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FOREWORD

Five demonstrations, prototypic or semi-commercial nuclear plants with

liquid metal cooled fast breeder reactors (LMFBRs) are in operation in the

world with the largest being the 1200 MWe Superphenix plant in France. Two

800 MWe power plants were reported to be under construction in the USSR,

280 MWe fast reactor M0NJU in Japan is under construction (90% completed).

At present, seven Member States of the IAEA have major fast breeder

reactor development programmes - with twelve liquid metal cooled fast

breeder reactors (LltFBRs) in operation. Three European countries

established a project to design the European Fast Reactor. Four more

Member States have some research and development activities in the field of

fast reactors or programmes related to the development of LMFBR components.

To promote international co-operation and technical information

exchange in the field of fast breeder reactors, the IAEA in 1967

established the International Working Group on Fast Reactors (IWGFR), which

co-ordinates the IAEA activities relating to fast breeder reactors.

The IWGFR has had its annual meeting at the beginning of each year.

The purpose of the meeting has always been to co-ordinate the exchange of

information on the status of fast breeder reactor development including

review of national programmes, planning of specialists meetings to be held

in the forthcoming year, consideration of support for future conferences,

review of coordinated research activities of the IAEA on fast breeder

reactors and co-ordination of IWGFR activities with those of other

organizations.

The present document contains information on the status of fast

breeder reactor development and on worldwide activities in this advanced

nuclear power technology during 1990 as reported at the 24th meeting of the

IWGFR in Tsuruga, Japan, 15-18 April 1991. The publication is intended to

provide information regarding the current status of LMFBR development in

IAEA Member States and CEC.
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FAST REACTOR DEVELOPMENT IN FRANCE
DURING 1990

M. ASTY*
Commissariat ä 1'Energie atomique,
Centre d'etudes nucle'aires de Saclay,
Gif-sur-Yvette, France

Abstract

In 1990 electrical power consumption in France was 349 TWh,
representing a 2.4X increase as compared to 1989. The Phenix plant
operated satisfactorily until September 9 when the reactor was
automatically shut down and it is under inspection. Several factors and
incidents disturbed the operation of the Superphenix plant. As of
consequence the reactor only operated from mid-April to the beginning of
July. Most of the French E & D resources have been devoted to work in
support of EFE. France has initiated a programme on innovative studies
aiming at proposing new concepts for FBR (reactor block, circuits,
components). These studies are based on an analysis of the options
selected for existing reactors and projects, and also of the advanced
concepts envisaged by foreign countries for future projects.

1. GENERAL SITUATION

In 1990. electrical power consumption In France, Including Une losses, was 349 TWh. representing a
2.4 % Increase as compared to 1989. The exported power was 42 TWh and the energy used In
pumping 4.5 TWh. leading to a national production of 399.5 TWh. 74.5 % of which from nuclear
plants. Three 1300 MW nuclear plants entered service In 1990.

The Phentx plant operated satisfactorily until September 9 when the reactor was automaHcally shut
down because of a fast negative reactivity varfallon. This Incident followed three similar events In
August and September 1989. The explanation which had been given at that time (argon entrapment
through the core) does not seem to be the most probable one. Several mechanical scenarios have
been studied : the most probable origin Is a radial movement Inside the core but the Initiator could
not be clearly identified. In any case, it was demonstrated that these Incidents could not have
Induced a power excursion.

Several factors and Incidents disturbed the operation of the Creys-MaMlle p lant :

- the risk of gas accumulation under the diagrld. a consequence of the explanation which had
been given for the negative reactivity variations In Phentx,

- a high primary sodium pollution due to a leak o n an argon activity measurement circuit.

- a heavy snow accumulation which caused the roof of one turbo generator building to collapse.

As a consequence, the reactor only operated from mid-April to the beginning of July.

• with the participation of Mr. Lacrotx. EdF. and Messrs Gelee. Berger. Bergeonneaa Bernard. Glrard
a n d l e Coz. CEA/DRN.

In parallel, work continued on the Fuel Transfer Station and on the spent fuel (APEO facility.

Most of the French R & D resources have been devoted to wort< In support of EFR : progress Is
reported In a Joint European document.

The present report covers reactors operation during 1990. exploratory studies performed for a n EFR-
type reactor, and also describes a programme on Innovative reactors which was recently Initiated.

2. PHENIX

2.1. OPERATION OF THE REACTOR

The 1990 operating programme of the plant Included :

- a p lanned shut-down period o f 4 weeks at the end of March for refuelling (end of (un 47). for
cleoning the evaporator of Steam Generator 2 and for connecting the CREX circuit (sodlum-alr heat
exchanger with an electromagnetic pump).

- a p lanned shut-down period of 2 weeks ot the end of July for refuelling (end o f run 48).

- a planned shut-down period of 2 weeks ot the end of October for refuelling, (end of run 49).

The 47th run went on wel l with only two trips, one due to a steam leak on the turbine, and the
second one because of a spurious trip of one secondary pump. The stiut-down period that followed
was extended due to a pkigged cold trap In the Secondary Circuit 2. The plant was back to power
on May 1st. with a limitation to 500 MW thermal. This limitation was d u e to a verification requested by
the Safety Authorities on the decay heat removal capacity In case of loss o f all secondary circuits.

The 48th run was only interrupted once because of the priming loss of the electromagnetic pump
associated wilh the auxiliary circuit on Secondary Loop 3. This run ended o n August 18.

The plant was back to the grid on September 4. but a trip occured on September 9 due to a rapid
negative reactivity variation. This incident was similar to the three which occured In August and
September 1989.

Since then, the reactor has been shut down. Investigations were Initiated on the possible causes of
such events, together with the analysis of their consequences from a sqfety point of view.

Gross production for the year was 1.055.433 MWh. corresponding to a load factor of 48.2 %.

2.2 STATISTICS

The operation diagram for 1990 Is represented In figure 1.

Statistical d a t a for the reactor are as follows :

SINCE THE BEGINNING

- Thermal power produced by the reactor
-EFPD
- Gross electrical energy
- Gross energy (tndudinn steam production)
- Net electrical energy
- Max bum-up of fuel subossemblies
- Max. bum-up of capsules
- Max. d p a for Pu fuel subassemblles

2092.324
3.714.61

21.628.286
21.685.006
20.147.193

136.719
138.620

219

MWd
EFPD
MWh
MWh
MWh
MWd/t
MWd/t
dpaF
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A - Work during planned shut down period

- tests on the purging system of the diagrld
- SG 2 cleaning
- connection and tests of the CREX circuit

8 - Replacement of a cold trap cartridge

C - Thermal power limited to 500 MW

D - Automatic trip due to negative reatMty variation

E - Shut down period to determine the cause of the automatic trip

M - Refuelling periods

48 and 49 indicate the start of the runs

run 47 : 118.15 EFPD (33.79 In 1989)
run 48 : 95.47 EFPD
run 49 : 4.23 EFPO (up to December 1990)

FIG. 1. Phenix: operating diagram for 1990.

SINCE JULY 14th 1974

- Thermal power produced by the reactor
-EFPO
- Gross electrical energy
- Gross energy (including steam production)
- Net electrical energy
- load factor
- Availobllity factor

Z065.013
3.667.87

21.387.676
21.444.396
19.924.609

59.42
64.77

MWd
EFPO
MWh
MWh
MWh
%
%

103.628
184.07

1.055.423
1.055.433

986.902
48.19
53.22

MWd
EFPD
MWh
MWh
MWh
%
%

SINCE THE BEGINNING OF THE YEAR

- Thermal power p r o d u c e d by the reactor
-EFPO
- Gross e lecMca ! energy
- Gross energy Gncludlng steam product ion)
- Net electr ical energy
- Load factor
- Availability factor

2.3 SPURIOUS TRIPS DUE TO NEGATIVE REACTIVITY VARIATIONS

As already mentioned, the reactor was automatically shut down on September 9 because of a rapid
negative reactivity variation.

After the spurious trips which occured In 1989. additional Instrumentation was Installed. The signals
which were recorded showed :

- a negative reactivity variation which trips the reactor.
- an Increase In reactivity up to a level below the Initial stole.
- a second negative reactivity variation of lower amplitude.
- a second positive peak slightly higher than the Initial stale.
- a decrease to zero reactMty (effect of the trip).

The overall duration was of the order of 200 ms. This signature was similar to that of the trips which
occured In 1989. although slight amplitude differences were observed. But the time history of the
signals was remarkably constant.

Thus. It seems possible that all spurious trips have the same origin.

An ad-hoc group was formed with o participation of British and German experts. In charge of
analysing all possible causes of these spurious trips and of proposing a scenario and also
countermeasures to prevent further occurence.

The following origins have been envisaged :

- sodium void effect:

Gas entralnment had been proposed for explaining the 1989 events. The additional Instrumentation.
a better knowledge of the reactivity effect of sodium void and also the amplitude of the reactivity
variation observed In 1990 led to the conclusion that an the scenarios which were envisaged for
generating a sodium void were very unlikely.

- geometrical effects :

Supposing that no sodium void effect occured. several geometrical effects could have produced a
reactMty variation such os those which were observed :

- movements of the control rods with respect to the core.
- radial expansion/contraction of the core.
- axial expansion/contraction of the core.
- any combination of the above.

Several factors have led to retain as a possible origin relative horizontal movements wilh
expansion/contraction of the fissile zone.

- effect of foreign molerlols through the core :

Several foreign molerials such oz OIL graphite or boron carbide could hove entered the core. The
quantities which would have been needed to couse the observed slgnols have led to exclude such
Initiators.



The present situation Is the following :

- It has been demonstrated that, even without a control rod trip, no power excursion would have
occured.

- It Is highly Improbable that these trips have been triggered by a sodium void effect related to
argon enlralnment through the core.

- It was not possible to definitively eliminate spurious signals os being the cause of the trips.

- If the measured reactMty variations are real events, the most probable origin Is a radtol
expansion/contraction of the core related to a pulse-type Initiator.

- It was not possible to clearly demonstrate which was the Initiator.

- calculations and observations tend to exclude scenarios invoMng large mechanical effects on the
structures and partlcularty on the core support structure.

To conclude, the appropriate steps have been undertaken to obtain permission to restart She reactor
step by step In order to Identify the Initiator, should such an event happen again.

Shortly after, the power was decreased to '-'J % of full power because of two limitations :

- one related to the secondary shut-down system. By regulation, the primary sodium temperature
must stay below 550 °C should It be necessary to trip the reactor with the secondary shut-down
system. This Imposed a limitation on the position of the primary shut-down system which was
Incompatible wilh full power operation.

- o second one related to the saturation of a steam purging circuit, leading the power of one turbo
generator to be limited to 90 % of the nominal power.

On June 14. the plugging temperature of the primary sodium started to Increase ond at the end of
the month. It was confirmed that Impurities were accumulating In the two Integrated cold traps.

As a consequence, the reactor was shut down on July 3. Since construction It had been In
operation for 173.8 EFPD.

The value of the nitrogen content (16 %) In the primary argon confirmed tho hypothesis of air Ingress.
The leak was shortly afterwards localised on an argon activity measurement circuit (see figure 2).

3. CREYS-MAIVIU.E POWER PLANT

3.1 OPERATION OF THE REACTOR

In September 1989, a planned shut down period had started for rearranging the core (permutation
of diluent and breeder subassemblies). In addition, the following actions were undertaken :

- work on the Fuel Transfer Station, and partlcularty tasks which could not be performed during the
reactor operation.

- replacement of two fertile steel (15 D3) primaiy argon tanks by similar stainless steel tanks.

- elimination of vibrations In one turbo generator.

At that time. It was planned to restart around mid-February. Because of the three Incidents which
occured In Phenlx durtng the summer 1989 (automatic trips due to fast negative reactivity variations),
the Safely Authorities asked the operator to perform the same verifications as those that had been
requested for Phenlx, I.e. check that the purger subassemblies could eliminate any quantity of gas
which could be present under the dlagrid. A gas Injection device was designed and manufactured.
Several gas Injections which were performed In February and March, led ot the following
conclusions:

- the purger subossemblies were proved to operate satisfactorily, by using the VTSUS under-sodlurn
viewing device.

- gas was Injected In the dlagrid at xero primary sodium flow. It was verified that operating the
primary pumps was efficient In eliminating any gas trapped under the dlagrid.

Permission for restarting the reactor was obtained on April 13.

After zero power tests, operation was stopped again because of a sodium leak on the purification
circuit of ono secondary loop : a crack was discovered on a tee-Junction. Metallurgical expertise
showed that it was due to thermal fatigue : a leakage on an Isolation valve had caused a
fluctuating mbdng of co ld and hot sodium. After repairing the cracked Junction and checking that
similar Incidents would not occur on the other seconder/ loops, the reactor went crtttaal on May 31
and full power was reached on June 12.

DECAY TANKS

FIG. 2. Creys-MaMlle: primary argon circuit.



IQ The cartridges of the Integrated purification systems were replaced In July and also In October. At
the end ol the year, the oxygen content was below 1 ppm. The total quantity of oxygen which had
entered the primary circuit Is thought to be of the order of 100 kg.

Tho consequences of this pollution have been evaluated and appear rather limited :

- an Inspection was performed at the beginning of 1991 (annular spaces around the rotating plugs,
surface of the primary sodium, shells parity Immersed In sodium). No aerosol deposits nor sodium
blockages were delected.

- the corrosion on tho cladding moterlal was evaluated as equivalent to that caused by a three
month operation at full power.

- the only consequence outside the reactor block was a high pollution of a NaK relief valve (see
figure 2) and It was decided to replace It. Also, as the f... separation column might have been
polluted, it will be necessary to wash It wilh dean sodium : this conesponds to a normal procedure
which will cause a moderate pollution of the primary sodium.

In parallel, other maintenance and repair actions were undertaken :

- modification of the steam purging circuits to avoid the power limitation problem mentioned above.

- replacement of defective spark plugs.

- radiographlc controls and replacement of beaded wire devices (for sodium leak detection) on
auxiliary pipings of the secondary loops.

Last but not least, on December 13. the roof of one turbo generator building collapsed under the
weight of snow. Dismantling has started (and should lost till the end of the first quarter 1991) so as
not to delay the necessary expertise werk and the repair and requalificatlon of the equipments.

It Is expected to restart around mtd-1991. with only one turbo generator: operation win be limited to
50 % of the full power up to the complete repair of the second turbo generator and Its hall
(beginning of 1992).

3.2 CONSTRUCTION OF THE FUEL TRANSFER STATION

the shut down period from the end of 1989 to April 1990 allowed to dismantle and eliminate
components and circuits of the former fuel storage drum facility which would not be re-used.

Reconstruction work started at the beginning of the year (see figure 3) : first, the top and bottom
ends of the vessel, then the connection to the A frame which was performed In two steps. In May
and In June. Welding of the shells ended In July.

At the end of 1990. Installation of the preheating system, of tho Isolation and of the Inierial
components were either In progress or In preparation.

In parallel tests on the emergency fuel handling cask were performed during the first half of 1990.
and the cask had been unfortunately stored under the roof which collapsed under the snow. After
making access to the cask possible. Its expertise and requalificatlon started which should last until
mid 1991.

3.3 THE APEC FACILITY

The APEC (Atelier Pour I'Evacuatlon du Combustible Irradle) facility Is Intended for handling, storing
and conditioning spent fuel. Alter washing, the subassembHes are stored under water. Up to 1344
fissile or fertile subassemblles discharged below 7.5 kW. can be stored for a total power of 2 MW.
Global tests were performed In 1989. Minor modifications appeared necessary and they were
Implemented and tested In 1990. In parallel assembling the equipments for conditioning and
transportation of the fuel subassemblies has started.

Rolcrllon mechanism

ll

T
t

lilting device

To handling cell I A frame

FIG. 3. Creys-Malville: fuel transfer station.



i. RESEARCH AND DEVELOPMENT

4.1 ADVANCED OPTIONS STUDIES FOR AN EFR-TVPE REACTOR

R & D work has essentially been concentrated on the EFR project and Is presented In a separate
document. However, several studies, partly of an exploratory nature, have been performod with
NOVATOME during 1990. some of them having o potential application to EFR.

4.1.1 Suppression of the sodium route for secondary fuel handling

Several options are still considered for secondary fuel handling In EFR :

- transfer out of reactor In sodium at 5-10 kW and storage In water to 2 kW.

- transfer out of reactor In sodium at 5-10 kW and transport -ff site In sodium filled casks.

- storage In reactor vessel down to 2.5 kW and transfer off site In gas filled casks.

- In all cases, transfer of gas leakers under sodium to the reprocessing plant.

In Creys-Malville. the special facility for transporting failed fuel represents 20 % of the total cost of the
secondary fuel handling equipments.

CEA Initiated with NOVATOME a preliminary study aiming at Identifying more economical solutions for
secondary fuel handling.

The solution which was studied consists In an ln-sodium primary handling of medium rated
subassemblles (5-10 kW) via an A frame followed by washing and storing In water. While ttils solution
has already been validated for non defective subassemblles. the case of ruptured subossembtles
had to be examined.

Three types of ruptured subassemblles have been considered :

- oos leakers :

Recent R & D .studies In CEA have shown that these subassemblles could bo washed Just as non
defective subassemblles. This procedure has been recently adopted In Phenbc

- open ruptures:

Two possibilities could be envisaged :

- normal or partial washing followed by storage In special containers. Tests have shewn that
the loss of fissile material was small. Decontamination of the cell might be necessary after
washing such a subassembty. Further tests ore planned In 1991.

- storage In a lead alloy : this solution which was envisaged for Rapsodle and Is used In BN
600. has several advantages :

- the alloy can be chosen for Its temperature range In the Hquld state.

- no oxidation occurs tn the presence of air.

- these alloys show a good compatibility with sodium and with fuel materials.

- sodium can be easily eliminated because of the differences In density.

- good biological protection and possibility to use lighter external protection for
instance in the transport casks).

- large ruptures:

The best solution In this case seems to be the use of lead alloys. Because of the very low number of
such ruptures expected during the reactor life time and as these necessiiate a long decay time
while the reactor Is shut down, the Investment of the necersary equipment could be made on
demand.

4.1.2 Decreasing the length of the subossemblies

In a Fast Reactor such as EFR. the length of a subassemtdy Is almost 5 times the length of the fissile
column, the "usefU" part of the subassembly- This has large consequences on the primary vessel
height (primary handling Is performed under sodium) and also on all handling components.

Shortening the subassemblles would have an Important economical Impact. This study aimed at
Identifying the different possibilities, but also their consequences, for decreasing the length of the
subassemblies.

The following solutions have been examined :

- suppression of the fission gas plena, using vented subassemblles In which the fission gas would be
directly (or wtth some delay) released In the primary sodium. A large gain In the overall length could
thus be obtained, but It would Impty abandoning the concept of a "dean reactor". Also tt would
Imply the use of a fuel material compatible with sodium.

- replacement of the UO2 axial columns by B4C The same neutronlc and protection characteristics
could be achieved with a 300 mm gain on the overall length.

- upper shielding Integrated In the pin. A 400 mm ooln could be obtained, but the problem of
carburisatlon of the cladding material by B4C should be given proper attention : the use of B9C
might Improve the situation.

- more limited gains could be obtained through an optimisation of the lifting head and spike.

These gains would only be Interesting If the length of the absorber rods could toe correspondingly
reduced. A preliminary analysis has Miown that several solutions could be envisaged.

Using shortened subossemblles would lead to a reactor block of reduced height but slightly larger In
diameter.

4.1.3 In-service Inspection of the Above Core ond Core Support Structures

The Above Core Structure and the Core Support Structure are Important components from a safety
point of view. It has been shown that the Above Core Structure design could be modified In such a
way that Its most Important weldments could be Inspected. Also a dlsmountoble Integrated
dlagrid/strongback structure was designed.

4.1.4 vdlldotton of thermal hydraulics ond plant dynamic behaviour codes

Natural convection tests were performed In Phenbc using the special Instrumented device OOLTEMP
which had been Installed In the reoctor. These tests were used to validate the TRIO (thermal
hydraulics) and DYN (plant dynamic behaviour) codes.

4.2. INNOVATIVE STUDIES

France has Initiated a programme on Innovative studies aiming ot proposing new concepts for FBRs
(reactor block, circuits, components). These studies are based on an analysis of the options selected
for existing reactors and projects, ond also of the advanced concepts envisaged by foreign
countries for future projects. The conclusion of this survey win be to recommend Innovative studies on
Identified topics. Some of these have already been Identified In the following areas :

11



|2 4.2.1 Reoctor block

- Influence of the power on the reactor block concept.
- consequences of the design criteria and possible existence of cliff-edge effects.
- safely analysis of concepts without Intermediate circuits.
- simplification of the fuel handling route.
- consequences of the requirements for In-service Inspection and repair.
- consequences of a modular concept on the reactor and on the nuclear unit.

These studies will enable a critical assessment of several reactor concepts such as :

- small size Integral reactor.
- FBR without Intermediate circuit.

In 1990. work was concentrated on gathering the data from the plant. 30 specialists from CEA and
from NOVATOME were interviewed. The general data base was formed from five different points of
view:

- operation of the reactor.
- safety.
- life time assurance.
- SYFRA licensing system.
- EFR project.

20.000 objects were Identified In the data base, arising from the Interviews or from synthetic reports
which were analysed. It Is now possible to select Information on one subject In o few minutes, and
questions can be asked by non-computer specialists using the words and languoge they are
accustomed to.

The studies will be related with the optimisation of the characteristics In terms of reactivity (stabilising
anHreactMty coefficients, sodium void effect).

The studies which have already been performed on large cores have led to Identify the advantages
of several designs :

- "flat" core (with a low height/diameter ratio).

- core designs with reduced upper shielding (elimination of the upper shielding or reduction of the
quantity of steel In the upper core region).

- radially heterogeneous designs (central zone or ring with breeder subassembdes In the fissile core).

- modular core concepts (several fissile modules Inside the same reactor vessel separated by Inert
(steel or B4O or breeder zones).

Also, these studies have shown the need to optimise the designs In order to minimise the losses In
the neutron characteristics (breeding gain) and In the Doppler coefficient which has a positive
Influence on the core behaviour from a safety point of view.

4.2.3 Fuel

The studies will cover the following topics :

- critical analysis of Innovative materials (nitride, carbide, metal fuel).
- elimination of the gas plena (vented subassembtles),
- Improvement of the cladding material.
- specific problems related with FBRs as acllnlde burners.

Preliminary studies on this last topic have confirmed the Interest In recycling minor actlnldes In FBR
cores and have led to on on-going programme on :

- the comparison of 2 different recycling modes : homogeneous or heterogeneous (Inert targets)
recycling modes In a large FBR core.

- the recycling characteristics In a smalt size core with oxyde or metal fuel

- the recycling characteristics In a modular core (between the modules and/or In the modules).

4.3 THE REX EXPERT SYSTEM

Last year's report described the experience feedback expert system REX with a first application to
the start-up of the CREYS-MALVILLE power plant.



STATUS OF FAST BREEDER REACTOR DEVELOPMENT
IN GERMANY

R. HÜBER, W. KATHOL
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe

M. KEMPKEN
Bundesministerium für Forschung und Technologie,
Bonn

Federal Republic of Germany

Abstract

The KNK, the sodium cooled compact reactor is an experimental nuclear
power plant of 20 MW electric power. Since 1977, it has been operated with
fast reactor cores as KHK II. The KHK II/3 core was designed. The core
fabrication has been largely completed. In 1990, the KHK II plant achieved
a time availability of 56X. On January 8, 1991 KNK II was shut down for
inspection. Since pre-nuclear commissioning was completed the Kalkar
Nuclear Power Station SNE 300 has been operated in a mode similar to that
of a power station. In March 1991 the financing partners decided not to
prolong the standby phase because they do not think that the last
construction permit and the operation permit will be issued within a
definite period of time. The partners were convinced that the lack of
progress in the licensing procedure wa3 not caused by basic safety
deficiencies of the project but by the way the licensing procedure was
executed. The German fast breeder programme is now concentrated on
contributions to the European Fast Reactor.
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1. KHK I I

KNK, the sodium cooled compact reactor, is an experimental nuclear power plant
of 20 MW electric power. Since 1977, it has been operated with fast, i.e. unmo-
derated, reactor cores as KNK II. The plant is owned by Kernforschungszentrum
Karlsruhe GmbH (KfK) and operated by Kernkraftwerk-Betriebsgesellschaft mbH
(KBG).

1.1 Reactor Cores

The fuel elements of the first core, KNK 11/1, agreed in most parameters with tho-
se of the Mk.la type first core of the SNR 300 . The fuel elements of the following
core loadings, KNK 1I/2 and 13, are characterized by a high fuel density, 7.6 mm

fuel rod diameter, and spark eroded grid type spacers. The first fast core had be-
en unloaded in 1982, after having demonstrated good operating characteristic;,
at a peak burnup of 100,000 MWd/te. Post-irradiation examinations with an X-ray
microprobe are completed. Several of the fuel rods have been used in the Mol 7C
coolant blockage experiments.

The KNK 11/2 core had reached its licensed in-pile time of 455 equivalent full-load
days in 1987. For this second fast neutron core, the Baden-Württemberg State Go-
vernment had issued the permit, in December 1988, to continue KNK II operation
from 455 up to 720 full-load days. After removal of sodium aerosol depositions
from the absorber rod linkages, use of the existing permit could be made begin-
ning in January 1990.

The KNK !l/3 core initially was designed largely analogous to the KNK 11/2 version.
However, more recent experience has made it necessary to introduce additional
measures in order to prevent fuel rod oscillations. For the KNK 11/3 core the licen-
sing progress was continued. The core fabrication has been largely completed. An
official decision on the installation of this third fast neutron core in KNK II has not
yet been taken.

KfK and the French CEA have signed a contract in May 1990 providing for dis-
mantling of spent KNK II fuel assemblies, which will be disassembled and condi-
tioned in a special laboratory at CEA's Cadarache research center. The campaign
is scheduled to last three years. Once treated, the assemblies can be reprocessed
at the APM fuel reprocessing pilot plant at Marcoule in accordance with an agree-
ment signed in 1980.

1 .2 Plant Operating Experience

In 1990, the KNK II plant achieved a time availability of 56 %. In this period, some
problems had to be coped with due to two fuel rod failures and to additional ae-
rosol depositions hampering the shutdown systems.

The failed fuel rods could be identified quickly and were replaced. Their failures
have to be attributed to thermally induced oscillations of the rods. In the meanti-
me, oscillations of this type have been analyzed thoroughly in simulation experi-
ments out-of-pile. The oscillations turned out to be particularly strong in the KNK
11/2 core, because a very small p/d ratio of 1.16 had been chosen in the design of
the respective subassemblies. These disturbances can be prevented either by in-
creasing the number of spacers or by bracing the rods in the spacers.



The deposition of sodium or sodium compounds on the linkages of some of the
shutdown systems tends to hamper the mobility of such systems. Up till now, the
cause of this deposition has not yet been elucidated. However, procedures have
been developed for timely detection of beginning disturbances. The depositions
can be removed by rinsing the linkages with primary sodium. The linkages have
undergone post-irradiation examinations in the Hot Cells at KfK.
It should be mentioned that a leakage occwred in a monitoring duct in the steam
generator cell.

On January 8.1991. KNK II was shut down for inspection.

1.3 KNK Operational Data

Up till now. the service time of the KNK 11/2 core amounts to 574 equivalent full-
load days. The mean burnup attained by a test fuel element of this second core is
62.5 MWd/kg. The performance of the sodium components during the total ope-
rating time, beginning with the service of the (thermal) KNK I in 1971, has been
good: only one of the four (two primary and two secondary) sodium pumps had
to be replaced, because of shaft failures.

Ever since the start-up of the first fast neutron core of KNK in 1977, a net total of
332 GWh of electrical energy has been generated, including 34 GWh in 1990.

1.4 Recent R&D Work at KNK II

The main purpose of the KNK II in 1990 was a demonstration of undisturbed ope-
ration. For this reason, the continuation of the experimental program was post-
poned as far as it interfered with the operation as a power station. However, so-
me R&D work on the plant has been going on, such as:

- A diagnosing system for monitoring the steady-state operation of a large
breeder reactor has been designed. Within the framework of scram analysis in
KNK II, a prototype expert system is being tested under typical knowledge re-
presentation mechanism, which is to support the operator in diagnosing
defects. The expert system is installed in the experimental division of the KNK
plant and linked to the KfK in-house LAN.

- The Consulting Core Surveillance System, COCOSS, has been expanded. The
computer formerly used in this application did not have enough storage ca-
pacity; consequently, transfer to a larger computer became necessary. A major

program expansion introduced was the calculation of the open fuel surface
area in cm2 recoil, from which a classification was derived for the existence of
a DN failure. This classification, the calculated DN net signals and the results of
cover gas measurements are transferred via the LAN to the diagnosing system.
The new COCOSS is working troublefree.

- The frequency spectra of the reactivity and of the fuel element outlet tem-
peratures were analyzed repeatedly. The reactivity spectrum shows the usual
structure, which is a multitude of resonances in the frequency range above ap-
prox 1/2 Hz. As before, all resonances can be attributed unequivocally to speci-
fic fuel elements by measurements of the coherence functions between the re-
activity signal and all fuel element outlet temperatures.

- Materials irradiation tests have been continued in special KNK II test subassem-
blies, including also actinide specimens and component materials for an inhe-
rently safe shutdown system (based on temperature effects on the Curie
point).

- Bending tests were carried out to investigate the embrittlement of claddings
made of 1.4981 type steel in the NY 205 IA fuel element in the KNK 11/1 core.
According to preliminary measured results, 1.4981 typo steel was not em-
brittled more strongly than 1.4970 type steel.

2. Kalkar Nuclear Power Station ISNR 300)

2.1 Assembly Work and Pre-nuclear Commissioning

Since pre-nuclear commissioning was completed, the plant has been operated in
a mode similar to that of a power station. The operating crew managed by, and
under the responsibility of, INB is made up of roughly 70 INB and 100 SBK staff
members, which was sufficient for the standby mode of plant operation.

Activities at the Kalkar Nuclear Power Station are limited to these items:

- Plant operation at 220 °C sodium temperature of the primary/secondary sy-
stems and the peripheral systems required for this purpose.

- Maintenance work, excluding systematic preventive maintenance.
- Tests of operationality under various operating constellations.
- Working on items not yet completed.
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In addition to these operating activities, the following special events were
handled in 1990:

- Test use of equipment for in-service inspections of the reactor (in-service in-
spection lances).

- In-service inspections of pressure vessels were finished in 1990. The pressure
vessel tests have not resulted in any negative findings requiring repair work
to be done.

- Commissioning and testing the modified visco seal in a primary pump.

2.2 Licensing Procedure under the Atomic Energy Act

Also in 1990 no tangible progress towards the granting of the last partial con-
struction permit 7/6 could be generated. That licensing step covers modificati-
ons to the ventilation system of parts of the reactor building, plant security
measures, and other minor changes of various systems applied for in the light of
findings made in the pre-nuclear commissioning phase. The application filed for
fuel element delivery was shelved temporarily in 1987.

After all questions raised with respect to decision 7/6 had been processed by
INB in October 1988, further questions have arisen from ongoing expert consul-
ting activities, which the licensing authority in the Federal state North Rhine-
Westphalia classified as having to be handled prior to the decision 7/6. INB/SBK
had agreed to this classification in order to advance the procedure. Most of the
subsequent questions have arisen from ongoing expert investigations of sub-
jects directly relating to the object of 7/6 from various complexes of the positive
interim assessment.

These have been the main points of activity within the licensing procedure:

- The consequences of changed room temperatures in the containment. In this
connection, the influence on the design of the systems installed in the reactor
building was shown of the room temperature, during reactor power opera-
tion, which had been adapted in the light of the prenuclear commissioning
tests carried out. No hardware consequences resulted from this verification
step. The temperatures indicated in some 1800 licensing documents were
checked. As a result of this check, 143 licensing documents had to be revi-
sed for formal reasons.

Working on the criteria spelled out in the expert opinion written by the
consulting stress analyst and the comment by the Head of District
Administration (Oberkreisdirektor) of Kalkar. The conditions stipulated in the
expert opinion, which the licensing authority required to be processed before
decision 7/6, have been worked on and filed for expert opinion.

Remonstrance by the North Rhine-Westphalian State Ministry of Economics as
licensing authority following the comment on the Bethe-Tait accident deli-
vered by the Federal Government in its supervisory capacity. INB drafted and
submitted arguments against the remonstrance by the State Ministry. These
supplement the extensive scientific and technical comments produced by
KfK.

Action brought by the State of North Rhine-Westphalia with the Federal Con-
stitutional Court. In the action brought by the North Rhine-Westphalian State
against the Federal Republic of Germany with the Federal Constitutional Court
because of an instruction by the Federal Ministry for the Environment an Re-
actor Safety to continue the licensing procedure (treatment of the Chernobyl
accident). In May 1990 the Court ruled against the State of North Rhine-
Westphalia in all subjects of the case.

Almeria accident. Supplementary stability assessments were made within the
framework of an expert opinion dealing with the consequences of a release
of sodium in a spray fire at the Spanish solar power plant.

PFR steam generator failure. On the basis of AEA findings it had to be shown,
that the steam generators in the SNR 300 cannot suffer the same failure.

Phönix: Several scrams of the Phönix reactor, which are not yet cleared up in
all details caused questions related to the SNR 300 behaviour during nuclear
operation.

Bethe Tait. The hypothetical Bethe Tait accident is in fact treated as a basic
design accident. Though all relevant primary components have been licensed
already with the partial construction permit 7/5, the North Rhine-Westphalian
licensing authority has ordered new calculations to be done by experts not
yet involved in the procedure. Up to now those new experts were not able to
identify any basic safety dificiencies.



|g A summary evaluation of the state of the ticensing procedure does not permit a date
to be forecast reliably on which permit 7/6 might be issued.

2.3 Overall Project Situation

Also in 1990, the Kalkar Nuclear Power Station Project was managed in accor-
dance with the project goals of the standby phase. These are mainly
- the maintenance of tl.e plant ready for loading and operation,
- the execution of the licensing procedure.

Financing the project costs of DM 105 million/a within the framework of the mi-
nimal project activities in the standby phase has been agreed upon contractually
for the period 1989 - 1991.

In the contract for the financing of the standby phase the partners have fore-
seen to analyse the project situation in 1991. Accordingly the Federal Minister
for Science and Technology invited the partners in January.
A working group was installed, which made a detailed analysis. On March 20"1

the financing partners met again and decided not to prolong the standby phase,
because they do not think that the last construction permit and the operation
permit will be issued within a definit period of time. The partners were convin-
ced that the lack of progress in the licensing procedure was not caused by
basic safety deficiencies of the project but by the way the licensing procedure
was executed by the Government of North Rhine-Westphalia.The partners had
come to the result that the antinuclear policy of the Social Democratic Party,
which has the majority in North Rhine-Westphalia, has influenced the licensing
procedure to a large extend especially since the Chernobyl accident in 1986.
As a consequence of the decision of the financers SBK is cancelling all
contracts, stopping the licensing procedure and evaluating possibilities for ma-
king best use of the plant.

The German fast breeder programme is now concentrated on contributions to
the European Fast Reactor.

A REVIEW OF THE INDIAN FAST REACTOR PROGRAMME

S.R. PARANJPE, S.B. BHOJE
Indira Gandhi Centre for Atomic Research,
Kalpakkam, Tamil Nadu,
India

Abstract

Production of electricity during the year April 90 - March 91 was 200
TWH with an increase of 7X over last year. Contribution from coal based
thermal is 70S, nuclear 2.5X and 27.5 from bydro. Electricity demand is
increasing more than the production growth rate. Programme of installation
of 10000 MWE nuclear capacity in PHWEs by the year 2000 is in progress. 8
X 235 MWE PHWEs are under commissioning and construction. Government has
sanctioned construction of first 2 X 500 MWE PHWEs. Progress in the
construction of HPPs is somewhat slow due to industrial infrastructure and
financial constraints. There ia no public opposition to the nuclear
power. Intergovernment agreement ha3 been signed between India and USSR
for construction of 2 X 1000 HWE PWRs. FBTR is being oprated
intermittently upto power level of 1 HWT without steam generators. Power
operation delayed due to commissioning of hydrogen leak detection system
for the steam generators.

General :

Energy requirements in general and demand for electrical energy

in particular has continued to grow. Indeed due to Kuwait crisis,

restrictions have been placed on the supply of petroleun products as

India is not self-sufficient in oil. Only about S3?» of needs of

oil and oil products are supported by indigenous production whi I e the

balance has to be imported. Kuwait crisis has affected Indian economy

in more than one way. Foreign Exchange earned by Indian Labour Force

working in the Middle East went down by some two or three billion

dollars, the increase in the price of oil and oil products increased

the irrport bill by few billion dollars, large expenditure had to be

incurred in evacuating over 125,000 persons from Irag and Kuwait, and
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the export earnings declined by the unsettled conditions in the Middle

East. The Government had to resort to additional taxation and

substantial increase in the administered prices of oil and oil

products. This added to the inflationary trend in the economy and

the inflation level rose from around 7.Ä6 per annun to about 12% per

annum. Thanks to good monsoon and progress on the industrial front,

over all G.N.P. increased by little over 5.0 percent. Electricity

availability increased by over 836 and still most regions had to face

power cuts.

It may be recalled that in the general elections held in November

1989, no political party was able to get absolute majority. Congress

(I) had emerged as the largest party but without adequate strength to

form a Government even with the support of its allies. The next

largest party was Janata Dal which actually formed the Goverrrrent with

Shri V.P. Singh as the Prims Minister and support from outside by its

allies. The change of Goverrrrent at the Centre coincided with the

comnencement of the Eighth Five Year Plan. Originally the plan was

frarred by the previous Congress( I) Goverrrrent according its own

perceptions and strategy for economic development of the country. But

the new Government had different approach and had decided to recast

seme of the priorities and to change the pattern of investments in the

VHIth plan. Hence there has been some delay in the final isation of

the Eighth Plan and consequently investment decisions for the energy

sector in general and in the field of atomic energy in particular have

been delayed. Unfortunately, the Government led by Shri V.P. Singh

fell and was replaced by the new Government led by Shri Chandrasekhar

and supported by Congress (I) from outside. Political instability and

the gradually deteriorating situation on the economic front has led to

the slowing down of the nuclear power programme. Hence the year did

not witness increased level of investments in real term needed to

reach the target of 10000 MVe of PHÄR capacity by the end of this

century.

As regards public acceptance, slight swell in the antinuclear

sentiment witnessed after Chernobyl accident is gradually subsiding

and over all no major difficulty is foreseen although NIM5Y (Not In My

Back Yard) syndrome is prevalent in certain parts of the country.

Consequently, many in KERALA would like to have nuclear energy but

prefer to have the power stations located in adjacent Tamil Nadu.

FAST BREEDER PtXXXPMJE :-

Fast Breeder Programme is moving along as planned before except

for some delays arising from the economic difficulties mentioned

earlier. As is already known, the first significant step of the fast

breeder programme has been the construction and ccrrmissioning of Fast

Breeder Test Reactor at Indira Gandhi Centre for Atomic Research

(ICCAR). IGQ0R has also many laboratories like

i) Fuel Reprocessing Development Laboratory

ii) Radiochemistry Laboratory

iii) Radiometallurgy Laboratory

iv) Materials Development Laboratory

v) Materials Science Laboratory

vi) Engineering Development Laboratory

vii) Electronics and Instrumentation Laboratory

viii)Hea!th and Safety Laboratory and



10 ix) Reactor Group which is responsible for design and development of

future reactors

The next step after FBTR is the Prototype Fast Breeder Reactor

(PFBR) of 500 MVe capacity. The detailed project report for the

reactor has been finalised and submitted to Atomic Energy Corrmission.

The Comnission has approved the report. Even the Working Group of the

Planning Ccrrmission has agreed that it is an important and priority

activity and has reccmrended certain outlay in the Eighth Plan period

inspite of the fact that the country is facing a resource crunch. The

main points of interest are briefly stated in the following :-

FAST EBFHlFR TEST RE/OCR ;

It may be recalled that FBTR achieved the first criticality in

October 1985 with a small core containing only 22 fuel sub assemblies.

At this time the work on the steam generators and steamwater circuit

was incorrplete. Hence it was decided to operate the reactor for low

power reactor physics experiments without steam generators before

shutting it down for completion of the construction activity by

incorporating the steam generators. After incorporation of the steam

generator, the reactor was restarted but soon met with a fuel

handling incident involving the fuel hand 1 ing machine one fuel sub-

asserrbly, and many steel sub-assemblies. This incidence and steps

taken to restore the reactor to normal condition have already been

described in the earlier reports to IWGFR. After restoring the

normalcy, the reactor was started in 3uly 1989 and operated for about

two rronths. Large number of shut downs occurred due to noise pick up

in the neutronic channel and unsatisfactory behaviour of the control

systems regulating the speed of the sodium pumps. The promblem was

systematically analysed and most of the noise pick up problems were

solved a.v< lv-.. rector vres operated during August-Septerrbei 1990 for

1*0 days. The power level was limited to 500 KWts as certain

difficulties had been encountered in satisfactory deconmissioning the

hydrogen leak detection system connected with the steam generators and

consequently steam generators could not be commissioned.

The operation at the low power was very satisfactory and four

Reactor Physics Experiments were carried out. The measured values

agreed well with the calculated parameters. Fuel handling operations

associated with reactor physics experiments also confirmed that the

system has been fully restored. It was decided to increase the power

level of the reactor to 1 MV thermal without charging the steam

generator with water to demonstrate the natural convection capability

of the reactor system to remove the decay heat. The experiment was

successful and confirmed the decay heat removal capability of FBTR

entirely by passive means.

While corrmissioning Hydrogen Leak Detection System by injection

of hydrogen gas in sodium, the steam side was kept isolated and under

inert atmosphere. It was found that the response was rather slow when

the sodium temperature was less than 250° C. This is of course in line

with the published literautre on this subject. It was, there fee,

decided to provide the system for detection of hydrogen in the cover

gas. It may be recalled that FBTR steam generators have a cover gas

space in the surge tank on the up-stream side and in the sodium pumps

on the down-stream side. These cover gas spaces help to prevent the

transmission of pressure surges generated in stean generators during

a sodium water reaction or after a sodium water reaction as a result
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of sudden closure of isolation valves and protect the intermediate

heat exchangers and the reactor vessel. The signal from the hydrogen

leak detection system based on diffusion of hydrogen gas through a

nickel membarane and its detection by rrassspectrorreter was also

unsteady, and therefore, the system had to be improved before charging

water into the steam generators. Electrochemical meters were deployed

as a back up for the leak detectors based on diffusion of hydrogen

through nickel rrembarane but their performance was also not upto the

mark. Consequently operation of FBTR at higher powers had to be

deferred till the hydrogen leak detection sytemwas improved.

The year 1990 can, therefore, be considered as not very

satisfactory from the point of FBTR but it is now possible to expect

operation of the reactor at higher power level during 1991.

PROTOTYPE FAST EREB06R REACTCR (PFER)

Efforts to improve upon the cross section data files which lead

to improved design capability have been continued. Activation cross

sections for several isotopes required in shielding calculations have

been generated in the form of nultigroup sets using EM3F/B-VI data

file received through IAEA. Development of conputational rrethods have

continued. The efforts have lead to progress in the area of parallel

computing for solving problems requiring large main frame computers

with the help of smaller but greater number of mini computers.

