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FOREWORD
During the last years the Nuclear Fuel Cycle and Waste Management

Division of the IAEA has been giving great attention to the collection,
analysis and exchange of information in the field of reactor fuel
technology. Most of these activities are being conducted in the
framework of the International Working Group on Water Reactor Fuel
Performance and Technology (IWGFPT).

In addition to these activities, the Agency organized a number of
meetings in other nuclear fuel directions, such as:
Utilization of particle fuel in different reactor concepts

-

Advanced fuel technology and performance
Thorium-based nuclear fuel
Advanced fuel for fast breeder reactors: fabrication and properties
and their optimization.
The first Advisory Group Meeting on Advanced Fuel Technology and

Performance in Würenlingen, Switzerland, December 1984,
consisted of
nominated experts from 12 countries with considerable experience and
requirements in the area of advanced fuel technology for all types of
reactors. The participants prepared a TECDOC which reflected the status
of the advanced nuclear fuel programme, based on their national
programmes and experience.
The purpose of this Advisory Group Meeting on Advanced Fuel

Technology and Performance was to update and to continue the previous
work, and to review the experience of advanced fuel technology, its
performance with regard to all types of reactors and to outline the
future trends on the basis of national experience and discussions during
the meeting.
As a result of the meeting a Summary Report was prepared which
reflected the status of the advanced nuclear fuel technology up to 1990.
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SUMMARY OF THE ADVISORY GROUP MEETING

1.

INTRODUCTION

The previous meeting on advanced fuels was held in Würenlingen,
Switzerland in December 1984. At that time an advanced fuel was
described as "a fuel which introduces significant advances in the
performance or technology of nuclear fuel but which is not yet
commmercial". At that meeting 20 papers were presented including 7 on
LWRs, 5 on advanced fabrication concepts, 3 on advanced FBR fuels, 2 on
the thorium fuel cycle and one each on mixed oxide fuels (MOX), the high
temperature reactor (HTR) and advanced claddings. MOX fuels were seen as
on the verge of commercial introduction, all other LWR improvements were
"established". Advanced FBR fuels were being actively examined and
breeder reactor introduction confidently expected with 1-2 decades. HTR
technology was also still advancing in several countries.
Since then, as the current meeting determined, advanced reactor
concepts (HTR, breeder reactors) are now being pursued in only a few
countries and more attention is now being given to evolutionary
improvements in existing reactors (mainly water-cooled). MOX fuel is now
well-established (licensed in several countries). Now there is interest
in the so-called "advanced water cooled reactors" and/or reactors of
small capacity. In general the advanced fuels work today is being driven
by the reactor type available, the fuel cycle of interest to the country
concerned and fuel utilization strategies. The meeting also noted that
"standard" fuel for some reactors may be "advanced" in another context,
such as MOX fuel in BWRs or HWRs compared to PWRs.
While the technology seems to be stabilized for LWRs, the continued
demand for even higher burnups is likely to continue, in the opinion of
several participants.

This may at some point require radical and new

solutions.
Specialists' meetings/TCMs have been held on the following topics
related to "advanced fuels" since the Würenlingen meeting. Their
conclusions can be found in the respective reports: Thorium based fuel
cycles in 1985, Advanced FBR fuels in 1987 and Pu and uranium recycle Cadarache, November 1989, as well as Economics of advanced fuel concepts

(Water Reactor Extended Burnup Study - WREBUS) in November 1988, May 1989

and October 1989 and the TCM on Fundamental Aspects of Corrosion of
Zirconium Alloys in Water Reactor Environment in Portland, September 1989.

2.

2.1

WATER REACTOR FUELS

Summaries of presentations at the Advisory Group Meeting
A paper from Sweden was devoted to the latest generation of the
SVEA fuel for BWRs, the 5x5 sub-bundle designs, now becoming a
proven design. The SVEA fuel design has a number of properties
that make it especially suited for the two main lines of BWR fuel
development over the next several years: plutonium utilization and
high burnup. The various areas of present development within the
two main subjects were mentioned, such as corrosion-resistant
cladding materials. Nuclear design of the MOX fuel assemblies of
the nineties,when plutonium utilization will be needed on a large
scale, will probably be based on other design criteria than those
of today, and the optimum econonomic utilization of fissile
material will have increasingly high priority.

In Japan the LWR has been, and will continue to be the mainstream
reactor for another few decades.

So related R & D and

demonstrations are underway cooperatively involving governmental R
& D corporations and private industry. As for the advanced
performance such as load following operation and burnup extension,
related R & D and PIE have been done and will be conducted
continuously. As for the Pu utilization in the form of MOX fuels,
demonstration programmes using commercial reactors are underway,

aiming at full-scale utilization at the beginning of the 21st
century.
The FRG presentation described the main objectives for the
development of advanced fuel for Water Reactors (PWR and BWR) as:

-

Improved Burnup Capability

-

Improved Fuel Utilization

-

Increased Margins for Advanced Fuel Management Schemes

-

Capability for Pu-Recycling.

The development starts from a well-established base up to local
burnups in excess of 60 GWd/tU for PWRs and >50 GWd/tU for BWRs
respectively, and includes commercial Pu-recycling up to the
current burnup range in PWRs and demonstration of MOX in BWRs.

The

technological burnup limits come mainly from the material side and
relate to: corrosion and hydrogen pickup in cladding and structural
material and fission gas release and dimensional stability of the
fuel. Todays fuel design and technology for LWRs still allows
burnups to be increased through evolution and optimization. The
realization of further advances, however, may require other and new

technological solutions.
In the UK there is a diversity of nuclear power plant designs,
giving significant scope for advances in fuel and fuel cycle
development. Reprocessing has always been a part of the UK fuel
cycle, and the recycling of uranium already achieved on a
commercial scale, continues to be an area of interest. On the PWR
side, however, emphasis has been directed towards the adoption of
well-proven technology, and thus work on advanced fuel concepts is

based on the prospects of long-term implementation. Nonetheless,
work is in progress in a number of fields including improved
resistance to PCI, MOX and the use of integral burnable absorbers.
The Belgian presentation was devoted to the commercial
implementation of MOX fuel, indicating the time needed to build up
the required technology. Indeed, the technology specific to MOX
fuel concerns not only the fuel material itself and its fabrication
(and the resulting effects on irradiation behaviour), but also the
neutronic design aspects and the required regulatory background
(safeguards, safety, transportation, etc.) which are quite
different from uranium fuel. The large expansion in the
utilization of MOX fuel in an increasing number of power plants has
definitely placed this fuel in the "commercial fuel" category. The

term "advanced fuel" under which it was categorized at the last AGM
in 1984, is therefore no longer applicable. However, as is the
case for U fuel, further advancements are still possible and worked
on, in the fields of fabrication (and related quality control),
reduced design margins and extended burnup. First steps in these
directions have already been initiated. For instance, fuel
assembly discharge burnups of 42 GWd/tM (BWR) and 60 GWd/tM (PWR)
have already been achieved.

A USSR paper described a burnable absorber fuel (BAF) and mixed
uranium-plutonium oxide fuel considered promising for water-cooled

reactors.

Presently, preference for BAF is given to gadolinium

fuel in the form of uranium-gadolinium oxide pellets, which are
stacked into a fuel column. Development for gadolinium fuel is
being carried out within the framework of the special programme.
The generation of increased amounts of plutonium in nuclear power
reactors urgently raises the problem of using plutonium in WER

(Water-Water Power Reactor), which is the main reactor type for the
next ten-year period in the USSR.

Under closed fuel cycle

conditions a simple substitution of uranium fuel by MOX fuel
reduces the natural uranium consumption by approximately a factor
of two.

WER

Closely-spaced uranium-plutonium dioxide lattices in the

can decrease the specific expenditure of uranium by a factor

of 4 * 5.

In the USSR the closed cycle

R & D programme is

underway.

The main problems of commercial production are aimed to

be solved by the end of this century.
Swiss work on mixed oxide fuel for LWRs is based on fabrication
using the internal gelation route. A forerunner test of UO_
microspheres has been going on in the Goesgen PWR for 3 1/2 years.
Initial results are encouraging with low gas release in all rods
and lack of clad creep down in sphere pac rods.

This test is to be

followed by a test in the Beznau-1 reactor, testing mixed oxide
segments to 35 GWd/t (3 cycles) and 55 GWd/t (5 cycles).

A further

study is devoted to microwave gelation and to pressing of MOX

pellets using gel feed materials.
India is making a steady progress in its pursuit of a three stage

programme linking natural Uranium, Plutonium and Thorium fuel
cycles.

More natural uranium PHWRs are committed.

Improvements

are being done in fuels of BWR ad PHWR for better performance.

There is an effort to introduce MOX fuel in one of the PHWRs.
The Canadian presentation described the current thinking with
respect to implementation of advanced fuel cycles in the CANDU
PHWR.

In this regard, sJLightly enriched uranium (SEU) fuel is seen

as the most likely move in Canada away from the once-through
natuaral uranium cyle.
10

The CANDU is seen as a neutron-efficient and resource-efficient
reactor. The resource utilization of various once-through and
recycle options was illustrated, and showed the improved (lower)
uranium usage resulting from various types of recycle in CANDUs.
It appears particularly resource-efficient, to burn recovered
uranium (RU) from PWRs in CANDUs rather than burning it in PWRs. A
new, more subdivided fuel bundle, known as the CANFLEX bundle is
being developed for decrease in linear power outputs, and to assist
in achieving the much higher (about 3 x) burnups typical for the
enriched cycles.
Czechoslovakia is up to now producing a fuel only for experiments
on its zero power reactors.

At present the main part of the work

is oriented on BAF with Gd.

This work is also part of the IAEA CRP

programme "Safety Aspects of Using Burnable Absorbers in VVERs".
Additionally to the BAF duplex type BAF pellets were prepared
either for modelling burnup of BAF pellets or generally for k
management in a fuel assembly.
In USSR investigations of silicide fuels have been carried out for
the water-cooled reactor.

The results of in-pile tests give

evidence of the possibility of using the silicide fuel for moderate
burnups (about 15 MWd/kg) in the on-load refuelled reactors.

It is

unlikely that such a fuel can be used in the vessel-type reactors
without essential improvement of its corrosion stability.

2.2.

Developement of Advanced Fuel for Current Water Reactor Designs
The two main incentives for the development of advanced fuel
concepts for current water reactors (PWR, BWR and CANDU) are:

(i) increased burnup capability
(ii) capability for plutonium recycling on a large scale. Both of
these require improvements in fuel utilization and in margins
for advanced fuel management.
The development of water reactor fuel starts from a

well-established base of performance experience and general
knowledge.

