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FOREWORD

At present nuclear power accounts for approximately 17% 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 21st 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 will become
desirably 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 for
fission products only. 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 or peaceful purposes a role for fast reactors can be also considered.

Over the past 29 years, the IAEA has actively encouraged and advocated international
co-coperation in Fast Breeder 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 1995, as reported at the 29th Annual Meeting of
the IWGFR in Aktau, Republic of Kazakhstan, 14-17 May 1996. 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 29th Annual Meeting of the IAEA International Working Group on Fast Reactors
(IWGFRs) was held in Aktau, Kazakhstan from 14-17 May 1996. The meeting was attended
by the Members and some substitute members of the group from IWGFR Member States,
Brazil, China, France, Germany, India, Italy, Japan, Kazakstan, the Russian Federation, the
United Kingdom, as well as by observers from Switzerland and the United States of America.

The meeting was welcomed by Mr. Piotr I. Nazarenko, Chief Engineer, Mangishlak
Atomic Energy Complex & by Mr. Sergey Krechetov, Deputy Director General KAEA.

The meeting was opened by Mr. P.-E. Juhn, Director, Division of Nuclear Power and
the Fuel Cycle of the International Atomic Energy Agency and was chaired by Mr. Ch.
Picker, of the United Kingdom.

During the meeting a technical tour to LMFR BN-350 and desalination plants took
place.

2. INTRODUCTION OF IWGFR PARTICIPANTS

The secretary informed the IWGFR about changes in its membership.

The Director General of the IAEA has approved Brazil's Membership in the IAEA's
International Working Group on Fast Reactors with the wish of the Brazil Government and
has designated Mr. Arthur da Cunha Menezes, Project Manager as a Member of the IWGFR.

Participants introduced themselves and described briefly their activities and interests
as relevant to the Working Group.

3. APPROVAL OF THE AGENDA

The Agenda of the Meeting was accepted.

4. REPORT OF THE SCIENTIFIC SECRETARY

Reports of the IWGFR meetings for the period since the 28th Annual Meeting of the
IWGFR had been distributed in advance to the participants of the Group. The Scientific
Secretary summarized the main points of the IWGFR activities.

4.1. Technical Committee Meeting

Advanced liquid metal cooled fast reactors designs are currently under development
in several countries. There was a need to identify the common trends to improve economics,
reliability and safety and to evaluate the flexibility of fast reactor designs for managing
plutonium stockpiles and to transmute minor actinides. To this end two TCMs (on
Conceptual designs of advanced fast power reactors; and on Absorber materials, control rods
and designs of backup reactivity shutdown system for breakeven cores and burner cores for
reducing plutonium stockpiles) were held in India and Russia respectively. These provided
an important opportunity to discuss, review and compare different design approaches for



ALMFRs with the purpose of further improving the common understanding of the respective
rationale for selected design features and main characteristics for breeder and burner reactors.

4.2. Consultancies

A joint IAEA/EC benchmark exercise for hypothetical severe accident (unprotected
loss of flow, ULOF) in a BN-800 reactor with near zero void core has been continued in
1995 and 1996. Two consultancies were held: one in July 1995 in Brussels and other in
December 1995 in Vienna, to review and agree the results provided by organizations at the
steady state core characterizations. The secretary informed the participants that the next
consultancy meeting will be held in Brussels in June 1996 to discuss the results of
calculations and formulate general conclusions about the first phase of benchmark.

4.3. Consideration of joint research activities

A CRP on "Intercomparison of LMFR Seismic Analysis Codes" aimed to validate and
improve the codes used for the reactor core seismic analysis through benchmark exercises.
The final RCM, which was held in Italy, in May 1995, summarized the validation of the
codes on the basis of intercomparison of experimental and analytical data. It was noted that
the studies carried out within the framework of this CRP has a general scientific value, since
the results obtained can be employed in different types of reactors.

A CRP on "Acoustic Signal processing for the Detection of Boiling or Sodium Water
Reaction in LMFRs" was initiated by IAEA in 1989. The final Research Coordination
Meeting (RCM) held in July 1995 in Russia, concluded that the CRP has evaluated different
signal processing techniques with real field data and hence the results could provide
invaluable information to the designers of Acoustic Detection Systems. In the long run, this
would lead to enhancing the economics of LMFRs through better surveillance of reactor core
and steam generators. Signal processing techniques developed in this CRP for anomaly
(boiling or leak) detection can be applied for detecting other types of anomalies in
thermomechanical equipment (like cavitation, rattling etc.) in fast and thermal reactors.

The Scientific Secretary informed the participants that according to proposals of the
28th IWGFR meeting the Committee for Contractual Scientific Services (CCSS) of the IAEA
approved the following new CRPs. These had been preceded by consultancies in 1995 and
1996.

1) Intercomparison of analysis methods for seismically isolated nuclear structures (1996-
1999),

2) Harmonization and validation of fast reactor thermomechanical and thermohydraulic
codes using experimental data (1996-1998).

Mr. Rinejski noted that all necessary formalities for participation of: India, Italy,
Republic of Korea, Russian Federation, UK and USA in CRP on "Interomparison of analysis
methods for seismically isolated nuclear structures" has been completed. The first RCM will
be held in St. Petersburg, Russian Federation, from 27-31 May 1996.

In the frame of CRP on "Harmonization and validation of fast reactor
thermomechanical and thermohydraulic codes using experimental data", France proposed a
benchmark exercise on "Tee junction of LMFR secondary circuit". On behalf of the IAEA
Mr. Rinejski thanked the French representatives for the support and help in receiving the



input data in "Tee Junction of LMFR Phenix secondary circuit" under a consultancy.

A question was raised with regard to the requirements for, and differences between
AGM, TCM, CRP and consultancies. The Secretariat agreed to distribute a note outlining
these.

5. CONSIDERATION OF IAEA'S SYMPOSIA

A Symposium "Desalination of seawater with nuclear energy" will be held in
Taejon, the Republic of Korea from 26 to 30 May 1997. The background and scope of
the symposium were indicated by Mr. P.-E Juhn. He pointed out that, considering the
growing international interest in nuclear desalination, as well as ongoing programmes in
some Member States, the Agency has decided to hold an international symposium on the
subject in 1997. The Republic of Korea has expressed willingness to host this symposium.
For detailed preparations of the Symposium, a Steering Committee, consisting of
representatives from nine Member States and relevant international organizations, has been
established. At its first two meetings, the tentative programme schedule has been defined.
The official announcement shall be made shortly.

The objective of the Symposium will be to provide an international forum for the
review and discussion of the status and prospects for seawater desalination processes using
nuclear energy. The scope of the symposium includes the following items: (1) National
programmes; (2) Experience in desalination technologies; (3) Design and safety aspects of
nuclear desalination complexes; (4) Economic aspects; (5) Market potential; (6) Technology
transfer, and (7) Options for international co-operation.

About 150 participants (senior officials from government organizations, regulatory
organizations, utilities, industry, research establishments and international organizations) from
Member States with own nuclear desalination activities and Member States with interest in
future deployment of nuclear desalination and interested international organizations are
expected to attend.

A Symposium on "Nuclear Fuel Cycle and Reactor Strategy: Adjusting to New
Realities" to be held at the VIC, Vienna, from 2 to 6 June 1997 in co-operation with
OECD/NEA.

The objectives of the symposium is to provide a forum: (i) to prepare for decision-
makers (including in nuclear-weapon states in relation to excess weapons material), and the
public, scientifically assessed fuel cycle and reactor strategies for dealing with plutonium;
(ii) to examine the policy options and explore the scope for international common
understanding on these options; (iii) to examine the safeguard aspects of various disposition
options; (iv) to enhance the transparency of the management and disposition of plutonium,
and (v) to examine its scope for future international collaboration, in matters relating to the
production, storage, use and disposal of plutonium.

At present time the Steering Group and six Working Groups have been formatted.
Each Working Group will prepare a key issue paper, which will be printed as proceedings
before the symposium. Deadline of key issue papers is end of 1996.

The IWGFR expressed concern about the representation on the Steering Group and
Working Groups. It was believed that there was insufficient input on fast reactors, which



have an important part to play in this topic. The Secretariat agreed to circulate a list of
participants of the Steering Group and Working Groups. Members are requested to
recommend alternative/additional representation to reflect the fast reactor views.

6. CONSIDERATION OF ARRANGEMENT FOR MEETINGS IN 1996

(a) TCM on "Creep fatigue damage rules to be used in fast reactor design", Manchester,
UK, 11-13 June 1996.

An official agreement of the United Kingdom to host the meeting has been received
at the IAEA at the beginning of January 1996. Official invitation letters with information
sheet and call for papers were sent out to the Member States at the end of January 1996.
The IAEA has been informed that the representatives from France, India, Japan, the Republic
of Korea, the Russian Federation and UK will participate at the TCM.

(b) TCM on "Evaluation of radioactive materials release and transport in fast reactors"

An official agreement that the Government of Japan is, in principle, willing to host
this meeting has been received the IAEA on 11 April 1996. The second host Government
letter to ask Japan to host the meeting in question had been sent at the end of April 1996.
Mr. Yamashita agreed the Japanese Mission will reply officially by 20 June. He proposed
that the meeting should take place in Japan, from 11-14 November, will have a change in
title to read "Evaluation of Radioactive Material Release and Soidum Fires in Fast Reactor".
His proposal was accepted at the meeting. The secretary asked the members to speed up the
nomination of the participants to the meeting.

(c) TCM on Fast reactor fuel development and performance, 9-12 December 1996, VIC,
Vienna.

The secretary reminded Members that, after discussion during the last IWGFR
meeting in the field of fuel technology of LMFR's, it was agreed that a meeting on the same
topic could be organized by another group (IWGNF) in close collaboration with IWGFR.
The participants asked that the IWGFR should be kept informed and recommendations should
be requested from IWGFR in due course. Mr. P.-E Juhn informed the Working Group of
the objectives and scope of the TC on Fast Reactor Fuel Development and Performance.

After discussion the Working Group agreed that this TCM will be organized in 1996,
but suggested that the scope be concentrated on fuel aspects in order to avoid potential
duplication with 7.1 below. The Working Group suggested that the scope be changed to
"Fast reactor fuel front and back-end solutions and related topics". If written feedback is
forwarded to the IAEA from members by the end June to ensure that the back-end topic can
be included.

7. SELECTION OF TOPICS FOR MEETING TO BE HELD IN 1997

As a result of voting it was recommended that the IAEA in the frame of the IWGFR
should organize the following TCMs:

1. Influence of high dose irradiation on core structural materials behaviour,
Obninsk, Russian Federation

2. Sodium removal and dispoal from LMFRs in normal operation and in the
framework of decommissioning, Aix-en-Provence, France.



The Russian and French delegates confirmed their willingness to host the meeting and
proposed the following dates:

In Russia - June 1997
In France - November 1997

8. CONSIDERATION OF ACTIVITIES

Fast Reactor Data Base: The secretary informed the IWGFR that the reference
document had been published and distributed to member states.

Fast Reactor Technology - Status Report: The Secretary summarized the contents and
noted that all contributions have already been received. Mr. Deitrich will advise the
Secretariat by end May, whether he can provide new material on the safety philosophy of
IFR for chapter 5. The document is under preparation for publication. The Secretary will
distribute a draft for comments in June; comments and updates are requested by end August.

9. PRESENTATION AND DISCUSSION ON NATIONAL PROGRAMME OF FAST
REACTORS

Presentation of fast reactor development were made by Members of the Group of
Brazil, China, France, Germany, India, Italy, Japan, Kazakhstan, Russian Federation, United
Kingdom, and Switzerland. Presentation were followed by lively discussions. Dr. Heusener
proposed that the Fast Reactor countries should launch an international project similar to that
for fusion and asked the IAEA to consider this. The Working Group considers this to be
an interesting proposal. It emphasizes that these might be other alternatives such as
broadening existing international co-operation. The Working Group recommends that the
Agency considers this proposal and initiates appropriate steps in order to have a deeper
discussion on this proposal at the next meeting.

While presenting the national paper, Dr. Menezes of Brazil informed that the codes
used in Brazil in the reactor physics, system and component designs and safety analyses are
a few and are old. He wanted to know from the IWGFR members whether some of the latest
computer codes that are being used can be given to Brazil. The results obtained with the use
of such computer codes will be made available to IWGFR by Brazil. He also indicated that
if costs involved are very large it will be difficult to buy them. He agreed to give a list of
areas for which computer codes are required. Some of the IWGFR members indicated that
some codes can be given but they may not be latest such as SIMMER3 and SAS4A. It was
also indicated that very good expertise and experience is required to operate complex
computer codes such as crosssection data processing, reactor physics, shielding thermal
hydraulics and safety analysis.

10. THE DATE AND VENUE OF THE 30TH ANNUAL MEETING OF THE IWGFR

It was agreed that the 30th Annual Meeting of the IWGFR should be held in China,
from 13-16 May 1997. It was proposed that the meeting be chaired by the Chinese
representative, Prof. Xu Mi.

29am-sum.ar\rt
6 August 1996
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STATUS OF FAST REACTOR ACTIVITIES IN BRAZIL

Artur Menezes
Advanced Studies Institute/Aerospace Technical Center
Sao Jose dos Campos, Sao Paulo-Brazil

Abstract

This text describes the present status of fast reactor activities in Brazil, emphasizing the
strategies being used to preserve this reactor concept as a viable alternative for future electricity gen-
eration in the country. The program is mostly research-oriented and has the objective of establishing
a consistent knowledge basis which can serve as a support for the transition to the activities more
directly related to design, construction and operation of an experimental fast reactor. Due to the pre-
sent economic difficulties, the program is still modest but it is gradually growing. A report which has
been finalized in December, 1995 and submitted to the authorities indicates the existence of the
grounds for enlarging and consolidating the program.

1- Introduction
Brazil is a large country, with a population of a little more than 150 million distributed on its

8,5 million square kilometers. The "per capita" electricity consumption is of the order of 1500 kWh,
a value which is low when compared to most advanced countries. Around 95% of the electricity
come from hydric resources, most of them located in the southeast region of the country. The esti-
mated hydroelectric potential is 260 GW, from which around 60 GW is being used. A recent study
made by the Brazilian Federal Energy Board -ELETROBRAS-, which takes into consideration dif-
ferent scenarios for economic growth, the resources available today and also the possibility of ex-
ploiting new resources, indicates that in the second decade of the next century the hydroelectric po-
tential will be exhausted and, from that time on, the demand will have to be supplied by a growing
number of thermoelectric power plants, either conventional or nuclear.

Brazil has presently one reactor (PWR/Westinghouse, 626 MWe) in operation and a second
one (PWR/Siemens, 1300 MWe) has recently received authorization for completion, which is
planned for 1999. A third reactor (PWR/Siemens, 1300 MWe), originally planned to be assembled in
the same site as the other two is still awaiting for a government decision to its construction, amidst
discussions related to construction costs and the benefits of nuclear energy. Although the participa-
tion of nuclear energy in the electricity grid is still very small (less than 1%) and hydroelectricity is
potentially abundant, our view of the future indicates that a fast reactor program should be consoli-
dated in order to provide a consistent basis for discussing the utilization of fast reactors for future
electricity generation in the country.

Only recently the Brazilian economy is giving signs of stabilization, after a long period of
very high inflation rates. Also, both internal and external national debts resulted, among other things,
in a reduction of the investments in nuclear power Research and Development (R&D) activities.
Considering the future importance of fast reactors, all efforts have been made in order to keep this
option alive, in spite of the tight budgets. As a result, the fast reactor program is small and the plans
for its growth (which is to be gradual) envision to avoid an excessive demand on the already scarce
financial resources, which could increase the risk of its discontinuation, as it happened with the past
fast reactor activities in Brazil.

2- Historical Background
In 1969, the Instituto de Engenharia Nuclear-IEN (Nuclear Engineering Institute) initiated its

activities related to fast reactors. As part of a contract with TECHNICATOME (France), a thermal-
fast reactor has been designed, but it was not constructed due to problems with fuel supply. In 1972,



a small sodium loop (100 kW) was inaugurated for studying heat transfer and several aspects of so-
dium technology and is still in operation.

In 1981 a decision to intensify the activities in fast reactors resulted in a cooperation agree-
ment with ENEA (Italy), mainly for training in several areas. Also a contract with ANSALDO/NIRA
(Italy) was signed to design and construct three modern sodium loops and auxiliary systems. Due to
insufficient funding the loops were never constructed. Discussions are presently taking place with the
aim of assembling one of the loops, which is capable of serving as a bed for experiments related to
sodium purification and transferring.

In 1985, a new technical cooperation agreement was signed, now with Argentina, for a joint
work in the fast reactor area. Many discussions took place, but nothing has been done, mainly due to
the fact that discussions were too focused on the design and construction of an experimental fast
reactor, which neither Brazil nor Argentina needed at that time.

At the Instituto de Estudos Avancados-IEAv (Advanced Studies Institute), fast reactor ac-
tivities were initiated in 1979, when a technical group has been created with the objective of doing
research on the utilization of nuclear reactors for space applications, with the main focus on neutron-
ics and thermal-hydraulics. That work gave the group a better understanding of the importance of
fast reactors for electricity generation. It was then decided to re-direct the work towards investigat-
ing different fast reactor core and blanket configurations for efficient utilization of Thorium, due to
its large resources in Brazil (estimated: one million tons). Several ideas came up and a good number
of technical papers have been published. In 1988, fast reactor activities at IEAv were discontinued
not only because of the lack of an well-defined long term program, but also due to the many difficul-
ties in having the participation of other research institutions in Brazil, mostly involved with thermal
reactor work.

The main reasons for all these setbacks can be also associated to the following: a) the initia-
tives were isolated, with no search for institutional cooperation; b) the country has been, for a long
time, going through economic problems; c) the public opposition to nuclear energy was high and; d)
there has been too much emphasis on the reactor itself, with no emphasis at all on the scientific and
technological gains which would result from a fast reactor program with multi-disciplinary character-
istics. These factors, and maybe some others, have never stimulated the "decision makers" to take
seriously a long term and certainly costly R&D fast reactor program.

In 1992, after many discussions, we succeeded in convincing the authorities that a long term
fast reactor program should be maintained, even with modest proportions, if the country wished to
keep this reactor concept as an alternative for a future use. A long term R&D project was then es-
tablished with the objective of having, within 25-30 years, an experimental reactor in operation, in
which relevant experiments could be performed. For this program, the cooperation among institu-
tions would be a key factor.

Between 1992 and 1995 efforts have been directed to what we called Feasibility Phase, which
had, among others, the objective of submitting to the Brazilian authorities a detailed report com-
posed of six parts: 1) Global View; 2) Reference Design (Primary Circuit) for an Experimental Fast
Reactor; 3) Survey of Brazilian Research Institutions; 4) Survey of Brazilian Industrial Park; 5) Sur-
vey of Brazilian Universities and; 6) Preliminary Planning for Next Phases. This report, which has
been finalized in December, 1995 and is presently being analyzed by the authorities, shows the po-
tential for enlarging the present group of activities and also for including others which have been left
aside, mainly due to the shortage of people.

3- Managerial Strategies
As a general rule, countries with fast reactor programs justify them based on the fact that this

class of reactors, among other things, utilize more efficiently the uranium resources. For those coun-
tries this represents a good argument, because it is supported by the considerable participation of
thermal reactors (which lead to a rather inefficient uranium utilization) in their electricity grids. The
arguments related to the generation of less waste (in fast vs. thermal reactors) follow the same line of



reasoning. Although these arguments may be consistent for some countries, for Brazil they sound a
bit anachronic, due to the present very low participation (less than 1%) of nuclear energy in the
electricity grid, with an insignificant demand on our uranium resources, estimated in 200,000 tons.

For some years we have tried to consolidate a fast reactor program using the arguments of
Japan, United States, France and others: the main focus was on the reactor and the efforts were al-
most uniquely devoted to the development of conceptual designs, some of them very interesting but
incapable of strongly motivating the Brazilian "decision-makers" and also a large part of the nuclear
community. The reason for this is very simple to understand and can be attributed to the generalized
perception that the only "product" of the program would be the reactor, whose necessity is, in prin-
ciple, distant in the future. The belief that "decision-makers" are more efficiently convinced by facts
rather than by arguments which certainly will be irrefutable in the future but sound vague and diffi-
cult to be evaluated today, have made us switch, in 1992, to a strategy in which the efforts towards
the materialization of the reactor would be temporarily de-emphasized in favor of research-oriented
activities in areas such as safety analysis, materials, fuel recycling and others, in order to show that a
fast reactor program can produce, along its way, important scientific and technological gains for the
country. This strategy should be associated to the generation of the maximum number of important
and easy to be evaluated results which could be useful not only for the fast reactor program itself but
also to other sectors.

The "environment" which prevailed at the beginning of the Feasibility Phase was character-
ized by tight budgets and also by a strong disbelief from a large portion of the Brazilian nuclear
community with respect to big projects. In order to minimize the chances of a new setback, we also
decided to establish the following group of strategies:

• For motivating the internal technical team: the project is to be conducted in phases of duration
no longer than 3-4 years, with the objectives for each phase being defined in such way as to create
a feeling that they can be reached, even with the present economic difficulties.

• For motivating the participation of other research institutions: the approximation with the
institutions must emphasize the several technical challenges in areas such as reactor safety, fuel,
materials and so on, and to avoid (at least until the program is entirely consolidated) discussing
merits of fast reactors with a community biased towards thermal reactors.

4- Present Status
Research activities are being underway in the following areas:

1. U-Zr alloys are being studied in cooperation with the Instituto de Pesquisas Energeticas e Nu-
cleares-IPEN (Nuclear Research Institute), with the objective of learning how to fabricate and
characterize them, in laboratorial scale;

2. Also with the same Institute, metal fuel recycling is being investigated using electrorefining tech-
niques. We expect very soon to have a first sample of actinide electrodeposited;

3. A laboratorial scale direct current electromagnetic pump has been developed and it is being tested
at IEAv, using mercury as working fluid. Work is continuing towards its optimization and also
towards the development of a small scale alternating current pump;

4. Activities related to HT-9 ferritic steel have been initiated in cooperation with IPEN and with the
Instituto de Pesquisas Tecnologicas-IPT (Technological Research Institute). A first sample is
presently being characterized;

5. A small thermal-hydraulic nuclear laboratory was set within a collaboration between IEAv and the
Instituto Tecnologico de Aeronautica-ITA (Aeronautic Technological Institute), in order to per-
form experiments related to natural convection phenomena. ITA is an engineering school, which
implies that beyond the technological research aspects, also the educational ones are involved. An



experiment for validation of the thermal-hydraulic code NACISS is planned to be initiated in the
first semester of 1996;

6. A reference design for the primary circuit of a 60 MWt experimental fast reactor is completed.
Some parameters and characteristics have been selected mostly based on the Integral Fast Reactor
(IFR) concept. Fuel pin dimensions and other data were used for calculations which lead to a gen-
eral core configuration. Some calculations were also independently performed at IEN, and the
differences in methodologies are being evaluated.

Together with the above activities there are some others related to shielding analysis, actinide
burning calculations, electromagnetic pumps and the development of a software for simulating the
fast reactor circuits.

5- Final Remarks
The consolidation of the present fast reactor activities in Brazil must contemplate both the

achievement of important technical results and also a step-by-step dissemination of a "fast reactor
culture", with the objective of increasing the number of people who can evaluate the importance of
fast reactors on a more rational basis. In order to establish a fast reactor "culture" we have been,
among other things, stimulating the participation in as many technical meetings as possible, even in
the ones which are not entirely devoted to nuclear energy. From 1992 to 1995, about 25 articles
have been either published or presented in those meetings, with good receptivity.

So far, we have been successful in getting the cooperation of excellent technical groups, from
different research institutions, by proposing their involvement in activities which may represent a
challenge to their technical expertise. We are aware that there is still a lot to be done and also a lot to
be learned, mainly from the countries with more advanced fast reactor programs. In this respect, the
recently signed technical cooperation agreement between Brazil and India may represent an impor-
tant starting point.

It is our feeling that continuation of fast reactor activities in Brazil depends upon the
strengthening of the cooperative work already initiated, and also on the generation of observable
results which can easily be evaluated by our "decision makers". All efforts have also been made to
convince them that an operating reactor is not the only relevant outcome of a fast reactor program.
This is the main reason why we have decided to consolidate it on the basis of research-oriented ac-
tivities rather than on activities strongly directed towards reactor design.

Following the Feasibility Phase, which ended in December, 1995 we intend to increase the
level of details of the Reference Design. Considering that an operating experimental reactor is still
distant in the future, for all purposes the Reference Design is our "experimental installation" and is to
be used as the basis for calculations related to safety analysis, neutronics, thermal-hydraulics and so
on. Experimental and theoretical research activities are also to be continued in a few areas, in order
to produce results that can used both for the long term objectives and also as assets for larger me-
dium term funding.

Finally, it must be emphasized that even modest or small programs from developing countries
may give an important contribution to the fast reactor field, mainly through intellectual work and
also through the execution of a few experiments. Our long-term objective is to establish a basic
know-how which can be useful for an eventual transition to fast power reactors in Brazil. The inter-
action with the more advanced programs can serve as a guide, allowing us to reach a degree of ma-
turity which will result in benefits both to Brazil and also to the international fast reactor community.
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ABSTRACT

In 1995, the total amount of electricity produced in France was 471 TWh, out of which 358.2
TWh (76 %) were produced by nuclear power plants, 36.9 TWh (7.8 %) by conventional
thermal plants, and 75.5 TWh (16 %) by hydraulic plants. The net electrical power
consumption was 368.7 TWh.

At the end of 1995, "Electricite de France" had 54 PWR units in operation. The availability
factor for these units was maintained at 81 %. 1995 was marked by a decrease of
unexpected shutdowns (1.8 % in 1995 instead of 2.2 % in 1994), a new reduction in
programmed shutdown periods, and a good safety level was maintained.

In the field of Fast Reactors, the main events of 1995 were the following.

At the end of December 1994, the PHENIX reactor was authorized to perform its 49 t h cycle at
350 MW th (143 MWe). This 49 th cycle was completed without any significant problems on
April 7, 1995. During the remainder of the year, the reactor had been shut down in order to
carry out several tasks within the scope of the ten-year extension of the PHENIX reactor's
lifetime.

Concerning the CREYS-MALVILLE plant (SUPER-PHENIX) the first part of the year was
devoted to repairing argon leak of one of the IHX. Authorization to restart the reactor was
given on August 22. The end of the year was beset by a number of minor incidents. The
reactor was restarted at the end of 1995 and reactor power was increased by successive
steps (30 % Pn (Nominal Power) up to February 6 1996 ; followed by 50 %...).

The "Decret d'Autorisation de Creation" stipulates that because of its prototype character,
SUPER PHENIX will have to be operated under conditions explicitly giving priority to safety
and knowledge acquisition, with an objective of research and demonstration.

In this context, the so-called "knowledge acquisition" programme designed to prove the
capacity of a large FBR to produce electricity on an industrial scale, to test the consumption
of plutonium and minor actinides in a large fast reactor, as well as to provide information on
the technology of sodium-cooled fast reactors.

The CAPRA programme, initiated in February 1993, aimed at demonstrating the feasibility of
a fast reactor to burn plutonium at as high a rate as possible. The first two-year phase of the
CAPRA project studies (1993-1994) was completed. Complementary studies were performed
in 1995 and will be presented.

The European Fast Reactor was launched in 1988 and has reached an important stage with
the completion of the Concept Validation Phase in 1993. The status of the project will be
presented as well as its evolution.

The four main objectives can be summarized as follows and will be presented :

Good operation of PHENIX and SUPER PHENIX.
The "knowledge acquisition" programme.
The CAPRA programme.
The EFR programme.

The R and D in support of these objectives is presented is also presented.

This R and D must also be placed within the context of the international collaboration.

The above general objectives must be placed in the prospect of a decision to construct a fast
reactor, to be made around 2005.

n
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1 - GENERAL SITUATION

In 1995, the total amount of electricity produced in France was 471 TWh, out of which
358.2 TWh (76 %) were produced by nuclear power plants, 36.9 TWh (7.8 %) by
conventional thermal plants, and 75.5 TWh (16 %) by hydraulic plants.

70 TWh were exported, 4 TWh were used for pumping, while line losses came to 28.3
TWh. Consequently, the net electrical power consumption in France was 368.7 TWh,
corresponding to an increase of 2.8 % in comparison to the 1994 consumption.

At the end of 1995, "Electricite de France" had 54 PWR units (900 MWe and 1300
MWe) in operation.

The availability factor for these units was maintained at 81 % (81.3 % in 1994) :
79.8 % for the 1300 MWe units and 82 % for the 900 MWe units.

1995 was marked by a decrease of unexpected shutdowns (1.8 % in 1995 instead of
2.2 % in 1994) and a new reduction in programmed shutdown periods.

In 1995, a good safety level was maintained. A level 1 classification was given to 78
events. There were no higher level events.

The problems regarding the penetrations of the vessel heads and steam generator
tubes have now been overcome.

In the field of Fast Reactors, the main events of 1995 were the following.

At the end of December 1994, the PHENIX reactor was authorized to perform its 49 t n

cycle at 350 MW th (143 MWe). This 49 th cycle was completed without any
significant problems on April 7, 1995. During the remainder of the year, the reactor
had been shut down in order to carry out several tasks within the scope of the ten-year
extension of the PHENIX reactor's lifetime (see § 3.1).

Concerning the CREYS-MALVILLE plant (SUPER-PHENIX) the first part of the year
was devoted to repairing argon leak of one of the IHX. Authorization to restart the
reactor was given on August 22. The end of the year was beset by a number of minor
incidents (see § 3.2). The reactor was restarted at the end of 1995 and reactor power
was increased by successive steps (30 % Pn (Nominal Power) up to February 6
1996; followed by 50 %...).

The "Decret d'Autorisation de Creation" stipulates that because of its prototype
character, SUPER PHENIX will have to be operated under conditions explicitly giving
priority to safety and knowledge acquisition, with an objective of research and
demonstration.

13
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In this context, the so-called "knowledge acquisition" programme (§ 4), proposed by
NERSA, "Electricite de France" and "Commissariat a I'Energie Atomique" is designed
to prove the capacity of a large FBR to produce electricity on an industrial scale, to
test the consumption of plutonium and minor actinides in a large fast reactor, as well
as to provide information on the technology of sodium-cooled fast reactors.

The CAPRA programme, initiated in February 1993, aimed at demonstrating the
feasibility of a fast reactor to burn plutonium at as high a rate as possible. The first
two-year phase of the CAPRA project studies (1993-1994) was completed.
Complementary studies were performed in 1995 and will be presented in § 5.

The European Fast Reactor was launched in 1988 and has reached an important
stage with the completion of the Concept Validation Phase in 1993. The status of the
project will be presented in § 6 as well as its evolution.

The four main objectives can be summarized as follows :

Good operation of PHENIX (§ 3.1) and SUPER PHENIX (§ 3.2).

The "knowledge acquisition" programme (§ 4)

The CAPRA programme (§ 5)

The EFR programme (§ 6)

The R and D in support of these objectives is presented in § 7.

This R and D must also be placed within the context of the international collaboration.
Specific agreements exist between Europe and Japan, between France and Russia
(CEA-MINTOM agreement in which Germany and the United Kingdom are "Associated
Partners"), and between France and China.

The above general objectives must be placed in the prospect of a decision to
construct a fast reactor, to be made around 2005 (see B. BARRE'S presentation at
EUROFORUM, Paris, January 25-26 th, 1995). This position is in agreement with the
European Fast Reactor Utilities Group, "EFRUG", which will be detailed in the next
paragraph (§ 2).

14
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European Fast Reactor Development Strategy
EFRUG position

EXECUTIVE SUMMARY

In collaboration with its industrial and R&D partners, EFRUG has reviewed the
forward strategy and work programme on Fast Reactor development. The review
takes into account the decision to restart Creys Malville and the first conclusions of
EFR and CAPRA programmes while recognising the current lessening of the
prospects and resources for new Fast Reactor projects.

The approach considers nuclear power development worldwide, trends for the
nuclear fuel market in the short and medium term, potential missions, now being
evaluated, for Fast Reactors in the back-end of the fuel cycle, and experiences from
previous projects and from operating reactors, including successes and difficulties
met in the licensing of Creys Malville.

The basic incentives for developing fast reactor technology are unchanged. Although
the timescales have extended, the final purpose remains the same : by a gradual
introduction of breeder reactors to allow satisfaction of the future energy needs of
Europe and to ensure its energy independence^).
The fundamental ability of an established programme of Fast Reactors to manage
Plutonium resource in the nuclear fuel cycle has always been recognised. More
recently, some possible new missions are proposed in the field of nuclear waste
burning and management of plutonium steadily arising from operation of current
nuclear facilities. These new missions are already under consideration in a number of
programmes, such as CAPRA, the conclusions of which are not expected for several
years.

A new EFRUG strategy must therefore consider the following established trends:

- the EFR collaboration has resulted in a highly developed and potentially
competitive design which meets current licensing requirements and therefore
the collaboration in Europe should continue, aiming at the eventual construction
and operation of a demonstration commercial size reactor,

- from present national energy policies, no decision on a demonstration Fast
Reactor is likely before 2005-2010 in Western Europe. Even so, provision
should be allowed for changes in the conditions governing nuclear energy
development such that, if there were renewed interest in Fast Reactors, it
would be possible at any time to launch a project. In the medium term (2010-
2020) it could be possible to anticipate their introduction into the nuclear
generating capacity,

- the choice of mission for the future demonstration plant is undecided, ranging
from burning to breeding or a combination of both. Breeding is essential for the
long term future of nuclear energy.

While the long term objective remains unchanged, in the current unplanned
conditions governing energy markets it is impossible to anticipate a unique way
forward for the development of Fast Reactors in the short or medium term. A range
of possibilities and timescale must be considered rather than a straightforward

(1) This is also the objective of the Japanese fast reactor programme which aims to
limit the total Japanese reliance on uranium to 10% of the known world resources.
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development programme based on a single strategic option. This is a major change
compared to the previous EFRUG programme based on construction schedules.

The uncertainties concerning the short to medium term role of Fast Reactors in the
fuel cycle (as breeders or Pu burners) require the evaluation of variations in the basic
reactor design. Fortunately, the differences are very limited because :

- much of the reactor design is common to the different types,

- the principal interests of the Utilities are in the economic generation of
electricity from a safe and robust design. Therefore, whichever mission is
chosen, the objectives remain to minimise the production costs of electricity
and to ensure that the plant can be operated reliably for 40 to 60 years;

- ail technological developments must remain compatible with the long term
breeding mission.

Therefore EFRUG's proposed approach to sustaining the development of Fast
Reactors is based on a "Breeders and Burners" work programme which aims to
generate confidence in the Fast Reactor technology and to preserve the specific
expertise on Fast Reactor sodium technology and the capability to use this expertise
for a Fast Reactor project. It includes:

- R&D studies, notably in connection with the CAPRA programme and continuing
progress on generic topics (e.g. safety, ISI & R, integrated fuel cycle studies,
codes and standards, international harmonisation),

- acquisition of experience from operational reactors worldwide, both in Europe
and elsewhere in the world with Japanese and Russian reactors,

- retaining an up-to-date Reference EFR (two versions: breeder or burner),

- studying innovative design proposals for validation before incorporation into the
Reference EFR,

- reviewing past decisions on the potential for more revolutionary design
approaches.

In considering a work programme to meet the above objectives, EFR partners see
also strong strategic and economic incentives for Europe to cooperate with other
nations having significant ongoing fast reactor development programmes such as
Japan.

The work programme will need to be reviewed periodically in line with developments
in the design assessments, the R&D work and the outcome of moves towards
greater international collaboration, particularly on large projects. It will continue until a
decision is made either to start a new project phase or to participate in a foreign
project or to revise the overall EFRUG strategy.

It is proposed that in the period 1998-2000 a first major review of progress should be
undertaken by EFRUG with its industrial and R&D partners to confirm or to modify
the orientation of the work. Short term milestones are defined up to this review date.

CT95125.DOC 1 7



1. THE LONG TERM PERSPECTIVE

1.1. BREEDERS

EFRUG remain convinced that FRs will play an essential role in the long term future
of nuclear energy because of their breeding role. FRs have the better potential for
saving uranium resources compared with any other reactor. Progress in the
management of the fuel in water reactors (MOX fuels, new concepts such as spectral
shift reactors) can delay the need for breeders but FRs remain the only proven
technology, that is environmentally friendly, independent from raw material markets
and able to satisfy future world energy needs.

Because of the current uranium market and the general situation of nuclear
development in the world, the time for the breeding mission is uncertain and belongs
to the long term future. For this mission the delay for commercial deployment of FRs
is extending. Nevertheless past experience shows that rapid changes in the energy
market (on a timescale less than that necessary for reactor development) are always
possible and that we have to be prepared to provide appropriate responses; hence a
strategy of precautions is advocated.

The time required to establish a reliable reactor technology and to implement it into
the nuclear generating capacity means that steps have to be taken to preserve FR
technology over the near term, maintaining its state of development up to date (e.g.
according to safety standards) and responding to the challenge of demonstrating
economic competitiveness compared with other types of advanced reactor.

Consequently EFRUG believe that Europe should maintain a lead position in FR
development.

1.2. BURNERS

The delay in commercial deployment of breeders leads to postponing the total
closure of the Pu utiiisation cycle. This raises the question of whether, in the
meantime, Pu should be stored (e.g. in spent MOX fuel) or burned®. Furthermore
concerns have been expressed in some countries about the need to reduce minor
actinides in nuclear wastes to decrease their radiotoxicity. These questions lead to a
consideration of new missions regarding the management of the back end of the fuel
cycle.

In this field the CAPRA studies aim to benefit from the flexibility of FRs to evaluate
their potential for Pu and minor actinide burning, developments which EFRUG
support.

(2) Evaluation of the effect on Pu stocks of the implementation of a series of FR burners in the
nuclear facility shows that, in the medium term, the burning performance has a small
influence. This is due to the fact that FRs retain a large quantity of Pu in their core (about 9
tonnes in EFR CD) and their fuel cycle and this effect is predominant on the stocks. The
availability of Pu (and of course the fuel fabrication capacities) is rather a limiting factor for FRs
implementation.

The result is that interest in Pu utilisation in FRs beyond MOX recycling in PWRs is, in the
medium term, rather independent of the burning or breeding performance.

This also gives the possibility of a specific new mission for FRs which could be not to bum as
much Pu as possible but to tie up the largest possible Pu mass in large cores (e.g. one batch
style). One could say a "CAPTURE" fast reactor (Concept to Amplify Pu Tied Up in a REactor).
Such a mission which could preserve Pu for future breeders could also be consistent with the
current concern in Russia about military Pu stocks, considering that Russia does not have a
large capacity to absorb MOX fuel in LWRs but has an interest in the development of FRs
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For these missions however, new fuel cycle and core management methods in
LWRs may provide an alternative to FRs or opportunities from a co-ordinated
programme of LWRs and fast reactors. The potential role of FR burners in the back
end of the cycle therefore needs to be clarified in comparison with other solutions
before any decision on introducing new systems (e.g. one of the advantage of FRs
compared with LWRs could be a better efficiency in the reduction of long life wastes
per kWh).

It should also be noted that large reductions in the volume of actinides and in the
production rates per kWh of high and intermediate level wastes are obtained when
using breeders. Also it is possible to couple actinide incineration to Pu breeding so
that waste minimisation is not restricted to Pu burners.

In all cases the interest in a series of commercial scale FR for such a mission
remains uncertain and not for the immediate future. We are rather in the phase of
evaluation studies and their schedule can be linked to current developments on the
management of nuclear wastes and the final repositories (e.g. programme launched
by the French law of 30 December 1991, which requires a conclusion within 15
years).
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2. SHORT AND MEDIUM TERM PERSPECTIVES

The extension of the development timescale for Fast Reactors gives time to improve
the technology by taking full benefit of the on going experience of operating reactors,
R&D programmes and design studies. Reliable operations of prototypes,
demonstration of the inherently forgiving safety characteristics of the concept, fuel
improvements, ISIR,...will result in securing the capital cost estimate, the safety
demonstration and the full life time operabiiity.

2 . 1 . ACCUMULATION OF TECHNOLOGICAL EXPERIENCE

Operation of current reactors (Ph6nix, Superphenix, Monju, etc.) allows technological
knowledge to be gained on main NSSS systems and components (such as fuel,
sodium circuits, steam generators, handling systems), monitoring and In Service
Inspection techniques, operating experience. To take full benefit of this knowledge at
a worldwide level it is important to organise and to formalise data compilations and to
develop international exchanges.

In Europe the Superphenix "knowledge acquisition programme11 (a research and test
programme over several years) launched in July 1994 will be the main example of
getting value from operating experience for FR development.

2.2. TEST AND EXPERIMENTS ON ADVANCED FUELS, PU AND ACTINIDE BURNING

The Superph^nix "knowledge acquisition programme" includes feasibility tests of the
burning process in the context of a commercial size reactor and, taking benefit from
its handling flexibility, Phenix will provide the facility for irradiation experiments and
advanced fuel tests. The total accumulated experience will cover both burner and
breeder cycles.

For the short term, extending the life of Phenix for 10 additional years in combination
with the Superphenix programme is appropriate to cover the need to perform
irradiations and to test various core configurations.

To face the possible unavailability of Phenix a strategy of precaution would be to
develop the collaboration with programmes in countries having irradiation facilities
outside Europe.

Earlier closure of Ph6nix would made these agreements even more important.

In any case the question of replacing Phenix will appear sooner or later but it is
premature to work on such a project until the prospects for FRs have been improved
by satisfactory operation of SPX for several years and until other studies (CAPRA,
...) have progressed.

2.3. REACTOR STUDIES

The reference scenario for the orientation of reactor studies is based on the prospect
of a decision on a demonstration FR in the years 2005-2010.

As already mentioned, there are uncertainties today on the type of mission (burner or
breeder) of a demonstration plant. However a large part of the reactor design is
independent of its mission in the fuel cycle, therefore studies and developments must
be maintained on the common features of the reactor designC3). From these common
features, adaptations to the different missions (burning or breeding) should be
developed. A "Breeders & Burners Programme" can be launched.

(3) This was checked in the first phase of the CAPRA studies however it is probable
that each project -breeder or burner- would require its own optimization
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These developments include codes and standards which have to be maintained to an
up to date level of development, taking into account the evolution of knowledge and
possible changes in the requirements of the safety and regulatory authorities
International collaboration on codes and standards is important to maximum the
potential licensability of European designs worldwide.

The same applies to computer models (e.g. core evaluations), which must be
validated by past and current experiments, and be able to make up for a temporary
lack of experimental tools.

Without short term obligations it is also possible to open the range of potential
designs to be assessed and advanced, including those developed outside Europe,
and to make a critical review of the options which have been chosen (such as the
choice of sodium as coolant) against operational experience and checking if these
options always correspond to present views on the conditions and missions for FRs.

2.4. FUEL CYCLE STUDIES

For the definition of a consistent strategy it is also necessary to deal with fuel cycle
studies and to consider full integration and optimisation of the whole system : fuel
fabrication, the introduction of different reactor systems, storage and reprocessing,
nuclear waste management. These studies are not part of the current EFRUG work
programme in itself, which deals mainly with the reactor systems, but different
national and international programmes have already been launched to cover these
areas.

Due consideration must be given to these studies in evaluating the strategy and the
EFRUG work programme maintains the flexibility to accommodate their conclusions.