Control rod worth calculational methods including interaction of

control rods have been improved upon. Improvements in the computer

codes for accident analysis work have been made. Capability to do

neutron transport calculations in 3D geometries has been generated.

Mathematical tools have been developed to enable detection of sodiim

boiling in the presence of large background, Arcnabiity to automatic

control of fast reactors has been examined by developing Lipunov's

nrethod of non-linear stability analysis.

Reactor Physics detailed design of PFER has been continued.

Refuelling interval optimisation has been completed. The degree of

coupling between different zones in the reactor has been examined to

rule out the possibility of local criticality. Mixed oxide is

proposed as a reference fuel for the first few years till a more

advanced fuel is developed. Consequently all reactor physics aspects

of core design are being examined for a mixed oxide fuel and also for

a rrptal alloy fuel which appears to have the best potential in terms

of safety, growth potential and economics.

There was marked progress in analysis of main systems and

components. Design specification and conceptual design of auxiliary

systems and components were completed. Detailing of experiments,

preparation of material specifications, procurement and placing of

purchase order for technology development of components were other

major works that were completed during this year.

Regarding the core engineering, hydraulic design analysis of

subassarblies, requirements for hydraulic experiments, subassembly

drawings, study for spacer pad location, natural convection cooling

analysis for shielding subassemblies, estimation of refuelling

interval and detailing of structural design criteria for irradiated

subassemblies were ccnpleted. Structural analysis of Main Vessel for

seismic, core disruptive accident and for normal and buckling loads

was carried out. Main vessel cooling pipe details were worked out and

its structure was analysed for flow induced vibration (FIV) and
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rrodel at I1T Madras. Design of preheating circuit and analysis of

temperature evolution during preheating are in progress. Inner vessel

was reanalysed for changed mechanical and thermal loads. .Pirnp and

grid plate connecting pipe were analysed for therrrcrrechanical, seismic

and FIV loads.

For control plug, estimation of temperature evolution for loss of

flow with and without scram, estimation of flow into plug at 2096 and

100% power levels, therrrcrrechanical and seismic analysis and

preparation of specification for design were completed. FIV analysis

is in progress.

Intermediate heat exchanger (1HX) thertral hydraulic analysis for

anti-vibration belt modifications, addition of mixing device, altered

inlet window location and height, and secondary side sodiun flow,

stress analysis for mechanical and thermal loads, and design of shell

for external pressure were done.

Steam generator (SG) detailed thermal hydraulic analysis for

sodium side inlet shroud tube height reduction, flow zoning analysis

for reduction in temperature differences between tube to tube and tube

to shell, and analysis of effect of sodium water reaction at various

locations were done. Tender drawings of II-PC and SG were updated.

Dynamic analysis of safety grade heat removal systems and components

were done.

Steady state hot and cold pool temperatures were assessed for

operation with <* decay heat exchangers (DK) and 3 D K . Plant

parameters were estimated for 20% and 100% power levels. Plant

dynamics was studied to establish trip settings.

Detailed design, drawings and description of In-vessel-transfer-

machine (IVTM) were completed and updated. Design specifications and

conceptual design notes for various flasks, control post for

subasserrbly identification, trolley on inclined rails, underwater

trolley & container for failed fuel asserrbly were prepared.

Followup on main vessel, inner vessel, IHK and steam generator

purchase orders for technology development was done. IVIM gripper and

grid plate rrockup were fabricated in Central Workshops, \CCPR.

Specification for manufacture of IVTM and Primary CHCM and control

plug were prepared. The three dimensional therrrohydraul ic analysis

code THVC-3D development and validation continued. The general

purpose finite element code CASTEM is being comnissioned module by

module. A post processor subroutine for creep fatigue interaction was

prepared.

B-C1N5ERIM; DEVEbCPNB-fr

The major thrust areas of engineering development were Pool

hydraulics studies, sodium pump development, safety instrumentation

and setting up of Large Components Test Rig. Further studies of

flow pattern visualisation of the PFER primary pool using the l/2<»

scale perspex model were continued. The effect of gap between lattice

plate and core top was studied using several rrodels of the control

plug and any reduction from presently chor,en gap was found

unfavourable. The influence of isolating a pair of IHXs on the flow

pattern in the hot pool was found negligible. On the otherhand an

eccentrically placed control plug (by about 70 rim on full scale) was

found to influence the hot pool flow pattern significantly and

unfavourably. The effect of lattice plate porosity was also studied
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and it was concluded that the same should be above 11% to have no

undesirable flow pattern. A software using 1EM-PC has been

developed to process signals from miniature propeller anerareters.

The system of fers a resolution of 0.001 cm/s and fast sarpling rates

upto 700 Hz. Measurement of fluid velocities at the entry to all

eight IrKs in the pool weie carried out to ensure uniform velocity

and the random variations found were attributed to inaccuracies in

the gaps between core cover plate, lattice plate and the core top.

Velocity measurements around the entry windows of two IHXs 180 deg.

apart were also carried out and the radial components of entry

velocities were found to vary within +/-5O96 of mean value.

In continuation of the work on mechanical sodium puxp, both its

design and development progressed well. The conceptual design of the

directly mounted flywheel assembly was further optimised with two

final options of a single disc flywheel or a pair of arrred type

flywheels to give compact design. The reference nominal speed of the

primary pirrp was revised upward to 700 rpm giving the benefft of

smaller pump and economy on main vessel sizing at the cost of small

but acceptable decrease in cavitation margin. The hydraulic

development contract has been placed with an indigenous purrp supplier.

As part of manufacturing development a large size (1.2 m dia) S.S.

impeller has been cast by an indigenous supplier meeting our

specifications of level II radiographic casting quality.

Two miniature eddy current type sodium flow meters developed

indigenously were tested upto 500 deg.C in liquid sodium and their

performance found satisfactory. Further experiments conducted using

these probes have demonstrated their potential to be used as

temperature sensors too thus allowing possibility of using these

sensors for combined flow and temperature rreasuronent at the reactor

core outlet.

The technology for manufacture of magnetic floumeters for liquid

sodium developed in-house was transferred to an Indian industry. The

technology can be suitably adapted for measuring other malten metal

flow such as liquid aluminium and mercury.

In continuation of development of acoustic technique for

detection of steam leak into sodium, argon and hydrogen injections in

steam generator of FBTR were detected using accelerorreters fitted

onto the waveguides on the SG unit. The hydrogen gas injections

corresponded to a W ppb increase in hydrogen concentration in system

sodium.

Two stainless steel bellows of welded construction for spare

CRCM5, were subjected to type tests in sodium upto a temperature of

530 deg.C. The test cycles were automated using a microprocessor

based sequence controller developed inhouse. Both bellows well

-xceeded the specified test cycles of 500 before their failure.

The experimental study of convection barrier1; in reactor cover

gas space was further continued and both dip seal and horizontal gap

type barriers were found comparable in performance. It was concluded

that circumferential temperature difference in vertical annulus can be

substantially minimized only with a barrier that isolates the annulus

from bulk cover gas.

The sodium loop for study of carbon transfer and corrosion of

structural materials was ccrrmissioned and after rectifying problems

with heater temperature controllers, the test section is running at

the desired temperature of 530 deg.C.
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progressing well. Two large sodium storage tanks were installed in

the steel lined dinp pit and further civil work of pit conpleted while

low bay is nearing completion. Low bay crane and monorail hoist for

dirrp pit have been received. The fabrication of Test Vessel 111 (4m

dia x 9m long) as also that of various smaller loop ccrrponents is in

an advanced stage. Purchase order for 80 tc-nes of sodium has been

placed and first sodium consignment expected soon.

KETALLLRCy

The focus of research in metallurgy is on the variety of

materials used in fast breeder reactors. Candidate materials for core

ccrrponents and special grades of stainless steels of the austenitic

and ferritic types have been studied to inprove their properties as

well as to substitute existing materials. In addition, rretastable

microstructures in newly emerging materials have been studied for

possible future applications.

Considerable progress has been made in the studies of localized

corrosion modes in Type 316LN stainless steels and their weldrrents.

Recent detailed experiments on pitting corrosion and intergranular

corrosion (IOC) susceptibility of the welds showed that a post-weld

ageing treatment resulted in lower critical pitting potential as

compared to as-welded sarrples. Crack growth rates and threshold stress

intensities in NaCl solutions, were determined for AISI 30^ and welds

of A1S1 316 in various metallurgical conditions. Sensitization and

cold working were found to significantly influence these parameters. A

316 SS sodium loop for in-sodiim material studies and a slow strain

rate machine for stress corrosion studies have been commissioned.

Experiments on corrosion of materials under simulated conditions of

wet storage of FBTR fuel sub-assrrbl ies have been carried out.

Corrosivity of the service water system of FBTR have been studied

extensively. Laser surface modification of Type 31<( & 31 6 SS produced

a desensitized surface layer on an otherwise sensitized component,

resulting in significant improvements in localized corrosion attack.

Also, plasma nitriding of D-9 austenitic stainless steels has been

done to achieve good tribologicai properties.

The ferritic alloys 2 l/^Cr-lMo and 9Cr-l\fo have been examined

to identify the secondary phases and evaluate the stability of

microstructures during various thermal treatments simulating inservice

condition. Detailed microstructural changes, carbide types and

morphology as well as the microchemical differences of the various

secondary phases on tempering 2 l/Kr-lMo steel at two different

levels of carbon have been obtained. High tenrperature oxidation

studies in this steel have shown that decrease in grain size of the

steel decreases its oxidation resistance. An extensive programre on

9Cr-lMo steels has been initiated to study the microstructural

stability as a function of material and processing parareters. In the

first phase, cooling rate as a parameter has been studied and it is

concluded that ccrrmsrcial ly adopted aircooling bestows the steel with

a microstructure promoting best creep rupture di-ctility.

Therrrodynamic characterization and phase equilibria have been

studied in systems such as ZrMo208, HfMo2O8 and HI5C yttriun bariun

cuprates. Similar studies on NfcSbXX» have shown that this compound has

a potential to replace Sb2O3 as neutron source for FBTR.



The work on rapidly sol idif ied microstructures has been one of

the irrportant research themes. The metastablc nature of the omega

phase and the energetic of phase transforrmitons in Ti-Nb alloys have

been analysed. In the technologically inrportant, ordered Ti-AI

intermetallic, the possibility of ternary elerrent substitution to

preferentially inrprove ductility has been determined using i°ijCHEMl

techniques and this has been modelled in tf-ms of the mean field

theory.

MMERIALS
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During the year considerable progress was made on the evaluation

of creep and low cycle fatigue (LCF) properties of nitrogen bearing

31 d- stainless steel (31&NSS) base metal, 316 stainless steel

(316SS) weld metal and their weldrrents for use in design. In

ccrrparison to the conventional 316SS, 31 (LN SS has significantly

higher creep rupture strength and ductility. However, the LCF

resistance of 31 4M SS was found to be identical to that of 316SS.

Various damage processes causing degradation of LCF life at elevated

temperatures were identified with a view to arriving at suitable life

prediction methods. The creep rupture life of 316SS weld metal was

lower than that of the 316SS base metal by a factor of 5 to 9. On

the other hand, the 316SS weld metal exhibited higher LCF resistance

than either 31 &N SS base metal or 31 (LN/31 6 SS weldnents.

The creep behaviour of post weld heat treated 2.25Cr-lNb steel

base metal, weld metal and their weldments was studied at elevated

temperatures. The weld metal exhibited significantly higher creep

rupture strength than the base metal, while the weldnrents showed

inferior creep strength. Progressive localisation of creep

deformation in the inter-critical region of the heat affected zone

caused lower creep rupture life of weldments. Equations for

predicting weld joint creep properties on the basis of base and weld

rretal properties have been established.

Extensive characterisation of tensile behaviour of Alloy D9,

with three Ti/C ratios in the cold worked and solution annealed state

have been carried out. Dynamic strain ageing was found to occur in the

temperature range 573-873 K. The stability of cold work to long-term

high temperature exposure in service was investigated through short

duration ageing at elevated temperatures.

Work has been initiated to develop processing maps which would

aid in selecting optimum hot working parameters and identify the safe

regimes for metal forming. Processing maps for types 30* and 316

stainless steel and Alloy D9 have been evaluated using axi-symrEtric

corrpression tests at different strain rates and temperatures. This

work has identified certain regions in the tenrperature-itrain rate

range, where flow instabilities occur.

An improved trirretallic transition joint, with a configuration

of austenitic stainless steel/Alloy 800/2.25CI-1MD steel, to be used

in the steam generators circuit of the PFER, has been developed.

Optimization based on microstructure and mechanical properties shaved

that the austenitic stainless steel/Alloy 800 joint is to be welded by

16-8-2 stainless steel welding consumable and the Alloy 800/2.25Cr-lMo

steel joint, welded with Inconel 182, should be post weld heat treated

at 973 K. The Alloy 800/2.25Cr-lMo steel joint has been found to be

the critical part and this was evaluated for its performance by

accelerated thermal cycling tests. The results indicated a four-fold



24 increase in the service life cf this optimized transition metal joint

compared to that reported for the direct (bimetallic) transition

joints presently in use.

FCoT-IRR/PIATICN EXfflBNftTICN & MH-CESTHJCTIVE TESTIfG

The important activities of the Division for PIE & N5T

Development (DPBO) are the following: (i) PIE i.e. Post-irradiation

Examination of nuclear fuel elenrents and fi"»l subassenblies, (ii)

Development of t̂ DT (Non-Destructive Test) techniques for pre-

service/and in-service quality assurance of nuclear components and

systems, and (iii) planning and execution of irradiation experiments.

Post-irradiation Examination

Final systems check have been undertaken for the nitrogen

recirculation system of the hot cell facility. Ccmnissioning of the

facility has started. This facility is meant for PIE i.e. post-

irradiation examination of carbide fuel pins and fuel assemblies of

FBTR.

Operational trials of vertical transfer system, meant for

transferring irradiated FBTR fuel subasserrbl ies to RM. hot cells have

been undertaken using a nock up La-Calhene system inside the hot cell.

The system has been designed to prevent dispersion of radioactivity

outside.

A special purpose, computer numerically controlled, remote

controlled milling and drilling machine has been developed to cut and

separate the wrapper from the spent fuel subassemblies of FBTR in the

hot cells of RM_. The machine is also designed to machine tensile

test specimens out of the wrapper material. Trial operations are

being carried out on the machine.

Non-Oestructive Testing

Miltifrequency eddy current test technique has been optimised by

using 3 frequencies and aided by computer modelling. With this, it

will be possible to extract the signals due to defects in heat

exchanger assemblies in the presence of two sources of spurious

signals.

With the use of data digitisation and an IBM PC, imaging of the

eddy current test data have been found to be possible. This is a new

area of development. Such imaging would help in analysing the data for

possible presence of defects in a reliable manner.

Significant progress has been made in the development of a NDT

technique based on Barkausen noise signal analysis in ferro-nragnetic

metals and alloys. This technique is strongly sensitive with respect

to microstructure, plastic deformation, residual stress and creep-

fatigue damage. A laboratory model setup has been developed in the

Division for this purpose. The technique is supplemented by

characterisations of magnetic hysteresi loop, a sptup for which has

also been developed in the Division.

A new area of microstructural characterisation which uses self

similar features and FRACTAL dimension, has been investigated.

Presently, the possible errors that might be encountered in the

measurement of fractal dimensions have been estimated and natural

cracks are being studied for characterisation with fractal dimensions.

Pattern recognition and cluster analysis techniques have been

used to identify the presence of very snrull sized defects during

ultrasonic testing of (difficult to test) austc-itic stainless steel

welded joints. By using the pattern recognition approach, it has been
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possible to differentiate more harmful linear defects such as cracks

from less harmful defects such as porosities. It has been possible to

increase the sensitivity of detection of linear defects at least five

fold by the use of indigenously developed software routines.

IVDICUBWISTRy

The electrochemical hydrogen meter, developed earlier for

detecting steam generator leaks in FBTR, has been modified on the

basis of experience in the reactor. The meter housing was also re-

designed in the light of experience and new housings have been

fabricated and supplied. Since nrnni tor ing of hydrogen in the cover

gas has been specified as a safety requirement, a carrier gas type

hydrogen rreter has been designed and fabricated. Laboratory tests are

being carried out to assess its sensitivity. Based on this

experience, an improved version of the meter has been designed and is

under fabrication.

Continuing our work on sodium-based batteries, sodium-iron

chloride eel Is of lAh capacity have been constructed and tested upto

30 cycles. As ceramic-to-metal seals are important for making these

batteries, an improved method has been developed for making these

seals by the themno-corrpression route. The Radioactive Sodium

Chemistry Loop has been operated for prolonged periods giving

considerable experience in the operation of the system. The loop is

also used for testing the electrochemical hydrogen meter. In order

to model the behaviour of the Mn-51* in the sodium loops of the

reactor, basic data on the diffusion of Mi-5* in stainless steel and

its distribution between sodium and steel has been generated in the

temperature range of W O to fflO°C.

In continuation of our work on thermophysic.il properties and

thermochemistry of systems of interest in reactor technology,

thermal conductivity of fission product compounds that precipitate in

the fuel sucn as zirconates, uranates and cerates has been measured.

The chromium-tellurium system has been investigated in detail using

high temperature mass spectrometry and new phases and new phase

boundaries of several non-stoichicrretric phases have been identified.

Thermodynamic properties of various compounds in this system have also

been derived from the mass spectrometry data.

Significant progress has been made in the area of Process

Chemistry. A facility for pyro-chemical reprocessing based on

electro-refining is under construction. In collaboration with M/s.

Tamilnadu Petroproducts Ltd (TPL), Madras, an indigenous diluent has

been developed for use in reprocessing plants. Bulk quantities of

this diluent will be shortly supplied to the reprocessing plants for

trial runs on a plant scale. A variety of trialkyl phosphates were

synthesised in collaboration with I IT, Afadras for studies on the

effect of the carbon chain length and structure on the extraction of

actinides. Studies were car-ried out on the effect of diluent on the

extraction of U(VI) fran nitrate medium by tri-n-butylphosphate. It

was established that the distribution coefficient is influenced by

the solubility parameter of the diluent. Bifunctional resins of

different cross-linkages with polystyrene-divinyl benzene as the

matrix, have been prepared to explore the possibility of use of these

resins for recovery of actinides fremwaste solutions. Preliminary

studies with uranium have indicated the efficiency of these resins. A

new "photo chemical" method for the dissolution of PuO- in rCl medium

has been developed.



25 A nuclear microprobe is under fabrication. The various

corrponents fabricated so far included the quadruple focussing system

and a slit asserrbly of 2 micron resolution. The full microprobe will

be assembled in the next few months. AGrinm type glow discharge lamp

has been fabricated in-house and comnissioned as an optical emission

source. Using this, CD-CES technique has been standardised for the

analysis of Ni, Cr, Mi, Mo and Cu in low alloy steels. A nratrix

isolation system has been fabricated and comnissioned. In conjunction

with the FTIR spectrometer this systems is now being used for studies

in matrix isolation IR spectroscopy. At present the TEP-diluent

system is under investigation.

A novel on-line solvent extraction system has been coupled with

the 1CP-M5 for the quick determination of trace metals in uraniumwith

detection limits at the ppb levels. A sensitive method to determine

mercury in sodiim has been standardised using cold vapour AAS

technique with a detection limit of 10 ppb. This technique has been

applied to determine mercury in the primary sodium of FBTR.

Analytical services were provided to various groups in ICCAR and

to some universities in the neighbourhood. A total of 327 samples

were analysed during this period requiring 970 determinations.

REPROCESS !t>G

The Reprocessing Developerrent Laboratory has almost completed

its developemental efforts for FBTR fuel reprocessing. The processes

and equipments for which developement have been completed were

qualified for hot operation. This was carried out during the

processing of 3 Rods frcmClRUS reactor. This processing campaign was

successfully completed. It is proposed to have another campaign of 3

rods from CIRUS and Ct-RUVA reactors. The Lead Mini Plant is

progressively getting ready to receive and process fuels from FBTR.

The construction of regular plant for reprocessing spent fuel from

FBTR is in progress. Research and Developement work needed for PFER

fuel reprocessing are being examined for making project proposal in

the Eighth Plan.

The equipments and processes developed at RCL were qualified for

hot operation in a pilot facility set up to recover U-233 from 3 rods

irradiated in CIRUS reactor. This facility is now being readied for

the second campaign of 3- rod processing to provide additional U-233

for PFER fuel studies. Based on the experience during the campaign

the off gas system is being modified to improve its performance. It

is also planned to take up the processing of irradiated Thorium rods

from M^PS and accordingly suitable head end steps are being designed

to be integrated with the existing facility. Clearances from AERB

for the transport of fuel to RDL has been obtained. The headend

system for M°PS Thorium bundle is under fabrication.

Phase I of the Mini Plant to process irradiated fuels from FBTR

is completed. Phase II which incorporates the head end features and

to a limited extent the on line instrumentation features is getting

ready. In this facility it is intended to confirm the process

parameters with irradiated mixed carbide fuel and to provide a test

bed for analysing the design features of the larger plant which 'S

being built to process the FBTR fuel. This mini facility is expected

to be comnissioned in the later half of next year. This facility will

be able to process the initial core of the FBTR reactor and can

continue to process the fuel as an interim arrangement till the larger

plant is conmissioned.



The construction of the regular plant for the reprocessing of

the FBTR fuel is in progress. The construction of the concrete cells

have been completed. The construction of the waste storage vault is

nearing completion. Procurement action for ventilation systems,

viewing windows, material handling equipment, process instruments etc.

have been initiated. Physical protection and fire safety systems have

been finalised. Standardisation of process equipments and their

quality control aspects are looked into. Data for simulation to

validate the design are being generated. Process equipment design is

under discussion. Data have been provided to the R&D group for

checking the concepts in mock up tests.

Other RfcD work related to reprocessing of fast reactor fuels

were continued. Significant among them being study of corrosion

aspects of electrode materials to be used in electrolytic dissolvers

and the study of electrolytic destruction of organic wastes. Studies

on the electrolytic destruction of acid in radioactive wastes to

reduce their volume continued. Evaluation of performance of vertical

mixer settlers conducted. A scheme to dispose off the thorium waste

generated during 3 rod campaign by Oxalate precipitation is being

worked out.

A temporary mock up cell has been erected to develop remote

maintanance concepts as applicable to the reprocessing plants. Remote

cutting and welding tools and a robot are being procured for this

facility to enable further development work. Improvements on present

manipulator systems are being studied.
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rEALTH& SAFETY

For the 100 k3 Condenser bank facility being set up as part of the

reactor safety experiments for generation of shock pressure pulses

employing the exploding wire technique, nineteen high energy

condensers of five kilovolt rating have been received and tested to

the rated voltage and upto a peak discharge current of 15 kilo

amperes. Tests have also been completed of PC based control software

for operating the bank, together with the control logic. Functional

testing of other components and wiring of Control Console are in

progress.

Operation of the Activity Deposition Loop was commenced. Runs

were carried out with hot leg temperatures upto 300 C. A continuous

run for 220 hours was completed at a sodium flow rate of 1.5 m /hr.

Performances of EM pump, U-heater bank (40 kW) and the plugging

indicator were found satisfactory. A low oxygen level of 1.3 ppm could

be maintained as indicated by the measured plugging temperature of

about 125° C. Further runs are planned with a radioactive sample

placed in the loop to observe the transport behaviour of specific

radionuclides and study preferential condition sites for their

deposition.

As part of the efforts to upgrade the existing indigenously built

neutron generator, a prototype of a compact high voltage source (30 cm

x 30 cm x 15 cm) based on pulsed magnetic fields has been fabricated.

This unit is capable of giving 120 kV at a current rating of several

amperes. It is undergoing load testing with the neutron generator.

A three component SCCWl system has been installed and has been in

operation for about nine months. This installation is the first of



28 its kind operating in the Department. It has provided data on

meteorological parameters such as wind speed and wind direction, it

has also enabled the rapid determination of atmospheric stability

class and the mixing height at 30 different altitudes upto a rraxinrm

height of 1000 metres, sinrul taneously. The data are of great value in

quick assessment of the atmospheric dispersion of released radioactive

materials.

In continuation of the radiation transport studies, Cauchy type

singular integral equation was solved in closed form by reducing it to

Abel's integral equation. This equation is similar to :hose arising in

solving the neutron transport equation and the application of this

approach to practical problems is under investigation.

As desired by the Design Group, Monte Carlo computations using

MIR5E computer code have been undertaken to verify the adequacy of the

proposed radiation shielding design for PFER.

ELECTRONICS & INSTBUvBttATICN

Electronics & Instrumentation Laboratory (EIL) is involved in

the design and development of Electronic instrumentation for the

various R5£> programmes of ICCAR and also the other units of DAE.

During the current year, the following major works have been

ccnpleted. A Disturbance / Transient Analyser to study the important

process parameters in the event of a plant disturbance has been

installed at the Madras Atomic Power Station (MAPS). This PC based

system scans at a faster rate (0.2 sec) and stores the data for pre

and post trigger analysis.

A Data Acquisition System to monitor the 140 process parameters

of the Heavy Water Plant at Tuticorin has also been installed and

conmissioned and another PC based Recorder to monitor the Slot

temperatures of the Generator at M*\PS II has also been installed. This

system has about 30 channels at present and work is in progress to

expand it to cover all the 200 temperature points and a similar system

for M°P5 1 is also under fabrication.

The Distributed Data Acquisition System for the Heavy U&ter

Plant, Kota with a capacity of 500 pneumatic signals, 220 digital

inputs in addition to the 3ffl RTD signals and two Event Sequence

Recorders installed already at site ( Kota) has also been completed

and tested fully. This system is ready for installation at Kota.

The Colour Graphic Display System installed last year at MAPS I

has been functioning wel I and a few improvements required by the users

have been incorporated. A similar system for the M^PS II has been

designed incoporating latest techniques such as Local Area Networks

(LAN) and Artificial Intelligence for faster and better presentation

of the data. The system is in an advanced stage of development and is

scheduled for installation and cormnissioning by March 91. The

Supervisory Control and Data Acquisition System for the Heavy Water

Plant, Manuguru has also made rapid progress and this system has been

designed with advanced features such as Fault-tolerance, LAN and

Supervisory Control for the plant. A Window Alarm Logger to log the

800 alarm signals of the MAPS II has also been taken up.

As part of the development efforts, a Single Board Computer

based on Intel's 8088 uP with 192 K Bytes of memory, Real time clock,

watch-dog timer, numeric coprocessor support, interrupt controller and

two serial interfaces has been designed and tested. On the software

side, a Real Time Operating system (OS) for the Intel's 80X8 6



processors has been developed in collaboration with IIT,Madras. This

OS has advanced features such as protected rrode monitor and debugger,

protected erode Kernel, Filing System Layer, Device drivers and

Graphics support and can be ported on any PC/AT corrputer. This will

enable the use of low cost Personal Computers for real time data

acquisition and control.

A Position controller and Data Acquisition System for the Nuclear

Probe has been developed and installed. The Nuclear Probe is a surface

analytical technique to study the carbon profile in FBTR clad

materials and the automation of the experiment has been conrpleted

successfully. A Differential conductivity meter for the Chemical

Technology Section for use in their experiments on Boron enrichment

has been designed, fabricated and comnissioned.

The Safety logic system in a nuclear reactor brings it to a safe

shutdown state whenever pre-determined alarm conditions prevail. A

novel design based on microprocessors with fault tolerant architecture

is being tried out for the same.

Another version of safety logic, using pulse coded logic is being

studied as laboratory prototype. The advantage of this system is that

it is inherently self testing and all the defects in the logic will

manifest as unexpected wave shapes at the output. This logic is being

studied to form a part of PFER safety logic.

In addition, EIL also took up the responsibilities of fabricating

the PCB's for the ageing Ward-Leonard speed control system of FBTR.

Discussion on Software Reliability were also arranged.
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CCWUIER CENTRE

Computer Centre provides the complete computational support and

C°D facility for all the Engineers and Scientists of 1GO>R, by

operating the Honeywell Bull DPS 8, Norsk Data N3-5 ffl and Super 32/70

Computer Systems round the clock. A new Super 32/70 Computer System

of 3.2 MIPS has been installed and comnissioned to meet the growing

demands of the computer users. All these computer systems with their

peripherals, such as line printers, disks, tape units, workstations,

graphic and time sharing terminals are maintained inhouse providing a

high availability.

With 200 PCs in the Campus there is a threatening menace frcm PC

virus. Different kinds of viruses have been reported frcm the PC

users. An indepth study of a number of PC viruses has been carried

out and after a thorough analysis a total solution for virus

protection has been developed. This is basically a hardware solution,

which prevents the entry and propagation of any kind of virus in the

system and reports the matter promptly to the user for further action.

A nurber of antidotes for different viruses are also developed and

released to the users.

A parallel processing system based around Motorola 32 bit

microprocessor is being developed to solve the GPU intensive 3D

neutron codes. After complete testing, the printed circuit boards for

different modules are being made. Development of hardware interface

to provide comrunication between the parallel processing system and

the host conrputer system is under progress. Different software

modules and the nodal executive are being developed.



3Q The CAD package developed for automatic pipe routing for

Kalpakkam Reprocessing Plant (K/W) is used extensively for cell 3,

cell <t and cell 6 and the pipe layout is corrplete for all the cells.

The spool drawings totalling 2(50 drawings (1300 for cell 3, 700 for

cell 4, (50 for cell 6) have been generated. Because of the site

requirements, some of the pipes have to be relaid and the appropriate

modifications were carried out and the drawinps were generated.

A REVIEW OF FAST REACTOR ACTIVITIES IN ITALY

F. PIERANTONI, R. TAVONI
Comitato Nazionale per la Ricerca e lo Sviluppo

dell'Energia Nucleare e delle Energie Alternative,
Bologna, Italy

Abstract

A programme of research and industrial development of reactors with
inherent and passive safety features is now underway in Italy. The main
goal, to be reached, is the avoidance of a specific evacuation plan for the
population in any circumstances. As far as fast reactors are concerned,
the Italian interest is connected to the world-wide future nuclear energy
deployment. During 1990 an extensive campaign of tests related to seismic
isolation was conducted in Italy. As far as the EFE design i s concerned,
Ansaldo has continued to participate in the conceptual design. Activities
have mainly been devoted to the definition of the reference solution of
sodium-sodium exchangers: intermediate heat exchangers and decay heat
exchangers.

1. Energy consumption in Italy

Italy's total primary energy demand increased in 1990 by 1.1% (see table 1)
continuing the trend initiated in 1984. This demand can be compared to a
GNP increase in real terms of 2.0% resulting in a consequent reduction of
the energy intensity.
Net electricity import increased by 3% reaching the total of about 35 TWh,
equivalent to the electrical production of 5x1000 MWe power stations in
base load operation.

During 1990, electricity demand (see table 2) increased by 2.9%; once again
this is a value higher than the total primary energy increase.

A further reduction in the hydroelectric production has taken place (-6,4%)
and the thermoelectric production has increased from 170.1 TWh to 178.7
now covering more than 82% of the total electric production.



Table 1 - Primary energy requirements/'/ in
i

Mtep

Italy

[989
9

during

b

1989 and 1990/2/

1990
Mtep %

Oil derivatives
Natural Gas

Solid fuels

Primary electricity/3/

-Hydro

-Geo

-Nuclear

Net electricity import

TOTAL

94.0

36.9

15.0

9.0

(8.3)

(0.7)
-

7.4

162.3

57.9

22.7

9.3

5.5

(5.1)
(0.4)

-

4.6

100.0

92.8

39.7

15.7
8.4

(7.7)

(0.7)
-

7.5

164.1

56.5

24.2

9.6

5.1

(4.7)

(0.4)
-

4.6

100.0

Including storage reserves
Provisional data
0.22kgep/kwh

Table 2 - Electricity production

1990/'/

and demand

1989

TWh

in

%

Italy during 1989

199Q

TWh

and

%

Thermoelectr ic Enerfjv

-Oil derivatives
-Natural gas
-Solid fuels/2/
Primarv Electricity

-Hydro

-Geo

-Nuclear

Total Gross Production

Net Electricity Import

Total Availability

170.1

102.8
34.4
325
40.7

375

3.2

210.8

+33.7

244.5

80.7

48.8
16.3
15.6

iaa
17.8

1.5

100.0

178.7

103.2

39.3

36.2

3S,a
35.1

3.2

217.0

+34.7

251.7

82.4

47.6
18.1
16.7
17.6

16.2

L4

100.0

Energy used by auxiliary
production services and
by pumping -15.8 -16.3

Network demand 228.7 235.4

111 Provisional data
tV Coal, lignite and others
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32 2. Nuclear research and development in Italy

A programme of research and industrial development of reactors with
inherent and passive safety features is now underway in Italy. The main
goal, to be reached, is the avoidance of a specific evacuation plan for the
population in any circumstances.
Agreements between General Electric, Westinghouse, Italian industry,
ENEL and ENEA have been established in order to give a contribution to
the design development, to participate in the probabilistic safety
assessment and to provide a good understanding of the plants
characteristics. ENEA in particular is organizing experimental tests to
check some passive components that are related to the safety of the plants.
The licencing authority and universities are also participating in the
research and development programme, whose overall goal is to arrive by
the end of 1993 at the choice of the reactor design to develop in detail and
on which to concentrate further efforts.

As far as fast reactors are concerned, the Italian interest is connected to
the world-wide future nuclear energy deployment. The nuclear growth
having been slower than previously thought, the date of a commercial fast
reactor need has been postponed. Nevertheless the advantages of having
the fast reactor option available are well-founded and the Italian.interest
can be seen from the viewpoint of longer-range energy security. With this
intention, ENEA is participating with General Electric in some aspects of
the PRISM design to verify the possibility of actinides burning in-reactor.

3. Seismic isolation

During 1990 an extensive campaign of tests related to seismic isolation
was conducted in Italy. The tests referred to:
-Individual bearings -
Quasi-static experiments were performed to evaluate the static vertical
(kv) and horizontal (kh) bearing stiffnesses, effects of vertical load
variation on kh, creep deformation due to sustained compression, and
failure modes.

In fig. 1, kh values measured for the various bearing scales at 100%
a(o=shear strain, i.e. horizontal displacement over the total rubber
height) are shown.
The agreement with simplified formulae is satisfactory. The static kh data
at 50% a are 10% larger than those of fig. 1; kh increased considerably by
further decreasing excitation, while it reached a constant value at 100% o.
Dynamic test data were only slightly affected by the excitation frequency,
very close to the static values at 50% a, and 8% larger at 100% a.
In the failure tests so far performed, some damage started at about 160%
a; however, in spite of severe damage, no collapse nor overturning
occurred even at 260% a.

kh tH/wt)
1-186.86

.80

786.80

356.88

8.88

©

8.88 IS«.88 3ee.ee
Isolator

688.88
(MI]

Fig. 1 static horizontal stiffness kh versus bearing diameter, measured for the various

scale bearings at the vertical design load, in the range (-100% - + 100%)a ( = mean

values; — = maximum and minimum values). Comparison with the theoretical data

(O).
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Test results have already provided useful information to understand the
isolators behaviour and to check and improve design guidelines. Further
tests are in progress to complete failure and aging analyses, study the
dynamic response at varying frequency and to 2D excitation, and evaluate
temperature effects.

-Isolated structure mock-ups-
In August 1990, snap-back experiments were performed on a 9,500 kN
rigid mass supported by six high damping «teel-laminated elastomer
isolators, previously characterized in the individual isolator tests. Pull-
scale isolators are identical to the 500 mm bearings that are used for the
five buildings of the administration centre of the SIP Telephone Company
at Ancona (this is the first application of seismic isolation in Italy). The
main test purpose is to evaluate the actual global behaviour of isolation
systems, and thus, to what extent the results of individual bearing tests
can be used to predict the isolated structure behaviour. The mass was
pushed to the initial displacement by means of a hydraulic jack; the use of
a dislocatable device made the mass release possible. The aim was also to
qualify snap-back mechanisms for "in-situ" tests.

In September and October 1990 forced excitation and snap-back
experiments on one of the actual SIP buildings were performed by ISMES,
mostly on behalf of ENEL.
ENEA funded the last snap-back experiment, which aimed at checking
the repeatibility of results and at obtaining more detailed data on the
building response, so as to allow the validation of numerical models for
the analysis of isolated structures. The test technique was similar the one
adopted for the 9,500 mock-up; building release was obtained by blasting of
plastic explosive filling the bolts of snap-back mechanisms.
Snap-back tests were performed at initial displacements (di) increasing
up to 85 mm for the 9,500 kN mock-up and 107 mm for the SIP building,
i.e. sufficiently close to the design value (144 mm = 100% a). A very
accurate inspection of the building after the test was completed, stressed
the full integrity of both the structure and the few brick wall partitions
that had already been constructed.
Experiments were repeated at di = 70 mm for the building and di = 65 mm
for the mock-up. Repeatibility of test results was found to be excellent.

The motion in the di direction lasted a few seconds for both the building
and the mock-up (about 3 s), and consisted in three appreciable cycles
only. The mock-up response indicates a quasi exclusively horizontal
translation mode in that direction after mass release; for the building,
some translation in the normal direction was due to the structure
asymmetry, while for the mock-up the explanation is that the jack was not
exactly applied to the centre of gravity, for practical reasons.
Test results have already provided excellent data for the characterization
of isolation systems, comparison with the single bearing experimental
results and validation of numerical models for the analysis of isolated
structures. Such data stressed the adequacy of single bearing tests to
determine the bearing characteristics (especially stiffness) to be used in
this analysis, provided that the dependence on displacement is taken into
account in the calculations.

4. Modular systems studies

-Oxide core studies-
In the framework of a cooperation with GE, ENEA is now studying an
oxide version of the PRISM core.
During the first phase of activity, which has the main objective of
comparing the different design codes and methodologies, ENEA and GE
have decided to use the current GE PRISM oxide core. This alternative to
the metallic core, meets both the global reactor requirements (e.g. total
power, inlet and outlet Na temperatures, core assembly life) and the main
design characteristics (e.g., atomic densities at core equilibrium state,
batch factors for beginning and end of cycle, distribution of core flow rates,
core and core assembly geometry and structural materials). Steady-state
calculations were performed to determine first the main core neutronic
parameters, then the core temperature distribution and lastly the fuel
temperature distribution. For each evaluation, ENEA and GE have used
their different numerical tools, data and methodologies to compare design
methods. ENEA completed the neutronic calculations with the CITATION
II code in a three-dimensional geometry at full nominal power; the
calculations were based on the JEF-l and ENDFB/IV nuclear data files.
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values, neutronic kinetic parameters, and reactivity coefficients were
obtained. GE obtained these results with the DIF3D flux solution code and
the ENDF/B-V2 cross-section data. ENEA also performed corresponding
core and fuel thermal calculations using the THESYS and other codes: the
coolant, cladding and fuel temperature distributions were obtained. A
detailed comparison has been performed by ENEA and GE on the results,
particularly when the resulting differences were not negligible, e.g., for
reactivity feedback coefficients and peak fuel t"Tiperatures. In some cases
such differences were due to different data used (as neutronic libraries) or
to different code modelling or to different input data.
Dynamic calculations were completed to determine core neutronic and
thermal response to the two selected ATWS events. Differences between
the results obtained with GE-ARIES and ENEA-NATURE and SAS-3D codes,
are assumed to be principally due to different fuel thermal conductivity
and Doppler and thermal expansion coefficients. Both the GE and ENEA
oxide core results for fuel and cladding peak temperatures meet the safety
criteria for PRISM reactor ATWS events, and the indicated values are well
below the allowable limits.

- Passive monitor device-
The work is perfcrmed in collaboration with GE and in the framework of
R&D activities on the PRISM reactor.
The passive diffusion monitor is located in the cover gas upper region,
where it determines the amount of radioactive fission gases (Kr, Xe etc...)
coming from the fuel pins in case of failures, without the interference of
the Ne-23 activity.
The monitor relies on the molecular diffusion to transport fission gases
from the cover gas to a detection region, providing the necessary delay
time for Ne-23 decay, whereas the current devices are based on active
components (pumps, filters and so on).
The construction of a rig named the "Passive Monitoring Test Device"
(PMD) is in progress, to test and qualify a prototype of this component
The aim of the activities is to demonstrate that the appropriate diffusion
conditions can be maintained within the diffusion column under the
conditions expected in PRISM.

The experimental test program will be carried out as follows:
- Sodium Tests (to evaluate the sodium condensation and plugging in the

column)
- Stationary Tests (to evaluate the diffusion behaviour of a radioactive

tracer gas without temperature changes) reproducing the static reactor
conditions;

- Transient Tests (as above with temperature changes during each test)
reproducing the transient temperature reactor conditions;

- Test results analysis and review of the passive monitor operating
conditions in PRISM.

-Internal Vessel Transfer Machine and Containment -
Ansaldo, in its collaboration with GE, has finished a first phase of
definition of the internal vessel transfer machine and started a second one
of performance analysis (seismic behaviour, reliability, operational
precision...).

5. Other activities

-Methods-
In the reactor physics field, ENEA contributed to a united European
formulaire, both for the development of the JEF-2 cross section file and for
the implementation of the data processing code chain for the production of
the ECCO library.
As far as Monte Carlo development is concerned, work on the
optimization of "splitting" and "Russian Roulette" through the Direct
Statistical Approach (DSA) has continued. A complete procedure for
calculating optimum importances in space/energy cells through the DSA
cell model has been implemented. Performance so far on a variety of
sample problems has been very satisfactory.
As far as the integrity of structures in concerned, ENEA continues to be
involved, under contract with CEA, in the development and the
implementation of the Castem 2000 and Trio systems for analysis in the
fields of structural and fluid mechanics respectively.



-SPX-1-
In association with Novatome, Ansaldo has participated in the functional
analysis of the new fuel handling line, in the revision of the relevant
safety analysis report and in the installation in the plant. The new
handling line now foresees 1 year fuel residence in-core with fuel transfer
in gas without an intermediate storage.
In addition the Italian industry, namely Ansaldo, Fiat, Fochi and Belleli
participated in the construction of the fuel transfer vessel supplying some
principal components and in their mounting. Such components included
the vessel, auxiliary circuits and the movement mechanism.

-RFR.
As far as the EFR design is concerned, Ansaldo has continued to
participate in the conceptual design. Activities have mainly been devoted
to the definition of the reference solution of sodium-sodium exchangers:
intermediate heat exchangers and decay heat exchangers.
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A REVIEW OF THE FAST REACTOR PROGRAMME IN JAPAN

POWER REACTOR AND NUCLEAR FUEL
DEVELOPMENT CORPORATION*

Tokyo, Japan

Presented by H. Taniyama

Abstract

In accordance with the long-term programme for development and
utilization of nuclear energy defined by the Japan Atomic Energy Commission
(JAEC), Power Reactors and Nuclear Fuel Development Corporation (PHC) is
playing the key role in the development of a plutonium utilization system
by fast breeder reactor (FBK). The experimental reactor "Joyo", located in
the O-arai Engineering Center (OEC), of PHC, has provided abundant
experimental data and excellent operational records attaining 42,000 hours
operation in total by the end of 1990, since its first criticality in
1977. On the prototype reactor "Monju", more than ninety percents of
construction works has already been completed on schedule, aiming at the
initial criticality by October 1992. As for the demonstration fast breeder
reactor (DFBE) of Japan, the Japan Atomic Power Company (JAPC) is promoting
design study under the contracts with several leading Japanese
fabricators. The related research and development (R&D) works are underway
at several organizations.

