth (increased to 75 MWth after appropriate modification works) MK-I 
breeder core, and from 1982 on with the 100 MWth MK-II irradiation core. Currently, JOYO 
is being upgraded to the MK-III core which will have an increased irradiation capacity (both 
increase of the fast neutron flux and of the number of irradiation rigs). The status of these 
upgrading works is as follows: the modification of the cooling system was completed in 
September 2001, the core replacement was started in the summer of 2002, and the MK-III 
initial criticality is now scheduled for the summer of 2003. The fast neutron flux will increase 
by 30% in the MK-III core as compared to the MK-II one, while the number of irradiation 
rigs will be increased by a factor of two. At the same time, the MK-III core will have higher 
plant availability due to the reduction of the periodic inspection periods and reduced fuel 
exchange time. Overall, the MK-III core will lead to an increase of JOYO’s irradiation ability 
by a factor of four as compared to the MK-II core. 

The 714 MWth (280MWe) loop type prototype fast reactor MONJU has three 
loops. Sodium outlet and inlet temperatures are 529˚C and 397˚C, respectively. At turbine 
inlet, the steam temperature is 483˚C, and the steam pressure is 12.5 MPa. The primary and 
secondary coolant pipes are made out of an austenitic 304-type stainless steel. MONJU 
construction works were started in October 1985, and by March 1991 component installation 
was completed. MONJU achieved initial criticality in April 1994, and was connected to the 
grid in August 1995. In December 1995, with the reactor at 40% power, a sodium leak 
incident took place in the secondary coolant pipe. In the aftermath of the sodium leak 
incident, JNC, performed a thorough investigation of the cause of the incident. A 
comprehensive safety review of all aspects of the MONJU design and operation has been 
conducted. At present, work is concentrated on the countermeasures against sodium leakage. 
The safety licensing examination by the Japanese government has been completed in 
December 2002. After the agreement of the local government, the actual improvement work 
will start and will take approximately 18 months to be completed. 

In 1999, JNC started a feasibility study for the early commercialisation of the fast 
reactor cycle system. The scope of the study is to assess the feasibility of the fast reactor cycle 
system to meet the following requirements: ensure safety, achieve high economic 
competitiveness, establish effective utilization of resources, reduce the environmental burden, 
and enhance non-proliferation characteristics. The feasibility study is checked and reviewed 
approximately every 5years. Looking at 2015 as time horizon, the feasibility study is carried 
out with the goal of establishing the most attractive fast reactor cycle system. In July 1999, 
JNC and Japanese electric utilities jointly started the first phase of the study, with the 
participation of the Central Research Institute of Electric Power Industry (CRIEPI) and the 
Japan Atomic Energy Research Institute (JAERI). During this phase, a wide range of 
technical alternatives incorporating innovative technologies were reviewed and evaluated. 
Data and materials required for clarifying the commercialisation strategy were collected and 
developed, and the most promising concepts for the fast reactor cycle were selected. The first 
phase of the study was terminated in March 2001. The second phase of the study was started 
in April 2001. During the second phase, the overall consistency of the fast reactor cycle is 
being assessed, on the basis of some engineering-scale tests. The second phase is scheduled to 
last till March 2006. At the end of the second phase, the number of promising concepts 
selected in the first phase will be narrowed down, and the essential research and development 
areas will be identified. 

Republic of Korea 

In Korea, nuclear power plants generate about 39 % of total electricity, and the 
role of nuclear power plants in electricity generation is expected to become more important in 
the future years due to the country’s poor natural resources. The significance of nuclear power 



will become even greater, considering its practical potential in coping with the green house 
gas emission control. The increase of nuclear power capacity eventually raises the issues of 
efficient utilization of uranium resources and of spent fuel storage. Liquid metal cooled fast 
reactors (LMR) will eventually be the most promising nuclear power option, considering their 
enhanced safety based on inherent safety characteristics, their transuranics (TRU) reduction 
capability (thus contributing towards solving spent fuel storage problems), and their 
proliferation-resistant actinide recycling capability. 

The Korea Atomic Energy Commission (KAEC) revised the National Nuclear 
Energy Promotion Plan in 1997 and approved the LMR Design Technology Development 
Project as a national long-term R&D program. The objective of the LMR Design Technology 
Development Project is to develop the design technologies necessary for the design of an 
economically competitive, inherently safe, environmentally friendly, and proliferation-
resistant fast reactor concept. Based upon the KAEC decision, the Korea Atomic Energy 
Research Institute (KAERI) has been developing KALIMER (Korea Advanced LIquid MEtal 
Reactor), a pool-type liquid metal-cooled reactor generating 392 MW of thermal power. The 
first three-year phase of the project was completed in March 2000. During this first phase, the 
basic computer codes and methodologies necessary for design and analyses have been 
developed, and an effort has been made to establish a self-consistent conceptual design of the 
system configuration, arrangement and key features satisfying the design requirements. 
Efforts have also been made to develop basic sodium technologies, such as measurement or 
detection techniques, as well as investigations on thermal-hydraulics and sodium fires. The 
conceptual design of KALIMER was finalized during phase 2 of the project that started in 
April 2000 and was completed in March 2002. During the second phase, computer code 
improvements and experiments for model validation were performed. These codes and 
methodologies were utilized to develop a conceptual design based on the preliminary 
conceptual design obtained in the first phase. Phase 3 covers the three-year period from 2002 
to 2004. The focus in this phase is on the development of basic key technologies and the 
establishment of advanced concepts. Any innovative trends in the development of fast reactor 
design will be reviewed thoroughly and included in the KALIMER design if it improves the 
safety and efficiency. Supporting R&D will be carried out to further validate the design codes 
and methods.  

As an effort to enhance the key LMR technologies, KAERI decided to join the 
INERI, a three-year collaboration program between Argonne National Laboratory (ANL) and 
KAERI. The objective of this collaboration is to identify and quantify the performance of 
innovative design features in metallic-fuelled, sodium-cooled fast reactor designs. Korea also 
expects to contribute to the development of Generation IV nuclear energy systems through the 
worldwide R&D collaboration within the framework of the Generation IV International 
Forum (GIF). Korea considers the sodium-cooled fast reactor (SFR) and the very high 
temperature reactor (VHTR) to be the most interesting GEN-IV reactor concepts.  

The detailed design of KALIMER and the feasibility of the construction are to be 
examined sometime during the mid 2010s. 

TECHNICAL SUMMARY 

The TM heard ten papers. There was ample time allocated to discussion, and the 
participants did engage in a very lively dialogue. From the overall deliberations, the following 
four main themes emerged: safety philosophy, structural integrity assessment, thermal 
hydraulics, and new concepts. 

In the following sections, the country wise assessment of these four themes is 
summarized. Following that, the discussions that evolved around the major technical issues 
addressed in the meeting are summarized. Issues on which an overall agreement was reached 
amongst the participants are discussed as “resolved”, while the others on which there was no 



agreement or where it was difficult to reach an unanimous position are discussed as “open” 
issues. Finally, indications on further Member States information exchange and collaborative 
R&D needs, as well as the activities that IAEA could initiate within the framework of the 
TWG-FR to support the Member States are given. 

SAFETY PHILOSOPHY 
CHINA 

For CEFR, safety reviewers demand the designers to assess the consequences of 
the Double Ended Guillotine Rupture (DEGR), including the identification of the most critical 
location for the rupture. The designers’ safety philosophy is to consider the leakage through a 
crack area equal to Dt/4 (D: pipe diameter, and t: pipe thickness) as the Design Basis 
Accident (DBA), and to classify the DEGR of the primary pipe as a Beyond Design Basis 
Accident (BDBA). However, in the analyses carried out for the DEGR, instantaneous primary 
coolant pipe (PCP) rupture has been assumed, and the most critical location obtained is the 
junction of the PCP to the grid plate. Temperature Limits used to assess the consequences are 
such that mechanical characteristics of the clad and the structure of the fuel assembly are 
guaranteed and there is no coolant boiling in the reactor core. 
FRANCE 

The safety approach for Superphénix was deterministic. However, for historical 
reasons, the safety approach followed by CEA later for the European Fast Reactor (EFR) was 
a semi-probabilistic one named “Lines of Defence “ (LOD). The deterministic approach leads 
to establish a list of events for each category of operating conditions, and to study the 
consequences of each event in order to verify that these consequences are in the allowed 
domain associated to the category. The LIPOSO (“LIaison POmpe SOmmier”) break is 
classified in the last Design Basis class (Category 4, hypothetical event). In order to consider 
this event as an envelope of any fast loss of core-flow, it is assumed that it occurs in the most 
penalizing reactor conditions, so the break is a DEGR in 1s. To these assumptions, a fuel 
cladding failure in the hottest core channel is added, in application of the “single failure“ 
criterion. The radiological safety target for Category 4 events is 0.15 Sv at the site boundary, 
and the proof that the reactor is in a safe state. These safety targets are translated into two 
decoupling criteria: first, the sodium temperature has to be below the boiling point in all the 
channels, and, second, the number of cladding failure must be limited. 

In the frame of the LOD approach, in-service inspection (ISI) is considered to be 
the first level (prevention) of the defence in depth philosophy. While ISI was not possible for 
Superphénix, the MIR device in EFR was designed to measure relative displacements at 
junctions by ultrasonic telemetry. 
INDIA 

The DEGR of one of the four pipes in PFBR has been considered as DBE, under 
Category 4. The worst location is found to be the junction of the pipe with the spherical 
header. The rupture time is assumed to be very close to zero, which can be considered as 
instantaneous. Under this event, the Category 4 temperature limits are to be respected, which 
means that bulk sodium boiling must be avoided, which, in turn, is achieved by limiting the 
mean subassembly sodium hotspot below 940º C, and the clad hotspot below 1200º C, thus 
ensuring a cool-able geometry. The design basis criteria such as to maintain the cool-able 
geometry of a fuel subassembly is the same as in other reactors. However, the design safety 
limits on temperature are higher compared to other reactors. Such a prescription has been 
made mainly due to the fact that the cool-able core geometry must be maintained after the 
occurrence of the event. However, currently efforts are being made to categorise the DEGR 
event under BDBE. 
JAPAN 

MONJU is a loop type reactor. The primary pipe, which is below the level of the 
system sodium, is located in the guard vessel whose function is to ensure the adequate sodium 



level. The leak-before-break (LBB) principle has been demonstrated for this design. Hence, 
the DEGR is not considered as DBE. 
KOREA 

For KALIMER, the DEGR of the primary pipe is considered to be an extremely 
unlikely event. Hence, it is not included in the bounding event category. However, the 
inherent safety characteristics of KALIMER in the event of DEGR have been demonstrated. 

STRUCTURAL INTEGRITY ASSESSMENT 
CHINA 

The following reasons support the claim of high structural reliability of CEFR’s 
primary coolant pipes: 
- Large thermal inertia due to large sodium inventory (260 t in vessel) 
- Low pressure in the primary coolant pipes 
- Good primary coolant pipes material (09 x 18G9 stainless steel) 
- Large negative reactivity coefficients. 

In the CEFR design, the primary coolant pipes are locate between the upper and 
the lower core support. Thus, in the event of a DEGR of a primary coolant pipe, the pressure 
shock will not damage the bottom of the vessel. The results of comprehensive accident 
analyses have shown that the integrity of the pressure boundary of the primary vessel is 
maintained. 
FRANCE 

The prevention of accidents and ensuring structural integrity depends in the first 
place on design, dimensioning and manufacturing, i.e.: 
- Number of pipes and pumps: in the case of Superphénix, each of the four pumps is 

connected by two primary coolant pipes to the core grid plate in order to minimize the 
consequences of a pipe rupture; 

- The design of the coolant pipe and grid plate connections: their design ensures flexibility 
in order to avoid stresses in case of differential thermal expansions, pump vibrations, and 
pump seizure; 

- Design and dimensioning considering the appropriate seismic loads; 
- Stringent design rules and quality controls for manufacturing and welding; 
- Specific tests (e.g., pump seizure) and periodic inspections during reactor start-up and 

operation (e.g., for the EFR, by means of the MIR device, which enables the measurement 
by ultrasonic telemetry of relative displacements at junctions). 

INDIA 
A very comprehensive presentation of the structural mechanics analysis was 

given, starting from layout optimisation, including dimensioning of pipes. The CASTEM 
2000 code has been used for the stress analysis, including fracture mechanics. The French 
code RCC-MR-1993 is used for checking the design compliance, and the fracture assessment 
is done according to the French Guidelines A16. The analysis shows that primary stresses due 
to internal pressure (0.8 MPa) and seismic moments have a margin of about a factor 2, over 
and above the safety factors provided in the design codes. The vibration loads are found to be 
insignificant. 

Thermal transients following one secondary pump trip impose thermal loading on 
the primary pipe. All other transients have insignificant effects to this component. Due to 
these, the cumulative creep-fatigue damage is found to be < 0.2. An analysis, to check 
whether the critical crack length can be detected by means of core outlet temperature increase, 
indicates that the temperature rise in the core is very small (<0.2 K). Hence, core outlet 
temperature monitoring cannot indicate any leak rate resulting by a critical crack opening. 
Alternative means are required. 

For the PFBR, systematic experimental works have been carried out for assessing 
the integrity of the primary coolant pipes. This includes fracture propagation tests on plates 



and circular rings. The crack propagation behaviour predicted by the fracture mechanics 
analysis according to the A16 procedure have proved to be satisfactory when compared with 
test data. Tests have been conducted on 5

1  scale models of pipes to estimate the ratcheting 

strain including ovality of bend under simulated pressure, seismic loadings, as well as 
deflections corresponding to thermal transient loads. The data required for the analysis have 
been generated. Finally, it is concluded that ratchetting is not possible in the pipes, even under 
extreme loading conditions. The finite element prediction of ovalities and strains has 
excellently matched the experiments. Fatigue tests on the model indicate that cracks were not 
initiated, even after applying more than 500 plant life load cycles. 

In view of the above results obtained for PFBR, it is recommended that DEGR 
need not be considered as a DBE. Nevertheless, as no leak detection is possible, DEGR is 
considered as a Category 4 DBE. 
JAPAN 

JNC presented the outline of the structural integrity assessment, as performed 
during the safety licensing process of MONJU. A large number of possible failure modes 
were investigated for the primary coolant pipes in MONJU, but most of them could be 
eliminated. Generally speaking, fatigue failure is the most likely failure mode. Therefore, 
fatigue crack growth evaluation was carried out in the structural integrity assessment. It was 
demonstrated that the crack growth under design duty cycles was negligible. Even if the crack 
penetrated under the loading conditions beyond design duty cycles, it resulted in detectable 
cracks, and there were large margins between the penetrated crack size and the critical crack 
size. As a design-base-leak path area, the conservativeness of the Dt/4 approach was 
demonstrated. As far as MONJU is concerned, the successful demonstration of LBB leads to 
the elimination of the DEGR as DBE, and supports the respective analyses for future fast 
reactor designs. 

JNC presented the outline of the simplified creep-fatigue crack growth assessment 
procedure that will be applied for the structural integrity assessment of future fast reactor 
components. Within the framework of validation efforts, some experimental works have been 
carried out, and the results of the theoretical analyses were compared with the experimental 
results. Preliminary results of this validation effort indicate that there is the need for some 
improvement, especially with regard to the creep crack growth analysis method. For the time 
being, this simplified procedure can be adopted only to simple structures (e.g., plates, tubes) 
subjected to an idealized load. However, for all practical purposes, and in order to carry out 
the actual structural integrity assessment, it is necessary to improve the applicability of this 
simplified procedure to all structures (e.g., nozzles, elbows) under all loading conditions. JNC 
would propose to extend the validation basis for this simplified procedure by sharing the 
experimental data to an international benchmark exercise of the various fracture mechanics 
analysis methodologies. 
KOREA 

Presently, efforts are being directed on basic studies of the creep crack growth and 
failure mechanisms with the objective of developing a model for the application of the LBB 
criterion to the KALIMER design. 

THERMAL HYDRAULICS 
CHINA 

The OASIS code has been used for the thermal hydraulics analyses. A large 
number of events were analysed. The objective of these studies was to identify the worst case 
scenario. Therefore, rupture position, rupture time, and break size spectra must be analysed. 
Currently, the detailed thermal hydraulics analysis for the primary coolant pipe break accident 
as a function of the break position is being performed. This study is based on conservative 
assumptions, as required for Category 4 DBE analyses. The main results of this analysis are 



the core inlet and outlet temperatures, the break flow rate, the IHX inlet and outlet 
temperatures, as well as the and clad temperature distribution. The results of the calculations 
show that the hotspot temperatures for the cladding and for the coolant are below the design 
safety limits (DSL). These temperatures are lower than the sodium boiling temperature. The 
regulator accepted the methods applied, as well as the results of the analysis. 
FRANCE 

In the event of the LIPOSO break, the reactor thermal hydraulics depends on the 
core size and on the number of primary coolant pipes. In the case of Superphénix, with 8 
primary coolant pipes, a large core, and the pessimistic assumptions of DEGR, the LIPOSO, 
break leads to a fast over-heating of the sodium in the core, which causes both a reactivity and 
a power increase. With all uncertainties taken into account, the accident is first detected by 
the measurement of the core sodium outlet/inlet temperature increase (∆T), which causes fast 
reactor shutdown 3.6 s after the break. 

Extensive studies, including experimental programs, were performed, leading to 
the conclusion that the Superphénix safety provisions were able, under the more pessimistic 
conditions, to cope with this type of accident. Nevertheless, one conclusion, taken into 
account in the EFR design, was that it would be desirable to have the LIPOSO detection 
based on the power to flow ratio (P/Q). This would ensure earlier detection, and hence 
increase the safety margins on sodium boiling. Summarizing the French view, the LIPOSO 
break accident has two aspects: a mechanical and a safety demonstration aspect. The 
mechanical aspect is a design question, and it is evident that each country is able to design the 
pipe connecting the pump with the grid plate in such a way as to ensure that the DEGR is not 
a credible scenario. All improvements in the design are certainly desirable, but they do not 
change the necessity to tackle the second aspect, i.e., the safety demonstration under the 
assumption of the DEGR. With regard to this, the safety demonstration must be made in all 
cases that the DEGR accident can be detected, and that the reactor operational characteristics 
remain within the safety limits adopted in the respective safety philosophy. 
INDIA 

The required thermal hydraulic analysis has been carried out using the one 
dimensional plant dynamics analysis code DYANA-P. The analysis of the instantaneous 
sodium coolant pipe rupture requires using two different sets of equations in the primary 
circuit hydraulic model for the initial steady state and subsequent transient. 

Reactor shutdown (SCRAM) parameters based on power to flow ratio, reactivity, 
power, and central subassembly (SA) sodium outlet temperature, are effective in limiting the 
consequences within Category 4 design safety limits (DSL). Sensitivity analyses have been 
carried out for input parameters like location of pipe break, amount of SCRAM reactivity, and 
the value of the core by-pass flow pressure drop coefficients. In the worst case scenario, when 
all the above three parameters are assumed pessimistically, core flow reduces to a minimum 
of 30 %, the maximum clad hotspot is found to be varying between 1284 K to 1406 K, and 
the mean SA sodium hotspot to be varying between 1120 K to 1209 K, depending on the first 
or last SCRAM parameters being effective. It has also been demonstrated that power to flow 
ratio and central SA sodium outlet temperature SCRAM parameters are effectively available 
for all power levels from 50 % to 100 %. At power levels less than 50 %, the DSL are not 
exceeded even without any safety actions The important assumptions made in the one-
dimensional modelling are grid plate as a single pressure plenum, and integral momentum 
balance for rather long flow segments. These assumptions have been substantiated through 
separate three-dimensional hydraulic analyses of the grid plate, and through pressure wave 
propagation in the primary circuit (especially in fuel SA), respectively. Experimental 
investigation on a 1:2.75 scaled model pump under severe cavitation has been carried out to 
substantiate the assumption of cavitating pumps to give the stated flow. 
KOREA 



In some advanced pool type reactors, the consequences of a postulated break of 
the primary coolant pipe can be mitigated by the inherent safety functions. This is achieved 
through the reactivity feedbacks induced by the Doppler, as well as sodium, radial and axial 
expansion reactivity effects. The control rod driveline length increase, and the operation of 
gas expansion modules (GEM) are also important reactivity feedback mechanisms. 

The break of a pipe reduces the core flow, which results in power-to-flow 
mismatch for some seconds after the pipe break occurred. However, the power is stabilized, 
even though the automatic reactor SCRAM is not activated. The GEM play an important role 
in providing the dominant reactivity feedback in case of an important core flow reduction 
resulting in the decrease of the GEM level below the top of the active core. The results of the 
primary coolant pipe break event analyses performed for the Korea Advanced Liquid Metal 
Reactor (KALIMER), which adopts several advanced design features, prove both a coolant 
sub-cooling margin of more than 400 K, and a stable system response. 

INNOVATIVE CONCEPTS 
CHINA 

The mechanical design of, and the supporting arrangement for the primary coolant 
pipes have to be carried out so as to prevent and eliminate the assumption of DEGR. This 
design will have to be substantiated and certified by detailed mechanical analyses and 
experiments. A double walled primary coolant pipe design should allow leak monitoring in 
the inter-space, thus permitting the assumption of leak-before-break, and, at the same time, 
strengthen the mechanical characteristics of the primary coolant pipes.  
INDIA 

Various design concepts, to minimise the loss of coolant to core in case of pipe 
rupture, to improve ISI and to eliminate DEGR from DBE were presented for discussion. 

Designs with increased number of pipes with reduced diameters have shown 
apparent advantages. Apart from bringing down the loss of core flow, it is possible to go for 
seamless pipes with reduced thickness, by which the structural reliability can be improved 
significantly. However, a general feeling has been expressed that increased number of pipes 
may decrease the structural reliability due to the overall increase of the pipe lengths. The 
incorporation of a flow diode device to increase the friction drop for break flow may also help 
to increase the core flow. 

There are also various in service inspection (ISI) possibilities, by incorporating 
double wall pipes filled with argon in inter-space, which can be monitored for a sodium leak. 
As an example, the approach followed in BN-600 was discussed. In this concept, the outer 
wall is not leak tight, and a tube is incorporated through which sodium can flow from the inter 
space to the relatively hotter sodium in the space between inner vessel and thermal baffle. 
During no-leak condition, the temperature of the sodium in the tube is at its immediate 
surrounding. Any sodium leak in the primary pipe can cause flow in the tube that decreases 
the temperature of the sodium in it. Thereby, the leak can be detected. However, detailed 
discussions on this concept with Russian specialists are necessary. Hence, the 
recommendation is made to the Agency, to take necessary action to organize an information 
exchange on this topic.  

The outcome of the discussion among the participants was that, while the safety 
implications of incorporating an increased number of pipes require careful considerations of 
all aspects, the idea of improved ISI, particularly the concept used in BN-600, was welcomed 
by all. 

Finally, a possibility to relegate the DEGR event into the BDBA area is to 
demonstrate the primary coolant pipe integrity by performing the structural reliability analysis 
based on probabilistic methods in conjunction with deterministic studies evaluating the 
consequences for the maximum leak through a design basis crack opening area, e.g., Dt/4 as 
applied for MONJU. 



RESOLVED ISSUES 

This section summarizes the issues on which consensus was reached among the 
participants. 
- Number of ruptured pipes: only single pipe rupture needs to be considered, which itself is 

considered to be pessimistic. 
- Availability of a reliable SCRAM parameter: all the participants consider the power to 

flow ratio to be a reliable SCRAM parameter. This requires a sodium flow meter in the 
circuit, which will truly represent the core flow. All the participants are unanimous on the 
choice of a core by-pass flow meter at the pump discharge, as in EFR. 

- Location of rupture for study of consequences: the analysis of the primary coolant pipe 
rupture event has to be carried out for the rupture occurring at various locations of the 
pipe, and the worst location, including the junction between the grid plate and the coolant 
pipe, should be identified for DEGR analysis. 

- Analysis method: the participants agreed that one-dimensional analyses to obtain the 
consequences of the event are good enough. However, flow redistribution amongst the 
various core subassemblies should be assessed separately. For this, three-dimensional 
hydraulic analyses or experiments, as performed by India, are required. 

- Computer codes validation: considering the complexity involved in the analytical 
simulation of the entire phenomenon, agreement was reached on the necessity to quantify 
the approximations involved in the one-dimensional simulation codes with the help of 
experimental data from mock-up experiments of increasing complexity. This becomes 
even more important for larger cores. 

OPEN ISSUES 

This section summarizes the issues where there were diverging views among the 
participants. 
- Categorization of the DEGR: there was consensus among the participants that the 

assumption of DEGR is very pessimistic, due to the fact that the structural reliability of 
the primary coolant pipe is very high, since it operates at low temperature and relatively 
low primary stresses. Moreover, the thermal stresses are moderate, and with the choice of 
highly ductile material, as well as adopting high quality design and manufacturing with 
high level of quality control. The participants agreed, therefore, that the DEGR is 
analysed within the framework of a “safety philosophy”, not because of any strong 
mechanistic reasons. The participants from China, India, Japan, and the Republic of Korea 
propose that DEGR should be categorized as BDBA, and, provided the design ensures 
LBB characteristics, the design basis leakage area as Dt/4 should be considered as 
adequate. 

- Time before primary coolant pipe rupture: coolant pipe rupture has been considered to be 
instantaneous in the DEGR event analyses performed in China, India, and the Republic of 
Korea. The analyses performed by the French colleagues considered 1 s time before 
rupture. The assumption made for the time before rupture highly influences the evolutions 
of the fuel temperatures, as well as of the clad and coolant following the event. It is agreed 
that for highly ductile materials, the assumption must be made that crack propagation 
from critical length to DEGR should take a finite time. However, the choice of 1 s for this 
period in the French analysis seems to lack justification (it is surmised that this was the 
shortest time that could be used in the course of the numerical simulations during the 
1970s). Therefore, a comprehensive study in determining this parameter is recommended. 

- Temperature limits: the analyses performed by the Chinese and Korean specialists have 
shown that the clad temperatures are below the boiling point of sodium so that local and 
sub-cooled sodium boiling are avoided. This is most likely a consequence of the design 
characteristics of their reactor concepts (i.e., negative sodium expansion reactivity effect, 



long and small diameter pipelines, and higher flow from the other pumps unaffected by 
the DEGR). The results obtained by the French and Indian experts showed that only the 
bulk sodium temperature could be restrict below the boiling point. The argument put 
forward by the latter is that, since DEGR is a Category 4 event, maintenance of a cool-
able core geometry after the event is sufficient. Hence, avoiding bulk sodium boiling, and 
ensuring a cool-able geometry in the fuel subassemblies is to be considered as adequate 
for the DEGR event. The participants concluded that a better resolution on this issue is 
required. 

- Demonstration of leak detection and the LBB criterion: the LBB criterion has been 
applied for loop type reactors, and thus the DEGR event is eliminated. There is general 
agreement on the fracture mechanics methodology to be adopted for this purpose. 
However, LBB justification is not possible for the primary coolant pipes in pool type 
reactors, because of the on-line leak detection requirement. If this problem can be 
adequately resolved through improved design concepts, the LBB criterion and appropriate 
fracture mechanics methodology can then be adopted to eliminate the DEGR as a DBE 
also for pool type fast reactor designs. 

- Innovative design concepts: while no final judgement on particular improved design 
concepts was possible, the participants agreed that emphasis should be put on the study of 
those innovative concepts that can facilitate leak detection, ISI, and limit core flow 
reduction in the DEGR. In this context, it is useful to consider the double wall concept 
adopted for Russian reactors (BN-600). 

MEMBER STATES NEEDS AND IAEA’S ROLE 

The Technical Meeting has attained its objectives of in-depth information 
exchange on the primary pump rupture topic. The quality of the papers was very good, and 
the discussion lively and productive.  

The Technical Meeting identified the need and opportunity for collaboration in 
the following areas: 
- Code validation 
- Innovative concepts 
- Guidelines for safety analyses. 

Based on the discussions during the Technical Meeting, international 
collaboration was noted several times as being of significant value to the Member States 
programs. IAEA’s role as promoter and facilitator of information exchange and collaborative 
R&D was clearly acknowledged, and the Agency is encouraged to continue using its good 
offices to promote multi-national collaboration and exchanges. 

More specifically, the participants concluded on the following recommendations: 
- It is proposed to initiate a Coordinated Research Project (CRP) to study analytical 

benchmark exercises focusing on the validation of computer codes used to assess the 
consequences of a primary coolant pipe rupture. The benchmark model shall be a 
reference pool type LMFBR design. The objective includes studying the sensitivity of 
certain input parameters. 

- It is proposed to initiate a Coordinated Research Project (CRP) to advance the code 
validation efforts in the area of crack growth methodologies. This CRP shall include 
JNC’s efforts (both analytical and experimental) to develop and validate a simplified 
creep-fatigue crack growth methodology. 

- It is proposed to convene a Technical Meeting on innovative concepts with regard to in 
service inspection and LMFBR primary coolant pipe leak detection. 

- There is a need for bringing out an IAEA guideline for safety analysis of the primary 
coolant pipe rupture event in LMFBR (an activity to be pursued jointly by the Agency’s 
Nuclear Energy and Nuclear Safety Departments). 
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Departments of CIAEDepartments of CIAE

China Nuclear Data Center
China Fast Breeder Reactor Research Center
Beijing Tandem Accelerator Nuclear Physics National 

Laboratory
Nuclear Safeguards Key Laboratory of the China 
National Nuclear Corporation (CNNC)
Primary Radiometrology Laboratory of the Committee 
of Science
Technology and Industry for National Defense
National Engineering Research Center for Isotopes. . 
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Facilities of CIAEFacilities of CIAE

15MW heavy water reactor
3.5MW light water swimming pool reactor
27kW neutron source reactor
four zero-power facilities
eleven accelerators 
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Four significant projectsFour significant projects

China experimental fast breeder reactor
China advanced research reactor
HI-13 Tandem accelerator upgrading project
Radiochemistry laboratory to meet the challenges 

of the 2lst century science and technology 
development 
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Nuclear Power Status of ChinaNuclear Power Status of China

For the long term sustainable energy supply, as for 
nuclear application the basic strategy of PWR-FBR-
Fusion has been settled and envisaged
Due to the economy and experience reasons the 
nuclear power and technology development with a 
moderate style are kept in China up to now
In China mainland apart from two NPPs with the total 
capacity of 2.1 GWe in operation, four NPPs are under 
construction and two NPPs are planned for the Tenth 
Five Year Plan(2001-2005) 
another one or two NPPs are still in discussion
A new NPP is licensed last mouth which site is near the 
LinAo NPP in GuangDong
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Nuclear Power Status of ChinaNuclear Power Status of China

Nuclear power is 1% percent of the total power 
of China in 2001, it will reach 3% before 2005
the total nuclear power capacity will reach 
8.5GWe before the year 2005 and 14-15 GWe
before 2010 respectively
We hope a prototype FBR will be constructed 
before 2020
Now the China Experiment Fast Reactor is 
under constructing
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CEFR(1/4)CEFR(1/4)

the conceptual design of the CEFR was started 
in 1990 and completed in 1993
technical design cooperation during 1995-1996 
with Russia FBR association (IPPE, OKBM and 
Atomenergoproekt)
the CEFR preliminary design was started in the 
early of 1995 and finished in August 1997 
the detail design is started since the early 
1998,and now it is almost finished 
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CEFR(2/4)CEFR(2/4)

The CEFR is a sodium cooled 65MWt experimental 
fast reactor with (Pu,U)O2 as fuel, but UO2 as first 
loading
Cr-Ni austenitic stainless steel as fuel cladding and 
reactor block structure material, bottom supported
pool type, two main pumps and two loops for primary 
and secondary circuit respectively
The water-steam tertiary circuit is also two loops but 

the superheat steam is incorporated into one pipe 
which is connected with a turbine
DHRS is natural circuit type
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CEFR(3/4)CEFR(3/4)

8.010mDiameter of Main Vessel(outside)

530℃Outlet Temp. of the Core

360℃Inlet Temp. of the Core

60000MWd/t Bum-up, first load max.

100000MWd/tBum-up, target max.

3.7×1015n/cm2·sNeutron Flux

430W/cmLinear Power max.