Exchanges of information in this field should take place in the context of the EFRUG
work programme and, possibly, with additional partners. The CAPRA Committee is
proposed for such exchanges.
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3. THE OPTIONS FOR EUROPE AND THE KEY POINTS FOR A FUTURE
DECISION ON A DEMONSTRATION PLANT

3.1. THE OPTIONS FOR EUROPE

In broad terms the options for Europe could be :

(i) Stop fast reactor development completely,

(ii) Stop work on EFR type technology and start development of new revolutionary
Fast Reactor technology, e.g. steam, gas or lead coolant or reactor without
IHX,...

Adopt the strategy proposed here which advances technological development
by assessing innovative options while also preserving the accumulated
knowledge and the capability of the European partners to decide at any time to
go forward by building a demonstration plant.

Option (i) corresponds to the trends in a number of organisations and might be seen
as consistent with decisions by some governments to stop financial support to R&O.
However it is inconsistent with decisions already taken by European organisations
and governments involved in the continuation of Creys Malville operation. If such a
strategy were to be followed by European Utilities it could impair their future and as
explained in section 1.1.1 above it may in fact incur high risk because :

- it is believed that breeders will be essential to the European economy by the
mid-21 st century, and possibly earlier if there is a major change in NPPs
development in the world due to the availability or acceptability of fossil fuels.
Such a change might be dictated by environmental concerns, or by a change in
world energy markets due for example to increase demand in Asia;

- this option would waste the large investment in Fast Reactor already made in
Europe where the commitment will remain with the current operating reactors.
It is totally incompatible with the preservation of the expertise necessary for
these and would place the European industry at a grave disadvantage in
participating in the future expansion of the world-wide nuclear industry.

Option (ii) should be dismissed because there is no need at present to make any
significant changes of direction. We have confidence in the current technology
and there is no need to throw away the European lead to pursue a high risk,
high cost new programme. Nevertheless, alternative technical approaches
should be kept under review, particularly in case there is any need for major
change in the safety and reliability considerations.

Option flirt is a low cost, low risk strategy and is preferred. The R&D has largely
been completed and the substantial engineering programme has proceeded for
enough to give confidence that we have a competitive design licensable
throughout Europe.
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3.2. CONDITIONS FOR A DECISION ON THE CONSTRUCTION OF A DEMONSTRATION PLANT

The schedule for a decision on construction of a demonstration plant will be
influenced by the following considerations:

(i) the outcomes of the R&D programme on Pu and actinides burning. Results are
not expected before several years from now (e.g. the French law of 30
December 1991 requires a conclusion within 15 years),

(ii) the results of fuel cycle studies (cf. § 2.4) which must lead to consistent and
agreed conclusions on the role of fast reactors as breeders or on a possible
interim role as burners,

(iii) the timing when fast reactors will be required to start playing a role (either as
burners or breeders according to the previous item) in the European fuel cycle.
These could need to prepare and perhaps to anticipate the penetration of FRs
in the nuclear power generating capacity because their beneficial effects on
fuel stocks and on the market will take time to be felt,

(iv) the development of the necessary confidence in fast reactor technology
through successful operation of and feedback of experience from existing
plants with appropriate embodiment into future designs,

(v)the need to maintain a viable design team to support current reactors in
operation and to preserve expertise for the future,

(vi) the possibility to wider international collaboration, particularly with the
Japanese DFBR.

Because the conditions are not fulfilled it would not be appropriate to seek funding for
construction of a demonstration plant immediately. However we have to be prepared
for a possible change of the situation and, if the central scenario is based on a
decision in 10 or 15 years from now, the work programme must also consider a
possible shorter commitment.
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4. THE EFR WORK PROGRAMME

4.1. GENERAL SPECIFICATIONS

Due to the uncertainties in the schedules of the short and medium term missions, the
work programme has to be flexible and prepared to face a variety of conditions.
Nevertheless some conditions common to all possible scenarios allow the main
points of interest to be identified for the short term orientations.

4.1.1. The prime importance of economics

This requirement was followed when defining the EFR "Consistent Design" which has
not been optimised to have the best possible breeding capability but to have better
cost and licensability. Further improvement of the CD or more advanced designs
remain possible in these domains which give incentives for development of advanced
or alternative (including non-European) designs. All these potential improvements will
have to be compared against the Reference EFR performance (see 4.2.1 below)
keeping the objective of competitiveness with advanced PWR.

The same approach has to be applied for the studies of CAPRA cores : they must
not aim at the highest burning capability but at the lowest cost in the genera! context
of a burning mission.

It must be recognised that such an economic optimisation may lead to different
reactor designs according to their mission. This leads to reconsidering the idea of
reversibility (see 4.1.3 below).

4.1.2. An up to date safety level

The Ad'Hoc Safety Club concluded that, if achieved, the targets adopted for the EFR
CD will result in levels of safety comparable with those expected from future PWRs.
The AHSC made a number of recommendations to improve the demonstration of the
EFR safely case in connection with the remarks formulated by Safety Authorities
during the licensing of previous reactors (notably criticism of particular aspects of FR
technology expressed in a letter from the French DSIN, in June 1992).

It must be recognised that the safety objectives for future reactors have not been
fixed for ever and that their definition is currently under development through
continuing international discussions. Nevertheless considering the inherent
characteristics of FRs, the AHSC conclusions wiii remain valid for a long period in the
future.

Accordingly it is important to keep the same safety targets for any designs which are
now being considered and, first, to check the adequacy for meeting the AHSC
recommendations.

Consideration also has to be given to the evolution of international standards for
future reactors and the need to check that EFR targets are always valid, notabiy in
the fields which are not reactor dependent such as protection against external
hazards.

4.1.3. Reversibility (burner / breeder)

Due to the uncertainties concerning the short and medium term missions of FRs, the
ability to satisfy the final aim of a breeding mission has to be kept. In any case, as
already mentioned, much of the development is independent of the type of mission.

Reversibility must not be seen as a requirement for a particular plant (it would be
incompatible with the economic optimisation mentioned above) but as a need to
maintain the compatibility of the technologies and their development. As EFRUG
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remains convinced that breeders represent the future for nuclear energy and that the
end of this nuclear era has not to be considered (which could be the aim of
developments dedicated only to Pu burning), no costly development of new
technologies which have no interest for an economic breeding mission should be
retained in the EFR programme.

According to this, whatever the design, it will have always some flexibility regarding
its mission : this has been shown for EFR CD (breeding gain between 0.8 and 1.2)
and it is now applied in Creys Malville with progressive changes from a breeder core
to a burner core.

4.1.4. The need for a secure design based on the accumulated knowledge and
experience

The stage of development of FRs is already considerable and operating experience
will continue to be accumulated in Europe and worldwide. The Creys Malville
"knowledge acquisition programme" already mentioned is an important step to take
benefit from this substantial experience.

For future development it is important:

- to keep yardsticks of well known and validated designs,

- to review the project designs against the feedback from operating reactors with
the participation of international expertise.

Operating experience and knowledge accumulation must also help for improving
codes and standards in the scope of a large international collaboration. In order to
protect investment, future codes should address reliability as well as safety criteria.

4.1.5. The need for further progress in techniques for In Service Inspection &
Repair

Concerns have been expressed about the difficulties of carrying out diagnostic
analysis and repairs on the internal structures of current pool reactors and the
subsequent need to remove this concern for future LMFRs. This leads to investigate
further how to optimise ISI&R with respect to the design of a pool reactor, associated
ISI&R techniques and tools, whole core discharge.

It also gives incentives to co-operate in the evaluation of alternative designs such as
Top Entry for which promoters claim better ISJ&R capabilities.

4.1.6. The interest for international co-operation

Due to:

- the uncertainties concerning the date of implementation of series FRs,

- the necessity to face short term requirements and to share the development
cost,

- the trends and incentives to come to worldwide agreement on the safety
specifications and technical characteristics of future reactors,

the EFR programme has to be compatible with development schedules outside
Europe (notably Japan(4)) and should offer ways for collaborations with Japan,
Russia and possibly others.

(4) Japan has launched its own actinide burning programme (OMEGA) and more
recently seems to be interested in CAPRA
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4.2. THE WORK PROGRAMME FOR DESIGN STUDIES

The aim of the renewed forward programme, along the proposed lines of
development, is for EFRUG to study several reactor designs (probably not all at the
same stage of definition) ready for a decision on further development or to enter a
construction phase, optimised economically for a dominant mission (breeding or
burning).

However as the economics of electricity generation represent the prime parameter
and as the basic technology of FR burners must remain compatible with breeding,
the fundamental differences in the designs of these reactors will need to be fully
analysed and understood.

Therefore the work programme is organised mainly with the hypothesis of a decision
for a demonstration plant in 10 -15 years from now. To keep some flexibility and to
take account of possible changes in perspective, the work programme is based on 4
main items:

a Reference EFR , with two versions: breeder or burner;

innovative designs and generic studies;

developments of codes and standards and computer models,

evaluation or collaboration on non-EFR projects.

Generally these studies are for commercial size reactors (1500 MWe). From previous
studies it is known that it is possible to design a reduced size prototype with a penalty
on the electricity production cost The design would be based on the commercial size
design and it would be possible to validate its innovative options. Without current
interest for such a reduced size prototype, the work programme does not include any
specific studies on this item but could be easily reoriented if new perspectives
emerged (e.g. if the need to replace Phenix was to be considered).

The role of such a demonstration reactor in the grid would be limited to stable
operation : consequently no stringent requirements such as grid following will have to
be considered for the basic design, but the capability for a commercial reactor for
such load variations will have to be assessed.

Considering the different possible missions of FRs and the fact that economic
optimisation could lead to differences in reactor designs, adaptation of each type of
reactor to an alternative mission (breeding or burning) win be performed (reversibility
is associated with the technology, not with a specific design as already mentioned).
Major differences between the designs of these reactors are not expected.

In addition to the above studies, closer collaboration, association and participation of
EFR partners in foreign projects, has to be considered, notably:

- the DFBR in Japan : the interest could be that a Top Entry prototype might
have advantages regarding ISIR or possibilities to test advanced ISIR
techniques, it could also be seen as an intermediate step towards a futuristic
design without intermediate sodium circuits.

- a possible new reactor in Russia.

4.2.1. The Reference EFR

The Reference EFR is a commercial size reactor (1500 MWe) based on a design
which is largely validated.

It is the reference because it is at the same time the most secure and the most
economic regarding electricity production.

This secure design wHI be based on the 1993 Consistent Design but with integration
of innovative ideas from the innovative and generic design studies when they have
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been demonstrated to be really attractive (cost, safety, robustness, ISIR...) and when
they have reached a consistent level of validation compared with other design
options. Therefore the design of the Reference EFR results from an evolutionary
process, without challenging the basic options which have benefited from previous
large R&D programmes and operating experience.

To ensure the design is robust, periodic reviews of the options are made against the
worldwide experience of past and current operating reactors notably the Creys
Malville "knowledge acquisition programme".

The Reference EFR is used as a yardstick for comparisons. As a consequence an up
to date economic evaluation is kept ready for comparison against other FR designs
and also against the European reference designs of Advanced LWRs.

Being of a commercial size this reactor is associated with the future breeding mission
rather than burning, nevertheless its adaptation to a burning mission is part of the
studies.

4.2.2. The innovative designs and generic studies

The 1994 studies have shown benefits and drawbacks of a number of innovative
ideas aiming at a better accessibility, economics, robustness, safety. These ideas
deal with the fabrication and design of the reactor block but also with alternative
containments, lay out, core safety etc.

Other concepts, including those developed in other countries, could be assessed and
could lead to different types of innovative reactors.

New ideas include core design and actinide burning capabilities.

Progress is expected in the domains identified in § 4.1 : economy, safety,
robustness, in service inspection and repair, flexibility, validation through operating
experience and international consensus.

Generic studies (not specific to a given design) are performed in these domains but
the innovative options can be assessed through global remontages which must not
be seen as reactors to be built but as tools to evaluate the benefit of these new
ideas.

To be compared to the Reference EFR, these remontages must be based on
commercial size (1500 MWe). Inherent advantage, if any, of some options for
reduced size reactors could be identified.

Periodic reviews allow rationalisation of the number of alternatives through a
selection based on a clear understanding of drawbacks/benefits. Some of these
reviews should be open to partners outside EFR to take benefit of other views and
possibly to share the development cost. The most promising options could lead, if
necessary, to a programme of validation or possible testing in operating plants.

When an innovative option is seen as advantageous and has reached a stage of
sufficient validation it can be decided to implement it in the Reference EFR if it is
compatible with other main options.

Some innovative options may be identified as having particular interest while not
being compatible with the general options of the Reference EFR or they may require
a large programme of validation. These options may be classed as "revolutionary"
designs (e.g. steam, gas or lead coolant or reactor without IHXs), in contrast to the
evolutionary approach adopted for the Reference EFR.
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The decision to launch studies of these revolutionary designs will be taken by
EFRUG after consultation of the R&D and industrial partners!5}, on the basis of past
and prospective studies.

4.2.3. Codes and Standards, computer codes

The development of agreed Codes and Standard is particularly important. Progress
is expected in the elaboration of the rules themselves (such as structural mechanics
codes), but also in their validation by R&D studies and the largest possible
international agreement. The codes should be improved to address reliability as well
as safety criteria.

With the same idea, development and use of validated computer codes for analysis
of normal and transient conditions must take advantage of the worldwide operating
experience with a possible economy on future requirements for experimental tools.

4.2.4. Outside EFR projects.

4.2.4.1. Participation in DFBR

The continuation of the current technical exchanges with Japan in the frame of the
Utilities agreements will lead to a better understanding of the respective choices and
may achieve common conclusions on the design of some systems. Exchanges of
information or participation in the R&D programmes of common interest are also part
of the current R&D agreements.

A more ambitious objective could be achieved with an evaluation of the interest for
EFR partners to participate more directly to the Top Entry project, notably if the
Japanese enter a construction phase, with an equivalent participation of Japan in the
EFR programme.

It is noted that a decision on such cross participations is not necessary before the
date of commitment to a construction phase (around 2003 according to DFBR
schedule). This gives time to evaluate the mutual interest and to further progress
current technical exchanges.

4.2.4.2. A reactor in Russia

According to the current R&D agreements a test period of two years (94 -95) will
show the possibilities for in depth technical and design exchanges with Russia.
Meanwhile participation of OKBM Institutes in some identified tasks of the EFR
programme will be tested.

At the end of this test period it may be possible to launch common design oriented
studies on either an EFR demonstration or BN 800 or another project.

This could cement the collaboration with the Russians and help to define further R&D
collaboration. However the ambiguity of the situation with the Russians must be
emphasised while they are looking for support either for their BN 800 project or for
the construction of a reactor to burn their military Pu.

(5) In particular the reasons and justifications for the choice of sodium as a coolant rather than
steam or gas will be reviewed.

It is recognized that at an earlier stage of fast breeder development (in the sixties) an
evaluation of pros and cons of these competing coolant media had been performed. The
choice of sodium was made according to the technical knowledge, experience and expected
developments of that time. It has to be checked that this conclusion remains valid and that
there is no reason to launch studies on an alternative coolant which might be judged
advantageous in the long term.
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5. THE R&D PROGRAMME

Supporting the above studies, an important R&D programme is required which can
be classified according to the following items :

- support for the reactors in operation,

- CAPRA studies and more generally the development of core and fuel designs
and the fuel cycle,

- generic and technological developments,

- safety aspects in relation to core accidents and containment.

- operating experience.

There are strong interrelations between all these items, as reflected by the fact that,
for example, international collaboration will include these subjects.

5.1. SUPPORT FOR OPERATING REACTORS

In Europe the support for operating reactors concerns mainly Phenix and
Superphenix. For the next decade the main items will be the life extension project for
Phenix and the "Knowledge Acquisition Programme11 of Superphenix which has
strong links with the CAPRA programme.

However it also covers actions in the fields of :

- safety, In service Inspection and Repair,

- computer codes development and experimental validation,

- maintenance of expertise on sodium technology, C&l, fuel and core physics,
thermohydraulics, etc.

5.2. CAPRA STUDIES, CORE AND FUEL DEVELOPMENTS

The CAPRA project is led by the R&D organisations. The feasibility of a MOX-fuelled
burner has been established, and a programme of fuel irradiation testing has been
started. A three year continuation R&D programme has commenced, at the end of
which outstanding technical questions on the design of such a core wiii have been
resolved, and first Post Irradiation Examinations results will be avaiiabie, allowing a
first stage of validation of this option. In addition the feasibility of a burner with
advanced fuel or improved performance will have been assessed.

Among the developments which are in common to the burning and breeding
missions, efforts have to be maintained on the fuel and core developments and
validation aiming at high burn up, the search for reduced void coefficient, and the
core physic data.

Alternative fuels such as nitride must also be considered and technological
awareness on the metallic option could be kept through the knowledge of the
American developments on this subject (by maintaining, if possible, collaboration on
this item).

Consideration must be given to the complete fuel cycle, including reprocessing
regeneration and waste management as well as the fuel and reactor aspects if the
ultimate goal of a fully optimised and commercially sound system is to be achieved.
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5.3. GENERIC AND TECHNOLOGICAL DEVELOPMENTS

Practically all technological development of EFR components has been stopped to
turn to more generic developments such as in Sen/ice inspection and Repair,
structural mechanics and materials, sodium technology and prevention of recriticality
risks in case of core accidents.

The importance of actions in support to Codes and Standards, In Service Inspection
and Repair developments has already been emphasised.

5.4. SAFETY

Previous items include actions which are safety related. In addition there are specific
safety actions concerning the containment issues and local and global core
accidents.

The containment issues are mainly related to sodium fires. Important developments
have been made these last years in support of the licensing of Creys Malville restart;
for the next years efforts should swing from the large experiments to computer codes
and technological developments (such as leak detection features).

The needs for developments on core accidents will remain for several years with
computer codes and experiments in support, notably in Cabri and Scarabee facilities.

5.5. INTERNATIONAL COLLABORATIONS

Because of the important and costly needs for the R&D works, the development of
the international collaboration is even more essential than in the past. Agreements
oetween European and Japanese R&D organisations which have been signed on
June 17, 1994 and those with MINATOM (Russian organisation) are the main basis
for the future developments during the next years.
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6. GENERAL SCHEDULE AND MAIN MILESTONES

The programme strategy defines activities for the period of time extending until a
decision is made to enter a construction phase or to participate in a foreign project or
to revise the global EFRUG strategy. It covers a period about a decade but is flexible
enough to be adapted to changes in timescale or in the overall strategy.

It is proposed that at the end of a first period of 3 to 5 year (between 1998 and 2000)
a major review of progress will be undertaken by EFRUG to confirm or to modify the
orientations. The analysis will include R&O works and fuel cycle studies.

Objectives for the end of this period are given hereafter.

6.1. R&D

Generic actions and those in support of operating reactors correspond to
programmes over several years. For each item a schedule is proposed as for the
definition of the Knowledge Acquisition Programme of Superphenix now under
progress.

Concerning the CAPRA studies, by the end of the 3 years a first level of experimental
validation of a MOX-fuelled Pu burning core will have been completed and the
feasibility or otherwise of a high performance burner using non uranium fuel will have
been established.

As mentioned in § 2.4 the CAPRA Committee will deal also with the role of Fast
Reactors in the fuel cycle : during the first 3 years an assessment of the place of FR
in the European fuel cycle will be made by some partners and will include
discussions on the effect of Fast Reactors (breeders, possibly preceded by burners
in the medium term) on Pu and minor actinide quantities, waste arisings, personnel
doses and on the cost of electricity.

6.2. DESIGN STUDIES

6.2.1. The Reference EFR

It is useful periodically to check the consistency of the different design evolutions of
the Reference EFR. For that purpose a global remontage is foreseen after a
minimum period of 3 years (necessary for progress) and a maximum of 5 years (to
keep a visible target).

At the end of the 3 to 5 year period (between 1998 and 2000) EFRUG expects an up
to date remontage of the Reference EFR and of its economics with the same level of
definition and validation achieved with the present EFR CD. Additionally a review of
the options against the experience from operating reactors is expected.

6.2.2. The innovative designs and generic studies

Being paper tools the remontages based on innovative options have no identified
time target but these remontages are requested to ensure consistency of the options
and their possible interest for the Reference EFR.

At the end of the 3 year period EFRUG expect an evaluation of the advanced options
and results of the generic studies considering the different aspects : economy,
safety, compatibility with the Reference EFR. The evaluation must include
identification of the R&D programme which would be necessary for their validation,
its schedule and cost.

The general EFRUG review at the end of the 3 to 5 year period will consider also the
interest for launching "revolutionary design" studies on the basis of preliminary
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assessments of innovative options which may have particular interest but are not
compatible with the Reference EFR or which require a large programme of validation
(see notably footnote on § 4.2.2).

6.2.3. Codes and Standards, computer codes

Work in this area is expected to continue throughout this period.

For structural analysis, progress is expected in simplified design rules, for example
concerning ratcheting prevention, and in fracture mechanics, notably at high
temperature. Elaboration of a common material data and design rules using the
RCC-MR as a basis should continue.

A design code concerning the "sodium fire" risk is expected and progress for some
specific designs such as the "anchored safety vessel" which is the reference option
for EFR.

Developments are also expected in computer codes for normal and transient
operating conditions, core accidents, sodium fires, containment behaviour,...

Codes and standards, computer codes, have to be strengthened through
international benchmarks and when possible with the elaboration of common rules
and tools. Reliability as well as safety criteria must be addressed.

6.3. INTERNATIONAL COLLABORATION

Concerning the collaboration with Japan, according to the progress in technical
exchanges and the evolution of the Japanese schedule for DFBR, the possibility of
more active participation in the respective projects will be examined at the end of the
3 to 5 year period.

Concerning the collaboration with Russia a new step, including common design
oriented studies, will be considered in 96 according to progress during the 2 years
test period of the CEA / Minatom agreement.
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7. CONCLUSIONS

EFRUG recognise the long timescale to commercial deployment of Fast Reactors but
believe that they provide the only long term future for nuclear power when uranium
resources become scarce.

The final breeding mission for the FR remains unchanged however EFRUG see that
the delay in programmes provides the opportunity to develop designs further, to take
account of future FR operating experience and developing reactor technology and
also to investigate the wider potential of the FR to manage the back end of the
nuclear fuel cycle.

Thus, EFRUG recognise the CAPRA studies as part of a larger "Breeders and
Burners programme", proposed here, which seeks to cover not a unique, but a range
of possible futures for Fast Reactor development. One of its main objectives is to
check that the reversibility of the technology (breeder / burner) can be preserved.

It is recognised that the programme could extend for a decade or more before a
decision is taken to enter or to participate in a new project phase or to revise the
global EFRUG strategy. A plan extending for such a period cannot be defined in
detail but short term milestones have been defined. It is proposed that at the end of
the first three to five year period (between 1998 and 2000) a major review of
progress should be undertaken by EFRUG with its industrial and R&D partners, to
report the progress, to confirm or to modify the orientation of the work and the
strategy according to the evolution of the conditions.

This ongoing programme will be more effective and will have greater security within the
framework of a broader international collaboration that EFRUG is seeking to develop.
Furthermore it will have the benefit of preserving sufficient design and development
expertise to support the operation of current reactors.

CT95125.DOC



3 - OPERATION OF PHENIX AND SUPER-PHENIX IN 1995

3.1.-PHENIX

3.1.1.-49 t h Cycle

As explained in the paper "Fast Reactor Development Programme in France during
1994" presented at the 28 th IWGFR meeting, the secondary loops SL1 and SL3 were
available at the end of August 1994.

The plant was ready for operation at the end of September 1994.

After a technical review by the Safety Authority, the authorization to perform the 49 th
cycle at 350 MW th (143 MWe) was given on December 21, 1994. This 49 th cycle
was completed without any significant problem on April 7, 1995 (Fig. 3.1):

• The reactor was shut down three days in January 1995 to load the CAPRIX 1
experiment (see § 5) and to proceed with minor repairs on the water/steam circuit,

• The reactor was also shutdown two days in February in order to repair a steam
leak on a valve,

• A decrease of power in March was necessary to correct a defect on the
lubrification system of the turbine.

3.1.2. - 50 t h cycle

For the reasons explained in the report mentioned above (§ 3.1.1), major decisions
were taken in 1994 in order to extend the life time of the reactor another 10 years. A
work programme was decided which involves long shutdown periods (see § 3.2.3)
Such a period occurred after the 49 th cycle.

At the end of 1995, the secondary loops SL2 and SL3 were available.

Finally, the plant was ready for operation at the end of February 1996.

After technical review meetings, in February 1996, the Safety Authority did not rule on
the possibility of extending the lifetime of PHENIX, and did not want to authorize
performance of the 50 th cycle.

The Safety Authority has requested safety improvements and technical
demonstrations, before it examines the possibility of authorizing a new start-up of
PHENIX; in particular:
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• The installation of a Safety Scram System (Complementary Shutdown System).
This will be made for the end of 96,

• A demonstration of the possibility of reinforcing the plant against seismic loads
(historically maximum seism) taking into account new design rules,

• An improvement of the emergency cooling system in case of earthquake,

• Consideration of the foreseeable soundness of the core support line.

3.1.3. - PHENIX life extension project

Extending the lifetime of the reactor another 10 years has been planned for three
purposes:

• To qualify high burn-up oxide fuel,

• To perform the necessary experimental irradiations in support of the CAPRA
project (enhanced plutonium consumption) and SPIN (separation and incineration
of long-lived wastes), and

• To supplement operating experience feedback, in particular for a better
understanding of negative reactivity incidents and the ageing process of the
structures.

In order to complete this programme, the reactor needs to operate a further 55 000
hours. After completion of these 55 000 hours, the reactor will have 152 000 hours of
operation and this is in excess of the 140 000 hours value in the Safety Report
(precisely 110 000 hours at nominal power, 15 000 hours with 4 IHXs out of 6, 15 000
hours with 2 primary pumps out of 3).

As already mentioned, major decisions were taken in 1994 in order to extend the
reactor's lifetime, namely:

• The order of three extra IHXs ; they will be delivered no later than spring 1997 ;

• The replacement of the 321-stainless-steel pipes in the secondary circuits. This
work on the SL2 secondary loop was started in 1994 and completed in 1995. The
work on SL1 was started in 1995 and will be completed in 1996. The work on the
SL3 loop will start in 1996. When the new IHXs are delivered in 1997, all three
loops will be available ;

• The installation of insulation covered by steel plates on the floor of the SL1 and
SL3 galleries was completed. Similar work is being carried out at present in the
SL2 gallery;
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The improvement of the protection against sodium fires in the steam generator
building will be completed in 1997. The main tasks are : protection of the pipe
penetrations between the reactor building and the steam generator building,
improvement of the ventilation system in order to avoid any connection between
the two buildings in the event of sodium fire, heat insulation of the support of the
sodium loop in the SG building as well as heat insulation of the iron structuring,
protection of certain valves and electrical cabinets, improvement of the alarm origin
identification;

The reinforcements against seismic loads concern : the steam generator building,
the emergency cooling system building, the handling building. These tasks will be
performed in 96-97.
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3.2 SUPERPHENIX
• B. MESNAGE (CEA)

3.2.1 GENERAL VIEW OF 1995

After shutdown of the reactor on 25th December 1994 following deterioration of the
argon leak in the bell zone of one of the intermediate heat exchangers (IHX's), two
periods typify 1995 :

- a first period covering the first seven months of the year, devoted to the problem of
the IHX leak, and concluded after locating the leak and perfecting a process by
repair of the IHX in-situ on 28th July ; the solution to replace the component which
was.at the outset the most probable, was however continued as an emergency
solution ,

- a second period from 22nd August when authorization by the Safety Authorities to
take up the programme of Plant resumption was given ; this was marked by two
long untimely outages following the triggering of a secondary pump, then a steam
leak on a steam generator, but on the other hand heralded, after link-up of the
turbogenerator sets on 30th and 31st December, a period of constant Plant
operation which saw its power build up step by step to reach 50% of nominal power
from February 1996.

At the same time as these operating activities, numerous maintenance operations can
be added and the ongoing preparation of the subassembly handling line as a whole
with a view to the handling campaigns to come. 1995 allowed us to initiate the
Knowledge Acquisition Programme KAP (§ 4) bestowed on Superphenix in 1994 by
the French Government, and taken in hand by NERSA, owner of the Plant, in its new
agreement between the partners signed in September 1995.

In this new Accord, the partners accept that this programme, financed by EDF and
CEA, is applied at Creys-Malville and commits them to assume the financial expenses
associated to loans and operation, until 31st December 2000. But in return, because
the plant can at any moment adapt or even interrupt its production to enhance its new
mission, the partners will receive over the six years to come a guarantee of electricity
supply equivalent to the energy potential of the fuel subassemblies at the moment in
the reactor (core 1) or already manufactured (core 2) and paid.

In other respects, Creys-Malville continued throughout the year its policy of discussion
and transparency. In May 1995 it participated in the Conference between supporters
and opponents of Superphenix organized in Zurich by the Swiss Federal Government,
and as from September 1995 issues a weekly information bulletin to the regional,
national and Swiss press, giving the status of operation and the various events of the
past week.
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Lastly, those responsible for NERSA and operation of the Plant were interviewed at
the end of the year by the Committee instituted by the French Government in
September 1995 and chaired by Professor Castaing. This scientific committee of
independent experts, which groups French and foreign personalities, has been
appointed to appraise, before summer 1996, the aptitude of Superphenix to fulfil its
role as a research tool.

3.2.2. REPAIR OF THE IHX LEAK

Two types of solutions had been retained at the beginning of 1995. The IHX
replacement solution made possible by the presence on-site of a spare IHX, and the
in-situ repair solution which could allow avoiding a considerable operation that
replacing an intermediate heat exchanger represents.

In-situ repair solution

Appearing as more and more possible after location on 15th February of the
leaktightness defect on the argon supply piping link to the bell, the in-situ repair
solution involved, applied in parallel throughout the six months period, not only
investigation and diagnosis operations but also work on perfecting the repair process.
The main steps were the following :

January - February 1995

location by tracer gas injection at the beginning of January of the leak in the
lower part of the IHX bell argon supply piping, then development and
qualification on scale 1 mock-up of:

- a televisual inspection equipment fitted with fibre optic mounted on a stainless
steel hose and introduced into the piping by a device allowing continued bell
argon pressure,

- a cleaning device through hot argon blowing of sodium aerosols deposited in
the piping.

in mid February, location and visualization of the leaktight defect on the welded
link of the bell piping : a defect of about 30mm long (half the circumference)
situated some few centimetres from the apex of the bell (see figure 1).
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March-Apri l 1995

perfecting the solution chosen for repair by sleeve developed by Stein Industrie
allowing preservation of the supply function of the piping, and where
leakproofness is realized by expansion under fluid pressure (see figure 2), the
development of a plug proposed by Novatome was in other respects pursued as
an emergency solution.

Perfecting the sleeve was followed at the beginning of April by a campaign of
qualification tests in sodium loop at Cadarache where results led to the decision to
replace the organic fluid "Gilotherm" chosen originally, by water, as the Gilotherm had
caused rupture of the sleeves by cracking under effect of temperature.

at the same time, in the context of research on the causes of the defect, making
of a dimensional replica of the piping using a specially developed device as well
as control by eddy current probe of the piping and its guidance along the IHX ;
these two devices were then introduced into the piping using a device developed
for televisual inspection.

In addition, inspection of another IHX in April allowed confirmation of the non-generic
aspect of the defect in question.

May-June 1995

validation of the final sleeve design (installation of two capillary tubes for
pressurization allowing the draining of water after expansion) and the positioning
procedure of the sleeve on the scale 1 mock-up, completed by a second
campaign of tests in sodium loop confirming, this time, the perfect behaviour of
the sleeves.

lastly, before repair, verification of the exact location of the defect by a last
inspection, by fibre optics and a double measurement head eddy current probe.
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After receiving approval from the Safety Authorities on 25th July, implementation of
the repair was carried out successfully on July 28th and was followed by leaktightness
controls and the reconnection of the normal circuits for maintaining bell pressure.

The IHX replacement solution

The study of the IHX replacement solution, carried through to its completion, was
continued in parallel in spite of the choice of the repair solution. In this way, the
following were carried out in the course of the first six months :

- the control and conditioning of the spare IHX,

- preparation of the equipment and procedures necessary for cutting and handling
operations,

- specifications of assessment and washing the intermediate heat exchanger
extracted.

3.2.3 RESUMPTION OF POWER

After criticality on 23rd August and calibration at 345°C of the steam generator leak
detection systems, turbogenerator set A was linked to the grid on 3rd September.
Plant build-up was soon to be interrupted by a rapid automatic shut-down following the
triggering of a secondary pump which occurred on September 4th.

This outage caused by the failure of an electronic board in the pump speed regulation,
was prolonged to around the end of the month to deal with two problems which
occurred in the course of the transient:

- a leak detection alarm on a secondary sodium loop which involved the draining of
the loop to replace a "sandwich" detector where experience showed that it revealed a
manufacture defect,

- the untimely triggering of a steam valve following an incorrect operating manoeuvre,
which needed detailed analysis to confirm that the incident was of no consequence on
the installation.

After approval from the Safety Authorities, resumption was taken up and the
turbogenerator set B in its turn was connected to the grid on 28th September, followed
by the A set on 30th September. The Plant then was increased to 30% of nominal
power, the maximum allowed by the the Safety Authorities' approval granted on 7th
November 1994. At this stage all the tests and acquisition scheduled for the
preparation of the file requesting operation above 30% of nominal power were carried
out. This preparation was interrupted on 23rd October following the shut-down of the
reactor following the appearance of a steam leak on the steam header of one of the
steam generators.
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This new shutdown, caused by the tearing by creep of an spare instrumentation tube
showing an anomaly in the type of material (see figure 3), was used advantageously
to control all the instrumentation tubes equipping the steam generators and the main
steam piping so as to correctly modify the anomalies observed. This shut-down was
also prolonged by the necessity to modify certain protections put in place in the
context of "sodium fire" works, which prohibited the free displacement of sodium piping
and particularly those of the decay heat removal circuits at the point of their
penetration through the containment building.

Re-authorized on 19th December to take up its resumption programme again, the
Operator reconnected the turbogenerator sets to the grid on 30th and 31st December
and regained 30% nominal power operation at the beginning of January 1996.

With a little more than 8 EFPD achieved, the net electricity production for 1995 is
approximately 154 million kW hours. As for the two untimely shutdowns, although the
repairs were rapid and easy, thorough analysis of the causes and the elaboration of
dossiers without any doubt required a great amount of time because of the prototype
nature of the installation.
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3.2.4 KNOWLEDGE ACQUISITION PROGRAMME (KAP)

The modest operating results of the Plant have not hindered starting the Knowledge
Acquisition Programme, and in particular acquisition of technological know-how which
is acquired whilst the Plant is operating but also at shutdown during interventions
carried out on-site following untimely failures.

In this way, the repair in-situ of the IHX provided experience from a remote-controlled
intervention on a large component immersed in sodium. It contributed to development
in detection , investigation (televisual inspection, eddy current probes, etc.) and repair
(sleeve, plug, etc.) resources.

Resumption at low power furthermore allowed one to :

- confirm the sound behaviour of the core by checking notably the safety criteria,

- follow up the purity of primary sodium and further knowledge on the workings of
measurement devices and purification systems,

- improve knowledge of behaviour of hydrogen detection systems in the steam
generators,

- check the displacement of sodium piping depending on temperature.

Lastly, in the context of this Knowledge Acquisition Programme, a prototype system of
numeric processing of core outlet temperature measurements and their fluctuations,
which could later well contribute to the efficiency of core monitoring, has been
installed on the Plant in June.

CT9S12S.DOC 43



Bell pressure
monitoring system

O O I Argon injection line

tube 0 26,7

Inner tank
toroidal section

Figure 3.2- CREYS-MALVILLE - IHX
44



Capillary tube

-n
(5*
c
3
I

o

Flexible metallic tube

Argon injection line

5
CO

>

m

fl>
73

X

Bell

Fibre optic

Capillary tube

Zone under sodium

Zone under argon

U l

POSITIONING OF THE "SLEEVE" REPAIR CARRIED OUT



Steam generator (SG)

Steam

Tube tear zone

Subcollectors

PSV: Pressure measurement
TSV: Temperature measurement

Instrumentation tube
PSV

Steam

TSV \

Leak

SG tubes connecting section

46

Figure 3*- CREYS-MALVILLE - SG steam collector



KNOWLEDGE ACQUISITION PROGRAMME
P. ANZIEU (CEA), R. DEL BECCARO (EDF)

4.1. -Objectives

The knowledge acquisition programme, necessitating the operation of the Creys-
Malville plant (Superphenix), has three major complementary objectives :

• To demonstrate the capacity of a fast reactor to produce electricity on an
industrial scale, while contributing to plutonium management and the
reduction of long-lived radioactive waste ;

• To study the flexibility of a fast reactor using plutonium as fuel, and to qualify
the technical solutions developed within the framework of a research
programme, whose major concern is to operate this type of reactor as a
plutonium consumer.The CAPRA project is specifically involved in this case
(see § 5) ;

• To study the possibilities of destroying long-lived radioactive waste,
particularly the minor actinides, americium and neptunium, the framework of
the SPIN programme.

4.2. - Research Programme

This programme hinges on the three major research objectives defined above.

4.2.1. - Demonstration of a fast reactor prototype in operation

The reactor is operated as a prototype. All observations, whether they concern
normal or abnormal operating conditions of the reactor, are used to make an
analysis, to reach conclusions and findings allowing feedback. The specific goal
is to prepare the definition of an improved, future generation of fast reactors.

Follow-up on the state of the performances of the different systems and
components in the NSSS involves in-situ measurements, periodic inspections,
and special examinations during maintenance, along with specific test periods.

This technological knowledge acquisition concerns the major components of the
NSSS : fuel, sodium circuits and reactor block, steam generators, handling, and
monitoring during operation. For example the ALPES system has been
implemented on-line at Superphenix. This system, still in the experimental stage,
should improve core thermal surveillance by numeric processing of the
thermocouple temperature measurements at the subassembly outlets. This
system should improve the detection of inadvertent control rod withdrawal (§
7.3.2).
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4.2.2. - Research on plutonium consumption

In the field of research regarding the use of plutonium, the results expected from
the operation of the Superphenix reactor are of two different sorts. They
concern :

First, a gradual conversion of the core from a fast-breeder operating mode
to a plutonium-buming operating mode, demonstrating the flexibility of the
concept, while providing initial experience of the operation of a fast reactor
as a plutonium consumer on an industrial scale ;

Second, the qualification of technical solutions concerning entire fuel sub-
assemblies. Such solutions are being developed within the framework of
the CAPRA project in particular, in order to provide decisive elements for
a reactor of this type.

4.2.2.1. - Evolution towards a plutonium burning mode

The present core of Superphenix is that of a fast-breeder reactor, essentially
owing to the presence of fertile uranium oxide blankets, which are arranged
radially with 220 subassemblies and axially with uranium blanckets (Fig. 4.1).
The programme suggested for converting the reactor to a plutonium burner
involves three phases:

• Removal of the first row of the radial blankets of the present core
(Scheduled in 1997, Fig 4.1 and Fig. 4.2). This blanket will be replaced
by steel subassemblies (Fig. 4.3) The 72 steel subassemblies are
being fabricated and will be delivered in the autumn of 1996.
Beginning with a core that produces 36 kg/TWh in total plutonium, this
stage reduces production to 29 kg/TWh. On the planned cycle, up to
the complete burning of the present core, in other words after about
one year of operation, total plutonium production will be reduced by 50
kg. Evolution of the plutonium composition will be measured after
unloading.

• The complete removal of the radial blankets with the loading of core 2.
Planned for the end of 1999, the loading of this core will bring about a
plutonium production totalling approximately 15 kg/TWh instead of 36
kg in presence of the radial blanket. This blanket will be replaced by
steel subassemblies. The neutronic characterization of this core
without a radial blanket will be carried out in order to acquire unique
experimental data for the qualification of computer codes on core
physics.

• Specific measurements of radial distribution of the neutron flux,
particularly at the edge of the core, will be carried out at the loading of
this core, much in the same way that such measurements were carried
out in 1986 at the time of the first core power increase.
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The perfecting of a core 3 globally adapted to a total plutonium
consumption of about 15 kg/TWh (Table 4.1). Such a performance will
be accomplished by completely removing all the blankets of the core,
radial and axial, and by an increasing initial plutonium enrichment.

SUPERPHENIX

Total Pu
production rate

(kg/TWhe)

Present
core

36

Core 1 after
modification

29

Core 2

15

Core 3

-15

TABLE 4.1 : PLUTONIUM BURNING RATE

The experimental programme associated with the planned core modifications
mentioned above also involves the following measurements and examinations :

• Reactivity measurements of certain subassemblies and of the core,

• Precise determination of the power delivered by each subassembly,

• Determination of the overall core reactivity coefficients,

• Measurement of the evolution of the decay heat in the core versus
time,

• Measurement of the anti-reactivity of the absorber subassemblies,

• Special examinations after irradiation of core elements.

4.2.2.2. - Tests conducted on subassemblies

Studies carried out in the framework of the CAPRA project led to the definition of
new fuel elements. They differ from those used in the breeder version in their
geometry and their composition, and their plutonium content is much higher.

These new fuels must be able to be used with different isotopic qualities of
plutonium, and possible additions of americium and neptunium.

The demonstration programme in Superphenix is aiming at an industrial pre-
qualification of solutions which might be selected for CAPRA type reactors. This
programme comprises : (Table 4.2)
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SERIES
loading

High burning
rate Pu

Np
transmutation

Am
transmutation

1
core 1 in 96

CAPRA-1A
CAPRA-1B
(31 % Pu)

NACRE-1 *
(1.9KgNp)
ACRE-1 *

(1%Am)

2
core 2 in 99

2 CAPRA-2
(35 % Pu)

CAPRIN-2A
(30 % Pu, 3% Np)

CAPRIN-2B
(+ moderator)
NACRE-1 bis
(extension)
ACRE-1 Bis
(extension)

1 Am pin loaded
2002

3
core 3 in 2003
U free Pu pins

CAPRA-3 zone
(40 % Pu, 19/S/A.)
Incl. 1-4 diluents,
and 2-8 CAPRIN-3
(35% Pu, 3% Np)
with moderator

ACRE-3
(Am pins with inert

matrix)

TABLE 4.2 : TEST MATRIX

• At the end of 1996, the loading into the reactor of two special
subassemblies (Table 4.2) characteristic of the mixed oxide solution
with a high plutonium content (31 %)and corresponding dilution of the
fuel. Each of these subassemblies was manufactured with a plutonium
having a special isotopic composition. The first sub-assembly, CAPRA
1A, contains plutonium from a standard PWR fuel with uranium (Burn-
up 33000 MWd/t) ; the second subassembly, CAPRA 1B, was
manufactured with plutonium coming from the re-processing of MOX
fuel. (This plutonium contains more Pu 238, Pu 240, Pu 242 than the
plutonium of CAPRA-1A).

These two sub-assemblies will be delivered in autumn 1996 with the
following basic characteristics:

- A 31 % enrichment in plutonium

- A dilution of the fuel obtained by a reduction in size of the pins, their
number being increased from 271 (standard subassembly) to 397, and
also by the introduction among these pins of one third of pins made of
steel.

- The pins have a PHENIX pin diameter.

- The fuel pellets are hollow pellets.

- The removal of the axial uranium blankets and their replacement by
hollow stainless steel blankets.
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The programme might also involve :

• At the time of core 2 loading (Table 4.2), the introduction of special
new subassemblies destined for a long irradiation period and having
characteristics similar to those of the CAPRA 1 subassemblies :

namely

- an enrichement in plutonium of about 35 %,

- a pin geometry closer to the solutions envisioned for CAPRA type
reactors, taking into account present day manufacturing limitations,

The programme might also involve (Table 4.2):

• At the time of core 3 loading, a zone test of several sub-assemblies
representing a core with a very high plutonium consumption.