1 . General Review

1) In accordance with the Long-term Program for Development and uti l ization of

Nuclear Energy defined by the Japan Atonic Energy Coimission (JAEC), Bowar Reactor

and Nuclear Fuel Development Corporation (PNC) i s playing the key role in the

development of a plutonium ut i l i za t ion system by fast breeder reactor (FBR),

which i s superior to the uranium utilization system by light water reactor, aiming

to achieve future stable long-term energy supply and energy security of Japan.

* This paper was prepared by the Reactor Technology Development Division with contributions
from the Reactor Construction and Operation Project, the Nuclear Fuel Cycle Development Division
and the Nuclear Fuel Cycle Engineering Division of the Power Reactor and Nuclear Fuel Development
Corporation (PNC).



36 2) The experimental reactor "Jqyo", located in the O-arai Engineering Center (OEC)

of PNC, has provided abundant experimental data and excellent operational records

at taining 42,000 hours operation in to ta l by the end of 1990, since i t s f i r s t

c r i t i ca l i ty in 1977.

3) On the prototype reactor "Monju", more than ninety percents of construction

works has already been completed on schedule a t Tsuruga c i t y , aiming a t the

in i t i a l cr i t ica l i ty by October 1992.(Photo)

4) As for the demonstration fast breeder reactor (DFBR) of Japan, the Japan Atonic

Power Company (JAPC) i s prcnoting design study under the contracts with several

leading Japanese fabricators, including Toshiba, Hitachi and Mitsubishi Heavy

Industries, for selection of the basic specifications of DFBR.

The rela ted reseach and development- (R&D) works are underway a t several

organizations under the discussion and coordination of the Japanese FBR R&D

Steering Committee, which was established by the JBPC, PTC, Japan Atomic Research

Ins t i t u t e (JAERI) and Central Research I n s t i t u t e of Electric Power Industry

(CRIEPI).

Progress of the design study and the re la ted R&D are reported to the Sub-

committee on FBR Development Program of JAEC.

wmammmam

Prototyps Fast Reactor "Monju" (as of Feb.26, 1991)

5) Recent major enchases on the PNC's R&D are placed on the integrated feedback of

a l l existing R&D results and experiences to the development of demonstration

reactor.

Furthermore, thoughtful planning of the overall functional and performance tests

of Monju, scheduled to s ta r t in 1991, i s another important key role to attain

further excellency of FBR technology, with full efficient usage of the tes t

results.

6) R&Ds on following tasks are also in progress for development of the DFBR, for

excellent technology to at tain FBR commercialization, and for technological

breakthrough.

(J) development of advanced fuels

® development of advanced large core

(§) higher plant operating temperature

© simplified advanced piping and components



(D development of rational confinanent fac i l i t ies

(D development of seismic isolation structures

© development of simplified system without secondary loops

(8) development of highly reliable decay-heat renewal system

(9) development of advanced operational and maintenance technology

® establishment of rational safety logic

7) In addit ion t o the MOX fuel fabricat ion a t the Plutonium Fuel Fabrication

Facility for JOyo, Fugen (AIR), and BWRs in Japan, a new Plutoniun Fuel Production

Facility (PFPF) was constructed a t Tbkai Vtorks of PNC and MDX fuel production for

Joyo and Monju has started since 1988.

8) Cn the FBR fuel recycling, adding to the experiences a t the Tbkai Reprocessing

Plant, R&Ds are underway a t three Engineering Demonstration Fac i l i t i es (EDF- I ,

0 , ID , ) and Chemical Processing Facili ty (CPF), integrating the resul ts t o the

design of Recycling Equipment Test Facility (RETF) and future FBR Fuel Recycling

Pilot Plant.

9) Following t h e nat ional program on waste management, PNC i s a l so ac t i ve ly

contributing t o the area of v i t r i f ica t ion of high level liquid waste, geological

disposal of i t , and low level transuranium bearing waste treatment, and promotion

of construction of a storage engineering center in Hakkaido.

10) Aiming t o t h e age of fu ture FBR commercialization, fur ther extensive and

effect ive col labora t ion with foreign i n s t i t u t i o n s wi l l a l so have t o play an

important ro le .
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2. Experimental Fast Reactor. Joyo

2.1 General Status

This report covers the activities of Joyo from April 1990 through March 1991.

The operating history of Joyo is illustrated in Fig. 2.1.

The 8th periodical inspection was carrined out for about 8 months. In this

inspection, some special maintenace works, such as exchanging of an upper guide

tube for the control rod, taking out of some surveillance test pieces in the

upper plug rig, exchanging of a neutron source assembly in the reacror core, were

performed in parallel to the general inspection works. In addition, the integrated

leak rate test of reactor containment vessel, which is required to confirm three

times in ten years, was completed in September 1990.

The reactor was operated successfully the 21st and the 22nd duty cycles during

the above period, and the total operation time since the date of initial

criticality in 1977 was more than 42,000 hours. Fig.2.2 shown a core configuration

at the 22nd duty cycle operation.

The irradiation tests, for confirming the properties of fuels and materials for

the prototype reactor Monju, for developing that for the demonstration reactor,

etc., are in progress.

The construction of the third spent fuel storage facility, which had been begun

since 1989, was continued on schedule which will be completed at the end of 1991.

The facility has the capacity of approximately 800 spent fuel assemblies storage.

A training program of Honju operators was started from April 1990 at Joyo

facility.

2.2 Joyo upgrade program (Mark- in program)

In order to accelerate the speed of irradiation of the FBR fuels and materials.

Joyo i s being upgraded to ijnprove i t s capability for achieving high bumup up to
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about 2xlOs M*J/t and obtaining highly accurate irradiation data. In addition,

the number of t es t positions i s being increased and advanced i r radiat ion

technology will be applied.

The Hark-in program is planned so as to start operation of the upgraded core in

1996. The following technical items are being evaluated:

1) Improved irradiation flux

-Higher neutron capability

-Modification of the heat transfer system (HIS)

2) Increased number of irradiation positions

3) Advanced irradiation technology

4) Increased availability factor

The present Mark- n core, which consists of 67 subassemblies (S/A) in a one-

region core, will be converted to the Mark-Ill core which consists of 85 S/A in

two regions. In this upgraded core, the average neutron flux and the thermal

output will be increased to 130% and to 140 MWt, respectively. To raise the

reactor power, modification of the HTS, which includes exchanging of the al l

intermediate heat exchangers and the al l dump heat exchangers, i s required.

The number of irradiation positions will be increased from nine in the present

core to twenty. As a part of core modification, a one control rod will be moved

to the f if th row of the core from the th i rd row a t the next periodical

inspection,in order to increase the number positions for instrumented irradiation

tests .

The material test rig with temperature control i s now being developed to enhance

in core instrumentation capability. The approval for installation i s scheduled

for mid-1991 and irradiation tests will begin in 1993.

The availability factor will be increased from the 40% to 60% by shortening

the fuel handling time and the annual inspection period.

3. Prototype FBa Monju

3.1 Construction Schedule

The Monju s i t e is located on the northside of the Tsuruga Peninsula in the

central Japan, facing the Sea of Japan and i s surrounded by mountains of

approximately 300-700m high. Since the plant i s located inside the Wakasa Bay

Quasi-national Park, i t s construction works have been carried out with special

attention to the environment.

Major milestones of the construction schedule (shown in Fig 3-1) are as follows;

Oct. 1985 Start of Construction

Apr. 1987 Ctmpleticn of (Instruction of the Feactor Containment Vessel

Oct. 1989 Installation of Feactor Vessel

ApiT. 1991 Completion of Construction

May. 1991 Start of Function Test

Oct. 1992 Initial Criticality

3.2 Present Status of Construction

Monju construction was 91.6% completed as of the end of December 1990

including design, components manufacturing, and construction works at site. Major

components such as the reactor vessel, HKs, SGs, CEDs, main control consoles, and

various tanks are already installed.

Major civil works are also completed (about 99%).

Construction of the buildings i s currently 93% completed except for

construction of solid waste storage facility.

Cell liner installation in the primary heat transfer syston cells are completed.

Cabling, piping and other miscellaneous construction works in the reactor

building and the reactor auxiliary building are now under way, with much care

being taken over the salinity in the air and the cleanliness of the buildings.
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Table 3-1 Principal Monju Plant Design Characteristics

Fig.3-1 Monju Construction & Tests Schedule

Reactor Type

Thermal Power

Gross Electrical Power

Core Equivalent Diameter

Height

Volute

Fuel

Pu Enrichment (Pu f i s s i l e )

Init ial tore

Equilibrium core

Fuel Inventory Oore (U+Pu metal)

Blanket (0 metal)

Average Bum-up

Cladding Material

Claäding Outside Diameter/Thickness

Permissible Cladding Temperature

(middle of thickness)

Power Density

Blanket 111x0101633

Breeding Ratio

Reactor in/out Sodiun Temperature

Secondary Sodiun Temperature

(MO inlet/MC outlet)

Reactor Vessel (height/diameter)

. Number of Loops

Putp Position

(Primary and Secondary loop)

Type of Steam Genefator

Steam Pressure (Turbine Inlet)

Steam Temperature (Turbine Düet)

Refueling System

Refueling Interval

Sodiun cel l ing loop-type

714 MJ

280 Ml

1,790 um

930 im

2,335 l i t .
PiÖ -tn
(Inner core/outer core)

15/20 %

16/21 %

5.9 Ton

17.5 ion

80,000 MO/T

SU3316

6.5/0.47 inn

675C

283 KW/lit.

Upper 300 um

lower 350 inn

Radical 300 mm

1.2

397/529HC

325/505TC

17.8/7.1 m

3

Cold Leg

Helical Coil, once-

through Chit type

127 kg/crf g

483TC

Single Rotating Plug

with Fixed Arm El«

6 Mirths



275kv transmission connection was ocnpleted in April 1990.

The high and low pressure t e s t s of the primary heat transfer system were

completed during November 1989 to February 1990.

3.3 Function Test Program

An overall Function Test Program is under extensive development by PNC, JAPC and

fabricators.

The schedule in Fig 3-2 shows the general outline which i s subjected to further

modification depending on the determination of detailed procedures.

4 . DFBR and PNC's Design Study

4.1 Overview

The Japan Atonic Energy CCmnission (JAEC) issued Japanese "long-term Program for

Development and u t i l i z a t i o n of Nuclear Energey" in June 1987. In the program, i t

was concluded t h a t t h e research and development fo r demonstration FBRs (DFBRs)

should be done with the cooperation of governmental and p r iva te s e c t o r s , and t h a t

u t i l i t i e s should play ^ie major ro le in design, construct ion and operation of t h e

DFBR aiming a t t h e commercia l iza t ion i n t h e year from 2020 t o 2030 th rough

const ruc t ion of several FBRs with a s tep-by-s tep improvement of technologies and

economics.

Hay 1991 Jan. 1992 Sept.

In-Air Test

C V Leak Rate Test

Dummy Fuel
Loading

CRDtf
Sys.:

In-Sodiua Test

: In Ar-Gas Tes-'t

RV Preheat

Cooling Sys. & Coup.
Function Test

Fuel Handling
Function Test

Sodium Charge

Fuel Loading

CV Leak
Rate Test

CRDM Cool ig Sys.
Function Test

Fuel Handling Sys. Function Test

41 Fig.3-2 Monju Function Tests Schedule



42 The s t a r t of construction of DFBR-l i s expected in the la te 1990's in the

program.

4.2 Design Study of DFER

The present DFBR design study by JAPC is based on the decision by the Federation

of Electric Power Companies (FEPC) of Japan to endorse JAPC as the u t i l i t i e s

instrument to develop DFBR.

In 1988 and 1989, the effort of JAPC was focused mainly to evaluate the plant

maintenability and seismic design on the both candidate pool and loop design

selected by 1988 and comparison study was performed to some details. In June

1990, FEPC decided to start the preliminary conceptual study design of DFBR to

verify technical feasibility of lop Entry Loop type FBR (shown in Fig.4.1) I t was

concluded that both Top Entry Loop type and Tank type reactors have i t s own

potential advantages and disadvantages, and have potentials for cainercialization

in future, and the Top Entry Loop type reactor(shown in Fig4.2)has more

flexibilities to adopt new and innovative designs in future, and that i t enables

step-by-step realization of concentrated layout of primary loop components,

proving reliabilities of the components likewise.

FY 1986 FY 1987 FY 1988 FY 1989 FY 1990 / FY 1991

3-Years cost

Reduction Study

Investigation of
Innovative
Technology and
Evaluation of
Cost Reduction
Effect

Investigation of FBR System Including

Innovative Technology

• Evaluation of Basic Specifications

of Components & Systems

• Evaluation of DFBR#1 Concept

• Preliminary Study for Conceptual
Design

• Plant Concept
• Basic Specification

* Technical Problems

• Investigation of Steps

for Commercialization of FBR

Evaluation Study

of Maintenability

and Repairability

Study o n ;

• Loose Parts
• Maintenance
• Repair
• Structural

Integrity of

Both type
Plants

Reactor Type Evaluation Study

• Further Study on The Top
Entry System

• Further Study on The
Reactor Vessel Structural
Integrity

- Cost Estimation
• Feasibility of Seismic

Isolation System

F i g . 4 . 1 DFBR DESIGN STUDY

Preliminary Conceptual

Design Study of DFBR#1

Confirmation of

Technical Feasibility
of Top - Entry Loop Type

System
Plant Design

• Conceptual Design
- Technical Evaluation

Test for Confirmation

Evaluation Study on

Commercialization
Scenario

Evaluation of Innovative

Technology

Development Scenario to

Commercial FBR
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4.3 PNC's Design Study

In 1988, PNC started an independent FBR Plant Design Study Program, which

include large, medium, and small size FBR designs aiming to search the way to

attain FBR ccmnercializaticn in early 2000.

I t includes the analysis of every technical possibility of FBRs, based on the

experiences of Joyo and Manju developnents.

5. Reactor Physics

5.1 Benchmark Test of Nuclear Data

To assess the adequacy of the JENDL-3 data for use in fast reactor core

43 calculations, benchmark calculations were done on a number of fast c r i t i c a l

assemblies, based on two dimensional dif fusion theory. The effect ive

multiplication factors obtained with JENDL-3 are in better agreement with the

experiments for plutoniun cores than those obtained with JENDL-2. However, they

are underestimated for uranium cores, excepting for considerably hard neutron

spectrum cores. The reaction rate ra t io of " ' 0 capture to " ' Pu fission for

the Zero Power Physics Reactor(ZPPR)-9core, a 600MWe-size Plutoniun/Oraniun mixed

oxide core, i s s t i l l overestimated, though i t i s improved compared to the value

for JENDL-2. The natural UQ Doppler worths for the ZPPR-9 core calculated with

JENDL-3 are in better agreement with the experiments than the vrorths calculated

with JENDL-2. The over-prediction of sodium void reactivity, observed for JENDL-

2, was very much improved for JENDL-3. The tendency of reaction rate C/E to

become higher along with core radius, which was observed for JENDL-2, was

significantly reduced for JENDL-3.

5.2 Calculation Method Development

A three-dimensional discrete-ordinates transport code "TRITflC" was developed for

accurate calculations of eigenvalue problems. The Larsen1 scheme of diffusion

synthetic acceleration method in one- and tvo-dimsnsional geometries was extended

to three-dimensional geometry, and was applied to both the inner and outer

iterations in the TRTTAC code. The accuracy of the developed code was verified by

a comparison of calculated mmerical results of test problems with the TOCTOÄN- II

code. The rapid convergence of the diffusion synthetic acceleration method was

made clear, and the computing time was reduced to about 1/3 of the usual rebalance

method. TRITAC is useful for transport calculations of three-dimensional large

FBR cores, such as off-center control rod inserted core, heterogeneous core, etc.



44 5.3 Cross Section Adjustment

Critical assembly experiments on large fast breeder reactor were analyzed by a

current neutronics analysis method for fast reactor core, using the JFS-3-J2

cross section set processed from the JENDL-2 library. I t was made clear that there

were some radial dependence of C/E values for integral physics paramenters, in

addition to discrepancies between calculation and experiment. A cross section

adjustment was performed not only so that the radial dependence of C/E values

might be solved, but also so that other C/E discrepancies from unity might be

minimized a t the same t ime. As the resu l t of adjustment, the remarkable

disagreement between calculation and experiment has been significantly improved,

and also the " ' Pu fission cross section was increased by2 % for the energy

range below lOkeV, and the * " U capture cross section was decreased by about

6 % for the UceV-DfeV range.

5.4 Neutronic Decoupling Experiment and Analysis

In case of large scale fast reactor core, i t i s seen that a spatial distribution

of neutron flux changes sensi t ively depending on perturbations and that an

interference effect between oontrol rods on the reactivity is increased, compared

with cases of small and intermediate scale fast reactor cores. These phenomena are

attributed to that the degree of spatial neutronic decoupling i s increased for

the large scale core. The eigenvalue separation, defined by stacey et a l . , i s used

as criterion for the degree of neutronic decoupling of the core. The eigenvalue

separation was measured on ZPPR assemblies in the JUPITER programs, which were

the U.S.-Japan joint physics large IMFBR core critical experiments. The eigenvalue

separation of each core was measured using the s ta t ic flux t i l t method and the

two-detector noise correlation method. The flux t i l t method uses the data from the

64 fission chambers distributed in the core.

An improved technique for inferring the eigenvalue separation, which i s

ijnportant in spatial stability analysis, was developed using the noise coherence

function. I t was applied to fast reactor cr i t ical assemblies of various sizes and

compositions which exhibited a wide range in spat ial decoupling. In each

experiment four lithium-glass detectors were used to measure noise coherence

functions. Various ratios of the coherence functions wore used to obtain the

f i r s t two nodes separation with consideration of higher nodes and variations in

detector efficiencies. The eigenvalue separation obtained by noise analysis gave

good agreement with calculation.

5.5 Physics Activities at "Joyo"

Power coefficients of reactivity was measured a t the Joyo MK-D core. I t i s

observed that the absolute value of i t decreases as a function of increase of

burnup. Sources of the change in power coefficient are now investigated,

considering effects due to burnup and fuel ten^erature.

The feedback reactivity of fast power reactor is composed of re-.ctivities due to

the coolant expansion, the axial expansion of fuel, the axial expansion of

control rod drive mechanism, the radial expansion of core support p la te , the

bowing of subassemblies, the Doppler effect and so on. Each component of the

feedback reactivity i s desired to be measured separately from other components.

The feedback reactivity due to the coolant expansion, for example, can be measured

by changing the coolant flow rate under the condition that the power level and

the in le t coolant temperature are kept constant. The measurements of feedback

reactivity were conducted to separate the effect of fuel from that of non-fuel.

The total feedback reactivity (power coefficient) and i t s components were measured

on the MK-n core as a function of reactor thermal power. Approximately 55% of
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the feedback reactivity at the rated power was attributed to effect of the fuel

and the rest was of non-fuel (the structural materials and the coolant).

The calculation of burnup reactivity loss for the driver fuel was in good

-ment with the post irradiation tests data with in an error of 5 %.

At Joyo, the measured power coefficients at the beginning of the operation cycle

of MK-I and MK-fl cores showed power dependence, while the calculation without

taking account of bowing predicted l i t t l e power dependence. The bowing analysis

was performed and the evaluated power coefficients taking account of bowing effect

agreed better with measured ones than the calculated ones without taking account

of bowing effect on the MK- I core.

6 . Systems and Components

6.1 Qantrol Rod Drive Mechanism

Research on the self-actuated shutdown system (SASS) for the DFBR was initiated

in spring 1987. The partial model tests have been carried out in-air and in-

scdium, and the good basic performance of SASS was confirmed.

6.2 In-service Inspection Hfcpiipnent

Full size model tests for the Monju reactor vessel, steam generator tubes, and

primary pipes, started in spring 1990, aiming at the completion by December 1991.

New techniques, such as remote inspection technique using optical fiber scopes

for reactor vessels, electro magnetic acoustic and ultrasonic transducers for high

temperature use on reactor vessels, ultrasonic tranceducers without couplant for

primary piping systems are adopted after a series of performans tests at Oarai

Engineering Center(CEC).

6.3 Steam Generator

PNC is conducting a conceptual design study for a future FBR plant having steam

generators in the primary heat transport system. To support this concept, the

studies on a double-wall tube steam generator has been in progress to evaluate the

leak detectability, failure probability and the heat transfer characteristic on

the double-wall tubes.

6.4 Process Instrumentation

A calibration of the seven sodiun level meters for ffcnju was performed in 1990.

The all off-site calibration tests, started in.1988, had been completed on the

nine permanent magnet type flowmeters, the 56 sodium level meters and the 34

eddy-current type sodium flow meters for Honju, and showed good calibration

accuracy.

7. Fuels and Materials

7.1 Fuel Fabrication

The PFPF (Plutonium Fuel Production Facility) equipped with automated and remote

handling fuel production systems started to fabricate "Joyo" and "Monju" fuels

fron October 1988.

7.2 Fuel Pin Performance

Fuel pin performance codes for transient state and fuel failure Si-ate have been

improved since 1984 with the data of operational reliability tests in EBR-n , etc.

The modeling of cesium migration has been developed since 1986 to evaluate the

fuel performance of an axial heterogeneous core fuel.

Development of the fuel performance code for metal, carbide and nitride fuel

is in progress.
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SUS 316 stainless steel (Monju core material) irradiated until 2.1x10" n/ cnf

(E>0.1 MeV) showed excellent swelling resistance by less than 1.5% swelling. Out-

of-reactor mechanical property and sodium corrosion tests of advanced austenitic

stainless steels have been completed. Irradiation tests for the future candidate

steels are conducted in Joyo and FETF.

Two types of ferri t ic steel were developed ince 1984. One is high strength

ferritic / martensitic steel which is considered to f i t wrapper tube and the other

is oxide dispersion strengthened ferritic steel (COS). The tubing technology for

COS cladding has progressed by hot working.

Sodium environmental test of core materials including hard facing materials

for fuel assembly pads, out of reactor tes t of bundle-to duct interaction for

large assembly were also conducted.

7.4 Irradiation Experiments

1) Joyo

Monju fuel for high burnup core, axial heterogeneous core fuel and advanced

austenitic stainless steel fuel have also irradiated. Fuel subassembly using CEA

cladding tubes has been irradiated since August, 1988.

2) Foreign Reactors

Phase - I program of operational reliability testing of FBR fuel in EBR -n has

been oarpleted and Phese-n program is in progress.

Fuel subassembies using SUS 316 and advanced austenitic stainless steel cladding

have been irradiated in FFTF since November, 1987.

Mixed carbide fuel pins have been irradiated from 1983 using the thermal

reactors JHR-2 and JMTR of JAERI.

Carbide and nitride fuel irradiation test is planned in "Joyo".

7.6 Post Irradiation Examination

Construction of PIE facility has just started to begin the examinaticn of Monju

fuel subassembly and so on from 1995.

8. Structural Design and Materials

8.1 Developnent of Structural Design Method

1) FINAS nonlinear structural analysis program

The enhancement of the general purpose nonlinear structural analysis program

FINAS has been continued since 1986, particularly with respect to inelastic

consti tut ive models of cyclic p l a s t i c i t y and visco-plast ic i ty , large

deformation/buckling analysis methods, shell elements, automatical computation

algorithms, contact problem solution algorithms. FINAS .is currently used by many

research engineers and designers at over 20 sites including PNC, fabricators and

universities.

2) Improvement of Elevated Temperature Structural Design Guide

The following rules are investigated to improve and extend the Elevated

Temperature Structural Design Guide.

* Design rules for weldment

* Creep-fatigue design methods based on elastic analysis

* Strain limit cri teria (other ratchetting mechanism than the conventional

free-type mechanism)



8.2 Structural Test and Evaluation 8.3 Structural Material Test

Structural tests are being performed to improved strength prediction methods, to

evaluate the adequacy of elevated temperature design rules and also to verify

advanced nonlinear structural analysis irethods.

1) Thermal creep-fatigue test with small sodium loops (SPTT and STST)

Structural discontinuity model tes ts to investigate crack ini t ia t ion and

propagation behavior was completed by the end of 1990.

2) Thermal transient tests in large sodium loop (ITS)

Two vessel models, piping bellows models and two thermal stress mitigation model

tests were completed. An welded vessel model test is currently under preparation.

3) Plastic buckling tests (SCTT)

Buckling tests for cylindrical shells subjected to shear loads are being

conducted.

4) Inelastic behavior tests (EHRT)

Inelastic behavior tests of simple structures such as notched plates and three-

bar structure are being performed to verify the advanced inelastic analysis methods.

5) Thermal stress crack propagation tests (ATTF)

Crack propagation tests of a cylinder with circumferential and surface flaws are

being conducted at tba air-cooling thermal transient test facility.
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Structural material tests in air, in sodium and under post-irradiation condition

have been conducted to revise the Monju Material Strength Standard and to prepare

a new version for DFBR.

The tes t program in air and in sodium environment is called "Capella" program

and the step-1 program (1985-1987) was already completed. The step-2 program

(1988-1990) are currently underway.

The post-neutron irradiation tests are underway within the scope of neutron

irradiation program "Spica".

1) Tests in Air

The present Capella Step 2 program includes following subjects;

* Improvement of Monju design method on creep-fatigue l i f e , strength of

weldment,inelastic constitutive equations

* Establishment of design and fabrication method of large scale structures

* Modification of material specifications including application of modified

SUS304 and 316 stainless steels

* Application of elevated temperature fracture mechanics

* Development of the material strength standard for high Cr-Mo steels

A tentative 1989' version of the Material Strength Standard including the

rules for 9Cr-Mo steel and modified SUS316, and l i fe evaluation method was

examined using test results in 1990.

2) Test in Sodiun and Water

A new series of sodium environmental effect tes ts , according to the Capella

program (1985-1990), were carried out on possible candidate alloys for future

FBRs. Candidate alloys were high Cc-Mo steels , and advanced type (low carbon

and/or high nitrogen) SUS304 and 316 s ta inless s t ee l s . Corrosion and mass



transfer, carbon transfer, and mechanical strength (tensile, creep, fatigue,

creep fatigue) tests in sodiun are s t i l l continued in the program with emphasis on

modified 9Cr-lMo steel and modified SUS316.

3) Tests in Irradiation Environments

Surveillance tests for the Class 1 components of Joyo have been conducted to

confirm the integrity of the reactor by evaluating irradiation effects of the sama

materials.

The test data were used for the planning of Joyo operating program.

Tests for the Class 1 components of Monju to evaluate irradiation effects on the

mechanical properties up to the end of design l i fe and to evaluate irradiation

effects on the Material Strength Standard for Monju are also in progress.

Both forged and rolled SUS304 steels, Inconel 718 were irradiated in Joyo using

SMIR (Structural Materials Irradiation Rig).

Another test for DFBR has been already conducted to clear the relationship

between creep rupture strength and metallurgical variables such as chemical

composition, grain size and production process. Now new R&D program SPICA

step 2 was started with emphasis on modified SUS 316.

8.4 Data Banking System

Material test data are compiled using specific data coding sheets, and the data

inputs to the computer data banking system SMAT are s t i l l continued.

The SMAT has currently more than 12,000 data points on 11 different kinds of

mechanical tests (including tensile, low cycle fatigue, creep) for 10 kinds of FBR

structural steels.

9. Safety

9.1 Thermohydraulics Related to Reactor Systems and Design

The ability of LMFBRs to remove decay heat by natural circulation is one of the

important safety features of the current heat transport system designs. To support

the design of passive decay heat removal systems, experimental studies are in

progress using water as a working fluid. Following the f i rs t phase tes ts for a

loop type model, the second phase tes ts for a 1000 MWe pool type FBR have been

underway using a 1/8 scale reactor model since 1987 in cooperation with the Japan

Atomic Power Company. The objectives of these tests are: (1) to demonstrate

feasibi l i t ies ofthe decay heat removal systems by natural circulation in the

event of loss of on si te power, and (2) to demonstrate the analytical capabilities

of AQUA that computer simulation can be used to explain flow phenomena and to

extrapolate the information from the experiments, where al l the similarity laws

cannot be fulfilled, to actual reactor conditions. Results to be obtained in the

experiments will provide a norm for the selection of basic design specifications

of the decay haat removal system of a 1000 Mfe demonstration FBR plant. Also the

sodium t e s t for the in- l ine rod array i s in progress for the purpose of

investigating the natural convection heat transfer characteristics of a coil-type

heat exchanger immersed in the reactor plenum.

Code development and validation studies are continued using the single-phase

three-dimensional thermohydraulic analysis code AQUA,with improvements in the

turbulence model being made by introducing an Algebraic Stress turbulence Model

(ASM). The code's application to thermal stratification experinments and the

validation of the accuracy of higher order numerical methods are also briefly

described.
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9.2 Thermohydraulics Related to Reactor Safety

Thermohydraulic studies have been conducted for evaluating the physical

phenomena and integrity of the reactor fuel elements during the early stage of

postulateds accidents such as IOPI (Loss-of-Piping-Integrity), UIOF (unprotected

Loss-of-Flow), UTOP( unprotected Transient-Overpower) and I£HS( Loss-of-Heat-Sink).

Major emph asis has been placed on evaluation of the sodium boiling phenomena

under accidental conditions and on c lar i f ica t ion of the mixed to natural

convection phenomena. The subjects covered are: (1) experimental studies for

thermohydraulics of a single and inter-fuel subasserablies, and plenum-channel

thermohydraulic interactions in the mixed convection regime, (2) IOPI simulation

experiments on the PLAOTTL facility, (3) code developnent for the subassembly and

reactor core heat transfer analysis and (4) validation of the plant system

dynamics analysis code.

The IOPI simulation experiments which used the PLANDTL facility were the main

achiecvemants during this period, and in parallel with this the inter-subassembly

heat t ransfer experiments were continued using the Core arid Component

Thermohydraulic Test Loop (CCTL). A plenum-channel interaction study was also

jointly performed with the Massachusetts Institute of Technology (MIT).

Efforts on thermohydraulics and safety analysis code development and validation

are continued for the subchannel analysis codes ASFRE and SABENA and for the plant

system dynamics analysis code SSC.

ASFRE is a subchannel code which calculates a fuel subassembly's transient

single-phase fluid flow and temperature distr ibutions. The code contains a

distributed resistance model which accounts for the wire-wrap spacers, and also

has the capability of calculating the velocity and temperature fields in the

presence" of a subassembly partial blockage.

To improve the thermohydraulic oanpütational efficiency for a large pin bundle,

the HUBCG (BiConjugate Gradient method with Incomplete LU factorization) Poisson

equation solver was incorporated into the ASFRE code. A high-order, more accurate

numerical model was implemented in SABENA, and validation was carried out using

standard benchmark conditions. The LMFBR loop-type SSC (SSC-L) was extensively

validated using LOPI simulation experiments.

9.3 Degraded core Research

The degraded core research addresses the fuel subassonbly failure propagation in

local fault accidents and the invessel physical processes of FBR severe

accidents.

The local fault studies focused on SCARABEE in-pile test analyses and reactor

application code development/validations. In 1989 the SCARABEE PV-A test was

conducted, the las t one of three tes t s which PNC participated in, and data

analysis was oaimenced. The two previous tests, BE+3 and PI-A, will be analyzed to

simulate molten pool thermal behaviors and thermal loading of the hexcan wall

using the ccmputer codes SABENA and TAC, respectively a subchannel sodium boiling

analysis code and a general heat conduction analysis code. Development of the

computer code SCION to model molten materials behavior in degraded fuel pin

bundles i s an on-going effort. The code had i t s computing capability improved by

considering the separate motions of two different materials, i .e . ,a mixture of

molten materials and liquid sodium having different velocities. This improvement

made i t possible to calculate a melt flow crossing over sodium flow in a pin



50 bundle geometry. The code development will continue so as to include the

improvement of incorporating a two-phase flow model.

In the MELT-n f a c i l i t y , out-of-pi le t e s t a c t i v i t i e s centered on the

in terac t ions between a molten materials j e t and solid s t ruc tu res , with

experiments designed both to better understand the physics, and to develop models

which predict structure erosion behaviors in the post accident material relocation

phase.

The CABRI-1 in-pile activities centered on international collaboratory synthesis

of the experimental results, and the follow-on CABRI-2 activities are in progress

and include pre-and post-test analysis .The whole core accident analysis code

development and applicaticns continued for the initiating phase using SAS3D,PAPAS-

2S and SAS4A,and for the core disruption phase using SBMER.The results frcm both

the CABRI-1 synthesis work and other related PNC work were integrated into SAS3D's

computational models, where i t was essent ial to model the se l f - l imi t ing

mechanisms with respect to the energetics potential. Relevant knowledge obtained

was also incorporated into the SAS4A code which i s considered to be a new

generation reference code for initiating phase analysis. The SIfWER- fll code

decvelopment was conducted jointly at LANL and PNC under a PNC-USNRC agreement.

IßHRS sequences, e.g.,PKHS and ICRL, were evaluated by the APPDCHS code for the

core disruption phase, and were followed by the application of SIMMER to a

recriticality event.

I t i s very important to extend and relate the information obtained from the

CABRI-1 high-power t rans ient domain to a milder t rans ient domain, thus

representing energetically-benign accident sequences. For high bumup fuels under

prolonged energy release conditions, the fuel failure responses and subsequent

long-term materials motion behaviors are the key factors which must be simulated,

with the CABRI-2 research program being directed towards these areas. The CABRI-2

data will be integrated with CABRI-1 so as to improve the development and

qualification of next-generation evaluation methods which use advanced mechanistic

models such as SAS4A.

9.4 Plant Accident Research

FBR plant accident Research consists of two major activities. Coe i s a study on

a non-radiological sodium fire accompanied by sodium leakage from the intermediate

heat t ransport system (IHTS), and the other i s a study on the existing

radiological source term, with emphasis being placed on quantifying various

fission product (FP) release mitigation factors from failed fuels to the

environment. The latter study also includes an integrity assessment study of the.

reactor contaiiment with respect to FP leakage during a sever hydrogen combustion

accident.

In the sodium fire study a three-dimensional code, 9OI£7\S, is under development

to analyze both the mechanical and chemical processes of sodium fires and aerosol

behavior, with columnar combustion being experimentally investigated in order to

prepare for code validation of this scenario since this sodium fire i s considered

most r ea l i s t i c . In parallel with these studies a series of experiments were

conducted to develop a refractory ceramic liner which can survive sodium leak

accidents.

In the source term study, several experiments using sodium aerosols in either

gas or air are in progress in order to separately investigate dominant FP release

mechanisms during sodium-concrete reactions, and those influenced by resulting
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hydrogen gas bubbling in sodium. For containment analysis, COBTAIN-FBR has

continuously been improved by collaboration with other U.S. and European users. A

preliminary hydrogen canbustion test was initiated which is intended to quantify

ccmbustion conditions in a sodium aerosol atmosphere.

9.5 Steam Generator Safety Research

Current steam generator (SG) safety researchs consist of two major activities,

i . e . , improvuiiait of the evaluation codes for large dencnstration plant SGs, and

the developnent of analytical models for future commercial IMFBRs which will use a

double wall tube SG instead of having an intermediate heat transport system. Itie

evaluation codes which are being improved are I£AP, a failure propagation analysis

code, and SWACS, a large leak sodium-water reaction analysis code. Recent

developnent of new models which were added to SWACS, relevant experiments, and a

code validation study will be discussed.

9.6 Research on Probabilistic Safety Assessment

Probabilistic Safety Assessment (PSA) began in 1982 as part of the R&D on the

(•fcnju prototype reactor.

The purpose of this research i s to construct probabilistic safety models for the

Hanju plant so that an overall safety assessment can be performed. Considerations

to perform this task are as follows:

(1) A systematic evaluation on plant safety will be conducted which is based on

quantitative analysis.

(2) Insights on system re l iabi l i ty and safety enhancement measures will be

provided.

(3) Operation and maintenance procedures will be established on a technical

basis.

(4) Information leading to the development of a basic policy for safety design

and evaluation of a large IMfBR will be given.

PNC has developing a systems analysis code network, with this network soon being

able to perform level-1 PSA. Recent efforts have focused on developnent of PSA

application softwares such as living PSA tool and an operator assistance system.

The developed systems analysis codes include a human reliability analysis support

program, a M3nte Carlo method phased mission analysis program, and a PC-based

level-1 PSA program. The developnent of an accident sequence analysis system

which examines the accident status during different alarm combinations is also

under way. Furthermore, PNC has initiated the software development for a Living

PSA System (LIPSAS).

Efforts are being made to develop LMFBR component data based on CREDO

(Centralized Reliability Data Organization), a cooperative project between PNC and

the USDOE, with this work to continue in the IMFBR-related fac i l i t ies of both

countries. PNC also began the developnent of a new CREDO data base system which

uses a catmercial relational data base system. To analyze the data a preliminary

canponent aging failure analysis was carried out for valves and mechanical pumps.

Statistical data on Japanese natural and man-made hazards has additionally been

collected and analyzed.

Systems analysis was performed to update level-1 PSA with respect to internal

events. Minor design changes, updated CREDO data, and several modifications of

modelling assumptions and conditions were reflected in ordor to requantify core

damage sequences. The overall core damage frequency (CDF) was lowered by a factor

of about six when compared to results obtained last year, and i t i s much lower

than the future plant reference value of 10-5 /ry proposed by the INSAG of the
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studies were also performed using the updated reference case results. In seismic

event analysis a fragil i ty evaluation was conducted based on both the design

analyses and the tes t data concerning the design basis seismic event. Several

event t rees were developed to delineate seismic event sequences. Component

failures from seismic events were incorporated into fault t ree models using

Boolean transformation equation techniques.

Level-2 PSA tasks (consequence analysis) were almost completed, with in-vessel

and ex-vessel physical processes being analyzed for the key core damage sequences

which were identified and quantified by systems analysis. Phenomenological event

trees were constructed to both represent complex accident progressions and to

include various physical uncertainties. Mechanistic computer codes were used to

analyze important accident sequences in order t o r e a l i s t i c a l l y assess a l l

conseguences and to identify risk-dominant phenomena. The results were suimarizes

using complementary cumulative distribution function (CCDF) curves for off-site

source terms. I t i s concluded that the overall risk from the core damage sequenes

identified in this study i s kept at a sufficiently low level. The probability of

containment failure, which vould resuty in serious radiological consequences, i s

also shown to be negligibly small.

10. Fuel Cycle

10.1 Mox Fuel Fabrication

1) Construction and Fuel Fabrication

R&D on fabrication of uranium-plutonium mixed oxide (MOX) fuel have been

carried out since 1965 a t the Plutonium Fuel Development Facility (PFOe) in Tokai

works of PNC.

The Plutonium Fuel Fabrication Facility (PFFF), which started operation in

1972, has two fuel fabrication lines for Advanced Thermal Reactor (ATR) (lot

MOX/year) and FBR ( I t MOX/year). I t has supplied the fuel necessary for the

operations of ATR Fugen and FBR Joyo.

In parallel with the construction of Monju, construction of the Plutoniun Fuel

Production Facility (PFPF) (FBR line; 5t MOX/year) started in July 1982, I t was

designed to develop fuel fabrication technologies as well as to fabricate fuels

for Manju and Joyo. The construction was oanpleted in October 1987. After testing

operation, production of Joyo fuel started in October 1988 as the f irst production

campaign a t PFPF.

The PFPF i s currently fabricating fuels for Manju.

To provide MDX fuel for ATRs, PNC i s planning to construct a new ATR line (40t

MOX/year) a t PFPF so t h a t fuels for the ATR demonstration reactor will be

available for startup when needed.

The present Japanese suppliers of uraniun fuel and PNC will also cooperate to

make increased use of PFPF to manufacture MDX fuel, for large scale demonstration

of plutonium use in Iifis in Japan.

The init ial production capacity of 5t MDX/year of FBR line i s so designed as to

increase the capacity to 15 MDX/year by adding the process equipments, to cover

the fabrication of fuels for Denonstration FBR.

About 106 tonnes of M3X fuel have been fabricated by the end of December 1990.

2) R&D on MM Fuel Fabrication

Remote control and automatic operation techniques, which are indispensable for

MOX fuel fabrication fac i l i t i e s , are being developed in PFPF. Although i t has a

direct maintenance system, persons do not normally have to approach to nuclear

materials. I t was achieved through various experiences at PFPF.



At PFDF, research on the manufacturing fuels with new materials, new welding

techniques and other aspects of plutoniun fuel fabrication will be carried out. At

PFPF, development of fabrication equipment and instruments will be continued.

10.2 Plutonium and Uraniun Conversion

PNC developed a co-conversion technology using the microwave heating direct

denitration process (MH method) which converts plutonium ni t ra te and uranyl

nitrate solution to MDX powder. Compared with the conventional method, i t i s a

simple process and generates less liquid waste.

The Plutonium Conversion Development Facility (PCDF) (conversion capacity:10kg

MDX/d), designed for demonstration of the co-conversion technology by MH method,

was completed in February 1983. By the end of December 1990 i t produced about

5.4ton of MDX powder using about 2.2ton of plutonium. Ttie converted HOX powder

were transported to PFFF and PFPF, in addition to about 1.8ton of MOX powder

processed at another small scale facility, and are being used for fabrication of

MDX fuel for Fugen, Joyo and Msnju.

Since recovered uranium through reprocessing of spent fuel has generally higher

U235 concentration compared to natural uranium, our country has decided to use i t

as LWR fuel by re-enriching and mixing i t with other enriched uranium and by

mixing with plutonium as fuels for ATR, etc.

In preparation for a large scale recovered uranium conversion facility, various

technical development and design studies are now under way to establish the

continuous production technology by the MH method.

11. FBR Fuel Recycling

In the area of FBR fuel reprocessing, PNC has developed process and equipment

with remote handling technique, through large scale cold mock-up tests at the

three Engineering Demonstration Facilies (EDF) and laboratory scale hot tests at

the Chemical Processing Facility (CPF) in Tokai Works of PNC, on the basis of

accumulated experience in the Ttikai reprocessing plant for UHR fuels.

PNC is also designing Recycle Equipment Test Facil i ty (RETF) to conduct

engineering scale equipment tes ts under hot conditions in order to enhance the

technology and economical efficiency.

PNC and United States Department of Energy (DOE) are continuing the joint

collaboration in which the US shares the R&Ds to support FBR fuel reprocessing

program at the PNC. ftnong following important R&Ds, several advanced equipment are

in progress as a joint effort with Oak Ridge National Laboratory (OPNL).

11.1 Process Research and Development

1) Head End process

In order to remove the hexagonal wrapper tube efficiently prior to fuel

chopping, a disassembly system with OQ laser has been developed and tested. A

reference cutting scenario has been established through tests with dummy fuel

assemblies.

A prototype test equipment of geometrically safe continuous rotary dissolver

was fabricated and now tested at ORNL. The design i s based on the past experience

accumulated at ORNL and the criticality control requirement set by PNC.
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2) Chemical Separation Process

Significant information on pulsed-column technology has been obtained through

engineering scale uranium and plutonium t e s t s . Now major effort of solvent



jjl extraction contactor development is paid on centrifugal contactor. Developmental

efforts at CBNL and PNC merged and the design of the prototype contactor for RETF

has been completed in a joint effort.

In order to eliminate the generation of secondary salt-bearing waste in the

purex process, studies and tests on solvent cleanup with salt-free reagents and

electro-reoxidation process for Pu have been continued.

3) Oanmcn Technology

Development of remote system technology to establish remote maintenance concept

with rack system i s now underway. Advanced servomanipulator, roll-in type rack,

remote connector bank, and remote sa i l ing system have been developed.

Materials of process equipment and on-line analytical systems are also under

developnent.

designing Recycle Equipment Test Faciliuty (RETF) equipped with key components

and processes.

