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Currently, there are six MOX fuel fabrication plants in operation worldwide and MOX fuel has been
recycled successfully on a commercial basis in thermal reactors (both BWRs and PWRs) for more than 30
years. As of the beginning of 1999, the MOX fuel is loaded in 35 reactors including one heavy water
reactor up to a level of 30% of the reactor core. Also, WWERs plan to use MOX. Experiences in MOX
utilization in LWRs show that there is no significant difference in UO2 and MOX fuel performance at
least at present burnup. Computer Codes, developed first for UO2 fuel, are being now adapted for MOX
fuel on the basis of commercial experience and irradiation tests at normal and accident conditions with
subsequent post irradiation experiments.

The economics of MOX fuel utilization are determined by a number of factors such as the costs of
reprocessing, MOX fuel fabrication and spent fuel disposal in addition to fresh uranium prices. With the
present economic conditions, MOX fuel is barely competitive. When the 1994 NEA report was prepared,
calculations in the reference case showed a difference of around 10 per cent in favor of the direct
disposal. The paper investigates technology progress and trends that could enhance the competitiveness of
MOX fuel.



Licensing is a key part of MOX fuel use as a back-end option. The licensing process of a MOX fuel
fabrication plant and the use of MOX fuel in a reactor varies from country to country. License applicants
in countries such as France, UK, Belgium and Japan were successful although lengthy reviews of safety
analysis reports by the regulatory authorities, often involving standing groups of experts, public inquiries,
and/or other stakeholders, were required. These resulted in delayed operating schedules and additional
costs.

This paper presents projected nuclear fuel cycle service requirements to the year 2010-2020 using the
VISTA code developed by the IAEA. The estimates are made using the projection of nuclear power
capacity growth, and alternative fuel cycle scenarios characterized by the quantities of spent fuel sent for
reprocessing and the number of recycles. The results include comparisons of spent fuel arisings with
storage capacity, comparisons of reprocessing requirements and capacities and comparisons of MOX fuel
usage trends with regard to MOX fuel fabrication capacities. The VISTA results show that spent fuel
storage capacities are sufficient only if reprocessing continues. In all cases MOX fuel fabrication
capacities are sufficient to meet MOX fuel requirements. However, the trend of the size of the separated
civil plutonium inventory after 2000 depends on the level of recycling: multiple recycling of plutonium
reduces the inventory, while a single recycle results in an increase to 2010.

The challenges for a broader use of MOX fuel in the next decade include extended MOX burnup, load-
following and increasing the MOX share in reactor cores, possibly up to full MOX loaded cores. Bumup
credit application is another challenge in the back-end processes for spent MOX fuel in the years to come.
Emerging technical issues with regard to MOX fuel utilization in LWRs would be accumulation of minor
actinides in the spent MOX fuel. The LWR/FR complementary programme could be resumed in a long
term perspective.
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Early in the development of the nuclear programme, a large part of the countries using nuclear
energy has studied the reprocessing and recycling option in order to develop a safe conditioning of
fission products and to recycle fissile materials in reactors. In the sixties, the feasibility of recycling
plutonium in LWRs has been successfully demonstrated by several experimentations of MOX rod
irradiations in different countries.

Based on the background of the MOX behaviour collected during the seventies and on the
results of the important MOX experimentation program implemented during this period, a large part
of the European utilities decided at the beginning of the eighties to use MOX fuel in LWRs on an
industrial scale. The main goals of the utilities were to use as a fuel an available fissile material and to
control the stockpile of separated plutonium.

Today, the understanding of the behaviour of plutonium fuel has grown significantly since the
launch of the first R&D programmes on LWR and FR MOX fuels. Plutonium oxide physical and
neutron behaviour is well known, its modelling is now available as well as experimentally validated.
Up to now, more than 750 tHM MOX fuel (more than 2000 FAs) have been loaded in 29 PWRs and
in 2 BWRs in Europe, corresponding to the recycling of about 35 t of plutonium.

Reprocessing/recycling technology has reached maturity in the main nuclear industry countries.
Spent fuel reprocessing and recycling of the separated fissile materials remains the main option for
the back-end cycle. Today, the operation of MOX-recycling LWRs is considered satisfactory.
Experience feedback shows that, in global terms, MOX cores behaviour is equivalent to that of UO2
cores in terms of operation and safety.
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MOX fuel utilization in LWR started in US, Italy and other countries in 1960's as an attempt of

burning recycled plutonium in thermal reactors. Currently MOX fuel is used in LWRs in France,

Germany, Switzerland and Belgium, and the utilization will be started shortly in Japan. As these

practices of MOX fuel utilization are the partial loading in existing LWR cores as replacement fuels,

fuel rod design is basically the same as that for the UO2 rods, and MOX/UO2 loading ratio, Pu

content, burnup limit and other fuel/core parameters are limited to satisfy the conditions that MOX

loading should not demand any modification on existing plant systems and equipment, and no

modification of the existing plant fuel management strategy should be required.

For the safety related concerns, the physical properties relating to thermal property such as

melting temperature, thermal conductivity, thermal expansion are important. However, the plutonium

concentration of MOX fuel for LWR is low, and these differences from UO2 fuel are relatively small.

As for fuel performance, it is recognized that the MOX fuel rod behavior is very similar to that of

UO2 fuel rod and holds no additional problems with the possible exception of high gas release and

hence rod internal pressure increase at high burnup, mainly due to higher linear powers of the MOX

fuels. Concerning core physics, hardening of the neutron spectrum reduces the reactivity worth of

control rods and soluble boron, and hence reduces shutdown margin of LWR cores. Moderator

temperature and void coefficients shift to more negative values. This causes larger difference in

reactivity between at cold state and at power. Fuel temperature Doppler coefficient becomes more

large negative value. />ol1 becomes smaller. This makes a reactivity transient faster. Power of a MOX

fuel adjacent to water hall or UO: fuel where neutron spectrum is softer becomes higher giving high

local power peaking.

In the licensing procedure, these features of MOX fuel in LWR core should be properly
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addressed in the safety evaluation. Table 1 indicates the categories of requirements in the safety

analysis in Germany for example. Larger uncertainties specifically for power distribution are

considered in some countries due to limited experimental background. Specific safety standards or

guidelines relevant to MOX fuel loading exist in some countries, while the same standards for UO2

are applied in the other countries. However, the safety requirements for MOX fuel are basically not

different from the UO2 fuels, and there exists no additional items bounding the safety requirements.

General observations obtained through the experiences of licensing procedures and operation so

far with MOX fuels are that no significant effects were identified to indicate less safe than the UO2

cores up to a limited percentage of MOX loading in a normal LWR core (max 50% in German

reactor) and within a limited fuel burnup of about 45 GWd/t.

One of the safety concerns for future is for high burnup MOX fuels. Concerning MOX fuel

behavior during steady state and ramp test conditions in LWR, some international projects such as

DOMO, PRIMO, FIGARO etc. have been established and have performed irradiation tests at test

reactors. The Halden project also has performed MOX irradiation tests at HBWR.

Concerning MOX fuel behavior under accident conditions, experimental results of the NSRR

and CABRI RIA tests indicated the large effects of fuel burnup for over 50 GWd/t. Some concerns for

LOCA are also cited due to quite limited experimental background.

TABLE 1. SAFETY EVALUATIONS RELATED TO MOX FUEL ASSEMBLY LICENSES

Normal Operation Accidents

Categories of Requirements

Area of Analysis Reactor Core

Neutron physics MOX-FA-Design
Core characteristics

Thermal hydraulics

System dynamics

Fuel rod design

FA b structure
design

LOCA analysis

Radiological
aspects

Unchanged

Control rod worth

Fission gas pressure
Corrosion

Unchanged

Activity inventory

Spent-Fuel Pool and
New Fuel Store

Transients, LOCA,a

External Events

Subcriticality
Decay heat

Control rod worth

B worth
Reactivity coefficients

As above

Fuel rod failure limit

Unchanged

Evaluated

Activity inventory
Release rates

Activity releases

a LOCA= loss-of-coolant accident.
b FA = fuel assembly.
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The onset of internationally implemented activities on the use of Pu as nuclear fuel dates back to the
late 50's. The prospects of fast reactor developments which were widely spread at that time gave an impetus
to those activities that historically were in line with the commenced developments and building of first
experimental facilities on fast reactors in the former USSR, USA and United Kingdom.

The implication of Pu into the fast reactor fuel cycle was primarily attributable for the needs of the
closed fuel cycle with the guaranteed provision of fuel for the future wide-scope developments of nuclear
power.

In various countries the progress of fast reactor developments was quite different. In the former USSR
and France the work was carried out most intensively to build large-scale research, demonstration and
commercial fast reactors.

In the UK, USA, Japan, Germany, India the work proceeded on a large scale resulting in the
construction and operation of research, prototype and demonstration facilities.

Currently only in three countries namely, Russia, France and Japan demonstration and commercial fast
power reactors are in operation and MOX (U02,Pu02) fuel technology is under development for reactors of
that type.

In some countries, e.g., UK, USA, Germany and other fast reactors and MOX fuel production facilities
were either decommissioned and dismantled or suspended. Nonetheless, this situation was preceded by a
rather long period of their operation and as a result a large scope of technological and experimental
experience was gained on the MOX fuel operation, including its fabrication process and irradiation
behaviour. This kind of experience was gained in Western Europe in operating the reactors Rapsodie,
Phoenix, Superphoenix (France), PFR (UK), the MOX fuel experiments in DFR, The KNK-2 investigations
of MOX for SNR-300 (Germany).

In France and the UK a large array of fuel rods was irradiated to the burn-up of-15% h.a., in several
experimental fuel assemblies the burn-up of-27% heavy atoms (h.a.) in PFR and ~17,5% h.a. in Phoenix was
reached. In the US FFTF more than 63500 fuel rods were irradiated to the burn-up of 15% h.a. at the
maximum burn-up of- 24,5% h.a [ 1-3].



In Japan the long-term operation of fuel made it possible to study the performance of fuel assemblies
with austenitic stainless steel as structural materials up to the burn-up of 162 Gwd/t and with ferritic steel
materials - to 200 Gwd/t.

The fuel was irradiated in JOYO and MONJU reactors (Japan) as well as in fast reactors of other
countries, namely, DFR, Rapsodie (experiments with JOYO fuel); FFTF, Phoenix (experiments with MONJU
fuel).

As far as Russia from the very beginning the fuel cycle of its fast reactors contemplated the use of
uranium oxide fuel which is, of course, not optimal. However, the long-term and successful operation of the
pilot, demonstration and commercial power reactors [BR-10, BOR-60, BN-600, (RF) and BN-350
(Kazakhstan)] made it possible to irradiate a large array of MOX fuel assemblies and gain substantial
experience in the fabrication technology and performance of this fuel. Altogether in Russia and the former
USSR the following quantity of MOX fuel was irradiated:

BN-600:

20 pelletized fuel assemblies at the maximum burn-up of-12% h.a.
6 vibro-fuel assemblies at the maximum burn-up of 9,6 % h.a.

BN-350:

14 pelletized fuel assemblies at the maximum burn-up of-9,7% h.a.
2 vibro-fuel assemblies at the maximum burn-up of- 6,5 % h.a.

BOR-60:

16 pelletized fuel assemblies at the maximum burn-up of-14,3% h.a.
around 450 vibro-fuel assemblies at the maximum burn-up of-30% h.a.

In 1998 12 more pelletized fuel assemblies were fabricated to be BN-600 irradiated.

Thus, currently in the world rather a large scope of experience has been gained needed to help
understand which problems may be encountered when high burn-up of MOX fuel is reached in fast reactors
(in other words, the burn-up that makes fast power reactors competitive).

The paper discusses the main results acquired from the activities on developing and up-dating the
technology in the course of the MOX fuel production and its operation in Rapsodie, Phoenix, PFR,
Superphoenix, JOYO, MONJU, BN-600, BN-350 and BOR-60. The conditions of the fuel operation in the
above reactors closely approach the commercial fast reactors.
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Abstract

The high neutron economy of the CANDU reactor and its fuel design, required for using natural uranium
fuel, provides a very high degree of fuel-cycle flexibility, making it possible to exploit the synergism
between CANDU and light water reactor (LWR) fuel cycles. While this paper focuses on the development
of mixed-oxide (MOX) fuel for CANDU reactors (both civilian and ex-military plutonium), additional
features of CANDU-LWR fuel cycle synergism arising from conventional reprocessing are also briefly
described; the direct use of recovered uranium (RU) as CANDU reactor fuel, and the use of actinide wastes
mixed with plutonium in an inert-matrix carrier. An alternative to conventional reprocessing is a recycling
option called DUPIC: Direct Use of SpentJPWR Fuel In CANDU. This option is unique to CANDU
reactors, and exploits the reactor's ability to use fuel with low fissile content. The DUPIC fuel cycle
employs only thermal-mechanical processes to convert spent PWR fuel into CANDU fuel, with no
purposeful separation of isotopes from the fuel, and possesses a high degree of proliferation resistance.



AECL has nearly 40 years of experience in research and development on Pu-containing MOX fuels.
Research activities include development of MOX fuel fabrication technology, measurement of physical
properties, production of prototype fuel, experimental irradiations and post-irradiation examinations (PIE),
and reactor physics measurements in the zero-power ZED-2 reactor. An overview of the CANDU MOX fuel
development program will be given.

The in-reactor testing of CANDU MOX fuel has covered linear powers between 15 and 75 kW/m, to
burnups between 7 and 50 MW»d/kg HE, with plutonium contents between 0.5 and 3.0 wt% Pu in HE. Fuel
performance with CANDU MOX fuel has been found to be generally equivalent to that of UO2. Another
paper in this symposium describes in more detail the performance testing and fabrication development of
conventional CANDU MOX fuel.

MOX fuel containing plutonium from military sources is a more recent consideration. A CANDU MOX
concept for dispositioning ex-weapons plutonium is being investigated in Canada by AECL, Ontario Hydro,
the largest electric utility in Canada, and Zircatec Precision Industries, a major CANDU fuel manufacturer.
The CANDU MOX initiative involves the fabrication of MOX fuel from excess weapons plutonium, at
domestic facilities in the US and Russia. The MOX fuel would then be shipped to Canada, where it would
be used to produce electricity in Canadian CANDU reactors. The spent MOX fuel would be retained in
Canada and disposed of in a Canadian repository. The goal is to provide for transparent, parallel, draw down
of excess weapons plutonium from the US and Russia, such that the plutonium could never again be used for
nuclear weapons. The high neutron economy of CANDU reactors also yields a high rate of Pu destruction,
so that the quantity of Pu in the spent fuel is relatively low.

AECL has been working closely with the Russian Ministry of Atomic Power (Minatom) and the US
Department of Energy on cooperative feasibility studies for the CANDU MOX initiative. The initial
feasibility of the CANDU MOX option was established in a study sponsored by the USDOE in 1994. This
feasibility study concluded that 50 t of weapons-derived Pu could be dispositioned as MOX fuel in two
CANDU reactors over a 25-year period. The MOX fuel could be fabricated in the United States, transported
to Canada, and used as fuel CANDU reactors at the Bruce site without significant modification to the
reactors, and only small changes to the fuel handling. An extension to this study in 1996 further concluded
that the duration of the Pu dispositioning mission could be reduced to 15 years.

Recently, joint Canadian-Russian feasibility studies have been completed, which highlight the flexibility of
the CANDU MOX option and the potential benefits of expanding the proposed French-German-Russian
MOX facility (DEMOX) through the incorporation of a CANDU MOX fuel fabrication line. Hence, the
CANDU MOX option can complement Russia's plans to fabricate VVER and BN-600 MOX fuel, and can
make a significant contribution to increasing the rate of plutonium disposition, globally.

To confirm the performance of CANDU MOX fuel made from excess weapons plutonium, AECL is
currently working with the USDOE and Minatom on a small-scale demonstration test called "Parallex" (for
parallel experiment). The Parallex tests will assess the performance of CANDU MOX fuel containing
weapons-derived plutonium from the US and from Russia, following irradiation in the National Research
Universal (NRU) reactor at the Chalk River Laboratories (CRL) in Canada. Plutonium derived from excess
weapons will be fabricated into CANDU MOX fuel at the A.A. Bochvar Institute in Moscow and at the Los
Alamos National Laboratory in the United States. The MOX fuel will be transported to CRL, where it will
be characterized, assembled into fuel bundles and then irradiated in the NRU reactor. Following irradiation,
the fuel will be examined in hot cells to assess its irradiation performance. The results from the Parallex
tests will be used as the first step towards qualifying MOX fuel containing ex-weapons Pu for eventual use
in CANDU reactors.

The current status of the Parallex project will be given in the paper.
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International nuclear material safeguards consist of a complex control system based on nuclear
material accountancy with the technical objective of providing for "the timely detection of diversion
of significant quantities of nuclear material from peaceful activities to the manufacture of nuclear
weapons or of other nuclear explosive devices or for purposes unknown, and deterrence of such
diversion by the risk of early detection" (para. 28, INFCIRC 153).

The uniform implementation of safeguards is maintained in all States with comprehensive safeguards
agreements through application of technical implementation criteria which provide detailed
requirements and procedures for how safeguards are to be implemented in any given circumstance.
The intensity ( i.e. the frequency and extent) of the IAEA's verification of nuclear material inventory
is determined by the values assigned to technical implementation parameters such as a significant
quantity and timeliness (ref. "timely detection"). The Agency has defined a "significant" quantity as
the amount of a particular material ( e.g. 8 kilograms of plutonium ) as the amount of material that a
State would need to make a nuclear explosive device. The detection time used in safeguards planning
and evaluations is the maximum time that may elapse between diversion and its detection by the
Agency safeguards. For direct-use nuclear materials- such as unirradiated mixed oxide - the
detection time is specified as one month.

At the end of 1998 a total of 62.4 tonnes, equivalent to 7797 SQ, of unirradiated plutonium was
subject to IAEA safeguards. During 1998 fresh MOX was loaded into cores of 14 reactors, and there
were seven plutonium conversion and MOX fabrication plants subject to the IAEA safeguards. In
1998 the Agency used ca 10000 Person-days of inspection effort of which one quarter was devoted for
facilities using unirradiated plutonium. In order to reduce inspection costs the Agency has during
recent years enhanced co-operation with the State or Regional Accounting System by introducing
joint/common use of equipment, coordinated R&D and training. However, both in Europe and in
Japan the use of MOX LWRs is going to grow in coming years.

Over the years, the Agency has had to develop increasingly sophisticated verification methods to
provide credible assurance that plutonium is not diverted from MOX conversion and fabrication
facilities, and from reactors using MOX fuels. Some important accomplishments in this area are:

• the development of improved destructive analysis methods for laboratory analyses of all bulk
forms of plutonium; the development of measurement procedures permitting independent on-site
measurements of amounts of plutonium and plutonium isotopic ratios in feed materials,
intermediate product materials, fuel rods and fuel assemblies, and in scrap and waste materials,
through non-destructive assay methods, including spontaneous fission assay methods by neutron
coincidence and multiplicity measurements, isotopic ratios through high resolution gamma ray
analysis, and calorimetric assay methods;



• the development of non-destructive assay methods for determining process hold-up within glove
boxes and transfer equipment;

• the development of computer software for use during inspections to process operator inventory
and flow information to expedite inspections, including the streamlining of the preparation of
sample plans and the extrapolation of inspection findings from the use of random sampling.

During last decade there has been a steady increase in the number of unattended verification and
monitoring systems which have resulted an increase in the verification coverage and at the same time
reduce on-site safeguards inspections. The systems operate in unattended mode and combine
surveillance, non-destructive assay techniques and or process monitoring devices. The advantages of
such systems are: reduced inspection effort, 100% verification with reduced levels of intrusiveness to
the operation of the nuclear facility and reduced radiation exposures to inspectors and plant operating
staff. Such assay and monitoring techniques are applied at complex, and especially automated and
remotely operated facilities. More recently, a variety of advanced unattended systems for remote
monitoring and transmission through telephone lines or other secured data transmission channels have
been developed. The instruments used in such applications include digital surveillance cameras,
electronic seals, and radiation monitors and sensors.

In the past few years, the Agency has intensified its efforts to strengthen the effectiveness and
improve the efficiency of the safeguards system including its efforts to strengthen its capability for
detecting undeclared nuclear material and activities. A number of strengthening measures endorsed
by the Board were implemented by the Secretariat on the basis of the legal authority contained in
existing safeguards agreements. In May 1997, the Board of Governors approved the text of a Model
Protocol additional to the safeguards agreements which, when implemented, will further increase the
assurance of the compliance by States with their safeguards agreements provided by the safeguards
system as a contribution to global nuclear non-proliferation objectives. The Secretariat is working on
the integration of the traditional nuclear material accountancy-based safeguards measures
implemented pursuant to safeguards agreements and on the information-based safeguards measures
implemented pursuant to additional protocols. The aim of this Integrated Safeguards System is to
optimize the combination of all the safeguards measures available to the Agency in order to achieve
maximum effectiveness and efficiency in fulfilling the Agency's obligations under safeguards
agreements.

The Agency is undertaking a number of activities with regard to the verification of nuclear arms
control and reduction agreements. In addition to a complete ban on nuclear testing, two actions have
always been as indispensable to nuclear arms reduction and nuclear disarmament: freezing the
production of fissile materials for nuclear weapons purposes and the gradual reduction of stockpiles
of such materials.

Last August, the United Nations Conference on Disarmament formed a Committee to negotiate a
treaty prohibiting the production of fissile material for use in nuclear weapons or other nuclear
explosive devices. According to the CD's rules and procedures, that Committee was disbanded at the
end of their 1998 Session. When the Committee is re-established, the Agency is prepared to offer
assistance, if requested, in developing the technical verification arrangements for the treaty.

In September 1996, the Agency, the United States of America and the Russian Federation agreed to
investigate the technical, legal and financial issues associated with Agency verification of fissile
materials in those States that had been removed from defense programs in conjunction with bilateral
nuclear arms reduction treaties. Currently, the United States and the Russian Federation have each
designated 50 tonnes of plutonium as no longer required for their respective defense purposes. Under
the trilateral discussions, arrangements are being developed that would allow classified forms of
fissile material to be submitted to Agency verification, pending steps later to convert the fissile
material to unclassified forms and render it unsuitable for further use in nuclear weapons. As
progress in the technical arrangements is made, a model verification agreement is being developed. It
is anticipated that this initiative will lead to parallel bilateral fissile material verification agreements
with the United States and the Russian Federation, not earlier than 2000.



XA9950195

IAEA-SM-358/VII

OVERVIEW ON MOX FUEL FABRICATION ACHIEVEMENTS

H. BAIRIOT
FEX, Belgium

J. VAN VLIET
BELGONUCLEAIRE, Belgium

G. CHIARELLI
COGEMA, France

J. EDWARDS
BNFL, UK

SH. NAGAI
JNC, Japan

F. RESHETNIKOV
VNIINM, Russia

As an introduction to the contributed papers in this session, this invited paper provides an overview
on the historical evolution of MOX fuel fabrication and on the achievements resulting therefrom. It
does not elaborate on lessons learned, on current developments and on today's perspectives, as these
are the topics of the contributed papers.

Such overview having been adequately covered in an OECD/NEA publication [I], relevant parts of
this publication are summarized. Since the OECD/NEA publication presents the situation as of end
1994, this paper is mainly devoted to an update as of end 1998.

The Belgian plant, BELGONUCLEAIRE/Dessel, is now dedicated exclusively to the fabrication of
LWR MOX fuel and has operated consistently around its nameplate capacity (35 tHM/a) through the
1990s, involving a large variety of PWR and BWR fuels.

The two French plants have also achieved routine operation during the 1990s. CFCa, historically the
largest FBR MOX fuel manufacturer, is still utilizing the genuine COCA process for that type of fuel,
has adopted the MIMAS process for LWR fuel and has converted accordingly its dual purpose FBR-
LWR line : the nominal capacity (35 tHM/a) has been gradually approached. MELOX has operated
at 100 tHM/a, i.e. below its theoretical capacity, due to the limits imposed in the operating licence
granted originally.

The British plant, MDF/Sellafield, also devoted exclusively to LWR fuel, has manufactured several
small fabrication campaigns and has a nameplate capacity of 8 tHM/a. The large SMP/Sellafield
plant is now ready to start U commissioning, but is waiting for licensing approval : it is therefore not
dealt with in this overview.

In Japan, JNC operates three facilities located at Tokai : PFDF, devoted to basic research and
fabrication of test fuels, PFFF/ATR line, for the fabrication of Fugen fuel and of corresponding fuel
for the critical facility DCA, and PFPF for the fabrication of FBR fuel.



In Russia, fabrication techniques have been developed to fuel four BN-800 FBRs contemplated to be
constructed and be fuelled with the civilian Pu stockpile. Two demonstration facilities Paket (Mayak)
and RIAR (Dimitrovgrad) fabricated respectively pellet and vipac type FBR MOX fuel for BR-5,
BOR-60, BN-350 and BN-600. The emphasis now placed on the utilization of weapons grade Pu has
fostered the extension of the fabrication process to VVER-1000 fuel and to high Pu content FBR fuel.
The implementation of the Pu utilisation programme requires the backfitting of the two existing
facilities into semi-commercial facility in cooperation with France, Germany and Belgium. Both are
contingent upon adequate financing capability.

The paper includes a brief description of each of the fabrication routes mentioned, as well as the
production of respectively LWR and FBR MOX fuel in each fabrication facility, since the start-up of
the plant, since 1 January 1993 and since 1 January 1998 up to 31 December 1998.

This overview paper is complemented by the contributed papers dealing more particularly with the
actions undertaken to progress further and with the advances and trends being implemented or
contemplated.

[1] "Management of Separated Plutonium : The Technical Options" - OECD/NEA 1997, ISBN
92-64-15410-8
Published in French under "La Gestion du Plutonium Separe : les Options Techniques".
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Synopsis

1. HISTORICAL BACKGROUND

It has always been recognised that recycled plutonium is most effectively and
efficiently utilised in Fast Breeder Reactors (FBRs). However, in the 1950's it was generally
accepted that available reprocessing capacity would exceed the requirements of the FBR
prototypes planned at that time and a number of countries developed strategies which
involved utilisation of the excess available plutonium in Light Water Reactors (LWRs) over
an intermediate period of 10 to 20 years prior to deployment of FBRs. This led to the
instigation of a programme of R&D work conducted within the framework of the USAEC-
Euratom Joint Programme to promote nuclear energy and the world's first LWR MOX
assembly was loaded into BR-3 in 1963 followed shortly by a MOX fuel loading in Saxton in
1965.