92.33(36%)kgU-235(enrichment)

65.76kgPu-239

141kgPu, total

(Pu,U)O2Fuel

60.0cmDiameter Equivalent

45.0cmHeight

Reactor Core

20MWElectric Power, net

65MWThermal Power

Preliminary designUnitParameter
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CEFR(4/4)CEFR(4/4)

30aPlant Life

96.2t/hFlow Rate

14MPaSteam Pressure

480℃Steam Temperature

Tertiary Circuit

986.4t/hFlow Rate

48.2tQuantity of Sodium

2Number of loops

Secondary Circuit

2Number of IHX per loop

1328.4t/hFlow Rate, total

260tQuantity of Sodium

2Number of Loops

Primary Circuit
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Recent Development of CEFRRecent Development of CEFR

Design: 95% percent of detail design is finished up to end of 
2002
Components :   % percent of device have been ordered, and   
% have arrived at CIAE
Construction: 

a) The reactor building under construction has reached the 
top namely 57m above the ground

b) More than one hundred components and shielding doors 
have been installed

c) The system install will started in march of this year
d) The introducing of sodium which will be used in reactor 

will be started 
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Reactor 
Block of 
CEFR
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Main Heat 
Transfer 

System of 
CEFR
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Reactor 
Hall
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CEFR Reactor Building Floor under construction  +0.0m , May.2001
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Tube Plate of CEFR IHX
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CEFR Reactor Building under construction  +16.8m , Dec.2001
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Closing of CEFR Reactor Dome
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Primary Coolant Pipe Rupture Event in Liquid Metal Cooled Reactors
DEN/CAD/DER/SERI

Status of French Fast Reactor Program
Philippe Dufour
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Primary Coolant Pipe Rupture Event in Liquid Metal Cooled Reactors
DEN/CAD/DER/SERI

CEA Program on Sodium Cooled Fast Reactors (1)

Preservation of past experience on Phenix and Superphenix 
(+ Rapsodie & EFR)

Data base on reactors + Operation of Superphenix + RCC – MR

Some effort on sodium technology to support Superphenix

dismantling

Irradiations programs in Phenix (2003-2008, 720 EFPD at 350 MWth)
Basic data + material testing + MA & LLFP transmutation + Pu burning + 

Innovative fuels

Studies and code validations (SIMMER III) for recriticality risk 

analysis
Ball-trap experiments for molten and boiling mixed pool behavior analysis

Analysis of CABRI/Raft TPA2 test

Application on gas cooled reactors
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Primary Coolant Pipe Rupture Event in Liquid Metal Cooled Reactors
DEN/CAD/DER/SERI

CEA Program on Sodium Cooled Fast Reactors (2)
PHENIX program

Stopped since November 1998 for renovation, inspection and 
maintenance

4 years of work and requalification for normal maintenance and 
life extension

⇒ Important feedback on knowledge (data, methodology)
- on the first 20 years of operation
- life extension (ISIR, RCC-MR)
- dedicated PHENIX knowledge preservation 
program (from 2003) 

Start-up expected in March 2003, for 5 years of irradiation, to 
conduct experiments in the scope of CEA research concerning 
nuclear waste

Team (specialists) in support to Phenix, Monju, CEFR 
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CEA Program on Sodium Cooled Fast Reactors (3)

PHENIX:Renovation, inspection and maintenance work

Renovation
seismic reinforcement of buildings
sodium fires protection
new emergency cooling circuits

Inspection
ultra-sonic inspection of the welds of the core support conial skirt
visual inspection of the hanging structures of the vessel and the upper 
internal structures of the reactor block (ACS and S/A heads) 

Ten years maintenance
general maintenance of the installation and regulatory controls of the 
pressure instruments

Steam generator module repair
after the detection of a significant crack on one SG module

Review of general safety actions and emergency plans
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Primary Coolant Pipe Rupture Event in Liquid Metal Cooled Reactors
DEN/CAD/DER/SERI

CEA Program on Sodium Cooled Fast Reactors (4)

Experimental program in PHENIX

Mainly devoted to transmutation of radioactive wastes

Basic data
irradiations of samples of various isotopes under fast and
moderated spectrums  (MA, LLFP, Bnat)

Materials (cladding and structures)

Incineration of minor actinides
homogeneous way (MA dispersed in fuel)
heterogeneous way (MA dispersed in matrice)

- host matrice behavior and performance evaluation
- MA target optimization

Destruction of long-lived fission products

Pu increased consumption (CAPRA program)
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Primary Coolant Pipe Rupture Event in Liquid Metal Cooled Reactors
DEN/CAD/DER/SERI

CEA Program on Sodium Cooled Fast Reactors (5)

International collaborations (JNC, MINATOM, Generation IV)
OECD/IAEA : Nuclear data

IAEA : Preservation of knowledges + CRPs

Japan : Support to restart Monju

Russia : Irradiations program BORA-BORA in BOR 60

Support to BN600 life extension project

China & Korea : Support to CEFR and KALIMER project

Generation IV 
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Future Nuclear Energy Systems

5 fundamental criteria Missions and 
additional criteria

Save natural 
resources (U, Th)

Reuse (U, Pu) from
existing reactors

Enhance 
proliferation resistance

Pu burning,
Integration of fuel cycle

ECONOMICS

Competitiveness
Investment cost

SAFETY

Operation/Accidents
Severe conditions

Electricity generation

Hydrogen production
/HT process heat

Long-lived radioactive waste 
burning

High sustainability

Minimize Waste 
production  

Integral recycling of 
actinides

Symbiosis with existing LWRs

Flexible adaptation to diverse 
fuel cycles
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Sequenced development of high temperature
Gas cooled nuclear energy systems

R & D
• Fuel particles
• Materials
• He systems technology (850°C)
• Computer codes
• Fuel cycle

R & D
•VHT materials
• IHX for heat process 
• ZrC coated fuel
• I-S cycle H2 production

PMR
R & D

• Fast neutron fuel
• Fuel cycle processes
• Safety systems

VHTR

GFR

> 950°C for VHT 
heat process

Fast neutrons 
Integral fuel cycle 
for high 
sustainability

Prismatic Modular Reactor
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Gas cooled reactors (GCR) : 
an evolutive range of nuclear systems

• For the short term : first configuration direct cycle HTR
Concept of the 1970 ’s-1980 ’s
Direct conversion with gas turbine

• For the medium term : specialized GCR
Very high temperatures and high efficiency
Robust « export » versions
Optimized configurations for waste transmutation

• For the long term : sustainable energy development  
Fast spectrum
Complete uranium consumption
Integrated cycle transmuting all the actinides
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Gas-Cooled Fast Reactor (GFR)
Example of candidate design options

Composite ceramics
fuel element

Core
layout

Core vessel
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Reprocessing for future systems

The GFR Fuel Cycle

High actinides recovery yield

“Co-management” of the actinides

Flexibility (Time changing fuel composition)

Lowered waste & release amounts

High integration between fuel treatment and re-fabrication
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Primary Coolant Pipe Rupture Event in Liquid Metal Cooled Reactors
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Key technology fields for a sequenced
Development of gas cooled nuclear systems

PMR → VHTR → GFR
• Fuels

Standard and improved TRISO particles + Treatment
Composite ceramics fuel technologies for fast neutron systems

• Integrated treatment and refabrication of the spent fuel
Simple, compact and symbiotic processes 
Aqueous, pyrometallurgical or other dry processes

• Materials resisting to high temperatures and fast neutrons

• Technology of high temperature helium systems
Tribology, impurity control, thermal barriers, components
Recuperator, VHT IHX

• Systems studies, calculation tools
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Primary Coolant Pipe Rupture Event in Liquid Metal Cooled Reactors
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Development plan for future nuclear energy systems
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Status of Japanese FR ProgramsStatus of Japanese FR Programs

- Experimental Reactor “JOYO”

- Prototype Reactor “MONJU”

- Feasibility Study for the Future FR
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Experimental Reactor Experimental Reactor ““JOYOJOYO””
The experimental fast reactor “JOYO” achieved the 
initial criticality on 1977.

JOYO was operated from 1978 to 1982 with the MK-I 
breeder core (50-75MWt) and from 1982 to 2000 with 
the MK-II irradiation core (100MWt).

The reactor is currently upgraded to the MK-III core.

The cooling system modification was completed in 
Sep./2001.

The core replacement was started in Jun./2002.

The MK-III initial criticality is now scheduled in the 
summer of 2003.
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Main Purpose of MKMain Purpose of MK--III Project

MK-III
Irradiation Capability 

Enhanced

Higher Plant 
Availability Factor

Upgrading in 
Irradiation Techniques

Heat Removal Capacity Enhanced in 
Primary and Secondary Cooling System

Core Replacement for 
High Neutron Flux

Number of Irradiation 
Rigs Increased Twice

Development of Irradiation Test Rigs

III Project
Fast Neutron Flux Increased 

30 % than MK-II Core

Periodic Inspection Period and   
Fuel Exchange Time Reduced
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Prototype Reactor Prototype Reactor ““MONJUMONJU”” (1/3)(1/3)
--Plant CharacteristicsPlant Characteristics--

Reactor type :   loop type (3 loops)
Thermal power :   714MWt
Electrical power :   280MWe
Primary sodium temperature
(Reactor outlet / inlet)   :   529 / 397oC
Material of primary/secondary piping   :   

austenitic stainless steel (304SS)
Steam conditions (temperature / pressure)   :   

483oC / 127kg/cm2g (at Turbine inlet)
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Prototype Reactor Prototype Reactor ““MONJUMONJU”” (2/3)(2/3)

Oct./1985 Beginning of Construction

Mar./1991 Completion of 
Component　Installation

Apr./1994 Initial Criticality

Aug./1995 Supplying Electricity

Dec./1995 Sodium Leak Accident
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Prototype Reactor Prototype Reactor ““MONJUMONJU”” (3/3)(3/3)

Investigation of the Cause of the Accident
Comprehensive Safety Review 

(Conceptual Design of Improvement)
Safety Licensing Examination

Agreement of Local Government
Improvement Work (approx. 1.5y)

Resumption of Operation
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Development Targets of Development Targets of 
the Commercialized FR Cycle Systemthe Commercialized FR Cycle System

Ensuring Safety
Enhance the prevention capability against CDA initiated by passive mechanism 
of reactor core damage
Enhance the mitigation capability against CDA consequences within the vessel  
without resulting in the re-criticality events

Economic Competitiveness
Competitive with future LWRs and other electric resources

Efficient Utilization of Resources
TRU burning and breeding

Reduction in Environmental Burden
TRU burning and LLFP transmutation
Reduction of radioactive waste

Enhancement of Nuclear Non-Proliferation
Friendly design for physical protection and safeguards
Intrinsic proliferation resistance : for example, no existing pure Pu in FR cycle 
system
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Development of the FR Cycle System

Technological
Options Phase 2

• Selection of
　Several
　Promising
　Combinations of

FR and Fuel
　Cycle Systems  

Phase 4
• Detailed Design Study
• Establishment of
　Systematized
　Technical Know-how

Innovative
Technologies

Design Studies

C&R Attractive FR Cycle SystemAttractive FR Cycle System
By satisfying development targetsBy satisfying development targets

Phase 1
• Evaluation of
　Various Options 

Engineering 
Scale Tests

Fast Reactor
　 - Coolant
　 - Fuel
　 - Plant Size
Reprocessing
　 - Advanced Aqueous
　 - Non-aqueous
Fuel Fabrication
　 - Simplified Pelletizing
　 - Vibration Packed
　 - Casting

Example

Phase 3
• Conceptual
　Design Study
• Experiments
　and Analyses of
　Essential
　Technologies

C&R

C&R

2000 2005 2010 2015



Status of National Programs on Fast Reactors in KoreaStatus of National Programs on Fast Reactors in Korea

IAEA Technical Meeting on Primary Coolant Pipe Rupture in LMRs
IGCAR,  Kalpakkam, India, Jan. 13-17, 2003

Korea Atomic Energy Research Institute
Hae-yong Jeong and Dohee Hahn
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Iaea TM Energy Situation of Korea

o Significant increase of primary energy consumption from 45.7 million 
TOE in 1981 to 197.8 million TOE in 2001 (about 4 times)

o Scarcity of indigenous energy resources
– The energy overseas dependence continuously rises from 50.8% in 1971 to 97.4% 

in 2001
– Limited application of alternative energy resources due to the narrow territory

Huge area is needed for 1500MWe power plant : 100 km2 for the solar plant, 700 
km2 for the wind power plant
Role of the supplementary and small-sized energy source

o Rapid increase of electricity consumption
– Average annual growth rate : more than 10%

Increase from 35,424GWh in 1981 to 257,672GWh in 2001 (about 7 times)
– Average annual growth rate of electricity consumption through 2015 :  4.1% 

Increase of Per Capita Electricity Consumption from 4,573kWh in 1999 to 
7,505kWh in 2010
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Iaea TM Nuclear Power Program in Korea

o Operating Plants
– First Commercial operation: Kori Unit 1 in 1978
– 14 PWRs and 4 CANDU-PHWRs (as of the end of 2002)
– Nuclear Power Share:

27.0% (13,716 MWe) in Total Installed Capacity at the end of 2001
39.3% (112,052 GWh) in Total Electricity Generation at the end of 2001

o Plants Under Construction
– 2 PWRs : Ulchin 5 & 6

o Plan:
– Additional 8 Nuclear Power Plants by 2015
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Iaea TM

Operation

1,000PWRYonggwang 311

In Operation, 18 units
Under Construction, 2 units
In Plan, 8 units by 2015

950PWRYonggwang 210

1,000PWRUlchin 620950PWRYonggwang 1

Operation

9

1,000PWRUlchin 5
Construction

191,000PWRUlchin 48

1,000PWRYonggwang 6181,000PWRUlchin 37

1,000PWRYonggwang 5
Operation

17950PWRUlchin 26

700PHWRWolsong 416950PWRUlchin 15

700PHWRWolsong 315950PWRKori 44

700PHWRWolsong 214950PWRKori 33

679PHWRWolsong 1

Operation

13650PWRKori 22

1,000PWRYonggwang 4Operation12587PWRKori 1

Operation

1

MWeTypeNameStatusMWeTypeNameStatus

(As of the End of 2002)

Nuclear Power Program in Korea



Korea Atomic Energy Research Institute5Kalpakkam, India, Jan. 13-17, 2003

Iaea TM Evolution of Nuclear Power Program

Shin Kori 1
Shin Kori 2

Shin Wolsong 1
Shin Wolsong 2

Shin Kori 3
Shin Kori 4

KNU 28
KNU 27

Planned

Yonggwang 5
Yonggwang 6

Ulchin 5
Ulchin 6 Under

Construction

5
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Kori 3
Kori 4
Yonggwang 1

Yonggwang 2
Ulchin 1
Ulchin 2

Component 
Base

Kori 1
Kori 2

Wolsong 1Turn-Key 

Yonggwang 3

Wolsong 2

Ulchin 3

Ulchin 4

Wolsong 3

Wolsong 4

In OperationStandardization

PWR 
PHWR
KSNP (Korea Standard Nuclear Power Plant)
APR1400

Contract COD Korea Standard
NPP Series
PWR  1000 MWe x 10

Yonggwang 4Yonggwang 4
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Iaea TM Historical National Nuclear Programs

o Introduction of the First NPP in 1978

o The Nuclear Power Technology Localization Program in 1985

o The Mid- and Long-term Nuclear Energy R&D Program in 1992

o The National Comprehensive Plan for Promoting  Development and 
Utilization of Nuclear Energy was revised in 2001
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Iaea TM Long-Term Nuclear R&D Program

o MOST Is Responsible for the Program
– The Program Started in 1992 and Revised in 1997
– Time Span of the Revised Plan: 1997~2006 (10 Years)

o Objectives
– Enhancement of Technological Capabilities
– Self-Reliant Technology Development for Peaceful Uses of Nuclear Energy

o Major Projects
– Reactor  and Fuel Technologies
– Nuclear Safety Related Technologies
– Radwaste Management Technologies
– Radiation and Radioisotope Application Technologies
– Basic Nuclear Technologies, etc.
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Iaea TM Long-Term Nuclear R&D Areas

Advanced Reactor & Fuel

SMART, KNGR 
Advanced Nuclear Fuel, etc

Advanced Reactor & Fuel

SMART, KNGR 
Advanced Nuclear Fuel, etc

Fundamental Technology

KALIMER, DUPIC
Quantum Engineering
Advanced Nuclear Materials 
Accelerator-driven System, etc

Fundamental Technology

KALIMER, DUPIC
Quantum Engineering
Advanced Nuclear Materials 
Accelerator-driven System, etc

Radwaste Management

S/F Management
High-level Waste Disposal 
High-level Waste Treatment and 
Transmutation, etc

Radwaste Management

S/F Management
High-level Waste Disposal 
High-level Waste Treatment and 
Transmutation, etc

Nuclear Safety

T/H Test and evaluation
Severe Accident Experiment
Safety Regulation, etc

Nuclear Safety

T/H Test and evaluation
Severe Accident Experiment
Safety Regulation, etc

Application of Radiation & RI

Production and Application 
Life Science and Food 
Engineering, etc

Application of Radiation & RI

Production and Application 
Life Science and Food 
Engineering, etc

Securing Nuclear 
Core Technology
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Iaea TM LMR Design Technology Development Project

o LMR Technology Development Program was launched as part of the 
National Nuclear Long-Term R&D Program

o Program Goal is to develop technologies for the efficient use of
uranium resources and for the reduction of nuclear wastes

o Reference KALIMER Design Concept was established in 1997

o Conceptual Design of KALIMER was completed in March, 2002

o According to the National Nuclear Energy Promotion Plan of July 
2001,   the effort will be focused on the development of basic key 
technologies and advanced reactor concepts from April, 2002
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Iaea TM LMR Design Technology Development Schedule

Phase 1 (1997-1999)
Development of Basic Technology

/ Preliminary Conceptual Design

Stage 2 (2001-2004) Stage 3 (2005-2007)

Preliminary
Conceptual

Design
Report

Phase 2 (2000-2001)
Development of Advanced Basic
Technology / Conceptual Design

Phase 3 (2002-2004)
Development of Basic Key Technologies
/ Establishment of Advanced Concepts

Conceptual
Design
Report

- Design requirements
- Core and System 
Configurations

- Preliminary Safety 
Analysis

- Design Specification
- Performance Analysis
- Safety Analysis

Development of
Computer Codes

Improvement of
Computer Codes for 
Conceptual Design

Development of Basic 
Key Computer Code

/ Validation of
Computer Codes

Development of 
Conceptual Design Establishment of 

Conceptual Design

Development of Basic 
Key Technology

Basic Experiments Experiments for
Model Validation

Experiments for
Code Validation

– Proliferation-Resistant Core 
Design and Fuel Cycle 

– Improvement of Economics 
and Safety

– High Temperature 
Structural Analysis

– Safety Analysis

Development of 
Basic Key Technologies
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Iaea TM Korea Advanced Liquid Metal Reactor

o Design Objectives
– To Develop LMR Design Technologies for the Efficient Use of Uranium 

Resources and for the Radwaste Reduction of Domestic PWR Spent Fuels

- Inherent Safety - Environmental Friendliness 
- Proliferation Resistance - Competitive Economics

o On-going and Future R&D Activities

1st Stage : Development of Basic Technology/Preliminary 
Conceptual Design (Completed)

2nd Stage : Establishment of Conceptual Design (Completed)

3rd Stage : Development of Key Technologies and
Establishment of Advanced Concepts by 2004
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Iaea TM KALIMER - Key Design Features

OVERALL
Net Plant Power, MWe                                             150
Core Power, MWt 3 9 2 . 2
Gross Plant Efficiency, % 4 1 . 5
Net Plant Efficiency, %                                        38.2
Reactor Pool Type
Number of IHTS Loops                            2
Safety Shutdown Heat Removal                       PSDRS
Seismic Design Seismic Isolation Design

CORE
Core Configuration                               Heterogeneous
Core Height, mm                                                1000
Axial Blanket Thickness, mm                                    0
Core Diameter, mm                                              3373
Fuel Form U-TRU-10% Zr
Feed Fuel TRU Enrichments for            30.0
Equilibrium Core, %
Assembly Pitch, mm                                             161
Fuel/Blanket Pins per Assembly                    271 / 127
Cladding Material                                              HT9
Refueling Interval, months                                     18

OVERALL
Net Plant Power, MWe                                             150
Core Power, MWt 3 9 2 . 2
Gross Plant Efficiency, % 4 1 . 5
Net Plant Efficiency, %                                        38.2
Reactor Pool Type
Number of IHTS Loops                            2
Safety Shutdown Heat Removal                       PSDRS
Seismic Design Seismic Isolation Design

CORE
Core Configuration                               Heterogeneous
Core Height, mm                                                1000
Axial Blanket Thickness, mm                                    0
Core Diameter, mm                                              3373
Fuel Form U-TRU-10% Zr
Feed Fuel TRU Enrichments for            30.0
Equilibrium Core, %
Assembly Pitch, mm                                             161
Fuel/Blanket Pins per Assembly                    271 / 127
Cladding Material                                              HT9
Refueling Interval, months                                     18

PHTS
Reactor Core I/O Temp., 0C                     386.2 / 530.0
Total PHTS Flow Rate, kg/s 2 1 4 3 . 1
Primary Pump Type Electromagnetic
Number of Primary Pumps 4

IHTS
IHX I/O Temp., 0C                                    339.7 / 511.0
IHTS Total Flow Rate, kg/s                                1803.6
IHTS Pump Type Electromagnetic
Number of IHXs 4
Number of SGs 2

STEAM SYSTEM
Steam Flow Rate, kg/s 1 7 5 . 5
Steam Temperature, 0C                                        483.2 
Steam Pressure, MPa                                            15.50

PHTS
Reactor Core I/O Temp., 0C                     386.2 / 530.0
Total PHTS Flow Rate, kg/s 2 1 4 3 . 1
Primary Pump Type Electromagnetic
Number of Primary Pumps 4

IHTS
IHX I/O Temp., 0C                                    339.7 / 511.0
IHTS Total Flow Rate, kg/s                                1803.6
IHTS Pump Type Electromagnetic
Number of IHXs 4
Number of SGs 2

STEAM SYSTEM
Steam Flow Rate, kg/s 1 7 5 . 5
Steam Temperature, 0C                                        483.2 
Steam Pressure, MPa                                            15.50
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Iaea TM KALIMER - Conceptual Design of Reactor System
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Iaea TM KALIMER – Breakeven Core Design

Driver Fuel 54
24
48

6
1
6

48
54
54
72

367

Internal Blanket
Radial Blanket
Control Rod
USS
GEM
Reflector
B4C Shield
IVS
Shield

Total

Driver Fuel 54
24
48

6
1
6

48
54
54
72

367

Internal Blanket
Radial Blanket
Control Rod
USS
GEM
Reflector
B4C Shield
IVS
Shield

Total

* considering (DF+IB+RB+GEM) voiding

Thermal Output (MW)
Core Inlet/Outlet Temp.(oC)
Active Core Height (cm)
Core Diameter (cm)

Average Breeding Ratio                    
Refueling Intervals (month)
Feed Fuel Enrichment (Total TRU) (%) 

Burnup Reactivity Swing (pcm) 
Average Driver Fuel Burnup (MWD/kg) 
Peak Fuel Discharge Burnup (MWD/kg)
Peak Linear Power (W/cm)
Peak Neutron Flux (1015 n/cm2.sec)
Sodium Void Reactivity(BOEC/EOEC) (pcm)

392.2
386.2/530.0

100
337

1.00
18

30.0

896 
87.6 
120.7 
287.1
3.01

454/723
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Iaea TM KALIMER - Fluid System Design

Conceptual Design of Fluid System
– Revision of System Design Requirements
– Development of NSSS Auxiliary Systems Design Concept
– Design of Containment Dome Cooling System
– Detailed Analysis of the Reactor Pool Characteristics
– Preliminary Analysis of SG Operation Stability
– Design of Plant Operation and Control Logic
– Analysis of System Transient Operation Characteristics in Representative Cases

Development of Computer Codes
– Setup of an Analysis Model for Later Phase of a Sodium-Water Reaction Event
– Revision of Performance Analysis Code for Electromagnetic Pump
– Major Revision of the System Performance Analysis Code
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Iaea TM KALIMER – Experimental Activities (1/2)

o Experiments for Verification of Computer Codes
– PSDRS (Passive Safety Decay Heat Removal System
– Pressure Drop in the IHX Shell side
– Performance of the Coastdown Inertia Device of EM pump

o Experiments for Development of the Basic Sodium Technology
– Thermal-fluidic Characteristics of Sodium
– Development of Basic Technology on Measuring and Analyzing Instruments, and 

Elemental Devices

o Experiments on Safety Characteristics of Sodium
– Sodium Fire Detection and Extinguishment 
– Sodium-water reaction
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Iaea TM KALIMER - Experimental Activities (2/2)

Viton-ring Gasket

φ 346

φ 570

φ 450

LG (H/L)Ar gas

Thermocouples

Ar gas vent (3/4")

Sodium Inlet (1")Support

Sodium Overflow
(1/2")

Sodium Outlet (1")

Heaters

Isolation

Isolation

Isolation

Isolation

Na

Ar

Hot
Air

Cold
Air

F : Flow Meter
L : Level Gage
P : Pressure Transducer
Δ P: DP Meter
S : Accelerometer 
T : ThermocouplePSDRS Test Facility

Photo-view of IHX Pressure  
Drop Test Facility

Schematic Diagram of IHX
Test Facility

Section Drawing of
the Test Reactor
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Iaea TM International R&D Collaboration

o INERI
– A three-year (2002-2004) program between KAERI and ANL
– To identify and quantify the performance of innovative design features in metallic-

fueled SFRs
Whole core reactivity feedback based on three dimensional subassembly 
temperature field
Simulation of innovative safety design features and evaluation of enhanced safety 
margins
Advanced power conversion technology consisting of a gas turbine Brayton cycle 

o Generation IV
– High Interest on SFR and VHTR
– To develop sustainable, economically competitive, safe and reliable, proliferation-

resistant nuclear energy systems
– Now, the necessary R&D items to support Gen-IV concepts are being defined
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SAFETY PHILOSOPHY OF PRIMARY PIPE 

RUPTURE EVENT IN

PROTOTYPE FAST BREEDER REACTOR
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Fig.1  PFBR flow sheet

4 x 8 MWt



Fig.2: ReactorAssembly



Fig.3  Primary Pipe Details
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STRUCTURAL MECHANICS 

FEATURES

Irradiation effects are negligible (< 0.1
dpa). 
Sodium corrosion is negligible. 
Low operating temperature (670 K)  
Operating pressure is 0.8 MPa. 
Vibration loads are negligible (0.5 t)
Seismic load amplitudes are small  (20 t) 
Thermal loadings are insignificant during 
normal operations
SSP/BFP trips impose ~50 K higher 
average temperature w.r.t other parts and 
moderate stress  ~ 200 MPa.  
Highly ductile  material:  SS 316 LN  
Design :  Class 1 rules of RCC-MR (1993). 
Provision of sliding arrangement:  for  
flexibility under transients without 
sacrificing  rigidity requirements under 
seismic events 



STRUCTURAL  ANALAYSIS RESULTS

Primary Stresses
Maximum Pm and (Pm+Pb)  values are 76
MPa and 80 MPa respectively for the pipe 
wall thickness of 8 mm.  RCC-MR
allowables are 104 MPa and 156 MPa.  

Hoop Stress Contours under SSE



STRUCTURAL  ANALAYSIS RESULTS

Creep-Fatigue Damage :
From thermal transient stresses, creep-
fatigue damage is estimated as  ~ 0.2 (< 1) 
for 10 transients under assumption that  
header got stuck up during  initial startup 
itself and remains under the stuck up 
condition throughout life.

Hoop Stress  under Hot Shock



FRACTURE MECHANICS ANALYSIS

A pessimistic surface crack  (depth, a = 3.5 
mm ; length, 2c = 90 mm) is introduced at 
crown. 
Crack propagation analysis as per French 
Guidelines A 16 (1993)
Crack  grows to a through wall crack (a=15 
mm) after application of  1270 load cycles. 
There is a  margin of 6 on  life.



EXPERIMENTAL INVESTIAGTION ON 
1/5th SCALED MODELS

Validation of FEM prediction of strains at 
critical locations including ovalisation
under pressure and seismic loads. 
Prediction of accumulated ratcheting 
strains under constant pressure and cyclic 
secondary stresses imposed by axial 
displacement on header.
Identification of critical locations in the 
practical structures with welds.  

Ratchetting Tests



SAFETY PHILOSOPHY

DEGR of one of  four pipes is postulated 
as a Category 4 DBE due to:

- Neither ISI  nor leak detection 
- Lack of literature 
- Traditional approach considered in water 

reactors  
- Defense-in-depth philosophy

TH analyses to ensure:

- Not more than  50 % melting in fuel, 
- Clad hotspot temperature < 1473 K 
- No bulk sodium boiling



PRIMARY PUMP PIPE RUPTURE EVENT
SCENARIO

Nominal operation at 500
MWe / 1250 MWt power

DEGR of a primary pipe Primary flow bypasses core through rupture

Both PSP flow increases to 
126 % within 50 ms. Both 
pumps cavitate.

Core flow reaches a minimum 
of 30 % by 0.7 s, P/Q crosses a 
threshold of 1.1 at 0.06 s

SCRAM Command originates at 0.06 s, initiated at 
0.26 s and completed at 1.06 s. Power < 20 % at 1 s.

Max.clad hotspot = 1284 K at 1.50 s, Max. SA mean 
sodium hotspot = 1120 K at 1.94 s

Pump speeds reduced to 
20 % along their natural
coastdown from 1.2 s. 
No cavitation from 8.3 sLong term DHR operation with PSP at 20 % 

speed, core flow ≈ 8 %.



PRIMARY PUMP PIPE RUPTURE EVENT
SUMMARY

ALL TEMPERATURES ARE WITHIN LIMITS
NO FLOW REDISTRIBUTION AMONG SA

NO VOID FORMATION DURING TRANSIENT

30 %MINIMUM CORE FLOW DUE 
TO SENSITIVITY

1209 K

1406 K

(II)

1120 KSUBASSEMBLY BULK 
SODIUM

1284 KFUEL CLAD

(I)HOTSPOT TEMPERATURES

CENTRAL SA SODIUM 
TEMP (θCSAM)

SECOND SCRAM 
PARAMETER (II)

P/QFIRST SCRAM PARAMETER 
(I)

RESULTS OF ANALYSIS

BOILING POINT (1213 K)SUBASSEMBLY BULK SODIUM

1473 KFUEL CLAD

LIMIT ON HOTSPOT TEMPERATURES

RUPTURE OF ONE PIPE  - CATEGORY 4 EVENT



CONCLUSION

High structural reliability is 
demonstrated by :

- Optimum layout  & pipe thickness 
to have better thermo-mechanical
behaviour. 

- Low operating primary stresses
- Low  creep-fatigue damage (< 0.2). 
- Even the pessimistic surface crack 

can not cause a leak before  6 plant 
lives.

- Experimental validation of  FEM 
prediction.



CONCLUSION

TH analysis indicates that under 
one pipe rupture:

- Core flow is reduced to 30 %  
- Category 4 temperature limits are 

respected. 
- No significant flow redistribution 

among various SA  
- No formation of vapour in SA.

Efforts are made to eliminate DEGR  
from DBE by means of providing 
additional inspections.
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Bird's-eye View of MONJU
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Plant Characteristics of MONJU

Reactor type : loop type (3 loops)

Thermal power : 714MWt

Electrical power : 280MWe
Primary sodium temperature
(Reactor outlet / inlet)   :   529 / 397oC

Material of primary/secondary piping :   
austenitic stainless steel (304SS)

Steam conditions (temperature / pressure) :   
483oC / 127kg/cm2g (at Turbine inlet)
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Main System of MONJU
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Flow Chart of Pipe Integrity Assessment

Evaluation of the crack growth 
under design duty loading conditions

Evaluation of the crack growth
under conditions beyond design duty cycles

Evaluation of the crack shape
resulted in the detectable leak

Evaluation of the critical crack 
length corresponding to the 
unstable fast fracture

Confirmation of the LBB characteristics

Evaluation of the crack 
size corresponding to 
the leak detection

Review of material, design, fabrication, 
test and inspection

Evaluation of the structural integrity
(pre-service of the plant)
assuming an initial crack

1st 
Stage

2nd 
Stage

Confirmation of the 
structural integrity
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Investigation of Possible Failure Modes

Failure caused by corrosion is insignificant for stable 
environmental conditions.

Ductile rupture, collapse or creep rupture caused by 
load-controlled stress is insignificant.

Relatively speaking, fatigue (creep-fatigue, for the hot 
leg piping) failure is most likely mode of loss of pipe 
integrity.

Fatigue failure if occurred, terminates as coolant leakage 
at the moment of crack penetration.

Unstable fast fracture is not expected to occur from 
such fatigue crack because of ductile and tough material 
and low internal pressure.



8

Structural Integrity Assessment
(1) Object of the Assessment

Elbow of Reactor Inlet 
Down Comer Piping
= Object of 

Structural Integrity Assessment

Important from the point of view of 
sodium level keeping 
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Structural Integrity Assessment
(2) Postulated Initial Flaw

2c0=42.9mm

a0=3.6mmt=14.3mm

Semi-elliptical Initial Crack
Depth : 25% of wall thickness
Length : 300% of the wall thickness

On the inner surface of
the crown part of the elbow of 
the reactor inlet down comer piping
(diameter D=609.6mm) 
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Structural Integrity Assessment
(3) Fatigue Crack Growth

under Design Duty Cycles

Fatigue crack growth simulation under design 
duty loading condition was conducted as a 
most likely failure mode caused by the 
repetition of thermal expansion. 

Structural integrity of the pipes is 
demonstrated during the plant service period. 

The simulation gave small crack growth, 
approximately 0.3mm deep and 0.2mm long 
under design duty load conditions.
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Leak before Break Assessment
(1) Postulated Leak Path Area (1/2)

For MEFS* piping, a slit-like defect of D/2 in 
length and t/2 in width is postulated.
The fluid leaks through a circular opening of 
the area Dt/4.

(D : diameter, t : thickness) 

*MEFS=Moderate Energy Fluid System
T<100oC, P<2MPa= =

t/2
D/2

D

t
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Leak before Break Assessment
(2) Postulated Leak Path Area (2/2)

USNRC does not mention about 
the classification of the class 1 
piping of LWR, because all of 
them are classified in HEFS 
piping.

The classification is applicable 
to the class 1 piping of LMFBR. 

Primary coolant pipe of MONJU can be classified in MEFS piping.

Temperature criterion (T<100oC) 
corresponds to the boiling point 
of water.

The boiling point of sodium is 
much higher than that of water.

It is relevant to postulate Dt/4 as the maximum leak path area.

+

Temperature criterion (T<100oC) 
needs not consider in LMFBR.

Conservative or not?Conservative or not?
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Leak before Break Assessment
(3) Fatigue Crack Growth

beyond Design Duty Cycles

Influence of stress field on crack configuration at a through-wall-penetration

a/t=0.6

Initial crack   a/t=0.25

Penetration

(a)∆σt/∆σ=1.0

a/t=0.6

Initial crack   a/t=0.25

Penetration

(b)∆σt/∆σ=0.25

a/t=0.6

Initial crack   a/t=0.25

Penetration

(c)∆σt/∆σ=0

Pure Bending

Pure Tension
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Leak before Break Assessment
(4) Evaluation of Penetrated Crack Length

Penetrated crack 
length is less than 
12 times of the 
wall thickness.

Dependence of crack length at a through-wall-penetration on stress field 

(Bending) (Tension)
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Leak before Break Assessment
(5) Pipe Dimensions used in MONJU

24<D/t<127, 
(except some 
small pipes)

Relationship between Diameter and Wall Thickness of Stainless Steel Pipes (JIS)
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JIS G 3459
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↓

1 : RV inlet piping
2 : RV outlet piping
3 : Cross over leg piping
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Joyo 2

Joyo 3

SNR 2SNR 1,3

Monju 2

Monju 2,3

Monju 1

Monju 1

CRBR 2
CRBR 1,3

FFTF 1,3
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Leak before Break Assessment
(6) Eventual Crack Length expressed by Pipe Dimensions

t12l ≅

　　　Eventual crack length at a through-wall-penetration under 
pure bending stress field,

Considering the pipe dimensions used in MONJU,

24tD ≥

2Dl ≤∴
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2Dl =

Leak before Break Assessment
(7) Approximation of 

Central Crack Opening Displacement

δ
σθ

D

P

σθ

Penetrated crack of D/2 in length 
contained in a cylindrical shell of D 
in diameter

Infinite plate with a through-wall 
crack

Approximation

2Dl =

δ
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Leak before Break Assessment
(8) Calculation of Crack Opening Displacement

GPa144E,MPa2P ≥≤

2Dl =

70.3M ≤∴

λ29.06.1M +=

t
D643.0=λ 127tD ≤

t8.0≤δ 2ts ≤δ

E
l2 fσ

δ =

2
Dt

2
l)1(124 2νλ −=

σf=2Mσθ

ν=0.3

E
lM4 θσ= t

t
D

E
PM 2







=

σθ=PD/2t
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Conclusions
Possible failure modes are investigated thoroughly. It is 
shown that fatigue (creep-fatigue, for the hot leg piping) 
failure is most likely mode of loss of pipe integrity and that 
the other modes can be eliminated. 