4.2.3. - Research on the destruction of long-lived waste

• Research, especially in the framework of the SPIN programme, has
revealed the particular interest that fast reactors present in destroying
minor actinides, americium and neptunium, through the fission
process, which leads to their transformation, for the most part, into
short-lived waste.

The long-awaited demonstrations in Superphenix have a three-fold goal : to
confirm the capacity of a fast reactor to satisfy the need to specify the
performance of this solution and to provide indispensable elements for the
compatibility of the two processes, plutonium consumption and actinide
destruction, carried out simultaneously in the same reactor.

4.2.3.1. - Incineration (transmutation) of neptunium

The solution best suited to the incineration (transmutation) of neptunium, without
creating great penalties, appears to be homogeneous reprocessing in fuel. The
calendar of demontrations must be adapted to the possibility of having
corresponding quantities of this element and also to the possibility of
manufacturing the experimental elements. The proposed programme
successively involves the following : (Table 4.2)
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The NACRE 1 sub-assembly will be loaded into the present standard
core and will contain 1.9 kilogram of neptunium in a homogeneous
dilution (2 % in max), that is to say, uniformly distributed in the fuel of
the subassembly. This subassembly, which is being manufactured at
the COGEMA in Cadarache, will be loaded into the core at the end of
1996 at the same time as the two CAPRA 1 subassemblies. It will be
unloaded with the present core, in other words, after about two years
of irradiation. The expected rate of eliminated neptunium in this
subassembly is about 20 % during this irradiation time (~.400 g).

Two special subassemblies CAPRIN-2A (30 % Pu, 3 % Np) and
CAPRIN-2B (30 % Pu, 3 % Np + moderator) will be manufactured and
will be loaded at the end of 1999. The role of the moderator for a core
completely loaded with such SAs would be to increase the Doppler
effect.

An extension of the irradiation of NACRE 1 (NACRE 1 Bis) may be
decided upon (Table 4.2)

Possibly greater quantities in the loading of core 3, a plutonium burner,
under conditions defined according to the results obtained from
experiments carried out in the Phenix reactor and in during the two
preceding stages (Table 4.2).

4.2.3.2. - incineration of americium

In the case of americium, the situation is more complex due to the different ways
of formation of its major isotopes, to difficulties in extracting it when reprocessing
and also to its gamma activity which complicates manufacturing operations. For
its destruction, the choice of a heterogeneous recycling solution has been
selected for the initial stage. The Superphenix programme has a twofold
mission:

• To take advantage of the ageing of the fuel elements, and thus the
formation of americium 241 through the radioactive decay of plutonium,
in order to acquire data on the destruction of this isotope in conditions
representative of homogeneous recycling. Before the restart of
Superphenix mid-1995, its core contained an average of 0.5 %
americium (mass content brought by heavy nuclei) with a maximum
content slightly higher than 1 % in 5 of its subassemblies. The restart
of the core will bring precious information thanks to a certain number of
examinations of one subassembly (named ACRE-1) after unloading of
the core in 1999. A second stage might be decided upon with an
extension of the irradiation of ACRE 1 (ACRE 1 Bis).

• The fabrication of a few pins specially enriched in americium which
may be introduced into a demonstration subassembly loaded in core 2
in 2002 (Table 4.2).
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5 - THE CAPRA PROGRAMME
J. ROUAULT (CEA)

This synthesis note summarises the work performed in 1995 in the frame of

the European CAPRA Project It therefore gathers contributions coming from the

various project partners BNFL, NNC, AEA-T, FZK, NOVATOME and CEA.

First let us recall what were the 95 objectives : achievement of the feasibility

demonstration of the reference CAPRA 4/94 oxide core; assessment of the

possibility of fuel residence time increase; pursuing investigations on U-free cores

in view of the characterization of a first "remontage". It was also the year of

launching of a new activity on scenario studies. What is today the situation with

respect to those objectives:

1 Achievement of the feasibility assessment on the 4/94 reference oxide core

In the 94 feasibility assessment there were two main points on which the

answers were not satisfactorily : some shutdown criteria were not fulfilled i.e. the

feasibility of the 4/94 core reactivity management was not demonstrated, and the

criticality risk assessment after local melting events was not sufficiently evaluated.

For the first problem, it has been demonstrated that a modification of the

diluent S/A implementation associated to a slight adaptation of the relative duration

of the two sub-cycles and of the B4C content in the heavy diluent at beginning of

cycle made it possible to fulfil the shutdown criteria with equivalent reactivity

margins as for the EFR. The modifications made in the core did not alter its main

performances, so that at the present stage of the studies, it does not seem useful

to repeat the whole set of characterisations. This new core version is called 4/94m,

m for modified.

The second question, the criticality risk, is a generic FRs issue to which

CAPRA type reactors are expected to be more sensitive due to the high fuel Pu

content The studies were performed using as initiator of local melting the

hypothetical Total Instantaneous Blockage accident Nevertheless, the conclusions

can apply to other possible types of initiators. It has been shown that:
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- The melting down of one fuel S/A induces reactivity effects, largely below the

peff, but high enough to be detected by the reactivity-meter if the S/A is located

in the inner core. It therefore brings some redundancy in the detection and a

better level of prevention. Nevertheless, this does not bring a global answer to

the problem so that the melting propagation to the six neighbouring S/As have

to be considered.

- In that situation, it has been demonstrated that the reactivity insertion

associated to the degraded configuration of seven melt S/As could be

counterbalanced by the residual efficiency of the control system.

As a conclusion, complementary studies are still necessary in this area for

example the coolability of the degraded configurations, but it is clearly not a

feasibility issue for the CAPRA 4/94 reference core. Furthermore, a specific

optimisation of the diluent S/A implementation and design could further reduced

the criticality risk.

2 Fuel residence time increase

The analysis of the various possible means to increase the fuel residence

time (moderating and poisoning, de-rating the linear power by either increasing the

fissile height or the number of pins in the fuel S/A!) made us conclude that the

unique valuable solution is the so-called (moderated) high bum-up core version (in

which the important margins on the peak damage dose of the 4/94 are used to

increase the fuel bum-up; note J-.at a similar approach is not possible on the EFR).

It offers a potential for a significant increase of the fuel residence time (+60% when

compared to the 4/94). This core version is now considered as the starting point for

a CAPRA core optimized for an increased residence time. Nevertheless, it must be

noticed that this optimisation will be made at the expense of the core flexibility to

accommodate either a very degraded Pu quality or Minor Actinides into the fuel.

3 Conclusion on oxide cores

One can now consider that the residual pending questions are solved and

that the preliminary feasibility assessment of the 4/94 CAPRA reference core is

achieved.
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in view of the final core "remontages", two directions are worth to be followed

in parallel: on one side, a 4/94 type core flexible enough to accommodate a large

variety of actinides but with a reduced fuel residence time, and, on the other side,

another core, less flexible but optimized for an increased fuel residence time. In

both cases, the feedback of the R&D programme becomes essential in order to

confirm the basic CAPRA options (fuel Pu content in particular) and to validate and

adapt the calculation tools to the particular CAPRA designs.

4 U-free cores

An overall assessment of the possibility to conceive a large U-free core have

been made in 95 covering fuel design, physics, core management transient

analysis and the energetic potential in a whole core accident For that a particular

remontage around an innovative and probably very questionable fuel element

design have been used. The general design remains the 4/94 one with diluent S/As

and an heterogeneous fuel bundle with fuel-free pins. Even if it is clear that no

definitive conclusions could be drawn from that work, the possibility to conceive a

large U-free core seems demonstrated. Among the more noticeable results or

trends gained so far, we can inoicate:

- the interest to specialise U-free cores in the use of very degraded Pu qualities :

the difference in the levels of Pu consumption between an oxide burner (75 kg /

TWhe) and a U free burner (115 kg / TWhe) is not so important and can hardly

justify by itself the study of Pu without U burners. The idea was therefore to

specialise U free burners in the use of those degraded Pu qualities. Physics

studies demonstrated that with this degraded Pu, a near conventional Doppler

effect could be recovered when also associated with the introduction of a
11B4C moderator in the empty pins of the fuel S/A (enhancement of Pu 240

and Pu 242 contributions).

- an optimised refuelling scheme based on S/A shuffling has been proposed in

order to limit the out-let temperature differences between adjacent S/As below

80°c.

- the choice of the nitride fuel, in a form that still remain widely open, seems to

be a necessity if one remains in a logic of a PUREX type reprocessing.
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- The innovative annular fuel element (spherical particles of pure PuN are poured

in the annular space between an external cladding and an inner tube) must be

seen as one possibility knowing that much more conventional fuel concepts can

also be considered. Nevertheless, the essential part of the conclusions (fuel

management scheme, cores performances, acceptable behaviour under

transients,...) remains valid and of a generic character. The innovative fuel

element has the merit to show that, when considering U-free fuels, the

introduction of an inert matrix is not an absolute necessity and that solutions

can also be found in S/A and fuel pin designs.

5 Scenario studies

According to the initial workplan, scenario studies started by the

consideration of very basic situations in order to derive, on the basis of pure

physics consideration, the relative merits of the various means of actinides

recycling. Results gained today only concem the Pu multi-recycling (UOX Pu of first

generation) in an oxide CAPRA type reactor and in a 100% MOX PWR with a

conventional moderation ratio. Feasibility issues forgotten, the advantage of multi-

recycling the Pu in a CAPRA type reactor appears essentially when considering its

reduced level of minor actinides (americium, curium) production. Nevertheless, it is

clear that further investigation of the physics of PWRs is called for.

6 R&D programme

The irradiation programme has entered its active phase :

- IFOP1 short time irradiation in the SILOE reactor has been terminated end of

94. In 95 examination of this experiment (short fissile column made of 45% Pu

content oxide annular fuel) showed a conventional behaviour. Samples are now

to be sent for solubility testings.

- CAPRIX1 (2 PHENIX pins containing a 45% Pu content annular oxide fuel) has

been irradiated in PHENIX during the first 95 trimester. It is waiting for another

cycle of irradiation (96).

CT95125.DOC



- TRABANT1 is under irradiation in the HFR reactor. This experiment contains

three short pins : oxide pin similar to the IFOP1, oxide pin with both a high Pu

content (40%) and Np content (5%), Pu without U pin filled with the (Pu,Ce)O2

solid solution.

- CAPRA1A and B S/As to be irradiated in 97 in SUPER-PHENIX are under

manufacturing.

The first part of the CIRANO programme devoted to the impact on the core

characteristics of the removal of the fertile blankets and their replacement with

sodium/steel reflector assemblies have been realised. It showes that the newly

developed European calculation scheme makes possible the use of improved

treatment which are found necessary and well adapted for the calculation of steel

reflected configurations.
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6 - THE EFR PROGRAMME ALIGNED ON THE EFRUG STRATEGY
(STATUS ON APRIL 1996)
G. HUBERT (EFRUG/EDF-SEPTEN), C.H. MITCHELL (EFR Associates),

THE EFRUG STRATEGY

During 1995 the strategy for EFR was reviewed with the European Utilities Group
(EFRUG) taking the lead with the preparation of a strategy statement which was
finally issued in May 1995.

This strategy recognises the success of the previous stages of the EFR studies
which resulted end of 1993 in the definition of the "Consistent Design". The
economic objectives have been reached and this design was reviewed by a "Ad Hoc
Safety Club" (group of European experts).

But considering the general conditions for the development of FRs in Europe,
EFRUG decided not to enter a construction phase as previously intended. Actually it
is now considered that such a decision would likely only be possible after 2005-
2010.

This places effectively the project on hold but in the meantime a EFR Programme
has been launched. This continuing EFR programme aims to concentrate on the key
aspects of the fast reactor design and technology with the motivations to preserve it
for the future and to assess the whole range of its abilities for contributing to the
management of the fuel cycle.

If past FRs developments have mainly be oriented on the breeding mission (which
remains for EFRUG a long term objective) current European R&D efforts are now
mainly dedicated to possible new missions in the back end of the fuel cycle (e.g.
CAPRA and minor actinides burning programmes). These developments are
integrated into the EFR programme considering that, in any case, the technology is
common to the different missions.

In addition to the clarification of the possible roles of FRs in the fuel cycle, a future
decision on a demonstration FR in Europe requires :

- several years of successful operation of Superphenix : restart decided in 1994
with the "Knowledge Acquisition Programme" gives the opportunity to
accumulate useful operating experience and feedback to future design,

- the restoration of the confidence in the technology and the demonstration that
it is possible to progress further in key issues such as In Service Inspection
and Repair,

- the preservation of the expertise for the future, notably thanks to a wide
international collaboration.

The EFR programme contributes to these objectives.

EFR PROGRAMME: OVERVIEW

This programme is centred on the EFR Reference Design developed from the
Consistent Design which was the outcome of the EFR Phase 2 (Dec. 1993) by
progressively incorporating technically and economically effective design changes.
There is also flexibility in the programme so that in parallel to this development of
the Reference Design a broad range of alternative and innovative concepts will be
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considered which give the possibilities to assess new ideas or which have a longer
term potential.

Flexibility will be retained to accommodate a range of core designs with the
minimum of adaptation of the reactor design for breeder and burner cores. The
strategy recognises that there is no longer a need for high breeding gain and that in
the medium term there may be interest in plutonium consumption (in addition to
possible interest in minor actinide burning, whatever the Pu management). But the
most probable future extends from moderate Pu consumption to moderate breeding
and the ultimate interest of the utilities remains for a breeder reactor which has to be
an economic power generator. It is therefore important that all technological
developments maintain compatibility with this breeder mission.

An objective of the programme is to promote international collaboration through a
programme of broad interest which includes elements aimed specifically at
developing the collaboration.

THE WORK PROGRAMME

There are six main design areas for the programme:

A) Reference Design,

B) Innovative Concept studies,

C) Generic studies,

D) Specifications, Codes and Standards,

E) Feedback from Operating Experience,

F) International collaboration.

The basic studies under the heading "operating experience", "generic" and
"innovative design" produce results which will be progressively introduced in the
Reference Design. The generic studies correspond to areas of broad interest so
have elements which form part of the international collaboration. Specifications,
Codes and Standards and computer models developments are also of interest for a
wide range of applications.

The progressive evolution of the Reference Design by integrating the outcome of
the Generic and Innovative studies will be judged by the success in improving the
economics, safety, robustness or inspectability / reparability of the design.

It is also important to learn the lessons from the operating fast reactors so the
programme includes a systematic review of the design of each system and
component in the light of the European Reactors experience (Feedback from
Operating Experience). Initially particular emphasis is being put on Phenix, PFR and
SPX to make sure the information is available for the systematic review. It is
intended to extend the reviews by considering further other operating reactors
worldwide.

During 1995 the first systems which were reviewed were the absorber rod drive
mechanisms and this will be followed by the IHX's and main pumps and then the
sodium and argon cover gas auxiliary circuits. Each review consists of:

- detailed comparison of the design features of EFR with that of past FRs,

- record and analysis of significant events and operational difficulties which
called for effective or desirable design changes on these reactors, or on the
contrary successful design and operation of systems,
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- technical synthesis with recommendations of feedback on the EFR design for
improved performance.

Integration of the CAPRA core may lead to two variants of the Reference Design
(breeder and burner) so as to avoid compromise for either mission as an economic
power generator. Finally the programme also includes consolidation of the novel
features of the Consistent Design notably concerning the solid reactor roof and the
vault.

The practice of the EFR project continues to be pursued, i.e. to have a secure
reference design with the introduction of well validated improvements. However, the
Innovative Concept Studies were introduced to ensure that the scope of the whole
programme was not inhibited by the extent of validation needed or the timescale for
introduction of new features in the Reference Design. The scope of this work is
twofold:

(i) development of the EFR concept retaining the same essential features, i.e.,
sodium cooled pool type fast reactor,

(ii) evaluation of alternative basic concepts, i.e. other sodium cooled FRs and FRs
using alternative coolants.

For the first, innovative design features of EFR are examined, a number of them
under the general theme of the 'Machined Reactor1. Some features, individually or
as a package, have the potential to be incorporated in the Reference Design in the
medium term, e.g.,

- high NPSH pump / bottom axial inlet pump,

- core support by conical shell / conical redan / pipework feeding the diagrid.

For the second, the basic concept options of fast reactors will be reviewed in the
light of current priorities, e.g. great importance was put on achieving a high breeding
gain, and now the emphasis is on flexibility of fuel utilisation and inspectability /
reparability. The scope of work includes :

- a review of the sodium cooled reactor options : bottom supported pool type,
conventional loop type, top entry loop type, reactor without intermediate heat
transfer system, and others

- a review of alternative coolants: lead, gas, water steam, supercritical water.

The Generic Studies address fundamental fast reactor concerns and are of interest
generally to sodium cooled fast reactors. The objective is to propose improvements
and/or to increase confidence which can be applied to the EFR Reference Design.
The tasks being performed are also of relevance to international collaboration and
particular aspects are being promoted as joint tasks. The tasks include :

Core safety: WCA prevention and computing tools,

Containment enhancement,

Sodium fire prevention and mitigation,

DHR function optimisation,

Development of design & construction codes and computing tools,

ISI & Repair capability improvement.
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Due to :

- the uncertainties concerning the date of implementation of series FRs,

- the necessity to face short term requirements and to share the development
cost,

- the trends and incentives to come to worldwide agreement on the safety
specifications and technical characteristics of future reactors,

the development of the International Collaboration is even more essential than in the
past. Agreements between European and Japanese R&D organisations and
Utilities, those with MINATOM (Russian organisation), are the main basis for the
future developments during the next years.

MAIN MILESTONES

The outcomes of the Innovative Concept and Generic Studies and the feedback of
operating experience will be introduced in the EFR Reference Design as they
become available. A review of the basic concept options for fast reactors against
current conditions and priorities will be completed by 1998. Recommendations on
the innovative options will be made by 1998 on the basis that either they can be
introduced in the EFR Reference Design or are worthy of being pursued further. The
decisions on the Innovative Concepts together with the outcome of the Generic
Studies allow a comprehensive update of the EFR Reference Design to be
completed two years later - at around the year 2000.
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7 - R AND D.

7.1. Fuel and Absorber Elements, Core Materials

Irradiation progress.

As a result of the start-up of PHENIX on December 24, 1994, for its 49 t h cycle, the
leading subassembly with reference cladding (CW 15-15 Ti) and an EM10 wrapper, reached
161 dpa.

Fuel modelling.

Certain models of the thermomechanical GERMINAL computer code were improved on
the basis of PHENIX pin results and some specific CABRI tests :

• Improvement of the "fission product layer between fuel and cladding" (JOG),
• Improvement of transient swelling phenomena ; these phenomena may induce a

reduction of the diameter of the central hole of some pellets and an increase of fuel
porosity and consequently the degradation of fuel thermal conductivity (see § 7.3.3),

• Improvement of the radial redistribution of the Pu.

CAPRAfuel.

Theoretical and experimental studies concerning the hydraulics and thermalhydraulics
of CAPRA subassemblies were carried out with respect to the design of these subassemblies.

The characterization of mixed fuel with a high Pu content is in good progress. Fuel
fabrication in the (40-45 % Pu) range is established, as well as fuel solubility in nitric acid.
Also good progress was made in the fabrication and the characterization of CERCER fuel
MgO/PuO2 (fuel without uranium).

The irradiation programme has entered its active phase :

• The IFOP1 experiment in the SILOE reactor was completed in 1994 with a
1.15 at % BU. In 1995 examination of this experiment, short fissile column, annular
UPuO2 (45 % Pu fuel), showed conventional behaviour. Samples are now to be sent
for solubility testing.

- CAPRIX 1 (2 PHENIX annular (UPu)O2 pins containing a 45 % Pu) were irradiated
during the 49*n cycle of PHENIX. This experiment requires an additional irradiation
cycle.

- TRABANT 1 is under irradiation in the HFR reactor. This experiment contains three
short pins : one oxide pin similar to the IFOP1 - one oxide pin with a high Pu content
(40 %) and a 5 % Np content, one Pu without U pin filled with the (Pu, Ce)O2
solution.

- CAPRA 1A and 1B S/As, to be irradiated in 97 in SUPER-PHENIX, are being
manufactured (see § 4.2.2.2).
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7.2. - Core physics

7.2.1. - Nuclear data and the "unified code system" ERANOS

• The current ERANOS nuclear data library has been built from the JEF-2.2
evaluated microscopic data library. Results of measurements in MASURCA
have been selected to assess the performance of this unadjusted library -
The overall results of the comparison are satisfactory - However, better
agreement is expected of adjusted data. In addition, application of the
adjusted technique may reveal the existence of compensating errors. An
adjustment method was used in the past and has given satisfactory results.
Consequently it was decided to acquire an adjusted library (ERALIB 1) using
this process in 1995. The final adjustment of ERALIB 1 has been delayed due
to difficulties during the final validation operation.

• The development of the "unified code system" ERANOS has been
satisfactory. Version 1.2 should be released in 1996.

The overall numerical qualification of ERANOS was started, using
comparison with MONTE-CARLO calculation methods.

7.2.2. - The CIRANO programme

The CIRANO programme is one of the various programmes carried out to
demonstrate the feasibility of using a fast reactor to burn as much plutonium as
possible.

In order to reach this goal, the Ij238 content must be as low as possible.
Consequently, with respect to breeder cores , this requires :

Removing the fertile blankets,

Increasing the plutonium content,

Substituting inert material for the 1)238.

The CIRANO programme is conducted at the MASURCA critical facility, the first
issue currently being studied.

Only a few experiments were performed without fertile blankets and stainless
steel reflectors and it seems that the discrepancies between the experiments and
calculations increase as the thickness of the blanket decreases. Therefore, the
first set of studies consists in gradually removing blankets from ZONA 2A
(classical UO2 + PuO2 Core) as in shown is the following schedule :
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April 1994

September 1994

February 1995

July 1995

Z0NA2-A reference core (with axial and radial blankets)
(Fig. 7.1)

ZONA2-A3 radial blanket removed and replaced by
sodium-steel elements (Fig. 7.2.1)

ZONA2-B core without blanket (Fig. 7.2.2)

ZONA2-B.SI core without blanket and with internal

storage (SI): without B4C axial shielding on
half the core and with an extension of the
UO2/Na radial reflector on the same half of the
core (Fig. 7.3).

October 1995 ZONA2-B.SI1 Same configuration as ZONA-2B-SI, but fuel
subassemblies set up in the internal storage
area (12 tubes).

December 1995 ZONA-2B.SI2 Similar to ZONA 2-B SI.1 but with a protection
of B4C SA between the core and SI location.

From 3/96 to late 96, a series of substitutions will be performed in the central
part of the core. Plutonium enrichment will vary from 25 to 50 %, and Pu
isotopics will cover a wide range of values. (The Pu-240 content will be varied
from 8 to 35 %).

In 1997, a mock-up of a CAPRA "dilution" core will be constructed (ZONA5)
The bare core will first be fully characterized. Subsequently, all
heterogeneity's described earlier will be studied : control rods, diluants,
heterogeneous sub-assemblies.

Finally, starting in 1998, a large core will be simulated.
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In the CIRANO tests, the following measurements were performed :

- Critical masses : the experimental uncertainty on the critical mass is given
as 300 pern (at 1)

- Fission rate traverses : they are performed for the fissile isotopes : U235,
U238, Pu239 and Np237 using fission chambers or activation detectors for
two radial traverses and 20 axial traverses distributed throughout the cores.

- Spectral indexes : using the relative fission rate measurements described
above and an absolute index measurement determined as the ratio to the
U235 fission rate performed at the centre of each traverse. In addition, the
indixes for the higher Pu isotopes, as well as Np237, Am241 and Am 243
isotopes were measured in a central position using fission chambers placed
in removable pins. The experimental uncertainties are given to be between
25%(at1) .

- In addition, shielding traverses using Au, Mn, In and Rh detectors, gamma
heating traverses using ionisation chambers and TLD detectors, and sodium
void reactivity have been performed.

Detailed interpretation of the data is in progress.

The main results obtained when gradually removing blankets from the ZONA-2A
reference core show:

An increase in the reflection of lower energy neutrons back into the core.
This has an effect on the critical ma ss, rod worth, and power distributions,

An increase in the neutron flux in the shield, internal storage subassemblies,
and beyond (heat exchanger). This in turn leads to increased damage to
certain components, increased secondary sodium activation, and increased
heat deposition in the shield and internal storage regions.

7.3. - Safety

7.3.1. - Reactor dynamics in normal and design basis accident conditions

The development of the OASIS project "An Interactive Simulation Case" began
with the idea that, within the framework of the Fast Reactor Programme, there
was a definite need to have an analytical tool assisting personnel in coming to a
decision in a situation of potential crisis. Such a tool would be specially designed
for the team in charge of crisis situation management. This team would have to
decide the procedures to follow in the case of a severe accident in a nuclear
reactor. Therefore the tool must be able to accurately analyse a situation and to
give its probable evolution
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During the tool specification stage it soon became obvious that, with the
emergence of the "work stations", it would be quite possible to produce
simulators that could not only meet the specific needs of the crisis situation
management but also satisfy the needs of engineers working either on project
design or safety design. These considerations led to the final orientation of the
OASIS project (OASIS standing for "Simulator tool for safety analysis") Its goals
are to study the behaviour of either existing reactors in various design basis
accident conditions or the first stages of hypothetical accident conditions (before
loss of core geometry) and to help engineers in the design phase of reactors.

OASIS is today qualified on the SUPER-PHENIX configuration and is used by all
French partners working on this plant: CEA, EDF, FRAMATOME.

At present the work consists in completing this work on other reactor
configurations : PHENIX and EFR.

Moreover, improvements are still necessary, mainly regarding the water-steam
circuit.

7.3.2. - Core surveillance

The ALPES system has been implemented on-line at SUPER-PHENIX. This
system although, still in the experimental stage, should improve core thermal
surveillance by the numeric processing of the thermocouple temperature
measurements at subassembly outlets. Furthermoore, this system should
improve the detection of inadvertent control-rod withdrawal. In order to
determine the performance of the ALPES system with respect to the detection
of this accident, control-rod insertion tests will be performed in SUPER-
PHENIX in 1996.

7.3.3. - Fuel pin safety tests in CABRI

The CABRI-FAST international programme, CEA-EDF, PNC (Japan), has been
completed. In this programme the behaviour of annular fuel cladded with the
improved (low swelling) clad material 15-15 Ti s (CW 15-15 Ti) was studied
under slow ramp and TUCOP conditions.
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The test matrix and characteristics of the pins are shown in the following tables

CABRI-FAST

TEST MATRIX

1992

BCF1 (12/92)

1993

PF2 (3/93)

PF1 (12/93)

1994

LT2 (3/94)

EFM1 (5/94)

1995

PFX (3/95)

MF2 (11/95)

LT1 (12/95)

TEST

Slow ramp rate tests

PF1

PFX

MF2

BCF1

Initiation phase test (CDA)

PF2

LT2

LT1

EFM1

OBJECTIVES

Pre-failure fuel behaviour (1 % Pn/s)

Determination of power to melt (1 % Pn/s)

Margin to failure (1 % Pn/s)

Beyond clad failure - Ramp effect (3 % Pn/s)

Pre-failure behaviour - Fuel squirting

TOP. Fuel squirting

LOF-TOP. Fuel squirting

Extended fuel motion

PIN

SCARABIX
I I

SCARABIX

VIGGEN - 4

QUASAR

QUASAR

QUASAR

SCARABIX

Pn means Nominal Power

NAME

VIGGEN - 4

QUASAR

SCARABIX

TYPE

PX homogeneous solid (no UAB)

PX homogeneous annular (no UAB)

SPX homogeneous annular (UAB)

CLAD

15-15 Ti

15-15 Ti

15-15 Ti

Dout

mm

6.55

6.55

8.5

Bu

at%

11.7

11.8

6.4
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Three tests were carried out in the CABRI reactor in 1995 : PFX, MF2, LT1.

PFX test

In the event of a slow power ramp the fuel can swell, due to an increase in the
macroscopic porosity of the fuel, with, as a result, a reduction of the central hole
and degradation of fuel thermal conductivity. These phenomena lead to a power
to melt lower than predicted with modelling which does not take these
phenomena into account.

These phenomena have already been observed in previous tests : E9 and E9 Bis
(CABRI II programme) fuel, and PF1. Nevertheless, at the end of these tests
there was a rather significant melting extension (particularly E9 and E9 Bis),
which did not allow precise determination of the power to melt.

In order to determine the power to melt in the CABRI-reactor, the PFX test was
performed on a SCARABIX pin (annular fuel at 6.4 %, 15-15 Ti clad) under slow
ramp rate conditions with a maximum power calculated to reach fuel melting. A
very small molten fuel fraction was observed in the post-test examinations, which
allowed precise determination of power to melt.

MF2

This test was performed in order to determine the margin to failure of a
SCARABIX pin under a slow power ramp simulating a control rod withdrawal
(~ 1 % Pn/s). No clad rupture was observed at the end of the transient
(~ 1240 W/cm, which is the maximum CABRI performance for this type of fuel pin
and for this transient). Internal fuel motion was observed with the hodoscope.
This test confirms that hollow pellets can withstand a large melt fraction without
failure.

LT1 Test

The goal of this test was to study internal fuel motion (fuel squirting) during a
TOP.

The conditions of this test were similar to those of the LT2 test regarding the pin
(QUASAR pin with no UAB) and the energy of the TOP (1.23 kg/g), but the initial
conditions of the TOP were different:

for LT1 : initiation of the TOP during Na flow reduction when the sodium
temperature was ~ 890°C at the top of fissile column,

for LT2 : initiation of the TOP with steady state sodium flow and a sodium
temperature of 2:580°C at the top of fissile column.
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7.3.4. - Future CABRI programme

This programme named RAFT (Reactivity Accident Fuel Tests) will be performed
in collaboration : CEA-EDF, (France) and PNC (Japan). The objectives of this
programme are:

• Determination of the power to melt of high bum-up annular fuel,

• Determination of the margin to failure of high burn-up annular fuel,

• Study of the possibilities of fuel ejection under the following conditions : the
induction of clad failure during a slow ramp rate when a low melt fraction is
obtained,

• Study of the melting behaviour of an irradiated fuel-pin bundle,

• Study of the advanced fuel under accidental conditions.

7.3.5. - Hypothetical Core Descriptive Accidents

7.3.5.1. - Initiative Phase : SAS4A Code

In September 1995, FZK (Germany)the SAS 4A "code manager" issued the SAS
4A Ref. 94-R1 release. Now the "code manager" is CEA - IPSN. This code
manager is in charge of maintenance, Quality Assurance and the introduction of
improvements for the benefit of users. SAS 4A is still being developed in close
collaboration with FZK, PNC and CEA.

The modelling of in-pin fuel motion was introduced in SAS 4A Ref. 96.R.O issued
at the beginning of 1996. This model is being validated on the basis of the
CABRI tests : A13, BI3 and PF2, LT1, LT2.

Other modelling improvements concern :

• Radial O/M redistribution (FZK)

• Plenum gas blow-out (PNC)

• Boiling model (FZK)

• Freezing model improvement (PNC+CEA)

Validation of SAS 4A is still in progress on the basis of previous CABRI tests.
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7.3.5.2. - Transition Phase

A transition phase state-of-the-art was carried out. The main phenomena were
described and analysed :

- Fission gas influence

- Behaviour of a of molten steel and fuel mixture

- Material discharge.

Regarding the SIMMER III code, being developed by PNC (Japan), the
Europeans are participating in the qualification of the code.

7.3.5.3. - Expansion phase

An expansion phase state-of-the-art was carried out and expansion phase
calculations are being performed with the SIMMER 2 code and the "Advanced
Fluid Dynamics Model" (AFDM code). Results obtained with the two codes are in
good agreement.

7.3.6. - Source term and radiological safety analysis

The transport of the fuel aerosols and fission products from the cover gas to the
various cells of the reactor building and to the environment is calculated with the
CONTAIN-LMR code. In 1995 a modelled exhaust device was implemented in
the code. FRAMATOME used the code for FBR evaluation of the source term to
the environment and they found that specific models had to be developed and
implemented.

7.3.7. - Sodium fires

Experimental work on sodium fire was completed in 1993.

Interpretation of the experimental observations is still in progress using the
computer codes PULSAR and FEUMIX.

In order to acquire data to extrapolate the sodium experimental results for large
leak rates (a few tons/s) the AIRBUS programme is still in progress. The goal of
this programme is to measure the Sih coefficient (interface area multiplied by a
heat transfer coefficient) which is used in the modelling of the FEUMIX 3 code.
The AIRBUS programme is being carried out in water and air and in similarity
with sodium conditions.
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7.4. - Technology

7.4.1. Complementary information about the March 31,1994 accident at
Cadarache. (R. DEL NEGRO and P. MARMONIER, CEA)

The first information on this accident was given at the meeting of May 1995.

It should be recalled that the accident took place in a basement next to the leaktight
containment building of the reactor, at the end of dismantling operations. An explosion
occurred during the destruction of 100 to 150 kg of sodium that remained at the
bottom of a 55 m3 tank. This destruction was performed by successive introductions of
50 I of ethylcarbitol. A member of the CEA team was killed and four other people were
injured.

In addition to the administrative and judicial inquiries, the CEA set up an internal
Inquiry Commission on July 94. The latter concluded on :

=> The pneumatic explosion of the tank following unknown chemical reactions that
occurred in the heterogeneous and multi-phase physico-chemical mixture that had
formed during the washing operations, that had been suspended for several days,
and during the heating of the system ;

•=> The need to decree : design rules for equipment in order to facilitate its
dismantling, organization principles in order to preserve the memory of the risks in
the facility, and procedures for implementing dangerous products ;

•^ The suspension of the ethylcarbitol cleaning technique ;

•=> The need to pursue investigations in order to understand what happened and, if
possible, to draw up principles to be respected in the future.

The investigation programmes were performed as defined, and provided the first
results summarized below:

<=> The accident area was cleared and the information gathered confirmed that there
was pneumatic explosion of the tank, with a release of 200 MJ of energy (that is to
say the equivalent of about fifty kilograms of TNT);

•=> The chemical reactions and the fireball corresponding to the ignition of the gases
released into the air did not constitute a significant energetic input;

<=> Metallurgical analyses, althrough not yet completed, have permitted the tearing
lines in the tank's metal plate to be located and their origin situated ;

<=> The chemical analyses focussed on :

• Analysing samples taken just after accident in the residue, and from the
venting and ventilation circuits ;
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• Attempting to identify the reactions that may have occurred ;

• Identifying and quantifying the gases produced when ethylcarbitol,
ethylcarbitolate, a mixture of these two products, or a mixture of the
products with the decomposition products generated by the various
reactions, is heated. The abundant production of hydrogen was confirmed,
in addition to the hydrogen expected from the reaction of the ethylcarbitol
to the sodium, besides concentrations of carbon, methane, and carbon
dioxide that increase when the temperature increases ;

• Defining the energies released as a function of overheating conditions. As
long as the temperature remains below 220 or 230° C, exothermic
reactions are slow, beyond this temperature, temperature increases of
several hundred degrees in very short periods of time were measured ;

• Identifying the residues produced as a function of the temperature. These
residues are of variable aspect and consistency, depending on the
temperatures reached. They contain numerous, not yet identified
intermediate products (up to 50 % for reaction temperatures ranging from
220 to 390°C), oxalate, carbonate, and amorphous carbon in varying
proportions.

It was demonstred that isothermal exposures of between 210 and 230°C can lead to
exothermic reactions with an incubation time that increases as the temperature
decreases. It was also recorded that some reactions could occur at room
temperatures.

Future tests are in progress, focussed in particular on :

•=>The initiating cause of the runaway chemical reactions,

^The catalytic reactions that may occur.

Although these results confirm the initial conclusions of the internal Inquiry
Commission, it has been shown that the chemical reactions at the origin of the
accident are numerous and complex. They had not been explicitly described before
1994 and even today not all have been clearly defined. The conditions and causes of
the runaway reactions that may occur even starting at ambient temperature, have to
be specified.

The follow-up of the programme should provide results that will enable these
phenomena to be quantified and thus clarify the feedback from this accident and the
knowledge acquired since that time.

One should, however, particularly stress the need to maintain the suspension of the
implementation of ethylcarbitol cleaning until definite conclusions have been drawn
from both the analyses now in progress and future studies.
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7.4.2. Sodium technology.

7.4.2.1. - Sodium leak detection - Stainless-steel corrosion mechanisms

Activities on sodium leak detection and corrosion involve :

• The FUTUNA experimental programme, and,

• Based on the FUTUNA results, mechanisms of the transport of sodium
products from the leak and pipe stainless steel corrosion are being
studied.

The FUTUNA experimental programme

More than thirty FUTUNA tests have been carried out since 1989. The aim of this
programme was to provide data on sodium leak detection. Classical leak
detection systems (beaded wires, short circuit on trace heaters, flame
spectrophotometer), "sandwich" detectors (metallic foil placed between two
perforated silicoaluminate layers), and aerosol detection, were tested on pipe
sections.

Moreover, specific tests on flat plates were carried out mainly to provide data on
sodium product transport from the leak to the corrosion area and data on the
corrosion phenomena.

A sodium leak of constant and known flow was produced either on the top of a
pipe (Fig.7.4) or on the upper flat plate surface, both covered with mineral wool
insulation. The tests were carried out with sodium leaks of less than 1.5 cm3/min
and are representative of small leaks. The wall temperature ranged from 180°C
to 550°C ; most of the tests were carried out at 550°C and the duration of a test
did not exceed 550 hours. The pipes or plates were heated by trace heaters with
a temperature regulation (Fig. 7.4).

The pipes were representative of SUPER-PHENIX secondary loops. The 316
stainless-steel plates were 1 m x 1 m, thickness 10 mm. Pipes and plates were
covered with six layers of mineral wool insulating material (total thickness
250 mm).
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Experimental results show that the corrosion is limited to a peripheral annular
area which extends outwards in concentric waves. The diameter of this corrosion
area is practically constant. Furthemore, the tests show that the sodium does not
flow directly onto the metallic surface. The sodium is sucked through the mineral
wool insulation and divided into droplets due to capilarity forces. Chemical
reactions between silica fibers, occluded oxygen and water vapour occur during
diffusion transport of the sodium. Finally, there is deposition of sodium droplets
charged in oxygen.

The study allows the electrochemical nature of the corrosion to be proved. The
droplets charged in oxygen induce an anodic dissolution mechanism by
differential aeration. This phenomenon explains the random microscopic and
macroscopic aspects of corrosion.

7.4.2.2. Other items

• Experimental and theoretical studies with respect to the optimization of the
sulfophosphoric decontamination process, especially for IHXs, were
completed. The aim was to lower the phosphoric acid content ; this acid
prevents intergrannular corrosion, but leads to undesirable phosphate in the
waste. The process is at present being used for the IHXs in PHENIX.

• The study of the behaviour of impurities in sodium is still in progress. An
experimental programme concerning chromium and iron impurities is being
completed. It will provide information regarding the identification of corrosion
products, their transfer mode and behaviour according to oxigen content and
temperature.

7.4.3. In-service inspection and repair.

7.4.3.1. - Main vessel inspection.

The MIR remote-controlled inspection device (Module d'lnspection des
Reacteurs Rapides) (Fig. 7.5) was developed to monitor, throughout the lifetime
of SUPER-PHENIX, the surface and internal defects on the main vessel of the
reactor. Improvement of the MIR device is still in progress :

• Development of transducers with a piezo-composite material which should
improve the control for thick (up to 60 mm) butt welds,

• Improvement of analysis method in order to determine the characteristics of
the defects in such butt welds (data were obtained on a mock-up with the
transducers used in the 1988 inspection of the main vessel of Superphenix),
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• Improvement for the inspection of the "triple point" (where the core support
structure rests on the main vessel) with respect to surface (emerging) defects.
The procedure consists firstly in detecting the defect with an eddy current
probe, then in dimensioning the defect with U.S transducers.

• Coupling with current specifications (inspection of al] welds, inspection of
internal structures through the main vessel) has led to increased
requirements for ultrasonic transducers, emphasing the interest of array
transducers. The first application of such transducers is being performed on
mock-ups.

7.4.3.2. - Structural monitoring in sodium

• Within the scope of non-destructive control in sodium, a few materials were
selected after compatibility tests in sodium (T = 200°C). These materials will
be used in the design of U.S transducers generating narrow pulses in sodium
(~ 1)j.s). A review of electromagnetic ultrasound transducers (EMA) had
shown that, up to now, they were not used in sodium. Work is being
performed to determine their possibilities in this field of application.

• Ultrasonic telemetry in sodium is still in progress, mainly using signal
processing. A numerical model from the literature (LAHMERY, published in
the Journal of Acoustic Society in America) was applied to increase the
accuracy of sound velocity measurements using small targets (a few
millimetre in diameter) at a known distance (z 50 cm). Experimental
verification will be carried out in 1996.

7A3.3. - In-qas telemetry.

• Laser telemetry studies in air, including thermal perturbations representative
of the plena above a sodium pool, showed that the accuracy of the
measurements is better than + 3 mm on distances of a few meters.

Experiments above a sodium pool will be performed in 1996.

7.4.3A -. Above-sodium repair.

• The MIRSA facility ("Maquette pour Interventions et Reparations Sous Argon")
which is a facility (Fig. 7.6) for Intervention and Repair in Argon above a sodium
pool was used to test welding techniques. A special tool was designed to study
"Tungsten Inert Gas" welding engineering. In a first series of tests in argon at
130°C, a bead was deposited on sheet steels that were either clean or wet with
sodium.

• Tests in a glove box were carried out to clean sodium-wetted surfaces using hot
argon (180°C) blowing. A special tool is being designed to use this process in the
MIRSAfacility(in1996).
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• A laser process to clean sodium-wetted surfaces sodium was tested in a glove box
under a nitrogen atmosphere. In this process a residual layer of 0.035 jam is
obtained (half the thickness obtained with hot argon blowing) and the steel
surfaces remain intact.

• Cuttings with a YAG 1 kW pulse laser were performed in one cut on steel sheets
up to 25 mm thick. High quality cuts were obtained, but the recovery of debris is
difficult. In order to avoid this problem a multicut process is being tested.

7.4.4. - Steam generators.

7.4.4.1. -ATLAS monotubular rig (Fig.7.7)

The ATLAS monotubular rig, with a straight tube, was designed to obtained detailed
data on heat transfer, pressure loss, dry-out correlations and flow instabilities in view
of validation of the thermalhydraulics case of the EFR steam-generator units. The
ATLAS rig was connected to the steam-water and sodium supply system of the SET
facility at CEA-CADARACHE. The programme was successfully performed in 1995
with a series of 34 tests. Sensitivity studies on vapour pressure, flowrate and inlet
temperature of sodium and water around nominal conditions (vapour pressure (185
bar)), in a large power range (20, 50, 80 and 100 % Nominal Power) were carried out.
In addition, a series of experiments was performed at "low pressure" (60, 80 and 120
bars).

Analysis of the data is in progress.

7.4.4.2. - Sodium-Water and leak Detection

• A review of data available worldwide combined with the CEA data base resulted in
the development of a new version of the wastage laws with modelling of the
various characteristics of the wastage impact profile (with determination of central
wastage speed, and toroidal wastage speed). These wastage laws were
introduced into the PROPANA code, which calculated wastage profiles and
temperature fields.