In LWRs peak pellet burnups in excess of 60 MWd/kgU
11

have been demonstrated.

Plutonium recycling as MOX is a well

established technique in PWRs and has been demonstrated in BWRs.
The economic optimum burnup is a function of a large number of

parameters, such as reprocessing costs, cycle length constraints,

etc.

The optimum is a very flat one, and there continues to be a

demand from some utilities for designs allowing still higher
burnups.
The extension of the use of gadolinia as a burnable absorber to

PWRs is emerging for a number of reasons, for example higher reload
enrichments, low leakage loading patterns, power shaping and so on.

Major development efforts are going on, and need to continue, to
study material behaviour under increased irradiation and under a
range of chemical conditions.

Currently the optimization of

Zircaloy is being pursued in the western countries, but other
alloys are also subject to investigation in many countries.
HWRs worldwide, are currently operating on a once-through natural

uranium cycle.

A move to a slightly enriched cycle has been

recommended in Canada where studies have shown three times the
natural U burnup achievable with fuel enriched to 1.2 wt %.
use of recovered uranium from FWRs in HWRs in seen to offer

The

improved resource utilization and various types of enriched cycle
with recovered uranium or the use of tandem with PWRs is

visualized.

In India there are plans to recycle plutonium in PHWRs

along with eventual implementation of a thorium cycle.
As demand for higher burnup continues, the intrinsic limitations of
existing materials are being approached.

For this a number of

alternative materials need to be sought and developed.

This might

be an area in which the Agency could suggest investigation by

organizations in member countries.

2.3

Fuel for Advanced Water Cooled Reactors
Since very little information was presented in the present meeting

on the subject of advanced water reactors, one has to rely on
information from two recent IAEA publications:
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IAEA-TECDOC-479 "Status of Advanced Technology and Design for
Water Cooled Reactors: Light Water Reactors", IAEA, Vienna

1988
IAEA-TECDOC-510, "Status of Advanced Technology and Design
for Water Cooled Reactors: Heavy Water Reactors", IAEA,
Vienna, 1989

LWRs are seen as the main source of nuclear energy until at least
the year 2010. Present and near terra efforts are focussed on
plutonium (MOX) recycle and extended burnup. However, for these
more advanced plants the following changes could be envisioned:
For reduction of residual risk in the event of core melt accidents,

reduced power density of the fuel is planned and an increase in the
water inventory of the reactor loops. Spectral shift reactor core
design for PWRs is also now envisioned as a way to improve
utilization of mixed oxide, perhaps leading to more severe fuel
operating conditions. In most other advanced light water reactors
(ALWRs), the fuel is subject to more moderate irradiation
conditions than in the current LWRs. This is most likely the
reason why no presentation at this meeting reported developments
made on fuel for those ALWRs.

2.4

Conclusions and Recommendations. (Water Reactors)
Compared to the observations made at the AGM in 1984, two fuels

have definitely emerged from the category of "advanced fuels" as

defined, becoming commercial fuel of today: that is the burnable
absorber fuels (BAFs, of which Gd fuel is the most commonly adopted
version) and MOX fuels. For these fuels, and for the standard U
fuel also, advances in technology are both foreseen and desirable
to cope with an improved usage of the fuel, mainly to extend
discharge burnups, but also to extend manoeuverability of the plant

(load follow, frequency control, flexible cycle lengths, etc.).
is rewarding to observe that these two fuels have kept their

It

promise and emerged into routine utilization.
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Three presentations mentioned an advanced fuel assembly design with
different fuel rod diameters in the same assembly (Sweden for BWR
MOX,

Canada in its CANFLEX concept, and Czechoslovakia for

Gadolinia assemblies). This is in the context of improving core

neutronics, fuel management options and fuel cycle economics.
To review the progress made on other advanced fuel concepts, the
last of the topics defined at the 1984 AGM can be briefly commented
as follows:
Advanced form:
WRs.

Annular pellets have not been used widely in

Sphere-pac work is continuing, with much emphasis on

special fuels. Duplex pellets seem definitely abandoned for
power reactors.

Graphite disc fuels have not been pursued;

they were conceived for high rated fuels, which are no longer

required, the tendency being for lower linear heat generation
rates.
Advanced material: The suicides were only mentioned

incidentally here.

The main emphasis is obviously on

alternative cladding required for the next extension of
burnups to be contemplated in another 10 years or so.

Advanced fabrication methods: this subject is dealt with in
Chapter 4.
-

Advanced performance: High burnup (and the resulting
corrosion resistance requirement) is taking the majority of
the efforts for R & D and qualification. Neutron economy
appears now to have lost momentum, as most achievable
improvements have been incorporated in commercial fuel.

-

Advanced fuel cycle: MOX and reprocessed U utilization were
given main emphasis. Fuel economy continues to be of

interest.
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3.

FAST BREEDER AND HIGH TEMPERATURE REACTORS

3.1

Summary
Advanced Fast Breeder Fuel Development in the USSR concentrates on
carbide, nitride and metallic fuels.
extensively tested in the BR-5

Uranium carbide fuel has been

reactor to 6.2% firaa burn up.

This

has been followed by tests of uranium carbide, carbo-nitride and
uranium plutonium carbide (six
assemblies) in the BOR-60 reactor to
10.4%
fima. A uranium nitride core in the BR-10
reactor has
reached above 5% fima, without failure. In the first stage the
helium-bonded fuel type appears to be an advisable design for
attaining burn up of 10% fima. The nitride fuel seems to be more
preferable, compared with carbide fuel due to easier reprocessing

and improved performance. Two variants of metal fuel concepts are
being considered in the Soviet Union. First of all,
in the use of
low power density metal blankets within the framework of the
heterogeneous core concept. In its design this core approaches a
carbide fuelled core. A purely metal core concept is also under
consideration for low power reactors.
Some topics on improvements of MOX utilization as well as the
present status in Japan were described.

The topics covered

the

irradiation characteristics of microwave co-converted MOX fuel, the
remote technology and computerized control of MOX fuel fabrication,
the improvements in FBR cladding material, and the reviews on
improvements in FBR fuel concepts, i.e. ductless fuel and
transuranic wastes (TRU) transmutation.

Emphasis is given to

achieving an extension of the FBR fuel burn up and also to
simplifying fuel cycle processes because they significantly
contribute to the FBR power generation costs.
Also in Japan. Uranium-plutonium mixed carbide and nitride fuels
have been developed for fast breeder reactors at JAERI and the
present status was outlined.

The fuels were fabricated based on

the carbothermic reduction of oxides followed by sintering.
Procedures for the characterization of the fuels fabricated have

been estabished including the analysis of nitrogen in the carbide.
The studies of fuel properties cover thermal conductivity,
evaporation, chemical potential and so on.

Irradiation tests of
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carbide fuel pins have been carried out using research thermal
reactors, JRR-2 and JMTR at JAERI.

The carbide and nitride fuels

will be irradiated in a performance test in the experimental fast

reactor (JOYO) in collaboration with PMC.
In India plutonium rich carbide is used in the Fast Breeder Test
Reactor (FBTR) and validation of fuel is continuing.
flowsheets have been developed for nitride fuels.

Process

Work is going on

for developing sol gel microsphere pellets (SGMP) processes for

oxide, carbide and nitride fuels. The Kamini research reactor
233
using U
fuel is likely to go critical shortly. There are also
plans to try thorium conversion in a high energy pelletron
accelerator using neutrons from fusion reactions induced in the
accelerator. Reprocessing studies on high plutonium carbides are
233
being made. A pilot plant was set up for separation of U
to
mark the starting of the third stage of the Indian programme.
In Switzerland the gel fabrication route is being studied for
production of mixed carbides and nitride fuel for fast reactors.
The twenty years of gel carbide development culminated in a test in
the US Fast Flux Test Facility to a burn up of 8% fima of

sphere-pac (UPu)C, alongside US pellet fuel.

An extensive post

irradiation examination programme will get under way in 1990.
The work has now been followed by a collaboration with France to

develop gel-mixed nitride fuel, which is proceeding by optimising
the gelation route for both dense spheres (for vibrocompated fuel

pins) and for low density spheres for pressing into pellets (to be
done at CEN at Cadarache). Finally, comparative tests of these
nitride fuel types is foreseen in the Phénix fast test reactor
beginning in 1992.
HTGR development programme in Japan has been carried out at the

Japan Atomic Energy Research Institute (JAERI), aiming at
construction of a high temperature engineering test reactor (HTTR)
with a prismatic block core.

UO

The fuels of TRISO particles with

kernels fabricated following the HTTR design have been

extensively tested under normal operation conditions as well as
under the conditions simulating abnormal transients and accidents
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predicted in HTTR design.

The data gathered covers fission gas

release, amoeba effects, palladium attack, caesium diffusion and so
on, enabling one to predict the fuel behaviour during life.

Research is being conducted on advanced fuels such as ZrC coating,
monolithic fuel rods and thorium fuels.

For the 30 MW thermal HTTR

now planned, the first reactor criticality will be attained in 1995

after starting the construction in spring 1990. The meeting also
noted that work on nitride and metallic fields is going on in other
countries but no presentations were received.

3.2

Conclusions

1.

For the Fast Reactor, work on advanced fuels was reported on

carbide, nitride for USSR, Japan, India and Switzerland, and on
metallic fuel in USSR and Japan.

Irradiation testing is being done

in Japan and by Switzerland, whereas in the USSR and India,
carbide or nitride fuel fast test reactor demonstrations were
reported.

These have reached burnups of > 10% fima (carbo-nitride,

BOR-60) or > 5% (nitride BR-10) without failures.

Progress in the

FBTR in India is also continuing for validation of high plutonium

carbide fuel.
2.

Other advances in FBR fuel designs are development of low-swelling
and corrosion resistant-cladding (UK and Japan), the concept of
ductless fuel (Japan), and the use of metallic, nitride or oxide
fuel for transuranic waste reduction by transmutations also in

Japan who referred to work also in the European community.
sphere-pac fuel concept is being tested by Switzerland.

The

Metallic

fuel in the USSR is being developed for breeding blankets and for

low power reactors.
3.

Some attention is being given to Thorium fuel cycles in India
(FBR-PHWR) and Japan (HTR).

4.

HTR fuel studies were reported by Japan.

The basic TRISO particle

has been extensively tested, and an advanced design using ZrC
coatings is also being studied plus the use of mixed oxide (Th/U)

kernels.
17

3.3

Recommendations

1.

If nitride fuelled FBRs have to be introduced in the next century,
attention would need to be given to the question of C14production
and its possible resolution by using the N

2.

isotope.

