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Abstract:

The operation of the BR2 reactor with its second Be-matrix is foreseen up to
mid-1995 or mid-1996.
A life extension for another 15 years is envisaged considering programmatic,
financial and technical aspects.
At present, the second phase of the refurbishment programme is being executed.
The major activities of this programme can be grouped under two headings: safety
reassessment and ageing issues. The expected outcome end 93 is an assessment
report defining extent, choosen options, prioritized activities, budget and a
tentative planning for the preparation and execution of the refurbishment. These
aspects together with the prospects of possible cooperation with other parties
for the refurbishment programme and the future operation of BR2 will be
evaluated by the CEN/SCK Board who has to take a decision early in 1994.
Various scenarios are now being considered and evaluated for the refurbishment
and the future BR2 operation regime.
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1. INTRODUCTION1

The BR2 reactor (Mol, Belgium) went critical for the first time on the 29th June
1961. It was put into service with an experimental loading in January 1963.
On the 31st December 1978, the reactor was shut down to replace its beryllium
matrix. All of 1979 and the first half of 1980 were devoted to this task.
Routine operation of the reactor was resumed in July 1980.
During the last two years 1991-1992), the operation regime of the reactor was
perturbed by the installation of the CALLISTO loop: the duration of the shut
downs was limited by the maximum allowed antireactivity due to the He-3
poisoning.

The BR2 is a high flux engineering test reactor which differs from comparable
materials testing reactors by its specific core array.
The core is composed of hexagonal beryllium blocks with central channels. These
channels form a twisted hyperboloidal bundle and hence are close together at the
midplane but more apart at the lower and upper ends where the channels penetrate
through the covers of the reactor pressure vessel. With this array, a high fuel
density is achieved in the middle part of the vessel (reactor core) while
leaving enough space at the extremities for easy access to the channel openings
(cf. figure 1.).
The standard BR2 fuel elements consist of several concentric tubular shells (up
to 6 of uranium-aluminium alloy cladded by aluminium which provide a central
channel for locating irradiation experiments. Besides these fuel elemn�
channels which offer a particularly high fast neutron flux (up to 7x10
n/cml.s), a large number of channels exist in the beryllium matrix where no fuel
elements are loaded.
These reflector channels can be occupied by experiments which demand only a
thermal neutron flux or they are obturated by beryllium filling plugs.

2. PRESENT STATUS, PROBLEMS AND PERSPECTIVES

The BR2 reactor is at present operating routinely on the basis of 168 days per
year - cycles of 21 operation days. -
During shutdowns, short irradiation campaigns may be organized for ramping tests
of fuel rods in dedicated irradiation devices.
This routine operation regime was reestablished by the end of 1992 after the
successful installation and commissioning of the CALLISTO loop. This loop is
composed of three in-pile sections connected to a common out-pile equipment and
allows for the irradiation of 27 (30) fuel rods in representative PWR con-
ditions.

Besides irradiations executed in the frame of various programmes for material
and fuel research, the BR2 reactor is also used for the production of valuable
radioisotopes for medical and industrial applications and silicon doping.
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In 1992, a new irradiation device, called SIDONIE- Silicon Doping by Neutron
Irradiation -, was successfully commissioned and put into service. This unique
irradiation device allows for the production of 25 T/year of high quality
silicon.

At the present operation regime, a continuation of the operation until
mid-1995 is authorized. This time constraint is derived from the maximum fast
fluence - 64 E22 nvt, ElMev - imposed for the beryllium matrix; this physical
limit is dictated by the operation license which also provides for guidance and
rules on surveillance and evaluation of the matrix degradation.
A life extension of the present matrix is under consideration: it would allow
continuation and completion of on-going irradiation programmes, and also provide
more flexibility for the preparation of the refurbishment programme.
The envisaged life extension is of - one year corresponding to a - 69.- increase
of the maximum fast fluence: indeed the operation license demands a safety re-
evaluation of the reactor by mid-1996.

A safety study has been carried out to evaluate the conditions under which a
limited life extension of the beryllium matrix can be justified. On this basis,
a request for modification of the actual operation license has been recently
submitted to the Authorities.

As for most European re-search reactors, the operation of BR2 is facing several
increasing constraints with regard to safety, radioprotection and protection of
the environment.
Meeting these growing requirements constitutes a challenge for an installation
designed more than 35 years ago.
Various social, economical and technical factors, internal as well as external,
concur to constitute a threat for future operation: on one hand a diminishing
demand for irradiations and on the other increasing costs for the fuel cycle,
the treatment and disposal of waste and the necessary provisions for
decommissioning.