Postulating an initial flaw, the pipe integrity is confirmed 
under design duty loading conditions using a fracture 
mechanics technique. 

Even if the crack penetrates pipe thickness under conditions 
beyond design duty cycles, unstable fast fracture would not 
be expected to occur and mode of LBB is ensured.   It is 
revealed that the postulated maximum leak path area, Dt/4 is 
conservative. 
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INTRODUCTIONINTRODUCTION

LOCA (Lost of Coolant Accident) is a type of serious event not only 
for a (PWR), but also for the (FBR)

Especially for a FBR have only two circuit in the primary heat 
transfer system

Here I want pay attention to the pool type FBR with two circuit in the 
primary loop 
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INTRODUCTIONINTRODUCTION

A typical pool type FBR
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INTRODUCTIONINTRODUCTION

The PSAR of CEFR was finished in May of 1998, but the review 
lasted 2 years
The primary pipe rupture accident is the key accident and the 
most important topic in this review
Owner (us) think: the DT/4 size break initial should be a DBA 
(Design Base Accident) and the double-ended guillotine break 
instantaneous should be a BDBA (Beyond DBA)

Reviewer think: The DBA should the double-ended guillotine 
break instantaneous, and the owner should calculate the break 
position spectrum in order to find the most serious case
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INTRODUCTIONINTRODUCTION

JAPAN
The DBA initial is DT/4 size break, the double-ended guillotine break 

instantaneous should be a BDBA for MONJU
American

The DBA initial is DT/4 size break for the CRBRp
France

The primary pipe break is the IV accident but not assuming double-
ended guillotine break instantaneous 

Russia
The small break of the primary pipe is consider as the normal event, 

because they have two layer tube pipe
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INTRODUCTIONINTRODUCTION
Our Superiority

Big sodium pool, we have 260t sodium in the primary loop;
The good characteristic of the coolant---Sodium;

Low pressure in primary loop;
The material of the pipe have a good toughness

Big negative reactivity affection and et.

Our Shortcoming
The type of pressure pipe is one layer tube

The primary loop has only two circuit with 4 pipe totally

We calculated:
Break position spectrum

Break continue time spectrum
Break size spectrum  and et.
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CEFRCEFR

Pool type sodium cooled experiment fast reactor
The first FBR in China
Thermal power 65MW and electricity power 25MW
Three main heat transfer loop and a passive decay heat removal 
system
Two circuits in every loop
The reactor inlet and outlet temperature is: 360 and 530 ℃
Temperature of Steam is 485℃ and Pressure is 14MPa
Two primary pumps with the head of 35m and Two secondary 
pumps with the head of 38m
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CEFRCEFR

Concept design was finished in 1993
Preliminary design was finished in1997
PSAR was finished in May of 1998
Detail Design was started in 1998 and up to now 95% was 
finished
Construction license was issued in May of 2000
Reactor building was completed on August 15 of 2002
System installation was started in Oct. of 2002

The sodium will be firstly produced in the end of 2003
First critical will be in the end of 2005
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CEFRCEFR

Reactor Block 
of CEFR
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CEFRCEFR

Primary pipe of CEFR
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CODECODE

OASIS is a system dynamic analysis code especially for 
pool type FBR
It can calculate every transient and accident of fast 
reactor
OASIS was transmitted from CEA/FRANCE in May of 
1997
We constructed a system dynamic simulation database 
for CEFR under OASIS platform and finished many 
transient calculations
OASIS also used in the PSAR of CEFR 
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CODE

Low grid

CODE

Complete pipe branch

G3

Break pipe branch Gp

Primary pump
G2 G1

Simulation model of one primary pipe rupture
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DescriptionDescription
Characteristic

For the reasons of fatigued rupture from small break, large installation stress, and 
jointing bug or other unexpected accidents , one of four primary pipe double-

ended guillotine break (DEGB) instantaneous and the core lost coolant

Main course
Break and loss of off-site power ---> lost thermal hydraulic balance ---> 

Temperature of core outlet increase ---> reach signal ---> scram 

Protection
Control rod insertion---> Secondary pump coast down to 0rpm---> Primary pump 

coast down to 150rpm ---> Water-Steam loop isolated ---> The valve of air 
cooler is opened

End state
The core cooled by small flow rate and the decay heat removed by the DHRS
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Initial ConditionInitial Condition

102.5% power thermal hydraulic design condition operating points
Take 3 as the positive tolerance of the inlet temperature of the
reactor 
The break is absolutely double-ended guillotine break (DEGB)
The break is instantaneous 
This event occurred in the end of life of reactor 
Shutdown rod worth with maximum worth single stuck rod 
While the accident occurring, the off-site electricity power lost 
Single Failure: after scram, the primary pump of unaffected loop
coast down to stop 
Considering the effect of earthquake, the duration of control rod 
insertion is doubled 
The function of decay heat removal system is neglected 
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ModeMode

Primary pump

Pipe Joint

Low Grid

A

B

C
D E

Vertical Pressure pipe

Various position calculation model
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SequenceSequence

Event (For position E) Time (s)

Guillotine break occurs zero
Loss of off-site electricity power:
Affected primary pump began to coast down to 150rpm
Unaffected primary pump began to coast down to stop
Intermediary pumps began to coast down to stop
Feed water pump began to trip

zero

Maximum flow rate of total break 0.14

High power to flow rate ratio signal (one second delay considered) 1.03

Shutdown：control rods begin to insert 1.23

Intermediate and water-steam circuits are whole isolated 60.0
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MAIN RESULTMAIN RESULT
posit
ion

signal* 
arrival 
time (s)

maximum flow rate of 
break point

maximum core outlet 
temperature

maximum 
flow rate

(kg/s)

time
(s)

maximum 
outlet 

temperature
(℃)

time
(s)

A 0.01 329.7 0.46 792.576 1.79

B 0.02 310.37 0.37 764.517 1.71

C 0.03 315.20 0.495 801.773 1.93

D 0.03 327.56 0.345 808.58 1.83

E 0.03 338.83 0.14 814.596 1.76
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MAIN RESULTMAIN RESULT
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MAIN RESULTMAIN RESULT
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MAIN RESULTMAIN RESULT
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MAIN RESULTMAIN RESULT
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CONCLUSIONCONCLUSION
The primary pipe is installed between the upper supporter and the 
lower supporter, so the pressure shock will not influence the 
bottom of the vessel
the double-ended guillotine break instantaneous is very 
Conservatively, in fact the material of CEFR’s primary pipe is 
09X18H9 stainless steel which has a good toughness
When it occurs in the joint between the main pipe and the low grid, 
the accident consequence is more serious
The temperature of the fuel is always lower than melting point
The temperature of the cladding is lower than safety limitation
The integrity of the pressure boundary of the primary loop has not 
been destroyed 
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THE ENDTHE END

Thank you !
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Safety Approach (1)

• Deterministic approach: 
a list of classified of normal and abnormal operating conditions
retained as enveloppe of all possible events in term of 
frequency and consequence level.
This list is the start point for both reactor dimensioning and 
safety analysis. 
The equipments are classified into safety classes according to 
safety rules and the regulatory guides for design.
The general safety objectives are translated into decoupling 

criteria (e.g. temperature limit).
After SuperPhenix (SPX2 and EFR) a semi-probabilistic metod, 
named Lines of Defense method, was defined and extensively 
applied in the EFR project 
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Safety Approach (2)

• Objectives and safety principle: 
For each reactor condition, more important are the potential 
consequences less should be the occurrence probability;
The global probability that the plant could cause unacceptable 
consequences (i.e. needing off-site measures) must be less 
than 10-6 /year;
Against conditions having very low probability but severe 
consequences, safety provisions should be taken in order to 
reduce either their probability or their consequences

These objectives are reached by application of the well-known 
Defence-in-Depth principle, consisting of several levels of 
prevention, protection and mitigation provisions
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Safety Approach (3)
• Classification of the LIPOSO accident: 

This accident is considered as the enveloppe condition of any 
loss of core flow and then is classified in the last Design Base 
class of operating conditions (i.e. category 4). 
Relating to the objectives of the category 4 (hypothetical 
events), loss of the investment is admitted by the Utility but the 
safety consequences must be under the safety targets.
these safety objectives are translated into decoupling design 
criteria :

• the number of fuel cladding failures should be limited 
• no phenomena leading to irreversible conditions
• core geometry with cooling capability must notably be kept 
• the reactor must be brought back to a safe cold shutdown 

state
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Safety Approach (4)

• Analysis rules for the LIPOSO accident:
the choice of the most penalizing reactor operation initial state 
(e.g. full power),
pessimistic hypotheses for the LIPOSO accident scenario 
(double-ended guillotine break in 1 second), 
simultaneous loss of station power if more penalizing, 
application of ‘single failure’ criterion.

According to the LoD method, safety provisions more than one safety 
system (i.e. emergency shutdown) should be planned against the 
LIPOSO accident (considered itself equivalent to the loss of a strong 
line of defence) in order to reject unprotected cases with severe 
consequences in the residual risk domain

•
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Accidental sequence (1)
• General phenomena:

instantaneous double-ended guillotine break of a pipe joining 
pumps to the core grid plate,
pumps remain operating with a constant speed, pump flow rate 
is increased but restricted by cavitation efffect,
sodium flow rate decrease through the core,
sodium flow dissymmetric redistribution,
rapid sodium heating up at core outlet,
weak power increase (due to sodium thermal expansion effect 
on reactivity),
clad temperatures enhancing,
local sodium boiling phenomena could occur and lead to still 
accelerate the accidental sequence.

These consequences have to be considered not only in terms of 
clad rupture risk, but mainly in terms of global core accident 

risk, taking into account the rapidity of the accidental sequence 
compared to the accident detection efficiency
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Accidental sequence (2)
• Prevention:

number of pipes and pumps, in order to minimize consequences 
of such a pipe rupture,
design concept for pump and core grid plate connections to 
allow flexibility in order to avoid consequences in case of 
differential thermal expansions, pump vibrations and pump 
seizure, 
design and dimensioning to seismic loading, 
general rules and quality controls for manufacturing and 
welding,
specific tests (as pump seizure for example) and periodic 
inspections (by means of a MIR telemetry able to measure 
relative displacements at connections for example, as provided 
in EFR) during reactor startup and operating life.
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SuperPhénix case (1)
Prevention (1st level of defence in depth) by design :

4 pumps each connected 
by 2 pipes to the core grid 
plate, 

seven wave dilatation 
compensators operating 
watertight partition 
between hot and cold 
collectors, 

design and dimensioning 
to seismic loading. 
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SuperPhénix case (2)
Studied case :

• double-ended guillotine break of a pipe joining pumps to the core 
grid plate in 1s,

• normal operating conditions at full power, 
• first cycle core at 640 EFPD that means with the most 

unfavourable conditions versus the radioactivity release,
• pumps speed is constant, equal to 421 r/min, in cavitation

conditions, 
• pump flow increase is limited by the cavitation to 4600 kg/s 

instead of 4090 kg/s in nominal conditions.
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SuperPhénix case (3)
Hydraulic Transient :

collector pressure: 

quarter 1 : 0.89bar, 

quarter 2: 1.22 bar, 

quarter 3: 1.26 bar.

that repartition leads to flows 
through the core:  

QC1 : 46.5% of the 
nominal flow,

QC1 : 54.3%

QC1 : 55.1%
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SuperPhénix case (4)
Surveillance and detection :

Three safety actions are able to actuate reactor scram: 

In SuperPhenix, taking into account uncertainties in an unfavourable way 
towards detection and time constants of detectors, the first trip parameter 
involved is the core outlet temperature which leads to the reactor 
shutdown, 3.8s after beginning of the accident. Later on (after 5s), the 
scram threshold on reactivity is then reached while the scram threshold 
on power ratio (P/Pn) is never reached. 

0.174s± 20 pcm± 15 pcm0Reactivity
0.015s1.131.0661P/Pn

1.8s185°C178°C165°C∆Tm

Time 
constant

Scram 
threshold

Alarm 
threshold

Nominal 
value

Trip parameters
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SuperPhénix case (5)
Core outlet temperature without scram
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SuperPhénix case (6)
Core power without scram
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SuperPhénix case (7)
Core outlet temperature with scram

1   hot sub-assembly 
outlet

2   hot channel outlet

3   hot channel outlet 
with uncertainties

The total power in the core reaches 
112% of the nominal power then 
decreases under the feedback 
effects. At time of shutdown, the core 
power is about 105% of the nominal 
power with a positive reactivity of 
about 15 pcm. Versus the local, and 
a fortiori bulk, sodium boiling risk, the 
margin is large: the maximal outlet 
sub-assembly temperature is 760°C. 
The figure in the margin shows the 
outlet temperature evolution in the 
hot sub-assembly with and without 
uncertainties.
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EFR case

Two trip parameters are available, both 
providing a LoD, the power ratio (P/Q) and 
the Individual Sub-Assemblies outlet 
Temperature . The most relevant trip 
parameter able to detect the LIPOSO break 
is P/Q. It allows a very early detection (at 
0.4s) and leads to control rods insertion 
(within 0.7s) before the core power is 
reaching 105% of the nominal power. In this 
conditions, margins to bulk sodium boiling 
are large, more than 300°C.

Grid
plate

Flow measurement
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Conclusion
• In protected conditions the LIPOSO break accident does not lead 

to any significant core damage.
• The accident resulting from the initial fault, the LIPOSO break 

(classified in category 4), combined with the failure of the first 
trip parameter which is a strong line of defense (LoD), is in the 
beyond design base. Studies have shown that consequences 
remain globally similar, notably towards margins to bulk sodium 
boiling, indicating that the reactor protection can be considered 
enough efficient.

• the safety objectives are met:
the number of fuel cladding failures is limited (according to the 
radiological target), 
bulk sodium boiling risk is avoided,
core geometry with cooling capability is kept, 
in all conditions, the reactor can be brought back to a safe cold 
shutdown state.
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Fig.2  Primary Pipe Details



SCOPE OF THE PAPER

STRESS ANALYSIS FOR MECHANICAL 
LOADS

CREEP-FATIGUE DAMAGE ASSESSMENT

FRACTURE MECHANICS

LBB INVESTIGATION

EXPERIMENTAL INVESTIGATIONS



DEFINITION OF LOADS

MECHANICAL LOADS:
INTERNAL PRESSURE   = 0.8 MPa
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Fig.4  Force on Header under SSE



THERMAL LOADS

INSIGNIFICANT DURING NORMAL 
OPERATION

THERMAL TRANSIENT FOLLOWING 
SSP/BFP TRIP IMPOSE THERMAL SHOCK

COLD POOL TEMPRATURE RISES BY 100 
K/MIN

RADIAL GRADIENT = 75 K

MEAN TEMPERATURE RISE = 50 K 



Fig.5  FEM Mesh



Fig.6  Deformation under thermal shock and SSE

Thermal shock SSE



Thermal shock

SSE

Fig.7 Hoop stress contours



Thermal shock

SSE

Fig.8  Circumferential variation of hoop stress



DESIGN CHECK

Pressure + OBE:

- Pm  = 30 MPa (< Sm)
- Pm+Pb   = 45  MPa (1.5 Sm)

Pressure + SSE

- Pm        =  52  MPa  (< 2.4 Sm)
- Pm+Pb  = 74  MPa (< 3.6 Sm)

Sm          = 104 MPa

Thicknesss reduced from 15 to 10 mm



CREEP FATIGUE DAMAGE ASSESSMENT

Elastic analysis procedure  of   RCC-MR

Stress range  for hot  shock  = 412 MPa

Stress range for OBE             =  67 MPa  

∆σt (TS + OBE) =  480 MPa

No. of load cycles  (50+170)  = 220

Creep-fatigue damage is 0.2 
( < RCC-MR allowable limit  of 0.9). 



FRACTURE  MECHANICS ANALYSIS

Initial Crack Size:

Depth   a/t      =  0.25 
Length 2c/t =   6

Paris law (A16):

da/dN      =  C(∆Ka)n

dc/dN       =   C (∆Kc)n

C = 6.2x10-8 & n = 3.28 (773 K)
. 

∆Ka and ∆Kc 
Raju-Newman’s correlations ( A16).



Fig.9   Surface crack propagation at crown



LBB ANALYSIS
Extraction of net bending moment and axial force 
under SSE loadings at a section passing through 
the critical location

Computation of 2CG as  per A16 

Computation of 2CS from master curve assuming 
pure bending stresses.

Computation of  2(CG – CS) Maximum admissible  
(2CL).

Knowing 2CL &  state of stress under normal 
operating conditions, Crack opening displacement  
(QL)  are  estimated   

Knowing the conversion factor (temperature rise 
per unit leak rate), temperature rise that is 
associated with QL is calculated.



Fig.10  Loadings



Input Data

Internal pressure =  0.8 MPa. 
SSE BM  at GP nozzle end   =  66.53 kN-m 
BM  at crown      = 62.33 KN-m.

Material data at 670 K

Sm                      =  109 MPa;
E                      =  1.61x105 MPa;
σy =  151 MPa; 
σo =  313 MPa; 
Density of Na     =  856.2 kg/m3 ;
Viscosity of Na  =  0.2792x10-5 Pa-s; 

JIC =   J0.2 =  150 kJ/m2 and 
J∆a =   130 + 100xc MPa.



LBB ANALYSIS

GP Junction          Crown

2Cs   (mm)     =      144 144
Js       (N/mm)  = 430 430
2CG (mm)    = 1356 342
2CL  (mm)     = 1212 198
δ (mm)      = 0.24 0.08
AL (mm2)       = 230 120
QL (kg/s)       = 6.83 4.3
∆T  (K)           = 0.16 0.10

DEGB of a primary pipe can not be 
detected with the resulting core  flow 
reduction and associated temperature 
rise.



EXPERIMENTAL INVESTIGATIONS
To validate the crack propagation behaviour
based on tests on plate bending specimen 
(10 no.) and ring specimens (3 no.)
to validate FEM prediction of ovalisation and 
strains at  various pipe cross sections under 
combined bending and torsional  moments, 
due to radial force, imposed by the pump  at 
the top of the spherical header nozzle during 
a seismic event. (1 no.) 
To  simulate ratcheting on pipes subjecting to 
combined internal pressure and in-plane  
bending moment developed  during thermal 
shock with the assumption that the free 
movement of  spherical header is completely 
arrested (1 no).
To identify  critical locations where crack can 
develop on the structure which has welds at 
the junctions and initial manufacturing 
imperfections (in progress).  



MASTER CURVES (A16) 

SS 316 LN at RT:   Cs/t = 9.5

G 91 at RT     Cs/t = 5.0

Fig.11  Crack propagation in 10 mm thick G91 plate

Fig.12 Effect of Creep on Master Curve (theory)



RING SPECIMEN

Fig.13 FE Mesh for Ring Specimen

Fig.14   Crack propagation behaviour



1/5th MODEL OF PRIMARY PIPE

Fig.15  Test Setup

Fig.17 Ratchetting Tests on  PSP Model



IMPORTANT RESULTS

(BM + TORSION)

Fig.16. A few important results



RATCHETTING:
Constant internal pressure of 1 MPa  
and cyclic in-plane displacement  
equivalent to given  ∆Tm.  
Stabilised  strain growth  at crown per 
unit  ∆Tm is 7x10-3 % / K  at RT 
Extrapolation to PFBR at  OT   =  174 K.  
Since  maximum ∆Tm is only 50 K,  
ratcheting is not possible for PFBR.

CRACK INITIATION:
Tests  continued  to initiate visible crack.  
Even after application of  more than  100 
thousands of  simulated load cycles, no 
crack has been seen.

However, tests are continued on the same 
model to quantify the crack initiation cycles



CONCLUSION

STRUCTURAL INTEGRITY IS ENSURED:

- Availability of comfortable margins on the 
primary stresses

- Very low accumulated creep-fatigue 
damage

- Absence of ratcheting and crack initiation 
even after application of more than ~ 500 
simulated plant load cycles

- Extensive experimental validation of  finite 
element results
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CONTENTS

Simplified Crack Growth Assessment Procedure

- Fatigue Contribution

- Creep Contribution

Experimental Works 

Verification of the Procedure Comparing to the 
Experimental Data
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Objectives

To apply the structural integrity assessment 
of FBR components.

-

-

-

Plasticity and creep deformation should be 
accounted for.

For verification of the procedure, some 
benchmark problems between JNC and CEA 
have been solved.

Through out the benchmarks, improvements 
of the procedure were discussed. 
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Creep-Fatigue Crack Growth Rate

creepfatigue dN
da

dN
da

dN
da







+






=

( ) fm
epf

fatigue
JC

dN
da ∆⋅=








( ) cm
cc

creep
JC

dN
da ∆⋅=








Creep-fatigue interaction is NOT accounted for.
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Fatigue Contribution   (1/4)
Effective Stress Intensity Factor Range

( ) fm
epf

fatigue
JC

dN
da ∆⋅=






 (Cf , mf : material constants)

(fep : Plastic correction factor)eepep JfJ ∆∆ ⋅=

*

2
EF

e E
KJ ∆∆ = Plane stress condition  :  E*=E

Plane strain condition  :  E*=E / (1-ν 2)

KqK wEF ∆∆ ⋅= )KKK( minmax −=∆

( ) 1n
w R1q −−= for R≧0  :  n=1   (∆KEF=Kmax－Kmin)

for R＜0  :  n=0    (∆KEF=Kmax)
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Fatigue Contribution   (2/4)
Crack Closure Effect

0.0

0.5

1.0

1.5

2.0

-5 -4 -3 -2 -1 0 1
Stress Ratio   R

q w

Compressive stress does NOT contribute 
to the crack growth.

Stress σ

Time t

σ max

σ min

R=σmin/σmax
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Fatigue Contribution   (3/4)
Plastic Correction Factor (Reference Stress Method)

ref

ref

ref
2

y

3
ref

ep
E

E2
f

σ
ε

εσ

σ ⋅
+

⋅⋅
=

σref and εref are the reference stress and strain, 
respectively.

σref and εref are defined as maximum values of a 
loading cycle.
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Fatigue Contribution   (4/4) 
The Reference Stress

( )bbmmnetref ppF σσσ ⋅+⋅=

Fnet is the net section function given as a function 
of the crack dimensions.

Net section decrease with crack growth is taken 
into account.
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Creep contribution   (1/3)
Equivalent Creep J-integral Range

( ) cm
cc

creep
JC

dN
da ∆⋅=








∫ ⋅=∫= mm t
0 ec

t
0 cc dtJ)t(fdt)t(JJ∆

refc

refc
c

)t(E
)t(f

−

−⋅
=

σ
ε

*

2
max

e E
KJ =

.

Plane stress condition  :  E*=E
Plane strain condition  : E*=E/(1-ν 2)

)t(refc−ε : Time dependant reference creep strain rate

refc−σ
.

: Reference stress at the beginning of the dwell
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Creep contribution   (2/3)
The Reference Stress

Small scale yielding condition

Large scale yielding condition

yref σσ <
p

ref

y
refrefc 










⋅=− σ

σ
σσ

yref σσ ≥ refrefc σσ =−

p  depends upon :
- the geometry
- the loading conditions
- the type of defect ...etc.

( )bbmmnetref ppF σσσ ⋅+⋅⋅=

σ

σ
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Creep contribution   (3/3)
Stress relaxation during the dwell

)dt)t(d(
dtt

t
cc ∫

+

= εε .
C

c
relax q

dEd εσ ⋅
=

σ

σc-ref

tan θ = qC - 1
E

(3) qC =∞

σref

(1) qC = Min. [qc
1/2, 3.0]

(2) qC = qc

E

θσ1-ref

Total strain εt

For load controlled condition    :  qc=∞
For strain controlled condition  :  qc=1.0
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Benchmark Problem   (1/5)
(1) Fatigue Crack Growth

      Test conditions   Geometry of plate Length of       Initial notch
Temp. Load ratio Min.Load Max.Load Thickness Width Bending arm Depth Length

T R F min F max t 2w L a 0 2c 0

( o C)  - (kN) (kN) (mm) (mm) (mm) (mm) (mm)
650 0.1 1.9 19.0 24.5 350 370 2.5 85.0

a0

2c0

t

Material : Austenitic Stainless Steel
316L(N)

L440mm

t

2w

250mm

2h=590mm

F  
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Benchmark Problem   (2/5)
(2) Thermal Fatigue Crack Growth (1/3)

Shape and Dimensions of the Specimen

200

Initial Defect Depth
= 1.0 mm

No Mechanical Load.

Material : Type 304 Stainless Steel

200

100

100

φ70

φ130

Axisymmetrical 
Notches

φ330

1500
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Benchmark Problem   (3/5) 
(2) Thermal Fatigue Crack Growth (2/3)
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Benchmark Problem   (4/5)
(2) Thermal Fatigue Crack Growth (3/3)

Thermal Loading Conditions
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Time   t,   sec.
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Inner surface

∆ T max =244.6 o C

Outer surface
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Benchmark Problem   (5/5)
(3) Creep-fatigue Crack Growth

      Test conditions      Plate geometry Length of       Initial notch
Temperature Load ratio Min.Load Max.Load Dwell Thickness Width Bending arm Depth Length

T R F min F max t m t 2w L a 0 2c 0

( o C)  - (kN) (kN) (hour) (mm) (mm) (mm) (mm) (mm)
650 -1.0 -14.0 14.0 1.0 24.5 350 350 7.9 87.2

a0

2c0

t

Material : Austenitic Stainless Steel
316L(N)

L440mm

t

2w

250mm

2h=590mm

F  



17

Verification (1/5)
(1) Fatigue Crack Growth

Bending Plate (R=0.1) at 650oC
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Verification (2/5)
(2) Thermal Fatigue Crack Growth

Cylinder subjected to cyclic thermal shocks

0
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0 2000 4000 6000 8000

N,   cycles
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m

Simplified
FEM (Elastic)
Experiment(1)
                  (2)
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Verification (3/5)
(3) Creep-fatigue Crack Growth (1/3)

Bending plate (R=-1.0) at 650oC with 1-hour-dwell 
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An alternative model to 
integrate the creep law*

( ) dtCA
dN
da

mt
0

q
s

*

creep
∫ ⋅=








0 tm t+tmt Time

C
re

ep
 st

ra
in

( ) dtCA
dN
da

mtt
t

q
s

*

creep
∫ ⋅=






 +

(*J.P.Polvora et al., SMiRT-14, G13/2)
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Verification (4/5)
(3) Creep-fatigue Crack Growth (2/3)

Employing an alternative model to integrate the creep law

0.25

0.30

0.35

0 1000 2000 3000

N,   cycles

C
ra

ck
 le

ng
th

   
c/

w

0.3

0.4

0.5

0.6

0.7

0.8

0 1000 2000 3000

N,   cycles

C
ra

ck
 d

ep
th

   
a/

t

with initializing
without initializing



22

Verification (5/5)
(3) Creep-fatigue Crack Growth (3/3)

Bending plate (R=-1.0) at 650oC with 1-hour-dwell 
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Conclusions

JNC proposes a simplified creep-fatigue crack growth evaluation 
procedure.   The predictions obtained by the procedure are 
compared to some experimental results.   

For load controlled fatigue crack growth, at R=0.1, the procedure 
well predicts the fatigue crack growth behavior observed 
experimentally.

For thermal fatigue crack growth, the simulation results are in 
good agreement with the experimental data.

For load controlled creep-fatigue crack growth, it is found that the 
simplified methods exhibit conservatisms which are significantly
reduced when using alternative model to integrate the creep law of 
the material. 
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PRIMARY PUMP PIPE RUPTURE EVENT
INTRODUCTION

• Pump pipe design
o Two pipes per pump.
o Safety class 1.
o Seismic category 1.
o Low probability of failure.

• Design conservatism
o Double ended guillotine rupture 

of one pipe analysed as Category 
4 event.

o Clad hotspot < 1473 K.
o Bulk SA sodium hotspot < 

Boiling Point of 
sodium.

• Safety concerns
o Clad and sodium temperature 

rise.
• Analysis Carried out

o Thermal hydraulic analysis 
to Obtain Flow and 
Temperature Evolutions .

o Investigation of Flow 
Redistribution in the Core.

o Investigation of sodium void 
formation.

Pump
1

Inlet 
Plenum Pump 

2

Cover Gas

Core

ZHPZC

P

ZIO

ZCT

IHX
PumpZIE

Primary Circuit with 
Important Elevations

Primary Pumps – Pipes 
Arrangement



PRIMARY PUMP PIPE RUPTURE EVENT 
FLOW AND TEMPERATURE EVOLUTIONS

OBJECTIVES

• Evolution of primary circuit 
flows and hotspot temperatures.

• Evolution of process 
parameters.

• Identification of suitable reactor 
SCRAM parameters.

• Establishment of safety 
margins.



PRIMARY PUMP PIPE RUPTURE EVENT 
FLOW AND TEMPERATURE EVOLUTIONS
FEATURES OF PRIMARY SODIUM CIRCUIT 

HYDRAULIC MODEL

• Sodium flow is one dimensional and 
incompressible
– Integral momentum balance for flow segments.
– Core subassemblies represented as ten parallel 

channels.
– Flow dependence of pressure drop coefficients 

considered.
– Static mass  balance in flow junctions.

• Hot and cold pools free level evolution through 
dynamic mass balance in the pools

• Pump characteristics including operation under 
cavitating conditions from model impeller tests
– Head versus flow at rated speed.
– NPSH versus flow at rated speed.
– Affinity laws applied to obtain the curves at other 

operating speeds.



PRIMARY PUMP PIPE RUPTURE EVENT
FLOW AND TEMPERATURE EVOLUTIONS

PUMP CHARACTERESTICS AT RATED SPEED



PRIMARY PUMP PIPE RUPTURE EVENT 
FLOW AND TEMPERATURE EVOLUTIONS
FEATURES OF PRIMARY SODIUM CIRCUIT 

HYDRAULIC MODEL

• Hotpot factors
– Same factors applied for transient calculation 

also.
• Measurement and trip logic delay times

– Measurement time constant of 0.05 s for 
reactivity and P/Q.

– Measurement time constant of 0.3 s for central 
SA sodium outlet temperature

– Trip logic delay time of 0.2 s.
• SCRAM reactivity of 2000 pcm
• Grid plate considered as a plenum with single 

pressure.
• Torque consumed by impeller under 

cavitating conditions is equal to the value at 
incipient cavitation point

• Dependence of heat transfer coefficient on 
flow is considered.



PRIMARY PUMP PIPE RUPTURE EVENT 
FLOW AND TEMPERATURE EVOLUTIONS
FEATURES OF PRIMARY SODIUM CIRCUIT 

HYDRAULIC MODEL

• Bypass flow through the break is 
assumed to be not subjected to the 
grid plate resistance whereas the 
same considered for core flow.

• Pressure drop at the ruptured end of 
the pipe is modeled by using unity 
velocity head loss coefficient.

Equivalent resistance diagram for the primary 
sodium circuit with the rupture at the header end



PRIMARY PUMP PIPE RUPTURE EVENT
FLOW AND TEMPERATURE EVOLUTIONS

Evolutions of Primary Flows

•Maximum pump flow during cavitation 126 %.
•Minimum core flow of 30 % reached at 0.7 s.
•All the flows reduce further due to pump speed 
reduction following SCRAM.



PRIMARY PUMP PIPE RUPTURE EVENT
FLOW AND TEMPERATURE EVOLUTIONS

Evolution of Power and Reactivity

•Measured value of power to flow ratio (P/Q)  
crosses 110 % (threshold) at 0.06 s.
•SCRAM initiated after the trip logic delay time.
•SCRAM completed in 0.8 s duration.
•Maximum power reached 106 %.



PRIMARY PUMP PIPE RUPTURE EVENT
FLOW AND TEMPERATURE EVOLUTIONS

Evolutions of Temperatures

•Maximum clad hotspot temperature 1284 K.
•Maximum average  sodium hotspot 
temperature 1120 K .



PRIMARY PUMP PIPE RUPTURE EVENT
UNCERTAINTY ANALYSIS



PRIMARY PUMP PIPE RUPTURE EVENT
FLOW AND TEMPERATURE EVOLUTIONS

Pumps’ operating status

•Pump speed reduction started at 1.2 s.
•NPSHR becomes equal to NPSHA at 3.4 s.
•NPSHR follows NPSHA up to 8.3 s.
•No cavitation beyond 8.3 s.
•1:2.75 scale model pump sucessfully tested 
under severe cavitating conditions



PRIMARY PUMP PIPE RUPTURE EVENT
FLOW AND TEMPERATURE EVOLUTIONS

Maximum Clad and Sodium Temperatures for 
Various SCRAM Parameters

12091406Nominal + 
10 K

θCSAM at 1.1 s

11541333110 %LinP at 0.45 s

+ 10 pcm

110 %

Threshold

11321302Reactivity at 
0.2 s

11201284 P/Q at 0.06 s

Hotspot SA 
mean 

sodium 
outlet, K

Clad 
hotspot, K

SCRAM signal 
and its demand 

time

Two diverse SCRAM parameters of P/Q 
and θCSAM available for at all initial power 
conditions.
Fuel clad and coolant DSL are not crossed 

for initial powers less than 40 % even 
without any safety actions.



PRIMARY PUMP PIPE RUPTURE EVENT
INVESTIGATION OF FLOW REDISTRIBUTION

OBJECTIVES AND MODEL

• Objectives
– To investigate possible redistribution in core flow 

among various SA .
– To study the influence of calming zone on bypass 

leak flow.
• Model

– Three dimensional 3600 model.
– Sleeves modeled through porosity in radial 

and circumferential directions.
– Pressure drop due to sleeves modeled 

through Zukausky correlation.
– SA resistance corresponds to a pressure 

drop of 64 mlc.
– Unity velocity head loss coefficient at the 

break end.
– K-ε Turbulence model.
– CFD code PHOENICS.