Information exchange on fast reactor core materials technology

should be promoted.
3.

For High Temperature reactor fuel, studies will be needed for
higher burn-ups and increased coolant outlet temperatures.

4.

4.1

FABRICATION TECHNOLOGY AND REPROCESSING

Summary
As reported at this meeting all the research for advancements in
fabrication technology are being done in the area of
plutonium-containing fuels, either on mixed oxide for improving Pu
solubility by introducing advanced milling techniques and
co-precipitation methods (ref, Cadarache meeting) or improving the
flow sheet for simplicity and operator protection (gel
fabrication), or in the case of fast breeder fuels for introducing
alternative fuel materials such as carbide, nitride or metals.
Metal fuel fabrication was not discussed at the meeting and it must
be noted that the work on carbides and nitrides reported here is

being done with relatively small resources in each of the countries
involved (Japan, USSR, India, Switzerland). In two countries
(India and Switzerland) the gel work is being researched for
producing pellet fuels which may have advantages (Pu homogeneity,
operator protection) also for thermal recycle of mixed oxide fuels.
In Japan gelation techniques have been further developed for HTGR
fuel kernels.
India is also doing some work on the dissolution of high plutonium
carbides for reprocessing of FBR fuels.

The Canadian paper

mentioned an interest in "decontamination" of spent LWR fuel to
recycle the U/Pu material without separation.
18

India is looking at the thorium cycle as the third stage of its
fuel cycle policy including testing advanced conversions of Th-232

to U-233 using neutrons produced in an accelerator. In Japan also
studies on thorium in connection with HTR are under way, but the
problem of reprocessing HTR fuels has not been fully addressed.
4.2 Conclusions
Advances in Fabrication Technology are likely to be

-

for MOX

Establishment on a commercial scale of processes
for producing high quality MOX fuels.
Later, a third generation improvement for more
active Pu fuel using remote technology and perhaps gelation
methods, allowing a closer link to reprocessing facilities.
-

For FBR fuels

-

4.3

Continuation at a small scale of alternative fuels:
development and testing (carbide/nitride/metal)
For reprocessing
The reprocessing of carbide, metal and
HTR fuel is still to be developed.

Recommendations
The above fuel types can be covered as far as fabrication is

concerned by regular but infrequent meetings sponsored by the
respective working groups (IWGFPT, IWGFBR, IWGGCR).

For gel fuel fabrication more attention will need to be given to
the management of effluents and waste steams.

5.

CONCLUSIONS

Since the previous meeting in Wiirenlingen in 1984 the volume of
work on "advanced fuels" world-wide has been reduced. This is due partly
to reductions in effort in some countries on advanced reactors (FBR, HTR)
but is also due to the gradual commercialization since then of those

fuels then being explored, such as mixed oxides and fuels with gadolinia.
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Now however more work might be expected on new fuel types for
current reactors, especially if burnup levels continue to increase or if,

(although this seems unlikely) improved reactor concepts call for new
fuel designs.
The boundary dividing "advanced fuel" from commercially licensed
fuel in current use varies from country to country depending on their
level of experience.

Advanced fuel development must include not only the materials
development but other supporting technologies such as adequate fuel
models, neutronics (MOX and gadolinia) the provision of an adequate
nuclear data base and must take account of the implications for the fuel
cycle (such as reprocessing of carbide and HTR fuels and handling of
thorium-U

fuels).

Since the last meeting much effort has been devoted to all aspects
of MOX fuel design, licensing, fabrication and commercial introduction.
The success of this means that MOX is no longer to be regarded as an

advanced fuel in many countries - except where, as for U0~, more

extreme operating conditions are called for.
For new fuel materials nitride has emerged as of interest for an
alternative FBR fuel due to its better handling properties in the fuel

cycle (reprocessing), good breeding and reactor performance. However
the C14 problem has still to be resolved. Metallic fuels (FBR) are
also being studied as a blanket or low power reactor material, or as a
carrier for actinides to be removed by transmutation.

A uranium suicide

has also been studied for water reactors in the USSR but its use appears
problematic.

The thorium cycle is receiving some attention in India

(FBR-PHWR) and in Japan (HTR).

Improvements to cladding materials continue to concentrate on
improved corrosion resistance for water reactors at high burnup (60
GWd/t) and for low swelling in the case at the fast reactor.

HTR fuels

are still being studied in Japan (a materials test HTR is planned)
including examining ZrC as a coating layer for the fuel kernels.

New fabrication methods are now concentrated mainly on gelation
methods mostly for plutonium fuels for LWRs and FBRs.
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More irradiation

experience is needed and is being gathered for the sphere-pac variant.
The question of effluent management is still to be resolved.

The

reprocessing of carbide, metal and HTR fuel is still to be developed

which will hinder the commercial introduction of such fuels.
The changes in the advanced fuels activities world wide since the

last meeting are:
1.

2.

Improvments to existing thermal

Established to

reactor fuels

current burnups

Thermal recycle (MOX) fuels

Established in many

countries (Europe + Japan)
3.

Carbide and Nitride

Now mainly nitride

(however not only for FBRs)
4.

Advanced claddings (LWR, FBR)

Continuing

5.

Pu-Th/U-Th cycles

Reduced effort

6.

Gelation, sphere pac and pellet

Continuing

7.

Pelletising/sintering improvements

Established, but a continuing
research effort for special

applications
8.

HTR fuels - next generation

Continuing effort in a few

countries

RECOMMENDATIONS

1.

It was recommended to convene a meeting with a similar scope on all

aspects of advanced fuels in four to five years' time. In the
meantime the discussion of advanced fuels should continue within the
appropriate working groups, for example on:
corrosion resistant water reactor fuel cladding

nitride and metallic fuels (FBR)

reprocessing for nitride and HTR fuels
where such discussions are desired by the working group concerned.
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2.

The Working Group on Advanced Technologies for Water-Cooled
Reactors should be encouraged to advise the appropriate working

group (-FPT, -FBR, -GCR) if fuel questions arise from advanced
reactor needs. At present no need is foreseen.
3.

For this report the Agency was asked to enquire from the
representatives of those countries known to be working on advanced

fuels not represented at the meeting, whether they would be willing
to make a written contribution to this report in the following

subjects:
USA

-

Metallic and nitride fuels (e.g. for PRISM reactor)

France

-

Nitride fuels

CEC

-

Nitride fuels

The responses are included in the appendix.
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APPENDIX

Canada's papers distributed at the meeting:
(planned for publication in Nuclear Engineering International, 1990)
Advanced Fuel Cycles for CANDU
O.G. Boczar, J. Griffiths, I.J. Hastings
CANLEX - an advanced fuel bundle for CANDU
I.J. Hastings, A.D. Lane

Papers presented at the International Conference on Reliable Fuels
for Liquid Metal Reactors (7-11 September 1986, Tucson, Arizona, USA)

Fuel performance and reliability: The current status of
knowledge and future requirements
R. Lallement, H. Mikailoff
PRISM fuel design and reliability evaluation
S. Vaidyanath, R.E. Murata

Metal and oxide fuels for the sodium advanced fast reactor
D.S.

Bost, L.D. Feiten

Next page(s) left blank

23

THE SVEA BWR FUEL
Eight years of further development
O. NYLUND, L. HJÄRNE
Fuel Division,
ABB Atom AB,
Västeras, Sweden
Abstract

The SVEA concept represented a significant advancement in BWR fuel

technology since it was first published in 1981. The objective of the
SVEA development endeavour was to achieve a number of significant

performance improvements by a radical redesign effort.

There are two

basic SVEA 5x5 designs, SVEA-100 and SVEA-96.

Successful operation of demonstration assemblies since 1986 and
later partial reloads precedes the deliveries of the first SVEA-100 and
SVEA-96 full reloads in 1990.

1

THE SVEA CONCEPT
When it was first publicized at an ANS Topical Meeting in
Newport 1981 the SVEA concept represented a significant
advancement in BWR fuel technology (1). It has since been
discussed on a number of occasions, among them at the IAEA
Advisory Group Meeting in Wurenlingen 1984 (2) and at the
IAEA Symposium in Stockholm 1986 (3).
The object of the SVEA development endeavour was to achieve a
number of significant performance improvements by a radical
redesign effort. Some of the desired advanced design features
were
(a) more favourable distribution of fuel and moderator
(b) a minimum of structural material in the active core
(c) better dimensional stability
(d) bending flexibility to achieve a minimum of friction in
reduced control rod gaps
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(e) favourable distribution of large quenchable surface
areas for LOCA heat transfer
(f) flexible handling
(g) overall reliability
(h) compatibility with other BWR fuel designs

The SVEA channel (fig 1) is divided into four sub-channels by a
double-wall cruciform structure forming an internal water
cross. Within this structure the fuel rods are arranged in four
sub-bundles, each assembled as a separate unit with its own top
and bottom tie plates and held together by two tie rods. In the
original design each sub-bundle consists of 16 rods in a 4x4
lattice. More advanced versions have 24 or 25 thinner rods in a
5x5 lattice.
The rods are supported laterally by spacer grids of low pressure
drop design. The axial positions of the spacers are secured by
one of the fuel rods which also functions as a spacer capture
rod.
The sub-bundles are inserted into the channel from the top,
standing on a stainless steel inlet piece bolted to the channel.
This design eliminates any leakage flow problems at the bottom
end of the channel. The inlet piece fits into the core support
plate of the reactor and its dimensions can be adapted to fit the
details of the reactor design.

SVEA

SVEA-100
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5x5

SVEA

4x4

SVEA-64

The mechanical properties of the SVEA channel represent
essential improvements over the old single-channel concept.
The support given by the internal cross to the channel walls
substantially reduces stresses and deformations due to internal
overpressure and permits a significant reduction in wall
thickness. A SVEA channel, including the cross, contains less
Zircaloy than standard channels but still exhibits greatly
reduced creep deformation.
The thinner walls of the SVEA channel gives a relatively high
bending flexibility. Together with the smaller creep
deformation this reduces the control rod friction forces and
makes it possible to reduce the control rod gap. Tests in a full
scale control rod rig have demonstrated the much lower friction
force with the SVEA channels, compared to standard channels,
in particular for narrow control rod gaps.
The efficient moderator distribution of the SVEA lattice design
results in significantly increased reactivity and reduced local
peaking factors. Fuel utilization is considerably improved, as
are the thermal margins. A less negative void coefficient is also
obtained, which is favourable with regard to core stability and
void collaps transients.

