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1 - CONTEXT AND TRENDS

1.1 - On March 8, 1987, a "sodium leak" alarm signal was received in the 
Creys-Malville control room. By the end of March, it had been 
established beyond all doubt that sodium was, in fact, leaking into 
the fuel storage drum inter-vessel gap.

The reactor has been shut down since May 26. The origin of the leak
was located on September 5, after complete drainage of the main
tank. Despite the fact that the leak was confined, had had no
radiological consequences and cast no doubts on the safe operation of 
the reactor, the impact of this incident on public opinion, both in 
France and in the neighbouring European states, was considerable.

Two facts would appear to have been decisive. The first was that the 
reactor had not been shut down immediately, the second was that the 
leak was only detected and localized in September: it was difficult 
for people to understand that before its exact position could be 
determined, certain operations (transfer of a few subassemblies to 
the reactor core, unloading of the fuel storage drum) had to be 
performed.

1.2 - In 1987, electricity consumption in France, including on-line losses, 
amounted to 327.5 TWh, representing an increase of 3.1% with respect 
to 1986. If we add to this figure that corresponding to exports 
(29.7 TWh) and pumped storage (2.7 TWh), we arrive at a national 
electricity production figure of 359.9 TWh, 70% being of nuclear 
origin (251.3 TWh), which is identical to the 1986 percentage. The 
installed nuclear capacity as at December 31, 1987 was 49.7 GWe. In 
1987, four PWR's were put into service, one 900 MWe plant and three 
1300 MWe plants.

* With the participation of Messrs. Chaumont, Verrière, Gelée, Aubert, 
Khairallah, Penet, Le Rigoleur, Arnal, Elie, Leclère, Costa, Carré (CEA/IRDI), 
Natta (CEA/IPSN), Leduc (N0VAT0ME).

No new developments have modified the energy picture. Plant 
construction commitments had already been reduced to the technical 
minimum compatible with keeping the industrial sector concerned in 
activity and this growth rate was maintained in 1987. As regards 
long term forecasting, large scale breeder deployment is not deemed 
necessary before the beginning of the next century, when the oldest 
of the PWR's presently in service reach their end of life. And even 
then, only providing that the competitivity of the breeders has 
meanwhile been demonstrated. In France, we have decided to pursue 
our efforts in this field, notably within the context of the EFR 
project.

2 - REACTORS AND PROJECTS

2.1 - RAPSODIE

The decommissioning of the plant continued in 1987.

Unloading of the steel and nickel subassemblies was completed in 
July. Subassembly washing was undertaken simultaneously: the steel 
subassemblies were placed in the pool as-unloaded, but the Co60 
content of the nickel subassemblies made it advisable to enclose them 
in the leaktight containers to prevent unacceptable contamination of 
the pool water.

At the end of the year, removal of the steel and nickel subassemblies 
began with a view to their transfer to a storage pit at the Cadarache 
nuclear research center.

Work resumed on separating the loops from the reactor unit in the 4th 
quarter.

Three CRDM's have been dismantled and sent to the Cadarache center 
radioactive waste storage facility. Several contaminated components 
were cut up in a hot cell and packed for dispatch to ANDRA.

In conclusion, the following components were expertized:

- steel reflector assemblies, using gamma spectrometry for improved 
radiological identification of the waste,

- the south intermediate heat exchanger, from which samples were 
taken for laboratory tests,

- the primary pump PP2, where attempts to locate hot cracking type 
defects on the shaft welds proved negative.



6 2.2 - PHENIX

2.2.1 - GENERAL REMARKS

The plant operating schedule for 1987 included:

- a refuelling shutdown in mid January,

- a 2-week shutdown in May for maintenance work (replacement of LP 
heater No. 2, replacement of the second standby diesel generator 
set) and refuelling (end of 39th cycle),

- a refuelling shutdown in October.

This program was disturbed by the failure, in January of the 
secondary pump on loop 2. Repair of this component, in addition to 
the shutdowns necessary to remove and reinstall the pump, involved 
plant operation on only two secondary loops for six weeks.

Apart from this lengthy unforeseen disturbance, plant operation was 
interrupted 12 times for various incidents, two of which were 
occasioned by the twelfth and thirteenth clad failures, resulting in 
unloading of the subassemblies concerned.

It was also decided to attempt to optimize fuel utilization by 
programming a short cycle (55 EFPD) after the refuelling shutdown in 
May, followed by an additional refuelling shutdown in July. It is 
Worth noting that this 55 EFPD cycle took place without interruption 
in 54 calendar days, startup and shutdown included.

The gross electricity output in 1987 was 1 676 686 MWh (which 
includes the MWh equivalent of the steam supplied to Cogema), 
corresponding to a load factor of 76.56%. This is, for the second 
consecutive year, although well behind the 1979 record (1 856 696 
MWh), the second best annual output achieved. The diagram and tables 
below outline the Phenix operating results.

It may be noted:

- that the load factor, since the plant was commissioned on July 14, 
1974, has reached 61.48% as against 60.27% at the end of 1986,

- that the availability factor, since the same date, has reached 
66.97%, as against 65.69% at the end of 1986,

- that for 1987, the load factor was 76.56% (285.75 EFPD) and the 
availability factor 82.97%.

2.2.2 - FUEL RESULTS

At the end of the 41st cycle (10.10.1987), burnup statistics obtained 
on fuel pins containing plutonium were as follows:

Out of 142 975 irradiated pins

- 127 851 pins had exceeded 40 000 MWd/t

- 107 288 pins had exceeded 50 000 MWd/t

- 67 060 pins had exceeded 60 000 MWd/t

- 46 362 pins had exceeded 70 000 MWd/t

- 24 487 pins had exceeded 80 000 MWd/t

Clad structural damage in terms of displacement per atom (dpaF) was 
as follows:

- 128 306 pins had exceeded 50 dpa F (39 dpa NRT)

- 117 744 pins had exceeded 60 dpa F (46 dpa NRT)

- 97 830 pins had exceeded 70 dpa F (54 dpa NRT)

- 70 925 pins had exceeded 80 dpa F (62 dpa NRT)

- 45 623 pins had exceeded 90 dpa F (69 dpa NRT)

- 24 487 pins had exceeded 100 dpa F (77 dpa NRT)

The maximum recorded was 172 dpa F on an experimental

Research to optimize structural materials is continuing, as is 
evidenced by the number of in-pile experiments performed, which 
totalled 40 during the 42nd cycle.

The increasingly high burnups obtained with subassemblies equipped 
with more efficient hexagonal wrappers have resulted in the 
adaptation of core loading to this situation: constant core size, 
with reactivity control by breeder subassemblies placed in the core; 
for the 42nd cycle, they were 3 in number.

Finally, it is noteworthy that in 1987, 89 subassemblies (26 standard 
fuel, 16 experimental and 47 breeder) were dismantled on the spent 
fuel removal, preparation and packing system.
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A. Operation with 2 SG (2 and 3). Work on secondary sodium pump 
No. 1

B. Operation at 230 MWe. Unavailability of turbine stop valve No. 4

C. TOPAZE test. Intercalibration with OSIRIS and MELUSINE

D. Experimental subassembly vaccination "GIGONDAS 3"

E. Clad failures No. 12 and 13.

F. Changing of CRDM No. 3

G. CALORIMETRES experiment. Measurement of gamma induced
temperature rise in steel

M. Refuelling

Numbers 39, 40, 41 and 42 indicate the beginning of irradiation 
cycles.
Duration of cycles: cycle 38 = 76.53 EFPD (of which 65.21 EFPD in

86)

39 87.88 EFPD
40 55.13 EFPD
41 70.64 EFPD
42 60.72 EFPD as at 31.12.87 (rest in

1988)
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From the beginning

- reactor thermal output 1 770 246 MWd

- EFPD 3 144. 31 EFPD

- Gross electrical output 18 329 990 MWh

- Gross output (including steam) 18 385 064 MWh

- Net electrical output 17 062 984 MWh

- Maximum specific burnup (subassemblies) 127 800 MWd/t

- Maximum specific burnup (specimen capsules) 133 500 MWd/t

- Maximum dpa for PU subassemblies 172 dpaF

Since July 14, 1974

PHENIX 1987

STATISTICS

- reactor thermal output 1 743 935 MWd

- EFPD 3 097.58 EFPD

- Gross electrical output 18 089 380 MWh

- Gross output (including steam) 18 144 454 MWh

- Net electrical output 16 840 400 MWh

- Load factor 61.48 %

-Availability factor 66.97 %

Since the beqinninq of the year

- reactor thermal output 160 880 MWd

- EFPD 285.75 EFPD

- Gross electrical output 1 676 380 MWh

- Gross output (including steam) 1 676 686 MWh

- Net electrical output 1 563 485 MWh

- Load factor 76.56 %
- Availability factor 82.97 %



The 38th cycle began on October 27, 1986 and finished on January 12, 
1987.