PRIMARY PUMP PIPE RUPTURE EVENT
INVESTIGATION OF FLOW REDISTRIBUTION

GRID PLATE - PHOENICS MODEL

•Pipe 1 flow 126 %
•Pipe 2 flow 126 %
•Pipe 3 flow 16 %
•Pipe 4 is ruptured 
•Constant pressure outlet BC



PRIMARY PUMP PIPE RUPTURE EVENT
INVESTIGATION OF FLOW REDISTRIBUTION

GRID PLATE - PHOENICS MODEL

Sodium velocity profile in grid plate



PRIMARY PUMP PIPE RUPTURE EVENT
INVESTIGATION OF FLOW REDISTRIBUTION

FLOW DISTRIBUTION IN CORE
GRID PLATE – PHOENIX MODEL

•Average core flow of 33 %.
•Maximum deviation in the flow through 
any core SA : +0.5 % to – 1 %.
•Maximum deviation in the flow through 
reflector and shielding SA : 2 %.
•Flow in the reflector and shielding SA are 
very small.
•The flow redistribution among various SA 
is negligible.



PRIMARY PUMP PIPE RUPTURE EVENT
INVESTIGATION OF SODIUM VAPOUR 

FORMATION IN ANY SA

• Analysis done using SWEPT code
– A system pressure wave propagation 

analysis code for short-term transients 
in a closed network

– Suitable for many problems like sudden 
valve closure, sodium water reaction, 
pump start up etc.

• Sodium is assumed to be isothermal.
• Pipe rupture considered at the header end.
• Primary sodium circuit is modeled as a 

closed piping network with hot pool, cold 
pool and PSP forming pipe junctions.



PRIMARY PUMP PIPE RUPTURE EVENT
INVESTIGATION OF VOID FORMATION

TRANSIENT EVOLUTION OF PRESSURE

•Pressure transient is seen only for 1 s.
•Minimum pressure reached during transient 
is more than vapor pressure of sodium at 
the operating temperature of 278 Pa.
•There is no void formation during the 
transient.
•Core flow estimate compares well with 
compressible model estimate.



PRIMARY PUMP PIPE RUPTURE EVENT
SUMMARY

• 1D incompressible thermal hydraulic analysis
– Minimum core flow 30 %.
– Two diverse SCRAM parameters available.
– Maximum clad hotspot 1284 K.
– Maximum average sodium hotspot 1120 K.

• 3D hydraulic analysis of grid plate
– Core flow 31 %.
– No flow redistribution among SA.
– Neglecting grid plate resistance on bypass leak flow 

through break is reasonable for 1D estimation of 
core flow.

• Investigation on vapour formation
– Pressure transient is seen only for 1 s.
– There is no vapour formation during the transient.
– Core flow estimate matches with other estimates.



PRIMARY PUMP PIPE RUPTURE EVENT
SUMMARY

ALL TEMPERATURES ARE WITHIN LIMITS
NO FLOW REDISTRIBUTION AMONG SA

NO VOID FORMATION DURING TRANSIENT

30 %MINIMUM CORE FLOW DUE 
TO SENSITIVITY

1209 K

1406 K

(II)

1120 KSUBASSEMBLY BULK 
SODIUM

1284 KFUEL CLAD

(I)HOTSPOT TEMPERATURES

CENTRAL SA SODIUM 
TEMP (θCSAM)

SECOND SCRAM 
PARAMETER (II)

P/QFIRST SCRAM PARAMETER 
(I)

RESULTS OF ANALYSIS

BOILING POINT (1213 K)SUBASSEMBLY BULK SODIUM

1473 KFUEL CLAD

LIMIT ON HOTSPOT TEMPERATURES

RUPTURE OF ONE PIPE  - CATEGORY 4 EVENT
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Iaea TM Introduction

o Inherent Safety of LMRs against Postulated Events
– Superiority to other type of reactors
– Threats from UTOP, ULOF, ULOHS and others

o Safety of KALIMER during the ULOF 
– Assessed for all pump trip with coastdown
– Heat removal through IHXs and Passive Safety Decay heat Removal System 
– Resulted in  power stabilization by the reactivity feedback w/ or w/o GEMs

o Other mechanisms of LOF
– Seizure of one or more pumps or Rupture of primary pipe 
– Initial power-flow mismatch and drop of flow are severe in pipe rupture case
– A postulated break of a pump discharge line is analyzed to assure the inherent 

safety of KALIMER for this event 
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Iaea TM KALIMER Design

o KALIMER
– A pool-type LMR with 4 IHXs and 4 primary EMPs
– Design Objectives

To Develop safer, more economical, more proliferation-resistant LMR Design

- Inherent Safety - Environmental Friendliness 
- Proliferation Resistance - Competitive Economics

o On-going and Future R&D Activities

1st Stage : Development of Basic Technology/Preliminary 
Conceptual Design(Completed)

2nd Stage : Establishment of Conceptual Design (Completed)

3rd Stage : Development of Key Technologies and
Establishment of Advanced Concepts by 2004
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Iaea TM KALIMER Design Requirements

General 
Design 

requirement

Reactor Type - Pool-type sodium-cooled liquid metal reactor
Plant Size - 150MWe 
Plant Design Life - 30years
Safety Design Life - Emphasis on inherent safety mechanism

Seismic Design - Design basis earthquakes – SSE: 0.3g
- Seismic isolation 

Fuel Type - Metal fuel

Safety and 
Investment 
Protection

Accident Resistance - Design simplification - Diversified core shutdown mechanism
- Large thermal capacity of the primary system    - Negative power reactivity Coefficient 

Core Damage Prevention
- CDF<10-6/reactor year
- No fuel-cladding liquid phase propagation during DBE
- Highly reliable and diversified decay heat removal

Accident Mitigation 

- Large radioactivity release frequency< 10-7/ reactor year
- Reliable containment design
- Core protection limits should not be exceeded for at least 3 days without operator action 

for DBE

Plant 
Performance

Thermal Efficiency - Net efficiency>38%
Refueling Interval - Not shorter than one year 
Spent Fuel Storage Capacity in 
the Reactor Vessel ≥1 Cycle discharge

Load Rejection Capability - Should be able to accommodate 100% off-site load rejection without pump trip

Operation, Maintenance, and 
Serviceability 

- Minimize the required number of operators     - Automatic inspection and diagnosis
- Major equipment should be replaceable - Human centered design 
- Optimal level of automation

Reliance on a Safety Grade Diesel 
Generator - The plant should not require any safety grade diesel generators
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Iaea TM Core Design and Reactivity Control

o Reactivity Control and Shutdown
– Gravity-driven Control rod Unit
– GEMs for LOF events
– Ultimate Shutdown System

A self-actuated passive system to cope with a 
complete failure of normal scram system

Driver Fuel 54
24
48

6
1
6

48
54
54
72

367

Internal Blanket
Radial Blanket
Control Rod
USS
GEM
Reflector
B4C Shield
IVS
Shield

Total

Driver Fuel 54
24
48

6
1
6

48
54
54
72

367

Internal Blanket
Radial Blanket
Control Rod
USS
GEM
Reflector
B4C Shield
IVS
Shield

Total

o Nuclear Design Characteristics 
(Eq. Cycle)
– Heterogeneous  Core with Internal Blankets 
– Refueling Batch Scheme: 3/3/6 (DR/IB/RB) 
– Reactor Breeding Ratio : < 1.05
– Burnup Reactivity Swing : 896 pcm
– Peak Linear Power Density : 287 W/cm 
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Iaea TM Heat Transport Systems

o Pool-type PHTS
– Reduction of Large-sized Pipe 

Breaks
– Use of 4 EMPs

o 2-Loop IHTS and SGs
– Enhancement of Plant Operability
– Prevention of SWR Propagation
– High Efficiency of SGs
– Use of Super-heated Steam Cycle
– SWR Prevention Concept

o Passive RHRS
– Safety Grade PSDRS
– Simple and Non-safety graded 

SGACS

S/G Containment Dome

IHTS 
Piping

Secondary EM Pump

RV Support Wall

Reactor Core

IHX
EM Pump

RV and 
Containment
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Iaea TM Arrangement of Systems

CORE

PSDRS Stacks (4ea)
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Iaea TM SSC-K Code and Models

o System-wide Transient Analysis 
Code: SSC-K Code
– Pool-version of SSC-L developed by 

BNL
– A principal tool for the system transient 

analysis of KALIMER design
– New models developed for SSC-K

Pool thermal hydraulics model
2-Dimensional hot pool model
Reactivity feedbacks for metallic fuel
Gas expansion module
PSDRS, long-term cooling
Protection and control system

– Utilized for computational engine for 
interactive simulation of KALIMER
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SSC-K Modeling for KALIMER PlantSSCSSC--K Modeling for KALIMER PlantK Modeling for KALIMER Plant
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Iaea TM Pool Thermal-hydraulics Model

o Pool flow
– Pump flow

– IHX flow

o Pool levels
– Mass balance in cold pool

– Hot pool mass balance

∑∑ =∆−−=
p
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p

p NkkPPkP
kA
kL

dt
kdW

,,1),()(
)(
)()(

, L
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X
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X NkkPPP
kA
kL

dt
kdW ,,1,)(
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,
1 L=∆−−= ∑∑
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Iaea TM Pool Thermal-Hydraulics for Break

o Flow before break:
–

o Flow after break:
–

o The Pressure at break is higher in Pool-type reactors 
–
– Results in less severe consequences

o The Core Inlet Pressure, PRin from the mass conservation of
–

∑∑ ∆−−=
uob

gfbinPo
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p PPP
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Iaea TM Two-mixing zone Hot-pool Model

– To model the thermal stratification in hot pool
– The hot-pool temperature to IHXs can alter the overall system response
– More accurate temperature prediction is required

Mass and Energy balance for two mixing zone
Increasing mixing boundary vs. Decreasing mixing boundary
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Iaea TM Pipe Break Analysis

o Pump discharge line is the only possible break point in KALIMER
– One pipe break of 0.4 m in diameter and 3.7 m below the pump outlet (Base Case)
– No reactor scram, thus the pumps keep on running
– The break occurs at 5 second and the simulation time is 10 min.

o Limitation of Pipe Break  Modeling with SSC-K
– One primary loop is allowed, thus, loop dynamics is not described in detail
– Sensitivity study for Core Flow Rate to compensate the insufficient modeling

Base case (65% core flow)
50% core flow case

o Reduction of subcooling margin and the stabilization of power are 
the main concerns

o The accident reduces the core flow and the increases the fuel and 
the coolant temperature
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Iaea TM Analysis Results
o Flow Changes for Base Case

– Core flow reduces to 65% full flow
– Pump flow increases to 146% full flow
– 56% of total pump flow leaks out to the 

cold pool

o Initial Flow Reduction
– The core flow drops more rapidly in 

pipe break
– More severe mismatch between the 

power and the flow is possible
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Iaea TM Analysis Results

o Relative Power and Flow rate
– The core flow drop is much larger 

than the reduction of power in the 
base case

– Higher coolant and fuel temperatures 
are expected

– The power trend is governed by the 
reactivity feedback

o Reactivity Feedbacks for base 
case
– The power is stabilized by Doppler, 

Sodium, Axial, Radial and CRDL 
effects

– GEM reactivity is not inserted in the 
base case
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Iaea TM Analysis Results

o GEM Level Behavior
– GEM level for base case remains 

above the active core top
– GEM level decreases below the active 

core top for the 50 % core flow case

o Reactivity Feedbacks for 50% core 
flow case
– GEM provides dominant negative 

reactivity insertion
– Total power drops steeply at the break 

initiation
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Iaea TM Analysis Results

o Hot and Cold Pool Level
– The initial cold pool level soars more 

than 3 m 
– The reduced level difference results in 

the pressure drop thru core and core 
inlet flow 

– GEM level is influenced by the pump 
inertia force and the level difference 
between hot and cold pools

o Pool Temperatures
– The cold pool temperatures decrease 

by the addition of cold coolant from 
the break in both cases

– The initial hot pool temperature 
increase due to the power-to-flow 
mismatch in base case
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Iaea TM Analysis Results

o Fuel and Coolant Temperatures 
(Base Case)
– The temperatures in the core channel 

increase drastically due to the rapid 
drop of core flow

– The fuel temperature shows the same 
trend with power

– The peak fuel temperature is about 
1109 K

– The sodium subcooling margin is 
more than 400 K 0 100 200 300 400 500 600
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Iaea TM Conclusion

o The power and other parameters show quite different behaviors 
depending on the GEM operation during a pipe break of KALIMER
– In the base case the core flow decreases to 65% full flow and the GEM reactivity 

is not inserted
– With more reduction in core flow the GEM level drops below the active core top 

and the GEM effect is the dominant reactivity feedback

o The inherent safety of KALIMER is maintained against the pipe break 
accident
– More than 400 K of subcooling margin is always guaranteed in the pipe break 

accident of KALIMER
– The power stabilizes effectively by the reactivity feedbacks w/ or w/o GEM
– The GEM is very effective to mitigate the consequence of some spectrum of pipe 

breaks

o Further Works
– Multiple primary loop modeling
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ABSTRACT 
In this paper, structural mechanics features of primary pipes of the 500 MWe 

Prototype Fast Breeder Reactor (PFBR), theoretical and experimental structural 

mechanics analyses carried out to demonstrate high structural reliability of the 

primary pipes are highlighted in the first phase.  Subsequently, respecting defence in 

depth approach, Double Ended Guillotine Rupture (DEGR) of one of the four pipes is 

postulated as a design basis event. This has been investigated by thermal hydraulic 

analysis for estimating temperature rise in fuel clad and coolant and thereby 

demonstrated that the temperature limits specified for the category 4 event are 

respected.  This paper also indicates possible provisions that can be incorporated in 

the design to demonstrate that the DEGR can be eliminated from design basis 

events. 

1  INTRODUCTION 

  PFBR is a 500 MWe capacity, sodium cooled, pool type fast reactor.  The 

overall flow diagram is shown schematically in Fig.1.  Nuclear heat   generated    in  

the 181 fuel sub-assembly (FSA) is transported to four intermediate heat exchangers 

(IHX) in which the heat is transferred from primary   to secondary circuit, which in 

turn, transferred to steam generators (SG). Primary sodium is circulated by two 

primary sodium sodium pumps (PSP). There are eight SG in secondary circuit.  

Steam produced in SG is supplied to a turbine through a steam–water system. The 

4 x 8 MWt 

Fig.1  PFBR flow sheet 
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entire radioactive primary circuit is contained in reactor assembly (RA).  Fig.2 shows 

the Reactor Assembly (RA). It consists of core, grid plate (GP), core support 

structure (CSS), inner vessel, main vessel (MV), primary sodium pump (PSP), IHX 

and top shield (TS). The sodium mass in the MV is ~ 1200 t. There are two sets of 

absorber rods, viz. nine control and safety rods (CSR) and three diverse safety rods 

(DSR). Each rod is 

independently driven by 

respective drives (CSRDM 

and DSRDM). The 

mechanisms are housed 

inside control plug (CP) 

which, in turn, is supported on 

small rotating plug (SRP) 

which is a part of TS.   

  Under normal 

operating condition, sodium at 

670 K is drawn from the cold 

pool by PSP and is 

discharged through four pipes 

into the GP, which supports 

the Core Subassemblies 

(CSA) as well as distributes 

flow through them.  The high 

temperature sodium (820 K) 

leaving the core impinges on 

CP, which deflects the flow into the hot pool.  Both hot and cold pools have a free 

sodium surface blanketed by argon.  The flow of sodium through IHX is driven by a 

level difference (1.5 m of sodium) between the hot and cold pool free surfaces.  The 

hot and cold pools are separated from each other by inner vessel which is supported 

on GP.  Austenitic stainless steel type 316 LN is the main structural material for the 

out-of-core components and modified 9Cr-1Mo (grade 91) is for SG. PFBR is 

designed for a plant life of 40 y in compliance with design codes viz. RCC-MR (1993) 

and ASME (2001) and respects all the safety criteria formulated for PFBR (AERB, 

1990).  

Fig.2:  ReactorAssembly 
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  This paper deals with the primary sodium pipes through which the primary 

sodium is fed to the core. Each PSP delivers sodium to a spherical header at the 

rate of 4.13 m3/s at 75 mlc head.  Subsequently, the sodium is fed to grid plate 

through primary pipes.  Each header is connected to two pipes and thus, there are 4 

pipes in the primary circuit 

(Fig.3). The failure of pipes, 

such as large leaks or 

rupture can reduce the 

coolant flow to the core 

significantly which is of great 

concern to the reactor safety. 

Hence the structural integrity 

of the pipes should be very 

high. This has to be 

achieved starting from 

material selection, design 

and manufacture including  quality control. 

Fig.3  Primary Pipe Details 

  Structural integrity of the pipes has been demonstrated by detailed structural 

mechanics analyses followed by experimental validations. Respecting safety 

philosophy of defence in depth, Double Ended Guillotine Rupture (DEGR) of one of 

the four pipes is postulated as a design basis event. This has been further 

investigated by thermal hydraulic analysis for estimating temperature rise in fuel, 

clad and coolant and thereby demonstrated that the temperature limits specified for 

the category 4 event are respected. 

 In this paper, structural mechanics and thermal hydraulic analyses carried out 

on this subject are highlighted. Two companion papers to be presented in this 

meeting provide more details of the investigations [1,2]. 

2 STRUCTURAL MECHANICS ANALYSES 
2.1 Structural Mechanics Features  

The component is operating in a relatively comfortable environment. The 

neutron dose values are low (< 0.1 dpa) and hence irradiation effects are negligible. 

Sodium corrosion is negligible. The pipes operate at the cold pool temperature (670 

K) where the creep effects are insignificant.  The operating pressure is 0.8 MPa. 

Steady state vibration and seismic load amplitudes are ~ 0.5 t and 20 t respectively 
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which do not produce significant stresses. Thermal loadings are insignificant during 

normal operating conditions, since it is at isothermal temperature corresponding to 

cold pool (670 K).  Cold pool thermal transients, following secondary sodium and 

feed water pumps trips impose thermal loadings.  However, they do not cause 

significant temperature difference on the pipe over and above the remaining part of 

the structure (< 50 K) and hence induced thermal stresses are moderate (~ 200 

MPa).  Flow induced as well as pump induced vibrations are negligible. Seismic 

stresses are also found to be negligible.  

The material of construction is austenitic stainless steel SS 316 LN which is 

highly ductile.  The component is designed and constructed as per the class 1 rules 

of RCC-MR (1993). Pipe outer diameter of 630 mm is selected for proper flow 

distribution in the grid plate. By providing a sliding type arrangement for the spherical 

header, free movement of the pipe under thermal transients is ensured without 

sacrificing the rigidity requirements under seismic events.  

2.2 Sructural Mechanics Analysis: Theoretical 
An optimum layout is arrived at based on the requirement of flexibility to 

accommodate thermal expansion, availability of space in the cold pool and 

compactness.  The optimised layout consists of a short straight portion connected to 

a single curvature bend having a radius equal to 945 mm (1.5 times diameter).  

Stress analysis has been carried out for an internal pressure of 0.8 MPa and seismic 

loads imposed at the nozzle in the horizontal direction (peak value of 20 t under 

SSE).  Analysis shows that the maximum Pm and (Pm+Pb) values are 76 MPa and 80 

MPa respectively for the pipe wall thickness of 8 mm.  These values are less than 

the primary stress limits of RCC-MR, 104 MPa and 156 MPa.  Considering the 

possible wall thinning during fabrication of pipe bend, a plate thickness of 10 mm is 

used for the manufacture of pipes, imposing the requirement of minimum wall 

thickness of 8 mm after fabrication. 

Thermal stress analysis for the plant transients involving 10 different type of 

events,  each with definite frequency of occurrence, due to pump trips and power 

failures, etc. shows that one secondary sodium pump trip is the most severe event 

which causes the maximum fatigue damage.  The damages due to other transients 

are not significant.  The cumulative creep-fatigue damage is ~ 0.2 which is less than 

the allowable value of 1.  For the thermal transient analysis the spherical header is 

assumed to get stuck up during the initial reactor startup itself and remains under the 
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stuck up condition throughout the plant life.  Thus the computed creep-fatigue 

damage is on the conservative side. It is worth noting that the header stuck up 

condition results in lower primary stresses.  Thermal transients obtained during a 

secondary pump trip followed by SCRAM at 36 s are used. Fig.4 shows thermal and 

mechanical stress fields. 

Fig.4  Hoop Stress Contours under Hot Shock and SSE 

Fracture mechanics analysis has been carried out on the pipe incorporating a 

surface crack like defect with depth (a) of 3.5 mm and length (2c) of 90 mm, 

indicates that the defect grows to a through wall crack (a=15 mm) after application of  

1270 load cycles as per French defect assessment procedure A16.  This has a 

margin of 6 on the life and is judged to be adequate.  Fig.5 shows crack propagation 

behaviour.  

Fig.5 Crack propagation at the crown 
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2.3 Structural Mechanics Analysis:  Experimental 
The confidence on the structural reliability has been demonstrated by means 

of tests on 1/5th scaled down models (Fig.6).  The tests focus on the aspects, such 

as validation of finite element prediction of strains at the critical locations including 

ovalisation under pressure and seismic loads, prediction of accumulated ratcheting 

strains under constant pressure and cyclic secondary stresses imposed by axial 

displacement on the header (this simulates the cyclic thermal loadings) and 

identification of critical locations in the practical structures with welds.  From these 

tests, it is confirmed that finite element prediction is very much satisfactory.  Under a 

pressure of 1 MPa, ratchetting strains got saturated at 1 %, on the crown after about 

200 load cycles of axial compression corresponding to 250 K temperature rise in the 

pipe. The conservative value of temperature rise in the pipe is 50 K. Hence, there is 

no possibility of ratcheting.  Crack initiates at the junction of pipe at spherical header 

after about one  million load cycles.  So far two tests were completed. Further, 6 

tests are planned to confirm various aspects. 

Fig.6  Ratchetting Tests on  PSP Model 

Availability of comfortable margins on the primary stress limits as well as 

creep-fatigue damage limits, over and above the safety factors that are incorporated  

in design code, and experimental validation of these results assure the structural 

integrity of primary pipe under all the events. 
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3 SAFETY PHILOSOPHY 
Since neither in-service inspection nor leak detection is incorporated in the 

design,  lack of literature on this subject for FBR,  following the traditional approach 

considered in water reactors which in fact operate at much higher pressures and  as 

a defense-in-depth, a double ended guillotine rupture (DEGR) of one of the 4 pipes 

is postulated as a Category 4 Design Basis Event (DBE).  With this assumption, 

thermal hydraulic analyses have been carried out to ensure that the temperature rise 

in the fuel, clad and coolant are acceptable.  The design safety limits for this event 

are:  there should not be more than 50 % melting of fuel in a pin, clad hotspot should 

be less than 1473 K and subassembly mean sodium hotspot should be less than the 

boiling point of sodium (to avoid bulk sodium boiling). 

4 THERMAL HYDRAULIC INVESTIGATION 
The analyses have been carried out in three steps. In the first step, evolutions 

of flow and temperature of primary circuit and core respectively are obtained using 

plant dynamics code DYANA-P. In the second step, possibility of flow redistribution 

in the core under pipe ruptured condition is analysed. In the third step, possibility of 

void formation in core is analysed. 

4.1 Pipe Rupture Event Scenario 
The scenario has been summarized in Fig. 7. In DEGR of a primary pipe, the 

primary sodium flow bypasses core through the ruptured path back to cold pool and 

the core flow decreases to a low value at a rapid rate and in turn causes sodium and 

clad temperatures to rise. Any one among the SCRAM parameters (for automatic 

emergency shutdown of the reactor), enabled by Power to Flow Ratio (P/Q), 

Reactivity (ρ), Linear Power (Lin P) and Central SA Sodium Outlet Temperature 

(θCSAM) would shutdown the reactor. Other important consequences in this event are 

as follows. Resistance against which both pumps have to supply comes down 

sharply, which causes the pump flows to increase suddenly. Such sudden change of 

pump flow does not affect stand pipe flow immediately. Hence, a sudden increase in 

the pump flow causes reduction in the stand pipe sodium level during the transient. 

This results in the reduction of available net positive suction head (NPSHA) for the 

pump. Increase in the pump flow also results in increase of required net positive 

suction head (NPSHR) of the pump. Thus a situation of NPSHA becoming less than 

NPSHR, leading to cavitation of the pump occurs during this event.   
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Long term DHR operation with PSP at 20 % 
speed, core flow ≈ 8 %. 

Pump speeds reduced to 
20 % along their natural 
coastdown from 1.2 s. 
No cavitation from 8.3 s 

Max.clad hotspot = 1284 K at 1.50 s, Max. SA mean 
sodium hotspot = 1120 K at 1.94 s 

SCRAM Command originates at 0.06 s, initiated at 
0.26 s and completed at 1.06 s. Power < 20 % at 1 s. 

Core flow reaches a minimum 
of 30 % by 0.7 s, P/Q crosses a 
threshold of 1.1 at 0.06 s 

Both PSP flow increases to 
126 % within 50 ms. Both 
pumps cavitate. 

Primary flow bypasses core through rupture DEGR of a primary pipe 

Nominal operation at 500 
MWe / 1250 MWt power

 

Fig. 7: Scenario following Primary Pipe Rupture 

4.2 Effects of Analysis Assumptions and Pump Operability under Cavitation 
In evaluating the above results and concluding about the safety margins, two 

important model assumptions play key roles. They are (i) there is no circumferential 

redistribution of core flow amongst the various SA and (ii) there is no vapour bubble 

formation in the SA due to flashing because of sudden reduction in pressure. These 

aspects have been investigated by separate analyses: (i) Three dimensional (3-D) 

hydraulic analysis of flow pattern in the grid plate and (ii) pressure wave propagation 

analysis in the primary sodium circuit.  It has been seen that there is no flow 

redistribution amongst various fuel SA and no chance of vapour bubble formation. 

The pumps start cavitating within 0.05 s and their flows increase to 126 % 

instantaneously. PSP speed reduction following SCRAM causes NPSHR to fall and it 

becomes equal to NPSHA only at 3.4 s. NPSHR then follows NPSHA upto 8.3 s and 

then reduces below NPSHA. There would not be cavitation in  the pump beyond this 
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time. Due to this envisaged condition of the PSP operating under cavitating 

conditions for a short duration following such an event, testing of a 1:2.75 scaled 

model pump under severe cavitation (80 % head drop) condition has been carried 

out. The pump was operated for about 10 minutes. No flow fluctuation or vapour 

locking was observed. These investigations give  lot of confidence on the estimated 

parameters and safety margins demonstrated. 

5  CONCLUSION 
For the design conceived for PFBR, layout and thickness of the pipes are 

optimized to achieve better thermo-mechanical behaviour. Based on fatigue and 

fracture mechanics analysis,  crack initiation life is found to be significantly high 

(accumulated damage is < 0.2). Finite element results are validated by experiments 

on 1/5th scaled models. Experiment indicate that ratcheting failure mode is absent for 

the simulated pressure and cyclic loads. Crack initiates  after about one million load 

cycles. Thus structural reliability has been demonstrated with high confidence. 

Thermal hydraulic analysis of  DEGR of one of the four pipes indicates that 

even though the core flow is reduced to 30 % during the transient, specified 

temperature limits are respected. There is no significant flow redistribution among 

various subassemblies and formation of vapour in subassemblies. 

Efforts are being made to demonstrate that the failure probability of the pipe is 

less than 10-6 per reactor-year so that the DEGR can be eliminated  from design 

basis events by means of providing additional inspections. 
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ABSTRACT 
 

This paper outlines the concept of the leak before break (LBB) assessment applied 

for the primary coolant pipe of the Japanese prototype liquid metal cooled fast breeder 

reactor “MONJU”.   Reviewing possible failure modes for the primary coolant pipe 

made of an austenitic stainless steel, it could be concluded that the fatigue 

(creep-fatigue, for the hot leg piping) failure is most likely mode of pipe failure.   

Although through-wall-penetration would not be expected to occur under design duty 

loading conditions, the maximum leak path area produced by fatigue crack growth was 

evaluated for the elbow of the reactor inlet down comer piping to consider postulated 

sodium leak accident.   In the estimation, an initial flaw was assumed at the beginning 

of service and fatigue crack growth from the initial flaw was simulated using fracture 

mechanics technique up to a through-wall-penetration.   The eventual crack length at a 

through-wall-penetration was obtained under conditions beyond design duty cycles.   

Crack opening displacement for the penetrated crack in the pipe subjected to design 

duty internal pressure was also evaluated, which led to the postulated maximum leak 

path area.   Sodium leak rate from a circular opening equivalent to the postulated 

maximum leak path area was evaluated and that was much larger than detectable one by 

the leak detection system employed in MONJU.   It was shown that there was much 

room between the detectable crack size and the size corresponding to the unstable fast 

fracture under design duty loading conditions and that LBB was ensured. 
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Introduction 1. 

MONJU is the Japanese prototype Liquid Metal cooled Fast Breeder Reactor 

(LMFBR).   The principal characteristics are shown as follows;  

Reactor type   :   loop type (3 loops) 

Thermal power   :   714MWt 

Electrical power   :   280MWe 

Primary sodium temperature (Reactor outlet / inlet)   :   529 / 397℃ 

Material of primary/secondary coolant pipe   :   austenitic stainless steel (304SS) 

Steam conditions (temperature / pressure)   :   483℃ / 127kg/cm2g 

      (Turbine inlet) 

As MONJU employs the loop type design, it is one of the most essential issues in safety 

licensing to demonstrate the structural integrity of the primary coolant pipe. 

USNRC shows a point of view about the size of failure, classifying by fluid energy 

for the class 2 pipes of Light Water Reactor (LWR) [1].   According to the point of 

view, a Double Ended Guillotine break (DEG) or an equivalent axial crack must be 

postulated for the High Energy Fluid System (HEFS) piping.   In contrast, for the 

Moderate Energy Fluid System (MEFS) piping, a slit-like defect of D/2 in length and t/2 

in width (D and t are diameter and wall-thickness of the pipe, respectively) is postulated 

and it can be assumed that the fluid leaks through a circular opening of the area Dt/4.   

The MEFS is defined as that the maximum operating temperature is 100°C or less and 

the maximum operating pressure is 2MPa or less.   Since all class 1 pipes of LWR are 

classified in HEFS piping, USNRC mentions only about class 2 pipes and does not 

classify the class 1 pipes for LWR.   However, the classification can be applied for 

class 1 pipes for LMFBR. 

In the classification, the temperature criterion is considered to be based on the 

relation between the maximum temperature and the boiling point of the fluid when the 

fluid is water.   When the fluid is sodium, the temperature criterion is not considered 

to be critical.   Therefore, the primary coolant pipe in MONJU can be classified into 

MEFS piping and it is relevant to employ the point of view about the size of failure in 

the postulation of maximum leak path area.   In this study, conservativeness of 

postulated leak path area, Dt/4 is discussed. 
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Procedures 2. 

2.1 

(1) 

(2) 

(3) 

(4) 

(5) 

Failure Mode Investigation  

Austenitic stainless steel 304SS which is the structural material of the primary 

coolant pipe is under stable environmental conditions, because the internal fluid is the 

coolant sodium under appropriate purity control and the external environment is 

nitrogen gas with the low content of oxygen and low humidity.   The material is 

known for its compatibility with liquid sodium, high temperature strength and high 

ductility.    

The hot leg piping must be used in the creep region, but the load-controlled stress in 

the primary coolant pipe is extremely low because of the low internal pressure.  Under 

such a low internal pressure condition, the creep rupture can not be expected to occur.   

The dominant loading is the displacement-controlled thermal stress. 

Several kinds of chemical tests, mechanical tests and non-destructive inspections 

were performed in production for the material of the primary coolant pipe.   In 

manufacturing of piping system, pressure test and several kinds of non-destructive 

inspections were performed.   In addition, leakage of primary coolant is continuously 

monitored by sodium leak detectors as in-service inspection to confirm the integrity of 

the coolant boundary. 

These facts lead to the following judgments; 

Failure caused by corrosion is insignificant for stable environmental conditions. 

Ductile rupture, collapse or creep rupture caused by load-controlled stress is 

insignificant. 

Relatively speaking, fatigue (creep-fatigue, for the hot leg piping) failure is most 

likely mode of loss of pipe integrity. 

Fatigue failure if occurred, terminates as coolant leakage at the moment of crack 

penetration. 

Unstable fast fracture is not expected to occur from such fatigue crack because 

of ductile and tough material and low internal pressure. 

Therefore, the demonstration of the pipe integrity against fatigue failure for the 

primary coolant pipe is the essential part of concern. 
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Structural Integrity Assessment 2.2 

2.3 

2.3.1 

The flow diagram of the structural integrity assessment for primary coolant pipe is 

shown in Fig.1, which consists of two major stages.   The first stage is the 

demonstration of the pipe integrity during the plant service period.   It is shown that 

even a small leakage of coolant will not occur even if a postulated initial flaw exists.   

The second stage is the demonstration of the LBB characteristics of the through-wall 

fatigue crack penetrated under loading conditions beyond design duty cycles.   The 

main tool for the structural integrity assessment is the fracture mechanics analysis 

program “FRAMSAP 5” developed to evaluate fatigue crack growth from a 

semi-elliptical surface flaw.   This program was validated by fatigue crack growth test 

[2]. 

 

Postulating an initial flaw on the inner surface of the crown of the elbow of the 

reactor inlet down comer piping (diameter D=609.6mm), fatigue crack growth 

simulation under design duty loading condition was conducted as a most likely failure 

mode caused by the repetition of thermal expansion.   The reason why the position 

was selected in the structural integrity assessment was that the stress on this part caused 

by thermal expansion was larger than that on any other part.   Figure 2 shows the 

postulated initial flaw.   The flaw was a semi-elliptical crack of 25% in depth (3.6mm) 

and 300% in length (42.9mm) of the pipe thickness, respectively.   The dimensions of 

that were determined considering detectable size in inspection before service referring 

some precedents (FFTF, CRBRP).   The simulation gave small crack growth, 

approximately 0.3mm in depth and 0.2mm in length under design duty load conditions.   

It can be concluded that the fatigue crack growth from a postulated initial flaw is 

extremely small under design duty loading cycles and that the structural integrity of the 

pipes is assured during the plant service period. 