2

DEVELOPMENT MILESTONES
2.1
First assemblies inserted in 1981

The original concept of a substantially more efficient fuel
design evolved into a prototype design, and subsequently four
prototype fuel assemblies were manufactured for
demonstration operation in a reactor. In 1981, after two years of
intensive development work, the first fuel assemblies of the
SVEA type were loaded in the Swedish Ringhals l reactor,
introducing a new era for BWR fuel.
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These assemblies have now been removed after six and seven
years unblemished operation with an assembly average burnup
of 35 MW/kg U, a good figure in view of the low initial
enrichment of 2.63 % U-235. The final inspections revealed that
the assemblies were still in good condition.
More recently, considerably higher burnup has been obtained
with a number of SVEA assemblies with higher initial
enrichment. The highest assembly average burnup so far is
48 MWd/kgU, obtained after seven years of operation of an

assembly loaded in 1982 in Oskarshamn 2. The assembly is
apparently in good shape and an extensive PIE (Post
Irradiation Examination) programme is in progress.
Already these early assemblies had the basic dimensions and
the general design features that are found in the current
standard SVEA design for use in ABB Atom reactors. However,
they were prototypes and they were manufactured accordingly.
Clearly, they lacked the refinements in design details and
materials characteristics that have been introduced later on as
a result of continued development efforts. Particularly the
corrosion properties of channel and cladding materials have
been much improved. Considering this, the excellent behaviour
of the early assemblies is even more satisfactory.
2.2
Reloads from 1984

In 1983 the SVEA design had reached such a state of maturity
that negotiations were initiated with the Swedish State Power
Board about the delivery of a complete reload with SVEA fuel for
Ringhals 1.

Since 1984, all fuel supplied to Ringhals l has been of the SVEA
design. In the meantime, most other Nordic BWRs have also
switched to SVEA fuel. In 1986 SVEA fuel accounted for nearly
60 percent of ABB Atom's deliveries of BWR fuel, and in 1988
the share was 100 per cent. Substantial investments in
production equipment, primarily for manufacturing the
channels, have been necessary to meet this growth in delivery.
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Operating results from the growing proportion of SVEA fuel in
reactor cores verify that this fuel allows significantly better fuel
utilization. In spite of this, the production of SVEA fuel is
growing continually. Two reasons are the high performance
and the power upgrading of most of the Nordic BWRs. Another
reason is the expanding share of the fuel market.
Adaption to other reactors, which differ in some important
respects from those developed by ABB Atom, has entailed
modification of the design of the top and bottom ends of the fuel
assemblies. Some slight dimensional changes have been
introduced, in order to achieve optimum conditions in these
reactors. In particular, the water-to-uranium ratio was
increased in favour of fuel economy, shutdown margin and void
coefficient. SVEA assemblies are operating in reactors in
Germany and Switzerland since 1986 and are approching
30 MWd/kg U. In 1988 the first one of four reloads ordered for
the Brunsbiittel plant was delivered and loaded. Reloads have
also been ordered for Philippsburg l and Leibstadt. These will
be of the advanced SVEA-96 design.

Several of the Swedish reactor cores are now more or less
dominated by SVEA fuel. Due to the increasingly good fuel
utilization core residence time is growing; therefore it takes a
long time to replace all older type fuel. However, six reactors
are currently operating with more than 50 % SVEA fuel
assemblies in their cores, and four of them have more than
65 % SVEA. This means that significant operation experience
that can be considered relevant to full SVEA cores is now at
hand, and it verifies the predicted favourable behaviour in
various respects, as will be further discussed in a following
section.
It should be noted that the introduction of the SVEA fuel has
been accompanied by a dramatic increase in assembly
discharge burnup. At the time of initiation of the SVEA project
the contractually agreed mean burnup for fuel deliveries for

BWRs was about 28 MWd/kgU. Today the corresponding figure
for SVEA fuel assemblies is around 40 MWd/kgU. In addition to
the SVEA reactivity gain the initial enrichment has also been
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gradually increased to achieve that burnup. The new high
reactivity fuel has therefore taken over the main share of the
power production quite early during the transition period.
Reactor power upratings of 6 to 9% have also contributed to
increased fuel duty.
A discharge burnup of 40 MWd/kg U is currently regarded as
close to the economical optimum in countries with relatively
low back-end costs, like Sweden and Finland, but it is still far
from optimum in case of high back-end costs, as on the
European continent. Further increased burnup is therefore of
interest and is one of the incentives for the new SVEA
generation discussed below.

2.3
5x5 lattice introduced 1986
A very significant development step was taken in 1986 when the
first SVEA assemblies with 5x5 sub-bundle lattice were loaded
in Forsmark 3 and Oskarshamn 3.

In the original SVEA standard version, as discussed above,
superior fuel economy was obtained through much increased
reactivity and reduced local peaking factors, keeping the
number of rods and the rod size of the previous standard 8x8
fuel. In many ways the use of the basic 8x8 rod design
simplified the SVEA introduction. For application in plants
with a great deal of load following and/or higher power
densities a liner cladding is an option.
Further improvements in fuel performance was obtained by the
introduction of sub-bundles with the fuel rods arranged in a 5x5
lattice. With as many as 100 rods in an assembly of the new
design the average linear heat rate is reduced by more than one
third, compared to the original version. This makes operation
with higher peaking factors possible, and it eliminates the need
for liner cladding. Furthermore, the heat transfer area is
enlarged by about 25 per cent giving an increase in dryout
power of about 10 per cent. Low fuel temperature and fission
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gas release, as a result of low linear heat rate, contribute to
high burnup potential. Low surface heat flux also reduces crud
buildup and cladding corrosion.

Actually there are two basic SVEA 5x5 designs, SVEA-100 and
SVEA-96, the figures indicating the number of fuel rods in the
assembly (fig 1).
The SVEA-100 has a full 5x5 sub-bundle lattice in a standard
SVEA channel. The SVEA-96 has a 5x5-1 sub-bundle lattice,
and a modified water cross. The removal of a fuel rod in each
sub-bundle raises the moderator-to-fuel ratio which is
particularly suitable for non-ABB Atom reactors (4).
The large margins in linear power in these designs together
with the increased dryout power and the high burnup potential,
offers great extra flexibility in the nuclear design and in core
operation favouring economy as well as safety.
The possibilities include
(a) optimum use of axial blankets,
(b) optimization of local peaking with regard to reactivity,
(c) simplified burnable absorber design with reduced
gadolinium content,
(d) operation with high radial peaking,
(e) increased spectral shift operation with a wider flow
window,
(f)
operation without ramp rate restrictions,
(g) reactor power uprating,
(h) operation to high burnup, and
(i) favourable use of mixed oxide fuel.

The optimum way to use this fuel depends on specific
conditions such as load requirements and economy
parameters.
For a design with thinner rods, limitations may arise from
reduced stability due to a lower fuel time constant, and a
tendency towards increased pressure drop. In the case of SVEA
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fuel, improved flow stability, as compared to conventional
designs, has been demonstrated in loop experiments as well as
in reactor operation (5). A number of flow measuring positions
in Swedish internal pump reactors offer the possibility to study
the flow noise of individual fuel assemblies, and such
investigations verified the same very stable behaviour for the
5x5 SVEA as previously observed for the original 4x4 design.
This inherent stability of the SVEA design, in combination with
the less negative void coefficient, ensures the stable operation of
SVEA-96/100 cores.
Successful operation of demonstration assemblies since 1986
and later partial reloads precedes the deliveries of the first
SVEA-100 and SVEA-96 full reloads in 1990.
3
EXPERIENCE SUMMARY

Today (november 1989) the operating experience data on SVEA
fuel cover 2856 assemblies loaded, out of a total of 3434 delivered
(figs 2 and 3).
3.1
Mechanical behaviour

Regular pool side inspections have revealed a very stisfactory
mechanical behaviour in general.
An important mechanical feature of SVEA is its channel
dimensional stability. In a comparison of channel bow with
irradiation (burnup), the SVEA channels showed a significant
improvement over conventional 8x8 channels (cf fig 4).

Low differential rod growth has been observed. The reason is
that SVEA has a lower lateral neutron flux gradient than other
BWR fuel types.
The low-corrosion (beta-quenched) Zircaloy-2 cladding, which is
now used in SVEA fuel, has reduced the oxide growth rate to
very low values.
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3.2

Core physics and fuel cycle economy

Core tracking of 23 reloads that have operated more than one
cycle has fully verified the predicted SVEA nuclear
characteristics. In particular, the reactivity gain of about 2%
(or 2000 pcm) in the Nordic reactors has been confirmed.
The change from 4x4 to a 5x5 lattice has not meant any great
direct changes in the basic reactor physics properties. The
large margins in linear power and the increased dryout power
offers an extra flexibility in muclear design and in core
operation.

ON THE THRESHOLD TO THE 1990'S

SVEA-96/100 is considered a worthy representative for
advanced BWR fuel technology on the threshold to the 1990's. It
combines the merits of the original SVEA concept, regarding
nuclear characteristics and mechanical structure, with an
exceptional burnup and loading capability obtained by the very
34
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4

low linear heat rating and the low surface heat flux. It should
thus be noted that the advancement in assembly performance
in this case has been obtained by creating favourable conditions
for the distribution of fuel onto an increased number of rods,
and thus reducing the duty of each individual rod, rather than
rod design modifications to allow increased rod duty.
The first year of the nineties will see full reloads of SVEA-100 as
well as SVEA-96, and the share is expected to increase
successively. It seems justified to assume that this basic design
with its great flexibility in application to different needs will
remain attractive for the rest of the decade. It will benefit from
35
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a continual development effort, which will result in further
optimized performance characteristics, materials properties,
design details and production procedures. A nuclear design
example, the central zone of a SVEA-96 assembly is given in
figure 5.
The routine application of MOX fuel techniques in reload fuel
for power stations is still only beginning. In present SVEA
designs (4x4 as well as 5x5 sub-bundles) the recycled plutonium
is concentrated to all-MOX assemblies, where all but the
burnable absorber rods are MOX fuel rods. An example is given
in figure 6.
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At present there are several design considerations that are
special for the introduction of MOX fuel, much due to the rather
limited operational experience. The design criteria may now
include:

The amount of fissile plutonium in an assembly
should be as large as possible. The regulations
governing the handling of MOX fuel are not very
flexible, and every additional MOX assembly tends
to become a burden to the plant.
Licensing procedures should be as simple as
possible. It is a clear advantage if the UO2 and the
MOX fuel can be identical with respect to
mechanical as well as thermal-hydraulic features.
Fabrication costs should be kept at a minimum.
Since the MOX fabrication is so much more
expensive than the U02 fabrication, any of the more
elaborate features will make the fabrication
exceedingly expensive. For example, the number of
different enrichments in an assembly must be kept
at a minimum.
Special care should be taken to obtain favourable
thermal and shutdown margins. In the nuclear
design calculations it is therefore desirable to
analyze 2x2-assembly configurations with MOX
assemblies among U02 assemblies in order to obtain
a minimum of mismatch.