In RETTF, tests will be performed independently for each process. Therefore,

each process capacity does not need to be consistent through a l l processes.

Remote technology for each module system will be adopted so that the tes t

components are easily interexchangeable.

RETF is scheduled to start hot tests in 1997.

2) FBR Fuel Recycling Pilot Plant

The purpose of the FBR Fuel Recycling Pilot plant is to demonstrate the whole

plant availabil i ty and to evaluate the economical efficiency of FBR fuel

reprocessing. I t is planned to start operation soon after 2000.

4) Hot Tests at CPF

Irradiated fuel from Joyo, Phenix, and DFR with bumup up to 94000M-ID/T have

been reprocessed a t CPF. Through these hot tes ts , information of dissolution

characteristics dependent on many factors and off-gas nuclides behavior have been

obtained.

11.2 Plant Design of Recycling Facilities

1) Recycle Equipment Test Facility(RETF)

Verification of high avai labi l i ty and economical prospects of FBR fuel

recycling are essential for deployment of FBR and i t s fuel cycle. In order to

accomplish them at future pilot plant, hot engineering demonstration of important

process equipment i s necessary in advance. From this viewpoint, PNC i s now
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Abstract

In the USSR there are four fast reactors in operation: BR-600,
BN-350, BOR-60, and BR-10. So, the country »«is large operating experience
on the whole complex of equipment and sodium systems. This experience is
being closely analyzed and its results are used at designing advanced
plants - more reliable and safe as compared with the existing ones. In
April 1990, 10 years have passed since the start of operation of the
commercial power unit BN-600 with the 600 HWe fast reactor at the
Byeloyarskaya site. On April 12, the reactor was shut down for refuelling
and scheduled repair work that lasted until June 2. The BN-350 reactor has
been In operation from 1973 at the commercial power level (electricity and
desalinated water production). Currently the reactor has been operated on
four loops, its thermal capacity being about 70%. Conceptual design
development i3 underway on the large size reactor of BN-1600 type. In 1991
research and development work intensification is anticipated. The BN-800
fast reactor nuclear power plant was planned to be constructed at a
distance of 150km from Chelyabinsk. negative attitude of public of NPP
siting, some financial problems have recently restrained the BN-800
construction. For 1991 minimum funds have been allocated for construction
and funds increased for research and development work on reactor safety.

stations construction. It is from the ecological considerations that the
public and the local management bodies do not grant permission to build a
number of new electric power stations and to enlarge the existing ones.

The operation of foS3il-fuel electric power stations is accompanied by a
discharge of considerable amount of wastes into the environment. According to
the analyses made by the USSR Ministry of Energetics, 1 kW of installed
capacity, accounts annually, on the average as waste for 500 kg of ash, 75 kg
of sulphur oxides, 10 kg of nitrogen oxides and up to 30 GJ of waste heat. To
this must be added that burning of It of solid fuel leads to a discharge with
the stack gases of more than 780 kg, burning of fuel oil-to more than 520 kg,
of natural gas-to about 370 kg of carbon dioxide.

Absolute values of harmful releases to the atmosphere from the thermal
electric power stations of the country are presented in the table:

Characteristic

Discharges of harmful
substances to the
atmosphere, million ton

Total
Including:
Ash
Sulphur oxides
Nitrogen oxides

1980

19.2

6.4
10.5
2.3

1985

17.9

6.4
9.1
2.4

1990

14.8

4.7
7.3
2.8

1995

13.5*

3.4
7.3
2.8

2000

12.3*

2.9
6.7
2.7

2005

12.1*

2.9
6.6
2.6

*) forecast.
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1. The State of Conventional and Nuclear Electric Power Industry in the USSR

The present-day electric power industry of the USSR incorporates 1000
small and large electric power plants (including 15 nuclear power plants with
47 reactors), of a total installed capacity of 343 GH including 37.75 GH of
NPPs), 5.10° km of electric power transmission lines. Electric power
generation as of early 1990 was more than 1722.109 kWh including that at
fossil fuel electric power stations - of 1286.1, at hydroelectric stations -
of 223.3 and at nuclear power plants - of 212.7/109 kWh. Within the
framework of electric power generation the liquid and gaseous fuels account
for 50.7%, coal and other kinds of solid fuels — for 22.7%, and hydro and
nuclear power plants - for 26.6%.

At thermal power stations in the USSR there have been put into operation
and are scheduled to be introduced the following capacities:

1989 - 3.8 GW, 1990 - 5.6 GW, 1991 - 5.2 GW (forecast).

Conventional power industry is faced with problems of fuel transportation
for a long distance (from east regions to the European part of the country),
as well as with ecological problems caused by thermal and hydroelectric power

A reduction of the adverse environmental impact of the thermal electric
power stations is an important problem of further power development. The
importance of the environment control problem for the Soviet Union has been
evidenced by the Decree of the Supreme Soviet of the USSR of 27.11.89 "On the
Urgent Measures for the Ecological Normalization of the Country". In this
Decree, among other things, it is noted that in 103 cities of the USEE with
total population of about 50 mln people the maximum permissible concentrations
of detrimental substances in the air are exceeded by 10 times and more. The
Decree provides for the implementation of a complex of large scale
legislative, organizational, economic and scientific and engineering
activities aimed at the reduction of the adverse environmental impact. For
the concentration of the efforts of scientific, design, development and
industrial organizations upon concrete projects, the State Scientific and
Engineering Program (SSEP) "The Ecologically Competitive Energetics" has been
developed and initiated. The Program includes four principal trends: "A Safe
Nuclear Power Plant", "An Ecologically Competitive Solid Fuel Thermal Electric
Power Station", "Non-conventional Power", "Fuel of the Future."

Below are presented main issues of the "Safe Nuclear Power Plant"
concept.

program



The State Program envisages that in the nearest 10-15 years the electric
power generation at nuclear power plants should increase 2-3 times a3 compared
with the level achieved in 1989. Preliminary calculations have shown the
necessity to bring the electric power output at HPPs upto 270-300/109 kWh in
1995 that is equivalent to burning of about 1000 million/ton of scarce and
expensive fossil fuels.

Safety requirements on NPPs sharply increased in the last few years,
opposition of public to their siting and construction point to the fact that
ensure the required rates for the nuclear power development on an appropriate
scale will be feasible only under condition of creation and realization of a
safe new-generation nuclear power plant, of solving the problem of radioactive
waste disposal.

The main trends of scientific and engineering progress in nuclear power
upto 2000 will be as follows:

the ensurance of maximum achievable safety for NPPs in operation and under
construction with the WER-1000 type water moderated water-cooled reactors
currently in use;

- the creation on the base of the WER-type reactors, of one or two projects
of a new-generation NPP with 500-600 HWe and about 1000 MWe (NPP-92) power
units characterized by a considerably higher level of safety and by better
technical and economic characteristics;
the continuation of studies and development towards the creation and
realization of principally new kinds of nuclear power technologies
providing practically absolute level of safety of nuclear power for
peaceful utilization of various needs of national economy.

The development of new-generation of nuclear power plant designs with the
above mentioned WER-type reactors should be completed in 1992-1993. The
designs of such nuclear power plants nay be developed on the base of
alternative versions developed by different organizations or teams of
scientists and specialists. The choice of one or, as a maximum, of two
versions for the construction of the first NPP will be made on the competitive
basis.

The Bain issues of the technical concept for the "Safe Nuclear Power
Plant" design are as follows:

the design of a new-generation nuclear power plant should confirm to the
world's level as of 2000 and have advanced technical and economic
characteristics;

- the ensurance of nuclear and radiological safety should be achieved
primarily due to passive reactor safety systems, due to high quality of
equipment and construction and assembly practices used;
the provision of ecologically competitive technological processes during
the whole NPP's life time;
a sharp decrease of specific structural and building material consumption;

- a reduction of the maintenance personnel number due to increased
reliability of equipment, centralized repair service, automatization of
technological processes.

The realization of these issues will allow to reduce the calculated
probability of core structure and fuel failure accidents and the probability
of an accidental radioactive substances discharge exceeding the normalized
values down to 10~6 and 10"7 reactor-years respectively.

The State program envisages that on completion- of the "NPP-92" project
development the first principal trend "The Ecologically Competitive Power
Engineering" should gain further development. It is implied to design nuclear
power plants with other reactor types including fast reactors as well.

In conclusion it should be noted that in some regions of the country a
positive attitude to nuclear power from public and authorities is being formed.

The attitude of the USSR President M.S. Gorbachev to the nuclear power
development was presented in his statement at the Byelorussian Academy of
Sciences in late February 1991. He said that all design studies have shown
that the country will not do without nuclear power, cannot "say good-bye" to
it.

2. Operating Experience on Fast Reactors in 1990

As it is known, in the USSR there are four fast reactors: BN-600, BN-350,
BOR-60, and BR-10, are in operation. So, the country has large operating
experience on the whole complex of equipment and sodium systems. This
experience is being closely analyzed and its results are used at designing
advanced plants, - more reliable and safe as compared with the existing ones.

2.1. The BN-600 Nuclear Power Plant

2.1.1. Operating Experience in the 23rd and 24th Runs

In April 1990, 10 years have passed since the start of operation of the
commercial power unit with the 600 MWe fast reactor at the Byeloyaiskaya site.

The operational histogram of the BN-600 reactor in the runs 23 and 24 is
presented in Fig. 1. In run 23 (the end of October 1989 - April 12, 1990) the
reactor was almost half a year in steady operation at rated power. On April
12, the reactor was shut down for refuelling and scheduled repair work that
lasted until June 2.

In early June 1990 after bringing the reactor on power the run 24 was
started which ended on March 8, 1991. Against the background of stable and
steady operation of the BN-600 NPP in the previous period the last run is
distinguished by relatively larger number of turbine plant shut-downs, of
NPP's output reductions.

The reactor was in operation on rated power from 3 up to 20 June when one
of three loops wa3 shut off because of a leak in the mechanical filter of feed
water system of the steam generator. In two days the failure was repaired and
the reactor was brought on power. From June 23 until the end of July the
reactor was operated on rated power. Starting frou the end of July and
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through the second half of 1990 some loop shut offs took place due to failures
in turbogenerators. It resulted in durable reactor operation at 70X (with 2
or 3 turbogenerators being available). In 1 e September two turbogenerators
proved to be faulty and the reactor was put to unscheduled repair. On
November 4 the two turbogenerators were repaired and tbe reactor was brought
to 70S (on two loops). Since the second half of December 1990 the reactor was
operating at full power. On December 29, for the first time during the last 5
years the safety system came into action and the reactor was urgently shut
down. The cause was a failure in the control system of a check value of one
of the pumps. On December 30, a sodium leak on the drainage pipe-line of one
steam generator occurred during power raising. According to estimates, less
than 100 kg of secondary sodium flowed out. The sodium leak detection system
operated well, operating staff took timely measures precluding fire
Initiation. One steam generator section was shut off, NFP's output was
reduced but from January 5 till February 2, 1991 the reactor was operating at
rated power. On February 2 a leak in a reheater module on one of steam
generators was detected. By estimates, 4 kg of water penetrated into sodium.
The corresponsing steam generator was shut off and the reactor was operating
on 70X power for one week. By means of values and by freezing of the sodium
piping parts the failed section was localized on water and sodium sides and
the reactor upto its shutdown for refuelling was operating at power level of
~ 600 MWe with three steam generators in one of which two sections were out
of work.

In conclusion let us note that due to rather adaptable structure of the
nuclear steam supply system and of the nuclear power plant as a whole (modular
design of steam generators with sodium and steam-water valves; three turbines
per reactor) the BH-600 nuclear power plant despite the above mentioned
considerable number of failures has assured a relatively high (665) load
factor.

The principal operating characteristics of the BH-600 reactor nuclear
power plant for the last four years and from the start of operation are
presented in Table 1.

2.1.2. Operating Experience with the Core

As was noted in our previous papers, in the BN-600 reactor the reference
core design had been used till 1986. Its characteristic features were as
follows:

relatively high linear power value on fuel pins (upto 540 W/cm);
movement of the core fuel subassemblies from the periphery to the centre
with their rotation through 180°.

7.

Table 1

Main BH-600 reactor characteristics foi' the last
4 years and fron the start of operation

Ho. Characteristic
From the Start

Units operation up to 1987
Jan. 1, 1991

1988 1989 1990

1. Electric Power

2.

3.

4.

5.

6.

output 10

Auxiliary power

Bated power
Utilization factor

Repair factor

Gross efficiency

Net efficiency

i° kWh

X

X

X

%

X

37322

7.06

66.13

—

40.93

38.00

The number of unit
shut-downs

8. The number of loop
Outages

9. Average output MWe

65

53

532.8

3895 4037 3988 3464

6.97 7.09 7.39 7.50

74.11 76.6 75.89 65.91

20.15 23.45 22.74 25.05

41.39 41.35 41.07 41.51

38.67 38.69 38.32 38.39

1 2 1 7

580.1 592.8 586.5 522.8

5-year operation experience has shown that the design concept of the core
does not allow to achieve high fuel burn-ups. Therefore, in 1986 work on the
BH-600 reactor core modification was begun aimed at creating more favourable
conditions for fuel pin operation. Core design with an Increased height (from
75 cm to 1.0 m, at the expense of a corresponding decrease of the axial
blanket and gas plen-jm height) has proved to be more preferable. There were
used three instead of two zones of different fuel enrichment. All these have
allowed to reduce essentially the linear power rating of fuel elements, has
eliminated operations on movement and rotation of fuel subassemblies.

The reference and updated BH-600 reactor core characteristics are
presented in Table 2. The advanced core operates practically with no failed
fuel elements. Measurements made in the cooling pool for spent standard fuel
subassemblies have revealed that a wrapper size increment does not exceed
1-1.5Z and does not limit burn-up. Withdrawal forces for fuel subassemblies
do not exceed 500 kg being in average 150-200 kg.
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BN-600 core characteristics

FA duct dimensions, mm

FA duct material

Fuel pins cladding
dimensions, mm

Fuel pins cladding material

Core height, cm

Number of FAs of different
enrichment in:

ZLB
2MB
ZHE

FAs with depleted fuel

FAs cycle, full power days:
ZLE
ZME
ZHE
ZHE (periphery)

Maximum fuel pin linear power, kW/m
ZLE
ZME
ZHE
ZHE (periphery)

Maximum fuel pin cladding
temperature, "C

ZLE, ZME, ZHE
ZHE (periphery)

Maximum fuel burnup, % h.a.
ZLE
ZME
ZHE
ZHE (periphery)

Maximum damage, dpa
ZLE
ZME
ZHE
ZHE (periphery)

: reference

96 * 2

08X16H11M3

6.9 * 0.4

3H-847A

75

217 (21%)

144 (33%)

8 (0.4%)

2 * 100

3 * 100

53.5

54.0

- 700

5.2

7.2

39.5

43.5

: updated

96 * 2

08X16H11M3TCW

6.9 * 0.4

9H -847CW

100

136 (17%)
94 (21%)
139 (26%)

2 * 165
2 * 165
2 * 165
3 * 165

41.6-
43.7
47.2
36.2

~ 700
- 640

6.5
6.9
7.3
8.3

53.3
50.6
48.3
53.9

Fuel subassemblies with wrappers of ferritic-martensitic IX13M2BFR-type
steel and with cladding of .upgraded austenitic cold-worked steels are
irradiated within the BN-600 reactor core. By now there have been irradiated:

13300 fuel elements up to burnup of 40500 - 60750 MW.day/t;
8780 fuel elements up to burnup of 66000 - 82000 MW.day/t;
635 fuel elements up to burnup of 89000 MW.day/t (11%).

Post-reactor studies of spent fuel subassemblies have confirmed their
high performance that allowed to envisage a possible conversion of the whole
BN-600 reactor core to new structural materials. In 1991 it is planned to
start conversion of the BN-600 reactor core to ferritic-martensitic 1X13M2
steel-wrapper fuel subassemblies. At the first stage a maximum burn-up of
81000 MW.day/t(10X h.a.) in standard fuel subassemblies is contemplated, at
the second stage - of 97000 MW.day/t (12% h.a., dose > 90 HRT).

By now, sufficiently large experience of behaviour under irradiation of
oxide-fuel and austenitic steel-clad fuel elements of the BN-350 and BN-600
standard fuel subassemblies has been accumulated. On the base of this
experience studies have been conducted on austenitic steels composition
optimization, on searching for optimum technology for their production and
fuel element cladding fabrication, on the determination of optimum operating
conditions for fuel elements with austenitic steel cladding. The result of
this work was a gradual increase of the fuel burn-up fraction in the BN-350
and BN-600 reactors.

2.1.3. Radiological Conditions at the BN-600 Reactor

The perspectives of nuclear power development will undoubtedly depend on
the 5PP radiation safety level under various operating conditions. As known,
the determining factors are radioactivity releases to the environment and
personnel radiological doses during repair, inspection, transportation and
maintenance activities.

Radioactive inert gas and aerosol release into the stack of the BN-600
reactor during the whole period of operation is as follows:

Year 1980 1981 1982 1983 1984 1985 1986

Curie 1.2 11.5 5.1 24.7 21.9 7.1 14.4
day

1987 1988 1989 1990

7.9 2.5 1.43 0.95

The main components of release are the least hazardous noble radioactive
gases. There has been practically no release of iodine-131, of long- and
short-lived nuclides. A considerable decrease of inert gas activity release
after 1987 is connected with the reduction of activity in the reactor gas
blanket as a result of changing over to the advanced core. Sadioactiivty
release is a few curies per day, at a permitted level of 500 curies.

A study of the radiological characteristics - on-site gamma - background,
atmospheric fall-outs, flora and fauna radioactivity, - ha3 revealed no
radiation effect of the BN-600 reactor upon the environment.



Table 3 presents the results of radiation monitoring of the BN-600 NPP
during the whole period of operation. These results include the collective,
individual mean and individual maximum Irradiation doses.

An analysis of data from Table 3 allows to draw a conclusion about
satisfactory radiological conditions at the BN-600 reactor.

Table 3
BH-600 HPP Personnel irradiation dose3 (rem)

Table 4. BH-350 reactor rated parameters

Year 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990

The whole

doae 21.74 9.18 21.15 40.83 98.65 6>.38 91.04 78.42 99.1 152.0 57.8

0.06 0.14 0.11 0.14 0.12 0.16 0.215 0.083

1.15 4.2 4.2 4.06 3.6 2.6 2.4 1.7

Mean

Maximum

0

4

.03

.8

0

5

.01

.0

0

1

.03

.0

Parameters

Thermal capacity
Electric capacity
Desalinated water production

Primary sodium temperature:
- at reactor inlet
- at reactor outlet

Secondary sodium temperature:
- at steam generator inlet
- at steam generator outlet

Superheated steam:
- pressure
- flowrate
- temperature

Units Value

MH
MW
t/day

"C
"C

•c
•c

MPa
t/hour

•c

750
125
100 000

288
437

420
260

4.5
1070
405
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2.2. The BN-350 Reactor

2.2.1. Reactor Operation

At the commercial power level (electricity and desalinated water
production) the BH-350 reactor has been in operation from 1973. The rated
operation parameters of the reactor are presented below.

The values of reactor parameters indicated in Table 4 are provided at
operation of five loops. As had been reported in our earlier paper, in
January 1989 at two Czecho-Slovak-made steam generators water-lnto-sodlum
leaks in evaporators occured. Since then the reactor has been operated on
four loops, its thermal capacity being - 70%.

After solving the steam generator's problem (by their overhaul), at the
following stages of reactor operation two problems were revealed that were
connected with sodium vapour and aerosol deposition on cold surfaces. The
first of them is an increased resistance to rotation of the rotating plugs in
the process of the core refuelling. It was found out that the design
temperature conditions of refuelling process were not optimum: at a prescribed
coolant temperature of 170°C the required heating up of the rotating plugs was
not ensured. For handling this problem the temperature conditions of
refuelling were changed: the coolant temperature was increased up to 250°C,
so, now there are no problems with plugs rotation.

The second problem is plugging of gas lines with the sodium vapour
condensate. For handling this problem some of the gas pipelines were to be
replaced by those of a larger diameter and to be provided with heating and
draining systems.

In the course of secondary-circuit operation main problems arose caused by
steam generator leaks. For ensuring the required coolant quality after the
leaks prolonged operation of coolant purification systems was called for.
Cold traps have accumulated a great quantity of impurities, mainly of
sodium-water interaction products, so operating efficiency of traps began to
decrease. To restore purification system performance, work on regeneration of
four secondary circuit cold traps and of coolant preparation system cold traps
was carried out.

The essence of the regeneration method consisted in conversion of sodium
oxide to hydroxide which has melting point not exceeding 400°C. At higher
temperatures hydroxide is easily removed from the trap into the sodium
transportation vessel by pressurizing the trap.

After the regeneration the cold traps efficiency was practically
completely restored, the volume of impurities retained In the trap not
exceeding 10X of working volume of the settling tank.

All sodium-circuit equipment except for the above one has been operating
satisfactorily. One should especially note the adequate operation of sodium
valves.

The design of the check valves has been refined, the latter in the primary
loops being replaced by advanced ones. The characteristics of advanced valves
has proved to be quite satisfactory that allowed to introduce an algorythm by
which at switching-off of one of the primary pumps reactor power is
automatically reduced by a preset value without reactor shut-down.

Main gate valves have adequate operating characteristics, they assure such
tightness level of a loop being disconnected that operations on withdrawal of
removable parts of the main pumps and check valves could be carried out
without reactor shut-down.



2.2.2. The BH-350 Reactor Core 2.2.3. Radiological Conditions at the BN-350 Reactor

The BH-350 reactor core was initially loaded with fuel subassemblies
having fuel pins of 6.1 mm diameter. Since 1978 fuel subassemblies with fuel
elements of 6.9 mm diameter were loaded into the core that were unified to the
BH-600 fuel subassemblies. The service life of fuel subassemblies of the
second-type core loading ha3 proved to be essentially higher as compared with
the first-type fuel subassemblies. Comparative data on fuel subassemblies of
the two types are presented below.

Table 5. Comparative data on fuel subassemblies for
the two types of the BH-350 factor loading

Parameter/design element Units

Hexagonal duct
- size
- material

Fuel element
- cladding diameter
- fuelled-part length
- blanket length
- cladding material

Gaseous fragments pressure
at the end of the run, inner
core/outer core

Cladding temperature

Maximum linear power

Maximum fluence
(E > 0.1 MEV)

Maximum burn-up
inner core/outer core

MPa

°C

kW/M

,-2n.cm"

X h.a.

Fuel subassembly
I type II type

96x2 96x2
0X18H10T 08X16H11M

6.1x0.35
1060
2x600
0X16H15M3B

14.5

500

20

6.9x0.4
1060
400-570
0X16H15M3

6.6/8.8

520

33

1.15X1023 1.15xlO23

5.7 6.3/8.0

The change-over to a new steel of hexagonal duct and a detailed study of
behaviour of this steel under irradiation allowed to increase burn-up upto 8%
h.a. (MEZ). In this case the hexagonal ducts of the unloaded fuel
subassemblies have a maximum across flat width within 98 mm and the bending
deflection is not more than 18 mm that allows free transportation of a fuel
subassembly through the whole refuelling route.

Radiological conditions at the reactor and neighbouring area comply with
the USSR current standards on radiation safety. Within the reactor building
these are mainly determined by primary coolant and gaa blanket activity.
There is practically no secondary sodium activation.

Major activity of primary coolant at the reactor on power is determined by
sodium-24 being equal to 0.4 TBq/day at the level of 750 MW. After the
reactor shut-down the residual coolant activity is determined by sodium-22,
cesium-134. The trend of cesium-137 activity variation during reactor
operation is shown in Fig. 2.
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YEARS OF OPERATION
FIG. 2. BN-350 reactor: cesium-137 activity.

The maximum cesium activity in coolant falls in 1978 when a large number
of failed fuel pins were present in the core. During the years which followed
after the change-over of the core to fuel subassembliea with the different
fuel pin design the coolant cesium activity decreased.

The maximum gas activity was also detected
loss-of-tightness on a mass scale in 1976-79.

in the period of fuel-pin

At the present time the maximum gas blanket activity by the end of the run
does not exceed 0.2 TBq/m3. Radioactivity release into the atmosphere is
fully determined by argon-41 activity and is about 0.52 TBq/day. Aerosol
activity discharged into special ventilation is about 106 times less than
argon-41 activity.



The processes take place in the gas and sodium of the primary circuit
determine radiological conditions within the reactor building. If in the
initial period of reactor operation the dose rate on the pipe surface after
sodium-24 decay was mainly determined by sodium-22, cobalt-52 and
manganese-24, then later on a substantial contribution was made by cesium.
Sodium purification from cesium results in a considerable reduction of
contribution of the latter into the total coolant activity and leads to a
dose rate decrease on pipe surfaces. So, as a result of double purification
of sodium from cesium in 1979, 440 TBq activity caused by cesium was removed
from sodium and the dose rate from the primary piping surface was decreased
two times.

2.3. Some Data on the BOR-60 Reactor Operation

The BOR-60 facility is the first experimental nuclear power plant with the
fast reactor of thermal capacity up to 60 MW and electric capacity up to 15
HW. The BOR-60 reactor has played a great role in validation of principal
engineering solutions for the BH-350 and BH-600 reactors. On this reactor
fuel subassemblies and steam generator modules of large power reactors
designed in the USSR were tested. In recent years on the reactor vast
experimental studies on new fuel technologies, structural materials have been
conducted.

Since its commissioning (28.12.69) up to the beginning of 1991 the BOR-60
reactor had operated on power for 115832.5 hrs. The plant availability factor
during 21 years of operation was 60%. The total power output was as follows:

thermal
electric

5.109 kWh
0.7/109 kWh
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In October-December 1990, together with CSFR representatives, the
reverse-type steam generator (OPG-2) was mounted at the reactor. Work on
mounting of monitoring instruments, electric equipment and thermal insulation
is continued.

2.4. The BR-10 Reactor

2.4.1. The Results of the BR-10 Nitride Core Fuel Element Studies

In July 1989 operation of the BR-10 reactor fourth core loading with the
uranium mononitride-fuel was completed.

For manufacturing of fuel elements uranium nitride was used obtained from
uranium dioxide of 90% enrichment in uranium-235 and nitrogen of natural
isotope composition with pellets density of 12.5 - 13.1 g/cm^. Carbon and
oxigen impurities content was 0.2 - 0.5X mass. Fabricated pellets were ground
to diamter of 7.4 ± 0.03 mm and loaded into the austenitized 0X16H15M3B steel
cladding of 8.4 x 0.4 mm diameter to a height of 400 ± 1 mm. Above the fuel
column a steel reflector 80 mm high was mounted and a plenum 105 mm high for
gas collection was provided. Fuel pins are assembled in hexagonal fuel
subassemblies with across flat width of 26.1 mm, 7 pins per a subassembly with
a spacing of 9 mm, the fuel subassembly duct being made of 1X18H9T steel.
Fuel pins are spaced by means of austenitic OX16H15M3B steel wire of elliptic
cross section and of 1.3 x 0.4 mm size wrapped upon fuel pins. In order to

reduce circumferential non-uniformity of a fuel-pin temperature at fuel
subassembly duct faces 6 dummy p.ins 2 mm in diameter were placed.

In the BR-10 reactor core fuel elements were operating under the following
conditions:

- sodium temperature at subassembly inlet 350"C
- sodium flow rate through subassembly 2 m^/h
- maximum sodium temperature rise in

subassembly 200*C
- mean linear power 300 W/cm
- maximum design temperature at the fuel centre line 900°C
- maximum neutron flux 8.6/10^-^n/cm^.s.

Uranium burn-up in standard fuel subassemblies reached 9% h.a. During
six years of this loading operation experience was gained on mononitride
fuel. During operation two cases of fuel-element failure without a
fuel-coolant contact were detected.

5 fuel subassemblies with burn-up of 3.IX, 4.3X, 6.3%, 7.6%, 8.2% h.a.
were passed for examination to the radiological laboratory. Some results of
investigations were presented below (Figs. 3,4).
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FIG. 3. Uranium nitride gas release rate.
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FIG. 4. Nitride fuel swelling rate.

The rate of fuel swelling was 1.7%, per IX burnup. Tnis means that
swelling Is practically wholly caused by solid fission-product_ build-up, and
gaseous swelling is absent at these temperatures and bum-ups. Studies of
gaseous fission products (GFP) release have revealed that with the growth of
burn-up above 3% the GFPs release from nuclear fuel under cladding sharply
increases (from IX at burn-up of 3% h.a. to 25X at burn-up of 8.2% h.a).

Scanning graph of fuel-element gamma activity over height shows that solid
fission products in fuel are distributed as a function of neutron fluence,
i.e. no solid fission products migration over fuel elements height is observed.

Cladding-fuel and cladding-fission products chemical Interaction are
negligeable. Maximum depth of chemical interaction of cladding with fission
products has been noticed in the middle and upper sections of fuel elements
and for fuel elements with burn-up of 4.3 and 6.3X h.a. is SOum and 20um,
respectively. In a fuel element with 8.2% h.a. burn-up the maximum depth of
cladding corrosion effect is lOum and in other fuel element of the same
subassembly — SOum. The lack of correlation between burn-up and corrosion
depth allows to conclude that at these burn-ups and operating conditions the
predominant factor affecting corrosion is not a burn-up value but original
differences in materials related to manufacturing procedures (differences in
chemical composition, fuel pellets density within the limits allowed by
specifications, etc.).

Mechanical properties of fuel-element cladding material were determined on
circular samples 2+0.1 mm high. The samples were cut from fuel-element
claddings in the bottom, middle and upper parts of the core. Tests were
carried out on a remotely operated tearing machine with an active grip
movement velocity of 1 mm/rain. The test temperature was close to the
calculated one in the corresponding cross-section of fuel element cladding
during reactor operation at maximum power of 8 MW. Properties variation along
the core height is mainly similar for all fuel elements lrrepective of dose
rate and is characterized by hardening in the lower part and by low ductility
in the middle part of the core at breaking loads of no less than 400 MPa. The
variation of cladding material's mechanical properties along height for fuel
elements of one of fuel subassemblies is presented in Fig. 5.
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FIG. 5. Fuel pin strength characteristics as function of subassembly height (7.6% burnup).

As a whole, the results of al l the complex of investigations conducted
allow to conclude that the service l i f e of the BR-10 nitride fuel elements
after reaching 8.2% h.a. burn-up has not reached its limit and fuel elements
retain their working capabilities.



2.4.2. The BR-10 Reactor in 1990

After a core unloading in August 1989 the reactor was being repaired
during one year. Sodium was drained from the primary circuit into the dump
tank for carrying out work on drainage unit remounting. After sodium draining
the gamma-radiation dose rate within primary-circuit areas was reduced by 3-5
times. Work on increasing plant reliability and safety aimed at bringing it
to comply with the new regulatroy specifications.

In August 1990, the reactor core was loaded with new subassemblies of
mononitride fuel similar to the preceding loading. Experimental subassemblies
with fuel, absorbing and structural materials as well as targets for isotope
production were loaded into the core and into the reflector channels.

The reactor reached criticality at loading 80 fuel subassemblies.
critical mass of uranium-235 was 104.768 kg.

The
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In August measurements of automatic control-rod reactivity worth of the
safety system were carried out. Calibration of the compensation cylinder was
conducted. Fuel-subassembly efficiency was measured at various distances from
the core axis. The effect of sodium flow rate and gas pressure in the primary
circuit upon reactivity, the temperature effect of sodium and blanket, the
value of neutron flux in the core centre were measured.

In September-November 1990 during reactor start-up the asymptotic power
effect and its components were measured, as well as the effect of reactivity
loss due to burn-up.

Since September 13, 1990 the reactor was brought to power by steps. On
October 1, 1990 a power level of 6000 kW and on November 26 the rated power of
8000 kW were reached.

During the last three and a half months of 1990 the reactor had operated
42.5 effective days. Maximum uranium burn-up reached 0.435X h.a*.

3. The Situation with the Construction of the BN-800 Reactor

The BN-800 fast reactor nuclear power plant should be constructed in the
premises of the "Mayak" nuclear industry works situated at a distance of
-150 km from Chelyabinsk. With the construction of the BN-800 NPP some
problems of reduction of electric power shortage and of improvement of
ecological situation in the region of conversion of the defence branch of the
nuclear industry are to be solved. As was already reported in the mass media
at these works the reactors producing arms plutonium were shut down.

The solution on the BN-800 reactor construction near the "Mayak" works is
the most optimum for the following reasons. First, there is a favourable
possibility to create a closed fuel cycle using procedures and equipment of
the "Mayak" works. Second, the available construction industrial base and
high-qualification specialists in nuclear fuel technology and reactor
operation are to be employed. But negative attitude of public to HPP siting,
some financial problems have recently restrained and even interrupted the
BN-800 construction. In all, during the time of construction on the site

about 250 mln. roubles were spent, for 1991 minimum funds have been allocated
for construction and for research and development work on reactor safety
increase.

Main changes in the design characteristics (that do not lead to a delay in
project realization) include as follows:

- development of the core with zero or slightly positive sodium void
reactivity coefficient;
elimination of sodium pipelines outside the reactor vessel connecting the
core plenum and the sodium auxiliary systems;
application of the passive safety rods, self actuating during reactor
accident;
development of the core debris tray needed in the case of beyond the
design accident (Fig. 6);
consideration of a number of severe beyond the design accidents and
corresponding revision of some engineering solutions.

A

FIG. 6. BN-800 core debris tray.



Such approach to the BH-800 reactor safety improvement is urgently
supported in particular by the USSR Academy of Sciences experts. It's notable
that the BH-800 design has been considered by the nuclear reactor safety
expert group of the USSR Academy of Sciences and approved with respect to the
above design changes.

4. Design and Research Activities

4.1. Large Size Reactor Design Development

Conceptual design development is underway on the large size reactor of
BN-1600 type. In 1991 research and development intensification is anticipated
caused hy the additional financing. Optimization of engineering solutions is
carried out with respect to significant satety and economics improvement as
compared to the achieved level.

Research, development and design works are carried out on highly reliable
passive reactor scram and decay heat removal systems. Passive hydraulically
suspended safety rods have been tested at the BR-1O reactor. In the case of
the coolant flow loss safety rod drops into the core owing to gravity.
Studies are carried out on this system in conformity with the BN-1600 reactor
design along with other type passive safety system (such as Curie point
device).

The severe beyond the design accidents causing radioactivity release are
studied as the consequences of numerous equipment failures and personnel
faults. For example, the loss of the main and backup power supply and
simultaneous failure of the reactor safety rods can only take place if more
than ten independent monitoring systems are failed. Nevertheless, this type
of accident is considered, since there is a possibility for sodium boiling,
reactor run away and core failure.

Restricting systems are designed in order to localize the effect of such
an accident within the reactor vessel containing coolant, eliminating
possibility of radioactivity release.

Possibility of additional safety barriers creation is studied in order to
protect the reactor in the case of severe accident:

application of additional absorber rods passively actuating at temperature
increase, i.e. creation of additional system protecting core from
overheating;

- ensuring of the coolant natural circulation high flow rate conditions by
means of development of low pressure drop fuel subassemblies including
those without wrappers and with the increased fuel pin space value;
achievement of negative or slightly positive (less than delayed neutron
fraction) reactivity coefficient caused by sodium boiling;
ensuring of the destructed core debris retention by specially cooled tray
without secondary criticality.

Fast reactors have a possibility to operate with a little reactivity
margin for the burn-up compensation, if the plutonium output in the core
counterbalances its burn-up. This possibility is realized in large size cores
with ultimately low steel volume fraction or high density fuel. Though, it is

rather difficult to satisfy different requirements, this aspect is studied in
the new generation fast reactor designs.

In order to improve the reactor economical characteristics, design,
engineering and building options are searched for ensuring considerable
(several times) decrease of HSSS structural material * consumption and building
volumes in comparison i.e. with the BN-800 reactor. For this purpose there
are sound intentions to decrease the number of main pumps, IHX's and other
sodium equipment and to alter the SG design.

4.2. Preliminary Consideration of a Modular Reactor

In order to evaluate the modular reactor safety, reliability and
economical characteristics corresponding analysis, engineering and design work
has been initiated last year. By now the previous results on the core,
reactor and main equipment characteristics have been obtained. Following this
a reactor module has been chosen having 170-200 MWe output, that can be
factory made and delivered to the site by barge and trailer. This work will
be continued on condition that the financing is provided.

4.3. Possible Hays of Creation of Safe and Ecologically Competitive Nuclear
Power System

Nuclear power will obviously still be based for a long time on well
developed pressurized water reactors and gradual putting into operation of
sodium cooled fast reactors. From our point of view multipurpose functions of
fast reactors in power system will steadily increase. As the analysis shows,
fast reactors will undoubtedly exert a good influence on ecological and safety
aspects of the whole nuclear power.

A number of advanced engineering approaches significantly Improving safety
are introduced in the light water reactor designs. In the Institute of
Physics and Power Engineering new decisions are developed on the core and fuel
cycle, that are aimed at safety improvement of thermal neutron reactors.

The possibility of light water reactor safety improvement is considered by
utilizing of uranium-233 thorium mixed fuel. This allows to realize
favourable neutron characteristics of U-233, for which the number of neutrons
emitted for one thermal neutron absorbtion act is the most compared to all
practically available fission elements. This allows to increase the breeding
ratio of thermal reactors with U-233 fuel by 0.2-0.3 and achieve self
compensation of reactivity during reactor operation. As a result the
possibility arises to decrease substantially the redundant reactivity margin
and to limit severe consequences of erroneous compensation rod withdrawal from
the core.

Another important feature of U-233 is that its neutron characteristics are
considerably less dependent on power and temperature. This positively affect
reactor safety and in particular the transition from "cold" to "hot" condition
of the reactor. The main fission product release that determins reactor
poisoning during operation (i.e. Xe and others) is considerably less for U-233
as compared to U-235 and Pu. As a result mean absorbing cross section of
U-233 fission products is 25-30X lower.



The fuel made on the base of thorium has a number of favourable features:

metallic thorium melting point is 1700°C, the first phase transition
temperature is 1700°C, thorium oxide melting point is 3200°C;
radiation stability of metallic thorium is considerably higher than that
of uranium fuel and is near to that of ceramic fuel: 10-15% h.a. burn-up
level is experimentally validated;

- compatibility of metallic thorium with water is substantially better than
that of metallic uranium.

In the nuclear power system sodium cooled fast reactors with passive
protection system and featuring high ecological competitiveness will perform
complex functions:

- electricity production;
- plutonium and uranium-233 output or one of them in proportion or absolute

quantity needed by the system;
actinides burning out (and also plutonium if needed).

4.4. Experimental Studies on Actinides Burning-out

In 1990, the experimental research has been initiated on transuranium
element burning out in fast reactors. Fuel specimens containing Am-241,
Hp-237, Cm-244 have been installed in the BR-350 reactor fuel subassemblies
for long time irradiation. After irradiation the radiochemical
mass-spectrometric and radiometric analyses of the specimens is to be carried
out. The aim of the experiment is the specification of above mentioned
transuranium elements interaction cross section, leading to their burning out.

4.5. Experimental Studies on Improvement of the Cold Traps

Experimental data has been obtained on the characteristics of the new cold
trap model for intensive purification of the sodium with a large impurities
content. Trapping coefficient of the cold trap is as high as 0.8.
Considerable impurities fraction (up to 20-30X) is retained in the recuperator
area of the cold trap.

Experimental data has been obtained on mass transfer coefficients during
combined crystallization of sodium oxide and hydride, that allows to evaluate
the impurities accumulation in the recuperator area of the cold trap. Ways
have been planned to analitical optimization of the cold trap recuperator area
in order to eliminate its plugging.
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Abstract

At the PFR the gross electrical generation for the calendar year 1990
was 23,937 MWd with a load factor of 26.2X. These figures are only about
half of the corresponding figures for 1989, mainly as a consequence of an
outage extending from 24 April to 23 November, when a leak in the Reheater
1 vessel was being repaired. The plant was unavailable for operation on
264 days. However, prior to the April shut-down, the station had operated
with high load factors (upto 85.OX). One reprocessing campaign was
undertaken during the year under review.
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1. BACKGROUND TO THE REVIEW

Total energy consumption in the UK in 1990 was 344.5 million tonnes of coal or coal equivalent, made up
as follows: coal 31.6%, petroleum 35.1%, natural gas 24.1%, nuclear electricity 7.1%, hydroelectricity 0.7%
and imported electricity 1.4%.

Nuclear electricity accounted for about 183% of total electricity consumption.

Privatization of the Electricity Supply Industry (ESI) in England and Wales has now been completed. Shares
in the twelve regional supply companies, which also own the national grid, were sold to the public in
November 1990. Shares in the two non-nuclear utilities, National Power PLC and PowerGen pic, which bad
become Public Limited Companies on 1 April 1990 were sold in March 1991. The other utility, Nuclear
Electric pic, formed as a public limited company on 1 April 1990, remains in state ownership. Sale of the
two vertically integrated Scottish non-nuclear utilities, ScottishPower pic and Scottish Hydro-Electric pic, is
expected to follow in the next few months. Again the nuclear utility, Scottish Nuclear pic, will remain publicly
owned.

Nuclear Electric's seven magnox and five AGR stations broke weekly generating records twice in January
1991. On the first occasion, the previous record output, set in January 1989, was exceeded even though two
units, one magnox and one AGR were off-line for scheduled maintenance. A major factor has been the
improving load factor of the AGRs. However, the older magnox stations continue to operate well, with an
average load factor of about 79%. Total generation from the nuclear stations in the 1990/91 financial year
is likely to be about 44 GWe (also a record), with the magnox stations and the AGR stations contributing
approximately equally to the total.



E(j Scottish Nuclear's two AGR stations, al Hunterston ' B ' and Torness, continue to operate well. The first
annual financial report of Scottish Nuclear covering the year ending on 31 March 1990 showed that these
stations made an operating profit of f 89.4M.

Construction of Nuclear Electric's Sizewell ' B ' PWR is proceeding on schedule for start of operations in
1994. In September 1990, the Secretary of State for Energy endorsed the recommendation of the Inspector
for the Hinkley Point " C Public Inquiry, and granted consent to Nuclear Electric for the siting of its second
PWR there. However, a further application by Nuclear Electric to the Secretary of State for investment
approval will be necessary before construction can begin. It is expected that this will be deferred until
completion of the Government's review of nuclear power in the UK, which is scheduled for 1994.

In a report published in July 1990, the House of Commons Select Committee on Energy questioned the need
for continued development of the fast reactor in the UK, after hearing evidence that a scarcity of uranium is
unlikely in the next century. However, there is a widespread beli... in the UK nuclear industry that the Select
Committee failed to give sufficient weight to the environmentally-friendly, long-term strategic base-load role
of the fast reactor. (In the UK, Parliamentary Select Committee reports are intended as a contribution to
debate and have no mandatory authority.)

During the year under review, the UKAEA ended operation of the world's oldest continuously-operating
nuclear reactor, the Graphite Low-Energy Experimental Pile, GLEEP, at Harwell after 43 years of service.
GT.F.F.P became operational on 15 August 1947; it was the first nuclear reactor in Western Europe. The first
stage of decommissioning, involving removal of the fuel wDl take about two years. The UKAEA prototype
Steam-Generating Heavy Water Reactor, SGHWR, at Winfrith was also shut down, after a review of projected
operating costs and expected income from electricity sales had indicated that further operation would not be
viable.