 

Evaluation of Maximum Leak Path Area 

Length of Penetrated Crack 

As mentioned above, crack will never penetrate the pipe thickness under design duty 

loading cycles.   To consider postulated sodium leak accident, the maximum leak path 

area produced by fatigue crack growth was evaluated for the elbow of the reactor inlet 

－4－ 
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down comer piping.   Postulating the same initial flaw on the same location as that 

used in the structural integrity assessment, fatigue crack growth simulation was 

conducted up to a through-wall-penetration using “FRAMSAP 5”.   The result is 

shown in Fig.3.   This figure shows that the eventual crack length at a 

through-wall-penetration is longer as the cyclic stress conditions varies from membrane 

stress field to bending one.   Figure 4 shows the dependence of crack length at a 

through-wall-penetration on stress field.   As shown in this figure, the crack length at 

a through-wall-penetration is almost independent on the initial flaw configuration.   

The maximum crack length is achieved at a pure bending stress field and that is 

approximately 12 times of the pipe thickness, namely 180mm for the elbow of the 

reactor inlet down comer piping.   It is expected that continuous sodium leak 

monitoring by detector such as gas sampling leak detectors should detect leakage 

immediately and certainly. 

According to Japanese Industrial Standard (JIS), stainless steel pipe of diameter lager 

than 3B and wall-thickness smaller than Sch10S or that of diameter lager than 4B and 

wall-thickness smaller than Sch20S retains following relation between D and t. 

2Dt12 ≤≅l        (2) 

24tD ≥        (1) 
 

 
Then 

 

 
Thus the postulation of the crack length of D/2 is considered to be conservative and to 

become more conservative as D/t becomes large except the small diameter pipe.   The 

diameter and the wall-thickness of the primary coolant pipe in MONJU are shown in 

Fig.5.   This figure shows that the values of D/t satisfy eq.(1). 

The internal pressure of the down comer piping is approximately 1MPa.   The 

critical crack length corresponding to the unstable fast fracture under such a low internal 

pressure is also estimated to be larger than several times of the pipe diameter, based on 

modified Hahn’s flow stress theory [3].   Therefore, it can be concluded that the 

eventual length of penetrated crack produced by fatigue is smaller than that 

corresponding to the unstable fast fracture and that the LBB of the pipes is ensured. 
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Crack Opening Displacement 2.3.2 

The crack opening displacement is estimated concerning the penetrated crack of D/2 

in length contained in a cylindrical shell of D in diameter subjected to internal pressure 

as shown in Fig.6(a).   Approximating by using a plate model as shown in Fig.6(b) 

and assuming σf=2Mσθ due to shape effect, the following equation is developed. 

tDPMM42 2
f 



=== θσσ

δ ll
 

tEEE         (3) 
 

 
where ℓ=D/2, σθ=(PD)/(2t), E is Young’s modulus and M is a parameter represented as 

follows. 

λ29.06.1M +=   ,      (4) 
 

 

2
Dt

2
)1(124 2 lνλ −=

 
 
 

where ν is Poisson’s ratio (=0.300).   In the case of ℓ=D/2, 

t
D643.0=λ        (5) 

 

 

As shown in Fig.5, stainless steel pipes according to JIS retains following relation. 

127tD ≤        (6) 
 

 
according to the MEFS conditions, assuming that the internal pressure is less than 2MPa 

and that Young’s modulus of 304SS is greater than 144,000MPa because of maximum 

temperature being 650oC, the following equation is developed from eqs.(3) and (4). 

t8.0≤δ        (7) 
 

 
The width δs is determined as follows for the slit which posses the same length and area 

as the crack of D/2 in length and 0.8t in central opening width. 

2ts ≅δ        (8) 
 

 
Thus the width of t/2 is considered to be conservative when the penetrated crack is 

modeled to be a slit. 
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In the primary coolant pipe in MONJU, it is expected that D/t is smaller than or equal 

to 120 to prevent from externally pressurized buckling in evacuated condition. 

 

Based on above mentioned considerations, the leak path area of Dt/4, which 

corresponds to the area of a slit of length D/2 and width t/2, is judged to be conservative 

for the quantitative expression of loss of pipe integrity in the safety analysis of MONJU. 

 

Conclusions 3. 

(1) 

(2) 

(3) 

Possible failure modes are investigated thoroughly. It is shown that fatigue 

(creep-fatigue, for the hot leg piping) failure is most likely mode of loss of pipe 

integrity and that the other modes can be eliminated.    

Postulating an initial flaw, the pipe integrity is confirmed under design duty 

loading conditions using a fracture mechanics technique. 

Even if the crack penetrates pipe thickness under conditions beyond design duty 

cycles, unstable fast fracture would not be expected to occur and mode of LBB is 

ensured.   It is revealed that the postulated maximum leak path area, Dt/4 is 

conservative. 
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     Evaluation of the fatigue crack growth
     under design duty loading conditions

  Evaluation of the fatigue crack growth
  under conditions beyond design duty cycles

            Evaluation of the crack shape
            resulted in the detectable leak

   Evaluation of the critical crack
   length corresponding to the
   unstable fast fracture

Confirmation of the LBB characteristics
and the validity of the postulation of LOPI

Fig.1   Flow chart of pipe integrity assessment

Evaluation of the leak detection system

  Analysis of material, design, fabrication,
  test   and inspection

      Evaluation of the structural integrity
      (pre-service of the plant)
      assumption of an initial flaw

1st Stage

2nd Stage

Confirmation of the
structural integrity
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Fig.2   Location, Shape and Dimension of the Postulated Initial Flaw
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Fig.3   Influence of stress field on crack configuration at a through-wall-penetration
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Abstract: 
 

The main pipe rupture accident is the most serious one for the lost of coolant accident of the pool type 
sodium cooled FBR (Fast Breeder Reactor). To simulate this accident, a model is developed based on the OASIS 
code, which is a French fast reactor system safety analysis code. To abide by the strictly accident analysis 
principles, the main pipe rupture accident is calculated to various position of the pipe. Accident sequence and 
key parameters including the fuel cladding temperature of reactor are obtained for each case. The calculation 
results show that the fuel cladding temperature is under the safety limitation and the coolant temperature is lower 
then the saturation temperature of sodium in all cases. 

 

1  INTRUDUCTION 

LOCA(Lost of Coolant Accident) is a type of serious event not only for a Pressure Water Reactor 
(PWR), but also for the Fast Breeder Reactor (FBR). The Main pipe Rupture accident is a important 
LOCA accident for the FBR. 

For a typical pool type FBR, there are several pumps and circuits in the primary heat transfer 
system, for example the SPX and BN-600. So the consequence of one primary pipe rupture accident is 
not so high as other FBR that have only two circuit in the primary heat transfer system. China 
Experiment Fast Reactor (CEFR) is just that. 

CEFR is a typical sodium cooled pool type fast reactor. The thermal power of CEFR is 65MW 
matched with a 25MW turbine generator. Now CEFR is under constructing and the time of the first 
critical is expected in 2005. 

The PSAR of CEFR was finished in May of 1998, but the review lasted 2 years. The primary pipe 
rupture accident is the key accident and the most important topic in this review. Owner (us) think that  
the 0.25DT(D is the diameter of the pipe and T is the thickness of the pipe) size break initial event 
should be a DBA (Design Base Accident), but the double-ended guillotine break instantaneous should 
be a BDBA (Beyond DBA). But the reviewer said that the DBA should the double-ended guillotine 
break instantaneous, and the owner should calculate the break position spectrum in order to find the 
most serious case. 

Our Superiority is that the CEFR has a big sodium pool, it have 260t sodium in the primary loop, 
the good characteristic of the coolant---Sodium, low pressure in primary loop, the material of the pipe 
have a good toughness, the big negative contro-reaction and et. But our shortcoming is that the type of 
pressure pipe is one layer tube and the primary loop has only two circuit with 4 pipe totally. 

Even the fact that Monju, CRBRp, SPX and BN-600 have all consider the double-ended 
guillotine break instantaneous should not be a DBA (Design Base Accident), we calculated almost all 
the cases, the break position spectrum, the break continue time spectrum, the break size spectrum  
and et. 
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In this paper I want show the main result of the break position spectrum calculation. While 
calculation, restrict reactor safety rule and conservation assumption requested by the authorities are 
applied. The configuration related to the CEFR reactor protection system is also introduced to this 
simulation. By the system safety analysis code named OASIS, which is modified to simulate the 
CEFR based on the French original code OASIS, Various rupture positions are considered and the 
whole transient parameters of the primary loop are obtained, including the accident sequence. After 
comparison of the results of these cases, the most serious position for the safety of reactor core is 
confirmed. The result shows that all key parameters of reactor core are under the safety limitation 
during the course of the accident and the primary boundary of reactor is non-destroyed. 

2  INTRODUCTION OF CEFR 

The CEFR is a sodium cooled 65MWt experimental fast reactor with (Pu,U)O2 as fuel, but UO2 
as first loading, Cr-Ni austenitic stainless steel as fuel cladding and reactor block structure material, 
bottom supported pool type, two main pumps and two loops for primary and secondary circuit 
respectively. The water-steam tertiary circuit is also two loops but the superheat steam is incorporated 
into one pipe which is connected with a turbine. Fig 1 is the scheme of the CEFR Main heat transfer 
system. 

   9 
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1、core 2、CRDM 3、IHX 4、Top shield 

5、Vessel 6、Primary Pump 7、Secondary Pump 8、Steam Generator 9、Turbine 
10、Generator 11、Condenser 12、Feed Water Pump 

Fig 1 Scheme of main heat transfer systems of CEFR 
 

The primary circuit of CEFR is composed of two main pumps, four intermediate heat exchangers, 
reactor core support diagrid plenum, pipes and cold and hot sodium pools. In cold pool, two primary 
loops are separated each other, but in hot pool they are linked up. In normal operation the average 
sodium temperature in cold pool is 360℃ and in hot pool it is 516℃. Fig 3 is the CEFR reactor block. 

There 4 primary pipes between the out of the primary pump and the low grid, and two pipes link 
to one pump in one circuits. Fig 2 is the CEFR primary pipe. 
 



 

Fig 2 Primary pipe of CEFR 
 

 
Fig 3 Reactor Block of CEFR 

 

3  IDENTIFICATION OF CAUSES AND ACCIDENT DESCRIPTION 

The reactor is assumed to be operating at 102.5 percent of full power when one of four main 



pressure pipes of primary loop double-ended guillotine breaks. Then a great amount of sodium will 
leak out from the two breaks. The envisaged reasons of this event are possibly due to fatigued rupture 
from small break, large installation stress, and jointing bug or other unexpected accidents. 

At the same time, according the conservation rule of the accident analysis requested by the 
national nuclear safety authorities, loss of the off-site power is supposed occurring. 

After the break occurs, the flow rate of two primary pumps will show a suddenly increase and 
then the core flow rate will present a sharp decrease. As a result, the reactor protection system will be 
launched because of the power to flow rate ratio exceed the trigger threshold. So the reactor shutdown 
system will act, and the procedure of this shutdown consists of following primary action: 

 
 The control rods begin to insert 
 Two primary pumps begin to coast down 
 Two secondary pumps begin to coast down 
 The main steam gate begins to close 
 The bypass valves begin to open 
 The Main feed water pumps begin to coast down 

4  PROTECTION AND SIGNAL 

The possible related trigger signals are: 
 Deviation of the power to flow rate ratio with the threshold of ±112% 
 High core outlet temperature     > 565℃ 
 Lost of off-site power 

5  INITIAL CONDITIONS AND CONSERVATIVE ASSUMPTIONS 

Supplementing the normal parameters, the following additional conservative assumptions and 
conditions were used for the analysis: 

 
1) 102.5% power thermal hydraulic design condition operating points; 
2) Take 3 as the positive tolerance of the inlet temperature of the reactor 
3) The break is absolutely double-ended guillotine break 
4) The break is instantaneous 
5) This event occurred in the end of life of reactor 
6) Shutdown rod worth with maximum worth single stuck rod 
7) While the accident accruing, the off-site electricity power lost 
8) Single Failure Criteria: after scram, the primary pump of unaffected loop coasts down to 

stop 
9) The intermediate loops are insolated after 60s from scram 
10) The function of decay heat removal system is neglected 
11) Considering the effect of earthquake, the duration of control rod insertion is doubled 

6  ANALYSIS OF EFFECTS AND CONSEQUENCES 

6.1 Simulation model 

The main pressure pipe break accident analysis was conducted using the French OASIS Code, 
which is a system dynamic simulation program especially for the pool type sodium cooled FBR. It can 
simulate the thermal-hydraulic of the whole FBR plant circuits and reactor control and protection 
system, including the regulation system. So OASIS is a good simulation tool to study the operation 
and accident transient in a FBR Plant. The introduction and the physic models of OASIS code are  
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Components： 
 
C1：Primary pump 1 C2：Primary pump 2 
C3：IHX 1 C4：IHX 2 
C5：Reactor core C6：Valve under the lower grid plate 
C7：Valve of the main vessel cooling system 

Volume 
 
V1：Reactor pit V2：Reactor top plate 
V3：Argon seal outside of main vessel V4：Gas gap of main vessel 
V5：Reactor top seal V6：Argon seal about the hot pool 
V7：Argon seal about the cold pool V8：Main vessel cooling pool(8 sous-volumes) 
V17：Cold pool（6 sous-volumes） V24：Hot pool(8 sous-volumes) 
V33：Radial shielding zone V34：Upper supporting plate 
V35：Lower grid plate  

 
Fig.4   Primary Loop configuration of CEFR



presented in the reference (1). The reference (2) describes the establishment of a dynamic simulation 
system for CEFR and modified OASIS. 

Fig 4 give the simulation model of CEFR primary heat transfer system using OASIS code and 
fig.5 describes the simple calculation model of affected loop. 
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Fig.5 simple model for main pipe rupture accident analysis 
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Fig.6 various positions in the calculation  
 

Table 1 main calculation results to the various cases 
maximum flow rate of break point maximum core outlet temperature position signal* 

arrival 
time (s) 

maximum flow 
rate 

(kg/s) 

time 
(s) 

maximum outlet 
temperature 

(℃) 

time 
(s) 

A 0.01 329.7 0.46 792.576 1.79 
B 0.02 310.37 0.37 764.517 1.71 
C 0.03 315.20 0.495 801.773 1.93 
D 0.03 327.56 0.345 808.58 1.83 
E 0.03 338.83 0.14 814.596 1.76 

* : Signal of power to flow rate ratio. 
 

6.2 Various position calculation results 

According to the characteristic of the main pressure pipe, five typical rupture positions are 
selected and calculated, there are A, B, C, D, E in the fig.6. The main results of these calculations are 
listed in the table 1. 

From the fig.2 and the table 1, we conclude that the most serious position for the safety of the 
reactor core is the position E. 

 



6.3  Sequence and consequences of the most serious case 

Especially for the calculation to position E case, the sequence during the accident development is 
listed in the table 2. Fig.7 — fig.11 show the transient of core outlet maximum temperature, total 
break flow rate, core power and flow rate and cladding maximum temperature respectively. 

Table 2 Sequences of Events for One Main Pressure Pipe Rapture 

Event Time (s) 

Guillotine break occurs 0 
Loss of off-site electricity power: 

Affected primary pump began to coast down to 150rpm 
Unaffected primary pump began to coast down to stop 
Secondary pumps began to coast down to stop 
Feed water pump began to trip 

0 

Maximum flow rate of total break 0.14 
High power to flow rate ratio signal (one second delay considered) 1.03 
Shutdown：control rods begin to insert 1.23 

Seconday and water-steam circuits are whole isolated 60.0 

7  CONCLUSIONS 

During the accident development process, the temperature of the fuel is always lower than 
melting point. The temperature of the cladding is lower than safety limitation also. The integrity of the 
pressure boundary of the primary loop has not been destroyed. 
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Fig.7 Core outlet maximum temperature for various positions 
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Fig 8 Reactor core power and flow rate 

 
 
 

0.00 20.00 40.00 60.00 80.00 100.00

350.00

400.00

450.00

500.00

550.00

600.00

650.00

700.00

750.00

800.00

 

Te
m

pe
ra

tu
re

 (℃
) 

Outlet 

Inlet 

 
Fig.9 Average sodium temperature of reactor core 
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Fig.10 Total break flow rate 
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Fig.11 Cladding maximum temperature 
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Abstract
 
 
After a recall of the French safety approach for the fast breeder reactors and its application to the 
design basis of Superphenix, we describe the scenario of a primary pipe rupture from 
phenomenological viewpoint. The first physical points involved in this accident are  a fast partial loss of 
the core flow despite the natural increase of the pumps flow, and the dissymmetry of the pressure core 
inlet, in the grid plate, leading to local fuel channels overheating. 
In the pessimistic reference assumption of a practically instantaneous double-ended guillotine break, 
the potential consequences, due to a quick overheating of the sodium, are both : 
• the risk to reach a local sodium boiling in the core, starting from stable boiling conditions but with 

possible propagation towards unstable conditions due either directly to the flow reduction or 
indirectly to a void reactivity effect ; 

• the risk of a clad rupture with possible impact on the neighbouring by gas release. This gas release 
could be an initiator for other clad ruptures and associated gas releases and then introducing some 
phenomena for sodium boiling propagation and/or reactivity insertion. 

Extensive studies of the LIPOSO accident, including experimental programmes, were performed on the 
understanding of the various phenomena involved in a pessimistic scenario, on the prevention and 
protection means and on the calculation models including all the uncertainties. 
The final result was that the Superphenix safety provisions were able, thanks to the reactor design and 
the core design, to cope with this type of fast loss of core flow accident, despite pessimistic 
assumptions, which was initially considered as a main initiator of a core disruptive accident. 
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1. Safety Approach 
 

1.1 Deterministic approach 
 
The safety approach used in the Superphenix design was basically deterministic in comparison with existing 
probabilistic approaches. Indeed, for a conceptual design phase, a list of classified normal and abnormal 
operating conditions, retained as envelope of all the possible events in terms of occurrence frequency and 
consequence level, is set from an agreement between the Designer, the Utility and the Safety Authority.  
 
This list of operating conditions is the starting point for both reactor dimensioning and safety analysis. 
Relating to the former (dimensioning), other main elements are needed: classification of the reactor equipments 
into safety classes according to specific safety rules and the regulatory guides for conception and construction. 
Relating to the latter, pessimistic rules are used in the safety analysis of each already envelope operating 
condition, as for instance uncertainties treatment or events combination. The general safety objectives to be met 
(see below) are translated into decoupling criteria, for instance a temperature limit, for each event class. 
 
All these various rules and codes, either for dimensioning or safety analysis, need to be approved by the Safety 
Authority for each reactor plan. Regarding Fast Reactors, specific rules and codes were set for conception, 
construction and safety analysis, and improved since the demonstrator Phenix time up to the most recent 
European project (EFR). 
 
Probabilistic methods which, when applied to new reactor generation, have as weak point a lack of experience 
feedback, are not excluded in the deterministic approach. Their application case by case, when needed, is useful 
so as to argue about possible change in the classification of a given event or to assess the reliability of some 
equipment. In general, probabilistic method is applied to point out, among a given global reliability, the major weak 
components to be improved.  
In the frame of FR system development, a semi-probabilistic method, named Lines-of-Defence method (LoD), 
was defined just after the Superphenix period (i.e. SPX2 conceptual phase) and extensively applied in the EFR 
project. This method makes up for lack of database from experience feedback. 
 

1.2 Objectives and safety principle 
 
Although the LWR and FR have specific safety approaches, their global safety objectives and fundamental safety 
principle are the same and can be resumed as follows: 
• For each reactor condition (events or sequences), more important are the potential consequences less should 

be its occurrence probability; 
• The global probability that the plant could cause unacceptable consequences (i.e. needing off-site measures) 

must be less than 10-6 /year; 
• Against conditions having very low probability but severe consequences, safety provisions should be taken in 

order to reduce either their probability or their consequences. 
These objectives are reached by application of the well-known Defence-in-Depth principle, consisting of several 
levels of prevention, protection and mitigation provisions. 
 

1.3 Classification of the LIPOSO accident 
 
In the frame of the French safety approach for FR, the postulated accident of one primary pipe break (LIPOSO : 
pipeline from pump to grid plate) is considered as the envelope condition of any fast loss of core-flow and then is 
classified in the last Design Base class of operating conditions (i.e. category 4).  
In general, the choice of any classified condition takes into account possible initiator events, notably an 
earthquake impact on equipment having an existing critical crack. Since it is difficult to assess the probability for 
an equipment (even designed against seismic loading) to have an existing critical crack not detectable, the most 
penalizing break is chosen as reference condition. The limited capability for in-sodium inspection of FR internal 
equipments contributes towards this deterministic approach. 
 
Relating to the objectives of the category 4 (hypothetical events), loss of the investment (i.e. the reactor itself) is 
admitted by the Utility but the safety consequences must be under the safety targets. For Superphenix, the safety 
target of category 4 was: 0.15 Sv permanently at the site boundary, moreover the reactor must be brought back to 
a safe state.  
In practice, these safety objectives are translated into decoupling design criteria. Concerning the core zone, these 
decoupling criteria are as follows: 
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• the number of fuel cladding failures should be limited (according to the radiological target); 
• any phenomena leading to irreversible conditions (e.g. bulk sodium boiling) should be prevented, 
• core geometry with cooling capability must notably be kept (e.g. neither clad melting nor significant inner local 

fuel melting leading to material dispersion); 
• the reactor must be brought back to a safe cold shutdown state. 
 

1.4 Analysis rules for LIPOSO break  
 
As mentioned above, pessimistic rules are applied for the analysis of each Design Basis condition and then in 
particular for the analysis of the LIPOSO accident. This approach involves: 
• the choice of the most penalizing reactor operation initial state (e.g. full power), 
• pessimistic hypotheses for the LIPOSO accident scenario (double-ended guillotine break in 1 second), 
• simultaneous loss of station power if more penalizing, 
• application of ‘single failure’ criterion.  

The choice of the most penalizing single failure depends on the accident type. After considerations 
about a LIPOSO break inducing a pump seizure risk, the single failure retained was a deterministic 
fuel cladding failure in the hottest core channel during the LIPOSO scenario. Indeed, the 
subsequent fission gas release could a priori, disturb the sodium flow, increase its boiling risk from 
the unfavourable ‘core power / flow’ ratio due to the pipe break while a reactivity effect by sodium 
void could be inserted. 

 
According to the LoD method, safety provisions more than one safety system (i.e. emergency shutdown) should 
be planned against the LIPOSO accident (considered itself equivalent to the loss of a strong line of defence) in 
order to reject unprotected cases with severe consequences in the residual risk domain. 
 
Practice aspects of the LIPOSO accident treatment are presented below, based on the Superphenix analysis, 
including presentation of the induced phenomena, the efficiency of the detection means and the resulting 
consequences comparatively to the safety targets. 
 
 
2. Accidental sequence  

 
2.1 General phenomena 

 
The postulated accident assuming an instantaneous double-ended guillotine break of a pipeline  joining pump to 
the core grid plate can be regarded as a fast loss of flow in the core by opposition to the reference Core Disruptive 
Accident initiated by a complete pumps trip and leading to a slow loss of flow. 
After break, pumps remain operating with a constant speed and the global hydraulic resistance of the circuit is 
reduced, that induces a modification of the pump operating mode leading to a total pump flow rate increase. 
Nevertheless, cavitation effects, acting as self-control, restrict this pump flow rate increase. Eventual pump 
damage (by erosion mode) due to cavitation effects needs to be verified under long term testing, nevertheless 
these effects don’t change the accident analysis. 
In the same time, the quick break (in about 1s) contributes to a large sodium flow rate decrease through the core, 
depending on the reactor design (i.e. number of pumps and pipes) and on break assumption (i.e. pressure drop), 
in particular in the core zone corresponding to the broken pipe where the pressure in the core grid plate is 
necessary lower. Then, the sodium flow dissymmetric redistribution through the core depends on the pressure 
repartition in the core grid plate. Dissymmetric hydraulic characteristics in the core grid plate can be evaluated 
from reverse rotation pump testing.  
Due to the rapid and large sodium flow reduction through the core, transient is then governed by thermal inertia of 
the primary sodium circuit and by power evolution, the latter being determined by reactivity feedback effects. 
Sodium temperature at inlet remains constant at beginning of the transient (during few seconds). The rapid 
sodium heating up at core outlet, resulting from the large sodium flow reduction through the core, leads to a weak 
power increase (due to sodium thermal expansion effect on reactivity). Earlier accident detection by controlling 
power and pump flow or pump rotation speed is not yet efficient (weak increase of core power and pump flow, no 
variation of pump rotation speed). In the same time, fuel is not already heated up so that, early thermal reactivity 
feedbacks (as fuel expansion and Doppler effect) are not efficient to counterbalance consequences of the rapid 
sodium core flow reduction. Consequently to sodium outlet temperature sudden increase, clad temperatures are 
enhancing and local sodium boiling phenomena could occur and lead to still accelerate the accidental sequence 
(by sodium voiding reactivity effect) and then enhance consequences (e.g. : clad dry out; gas release effect after 
clad rupture on neighbouring pins, sodium boiling propagation through the pin bundle). These consequences have 



to be considered not only in terms of clad rupture risk, but mainly in terms of global core accident risk, taking into 
account the rapidity of the accidental sequence compared to the accident detection efficiency (sodium outlet 
temperatures, reactivity and power).     
     
Then, it is very important to analyse in details the conditions for local sodium boiling stability in order to evaluate 
margins to clad dry out propagation through the pin bundle in the subassembly, then to bulk boiling. 
Large experimental and theoretical studies have been performed mainly showing that: 

 sodium flow reduction through the fuel bundle promotes sodium flow mixing and redistribution through the 
bundle, 

 gas release after clad rupture occurring in a local boiling zone does not contribute to amplify clad dry out 
and clad rupture propagation through the pin bundle. 

 
Then, precise evaluation of uncertainties is required to the accident scenario and consequences analysis mainly 
depending on: 

 the break pressure drop characteristics and the pressure repartition in the core grid plate which influence 
the sodium flow reduction and repartition, 

 the fuel thermo-mechanical behaviour under irradiation which determine both, fuel temperatures and 
associated reactivity feedbacks effects (fuel expansion and Doppler effects), fuel to clad heat transfers 
and interaction then consequent clad thermo-mechanical behaviour and thermal expansion reactivity 
effects,        

 the methodology for evaluating local sodium and clad temperatures through the pin bundle (hot spot), 
consequent clad failure rate and radiological risk.                   

Practically, the unprotected accidental scenario sequence is firstly analysed without reactor protection, taking into 
account pessimistic assumptions and uncertainties, in order to determine detection capability and timing. Then 
after, the scenario sequence is reanalysed, in the same way, with taking into account the reactor protection 
(accident detection and reactor shutdown) to evaluate maximum clad temperatures reached.    
 

2.2 Prevention  
 
Prevention of accident firstly depends on design, dimensioning and manufacturing: 

 number of pipes and pumps, for example 4 pumps each connected by 2 pipes to the core grid plate in 
Superphenix, in order to minimize consequences of such a pipe rupture, 

 design concept for pump and core grid plate connections to allow flexibility in order to avoid 
consequences in case of differential thermal expansions, pump vibrations and pump seizure,  

 design and dimensioning to seismic loading, 
 general rules and quality controls for manufacturing and welding, 
 specific tests (as pump seizure for example) and periodic inspections (by means of a MIR telemetry able 

to measure relative displacements at connections for example, as provided in the EFR project) during 
reactor startup and operating life. 

         
3. The Superphenix case 

 
3.1 Prevention (1st level of defence in depth) by design 
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The design of the grid plate supply is: 

 4 pumps each connected by 2 pipes to the core 
grid plate,  

 seven wave dilatation compensators operating 
separation between hot and cold collectors,  

 design and dimensioning to seismic loading. 
 
 
 
 
 
 
 
figure 1: grid plate supply design 



3.2 Studied case 
 
Assumptions made for the study of this accident are: 

 double-ended guillotine break of a pipe joining a pump to the core grid plate in 1s, 
 normal operating conditions at full power, 
 first cycle core at 640 EFPD that means with the most unfavourable conditions versus the radioactivity 

release, 
 pumps speed is constant, equal to 421 r/min, in cavitation conditions, 
 pump flow increase is limited by the cavitation to 4600 kg/s instead of 4090 kg/s in nominal conditions. 

 

3.3 Hydraulic Transient 
 

The figure in the margin shows the hydraulic scheme in the grid 
plate after the liposo break. The repartition of pressure is related 
to the cold collector pressure: 
 quarter 1 : 0.89 bar, 
 quarter 2: 1.22 bar, 
 quarter 3: 1.26 bar 

 
This pressure repartition lead to flows through the core: 
 quarter 1 : 46.5% of the nominal flow, 
 quarter 2: 54.3% of the nominal flow, 
 quarter 3: 55.1% of the nominal flow. 

 
In this condition, the global core flow is 52.6% of the nominal flow. 

          figure 2: hydraulic scheme 
 
          
             figure 2: hydraulic scheme 
 
 
 

3.4 Surveillance and detection (2nd  level  of defence in depth) 
 
The integrated primary circuit does not allow a leak before break detection, thus the only surveillance possibility of 
this accident is limited to vibration measurement on pumps, resulting in an indirect and imprecise information 
when state of pumps is firstly and mainly concerned. 
An efficient measurement would be the power to core flow ratio (P/Q). Due to the pressure transducers 
positioning in Superphenix, the core flow measurement is not available but only the pump flow which is not 
relevant as core power and pump flow are both increasing during transient. 
 
Three safety actions are able to actuate reactor scram: 
 
 
 
 
 
 
 
  
 
 

Trip parameters Nominal 
value 

Alarm 
threshold 

Scram 
threshold 

Time 
constant 

∆Tm 165°C 178°C 185°C 1.8s 

P/Pn 1 1.066 1.13 0.015s 

Reactivity 0 ± 15 pcm ± 20 pcm 0.174s 

 
In Superphenix, taking into account uncertainties in an unfavourable way towards detection and time constants of 
detectors, the first trip parameter involved is the core outlet temperature which leads to the reactor shutdown, 
3.8s1 after beginning of the accident. Later on (after 5s), the scram threshold on reactivity is then reached while 
the scram threshold on power ratio (P/Pn) is not reached.  
 

 
 
Indira Gandhi Centre for Atomic Research,            
Kalpakkam, India 
13-17 January 2003            5 

 “Primary Coolant Pipe Rupture Event in  
Liquid Metal Cooled Reactors” 

       

                                                      
1 The delay between this value and the one indicated on the figure 3 is due to uncertainties. 
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2.58s
 
emperature                                                        figure 4: core power 

 
 
 
The total power in the core reaches 112% of the nominal power 
then decreases under the feedback effects. At time of shutdown, 
the core power is about 105% of the nominal power with a 
positive reactivity of about 15 pcm. Toward the local, and a fortiori 
bulk, sodium boiling risk, the margin is large: the maximal outlet 
sub-assembly temperature is 760°C. The figure in the margin 
shows the outlet temperature evolution in the hot sub-assembly 
with and without uncertainties. 

bly 

utlet 

utlet 
s 

 
On the basis of this calculation and using dimensioning rules and 
methodology, the clad failure risk analysis has evaluated 
sufficient margins.  So that, it can be concluded there is no 
radiological risk. 

h scram 

In the EFR, at the prevention level, periodic inspections by means of a MIR 
telemetry able to measure relative displacements at connections for example is 
provided during reactor startup and operating life. At the detection level,  the 
core flow measurement is provided (as in Phenix) through pressure 
measurement between pump inlet and  outlet. 
 
The unprotected transient analysis (natural behaviour) has shown that the event 
is not likely to escalate towards a core disruptive accident. The residual core 
flow is about 42%. At short term, local sodium boiling is limited to the hottest pin 
coolant sub-channels and margins to the bulk sodium boiling are large thanks to 
the core power decrease due to reactivity feedback effects (mainly the Doppler 
effect) after a short over-power of about 20% at beginning of the transient. 
 

e, both providing a LoD, the power ratio (P/Q) and the Individual Sub-Assemblies 
most relevant trip parameter able to detect the LIPOSO break is P/Q. It allows a 
d leads to control rods insertion (within 0.7s) before the core power is reaching 
ese conditions, margins to bulk sodium boiling are large, more than 300°C. 

rch,            
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5. Conclusion 

 
In protected conditions the LIPOSO break accident does not lead to any significant core damage. 
 
The accident resulting from the initial fault, the LIPOSO break (classified in category 4), combined with the failure 
of the first trip parameter which is a strong line of defense (LoD), is in the beyond design base. Studies have been 
realized to investigate this case and have shown that consequences remain globally similar, notably towards 
margins to bulk sodium boiling, indicating that the reactor protection can be considered enough efficient. 
 
In conclusion, the safety objectives as defined in § 1.3 are met: 
• the number of fuel cladding failures is limited (according to the radiological target), 
• bulk sodium boiling risk is avoided,  
• core geometry with cooling capability is kept, 
• in all conditions, the reactor can be brought back to a safe cold shutdown state. 
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ABSTRACT 
 This paper deals with the theoretical and experimental structural mechanics 

analysis carried out for the primary sodium pipes for 500 MWe Prototype Fast 

Breeder Reactor (PFBR) towards demonstrating its structural integrity. Analysis is 

carried out to determine the stresses under pressure and thermal  loads including  

seismic forces. Based on this, an optimum layout and pipe  thickness have been 

arrived.  Subsequently, creep-fatigue damage values for the imposed thermal 

transients in conjunction with the  assumption of spherical header gets stuck up are 

estimated. Structural integrity is ensured further by detailed fracture mechanics 

analysis and experimental investigations.   

 

1. INTRODUCTION 

In 500 MWe Prototype Fast Breeder Reactor (PFBR), 2 primary sodium 

pumps (PSP) circulate the sodium through the core to remove the nuclear heat. 

Primary sodium flows through the primary pipes from the spherical header (where 

PSP supplies sodium) into the grid plate.  Each spherical header has 2 primary 

pipes, thus there are 4 

pipes connected to the 

grid plate (Fig.1).  The 

outer diameter of  630 

mm  is selected in order 

to have proper flow 

distribution in grid plate. 

An optimum layout is 

arrived at based on   

flexibility requirement to  

accommodate thermal 

expansion, availability 

of space in the cold pool and compactness.  Accordingly, the layout consists of a 

short straight portion connected to a single curvature bend having a radius R equal 

to 945 m.  The important geometrical details are shown in Fig.2.    In the reference 

design shown here, the pipe wall thickness is 15 mm.   