• When a defect leak rate is in the intermediate leak range (approximately greater
than 100 g/s) tube bursting due to overheating in the reaction area becomes a
more important effect than wastage alone. The thermomechanical MECTUB code
calculates the time to rupture under these conditions. The validation of this code is
still in progress. In 1995 data previously obtained in the SUPER-NOAH Rig
(AEA T) were used for this validation.
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7.5. - Materials and mechanics

7.5.1. - Materials

7.5.1.1. - Steam generators - Alloy 800

Due to its exceptionally high temperature corrosion and creep resistance, Alloy 800 is
used for steam generator tubing in SUPER PHENIX. Modified 9 Cr 1 Mo steel has
been selected for steam generator tubing in EFR, but Alloy 800 remains the back-up
material.

• Multiaxial creep behaviour for INCOLOY 800 tubes under internal pressure

A considerable amount of mechanical properties design data on Alloy 800 has already
been produced for SPX1, but certain additional work, especially long creep tests were
necessary for confirmation. These long term creep/stress rupture tests include the
effects of titanium and aluminium additions and welding evaluations. Work has been
carried out mainly on pre-pressurised tubes tested at temperature 550°C (a series of
over one hundreds tests were performed).

The design of the Incoloy 800 specimen tubes is shown in Fig. 7.8. The specimen
tubes were cut from the as-received steam generator tube material and were sealed
by electron beam welding of the end caps. One of the end caps was fitted with a high
pressure inlet valve to allow tube pressurization prior to testing. The length of the
specimens was about 200 mm, the external diameter was 25 mm and the wall
thickness was 2.6 mm. After pressurization the tubes were positioned inside a filled-
argon protection vessel which was then placed in a furnace at 550°C. Tube failure
was registered by a manometric technique. The tubes were removed from the furnace
for inspection every 2.000 hours in order to make tube measurements at room
temperature. Outer diameters were measured sections (see Fig. 7.8). Thiknesses
were measured by ultrasound at every 90° of circumferential angle on cross sections
2, 3 and 4.

During the creep test, when one of the tubes cracked (of burst), the rupture time was
registered and the furnace heat was automatically stopped by the manometer. The
failed tube removed, the heat was re-started and the experiment continued until the
next measurement inspection time. Tube leakage could be detected only by weighing.
The manometer was not sensitive to slight gas leaks, so that the tube leakage time
could be controlled to within every 2.000 hours.

Stresses and temperature (550°C) were choosen superior to those indicated in normal
operating conditions because the average time of each test did not exceed 20000
hours.
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Thin-walled tube approximation was used to estimate the stresses across the tube
wall thickness required for given internal tube pressures. A refined numerical
modeling of stresses and strains in the pressurized test specimens was developped
taking into account : internal pressure changes, nonlinear geometrical effects and
creep deformation during all the test procedure cycles. Comparison of the numerical
results with the experimental measurements shows a good agreement which validates
the multiaxial generalisation of the RCC-MR strain creep laws which were used in the
calculations. A multiaxial creep rupture criterion was proposed.

• Crack initiation and growth under creep and fatigue loading for the Incoloy 800
alloy in the SPX steam generator.

A new identification of the PARIS law for the Incoloy 800 in a very representative
parameter range was proposed. At the same time fatigue crack growth experiments for
a representative geometry under complex thermal loading have been made. A Finite
Element interpretation with a sensitivity analysis for several fracture mechanic
parameters was proposed.

• Corrosion studies in INCOLOY 800

Corrosion studies on pre-pressurized tubes with butt welds in both 0.1 and 0.001
NaOH solutions were carried out up to 100 000 hours. No cracking were observed on
the 11 tubes tested (0.1 % Na OH).

7.5.1.2. - Cracks initiation and growth in stainless steel 316 L at high temperature for
F.B.R.'s components

In 95 the experimental program TERFIS (Fig. 7.9) (carried out on a Sodium bench
test) was intended to the analyse of the influence of a residual stress field on crack
initiation and growth in weldments. Experimental interpretations have been made with
simplified methode and Finite Element Analysis, both were based on a global
approach of fracture mechanic. Concerning simplified methods, new analytical limit
loads for 3D flows under complex loading have been proposed with a lower bound
formulation. On the other hand, the local approach with an intergranular creep
damage model, proposed by the "Ecole des Mines de Paris", has been validated on a
wide range of high temperature data for crack initiation and growth on CT and
Axisymetric specimens under creep and creep-fatigue loading. The damage model is
now partially coupled with the Finite Element analysis and an automatic remeshing
algorithm.
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7.5.1.3. - The Leak Before Break concept (L.B.B)

In order to validate the extension of the Leak Before Break concept to very long
internal surface cracks an experimental data base is made with CHARFIS program
(Fig. 7.10). The tubular specimen has an internal axisymetric surface crack located in
a weldment, which initiate and grow under a creep-fatigue loading. Last year two more
tests were made (six tests are planned for the whole program). The influence of a
thermal gradient load in the thickness has been tested with the fourth campaign. For
interpretations a Line Spring Finite Element approach was used.

7.5.1.4. - Initiation of welded joint design discontinuities under mixed mode creep-fatigue
loading.

A new experimental test for the study of welded join design discontinuities was pre
dimensioned last year. The specimen, with a representative geometry, will be tested
under a creep-fatigue mixed mode loading, generated with a complex thermal
gradient, on a Sodium test device.

7.5.2. - Dynamic core mechanics

SYMPHONY EXPERIMENTAL PROGRAMME

The seismic response of LMFBR cores has been extensively studied during the past
few years in France. The modelizations were developed, based on the computer code
CORALIE at the beginning and later on the CASTEM 2000 code was used. The
experimental programme was based on the observation of the seismic response of a
RAPSODIE core mock-up which includes 91 dummy subassemblies and 180 neutronic
shield elements.

In order to observe the dynamic response of LMFBR cores at a larger scale, it was
decided to start the construction of two mock-ups using dummy PHENIX assemblies.
This experimental programme has been named the SYMPHONY programme. Part of
this programme is henceforth performed within a cooperation contract between CEA
and PNC (Japan).
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Two experimental mock-ups have been designed and manufactured.

- 3 row mock-up (Fig. 7.11, Fig. 7.12):

This mock-up includes a central row and adjacent rows.

The central row accomodates 24 assemblies and 22 neutronic shield elements (11 at
each end). Each of the two adjacent rows include 23 fuel assemblies and 22 neutronic
shield elements. All together this mock-up can be equipped with 70 fuel assemblies
and 66 neutronics shield elements.

The diagrid is composed of 2 plates connected by chandels. In these chandels are
inserted the spikes of the fuel assemblies or the neutronic shield elements. Some gap
is provided for the introduction.

The diagrid is 6.3 m long and is bolted to the shaking table (Fig. 7.11). A watertight
vessel is connected to the diagrid to perform tests in water. Stiffening beams prevent
lateral vibration of the vessel.

Two types of bundle configuration can be tested : free standing core and barrel
restrained core. In order to achieve this latter configuration rigid stops can be
anchored to the vessel at the pad and top level.

The total mass of this mock-up, including the fuel assemblies and the neutronic shield
is 58 T.

- Hexagonal mock-up (Fig. 7.13)

This mock-up has exactly the same geometry as the RAPSODIE mock-up which has
been previously tested but the dummy fuel assemblies have the PHENIX dimensions.
It is composed of 91 fuel assemblies (a central assembly and 5 surrounding crowns)
and 180 neutronic shield elements (4 crowns).

The diagrid is circular and is bolted to the shaking table. The bundle is surrounded by
a watertight vessel to perform test in water. Similarly to the 3 rows mock-up, the
bundle can be tested in a free standing and core restrained configuration. Removable
rigid stops can be placed on the vessel at the pas and top levels.

- Fuel assemblies (Fig. 7.14)

91 dummy fuel assemblies are available. They have exactly the PHENIX dimensions.
There is only one pad level (1435 mm from the top) where the gap is 0.25 mm
between two adjacent assemblies.

Their weight is 182.5 kg. Steel cylinders located inside the hexcan are simulating the
pin bundle without adding rigidity to the assembly. Water can be introduced in the
hexcan from the top. The pitch of the bundle is 127.2 mm.
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- Neutronic shield (Fig. 7.15)

180 neutronic shield elements have been specially designed for the mock-ups. They
are made of a steel bar which have been machined to obtain a spike at the bottom and
a gap of 3.2 mm at the top. Their rigidity has been designed to provide a stiffening
effect relative to the flexibility of the fuel assemblies. Functional gap in the chandel
allows for a small rotationnal rigid body motion of the neutronic shield element.

TEST PROGRAMME

The test programme is divided in two principal phases corresponding to each mock-
up. Presently only the three rows mock-up have been tested with only the central row
in place. It can be considered that only preliminary tests have been performed up-to
now.

The different phases of the tests were the following :

- verification of the dynamic performances of the test vessel;

- test on a single fuel assembly

* Static test

* white noise excitation at different levels to measure the assembly frequencies
and damping. These tests were performed in air and water at different locations
within the diagrid and with different subassemblies :

- test on a single neutronic shield element. The same test programme as for the fuel
assembly was performed ;

- single row test with 24 fuel assemblies :

* white noise excitation at different levels in air and water

* seismic excitation at different levels with two time histories. One corresponding
to a reactor directly founded on the ground and an other one with base isolation,

- single row test with 24 fuel assemblies and 22 neutronic shield elements. The test
programme was the same as above : white noise and seismic tests.

First results were published at the SMIRT 95.

The preliminary tests on the SYMPHONY three rows mock-up have shown that the
fuel assemblies are moving as a lumped mass.

Due to the gap within the neutronic shield element chandels, the single neutronic
shield element exibits a strong non linear behaviour. It was decided to reduce this
gap. This modification was carried out in 1995 and new single neutronic shield
element tests were performed.

Instrumentation was also improved and a series of tests on the three row
configurations with modified neutronic shield elements spikes was started at the end
of 1995. Tests on hexagonal bundle are planned in 1996.
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XA0200809

Energy Policy in Germany
(Forschungszentrum Karlsruhe Technik und Umwelt)

- In 1995 nuclear power contributed the largest share

(34 %) of all energy sources (lignite 29 %, hard coal

26 %).

The 19 power stations (Wurgassen and Mulheim-

Karlich didn't operate) produced 154 TWh, which is

a 2 % increase compared to 1994.

- The energy consensus discussions (resumed in

1994 to achieve a basic agreement) were stopped

without reaching a solution or a success. It is now

endeavoured to reach a part consensus at least

about the back-end of the fuel cycle.

- Finishing the dismantling campaign of the KKN

reactor at Niederaichbach in 1995 was the first

example of a "restoration of the original state". FZK

acted as project coordinator for this work.

- Based on the decision by SIEMENS and German

utilities not to operate the MOX facility plant at

Hanau the first activities for the dismantling started

already.
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Remaining R&D activities in the area of
Fast Reactors

Some research projects connected with former fast

reactor R&D and studies for separation/transmutation

of Minor Actinides are performed in international

cooperation.

These are:

1. Status of HCDA code development

1.1 SIMMER III development and validation

1.2 Status of SAS 4A development

2. Qualification of the SAS 4A model development

3. Transmutation of Minor Actinides

3.1 Chemical separation

3.2 Neutron physics

3.3 CAPRA core safety problems

3.4 Irradiation experiments
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Remaining R&D activities in the area of
Fast Reactors

1. Status of HCDA code development

At FZK SIMMER-III and SAS 4A are developed in co-

operation with European partners and PNC.

1.1 SIMMER-HI development and validation

- Integration of advanced neutronic methods into the

code (based on TWODANT).

- Code validation with the QUEOS premixing

experiment.

- Code validation with the KATS melt spread

experiment.
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Remaining R&D activities in the area of
Fast Reactors

1.2 SAS 4A development

Release of the SAS 4A, Ref. 96.Rel 0 code version

(Common development of IPSN, OEC and FZK)

revised COMMON-block structure

correction of coding errors

implementation of the EJECT model developed by

IPSN

new mechanical property correlations of the clad

material.

Improvement of existing models (Rel. O.MOD FZK)

-basic revision of the two-phase flow model

-new approach to calculate solid fiss. product swelling

improvement of the JOG model

revised approach for fission gas induced fuel swelling

implementation of the IPPE clad swelling law.
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Qualification of the SAS4A-model
development

Experiments with Rig-1 and Rig-2 fuel pins (solid pellet
design with 6.2 and 7.5% as fabricated pellet porosity)
of the CABRI-1 programme with low target burn-ups
of 1 and 2.8 at% respectively

- steady state fuel pin characterization and rapid ther-
mal calibration tests (no failure tests)

- rapid power transients with high energy releases

- nominal cooling conditions up to extended two-
phase flow conditions

Experiments with VIGGEN-4 and OPHELIE-6 fuel pins
(solid and hollow pellet design with 4.5% as fabri-
cated pellet porosity) of the CABRI-2 programme with
high and medium target burn-ups of 11.2 and 5.8 at%
respectively

- steady state fuel pin characterization and thermal
calibration tests (no failure tests)

- structured power transients with high and medium
energy releases

- nominal cooling conditions up to extended two-
phase flow conditions

- slow power ramps (0,1 %
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Experiments with SCARABIX and QUASAR fuel pins
(hollow pellet design with 4.0 and 4.5% as fabricated
porosity) of the CABRI-FAST programme with medium
to high target burn-ups of 6.4 and 12 at% respectively

- steady state fuel pin characterization and thermal
calibration tests (no failure tests)

- structured power transients with high and medium
energy releases

- nominal cooling conditions up to extended two-
phase flow conditions

- mainly slow power ramps (0.1 %
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Remaining R&D activities in the area of
Fast Reactors

3.1 Chemical separation process

Objectives:

- Separation of long-lived actinides (Am + Cm) from

fission "lanthanides" (La + Eu) in the HAW of the

Purex process.

- Development of a flowsheet for an aqueous solvent

extraction.

Results:

- First findings (1992-94) showed that extractants

containing only sulphur atoms are not suitable, also

compounds with mixed nitrogen and sulphur atoms

could not distinguish between Am(lll) and Eu(lll).

- Best results could be gained using extractants

which contain only nitrogen as donor atoms. In this

case these extractants, which must be fabricated
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Remaining R&D activities in the area of
Fast Reactors

3.1 Chemical separation process (continued)

separately, are compounds between organic dia-

mines and Pyridine derivates.

- The work is partially sponsored by the EU and per-

formed in close cooperation with many European

partners.
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Remaining R&D activities in the area of
Fast Reactors

3.2 Neutron physical studies

General:

- Nearly all our studies in the field of transmutation

are directly connected with CAPRA and SPIN pro-

grammes, therefore concentration on very specific

items only.

Main tasks:

- Refined neutronic core calculations for safety

related input data (Doppler, Na-void, kefF, power dis-

tribution, etc.) considering

core loading strategies

light/heavy diluent insertion.
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Remaining R&D activities in the area of
Fast Reactors

3.2 Neutron physical studies (continued)

Studies to define the tolerable amounts of MA in

CAPRA cores with homogeneous fuels. First results

indicated that larger quantities of these elements

additionally require the presence of "moderator"

materials.

Starting conditions for scenario studies for Pu-

burning were defined, based on various LWR types

(Biblis, N-4) followed by multiple recycling in a

CAPRA burner core.

These scenario studies are part of an EU-sponsored

programme.
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3.3 Safety Analyses for Comparison of the
Behaviour of Conventional and

Advanced Core Designs

Consequence analyses of unprotected loss-of-flow
transients in conventional core designs

- EFR Core design (three batch loading scheme with a
high burn-up target of up to 20 at%)

- SPX-like core design (two batch loading scheme
with a medium target burn-up up to 8.4 at%)

Activities in the framework of the CAPRA-project

- Investigation of the power distribution and of reac-
tivity worth distributions of sodium, steel and fuel
at end-of-equilibrium cycle (EOEC) conditions de-
pendent on core loading strategies with subcycling
of heavy and light diluents

- Steady state core characterization at EOEC-
conditions (three batch loading scheme and hollow
pellet design with high target burn-up up to 20 at%)

- consequence analyses of an unprotected loss-of-
flow accident up to first shut-down in the initiation
phase with SAS4A-REF94
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Participation in the lAEA/CEC sponsored comparative
exercise for ULOF-analyses of a BN-800 like core de-
sign with a nearly zero sodium void effect

- Review of the case set-up specifications as provided
by IPPE, Obninsk Russia

- f inaiization of the steady state core characterization
at EOEC-conditions (three batch loading scheme
with a target burn-up up to 8.2 at%)

- Preboiling and boiling transient analyses up to first
fuel pin failure taking into account structure feed-
backs as control rod drive line expansion and para-
metricaliy radial core expansion

- Stage V of the exercise (post failure analyses) will be
performed from mid of July 1996 onward.
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Remaining R&D activities in the area of
Fast Reactors

3.4 Irradiation experiments in HFR

Objective:

- Besides SILOE and PHENIX, the HFR irradiation

experiments strongly support the development of

new CAPRA fuel types.

Main point is to study the irradiation behaviour at

medium and high burn-ups (-11 at.%), but also very

specific properties like solubility in HNO3,

transmutation rate of actinides (Pu + Np), diluent

suitability.

Status:

- First irradiation series (TRABANT 1) started in 1994,

3 different fuel types:

mixed oxide with 45 at.% PuO2 (burn-up 9.5 %)

mixed oxide with 40 at.% PuO2 + 5 % NpO2 (b.u. 4.4 %)

uranium free fuel type (Pu,Ce)O2 (b.u. 3.9 %).
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Remaining R&D activities in the area of
Fast Reactors

3.4 Irradiation experiments in HFR (continued)

- Second series under preparation,

containing two different fuel types

mixed oxide with 40 at.% PuO2 and differ. O/M ratios

uranium free fuel types based on PuN, i.e. pure PuN

or PuN + diluent "nitrides".
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STATUS OF FAST BREEDER REACTOR DEVELOPMENT IN INDIA

April 1995 - March 1996

S.B.Bhoje
Director, Reactor Group

IGCAR, Kalpakkam, India

ABSTRACT

The energy scenario and economic conditions in India are presented. India needs
considerable energy for its rapid industrialisation with the liberal economic policy. Nuclear
energy with FBR is the only large scale energy resource other than coal, available in the
country. The present economic constraints have delayed the construction of new NPPs. The
performance of operating reactors has improved considerably during the year. Operating
experience ofFBTR has been detailed particularly the reactivity incident and its investigations.
Updated design of 500 MWe PFBR is presented. Various R&D works in support^FBR in the
engineering, metallurgy, chemistry, reprocessing, safety etc. are detailed out.

1.0 BACKGROUND

India has a population of about 900 million which is currently growing at an annual rate
of about 2%, and is expected to cross the billion mark by the turn of the century. India supports
16% world's population on 2.3% of land area. Traditional biomass fuels such as firewood,
agricultural and animal wastes, about 250 million tonnes a year, provide about 40% of total
energy needs. Coal provides 40% of total energy requirements. Remaining 20% is contributed
by oil, gas, hydro, nuclear, solar, wind etc. The percapita average consumption of electricity
is very low, only 420 kWh per annum. About one-fourth of the total power generated is
consumed in the rural areas, even though they constitute three-fourths of the population. 85%
of the villages are deemed to have been electrified, but only about 28% of the households use
electricity. 71 million rural households still do not use electricity. About 86,000 villages, in the
remote areas, are yet to be electrified.

The year 1996 was a one of mixed fortunes on different fronts. On the economic front
the country continued to maintain steady growth. GDP growth was sustained at 6.2%. The
industrial production continued to rise at 12%. The export boom continued with growth of 24%.
Though the import also grew at 29%, the deficit was restricted to 1.5% of GDP. The inflation
was brought down this year below 5%. The rupee value which fell for a short while raising
alarms rallied later to stabilise. Forex reserves continue to be good, touching 21 billion dollars.
However, the liberalised economic reforms have not helped on the electrical energy front. The
total electrical energy capacity addition during the current eighth five year plan (1992-97) will
be less than that added during the seventh five year plan. This has happened because government
financing for power sector did not go up while the much sought after private investment in power
sector is going through a gestation period. Here again, there does not seem to be a clear-cut

i l l



policy over sector-wise growth. The need of the country is power source to bridge the peak
demand for which the hydro power is the best suited while the private investment is totally fossil
fuel based. Another area of concern is revamping and expanding the transmission and
distribution system.

Total installed electricity generation capacity is 83.3 GWe at the end of March 1996. Out
of this, 60.1 GWe is thermal, 21 GWe is hydro and 2.2 GWe is nuclear. Capacity addition during
last year was only 2120 MWe. Total electricity generated by the utilities during the year was
379.3 TWh, working out to a load factor of about 51%. Sectorwise electricity generation during
1995-96 is given below :

• Fossil Fuel - 299.5 TWh

• Hydro
• Nuclear

Total

072.4
007.9

379.8

TWh
TWh

TWh

Coal based
Lignite based
Gas based
Oil fired
Multi fuel

250.2
012.9
025.8
001.6
009.0

TWh
TWh
TWh
TWh
TWh

Construction works of 4 x 220 MWe PHWRs are nearing completion and are planned to
be commissioned during 1998-99. Financial sanctions for additional 220 and 500 MWe PHWRs
could not be obtained due to paucity of funds. Construction of the 100 tpa capacity Kalpakkam
Reprocessing Plant (KARP) is completed and cold commissioning trials were started by end
March 96. Regular operation is expected to start by Dec 96.

There is a bright outlook for wind energy and 366 MWe was added last year making up
to a total of 733 MWe. Solar energy is also being pursued vigorously. Solar heaters and
photovoltaics are being popularised for various domestic applications and irrigation in remote
areas. An ambitious capacity addition is being planned for the coming years to raise the total
capacity to around 400 GWe by A.D.2020. This requires rate of addition of 9 GWe/a during the
next ninth five year plan , 12 GWe/a in the tenth plan and 15 GWe/a in the later period. Apart
from financial resource mobilisation, the planning requires considerations of energy security and
diversity. Nuclear energy continues to be recognised as one of the main sources of power for
the country. The cut in government funding has affected addition of new capacity over past few
years; but a major thrust in the nuclear energy front is bound to come sooner than later. The lull
in the current period is being utilised by the Department of Atomic Energy to consolidate on the
technology front and improve the load factors and safety of the operating plants. The present
target for nuclear energy is 20 GWe by 2020 A.D.

Electricity generated in 1995 by nuclear plants increased substantially, inspite of no
additional capacity and RAPS not being available during the year, to 7.98 TWh from 5.6 TWh
last year, an increase of 40 %. Except for TAPS 2 and MAPS 2, an average load factor of 70 %
has been achieved in all the other reactors. The performance figures for the reactors are shown
in the following table.

112



Out of the 20 GWe capacity planned for 2020 A D from nuclear energy, 2.5 GWe is
proposed to be from 5 x 500 MWe FBR. Towards this end, early commissioning of the 500
MWe Prototype Fast Breeder Reactor (PFBR) is sought so that after evaluating the performance
of PFBR for a few years, 4 more 500 MWe reactors of same design could be commissioned by
2020. The present plan is to start construction of PFBR by 1998.

OPERATING PERFORMANCE OF NPP 1995-96

Unit

TAPS-1

TAPS-2

RAPS-1

RAPS-2

MAPS-1

MAPS-2

NAPS-1

NAPS-2

KAPS-1

KAPS-2

Total/
average

Generation (TWh)

Target

0.960

0.680

Actual

1.108

0.445*

Availability
factor (%)

90.14

35.60

Capacity
factor (%)

78.89

31.65

shutdown for rectification of PRD on calendria

shutdown for replacement of coolant channel

0.905

0.995

1.222

1.226

1.225

0.737

7.950

1.136

0.274*

1.295

1.457

1.115

1.152**

7.982

79.59

08.79

75.31

81.07

73.47

84.70

67.33

76.07

18.38

66.99

75.40

57.07

70.02

60.00

**

Shortages in target are on account of longer shutdowns required for regulatory inspection.

KAPS-2 commenced operation from 1.9.1995. The figure includes 0.365 TWh generated
during the infirm power period.

2.0 FAST BREEDER TEST REACTOR (FBTR)

FBTR is a 40 MWt/13.2 MWe, mixed carbide fuelled, sodium cooled, loop type reactor.
It has been provided with 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 Oct'85. Since then it is operated at various power levels in stages upto 10.5 MWt.
The small carbide core with 25 fuel subassemblies (Fig 1) has been licensed to operate upto 10.5
MWt with a peak 320 W/cm linear heat rating of fuel. Commissioning of TG was started in
March 96.
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2.1 Reactivity Incidents

In Nov"94, when the reactor was operating at 10.1 MWt, power was found to be slowly
increasing. Though the control rods were lowered one by one, the power continued to rise and
reached 10.4 MWt in about a minute. The control rods were cumulatively lowered by 7.6 mm
and the power was brought down to 10.1 MWt. The reactivity meter registered a spike of 3 pcm
during the incident. Reactivity before and after the incident did not reveal any measurable
permanent reactivity gain.

In April'95, during a startup, when the reactor was at 7.1 MWt, power increased sharply
by 450 KWt in 7 s (Fig 2). No control rod movement was made at this time. Reactor underwent
a scram on high positive reactivity and the recorder indicated a spike of+10 pcm. Criticality
measurements before and immediately after the incident revealed a reactivity gain of about 24
pcm. However, a reduction of this value to 14 pcm was observed upon subsequent
measurements. The measurement error itself is of the order of ± 10 pcm.

19 postulates were studied to find out the probable cause for the transient and 13 of them
were tested during reactor operation at low power as well as at high power.

a. Primary sodium flow change(test done at 9.5 MWt): When the primary sodium flow
was increased by 4%, the power went up by about 100 KWt and came down by the same amount
when the flow was restored to the original value. Changes in sodium flow, inlet & outlet
temperatures were observed on recorders during the test, but no such change was observed
during the transient. A flow increase of about 17% is required to cause similar transient and is
very unlikely.

b. Secondary sodium flow change(test done at 9.5 MWt): When speed of one of the
secondary pumps was increased by 9.5%, the power went up by 350 KWt and then came down
when the pump speed was lowered. The flow changes were perceptible on the flow recorder. The
recorders response to fast changes in speed were also confirmed. However, there was no flow
variation recorded during the transients and hence this postulate was ruled out.

c. Feed water flow change(test done at 9.5 MWt): When feed water flow increased by
13.4%, power started raising after about 90 s and a net increase of 200 KWt was recorded 200s
after the perturbation. Flow variation and a dip in steam temperature were observed on recorders
during the test. During the transients, no changes in feed water flow & steam temperature were
observed.

d. Steam pressure change(test done at 9.8 MWt): The change in steam pressure from
114.7 kg/sq.cm to 97.4 kg/sq.cm, resulted in flow increase, decrease in steam temperature & fall
in sodium inlet temperature and all were noticed on the recorders. Vernier power started going
up about 60 s after the drop of steam pressure and power started raising fast after about 5 min
upto 500 KWt. Combining this test with the test of feed water flow change, it may be inferred
that a power raise of 350 to 450 KWt warrants small fluctuations in steam pressure /feed water
flow to persist for more than 3.5 min and such changes are recordable. At the time of the
incidents, no abrupt change in the recorders of steam pressure, feed water flow, steam
temperature & primary sodium inlet temperature were observed.
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e. Operator error: Possibility of inadvertent raising of control rod by the operator was
studied. Calculations, tests and analysis revealed that it is unlikely that operator has raised the
control rods just before the incident.

f. Stuck contacts: Any contactor in the CRDM logic raising circuit getting stuck would
have resulted in continuous raising of control rod and the power profile in such a case would
have been steep and do not confirm to the profile during the transient.

g. Sodium voiding: If the reactor is operated with sodium in a subassembly boiling, the
sudden collapse of this void and immediate resumption of boiling can lead to a transient rise in
reactivity and power. For the transient of this order to occur, more than 16% of the volume in
a subassembly is required to boil and this should have resulted in scram by plugging detection
subroutine of central data processing system.

h. Argon entrainment: If the reactor is normally operated with 41 cc of gas continuously
present in the core, the exit of this gas from the core and its appearance can explain the transient.
This is possible by cover gas entrainment, if the operating level in IHX fluctuates about the safe
level. Several tests conducted with the IHX sodium level changes by ± 100 mm, revealed no
perceptible reactivity changes.

i. Geometrical deformation of core due to CCPM: It was postulated that the weight of
the CCPM, if resting on three subassemblies for the accurate measurement of outlet temperatures
of subassemblies would have resulted in slight geometric changes in core, which might have got
reversed during the transient. Experiment at 10 KWt revealed that a negative reactivity of 3 pcm
is added when CCPM rests on the core and reactivity become zero as soon as CCPM is lifted off
the SA heads. The experiment was repeated at 10 MWt, but no changes in reactivity were seen.
This could be due to the rigidity of the core when the buttons touch one another at high power.

j . Hydrogen from cover gas(He/Ar): For the reactivity to persist for a minute at the
sodium flow rate of 360 cu m/h, the quantity of H2 required works out to 255 gm. This again
works out to 9.2 ppm of H2 after full dissolution in primary sodium which would have resulted
in a plugging temperature of 290 deg C. Plugging temperature of primary sodium measured after
the incident was less than 105 deg C.

k. Hydrides from cold trap: To test this hypothesis, the cold point temperature of primary
cold trap was raised to 130 deg C and maintained for 12 h. No reactivity effects were seen. It
may be noted that the cold trap mainly traps oxides of sodium and hence hydride leaching from
the cold trap is a remote possibility.

I. Moderator ingress: A micro filter steel subassembly was loaded in the core and about
520 times the hold up of primary sodium was circulated through the subassembly to trap
sodium-oil reaction product (due to any oil ingress from sodium pump), if any, in the primary
sodium. The filtrate was analysed for carbon content and found to be very small (300 mg),
considered not adequate to cause the transient.

m. Hydride deposits from cover gas space: The ingress of hydride deposits from a pump
or IHX can cause a transient. However, the plugging temperature should have gone up to 290
deg C, as against the observed value of less than 105 deg C. The postulate was hence ruled out.
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n. Fuel restructuring: Any fuel restructuring leading to axial contraction can add positive
reactivity. The fuel had seen a max burnup of more than 13,000 MWd/t and average burnup of
more than 10,000 MWd/t at the time of the incidents. Gap closure due to initial restructuring by
pellet cracking should have been completed long back. Further closing of gap will come about
by fuel swelling, which is a slow process. The rate of closure averaged over a large number of
pellets in the core, is not expected to vary suddenly, due to the power distribution in the core.
Also since fuel swelling is an irreversible phenomenon, the resultant reactivity changes will be
permanent, which has not been observed.

o. Melting of source pin: Since antimony is a neutron absorber, the removal of antimony
from the core will lead to positive reactivity. Almost total inventory of all the pellets in source
pin has to melt, breach its double containment and get entrained in sodium for the transients of
this order to occur. Such a scenario leads to permanent reactivity gain and also the shut down
count rates before & after the transients do not give any indication of antimony loss.

p. Improper gripping of control rods: The possibility of reactivity change due to upward
movement of control rod relative to CRDM by improper gripping of control rods was checked
experimentally and it was confirmed that there was no anomaly in gripping of control rods which
could have caused the transient.

q. Sodium voiding in control rods: Detailed analysis revealed that sodium voiding by
helium generation and subsequent displacement by sodium has to take place simultaneously in
all six control rods for the transient to occur. This being highly improbable, was hence ruled out
as the cause for the transient.

r. Change in control rod & 25th S/A reactivity worths: Remeasurement of control rod
worths and the 25th fuel subassembly worth compared well with the earlier values.

s. Subcritical operation: Reactor was kept in subcritical state at 180° C and 400° C for
about two weeks under observation and no transient was observed.

The results of the various investigations carried out did not indicate the cause for the
transient. Since the transients had occurred during high power operation, it was decided to
operate the reactor after increasing the reactivity scram threshold (+ or - 30 pcm) and
augmenting the data acquisition system to gather sufficient data for analysis, if the incident
recurs. The reactor operated in Feb & Mar'96 at 10.5 MWt for about 600 h and the transient did
not recur.

2.2 Malfunctioning of CCPM

CCPM is a 6 m long, 82.5 mm diameter command tube with fixed and mobile core cover
plates at the bottom and is centrally located in control plug (Fig 3). The fixed cover plate houses
the thermowells for the 84 pairs of thermocouples and the mobile cover plate houses the sleeves
to direct the jet of sodium from the top of the subassemblies to the thermowells. The mobile
plate has three positions viz., fuel handling position (75 mm above the SA heads), normal
working position (15 mm above the SA heads) and bottom position (resting over the SA heads).
The up & down translation is done manually through a ball screw assembly. The primary and
secondary leak tight barriers are provided by SS and neoprene bellows respectively and the
interseal space between them is supplied with fresh argon.
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During normalisation of pile after fuel handling operations in July'95, it was observed
that CCPM could be lowered only upto 7 mm above the normal working position. Subsequently,
during one of the trials to check for the movement, CCPM got stuck at 6 mm above the fuel
handling position, while checking for the actuation of the top limit switch. Various
investigations were carried out. Ball screw assembly was dismantled and found to be in good
working condition. Leak testing of the interseal space was carried out and found that primary
metallic bellows is leaktight. The interspace between the bottom of the mobile cover plate and
the sub assembly heads was scanned using under sodium ultrasonic scanner and confirmed no
physical obstruction below CCPM. Based on safe load analysis, a jacking down force was
applied and CCPM got released from top position at 780 kg and lowered upto the normal
working position with progressively reducing force. Subsequently, movement of CCPM was
repeatedly checked for its entire travel and found to be smooth. The precise cause for the
malfunctioning of CCPM could not be found out and may be due to presence of foreign materials
(burr, chip etc) in the interseal space, where minimum radial gap is 1 mm.

2.3 Reactor Operation

During this period, sustained operation of reactor for 17 d at 10.5 MWt was achieved.
Operational run with 25 SA will be completed shortly.

Reactor operated in April '95, Feb. & March '96 and logged 962 h of operation, out of
which 600 h at high power (Fig 4). Reactor remained shut down for the remaining period for the
investigations of reactivity scram incident and the malfunctioning of CCPM. During this period,
reactor operated at low power intermittently for remeasurement of control rod worths, 25th fuel
subassembly worth etc and in subcritical state towards the investigation of the incident.

FBTR has logged 14212 h of cumulative operating time, out of which 2500 h has been
at high power. The fuel has seen a peak burn up of 20,400 MWd/t without any failure. (Burnup
22,500 MWd/t upto 19.4.96). During the year reactor tripped 8 times (4 scrams and 4 LORs) and
there were 2 forced manual shutdowns.

Major works like commissioning of new 3 cu m/h DM plant, connection &
commissioning of underground concrete channel for enhanced condenser cooling water return
flow from cooling tower, installation of fire stoppers at cable penetrations, RCB leak test, various
modification works for the improved performance of different systems, major preventive
maintenance works and surveillance activities were carried out during the shut down period.

Reactor operated at 10.5 MWt continuously for 17 d in March'96. The performance of
reactor systems, sodium systems, control rod drive mechanisms and other safety related systems
and auxiliary systems were generally satisfactory. The primary and secondary sodium purity
was maintained below the plugging temperature of 105 deg C. The four sodium pumps and their
drives are operating well and have logged 76750 h, 63440 h, 82230 h & 62000 h operation.

The heat transport parameters achieved during 10.5 MWt operation are as follows:

• Reactor inlet/outlet temperatures : 323/410 deg C
• Primary sodium flow through core : 374 cu.m/h
• Central FSA sodium outlet temperature : 470 deg C
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• Sodium temperature at SG inlet/outlet
• Secondary sodium flow (2 loops)
• Feed water temperature
• Feed water flow

Steam temperature
• Steam pressure

2.4 First rolling of TG

405/295 deg C
282 cu.m/h
185 deg C
15.5 t/h
400 deg C
118 kg/sq.cm

After completing all improvements including seal welding works for the main condenser,
vacuum pulling was carried out and a vacuum of 625 mm of Hg was obtained which was
adequate for rolling the turbine. Nuclear steam from the reactor was valved into the turbine for
the first time and the first rolling of turbine was achieved on 12.3.96. The turbine was rolled
upto 1680 rpm. Further commissioning of turbine upto the rated speed of 3000 rpm is in
progress.

3.0 PROTOTYPE FAST BREEDER REACTOR - DESIGN

3.1 Conceptual Design

3.1.1 Main options

Selection of main options for a large FBR power plant is an important phase of the
project as it gives a definite shape to it. The satisfactory plant operation depends on correct
selection of the concepts. The following main options have been decided for PFBR after the
cost reduction studies carried out during the last 2 years. Fig£ shows the flow sheet of PFBR.

• Power - 500 MWe
• Thermal power - 1250 MWt
• Type - Pool
• Number of PSP - 2
• Number of IHX - 4
• Number of sec loops - 2
• Number of SG - 8
• Number of TG - 1
• Na inlet temp to core - 670 K (397° C)
• Na outlet temp from core - 820 K (547° C)
• Water inlet to SG - 508 K (235° C)
• TSV condition - 763 K (490° C) , 16.6 MPa
• Fuel - PuO2-UO2

• Fuel pin diameter - 6.6 mm
• No of fuel pins/SA - 217
• Core height - 1 m
• Peak fuel burnup - 100;000MWd/t
• Core component handling - 2 rotatable plugs and 1 transfer arm
• Irradiated fuel storage - Ex-vessel storage in water
• Design life - 2xl05h(30y with 75% LF)
• Site - Kalpakkam
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3.1.2 Design bases

Various plant design data, viz. plant life, design basis events, safety classification, seismic
categorisation, applicable design and construction codes, computer codes, materials data and site
data have been compiled.

3.1.3 Core

The core plan is decided taking into account number of in-vessel storage locations and
additional shielding required for in-vessel transfer position. Static neutronics calculations for the
181 fuel subassembly 2 enrichment zones core are completed. Enrichment, neutron flux, power
distribution and danger coefficients are evaluated for beginning of cycle and for equilibrium
cycle.

The neutron irradiation dose (dpa) and helium production in grid plate and core cover
plate, inner vessel and main vessel (MV), effect of fuel pin failure of internal storage on the
sensitivity of DND system and neutron source and spectra in fresh and irradiated fuel assemblies
are completed.

Effect of reducing the number of blanket rows from 3 to 2 on the breeding, economics
and shielding is being studied.

A preliminary analysis with 'row-model1 for the dynamic response of core SA under SI
(OBE) seismic excitations indicates that the maximum peak to peak displacement of the fuel SA
is about 8 mm which is not of concern (Fig 8). 3 D analysis is in progress with an in-house code
'CORE-SEIS1.

3.1.4 Reactor assembly

The overall dimensions of reactor assembly components, particularly for the MV have
been worked out. The MV diameter is 12.9 m. Detailing out of individual components(shape
optimisation, thickness ) is in progress. Elastomer seals are opted in place of liquid metal seals
for rotating plugs to facilitate reduction in LRP and MV diameter and ease in construction.

The temperature of MV with the weir cooling arrangement is analysed. The contribution
of the mixed convection in the annular space between the weir shell and MV is estimated as about
10 K and the maximum MV temperature is about 700 K which is still less than the acceptable
value (725 K).

Structural analyses are repeated for the components (MV, IV, grid plate, control plug.
etc.) for 2 loop concept. Detailed elastoplastic buckling analysis of inner vessel for 2 loop
concept is completed including the shape optimisation and effects of thermal gradients, creep
deformation and dynamic pressure under seismic accelerations. The optimised shape has
potential up to 4.5 m (Na head) of pressure difference, to satisfy the RCC-MR (1993) buckling
rules.

Study on the effects of one of the primary pump discharge pipes (2 pipes/pump) break
indicates that it is possible to detect the pipe break by 2 diverse signals, viz. reactivity and high
pump flow of the operating pump. It is a level D event.
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3.1.5 Sodium circuits

DHR system consisting of 4 independent loops has been selected. Each loop comprises
of one Na-Na heat exchanger dipped in reator hot pool and one Na-air heat exchanger with
motorised dampers in airside.

The conceptual design of IHX has been finalised with the tube size of 19 mm OD & 0.8
mm thickness. A mechanical seal arrangement with piston ring has been opted instead of argon
packet. For SG, 15 mm OD and 2.2 mm thickness tube (T91 material) is selected. The revised
conceptual design of the primary compact pump for the modified design of 2 loop reactor is
completed.

Various incidents viz. total power failure, one primary sodium pump (PSP) trip, seizure
of one PSP, one secondary sodium pump (SSP) trip, seizure of one SSP are analysed. For PSP,
the flow halving time of 8 s has been recommended in order to respect the hotspot clad limit 1073
K for upset events. No non-return valve is provided in the PSP.

A criteria for the design basis leak (DBL) for SG has been established. Accordingly, the
leak rate that ensures rupture of both the rupture discs in the inlet and outlet of SG module is
considered to be DBL. The instantaneous double ended gullotine failure of 3 tubes at the top of
SG is taken as design basis accident.

Transient analysis of secondary sodium circuit with pump in the cold leg at lower
elevation has shown some concern for flooding of pump vessel which may in turn cause damage
to the mechanical seal. Alternative arrangements, viz. piston ring instead of mechanical seal and
pump in the hot leg are being studied.

3.1.6 Steam water system

Conceptual design of steam water system has been updated and it is essentially the same
as that for the coal fired station of same capacity (Fig 6). The standard 500 MWe modular
concept turbine manufactured in India has been adopted and reheating by live main steam is used.
The only difference is that the main steam and reheat steam temperatures are 763 K (490° C) and
613 K (340° C) as against 811 K (538° C) in case of conventional thermal power stations.

The steam cycle is of conventional type with regenerative feed water heating based on
steam bled from HP and LP sections of the turbine. The LP feed water heaters (3 nos) are
arranged in single train and the HP feed water heaters (2 nos) are arranged in 2 train
configuration.

3 x 50% capacity condensate extraction pumps are provided to deliver the condensate
from the condenser hot well to deaerator storage tank through the three low pressure heaters. 3
x 50% capacity boiler feed pumps (one electric motor driven and two steam driven) are provided
to deliver the feed water from the deaerator storage tank to SG.

Condenser cooling is accomplished by sea water in once through mode and the
temperature rise is 10 K in the condenser. 3 x 50% capacity pumps are provided for circulating
the sea water through the system. The circulating water system is designed for heat load of -755
MWt. The total cooling water requirement is ~21m3/ s.
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3.1.7 Electrical power supply system

Conceptual design of electrical power supply has been worked out. Fig 7 shows the single
line diagram. PFBR is connected to the southern regional grid to transmit the power generated and
these connections also provide off-site supply to the station. A 220 KV substation with six
transmission lines is provided for power evacuation. The power supply to various station loads
required for start-up, operation and shut down of the unit is divided in to four classes as follows:

• Class IV, Normal power supply forms the main source of power to all station loads.

• Class HI, Emergency power supply for safety related loads, which can withstand power
supply interruption of the order of a few minutes, are fed from class III buses. Various
I & C system equipment are provided with this class of power at different voltage levels,
viz. 48 V DC, 220 V DC and 220 V AC, 50 Hz.

• Class II, Uninterrupted power supply, (220 V, 50 Hz, 1 Ph) is provided for station
computers, distributed degital controllers and all other instrumentation and control
equipment requiring AC input power.

• Class I, 48 V DC & 220 V DC Suppliers are provided for I & C equipment (eg.
associated with reactor safety etc.) requiring DC power at lower voltage levels and TG
control & switch gear control respectively.

3.2 Design Basis Cyclone (DBC)

Post monsoon survey of sea coast near PFBR site at Kalpakkam was conducted. Based on
these observations, the final report on DBC has been submitted by the Department of
Oceanography of Indian Institute of Technology, Madras. The estimated water level is +7 m
above mean sea level. The level of present approah road is +4.6 m. Hence it would be necessary
to increase the ground level by ~3 m.