British Nuclear Fuels pic (BNFL) and the UKAEA are collaborating on the design, construction and operation
of a thermal MOX demonstration manufacturing facility, capable of producing about 5 tonnes of PWR fuel
as finished assemblies per year. The facility will be sited at AEA Windscaje adjacent to BNFL's Sellafield
site and will be operalional in 1993. During the year under review, BNFL obtained approval from the Nuclear
Installations Inspectorate (Nil) for continued operation of its eight magnox reactors at Calder Hall and
Chapelcross (480 MWe) for another six to nine years; the reactors were brought into operation in 1956-59,
and the latest extension of operations wDl allow the reactors to complete 40 years of operation. BNFL is
considering their eventual replacement by PWRs.

The UKAEA's exemption from NTI licensing procedures under the 1965 Nuclear Installations Act was
repealed. The AEA was originally exempted because of the wide range of its activities, and a separate internal
licensing system was set up to ensure operations to standards comparable to those of licensed organizations.
Al! UK civil nuclear sites are now subject to the same system of regulation. Licensing of all the UKAEA site
services, including PFR, was completed during the year.

As a development of the April 1990 reorganization of the UK Atomic Energy Authority into nine Businesses,
operating under the general title of AEA Technology, it was decided in December to amalgamate 'AEAFast
Reactors' and 'AEAThermal Reactor Services' into a single business, 'AEA Reactor Services'. The Chief
Executive of the new business is Tony Broomfield.

The UK R.& D. work supporting the design of EFR is again reported within a co-ordinated CEA-KfK-Inter-
atom-UKAEA report. This report covers all the work carried out by the working groups reporting to the
Reactor R.& D. steering committee (with the exception of reactor operations) and the topics are not duplicated
here. The technical part of the UK's 1991 Report to the IWGFR is, therefore, principally concerned with
progress with the PFR and its associated fuel reprocessing plant.

2. PROGRESS WITH THE PFR

2.1 HIGHLIGHTS

Gross electrical generation for the calendar year 1990 was 23,937 MWd with a load factor of 26.2%. These
figures are only about half of the corresponding figures for 1989, mainly as a consequence of an outage
extending from 24 April to 23 November, when a leak in the Reheater 1 vessel was being repaired. The plant
was unavailable for operation on 264 days. However, prior to the April shutdown, the station had operated
with load factors of 85.0% in January, 36.2% (with Reload 20 taking place) in February, 59.0% in March,
and 70.2% in April, and following the restart a load factor of 63.9% was achieved in December. There were
8 plant trips during the year, half of them originating in the conventional plant. Annual operating and electrical
generation statistics for the PFR from 1974 to 1990 are summarized in Table 1. The F?R operators' total
radiation dose for 1990 was 197 mSV.

TABLE 1. PROTOTYPE FAST REACTOR ANNUAL OPERATING STATISTICS, 1974-1990
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2.2 NOTES ON REACTOR OPERATING EXPERIENCE DURING 1990

The station operated at high power from 4 December 1989 until 11 February 1990 with only two short
interruptions to electrical generation due to trips caused by an instrument fault and a drum high water level.

The station was shut down on 11 February for Reload 20, which was primarily for refuelling the reactor
although the opportunity was taken to carry out a number of other tasks. These included a repair to the
hydrogen detection sodium phase loop on Secondary Circuit 3 and the plugging of eight leaking condenser
lubes.
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Return to electrical generation was achieved on 2 March, but before maximum power output was achieved
a small flow transient in the primary circuit on 5 March led to a decision to shut down the station to carry out
a series of tests to establish the cause. Following a review of the test results, the station was returned to
electrical generation on 7 March.

On 11 March a station trip occurred when the excess flux/flux ratio automatic protection system tripped. It
was established that there had been a spurious signal due to interference from an earthing fault on associated
cables. After repair the station relumed to electrical generation on 17 March.

The station continued to operate at high power until there was a trip due to high water level in Feed-heater
DC3 on 20 April. Electrical generation was resumed within 10 hours and the station was again operating at
high power when, on 24 April, it was tripped manually following discovery of a sodium leak in the reheater
vessel of Secondary Sodium Circuit 1.

An investigation into the cause found leakage in a circumferential weld in the vessel of Reheater 1.

Although Reload 21 was not scheduled to begin until IS June, it was decided to advance a number of the
maintenance tasks planned for the shut-down and to undertake a full inspection of the superheater and reheater
vessels of all three secondary circuits. The inspection identified defects in the vessels of Superheater 1,
Superheater 2 and Reheater 2. There were no new defects in the vessels of Secondary Circuit 3. All but one
of the defects found were associated with repairs made in 1987. The other defect was at an intersection of
circumferential and longitudinal welds in Reheater 1. A review of potential causes concluded that reheat
cracking driven by high residual stress was the origin of the defects. It was decided that re-welding the defects
would not overcome the problem in the longer term and it was decided that the vessels would be repaired by
patching the wall, using a specially shaped metal plate which totally covered the defective area. It was also
decided to install additional strain gauges to monitor areas where minor defects were observed during the
vessel inspections.

In parallel with these repairs, the work of Reload 21 was completed. This included refuelling the reactor,
statutory inspection of power plant components, a scheduled routine internal inspection of the tubes in
Evaporator 1 and a series of minor plant maintenance and modification tasks.

The steam generator vessel repairs were completed by 29 October after which reinstatement and sodium-fill-
ing of Secondary Circuits 1 and 2 were successfully undertaken. The reactor began operation at the end of
November.

The turbo-altemator was synchronized to the grid on 8 December. There was a trip due to high water level
in one of the DC feed heaters on 9 December, but the station was returned to electrical generation on 10
December and a gross generation greater than 240 MWe was attained on 13 December. At the end of the
year the station was operating at this power, the load factor for the month of December being a very
satisfactory 63.9%.

Reload 22 (outage IS days) is planned for April 1991.

3. PROGRESS WITH PFR FUEL REPROCESSING

One reprocessing campaign was undertaken during the year under review. During this campaign, 11
subassemblies and 993 irradiated loose pins containing 178 kg of plulonium were reprocessed. An average
daily throughput of 19.1 kg of heavy metal was achieved. The highest bum-up PFR subasserably yet, at
17.6% bumup, was reprocessed during the year.

The cumulative total amount of fuel reprocessed to date is now 16.19 tonnes of heavy metal, containing 2.8SS
tonnes of plutonium.

The annual internal inspection of the irradiated fuel dissolver revealed no deterioration of either the vessel
material or its welds.

4. FUELCYCLER.&D.

After the Government cut-backs in fast reactor R.& D. fundingannounced in July 1988, the fuel cycle R.& D.
programme has effectively ended. However, valuable information continues to be obtained from operations
of the PFR fuel reprocessing plant and from other relevant UK work, such as, for example, the manufacture
and reprocessing of thermal MOX fuel.

5. CO-OPERATION INVOLVING COUNTRIES OUTSIDE
WESTERN EUROPE

Information exchanges and cooperative work programmes conducted under the AEA's agreements with Japan
(Power Reactor and Nuclear Fuel Development Corporation and Japan Atomic Energy Research Institute),
tie USA (US Department of Energy) and the USSR (Ministry of Nuclear Power and Industry) are now
co-ordinated with those of the UKAEA's European Fast Reactor R.& D. partners.

A review of co-operation with Japan was held in Tckyo in November 1990. During the period under review
in this report, Europe/Japan specialists' meetings have been held on reactor safety, to complete a programme
arranged at the November 1988 review meeting. The latest review meeting agreed to organize specialists'
meetings on fuel development, safety (including beyond-design-base accidents, decay heat removal and
sodium fires), seismic analysis, in-service inspection, steam generators, advanced reactor control systems,
structural materials and reactor operating experience. It was also agreed to establish several joint programmes
of work.

During the year under review, Europe/USDOE specialists' meetings have been held on materials and
structural mechanics, steam generators, the integral fuel cycle; and the safety and economics of PRISM and
EFR.

A number of bilateral activities between the UKAEA and USDOE in the fuel cycle area are continuing.

A meeting to establish co-ordinated co-operation in the fast reactor field with the Soviet Ministry of Nuclear
Power and Industry was held in Karlsruhe in January 1991. A two-year programme of eight specialists'
meetings, on reactor operational experience, safely, steam generators, sodium fires, wrapper and cladding
materials, structural integrity, reactor physics, and sodium technology was agreed. Four meetings will be held
each year, one in each of the participating countries.

In the meantime, the last of the meetings to complete the UKAEA/MNPI bilateral programme organized in
May 1988 were held. A Soviet fuel cladding and wrapper alloy development team visited the UK in June
1990 to participate in a seminar at Dounrcasy and a UK reactor operations team visited the USSR in February
1991 to participate in a seminar at Obninsk and to visit the BOR-60 reactor at Melekess. As a prelude to
co-ordinated co-operation, two CEA observers participated in the latter activity and a UK observer partici-
pated in a CEA/MNPI meeting on steam generators in January 1991.

The IAEA's International Working Group on Fast Reactors' co-ordinated research programme on 'Intercom-
parison of LMFBR Core Mechanics Codes', for which the UKAEA had provided the coordinator, was
completed during the year under review. A report was presented at the BNE3 International Conference on



gg Fast Reactor Core and Fuel Structural Behaviour held in Inverness in June 1990. The UKAEA is now
providing the lead for a new IWGFR co-ordinated research programme on 'Acoustic Signal Processing for
the Detection of Boiling or Sodium/Water Reactions in LMFBRs'.

UKAEA specialists participated in two IWGFR specialists'meetings on 'Sleam Generator Failure and Failure
Propagation Experience' and' Steam Generator Acoustic/Ultrasonic Detect ion of Under-sodium WaterLeaks'
which were held, respectively, in September 1990 and October 1990 in Aix-en-Provencc.

A UKAEA delegation participated in the ANS International Topical Meeting on Fast Reactor Safety, held at
Snowbird in Atgust 1990. A substantial number of papers by UK authors have been submitted, in
co-operation with French and German associates, to the forthcoming International Conference on Fast
Reactors and their Fuel Cycles, which is to be held in Kyoto in October.

As in previous years, (he UKAEA provided the UK represen'"'ive for the annual meeting of the IAEA
International Working Group on Fast Reactors which was held in 'Vienna in April 1990.
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Abstract

An existing network of government and industry research facilities and
engineering teat centers in the United States is currently providing test
capabilities and the technical expertise required to conduct an aggressive
advanced reactor development program. Subseqeunt to the directive to shut
down the Fast Flux Test Facility in early 1990, a variety of activities
were undertaken to provide support for continued operation. The United
States has made substantial progress in achieving ALMR program objectives.
The metal fuel cycle is designed to recycle and burn its own actiniums, and
has the potential to be a very effective burner of actiniums generated in
the LWRs. The current emphasis in the IFB Program is on the comprehensive
development of the IFE technology, to be followed by a period of technology
demonstration which would verify the economic feasibility of the concept.
The United States has been active in international cooperative activities
in the fast reactor sector since 1969.

1. OVERVIEW

The US. civilian nuclear power research and development program continues to focus on advanced large

and mid-size light water reactors, modular high temperature gas cooled reactors and modular liquid met&l

fast reactors. This paper discusses the Advanced liquid Metal Reactor program, which is composed of a

small, passively safe fast reactor coupled with a metal fuel cycle that incorporates actinide recycle, and an.

emerging effort to process LWR spent fuel for LMR fissile material, and to enhance the LWR waste

management.

The liquid metal reactor concept has a sound technology base, with some three decades of research and

development both in this and other countries. An existing network of government and industry research

facilities and engineering test centers in the United States is currently providing test capabilities and the

technical expertise required to conduct an aggressive advanced reactor development program. Notable

among the research facilities is the Experimental Breeder Reactor-D (EBR-II) at Argonne National

Laboratory (ANL) in Idaho and the Fast Flux Test Facility (FFTF) at Hanford, Washington. Subsequent to

the directive to shut down the Fast Flux Test Facility in early 1990, a variety of activities were undertaken to



provide support for continued operation. A marketing effort initiated by the State of Washington discovered

sufficient potential for support such that the federal government provided funding through FY 1991.

Legislation has been introduced to internationalize the facility as a Reactor Resesirch User Complex.

Further market development continues with U.S. DOE participation to develop international partnerships for

continued long-term operation.

Current U.S. Advanced Liquid Metal Reactor (ALMR) activity is focused on providing a reactor and fuel

cycle system with improved safety margins, better economics, and an attractive waste management (actinide

recycle) option. Special attention is being directed to passive safety features, modular plant construction,

standardized plant design leading to simplified licensing and shorter construction schedules, factory

fabrication, advanced instrumentation and control systems, the use of high performance materials, and the

option for on-site fuel processing.

The United States has made substantial progress in achieving ALMR program objectives. After a

competitive period, a decision was made in 1988 to select the General Electric ALMR concept known as

PRISM (Power Reactor Innovative Small Module) for advanced conceptual design. Substantial progress has

been made :n design, licensing and economics, even though the original schedule has been stretched due to

funding limitations. The Department of Energy's role is to advance the concept (o a sufficient level that

would enable private sector and/or international interests to support further development and possible

cooperative demonstration of a prototype plant.

A key strategy within the U.S. LMR program is to evaluate the potential of metal fuel based on the Integral

Fast Reactor (IFR) concept developed at ANL. The technology supports practical actinfde recycling. The

metal fuel cycle is designed to recycle and burn its own actinides, and has the potential to be a very effective

burner of actinides generated in the LWRs. The entire ALMR system can thus extend uranium resources

by a hundred-fold, making nuclear essentially the same as a renewable energy source.

The scientific principles involved in the IFR concept have already been shown to be soundly-based, even

surpassing expectations in some instances. The current emphasis in the IFR Program is on the

comprehensive development of the IFR technology, to be followed by a period of technology demonstration

which would verify the economic feasibility of the concept. The development effort is presently focused on

parametric investigation of the performance of the U-Pu-Zr ternary alloy metallic fuel; optimization of the

flowsheet for the IFR pyroprocessing method for efficient fuel recycle and waste management; design and

testing of plant-scale pyroprocessing equipment; and character Lation of the many inherent passive safety

aspects of the IFR systems for most effective exploitation of these characteristics in the future.

The United States has been active in international cooperative activities in the fast reactor sector since 1969.

Over the ensuing years, joint programs evolved which benefitted all parties and lowered research and

development costs. Such cooperation continues, at an increasing pace, even though the fast reactor program

direction in the U.S. has diverged from the primary direction in Europe and Japan.

2. ALMR PLANT DESIGN, DEVELOPMENT, AND LICENSING

The objective of the power plant design and licensing work is to complete sufficient conceptual and

preliminary design activities to:

e determine commercial plant systems economics, safety margins, licensability, and develop acceptable

waste management options

• establish the licensability of the evolving design

2.1 Reference Concept

In late 1988, DOE focused its future LMR activities on the Power Reactor Innovative Safe Module (PRISM)

design concept. Accordingly, GE was awarded a 5-year contract for Advanced Conceptual Design and

Preliminary Design for DOE's Advanced Liquid Metal Reactor (ALMR) Program. During the subsequent

period to date GE consolidated an industrial ALMR Team to continue conceptual design and nuclear

licensing assessment work. The industrial team includes GE, Babcock and Wilcox, Bechtcl, Burns and Roe,

United Engineers and Constructors, and Westinghouse, with Argonne National Laboratory (ANL), Energy

Technology Engineering Center (ETEC), Idaho National Engineering Laboratory (INEL), Oak Ridge

National Laboratory (ORNL), and Westinghouse Hanford Company (WHC) providing technology and test

support. Arrangements also have been made for substantial international participation in the program.

An overall project goal is to demonstrate the safety and performance features of the ALMR by test of a full-

size prototype reactor and thereby provide a basis for Nuclear Regulatory Commission (NRC) certification

of the design as soon as the year 2006.

69
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7Q 2.1.1 The Advanced Liquid Metal Reactor (ALMR)

2.1.1.1 Overall Plant

The ALMR design has evolved from the PRISM design initiated by GE in 1980. The fundamentals of this

design remain unchanged, and the enhancements made since it's selection as the ALMR in 1988 improve its

economic viability and liccnsability. The overall design approach includes:

• Compact reactor modules sized to enable factory fabrication, economical shipment to both inland

and water-side sites, and affordable full-scale prototype testing to confirm safety and performance

features;

• Use of liquid sodium as a coolant, which permits operation at atmospheric pressure, a design

margin to boiling greater than 400 degrees C (700 degrees F), and elimination of the need for a

pressurized primary system and thick-wall pressure vessels;

• Passive shutdown heat removal for loss-of-cooling events, designed to be invulnerable to operator

error and equipment failures;

• Passive reactivity reduction to safe, stable state for undercooling and overpower events with failure

to scram, to provide abundant time for ultimate shutdown to cold conditions by subsequent

operator action;

• By a combination of prevention and mitigation, protection against severe accidents such that NRC

protective action guidelines are met with sufficient margin to make the exercise of formal public

evacuation plans unnecessary;

• Capability for substantial breeding to provide security for the United States against long-term fissile

uranium shortage;

• Capability to utilize as fuel the long-life actinides from spent LWR fuel.

The target commercial ALMR plant utilizes nine reactor modules arranged in three identical 465 MWe

power blocks for an overall plant net electrical rating of 1395 MWe (Figure 1). A power block has three

identical reactor modules, each with its own steam generator, that jointly supply steam to a single turbine

generator (Figures 2 and 3). Table 1 lists general design data. Smaller plant sizes of 465 MWe and

930 MWe would use one or two of the standard power blocks, thus providing size flexibility to the utility in

meeting its projected load growth. The reactor module, the intermediate heat transport system (IHTS), and

most of the steam generator system are underground, an approach that has an estimated cost benefit in

meeting requirements for radioactivity containment, seismic design, sodium fire mitigation, and protection

from external threats such as sabotage and missiles.
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All nuclear safety-related systems and buildings are enclosed within a double-fenced and barricaded high

security area. The steam generator system is physically separated from the nuclear portion of the plant; this

system and the IHTS connecting it will be built to upgraded industrial standards.

The reactor module, (Figure 4), is about six meters in diameter and has a shipment weight of about

725 tonnes, not including removable internal components that are shipped separately.

The primary boundary for the core coolant and cover gas, which operate at approximately atmospheric

pressure, is comprised of the reactor vessel, the reactor head closure and fittings, and the intermediate heat

exchangers. The reactor containment (Figure 4) is a second leaktight pressure-retaining boundary that backs

up the primary boundary, it is comprised of a lower containment vessel backing up the reactor vessel and an

upper containment vessel backing up the closure head.

Overall Plant

Net Electrical Output

Net Station Efficiency

Number of Power Blocks

Number of Reactor Modules:

per power block

per plant

Power Block

Number of Reactor Modules

- Net Electrical Output

Steam Generator Number

Steam Generator Type

Turbine Type

Turbine Throttle Conditions

Feedwater Temperature

Reactor Module

Thermal Power (Core)

Primary Sodium Inlet/Outlet Temperature

Primary Sodium Flow Rate

Intermediate Sodium Inlet/Outlet Temperature

Intermediate Sodium Flow Rate

Reactor Core

- Fuel

Refueling Interval

Compound System Doubling Time for Breeding

1395 MWe

32.9%

Three

Three

Nine

Three

465 MWe

Three

Helical Coil

1800 rpm, Tandem Compound

Four Flow - 33-inch Last Stage Bucket

965 psia/540 F

420 F

471 MWt

64OF/905F

46,000 gpm

548 F/830 F

41,250 gpm

U-Pu-Zr Metal

(Oxide Backup)

18 months

(12 Mo. for backup)

Approximately 100 years
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The reference fuel for the ALMR is metallic uranium-plutonium-zirconium alloy. The ferritic alloy HT9 is

used for cladding and assembly ducts to mi""""* swelling associated with long burnups. A heterogeneous

arrangement of blanket and driver fuel is used, with six control rods (Figure 5). Refueling occurs after

18 months of operation, with one-third of the core being changed each time; this results in a 4-5 year fuel

life (150 MWd/kg peak burnup). Metal fuel provides excellent negative reactivity feedback for loss of

cooling and transient overpower events. Metal fuel also provides competitive fuel costs.

For safety margin in the event of loss of the primary sodium pumps, three gas expansion modules (GEMs)

have been added at the core periphery (Figure 5). The GEMs are hollow assembly ducts, closed at the top

and open at the bottom, and are filled with helium, the same as the vessel cover gas. When the pumps are

running, the gas is compressed into the upper portion of the duct, and sodium extends up into the active

core region. When the pumps are not running and the inlet pressure therefore is lower, the gas expands and

pushes the sodium level down to below the active core region, which increases th« neutron leakage from the

core and, with the small ALMR core, significantly reduced reactivity.

Driver Fuel 42

Internal Blanket 24

Control 6

Ultimate Shutdown 1

Gas Expansion Module 3

Shield 48

Reflector 42

Radial Blanket 33

Total: 199

FIG. 5. Reference metal fueled core.

2.1.1.2 Innovative Safety Feature of the ALMR Plant

Modular Reactor in Underground Silo

The reactor modules and the intermediate heat transport systems are underground, providing improved

protection from tornadoes, missiles, and sabotage. The small thermal ratings of the individual reactor

modules ease the task of decay heat removal, aod reduce the potential consequences of a core damaging

accident.

Seismic Isolation

The reactor module and its safety related systems rest on 31 seismic isolators (Figure 4). The isolators

decouple the system from horizontal accelerations in the high frequency range, which is of greatest

importance in establishing design margins. The system is being designed to have the capability to meet OJg

safe-shutdown earthquake criteria.



Passive Decay Heat Removal

Normal reactor shutdown heat removal is through the IHTS and steam generator to the turbine condenser

and external heat sink (Figure 3). The auxiliary cooling system (ACS) provides an alternative means of heat

removal by direct cooling of the steam generator with forced or natural convection atmospheric air around

the steam generator shell. An extraordinary reliable safety-grade backup is provided by the reactor vessel

auxiliary cooling system (RVACS). In the rare event that the IHTS becomes unusable during power

operation, for example because of a main sodium pipe break or sodium dump, the reactor will scram and

the RVACS will automatically and passively come into full operation. Temperatures will rise and heat

transfer to the atmospheric air that is always circulating upward around the containment vessel (Figure 4)

will increase until equilibrium between reactor heat generation and RVACS cooling is established. The core

bulk outlet sodium temperature peaks at about 607 degrees C (1125 degrees F) after about 30 hours, with

substantial margin below structural limits and over 345 degrees C (620 degrees F) margin to boiling

(Figure 6).
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Redundancy of the air flow passages, the characteristic of thermal radiation (dominant heat transfer mode)

increasing much more than proportional to rising temperatures, and substantial margins in the design, make

the RVACS extremely tolerant of accidental events, such as flow blockages and surface fouling. For

example, a massive structural collapse that blocked the equivalent of 75 percent of the air ducting would

result in peak temperatures below the ASME Level D structural limit set for the design. An even more

extreme case involving complete blockage of the air passages could be accommodated without exceeding

ASME Level D limits for over twelve hours.

Reactivity Shutdown and Control

The requirement established for the reactivity shutdown and control system is that the probability of failure

to shut down be less than lO* per demand. The insertion of any one of the six nids will bring the core to

shutdown. Each rod can be inserted into the core in three different ways: rod run-in by the plant control

system, gravity drop initiated by the reactor protection system, and fast, forceful iun-in initiated by the

protection system. The reactor protection system is safety grade, automatic, well separated from the non-

safety grade plant control system, and located entirely in the reactor module vaults away from the control

room. A second and diverse reactivity shutdown system is provided for the very unlikely event that all

control rods fail to insert. This "ultimate" shutdown system when activated by the operator, drops boron

balls into the central core location (Figure 5) and will bring the reactor to cold shutdown independent of the

control rods.

The requirement established for the selected ATWS (anticipated transients, without scram) events are: no

significant fuel failures, high margin to sodium boiling, and long-term structural temperatures maintained

below the ASME Level D limit (700 degrees C, 1300 degrees F). Figure 7 shows the reactor behavior under

a combined condition of loss of forced primary flow and loss of heat removal by the IHTS at full power and

without scram. Through the passive reactivity feedbacks and the passive air flow heat removal, the core

outlet sodium temperature settles below the established temperature limit of 700 degrees C

(1300 degrees F), and high margin to sodium boiling is maintained. Although the fuel clad interface

temperature exceeds the 780 degrees C limit for fuel-clad eutectic formation for «veral minutes, no fuel

failures are expected.

Figure 8 shows the reactor behavior under an accidental rod withdrawal at full power without scram, adding

40 cents reactivity at the maximum capability of the control system, 2 cents/sec The power peaks at about

170 percent and settles at about 135 percent of rated power. The sodium and fud temperatures again settle

out below the 700 degrees C (1300 degrees F) limit, and no fuel failures are expected.

FIG. 6. Core average outlet sodium temperature after loss of all cooling by intermediate heat
73 transport system at full power, with scram.
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FIG. 8. Core outlet sodium and peak assembly temperatures resulting from withdrawal of
control rods at full power and with failure to scram.

Containment

The primary system boundary consists of the reactor vessel, the seal-welded reactor head closure, associated

isolation valves, control rod drive housings, instrument drywells and the surfaces of the intermediate heat

exchangers (IHXs). The prin. jy system is completely sealed during power operation and provides a strong

barrier designed to contain severe core disruptive events without leakage. Preliminary assessments indicate

that energetic events producing several hundred megajoules of mechanical energy and gross core melting can

be contained by the core support and primary system structures. The expected energy release from a severe

event in the small, metal-fueled core is not more than a few megajoules, and the metal fuel is expected to

resolidify under most conditions in a porous, coolable form.

The containment completely surrounds the primary system and represents a separate pressure retaining,

essentially leak-tight boundary. It consists of the containment vessel, which backs up the primary vessel, and

the upper containment dome, which backs up the head closure (Figure 4).

During power operation, all sodium and cover gas service lines are closed wi. - double isolation valves at

their penetrations through the containment, and all other penetrations in the reactor head closure are seal-

welded. There are no penetrations in the reactor or containment vessels. If a leak should occur in the

reactor vessel, the containment vessel will retain the primary sodium. The two vessels are sized such that the

reactor core, the stored spent fuel assemblies, and the IHX inlets will always remain covered; thus normal

flow paths are reserved for cooling.

Even though the primary system boundary is designed to contain severe core disruptive events, the assumed

design basis for the containment is such an event with the simultaneous breach of the primary system

boundary. It is further assumed (hat the cover gas escapes through the reactor head closure and carries with

it 100 percent of the fission gases and lesser fractions of the other radioactive materials and that air enters

the primary system, resulting in a pool fire that consumes all the oxygen available in the containment dome.

The resulting pressures and temperatures are within the containment dome design levels of 1.7 bar (25 psig)

over-pressure and 370 degrees C (700 degrees F) temperature. The less than 1 percent volume per day

design leak rate results in radiation dose levels of less than 1 rem whole body at the plant boundary for the

first 36 hours.

2.1.13 Safety Approach

There are several elements in the safety design approach for the ALMR.

First, the basic ALMR design is conservative. During power operation the reactor is hermetically sealed, all

sodium and cover gas service lines in the head closure are closed with double isolation valves, and all other
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penetrations are seal-welded. There are no penetrations in the reactor vessel below the head closure. The

pressure in the reactor cover gas is approximately atmospheric during power operation. At full power the

bulk sodium temperature exiting from the core is 485 degrees C (905 degrees F) and the peak fuel pin linear

power is 305 W/cm (93 kW/ft). These selections give substantial temperature margins to design limits: over

400 degrees C (720 degrees F) to sodium boiling, 140 degrees C (250 degrees F) to fuel centerline melting,

and 150 degrees C (250 degrees F) to fuel clad eutectic formation.

The reactor and its safety-related systems are seismically isolated in the horizontal direction. The relatively

small reactor diameter results in a structure that is stiff in the vertical direction and eliminates the need for

vertical isolation. The isolator bearings are each an assembly of steel plates laminated with rubber, a design

that has been commercially developed and used in non-nuclear applications, and is being further developed

and tested to qualify for nuclear service. The reactor system seismic design basis is OS g for safe-shutdown

earthquakes, with structural margins to accommodate safely more severe, very low probability earthquakes

that approach 1 g acceleration.

Second, very reliable engineered protective systems are provided in the design, for example, the highly

automated plant control system (PCS) will maintain the core outlet sodium temperature within specified

limits during power operations, including automatic "runback* of the power to a low level if necessary. If an

emergency event develops too rapidly for the PCS to control it, then the safety-grade reactor protection

system (RPS) located at the reactor module will independently respond by "scramming" the reactor (rapid

insertion of the six control rods). The RPS includes substantial internal diversity and redundancy and, thus,

is extremely reliable; the probability of it failing to shut down the reactor is estimated to be less than MV* per

demand.

Third, the ALMR is designed so that passive heat removal and reactivity shutdown characteristics will come

automatically into play to bring the reactor to a safe, stable state in the unlikely event that there is failure of

the active systems.

Fourth, the reactor primary coolant and cover gas boundary and internal structures are designed with large

strength margins so that even in the extremely unlikely event that sodium boiling or fuel melting occurs, the

reactor primary coolant and cover gas boundary will not be breached and there will be no leak of radioactive

materials from the reactor.

Fifth, the ALMR design includes full containment around the reactor to provide barriers against radiation

release in the extremely unlikely event that there is a breach of the reactor primary coolant and cover gas

boundary.

This approach utilizes both accident prevention and accident mitigation features, and is consistent with the

NRC policy concerning advanced nuclear power plants. The objective is to achieve for the ALMR design a

probability less than 10* per plant-year that there will be an accident with a radiation release at the plant

site boundary greater than 1 rem whole body dose for the Erst 36 hours after initiation of the accident or

greater than 25 rem whole body dose at a distance of ten miles from the plant thereafter. The 1 rem limit

over the first 36 hours is consistent with release limit guidelines proposed by the NRC staff for advanced

nuclear reactor designs intended to not require a rehearsed public evacuation plant. The subsequent 25 rem

limit is consistent with current federal regulations.

2.1.1.4 Fuel Cycle and Waste Management

The reference fuel for ALMR is metallic U-Pu-Zr alloy being developed by Argonne National Laboratory as

described in Section 3.

During power operation plutonium in the driver fuel will be consumed by GssioniDg, and new plutonium will

be created by U238 atoms in the blanket and fuel assemblies capturing neutrons to make Pu239. With the

present reference design, slightly more fissile Pu will be made than will be consumed. The estimated

compound system doubling time (CSDT) for breeding Pu is about 120 years, which is consistent with current

costs of fissile material and DOE cost estimating guidelines for the ALMR program. However, the ALMR

has a capability to achieve a CSDT of about 50 years, for utilization when expected future increases of fissile

material costs occur and extension of nuclear fuel resources is desired.

At each refueling shutdown, new driver fuel assemblies (containing Pu239 and U238) and new blanket

assemblies (containing U238) will be put into the reactor, and spent fuel and blankets will be taken from the

reactor to the fuel cycle facility. In this facility, Pu239 will be recovered and used to enrich new fuel, more

U238 will be added to provide fertile material, and radioactive wastes will be prepared for disposal. Startup

cores of new ALMR plants will use plutonium from processing of spent fuel from LWRs and/or from other

ALMR plants in operation.

Spent fuel from reactors contain minor '.ctinides, specifically americium, curium and neptunium, which have

extremely long radioactive liv»s. Iu the reference IFR metal fuel cycle, the minor actinides will be processed

with the plutonium and returned in the new fuel to the reactor. In a fast neutron spectrum, such as in the

ALMR, the minor actinides will fission as part of the fuel, creating thermal energy while being reduced to

short-lived fission products. Ultimately, these and the other Gssion products will be taken from the fuel

cycle as waste products.



If LWR spent fuel is used as the Pu source for ALMR startup fuel, the minor actinides can be included with

the Pu for disposal by fissioning them as a constituent in the ALMR fuel. At the present time there are

approximately 100 GWe of LWRs in the U.S. The rate of production of Pu and minor actinides as spent

fuel constituents from these plants and their potential future replacements is estimated to be sufficient to

provide for startup of the equivalent of approximately one 1395 MWe ALMR per year. Thus, with a

relatively moderate rate of deployment of ALMRs in the next century, this approach could provide a means

to reduce substantially the challenge of disposal of long life, high level wastes coming from LWRs.

22 Licensing

22.1 Regulatory Review

Both the ALMR design team and the NRC recognize the desirability of interaction with each other during

the design process to assure regulatory approval of the final product. A Preliminary Safety Information

Document (PSID) was submitted to the NRC for review in November 1986. This document is similar to a

Preliminary Safety Analysis Report (PSAR), but with less detail because of the conceptual nature of the

design. During 1987 and 1988, numerous meeting and discussions were held among the design team, the

NRC staff, and the Advisory Committee for Reactor Safeguards (ACRS) in the course of the review. The

results of the review are the draft Safety Evaluation Report (SER) prepared by the NRC Staff and the

review letter by the ACRS reporting the findings.

However, they also expressed concerns about the emphasis on accident prevention to the exclusion of

mitigation, and the lack of conventional containment. Therefore, amendments to the PSID were prepared

and submitted to the NRC in 1990 augmenting the design with additional accident mitigation evaluations and

features, and also adding a low leakage pressure retaining containment dome. The NRC is currently

reviewing these amendments.

23 Development Strategy

The current advanced conceptual design contract was scheduled for completion in 1992, however, funding

curtailment has affected completion of the scope of work on that schedule. Nevertheless, it remains the

Government's design for the private sector to come forth with a firm interest to proceed with a preliminary

and final ALMR design, as well as constructing a prototypic module, on a cost-shared basis. To that end

the industrial design contract team is defining, and with DOE authorization, will implement a plan leading to

commercialization of the ALMR. It envisions a team effort between U.S. industry, its international partners,

utilities, and DOE. It includes implementation of an ALMR prototype and certification of the design by the

NRC. Performance of the detail design, and construction and safety testing of a single reactor prototype

would be jointly funded by the DOE and the private sector. Commencement of the detailed design phase by

1995 could permit completion of safety testing of the prototype and certification of the design by 2006.

Therefore, the DOE plans to continue development of the ALMR and the associated actinide recycle at a

level of effort consistent with budget constraints. International cooperation will continue to be an important

part of this program.

3. Integral Fast Reactor Development

The Integral Fast Reactor (IFR) is an innovative liquid metal reactor concept being developed at ANL.

This concept exploits the inherent properties of liquid metal cooling and metallic fuel in a way that leads to

substantial improvements in the characteristics of the complete reactor system. The IFR concept consists of

five major technical features: (1) liquid metal (sodium) cooling; (2) pool-type reactor configuration; (3)

metallic fuel; (4) an integral fuel cycle, based on spent fuel pyrometallurgical/electrochcmical processing and

injection-cast fuel »fabrication; and (5) an option for a compact, collocated fuel cycle facility. The

reference power plant design, PRISM, incorporates many of the features of the IFR system being tested and

proven in the ALMR Program.

3.1 IFR Technology Development

The gcals of IFR technology development in the U.S. ALMR program are to confirm metal fuel

performance capabilities, establish a reference pyroprocessing method for recycle of metal fuel, evaluate

actinide burning benefits as part of U.S. waste management options, assess passive reactor safety

characteristics, and demonstrate fuel cycle economics. There is sufficient evidence to indicate that, when

utilized in conjunction with the advanced PRISM ALMR design, metal fuel has the potential for improved

economics and passive safety performance. It also favors improved waste management options, including the

burning of a very large fraction of the longer-life actinides present in reactor spent fuel, which could

facilitate future waste disposal activities. A ternary alloy metal fuel (U-Pu-Zr) is the current reference fuel

for the IFR.

The DOE IFR technology development program includes five elements:

• Fuel Performance Testing. Fabrication, irradiation testing, performance evaluation, and modeling of

metal fuel to demonstrate its performance under normal and upset conditions.

a Core Design R&D. Optimization of the passive inherent safety and economics of metal-fueled
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• Safety Tests and Analysis. Demonstration of IFR and metal fuel safety potential, through testing in

EBR-II and TREAT.

• Pyroprocess Technology. Development of pyroprocessing and waste treatment methods for

incorporation as the reference ifR processing flowsheet.

• Spent Fuel Recycle and Waste Treatment Demonstration. Operation of the full IFR fuel cycle to

optimize processes and demonstrate technical and economic feasibility of the system.

3.1.1 Fuel Performance Demoostration

The primary objectives of metal fuel performance demonstration are to demonstrate, through irradiation of

individual test assemblies and whole core loadings, the economic and safety performance potential of

metallic fuels, and to develop a technology data base, as required, to support advanced reactor design and

licensing processes. The demonstration includes the fabrication of fresh fuel and components for irradiation

in EBR-H AND FFTF.

The basic physical properties of the ternary alloy IFR fuel and the fuel/cladding interactions over a broad

range of compoii.'ons and operating conditions are being established. Out-of-reactor experiments are

underway to establish the compatibility of the metal fuel with advanced cladding materials, to characterize

the distribution of the alloy elements within the fuel, to measure the thermal and physical properties of the

fuel, and to validate calculational methods of modeling the fuel behavior.

The irradiation test program has included a comprehensive range of design and operating parameters. The

U-Pu-Zr fuel composition has been varied from 0 percent Pu to 28 percent Pu with zirconium variations

from 2 percent to 14 percent. Three cladding materials have been used, including the two austenitic

materials 316 and D9, and the ferritic/martensitic alloy HT9. The plenum-to-fuel volume ratio, smear

density, linear power, and fuel/cladding temperatures have covered a wide range. The maximum burnup

achieved to date is 18.4 atom percent and, in general, the steady-state irradiation performance of the IFR

fuel has been excellent.

In order to generate a statistically significant data base with which to judge IFR fuel reliability, the standard

EBR-II driver fuel alloy, U-5Fs, has been steadily phased out even though fully reliable to its 8 percent

burnup goal level. The EBR-II core conversion is now complete, using MK-1II subassemblies with D9-clad,

U-10Zr driver fuel and 316SS-clad, U-10Zr safety/control rod fuel. The current MK-IH driver fuel burnup

goal of 10 percent has already been exceeded by on the first qualification subassembly (14.7 percent

burnup). A parallel effort to qualify HT9-clad (MK-IV) fuel is underway and to date has achieved a

maximum burnup of 8.4 percent. This effort will qualify not only HT9-cIad U-lOZr but also HT9-clad U-

26Pu-10Zr for ultimate feed to the IFR fuel cycle demonstration.

Irradiation testing in FFTF was initiated to demonstrate that the data base generated in the shorter EBR-II

core (34.3 cm core height) is directly applicable in gauging performance of commercial LMR cores

approximately three tunes this height. Axial fuel growth might be expected to show some core-height

dependence, and this was the principal driving force for the FFTF tests. Irradiation of two 169-pin FFTF

fuel assemblies is now complete. The first test, consisting of D9-clad pins with l)-(0,8,19) Pu-10Zr fuel, was

discharged after reaching its goal burnup of 10 atom percent. The second tea, consisting of a limited

number of HT9-clad pins with U-10Zr fuel, was discharged at 5 atom percent burnup. Neither test

experienced fuel pin failure and both will soon undergo postirradiation examination. Follow-on tests of

HT9-clad U-10Zr fuel pins are now under irradiation in FFTF and have achieved a maximum burnup of

over 11 atom percent without breach. Unique instrumentation in the FFTF has confirmed the magnitude of

axial growth expected in this metal fuel. These are the only tests currently under irradiation using HT9, a

metal fuel and a pin length similar to those proposed for the ALMR. The bulk of these tests will continue

irradiation until pin breach or other life-limiting conditions are reached.

Considerable effort is being placed on characterizing the thermal and physical properties of the IFR fuel, in

particular the swelling and axial growth of the fuel and the compatibility of various fuel compositions with

different cladding materials under operating conditions. Anisotropie fuel swelling has been observed, with

the degree of anisotropy a complex function of fuel composition, temperature and fission rate. Axial growth

of the fuel column is an approximately linear function of burnup beyond the point of initial fuel/cladding

contact, at about 2 percent burnup. Figure 9 shows the average length change of the fuel column as a

function of burnup for three fuel compositions: U-10Zr, U-8Pu-10Zr, and U-19Pu-10Zr. The compatibility

of fuel and cladding alloys is being studied by a variety of means, including differential thermal analysis,

diffusion couples with unirradiated materials, and temperature transient testing of segments of irradiated fuel

elements or complete fuel elements. The latter tests have shown generally higher temperatures for fuel-

cladding interaction than for those tests done with unirradiated samples. Thi-, is most likely a consequence

of the complex interaction between fuel and cladding under irradiation. Results to date indicate that the Fu

content of the fuel does not seem to lower the fuel-cladding eutectic temperature.

3.12 Safety Tests and Analysis

The overall objective of the IFR safety analysis task is to provide the experimental data to validate the

unique safety features of the IFR and to fully characterize the totality of safety features associated with

metallic fuel. Primary activities are: (1) to conduct TREAT tests to establish the margins to failure for
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FIG. 9. Burnup dependence of the average axial fuel elongation.

Following the strikingly successful Inherent Safety Demonstration test series conducted at EBR-II in 1986, a

wide range of design basis accidents (including anticipated, unlikely and some extremely unlikely transients)

have been evaluated for the IFR concept. These events arc found to lead to consequences well within

conservatively interpreted acceptance guidelines. The improved passive safety capability of the pool

configuration and the improved reactivity feedback response of metal fuel lead to the availability of large

design margins of safety. In pool systems, the large primary system heat capacity buffers the primary system

so that no reactor scram is required for any combination of balance-of-plant (BOP) faults. In the metal-

fueled IFR, the reactivity decrement associated with changing power level is small compared to oxide-fueled

reactors. These basic characteristics and the availability of large margins can be exploited to develop

simplifications in the plant protection system (PPS) and plant control system (PCS) configurations, leading to

the emergence of a new optimum control strategy that could reduce event frequencies and scram demands.

To support further inherent safety demonstrations in EBR-II, to be conducted with the full IFR core in

place, the EBR-II PCS has been substantially automated. The reactor is serving as a test bed for advanced

control and diagnostic system technology, and a number of advanced diagnostic systems arc now in place.

These systems are proving highly useful in monitoring safety margins and in providing operating simplicity

and flexibility.

metal fuel and validate the modelling and analysis of the transient behavior of metallic fuel, (2) to conduct

analyses to demonstrate the safety margin of metallic fuel for a wide range of reactor sizes and to apply the

analyses to the reference reactor concept, (3) to conduct out-of-reactor tests on both unirradiated and

irradiated fuel to establish key fuel behavior data under upset conditions, and (4) to conduct analyses of

reactor operational transients, anticipated-transient-without-scram (ATWS) events, and local faults to

establish margins of safety for metal-fueled IFRs.

No further TREAT tests have been performed during the past year, but analyses of previous tests with metal

fuel have shown that transient heating of this fuel under accidents conditions produces cladding loading

dominated by the plenum pressure. The similarity of the thermal expansion of fuel and cladding, and the

compliant nature of the porous fuel, lead to negligible fuel-cladding mechanical interaction (FCMI) damage

of the cladding. Although the FCMI stresses in the cladding may be significant early in the transient, little

plastic strain accumulates before fuel creep relaxes the cladding loading to a hydrostatic state that follows

the transient increase in plenum pressure. Should the accident sequence proceed to fuel melting, the high

fuel porosity, low gas retention, and small fuel density decrease on melting lead to little pressurization of the

pin before melting at the top of the fuel column allows molten fuel to expand into the plenum region.

