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FOREWORD

Design of liquid metal cooled fast reactors (LMFRs) is still in evolution, and only a
small number of LMFRs are in operation around the world. Specialists operating these
LMFRs have gained valuable experience from incidents, failures, and other events that took
place in the reactors. These unusual occurrences, lessons learned and measures to prevent
recurrences are often either not reported in literature, or reported only briefly and without
sufficient detail. Hence there is a need for specialists designing and operating LMFRs to
share their knowledge on unusual occurrences.

Considerable experimental and theoretical knowledge on various aspects of LMFR
design construction, pre-operation testing and operation has been collected by several
Member States with fast reactor programmes over the past decades.

Recently, more countries have launched their programmes on fast reactors in critical and
subcritical (driven by a spallation neutron source) mode cooled by liquid metal.

The needs in generalisation, review and documentation of fundamental knowledge in
liquid metal cooled reactor technology were a major consideration in the recommendation by
the International Working Group on Fast Reactors (IWGFR) for the IAEA to convene this
Technical Committee meeting on the subject of unusual occurrences during LMFR operation
and their consequences for reactor systems.

The TAEA officer responsible for this work was A.A. Rineiskii of the Division of
Nuclear Power.
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SUMMARY
1.  OVERVIEW AND PURPOSE

The Technical Committee Meeting (TCM) on “Unusual Occurrences During LMFR
Operation: Review of Experience and Consequences for Reactor Systems™ was held on the
recommendation of the International Working Group on Fast Reactors IWGFR) at the IAEA
Headquarters in Vienna from 9 to 13 November 1998. Participants from nine countries
(China, France, India, Japan, Kazakhstan, the Republic of Korea, the Russian Federation, the
United Kingdom and the United States of America) were in attendance.

The objectives of the TCM were:

— to review design approaches and operational experience and to identify and characterise
the main design and technical problems and relevant unusual occurrences during LMFR
operation and the consequences for the reactor system;

— to review findings in advanced LMFR designs with a view to avoiding unusual
occurrences; and

— to provide a forum for discussion and identification of pathways to take advantage of the
opportunity for international co-operation in these activities

The discussion was focused on those aspects of LMFR technology which are unique and
distinctive to plant design and operation.

2.  MAJOR PROBLEMS AND THEIR CAUSES

LMFRs have been under development for more than 45 years. Twenty LMFRs have
been constructed and operated. Five prototype and near-commercial scale LMFRs [(BN-350
(Kazakshstan), Phenix (France), PFR (United Kingdom), BN-600 (Russian Federation) and
Superphenix (France)], with electrical output of between 250 and 1200MW(e), have
accumulated more than 85 reactor years of operating experience. Altogether, LMFRs have
accumulated more than 280 reactor years of operating experience. In many cases, experience
with these reactors has been extremely good. The reactors and special components have
shown remarkable performance well in excess of design expectations.

Stable operation of the demonstration reactor BN-600 in Russia with a nominal power
output of 600MW(e) for 20 years and an average load factor of ~72%, successful operation of
the prototype reactors BN-350 in Kazakshstan and Phenix in France as well as the reliable
operation of MOX fuel at high burnup (20% with an irradiation dose in excess of 160
displacement per atom (dpa) in the cladding) in PFR (UK) and Phenix, are milestone in the
implementation of LMFR technology.

As 1s usual at the initial stage of development, the operation of prototype and
demonstration plants revealed the weak points of the original design and mode of operation,
causing some unusual events. The meeting participants discussed these unusual occurrences
as well as the steps taken to rectify them. In this way the benefit of the lessons learnt can be
made available to the designers and operators of reactors of similar type.

2.1. Sodium leaks

There is only one disadvantage inherent in the LMFR coolant, liquid-sodium, namely
that it interacts chemically with water/steam and air. Protection against sodium fires was an
important theme of the discussion at the meeting.



There were significant sodium leaks and fires from the BN-600 primary (1000kg) and
secondary (650kg) circuits in 1993 and 1994, respectively. In both cases the protective
systems were effective, the damage was not extensive and repairs were effected quickly.
Thermal striping was the cause of the leak in 1993 and staff error (pipeline cutting before
sodium was frozen) of the leak in 1994. None of these leaks has caused injury to personnel.