Fig-1  Location of Primary Pipe in RA 
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1.1 Structural Mechanics Features of  Primary Pipe 

The pipe  is operating in  a relatively comfortable environment. The neutron 

dose values are low (< 0.1 dpa) 

and hence irradiation effects are 

negligible. Sodium corrosion is 

negligible. The pipes operate at 

the cold pool temperature (670 

K) where the creep effects are 

insignificant.  Thermal loadings 

are insignificant during normal 

operating conditions, since it is 

at isothermal temperature of 

cold pool (670 K).  Thermal 

transients, following secondary 

sodium and feed water pumps trips impose thermal loadings. By providing a sliding 

type arrangement for the spherical header, free movement of the pipe under thermal 

transients is ensured without sacrificing the rigidity requirements under seismic 

events. The material of construction is austenitic stainless steel SS 316 LN which is 

highly ductile.  The component is designed and constructed as per the class 1 rules 

of RCC-MR – 1993 edition  [1]. 

Fig.2  Primary Pipe Details 

 

1.2  Scope of the Paper   
Each pipe forms a primary coolant pressure boundary and  its failure in the 

form of a large leak or rupture is of great concern to safety. Hence, its structural 

reliability requirements are high for the component.  With the view of this, detailed 

stress analysis has been carried out to optimize the thickness and subsequently 

creep fatigue damage is estimated. Apart, postulating a pessimistic surface crack at 

highly stressed location, fracture mechanics analysis has been carried out. In order 

to raise the confidence further, experiments were conducted on 1/15th scale models.  

Besides, respecting the defense-in-depth philosophy, a double ended guillotine 

rupture (DEGR) is postulated and subsequently, by means of detailed thermal 

hydraulic investigations, it is demonstrated that resulting temperatures due to 

reduction in core flow, do not exceed the appropriate temperature limits for the 
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coolant and clad. Thermal hydraulic investigations are covered in a companian paper 

[2].  In this paper, the results of structural mechanics studies are reported.  

  

2.  DEFINITION   OF   LOADS 
Under normal operating condition, each pipe is subjected to an internal 

pressure of 0.8 MPa.  The steady state vibration force induced by pump is 

insignificant  (± 2 t ),  even at 120 % of nominal speed (Fig. 3).  Under safe shutdown 

earthquake (SSE), the pipe is subjected to forces and bending movements due to 

inertial force imposed by the primary pump at the top of header nozzle.  The peak 

value of the force is < 20 t  (Fig.4). The corresponding value under OBE is ~ 12 t. 

The details of seismic analysis can be found in ref [3].  
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mong possible thermal transients following power failure, pump trips etc, a 

secondary sodium pump trip is the critical event, during which the temperature of 

sodium exiting from IHX outlet is raised by 100 K in 1 m.  This causes the radial 

temperature gradient  of 75 K (∆TR),  and  mean temperature rise of  50 K (∆Tm) with 

reference to grid plate [4].  Since the header can slide freely on the support plate, 

∆Tm  does not cause any significant stresses. Considering the lack of inspection of 

the sliding joint, a pessimistic assumption of stuck up condition is made. Accordingly, 

∆Tm can induce additional stresses.  

For the cumulative fatigue damage assessment, five OBE contributing 50 

cycles, one SSE contributing 10 cycles and 170 hot shocks are considered in the 

analysis. 

 

3. STRUCTURAL   ANALYSIS 
As far as structural behaviour is concerned, 2 pipes along with one spherical 

header behave as an integral part of the grid plate. Further, the pipe has R/d ratio of 

~1 unlike the conventional piping. Hence, for the structural analysis, the pipe is 

modeled with shell elements rather than classical pipe elements and the design 

limits relevant to components are applied instead of design rules for the class 1 

piping of RCC-MR.  The finite element model of the primary pipe including the 

spherical header at one end and grid plate on the other end has been generated with 

the CASTEM 2000 code using three/four nodded thin shell elements. Fig.5 shows a 

180o symmetrical portion of the model.  It is to be noted that the model also includes 

the sliding support structure for the spherical header with restraints for the 

movements only in the vertical 

direction.  

The overall deformations of pipe 

under thermal shock and SSE are 

depicted in Fig.6. The associated hoop 

stress distributions on the outer skin 

are shown in Fig.7.  Similarly, the 

circumferential variations of hoop 

stress on the outer surface at  the 

centre of  the pipe bend is depicted in Fig.5  FEM Mesh 
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Fig.8. It is seen that, the top surface of crown portion where ovalisation occurs is the 

critical location.  The stresses at this location under various operating conditions are 

presented in Table 1. 

Thermal shock SSE 

SSE Thermal shock 

Fig.6  Deformation under thermal shock and SSE 

 

 

Fig.7 Hoop stress contours 
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Fig.8  Circumferential variation of hoop stress 

SSE 

Thermal shock 

 

Table 1 :  Stresses  (MPa)  at  the crown 

Case Loading condition Level σm σm+σb 

1 

2 

3 

4 

Pressure 

Pressure + OBE 

Pressure + SSE 

Pressure + hot 

shock   

A 

A 

D 

C 

30 

43 

52 

197

 

45 

52 

74 

502 

 

In the above table, θ  represents hoop direction and l  longitudinal direction; t  top, m  

middle and b  bottom surface; σm   and  σm+σb are membrane and  membrane plus 

bending stress intensities.  
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4.  DESIGN CHECK 

(σm)  and  (σm+σb)  values for the first 3 load cases indicated in the table 1 are 

the  primary membrane  (Pm)  and  primary membrane plus bending stress intensity 

(Pm+Pb).  (σm+σb) for the case 4 is  primary plus secondary stress intensity  

(Pm+Pb+Q).  Pm should not exceed Sm and (Pm+Pb) should not exceed  1.5 Sm for 

level A loadings.  The corresponding limits are 2.4 Sm and 3.6 Sm for level D loading 

conditions.  (Pm+Pb+Q)  should not exceed 3Sm limits.  Since  Sm value is 104 MPa  

at 773 K,   the induced stress intensities have high margins.  For the better thermo-

mechanical behaviour and economy,  the pipe thickness is reduced to 10 mm.  The 

resulting Pm and (Pm+Pb) values are  found to have comfortable margins. However, 

thermal shock and corresponding stress intensities were decreased from 502 MPa  

to  ~ 400 MPa which is considered for the fatigue damage assessment. 

 

5. CREEP FATIGUE DAMAGE ASSESSMENT 

The creep fatigue damage is assessed as per the ‘elastic analysis procedure’  

of RCC-MR [1].  The total stress range  associated with hot shock is 412 MPa which 

envelopes all other transients.  The stress range associated with OBE is  67 MPa for 

10 mm thickness.  Conservatively, (∆σt)  is assumed  as  480 MPa  for the total 

number of OBE and hot shock cycles  (50+170 = 220) accounting  for other minor 

transients.  Including the creep damage and its interaction with fatigue, accumulated 

during the high temperature duration of the hot shock,  the computed creep-fatigue 

damage is 0.2 which is much less than the RCC-MR allowable limit (0.9).  
 

6. FRACTURE  MECHANICS ANALYSIS 

By assuming a severe of deviation from manufacturing standards, a surface 

crack of size with crack depth/ wall thickness (a/t) = 0.25 and  crack length/wall 

thickness  (2c/t) = 6,   is assumed. Crack propagation  is  predicted  by integrating 

the Paris law as recommended in A16:  da/dN = C(∆Ka)n    and dc/dN = C(∆Kc)n   for 

the growth in depth and length directions respectively.  As per  A16,  C = 6.2x10-8  

and n = 3.28 at 773 K. The  stress intensity values  ∆Ka and ∆Kc are computed using 

Raju-Newman’s correlations as given in A16.   
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The growth of  initial crack of 3.5 mm depth and 90 mm length is depicted in 

Fig.9. Through wall crack is possible after application of 1270 load cycles. The total 

number of design load cycles is only 220. Hence there is a factor of safety ~ 6. That 

is,  6 plant life load cycles are to be applied to produce a leak in the pipe.  

Fig.9   Surface crack propagation at crown 
 

7.   LBB  ANALYSIS   
The purpose of analysis is to check whether a double ended guillotine rupture 

(DEGR) in  any  of  the four pipes can be detected  by knowing the associated core 

flow reduction and  temperature rise across the core.  In PFBR, a core flow reduction 

of about 43 kg/s  results in a temperature rise of 1 K on the mixed mean core outlet 

temperature.  Based on the temperature measurement sensitivity, it is judged that a 

minimum temperature rise of 2 K or above can be detected.  Method of analysis is 

given below:  

 

 Extraction of net bending moment and axial force computed under SSE loadings 

at a section passing through the critical location 

 Computation of 2CG  as  per the A16 for  the above mentioned loadings 

 Computation of 2CS  from master curve assuming pure bending stresses.  

 Computation of  2(CG – CS) which is considered as maximum admissible 

detectable crack length (2CL).    

 9



 Knowing the 2CL as well as the state of stress under normal operating conditions, 

crack opening displacement and consequent leak rate (QL)  are  estimated 

following the procedure of A16.   

 Knowing the conversion factor (temperature rise per unit leak rate), temperature 

rise that is associated with QL  is calculated. 
 
7.1 Input Data   

Internal pressure is 0.8 MPa. 

Bending moments under SSE  at the 

grid plate nozzle end = 66.53 kN-m and 

at the bend portion = 62.33 KN-m. 

Material data used for the analysis at 

670 K are as follows: 

Sm  = 109 MPa;  E = 1.61x105 MPa;   

σy  = 151 MPa; σo  = 313 MPa;  density 

of Na  = 856.2 kg/m3 ; viscosity of Na = 

0.2792x10-5 Pa-s; JIC = J0.2 = 150 kJ/m2 and  J∆a =  130 + 100xc MPa. 

Fig.10  Loadings 

 
7.2  At the grid plate nozzle junction (weld is assumed)  
  2cs = 144 mm. JS = 430 n/mm. 2cG = 1356 mm. 2cL = 1212 mm. Crack mouth  

opening displacement δ = 0.24 mm. Leakage  area = 230 mm2.  Leak rate = 6.83 

kg/s. Temperature rise across core = ∆T = 0.16 K.  Hence, it is not possible to detect 

the crack.  

 

7.3 In the crown of the bend portion (no weld)  
  2cs = 144 mm. JS = 430 n/mm. 2cG = 342 mm. 2cL = 198 mm. Crack mouth  

opening displacement δ = 0.08 mm.  Leakage  area = 120 mm2 .  Leak rate = 4.3 

kg/s. Temperature rise across core ∆T = 0.1 K.  Hence It is not possible detect the 

crack. It is seen that the crown is more critical than the grid plate nozzle junction.  

 

It is concluded that LBB of  primary pipe can not be demonstrated with the 

resulting core  flow reduction and associated temperature rise. 
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8.  EXPERIMENTAL INVESTIGATIONS 

 The following are the main objectives of experiments: 

• To validate the crack propagation behaviour based on tests on plate bending 

specimen (10 no.) and ring specimens (3 no.) 

• to validate the finite element prediction of ovalisation and strains at  various 

pipe cross sections under combined bending and torsional  moments, due to 

radial force, imposed by the pump  at the top of the spherical header nozzle 

during a seismic event. (1 no.)  

• To  simulate ratcheting on pipes subjecting to combined internal pressure and 

cyclic in-plane  bending moment developed  during thermal shock with the 

assumption that the free movement of  spherical header is completely 

arrested (1 no). 

• To identify the critical locations where crack can develop on the structure 

which has welds at the junctions and initial manufacturing imperfections (in 

progress). 

     

8.1  Tests on Plate Bending Specimen 

Master curves, as termed in A16,  have been generated for SS 316 LN and 

G91 steel at room temperature. For the plates of uniform thickness h, subjected to 

pure bending stress, the asymptotic crack length 2CS = 8xh for G 91 steel (Fig.11), 

as against 18xh for 316 LN.  Test series is in progress to quantify the same at high 

temperatures.   

   Fig.11  Crack propagation in 10 mm thick G91 plate 

 
 
 

The asymptotic crack length has been predicted   theoretically   as 8.4 at 

room temperature and 6 at 923 K as shown in Fig.12.  With creep effects, the CS is 

lower, predominantly under bending stresses. There is no effect under tensile 

stresses.  
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Fig.12 Effect of Creep on Master Curve 

 
 
8.2  Ring Specimen 

Finite element mesh of the test setup is shown in Fig.13. Crack propagation 

prediction is compared with test data in Fig.14. 
 
 

Fig.13 FE Mesh for Ring Specimen 
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Fig.14   Crack propagation behaviour 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.3  Test Results for Combined Bending and Torsion Moments 

Test setup is shown in Fig.15. Test results are compared with finite element 

predictions in Fig 16. 

 

Fig.15  Test Setup 
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Fig.16. A few important results 

8.4  Predictions of Ratchetting  

  

Fig.17  Ratchetting Tests on  PSP Model 
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Test was conducted with constant internal pressure of 1 MPa and cyclic in-plane 

displacement  equivalent to given  ∆Tm.  Tests indicated that the stabilised  strain 

growth  at the  crown per unit  ∆Tm  is 7x10-3 % / K at room temperature. 

Extrapolation to the prototype under operating temperature yields 174 K.  Since the 

maximum ∆Tm is only 50 K,  ratcheting is not possible for prototype pipe . 

 Tests were continued on the model to initiate visible crack. Even after 

application of  more than  100 thousands of  simulated load cycles, no crack has 

been seen. However, tests are continued on the same model to quantify the crack 

initiation cycles.     

9  CONCLUSION 

Availability of comfortable margins on the primary stresses, very low 

accumulated creep-fatigue damage, absence of ratcheting and crack initiation even 

after application of more than ~ 500 simulated plant load cycles and extensive 

experimental validation of  finite element results, assures the structural integrity of 

primary pipe under all the normal and  severe loading situations. Analysis shows that 

the maximum temperature rise of core outlet sodium temperature (<0.2 K) due to the 

leak through critical crack size cannot be detected. Therefore, LBB demonstration by 

this mean is not possible.  
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ABSTRACT 

This paper describes a creep-fatigue crack growth evaluation procedure applicable to 

the structural integrity assessment of primary coolant piping in large scale liquid metal 

cooled fast breeder reactor.   The simplified creep-fatigue crack growth evaluation 

procedure proposed is proposed.   In the crack growth analysis of the FBR 

components, plastic and creep deformation must be taken into account.   The 

procedure evaluates crack growth rates based on stress intensity factor database 

obtained by linear elastic fracture mechanics approach, accounting for plastic and creep 

deformation.  The predictions obtained by the procedure, based on the reference stress 

approach, are compared to some experimental data.   It is found that the predicted 

fatigue crack growth behavior is in good agreement with the observations and that the 

procedure exhibits some conservatism in creep-fatigue crack growth evaluation. 

 

Introduction 1. 

It is essential to establish the structure integrity assessment procedures for liquid 

metal cooled fast breeder reactor (LMFBR) components.   JNC proposes a 

creep-fatigue crack growth evaluation procedure to apply to the structure integrity 

assessment of primary coolant piping (PCP) in large scale LMFBR.   In the crack 

growth analysis of the FBR components, plastic and creep deformation must be taken 

into account.   The procedure evaluates crack growth rates based on stress intensity 

factor database obtained by linear elastic fracture mechanics approach, accounting for 

plasticity and creep.  The procedure is verified by some experimental results. 
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JNC Simplified Creep-fatigue Crack Growth Evaluation Procedure [1, 2] 

cf dNdNdN 

dadada




+



=         (1) 

2. 

2.1 

In the procedures, the interaction between fatigue and creep damages is not taken 

into account.   The creep-fatigue crack growth rate da/dN is calculated as a linear 

summation of the fatigue and creep contributions as follows : 

 

 

Fatigue Contribution 

Fatigue crack growth rate (da/dN)f is calculated according to Paris rule : 

( ){ }[ ]xdxxfM
1

∫ −−+= σεεε
0 mmbmmb ++

         (3) 

( ){ }[ ]xdxxfM
0

1 mbmmmb ∫− −− −−+= σεεε
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fdN 
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epf JCda ∆⋅=



         (2) 

 

 

where ∆Jep is the elastoplastic J-integral range and Cf and mf are material constants. 

In the calculation, plasticity is taken into account.   The membrane stress σm is 

obtained using the cyclic stress-strain curve and a parameter qep as shown in Fig.1(a).   

For the bending stress, (εm+b ,σm+b ) and (εm–b , σm–b ) are determined using the cyclic 

stress-strain curve of the material and a parameter qep as illustrated in Fig.1(b).   The 

resulting elastoplastic stress distribution through the wall thickness is shown in Fig.1(c).   

Assuming that the thickness of the plate equals to 2, the equivalent bending moment 

corresponding to such a stress distribution on the notch side and the opposite side is 

estimated using the following simplified equations : 

 

 

 

The elastoplastic bending moment Mep can be calculated as follows : 

 

 

where Me is the bending moment derived from an elastic calculation : 



IAEA Technical Meeting on “Primary Coolant Pipe Rupture Event in Liquid Metal Cooled Reactors” 
 

 

         (5) ( )∫ ==
1

bbe S2M
−1 3

xdxxS
 

The equivalent elastoplastic bending stress σb can be calculated using the following 

equation :  

 

2
ep 3M6

⋅

⋅
epb M

2tw2
=

⋅
=σ         (6) 

 

The elastic J-integral range ∆Jel is estimated using a crack closure factor qw :  

( ){ }
*

2
minmaxw

el E
KKq

J
−⋅

=∆
 

 

with       (7) 
 
qclos = (1-R) n-1 
 

where Kmax and Kmin are the maximum and minimum stress intensity factors in the 

loading cycle, respectively, and E*=E for plane stress conditions and E*=E / (1–ν2) for 

plane strain conditions.   Assuming that compressive loads do not contribute to crack 

growth and crack closure effect is negligible, n is defined by :  

 
  for R > 0 n = 1  qw = 1 

  for R < 0 n = 0  qw = 1 / (1–R) 

 
The elastoplastic J-integral range ∆Jep is obtained from ∆Jel using a plastic correction 

factor fep :  
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E
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εσ

σ ⋅
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⋅⋅
=

         (8) 
elepep JfJ ∆∆ ⋅=

 

 

where σref is the reference stress calculated at the maximum load of the cycle and εref is 

the corresponding reference strain.   σy is the 0.2% proof stress derived from the 
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cyclic stress-strain curve of the material.   The reference stress is determined using a 

net section shape function Fnet : 

 

         (9) ( )ref Fσ = bbmmnet pp σσ ⋅+⋅

 

JNC proposes Fnet, pm and pb corresponding to the shape of structure and the loading 

conditions. 

 

Creep Contribution 2.2 

Creep crack growth rate (da/dN)c is calculated according to Paris rule : 

el
refc

refc
elcc J

)t(E
Jf)t(J ⋅

⋅
=⋅=

−

−

σ

ε&

dt)t(JJ ct

0 cc ∫=∆
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         (10) 

 

 

where ∆Jc is the equivalent creep J-integral range and Cc and mc are material constants. 

JNC assumes that the time dependent creep J-integral Jc(t) is obtained from elastic 

J-integral Jel at the maximum load of the cycle using a creep correction parameter fc 

defined by :  

 

(11) 

 

with 

 

   refc

refc
c

)t(E
f

−

−⋅
=

σ
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where εc-ref(t) is the time dependent reference creep strain rate and σc-ref is the reference 

stress at the beginning of the hold time.   The creep strain rate εc-ref(t) is estimated 

taking stress relaxation into account, but the reference stress at the beginning of the hold 

time is used in the creep correction procedure.   The equivalent creep J-integral range 

∆Jc has to be integrated over the hold time tc as follows :  
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where εc-ref (tc ) is the reference creep strain at t = tc , that is at the end of the dwell and 

can be calculated by time integration of the creep strain rate εc-ref(t) from 0 to tc .   In 

the calculation of εc-ref (tc ), stress relaxation is considered using a parameter qC given in 

Fig.2.  εc-ref (tc ) is calculated using the creep law of the material, reinitialised at each 

cycle. 

The time dependant reference creep strain rate ε
．

c-ref is determined from the reference 

stress σc-ref .   σref is given by eqn.(9).    

For small scale yielding condition, JNC observed that too small creep J-integral 

values are obtained if σref is used as σc-ref.   Therefore, JNC assumes that the reference 

stress at the beginning of the hold time σc-ref depends upon the yielding conditions : 

 
for σref < σy→ Small scale yielding condition  :  σc-ref = σref (σy / σref ) p 
for σref > σy→ Large scale yielding condition  :  σc-ref = σref 

 
where σy is the 0.2% proof stress derived from the cyclic stress-strain curve of the 

material and p is a parameter that allows to take the heterogeneous stress distribution in 

the ligament into account for small scale yielding condition.   JNC gives an expression 

of p as a function of crack size :  

 
p = p1 + p2 ( a / t )     (13) 
 

and recommends that p1=p2=0.2.   This is based on the results obtained from creep 

finite element analyses for plates containing a through wall notch subjected to uniaxial 

tension. 

Since such a heterogeneous stress distribution will disappear immediately with strain 

redistribution, the stress is allowed to relax from σc-ref to the value of σref given by 

－5－ 
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eqn.(9).   This is illustrated in Fig.2.   The stress relaxes during the hold time in 

accordance with the following expression :  

C

dE ε⋅
  

c
relax q

dσ =         (14) 

 
where dεc is the creep strain increment calculated by time integration of the creep strain 

rate ε
．

c(t) from t to t+dt as follows :  

∫= cc dt)t(d εε &         (15) 
 +dtt

t
 

In the stress relaxation process, JNC assumes a strain hardening rule for the calculation 

of the creep strain rate. 

 

Comparison with some experimental data 3. 

3.1 

3.2 

Fatigue Crack Growth 

A fatigue crack growth test consists of a plate made of an austenitic stainless steel 

316L(N) containing a semi-elliptical surface notch subjected to a cyclic bending 

moment at a load ratio R=0.1.   Two tests were performed at 650 oC [3, 4].   The 

experimental setup is shown in Fig.3. 

   The loading conditions, the geometry of the plates and the dimensions of the 

initial notches are given in Table 1.   The membrane stress σm and the bending stress 

σb can be calculated elastically.   The material properties are given in Table 2.   The 

cyclic stress-strain curve at 650oC is expressed as follows [5] 

( ) m

KE

1

3
12100 






 ∆

+∆
+

×=
σσνε∆ 

 

 
where, ∆ε is the total strain range in %, ∆σ is the stress range in MPa, E and n are 

Young’s modulus and Poisson’s ratio at the corresponding temperature and K and m are 

constants.   For this material, K=718 and m=0.319. 

 

Thermal Fatigue Crack Growth 

A thermal fatigue crack growth test consists in a thick wall cylinder made of a type 

304 stainless steel (SUS304) containing axisymmetrical notches on the inner surface [6].   
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The shape and dimensions of the specimen are shown in Fig.4.   The specimen has 

axisymmetrical initial notches machined by electric discharging on the inner surface and 

fatigue pre-cracking was not performed prior to start the experiment. 

The specimen was first heated uniformly up to a temperature of 650oC using an 

electric furnace.   Then, the specimen was subjected to cyclic thermal transients for 90 

seconds using pressurised air on the inner surface.   No mechanical load was imposed 

to the specimen and the thermal expansions were not fastened.   The temperature 

history at several depth through the wall thickness is shown in Fig.5.   These 

temperature gradients were measured experimentally with a defect free specimen prior 

to the thermal fatigue crack growth test.   As shown on this figure, a large temperature 

gradient is obtained up to 90 seconds.   Then the gradient reduces with time as the air 

flow is stopped.   The maximum temperature gradient is obtained at t=60sec. 

(∆Tmax=244.6 oC ). 

The temperature dependant mechanical properties and the cyclic stress-strain curve 

of the type 304 stainless steel material constituting the specimen are given in Table 3.   

The fatigue crack growth rate is estimated using the Paris law expressed as a function of 

the J-integral range, as given in Table 3.   The Paris law is assumed to be temperature 

independent for 450 oC<T<650 oC. 

 

Creep-fatigue Crack Growth 3.3 

A creep-fatigue crack growth test consists of a plate made of an austenitic stainless 

steel 316L(N) containing a semi-elliptical surface notch subjected to a cyclic bending 

loads at 650 
o
C [4].   The load controlled creep-fatigue loading cycle consists of a 

triangular wave form with a 1 hour dwell at the maximum load of the cycle.   The 

experimental setup is shown in Fig.3. 

The loading conditions, the geometry of the plate and the dimensions of the initial 

notch after fatigue pre-cracking are given in Table 4.   The membrane stress σm and 

the bending stress σb can be calculated elastically.   The mechanical properties, the 

cyclic curve and the creep curve available in the RCC-MR [5] are given in Table 5 

together with the Paris law and the creep crack growth characteristics [4]. 

 

－7－ 
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Results and Discussions 4. 

4.1 

4.2 

4.3 

Fatigue Crack Growth 

The calculated crack shapes as a function of number of cycles are compared with the 

experimental data in Fig.6.   The elastoplastic calculation gives very good prediction 

of the crack shape. 

In these experimental conditions, the influence of crack closure on crack growth 

doesn’t need to be accounted for.   Validity of crack closure factor in the procedure 

must be verified. 

 

Thermal Fatigue 

The calculated crack dimensions as a function of number of cycles are compared 

with the experimental data in Fig.7.   The predictions are found to be in good 

agreement with the experimental data.   The method allows to predict crack growth 

acceleration in the early stage of the experiment and crack growth deceleration after 

1,000 cycles.   Since the procedure accounts for the parabolic stress component, the 

stress distribution through the wall thickness used in the procedure agrees well with the 

one calculated from a thermo-elastic FE analysis. 

 

Creep-fatigue 

The crack dimensions as a function of number of cycles are compared with the 

experimental data in Fig.8. 

As shown in Fig.8, the procedure exhibits some conservatisms when predicting crack 

growth.   There is an evidence that reinitialising the creep curve of the material at each 

cycle is too conservative [7].  This figure also shows the predictions using an 

alternative model to integrate the creep law of the material.   This model, proposed by 

Polvora et al.[8], consists in integrating the creep curve continuously during the 

experiment.   The calculation results employing this model are also shown in Fig.8 

indicated in solid lines.   This model is found to underestimate the creep crack growth 

behavior. 

In the determination of the reference stress, JNC accounts for the creep strain 

intensity due to heterogeneous stress distribution in the ligament for small scale yielding 

condition.   However, since the recommended values of p1 and p2 in eqn.(13) are 

－8－ 
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based on creep finite element analyses for plates containing a through wall notch 

subjected to uniaxial tension, the applicability to the semi-elliptical surface crack has 

not been verified yet.   In fact, in this work, the JNC predictions are too conservative.   

Although not fully verified yet, some calculations substituting σref for σc-ref were 

performed.   The calculation results are shown in Fig.9.   Better agreement with the 

experimental data is obtained. 

 

Conclusions 5. 

6. 

JNC proposes a simplified creep-fatigue crack growth evaluation procedure.   The 

predictions obtained by the procedure are compared to some experimental results.    

For load controlled fatigue crack growth, at R=0.1, the procedure well predicts the 

fatigue crack growth behavior observed experimentally. 

For thermal fatigue crack growth, the simulation results are in good agreement with 

the experimental data. 

For load controlled creep-fatigue crack growth, it is found that the simplified 

methods exhibit conservatisms which are significantly reduced when using alternative 

model to integrate the creep law of the material. 
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●  Temperature dependant cyclic stress-strain curve
∆σ < 2 σ p ∆ε=∆σ/ E (mm/mm)
∆σ >2 σ p ∆ε=∆ε e +∆ε p (mm/mm) K=4.34207×10 2

－ 1.75354×10 -1 ×T
∆ε e =∆σ/ E m=2.79395×10 -1

＋ 7.74900×10 -5 ×T
1/A 1 A 0 =1.968789＋ 6.446708×10 -3 ×T

  － 4.675557×10 -6 ×T 2
－ 3.724201×10 -9 ×T 3

 Young's modulus E=2.06031×10 5
－ 9.52457×10 1 ×T   (MPa) A 1 =3.690128－ 1.847969×10 -2 ×T

 Yield stress σ y =2.50542×10 2
－ 5.47758×10 -1 ×T   ＋ 3.544927×10 -5 ×T 2

－ 2.297822×10 -8 ×T 3

  ＋ 1.02296×10 -3 ×T 2
－ 7.27684×10 -7 ×T 3  (MPa) ( T : Temperature in o C )

 Proportional limit σ p = σ y－K (0.002) m    (MPa)

●  Fatigue crack growth characteristics
da
dN       ( da/dN(mm/cyc),  ∆ J(N/mm) )

 for  t＜ t ffp  :
ε c =C 1 ・t C 2・σ n 1

 for  t ≧ t ffp  :
ε c =C 1 ・t C 2・σ n 1 +100×C・σ n (t-t ffp )

∆σ 1 / m 1/(C 2 -1)   C 1 =6.78×10 -14

K   C 2 =0.4845
K=718     n 1 =5.469
m=0.319   C=1.70 × 10 -20

   n=6.999

da
dn   C f =6.2×10 -8 da   A=7.1×10 -3

   m f =2.46 dt   q=0.73

Initial notch
Bending armWidthThickness

Plate geometry Length of

L a 0 2c 0

LengthDepth

(mm)(mm)
t 2w

350 7.9 87.2
(mm)(mm)(mm)

14.0 1.0 24.5 350650 -1.0 -14.0
 - 

Load ratioTemp.
Test conditions

(hour)
t c

DwellMax.LoadMin.Load
F min

(kN)

19.01.90.1650 37035024.5-

Depth Length
Initial notch

85.02.5
(mm) (mm)

2ca

Length of
Bending arm

L
(mm)(hour)

Thickness Width
2wt

(mm) (mm)

Dwell

  Fatigue crack growth

Temp. Load ratio Min.Load Max.Load
T

( o C)
R
 - 

F min

Poisson's ratio 0.2% proof stress

      Test conditions Plate geometry

Mechanical properties

(kN)
F max

(kN)
t c

(MPa)

Characteristics
T E ν σ y C f m f

Temperature Young's modulus

 - 
650 140600 0.30 125 3.2×10 -7 2.46
( o C) (MPa)  - 

Table 2   Material propeties for 316L(N) used in the fatigue crack growth tests

Table 4   Description of the creep-fatigue crack growth tests

Table 1   Description of the fatigue crack growth tests

 1.4953×10 -5

1.8158
C f

m f

Table 3    Material properties for SUS304 used in the thermal fatigue crack growth test

∆ε p =

 - 

● Creep curve

10 Ao

∆σ -2 σ p

=C f・( ∆ J) m f

Table 5   Material propeties for 316L(N) used in the creep-fatigue crack growth test

F max

(kN)
T

( o C)
R

● Mechanical properties
Young's modulus E 140600 (MPa)
Poisson's ratio ν 0.30

0.2% proof stress σ y 125 (MPa)

● Cyclic stress-strain curve

( ∆ε (%), ∆σ (MPa) )

● Fatigue crack growth Characteristics

∆σ +
2(1+ ν )

3E

( da/dN(mm/cyc), ∆ K eff (Mpa √ m) )

t ffp =
C 1・C 2

C・σ n-n 1

● Creep crack growth Characteristics
( ε c (%), σ (MPa), t ffp (hour) )

=A・(C*) q

( da/dt(mm/hour), C * (N/mm ) )

=C f・∆ K eff
m f

∆ε =100×
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Fig.1   Determination of  σ m and σ b

           according to the JNC method

Stress obtained
elastically     S m

σ m Cyclic stess-
strain curve
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ε
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q ep  : Elastic follow-up
parameter

tan θ  =                       =
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(a) Estimation of σ m

(b) Estimation of elastoplastic stress distribution
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(c) Elastoplastic stress distribution Fig.2   Stress relaxation considered

           in the JNC method
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Stress σ

ε tTotal

tan θ  =
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E
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ABSTRACT 

Thermal hydraulic analysis of primary pump pipe rupture event have been carried out 

with the objective of (i) estimating the temperature rise in the fuel, clad and coolant, (ii) 

investigation of possible flow redistribution in subassemblies and (iii) investigation of the 

formation of vapour bubble due to flashing resulting in reactivity addition in the core. For this 

purpose one dimensional studies using thermal and hydraulic models of the core SA and 

primary sodium circuit, three dimensional studies of grid plate using CFD code PHOENICS 

and one dimensional studies using pressure transient codes have been carried out. Analysis 

indicates that core flow is reduced to 30 % during the transient and specified temperature 

limits of this category of events are respected. There is no flow redistribution among various 

subassemblies and formation of vapour in subassemblies. 

1 INTRODUCTION 
The primary sodium circuit consists of hot and cold sodium pools with an inner vessel 

separating them. Sodium from the cold pool is circulated through core by two centrifugal 

primary sodium pumps operating in parallel. Each Primary Sodium Pump (PSP) is located 

inside a stand pipe. Sodium flows from cold pool to the stand pipe and then it is pumped to 

grid plate. Each pump feeds the grid plate through two 600 mm diameter primary pipes. 

Sodium from the hot pool flows through four Intermediate Heat Exchangers (IHX) to cold 

pool. IHX transfers heat produced by the core to secondary sodium circuit. Schematic of 

primary sodium circuit is shown in Fig. 1. Schematic of stand pipe flow and PSP flow is 

shown in Fig. 2. Because of resistance offered by the stand pipe for flow, sodium level in the 

stand pipe would be lower than the cold pool level by an amount equal to head drop suffered 

by sodium flow in the stand pipe. Primary pipes are designed according to safety class 1 rules 

and to withstand design basis earthquake. High structural reliability is ensured by selecting 

highly ductile SS 316 LN material. Further, it is subjected to relatively low operating 

temperature (less than 673 K) where in creep effects are insignificant during normal operation 

and high quality manufacturing. Structural mechanics studies have indicated low operating 

stress. These aspects render the Double Ended Guillotine Rupture (DEGR) of the pipe a very 

low probability event.  However due to the inability of LBB justification because of difficulty 

in leak detection and as a measure of defence in depth, instantaneous and total DEGR in a 

single primary pipe has been considered as a Category 4 Design Basis Event (DBE). 

In a DEGR of a single primary pipe, primary sodium flow bypasses core through the 

ruptured path back to cold pool and the core flow decreases to a low value at a rapid rate and 



in turn causes sodium and clad temperatures to rise. Any one among the SCRAM parameters 

(for automatic emergency shutdown of the reactor), enabled by Power to Flow Ratio (P/Q), 

Reactivity (ρ), Linear Power (Lin P) and Central SA Sodium Outlet Temperature (θCSAM) 

would shutdown the reactor. Other important consequences in this event are as follows. 

