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FOREWORD

At present nuclear power accounts for approximately 16% of total electricity generation
worldwide. Given continuing population growth and the needs of the third world and
developing countries to improve their economic performance and standard of living, energy
demand is expected to continue to grow through the 21 st century. The proportion of energy
supplied as electricity is also expected to continue to increase. Although fossil-fuelled
electricity generation is the option preferred by several countries for the short term, there are
rising concerns over climatic consequences caused by extended burning of fossil fuels as a
result of the demands of a fast expanding world population. In this situation nuclear electricity
will become more and more important and the known reserves of uranium would be consumed
quite quickly by thermal reactors. It would be possible to sustain a large nuclear programme
only by introducing fast reactors. One can conclude that there are strategic reasons for
pursuing the development of fast breeder reactors. It is essential to have this technology
available for introduction.
The recycling of plutonium into LMFRs would allow "burning" of the associated
extremely long-life transuranic waste, particularly actinides, thus reducing the required
isolation time for high level waste from tens of thousands of years to hundreds of years, as in
the case of fission products. This additional important mission for the LMFR is gaining
worldwide interest. In the framework of disarmament of nuclear weapons and the utilization of
the nuclear material for peaceful purposes, the role for fast reactors must also be considered.
Over the past 32 years, the IAEA has actively encouraged and advocated international
co-operation in fast reactor technology. The present publication contains information on the
status of fast reactor development and on worldwide activities in this advanced nuclear power
technology during 1998/99, as reported at the 32nd Annual Meeting of the IWGFR at the VIC,
Vienna, Austria, from 18-19 May 1999. This publication is intended to provide information
regarding the current status of LMFR development in IAEA Member States.
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Summary Report of the meeting
1.

INTRODUCTION

The 32nd Annual Meeting of the IWGFR was held at the Agency's Headquarters (VIC) in
Vienna from 18-19 May 1999. The meeting was attended by Members of the Group and Advisers
from the IWGFR Member States (MSs) - China, France, Germany, India, Italy, Japan, Kazakhstan,
Republic of Korea, the Russian Federation, the United Kingdom and the United States of America.
The meeting was opened by Mr. J. Kupitz, Head, Nuclear Power Technology Development
Section, who welcomed the IWGFR on behalf of the IAEA and gave a briefing on the status of
nuclear energy in the world and LMFR development. He noted an additional important mission of
FRs, to transmute the long-lived radioactive waste.
The meeting was chaired by Dr. G. Heusener, Germany. The Scientific Secretary of the
meeting informed the IWGFR of the changes in its membership. The Director General of the IAEA,
together with the Permanent Mission of India to the International Organizations in Vienna,
designated Dr. S.M. Lee, SHINE Group Director, Indira Gandhi Centre for Atomic Research
(IGCAR), Kalpakkam as Member of the IWGFR. It was mentioned, that he was replacing Dr. S.B.
Bhoje. The Scientific Secretary recorded thanks to Dr. Bhoje on behalf of the Agency and the other
MSs Working Group delegates for all his work over a long period as the India Member of the
IWGFR.
The Chairman and the participants introduced themselves and gave a short presentation on
background and experiences mainly in the field of FR in their countries.
The objectives of the meeting were: 1) to co-ordinate the exchange of information on the
status of FR development and operational experience; 2) to consider meeting arrangements for 1999
and 2000; and 3) to review the Agency's co-ordinated research activities in the field of FR, as well as
co-ordination the IWGFRs activities with other organizations.
2.

PRESENTATION AND DISCUSSION OF LMFR DEVELOPMENT IN THE MSs.

Presentations on fast reactor development were made by the participants. Highlights for the
period since the 31 st Annual Meeting are as follows:
China
The Chinese Experimental Fast Reactor (CEFR) Project is under execution. CEFR is a pool
type reactor having a thermal power of 65MW, matched with a 25MWe turbine generator. The
conceptual design and preliminary design have been completed in 1993 and 1997, respectively.
In order to obtain permission for its construction from the Chinese National Nuclear Safety
Administration (NNSA), the Preliminary CEFR Safety Analysis Report was submitted in April-June
1998. The reviewing by the NNSA is under way. Three groups of answers to questions posed by the
NNSA have been completed. This has requested more detailed research with regard to the answers
given concerning (1) the reactor shutdown systems, (2) the decay heat removal systems, and (3) the
fuel subassembly blockage. The main results of these studies are given in the paper. The CEFR is still
in the stage of detailed design. Its site is almost ready for the construction of the reactor building. It

is planned to have the first pouring of concrete in June of 1999, but it depends on the license to be
issued by the NNSA.
France
Phenix liquid metal fast reactor received at the beginning of 1998 the authorisation to realise
the 50th irradiation run; pending renovation works and inspections that started in November 1998,
the reactor should restart in April/May 2000 with the 51st cycle and operate till 2004, with six 120
EFPD runs. Most of the experimental programme foreseen in Superphenix for transmutation studies
was transferred to Phenix. Hence, a R&D programme on fast reactors is maintained. On February 2,
1998 an interministerial committee confirmed the definitive shut down of the Superphenix plant. The
same committee also indicated clearly the important potential role of nuclear energy in the long term,
and the specific interest of fast reactors. At the very end of December 1998, the Prime Minister
signed the decree authorising the decommissioning of Superphenix, allowing the first phase of works
to begin. At this time about 200 people had left the operating teams. The year 1998 was used to
close the EFR project, that is to say finalise the files, organise the documentation and conservation of
knowledge. A synthesis booklet was edited. The technical inquiry about the accident occurred at
Rapsodie in 1997 led to a good comprehension : the cause is a succession of chemical reactions
which were not known at that time and led to the explosion of the storage tank under internal
pressure. CEA confirms the interdiction to use any kind of alcohol for sodium elimination.
During the first part of this year, the new orientations of the R&D program on plutonium
management and MA/LLFP transmutation in fast reactors were assessed, in coherence with
governmental orientations, with regard to amount, and evolution during the next years. Inside this
program, CAPRA is now devoted to Pu management problems, whereas the transmutation of MA
and LLFP is now dealt with in the CADRA program. This R&D program is now strongly reduced
for what concerns sodium cooled reactors, and widely opened to the study of alternative solutions
(gas, other liquid metals, supercritical water, molten salts), and continues to rely on international
collaborations.
The French nuclear plants operated satisfactorily in 1998, with an availability factor of 81.1 %
for the 900 MWe and 1300 MWe units, in industrial operation ; this factor is lower than in 1997
(82.5 %) due to problems on Belleville and Flamanville 1300 MWe units. The number of incidents
decreased : by 20 % from 97 to 98, as did their level of gravity : from 27 % of level 1 in 97 to 17 %
in 98. Difficulties were encountered on N4 plants for which the industrial operation was delayed to
1999 (Civaux 1 restarted in March 99). Among other outstanding decisions, four more PWR were
allowed to receive MOX fuel, and the allowed Pu content in MOX fuel was raised. An
interministerial committee on December 9 confirmed earlier orientations of February: decisions were
taken for a first underground laboratory for long-lived wastes disposal, and to look for a second one;
a reorganization of legislation for safety and radio-protection was initiated.
Germany
Existing power plants operated in a most satisfying mode, producing 170TWh/a, i.e. 35%
share in electricity production in 1998. Fast reactor research activities include: actinides burning
(neutronics, safety analysis); irradiation experiment TRABANT; participation in European CAPRA
project. ADS activities: neutronics, safety, thermalhydraulics, heavy liquid metal (eutectic Pb-Bi)
technology. The latter activities are centred around KALLA (the Karlsruhe lead laboratory). Their

objective is the development of new methods and technologies to design and manufacture thermally
highly loaded surfaces that are cooled by a corrosive heavy liquid metal.

India
Electricity growth rate in India in 1998-99 increased compared to the previous year and the
installed electric capacity reached 93.25 GWe. The thermal nuclear power plants performed very
well with average capacity factor of over 72%. The Kalpakkam reprocessing plant of 100 t/a was
commissioned and is operating.
FBTR was operated at various power levels and a peak fuel burn up of over 49,000 MWd/t
achieved. Test irradiation of Zr-Nb was undertaken in FBTR for the PHWR programme. The Zr
samples have attained a fluence of 0.4 to 1.6xl021 n/cm2 s, (E>lMeV) which is enough to obtain the
desired creep correlations. In the year the reactor operated for 2440 h. Major refurbishing works
include new neutronic channels and new uninterrupted power supply (UPS).
The detailed design of the 500 MWe Prototype Fast Reactor Reactor (PFBR) was confirmed.
The studies included pressure drop correlation for core subassembly in comparison with experiments;
magnitude of reactivity oscillations during seismic event; sodium flow optimisation in control rod
drive mechanism shrould to minimize gas entrainment as well as flow induced vibration; temperature
distribution on the main vessel; structural integrity assessment of main vessel under CD A; analysis of
primary pipe rupture event; thermal hydraulic analysis of IHX secondary sodium outlet plenum to
gauge a capability of temperature gradient; vibration, seismic and LBB analyses of secondary sodium
main lines to fix number of snubbers; fracture assessment of SG shell nozzle junction.
The technology development for PFBR was done for core subassemblies main level inner
vessel, steam generator, roof slab, grid plate, drive mechanisms and control plug. The development
work for the materials of manufacture included clad tubes, IHX tubes, SG tubes, large size plates
and welding consumables.
The project status is that the stagewise approval of the PSAR by an Internal Safety Committee
and by the Atomic Energy Regulatory Board (AERB) appointed Project Design Safety Committee is
in progress. An AERB appointed Site Evaluation Committee is evaluating the Kalpakkam site for
PFBR. Further, work on the Environmental Impact Assessment report for submission to the
pollution control in boards and environmental authorities is in progress.
The R&D work reported during the year are in the fields of Reactor Physics (3D burnup code
development and utilization); reactor engineering (heat transfer, hydraulics, structural mechanics);
metallurgy (fuel development, low cycle fatigue (LCF) and creep fatigue interaction (CFI) in D9 and
9Cr-l Mo steel, hydrogen assisted cracking in steel weldments, corrosion studies, PIE of FBTR fuel
and Zr-Nb samples); fuel reprocessing; chemistry; and safety research.
Italy
ENEL continued the activities with regard to the processing and disposal of nuclear waste
from phased-out NPPs. Starting from 1996, a growing interest in the ADS concepts has taken place
in Italy and has given origin to several studies, a basis R&D programme (TRASCO) and an industrial
programme, in which major Italian research institutions and industries are involved. This interest also
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shown at governmental level, is confirmed by the 17 billion lire assigned to the two years programme
TRASCO.
Japan
During April 1998 to March 1999, the most important result on Japanese Fast Breeder Reactor
(FBR) project was the establishment of the Japan Nuclear Cycle Development Institute (JNC) and
the making of a draft of JNC's medium- and long- term project plan.
The Experimental Fast Reactor "Joyo" has continued the 12th periodical inspection which will
be finished in June 1999. In the Japanese prototype fast breeder reactor "Monju", countermeasures
against sodium leakage are being examined according to Monju comprehensive safety review.
Improvement of Monju is also being examined and partly performed according to this review.
The Japanese Demonstration Fast Breeder Reactor (DFBR) optimization design study (phase
2) was continued by Japan Atomic Power Company (JAPC). Its objective is to accomplish a plant
overall concept that has economical advantage toward commercialization and offers high reliability.
Research and Development (R&D) works are underway under the guidance and coordination of the
Japanese FBR R&D Steering Committee, which is composed of JNC, JAPC, Japan Atomic Energy
Research Institute (JAERI) and Central Research Institute of Electric Power Industry (CRJ-EPI).
Kazakhstan
The joint ASSET-OSART IAEA mission was carried out in November-December 1998 and
confirmed the necessity of some important reactor safety improvement measures for BN-350.
Following discussions among governmental organizations showed, that the available financial
resources from the budget do not allow to implement all the volume of necessary work in reasonable
terms. Taking into account the energy consumption decrease in the region, the governmental
decision on decommissioning BN-350 has been taken on April 22. Because many of the spent fuel
assemblies stored in the pool exceed project limits (more than 15 years), studies on characterization
of spent fuel assemblies and development of new storage conditions were conducted within the
frame of a bilateral Kazakhstan-US agreement. The spent fuel characterization program continued
for two years. Appropriate Characterization and Safety analysis reports, including criticality and
thermal calculations, as well as structural analysis have been prepared and approved. In December
1998 spent fuel repackaging works have been started.
Thinking about the future development of fast breeder reactors, and taking into account the
desire of some countries to participate, Kazakhstan is going to make the BN-350 decommissioning
process an international project. Kazakhstan intends also to issue a special report on the 25 years of
operational experience.
Republic of Korea
Currently about 34 % of total electricity is generated by nuclear power plants and the role of
nuclear power plants in electricity generation is expected to become more important in the years to
come in Korea due to its poor natural resources. The significance of nuclear power will become even
greater, considering its practical potential in coping with emission control of green house gases. This
heavy dependence on nuclear power eventually raises the issues of efficient utilization of uranium
resources, which Korea imports from abroad, and of spent fuel storage.
8

From the viewpoint that liquid metal reactors (LMRs) have the potential of enhanced safety
utilizing inherent safety characteristics, the transuranics (TRU) reduction and resolving spent fuel
storage problems through proliferation-resistant actinide recycling, LMRs will be the most promising
nuclear power option. The LMR development program was approved as a national long-term R&D
program in 1992 by the Korea Atomic Energy Commission (KAEC) which decided to develop and
construct a liquid metal reactor with the goal of developing a LMR which can serve as a long term
power supplier with competitive economics and enhanced safety. Based upon the KAEC decision,
the Korea Atomic Energy Research Institute (KAERI) has been developing KALIMER (Korea
Advanced Liquid Metal Reactor). According to the revised National Nuclear Energy Promotion Plan
of June 1*997, the basic design of KALIMER will be completed by 2006 and the construction will be
pursued sometime during mid 2010s. The objective of the KALIMER Program is to develop an
economically competitive, inherently safe, environmentally friendly, and proliferation-resistant fast
reactor concept. The summary of the progress made in 1998 regarding the core, thermalhydraulics,
I&C, and mechanical design, as well as preliminary safety analysis along with basic sodium
experiments have been discussed.
Russia
Neither unscheduled reactor power decrease, nor loop shutdowns, nor reactor scrams took
place in 1998. But the load factor of the BN-600 reactor in 1998 was equal to 48% due to combined
scheduled preventive repair procedure. Its duration was 182 days. Seizure in the small rotating plug
of the reactor during refuelling was eliminated after this preventive repair procedure. Rated value of
the force required for the plug rotation was restored. Studies are planned for the future on the
possible extension of the power unit operating life from 30 to 40 years. The development of a hybrid
core design using MOX fuel on the base of weapons-grade plutonium for the BN-600 reactor is in
progress now. Irradiation of the fuel, absorber and structural materials was carried out in the
experimental BOR-60 reactor. Fuel burnup of 30.3% h.a. has been achieved in the experimental fuel
subassemblies of standard design. Maximum fuel burnup in some of the experimental MOX fuel
elements was 32.3% h.a.
Operating life time of the BR-10 reactor was extended until 31.12.2000. There are licenses for
the construction of the BN-800 reactor in South-Urals and Beloyarsk sites. The construction of these
power units has been suspended because of lack of financing. R&D works program on the
improvement and appropriate justification of basic design of some systems and components of the
BN-800 reactor has been developed and approved by now in order to improve its technical and
economical parameters. Now two directions can be identified in the development of the advanced
fast reactor designs in Russia: improvement of technical, economical and safety characteristics of
traditional sodium cooled reactors in the frame of large size fast reactor concept, and work on
justification of BREST-300 lead cooled fast reactor design concept.
United Kingdom
Most of the UK nuclear industry has now completed the transition from state to private
ownership. The UK continues to support international development of fast reactor technology,
mainly through participation in the European Fast Reactor collaboration, with all funding provided
by BNFL.

Inactive commissioning is about to begin on the PFR Sodium Disposal Plant, which includes a
caesium removal plant. The defuelling machine is being refurbished to permit the control and
shutdown rods to be removed. No further reprocessing of fuel has taken place.
The presentations were followed by lively discussion. Dr. Heusener, the Chairman of the
meeting, summarizing results of the discussions took note of a presentation of the French
delegation on the accident which happened at Cardarche, France, in March 1994, during the
cleaning up of a sodium tank. During this accident, ethylcarbitol reacted with sodium in an
unexpected way. The reaction resulted in a pressure build up which destroyed the tank and the
surrounding building. The IWGFR appreciated the release of this information. The IWGFR sees
the need to point to the following fact: Under certain circumstances, (e.g. closed geometries,
sodium puddles), the use of alcohol to clean components or to destroy sodium can be dangerous.
This is proven for ethylcarbitol, but can at present not be excluded completely for other alcohols.
It is therefore strongly recommended to perform appropriate studies prior to the use of alcohol
together with sodium.
In summarizing the general discussion the following points are worthwhile stressing:
•
•

the usefulness of a yearly exchange meeting of the IWGFR is proven beyond doubt;
the pace in the scientific and technological developments in the area of fast reactor
systems is very fast, stressing the need of the IWGFR as an international exchange
forum that is of particular importance for the countries which are implementing fast
reactor programmes. In several cases, these programmes include development, design
and operation ofLMFRs;
• the IWGFR pointed out that technological options for fast reactor systems are opening
up again (e.g. gas cooling, or other liquid metals than sodium); this is partly due to the
fact that, at least in the Western countries, breeder reactors are not yet urgently needed;
this has to be seen as a chance to look at new options, giving the IWGFR the
opportunity to fulfil its mandate as an international forum for scientific exchange, and
knowledge preservation;
• a particular issue to be looked at concerns decommissioning activities: it is important
for the IWGFR to provide the right forum for information exchange in this area;
• in connection with advanced transmutation concepts (use of minor actinide fuels), the
idea of an eventual use ofFFTF as an irradiation tool has been put forward
3.

REPORT OF THE SCIENTIFIC SECRETARY ON THE ACTIVITIES OF THE
WORKING GROUP

Reports of the IWGFR meetings for the period since the 31st Annual Meeting of the IWGFR
had been distributed in advance to the Members of the Group. The Scientific Secretary summarized
the main points of the IWGFR activities.
3.1. A third Research Coordination Meeting (RCM) for the Coordinated Research Project on
"Intercomparison of Analysis Methods for Seismically Isolated Nuclear Structures" was held at the
Tun Abdul Razak Research Centre Hertford, UK from 25 to 29 May 1998.
The intercomparison of predictions of bearing behaviour has identified important and
unexpected issues requiring the deeper investigation outlined under future work. As a result, the
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completion of this part of the CRP will be delayed until the meeting in 1999. (Post-SMIRT, Cheju,
Rep.of Korea, Aug.23-27.)
The analysis of structures has begun but the work has been held up by the additional effort
required on the isolator FE analysis. The structural analyses are expected to raise further important
issues, and thus completion of this phase is anticipated to require two years. The participants
therefore requested the IAEA to extend the CRP by another year. Allowing this important work to
proceed to a final conclusion would be of benefit for both nuclear and other seismically vulnerable
high tech industries. Indeed, since seismic isolation is suitable for many types of structures, the work
under the CRP to improve design procedures for isolators and analysis of isolated structures have
widespread application.
After discussion, the IWGFR recommended however to finalize the CRP in 1999. In case of
urgent needs, the IWGFR proposed to convene a small consultancy meeting in 2000.
3.2. A Technical Committee Meeting (TCM) on "Methods and Codes for Calculations of
Thermalhydraulic Parameters for Fuel, Absorber Pins and Assemblies ofLMFRs" was held at the
IPPE, Obninsk, Russia, from 27 to 31 July 1998.
It was recommended by the TCM participants that IAEA/IWGFR future activities on
thermalhydraulics (TCM, AGM, CS, benchmark) should include the following issues:
•
•
•
•

LMFR with passive decay heat removal and shutdown systems, and core design with
strong negative reactivity feedback;
a benchmark exercise for 3-D numerical simulation of pin bundles;
inter wrapper flow simulation in LMFR core;
fuel behaviour under handling operations.

It was also recommended that the IAEA arrange training programmes for developing
countries.
The IWGFR asked the IAEA to summarize the TCM materials in a report (IAEA-TECDOC).
3.3. A consultancy meeting on "IAEA/EC Comparative Calculations for severe accidents (ULOF,
UTOPJ in the BN-800 type reactor was held at the IPPE, Obninsk, Russia, from 2 to 6 June 1998.
The main aim of the joint IAEA/EC project was to establish a basis for and to evaluate the
advantages of an innovative LMFR core design with a near zero sodium void reactivity. The Russian
BN-800 type LMFR with such core design was chosen as a calculational model. The following
countries and organizations participated in this project: France (CEA), Germany (FZK), Japan (PNC,
Hitachi), India (IGCAR), Italy (ENEA), UK (AEA-T) and Russia (IPPE). The main advantages of
this innovative BN-800 type core design are to be seen in providing an additional inherently activated
safety margin for preventing fuel pin failure or local boiling both under normal operation and severe
transient conditions that were considered in the design basis accidents. UTOP accidents most
probably lead to an early reactor shut-down. In case of ULOF accidents the main advantage of this
innovative core design is that it is hardly possible to approach or exceed prompt criticality in the
initiation phase of the transient. Results of this comparative exercise provided to Member States the
opportunity to compare the theoretical approaches and to validate computer codes.
Recommendations include acknowledgement of a strong desire of the participants to summarize
results of the above project in a report (IAEA-TECDOC).
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3.4. A TCM on "Unusual Occurrences during LMFR Operation: Review of Experience and
Consequences for Reactor System" was held at the Agency's Headquarters from 9 to 13 November
1998.
The TCM considers that it is appropriate for the IAEA to take steps to retain and promote
LMFR technology. The following objectives are consistent with this policy: (1) to record LMFR
experience and archive unpublished data from the nations with LMFR expertise; (2) to continue to
catalogue and collate LMFR data (Fast Reactor data base, IAEA-TECDOC-866 is a good example);
(3) to transfer expertise to the nations which plan exploitation of LMFRs; and (4) to inspire and
educate young engineers in the nations where expertise exists in the absence of indigenous hardware
projects.
The IWGFR recommended to publish the proceedings of the TCM as an IAEA-TECDOC.
4.

MEETINGS ARRANGEMENTS FOR 1999

4.1. The Scientific Secretary informed the Group Members that the Agency has cancelled the
meeting on "Evaluation of Fast Reactor Core Physics Tests" (A2.03/1, replaced by AG-99.20 13AG-99.13) which was selected by the IWGFR for 1999. He reminded that the Japanese
representative (Mr. Yamashita) informally indicated the willingness of his authorities to host the
meeting in Japan. This cancellation has been discussed at the IWGFR meeting. After discussion with
contributions of representatives of all member countries it was unanimously agreed that in the
present situation, the international co-operation relating to the development of LMR in critical and
subcritical modes and cooled by different liquid metals for incineration of long-lived radioactive
waste and energy production is highly desirable. It was pointed out that the above-mentioned AGM
is the only topical meeting in 1999 in the frame of the A2.03 Project "Liquid Metal-Cooled
Reactors". The Group considers that it is important that the activities of the IWGFR will continue to
provide what is the only forum in the world for international exchange in LMR science and
technology, and to contribute to the preservation of LMR scientific knowledge. The IWGFR
therefore urgently asked the administration of the IAEA to take the necessary steps to have the
above AGM reinstated and to convene it in November 1999 at the Agency's Headquarters.
4.2. A final RCM on "Intercomparison of Analysis Methods for Seismically Isolated Nuclear
Structures" will be held in conjunction with the Post-SMTRT Conference Seminar on "Seismic
isolation, passive energy dissipation and active control of vibrations of structures" at Cheju, Republic
of Korea, from 23 to 25 August 1999. The meeting is under preparation.
4.3. After discussion it was agreed that a first RCM on "Updated codes and methods to reduce the
calculational uncertainties of the LMFR reactivity effect" should be held at the Agency's
Headquarters in Vienna in November 1999. The Russian Federation proposed to use as a
calculational model an innovative mixed UOX/MOX core of BN-600 reactor. The IWGFR agreed
that two phases should be envisaged for this CRP: the first phase will comprise an analytical
benchmark based on the BN-600 hybrid core model, and of analyses backed by some experimental
evidence obtained in the BFS facility (for which IPPE is studying mock-up configurations for the
planned hybrid BN-600 core using weapons-grade plutonium); the second phase would extend the
work to cases considering minor actinides fuelled cores - first only as an analytical exercise, but later,
also the possibility of obtaining experimental data for these cases should be a matter of discussion.
The meeting participants pointed out that this proposal aiming to improve the accuracy of reactivity
coefficient calculations is of particular relevance in view of the eventual weapons-grade plutonium
utilization.
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The Scientific Secretary distributed forms "Proposal for Research Agreement" and asked
Group Members to pass them on to project personnel for filling out and returning to the Agency as
soon as possible.
5.

MEETINGS ARRANGEMENTS FOR 2000

5.1. As a result of the discussion it was recommended to the IAEA that the AGM on the "Design
and performance of reactor and subcritical blanket systems with Lead and Lead-Bismuth as coolant
and/or target material" should be held within the framework of the IWGFR at the Agency's
Headquarters in Vienna.
5.2. Participants were reminded that, in accordance with Group recommendation, the Agency plans
a new CRP on "Advanced power reactor options for effective incineration of radioactive waste
(intercomparison of LMFR, ADS and Molten Salt Reactor Systems)", to start in 2000. After
discussion it was recommended to initiate a collaborative co-ordination research project between the
Agency and the OECD/NEA. The Group recommended to hold the first RCM in 2000.
6.

EXPANSION OF IWGFR's WORK SCOPE

During the last years, many countries performed an assessment of their R&D programmes on
fast reactors. Alternative fast reactor coolants (other liquid metals, gas, supercritical water, molten
salts) are analysed. Along with the development of conventional critical fast reactor, some countries
are carrying out R&D on subcritical reactor systems driven by an accelerator (ADS). The IWGFR
therefore asked the Administration of the IAEA to expand IWGFR's work scope to include nonsodium cooled FR and ADS.
7.

OTHER BUSINESS

Mr. J. Kupitz, SH-NPTDS presented the outcome of the Agency's recent Major Programme 1
Reviews (Senior Expert Group, PPAS Major Programme 1, Replies to Questionnaire from IWGFR).
The IWGFR did not agree with the SEG conclusions that project A.2.03. Liquid Metal Fast Reactor
has average priority in comparison with other projects of Subprogramme A.2. The Members of the
IWGFR considered more correctly to give equal priority to all projects of Subprogramme A.2, as
was done by senior experts in the frame of PPAS. The IAEA Secretariat was asked to distribute to
the participants copies of the two reviews (SEG and PPAS review).
Mr. Gowin, IAEA/NPTDS, presented the scope of the "3 Agency Study - Roadmap to Future
Nuclear Technologies" and its objectives, the rational for undertaking the study and an excerpt of a
joint draft document, including a list of fast reactor designs selected for the study. The IWG
recommended for the "detailed assessment" that a "group" of FR should replace the Japanese DBFR,
and be evaluated in parallel, as they would have similar R&D needs. This "class of large oxide fuel
reactors" group would include the EFR, DBFR and BN-800 reactors. The other candidates for
detailed assessment proposed by Mr. Gowin should be maintained.
8.

DATE AND VENUE OF THE 33rd ANNUAL MEETING OF THE IWGFR

It was agreed that the 33rd Annual Meeting of the IWGFR will be held at the Agency's Headquarters
in Vienna, from 16 to 18 May 2000.
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ABSTRACT
The French nuclear plants operated in 1998 in good conditions, with an availability factor of 81,1 % for the 900 MWe and
1300 MWe units, in industrial operation ; this factor is lower than in 1997 (82,5 %) due to problems on Belleville and
Flamanville 1300 MWe units. The number of incidents decreased : -20 % from 97 to 98, as their level of gravity : from 27 %
of level 1 in 97 to 17 % in 98. Difficulties were encountered on N4 plants for which the industrial operation was delayed to
1999 (Civaux 1 restarted in March 99).
On February 2, an interministerial committee confirmed the definitive shutter of the Superphenix plant, this same committee
indicated also clearly the important potential role of nuclear energy in the long term, and the specific interest of fast reactors.
So an R&D programme is maintained on fast reactors. Phenix received at the beginning of the year the authorisation to
realise the 5 0 ^ irradiation run ; pending renovation works and inspections to be conducted between the runs 50 and 51, it
should operate till 2004, with six 120 EFPD runs. Most of the experimental programme foreseen in Superphenix for
transmutation studies was transferred in Phenix.
Among other outstanding decisions, 4 more PWR were allowed to receive MOX fuel, and the allowed Pu content in MOX
fuel was raised A interministerial committee on December 9 confirmed the orientations of February ; decisions were taken
for a first underground laboratory for long life wastes disposal, and to look for a second one.; a reorganisation of legislation
for safety and radoiprotection was initiated.
At the very end of December, Prime Minister signed the decree authorising the decommissioning of Superphenix, allowing
the first phase of works to begin. At the end of the year about 200 people had left the operating teams.
The year 98 was used to close the EFR project, that is to say finalise the files, organise the documentation and conservation
of knowledge. A synthetic booklet was edited (in appendix to this paper).
The technical inquiry about the accident occurred at Rapsodie in 1997 led to a good comprehension : the cause is a
succession of reactions which were not known at that time and led to the explosion of the storage tank under internal
pressure. CEA confirms the interdiction to use any kind of alcohol for sodium elimination.
During the first part of this year, the new orientations of the R&D program were assessed, in coherence with governmental
orientations, as its amount, and it evolution during the next years. Inside this program, CAPRA is now devoted to Pu
management problems, whereas the transmutation of MA and LLFP are now dealt with in a CADRA program. This R&D
program is now strongly reduced for what concerns sodium cooled reactors, widely opened to the study of alternative
solutions (gas, other liquid metals, supercritical water, molten salts), and continues to rely on international collaborations.

(*) with contributions from :
C.TAILLAND for general information
P.MARMONIER, J.DESREUMAUX for RAPSODIE chapter
P.COULON for PHENIX chapter
R.DEL BECCARO (EDF) for SUPERPHENIX chapter
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1.

1.1

GENERAL SITUATION

SOME OUTSTANDING EVENTS

EDF is now preparing to the opening to concurrence of electricity market; at the end of 98, it bought the British Distribution
Company London Electricity. The average price of electricity in France decreased by 2.5 % on May 1 s t (it had been 4.6 % in
97).
The Government decided to reorganise the control of nuclear plant safety, including protection against radiations ; IPSN
should no longer be part of CEA.
In order to study the storage of wastes, the Government decided the creation of an underground laboratory in limestone, in
the Meuse department, and must examine a subsurface plant in the Gard.

1.2

PRODUCTION OF ELECTRICITY

In 1998, the electricity produced in France was shared as follows :
nuclear power plants
conventional power plants
hydraulic plants
Total
exportation
importation
pumping
line losses

368 Twh (76 %)
52 Twh (10%)
66 Twh (14 %)
486 Twh among'
62 Twh
4 Twh
5,7 Twh
30,3 Twh

So, the net electrical power consumption was 393,2 Twh, i.e. an increase of 2,8 % in comparison of the 1997 value.

1.3

NUCLEAR ENERGY PRODUCTION DATA

At the end of 1998, EDF had 57 PWR units connected : the availability factor was 81,1 % for the 900 MWe and 1300 MWe
units, in industrial operation ; this factor is lower than in 1997 (82,5 %) due to problems on Belleville and Flamanville 1300
MWe units.
The number of incidents decreased : -20 % from 97 to 98, as their level of gravity : from 27 % of level 1 in 97 to 17 % in 98.

1.4

THE START UP OF N4 PLANTS IN CHOOZ AND CIVAUX

None of the three units Chooz Bl and B2, Civaux 1, was put in industrial operation, due to interventions on a cooling circuit
used when the reactor is shut down. Civaux 2 is in final phase of construction and should be connected to grid during the
second hall of 99. Chooz Bl received recently the authorisation for restarting.

1.5.

STATUS OF FAST REACTORS

Phenix received at the beginning of the year the authorisation to realise the 50 t h irradiation run ; pending renovation works
and inspections to be conducted between the runs 50 and 51, it should operate till 2004, with six 120 EFPD runs. The 50 t h
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run was interrupted in November after 74 EFPD due to a leak on an IHX, and it was decided to end it and begin the works
referred to hereabove.
Most of the experimental programme foreseen in Superphenix for transmutation studies was transferred in Phenix.
The technical inquiry about the accident occurred at Rapsodie in 1997 led to a good comprehension : the cause is a
succession of reactions which were not known at that time and led to the explosion of the storage tank under internal
pressure. CEA confirms the interdiction to use any kind of alcohol for sodium elimination.
On February 2, an interministerial committee confirmed the definitive shutter of the Superphenix plant, and on December 31,
1998, the Prime Minister signed the decree authorising the decommissioning, allowing the first phase of works to begin. At
the end of the year about 200 people had left the operating teams.
The year 98 was used to close the EFR project, that is to say finalise the files, organise the documentation and conservation
of knowledge. A synthetic booklet was edited (in appendix to this paper).
The February 2, 1998, interministerial committee which confirmed the abandon of Superphenix indicated also clearly in the
same time that fast reactors were recognised useful, in the long term, for the best use of fissile resources. So an R&D
programme is maintained at a reduced level. During the first part of this year, the new orientations of this program were
assessed, as its amount, and it evolution during the next years. Inside this program, CAPRA is now devoted to Pu
management problems, whereas the transmutation of MA and LLFP are now dealt with in a CADRA program.
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2.

2.1.

RAPSODIE

WORK ON THE FA CIUTY

Work performed in 1998 was mainly aimed at decontaminating and rebuilding the southern hall and peripheral gallery of the
reactor, which were strongly damaged during the accident which occurred in March 1994:
- the southern hall's size was reduced as a new wall was built, in front of the wall damaged during the accident, and the space
between the two walls was filled in with earth.
- a new metallic roofing was implemented above the renovated southern hall, and above the peripheral gallery surrounding
the reactor's containment.

2.2.

THE ACCIDENT OF THE 31st OF MARCH 1994

As a reminder (see lecture dated May 1998) CEA's In-house Inquiry Committee demonstrated that the accident was due to
the tank's pneumatic bursting, under an internal pressure of ca. 15 bar, 8 days after its cleaning started. This analysis was
grounded on recordings from seismographs located near the reactor, on metallurgic examinations and metrologies performed
on the remains of the ReNa 302 tank.
In May 1999, after several years of studies, and notably after reproducing experimentally several chemical runaways, this
extremely sudden pressure increase was explained by a catalytic decomposition of the ethylcarbitol poured in a sufficiently
hot medium (ca. 180°C), containing ethylcarbitolate decomposition products. This catalytic reaction is slow in the beginning
and then extremely sudden. Soda and sodium ethylate play a major role amongst these catalytic agents.
How was this conclusion reached?

2.2.1.

Knowledge evolution as regards the ethylcarbitol (EC) + sodium (Na) reaction
(Ethylcarbitol = CH3CH2OCH2CH2OCH2CH2OH)

We noted, after numerous tests, that the ethylcarbitol reaction on sodium is much more complex than suggested by studies
prior to 1994.
a) Reaction with a major excess of ethylcarbitol (mass ratio: EC/Na > 50)
With a major excess of ethylcarbitol (this is the case with a block of sodium plunged in a stirred or circulating EC bath) the
reaction is complete and the reaction's enthalpy corresponds to the values between 170 and 185 kJ/mol of Na, generally
admitted for the traditional reaction,

(1)

Ethylcarbitol + Sodium
EC + Na

->
->

Ethylcarbitolate + Hydrogen
ECNa+'/ 2 H2

b) Reaction with a minor excess of ethylcarbitol (mass ratio: EC/Na < 12)
In the absence of agitation and of a major excess of ethylcarbitol, (this is the case of a small quantity of alcohol poured in a
puddle of sodium), measurements showed that the reaction's enthalpy is of ca. 100 kJ/mol of Na at the most.
Furthermore, the reaction is incomplete under such conditions and stops when the medium reaches a sodium limit
concentration. The value of this limit depends on the EC/Na ratio, the temperature, and the time during which the
temperature is upheld:
50 g of Na/kg of mixture at 40°C
100 g of Na/kg of mixture at 100°C.
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This limit concentration can be explained by the formation of octahedral complexes around the cation of the Na+, with a
second alcohol molecule. Such complexes can be represented by diagrams of the following type:

H,

H2

H,

H2

H,

I

H,

I

H,

H,

Hi

Ho

[Na(C 6 H 13 O 3 )(C 6 H 14 O 3 )]
The complex represented above corresponds to 79 g of sodium/kg of complex.
This relatively steady geometry slows down the reaction capacity of the second alcohol molecule, and contributes to the
formation of aggregates, therefore strongly increasing the medium's viscosity.
Furthermore, if such an EC/ECNa medium, at its limit concentration, is heated in a closed enclosure, with an excess of free
sodium, the following phenomena are observed:
- under 100°C, there is a discharge of gas once again, but with a much lower flow rate (ca. 10 times less) and exothermy is
weaker than during the initial reaction,
- above 100°C, once the sodium has become liquid, the discharge of gas stops.
The residue obtained with this reaction is a white very hygroscopic powdery product, which rapidly becomes brown when in
contact with air or light, which can still contain initial metallic sodium in excess, which can have the stoichiometry of pure
ECNa (from 140 to 150 g of Na/kg), and has an infrared spectrum identical to that of the ECNa at 125 g/kg obtained by
evaporation of the EC. If a few drops of water are added to this product, a brisk effervescence occurs.
These phenomena can be explained by the fact that the hydrogen released by the reaction (1) is «trapped)) by the
EC/ECNa/Na complex, with the formation of sodium hydride, solvated or not, or even intermediate stages such as the
ECNaH2, in accordance with reactions of the following type:
Na + 1/2 H2 -»• Na H

Ar H° = -54 ld/mol

In this case, the final residue would be a solvated alcoholate compound of ECNa, nEC and of sodium hydride, NaH.
If all the hydrogen from initial reaction, EC + Na -> EC Na + 1/2 H2, is not released and forms hydride with a second Na
atom, according to Na + 1/2 H2 -> NaH, the balance reaction of these two reactions corresponds to:

(Ibis)

EC + Na -> (1/2 ECNa + 1/2 EC + 1/2 NaH)

Ar H° = -77 kJ/mol

But generally, a partial discharge of the produced hydrogen takes place, and the total dissolving of the sodium in this
ethylcarbitol corresponds to the following general balance equation:
(Iter)

x EC + y Na -> z ECNa + (x-z) EC + (y-z) NaH + (z - y/2)H2

avec y/2 < z < y « x

From room temperature to 100°C z = y, solely formation of ECNa, discharge of all formed hydrogen and ArH° = lOOkJ/moldeNa
Above 100°C, y/2 < z < y, formation of ECNa and NaH in parallel, discharge of some of the formed hydrogen and 77 kJ/mol of Na< ArH° < - 100 kJ/mol of Na.
In the borderline case, when z = y/2, all formed hydrogen is trapped in the form of hydride and as much ECNa as NaH is
formed.
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This general equation shows that it is not possible to follow up the progress of the sodium's dissolving in the
ethylcarbitol with measurements in line, neither by measuring the volume of discharged hydrogen, nor by measuring
the medium's temperature increase.