In the 1960's interest in plutonium recycle grew and an increasing number of
development programmes were initiated in various European countries to investigate MOX
utilisation in LWRs. Germany, Switzerland, France, UK, Italy, the Netherlands and Sweden
all, to a greater or lesser extent, began work in this area. Most of the MOX demonstration
assemblies loaded in power plants in the 1970's were made when the industry was confident
that the reprocessing capacity available could cope with the fuel being discharged from
commercial stations. In Japan, PNC (now JNC) developed the MOX fuelled ATR in the same
context.

Germany led the way in the 1970's in terms of loading commercial LWRs with MOX
fuel with Switzerland following closely behind in 1978. France decided to pursue the strategy
in its commercial reactors in the mid 1980's with the first loading in the St Laurent Bl core
in 1987. In the UK, thermal reactor development concentrated on MAGNOX reactors, which
are based on metal fuel, and AGRs which utilise UO2 fuel. The UK's strategy on plutonium
recycle concentrated on the FBR and only a very small programme of MOX fuel
development for use in thermal reactors was carried out in the 1960's and 70's. With the
government decision in 1987 to abandon FBR development, the UK, i.e. BNFL, decided to



build on its experience in manufacturing MOX fuel for FBRs and enter the thermal MOX
fabrication business. This has naturally led to a major involvement in LWR MOX design,
performance and testing over the last 10 years.

2. FUEL DESIGN

MOX fuel assembly design has been universally based on UO2 designs with only two
minor modifications relating to the neutronic and thermal mechanical properties of the MOX
fuel itself: zoning of the assemblies using different plutonium enrichments to reduce power
peaking at the UO2 and MOX interface, and increase in plenum volume to accommodate the
expected higher fission gas release.

With these exceptions, the fuel rod and assembly design are essentially unchanged
from that of the equivalent UO2 assembly. It is generally the case that if a modification is
applied to UO2 then the same change will be incorporated in MOX some time later.

3. IRRADIATION TEST PROGRAMMES

The world's first LWR MOX fuel irradiation began in 1963 in the Belgian BR3
Pressurised Water Reactor (PWR); the fuel was manufactured by Belgonucleaire (BN).
Thereafter the reactor was used extensively to test and qualify successive MOX fuel types.
Variations in feed material characteristics, fabrication processes, U235 and Pu contents,
cladding materials, rod diameters and assembly geometries were among the parameters
tested; unpressurised and pressurised rods were also included.

Between 1974 and 1986 the Commission of European Communities (CEC) provided
support for a MOX development programme which concentrated mainly on Post Irradiation
Examination (PIE) and isotopic analysis. Fuel assemblies tested covered a range of designs
and fabrication routes and were irradiated in several PWRs throughout Europe. Some MOX
fuel rods were also irradiated in the Commissariat a 1' Energie Atomique (CEA)
experimental reactor, CAP IV.

BR3 was shutdown in 1987 but other European reactors were already being used to
provide important data in support of LWR MOX utilisation. The test reactors at Mol, Petten
and Halden provided (and continue to provide) valuable data on fuel behaviour under a
variety of power conditions and on in-reactor fuel characteristics such as temperature,
densification, fission gas release etc.

Such test irradiations provide the data necessary to develop specific MOX fuel
performance models and to verify core design codes. Work continues in this area today with
a number of international collaborative programmes as well as national studies being carried
out in Europe's test reactors. Such programmes are of particular importance to BNFL who,
as a late entrant to the thermal MOX arena, has to rapidly demonstrate the viability of its fuel
under all operating conditions and as such is involved in several major test programmes.

4. COMMERCIAL IRRADIATIONS

Commercial irradiations of MOX fuel began in earnest in the mid 1980's and today
12 out of 19 plants in Germany are licensed for MOX usage, while in France, 17 reactors are
authorised to load MOX; Switzerland and Belgium have between them 5 PWRs licensed for
MOX usage.



111 Germany a total of 768 MOX fuel assemblies have been manufactured and
irradiated in LWRs at bum-ups up to 45 GWd/t HM in the years since 1966. In France, 1032
assemblies have been loaded into EdF stations since 1987 with similar maximum burn-ups:
476 assemblies have successfully completed 3 irradiation cycles. In Belgium 64 assemblies
have been loaded into 2 PWRs and 16 of these have been irradiated for 3 cycles. In
Switzerland MOX fuel was first loaded into Beznau-1 in 1978 and since then over 21500 fuel
rods have been irradiated in the two Beznau reactors. The assembly burn-ups are again
around 45 GWd/t HM but, as in the case of Germany and France, individual assemblies have
reached levels of around 51 GWd/t HM.

5. PIE PROGRAMMES AND FUEL PERFORMANCE

Post Irradiation Examination programmes including poolside inspection, non-
destructive and destructive hot cell examinations, have been incorporated into the MOX
utilisation studies from the very beginning and the data base is now fairly extensive, although
still well behind that of UO2 in quantitative terms.

Overall the performance of the MOX fuel has proved to be as good as that of
equivalent UO2 fuel but with the added benefit of improved resistance to Pellet/Clad
Interaction (PCI). Failure statistics indicate that the reliability of MOX fuel is at least as
uood as that of UO->.
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The civil and military utilization of nuclear power results in stockpiles of spent fuel and
separated plutonium. Recycling of the recovered plutonium in Light Water Reactors (LWR) is one
way of its peaceful use. Plutonium recycling in thermal reactors is reality in Belgium, France,
Germany, and Switzerland, in Japan it is in preparation. This paper describes the experience
gained and the status reached in almost 30 years of neutronic MOX fuel assembly and core design.

For first approaches to the MOX technology, the experience gained with the description of
depleted uranium fuel was extrapolated. This was a reasonable approach, since the plutonium
isotopes 239Pu and 241Pu produce more than 50 % of the energy in high exposure uranium fuel.

First explicit qualification steps for MOX fuel were performed in the 1960s and early 1970s
in zero power critical facilities. These experiments were especially planned for the basic
qualification of cross section data and design codes. Typical average concentrations of fissile
plutonium at that time were in the range of 2 to 3 w/o. The experiments were designed to represent
the physical and neutronic conditions of PWRs and BWRs as closely as possible. Investigated
were effects of varying plutonium compositions and the temperature dependence of the reactivity
of the investigated cores. Measurements of pinwise fission rate distributions in configurations with
central MOX fuel assemblies surrounded by uranium fuel assemblies was another aspect of the
experiments.

Since then, routinely performed startup and core follow measurements as well as especially
defined experimental programs for the verification of specific aspects of the neutronic MOX fuel
characteristics contributed to the verification of the design codes and are the basis for
improvements of cross section data and nuclear design codes.

The nuclear characteristic of MOX fuel is a result of the neutronic properties of the different
plutonium isotopes. The fission and capture cross sections for thermal neutrons of the fissile
plutonium isotopes are about a factor of 2 larger than for 215U. The absorption cross sections of the
fertile plutonium isotopes 240Pu and 242Pu show strong resonance peaks in the near thermal region.
As a result, the neutron spectrum in MOX fuel is hardened, i.e. at the same power level the thermal
neutron flux is much lower than in uranium fuel.

The neutronic MOX fuel assembly design for thermal reactors has to face large gradients of
the thermal flux at the interface of MOX and uranium fuel assemblies. The fact of an increasing
thermal flux in the direction of the adjacent uranium fuel assembly is addressed by a gradation of
the plutonium content in the fuel rods at the fuel assembly edge. Two to 3 rod types are typical for
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PWR MOX fuel assemblies. Optimized BWR fuel assemblies are more heterogeneous. Larger
water gaps and water structures within the fuel assembly result in MOX fuel assembly designs
with 4 to 7 different rod types. Actual MOX fuel is mainly fabricated with tails uranium as carrier.
For PWRs, MOX fuel assemblies are currently optimized without burnable absorbers. BWR MOX
bundles are designed with a limited number of uranium/gadolinium rods and a minimum of
different rod types to gain the maximum economic advantages.

Many reactors worldwide are licensed for enrichments of 4.0 w/o "5U and higher. In
conjunction with low leakage loadings utilizing burnable absorbers, batch averaged exposures of
46 MWd/kg in PWRs and 43 MWd/kg in BWRs have been realized. MOX fuel assemblies had to
follow that trend. Today, MOX fuel assemblies with an average fissile plutonium content of up to
4.8 w/o (7 w/o Pu) are part of reloads for PWRs in Belgium and Switzerland. For BWR, the
average fissile plutonium content in actual reloads in Germany is 3.0 w/o (4.3 w/o Pu). BWR
MOX bundles of the 10x10 type with an average fissile plutonium content of 3.6 w/o to be
reloaded in that plants in 1999 are in fabrication. The maximum fuel assembly averaged discharge
exposures reached today is 51000 MWd/t in PWR and 32000 MWd/t in BWR.

The design target of neutronic fuel assembly design studies was either a matching discharge
burnup of MOX and uranium fuel assemblies (burnup equivalence) or a minimum of fabricated
MOX fuel assemblies with a plutonium content as high as reasonable. These design criteria were
complemented by more general demands. MOX fuel assemblies should be compatible to uranium
assemblies with respect to loading strategies and the number of possible in-core cycles without
additional restraints for their operation. This aspects are essential for a safe and economic reactor
operation.

For PWR the exposure dependent reactivity characteristics of MOX fuel allow to substitute
fresh uranium fuel assemblies with burnable absorbers by MOX assemblies. In BWR, with an
adequate fuel bundle design, recycling cores don't require significant adjustments of the reload
strategy in comparison to all uranium core designs.

Recycling cores have to meet the same safety criteria as uranium cores. This has to be
demonstrated for each designed core or in cycle independent safety analyses. The safety criteria
are determined for normal operation and operational or design basis transients (e.g. main steam
line break accident, LOCA, ATWS or external events).

In-core fuel management with MOX assemblies is common practice in a large number of
nuclear power plants in several countries. A ratio of about 30 % (50 % in some plants) of MOX
fuel assemblies in the core is possible while meeting applicable safety criteria. Experience with
such core loadings confirms the reliability of the applied modern design codes. The applicability of
methods used for neutronic fuel assembly and core design has been proven for actual plutonium
concentrations and compositions used.

Plans for a further increase of plutonium concentrations and the use of degraded or weapons
grade plutonium qualities should be accompanied by a continuous verification of the utilized
nuclear data and design methods. This verification can be based on post irradiation examinations,
isotopic measurements on highly depleted MOX fuel and, if possible, critical experiments with
depleted fuel.

Conceptual studies for reloads of advanced MOX assemblies in LWRs demonstrate the
feasibility of a future development of the thermal plutonium recycling. Hence, new concepts for
the utilization of plutonium are under consideration or investigation and reveal an attractive
potential for further developments on the plutonium exploitation sector.
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1. INTRODUCTION

Spent fuel management comprises the technical operations that begin with the discharge of
spent fuel from a power reactor and end either with the reprocessing of spent fuel and recycling of
plutonium and uranium in new mixed oxide fuel (closed cycle) or with the direct disposal of the spent
fuel elements in a geological repository (open, once-through cycle).

A third approach is the deferral of a decision, the 'wait and see' strategy with interim storage,
which provides the ability to monitor the storage continuously and to retrieve the spent fuel later for
either reprocessing or direct disposal.

Countries like Canada, Sweden and USA retain their plutonium in the spent fuel and are
planning to put their fuel in long-term storage followed by final disposal in deep geological
formations. At least part of the fuel is reprocessed from countries like Belgium, France, Germany,
Japan, Russia, Switzerland and UK. Countries with smaller nuclear programmes are currently
deferring a decision on which of the strategies to select and are storing their fuel.

Plutonium recycling and MOX fuel production is a mature industry in Europe. PuO2 powder
and MOX fuel rods and assemblies are transported regularly. There is wide experience in MOX fuel
fabrication as well as in operating reactors with MOX fuel.

2. TRANSPORTATION OF PuO2 AND MOX FUEL

Plutonium and MOX fuel have been safely transported for almost 40 years mainly by road but
also by sea and air transport.

PuO2 powder is filled in cans containing about 3 kg plutonium dioxide. According to the
IAEA "Regulations for the Safe Transport of Radioactive Material" PuO2 and MOX-fuel must be
packaged in accident resistant "Type B" containers which also take into consideration the fissile
characteristics of the contents. BNFL and COGEMA have packages developed for PuO2 powder
transport. The BNFL 1680 and the COGEMA FS47 permit the shipment of large quantities of
plutonium oxide in powder form. For MOX-fuel, Type B containers are used, containing one or more
fuel assemblies.

2.1 Regulatory requirements

Shipments of plutonium and MOX with a plutonium content of 2 kg or more have to fulfil the
highest physical security requirements.



All packages and transport operations must also be performed in accordance with applicable
national and international transport safety laws and regulations which are, in practically all cases,
based on the regulations recommended by the IAEA.

2.2 Packages

All packages for PuO2 and MOX transport which contain "category I" quantities of plutonium
have to be designed to meet the Type B criteria. That means they are safe both for normal and
accident conditions. Additionally, their designs must be approved to account for the fissile nature of
the contents.

2.3 Transport

Type B(U) F packages are used for transportation of plutonium powder and fresh MOX fuel.
Additionally, for road transport, special security trucks are typically used.

Irradiated MOX fuel transported from NPPs to reprocessing facilities is transported in Type
B(U)F packages which are heavily shielded and may be co-loaded with uranium fuel due to residual
heat and neutron radiation considerations.

3. MOX FABRICATION

Except for Germany (since termination in 1992) and Switzerland, the countries with
reprocessing or plutonium recycling have their own MOX fabrication. In the 1950s plutonium from
reprocessing was intended for feeding FBRs. In the 1960s, R&D activities started on the utilization of
plutonium in MOX fuel for LWRs. The ALKEM facility in Germany for MOX and FBR fuel,
Belgonucleaire in Belgium, CEA facility in France, UKAEA in UK and PNC at Tokai Mura in Japan
for FBR fuel started operation. The UK also demonstrated MOX utilization in the Windscale AGR.

Because of delays in the deployment of the FBR programme, the utilization of MOX fuel in
LWRs became more and more important. Today MOX fuel fabrication and utilization are a mature
technology.

4. MANAGEMENT OF IRRADIATED MOX FUEL

Testing of MOX-fuel in reactors has taken place from the early days. In the last decade their
performance approached that of conventional UO2 fuel. Its use has increased enormously over recent
years and will continue to do so. Many reactors will go up to 30 % of MOX-fuel in the core.

Plutonium recycling in Germany started in the BWRs Kahl and KRB-A. The commercial
MOX programme concentrated on PWRs starting with Obrigheim in Germany and Beznau-2 in
Switzerland.

France started its MOX programme in 1987 with the 900 Mwe PWRs. Today MOX fuel is
used in LWRs in Belgium, France, Germany and Switzerland. FBRs are in operation in France, India,
Japan, Kazakhstan and Russia.

5. REPROCESSING OF MOX FUEL

France started to gain reprocessing experience in 1967 with FBR fuel followed by Germany in
the 1970s with MOX fuel. Japan and UK gained also experience with the reprocessing of FBR fuel
and France demonstrated the feasibility of reprocessing in La Hague with several tons of LWR MOX
fuel.

6. CONCLUSIONS

There has been wide experience in the transportation of plutonium powder and MOX-fuel.
Very rigorous transport safety requirements have been adopted by all participating countries. MOX-
fuel is irradiated in a number of Member States and several have considerable experience in
reprocessing irradiated MOX-fuel. The storage of MOX-fuel prior to reprocessing or final disposal
requires longer periods due to higher decay heat and slower decrease of the decay heat compared with
uranium fuel.
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As of December 1, 1998, 31 Europeans LWRs are loaded with MOX fuel. It clearly means that
plutonium recycling in MOX fuels is a mature industry, with successful operational experience in
fabrication plants in some European countries, especially in France.

Indeed, the recycling of plutonium generated in LWRs is one of the objectives of the full
Reprocessing - Conditioning - Recycling (RCR) strategy chosen by France in the 70's. The most
impressive results of this strategy, is the fact that 30 of the 31 reactors are loaded with MOX fuels
supplied by the COGEMA Group from the same efficient fabrication process, the MIMAS process,
improved for the MELOX plant to become the A-MIMAS process.

In France, 16 reactors are already loaded and 12 additional reactors are technically suited to do so.
Indeed, the EDF MOX program plans to use MOX in 28 of its 57 reactors. An EDF 900 MWe reactor
core contains 157 assemblies of 264 rods each. 52 fuel assemblies per year are necessary for a " UO2

3-batches - MOX 3-batches" core management. In that case, a third of the UO2 and a third of the
MOX assemblies are yearly replaced, that means 36 UO2 fuel assemblies and 16 MOX fuel
assemblies.

Some MOX fuelled reactors have now switched from the previously described core management to a
so-called "hybrid core management". In that case, a quarter of the UO2 assemblies is yearly replaced.
The first EDF reactor loaded with MOX fuel was Saint-Laurent Bl, in 1987. The in-core experience,
based on several hundred assemblies loaded, with reloading on a 1/3 cycle basis, shows that there is
no operational difference between UO2 and MOX fuels, both in terms of performance and safety.
MOX fuelling of 900 MWe EDF's PWRs, with a limited in-core MOX ratio of 30 %, has only needed
minor adaptations, such as addition of control rods, modification of the boron concentration in the
cooling system and precaution against radiation exposure, easy to set up (optimisation of the fresh
MOX fuel handling process, remote inspection equipment...). In such conditions, plant safety is not
affected and operation remains the same.

To cope with the growing MOX fuel demand, some countries have equipped themselves
(or should equip themselves in the near future) with the state-of-art MOX industrial capabilities. This
growing demand is obviously linked with a higher diversity in fuel designs requirements. The
empowerment of the MELOX plant, the first high-throughput MOX fuel fabrication facility in
operation in the world, is in keeping with this situation: the MELOX West Fitting Building (MWFB)
resulting from an optimized design know-how, is the demonstration of the COGEMA Group high



capability of adaptation. With the MWFB, the completion of a versatile fabrication plant adapted to
the international fuel market is reached.
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Inside their joined R and D MOX fuel fabrication programme, CEA and COGEMA have undertaken
an important effort of modelisation of different stages of fabrication process of MOX fuel.

The objectives of this work are a better understanding of the complicated physico-chemical
mechanisms which occur simultaneously during the pressing of MOX green pellets and the reactive
sintering; the modelisation of these stops should ultimately allow to precisely predict the influences of
fabrication parameters upon the characteristics of the as fabricated MOX fuel, thus reducing the
number of research laboratory fabrication tests together with an optimization of the process.

For the pelletizing step, a model has been developed which describes the density gradient inside the
pellet as function of the h/d pellet ratio, the flowability of the mixed powder and the powder/die
friction coefficient.

For the sintering step, a mechanistic code takes into account the physical mechanisms at the grain size
scale (Pu concentration, size, shape of grains and moving of the grain boundaries); once validated by
experimental and parametric tests still to be performed, this code will describe the Pu contribution and
local density of pellets as functions of the sintering conditions, helping further developments of
fabrication process such as for the obtaining advanced microstructures of improved MOX fuels.
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In 1966, the Japan Nuclear Cycle Development Institute, JNC, has started development of Advanced
Thermal Reactor, "Fugen", adopting heavy water moderating and light water cooling system. The
Fugen was expected as a bridge between Light Water Reactor, LWR and Fast Breeder Reactor, FBR,
because ATR could supply higher amount of plutonium for FBR than LWR. The construction of
Fugen started in December 1970 and its first criticality was achieved in March 1978. The Fugen fuel
assembly has a unique cylindrical shape and consists of three layers of fuel pins. The numbers of fuel
pins in each layer are 4, 8 and 16 from inner layer. The pellets with same plutonium content are
loaded in the inner and middle layers pins and the other pellets with higher plutonium content are
loaded in the outer layer pins. Each fuel pins has aluminum dioxide insulator pellets on the both sides
of MOX pellets to make On Power Refueling possible during reactor operation. The fuel assembly for
Fugen is shown in Fig. 1.

In parallel with development of the reactor, the JNC started development of MOX fuel fabrication
technology at the Plutonium Fuel Development Facility, PFDF, constructed by the design of NUMEC,
USA company, in 1966. Based on the experiences concerning plutonium handling and test fuel
fabrications in the PFDF, the JNC designed and constructed the Plutonium Fuel Fabrication Facility,
PFFF, containing Fugen fuel fabrication line (hereinafter referred to as ATR line) in 1971. The annual
fabrication capability of ATR line in PFFF is about 10 ton of MOX.

The PFFF ATR line was designed to fabricate MOX fuel in semi-automated operation by using
reactor grade plutonium in proto-typical scale for commercial use. The fuel fabrication can be carried
out through the control panel located beside the glove box and process equipment by operators from
weighing to fuel assembling. The JNC began to utilize the standardized giant size glove boxes, 2.5m x
Im x 6m, in the PFFF to restrain the initial construction cost. Each glove box is connected to the
transfer tunnel at its end and nuclear material is transferred through this tunnel between glove boxes
along fuel fabrication process.

The PFFF ATR line has started its operation with MOX fuel fabrication for the Deuterium Critical
Assembly, DCA, in 1971 with 30 kg MOX/day of fabrication capability. Total amount of MOX fuel
fabricated for DCA was 9.1 t MOX. After DCA fuel fabrication, the ATR line was improved its
production capability up to 50 kg MOX/day prepared for Fugen fuel fabrication in 1974. The MOX
fuel fabrication for Fugen initial load fuel was completed in 1978. Total amount of MOX fuel for
Fugen initial core was 17.6 t MOX (100 fuel assemblies). The accumulated MOX fuel fabricated for
Fugen reached to 126 t MOX, 683 fuel assemblies, as of March 1998. The amount of MOX fuel
fabricated in the ATR line is shown in Fig. 2. Now, MOX pellets for the 29lh reload fuel is being
fabricated.

Through these 25 years experiences, the ATR line has demonstrated MOX fuel fabrication in
engineering scale with high quality having enough margins for fuel specifications. With regard to the
MOX handling technology, the ATR line has adopted dry process except grinding and it is the
indispensable technology for current MOX fuel facility in Jarge scale. Furthermore, the MOX pellet
for Fugen is a high density solid pellet with 14.4 mm in diameter and these specifications are closed
to those for BWR pellet. Therefore, it can be recognized that the technology to fabricate MOX pellets
similar to BWR fuel specifications has been demonstrated by JNC through Fugen fuel fabrication.

Up to now, any failure has never been observed in all products of ATR line including 683 fuel
assemblies loaded into Fugen. In the ATR line, various kinds of plutonium recovered by JNC as well
as foreign countries have been utilized as a feed material to fabricate MOX fuel for Fugen. It was one



of the epochs in the ATR line to fabricate Fugen fuel by the utilization of plutonium recovered from
Fugen spent fuel in 1987 with closing the fuel cycle through Fugen.

On the basis of these experiences, the JNC designed and obtained a license for new MOX fuel
production facility in commercial scale for the demonstration ATR. However, this project was
cancelled by the decision of Japan Atomic Energy Committee in 1995. We believe that the
experiences obtained through Fugen fuel fabrication for these 25 years and this capability of
designing and obtaining a license for a large scale MOX facility can be alive in the future use of
plutonium in LWRS.

This paper discusses the summary of Fugen MOX fuel fabrication for this quarter century in JNC.
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The Japan Nuclear Cycle Development Institute, JNC, designed and constructed the Plutonium Fuel
Production Facility, PFPF, at JNC Tokai works to supply MOX fuels to the prototype Fast Breeder
Reactor, FBR, "Monju" and the experimental FBR "Joyo" with 5 t MOX/year of fabrication
capability. Reduction of personal radiation exposure from a large amount of plutonium is one of the
most important subjects in the development of a large scale MOX fabrication facility. As the solution
for this issue, the PFPF has introduced automated and/or remote controlled equipment in conjunction
with computer controlled operation scheme on the basis of the past 20 years operational experiences
in two existing MOX fuel facilities. The PFPF started its operation in 1988 with MOX fuel
fabrication for Joyo reload fuel and has demonstrated a large scale MOX fuel production through
Monju and Joyo fuel fabrications for these 10 years. Through these operations, it is also understand
that several numbers of the equipment initially installed in the PFPF have some subjects such as
productivity and maintainability to be improved for commercial utilization of plutonium in the future.
The JNC has developed new MOX fuel fabrication equipment to improve those points in parallel with
MOX fuel fabrication in the PFPF.

A bird's-eye view of newly developed finishing and inspection equipment for MOX pellets is shown
in Fig. 1.
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This equipment is the most advanced one in the PFPF developed in the period between 1995 and 1996
performing the final finishing of pellets which consists of grinding sintered pellets, measuring their
outer diameter and density to compare with the relevant specifications, and visual inspection. In the
past, three separate units of equipment were prepared for these three processing.

By unifying the structures of equipment and optimizing the layout of devises including pips and
cables in the glove boxes, the size of each of these units has been reduced. With these improvements,
these units of equipment for the three process steps were put together to realize continuous
processing, and the three process steps could be integrated into one equipment. Therefore, the JNC
succeeded to reduce the space required for installation of the equipment, and to substantially reduce
the time required for the transfer of pellets between each process step.

In addition, by reducing a tact time in each process step at each unit of equipment and introducing a
series of lines for outer diameter/density measurement and visual inspection, it has been succeeded to
reduce the time required for processing in this equipment.

For reducing hold-up, compact and high-performance cyclone units for powder recovery have been
developed. For forced collection of dust generated in the course of operation such as grinding the
sintered pellets, these cyclone units have been installed at the locations where hold up tends to occur.
Through these development efforts, this equipment now has more than twice as high processing
capability as a conventional one, occupies only half the space, and has about four times higher
processing performance per installation space. The comparison of performances between newly
developed equipment and former ones is shown in Table 1.