Evidently all considerations of fissile material conservation and
fuel utilization will continue to have rather low priority among
the design criteria, until the plutonium recycling becomes
more of standard technique. So far, plutonium is introduced
with some caution; the modest reactivity and power peaking
factors of the MOX fuel illustrate this (fig 7)

During the coming decade there will be a substantial increase
of plutonium recycling in the LWRs of the countries with a
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policy to reprocess spent fuel. For BWRs the SVEA design
carries the greatest development potential. All plutonium
influence on the shut-down margin can be kept at a minimum
by assigning the MOX fuel rods to the sub-channel diagonally
opposite to the control rod, without losing the possibility to
handle the spent MOX fuel separately. At the same time the
separate subchannels retain the possibility of achieving an
optimum moderator-to-fuel ratio different from that of the
uranium fuel.
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REACTOR STRATEGY AND ADVANCED
FUEL TECHNOLOGY IN JAPAN
Current status and future plan
N. SAITO
Nuclear Fuel Division,
Atomic Energy Bureau,
Science and Technology Agency,
Tokyo, Japan
Abstract

The Japanese programme on Advanced Fuel Technology shortly is
reviewed in the paper.

The programmes for FBR development, testing LWR

Advanced Fuels and Plutonium Utilization in LWRs and the schedule of the
HTTR programme are briefly presented in the paper .

1. Current Status
In Japan, the mainstream of nuclear power reactor has
been LWR. At present time, there are 37 commercial LWRs
which generate about 30% of the total electricity.
Corresponding to the current upgrading of LWR such as
burn-up extension and load following operation, related R&D
and technological demonstration of advanced fuel has been
carried out.
Among the various advanced reactors, ATR and FBR are in
operation or being constructed by the governmental R&D
corporation; PNC (Power Reactor and Nuclear Fuel
Corporation), in cooperation with the private sector. As
for ATR, the prototype reactor "Fugen" has been operated
since 1978 and related R&D for the construction of
demonstration reactor (scheduled for the end of 1990's) is
being conducted.
As for FBR, the experimental reactor "Jöyö" has been in
operation since 1977, and the construction of the prototype
reactor "Monju" has been carried out, aiming at criticality
scheduled for 1992. R&D on FBR fuel including fuel
fabrication and reprocessing is being conducted by PNC.
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2. Future Plan
(1) From LWR to FBR

Japan depends heavily on overseas in primary energy
resources, and recovered plutonium and uranium gained by
reprocessing are considered to be "quasi-domestic
resources", so Japan's fundamental strategy for nuclear
energy utilization is defined as "Pu/U recycling by
reprocessing."
FBR is extremely advantageous in the efficiency of

uranium utilization, so in the "Long-term Program for
Development & Utilization of Nuclear Energy" (drawn up in

1987 by Atomic Energy Commission of Japan, hereafter
referred to as "1987 Program"), the long-term reactor
strategy is defined as "from LWR to FBR". However,
considering a market price of current na t u r a 1 uranium and
other factors, LWR is still superior to FBR in terms of
economy. So, aiming at the establishment of FBR technology
which can sufficiently compete with LWR in terms of economy
and reliability in 2020 - 2030, it is necessary to promote

related R&D on FBR fuel, in addition to the construction of
the prototype reactor "Monju".(Fig-1)

Year
Prototype
Reactor

1990

2000

Along with that line,

2010

2020

Construction started
V'85
V'92 Criticality

"Monju"

Demonstration
Reactors

Construction started
(1st reactor) V

Operation started
V (Construct sose reactors)

Commercialization

FIG 1 FBR development program
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2030

Items \.

FY

81 82 83 84 85 86 87 88 89 90 91 92 93 94

• Power ramp test of
barried fuel

• PIE of fuel for load
following operation

— »

• PIE of high burn-up fuel

FIG. 2. Testing program for LWR advanced fuels.

R&D on FBR fuel options including carbide and nitride fuels
will be carried out continuously, which are indispensable
for the improvement of FBR's reliability and economy level.
Those R&D activities, including fuel fabrication and
property measurement and irradiation test, have been
conducted by JAERI (Japan Atomic Energy Research Institute),
and will also be carried out by PNC in a larger-scale, in
cooperation with JAERI. In addition, R&D on the
reprocessing of FBR spent fuel will be promoted continuously
by PNC.
(2) R&D for LWR upgrading
Under the current situation, LWR will continue to be the
mainstream of nuclear power reactor for a few decades. So,
the upgrading of LWR in terms of flexibility, reliability
and economy is inevitable, and related R&D on advanced fuel
such as burn-up extension and utilization of Pu in the form
of MOX fuel will be carried out continuously.
As for the burn-up extention, R&D on high-burnup fuels
and post irradiation examinaion will be conducted using the
facilities of JAERI. (Fig-2)
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FIG. 3. Program for plutonium utilization by LWRs.
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FIG. 4. Schedule for the HTTR program.

As for the MOX fuel, R&D on fabrication and reprocessing
will be performed continuously by PNC. And small-scale
loading demonstration is being performed using commercial
reactors, and practical-scale demonstration program is
planned to be performed in the 1990's. (Fig-3)
(3) High-temperature engineering R&D
High-temperature gas reactor has outstanding merits such
as high thermal efficiency and high fuel burn-up, and is
expected to create various kinds of new technology including
material technology. So, in the 1987 Program, hightemperature engineering R&D is positioned as one of the
frontier projects. Along the 1987 Program, the construction
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of High Temperature engineering Test Reactor (HTTR) will be
initiated from 1989 by JAERI, which is planned to be
completed in 1995. (Fig-4) Using the HTTR and other
existing facilities, R&D on the high-temperature gas
utilization and fuel & material test will be carried out.
Until the completion of the HTTR, necessary R&D and test
will be performed continuously by JAERI.
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IMPROVEMENTS IN MOX FUEL UTILIZATION IN JAPAN
AND TECHNOLOGICAL DEVELOPMENTS FOR
AN ECONOMICAL FBR FUEL CYCLE
T. MISHIMA
Power Reactor and Nuclear Fuel
Development Corporation,
Tokai-mura, Naka-gun, Ibaraki-ken,

Japan
Abstract

Japanese research and development (R&D)
activities
to realize Pu recycling within conventional oxide form
are being carried out by the Power Reactor and Nuclear
Fuel Development Corporation (PNC)
with the aid of the
Japan Atomic Energy Research Institute and utilities.
The goals of this R&D are focused on
achieving high burnups and high heat rates, i.e.,
80GWd/t average burnup and 360W/cm maximum linear heat
rate in the "MONJU" reactor which will go critical in
1992,
and 150 to 200GWd/t and 480W/cm in commercial FBRs
which will appear in the early 2000s. In the meantime,
efforts are also being spent to realize recycling of Pu
in water reactors.
In this paper, improvements in fuel fabrication,
fuel performance and cladding material, and advances in
fuel concepts are presented.

1. Introduction
Japanese research and development (R&D)
activities
to realize Pu recycling within conventional oxide form
are being carried out by the Power Reactor and Nuclear
Fuel Development Corporation (PNC)
with the aid of the
Japan Atomic Energy Research Institute and utilities.
R&D of Pu utilization in FBR recycle including reactor
development,
reprocessing
technology,
and
fuel
fabrication are being undertaken by PNC.
Pu recycle on
a commercial scale with FBRs is to be developed by the
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utilities.
The goals of this R&D are focused on
achieving high burnups and high heat rates, i.e.,
80GWd/t average burnup and 360W/cm maximum linear heat
rate in the "MONJU" reactor which will go critical in
1992, and 150 to 200GWd/t and 480W/cm in commercial FBRs
which will appear in the early 2000s. In the meantime,
efforts are also being spent to realize recycling of Pu
in water reactors.
In this paper, improvements in fuel fabrication,
fuel performance and cladding material, and advances in
fuel concepts are presented.

2. Fuel Fabrication and Fuel Performance

2.1 Microwave Heating Co-Conversion
There has already elapsed 10 years since a simple
co-conversion technique utilizing a microwave heating
furnace (MH method) was developed by PNC. Meanwhile,
over 2 tons of MOX powder having an equal ratio of Pu to
U has been manufactured and processed as fuel for the
"FUGEN" and the "JOYO" reactors. SEM observation shows
how MOX particles obtained by the MH method look
different
from plutonium obtained
by
conventional
oxalate precipitation (Fig. 1). The sintering behavior
of co-converted powder has characteristics of rather
faster sintering speed and lower temperature than
conventional oxalate precipitate.
Thermal irradiation examinations having been
undertaken for 10 years in the OECD Halden Reactor and
post
irradiation
examinations
recently
showed
an
advantage of MH method fuel
as compared
to the
conventional mechanical blending method (MB method) in
FP gas release phenomena, i.e., a decrease of about half
in plenum pressure within MH fuel rods in comparison
with MB fuel rods was observed and no difference in
fission gas release between MOX fuels and conventional
UO fuels was verified (Fig. 2).1' Large release of FP
gas from MOX fuel pellet media which have sometimes been
observed, however, can be attributed to the idea that
48
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Fig. La. SEM observation of plutonia obtained
by oxalate precipitation

Fig. 1. b. SEW observation of Nfl converted MOX (PuA! = 1
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bigger Pu spots trigger more generation of microcracks
due to greater heat generation, and microcracks can be
considered
good
channels for
FP
gas
release.
Co-converted MOX powder as well as co-precipitated MOX
powder is thus thought to have a grater advantage in FP
gas release than mechanically blended MOX powder because
the former does not form Pu spot.
Observations of
decrease in FP gas release within MH fuels have also
been observed in fast neutron irradiation examinations
o
undertaken in the "Joyo" reactor.
Thermal irradiation examinations held in the Halden
Reactor also show improvements in reducing plenum
pressure which
was brought about
by hollow fuel
(Fig. 3). Hollow fuel enables a decrease of temperature
because of the lack of fissile material in the center of
the fuel, which is thought to contribute to a reduction
in plenum pressure.
2.2 Remote Technology and Computerized Control of MOX Fuel
Production
Significant improvement in MOX handling technology
have recently been achieved in PNC's Plutonium Fuel
Production Facility (PFPF) which has been in operation
since October 1988.4 Control of the production process
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Shutter

Transfer

Automatic

Process

Cart

Balance

Glove box

Equipment

Fig.U Remotely controlled MDX movement in PFPF

is computerized to allow remote operation, and handling
of PuOp/MOX is fully automated to ensure reduction of
radiation. Several characteristics of the PFPF are as
follows ;
-Remotely controlled automatic material transfer,
-Automatic weighing and material ID before and after
every process,
-Ball mill system specially developed to produce fine
powder,
-Quick and remote pellet inspection system by means of
laser and VTR system,
-Automatic wire wrapping system, and
-Automatic fuel assembling.
The typical glovebox layout is illustrated in Fig. 4.