2.2.2. - Thermal instability of the EC/ECNa/NaH/mixtures produced by the reaction:
A study of the thermal instability of the EC/ECNa/NaH/mixtures produced by the reaction, as systematic as possible,
highlighted temperature ranges, which each correspond to a certain number of typical reactions.
From room temperature
the ethylcarbitolate starts decomposing itself and produces ethanol and probably ethylate.
From 40 to 150°C, we detect:
- in the gaseous phase hydrogen, ethanol, ethylcarbitol, water vapour and ethylvinylether (as of 150°C)
- in the liquid phase oxalate and carbonate in very small quantities.
This range of temperatures is not hazardous if a 150°C temperature is never exceeded during the initial EC + Na
reaction.
From 150 to 220°C,
minor gas discharges, ethylene, methane, hydrogen, and a self-heating of the medium occurs.
In this range of temperatures, one must note that all the ECNa is decomposed after 24 hours at 180°C:
The main exothermal reactions which then take place correspond to the following equations:
ECNa -» 2CH3 CHO + C2HsONa
ECNa - • 2CH3 CHO + NaOH + C2H4 + Na
2ECNa -» Na2 C2 O4 + 3C2 H4+2CH3 CHO+3H2
2ECNa -> Na2 C2 O 4 + 3C2 H4+2C2H5 OH+H 2
followed by:

Ar H° = -59 kJ/mol of ECNa
Ar H° = - 28,5kJ/mol of ECNa
Ar H° = -50,5 kj/2 raol of ECNa
Ar H° = -189 kJ/2mol d'ECNa

C2 H5 OH + Na -> C2 H5 ONa + 1/2 H2

Ar H° = - 217,7kJ/mol of Na

and Na + 'A H2 -> NaH

Ar H° = -54 kJ/mol of Na

which corresponds to a partial trapping of the hydrogen (produced by decomposition of the ECNa) by sodium blocked in the
initial reaction's octahedral complexes.
Concurrently, "free" hydride, not trapped by the complexes, can also react with some "free" ethylcarbitol in excess,
according to:
EC + Na H -> ECNa + H2

Ar H° = -126 kJ/mol of NaH

With soda and ethylate, decomposition processes of the ethylcarbitol in excess also start, according to:
C6 H14 O3 -> 2C + C 2 H 4 + C 2 H4 OH + 2H2O

• Ar H° = - 45,5kJ/mol of EC

and:
C6 H14 O3 -> 4C + 2C2 H4 + 3H 2 0

Ar H° = - 254kJ/mol of EC

Therefore, this temperature range, between 150 and 220°C, corresponds to the minor self-heating field, which according to
the test conditions will gradually:
either decrease, and lead to an interruption of the reactions between 250 and 300°C,
or increase, and lead to a runaway at ca. 220 - 270°C.
Therefore, this range is unpredictable
Above 220°C,
if the EC/ECNa/NaH mixture's sodium concentration is high enough, the strongly exothermal reactions which take
place often become runaway reactions with considerable gas productions.
In this case, the main exothermal reactions which occur are as follows :
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If the temperature enters the 150-220°C range suddenly, a little ethylcarbitolate can remain, and its decomposition
corresponds to the following type of reactions :
2ECNa -> Na2C2O4 + IOC + 2H2O + 1IH2
2ECNa -> Na2CO3 + 11C + 3H2O + IOH2

Ar H° = - 360 kJ/2 mol of ECNa
Ar H° = - 415 kJ/2 mol of ECNa

But overall, if fresh ethylcarbitol is added, a reaction takes place between some of this fresh EC and the EC/ECNa/NaH
complexes' hydride, freed by the decomposition of the ECNa according to :
EC + NaH -> ECNa + H2

Ar H° = - 126 kJ/mol of NaH

Concurrently, a major part of the ethyicarbitol, in excess or which was added, decomposes by catalysis with the soda and
ethylate, slowly in the beginning according to:
C6 H14 O3 -> 4C + 2CH4 +3H20

Ar H° = -254kJ/mol of EC

then extremely suddenly according to :
C 6 H i 4 O 3 - > 6 C + 4H2 + 3H20

A r H° = - 105kJ/molof EC

In this temperature range, a sudden decomposition of the ethylate also takes place according to:
C2 H5 ONa -» NaOH + 2C +2H2

Ar H° = -22kJ/mol of ethylate.

as well as alcohol + soda reactions of the following type :
C6 H14 O3 + 2NaOH -> Na 2 C 2 O4 + 2C2H4 + H 2 0 + 3H 2

Ar H° = - 30kJ/mol of EC

C6 H5 OH + 2NaOH -> Na2 CO3 + CH4 + 2H 2

Ar H° = - 30,5kJ/mol of ethanol

Above 400°C,
ethylcarbitol decomposition continues according to:
C6 H14 O3 -> 6C + 4H 2 + 3H 2 0

Ar H° = -105kJ/mol of EC

and all the formed oxalate changes into carbonate according to reactions of the following type:
Na 2 C 2 O4 + 2NaOH -> 2Na 2 CO3 + H2

Ar H° = - 4kJ/mol of oxalate

or
Na 2 C 2 O4 -» Na 2 CO3 + CO

Ar H° = + 77kJ/mol of oxalate

2.2.3. - Runaways in heterogeneous mediums
When EC is injected on a puddle of sodium covering the heat-insulated bottom of a small cradle heated in a nonhomogeneous fashion, tests on mock-ups have shown that:
• as soon as the sodium's melting temperature is reached, it leaves the bottom to form droplets floating at the
surface of the EC. Then, the droplets speedily join up to form a ball which slowly migrates towards the cold area of the
recipient (surface tension + natural convection).
•therefore, there is less and less sodium in the hottest area of the recipient, the products of the initial reactions
which are in this area gradually decompose, and the higher the temperature, the quicker the decomposition. Concurrently, the
EC + Na reaction can nearly stop in the cold area (bad thermal conductivity of the medium and formation of octahedral
complexes).
• if the hot area does not dry up too much in terms of ethylcarbitol, a runaway of the decomposition reactions can
occur, as soon as a point of this area reaches a temperature of ca. 270°C. Considering, the major thermal leaks of the used
mock-ups, this temperature is higher than the temperature required to obtain a runaway in a closed heat insulated recipient,
i.e. from 170°C to 240°C according to the recipient's adiabatic level.
• if all the ethylcarbitol dries up in the hot area, a runaway can be obtained simply by adding « fresh» ethylcarbitol
in this area.
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• the runaway of the decomposition reactions results in a effervescence of the medium, the appearance of brown
foam, a large discharge of gas and white smoke, an expansion of the foam, and then a sudden drying process which changes
the brown foamy mixture into a black powdery solid.
• once it is initiated within the liquid, the runaway extends to the medium with a speed ranging from 1 to 2 mm/s.

2.2.4. - Simulation of the ReNa 302 accident by kinetic modelling in a homogeneous reactor
Through calculations, we tried to reproduce the evolutions of the tank's bottom medium "average" temperature, and of the
pressure in the tank, during the cleaning operations of March 1994, grounded on the newly highlighted reactions and on
temperature "steering"of these reactions.
Therefore, we used:
• a simplified reaction pattern, based on reactions considered as the most representative of the studied phenomena,
• and a mathematics model calculating the evolution of the various species in the medium over time, by
assimilating this medium to a homogeneous chemical reactor, and therefore, not considering the sodium migration
phenomena, mentioned in the previous paragraph.
The implemented reaction pattern is as follows:
- From room temperature, EC + Na reaction :
(1)

EC + N a - » E C N a + l / 2 H 2

A r H° = -100 kJ/mol ofNa

A limit sodium concentration for the obtained complex is taken into account.
- From 100°C, formation of the ECNa/hydride/EC complex according to:
(Ibis)

EC + N a - » ( l / 2 E C N a + l / 2 E C + l / 2 N a H )

Ar H° = -77 kJ/mol of Na

This « simplified » configuration of the general equation lter from §2.1, corresponds to the case when in excess of 100°C,
all the hydrogen from the formation of ECNa is trapped by the sodium in the form of hydride, and then retained by the
octahedral complexes.
- From 120°C, ethylcarbitolate decomposition according to :
(2)
(3)

2 ECNa -> Na2C2C>4 + 2 C2H5OH+ 3C2H4 + H 2
2ECNa •* Na2C 2 O 4 + 2CH3CHO + 3C2H4 + 3H 2

ArH°=-94,5 kJ/mol of ECNa
ArH°=-25,25kJ/mol of ECNa

90 % of decomposition occurs according to reaction (3) and 10 % according to reaction (2).
- the moment ethanol forms, ethanol/sodium reaction:
(4)C2H 5 OH + Na -> C2H 5 ONa + lA H 2

ArH°=-217,7 kJ/mol of Na

- From 140°C and once all the sodium is dissolved, gradual « release» of the hydride from the complex by ECNa
decomposition, and reaction with the « fresh » EC according to:
2 (l/2ECNa+l/2 EC+l/2NaH)+freshEC -» 2ECNa+EC in complex + H2 with
A r H° = -126 kJ/mol reacting in the complex.
In order to take the ReNa 302's heterogeneity into account, in terms of medium temperature and composition, a « slower »
kinetics is used for this reaction, compared to that established experimentally with a homogeneous medium: the
decomposition of the ethylcarbitolate is slower at the extremities of the tank compared to the centre, therefore, the gradual
release of the hydride is slower at the extremities, and the fresh EC/hydride reaction is not as significant at the extremities
compared to the centre.
- From 180°C, after contact with the "aged" medium with ethylate and soda enclosed, EC decomposition according to:
EC -» 4 C + 2 CH4 + 3 H2O

Ar H° = - 254 kJ/mol of EC

- From 205°C, EC decomposition according to:
EC -» 6 C + 4 CH2 + 3 H2O

Ar H° = - 105 kJ/mol of EC
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The implemented mathematics model is that of the PROSIM BATCH software from the PROSIM Company (Toulouse,
France).
With figure 1, it is possible to compare the "average" temperature evolution, calculated for a homogeneous medium, with the
"local" temperature evolution measured at a tank's extremity.
As the two compared temperatures are not of the same nature, the noted deviation is quite acceptable, even if it increases a
little just before the runaway process.
Figure 2 shows the "calculated" and "measured" pressure evolutions in the tank, during the last day. Globally, the
comparison is satisfactory.
With the results of this comparison, one can say that the reactions selected to build the implemented reaction pattern
represents the encountered phenomena correctly.
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2.2.5. - Accident interpretation with current knowledge
- First injections
During the first two days (24th and 25th of March), 1,000 litres of alcohol were injected. The temperature measured on the
operation thermocouples rose up to 150°C, i.e. a temperature of ca. 200°C in the tank's centre. A successive formation of
ethylcarbitolate and EC/ECNa octahedral complexes took place, with the production of hydrogen and a trapping of this
« produced » hydrogen by the sodium, with formation of hydrides retained in the complexes, then partial decomposition of
the formed alcoholate (at the interface between the alcohol and the sodium, the temperature can easily reach 240°C).
- Reaction medium ageing
During the period without injections, the temperature achieved by electrical heating increases to the same level than the first
days and amplifies the same phenomena: slow dissolution of the remaining sodium with formation of EC/ECNa/NaH
complexes favoured by the absence of agitation (no new injections), ECNa decomposition, formation of oxalate, ethanol,
ethylate soda, sodium carbonate, and trapping of some ethylcarbitolate decomposition hydrogen with a new formation of
hydride. This ethylcarbitolate decomposition process also « frees » some of the hydride retained by the complexes.
- Final injections
After 5 days without any "fresh" alcohol, the tank's centre contains a mixture mainly constituted of partially decomposed
EC/ECNa/NaH complexes, « freed » hydride, oxalate, ethylate and soda. The fresh ethylcarbitol injected on this medium
briskly reacts with the « free » hydride, thus contributing to the reactions' divergence. Locally, the medium's temperature
largely exceeds 180°C, temperature from which, with ethylate and soda, the decomposition of the ethylcarbitol, added and in
excess, speeds up to become extremely sudden at ca. 205°C, by producing over 900 m3 of gas, thus causing the tank's
pneumatic bursting.
It is also interesting to note, that although a high temperature was reached (from 180 to 205°C) in the morning of the 31 st of
March, the runaway only occurred in the afternoon, as the heat released by the miscellaneous chemical reactions
(ethylcarbitolate decomposition, ethylcarbitol decomposition...) was "consumed" by the tank's thermal losses, by increases in
the temperature of the cold injected ethylcarbitol and by the evaporation of the volatile components. Throughout the day, the
thermal balance of the medium was therefore very unstable, and the "runaway" only prevails over the "damping" process
after a long period of thermal oscillations (see figure 1).

2.2.6. - Conclusions on the accident
Presently, we consider that the only cause of the accident is a considerable and sudden discharge of gas, due to a runaway of
exothermal chemical reactions, which could not have been forecast in 1994, by lack of knowledge.
Indeed, until this accident, ethylcarbitolate was considered as a stable final product of the sodium dissolving reaction, on the
same grounds as soda, due to the analogy between the following reactions:
ROH + Na -> NaOR + <A H2
and
HOH + Na -> NaOH + 14 H 2
However, studies performed after the accident highlighted that:
* the EC/ECNa/NaH mixture, resulting from the EC + Na reaction, is very unstable: minor instability under 150°C, but
major instability above. If it is maintained at 180°C for more than 24 hours, the ECNa fully disappears, and an ethylcarbitol
decomposition process may start,
* this thermal instability results from decomposition reactions, which are exothermal themselves. Above 150°C, the
EC/ECNa/NaH/decomposition products system enters in a self-heating initiation range, which, according to the experimental
conditions (notably thermal leaks), can either gradually reduce (the reaction then stops between 250 and 300°C), or increase
(the reaction then changes into a runaway reaction at ca. 220-270°C), with a considerable production of gas,
* these extremely sudden decompositions of the medium EC/ECNa/NaH/mixtures produced by the reaction, with test cell
pneumatic bursting, can occur without external medium heating,
* if the reaction runaway does not occur, it is often possible to trigger it, simply by adding some "fresh" ethylcarbitol in the
medium.
Considering this new knowledge, the prohibition as regards cleaning sodium puddles with alcohol was confirmed for all
CEA facilities.
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3.

3.1.

PHENIX

INTRODUCTION

Three main periods characterise the story of Phenix in 1998 : after the meetings of the Safety Authority held in 1997 (1st
July and 2 n ^ in December), the first months were devoted to the completion of the last safety files ; from May to November
took place the 50 m run (74 EFPD); the renovation works begin at the end of the year.

3.2.

BEFORE THE 50th RUN

The main request from Safety Authority were :
-

the demonstration that a crack in the upper welds of the main vessel could not become critical between two
inspections;
the optimisation of the treatment of the new measurements of the altitude of S/A heads, and the proposition of a
criterion of acceptation for the value of the slope deduced from the altitude of the lateral neutronic protection heads ;

-

3.3.

the new measurements concerned 131 S/A (18 previously) and lead to the definition of a strategy for the future
inspections.

50th RUN

The operation started with the increase to 250°C of the secondary circuitd. n° 2 and 3. The criticality was obtained on April 8
(authorisation April 6). Then, the end of April and the beginning of May were devoted to changing two rupture discs on a
SGU modules (the discs were of a special design and appeared to have an incorrect operation).
The first connection to grid happened on May 2 5 m and the maximum level of power - 350 Mwth, 137 Mwe was reacted on
May 28&.
During this run, the operation was satisfying. The main troubles came from the hydrogen detection in the SGU, which gave
several spurious signals ; the problem was solved by a change of procedure ; the incident affected a turbine bearing in
September, the reactor and a lubrifying circuit of the turbine in October.
A planned shut down was made from September 21 to 30, in order to withdraw one experiment and introduce the Japanese
experimental PNC P6 ; some new standard S/A were charged to get a sufficient reactivity till the end of the run.
On November 9, the reactor was shut down to allow an operation of reinforcement of structures (preparation of the
renovation works). At this occasion was confirmed a sodium leak between the primary and the secondary part of an IHX.
Considering the 50 t h run had already well progressed, it was decided not to wait for the replacement of this IHX, but to stop
the reactor and anticipate the renovation work.
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Ptenix data as on November 10 th 1998
50 run

Since 1973

Equivalent Full Power Days

77,3

3860,5

Electricity production (Gwh)

382,2

20 880,4

Connection to grid during (h)

3019

99 811

Reactor critical during (h)

3606

112 904

3.4.

RENOVATION WORKS AND PREPARATION OF THE 51st RUN

The renovation works have been described in the previous IWGFR report (for 1997) ; the most important are the
reinforcement of the various buildings to improve the resistance to earthquakes, modification inside the SGU building to
improve the behaviour in case of sodium fire, works on steam pipes. Another crucial, request is the inspection of these wells
of the core support structure.
A special organisation was set in place to ensure the optimisation of he planning and the coordination of the works.
In 1998, the main realisations were :
installation (between the double envelope and the safety vessels) of the structure to be used by the works during the
core structure inspection;
-

since the end of the 50 t h run ;
identification of the leaking IHX and some works to prepare the permutations of IHX necessary for the run 51 and
following:
introduction of 3 new S/A and unloading 3 experimentals ;
•

determination of the altitude of S/A heads by the manutention arm - the results are those expected and will be
reference for the tests to come;
beginning of seismic reinforcement of the handling building;
beginning of renovation work in the SGU building.

3.5.

EXPERIMENTAL ROLE OF PHENIX

A new irradiation programme was defined, mainly devoted to transmutation, in the frame of the French law on radioactive
wastes. Phenix proved able to take charge of most of the programme foreseen in Superphenix - what was not possible to
reproduce was the industrial aspect, from which were representative experimental S/A in Superphenix (two with high Pu
content, one with Np in the oxide).
The future programme will include :
-

to get basic data : two irradiations of sample of various pure isotopes (among which MA and LLFP) and one on
moderator materials;
four irradiations to study the homogeneous incineration of actinides, four on matrices and four on burgess for
heterogeneous incineration;

-

two irradiations devoted to LLFP destruction ;
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-

two Capra experiments, in view of Pu management;
seven experiments on structural materials (among which two aiming very high doses on martensitic steels)

One of the experiment on inert matrices was introduced in Phenix at the beginning of the cycle 50.
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4.

4.1

SUPERPHENIX

INTRODUCTION

On February 2, 1998, the French government confirmed its decision to definitively shut down Superphenix. The activities
carried out during the year were of two kinds:
Research activities: continuation and intensification of research prior to decommissioning operations,
Technical field activities: routine maintenance of the power plant and modifications with a view to performing initial
decommissioning operations.

4.2.

DECOMMISSIONING STUDIES

4.2.1.

Preliminary Studies

Preliminary studies of an exploratory nature were initiated as early as July 1997, following the declaration of June 19, 1997
by the Prime Minister that the power plant would soon be abandoned. With the objective of constructing a coherent overall
plan for the operations leading up to decommissioning, the studies were classed under five headings: unloading, future of the
sodium, destruction of the sodium, state of the structures and components after draining, and radiological inventory. The
studies resulted in several technical documents that formed an essential basis for the remainder of the research (review of
available techniques, compilation of design data, pre-design studies of new facilities).
A summary of the studies permitted defining reference solutions, alternatives and variations, determining which solutions
were to be discarded, and identifying the analyses to be pursued.

4.2.2.

Detailed Studies

Following confirmation of the decommissioning of the power plant announced by the government on February 2, 1998,
detailed studies were undertaken. The studies permitted selecting technical options relative to initial decommissioning
operations.

4.2.2.1. Fuel unloading
The studies focused on numerous technical options that could be envisaged for complete fuel unloading and, during
unloading, on maintaining the temperature of the primary system sodium.
The studies led to the selection of unloading without recourse to a "false" core (dummy elements inserted to replace the
unloaded fuel) and the justification of this option with respect to safety in complete documentation showing, in particular,
the good resistance of a partially discharged assembly network in the event of an earthquake.

4.2.2.2

Maintaining primary system sodium temperature

The temperature of the reactor block has to be maintained (at about 180° C) for the duration of draining, including during the
treatment and reduction of the main sodium retention areas.
Maintaining the temperature using the primary pumps is not compatible with assembly handling operations.
Maintaining the temperature using the secondary pumps is not an operational possibility at the end of draining, in view of
the dewatering of the intermediate heat exchangers.
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Two substitute methods of maintaining the temperature were therefore analysed and compared:
A flow of hot nitrogen between the main reactor vessel and the safety vessel,
Electrical heat tracing of the outer wall of the safety vessel associated with total (or partial) insulation of this vessel.
The risk of anoxia and the dimensions under the dome of the nitrogen circuits proved to be incompatible with a correct
sequence of unloading and draining operations. This method was also discarded.
The electrical heat tracing solution was eventually selected.
It was decided that it should be installed prior to unloading operations so as to cover all heat supply requirements during
unloading, complete draining, and treatment of retention areas.
This early installation furthermore permits not only being free as soon as possible from the constraints involved in the use of
the primary pumps and the secondary loops, but also significantly simplifying the general operation of the power plant and
the safety of decommissioning operations.

4.2.2.3. Fuel handling and temporary storage
Upgrading of the assembly removal system was begun in order to take into account all the objects to be handled in the
context of complete unloading.
The upgrading took into account:
The result of complementary analyses performed with respect to the hydrogen hazard, a hazard related to the cleaning of
particular assemblies,
The low level of the decay heat of the assemblies (800 W for the hottest assembly), which permits simplifying the provisions
originally made for the handling of assemblies the decay heat of which could reach 7 500 W and reducing operational
constraints.
The future of the assemblies was determined. According to their nature and in a first stage:
Storage of irradiated fuel and breeder assemblies in the APEC pool,
Storage of absorber assemblies in dry packing,
Transport of new assemblies to the COGEMA plant at Cadarache. An alternative solution could be storage in the APEC
pool.
Steel assemblies that have been irradiated (reflectors, diluents, etc.), as well as the steel assemblies that constitute the lateral
neutron shielding will be left in the reactor.

4.2.2.4. Sodium draining
Chronologically, the draining operations for the secondary loops, the decay heat removal system and their auxiliaries are no
longer linked to the unloading once the temperature of the primary sodium is maintained by the system described above.
The definitive draining of these systems will be performed before the draining of the primary sodium.
Draining of the primary sodium will be carried out using existing means and tried during the tests performed at the
beginning of the initial filling of the primary system.
Subsequently, the reduction of the sodium retention areas on the diagrid, the core catcher, and the vessel bottom head, about
30 m 3 in all (i.e., less than 1 % of the initial volume to be drained) will be carried out using specific means, to be installed
and now in the process of being studied.
Several techniques are being developed:
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Draining by hydraulic sodium transfer methods when the sodium level in the vessel is lower than the level of the free surface
of the retention area,
Drilling holes to permit the flow of retention area sodium to the vessel bottom head.

4.2.2.5. Sodium storage
The assessment of the capacities currently existing at the site and able to accommodate the sodium revealed a deficit of about
800 m3 between existing capacities and the volumes to be stored.
The studies that were performed focused on four feasible technical options:
Three of them used existing capacities, but all required adaptation and the creation of supplementary capacities,
The fourth consisted in creating a new storage facility situated outside the facilities confined and monitored after
decommissioning. This facility would be intended to accommodate the totality of the sodium to be stored or, at least, all the
primary sodium.
The selection of a storage method wiil be determined during 1999: the selection depends, in particular, on the treatment
authorised for the sodium and the future of the products resulting from this treatment.
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5.

EFR

A indicated in the previous annual report, it had been decided, in January 98, by EDF and BNFL to close EFR studies by the
end of 1998. EFRA associates wrote a series of documents in order to keep a good trace of the considerable work made in
the frame of the project. This synthesis work was effectively completed in 1998 and the EFR program can be considered as
finished.
A booklet presenting the history and the achievements of the program was edited in conclusion of the work. It is given as
appendix to this annual report
The final outcome of the EFR program is a fully integrated and consistent advanced fast reactor design, meeting the
objectives set by the utilities related to safety and economic competitiveness compared with future European LWR plants. It
is a design which takes full benefit of the operating experience gained from sodium cooled and oxide fuelled fast reactors in
European around the world, and which includes innovative and advanced features bringing benefits in safety, reliability and
economics, which have been validated by extensive R&D. EFR is, and will remain, a reference commercial fast reactor
design against which any new innovations, either specific fast reactor features or alternative concepts, can be compared and
judged.
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6.

6.1.

R&D

INTRODUCTION

The beginning of 1998 was a decisive period for FR R&D. The major event is the affirmation coming from the Government
on February 2 that FR are considered as necessary to get the best utilisation of fissile resources ; the industrialisation phase is
seen in the long term (several ten years), but, to prepare it, R&D remains necessary.
This statement, combined with the abandon of Superphenix, led to an in-depth redefinition of French R&D programme.

6.2.

STRATEGY AND OBJECTIVES

6.2.1.

STRATEGY

The main guidelines are the following :
•
•
•
•

Interest for FR in the long term ;
Contribution to Pu management: this is the objective of the Capra program ;
Conservation of the knowledge considered as useful for future construction of FR;
Necessity to close a lot of actions (the most technological ones, and/or those in support in Superphenix operation)
without utility for the long term.

This led to propose a strategy funded on those following elements.
to conduct an R&D opened to all possible options for FR (use of alternative coolants), while keeping the advantages
of the present reference ;
-

at intervals of several (5 to 10) years to make the exercise of defining the characteristics of an industrial FR
answering the safety requirements and having the best economic performance;
to remain open to international collaboration ; both during the R&D phase and the R&D phase and the selection of
options for an industrial realisation.

6.2.2.

OBJECTIVES

In accordance with this strategy, the program will answer several main objectives ;
-

R&D support to Phenix operation, and to Superphenix decommissioning;

-

problems of interest to different FR solutions :
improvement of the sodium cooled solution, by bringing solutions to the main drawbacks (difficulty of in service
inspection, fire risk);
expertise of shut down reactors;
conservation of knowledge;
evaluation of innovative concepts
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management of Pu, and transmutation of wastes.
these actions are now clearly distinguished ; Pu management is a key characteristics of FR which have for that a
specific potential, being able to breed or burn, and use a large rang of composition ; it constitutes the CAPRA
program the problem of transmutation of wastes is dealt with in an other large CEA programme (including
ADS systems), called CADRA. CAPRA and CADRA are jointly implemented, because a lot of technical
issues are similar, but their objectives are recognised different :
CAPRA : Consommation Amelioree de Plutonium dans les Reacteurs Avarices
Improved Pu Consumption in Advanced Reactors.
CADRA : Consommation d'Actinides et de Dechets dans les Reacteurs Avances.
Consumption ofActinides and Wastes in Advanced Reactors.

6.3.

COMPOSITION OF THE PROGRAMME

The main technical guidelines of the revised programmes were defined in accordance with the objectives presented
hereabove. As general rules, international collaborations are looked for ; benefit will be drawn from synergies with other
fields (fuel; neutronic codes for FR but also LWR, thermalhydraulics, and so on...).
Basic research will be favorised, as it provides fundamental information that remain valuable in time. The main illustrations
are : obtention of high burn-up for fuel, long lifetime for absorber; maintaining and improving basic data for core physics ;
focusing safety actions on the development of core accident codes ; most of actions on sodium technology will be closed ; in
structural mechanics the equilibrium will change between design methods, to be reduced, and basic problems as fracture
mechanics, seismic, accidents.
All activities directly linked to Superphenix operations -improvement of fuel performances, evolution of cores, safety
analysis, inspections, sodium technology, specific materials as alloy 800 for SGU- will be closed in two or three years.
Whereas the R&D program on sodium cooled FR will strongly decrease, due to Superph&iix shutdown and the closure of
EFR program, an increasing effort will be made on alternative options; the objective is to get a complete knowledge of their
characteristics to make, when the time has come, the best choice for the type of fast reactor for concrete realisations. The gas
cooled version is considered as bringing the main alternative, and will lead to the most important program; another
significant program will concern lead and lead-bismuth cooled versions; only exploratory studies will be engaged on
solutions as supercritical water or molten salt cooled reactors.

6.4.

OUSTANDING RESULTS OF THE R&D WORK IN 1998

The R&D program lead to the following results :
-

for fuel: the PIE examinations of the Trabant 1 pins revealed an important clad melting and an extended sodium fuel
reaction zone, giving credit to the assumption of a defect of the rig leading to clad failure ; the examination of the
highly irradiated PFR annular pins, in LECA, showed a very good behaviour of fuel and PE16 clads ; the fabrication
of pins for BORA BORA experiment is BOR 60 was successfully completed in summer, but problems of
transportation delayed the beginning of irradiation, now foreseen in mid-99 ;

-

for absorber - studies on B4C fragments from Hyperbare experiments provided data on the mechanisms of
degradation under irradiation. At the end of the year a synthesis on the knowledge gained on absorber behaviour was
written;

-

metallographic examinations were made on samples of EM 10 wrapper stored in water at Superphenix APEC ;

-

the collaborative work with Japan on ODs cladding progressed with the fabrication of clad tubes and weldability
tests ; the preparation of two experiments to high dose on EM 10 and EM 12 in Phenix is going on
improvement were brought to the Germinal code, as well as validation test on various irradiated pins ;
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basic studies were conducted on the Cs molybdate properties, in the frame of modelling work on failed pin behaviour

in core physics : the qualification of ERANOS was extended on Superphenix and Phenix, and Capra cores ;
concerning nuclear data, the libraries were extended (with C\2, He4, Pa23j, F, C L . ) ; an improvement was brought
to the diffusion cross section of Na, which had proved to be deficient;
the analysis of two experiments conducted in Superphenix in 1996 was completed : one concerns the calculation of
flux in IHX and activation of secondary Na, by analysis of detectors in IHX ; the other the calculation of the decay
heat power. Both confirmed the good performance of the relevant calculation tools ;
a synthesis was written on the monitoring and protection of S/A melting accidents in fast reactors ;
several improvements were made in SAS 4A code, and many validation test realised ; the data set was reorganised,
and a documentation is in progress ; the post treatment system was improved ;
CABRI tests - no test was made in 98, but the interpretation on RBI (clad failure + fuel melting) progressed and
precised the extension of the molten zone ; the conditions of the following test, RB2, were defined. Also the
interpretation of LT4 (COF + TOP) gave information of interval motion of the fuel and post failure phenomena, and
the conditions of the future LTX test were studied.
preparation work was also made on TP2, TP3, TPA1 and TPA2 tests, devoted to the study of the transition phase.
the agreement on SIMMER III development, between CEA, FZK and JNC was extended for 3 years ; considerable
progress were made on this code, now able calculate reactor accidental situations ;
documents were written on Feumix 3.4. and Pulsar 3.2. codes for sodium fires A complete synthesis of all the work
made was prepared and the redaction is now completed ;
in thermalhydraulics, some improvements of TRIO code occurred and validation calculations were made on thermal
stripping tests ; on gas entrainment modelling, modulus were realised on fragmentation, thermal transients and
degassing and incorporated in VIBUL code ;
thorough analyses of contamination of Phenix IHX were made, and test of decontamination with the SPm process ;
modelling of Cs trapping on carbonated materials was completed ;
in collaboration with Minatom, a study was made on the separation of hydrogen and tritium in a cold trap in view of
qualification of KUTIM code ;
a complete study of the reactions between NaK and its oxides was made, in view of decommissioning problems ;
the first test of sodium leak (representative of Phenix) was made in the new Futuna 2 facility ;
the in service inspiration program was reoriented towards generic activities, development of methods, modelling and
extension to other liquid metals ; a material was selected for US transducer face in contact with sodium ; a process
was defined for inspection on large components by lamb waves ; a synthesis was made on telemetry above sodium ;
a synthesis was completed on sodium water reaction;
the work on alloy 800, the material of Superphenix SGU, was stopped;
on 316 LSPH steel (low C 316), the action was reorganised to provide an alternative methods of evaluation of fatigue
and creep damage;
a series of test was conducted to simulate the consequence of air ingress on sodium wetted samples leading to stress
corrosion in aqueous soda; no crack was initiated which shows that the conditions of such a corrosion are difficult to
reach;
a study made on 321 steel (for Phenix SGU) concluded that delayed cracking by relaxation in heat affected zones is
mainly, sensitive to the degree of cold work and that ageing leads to a diminution of the risk. Damage models were
derived;

35

FAST REACTORS IN FRANCE IN 1998 - 32*h IWGFR MEETING - VIENNA 18-19/05^9

tests were made on the influence of the conditions of pickling and/or decontamination on 304 H and 316 forged
steels;
on the Symphony facility in Saclay, tests were made on fuel S/A behaviour under seismic solicitations ; in air the
correlation is good between tests and calculation, but with presence of a fluid modelling must be improved ;
the work on conception rules progressed with a new version of the guide on the harmfulness of cracks ; other fields
studied were progressive deformation, buckling of thin pipes, analysis of dynamic stability of structures in non linear
conditions;
an important program went on on high temperature fracture mechanics (tests on crack initiation and propagation in
tubes or plates) under fatigue and creep ;
representative tests were conducted on tubes for leak before break assessment; the main concerned a tube at 600°C
under creep fatigue, leading to a leaking crack after 450 cycles of 2 hours ; the corresponding water flow rate were
measured;
in the study of the consequence of a confinement accident, a model of porous medium was developed and validated ;
several studies were conducted in support of Phenix extension of life project; expertise of components ; test on T
junction behaviour under creep-fatigue conditions, high temperature intergranular cracking on 304 welded zones,
mechanics of welded structures at high temperature.
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The southern hall after lifting of the first roof slab
IWGFR / VIENNA May 1999
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The remains of the tank after lifting of all the roof slabs
IWGFR / VIENNA May 1999
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The remains of the tank after cleaning
IWGFR/VIENNA May 1999
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2)CHEMISTRY OF THE ACCIDENT
a) Important improvements in knowledge
b) Confirmation through calculated simulation

IWGFR/VIENNA May 1999
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IMPROVEMENT IN KNOWLEDGE N°1
A REACTION ETHYLCARBITOL + Na MUCH MORE COMPLEX THAN
USUALLY ANNOUNCED
- REACTION WITH A MAJOR EXCESS OF ETHYLCARBITOL (EC)
(MASS RATIO EC/Na > 50):
A COMPLETE "TRADITIONAL" REACTION
EC + Na •» EC Na + y2 H2
ArH*-175kJ/molofNa

IWGFR/VIENNA May 1999
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IMPROVEMENT IN KNOWLEDGE N°1
- REACTION IN A CLOSED ENCLOSURE WITH A MINOR EXCESS OF
ETHYLCARBITOL
(MASS RATIO EC/Na <12):
AN "INCOMPLETE" AND MUCH MORE COMPLEX REACTION
(SODIUM LIMIT CONCENTRATION IN THE FINAL MIXTURE)
xEC + yNa •» z ECNa + (x-z)EC + (y-z)NaH + (z - y/2) H 2 with y/2 < z < y « x
- 77 kJ/mol of Na < ArH < -100kJ/mol of Na

IWGFR/VIENNA May 1999
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Na limit concentration explainable by the formation of octahedral complexes
around the cation Na+, with a second alcohol molecule.

The complex represented above corresponds to 79 g of sodium/kg of complex.
13
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IMPROVEMENT IN KNOWLEDGE N°2
A Na ETHYLCARBITOLATE (ECNa) VERY UNSTABLE
• DECOMPOSITION REACTIONS OF ETHYLCARBITOLATE START AT ROOM TEMPERATURE
ARE STRONGLY EXOTHERMAL ABOVE 150°C,
ARE COMPLETE AFTER 24h AT 180°C.
• MAIN DECOMPOSITIONS CORRESPONDING TO THE REACTIONS :
C6H13ONa -» 2CH3 CHO + C2H5ONa

A, H° = -59 kJ/mol of ECNa

C6H13ONa -> 2CH3 CHO + NaOH + C 2 H 4 + Na

Af H° = - 28,5kJ/mol of ECNa

2C6H13ONa -*• Naz C2 O4 + 3C2 H4+2CH3 CHO+3H2

\

2C6H13ONa -> Na2 C 2 O4 + 3C2 H4+2C2H5 OH+H2

A, H° = -189 kJ/2mol d'ECNa

H° = -50,5 kj/2 mol of ECNa

followed by:
C2 H5 OH + Na - > C 2 H5 ONa + 1/2 H 2

A r H o = -217,7kJ/molofNa

and

IWGFR / VIENNA May 1999
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IMPROVEMENT IN KNOWLEDGE N°3
A DECOMPOSITION PROCESS OF ETHYLCARBITOL STARTING CA 180°C
IN PRESENCE OF DECOMPOSITION PRODUCTS OF
EC/ECNa/NaH/Na MIXTURE, SODA AND ETHYLATE ESPECIALLY

MAIN DECOMPOSITIONS CORRESPONDING TO THE REACTIONS:

4. H° = - 46,5kJ/mol of EC
\ H° = - 254kJ/mol of EC
= -105kJ/molofEC

+3H2O
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IMPROVEMENT IN KNOWLEDGE N°4
A CLEANING OF Na PUDDLES WITH EC GENERATING VERY INHOMOGENEOUS
MIXTURES
IN CASE OF THERMAL GRADIENT ON THE BOTTOM OF A TANK COVERED WITH
A Na PUDDLE, WHEN CLEANING WITH EC :
• AT100°C, Na LEAVES THE BOTTOM TO FORMS DROPLETS FLOATING AT THE
SURFACE OF EC, THAT JOIN UP TO FORM A BALL, WHICH MIGRATES TOWARD
THE COLD AEREA.

• IN THIS COLD AEREA, EC + Na REACTION MORE OR LESS STOPS.

• IN THE HOT AREA, ECNa DECOMPOSES WITH EXOTHERMAL REACTIONS, AND
A RUNAWAY DECOMPOSITION OF EC MAY STARTS (FROM 170°C TO 240°C) AND
THEN EXTENDS TO THE WHOLE MEDIUM.

IWGFR/VIENNA May 1999
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b) SIMULATION OF THE ACCIDENT BY KINETIC MODELLING

EVOLUTIONS OF TANK'S BOTTOM MEDIUM AVERAGE TEMPERATURE,
AND PRESSURE IN THE TANK, DURING CLEANING OPERATIONS,
CALCULATED BY USE OF:

• A SIMPLIFIED REACTION PATTERN, BASED ON THE MOST
REPRESENTATIVE REACTIONS OF THE OBSERVED PHENOMENA, AND
THEIR TEMPERATURE STEERING,

• A MATHEMATICS MODEL, CALCULATING THE EVOLUTION OF
VARIOUS SPECIES IN THE MEDIUM DURING THE PROCESS, BY
ASSIMILATING THE MEDIUM TO A HOMOGENEOUS CHEMICAL
REACTOR
19
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Temperature evolutions during the week
Temperature (°C)
300

T

250

. -Average" temperature calculated for a
homogeneous medium

200 ..

"Local" temperature measured at a
'tank's extremity

150 ..

100 ..

50 .