In particular,. all evolutions and problems related to the HEU fuel-cycle, pro-
curement of fresh HEU and disposal of the spent fuel, are closely followed and
studied.
Up to now fresh HEU material has been procured from the U.S.A. without major
difficulties: indeed BR2 has been recognized by the U.S. as one of the faci-
lities still requiring highly enriched 93%) uranium in order to keep its unique
characteristics. The availability of U.S. origin material after 1995 is however
questionable. Alternative sources of material have to be looked for, in
particular the reutilization of reprocessed HEU material in combination with a
slightly higher density.

The back-end of the fuel-cycle has become a preoccupying problem since the
non-renewal of the U.S. off-site policy for U.S. origin fuel irradiated in
foreign countries. Different alternate solutions have been examined, compared
and are still being evaluated: storage pool expansion with a complete
reshuffling, using high density storage racks, dry storage or reprocessing. A
reconduction of the U.S. off-site policy has been announced. Nevertheless many
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uncertainties - delay for implementation, costs... - still subsist and do not
yet allow for a balance of advantages and disadvantages of this solution against
the above mentioned alternatives.

A license is expected for a limited storage pool expansion with two conditions:
first the storage pool should be inspected and refurbished and secondly an
alternate solution to wet storage should be available for an operation after
1996. To satisfy the refurbishment requirement for the storage pool, a limited
number of fuel elements have to be evacuated to A.E.A./Dounreay for storage and
a possible reprocessing is being negotiated.

NEDS FOR REFURBISHMENT

The unavoidable replacement of the beryllium matrix constitutes a first reason
for a reburbishment programme (fig. 1). According to the operation license,
other inspections and tests like the inspection of the reactor vessel have to be
carried out. The duration of the necessary shutdown for replacement of the
matrix and the required inspections/tests should be approximately -1 year
provided the new matrix is available in due time.

The first matrix has been replaced previously in the period 1979-80.
This time however, the intention is to use for replacement at least part of the
BRO2 matrix after minor adaptations (see 5.2a).

The operation license for BR2 states that the safety should be reassessed by
June 30 1996. This corresponds to a decennial safety review of the entire plant.
A life extension programme for another 15-20 years requires therefore that the
entire installation must be critically reviewed with respect to the status of
the installations, the operating experience and the evolution of the safety
standards. Aspects such as availability and reliability should certainly not be
forgotten in a perspective of a continued operation.
The requirement to build a new safety case in compliance with modern safety
standards contitutes the second need for a comprehensive refurbishment pro-
gramme, the extent of which will be defined by the results of the on-going
studies (see 5).

14. STRATEGYI

The BR2 reactor is one of the most performing research reactors in the world. An
operation after the year 2000 however is only justified if there is a growing
need for European and international nuclear research in the field of new,
(revolutionary materials, fuels and reactor types.

Therefore a quantitative outlook on the future irradiation needs is now being
made. The results of this analysis together with the conclusions of the
technical and financial evaluation for the refurbishment programme should be
available by end of 1993. These aspects together with the prospects of possible
cooperation with other parties for the refurbishment programme and the future
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operation of BR2 will be assessed by the CEN/SCK Board. A decision on the future
of BR2 is expected early 1994.

In function of the prospects for future irradiation programmes and the time nee-
ded for the phases 3 and 4 of the refurbishment (respectively preparation and
execution), an optimum date for the refurbishment shutdown will be defined. The
remaining operation period will be devoted to continue and possibly terminate
all on-going irradiations programmes and to proceed with all pre-shutdown
activities (design, procurement of materials and components ....

5. 2nd PHASE REFURBISHMENT PROGRAMME

Phase established the feasibility and defined a work programme for phase 2
Ill.
The second phase, now underway, has to be executed in 18 months, mainly with
in-house staff.
A temporary project management structure has been set up for this purpose.
A budget of _ 3 M $ US has been allocated and a tight planning established.
The expected outcome end 93 is an assessment report defining extent, chosen
options, prioritized activities, budget and a tentative planning for phases 3
and 4 of the refurbishment programme 2.

The major activities of phase 2 can be grouped under two headings safety
reassessment and ageing issues.

5.1. Safety reassessment

The aim is to prepare a new safety case in compliance with modern standards All
risk-significant systems and functions are being reviewed in order to asure
that the safety goals are met, or to define technically possible complementary
provisions if required.

a. Probabilistic Safety Assessment

The existing deterministic safety case is being complemented by a level 
probabilistic safety assessment (PSA), in order to assess the risk profile of
facility.

The information produced is used as follows [a]:
- the PSA indicates the reliability expected of the safety-related systems.

The refurbishment issues are then adressed in a way to ensure that the re-
liability expectations are achieved during future operation.

- for those plant items which are in the risk significant sequences,
increasing the reliability will lead to a reduction of risk. The refurbish-
ment options considered should then lead to improvements in reliability and
hence reductions in the overall risk of core degradation and radioactive
releases.
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- for those plant items which are not in the risk significant sequences, any
refurbishment can be considered, as even a reduction in reliability will
not lead to an increase in the overall risk.