3. Improvements in FBR Cladding Material
Improving cladding material is one of the major
questions to be answered in order to achieve a high
52

DOSE (DPA NRT)
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IRRADIATION TEMP. : 500±10flC
PNC 316 FOR MONJU
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0.09%Ti, 0.08%Nb
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NEUTRON FLUENCE, X!ß" {n/CM , E>0.1MeV)
Fig.5 IMPROVEMENT IN SWELLING PROPERTY OF 2.0% CQLDWORKED TYPE 316 STEEL FOR M3NJU

burnup as aimed.
As well known, cladding tube of FBR
fuel must possess good characteristics such as high
temperature strength, high compatibility with FPs and
Na, and high resistivity against deformation due to high
fluence neutron swelling.
Various R&D activities
including out-of-pile evaluation and in-pile irradiation
have improved the characteristics of conventional 316
stainless steel so as to meet the demands of high burnup
FBR fuel. Improved SS 316 has been developed using such
treatments as 20% cold work and composition control of
minor chemical elements (P,B,Ti and Nb ) .
Now, thus
modified SS 316 containing minor chemical elements in
the form of 0.025% P, 0.004% B, 0.1% Ti, and 0.1% Nb,
which is called PNC 316, has come to have sufficient
strength for meeting the "MONJU" fuel life (Fig.5).5
However, as the swelling resistivity of austenitic
steel is thought to be somewhat limited, further
research on developing ferritic steel which is thought
to have no intrinsic break in swelling resistivity has
been carried out. Disadvantage of ferritic steel which
is to be improved is low strength of high temperature
creep. Future ferritic steel which will have overcome
the high temperature strength will be an attractive
advanced cladding material.
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4. Advances in FBR Fuel Concepts
4.1 Ductless Fuel
A review of taking duct or wrapper tube off of fuel
assemblies is being made.
Although the burden on the
coolant circulation system will be somewhat increased,
lots of advantages like increase of breeding ratio and
decrease of materials which will go into radioactive
waste at reprocessing stage could be achieved.
Fig. 6
shows an example of a feasibility
study
on the
advantages of ductless fuel.
4.2 TRU Transmutation
Burning of TRU elements in FBRs and the feasibility
of thus decreasing TRU waste were investigated.
Although there are build-ups of the higher and fertile
Cm isotopes which have fortunately relatively short
half-lives, one can have a good feasibility of reducing
accumulation of TRU elements by recycling them Into the
FBR fuel cycle as seen in Table 1. The top table shows
the accumulation of each TRU element in the case of self
recycling, and the bottom one shows the weight reduction
of TRU elements assuming a fuel concept having an
intentional TRU addition of 5%. Fig. 7 shows an example
of a feasibility study on the advantage of using FBRs to
eliminate TRU elements which already have accumulated
and will have accumulated through thermal reactor

utilization. The calculation based on
term
atomic power scenario
shows
introduction of FBRs balanced with the
of TRU elements being accumulated
reactors can have a good possibility
waste.

a Japanese long
that
a proper
predicted amount
through thermal
eliminating TRU

5. Economically Competitive FBR Fuel Cycle Technology
5.1 FBR Fuel Cycle Economics in Comparison with LWR Fuel
Cycle
According to a recently undertaken cost analysis,
it is feasible that power generation through the FBR
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assembly pitch
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fuel volume ratio
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burnup reactivity loss

9nun
165.8mm
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assembly pitch
bundle pressure drop
fuel volume ratio
Pu enrichment
breeding ratio
reactor doubling time
burnup reactivity loss
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Fig. 6 Concept of ductless fuel assembly and advantages

of ductless fuel
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Table.1 Feasibility calculation of reduced accumulation of TRU elements within
FBR self recycling (above) and weight reduction of TRU elements in fuel
concept of intentional TRU addition of 5% (below)

1 cycle

elements

3 cycle

2 cycle

5 cycle

Ü cycle

elimination
fl-action

231

Np (g) 6.210E3

8.704E3

9.709E3

1.011EÜ

1.02701

66.9 («

2<1

Am

3.09201

4.237E4

4.673E4

H.8W1E4

Ü.911ED

62.2

2<3

Am

1.972E4

3.014E4

3.564E4

3.85^E4

4.007E4

59.1

2<J

Cm

1.983E3

2.796E3

3.097E3

3.211E3

3.256E3

67.10

'"Cm

1.189E2

2.344E2

2.921E2

3.169E2

3.272E2

UK. 96

""Cm

4.242E3

1.073E4

1.59101

1.937E4

2.150EÜ

-1.37

2<s

Cm

4.559E2

1.862E3

3.404E3

4.623E3

5.Ü52E3

-139

246

Cm

1.904E1

1.674E2

4.839E2

9.079E2

1.363E3

-555

»"Cm

3.978E-1 6.393EO

2.521E1

5.732E1

9.785E1

- U,820

""Cm

1.059E-2 3.581E-1 2.210EO

6.934EO

1.520E1

-28,600

1.201E5

1.306E5

1-366E5

9.8719E6 9.838E6

9.819E6

9.808E6

2.201E6

2.201E6

2.201E6

TRU total 6.713E4
U total

9.942E6

P u total 2.201E6

1.014E5

2.201E6

6.713 xlO« g/cycle x5 cycle -1.366 x10 5 g
x 100 %

elimination fraction=

6.713x10' g/cycle x5 cycle

without intentional TRU addition
BOC

elements
J

"Np

BOC

weight (kg)weight (kg)

EOC
e.f.'
e.f. <•
BCC
weight (kg) weight (kg) (96)
(96)

4.8

8.9

-88

826.2

704.7

14.7

J41

Am

27.6

48.8

-77

553.8

487.4

12.0

2<3

Am

9.7

18.6

-92

162.3

149.4

7.9

J<<

Cm

1.3

3.3

-164

59.0

74.4

-26.0

13.3

79.7

-83

1601.4

1415.9

11.5

total

M B oc : BX weight

MBOC —

elimination fraction=
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with TRU of 5% addition

x 100

M EO c : ETC weight

» Tbtal
FER

2010

2030
Calender* Year

2050

2070 2080

(a) Japaness long term atomic power scenario

ICO

1970

1990

2010
Calender Year

20502030

2070 2080

(b) Without TOU recycle

1D70

19902010

2030

Calender Year

2050

(o) With TRU recycle in

Fig. 7 A feasibility review on FER advantage of eliminating TRU elements which

already have accumulated and will have accumulated through thermal reactor
utilization, (a) Japanese long term atomic power scenario (above left);
accumlation of TRU elements based on the scenario
(b) without 1HJ recycle (above right) and (c) with TOU recycle in FBRs (below).
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Others (tax, etc)
Operation cost (personnel, maintenance)
Fuel cycle cost (reprocessing, fabrication)
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Operation cost (personnel, maintenance)
Fuel cycle cost (reprocessing, fabrication)
Capital cost (depreciation, interest)
LW power generation

Capital cost (depreciation, interest)
FER power generation
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Fig.8 Comparison of power generation costs through FER fuel cycle (left)
and LHR fuel cycle (right) with parameter evaluations over reactor
construction cost and fuel bumup and natural Uranium price for FBR
fuel cycle and UWR fuel cycle, respectively.

fuel cycle can be economically c o m p e t i t i v e w i t h the
fuel cycle if

LWR

the cost of power plant c o n s t r u c t i o n could

be reduced to 1.3 to 1.3 times as expensive as LWR power
p l a n t s and also if
the

FBR fuel burnup could be extended to

range of 1 b O G W d / t .

Fig.

8 shows that

occupies a r a t h e r

the

large part

r e a c t o r c o n s t r u c t i o n cost

in

the

case of

generation ( l e f t ) a n d , on the c o n t r a r y ,
fuel

figure

significantly

that

the

contributes

generation cost.
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the cost of the

c y c l e occupies a r a t h e r large part in the

LWR power generation ( r i g h t ) .
this

FBR power

It

is

extension
to

case of

also evident from
of

reduction

fuel
of

burnup
power

150

5.2 Effect of Extension of Burnup on Fuel Cycle Cost
Reduction and Technological Feasibility
A higher burnup can be thought to bring an
advantage of less fuels to be loaded in the reactor and
a disadvantage of increasing the difficulties in
reprocessing. Fig. 9 shows an example of a parametric
calculation
with
burnup,
reprocessing
cost
and
fabrication cost, from which reduction of fuel cycle
cost is more dependent on fabrication cost than on
reprocessing cost in the region of extended burnup of
150 to 200GWd/t. From a technical standpoint, however,
there can be thought almost no dependence of fabrication

cost on extending the burnup, but instead there may be a
certain dependence on reprocessing cost.
One can say
that the higher the burnup the larger the savings that
can be realized.
In order to achieve such high burnups as 150 to
200GWd/t there seems to be roughly two technical
questions which have to be overcome.
The first is to develop a high performance core
material
which
will
have
high
anti-swelling
characteristics (neutron cumulative irradiation of about
OQ
o
6x10
n/cm ( E>0.1Mev) corresponds to 150GWd/t) and
high creep strength in the temperature range of up to
680 C.
Two typical candidate materials, austenitic
stainless steel and ferritic stainless steel, have
advantages in the former and latter characteristics,
respectively, and as greater emphasis is placed on
improvement of high temperature creep strength of
ferritic
stainless
steel,
there
seems
to
be
possibilities of developing a high quality ferritic
steel of which one candidate is oxide dispersed steel
(ODS).
The second question is to achieve a proper core
design which ensures burnup extension.
A core design
which promotes internal conversion is more desirable
than increasing the initial Pu loading because of
shortened life of control rods, large reactivity change
at beginning of burnup, and drops in breeding ratio, all
of which occur with high initial Pu loading.
Items of
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Case
I

n

3 times as expensive as LWR
and proportional to burnup

above

above

2 times as expensive as LWR
and proportional to burnup
2 times as expensive as LWR