Thursday
24

Friday
25

Saturday
26

Sunday
27

Monday
28

Tuesday
29
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Pressure evolutions on Thuesday the 31 s t of march
Pressure (mBar)
1000 T

900
800
700

.Calculated pressure
600

— Measured pressure
500
400
300
200
100-1

7:12

8:24

9:36

10:48

12:00 13:12
Time

14:24

15:36

16:48

18:00
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CONCLUSION
THE ONLY CAUSE OF THE ACCIDENT IS A CONSIDERABLE
AND SUDDEN DISCHARGE OF GAS, DUE TO A RUNAWAY OF
EXOTHERMAL CHEMICAL REACTIONS, ENDING IN A VERY
SWIFT DECOMPOSITION*THE^@)ETHYLCARBITOL IN EXCESS
INJECTED INTO THE TANK.
CONSIDERING THIS NEW KNOWLEDGE, THE PROHIBITION
AS REGARDS CLEANING SODIUM PUDDLES WITH
ALCOHOL WAS CONFIRMED FOR ALL CEA FACILITIES.

IWGFR/VIENNA May 1999
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Status of fast reactors In France In

1998

IWGFR meeting - Vienna 18-19/05/99
J.Leclere CEA
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Status of fast reactors in France in 1998

Production of electricity - TMAXK data
- nuclear power plants
- conventional
- hydraulic

368 Twh (76 %)
52 Twh (10 %)
66 Twh (14 %)

Total 486 Twh among which 437 from EDF
-

exportation
importation
pumping
line losses

Net consumption

62 Twh
4 Twh
6 Twh
30 Twh

393 Twh (97 + 2 %)
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Status of fast reactors in France in 1998

Nuclear power plants
57 PWR units connected at the end of 98
- availibility factor : 81,1% for 900 <& 1300 Mwe
• lower than in 97 (82,57©), due to problems on Belleville
and Flamanville 1300 Mwe
- less incidents than in 97 : -20 % ; level of gravity
decreasing : 27 % level 1 in 97,17 % in 98

No industrial operation of the N4 plants
- intervention necessary on a cooling circuit
- Chooz Bl recently authorised to restart
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Status of fast reactors in France in 1998

Fast Reactors - outstanding events
Phenix : completion of run 50
- 74 BFPD -satisfying operation
- start of renovation works in November

Superphenix : confirmation of shutdown on 02/02
; decree for decommissioning on 31/12
Closure of EFR program
Issue of technical report on Rapsodie accident
Governmental statement on the interest of FR
for the long term : RAD program maintained and
reorientated
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Status of fast reactors in France in 1998

Rapsodie (see specificpresentation)
Information on the accident of March 31,1994
- confirmation from metallurgical examination
• bursting of the tank : pneumatic origin (13-16 bar)
• no dysfunction in the system
- results of laboratory tests
• EC+Na = ECNa+l/2H2+168kJ/mole not the only reaction
• other ones give H2 and large quantities of other gases
- still no clear identification of the cause of decomposition
reactions nor of reactions leading to a great gas release
- CEA continues to prohibit use of alcohol for Na destruction

Works on the plant
- dismantling and cleaning
- start-up of the reconstruction of the plant

_ , _
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Status of fast reactors in France in 1998

PMnix
• Meetings with regulatory authority : 03/07/97 ;
04-11/12/97
- difficult issue : integrity of the core support system and
seismic behaviour of some buildings

• Official authorisation given for run 50 m 1998
• Completion of works between runs 50 and 51
necessary for further operation - goal: 2004
• Consequences on R<&D programme
- delay and uncertainty for previous experimental
irradiations
- comprehensive experimental programme built till 2004
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Status of fast reactors in France in 1998

Phenix operation in 1998 (1)
End of April - preparation of start-up
- SGU test leading to the failure of two rupture discs
• evacuation of Na
• wrong operation of one disc
- replacement of two discs

Sart-up in May
-

May 22-24 : criticality
several shut-downs on hydrogen detection alarms
May 25 : connection to grid
May 26 : 2/3 Pn (350 Mwth)
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Phenix.operotjon in 1998 (2)
Satisfying operation at 350 Mwth
- main events
• changing one cold trap in June
• troubles with hydrogen detection in SG\J : spurious shutdowns : 30/05,19/08
• incident on a turbine bearing (28/08 - 04/09)
• planned shut-down on September 20
- loading 3 new fissile 5/A and PNC P6- unloading QUASAR2
- 28/09 criticality
- 01/10 346 Mwth

• 02/10 shut-down (steam temperature)
• 05/10 criticality 06/10 return to 350 Mwth/144 Mwe
• end of run 50 on November 09- leak on one IHX

Start of the renovation works in November

51
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Status of fast reactors in France in 1998

Works planned on Phenix
Inspection of the conical shell supporting the core

(07-10/99)
- US inspection across 6 holes in the «double envelop» shell

Reinforcement against earthquakes (till 03/00)
- reactor, SGU, manutention, turbine buildings

Reinforcement of sodium fire protection inside SGU
building (year 99)
Mitigation of the consequences of a rupture of steam
pipes (05-09/99)
Inspection of upper structures of the reactor (03/99
& 10-12/99)
New ultimate cooling circuit (01-09/99)
^Aaintenance works (every 10 years)

ascM
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Some data on Phenix operation (end of run 50)
50 th run Since 1973

77,3

3 860,5

382,2

20 880,4

3 019

99 811

3 606

112 904

10
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Superphenix (1)
Core unloading
- without dummy S/A
- from periphery towards center
- cooling : no need of pumps,provided the sodium is kept
liquid
- planned from 01/07/99 for 18 months
• presentation to safety Authority on October 1st

Sodium heating
- possible by IHX and RUR, but not at the end of removal
• interest of installing an electrical heating system
- heating wires and heat insulator on the outside of safety
vessel ~ 600 Kw necessary
- installation : first half of 99
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Status of fast reactors in France in 1998

Superphenix (2)
Sodium removal
- problems : storage, date of removal...
- still being examined

APEC
- reinforcement of the roof, refection of joint with
reactor building
- request to come next for operation with active material

Some points about organisation
- adaptation to the new situation : by projects
- technically : a separation will be organised between
circuits still needed and others
- no longer Italian and German staffs on the site
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Rcxb - The new landscape
Superphenix will not restart
Interest for fast reactors is confirmed
Phenix is expected to operate till 2004
A revised R&D programme is maintained on
fast reactors
-

reduced in volume
centered on basic studies
open on alternative solutions
relying on international collaborations
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The R&b programme (1)
On sodium oxide reactors
- the program evolves deeply
• cloture of technological actions
• recentering on generic studies
• support to Phenix and M/AD(*) Superphenix
- new innovative actions will be introduced
• mainly to improve the potential of sodium
- in service inspection, fire risk...

(*)Mise a I'Arret Oefinitif

14
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The R&D programme (2)
Innovative program on other fast reactor opilons
- objective : assessment of their interest
- ability to make the best choice for future realisations

Options selected
- gas cooled FR : the main effort on this option
• real alternative to liquid metal
• potential interest of high temperature
- other LM cooled FR
• Pb or Pb-Bi to get rid of the drawbacks of sodium
• interest for hybrid systems
- supercritical water, molten salts FR : exploratory studies
15
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CAbkA - CAPRA programs
The former CAPRA program was reassessed
Two objectives are clearly distinguished
- Plutonium management: CAPRA
• Improved Pu Consumption in Advanced Reactors
- incineration of wastes : CADRA
• Consumption of Actinides and Wastes in
Advanced Reactors

Both programs are jointly implemented under
the authority of the same Responsible
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Experimental programme m Phenix
Comprehensive programme built till 2004
- mainly devoted to transmutation of radioactive wastes
(MA <& LLFP) - (CADRA)
- partially replacing the programme foreseen in Superphenix

Basic data

- 2 irradiations of samples of various isotopes
- 1 experiment on moderator materials

Incineration of minor actinides
- homogeneous way : 4 experiments (+ 1 in Osiris)
- heterogeneous way : 4 exp. on matrices
4 on targets (+ 3 in HFR, 1 in Osiris, 2 in BOR 60)

Destruction of long lived fission products - 2 exp.
Pu management (CAPRA) 2 exp. (+ 1 in HFR, 1 in BOR 60)
Structural materials - 7 experiments
17
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RAD programme - Fuel
Revised R&D programme
- obtention of high burn-up interesting in any case
• generic theme, conserved in the future programme
- basic studies on absorber materials

Highlights in 1998
- Phenix resumed operation
• accumulating doses on clad and wrapper materials
- good preparation of Bora Bora in BOR 60
- clad mechanics : modulus introduced in GERMINAL code
18
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R<&D programme - Core physics
Revised RAD programme
- data bases, libraries and codes
- constitution of SUN (unified neutronic system, for
FR and light water reactors)

Highlights in 1998
- qualification of ERANOS - for CAPRA cores
- experimental programme devoted to COSMO
experiments (incineration of Am)

19
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RAD programme - Safety
Revised RAD programme
- development of core accident codes - SIMMER I I I
- last experiments in CABRI in 1999
- constitution of a set of small codes for conception studies

Highlights in 1998
- SIMMER I I I :
• extension of the agreement for 3 years
• qualification work : boiling poools, freezing of a diphasic
mixture, validation of TWOTRAN neutronic modulus
- interpretation of Cabri tests on clad failure + fuel melting,
preparation of following test and experiments on
transition phase
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programme - Sodium technology
Revised R<&D programme : important evolution in
this field
- cloture of most actions in few years - ensuring a correct
conservation of knowledge
- some (limited) work in support of Superphenix and later
Phenix MAD

Highlights in 1998
- study of interaction between NaK and its oxides
- qualification of RVC and PICA pellets for trapping Cs
- development of a phenomenological model on
Na/watersteam reaction (application : cleaning pits for
large components)
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programme- inspection and repair
Revised RcxD programme
- Closure of the RAD actions preparing industrial
applications to Superphenix
- Evaluation of ISI&R innovative concepts (other coolants
than sodium)
- Going on basic R&D on under liouid metal NDE, US
telemetry and viewing, till definition of processes
- International collaboration (Europe/Japan)

Highlights in 1998
- Modelization of under sodium EMAT US wave propagation
- Technical specifications of an under sodium US viewing
device
- First tests of a laser tool devoted to sodium cleaning
22
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R<&£> programme - Structural materials
Revised R&D programme
- behaviour of welded zones, creep, ageing phenomena,
effects of irradiation
- corrosion - in case of using other heat "transfer fluids
- alternative materials

Highlights in1998
- study of delayed cracking mechanisms on 321 55 and
predictive modelling validated on HAZ simulated materials
- stop of creep tests programme on alloy 800 tubes
- completion on creep and creep-fatigue tests on sensitised
304 (study of ageing)
23
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&&D programme - Structural integrity
Revised RAD programme
-

consolidation <& development of design rules
high temperature Fracture Mechanics and Leak Before Break
life assessment methods for welded joints
improvement of thermal striping procedures
topics depending of the identified needs

Highlights In 1998
- completion of the SYMPHONY experimental programme
- fracture mechanics : tests on crack propagation in tubes and
plates
- support to Phenix inside the life extension studies
- approval of several supporting documents («Criteria») for

KCCm

24
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1998 progress in sodium wastes management
R&D on processes
- investigation of cutting techniques for cold-traps
- modelling of water-treatment of HA-sodium in pressuresealed reactor
- experiments on kinetics of Water-Vapour-Nitrogen and
Water-Vapour-CO2 processes

Facilities setting
- Tender for design and realization of ATENA (processing
facility for radioactive sodium waste from CEA's R<&D)
- Sodium draining furnace re-started in LAMA hot lab

Waste cleanup
- Radioactive NaK processing continued in STED-Grenoble
25
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Nuclear Energy in Germany

Since September 1998 Federal Government formed by
Red/Green Coalition
Declared goal of Federal Government: Irreversible Phase
Out.
• First attempt to stop reprocessing failed. First attempt to
change Nuclear Law failed.
• Present situation:
Existing power plant operated in a most satisfying
mode
Produced electricity 170 TWh/a, i.e. 35%
Transport license not granted
No new power plant.
German EVU will participate in a French EPR project.
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Fast Reactor Activities in Germany

• No industrial activities. Only research activities.
• Justification: Actinide burning. Participation in European
CAPRA project.
• No intention to built a facility.
• Research items:
- Neutronics
Safety analyses
Irradiation experiment TRABAlNT
- Accelerator-driven systems.
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ADS Activities at FZK
System analysis
>

Neutronics

>

Safety

>

Thermohydraulics

HLM Technology (KArlsruhe Lead LAboratory; KALLA)
> Technology (02 control; purification)
> Materials (corrosion, coating, surface treatment)
> Thermohydraulics (heat transfer, natural convection
etc.)
Cooperation with Russia
> Various ISTC projects
> Corrosion experiments in existing loops

Irradiaton experiments in HFR
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OBJECTIVES OF Pb-Bi-ACT1VIT1 ES

Development of new methods and technologies to design and to
manufacture thermally highly-loaded surfaces, which are cooled
by a corrosive heavy liquid metal (eutectic Pb-Bi).
• TP1: Thermohydraulic Investigation
Turbulent heat transfer along thermally highly-loaded surfaces in
Pb-Bi activities at FZK (e.g. beam window, fuel rod).
Validated thermohydraulic computer codes (e.g. Flutan, CFX).
• TP2: Material Investigations
Physical methods to describe corrosion mechanisms in Pub-Bi.
Solution of the corrosion problem for potential window, cladding
and structure materials.
• TP3: Oxygen Control
Measurement and control device for the oxygen potential in Pb-Bi
to finally control corrosion.
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KArlsruhe Lead LAboratory KALLA

Technology Loop
Operation starting:
04/1999

Ar
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control

H
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Beam
window
Heat transfer,
flow measurement
techniques,
high performance
heaters

Corrosion Loop
Operation starting:
06/2000

Thermohydraulc Loop
Operation starting:
06/2000

^

Target
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control
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The KArlsruhe Lead LAboratory KALLA
Technology Loop

Thermohydraulic Loop

Corrosion Loop

Main investiqations:
Oxygen measurement
Oxygen control
Heat transfer
High power heaters
Measurement techniques

Single-effect investigations:
• Beam window
• Target module
• Fuel element
Integral investigations:
• Heat removal
• Decay heat removal

Volume:
Power:
3
Volume:
0.1 m
Temperature:
Temperature: max550°C Volumene flux:

0.5 m3 - 4.0 m3
0.3 MW - 4.0 MW
max 550°C
max 100 m3/h

Corrosion mechanism
Protection layers
Mechanical tests

Volumen:
0.1 m3
Temperature: max 550°C
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STATUS OF FAST REACTOR DEVELOPMENT IN INDIA
April 1998 - March 1999
S.M.LEE
Director
Safety Research, Health Physics, Information Services
Instrumentation & Electronics Group
Indira Gandhi Centre For Atomic Research
Kalpakkam 603 102, Tamil Nadu, India

ABSTRACT
Electricity growth rate in India in 1998-99 improved compared to the previous year and
the installed electric capacity reached 93.25 GWe. The thermal nuclear power plants performed
very well with average capacity factor of over 72%. The Kalpakkam Reprocessing Plant was
commissioned.
FBTR was operated at various power levels and a peak fuel burn-up of 49000 MWd/t
achieved. Test irradiation of Zr-Nb was undertaken in FBTR for the PHWR programme.
Refurbishing of the plant included new state of the art neutronic channels.
Detailed design ofPFBR was continued. The review of the chapters of the PSAR by an
IGCAR Internal Safety Committee and by the AERB PFBR-Project Design Safety Committee was
continued. Work on Environmental Impact Assessment Report, for obtaining clearance from the
concerned environmental authorities, for the project has been started. Technology development
for PFBR included core subassemblies, main vessel, inner vessel, IHX, steam generator, roof
slab, drive mechanism, control plug etc. Indigenous manufacture of raw materials has been also
taken up.
R&D in reactor physics, shielding, engineering development, instrumentation, thermal
hydraulics, structural mechanics, metallurgy, non-destructive examination, chemistry,
reprocessing and safety was continued. These include cover gas heat and mass transfer, SA
hydraulic tests, thermal striping studies, fuel development for PFBR, corrosion and material
property studies on steels, PIE ofFBTRfuel and developments for the pilot plant for fast reactor
fuel reprocessing.

1.0

INTRODUCTION

The GDP growth rate, in India, was 7.8% in 1996-97, decreased to 5% in 1997-98 and
partially recovered to 5.8% in 1998-99. The economic development in India was affected by
turbulent and unfavourable international economic environment, unusual volatility in capital and
forex markets of industrialised countries and continuing drought in capital flows to developing
countries. The GDP growth rate in 1998-99 was led by the 'agricultural and allied" sectors and
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the "trade, hotels, transport and communications" sector. However, the industrial growth rate
declined and the mining sector stagnated partly as a reflection of decline in global prices.
Electricity growth rate improved in 1998-99 compared tothe previous year.
Total foreign exchange reserves at the end of January 1999 amounted to US $ 30.4 billion
which provides cover to about 7 months of imports in 1998-99. India's stock of external debt at
end September 1998 stood at US $ 95.2 billion as against US $ 93.9 billion at end March 1998.
The debt service payments, as a ratio of current receipts, continued to improve over the years
declining from 30.2% in 1991-92 to 19.5% in 1997-98.
1.1

Energy Scenario

Economic growth calls for matching growth rate in infrastructure. Growth rate of
demand for power is found to be higher than that of the GDP in developing economies. While
the ratio was over 3 in the fifties, and reached over 5 in the sixties, it came down to 1.65 in the
eighties and was projected as 1.5 for the nineties. A desirable rate of growth of GDP being 7%,
the rate of growth of power supply needs to be over 10% annually. While the Power Sector had
been mainly funded by budgetary support and external borrowings, growing limitation on such
support, has necessitated allowing private enterprises a larger role. The Indian Electricity Act,
1910 and Electricity (Supply) Act, 1948 were amended to provide for private investment in
power transmission. This is in tune with the overall attempt of the government to refocus
priorities to those areas which are the basic responsibility of the government and to withdraw
from areas where private initiatives could achieve the same goals more effectively.
Bulk of the generating capacity (nearly 70%) in India is owned by the different State
Governments. The Central Government run public sector National Thermal Power Corporation
(NTPC) continued to perform extremely well in 1998-99. Capacity addition of 940 MWe during
the year took the total generating capacity to 17735 MWe, with a long term corporate plan to
become a 30,000 MWe plus company by 2007. NTPC is India's largest power company and
sixth largest thermal power generator in the world. It generated 109.5 TWh at an average plant
load factor of 76.7% in 1998-99.
The coming future for the power generation sector appears to have many changes,
specially due to participation of private enterprises. The patterns of ownership of assets will be
significantly different, and the norms of project implementation, plant availability and reliability,
operations and so on changed to match international standards. The emerging competition from
Independent Power Producers, stringent environmental regulations, funds constraints, fuel supply
uncertainties will have major interrelated impacts on all the power suppliers, including nuclear
power.
1.2

Electric Capacity
Total installed electric capacity in MWe at the end of March 1999 is as follows:
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Coal
Hydro

57929
22438

Gas

9090

Nuclear

2225

Wind

968

Diesel

598
Total -

93248

i in MWe during 1998-99 was as follows:
Thermal (incl. Gas)

3245

Hydro

547

Diesel

222

Wind

68
Total

1.3

4082

Nuclear Power

The operating performance of the nuclear power plants for 1998-99 is tabulated below.
The performance has well exceeded the targets set and the generation has exceeded last year's
generation by over 16%.
Unit
TAPS-1
TAPS-2
RAPS-1
RAPS-2
MAPS-1
MAPS-2
NAPS-1
NAPS-2
KAPS-1
KAPS-2
TOTAL

Rated Power
MWe
160
160
150
200
170
170
220
220
220
220
1890

Generation
TWh
1.298
0.996
0.827
0.990
1.065
1.023
1.316
1.492
1.388
1.507
11.902
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Capacity
Factor %
92.6
71.1
63.0
69.0
75.4
71.5
68.3
77.4
72.0
78.2
72.5

|

RAPS-2 was synchronised to the grid on 6th June 1998 after enmasse coolant channels
replacement. MAPS-1 was subject to in-service inspection of coolant channels. The Kaiga
project comprising two PHWRs of 220 MWe each progressed and the reactors are expected to
achieve criticality in June 1999 (Kaiga 2) and June 2000 (Kaiga 1).
The Rajasthan project (3 & 4) also of 2 x 220 MWe PHWRs progressed and the hydrotest of the primary heat transport system and hot conditioning of Unit 3 is to be completed
shortly. The civil construction activity for the Tarapur project (3 & 4) for 2 x 500 MWe PHWRs
was started in October 1998. The scheduled completion dates are October 2005 for Unit 4 and
July 2006 For Unit 3.
The Indo-Russian joint venture project at Kudankulam for 2 x 1000 MWe of pressurized
water reactors (VVER) had its implementation started by signing of the contract for the Detailed
Project Report.
The Kalpakkam Reprocessing Plant (KARP) of 100 T/a capacity was hot commissioned.

2.0

FAST B R E E D E R TEST R E A C T O R (FBTR)

FBTR is a 40 MWt/13.2 MWe, mixed carbide fuelled, sodium cooled, loop type reactor.
It has two once through serpentine type steam generators (SG) in each of the two secondary
loops. The reactor has 100% steam dump capacity, in order to continue reactor operation when
turbine generator (TG) is not available. The reactor achieved its first criticality in October 1985.
Since then it is operated at various power levels upto 11.5 MWt. The present Mark I core with
29 fuel subassemblies (SA) (see fig. 1) is capable of generating 12.5 MWt at 320 W/cm peak
linear heat rating. TG was synchronised to the grid for the first time in July 1997. During this
year reactor remained shutdown up to June 1998 to complete major refurbishing works. For the
balance period, irradiation of six experimental SA carrying Zr-Nb capsules was done at a power
level of 8 MWt for determination of in-reactor creep rate, through post-irradiation examination,
for the PHWR programme. FBTR has logged 21150 h cumulative operating time since first
criticality, out of which 7130 h has been at high power ( 8 to 11.5 MWt).
2.1

Reactor Operation

During the year reactor operated for 2440 h (refer fig. 2), out of which 1720 h was at 8
MWt for Zr-Nb irradiation experiments. To simulate the temperature conditions of PHWR, the
reactor inlet temperature was limited to 581 K by restricting the reactor power to 8 MWt. The'
heat transport parameters during the operation were as follows:
Reactor inlet / outlet temperatures
Primary sodium flow through core
Sodium temperature at SG inlet/outlet
Feed water flow
Steam temperature
Pressure

576 / 642 K
330 cu.m/h
638 / 564 K
18t/h
599 K
117 Kg/cm2
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The following were achieved during reactor operation:
Irradiation campaign no. 006 was completed and campaign no.007 started.
Completion of irradiation of Zr-Nb capsules.
Maximum fuel burn-up of 49,000 MWd/t for Mark I (70% PuC 30% UC) core without
any failure.
2.2

Major Refurbishing Works
The following major modifications / refurbishing works were completed :

Replacement of neutronic channels by modern system. The salient features of the new
system are pluggable modules facilitating on-line maintenance at module level, reactivity
computation by software based microprocessor system, use of superscreened coxial cable and
opto-isolators to enhance the noise immunity of the system. All the controls required for on-line
testing and calibration of the channel are on the front panel.
Replacement of uninterrupted power supply (UPS) system with modern system along
with battery banks of plate cells having longer life. The new UPS is a static system using
compact static converter known as 'Convertron' as the functional unit consisting of charger,
inverter, static switch and output contactor housed in a single cubicle. Each UPS bus consists of
two Convertron units, each rated at 150% of the bus load (15 kVA). The capacity of the back up
source (battery banks) is 45 kVA and its voltage output is regulated. During normal service the
invertor will follow the grid frequency within a band of 50 ±2 Hz and within the band the
transfer from invertor to back up source and vice versa is synchronous and the transient
performance is better.
Replacement of one main boiler feed pump by an indigenously manufactured pump. The
salient features of the new eleven stage pump include similar flow-head characteristics as the
original pump. NPSH required at rated flow is 4.3 mlc as against 6.9 mlc for the original pump.
The new pump runs at 3600 rpm as against 5700 rpm of the old pump. Unlike the old pump, the
indigenous pump does not have inter-stage hydrostatic bearing. After installation, the pump was
tested under cold and hot conditions. The vibration velocities were found to be high (32 mm/s)
at 423 K and the pump has been dismantled and sent back to supplier's works for rectification.
Loopwise segregation of instruments and power supplies of secondary sodium system to
avoid common mode failure was completed. This required draining of secondary sodium loops
and primary sodium was kept hot (453 K) by circulation of heated secondary sodium through
IHX fill & drain lines utilising storage tank surface heaters.
The fire safety of the plant was improved with augmentation of different types of fire /
smoke detectors alongwith a new PC based analog addressable system and additional cable fire
barriers. The different types of detectors used are ionisation smoke detector, optical smoke
detector, flame detector and beam master set which are located in different buildings depending
on the requirement.
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2.3

System Performance

The performance of reactor systems, sodium systems, control rod drive mechanisms and
other safety related and auxiliary systems was satisfactory. The primary and secondary sodium
purity has been maintained below the plugging temperature of 378 K. Analysis of sodium
samples taken from primary and secondary loops were found normal for nuclear grade sodium.
Steam generators have been in operation for 7140 h without any water / steam tube failure. The
four sodium pumps and their drives are operating very well and have logged 95,825 h (primaryeast), 84,765 h (primary-west), 1,00,983 h (secondary-east) and 81,317 h (secondary-west) of
operation. During reactor operation, flow fluctuations were observed in hydrodynamically
coupled primary east and west loops accompanied by power fluctuations, but these were easily
controlled by operating control rods.
2.4

Shutdown Jobs and Other Works

Hydrogen in Argon Detector (HAD) in the secondary sodium east loop cover gas system
was calibrated at 523 K by injecting hydrogen in the expansion tank. A sensitivity of 0.24 V/100
vpm of hydrogen was achieved. Response of HAD was tested by injecting hydrogen in sodium
at 453 K and as expected 65% of the total quantity injected in sodium was detected in cover gas.
HAD commissioning work in the west loop is in progress. With good response of this system at
lower sodium temperature, the sodium temperature for putting SG in service on water side, can
be lowered from 523 to 453 K.
Various modifications for improved performance of different systems, preventive
maintenance and surveillance activities were carried out during shutdown periods. Some of the
important activities were inspection of annular gap between reactor vessel and large rotating
plug, iodine efficiency testing of RCB filter banks and grid plate level measurement using
CRDM. Five fuel handling campaigns to load / discharge Zr-Nb capsules in experimental SA
and load fuel SA were completed.
Two electro-chemical meters in secondary sodium (east) loop in SG leak detection circuit
were replaced with modified meters having better constructional features. They are working
well and are being observed for their performance.
2.5

Future Programme

To seek safety clearance for enhancement of burn-up and carry out the following:- Physics and engineering experiments
- TG operation with the grid.
Simultaneously to make preparations to take the reactor to full power by loading Mark II core.
3.0

PROTOTYPE FAST BREEDER REACTOR (PFBR)

PFBR is a 500 MWe, pool type sodium cooled reactor which has 2 primary pumps, 4
IHX and 2 secondary loops with 4 SG per loop. The reactor inlet and outlet temperatures are 670
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K and 820 K respectively. The steam temperature at SG Turbine Stop Valve is 763 K at 16.7
MPa. Conceptual design work except plant layout has been completed. Detailed design is in
progress.
An Internal Safety Committee has been formed to review the PSAR along with a Project
Design Safety Committee (PDSC) constituted by Atomic Energy Regulatory Board (AERB). So
far PDSC has reviewed the chapters on design basis, reactor physics, core engineering, reactor
assembly, component handling and storage, heat transport sodium circuit and R&D.
AERB has constituted a Site Evaluation Committee (SEC) in June 1998 for checking the
acceptability of Kalpakkam, the proposed site. Site Evaluation Report has been submitted to the
committee. The committee has started its review on seismic, geological, hydrological,
meteorological, flooding, effluent discharge aspects and man induced events. The review is
expected to be completed by June 1999.
Tender document for carrying out the detailed system engineering for the balance of plant
(BOP) and integration with NSSS has been issued and the consultant will be in place by
September 1999. Steps have been initiated towards preparation of Environmental Impact
Assessment Report for obtaining clearance from the concerned environmental authorities.
Construction of PFBR is likely to start by April 2001. Government has sanctioned about
Rs. 560 million (14 million US $) for indigenous materials development, construction of site
assembly shop and infrastructure development (roads, construction office, security wall etc).
Some important detailed design activities completed during the period of this report are
given below.

3.1

Core

3.1.1

Pressure Drop of Fuel SA

60 (—
Calculation
Experiment
45

Analysis was carried out to validate the
in-house developed code SAPD against the water
test results on foil scale SA for bundle pressure
drop using Cheng's and Pontier's correlations.
The results are compared with the experimental
data. Cheng's correlation under-predicts the
bundle pressure drop against the experimental
results. The results are well within the uncertainty
band of ± 14% with the prediction by Pontier's
correlation which are shown in fig. 3.
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Fig. 3. Pressure drop prediction
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3.1.2

Reactivity Oscillations During a Design Basis Seismic Event

Dynamic response of entire core SA
(181 fuel, 186 blanket, 72 reflector and 12
control SA) has been predicted using the inhouse code CORESEIS under horizontal and
vertical excitations corresponding to 0.156 g
ZPA. The peak displacements are 20 mm and
2.2 mm respectively in the horizontal and
vertical directions. Subsequently the reactivity
oscillations are estimated for each SA
knowing the displacements. The oscillations
for the central SA are shown in fig. 4. Finally,
the net reactivity is computed at each time step
by algebraic addition. The analysis indicates
that the maximum net reactivity oscillation
does not exceed 10 pcm which is very small.

3.1.3

Fig. 4. Reactivity oscillations due to
central SA

Sodium Flow Distribution in CSRDM Shroud Tube

Each drive mechanism is housed inside a perforated cylindrical shroud with 15 rows of
holes on its periphery to protect the drive mechanism against flow induced vibration. Sodium
flow from the core enters the shroud tube
Bottom
Top
through the annular space between the
CSRDM and the shroud tube and comes
«•—»• Radial Vekwty
out of it to the sodium pool through the
o - o Axial Velocity
peripheral holes and through the axial
«ResJiantVelooty
opening at the top. 3D hydraulic analysis
is carried out on the shroud tube with one
flow restrictor above each row of holes.
The flow restrictors help to reduce the
sodium velocity near the free level less
than 0.5 m/s to minimise the gas
entrainment. The computed maximum
free level velocity is 0.24 m/s (axial) and
0.25"
0.42 m/s (radial) which are acceptable
with respect to flow induced vibration
301206 cnt*bg«
and gas entrainment considerations. The
4
6
8
10
12
14
distribution of axial, radial and resultant
HOK FfcW ND.
velocities through different rows of holes
Fig. 5. Velocity at different rows
are shown in fig. 5.
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3.2

Reactor Assembly

3.2.1

Temperature Distribution on the Main Vessel

Detailed temperature distribution
in the annulus between main vessel and
thermal baffle along axial and
circumferential directions have been
obtained by 3D thermal hydraulic
analysis using PHOENICS code.
Analysis is done taking into account the
non-uniformity of the gap due to the
manufacturing
tolerances. Analysis
indicates that the average temperature of
the main vessel is ~ 680 K with the local
rise of ~ 10 K in the vicinity of the
coolant tube exit. These temperatures
are within the structural material limits
with respect to embrittlement, creep and
thermal buckling risks. Sodium flow
distributions in the annulus with uniform
and nonuniform gaps are shown in fig.
6.

3.2.2
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Fig. 6. Flow distribution in annulus

Thermal Ratchetting Estimation on the Main Vessel Near Sodium Free Level

Accumulated strain, creep and fatigue damage
on the main vessel in the vicinity of sodium free level
during safety grade decay heat removal (SGDHR)
operations due to thermal ratchetting mechanism have
been estimated by carrying out detailed viscoplastic
analysis with '23-Parameter Chaboche Model'. The
results are validated using the very relevant benchmark
problem called 'VINIL TESTS' conducted at CEA,
Cadarache. At the end of 120 SGDHR cycles, the vessel
deformation spreads over a length of 900 mm near the
vicinity of sodium free level, with a maximum value of
-15 mm (inward) as indicated in fig. 7.
The
accumulated strain is 0.2 % and creep damage is 0.24.
Fatigue damage is negligible. Thus the codal limits are
met. The deformation (15 mm) is less than the
thickness (25 mm).

C»d« -S.668
CJd« -7.319
5O1 cyd« -8.1S1
IK) Oi cy£a -14.22

•Hi (mm)

Fig 7. Accumulation of hoop strain
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3.2.3 Structural Integrity Assessment of Main Vessel Under CDA
For 100 MJ work potential with the equation
of state derived from physics calculation (initial peak
pressure and volume of core bubble are 3.5 MPa
and 2.5 m3 respectively), the main vessel without
internals is analysed using the in-house code
FUSTIN. The maximum strains in the vessel are 0.8
% and 3.2 % respectively in the upper portion and
bottom dished end respectively. Slug impact is found
to be absent. In order to analyse with all the
important internals, the code FUSTIN has been
improved by incorporating a 'two phase element'
which can be pure liquid or its vapour, or liquid plus
gas, or liquid vapour and gas. The code is validated
by solving an international benchmark problem
called CONT. Fig. 8. shows the evolution of mesh
deformations up to 300 ms. Analysis indicates that
vessel internals reduce the roof pull-down load
offered by the vessel significantly (fig. 9) and the
strain in the main vessel tends to become localised
with a marginal decrease in peak value (fig. 10).
Fig. 8. Mesh deformation
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Fig. 10. Hoop strain profile
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3.2.4 Analysis of Primary Pipe Rupture Event
Rupture of one of the four pipes is
analysed for the determination of
reduction of flow
to the core and
subsequent temperature rise of the coolant
and clad using the pump characteristics
under cavitating condition. The core flow
reduces to 39 % in 0.1 s. A parametric
analysis in relation to the data used have
been carried out. From the literature, it is
confirmed that there is no risk of flashing
and pump performs satisfactorily under
cavitating condition. The maximum clad
hot spot temperature is 1195 K and there is
no risk of bulk sodium boiling during the
event. Fig. 11 shows the evolution of these
temperatures.
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Fig. 11. Power and temperature evolution
3.2.5

Thermal Hydraulic Analysis of IHX Secondary Sodium Outlet Plenum
A two dimensional axisymmetric thermal
hydraulic analysis has been carried out to estimate
the flow and temperature distribution (fig. 12) at the
secondary sodium outlet plenum and thereby the
temperature difference between the inner and outer
shells is estimated. This analysis has been carried
out using PHOENICS code, employing the K-s
model. There is no complete mixing between inner
and outer rows of sodium. The difference in the
average wall temperatures of inner and outer shell is
found to be 14 K compared to the sodium
temperature difference of 23 K at the inlet of the
plenum, which is acceptable from the thermal stress
point of view.
3.2.6

Thermal Striping Limits

Fig 12. Flow and temperature at IHX
secondary Na outlet plenum

Based on (1) cr-d approach included in the latest edition of RCC-MR and (2) the
creep-fatigue damage assessment rules with the presence of high cycle fatigue recommended
by DCRC for EFR, an improved design rule has been proposed for establishing thermal striping
limits for PFBR. As per this, the limits are proposed for the base metal and weldment of
austenitic stainless steel as a function of low cycle fatigue (LCF). For locations where the LCF is
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negligible, the recommended limits are 95 K and 85 K respectively for the base metal and welds.
For locations where LCF is significant (plate-shell junctions of control plug, inner vessel and
main vessel), the limits are 40 K and 35 K respectively for the base metal and welds respectively.
3.3

Secondary Sodium Circuit

3.3.1

Vibration and Seismic Analysis of Main Sodium Pipelines

Seismic analysis has been carried out for the hot and cold secondary sodium pipings by
'multi-support excitation method'. Towards this, all the important natural frequencies starting
from 1.2 Hz to about 40 Hz which are also useful for the vibration check, have been extracted.
Design adequacy is checked as per ANSI B 31.1 code; Analysis indicates that one snubber for
the cold piping from IHX to pump-tank and two snubbers for the hot piping from IHX to surge
tank are required to satisfy the stress limits. The computed stresses form input data for LBB
analysis.
3.3.2

Fracture Assessment of SG Shell Nozzle Junction

Detailed stress distribution under
pressure loadings (0.5 MPa under level A and 6
MPa under level D) and bending moments
(45xlO3 Nm under level A and 135 x 103 Nm
under level D) is obtained using CASTEM 2000
code. The deformed shape under level D
pressure and bending moment is shown in Fig.
13. Crack propagation analysis at the critical
location indicates that an initial crack (depth, a
= thk/4; length 2c = 12xthk ; thk = 18 mm)
becomes asymptotic (a = thk) only after
imposing load cycles (level A plus level C)
corresponding to about twenty plant lives. Crack
instability analysis is in progress to determine
the critical crack length towards justifying LBB
argument.

3.3.3

Fig .13. SG shell nozzle junction:
Deformed mesh for level D
loading.

LBB Analysis of Main Sodium Pipelines

The most critical pipe bend (diameter 550 mm and bend radius 825 mm) is analysed with
stresses induced during normal and seismic conditions. The initial flaw size of 4 mm depth (a =
50 % of wall thickness) and 40 mm length (2c) is conservatively assumed. When this surface
crack just becomes a through crack, the associated crack length (asymptotic crack length) is 135
mm. The critical crack length corresponding to the highest possible load during design basis
seismic event is 385 mm. Hence sufficient margin (>2) is available between the detectable crack
length and critical crack length. However, for the design, a leakage area of 1 cm2 is assumed
conservatively.
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3.4

Instrumentation and Control

The design of sodium leak detection system, man-machine interface and I&C grounding
scheme has been finalised. Cover gas monitoring along with delayed neutron monitoring in the
primary sodium is provided for failed fuel detection. For the purpose of failed fuel localisation,
it is decided to have sodium sampling through selector valve for sodium from individual S A.
3.5

Technology Development

Manufacturing technology development of critical components of PFBR was continued
through the industries. It is intended to validate the design of some of the components by testing
in air, hot argon and sodium. The components identified for technology development are core
sub-assemblies, main vessel, inner vessel, steam generator, roof slab, grid plate, CSRDM,
DSRDM, control plug etc. Apart from developing manufacturing technology, the indigenous
manufacture of critical raw materials such as clad tubes, IHX tubes, SG tubes, large size plates
(SS, 9Cr-lMo, CS) and welding consumables has been also taken up.
Core subassemblies are under development at the Nuclear Fuel Complex (NFC).
Subassemblies meant for hydraulic testing have been supplied in case of fuel and blanket. Work
is in progress for fabrication of prototype flow induced vibration testing instrumented
subassembly and CSR subassembly. Manufacture of main vessel and inner vessel involved the
development of technology for the manufacture of large size petals and shells to close tolerance
of 0.1% R, weld overlay on the petal, solution annealing and developing techniques of inspection
of large size petals. In case of main vessel, 45° sector has been already manufactured and
delivered to site. This sector will be used in developing ISI technique for the main vessel. Trials
on inner vessel conical sector were done and modification of dies and punches is in progress so
that a better profile is obtained.
Order for manufacture of Steam Generator (SG) has been placed on two suppliers.
Manufacture involves drilling and spigot machining of tube sheets, shell pull out, forming of
eccentric cone, forming of Inconel 718 tube supports and their aluminizing, developing
preheating and PWHT cartridges, tube to tube sheet welding by internal bore welding process
and its examination by replica technique and x-ray examination by micro-focal rod anode x-ray
machine. Tube sheets at both the manufacturers' works have been drilled and spigots have been
machined; pull out forming, eccentric cone forming, tube to tube sheet welding procedure
qualification, bending of tubes and end machining have also been qualified in one of the
manufacturers' works.
Manufacture of prototype CSRDM has been started. In case of Roof Slab & Transfer
Arm, the manufacturers have been identified and orders will be released shortly. As regards the
development of raw materials, D9 material meant for clad tubes has been produced and the clad
tubes have also been produced successfully. IHX tubes in SS 316 LN material have been
produced successfully and 23 m long tubes in modified 9Cr-lMo material meant for SG are
under production. Welding electrodes required for manufacture of SG have been also produced
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within the country. Efforts are on to manufacture SS 316 LN and modified 9Cr-lMo forgings
required for IHX and SG respectively and the plates required for NSSS components.