Resistance against which both pumps have to supply comes down sharply, which causes the 

pump flows to increase suddenly. Such sudden change of pump flow does not affect stand pipe 

flow immediately. Hence, a sudden increase in the pump flow causes reduction in the stand 

pipe sodium level during the transient. This results in the reduction of available net positive 

suction head (NPSHA) for the pump. Increase in the pump flow also results in increase of 

required net positive suction head (NPSHR) of the pump. Thus a situation of NPSHA becoming 

less than NPSHR, leading to cavitation of the pump occurs during this event. There may be a 

concern of a sudden decrease in pressure in core and consequent vapour bubble formations 

(due to flashing) resulting in reactivity addition. This paper gives a summary of thermal 

hydraulic studies carried out for the primary pipe rupture event. 

1.1 Clad and Coolant Temperature Limits 
Design Safety Limits (DSL) for a Category 4 event are that the Clad Hotspot 

Temperature (TCl) should be less than 1473 K and SA mean Sodium Hotspot Temperature 

(TNa) should be less than the boiling point of sodium. 

2 ANALYSES OF THE EVENT 
The analyses have been carried out in three steps. In the first step, evolutions of flow 

and temperature of primary circuit and core [1] respectively are obtained using plant dynamics 

code DYANA-P. Details of the DYANA-P code has been published earlier [1]. In the second 

step, possibility of flow redistribution in the core under pipe ruptured condition is analysed 

[2]. In the third step, possibility of void formation in core is analysed [3]. 

2.1 Analysis to Obtain Flow and Temperature Evolutions 
 One dimensional (1-D) thermal hydraulic analysis is carried out using DYANA-P code 

to obtain transient evolutions of primary circuit flows and hotspot temperatures. Maximum 

temperatures are compared against the DSL and safety margins are established. Important 

input data and features of the primary circuit model are given in the following sections. 

2.1.1 Input Data 
Pump characteristics obtained from pump designer are shown in Fig 3. TNa and TCl are 

obtained by multiplying the nominal average central subassembly temperature rise (∆TCSA), 
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sodium film drop (∆Tflm) and clad middle to outer surface drop (∆Tcl) with appropriate hotspot 

factors as follows: 

  TNa = TRI + FSA ∆TCSA 

  TCl = TNa + fch ∆TCSA + fflm ∆Tflm + fcl ∆Tcl 

Values of these hot spot factors are: FSA = 1.1672, fch = 1.2119, fflm = 2.3920 and fcl 

=1.4213. Same hotspot factors are also used for transient calculation. Pressure drop (in m of 

sodium column) values considered in the analysis at nominal power and flow conditions are: 

core pressure drop of 64 m, stand pipe entry pressure drop of 2 m, primary pipe pressure drop 

of 2 m, grid plate pressure drop of 4.5 m and IHX pressure drop of 1.5 m. Pressure drop at the 

ruptured end of the primary pipe is modeled by using unity velocity head loss coefficient. 

While measurement time constant for P/Q, Lin P and ρ SCRAM parameters is 0.05 s, it is 0.3 

s for θCSAM. In addition to this, trip logic delay time is 0.2 s. Control rod drop time is 0.8 s. 

Plant design incorporates two diverse shutdown systems of worths 8000 pcm (Control and 

Safety Rods or CSR) and 3000 pcm (Diverse Safety Rods or DSR). On a SCRAM command, 

it is envisaged that both the shutdown systems are actuated and inserted into the core. 

However, safety criteria prescribes that it is needed to consider that only one shutdown system 

works and in the working system, the highest worth rod gets stuck. Accordingly, analysis has 

also been carried out for a negative reactivity insertion of 2000 pcm following SCRAM. 

2.1.2 Features of Primary Circuit Model 
Sodium flow in any segment is considered to be incompressible. Grid plate is 

considered as a plenum with single pressure. NPSHR Vs flow curves for various speeds of PSP 

have been obtained by applying affinity laws Q ∝ N and NPSHR ∝ N2, on the nominal curve. 

Torque consumed by impeller under cavitating condition is assumed to be equal to the value 

evaluated at the incipient cavitation point. Torque consumed by friction in the drive system at 

various points is obtained through an empirical correlation [4]. Pressure drop coefficients are 

taken as inversely proportional to Re0.25. Kazimi and Carelli’s correlation [5] is considered for 

calculating film heat transfer coefficient from clad surface to sodium. Bypass flow through the 

break is assumed to be not subjected to the grid plate resistance, whereas, the same is 

considered for core flow as shown in Fig. 4. The detailed governing equations are given in the 

Annexure. 
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2.1.3 Results 
Evolutions of NPSH of pump, reactor power and reactivity, primary circuit flows and 

temperatures during DEGR of a primary pipe near the header end are shown in Fig. 5 to Fig. 8. 

The SCRAM parameters, its appearance time and maximum values of TCl and TNa reached 

during the event are given in Table 1. The pumps start cavitating within 0.05 s and their flows 

increase to 126 % instantaneously. Core flow reaches a minimum value of 30 % of nominal at 

0.7 s. Power to flow ratio SCRAM parameter crosses its threshold (1.1) at 0.06 s. However, 

due to the trip logic delay time, maximum reactivity and power of 21 pcm and 106 % 

respectively are reached at 0.25 s before they are rapidly reduced by SCRAM.  

Table 1: Maximum values of temperatures reached during the event 
Maximum CHST, K Maximum SASHST, K 

SCRAM parameter 
and its demand time DSR alone 

actuated 
Both CSR and 
DSR actuated 

DSR alone 
actuated 

Both CSR and 
DSR actuated 

P/Q at 0.06 s 1284 1267 1120 1107 
Reactivity at 0.2 s 1302 1286 1132 1120 

Lin P at 0.45 s 1333 1323 1154 1144 
θCSAM at 1.1s 1406 1398 1209 1201 

CSR Control and Safety Rods  DSR Diverse Safety rods 

PSP speed reduction following SCRAM causes NPSHR to fall and it becomes equal to 

NPSHA at 3.4 s. NPSHR then follows NPSHA up to 8.3 s and then falls sharply. There would 

not be cavitation of the pump beyond this time. The PSP speed and flow at this time are 57 % 

and 95 % respectively. (Due to this envisaged condition of the PSP operating under cavitating 

conditions for a short duration following such an event, testing of a 1:2.75 scaled model pump 

under severe cavitation (80 % head drop) condition has been carried out. The pump was 

operated for about 10 minutes. No flow fluctuation or vapour locking was observed). 

Similar analyses have been carried out at various initial power conditions between 15 

% and 100 % also. It has been seen that at least two SCRAM parameters are available for the 

event occurring at all initial power conditions. At power levels less than 40 %, fuel and 

coolant DSL is not be crossed even without any safety actions. 

Analysis has also been carried out for the DEGR at the grid plate end of pipe. 

Reduction in the resistance of flow passage from grid plate to ruptured end causes leakage 

flow through that path to increase. However, increase in flow resistance in the path from pump 

header to ruptured end causes flow in that path to decrease and flow through the other 
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unruptured pipe to increase. As a consequence of these two effects core flow falls to a 

minimum value (before SCRAM) of 31 %, which is better than the rupture at the header end. 

An iterative algorithm for calculating the steady state values of primary flows during a 

pipe rupture event occurring at various operating speeds of PSP has also been separately 

developed. The final steady state values of flows calculated using this algorithm differs from 

that estimated using the transient calculation procedure in DYANA-P code by only a 

maximum of 1 %. 

2.2 Investigation of Flow Redistribution in the Core 
Three Dimensional (3-D) hydraulic analysis of grid plate under pipe ruptured 

conditions has been carried out using the CFD code PHOENICS to investigate the possible 

redistribution in the core flow among various SA and to study the influence of calming zone 

on the bypass leak flow. Under pipe ruptured conditions, flow rate of sodium through four 

pipes supplying sodium to the grid plate are different from each other. Hence, there is no 

symmetry in the angular direction for the ruptured state of the grid plate. Therefore, a full 360o 

model has been considered for this study. Grid pattern and boundary conditions adopted are 

shown in Fig. 9 and Fig. 10. Presence of sleeves in the grid plate has been represented by 

porosities in various coordinate directions. Pressure drop in the radial and angular directions 

are modeled using a correlation reported in literature [6] for cross flow over a bank of sleeves. 

Pressure drop coefficients for various SA are calculated from the core pressure drop of 64 m 

of sodium for the nominal flows through them. Pressure drop on the bypass flow through the 

ruptured pipe is represented as a sum of pipe resistance (rupture considered at the header end 

of pipe) and the resistance due to free expansion to the cold pool (k = 1). Grid pattern 

considered for the study in the (r - θ - Z) directions is 24 X 52 X 8. K-∈ turbulence model has 

also been used. 

A flow rate of 126 % of nominal (PSP flow under cavitating conditions) has been 

considered through pipe-1 and pipe-2 supplying to the grid plate. A flow rate of 16 % of 

nominal is considered to enter the grid plate through pipe-3. Pipe-4 is ruptured. These data 

correspond to the final steady state condition results (without PSP speed reduction) of 1-D 

analysis. Resulting velocity field in the grid plate is shown in Fig. 11. Core flow has been 

estimated to be 33 % of nominal. Rest of the flow bypasses through the ruptured pipe. The 

core flow rate estimated through 1-D calculation is 31 %. It can be seen from Fig 10 that 

sodium in the grid plate flows towards the ruptured pipe along the calming zone without 

subjecting itself to the resistance in the sleeves. Thus it can be concluded that the approach of 
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neglecting inlet plenum pressure drop on the by pass leak flow and considering the same in 

series with core flow in the 1-D study is reasonable. Mean velocities within core SA at various 

radial and angular locations are shown in Fig. 12. It can be seen that maximum variation in the 

flow through various SA from the mean core flow value is of the order of +0.5 % to -1 % in 

the fuel region. The deviation is more in the peripheral SA (Reflector and shielding) where 

sodium flow itself is very small. Thus, it can be concluded that there is no significant flow 

redistribution through core SA under pipe ruptured condition, which is also in agreement with 

experimental observations made in a 1/3 scale air Model Testing. 

2.3 Investigation on Void Formation 
Computer code SWEPT [7] is used for this analysis. SWEPT is a system pressure wave 

propagation analysis code adequate for the analysis of short-term transients in a closed 

network due to many engineering problems like sudden valve closure, sodium water reaction, 

pump start up. Primary sodium circuit is modeled as a closed piping network with hot pool, 

cold pool and PSP forming pipe junctions. Sodium is assumed to be isothermal at the average 

temperature of 745 K. Pipe rupture at the header end is analysed here. 

Following pipe rupture, pump flow increases due to reduced flow resistance. Flow 

through core reduces and more flow is diverted towards leakage point as flow resistance 

across the core is higher than that of the ruptured pipe. Following the breach in the pipe, 

primary system is suddenly exposed to low pressure at the leakage point. This low-pressure 

wave travels both upstream and downstream pipes causing pressure fluctuations at various 

system components. Fig. 13 shows the variation of pressure at the SA inlet, middle point and 

at the exit. As core flow reduces, pressure drop across the core reduces. Pressure fluctuations 

are seen only for 1 s. As and when the pump flow, leakage flow and core flow stabilizes, 

pressure fluctuation also subsides. It can be seen that there is no void formation in any SA 

since pressure at all points in the system stays above vapour pressure of sodium at the 

operating temperature (278 Pa). Core flow estimated also compares well with the 

incompressible flow model estimates. 

3 CONCLUSIONS 
Even though the structural integrity of the pipe is ensured under all the conditions with 

comfortable factor of safety, DEGR of one of the four primary pipes is considered as a 

Category 4 event. 1-D thermal hydraulic analysis predicts a minimum core flow of 30 % 

during the transient. Maximum TCl and TNa are 1302 K and 1132 K respectively which respect 

the specified temperature limits. 3-D steady state hydraulic analysis of grid plate predicts a 
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final steady state core flow of 33 %, which matches well with the 1-D prediction of 31 %. The 

3-D study also concludes that there is no significant flow redistribution among various SA 

following this event. This study also confirms the influence of calming zone in the grid plate 

on core flow and validates the approach of neglecting inlet plenum resistance on bypass leak 

flow and considering the same in series with core flow in the 1-D study. Pressure transient 

analysis of this event has also found that there is no void formation at any SA during the 

transient. Pressure fluctuations are seen only for 1 s following the breach. Final steady state 

values of flows estimated using 3-D hydraulics of grid plate, SWEPT code and an independent 

final steady state algorithm are all in good agreement with that of the 1-D estimate. 
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Fig. 6: Evolution of power and reactivity 

 
Fig. 7: Evolution of sodium flows 
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Fig. 11: Velocity profile within the grid plate under pipe ruptured condition in the 

circumferential plane of inlet pipes 

 
Fig. 12: Mean velocities within SA at various radial and circumferential locations 

under pipe ruptured conditions 

 
Fig. 13: Evolution of pressure in the SA during pipe rupture event 
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ANNEXURE 

Governing Equations for !-D Primary Circuit Model 

AI 
dQ
dt

Il  = (ZHP - ZIE) ρHP  g - (ZCP-ZIO) ρCP  g – KI QIl QIl - g .  for l=1,2  --(1 and 2) ∫
IO

IE

Z

Z
l dZρ

APP1 
dQ

dt
PP1  = (ZCP - ZIO) ρCP  g - PJ1 + DPP1 – KPPS  QPP1 QPP1      ------(3) 

APi11
dQ

dt
Pi11 = PJ1 - (ZCP - ZIO) ρCP  g- (Kpi11 + KL) QPi11 QPi11     -----(4) 

APi12
dQ

dt
Pi12 = PJ1 - ∆Pcore - (ZHP-ZCT) ρHP  g- (KPi12 + KIpl ) QPi12 QPi12      -------(5) 

Where, ∆Pcore = PCE - PCT 

AL1
dQ
dt

L1
 = ∆Pcore + (ZHP - ZCT) ρHP  g - (ZCP - ZIO)ρCP g - (KL1 + KL + KIpl )QL1 QL1   -----(6) 

APP2
dQ

dt
PP2

 = (ZCP - ZIO) ρCP  g - (ZHP - ZCT) ρHP  g - ∆Pcore  - KP QPP2 QPP2 + DPP2     ------(7) 

Where KP = KPPS + KPi12 + KIPL 

KPi12 = KL1 

Using the relation 
dQ

dt
PP1

 = 
dQ

dt
Pi11

 + 
dQ

dt
Pi12

  ------(8)  

and n
dQ

dtr
cr

r=1

10

∑  = 
dQ

dt
Pi12

 + 
dQ

dt
PP2

 - 
dQ
dt

L1
 

----(9)  

detailed expression for ∆Pcore and PJ1 can be obtained. 

ρHP SHP 
dZ

dt
HP

 =  - (Q(











−∑

=

2

1l

IlPPl QQ ) L1 - QPi11) 

----(10) 

ρCP SCP 
dZ

 =  + (Q
dt

CP
(












−∑

=

2

1l

PPlIl QQ ) L1 + QPi11)                  -----(11) 

IPP 
d

dt
PPlω

 = βPDrl - βPPl,     for l=1,2    ------(12 and 13) 

DPPl = f1(QPPl,ωPPl),     for l=1,2      ------(14 and 15) 

βPPl(tot) = βPPl (impeller)+βPPl(fri),      for l=1,2 

=f2(QPPl,ωPPl)+βPPl (fri)       -------(16 and 17) 

Where f1 and f2 are the functions evaluating the homologous characteristics. 

The empirical relation used for the friction in the pump drive system βPP (fri) other than the 

impeller is: 
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For individual core zone we have, 

Acr
dt

dQcr  = ∆Pcore - Kcr QcrQcr - g
Z

Z

CE

CT

∫ ρr dh,  for r= 1 to 10   -----(19 to 28) 

∑
=

10

1r
nr Qcr = 










∑
=

2

1
PPlQ

l
 - QL1 - QPi11    -----(29) 

Numerical Solution Procedure 

The numerical solution of the primary circuit is carried out in two stages. In the first stage, 

IHX flow, pump flows, pump speeds and the sodium levels are calculated utilizing a standard 

ordinary differential equation solver based on the Hamming’s predictor-corrector method. 

Using the total core flow obtained from the first stage as input for the second stage, core zone 

equations are solved. For this a semi-implicit finite differencing and linearisation technique 

(Agarwal et al., 1977) is applied on the governing equations for the individual core zone 

flows. Also by utilizing the fact that the change in the total core flow (δQRI) computed in the 

first stage described above to be equal to the total of the changes in the individual zone flows, 

the calculation of the current time individual zone flows are obtained as follows: 

∆Pcore =














 +

∑

∑

=

=
10

1

10

1

r
rr

r
rrrRIj

an

banQδ
   ------(30) 

Qcrj = Qcr j-1+∆Pcore ar − arbr,  .for r=1 to 10   -----(31 to 40) 

Where, δt = tj - tj-1 

( ) 1111
2

1 −=
−+−



= ∑ RIjjPijLl PPljRIj QQQQQδ  

 ar = 
1

1
−+ crjcr

cr QK
t

A
δ

 

br = Kcr Qcrj-1 Qcrj-1+dr  

dr = g ∫
CT

CE

Z

Z
ρr dh 
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NOMENCLATURE 
A flow inertial coefficient, m-1 
D pump developed head, Pa 
I moment of inertia, kg m2 
K Pressure drop coefficient, Pa / (kg s-1)2 

P pressure, Pa 
Q mass flow rate, kg s-1 
S area of cross section, m2 
Z elevation, m 
g acceleration due to gravity, m s-1 
n number of SA in a radial group 
t time, s 
α normalised pump speed 
β torque, N m 
ρ density, kg m-3 
Subscripts 
CE core inlet 
CP cold pool 
CT core top 
HP hot pool 
I Intermediate Heat Exchanger (IHX) 
IE IHX inlet 
IO IHX outlet 
IPL Inlet Plenum 
J junction 
L leak flow 
PDr primary pump drive 
PE primary pump inlet 
PP primary pump 
PPS primary pump suction 
Pi primary pipe 
RI reactor inlet 
c core channel 
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ABSTRACT 
 
A postulated break in the primary pump discharge pipe is analyzed to assure the inherent safety of 
Korea Advanced Liquid Metal Reactor, a pool-type liquid metal-cooled reactor generating the 392 
MWth of power in the core. The main concern of the analysis is the amount of increase in the fuel 
and the coolant temperatures. The stabilization of the transient due to reactivity feedback is also 
important. In the present analysis it is assumed that one of the four pipes connecting the pump 
discharge to core inlet plenum is broken. The break is located at 3.7 m below the pump outlet and 
the diameter of the break is 0.4 m. It is also assumed that the reactor is not scrammed after the 
initiation of the break, therefore, the pumps keep on running during the accident. The analysis is 
performed with SSC-K code, which is developed for the analysis of the transient system response of 
a pool-type reactor. As soon as the break occurs, the core flow decreases drastically to 65 % full 
flow in the base case. A more conservative case is also analyzed in which the core flow is reduced 
artificially to 50 % full flow. The reactor power stabilizes by the reactivity feedback effects in about 
10 minutes. The increase of the fuel and coolant temperatures due to the sudden reduction of the 
core flow are also mitigated with a large margin to coolant saturation temperature. The gas 
expansion module plays an important role to provide the dominant reactivity feedback when the 
core flow is reduced less than 50% full power. It is convinced from these results that both a 
sufficient subcooling margin more than 400 K and a stable system response are maintained in the 
KALIMER design during the primary pipe break accident, which guarantees the inherent safety of 
KALIMER against a pipe break.  
 
 

1. INTRODUCTION 

The inherent safety characteristic against postulated events is the most remarkable superiority of a 
liquid metal cooled reactor (LMR) to other type of reactors. One of the major threats to the safety of LMR 
is a loss of flow event accompanied with a failure of reactor shutdown system. This situation is usually 
referred to as an unprotected loss of flow (ULOF). The inherent safety of Korea Advanced Liquid Metal 
Reactor (KALIMER) during the ULOF [1] has been assessed for the situation of all pump trips followed 
by coastdown. It was assumed that the decay heat was removed by four intermediate heat exchangers 
(IHXs) and the safety grade system of passive safety decay heat removal system (PSDRS). The results 
showed that the power was stabilized by the reactivity feedback of the system even though the effect of 
gas expansion module (GEM) was not taken into account.  

Other possible mechanisms of loss of flow include the seizure of one or more pumps and the rupture of 
primary pipe [2]. In a loss-of-flow-type accident, the power-to-flow ratio is the key parameter that 



determines the consequences of the accident. Thus, the initial pump behavior plays an important role for 
the plant safety when the pump is still running. On the other hand, more severe mismatch between the 
power and flow is possible in a pump seizure or a pipe break accident because the core flow drops more 
abruptly. Therefore, it is required to analyze the loss of flow due to the break of inlet pipe connecting the 
pump discharge and core inlet plenum.    

The present study analyzes a postulated break in the primary pump discharge pipe to assure the 
inherent safety of KALIMER. KALIMER is a pool-type liquid metal sodium cooled fast reactor plant. 
The main concern of the accident includes the amount of subcooling margin reduction, i.e., the degree of 
increase in the fuel and the coolant temperatures. The stabilization of power associated with reactivity 
feedback is also important aspect of the accident. The analysis is performed with SSC-K code, which is 
developed based on SSC-L code for the analysis of the transient system response. Actually, the possibility 
of sodium loss by pipe break is very low and the large thermal capacity of the pool makes system 
transient slower.  

The core design and the heat transfer system of KALIMER are summarized in the following section. In 
addition, the safety philosophy of KALIMER is introduced. Next, main features of SSC-K code modeling 
are described. The analysis method, results of the pipe break and conclusions are followed. 

 
2. KALIMER DESIGN  

KALIMER is a pool-type liquid metal-cooled reactor having four intermediate heat exchangers (IHXs), 
four electromagnetic-type primary coolant pumps. In the KALIMER conceptual design [3], focus has 
been made on the nuclear steam supply system (NSSS) and essential BOP (Balance of Plant) systems. 
The ultimate objectives for KALIMER conceptual design are to make it safer, more economical, more 
resistant to nuclear proliferation, and yield less impact on the environment. Fig. 1 represents the 
schematic of the KALIMER NSSS. KALIMER has a net electrical rating of 150MWe and the required 
core thermal output is 392 MWth. The plant system design parameters are based on the electrical rating 
and core thermal power. 

 
2.1 KALIMER Core Design  

The core adopts a heterogeneous configuration in the radial direction as shown in Fig. 2. The core 
consists of driver fuel assemblies, internal blanket assemblies, radial blanket assemblies, control rods, 
ultimate shutdown system (USS) assembly, gas expansion modules (GEMs), reflector assemblies, B4C 
shield assemblies, shield assemblies, and in-vessel storages (IVSs). There are no upper or lower axial 
blankets surrounding the core. A fission gas plenum is located above the fuel slug and sodium bond. The 
bottom of each fuel pin is a solid rod end plug for axial shielding. The reflector assemblies contain solid 
Inconel-600 rods. The control assemblies use a sliding bundle and a dashpot assembly within the same 
outer assembly structure as the other assembly types.  

The reactivity and power control rod system consists of two identical clusters. Each control rod unit 
consists of an array of tubes containing B4C to provide a gravity-driven rod drop and a powered drive-in. 
Gas expansion modules (GEMs) located at the periphery of the active core are passive reactivity feedback 
assemblies that insert negative reactivity into the core during the loss of flow events. The ultimate 
shutdown system (USS) located at the center of the core is a self-actuated shutdown system. The USS is 
actuated passively when temperature of the primary sodium goes up to the Curie point. The USS drops 
neutron absorber by gravity as a means to bring the reactor to cold critical conditions in the event of a 
complete failure of the normal scram system and after the inherent reactivity feedbacks have brought the 
core to a safe, but critical state at an elevated temperature.  
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Fig. 2  Breakeven Core Configuration  



2.2 Heat Transport Systems 
The primary heat transport system (PHTS) mainly delivers the core heat to the intermediate heat 

transport system (IHTS) and IHTS works as the intermediate system between PHTS and the steam 
generator system (SGS) where the heat is converted to steam. The steam generator is a once-through type 
with helical tube generating superheated steam. The reactor core, the primary coolant pumps and the 
intermediate heat exchangers (IHXs) are immersed in a large volume of sodium in the primary pool as 
shown in Fig. 3. A vertical wall, called reactor baffle, divides the primary pool into hot and cold pools. 
The large thermal inertia provided by the large pool enhances the plant safety. The IHTS consists of two 
loops and each loop has its own steam generator and related systems.  

Reactor structures mainly consisting of reactor vessel, containment vessel, reactor head, reactor 
internal structures, and reactor support structure comprise reactor coolant system and connected systems. 
The reactor vessel is the container and the support for the reactor core, primary sodium and reactor 
internal structures. The containment vessel assures that the reactor core will not be uncovered and core 
cooling can be accomplished even if the reactor vessel leaks.  

The system reliability is improved by using electro-magnetic (EM) pumps that have no moving parts 
for both of the primary and intermediate coolant pumping. The flow inertia device compensates for the 
low momentum inertia of the EM pump. The device stores rotating kinetic energy when the EM pump 
runs normally but supplies electricity to the EM pump by converting the stored rotating kinetic energy to 
electricity at a pump power supply failure. The primary EM pumps transfer the cold sodium in the cold 
pool into the core through the inlet plenum. Elevation differences feed the hot sodium in the hot pool into 
the inlet of the IHXs, past the tube bundle and into the cold pool. The only primary piping is from the 
discharge side of the pump to the core inlet plenum. 
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Fig. 3  Schematic of Primary Heat Transport System 



3. KALIMER SAFETY PHILOSOPY  

KALIMER is designed in accordance with a defense-in-depth safety philosophy that utilizes multiple 
fission product barriers to prevent the release of radioactivity to the environment, and multiple levels of 
safety to protect these barriers and reduce the consequences of their failure. The fuel pin cladding, the 
primary vessel boundary, and the containment consist of the multiple barriers of KALIMER. The multiple 
levels of safety are provided by the basic plant design, which guarantees the reliability of the normal 
operation, high resistance to external challenges, the protection against anticipated transients, the 
mitigation of accidents, prevention of core damage and large radioactivity release.  

To achieve the design objective of safety, efforts are devoted to the simplicity in all aspects of design, 
construction, operation and maintenance. It is also emphasized to utilize highly reliable reactor protection 
systems and built-in safety features like the GEMs. Maintaining the core power reactivity coefficient to 
be negative during all modes of plant status is crucial for plant safety. The negative temperature and 
power reactivity coefficients limit the power increase during the transients. 

The use of passive mechanism has, in general, superior reliability in mitigating an accident. In addition, 
long grace time at an accident provides improved reliability of the plant safety function and more 
flexibility in coping with an accident. The safety systems of KALIMER are based on the enhanced safety 
features such as using metallic fuel, USS, GEM and PSDRS, which improve the reliability of KALIMER 
safety function. The large thermal capacity of the pool provides more time to cope with abnormal events 
and higher probability to terminate the abnormal events before their entering into the accidents. 
KALIMER accommodates unprotected anticipated transients without scram (ATWS) events without 
operator action, and without the support of active shutdown, shutdown heat removal, or any automatic 
system without damage to the plant and without jeopardizing public safety. Neither operator action nor 
offsite support is required for at least three days without violating core protection limits at an accident. 

The KALIMER design highly emphasizes the inherent safety, which maintains the core power 
reactivity coefficient to be negative during all modes of the plant status and under accidental conditions as 
well. The reactivity feedback mechanisms consist of Doppler, thermal expansion of the fuel and coolant, 
thermal bowing of the core, thermal expansion of the core structure and core support structure, and 
thermal expansion of the control rod driveline. These effects result from either the law of nature, or both 
the law of nature and core design.  

Sufficient margin needs to be imposed in the fuel and core design for investment protection and for 
reducing the core damage probability. Emphasis should be given not only to safety grade decay heat 
removal but also to non-safety grade decay heat removal. Negative power reactivity coefficient is also 
crucial in preventing the core damage. The CDF of KALIMER is aiming to be lower than that of 
currently planned LWR. For prevention of large radioactivity release, containment is the last barrier to the 
radioactivity release. The KALIMER containment is designed to realize the release rate target considering 
the fuel source strength characteristics. Large radioactivity release is prevented by limiting large dose 
release rate lower than 10-7 per reactor year. 

The ultimate means of public safety from the consequences of postulated ATWS are the inherent 
negative reactivity feedback when the reactor system temperature increases, and the heat removal 
function of PSDRS. The analyses of the selected ATWS are conducted to assure the effectiveness of 
inherent safety features in the KALIMER design. The events considered are: Unprotected control rod 
withdrawal (UTOP), Unprotected loss of heat sink (ULOHS), Unprotected loss of primary flow (ULOF), 
and combination of those events. 
 
4. SSC-K CODE AND MODELS 

The SSC-K code [4] has been developed by KAERI for the analysis of system behavior during 



transients. The SSC-K code features a multiple-channel core representation coupled with a point kinetics 
model with reactivity feedback. It provides a detailed, one-dimensional thermal-hydraulic simulation of 
the primary and secondary sodium coolant circuits, as well as the balance-of-plant steam/water circuit. 
The SSC-K code was used for assessment of the inherent safety features in the KALIMER conceptual 
design. The SSC-K aims at not only extensive analysis capability and flexibility, but also efficiently fast 
running enough to simulate long transients in a reasonable amount of computer time. The code thus 
becomes capable of handling a wide range of transients, including normal operational transients, 
shutdown heat removal transients, and hypothetical ATWS events. The SSC-K code is currently being 
used as the main tool for system transient analysis in the KALIMER development. 

The SSC-K is based on the methods and models of SSC-L [5], which was originally developed to 
analyze loop-type liquid metal reactor transients. Because of the inherent difference between the pool and 
loop designs, major modification to the SSC-L has been made in order to analyze the thermal hydraulic 
behavior within the pool-type reactor. Now, the SSC-K code has the capability to analyze both loop and 
pool type liquid metal cooled reactors. Additional developments in the SSC-K code include models for 
reactivity feedback effects for the metallic fuel, and the PSDRS. Also a two dimensional hot pool model 
has also been employed into SSC-K for analyzing the thermal stratification phenomenon in the hot pool. 
The control system model in SSC-K is flexible enough to handle any control system. For code 
maintenance and readability, SSC-K was converted to FORTRAN 90 free form and the use of standard 
FORTRAN 90 has enhanced code portability. 

The SSC-K code simulates multiple heat transport system modules and associated controllers. A full 
plant model for SSC-K is used to represent KALIMER as shown in Fig. 4 in which several major 
components are represented. The PHTS is represented by the flow passage in the pool, the primary pump, 
and the shell side of the IHX. The IHTS consists of the tube side of the IHX, the connecting pipes, the 
shell side of the steam generator (SG), and the intermediate pump. 
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4.1 Pool Thermal-hydraulic Model 
A major modification of SSC-K has been made in order to analyze the thermal hydraulic behavior 

within the pool. In KALIMER, both the hot and cold pools have free surfaces and there is direct mixing 
of the coolant with these open pools prior to entering the next component. Therefore, at least two 
different flows would have to be modeled to characterize the coolant dynamics of the primary system. 
The first flow from the pump to the hot pool through the core would respond to the pump head and losses 
in the flow passages.  

Pump Flow 
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In above equation, the pump exit pressure, , is obtained from PPo

   P P gPo Pin Pin= + Hρ              (2) 
where H is the pump head, obtained from the pump characteristics. The pump inlet pressure can be 
obtained by calculating the elevation head for the cold pool sodium level. 

The other flow from IHX to the cold pool would respond to the level difference between the two pools 
as well as the gravity gain in the IHX because the gravity gain could be significant for low-flow 
conditions. 

IHX Flow 
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The IHX inlet and exit pressures,  and , are obtained from static balance as PXin PXo

 
P P g Z ZXin gas h HP Xin= + −ρ ( )             (4) 

 
   P P g Z ZXo gas c CP Xo= + −ρ ( )               (5) 

The equations are solved coupled with the differential equations derived by mass and momentum 
conservation at the core inlet plenum.  

When reactor scram occurs, the heat generation is reduced almost instantaneously while the coolant 
flow rate follows the pump coastdown. This can result in a situation where the core flow is colder than the 
bulk hot pool sodium. This temperature difference leads to stratification when the flow momentum is not 
large enough to overcome the negative buoyancy force. The two-zone model employed in the original 
SSC-L code has been modified. The hot pool is divided into two perfectly mixing zones determined by 
the maximum penetration distance of the core flow. The time rate change of energy in the pool is added to 
energy balance equations in the SSC-K code to make conservation. In addition, the two-dimensional pool 
model has been developed to calculate the coolant temperature and velocity profiles in the hot pool. The 
governing equations for conservation of mass, momentum, energy, and both turbulent kinetic energy and 
the rate of turbulent kinetic energy dissipation for the κ-ε turbulence model are made in a generalized 
coordinate system. The SIMPLEC algorithm is used for pressure-velocity coupling. After validation of 
the stand-alone version of the two-dimensional pool model [6] against the sample problem, it is coupled 
into the SSC-K code. 



4.2 Reactivity models for a metallic fueled core 
To facilitate modeling of the metal fuel used in KALIMER, several reactivity models are modified in 

SSC-K code. For neutronic calculations, SSC-K uses point kinetic equations with detailed reactivity 
feedback from each channel. Reactivity effects are required both for transient safety analysis and for 
control requirements during normal operation. Reactivity changes are calculated for control rod scram, 
the Doppler effect in the fuel, sodium voiding or density changes, fuel thermal expansion, core radial 
expansion, thermal expansion of control rod drives, and vessel wall thermal expansion. Figure 5 shows 
the components of reactivity feedback considered in the KALIMER core. The effect of fuel expansion 
becomes more significant when the metallic fuel is used. 

In addition to the reactivity model, a GEM model has been developed for SSC-K. The GEM 
assemblies are added to KALIMER core in order to supplement the negative reactivity feedback once the 
pump is tripped. For safety margin in the event of loss of the primary coolant flow, GEMs are included at 
the periphery of the active core. A GEM has the same external size and configuration as the ducts of the 
other core assemblies. The GEMs are hollow assembly ducts, which are open to flow at the bottom but 
are closed to flow at the top. The GEMs are filled with vessel cover gas before insertion into the core, and 
this gas is compressed as the GEMs are filled with sodium. 
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Fig. 5  Reactivity Components in a Metallic Fueled Core 

 
With the primary pumps on, the high pressure in the inlet plenum compresses the gas captured in the 

GEMs and raises the sodium level in the GEMs to a region above the active core. When pumping power 
is lost in the primary system and the pressure drops, the gas expands, which results in displacing the 



sodium in the GEMs to a level below the active core. The resultant void near the core periphery increases 
neutron leakage and introduces significant negative reactivity, which limits the peak temperatures 
attained during the loss of flow events. Currently, the sodium density inside the GEM is assumed to be 
the axial average of the neighboring channels. A sensitivity study is needed to investigate the effect of 
sodium density on the sodium level. The temperature of the GEM gas is assumed to be the average of the 
structural temperature of neighboring channels. 