TABLE 1. THE COMPARISON OF PERFORMANCES BETWEEN NEWLY DEVELOPED
EQUIPMENT AND FORMER ONES

Items

Numbers of Equipment

Numbers of Glove Box
(Standardized Size)

Areas for Installation
of Equipment

Performance of
Processing

Former Equipment

Measurement for pellet diameter
and density : 2
Inspection for appearance : 2
Grinding : 1

Total : 5

6

18 m2

Measurement for pellet diameter
and density : 2-3 sec/pellet
Inspection for appearance

: 4-6 sec/pellet
Grinding : 2 sec/pellet
Measurement for pellet diameter
and density- : 5 shifts/lot
Inspection for appearance

: 6 shifts/lot
Grinding : 4 shifts/lot

Newly Developed
Equipment

Finishing and Inspection : 1

Total : 1

2

6 m2

1.7 sec/pellet

3 shifts/lot

These results of JNC development efforts can be also applied for the MOX fuel fabrication equipment
for plutonium utilization in LWRS. This paper reports the current developments for fuel fabrication
technologies focused on the improvement of productivity of MOX fuel pellets and reduction of hold
up in the PFPF.
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INTEGRATED SOFTWARE PACKAGE FOR NUCLEAR MATERIAL
SAFEGUARDS IN A MOX FUEL PRODUCTION FACILITY

H.-J. SCHREIBER, M. PIANA, G. MOUSSALLI, H. SAUKKONEN
Department of Safeguards
International Atomic Energy Agency
Vienna, Austria

Since computers were introduced to Safeguards at large bulk handling nuclear material facilities,
several individual software applications have been implemented for nuclear material Safeguards
purposes. Facility material inventory data are provided in computerized format for performing
stratification, sample size calculation and selection of samples for destructive and non-destructive
assay. Data are received from nuclear measurement systems running in attended, unattended mode
and more recently from remote monitoring systems controlled.

Data from various sources have to be evaluated for Safeguards purposes, such us raw data, processed
data and conclusions drawn from data evaluation results. They are reported in computerized format at
IAEA Headquarters and feedback from the Agency's mainframe computer system is used to prepare
and support Safeguards inspection activities. For all these data from various sources a common data
format and a data base system is required.

This article describes the fundamental relations between data streams, individual data processing
tools, data evaluation results and requirements for an integrated software solution to the challenge of
nuclear material Safeguards at a bulk facility. It explains the basis for designing a software package to
manage data streams from various data sources and for incorporating diverse data processing tools
that up to now have been used independently from each other and under different computer operating
systems.
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SOME ASPECTS OF WEAPONS GRADE PLUTONIUM CONVERSION TO
NUCLEAR FUEL

YU.K.BIBILASHVILI, E.M.GLAGOVSKY, B.S.ZAKHARKIN, V.K.ORLOV
F.G.RESHETNIKOV, B.G.ROGOZKIN, M.I.SOLONIN

State Scientific Center of Russian Federation A.A. Bochvar All-Russia Institute of
Inorganic Materials (VNIINM),
Moscow, Russian Federation

Russia's concept of reusing ex-weapons fissile materials, derived from nuclear warheads during the
process of disarmament, views plutonium as an important energy resource supposed to be the fuel
for power-generating facilities.

The processing of weapons grade Pu metal to nuclear fuel is a complicated and multistage
technological process, each stage of which is in essence a self-sustaining production. Some of the
stages are missing when civil plutonium is used for MOX-fuel fabrication. They involve the
conversion of metal Pu to ceramic grade dioxide.

The upshot of the conversion process should be a dioxide, purified from ballast and radiogenic
impurities that is, in terms of its morphological, physical, mechanical, and technological
characteristics, applicable for pelletized MOX fuel for various reactors.

Currently in Russia several technologies of converting metal weapons Pu are under the
consideration:

• Aqueous - chemical technology in the below three modifications:
a) oxalate precipitation,
b) ammonium precipitation in presence of surface active substances (SAS),
c) SAS ammonium precipitation of U and Pu oxides resulted in a master-blend with the
intended PUO2/UO2 ratio.

• Pyrochemical technology that provides metal Pu hydrating into a dioxide.
• Another option of metal Pu conversion is being studied, combining qualities of pyrochemical and
aqueous-chemical technologies.
• And, finally, pyroelectrochemical technology of converting weapons Pu in the molten salts.

With due regard for all this, development of an industrial production should be preceded by a
thorough research on several technological options. This should be followed up upon by a technical
and economic feasibility study that would enable the best decision to be taken on making an
industrial use of the ex-weapons Pu conversion.
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FURTHER EVOVEMENT OF THE TECHNOLOGY OF RANIUM-PLUTONIUM
GRANULAR FUEL "GRANAT" FABRICATION

ZAKHARKIN, V.V. REVYAKIN V.V., V.P. VARYKHANOV, O.V. KHAUSTOV, E.S.
GHITKOVICH, V.S. KUCHERENKO
State Scientific Center of Russian Federation A.A. Bochvar All-Russia Research Institute of
Inorganic Materials (VNUNM), Moscow, Russian Federation

The technology "GRANAT" based on co-precipitation of uranium and plutonium hydroxides in the
presence of surface-active substances with its further thermal al treatment has been tested on a full scale
while fabrication of MOX powders, pellets and fuel elements for the fast neutron reactors BN-350 and
BN600. The obtained results approved the high quality of the MOX powders and pellets. Therewith, the
technology has a series of merits versus the traditional methods of mechanical blending of dioxides.
These arc as follows: the absence of fine dispersion of the powders, reduction of dust formation, a high
rate of uranium and plutonium homogeneity, and the high yield of the qualitative pellets (96 %).

The subsequent studies were aimed to increase competition-ability of the "GRANAT" process on
the account of simplifying equipment to be applied, decreasing of the amount of technological processes
and secondary wastes.

As a result of the studies the following simplifications to the "GRANAT" process have been
achieved:
* The usage of standard reactor-blenders with adjustable intensity of blending, utilized in
radiochemical industry, for co-precipitation;
* Exception of uranium and plutonium hydroxides drying before its thermal treatment;

* Conduction of one-stage thermal treatment of the mixed hydroxides versus two-stages one in
a reducing media (H2-Ar);

* Performance of catalytic decomposition of ammonium nitrate wastes with complete utilization of
products of the operation in the "GRANAT" scheme.

It was shown that implementation of the mentioned changes are not occurred with deteriorating
properties of the MOX powders and pellets. Realization of the advanced "GRANAT" process will allow
to decrease the amount of equipment, and to reduce energy expenses and industrial sites occupied.

The "GRANAT" process, which is being under consideration, needs full scale testing.
The creation of the MOX fuel fabrication by the "GRANAT" process based on radiochemical

plants using the PUREX process is more advisable. By such an approach reextract of Pu immediately
used in the "GRANAT" scheme, but waste , which, are being formed, can be easily processed with the
use of equipment and technological, processes on the maximal extension.



XA9950206

IAEA-SM-358-08

VALIDITY OF USING UPuO2 VIBROPACK EXPERIMENTAL FUEL PINS IN REACTORS
ON FAST AND THERMAL NEUTRONS. FIRST EXPERIMENTS ON CONVERSION OF
WEAPON-GRADE PLUTONIUM INTO NUCLEAR FUEL

A.A.MAYORSHIN, V.B. IVANOV, A.F. GRACHEV, O.V. SKIBA, V.A. TSYKANOV,
G.I. GADGIEV, A.V. BYCHKOV, V.A. KISLY, D.A. BOBROV

State Scientific Center of Russian Federation Research Institute of Atomic Reactors RIAR
Russian Federation

Extensive scope of scientific and technological work has been carried out in SSC RF RIAR to
substantiate usage of vibropack oxide fuel pins in fast and thermal neutron reactors. To fulfill the
work, physical-mechanical and technological characteristics of granulated fuel have been studied,
radiation tests and material science investigations of mock-up have been carried out, experimental and
research fuel pins of BN-type (in BOR-60 and BN-600 reactors) and VVER-1000 type (in SM-2 and
MIR reactors). Total quantity of fabricated fuel pins is about 30 000 pieces. In BOR-60 reactor
maximum burn up attained - 30 % h.a. and for regular SA burnup was 32,3% h.a. for experimental
fuel pins of the dismountable SA. In testing UPuO2 vibropack fuel pins in BN-600 reactor the
maximum burn up attained was 10,8 % h.a. Post irradiation examinations of fuel pins have revealed
that since the problems both of chemical and thermo-mechanical fuel-cladding interactions were
solved, the resource of the fuel pins would only depend on the choice of cladding material.
Vibropack fuel pins, containing UPuO2, under conditions of MIR reactor attained burn up more than
30 MW day/kg U both under nominal operation and under load-following modes.

The experience in designing, manufacturing and operating the facilities on fabrication of granulated
uranium and uranium-plutonium oxide fuel and fuel pins has been gained. Created was the data bank
and calculation codes describing vibropack fuel pin behavior under different operation modes.

According to the Concept of RF Minatom on utilisation of surplus weapon-grade plutonium, arisen
from disarmament, the State Scientific Center of Russian Federation RIAR (Dimitrovgrad) has begun
practical realization of the technology on conversion of metal weapon-grade plutonium into mixed
uranium - plutonium oxide fuel. There has been processing carried out and obtained was granulated
UPuO2 fuel for BOR - 60, BN - 600 reactors and experimental batches of granulated fuel for mock-up
and experimental fuel pins of VVER type, which are intended for testing in SM and MIR reactors.
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THE MICROSTRUCTURE OF UNIRRADIATED SBR MOX FUEL

R J EASTMAN, S TOD, G R CHILTON
BNFL, Sellafield, Seascale , Cumbria
UK

The MOX Demonstration Facility at BNFL's Sellafield plant has been operational for over 5
years manufacturing MOX fuel using the Short Binderless Route (SBR).The new Sellafield
MOX plant will use the same Short Binderless Route. In the SBR route the uranium dioxide
and plutonium dioxide feed powders are milled together to produce the correct enrichment in
a single stage milling process. The milled powders are agglomerated in a spheroidiser prior to
being pressed into pellets without any precompaction or sieving stages. This fabrication
process results in pellets with a very uniform structure.

This paper reviews the microstructure of pellets produced by the Short Binderless route.
Data are provided on the following features of the pellets,

• Porosity size distribution
• Macrograph and micrographs of the polished sections of pellets
• Micrographs of the etched structure
• Immersion and geometric density data
• Thermal stability data
• Grain size data

The ceramography data show that the pellets are free from cracks or fissures, the porosity is
uniformly distributed throughout the pellet and there is negligible interconnected porosity.
The absence of cracks, fissures and interconnected porosity is confirmed by the immersion
density measurements which show close agreement with the geometric density data. The
internal porosity distribution data is generated by Quantimet image analysis. The data show
that there is negligible porosity greater than 50 microns. The porosity distribution is bi-
modal. The smaller sized pores have a maximum concentration around 2 microns. These
pores result from the densification process. The larger sized pores, greater than 5 microns,
result from the removal by thermal decomposition of the lubrication and pore forming
additives during the sintering process.

Thermal stability test is carried out at a temperature of 1720+/-20 °C for 24 hours. The test
atmosphere is 4% hydrogen in argon and the results require correction for the change in
stoichiomety during the test. The porosity distribution and the location of the porosity within
the pellet structure results in pellets that are thermally stable. All fuel produced by the SBR
route within the standard density range increases in density by less than 1% of the theoretical
density on thermal stability testing.

The grain size control is achieved by adjusting the oxygen potential of the sintering
atmosphere. The data show that a consistent grain size can be achieved over a wide range of
plutonium concentrations.
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EXPERIENCE AND TRENDS AT THE BELGONUCLEAIRE PLANT

p. DERAMAIX, F.EECKHOUT, A.PAY, E.PELCKMANS

BELGONUCLEAIRE, Dl-SSEL
BELGIUM

The BN Dessel plant started operation in 1973, on the basis of R&D work conducted during the
previous fourteen years in successive facilities from laboratory to pilot scale and pursued during the
first few years of operation of the plant. During the initial period (up to 1984), the plant was
equipped to fabricate as well FBR as LWR fuel (5 tHM/year) within the framework of LWR
demonstration and FBR programmes. Up to 1984, demonstration fuel or partial reloads were supplied
to the following thermal power reactors and facilities: Garigliano (Italy), BR3 and VENUS (Belgium),
CNA-Chooz (France), Dodewaard (Netherlands), Oskarshamn (Sweden), and NPD (Canada). The
process was also applied to fuel supplies for the following fast breeder reactors and facilities: SNR
and KNK (Germany), Rapsodie and Phenix (France), DFR and PFR (UK).

The first ten years of operation have laid down the bases for all modifications or improvements in the
fields of fuel fabrication and control processes, waste management, safety and safeguards which were
implemented in the 1984-1985 refurbishment. On this occasion, the MIMAS fabrication process has
been introduced to make MOX fuel reprocessable in the operating conditions of the modern
reprocessing plants (COGEMA in La Hague and BNFL in Sellafield) and the capacity of the plant has
been upgraded to the current nominal capacity of 35 tHM per year (with a maximum licensed of 40
tHM per year).

Today, thanks to the experience gained and the excellent results obtained with the MIMAS process,
the goals have been met : the nominal fabrication capacity was achieved in 1989, maintained
consistently since then at least at that level, approaching even the license limit making available
additional fabrication capacities for sale. The process has proved its high flexibility, in particular in
terms of the large variety of MOX manufactured for both PWRs (14 x 14, 15 x 15, 16 x 16, 17 x 17,
18x18 types) and BWRs (8 x 8, 9 x 9, 10 x 10 types), of the size of the campaign (from less than 4
tHM to 28 tHM), of the origin the PuO2 (from COGEMA and BNFL reprocessing plants, Pu from
second generation), of the Pu content (up to 8.6 w/o in HM), of the period of time, sometimes very
short, between the order received to manufacture and the delivery of the manufactured product. From
1986 up to the end of March 1999, more than 21 t Pu as PuO2 have been processed into more than 388
tHM of MIMAS fuel, delivered or to be delivered for use in 796 PWR assemblies and 184 BWR
assemblies for 21 large power reactors (17 PWRs and 4 BWRs) in 5 countries (France, Germany,
Switzerland, Japan, Belgium). The MOX fuel produced has been demonstrated to reach at least the
same performance as the UO2 fuel used simultaneously in the same reactors. An increasing number of
the MOX assemblies are discharged at a burnup of at least 45 GWd/tHM assembly average. One
assembly reached 51 GWd/tHM assembly average after 6 irradiation cycles. No failures due to the
MOX were noticed.

Since the mid 1990's, the plant is being backfitted without interruption of the fabrication, to
incorporate improvements resulting from accumulated experience to improve still further the
flexibility of the plant while meeting the more challenging future requirements in particular in terms
of radioprotection regulation (degrated plutonium isotopic composition, higher burnup design fuel
assemblies. ICRP 60) as well as in terms of economics (recycling of the scrap, reduction of the
fabrication generated waste).

The paper presents successively a brief description of the fabrication process, fabrication records, the
level of inreactor performance reached by our fuel and the trends in the evolution of the applied
technology to meet the future requirements.
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THE UNATTENDED NDA MEASUREMENT SYSTEM AT MOX FUEL
FABRICATION FACILITIES IN BELGIUM
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EURATOM
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Beigonucleaire
Belgium

M. JEFF, P. BOERMANS
Franco-Beige de fabrication de combustibles (FBFC)
Belgium

In co-operation with Belgonucleaire and FBFC, the IAEA and EURATOM have designed,
developed, and installed unattended NDA measurement systems at MOX fabrication facilities of
Belgonucleaire and Franco-Beige de fabrication de combustibles. The simultaneous neutron and
gamma unattended measurement Of PuO2 powder cans in the canister (KOKER) and the unattended
PNCL measurement system for MOX pins in the box (BAK) have been tested and implemented for
routine use at Belgonucleaire. In addition, the installation of an unattended PNCL measurement
system for MOX assemblies has been completed and is undergoing tests at Franco-Beige de
fabrication de combustibles. These unattended NDA results are then evaluated together with the C/S
system, based on the use of VACOSS seals and video surveillance.

The implementation of unattended NDA measurement systems as a part of the NPA regime
has resulted in a significant reduction of the IAEA inspection effort.
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CONTINUOUS MONITORING OF PLUTONIUM SOLUTION IN A CONVERSION
PLANT
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Department of Safeguards, International Atomic Energy Agency
Vienna, Austria
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Japan Nuclear Cycle Development Institute, Tokai-mura, Ibaraki-ken
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T. KAWA
Tsukasa Sokken Co.Ltd. Tamazutsumi l-19-4,Setagaya-ku,Tokyo
Japan

This paper describes the implementation of a safeguards Tank Monitoring System (TAMS) in a
Plutonium Conversion Plant (PCP). TAMS main objective is to provide the International Atomic Energy
Agency (IAEA) (the Agency) with continuous data for safeguards evaluation and review of inventories
and flows of plutonium solutions. It has been designed to monitor in unattended mode the inventory of
each tank and transactions of solutions between tanks, as well as confirming the absence of borrowing
plutonium solutions from and to a neighboring reprocessing plant. The instrumentation consists of one
electronic scanner that collects pressure data from electromanometers connected to the tank dip tubes,
one uninterruptable power supply and one personal computer operating in a Windows-NT environment.
The pressure data transmitted to the acquisition system is saved and converted to volume and density
values, coupled with a graph capability to display events in each tank at intervals of 15 seconds. The
system operation has not only strengthened the safeguards measures in PCP but also reduced inspection
effort while minimizing intrusion to normal plant activities and radiation exposure to personnel. TAMS
is a powerful, reliable tool that has significantly improved the effectiveness of safeguards implementation
at PCP. The future combined use of TAMS with remote monitoring (RM) will further enhance efficiency
of the safeguards measures at PCP.
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MOX FUEL FOR INDIAN NUCLEAR POWER PROGRAMME
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Abstract

A sound energy policy and a sound environmental policy calls for utilisation of plutonium (Pu)
in nuclear power reactors. The paper discusses the use of Pu in the form of mixed oxide (MOX) fuel
at two Boiling Water Reactors (BWRs) at Tarapur. An industrial scale MOX fuel fabrication plant is
presently operational at Tarapur which is capable of manufacturing MOX fuels both for BWRs and in
future for PHWRs. The plant can also manufacture mixed oxide fuel for Prototype Fast Breeder
Reactor (PFBR) and development work in this regard has already been started. The paper describes
the MOX fuel manufacturing technology an quality control techniques presently in use at the plant.
The irradiation experience of the lead MOX assemblies in BWRs is also briefly discussed. The key
areas of interest for the future developments in MOX fuel fabrication technology and Pu utilisation
are identified.
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MOX FUEL PERFORMANCE IN FRENCH PWR REACTORS: RECENT RESULTS
AND IMPROVEMENT PROGRAMS
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10 rue Juliette Recamier
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By the end of 1998, 992 assemblies have been irradiated since the first loading of MOX fuel
assemblies in French PWRs which occurred in 1987. 20 reactors are now authorized to use MOX
fuel. Operating MOX fuel in PWRs up to an average discharge burn-up of 37 GWd/t did not cause
any particular problem and MOX fuel reliability, based on a growing experience feedback, is as good
as the UO2 one.

In parallel, a considerable experience on MOX fuel performance has been accumulated by post-
irradiation examination of rods irradiated up to more than 50 GWd/t (4 cycles) in PWRs (surveillance
program) and in experimental irradiation programs.

Ongoing R & D at the CEA, in collaboration with the EDF and FRAMATOME, is directed towards
gaining a better understanding of MOX fuel behaviour in normal and off-normal conditions in order
to improve and validate the models used to justify fuel behaviour prediction calculations and to
support the licensing of extended burn-up. Recent results in PWR experience feedback as well as R &
D programs will be discussed.

As MOX fuel has now reached a sufficient maturity the next step is to achieve parity between UO2

and MOX fuel. This involves a single management strategy for UO2 and MOX assemblies with an
annual quarter core reload type.

The MOX parity program which has been undertaken jointly by the EDF and FRAMATOME started
in 1996. The effects of this new management on operating conditions, NSSS systems, accidents
scenarios and design of the MOX assembly have been analysed.

Slight modifications in plant design (four additional shutdown RCCAs and increase in boron
concentration of refueling water storage tank) have been considered to meet safety criteria.

The goal is to reach a maximum assembly discharge burn-up of 50 GWd/t for MOX and UO> fuel
assemblies. The new FRAGEMA's AI'A 3G structure will allow increased margins in fuel rod design
with regard to the end-of-life internal pressure criteria.

The validation of models and codes is based on the MOX fuel surveillance program in PWRs and on
analytical R & D programs presented above (French CEA/EDF/FRAMATOME), and also on
International programs.



The objective of obtaining a parity between UO2 and MOX must be achieved even beyond the initial
goal of 50 GWd/t for maximum discharge burn-up. This is why another program was initiated with
the purpose of improving substantially MOX fuel discharge burn-up i. e. up to 70 GWd/t, as it has
been the case for advanced UO2 fuel previously.

The R & D program is mainly oriented towards increasing fission gas retention, which is the main
obstacle in reaching very high burn-up. The improvement of fuel assembly design will also be
integrated to increase margins.

The main steps of the program are the following:
• optimization of pellet microstructures and validation in experimental reactors,
• build-up of experience feedback at elevated burn-up in commercial reactors, both for current and

experimental products,
• adaptation and qualification of the design models and tools.

The product resulting from this new development could be qualified around 2010.
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BURNUP WITH MOX FUEL IN COMMERCIAL REACTORS
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Significant electricity costs reduction can be obtained by increasing MOX discharge burnup. The Pu
fuel cycle economy is not penalized in the high burnup objective as it is the case for U02, sustaining
costs increasing exponentially with U235 enrichment. This gives a supplementary reason to recycle
Pu in LWRs and to make nuclear energy more competitive compared to other sources of electricity
production.

Part of R and D work made at BELGONUCLEAIRE focus on pending validation and licensing
questions about Pu recycling and high burnup achievement in commercial LWRs. Eventual
limitations in fuel performance, from core physics and rod thermal-mechanical behaviour point of
view receive special attention. This R and D work is often performed in the framework of
International Programmes, allowing to share the budget and the resulting data between participating
Organizations : fuel manufacturers, designers, utilities, research centres,

Neutronic investigations in direct relation to MOX fuel performance focus on two topics. MOX fuel
performance evaluations requires first a good knowledge of fuel power histories. In this framework,
recent programmes focus on the validation of MOX power evaluations :

- Fission chamber response provide experimental data concerning the determination of MOX fuel
assemblies inside mixed cores.

Assembly mock-up provides experimental data concerning the rodwise power distribution inside
the MOX fuel assembly, especially at the U02 interface.

Fine measurements with foils or gamma scanning of pellets provide information on the spatial
power generation inside the MOX fuel rod.

Such experiments have been carried out in the SCK CEN VENUS facility with MOX fuel assemblies
mock-ups containing more than 12% Pu in average.

These MOX evaluations include secondly fuel irradiation studies at high burn-up. In these conditions,
significant amount of higher actinides is produced, which can play an important role in reactivity
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(power generation) and on fission gas source (He production). In Radiochemistry programmes,
several minor actinides have been investigated : highly fissile (Am242m, Cm243, Cm245 ) as well as
strong alpha emitters ( Pu238, Cm242 ).

Programmes related to fuel thermal mechanical performance have for objective to obtain and analyze
MOX rods irradiated to high burnups, in commercial reactors and in MTRS, with three main fields of
investigation : rod integrity and PCMI, fission gas release and rod inner pressure, fuel microstructure.
Commercial reactor fuel is currently irradiated in PWRs to discharge burnups around 45-50 GWd/tM
in the framework of standard fuel reload. Further irradiation is contemplated, in commercial reactors,
by transferring some rods into less burnt assemblies, to achieve burnups exceeding 70 GWd/tM.

Present studies on MOX fuel conclude that its in-reactor performance is similar to that of U02

operating in the same thermal conditions. However, the difference in thermal performance between
MOX and U02 (resulting from specific radial power profile and its evolution with burnup, as well as
from thermal conductivity difference) combined with the higher linear powers sustained by MOX
during the second half of life (due to slower reactivity drop with burnup) lead to enhanced fission gas
release compared to U02 This specific MOX behaviour receives continuous attention and relevant
data are obtained on the extent of gas release versus operating conditions. This information is then
used to optimize rod design and maintain the safety margins applied in calculation to avoid any
penalty for high burnup achievement.

Helium production and release are receiving also continuous attention. Early studies have shown that
helium resulting from a-decay of higher actinides can contribute markedly to rod pressure increase in
some conditions. Initial helium pre-pressurization, Pu content, quality and initial Am241 content and
in-reactor thermal history are the main parameters controlling helium production and release. High
burnups in BWRs could be more difficult to achieve due to excessive helium partial pressure increase.
Complementary R and D on helium solubility and transport properties is necessary to predict accurate
helium release and enhance the chances to increase MOX discharge burnup.

Particular attention is also given to MOX fuel microstructural changes with burnup, including in-
reactor densification, swelling accommodation and pore development with fission gas build up. Rod
profilometry and ramp tests suggest that PCMI in MOX is almost identical to U02, in agreement with
pellet dimensional changes, expected similar in both fuels as a result of pore evolution and solid
swelling.
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Assemblies containing BNFL SBR MOX fuel, which had been fabricated in the MOX
Demonstration Facility (MDF) at Sellafield, were loaded in NOK's Beznau-1 reactor in 1994.
The fuel was irradiated for 3 cycles to average burnups of order 35 MWd/kgHM and
subsequently rods were extracted and sent for Post Irradiation Examination (PIE) at the
European Institute for Transuranium Elements. This paper presents the detailed results of this
PIE investigation. Comparisons are also made with the fuel performance code ENIGMA-B
which is being specially developed by BNFL for use with MOX fuel.

Seven rods of varying enrichments were in the PIE programme. These rods were specially
characterised before irradiation.

Data from the following non-destructive measurements are included in the paper,

• Visual Examination
• Eddy Current oxide thickness measurement
• Rod diameter profiles & rod length measurements
• Gross y - scanning and stack length measurement
• y - Spectra

The performance of the fuel has been very good. The visual examinations show that the rods
have a generally grey appearance with some small white oxide patches. No clad defects have
been found in the visual examinations, supplementary ECT investigations or diameter
profiles.