3.3 Site Seismicity

The Kalpakkam site seismicity values have been defined based on the updated earthquake
data supplied by Geological Survey of India and guidelines issued by Atomic Energy
Regulatory Board (AERB) to derive the site seismicity values. The site meets the AERB's site
selection criteria (wrt seismic considerations) that no active fault lies within 5 km. The site
seismicity values are as follows.

Design Basis

SI (OBE)
S2(SSE)

Peak Ground Accelerations (g)

Horizontal

0.078
0.156

Vertical

0.052
0.104

Incorporating all the above features, the conceptual design report has been prepared.
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3.4 Estimation of Unit Energy Cost (UEC)

A systematic method is being evolved to calculate the investment cost and unit energy cost
and comparison is also being made with coal fired plant and PHWR of 500 Mwe capacity.

3.5 Technology Development

Technology developments of main vessel, inner vessel, steam generator and primary
sodium pump are progressing at manufacturers works. Forming procedure for the qualification
of petals for the main vessel has been completed and crown and 3 petals have been pressed.
Welding of crown with 1 petal has been completed, one Dies for technology development of
inner vessel are ready. For SG reheater, drilling, spigot machining, tube-tubesheet welding
developments have been completed and for the evaporator, tubesheet drilling is completed.
Spigot machining and tube bending operations are qualified. Full scale hydraulic mock up of the
PSP has been manufactured in SS and arrangements are being made for its testing.

For the fabrication of control rods, stellite hardfacing and hard chrome plating
development is in progress. The raw materials, SS 316, SS 316 LN and D9, required for initial
hydraulic test SA were procured indigenously. Clad tubes and other hardware required for the
test fuel asssembly have been manufactured. Efforts are on hand to develop the process for
manufacture of hexagonal tubes. The equipment required for various operations towards
fabrication of assembly have been designed and manufactured indigenously. Process parameters
have been established for the fabrication and testing.

3.6 Seminars on PFBR Design

In order to finalise the designs involving interdisciplinary aspects, a series of seminars are
planned. 4 seminars are already conducted. The first one was on "Operating Experience of
FBTR", the second on "Operating Experience of other FBR", third one on "Seals for Rotatable
Plugs" and the recent one on "Inherent and Engineered Safety Features of PFBR Design".
Further seminars on "Constructability of PFBR" and ISI are planned for the year.

An IAEA-IWGFR TCM on 'Conceptual Designs of Advanced Fast Power Reactors'
was held at Kalpakkam during Oct 3-6, 1995.

3.7 Collaborations with other R&D Institutions

With conceptual design nearing completion, it is time now to involve other R&D
institutions within the country including DAE family for speeding up of PFBR R&D. Totally
10 R& D institutions are identified for component design, thermal hydraulics and structural
mechanics.

4.0 RESEARCH AND DEVELOPMENT

4.1 Reactor Physics

A new 121-group (100 neutron, 21 gamma) coupled neutron-gamma cross section library
for fast reactor shield calculations is generated and validated against a number of experimental
and theoretical benchmarks available. A 25-group lumped fission product cross section set is
generated using the ENDF/B-VI basic nuclear data library.
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To assess the accuracy of the results of internal radial shield optimisation calculations
carried out with 1-D transport codes and DLC-37 cross section library, a scaled mock-up of
radial shield has been designed and fabricated to carry out shielding experiments with neutron
source from a swimming-pool reactor, APSARA. A report giving details of the shielding
models and experiments to be performed has been prepared and submitted to the Safety
Committee for a review.

Work on the BN-800, IAEA/EC benchmark problem to study the effect of near zero
sodium void coefficient on the severity of an accident initiated by unprotected loss of
flow(ULOF), was carried out.

4.2 Engineering Development

4.2.1 Large Component Test Rig (LCTR)

The LCTR with a sodium inventory of 841 is being operated at the required experimental
conditions (sodium temperature 823 K) and the temperature distribution in the test vessel from
the free sodium surface to the top closure has been obtained. Presently the effect of cover gas
height (400 to 800 mm) has been studied on the total heat transfer and the total heat flux is found
to decrease slightly with increased cover gas plenum. In order to simulate the roof slab cooling
system, a nitrogen cooling circuit has been commissioned.

An indigenously designed and fabricated electromagnetic pump viz. Annular Linear
Induction Pump (ALIP) of 5 cu.m/h and 0.5 MPa rating is being tested in the LCTR for checking
its performance in high temperature sodium upto773.K.

4.2.2 Sodium Pump

A sodium pump development test rig is under construction to test the dynamic
performance of the pump rotor assembly. The 150 mm dia test rig piping has been erected and
the main test section is expected to be completed shortly. The study will focus on the
performance of the pump upper compliant support and the hydrostatic bearing would be studied.
In regard to hydraulic development of primary pump, manufacture of full size hydraulic parts
of 4 PSP design was completed and pump assembled for testing at the supplier's works.

4.2.3 Testing of CSRDM

A full scale model of the dash pot required for the CSRDM has been fabricated. As a
better alternative for the bellows type sealing system of the CRDM, a sealing system comprising
silicon rubber 'V seals and oil seals have been fabricated. Fabrication of a test set-up for the
dash pot and the seal has been completed.

4.2.4 Fuel subassembly tests in water

FIV measurements and pressure drop studies on a 19 pin bundle model of fuel
subassembly were carried out in a hydraulic test rig for different pin spacer-wire pitches. A
significant reduction in pressure drop has been obtained for an increase in spacer wire pitch from
150-200 mm without significantly increasing pin vibration.
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The FSA test facility to measure flow and pressure drop has been commissioned. Some
preliminary measurements have been made.

4.2.5 Instrumentation

A bypass flowmeter system for measuring sodium flow at primary pump discharge was
manufactured and calibrated in a water loop. The system will be tested for designed flow during
the tests on primary pump hydraulics in water.

A discrete (ON-OFF type) level detector for sodium based on the mutual-inductance
principle has been developed and tested in sodium upto a temperature of 823 K.

4.2.6 Thermal hydraulics

Experiments on a semi-transparent 1/3 scale. 90 degree sector model to study the
temperature uniformity indicates that the flow uniformity over the weir shell in MV is affected
significantly by the number of cooling tubes. The gas entrainment and sloshing are varying with
9 cooling tubes (36 total for the prototype) as compared to 6 tubes. Less number of tubes is
favourable. However, design modifications to destroy the vertical flow of the jet from each tube
are necessary to make the flow over weir independent of number of tubes.

Experiments on 1/3 scale model of grid plate with baffle plate have been completed at
Fluid Control Research Institute, Palghat. Flow uniformity in the SA is ensured during all the
pumps in operation and also under 3 by 4 and 2 by 4 pump operations.

4.2.7 5MWt SG test facility

Preliminary design has been completed on 5 MW SG facility to simulate 19 tube bundle
of SG. This facility will be utilised for validating the thermal & mechanical design and
endurance test of Indian built sodium heated SG. The construction of this facility will be done
in coming years.

4.3 Structural Mechanics

4.3.1 Theoretical studies

Detailed creep buckling analysis of inner vessel, IHX and SG tubes has indicates that
creep buckling failure mode is not of concern for PFBR.

LBB analysis is made on the primary pump discharge pipe by postulating cracks at the
critical junction with the grid plate as per RCC-MR A 16 proposal. In order to satisfy the LBB
justification criteria, the thickness of the pipe needs an increase from 10 mm to 20 mm locally
in the vicinity of the junction.

For generating floor response spectra by random analysis method, equivalent sectional
properties for the 'stick model1 have been obtained using detailed 3-D analysis (Fig 9). In the
model soil-structure interaction effects are studied by varying shear wave velocity in the range
1200-1500 m/s.
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4.3.2 Experimental studies

Two buckling experiments on l/40th scale models of main vessel under shear load were
carried out. Comparison with theoretical prediction of critical buckling loads and mode shapes
is satisfactory.

Natural vibration frequencies for a single FBTR subassembly vibrating in air and impact
loadings at the loading pad have been measured using experiments with modal hammer. The
code CORE-SEIS predicts well the experimental data.

A-15 t capacity high temperature component model test facility has been designed and
erected. Commissioning activities are in progress. Fabrication of supporting structures and
models for conducting fatigue and fracture experiments on benchmark geometries, viz. ORNL
plate, C-clamp, is completed. Fabrication of 100 t capacity loading frame for static and buckling
tests on large size components are nearing completion. Modal analyser and LVDT have been
procured.

The test loop for simulating thermal shock on the control plug mockup has been
commissioned at Indian Institute of Technology, Madras. The required thermal shock has been
simulated on the thermocouple mockup.

At Structural Engineering Research Centre, Madras, dynamic experiments on the empty
and water filled aluminium vessel under base excitations have been competed. Significant
contributions of shell mode during horizontal excitations are noted. Theoretical analysis with
CASTEM 2000 code to understand the same is in progress.

4.4 Metallurgy

4.4.1 Low cycle fatigue and creep-fatigue interaction behaviour

A comparative evaluation of low cycle fatigue (LCF) and creep-fatigue interaction
behaviour of SS 316L(N) base metal, SS 316 weld metal and 316L(N)/316 weld joint has been
carried out at 873 K. The LCF and creep-fatigue resistance of 316 SS weld metal is found to
be better than that of 316L(N) SS base metal. 316L(N)/316 weld joints displays the least fatigue
resistance. Fatigue life is observed to be lower in tensile hold as compared to compression hold
conditions and the endurance decreased with increase in the duration of hold due to creep and
oxidation. Based on the experimental data, fatigue and creep damage fractions have been
computed and compared with the bi-linear creep-fatigue interaction diagram provided in
RCC-MR. It has been observed that, in general, that RCC-MR curve is conservative.

Strain rate effects on high temperature LCF behaviour of 316 SS weld metal have been
evaluated. Fully reversed strain controlled fatigue tests were conducted at a constant strain
amplitude of ±0.6% at 773, 823, 873 and 923 K and strain rates of 3x10^ , 3xl0-3, 3XW4 and
3xl0"ss'1. At 773 K, fatigue life showed a peak at an intermediate strain rate of 3x10"3 whereas
at other temperatures, life decreased continuously with decrease in strain rate. The weld metal
generally exhibited a small initial hardening followed by gradual softening that continued upto
the rapid load drop leading to failure. Further with decrease in strain rate, the cyclic stress
response was found to decrease at all temperatures. The softening observed in the weld metal
was attributed to the annihilation of dislocations during cyclic straining.
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Towards studying the effect of Ti/C ratio for optimum creep-fatigue interaction properties
of indigenously developed Alloy D9, baseline LCF data is generated at 823 K and 923 K with
a Ti/C ratio of 4. The alloy is found to obey the Coffin-Manson relationship at both these
temperatures. Evidences for the occurrence of dynamic strain ageing, such as increased cyclic
hardening have been observed at 823 K.

4.4.2 Fracture and damage mechanics

The location of crack-initiation point on the load-time traces is problematic during JId

testing using instrumented precracked Charpy impact tests. The stretch zone height (SZH) values
determined from the fracture surfaces using scanning electron microscope (SEM) help locate the
crack-initiation point and estimate JId. Based on the analysis of the strech zoner results and their
relationship to load-time traces, some empirical relations have been obtained which enable
determination of crack-initiation point on the load-time traces. This has promise in JId testing of
irradiated specimens.

Fatigue crack growth (FCG) relation for single R-ratio (load ratio) proposed in the
literature is modified for correlating ambient temperature three-stage FCG results generated at
different R-ratios. The proposed equation was found to fit data generated on 316 SS at multiple
R-ratios. Applicability of this analysis to high temperature FCG results generated on 316L(N)
SS and T91 steels is being explored.

4.4.3 Creep rupture properties

A novel semi-empirical parametric correlation for stress rupture that incorporates
heat-to-heat variations has been proposed. In this, two heat-sensitive material parameters have
been used for scaling respectively stress and rupture life, both of which are also subjected to
temperature scaling through temperature independent apparent activation energies. This multiple
heat correlation has superiority over single heat correlationsl in simultaneously correlating stress
rupture data from literature on eleven heats of 9Cr-lMo steel.

4.4.4 Weldability

Alloy 718 in the aluminized condition has been selected as the material for tube bundle
support for steam generator of the PFBR. Weldability tests are conducted to evaluate the hot
cracking resistance by the Moving Torch Varestraint test. This alloy has shown much higher
fusion and HAZ cracking susceptibility than Alloy 600 (reference). The higher heat input welds
exhibits superior fusion zone cracking resistance than the lower heat input welds. However, the
HAZ cracking results show the opposite trend. Extensive backfilling decreases the HAZ
cracking because of a wide partially melted zone. Studies further shows that the weldability is
not affected significantly by aluminizing.

Diffusible hydrogen measurements are carried out in the weldments of 0.5Cr-0.5Mo,
2.25Cr-lMo and 9Cr-lMo ferritic steels. Under identical conditions of welding, the diffusible
hydrogen content is the highest in 0.5Cr-0.5Mo and the lowest in 9Cr-lMo thus indicating that
the alloying composition plays a significant role in determining the hydrogen diffusion.
However, 9Cr-lMo is the most susceptible to hydrogen assisted cracking.

The repair weldments of thermally aged 9Cr-lMo and 2.25Cr-lMo ferritic steel using both
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half-bead and butter-bead temper-bead repair-welding methods are characterised based on
hardness profiles and tensile test results. It is observed that the latter repair welding method
yields lower peak hardness and better ductility. Amongst the two varieties of steels, low Cr
ferritic steel responds more efficiently in terms of tempering behaviour with these repair-welding
methods.

The effect of PHT on the interfacial microstructure and tensile properties of as welded
Inconel 182 and PWHTed type 316LN/C-Steel joint is investigated. Martensite is formed in the
heat affected zone of C-steel with single pass welding. However, with multiple thermal cycle
experienced during multi-pass welding, the martensite seems to be changing into an equilibrium
structure of ferrite and carbides. The tensile properties of transverse weld specimens carried out
before and after PWHT shows only marginal improvement in ductility.

4.4.5 Hot workability and process maps

The constitutive flow behaviour of alloy D9 is investigated for various Ti/C ratios (0, 4,
6 & 8), temperatures (1073 to 1523K) and strain rate (0.001 to 100 s'1 ) to establish hot working
domain. The technique adopted for this study is through generation of processing and instability
maps based on dynamic materials modelling. The processing maps revealed dynamic
recrystallisation as a favourable mechanism for all the alloys. Based on the instability map and
microstructural examination, it is concluded that flow localisation has the microstructural
instability at lower temperatures and higher strain rates.

4.4.6 Effect of flowing sodium on ASS

Exposure of SS 316 to flowing sodium in a mass transfer loop (at 823 K) results in
changes in tensile properties and chemical composition of the steel. The increase in yield and
ultimate tensile strengths and decrease in ductility of the sodium-exposed steel are attributed to
the combined effects of thermal ageing and sodium exposure. Analysis of the sodium exposed
surface shows a decrease in concentration of Cr, Mo and Ni. Bulk chemical analysis of a thin
stainless steel foil exposed to flowing sodium indicated an increase in the carbon content.

4.4.7 Corrosion ofCWSS 316

Laser surface melting of CW SS 316 significantly improves its integranular corrosion
resistance. Some important high temperature thermodynamic data, such as the standard Gibbs1

energies of formation of alkali chromium oxides of the types, M2Cr207 (where M = Na, K, Rb,
Cs), M3Cr04, (M = Rb or S), M2Cr04 and M"Sb2O4 (M" = Fe, Co, Ni) have been determined
by the use of precise and accurate solid electrolyte emf measurements. These data help in
characterising the products formed during interaction of the fission product with the clad.

4.4.8 Sensitisation studies on SS 316 LN

The time-temperature-sensitisation and the continuous cooling sensitisation diagrams are
established for SS 316 LN. These diagrams help in predicting the occurrence of sensitisation
during service or welding respectively. The extent of chromium depletion along the grain
boundaries is also measured by the elctrochemical potentio-kinetic reactivation (EPR)
technique. The nitrogen content of the steel improved its crevice corrosion resistance in acidified
chloride media compared to SS 316. Smaller grain size improved the pitting corrosion resistance
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of nitrogen-added types 304, 316 and 317 stainless steels. On isothermal ageing of the
weldmetal of these steels, the precipitation kinetics and morphology of chromium nitride and
sigma phases influence the pitting corrosion resistance.

4.4.9 SCC studies on Alloy D9

Stress corrosion cracking (SCC) property is studied in boiling acidified chloride solution.
The higher Ni content in D9 (vis-a-vis SS 316) improves SCC resistance. Also, increasing the
Ti/C ratio, and use of fabrication procedures which involve lower strain rates, such as rolling
impart better SCC resistance.

4.4.10 Development of techniques and testing facilities

The knowledge base and expertise in the plasma nitriding process has been developed and
utilised for achieving optimum surface treatment of valve internals in the steam circuit of FBTR.

In order to establish the chemical constituents, especially carbon and oxygen, of
microscopic particles obtained by digesting the sodium used in FBTR, analytical resolution of
light elements at the spatial resolution of these sub-micron particles is accomplished by evolving
suitable procedures using the electron probe micro-analyser.

4.4.11 Fabrication of (09Pvi02)O2 fuel pellets by powder pellet route

Flowsheet has been developed for the fabrication of (0 gPu02)O2 fuel pellets of around 85%
TD. containing uniformly distributed thermally stable pores produced by controlled addition of
pore formers like methyl cellulose. This fuel will be suitable for use as driver fuel for the PFBR.
Both the low temperature oxidative sintering (UTS) under (N2 - air) mixture and the conventional
high temperature reducing atmosphere sintering (HTS) under Ar - 8% H2) mixture have been
standardised for fabrication of the pellets. Density, average pore size, pore size distribution etc.
of the sintered pellets can be controlled as required by proper adjustment of sintering temperature
and time and by choosing proper particle size, amount and mixing technique of the pore former.

4.5 Post-Irradiation Examination of FBTR Fuel Pins

Three experimental fuel pins (pellets in the two pins have present FBTR fuel composition
and size and pellets in the one pin have the Mark II core fuel composition and size) have been
irradiated in the fifth row of FBTR for durations ranging from 16 to 26 equivalent full power
days, at a reactor power of 10.1 MWt. The aim of the experiments is to study the evolution of
fuel structure from the beginning of the life of the fuel in the reactor. All the fuel pins have been
filled with a mixture of argon and helium as the bond gas between the pellets and the clad to
enable generation of higher temperatures at the fuel centreline corresponding to irradiation at
higher linear power. The equivalent linear power generated due to this is about 270 W/cm (the
actual linear power at the location of irradiation is about 180 W/cm). These fuel pins are
received in the hot cell facility at Radiometallurgy laboratory for post irradiation examination.
Fuel pins have undergone visual examination, X-radiography, eddy current testing and
dimensional measurements.

Sodium deposition in the nozzle portion and other narrow passages of the first carrier SA
during the handling caused some difficulties to remove the fuel pins by normal unlocking
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procedure. This inturn called for removal of fuel pins by cutting the SA. However for the
subsequent SA problems have been solved by modified handling procedure. The fuel pins are
retrieved from the fuel peSe^T by cutting open in the dismantling machine. The fuel pins are
further cleaned in an alcohol bath. Visual examination of fuel pins did not reveal any damage
or deterioration.

4.5.1 Radiography

For the radiography examination, a specially designed carriage mechanism and film
cassette retrieval mechanism are used. The carriage also has tungsten rods of known
diameter for calibration of dimensional measurements, embedded at known distance. No
crack like indications have been observed. Interpellet gaps at few locations have been observed
in the fissile region. Pellet-clad gap has been observed clearly on the radiographs, indicating that
the gap has not closed. Diameter measurements of the fissile portion are carried out using a
non-contact measurement system, on the radiographic images. These values are compared
with similar measurements of the pins taken before irradiation. The measured values are
corrected for geometric factors. It is observed that the diameter increase is only marginal and no
appreciable amount of swelling has taken place.

4.5.2 Eddy current inspection

Eddy current inspection of the three experimental fuel pins are also carried out. A
differential encircling probe mounted on the vertical profilometer bench placed inside the cell
was used for this testing. The system which is equipped with sophisticated data logging system
has been developed indigenously at IGCAR. A detailed investigation with this equipment has
revealed that no indication comparable to that of the artificial defects used in the calibration
standard has been observed in any of the pins.

4.5.3 Dimensional measurements

Diameter measurements of the irradiated experimental fuel pins are carried out using
a profilometer inside the hot cell. From the profilometry results it is seen that the diameter of
the fuel pins shows a slight increase of the order of 10 to 40JI. Since the fuel pins have been
irradiated only for a short period, the increase in diameter observed is not due to swelling of
the clad, but is likely due to thin sodium/sodium oxide layer adhering to the outside surface
of the fuel pin.

4.6 Pre-Service and In-Service Inspection Techniques

4.6.1 Residual stress measurements on the spare CRDM translation tube of FBTR

Measurements by 'hole drilling method' have shown that after annealing, the residual
stresses have come down to 0 + 50 MPa as compared to 200 +100 MPa before treatment. This
indicates that heat treatment mentioned above is capable of removing most of the residual
stresses and also bringing down the scatter in the stresses. Residual stress measurements
enabled to ensure the adequacy of adopted heat treatment schedule for obtaining the component
with minimum sensitization and residual stress.
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4.6.2 Development of leak simulator for sodium-water reaction studies in FBTR-SG

By introducing a known leak in the experimental loop, steam water reaction studies are
to be conducted to understand the response of the material to the leak as a function of leak rate,
time, temperature, steam pressure and the size of the microhole. Leak simulators being developed
are aimed to serve this purpose. The adopted design for leak simulators for the self wastage as
well as the impingement wastage is based on a thin rupture disc element welded to the leaky tube
at the location of the microhole which would rupture at a set pressure of 15 MPa to allow steam
to leak through the microhole (90 to 250 [i) at known rate towards the sodium.

4.6.3 Projected interferometry and optical profilometry of FBTR cladding tubes

Projected interferometry (PIF) is used to study the profile of the cladding tubes along the
axis. Microscopic profilometry is done (using microscopic profile projector) to supplement and
corroborate the results of PIF. Variation in wall thickness along the axis is studied by
microscopic profiling of cross sections. This technique is used to characterise and compare the
cladding tubes manufactured indigenously. The study indicates that the deviations of the outer
profile from the nominal plane are higher in the indigenous cladding tube when compared with
those of the imported cladding tube. The study also brings out a strong correlation between the
external profile of the cladding tube and its wall thickness variations. The wall thickness
variations are seen to occur over a short range of few millimeters and found to be higher in the
indigenous tube as compared to the imported tube.

4.6.4 Radiography of tube-tubesheet welds for PFBR-SG

About 100 trial tube to tubesheet welds of evaporator and reheater are radiographed using
the microfocal radiography unit. The experience gained is useful in suggesting many
modifications of practical significance to be incorporated in the technology development
procedures.

4.7 Instrumentation and Electronics

Trip units are developed for processing bipolar neutronic signal of FBTR. Fail safe and
modular design has been.adopted. Charge/discharge flask position measurement system is
developed for FBTR by processing the signals from synchro transmitters of the flask. SMART
annunciator for fire fighting system is developed for FBTR. The instrument is provided with
inbuilt feature to detect the healthiness of the sensor. Instrumentation system for measurement
of carbon and hydrogen in argon cover gas is developed with self test feature. For analysing the
reactivity transients in FBTR, Fast data acquisition is developed. Safety related signals are
scanned every 100 ms. Whenever neutronic power crosses the set limit, the memorised process
signals are graphically represented for the analysis of power transient.

4.8 Chemistry

4.8.1 Pyrochemical processing

Studies on techniques for pyrochemical reprocessing of FBR fuels are continued. An air
atmosphere glove box is attached to the existing glove box train housing the laboratory scale
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facility for pyrochemical reprocessing studies and a cadmium distillation set up is commissioned
inside the air atmosphere box. An injection casting set up is assembled inside one of the argon
atmosphere glove boxes in the facility and injection casting of pure uranium, uranium-aluminum
and uranium-aluminum-molybdenum alloys is successfully carried out. The cast rods have been
found to be free of pores.

4.8.2 Thermochemistry

Enthalpy increments of Gd2Hf207 and LajHf̂ Oy which are of interest in high level nuclear
waste management are measured in the temperature range of 1000-1700 K and from the
temperature dependence of these enthalpy increments, other thermodynamic functions such as
heat capacity, entropy and free energy functions are derived. Enthalpies of formation of the
intermetallic compounds, UNi5, UNi2, UFe2, CeNi2 and CeNi5 at 298 K are determined by using
liquid aluminum solution calorimetry. The thermodynamic functions of these intermetallic
compounds are of interest for understanding the fuel-clad interaction mechanisms during the
irradiation of (U, Pu, Zr) fuel.

To measure the peritectic melting temperature of fuel materials, an experimental facility,
based on the "Spot Technique" has been set up. Preliminary tests have been conducted success-
fully by melting noble metals in a Knudsen cell at a vacuum of lxl0'9 MPa. The temperature
of the cell is measured by an optical pyrometer. Tests are in progress with other metal samples.

A new method has been developed for the measurement of the free energy of formation
of carbides. In this method, the oxide is reacted with carbon and the measurement of partial
pressure of CO evolved during the carbothermic reduction reaction leads to the calculation of
the free energy of formation of the carbide. After validating this technique through studies on
the Al-C system, the free energy of formation of selected chromium carbides such as Cr23C6 are
measured using the new technique.

4.8.3 Th-U separation by Tri-sec-butyl Phosphate

For separation of 233U from irradiated thorium, the use of Tri-sec-butyl phosphate (TsBP)
as an extractant is expected to have advantages over Tri-n-butyl phosphate (TBP) which is
presently used. A systematic study of the extraction of Th(IV) and U(VT) from nitric acid
medium using TsBP and TBP has been initiated. The distribution coefficients for the extraction
of Th (TV) and U(VI) have been measured at various nitric acid concentrations. The data suggest
that the use of TsBP will result in much higher U-Th separation factors. TsBP has also been
found to have better solubility for the thorium solvate, than TBP.

4.8.4 Development of laser induced vaporization mass spectrometry facility

An experimental facility based on laser induced vaporization combined with mass
spectrometry has been developed in-house to generate the data on vapour pressures of fuel
materials in the temperature range 2500-5000 K. Using this facility vapour pressure
measurements are done on UO2 sample. The UO2 surface temperature is calculated as
4300+200K and a total vapour pressure of 0.38 MPa has been determined. The total vapour
pressure obtained is also in agreement with the values calculated with the modified principle of
corresponding states. This is of interest in the energy release calculations under CD A.
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4.8.5 Matrix isolation infrared spectroscopy

This is an experimental technique that has been set up to study weak interactions in
phosphate-diluent system with a view to understanding the extraction chemistry of the organic
phosphates in fuel reprocessing. The conventional effusive beam technique used in matrix
isolation spectroscopy pose problems in the study of large molecule spectroscopy, as in the case
of organic phosphates. By introducing a supersonic expansion sampling to the matrix isolation
technique, these problems can be circumvented. This is the first successful demonstration of the
supersonic expansion-matrix isolation technique.

4.8.6 Fiberoptic based remote sampling system for fluorescence spectroscopy

Remote analysis of samples has an obvious relevance in reprocessing. The utility of
remote fiber fluorimetry by coupling a fiber optic system to a commercial fluorimeter for the
analysis of uranium solutions has been demonstrated. The detection limits need be improved
by increasing the number of fibers in the bundle and by improved light gathering optics.

4.8.7 Solid state studies on nuclear waste disposal materials

Oxide pyrochlores that can incorporate rare earth elements are considered as promising
ceramic materials for radioactive waste immobilization. Two series of such compounds R2M2O7

[R = La - Gd; M = Zr, HfJ are synthesised by high temperature solid state reactions. Thermal
expansion measurements on these compounds as a function of temperature are carried out by

high temperature x-ray powder difiractometry. The observed thermal expansion behaviour has
been correlated to the variation in the ionic radii of the rare earth elements and thereby to the
distortions in the ionic coordination polyhedra RO8 and MO6. The oxide ion conductivity of
some doped and undoped rare earth pyrochlore zirconates is also studied. Enhancement of
conductivity is observed in strontium-doped neodymium and gadolinium zirconates.

4.8.8 Particles in sodium circuit

Particulates sampled by passing primary sodium of FBTR through a filter assembly (25 u
pore size) are analysed for its carbon content with a view to ascertain the possibility of oil leak
leading to formation of large amounts of carbonaceous product (which could have led to the
positive reactivity incidents). The water and acid insoluble fraction of the particulate collected
is 130 mg in weight and it is found to contain only 32 mg of carbon.

4.8.9 Assay of filter unit obtained from FBTR

The filter unit is first assayed by gamma spectrometry to identify the radioactive nuclides
present. The active particles are isolated by ultrasonic agitation of the filter unit in methanol
medium. The particulate matter obtained is assayed for radionuclides. The major nuclides
are found to be Mn-54 and Co-60. Most of the radioactivity has gone into solution when the
material is treated with hydrochloric acid. Analysis of the residue obtained after HC1 treatment
indicates the presence of carbon, oxides of Si, Mg and Al, and traces of Ti and Cr carbides. The
carbides are suspected to have originated from the filter material.
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4.8.10 Electrochemical carbon meters

Electrochemical carbon meters for use in sodium circuits of FBTR are tested for their long
term performance in static as well as in flowing sodium circuits at an operating temperature of
873 K. The meters are calibrated by adopting stainless steel foil equilibration technique. The
measured temperature coefficient of the meter output studied in sodium loop indicates that
carbon is present as dissolved acetylide at the prevailing carbon activities (~0.1) in the loop
sodium.

4.8.11 Sodium-oil reaction

With a view to evaluate the type of carbon produced in the event of an oil leak into
sodium, reactions are carried out between Servoprime-76 oil and sodium at temperatures ranging
from 473 K to 723 K. The reaction is found to initiate at temperatures as low as 713 K and
vigorous at -573 K. The reaction product obtained after equilibrating for 64 h is amorphous
at 598 K, flaky and nonsticky at 673 K and partly graphitic at 698 K. When the equilibration
is carried out at 748 K, the product obtained is found to be completely graphitic.

4.8.12 Particle release behaviour of reticulated vitreous carbon

Reticulated Vitreous carbon (RVC) which is used as trap material for Cs-137 radionuclide
can release particles during the operation of trap. This particle release can increase the carbon
content in sodium and cause carburisation of the structural material. The amount of particles
getting released from RVC during the operation of the trap is determined following simple
experimental procedure. From the results, it is found that it is necessary to provide a filter
element with high surface area in order to reduce the carbon release from RVC into sodium
system as well as to keep the pressure drop across the filter element low.

4.8.13 Radionuclide trap for Cs-137

Preliminary design of Cs-137 trap for FBTR has been made to incorporate a filter
assembly with 25 urn pore size and surface area of 0.4 m2 at the outlet line of the trap to avoid
the release of particles from RVC into sodium.

4.9 Fast Reactor Fuel Reprocessing Plant

The design of all process equipment like thermosyphon and pot type evaporators,
condensers, reheaters, acid recovery columns, high active storage tanks etc., have been
completed. The fabrication drawings have been prepared for inactive solution tanks, feed
clarification centrifuges, etc. Process vessels fabrication is in progress. The inactive solution
preparation and pumping stations have been designed and undergoing safety review.
Instrumentation system design is nearing completion. A remote sampling system is being
designed. The safety implication of nonavailability of cooling water system for high active
waste storage tanks has been assessed. Manufacture of fume hoods, free standing gloveboxes and
glovebox trains is in full swing.

Development of solvent extraction code SIMP SEX is in progress. Work is in progress to
develop empirical models for the limiting organic concentrations of U(IV), PU(III) and Th(IV)
and also for characterising the third phase itself for the metal and HNO3 concentrations and their
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volumes. Five, 16-stage banks of Centrifugal Extractors (nominal capacity of 10 lit/h) are at
various stages of fabrication. Two 20-stage low holdup ejector mixer settler banks have been
fabricated and their performance tested with acid-TBP runs and found to confirm the advantages
of high efficiency and individual stage behaviour.

A demonstration facility for processing FBTR fuel (1 kg/d) is under erection. This
facility basically consists of two co-decontamination cycles followed by a extraction step, an
in-situ reduction unit and one U strip unit. This will initially process the (70%PuC + 30%UC)
fuel after diluting to 30%Pu and 70%U and progressively Pu content will be increased to 55%.

4.10 Safety Research and Health Physics

4.10.1 Activity transport

Release and deposition behaviour of radionuclides are critically reviewed. The most
appropriate approach for modelling the corrosion product behaviour has been identified. A
static facility has been assembled for studying the release and deposition behaviour under
equilibrium conditions. In view of depth profiling of deposited radionuclides on primary
system components, electroleaching trials are conducted in aqueous medium for controlled
progressive dissolution of SS layers.

4.10.2 Sodium fire

In the pool fire code SOFIRE II and the spray fire code NACOM, modifications are
incorporated to account for production of NajO and Na2O2 in a more realistic manner. For the
sodium aerosol source term calculation, the pool temperature dependent evaporation rate
equation has been incorporated. The modified versions give good results when compared with
thirty two experimental runs conducted at AI and KfK.

4.10.3 Sodium-concrete interactions

The small scale sodium-concrete contact facility is refurbished to enable prolonged
exposure of limestone concrete to larger quantities of hot sodium. The on-line instrumentation
is also augmented.

4.10.4 Sodium-oil interaction

The nonvolatile reaction products which remain in the sodium circulated through the core
are of concern. Such products were generated in a static experimental facility by contacting a
representative pump oil with hot sodium.

4.10.5 Aerosol studies

For studies on aerosol characterisation under simulated reactor accidents, scoping
experiments are carried out with copper by fast condenser discharge technique. Mass
aerodynamic size measurements show bimodal distribution indicating the types of particles.
X-ray diffraction measurement carried out on the sample reveals that the aerosols constitute
CU20 and CUO conforming the bimodal distribution.
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4.10.6 Fuel-coolant interaction

Simulated small scale MFCI experiments with different systems like tin-water, zinc-water,
bismuth-water and lead-water have been carried out and the fines generated during fragmentation
are analysed based on heat transfer and fuel physical properties.

4.10.7 Atmospheric dispersion studies

Sea breeze model SBLBML (Sea Breeze Land Breeze with Mixing Length
parameterisation) developed for modelling coastal air circulation has been evaluated using a
bench-mark data obtained from Lake Michigan field experiment. The model performance has
been tested for the Kalpakkam coastal conditions by comparing the calculations against the
SODAR data on wind field for a complete 24 h period.
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Fig 9: 3-D FEM mesh developed for seismic analysis of RCB
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A REVIEW OF FAST REACTOR ACTIVITIES IN ITALY

Edited by: R. Tavoni

XA0200811

Abstract

In this paper, Italian activities on liquid metal fast reactors are shown for the period
May 1995 - April 1996. During this period the ENEA collaboration with General Electric
on ALMR came to an end as a consequence of the reduced effort on the design
development. Nevertheless ENEA completed the studies on the PRISM Mod B oxide
burner core, the neutronic configuration of which was presented in last year meeting.
Some results of the dynamic calculations are shown.

ENEA participated in the IAEA/EC benchmark on the comparative calculations for
severe accident in BN-800 reactor. A complete neutronic evaluation has been made
including power distribution, Doppler, sodium void and material coefficients.

Activities on sismic isolation are also outlined.

The Italian contribution to SPX restart and operation is described; some information
about the complementary convention of the Nersa society is given, together with the
Italian industry participation in the SPX restart.

Issued by:
ENEA
Ente per le Nuove Tecnologie, l'Energia e 1'Ambiente
Bologna, Italy
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1. ELECTRICITY PRODUCTION AND DEMAND

In 1995 the increase in the energy demand was 3% in comparison to the
previous year. The increase has been greater in the Mid-North of Italy (+3.5%), less in
the Mid-South (+2.5%) and Sicily (+1.5%) and stagnating in Sardegna (+0.2%).
All the increase has been obtained with a correspondent increase in the national
production with a negligible reduction in electricity import.
Oil consumption increased by 3.7% while coal registered an important increase
(+21.1%) representing only a partial restoration of the maximum coal production
reached in 1990. Natural gas has also presented an important increase (+15.2%). The
industrial consumption, increased in 1994 by 4.2%, has presented during 1995 a 4.5%
increase in comparison to the previous year. Services consumption increased by 2.4%,
domestic consumptions were stagnating (+0.5%), while agricultural consumptions
decreased (-3.3%).

TABLE I - Electricity production

Thermoelectric Energv

- Oil derivatives
- Natural gas
- Solid fuels/2/

Primarv Electricitv

- Hydro
-Geo
- Nuclear

Total Gross Production

Net Electricity Import

Total Availability

Energy used by auxiliary
production services and by
pumping

Network demand

and demand in

1994

TWh

180.4

116.3
40.4
23.7 .

51.3

47.6
3.7

231.7

37.6

269.3

- 15.7

253.6

Italy

%

77.9

50.3
17.4
10.2

22.1

20.5
1.6

100.0

during 1994 and

1995

TWh

196.0

120.7
46.6
28.7

45.4

41.7
3.7

241.4

37.4

278.8

-17.7

261.1

1995/1/

%

81.2

50.0
19.3
11.9

18.8

17.3
1.5

100.0

Provisional data
Coal, lignite and others
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2. NUCLEAR RESEARCH AND DEVELOPMENT IN ITALY

- Advanced USA Passive LWR designs:

Both the technical cooperation agreements among Enel, Enea, Ansaldo and
Westinghouse on one side and General Electric on another side, that expired
at the end of 1995, have been renewed till the end of the century.
The most important tests that have been performed since the last meeting,
were on the Isolation Condenser prototype of SBWR reactor at the Panthers
facility of the Siet laboratory in Piacenza. The tests were completed by the end
of 1995 and they concluded the overall experimental campaign that was
conducted in Italy in support of the SBWR and AP-600 certification.

- Advanced European PWRs:

. The European Passive Pressurized reactor (EPP, 1000 Mwe) is a design made
in cooperation by eight European electric utilities and Westinghouse and its
European industrial partners. During the first phase, a reference
configuration will be developed to be submitted to the Safety Authority.
Enel has been given the chairmanship of the project. The main differences
with the AP600 design are: three loops, a double concrete containment
boundary, greater limitations of environmental impact in any conceivable
accident event, greater margins on the primary containment design
pressure, plant designed to cope with external events, both natural and man
made.

. The new European Pressurized water Reactor (EPR, 1400 MWe) is a design
for which a cooperation agreement between Enel and EdF was signed in
February 1996.

3. DYNAMIC CALCULATIONS ON THE PRISM MOD B OXIDE CORE

The transient calculations performed on the oxide fueled burner core of
the 840MWt Prism reactor (MOD-B) concluded an Enea-GE agreement, that has
been effective for several years.

Two standard severe accidents, ULOF and UTOP, were calculated using the SAS-
3D/PEC code developed by ANL.

- The ULOF case was studied in three different conditions.
In the first one with coastdown of all pumps, the transient is completely
controlled by the intervention of the 18 GEMs.
In the second condition with four failed pumps the outlet sodium
temperature shows a peak of 800°C at 50 second. But it is only in the third
configuration with 4 failed pumps and 9 failed GEMs that the outlet sodium
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temperature reaches a value very close to the boiling temperature (about
900°C at 40 seconds, see fig. 1).

- The UTOP case was studied with a reactivity ramp of 0.5 $ in 25 seconds and
shows a final raise in power approximately 26% over the nominal power of
the reactor.

Observing the results of these cases, it can be concluded that the dynamic
behaviour of the core is largely satisfactory from the safety point of view.

4. PARTICIPATION IN THE IAEA/EC COMPARATIVE CALCULATIONS
FOR SEVERE ACCIDENTS IN BN-800 REACTOR.

Enea is participating in the IAEA benchmark exercise on the BN-800
reactor.

Till now the Enea contribution has been on the neutronic calculations analysing
the BN800 heterogeneous reactor core with 3 enrichment zones, proposed by
IPPE, at the End Of Cycle (EOC). The geometric model used in the analysis is a 3D
(Triang. or Hex, Z) scheme, considering six-meshes plant-points per assembly and
90 axial meshes-points, reaching 62x31x90 total meshes points for the diffusion-
theory analysis.

All the diffusion-theory calculations are carried out by the Citation code (finite
differences diffusion code) using a 22-groups cross-section library originated from
ENDF/B-V.II file and 930 zones (830 fuel zones), while for the sodium void effect
evaluations, the results are obtained out by the MCNP4A code (Monte Carlo
transport code) using a continuous spectrum library originated from JEF-1 file.

In the diffusion analysis the periodic condition at 120° sector can be reduced to a
periodic condition at 60° sector, if we consider that the atomic densities of the
"passive" and "scram" control rods are identical.

In the transport analysis, 1.000.000 and 3.000.000 neutron histories are used
respectively in homogeneous and heterogeneous keff calculations. The transport
analysis has been repeated with and without the lambed fission products in the
core, in order to evaluate its influence on the sodium void effect-value.

5. SEISMIC ISOLATION

Seismic isolation (SI) is one of the most significant earthquake engineering
developments in the last decade. In Italy since 1988 large efforts have been
devoted to the development, validation and application of SI and other
innovative antiseismic techniques (e.g. passive energy dissipation and shock
transmitters) for civil and industrial structures. This work is being performed in
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the framework of both collaborative activities of the Italian Working Group on
Seismic Isolation (GLIS) and international cooperative projects with other
European and U.S. partners. Several activities are being performed in Italy in the
framework of the BE7010 project funded by the European Commission, on the
optimization of the High Damping Rubber Bearings (HDRBs). The main studies
are outlined below:

- Tests on the individual HDRBs: to date the activities of the Italian partners on
this topic have concerned the execution of experiments on non-aged (virgin)
HDRBs. Such tests are performed at room temperature at ISMES and the
Nuclear Engineering Laboratory (LIN) of the University of Bologna (Enea tests)
and at various temperatures at Ansaldo-Ricerche (ARI) (ALGA tests).
In order to optimize the test quality, Enea significantly improved SISTEM
(Seismic isolator TEst Machine) which is located at ISMES, and designed and
manufactured a second equipment (CAT - Creep and Ageing Test) for long
duration creep tests, which was installed at LIN.

- Tests on isolated structure mock-ups: In the framework of the BE7010 project,
two isolated structure mock-ups are being tested: the first, with a flexible
superstructure, is being subjected to shake table tests, while the second, with a
rigid superstructure, will be subjected to free-vibration tests. In addition, the
use of some HDRBs developed in this project has been planned for
pseudodynamic tests on large scale isolated structures at the Joint Research
Center of Ispra of the EC.

- Numerical models of the HDRBs: A new simplified model of the HDRBs that
can be directly implemented in ABAQUS was developed by Enea and Enel.
This model (SEPB) consists of a combination of a non-linear spring with an
elastic-plastic beam. By appropriately defining the physical parameters of the
system (spring stiffness, Young's modulus and yield point of the beam) it is
possible to reproduce the hysteresis cycle of a HDRB, including hardening
and/or yielding and hysteretic nature of damping. Work was performed by
Enel to define some identification criteria. Enea had already developed SEPB
models for the HDRBs used in shake table tests at Ismes. The models have
already been used by Enea for the pre-test calculation of shake table
experiments.
According to the excellent results which have already been obtained, SEPB will
be the model which will be used by Enea and Enel in the analyses of isolated
structures.

- General remarks: The studies described above are considerably extending the
knowledge previously acquired in Italy on the behaviour of HDRBs and will
make optimized isolators available at reasonable costs. The results obtained so
far confirm the SI capability of considerably enhancing the seismic protection
of civil and industrial structures, including nuclear plants. They have also
provided important input for the development of the standards for seismic
isolators and design guidelines for isolated structures.
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6. SPX

The Nersa society, in which Enel holds a 33% share, made some important
decisions last year. A complementary convention has been underwritten by EdF
and Enel on 27/2/1995 and by SBK on 27/9/1995, establishing the relative
engagements of the three partners till the end of the year 2000. In this
convention, the matter of the knowledge acquisition plan that was imposed in
July 1994 in the new operation authorization order, is settled.