A secondary sodium leak and fire at the Monju (Japan) plant in December 1995, caused
by a temperature sensor well broken by vibration, caused a long operational delay and
required plant modifications. The total mass of non-radioactive sodium which leaked was
~ 640+ 42kg due to delay in sodium draining from the loop. There were no adverse effects for
operating personnel or the surrounding environment.

To prevent a recurrence of the Monju secondary sodium leakage incident comprehensive
design review activities were started for the purpose of checking the safety and reliability of
the plant. As a result, several aspects requiring improvement were identified and
improvements and countermeasures were studied. The main improvements and
countermeasures are as follows:

— to enable the operators to understand and react to incidents quickly, new sodium leakage
detectors (TV monitors, smoke sensors) and a new surveillance system will be installed;

— to reduce the amount of sodium leakage and damage by spilt sodium, the drain system will
be remodelled to shorten the drain time;

— to extinguish a sodium fire in the secondary circuit, a nitrogen gas injection system will be
installed;

— to limit the spread of aerosol, the secondary circuit will be divided into four smaller zones;

— to replace the secondary circuit thermocouple wells by a new design;

—~ to prepare a new design guide against flow-induced vibration.

The event at the Monju plant caused a serious interruption to reactor operation. For this
reason there will be undoubtedly important efforts to reduce the incidence of sodium leaks
and to improve the protection against the consequences of fires.

The number of leaks will be reduced by improvement of the design methods for sodium
systems taking account of the peculiar conditions to which the materials are subjected,
particularly high and fluctuating secondary stresses, high-cycle fatigue, and prolonged
exposure to high temperatures which can cause degradation of the properties of some
austenitic steels. Improved methods of estimating stresses and improved design codes
appropriate to thin-walled vessels and pipework are to be expected. Thermal striping has been
the cause of some sodium leaks in auxiliary circuits. Mixing devices should be provided to
ensure that sodium streams mix with temperature differences below the established safe
limits.

Additional protection will be afforded by improved methods of non-destructive in-
service inspection to demonstrate the integrity of sodium vessels and pipework and to detect
incipient defects so that they can be repaired before they grow to cause leaks. Ultrasonic
methods for inspecting welds in austenitic steels, and transition welds between steels of
different composition, have been improved and further improvement can be expected.
Components will increasingly be designed to facilitate in-service inspection.

In addition there will be greater acceptance of the “leak-before-break™ approach to
protect against major failure and large leaks. This requires close attention to the reliable
detection of small leaks at an early stage, before they can give rise to significant fire. There



will also probably be developments in the field of protection against the effects of fires, by
means of improved segregation and protection of essential equipment and services, faster
sodium dump systems, better methods of extinguishing sodium fires, and enhanced protection
from damage by sodium smoke.

Prevention, detection and mitigation of sodium leaks, improved resistance of nuclear
systems to fires and choice of concrete for minimisation of interactions remain important
directions for safety research. In France a new aluminous concrete which does not interact
with sodium has been proposed. The EFR (European fast reactor) anchored safety vessel
option was tested with this concrete. There is a need to continue the R&D on sodium-resistant
concrete to minimise damage to structures in the event of sodium leaks.

2.2. Steam generator significant events

Steam generators (SGs) are generally regarded as the most critical of all sodium system
components. Design, manufacture and experimental testing should be carried out with special
case. It seems that all was done to install reliable SGs in prototype, demonstration and semi-
commercial LMFRs. Three prototype fast reactors (BN-350, Phenix and PFR) were
commissioned in the 1960s and two of them (BN-350 and PFR) had unforeseen occurrences
with SG.

Problems in commissioning of BN-350 and PFR were almost entirely due to steam
generators leaks. The effect of these leaks on BN-350 and particularly on PFR availability was
considerable so that the highest annual load factor was only 10-20% for several years after
commissioning. Leaks in the PFR SGs were all associated with cracking of the tube-to-
tubeplate welds. These were hard and had high residual stresses because there was no post-
weld heat treatment.

The tube-to-tubeplate weld leaks in the PFR evaporators necessitated the development
of a repair method by fitting sleeves to bypass defective welds: 3000 sleeves were installed in
each end of the 500 tubes of each of the three evaporators. The success of the method was
demonstrated by the fact that no further leaks have occurred.