I 3 times as expensive as LWR
IV

Reprocessing cost

Fabrication cost

2 times as expensive as LWR
and proportional to burnup
2 times as expensive as LWR

t fabrication ; dependent

*• reprocessing ; dependent

fabrication ; dependent
reprocessing ; independent

fabrication ; independent^
reprocessing ; dependent '

fabrication ; independent
reprocessing ; independent

150
200
Burnup (GWd/t)

Fig. 9 Parametric cost calculations of fabrication and reprocessing with burnup
for four cases :
( I ) both fabrication and reprocessing dependent on burnup,

( I ) fabrication dependent on burnup but reprocessing independent,
(!) fabrication independent on burnup but reprocessing dependent, and
(IV) both fabrication and reprocessing independent on burnup
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the core design under discussion are (1) to increase
linear heat rate from 360W/cm for "Monju" design up to
about 480W/crn by a fuel improvement of large diameter
fuel and hollow fuel, and/or by adopting more dense fuel
like nitride and/or carbide, (2) to cope with a severe
contact situation between the fuel and cladding due to
fuel high creep pressure caused by a large production of
FPs, low ductility of cladding material, and increased
cladding thickness, and (3) to reduce neutron absorption
within the core by selecting material with less neutron
absorption characteristics and by
possibly
taking
material out of the core like a concept of ductless
fuel.
5.3 Effect
of
Decrease
of
Reprocessing
Cost
and
Technological Feasibility
Fig.
10 shows the effects of decrease of
reprocessing cost expressed in fuel cycle cost ratio
(FBR/LWR) in such a case as normalized FBR construction
being 1.1 times as expensive as LWR, unit fabrication
cost being 3 times as expensive, and burnup being

1.0

Construction cost 1.1 times as expensive as LWR construction cost
Fuel fabrication cost 3 times as expensive as LWR fuel fabrication
Burnup 150GWd/t
0.673

0.56

0.532

0.5-

o

5times
Greater

3times
Greater

2.5times
Greater

Cost of FBR Reprocessing compared to LWR
Fig. 10 Effect of reducing reprocessing cost on reduction of fuel cycle cost
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350MWd/t. When the unit reprocessing cost gets down to
2.5 times as expensive as LWR fuel reprocessing one can
get 20% saving of fuel cycle cost, which corresponds to
5% saving of power generation cost.
FBR fuel reprocessing, in comparison with LWR
reprocessing,
has
many
difficulties
and
cost
disadvantages in both processing and equipment due to
significantly small quantities of critical mass. PNC is
doing various design works on a FBR fuel reprocessing,
and a cost analysis based on the design works shows that
what works best in reducing the cost is reducing plant
volume. Therefore any items contributing to reduction
of plant volume become objectives of R&D activities.
Simplification of the FP separation process, even if
having more FP elements as impurities as the result of
the said separation than in a more complex separation
process, should be evaluated.
TRU elements should be
left in the Plutonium phase if it provides the technical
solution to reduce the plant volume.
5.4 Effect of Decrease of Fuel
Fabrication Cost and
Technological Feasibility
Fig. 11 shows the effects of decrease of fuel
fabrication
cost
expressed
in
fuel
cycle
cost
ratio ( FBR/LWR) in such a case as normalized
FBR
construction being as 1.1 times asexpensive as LWR, unit
reprocessing cost being 2.5 times as expensive, and
burnup being ]50MWd/t. When the unit fabrication cost
gets down to 3 times as expense as LWR fuel fabrication
one can get 22% saving of fuel cycle cost, which
corresponds to 5% saving of power generation cost.
Plutonium fuel fabrication in comparison with
Uranium fuel fabrication has many difficulties and cost
disadvantages due to significantly high radioactivity
and toxicity.
Therefore, technology which meets the
requirement of decreasing personnel exposure has been
developed. Realization of recycling TRU elements within
Pu fuel in FBRs will come to accelerate the trend of
developing sophisticated remote technologies.
A cost
analysis based on the experience of having constructed
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l.O-i

Construction cost 1.1 times as expensive as LWR construction cost
Reprocessing cost 2.5 times as expensive as LWR fuel fabrication
Burnup 150GWd/t
0.684

!

0.608

0.532

^0.5

0

3times
4times
5times
Greater
Greater
Greater
Cost of FBR fuel fabrication compared to LWR

Fig. 11 Effect of reducing fuel fabrication cost on reduction of fuel cycle cost

and operating the PFPF shows that a simple extrapolation
of fabrication capacity may have a limitation before
achieving the cost target of 3 times the expense of LWR
-fabrication
cost,
which
means
there
should
be
technological innovations and/or dramatic simplification
of part of the fabrication process.
As combined with
the simplification of reprocessing process, a coupled
reprocessing to fabrication process connected with the
treatment which enables granular powder directly from
solution by means of the gelation process, for instance,
could be a reasonable answer to the questions.
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ADVANCED FUEL TECHNOLOGY - A UK PERSPECTIVE
A.J. BULL
British Nuclear Fuels pic,
Springfields Works,
Salwick, Preston, Lancashire,
United Kingdom
Abstract

The nuclear power industry in the United Kingdom is perhaps more diverse than
in any other country. The world's first commercial nuclear station, at Calder
Hall in Cumbria, produced its first power for the National Grid in October 1956.
This station, using natural uranium metal fuel and cooled by carbon dioxide, was
the first of 11 Magnox stations to be constructed in the UK, most of which are
still operating. In 1976 the first of Britain's 7 Advanced Gas-Cooled Reactor
(AGR) stations commenced operation. These units use enriched uranium dioxide
fuel pellets, encased in stainless steel cladding, and, like the Magnox stations,
are cooled by carbon dioxide.

Whilst the Magnox and AGR stations provide most of the nuclear energy produced
in the UK, reactors of a number of different designs are either operating or
under construction. The Steam Generating Heavy Water Reactor (SGHWR) at
Winfrith is a unique design, similar to the Canadian CANDU, but using enriched
fuel. Dounreay in northern Scotland is home to Britain's Prototype Fast Reactor
(PFR), which produced its first electricity in 1974. Finally, Britain's first
Pressurised Water Reactor (PWR), under construction at Sizewell in Suffolk, is
scheduled to begin commercial operation in mid-1994. Sizewell 'B' was intended
to be the first of a family of 4 first-generation UK PWRs. However, political
decisions earlier this month in connection with the planned privatization of the
electricity supply industry in Britain have led to a delay in the plans for the
follow-on units.

The diversity in design of stations is matched by a diversity in operating
responsibility. The SGHWR and PFR are operated by the United Kingdom Atomic
Energy Authority (UKAEA), 2 of the Magnox stations are owned and run by
BNFL, 2 of the AGR stations and 1 Magnox station are controlled by the South
of Scotland Electricity Board (SSEB), and the remaining reactors (including the
Sizewell 'B' PWR) currently come under the responsibility of the Central
Electricity Generating Board (CEGB) but will pass into the control of a new
state-run company when the rest of the CEGB is privatized in 1990.
Against this background of a variety of designs and operational responsibilities,
there is clearly a great deal of scope for advances in fuel and fuel component
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technology. It should be noted, however, that the nuclear energy policy within
the United Kingdom, particularly with regard to PWR plants, has been to adopt
well proven designs wherever possible. Emphasis is therefore directed towards
achieving the successful operation of conservative systems, with research and
development work on advanced options for future implementation.

The following sections give an overview of the areas where advanced designs are
either in production or under development for each of the UK reactor systems in
turn, together with an indication of possible future developments.

1. GAS-COOLED REACTORS

The UK nuclear industry regards the recycling of uranium as being an area of
prime importance. BNFL have recovered over 15,000 tonnes of uranium from
Magnox fuel reprocessed at Sellafield. This uranium has been re-enriched and

fabricated into UO2 fuel for the UK AGR programme. The ECHO (Expansion of
Capacity for Hex from Oxide Reprocessing) plant, which will recycle uranium
recovered from oxide fuels from the THORP plant at Sellafield, will become
operational in the mid-1990s.
In recent years the design of AGR fuel elements has been modified in response
to the requirements of on-load refuelling and higher discharge burnups. The main
features of the modified design, known as Stage 2, are that the double graphite
sleeve arrangement of the Stage 1 design has been replaced with a single sleeve
and that the supporting brace has been streamlined. Together these features
result in a number of performance benefits, such as improved sleeve strength and
reduced pressure drop.
In order to control flux peaking within AGR cores, cables containing the burnable
neutron absorber gadolinia are included at the ends of fuel elements. More
recently, work has been initiated to determine the feasibility of adding gadolinia
to the insulating pellets which are situated at the top and bottom of each fuel
pin.
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2. WATER-COOLED REACTORS

BNFL is a licensee of Westinghouse, and as such can provide PWR fuel based on
Westinghouse designs. In addition, however, BNFL has an interest in a number of
development activities in the PWR area, based partially on Westinghouse
advanced designs, but tailored to meet the UK market. Within the UK, the major
goals are to reduce radiological dose rates to both plant operators and to the
public, and to improve the economics of the nuclear fuel cycle.

The first of these goals requires the study of fuel cladding material, in
combination with coolant chemistry, in order to minimise both corrosion rates and
the transportation of activity around the reactor circuit. In addition to reduced
activity levels during normal operation, it is important that fuel integrity can be
maintained during transients, and to this end there is considerable interest within
the UK in the development of fuel and cladding variants which demonstrate high
resistance to pellet-cladding interaction (PCI).
The desire to minimise fuel cycle costs leads to requirements for improved fuel
utilisation and increased plant availability. These in turn result in moves towards
fuel cycles with higher discharge burnups. Such cycles can benefit from the use
of burnable absorbers, either in the form of discrete core components or integral
with the fuel rod itself. Integral absorbers offer the advantages of low residual
absorption and no increase in the total quantity of radioactive waste, and these
factors make the use of integral absorbers preferable to discrete variants for
advanced fuel cycles. There is therefore interest within the UK in both of the
two commonly available types of integral burnable absorber, namely zirconium
diboride coated pellets and gadolinia-doped pellets.
Moves towards longer fuel cycles also require study into the properties of fuel
and cladding at high burnup levels. In addition to the phenomenon of cladding
corrosion discussed above, there are a number of UO2 properties, such as thermal
conductivity, which are known to be affected by continuing irradiation. A
knowledge of these effects, including analysis of their implications, is an
essential requirement if advanced fuel management schemes involving longer fuel
cycles are to be developed.
A principal component of BNFL's development programme is mixed oxide (MOX)
fuel. The use of plutonium instead of U235 in PWR fuel allows reprocessed

plutonium to be burnt in PWRs with fuel cycle costs competitive with UO2 fuel.
BNFL has, to date, produced over 3000 kg of MOX fuel using recycled plutonium,
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which has been included in experimental irradiation programmes in PWR, BWR,
SGHWR and AGR systems. A further 18 tonnes of MOX fuel has been produced
for irradiation in the PFR (see below), some of which utilised some plutonium
recycled from spent PFR fuel. Additionally, BNFL is a participant in the PRIMO
1 and 2 test programmes, to determine the influence of burnup, fabrication and
design parameters on the behaviour of MOX fuels under both steady-state and
ramp conditions, and will provide rods for the PRIMO 2 test programme.