ECT oxide thickness measurements were made on each rod along the 0, 90, 180 and 270
degrees axes. The data reveals that the average oxide thickness was 30 fj.m or less in all cases.
The greater part of the rods had an oxide thickness well below 20 (im.

Two diameter profiles at right angles to one another were measured on each rod. The results
show creep-down of the cladding along the majority of the rod and some creep reversal due
to fission product swelling. The rod length change is in line with what would be expected for
l)O2 rods at aburnupof35 MWd/kgHM [1], [2].

The gross y-scans displayed a generally flat burnup profile with local reductions due to the
grids and a rapid fall off in gamma activity at the ends of the rods. The y spectra display a
similar picture to the gross scan, in particular there is little if any evidence of Cs migration.
Closer inspection of the data reveals that the fuel column is intact with no significant inter
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pellet gaps. The fuel stack length increase has also been determined and indicates a fuel
swelling rate in line with other MOX fuels irradiated in commercial reactors.

Results from the extensive destructive programme will also be described. These include data
from:

• Gas puncturing
• Optical ceramography and scanning electron microscopy of fuel microstructures
• A study of fission gas bubble characteristics
• Other fission product distributions using electron probe microanalysis.

Comparisons are made between the PIE results and predictions from the fuel performance
code ENIGMA-B. ENIGMA-B is being specially developed by BNFL for use with MOX fuel
and the M501 data forms an important part of the validation database for the code.

Overall it is shown that the performance of the SBR MOX fuel is good.

References
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The Japan Nuclear Cycle Development Institute (JNC) has developed the MOX fuel for the
advanced thermal reactor (ATR), which is the heavy-water-moderated, boiling-light-water-cooled,
pressure tube type reactor, and LWR more than 30 years. As a part of this development, JNC
conducted various irradiation tests of the MOX fuels in thermal reactors such as ATR "Fugen" and
Halden Boiling Water Reactor (HBWR). In this paper, we summarize the MOX fuel irradiation tests
conducted in ATR "Fugen" and HBWR, and review the MOX fuel irradiation behavior in a thermal
reactor.

The major MOX fuel irradiation tests conducted in "Fugen" and HBWR are summarized in
Table 1. The irradiation condition and the specifications of ATR fuel are quite similar to those of
BWR fuel.

The MOX fuel irradiation behavior observed in these tests are as following.

(1) Fission Gas Release

Fission gas release rates of the MOX fuels are within the data spread of the U02 fuels. That is,
fission gas release behavior of the MOX fuel is quite similar to that of U02 fuel. It is well known that
the homogeneity of MOX fuel affects its fission gas release rate at high burnup. However,
distinguishable difference was not observed between JNC MOX fuel and the U02 fuels, and the
excellent homogeneity of JNC MOX fuel was confirmed by the post irradiation tests.

(2) Helium Release

In MOX fuels, M2Cm generation during irradiation is much faster than U02 due to its high Pu
content, which results in larger generation of helium. Measured amount of released helium was
apparently larger in MOX rods than in U02 rods. Also it is observed that behavior of helium release
was similar to that of fission gas release with respect to its dependence on burnup and linear heat rate.

(3) Pellet Microstructure

In "Fugen" E04 fuel, occurrence of narrow porous band and porous structure of plutonium
agglomerates were observed in peripheral region. However, no measurable effect was detected.



(4) Pellet Stability

Fuel pellet density increases by densification at the beginning of the irradiation, and decreases
gradually by swelling as the bumup increases. This behavior of the MOX fuels pellet had good
coincidence with that of the U02 fuels. That is, pellet stability behavior of the MOX fuel is quite
similar to that of U02 fuel.

(5) Cladding Inner Surface Oxidation

In "Fugen" E04 fuel, oxidation of cladding inner surface was benign. Relationship between
location of corrosion and presence of Pu agglomerate was also vague. These results suggest that
oxidation of cladding inner surface of a MOX fuel rod is small and may not be affected by presence
of Pu agglomerates in the burnup range up to 35 GWd/t

(6) Mechanical Behavior During Power Transient

A series of power ramp test on ATR MOX fuel segments exposed up to 22GWd/t revealed that
failure threshold of the MOX fuel was higher than 6OkW/m, which was higher than that reported for
U02 BWR fuel [1] as shown in Figure 1. ATR MOX fuel rods were also subjected to power cycling
irradiation simulating a daily load follow operation. It was confirmed by diameter measurement and
fuel instrumentation that cladding deformation by PCMI once occurred at the beginning of the cycling
was immediately relaxed and that there was no mechanical effect by repetition of power change.

As discussed above, JNC accumulated a lot of useful data on the irradiation behavior of the
MOX fuel. Comparison of irradiation behavior between MOX and U02 fuel shows that there is no
distinguishable difference except for helium release.

Along with these irradiation tests, a MOX fuel rod performance evaluation code "FEMAXI-
ATR" has been developed to predict thermal and mechanical performances of the MOX fuel rod
during irradiation with a reasonable safety margin. A code verification was done by comparing
calculated values of fuel center temperatures, fuel rod pressures, FP gas release rates, fuel cladding
diameter changes, etc., with the results of the irradiation tests. Calculated values and measured ones
had a good coincidence at a burn-up of up to about 60 GWd/t as shown in Figure 2. "FEMAXI-ATR"
code has been already applied to the design study of the ATR high burn-up MOX fuel (maximum
assembly burn-up of 55GWd/t).

Reference

[1] K. Asahi, et. al. "Irradiation and Post Irradiation Testing Program of BWR MOX
Fuel Rods", Proc. Int. Topical Mtg. on Light Water Reactor Fuel Performance,
West Palm Beach, Fl., April 17-21, 1994, P.726, ANS, (1994)



Table 1. MOX Fuel Irradiation Tests in HBWR and ATR "Fucen..

Irradiation Tests

HBWR

IFA-514

IFA-S29

IFA-SS4/S55

IFA-S65

Fugcn

DATR-iypc(EO4.EQ5)
Segrnem-iype (E06, E07)

Gd2O3-(ypc (E08. E09)

Stindard-iype(PO6. P2R)

Max.Pdlct

Burn-up

(MWd/l)

56000

34700

37400

6SOO0

40300

32600

49200

14400

Max. Linear
Heat Rating

(kW/m)

46

44

56

46

44.5

29

45.7

49.8

Pu-fiuite

Content

(wi«)

4.6
6.0

4.6

l.0~2L5
I J — 3.0
l.5~3.9

0.55~l.56

Pdlet

Diameter

(mm)

I0-S4 — 1O57

10.47 ~ 10.64

12.4

10.54 ~ 10-57

IZ4

12.4

IZ4

14.4

Pellet

Type

Hollow & Solid

Solid

Hollow & Solid

Hollow & Solid

Solid

Hollow & Solid

Solid

Solid

MOX

Powder

MB

MB/MH
MB

MB

MH

MH

MH

MB/MH

MB : 100% PuO, powder was mechanically blended with UO , powder.
MH : 50% PuO,-UO, powder was prepared by microwave heating, then mechanically blended with UO , powder.
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PROGRAMME OF THE OECD HALDEN REACTOR PROJECT AND REVIEW OF
SELECTED RESULTS
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ABSTRACT

The OECD Halden Reactor Project has defined an extensive experimental programme related to
MOX fuels which is being executed with the objective to provide a performance data base similar to
that available for UO2. In addition to utilising fresh MOX fuel and re-instrumented segments from
LWR irradiations to high burnup, the concept of inert matrix fuel is being addressed. The irradiation
in the Halden reactor is performed in rigs allowing steady state, power ramping and cyclic operation.
In-pile data are obtained from instrumentation such as fuel centreline thermocouples, pressure
transducers, fuel and cladding elongations detectors, and movable gauges for measuring the diametral
deformation. Various phenomena can be assessed in this way, e.g. thermal performance, swelling and
densification, PCMI and fission gas release. The paper describes the objectives of various
experiments and provides examples of temperature, pressure and cladding elongation measurements
performed on MOX fuel. Salient results are related to the threshold for the onset of significant fission
gas release and the relaxation behaviour in a power ramp - PCMI situation.
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Helium is generated in fuel pellet matrices by ternary fission, (n,a) reaction and a decay of trans-
uranium nuclides, such as Cm-242. The last one is the major source. Therefore, helium accumulation
in the matrices, especially in MOX fuels, increases with the burnup, not linearly but exponentially.
Helium, accumulated in fuel pellet matrices, is released into the free volume of the fuel rod and it
increases the rod inner pressure along with the released fission gas, when the fuel temperature rises.

The data obtained so far suggest that helium and fission gas have a similarity in their release
behaviours. Little helium and fission gas were released when fuel rods had been irradiated at a lower
linear heat rate than the threshold, identified in fission gas release. When the fuel rod had
experienced a higher linear heat rate than the threshold, helium release rate increased with growth of
the fission gas release rate, however, the former was larger than the rate of fission gas. This seems to
indicate that both gases have almost the same threshold that may correspond to the tunnel formation
of gas bubbles on pellet grain boundaries. However, with only their diffusivities it seems difficult to
describe the large difference which appeared in their release rates.

As a first step to study the helium release mechanism, the reliability of helium generation calculations
was evaluated. Helium volumes preserved in pellets were measured for samples from an MOX and a
U02 fuel rod. The MOX fuel rod had been irradiated to 30.6 GWd/t in Tsuruga Unit 1 and the U02

rod to 36.5 GWd/t in Fukushima Daini Unit 2.

A system which included a pellet dissolution and a gas collection part, was set up in the NFD hot cell.
After the system was evacuated, precisely weighed specimens were put into nitric acid and dissolved.
All gases generated in the dissolution process were collected into a chamber filled with a definite
amount of standard composition gas. The system was kept below atmospheric pressure in order to
prevent gas leakage. The isotopic compositions of the collected gases were analyzed with gas mass
spectrometry and each gas volume preserved in the pellets was evaluated.

The total generated gas volumes of helium, xenon and krypton which were got by adding the released
volume (the puncture test result) to the retained volume (the measured result), were about same as
values calculated with ORIGEN code for U02 fuel rod. A discrepancy was noted between the
measurement and calculation for the MOX fuel rod. However, the MOX specimens were kept in
capsules for a long time after their preparation and additional gas releases were detected when the
specimens were taken from the capsules. The values corrected with the additional gas release, were
almost equal to the calculated ones.



The fission gas release was about 8% for the MOX fuel rod, and 5% for the U02 fuel rod. However,
the helium release rates were over 50% for both rods. The helium release rates were roughly ten
items as large as the fission gas release rates.

The volume fractions of helium in the total gas released into the free volume were reported to exceed
over 30% in MOX fuels. This is too large to neglect the effects on the mechanical design of MOX
fuels. Therefore, it is important to clarify the release mechanism. In this paper we will discuss
helium behavior based on data obtained from the puncture test, ceramography, micro gamma
scanning, etc.
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DEVELOPMENT AND VALIDATION OF THE ENIGMA CODE FOR MOX
FUEL PERFORMANCE MODELLING
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The ENIGMA fuel performance code has been under development in the UK since the mid-
1980s, with contributions made by both the fuel vendor (BNFL) and the utility (British
Energy). In recent years it has become the principal code for UO2 fuel licensing for both
PWR and AGR reactor systems in the UK and has also been used by BNFL in support of
overseas UO2 and MOX fuel business.

A significant new programme of work has recently been initiated by BNFL to further develop
the code specifically for MOX fuel application. Model development is proceeding hand in
hand with a major programme of MOX fuel testing and PIE studies, with the objective of
producing a fuel modelling code suitable for mechanistic analysis, as well as for licensing
applications. This paper gives an overview of the model developments being undertaken and
of the experimental data being used to underpin and to validate the code.

While the ENIGMA code already contains state-of-the-art models for the properties and in-
reactor processes applicable to standard UO2 fuel [1], MOX-specific developments are
required in a number of areas, including:-

• evolution of the radial profile of plutonium isotopes and thermal neutron flux
• fission product spectra, including helium generation
• evolution of the fuel microstructure including rim structure formation
• fuel thermal conductivity and its evolution with burnup
• fuel densification and solid fission product swelling behaviour
• irradiation and thermal creep properties
• stable fission gas release and gas bubble swelling behaviour
• fuel grain growth
• short-lived fission product generation and release
• ramp test behaviour and PCI resistance

with many of the properties and processes dependent on the MOX manufacturing route as
well as the irradiation conditions.

The sources of data being utilised for the model development and validation programme are
numerous and include the following:-
• out-of-pile property measurements on unirradiated MOX fuel
• international MOX fuel projects in which BNFL participates

- PRIMO, M-109, M-308
- Halden Project MOX tests:



• BNFL's own programmes

- Callisto irradiation, PIE and ramp testing [2]
- Beznau M501 assembly PIE programme [3]
- ramp test programmes
- re-instrumentation tests

• specialised post-irradiation studies
- out-of-pile property measurements
- post-irradiation anneals
- post-ramp SEM/TEM fission gas bubble analysis.

The paper provides a summary of the code development programme together with specific
examples of new models produced. The status of the programme and future plans are
reviewed. Practical application of the code is also covered in numerous other papers, e.g. [I],
[2] and [3].
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Statistical methods in fuel rod design have received more and more attention during the last years.
This is demonstrated not only by recent publications on this subject, but also by the fact that the
American National Standard for Light Water Reactors, Fuel Assembly Mechanical Design and
Evaluation, quotes explicitly the option to use probability analyses.

One of different possible ways to use statistical methods in fuel rod design can be described as
follows: Monte Carlo calculations are performed using the fuel rod code CARO. For each run with
CARO, the set of input data is modified: parameters describing the design of the fuel rod (geometrical
data, density etc.) and modeling parameters are randomly selected according to their individual
distributions. Power histories are varied systematically in a way that each power history of the
relevant core management calculation is represented in the Monte Carlo calculations with equal
frequency.

The frequency distributions of the results as rod internal pressure and cladding strain which are
generated by the Monte Carlo calculations are evaluated and compared with the design criteria.

Up to now, this methodology has been applied to licensing calculations for PWRs and BWRs, UO2

and MOX fuel, in 3 countries. Especially for the insertion of MOX fuel resulting in power histories
with relatively high linear heat generation rates at higher burnup, the statistical methodology is an
appropriate approach to demonstrate the compliance of licensing requirements.

In summary, the advantages of the fuel rod design using statistical methods in connection with a
modern fuel rod code (with burnup dependent fuel thermal conductivity, mechanistic fission gas
release model and validation against a data base up to high burnups) are:

• consistent treatment of code uncertainties and distributions of fabrication parameters

• possible sensitivity assessment of fabrication parameter effects and power history influences

• realistic assessment of margins, especially for higher burnups and more demanding core
management strategies as can be realized by means of standard deterministic methods

• possible on-line fuel rod design with core management calculations

• possible consistent extension to dry storage design analyses

The statistical design methodology is a tool to realistically assess the behavior of the fuel rods in a
reactor core. It has the capability of characterizing the degree of conservatism through the statistical
evaluation of numbers of fuel rods coming close to a design limit. Since fuel insertion conditions are
becoming more and more demanding as well as knowledge about performance affecting mechanisms
and experience data bases has been increasing, classical deterministic methods should be replaced by
statistical methods which provide more differentiated information about fuel rod behavior.
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SUMMARY

Introduction

Research and development activities on Pu-containing MOX fuel have been conducted by Atomic
Energy of Canada Limited (AECL) at its Chalk River Laboratories (CRL) site since 1960, and they
remain a strategic part of AECL's advanced fuel cycle program. The program includes MOX fuel
fabrication development, irradiation testing, post-irradiation examination, as well as reactor physics
and fuel management studies.

MOX Fuel Fabrication

AECL's MOX fuel fabrication activities are performed in the Recycle Fuel Fabrication Laboratories
(RFFL) at CRL. The RFFL facility is designed to produce experimental quantities of CANDU MOX
fuel for reactor physics tests or demonstration irradiations.

Since the start-up of the RFFL in the mid-1970's, a number of MOX fuel fabrication campaigns have
been conducted in the facility, producing various quantities of fuel with different compositions. Table
1 lists the various types and quantities of MOX fuel produced in the RFFL. The fuel elements and
bundles were used for test irradiations in the NRU experimental reactor, and for physics tests in the
zero power ZED-2 reactor. To date, there were about 5000 individual fuel elements, equivalent to
over 160 bundles and containing close to three tonnes of MOX, fabricated in the RFFL.

Subject to restrictions imposed by the presence of Pu (essentially all operations are done inside
ventilated and filtered glove boxes and fume hoods), the processes employed in the RFFL follow
conventional natural UO2 practice. Weighed amounts of the starting powders (UO2 or ThO2 and
PuO2) are milled either separately or as a mastermix using a vibratory mill. Blending could then be
achieved using the high-intensity mixer followed by a turbula blender. The blended MOX powder is
pre-pressed into compacts, which in turn, are fed into a granulator. The resulting free-flowing
granules are then suitable for final pressing into green pellets using an automatic hydraulic press. The
green pellets are loaded into a batch furnace, where sintering is performed under a dilute hydrogen
cover gas. Sintered pellets are then centreless ground to a specified diameter and surface finish.
Acceptable pellets are loaded into sheaths which are subsequently endclosure welded using a TIG
welding system. The sealed elements are helium leak-tested, scanned for surface alpha
contamination, and dimensionally inspected prior to bundle assembly.



Standard inspection techniques are applied to obtain data such as immersion density of sintered
pellets, microstructural grain size of sintered pellets, and impurity contents of the finished pellets.
One inspection technique of interest is alpha autoradiography used in combination with image
analysis to determine Pu particle size and distribution. Information obtained from autoradiography is
then correlated with X-ray wavelength dispersive spectrometry (WDS) to quantitatively determine
local Pu concentration and provide an accurate Pu distribution profile.

CANDU MOXFuel Performance Testing

AECL's MOX fuel irradiation program has progressed from tests conducted on individual elements, to
study the behaviour of MOX pellets operating in conditions representative of CANDU fuel to the
multi-bundle demonstrations of the irradiation performance of Canadian-built fuel. More recently, the
BDL-419 experiment has involved the fabrication, irradiation and post-irradiation examination (PIE)
of MOX fuel bundles of the same 37-element geometry as is currently used in commercial CANDU
power reactors.

CANDU fuel bundles containing 0.5 wt % plutonium in natural uranium were fabricated in the RFFL
and were successfully irradiated in the National Research Universal (NRU) reactor at powers up to
65 kW/m and to burnups ranging from 13 to 23 MW»d/kg HE. Two of the bundles experienced power
histories that bound the normal powers and burnups of natural UO2 CANDU fuel (<65 kW/m, to
burnups of 13 to 15 MW«d/kg HE). These bundles exhibited sheath strain and fission-gas release
(FGR) typical of those observed in similarly designed and operated UO2 fuel. Significantly more
grain growth was observed than that typically expected for UO2 fuel; however, this increase in grain
growth had no apparent effect on the overall performance of the fuel. Pellet-centre columnar grain
growth was accompanied by plutonium homogenization. Two other MOX bundles operated to
extended burnups of 19 to 23 MW«d/kg HE. Burnup extension above 15MW«d/kg HE had no
apparent effect on sheath strain or grain growth, and only a small effect on FGR and the amount of
oxide observed on the inner surface of the sheath.

This experiment is continuing in NRU using other bundles produced during the same fabrication
campaign. The leading bundle has recently achieved an outer-element burnup of more than 23
MW«d/kg HE, with a target burnup of > 40 MW«d/kg HE.



TABLE 1. Fuel Fabrication Campaigns Conducted in the RFFL

Experiment

BDL-419

BDL-422

BDL-430

WR1-1012

WR1-1010

BDL-432

ZED2-96

DATE

1979-80

1981-83

1982

1982

1982

1982-85

1986-88

1996-97

FUEL TYPE

(U, Pu)O2 @ 0.5% Pu

(Th, Pu)O2@ 1.75% Pu

Natural ThO2

(Th, U)O2@1.8%U235

(Th, Pu)O2 @ 2.3% Pu

(Th, Pu)O2 @ 2.3% Pu

(Th,U)O2@ 1.4% U233

(U, Pu)O2 @ 0.3% Pu

QUANTITY (kg MOX)

15, 36-element bundles (320 kg)

6, 36-element bundles (120 kg)

1, 36-element bundle (20 kg)

2, 21-element bundles (20 kg)

2, 21-element bundles (20 kg)

1332 elements (650 kg)

1350 elements (700 kg)

37, 37-element bundles (810 kg)
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The joint IPSN/EDF fuel test program CABRI REP-Na has been started in 1993 with the aim
to extend the data base of Light Water Reactor fuel behaviour under the conditions of the reactivity
initiated accident (RIA) of PWRs, i.e the ejection of a control-rod bundle under hot zero-power
conditions.

The main objective of this program was the investigation of potential high burn-up effects
and the verification of the RIA safety criteria for classical UO2 fuel corresponding to the request of
the french safety authority DSIN in view of the intention of Electricite de France (EDF) to increase
the goal burnup from 47 to 52 GWd/t (mean assembly).

In addition, the investigation of MOX fuel behaviour under RIA conditions was included in
the definition of the REP-Na test matrix, in anticipation of future licensing requests concer -ning the
behaviour of irradiated MOX fuel under RIA conditions [1].

The most commonly used MOX fuel is elaborated through the MIMAS fabrication proce-
dure.which is characterised by the mechanical mixing of UO2 with a masterblend powder of (UPu)O2.
This procedure produces a slightly heterogeneous final product with mixed oxide agglomerates,
imbedded in the UO2 matrix. The mean size of these agglomerates is rather small, ~ 20 microns,
however it cannot be excluded that a small but non-negligeable number of the clusters reaches the size
of several hundreds of microns. This heterogeneity represents the most significant difference with
regard to UO2 fuel and its potential effect under the conditions of the fast transient heating under the
RIA has been considered and investigated since long time [2,3,4]. The result of these investigations is
taken into account in the MOX fuel fabrication specifications.

TABLE 1: THE MOX-FUEL TESTS OF THE CABRI REP-NA TEST MATRIX

Test
(date))

Tested rod Pulse
(ms)

Energy at
pulse end
(cal/g)

Corrosion Results and remarks

Na-6
(3/96)

EDF MOX,
3c
span 5
47 GWd/t

40 165
(at 1.2 s)
(690 J/g)

35 No rupture
Umax =148 cal/g
A<j>/<j) (max) : 2.65 % max
FGR=21,6%

55 GWd/t
Examination currently carried
out

Na-9
(4/97)

EDF MOX
2c
span 5
28 GWd/t

34 228
(at 1.2 s)
(1007 J/g)

<20 No rupture
Hmax = 210 cal/g
A<f>/4> = 7.3 % mean max
FGR=35% (to be confirmed
Examination currently carried
out



The early concern however was related only to the aspect of the thermal behaviour of the
plutonium-rich clusters and only fresh fuel experiments were performed. More recent results, from
CABRI [5] and from NSRR [6] tests, lead to postulate a specific high burnup behaviour resulting
from fission gas effects.

Three MOX tests have been performed in the CABRI REP-Na program, with fuel at 28, 47
and 55 GWd/t burnup. The test characteristics and major results are presented in Table 1.
The objective of the present paper is to discuss the significant differences of the behaviour of MOX
fuel under RIA conditions with regard to UO2 and to present some major results and aspects of
understanding of the Cabri MOX tests.
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HIGH BURN-UP IRRADIATION PERFORMANCE OF ANNULAR FUEL PINS
IRRADIATED IN FAST REACTOR PFR
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In recent years, the economics of the fast reactor system as a whole has been given considerable
attention and it has been shown that increasing fuel burn-up offers significant cost advantages
Annular fuel, which lowers the smear density to compensate for pellet swelling as burn-up increase
and maximizes heat rating for a prescribed margin to fuel melting, is one of the promising design for
fast reactor driver fuel. UK Prototype Fast Reactor (PFR) has achieved to irradiate MOX annular
pelleted fuel pins clad with PE16 up to high burn-up over 20 % heavy atom (ha) without failure, the
high burn-up fuel pins can provide the valuable data for the study of high burn-up capability.
Therefore, post irradiation examinations (PIE) were conducted in the PFR fuel pins (from LVD and
ANT assemblies) under the collaborative program between UKAEA, BNFL / CEA / JNC, and the
irradiation behavior of MOX annular pelletized fuel was evaluated especially in concentrating on
mechanical and thermal performances at high burn-up. The results of LVD test pin have been
reported, this paper adds the newly obtained results of ANT test pins with different O/M ratio, and
discussion is performed in comparison of both pins.

The test fuel pins were selected from LVD and ANT assemblies designed for high burn-up
operation. These fuel pins design employs 6.58 mm diameter fuel pin containing annular pellets clad
with high nickel content steel alloy PE16, which is highly resistant to irradiation swelling. On the
fabrication parameters, both pins have different O/M ratios, O/M ratio of ANT pins is 1.985, which is
higher than that of LVD pins (1.965). LVD and ANT assemblies were irradiated up to 23.2 and 18.9
%ha burn-up with peak cladding damage doses of 144 and 148 dpa-NRT(Fe), respectively. The peak
linear heat ratings (LHR) of LVD and ANT pins are 580 and 480 W/cm.

For the LVD and ANT test pins, PIE such as X-ray radiography, gamma-scan, profilometry,
ceramography, electron-prove micro analysis (EPMA), pin puncture etc. were conducted. The main
PIE results revealed the following:

- The cladding diameter changes of both pins were less than 1%_D/D in spite of high dose over 140
dpa-NRT(Fe) due to high swelling resistance of PE16.

- The fuel central voids maintained the initial annular geometry without any significant reduction in
diameter up to high burn-up.

- The columnar grain structures were modified in PPN ceramographic results, which suggested the
fuel temperature had been low around high burn-up.

- The clad internal corrosion depth due to fuel cladding chemical interaction (FCCI) was larger in
ANT pin with higher O/M ratio.

- The residual fuel to cladding gaps of both pins were filled with FP compounds released from fuel
pellet (Fuel to Clad Joint (JOG)).

- The difference existed in swelling behavior of both pins around high burn-up. ANT pin with higher
O/M ratio has the tendency that the increase of outer diameter relatively becomes larger.