- Incident on secondary pump no. 1

After refuelling, the 39th cycle began on January 21. Abnormal 
vibrations on secondary pump no. 1 led to a shutdown for 
replacement of the upper bearing, followed by a second shutdown for 
in situ  gamma radiography of the lower bearing. This revealed 
slippage of the shrunk-on journal in th is area, requiring removal 
of the pump for repair, which took place in three successive 
stages:

1st stage : removal and washing,

2nd stage : dismantling, expert investigation, repair,

3rd stage ; re insta llation in the secondary c ircu it.

The pump remained unavailable for a total of 42 days.

Servicing of the other two pumps is  scheduled for 1989.

- Sodium leak on the hydrogen detection selector of steam generator 
no. 3 reheater

This minor incident resulted in the leakage of a few lite rs  of 
non-radioactive secondary sodium into a heat insulated housing. 
The operators were warned by smoke and aerosol detection systems 
which responded rapidly and repairs were carried out without 
d ifficu lty .

- Apart from these incidents, the following facts are worth noting:

- the satisfactory behaviour of the power production plant 
(turbogenerator set, feedwater plant, etc.) and the steam-water 
system, including the steam generators. Only one brief unscheduled 
shutdown, involving practically no unavailability, was due to this 
equipment,

- the replacement of the second standby diesel generator set,

- the entire rebuilding of the industrial water network,

- the ordering of the sodium/air heat exchanger for the experimental 
cooling system CREX,

- the implementation of a quality assurance system in the service 
since April 1, 1987,

- that the total integrated dose for 1987 was 55.9 10‘ 3 man/Sievert,
i.e ., an average dose of 0.21 10 '3 Sievert per person per year.

8 2.2.3 - INCIDENTS 2.3 - SUPERPHENIX 1

Two incidents occurred in 1987, one on the steam-water system, 
resulting'in operation at only 50% Pn for the first three months, and 
the other on the fuel storage drum, culminating in plant shutdown on 
May 26.

Despite the restricted power level, numerous tests were performed 
during the period of operation, notably as regards qualification of 
the clad failure detection system.

We describe below the investigations undertaken to localize the leak 
in the fuel storage drum main tank and the engineering work which was 
started without delay in mid 87 for the purpose of restoring the 
function fulfilled by the fuel storage drum.

2.3.1. INVESTIGATIONS

The leak was first detected on March 8, 1987. Measurements of the 
drop in sodium level enabled the leak rate to be estimated at about 
25 1/h. It should be noted that the fuel storage drum main tank, 
containing about 650 m 3 of sodium, is enclosed in a nitrogen-filled 
leak recovery tank. The volume of sodium which had flowed into this 
second tank was pumped out in May and subsequently at regular 
intervals.

The main work undertaken from April onwards concerned ensuring the 
safety of the plant, localizing the leak followed by its examination 
by experts and the repair of the fuel storage drum.

Plant safety was ensured by installing a drainage line from the fuel 
storage drum inter-vessel gap so as to limit the quantity of sodium 
in the leak recovery tank, by providing against the possibility of a 
leak from this second tank and by removing the subassemblies stored 
in the fuel storage drum.

Leak localization was possible as soon as sodium leakage began. 
Several methods were used. First of all, helium and Xe 133 were 
injected into the fuel storage drum argon blanket in order to trace 
their transfer to the inter-vessel gap during drainage and uncovering 
of the leak, which enabled the leak level to be detected. 
Simultaneously, acoustic equipment was installed. Acoustic detectors 
were mounted on masts located inside the fuel storage drum. Designed 
for air-bubbler type level measurement, after pressurization of the 
inter-vessel gap, they would have enabled both the level and azimuth 
of the leak to be determined. However, this method could not be used 
because pressurization of the inter-vessel gap was not authorized.



Another acoustic detection method was used on the leak recovery tank 
bottom head, aimed at detecting the sound of the sodium drops running 
down the outer wall of the main tank and their impact on the bottom 
of the leak recovery tank. Finally, an infra-red camera was 
installed in the pit. The combination of these three methods enabled 
the leak level and azimuth to be unequivocally determined during 
drainage of the fuel storage drum tank.

All sodium was then entirely drained from the fuel storage drum and a 
series of investigations performed using endoscopes and cameras to 
visualize the leak.

The leak was located on a plate welded inside the main tank and 
supporting the fuel storage drum heating and cooling coils.

These various observations and measurements have provided a basis, on 
the one hand, for implementation of an extensive metallurgical 
research program to identify the causes of this incident and, on the 
other hand, to make preparations to take samples of the affected area 
for expert examination.

2.3.2 - RESTARTING THE PLANT

Engineering work was programmed on the basis of three scenarios in 
the month of May: repair, rebuilding and modification.

- Repair implies several conditions:

. a localized fault of clearly identified origin,

. adequate accessibility for repair work,

. the possibility to requalify the tanks after repair.

The latter constraint is particularly penalizing and has led to 
extreme prudence with regard to all corrective actions.

For this first scenario, work was focussed on washing and welding 
processes, requalification procedures, the inspection and repair 
devices to be used in the inter-vessel gap, between 10 and 15 cm in 
width in cylindrical parts.

- Rebuilding was envisaged in the postulated event of a generic 
defect or a fault impossible to repair because of its location. 
The reference option consisted in rebuilding the two tanks, using 
all or part of the original structures, and restoring the initial 
functions of the component. The constraints and difficulties were 
numerous.

On the one hand, the tank geometry could not be modified because of 
the upper penetrations leading to the new and spent fuel handling 
equipment, which is permanently installed. Similarly, heights have 
to remain compatible with the positions of the A - frame ramps and 
rotating transfer lock. The only modification which might have 
been possible would have been to replace the leak recovery tank by 
metal plating of the pit.

Apart from this, the choice of materials proved complex. For 
reasons of differential expansion, opting for an austenitic steel 
implied the necessity for extensive tests and no decision in this 
respect had been reached by the end of 1987. Choosing a ferritic 
steel made this problem less crucial but raised another difficulty 
related to accidental situation temperatures.

Finally, accessibility was difficult and constituted an extremely 
penalizing factor both as regards the operations themselves and the 
time required to accomplish them. It should also be noted that 
rebuilding would not entirely eliminate the drawbacks highlighted by 
this incident, even if additional precautions were taken as regards 
tests and inspections and if a permanent inter-vessel gap drainage 
system were installed.

- Modification of the fuel storage drum would consist in maintaining 
the fuel handling functions but with a radical difference: the 
present fuel storage drum has a dual function of transit and 
storage, whereas in the new solutions envisaged, the storage 
function would be eliminated.

Several options are under consideration:

* Transfer of the storage function to the reactor vessel

In this case, an SPX2 - type internal storage system must be 
adopted. Present design work involves storage of a quarter of the 
core (about 90 subassemblies) in the steel reflector outer core 
rings, in the vicinity of the defective subassembly positions. The 
main difficulty concerned the necessity to limit the coolant flow 
to fuel subassemblies placed in these positions. Gags would have 
to be mounted in the subassembly upper structures during handling. 
The main advantage of this solution, apart from the elimination of 
storage in the fuel storage drum, resides in the facilities thereby 
provided for core management modifications with a view to 
optimizing utilization of the first core loads.

* Elimination of the storage function

This solution would involve whole core (1-batch) refuelling, with 
long shutdowns (5-6 months) before unloading, unless the decay heat 
levels authorized for the secondary handling system were raised.



10
CREYS-MALVILLE POWER PUNT

FUEL STORAGE DRUM

CREYS-MALVILLE POWER PLANT

THERMOGRAPHY OF FUEL STORAGE DRUM LEAK RECOVERY TANK BOTTOM HEAD



Rapid adaptation of this solution to Superphenix would certainly 
not be easy and would, in any case, involve considerable losses on 
the first loads, which were not designed for this purpose.

* Transit in a sodium filled container, with the fuel storage drum 
gas-filled.

The subassemblies would remain in their sodium-filled cylinders until 
they reach the handling area, conveyed by the carousel. In this case, 
the tanks have only a containment function, enclosing an inert 
atmosphere containing sodium aerosols. One of the difficulties of 
this solution would be the necessity to keep the atmosphere at a 
temperature compatible with the transit of the sodium filled 
containers and with secondary ramp operation requirements.

* Transit in sodium

This alternative has the advantage of not requiring modification of 
the present handling system. However, despite the eliminations of 
the storage function, it would, in all probability, involve repair 
criteria on a same level as those applying to repair with 
restoration of the initial functions.