It was concluded that the type of direct tube-to-tube plate weld adopted initially at PFR,
which could not be heat-treated after manufacture, should be avoided in future reactors. The
UK specialists consider that austenitic steels are unsuitable for LMFR steam generators
because of the high risk of caustic stress corrosion damage following even small leaks.

The initial period of BN-350 reactor plant operation was characterised by unreliable
operation of the SGs. Numerous leaks occurred in the tubes of the evaporators.
Metallographic examination of a great number of tubes showed the presence of microcracks in
the tube-to-bottom weld joints. Mechanical deformation of the tube bottoms during
manufacture by cold stamping is the most probable cause of the microcracks. Growth of the
cracks could occur under the effect of internal stresses arising during welding the bottoms to
the tubes and under cyclic thermal loads during operation. The evaporator tube bundles were
replaced with machined bottoms. No further problems were experienced with the evaporators.

The early problems with the SG highlighted a need to improve non-destructive methods
for detecting small flaws in relatively inaccessible welds. A major programme of development
work led to major refinements, particularly in ultrasonic techniques.

The under-sodium leak in a PFR superheater demonstrated that it is possible for a large
number of tubes to fail due to overheating in a few seconds, but as was pointed out at the



meeting such an event is unlikely to cause significant overpressurisation damage in the
secondary circuit or the intermediate heat exchanger. As to the modification of the PFR
sodium-water protection system and replacement of the tube bundle, the incident led to a
reassessment of the design-basis accident for the steam generators of both PFR and EFR. In
the case of PFR the design basis accident was changed from a single double-ended guillotine
rupture to 40 double-ended guillotine raptures spread over a period of 10 s.

As stated above, in the early years of the development of fast reactors there was a high
incidence of leaks in the steam generators. Since leaks in sodium-heated steam generators are
intolerable, however small they may be, whenever a leak occurs the unit in question has to be
shut down and isolated for repair. This can be done without significant reducing the power
output only if there are a large number of separate units, any one of which can be isolated
without reducing the total power significantly.

The outstanding example of the advantages of the modular approach to steam generator
design is afforded by the Russian BN-600 plant. This has three secondary sodium circuits,
each with 8 separate steam generator modules, and each of these consists of separate
evaporator, superheater and reheater sections, making a total of 72 separate heat exchangers.
At least partly because of this, the availability of BN-600 has been consistently high. Since
late 1981, the SGs have been operated at the nominal power and parameters. Some evaporator
modules have been replaced by new ones due to expiry of the projected lifetime.

SG operation experience shows that the vast majority of leaks occurred where the tubes
are attached to the tubeplate and seldom in tube-to-tube welds. Therefore specific attention in
advanced SG design is being paid to decrease the number of the tube-to-tubeplate welds, as
well as avoiding welds under sodium in the length of the tubes. Progress in this direction can
be achieved by minimising the number of separate units, e.g. by locating the evaporator and
superheater in one unit, simplifying the SG configuration by replacing sodium-heated
reheaters by steam-heated, and using long tubes.

To ensure satisfactory SG performance there must be an adequate industrial base for the
structural materials (which have to be compatible with both sodium and water/steam at high
temperature) and for manufacture, and a sensitive system for detection and mitigation of
steam/water leaks in sodium.

Once-through SGs with high unit power have to be made of high-nickel alloy 800 or of
an advanced ferritic steel 9Cr1MoVNb development of which started in the USA in 1980. To
minimise or prevent the carbon dissolution from ferritic steels and to improve creep properties
stabilising additives such as niobium and vanadium are incorporated. During the last two
decades excellent results have been achieved in the technology for ensuring high quality of
manufacture of steam generators and studies in realistic conditions of the problems of
thermohydraulics, structural mechanics, etc. have ensured the reliable operation of large once-
through SGs. Successful operation of the four Superphenix SGs, each with a power of
750MW(th) and with few (357) long (~95m) welded helical tubes, holds the key to reliable
and compact SGs for future LMFRs.

Cost reduction and reliability improvement studies have been performed to select the
steam generator concept for EFR. An integral unit of 600MW(th) has been verified as
favourable based on successful operating feedback from the SPX SGs. The advanced SG for
EFR is a once-through straight-tube unit, without welds in the long (33,3m) tubes with tube to
the tubeplates weld at each end.