These PIE results show that the fuel pin deformations are small and the fuel temperatures are
low at high burn-up. It is generally a well known characteristic at high burn-up that fuel cladding
mechanical interaction (FCMI) becomes significant in fuel pins with small cladding deformation and
that accumulation of FP gas lowers gap conductance. Thus, the irradiation behaviors were evaluated
in viewpoints of FCMI and fuel temperature at high burn-up.

Mechanical behavior: The cladding diameter change was estimated mainly due to cladding
swelling and irradiation creep induced by internal gas pressure in both pins, as a result it was
considered that the contributions of FCMI were benign. This is attributed to fuel pellet swelling
limited due to JOG formation and displacement toward the fissile column extremities at high burn-up.
Therefore, it is recognized that the fuel pins have maintained superior dimensional stability up to high
burn-up.

Thermal behavior: It was estimated that the FP compounds (JOG) in residual fuel-to-cladding gap
compensated the decrease of gap conductance due to accumulation of fission products gas at high
burn-up. This effect and the maintenance of initial annular shape give a desirable heat transfer
characteristic to the annular fuel. Therefor, the fuel temperature is considered to be low enough to
have a large margin to fuel melting at high bum-up.

These results gained in LVD and ANT test pins demonstrate that MOX annular pelletized fuel
pin clad with PE16 have excellent performances at high burn-up. Moreover the results of ANT test
pins with higher O/M ratio indicate that though FCCI becomes larger and the fuel swelling behavior is
different around high burn-up, the effects are not severe for the capability of high burn-up (~20 %ha).
Therefore, we concluded that MOX annular pelletized fuel pin clad with high swelling resistant
material have a capability to endure the high burn-up over 20 %ha in O/M ratio ranging from 1.965 to
1.985.
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MODELLING OF THERMOMECHANICAL AND PHYSICAL
PROCESSES IN FR OXIDE FUEL PINS USING THE GERMINAL
CODE

L. ROCHE and M. PELLETIER
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In the frame of the R&D on Fast Reactor mixed oxide fuels, CEA/DEC has developed
the computer code GERMINAL for studying fuel pin thermal and mechanical behaviour,
both during steady-state and incidental conditions, up to high burn-up (20 at%).

The first part of this paper, is devoted to the description of the main models:

- fuel evolution (porosity redistribution and formation of columnar grain zone,
central hole formation and time evolution, thermal healing of cracks, plutonium
and oxygen radial redistributions, fission products swelling etc.),

- fission gas production and release, helium production by minor actinides (MA -
Am and Np)

- transient gas swelling and melting fuel behaviour,

- fuel/cladding gap size evolution and heat transfer! coefficient,

- high burn-up phenomena (JOG formation and evolution, consequences on the
heat transfer! coefficient),

- swelling, irradiation and thermal creep for various cladding materials (austenitics
and ferritic steels, nickel alloys)

- fuel/cladding mechanical interaction.

The second part gives some examples of calculation results taken from the GERMINAL
validation data base (more than 40 experiments from PHENIX, PFR, CABRI reactors),
with special emphasis on:

- local fission gas retention and global release,

- fuel geometry (central void and columnar zone diameters),

- radial redistribution of plutonium for PHENIX and PFR high burn-up fuels,

- solid and annular fuel behaviour during power ramps, including fuel melting,

- helium formation from MA doped homogeneous fuels.
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Today the NPP Gundremmingen with two 1344 MWei units is the only commercial BWR plant
worldwide operating with MOX-fuel - after a five years lasting licensing procedure. In
Gundremmingen recycling of plutonium started in 1995 with 16 9x9-MOX-fuel assemblies (FAs) in
unit C. One year later unit B followed with the insertion of 32 9x9-MOX-FAs designed by Siemens,
16 of them fabricated by BN at Dessel in Belgium and 16 by Siemens at Hanau in Germany. In unit B
the number of MOX-assemblies from Dessel was increased continuously in the following cycles (see
Fig. 1): presently (spring 1999) 124 MOX-FAs are in the core of unit B. The maximum number of
MOX-FAs in one core is limited by license to 300 corresponding to 38% of the whole core. Up to
now the leading MOX-FAs have reached burn-ups of up to 42 MWd/kg.

The average amount of fissionable plutonium of a typical 9x9 MOX-FA in Gundremmingen is 3 w/o
in tails-uranium i.e. each FA contains about 5 kg fissionable plutonium. The isotopic Pu composition
corresponds to plutonium which has been recovered from LWR uranium fuel with a burn-up in the
range of about 35 MWd/kg U. The 9x9-design contains one water rod, 68 MOX-rods, 12 U/Gd2O3-
rods and six different enrichment levels. Due to the higher local power peaking of MOX-FAs
compared to uranium-FAs most of the MOX-FAs have to be placed in the outer region of the core to
reduce radial peaking factors.

Compared to U235 the absorption cross sections of the main Pu isotopes show high resonances in the
thermal energy range. Therefore the thermal neutron flux in the interior of a MOX-FA is significantly
lower than in the corresponding region of an uranium FA. In contrary to PWRs the FAs in BWRs are
separated by water gaps. Due to these water gaps the thermal neutron flux increases at the periphery
of the MOX-FA. This increase is enhanced if uranium-FAs are positioned next to a MOX-FA.
Up to now the incore fuel management for Gundremmingen is performed by NIS with the 1.5 group
core simulator COSIMA. The nuclear data bases used by COS1MA for the various FA types are
generated with CASMO i. e. one-bundle calculations for the uranium-FAs and four-bundle
calculations for the MOX-FAs (1 MOX-FA surrounded by typical uranium neighbours). With respect
to the four-bundle calculations a simplified core benchmark has shown that the COSIMA results are
in good agreement with the CASMO results using the four-bundle data base for MOX-FAs.

But of more interest than theoretical studies is our incore-experience with MOX-fuel in the high
power density BWR cores:

The differences in reactivity between measurement and precalculations in zero-power-tests regarding
control-rod-cells containig MOX-FAs and pure uranium-cells are investigated. The analysis shows
that the shutdown margin in control-rod-cells containing MOX-FAs is precalculated with the same
precision as in pure uranium cells. The differences between results from TIP measurements and



precalculations in mixed MOX-uranium-cells and in pure uranium-cells are investigated as well. All
values are within the standard deviation of the measuring positions. These results lead to the
conclusion that MOX-FAs can be calculated with the same precision as uranium-FAs. Because of the
good prediction of the neutronic behaviour of the MOX-FAs no additional core monitoring is
required.

Concerning expected radiation dose rates and personal-doses during the handling of fresh MOX-FAs
a detailed study including a handling procedure to minimize dose rates was performed by NIS.
Actually the radiation dose during handling turned out to be only less than half of the dose expected
from a precalculation.

After the good experience with more than 100 9x9-MOX-FAs we expect the first lOxlO-MOX-FAs
with 4 w/o fissionable plutonium to be inserted in Gundremmingen in the year 2000.
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Fig. 1: Development of the number of MOX-FAs in the BWR unit Gundremmingen B



IAEA-SM-358/27
PROGRESS OF FULL MOX CORE DESIGN IN ABWR

S. IZUTSU, M. SASAGAWA
Hitachi Works, Hitachi Ltd., Hitachi, Ibaraki XA9950225
Japan

M. AOYAMA, H. MARUYAMA
Power & Industrial Systems R&D Division, Hitachi Ltd., Hitachi, Ibaraki
Japan

T. SUZUKI
Nuclear Power Department, Electric Power Development Co. Ltd., Tokyo
Japan

[Objectives] Full MOX core design in ABWR having favorable features for MOX utilization is
developed comprehensively on the core performance and safety evaluation. The nuclear design
method is validated with the criticaliry analyses of JAERI's TCA experiment by comparing the errors
for full MOX cores with those for full UO2 cores.

[Full MOX Core Scheme] Full MOX core design has been developed in ABWR with wider lattice
pitch than conventional BWR (larger H/HM ratio) meaning the mitigation of void coefficient change
effect with MOX loading. The main design concepts of full MOX core are as follows.

(1) MOX bundle configuration is selected to be the same design as STEP-2 UO2 bundle (39.5GWd/t
discharge exposure) having plenty of operational experience. This bundle has the large central
water rod in the central region of 8x8 fuel rod configuration.

(2) MOX bundle exposures are selected to be the same exposures as STEP-1 UO2 bundle (33GWd/t
discharge exposure and 40GWd/t maximum bundle exposure), which are based conservatively
on the MOX irradiation experience.

(3) The bundle average fissile material content is selected to be about 3wt% as Puf content and
about lwt% as U-235 enrichment in the design based on depleted uranium matrix and Gd
containing rods with enriched uranium for the conditions of 13-month cycle length and standard
Puf fraction of 67wt%.

(4) Full MOX core is planned by EPDC to reach gradually from the initial core, loaded with MOX
bundles up to about one third, where UO2 bundle loaded together with MOX is 9x9 high burnup
bundle (STEP-3: 45GWd/t discharge exposure).

[Core Performance and Safety Evaluation] Core performance on thermal margin and shutdown
margin of full MOX core has similar characteristics to those of UO2 core for the range from full UO2

to full MOX, where MCPR is higher in the full MOX core owing to its lower radial power peaking,
compensating for the ascending of MCPR operating limit (OLMCPR) due to void coefficient increase
(Fig.I,Fig.2). Safety parameters ,i.e. reactivity coefficient (void coefficient, Doppler coefficient) and
dynamic parameters (delayed neutron fraction, prompt neutron lifetime) are affected continuously
depending on the MOX loading fraction.

Based on the above safety parameter and MOX property, safety analyses have been performed on
stability, abnormal transient during operation, transient and accident for control rod system, and
accident, showing the conformity to the design criteria.
[Validation of Full MOX Nuclear Design] Besides ample operational experience where Pu builds up
to about 60% fission fraction at the time of discharge, BWR nuclear design method has been verified
for MOX configuration through MOX mock-up criticality experiment (partially loading of MOX
bundles at VENUS facility) and lead-use basis utilization (irradiation of two MOX bundles at Tsuruga
Unil-I). In order to confirm the applicability of the design method to full MOX cores. Tank-type



Critical Assembly (TCA) experiment data is employed and analyzed on criticality and power
distribution measurements from the uniform MOX rod arrays (48 cases) and the uniform UO2 rod
arrays (40 cases), including different H/HM ratios. The evaluated result shows the equivalent
accuracy between full MOX (Fig.3) and full UO2 as follows.

(1) For criticality, full MOX analyses have the identical evaluation results as UO2 analyses within the
standard deviation (0.2%k) in both cases.

(2) For power distribution, full MOX analyses have the almost same deviation (1%2%: root mean
square of the difference between calculation and measurement) as UO2 analyses.
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EFFECT OF PLUTONIUM VECTOR ON CORE WIDE NUCLEAR DESIGN
PARAMETERS
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Mixed Oxide (MOX) fuel usage is well established in commercial reactors in several European
countries. The technicalities of MOX usage from a nuclear design perspective depends to a
considerable extent on the isotopic quality of the plutonium used. The fissile quality depends upon the
source of the Pu; whether the Pu arose from reprocessing of spent assemblies from Light Water
Reactors (LWRs), gas cooled reactors (Magnox and AGR) or whether the Pu arose from dismantled
nuclear weapons. In these cases, the fissile content of the Pu can typically vary from 60% in a high
burnup case to more than 90% in the weapons derived Pu, as shown in Table 1. The 2-dimensional,
fuel assembly burnup program CASMO-41 was used to model the different fuel types in order to
calculate the different Pu vectors achieved under nominal operating conditions. This paper assesses
the impact of these different fissile qualities (and hence Pu source) on core wide nuclear design
parameters for an equilibrium PWR fuel cycle.

TABLE 1. Pu VECTORS FROM VARIOUS SOURCES

Pu Source
and Burnup

PWR (38 GWd/t)
PWR (58 GWd/t)
AGR (22 GWd/t)
Magnox (5 GWd/t)
Military (N/A)

Pu238
w/o

1.77
3.70
0.55
0.10
0.00

Pu239
w/o

58.31
48.15
55.58
70.28
95.00

Pu240
w/o

21.24
23.50
27.79
22.63
4.00

Pu241
w/o

14.16
15.45
11.69
5.94
1.00

Pu242
w/o

4.52
9.20
4.39
1.05
0.00

When utilising MOX fuel in thermal reactors it is usual to want to match the reactivity of a MOX
assembly, averaged over its lifetime, to that of the UO2 assemblies co-resident in the core. Normally,
the reactivity versus burnup characteristics of MOX and UO2 assemblies are very different; the
gradient of reactivity with burnup is considerably smaller in MOX than in UO2, partly because of the
different neutron spectra and partly because of the fertile captures in 240Pu. This tends to hold down
the initial reactivity through neutron captures but eventually contributes to the overall reactivity
through the generation of fresh 241Pu. In the case of military grade Pu the reactivity versus burnup
curve is much more similar to that of UO2. A typical example of the differences and similarities for
the different Pu qualities can be seen in Figure 2. As can be seen, it is not possible to match the
reactivity of MOX and UO2 assemblies at all points in time; it is only possible to match the lifetime
average reactivity (LAR). In practice, this does not limit the performance of MOX assemblies as
acceptable fuel loading patterns can be found with matching LARs. This approach can be proven at
the whole core level.

A standard 3-loop Westinghouse PWR was examined for this study. The reactor consists of 157
assemblies with a 17x17 array of fuel pins per assembly. A 3 batch, out-in fuel management scheme
was used to give a cycle length of approximately 15 GWd/t.

' CASMO-4. Fuel Assembly Burnup Program, Version 1.24, Studsvik of America
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Fig. 2: K-infinity Versus Burnup for a Range of Pu Qualities

A UO2 equilibrium cycle was initially examined to determine a base case for both cycle length and the
nuclear design parameters2. Various key safety limits were then calculated using SIMULATE-33

including F&H, boron coefficient, MTC, ITC, control rod worth, void coefficient, and delayed neutron
fraction.

The initial all-UO2 cycle 1 loading pattern was used as the beginning of a transition to a MOX
equilibrium cycle. The MOX assemblies were then introduced in subsequent, transition cycles until
one-third of the core consisted of the MOX assemblies. This MOX loading was chosen arbitrarily as
the maximum number of assemblies that could be loaded. If time is available, additional
investigations may be completed to examine a higher MOX core fraction.

For a cross section of the Pu vectors available (as shown in Figure 1), the lifetime average reactivity
(LAR) was matched to the equilibrium feed UO2 enrichment to maintain cycle length and energy
output. This results in a variation in required plutonium concentration as the quality of the plutonium
varies depending on the Pu source. These equivalent assemblies were then loaded into the core and an
equilibrium cycle established for each of the different plutonium qualities. SIMULATE-3 was then
used to determine the values for the key safety parameters (FAn, boron coefficient, MTC, ITC, control
rod worth, delayed neutron fraction) for each of the equilibrium cycles with the varying plutonium
qualities.

A comparison was then made between each of the different plutonium concentrations and Pu sources
for the key safety limits given above, and compared with the UO2 whole core results. Conclusions
were then made as to how the variation in Pu concentration and composition effect the key safety
parameters and whether the adoption of such Pu vectors could limit their use in PWRs.

2 Generic CMS PWR F.quiibrium Model Revision 1. Arthur S. DiGiovine, Lourdes P. Flizondo Studsvik SOA-
96/07
' SIMULATF-3, Adavanced 3-D, 2-Group Reactor Analysis Code, Version 5.05, Studsvik of America
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Recycling plutonium in standard PWRs using 100% MOX loadings brings about a degradation of the
control mean efficiency. Different solutions exist, in order to mitigate this effect, and have to be analyzed
and compared. One possibility could be to increase the moderation ratio (High Moderation Reactor
concept). Another way of improvement, while using a standard PWR, is to limit the plutonium content in the
reactor, which means that to reach the target burnups, enriched uranium must be used (MIX concept). Other
possibilities, like the APA (Advanced Plutonium Assembly) concept or the utilization of enriched boron are,
as well, under study at CEA.

This paper presents the detailed analysis of the MIX and HMR concepts performed with the codes
APOLLO2 (preparation of the group constants) and CRONOS2 (3D diffusion and fuel management). The
data concerning the geometry of the MIX come from the standard 1300 Mwe reactors, whereas the HMR
was designed such as to be compatible with the 1450 MWe EPR (European Pressurized Reactor) vessel. A
3x18 months fuel management is considered, corresponding to average discharge burnups of, respectively,
45 GWd/t and 66 GWd/t for the MIX and for the HMR. The Pu isotopic composition (from Pu238 to Pu242) is
2.7/56.0/25.9/8.1/7.3.

Assembly Characteristics. The MIX fuel assembly is a standard 17x17. Different couples (U235, Pu) were
studied, but the necessity that the boron efficiency should not be lower than 4 pcm/ppm set the limit on the
Pu content at 4%. The U235 enrichment must then be 2.5%. For the HMR, it was shown that the moderation
ratio should be as high as possible to improve Pu consumption, but that it is however limited by the
moderator temperature coefficient and the critical heat flux. Based on these considerations, a 19x19
assembly with a moderating ratio of 4 and a Pu content of 9.7% was chosen.

Core Characteristics. The MIX and HMR cores contain, respectively, 193 and 241 of the assemblies
described above. The soluble boron (Bnat) concentrations, the reactivity coefficients and the control rods'
efficiency (from full power to hot shutdown) are given in the following table. For the MIX the control and
shutdown rods (65 clusters) are made of Bna,4C. For the HMR the 33 control rod clusters are made of
Hafnium whereas the 72 shutdown rod clusters are made of Bnat4C.

Cboron (PPTl)

aTfuei (pcm/°C)

aimed (pcm/°C)

okixwon (pcm/ppm)

a.|-lWcr (pcm/%Full Power)
Control rods efficiency* (pan)

Most effective cluster (pem)

BOC

1820

-3.3

-24.9

-3.8

16.7

-6210

970

MIX

EOC

0

-3.4

-55.0

-4.6

23.0

-5780

1210

HMR

BOC

1500

-2.5

-19.0

-6.0

13.5

-9685

3910

EOC

0

-2.5

-55.0

-8.0

20.8

-11070
4620

* calculated as (keff-1 )/keff - all clusters inserted



When the reactor is brought from its hot shutdown state to its cold shutdown state, characterized,
respectively, by isothermal core temperatures of 296°C and 20°C, the reactivity increases. The safety
authorities require that the reactor must be at least subcritical by 5000 pcm when it is in its cold shutdown
state; as a consequence boron must be added to the moderator but should not, however, exceed the limit of
2500 ppm because recrystallization might then occur in auxilliary circuits. The calculations performed,
showed that the HMR meet the safety criteria, whereas the MIX does not. Slightly enriched soluble boron or
burnable poison should be used.

Control rod ejection. This accident has been analyzed at full power and zero power (critical reactor in both
cases). For both the MIX and the HMR, the reactivity inserted is larger at zero power than at full power. The
reactivity inserted is not very large, 500 pcm (1.04$) for the MIX and 320 pcm (0.9$) for the HMR.

Cooling transient. An unexpected valve opening leads to an overcooling of the core and to an increase of the
reactivity. The reactor initially in its hot shutdown state, with the most effective cluster supposedly blocked
out of the core, should not go critical during the 15 minutes necessary to the operator to stop the cooling.
The calculations showed that this accident will not lead to criticality either for the MIX or the HMR.

Multirecycling capabilities. Pu multirecycling leads to a worsening of its quality (accumulation of Pu~ and
Pu242). The originality of the MIX is that the Pu content is fixed at 4%; as a consequence the U2"15 enrichment
must be increased but does not, however, surpass the U235 enrichment of the reference 3x18 months UOX
core: 4%. On the other hand, the Pu content in the HMR must be increased. It goes from 9.7% Pu for the
first cycle to almost 30% at equilibrium, i.e. after about 10 cycles. For smaller burnup the equilibrium Pu
content is of the order of 18%. Then, special care should be given to the void coefficient after a certain
number of recycling in the HMR. The Pu burning rate is about 80 kg/Twhe for the HMR, and about 25
kg/Twhe for the MIX.
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ADVANCED MIXED OXIDE FUEL ASSEMBLIES WITH HIGHER PLUTONIUM
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The MOX introduction in LWRs (PWR and BWR) was started in Germany with initial steps of design
in the early 70ies. The process of commercial utilization of Pu recycling was started on the basis of
these designs at the Obrigheim-plant KWO (PWR) and the Gundremmingen-plant Unit A KRB-A
(BWR). The needs of testing and validation of used methods could mainly be fulfilled by the insertion
of initial MOX-FA reloads. Experiments with these early MOX-FAs have been conducted under fully
realistic power reactor conditions for neutronic/nuclear and fuel/technological aspects.
Optimizing fuel cycle costs by increasing the final burnup leads to reduced generation of plutonium.
Under properly defined boundary conditions thermal recycling in MOX-FAs reduces further the
amount of Pu which has to disposed of in final storage.

Increasing the final burnup requires higher initial enrichments of U-fuel to be matched by an
advanced design of MOX-FAs with higher Pu contents. The neutronic design of these MOX-FAs has
to consider the licensing status of NPPs concerning the use of MOX fuel and the evolution of U fuel
enrichment and burnup level.

The Siemens Nuclear Fuel Cycle Division, with more than 20 year's experience in the production of
MOX fuel, has designed several advanced MOX FAs of different types for PWRs (14x14 to 18x18) as
well as for BWRs (9x9 and 10x10) with averaged contents of fissile plutonium up to 5.85 w/o.
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This paper reviews the safety and licensing differences between MOX and UO2 BWR
and PWR cores. MOX produced from the normal recycle route and from weapons grade
material are considered.

Reload quantities of recycle MOX assemblies have been licensed and continue to
operate safely in European LWRs . In general, the European MOX assemblies in a reload are
<40% of all fresh assemblies, and operate on annual cycles to burnups <45,000
MWD/MTHM.

In the U.S., fuel vendors have undertaken studies to examine the feasibility of
disposing of weapons grade plutonium in LWRs. These studies included review of the safety
parameters of MOX assemblies versus UO2. These studies indicated that no important
technical or safety related issues have evolved from these studies.

The general specifications used by fuel vendors for recycled MOX fuel and core
designs are as follows:

• MOX assemblies should be designed to minimize or eliminate local power peaking
mismatches with co-resident and adjacently loaded UO2 assemblies. Power
peaking at the interfaces arises from different neutronic behavior between UO2 and
MOX assemblies.

• A MOX core (MOX and UO2 or all-MOX assemblies) should provide cycle energy
equivalent to that of an all-UO2 core.

• The reactivity coefficients, kinetics data, power peaking, and the worth of
shutdown systems with MOX fuel and cores must be such to meet the design
criteria and fulfill requirements for safe reactor operation.

Both recycle and weapons grade plutonium are considered, and positive and negative
impacts are given. The paper contrasts MOX versus UO2 with respect to safety evaluations.
The consequences of some transients/accidents are compared for both types of MOX and UO2
fuel.
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1. INTRODUCTION

In the frame of the A1DA/MOXphase 1 program
(1994-1997) between France and Russia, the
disposition of plutonium in reactors was studied.

The LWR (Light Water Reactor), FR (Fast
reactors), CANDU (Heavy Water Reactors), HTR
(High Temperature Reactors) options for using excess
dismantled weapons plutonium for peaceful
commercial nuclear power generating purposes offer
some advantages over the remaining options
(storage) as :

-fission of a significant fraction of the initial
weapons plutonium (at least 30%),

- high radioactivity of the final product,
isotopic denaturing of the residual

plutonium,
- conservation of natural ressources: 50 metric

tons of WG-Pu are able to produce 350 TWHe (one
year production for France),

- no additional nuclear wastes.

The AIDA/MOX phase 1 program /I/ covers
different areas, among which are the neutronic aspects
of loading reactors with weapon-grade plutonium.

This paper will present the studies applied to
PWR and FR in order to improve the degradation of
plutonium during irradiation and will compare different
core concepts in term of denaturing and mass balances.
The first part is a sensitivity study on some parameters
to evaluate the denaturing and radioactivity of the final
product.

2. THEORETICAL BACKGROUND

The plutonium inventory change in a MOX fuel results
from a production term, by captures on 2j8U, and from
a consumption by fissions on (fissile) Pu isotopes and
captures on Pu isotopes. The consumption is improved
by reducing the source term (238U) or increasing the
reaction rate (flux, and/or cross sections). Due to large
flux levels, fast reactors could be favourable, but due to
large cross sections, a thermal neutron spectrum could
be also favourable. Thus, we analyse the plutonium
consumption in different kinds of reactors : standard

PWR, CANDU and FR and with different matrices for
plutonium.

Also, we may improve the proliferation resistance by
using high emitters of a particles , g or neutrons. For
example, in the depletion chain of heavy nuclides for a
MOX fuel, the 238Pu, 236Pu are a emitters, the 242Pu is a
poison. Then, in order to enhance the resistance, we

Am, or use a support of reprocessedadd 237Np or
uranium.

241

The calculations were performed with the code system
APOLLO2-DARW1N-CRONOS2 for the PWR cores,
ERANOS,-DARWIN for FR reactors and TRIPOLI 4
for the Monte-Carlo route, all based on data from JEF2
libraries.

3. FR CAPABILITY EVALUATION

In order to assess weapon Pu burning rates and
isotopic degradation in fast reactors, several scoping
studies have been performed.

The parameters varied have been the size of the
core (from 250 MWe to 1500 MWe), the fertile support
for plutonium (either uranium or thorium), the
plutonium content in the fuel (including Pu burner
designs with large Pu contents), and some addition
elements to plutonium, intended to enhance the
radiation or heat release of spent fuel plutonium, and
thus proliferation resistance.

Reactivity coefficients, isotopic degradation
kinetics, and mass balances were also assessed.

A single irradiation of weapon-grade plutonium
in a fast reactordoes not denature much the isotopic
composition of the plutonium: =1000 efpd (3 years)
are required to reach a 20% 24OPu/Pu content.
Nevertheless, large-size plutonium burners can burn
significant quantities of plutonium (=400 kg/year for a
1500 MWe plant).