4.0

RESEARCH AND DEVELOPMENT

4.1

Reactor Physics

With the newly developed 3D burn-up code, FARCOB, the evolution of FBTR core was
simulated from the initial 23 SA core to the present 29 SA core. The power distribution, SA
burn-up, reactivity loss with burn-up and fuel composition changes have been calculated. The
burn-up reactivity loss predicted matches reasonably well with observation. The calculated
power distribution is being used to predict SA outlet coolant temperatures.
A study has been carried out for a transient over-power incident in FBTR initiated by
uncontrolled withdrawal of a control rod at proposed maximum linear heat rating of 400 W/cm.
It has been confirmed that the incident is protected by 2 diverse parameters i.e. neutronic
(reactivity/period and Lin P) and thermal (mean temperature drop across the core).
Probabilistic safety analysis of flow blockage in FBTR Mark I core has been carried out
using the historic frequency of flow blockage and its precursors observed in actual fast reactors
and by finding the probability of shutdown system failure on demand by the thermocouple and
delayed neutron signals. The frequency of flow blockage has been obtained by Duane's
reliability growth model and the Bayesian approach. It has been estimated that the flow
blockage frequency is 5.5 x 10"3/r-y. The probability of flow blockage without safety action has
been estimated as 6.6 x 10'7/r-y.
ENDF/B-VI based point data and Monte Carlo code MCNP have been used to perform 3D calculations for PFBR with full heterogeneity effects to determine corrections to selected
physics parameters. Effect of Control and Safety Rod (CSR) movement on power distribution
was studied in detail. A limit of 4 cm difference between least inserted CSR and most inserted
CSR is identified to meet the need for CSR exercising to test its safety function as well as control
of SA power skewing. Methodology has been developed to perform reactor transient analysis
using temperature dependent thermal conductivity and transient gap conductance. Detailed core
disruptive accident analysis was done to obtain the pressure and temperature distribution in
PFBR core for evaluating the mechanical response of main vessel and top shield for 100 and 200
MJ energy release..
Data base is being created on component/system failure rates of fast reactors and on the
history of electric power failure at Kalpakkam. Methodologies are being developed to quantify
the surveillance needed to achieve the targeted reliability of PFBR shutdown system.

4.2

Engineering

4.2.1 Large Component Test Rig
The Large Component Test Rig (LCTR) continued its operation for heat transfer
experiments through the cover gas to roof slab. Consequent to study of heat load to roof slab
through argon cover gas, experiments were carried out using helium as cover gas which produces
improved temperature distribution circumferentially and suppresses sodium aerosol transport.
However, the heat load with helium as cover gas increased approximately by 45% compared to
that with-argon. Further experiments are being planned with the removal of bottom dip seal from
the roof slab to assess its influence on heat/mass transfer of sodium aerosols. A full scale model
of control plug of PFBR (1.89 m dia x 3.39 m length) is in an advanced stage of fabrication.
4.2.2

Sodium Water Reaction Test Facility

All components of experimental sodium facility for sodium water reaction studies have
been received at site. The piping and auxilary systems for the test facility are in an advanced
stage of construction and the facility is expected to be commissioned shortly. Experimental
studies will cover the behaviour of micro (water) leaks, self wastage and impingement wastage
of steam generator tubes and improved methods of leak detection.
4.2.3

CRDM Testing

The test facility COB A was operated for testing of a CRDM gripper bellow in sodium for
qualifying the bellows lot for use as spare in FBTR. This bellow has shown a creep fatigue life
of 50360 cycles before failure.
The experimental study on likely sodium deposition inside narrow long annulus of PFBR
CSRDM has been taken up in a small sodium set up. Different designs of labyrinth sleeves are
being tried to reduce sodium deposition along annulus to ensure smooth movement of the
mechanism without use of bellows seal. The dash pot for CSRDM has been tested in full scale
to verify the dash pot behaviour during drop test from different fall heights of 300 to 600 mm
with a load of 300 kg. Pressure pulses recorded were high in magnitude for the first 25 ms of the
drop, hence necessary modifications are carried out and further trials for higher fall height of
1085 mm have been started. A high temperature electromagnet was assembled and experiments
were conducted at room temperature to verify its load carrying capacity and response time for
the diverse safety rod mechanism. A project for developing temperature sensitive magnetic
switch (TSMS) is in progress and the design of magnetic circuit has been completed and
fabrication of components is in progress.
4.2.4

Hydraulic Testing

A dummy fuel SA for PFBR received from NFC was tested in the hydraulic test rig and
the pressure drop measured is lower by about 15% compared to the first SA following an
increase in the spacer wire pitch from 150 to 200 mm.
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A contract has been placed with a research institute for study of secondary flow
distribution in IHX and the models for this study have been installed and experiments are in
progress with various designs of mixing devices.
A 1/4 scale hydraulic model of the PFBR main vessel and circuit is being designed.
Design of model components has been completed and procurement of various equipment is in an
advanced stage. The model will be used for carrying out various thermohydraulic studies and
flow induced vibration studies of thin shells inside the main vessel.
A 1/5 scale model of the core outlet region has been constructed for studies of thermal
striping near the control plug region by measuring fluid temperature fluctuation in the vicinity.
Further work with respect to identification of a sub-assembly based on its outlet temperature and
dilution of temperature with respect to thermocouple position over the subassembly outlet will be
completed shortly.
4.2.5

Sodium Pump Testing

A new conceptual design of compact primary "sodium pump for a revised speed of 590
rpm was finalized and a contract has been placed with industry to develop the new hydraulic
design using 1/3 scale model. A separate contract was placed for developing a suitable paint for
the cavitation erosion studies in the model sodium pump. The activity has been completed
successfully.
The dynamic behaviour of the primary pump rotor is being studied experimentally in a
full scale test section where all parts of rotor assembly are simulated except the actual pump
impeller which is replaced by a steel disk having same inertia and mass imbalance. Initial results
from the tests are satisfactory.
A development contract is in progress for validation tests on slip joints for both primary
and secondary sodium pumps. The primary pump slip joint is in an advanced stage of
fabrication and the testing is expected to commence shortly. The detailed hydraulic and
mechanical design of the slip joint for the secondary pump is expected to be completed soon.
A DC conduction pump has been designed and is under construction for use in failed fuel
identification model for PFBR. Vacuum brazing of stainless steel duct with copper bars was
carried out for this pump.
4.2.6

Instrumentation

Further tests have been carried out on sodium ionisation detector (SID) employing
alumina coated platinum wire as filament in order to improve the SID response to two types of
fires involving plastics and petrol. Subsequently, improvement was found using alumina based
platinum wire filament based on various fire tests as required by Indian Standards. The
feasibility of using SID as a sodium leak detection system in presence of flue gases from a fired
heater is being carried out. The sodium response obtained for the combined fires of oil and
sodium was higher by 20% than that of oil fire alone.
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A sodium flow measurement system using eddy current flowmeter has been developed
for measuring sodium flow in FBTR fuel SA. The final tests are expected shortly after which the
flow measuring system will be introduced in FBTR reactor vessel.
4.2.7

Steam Generator Test Facility

Work on the steam generator test facility (SGTF Project) was continued. The detailed
design of the sodium loop components has progressed and component orders are being placed.
The fired heating system for sodium has been also detailed and order for its construction placed.
The detailed civil engineering design of buildings has been completed and work tender for the
building is being raised. Procurement of various electrical items for the facility is progressing.
As for the work on steam water system a contract is being prepared.
4.2.8

Boron Enrichment Facility

All columns and vessels for the Isotope Separation Plant were received from the supplier
and their erection is in progress. Work contract for the plant piping has been placed and
procurement of most of the items is nearing completion. Engineering experiments on pilot scale
have been in progress, and the plant commissioning is expected to take place by mid 1999.

4.3

Structural Mechanics

The facilities installed in the Structural Mechanics Laboratory (SML Phase I) for the
high temperature component tests, simulation of thermal ratchetting on thin shells subjected to
moving temperature gradients and IHX/SG tube buckling tests, have been augumented with
sophisticated data logging and programmable logic control (PLC) systems.
The experiments on fracture assessement of 1/5 scale model of primary sodium pipe,
buckling of full size IHX tubes, creep-fatigue damage and crack propagation behaviour on
specimens having component features, thermal ratchetting on 1/30 scale models of main vessel
simulated by hot air and water at room temperature, simulation of creep crack growth on the
control plug mockup, buckling tests on 1/20 scale models of inner vessel, fracture assessment of
secondary sodium pipes and thermal striping, are in progress. Commissioning has been
completed of a 21 capacity electromagnetic shaker.
The second phase of SML is in an advanced stage of construction and will be ready by
mid-2000. Actions have been taken for procuring 400 t capacity Servo Hydraulic Actuator
System (SHAS) for fatigue, fracture and buckling tests on large size component models of
PFBR and 201 shake table for seismic tests.
4.3.1

Core Seismic Experiments

The code CORESEIS developed here to predict the complex dynamic displacements of
FBR core under seismic base excitations has been validated by analysing Italian, Japanese and
French mock-up test data under an IAEA-CRP on this subject. In order to further validate the
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code simulating specific
geometry and boundary
conditions of PFBR SA, an experimental programme
involving single, 7 and 19 SA mockups has been
planned. The first stage tests on single and 7 SA in
air and water have been completed (fig. 14). The
measured dynamic displacements under simulated
base excitations compares fairly well with the
theoretical predictions.
4.3.2

CDA experiments

The FUSTIN code used for assessing the
structural integrity of primary containment of PFBR
under CDA has been validated with some standard
international benchmark problems viz. COVA,
MENON and CONT SERIES. In order to validate
further on the aspects specific to PFBR, a three stage
experimental programme has been undertaken. Stage'
I which involves development of low density
Fig. 14. Tests on 7 SA mockup
chemical explosive (PENTOLITE) and tests on
simple cylindrical shells with rigid covers (fig. 15)
has been completed. The performance of chemical explosive is found to be excellent in terms of
repeatablity and simulation of CDA loadings on the shell. The code prediction on the evolution
ofvessel deformations at the mid elevation is found to be satisfactory (fig. 16).

24-,

Fig. 15. Explosive test on flexible vessel

Fig .16. Deformation of the vessel

The stage II series involving tests on scaled down models of reactor assembly with
increasing complexity is in progress. In stage III, tests will be conducted on the detailed
models of roof slab to validate the prediction of the sodium release to RCB. It is expected
that the three stages will be completed by December 1999.
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4.4

Metallurgy

4.4.1 Fuel Development
Presently FBTR is operating with (Uo.3Puo.7)C fuel (Mark-1 Core). However, this core is
to be replaced by Mark-II Core with fuel composition (Uo.45Puo.55)C. Mark-II core fuel
fabrication is in progress and several subassembly loads of fuel pins have been received at the
reactor site.
As part of development work related to MOX fuel, pellets of following compositions
were fabricated by mixing, cold compaction and sintering techniques:
0
ii)
iii)

UO 2 -21%PuO 2
UC-2-28% PuO 2
UO2-40 %PuO2

These pellets were characterised in terms of density, O/M ratio and solid solution
formation. Samples of appropriate dimensions were fabricated for measurement of thermal
conductivity, thermal toughness and coefficient of thermal expansion. Studies on fuel-cladcoolant compatibility, oxygen potential, heat capacity and chemical dissolution are planned.
4.4.2

Tensile, Creep, Low Cycle Fatigue and Creep-Fatigue Interaction Studies

High temperature low cycle fatigue (LCF) and creep-fatigue interaction behaviour of
solution annealed and 20% cold-worked Alloy D9 (containing 0.05% carbon and 0.2% titanium)
have been studied. LCF tests were conducted at 823 and 923 K, under total axial strain control
mode, employing strain ranges from 0.5% to 2.0%. Solution-annealed material exhibited cyclic
hardening while the cold-worked material displayed cyclic softening at all the strain ranges. At
823 K, fatigue life of cold-worked material was lower compared to the solution-annealed
material. At 923 K, cold-worked material exhibited higher fatigue life than the solutionannealed material at strain ranges lower than 1%. Creep-fatigue interaction tests were conducted
at 923 K with a tensile hold at peak strain, and hold times in the range of 1 minute to 30 minutes.
The introduction of tension hold at peak tensile strain generally led to reduction in fatigue life of
cold-worked material; fatigue life decreased continuously with increasing hold time upto 30
minutes. The solution-annealed material, on the other hand, exhibited a recovery in fatigue life at
longer hold times.
Low cycle fatigue properties of an indigenously produced modified 9Cr-lMo steel
forging (containing niobium and vanadium) were evaluated for steam generator applications.
Forged blocks of 70 mm diameter and of 250 mm length were subjected to normalising (1313 K/
lh) and tempering (1033 K/l h) treatments prior to machining the specimens. Fatigue tests were
performed at temperatures upto 873 K at various total strain amplitudes in the range of 0.25 to
1.0%, at a constant strain rate of 3x10'V1. The cyclic stress response behaviour was
characterised by hardening during the initial few cycles followed by continuous softening.
Fatigue life decreased with increasing test temperature. In the range of 300 to 723 K, half-life
plastic strain amplitude decreased with increase in test temperature indicating the occurrence of
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dynamic strain ageing. At elevated temperatures, oxidation-enhanced fatigue crack initiation and
propagation played a significant role in reducing the fatigue resistance of 9Cr-lMo steel forging.
A comparative evaluation of the creep properties of type 316 and 316LN stainless steels
and their weld metals was carried out at 873 and 923 K. Alloying with nitrogen improved the
rupture strength of base metal and weld metal. Compared to the base metal, rupture life and
rupture ductility of the weld metal were lower by a factor of 5 to 10 depending upon the creep
test conditions. The base metal of 316LN SS showed higher rupture ductility compared to 316
SS base metal. On the other hand, the weld metal of 316 LN steel had lower ductility compared
to 316 SS weld metal. The presence of nitrogen delayed the transformation of delta-ferrite in the
welds.
A novel semi-empirical multiple-heat stress rupture correlation has been developed to
account for heat-dependence of stress rupture properties. The "heat-correction" (HC) uses two
constants for indexing each heat. Extensive studies with multiple heat data for 0.5Mo-0.15C
steel, 2.25Cr-lMo steel, 9Cr-lMo steel and 316 SS from literature clearly established that
compared to the best alternative method of HC in the literature, the new method is considerably
superior for the non-austenitic grades, and marginally superior for the austenitic grades. The new
HC has the advantage that it can be integrated with any stress rupture parametric correlation for
single heats to derive the corresponding multiple heat version. A new stress rupture correlation,
suitable for either single or multiple heats, has also been developed to better reflect the broad
expectations from micro-mechanisms of creep damage growth, and applied successfully to the
literature data for the ferritic and the austenitic grades mentioned above.
4.4.3

Weldability and Surface Engineering

Studies have confirmed that hydrogen assisted cracking (HAC) in steel weldments can be
monitored using acoustic emission sensing. For 9Cr-lMo steel weldments, HAC was
characterised by a sharp increase in the number and amplitude of signals acquired per unit time.
Also, even in the absence of any cracking, the specimens emitted signals of low amplitude and
energy over time when the shielding gas (argon) for preparation of the weld specimens contained
hydrogen. The susceptibility of 9Cr-lMo steel to HAC has been found to be higher than that of
2.25Cr-lMo steel. For identical conditions of testing and measurement, diffusible hydrogen
(HD) content in 9Cr-lMo steel was significantly lower than in 2.25Cr-lMo steel. The higher
density of traps in 9Cr-lMo steels compared to 2.25Cr-lMo steel appeared to be the main reason
for its higher susceptibility to HAC, lower HD content, low diffusivity and high solubility of
hydrogen. These results indicated that the assumption of a direct link between HD content and
susceptibility to HAC, that is normally true for carbon steel weldments, is invalid in the case of
alloy steels.
Weldability of controlled Curie temperature alloy Ni-35%Fe has been found to be similar
to that of fully austenitic stainless steel with low impurity content but inferior to that of stainless
steel weld metal forming 3-7% delta-ferrite. For the dissimilar joint between type 316LN and
Ni-35%Fe, weldability was similar to that of low fenite 316LN. The Ni-Fe alloy was found to be
readily weldable either autogenously or using stainless steel filler such as ER316L or nickel-base
alloy filler such as Inconel 82.

4.4.4 Physical Metallurgy of 9 Cr-lMo Steel
Evaluation of lattice strain in 9Cr-lMo steel
Convergent Beam Electron Diffraction (CBED) experiments have been carried out in
wrought 9Cr-lMo steel with different thermal histories, consisting of ferrite with different
degrees of lattice strain. A similar situation exists in the weldments also wherein the relative
changes in the strain of the ferrite crystal, from the base metal to the weld region is studied. The
angular position of high order Laue zone (HOLZ) lines in the (000) disc of CBED patterns, an
index of lattice strain, is found to depend on two factors, namely excitation strength of first order
Laue zone (FOLZ) lines and the lattice strain. The appropriate selection of experimental
conditions enabled the measurement of lattice strain from the shift in the angular position of
HOLZ lines by maintaining the excitation strength constant.
Study of point defects in ion irradiated crystals
A systematic study of changes in CBED patterns of ion irradiated crystals of a- ferrite and
M23C6 carbides in welds of 9Cr-lMo weldment has been carried out. Two distinct features of
CBED patterns have been identified, which contain information about the presence of point
defects. These are the (i) intensity oscillations inside (000) disc and (ii) the number of HOLZ
rings in the CBED pattern. These two features show unique, systematic changes with the
concentration of point defects i.e with the dose, mass of incident ions and post-irradiation anneal.
The application of CBED for the study of lattice strain and identification of point defects
is of significance, since other techniques like conventional TEM, X-ray diffraction etc. cannot be
used for study of fine microscopic regions.
Microstructural evolution in the weldments
A complete understanding of the microstructural state of weldments of 9Cr-lMo steel
with respect to microstructure and microchemistry of the constituent phases has been arrived at.
The as welded structure of the weldments of 9Cr-lMo steel is heterogeneous and complex. The
microstructurally distinct zones within the solidification structure have been identified.The
possible thermal cycles which various regions have been subjected to are deduced, based on the
comparison of the results with available data on wrought 9Cr-lMo steel.
The microstructural modification of the heterogeneous structure of weldment at elevated
temperatures has been studied. The mechanism and kinetics of the tempering process has been
established and the activation energy for the process has been evaluated.The sequence of
evolution of secondary phases and the variation in their microstructural and microchemical
parameters have been studied.
A method to predict the evolution of secondary phases in the weldments at high
temperatures has been developed.Such an attempt involves identification of a single parameter
with which the complete sequence of evolution of secondary phases can be rationalised. Based
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on the variation of such a parameter with time a new concept of "Phase Evolution Diagram"
(PED) is introduced and its utility in commercial applications has been studied.
4.4.5

Corrosion Behaviour

Type 316 LN SS samples with different concentrations of nitrogen (0.015, 0.2 and 0.56
% N) were investigated for the nature and properties of passive films developed in an acidic
chloride by using electrochemical impedance spectroscopy. Pitting corrosion damage of type
316 LN SS was assessed using laser scattering technique. The increase in cold working, and in
grain size, decreased the pitting corrosion resistance of type 316 LN SS.
TTS diagrams, CCS diagrams and critical cooling rate were established for type 316 LN
SS containing high sulphur content (0.025 % S). It was found that high sulphur content
decreased the minimum time (from 200 h to 5 h) required for sensitisation to occur.
Extensive work carried out on nitrogen ion implantation of types 304 and 316 SS
specimens in solution annealed and sensitised conditions revealed that implantations beyond 1 x
1017 ions/cm2 have been very effective in improving pitting and IGC resistances in acidic
chloride medium. Shallow pits, and discontinuous grain boundary attacks with minimum charge
value were noticed during electrochemical potentiokinetic reaction (EPR) tests after ion
implantation.
To increase the life of conventional mixed oxide coated titanium anodes two different
types of electrode coatings were developed for the electrochemical processes employed in
reprocessing plants: (i) metallic Pt and Pt+Ir layers were coated on titanium by thermochemical
glazing process which showed a life of 1540 h in a simulated reprocessing solution containing
UC and other redox ions, and (ii) plasma enhanced RuC>2 coatings with an intermediate nonstoichiometric TiC>2 conducting layer showed a life of 1400 h in 10 M nitric acid solution
containing silver ions. Attempts were made to develop dissimilar titanium-type 304L SS joints
for connecting electrolytic dissolver made of titanium to the rest of the plant by explosive and
friction joining processes. Corrosion and microstructural investigations indicated the superiority
of the explosive joints with lesser corrosion rates and minimum corrosion attack at the interface
of Ti and type 304L SS. The use of dissimilar joints made of titanium and type 304L SS have
been recommended for fabrication.
Stress corrosion crack growth behaviour of base and weld metal of AISI type 316 LN
stainless steels were studied by slow strain rate testing technique at crosshead speed of 10
microns per hour in a boiling solution containing 5 M NaCl + 0.15 M Na2SO4 + 2.5 ml/1 HC1.
Results indicated a Kiscc value of about 22 MPa m0"5 for base metal and 5.39 MPa m 0 5 for weld
metal. The plateau crack growth rates were one order of magnitude lower for base metal as
compared to the weld metal (2.7 x 10"8 m/s). Fractographic studies indicated SCC occurred by
transgranular mode of cracking of austenite in both the base and weld metals. No stress assisted
dissolution of delta-ferrite or interface cracking modes were observed in the weld metal.
Systematic studies were carried out to correlate HAC susceptibility of the weldments of the
above steels. UT-modified hydrogen sensitivity test was employed for assessing HAC
susceptibility, gas chromatography for diffusible hydrogen (Eb) measurements and
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electrochemical permeation technique for permeability measurements. It was found that as the
alloy content increases, apparent diffusivity and HD decreases but HAC susceptibility increases
and this can be attributed to the higher solubility of hydrogen in various reversible trap sites. It
was established that solubility of hydrogen has the greatest influence on HAC susceptibility and
not HD or diffusivity.
The effect of grain boundary segregation on intergranular stress corrosion cracking
(IGSCC) in hot water environments at 423 K and 523 K was studied in a P-doped AISI type
304L stainless steel. Although grain boundary segregation was detected in all the aged
specimens, IGCSCC was shown by only the specimen aged at 823 K for lOOOh. The results
suggest that it is the grain boundary chromium depletion, rather than the segregation of
phosphorus at the grain boundaries, that controls IGSCC of stainless steels in the hot water
environments studied.
The effect of different external stresses on the oxidation behaviour of 9Cr-lMo steel was
investigated. Tensile specimens of this alloy were subjected to stresses of 11, 20, 28 and 40 MPa
and the oxidation behaviour was studied at a temperature of 973 K. The elongation of the
specimen was determined by an extensometer. An acoustic emission unit was employed to
monitor the integrity of the oxide scale. The application of external stress up to 28 MPa (average
strain rate for 28 MPa stress was 1.2 x 10" s*1) had a beneficial effect with respect to the
adherence of the oxide scale. The specimen with 40 MPa of stress (average strain rate of 5.2 x
10'7 s'1) showed substantial weight gain on oxidizing up to 140 h. Formation of cracks at 40
MPa, exposed fresh areas to oxygen and caused accelerated oxidation.
4.5

Irradiation, PIE andNDT

4.5 1 Post- irradiation Examination of Experimental Fuel Pins Irradiated in FBTR
Post-irradiation examination (PIE) has been completed on three experimental
subassemblies which were irradiated in FBTR in order to study the swelling behavior and
microstructural evolution due to irradiation at low burn-up levels. Each experimental
subassembly contained one fuel pin, and each fuel pin contained two different compositions of
fuel [Mark I - (70 % PuC + 30 % UC); Mark II - (55 % PuC + 45 % UC)]. Irradiation was
carried out to burn-up levels of 1613 and 2634 MWd/te. To achieve higher fuel-center-line
temperature simulating higher linear powers, all the fuel pins were filled with a mixture of argon
and helium as bond gas between the fuel and the clad instead of pure helium, which is the normal
bond gas. Irradiation data of the fuel pins are given below.

lA53(MarkI)

16.07

Linear
Power at
lO.lMWt
W/cm
168

lAP2(MarkI&II)

16.07

168

252

19.3

1613.3

lAP3(MarkI&II)

26.2

162

252

19.3

2634.5

Fuel Pin No.

Irradiation
Time
(EFPD)
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Equivalent
Linear Power
due to bond gas
(W/cm)
252

Fuel
column
length
(cm)
9.9

Bum-up
(MWd/t)
1612.9

Non-destructive examinations such as X-Radiography, Eddy Current Testing,
Profilometry and Leak Testing did not reveal any defect or deformation of the fuel pins. The
pellet-clad gap could be discerned clearly from the X-radiographs. Cracking of the fuel pellets
was noticed even at the low burn-up levels indicating reduction in the pellet-clad gap.
Metallographic examinations carried out on the fuel pin cross sections consisting of fuel pellets
with different fuel compositions did not reveal any restructuring of the fuel. Microstructure of
the clad tube also was found to be normal. The micrographs of the cut sections of fuel pins were
subjected to image analysis to estimate the effective fuel-clad gap available for further swelling
taking into account the crack area. The post-irradiation pellet dimensions are being compared
with the pre-irradiation data to evaluate the swelling rates of the fuel compositions. PIE of two
more experimental fuel subassemblies irradiated to higher burn-up levels is in progress! A
comprehensive evaluation of all the results is expected to give optimum values of burn-up and
linear heat ratings.
4.5.2 Neutron Radiography Studies Using KAMINI Reactor
Neutron radiography was carried out on a dummy FBTR fuel pin using the neutron beam
from the KAMINI reactor. Experiments were conducted for various combination of film and
convertor screens for optimizing the conditions for fuel pin radiography. Analysis of the beam
purity indicator and sensitivity indicator revealed greater epithermal neutron content and very
high gamma. Special cassettes made of aluminum were fabricated. It was observed that the
indirect techniques with indium screens at power level of 30 kW with an exposure time of five
minute, and power level of 5 kW with fifteen minutes exposure gave satisfactory results for
imaging FBTR fuel pin. The cassettes with the convertor screens and the object were lowered
suitably and placed in front of the neutron beam tube. Image processing techniques such as
contrast stretching and edge enhancement were used to enhance the quality of the images.
Resolution of the order of 250 microns could be achieved. Pellet-to-pellet gap and cracks in
pellets could be clearly detected. One rogue pellet was also detected.
4.5.3 Failure Analysis of Thermowell Boss of FBTR Steam Generator
Failure analysis was carried out on a leaking seal weld joint between the thermowell and
the boss of the FBTR steam generator. The dissimilar weld joint between 2.25Cr-1.0Mo low
alloy steel and type 316 stainless steel was made using Inconel 82 as the filler material.
Examination of the failed joint using fluorescent LPT, metallography, followed by SEM and
EDAX analysis revealed that residual stresses were present in the joint since post weld heat
treatment has not been carried out on the welds. In addition, the heat affected zone (HAZ) was
subjected to varying cyclic service because of differences in the coefficient of thermal expansion
of the base and weld metals. These stresses have produced cracking in the weld interface and
adjacent HAZ of the low alloy steel. Use of multipass welding led to heating of previously
deposited layers during the deposition of subsequent layers resulting in the migration of carbon
from the HAZ of the low alloy steel. This caused reduction in the strength of the material in this
region and propagation of the crack in the HAZ of the low alloy steel in the middle region of the
weld.
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4.5.4 Irradiation Testing of Zirconium Alloys
An irradiation experiment is being carried out in FBTR to determine the in-reactor creep
rates of Indian made alloys of Zirconium. FBTR offers advantages of high flux and hard neutron
spectrum to carry out accelerated irradiation tests on PHWR pressure tube materials (Zircaloy-2
and Zr-2.5% Nb) to determine their in-reactor steady state creep rate. For carrying out the
irradiation experiment on the pressure tube materials in FBTR, the temperature of the sodium
around the experiment capsule should be close to 573 K, which is the temperature of pressure
tubes during operation of PHWRs. To meet this requirement, FBTR is being operated at 8 MWt
with inlet temperature of sodium fixed at 581 K. The Zr-Nb samples in FBTR have attained
fluence of 0.4 x 1021 to 1.6 x 1021 n/sq.cm (E > lMeV). Literature indicates that a fluence level
of about 0.1 x 1021 n/sq.cm (E > 1 MeV) is enough to establish the steady state creep rate.
4.6

Chemistry

4.6.1 Burn-up measurements on a pellet of FBTR fuel subassembly
Cut sections of the end pellet of an FBTR fuel pin discharged at approximately 25000
MWd/t were charged into the radiochemical hot cells. One of the samples was dissolved in nitric
acid by electro-oxidative dissolution techniques in an all titanium dissolver. The bum-up of the
fuel was measured by determining the concentrations of U, Pu and selected rare earths in the
dissolver solution. A new HPLC based method, employing lanthanum as the fission monitor,
was also developed for burn-up determination.
Thermal ionization mass spectrometric investigations were also conducted on the
dissolver solution. First, the Nd, U, and Pu fractions from the dissolver solution were separated
by a two-stage anion exchange separation procedure, and appropriate amounts of each fraction
were loaded onto triple-filament beads for isotope ratio analysis. From the mean isotope ratios
measured, the relative abundances of the isotopes and the mean molar atomic mass of Nd
(144.96 g/mol), U (238.03 g/mol), and Pu (239.12 g/mol) were deduced.
To determine the concentrations of Nd, U, and Pu in the fuel solution, the standard
solutions enriched in 150Nd, 233U, and 242Pu were employed as isotope diluents. The spiked fuel
solutions were also subjected to anion exchange separations to collect the pertinent fractions for
233/238 (U), 242/239 (Pu) and 150/148 (Nd) isotope ratio analyses. The concentrations of 148Nd,
U, and Pu in the fuel solution were calculated and a value of burn-up of 2.00 ± 0.01 atom per
cent fission was deduced for the end pellet. This corresponds to a burn-up of « 18 MWd/kg of
the mixed-carbide fuel. Use of 143Nd as the fission product monitor yielded a bum-up value of
1.95 atom per cent fission. Assumption of ~ 12 per cent fast fissions from 238U renders the
burn-up values from 148Nd and 143Nd equal to 1.94 atom per cent fission.
4.6.2 Studies on cesium trap
Radionuclide trap for cesium isotopes involves use of reticulated vitreous carbon (RVC)
as trap material. There is a possibility that this material can release particles that contribute to an
increase in carbon activity in the primary sodium coolant during the operation of the trap. In
continuation of the study on carbon release behaviour from reticulated vitreous carbon,
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experiments were carried in the radioactive sodium chemistry loop (RASCL). A trap with RVC
in the form of a cylinder and fitted with 10 urn size stainless steel filter at the outlet was operated
at 473 K (as per FBTR requirement) with sodium flowing at the rate of 250 lh"1. The carbon
activity in sodium during operation of trap was monitored continuously using an electrochemical
carbon meter. Initial operation of the trap for 500 h showed no significant increase in carbon
activity. The carbon activity in sodium was also measured in parallel using foil equilibrium
technique before and after each run. In the second run, the trap was operated for a further period
of 300 h. The results of both the runs show that there was no significant change in carbon
activity in loop sodium thereby qualifying the trap material for use in FBTR primary circuits.
4.6.3

Cover Gas Hydrogen Meter

A katharometer based device for measuring hydrogen in argon cover gas of FBTR was
developed and put into operation last year. One of the meters developed instability problems.
The gas manifold of this meter was improved upon to overcome carrier gas flow fluctuations.
With this modified system the meter exhibited very good stability for the background signal. Its
response to injection of hydrogen into sodium at 453 K (corresponding to an increase in sodium
by 40 ppb) showed its ability to detect any leak in steam generator during reactor start up or low
power operations.
4.6.4

Laser Ablation Matrix Isolation Spectroscopy

High temperature behaviour of materials, such as uranium oxide, is studied using the
technique of matrix isolation infrared spectroscopy. In this technique, high temperatures are
produced on the surface of a material, by focusing an intense laser beam and the species
produced in the high temperature laser plume are trapped in an inert gas matrix at very low
temperatures. The species thus trapped are then studied using infrared spectroscopy. Vapour
phase species produced by the laser ablation of UO2 have been studied. Using this technique,
high temperature reactions of uranium vapour with nitrogen were also studied, where both UN
and UN2 were identified as reaction products. These are expected to provide data useful in the
development of advanced fuels.
4.6.5

Fluorescence Spectroscopy

Fluorescence spectroscopy is popularly used to estimate trace levels of a variety of
species, as the fiuorimetric method offers excellent detection limits. However, real-life samples
such as uranium in reprocessing stream, pose problems in fiuorimetric determinations, due to
quenching. The presence of quenchers reduces the fluorescence of the fluorophore, either
through dynamic or static quenching mechanisms; as a result, the fluorescence intensity cannot
be straightforwardly correlated to the analyte concentration. Corrections for quenching in
fiuorimetric estimations are usually arrived at using time-resolved fluorimetry, where the
reduction in the lifetimes of the fluorophore in the presence of quenchers is a measure of the
correction. We have arrived at a novel procedure for the correction of quenching in fiuorimetric
determinations using steady state fluorescence spectroscopy. As a test case, we have
demonstrated our procedure for the determination of uranium in the presence of a number of
metal ion quenchers.
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4.6.6 Reprocessing Chemistry Studies
Electro-refining experiments on uranium at 200g level were continued. The gas and the
vacuum lines of the injection casting cum melting set up were modified to reduce the possible
oxidation of U during the consolidation from the cathode deposit. Melting of uranium and
magnesium metals were carried out successfully after the modification of the lines.
The enthalpies of extraction of U(VI), Th(IV) and nitric acid by extractants such as tri-namyl phosphate, tri-isoamyl phosphate and tri-n-butyl phosphate, were determined directly by
solution calorimetry for the first time.
Thermodynamic studies on U-Ga and Ca-Ga alloys which are of interest in pyrochemical
processes were continued. Enthalpy of formation of CaGa2 at 298.15K was determined by high
temperature gallium solution calorimetry. The Gibbs free energies of formation of the intermetallic compound UGa3 in the temperature range of 673-873 K were determined by employing
a molten salt galvanic cell. The enthalpy of formation at 773 K computed from the temperature
dependence of the Gibbs free energies of formation is in agreement with the one determined
earlier by calorimetry.
4.6.7 Preparation of Nuclear Materials
A new combustion synthesis route was established for the preparation of urania-thoria
powders which could be sintered to theoretical densities >95%, at relatively low temperatures
(1570 K). This method utilises citric acid and has many advantages over the conventional
oxalate precipitation route.
Drop calorimetric measurements on thoria rich urania-thoria solid solutions were
continued. Enthalpy increments of (Uo.2sTho.75)02 were determined by drop calorimetry in the
temperature range of 1000-1700 K from which other thermodynamic functions have been
derived.
Studies on the microwave synthesis and sintering of nuclear materials were continued. A
laboratory microwave oven with a capacity of lkW output power and with provision of fine
power control, was used for these studies. The UO2 pellets could be sintered to 95% theoretical
density. But the pellets were found to be cracking. Further studies are in progress to mitigate
this problem.
4.7

Fast Reactor Fuel Reprocessing

Precommissioning experiments of the pilot plant for processing FBTR irradiated fuel has
started. Vital equipment such as electrolytic titanium dissolver has arrived at site. In cell piping
works is nearing completion.
Piping design for the demonstration plant is being carried out. Process vessels and
equipment are under fabrication in vendors' place. Viewing systems are being designed for
radioactive areas.
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Adjustable weir ejector mixer-settler which can handle variations in densities of the
aqueous and organic phases has been fabricated and is used for evaluation of Th based flow
sheets. Development work on fluid diode has resulted in a diodicity of 130 with 100mm diameter
diode chamber and pumping characteristics were obtained with a fluid pump operated with two
such diodes as a function of suction and discharge line sizes and suction and discharge heads.
Based on these results, various size diode chambers with different tangential and axial nozzles
are being fabricated for a detailed experimental analysis of diode pumps for different capacities.
Pellets with 2.5 atom% burn-up were dissolved in hot cells electrolytically. Also, dissolution
studies with un-irradiated (UPu)C were carried out using ozone as an oxidizing agent. Ozone
was also used in the experimental studies for the destruction of organic acids formed during
dissolution employing a new conductivity sensor developed at IGCAR.
Modeling and simulation work was continued for predicting physical properties and
diagnostic models of interest to reprocessing. Liquid mixture viscosity of dry and water saturated
TBP/dodecane mixture at 298 K was modeled in a novel way by highlighting the composition
dependency of the interaction parameter. A new model for U(IV) distribution coefficient in 30%
TBP solvent at 298 K was developed. Aqueous solubility of TBP in nitric acid solutions was
determined experimentally and modeled by the Setschenow relations (salt effect models). Also
limiting organic concentration of Pu(IV) in BESO/dodecane, U(VI) in BESO/dodecane and
Pu(IV) in TBP/dodecane based systems were modeled using the salt effect models.
A numeric model for diagnostics of onset of Pu(IV) polymerization in dilute nitric acid
and temperature dependency of this limit was also published. An empirical equation was
developed for predicting the vapour pressure of Tri-n-Butyl Phosphate (TBP) in the temperature
range of 273.2 to 562.2 K.
4.8

Safety Research

4.8.1

Sodium-Concrete Interaction Studies

Post-test examination of limestone concrete block (150 mm diameter and 172 mm height)
exposed to liquid sodium (2kg at 823 K) for about 5 hours in a test under inert atmosphere
revealed that internal damage to concrete sustained to the maximum depth of 130 mm as
evidenced from ultrasonic pulse velocity measurement whereas sodium penetration occurred to
the peak depth of 110 mm from the sodium-concrete interface. Maximum swelling in the axial
and radial directions of the concrete block were 29mm and 21mm respectively. Maximum
depth, width and length of crack were found to be 21mm, 20mm and 118mm respectively.
Analysis of residual moisture for free and bound water for samples collected from depth up to
70mm showed that almost 99% of original water was removed from concrete during interaction.
Comparative assessment of several test results concluded that internal damage and sodium
penetration in concrete experienced upward trend as the heating duration and pool temperature
were allowed to increase.
Two tests were carried out with identical concrete blocks in open air. Due to different
open air wind conditions the fires observed were different in the two cases. Videographic
investigations indicated that full fledged vapor-phase combustion persisted along with slow pool
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burning predominantly assisted by thermocapillary action of sodium oxides accumulated on the
sodium pool surface. The peak temperatures for flame, pool and interface registered the values
of 1645 K, 1303 K and 1023 K respectively for the first test, whereas these values were 1107 K,
717 K and 717 K respectively for the second test. The concrete block temperatures at depths of
30,50 and 80 mm from the interface were 550 K, 473 K and 410 K respectively for the 1st test.
In 2nd test the measured temperatures were 415 K, 386 K and 346 K respectively at identical
depths. Maximum depth of sodium penetration were 20mm and 10mm for the two tests
respectively. Ultrasonic pulse velocity measurement indicated that the concrete blocks had
undergone internal damage to the maximum depth of 100mm and 60mm in the two test runs
respectively.
4.8.2 Activated Corrosion Product Transport And Deposition Studies
A code was developed for predicting the transport and deposition of activated corrosion
products in sodium loops and for the primary sodium circuits of FBTR. The code is essentially
based on the "solution-precipitation" model developed by Polley and Skyrme. This model
assumes that the activated corrosion products are transported in dissolved state in sodium. The
fluid dynamics part of the code is one-dimensional Eulerian model with upwind finite
differencing scheme.
The code was validated for predicting the release and deposition behaviour of activated
corrosion products using the data available for the Active Mass Transfer Loop-I, Japan. The flow
length (llOOcms) excluding the purification circuit was divided into 45 cells of about 25cm
length, required to fulfil the stability criteria essential for the fluid dynamics equations. For 750
hr of continuous operation of the AMTL, the output of the code for deposition of the nuclides
(54Mn and 60Co) were in reasonable agreement with the reported measured values.
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A Review of Fast Reactor Program in Japan
April 1998- March 1999

Abstract
This report describes the development and activities on fast reactors in Japan thru April 1998 to
march 1999.
During this period, the most important result on Japanese Fast Breeder Reactor (FBR) project
was the establishment of Japan Nuclear Cycle Development Institute (JNC) and the making out a
draft of JNC's medium- and long- term project plan.
The Experimental Fast Reactor "Joyo" has continued the 12th periodical inspection which will be
finished in June 1999. In Japanese prototype fast breeder reactor "Monju", countermeasures against
sodium leakage are being examined according to Monju comprehensive safety review. Improvement
of Monju is also being examined and partly performed according to this review.
Japanese Demonstration Fast Breeder Reactor (DFBR) optimization design study (phase 2) was
continued by Japan Atomic Power Company (JAPC). Its objective is to accomplish a plant overall
concept that has economical advantage toward commercialization and offers high reliability.
Research and development (R&D) works are underway under the discussion and coordination of
the Japanese FBR R&D Steering Committee, which is composed of JNC, JAPC, Japan Atomic
Energy Research Institute (JAERI) and Central Research Institute of Electric Power Industry
(CRIEPI).

