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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 4 9 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.
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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
CT95125.DOC

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).
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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 (20102020) 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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16

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.
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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
CT95125.DOC
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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
CT95125.DOC
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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
CT95125.DOC
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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 t o :
- 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
CT95125.DOC
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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 o f :
-

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.
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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. - 5 0 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:
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•

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;

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-April 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.

40
CT95125.DOC

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

4.1. -Objectives
The knowledge acquisition programme, necessitating the operation of the CreysMalville 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 subassemblies. 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:
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•

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.

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

Core 1 after
modification

Core 2

Core 3

36

29

15

-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 prequalification 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

1
core 1 in 96

2
core 2 in 99

3
core 3 in 2003
U free Pu pins

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

2 CAPRA-2
(35 % Pu)

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

Np
transmutation

Am
transmutation

NACRE-1
(1.9KgNp)
ACRE-1
(1%Am)

*
*

CAPRIN-2A
(30 % Pu, 3% Np)
CAPRIN-2B
(+ moderator)
NACRE-1 bis
(extension)
ACRE-1 Bis
(extension)
1 Am pin loaded
2002

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 (Burnup 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:
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-

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.

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:
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•

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).

coeur intern

assemblages de
commande

coeur externe

couronne d'acier
de remplacement

Fig.

4 . 1 . : Present core of Super-Phenix
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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:
56
CT95125.DOC

-

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
11

B4C 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 multirecycling 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 :
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-

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).

-

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 20052010.
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.

T H E 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:
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-

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,

- 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 4 9 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
comparison with MONTE-CARLO calculation methods.

started,

using

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

Z0NA2-A

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

September 1994

ZONA2-A3

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

February 1995

ZONA2-B

core without blanket (Fig. 7.2.2)

July 1995

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 SUPERPHENIX 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

1992

1993

1994

1995

BCF1 (12/92)

PF2 (3/93)

LT2 (3/94)

PFX (3/95)

PF1 (12/93)

EFM1 (5/94)

MF2 (11/95)

TEST MATRIX

LT1 (12/95)

OBJECTIVES

TEST

PIN

Slow ramp rate tests
PF1

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

SCARABIX

PFX

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

MF2

Margin to failure (1 % Pn/s)

SCARABIX

BCF1

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

VIGGEN - 4

II

Initiation phase test (CDA)
PF2

Pre-failure behaviour - Fuel squirting

QUASAR

LT2

TOP. Fuel squirting

QUASAR

LT1

LOF-TOP. Fuel squirting

QUASAR

EFM1

Extended fuel motion

SCARABIX

Pn means Nominal Power

NAME

TYPE

CLAD

D out

Bu

mm

at%

VIGGEN - 4

PX homogeneous solid (no UAB)

15-15 Ti

6.55

QUASAR

PX homogeneous annular (no UAB)

15-15 Ti

6.55

11.7
11.8

SCARABIX

SPX homogeneous annular (UAB)

15-15 Ti

8.5

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 m 3 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,
^ T h e 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 :
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•

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.
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•

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).
go

scraping devices

full-opening valves

automatic cleaning module
\ automatic welding module

on simplified manipulator

on simplified manipulator

Fig. 7.6. : MIRSA f a c i l i t y
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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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7.7.

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 filledargon 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 mockup. 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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