Adding some Np to the fresh fuel enhances
the Pu production. With a limited Np content in
the fuel, the safety parameters are little affected. A
good tradeoff is to put 2.5% 237Np in the fuel; this can
increase by a factor 4 the specific decay heat and by
50% the neutronic emission of spent fuel plutonium.
Thus, this increase the activity of the final product.



A multiple recycling in a large plutonium burner
allows to achieve large consumption rates (60 kg/TWhe
or 600 kg/year for a 1500 MWe plant), with a 24OPu/Pu
content in the fuel larger than 35%.

The use of thorium as a fertile support to
plutonium does not increase significantly the
degradation of weapon-grade plutonium, but only its
consumption (80 kg/TWhe). Furthermore, there is a
large production of uranium (40 kg/TWhe, with 96%
2"U/U), which can also be considered as a weapon
material.

4. PWR CAPABILITY EVALUATION

The parameters investigated were the
moderation ratio, the fuel type (with or without U, use
of Np, Am, U), the irradiation time, the reactivity
coefficients, the degradation kinetics of plutonium, and
the mass balances.

Adding neptunium to the fuel allows a stronger
effect on plutonium degradation and reprocessing
resistance (increase of decay heat, neutron emission, ...)
than adding americium or uranium. The plutonium
degradation (24OPu = 20%) is reached after 20
GWd/tHM for a consumption of about 1.8 metric tons ;
after an irradiation of 45GWd/tHM, the consumption
reaches 3.6 metric tons.

The reactivity coefficients for a MOX fuel using
weapon plutonium are in the usual range for the
standard UOX and MOX fuels. For the Pu w/o U fuel,
the reactivity coefficients are outside of the usual range,
but this allows to improve the consumption.

4. CANDU CAPABILITY EVALUATION

The neutron spectrum is thermal, heterogeneous
allowing a large microscopic cross-section of Pu
fission. This allow to a strong denaturing within a short
irradiation time (300 efpd) but also, with a small initial
inventory compared to other reactors. Thus, the
capability of plutonium consumption in CANDU is
slightly lower than others reactors (1.2 Kg/efpd) with a
higher degradation of the plutonium.

The reactivity coefficients were not evaluated.

5. CONCLUSIONS

The following table gives the comparison of
performances of denaturing, inventories and
consumption of WG Pu in different reactors and using
different fuels.

Initial
inventories
(Kg/MWth)

Pu
Consumption

(Kg/efpd)
Denaturing*

Core concepts

PWR
100% MOX

1.3

1.6
(0.6 - 30%

MOX)
600

FRMOX

1.5

1.5

950

CANDU

0.5

1.2

100

Fuel
concept

PWR inert
matrice

1.5

4

300
* Time of irradiation (efpd) to obtain 20% of

UilPu/Pu in the final product.

The weapon plutonium consumption is similar
in the different type of reactors. Only, the use of inert
matrices allows to increase the mass balance for a same
denaturing level.

REFERENCES
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The weapon grade plutonium disposition is
efficient when using standard reactors. Anyway, due to
their larger velocity of consumption. FR may be used.
Special designs can improve the Pu consumption, by
increasing the Pu content or removing the uranium
support. Using neptunium improves also the
reprocessing resistance.
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Abstract

Operating within the framework of the New Partnership Approach (NPA) for unirradiated
MOX fuel assemblies in LWRs, the IAEA and EURATOM have gained experience in safeguarding
13 LWRs licensed to operate with MOX assemblies. In order to fulfil SIR requirements, verification
methods and techniques capable of measuring MOX assemblies under water have been and are still
being developed. These encompass both qualitative tests for the detection of plutonium (gross
attribute tests) and quantitative tests for the measurement of the amount of plutonium (partial defect
tests) and are based on gamma and neutron detection techniques. There are nine PWR and two BWR
where the reactor and the spent fuel pond can be covered by the same surveillance device. These are
Type I reactors where the reactor and the pond are located in the same hall. In these type of facilities
relying on surveillance during the MOX refuelling is especially difficult at the BWRs due to the depth
of the core pond. There are two PWR type facilities where the reactor and the spent fuel pond are
located in different halls and cannot be covered by the same surveillance device (Type II). An open
core camera has not been installed during refuelling and therefore indirect surveillance is currently
used to survey MOX loading. Improvements are therefore required and are under consideration.
After receipt at the facility, there are a few facilities which must keep the received fresh MOX fuel in



wet storage, not only for a short period prior to refuelling, but for more than a year, until the next
refuelling campaign. In these cases timely inspections for direct use fresh nuclear material require
considerable inspection effort. Additionally, where human surveillance of core loading and finally
core closure are necessary there is also a large demand for manpower. Either an agreement should be
reached with the operators to delay the MOX loading until the end of the fuelling campaign, or
alternative approaches should be sought to optimise inspection efforts. State of the art technology in
containment and surveillance devices and systems, as well as ongoing developments in NDA
techniques have proven feasible for implementing an integrated safeguards approach in these types of
facilities. In an unattended mode of safeguards, it is proposed to survey the loading of unirradiated
MOX assemblies in complex design facilities using gate monitors (radiation detectors) combined with
digital surveillance. This decreases the probability of failure of containment and surveillance during
refuelling periods and reduces the manpower effort of the inspectorate. If there is a loss of continuity
of knowledge during loading of MOX assemblies, it is proposed that NDA techniques be
implemented, based on gamma spectrometry and neutron yield measurements to differentiate
irradiated MOX from irradiated LEU assemblies. One such technique which is under development
employs a high resolution CdZnTe, SPD 310 Z 205 which uses the neutron emission relative to burn
up (Cs-137 signal) to differentiate between irradiated MOX and LEU assemblies. This assures that
MOX loading has occurred and re-establishes the continuity of knowledge.
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In the back-end of the fuel cycle, several leading countries have chosen the Reprocessing,
Conditioning, Recycling (RCR) option. Plutonium recycling in the form of MOX fuel is a mature
industry, with successful operational experience and large-scale fabrication plants in several European
countries.

The COGEMA Group has developed the industrialized products to master the RCR operation
including transport. COGEMA subsidiary, Transnucleaire has been operating MOX fuel transports
on an industrial scale for more than 10 years.

In 1998, around 200 transports of Plutonium materials have been organized by Transnucleaire. These
transports have been carried out by road between various facilities in Europe: reprocessing plants,
manufacturing plants and power plants.

Transnucleaire has gained a broad experience in MOX transport in 10 years.

Because MOX fuel transport is subject to specific safety, security and fuel integrity requirements, the
MOX fuel transport system implemented by Transnucleaire is fully dedicated. Packagings as the FS
65, have been developed, qualified manufactured for each kind of MOX material in compliance with
relevant regulations. A fleet of vehicles qualified according to existing physical protection
regulations is operated by Transnucleaire.

The FS 65 packaging is under operations since February 1997. This packaging is able to transport
various types of MOX assemblies and rods with associated internal arrangements.

Further developments (MX type packagings) are underway to increase the payload of the packagings
and to improve the transport conditions, safety and security remaining of course top priority.
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CHEMICAL AND TECHNOLOGICAL ASPECTS OF SPENT U-PU FUEL
REPROCESSING
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Spent U-Pu fuel reprocessing centers in principle into the ideology of the water chemistry of the
«Purex» process used in the industrial radiochemistry. However, the specific features of this fuel,
viz, high Pu content and extended burn-up, make it necessary to modify the well-known processes.
These modifications are particularly substantial as applied to fast reactor fuel.

• More rigid conditions of fuel dissolution in environments of higher reactivity (availability of
fluorine-ion) dictate the advisability of pre-separation of fuel and structural materials.

• Nuclear safety of the process receives an extra margin with the use of water soluble neutron
absorbers based on Sm-Gd fraction of rare earth elements.

• High Pu(IV) concentrations of solutions during reprocessing create a risk related to the formation
of («heavy») organic phase on solvate TBP base at the extraction stage, isomeric derivatives of
alkylphosphates - analogues of TBP that were suggested by the Russian scientists fully eliminate
the risk.

• The radiation-chemical impact on the extractant in high a, P, y - radiation fields is substantially
reduced via the application of centrifugal contactors.

• The essential condition of the safe implementation of the technological process (nuclear, safety,
fire and explosion safety) is to purify aqueous extraction streams from «oil in water» emulsions.
The available separators of emulsions in combination with the respective process conditions allow
the isolation of not only the emulsion from the aqueous phase but also the soluble component of
the organic solvent.

In a more general aspect the «Purex» process used to reprocess U-Pu materials is to be considered a
single complex producing U and Pu oxide powders from regenerates. With this approach the main
product stream of the «Purex» process consists of U and Pu products (the content of the latter is 30-
40 % of the sum). These solutions are sent directly for the co-precipitation of both the elements
followed by the preparation of U-Pu oxides. Along with the high quality of fuel powders in terms of
the production and reactor use of fuel pellets the nature of the oxides prepared by this process (true
solid solutions of U and Pu) provides for their more complete solubility in the regeneration post-
reactor cycle in less aggressive chemical environments.
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Russian Federation

The following directions of increasing the efficiency of the nuclear power are becoming the most
important:

• closed advanced fuel cycle, i.e. the internal closeness of producing and reprocessing nuclear fuel
to reduce the release of substances, which are harmful for the environment;

• optimization of the process systems for achieving the necessary results by the minimum number
of the process stages;

• the highest level of the inherent safety, i.e. the use of the processes, the safety of which is based
not only on the engineering principles but also on their own «natural» properties;

For advanced nuclear fuel cycle in SSC RIAR there are developed the pyroelectrochemical process to
reprocess irradiated fuel and produce granulated oxide fuel UO2, PUO2 or (U,Pu)O2 from chloride
melts. The basic technological stage is extraction of oxides as a crystal product with the methods
either of the electrolysis (UO2 and UO2-PUO2) or of the precipitating crystallization (PuO2). After
treatment the granulated fuel is ready for direct use to manufacture vibropacking fuel pins.

Electrochemical model for (U,Pu)O2 coprecipitation is described. New processes are being
developed: Electroprecipitation of mixed oxides - (U,Np)O2, (U,Pu,Np)O2, (U,Am)O2 and
(U,Pu,Am)O2. Pyroelectrochemical production of mixed actinide oxides is used both for reprocessing
spent fuel and for producing actinide fuel. Estimated is both the efficiency of pyroelectrochemical
methods application for reprocessing nuclear fuel and vibropack technology for plutonium utilization.
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The projected elongation of LWR era indicates that the burnup of uranium oxide (UOX)
fuels for LWRs will be extended further for reduction of spent fuel (SF) accumulation and for better
fuel cycle economy. Under these circumstances in Japan, for example, some of SF will be
reprocessed and the rest will be stored continuously. All the separated plutonium (Pu) recovered from
the reprocessing is assumed to be recycled immediately into LWRs as mixed oxide (MOX) fuels.
Generally speaking, however, higher burnup results in lower quality of recovered fissile materials and
prolonged periods of storage reduce 241Pu. The objective of this paper is to analyze the effects of high
burnup and long-term storage of LWR-SF on fuel cycle scenario.

We assume two scenarios: SI and S2. The scenario SI corresponds to 'no-recycle option'. It
uses only UOX fuels and does not reprocess spent UOX fuels (UOX-SF) which are stored
indefinitely. The number of UOX loaded reactors (UOX-LWRs) is n+1. S2 corresponds to
'plutonium-recycle option'. It reprocesses UOX-SF after a specified storage period and separates high
level waste (HLW), and recovers reprocessed uranium (RU) and Pu, the latter of which is recycled as
MOX fuels. S2 does not recycle RU but only store it. Fig. 1 describes the schematic relations
between two scenarios. Each LWR unit generates equal electricity. Therefore, both scenarios
generate also equal electricity. S2 comprises n units of UOX-LWRs (U0X-LWR1, U0X-LWR2, - - -,
and UOX-LWRn) plus a MOX-LWR whose fuels are all MOX made of Pu supplied by the preceding
n units of UOX-LWRs.

Fig. I Definition of two scenarios SI and S2. Size of each reactor unit is equal. However, the
number n needs not an integer.

We have performed burnup calculations using the neutronics calculation code [1] of reactor
design for each UOX- or MOX-LWR fuel with discharge exposures 33, 45, 55. and 70 GWd/t,
respectively. Each enrichment of" U in UOX or fissile Pu in MOX fuel is determined respectively
for 12, 15, 18 and 23 effective-full-power-month operation of a current BWR/5 of 1100 MWe gross
capacity. We have also used the ORIGEN2 coupled [2] with the above design code, by which the
neutron spectrum-corrected cross-sections are obtained at each time step. This procedure improves
the reliability of calculated fission product yields and trans-uranium (TRU) isotopes in higher



burnups. We assume a fixed value for SF cooling period Tc =5 years before the reprocessing UOX-SF
and equality of burnups between MOX and UOX fuels. Therefore the MOX-LWR has exactly the
same operating conditions as UOX-LWR.

We calculate the system average quantities for isotopic inventories, radioactivity, and decay
heats for each scenario. The system average quantities Zl for scenario SI are only those of UOX-SF.
They are defined by Zl = (n*Ul + U2)/(n+l). Here, Ul is corresponding quantities of UOX-SF of
the preceding UOX-LWR, and U2 is those of the n+lst UOX-LWR which is operated in the same
period as MOX-LWR. The similar quantity Z2 is defined for the scenario S2 by Z2 = (n*Wl +
M2)/(n+1). Here, W1 is those of HLW and RU, and M2 is those of MOX-SF.

The system average quantities Zl and Z2 are expressed either for initial heavy metal
inventory (per tHM) or for power generation (per TWh). Fig. 2 shows the system average decay heat
per TWh for two scenarios. They are almost independent of discharge exposures. The parameter t is
the cooling period of MOX-SF in S2 or UOX-SF of the last UOX-LWR in SI. The difference
between S1 and S2 disappears after t=60 years.
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Fig. 2 System averaged decay heat per TWh

The results and conclusions are summarized as follows:
1) The system average quantities (TRU inventory, radioactivity, and decay heat) per tHM are
found to increase with respect to burnups for both scenarios. However, if they are expressed with
respect to the system power generation (per TWh), they decrease or almost constant as burnup
increases.
2) The Pu recycle scenario S2 consumes about one third of Pu stored within UOX-SF, by
which uranium is saved by 5-10%. The rate of saving decreases as burnup increases.
3) If there is no delay for reprocessing, the system average radioactivity is almost equal both
scenarios and the decay heat is about 10% larger in S2 than in SI. As the reprocessing delays, both
quantities become larger in S2 than in SI for smaller t (cooling period of MOX-SF). However, the
differences between SI and S2 almost disappear for larger t (>60 years).
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The end of the Cold War has created a legacy of surplus fissile materials (plutonium and highly
enriched uranium) in the United States and the former Soviet Union. These materials pose a danger to
national and international security. During the past few years, the United States and Russia have
entered into a series of agreements aimed at securing and safely storing fissile material stockpiles. In
January 1997, the Department of Energy (DOE) announced the U. S. would pursue a dual-track
approach to rendering approximately 50 metric tons of plutonium inaccessible for use in nuclear
weapons. One track involves immobilizing the plutonium by combining it with high-level radioactive
waste in glass or ceramic "logs". The other method, referred to as reactor-based disposition, converts
plutonium into mixed oxide (MOX) fuel for nuclear reactors. An historical opportunity now exists
for the United States and Russian to cooperate in an unprecedented manner to dramatically reduce the
hazards posed by this Cold War legacy of weapons-grade fissile materials. Today, the United States
and Russia are moving ahead to develop and demonstrate the technology required to implement the
reactor-based plutonium disposition option in their respective countries.

The United States reactor-based plutonium disposition option will involve (1) the disassembly of
nuclear weapons and removal of the plutonium-bearing components, (2) conversion of plutonium
components into plutonium oxide, (3) fabrication of mixed-oxide fuel, (4) irradiation of this fuel in
commercial light-water reactors to obtain the Spent Fuel Standard, and, finally, (5) emplacement of
the irradiated nuclear fuel in a geological repository. A variety of storage, packaging and
transportation activities are, of course, associated with the execution of these steps. The unique
nature of weapons-grade plutonium must be considered in each step of the disposition mission.

Both the United States and Russia have historically employed aqueous extraction, purification, and
conversion techniques for production of weapons-grade plutonium from irradiated production reactor
fuel. Due to the unique characteristics of weapons-plutonium and advancements in plutonium
conversion and purification technology, improved options now exist for purification of this material
and production of the plutonium oxide required for fabrication of mixed-oxide fuel. MOX fuel
research and development activities were started in the United States in the 1950s, with irradiation of
MOX fuel rods in commercial light water reactors (LWR) from the 1960s - 1980s. In all, a few
thousand MOX fuel rods were successfully irradiated. Though much of this work was performed
with "near" weapons-grade plutonium - and favorable fuel performance was observed - the
applicability of this data for licensing, and use of weapons-grade MOX fuel manufactured with
modern fuel fabrication processes, is somewhat limited.

During the past few years, the United States has undertaken a variety of research, development, and
technical demonstration activities related to reactor-based plutonium disposition, and is now moving
rapidly to implement the final disposition of surplus weapons-grade plutonium. This paper discusses
the technical options and issues associated with reactor-based plutonium disposition, and describes
activities underway in the United States to implement the plutonium disposition mission.
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Objectives: In order to get better homogeneity with a higher packing density of vibro-compaction
fuel, we investigated experimentally and analytically the size segregation phenomenon which
commonly occurs with vibratory compacting of multi-size powders into a cylinder[l][2].

Size segregation model: We assume the size segregation occurs as small particles drop down through
openings formed by adjoining particles in the packing body and flow into spaces under large particles.
As shown in fig. 1, an opening which allows small particles passage downward requires one large
particle to be lifted upward at a height of h, which is defined as a function of the large particle radius
(R) and the small particle radius (r), h=2r(R+r)/(R-r). (Eq.l.)

Experiments: In vibro-compaction experiments we use mock nuclear fuel powder materials, such as
A12O3 powders, Pb granules and glass beads. The radii of these materials range from 0.1 to 3 mm. By
mixing the materials, we prepare two-sized composite powders covering R/r ratios of 2 to 30 and
weight ratios (W) of large to small sized powder materials of 0.1 to 0.9. After the composite powders
are poured into a cylinder, the cylinder is shaken using a vibratory device. Parameters are the shaking
amplitude, which corresponds to h of 40 to 600 u m and R/r We fix the wave shape and frequency of
the vibration as a sine curve and 50 Hz, respectively, during the experiments. The cylinders used are
made of glass, acrylic and stainless steel, and about 10mm in diameter and about 300 to 1000mm in
height. After shaking for 5 to 600 seconds, the density and the extent of the size segregation of the
packed composite powders are measured by X-ray CT (X ray computed tomography).

Analysis: Using a two-dimensional distinct element method (DEM) code, we compute the size
segregation phenomenon with the same parameters of R/r and the vibration amplitude as in the vibro-
compaction experiments. However, we use different dimensions of the cylinder and numbers of
particles due to the calculation time limit.
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Results: Fig. 2 shows X-ray CT tomograms of vibro-compacked powder in the cylinder. The
tomograms clearly show that for longer vibration time, the size segregation extends from the upper
part toward the center part of the cylinder. The results suggest that if the weight ratio, W, exceeds the
value defined as W=(R/r)/(4+(R+r)), the size segregation is strongly dependent on R/r and the
amplitude of the vibration. The size segregation predicted by the model (Eq. 1) agrees well with that
obtained from the vibro-comp action experiments and the powder packing analysis.

irge p a r t i c l e

Fig.l Size segregation model for
two-sized composite powders
(left)

X-ray CT tomograms of the
vibro-compacted powder
(below)
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The main directions of pellet MOX - fuel manufacture for PWR with using experimental equipment
of SSC RF RIAR are presented. Technological installations for manufacturing pellet MOX-fuel are
placed into 15 glove boxes and allow carrying out operations with 15 kg of U and 2 kg of Pu
simultaneously. The chain of glove boxes is equipped with 3 pressing installations to produce about
20 kg of pellet/per a shift. There are presented the basic realizable parameters of MOX-fuel pellets
fabrication. Manufacture technology foresees the fabrication of regular configuration pellets for
PWR reactor fuel pins. The parameters of the pellet, made of mixed uranium-plutonium fuel at the
fabrication stage meet completely the requirements to those for pellets, made from oxide fuel. There
is considered the scope of the program on in-pile testings with the allowance for the requirements on
licensing MOX-fuel for PWR. The main theme of the work on licensing includes irradiation of
research fuel pins in MIR-reactor both under steady-state and emergency operations, and the
following material science investigations in shielded cells of RIAR as well in order to get the
information, which is necessary for the calculated parameters of MOX-fuel pins of PWR (VVER-
1000) reactor to confirmed.
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This method has been studied at laboratory scale in order to assess its applicability as a method
of co-conversion of Pu-U nitrate mixed solutions in a glove box facility. A set of tests with
uranium alone was carried out as a first step of development.

The solutions used in different essays were prepared in batches of 2 liters with a uranium
concentration of 280 g[U]/l in nitric acid 1 M.

The denitration was carried out in a standard kitchen microwave oven, and it was necessary to
make adaptations to prevent NO311 vapors and nitrogen oxides (NOx) corrosion on the structure
and electronic circuits of the oven (Fig. 1).
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FIG. I. Schematic diagram of domtrution imii.

The orange product attained was crumbled with and hand-mortar and calcined at 550 "C during
30 minutes in order to eliminate all the remainder NOx.

The reduction was performed with a flowing 92% N2 - 8% H2 atmosphere. Different
temperatures (from 550 "C, to 740 " C) and different holding times (from 1 to 3 hours) were used
to control the specific surface area (SSA).



The powders of U02 attained were pressed with an automatic-hydraulic press to several pressures
(from 150 to 500 Mpa), and sintered in flowing 92% Ar- 8% H2 atmosphere at 1650 'C during
2 hours.

Software for the quantitative analysis of digital images was used in the ceramographic study of
the sintered pellets.
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The most important differences among the powders were observed when the pressure conditions
inside the vessel were modified during the denitration (see Table 1). A reduction in this pressure
causes a decrease on the bulk density of denitrated product and larger average particle sizes are
attained. The particle size distribution and the pore size distribution of U02 powders were
different too (Fig. 2 and 3).
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The pressing and sintering results for these powders (without a milling process) are shown in
Fig. 4. They indicate that adjusting the pressure in the reactor vessel during denitration can
control the sintered density of the pellets. So, the best sinterability reached by the powders
obtained from solutions denitrated between 523 HPa and 964 HPa was due to their smaller
average particle size (0).
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The ceramographic analysis of sintered pellets showed zones with high concentration of pores (see Fig. 5).
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Fig 5. Optical ceramograph in pellet with 95% of theoretical density

A new glove box is being installed at the plutonium laboratory to co-convert mixed U-Pu
solutions by direct microwave denitration.
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Abstract

We have studied the thermal conductivity of MOX fuels and its decrease with the Oxygen /
Metal ratio (O/M) in the hypostoichiometric range (O/M < 2.00). We used specially prepared MOX
samples with Pu content ranging from 3 to 15 %, together with an U02 batch for comparison. The
thermal conductivity is calculated from the thermal diffusivity measured up to 2300 K with the laser
flash method and the heat capacity measured with a Differential Scanning Calorimeter (DSC). The
results are fitted in the phonon conduction domain to a simple phonon transport model. ABELES's
simplified theory of phonon diffusion by point defects is used to discuss the results. For calculation
code purposes, we propose a new recommendation to account for the decrease of the thermal
conductivity with the 0/M ratio.

Experimental

Sample preparation : the MOX pellets are obtained by co-grinding Of U02 and PuO2 powders,
pelletizing, and sintering at 1700'C under moistened Ar+50% H2 atmosphere for 4h. Electron
Probe Microanalysis imaging shows that this sintering time is too short to samples with a
homogeneous Pu distribution. The pellets were thus annealed to improve their homogeneity.
X-Ray diffraction examinations show that for the lowest Pu content batches, up to 240h
annealing time is required to get samples close to the perfect solid solution (U,Pu)02. For the
diffusivity measurements, disks about 1 mm thick are cut from the pellets and reduced by
heating at 1700°C under dry Ar+5%H2 gas flow. The reducing time is increased to get lower
0/M ratios, down to 1.95. The 0/M value is deduced from lattice parameter determination.



Diffusivity measurement: an equipment enclosed in a glove box has been specially designed to
implement the "laser flash" technique for actinides containing materials. It uses high frequency
induction to heat the sample, the temperature of which is measured by optical pyrometry. The
heat pulse is delivered by a ~30J/pulse Nd-glass laser and the resulting temperature rise of the
sample is recorded as a function of time from an infrared detector. DEGIOVANNI's thesis
model [I] is then used to calculate the diffusivity from the signal. The temperature range
400 °C - 2000'C is covered, with roughly one temperature stage each 50-100'C. For each
temperature stage, 2 shots are performed. Few measurements are done during cooling to check
for any modification of the sample upon heating. For each set of diffusivity measurements, at
least 2 sample disks simultaneously reduced are used.

Heat capacity measurements : a commercial DSC is used to measure the heat capacity of our
stoichiometric MOX samples up to 1300"C. The results are shown to be in good agreement
with Kopp's law and recommended values for U02 and PuO2 . Thus a Kopp's law, including a
small correction to take into account the hypostoichiometry, is used to calculate thermal
conductivity values from the measured diffusivity data.

Porosity correction : to compare the results from different batches, the data are reduced to 95%
theoretical density by multiplying by f(p)/f(0.05), where p is the fractional porosity of the batch
and f(p) is the modified MAXWELL-EUCKEN porosity correction factor, that is to say

Results and discussion

We have obtained 16 conductivity data sets (including the U02 one) covering the ranges
Pu<15and 1.95< O/M^ 2.00.

The data obtained for the stoichiometric MOX samples show no significant dependence of the
conductivity with the Pu content. Furthermore, these data are very similar to those obtained with the
U02 batch and in good agreement in the whole temperature range covered with the European
recommendation for Fast Breeder Reactor mixed oxide fuel [2]. When the MOX batches become
hypostoichiometric, the conductivity significantly decreases at low temperature, but to a less extend
than what is predicted by the European FBR recommendation.