1. General review
JNC was established as a semi-governmental corporation on October 1, 1998 to take over
nuclear fuel cycle development based on fast breeder reactors and high-level radioactive waste
processing and disposal technologies from the Power Reactor and Nuclear Fuel Development
Corporation (PNC) on the basis of the JNC J^aw. JNC's medium- and long- term project plan based
on the basic policies of JNC's business was drafted taking into account of the long-term visions.
Joyo has continued the 12th periodical inspection. In parallel with the inspection, the Joyo
upgrading program (MK-III program) is in progress. Fabrication and inspection of subassemblies
and the cooling system components, such as IHXs, have been under way.
Monju comprehensive safety review which aimed to improve the safety and reliability of Monju
was completed in March 1998. According to this review, improvement of Monju is being examined
i

and partly performed. Countermeasures against sodium leakage are also being examined according
to this review in this period. The midium- and long-term plan of Monju is under consideration and
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various research and development activities for safety, system and equipment, reactor core, and fuel
utilization, support system for operation, maintenance and control are being considered.
Based on recent situation on both FBR and LWR field, the DFBR Plant Optimization (phase 2)
design study was launched with goal of constructing FBR plant that achieves both reliability and
economy from FY 1997 for three years.The objective of phase 2 design study in FY 1998 was to
accomplish a plant overall concept that has economical advantage toward commercialization and
offers high reliability to plant operators not to cause a long unexpected shutdown resulting from a
trouble, i.e., sodium leakage or fire.

2. JNC's medium- and long-term R&D project and management plan
2.1 Introduction
JNC's medium- and long- term project plan based on the basic policies of JNC's business was
drafted taking into account of the long-term visions.
With regard to FBRs and related nuclear fuel cycle technologies, the Ad-Hoc Committee on
Fast Breeder Reactors (FBR Committee), which was established by Japanese Atomic Energy
Commission, has concluded that: "FBRs are a promising future source of non-fossil fuel energy,
and it is appropriate to pursue FBR commercialization for the purpose of exploring possibilities of
practical FBR use." The FBR Committee has also concluded "it is necessary to use Monju to
continue research and development." In its decision to accept the FBR Committee's report, the
Atomic Energy Commission reiterated its view that "research and development of nuclear power is
important from the perspective of both resource utilization and the environment."
The technical feasibility of FBRs is being explored with the Monju. Further R&D work must
be done to establish fuel cycle technologies and other necessary technologies, with further efforts
made toward improving economic viability.
JNC and other institutions are also steadily pursuing research and development on processing
and disposal methods for high-level radioactive waste that is separated out during the reprocessing
of spent fuel. The necessary preparations are being made to establish a primary contractor for
disposal work by about 2000.
With regard to the processing and disposal of low-level radioactive waste generated at
reprocessing facilities and mixed oxide (MOX) fuel processing facilities, the results of research
and development up to this point are being reviewed and organized, and consideration is being
given to the basic approach that will be adopted. Similar studies will be undertaken concerning
uranium waste. One of JNC's most important duties is to steadily conduct R&D aimed at
establishing policies for processing and disposing radioactive waste in Japan and to promote
measures to protect the environment premised on the assurance of safety.
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2.2 How operations will be conducted
JNC's primary mandate is to develop FBR cycle technologies and technologies for processing
and disposing of high-level radioactive waste while achieving economic viability and minimizing
the impact on the environment. In addition, it must work to smoothly transfer these technologies
to the private sector.
(1) R&D on FBR cycle technology
JNC will pursue R&D on FBR cycle technology with the goals of economic viability,
effective use of resources, harmonization with the. environment, and nuclear nonproliferation,
and steadily perfect competitive, practical technologies.
In the medium-term, it will place top priority on R&D programs for improving economic
viability with the aim of establishing technologies for power generation systems through Monju
and making FBR cycle technologies practical. It will also actively contribute to the efforts of the
national government to formulate safety standards.
In the long-term, JNC will work to develop methods of burning transuranium nuclides
(TRU), converting fission products (FP) with long half-lives, and other technologies that will
reduce the burden that the FBR cycle places on the environment.
(2) Disposal policies for high-level radioactive waste
JNC will pursue R&D on subterranean disposal methods with the aim of contributing to the
formulation of appropriate disposal policies for high-level radioactive waste. This work will
reflect results obtained through research that will be steadily implemented in the field of earth
strata science, which forms the basis for disposal R&D. JNC will smoothly transfer the
technology resulting from this work to a primary contractor in the private sector. It will also
actively contribute to government efforts to formulate safety standards, etc.
(3) Manufacture of MOX fuel and on the reprocessing of LWR fuel
JNC will systematically conduct further R&D on the manufacture of MOX fuel and on the
reprocessing of LWR fuel. It will then smoothly transfer these technologies to the private sector
and gradually end its involvement in these fields. Making use of the technical data and expertise
gained through the manufacture and reprocessing of fuel, it will also actively contribute to
government efforts to formulate safety standards, etc.
(4) Handling of radioactive waste
Adopting a broad perspective that covers the entire gamut of processing, storing, and disposal
and takes into account the possibility of reuse, JNC will formulate policies regarding the handling
of radioactive waste in its possession that are premised on the assurance of safety and aim to
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minimize costs. In addition, it will actively contribute to government efforts to formulate safety
standards, etc.
(5) Decommissioning operations and facilities
Decommissioning operations will be completed after all work results have been gathered and
organized, technology has been smoothly transferred or profit rights are granted to the private
sector, and all necessary environmental protection measures have been implemented.
JNC will also take appropriate measures to decommission facilities that have fulfilled thenpurpose in a safe, cost-effective way that takes the possibility of reuse into account.

2.3 International Cooperation
JNC is committed to efficiently promoting R&D and contributing its research results to the
international community in the interest of promoting the peaceful use of nuclear power. Some of
the main ways it will participate in international cooperative projects are listed below.
In the FBR cycle field, JNC will intensify its cooperation with France and other countries
while adding new cooperative partners such as Russia (dry reprocessing, etc.) and Kazakhstan
(FBR safety research). Moreover, from a long-term viewpoint, JNC will endeavor to promote
cooperation with nearby Asian countries.
JNC will engage in technological exchange with various countries to develop disposal
technologies for high-level radioactive wastes and to improve the technical reliability of disposal
methods.
Oarai Engineering Center will be an international focal point where researchers and engineers
from Japan and abroad can gather to strategically conduct R&D on FBR cycle technologies.
JNC will also continue to support of international cooperation pertaining to Russian excess
weapons plutonium disposition.
Furthermore, JNC will expand and enhance its special researcher exchange programs and
provide assistance in the field of safety and other areas to nearby Asian countries. With an eye
on the future, JNC will also expand exchange and cooperative ties with related organizations in a
wide range of fields in developing nations.

2.4 Details of R&D on FBR cycle technologies
2.4.1 R&D goals
To achieve its long-term mandate of completing an FBR cycle, JNC will conduct R&D aimed
at the following four goals, while working to optimize the system as a whole and maximizing its
practicality: (a) improving economic performance to the point where the system is viable as a
means of producing energy; (b) using resources efficiently; (c) reducing the environmental
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impact; and (d) ensuring nuclear nonproliferation.
JNC will work in the mid-term to complete Monju as a venue where technologies related to
the facility's operation as an FBR power generating plant can be perfected at the practical level.
In addition, R&D will be pursued with top priority given to improving the economic viability of
the overall FBR cycle system to the point where it is at least comparable to an LWR system
(including related fuel cycle costs).

2.4.2 R&D Methods
(1) Creating a practical FBR cycle concept
Initially, R&D on creating a practical FBR cycle will focus on improving economic viability.
Research phases will be divided into periods of approximately five years, with extensive
evaluations conducted at the end of each period regarding the direction and results of work
completed to date. The results of the evaluations will then be incorporated in the research plans
for the next period. General targets for each period are summarized in phases (a) through (c)
described below.
In addition, safety research, the establishment of technical standards, design evaluation
standards, and other types of research that form a common foundation will be steadily pursued,
with the results used gradually in the studies described below.
(a) Strategic surveys and research
Strategic surveys and research will be conducted with the aim of obtaining information that
is needed to clarify strategies for achieving a practical FBR cycle. During the first two years or
so, a wide variety of technical options will be explored. Then, engineering tests will be
implemented for as long a period as necessary. Based on the resulting data, overall evaluations
will be made and the field will be narrowed down to the most promising candidates, while
keeping in mind the most appropriate configuration for the system as a whole. Once this step
is completed, R&D themes will be formulated to develop the practical core technologies that
are needed for the establishment of competitive technologies.
(b) Scenarios for practical FBR cycle systems
The key technologies will be tested and analyzed to prepare the technologies needed to
achieve a practical FBR cycle system, after which scenarios will be formulated and presented
clarifying how the FBR cycle in each system would operate.
(c) Economic and technical basis for a practical FBR cycle system
Once the candidate scenarios and key technologies have been identified, elemental
experiments and simulations will be run in analytical studies and further R&D designed to
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confirm the prospective technologies. In this way, the design and systems technologies will be
systematized and a technical foundation established.
In the long-term, JNC will cooperate with universities and relevant Japanese institutions to
develop technologies such as the following with the aim of reducing the environmental impact
of the FBR system: reactor core and plant technologies, and TRU and FP target fuel
manufacturing technologies for burning TRU and converting or stabilizing long-life FPs ; and
technologies for recovering TRU and long-life FPs.
(2) Establishing FBR plant technologies using Monju
To make further progress in FBR research and development, it is crucial to add Monju
operating data to the store of knowledge that has already been acquired. Two areas in particular
are crucial for creating a practical FBR system: confirming the special characteristics of the fuel
and reactor core, including breeder characteristics; and refining technologies for handling
sodium.
Therefore, every effort will be made to bring Monju restart-up as quickly as possible, while
gaining the understanding and cooperation of local residents. These efforts will be premised on
the understanding that, in view of the fact that the reactor is still in the developmental phase, very
careful and prudent operational policies will be followed.
After Monju restart-up, the experience and data obtained by operating the facility as a power
generating plant (which, after all, is its original purpose) will be used in further R&D efforts. In
addition, researchers will confirm the characteristics of the fuel and reactor core, collect data on
sodium-handling and other types of technologies, and establish evaluative methods.
Subsequently, reliability will be substantiated through the acquisition of long-term operational
data, preparations will be made to obtain data that will be useful in R&D efforts in new fields
such as the development of high burn-up fuel and TRU fuel, and confirmation will be made on
the burn-up of different types of fuel and reactor core performance characteristics ranging from
the scale of the fuel assembly to the scale of the reactor core.

3. Experimental Fast Reactor Joyo
The 12th periodical inspection, which started in February 1998, has been continued. The Joyo
upgrading program named MK-III program is planned to improve the irradiation capability. The
main objectives of this program are the increase of neutron flux in the core, the increase of plant
availability factor and upgrading of irradiation technologies. Fabrication and inspection of
subassemblies and the cooling system components, such as IHXs, have been under way.
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3.1 General status
The experimental fast reactor JOYO has been operated as an irradiation test facility (the MK-II
core) for fuels and materials. Thirty-two rated power operation cycles and some test operations
were carried out by February 1998, successfully. The operation history and the accumulated
operational data of Joyo is shown in Figure 3.1 and Table 3.1.
The 12th periodical inspection has started on February 24 in 1998, "and it will be finished and
the 33rd rated power operation will be started in June 1999. During this period, along with the
standard inspections, irradiation equipments such as Material Testing Rig with Temperature Control
(MARICO) and Ex-vessel Irradiation Rig (EXIR) were taken out. MARICO has been developed for
in-pile creep tests. During irradiation test, the temperature of the test piece was keep at even
temperature. The first irradiation test has been started in 29th cycle (1994) and completed in 32nd
cycle (1998). The temperature of test pieces were able to keep within ±4°C and the repture of test
pieces were successfully detected. Irradiated specimens are now waiting for the post irradiation
examination.

3.2 Upgrading program of Joyo (MK-III program)
The Joyo upgrading program named MK-III program is planned to improve the irradiation
capability. The main objectives of this program are the increase of neutron flux in the core, the
increase of a plant availability factor and upgrading of irradiation technologies.
The planned modification is to increase the fast neutron flux by about 30%. An outline of this
program is shown in Figure 3.2.
After the license for the modification was issued in September 1995, the design approvals on the
driver fuel, the shielding subassembly and the cooling system components such as IHX and DHX
were submitted. After obtaining the design permits, the fabrication and inspection of subassemblies
and cooling system components have started. The outer core fuel subassemblies have been
fabricated and ten subassemblies have already loaded in the core.
The modification of the cooling system is planned to start in 2000 with the 13th periodical
inspection after a power-to-melt test, and the core modification will be started in 2001.The initial
criticality of the MK-III core is now scheduled in 2002. The schedule of the MK-III program is
shown in Figure 3.3.

4. Prototype Fast Breeder Reactor, Monju
4.1 Introduction
Construction of Monju began in 1985. Monju achieved the initial criticality in April 1994 and
started generating electricity in July 1995. It's principal design is shown in Table 4.1.
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On December 8, 1995, a sodium leak occurred on the secondary heat transport system (SHTS)
while the reactor power was being increased to 40% for a plant trip test as part of the performance
tests. About 0.7 ton of sodium leaked out by a break-off of the thermometer well tube installed on
the intermediate heat exchanger (IHX) outlet pipe of the SHTS. There was no effect on the general
public or the employees due to radioactive materials. However, small thinning of the floor liner was
observed where sodium leaked
In 1996, cause investigation of the accident was done and it was found that the break-off of the
thermometer well tube had been caused by high frequency fatigue by flow-induced vibration parallel
to the direction of the sodium flow. On the other hand, experiments simulating the accident were
carried out to examine the sodium leak and combustion behavior. In the test, the floor liner of the
experimental facility was perforated; this had not occurred in the Monju accident. By these
experiments, it was found that high temperature Na-Fe compound oxide type corrosion had resulted
in the small thinning of the floor liner of Monju and molten-salt type corrosion by peroxide ion
(O22") had occurred on the floor liner in the experimental facility.
After the cause investigation of the accident, Monju comprehensive safety review was
performed from December 1996, and according to the safety review, modification of Monju has
been examined so far.

4.2 Monju comprehensive safety review
This review aimed to improve the safety and reliability of Monju, and was performed in seven
major fields below.
• Structural integrity against flow induced vibration
• Structural integrity of sodium boundaries
• Sodium leak detection, prevention of accident expansion, and mitigation of sodium leak
accidents
• The safety design basis of Monju
• The operation manuals
• Reflections of R&D products and technical information
• Quality assurance system and QA activities
The purpose of setting these fields was to confirm that the quality of overall equipment of Monju
was up to its basic design and to extract properly problems to be solved relating to the safety and the
reliability of Monju based on the lessons from the accident.
Monju comprehensive safety review was finished by sending the accident report (the 6th report)
to the Science Technology Agency (STA) in May 1998.
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4.3 Improvement of Monju
According to the Monju comprehensive safety review, improvement of Monju is being examined
and partly performed. The main improvement items.are as follows.
- Countermeasures against sodium leakage
- Modification of operation manual and intensification of operator training
- System and formation for safety management

4.4 Countermeasures against sodium leakage
Countermeasures against sodium leakage are being examined according to Monju
comprehensive safety review. The main countermeasures are as follows.
(1) Prevention of sodium leakage
- Modification of secondary circuit thermocouple wells
(2) Early detection and monitoring of sodium leakage
- Provision of TV system
- Provision of cell monitor system
- Creation of an integral sodium leakage system
(3) Reduction of the volume caused by spilt sodium
- Reduction of the drain time by remodeling the drain system
(4) Limiting the damage caused by spilt sodium
- Early shutdown of ventilation
- Division of the secondary circuit area into smaller zones
- Installation of a nitrogen gas extinguisher system
- Provision of thermal insulation for walls and ceilings
- Placing of heat sink materials in the spilt sodium storage cells
In order to adopt these countermeasures, it is required to pass safety licensing examination by
the safety authority. However, Monju haven't yet applied for the licensing examination because the
understanding of local residents isn't acquired yet.

4.5 Modification of Operation manual and intensification of operator training
- Divide clearly role of the manager of the operation section and the crew chief
- Modification of the operation manual for sodium leak accident (to be modified again after the
countermeasures against sodium leakage is applied.)
- A training section has been set up for intensification of the operators' training.

4.6 Improvement of safety management
- Modification of the internal regulation for accident
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- Quality assurance team has been set up for promote quality assurance activity

4.7 Plant condition and maintenance
The system start-up test (power test) has been discontinued since December 8, 1995, due to the
sodium leak accident in the secondary cooling system.
The reactor has been shut down since then. The SHTS loop C, where the sodium leak occurred,
is not charged with sodium, neither is the primary heat transfer system (PHTS) loop C.
Decay heat of the core is being moved by 2 systems out of three systems i.e. loop A, loop B and
the cooling system for maintenance. Temperature of the PHTS and the SHTS is kept 200 °C
Annual maintenance of equipment and system assurance is being performed.

4.8 Technology Development
Comprehensive evaluation of prototype FBR technology is being performed based on the startup tests for Monju with the plant output power up to 40% of the rated power before the sodium leak
accident and also on the test data which may be carried out in the present shut down condition.
The middle-long plan, including development of technology after re-startup of Monju, is under
consideration and various research and development activities for safety, system and equipment,
reactor core, and fuel utilization, support system for operation, maintenance and control are being
considered.
A new research building is under construction at Shiraki for these activities.
The present work on research and development are: consideration for the collection and
systematization of the design technology for an evaluation of the reactor technology, development of
the 'Virtual Engineering System (VES), study of the upgraded reactor core (including burning of Pu,
MA and FP), breeding performance evaluation, development of operation and maintenance support
system, applicability evaluation for Monju, advancement of the plant assurance technology, the
Corrosion Product (CP) and the tritium control technology.
Evaluation of radioactive materials behavior, which was performed as part of the advancement
of the management technology of CP and tritium, is described.

4.9 Activity for Monju's start up
In order to bring Monju back on line, it is necessary to gain the understanding and cooperation
of local residents, JNC organized a large number of explanation meeting.

5. Design study of Japanese Demonstration Fast Breeder Reactor
Based on the results of previous design studies and the major specifications determined by the
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Federation of Electric Power Companies (FEPC), the design study for the DFBR plant optimization
was carried out during 3 years from FY 1994 to establish the overall concepts of the DFBR plant by
designing a consistent overall plant and evaluating the safety property and economical advantages.
The plant concepts was optimized. The optimization was executed upon the reactor structure, the
cooling system, BOP and building layout, incorporating the results of the study on the core safety
enhancement, pressure capability of the containment vessel and the technical subjects to be solved in
case of applying the horizontal seismic isolation design. The technical reports for application of
license of the plant construction were drafted based on the results of the evaluation of the plant
safety and the structural integrity of major components. The economical evaluation shows that the
construction cost of the DFBR was lower than the target cost, which is, 1.5 times that of LWR on
lOOOMWe basis.
In December 1995, the sodium leakage incident occurred in Monju and after that, the measures
for the sodium leakage incident became the most important design issue in the DFBR. And, the
reduction of the construction cost also became more important became a great effort on further cost
reduction of the LWR has being carried out.
Based on such recent situation on both FBR and LWR field, the DFBR Plant Optimization
(phase-2) design study was launched with goal of constructing FBR plant that achieves both
reliability and economy from FY 1997 for three years.
The objective of phase-2 design study in FY 1998 was to accomplish a plant overall concept that
has economical advantage toward commercialization and offers high reliability to plant operators not
to cause a long unexpected shutdown resulting from a trouble, i.e., sodium leakage or fire. This has
been successfully achieved by construction of a plant overall design consisting of the reactor system
with drastically simplified internals, the compact and double walled coolant boundaries, the well
rationalized fuel handling system, the BOP systems introducing up-to-date LWR equipment, and the
compact reactor building. The plant safety evaluation has been conducted so as to indicate that this
plant design has as sufficient safety as the previous one. The plant operation and maintenance
program has been planned in order to confirm high reliability and maintenance performance. The
DFBR plant construction cost has been estimated based on the quantity of materials. About 10%
decrease is expected compares to the previous design, that is the first target.

6. Research and development
Research and development works are underway under the discussion and coordination of the
Japanese FBR R&D Steering Committee, which is composed of JNC, JAPC, JAERI and CRIEPI.

109

Table 3.1 JOYO Operation Records
Operation Time
Heat Generation
Max. Fuel Burn-up
Driver Core Fuel
Irrad. Fuel
(for Specified irrad. Tests)
Irradiated Fuel Subassemblies

(as of April, 1999)
55,946 h
4,610 GWh

85 GWd/t
121 GWd/t
480

1989

1990

1991

1992

1994

1993

1995

1996

1999

1998

1997

2000

Transition Core

MK-II (Irradiation Core)
100MW Operation
8th Periodical
Inspection |
(18) (19) (20)

9th Periodical
Inspection

(21) (22) (23)

Fig. 3.1

(24)

(25) (26X27)

12th Periodical
Inspection

1 lth Periodical
Inspection

10th Periodical
Inspection
(28)

(29)

(30) (31)

(32)

Operating History of Joyo (as of April, 1999)

13th Periodical
Inspection
(33) (34) (35)

nnni

Improvement of Plant Availbility Factor
Time Reduction of exchnage of
Fuel and Irradiation Rig

Upgrading in Irradiation Techniques

Time Reduction of
Periodic Plant Inspection.

Material and Fuel In-adiation
Cost Reduction of On-line Rig
Re-assembling Techniques
Irradiation beyond Design Limit

Secondary
Pump
Irradiation Rig
(MARICO)

Dump Heat Exchanger
(DHX)
IntermediateHeat
Exchanger (IHX)

Reactor Vessel

Modification of the Heat Transfer System
Primary Cooling System
Replacement of IHXs

Secondary Cooling System
Replacement of DHXs

MK-ffl Core
High Neutron Flux Core
Neutron Flux
MK-IIX 1.3

Core Expansion
67—>-85S/As

Fig. 3.2 Whole Outline of MK-III Program

1997
MK-II Core
30 31

2000

1999

1998

2001

Transition Core
32

2003
MK-III Core

33 34
12th periodical
inspection

35

13th periodical inspection

V////////////////

Fabrication of Driver Fuel S/A

X/////////////////////////////77A

Fabrication of Shielding S/A

Load Subassemblies into Core \_

///////////////////////////////////////777A
Cn

2002

V////////////////////////////////////7A

t

Fabrication of IHX
Fabrication of DHX

Exchange IHX.DHX

L

K//////////////7A

Fabrication of Control System

Modificate Control System [
Mechanical Function Test
Performance Test
I

Fig. 3.3 Schedule of JOYO MK-III Project

Table 4.1 Principal design of Monju
Reactor Type
Number of loops
Thermal output
Electrical output
Fuel materials

Sodium-cooled/loop-type
3
714 MWt
280 MWe
PUO2-UO2

Reactor vessel
height/diameter
Primary coolant systems
Coolant sodium mass
Inlet/outlet reactor temperature

Core dimensions

Coolant flow rate

Equivalent diameter
1,790 mm
height
930 mm
Plutonium enrichment ( inner core / outer core )
( Pu fissile %)

Coolant flow velocity
Secondary coolant systems
Coolant sodium mass
Inlet/outlet IHX temperature

Initial core
Equilibrium core
Fuel inventory
Core ( U+Pu metal)
Blanket (U metal)
Average Burnup
Cladding material
Cladding outer diameter/thickness
Blanket thickness
Upper/lower/radial
Breeding ratio

15/20
16/21

Coolant flow rate

18/7 m
760 t
397/529 °C

5.1X10 6 kg/h/loop X 3 loops
6 m/s (inlet), 4m/s (outlet)
760 t
325 / 505 °C
3.7 X10 6 kg/h/loop X 3 loops

Coolant flow velocity
Water-steam systems

5 m/s

5.9 t

Feed water flow rate

113.7 X10 6 kg/h

17.5 t

Steam temperature (turbine inlet)

463 °C

80,000 MWd/t
SUS316
6.5/0.47 mm

Steam pressure (turbine inlet)

30 / 35 / 30 cm
L2

Type of steam generator
Refueling system
Refueling interval

, 12.7 MPa
Herical coil
Single rotating plug
with fixed arm FHM
6 months
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Introduction
- Japan Nuclear Cycle Development Institute (JNC) was established
- JNC's medium- and long- term project plan was issued and opened
- Experimental Fast Reactor "Joyo"
- The 12th periodical inspection has continued
- Prototype fast breeder reactor "Monju":
- Countermeasures against sodium leakage are being examined
- Improvement of Monju is also being examined and partly
performed
- Demonstration Fast Breeder Reactor (DFBR) optimization design
study (phase-ll) was continued by Japan Atomic Power Company
(JAPC)

Outline of JNC
Establishment

: October, 1998

Number of employees (as of Apr. 1999)

: -2,690

Total budget (fiscal year of 1999)

: -180 Billion Yen

Main missions
(1) Development of fast reactors and related fuel cycle
technologies
(2) Development of high level radioactive waste treatment and
disposal technologies
(3) Development of LWR fuel reprocessing technologies
Medium- and long-term program
Issued and opened

: Mar. 1999

//^///^////////////////////^^^

Head Office

Tsuruga
Head Office

Monju Construction Office
Fugen Nuclear Power Station
Tokai Works

President

Waste Management and Fuel Cycle Research Center
Tokai Reprocessing Center

oo

Plutonium Fuel Center
O-arai Engineering Center
Irradiation Center (JOYO)
Ningyou-toge Envitomental Engineering Center
Tono Geoscience Center

Fugen Nuclear Power Station
(Tsuruga, Fukui Prefecture)

Development of nuclear fuel and materials, and plant
operation and maintenance technology.

Tono Geoscience Center
(Toki, Gifu Prefecture)

Fundamental research on the underground and the
development of survey technology.

Tokai Works
(Tokai, Ibaraki Prefecture)
Research and development of technologies for plutonium
fuel, radioactive treatment and disposal, fuel reprocessing,
and uranium enrichment.

Monju Construction Office
{Tsuruga, Fukui Prefecture)
Development of fast breeder reac* ~ •-•-•-r'j' igy through
operational experience.

,#lfifciara:ki
Head Office
Tsuruga Head Office

StokyoV,

Ningyo-toge Environmental Engineering Center
(Kamisaibara, Okayama Prefecture)
:; I

O-arai Engineering Center
(O-arai, Ibaraki Prefecture)

Operation of a uranium conversion facility and a uranium - ; ;;
enrichment demonstration plant
;%

Research and development of fast breeder reactor and
related fuol cycle.

Tokyo Office

2. JNC's medium- and long-term R&D project
2.1 R&D for fast reactor and related fuel cycle technologies
Long-term targets:
(1) Economical competitiveness as energy system
(2) Effective utilization of uranium resources
(3) Reduction of radioactive waste
(4) Security of the non-proliferation
Development of innovative nuclear cycle systems to reduce
TRU and long-lived FP
Medium-term targets:
(1) Restart of Monju operation as the field for establishment of
fast reactor plant technologies
(2) Cost reduced design to the same level as for LVVRs

2.1 R&D for fast reactor and related fuel cycle technologies (cont.)
R&D items:
(1) Core technologies and plant system engineering
(2) Fuel fabrication technologies
(3) Fuel reprocessing technologies
Steps of R&D:
1) Feasibility studies for various options in the period of 2 years
2) Basic experiments and design studies for next 5 years
(proposing several promising options)
3) Technological scale experiments and detailed design for
selected options inthe period of the following 5 years
4) Establishing the optimized commercial fast reactor system
and technical database

2.2 R&D for high-level radioactive waste treatment and
disposal technologies
Target:
Development of rational high-level radioactive waste treatment
and disposal technologies as technically reliable ones,
acceptable to public
b

to

R&D items:
(1) Developing disposal technologies for high-level radioactive
waste
(2) R&D on underground disposal system, and related
geoscientific research

Feasibility studies for fast reactor and related fuel cycle
1. Fast reactor core and plant system
- Studies for selection of promising fast reactor system
concepts
Parameters:
to

- Location option
- Reactor scale
- Coolant option
- Fuel option
- Fuel fabrication option
- Reprocessing option, etc.

1. Fast reactor core and plant system(cont.)
- Design studies of plant concept applying innovative
technologies such as simplification of coolant system
- Design studies of small size modular plant concepts
2. Fuel fabrication technology
- Studies of fuel (low DF fuel) vs. pellet type fuel (high DF fuel)
to select the economically promising option
3. Fuel reprocessing technology
»Studies of fuel reprocessing technologies
Pyrometallurgy process
Hydrometallurgy process

(RlAR process, ANL process, etc.)

2.3 International collaboration
- Promation of international collaboration for the most effective
use of available resources
- Contribution to global progress in the field of nuclear
technologies
to

- Strengthening collaboration with EU, USA, Russia,
Kazakhstan, etc.
-Open facilities to international researchers
-Overseas researchers to be invited in O-arai Engineering Center
for the fast reactor and related fuel cycle system development

3. Experimental Fast Reactor Joyo
3.1 General status
- 32 rated power operation cycles and some test operations were
carried out by Feb. 1998, successfully
- The 12th periodical inspection has started on Feb. 24 in 1998,
and it will be finished in Jun. 1999
to
ON

- Irradiation equipments such as Material Testing Rig with
Temperature Control & Ex-vessel Irradiation Rig were taken out
- The temperature of test pieces were keep within + 4°C
- The repture of test pieces were successfully detected.
- Specimens are now waiting for the post irradiation
examination.
- The 33rd rated power operation will be started in Jun. 1999.

3.2 Upgrading program of Joyo (MK-III program)
Objectives : Upgrading the irradiation performance
- increase of neutron flux and plant availability factor
- upgrading of irradiation technologies
- Planned modification is to increase the fast neutron flux by
about 30%.
- Fabrication and inspection of subassemblies and cooling
system components have been underway
- Outer core fuel subassemblies have been fabricated and 10
subassemblies have already loaded in the core
- Modification of the cooling system is planned to start in 2000
with the 13th periodical inspection after a power-to-melt test
- Core modification will be started in 2001
- Initial criticality of the MK-III core is now scheduled in 2002

Experimental Fast Reactor JOYO
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4. Prototype Fast Breeder Reactor, Monju
4.1 Introduction
- On Dec. 8,1995, a sodium leak occurred on the secondary heat
transport system
- Cause investigation of the accident was done in 1996.
o

- Break-off of the thermometer well tube had been caused
by high frequency fatigue
- Accident simulating experiments were carried out to examine
the sodium leak and combustion behavior
- Monju comprehensive safety review was performed from
Dec. 1996

4.2 Monju comprehensive safety review
- Review aimed to improve the safety and reliability and was
performed in seven major fields.

U)

- Structural integrity against flow induced vibration
- Structural integrity of sodium boundaries
- Sodium leak detection, prevention of accident expansion &
mitigation of sodium leak accidents
- Safety design basis of Monju
- Operation manuals
- Reflections of R&D products and technical information
- Quality assurance system and QA activities
- Monju comprehensive safety review was finished by the 6th
report in May 1998.

Cause Investigation
(Breakage Mechanism,
Damage by Spilt Sodium)

Execution of
Monju Improvement

Confirmation of
Plant Integrity
& Performance

Planning of
Monju Improvement

Safety Review
to

1.
2.
3.
4.
5.

Function

Components Related to Sodium Leakage
Safety Design of Monju including plant operation
Operation Manuals
Application of R&D Results and New Findings
System and Activities for Quality Assurance
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ivivyiij
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Tests of
Components
& Systems
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4.3 Improvement of Monju
- Countermeasures against sodium leakage
- Modification of operation manual & intensification of operator
training
- System and formation for safety management
4.4 Countermeasures against sodium leakage
- Prevention of sodium leakage
- Early detection and monitoring of sodium leakage
- Reduction of the volume caused by spilt sodium
- Limiting the damage caused by spilt sodium
- Safety licensing examination by the safety authority is required
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4.5 Plant condition and maintenance
- Reactor has been shut down since the sodium leak accient
- Cooling system loop C, where the sodium leak occurred, is
not charged with sodium
- Decay heat of the core is being removed by 2 systems
- Temperature of the primary and the secondary heat transfer
system is kept 200 °C
- Annual maintenance of equipment and system assurance is
being performed

4.6 Technology Development
- Middle-long plan, is under consideration and various R&D
activities are being considered
- New building for R&D is under construction
- Present work on R&D:
- Development of the Virtual Engineering System
- Study of the upgraded reactor core (including burning of Pu,
MA& FP)
- Breeding performance evaluation
- Development of operation and maintenance support system
4.7 Activity for Monju's start up
- To gain the understanding and cooperation of local residents is
necessary
- Safety licensing examination by the safety authority is required

5. Design study of Japanese DFBR
Current Status
'84~'86

Study on cost reduction

'87~'89

Study on reactor type

'90~'93

Study on feasibility of top-entry type plant design,
Study on plant applying seismic isolation

'94 Jan.

Major design specification of the DFBR

'94~'96

DFBR plant design study (Phase 1)

'97~'99

DFBR plant design study (Phase 2)

5. Design study of Japanese DFBR(cont.)
- Design study for plant optimization (phase-ll) by the
JAPC is underway
- Forcused issues of the study in 1998
00

- Strengthening sodium leak & fire detection
- Improving the reliavility of plant
- Simplifying the structure
(DFBR<1.5*0.9*LWR)
- Improving the construction cost (DFBR<1.5*LWR)
- Fuel design & CDA analysis are carried by JNC as taking
partial charge of the design study

5. Design study of Japanese DFBR(cont.)
In-pile tests for Self Actuated Shutdown System (SASS)
in Joyo is under preparation
Concrete program of the DFBR construction will be
decided after that operating experience of the Monju
will be sufficiently accumulated

6. Research and development
- R&D work are underway under the discussion and coordination
of the Japanese FBR R&D Steering Committee, which is
composed of JNC,JAPC,JAERI and CRIEPI.

R&D items for DFBR among 4 organizations in 1998
-Safety

N,A,J

Core safety, plant safety, PSA, etc.

- Core & Fuels

N,A, J,C

Core physics, Advanced MOXfuel, MA burning, etc.

- High-temperature structural systems

N, J5 C

Structural design method, Sodium technology, etc.

- Plant technologies

N, J, C

Operating management, Maintenance & repair technology,
Large scale EMP, Double wall SG, 3D seisimic isolation, etc.

- Design study
commercialization plant, 2ry system elimination plant, etc.

J: JAPC, N:JNC, A: JAERI, C:CRIEPI

N, J, C

R&D items for DFBR among 4 organizations in 1998

4
to

Design study on plant system

J: Total plant design
N: Fuel design,CDA analysis

Safety

N,J,A

Core & Fuel

N,J,A

Plant components & Equipment

J, N,C

Structure / Materia I /
Thermal-Hydraulic / Seismic

J, N,C

- Reflection of experiences in the
MONJU

N,J

- Large-scale tests

N: Partial tests
Others: Not yet decided

J: JAPC, N: JNC, A: JAERI, C:CRIEPI
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ABSTRACT
Review of the general state of nuclear power in Russia as for 1998 is given in
brief in the paper.
Results of operation of BR-10, BOR-60 and BN-600 fast reactors are
presented as well as of scientific and technological escort of the BN-350 reactor.
The paper outlines the current status and prospects of South-Urals and
Beloyarskaya power unit projects with the BN-800 reactors.
The main planned development trends on fast reactors are described
concerning both new projects and R&D works.

1. RESULTS OF NPP OPERATION IN 1998
In 1998, 29 power units were in operation in Russia as integral parts of 9 NPPs
having 21.242 GW total power, namely:
13 power units with W E R integral type reactors (including 6 WER-440
and 7 WER-1000 reactors);
15 power units with uranium-graphite channel type reactors (including 11
RBMK and 4 EGP-6 reactors);
1 power unit with the BN-600 fast neutron reactor.
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Energy production by the NPP was 103.493-106 MW-h, that is 95.6% of the
previous year value.
In 1998, average load factor value for all NPPs was 55.62% as compared to
58.2% value obtained in 1997.
During 1998, 102 malfunctions took place on the NPPs, only 4 of these being
safety related. Three of these malfunctions are classified by the first level and one by the second level of the INES scale.
Fig. 1 shows the change of the frequency of NPP abnormal operation cases
including those influencing safety during previous 6 years. Classification of safety
related incidents according to the INES scale is presented in Fig. 2.
Fig. 3 is the diagrams showing distribution of incidents occurred on different
reactors between the quarters of 1998. Fig. 3a gives the total number of abnormal
operation events for each reactor type, while in Fig. 3b specific values per one reactor
of each type are presented.
It should be noted that last year some increase of the total number of abnormal
operation cases took place as compared to that of 1997. However the number of these
cases in the NPP, classified by the INES scale, have been kept almost the same during
several years.

2. FAST REACTOR OPERATING EXPERIENCE
During 1998, three fast reactors were in operation in Russia (BR-10, BOR-60
and BN-600). In Kazakhstan, the BN-350 fast reactor is in operation under scientific
and technological supervision of the Russian experts.