Besides delaying g fuel failure (to about four times normal power in an 8-second period overpower

transient), this molten fuel extrusion can provide a significant source of negative reactivity feedback.

3.13 Pyroprocess Development

A key element of the li-K concept is its unique fuel cycle, based on a combination of pyrometallurgica! and

electrochemical processing, or "pyroprocessing." This element of the IFR Program deals with the

development of a compact process for recovering plutonium and uranium from the irradiated metallic core

and blanket materials, for extracting fission products from them, and for re-enriching the core fuel with

plutonium bred in the blanket. To accomplish this, major development efforts are directed toward flowsheet

development and process chemistry, process development studies, engineering-scale demonstration of the

electrorefining process, and waste treatment/management.

The electrorefining process consists first of the batch dissolution of chopped fuel clement segments. An

oxidant, CdClj, is added to convert sodium from the fuel element thermal bond and active fission product

metals to their chlorides, which become a part of the molten chloride electrolyte. Uranium is clectrorcfined

by deposition on a solid cathode, and U-Pu fuel elements are electrorefined by deposition in a liquid

cadmium cathode. These cathodes are removed from the electrorefincr cell, the cadmium and occluded salt

are removed by retorting, and the uranium and/or uranium-plutonium product arc consolidated by melting.

The residual solids in the cadmium pool constitute the noble metal fission product waste from the process.

The salt, which can be made sufficiently free of actinides to be regarded as non-transuranic (non-TRU)

material, is a process waste. The rare earth and noble metal fission products may be consolidated in to a
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metal matrix such as copper to provide a permanent disposable waste form (non-TRU) waste form.

Flowsheet variations are being tested with a laboratory-scale electrorefining apparatus, with results being

compared against calculations based on an electrochemical model of the overall process. Good agrement

has been obtained between the measured and calculated compositions of the salt and metal phases. An

engineering-scale version of the electrorefiner is being used for process development and system

optimization.

3.1.4 Fuel Cycle Demonstration

The objective of this program element is to verify and quantifj nie economic potential of the IFR metal fuel

cycle by means of a comprehensive demonstration of all aspects of the fuel cycle under conditions

representative of future commercial practice. The demonstration will be carried out in the refurbished Fuel

Cycle Facility at the ANL-Idaho Site over the period 1991-1995, using spent 1FR fuel discharged from the

EBR-I1 reactor. Modifications to the former Hot Fuel Examination Facility-South to include installaiion of

full-scale IFR pyroprocessing unit operations are now planned to commence in October, 1991. The

pyroprocessing demonstration will take place on a scale and at a throughput rate which facilitate a reliable

economic evaluation of the process. Once in full hot operation, about 60-90 EBR-II fuel subassemblies will

be processed per year. Unit operations to be demonstrated range from initial fuel subassembly breakdown

to final waste treatment and packaging for disposal. At this time, the EBR-II complex will then be in full

operation as an IFR prototype, with fuel at goal burnup levels, fuel being recycled (i.e., processed and

refabricated) to the reactor in a closed fuel cycle, and low-volume non-TRU waste products being shipped

off-site for disposal.

22 IFR Concept Development

The objective of this program is to verify design features, safety margins, and cost savings of the IFR concept

and to confirm performance expectations of the required new components and materials. Extensive use is

made of the national laboratories and engineering test centers to verify predicted behavior of complaints,

materials, and systems. With the selection of the reference concept, resources will be concentrated on the

technologies required for the chosen advanced reactor concept and remaining technical uncertainties will be

resolved.

3.2.1 Systems Technology

Systems technology includes work on components, advanced instruments and controls, and auxiliary systems.

This R&D advances the performance of current technology, which is needed to assure that desired cost

savings are realized in the construction and operation of the proposed reference advanced ALMR.

At the Energy Technology Engineering Center (ETEC), major emphasis is currently on steam generator

development. Helical coil steam generator testing has been suspended, and activities now encompass

initiation of a double wall tube steam generator test program under a cooperative contract with the Japanese

Atomic Power Company (JAFC) that includes testing of a 70 megawatt model '.team generator built by

Westinghouse, and of a JAPC few-tube mod«! s'rani generator, and testing of advanced technology and

materials (e.g., modified 9 Cr-1 Mo steel and imyrc "d leak detection systems). Activities at ETEC also

include testing and test preparations in support uf other (non-FBR) reactor concepts, including the gas-

cooled and heavy water cooled New Production Reactors, and SP-100, an advanced power plant for space

applications.

The advanced instruments and control program element includes the design, tc-.t, and performance

demonstration of new, state-of-the-art instrumentation and control systems, such as radiation detection,

sodium pressure and temperature measuring, automated plant control, "smart* sensors and diagnostics,

nondestructive testing and in-core neutron flux monitoring, which will reduce plant cost and improve the

licensability of advanced liquid metal reactors.

Work continued on the long-term task of providing for testing and validation of advanced control system

designs by simulation, with emphasis on applications of parallel processing to improvement of simulation

speeds and to real-time simulation techniques. A large reactor simulation program was converted to parallel

processor code and is in the final stages of debugging. Significant speedups were obtained with

parallelization, with the code currently running up to 600 times real time. Lessons and techniques developed

in this exercise will be applied to the advanced controls program demonstration projects, as appropriate.

Research and development is also required to determine the best design for major auxiliary systems,

including fuel handling, vessel support, in-service inspection, sodium leak detection, and remote

maintenance. Sufficient test and design verification data are needed so these systems can be clearly

specified and accurately costed. R&D is directed at those critical features thai differ significantly from

FFTF or EBR-II operating systems and that offer potential for significant future cost savings, improved

reliability, and/or increases in plant availability. One area generating interest is a bottom-support plant

design that offers the potential of reduced seismic loads and lower cost.

4. OXIDE FUEL CYCLE R&D

Oxide fuels remain the primary backup for metallic fuels in both the IFR and PRISM concepts. Oxide fuels

continue to be the preferred fuel for most other nations who are developing the fast breeder reactor. For

many years, the U.S. and Japan have had extensive cooperative efforts underway. Development efforts have



included long-life oxide fuel performance and an advanced fuel cycle system based on the well known Purex

process. This cooperation continues.

The oxide fuel cycle R&D program currently consists of collaborative efforts with Japan in advanced

reprocessing systems development (see 4.2) and fuel performance testing of mixed oxide fuel in FFTF and

EBR-IT for Japan's MONJU reactor.

4.1 Oxide Fuel Development

The primary effort of the FFTF fuel development program during 1990 was additional development of

A_LMR fuel and blanket assembly designs that concentrated on controlling pin and duct distortion by

reducing the swelling behavior of the structural materials. The Core Demonstration Experiment (CDE),

currently being irradiated in the FFTF, clearly demonstrates the capability of mixed-oxide fuel to achieve

burnups in excess of 200,000 MWdVMTM and fast neutron fluences in excess of 30 x 1022 n/cm2 using the

very low swelling ferritic-martensitic alloy HT9.

The CDE consists of three parts: (1) a partial prototypic LMR core loading of ten fuel and six blanket

assemblies arranged in a heterogeneous configuration in the center of the FFTF core, (2) two lead fuel tests

designed to operate under one and two sigma thermal conditions, and (3) two low power fuel tests designed

to verify concepts of an ultra-long life LMR core. Each CDE fuel assembly contains of 169 large diameter

(6.858 mm) pins with mixed-oxide annular fuel pellets and each blanket assembly contains 91 large diameter

(9.906 mm) pins with solid pellets of depleted uranium dioxide. The duct, cladding and wire wrap are HT9.

The CDE partial core loading began irradiation in September 1986 and successfully completed irradiation in

April 1990 after a 3.5-year resident time. This pioneering work conclusively demonstrates the advantages of

low swelling materials. The fuel attained peak exposures of 163,900 MWd/MTM and 233 x 1022 n/cm2 and

the blanket attained peak exposures of 43,100 MWd/MTM and 22.8 x ltf3 n/cm2. No duct elongation was

observed and no distortion sufficient to cause an increase in withdrawal loads of the assemblies was

observed. One fuel assembly from this partial loading continues irradiation in FFTF. As of March 1991,

this fuel assembly has attained a peak exposure of 194,000 MWd/MTM and 29 x 1022 n/cm2.

The CDE lead tests continue their irradiation in FFTF and have attained a peak exposure of

218,000 MWd/MTM and 34 x 1022 n/cm2 as of March 1991. Concurrently, the CDE low power tests have

attained a peak exposure of 109,000 MWd/MTM and 13 x 10*2 n/cm2. At this time, although very high

exposures have been reached, none of the CDE test pins have breached.

Additionally, irradiation continues on the two prototypic fuel and one prototypic blanket assemblies for

Japan's MONJU LMR. These tests utilize cladding and duct components provided by Japan. As of March

1991, the fuel assemblies have attained a peak exposure of 134,000 MWd/MTM and 19 x 1022 n/cm2. The

MONJU blanket assembly has attained a peak exposure of 21,000 MWd/MTM and 21 x 1022 n/cm2 and is

planned for removal at this time.

42 Oxide Fuel Reprocessing

Fuel reprocessing activities on the Shear-Leach-Purex aqueous process are continuing in the Consolidated

Fuel Reprocessing Program (CFRP) at the Oak Ridge National Laboratory (ORNL). Much of the work is

carried out under a jointly funded collaborative agreement with PNC of Japan. The goal of the program is

continued development of reprocessing technology and support of the design and construction of the

Recycle Equipment Test Facility (RETF) in Japan. Each piece of equipment in the RETF will be

prototypical of those of a future FBR fuel recycling pilot plant in Japan and will provide a valid technology

demonstration under hot operating conditions. The reprocessing program at the CFRP is focusing primarily

on this collaborative program while completing ongoing activities with the United Kingdom Atomic Energy

Authority and the Commissariat a I'Encrgie Atomique of France.

The concepts that have been and are being developed at ORNL are compact, high throughput devices that

are designed both to be reliable and readily maintainable by remote means. Equipment components, except

for the heavy mechanical head-end devices, will be mounted on racks that facilitate in situ remote

maintenance and also provide for the rapid replacement of individual components or entire racks, if

necessary. An electromechanical master-slave manipulator is in operation at CFRP that is highly dexterous,

has fore: feed back to the operator and is itself remotely maintainable. In-cell samplers have been

developed and tested that will minimize cell penetrations, reduce exposure to analytical personnel and

simplify operations. The entire process will be fully instrumented and will provide for both enhanced

process control and enhanced safeguards. Because cell penetrations are minimized and in cell maintenance

maximized, a sealed cell concept is possible that will allow a low-flow ventilation system to be used that

could include an inert cell gas. This in turn would essentially eliminate any in-cell fire hazard.

Many of the concepts jointly developed by the CFRP and PNC are being incorporated into the reference

design of the RETF. Testing of these concepts under prototypic conditions will provide the basis for a

proven reprocessing facility that can be made with low capital and operating co-Is, minimal personnel

exposure, improved effluent control and increased safety and safeguardability. Major components/systems

currently under test and evaluation include a laser disassembly machine, a rotary dissolvcr, and centrifugal

contactors for separations.
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5. TEST FACILITIES

The major facilities advancing the LMR effort are located at three sites within the United States:

• Argonne National Laboratory-West (ANL-W), Idaho Falls, Idaho

• Westinghouse Hanford Company (WHC), Richland, Washington

• Energy Technology Engineering Center (ETEC), Santa Susana, California

In addition to the above facilities, the program utilizes other facilities for advanced reactor R&D. One of

the more prominent of these facilities is the Integrated Equipment fest (1ET) facility at Oak Ridge National

Laboratory (ORNL). The IET provides a key capability in fuel reprocessing technology and is used in a

number of international collaborative efforts.

As noted earlier it is probable that the FFTF will be closed down in the near future.

5.1 Argonne National Laboratory-West (ANL-W)

The ANL-W site is the technology center for the US. metal fuel development program, for reader

operations, for metal fuel reprocessing and «fabrication, and for waste treatment demonstrations verifying

the closed metal fuel cycle. The facilities are described below:

S.I.I Experimental Breeder Reactor-II (EBR-II)

EBR-II, a metal fueled LMR power plant, has been in continuous operation since 1964. In 1989, it achieved

a plant capacity factor of 37.0 percent, however, the 10-year average plant factor was 68.17 percent. The

original mission of EBR-II was that of a complete pilot plant for Droving the liquid metal fast breeder

reactor (LMFBR) system. The reactor, in conjunction with the adjacent Fuel Cycle Facility, demonstrated

the concept of a fast breeder power plant with an integral fuel cycle. During 1968-69, with the successful

completion of the original mission, a substantial modification program was initiated to convert the EBR-II

reactor into a fast reactor test facility.

EBR-II's long and successful operating history provides an important source of information on the long-term

reliability of LMRs. Major programs being conducted in EBR-II include metal fuel irradiation testing and

demonstrating the inherently safe response of a metal fueled, pool LMR to plant upsets. EBR-II also serves

as an important test bed for key features of innovative LMR designs, such as flexible pipe joints, unproved

materials, and instrument and control system improvements. Other major tests currently being conducted

include those to determine the efforts of running-beyond-cladding-breach, and response of oxide fuel to

operational transients in a joint U.SiJapanese program.

The As Low As Reasonably Achievable (ALARA) approach to radiation exposure combined with other

EBR-II attributes has resulted in collective man-rem exposures two orders of magnitude less than for

commercial power, light water reactors.

The future utilization of EBR-II includes continued support of the IFR development and metal fuel

performance demonstration program, completion of the Phase II U.S./Japanesc program of oxide fuel

operational reliability testing, and irradiation testing of fuels and other materials for the space and defense

power program.

5.1.2 Zero Power Physics Reactor (ZPPR)

The ZPPR is an experimental critical facility in which different reactor core designs can be mocked-up,

operated at a low power, and characterized according to the physics properties of the core and surrounding

regions. The ZPPR provides experimental physics data for the design of fast reactor demonstration plants

and large fast reactor central-station power plants. Operational and design parameters such as critical mass,

control rod worth, power-generation distribution, breeding-blanket effectiveness, :md neutron flux on support

structures are measured for configurations that exactly duplicate the neutronics of the proposed design.

Also measured and confirmed are safety-related parameters fundamental to the demonstration of a safe

design, such as the Doppler coefficient and the sodium-void coefficient.

S.13 Transient Reactor Test Facility (TREAT)

The TREAT reactor is an air-cooled, thermal, heterogeneous reactor used to simulate postulated reactor

transients and transient undercooling events. The primary mission of the TREAT reactor is to conduct

safety-related tests in support of the Liquid Metal Reactor Program. Tests include overpower transient tests

on fuels to determine fuel dynamic behavior during reactor excursions, overpower transient tests to

investigate fuel-coolant interaction phenomena, steady-state power tests with loss-of-flow to investigate

coolant expulsion and related phenomena, and combinations of loss-of-flow and transient-overpower tests.

TREAT also provides neutron radiography services for experimental fuel irradiation programs and other

experiments.



5.1.4 Hot Fuel Examination Faciütv (HFEF)

The HFEF consists of an air-atmcspheric and an argon-atmospheric hot cell, which provides capabilities for

remote assembly and disassembly of irradiated subassemblies and loops, and for examination of fuel

elements and material specimens. The HFEF examination capabilities include precision gamma-scanning

profilometry and other dimensional measurements, weight determinations, metallography, photographic and

visual observations, eddy current and ultrasonic nondestructive testing, and neutron radiographv

5.1-5 Fuel Cjde Facility (FCF)

The previously designated HFEF-South facility consisting of an air-atmospheric and an argon-atmospheric

cell is currently being modified to provide for the development and demonstration of 1FR metal fuel

pyroprocessing and waste processing technology.

5-2 Westinghouse Hanford Company (WHC)

The WHC facility at Hanford serves as an irradiation testing center for LMRs, fusion, isotope production,

sp3ce and defense power systems, and cooperative international programs. The Vey facilities used for LMR

development are described below.

5.2.1 Fast Flu.* Test Facility- (FFTF)

.As mentioned earlier, the Department of Energy has announced its decision to close down the FFTF. This

decision was based on the lack of a mission that justified the continued, high operating costs for the FFTF.

It was further determined that the Advanced Liquid Metal Reactor development program could continue, on

schedule, using the facilities at the Idaho National Engineering Laboratory. The start of shutdown has been

deferred pending the outcome of efforts to secure non-DOE sources of funding for its operation.

The FFTF, a fuel and materials test reactor, began operation in 19S2 and is currently nearing the end of its

eleventh operating cycle. Its excellent performance is shown by the FFTF Operating Histogram (Figure 10)

and Annual Operational Performance data (Figure 11). The plant achieved an Operational Efficiency

Factor of 93.2 percent in 1990, a measure of ability to achieve planned activities.

The FT-TF completed Cycle 11B operating in October 1990, accumulating 21S 2 EFPD in its two subcydes.

Cycle 11C operation started in late December 1990 and at the end of February 1!)91 achieved 2000 EFPD

since the beginning of Cycle 1, operation, registering 62.9 EFPD during Cycle 11C. The highest burnup fuel

assembly in the core during Cycle 11C achieved a burnup of 21S MWd/VgM at the end of February 1991.
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Both the LMR Materials Open Test Assembly (MOTA) and fusion materials MOTA experiments have

operated very well and produced valuable data throughout the year. During April 1991 the two MOTA

vehicles will be removed from the FFTF and their experimental contents reconstituted into one MOTA

vehicle for continued irradiation.

The Core Demonstration Experiment (CDE) configuration successfully completed irradiation to its three-

year reference lifetime goal which was reached in April, 1990. Five CDE fuel assemblies continue

irradiation with three of these having burnup levels of 194 to 218 MWd/kgM and are well on their way

toward a five-year or greater lifetime.

5.2.2 Fuel and Materials Examination Facility (FMEF)

The FMEF is a modern fadlity designed and built originally as a fuels and materials examination facility and

greatly modified to provide the capability for LMR fuel fabrication and plutonium (or other fissile material)

storage. The facility has never been fully activated although £ , > the latest design, safety, environmental

compliance, and safeguards standards. Future utilization of this facility will be influenced by DOE decisions

to shut down FFTF operation.

5 3 Energy Technology Engineering Center (ETEC)

The ETEC provides testing capabilities for developmental hardware, software and instrumentation in non-

nuclear environments. Key facilities are described below:

53.1 The Sodium Component Test Installation (SCTT)

The Sodium Components Test Installation (SCTI) is a 70 megawatt (thermal) test facility that is used

primarily for steam generator tests. The sodium heat transport system contains two 35 megawatt (thermal),

natural gas-fired sodium heaters, an 8000 gpm main circulating pump, and supporting services for steady

state and transient test operations. SCTI includes a 70 megawatt steam and fcedwater system which permits

once-through or recalculating operation of lest steam generators or tests of other high temperature, high

pressure steam and water systems. The principal operating mode entails delivery of steam to the turbine of

the Power Pak cogenerating system for production of 25.5 megawatts of electricity for distribution to the

Southern California Edison power grid. The SCTI can be operated independently of Power Pak, particularly

for the performance of severe transient tests; these transients would not be prudent to perform in a nuclear

facility, but are safely performed in the SCTI, which has been designed for tlii-, purpose. The facility

currently utilizes three separate test positions for steam generators.



532 The Sodium Pump Test Facility (SPTF)

SPTF was designed primarily for large sodium pump testing and the concurrent testing of large sodium

flowmeters. The facility has a flow capacity of 100,000 gpm at 210 psig developed head and 1100 degrees

Fahrenheit. The system has a turndown capacity to less than 100 gpm. Electric power is available for motor

drives up to 15,000 hp. The system includes two test stands for large pumps and is designed to produce

strong upramp or downramp thermal transients during pump operation. A space vacuum test capability is

also available in this facility.

533 The Transient Test Facility (TTF)

TTF is used to simulate the effects of process fluid transient temperatures on plant components.

Simulations for hot water, liquid metal slurries, and molten salts can be achieved by directing hot or cold

high-velocity inert gas through thermally preconditioned test articles. TTF also contains a large hydraulic

loading structure mounted on a massive, steel-reinforced, concrete base, which permits simultaneous

mechanical and thermal stress testing of components up to 32 by 40 by 25 feet. The TTF complex also

includes the Fragility Test System (FTS) and the Se'smic Isolation Test Fixture (SITF). The FTS uses TTFs

500,000 lb. seismic mass, which is set in bedrock, as a base for high-level seismic failure (fragility) testing of

piping systems and components, a synchronous, four-table hydraulic shaker system can provide accelerations

up to 30G. The SITF is a test bed designed and constructed to simulate earthquake effects on large, flexible

bearings that can isolate reactor and non-reactor components, systems and buildings and other structures

from such effects.

53.4 The Steam Accumulator Blowdown Evaluation Rig (SABER)

SABER is used to evaluate large nuclear and fossil fired steam power plant equipment in a blowdown mode.

Steam flow rate in excess of 10 million pounds per hour can be developed. Dry or wet steam can be used at

pressures to 500 psi, with higher pressures available. Test article reaction loads can be accommodated to

one million pounds, with built-in steam quenching and fast-acting control valve capabilities. Types of testing

that can be accommodated include acceptance, qualification, design development, off-design performance,

noise and vibration, and failure testing.

cooperation has increased. Even the 1983 shift in the U.S. development direction, from large, oxide-fueled

reactors to small, metal-fueled ones, did not lessen our international cooperation. The even more recent

U.S. emphasis on using fast reactors for actinide recycle in anticipated to further enhance collaboration.

6.1 U-SVJapan Activities

Currently, the U.S. has fast reactor development agreements and contracts for cooperation with the Power

Reactor and nuclear Fuel Development Corporation, the Central Research Institute of the Electric Power

Industry, and the Japan Atomic Power Company. The activities include safety and operating experience with

oxide fuels, component reliability, materials data, shielding experiments, steam generator studies, and the

pyroprocess development for metal fuel reprocessing. Cooperation is very active within these technologies.

62 U.SyEiiropean Activities

Cooperation continues with France, the Federal Republic of Germany and the United Kingdom. Significant

progress has been made towards reaching a new agreement with the existing European fast reactor

consortium, taking into account the emerging European community. This past year emphasis was directed at

reactor safety and the differences accruing between large, oxide-fueled plants and small, metal-fueled plants,

and economic comparisons of these different approaches.

7. CONCLUSION

The U.S. continues to develop the advanced liquid metal reactor concept with a metal fuel cycle that may

incorporate actinide recycle from spent light water reactor fuels. This concept is part of the National

Energy Strategy that has recently been released by DOE for making nuclear power a viable part of our

nation's future energy supply. For the foreseeable future, however, evolutionary and advanced light water

reactors are expected to provide the major, new nuclear contribution, and for this to occur, major emphasis

must be plao"'1 on reducing the uncertainties and promoting stability in the licensing process. With these

actions, nuclear power could flourish and ivithout them, nuclear power in the U.S. could all but disappear by

the year 2030.

6. INTERNATIONAL COOPERATION

The United States has been a strong advocate of international cooperation within the fast reactor

development program. Department of Energy cooperative activities with the other nations within the

International Woridng Group for Fast Reactors dates back to 1969, and over the ensuing years the extent of
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Major progress has been been accomplished in 1990 concerning the design of the
European Fast Reactor (EFR), its support by research and development and the
organisational structuring of the joint industry and R&D partners.

Interatom, NNC and Novatome have signed an industrial agreement for phase 2 -
Concept Validation. It is aimed at the confirmation of the main EFR design
features, the establishment of a standard safety report and a cost assessment.
A common Project Management Team (PMT) has been set up in Lyon since June
1990. It is responsible for the overall coordination of the design work and
has to interface with the Project Management Group of EFRUG and the R&D
organisations (MGRD). Major design achievments relate to the height of the
core (1 m), the design basis accident of the steam generator and a comprehen-
sive comparison of passive and active designs for the decay heat rejection.

In the field of research and development the in 1989 adopted strucuture of the
Management Group for R&D (MGRO) has started and consolidated its cooperation
with PMT. Major progress in R&D work was achieved on the demonstration of fuel
rod performance with 15/15 Ti and PE16 steel up to values of 135 dpa. Absorber
irradiations in PHENIX and PFR gave confidence that the target for control
rods (600 efpd) can be met. Various rigs in the field of primary circuit
thermalhydraulics indicated stable flow in the hot pool for all operating
conditions.

In decay heat removal the 5 MW facility ILONA at Bensberg was operational in
autumn 1990. In support of the steam generator design basis accident defi-
nition the SUPER NOAH experiments (at Dounreay) was completed. In the safety

area comprehensive energy release calculations by the code FRAX 5B were
undertaken. The advanced code- EUREF is being devloped and analyses on sodium
fires relevant to EFR are in progress.

Further R&D work dealt with the provision of materials data to meet design
rules requirements, the establishment of in-service inspection and repair
techniques, the development of instrumentation and the response to design
requests in various component fields.
Finally special emphasis was put on the harmonisation of various codes
hitherto used in the partner countries UK, France and Germany. Progress has
been made in the field of core physics, shielding, safety, seismic, fuel and
others leading to uniform codes to be used by all design and R&D organisa-
tions.

In conclusion it can be stated that the R&D programme is well harmonised to
meet the EFR requirements.

1. Progress with the Design of EFR

1.1 Introduction

Following a memorandum of understanding signed on March 2, 1984, a joint
European Fast Reactor development programme was offic .illy settled by the
signature of three separate agreements in Bonn-Bad Godeiberg on February 16,
1989:

a) The "R&D Agreement" relating to research and development which was
signed by R and D organisations,

b) The "Industrial Agreement" relating to cooperation in design, con-
struction and marketing, between the Design and Construction Com-
panies, and

c) The "Intellectual Property Agreement" setting out the terms and
conditions controlling the use of existing and future know-how in-
formation at the disposal of the Partners.

The Design & Construction Companies combined as EFR Associates to carry out
the design studies of EFR. The responsibilities for the main systems have been
shared as follows: NNC the core, NOVATOME, the primary system and INTERATOM
the intermediate heat transfer system. These three companies are involved in
all engineering studies and, in addition, BELGONUCLEAIRE and A.NSALDO partici-
pate in the design activities as contributing partners. A common team, called
Project Management Team (PMT) now located in Lyon, France, coordinates the
whole design work.

The EFR Associates have defined their needs in R&D support. These are mainly
related to the validation of the compact design of the EFR, to the development
of innovative cost saving components and to the substantiation of an up-to-
date safety approach.

A management Group for R&D (MGRD) corresponding to the Project Management team
of the EFR Associates, was set up to manage the collaborative R&D programme of
the EFR (Figure 1). The MGRD has three components: up to two members re-
presenting each signatory, the Liaison Agents in charge of the links with
EFRA, and the Technical Secretariat located in Cadarache, France. It is headed



by a Chairman and Executive Director. He conducts his business full-time,
serves for the management of the R&D programme and reports bi-annually to the
R8D Steering Committee.

The functions of the MGRO include the definition and coordination of the R&D
programme, the establishment of good working links with EFRA and with the
national management groups, the preparation of guidance to the working groups
(AGTs) and the monitoring of this progress.

1.2 EFR Goals

The objectives for EFR, as laid down by EFRUG ?re:

- Capital and generating costs should be comparable with those of a competing
PHR.

- Availability and reliability should also be comparable with PWRs.
- The plant should be licensable in all participating countries.
- Construction should be carried out on an assured timescale.
- There should be a minimum of extrapolation to a commercial plant.

Previous national designs in France, Germany and the United Kingdom had shown
significant potential for reducing costs and by mid-1987 the D&C companies had
pooled ideas of how further cost reductions might be made. Costs can be saved
on capital investment and on improved availability, often not mutually ex-
clusive. It is also important that any new features in the design should not
carry an unacceptable risk. Therefore new features should offer significant
cost reduction incentive, and/or safety advantage and be capable of develop-
ment on a relevant and affordable timescale. Furthermore there must be a
secure back-up design available.

A comprehensive package of options emerged which are part of the current so
called consistent design. Innovative features are included in this design and
remain to be proven before the Nuclear Island design is frozen in autumn 1991.

The overall design period of five years was split into two phases:

- Phase 1: 2 years from March 1988 to March 1990. This phase was devoted to
"concept design".
- Phase 2: 3 years from March 1990 to March 1993. After analysis of progress

of Phase 1, it was decided to orientate the second phase towards "concept
validation".
This phase will include the examination of safety options by a group of
European experts in order to check that they are acceptable in the partici-
pating countries.

Phase 2 will be followed by preconstruction activities. The summary programme
of EFR is shown in Figure 2.

1.3 Current Design Features

The above mentioned EFR goals clearly required a significant step forward
compared with previous nations! designs, with a great deal of simplification
to achieve cost savings. Earlier »'ork done in France confirmed that there was
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a good correlation between weight and cost savings, therefore great emphasis
has been placed on reducing weight in the design of the EFR, and indeed, the
size and cost of the primary circuit have been reduced. It is worth noting
that much of this saving has been achieved by reducing from a basically 4-loop
design, using eight IHXs and four primary pumps, to a 3-loop design, with six
IHXs and three primary pumps. Advantage has been taken of six secondary
circuits instead of three to improve plant availability at a modest increase
to capital cost.

A wide range of alternative options were considered during the two year
concept design phase; ranging from secure to speculative designs - indeed
anything which could significantly reduce costs or safety. It was clear from
ths start that no single measure would achieve competitiveness with PWRs but
that a number of smaller savings would have f be made. Substantial savings
have already been achieved and further savings will be pursued in Phase 2,
with particular emphasis on savings during construction.

Plant performance

The overall operating characteristics have been based on those of CDFR, SPX 2
and SNR 2 which had been optimised and which are also very similar, leading to
specification of reactor inlet and outlet temperatures, and steam generator
feedwater and steam temperatures. An operating load range of 20 to 100 % full
power has been specified together with requirements for shutdown, operation
with non-availability of secondary circuits and post-trip procedures.

The main plant performance and design parameters are given in Table 1.

1.3.1 Primary Circuit

The primary tank is about 17 m in diameter - significantly less than in
previous designs. The compactness of the design places considerable emphasis
on the thermalhydraulic behaviour of both hot and cold pools; to ensure for
example that the hot pool provides an adequate surface condition to avoid gas
entrainment and also to ensure thermal boundary conditions both in steady
state and transient operation which are acceptable for the primary circuit
structure.

A double rotating shield is used in the design with both direct and offset arm
refuelling machines transferring fuel from the core to and from the in-vessel
store and to the discharge socket of the "A" frame. This is a simplified
version of the design developed for SPX 1.

The above core structure is a particularly important structure and has nume-
rous requirements placed upon it. Hain functions include support for the
absorber drive and mechanisms, above core instrumentation including delayed
neutron detection location equipment, nucleonic instrumentation and above core
thermocouples, and most importantly it turns the core jet, more or less at
right angles, in such a way as to produce satisfactory thermal hydraulic
conditions for the hot pool bouncv^es, components and free surface. The
optimisation of these sometimes contradictory constraints is the subject of
much experiment and computational development. A cross section of *-he primary
circuit is shown in Figure 3.

TABLE 1. MAIN EFR PERFORMANCE AND DESIGN PARAMETERS

REACTOR HEAT OUTPUT

ALTERNATOR OUTPUT

NETT ELECTRICAL OUTPUT

NETT EFFICIENCY

CORE INLET TEMPERATURE

CORE OUTLET TEMPERATURE

FEEDWATER TEMPERATURE

STEAM TEMPERATURE

STEAM PRESSURE (at SGU)

PRIMARY PUMP FLOW RATE

PRIMARY CIRCUIT PRESSURE DROP

SECONDARY PUMP FLOW RATE

SECONDARY CIRCUIT PRESSURE DROP

NOMINAL MAX. FUEL LINEAR RATING (SOL)

NOMINAL MAX. FUEL LINEAR RATING (EOL)

NOMINAL MAX. FUEL CLAD TEMPERATURE

PEAK BURN-UP (target value)

3.600

1.530

1.440

0.40

395

545

240

490

185

19.750

5.4

15.330

- 4

520

410

630

20

MWlh

MWe

MWe

•c
•c
•c

•c

bar

kg.s-'

bar

kg.s-

bar

W. cm1

W. cm '
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1.3.2 Core

It has long been recognised that there is considerable cost benefit to be
gained from high burn-up in the overall fast reactor fuel cycle. A design
target peak burn-up of 20 % has therefore been adopted for EFR. Two fuel
designs have the potential of achieving this figure and both options are
presently referenced in the consistent design. The first of these is the
PE16 nimonic clad homogeneous pin design. Currently pins with this clad in PFR
have achieved a burn-up of more than 20 %. The second is the austenitic
15/15 Ti clad axiaily heterogeneous pin which a significant burn-up has been
achieved in three prototype sub-assemblies in the PhSnix reactor.
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Safety
Vessel

During the concept validation phase changes have been made to the core design
with the aim of reducing the potential sodium void worth of the core in
connection with the examination of beyond design basis accidents. The prin-
ciple result is the shortening of the active core height from 1.4 m to 1 m. A
core parameter list is given in Table 2.

On breeding gain, EFRUG have set the objectives for the EFR core that it
should be self-sustaining in Plutonium with the flexibility that this might be
changed to a higher breeding gain scenario within the same core and primary
circuit dimensions as the consistent design. Flexibility here has a knock-on
effect with increased flexibility in fuel handling arrangements as discussed
later. In either case irradiated fuel is stored in the reactor for one or two
cycles before discharge through the fuel route.

Common Parameters
Burn-up
No. fuel S/A
No. absorbers
S/A pitch
S/A length
Pin OD
Core dia
Wire wrapped pins
Free standing core
Martensitic wrapper material
Cladding PE16 or 15.15Ti/1.4970

Homooeneous core
Fissile length
Axial breeder

Axiallv heteroaeneous core
Fissile length
Internal breeder
Axial breeder

Flexible Breeding Design:

No. of breeder S/A
Internal storage S/A
Annual refuelling

20 at%
376
33
188 mm
4.6 m
8.2 mm
4.0 m

1.0 m
0.15 + 0.25 m

0.88m
0.12 in
0.15 + 0.25 m

0 or 72 or 162
238



1.3.3 Steam Generators

There is a considerable database emerging from the fast reactors now operating
in Europe. From them a number of important lessons have been learnt, none more
so than in the case of steam generator design - particularly from the Dounreay
PFR experience. A straight tube unit has been selected as a diverse and
cheaper alternative to the helical boilers in SPX 1. The precise configuration
is subject to analysis currently being performed, but it is clear that sub-
stantial cost savings are possible.

1.3.4 Secondary Circuits

These are of a type called REGAIN system and have the pump at low level; the
seal pressure is kept low by continuous let!, off from it and the steam
generator to the dump tanks. The benefit of this concept is that it avoids the
need for a separate tank for sodium expansion and has small secondary pumps
and short main pipe routes (Figure 4). The mechanical secondary pumps and
steam generator units are installed in the steam generator building, adjacent
to the reactor building.

yLive Steam

Intermediate Heat
Exchanger
(IHX)

Reactor Vessel

89
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Figure 4: Secondary Loop

1.3.5 Fuel Handling

There is considerable experience of handling fast reactor fuel at or near full
scale. Basically the open choice is to store fuel in the reactor for about two
years, to a decay heat rating of 7.5 kW, or to store fuel for four years to a
rating of 2 kW. Both options can be accommodated in the current EFR design.
The former requires handling in sodium but 2kW can be handled entirely in gas
and appears the lowest capital cost. The extra storage does, however, reduce
the effective breeding gain due to Pu24i decay. A final choice of storage time
has to be made.

1.3.6 Decay Heat Removal

Post-shutdown fission product decay heat will be rejected to the steam plant
in normal operation. The fast reactor is, however, unique in that decay heat
can be removed simply by submerging heat exchangers directly into the primary
circuit and connecting them, via a liquid metal loop, to air heat exchangers.
They offer a very effective and diverse method of rejecting decay heat and can
be designed to operate in natural convection. The reliability level which may
be claimed in the safety case for this design containing many passive features
has yet to be finally determined.

1.3.7 NSSS Layout

The nuclear island is isolated seismically from the base mat by multiplate
rubber isolators tuned to a frequency of about 1 Hz. The containment building
is circular and the secondary sodium circuits and steam generators are in a
symmetric satelite arrangement outside the containment (Figure S).

1.4 Safety Features

The EFR overall safety goal is to achieve at least the same safety level as
other modern power plants, particularly the LWRs using a defence-in-depth
strategy. An essential requirement from EFRUG is that the design must be able
to be licensed in any of the partners' countries. This project is already well
advanced in safety standards because it is profiting from the accumulated
experience on previous national designs SPX 2, SNR 2 and CDFR. Moreover,
invaluable experience of large LMFBR plant licensing is available to Europe
through the design, construction and operation of SUPERPHENIX (Creys-Halville
plant).

The sodium-cooled fast reactor has a number of intrinsic safety features
acting in its favour. Briefly these include:

- A very stable core during operation
- A margin to coolant boiling in excess of 300 'C
- Substantial heat sink in the primary circuit for the immediate absorption of
post shutdown decay heat.

The approach to a high safety level relies primarily on preventing the escala-
tion of fault sequences into accident states supplemented by provision of
measures to limit the consequences of accidents.
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Implementation of the design principlas to the reactor shutdown results in
setting an overall reliability of 10 per year to that function. This is
achieved by the provision of two independent, diverse and equivalent shutdown
systems each being capable of accomodating a single failure, and of two
diverse trip parameters for each design basis event.

Implementation of the defence-in-depth strategy leads to the provision of
series of measures known as the "3rd shutdown line" which consists of: enchan-
ced reactivity feedback of reactor structures in response to temperature rise,
flywheels on primary pump drives, limitation of absorber rod reactivity
insertion rate, mechanical absorber rod stroke restraints, driven bulk rod
insertion and automatic scram magnet de-energisation in the case of loss of
power on the interruptable busbar.

The same reliability requirement of 10 per year is also assigned 1.0 the
decay heat removal function. When the normal heat sink through the water/steam
plant is not available this function is accomplished by the Direct Reactor
Cooling (ORC) system which operates in natural circulation. It offers a degree
of redundancy of 6 times 50 H of the required reactor cooling capability, just
after shutdown and 6 x 100 V three days later due to the decrease of residual
power. Functional and component diversity are provided in the DRC system
design for high reliability.

Implementation of the defence-in-depth principle as far as the containment
concept is concerned implies:

- Checking for consistency of strength of the primary containment boundaries
in order to verify the absence of "cliff-edge effects" with respect to
dynamic loads from beyond design scenarios.

- Verifying that radioactive releases to the environment are acceptable
assuming a large fission product inventory in the reactor cover gas.

Progress with the R&O Programme

2.

2.1

Core

Introduction

Significant progress has been made towards the EFR targets in all core areas
during the reporting period. In particular, irradiations in PFR and PHENIX
have brought dose and burn-up levels in candidate alloys closer to the EFR
target levels of 180 dpa NRT, 20 % burn-up.

2.2 Irradiation Progress

15.15-Ti Cladding

A new dose record of 143 dpa NRT has been achieved for PHENIX sub-assemblies
(S/As) with the successful irradiation of an assembly with an EH10 wrapper and
CW 15.15-Ti cladding. The associated burn-up is 16.4 % (140 GWd/t).



230 S/As containing over 51,000 15.15-Ti clad pins (with different wrapper
materials) have been irradiated in PHENIX, of which 17,700 have exceeded
10 % burn-up (approx. 90 dpa NRT) and 434 have progressed beyond 15 % burn-up
(130 dpa NRT). Hell over 85 % of the current core loading consists of pins
clad in 15.15-Ti material.

PE16 Claddino

The maximum burn-up achieved so far by pins clad in PE16 irradiated in PFR is
21.7% (183 GWd/t), 135 dpa NRT for a lead cluster experiment and 17.8%
(150 GWd/t), 130 dpa NRT for a S/A. 56 S/As containing over 16,500 PE16 clad
pins have been irradiated in PFR, of which 3292 have exceeded 10 % burn-up
(approx. 70 dpa NRT) and 1237 have progressed beyond 15 % burn-up (approx.
115 dpa NRT). Hell over 50 % of the current PFn core loading consists of pins
clad in PE16.

Wrapper Irradiations

The highest dose achieved by a ferritic wrapper of the FV448/1.4914 type is
132 dpa NRT in a PFR S/A containing PE16 clad pins. An EH10 wrapper has
reached 143 dpa NRT in PHENIX. Density measurements on EH10 wrapper material
irradiated in PHENIX to a maximum dose of 109 dpa NRT confirm the high swel-
ling restistance of this material at doses in excess of 100 dpa NRT.

Tables 3 and 4 summarize the forward programme of cladding and wrapper irra-
diations in PFR and PHENIX.

TABLE 3. LEADING IRRADIATIONS OF PREFERRED EUROPEAN CLADDING ALLOYS

AUSTENITIC 15.15 Ti/1.4970

HIGH NICKEL PE16

OXIDE DISPERSION STRENGTHENED

1 9 8 7 | 1 9 8 B [ I 9 8 9 | I 9 9 0 | 1 9 S I | I 9 9 2 | I 9 9 3 | 1 9 9 4 | 1 9 9 5 |

13.43 15% 17.4/519% Lil
_J I I I

115 130 154 170 dpa NRT

17.6% 21.7%
16% I I

25% bu

116 130 135 145

9.4% 10.7% bu
l L

90 95 dpa NRT

180 dpa NRT

* {Future program» under discussion)

EFR TARGETS First Consistent Design — 135 dpa NRT-
Later Charges — 180 dpa NRT
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2.3 Mechanical Properties of Cladding and Wrapper Material

A successful route has been established at Dounreay for the production of
tensile test specimens from PFR irradiated wrappers and this has enabled a
programme of tensile testing to start on PE16 material from a S/A irradiated
to 116 dpa NRT. Tests have also been carried out by CEA at Saclay on lengths
of defuelled cladding obtained from PE16 clad pins from the same S/A and
shipped to France for examination as part of the collaborative agreement.
Preliminary analysis of the results obtained so far indicate that the wrapper
and cladding results are consistent.

The mechanical properties testing programme on 15.15-Ti cladding material is
in progress. Tensile tests have been completed on lengths of defuelled clad-
ding (PHENIX irradiated pins up to 75 dpa NRT) and pressure tests have been
performed on pins irradiated to 93 dpa NRT. The results obtained to date show
that the important parameter is the clad swelling and they are similar to
those obtained on 316-Ti PHENIX pins. Clad ductility remains at a satisfactory
level.

A programme of mechanical property tests on irradiated wrapper material is
also underway in both France and the UK and no major effects of irradiation
have yet been detected.

2.4 Axially Heterogeneous Core Concept

Following the successful irradiation in PHENIX of pins with an axially hetero-
geneous fuel design, a 19 S/A experiment has been proposed for PHENIX. Places

TABLE 4. LEADING IRRADIATIONS OF PREFERRED EUROPEAN WRAPPER ALLOYS

Ferritic/Mortensltic

FV448/1.4914 PFR 6.6 mm

PFR 8.5 mm

PHENIX 6.6 mm

EM 10 PHENIX 6.6 mm

1987 1988

I
100

1989 1990 1991

I
132

i

1
117

1 1 I
130 157 170

1992 1993 1994 1995

180 dpa NRT

150 dpa NRT

1
1B0 dpa NRT

1
180 dpa NRT



for PE16 clad pins have been offered in the programme as well as the 15.15-
Ti/AIMl which is the major cladding in the experiment.