* Construction of a new handling system

If the storage function is eliminated, the entire dismantling of the 
fuel storage drum could be envisaged and its replacement by a simpler 
system for the transfer of the sodium-filled cylinders between the 
loading/unloading station and the handling room.

Very quickly a consensus was reached favouring subassembly transit in 
sodium-filled containers through the gas-filled fuel storage drum.

2.3.3 - SITUATION AT THE END OF THE YEAR

By the end of 1987, it had not proved possible to establish the 
origin of the leak with absolute certainty: several hypotheses had 
been put forward, but they failed to explain all aspects of the 
phenomenon. Samples are to be taken in 1988.

The decision as to whether the fuel storage drum will be repaired, 
rebuilt or modified is to be made in the first quarter of 1988.

2.4 - RNR 1500 PROJECT
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The RNR 1500 project (or Superphenix 2) constituted a major steD 
forward in the development of the French fast breeder system. The 
design work and research and development programs undertaken on this

project led to definition of a nuclear steam supply system 
representing a significant economic and technical advance with 
respect to Superphenix 1.

The RNR 1500 (Superphenix 2) preliminary design was completed in 
1987. An outline is given below.

2.4.1 - THE AIMS OF THE 1500 PROJECT (SUPERPHENIX 2)

The Superphenix 2 project is part of the gradual systematic 
development of the French fast breeder system. Overall aims have 
remained the same throughout the engineering work: reduction of costs 
with respect to Superphenix 1 and design reliability, based on the 
technology developed for Superphenix 1.

The goal set as regards cost reduction was about 30% on initial 
outlay and generating costs with respect to Superphenix 1.

The detailed preliminary design objectives were defined as follows:

1) confirm and optimize the design defined in the preliminary design 
outline,

2) demonstrate equipment feasibility; design and size the 
components,

3) prepare the documents which have to be submitted to the Safety 
Authorities, notably the Preliminary Safety Analysis Report,

4) prepare a cost estimate, with as few uncertain elements as 
possible.

Achieving these ends required a considerable volume of technical 
studies.

2.4.2 - BASIC RULES FOR THE PROJECT

* Safety approach

The guiding principle was to adopt an approach similar to that of the 
light water reactors. This approach was defined at the beginning of 
the project in a directive issued by the Safety Authorities.

Reactor design and sizing was consequently based on a series of 
operating conditions defined in terms of principles similar to those 
used for light water reactors. In addition, a certain number of very 
low probability accidents were analyzed and provisions were made to 
ensure that the consequences of these accidents would remain 
compatible with the implementation of emergency plans.

This approach would tend to classify in the residual risk class the 
complete core meltdown accident with release of mechanical energy,



which was a design basis situation for Superphenix 1. It has 
consequently been possible to proceed to a certain number of design 
simplifications.

Despite the positive elements submitted at the detailed preliminary 
design stage to substantiate the approach proposed, the Safety 
Authorities, after examination of the Preliminary Safety Analysis 
Report in 1987, requested that a core meltdown accident be 
postulated, involving a mechanical energy release in the reactor unit 
of the order of 150 MJ. The consequences of this requirement on the 
Superphenix 2 project are still being examined. Reinforcement of the 
roof slab would be necessary.

* General operating conditions

The general operating conditions adopted for Superphenix 2 are 
similar to those defined for Superphenix 1. The objective is to 
satisfy grid requirements: the plant unit must consequently be able 
to operate at any load level between Рц. and the technical minimum, 
under frequency control, load regulation or load follow conditions.

♦Site data

The preliminary design studies were performed with two possible sites 
in mind:

- Creys Malville

- Saint-Étienne des Sorts, near Marcoule.

Aseismic devices are included in the civil works for both sites, the 
NSSS equipment sizing being the same in each case.

* Design and Construction Rules

In 1980, EOF and NOVATOME decided to define Design and Construction 
Rules for the 1500 Breeder, in similar fashion to those defined in 
1978 for light water reactors.

For the fast breeders, a set of pertinent rules was derived from 
existing codes, from experience acquired by the nuclear industry in 
Europe during the construction of the Creys Malville plant and from 
the results of an extensive research and development program on the 
behaviour of structural materials and damage assessment methods.

The most important of these design and construction manuals, the 
RCC-MR, concerns fast breeder NSSS mechanical components. The first 
version of this document was published by AFCEN in June 1985. 
Provision is made for periodical updating.

2.4.3 - THE PARTICIPANTS IN THE DETAILED PRELIMINARY DESIGN

* The design studies

The project was directed by EDF, as prime contractor. The NSSS was 
designed by NOVATOME, with the participation of industrial firms 
entrusted with specific engineering work, mainly NEYRPIC, 
JEUMONT-SCHNEIDER and STEIN INDUSTRIE. Up until the end of 1985, 
ANSALDO (Italy) and certain Italian manufacturers took part in the 
studies. Engineers from INTERATOM (FRG) were seconded to work in the 
NOVATOME teams. British participation began in 1986, with a 
contribution from the National Nuclear Corporation.

* R and D

A vast research and development program was implemented in connection 
with this project. The major part of this work was performed by the 
CEA. An important contribution, notably for primary system thermal 
hydraulic tests, was made by EDF.

2.4.4 - KEY OPTIONS

* The general characteristics of the plant 

Power

The rated thermal power of 4000 MW (1440 MWe net) is the result of a 
compromise between the following motivations:

- reduce initial outlay on the NSSS by deriving maximum benefit from 
the size effect,

- take into account the technical difficulties inherent in this type 
of NSSS and heightened as the power increases,

- consider the industrial context resulting from the light water 
plant population.

Operating parameters

The Superphenix 2 operating parameters are similar to those of 
Superphenix 1:

- rated clad temperature : 643°C

- primary sodium temperature : 395 - 560°C

- secondary sodium temperature : 345 - 525°C



- water-steam temperature : 240 - 490°C

- steam pressure : 184 bar.

* NSSS layout

Layout of the secondary cooling system

Since the scale-up from the Superphenix 1 steam generator (700 MWth) 
to 900 MWth seemed reasonable, it was decided to keep the Superphenix
1 layout: four intermediate loops each fed from two intermediate heat 
exchangers and comprising one single-module, helically-wound steam 
generator.

During the detailed preliminary design stage, the design of a 
straight-tube steam generator was studied for adaptation to the 
Superphenix 2 project. The solution proposed in this case comprises 
four 225 MWth modules per loop, without basically modifying the 
layout.

Spent fuel storage

The studies performed during the detailed preliminary design have 
validated the internal storage option. This storage will be cooled 
by forced convection.

* Main options concerning systems and equipment 

The core

The U02-Pu02 mixed oxide core is homogeneous with two enrichment 
zones. The axial heterogeneous core was not deemed sufficiently 
developed when work began on the Superphenix 2 detailed preliminary 
design, despite the better axial power profile it offers.

- the annular fuel pellets are 7.14 mm in diameter; the tube bundle 
comprises 271 pins,

- the core pressure loss is 5 bar,

- the free-standing core design is maintained.

With new improved materials for the clads (15-15 TiE) and for the 
hexagonal wrapper tube (optimized 316 or martensitic steel), the 
maximum burnup (125 000 MWd/t, 180 dpaF) fixed for the startup core 
can be reached. The target of 150 000 MWd/t for subsequent reloads 
requires the development of a new clad material, but seems within 
reach during the next decade, considering the work performed during 
the detailed preliminary design stage and current experiments.

Reactor unit layout

Apart from the internal storage, the main reactor unit options are 
the decision to adopt a warm roof slab hung from the reactor pit and 
a single redan inner vessel.

The reference roof slab adopted for the Superphenix 2 project is kept 
at a temperature of about 120°C by air-cooling, under rated operating 
conditions and is hung from a ring embedded in the concrete of the 
reactor pit. This solution both satisfies design requirements and 
results in cost reductions.

The choice of a self-supporting, single redan inner vessel is of 
primary importance for the reactor unit.

As compared with the double redan inner vessel designed for 
Superphenix 1, this solution reduces the masses of steel required, 
significantly simplifies component penetrations and results in 
savings on the reactor unit diameter.

The secondary system

The Superphenix 2 secondary system is mainly characterised by the 
choice of REGAIN type loops and helical steam generators.

The pump is located at the lowest point of the loop, thus benefitting 
from maximum intake pressure. The pump size and mass are greatly 
reduced with respect to Superphenix 1.

The reference steam generator is of the helical type. This option is 
in keeping with the principle of conserving technological and 
industrial consistency with respect to Supérphenix 1, in order to 
benefit from the competence acquired in various areas during the 
construction of that reactor. The preliminary design studies were 
mainly focussed on adaptation of the SG unit to the REGAIN system and 
on simplification of the design and the manufacturing processes.