Some important issues, that have been identified, and some contemplated
refurbishment issues are listed here below 4:
- adequacy of nuclear control with respect to diversity and segregation
- reliability of process trip instruments 
- duplication of isolation valves of the primary circuit in the reactor pool;
- modifications to reduce the likelihood of pool drainage and improvement of

the reliability of make-up water to the pool 
- accident management actions in case of major pool failure.

Further assurance that the probabilities and assumptions used so far are
appropriate, still needs to be provided. Where significant pessimisms were
first used in risk-significant sequences, justified new assumptions are being
developped.

b. Incredibility Of Failure Case

Another major issue is the defense against large breaks in the primary
pipework.
Preliminary calculations raised some doubts about the effectiveness of the
existing safety equipment to prevent core degradation after a large break in
the primary pipework outside the containment-building.
New thermo-hydraulic analysis of large LOCA-s and investigation of the
siphon-break system associated with the defense against large LOCA-Is are
being carried out.
Nevertheless the weight of the safety case will be based on the demonstration
that such large breaks are extremely unlikely. This requires a extensive
inspection and validation programme on the pipework in order to establish an
incredibility of failure case (IOF).

The IOF shall be considered demonstrated if [5]:
- a thorough inspection does not show any significant weakening (i.e. cracks

or overall wall thinning) of the pressure retaining boundary, or external
damage on the piping or supports. Defect sizes and distribution should be
within the limits specified by the appropriate code.

- a stress calculation report can confirm the adequacy of design. Existing
documentation might supplement the report, if its review is found satis-
factory.

- the "leak before break" can be demonstrated. This will be the case if it
can be shown that longitudinal and circumferential cracks do not grow
spontaneously once initiated. It should be demonstrated that the stresses
at the ends of postulated cracks do not exceed the rupture stresses of the
material.

c. Advanced Passive Reactor Features

BR2 has many features of advanced reactor designs, in that the ultimate
integrity of the core relies on physical and simple design features, i.e.
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natural circulation removing the residual heat from the core and transferring
it to a substantial heat-sink, the reactor pool.
In order to enhance the advanced passive reactor features (APR-features) and
to increase safety, some minor changes in equipment and some modifications in
the safety procedures are being studied. This particularly concerns some
reengineering of the major block valves of the primary circuit make them
fail in safe position on loss of services, assure high integrity of the
hydraulic systems local to the valves, upgrade their testability and review
the philosophy of sequences of automatic actions.
Upgrading some key features to "passive safety" status will enable to
downgrade in their safety importance some (more complex) electrical and
hydraulic support systems.

d. Fire protection 

A study based on modern standards (prevention, detection, mitigation) has
been carried out 6.
An ideal compartementalization and segregation plan has first been
established. This plan has then been reviewed in function of the safety
importance of the systems concerned. In this manner a realistic definition of
compartments, detection and mitigation systems was obtained. At present the
implementation plan it being established.

e. Seismic Risk Assessment 

In an earlier study, the sensible installations were identified and the
consequences of the reference earthquake were evaluated 7 The most
important functions to be assured were found being the operability of the
latch mechanisms of the control-rods and the preservation of an appropriated
level of water in the reactor-pool. In order to confirm that all systems are
able to support the reference earthquake, some additional verifications were
suggested, mainly in relation with the possibility of total drainage of the
reactor pool. An evaluation whether those verifications are required, taking
into account the results produced by other studies, is underway.

5.2. Ageing issues

In phase of the refurbishment programme, the potential ageing processes were
identified and the equipments susceptible to ageing were identified and
categorized.
In phase 2 detailed studies and inspections are carried out, in order to assess
remaining life and define the refurbishment activities for phase 3 and 4.
The purpose is to ensure availability and reliability of the installation for
the considered life extension period.
Only the most important issues are briefly discussed here below.

a. Be-matrix 

The issue is to establish the feasibility of using BRO2 beryllium channels
and their associated parts as a replacement for the current BR2-matrix, which
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reaches its foreseen end-of-life around 96 (BRO2 is the zero power nuclear
mock-up of BR2).
The main conclusions, while inspection work is still ongoing, are the
following [8]:
- t.he BRO2 parts are fundamentally the same as the original BR2 matrix parts.

Minor differences have been detected which require only limited
modifications of the stainless steel extension pieces to ensure
compatibility with BR2.

- there are some signs of corrosion. This corrosion is not deep and not
expected to be a problem for future use of the matrix in BR2.

Some study and research work is still caSried out and is focused on
irradiation-induced swelling, cracking, He poisoning, radiological
characterisation and corrosion 910,11].