2.5 Absorber Experiments

Two experimental clusters each containing two pins of identical dimensions,
one sodium-bonded and the other helium-filled, all with large pellet/clad gap,
have been loaded into PFR. The results will give an important comparison of
two potential EFR pin designs.

Irradiation in PHENIX of a shrouded sodium bonded pin experiment has been
completed after accumulation of 650 efpd. A sister experiment discharged after
415 efpd has been examined and the pin appears +o have behaved well.

A PHENIX control rod has achieved 484 efpd (6 cycles in PHENIX) with non-
shrouded sodium-bonded pins. Two pairs of PFR control rods have been designed
for long-life exposure and the first of these loaded into the core.

2.6 Core Static Mechanics

Construction of the CHARDIS 3 rig, which is designed both for validation of
the core static mechanics codes and for tests on in-core handling of normal
and distorted subassemblies, is proceeding exactly to programme. Installation
of the foundations, structural steelwork and access platforms has been com-
pleted. Alignment of the rig structure was achieved to accuracies well within
the very tight tolerances which were required. The first stage of the rig
instrumentation is currently in progress. This will be completed and the
charge machine will be installed after the programme of tests on CHARDIS 2 is
finished at the end of October.

Development of the knuckle joint for the CHARDIS subassemblies was completed
successfully at Interatom after a number of difficulties had been overcome.

All the subassemblies have now been delivered to Risley. These are now being
assembled and inspected in detail.

During the past year, CRAMP development has concentrated on the production of
the CHARM suite of routines which are used to model the mechanical inter-
actions occurring as a subassembly is withdrawn from the core. The first
version models the interactions between the subassembly being withdrawn and
the remainder of the core. Work is currently under way to generate a represen-
tative model of the charge machine.

2.7 Core Seisnic Response

During the past year, R&D work to develop caiculational tools to predict core
seismic response has concentrated on the development of the CASTEM 2000 code,
the representation of fluid effects through the use of the homogenisation
technique, the development of an equivalent core dynamic model, and the
preparation for a further series of RAPSODIE rig tests.

The CASTEM 2000 code has now been developed sufficiently so that the in-air
seismic response of large arrays of S/As can be calculated. An impressive

array of graphics output facilities has also been added. Results from the code
have been compared with earlier measurements of S/A top end movements from
RAPSODIE rig tests with very encouraging agreement. It will soon be possible
to consider the code as a replacement for both CORALIE and CLASH.

The homogenisation method of representing fluid effects has now been developed
so that preliminary tests can be carried out. General agreement between code
and expscted S/A movements has been demonstrated. Further work to validate the
technique against RAPSOOIE in-water test is planned and an inter-code compari-
son will be carried out.

2.8 Inter-Wrapper Flow Measurements

The programme of tests in the HIPPO 90 * degree sector model has continued to
be highly successful. During the last year, work has concentrated on the
measurements of subassembly inter-wrapper flows.

Recently, a series of tests has been completed, in which the inter-wrapper
flow velocities have been measured using laser doppler annemometry. The flows
were measured around seven subassemblies on one of the core radial spokes.
Analysis of the results is proceeding and preliminary investigations suggest
that the results are extremely consistent and are in line with expected
values.

Code calculations to predict the position of the cold/hot flow boundary showed
excellent agreement with the test results. Further code calculations to look
at the detailed flow velocities are now required.

2.9 Core Physics

Nuclear Data and Analysis

A new version of the European basic data file (JEF version 2) is being de-
veloped and will be validated from mid 1989 to end of 1991.

The NJOY-THEMIS basic data processing system is being validated. A new cell
code ECCO is being developed in common by the European partners, and a first
version is operational. An improved version to calculate for control rods,
breeder S/As and shield regions will be available in 1991. The validation of
the application libraries on integral experiments (data adjustments, bias
factors for design and related uncertainties) will extend up to mid 1992.

The ERANOS version 0.1 was distributed and is now running on different compu-
ters at different organisations within the European cooperation. An assessment
of software requirements was performed and a proposal for physical data
structures was made. Because the introduction of existing codes into ERANOS
needs considerable effort, comparison of competing codes of the different
partners has begun for diffusion and transport calculations.

CONRAD Programme

The measurements on axially heterogeneous assemblies (program CONRAD-AX) were
continued in the critical facility MASURCA. 10 control rods, grouped into two
rings, were introduced into the clean core investigated before and control rod



reactivity worths and interaction were measured. Within the first part of the
program two versions of an axially heterogeneous core are investigated: a
central breeder zone 20 cm thick between two fuel zones of 40 cm thickness
each and a slightly off center breeder zone 30 cm thick between 2 fuel zones
of different thickness, i.e. 30 and 40 cm. Beyond control rod activities, the
measurements concern mainly reaction rate distributions, reaction rate ratios,
Na-void effects and gamma heating. Experiments to follow will investigate
Pu-build-up in the central breeder zone and melt-down configurations.

Shielding

In the ASPIS facility of NESTOR shielding experiments on regions of steel and
sodium are complete. The JANUS series of experiments on the NESTOR reactor has
continued with use of thin B.C-zones of 50 ..n and 100 mm, preceeded by a
stainless steel zone and backed by a sodium zone. Analysis has started for the
experiments. Since EFR will use a thick zone of B4C radial shielding a further
experiment in the JANUS series will be performed with a B.C zone of 530 mm
thickness. Cans containing the material have been fabricated^at Springfields.

3. Primary Circuit Thermal hydraulics

3.1 Introduction

In this chapter, primary circuit thermalhydraulics studies are described,
covering the following areas:

- hot pool
- cold pool
- strongback
- diagrid
- cover gas and upper closures

Host of the studies are based on the Consistent Design geometry and boundary
conditions. As a first step, they will proceed with these conditions in order
to base the methodology on sound principles. Further changes due to the
evolution of the project will be taken into account in the programmes, when
the design is finally fixed. This is specially true for the larger mock-ups.

Up to now, the COLCHIX 3 model remained the main source of experimental
information, using the same core as for the final SPX2 tests.

Flow stability

A series of tests using various porosities for the above core structure (ACS)
lower skirt, allowed to propose ACS designs satisfying the stability objective
of the First Consistent Design (FCD) gt-csatry.

Free surface behaviour

No gas entrapment was observed in the model with a stiffener at the upper
level of IHX inlet.

The influence of the baffle used in the case of internal storage cooled by
natural circulation has been shown as negligeable on the free surface behav-
iour.

With regard to the criteria for using scale models to predict the onset of gas
entrainment, comparative work with SPX2 geometry at different scales has been
completed in parallel with parametric studies on a highly flexible water
model.

A more general programme to improve the knowledge on gas entrainment and
disentrainment (and then, gas content) is under discussion.

Temperature distribution and fluctuation

Measurements of velocity vectors in HIPPO interwrapper gaps using a_2D laser
system have been completed. The data are being analyzed for comparison with
codes.

Thermal striping and temperature measurements above the core were completed on
FREYA for SPX2 pool geometry and various ACS designs. These will be repeated
with FREYA re-built to EFR consistent design.

Feasibility tests for the study of the corps-mort zone have been performed on
COLCHIX 3 and NNC 1/15 scale model.

3.2 Hot Pool
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The main feature for EFR hot pool design is the increase in compactness as
compared with previous projects, but more generally, R&D studies are required
on:

- Stability of the pool flow pattern for all operating conditions.
- Free surface behaviour.
- Temperature distribution and fluctuation on various structures.
- Accuracy of subassembly outlet temperature measurements.
- Flow-induced vibration.
- Flow distribution at IHX inlet.
- Transport of DND precursors to the monitoring system.

Most of these problems require both experimental and computational approaches,
with various models and computer codes.

3.3 In-vessel Store (IVS) cooled by natural circulation

A series of purely hydraulic tests in the GODOM 2 model, with SPX2 geometry,
gave interesting results on the hydraulic behaviour of the IVS. It has been
shown that the flow rate through a given IVS (roughly modeled in the mock-up)
is strongly dependent upon the velocity profile in the hot pool.

Cold Pool

Due to the complexity of IHX outlet boundary conditions in terms of vertical
velocities and temperature profiles, the only way to proceed is a 3D numerical
approach, supported by a 3D water model (COCO) and a simplified water model
for the particular problem of numerical boundary condition of IHX outlet.

A first series of tests with the consistent design geometry of the pump skirt
showed the necessity to model more precisely the inlet zone of the pump. A



94 modification has been done and new tests are presently running, with different
pump skirts and with new measurements defined in connection with the NNC ALLOA
test programme, in order to check whether pump skirts are needed.

Feasibility tests for thertnalhydraulic behaviour of the upper zone of the cold
pool in the case of gas dam solution are also running. First encouraging
results are under interpretation.

4. Steaa Generator Unit (SGU)

4.1 Introduction

Besides the work on thermal hydraulics and st—ictural integrity most of the
effort was directed to the sodium-water reaction and leak detection issues.
The reason was the need for the definition of a design basis accident (DBA)
for the EFR SGU. The R&D work for the reassessment of the DBA for the SNR 300
and PFR SGU's gave remarkable contributions to this objective.

4.5 Sodium Entrainment into Lower "Dead" Region

Tests have been conducted on the AJIT water rig at the AEA at Risley on
entrainment flow across the lower grid at the outlet window for PHOENICS code
validation. Temperature gradients have been measured for constant and radially
varying flow profiles with three different tube grid gap;. The occurrence of
below-grid stratification varied in a complex manner and needs further exami-
nation.

4.6 Tribology Studies (Spacer Grids to Tubes)

Aluminized Inconel bushes were already qualified for PFR. Plasma-sprayed Ni-Al
coatings were successfully tested. The tests included thermal cycling,
fretting, tube-in-grid rubbing and wear rate determination. However, friction
coefficients were found to be somewhat higher than those of aluminized
Inconel. Ni-Al (69 % - 31 V) coatings on T 91 steel indicate considerable
promise.

4.2 Thermal Hydraulics Code Benchmark Exercises

Benchmark exercises were agreed for the qualification of 2 0 and 3 D codes for
flow, pressure and temperature distribution in the SGU inlet region, tube
bundle and outlet region. The exercise on the inlet region was completed with
accuracy levels of ± 15 * for pressures and only about + 30 % for velocities
after some iterations. Another benchmark exercise on the modelling of super-
heater and once-through boiler operation from the SNR 300 related Hengelo
tests is under way.

4.3 Thermal Hydraulic Hcck-ups

There is a need for precise calculations of local thermal loadings in normal
and plugged-tubes conditions. Qualification of 2-3 D codes need precise
determination of pressure loss, heat transfer and dry-out correlations, taking
into account especially once through operation.

A single-tube mock-up will be devoted to these basic thermal hydraulic cor-
relations. Its manufacturing is in hand and tests are scheduled to begin in
mid 1992.

A multitube mock-up will serve global validation of codes and quantify their
errors in predicting radial temperature variations in asymetrical conditions.
Parametrical calculations with the 3 D RIO-GV code in 1991 shall define the
detailed configuration and clarify its usefulness compared to large-scale
prototype testing. Ordering is scheduled for 1992.

4.7 Tube Vibrations

4.4 Steas Generator Unit Bottom Model

A new model for the bottom and outlet region was built and introduced into a
test loop at the AEA at Risley. Flow patterns and velocities will be measured
and compared with results from codes predictions. The model allows SGU design
changes to be introduced.

First studies on vibration damping and tube-to-grid impact were made with a
single-tube setup (AEA) and gave input to the grid design. A computer code is
being developed to describe the phenomenon. In addition, some tubes in a
replaced PFR superheater bundle are instrumented to measure vibration amplitu-
des and frequencies under various conditions. The measurements will be compa-
red with results from water tests and calculations.

4.8 Wastage and Leak Propagation

In general, the behaviour of small leaks in ferritic material is well under-
stood. However, to be sure of small leak behaviour of T 91 material tests are
underway on the GRIGNOTIN and the SUPER JONAS loops at Cadarache.

An additional test programme was started on the wastage protection plate in
the ASB loop at Interatom (Figure 61. First tests indicate the great potential
for suppressing wastage and self-wastage. Optimisation studies for leak detec-
tion and leak localisation will follow. Tests are also in progress at Dounreay
to investigate shell wastage from leaks in outer-row tubes.

Currently there is little data on wastage for large under-sodium leak rates up
to 100 g/s of water and subsequent failures due to wastage and overheating.
Realistic test conditions require correct water and sodium side temperatures,
pressures and flow rates within a bundle geometry. These will be achieved on
the SUPER NOAH rig at Dounreay where EFR SGU conditions will be simulated
using a 27 tube test section from T 91 material. Leak rates greater than
100 g/s will be studied, too.

Code development for wastage in the tube bundle with secondary failures is
well in progress. A European code is envisaged.
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Figure 6: ASB-Sodium-Loop (Arrangements for tests under static water con-
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4.9 Overheating and High Temperature Burst

The overheating of tubes is mainly controlled by the reaction temperature and
the reaction side heat transfer coefficient. Previous tests on pressurized
tube bundles demonstrated that tube bursting becomes possible at leak rates
> 80 g/s and interaction times of > 20 s. Tube bursting tests with 2} Cr and
9 Cr at high temperatures up to 1200 "C have been performed and confirmed
widely the necessary interaction time. Additional burst tests with T 91 tubes
are in progress on the COTHAA Loop (CEA) including bursting test with pres-
surized water circulation. Code development for "time-to-burst" prediction
including water steam side heat transfer is near to completion.
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->*< 186 bar

275 kg/s

525° C

I to Dump
I Vessel

I ^

-•—txM

Figure 7: Secondary System/Measures for Steam Generator Accident Protection
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4.10 Rupture Disk Qualification

To improve the pressure relief capability of the secondary system, a second
rupture disk, located in the hot leg between IHX and steam generator, was
introduced into the design. Its high temperature applicability is covered by
Phfinix and SNR 300 rupture disks, the geometrical dimensions by SPX 1 disks.
The combination of boths features requires further R&D with a qualified
manufacturer. This work is under preparation.

A number of measures introduced into the EFR design for mastering the SG acci-
dent are shown on Figure 7.

4.11 Leak Detection Systea

Hydrogen detection systems based on diffusion membrane, ionic pump and mass
spectrometer are well developed. The sensitivity target is the detection of a
water leak of 0.1 g/s within 50 seconds. Preliminary related calculations
taking into account the SPX 1 experience are encouraging. The detection of
1 g/s within 23 s and 0,1 g/s within 1 minute is currently being indicated.
These values have to be checked by R&D work.

Three issues will be considered for the development of a detection system
sensitivity, signal processing time and reliability.



gg For the acoustic leak detection, passive and active detection are under
consideration: For passive detection, the work is subdivided into studies on
the detectability of leaks, mainly performed during wastage or overheating
tests (but also by gas injection simulation) and into background noise mea-
surements in test rigs and operating reactors. The achievable sensitivity is
largely influenced by the background noise intensities.

For active detection, the qualification is performed on water rigs simulating
the signal dissipation due to internal structures (tubes and grids). Tests
have been performed in the PHEHIX superheater with very encouraging results.
The dissolution of hydrogen at high temperatures must be taken into considera-
tion. The sensitivity target of 1 g/s within a few seconds seems to be a
realistic target.

5. Decay Heat Renoval (DHR)

5.1 Introduction

The R&D work described hereafter is related to the Direct Reactor Cooling
(ORC) System of EFR. This DHR system is built-up of two diverse groups of
three independent sodium-filled loops of 15 HW heat rejection capability each.
Loop and air side operate in natural circulation.

5.2 Thenualhydraulic Tests in the Prinary System

In the 3D RAHONA water test rig at KfK (Figure 8) which is a model of the-
EFR primary system in scale 1:20, steady state and transient tests were car-
ried out. They all serve thermal hydraulic code validation.

In the steady state experiments detailed temperature fields were measured and
flow paths registered for different core power and its radial distribution,
different above core structure (ACS) geometries and different numbers of
primary pumps operating. In addition, the secondary side operation mode of the
straight tube dip coolers was varied and different types of dip coolers were
tested.

From these tests the long range thermal hydraulic conditions for the transient
tests are known. The results confirmed that the primary system OHR natural
circulation behaviour is satisfactory. The flow paths, temperature and velo-
city fields are physically plausible. There is good agreement, between experi-
ment and calculation.

The transient experiments were carried out to study the primary system ther-
malhydraulics during the transition from forced to natural circulation (post-
scram phase). The parameters in these experiments were the decay heat level,
the coastdown of the primary pump, the IHX secondary flow rate and the delay
time up to the start of dip coolers operation. They covered the total loss of
secondary circuit heat rejection capability and a total loss of station
service power.

The results confirmed, that all parameters which reduce the IHX primary side
temperatures increase the primary system natural circulation and that delaying
start up of dip cooler operation provides higher core flows. The 1 D calcula-
tions agree with the experimental results as long as the control volumes are
well represented. Figure 8: Thermalhydraulic Water Test Rig RAHONA



97

A similar test programme is being carried out with U-type hybrid dip coolers.
The hybrid cooler is a cooling bundle (or coil) around the IHX inlet window.

The large 360' C water rig NEPTUN at KfK (scale 1:5) models the primary system
components in a detailed manner including the SA interwrapper space. It offers
a high measurement resolution for flow and temperature fields. It is being
constructed and test operation will start in August 1991.

Experiments with natural circulation in the primary system were also carried
out in two reactors. One was the COLTEMP-experiment in the hot plenum of
PHENIX (temperature measurements) and the other one consisted in 20 HH natural
circulation tests in SPX 1.

5.3 Prinary System Thermal Hydraulics Code Work

Progress has been achieved with the code system DYANA ID/ATTICA 2D which
evaluates the transient thermalhydraulic behaviour of the EFR heat transfer
system from the core to the turbine and of the DHR system for both forced and
natural circulation conditions. The coupling of the two codes now enables the
hot and cold pool, the dip cooler in the hot pool, and a single SA to be
modelled in a 2D configuration. Even the flow between the SA wrapper tubes is
modelled the same way (2D). This latter capability enabled the maximum temper-
ature in the breeder and storage SAs during DHR to be calculated more realis-
tically which led to a much lower temperature.

With a provisional version of the TRIO-DYN codes the onset of natural circula-
tion in SPX 1 has been calculated. Calculations with it accompany COLTEMP 4
test in PHENIX. A new version of TRIO-DYN is being developed.

The R&D organisations aim to harmonise the different TH codes, but it has been
agreed that at least two competing codes are needed.

In order to compare the existing 20 and 3D codes, benchmark calculations for
one transient RAHONA experiment are in progress.

For all codes mentioned above, a validation of the hot pool modelling in
forced circulation is necessary and is planned using COLCHIX 3 and COLCHIX 4
results.

5.4 Sodiun/Air Heat Exchangers (AHX) with Stack

The EFR sodium/air heat exchanger (AHX) is a vertical drum type design with
either a helical tube bundle or a straight tube bundle. Several scaled-down
model experiments have been operating to examine fluiddynamic and thermal
hydraulic aspects.

The air rig BORA 1 at Interatom (scale 1:4) represents a 60 * section of the
helical tube drum type AHX with three tube rows. Introduction of flow guide
baffles in the inlet and outlet region led to a more balanced flow distribu-
tion over the bundle height.

BORA 2 is an air model section of the AHX helical tube bundle (scale 1:1) for
pressure drop and heat transfer measurements. Pressure drops measured for the
ILONA finned tube configuration were smaller than the calculated ones.

The TAMDEM experiment (CEA Grenoble) is a water model of the straight tube AHX
inlet header (scale 1:2.76). It showed that a flow guiding baffle inside the
hot header was needed in order to reduce the difference in mass flow between
the single tube.

Heat transfer and thermal hydraulics at forced flow on sodium and air side
were measured at the NAIR model (CEA Cadarache). It is a sectional model
(scale 1:1 for the tube diameter) of the SPX 2 straight tube drum type AHX
(1.5 HW). A sodium leak occured in December 1989 the consequences of which for
the AHX design are still being assessed.

The test facility ILONA at Interatom models the complete DHR heat sink in a
power scale 1:3. The power rejection capability is 5 HW. Its main test
components are the sodium/air heat exchanger (Fioure 9). the inlet and outlet
air flaps and the stack. The height between the heat source (gas-fired and
electric sodium heater) and the heat sink (AHX) which governs the buoyance
forces for natural circulation is modelled in a 1:1 scale.

The total height of the test facility is 63 m including the stack (Fioure 10).
The AHX is located at a 44,6 m level. About 800 sensors for temperature, flow
velocity and &p measurements are installed. The test loop contains about
27 tons of sodium. The total sodium inventory is about 55 tons. Test operation
has started in February and it will last for about 15 months. After this peri-
od the test facility will be available for testing of long-term stand-by oper-
ation, of a second diverse AHX type and for completion of the loop with a dip
cooler as heat source.

The thermal hydraulics of the AHX in combination with the stack is analysed by
the 3D code COMMIX. The interaction between the thermalhydraulics inside the
stack and the environment is described by a body-fitted coordinate model of
the 3D code PHOENICS. Both codes are being used to predict and to explain
experimental results for validation purposes.

The DHR water test rig KIWA at KfK models the entire DRC chain in EFR geometry
(scale 1:10). Commissioning has started in 1990.

6. In-service Inspection and Repair

6.1 Introduction

The EFR R&D requirements were compared with the already running European
national R&D programmes, which have been focussed on the national projects
such as SPX 2, SNR 2 and CDFR or on the existing reactors Phenix, SPX 1, PFR,
SNR 300 and KNK II. It turned out that a large part of these requirements are
already met by existing devices and proven techniques which, in many cases
have been even tested and applied in the operating plants.

More information is needed from the designers on those parts of the EFR
requirements which are not yet covered by existing R&D programmes. A procedure
was started to transform the designers needs into R&D tasks.

6.2 SGU Tube Inspection

A survey of existing volumetric inspection methods showed that improved tech-
niques using eddy current - remote field (EC) or pulsed EC or EHAT (Electro
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Magnetic Accoustic Transducer) - could be suitable for periodic inspection of
the tubes. A basic development is foreseen in the next few years before se-
lecting the most adequate method.

6.3 Repair Technique under Inert Gas

A first review of existing remote manipulator systems has begun. Studies on
cleaning, cutting, machining, welding will start in 1991 through basic tests
and will be followed after 1992 by representative tests under sodium contami-
nated conditions. Demonstrative tests with suitable manipulator systems will
be carried out afterwards. Experience from the recovery of a broken vibration
lance in SNR 300 will be utilized.

6.4 Volumetric Exaaination of Steel
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Basic studies of existing ultrasonic techniques are in progress in order to
improve the inspection tools built on the MIR (Module d'Inspection Rapide) of
SPX1. The results can be expected in 1993. Validation tests under repre-
sentative conditions will follow.

6.5 Mechanisms for Primary/Safety Vessel Gas Space

A free moving vehicle MIR was developed for non-destructive testing of the
SPX1 reactor vessel wall. An evaluation of the adaption of the MIR concept to
EFR started in 1990. For the same objective a rail guided system mock-up was
built for SNR 300.

Both systems are proven techniques, which have however to be adapted to the
geometrical conditions of the EFR. The decision on the concept to be adopted
will be made after 1993.

6.6 Reactor Internals Honitoring Instruments

The qualification of high temperature ultrasonic transducers for under-sodium
use is continuing (Figure 111. A review on reliability and working method de-
finition will be completed before summer 1991. A sodium loop (MCTR) for long-
term testing of US sensors is available in Risley. Sodium testing is planned
to begin in 1991.

6.7 Facilities for Mechanisms Testing in Sodium and Sodium Aerosols

Full size tests are required for the distortion measurement in the gas space,
for under-sodium displacement measurements and telemetry and repair techni-
ques. Facilities for this purposes are available in all partner countries.

6.8 Sodium and Gas Leakages

Initial tests in the CEA FUTUNA facility were performed to study corrosion
effects on pipes and the performance of leak detection methods. First results
will be issued in early 1991. The corrosion of trace heaters could be used as

Figure 11: Single straight beam probe for under-sodium inspection



JOD a means for sodium leak detection in the secondary circuits as well as short
circuits in beaded wires. Both methods will be applied in conjunction with
smoke detectors.

6.9 Under-Sodiua Displacement/Telemetry

The work on ultrasonic systems in the UK led to an improvement of 20 dB in the
signal-to-noise ratio. Tests using an ultrasonic lance to measure distortion
of the ACS have been carried out in France. The results obtained for distances
up to 3 HI were very satisfactory. Further tests for larger distances are being
prepared. The development of an improved electronic system for steering and
focussing an ultrasonic beam from a multi-element array are almost complete.

Ultrasonic lances were successfully used in SNR 300 to measure the geometry
and position of the gas bubble separator underneath the reactor core support
and the grid plate insertions.

6.10 Under-Sodiua Viewing

In the AEA a phased-array ultrasonic system which was used in water is being
further developed. Satisfactory focussing of the beam has not yet been achie-
ved.

An under-sodium viewing lance was used in the SNR 300. The test was successfu-
lly performed.

The work programme for the development of a handling device for the under-
sodium viewing probes is being adjusted.

7.

7.1

Safety

Introduction

The progress with safety studies in support of the EFR is presented here.
Major results on the current experimental and theoretical work are described.
Also discussed is the progress in the definition of future safety programmes.

The remaining part of the experimental programme to be performed has been
approved in principle, divided into:

- a basic programme to be performed before 1993, and necessary for the prepa-
ration of the non-site specific part of the EFR Safety Report. It includes 4
Margin-to-Rupture tests (2 burn-ups with both EFR candidates clad materi-
als), and 1 fuel ejection test (in case of adventitious clad failure)

- a confirmatory programme which could be performed later, during the pre-
construction phase using EFR representative pins. Only one additional test
is foreseen, with the clad material and core style (homogeneous or axially
heterogeneous) which will be selected for EFR

Gas Entrainment Through the Core

Following the PHENIX reactivity transient incidents, CEA carried out in 1990
an important programme on hydraulic mock-ups of PHENIX and SUPER-PHENIX to
understand the gas behaviour within the diagrid and through the core, once the
gas has been accidentally introduced. Some results of these experiments could
be relevant for the future EFR design.

7.3 Core Flow Transients - Core Inlet Pipes Failure

This very unlikely accident causes a non-symmetrical fast flow decrease
through the core. It is expected to reach fast detection of this failure so
that transient clad temperature should be low enough to avoid sodium boiling
and any clad rupture. Nevertheless, for evaluation of safety margins the
following studies are underway.

In case of local boiling and of fission gas release due to clad failure,
dry-out conditions in a subassembly could be reached during this fast flow
decrease. The analysis of dry-out sodium boiling condition using the SABRE
code has been finished. The results of these calculations will be compared
with the predictions issued from simple calculation models used for reactor
application in the DYN-code, in which the corresponding capabilities should be
validated for the EFR geometry.

Preparations were completed for the study of the thermohydraulic effects of
fission gas release on neighbouring pins in a one pin-sodium channel experi-
mental set-up (LIPOGAZ experiment in CEA).

7.2 Reactivity Faults

The detailed dynamic core and plant behaviour during normal and accident
situations may be calculated with several codes (DYN, BESBET or DYANA/ATTICA.

Fuel Behaviour During Control Rod Withdrawal

The measurement of the fuel melt fraction at different powers above nominal
power is the aim of the so-called "power-to-melt" prograiune in progress in the
HFR reactor (POTOM experiments) and in the PHENIX reactor (FACTO experiments).
Up to now, only tests in HFR with fresh fuel have been performed. The pro-
gramme will be pursued in HFR and PHENIX with pre-irradiated pins up to a
burn-up of 10 at %.

7.4 Failed Pin Strategy and Subassembly Faults

7.4.1 Detection Performance

The R&O progress of "core instrumentation" is reported in the relevant '.hap-
ter. Two additional specific studies are presented here.

Delayed Neutron Detection (Probabilistic Studies)

The work was related to the reliability of the delayed neutron detection (DND)
system and to the probability of inlet blockages. Preliminary results of-the
DND system reliability indicate that an unavailability of about 10 "per
demand could be reached.
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Integrated Core Surveillance System

An expert system has been developed and connected to KNK II to obtain on-line
operation experience. The role of this development for EFR needs to be clari-
fied.

7.4.2 Initiation and Material Behaviour of Snail Defects

Experiments on the Behaviour of Foreign Materials in Sodium

Tests on the reaction between flowing sodium and foreign materials (mainly oil
and O-rings) have been completed and analysed. The results are more pessi-
mistic than the earlier results with static sodium. However, they can be
regarded as the best current information and will be used in the further
analysis of the consequences of foreign materials released in the sodium.

Fuel Particle Blockages

The present studies are mainly related to blockages in breeder subassemblies.
For the analysis of the thermal consequences, the codes ANDIN, BACCHUS and
SABRE have been used to determine the maximum acceptable damage (HAD). With
respect to the detection by delayed neutrons, a study has been performed on
the effective free surface of the fuel particles in the blockage in order to
determine the maximum credible defect (HCD). The synthesis of both tasks, i.e.
the comparison of MAD and MCD, is underway.

7.4.3 Severe Blockages Inside Subassenbly

This study is covered by the Mol 7C programme.

Analysis of the Mol 7C/5 experiment has continued using the SABRE code.
Considerable effort has been expended in attempting to calculate the transient
behaviour on boiling initiation.

The evaluation of the last two tests Mol 7C/6 and 7 performed in June 1988 and
June 1989 respectively, has continued. For the final conclusions the results
of the post-irradiation examinations are needed which have been delayed.

7.4.4 Propagation of Subassenbly Whole-Helting

SCARABEE N Experiments

The analysis of the previous SCARABEE experiments is continuing.

In order to qualify the protecting tubes of the first bundle experiment with
irradiated fuel pins (BE+I) against fuel jet penetration, a special thermite
test in which the experimental arrangements in SCARABEE was installed was
performed at Hinfrith. As the results of this test did not allow the definite
exclusion of jet penetration, a modification of the test section design or the
experimental procedure has become necessary. The test is now scheduled for
1991.

In connection with the safety analysis of BE+I, a series of SIMMER code runs
were carried out using BE+I gjeometry, so as to determine the effect of fuel
irradiation on the subassembly behaviour after fuel failure.

SURFASS Code Development

Some new capabilities have been implemented and tested: the movement of molten
fuel inside the fuel pins, the mechanical deformations of the structural parts
of the subassembly, the fuel crust instability on a layer of melting steel,
and the propagation of a boiling pool into cold structures. The analysis of
SCARABEE tests continued and the total instantaneous blockage of a fresh fuel
subassembly under reactor conditions including the detectability has been
analysed.

Therroomechanical Studies

Some tests have been performed on the thermomechanical behaviour of S/A
wrapper tubes under subassembly fault conditions using RAPSODIE hexcans. The
analysis of these tests is underway.

7.4.5 Out of Pile Tests and Modeling

The results hereunder are relevant to S/A faults or in some cases to whole
core accidents. For simplicity they are summarized in this paragraph.

Molten Material Movements and Relocation

Many important experiments have been performed on relocation and ablation
phenomena.

From the relocation experiments (mainly with liquid materials, very few
experiments with multiphase materials) we have learned that:

a) The simulant materials (hitec or alumina) do not seem to behave as UOg.

b) Results coming from MFTF (U02 + Mo) and from GEYSER and FARO (UO-) do not
give evidence of a fundamental different behaviour of these materials.

c) Sodium does not seem to play an important role in the relocation process.
From MFTF it seems that no energetic MFCI was observed for the arrange-
ments studied.

d) The presence of solid particles (THESIS experiments at KfK) reduces the
penetration length.

From the ablation experiments it can be outlined that:

- An oxide melt does not seem to penetrate the stainless steel test plates
except in the case of a quite vertical plate.

- A melt containing metal is shown to be much more "agressive".
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As already said, the different experiments at HINFRITH on material relocation
in presence of sodium did not show any energetic HFCI and it is concluded that
HFCI is unlikely to have a significant influence on the propagation of molten
fuel in initially intact subassembly geometry.

Nevertheless HFCI cannot be completely rejected because of the many different
possible geometries and situations. Further tests in the HFTF and in the FARO
facility are planned.

7.5 Sodius Related Safety

7.5.1 SodiciB Fires

Concerning the combined pool/spray fires, the FCA ++1 test was succesfully
performed in the FAUNA facility (large flowrate, downward jet).

Code modelisation differences in FEUMIX- (CEA) and NABRAND-codes (IA) are
currently discussed on the base of an extensive code/experiment comparison.

7.5.2 Sodiu* Concrete Reactions

Recent work at CADARACHE was focused on sodium resistant concrete.

Firstly, four concretes were tested. Sodium at 55O*C was poured in a cylindri-
cal cavity made in a concrete cylinder. The duration of each test was limited
to 30 minutes.

Secondly, the best sodium resistant of the four above concretes was selected
and tested for three sodium temperatures (15O*C, 380"C, 550"C) and during 36
hours. In each test, 17 kg of sodium were poured on a 300 mm thick layer of
the selected concrete. The analysis is in progress.

7.5.3 Passive Fire Extinguishing Systems

Two passive fire extinguishing systems have been tested.

The first was a drainage sump made of a strongly reinforced ordinary concrete
covered with a layer of sodium resistant concrete. In the test, 1 ton of
sodium at 550'C was poured in 1.2 minute. The test showed the good behaviour
of the sodium resistant concrete in these conditions.

The second, a modular smothering pan system, the BALADIN system, has been
successfully tested. During the test, 820 kg of sodium at 550"C were dis-
charged in 90 seconds from a 0.5 meter height. The total amount of burnt
sodium was less than 20 kg.

7.6 Studies for Radiological Protection

These studies mainly concern the source term evaluation in normal, incidental
and accidental situations, and are now divided into four areas:

- release of radionuclides from fuel
- transport of radionuclides through sodium pools
- transport of radionuclides from sodium pools to gas atmospheres
- release and behaviour of radionuclides in the secondary containment.

Release from Fuel Pins

The efforts are oriented towards using experience of failed fuel pins in
prototype and experimental reactors, and making analysis of fission product
release in safety experiments concerning subassembly or core melting acci-
dents.

Detailed analysis of the release during the Hol 7C experiments on preirradiat-
ed pins has been performed: a similar study is underway for SCARABEE tests on
total S/A blockage. For the core melt accidents, similar studies have been
carried out on CABRI-1 tests and are underway for the CABRI-2 programme.

Transport Through Sodium Pools

The main experimental programme underway is the FAUST experiment at KfK. A
first generation radiological source term code has been developed (BURST),
mainly based on the AEA bubble dynamics code BUBEX: a second generation code
is planned, in which an appropriate correlation should be introduced.

Release and Behaviour in the Secondary Containment

The main present effort is oriented to the development of the CONTAIN code,
within an international collaboration (CONTAIN-LHR user's group) between
US-SRD, PNC, KfK, with the participation of the AEA. The validation studies
have been focused on sodium spray fires and melt concrete interaction: con-
cerning the code development, mechanistic fission product and heat transport
models are being incorporated, as well as post-processor packages.

7.7 R&D in the Field of HCDA

7.7.1 Code Rationalization

A Task Force was set up in July 1989 on Whole Core Accident Code Rationa-
lization in Europe which finished its work on initation phase issues in
January 1990. The Task Force defined short term (within 1-3 years from now)
and long terra needs (within 3-6 years from now). Analytical tools are needed
for assessing low probability EFR accidents using as a validation data ob-
tained in the CABRI 1 and 2 and PFR-TREAT experimental programmes. A basis for
the valuation of codes against the short term and long term needs was establi-
shed. The following codes were considered in detail: PHYSURAC, CASAS-87,
FRAX-5B, SAS4A and EAC-2.

In view of the complexity of the physical phenomena involved, a two-level
approach was recommended, i.e. development of a "working horse" code (FRAX-5B)
and a "reference code" (EUREF, a combination of EAC-2 and SAS4A).

A second task force has been established in July 1990 to review R&O efforts on
transition phase and recriticality issues followed within Europe. This task
force will prepare recommendations for harmonization of respective activities
within Europe by mid 1991.



7.7.2 ULOF-Accident in EFR

Consequences of an unprotected loss-of-flow accident (ULOF-accident) in EFR
were evaluated taking the core design parameters of the EFR-FCD as a basis.
Base case calculations performed with FRAX-5B, PHYSURAC and SAS4A were pro-
vided. In addition, parametric investigations were performed with FRAX-5B and
SAS4A to assess the effect of different modelling assumptions and the effect
of negative feedbacks such as control rod expansion, radial core expansion and
fuel squirting.

7.7.3 CABRI-2 Prograne

Progress of work within the CABRI-2 programme i._s good. Results related to the
experimental validation of theoretical models and codes were continuously
reviewed. Hain emphasis was put on the evaluation of the feasibility of future
experiments and on the theoretical interpretation of experiments already
performed.

Experimental results of the CABRI-2 programme obtained so far have provided
information on the fuel pin behaviour complementary to results of the CABRI-1
project. These results denonstrate the large influence of different fuel pin
designs and of different clad materials on the failure threshold under tran-
sient load conditions and they prove that slower transient energy releases
have a strong impact on post-failure phenomena.

7.7.4 Mechanical Analysis of Prinary Containment Structures

1) The main computer codes for the analysis are a 2D hydrodynamic code SEURB-
NUK-EURDYN, which provides hydrodynamic loads, and a 3D-dynamic finite
element code EURDYN-3, which provides structural responses.

The present method allows the pressure histories calculated by SEURB-
NUK-EURDYN to be passed directly to the relevant loading areas in the
EURDYN-3 roof model. This method tested on model explosion tests, HARA-01,
MARA-05 and MARA-10 has shown a good agreement with experimental results.

2) The coupling of BUBEX and SEURBNUK has been made to run satisfactorily.

The code resulting from the merger of SEURBNUK/EURDYfl and BUBEX is being
validated against the Winfrith SUS 01 HFCI experiment. The calculations
for SUS 01 are being used to refine the physical parameters within BUBEX
and have shown that vapour condensation has a large effect on the maximum
pressure generated inside the expanding bubble.

3) EFR primary containment calculations have been made using more detailed
SEURBNUK and EURDYN models than previously. A collapsing Above Core
Structure (ACS) and concrete in-fill in the roof have been accounted for.
IHX loading and response including the effects of these on the overall
roof response have been calculated.
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8. Structural Materials and Design Rules

8.1 Structural Materials

The general objectives of the work performed are to provide the designers with
verified properties of materials for use in the different design phases of the
project, and to qualify the nondestructive testing methods for associated
controls.

Straight tube steam generator: material characterization

Experimental programmes are running concerning creep, fatigue, creep-fatigue
and fracture toughness of mod 9CrlMoVNb base material; the effect of thermal
ageing on embrittlement is also being investigated. These programmes involve
long term tests (> 1 year).

Interim guidances have been established for fatigue and creep-fatigue beha-
viour in as received conditions: interim cyclic stress curves, interim fatigue
curve and interim creep-fatigue interaction diagram. More work will be re-
quired before final recommendations can be given.

Creep, fatigue and creep-fatigue tests on weldments are beginning and will
last several years for qualification and verification of properties. An
interim recommendation has been issued on the creep strength reduction factor
for mod 9CrlHoVNb steel weldments, Fracture toughness studies, including
thermal ageing, will address two types of filler metal.

316L SPH stainless steel: material characterization

The main emphasis of the programme is to examine weldments.

Long term tests are running concerning creep, creep-fatigue and effect of
thsrmal ageing on embrittlement of base material and welds, and also fatigue
of weldments.

8.2 Design Rules

Qualified materials, controlled fabrication processes and validated design
rules are essential to achieve cost reduction in components and, at the same
time, maintain the required standards of safety and reliability.

The designers approach is to reach an agreement between the different partners
using the RCC-HR rules as a basis, but taking into account various national
practices and specific problems identified during the project definition
phase.

Work has been particularly active in the following areas:

Design rules for weldments

A critical review of existing experimental results has been performed.

Design method for Hod9CrlHoVNb

Interim design recommendations have been issued.



104 Creep and creep-fatioue crack growth at elevated temperatures

A review of the current knowledge on high temperature defect assessment has
been carried out.

Criteria for leak tightness

The general methods to develop leak tightness criteria under Level D loading
are those used for Leak Before Break assessment. The specific applications of
these methods needed to develop practical criteria usable with the current
design elastic analysis are under development.

Design methods for unwelded 316L SPH. General creep-fatigue methods

The problem of multiaxiality in creep-fatigue assessment has been examined.
Also, it has been concluded that the widely used Von Hises or Tresca criteria
do not correlate adequately the available experimental data on multiaxial
creep failure and that a better criterion could be proposed. Sophisticated and
less conservative multiaxial criteria than those of Von Hises or Tresra can be
obtained through an inelastic analysis.

It has been proposed to fix the negligible creep domain in the diagram temper-
ature versus time by the curve corresponding to the strain controlled relaxa-
tion from an initial stress 1.5 Sm down to 1.2 Sm. A verification with exist-
ing design data at high temperature is underway.

Design method aoainst progressive deformation fshakedowni-application to large
shells partly in sodium

Three metfvr-'s of ratcheting assessment are under consideration: The RCC-HR
efficiency diagram, the lower bound shakedown method and the upper bound
shakedown method. Further experimental work is judged to be necessary to
provide a full validation of all three design methods when applied to large
shells under axial thermal gradient.

Design of tubeplates

Design rules are being developed for curved tubeplates working in the creep
regime.

Defect assessment and Leak-Before-Break below the creep range

An interim procedure has been proposed to establish Leak-Before-Break. Pro-
cedure applications will enable to identify difficulties in use and will pro-
vide initial indications of margins available for producing LB6 arguments.

Thermal striping

The first results of the SOMITE rig showed that classical fatigue damage
appraisal methods could be successfully used to predict the onset of fatigue
cracks in specimens subjected to thermal striping. Further tests are underway
using the SUPERSOMITE facility.

Buckling

A design methodology has been proposed to prevent thin shells from elastic
dynamic buckling. RCC-HR bifurcation diagrams used in elastic analysis have
been extended to ferritic steels, austenitic steels and Incolloy 800.

9. Core Instrumentation

9.1 Introduction

Special core instrumentation has been developed for, and is being operational,
in existing LMFBRs. Extensive experience continues to be gained from these
plants in this respect. Further R&D work is requested to overcome inadequacies
or adapt existing instrumentation to EFR requirements.

9.2 Heutron Flux Honitoring

For operating and safety functions, wide range, high temperature and high
sensitivity fission chambers are to be installed in the Above Core Structure
(ACS). The high gamma and low neutron flux there required assessment on
whether existing chambers could be used.

It was concluded that a fission chamber will be tested in Phenix for an
operating temperature of 600*C and a sensitivity of 1 c/s. A sensitivity of
5 c/s could be considered as an ultimate development target.

The analysis of SPX 1 start-up experiments (axial fission chamber traverse in
the BOUPHY) was continued to validate present calculation tools for the
prediction of neutron fluxes above the S/As.

Performance tests of an in-vessel neutronic monitoring system on a critical
mock up (CONRAD-AX) were started. Different types of axial shields will be
used and tests will be performed with several control rod patterns.

9.3 Failed Fuel Detection (FFD) and Location

For the time being, the FFO reference system for EFR is a DND system. As a
diverse method, cover gas monitoring (CGH) is also under consideration.

The assessment of efficiency and reliability of DND systems is one important
R&D task. Experiments in Phenix and preliminary calculations have shown, that
the efficiency of DND could be improved by using local shields (Al-Gd alloy)
around the detectors. Background signals due to thermal neutrons would be
considerably reduced.