Work continued simultaneously on the development of a straight-tube 
steam generator. The design and manufacturing simplicity of these 
components and the development of a new, high performance ferritic 
material sanction design of high unit power modules and constitute an 
important potential source of economy.

Decay heat removal systems

Under normal operating conditions, for the Superphenix 2 project, as 
for Superphenix 1, decay heat is removed by the normal heat removal 
components: intermediate heat exchangers, intermediate loops and
steam generators.
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The NSSS is also equipped for direct decay heat removal, mainly in 
the event of incidents or accidents; this dedicated system comprises 
4 independent loops (sodium/sodium heat exchanger immersed in the 
primary system hot plenum, an electromagnetic pump for sodium 
circulation, a sodium/air heat exchanger).

Primary fuel handling system

Design work has been focussed on equipment simplification, drawing on 
past experience, new ideas and the possibilities afforded by the main 
options of the project (internal storage, short subassemblies, no 
dome etc.).

The main differences with respect to Superphenix 1 are:

- a single, offset arm type transfer machine,

- a simple pivoting transfer lock.

Considerable cost reduction has thereby been obtained, notably for 
the transfer lock, where the steel mass was divided by 5.

TECHNICAL AND ECONOMIC RESULTS

From a technical standpoint, the Superphenix 2 design work has 
confirmed the validity of the basic design features adopted at the 
beginning of the detailed preliminary design.

As regards economics, the studies performed provide a basis for 
safely asserting that the steel mass savings achieved on the NSSS 
systems designed by NOVATOME are in the vicinity of 45%.

Moreover, the equipment designs have themselves been simplified as 
compared with Superphenix 1, as also the manufacturing processes.

Finally, lessons have been learned from the Superphenix 1 
construction schedule, which could result in an 84 month leadtime for 
Superphenix 2.

All these elements combined have enabled us to reach and even go 
beyond the target set: reduction of Superphenix 2 NSSS costs by 30% 
with respect to Superphenix 1. Achievement of this goal was
confirmed by the estimate submitted by NOVATOME to EDF in October 
1987. These cost estimations were made in conjunction with the 
manufacturers of the main Superphenix 1 components.

The results of the Superphenix 2 design work, like those obtained for 
SNR2 and CDFR will provide a basis for the new EFR (European Fast 
Reactor) project, on which work started at the beginning of 1987, 
associating France, Belgium, Great Britain, Italy and the Federal 
Republic of Germany.

ADVANCED REACTORS

Engineering work on advanced reactors has been carried out in three
main directions:

- prioritization of options, making a distinction between proposals 
for short/medium term and long term implementation,

- definition and initiation of a certain number of R and D actions 
concerning these options,

- complementary studies on innovative solutions, related notably to 
the fuel handling system.

The option prioritization work resulted in a list of generally 
compatible proposals, achievable within about 5 years, presented in 
the form of a precompetitive reactor assembly arrangement. It was 
thus demonstrated that a more compact reactor unit could be designed 
(about 17 m in diameter), with 3 secondary loops, 3 primary pumps and 
6 IHX's. The in-reactor fuel handling system is smaller, owing to 
the transfer station system (fuel unloading with intermediate 
relocation) adopted. The primary pumps are of the supercritical type 
and the IHX’s have a raised upper plate. The secondary loop cold 
legs are equipped with expansion joints; straight-tube steam 
generators, with 2 to 3 modules per loop, are envisaged.

Finally, fuel handling outside the reactor involves direct transfer 
from the reactor to the washing pits and the pool, rendering 
unnecessary a large internal sodium-filled storage area.

Certain options, on the other hand, particularly the handling cell 
and an advanced, nitride-type fuel, would come under long term 
development scheduling.

The R and D program implemented on a certain number of these options 
has proceeded. Particular mention may be made, in this respect, of 
the completion of the facilities for thermal and washing tests on 
subassemblies having a high after-power with first tests at the end 
of 87/beginning of 88, the development of the handling tool for the 
transfer station system, fatigue tests on a pilot-series of 
expansion joints, the further development of a supercritical shaft 
design code.



Apart from these aspects, laboratory tests on nitride fuel
fabrication parameters have been carried out, together with
dissolution tests aimed at confirming gamma heating feasibility. An
irradiation experiment is proceeding in PHENIX and another is in
preparation.

In conclusion, we would mention work which has begun on certain new 
ideas, the most important of these concerning the various studies 
undertaken with a view to substantially reducing the diameter of the 
transfer system beneath the rotating plugs.

In mid-87, the European utilities, associated in the EFRUG 
organization, announced their intention to take another step forward 
in fast breeder development by initiating the EFR design studies (see 
the paper entitled "European Cooperation in the field of Fast Reactor 
R and D"). France, of course, proposed that the options validated in 
the advanced reactor study context be examined for EFR, in the same 
way as those defined for SPX2, SNR2 and CDFR.
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3 RESEARCH AND DEVELOPMENT

3.1. - CORE STUDIES

3.1.1 - CORE PHYSICS

Core physics research activities developed in three main directions 
during 1987:

a) On-going analysis of the Cre.ys-Malville startup tests

This activity is entrusted to a task force, operating in a 
European cooperation context.

Analysis was focussed on core and shielding flux distribution 
tests. Preliminary results indicate a drift in the 
calculated-to-experiment ratio between the center and peripheral 
areas of the core. For the shielding elements, on the other 
hand, no significant deviations are observed and the good 
agreement between calculated and experimental results on 
measurement of secondary sodium activation would appear to 
confirm this indication. Feedback coefficients were also 
analyzed, with a generally satisfactory agreement between 
calculated and measured values.

b) Improvement of methods and formulations

The indications derived from the Superphenix 1 startup neutronic 
tests led to the development of improved methods, especially for 
rod worth calculations. These methods are presently operational 
in version 4 of the CCRR code system. New options for processing 
heterogeneous fuel subassembly data were also defined for the new 
European cell code ECCO, a first version of which is presently 
available.

Data for the new European data base library JEF-1 have also been 
validated on a large number of critical experiments and
experimental burnup results.

c) Critical experiments in MASURCA
The aims of the joint European program BALZAC were to study, on 
the one hand, gamma heating in control rods and diluting-type
subassemblies and, on the other hand, the reactivity of the
heaviest plutonium isotopes, with a view to reducing the
uncertainties as to the reactivity losses per cycle.

The joint European program CONRAD has been defined and will be 
implemented in mid-88. The first phase, in particular, concerning



analysis of the neutronic characteristics of axial heterogeneous 
cores, has been defined in detail: three configurations will be 
studied, varying the thickness and location of the breeder slice, 
with respect to the core mid-height plane, with simulation of the 
plutonium accumulated in the breeder subassemblies during the 
cycle.

Finally, the initial version of a computerized integral data bank 
has been set up. This integral data bank (BDI) will group data 
pertaining to former MASURCA test programs, the Superphenix 1 
startup experiments, the Phenix burnup experiments and the 
experimental sequences performed with the SNEAK and ZEBRA 
critical mock-up.

3.1.2 - INSTRUMENTATION

Significant events in 1987 concerning instrumentation were as
follows:

- Test feedback from Phenix and Superphenix in several fields:

. calibration and comparison of clad failure detection systems,

. SPX-1 fuel subassembly outlet temperatures have been analyzed and 
submitted to interpretation in a European context,

. as regards acoustic detection of sodium boiling in the core, data 
derived from Phenix test subassemblies has been processed in a 
European context.

- The development of . operator-assistance systems, such as the
installation of an in-sodium echographic image interpreter at
Phenix,

- On-going work on the LARA program, featuring development:

. of a device for automatic location of the handling machine by 
ultrasound visualization of the lattice,

. of a subassembly identification system, by acoustic reading of a 
code engraved on the subassembly head structure.

The tests currently proceeding in water on a distorted core lattice 
will be followed by tests in sodium.
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3.1.3 - CORE THERMAL HYDRAULICS

Analysis of distorted fuel bundles

The program initiated in 1986 continued in 1987 in conjunction with 
Belgonucléaire. This analysis concerns the influence of 
radiation-induced deformations on subassembly thermal hydraulics. 
Attention was focussed on the experimental part of the program, known 
as the FAIDE experiment, performed with a 7-pin bundle, first with 
nominal geometry and then deformed.

The nominal geometry measurements were performed and interpreted. 
The axial flowrates determined for the sub-channels indicate that the 
mean axial speed is the same, whatever the geometry of the 
sub-channel.

Measurements on deformed subassemblies began in the last quarter of 
1987. Several different geometrical examples are studied, where the 
face area between the outer rings of pins and the wrapper tube is 
gradually reduced.

Design of gag systems for the SPX 1 fuel subassembly

This survey was initiated following the leak on the SPX1 fuel storage 
drum. In the framework of a possible future use of the fuel storage 
drum gas-filled ("repair" solution), work is proceeding on a 
configuration featuring in-core storage with fuel subassemblies 
equipped with gags in their head structures.