For further quantitative analysis, the data are fitted by linear regression to the simple phonon
conduction model X=1/(A+BT) in the low temperature range (T<1400 K), where the thermal
resistivity MX shows a good linearity with the temperature. The A parameter represents the resistivity
due to the phonon interactions with the lattice defects, when BT is the so called intrinsic thermal
resistivity, arising from phonon-phonon interactions.

The 15 A and B values obtained by linear regressions on the MOX data were plotted versus the
Pu content or versus the deviation from stoichiometry x (x=2-0/M). We observed that:

• The A parameter at constant x does not depend on the Pu content.

• The A parameter increases linearly with x. We discuss this result on the basis of
ABELES theory of phonon diffusion by point defects [3], considering that an
hypostoichiometric MOX sample is a solid solution of oxygen vacancy point defects in
the (U,Pu)02oo fluorite lattice. A linear regression on the A values gives A(x) =
2.85x+0.035 (in m.K/W). This corresponds to a much lower increase of A than what is
recommended by the European FBR recommendation [2]



• The B values are much more dispersed than the A ones, but they seem to depend only
slightly on the Pu content and on the deviation from stoichiometry.

In order to propose a new thermal conductivity recommendation to be used for MOX fuel
calculation codes, several trials have been made considering either a constant mean B value or a B
parameter depending linearly with the deviation from stoichiometry. Each tested option is
quantitatively compared to each of the 15 data sets by calculating the mean difference between the
tested recommendation and the initial fit on the data set. This comparative analysis leads to the
conclusion that a constant mean B value does not give satisfactory results. Assuming a linear
decrease of B with x gives better results, leading to mean differences between the recommendation
and the data sets that rarely exceed 5%, which can be considered satisfactory having in mind the main
sources of uncertainty associated with the "laser flash" method. Despite the fact that there is no
theoretical evidence for a decrease of B with the deviation from stoichiometry, we propose to retain
the following recommendation to describe the phonon thermal conductivity of PWR low Pu content
mixed oxides:

X=1/(A+BT) with A = A(x) = 2.85x+0.035 m.K/W
B = B(x) = (-7.15X+2.86) K W

This recommendation, valid up to 1400 K, is established on the basis of measurements obtained
with laboratory prepared homogeneous mixed oxides. We have then performed few other
measurements sets with "industrial" type MOX, which are known to present a non homogeneous Pu
distribution. A satisfactory agreement is obtained between these measurements and the proposed
recommendation.
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A mechanistic fission gas release model for MOX fuel has been developed based on the one for
UO2 fuel. It introduces a concept of equivalent spherical cell and equivalent spherical zone to consider
the effect of Pu heterogeneity that might exist in MOX fuel on fission gas release. It is assumed that
Pu-rich agglomerates are distributed uniformly in the UO2 matrix.

An equivalent spherical cell is composed of an equivalent spherical zone with the diameter of
Peg ~ Pagg + 2 • Lfec t where fission density is assumed to be uniform, and the UO2 matrix that

surrounds it (Fig.I). Lrec and Uec are the diameter of Pu-rich agglomerate and the recoil length of
fission products of about 6 (im, respectively. The diameter of an equivalent spherical cell is defined in
such a way that Pu mass in each cell is equal to the sum of Pu mass in a Pu-rich agglomerate and that
in the UO2 matrix around it. Then the diameter of an equivalent cell is given as follows:

where

D
D

cell
agg

eo : Pu content in the Pu-rich agglomerate

e : Average Pu content in the pellet

e_ : Pu content in the UOi matrix.

Fig. 1. Schematic diagram for equi%'alent spherical cell and zone

Fission rates in the equivalent zone and in the UO: matrix are calculated considering effective
Pu content in each zone. If the fuel parameters are such that eg - Dceii, the fuel can be considered as
homogeneous. Then the fission gas release in each zone is calculated and the sum of the two gives the
gas release for MOX fuel. The diameter of Pu-rich agglomerate is considered to be a grain size in
terms of gas release modelling.



Parametric study was made to investigate how the manufacturing parameters of MOX fuel such
as the size and Pu content of the Pu-rich agglomerates affect gas release for constant

fuel temperature of IOOO°C and linear power of 250 W/cm. Fig. 2(a) shows that the larger the size of
the agglomerate, the more fission gas is released due to more fission gas generation in the
agglomerate that would lead to earlier formation of release paths in the grain boundaries. This
phenomenon is remarkable as the agglomerate size ^eq - Pceii increases at low burnup. However, the

effect decreases with burnup because at high burnup many gas atoms are available at the grain
boundary to form release paths. If the agglomerate size is reduced to the grain size of the matrix, the
effect of heterogeneity of Pu mixing does not exist any more and MOX fuel now can be considered as
homogeneous. An increase in the Pu content in the agglomerate ea also gives higher gas release as
shown in Fig. 2(b) by the same argument as applied to Fig. 2(a).

The present model has been incorporated into a fuel performance analysis code COSMOS [I]
and used to check the capability of the model.
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Introduction

The study of the properties of fuels at high burnup is an important subject in nuclear research.
Knowledge of the changes in the fuel properties at high burnup is essential for safe and economical
operation of the fuel. To that purpose a special sample carrier for in-pile irradiation testing has been
designed for the HFR. This so-called SHIFT sample carrier, of which the first one is presently being
constructed, is described in this paper, together with some relevant aspects of the nuclear
infrastructure at Petten.



The SHIFT fuel test facility

The SHIFT (Sample Holder for Instrumented Fuel Tests) has been designed as a versatile fuel
testing facility for the HFR. The SHIFT allows performing fuel tests and parametric studies on a set
of small fuel rodlets simultaneously. The rodlets can either be contained in an aluminium drum or in
a liquid sodium environment depending on the required fuel and cladding temperature. The rodlets
can be equipped with pressure transducers and thermocouples. The thermocouples can be situated
both inside the fuel pellets and inside the fuel cladding. Detailed pre- and post irradiation neutronic
and thermal computations combined with a data set of the temperature field as measured during
irradiation and a data set of the neutron metrology give an accurate prediction and evaluation of the
fuel irradiation conditions. This will be shown by examples.

The SHIFT facility is very suitable for various types of MOX tests such as studies on the
behaviour of MOX up to high burnup (e.g. fission-gas release, changes of the thermal conductivity),
or studies on the influence of modifications of the MOX production technique, (e.g. changes of the
homogeneity of the Pu-distribution). Since the SHIFT facility can contain sets of fuel rodlets under
identical flux and temperature conditions, the facility is very suitable for comparative tests between
different types of fuels.

The wide range of nuclear characteristics of the in-core positions and the large number of
annual full power days of the HFR, together with the use of small diameter fuel test rodlets in sodium
environment makes it possible to achieve a high burnup of the fuel in a short time in the SHIFT,
avoiding a non-typical fuel temperature. By selecting a suitable in-core position and by tailoring the
SHIFT facility, the rodlets can be irradiated under similar temperature and neutron flux spectrum as
those in a LWR. Since SHIFT uses only 1/3 of an in-core position and up to six rodlets can be
accomodated in one SHIFT facility, the tests are very cost effective.

In the SHIFT-1 experiment, which is planned to start in the second half of 1999, Ui.xPuxO2, Th,.
xPuxO2 and ThO2 samples will be irradiated to a burnup of approximately 50 MWd/kgHM within 1.5
year. The central fuel temperature and the cladding temperature will be monitored during the
irradiation. ThO2 and Th].xUxO2 are known to have good thermal and physical properties and good
radiation stability. These properties, and the fact that very little plutonium and americium is formed
during the irradiation of thorium, makes ThO2 a candidate carrier for the transmutation of plutonium
and americium. In order to obtain high density Thi_xPuxO2 and ThO2 samples, the powder blending
technique has been used for preparation. With this technique it is possible to obtain ThO2 samples
with a density of ^ 95% at a sintering temperature of 1600 °C.

The High Flux Reactor Petten

The HFR is one of the most powerful multi-purpose research and test-reactors in the world.
The HFR has a recognised record of consistent and reliable operation with more than 250 full power
days per year. The HFR has 19 in-core and 12 poolside irradiation positions, plus 12 beam tubes.
The SHIFT facility occupies only 1/3 of an in-core position.

Besides the SHIFT facility, at the HFR a wide variety of other fuel test facilities are available
[1]: These facilities are mostly reloadable irradiation capsules of modular design, allowing easy
adaptation to various instrumentation options (e.g. measurement of fuel rod length, fuel stack
displacement, fuel rod pressure, central temperature, diameter profiles and testing under various load
conditions). They provide typical LWR system conditions at the fuel rod surface and continuous
monitoring for fuel rod failure by activity monitoring of the fuel rod surrounding water.



The NRG hot laboratory

The NRG hot cells have the full range of fuel and cladding testing facilities available, such as
[2]: Visual inspection, gamma spectrometry, micro gamma scanning, eddy current measurement,
profilometry, puncturing and fission-gas analysis, X-ray analysis, metallography, ceramography,
density measurement, EPMA, fuel re-fabrication and re-instrumentation facilities.

The NRG actinide laboratory

In order to be able to handle unirradiated alpha-emitting actinides and beta-emitting fission
products a new actinide laboratory has been taken into operation. Extensive fuel and target production
and characterisation facilities are available in this laboratory. Since both hot laboratories are located
at the Petten site, pre- and post-irradiation transportation problems are avoided.

Conclusions

The SHIFT facility, the HFR, the hot laboratory and the actinide laboratory, together with 2/3D
computer codes for thermal-hydraulic and nuclear modelling are offering a powerful combination to
study the properties of MOX fuel. The SHIFT facility can perform both scooping tests on innovative
MOX types to study their overall behaviour and perform dedicated measurements on fuel properties
such as fission-gas release and thermal conductivity. In the SHIFT-1 experiment the behaviour of U|.
xPuxO2, Thi.xPuxO2 and ThO2 samples will be studied.
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Introduction

From the experience accumulated so far on irradiated MOX fuel, its overall behaviour under
irradiation is generally well predicted by existing fuel models. It appears however that additional data
are still welcome to properly benchmark fission gas release models, mainly at elevated burnup. To
this aim, an international research project was initiated ("FIGARO": Fission Gas Release of MOX).
Its goal is to provide thermal and fission gas release data of MOX at high burnup. Two MOX fuel
rods, irradiated in the BEZNAU PWR at low power (<200W/cm) to high burnup (50GWd/tM peak
pellet), were selected to be segmented (giving a total of four segments) and instrumented (central
thermocouple and pressure gauge). These instrumented segments were subjected to irradiations at
variable linear power in the HALDEN MTR. Both temperature and internal pressure were on-line
monitored during the ramp test. Afterwards, the rod segments were transported to SCK.CEN and
extensively investigated. The present paper focuses on the evolution of the microstructure of Pu-rich
agglomerates as a function of temperature.

Observations

The post-irradiation analyses includes the analysis of an intentionally fractured fuel sample by
scanning electron microscopy (SEM). This way the true grain structure can be investigated directly
(figure 1 a). We present here observations of the Pu-rich agglomerates at different radial positions,
hence at different temperatures. In colder zones, the Pu-rich agglomerates are recognised through
their specific morphology characterized by submicron grains arranged around large, micron size pores
('cauliflower structure') (figure 1 b). More towards the pellet centre, the porous structure of the Pu-
rich agglomerates disappears (figure 1 c). As the fuel segments were equipped with a central
thermocouple, the temperature evolution of the fuel rod during the ramp test could be established
experimentally. Relating the observed morphology to the temperature profiles, it appears that the
thermally induced transformation of the agglomerates occurs around the 1200°C isotherm (figure I a).



Discussion

It is well known that the burnup in Pu-rich agglomerates locally exceeds the average pellet
burnup. As a result of the accumulation of a high amount of fission products and radiation
damage inside the agglomerates, a rim-type structure ('cauliflower structure1) may develop in
the agglomerates as long as the temperature is low enough. This radiation induced
recrystallization was originally thought to be unique to the peripheral regions of high burnup
LWR U02 fuels, where it has been studied most extensively [e.g. 1, 2]. It is generally
accepted that it occurs spontaneously when the locally accumulated energy is high enough
[3]. A subdivision in small grains would yield a net decrease of the free energy of the
material. In high burnup U02 fuel a rim structure nucleates homogeneously at the pellet
periphery, while in MIMAS MOX, it develops only inside Pu-rich agglomerates, which
themselves are embedded in an unchanged, dense U-rich matrix (where the burnup is lower
than the average).

Since the pores visible inside the Pu-rich agglomerates are known to contain considerable amounts of
fission gas, the evolution during irradiation of the morphology of these agglomerates is important to
understand fission gas release of these fuels. Therefore, it is interesting to see that the temperature at
which the morphology of the Pu-rich agglomerates changes is equal to the temperature at which
fission gas starts being released in U02 fuel also (around 1200°C). This observation might explain
why fission gas release models that were developed for homogeneous fuel microstructure, still predict
quite well the fission gas release in fuels with a fine Pu dispersion. It would also indicate that the
fission gas of the Pu-rich agglomerates in colder zones (where the porosity is observable), is
effectively locked inside the Pu-rich agglomerates, and that it starts contributing to the global internal
gas pressure only when the temperature exceeds the same isotherm that applies for U02 fuels.
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Figure 1. SEM image of the grain structure at the 1200'C isotherin. (a) overview image (b) and (c)
details from image (a).
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Utilising fuel resources responsibly, reducing waste volume and emissions as well as conflict
potentials within the international community are among the principles for the judgement of
sustainable development. These principles are being applied in the evaluation of evolutionary nuclear
fuel cycles and are the driving forces for the engagement of PSl in this field. Reprocessing is the key
to an optimised utilisation of nuclear fuel. With the development of fast reactors for closure of the
fuel cycle being delayed, improvements to the industrially established recycling of plutonium as
uranium plutonium oxide (MOX) in light water reactors (LWR) are being investigated focusing on
high burn-up, fractional and 100% MOX cores.

The share of plutonium assemblies in a core can be reduced from one third to one eighth for the
operation of an LWR in the so-called ,,self generated" mode, if an inert matrix material is used as
carrier instead of depleted or natural uranium oxide. This new type of ,,Inert Matrix Fuel" (IMF)
consists of plutonium embedded in a yttrium stabilised zirconium oxide, a highly radiation resistant
cubic phase. The fuel assemblies are designed to replace a uranium element in the reactor and to be
sent for direct waste disposal, since they contain no valuable material with regard to energy
production. For reactivity control reasons, adding a burnable poison to this fuel proves to be



necessary. The studies performed at PSI have identified erbium oxide as the most suitable candidate
for this purpose. With regard to material technology aspects, efforts have concentrated on the
evaluation of fabrication feasibility and on the determination of the physicochemical properties of the
chosen single phase zirconium/erbium/plutonium oxide material stabilised as a cubic solution by
yttrium.

The results to-date, obtained for inert matrix samples containing thorium or cerium as plutonium
substitute, confirm the robustness and stability of this material. With regard to reactor physics
aspects, our studies indicate the feasibility of uranium-free, plutonium-fuelled cores having
operational characteristics quite similar to those of conventional UO2-fuelled ones, and much higher
plutonium consumption rates, as compared to 100% MOX loadings. The safety features of such
cores, based on results obtained from static neutronics calculations, show no cliff edges.

Preparation of zirconium oxide-based Inert Matrix Fuel (IMF) has been simulated by use of cerium
oxide (CeOj) following the conventional pelletising route, in which an improved two-stage attrition
mill was employed. Commercially available powder as well as specially prepared co-precipitated
powder and granulates have been tested.

The processing of co-precipitated powder with the mixture of the four commercial powder
(ZrO2,Y2O3, Er2O3, CeO2) was compared in a fabrication study. Nitrate solutions have been
transformed to porous microspheres by the internal gelation process. The calcined microspheres were
crushed in the attrition mill with a few passes, precompacted, pelletised and sintered to dense pellets.
Pellets of standard size with densities higher than 90%TD and a slightly different but comparable
structure have been received.

Based on this simulation tests both processes seem feasible to fabricate IMF pellets, which fulfill
requirements of a commercial MOX, where applicable. No intensive milling is required to reach solid
solution in the sintering step for a (Zr;Y,Er,Ce)O2. For the fabrication of plutonium containing IMF a
similar behaviour is expected. Both processes are intended to be used for the preparation of the
materials to be tested in the Halden Material Test Reactor by the OECD Halden reactor project.

After an extensive fabrication effort, the lattice parameters of a series of IMF with different
compositions were determined experimentally by X-ray diffraction measurements. A model
developed by Kim was used to calculate the "theoretical" lattice parameters and densities of zirconia
containing different amounts of yttria, erbia and ceria. Since calculated and measured lattice
parameters were found to be in good agreement for inactive samples, the model for lattice parameters
and resulting densities is also applied for Pu-containing zirconia.

Thermal conductivities of zirconia based inert matrix and analogous fuel materials were measured and
modelled. Measurements were performed using the laser flash method and systematically applied to
binary, ternary and quaternary systems including zirconia, yttria, erbia and ceria or thoria.
Measurements were carried out from room temperature up to 1300 K. Thermal conductivity was
calculated using theoretical values for specific heat capacity and was also modelled taking into
account the effect of dopants on the lattice parameter of the cubic solid solution and the oxygen
vacancy size and concentration. In the temperature range from 300 to 1000 K, the thermal
conductivity of the single phase solid solution with yttria, erbia and ceria as analogues of fuel material
was confirmed to be about 2 Wm'-K"1, a value similar to stabilised zirconium oxide with similar
dopant concentrations. The value is comparable to uranium oxide at high burnup but showing no
temperature dependence.

The behaviour of caesium in zirconia based inert matrix fuel is of central interest for this new
material. Retention and solubility of caesium in yttria stabilised zirconia (YSZ) were studied
experimentally and on a thermodynamic basis. The retention was investigated experimentally on the
basis of the temperature dependence of diffusion and the caesium release. Caesium was introduced
using 1 MeV ions of by chemical reaction within cubic solid solutions. The distribution of the
implanted caesium was evaluated by using TRIM computer calculation and measured by Rutherford
Backscattering Spectroscopy (RBS) using 5 MeV 4He ions. The cesium profile was quantified after



too

successive annealing up to 1373 K. Cesium release was rather weak up to 1173 K. The retention of
Cs chemically introduced by Cs2ZrO3 was also experimentally investigated for different calcination
temperatures. The chemically introduced caesium followed similar release behaviour than the
implanted one.
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Abstract

In the French context dominated by the accumulation of plutonium and the international
context in which the tendency is towards the disappearance of plutonium reserves and the
destruction of minor actinides, a few solutions selected in the framework of the Innovating
Fuels programme are presented. The aim is to burn the surplus Pu by means of fuel in inert
matrices since, in addition to the increased burnup, the absence of plutonium generating
conversion must be considered. The experiments intended to qualify selected CERCERs and
CERMETs are presented and discussed, the feasibility of CERMET UO2 and MOX cores is
established. Things are more complicated for PuC<2 CERMET and we show that in order to
optimize loading, a dedicated heterogeneous assembly has to be defined. The Advanced
Plutonium Assembly (APA) is presented. The last part of our presentation is devoted to the
first fabrication tests on these very particular fuels and to the definition of reference accidents
liable to affect « cold » fuels such as CERMETs.

Fuels -Plutonium - PWRs - Innovation - Neutronics
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Presently, light water reactors (LWRs) are supplying the increasing demand on nuclear energy
production, followed by Canada deuterium uranium (CANDU) reactors. The former can exploit the
nuclear fuel charge only to a moderate bum-up grade of up to around 30000 Mad/Ton, mainly due to
critically considerations whereas the latter can achieve even lower bum-up grades in the range of
< 10000 MW.d/Ton. On the other hand, it is possible to fabricate mixed oxide fuel rods to withstand
bum-up levels up to 200000 MW d/Ton [1,2].

In this work, a fusion breeder is presented for the rejuvenation of spent nuclear fuel. A (D,T) fusion
reactor acts as an external high energetic (14.1 MeV) neutron source. The fissile fuel zone,
containing 10 rows in radial direction, covers the cylindrical fusion plasma chamber. The first 3 fuel
rod rows contain spent nuclear fuel of CANDU reactors.



The following 7 fuel rod rows contain spent nuclear fuel of LWRs. This allows a certain degree of
fission power flattening, as depicted in figure 1.
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Figure 1: Fission power production density in the fuel zone

Fissile zone is cooled with pressurized helium gas with volume ration
zone. The main integral neutron data of the fusion breeder is shown in table 1.

Table 1 : Neutronic data in the blanket
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T6: Tritium breeding ratio of 6Li T7: Tritium breeding ratio of 7Li
T: Total tritium breeding ratio Zr Integral fission rate
v. Zr Integral fission neutron production 238Uy: 239Pu breeding ratio
M: Blanket energy multiplication L: Radial neutron leakage per fusion cycle
f: Peak-to average fission power density ratio in the fuel zone



Spent fuel rejuvenation occurs through the neutron capture reaction in U. The new fissile material
increases the nuclear quality of the spent fuel which can be described as the cumulative fissile fuel
enrichment (CFFE) grade of the nuclear fuel which is the sum of the isotopic ratios of all fissile
material (235U+239Pu+24lPu) in the MOX fuel. Figure 2 shows the temporal variation of CFFE in the
course of spent fuel rejuvenation in a fusion breeder. One can see in figure 2 that CANDU spent fuel
can achieve an enrichment degree of 1 % after ~ 9 months, suitable for reutilization in a CANDU
reactor. LWR spent fuel require > 18 months to reach an enrichment grade ~ 3.5 %, suitable for
reutilization in a LWR.

12 18 2 4 30 3 6

O p e r a t i o n P e r i o d ( M o u t h j

Figure 2: Temporal variation of cumulative fissile fuel enrichment

One can conclude that the study has shown a possibility of the rejuvenation of MOX spent fuel of
CANDU and LWRs in a fusion breeder with a quasi-flat fission power density.
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Since the plutonium inventories has been increased along with the spent fuel discharged from Laguna
Verde BWR reactors and considering the importance of new emerging technologies about plutonium
recycling'0, we decide to explore the feasibility of MOX fuel utilization in BWR reactors. Using the
same mechanical design and geometry as the uranium fuel assembly 8x8 uses, the main goal was to
find an equivalent cell testing several plutonium concentrations for a MOX fuel assembly, the
proposed assembly uses the same gadolinium uranium rods as the normal uranium fuel, and four
concentrations of plutonium blended with depleted uranium, rods at different concentrations were
used.

The plutonium used in this analysis is the plutonium recycled from typical LWR at 35000 Mwd/t of
heavy metal as showed in the next table.

Isotope
% weight

Pu-239
67.49

Pu-240
15.80

Pu-241
14.60

Pu-242
2.11

Full MOX fuel assembly design. For nuclear fuel cell calculations the RECORD-89A code was
used, the main specifications of the full MOX fuel assembly proposed are as followS:

Type of rod 1 Pu total 2.0% + 23iU 0.2%
Type of rod 2 Pu total 3.2% + 235U 0. 2%
Type of rod 3 Pu total4.5% + 235U 0.2%
Type of rod 4 Pu total 6.5% + "5U 0.2%
Type of rod 5 Gd2O3 1.5% + 235U3.95%



IdC,

In this MOX fuel assembly the mechanical design is identical to the 8x8 fuel assembly'2' for BWRs.
which have a water rod in the center of the assembly, the higher concentrations of plutonium are
placed in the most inner positions surrounding the gadolinium rods and the lower concentrations are
placed at the corners as showed in the next figure. 1
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Figure 1 MOX fuel assembly design

Figure 1 MOX fuel assembly design

Conceptual design of core. The BWR reactors of LVNPP has a core containing 444 fuel assemblies
and one third of core is considered could be loaded with MOX fuel assemblies to investigate this the
PRESTO(3) code was used obtaining the thermal limits, peak factors, reactivity margins and control
rod worth's, as function of burnup. As an example, in the next figure (2) the local peak factor is
showed for several conditions of void fraction (hot full power and without control rod).

Q_
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1.0
10 15 20 25

Burnup (OWartHM)

30 35 40

Figure 2 Local Peak Factor Vs burnup for a MOX fuel assembly

MOX fuel supply. In Mexico the supply of MOX fuel will be from foreign manufacturers due to a
lack of reprocessing and manufacturing facilities depending if the MOX fuel results more economic
or not at medium term(4), or what policy our country will take for the future about the spent fuel, direct
disposition or recycling0, in this concern these studies will help us to make the right decision.
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During already more than 25 years, the VENUS critical facility is used for benchmarking calculation
codes for in-core and out-of-core neutron physics. The introduction of MOX in nuclear power plants
has created a need for neutron physics benchmarks that deal with fuel configurations (partially filled)
with MOX. Due to the high number and the diversity of the available MOX rods, the VENUS critical
facility is particularly suited for establishing these kind of MOX benchmarks.

The last 10 years several international programmes have been executed in the framework of MOX
benchmarking [ 1,2,3]. These programmes were VIP-BWR, VIP-PWR, VIPO and VIPEX-PWR. The
most recent programme VIPEX-PWR aimed at completing the VIP database with experimental data
more related to mixed core operation and safety.

The VIPEX programme aims at validating neutron codes for different aspects of the control of
reactors with MOX fuel. Parameters that have been investigated in the framework of this programme
are the 241 Am poisoning (24lPu decay), control rod cluster (AglnCd) worths in MOX, the delayed
neutron fraction peff the detector response in MOX, the reactivity effect of the water moderator
density (simulating hot to cold condition) and the flux tilt inside a MOX rod at the border of a MOX
and UOi assembly.



The VENUS critical facility is a water-moderated zero-power reactor. It consists of an open (non-
pressurized) stainless-steel cylindrical vessel including a set of grids which maintain fuel rods in a
vertical position. After a fuel configuration has been loaded, criticality is reached by raising the water
level in the vessel, (see figure 1).

Figure 1. Vertical cross-section of the VENUS critical facility

Parameters that are measured with the VENUS reactor are the critical water level he, the reactivity
coefficient 5p/8h, the axial fission rate distribution, the horizontal fission rate distribution, spectrum
indices F5/F9, F8/F9, C8/F9, fission rate distribution inside fuel rod, detector response and the
delayed neutron fraction peff.