A further modification of previous agreements concerns the exausted fuel;
present agreements allow Enel to take its share of exausted fuel elements without
reprocessing and after a suitable delay, in such a way as to store it in a proper
disposal site. Since the 22nd December 1995 SPX has been operating again at 30%
of the nominal power.

Ansaldo Divisione Nucleare has participated in both commissioning and service
activities, with its own personnel on site, at Lyon (common team with
Framatome) and at the headquarters in Italy. In such a context, Ansaldo has
developed or contributed to the following activities:

Development and qualification on a mock-up of a special equipment for in-
service inspection of steam generator with helical tubes.

Study analysis and displacement calculations of secondary piping. The
method has been used as a real-time tool for control of piping during
operation.

Other support to Plant Operator consisted in the working-out of the system
periodic-test programmes and some emergency procedures.

Design of minor modifications on secondary and auxiliary circuits (re-setting
of safety valves, realization of sodium-aerosol traps).

Preliminary feasibility analysis and initial organization of a Probabilistic
Safety Study under the leadership of EdF.

Updating of the safety analysis of the Fuel Hadling Route.
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Abstract

The main R&D results of Japanese activities are summarized as follows: (1) the

experimental 140 MW(th) sodium cooled fast reactor "Joyo" provided abundant experimental

data and excellent operational records, attaining more than 50,000 hours of operation since its

first criticality in 1977; (2) the prototype 280 MW(e) fast reactor "Monju" reached initial

criticality on 5 April 1994, presently Monju is under the cold shutdown state because of

secondary sodium leak on 8 December 1995, and multiple cause investigations of the sodium

leak are being performed; (3) the Japan Atomic Power Company is promoting design studies

for demonstration fast reactor (DFBR) with a power output of 600 MW(e) and R&D for

DFBR are being conducted under the cooperation of governmental and private sectors.

1. General Review

1) The Japan Atomic Energy Commission (JAEC) promulgated Japanese "Long-term

Program for Development and Utilization of Nuclear Energy" in June 1994. In the

program, followings were concluded:

a) because of the scarcity of energy resources, plutonium utilization is the key development

for long-term energy supply and energy security of Japan; Japan intends to steadily and

systematically carry forward development of fast breeder reactors,

b) the research and development for demonstration FBRs (DFBRs) should be done with

the cooperation of governmental and private sectors,

c) utilities should play the major role in design, construction and operation of the DFBR

aiming at the commercialization by the year about 2030 through construction of two

DFBRs with a step-by-step improvement of technologies and economics; the start of

construction of DFBR-1 is expected in the early 2000's in the program.

d) Power Reactor and Nuclear Fuel Development Corporation(PNC) should play the

central role in technological development over the entire period to commercial

commissioning of FBRs through continuous long-term independent R&D efforts aiming

at the establishment of technological system particular to FBRs.

2) The experimental reactor Joyo, located in the O-arai Engineering Center(OEC) of PNC,

has provided abundant experimental data and excellent operational records attaining 51,200

hours operation in total by the end of March 1996, since the first criticality in 1977.

3) On the prototype reactor Monju, the initial criticality was achieved in April 1994. The

nuclear heating test was started in February 1995, and the first connection to the grid was
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succeeded in August 1995. In the power -up test, however, a sodium leak occurred in the

C-loop of the secondary heat transport system on December 8, 1995. Presently Monju is

under the cold shutdown state and multiple cause investigations of the sodium leak are

being performed.

4) As for the demonstration fast breeder reactor (DFBR) of Japan, the Japan Atomic Power

Company (JAPC) conducted conceptual design studies for the past several years, and

confirmed the feasibility of top entry loop type reactor concept. Based on the results of the

design studies, the Federation of Electric Power Companies (FEPC) decided in January

1994 to start construction of the DFBR plant at the beginning of the 2000's. FEPC also

decided the basic specifications of the DFBR plant.

The related research and development (R&D) works are underway at several

organizations under the discussion and coordination of the Japanese FBR R&D Steering

Committee, which was established by JAPC, PNC, Japan Atomic Energy Research

Institute (JAERI) and Central Research Institute of Electric Power Industry (CRIEPr).

Progress of the design study and the related R&D are reported to the Subcommittee on

FBR Development Program of JAEC.

5) Recent major emphases on the PNC's R&D are placed on the development of

technologies specific to FBRs as well as the integrated feedback of all existing R&D results

and experiences to the development of DFBR.

Furthermore, the overall functional and performance tests of Monju, is another important

key role to attain further excellency of FBR technology, with full efficient usage of the test

results.

6) R&D on following tasks are also in progress for development of DFBR, for excellent

technology to attain FBR commercialization, and for technological breakthrough.

a) improvement of reactor core safety

b) improvement of plant safety

c) development of measures for probabilistic safety assessment

d) development of high performance core and fuel

e) study for various fast reactor core

f) development of structure and material for high temperature system

g) improvement of sodium technology

h) synthesis assessment of Monju data

i) synthesis assessment and improvement of plant technology using Monju

j) design study of plant system
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7) In addition to the MOX fuel fabrication at the Plutonium Fuel Fabrication Facility for

Joyo, Fugen (ATR), and BWRs in Japan, a new Plutonium Fuel Production Facility

(PFPF) was constructed at Tokai Works of PNC. PFPF started production of initial core

fuel of Monju in October 1989 and completed in January 1994.

8) On the FBR fuel recycling, adding to the experiences at the Tokai Reprocessing Plant,

R&Ds are underway at three Engineering Demonstration Facilities (EDF-I, n, III) and

Chemical Processing Facility (CPF), integrating the results to the design of Recycling

Equipment Test Facility (RETF) and future FBR Fuel Recycling Pilot Plant. The

construction of RETF was initiated in January 1995.

9) Following the national program on waste management, PNC is also actively contributing

to the area of vitrification of high level liquid waste, geological disposal of it, and low level

transuranium bearing waste treatment, and promotion of construction of a storage

engineering center in Hokkaido.

10) Aiming to the age of future FBR commercialization, further extensive and effective

collaboration with foreign institutions will also have to play an important role.

2. Experimental Fast Reactor Joyo

2.1 General Status

This report covers the activities of Joyo from April 1995 through March 1996.

Various tests of nuclear and plant characteristics of the MK-II core were carried out

successfully during this period. Figure 2.1 shows the core configuration for nuclear and

plant characteristics test. Major items of the experiments are as follows :

1) Power reactivity coefficient

2) Isothermal reactivity coefficient

3) Heat transfer characteristics of dump heat exchangers

After this test operation, the 1 lth periodical inspection has begun in May 1995.

The operating history of Joyo is illustrated in Fig.2.2. The total operation time as of

March 31, 1996 is about 51,200 hours since the initial criticality in 1977, and also the

accumulated thermal power is about 4,160 GWh.

A large number of irradiation tests, such as for the nitride fuel and the carbide fuel,

are now in progress. The creep test of fuel cladding materials under irradiation with

MARICO* is also in progress.

* Materials Testing Rig with Temperature Control
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2.2 Upgrading Project of Joyo(MK-III project)

The Joyo modification project named the MK-III project is planned to upgrade its

irradiation capability. The safety review for the MK-III project by government has been

completed in September 1995. The plant modification schedule will be discussed

because of the influence of the Monju secondary sodium leak accident.
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3. Prototype FBR, Monju

3.1 Construction Schedule

The Monju site is located on the north side of the Tsuruga Peninsula in the central

Japan, facing the Sea of Japan and is surrounded by mountains of approximately 300-

700m high. Since the plant is located inside the Wakasa Bay Quasi-national Park, its

construction works have been carried out with special attention to the environment.

Major milestones of the construction schedule (shown in Fig. 3.1) are as follows;

Oct. 1985 Start of Construction

Apr. 1987 Completion of Construction of the Reactor Containment Vessel

Oct. 1988 Installation of Reactor Vessel

Apr. 1991 Completion of Construction

3.2 Present Status

The equipment installation was finished and the construction was completed in Apr.

1991. The function tests were performed from May 1991 to Dec. 1992. After that, the

start-up tests was performed. The reactor power was increased gradually from Feb.

1995. Generating electricity and connecting to the grid was started in Jul. 1995. During

40% start-up test, the reactor was manually shut down due to the sodium leak in the

secondary heat transport system (SHTS), Loop C in Dec. 1995.

3.3 Pre-operational Tests

Pre-operational tests were composed of Function Tests and Start-up. The schedule

in Fig. 3.2 shows the general outline of the Pre-operational tests.

1) Function Tests

Function tests were carried out from May 1991 to December 1992.

Function tests were conducted to confirm the function and performance of the

plant systems, and were composed of various tests and inspections during

fabrication and installation of the components in Monju.

2) Start-up Tests

The purpose of the start-up tests is to confirm and to evaluate the performance

of the core, the plant systems and the components.

The start-up tests consist of criticality test, reactor physics test, power-up test,

etc.

First of all, the pre-performance test of plant system was conducted to examine

plant characteristics under high temperature condition without nuclear heating.

Initial criticality was achieved with 168 fuel assemblies in Apr. 1994.
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After the criticality test, the reactor physics test was performed and core

reactivity worth, core reaction rate distribution , core flow rate distribution, etc.

were measured.

The nuclear heating test was started in Feb. 1995 and the reactor power was

increased gradually. Monju was connected to the grid in Aug. and then power-up

test was started. In the power-up test, plant characteristics under power operation

and transient condition was confirmed up to 40% power operation.

When power was being increased for the plant trip test, as a part of 40% power

test, a sodium leak occurred in SHTS, Loop-C in Dec. 1995. The leak took place

near the outlet of the secondary side of the intermediate heat exchanger (IHX).

(Fig. 3.3)

The reactor was manually shut down to cold shutdown state, and the sodium in

the primary and the secondary loops of the affected Loop C was drained.

Presently the examinations of the leak part of the temperature sensor have been

performed, and also multiple investigations of the cause of the accident are being

performed.
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Table 3-1 Principal Monju Plant Design Characteristics

Reactor Type
Thermal Power

Gross Electrical Power

Core Equivalent Diameter

Height

Volume
Fuel

Pu Enrichment (Pu fissile)

Initial Core

Equilibrium Core

Fuel Inventory Core(U+Pu metal)

Blanket (U metal)

Average Burn-up

Cladding Material

Cladding Outside Diameter/Thickness

Permissible Cladding Temperature

(middle of thickness)

Power Density

Blanket Thickness

Breeding Ratio

Reactor inlet/outlet Sodium Temperature

Secondary Sodium Temperature

(IHX inlet/outlet)

Reactor Vessel (height/diameter)

Number of Loops

Pump Position

(Primary and Secondary Loop)

Type of Steam Generator

Steam Pressure (Turbine Inlet)

Steam Temperature (Turbine Inlet)

Refueling System

Refueling Interval

Sodium cooled FBR, loop-type
714 MW

280 MW

Approx. 180 cm

93 cm

2340 lits.

PuO2 - UO2

(Inner core/outer core)

15/20%

16/21%

5.9 ton

17.5 ton

Approx. 80,000 MWD/T

SUS316

6.5/0.47 mm

675 °C

275KW/lit

Upper 30 cm

Lower 35 cm

Radial 30 cm

Approx. 1.2

397/529 °C

325/505 °C

18/7m

3

Cold Leg

Helical Coil, once-thorough Unit Type

127 kg/cm2 g

483 °C

Single Rotating Plug with Fixed Arm

FHM

Approx. 6 Months
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4. DFBR and PNC's Design Study

4.1 Overview

The Japan Atomic Energy Commission (JAEC) promulgated Japanese "Long-term

Program for Development and Utilization of Nuclear Energy" in June 1994. In the

program, it was concluded that the research and development for demonstration FBRs

(DFBRs) should be done with the cooperation of governmental and private sectors, and

that utilities should play the major role in design, construction and operation of the

DFBR aiming at the commercialization by the year about 2030 through construction of

two DFBRs with a step-by-step improvement of technologies and economics.

The start of construction of DFBR-1 is expected in the early 2000's in the program.

4.2 Design Study of DFBR

The Japan Atomic Power Company (JAPC) has conducted for the past several years

conceptual design studies of the Demonstration Fast Breeder Reactor (DFBR) in

accordance with the basic policy of the Federation of Electric Power Companies (FEPC)

and has confirmed the feasibility of top entry loop type reactor.

Based on the result of these design studies, FEPC decided in January 1994 to start

the construction of the DFBR plant in the early 2000's, and the major specifications.

The optimization study of the DFBR has been conducted by JAPC for three years

since FY1994, based on the major specifications and those design studies. These studies

have been focused on core safety enhancement including the application of gas

expansion modules (GEM), increase of design margins for the structural tolerance of the

containment facilities, feasibility and licensability of seismic isolation plant for

introduction to the DFBR. Through these studies, the goal to make the design of the

whole DFBR plant harmonious with both safety and economic viability, and to prove

preparation for the basic design.

4.3 PNC's Design Study

In 1988, PNC started plant design study applying key technologies such as reactor

vessel head access concept and performed plant construction cost evaluation.

PNC conducted design study on a 600MWe-size plant for 1990 - 1991. In 1992,

JAPC and PNC discussed on the mutual design results to improve the demonstration

reactor design study. Design study on a 1300MWe-size plant featured with passive

safety using nitride fuel was completed at PNC in 1995.

PNC is now studying advanced recycling system using new type fuel (nitride,

metal) and minor actinide, and is conducting conceptual design study of Recycle Test
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Reactor focusing on core design in order to study FBR core variety such as plutonium

burning, minor actinide burning and use of new type fuel. Necessities of the Recycle

Test Reactor are being discussed at the Subcommittee on Advanced Recycling Program

ofJAEC.

5. Reactor Physics

5.1 Development of Analytical Method

The effort to develop a neutron transport code based on an improved nodal method

has been continued in order to treat the Hex-Z geometry of FBR cores more accurately.

In the previous version of the nodal code, the axial leakage from a node was

approximated by a second order polynomial expansion of the flux, which occasionally

leads to the difficulty of numerical convergence, especially in the case of control rod

inserted core. A method to evaluate the boundary flux distribution interpolating the

fluxes of axially adjacent nodes was newly developed to overcome such steep flux-

gradient cases. A benchmark test of an FBR core showed the new treatment of axial

leakage could obtain the flux convergence within the error of o.l%dk for keff, even in

the case where the previous method failed.

The continuous-energy Monte Cairo method, which has no analytical modeling

errors in principle, has become more realistic in Japan because of both the release of an

efficiently vectorized code and the rapid improvement of computer hardware. PNC is

now utilizing the Monte Carlo method as a tool to verify the standard deterministic

analytical system which uses ABBN-type 70-group constant sets and three-dimensional

diffusion and/or transport codes. A comparison between the Monte Carlo method and the

standard deterministic method agreed well within the difference of 0.1 %dk for the keff

of ZPPR-9 FBR benchmark core.

5.2 Critical Experiment and Analysis

In order to improve the design method and accuracy of large FBRs, extensive work

has been performed to accumulate and evaluate many kinds of experimental and

analytical results from the past fast reactor physics study. As a part of efforts to develop

the standard database for FBR core nuclear design, a latest version of nuclear data library

in Japan, JENDL-3.2, was applied to the large FBR core critical experiment JUPITER,

and the results were compared with those of the previous library, JENDL-2. One

particular feature of JENDL-3.2 is the good prediction of sodium void reactivity within

10%, on the other hand, the former JENDL-2 largely overestimated it by 20-40%. From
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a sensitivity study, it is found that sodium inelastic and Pu-239 capture reactions, which

had not been considered important before, mainly contributed to the great improvement

of JENDL-3.2, although many other nuclide-reactions had opposite effects and canceled

with each other.

5.3 Cross-Section Adjustment

Compared with critical experiments, the power reactors have some special

characteristics such as changes of fuel compositions with core burnup and increase of

fuel temperature due to heat generation. About the burnup characteristics, PNC has

successfully developed a code system to calculate the cross-section sensitivity of those,

based on a generalized perturbation theory including burnup chain reactions. On the

other hand, the present cross-section adjustment method cannot treat the Doppler

reactivity which is dominated by resonance-peak broadening of cross-sections. An effort

has been continued to extend the applicability of the cross-section adjustment and design

accuracy evaluation system to the Doppler effect. This year a cross-section set including

self-shielding factors was preliminarily adjusted by Doppler data of ZPPR experiment as

well as other general core parameters. As a result, the C/E (Calculation/Experiment)

values of the Doppler experiment were found to become close to unity after the

adjustment without any harm to prediction of other core characteristics.

5.4 Shielding Experiment and Analysis

Post-analysis of Japanese-American Shielding Program for Experimental Research

(JASPER) was almost completed. Analytical results of JASPER were effectively utilized

in the Demonstration FBR shielding design review, which was conducted in the joint

study of Japan Atomic Power Company.

As the next step of shielding study, a new work was initiated to develop a standard

database for FBR shielding design this year. In the database, the experimental and

analytical information from JASPER and other shielding experiments will be evaluated

and compiled in a systematic and consistent manner. As a part of the efforts, typical

radial shielding experiments of JASPER is now being re-analyzed with the latest version

of nuclear data library, JENDL-3.2, and compared with the results of the former

JENDL-2.
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6. Systems and Components

6.1 Reactor Shutdown System

Research on the self-actuated shut-down system (SASS) by using a curie point

magnet is in progress. A system performance test on SASS by use of Joyo is under

planning based on various out pile characteristic tests conducted in air and sodium

environment.

6.2 Process Instrumentation

A development of ISI test equipment for Monju was completed in O-arai engineering

center(OEC). Mock-up test rigs and ISI test equipments at OEC were disassembled and

transferred to Monju from OEC.

A development of the visualization technique of heat transfer tube inner side by

using Laser is in progress.

6.3 Steam Generator

PNC precedes a conceptual design study for a future FBR plant having a steam

generator in the primary heat transport system. The studies on a double-wall tube(DWT)

steam generator have been in progress regarding structural integrity and thermal

hydraulic performance of the DWT steam generator.

The 1MW scale DWT steam generator test was completed and post test examination

is underway.

6.4 Sodium Component

An in-sodium performance test of a magnetic flux concentration type electro

magnetic pump (EMP) was completed. An evaluation of the EMP was completed.

6.5 Thermal Hydraulics

A verification of plant dynamics simulation code (Super-COPD) by using Monju

functional tests was carried out and the accuracy of the models was validated.

Predictions for the Monju start-up test were carried out beforehand and the verification

by using the test is planned.

7. Fuels and Materials

7.1 Fuel Fabrication

The PFPF (Plutonium Fuel Production Facility) equipped with automated and

remote handling fuel production systems started fabricating Joyo and Monju fuels from

October 1988.
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7.2 Fuel Pin Performance

Fuel pin performance codes of MOX type pellet for analyzing the steady state and

transient conditions have been improved since 1984, with the data of PNC/DOE

operational reliability testing program in EBR-II, etc. The modification of codes for

annular MOX fuel is emphasized with the irradiation data base. A three dimensional

FEM code for an analysis of defected fuel pin behavior has been modified with PIE

results of Run Beyond Cladding Breach (RBCB) pin in EBR-II. Development of nitride

fuel performance code is also in progress.

7.3 Core Material

PNC 1520 advanced austenitic steel was developed for high burnup FBR fuels.

Improved performance than current PNC316 steel is demonstrated by the out-of-reacter

and material irradiation testing programs. Design base standard of PNC 1520 is

completed and evaluation study is in progress to apply Monju and DFBR cores.

7.4 Irradiation Experiments

1) Joyo

Fuel pin irradiation continues with advanced austenitic cladding fuel pins and

high strength ferritic cladding fuel pins. Large diameter annular pellet fuel pins for

Monju high burnup and DFBR cores are also included in the test.

The fuel subassembly with CEA austenitic stainless steel cladding tubes has

also been irradiated since 1988 and reached the final stage at 125GWd/t.

2) Foreign Reactors

Phase-II program of PNC/DOE collaborative operational reliability testing in

EBR-II has been successfully completed by the end of 1995. Large amount of data

base on TOP (transient over power) and RBCB (run beyond cladding breach) tests

is summerized for typical MOX fuel pins.

The PIE of fuel subassemblies of PNC316 steel and PNC 1520 advanced

austenitic stainless steel irradiated in FFTF is in progress. The shipment of

irradiated fuel materials to PNC O-arai was continued to take a further investigation

of high burnup fuel behavior.

7.5 Development of Advanced Fuels

Feasibility study of advanced fuels (nitride, metal, carbide) has been conducted since

1986. PNC/JAERI irradiation test of nitride and carbide pins has been conducted in Joyo

since 1994.
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Mixed carbide fuel pins were also irradiated using the thermal reactor JRR-2 and

JMTRofJAERI.

7.6 Post Irradiation Examination

Construction of PIE facility of Fuels Monitoring Facility (FMF-2) adjacent to

existing FMF-1 at OEC has completed to handle the large fuel assemblies irradiated in

FBR Monju and ATR Fugen. Hot operation of FMF-2 will start from late 1997.

8. Structural Design and Materials

8.1 Development of Structural Design Method

1) FIN AS nonlinear structural analysis program

Effort to entire the capavility of the general purpose nonlinear structural analysis

program FINAS is continued, particularly with respect to adoptive mesh generation

based oann r-method and h-method. FINAS was mounted as the solver in CAE

systems such as CAD AS, ATLAS, FEMAP and so on. FINAS is currently used by

many engineers at about 40 sites including fabricators and universities. The latest

version, V12.0, was translated into English.

Personnal computer version of FINAS was developed.

2) Improvement of Elevated Temperature Structural Design Guide

The following rules are investigated to improve and extend the current Elevated

Temperature Structural Design Guide.

i) Creep-fatigue design methods based on elastic analysis

A new creep-fatigue method, which is based on the concept of a general

elastic follow-up model, is being developed. The elastic follow-up

equations to predict strain magnification and creep relaxation for structural

discontinuities are established.

ii) Design rules for weldment

A new design approach, taking into account the metallurgical and

geometrical discontinuities inherent in weldment, is being pursued.

iii) Strain limit critera

A ratchetting criteria for multiaxial stress state, which are not provided

explicitly in the design guide, was developed, and is being examined the

applicability of the criteria to general components by FE Analysis.
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8.2 Structural Test and Evaluation

Structural tests are being performed to improve strength prediction methods, to

evaluate the adequacy of elevated temperature design rules, and also to verify advanced

nonlinear structural analysis methods.

1) Thermal creep-fatigue test with small sodium loops (STST)

A thermal creep-fatigue test, whose specimen was a new test model "a

cylindrical shell with cross-section gradually step-changing" is started and is

continued with use of the test facility (STST).

2) Thermal transient tests in large sodium loop (TTS)

A thermal transient test of a vessel with fillets model is now under way. A new

test model, made of FBR grade 316 stainless steel, was fabricated.

3) Distortion tests of fuel sub-assembly duct (CMDT, WFT)

A new R&D, which is to investigate the distortion behaviors of internal

structures, was started. Firstly a fundamental distortion tests of ducts of a fuel sub-

assembly were performed with use of new equipment, CMDT and WFT, and then a

distortion tests of several fuel sub-assemblies will be stared in near future.

8.3 Seismic Test and Analysis

1) A conceptual study on the vertical seismic isolation system for FBR components is

underway. A series of shaking table tests and analytical works are included to assess

the feasibility of the system.

2) Seismic analysis method development and verification on FBR core in the

framework of "IAEA/IWGFR Coordinated Research Program on Intercomparison of

LMFBR Seismic Analysis Codes" has completed in 1995.

8.4 Fracture Mechanics Tests and Evaluation

Both deterministic and probabilistic fracture mechanics methodologies are being

development for the integrity assessment of flawed or cracked structure.

Computer codes developed at PNC as CANIS-J for calculation of fracture

mechanics parameters, CANIS-G for simplified crack propagation analysis were

modified further.

Crack propagation test with a cylinder with an axial temperature gradient is

continued.
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8.5 Structural Material Tests and Evaluation

Structural material tests in air, in sodium, in water/steam, and under post-irradiation

condition have been conducted to revise the Monju Material Strength Standard and to

prepare a new version for DFBR.

The test program in air and in sodium environment is called "Capella" program and

the step-1 program(1985-1987), the step-2 program (1988-1990) and the step-3(1991-

1993) were already completed. The step-4 are currently underway with emphasis on

long-term extrapolation.

The post-neutron irradiation tests are underway within the scope of neutron

irradiation program "Spica".

1) Tests in Air

The present Capella step-4 program includes following subjects;

- Validation of long-term extrapolation of a new criterion for creep-fatigue

failure strength of weldment, inelastic constitutive equations on new

materials(modified 9Cr-lMo steel and FBR grade 316 stainless steel)

- Improvement of LBB evaluation method for FBR plant.

- Development of the material strength standard for modified 9Cr-lMo steel

and FBR grade 316 stainless steel

A new concept creep-fatigue failure criterion was proposed using secondary

creep basis ductility exhaustion for stainless steels. Applicability of the present

criterion to modified 9Cr-lMo steel was validated by the mechanical and

metallurgical studies. The equations of cyclic plasticity of FBR grade 316 stainless

steel were revised based on the data-base consisted with low cyclic fatigue and

tensile test data.

2) Test in Sodium and Water/steam

Mechanical strength (tensile, creep fatigue, creep fatigue) tests on 316FR

(nitrogen controlled) in sodium are still continued in the program to evaluate the

carbon and nitrogen transfer effects. Low-cycle fatigue and creep fatigue tests on

modified 9Cr-lMo steel in water/steam environment were conducted.

3) Tests in Irradiation Environments

Surveillance tests for the Class 1 components of Joyo were conducted to

confirm the integrity of the reactor by evaluating irradiation effects of the same

materials.
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The test data were used for the planning of Joyo operating program.

Tests for the Class 1 components of Monju to evaluate irradiation effects on the

mechanical properties up to the end of design life and to evaluate irradiation effects

on the Material Strength Standard for Monju are also in progress.

Both forged and rolled SUS304 steels were irradiated in Joyo using SMIR

(Structural Material Irradiation Rig).

Another test for DFBR was conducted to clear the relationship between creep

rupture strength and metallurgical variables such as chemical composition, grain

size and production process.

Several post irradiation material tests and in-pile creep tests on FBR grade 316

stainless steel were continued in Joyo and JMTR (Japan Material Test Reactor of

JAERI) in accordance with the R&D program Spica step-2.

4) Data Processing System

Material data are complied using specific data coding sheets, and the data inputs

to the computer data processing system SMAT are still continued.

Entry data in SMAT are currently more than 12,000 data points on 11 different

kinds of mechanical tests (including tensile, low cycle fatigue, creep) for 10 kinds

of FBR structural steels.

9. Safety

9.1 Safety Evaluation for Normal and Abnormal Events

Safety evaluation studies have been conducted for confirming the physical

phenomena and integrity of the fuel subassemblies, the core internal structures and the

heat transport systems during the normal operation, scram transients and the early stage

of postulated accidents. On this account, thermohydraulic experiments related to the

decay heat removal by natural circulation have been carried out, and the development and

validation of the thermohydraulic safety analysis codes is also in progress.

1) Thermohydraulic Experiments

An integral sodium experiment has been carried out with a partial core model

composed of seven subassemblies, inter-wrapper gaps, an upper plenum and

dipped cooler. The tests for inter subassembly heat transfer and core-plenum

interaction were completed. A series of tests is under way focusing inter-wrapper

flow under conditions of natural circulation decay heat removal.
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2) Development and Validation of Analysis Codes

Subchannel analysis codes, ASFRE for single phase flow and SABENA for

two-phase flow, have been developed for the purpose of predicting fuel element

temperatures and thermohydraulic characteristics in the FBR fuel subassembly.

ASFRE has the detailed wire-spacer model called distributed flow resistance model,

which calculates the effect of wire-spacer on thermohydraulics, and the planer and

porous blockage models are also implemented in ASFRE to evaluate the accident in

the fuel subassembly. In this reporting period, the improvement of the thermal

conduction model was carried out to be able to estimate the azimuthal temperature

distribution on the fuel cladding. Furthermore, the analyses of the 37-pin and 61-

pin bundle data obtained from the sodium experiments were conducted as a code

validation study.

SABENA is the two-phase flow analysis code based on the two-fluid model.

The correlation equations of wall friction and two-phase friction corresponding to

the change of the two-phase flow pattern were implemented in SABENA, and the

effects of improvement were confirmed by the validation analyses using sodium

boiling test data at decay heat level.

Concerning about multi-dimensional thermohydraulic codes, the improvement

of the turbulence model in AQUA was carried out for simulating temperature

fluctuations by thermal striping at the core exit region. The peak-to-peak levels of

temperature fluctuations were well simulated by the turbulence model based on an

algebraic stress model (ASM).

A fluid-structure thermal interaction analysis code FLUSH have been developed

to evaluate the temperature distribution in the shield plug. As for the pre-test

analysis of the MONJU performance test, the temperature distribution in the shield

plug was successfully predicted by the interactive calculation between structural

components and cover gas fluid regions, and the applicability of FLUSH to

practical systems have been identified.

A three-dimensional arbitrary-Lagrangian-Eulerian (ALE) finite element code

SPLASH-ALE has been modified and applied to a simulation of free surface

behavior. A capillarity model based on the cubic Spline function has been

developed and incorporated in SPLASH-ALE. Free surface sloshing and capillarity

phenomena analyses have been performed to validate the model. The simulation

results are in excellent agreement with the theoretical results regarding sloshing
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frequencies and the shape of the free surface. It was confirmed that capillarity

should be adequately considered in the free surface dynamics analysis.

Regarding the whole plant simulation, a module type plant dynamics code

Super-COPD has been developed and validated using MONJU plant data. In this

reporting period, a cover gas module has been implemented in Super-COPD. The

cover gas module is considered to be quite useful to evaluate the effect of cover gas

pressure fluctuation on coolant surface levels in plant components. The

performance test analysis of MONJU is in progress to validate the effectiveness of

the model to practical problems.

A space-dependent plant dymamics code system has been developed to apply to

the performance evaluation of passive safety features of FBRs. Three-dimensional

calculations on neutronic characteristics have been perfomed to investigate the local

power distorsion that is expected to occure in the case of asymmetric functioning of

passive shut-down devices. The development of interface program between

neutronic and thermohydraulic calculations is sheduled to be started.

9.2 Degraded Core Research

The degraded core research at PNC addresses: the fuel failure propagation during

local-fault accidents, and physical phenomena during core disruptive accidents (CDAs).

The local fault studies include out-of-pile experiments on local coolant blockages by

porous media with water to confirm fuel pin integrity through analyses using a detailed

sub-channel code, ASFRE. A new series of sodium experiments is also planned. To

focus on an intra-subassembly failure propagation behavior and to establish a termination

scenario, a synthesis study is in progress by reviewing and interpreting the past in- and

out-of-pile experimental data base, such as SCARABEE, MOL 7C, SLSF and TREAT.

The current out-of-pile experimental program at PNC consists of various simulant

melt experiments using the MELT-II facility. A series of experiments to investigate the

erosion behavior of solid structures by a high-temperature molten jet was completed.

Experiments to study thermal interactions between a molten jet and coolant are in

progress. A low-temperature series of tests with Woods metal and water has been

completed. From the experiments, four distinct modes of interaction behaviors were

observed. Conditions necessary for energetic interactions were identified, based on

consideration of the minimum film boiling temperature. From extrapolation to reactor

materials, it is predicted that such conditions are unlikely to be met. High-temperature

experiments with steel and and alumina are planned for the next few years.
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On the in-pile experiments jointly conducted with French CEA, all the planned tests

have completed for the CABRI-FAST program, in which slow and fast transient tests

have been conducted, mainly with high burnup, annular fuel pins. A joint synthesis

work is underway. Starting in 1996, a next joint in-pile test program, CABRI-RAFT, is

inihated, where the total of 8 tests are planned in the CABRI and SCARABEE reactors

through 2000.

The CDA analysis code development and validation studies have continued

extensively: SAS4A for CDA's initiating phase and SIMMER-III for the transition

phase. For SAS4A, under collaboration with FZK and CEA, a reference code version

REF-96 has been developed for common use in the future. A special single channel code

PAPAS-2S, which models detailed fuel pin mechanics, is also being elaborated through

CABRI analyses. Version 2 of SIMMER-III has almost completed with coupling with

the neutronics model. A code assessment program is jointly participated by FZK and

CEA. Also underway is the development of a new interface code SAME-II that couples

SAS4A and SIMMER-III. The system of new-generation codes are being applied to

CDA studies of D-FBR and future fast reactors.

Finally, a long-term research program SERAPH (Safety Experimental Reactor for

Accident Phenomenology), has been undertaken over the last several years at PNC. This

program aims at identifying long-term research needs of integral in-pile safety

experiments, which are essential to further advance safety technologies towards FBR

commercialization in the next century. The areas of primary interest include: eliminating

recriticality concerns during CDAs, demonstrating advanced fuel design and types, and

establishing local-fault scenarios. A feasibility study with related R&D's on elementary

technologies is in progress to define required features and performance of the in-pile test

facility, and to establish a basic design concept of a reference core.

9.3 Plant Accident Research

FBR plant accident research consists of two major activities. One is a study on a

non-radiological sodium fire caused by sodium leakage from the intermediate heat

transport system (IHTS), and the other is a study on the radiological source term, with

emphasis being placed on quantifying various mitigation factors of fission product (FP)

release and transport from failed fuels to the environment. The latter study also includes

an integrity assessment study of the reactor containment with respect to FP leakage

during a severe accident.

Most topical activity in FY1995 is the Monju sodium leak reproduction test and

analysis. A series of prototypical sodium fire experiments were scheduled to clarify the
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sequence of the Monju SHTS sodium leak accident on December 8th, 1995 by use of the

sodium fire test facilities such as S APFIRE. Two tests were conducted so far to evaluate

the sodium leak rate in the accident. Monju accidental analysis as well as pretest and post

test analyses are under way using sodium fire code such as AS SCOPS, SOLFAS and

CONTAIN.

In the source term study, a new experimental rig has been constructed for

investigation of FP release behavior from high temperature fuel under an accidental

condition. Various performance tests are in progress to validate experimental procedures

and measurements. Experiments using irradiated fuels of Joyo are planned in near

future. The FP bubble behavior in sodium and the FP release behavior from sodium pool

surface are studied with the SABER and the START rigs, respectively. The TRACER

code is under development to describe various FP behavior in an in-vessel sodium

system. For an ex-vessel study, the hydrogen burn experiments are continued in

atmospheric conditions containing sodium aerosols or mists. The CONTAIN-LMR code

is continuously improved for analyses of overall severe accident progression in a

containment.

9.4 Steam Generator Safety Research

Current steam generator (SG) safety researches consist of two major activities. The

one is for improvement of the sodium-water reaction evaluation method for the large-

scale demonstration FBR plant. For this purpose, an overheating failure propagation

process is studied in detail because this may potentially determine the design base leak

(DBL) of future plant SG's. A series of simulation experiments in the TRUST rig has

been conducted to examine structural performance of high-temperature tube* under

accident conditions. Obtained data are analyzed using the computer code, FINAS, and

resonable agreement was found between the data and the code. Present TRUST rig

which simulates the failure of the heat transfer tube in the nitrogen gas pressurization is

remodeled and TRUST-2 rig is newly manufactured in order to simulate the failure of the

heat transfer tube in the superheated steam flow condition. Since these TRUST

experiments simulate reaction heat by means of induction heating, large scale sodium-

water reaction experiments are planned in the modified SWAT-3 facility. Effects such as

sodium flow and tube cooling by water system blowdown will be simulated in the large

scale experiments.

Another study for the SG safety is aimed for the FBR design concept which

eliminates the secondary sodium loop. To support this conceptual feasibility study,

double-wall tube SG design is proposed and examined. Since a reliable leak detection
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system is essential for this design, detailed investigation of tube failure detectability is

performed. A inert gas system in the gap of double-wall tube is used for detection. In

case of an inner tube failure, steam in the inert gas system is detected. On the contrary,

inert gas contents in sodium is detected in case of an outer tube failure. Both

experimental studies and code development are in progress to validate this detection

system.

9.5 Research on Probabilistic Safety Assessment

PNC has been performing the research on Probabilistic Safety Assessment (PSA)

for more than ten years as part of the R&D of a fast reactor.

The purpose of this research is to construct probabilistic safety models for a typical

loop-type FBR plant so that an overall safety assessment can be performed. It is

expected that (1) a systematic evaluation on the plant safety is conducted based on the

quantitative analysis, (2) the insights on measures to enhance system reliability and

safety are provided, (3) the operation and maintenance procedures are established based

on a risk-based consideration, and (4) useful information is given to the development of

basic policy on safety design and evaluation of a large LMFBR.

PNC has been improving the systems analysis code network which is able to

perform a level-1 PSA. Recent efforts have focused on the development of a system

configuration control program that evaluates the risk during the shutdown, a dynamic

reliability analysis program (DYANA) dealing with the Emergency Operating

Procedures, and a Living PSA System (LIPSAS). The LIPSAS has been installed at the

site of Monju plant to examine the applicability of the system to safety management of a

real plant. Furthermore, PNC has been developing a new software SAGE (Severe

Accident Guidance using Expertise) which is able to quantify the consequence of core

damage quickly with the expert system that models accident phenomena based on the

experience of full scope PSA.

Efforts are being made to develop a new relational data base system of LMFBR

component reliability data on an engineering workstation. The system is based on

CREDO (Centralized Reliability Data Organization), a cooperative project between PNC

and the USDOE, which ended in 1992. As part of the data analysis, failure rates of

external leakage mode were quantitatively estimated for various valves in sodium

system. Additionally, risk-related data on energy production systems such as solar photo

voltaic energy system and LMFBR nuclear fuel cycle have been collected and health risk

to the public is compared among various energy production systems.
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A detailed shutdown PSA is underway. The reliability of the decay heat removal

system (DHRS) during the plant shutdown has been evaluated based on the latest

information on the inspection schedule. PSA is being applied to a large LMFBR with

three IRACS loops, one DRACS loop, and a water steam system as the DHRS. The

importance measures of each DHRS to the PLOHS frequency were evaluated. Also the

study on the classification of safety evaluation events (SEEs) is ongoing. The failure

probability of PS (prevention system) and MS (mitigation system) for a typical large

LMFBR was examined and the occurrence frequency of the SEEs were quantified taking

into consideration the multiple failure of PS and MS.

Level-2 PSA tasks (consequence analysis) are underway. The current effort includes

a preliminary analysis of an E/T of ULOF accident in a large LMFBR particularly

reflecting recent experimental and analytical knowledge. For example, it has been

becoming apparent that the molten fuel could be discharged from the core region through

an escape path with a large hydraulic diameter such as control rod guide tubes. Since this

phenomenon could be highly effective to mitigate an energetic event in the transition

phase, it is anticipated based on the preliminary assessment that the most probable

sequence of ULOF is a mild one with neutronic shutdown due to fuel escape and thus

non-mechanical energy release. For the ex-vessel physical process, an analysis of source

term has been continued postulating a reactor vessel melt-through event. A debris-

concrete interaction has been mainly investigated by means of a sensitivity analysis of the

relation between the initial conditions such as debris mass and temperature and the

quantity of radiological nuclides to be released.

10. Fuel Cycle

10.1 Mox Fuel Fabrication

1) Construction and Fuel Fabrication

R&D on fabrication of uranium-plutonium mixed oxide (MOX) fuel has been

carried out since 1965 at the Plutonium Fuel Development Facility (PFDF) in Tokai

works of PNC.

The Plutonium Fuel Fabrication Facility (PFFF), which started operation in

1972, has two fuel fabrication lines for Advanced Thermal Reactor (ATR) (10 ton

MOX/year) and FBR (1 ton MOX/year). It has supplied the fuel necessary for the

operation of ATR Fugen and FBR Joyo.
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In parallel with the construction of Monju, construction of the Plutonium Fuel

Production Facility (PFPF) (FBR line; 5 tons MOX/year) started in July 1982. It

was aimed to develop fuel fabrication technologies with larger scale and automated

equipment as well as to fabricate fuels for Monju and Joyo. The construction was

completed in October 1987. After testing operation, production of Joyo fuel started

in October 1988 as the first production campaign at PFPF. Production of the initial

core fuel of Monju started in October 1989 and was completed in January 1994 at

PFPF.

The PFPF is currently fabricating fuels for Joyo.

PNC is planning to extend the FBR line at PFPF so as to meet a Monju

improving program.

About 145 tons of MOX fuel have been fabricated by the end of March 1996.

2) R&D on MOX Fuel Fabrication

Remotely controlled operation technology is one of the most important key

element to achieve a large scale production of MOX fuel.

PFPF equipments including material transfer system are designed and

manufactured so as to realize the fully automated operation.

Through the operation of PFPF FBR line so far, PNC has been accumulating

experience for it.

10.2 Plutonium and Uranium Conversion

PNC developed a co-conversion technology utilizing the microwave heating direct

denitration process (MH method) which converts plutonium nitrate and uranyl nitrate

solution to MOX powder. Compared with the conventional method, it is a simple

process and generates less liquid waste.

The Plutonium Conversion Development Facility (PCDF) (conversion capacity: 10

kg MOX/d), designed for demonstration of the co-conversion technology by MH

method, was completed in February 1983; By the end of March 1996, it produced 12.6

tons of MOX powder containing about 5.2 tons of plutonium. The converted MOX

powder were transported to PFFF and PFPF, in addition to about 1.8 tons of MOX

powder processed at PFPF, and are being used for fabrication of MOX fuel for Fugen,

Joyo and Monju.

Since depleted uranium recovered from reprocessing of spent fuel has generally

higher U235 concentration compared to natural uranium, our country has decided to try
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to use it as LWR fuel by re-enriching and mixing it with other enriched uranium and by

mixing with plutonium as fuels for ATR, etc..

Reconstruction of pilot scale reprocessed uranium conversion facility was completed

in June, 1994.

Conversion test for reprocessed uranium was started in August, 1994.

11. FBR Fuel Recycling

In the area of FBR fuel reprocessing, PNC has developed process and equipment with

remote handling technique, through large scale cold mock-up tests at the three Engineering

Demonstration Facilities (EDFs) and laboratory scale hot tests at the Chemical Processing

Facility (CPF) in Tokai Works, taking into account of accumulated experience in the Tokai

reprocessing plant for LWR fuels.

The construction of Recycle Equipment Test Facility (RETF), where advanced process

and equipment tests in engineering scale under hot conditions are conducted in order to

enhance the technology and economical efficiency, is initiated in January, 1995.

Almost all of R&D activities are oriented towards the RETF project.

11.1 Process Research and Development

1) Head End process

In order to remove the hexagonal wrapper tube efficiently prior to fuel

chopping, a disassembly system with CO2 laser has been developed and tested. A

reference cutting scenario has been established through tests with dummy fuel

assemblies. A prototype test equipment of geometrically safe continuous rotary

dissolover was fabricated and tested.

Test results on both equipment have been reflected on the RETF design.

2) Chemical Separation Process

Major effort of solvent extraction contactor development is paid on centrifugal

contactor. The design of the prototype contactor for RETF has been completed

successfully.

In order to eliminate the generation of secondary salt-bearing waste in the purex

process, studies and tests on solvent cleanup with salt-free reagents and electro-

reoxidation process for Pu have been continued.
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3) Common Technology

To establish remote maintenance concept with rack system, key technologies

such as bilateral servo manipulator (BSM), roll-in type rack, remote connector

bank, and remote sampling system have been developed.