Two types of systems, differing mainly by the mode of mechanical 
interlock adopted, have been designed and tested. These tests are 
currently being interpreted.

3.1.4 - MECHANICAL BEHAVIOUR OF THE CORE AND SUBASSEMBLIES

Mechanical behaviour of irradiated fuel structures

Within the framework of the development of Codes and Standards 
specific to irradiated structures (RAMSES 2), an experimental fatigue 
cracking system has been developed on low toughness test pieces in 
order to check the validity of the criteria proposed regarding 
failure hazards.



Static behaviour of the core

The HARMONIE system has been improved by more thorough analysis of 
subassembly interactions.

The series of core lattice tests in air, with a mockup of the 
transfer machine, began at the end of 1987, with the delivery of the 
machine. The purpose of these tests will be to qualify the module 
designed to calculate the subassembly removal forces with transfer 
machine-core lattice interaction.

The MANIX software for statistical analysis of the handling forces 
measured and automatically recorded in the reactor was applied to the 
loading of the SPX-1 criticality core and thereby provided a 
reference basis for a new core from the handling standpoint.

This led to preliminary thinking on the feasibility of an expert 
system for operator assistance in fuel handling, based on operator 
experience, the HARMONIE system and the MANIX software.

3.2 - FUEL AND ABSORBERS

3.2.1 - EXPERIMENTAL KNOWHOW REGARDING CLAD AND WRAPPER TUBE MATERIALS

At the end of 1986, we announced that we were in a position to 
provide specifications for a fuel subassembly equipped with a 
martensitic (EM 10) hexagonal wrapper and steel (15-15 TiE) pin clads 
capable of attaining the Superphenix design target (120 dpa NRT).

Feedback in 1987 from the on-going Phenix burnup experiments enabled 
such a subassembly to be qualified for this objective:

- a subassembly comprising 15-15 TiE pins reached a burnup of 13.4 
percent, withstanding 128 dpa NRT. An irradiation specimen 
capsule, with the same type of clad, reached 16.6 percent and 
129 dpa NRT,

- the most advanced experiment, involving an EM10 hexagonal wrapper 
tube, went beyond the SPX design target, with a dose of
124 dpa NRT.

At this stage, the goal is two-fold: firstly, the statistical 
validation of these performances and, secondly, further improve 
results obtained with a view to attaining the RNR 1500 (or even EFR) 
design target of 150 000 MWd/t and 150 dpa NRT.

Knowhow already available on the behaviour of EM 10 provides good 
grounds for thinking that this new target could be achieved without 
difficulty. Provided that the validation procedure presently 
proceeding is successful, the choice of a hexagonal wrapper tube 
material would consequently appear to be settled.

This is by no means the case for the cladding material. The 15-15
TiE clad resistance under 150 dpa NRT conditions cannot be 
guaranteed, since, apart from the swelling aspect, there is a 
clad-oxide reaction problem. Intensive experimental and analytical 
work on this problem is proceeding: although the evolution of the 
reaction versus burnup, related to the presence of certain fission 
products (Cs, Te) had already been analyzed, it is only now that 
doses are being reached in the irradiation experiments where the 
expected temperature variation effects can be observed.

This extensive irradiation program, implemented several years ago, 
must pursue its course until we have achieved, on the one hand, the 
efficient modelling of this complex phenmenon and, on the other hand, 
definition of the best way to limit its consequences.

Specifically metallurgical studies have, in addition, provided a 
basis for the selection of a material similar to that chosen for the 
SPX reloads, but upgraded by adjustment of the specifications. 
Alternative solutions are also being investigated among the following 
types of alloys:

- modified austenitic steels, notably a low Cr steel,

- ferritic steels with or without oxide dispersion.

It will be noted that ongoing R and D work on the high nickel content 
steels (Inconel, PE16) ceased in 1987, since the lack of ductility of 
these materials when irradiated proved problematic.

3.2.2 - FUEL DEVELOPMENTS

- The irradiation specimen ZEBRE 4 (oxide fuel comprising a central 
200 mm natural U02 column) was examined upon removal from Phenix at 
128 000 MWd/t - 15 percent. Subsequent tests indicated no 
particular degradation of the clad due to the fertile plate fuel 
column design. The corrosion concentration at the fissile-fertile 
interface is no greater than that observed in standard fuel.

- The irradiation specimen NIMPHE 1 was placed in PHENIX at the end 
of the year, with a two-fold objective: on the one hand, to compare 
the behaviour of (UPu)N to that of oxide under the same operating 
conditions and, on the other hand, to try and restrict the



development of the oxide-clad reaction. Getters were used for this 
purpose, in an attempt to stabilize the oxygen potential in the 
fuel.

- In the field of incidental situation safety, we tested the 
sensitivity of the adjustable parameters of the thermal analysis 
code under transient conditions and reassessed meltdown conditions 
in incidental situations.

3.2.3 - ABSORBER ELEMENT

The R and D program is focussed on increasing the element lifetime. 
In 1987, this lifetime in Phenix was 360 EFPD for a capture rate of 
130.1020 capt/cm3. With a view to validating the 640 EFPD, 200.10го 
capt/cm3 target, several irradiation experiments are underway, 
comprising improvements. In addition, a program aimed at better 
understanding of the basic phenomena involved is being developed: 
analysis of В. С fracturing, B. C/clad chemical interaction, 
temperature-indiced swelling.

3.3 - TECHNOLOGY AND COMPONENTS

3.3.1 - SODIUM TECHNOLOGY

Contamination measurements performed during the Rapsodie 
decommissioning operations enabled us to establish preliminary 
radioactive contaminant distribution patterns, notably for Csl37. We 
were also able to measure contamination from sodium aerosols 
deposited in the upper closing structures.

Apart from the process for component washing in water, which is the 
reference procedure for these reactors, work has proceeded in other 
possible directions for certain specific operations related to the 
cleaning of sodium-contaminated components or structures: 
ethylcarbitol and sandblasting process.

Component decontamination based on the use of a sulphophosphoric 
solution, although efficient, raises certain problems regarding 
disposal of the decontamination baths. Alternatives are presently 
being identified and tested on the Rapsodie components.

As regards purification, fundamental studies on sodium hydride 
crystallization and hydride and oxide co-crystallization are 
proceeding. The aim of these studies is to determine the impurity 
trapping mechanisms, with a view to ultimately increasing cold trap 
efficiency.

Among the many devices studied during 1987, we should like to mention 
in particular the development and qualification of a miniaturized 
flux distorsion electromagnetic flowmeter, designed to be 
thimble-mounted in the SPX 1 primary pumps. Moreover, with a view to 
improving sodium leak detection on the circuits, the construction of 
a test bench has been undertaken to quantify detection system 
performances.

A sodium destruction facility has been developed and should 
eventually enable all radioactive sodium from the reactors to be 
destroyed. It uses an under-water extrusion process, transforming 
the sodium into aqueous soda under perfectly controlled conditions.

A new modular smothering pan system for sodium pool fires was built 
and tested with 140 kg of sodium at 550°C. Its efficiency was 
satisfactorily demonstrated.

3.3.2 - PUMPS AND COLD TRAPS

Regeneration of a Phenix cold trap by hydrogen trapping on a Mg, Ni 
alloy has been successfully completed. The trap will be expertized 
in order to confirm the efficiency of the process and the feasibility 
of requalifying the trap for reuse in a reactor.

Two new high capacity cold trap designs are being investigated. Two 
prototypes are under construction, one for testing in a sodium 
circuit at the Cadarache Center and the other possibly for 
installation on a Phenix secondary loop.

Tests in water of a 1:5 scale RNR 1500 pump model are completed. 
Sodium tests of this model on the CARUSO test rig are being prepared, 
with a view to qualifying a pump impeller sizing criterion.

An annular-type 600 m 3/h electromagnetic pump prototype built by 
Novatome has been tested. It announces the design of large pumps of 
this type which could equip the secondary loops of the reactors of 
the future.

3.3.3 - STEAM GENERATORS

Helical steam generators

The Creys Mal vil le steam generator tests under rated operating 
conditions yielded satisfactory results as regards agreement between 
calculated and measured temperature fields.



The second series of tests with the CATALINA mockup, comprising tubes 
representative of the SPX1 steam generator, was carried out according 
to plan. Calculated damage induced exceeded 1. Non-destructive 
tests on the tubes, using an ultrasound method, revealed the tube 
bundle to be in good condition, which indicates that the calculation 
methods presently used are conservative. A description of the 
thermal hydraulic phenomena has been derived from interpretation of 
the measurements. An additional test campaign was defined with a 
view to improving our knowledge of steam generator tube rupture 
mechanics.