2.1. NPP with the BN-600 reactor

One preventive repair procedure was carried out on the BN-600 reactor in
1998. Neither unscheduled reactor power decrease nor loop shutdowns nor reactor
scrams took place.
Diagram illustrating the BN-600 reactor power unit operation in 1998 is
presented in Fig. 4.
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Generation values of electricity and heat were respectively 2519 and 81
million kW-h.
Table 1 gives the main technical and economical indices of the BN-600
reactor in 1998, compared to the average statistical values taken for the whole
operating period.
Table 1.
Parameter

No.
1.

2.
3.
4.
5.
6.
7.
8.

Load factor:
Heat supply is neglected
Heat supply is taken into account
Unscheduled decrease of load factor
Number of cases of power decrease
Number of reactor scrams
Collective irradiation dose
Radioactive inert gas release
Amount of low active solid wastes
Maximum fuel burn-up

Unit

1998

Average
value

%

48
49.5
0
0
0
1.78
0.44
60
11

74

%
man-Sv
kCi
mJ
% h.a.

Unlike the previous years of the reactor operation, when one annual 54 days
preventive repair and 21 days refueling procedures were planned, in 1998 one
combined scheduled preventive repair procedure was carried out during 6 months
(182 days). This decision was caused by the necessity of elimination of seizure in the
small rotating plug of the reactor during refueling, which was increasing since 1995.
In order to determine the cause of the plug seizure, in 1997 a hole was drilled
in the plug body during the reactor planned shutdown, and inspection of its bearing
unit was made. Sodium was detected in the bearing unit.
An attempt was made to remove the sodium by heating the bearing, but it
turned lame, and then decision was made on removal of sodium and replacement of
(presumably) damaged bearing unit in the course of preventive repair procedure in
1998.
Sodium removal and bearing replacement were carried out after the plug had
been lifted by 650 mm into the leak tight container. Inspection of the replaced bearing
unit showed that it was blocked up with sodium, and the cause of sodium penetration
into the bearing is to be studied. Preliminary analysis has shown that the amount of
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1.5
3
0
0.88
0.44
36

sodium (15 kg) corresponds to the rate of sodium vapor transfer in the annular gap
between the large and small rotating plugs.
Then the plug was elevated by 2100 mm height for inspection and
measurements, and some scratches on its lateral side were detected and eliminated.
After these operations, the rated value of the force required for the plug rotation was
restored.
In 1998, irradiation of experimental subassemblies with uranium-plutonium
fuel was in progress without any problems. Neither were encountered problems in the
subassemblies intended for cobalt-60 production, irradiation of which was completed.
Studies are planned for the future on the possible extension of the power unit
operating life from 30 to 40 years, as well as on determination of the possibility of
weapons grade plutonium utilization in the BN-600 reactor.
2.2. Experimental reactor BOR-60
In 1998, power of BOR-60 reactor facility was within 45-55 MW range. The
main parameters of the reactor in 1998 as well as the data characterizing the whole
period of the reactor operation are presented in Table 2.
Table 2.
8
Since startup to
31.12.98

1

2

3

4

5

6

7

Parameter

Unit

1 qtr

2 qtr

3 qtr

4 qtr

1998

1958

1635

1866

1219

6678

0.906
55

0.748
49

0.845
45

0.552
50

0.762
55

85101
8865.6

67208
10024.8

66935
10965.6

47844
6300

267088
36156

6626307
1078168.4

1958
1958
40192

1616
1616
6144

1834
1834
3655

1216
1216
19220

6624
6624
69211

92967
45935
390935

Time
of
reactor
operation on the power
h
exceeding
minimum
detectable level
Reactor usage factor
—
Maximum reactor power MW
Energy production:
heat
MW-h
electricity
Steam generator operating time:
h
OPG-1
OPG-2
Heat supply to the Gcal
consumers

160409

In 1998, tests of the fuel, absorber and structural materials were in progress
under conditions of high coolant parameters and neutron flux.
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The reactor core consisted of standard fuel subassemblies with the vibropacked oxide fuel (UO2, UPuO2).
Maximum fuel burn-up in the standard subassemblies and in the experimental
fuel subassemblies of standard design is respectively 15.5% h.a. and 30.3% h.a. In
some of the experimental fuel elements (namely three fuel elements located in special
demountable device) ~ 32.3% h.a. maximum fuel bum-up was achieved.

2.3. Test reactor BR-10

In 1998, the BR-10 reactor was in operation on variable power during 4634
hours, including 3243 hours operation within 6.0 - 7.6 MW power range.
The following works were carried out on the reactor:
-

target irradiation to produce isotopes required for pharmaceutics (32P,
35

S and

89

33

P,

Sr) as well as 99Mo;

irradiation of uranium and magnesium fuel composition specimens and
four specimens of various fuel element cladding structural materials;
-

irradiation of lavsan film by fission products in thermal neutron beam for
the purpose of production of track membrane having sterilization filtration
properties (0.2 u,m pore diameter, 109 pores/cm2 pores density);

-

radiation treatment of the oncological patients.

Design burn-up value for the nitride fuel is 8% h.a. By now, permissible
9% h.a. burn-up value has been justified for the BR-10 reactor nitride fuel.
Design burn-up value was exceeded in the fourth quarter of 1998 in many fuel
subassemblies, maximum burn-up value being equal to 8.62 % h.a.
Permanent monitoring of the fuel element cladding integrity made on the basis
of measurement of the delay neutron predecessors in the primary coolant and gaseous
fission product activity in the cover gas of the primary pumps has made it possible to
timely detect 7 fuel element failures, including one case of the fuel-coolant contact.
Fast neutron fluence (En > 0.1 MeV) upon the reactor vessel is as high as
5.95-1022 n/cm2, design value being equal to 7.0-1022 n/cm2.
In 1998, works were under way on preparation of the report on the BR-10 test
reactor operation safety taking into account the IAEA recommendations.
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In December 1998, operating life time of the BR-10 reactor was extended until
31.12.2000.
Basic design of the BR-10 reactor decommissioning is now under
development.

2.4. Cooperation with the Republic of Kazakhstan on the BN-350 reactor
NPP
The BN-350 reactor has been out of operation since March 1998.
Agreements are still in force on participation of the Russian institutions in the
assessment of conditions of the BN-350 reactor components and systems and
justification of its safety, as well as preparation for its decommissioning.

2.5. Current status of the BN-800 reactor NPP construction
According to the "Program of Nuclear Power Development in Russia in 19982005 Period and Prognosis to 2010", two power units with the BN-800 reactors are
supposed to be built on South-Urals and Beloyarskaya NPP sites.
The construction of these two power units has been suspended because of the
lack of financing.
Currently, works on the improvement and finalization of the BN-800 reactor
design are carried out. The modifications introduced to the design are aimed at the
considerable reduction of the power unit construction cost.

3. THE MAIN GOALS OF DESIGN STUDIES IN FAST REACTOR
AREA
Two main directions can be identified in fast reactor development in Russia:
works on the improvement of fast reactor designs under development and
those of the reactors in operation;
advanced reactor design studies.
The former direction covers works on the BN-800 reactor design modification
and development of hybrid core design for the BN-600 reactor.
The latter implies organization of the development of the advanced
competitive large size fast reactor with sodium coolant and organization of works on

148

justification of the alternative coolants application in the power fast reactors. Lead,
and lead-bismuth are considered as the alternative coolants.
In particular, 75 MW lead-bismuth cooled fast reactor design with two heat
removal circuits is under development. The concept design stage is near completion.
The main efforts in the area of the alternative coolants for fast reactors are
now supposed to be applied to the development of BREST-300 lead cooled fast
reactor design.
3.1. Works on improvement of the BN-800 reactor design
R&D works program on the correction and appropriate justification of basic
design of some systems and components of the BN-800 reactor has been developed
and approved by now in order to increase its technical and economical parameters.
These works are planned for the period of 1998-2005. In order to avoid
duplication and to reduce cost of the NPP these works will be performed to meet the
requirements for both Beloyarskaya and South Urals sites.
In particular, the following systems and components should be modified
within the framework of R&D works:
reactor building;
-

BN-800 reactor control system;

-

emergency power supply system;

-

decay heat removal system with air heat exchangers (DHRS AHX);

-

passive safety system (PSS);

-

steam generator;

-

components and systems of the 3 rd circuit, etc.

3.2. Justification of hybrid core design of the BN-600 reactor
The development of hybrid core design using MOX fuel for the BN-600
reactor is in progress now. It is supposed that this design realization will assure
efficient incineration of the weapons grade plutonium in the BN-600 reactor.
This work is carried out under financial, scientific and technological support
from the USA, France and Germany. Financial support of the design is planned by
Japan.
Basic design of the hybrid core has been completed by the SSC RF IPPE and
OKBM. As it has been mentioned above, several MOX fuel subassemblies are now
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irradiated in the BN-600 reactor in order to have experimental justification of the
hybrid core design.
Currently, justification of the BN-600 reactor hybrid core is under way for the
abnormal operation conditions, design basis accidents and more severe beyond design
accidents.

3.3. Development of advanced fast reactor designs
As it has been indicated above, two main directions can be identified in the
development of the advanced fast reactor designs, namely:
1). improvement of technical, economical and safety characteristics of
traditional sodium cooled reactors in order to meet rather high requirements and
increase their competitiveness;
2). development of improved safety fast reactor designs with heavy liquid
metal (in particular, lead) coolant.
Sodium cooled fast reactors are the most promoted designs. They have been
realized in operating plants and have developed technology and extensive operating
experience. Sodium cooled reactors have demonstrated high level of safety and
reliability, and according to the development made these have high potential in terms
of self-protection and improved safety.
Currently, the development of a large size fast reactor concept with the
improved safety is being initiated in Russia. It is supposed that this will be three
circuit facility of about 1600 MWe capacity with passive systems of the reactor
shutdown and air heat exchanger based decay heat removal.
Within the framework of the second direction, works on justification of
BREST-300 lead cooled fast reactor are set in Russia. The reactor construction is
planned in the vicinity of Beloyarskaya NPP site.
The key problem to be solved for the reactor design justification is successful
mastering of lead coolant technology.
The international conference on "Heavy Liquid Metal Coolants in Nuclear
Technologies" was held last October in Obninsk, where the comprehensive
information on BREST-300 reactor design (Fig. 5) was presented.
The main characteristics of the reactor are presented in Table 3.
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Table 3. Design characteristics of BREST-300 reactor with lead coolant
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Characteristic
Reactor thermal power
Reactor electric power
Coolant
Core inlet coolant temperature
Core outlet coolant temperature
Maximum lead velocity
Maximum temperature of the fuel element clad
Steam temperature at the SG outlet
Steam pressure at the SG outlet
Core life
Refueling interval
Core breeding ratio
Core diameter
Core height
Fuel element diameter
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Unit
MWth
MWe
°C
°C '

m/s
°C
°C
MPa
year
year
mm
mm

mm

Value
700
300
Lead
420
540
1.8
650
520
24.5
5
1.0
~1
2300
1100
9.1/9.6/10.4

Fig. 1. Change of frequency of NPP abnormal operation
cases in Russia during 1992 - 1998 period
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1996

H Safety related cases

1997

1998

H Others

Fig. 2. Change of frequency of safety related abnormal
operation cases in NPP during 1992-1998 period
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1996
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Fig. 3. Distribution of NPP abnormal operation events
between the reactor types in 1998
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Fig. 4. BN-600 Operating Histogram
in 1998 year
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Fig. 5. Elevation of BREST-300 reactor
1 - pump; 2 - vessel; 3 - thermal insulation; 4 - control and safety rods;
5 - core; 6 - support sticks; 7 - separating casing; 8 - SA storage;
9 - steam generator; 10 - concrete cavity; 11 - rotating plugs
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1.

ENERGY SOURCES AND PRODUCTION IN ITALY IN 1998

la

Primary Energy Supplies
The main features of the Italian energy supply situation in 1998 is shown in Table 1.
Provisional data indicate that Italy's total primary energy demand increased by 2.7% while
the total final consumption was mainly attributed to industry, transport and household and
services .

1b

Electricity Production and Demand
Gross electricity demand (see Table 2) increased during 1998 by 3,4% reflecting the good
performance of the Italian economy in the year.
Thermoelectric production increased by 3,4% resulting from a decrease in oil consumption
and a sharp increase in natural gas confirming the past years' trend.
Primary electricity signed a similar increase.
Gross electricity reached 260 TWh.

TABLE 1
ITALY - TOTAL PRIMARY ENERGY REQUIREMENT <« IN 1998<2)
f
19 9 8

Change
1998/1997

Mtoe

%

Oil
Natural gas
Solid fuels
Primary electricity ^
Net electricity imports
Renewables

94.5
51.5
12.1
11.3

52.5
28.6

9.0
1.7

5.0
0.9

+7.7
+3.6
+2.4
+4.5
+0.1

TOTAL

180.1

100.0

+2.7

(1)
(2)
(3)

6.7
6.3

Including bunkers
Provisional data
0.22 kgoe/kWh

157

%
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Liberalization of the electric market
With a legislative decree issued on 16/3/1999 a new law now regulates the electric market in
Italy. In such a decree the complex matter of electric energy is treated and the liberalization
of energy production, import, export and trade is regulated.
In the coming months many changes have to be realised in order to respect the new electric
market discipline.
More precisely ENEL S.p.A. has to create separate societies to perform the following
activities:
electric energy production,
electric energy distribution and sale to obliged buyers,
sale to qualified buyers
assertion of the propriety rights of the transmission grid including the transport lines,
the transformer stations and the relative maintenance and development,
nuclear power plant decommissioning.
As far as the production activity is concerned the law establishes that starting from
01.01.2003 no one can produce or sell, directly or indirectly more than 50% of the total
electric energy produced or imported in Italy. To reach this goal, ENEL S.p.A. has to sell at
least 15.000 Mw of its capacity by the same date and in the coming months has to present a
plan for the plants sale.
The law also regulates the idroelectric franchises and the incentives to renowables sources.
Coming to the nuclear matter the society to be constituted has to assure the old plant
decommissioning, the fuel cycle closing and connected activities; this can be obtained also in
association with other public bodies that can also become the leader. The Tresaury, Budget
and Economical Planning Minister will maintain the shares of the society that has to follow
the instructions of the Ministry of Industry.

le

ENEA reform
With a legislative decree issued on January 30th 1999, a new arrangement now regulates
ENEA activities devoted both to services for the Ministries and to research in energy and
environment fields. Prof. Carlo Rubbia has been recently nominated as new President.

2.

NUCLEAR ACTIVITIES

2a

Nuclear Fuel Cycle
ENEL continued the activities with regard to the processing and disposal of nuclear waste
from phased-out NPPS.
ENEA in the mean time had to proceed to the management of radioactive waste produced in
its research centres. Among these, during 1998 has been concluded the treatment compaign
of low activity liquid waste that were produced in the Pu plant in Casaccia. In addition in
Trisaia, at the ITREC plant, all the low level liquid waste were cemented while the same
process will be applied during 1999 to the high level waste.
Activities devoted to finding a national site where low and medium level nuclear waste can
be stored, have continued. To develop a conceptual design of the complete system in
december 1998 a contract has been signed with the Spanish ENRESA. On the national State
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industries. This interest, also shown at governmental level, is confirmed by the 17 billion lire
assigned to the two years program TRASCO, about half of which have been given by
MURST (the Ministry of the University, Scientific and Technological Research).
TRASCO started in 1998 under the leadership of INFN (National Institute for Nuclear
Physics) for the accelerator and of ENEA (National Agency for New Technologies, Energy
and Environment) for the sub-critical system. This program is considered of particular
relevance for the creation of a well mixed group of competencies and it will provide results
of relevant importance in support of any related industrial program.
The program aims to study the physics and to develop the technologies needed to design an
Accelerator Driven System for nuclear waste transmutation and was prepared with close
reference to Carlo Rubbia's Energy Amplifier proposal.
It consists of two main parts, regarding, respectively, the accelerator and the sub-critical
system. Although ENEA and INPN are jointly responsible for the whole program, INFN
essentially manages the first part and ENEA the second part.
The project concerns all the main subsystems of an ADS (accelerator, window/target, subcritical reactor). However, due to the limited available financial resources, efforts are
concentrated on some significant and qualified activities, in view of the goal of participation
in an international project for the construction of an ADS prototype, like the Energy
Amplifier for waste transmutation
The main objectives of the research program can be summarised as follows:
conceptual design of a 1 GeV - 30 mA proton LINAC;
design and construction of the proton source and of the first section of the RFQ, as well
as of some prototypical cavities concerning the super-conductive LINAC;
development of methods and criteria for neutronics, thermal-hydraulics and plant
design for a sub-critical system, as well as some specific aspects related to the safety
analysis of this type of nuclear installation;
materials technologies and development of components to be used in a plant in which
lead or lead-bismuth acts both as a primary target and as a coolant;
experiments to validate and verify proposed technologies for materials compatibility
with lead and lead-bismuth alloys.
The foreseen activities will last two years. Besides ENEA and INFN, also participate in the
project some qualified Italian firms and other Italian public research institutions (namely,
Universities and INFM, the National Institute for Physics of Matter).
The following nine research sub-programs have been foreseen; each of them is being carried
out by a corresponding research group, involving the research institutes and firms reported
in brackets.
1.
Proton source (INFN, SISTEC, HITEQ;
2.
Low and medium energy accelerator section (INFN, CINEL);
3.
High energy accelerator section (INFN, CISE, SAES-Getters, ZANON);
4.
Neutron production for material characterisation (INFN, HMFM);
5.
General safety criteria and classification (ENEA, ANSALDO)
6.
Neutronics and transmutation efficiency (ENEA, CIRTEN, CRS4, University of
Bologna);
7.
Thermal-hydraulic analysis (ENEA, CIRTEN, CRS4, ANSALDO);
8.
Beam window technology (ENEA, CIRTEN, ANSALDO, INFM);
9.
Materials technology and compatibility with Lead and/or Lead-Bismuth alloy (ENEA,
CIRTEN, CRS4, FN, ANSALDO).

2d2 The Industrial Programme
In parallel to the basic activities above, Ansaldo, a major Italian firm, proposed and started
the aforementioned industrial program, with the collaboration of CRS4, ENEA and INFN.
This program foresees two main steps:
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Table 3: Main Characteristics of the demonstration prototype design.

Power
Accelerator
Target
Window

80 MWth
Three stage cyclotron based on PSI configuration
Pb-Bi eutectic preferably separated from primary coolant
a): window cooled by primary coolant or by separate
coolant,
b): windowless target (separated, continously renewed
free-level target in forced circulation and cooled by
primary coolant).

Core
Fuel

Koff- 0.95

U and Pu MOX. Same geometry of the pellets and
comparable isotopic composition of the fuel at the higher
enrichment of the second SPX core.
Pb-Bi (300°C at core inlet, 400 °C at core outlet).
Primary coolant
Circulation enhanced by gas injection in a naturalPrimary coolant circulation
circulation reactor configuration.
Low vapour pressure organic diathermic fluid (280-320
Secondary coolant
°C)
Air coolers (system designed to use six air coolers
Normal power removal
available at ENEA)
Two rotating plugs, one fixed arm and one direct lifting
In-vessel fuel handling
machine
Safety-related
decay
heat Reactor Vessel Air Cooling System (RVACS)
removal
Reactor vessel and safety vessel on horizontal anti-seismic
Earthquake protection
supports
Metallic plate
Reactor roof
Hung, 316L steel
Main vessel and safety vessel
Hot shut down temperature
280 °C
Cold shut down-temperature
200 °C
Thermocouples and failed fuel pins detection system
Fuel assembly monitoring
Internal
Pb-Bi purification
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THE STATUS OF FAST REACTOR TECHNOLOGY
DEVELOPMENT IN CHINA
Abstracts
The paper outlines the recent development status of nuclear power plants in China and
introduces the main design characteristics and nuclear safety features of the Chinese
Experimental Fast Reactor (CEFR)
During the reviewing of the Preliminary Safety Analysis Report some important
subiects have been proposed by the China National Nuclear Safety Administration(NNSA).
The more detailed research for the answer has been done. The main analysis results for (1)
Reactor Shut-down System, (2) Decay Heat Removal System and (3) Fuel Subassembly
Blockage as three example are give in this paper.
The CEFR is still in the detail design stage. Its site is almost ready for the construction
of the main building. It is planned to have the first pouring of concrete in June, 1999, but it
depends on the license issued by the NNSA.
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1.

INTRODUCTION

China, as a developing Country has been keeping her economy growth trends for more
than ten years. In 1998 the annual increasing rate of Gross National Products was 7.8%, a
little lower than original target of 8%. Up to now the GNP per capita and the power
installation capacity per capita of the Country is still much lower than the world's current
average level.
So the Government leaves no stone unturned in accelerating the national economy
development resulting in higher and higher energy demand. Due to the constraints in funds
and techniques nuclear power is just a moderate supplementary contribution to power
industry in the near future. Nowadays China has two operating nuclear power plants: the
Qinshan NPP phase 1 with a 300 MWe PWR unit and the Days Bay NPP with twin 900
MWe PWR units. At present there are four NPPs with eight units under construction which
are:
Qinshan NPP phase 2 with twin 600 MWe PWR units
Linao NPP with twin 944 MWe PWR units
Qinshan NPP phase 3 with twin 720 MWe CANDU units and
Lianyungang NPP with twin 1000 MWe PWR units,
They will be commissioned in the years 2002-2004.
Due to a huge demand for electrical power in rather long term as indicated in Table
1 [1,2] the nuclear power in China would be moved towards an excellent situation to develop
progressively. It was preliminarily proposed to 20—23 GWe and 40~50 GWe in the year
2010 and 2020 respectively [2].
Table 1 CHINA'S POWER GENERATION AND TRENDS

year
1993
1994
1995
1996
1997
2000
2010
2020

Total capacity (GWe)
183
199
210
225
250 .
300
590
800

Total production (TWh)
836
905
990
1135
1400
2700
3700

'

Such a development trends of nuclear power is illustrative of the necessity to fast
breeder reactor in China.
These years some fast reactor Countries stop or delay their fast reactor commercial
program from which a question has been proposed to us whether the situation right now has
happened in these Countries will be met by China 30 or 40 years later. The predominant
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answer is "no", because at that time the oil, gas and uranium resources will be furtherly
exhausted, and China may not be so richer than other Countries that could buy more
expensive energy resources to support a 1.5 billion population Country. So the CEFR project
is still supported by the Government.
The CEFR detail design is under way. The ordering of the components is continued. Its
site preparation is almost ready for reactor building construction. The reviewing of the
Preliminary Safety Analysis Report by the NNSA has been conducted for 10 months and the
license for the construction hasn't been issued.
2.

CEFR DESIGN

After the collection and preparation of necessary computer codes and the decision of
main technical selections, the conceptual design of the CEFR was started in 1990 and
completed in 1993 including the confirmation and optimization to some important design
characteristics. Having spent almost whole 1994 for its preparation, the CEFR preliminary
design was started in the early of 1995 and finished in August 1997. After about another half
year for its necessary modification, the detail design is started since the early 1998.
Following presentation to this reactor is based on its preliminary design.
2.1

Introduction

The CEFR is a sodium cooled 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. The
following are General Engineering Characteristics:
Thermal Power
Electrical Power(T.G. Capacity)
Electrical Power(net)
Acreage of Reactor Site
Floor Space of Buildings
First Loading (UO2 64.4%)
Water Supply
Power Supply
2.2

65 MW
25 MW
20 MW
15 ha
43731 m2
417 kg
4500 t/d
3000 kW

Reactor Core

The reactor core, as shown in Fig.l, is composed of 81 fuel subassemblies(Fig.2), three
safety subassemblies, three compensation subassemblies and two regulation subassemblies,
then 336 stainless steel reflector subassemblies and 230 shielding subassemblies and in
addition 56 positions for primary storage of spent fuel subassemblies are included. 92%B-10
enrichment B4C is used for safety and compensation absorber, but natural boron B4C (B-10
enrichment about 20%) for regulation and shielding subassemblies.
The compensation and regulation subassemblies are also as first shutdown system.
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The design limitation to the.core which was fixed before the core design is as following:
Thermal Power
Linear Power
Operation Cycle(min.)
Inserting Rate of Reactivity(max.)
Positive Reactivity (each addition)(max.)
Reactivity Equivalent of Each Regulation Subassembly(max.)
Cladding Temperature in Nominal Operation (max.)

65
430
73
0.07
0.4
1
700

MW
W/cm
d
p/s
p
p
°C

Some results about core neutronics and thermohydraulics are listed in Tables 2-5.
Table 2

CEFR FUEL LOADING (EQUILIBRIUM)
Fuel

PuO2
U-235 enrichment
U-235
Pu-239
Total Pu
Table 3

(Pu,U)O?
wt%
%
kg
kg
kg

29.4
36
92.33
65.76
141

64.4
236.6

MAXIMUM HEAT RATE*
Cycle

Parameters
Power of Fuel Subassembly
Linear of Fuel Pin
Volume Power Density
*:(Pu,U)O2/UO2
Table 4

UO7

End
0.978/0.952
396/388
744/725

Beginning
0.980/0.957
(MW)
(W/cm) 405/395
(MW/m3) 756/738

MAXIMUM NEUTRON FLUX RATE*(1015 n/cm2 • s)
Position

Center (steel)
First Row of Fuel S. A "
First Row of Reflector S.A
First Row of Shielding S.A
Storage Position
*:(Pu,U)O2/UO2
**:S.A-Abbreviation Subassembly

Cycle
Beginning
3.73/3.13
3.70/3.10
2.20/1.90
0.293/0.261
0.0269/0.0252
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End
3.76/3.15 .
3.73/3.13
2.26/1.92
0.298/0.264
0.271/0.0254

Table 5

CLADDING AND FUEL TEMPERATURE* max. °C
Cladding"
Fuel
Flow Region
Cycle
Cycle
Beginning
End
Beginning
End
670.44
1 (15 Fuel S.As)
665.68
2511.36
2497.30
2 (18 Fuel S.As)
665.02
670.76
2373.06
'2370.10
662.24
3 (21 Fuel S.As)
659.68
2219.16
2213.50
4 (27 Fuel S.As)
656.66
656.68
2039.46
2030.60
(Pu,U)O2
Including 2cr deviation of average square root related to the nominal value.
*** Using 3 a for uncertainty of design parameters.

2.3

Reactor Block

The CEFR block is composed of main vessel and guard vessel which is supported from
bottom on the floor of reactor pit, reactor core and its support structure, internal structures on
which main pumps, intermediate heat exchangers and DHRS heat exchangers are supported
and reactor top roof and double rotation plugs on which control rod driving mechanisms, fuel
handling machine and some instrumentation structures are supported. The CEFR block is
shown in Fig 3.
The main vessel has an outside diameter of 8010mm and a diameter gap of 175mm
toward guard vessel. The narrow gap design permits the core still immersed in sodium when
the main vessel leak accident has unexpectedly happened. Using 2D Sn computer code, the
calculation shows that the neutron fluence during 30 years is about 1.0 x 1022 n/cm2. The
anti-seismic analysis is under going. For main vessel only temperature, strain and sodium
leak detection are considered.
In the design a molten core catcher is equipped even though there is no any serious
accident in which the large part of core damage could be happened based on the analysis of
all the beyond design basis accidents.
2.4

Main Heat Transport System

The primary circuit is composed of 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 °C and in hot pool it is 516 °C.
The secondary circuit has two loops each one is equipped with one secondary pump,
two intermediate exchangers(IHX), one evaporator, expansion tank, one superheater and
valves. The outlet sodium temperature of secondary circuit from IHX is 495 °C. When it
leave evaporator it will decrease up to 310 °C, and in outlet of superheater it is 463.3 °C.
The tertiary water steam circuit has one turbine generator, three low pressure heaters,
one deoxygen heater, one demineralization facility and feed water pumps.
Each evaporator is connected with one release-to-air valve and two safety release valves
are equipped, but for superheater, one release-to-air valve and one safety release valve. And
the by-pass de-temperature de-pressure valves are equipped for discharging the steam to the
condenser when the turbine is not in operation.
2.5

Safety Characteristics
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2.5.1 Active Safety Measure
The CEFR is equipped with eight control subassemblies of which three for safety, three
for compensation and two for regulation. Two independent shut down systems are composed
of these eight control subassemblies Their reactivity values are given in Table 6.
Table 6

CONTROL SUBASSEMBLY REACTIVITY VALUE
(Pu,U)O, core
%AK/K
Control
Material
Cycle
Shut Down
Subassembly
End
Beginning
System
1.84
Comp.-l
B4C
1.85
1.81
Comp.-2
1.82
Enriched
Comp.-3
1.82
• 1.81
0.14
0.13
Regu.-1
B4C
first
Natural
Regu.-2
0.14
0.13
3 comp.s
5.63
5.59
5.84
Total
5.83
Total except comp.l
4.00
3.91
SA-1
B4C
0.98
0.99
SA-2
Enriched
0.99
1.00
0.98
0.99
second
SA-3
3.13
Total
3.10
2.03
2SAs
2.01
8 Subassemblies
9.13
9.25
Total
7 Except comp. 1
7.19
7.18

The decay heat also will be removed by main heat transport system when the reactor is
shut-down, but the flow rate of the main pump will be changed to 15% which power is
supplied by power grid, stand-by grid and emergency power.
2.5.2 Passive Safety Properties
It was intended at early stage to design the CEFR having a perfect passive safety
property.
Firstly, it has rather deep negative feedbacks when the temperature or the power is
increasing. These feedback properties are shown in Tables 7-10.
Table 7

TEMPERATURE REACTIVITY EFFECT
(Pu,U)O2/UO2 CORE, 250-360 °C, %AK/K
Cycle
Beginning
-0.169/-0.182
-0.037/-0.034
-0.019/-0.019
-0.204/-0.184
-0.032/-0.022
-0.461/-0.441

Sodium Density
Axial Expansion of Reactor Core
Axial Expansion of Lateral Reflector
Radial Expansion (diagrid plenum)
Doppler Effect
Total
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End
-0.170/-0.186
-0.038/-0.034
-0.020/-0.019
-0.205/-0.188
-0.033/-0.024
-0.466/-0.451

Table 8

POWER REACTIVITY EFFECT, HOT STANDBY-FULL POWER
(Pu,U)O2/UO2 core
%AK/K
Cycle
Beginning
-0.107/-0.122
-0.029/-0.028
-0.339/-0.259
-0.011/-0.010
-0.020/-0.020
-0.063/-0.034
-0.569/-0.509

Sodium Density
Sodium Volume Fraction Exchange
Axial Expansion of Reactor Core
Axial Expansion of Lateral Reflector
Radial Expansion (S.A. Winding)
Doppler Effect
Total
Table 9

DOPPLER CONSTANT OF CEFR CORE
(Pu,U)O2/UO2 core
l(r3AK/K
Kw(withNa)
-0.878/-0.394
-1.574/-1.170
-1774/-1.200

Fuel:633-1593K Cladding: 633-1000K
All Materials
523-633K
All Materials
373-523K
Table 10

End
-0.112/-0.124
-0.034/-0.029
-0.311/-0.300
-0.011/-0.010
-0.020/-0.020
-0.063/-0.036
-0.556/-0.519

Kd(without Na)
-0.618/-0.113
-1.048/-0.519
-1.142/-0.578

REACTIVITY EFFECT OF SODIUM LOST
(Pu,U)O2/UO2 CORE
%AK/K
Cycle

Region Lost Sodium
Beginning
-2.366/-2.456
-3.067/-3.116
-3.737/-3J44
-5.196/-5.106

Core (Fuel Section)
Core (Fuel section + upper section of S.A)
Core (Whole Section of S.A)
Whole Core (including central stainless steel
rod, and stainless steel reflector)

End
-2.404/-2.504
-3.110/-3.189
-3.788/-3.836
-5.194/-5.282

Secondly, two independent passive residual heat removal systems as one of specific safety
installations are designed for the reactor. Each one includes one Na-Na heat exchanger
immersed in primary sodium and one sodium-air cooler with a high stack. The normal power
of each system at its service condition is 0.525 MWth, and at its standby condition the power
lost will be 0.052MWth.
2.6

Main Design Parameters
Parameter

Thermal Power
Electric Power, net
Reactor Core
Height
Diameter Equivalent
Fuel
Pu, total

Unit

Preliminary
design

MW
MW

65
20

cm
cm

45.0
60.0
(Pu,U)O2
141

kg
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Pu-239
U-235(enrichment)
Linear Power max.
Neutron Flux
Bum-up, target max.
Bum-up, first load max.
Inlet Temp, of the Core
Outlet Temp, of the Core
Diameter of Main Vessel(outside)
Primary Circuit
Number of Loops
Quantity of Sodium
Flow Rate, total
Number of IHX per loop
Secondary Circuit
Number of loops
Quantity of Sodium
Flow Rate
Tertiary Circuit
Steam Temperature
Steam Pressure
Flow Rate
Plant Life
3.

kg
kg
W/cm
n/cm2 • s
MWd/t
MWd/t
°C
°C

m

65.76
92.33(36%)
430
3.7 MO15
100000
60000
360
530
8.010

t
t/h

2
~300
1328.4
2

t

2
48.2
986.4

t/h
°C

MPa
t/h
a

480
14
96.2
30

PRELIMINARY SAFETY ANALYSIS REPORT

For the application of the reactor construction, the Preliminary Safety Analysis Report
(PSAR) has been submitted to the National Nuclear Safety Administration on April-June,
1998. The RG1.70 of US-NRC is taken as reference for the compilation format and contents.
The most important typical accidents are selected to analyze. Here Six Beyond design Basis
Accidents(BDBA) and three Design Basis Accidents (DBA) are as example.
3.1

BDBA-1 Power lost and shut down signals failure

Conditions and initial case
(1) Reactor is in operation at 100% nominal power;
(2) Grid power and stand-by power lost;
(3) All shut-down signals failed;
(4) Primary and secondary pumps stopped in 40 and 60 seconds respectively after grid
power lost;
(5) All windows of the air coolers are open in 10 minutes after grid power lost;
(6) Up to 2700 seconds after grid power lost, the reactor shut down manually by
operator.
Results:
(1) Before reactor shut down manually, reactor power decreased by the negative
feedback due to the temperature raising;
(2) The maximum core outlet temperature and maximum cladding temperature will
reach 830°C and 850°C respectively during very short period;
(3) The integrity of fuel pins is kept.
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3.2 BDBA-2 The guillotine or leakage of the primary sodium purification pipe
happened and simultaneously the isolation valves failed.
Results: thanks to the special siphon automatic interference device, the leaked sodium
less is than 60 1. But, if the leak from <E>2.5 mm hole happened and the siphon effect
destroyed manually by operator after 7 hours since leak has happened, the maximum leak
less than 13721.
For the second case the calculation shows that if extinguishing system failed and with
following conditions, the released aerosol of sodium will be 150 kg.
Floor surface
Height of room
Flow rate of ventilation

3.3

115m2
3m
3850 m3/h.

BDBA-3

Grid power and stand-by power lost and all windows of the air cooler of DHRS can't be
open.
Conditions and initial case:
(1) Reactor is in operation at 100% nominal power;
(2) Reliable power supply is O.K.;
(3) Shut down systems is O.K.;
(4) Primary and secondary pumps inertia running in 40 and 60 seconds respectively
after the power is lost;
(5) The air flow rate of the DHRS is only 10% of the design value..
Results:
Maximum outlet sodium temperature of the core will be less than 520 °C.

3.4 BDBA-4 One regulation subassembly unexpectedly raised and shut down systems
are effectiveless.
Conditions and initial case:
(1) Reactor is in operation at 100% nominal power;
(2) DHRS is in hot stand-by.
Results:
(1) The total reactivity inserted is 0.0014 AK/K;
(2) The maximum power is only 117% due to the negative feedback;
(3) The maximum temperature of sodium outlet of the core and cladding are 570°C
and 712 °C respectively. And maximum temperature of fuel pin center is 2500 °C.
3.5 BDBA-5 The check valves in two primary pressure pipes are closed to the limited
position(it still has 20 degree) simultaneously during 20 minutes.
Conditions and initial case:
(1) Reactor is in operation at 100% nominal power;
(2) DHRS is at hot stand-by;
(3) Shut down systems are OK.
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Results:
The maximum temperature of the core outlet sodium and cladding are 570 °C and 710
°C respectively.
3.6

BDBA-6 Main vessel and guard vessel leaked successively

Conditions and initial case:
(1) The Reactor is in operation at 100% nominal power;
(2) The crack equivalent diameter is 3.2mm at main vessel, when 23m3 sodium filled
in the gap, the guard vessel started to leak (about 165 hours from main vessel leakage).
Results:
About 2000kg sodium aerosol will release to the environment.
3.7

DBA-1 Main vessel leaked

Conditions and initial case:
(1) Same as 3.6;
(2) The crack equivalent diameter is 3.2mm, 23m3 sodium filled in the gap during 165
hours.
Results:
Radioactivity gas of 1 * 109Bq will release from 23m3 sodium to the environment.
3.8

DBA-2

Primary sodium leaked at auxiliary pipe without protection sheath

Conditions and initial case:
It is assumed that there is a crack equivalent to 2.5mm diameter at the pipe, and the
check valve is closed during 20 seconds in 10 minutes after leakage has happened.
Results:
The leakage quantity will be 40 kg on the floor in the room in which 2kg sodium
will release to the environment as aerosol.
3.9

DBA-3 The cover gas of primary sodium leaked

Condition and initial case:
(1) The pressure of the cover gas is 0.05MPa;
(2) Reactor is in operation at 100% nominal power.
Results:
When the pressure of cover gas decreased to 0.04MPa. The accident signal will be
appeared. Reactor will be shut-down manually. Totally 43kg Ar (20kg Ar from reactor and
23kg Ar from compensation tank) will be released to the environment.
3.10

Environment Effect Evaluation

The personal maximum dose equivalent values to the residents during abovementioned
accidents have been calculated and results are given in Table 11.
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Table 11

MAXIMUM DOSE EQUIVALENT VALUE

no.
of accidents

Grid
lost

BDBA-1
BDBA-2
BDBA-3
BDBA-4

V

Shut down
failed

mSv
DHRS
failed

V

Purification pipe leaked and check valve failed, 1372kg Na
v
v(10%kept)
Regulation S.A. unexpected raised

Dose
calculated
0.12
0.0692
0
0

Dose
limitation

0
0.00414
negligible
0.0013
negligible

5
5
0.5
0.5

5
5
5
5

V

to

BDBA-5
BDBA-6
DBA-1
DBA-2
DBA-3

Two check valves in primary circuit closed
Main and guard vessels leaked successively
Main vessel leaked
Purification pipe leaked and check valve O.K. ,40kg Na
Cover gas leaked

0.5

4.