The efficiency could also be improved by a layer of special material around
the detectors slowing down high energy delayed neutrons into an energy region
with larger fission cross-sections. Calibration studies, using Uranium-Nickel
foils as fission product sources were continued for research reactors (Greno-
ble, Risley) as well as for in-pile irradiation in power plants (SPX, PFR,
KNK II).

The importance of recording a failed fuel data base was confirmed recently and
work on it was initiated.

Cover gas monitoring (CGM) often gives the first indication of a failed fuel
pin. The potential to use CGH to strengthen the EFR S/A accident safety case
needs further investigation and a review of CGM experience in the European
LHFBRs was agreed.



The development of a prototype diagnosis system and its test in a reactor was
also proposed.

Flux tilting as a method for locating failed fuel S/As was again successfully
applied in KNK II.

9.4 Teoperature Honitoring

Standard thermocouples (T/C) in thimbles are proposed for the fissile
subassembijes, thus no instrument development is required. Their effectiveness
as protection against local overpower or flow disturbances, however, requires
assessment.

The feasibility of monitoring the breeder S/A outlet temperatures has to be
investigated. From a safety point of view, large blockages and handling faults
including overirradiation must be detected. Strong cross flows may disturb the
outlet temperature measuring by T/C so a measuring system which reads the true
outlet temperature is required.

There is also concern for structural components located directly above the
core/breeder boundary, as temperature fluctuations there might cause fatigue.
This makes it difficult to mount T/C to measure breeder outlet temperatures.
Therefore an ultrasonic (US) method is being developed to provide remote
sensing. The method is based on the sound velocity in sodium varying with
temperature. Therefore, if the velocity of sound can be measured, the tempera-
ture can be deduced.

The temperature is measured directly at the mouth of the S/A, not at some
distance above it as in the case of T/C. In addition, this technique can
measure temperature noise which is known to be a predictor of local overhea-
ting in a S/A.

The investigation of US temperature measurement has proceeded. The rapid
response of the method, potentially 200 measurements per second, allows
transients to be followed and the spectrum of temperature noise to be calcula-
ted.
Tests of such a system were carried out in sodium on the BNL 4 loop at Berke-
ley. The accuracy of the system was better than 3 K, the root mean square
error less than 0.5 K.

The sensitivity of the system to temperature fluctuations was also checked by
injecting a jet of hot sodium into the main flow. A satisfactory increase in
the rms fluctuations of the temperature was observed which indicates that the
US method could be superior to the T/C method.

9.5 Acoustic Boiling Noise Detection (Core)

Acoustic boiling noise detection (ABNO) is being developed. Experiments in
PFR, KNK II and SPX indicate that for bulk boiling with vapour at the outlet
of a S/A a clear feasibility for ABNO exists.

As a more generic topic the development of sophisticated data processing
|Qij techniques is continuing.

Techniques like acoustic beamforming, acoustic tomography and pattern recogni-
tion are being reexamined, because of their importance in locating acoustic
anomalies. These techniques can also be of use in other plant areas of EFR.

9.6 Sodiun Flow Honitoring

The scope is to develop flow monitoring devices for primary and secondary
sodium coolant systems which meet the safety and control requirements.

In order to protect the reactor against LIPOSO (Liaison Pompe Sommier) rupture
a fast sodium flow monitoring system is required. Investigation of the loca-
tion of sensors inside the reactor vessel is one of the main items. Two
different types of sodium flow meters were under development.
An eddy current flowmeter (two systems of double coil transducers inside a
common housing) was manufactured and tested.

An ultrasonic flowmeter was manufactured for the German DHR test facility
ILONA. A long-term qualification test is planned.

10. Components, Auxiliary Systems and Handling

10.1 Introduction

Considerable progress has been made in R&D work for primary and secondary
system components and related problems. The R&D requirements for fuel handling
are awaiting definition. Valuable information for this area could be gained
from the operating reactors.

10.2 Rotating Plug Seals

The programme aims at improving the existing inflatable seal concept.

A test programme is going on in the 2.5 m and 1 m test rigs at Interatom with
inflatable seals and dip type seals (Figure 121.

A new system of seals with a static auxiliary seal of graphite material is
being tested. This system eases the replacement of a main seal and makes it
much faster. A modification is needed in such a way that condensating sodium
can easily drop off the seal support in the rotating plug thermal insulation
region.

Hew materials (elastomers with fibre-reinforcement) are being developed for
life time extension, simplifying manufacturing and improving the tightness of
the inflatable seals. The actual tests show a considerable progress in this
field.

The results of endurance tests are encouraging. They are confirmed by the
examination of inflatable seals which have been in operation for about four
years in the SPX 1 fuel storage drum. Good functional behaviour, normal wear
and nearly no ageing effect were observed.

Irradiating existing seal material in the Julien research center KfA is
foreseen.
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Figure 12: 2.5 ra Test Rig for Inflatable Seal Testing

Sodium tests for the validation of water test results were started and an
endurance test of more than 100 hrs was performed (CARUSO) at conditions very
close to the cavitation region. Inspection of the impeller is still pendinn
From these tests a better cavitation criterion for pump speed control should
be denveable.

With respect to the supercritical shaft, work was done on the fluid damping
effect and on the influence of the pump bearing gap size on the dynamic shaft
behaviour.

The water tests on the inducer showed that no advantage was obtained from the
inducer against a single impeller design.

10.5 IHX

A first test campaign on thermal hydraulics has been performed in CLAUDINA
(bundle test in sodium) at full power (4 MW) and lower power levels. A failura
at the sodium-air heat exchanger has delayed the experiment. The measurements
at the GR16-mock-up (natural and mixed convection) are going or. Temperature
measurements at the instrumented IHX in Phenix were also recorded Data
evaluation is still going on.

10.6 Leak-Before-Break Criterion

The actual design requirement is to validate the LBB criterion for pipe
diameters larger than 125 mm. Extended fracture mechanics work is underway It
covers specimen tests as well as scaled tube tests. Recent results on large
scale pipe tests, for instance, confirm the assumption that piping systems
which are typical for fast reactors have no tendency for complete fracture.
Even in case of long circumferential cracks, plastic deformation consumes
energy and a complete fracture is highly unprobable because of the lonq
displacements needed.

10.3 Above Core Structure

Swaging (a special forging process) is proposed for connecting the shroud
tubes to the small rotating plug and to the flow baffle. The test programme
has shown swaging to be a feasible fixing method. The pull-out load was
acceptable. Further work on the vibration performance is considered.

10.4 Primary Pumps

Large sodium pumps are well developed components. Costs reduction could be
achieved with higher running speed than in contemporary plants. Three elements
influence the acceptable speed: cavitation criteria, supercritical shaft and
inducer.

The cavitation experiments with water (EPOCA) show clear differences between
the NPSH values for cavitation onset when using acoustic, visual or head drop
off criteria as detection method.

10.7 Secondary System Themal Hydraulics

The hydrodynamic behaviour of the secondary loops must be evaluated under
normal and anomalous operating conditions including long-term behaviour
following a Na/H2O-reaction in a steam generator. Special options have to be
incorporated intff the HYDRON code to meet these special plant requirements.

The work has been in hand at Interatom since 1988. Calculations are being done
in parallel to the code improvement. Results are available on circuit drain-
ing, Ha-leakages and malfunctioning of rupture disks during normal operation.

The long-term mass transport following a SGU accident has become more impor-
tant since the ferrules have been introduced in the SGU feed water inlet.

10.8 Cold Traps for Sodiwi Purification

High capacity cold traps (PIRAHIDE) are being developed. They could be used
for both the primary system (external cold traps have been adopted for EFR)



and the secondary system. The present concept is to exchange exhausted cold
traps against new ones and to store them as waste.

For cost and environmental reasons (tritium) the regeneration of the secondary
cold traps seems attractive.

Work on effective and reliable regeneration and safe handling of dangerous
substances (e.g. tritium) is being performed. A small loop with a mock-up cold
trap is under construction. There the H-/(T?) extraction (removal by gas
bubbling through the sodium, oxidation to water and retention of the water)
will be investigated.

10.9 Secondary Fuel Handling (FSA)

Validation of passive cooling systems for fuel subassemblies in the handling
facilities and validation of transport/storage canister design is needed.

The work on the transport/storage canister concept had to be interrupted due
to the withdrawal of the Belgian partners. The work on FSA cleaning procedures
is going on. In the OMEGA/ILAR test facility an electrically heated SA (~ 10
kW) could be cleaned by humid gas and rinsing with water without problems.
Also FSA transfer in gas is studied in the LEDA (CEA) test facility.
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Abstract

In the field of fast reactors the Commission of the European
Communities (CEC) is conducting coordination and harmonization activities
at the Brussels headquarters and performing research in its Joint Research
Center. The Fast Reactor Coordinating Committee (FECC) is performing
coordination and harmonization activities taking account of the
collaboration agreements within the European Fast Seactor (EFR) context.
Since the EFE collaboration does not involve all Member States of the
European Community the FRCC should establish a link between the EFR
countries and other countries. The FRCC discussed R&D activities suitable
for a concerted action in a community frame. The Committee also discussed
actinide transmutation aspects in LMFBRs. The discussions were based on
the results of a study sponsored by the CEC to assess the characteristics
of a large core (3600 MWth) with variable actinide content (3-15X). The
FRCC received regularly reports on results from current R&D programmes,
especially from those related to EFR.

/. Introduction

In the field of fast reactors the Commission of the European Communities (CEC) is
conducting coordination and harmonisation activities at the Brussels headquarters and
performing research in its Joint Research Center.

2. Coordination and Harmonisation Activities
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The Fast Reactor Coordinating Committee (FRCC) which was set up in 1971 by the
Council of Ministers to assist the CEC in performing coordination and harmonisation
activities discussed its future role, taking account of the collaboration agreements within
the European Fast Reactor (EFR) context. It was concluded that the Committee has still
an important role to play and that it should continue its work on the lines followed sofar.
Since the EFR collaboration does not involve all member states of the European
Community the FRCC should in particular establish a link between tne EFR countries
and other countries which although not being associated with EFR may have an interest
in fast reactors, at least in the longer term. Further, the FRCC's wider membership - it
comprises besides representatives from research organisations, industry and utilities, also
representatives from ministries and licensing authorities - makes the Committee an ideal



108 forum for discussions of a wider spectrum of LMFBR problems, especially those not
related to a specific project. The FRCC's subgroups on safety (SWG) and codes and
standards (WGCS) will have to contribute in the respective areas.

The FRCC discussed R+D activities suitable for a concerted action in a Community
frame. Sofar problems related to the secondary containment were identified, e.g. the
further development of the CONTAIN-LMR code. The SWG was asked to discuss the
matter further.

The Committee also discussed actinide transmutation aspects in LMFBRs. The
discussions were based on the results of a study sponsored by the CEC to assess the
characteristics of a large core (3600 MWth) with variaule actinide content (3-15%). Main
results were increase of the void coefficient and the reduction of the Doppler constant
which seem to impose a limit to the minor actinide concentration of 5-8%. On the other
hand the reduction of the reactivity change during burnup becomes smaller, a fact which
reduces the shutdown requirements of the absorber, and the deformation of the axial
power distribution decreases.

The FRCC received regularly reports on results from current R+D programmes,
especially from those related to EFR.

2.1. Safety
The Safety Working Group (SWG) pursued its discussions of specific LMFBR safety
issues, of results from R+D programmes and of safety relevant events in operating fast
reactors. With a view to follow the development of alternate fast breeder concepts the
group discussed the results from a comparative study of the safety behaviour of a large
(1300 MWe) metal and oxide fuel core which had been performed jointly by the EFR
R+D organisations and Argonne National Laboratory (ANL). The group also discussed
the NRC's Draft Preapplication Safety Evaluation Report for the PRISM reactor.

Following a request from IAEA the SWG made comments on the "Description of Safety
Related Terms" issued by a IAEA Technical Committee.

2.1.1. Whole Core Accident Codes
The WAC group is performing another benchmark exercise for selected CABRI
experiments, mainly to evaluate new modelling approaches. The group restated its
readiness to associate Non-Community countries to the comparative calculations.

Regularly reports were given on code developments performed in national laboratories
and at the CEC's Joint Research Center.

Specific modelling aspects were discussed, e.g. freezing phenomena. CEC sponsored a
study to model the interfacial resistance between the melt and structures. This latter
effect seems to have a predominant influence on freezing at high cooling rates.

In the frame of another study contract a new bubble expansion model is being developed
and will be coupled with a fluid dynamics code (SEURBNUK) to assess the
consequences of a core disruptive accident.

Discussions on the treatment of the early transition phase were continued. The possibility
to apply primary excursion codes to the early transition phase as well as the switching
from these codes to transition phase codes like SIMMER were identified as possible
topics. A programme of work on transition phase problems will be established in close
contact with the EFR R+D organisations.

2.2. Codes and Standards
The Working Group Codes and Standards (WGCS) and its three subgroups continued
work in the fields of manufacturing and in-service inspection, structural mechanics, and
materials. These activities are coordinated with the EFR organisations.

2.2.7. Manufacturing and In-service Inspection
Several comparison studies of national standards were concluded and will be published.
These comparisons led also to proposals for harmonisation. A methodology for
comparing the flaw acceptance criteria of NDT inspection standards by using fracture
mechanics had been developed in a previous series of studies. In an extensive application
study it was shown that fracture mechanics can indeed be used as an instrument to make
a critical comparison of NDT standards for harmonisation purposes.

2.2.2. Structural Mechanics
Problems of creep and creep/fatigue evaluation and ratchetting were a large part of the
studies in the area of structural mechanics. The full range of approaches from code rules
and simplified methods to full inelastic analysis has been considered. One of the basic
ingredients, constitutive modelling, was treated in a benchmark exercise. Several studies
will be published. Two of these are :

- a study on residual stresses in welds of FBR components
- a benchmark exercise on the random vibration approach in seismic analysis which

showed that this approach is an interesting alternative to time history and response
spectrum techniques.

2.2.3. Materials
Materials testing specifications used in the EC member states were compared and
recommendations for their harmonisation were made. Most studies concerned the
collection and evaluation of material data in order to agree on values to be used in
design codes. Two extensive studies were concluded and will be published :

- a literature survey on the behaviour of short fatigue cracks in austenitic stainless steels
- low cycle fatigue of austenitic welds.
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3. Research performed at the Joint Research Centre (JRC)

Safety research is performed at the Ispra Establishment while research on fuels is carried
out at the Institute for Transuranium Element (ITU) at Karlsruhe.

3.7. Safety

3.1.1. FARO
FARO is an experimental facility where a number of phenomena related to severe
accidents can be investigated using real reactor materials. The main feature is the
possibility of melting quantities of 100-150 kg of UO2. The melt can then be released into
various test sections to study :

- fuel jet impingement on structures (BLOKKER I tests);
- fuel freezing and plugging in channels (BLOKKER II tests);
- coolant jet penetration, fragmentation and in general fuel-coolant interaction problems

(TERMOS tests).

The experimental programme was firstly devoted to the studies of LMFBR severe
accident problems. Since 1988, studies are under way to assess the possibility of using the
facility for LWR severe accident studies. In 1990 a programme has been designed for the
study of in-vessel melt quenching phenomena in LWRs and consequently the LMFBR
programme was terminated in September 1990.

In the frame of the LMFBR programme two experiments of the BLOKKER II test series
have been performed in 1990. In these tests the melt penetration and freezing in
rectangular channels (simulating LMFBR inter-subassembly gaps) were investigated at
about 400° C and 900° C initial structure temperatures.

In the first experiment the test insert contained, besides one circular channel of 4 mm
diameter, four rectangular channels of various surface with widths ranging from 4 to 6
mm and a length of 2 m. (see Fig. 1). The UO2 injection pressure was 0.6 MPa, the melt
temperature 3000° C and the initial channel temperature 390 to 560° C. Table 1
summarises the experimental results. The penetration distance (400 mm) in the reference
channel agrees well with formerly measured values. A UO2 mass of about 4 kg was found
to be drained through the 6 mm wide rectangular channel before plugging. Fig. 2 shows
a summary of melt front penetration versus time in the various channels as derived from
corresponding thermocouple data, which varies from about 1 m to more than 2 m. An
increased draining capability of UO2 in rectangular channels has been found with respect
to circular channels of similar radial dimensions.

The test conditions of the second test were the same as for the first one with exception
of the initial channel temperature which was 900° C. About 100 kg UO2 has been melted.
Unfortunately, due to spurious signal intervention the closure of the intersection valves
has been triggered too early, thus blocking most of the melt above the test section and
preventing significant melt penetration into the rectangular channels. From this test only
the penetration distance in the 4 mm circular channel could be revealed. Also at 900° C
initial channel temperature no melting of the internal channel surface is noticed.

section B - B

Fig.l. - Rectangular channel insert for freezing



110 Tahle I : Melt Penetration in Channels Table 2 : Melt Penetration in Circular Channels

CHANNEL
N°

1
2
3
4
5

CHANNEL
DIM.
(mm)

« 4
4x28
5x28
6x28

6x28 *)

MAXI
DIST.
(mm)

400
1200
2000
2000
1500

PEN ET.
TIME 1)

(ms)

100
-

380
270
250

PENET.
VELOCITY

(m/s)

3.6
-

5.3
7.4
3.3

DRAINED
UO.
(kg)

0
0.1
0.5
4.0
0

1) relative to 50 mm down from the channel inlet
*) with semi-hexagonal twist

CHANNEL
DIAMETER

(mm)

3.7
5.0
5.9

PENETRATION LENGT11
(mm)

EXPERIMENT
Channel 1 Channel 2

325
555
535

300
335
560

CALCULATION

308
457
560

Fig.2. - Melt front penetration in channels

During 1990 BLOKKER II tests have been analysed using an improved version of the
French CEA code BUCOGEL (version 1.3, February 1990) which now contains a "mixed
freezing" model for molten fuel flowing through tubes or channels. Bulk freezing is
assumed to occur at the leading edge of the molten slug and conduction freezing behind
it. Results for a test carried out in 1989 are given in Table 2. Good agreement between
measured and calculated penetration lengths was found. This is in contrast to previous
attempts using the simple bulk freezing or conduction freezing models which
underestimate and overestimate the penetration depths, respectively.

3.1.2 European Accident Code (EAC)
After the first release of the new EAC-2 a second and better tested version was released
in the middle of 1990. One test case was a modified WAC/LOF benchmark in which the
fuel pin failure location and time was based on the cladding failure criteria of the
detailed TRANSURANUS pin behaviour code which is part of EAC-2. Although the
predicted failure locations were near the midplane, the fuel pin melt fractions were
rather low at failure time. Because of this, there was little compactive in-pin fuel motion,
but enough dispersive fuel motion in the coolant channels led to a much more benign
accident outcome than predicted the majority of the codes that had participated in the
WAC/LOF benchmark exercise. In this benchmark, the pin failures were specified to be
at rather high melt fractions.

In the area of modelling, a new fuel freezing model which is partially based on
conduction freezing was introduced in the Material Dynamics model MDYN. Another
aspect is the separate fuel freezing on structure material, which is important for analysing
the single-pin CABRI tests.

With regard to CABRI analyses, the stand-alone version of TRANSURANUS has been
successfully applied to the well-characterised RIG-1 fuel pin irradiation in the PHENIX
reactor and to several CABRI experiments. The EAC-2 hydraulics has been improved
so that the CABRI test section can be properly simulated. The applications of the
complete EAC-2 to CABRI tests is under way.
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By the end of this year the EFR R&D Associates will decide on a European Fast
Reactor Reference Code (EUREF). This will probably be a combination of the best
models of EAC-2 and the American SAS-4A code.

3.2. Fuel

3.2.1. Nitride Fuel Development
An out-of-pile study of the thermal stability of mixed nitride fuel in a radial thermal
gradient was completed. The samples to be investigated were prepared by carbothermic
reduction under flowing nitrogen. The stability of these nitrides in a thermal gradient was
rather good up to about 2000 K, and no strong differences in the behaviour of different
types of fuel with various amounts of oxygen (up tc 7600 ppm) was observed. Above
2000 K, however, the formation of a metallic phase and the evaporation of plutonium
causes rapid restructuring, a densification, which destroys the open porosity network,
transport of Pu towards the pellet periphery (and even to the surface of the cladding
material). These effects can lead with increasing temperature to a total collapse of the
fuel. A limitation in the use of U, Pu-nitrides as nuclear fuel for fast breeder reactors
above 2000 K can therefore be predicted from these investigations.

One pin from the fast flux nitride irradiation experiment NIMPHE 1 (carried out in the
Phenix reactor) with a burn-up of almost 8% has been shipped to Karlsruhe and is
presently undergoing post-irradiation examination in the hot cells of ITU. The non-
destructive analysis of the pin has been performed in the laboratories of CEA Cadarache.

Two new mixed nitride fuel pins have been fabricated at ITU for re-loading into the
NIMPHE capsule. They will, together with pins from CEA Cadarache, be irradiated in
the Phenix reactor up to a burn-up of 10 at -%.

The beginning of the BOL-irradiation tests NILOC 3 and 4 in the Petten high-flux
reactor had to be postponed for technical reasons to mid-1991. The possibility of
irradiating vibro-compacted mixed nitride fuel - partly on a third-party contract basis -
is being examined.

Equipment for measuring the equilibrium partial pressure of U-Pu mixed nitrides with
high and low oxygen content has been developed, it consists of a Knudsen cell with
quadruple mass spectrometer, heated by induction up to 3200 K. The furnace operates
at 5.10'* Torr. Facilities for the collection of effused vapour on a system of targets provide
for possibilities of calibration. Test runs with UN are under way; examination of mixed
nitrides is scheduled to start early in 1991.

3.2.2. Work in relation with Minor Actiniae transmutation
Minor actinide (MA) containing oxide fuel samples which had undergone irradiation in
the KNK II reactor have been analysed. The experimental results are complete in that
all nuclides of interest have been measured, some with more than one technique (Am,
for example, was measured by IDMS, gammaspectrometry and alpha spectrometry).
Parallel calculations are being carried out in cooperation with KFK (Karlsruhe) and
CRIEPI (Japan).

4 pins containing Np and Am which had been irradiated in the Phenix reactor in the
frame of our SUPERFACT programme where shipped to Karlsruhe at the end of the
year and presently undergo post irradiation analysis.

Candidate nuclear fuels for transmutation studies have been prepared in order to study
fabrication techniques and thermodynamic characteristics, namely (U u Np,) N, 0<x<l,
and (U,7 Amj)O2 with y = 0.2 and y = 0.05. Investigations are under way.

Further studies in this context executed in 1990 at ITU dealt with the successful
application of a high-pressure cation exchange separation scheme to the case of
neptunium and with tests to recover MAs from scrap materials.

3.2.3. Fuel Pin Performance Code TRANSURANUS
By coupling the TRANSURANUS fuel pin performance code (developed at ITU) with
the steady state and transient capabilities of the European Accident Code EAC-2 for
FBR accident analysis, full coherence was reached between the base irradiation and the
transient, in particular for the thermo-mechanical behaviour of the fuel rod. In the frame
of international benchmark calculations or by simulating selected experiments like the
French CABRI-I or the German-Belgian MOL 7C/7 tests, the ITU modelling group
contributed to the validation of various physical models incorporated in EAC-2.

3.2.4. Hieh-Temperature Properties of Oxide Fuels
The specific heat of UO2 was measured in an autoclave from the cooling curve of
spherical samples, simultaneously heated by four symmetrically oriented laser beams in
an inert gas atmosphere at pressures up to 1000 bar to avoid evaporation. The maximum
temperatures reached were around 8000 K. The results show that the specific heat of
urania decreases sharply after melting from around 700 J/kg K to 300 ± 80 J/kg K and
remains so without any significant variation up to about 8000 K. An experimental error
of about 30% is the best that can be done with the present equipment.
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Abstract

For the design of the China First Fast Reactor (FFR), experimental
fast reactor with the power of 25 MWe about 50 computer codes have been
prepared. About 20 sodium loops and test faci l i t ies in small scale have
been established for the R&D of fast reactor technology, they will be used
to support the design of the FFR in coming years. Recently the conceptual
design for the FFR has been basically completed. The application of
construction of the FFR has been submitted to the Government. The China
FBR Research Center had i t s foundation stone laying ceremony in C1AE,
Beijing, in November, 1990.

1. Introduction

During the past three years the development of the fast reactor technology is pur-

sued under the framework of the State High-Technology Program in China. The em-

phasis is laid on following subjects.

• Fast Reactor Design

The main studies involve the preparation of computer codes, the decision of the
main technical selections and of the design boundary conditions, and the conceptual
design of the FFR. experimental fast reactor with the power of 65MWth(25MWe).

• Sodium Technilogy
The research work mainly releted to the sodium purification, impurities analysis in

soduim. cleanning study for sodium components and extinguishing of sodium fire.
• Fuel and Materials

This subject touches upon the trial-production of (Pu.U)O2. some research work
on metal fuel and application performance study of chromium-Ni austenitic stainless
steel.

• Safety

The safety studies related to the diagnostic of scdium-water reaction .the heat
transfer test of 19-pins bundle in sodium blockage conditions and sodium boiling ex-
periments.

Recently, the conceptual design for the FFR has been basically completed. The
application of construction of the FFR has been submitted to the Government by a
specialist committee under the State High—Technology Program.

Concerning the R and D of the FBR technology, about 20 sodium loops and test
facilities in small scale which is given in table 1 have been established which will be used
to support the design of the FFR. The China FBR Research Centre had its foundation
stone laying ceremony in CIAE. Beijing, in November. 1990.

TABLE 1. SODIUM LOOP AND TEST FACILITIES

loop sand facilities

lOdium purification

loop

Automatic plugging me-

ter

Sodium cleaning facility

^ a t transfer sodium

loop

*loise Signal collection

system

Sodium Boiling loop

Steam explosion facility

Material Irradiation

chamber

fitted at Tandem

main parameters

After purification

O <10ppm

H OOppm

Ca OOppm

C OOppm

Temp.ranging(135—250C) ± 5C

P H = 7 ~ 8 3

Flow rate max.30m3 / h

Pressure of pump 0.5M Pa

Transfer power 320 KVA

Total Power 500 KVA

Temp. 4 0 0 - 550C

for Temp, flow or pres:>ü/e 0— 10OHz

for sonic 0~40Hz

Temp, max 900C

Pressure 0.6M Pa

Reaction Vessel "9100 x 400mmwith Heat-

ing system.

High speed camara system.

Signal sensor system

High Ion-13 MV

Ni.C. P.

Damage 100~ 150 dpa

Temp 3 5 0 t ~ 6 5 0 t

complete time

1991.3

1990

1991.3

1990

1990

1991.3

1990

1990
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High temperature so-

dium corrosion loop

High temperature So-

dium mass transfer loop

High pressure bi—axia

creep test facility

Material fatigue and

creep sodium loop

"uel and cladding chem-

ical interaction facility

High vacuum carbon

hot pressing furnace

High freguency induc-

ion furnace and injec-

tion facility

Irradiation capsule

H-meter sodium loop

iodium-HjO reaction

test facility

älast Memtrane anc

Blast discharge facility

Temp 550C-600C

Flow rale 20 m s / h

Velocity ranging 2 — 12m / s

0„,„~5ppm

Temp max: 65OC

0<20ppm

Velcity 2 ~ 3 m / s

With high and low temp, test section

Pressure 200 M Pa

Furnace size O73 x 500mm

Fatique test section 1

Creep test section 2

Temp 500t:

Load precision ± 1 %

System pressure<1 MPa

Temp max.750t

Vacuum5 x10~5Torr.

Temp.2500 t

Temp.1973uK

Vacuum 1 33 x 10"3Pa(hot condition)

Injection pressure 0.4MPa

Volume. max.200g

One pin irradiation in Swimming Pool Re-

search Reactor

Na volume.iOOl

Temp max 550C

Pressure 0.6M Pa

Na volume 401

Reaction vessel 101

Na How rate 0—2m / s

NaTemp.300— 500C

H,0 inject velocity 0.01—1g/s

H,OTemp3S0t:

H,0 pressure 16MPa

Pressure threhord —0 82±O.OO5MPa

1991.3

1991.3

. ... - .

1990

1991 3

1990

1990

1990

1990

1990

1990

1990

2. Design of China First Fast Reactor (FFR)

2.1 Basic Purpose and Demands to the FFR

As the first step for the TBR technology development in China it is planed to de-

sign and construct a 25MWe (65MWth) experimental last reactor (FFR). through

which it is envisaged, as the first purpose, that we could grasp the methodology of FBR

design, including the establishment of data library, computer codes and more impor-

tantly the experience of harmonization among neutronics. thermohydraulics. fuel ele-

ments etc. under the boundary conditions predecided. to meel the general demands to

reactor, could master the experiences on the component fabrication under the adopting

of appropriate standards and criteria and also on the quality control assurance and

could know well the experience on the FBR operation as a generation plant.

The second purpose is to have this fast reactor as a fast neutron irradiation facility

for the development of fuel elements.

The demands to the FFR has been proposed which are as follows:

• mains technical selection should be consistent with the trends of the develop-

ment of FBR technology in the world.

• The basic thermo-pararneters of commercial fast reactors should be adopted.

• Design is requested to have a self-stability reactor core and passive decay heat

removal system.

• Systems and components should be striven to be simplified so that to get high

reliablity. due to which, it will be easier to transit from the FFR to next step.

2.2 Main Technical Selections and Design Boundary Conditions

The main technical selections and design boundary conditions were decided in

1988 for the FFR and the practice of conceptual design of the FFR has not asked to

change them.

The main technical selections are as follows:

• Sodium as coolant and pool as the primary coolant circuit arrangement concept.

• (Pu.U)O2as fuel and Cr18 Ni l 2 Mo2 Ti as core structure material.

The boundary conditions are following:

• Reactor power 65MWth(25MWe)

• Outlet temperature of the core. 530C

• steam parameters: temperature 480—490C pressure —10.0MPa

• Breeding Ratio: not important

• Linear power 430 W / cm (ma*.)

• Permited maximum tempertature of the cladding : 700C

• Maximum burn up : 50000 M W D / t
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for cladding about 36 dpa

for guide tube of control rod about 140 dpa

• Fuel handling concept

primary storage in the periphery of the core; straight moving fuel handling ma-

chine with double rotating plugs; the transportation of new and spent fuel

subassembly through the fixed port

• No independent irradiation loop, but irradiation capsules will be equiped

• The number of the loop for coolant circuits: 2

• Safety features

two independent shut down systems

the core with the neutronic sell-stability

the passive decay teat removal system.

the primary systems never out of the containment.

2.3 FFR Design

About 50 computer codes have been collected and developed since the year1988

which involve nuclear data, reactor neutronics and shielding, thermohydraulics,

mechanics, loop analysis and safety analysia. Using these codes, the conceptual design

of the FFR has been basically completed. After some months of fallen back into review,

the preliminary design stage wil l be started.

2.3.1 Core Subassemblies

Referring to the FBR fuel element design of other countries, the design criteria of

FFR fuel subassembly has been preliminarily decided. They are brifely as follows:

• The maximum temperature of the fuel never over its melting point (2750t : ) un-

der the normal conditions or predetermined over—power transients.

• The maximum temperature of the cladding does not exceed 700C under normal

operation.

• The maximum pressure drop is limited so that the serious vibration and errosion

by gas never occur.

• The heat creep of cladding in the maximum temperature is less than 0.2% contrib-

uted by internal pressure and the maximum of plastic strain is less than 0.1 %.

• The reduction of flow cross section due to the irradiation swelling doesn't ex-

ceed 2.8%.

• The integratity of fuel pins should be ensured by the positioning and support of

the fuel pins.

According to the design criteria, the diameter and pitch of the fuel pins were se-

lected. The temperature field and the stress and strain of cladding have been analised.

After the trial prodectian of fuel cladding in nuclear grade and some test of wire wrap

technology, the model of fuel subassemly has been fabricated. The sketch of fuel

subassembly is shown in Fig.1 and the main parameters is given in table 2.

The structure design of blanket subassembly .control subassembly.reflector rod and

shielding rod are completed.which sketchs are shown in Fig.2-5.

//Tjj" :,—Handle head

«I Coolant exit

• 19 shielding rods

Upper blanket

„^-Cladding

-Pellet (Pu-U)O2

„Lower blanket

„.Wire wrap

„Gas plenum

„Lower plug

„Hexagonal tube

-Pad

61 fuel pins

-S.A. fool

„Coolant entrance

Fuel pin Fuel subassembly

FIG. 1. FFR fuel subassembly.



TABLE 2. FUEL SUBASSEMBLY PARAMETERS

Sped f i cat i on

No of fuel subassembly

Total length

Distance between center to center

Width acro'ss flats

No.of fuel pin per S A

Pitch of pins

Diameter/ thickness of cladding

Diameter of wire

Diameter of fuel pellet

Pressure drop

Sodium velocity

Maximum temperature of cladding

Maximum stress of cladding

Maximum total strain

Maximum elastic strain

Maximum creep

Unit

mm

mm

mm

mm

mm

mm

mm

bar

m / s

C

MPa

%

%

%

Value

85

2600

61 5

58 5

61

7

6±0.025/04±0.03

0 95

51

3 29

75

666 8

2 82

0 285

0 081

0154

«/••/

MZ't

115 FIG. 2. FFR blanket subassembly.

Ill
FIG. 3. FFR control subassembly. FIG. 4. FFR reflector rod.

FIG. 5. FFR shielding rod.



2.3.2 Core Neutronics and Thermohydraulics

Using cross section producing codes MINX and its standard interface code

CCCCPS.Multi-group cross section of 46-group with 47 nuclides has been provided

lor 1 and 2 Dimension diffusion calculations.Adopling program system AMPX— 1] and

PASC-1 to treat VITAMIN-C.tne multigroup cross section library of neutron-y coup-

led with 37 nuclides has been offered lor ANISN transport code.

With these preparation.The calculation of core criticality.control rods

reactivity.power distribution .reactivity coefficient.neutronic dynamic parameters and

fuel management has been completed in conceptual stage.

Using hydraulic distribution codes and subchannel analysis codes.the temperature

field has been calculated for stability condition .Transient conditions such as loss of

flow.loss of heat sink and transient of power are under calculation.

The neutronic and thermohydraulic parameters of FFR core are given in Table 3.

The FFR core pattern is shown in Fig.6.

TABLE 3 . CORE PARAMETERS

Specification

Thermal power

Electric power

Volume fraction

Core size height / diameter

Core fissile content

Pu/Pu—239/U—235

Linear power max

i

Unit

MW

MW

fuel /ss/Na/gap

I

i
ladial / axial power non-homogeniety

coefficient

Average irradiation cycle

Neutron flux max

Isothermal temperature coefficient

Power coefficient

Bubble coefficient max

Doppler coefficient without Na

Doppler coefficient with Na

Value of compensation S A

Value of regulation S A

Value of safety S.A

j
1
i
1_

Dutlet/ inlet average temperature of the

core

Subchannel nominal temperature

max fuel region/ blanket region

Fuel norminal temperature

max. fuel region/ blanket region

mm

Kg

W/cm

D

n / cm' • sec

Pcm/C

Pcm/MW

S

T-dK/dT

T-dK/dT

%• A K / K

% • A K / K

% • A K / K

t

C

Vaule

65 5

25

0 381/0.2O7/O.397/O.O15

50/59.5

1260/966/101.2

425

1.32/1.17

66

2.97 x 1015

-4 86

-8.60

-9.73

-2.23x1O"a

-2.95 x10~3

4x1.47

3x0.42

2x1.47

530/400

593.6/502

2193/7B2
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117 FIG. 6. FFR core pattern.

2.3.3 Reactor block

According to the main selections for the FFR .pool concept was considered as the

primary system arrange'/nent.from wivch some technical characteristics are further de-

termined:

• Open top plenum.there are no any pipe for the sodium coming out of the core

.going to the IHX :

• Realization of the natural convection of primary sodium when the pumps stop-

ped:

• Top—supported type.main tank, guard vessel and core structure system are all

hung on the top shielding deck:

• Compensation of radial thermal expansion would adopte removable

bellows.inverted bell jar and welded skirt for pumps.lHXS and main tank respectively.

The sketch of FFR reactor block is shown in Fig.7.related parameters are presented

in table 4.

2.3.4 Main Heat Transfer systems

Main heat transfer systems consists of primary secondary and water-steam circuits

for the FFR.a schematic of which is shown in Fig.8.Each circuit consists of two main

parallel heat removal loops.The FFR also features two independent auxiliary cooling

system by natural convection.The main parameters of heat transfer systems are given in

table 5.

3. Research of FBR Technology

3.1 Sodium Technology

The mulipurpose sodium purification loop(MSPL) has been set up which would

related to following studies.

• Sodium transportation without oil covering

• Elimination the contents of calcium as impurities in sodium by oxidation

• Simulation of sodium purification plant which size is fitted to the FFR.

• Temperature distribution study and impurities deposit study in cold traps.

A schematic of the MSPL is shown in Fig.9. and The distribution of temperature in

the cold traps is given in Fig.10.

Concerning the impurities analysis in sodium, some methods have been estab-

lished for example:

• Analysis methods ol vacuum distilation-Atom absorption for calcium. In

this method the recovery rate reach 99.37+ 6.6% for calcium in Industrial grade.96.6~

100.% for nuclear grade, analysis precision is ± 5 .3~7 .2% in the rangei — 1000ppm

calcium.



118 TABLE 4. REACTOR BLOCK PARAMETERS

Sped f i cat i on

Diameter / height of main tank

Diameter / height ot guard vessel

Diamelei / height of inner vessel

Diameter/ height of top shielding deck

Diameter of fuel handling region

Diameter of large rotating plug

Diameter of small rotating plug

Eccentricity

Unit

m

m

m

m

m m

m m

m m

m m

Value

8/7.5

-9/8

7 4 / 6 4

10/2.5

1300

4000

2775

362 5

1 Deck
2 Primary pump
3 IHX
4 Main tank
5 Guard vessel
6 Inner vessel
7 Grid plenum
8 Core support structure
9 Second pump

10 Superheater
11 Evaporator
12 Turbine

13 Temperature and pressure reducer
14 Generator
15 Condenser
16 Condenser pump
17 Heater
18 Low pressure heater
19 Low pressure i jater
20 Deoxygenator
21 Feed pump
22 High pressure heater
23 High pressure heater

FIG. 7. FFR reactor block. FIG 8. Main heat transfer systems.



TABLE 5. MAIN PARAMETERS OF HEAT TRANSFER SYSTEMS

Specification i Unit

Primary Cficuit

Total flow rate ' T / h

Total Na volume : T

No. of pump

Nominal flow rate of each pump j T / h

Pressure in pump exit

No.of IHX

nlel/ outlet temperature of primary Na

in IHX

m,.:a)

t

nlet/ outlet temperature of secondary

NainlHX \

Secondary circuit and water-steam ci

Total flow rate j T / h

Total Na volume

Pressure in pump exit

No of Steam Generator

nlet/ outlet temperature of Na in

evaporator

nlet/ outlet temperature of water and

steam in evaporator

nlet/ outlet temperature of Na in

superheater

nlet/ outlet temperature of steam in

superheater

Total steam flow rate

Steam pressure in SG exit

Temperature of feed water

Tubine type

T

m{Na)

t

t

t

t

T / h

MPa

C

HNK

Value

1323

- 2 6 0

?

937

53

2

525/385

325/505

cuit

1029

48

64 5

2

456/325

225/319

500/456

319/480

96

9 81

225

-50/72/32LK7

1 .

119

FIG. 9. Schematic diagram of the multipurpose sodium purification loop (MSPL).
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FIG. 10. Temperature distribution in the cold trap used in MSPL.



120 " Extraction-spectrophotometric microdetermination of boron wi th methylene

blue. The analysis precision is ± 4% lot 0.5ppm boron in sodium and recovery rate for

re-added born is 98%

• Carbon analysis facility.

• Cadmium analysis of anodic dissolution volt ammetry wi th polarograph. The

lower measurement limitation of cadmium is 0.2 n g / 10ml and the precision is about

± 1 0 % .

3.2 (Pu.U)O2 trial-production

The (Pu.U)O2 pellets have been trial-fabricated from AUPuC Co-deposit ion t e -

chnology.The results of measurement, including fuel composition, density, open-hole

rate, closed-hole rate, metallograph. a—ray self-graph, expansion cofficient.oxygen

metal ratio etc. they are all consistent wi th the needs of the fuel design for FFR.

3.3 materials

Four types of stainless steel for cladding material have been refined which

areCr15Ni15MoTiB(1.4970). Cr13Ni15MoTiZr(D-9). CM 5Ni15MoTi(X-15) and

Cri 7Ni12MoTi(316Ti) in the nuclear standard. The cladding tube of <S6x 0.4mm for

fuel pins has been trial-fabricated. The low irradiation damage experiments for 31 6(Ti)

and 316SShave been done in High Flux Research Reactor in which the neutron

fluence was3.1 x 10 J 'n /cm 2 (E> O.IMev). The results of mechanical performance

show a little increase in stiffness for solid-solution materials.

Heavy ton irradiation study of 316SS has also been carried out on the tandem

Hi—13 acceralator in CIAE. in which Ni of 80Mev and Si of 50Mev were used.

Irradiation damage were more than 50 dpa and temperature range was 4 3 0 ~ 7 2 0 C .

The results preliminarily indicated that the element silicon had the advantage to

limit the growing of the irradiation voils.

As for irradiation swelling study by heavy ion simulating, the typical result is pres-

ented in Fig.11.

3.4 Salety

The salety study is concerned, the emphasis is put on sodium-water reaction.so-

dium blockage of fuel pin bundle, sodium boiling and staam explosion.

The purpose of sodium-water reaction is to develop the early diagnostic technol-

ogy and to find the material that could delay the damage dispersion. For that, a

sodium loop which wil l be injected by hydrogen and a sodium-water reaction facility

have been set up. a mass-spectrograph with a high vacuum system and a computer

system has been installed.

I I

+ 1164 < 3it>Tio.H> )

• 1 1G(> (3'6Nb".S2)

M 11 ( j i ir i o-ao4l)

20 f>0 U0
Dose ( dpa )

100

FIG. 11. Relation of swelling to irradiation dose (for modified 316SS).

The nickel tube has been fabricated under the guidance of the mathematic

analysis model. The noise detection and pressure measurement are under preparation.

The heat transfer sodium loop has been built up in the light of demands of 19rod5

bundle blockage experiment. Using computer codes the analysis shows that the so-

dium temperature will rise 40~ 50tI in the region of tail-flow and will never boil in

the case of the complete blockage of six subchannel.

The test section and its cross section with the blockage in six subchannels are

shown in Fig 12 and 13. Concerning the sodium boiling study, high temperature so-

dium branch attached to the sodium loop of XiAn JiaoTong University is under instal-

lation. The parameters oJ this branch are as following:

Capacity

Temperature

Flow Rate

Transfer Rate

1-7 rods

900 C

1 m 3 / h

10-80KW

Sodium boiling experiments in low absolute pressure under the natural

convection condition have been carried out with following parameters:

Absolute Pressure

Flow Rale

Linear Power

0.001 MPa

0.5-7.0 Cm3 /s

0.42-4 7 KW/m



Cooling section Na exit Na entrance

. . Guide lube for
thermocouple

FIG 12. The blockage test section.

The results indicate that the overheat degree in the surface is increasing with the

increase of heat derf ity and decreasing with the increase of flow velocity, as presented

in Fig 1A and 15.
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FIG. 14. Relation of overheat degree to heat density.
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121 FIG. 13. Cross-section with the blockage in 6 subchannels.
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FIG. 15. Relation of overheat degree to flow velocity.
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