The fretting corrosion phenomenon which tends to develop in clamp and 
spacer type systems is the subject of a new study program, comprising 
an experimental part, entrusted to UKAEA, and a calculation part, 
involving in particular determination of the rigidity of a tube in 
compression with a view to defining the local stress distribution 
pattern.

Straight-tube steam generators

Analysis of tube-grid friction led to definition of a test program 
(MECANEL device) to study wear on the 9% Cr steel tube in contact 
with the grid, made of the same steel, as-cast or after treatment.

The thermal hydraulic characteristics of a 600 MWth module were 
determined as a basis for a feasibility study.

A project was elaborated for a mockup comprising a single tube part 
and a multi-tube (7) part.

As regards sodium-water reaction behaviour, investigation of this 
particular situation led to the development of further code models in 
an attempt to obtain an accurate representation of certain confined 
areas.

Studies concerning both types of steam generator

The PROPANA code, modelling water leak propagation in steam 
generators, has been developed and describes the evolution of an 
incipient crack, damage to adjacent tubes resulting from wastage and 
swelling-bursting phenomena.

MECTUB modelling of swelling-bursting phenomena is the subject of 
improvements; provision is made for a validation test program (COTHAA 
loop). The other phenomena are described by parametric or 
phenomenological models based on experimental results obtained on the 
GRIGNOTIN, JONAS, SUPER-JONAS, JIM test rigs.

Water leak acoustic detection monitoring systems have been installed 
in Phenix and, experimentally in SPX1.

The principles of various methods for tube inspection after a 
sodium-water reaction have been investigated.

3.3.4 - INTERMDIATE HEAT EXCHANGERS

The RNR 1500 detailed preliminary design work on the intermediate 
heat exchangers has continued with calculations, hydraulic on the one 
hand, with assessment of circumferential dissymmetry in sodium intake 
patterns and its range of influence in the bundle and mechanical on 
the other hand, with the determination of the elastic and inelastic 
characteristics of the perforated areas of the tube plates.

Work has started on construction of a 60-tube heat exchanger mockup, 
intended for fine thermal analysis.

A 3-D hydraulic study has been developed, based on a new heat 
exchanger design, featuring a raised upper plate and siphon-feeding.

3.3.5 - SODIUM-AIR HEAT EXCHANGER

Design work on the shutdown cooling system has led to a new 
sodium-air heat exchanger design (drum-type exchanger). A test
mockup proved necessary and is being designed.

3.3.6 - ROOF SLAB

Construction of the warm roof slab mockup LILLIPUT (RNR 1500 project) 
has been completed. It has been installed in the large penetration 
(diameter: 2.5 m) of the GULLIVER test rig. The preliminary stage in 
this program was devoted to adaptation of certain internal 
arrangements. The actual measurement program started at the end of 
the year and first results are being interpreted.

A test mockup for carbon steel protection products (protection 
against structure oxidation prior to inertization) was also installed 
in GULLIVER. First measurements indicate that the nature of the 
surfacing products has no affect on the through thermal flux value.

Work has continued on the development of the GERMINAL facility for 
investigation of thermal exchanges in the cover gas, with particular 
attention to even upper structure cooling and temperature 
measurement accuracy.



3.3.7 - CORE COVER PLUG

In the context of the RNR 1500 preliminary design work, a 
contribution to the general thermal hydraulic design of this 
structure gave rise to the elaboration of 2-D calculations. The 
search for a satisfactory design led to the reinforcing mesh 
solution, where the outer shell ring is replaced by a network of tie- 
rods.

As regards the thermal analysis of the upper part (plug), we have 
started processing the measurement results obtained with the plug 
mockup installed in LILLIPUT.

The necessity to improve economics with respect to the reactor unit 
diameter motivated investigation of a core cover plug in two parts.

With a view to improving our knowledge of temperature distributions 
in the core cover plug under nominal and transient conditions, a 
program of measurements on Phenix was elaborated. A special 
thermocouple rod has been installed in the core cover plug.

3.3.8 - FUEL HANDLING

R and D actions concerning the RNR 1500 handling systems are as 
follows:

- Oscillating gripper: work has continued on the preparation of a rig 
to test the oscillating gripper associated with a transfer arm. The 
structure devised to hold the gripper over the core lattice has been 
installed and tested in air,

- Cables: the program for in-sodium validation of the hoisting cables 
used on the handling machines has given satisfactory results for a 
stainless steel cable without grease.

In the longer term context, work has started on the following topics:

- Drum handling machine: construction of a mockup of a new, more
compact handling machine, using a bayonet type gripper, has been 
completed, followed by preparation of the test rig,

- Subassembly draining: construction and preparation of a wetting
facility and analysis of subassembly draining in an argon
atmosphere proceeded in tandem with the work on the washing
facility. The overall test program has been defined.

3.3.9 - CONTROL ROD DRIVE MECHANISMS

Several devices have been studied for the RNR 1500.

- screw-bolt drive system: with such a system the overall diameter of 
the mechanism can be reduced.

Work undertaken to qualify a screw-bolt system, designed for use in 
an argon environment with sodium aerosols, has led to selection of a 
roller screw with a special lubricant.

- dash-pot: a low residual velocity sodium dash-pot has been
successfully developed. The extremely good condition of the 
prototype after endurance tests and the general performance level 
obtained have validated this solution,

- electromagnet: investigation of the behaviour of electromagnets in 
sodium has continued, using a modified model.

3.3.10 - THERMAL HYDRAULICS

In the framework of studies consecutive to the SPX1 fuel storage drum 
incident, the incidence of in-reactor storage on hot plenum flow 
patterns has been assessed.

The RNR 1500 hot plenum design studies have been further refined by 
inclusion of the anti-convection device in the calculations. 
Discrepancy between the results obtained by the different partners 
led to the decision to undertake a thorough analysis of the 
calculation data and conditions. The origin of the contradictory 
results was clarified and the influence of certain geometrical 
characteristics evidenced.

Analysis of sodium jet-induced temperature fluctuations affecting the 
CRDM grippers involved a preliminary series of measurements on test 
sections CRABE and CANYON in the SHAKER loop.

Application of the "passive design" option to the RNR 1500 project 
led to definition, using the TRIO code, of the arrangements required 
to ensure overall satisfactory flow conditions and efficient cooling 
of the island storage zones.

3.4 - STRUCTURAL MATERIALS AND NON-DESTRUCTIVE TESTING

Only actions related to the SPX1 fuel storage drum (15 D3 steel 
experiments: preparation of production run test specimens and various 
tests) justified the initiation of new studies in 1987.



In other areas, long term actions were pursued, among which we would 
mention:

- Effect of low irradiation doses on fixed internal structure steels

Analysis of the DINOSAURE programs (impact property tests, 
measurement of tensile properties) has evidenced the following 
results:

. irradiation within a low dose range impairs to only a negligible 
extent the toughness of steels 304 L and 316 L SPH. The effect 
is however more pronounced in the case of 304 L,

. the modifications to tensile properties are not such as to 
jeopardize component integrity.

- Behaviour of austenitic steels subjected to superficial thermal 
cycling (SPLASH tests)

An analysis of thermal striping morphology was performed, by 
removing successive layers of material from the affected area. 
Crack configuration mapping at different depths and under various 
experimental conditions should enable us to define a thermal 
striping damage model.

- Analysis of stress-relieving treatment on a welded metal plate 
assembly

Different heat and vibration treatments were compared, showing that 
certain are ineffective and that even with the best ones, there is 
a possibility of relatively high permanent strain.

- Analysis of the alloy 800 used for the steam generators

Notably its behaviour under fatigue-stress relief cycling at 550°C 
(simulation of reactor shutdown-startup cycles), its creep rupture 
ductility properties and measurement of creep cracking propagation; 
high-cycle comparative fatigue tests were run on electron beam and 
laser-welded tubes.

As regards non-destructive testing, we would mention particularly 
the work accomplished for the development of the MIR device, 
scheduled to inspect the SPX1 main vessel in mid-88: qualification 
of the winch, the actuators, the drive motors, identification of a

new material for the ultrasonic enclosure seal, software 
improvements in the control system.

Finally, a standard-defect program has been implemented (notably 
for hydrogen-induced cracks), using 15 D3 test pieces, which will 
be subjected to ultrasonic examination before and after remaining 
in sodium: the aim is, on the one hand, to check to what extent 
prolonged immersion in sodium causes propagation of certain defects 
and, on the other hand, to analyze the behaviour of ultrasonic 
probes with respect to this type of defect.

3.5 - STRUCTURE MECHANICS - CODES AND STANDARDS

3.5.1 - THIN SHELL STABILITY UNDER STATIC AND DYNAMIC CONDITIONS

Consolidated research was undertaken on methods of thin shell seismic 
resistance design.