 

4.3 Passive decay heat removal system model  
PSDRS is a heat removal feature in the KALIMER designed to cool the containment outer vessel with 

atmospheric air in a passive manner. The gap between the reactor vessel and the containment vessel is 
filled with argon gas and thus radiation heat transfer prevails due to the high temperature of these walls. 
Atmospheric air comes in from the inlets located at the top of the containment, and flows down through 
the annulus gap between the air separator and the concrete silo. It then turns back upward passing through 
the other annulus gap between the containment outer surface and the air separator, and finally flows out 
through the stack with raised temperature by the energy gained from cooling the containment vessel. The 
flow rate of air is determined from various parameters, such as the air temperature difference between the 
two annulus channels, flow path or pressure drop of an orifice placed for flow control, and friction 
exerted on the surfaces. 

The significance of PSDRS in the KALIMER design is that it plays a role of the only heat removal 
system in a total loss of heat sink accident. For this reason, its function is crucial to prevent core damage, 
so that performance analysis as well as realistic modeling of the system might be a key issue to provide 
essential knowledge for a safety evaluation of the KALIMER design. The PSDRS model was developed 
to predict the heat removal rate by this system. The model calculates not only energy balances by the heat 
transfers between the walls, but also the air flow rate driven by gravitational force between the air flow 
channels to estimate the heat removal rate. Non-linear differential equations are solved using the Runge-
Kutta method while the air temperature profile is obtained from theoretical manipulation. The PSDRS 
model is connected to the SSC-K code and the heat removal calculation through the PSDRS is coupled 
with the SSC-K calculation.  

 
5. PIPE BREAK ANALYSIS  

5.1 Analysis Method  

In the KALIMER design, the postulated pipe rupture can only happen in pump discharge line to reactor 
core. This accident reduces the core mass flow and thus may increase the fuel temperature as well as the 
coolant temperature. The main concern of the accident is associated with reduction of the subcooling 
margin and power stabilization resulting from reactivity feedback. In the present analysis it is assumed 
that one of the four pipes connecting the pump discharge to core inlet plenum is broken. The break is 
located at 3.7 m below the pump outlet and the diameter of the break is 0.4 m, therefore, the break is 
about 0.1257 m2. It is also assumed that the reactor is not scrammed after the initiation of the break, 
therefore, the pumps keep on running during the accident. The break is assumed to occur at 5 sec after the 
transient.  

To describe the broken path, Eq. (1) has to be modified to: 
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When a pipe break occurs, an additional equation is needed to describe the flow downsteam of the break: 
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The inlet and outlet pressures at break location,  and , respectively, are calculated by break 
model. The external pressure for the break, which is needed to compute these pressures, is obtained from 
static balance as 

Pbin Pbo

   )( bCPCgasext ZZgPP −+= ρ              (8) 

The external pressure for the break corresponds to the static head of the cold pool. This pressure acts as 
the opposing pressure against the flow out of the break. The value of this pressure is much larger than that 
for loop-type design, which is generally equal to atmospheric pressure until the sodium in guard vessel 
covers the break location in a loop-type reactor. This will make the pipe break in pool-type designs less 
sever relative to loop-type designs. The break model in SSC-K is basically the same as that in SSC-L. 

The present version of SSC-K code allows the modeling of primary system with only one loop. In 
other words, the flow paths constituted by the four discharge line and four inlet pipe are simplified into 
one imaginary flow path. Therefore, there is the possiblity that the break flow from one inlet pipe is not 
modeled accurately and the flow from the intact sides to the broken side is not described physically. To 
take into account this deficiency in break modeling, a sensitivity study is performed in the present study 
to adjust the resultant core flow. The base case with the break area equivalent to one pipe diameter results 
in the reduction of core flow about to 65% full flow. The break flow is artificially increased to reduce the 
core flow below 50% full flow, which compensates conservatively the deficiency in primary system 
modeling. The summary of reactivity worths for KALIMER breakeven core is provided in Table 1. 

 
Table 1. Reactivity worth for KALIMER breakeven core 

Reactivity Parameter BOEC EOEC
Fuel Temperature(Doppler) Coefficient (d rho/ dT)
  Sodium Flooded   -0.08692T-1.44  -0.08191 T-1.42

  Sodium Voided   -0.08787T-1.47  -0.08657 T-1.46

Uniform Raidal Expansion Coefficient
  (dk/k) /(R/dR)(pcm/%) -143 -141
  dk/dT (x 10-4)(1/K) -8.6899 -8.3742
Sodium Void Effect (pcm)
  Driver Fuel (DF) 560.63 760.40
  Internal Blanket (IB) 606.71 664.46
  Radial Blanket (RB) -186.66 -159.50
  DF + IB 1205.75 1462.89
  DF + IB + RB 1012.74 1298.46
  DF + IB + RB + GEM -302.48 130.54
Control Rods (pcm)
  1 Rod 970.13 1021.63
  3 Rods (Cluster) 3632.25 3793.89
  6 Rods (Total) 7688.38 8051.33
  Interaction Factor
    Adjacent Rods 0.925 0.931
    Clusters 1.058 1.061
GEM (pcm) 1228.55 1086.66
USS (pcm) 1441.87 1847.07  



5. 2 Analysis Results and Discussion 

The analysis is performed using the SSC-K code. As soon as the break occurs, all flow rates are 
changed abruptly as shown in Fig. 6. In the base case, the core flow decreases drastically to less than 65% 
full flow within 5 seconds after the break. The core flow is reduced because the pressure at the break after 
the initiation of the transient is changed rapidly from steady state value in the pipe to hydraulic head 
established by the sodium in the cold pool. The pump discharge flow increases to about 146% of the 
initial steady value. All coolant passing through the pumps does not enter the core and part of it, amount 
to 56% of the total pump flow, discharges through the break into the cold pool.  
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Fig. 6  The core, pump and break flow in pipe break event (Base Case) 
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Fig. 7  The core flow rate in the pipe rupture events and the normal LOF  



In Fig.7, the core flow rates in cases where a pipe breaks are compared with the flow rate in normal 
LOF case. The core flow in pipe break case drops more rapidly than that of the normal LOF case, thus, 
more severe mismatch between the power and the flow can be induced. The relative power and flow 
during the transients are trended in Fig. 8 for the base case and for the 50% core flow case, respectively. 
For the base case the reduction in core flow is much larger than the reduction in power. Therefore, the 
transient is expected to accompany higher coolant and fuel temperatures.  

On the other hand, the power 
generation rate is reduced much more 
than the core flow rate in the 50% 
core flow case. The reason of these 
power trends can be found in the 
reactivity feedback effects as shown in 
Figs. 9 and 10. The most remarkable 
difference is the effect of GEM. 
KALIMER is equipped with the 
advanced safety feature of GEM to 
provide additional negative reactivity 
in response to loss-of-flow events. 
When the pumps are operating at 
normal condition, sodium is pumped 
into the GEM, and the trapped helium 
gas is compressed into the region 
above the active core. However, when 
the pumps are off or the flow to core 
is reduced, the helium gas region 
expands into the active core region, 
displacing the sodium in the GEM 
below the active core top. The 
resultant void near the core periphery 
increases neutron leakage and 
introduces significant negative 
reactivity.  
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Fig. 8  Trends of relative power and flow in pipe
rupture events 

0 100 200 300 400 500 600
-10

-5

0

5

10

Base Case

 

 

R
ea

ct
iv

ity
 (C

en
ts

)

Time (sec)

 Doppler
 Sodium
 Axial
 Radial
 CRDL
 Total

For the adjusted 50% core flow 
case, the effect of GEM is dominant 
and all the feedback effects except the 
sodium reactivity and the GEM 
reactivity go positive. The GEM level 
for the base case is remained above 
the active core top as shown in Fig. 11 
and the negative reactivity is not 
provided by GEM. In contrast, the 
GEM level for the 50% core flow case 
is maintained below the active core 
top and the negative reactivity is 
inserted by the effect of the GEM.  

Fig. 9  The reactivity feedbacks in a pipe rupture event
(Base Case)  
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Fig. 10  The reactivity feedbacks in a pipe rupture event (Adjusted 50% core flow) 
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Fig. 11  Prediction of GEM levels in pipe rupture events 

 



The GEM level is influenced by the pump inertia force exerted to the inlet plenum and the level 
difference between the hot pool and the cold pool. The hot and cold pool levels are predicted for the base 
case and the 50% core flow case in Fig. 12. The pressure at the break rapidly drops from the initial value 
to that corresponding to sodium head in the cold pool, so that the cold pool level soars by more than 3 m 
for base case and 4 m for 50% core flow case instantaneously. It leads to the decrease of the pressure drop 
between the core inlet and the core outlet, thus results in the core flow reduction. The cold pool level, 
thereafter, eventually remains nearly constant under new condition established. The hot pool level also 
keeps almost initial value except negligible reduction at the very beginning.  

The cold pool temperature begins to decrease by the addition of the cold coolant flowing out from the 
pump outlet and finally reaches an equilibrium temperature at about 400 seconds in the base case of pipe 
break. The hot pool temperature increases until 100 seconds due to the reduction of core flow and the 
power-to-flow mismatch and then an equilibrium temperature is maintained after that. Its change rate is 
rather slow and small due to the large heat capacity of the pool. The pool temperatures for the 50% core 
flow case show quite different behaviors from those of base case. Because the rate of power reduction is 
larger than the rate of flow reduction as shown in Fig. 8, both the hot and cold pool temperatures decrease 
continuously after the initiation of the break. The pool temperature behaviors can be seen in Fig. 13.  

The fuel, cladding, and coolant temperatures for base case are represented in Fig. 14. The temperatures 
in the core channel increase drastically due to the rapid drop of the core flow, which leads to the large 
power-to-flow mismatch. The fuel centerline temperature shows the same trend with the power variation 
governed by the reactivity feedbacks. The clad and sodium temperatures show similar early peaks, 
however, they stabilize much earlier than the fuel centerline temperature. The peak fuel temperature is 
about 1109 K and the peak sodium temperature is about 865 K, which guarantees the subcooling margin 
more than 400 K. The fuel and coolant temperatures in the core for 50% core flow case are not detailed 
because it is presumed that there will be no remarkable temperature increase in this case.  
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Fig. 12  Hot and cold pool levels in pipe rupture events  
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Fig. 13  Hot and cold pool temperatures in pipe rupture events  
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Fig. 14  Fuel and coolant temperatures in a pipe rupture (Base case) 



6. CONCLUSION  

The break of one of the four core inlet pipes of KALIMER is analyzed and the inherent safety of 
KALIMER against a pipe break is evaluated in the present study. The reactivity feedbacks, the power 
trend and other parameters are predicted to show quite different behaviors depending on whether the 
GEM becomes effective or not. In the base case, in which the break area is equivalent to the diameter of 
inlet pipe, the core flow is reduced to about 65% full flow and the GEM level remains above the active 
core top. In this case, the power is governed by the combined effect of the reactivity feedbacks induced 
by the Doppler, sodium, radial, axial and control rod driveline behaviors. To reinforce the deficiency in 
modeling the pipe break with SSC-K code, the core flow is artificially reduced to about 50% full flow, 
which results in the operation of GEM.   

Even though the fuel and sodium temperatures increase after the initiation of the breaks, more than 400 
K of subcooling margin is always guaranteed for the pipe break accident in KALIMER. In addition, the 
power stabilizes by the reactivity feedbacks even though the GEM is not effective when there is smaller 
reduction of core flow. If the core flow is reduced enough to drop the GEM level below the active core 
top, the negative reactivity of GEM results in rapid drop of reactor power and guarantees enough 
subcooling margin and stabilization of the reactor dynamics.  

The present study ensures the superior resistance and inherent safety of KALIMER against the pipe 
break accident. The slow response of the hot pool temperature, which is another advantage of pool type 
liquid metal reactor, is also demonstrated. The GEM is found to be very helpful to provide sufficient 
negative reactivity for the passive shutdown mechanism and to mitigate the consequences of some 
spectrum of pipe breaks.  
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ABSTRACT 

The results of the analysis of emergency situations caused by BN-800 reactor pressure pipe 

depressurization are presented in the report. 

Russian BN-600 and BN-800 designs have characteristic features, which influence upon the 

processes run at the primary circuit pressure pipe depressurization: 

- individual suction of primary circuit MCP;  

- safeguard housings at the diagrid and pressure pipes; 

-  detection system of pressure pipes uptightness; 

- safeguard devices in the support belt. 

Analysis of emergency situations and their consequences from the point of view of their effect 

upon the core and support belt is presented in the report. 

The following events  are taken as initial ones: 

- leak of 0.5 mm equivalent diameter in the pressure pipe being a result of initial defect in 

the pipeline weld penetration thorough the whole wall thickness; 

- postulated ruptures of pressure pipes DN55, DN120, DN200; 

- instantaneous guillotine rupture of one of six pressure pipes DN600 with the pipelines ends 

moving apart (outflow from two DN600 sections). 

Analysis of all the aforementioned events shows, that reactor safety is provided at all situations, 

including instantaneous guillotine rupture of one pipeline DN600 (sodium boiling and fuel melting are 

absent). 
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1. INTRODUCTION 

 

BN-800 is an integral fast-neutron reactor cooled with sodium. This design has been developed on 

the basis of design decisions used in BN-350 and Bn-600 and has increased safety. Information on BN-

800 design was presented at different international conferences and its characteristics are well known [1], 

[2]. 

In Bn-800 reactor tank with integral lay-out of the primary circuit the following components are 

located: 

- core; 

- above core structure; 

- three main centrifugal pumps of the primary circuit; 

- six IHX (Fig.1). 

Pumps and heat  exchangers are located on the support belt. The support belt is a box-shaped 

structure, consisting of three horizontal plates and two vertical shells. The space between shells is divided 

by vertical ribs into three compartments. Each compartment has a suction plenum of primary pump and 

sodium outlet from two IHXs of this heat exchange loop (concept with individual suctions of MCP-1). 

Pressure pipes of the pump in the upper part are of 1 125 mm diameter and they have a T-joint, 

allowing to change from DN 1125 into two pressure pipes DN 600 (Fig. 2, 3, 4). 

Diagrid and six pressure pipes have safeguard housings (Fig. 4, 6). 

Safeguard housing has three functions: 

- they allow to create the system of pipeline leaks detection; 

- they allow to decrease sodium leakage from pressure pipe to the pump suction  

considerably; 

- they allow to limit the displacement of  broken pipeline ends in case of continuous annular 

crack. 

Diagrid, pressure pipes and their housings are made of stainless steel X18H10T, having high 

viscosity. 

The philosophy, principles, criteria and limitations used in Russian concepts of fast neutron 

reactors at their development for the substantiation of plant safety in situations with primary pipelines 

depressurization are considered in  the report. 
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2. PHILOSOPHY OF SAFETY SUBSTANTIATION IN THE SITUATION 

WITH PRESSURE PIPES DEPRESSURIZATION 

2.1 Structural materials, calculation methods and necessary margins for provision of 

serviceability of the system “diagrid -pressure pipes” during the whole reactor service life are used at  the 

designing and analysis. 

2.2 For the  possibility of consistent use of the concept “leak before break” and prevention of 

dangerous depressurization consequences the diagrid and pressure pipes have safeguard housings and 

system of pipelines leak tightness control. 

At the definite dimension of the leak the system determines it, the reactor is safely cooled down 

and a decision is made about the repair or about the plant removal from operation if the repair is 

impossible. 

2.3 If the system of leak detection was not actuated and the leak, which was lower than the 

detection threshold, was instantaneously built up into a larger one as a  result of the annular closed crack 

forming, the tube ends may move apart, but the safeguard housing does not allow to separate the ends of 

the broken pipeline, detection system detects the leak and the reactor is safely shut-down and cooled 

down. 

2.4 The safeguard vessel is designed in such a way that it may work under the total head of 

primary pumps (30-40 years). 

But the analysis of consequtive rupture of the main pressure pipe and safeguard vessel was also 

performed in the design. This analysis has shown that the consequence of such rupture is pressure increase 

in the compartment below the middle plate of the support belt of the emergency loop by the value, which 

is dangerous from the  point of view of located in central headers penetration coming to the surface of 

FAs.  

To avoid the danger of their coming to the  surface the compartments of the support belt at the 

middle plate have two safeguard devices, forming the by-pass and flow supply to the suction of operating 

MCP, it prevents FAs, and support belt coming to the  surface,  Fig 5. 

When opening even one of two safeguard devices FAs coming to the surface does not happen. 

So it may be established, that in BN-800 design the following principles are consequently realized 

for the prevention of hazardous consequences at the primary circuit pressure pipes: 

- designing, fabrication and control are performed by the standards used in nuclear industry; 

- when analyzing the leak development the  concept “leak before break” is used; 
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- multi-level protection is used for prevention of dangerous consequences at the 

depressurization of pressure pipes or diagrid. 

 

3. SYSTEM FOR UNTIGHT PIPELINE DETECTION. CHARACTERISTICS OF SAFETY 

VALVES 

 

3.1 System for primary circuit pipelines untightness detection /3/  is based on the measurement 

of temperatures difference between sodium coming to the heat exchanger from hot chamber and sodium, 

coming by the tube to thermocouple from the  safeguard plenum between pressure pipe and its housing: 

- if the pipeline is leak-tight the thermocouple, located in the tube, coming from the 

safeguard plenum of pressure pipe, shows the temperature of IXH inlet equal to ~ 550 oC; 

- if the pipeline is untight cold sodium flowrate thorough the pipe increases; 

- the considerable length of the tube is  washed by hot chamber sodium  of 550 oC 

temperature and if sodium flowrate from the safeguard plenum is very low, the leak in the tube is heated 

practically to 550 oC; 

- if the leak through the tube exceeds some value Qo, this sodium can not be heated to 550 oC 

and there is difference ∆t between temperature at IHX inlet and at the outlet from leak detection system 

tube; 

- if ∆t> ∆t (min) = 20 oC, which is the system threshold sensitivity, the warning signal 

comes; 

- if ∆t > ∆t2 = 30 oC, the emergency signal comes and the operator should stop the reactor 

with protection button. 

3.2 Each safety valve has weight of 1145 kg, the valve saddle has DN 660 mm. High weight of 

the valve provides its immobility and stability against support belt plate vibrations, connected with 

mechanic vibrations of primary circuit pumps. 

3.3 Two main characteristics of safety valves are two pressure drops: ∆P = (P2- P1), where P2 is 

sodium pressure below the valve and P1 – above the valve. 

∆ P1 =0,032 MPa – pressure drop at which the valve is opened. 

∆ P2 =0,0445 MPa – pressure drop at which the axis of valve hinge is cut – it is the second 

threshold of valve actuation. 

∆ P1  and ∆P2  are lower than ∆P of FA and support belt coming to the surface. 
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4. SMALL DESIGN LEAK OF PRESSURE PIPE 

 

4.1 Analysis of possible cracks dimensions in pressure pipes was performed with the help of 

failure mechanics methods. In accordance with calculations maximum stress in the pressure pipe at 100% 

power reactor operation is 459 MPa taking into account residual welding stresses, thermal stresses and 

self-compensation stresses from the displacement of supports and attachments. 

It was taken that in the weld there is a surface elliptic crack with the ratio of “d” length half to “C” 

depth as follows d/c=2/3 and C=0,25 So depth,  where So is the thickness of pipeline wall, So=16 mm, C=4 

mm crack length 2d=5,3 mm. The calculation has shown, that the initial crack becomes a through crack 

do=0,46 mm after 2100 cycles of the reactor “start-up – shut-down”. As the expected number of such 

cycles  for BN-800 is < 300, the depressurization of pressure  pipe is not expected. 

If to postulate the presence of such slot, such situation is not  dangerous: 

- sodium  through the slot comes to the gap between the pressure pipe and pipeline safeguard vessel and 

then through the gaps in the seals comes to the support belt plenum and from there through the system 

of vessel cooling to MCP-1 suction. 

4.2 Such small leak in the pressure pipe can not be detected by the existing pipeline leak-

tightness control (PLC) system because sodium temperatures change at IHX inlet is lower than the 

sensitivity threshold. The reactor continues to operate at nominal power. 

 

5. RUPTURE OF THE PRESSURE PIPE OF DN55 MM EQUIVALENT DIAMETER 

 

5.1 Such rupture is postulated because of the fact that at depressurization areas less than DN50 the  

PLC system is not actuated, that is temperatures difference in front of IHX between standard 

thermocouples and PLC system thermocouples is lower than the emergency signalization actuation  

threshold and at DN50 mm rupture PLC system is actuated /3/. 

At the emergency signalization actuation the operator should shut-down the reactor with protection 

button. 

5.2 The safeguard housing of the pressure pipe is less stressed structure than the main pipeline, that 

is why the probability of their simultaneous depressurization is low. 

At the tight safeguard housing and untight main pipeline with equivalent hole DN55 the main 

reactor parameters (flow-rate through the core, sodium temperature at the core outlet) are not practically 

changed, because after the rupture the hydraulic resistance of seals between the main pipeline and its 
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safeguard housing and DN=25, L=12,5 m tubes of PLC system are added to the hydraulic resistance of the 

part between the pressure pipe and MCP-1 suction plenum. 

 

6. POSTULATED SIMULTANEOUS DEPRESSURIZATION OF THE PRESSURE PIPE AND 

ITS SAFEGUARD HOUSING OF DN120 EQUIVALENT CROSS SECTION UNDER THE MIDDLE 

PLATE OF THE SUPPORT BELT 

6.1 The consequences of such simultaneous depressurization are: 

- decrease of sodium flow rate through the core; 

- decrease of sodium pressure in the pressurizer; 

- there are possibly increase of sodium pressure below the support belt up to 0,0426 MPa; 

- opening of safety valves, because ∆P>∆P1. 

6.2 Such simultaneous depressurization is not detected by PLC system, because ∆T is  lower than 

the sensitivity threshold due to the safeguard housing untightness. 

6.3 Reactor parameters calculations at such depressurization showed the following change of the 

parameters: 

- ratio of the reactor power to sodium flowrate through the core increases from 1.00 to 1.03, 

protection by N/G is not actuated; 

- sodium temperature at the core outlet increases only by 6 oC,  protection at Tcore outlet increase by 

30 oC is not actuated; 

- not measured sodium flowrate through the system of vessel cooling increases approximately 

twice; 

- FA or support belt coming to the surface does not happen; 

- maximum temperature of FA shells does not exceed 700 oC. 

 

7.  POSTULATED SIMULTANEOUS DEPRESSURIZATION OF  PRESSURE PIPE AND ITS 

SAFEGUARD HOUSING WITH DN 200 EQUIVALENT CLOSS SECTION UNDER THE MIDDLE 

PLATE OF THE SUPPORT BELT. 

 

7.1 DN 200 rupture differs from DN 120 rupture by the larger decrease of flowrate through the 

core (∆G~8%), by higher temperature increase at the core outlet (∆ T~15,4 oC) and higher pressure 

increase in the bottom reactor part (∆ P=0.157 MPa). 

7.2 Safety valves are actuated, the warning signaling is actuated at the core outlet increase. 

Signaling by N/G is not actuated. The operator should shut down the reactor with  protection button. 
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7.3 Primary circuit pumps flowrates changes are so low, that the pump head remains 

unchangeable. 

 

8. INSTANTANEOUS DEPRESSURIZATION OF PRESSURE PIPE AND ITS SAFEGUARD 

HOUSING WITH DN 600 FULL CROSS SECTION OR DIAGRID 

 

8.1 Diagrid depressurization in the welding area of braces, located between the upper and lower 

plates seems more probable, than simultaneous rupture of pressure pipe and its safeguard housing by DN 

600 full cross section. 

In case of chain rupture of the welds connecting the braces and lower plate of pressure chamber, 

91 annular gaps between the lower brace face and inner surface of diagrid lower plate with 12.3 mm slot 

height may appear.  

In case of all braces rupture from the lower plate of the diagrid the flowrate area of ~0.278 m2  is 

formed it is approximately equivalent to DN 600. The plates are not broken. 

8.2 In the emergency situations with depressurization of primary circuit pressure system of such 

scale as DN 600 and higher it is required to determine pump characteristics with the account of possible 

cavitation break-down. 

For the pumps of primary circuit at 152000 Pa nominal value of absolute argon  pressure in gas 

reactor cushion the ultimate flowrate value in the break-down point is 15800 m3/hr. 

The pump characteristic is described  by the equation: 

Pump pressure, m of Na column  Flowrate, m3/h 

140 Q = 0 
Н = 140-2,6⋅10-3⋅Q 0 < Q < 104 
Н = 194-8,0⋅10-3⋅Q 104 < Q < 1,5⋅104 
Н = 3686,6-233,3⋅10-3⋅Q 1,5⋅104 < Q < 1,58⋅104 
Н = 0.0 For  Q >1.58 ⋅ 104 

 

8.3 Static calculation of  the reactor hydraulics with the rupture under the middle plate of the 

support belt at two opened safety valves DN 660 has shown the following: 

- maximum sodium flowrate through the  core is 17000 m3/hr – 48 % Gnom ; 

- excessive pressure in the lower part of the vessel is equal to 0. 235 MPa. 

The calculation of the mode dynamics has shown that the first to be actuated by the signal (N/G) 

>1.2 is protection because the change of flowmeters reading is less sluggish, than the change of 

thermocouples readings, located above FAs. 
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Thereby maximum increase of FA cladding temperature is not higher than 70 oC, the absolute 

value of FA cladding temperature in the hottest cell is < 800 oC. 

The pumps are transferred to 250 rpm, the reactor is safely cooled down. 

8.4 Static calculations of the reactor hydraulics with the rupture under the middle plate of the 

support belt but with the opening of one safety valve gave 18800 m3/hr value of sodium flowrate through 

the core. Mode dynamics and maximum temperatures are practically the same as in previous case. 

8.5 In case of the rupture above the middle plate of the support belt 15830 m3/hr static value of 

sodium flowrate through the core was obtained, but critical temperature of  FAs claddings is not reached 

as a result of protection actuation by N/G = 1.2. 

 

9. MOMENTARY GUILLOTINE–TYPE RUPTURE OF PRESSURE PIPELINE DN 600 AND 

ITS SAFEGUARD HOUSING WITH THE PIPELINE ENDS MOVING APART TO THE ABSENCE 

OF  THE FLOWS INTERACTION FROM BOTH ENDS OF THE PIPELINE 

 

9.1 Though such situation for BN-800 design is practically impossible, it was considered for 

understanding of the fact if there is difference in the running of the modes with sodium outflow from  one 

DN 600 cross section and from two DN 600 cross sections. 

9.2 The performed calculations have shown that in spite of some decrease of static value of the 

flowrate through the core in this case, the dynamics of the mode is the same as at the outflow from one 

DN 600 orifice: 

- protection is actuated when N/G reaches 1,2; 

- maximum temperature of FA jackets in the hottest cell is lower than 800 oC, sodium does not boil 

and fuel does not melt; 

- pumps are transferred to 250 rpm, the reactor is cooled safely (see fig. 7,8). 

 

10. CONCLUSION 

The report describes BN-800 design of pressure pipes of the primary circuit and gives the analysis of 

their depressurization. 

It was shown, that the presented system of pressure pipes leaktightness control allows to determine 

pipelines or pressure chamber leaks with the holes more than 50 mm, smaller leaks are not determined but 

small leaks do not influence upon the plant parameters. Large leaks of pressure pipe and housing DN 120, 

200, 600 and 2x600 with the pipelines ends separation have been analyzed. 
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Fig. 7 - DN 600 mm pressure pipe rupture. Reactor shut down.
            Pumps are transferred to 250 rpm.  
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It was shown that at all situations the reactor protection is actuated at the core power to flowrate ratio 

N/G, the reactor is safety shut down and cooled. Critical temperature of FA claddings equal to 800 oC is 

not reached. 
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IMPROVED PRIMARY PIPE DESIGN CONCEPTS FOR FUTURE FBR 
 
ABSTRACT 
 In this paper a few design concepts, (i) to minimise the loss of coolant to core in case 

of pipe rupture, (ii) to improve in-service inspection, (iii) to eliminate double ended guillotine 

rupture (DEGR) from design basis event (DBE) are highlighted. 

 

INTRODUCTION 
The primary pipes carry pressurized sodium (~ 0.8 MPa) from pump header to grid 

plate and thus, form primary coolant pressure boundary.  A rupture of primary pipe is of 

great safety concern. Hence, structural reliability requirements are high for the component.  

In view of these considerations, a very ductile material, such as austenitic stainless steel 

type 316 LN,  is selected and the pipe is designed as per Class 1 rules of RCC-MR1.  High 

quality construction and very stringent pre-service inspection procedures are adopted. The 

layout, wall thickness and junction profile are all optimized to achieve low stress field.  

Detailed structural mechanics analyses are carried out to comply the RCC-MR, considering 

all possible loadings. Hence, failure of these pipes in the form of double ended guillotine 

RUPTURE (DEGR)  is of low probability event, that can be considered .as a beyond design 

basis event (BDBE). Accordingly, such an event need not be analysed to predict the 

consequences. However, to comply the current safety philosophy followed in pressurized 

water reactors, rupture of one of the pipes is considered based on single failure criteria and 

analysed for its thermo-mechanical (temperature rise in fuel,  clad and coolant) and 

structural  (mechanical interaction of failed pipe with adjacent pipes) consequences.  These 

analyses call for very complex 3-D modeling and solution techniques, since,   simplified 1-D 

analysis, particularly in the design  with lesser number pipes, it is difficult to demonstrate that 

temperature limits are respected with comfortable margins. Hence, it is worth considering 

alternative approaches such as more number of smaller number of pipes or provision of ISI 

possibilities that even  a small leak can be detected confidently that DEGR can be 

prevented.  In this paper, a few approaches are highlighted for the consideration of  future 

FBR.             

 

CONCEPT-1: INCREASED NUMBER OF SMALLER PIPES  
More number of pipes with reduced diameters have definite advantages.  For the 

smaller diameter pipes, lesser wall thickness can be chosen without increase of stress. As a 

result of this, the pipe becomes relatively flexible which can accommodate higher thermal 

expansions.  Besides, in case of DEGR of a pipe, the net loss of core flow is minimum. 

Consequently, the temperature rise in the fuel, clad and coolant is reduced. It  is possible to 
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go for seamless pipes with reduced thickness, by which the structural reliability can be 

improve significantly.  The following figure shows possible layouts with more number of 

pipes.   

 3



  The following table provides an idea about the diameter and flow velocities with the  

increased number of pipes, for a typical 500 MWe FBR (PFBR) which has 4 pipes in the 

reference design with 2 primary pumps. 

Pipe Diameters 

Velocity → 

No. of pipes ↓ 7.5 m/s 10 m/s 15 m/s 

4 600 520 420 

6 480 420 340 

8 420 360 300 

 

   However, there is a disadvantage that more number of pipes may decrease the 

structural reliability due to increase of pipe lengths.   

 

CONCEPT-2: INCORPORATION OF CHECK VALVE 

A check valve may be devised to be put in the grid plate end of the pipe, which 

allows free flow from pipe to grid plate and does not allow coolant to flow from grid plate to 

pipe. This device is a passive non return valve that works on fluid drag principle. With such a 

device, the coolant bypass from grid plate to cold pool can be significantly reduced and there 

by increased flow of about 20 % to 30 % additional can be ensured through core. While 

designing such a device, the impact of its functioning during other design basis events 

especially due to one primary pump trip should be investigated. Engineering development of 

this check valve needs to be carefully done. It should also be ensured that small parts of the 

flow diode device do not get separated and block subassembly flow passage.  

 

CONCEPT-3:  DEMONSTRATION OF LBB BY LEAK DETECTION  
 A guard pipe filled with sodium can be provided surrounding the primary pipe. The 

inter space between primary pipe and the guard pipe may be communicated to a higher 

temperature location in primary circuit such as near the outer surface of the upper shell of 

inner vessel in PFBR by means of a small tube. When there is no leak in the primary pipe 

the temperature of sodium in this tube near its top end would be around 780 K which is close 

to the hot pool sodium temperature. When the primary pipe starts leaking, cold sodium flows 

in this tube and the temperature of sodium in it near its top end reduces rapidly. Thus, the 

reduction in the temperature of sodium in this tube would give an indication of leak in the 

primary pipe.  

 4
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Alternatively, the approach followed in BN 600 can be adopted.  In this concept, the 

outer wall is not leak tight and a tube is incorporated through which sodium can flow from the 

inter space to the relatively hotter sodium in the space between inner vessel and thermal 

baffle.  During no-leak condition, the temperature of sodium in the tube is at its immediate 

surrounding.  Any sodium leak in the primary pipe can cause flow in the tube, the 

temperature of which will be reduced.  Thereby leak can be detected.   

 

CONCEPT-4:  DEMONSTRATION  OF STRUCTURAL RELIABILITY   
 In order to eliminate DEGR, the structural integrity can be demonstrated by 

determining the structural reliability based on probabilitic method in conjunction with the 

studying the consequences for the maximum leak through design basis crack opening area. 

The maximum leak area  can be 1 cm2  which is followed in practice for the secondary 

sodium pipe lines in estimating  the design basis sodium leak for the consideration of sodium 

fire.  The approach followed by Japanese  is that  the leakage area is  equal to DT/4, i.e. 

1/4th of area for the rectangular slit having  length equal to diameter and width equal to 

thickness.     

. 

CONCEPT-5:  DESIGN WITH ISI 
 Low stress coupled with gross ISI  could validate the rupture of pipe as BDBE. 

Accordingly,  the present design of single wall piping could be retained with additional 

features of gross in-service inspection to ascertain the position  and large cracks in the 

pipes. In addition, the stress level  could be kept low  in the piping. 

    
CONCLUSION 
 In this paper various design concepts, to minimise the loss of coolant to core in case 

of pipe rupture, to improve ISI and, to eliminate DEGR from DBE are highlighted.  While the 

safety implications on incorporating more number of pipes require careful considerations of 

all aspects, the idea of improved ISI, particularly the concept used in BN 600 is worth 

considering for the future FBR design. 
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