The VIPEX-PWR programme has been divided in two phases. During phase 1 the delayed neutron
fraction pe f f , the 241 Am effect, control rod worth have been determined. Phase 2 dealt with the flux
tilt, the moderator density effect on reactivity and the detector response and fission rate distribution.

Figure 2 shows the overall layout of the PWR MOX configuration that has been studied in the
VIPEX-PWR programme.

Several parameters measured in the framework of the VIPEX programme are compared to calculated
values [4]. The (C-E)/E value of the 241 Am poisoning is 5.8% (-30 pern). Several control rod cluster
configurations have been investigated. A comparison between the measured and calculated values is
given in the paper.



The measured detector response gives a good agreement with the calculation. The C-E/E value of the
count rate ratio between the MOX and U02-assembly is 1.2%. The calculation of the detector
response measured in the framework of the previous programme VIP-PWR resulted in a C-E/E value
of 0.4%.

The C-E/E values will be shown in the paper. For the MOX assembly the standard deviation of the
C-E/E values is 0.8%, for the U02 assembly this is 1.5%. These values are comparable to the
measurement uncertainties; 1.5% and 1% for MOX and U02, respectively.

A comparison between the calculated and measured maximum value of the flux tilt shows that the
difference is less than 1%. However, the calculated and measured position of the maximum differ
45°.

Future programmes will be discussed, dealing with either overmoderated MOX assemblies or tight
lattices for increased conversion ratios.
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A self-consistent nuclear energy system (SCNES) has been proposed as an ultimate goal of the
nuclear energy system in the coming centuries [1]. The objectives of the SCNES are briefly described
as follows:

- Energy generation: To achieve high efficiency in the utilization of fission energy.
- Fuel production: To have a breeding ratio greater than unity.
- Transmutation radioactive nuclides: To minimize the hazard index level for a long period.
- System safety: To eliminate the criticality-related safety issues by natural law.

This study discusses potential of large and high burnup MOX fueled FBR, given by Table 1, for
transmutation of the radioactive nuclides and system safety assuming that promising future
technologies, such as fuel dilution and relocation modules (FDRMs), burnup reactivity compensation
modules (BRCMs), gas expansion module (GEM), can be achieved, because the energy generation
and fuel production are easily achieved by using the FBR [2].

The SCNES in fig. 1 is realized as follows. Uranium (U), plutonium (Pu) and minor actinides (MAs)
are reutilized as fuel. Stable FPs are released from the system. Short lived FPs, whole half-lives are
less than 10 years, are stored temporarily and released from the system after the hazard index level of
the FPs becomes negligibly small. The long-lived fission products (LLFPs) having high hazard
indexes are transmuted by excess neutron leaked from the FBR core or confined in the SCNES.

The LLFPs for transmutation are loaded only in the blanket region as shown in Fig. 2, without any
significant impact on nuclear and safety characteristics, qn condition that breeding ratio greater than
unity. As a result, not all amounts of LLFPs generated by the large MOX fueled FBR having high
burnup are reduced, since the amounts are too large for the number of excess neutrons being used for
transmutation of LLFPs. Then some LLFPs having a large capture cross section, Se-79, Tc-99, Pd-



107, 1-129. Cs-135 and Sm-151, are selected for transmutation, based on their effective half-lives of
under 10 years, and the others are confined in the system. In order to enhance transmutation
efficiency, neutrons in the radial blanket (RB) region are moderated by solid hybride ZrH, 6, then the
FBR's annual production amounts of selected LLFPs can be transmuted by using all RB and a part of
axial blanket (AB) regions given by Table 2. The other LLFPs are confined in the system. The
hazard index level of the LLFPs per one ton of spent fuel from the SCNES after 1000 years is as small
as that of a typical uranium ore. This level is too small as comparing with that of no transmutation
systems.

System safety is discussed in connection with self-controllability and self-term inability. Self-
controllability of FBR core is evaluated for anticipated transient without scram (ATWS) events. A
typical ATWS of the flow coast down is an unprotected loss of flow transient (ULOF). The proposed
FBR core concept employs the GEMs, sodium plenum above the core and the BRCMs in order to
realize passive safety. So sodium boiling and fuel melting will be avoided in anticipated transient
without scram events.

Self-terminability of the core is evaluated in relation to the re-criticality of degraded core. Since fuel
in the core is not generally arranged to give the maximum reactivity value, insertion of positive or
negative reactivity can be caused by a fuel relocation process such as core compaction or dispersion.
In order to avoid re-criticality, the FDRMs are loaded in the core.

The study shows the large and high burnup MOX fueled FBR core has potential applicability to the

SCNES.
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MOX fuels will be loaded in some of existing commercial BWR cores in Japan as a part of reload
fuels in 2000.

From the view point of core management for MOX core, it is important to treat the reactivity effect of
Pu-241 decay to Am-241 with half life of 14.4 year.

The effect of Pu-241 decay for the delayed time of MOX fuel loading from the due date or during
shut-down time under periodic inspection must be considered in nuclear characteristics evaluation to
predict core reactivity and performance with a good accuracy.

In Toshiba, TGBLA(1), a BWR lattice physics code, is used for calculating nuclear characteristics of
BWR assembly, and LOGOS(2), a three dimensional BWR core physics simulator is used for core
design and performance calculations. We also support TARMS(3) system, which is an on-line BWR
core management system based on LOGOS methodology.

Here, a method for treating the reactivity effect of Pu-241 decay has been developed for both LOGOS
and TARMS.

The points of this method are as follows:
The-burnup equation for Pu-241 is expressed as,

4, (1)

where, JV40, N41: node-averaged number density of Pu-240, Pu-241,
<t>o: neutron flux of base calculation,
\u: decay constant of Pu-241,
ac40, ac4i: node-averaged capture cross section of Pu-240, absorption cross section of Pu-241,
P / Po: actual power density/base power density.

The quantities in brackets of equation (1) are those averaged over a node, which are produced by an
ordinary TGBLA burn-up calculation with a constant base power density and given in a tabulated
form depending upon exposure and historical void fraction.

Node-averaged number density of Pu-241 for actual power history fN4| acluaj) can be obtained by
solving equation (1) with a given initial number density.

Subtracting the node-averaged number density of base calculation (N4lbas«) from N4i acniaJ yields 5N4,
( = N 4 1 actual " N41 ̂ ase )•



ft?

Using 8N4i and the density coefficients of Pu-241 and Am-241 on K-infinity (dK / dN4|, dK / dN?1).
the correction on reactivity, AK, can be obtained by,

dK dK

dNsi (2)

Here, we assume that power history change causes the same amount of changes in Pu-241 and Am-
241 density with a reverse sign.

By using the reactivity correction method thus obtained, the nuclear constants for varying power
history can be obtained without any additional TGBLA calculation.

Fig. 1 shows a verification result of this method for a case where a 90 days shut-down period is
entered at each 10 GWd/st exposure increment. The reference calculation was performed by TGBLA.
The calculation result using this correction method is in agreement with the reference calculation
result.
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Fig. I An example of evaluation with the condition that the cycle exposure is lOGWd/st and
shut down time is 90 days.
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For an example adopting this method to TARMS code, fig. 2 shows a relationship between a shut-
down time during a periodic inspection and reactivity loss for 100% MOX core at the beginning of
cycle (BOC) and the end of cycle (EOC).

(XAk)

2 3 4 5
Shut-down Time (month)

FIG.2. Relationship between shut-down time during periodic inspection and reactivity
loss at BOC and EOC due to Pu241 decay

Thus the effect of a reactivity loss due to a reduction of Pu-241 and a production of Am-241 during a
shut-down is not negligible in magnitude, but using LOGOS and TARMS codes adopting the above
method the effect can be treated properly.
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This paper presents the highlights of operational experiences with MOX fuel loaded in recent cycles
of twin Boiling Water Reactors (BWRS) of TAPS, India. The theoretically simulated neutron flux
profiles and the thermal behaviour are compared against measured Traversing In-Core Probe (TIP)
analysis.

Peak Heat Flux (PBF), Radial Factors (RF) for fuel assemblies and Critical Heat Flux Ratios (CHFR)
are three parameters used to analyse the thermal behaviour of fuel assemblies whereas K-effective is
used to study the core from reactivity point of view. The computer codes used for the purpose are
well proven for analysing the TAPS reactor cores with full LEU fuel. However, with MOX inside the
difference between predicted and TIP analysed values of PHF for MOX assemblies were found to be
as high as about 15 % root mean square (RMS) values which is much higher than values found for
their LEU counter parts (about 5 to 10% RMS). The similar trends were observed for RFs and
CHFRs. After a careful study of this behaviour (Ref. 4) it was observed that certain basic lattice
parameters viz C factors and J factors which are used to analyse the core performance based on TIP
traces needed some modification. C* factors were thus introduced. The comparison of results of core
performances done with C* factors gives a better picture wherein the differences in predicted and TIP
analysed values of PHFs are about 10% RMS values. Similarly the differences in RFs and MCHFRs
have also narrowed down.

The MOX fuel of TAPS is in 6 x 6 matrix array with three different types of fuel pins having three
different [high (3.25 wt % Pu-total), medium (1.55 wt % Pu-total) and low (0.9 wt % Pu-total)]
Plutonium total concentrations mixed with natural uranium in oxide forms. The nominal isotopic
composition of Pu used is: Pu-239: Pu-240: Pu-241 : Pu-242 : 0.7322 : 0.2182 : 0.0380 : 0.0104 . No
Gadolinium is used. One pin in the centre has been left as hollow to provide for extra moderation in
the central region. So far six MOX assemblies (2 in Unit-1 in 1994 and 4 in Unit-2 in 1996) have
been loaded in TAPS and they have produced energy of order of 10,000 MWD/ST. Two assemblies
of Unit-1 are undergoing their third cycle operation while 4 assemblies in Unit-2 are in second cycle
of operation. The MOX assemblies were not given any special treatment at the time of developing the
reload patterns except that they were loaded near the TIP locations so that their behaviour during
cycle could be observed more closely. The sipping analysis done during each refuelling outage have
shown that these assemblies are in very good health.

The basic lattice parameters for MOX assemblies were calculated by lattice code LWRBOX, ( Ref. 1)
which uses a judicious combination of Pij and J ± methods to solve the complex 2-D calculations.
These parameters are used for core simulation using a 3-D code COMETG (Ref.2) which uses
neutronic thermal hydraulic one group coarse mesh diffusion theory. The actual axial flux profile is
taken by Traversing Incore Probe (TIP) made of small fission chambers. These traces are degitized in
24 nodal values and normalised with core power. Code NCALIB (Ref.3) is used to analyse these
traces. The Nodal power is calculated using P=T x C x J x A where T is TIP value, C is the control
rod factor which depends on surrounding control rods.

A is the nodal surface area and J is the ratio of average flux to TIP value depending on type of
assembly, local void and exposure of assembly. The factors C and J are calculated by the lattice code
LWRBOX (Ref. 1) for different types of fuel assemblies under various exposure and void conditions.



The values of PHF and CHFR obtained by COMETG after simulating the core and as calculated by
NCALIB after TIP analysis are used as indicator to see the performance of core and hence MOX also.
It is observed that with regard to LEU fuel assemblies in core the two values are closely matching
however, for MOX the difference is much higher. The observed TIP traces and their analysis indicate
higher power contribution from MOX than what was predicted by simulator. The difference in PHF
values being of the order of about 15 % RMS and that for RPF is about 5 % RMS. It was observed
(Ref. 4) that the C and J factors which are used in code NCALIB to analyse the TIP traces were not
properly taking into account the reflected boundary conditions at four adjacent fuel assemblies
surrounding the TIP when a combination of LEU and MOX is present. A new factor C* was
therefore introduced to properly modify the values of C*J and hence a more realistic power
contribution from MOX assemblies. The nodal power will now be calculated as: P = T x C x J x C*.

The comparison of simulated and TIP analysed values with C* have given a better picture. Wherein
the differences in the RMS values of PHF is of the order of about 10 % and the differences in RFs and
CHFRs have also narrowed down.

Since PHF and CHFR are the safety parameters for TAPS reactors conservative values of these
parameters had put restriction on operating power levels as well as for loading of higher number of
MOX assemblies in the future reload patterns. But as the assemblies after sipping are found to be
healthy it suggests that they had not observed the PHFs & RFs as high as computed by TIP analysis
and CHFRs as low as the analysed values. The introduction of C* has helped in improving the
accuracy of TIP analysis. But even now the differences are of a higher magnitude. This gives an
impression that our computer codes are not that accurate for a mixed core comprising of MOX and
LEU assemblies as for a full LEU core. Efforts are therefore, to be made to improve our computer
codes.

Ref-1: P.D. Krishnani, "Lattice calculations for TAPS MOX fuel assembly"
Note No. ThPD/385, 1993

Ref-2: V. Jagannathan et al, "The performance of the 3-D BWR core simulator code
Cometg Note No.BARC/I-794," 1994

Ref-3: V. Jagannathan et "NCALIB" - A computer code to determine thermal margins for
Tarapur BWRs from measured TIP readings

Ref-4: P.D. Krishnani, "Explanation of the anomalous power peak observed in
MOX fuel assemblies of TAPS"
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The studies described in this paper concern the evaluation of the fuel management in a cost view point
at different fuel cycles. The reactor type used the benefits to be achieved by fuel irradiation should be
the basis for the evaluation of the effectiveness of the fuel cost management. The improvements in
the nuclear materials that have been done in the last years conducted to the high efficiency in the fuel
utilization. Figures 1, 2 represents the correlation between the content of fissile materials (Pu
including fissile and not fissile Pu produced during the irradiation) and the burnup of PWR and
HWWR. The increasing of the burnup as the result of the higher enrichment causes the increasing of
cost for spent fuel regeneration for recovering of the initial multiply factor. The intent of the cost
optimization for fresh fuel fabrication and spent fuel regeneration is directly connected with
optimisation of the initial enrichment and the burnup reached.

Fig. 1
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Fig.2
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The paper describes the influence of existing prices for fuel services on the economics of the direct
fuel cycle or the closed fuel cycle. In any case the optimal strategy of fuel utilization should be
chosen in accordance with the reactors type used in the fuel cycle and the prices for fuel services
The studies of the closed fuel cycle with PWR show that the cost of the closed fuel cycle becomes
equal the one of the direct cycle at the burnup of 43-44 MWt. Day/ (kg.U) and the price for natural U
- $40 per kg., for spent fuel disposal -$700 per kg.U and for spent fuel regeneration - $800 per kg. U.
In case the price for natural U -$50 per kg the equality of the costs corresponds the burnup more than
52 MWt. Day/(kg.U).



The economics of the closed fuel cycle with HWWR significantly depends on the increasing of the
burnup. If the burnup on the HWWR does not reach 25 - 30 MWt. Day/ (kg.U) the construction of
this reactor type is being doubtful. The advantage of HWWR is of ability to involve into the closed
fuel cycle more quantities of uranium. For the recovering of the initial multiply factor by the
extracting Pu the uranium remained after HWWR fuel regeneration is 2.5 - 3 times lesser the same
after the LWR fuel regeneration.

Conclusion:

• The cost of natural uranium and the cost for the disposal services will determine the strategy of
the fuel cycle development. The strategy of interim storage is more suitable today.

• Increasing of the burnup to 30 - 35 MWt. Day/ (kg.U) in HWWR will make the set LWR -
HWWR as more effective and perspective.
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Abstract

The method of mixed uranium-plutonium fuel reprocessing consists in its dissolution (after the
cans separation) in the MoO3-Na2Mo04 melt. After the dissolution finishing the melt is cooled slowly
while homogeneous solid solutions (U, Pu)O2 are precipitating out. The solutions composition
corresponds to the UO2 / PuO2 initial mixture relations. On this stage the plutonium content in mixed
fuels is corrected.

During the dissolution process volatile fission products (T, Kr,. Xe, I) are removed from the
melt and caught in the gas purifiers.

Non-volatile fission products remain in the melt which is separated from the precipitate by
decantation or a filtration.

We have studied the following diagrams that state: UO2-MoO3, PuO2-MoO3, UO3-MoO3, CcO2-
MoOj, ZrO2-MoO3, BaO-MoOj, RuO2-MoO3, UO2-MoO3-Na2MoO4, PuO2-MoO3-Na2MoO4.

The experiments have been completed on the recrystallization of crystal phases U02, PuO2 (U,
Pu)O2 in melt molybdates. The rate of UO2 PuO2, (U, Pu)O2 crystals cleaning from fission products
as high as 2-3 orders has been achieved.
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Abstract

Some of the important problems of the contemporary nuclear fuel cycle connected with Pu are:

a) lack of Pu market

b) uncertainty of the FBR future

c) there is a gap which exists for more than 10 years between production and demand of natural
uranium

Up until 1980 Pu was considered as a potential energy source for the near term. The future of the
nuclear fuel cycle included Pu generation and utilization of large number of FBRs.

From an asset Pu is now considered to be a dangerous and toxic waste which should be disposed of by
burning in reactors or "immobilization".

1. The Pu problem for Bulgaria

The change of the attitude towards Pu creates problems since there is a possibility that in future Pu
can be returned in vitrified form as HLW mixed with fission products and other actinides. The
second problem is economical, should there be a credit for Pu in SNF in case of reprocessing.

The delay of Pu utilization in FBRs has changed the direction of the effort for use of Pu - now a
number of countries are producing MOX fuel for LWRs. The problems of burning Pu in LWRs are
both economical and technical:

• the cost of MOX fuel production is high - at present the cost of a MOX FA is approximately 5
times higher than the cost of production of FA from fresh uranium. The prospective is to reach a
four fold cost at the beginning of the new century. Most probably the cost will decrease further.

• the energy output from civilian Pu is not very high. The optimal strategy is to use CPu in FRs and
Wpu in LWRs. The use of WPu is connected with safeguards problems and probably very few
LW reactors will be allowed to burn Wpu.

• the physics of reactor using MOX fuel is changed. The basic differences between a core with a
uranium fuel and MOX fuel are:

• a) the neutron spectrum is shifted to higher energies which reduces the control rod worth, the Xe
poisoning and other effects related to the absorption in the thermal region



• b) the negative fuel temperature coefficient is increased due to the high resonance of 1 eV in
Pu240

• c) the fraction of delayed neutrons is reduced

• d) the change of Keff versus burnup is slower than for uranium fuel and generally it is not a
quasilinear function

• e) the percent of Pu in MOX should be increased since the other actinides except Pu241 introduce
negative reactivity

The change of the physics of MOX fuel does not require a new control rod system if the fraction of
MOX fuel is not greater than 30%.

But in the long term Pu is not a waste

The arguments for such a statement are:

• Production of U is less than demand by approximately 20%. This is the state of uranium
demand/production problem for nearly 10 years which has lead to considerable exhaustion of
existing stockpiles. The price Of U308 has been increasing for the past years which can lead to a
change of the attitude to the MOX fuel. Inevitably the production costs of MOX fuel will be
reduced with the new large scale facilities which are under construction in Europe and Russia.

• The strategy of MINATOM (Russia) which considers only the reactor utilization of Pu.

• At present the nuclear energy cycle in Russia cannot utilize Pu in the short term - (next 10-15 y).
The optimal option is to burn Pu in the MAYAK site if the facility COMPLEX 300 and at least
two FRs are finished. There is a possibility to use MOX fuel in VVER-1000 although there is no
national experience.

• In a NEA report on the economics of the NFC [1] there is a declared credit of 1.3% for Pu and
2.9% for the low enriched uranium from reprocessing.

2. CONCLUSION

The evaluation of the future of Pu utilization in reactors and the uranium production implies that after
a certain period (10-15 y) there is a possibility for Pu market.

The countries without reprocessing facilities or facilities for Pu storage should have economic interest
in order to support the reprocessing option.

References:

1. N. Zarimpas, The Economics of the Nuclear Fuel Cycle, NEA Newsletter,
p. 17, Spring 1994, (A Summary of the NEA Expert Group Report on
Economics of the NFC, 1994).
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Microstructure of the fuel following irradiation to high burn-up consists of several typical zones.
Very near fuel surface is a zone with a typical thickness of 100 - 200 fim. where very small grains of
1 - 2 |irn diameter exist. Proceeding further into the interior of the fuel, a zone follows with a
morphology very similar to the original structure where temperature does not cross the threshold
temperature of about 1100 °C for burn-up higher than 30 MWd/kgU.

Further towards the centre of the fuel, there is formed another zone which is characterised by
grain growth, however this zone is not always formed. For fixed burn-up the radial grain size
distribution in the pre-irradiated fuel is a continuous function. The fuel grain size increased as the
fuel rod centre is approached.

Since the zone characterised by grain growth is not always formed and the grain size distribution
is a continuous function, it is inferred that there must be a threshold temperature for which the grain
growth occurs. If the grain growth does not occur in the base irradiation, it suggests that the threshold
temperature is not crossed over.

On the other hand, we have noticed that the radial distribution of concentration of retained fission
gas in the fuel is in very close correlation with the radial grain size distribution. It is roughly the
mirror reflection. So there is obvious correlation between the grain size, temperature, burn-up and
retained fission gas in the fuel. Algorithm of this correlation is the concern of this paper.

On the base of the experiments published in the literature we assume that there is no significant
difference in fission gas release between MOX fuel and UO2 fuel and the Vitanza threshold for UOi
fuel is applicable to predict the onset of significant fission gas release also for MOX fuel.

Assuming that the Vitanza curve describes the change of uranium dioxide re-crystallization
temperature with burn-up we can say that the grain growth rate depends on the burn-up in the way
given by the best fit of the grain size change with the curve.

To obtain this we have modified the grain growth model of Ainscough et al., which is generally
considered to be the best available one. Solving numerically the Ainskough's modified differential
equation with help of the modified Runge-Kutta integration method we obtained a reasonable
agreement with the experimental data of in-reactor grain growth versus temperature.

It is generally accepted that most of the insoluble inert gas atoms of xenon and krypton produced
during fissioning are retained in the fuel irradiated at a temperature lower than the threshold. We
assumed that most of the gas atoms are retained in the matrix of grains being there immobilised or are
precipitated into small fission gas bubbles. We assume further that the retained gas atoms in the fuel
are released from the volume of the re-crystellized grains. The defect trap model of fission gas
behaviour in UO? fuel described in the earlier papers is supplemented by the description of the grain
growth process.
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In order to complete the set of differential equations of the defect trap model of fission gas
behaviour, the release rate of re-soluted gas and trapped in bubbles is to be determined. Multiplying
the volume rate of grain by the concentration of re-soluted gas atoms in the matrix and trapped gas
atoms in the bubbles, we obtain the release from one grain.

The product of release rate from one grain and the number of grains at elevated temperature,
defined by the limiting grain size at which grain growth ceases, determines the release rate from a
unit volume.

Finally, the defect trap model presented previously is supplemented with the description of
fission gas behaviour due to grain growth process, according to the aforementioned assumptions. The
coupled equations of such model are solved numerically using the modified Runge-Kutta method and
the explicit finite-difference technique - Crank-Nicholson scheme.

We have considered two cases for the fuel rod:
a) Steady state irradiation to accumulate desired burn-up was performed below the temperature of

re-crystallization for the whole rod.
b) Steady state irradiation to accumulate desired burn-up was performed so that only part of the fuel

rod is below the re-crystallization temperature.
c)

Calculations referring to the case (a) show that the concentration of fission gas decreases
substantially in central region of the fuel rod following a transient test.. The higher is the power the
smaller range of high concentration is obtained. Calculations referring to the case (b) show that the
fission gas retention increased in the central region of the rod in comparison with the retention in the
intermediate radial position.

These calculations explain qualitatively the experimental data of radial distribution of retained
Xe in UO2 following steady state irradiation and subsequent transient test at elevated power
(temperature) presented in the open literature.
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The first part of the paper describes the methods utilized at ITU for performing experimental
fabrications of MOX fuels. Such fabrications are carried out in the frame of either research
programmes on actinide incineration, or development projects on advanced fuels, mainly aimed at
sustaining higher burn-up.

These processes are:

The powder metallurgy process, based on various methods of oxide powder mixing, depending
on the types of fuels to be fabricated: LWR MOX fuel close to commercial fuel types, or FBR
MOX fuels with very high Pu contents. These processes are well proven, but show limitations
if highly radioactive materials are used: very aged plutonium or plutonium from high burnup
irradiation, and in the extreme case when minor actinide fuels and targets have to be
manufactured. The limitation is due to dust production during fabrication, and to the resulting
difficulty for operation, maintenance or decommissioning.

The SOL-GEL process involves the dissolution of the starting materials (alternatively, if
located at the reprocessing plant, the active solutions are readily available) followed by
controlled droplet to particle conversion for the production of flowable microspheres. These
are then pressed into pellets. The process produces little dust and can be automated readily.

Hybrid gelation-blending methods (SOL-MAS): this is the combination of the gelation



technique and mechanical mixture, where a master blend of the Pu (or Minor Actinides) - rich
powder is prepared by SOL-GEL, and mixed with U02 (or inert matrices).

The second part of the paper gives examples of the fabrication of MOX fuels following the processes
described hereabove. In particular, two aspects will be analysed in more details, and results of the
fuel characterization will be shown.

Fabrication of MOX fuels containing up to 45% Pu/U+Pu: fuel pellets and pins were
manufactured recently for irradiation in a material testing reactor, according to both mechanical
mixing method, and SOL-GEL process. With the microstructure of the starting PuO2 powder
used, the results show difficulties to obtain the specified fuel density (95% TD) at the highest
plutonium content although the resulting pellets are fully stable, and can be irradiated.
Parametric study was performed to better understand the processes involved, and the level at
which the diffusion processes are modified.

Additional pellets are being fabricated now by SOL-GEL, using a PuO2 powder with standard
characteristics (from commercial reprocessing plant), and the characterization results will be reported.

Fabrication of MOX fuel, typically representative of commercial LWR fuels, with large which
are expected to decrease the release rate of fission gases. The methods tested to produce large
grains in MOX fuels will be reported and commented.

As a conclusion, laboratory scale fabrications demonstrate the possibility to manufacture modified
MOX fuels with a good quality, although questions remain to clarify in case of very high Pu
concentration, to be used for Pu incineration in FBR's. For future commercial application, improved
MOX fuels will have to be produced, to achieve higher burn-ups.