Significant advances have been made in the experimental 
characterization of thermal buckling, simulated on the ECHO setup.

A survey (software and experiments) has continued on the influence of 
primary (longitudinal tensile stressing or pressure on a shell ring) 
and secondary (thermal gradients) cyclic loading.

It has been shown that the boundary conditions used in these analyses 
can have a considerable influence on buckling-resistance criteria. 
This phenomenon should be taken into account for future analyses.

Similarly, it has been shown that there can be considerable 
interaction between buckling and cracking mechanisms in thin 
structures.

3.5.2 - VIBRATIONAL BEHAVIOUR OF STRUCTURES

A consolidated report on the vibrational behaviour of the SPX1 
spillway has been published. The allowable operating range has been 
defined.

Structure design calculations have proceeded for the RNR 1500, 
incorporating sodium flow: hot plenum, transfer arm, Residual Heat 
Removal System.



Work has started on the development of software concerning pump shaft 
behaviour, especially in the supercritical range.

SEISMIC STUDIES

Core Seismic Studi es

Tests in air and in water on a vibrating table were performed with 
the RAPSODIE mockup. Result interpretation led to characterization 
of the presence of fluid: lowering of resonance frequencies.

A method was developed, consisting in replacing the heterogeneous 
medium of tube bundles immersed in fluid by a homogeneous medium. 
Core resistance assessment with this tool is most satisfactory for 
low level earthquakes. New models, integrating impact effects, are 
being developed.

TAMARIS: Large "Seismic and Vibrations" Laboratory

Construction work on the large laboratory is proceeding. The new 
building acceptance formalities are completed and manufacture of the 
large table AZALEE has started.

Reactor Unit Seismic Studies

The influence of gravity on the reactor unit seismic behaviour has 
been studied and was found to have only a slight effect on 
displacement and stress response.

Work is proceeding on analysis of the influence of defects 
(geometrical, etc) on seismic response.

A reactor unit mockup for validation of methods and models is being 
defined: scale, structures to be represented, etc.

CODES AND STANDARDS (RCC-MR)

The development of design rules with a view to consolidating the 
RCC-MR is continuing. Recent work has concerned bend stability, 
strain ratcheting, creep fatigue, formulation of simplified fracture 
mechanics rules, bolting, structural stability, etc. Certain studies 
were carried out and discussed in a European context.

3.6 - SAFETY

The majority of the safety studies have been performed in continuity 
with those undertaken for the RNR 1500. Possible future R and D 
targets pertaining to the European Fast Reactor (EFR) project have 
not yet been considered.

3.6.1 - OPERATION UNDER INCIDENTAL AND ACCIDENTAL CONDITIONS

Qualification of the operating code DYN proceeded in 1987, using the 
Superphenix startup results. Attention was particularly focussed on 
the transients corresponding to emergency shutdown at 20, 50 and 80% 
of nominal power.

An operating and safety analysis was performed for a 1200 MWe fast 
breeder reactor using the metallic fuel UPu Zr and compared with a 
project using oxide fuel.

A joint European study program was initiated to investigate whether 
partial fuel meltdown (central pellet zone) could be allowable in 
cases involving a large number of pins. The purpose of these 
studies was to define the state of the art in this connection and 
propose, if necessary, further tests, in addition to those on-going 
or planned for the future, such as the CABRI II tests (see this 
program, Section 3.6.5).

Rupture of the pump-diagrid connection (LIPOSO) is one of the 4th 
category accidents examined. It is required to avoid meltdown, even 
partial, of pin clads induced by fission gas ejection following a 
possible clad failure. Tests on one pin in sodium will take place in 
1988 to study the consequences of gas jet impact on pins. These are 
the LIPOGAZ tests performed in the CESAR loop.

An experiment to study the setting up of natural convection in a 
sodium loop was completed in 1987 on the JANUS test rig, in the 
framework of CEA/EDF cooperation.

Two configurations were studied:

- small diameter piping, to avoid pluridimensional effects,

- larger diameter piping (about 300 mm) leading to pluridimensional 
effects.

)



With the results obtained on JANUS, it should be possible to 
demonstrate the validity and limits of single-line models and decide 
whether or not pluridimensional processing should be undertaken. 
This work will continue in 1988.

Work has continued on preparation of the Phenix experiments to 
qualify codes relating to hot plenum behaviour under natural 
convection conditions (blackout accident), with the construction of 
an axial temperature profile measurement device (40 thermocouples on 
COLTEMP rod). COLTEMP is to be installed in Phenix in mid - 88.
This work is performed in the framework of CEA/EDF cooperation.

DESIGN BASIS SUBASSEMBLY ACCIDENT

As regards subassembly blockage hazards, analysis of maximum credible 
defects due to the accidental presence of objects or particles in the 
reactor unit, and of maximum allowable defects, considering the 
detection systems installed, is nearing completion with:

- an experimental program (ABACUS) which is finished,

- complementary tests on interaction between sodium and various 
materials, undertaken in Italy by ENEA,

- probabilistic studies on the presence of foreign matter (the first 
stage is completed).

The work has resulted in validation of a series of codes:
ANDIN 3D, FORBIN, EPSOM, RUPTASS, FORBELA, which have been applied 
for different types of RNR 1500 subassembly.

Analysis of subassembly thermal hydraulics under handling accident 
conditions came to an end in 1987, with, in particular, the 
interpretation of the FETÜNA GR 91 tests, performed in conjunction 
with EDF. These tests on a 91 pin bundle were performed in sodium 
and in nitrogen, with vertical and inclined geometrical 
configurations, with natural or mixed convection, single phase flow 
and with, where necessary, radial power distribution patterns.

BEYOND DESIGN BASIS SUBASSEMBLY ACCIDENT

In the beyond design basis context of the safety approach to RNR 1500 
subassembly accidents, the consequences of total instantaneous 
blockage (TIB) of a subassembly have to be studied. Taking into 
account the detection systems considered operational, it must be 
demonstrated that this accident would not propagate beyond the six 
adjoining subassemblies.

3.6.3.1 SURFASS Code

To comply with these requirements, development of the SURFASS code is 
continuing. Various qualification calculations have been performed 
with the SCARABEE tests (see 3.6.3.2. below). In 1987, the BE + 1 
and BE + 2 test calculations were resumed and the BE + 3 test 
calculations performed, together with calculations for the future 
test PIA (propogation between subassembly tests). The BE + 2 test 
calculations were performed at ENEA, in the framework of European 
cooperation.

Arrangements have also been made to enable accidents other than TIB 
accidents to be studied.

In this connection, provision has been made for the investigation of 
accidents involving partial inner-zone meltdown of the subassembly 
pins, postulating, in addition, the sudden failure of one of the 
pins. With this scenario, the conditions under which the molten fuel 
exits the failed pin are studied, together with the possibilities of 
propogation to adjoining pins.

A program has also been implemented to study external or partial 
blockage accidents sufficiently serious to lead to subassembly 
meltdown.

It is also worth noting that the SURFASS code has been used to study 
accidents in reactors other than the FBR1s.

3.6.3.2. SCARABEE Program

The purpose of this program and the associated out of pile programs 
(section 3.6.3.4) is to study the physical phenomena related to the 
accidental meltdown of a fast breeder reactor fuel subassembly and 
the risks of this meltdown propagating to adjoining subassemblies, 
taking into account the detection systems provided.

The SCARABEE program is implemented in an international context.

Between 1983 and the end of 1987, ten tests were performed, including 
two in 1987: BF2 and BE + 3 bis.

The SCARABEE BF2 test constitutes the 2nd "pool" type experiment. The 
first test, BF1, enabled us to study a liquid pool of U02 in single



phase natural convection for mean specific powers ranging from 6.4 to
17.4 W/g. The purpose of the BF2 test was to study heat transfer in a 
6 kg UCL pool, in 2-phase natural convection, the pool being housed 
in a leaktight niobium crucible, with external forced convection 
sodium cooling. Local thermal fluxes can then be derived from 
measurement of the sodium coolant axial and radial temperature. Fine 
interpretation of this test is presently proceeding. The BE + 3 bis 
test is the second TIB test on a 37 pin bundle. Unlike the BE + 3 
test performed in 1986, the BE + 3 bis test comprised no upper axial 
blanket. About 15 seconds after closure of the bottom fitting valve 
(instant of TIB), the hexagonal wrapper tube failed. The mechanisms 
conducive to this occurrence are being analyzed.

3.6.3.3. Interpretation of the SCARABEE tests

The system code PHYSURA - GRAPPE is being developed by the CEA/IPSN 
to interpret the SCARABEE tests and tests performed out of pile (see 
Section 3.6.3.4). It deals with all the phenomena involved in a 
subassembly accident and enables results to be scaled up to reactor 
level.