PSAR REVIEWING

The CEFR Preliminary Safety Analysis Report (PSAR) had been submitted to the
National Nuclear Safety Administration (NNSA) in April-June 1998. In August of the year
1998, more than 600 questions have been proposed by the reviewers from NNSA and the
Nuclear Safety Review Centre (NSRC). About two third have been replied and others left for
further discussion.
Due to lack of enough experiences to review a fast reactor PSAR, the NNSA asked
IAEA for help and to make a consultancy. An expert group organized by the Division of
Nuclear Installation Safety, Department of Nuclear Safety has been in China from Nov. 9 to
18,1998 for the Design Safety Review Services (DSRS) Meeting to assist the NNSA and the
owner of CEFR before licensing.
Only some parts of the PSAR have been provided to the expert group, so following
specific fields of expertise were required for review:
• Reactor shut-down systems
• Decay heat removal systems (heat transfer system and related systems)
• Protection of radioactivity release (including material consideration)
• Core monitoring (instrumentation and control)
• Accident analysis
• Sodium fire protection and protection of Na-H2O reactions
• Sodium behaviour
• Seismic design consideration
• High radiation effect on the materials.
As a result, the final draft of the DSRS for CEFR has been completed. The comments
proposed by the group, either good aspects, or negative aspects, or recommendations are all
helpful to the NNSA for having a suitable yardstick of safety reviewing and to the CIAE for
designing a really safe reactor.
After this consultancy, a further discussion has been held between the NNSA-reviewers
and CIAE-designers. Following are main substances of answer which submitted to the
NNSA
4.1

Reactor Shut-down System

4.1.1 Standard and criteria
According to HAF-0200, Safely Guideline for Nuclear Power Plant issued by NNSA, it
is stated that "reactor shut-down measures should be composed of two diverse systems, in
which at least one system could bring independently and quickly the reactor from operation
state or accident state to subcritical state with enough reactivity margin under the single
failure principle". There is no any concrete regulation about the shut-down reactivity margin.
In the neutronics design criteria of CEFR (CEFR.D.DC-C05) it is regulated as
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followings
• The reactor should be equipped with two independent shut-down systems.
• The principle of control rod stuck should be obeyed for any one of two systems and
it is assumed that the largest rod is stuck out of reactor.
• The most unfavourable combination of calculation uncertainties should be
considered for the calculation of control rods reactivity and other reactivity effects.
• Considering the principle of rod stuck and calculation uncertainties any one of two
shut-down systems could bring the reactor from operation state or accident state to
hot shut-down state (360°C) with a shut-down reactivity margin more than 1%
AK/K.
• Considering the principle of rod stuck and calculation uncertainties any one of two
shut-down systems could bring the reactor from operation state or accident state to
cold shut-down state (250°C).
All demands by the safety guideline and criteria abovementioned are fully met by the
design of CEFR shut-down systems. The uncertainties considered are:
Control rod reactivity worth
± 15%
diverse Temperature reactivity effect
±15%
burn-up reactivity requirement
+ 8%
4.1.2

Design Results

The calculation results of control rod reactivity worth, reactivity effect and shut-down
reactivity margin for CEFR are shown in Table 12.
Table 12 Calculation Values of Control Rod Reactivity, Reactivity Effect and Shut-down
Reactivity Margin
Value with out
Value with
Item
uncertainties
uncertainties
%AK/K
%AK/K
First shut-down system
5.34
4.54
First shut-down system with stuck rod
3.58
3.04
Second shut-down system
2.91
2.47
Second shut-down system with stuck rod
1.89
1.61
Two shut-down systems
8.46
7.19
6.68
Two shut-down systems with stuck rod
5.68
Reactivity effect and requirement
-0.45
250°C-360°C
-0.52
-0.52
360 °C-full power
-0.60
-0.97
-0.12
250°C-full power
Burn-up requirement
1.20
1.30
Maximum reactivity for cold shut-down
2.17
First shut-down system
2.42
Second shut-down system
0.97
1.12
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Maximum reactivity for hot shut-down
First shut-down system
1.72
Second shut-down system
0.52
Shut-down reactivity margin with a rod stuck
First shut-down system for hot shut-down
1.86
First shut-down system for cold shut-down
1.41
1.37
Second shut-down system for hot shut-down
0.92
Second shut-down system for cold shut-down
Two shut-down system for hot shut-down
4.96
Two shut-down system for cold shut-down
4.51
4.2

1.90
0.60
1.14
0.62
1.01
0.49
3.78
3.26

Decay Heat Removal System

The layout of the Decay Heat Removal System (DHRS) is shown in Fig4 which is the
one of two parallel DHRS of CEFR. The sodium natural convection route in primary circuit
is conceptually given in Fig5.
4.2.1

Steady State Analysis Results

Based on the system layout design and components design of the CEFR, the
thermohydraulic analysis of steady state for the DHRS of CEFR has been conducted to give
its capability. The results is given in table 13.
Table 13 Steady State Calculation Result (One Channel)
Parameter
Heat Removal Capability
Primary Na Flow Rate in DHX
Reactor Core Na Flow Rate (S.A)
Gap Na Flow Rate Between S.A.S
Intermediate Na Flow Rate
Air Flow Rate
Primary Na Inlet/Outlet Temp, in DHX
Intermediate Na Inlet/Outlet Temp in DHX
Intermediate Na Inlet/Outlet Temp, in Air Cooler
Air Inlet/Outlet Temp, in Air Cooler
4.2.2

Unit
MW
kg/s
kg./s
kg./s
kg./s
kg./s
°C
V
°C
°C

Value
0.525
5.80
3.40
3.05
2.93
2.40
516/444
374/498
497/373
50/264

Transient analysis results

It was analyzed when two steam generators lost feed water as an example of transient
analysis
Initial condition:
• 100% nominal power
• Two DHRSs in the condition of stand-by
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Transient condition:
• After 0.7 seconds when two steam generators lost feed water reactor shut-down by
the shut-down system.
• After reactor shut down Primary and Secondary Pumps coast down up to stop.
• It is conservatively assumed that after 10 minutes when two SGs lost feed water the
air gates of the air cooler are started to open and will be fully opened during one
minutes.
Based on the conditions abovementioned the transient analysis has been done with the codes
from IPPE OKBM and CIAE, the results are listed in the Table 14.
Table 14 Transient analysis at SG lost feed water Condition
GRIF-SM*
Calculation computer codes
LOOP 2*
RUBIN** DHRSC***
CBTO*
Core outlet temperature °C
500
520
526
Hot pool max. temperature °C
530
535
548.7
Main vessel cooling Na max. temperature °C 420
Fuel cladding max. temperature °C
=535
550
540
* From IPPE Russia
** From OKBM Russia. The contribution of main heat transfer systems is neglected
*** From CIAE China. The contribution of main heat transfer system is neglected
4.2.3

DHR Water Mock-up Test

Based on the conceptual design of CEFR block structure a primary circuit water mockup with the scale 1:5 has been set up in CIAE, China The heating power of the core can be
changed from o to 8kW. From the first phase experiments the following main results have
been obtained.
• The natural circulation will be established if the core was heated, and ,the circulation
flow rate was raising along with the power increasing in the core
• The stralification phenomena in hot pool were observed under natural circulation
induced by core heated. The temperature distribution was not strongly inferenced by
core power in the test condition
• With two same DHXs the temperature profile was axially symmetrical.
4.2.4

Validation Test

The CEFR DHRS Water Mock-up test will be done in IPPE, Russia, at which its steady
state heat transfer and transient heat transfer process will be demonstrated. Recently, the
theoretical study for this mock-up is under way.
4.3

Fuel Subassembly Flow Blockage
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In the Preliminary Safety Analysis Report the fuel subassembly flow blockage
possibility has been analyzed.
4.3.1 Blockage Initiation Cause
Following blockage initiation causes have been considered:
• The full blockage by pieces or debris is considered as almost impossible event due to
the entrance holes distributed on a periphery way at the fuel subassembly foot.
• Swelling
The flow cross section reduce by the cladding swelling is only 0.63% with the flux
influence 1.08X1023 n/cm2 and cladding temperature 600°C
• Fuel debris and corrosion products
Fuel debris and corrosion products deposit in the flow channel is considered as a slow
process.
• Wire Wrap Broken
There is no any powerful force to push a broken wire pressed to the extent of full
blockage.
Based on the above analysis the conclusion is that it is impossible to have instantaneous
flow cross section blockage in the recent design of fast reactor subassemblies.
4.3.2 Blockage Experiment
A blockage experiment with 19 pins bundle electrically heated in the sodium
thermohydraulic test loop has been carried out. The blockage in the experiment is "plate
form" blockage which results have been used for the validation of the computer code.
4.3.3 Calculation Results
The different blockage conditions have been assumed and analyzed which results are
listed in Table 15
Table 15 Assumed Blockage Calculation Results
Condition
Blockage Percentage
NO
1.
2.
3.
4.
5.

Na Max. Temp.
V

Plate Blockage form
16.7% side and corner
726
31.96% side and corner
863
18.35% centre
754
32.12% side and corner
819
42.83%
811
Porous Blockage form
6. 16.7% side and corner, porous percentage 50%
650
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cladding
Temp
°C
746
883
764
830
852

Max

7.
8.
9.

16 .7% side and corner, porous percentage 25%
31 .96% side and corner, porous percentage 50%
31 .96% side and corner, porous percentage 25

4.3.4

662
668
696

Surveillance Measures

Following surveillance measures have been designed which could be used for
subassembly blockage monitoring:
• Sodium Temperature Measurement
Due to the CEFR is a small reactor, it's impossible to measure the sodium temperature
at the outlet of each subassembly. In the CEFR design each three adjacent fuel subassemblies
is equipped with one thermo-couple at their outlet. And only one third fuel subassemblies are
covered. When one subassembly of three adjacent subassemblies has blocked 30% the
common thermo-couple will give about 10°C raising which could be detected.
• Cover Gas Radioactivity Detection
It is estimated that (3 and y detectors with y spectrum analyzer could detect out one pin
failure with the response time of 4 minutes.
• Delayed Neutron Detection
Out of reactor vessel the delayed neutron detection systems are designed. According to
the estimation the sensibility of the detection system is 1.58cm2 surface contacted between
fuel and sodium and response time is 66 seconds.
5
5.1

RESEARCH WORK
Material

Based on the experience of 316(Ti) stainless steel trail production and tests started in
the early of 70s 316(Ti) stainless steel which will be really used has been trial produced in
the Shanghai Fifth Iron-Steel Plant 4 years ago. Its mechanics performance at room
temperature is stable and its creep and endurance performance at high temperature is still
under carrying on.
5.2

Sodium test loops

Thanks to the ENEA, Italy the components of two large scale sodium loops—110m3/h
ESPRESSO and 320nr7h CEDI and other facilities ceded to our Institute as a gift of
technical cooperation more than 4 years ago. The redesign and reconstruction of the two
loops and other facilities-core subassembly dimension meter and washing plant were
completed in June 1997. The cold adjustment of ESPRESSO and CEDI was finished in
October, 1997 A new sodium purification facility which was designed to offer sodium in the
fast reactor grad at 300kg per day was nearly completed. Up to April 10, 1999, 3t sodium
with 0<17PPm,Ca<2PPm has been filled to ESPRESSO storage tank.
As next step. It will be started, to clean these two loops with Argon and FR grad
sodium.
5.3

Design Demonstration
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Following design demonstration tests have been or are going to be arranged:
(1) Demonstration test on water pool facility for 3-D thermohydraulic codes for DHR.
(2) Natural convection capability demonstration on CEFR pool water simulation
mockup.
(3) CEFR core flow distribution demonstration.
(4) Materials and its welding zone corrosion test in sodium.
(5) Demonstration of extinguishing sodium fire.
(6) Leakage sodium receiver demonstration.
(7) Potassium and chlorine analysis methods demonstration as impurities in sodium.
(8) H2-meter and other instrumentation demonstration.
(9) CEFR core nuclear design demonstration with zero power mockup.
Besides above demonstrations, a number of approving tests of components will be put
in the duration of fabrication.
6

ENGNEERING PROGRESS

(1)
1999, but
(2)
(3)
7

The reactor site is prepared, it is planned to have the first pot of concrete in June
it depends on the license to be issued by the NNSA.
The transportation road which is connected to the main road is under constructed.
The ordering of the components of CEFR is continued.

INTENATIONAL COOPERATION

During past years, China has had her cooperation with some countries on the fast
reactor technology fields.
As technical presents, the Italian Energy, New Technology and Environment Agency has
ceded to the CIAE some research facilities and components including ESPRESSO and CEDI,
sodium purification facilities, core subassembly dimension meter etc.
Under the framework of the reactor R&D cooperation between China National Nuclear
Cooperation and Commissariat a l'Energie Atomic de France, we have good cooperation
with French colleagues on fast reactor technology including computer codes cooperation,
information exchange on sodium technology and on neutronic physics which are all going
fluently. The Fast Reactor Neutronic Seminar was held on April 6-8, 1999 in Beijing.
The cooperation with Russian FBR Institutions have been conducted during past years
including training CIAE' engineers, experts' lectures, CEFR design consultancy and zero
power facility experiments etc. Some design concept and experiences for fast reactors is
gained from this cooperation. Last year some Russian experts were invited to the CIAE to
give the consultancy on detail design and safety analysis of CEFR.
IAEA, as the International Agency stimulating peaceful use of atomic energy, has given
much helps to China in the fields of FBR technology development including the information
and financial support to the participation of technical committee meetings.
Last Nov. IAEA organized an experts group to China to conduct the design safety
Review Service for the CEFR.
8.

CONCLUSION
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The CEFR right now is at detail design stage, and its engineering work has been started.
The construction schedule has been planned in which the first pouring of concrete will be in
June 1999, the reactor building will be completed in the end of 2000 and the first criticality
will be realized in July, 2003. In fact, China is lack of the experience on fast reactors, so the
schedule may be changed in future.
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1. INTRODUCTION
NPP
Qinshan-1
Daya Bay
Qinshan-1

Linao
Qinshan-3
Lianyungang
oo

The Nuclear Power Plant in China
Type Power (MWe)
Status

PWR
PWR
PWR
PWR
CANDU
PWR

300
2X900
2X600
2X944
2X720
2X1000

commi ssioning
1994
1n operation
1994
1n operation
in construction
2002, 2003
2003
in construction
in construction
2003
in construction
2004
•

•

288

Power Generation and Nuclear Power in China
Year
Total capacity Nuclear Power Total Production

(GWe)
1993
1994
1995
1996

1997
oo

2000
2002
2003
2004
2010
2020

183
199
210
225
250
300

590
800

(GWe)

(TWh)
836

2. 1
2. 1
2. 1
2.1
2. 1
2.7
4.9
8.6
20-23
40-50

905
990
1135
1400

2700
3700

2.

CEFR DESIGN

Thermal Power
Electrical Power(T.G. Capacity)
Electrical Power(net)
Acreage of Reactor Site
Floor Space of Buildings
First Loading (UO2 64.4%)
Water Supply
Power Supply

65
25
20
15
43731
417
4500
3000

MW
MW
MW
ha
m2
kg
t/d
kW

OIOIOIOIOIOIOIOIOIOI0
©I0I0I0I0I0IOI0
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CEFR FUEL LOADING (EQUILIBRIUM)
Fuel
(Pu,U)02
U02
29.4
PuO2
wt%
%
36
64.4
U-235 enrichment
U-235
Pu-239

kg
kg
kg

Total Pu

92.33

236. 6

65.76

141

MAXIMUM HEAT RATE*
Parameters

Beg i nn i n§ycle End
0. 980/0. 957 0.978/0.952

Power of Fuel
(MW)
Subassembly
Linear of Fuel Pin
(W/cm) 405/395
Volume Power Density (MW/m3) 756/738

*:(Pu,U)O2/UO:

396/388

744/725

MAXIMUM NEUTRON FLUX RATE (1(T n/crn• s)
Position

Cycle

Beginning
Center (steel)
3.73/3. 13
First Row of Fuel S. A**
3.70/3. 10
First Row of Reflector S. A 2. 20/1. 90
First Row of Shielding S. A 0. 293/0. 261
Storage Position
0. 0269/0. 0252
VO

*:(Pu, U)02/U02
**:S. A-Abbreviation Subassembly

End
3.76/3. 15
3.73/3. 13
2.26/1.92
0. 298/0. 264
0.271/0.0254

CLADDING AND FUEL TEMPERATURE*
max.
°C
•
*
*
31 add ing
Flow Reg ion

3

Cyc le
Beginning
End
670. 44
(15 Fuel S. As) 665. 68
(18 Fuel S. As) 665. 02
670. 76
662. 24
(21 Fuel S. As) 659. 68

4

(27 Fuel S. As)

1
2
o
ON

656. 66

656. 68

Fuel ***
Cyc Ie
Beginning End

2511. 36 2497. 30
2373. 06 2370. 10
2219. 16 2213. 50
2039. 46 2030. 60

* (Pu, U) 02
** Including 2a deviation of average square root
related to the nominal value.
*** Using 3a for uncertainty of design parameters.

Safety Characteristics
Active Safety Measure

CONTROL SUBASSEMBLY REACTIVITY VALUE
(Pu, U)02 core
Control
Shut Down
Subassembly
System
Comp. -1
Comp. -2
Comp. -3
first
Regu. -1
Regu. -2
3 comp.s
Total

%AK/K
Mater ial

Cycle
Beginning End
B4C
1.85
1.84
1.82
1.81
Enr iched
1.82
1.81
B4C
0.14
0. 13
Natural
0.14
0. 13

5.59

, 5.63

5.83

5.84

second

Tota1
comp.1
SA-1
SA-2
SA-3
Total

except

2 SA s
Total
oo

8 Subassemblies
7 Except comp. 1

B4C

Enr iched

3.91

4.00

0.98
0.99
0.98
3.10
2.01
9. 13
7. 19

0.99
1.00
0.99
3.13
2.03
9.25
7. 18

The decay heat also will be removed by main heat
transport system when the reactor is shut-down.

Passive Safety Properties

TEMPERATURE REACTIVITY EFFECT
(Pu, U) 0 2 /U0 2 CORE,

250-360°C, %AK/K

Cycle
Beginning
Sodium Density
Axial Expansion of Reactor
Core
Axial Expansion of Lateral
Reflector
Radial Expansion (diagrid
p1 enurn)
Doppler Effect
Tota 1

End

-0. 169/-0. 182 -0. 170/-0. 186
-0.037/-0. 034 -0.038/-0. 034
-0. 019/-0. 019 -0. 020/-0.019
-0. 204/-0. 184 -0. 205/-0. 188
-0.032/-0. 022 -0.033/-0. 024
-0. 461/-0. 441 -0.466/-0.451

POWER REACTIVITY EFFECT, HOT STANDBY—FULL POWER
%AK/K
(Pu, U) O2/UO2 core

Cycle

to

o
o

Beginning
-0. 107/-0. 122
Fraction -0.029/-0. 028

End
-0. 112/-0. 124
-0. 034/-0. 029

-0. 339/-0.259

-0. 311/-0. 300

-0.011/-0.010

-0.011/-0.010

-0.020/-0. 020

-0. 020/-0. 020

-0. 063/-0. 034
-0.569/-0. 509

-0.063/-0. 036
-0. 556/-0. 519

Sodium Density
Sodium Volume
Exchange
Axial Expansion of Reactor
Core
Axial Expansion of Lateral
Ref1ector
Radial
Expansion
(S. A.
W i nd i ng)
Doppler Effect
Tota 1

DOPPLER CONSTANT OF CEFR CORE
k-3 J
(Pu, U)02/U02 core
0~
AK/K
Kw(with Na) Kd(without Na)
Fuel:633-1593K Cladding: -0.878/-0. 394 -0. 618/-0.113
633-1000K
AI I Materials 523-633K -1.574/-1. 170 -1.048/-0. 519
All Materials 373-523K -1774/-1.200 -1.142/-0. 578

to

o

to

o

REACTIVITY EFFECT OF SODIUM LOST
(Pu, U) O2/UO2 CORE
%AK/K
Region Lost Sodium
Cycle
Beginning
End
-2. 366/-2. 456 -2.404/-2. 504
Core (Fuel Section)
Core (Fuel section + upper -3. 067/-3. 116 -3. 110/-3. 189
section of S, A)
Core (Whole Section of S. A) -3.737/-3. 744 -3.788/-3. 836
Whole
Core
(including -5. 196/-5. 106 -5. 1947-5.282
central stainless steel
rod, and stainless steel
reflector)
Two independent passive residual heat removal systems are
designed for the reactor.

Ch i mney

A i r InIet

Reactor core

F i g. 4 Decay Heat RemovaI System
1-Air cooler
2-Sod i urn P i pe
3-Decay Heat Exchanger (DHX)
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Main Design Parameters
Parameter

NJ

Thermal Power
Electric Power, net
Reactor Gore
He i ght
Diameter Equivalent
Fuel
Pu, total
Pu-239
U-235(enr i chment)
Linear Power max.
Neutron Flux
Bum-up, target max.
Bum-up, first load max.
Inlet Temp, of the Core

Unit
MW

MW
cm
cm

Preliminary
design
65
20

45.0
60.0
(Pu, U) 0 2
141
kg
65.76
kg
92. 33 (36%)
kg
W/crri2
430
n/cm * s 3. 7X10 1 5
MWd/t
100000
60000
MWd/t
°C
360

O

Outlet Temp, of the Core
°C
Diameter of Main Vesse1 (outside) m
Primary Circuit
Number of Loops
t
Quantity of Sodium
Flow Rate, total
t/h
Number of IHX per loop
Secondary Circuit
Number of loops
Quant i ty of Sod i urn
t
Flow Rate
t/h
Tertiary Circuit
Steam Temperature
°C
Steam Pressure
MPa
Flow Rate
t/h
Plant Life
a

530
8.010
2
—300
1328.4
2
2
48.2
986.4
480
14
96.2
30

3.

PRELIMINARY SAFETY ANALYSIS REPORT

3.1 B D B A - 1 Power lost and shut d o w n signals failure
3. 2 BDBA-2 The gu i I I ot i ne or I eakage of the pr i mary sod i um
purification pipe happened and simultaneously the
isolation valves failed.
O
ON

3.3 BDBA-3 Grid power and stand-by power lost and all
windows of the air cooler of DHRS can't be open.
3. 4 BDBA-4 One regu I at i on subassemb I y unexpected I y ra i sed
and shut down systems are effectiveI ess.
3.5 BDBA-5 The check valves in two pr imary pressure pipes
are closed to the limited

3.6
BDBA-6
successively
3.7

Main

vessel

and

guard

vessel

leaked

DBA-1 Main vessel leaked

3.8 DBA-2 Primary sodium leaked at auxiliary pipe
without protection sheath
3.9
3.10

DBA-3 The cover gas of primary sodium leaked
Environment Effect Evaluation

Table 11 MAXIMUM DOSE EQUIVALENT VALUE mSv
no.

Grid

of accidents lost

DHRS

Dose

Dose

failed

failed

calculated

limitation

0.12

5

BDBA-1

V

BDBA-2

Purification pipe leaked and check valve failed,1372kg Na

0.0692

5

BDBA-3

v

0

5

0

5

BDBA-4

V

v(10%kept)
Regulation S.A. unexpected raised
V

to

o

Shutdown

BDBA-5

Two check valves in primary circuit closed

0

5

BDBA-6

Main and guard vessels leaked successively

0.00414

5

DBA-1

Main vessel leaked

negligible

0.5

DBA-2

Purification pipe leaked and check valve O.K. ,40kg Na

0.0013

0.5

DBA-3

Cover gas leaked

negligible

0.5

4. PSAR REVIEWING

to
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.Reactor shut-down systems
•Decay heat removal systems (heat transfer system and
related systems)
Protection of radioactivity release
(including
mater i a I cons i derat i on)
• Core monitor ing (instrumentation and control)
• Accident analysis
•Sodium fire protection and protection of Na-H20
reactions
• Sodium behaviour
•Seismic design consideration
High radiation effect on the materials.

4. 1 Reactor Shut-down System
In the neutronics design criteria of CEFR
(CEFR.D. DC-C05) it is regulated as follow ings
•The reactor should be equipped with two independent
shut-down systems.
• The pr i nc i p I e of contro I rod stuck shou I d be obeyed for
any one of two systems and it is assumed that the largest
rod is stuck out of reactor.
-The most unfavourable combination of calculation
uncertainties should be considered for the calculation
of control rods reactivity and other reactivity
effects.
• Cons i der i ng the pr i nc i p I e of rod stuck and ca I cu I at i on
uncertainties any one of two shut-down systems could
br i ng the reactor from operat i on state or ace i dent state
to hot shut-down state (360 °C ) with a shut-down

reactivity margin more than 1% AK/K.
• Cons i der i ng the pr i nc i p I e of rod stuck and ca I cu I at i on
uncertainties any one of two shut-down systems could
br i ng the reactor from operat i on state or ace i dent state
to cold shut-down state (250°C).
All demands by the safety guideline and criteria
abovement i oned are f u I I y met by the des i gn of CEFR shut-down
systems. The uncertainties considered are:
Control rod reactivity worth
+15%
diverse Temperature reactivity effect
+15%
burn-up reactivity requirement
+8%

Ca I cu I at i on Va I ues of Contro I Rod React i v i ty, React i v i ty Effect
and Shut-down Reactivity Margin
Value with out Value with
Item
uncertainties uncertainties

% AK/K

to
to

First shut-down system
5.34
First shut-down system with stuck
3.58
rod
Second shut-down system
2.91
Second shut-down system with stuck
1.89
rod
Two shut-down systems
8.46
Two shut-down systems with stuck
6.68
rod
Reactivity effect and requirement
250°C-360°C
-0.45
360°C-full power
-0. 52
250°C-full power
-0.97

% AK/K
4.54
3.04

2.47
1.61

7.19
5.68
-0.52
-0. 60
-0. 12

to
I—I

Burn-up requirement
1.20
1.30
Maximum reactivity for cold shutdown
First shut-down system
2.17
2. 42
1. 12
Second shut-down system
0. 97
Maximum reactivity for hot shutdown
1. 90
First shut-down system
1.72
Second shut-down system
0. 52
0. 60
Shut-down reactivity margin with a rod stuck
1. 14
First shut-down system for hot
1.86
shut-down
0. 62
First shut-down system for cold
1.41
shut-down
1. 01
Second shut-down system for hot
1.37
shut-down
0. 49
Second shut-down system for cold
0.92
shut-down

Two

to

shut-down

system

shut-down
Two shut-down
shut-down

system

for
for

hot

4. 96

3. 78

cold

4. 51

3. 26

4. 2 Decay Heat RemovaI System

Lh

Steady State Calculation Result (One Channel
Parameter
Unit
MW
Heat Removal Capability
kg/s
Primary Na Flow Rate in DHX
kg. /s
Reactor Core Na Flow Rate (S. A)
kg. /s
Gap Na Flow Rate Between S. A. s
kg. /s
Intermediate Na Flow Rate
kg. /s
Air Flow Rate
°C
Primary Na Inlet/Outlet Temp, in DHX
Intermediate Na Inlet/Outlet Temp in DHX °C
Intermediate Na Inlet/Outlet Temp, in °c
Air Cooler
°c
Air Inlet/Outlet Temp, in Air Cooler

)
Value
0.525
5.80
3.40
3.05

2.93
2.40
516/444
374/498
497/373
50/264

Transient analysis at SG lost feed water Condition
Calculation computer codes

to
ON

GR1F-SM*
LOOP 2*
CBTO*

RUB 1N** DHRSC***

Core outlet temperature °C
500
520
526
Hot pool max. temperature °C 530
535
548.7
Main vessel cooling Na max. 420
temperature °C
<535
Fuel cladding max.
540
550
temperature °C
* From IPPE Russia
** From OKBM Russia. The contribution of ma i n heat
transfer systems is neglected
***
From CIAE China. The contribution of main heat
transfer system is neglected

DHR Water Mock-up

Test

• The natural ci rculat ion wi I I be estabi ished if the core
was heated, and ,the circulation flow rate was raising
along with the power increasing in the core
. The stralificat ion phenomena in hot pool were observed
under natural circulation induced by core heated. The
temperature distr i but ion was not strongly inferenced by
core power in the test condition
• With two same DHXs the temperature prof i le was axial ly
symmetr ical.
Val idation Test
The CEFR DHRS Water Mock-up test will be done in IPPE,
Russia, at which its steady state heat transfer and
transient heat transfer process will be demonstrated.

8

, Fig. 5 Sodium Natural convection route
in Pr imary ci rcuit i
1-Chimney
2-Air Cooler
3-DHX
4-IHX
5-Pr imary Pump
6-Fuel S. A
7-Gap between S. A. s
8-Grid Plenum
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Recently, the theoretical study for this mock-up is under
way.
4.3

Fuel Subassembly Flow Blockage

Blockage Initiation Cause

to

Following blockage initiation causes have been
considered:
• The full blockage by pieces or debris is considered as
almost impossible event due to the entrance holes
distributed on a periphery way at the fuel subassembly
foot.
• SwelI ing
The flow cross section reduce by the cladding
swelling is only 0. 63% with the flux inf luence 1. 08X1023

n/cm2 and cladding temperature 600°C
Fuel debris and corrosion products
Fuel debris and corrosion products deposit in the flow
channel is considered as a slow process.
.Wi re Wrap Broken
There is no any powerful force to push a broken wire
pressed to the extent of full blockage.
O

Blockage Experiment
A blockage experiment with 19 pins bundle electr ical ly
heated in the sodium thermohydraulic test loop has been
carried out. The blockage in the exper iment is "plate form"
blockage which results have been used for the validation
of the computer code.

Calculation Results

to

Assumed Blockage Calculation Results
Condition
Na Max.
Blockage Percentage
Temp.
°C
NO
Plate B Iockage
726
1. 16. 7% iside and corner
2. 31. 96% side and corner
863
754
3. 18. 35% centre
4. 32. 12% side and corner
819
5. 42. 83%
811
Porous Blockage form
6. 16 .7% side and corner, porous 650
percentage 50%

claddi ng
Max Temp
°C
form
746
883
764
830
852
i

7.
16.7% side and corner, porous 662
percentage 25%
8. 31.96% side and corner, porous 668
percentage 50%
696
9. 31.96% side and corner, porous
percentage 25
SurveiIlance
to
to
to

Measures

•Sodium Temperature Measurement
Due to the CEFR is a smal I reactor, it's impossible to
measure the sodium temperature at the outlet of each
subassembly. In the CEFR design each three adjacent fuel
subassembiies is equipped with one thermo-couple at their
outlet. And only one third fuel subassembi ies are covered.
When one subassembly of three adjacent subassembi ies has

blocked 30% the common thermo-couple will give about 10
°C raising which could be detected.
•Cover Gas Radioactivity Detection
It is estimated that P and y detectors with y spectrum
analyzer could detect out one pin fai lure with the response
time of 4 minutes.
Delayed Neutron Detection
Out of reactor vessel the delayed neutron detection
systems are designed. According to the estimation the
sensibility of the detection system is 1.58cm2 surface
contacted between fuel and sodium and response time is 66
seconds.
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32nd Annual Meeting of the IAEA International Working Group on Fast Reactors
Vienna, 18-19 May 1999
National Report for United Kingdom

SUMMARY
Much of the UK nuclear industry has now completed the transition from state to private
ownership. The UK continues to support international development of fast reactor
technology, mainly through participation in the European Fast Reactor collaboration, with
all funding provided by BNFL.
Inactive commissioning is about to begin on the PFR Sodium Disposal Plant, which
includes a caesium removal plant. The defuelling machine is being refurbished to permit
the control and shutdown rods to be removed. No further reprocessing of fuel has taken
place.

The UK Nuclear Industry
Since the last report, made to the IWGFR in May 1998, there have been no changes in the
operating status of the commercial reactors in the UK. The Sizewell B PWR is operated by
British Energy Generation Ltd., which is now the operating title of the companies formerly
known as Nuclear Electric and Scottish Nuclear. The Sizewell B reactor is now in its fifth
year and continues to perform well. The 14 AGR units are also operated by British Energy
Generation Ltd. These have continued to operate with greatly improved load factors and
reliability.
The restructuring of the nuclear industry in UK is now essentially complete. UKAEA, the
part of the former United Kingdom Atomic Energy Authority that remains in Government
ownership, is responsible for managing the decommissioning of all facilities that were used
in the UK's nuclear R&D programme, including PFR. The last stage of the restructuring
has been the integration of Magnox Electric Power pic, and the 20 Magnox reactors with
their associated liabilities, into the Magnox Generation Group of the publicly-owned
BNFL
A significant recent development has been the purchase, by BNFL, of the nuclear interests
of Westinghouse. BNFL's fuel fabrication site at Springfields is now operates as a part of
Westinghouse Electric Company's much larger fuel fabrication business.

224

The UK electricity market is now fully de-regulated and is highly competitive. Gas-fired
electricity generation has risen to over 20% of the total, and may rise further if planning
permission for new stations is approved. Coal-fired generation has declined, as shown.
OSier fueSs
1.5%
Hydro

UK Activities on Fast Reactors
The UK continues to support international development of fast reactor technology, mainly
through participation in the European Fast Reactor collaboration. Work is carried out by
BNFL, AEA-T, and NNC, with all funding provided by BNFL. As in previous years, the
main activities have been centred around the CEA-led CAPRA programme.
CAPRA Programme
The CAPRA programme initially focused on incineration of Pu in a fast reactor core, but
more recently, a programme named CADRA has been initiated, aimed at broadening the
scope to include the incineration of minor actinides and long-lived fission products. UK
participation in these programmes has been focused in the areas of core physics and fuel
performance modelling, with particular emphasis placed on the development of analytical
methods. Attention has also been given to the modelling of the fuel cycle and gas cooled
fast reactors. This latter area is of particular interest to the UK because of its favourable
experience with the AGRs.
Topics studied over the past year have included the following:
•
•
•

Re-evaluation of the reference CAPRA core using the most recent adjusted cross
section library ERALIB-1
Design measures for sodium void reduction
Integral and differential measurements to assess the performance of degraded Pu
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•
•
•
•
•
•

MA burning in ex-core targets and in-core targets
Gas-cooled dedicated MA-burner
Heterogeneity and streaming effects in gas cooled fast reactors
Pin design for in-core MA target assemblies
Modelling Am behaviour in homogeneous oxide fuels
Modelling of nitride fuel performance

EFR Design Activities
The European Fast Reactor Utilities Group (EFRUG) was formally dissolved at the end of
January 1998 and EFR design activities were terminated at the end of 1998, following the
preparation of synthesis reports. Over the past year, the UK has contributed towards the
preparation of this wind-up documentation, which will ensure that all information of value
to future generations is preserved.
IAEA IWGFR
The UK strongly supports the activities of the IWGFR, and has participated in meetings as
far as it has been able. During the past 12 months, the UK has participated in the safety
review of the Chinese fast reactor, and has provided support to the establishment of a fast
reactor data base.
EURATOM Framework Activities
The UK has participated in the EURATOM 4th Framework programme, in the area of fuel
cycle scenario modelling, with particular emphasis on the introduction of fast reactors into
the European reactor park. The UK has also helped in the preparation of proposals for the
5th Framework programme, including further scenario studies and design studies for a gascooled fast reactor, in collaboration with our French colleagues.

Position on PFR
The work on construction and preparation of the Sodium Disposal Plant (SDP) is almost
complete and inactive commissioning is about to begin. It has been necessary to include a
caesium removal plant in the outlet stream of the SDP to meet the discharge requirements.
Active commissioning of the SDP is scheduled to take place at end 1999 or in early 2000.
It had been intended to leave both the control and shut-down rods in place in the reactor
following de-fuelling of the final core. However, the team in charge of waste disposal has
decided that it will now be necessary to remove these ten rods. Re-commissioning of the
de-fuelling machine, last used in 1995, has therefore been necessary. This has meant the
need for some refurbishment of equipment.
No further reprocessing of fuel has taken place since the leak in the dissolver plant in 1996.
All remaining fuel is placed in the buffer store and the control/shutdown rods will also be
placed into this store.

• I

1

•

•

•

•

•

•

•

•

IBNFL
IAEA International Working
Group on Fast Reactors
Country report for the UK
Tim Abram and Charles Picker
Vienna, 18-19 May 1999
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Nuclear power in the UK:
status of reactors

H I BNFL

• Status of reactors unchanged from last report
-Sizewell 'B' PWR and 14 AGR reactors (7 stations) owned and
operated by British Energy Generation Ltd.
-Sizewell in its 5th year - continues to operate well
-ARGs continue operation with greatly increased load factors
- 2 0 Magnox reactors now transferred to BNFL (~8% of total UK
generating capacity)

Pag: 3

Re-structuring of UK nuclear industry
• Much of UK nuclear industry now privatised: British Energy
Generation, and AEA-Technology
• Both companies performing very well
• Historic R&D liabilities (including fast reactor facilities) and fusion
research remain with UKAEA
• Largest changes with BNFL:
-remains as a state-owned 'pic', but with part-privatisation being
considered
-now owns and operates the Magnox stations
-recently acquired the Westinghouse nuclear business
-BNFL fuel manufacturing now part of the Westinghouse
commercial nuclear fuel division
Page <i
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Fuels used in UK electricity production

IBNFL

Trends in electricity production

fBNFL

1980

1990

1997
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• UK FR activities carried out by AEA-T, NNCr and BNFL, with all
funding provided by BNFL
• Main focus of UK activities is the CEA-led CAPRA programme
• UK contributions have included:
•evaluations with ERALIB-1 and Na void reduction measures
•MA burning in ex-core targets and in-core targets
•Gas-cooled dedicated MA-burner
•Heterogeneity and streaming effects in gas cooled fast reactors
•Pin design for in-core MA target assemblies
•Modelling Am behaviour in homogeneous oxide fuels
•Modelling of nitride fuel performance

UK activities on fast reactors (contd.)
EFR design activities
-contribution to synthesis reports
-contributions to 'wind-up' documentation to ensure valuable
information is preserved
IAEA activities
-IWGFR
-safety review of Chinese experimental FR
-thorium fuel advisory group
-fast reactor data base activities

Pages
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Euratom Framework activities
- participation in 4th Framework scenario modelling
- preparation of proposals for 5th Framework
- molten salt reprocessing
-scenario studies
-fuels and matrices
-ADS
-thorium fuels
- innovative fast reactor designs (gas-cooled, Pb/Bi-cooled)

PFR/DFR Decommissioning
Progress on Stage 1
- installation of Sodium Disposal Plant almost
complete
- caesium removal plant also near completion
- inactive commissioning of SDP due very soon
- active commissioning due late 1999/early 2000

Page 10
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The 10 Control and Shut-down rods are
now to be removed
- original plan was to leave these in place

Refuelling machine, last used in 1995, has
therefore been recommissioned
- some refurbishment of equipment has been
necessary

PFR/DFR Decommissioning
No further reprocessing of fuel from PFR,
because of the dissolver leak in 1996
- all remaining fuel is placed in the buffer store
- the control rods/shutdown rods will also be
placed in the buffer store
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Plant needed for the disposal of PFR Na and
NaK coolant is nearing completion
- some modifications to the original design have
been necessary

NaK from the PFR decay heat removal
system is to be treated by metering into the
Na as a 1% impurity

Page 13
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STATUS OF THE LIQUID METAL REACTOR TECHNOLOGY
DEVELOPMENT IN KOREA

Dohee Hahn and Chang-Kue Park
Korea Atomic Energy Research Institute
150 Dukjin-dong, Yusong-gu, Taejon, 305-353
Republic of Korea

ABSTRACT
The LMR development program was approved as a national long-term R&D program in 1992 by the
Korea Atomic Energy Commission (KAEC) which decided to develop and construct a liquid metal
reactor with the goal of developing an LMR which can serve as a long term power supplier with
competitive economics and enhanced safety. Based upon the KAEC decision, the Korea Atomic
Energy Research Institute (KAERI) has been developing KALIMER (Korea Advanced Liquid Metal
Reactor). According to revised the National Nuclear Energy Promotion Plan of June 1997, the basic
design of KALIMER will be completed by 2006 and the construction will be considered sometime
during mid 2010s. This paper describes the recent changes in workscope of the Program and progress
of technology development.