At present the main findings can be summarized as follows
- for low temperature irradiated Be, the swelling and the He content have

been found linearly correlated with the fast (E > 1 MeV) neutron fluence
- annealing at higher temperatures is found to enhance strongly the swelling

and to reduce the He content 
- He release is found to be characterized by both "burst type" and "steady

state type" release, depending on the temperature 3
- the qualitative similarity of He release characteristics with those of H

release indicates a connection between the two 
- evaluation of experimental results must take into account different

influencing variables of the irradiation conditions (neutron spectrum,
temperature, time) 

- cracking of the BR2 beryllium channels is mainly due to mechanical
interaction and only additionally caused by the irradiation-induced
swelling 60

- the dominant gamma activity of the BR2-matrix is due to Co
- two types of corrosion have been identified on the BRO2 channels

superficial white paste-like deposits resulting of a reaction between water
and small carbide particles present within the parent material and some
pitting corrosion, mainly near the top and bottom ends of the beryllium
sections, close to the stainless steel parts 

- passivation helps forming a protective oxide layer. Cleaning of the
beryllium parts must be followed by a chemical passivation treatment.

b. Al-vessel 

The issue is to
- evaluate the prospects for integrity insurance during the contemplated

reactor-life extension period 
- demonstrate acceptable failure risk during that period
- carry out a limited in-service inspection of accessible areas
- prepare a full in-service inspection for the refurbishment shutdown. A full

inspection is only possi-ble with the core matrix removed.
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A materials characterisation action plan has been set-up 12], consisting of:
- a consultation agreement with off-site experts 
- an improved dosimetrical characterisation of the neutron spectra at the

vessel wall 
- an investigation of remote control verification of the vessel beltline

materials, particularly the vertical welds of the core forging 
- thermal ageing of annealed specimens and future re-irradiation of these

specimens 
- a scoping evaluation of annealing potentials
- the establishment of guidelines and acceptance criteria for the full

in-service inspection, possibly combined to an overpressure test.

As there is limited mechanical property data on irradiated type 5052-0
material, use of data for similar alloys is unavoidable, but is considered to
be justifiable 13].

A first preliminary inspection of accessible part showed no signs of
degradation and no deviation from the results of the detailed inspection,
carried out 1980 in compliance with ASME XI. This improved the confidence in
the acceptability of the vessel in advance of the full in-service inspection.

c. Instrumentation and control 

BR2 has two control-rooms a "nuclear" control-room inside the contain-
ment-building and a "process" control-room outside.
The requirements for some nuclear control functions to be duplicated and
located in an emergency control center outside the containment-building, are
under consideration.
In the frame of the PSA, high-level failure mode effects analysis (FMEA) and
dependent failure analysis of the electronic scram system and the shim-safety
rods have been carried out. Diversity and segregation issues will be adressed
following on from a fault tree assessment.
Several opt-ions (replacement, upgrading) are studied for the "process"
instrumentation, as many pneumatic control systems are still under use. More
specific issues concerning design and reliability of specific instruments are
also adressed.

d. Electrical supplies

General review and inspection identified the following work items

- upgrading of the 110 V-DC net, i.e., split-up in several smaller nets and
increase reliability 

- segregation of some cabling. The results of the PSA and the fire protection
study give valuable input to this issue 

The installation of an additional separate emergency power generator is
envisaged.
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e. Pipework, pools and structures 

An extensive inspection programme has been set up and is being executed 14].
A general maintenance programme has been defined for the spent fuel storage
pool. This involves some reshuffling of the fuel, made possible by the use of
high-density storage racks [15].

16. FUTURE OPERATION1

After the replacement of the beryllium matrix, it will be again possible to
modify easily without any physical constraints - no He3 poisoning - the
operation regime of the reactor.

A future operation regime should certainly be optimized and modified in function
of the demands for irradiation programmes and commercial productions of
radioisotopes and silicon neutron doping.
A choice has to be made between a continuous operation regime on a year basis
with to 10 cycles of 3 weeks operation and a discontinuous mode of operation
where (very) long shutdowns are accomodated and the reactor is only brought into
power on demand for specific (short) programmes.

Also in function of the expected short term scientific irradiation demands or
commercial productions, the refurbishment programme could be realized in
successive steps, starting with the necessary safety related upgradings and
continuing later with replacements and modernizations during programmed extended
shutdowns.

These various options are now still open and decisions will be taken early in
1994.

7. CONCL��07]

A final decision about the future of the BR2 reactor is expected early in 1994.
A choice which has to be made on basis of technical, economical and programmatic
considerations. It is the will of the CEN/SCK to keep open a performant test
reactor for future scientific programmes within an international context.
Various alternatives and scenarios are now being considered and evaluated to
realize this option at the lowest cost.
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