It was used in 1987 for precalculation and interpretation of the 
BE+1, BE+2, BE+3, BE+3 bis tests and to precalculate the SCARABEE 
tests which will be performed in 1988, that is to say, PIA 
(propagation between subassemblies) and BF3 (test in boiling UO, - 
steel bath). ¿

On-going work on PHYSURA-GRAPPE is aimed at equipping this code to 
calculate propagation phenomena in the inter subassembly gaps or in 
adjoining subassemblies and to deal with spent fuel cases.

Unlike the SURFASS code (see above, Section 3.6.3.1) which calculates 
physical problems in the aggregate (physical field entirely meshed), 
the PHYSURA-GRAPPE approach is more analytical, focussing rather on 
elementary phenomena.

3.6.3.4. Out-of-pile experiments in a beyond design basis subassembly accident 
context.

Out-of-pile experiments are being carried out at Grenoble for the 
analytical study of phenomena related to sodium boiling, meltdown and 
relocation of materials in propagation processes.
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- the purpose of the ECONA program is to study, under natural or 
mixed convection conditions, phenomena related to sodium boiling 
and dryout in the event of total or partial blockage in the bottom

fitting of a low power subassembly (< 10 kW per pin). The tests 
were performed with a 37 pin bundle in an externally cooled 
hexagonal case.

A first series of tests, with a constant axial thermal flux in the 
bundle, was completed in mid - 87. It enabled the calculation codes 
and models (BACCHUS, TRIO) to be validated. In particular, dryout 
can be predicted if there is no boiling in the outer core ring, but 
for cases of such boiling, the models have to be improved.

A second series of tests, with a "cosine" axial thermal flux in the 
bundle, will be completed in 1988. It will also be used to test 
models and codes.

- The BAFOND experiment, completed in 1986, provided thermal transfer 
correlations for single phase pools. The SEBULON experiment, 
undertaken in 87-88, led to the definition of boiling pool 
transient models.

- Relocation of materials

9 tests on liquid U0, penetration of a steel tube have been 
performed since 1986 in the GEYSER setup, including 5 tests in 
1987. The penetration distances recorded are intermediate between 
those obtained with conduction freezing models and with bulk 
freezing models.

Other tests are planned in 1988, especially with regard to radial 
penetration of the bundle.

An experimental program for the study of heat transfer in a 
multiphase flow is currently underway (BULLAGE program).

A program is being carried out on the systematic comparison of U0, 
gel results with thermite gel results (MFTF program entrusted t! 
UKAEA).

- Interaction between melted materials and sodium

With a view to studying the influence of thermal conductivity and 
temperature, different materials have been used in the CORECT 2 
facility to observe the thermodynamic interaction between the melted 
materials and sodium:

. use of a U0- - Mo mixture, in collaboration with UKAEA: 2 tests 
in 87, 2 teáXs in 88



26 use of iron between 2000°C and 2500°C, in collaboration with KFK 
(final tests planned between now and the end of 88)

. use of A17 0, between 2000°C and 2500°C, in collaboration with 
KFK (tests planned for 88 - 89).

3.6.4. CABRI I PROGRAM

The CABRI I program was completed in January 1987. Its purpose was to 
study the behaviour of a fast breeder reactor fuel pin during a 
transient overpower ̂ .During 1987, the final analyses took place, 
together with post mortem examinations and interpretations. Final 
summarizing reports will be presented at the end of 1988.

Calculation models have been developed, qualified and integrated in 
the overall code PHYSURA by CEA/IPSN. This code is based on the same 
approach as PHYSURA-GRAPPE.It was used to study the consequences of 
the power excursion accident in SPX1 consecutive to pump shutdown 
without scram, without takeover by the emergency Diesel generator 
sets and for an end-of-cycle core. The calculated isentropic energy 
release is below 200 MJ. PHYSURA has also been used to study PWR 
accidents.

3.6.5. CABRI II PROGRAM

The year 1987 was marked by the elaboration of a test program to be 
carried out in an international framework. This program comprises 14 
tests, divided into 4 series:

- reference tests (4)

- fast transient tests (3), constituting the logical next step
after the CABRI I program

- transient tests (3), where kinetics are intermediate between
those of fast transients and those of slow transients, of the rod 
withdrawal type

- slow transient tests (3), corresponding to rod withdrawal
transients.

One test has still to be defined. 

Two tests were performed in 1987.

Test E5

This reference test, aimed at investigation of large scale fuel 
meltdown without clad failure, was performed on a series production 
pin, OPHELIE 6.

This test was a means of checking the fuel thermal data.

Test E7

This test in the fast transient series is a straightforward TOP event 
studied on an OPHELIE 6 pin.

The agreement between the calculations made beforehand with the CEA 
PHYSURA code and the experimental results is excellent, especially as 
regards the exact time and place of rupture, together with the 
ensuing events.

3.6.6. SODIUM FIRES

a) Experimental program ESMERALDA

The purpose of the experimental program ESMERALDA, carried out 
jointly by the CEA, ENEA (Italy) EDF and NERSA, was to ascertain, 
on a scale similar to that of the various premises containing 
sodium piping in the reactors PHENIX, SUPERPHENIX, PEC, RNR 1500, 
that the solutions adopted with respect to sodium fire hazards 
were, in fact, valid.

Nineteen tests have been performed since 1982, of which seven in
1987. The latter included three tests concerning modifications in 
the performances of the decay heat removal system sodium air heat 
exchangers induced by sodium aerosols emitted on the site 
following a major sodium fire in a steam generator building. The 
behaviour of these heat exchangers proved satisfactory, in that 
no significant deterioration of the heat exchange coefficient was 
observed.

Also in 1987, two spray fire tests in PEC-type sodium-air heat 
exchangers were performed. The purpose was to study the behaviour 
of these components, particularly as regards wastage following a 
break in a tube in the heat exchanger itself. Results are being 
analyzed.



A test has also been performed to study the behaviour of an SPX 1 
type slanted floor, equipped with a smothering pan system. These 
tests gave good results.

Finally, a test was performed in 1987 under conditions 
representative of a mixed (pool + spray) sodium fire in the PEC 
reactor. The sodium temperature was 200°C, with no obstacle 
between the pipe-break and the floor. This test will be 
supplemented in 1988 by two further tests with sodium at 500°C, 
with or without obstacles.

b) Investigation of combined sodium fires

Work on combined sodium fires has been undertaken with a view to 
developing and validating codes enabling the consequences of such 
fires in reactor buildings to be assessed under realistic 
conditions. Such an experimental program was defined in
1986, using the 22 m 3 CEA containment at the Cadarache Center, 
the 220m3 KFK containment, FAUNA, in Karlsruhe and the 400m3 CEA 
cell at Cadarache for verification.

The aim of these tests was to define:

- pressure evolution in a room, with or without confinement

- gas temperature evolution in a room, together with structure 
temperatures.

The test method consists mainly in varying the Reynolds number of the 
sodium jet, its direction (upwards or downwards) and the oxygen 
content (with tests in an inertized atmosphere). The EDF/CEA code 
FEUMIX (included in PYROS 2) which has to be validated on the basis 
of these tests, requires previous adaptation, involving modification 
of energy leakage to containment walls by radiation or convection.

Three tests, one of which required an inertized atmosphere, were 
performed in 1987 in the KFK containment FAUNA. Following a request 
from the CEA, the KFK program will be supplemented by two further 
tests.

Six tests, including one in an inertized atmosphere, were performed 
in the CEA 22m3 containment at Cadarache. The latter test is 
completed.

In addition to these mixed sodium fire tests, an experimental method 
AIR-INTER, using jets of water containing a reducing agent in 
solution, has been developed to study, by oxygen absorption analysis,

the sodium spray droplet interface area and modifications thereof 
resulting from changes in the jet direction or velocity and depending 
on the type of break involved and whether or not there are obstacles 
between the jet and the ground.

3.6.7. SOURCE TERM IN THE CASE OF SEVERE ACCIDENTS

- The purpose of the experimental program ECOTFIX is to study the 
behaviour of radioactive products transported by a bubble rising in 
a stagnant liquid. These tests were completed in 1987 and are now 
being interpreted (CABU code and CATRAM code),

- Test programs, aimed at determining the quantities of fuel and 
fission products dispersed in the environment during an accident 
classified in the residual risk class (case of RNR 1500), were 
implemented in 1987 and will continue in 1988. These are:

. the PAVE tests, performed in 1987 to study uranium release 
following sodium fires, the sodium considered containing U02 or 
sodium uranate

. the SABE tests, performed to investigate uranium and radioactive 
product release following sodium fires on concrete. Feasibility 
was demonstrated in 1987.

Two further tests are planned for 1988, the first with uranium 
oxide, the second with sodium uranate.