Materials of process equipment and advanced analytical system have been

developed.

4) Hot Tests at CPF

Irradiated fuel from Joyo with burnup up to 99,800 MWD/T have been used for

hot tests at CPF.

Through these hot tests, information of dissolution characteristics and nuclides

behavior in the solvent extraction process have been obtained. Especially, PNC has

developed the Np co-extraction process with U and Pu to enhance non-proliferation

aspect.

11.2 Plant Construction and Design of Recycling Facilities

1) Recycle Equipment Test Facility (RETF)

Verification of high availability and economical prospects of FBR fuel

reprocessing are essential for deployment of FBR and its fuel cycle. In order to

accomplish them at future pilot plant, hot engineering demonstrations of important

process and equipment are necessary in advance. From this viewpoint, PNC has

planned the RETF project to provide a test bed for advanced equipment and

process.

RETF features a large remote cell which accommodates both head-end and

chemical process equipment test areas. Most of the chemical processes will be

mounted on the racks installed along either cell wall. The maintenance of these

chemical process equipment as well mechanical components will be conducted by

using overhead crane and bilateral servo-manipulator (BSM).

The construction of the main test building was initiated in January 1995 and it is

scheduled to start hot tests in the beginning of 2000s.

It is expected that important data and experience for designing of future FBR

fuel reprocessing plants will be compiled through the RETF operation.

2) FBR Fuel Recycling Pilot Plant

PNC has a plan to construct the FBR Fuel Recycling Pilot Plant to verify the

whole plant system and it will be the first step for achieving the cost requirement.

The operation will be initiated in the middle of 2010s.
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1. THE STATUS OF NUCLEAR POWER IN 1995.

As of January 1996, 29 commercial power units were operating in Russia

in 9 nuclear power plants with a total installed capacity of 21242 MW. This

figure includes 13 units with WER (6 WER-400 units and 7 VVER-1000

units), 15 units with uranium-graphite channel-type reactors (among them 11

RBMK units), and 1 unit with fast reactor (BN-600).

The NPPs generated 99.3-106 MW-h (97.8 -106 MW-h in 1994).

The mean load factor was 53.4% (52.53% in 1994).

During 1995 there were 95 events at the 29 units in operation. As to

the international estimate of the events, only 3 of the above 95 incidents can

be classified by the INES: 1 incident - level 2, 2 incidents - level 1.

From 28 unplanned outages 17 involved the triggering of emergency

protection systems. As a whole, in 1995 safety indices of NPPs in operation

were higher than in 1994.*£?'

2. FAST REACTOR OPERATIONAL EXPERIENCE.

2.1. THE BN-600 NUCLEAR POWER PLANT.

Operating histogram of the BN-600 reactor for 1995 is shown in Fig.l.

During this year there have been two shutdowns of the reactor for planned

maintenance work and core refueling and one unplanned shutdown due to two

loops outages ( see fig.l ). During this period the load factor was 70.31 %

(78.2% in 1994). This reduction of the load factor compared to one in 1994 is

caused by heat output for consumers (0.57 %), and by unplanned loop

outages the reactor shutdown.

In Table 1 main BN-600 reactor characteristics for the last five years and

from the start of operation are presented.

In 1995 there were no water-into-sodium leaks in steam generators.
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Unfortunately, in 1995 there were six unplanned loop outages. Main causes of

these loop outages were as follows: turbogenerator, electric equipment, drain

steam pipeline and small sodium leaks of steam generator valves after repair

work. In Table 2 sodium leak statistics for a period of BN-600 operation and

their classification are presented.

Operating experience with the core.

As known, after the 26-th run the BN-600 reactor core has been changed

over to the third charge with a maximum fuel burn-up of 10 °b h.a., the

maximum dose being 75 dpa. The fuel subassembly duct material is 3P1-450

type ferritic - martensitic steel ( 13Cr-2Mo-Nb-P-B), the fuel pin cladding

material is the cold worked austenitic steel (16Cr-15Ni-2Mo-2Mn-Ti-P-B).

In 1995 a decision was made to increase the time duration of the runs 32,

33 and 34 in order to confirm the performance of the core and the radial blanket

up to burn-up of 11.3.% and 2 % h.a., respectively.

As a result the total lifetime of fuel subassemblies will be 540 eff.days.

In standard fuel subassemblies a maximum burn-up by the end of run 32

was 1 1.1.% h.a., a maximum dose was 80 dpa.

During the whole period of BN-600 operation in its core 12 S/As with

pellet MOX fuel were irradiated. Till the end of run 32 one fuel subassembly

with a maximum burn-up of 11.6 % h.a. was unloaded. At present 4 fuel

subassemblies with pellet MOX fuel are under irradiation in the reactor.

Besides, in the BN-600 6 fuel subassemblies with vibratory compacted

MOX fuel with a maximum burn-up of ~ 10 % h.a. and a dose of ~ 80 dpa were

irradiated.
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Table 1. Main BN-600 reactor characteristics for the last 5 years
start of operation.

Characteri
stic

Electric
power
output

Load
factor
The

number of
unit shut-

downs
The

number of
loop

outages

Units

106

kWh

%

1991

3670

69.83

2

4

1992

4402

84

2

2

1993

3915

80.3

2

0

1994

3810

78.2

2

0

1995

3695

70,31

3

6

and from the

From the start
of operation up

to Jan. 1,1996

56814

69.3

75

63

Table 2. Classification of sodium leak development causes.
Failure
causes

Manufactur
-ing defects

Design
faults

Repair
faults

Operational
causes

Ultimate
lifetime
N0/%

Types of equipment

equip.

2

-

1

3/10

valves

1

9

1

6
Ml 51

pipes

3

5
2

10/33

Total

No/%

6/20.7

5/17.3
11/34.5

2/6.8

6/20.7
30/100

Over circuit

I circuit

2

3
-

1

6/20

II
circuit

4

2
11

1

6
24/80
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2.2. THE BOR-60 EXPERIMENTAL NUCLEAR POWER PLANT.

In 1995 the BOR-60 plant was operated at 45 - 50 MW. The first loop of

the reactor was provided with the reverse-type steam generator RSGl and air

exchanger, another one - with the reverse - type steam generator RSG - 2.

The results of plant operation in 1995 are presented in Table 3. In this

table also are given the main results of BOR-60 operation from the

commissioning up to 1996.

Table 3 . Results of BOR-60 plant operation.
Characteristic

Operation
time, h

Availability
factor

Maximum
power level,
MW(th )

Power
generation:

thermal, Mwh
electricity,

Mwh
Steam

generators
operation

time, h
RSGl
RSG2

Heat output
for

consumers,
GKal

1

1960

0.9

50

94505

16475

1890
1890

25830

2

1203

0.55

50

45988

8314

1203
1203

5457

3

1747

0.79

45

67119

13819

1665
1665

1952

4

1093

0.495

45

45794

7138

1050
1050

9846

1995

6003

0.685

50

253406

45745

5808
5808

42835

From
commissioni

ng
up to 1«»96

6129771

946901

75426
28540

189975

A large number of irradiation tests of fuel and structural materials of

nuclear and thermonuclear reactors are carried out in the core and radial

blanket and irradiation of electroceramics and electric insulation materials - in

vertical channels.

The core charge mainly consisted of fuel subassemblies (S/A) containing

ceramic (UO2 , UPuO2) fuel and metallic ( UPu, UZr) fuel.

Most S / As with ceramic fuel had pins with vibratory compacted fuel.
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One S / A with MOX vibratory compacted fuel reached a burn up of

29,2° ii h.a. andfluenceofS.l • 1023n/cm2.

One S / A containing UZr sodium bonded fuel pins reached a burn-up of

9.7 °<> h.a.

2.3. THE BR-10 EXPERIMENTAL REACTOR EXPERIENCE.

In April 1995 40 years have passed since the day of the first in Russia

experimental fast reactor (BR-2) commissioning. Its power was 100 kw and

mercury was used as coolant. It was the predecessor of the present BR-10 reactor.

2.3.1. Main stages of reactor operation.

The BR-10 research reactor was commissioned in 1959. Until its updating

in 1973, the reactor had been named as BR-5, it was the first in Europe sodium

cooled fast reactor of 5000 kW power. In the secondary circuit of this reactor

sodium-potassium alloy was used for coolant. Heat removal was performed by

means of one air heat exchanger and one steam generator with double-walled

tubes. The gap between the tube walls was filled with mercury. But soon after

the steam generator was replaced by an air heat exchanger. Plutonium dioxide

was used for the reactor first initial fuel charge. Reactor operation with

plutonium oxide fuel was continued up to 1964.

In March 1965 new fuel-uranium monocarbide was loaded into the

reactor. Tests of this fuel was continued until 1971.

From May 1971 to July 1973 redesign of the technological part of the

reactor was carried out with the aim of increasing power up to 10 Mw. At

reactor updating the centrifugal pumps the design of which was not quite

successful were replaced by the electromagnetic ones. Besides, in the secondary

circuit, two air heat exchangers were additionally introduced, and sodium-

potassium coolant was replaced by sodium. Since then it was named BR-10.

However, due to technological errors the reactor was operated at 7,5 Mw

power.

During the third run from 1973 to 1979, plutonium oxide fuel was tested

in the tractor.
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From 1979 up to 1983 the second redesign, of the reactor was carried out.

Its duration was determined by the complicacy of the problem - the replacement

of the central part of the reactor including the safety element - a compensation

cylinder. It was caused by that neutron fluence on the reactor vessel reached an

ultimate value of 8*1022 n/cm2. During this period vast experience on equipment

decontamination and its disassembly was gained.

During the fourth run of the reactor (1983-1989) mass testing of core fuel

elements with uranium mononitride fuel was carried out. The reactor was

operated at a power of up to 8 Mw.

In 1989-90, updating of reactor systems was carried out aimed at

increasing its safety and at improvement of the experimental base.

Since May 1990 up to now the reactor is operated with the fifth uranium

mononitride fuel charge.

2.3.2. Experimental Capabilities of the Reactor.

The primary circuit has three experimental loops.

a) The central loop (CL)

The central loop channel is placed in the reactor centre and has a semiclosed

cooling circuit with possible variation of sodium temperature at the channel

inlet from 250°C to 350 °C. The direction of coolant movement in the central

loop channel is from the bottom upwards. Sodium inlet into the central loop

channel is made separately, sodium leaving the central loop channel is mixed

with the main circuit sodium at he core outlet. There is also a possibility to

arrange coolant movement in the central loop channel from the top downwards,

in this case sodium heated up in the core is supplied into the experimental

volume of the channel at a temperature of 47O...5OO°C.

The procedure for a creep inner investigation developed at the Institute

of Physics and Power Engineering allows to measure in the central loop channel

the creep rate in the range of about KH^o/hr during no more than 100...200

hours to an accuracy of 15...20 %. During 3..6 months on one sample it is

possible to obtain a data set sufficient for determining the character of the

radiation creep rate dependence on stress, temperature, irradiation rate of

material under investigation. Such tests are most attractive for a fast

comparative estimate of radiation resistance of modified materials perspective

for nuclear power.
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b) Sodium spectrometric section

Sodium is sampled into it from the pump head of the first one primary

loop. The pipe line of the sodium spectrometric section is cut in parallel to the

sodium purification system.

c) Radioactive sodium loop and sampling system.

Sampling for them is made from the pump head of the second primary-

circuit loop. Sodium is returned at the pump section of this loop.

Besides the central loop, instrumented devices can be placed in another

two cells of the core.

In the nickel reflector of the reactor and in the graphite thermal column

adjacent to it there are vertical and horizontal experimental channels and

neutron beams at which various physical, biological and medical studies are

carried out. Main characteristics of beams and channels are presented in Table

4.
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Table 4 6R-10 reactor experimental channel characteristics.

1.

Experimental
channel name
2

Channel
diameter, mm
3

Neutron flux,
n*cm-2* s-i

4

Note

5
1. Vertical Channels

1.1.

1.2.

1.3.

1.4.

1.5.

1.6.

1.7.

1.8.

1.9.

1.10.

1.11.

1.12.

1.13.

1.14.

1.15.

1.16.

CLCh- central
loop channel
Core cells in the
reactor centre
Core cells at the
reactor
periphery
M-0 in nickel
reflector

M-1,2 in nickel
reflector
OK-50 in nickel
reflector

OK-70 in nickel
reflector

K-l in the
thermal column
OK-3 in the
thermal column
K-2 in the
thermal column
AK in the
thermal column
K-3 in the
thermal column
K-4 in the
thermal column
K-5 in the
thermal column
K-6 in the
thermal column
K-7 in the
thermal column

25
20

26

26

20

22
62
30

86
47

20

50

20

100

20

20

20

20

20

8.6*1014

8.6*1014

8.4* 1014

4.65* 1014

0.40* 1014

1.6*1014

6.0*1013

0.5*1014

6.9*1013

0.8*1014

3.0*1012

l*1012

3.0*10"

8.0*1010

3.9*10'°

1*10'°

3.5* 109

l*109

3.5* 108

Channel sodium
"Dry" duct

"Dry "duct
Thermal
neutron flux in
the duct with
water

"Dry" duct
"Dry" duct
Thermal
neutron flux in
duct with water
"Dry" duct
Thermal
neutron flux in
duct with water
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1. 2 3 4 5
2. Horizontal channels

2.1.

2.2.

2.3.

2.4.

2.5.

2.6

Channels (3) of
the B-2 beam
Channels (3) of
the B-2 Beam
The B-3 fast
neutron beam
n-2
intermediate
neutron beam
T-4 thermal
neutron beam
Channel in the
thermal column

70

50

50

50

50

465

6.9*1013

6.9*1013

3.0*1010

l*108

2.8* 108

1 * 1 0 1 2

The M-l, M-2 vertical channels are located in the movable nickel

reflector. The OK-50, OK-70 and M-0 vertical channels are located in the fixed

nickel reflector. Channels in the reflector have air-cooled steel jackets. The intra-

channel test devices in the OK-50 and OK-70 channels developed at IPPE that

are used for creep investigations ensure single-axial stressed state of material

(extension or shear) permit to monitor and maintain the irradiation temperature

at a preset level within 350...700°C, assure testing in the inert atmosphere. A

version of remote recharging of samples is also possible.

In the thermal column 9 vertical and 4 horizontal channels are located.

All vertical channels in the thermal column have no jackets.

In graphite of the thermal column a horizontal recess of 460 mm in

diameter has been drilled in which an irradiation device with uranium target is

expected to be positioned for the purpose of irradiation of lavsan film to obtain

nuclear filters with a pore density of up to 109 pores/cm2. At present start-up and

adjustment activities at this unit are under way.

The B-3, FI-2 and T-4 neutron beams are covered with cast-iron gates

1000 mm thick. Into the B-2 horizontal channel there is fitted a plug with six

holes into which leak-tight jackets are placed. At the reactor neutron beams it is

possible to carry out neutron-diffractometry of spent fuel rods, as well as to

perform other work using various-energy neutrons.

To the B-3 beam a medical centre is adjacent at which oncologic patients

are treated and medical and biological investigations are carried out. Compex
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equipment includes systems for neutron beam collimation, light guidance of the

beam at a target, for TV observation and radiation monitoring.

The OK-70 and OK-50 vertical channels of the reactor are planned to be

used for regular production of molybdenum-99, iodine-125, iodine-131, iodine-

125, xenon-133 radionuclides used for diagnostic medical and treatment

purposes.

It has been experimentally shown that at filling the OK-70, OK-50

channels with water there can be obtained neutron iiTadiation devices with the

moderated neutron flux density of up to 8*1013 neutrons/cm2sec.

An irradiation device with water mounted in the M10 channel allows to

produce Au-198 and Hg-197 isotopes with a specific activity of 3300 Ci/g and 50

Ci/g, respectively.

In the reactor core regular irradiation of sulphur-32, sulphur-33 isotopes

is carried out and phosphor-32, phosphor-33 isotopes with specific activity up to

Ci/g are produced.

The core channels can be used for commercial production of phosphor-

32,-33, niobium-93, tin-118,-119,-120, scandium-46, sulphur-35, manganese-54,

iron-54, iron-55, cobalt-58 and other radionuclides.

2.33. Main lessons from reactor operation.

Sodium Leaks.

During the whole time of BR-10 reactor operation at the I and II circuits

19 incidents occuired related to losses of tightness of equipment, pipes, valves

and level indicator sensors resulting in liquid metal coolant leaks of different

volume. The statistics of coolant leak sites is presented in the Table 5.
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Table 5. Statistics of coolant leaks.
N

1.
2.
3.
4.

Coolant leak location

Pipe lines
Equipment
Valves
Level indicator sensors

The number of leak incidents

I circuit
3

4
3

II circuit

3
3
3

Causes of the above elements loss of tightness are classified as follows:

- the development of hidden defects in material and welding - 12 cases;

- design faults - 3 cases;

- faults at assembling - 1 case;

-misoperation (violations of piping heating up sequence by operating personnel)

-2 cases;

-burning-through of piping because of electric heater short circuit - 1 case.

The most serious by its consequences sodium leak occurred in 1959. At

BR-10 reactor energy start-up, buming-through by short circuit current from the

electric heater of the tube connecting the gas space of the central part of the

reactor with the level indicator tube Loss of tightness of tube

resulted in gas (argon) release from the reactor central part space, in a rise of

sodium level up to a hole formed in the tube and sodium pouring out outside the

reactor vessel. The reactor was shut down by the scram system and sodium

circulation through the primary circuit was stopped at once. To eliminate the

consequences of this accident it was necessary to carry out disassembling of the

reactor central part and shield, their washing from sodium oxides and

reassembling. To prevent possible burning-through of heated pipes a circuit of

electric supply for heaters from power network with isolated neutral conductor

was mounted.

In 60-ties coolant microleaks were noted at places of coolant tubes-to-

tubeplate attachment at air heat exchangers. Microleaks showed up in form of

sodium-potassium alloy oxides build-up on tubepiate. However these leaks

received no development, i.e., self-healing of microcracks took place. Since that

time up to now no coolant leaks in air heat exchangers occurred.

BR-10 operation experience and special experiments have revealed an

importance of complying with specified operations on heating up pipes and
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equipment after sodium freezing, as sodium at its melting down increases its

volume by ~4° b.

During the years of reactor operation the following sodium leak

monitoring systems were introduced and tested:

- short circuit of spark-plugs located within leak jackets gaps;

- radioactivity measurement;

- short circuiting of electric heaters to earth.

Radiometrical sensors are locateds:

a) near secondary popes for integrity monitoring of tubes and tubeplates of

intermediate heat exchangers;

b) at air lines of I circuit rooms special ventilation.

Operating experience has revealed that the primary sodium leak

monitoring system over Na-24 radioactivity should record sodium leakages of

~10 g. In this case sensitivity of the system is ~10-5Ci/m3 that allows to record an

increase of sodium aerosol content in ventilation air lines of up to 2 mg/m3.

As was indicated above, for the heaters of all pipe lines and equipment of

the BR-10 reactor primary and secondary circuits a three-phase. 380 V isolated

neutral electric supply system was created.

The isolated neutral electric supply system permits to implement

continuous monitoring of heater insulation conditions that was used for

creation of the system for monitoring coolant leak initiation at those sections of

equipment and pipe lines where the heaters are made of nichrome (Ni-Cr alloy)

and insulated from the pipes by porcelain beads. All the pipes and small-sized

equipment of reactor sodium circuits are coated with such heaters, they are

wound upon the popes sufficiently closely (with a pitch of ~20 mm), and at leak

initiation the liquid metal damages insulation at once. The heater insulation

monitoring system was supplemented by a failed-heaters automatic detection

circuit . During 1 minute a group is detected in which a heater with a loss of

insulation is located, and the detected group of heaters is cut off from the

electric supply network. The above systems have been introduced now at all

sodium rigs and reactor sodium circuits.

Operating experience of a steam generator with double-walled tubes.

A steam generator unit at one of secondary-circuit loops with a pilot

once-through steam generator was in operation at the reactor from June 1959 up
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to October 1960. The steam generator was made of two series-connected

sections.

Each section is a shell-and-tube heat exchanger with 61 U-shaped steam-

water tubes of 16*1,5 mm in diameter enclosed on straight sections into up

upsetting tubes of 21*1,5 mm in diameter to prevent direct steam-water-to-

sodium potassium contact at a loss of tube bundle tightness. The intertube space

was filled with mercury. The steam generator, as well as all liquid-metal

equipment of the reactor circuits were made of 1X18H9T stainless steel. This

steam generator had been in operation at the plant for a total of 4200 hours.

After 5-months operation at a full load the steam-water tube leaks in the steam

generator evaporation section appeared. During August-September 1960 8 failed

tubes were detected and plugged. An investigation of the steam generator tube

bundles has revealed that the fault in the steam-water tubes represent

longitudinal cracks 10 to 70 mm long located in the evaporation section (in the

zone of evaporation termination and of superheating initiation) and are related

to stainless steel intergranular corrosion under conditions of cyclic thermal

changes and variable stresses in the downflow evaporator tubes.

In October 1960 a loss of tightness of the mercury-sodium-potassium

tube bundle occurred. Mercury-into-sodium-potassium alloy leakage was related

with a loss of tightness by one of casing tubes at place of its attachment to the

tubeplate due to a fabrication defect at steam generator manufacture. After the

above accident the steam generator was disassembled and replaced by an air

heat exchanger. From operating experience of the steam generator with mercury

interlayer between water and sodium-potassium alloy a conclusion can be drawn

that a tendency to create of a universally safe steam generator (safe in all

respects) results in a sophistication of its design and does not always increase its

reliability.

Experience of Operation with different Fuel Types.

1959-1964. The First Reactor Charge.

The core contained plutonium oxide fuel pins. In early 1961 when

plutonium burn-up exceeded 3% failed pins started to appear in the core. And

by the 1-st of September 1961 when burn-up reached 5%, Cs137 activity in

sodium increased by 200 times. In gas and sodium some other fission products
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were also found. From September 1961 to March 1962 the reactor was shut

down for total discharging of the core.

At the examination of discharged fuel subassemblies there was found out

that 22% of fuel subassemblies had untaught fuel pins. Defects in form of cracks

along the whole fuel pin length were revealed. One of the causes explaining it

was the absence in the fuel pin design of a plenum for gaseous fission products

collection. In 1962-1964 the reactor was operated at reduced power levels

because of that some of the reloaded fuel subassemblies continued to lose their

tightness. At this stage the release of solid and gaseous fission products from

untight fuel pins into coolant and gas plenums was studied as a function of

temperature and reactor power.

In November 1961 when a maximum plutonium burn-up reached 6.5%

the reactor was shut down for passing over to a new fuel type.

1965-1971. The Second Reactor Charge.

Uranium monocarbide was chosen for fuel. Such a choice was caused by

that due to its higher density and teat conductivity than those of oxides the

monocarbide allows to improve physical characteristics of the reactor. New fuel

pins were designed for higher burn-ups, and for gaseous fission products

collection gas plenums were provided in them.

Maximum burn-up reached in uranium monocarbide fuel pons was

6.1°'ot.a. In this case in 0X18H9T steel cladding some insignificant defects in

form of small cracks were observed, and in X16H15M3B steel-clad fuel pins no

defects were practically present. The presence of defects in fuel pins was mainly

determined by a large circumferential temperature nonuniformity. It has been

revealed that uranium monocarbide as compared to oxide fuel is less workable,

it calls for total insulation from oxygen in the presence of which a severe

uranium monocarbide-to-fuel pin cladding interaction goes on. Besides,

significant pyrophority of this fuel was revealed.

1973-1979. The Third Reactor Charge.

The tested fuel was plutonium oxide with perspective material for pin

cladding - X15H15M3B stainless steel. In the third charge fuel pins all design

drawbacks (disadvantages?) of the first two charges were taken into account.

Maximum burn-up was 14.2% h.a.
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1983-1989. The Fourth Reactor Charge.

After reactor updating (1979-1983) fuel pins of uranium mononitride

were loaded into the reactor for testing. A maximum uranium burn-up of 9%

h.a. was attained. This fuel type manifested its high workability, its that allowed

to carry out the tests of single uranium mononitride pettets even in an open

form without cladding. During this period in the core an extensive investigation

of fuel pins containing various fuels and having different artificial defects in

their cladding was carried out. Reactor operation with damaged fuel pins

allowed to study kinetics of fission products release into coolant-gas plenum,

their propagation in the circuit. Results of experimental investigations formed

the basis for the development of fission products mass transfer mathematical

models. At the reactor various methods for fuel pin condition were tested.

Experiments at the BR-10 reactor have shown that cold traps designed

for sodium purification from oxides catch cesium and iodine efficiently enough.

1990-1995. The Fifths Reactor Charge.

Uranium mononitride is used for fuel. Bum-up has following problems:

- an investigation of fuel pin test samples;

- nuclear-physical, medical-biological and material research;

- the development of new technologies (manufacturing of nuclear

- a study of membranes, production of radioisotopes for medical and industrial

uses);the mechanisms of fission products release from fuel pins and of their

distribution in sodium circuits;

- the development of methods and procedures for coolant purification from

fission fragments and corrosion products;

- carrying out of a broad range of physical studies using various energy neutron

beams;

- treatment of oncological patients with the use of tumour irradiation by E-3

beam fast neutrons.
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3. R&D PROGRAM

3.1. PHYSICAL RESEARCH AT CRITICAL FACILITIES.

3.1.1. The BFS critical facilities.

At the BN-800 type reactor model (the BFS-58 critical assembly) the core

was modified ( BFS-58-4). Reactivity-compensating boron rods were inserted

into the core to a position close to the state at the beginning of the run, the

reactivity loss being compensated by additional loading of 261 fuel rods at the

core periphery.

The first cycle of the control rods efficiency measurement has been

carried out, processing and analysis of the experimental data obtained are under

way..

In accordance with the Program of Investigations, in 1996 it is envisaged

to complete the studies at the BFS-58-4 critical assembly which include:

- the completion of control rod efficiency measurements;

- the measurement of radial and height distributions of plutonium-239,

uranium-235, 238 fission reaction rates determining the heat release field in the

core;

- measurements of the sodium void effect of reactivity (SVER) in the

sodium volume and the core, for a sector comprising all three radial fuel zones.

There has been made processing of experimental data obtained at the

BFS-58-1U1, critical assembly with inert-diluent and weapon-grade plutonium-

based fuel in the central zone of 40 cm radius sufficient to preclude the influence

of the driver zone upon the central characteristics. Additional calculations were

made for making corrections to the parameters depending on the low energy

neutron spectrum part the contribution of which for such type fuel was

significant. Further work on evaluation of the accuracy of experimental data

corrections determination is required.

A model of a critical assembly with the central zone having a

composition of the plutonium utilizer-reactor with 39% of weapon-grade

plutonium in oxide fuel has been developed. The outside driver zone contains

uranium oxide fuel. The core is assembled at the BFS-1 critical facility and the

following measurements in the core center have been performed:
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- the sodium void effect of reactivity;

- of boron control rods efficiency;

- of average fission and capture cross-sections ratios by several detector

types;

- of central reactivity coefficients of reactor material samples;

- of Doppler effect for fuel samples.

The measurements of fission distributions with height for main

fissionable isotopes have been carried out as well.

A preliminary analysis of the results obtained has confirmed the expected

changes in the measured characteristics related to a neutron spectrum variation.

Quantitative estimates of the observed changes will be made after a careful

calculation analysis.

Processing and initial calculation analysis of the experimental data

obtained on a set of the BFS-67 critical assemblies have been completed.

The experiments and their analysis were carried out in cooperation with

specialists from the Nuclear Center in Cadarache (France). The central part,

about 300 1 in volume, of a model simple in composition and configuration

contained mixed fuel similar to the composition of the Superphenix reactor and

surrounded by the driver zone with uranium oxide fuel (BFS-67-1).

In the core center there were measured:

- SVER (in a volume of about 30 1) including the distribution with height

in a single fuel channel;

- natural and enriched boron carbide based control rod efficiency;

- the ration of average fission and capture cross-sections including minor

actinides;

- reactivity coefficients of a set of samples including neptunium and

americium-241.

The same functionals were measured in the BFS-67-2, 3B critical

assemblies in which 13% and 6.5 % of uranium-238 nuclei in the central part of

the plutonium subzone were substituted by neptunium nuclei, respectively. A

maximum amount of the neptunium dioxide introduced was 10 kg.

The changes in fuel neutron properties at neptunium introduction

(neutron spectrum hardening) result in a marked (by about 3 times) increase of

the SVER positive component in the center of the core, in a decrease by 5 - 10 %
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of the boron rods efficiency, in changing of the hydrogen reactivity sign from a

positive to a negative one.

The results of measurements of spectral indices and reactivity coefficients

confirm a marked change ( hardening) of the neutron spectrum.

Preliminary calculations fulfilled in IPPE and in Cadarache have mainly

revealed a satisfactory agreement of the calculated values with the corresponding

experimental ones.

The difference of 5 - 10 % is observed for plutonium-238 and americium-

241, 243 spectral indices and of about 20 % - for curium-244. More detailed

analysis is supposed to be performed in the first half of 1996 and to present the

results at the International Conference on Reactor Physics (Physor 96) in Japan.

In connection with the continuation of investigations at the BN-800

reactor model, work on studying of characteristics of the BN-Type reactor

model with non-breeding blankets will be started in the 4-th quarter of 1996.

3.1.2 .The COBRA critical facility.

The CBR- 22 critical assembly is arranged of the uranium - thorium core

and depleted uranium oxide blanket, the core contains 90 % - enrichment

metallic uranium pellets 5,6 mm thick and thorium pellets 10 and 40 mm thick.

The core diameter is 70 cm, the height is 60,5 cm. High enrichment of fuel in the

core (~250/o) results in a very hard neutron spectrum, the fraction of neutrons

with energies below 10 kev not exceeding 0,5 %.

In the first quarter of 1996 all scheduled experiments on this assembly

were completed, summarising main results of the measurements let us note as

follows:

1. The critical core charge making up 250 fuel rods was determined.

Calculations carried out by the FFCP, CRAB and MMK codes with the BNAB

- 90 constants overestimate keff by about 1 %.

2. U - 238 and Th-232 relative cross-sections in the core centre were

measured. Calculated U-238 cross-section values agrees with the measured ones

within the experimental error, whereas for Th-232 the calculation was about

12% less than the experiment.



3. By means of the activation method the relative Np-237 capture cross-

section was measured which proved to be ~ 8% greater than the corresponding

calculated value.

4. A large set of track detectors was used for transuranium nuclides

fission cross-section measurements.

U-233, U-236, U-238, Th-232, Np-237, Pu-238, Pu-239, Pu-240, Pu-241,

Pu-242, Am-241, Am-242, Cm-244 fission cross- sections were measured. Now

calculation studies of cross-section values for these nuclides using group

constants from various libraries (BNAB-90, ENDF/B-VI, etc.) are under way.

3.2. PLUTONIUM AND MINOR ACTINIDES UTILIZATION.

In 1995 studies of various plutonium utilization scenarios were detailed

and developed.

A nuclear center of the " Mayak" PO Type with several BN-800 reactors

and required fuel-cycle plants would allow to utilize the accumulated and

replenished plutonium inventory of both grades and to convert plutonium into a

so-called "spent fuel standard". Reprocessing of this fuel will be postponed

until the appearance of the necessity in uranium economy .

An increase of the spent fuel protection can be achieved by means of

addition of neptunium at fuel pin fabrication.

In 1995 it proved to be possible to join the efforts of design institutes to

provide economical estimates of the plutonium utilization schemes and

moreover, to develop the program of joint activities on this problem with an

American group of specialists.

Within the frames of work on plutonium utilization some features of

using thorium as a diluent of plutonium and of plutonium-free cycles as well

have been considered:

- uranium oxide in the matrix of thorium metal in the VVER-1000 reactor; - ^

- enriched uranium oxide-thorium oxide in RBMK; \

- uranium-233 oxide-thorium oxide in the NP-500 reactor;

- plutonium oxide in thorium matrix for BN-800-plutonium burner.

Reactor physics at the presence of thorium in the cores has some

advantages due to formation of uranium-233 favorably affecting the safety
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characteristics. The results of measurements on the thorium-bearing assembly

have been obtained.

The actinide balance in the reactor and fuel-cycle systems was studied

simultaneously with the plutonium balance. Fuel recycle in the fast reactor

systems allows to reduce substantially the amount and radiotoxicity of actinides

under condition of achieving low non-recoverable losses at each fuel

reprocessing cycle.

Recycling of actinides and plutonium in fast reactors can be canned out

using technologies of incomplete separation from fission products. As a

separation criterion an activity or radiotoxity equal to those of actinides can

serve. So, e.g., plutonium should not be obligatory carefully cleaned from

neptunium and americium-from lanthanide's.

The latter problem has been considered as applied to the BN-800 reactor

under the assumption that lanthanides and americium-curium do not separate at

all. Even under such conditions, according to reactor characteristics a uniform

addition in fuel in amount of a few percent of the plutonium amount is possible.

The real possibility will be determined by radiation conditions at manufacturing.

3.3. RADIOLOGY.

A very important factor of carrying out investigations aimed at further

increase of BN-type reactors radiological and ecological safety is taking into

account of long-lived radionuclides formation not only upon the main structural

material elements but upon insignificant impurities as well. Within the frames of

the subject for the first time there was carried out a wide-scale analysis of

possible contribution to the activation from all stable nuclei-target which could

be present in the composition of BN-reactors materials and of promising

materials: EP-450, EI-847, 18CrlONiTi steels and others; in low-activated

chromium- manganese steel; in boron carbide; in titanium, tantalum, tungsten

and their compounds, etc. The calculations have been performed on the basis of

the activation constants section of the BNAB-93 libraries and of the well-known

foreign FISPACT code.

As an example, the table 6 presents the values of specific long-lived

activity for sodium coolant. From the table it follows that the long-lived activity

of sodium coolant will be determined not by activation of the main element but
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by activation of its impurities, with the main contribution to activity being given

by various impurities at various storage limes. The consideration performed is

extremely important at the development of BN-reactor decommissioning

projects and at choosing the strategy of waste management.

Table6. The value of specific activity of long-lived radionuclides formed from

impurities in primary sodium during 50 years of operation as a function of storage

time, Bq/kg

NQ

1
2

3
4

5

6

7

In-
sodium
impuri-
tes

Na
C

N
0

Cl

K

Ca

Content,
mln.-1

l.O-lO6

2-13,8
(14)*

1.-8.1
7-57
(50)*
1-130
(100)*
600-870
(800)*

1-12
(10)-

Formed
radio-
nuclide,
(Tin,

years)

Na-22
C-14
(5730)
Be-10
(1,6-106)
C-14
C-14

(5730)
Cl-36
(3,0-10s)
Ar-39
(269)
Cl-36
(3,0-105)
Ca-41
(1.0-105)

Storage time, years

0
4,6-107

2,8-10"

2,8-102

1,5-106
6,2-103

1,8-105

1.0-107

1,0-103

2.3-103

5
l,2-107

2,8-10"

2,8-102

1,5-106
6,2-103

1.8-105

1.0-107

1,0-103

2.3-103

50
7,1 -10'
2,8-10"

2,8-102

1,5-106
6,2-103

1,8-105

9,0-106

1,0-103

2.3-103

150

2,8-10"

2,8-102

1,5-106
6,2-103

1.8-105

7,0-106

1,0-103

2.3-103

10000

5,0-103

2,8-102

4,3-105
1,9-103

1,8-105

1,0-103

2.3-103

100000

8,2-iO-

1.2-102

* - The value used in calculations.

3.4. RADIOACTIVE ISOTOPES PRODUCTION IN FAST

REACTORS.

The production of radioactive isotopes can be considered as one of

promising tasks for fast power reactors.

Depending on the radionuclide kind and requirements for the product its

production can done by various methods:

- by means of complex reprocessing of irradiated fuel and transactinides

irradiation;

- due to the use of threshold reactions followed by chemical reprocessing

of the target that allows to obtain isotopes with high specific activity without

carrier;
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- by means of targets iiTadiation in special individual irradiation devices

with moderator;

- by means of creation of special zones for isotope production , and in the

limit - of the moderating screen.

The value of the achievable specific activity of nuclides is rather high:

e.g., for cobalt -60 it is over 100 Ci/g, for iridium - 192-700 Ci/g. By this

parameter the fast reactors as a whole surpass the possibilities of thermal

research reactors with a flux of several units by 1014 n/cm2s and, all the more, of

VVER-and RBMK - type power reactors.

Estimates of total production are also very considerable: during a year at

a large power reactor there can be produced up to 10 MCi of cobalt - 60 or up

to-1-2 kCi of carbon - 14.

The restraining factors are reactor neutron field disturbances and the

reduction of reactivity margin at using moderator.

The experimental results as a whole confirm the parameters of isotope

production in individual irradiation devices and point to safety of their

irradiation in the radial blanket as well.

In the experiment at the BN-350 reactor cobalt-60 with a specific activity

of about 100 Ci/g was obtained. Experiments at the COBRA critical assembly

with irradiation device mock-ups have shown that at using special absorbing

elements the disturbances in the reactor neutron field will be small. However, it

results in a significant reactivity loss. At present one of the stages of work has

been completed on the verification of characteristics of absorber-free irradiation

devices surrounded by buffer subassemblies without fuel pins and strong

absorbers. The use of such iiTadiation devices results in a considerably lower loss

of reactivity at an acceptable effect upon neutron field.

3.5. MOLTEN FUEI- COOLANT INTERACTION INVESTIGATIONS.

7 experimental runs with pins filled with Fe2O3 +Zr thermite charges have

been carried out: 2 "dry" (sodium- free) ones, 3 single under-sodium ones and 2

with 7 fuel pin bundles under sodium. The main results are as follows:

- At a Na temperature of 550°C only 1 pin (in a single version ) with a

charge of 38 g has failed.
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- All pins were damaged on two sides. Averaged specific area of pin wall

failures was 14 and 19% ( total charges of 165 and 488g), a maximum failure of

the central pin was 61 and 64%.

- Sodium heating up after the interaction corresponds to the energy

stored in the charge.

- The values of acoustic energy emission in the pin bundle experiments

registered by the acoustic sensor are proportional to the total charge of the sides.

- Pressure pulses registered by the sensors positioned in gas and sodium

do not exceed some atmosphere units.

- The total masses of fragments collected after pin bundle experiment

(107 and 298g) are proportional to the charges.

- The screen and microscopic analysis of fragments 0-0,16 mm to >l,0

mm

has shown that normal-logarithmic size distribution of particles takes place,

with the following parameters:

median size- 0,24 mm,

standard deviation -3,5,

maximum fragment sizes -6,5-8 mm.

3.6. SODIUM FIRE INVESTIGATIONS.

The experiments simulating instantaneous rupture of sodium pipeline

were carried out at a rig of 8 m3 volume, under the following conditions:

- sodium mass -12 kg;

- temperature of sodium - 500°C;

- sodium jet velocity -17 m/c;

- pipe diameter - 15 mm.

Pressure within the vessel at outflow reached 0,16 MPa, a maximum

temperature was ~ 700°C in the upper part of the vessel (outflow was made from

below upwards), visual inspection of the inner part of the vessel gave an estimate

of the burnt sodium of ~5-10%.
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3.7. EXPERIMENTAL STUDIES OF COOLANT BOILING.

A possibility of durable (for more than 1 hour) stable heat removal from

the pin bundle due to coolant boiling under natural convection conditions at a

heat flow density up to 200 kW/m2 has been experimentally demonstrated.

Recent experiments on boiling-up of sodium-potassium coolant in a

seven-pin bundle characterize the following main points.

Two types of boiling conditions were revealed. In the first type of boiling

a stable flow rate of coolant at the working section inlet was observed, some

other parameters of the process had also a stable character. In the experiments

conducted these conditions were available at a heat flux q < 150 kW/m2.

At a higher heat flux (q > 150 kW/m2) pulsed conditions of liquid metal

coolant boiling arose characterized by significant oscillations of flow rate and

pin cladding temperatures.

Depending on conditions determining the presence of the coolant film

upon the pins surface in the process of formation of large vapor volumes in the

pin bundle (among these conditions there should be especially noted the

conditions of the pins surface, its roughness) the pulsed boiling conditions could

develop in two directions.

At the presence of such film on the pin surface the pin cladding

temperature did not increase higher than the saturation temperature; in other

case, for the pulsed boiling conditions, the jumps of the pin temperature relative

to the saturation temperature are characteristic that increase with the thermal

load.

At a heat flux q ~ 270 kW/m2 and a gradual decrease of coolant flow rate

a pressure relief in the boiling area from pi = 0.06 MPa to p2 = 0.05 MPa was

accomplished. In did not result in fast boiling up of coolant within the whole

volume of the working section. However, 200s later the first pressure jump with

an amplitude Ap = 0.065 Mpa followed, and some part of coolant was ejected

from the working section. Therewith circulation ceased , evaporation of coolant

film from pin surface was noted. In 140 s, after the first pressure jump a sharp

jump of pin temperature was observed accompanied by melting down of

claddings of the three most looded of them on a section of 50 mm long at the

end of the heated section. The first pressure jump was followed by the second
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one with an amplitude Ap = 0.132 Mpa. After switching off the heaters power

supply the working section was again filled with coolant.

At analysis of experimental data for boiling has revealed a number of

important factors which should be taken into account when carrying out rig

investigations at a pin bundle:

- complexity and ambiguity of the boiling process under coolant natural

circulation conditions in the liquid-metal circuit;

- a possibility of stabilization, suppression or accidental development of pulsed

boiling conditions;

- a danger of pressure reduction in the circulation circuit;

- the shortage of information on features and parameters of some conditions,

on the influence of different factors upon the boiling process.

3.8. FAST REACTOR ECOMONIC.

Work on evaluation of comparative technical and economic

characteristics of BN-800 as compared to VVER-640 ( NP - 500 ) is earned out

jointly by IPPE-S-Pt. AEP. The main aim at the work is to reveal the effect of

the technological process features in fast and thermal reactors on NPP economic

characteristics.

To exclude the effect of the site region factor upon the NPP capital

investments the costs for Kola NPP-2 have been converted to Southural NPP

site conditions (Chelyabinsk region). For this purpose a basis-index method of

costs scaling was used . Besides, the expenses specific for both sites were

excluded wherever possible. In Table 7 the comparable capital investments into

NPPs construction with BN-800 and VVER-640 for Chelyabinsk region are

presented.

In addition to the cost characteristics there has been analyzed structure

metal demand for main components of the reactors compared. Construction

sheets of the above NPPs were taken as the basis. Structural metal demand of

the BN-800 and WER-640 reactor and turbine sections are presented in Table

8.
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Table 7. Comparable capital investments into NPP construction with the
exception of cost investments specific for the sites.

Nuclear Power Plant

Capital investments into industrial construction,
Mln, roubles 1991

Specific capital investments, rouble 1991/kW

including:
construction and assembly work
equipment
other expenses

S-U.NPP:
3 x BN-800

4154

1728

635
684
409

K N P P - 2 : -
3 x WER-640

3357

1734

484
967
283

Table 8. Specific characteristics of the reactor plants and turbine halls for the BN-
800 and VVER-640 NPPs.
Reactor section, t/MW
Heat-mechanical and technological equipment
Pipe lines
Electric engineering equipment and instrumentation
Turbine section (machine hall), t/MW
Heat-mechanical and technological equipment
Pipe lines
Electrotechnical equipment and instrumentation
Specific labour consumption for main construction
objects, man-day/kW

BN-800
12.1
2.2
4.1

BN-800
8.9
6.5
2.7

5.8

WER-640
12.2
2.2
0.5

WER-640
7.3
1.6
1.6

2.9
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Abstract

The general position with regard to nuclear power and fast reactors in UK during 1995 is
described. The status of fast reactor studies made in UK is outlined and a description and
statement regarding the conclusions of the programme of studies associated with the closure of
the Prototype Fast Reactor is included.
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1 . The UK Nuclear Industry

The latest available statistics on electricity supply relate to 1994 and show that the total
electricity generated was 325 TWh, an increase of 0.7% on 1993. Of this 49% was from coal,
28% nuclear, 13% gas, 5% oil and 5% others. Nuclear generation was 88.3 TWh, down 1.2
% on 1993. This was due in part to the closure of PFR, and also to significant increases in
generation from combined-cycle gas turbine plant and from renewable sources.