1.

Introduction
Currently about 34 % of total electricity is generated by nuclear power plants and the role of

nuclear power plants in electricity generation is expected to become more important in the years to
come in Korea due to its poor natural resources. The significance of nuclear power will become even
greater, considering its practical potential in coping with emission control of green house gases. This
heavy dependence on nuclear power eventually raises the issues of efficient utilization of uranium
resources, which Korea imports from abroad, and of spent fuel storage.
From the viewpoint that liquid metal reactors (LMRs) have the potential of enhanced safety
utilizing inherent safety characteristics, the transuranics (TRU) reduction and resolving spent fuel
storage problems through proliferation-resistant actinide recycling, LMRs will be the most promising
nuclear power option. The LMR development program was approved as a national long-term R&D
program in 1992 by the Korea Atomic Energy Commission (KAEC) which decided to develop and
construct a liquid metal reactor with the goal of developing an LMR which can serve as a long term
power supplier with competitive economics and enhanced safety. Based upon the KAEC decision, the
Korea Atomic Energy Research Institute (KAERI) has been developing KALIMER (Korea Advanced
Liquid Metal Reactor). According to revised the National Nuclear Energy Promotion Plan of June
1997, the basic design of KALIMER will be completed by 2006 and the construction will be pursued
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sometime during mid 2010s.
The objective of KALIMER Program is to develop an economically competitive, inherently safe,
environmentally friendly, and proliferation-resistant fast reactor concept. Efforts of the KALIMER
Program will be concentrated on the development design technology for an advanced LMR concept.

2.

KALIMER Development Plan
Basic design methods, computer codes and sodium technologies had been developed until mid

1997, and an initial design concept was proposed through the feasibility study of various innovative
design concepts. Due to the domestic economic difficulties and the influence of the reduced
international LMR development effort, the KALIMER Development Plan was slightly modified in
January, 1999 to focus on the development of LMR design technologies rather than to emphasize
construction with a tight schedule. Instead of focusing on a specific design from the early stage of
conceptual design, a wide range of design option studies will be performed during Phases 1 and 2.
And basic LMR technologies will be developed to support these option studies. The Program is to be
carried out in three distinctive phases as follows.
•

Phase 1 (July '97 - March '00)
- Development of Basic Technology and Preliminary Conceptual Design

In Phase 1, computer codes and methods for design and analyses are being developed or updated, and
an effort is being made to establish a self-consistent conceptual design of system configuration,
arrangement and key features satisfying design requirements. Efforts are also being made to develop
basic sodium technologies, such as measurement or detection technique as well as the investigation on
thermal-hydraulics and sodium fires.
D

Phase 2 (April '00 - March '02)
- Development of Advanced Basic Technologies and Conceptual Design

Phase 2 is a two-year program to evaluate alternative design features to optimize the reference design
formulated in Phase 1 in terms of plant performance, safety and economics. Additional computer
codes and design methodologies will be developed and updated during this Phase.
D

Phase 3(April '02 - March '06)
- Validation of Basic Technologies and Development of Basic Design

Phase 3 covers a five-year period from 2002 to 2006. The focus of the KALIMER basic design is to
produce the specific information required in the preliminary safety analysis report (PSAR).
Engineering and design tasks to be included are system performance analysis under normal, transient,
and faulted conditions, specifications of major component and equipments, safety margin analysis, and
probabilistic safety assessment (PSA), among others. Supporting R&Ds will be carried out to validate
design codes and methods.
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3.

KALIMER Design and Technology Development
Key design parameters of KALIMER, which is currently under the preliminary conceptual design

phase, is summarized in Table 1 and the progress made in 1998 is summarized below for each of the
specific areas of basic technology and preliminary conceptual design development.
Table 1. KALIMER Key Design Parameters (Uranium Core)

OVERALL
Net plant Power, MWe
150
Core Power, MWt
392
Gross Plant Efficiency, %
41.5
Net Plant Efficiency, %
38.2
Reactor
Pool Type
Number of IHTS Loops
2
Safety Shutdown Heat Removal
PSDRS
Seismic Isolation Bearing
Seismic Design
CORE
Core Configuration
Core Height, mm
Axial Blanket Thickness, mm
Maximum Core Diameter, mm
Fuel Form
Enrichments (IC/OC) for
Equilibrium Core, %
Assembly Pitch, mm
Fuel/Blanket Pins per Assembly
Cladding Material
Refueling Interval, months

3.1

Radially Homogeneous
1000
0
3447
U-10%Zr Alloy
14.4/20.0
161.2
271/127
HT9
12

PHTS
Reactor Core I/O Temp., °C
Total PHTS Flow Rate, kg/s
Primary Pump Type
Number of Primary Pumps

386.2/530.0
2143.1
Electromagnetic
4

IHTS
fflX I/O temp., °C
IHTS Total Flow Rate, kg/s
IHTS Pump Type
Number of IHXs
Number of SGs

339.7/511.0
1803.6
Electromagnetic
4
2

Steam System
Steam Flow Rate, kg/s
Steam Temperature., °C
Steam Pressure, MPa

175.5
483.2
15.50

Core Design
Core design was performed in three parts; the conceptual design of breeding characteristics core

and performance analysis, the development of computer codes for core neutronics and thermalhydraulics (T/H) analysis, and the establishment of database for the core physics benchmark
experiments.
As a part of design option study, a breeder core design for assuring an economic and safe operation,
shown in Figure 1, has been developed by varying core planar layout and design parameters, based on
the equilibrium cycle search. The reference core performance analysis included neutronics and T/H
analysis, shielding and gamma heating analysis, and decay heat analysis. The KALIMER breeder core
has an average breeding ratio of 1.18 and maximum discharge burnup of 116.9 MWD/kg. The
neutronics performance characteristics obtained from the equilibrium cycle analysis shows that the
KALIMER breeder core would work safely as well as economically, achieving the design goal of high
breeding ratio under the design criteria. The core performance analysis provided extensive interface
data which are required for the other design groups to perform their design works in the KALIMER
conceptual design.
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The integral calculation system for LMR core design and analysis has been established by either
developing or adding new features for core neutronics and T/H analysis. In the development of a core
nuclear analysis code system, a processing system for neutron-gamma coupled cross sections required
for shielding and gamma heating analysis has been established in the group constant generation system.
In order to generate safety parameters for transient and safety analyses, a perturbation theory code and
an effective delayed neutron fraction calculation code were developed based on diffusion theory. For
the development of core T/H analysis codes, a heat transfer model between assemblies has been
improved in the steady state T/H analysis code. The improved heat transfer model will also be used in
the detailed subchannel analysis code and its application is now being performed with the
improvement of a numerical solution method. The kinetics analysis code was improved by developing
a model to calculate reactivity feedback due to core thermal expansion. All the design and its
evaluation were performed by using methodologies and the computer code system that have been
developed.
For assuring LMR core physics experimental data essential to verify/validate a developed
computer code system and to acquire basic core characteristics data, a comparative analysis between
calculated results and experimental data of the BFS-73-1 critical assembly representing a uranium
metallic fueled benchmark core was performed to evaluate the prediction capability of the core nuclear
analysis code system, being developed as a standard analysis system in the KALIMER core design and
analysis.

Most comparative results show a good prediction capability of the neutronics calculation

system associated with the basic neutron cross-section library. Following the BFS-73-1 benchmark
experiment, the BFS-75-1 benchmark experiment for investigating the design concept of the
KALIMER uranium metal fueled core is now being performed at the BFS facility in IPPE. Based on
core physics parameters and other integral results measured in fast critical facilities and related
benchmark calculation results currently available, a database for LMR core physics benchmark
experiments is now also being constructed.
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Figure 1. KALIMER Breeder Core Layout
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6
48
54
54
72
379

3.2

Fluid and I&C System Design
In the fluid and I&C systems design area, the foundation of the fluid system design has been

established extending the design works performed until the previous research year and the basic
concept for the measurement and plant operation strategy has been set up. To maintain the consistency
of the works, a design guide for the fluid systems was developed for the system design requirements,
application of the codes and standards, classification of the safety classes, functional requirements of
the plant for various plant modes and design bases events to be considered.
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Figure 2.

Without Flow Guide

Effects of the flow guide baffles on the flow and temperature distribution
at the lower plenum area

For the primary heat transport system design, the conceptual structures for the electro-magnetic
pumps and cost down device were preliminarily set up and a method for analysis of the performance
characteristics of the equipment was also developed. For the IHX design, the internal structure was
specified in detail and the flow stream distribution in the shell side, pressure loss and heat transfer
were analyzed. Also the pool analysis code system of COMMIX -1AR/P and CFX-4 was applied for
the analysis of pool thermal hydraulic behavior and temperature distribution in the upper structure of
the pool. Figure 2 shows the effects of the flow path configuration at the lower plenum region.
For the intermediate heat transport system (IHTS) design, SPIKE code was used to analyze the
pressure spike at the initial phase of a sodium-water reaction event in the steam generator in order to
derive the relation among IHTS design parameters and the maximum pressure spike. The analysis
results are to be used for deciding the design pressure of the IHTS piping. The piping configuration
was specified considering the mitigation of a sodium water reaction event.
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For the steam generation system design, a review was made for the all aspects of the conceptual
design of the steam generator internals. Based on the review results, the sizing analysis and tube
bundle were designed and also the thermal-hydraulic characteristics were analyzed for the designed
steam generators. Configuration of the feedwater system and steam generator system was designed
considering the operational features of the system. To secure the feasibility of the system design at a
part load and transient operation during plant startup and shutdown, a basic scheme for the SG
recirculation operation mode was set and the performance characteristics of the steam generator at the
power change were analyzed. Also a basic work was done for the strategy of the plant operation as a
preparatory work for checking the dynamic features of the system design that are to be made in the
next phase of the design.
For the residual heat removal system design, the heat removal characteristics were studied in depth
and a new method for improving the heat removal capacity substantially was developed. The new
method and its performance improvement are shown in Figure 3. Also the decay heat removal strategy
was set up studying the heat removal capacity of the safety grade and non-safety grade systems. As a
byproduct from this study, it was confirmed that the KALIMER system does not necessarily require
additional non-safety grade residual heat removal system.

Air
Separator

Radiation
structure

Containment
Vessel

air flow

Figure 3. Design and Performance Improvement of the New RHRS Design Concept

For the instrumentation and control system design, an experimental device for measuring the
characteristics of the measurement sensors of LMR was constructed and the response time
characteristics data were experimentally generated. As a basic study, a work was carried out for
development of the methodology for securing the quality and reliability of development process and
product itself for the software of a safety grade protection system
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3.3

Mechanical Structure Design
For the mechanical design of KALIMER reactor systems and components, a feasibility study for

reactor systems and components was performed based on the interface design with reactor core and
fluid system designs. The arrangements of IHTS piping was simplified, and the design of reactor
support system and arrangements of the main components were made. The overall configuration of the
KALIMER reactor systems is shown in Figure 4.
As for reactor internals, the skirt type core support structure, one body cylinder type support barrel,
UIS and core shield support structure were conceptually designed and the designs of inlet pipe and
inlet plenum were simplified. The preliminary seismic analysis model was developed for the structural
evaluation of reactor internals. Time history seismic response analysis and equivalent seismic stress
analysis were performed. And a comparison study between the response characteristics of seismically
isolated and non-isolated cases was carried out and the seismic margins were evaluated.

I

Figure 4.

N

Arrangement of KALIMER reactor systems and components

The conceptual design of reactor head considering the components in contact with reactor head
and the insulation/shield plates below reactor head was carried out. It was shown that the preliminary
evaluation results for the head satisfied the maximum allowable deflections and stress intensities. For
the conceptual design of refueling system, the concepts of the plug-in/plug-out IVTM without rotating
plug and the fixed plug type IVTM with rotatable plug were reviewed and the design concept of fixed
plug type was selected.
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Three dimensional modeling of reactor building and analysis for the arrangement of isolators
under dead weight showed that the max/min axial load in a seismic isolator varied as 394 ton / 193 ton,
and the maximum stress was 2.58MPa which is below the allowable limit of 24 MPa.
The SAC-CORE code was developed for core seismic analysis. In addition, the NONSTA-VP for
unified viscoplastic modeling and NONSTA-EP for elastic-plastic analysis were developed by
modifying subroutines of ABAQUS code. Verification and validation of the developed codes will be
carried out in near future.

3.4

Safety Analysis Technology Development
There are two elements in the safety analysis technology development; one is the development of

computer code systems for the KALIMER safety analysis and the other one is to perform the
preliminary safety analysis. Since the KALIMER Program is at the conceptual design stage, more
emphasis is now on the development of computer codes and methodologies for the safety analysis.
System-wide transient and safety analysis code SSC-K is now being developed by modifying the
SSC-L code which was originally developed by the Brookhaven National Laboratory. Models for
reactivity feedback effects, pool thermal hydraulics and passive residual heat removal system have
been developed and implemented into the code which has been used for the preliminary analysis of
unprotected events for the uranium metal fueled core design. Shown in the Figures 5 and 6 are the
results for the unprotected transient overpower accident. Models for reactor protections systems,
sodium boiling and multi-dimensional hot pool thermal hydraulics are now being developed in order
to expand the applicability of the code. Efforts have been made to verify and validate the transient and
safety analysis code through code-to-code comparison runs.
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Figure 5.

Power and flow during a 30 cent UTOP for Uranium Metal Fueled Core
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Figure 6.

Reactivities during a 30 cent UTOP for Uranium Metal Fueled Core

The COMMIX-1AR/P code is now being applied for the subassembly flow blockage analyses with
objectives of understanding the safety issues and phenomena caused by the flow blockage.
Development of mechnistic models for the analysis of hypothetical core disruptive accidents (HCDAs)
at the current stage of conceptual design is considered to be premature and an order of magnitude
model for the estimation of mechanical work is now being developed. CONTAIN-LMR code have
been used for the containment performance analyses along with the development of methodologies for
the selection of accident scenarios for analyses and the estimation of souce terms.
Preliminary bases for the transient and safety analyses, HCDA analysis and containment
performance analyses also have been developed in order to provide a guidance for the overall safety
analysis technology development.

3.5

Sodium Technology Development
Thermal-hydraulic experiments have been performed in three areas as for the previous year.

First,

the basic thermal-hydraulic experiments have been carried out to develop advanced technologies for
validation of computer codes for LMR design. Secondly, the basic technology for design of key
components and the sodium measuring technology were developed.

And thirdly, the experimental

facilities were designed for validation of thermal-hydraulic computer code for KALIMER design.
For the development and validation of computer codes, several experimental facilities have been
designed for the investigation of the decay heat removal by wall cooling, the flow instability at low
flow rate in a steam generator, the shell-side thermal hydraulics in an IHX, the turbulent mixing in the
tee, the free surface fluctuations and the ratcheting phenomenon.
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Figure 7.

Test Section of the Decay Heat Removal

To study the sodium-water reaction phenomena due to a small water leakage, micro water leakage
experiments were carried out. The test material for this ejqjeriment was 5Cr-lMo steel alloy, and the
sodium was kept on static state at 450 °C, and the total leakage was 10 g-H2O. Experimental apparatus
was composed of the sodium storage tank, water leaking part, water injector, and heater. From this
experimets, It was found that the reopen time, shape, and diameter was about 130min., circular type
and 3mm, respectively.

Figure 8. Experimental apparatus for micro

Figure 9.

water leakage
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Reopen shape and leak path.

4. International Cooperation
KAERI has collaborated with a number of organizations such as General Electric (GE) in US,
AEA Technology in UK, IPPE in Russia, among others. Briefly described in the following are some of
the recent international cooperation now in progress and under discussion.
KAERI has been collaborating with IPPE in Russia since 1995 for the critical experiments with
uranium metallic fuels at the BFS facility representing KALIMER core concept in order to verify and
validate the design concepts as well as core physics design methodologies. KAERI has been also
participating in OECD/NEA program for the measurement of effective delayed neutron fractions at the
FCA in Japan.
Agreement has been reached for the collaboration with Novatome and AEA Technology regarding
the technical consultations on LMR design methodology development and design reviews, and the
first year collaboration will be initiated within a couple of months.
The collaboration between KAERI and BNL for the safety analysis code to code comparison runs
is about to be approved by the Governments.
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Nuclear Power Program in Korea

• Operating Plants
- Commercial operation of Kori Unit 1 in 1978
-11 PWRs and 3 CANDU-PHWRs
- Nuclear Power Share:
25.1% in Total Installed Capacity
34.4% in Total Electricity Generation
• Plants Under Construction
- 5 PWRs : Ulchin 4, 5 & 6, Yonggwang 5 & 6
- 1 CANDU-PHWR : Wolsong 4
•Plan
- Additional 10 Nuclear Power Plants by 2015
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Nuclear Power Plant Construction Schedule
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Long-Term Nuclear R&D Program

• 1992: Establishment of Long-Term Nuclear R&D Program ('92->01)
• 1997: Revision of the Long-Term Program ('97 - '06)
1

Major Goals
- Development of Indigenous Nuclear Power Technology
- Development of Advanced Nuclear Technologies
. Reactor and Nuclear Fuels
. Nuclear Safety
. Radioactive Waste Management
. Radioisotope Applications
. Basic Research

"Financial Support
- Ministry of Science and Technology
- Nuclear R&D Fund : 1.2 Won / KWh of Nuclear Power
S^m?
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Government and Industry Leading R&Ds

Research
Field

Industry Leading R & D

Government Leading R & D

Power Rx.

• Korea Next Generation Reactor Dev.
• LMR (KALIMER) Development
• Rx. Construction Technology (Seismic, Structuring)
• Small Reactor Dev. for Desalination & District Heatim
• Plant Life Span Management Technology

Rx. Safety

• Integral Safety Enhancement Technology Dev.
• T/H Experiment for Safety Improvement
* Severe Accident Experiment
• Safety Regulation Tech.

•
•
•
•

Nuc. Fuel

• DUPIC(Direct Use of PWR fuel In CANDU)
• CANFLEX
• Future Fuel Type Dev, (MOX, Metal, etc.)
* Advanced Fuel for PWR

• Improved Nuclear Fuel Development for PWR

»Spent Fuel Management and Utilization Technology
• Radwaste Disposal Technology
• Separation Technology for Transmutation

• Spent Fuel Management Technology (Storage)
• Nuclear Reactor Decommissioning Technology
• Radwaste Decontamination Technology

Nuclear Waste
Radiation
Protection
Rl Application

Basic Research

Operational Safety Improvement Technology
Examination Technology during Operation, Statrup
Design Base Accident Analysis Technology
Reactor Core Management

• Health Physics
• Nuclear Environment Monitoring Technology Dev.
• Nuclear Material Measurement & Analysis Tech. Dev, * Environmental Radiation Measurement
• High Quality Rl Production Technology
* Industrial Application (Life Science, Agriculture, etc.) • Nondestructive Examination Technology
• Medical Application (Cancer, Examination, etc)
• Material Development
• Robot Development for NPP Maintenance
• Nuclear Data Generation
• Transmutation Technology
• Quantum Engineering (LASER, Accelerator)
• Research Reactor Utilization Technology
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Nuclear Fuel and Reactor Development

•

Overseas
Supplier-Reliance

Industrialization

Self-Reliance

KNGR

i>

Advanced
Nuclear Fuel ^
^A*"^
^ ^ " ^

Construction
^ - — " ^ ^
^ ^ * ^
Prototype
Liquid Metal
Reactor
(KALIMER)

KNGR
^
Technology j ^ / " ^ Nuclear
Desalination
Technology
(SMART)
J *

to
o

T^cxm

CANFLEX-NU
Technology J K " ^

Construction A^-"""^
CANDU Fuel
^^>—-*~~*^

1980s

^ ^ ^ ^ ^
PWRFuel

i

1990s

2000s

J

2010s

Korea Atomic Energy Research Institute

1

Development Programs

KALIMER (Korea Advanced Liquid Metal Reactor)
- Advanced liquid metal reactor of 150 MWe with inherent safety
SMART (System Integrated Modular Advanced Reactor)
- Light water reactor of 330 MWth for sea water desalination

HYPER (Hybrid Power Extraction Reactor)
- Subcritical reactor for the transmutation of nuclear wastes

Korea Atomic Energy Research Institute

KALIMER Program

LMR Development Program launched in 1992 as part of the National
Nuclear Long-Term R&D Program
KALIMER Design Concept established in 1997, along with Development of
Basic Design Methods and Computer Codes
Basic Design of KALIMER will be completed by 2006, in accordance
with the National Nuclear Energy Promotion Plan of June 1997
Construction of KALIMER will be considered during mid-2010s
Emphasis on LMR Technology Development Through Design Option Studies

^iy
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KALIMER Development Schedule

Phase 1 (1997-1999)
Development of Basic Technology
/ Preliminary Conceptual Design

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

Basic Design

Development of
Conceptual Design
. Design requirements
- Core and System
Configurations
- Preliminary Safety
Analysis

Phase 3 (2002-2006)
Validation of Basic Technologies
/ Basic design

Establishment of
Conceptual Design
Preliminary
Conceptual
Design
Report

- Design Specification
- Performance Analysis
- Safety Analysis

Conceptual
Design
Report

- Specifications and
Drawings of Major
Components
- Safety Analysis

to

Improvement of
Computer Codes

Development of
Computer Codes

Basic Experiments

A
"H

Experiments for
Model Validation

Validation of
Computer Codes

Experiments for
Code Validation
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Strategies for KALIMER Development

KALIMER Technology Development

Policy Decision

International
Collaboration

Design
Core, Reactor and
System

Commercialization Target

PSAR
Domestic Cooperation
Nuclear Fuel Cycle Policy
to

KALIMER
Development

KALIMER
Construction Schedule
Experiments

Role of KALIMER

• Separate Effect
• Integral Effect

r ^ «u v *

Code Development
• Code System
Development
• Validation

yM?

I littles ah|l Regulations :i:

l
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International Collaborations

• IPPE (1995)
- BFS Critical Experiments
- Uranium Metal Fuel
• AEA T / NOVATOME
- Technical Consultations and Design Reviews
•BNL
- Code-to-code Comparison Runs for Safety Analysis Code
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KALIMER Design Concept

Design Objectives
• Inherent Safety
• Enviromental Friendliness
• Proliferation Resistance
• Competative Economics

Key Design Parameters
• Net power
• Reactor type
• Coolant
•#ofIHTS
•Fuel

KJ

(

<£p
£p

150 MWe
Pool
Sodium
2 loops
Metal
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Core Design and Analysis

Design and Analysis of Uranium Metallic Fueled Equilibrium Core
Transition Cycle Optimization Study of Uranium Metallic Fueled Core Design
Conceptual Design Study of Breeding Characteristics Core
Conceptual Design Study of MA Incineration Core
Development of Core Nuclear Analysis Code System
Development of Core T/H Analysis Code System
Analysis of BFS-73-1 Critical Experiment
Construction of LMR Core Physics Database

V'i'p
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Conceptual Design of Breeding Characteristics Core
Objective
• Development of Design Concept of High Breeding Characteristics Core
Progress in '98
• Sensitivity Study of Design Parameters andCore Layout
• Core Nuclear and T/H Performance Analysis

Tj Driver Fuel
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Sjll Internal Blanket 18

to

^

Radial Blanket

^

Control Rod

72
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(i) uss
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GEM
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Reflector
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£

B«C Shield
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•Average Core Height (cm)
•Core Diameter (cm)
•Duct Pitch/Gap (mm)
•Duct Wall Thickness (mm)
•Pins per Fuel Assembly(Driver/R. Blanket)
•Smeared Density(Driver/Blanket)
•Pin Outer Diameter (Driver/Blanket)
•Pin P/D Ratio (Driver/Blanket)
•Upper Fission-Gas Plenum Length (cm)
•Core Structure Material

120.00
344.73
161.00/4.00
3.70
271/127
75.0/85.0
7.40/ 12.00
1.203/1.083
155.0
HT9

•Refueling Interval(months)
•Effective Full Power Day(EFPD)
•No. of Batches for Driver Fuel/IB/RB

18
465.0
3/3/6
i

Q

IVS

54

^

Shield

72

Total

379

•Average Breeding Ratio
•Burnup Reactivity Svving(pcm)
•Peak Fuel Discharge Burnup(MWD/kg)
•Feed Driver Fuel Enrichment(Total TRU)(%)
•Total Fissile Gair)(kg/cycle)
•Sodium Void Effect for Total Active Core at EOEC(pcm)
•Uniform Rad. Expansion Coefficient (dk/k)/(dR/R)(pcm/%)

1.18
632
117
26.3
37.3
1043
-126
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Code Development for Safety Parameter Generation
Perturbation Theory Code, PERT-K

peff Calculation Code, BETA-K

Unperturbed state
(Pre-Processor)
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INPUT
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Fluid and I&C Systems Design

. <•

Setup of System Design Guides
Setup of System Design Requirements
Setup of System Configurations for PHTS, IHTS, SGS, RHRS
Sizing and Arrangement of the System Main Components
Design of IHX/SG Isolation Strategy against SWR Events
Study on the Major Component Characteristics
Setup of Decay Heat Removal Strategy
O

Setup of Preliminary Plant Operation Strategy
Setup of the Basic Concept of the I&C System Functions
Development of the Protection Algorithm Test Facility Hardware

<&;/
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Setup of the Pool Analysis Code System and Pool Analysis
IHX Exit Nozzle

IHX Exit Nozzle

Objectives
• Improvement of Pool Analysis Capability
• Investigation of Pool Thermal and Flow
Characteristics for Pool Configuration Design
Major Works
With Flow Guide

• Analysis of temperature distribution
in the pool

IHX Exit Nozzle

IHX Exit Nozzle

• Investigation of flow guide baffle effects on the
flow and temperature distribution at the lower
plenum area
• Investigation of the temperature distribution in
the upper structure
•Application of COMMIX-1AR/P and CFX-4
Without Flow Guide
l

£p
S£p

W7
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Analysis and Improvement of the PSDRS Heat Removal Capability
AT

Objectives

Separator

Radiation
structure

Containment
Vessel

• Evaluation of the Decay Heat Removal
Capability Characteristics of PSDRS
4 4

• Feasibility Study for Increasing the Passive
Heat Removal Capacity

.

Major Items

Airflow

air How

Structure of the newly developed design
to
ON

to

• Analysis of the heat transfer characteristics
• Analysis of heat transfer resistance distribution
• Investigation of the possibility of improvement
• Development and analysis of the new PSDRS
design concept
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Improvement of the heat removal capacity
by the newly developed design
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Mechanical System Design and Analysis

Conceptual Design of Reactor Structure System
- Development of Design Requirements and Structural Design Bases
- Development of General Arrangements for
• Reactor Vessel
• Reactor Internals, UIS
• IHTS Piping System
• Seismic Base Isolation System and Reactor Building
Evaluation of Structural Integrity for Reactor Structures
- Seismic and Stress Analysis for Reactor Internals
- Thermal Stress Analysis for Reactor Head
- Preliminary Structural Analysis for IHTS Piping System
- Structural Evaluation for Seismic Isolation System

V.fi'j?
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KALIMER Reactor System, Components and Equipments

Objectives
• Conceptual Design of KALIMER by 3-D Design Methodology
S/G

Major Items

Secondary EM Pump

• Arrangement of Reactor System
- Reactor Vessel and Containment
- Reactor Internal Structures
- Core, IHX, Primary EM Pump
- Reactor Support Type
- S/G and Secondary EM Pump Locations
to
ON

• Structural Design
- Check of Structural Interference
- Production of Design Data Such As
Sodium Volume, Structural Weight, and
Mass Center

Containment Dome

RV Support W a l l - •
IHX
EM Pump

Reactor Core
Vii'1

IHTS
Piping
RVand
Containement
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Seismic Analysis of KALIMER Reactor Structures
Objective
• Evaluation of Seismic Isolation Performance of KALIMER Reactor Structures
Major Items
• Development of Simple Seismic Analysis Model of KALIMER
• Evaluation of Dynamic Characteristics
• Seismic Response and Margin Evaluation
[at Node 15 : RV Bottom Head]
8
{Containment V«tf i\)
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Input Motion
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(Calculated Floor Response Spectrum)
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S'SDRS Experimental Test Rig

Purpose
- To generate the thermal hydraulic data
during natural circulation
- To verify the developed computer code for
the analysis of PSDRS

••,

'i

•:•

Test Parameter and Range

••

Parameters
Power(Oensity)
Sodium operating temp.
Air operating temp.
Air operating (low rate
No. of measurement points
(temp., press., velocity)

t ft ttt fttt t t

Cross Section of Test Rig

Ranges
117kW(6.0MW/m3)
450-700 XC
20-200 <SC
0,2-2()m/sec
60 points each

• Schedule
- Completion of construction : Sept. 99
- Test operation : Oct. 99 - Nov. 99
- Experiment : Dec. 99 - Nov. 2000
d>p
/('i\'i
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Safety Analysis Activities for Conceptual Design of KALIMER

Development of Codes and Methodologies for Safety Analysis
- SSC-K Code for System-wide Transient Analysis
- CONTAIN-LMR and MACCS for Containment Performance Analysis
- Modified Bethe-Tait and MFCI Models for HCDA Analysis
Preliminary Safety Analysis
- Development of KALIMER Design Data Base for Safety Analysis
- Event Categorization and Selection of Safety Related Events
- Preliminary Analyses of Unprotected Events
- Preliminary Containment Performance Analysis
- Preliminary PSA

{
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Event Categorization for KALIMER Safety Analyses
Objectives
• To Provide a Guidance on Methodology Development and Safety Analyses
DBEs
F > 10-'

F>

Moderate
Frequency
Events

Infrequent
Events
J

PRDBE

BDBEs
110

|lQ-

Unlikely
Events

4

I

>F a

F < 10

Residual
Risk
Events

Extremely
Unlikely
Events

L

SRDBE

Bounding
Events

HCDA

Reactivity Insertion
Events

ON

UTOP
ULOF

Undercooling Events

ULOHS
Local Faults
Flow Blockage
- Sodium Spills and Fire
SGTR
Fuel Handling and
Storage Events

— Large Sodium Leaks

- Other Events
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Preliminary Analysis of Unprotected Events
Objectives
• To Test the Analysis Capability of SSC-K Code
• To Develop Analysis Methodologies
Major Works
• Preliminary Analyses of UTOP, ULOF, ULOHS and Scrammed Natural
Circulation for Uranium Metal Core
to
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NUCLEAR POWER IN KAZAKHSTAN and
CURRENT STATUS OF THE BN-350 FAST REACTOR
Presented at the 32th Annual Meeting of the
International Working Group on Fast Reactors
IAEA, Vienna, May 18-19,1999
by S.Krechetov
Atomic Energy Agency

Atomic scientific-industrial complex of Republic of Kazakhstan consist of:
number of natural uranium mines [using the mining and underground leaching techniques],
two plants of U3O8 production at Aktau and Stepnogorsk towns, metallurgical plant
producing fuel pellets for RBMK and W E R fuel assemblies, fast breeder reactor with
sodium coolant BN - 350 at Aktau. The average share of BN-350 in total electricity
production was not higher than 0.7%.
Three different type.of the research reactors on the territory of the former Semipalatinsk
Nuclear Test Site and one research reactor and subcritical assembly nearly Almaty are
exploiting for the investigation in field of reactors nuclear safety and other type of
investigations.
All nuclear researches in Kazakhstan are concentrated around these reactors.
BN-350 was not in operating since March 1998. Reactor was under long-term outage for
fulfillment regular maintenance and works on safety justification program for annual
permission.
A lots of works were carrying out in 1998 can be divided in two main groups.
1. Safety justification for further operation.
2. Spent fuel management.
Due to lack of financial resources all requested improvements were not completed and
implemented. As a result of this of the annual permission for further operation was not
issued by KAE A.
Joint ASSET-OSART IAEA mission carried out in November-December 1998 confirmed
necessity some important measures.
Subsequent discussion among responsible governmental organizations shown, that
available financial resources from the budget can't allowed to implement all volume of
necessary work in reasonable terms. Takjngsjnto account^energy consumption decrease in
the Mangystau region the governmental decision on decommissiojun£^Nj350_haveJbeen
According to agreement between KAEA and IAEA, an international workshop on BN-350
decommissioning program was carried out in Almaty during May 10-14.
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Because of many of spent fuel assemblies store at the pool behind project limits
(more than 15 years), in frame of bilateral Kazakhstan-US agreement works on
characterization of spent fuel cladding and developing of new store conditions were
conducted.
Spent fuel characterization program continued during two years. Special report have been
issued.
Main results and recommendations of these works could be formulated as follows:
•

•
•

existing system of wet storage at the pool deal with the big risk, because
- do not prevent fuel cladding damages from different cases and release of fission
products into pool water;
- quality of the pool water should be kept at the stable level especially for chloride
concentrations (approx. 0.3 mg/1);
- detail investigations of the fuel assembly No. IX-19 (burn-up 13% h.a., max.
working temperature was t=625 °C, damage dose - 85 dpa) shown that general and
pitting corrosion exist, some of the fuel pins has opened cracks, pins cladding are
frail;
About 300 fuel and blanket assemblies (such as failed, curved, with high burn-up, cut
up for investigation at the "hot cell") need to be isolated from the water in short terms.
Semi-dry storage (each or group of assemblies into the welded penal or canister under
inert atmosphere and such package at the pool) was recommended.

Special design of such penal and canister for different types of assemblies have been
developed and tested.
Safety analysis report including criticality and thermal calculations, structural analysis
have been prepared and approved.
At the December 1998 spent fuel packaging works have been started.
For IAEA safeguard purposes special underwater neutron counter was designed and
calibrate by Los-Alamos laboratory and nondestructive measurements of isotope
concentrations at non-failed spent fuel assemblies have been done already. We have got
good compliance between calculated and measured value.
/
Thereby BN-350 completed its active period of life. Thinking about future
development of fast breeder reactors and taking into account desire some countries to share
their experience, we are going to make BN-350 decommissioning process as an
international project. We intend also to issue special reports on 25 years operational and
scientific experience.

271

XA0055657

Nuclear Energy Research Initiative (NERI)
Presented To

IAEA
International Working Group on Fast Reactors
Technical Committee Meeting on Liquid Metal-Cooled
Fast Reactor Developments
May 18-19,1999

Charles A. Thompson
Office of Nuclear Energy, Science and Technology

Federal Energy R&D Report
President's Committee of Advisors on Science and Technology
• January 14,1997: President tasked PCAST to review the National Energy R&D
Portfolio by October 1,1997.
• March 20,1997: John P. Holdren's Panel on Energy R&D initiated work.
• November 5,1997: PCAST Report of the Energy Research and Development
Panel issued.
//
• PCAST nuclear energy observations:
- Potential benefits of expanded contribution from fission in helping address
CO2 challenge warrant modest research initiative;
- "To write off fission now as some have suggested,... would be imprudent in
energy terms and would risk losing much U.S. influence over the safety and
proliferation resistance of energy activities in other countries.";
- "Fission belongs in the R&D portfolio."
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PCAST Recommendations
Nuclear Energy Recommendations to DOE
• Foster innovation and new ideas through investigator-initiated R&D proposals.
• Enhance cooperation among universities, DOE laboratories and industry.
• Establish a new program to address the key issues affecting the future of fission
energy including:
- Proliferation resistant reactors and fuel cycles;
- New reactor designs with higher efficiency, lower cost, and improved safety
to compete in the global market;
- Lower-output reactors for use in settings where large reactors are not
attractive;
- New techniques for on-site and surface storage and for permanent disposal
of nuclear waste.
• Establish an R&D program to address continued operation of existing reactors to
assist the U.S. in meeting greenhouse gas emission goals.

Otfica of Nucleate

Nuclear Energy Research Initiative
Objectives
• Address and help overcome the principal technical and scientific
obstacles to expanded use of nuclear energy in the U.S., such as:
- resistance to proliferation

;

- unfavorable economics

//

- nuclear waste disposition

>>

• Advance the state of nuclear technology to maintain a competitive
position in the overseas markets and a future domestic market
• Promote and maintain a nuclear science and engineering
infrastructure
• Improve the performance, efficiency, reliability, economics, and other
attributes to enhance nuclear energy applications
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Nuclear Energy Research Initiative
Program Philosophy
• Independent Peer Review can help select the best research — DOE
Energy Research and the National Science Foundation experience has
been very positive
• DOE's role should be to fund long-term research - especially
advanced technologies with limited near-term commercial application
• Encourage international collaboration -- to leverage Federal research
dollars and support vital infrastructure
• NERl should serve as the "birthing place" for future programs —
successful programs should grow beyond NERl

Nuclear Energy Research Initiative
Areas of Research
' Proliferation-Resistant Reactors and Fuel Technology -- new and
innovative concepts to enhance proliferation resistance in the design,
development and deployment of new reactor systems
1

1

New Reactor Designs with Higher Efficiency, /Lower Cost, and
Improved Safety - science and engineering research on innovative
concepts to advance nuclear reactor technology

Low-Output Reactors — new
concepts and science for the
development of small, possibly
compact and easily deployable
reactors for use in developing
countries or for specialized
application (process heat, medical
isotope production)
tm.mwn9w1gwMgVJ.ti-H
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Nuclear Energy Research Initiative
Areas of Research
• New Technologies for Nuclear Waste — new and
innovative technplogies and concepts for on site
and surface storage of commercial nuclear waste
• Advanced Nuclear Fuel — science and
engineering R&D to provide measurable
improvements in the understanding and
performance of nuclear fuel, with respect to safety,
waste production, proliferation resistance and
economics
• Fundamental Nuclear Science —fundamental
science and engineering R&D in pertinent areas
such as materials and chemical sciences,
automation engineering and computational
sciences, reactor physics and heat transfer to
develop new technologies for nuclear energy issues
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Nuclear Energy Research Initiative
Funding and Status

FY 1999 Appropriation: $19,000,000
Near Term Schedule
Notification of Awards
Award Ceremony
Contract Awards

May 11,1999
May 18,1999
June-July 1999

NERI Web Site: http://neri.ne.doe.gov
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NERI Application Selection Process
Purpose/Activity
• Researcher initiated - Proposals respond to DOE
Solicitation
1
Universities, Laboratories, Industry, and Collaborations

Applications Received

• Independent Technical Review
• Rank Applications Based Upon Scientific and
Technical Merit

Relevance Review •3122139-419/99

Award Recommendations

DOE Award Announcement

Grant or Cooperative
. Agreement Award y

jtfgw
^

^

^

• DOE & Program Office Representatives
1
Rank Applications Relative to NERI Goals
and Objectives

• DOE-NE Program Office
Program and Policy Factor Considerations

DOE Selection Official

Grants/Cooperative Agreements Issued - June/July 1999

.•mim^j

—

Nuclear EnergyR<^search Initiative
Peer Reviewer by Organization Types
Number of Reviewers
45 .
15

Organization Type
Universities
National Laboratories
Nuclear Utilities/EPRI
Nuclear Industry Experts -Vendors, Consultants, etc.
DOE Employees -EH, ID, NN SRO, RW, DP
DOE -- retired
Other Federal Agencies:
NRC, NRC - retired, NIST
Total number of reviewers

/;
//

11
25
7
11
7
121
itMfrmr jWwwavi-1 m pn (in
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