The Sizewell B Pressurised Water Reactor (PWR) station, the newest in the UK, had a very
successful initial year in 1995. Criticality was achieved in January, the plant was first
connected to the grid in February, and full power operation was reached in June. Since then it
has operated reliably with a very high load factor.

In May 1995 the Government's review of the nuclear industry was published. The main points
were as follows.

• There is believed to be a significant role for nuclear power in the future.
• The perceived environmental risk of nuclear power can be counteracted by emphasis on

safety, a rigorous regulatory regime, and a good safety record.
• Long-term economic interests in the European Union are best served by a free market in

energy.
• In the short-term nuclear power is not essential to meet environmental targets.
• In the current UK market the combined-cycle gas turbine system is the most competitive for

generation.
• The "nuclear levy" on electricity sales is to be stopped.
• The Advanced Gas-Cooled Reactors (AGR) and PWR stations can be privatised in 1996.
• It is not practical to privatise the Magnox stations.
• The financing of long-term nuclear liabilities is to be separated from power generation.
• Fast reactors were not mentioned specifically.

The nuclear generation industry is being reorganised in preparation for privatisation. A new
holding company, "British Energy pic", has been set up to take over the AGR and PWR
stations of Nuclear Electric and Scottish Nuclear. It is intended to privatise British Energy
when appropriate. The older Magnox stations are to be retained in national ownership in a new
company "Magnox Electric pic". Eventually Magnox Electric may become part of BNFL (who
already own the two original Magnox stations at Calder Hall and Chapelcross).

As was noted in the UK position paper in 1995, the United Kingdom Atomic Energy Authority
has been divided into two organisations. These are AEA Technology pic and UKAEA
Government Division. By Act of Parliament, AEA Technology pic. has been vested as a
private limited company, wholly owned by the UK Government, with effect from 1 April
1996. It is the UK Government's intent to privatise this company, when appropriate, during
1996. It is the aim of AEA Technology to become a leading scientific and technical services
company.

UKAEA, which is to remain in the public sector, is responsible for discharging the
decommissioning of nuclear facilities (including the Prototype Fast Reactor (PFR)) and
Radwaste management arising out of the past activities of the United Kingdom Atomic Energy
Authority. The Intellectual Property arising from the processes of decommissioning PFR wOl
be held by UKAEA.
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2 . PFR Decommissioning

Since the closure of PFR at end March 1994, UKAEA has been responsible for the
decommissioning of the reactor. This is to be divided into three active stages separated by
periods of care and maintenance. The first stage comprises initial decommissioning and
preparation for care and maintenance and will last until the early 2000s. An initial sub-stage
has proceeded to schedule and the removal of core components and their replacement by
dummy components was completed in 1995. In addition, the secondary sodium circuits and
the NaK-filled decay heat rejection circuits have been drained down, non-essential services
have been isolated and redundant plant items have been removed.

During the second sub-stage, a sodium disposal plant is to be constructed and operated on site
to dispose of the liquid metal inventory of the reactor. The second sub-stage of
decommissioning will also include the conditioning of the primary circuit for long term storage,
the draining and cleaning-out of the buffer store and the dismantling non-essential plant and
buildings. On the present schedule, the plant will then be placed in long term care and
maintenance, including surveillance of the integrity of the secondary containment building,
until 2070.

The Stage 2 decommissioning, scheduled to begin in 2070, will comprise the dismantling of
the secondary sodium and steam circuits, the construction of a new containment around the
primary circuit and irradiated fuel cave and the dismantling of the original secondary
containment building. This Stage 2 decommissioning is scheduled to take 6 years. The Stage
3 decommissioning, comprising dismantling of the reactor internals and the concrete shielding,
will follow a further period of care and maintenance and will take 20 years.

3 . PFR Closure Experiments

A programme of experiments associated with the closure of PFR was carried out. The aim,
with only a very modest budget, was to carry out work in some areas for which the European
partners were wholly dependent upon the UK facilities and to learn as much as possible of
value to future fast reactor development The programme, as carried out, was in three parts:

i) Steam generator leak detection studies in PFR
ii) Sodium-water reaction tests in the Super Noah rig
iii) Destructive examination of materials from PFR

The first two studies were completed on 31 March 1995 and were described in the 1995 paper.
The programme to examine materials began in 1994 and the examinations were completed at
end March 1996.

These examinations have been restricted to the secondary sodium circuit, since the funding
available precluded the study of primary circuit components such as the Above Core Structure
or Intermediate Heat Exchangers. The secondary circuit studies were in three parts:

i) Examination of carbon steel components exposed to sodium environments,
ii) Study of delayed reheat cracking in austenitic steel weldments.
iii) Study of secondary pipework transition welds.

3.1 Examination of carbon steel components exposed to sodium environments

Following cracking of 15Mo3 steel in the Superphe'nix storage drum and Kalkar sodium
storage vessels, questions remained over the use of as-welded carbon steels for structures in
contact with sodium or sodium vapour. Examination of as-welded joints in the PFR carbon
steel sodium storage tanks that have been exposed to sodium vapour were carried out to
provide some assurance that similar steels, likely to be used for EFR roof structures, would not
be susceptible to the type of cracking observed in the molybdenum-containing 15Mo3 steel.
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Carbon steel could then be used in the as-welded state for roof constructions, avoiding the need
for costly stress relief heat treatment.

A suitable vessel that had operated at up to 150°C for a period of several months, prior to the
sodium filling of PFR, was selected. The section thicknesses of the vessel were generally
12.7 mm. Following removal of lagging, the weld seams and a number of nozzle welds were
ultrasonically inspected from the exterior of the vessel. No defect indications of significance
were detected. The man-way nozzle, a smaller temperature connection nozzle and a section
containing the junction of a circumferential weld seam and a longitudinal weld seam were
removed for examination. These were bagged-off to prevent air ingress and the sodium was
removed using an ethanol wash. A bolted patch arrangement was used to effect a repair at each
sample removal site. The sections removed were examined with dye penetrant No indications
of significance were found. The metallurgical examination of these samples has yet to be
reported but preliminary studies suggest that there is no cracking of the type observed in the
15Mo3 steel, implying that carbon steels in the as-welded condition can operate successfully in
contact with sodium without cracking.

3.2 Study of Delayed Reheat Cracking in Austenitic Steel Weldments

Delayed Reheat Cracking (DRC) was the main mechanism attributed to the cracking occurring
at 500°C to 520°C in the weldments of the PFR reheater and superheater shells, between 1987
and 1993. It was also a major contributory factor in two earlier cracking incidents in PFR
secondary pipework. All of these incidents have involved the Ti-stabilised Type 321 stainless
steel.

DRC is expected to be exacerbated by large section thicknesses, high levels of constraint and
high heat input welding. The published literature indicates that Type 316 steel is less
susceptible to DRC than the Ti-stabilised Type 321 steel of PFR, however, the data base of
experience of DRC on Type 321 steel is itself meagre. In particular there was little information
on section thickness effects and relatively low temperatures (<600°C) of operation. Suitable
welds chosen for examination in PFR were those of the secondary pipework and a superheater
vessel shell. The aim was to look for cracking, if any, in both good geometry and poor
geometry welds of the thin section pipework and to characterise known cracks detected by
ultrasonic inspection in the shell of Superheater 3.

A section of pipework on the line from the IHX to the Superheater 3 inlet was removed and
bagged off. Repair of the remaining pipework was effected using welded end caps. Three
sections, containing known defects, were removed from the Superheater 3 vessel shell and
cleaned in ethanol. Repairs to the vessel were made using bolted patches.

The metallurgical examination of the pipework and superheater samples has not yet been
reported formally. Some very limited cracking has been found at one of the pipework welds,
suggesting that more extensive cracking, possibly leading to leakage, might have occurred over
a much longer period than the 56,000 hours of high temperature operation experienced.

A large crack in a circumferential weld of Superheater 3, detected during the first ultrasonic
inspection in 1988, and showing negligible growth in the intervening period, was found to be a
hot tear in the weld formed during the vessel fabrication. A smaller crack at a longitudinal
seam weldment at the junction with a circumferential weld was also examined. This crack had
shown progressive growth over a three year period. It had an intergranular characteristic
consistent with either DRC or conventional creep crack growth.

3.3 Study of a Secondary Circuit Transition Weld

At present, design rules for transition welds are not well validated. Such welds will be
required between the roof and the primary vessel and between the secondary sodium pipework
and the steam generators of future fast reactors. There is a history of problems with transition
welds in conventional power stations, but this is usually associated with thick section welds
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operating at typically 600°C, where creep-related failures have occurred in a decarburised zone
in the ferritic steel.

A transition welds in PFR which operated at high temperature was selected for examination for
microstructural changes. This weld was one between the 2.25CrlMo steel evaporator inlet
nozzle and the Type 321 secondary pipework steel. These welds were made using Inconel
filler and operated at or below 490°C.

Following removal of the lagging from the lower region of Evaporator 1, which was the unit
with the longest operational exposure, ultrasonic inspection was carried out on two of the three
inlet nozzles on lines from Reheater 1 and two of the three on lines from Superheater 1. One of
the two inspected nozzles from the Superheater line was removed, and a repair effected, in the
same way as the sodium pipework. The nozzle weld removed was subjected to destructive
metallurgical examination. This examination has not yet been reported formally, but no
characteristics were found that suggest the onset of any changes which might ultimately lead to
failure. This weld had operated for about 67,000 hours.

4 . Fast Reactor Development

Participation in the European collaboration continued under the leadership of BNFL with
support from Nuclear Electric, NNC, and AEA Technology. This involved

• BNFL and NE in the activities of the European Fast Reactor Utilities Group (EFRUG),
• NNC in EFR Associates' reactor design studies, mainly in the areas of rector physics,

safety, in-service inspection and repair, containment, decay heat rejection, and feedback of
experience from PFR,

• BNFL, NNC and AEA Technology in R&D studies, mainly in connection with the CAPRA
project and associated fuel cycle strategies (reported in more detail below), and

• Secondees with EFR Associates at Lyon and CEA at Cadarache (MASURCA).

Collaboration with Japan takes the form of a continued attachment at the MONJU site, and
participation in studies of the safety of advanced reactor systems.

In addition the activities of the IWGFR have been supported.

5 . UK Activities in Support of the CAPRA Project

The CAPRA project is described in detail by our French colleagues. This report concentrates
on the UK contribution.

At the end of 1994 the feasibility of a mixed oxide core designed to consume around 70 kg of
plutonium per TWh of electrical generation was established. In 1995 the work was extended to
refine the design of the oxide core, to examine the feasibility of a high-consumption core
containing no uranium, and to investigate the effect of plutonium-consuming on nuclear fuel
cycle logistics in Western Europe.

5.1 Reactor Physics

The oxide core has considerable flexibility which can be exploited for various purposes. One
attractive possibility is to increase the fuel residence time. This may be possible because,
compared with a conventional fast reactor core such as EFR, the ratio of clad dose to burnup is
low. If the limit on irradiation is set by dose rather than the fraction of heavy atoms fissioned
the fuel residence time could in principle be increased by about 30%. The sodium void
coefficient would be increased because of the higher concentration of higher plutonium
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isotopes, but this can be compensated for by increasing the amount of moderator in the core.
Studies by NNC have shown that, provided the fuel performance can be demonstrated
experimentally, the high burnup version of the mixed-oxide CAPRA core appears to be feasible
and has attractive features.

An obvious disadvantage of a core without uranium is the loss of the negative Doppler
coefficient associated with U 238. This is offset partly by the negative Doppler of the higher
Pu isotopes, and partly by the fact that positive feedback from the sodium void reactivity is
lower. Studies by AEA Technology have shown, however, that there are difficulties in
calculating the Doppler effect in non-uranium cores, and have indicated how standard
calculation routes may need to be improved. There is a world-wide lack of experimental data
on the Doppler effect of Pu 240.

5.2 Reactor Safety

Because of the heterogeneity there are difficulties in predicting the performance of the mixed-
oxide core in a core-disruptive accident The lead in tackling this problem has been taken by
our German colleagues, and UK organisations have participated in the discussions to set the
context of these aspects of the safety assessment

NNC have made a detailed study of the transient response of a preliminary non-uranium core
design to a range of design-basis and beyond-design-basis accidents. As expected the
response of the intact core is strongly affected by the small Doppler coefficient especially in
the case of "high-quality" plutonium which has lower Pu 240 content Nevertheless for a
range of initiating conditions core damage and fuel melting can be avoided provided there is
adequate negative feedback from a source such as the expansion of the control rod supports .
The reliability and acceptability in a safety case of this form of negative feedback would of
course require further investigation.

5.3 Fuel Performance

It is an objective of the CAPRA project that the fuel should be compatible with the PUREX
reprocessing route. For the mixed-oxide core this has limited the plutonium fraction of the fuel
to 45 % in order to preserve solubility in nitric acid. For the non-uranium core it has ruled out
oxide as a fuel material, so that interest has centred on plutonium nitride fuel.

Compared with oxide, nitride has high thermal conductivity and high density. The high
conductivity results in lower fuel temperatures. This is advantageous in that it tends to guard
against dissociation of the nitride which may be a problem at high temperature, but may also
have the drawback that more fission-product gas is retained within the fuel matrix.

The high density is a disadvantage to a CAPRA core. Compared with a conventional fast
reactor core the power per unit mass of fuel is high because the diluting effect of the uranium
has been lost Fuel pin and subassembly designs have to be adapted to accommodate the very
high power density, and high fuel density exacerbates the problem.

AEA Technology have been involved in determining the properties of nitride fuel materials and
its behaviour in the reactor, both in normal operation and in off-normal transients.

5.4 Fuel Cycle Scenarios

It is necessary to support the studies of plutonium-buming reactors of the CAPRA type by a
clear understanding of the effect the deployment of such rectors would have on inventories of
plutonium and other actinides and waste products. Studies of this type have been undertaken
in the UK and other countries for some time. During 1995 a combined West-European
assessment was started in connection with the CAPRA project
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NNC have set up a model of the flows of fuel cycle materials within the nuclear power
industry. Initially this was applied to the UK, but it has been applied to Western Europe to
show the effect of plutonium burners on plutonium stocks and waste arisings, in comparison
with other options such as recycle of plutonium in LWR reactors in the form of MOX fuel.
Plutonium stocks can be reduced by CAPRA reactors but it is clear that, if nuclear power
generation is assumed to continue indefinitely into the future, there is a minimum plutonium
stock level which has to be maintained.

5.5 The Third International CAPRA Seminar

In November 1995 BNFL hosted a seminar at Lancaster at which the results of the work done
in many countries in connection with the CAPRA project were exchanged and discussed.
About 60 delegates from 8 countries attended. 29 papers were presented in the course of two
days of discussion. The meeting concluded with a visit to the BNFL THORP reprocessing
plant at Sellafield.
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The Status of Fast Reactor Technology Development
in China

by XU MI
China Institute of Atomic Energy-

Abstract

Since last annual meeting of the IWGFR, Chinese nuclear power
plants, especially Qing Shan 300 MWe, have maintained rather good operation
records. The Chinese Experimental Fast Eeactor (CEFE) with the power 65
MWt, 25MWe is still in the preliminary design stage. The results based on
its conceptual design are given in this paper. Few R&D results concerning
materials, instrumentation, neutronics study and sodium loops, have been
obtained last year due to lack of budgets. As an important progress for the
CEFR project, the State Planning Commission has approved this project in
the end of the year 1995. It means that after the approval of its
feasibility study reports, the CEFR will be becoming a National Annual
Project.
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1. Introduction

As a developing country China has a rather fast development in her
national economy. During last five years the annual average increasing 12%
of the gross national products (GNP) was reached. Meantime China has become
one of the countries with a very fast growth of the electricity production.
From the years 1991 to 1995 the total electricity power capacity increased
75 GWe, and 210 GWe total capacity was reached in the year 1995[i:i.
But the electricity production is still far from meeting the demands for
development of the national economy and for an improvement in the standard
of living.

The nuclear power has started to be developed in China, which will play
a role of the supplementary energy supply. Qing Shan 300 MWe PWR nuclear
power plant had an annual load factor of as high as 68% for the first year
of its Commercial operation in the year 1994 and increased further to 84%
in the year 1995. The Guangdong Daya Bay NPP (2x900MWe PWR) is owned by a
Joint Venture company setting up by Guangdong and Hong Kong. The commercial
operation of the first unit of Daya Bay plant began on Februay 1, 1994 and
that of the second unit on May 6, 1994. The load factors of the unit 1 and
unit 2 were 45. 22% and 77. 92% in 1995 respectively. The status of planned
nuclear power plants is presented in Table 1. The other additional nuclear
plants are being reviewed for some provinces and cities, especially those
in the south -east coastal areas such as Shangdong, Jiangsu, Fujing etc,.

Table 1 Chinese NPP Planned

Name

Qing Shan
phase 2

Guangdong
Ling Ao
phase 1

Qing Shan
Phase 3

Liaoning

Power

(MWe)

No. 1 600
No. 2 600

No. 1 984
No. 2 984

No. 1 700
No. 2 700

No. 1 1000
No. 2 1000

Reactor

PWR
PWR

PWR
PWR

HWR
HWR

PWR
PWR

First
concrete

1996-06-01
1997-04-01

1997-05-15
1998-01-15

Connected
to grid

2002-06

2002-04-15
2002-12-15

Commercial
operation

2002-07-15
2003-05-15
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Concerning the fast reactor development in China, as its first step, the
Chinese Experimental Fast Reactor (CEFR) with the power 65MWt matched with
a 25 Mffe turbine-generator is still in the preliminary design stage. The
feasibility study reports have been prepared and submitted to the
authorities.

2. Design of the CEFR[2]

The conceptual design of the CEFE was started in 1990 and completed in
the end of 1993 including the confirmation and optimization of some
important design selections and characteristics. Having spent almost whole
1994 for its preparation, the CEFR preliminary design has been started in
the early of 1995. Based on the conceptual design, some important design
results are as following.

2.1 Reactor Core

As shown in Fig 1, the CEFR reactor core is composed of 82 fuel
subassmblies with (Pu, U)02 fuel, 8 control and safety subassemblies using
B4C enriched with B-10, 158 blanket subassemblies, 378 stainless steel
reflector subassemblies and 54 primary storage positions for spent fuel
subassemblies. The centre to centre distance of neighbouring subassemblies
is 61. 5 mm.

In each fuel subassembly there are 61 fuel pins of 6 mm diameter in
triangular arrangement, using wire wrapped positionning to keep 7 mm lattice
pitch of fuel pin. Each fuel subassembly composed of a handling head matched
with fuel handling devices, hexagonal tube in which the fuel pins are
included and a cylindrical foot playing the roles of positionning and
introducing of sodium coolant. The structure drawing of the fuel
subassembly is given in Fig. 2

The recator is equiped with two independent shut down systems, the
first of which is composed of 4 compensation and 2 regulation subassemblies
with a rapid drop down time less than 1. 5 seconds, the second of which
includes 2 safety subassemblies with a rapid drop down time less than 0.7
seconds.

2. 2 Reactor Block

The CEFR reactor block as shown in Fig 3 is composed of a reactor top
deck in which there are double rotating plugs and some components belong to
the primary circuit, main and guard vessels and internal structures on
which the reactor core and its grid plenum are supported. A small gap
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between the main vessel and guard vessel is selected to ensure that the
reactor core will be still immersed in the sodium and the natural
convection of primary sodium will be still kept when a leakage on the main
vessel and the lowest primary sodium level kept by the guard vessel have
happened. For this concept, as a penalty, there is no any possibility to
realize inspections with an inspector movable on the surface of the main
vessel. The double rotating plugs are traditional. A straight moving fuel
handling machine is eccentrically mounted on the small plug. With the
double rotating plugs and the fuel handling machine, any movement of
subassembly could be realized between any core subassembly positions or
between core subassembly position and transfer pot which is connected with
a transfer elevator by which the core subassemblies could one by one enter
into and go out the reactor vessel.

2.3 Heat Transfer Systems

The sodium pool type has been selected for the CEFE primary circuit
arrangement. The primary circuit includes two loops, each one has one
primary pump and two intermediate heat exchangers. In the normal operation,
the 360°C sodium from cold pool is pumped into the grid plenum through high
pressure tube which has a double wall structure. The sodium temperature
will be 530°C when it leaves from the reactor core and then mixed with
sodium of hot pool, it enters into the intermediate heat exchangers with
the temperature about 514°C, and leaves from intermediate heat exchangers
to the cold pool.

The secondary circuit is also composed of two loops, each one includes
one secondary pump, one steam evaporator, one steam-water seperator, one
super-heater and valves. The steam generators will produce 93.5 t/h dry
steam with the temperature 480°C and the pressure 10 MPa for a turbine-
generator. The heat in the condenser will dissipate to the air by a cooling
tower.

Two independent passive residual heat removal systems are equiped in
the reactor, each one includes one independent Na-Na heat exchanger immersed
in the primary sodium and two sodium-air cooler with a high stack.

2.4 Main Design Parameters

Parameter Unit Value

Thermal Power MW 65.5
Electric Power, net MW 20
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Reactor Core
Height
Diameter Equivalent
Fuel
Pu, total
Pu-239
U-239 (enrichment)
Linear Power max.
Neutron Flux
Burn-up, target max.
Burn-up, first load max.
Inlet Temp of the Core
Outlet Temp of the Core

Diameter of Main Vessel
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

cm
cm

kg
kg
kg

W/cm
n/cm2 • s
MWd/t
MWd/t
°C
°c
m

t
t/h

t
t/h

CC
MPa
t/h
a

50
58.5

(Pu,U)02
121.6
93.2
97. 6 (30%)
430
2. 97 x 10 X 5

100000
50000
360
530
8.0

2
300

1400
2

2
48.2

986.4

480
10
93.5
30

2. 5 DBA and BDBA to be Analysed

Following design basis accidents (DBA) and beyond design basis accidents
(BDBA) are planned to be analysed in the preliminary design stage.

For DBA:
(1) leakage on a tube of auxiliary systems of the primary circuit, out

of main vessel;
(2) leakage on the cover gas system of primary circuit;
(3) blockage of flow channel in the fuel subassembly;
(4) the hottest fuel subassembly moved from sodium to transfer cell

with Ar gas environment as a handling mistake;
(5) leakage on the decay tank of radioactive Ar gas.
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For BDBA:
(1) loss of both grid power and emergency power supply, and in the same

time loss of the effectiveness of all control and shutdown systems;
(2) guillotine rupture of a tube of auxiliary systems of primary circuit,

out of main vessel;
(3) loss of both grid power and emergency power supply, and in the same

time loss of effectiveness of the residual heat removal systems,-
(4) unanticipated withdrawal of one regulation subassembly, and in the

same time loss of effectiveness of all control and shut-down systems;
(5) unanticipated close down of two check valves at outlet of main pumps

on two primary loops;
(6) leakage in the same time, of both main and guard vessels

3. Research and Development

3.1 Materials
Some researches have been aimed at materials for steam generators,

such as 2. 25Cr-l Mo, 9Cr-l Mo, Incoloy -800 and 2. 25Cr-l Mo-Nb which are
all domestic products. Tests are conducted in the sodium convection
corrosion loop with high temperature. The 321 stainless steel has been used
as structure material for this test loop. The test parameters are as
following:

test temperature 550°C
diffusion cold trap temperature 120°C
sodium flow rate 6 cm/s
oxygen in sodium ~15PPm
carbon in sodium ~3PPm

After exposure for 1500 h to flowing sodium at 550 °C , weight
measurements, microstructural examinations and microhardness measurements
were carried out. Electron microprobe traces were made on the specimens to
establish the chromium, molybdenum and manganese profiles. Decarburization
was found in the low chromium 2. 25 Cr-1 Mo steel and carburization was
found in the high chromium 9 Cr-1 Mo The Nb stabilized 2. 25 Cr- 1 Mo- Nb
steel was more resistant to decarburization than 2. 25 Cr-1 Mo steel. The
Nb/C ratio had a significant effect on the carbon stabilization. The extent
of carbon transfer of the Incoloy-800 was lower than that of the 9 Cr-1 Mo.
These phenomen were illustrated by the curves of the surface microhardness
for different materials (Fig 4). In addition, the changes in the carbides
distribution were evident for Cr -Mo steels because of carbon tranfer. [33

3.2 Instrumentation
In the operation of the fast reactor steam generators, for safety

reasons, it's important to diagnose immediately the leak of water or steam
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if happened. Among various diagnosis techniques developed recently, the
detection of an increase of hydrogen contents in sodium and in cover gas,
if a sodium-water reaction has happened, is a unique on-line diagnosis
technique with very high sensibility. A micro-hydrogen detection system has
been developed by The Liquid Metal Technology Laboratory of Tsinghua
University, for which a sodium loop and a calibration system have been
established at same time. The test system sketch is shown in Fig 5. The
experiments in the sodium test loop includes static state calibration and
dynamic state calibration by changing cold trap's temperature and injecting
hydrogen. The results present that the hydrogen detection system in sodium
has a superior sensibility over 5xlO~ 9 which is good enough for the
requirement of the FBR steam generator leak detection and its performance
data and operation experience are provided for designing and operating the
hydrogen detection system used for the FBR steam generators. t4:' [5]

3.3 Neutronics

The Zirconium Hydride Solid Zero Power Facility has been established
using hydrogen containing solid materials as moderator, plexiglass as
reflector and U s0 s with enrichment of 20% as fuel. Since its initial
criticality the physical characteristics and safety features were measured.
The reactor has sound reactivity stability and high sensibility, better
than other water lattice facilities. It was successfully used for the
personel training and for proving and testing the reactor control
instruments and experiment devices. t63

3. 4 Sodium test loops

Two sodium test loops ESPESSO and CEDI, 110m3/h and 320m3/h respectively,
ceded from the ENEA, Italy, are under reconstruction. It is planned to use
ESPESSO for the endurance test and thermo-shock test of the CEFR's core
subassembly' models. CEDI will be used for proving of some sodiun
components if neccessary.

4. CEFR Engineering Preparation

The Feasibility Study Reports of the CEFR have been prepared, including
General Report, CEFR Design Report, Site Selection, Safety Evaluation,
Environment Impact Evaluation and Capital Cost Estimation, in which the
reports concerning design, safety and environment impact have been approved
by the China National Nuclear Corporation (CNNC), the Safety and Protection
Bureau of CNNC and the China National Environment Protection Administration
(CNEPA) respectively from the year 1994 to January, 1996.
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The detailed exploration of the CEFR's site has been completed in the
year 1995. It is pointed that the basic intensity of earthquake in this
region is 7 degree in 12 degrees devided. The design basis vibratory
ground motion SL-1 is 107 gal and limited safety vibratory ground motion SL
-2 is 214 gal. The floor response spectrum and time range curves have been
obtained.

In the end of 1995 the CEFR project has been approved by the State
Planning Commission (SPC). It means that if the Feasibility Study Reports
are all passed by the Authorities, the CEFR project will be arranged by the
SPC as an annual capital construction project. So, now the approval of the
Feasibility Stacdy Reports of the CEFR is becoming the most important issue.
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P A U L S C H E R R E R I N S T I T U T

Research Activities on Fast Reactors in Switzerland
R. Brogli, R. Dones, M. Hudina, S. Pelloni

Future Electricity Supply Mix Options

The current domestic Swiss electricity supply is primarily based on hydro power
(approximately 61%) and nuclear power (about 37%). The contribution of fossil systems is, con-
sequently, minimal (the remaining 2%). In addition, long-term (but limited in time) contracts exist,
securing imports of electricity of nuclear origin from France. The total yearly net electricity genera-
tion by domestic power plants in the hydrological year 1993/1994 was 62.9 TWh; the domestic
demand was 51.0 TWh (including 7% losses). During the last two years, the electricity consump-
tion has been almost stagnant, although the 80s recorded an average annual increase rate of
2.7%.

The future development of the electricity demand is a complex function of several factors with
possibly competing effects, like increased efficiency of applications, changes in the industrial
structure of the country, increase of population, further automation of industrial processes and
services. Under the basic assumption of economic growth, two possible electricity demand level
cases were postulated by VSE (Association of the Swiss Utilities): a high-growth demand case
corresponding to a yearly increase of 2% from year 1995 to year 2010 and 1% from year 2010 to
year 2030, and a low-growth demand case corresponding to a yearly increase of 1% from year
1995 to year 2010 and 0.5% from year 2010 to year 2030.

The electricity generating systems whose capacity, according to VSE, is largely secured are
herewith referred to as the "base" supply and is predominantly hydropower.

Due to decommissioning of the currently operating nuclear power plants and expiration of long-
term electricity import contracts there will eventually open a gap between the postulated electricity
demand and the base supply. The assumed projected demand cases, high and low, as well as
the secured yearly electric energy supply are shown in Figure i for the period of interest.

1980 1990 2000
Year

2010 2020 2030

Hydro
Nuclear (Domestic)
Low-Growth Demand
Actual Demand

Fossil
Nuclear (Import)

— - High-Growth Demand

Fig. 1: Electric energy demand cases considered by VSE and the secured yearly electricity
supply for the period 1995-2030.
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Supply mix options

1

2

3

4

5

6

7

Conventional thermal

Nuclear

Mix Nuclear/Gas

Import 100%

• Import 50%

Conventional thermal
+ PV

Mix Nuclear/Gas
+ PV

System shares in the cold season to
cover the gap of electric energy

50% CC(gas); 25% CC(oil);
25% Coal

100% Nuclear domestic

Today's installed nuclear capacity;
rest of supply CC(gas)

10% CC(gas); 30% Coal;
60% Nuclear

Import: 10% Coal;
40% Nuclear.

Domestic: 25% CC(gas);
25% Nuclear.

as Option 1 with PV substituting
5%

as Option 3 with PV substituting
5%

Table 1 : Definition of the supply mix options assumed by VSE to cover the future electricity
gap.

For these 7 supply mix options and for the base supply life cycle analysis (LCA) to evaluate
the total amounts of greenhouse gases (GHG) were performed (Fig. 2)

30 t

High-growth
Demand

Low-growth
Demand

Fig. 2: Greenhouse gas emissions for the 7 supply mix options of the high- and low-growth
demand cases in year 2030.
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In Figure 3 the total GHG-emissions in Switzerland are compared with those due to the electricity
production. The GHG emissions are naturally only one criteria among several others to decide on
the future supply mix in Switzerland. A complete documentation of this subject is given in Ref. [1].

80-,

>! 60"
&
O
CVI 40

O

«= 20H

n
Present Swiss
GHG Inventory

1 2 3 4 5 6 7

BCO2from
Traffic

0 CO2 from
Households

nCO2 from Industry
& Services

DOtherGHGs

E Sectricity Sector:
Gap 2030, High-
Growth Demand

• Electricity Sector:
Base Supply 2030

Fig. 3: Comparison of the present Swiss GHG emission inventory with LCA results for high-
growth demand case options for year 2030.
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2 Physics Aspects of Pu-Burning Fast Reactor Configurations

Introduction

Several countries worldwide have decided to take effective steps for managing the long term
growth of their plutonium stockpiles, thus making the maximum use of the energy source present
in plutonium and reducing the long term toxicity and proliferation risks associated with stored
stockpiles. Various studies have demonstrated that fast reactor cores can be designed to burn
the degraded plutonium resulting from LWR multi-recycle; nevertheless, the required modifica-
tions of conventional fast cores tend to alter their overall physics and safety behaviour. Within this
framework, a major experimental program is undertaken at the MASURCA facility at CEA Cada-
rache in support of the CAPRA (Accrued Consumption of Plutonium in Fast Reactors) project [2].
The CIRANO program [3] which provides experimental data on mock-up configurations of Pu-
burning cores, is primarily aimed at validating nuclear data and methods used to model the novel
features of plutonium burning reactor cores: Replacement of radial and axial blankets by reflec-
tors consisting of stainless steel and sodium, higher Pu-enrichment, degraded Pu-vector, and
more heterogeneous core design. The ongoing collaborative program between CEA in France
and PS I in Switzerland supports the validation and qualification of the ECCO/ERANOS determi-
nistic code system [4] developed at CEA for accurately predicting operating and safety-related
physics parameters of plutonium-burning advanced fast reactors. This scheme of calculations,
which is based on the JEF-2 evaluation, is compared with other deterministic code systems, such
as the PSI system MICROX/TWODANT, and with the continuous energy Monte Carlo reference
method, using additional data evaluations. The ECCO/ERANOS predictions are also compared
with measured values, provided by the CIRANO program, of reactivity, central spectral indices,
sodium void worths, reaction rate traverses, as well as neutron and photon heat depositions
along the radial and axial directions.

System Description and Results

Neutronic analyses, including coupled neutron/photon calculations and sensitivity studies to
methods and data, are performed for the first two cores in the CIRANO experimental program,
namely ZONA2-A and ZONA2-A3 [5]. The ZONA2-A core is the first ever totally plutonium-fueled
core built in MASURCA. It contains UO2PuO2 rodlets with about 25 % Pu-enrichment, and Na
rodlets. The core is axially and radially surrounded by a breeding region (blanket) consisting of
natural UO2 and Na rodlets, itself surrounded on all sides by a stainless steel shield region. The
ZONA2-A core as such constitutes the starting reference point for the changes outlined above.
These changes have begun with the replacement of the radial and axial fertile blankets surround-
ing the core by sodium/steel reflector assemblies.

The second configuration analyzed, ZONA2-A3, forms an intermediate step in this process, as
the radial fertile blanket, but not the axial one, has been replaced by sodium/steel elements. This
replacement results in reduction of the critical radius (reflector gain), significantly higher flux and
heat deposition rate in these sodium/steel elements than in the original radial blanket, and there-
fore in larger complexity of the physics phenomena involved. The correct collapsing of cross sec-
tions in the reflector, modelling of resonance shielding and back scattering into the core, as well
as determination of gamma sources, are particularly difficult because of the enhanced role played
by structural material resolved and unresolved resonances in the whole fast energy range, and by
anisotropic cross sections.
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Fig. 4: ZONA2-A3 axially centered Pu239 fission rate radial profiles using
different homogenisation procedures in the cell calculation

Globally, consistency between deterministic, stochastic, and experimental results is achieved for
both configurations. The MICROX/TWODANT predictions of experimental values, using a small
number of broad groups, became more satisfactory after the original procedures of homogenisa-
tion of anisotropic cell cross sections in space (with either regional fluxes or currents), as well as
the generation of fission spectra for individual actinides, were improved. As the previous figure
shows, the use of the new homogenisation method (with regional collision densities) leads to
higher computed fission rates of 239Pu in the radial reflector region of ZONA2-A3. These rates are
in much better agreement with the experimental values [3].

Despite these improvements, some unexplained discrepancies between deterministic, stochastic,
and experimental results are still noticed. In particular, because the computed reflector gain
appears to be mispredicted by all methods, the effect of using different sets of iron data in the
various regions is evaluated. In the following Table 2, relative variations of the reactivity of
ZONA2-A3 are given in Ak/kk1 in %, with respect to the reference k, the JEF-2 value.

56Fe Data
from

JENDL-3

ENDF/B-VI

BROND-2

Radial
Reflector

-0 .22

-0 .20

-0 .41

Axial
Blanket

-0 .03

- 0.01

+ 0.07

Core

-0 .11

+ 0.02

-0 .07

All
Regions

-0 .39

- 0.23

-0 .59

Table 2: Reactivity Variations for ZONA2-A3 in Ak/kk1 in %, k is the JEF-2 Value
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This table and additional detailed analysis indicate strong sensitivity to both the level and fine
shape of the iron cross section: The computed reactivity and radial power distribution are particu-
lar sensitive to the elastic scattering cross section between 100 keV and 1 MeV, with the maxi-
mum at 300 keV.

Conclusion

The first results of the CIRANO experimental program are providing valuable information about
Pu-burning fast reactor configurations. Collaborative work between PSI and CEA on current
experiments is continuing with particular emphasis on code validation and qualification. Efforts
are concentrating on unexplained discrepancies observed between calculated and measured
reaction rate traverses across the core/reflector interface and sodium void worth. The CIRANO
program will provide further experimental information on fast reactor configurations characterised
by a variable plutonium isotopic vector and higher enrichment levels. Measurements of heat
deposition rates will be analyzed to broaden the range of application of the code systems. This
additional experimantal information will be used to assess the quality of methods and data for
calculating Pu-burning fast reactor configurations.
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3 Swiss research relating to residual heat removal in Fast Breeder Reactors

Introduction

The LMFBR-related thermal-hydraulics research programme in Switzerland consists of experi-
mental and analytical investigations on the mixing between two horizontal fluid layers of different
velocities and temperatures.

The main purpose of the experimental part of this programme is to investigate the thermal-
hydraulic phenomena in horizontal mixing-layers with particular attention paid to the effects of
Richardson number (experiments in a wide range of velocity and temperature differences
between the two streams) and Prandtl number (use of two fluids water and liquid sodium). For
mixing layers with different temperatures, buoyancy forces influence considerably the intensity of
mixing. Stratification is therefore an important phenomenon for heat exchange between sodium
streams of different temperature in the upper plenum of FBRs under decay-heat-removal condi-
tions.

Further development and adaptation of suitable computer codes for mixing layer calculation rep-
resent the analytical part of the programme. To accurately predict the flow fields and temperature
distribution in the pools a satisfactory validation of codes, based on a reliable experimental data
base, must be performed.

Short review of achieved results

In the first phase of the programme experiments with water were performed in a test-section
made of acrylic glass (WAMIX I experiment). Visual observations of flow primarily lead to a better
qualitative understanding of the phenomena in the developing mixing layer.

From the different experimental techniques tested, the laser sheet technique, using luminescent
dye diluted in water was found to be a very efficient method to investigate generation, formation
and interaction of vortices.

The mixing-layer thickness as a function of important parameters (distance from the splitter plate,
Richardson number and velocity ratio) was determined and semi-empirical correlations for their
calculation were given.

In order to investigate the formation of streamwise vortices (visualisation by a moving laser sheet)
a conveyer system was used. It was found, that with increase of Richardson number (e.g. in-
crease of the temperature difference between the layers) the formation of vortices is suppressed
and the growth of mixing layer reduced.

The experimental results were used for comparison with codes, particularly with direct numerical
simulations of the code FLOW-SB [6]. Extensive work of the WAMIX experiment was also related
to the design of sodium experiment NAMIX, leading to decision to build a test-section with
homogeneously-turbulent inlet flows.

A survey of the WAMIX tests together with main evaluated results was given in [7] and [8]. Com-
plete results of the first investigation phase as well as their analysis are summarised in [9].

The main objective of the analytical work is to check the ability of general-purpose fluid dynamics
codes (like FLOW3D [10] or ASTEC [11,12]) to reproduce (with reasonable accuracy) the overall
development of stratified mixing layers at various Prandtl numbers and to provide a code for a
direct numerical simulation (modification of code FLOW-SB).

Up to now, most of the work has been carried out with the code ASTEC (calculations of velocity
profiles in the flow conditioning part of the test-section and investigation of the effect of channel
wall inclination on mixing-layer development). Particularly important was the participation of
ASTEC as well as FLOW3D in different benchmark calculation tasks.
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A survey of this work was presented at the international "Computational Fluid Dynamic Services
(CFDS)" conference [13]. Some results were also included in a contribution to NURETH-6 [7].

Very good progress has already been achieved adapting the pseudo-spectral code FLOW-SB for
the direct numerical simulation (DNS) of stratified mixing layers. Many modifications have been
successfully implemented, particularly important to mention the possibility to visualise flow struc-
tures and temperature fields. A number of interesting calculation results on mixing-layer develop-
ment with 2D and 3D models were compared with experimental as well as with the results of
other numerical calculations [8,14].

Progress report 1995

In 1995 the experimental work has been concentrated on preparation of second phase of inves-
tigation in water (WAMIX II) and providing a comparable testing arrangement in sodium (NAMIX
experiment).

To carry out systematic measurements of local velocity and temperature as well as their fluctua-
tion in WAMIX test-section, a new instrumentation (laser Doppler and hot wire anemometry) was
chosen and ordered. Some modifications on the water loop and test-section were also made in
order to allow the application of the new measuring techniques.

After determination of some details of NAMIX test-section design (particular tests with water i.e.
WAMIX experiment, were made to clarify these details), the construction was started parallel to
work needed to provide other components of experiment. Particular attention was put to define
the process control system and its interaction to the data acquisition system.

Participation on Benchmark exercises was continued also in 1995. Velocity and temperature dis-
tribution for vertical buoyant jets were calculated with FLOW3D. This work started already in
1994, was performed for a benchmark meeting, organised by the IAHR Working Group on
Advanced Nuclear Reactors Thermal Hydraulics [15]. After the meeting additional comparisons
were made at PSI. It was found that the FLOW3D predictions are in closest agreement with the
experimental results of all the codes using k - e model [16].

The analysis of stratified mixing layers at different Ri and Pr numbers was continued with the
code FLOW-SB. Particular attention was paid to entrainment and mixing in the layer. The calcula-
tion for air and sodium has been finished, that for water is under way. The results were reported
at the EUROMECH 339 conference [17].

As examples of these results Figs. 5 to 7 are added here. The non-dimensionalized times at
which the isosurfaces are shown correspond to characteristic times, when the flow has reached a
large degree of three-dimensionality and therefore ribs are visible. The important parameters
which influence the results are initial conditions (deterministic and random distribution of velocity
perturbations), temperature difference between the flows (Ri - effect) and the choice of fluid (Pr -
effect).

The combination of deterministic and random initial conditions simulation corresponds well to the
observations in experiments. The effect of stratification can be seen by comparing Fig 5 and 6.
The baroclinic torque (i.e. torque produced by density gradients normal to the gravity direction)
plays an important role in stratified cases because it influences the vorticity level. Cross-section
cuts show that in stratified cases the vorticity is weakened .

Based on the comparison between the results for air and liquid sodium (of particular interest) at Ri
= 0.05 (compare Figs. 6 and 7), it can be concluded that besides stratification also the high ther-
mal conductivity of sodium suppresses the growth of the mixing layer.
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c)

Fig. 5: Unstratified mixing layer calculation with combined deterministic and random initial
conditions for air simulation at Richardson number Ri = 0.00.
Vorticity isosurfaces (see a), passive scalar isosurfaces (i.e. surfaces with equal marker
substance concentration; see b), and cross-sectional cuts of the passive scalar (see c),
at different streamwise locations (as marked in b) are given.

a;

K

b)

c)

Fig. 6: Stably-stratified mixing layer calculation with combined deterministic and random initial
conditions for air simulation at Richardson number Ri = 0.05.
Vorticity isosurfaces (see a), passive scalar isosurfaces (i.e. surfaces with equal marker
substance concentration; see b), and cross-sectional cuts of the passive scalar (see c),
at different streamwise locations (as marked in b) are given.
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b)

c)

Fig. 7: Stably-stratified mixing layer calculation with combined deterministic and random initial
conditions for liquid sodium simulation at Richardson number Ri = 0.05.
Vorticity isosurfaces (see a), passive scalar isosurfaces (i.e. surfaces with equal marker
substance concentration; see b), and cross-sectional cuts of the passive scalar (see c),
at different streamwise locations (as marked in b) are given.
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