3. FAST BREEDER REACTORS

Work is in progress within the UK in support of the European Fast Reactor
(EFR) programme. This work indicates that a design incorporating grids and
utilising fuel pins clad in PE16 would be suitable for achieving a target burnup
of 20%. Both the nimonic alloy PE16 and the austinitic steel 15/15/Ti are
advanced alloys under consideration as candidate materials for EFR cladding.
PE16 has, however, already been used successfully as the material for PFR fuel
pin cladding and for a load-bearing fuel assembly component in AGR fuel designs.

Workers in the UK are aware of developments in the area of mixed (U,Pu)
nitride fuel research in connection with fast breeder reactor design, however
direct UK involvement in this field is limited. It is felt within the UK that a
thorough research and development programme to demonstrate the suitability of
nitride fuel as an option in EFR fuel designs would be have prohibitively high
costs and long timescales.

4. CONCLUSIONS
The wide range of reactor types operating or under construction within the
United Kingdom leads to a large number of opportunities for advances in fuel and
component design. This paper has indicated a number of developments, in the
areas of both design and materials, which have already been incorporated into
production fuel, together with fields where development work is currently
on-going and some possible topics of future research. Whereas many of the
advances noted in this report are specific to a particular reactor system, some
(such as MOX and the recycling of fissile material) cover more than one reactor

type.
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STATUS OF ADVANCED FUEL IN INDIA
P.S.A. NARAYANAN

Nuclear Fuel Complex,
Hyderabad, India
Abstract

This paper presents the modifications done in the water reactor fuels
to improve the performance and work done on mixed oxide, carbide and nitride
fuels, SGMP fuel for fast reactor. Work done on U^^ fuel also is indicated.
Reactor performance and programmes are mentioned. Work being done in the
reprocessing of fast reactor fuel is also indicated.

1. INTRODUCTION

Pressurised Heavy Water Reactor has been chosen as the Reactor type
to establish the initial nuclear power base in India though first power reactor
to be set up was Boiling Water Reactor. Our founder father Dr.Homi 3.Bhabha
declared "No power is costlier than No Power". Recoginising the large power
need for India, we are planning and making all efforts to see that at least 10%
of the country's power needs are met by nuclear source by the turn of the century.
Our country's nuclear programme, as known has three stages.
PHWR
is the first stage where natural Uranium is utilised. Plutonium produced from
this is to be used in FBRs which form Second stage of the programme. We have
recommissioned Fast Breeder Test Reactor and testing continues. FBRs providethe
key to the full utilisation of country's uranium resources and paves the way for
long term utilisation of more abundant thorium resources. This infact is the
third stage of our programme. All our R&D activities are tuned to achieve this
objective.
2. REACTOR FUELS

2.1 Thermal Reactor Fuel
The Boiling Water Reactor fuel is enriched Uranium Dioxide clad in Zircaly2
This first generation reactor uses 6x6 fuel. As indicated in the previous meeting
a retrofit 7x7 fuel assembly was designed to improve the fuel performance.
These type of assembilies are being manufactured now and are undergoing irradiation
with improved performances.
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PHWRs which are under operation use nineteen element split wart assemblies
instead of the earlier wire wrap assemblies. The appandages are fixed to the

fuel element by projection welding.

Graphite coating of the cladding tube has

been developed and is being used in production scale.
There is an effort for introducing
Heavy Water Reactor.

MOX FUEL in one of the pressurised

Three dimentional fuelling calculations are being carried

out to work out a smooth change over from all natural uranium core to one having

a combined loading of (U Pu)C>2 and plain thorium bundles.
2.2 Fast Reactor Fuel

Process flow sheet has been developed for fabrication of mixed oxide
fuel. Initially the idea was to make plutonium rich mixed oxide fuel of the composition
^0 24^ U 0 76^2'
is not compatible

^ ut tne roatallurgical investigations revealed that this fuel
with sodium coolant. Hence plutonium rich mixed monocarbide

fuel was developed.
FBTR uses plutonium rich (Pu/U+Pu=0.7) mixed uranium plutonium monocarbide.

This has been produced by vacuum carbo thermic reduction of tabletted UCu,
PuC>2 and graphite powder mixtures, crushing and milling of carbide clinkers
and cold pelletisation and sintering. The residual oxygen and M7C-> contents
were within the specification limits of 0.7 w/o and 20 w/o respectively.

oxygen could not be reduced below 0.6w/o

without causing

The

either significant

plutonium volatalisation lossor formation of higher amounts (r-20%) of M^C? second
phase during carbo thermic reduction.
Process flow sheet has been developed for laboratory scale fabrication

of both uranium and plutonium rich MC and MN fuel pellets by carbo thermic
reduction of oxide followed by cold pelletisation and sintering in Argon + 8%Hydrogen
at 1773K-1973K. Mixed nitride fuel containing nitrogen as N will be superior
as this avoids the problems associated with C .
2.3 Thorium Fuel

was derived from thorium blankets.

U

metal was prepared from the

respective oxide by hydrofiuorination and calciothermic reduction for fabricating
alloy fuel elements for KAMINI reactor.
30KWt KAMINI reactor is expected
to go critical shortly. This brings India one step nearer to utilisation of its vast
thorium deposits in reaching the third stage of harnessing nuclear power.Also there
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are efforts for trying Thorium-Uranium mixtures in thermal reactors on an experimental basis.

There are also plans to try thorium conversion in high energy pelletron
accelerator built at Tata Institute of Fundamental Research by BARC. This will
be done through using neutrons from fusion reactions induced in the accelerator.If
successful this experiment may contribute singificantly to the development of
nuclear power in the second decade of next century.

3. WORK ON SOL-GEL MICROSPHERES

Work on preparation of sol-gel microspheres is continuing.

Efforts are

on for optimising the parameters. Using sol-gel derived oxide-graphite miscrospheres
in place of tabletted oxide graphite powder mixture is being studied. Sol-gel
microsphere pelletisation (SGMP) process has the following known advantages.

- minimise the number of process steps
- avoid handling of the powders minimising radiotoxic hazard and pyrophoricity
hazard
- high degree of microhomogeneity
- production of low density (80-85%) sintered pellets with high open porosity.

. REACTORS - PERFORMANCE AND PROGRAMME

The reactors showed an improved performance.

TAPS (Tarapur Atomic

Power Station) unit 1 established a new record for us for continuous run of 226
days during the period March to October 1988 and achived availability factor of

91% and capacity factor of 85% during 1988. The 7x7 retrofit fuel is performig
well in TAPS reactor. In the same year RAPS (Rajasthan Atomic Power Station)
Unit2 achieved capacity factor of 81% and availability factor of 90% and MAPS
(Madras Atomic Power Station) Unit I achieved capacity factor of 68%
and availability factor of 76%.
Seven reactors of 235 MWe PHWRs are under construction. Four reactors
of 235 MWe and six reactors of 500 MWe (all PHWRs) have been approved by
our Government for construction.
FBTR which was shutdown following the fuel handling incident in May

1987 has been restarted in May 1989 ending two years shutdown. Gradually the
power will be increased and now indigeneously fabricated carbide fuel will be
validated with the running of the reactor.
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5. Reprocessing

Our reprocessing programme substantially completed the development
work related to processing of FBTR fuel. Mixed carbide dissolution gained further

progress marked by parametric studies on various aspects.

Experiments relating

to electro-oxidative dissolution of mixed carbide fuel were carried out. Methods
to reduce the time of dissolution, special coating for electrode to reduce the
corrosion rate, design of single limb dissolver are the current areas of study.
Studies on design of robots to carry out functions such as underwater cutting/
slitting of fuel pins are in progress.

A pilot plant was set up in the concrete and lead hot cell with the associated
process utilities, remote handling and instrumentation systems for separation
of U
.
The campaign was successfully completed. High decontamination factors from radioactivity, recovery efficiency, good product purity and equipment

capabilities were established and the experience gained serves as a valuable feed
back for the design of the new plant.
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RESEARCH AND DEVELOPMENT OF URANIUM-PLUTONIUM
MIXED CARBIDE AND NITRIDE FUELS AT JAERI

Y. SUZUKI, Y. ARM, M. HANDA, K. SHIBA
Department of Fuels and Materials Research,
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken,
Japan
Abstract

The present status of the development of uranium-plutonium mixed carbide and
nitride fuels at Japan Atomic Energy Research Institute (JABRI) is described.
The development program covers fuel fabrication studies, fuel property
measurements and irradiation tests. The fuels were prepared using the
carbothermic reduction of oxides followed by sintering. Procedures for the
characterization of the fuels fabricated have been established.
The studies
of fuel properties cover thermal conductivity, evaporation behavior, chemical
potential and so on. Irradiation tests of carbide fuel pins have been carried
out by the use of research thermal reactors, JRR-2 and JMTR at JAERI.
The
carbide and nitride fuels will be irradiated for performance tests in the
experimental f a s t reactor rjOYOj in collaboration with Power Reactor and
Nuclear Fuel Development Corporation (PNC).

1. Introduction

The uranium-plutonium mixed carbide and n i t r i d e fuels have been developed in
JABRI since 1974, when P l u t o n i u m Fuel Research F a c i l i t y (PFRF) was constructed
at Oarai Research Establishment. For the f i r s t decade, the main subject of the
studies was c a r b i d e f u e l , which is of interest as an advanced f u e l for FBRs
because of its high t h e r m a l c o n d u c t i v i t y and high heavy m e t a l density. The
p r o g r a m i n c l u d e d f u e l f a b r i c a t i o n , c h a r a c t e r i z a t i o n tests, f u e l p r o p e r t y
measurements and i r r a d i a t i o n tests <n . For the studies of carbide fuel, high
purity-argon gas atmosphere glove boxes were installed. The i m p u r i t y levels of
oxygen and m o i s t u r e in the a t m o s p h e r e are k e p t less t h a n 3 and 5 p p m ,
r e s p e c t i v e l y , by c i r c u l a t i n g p u r i f i e d argon. These glove boxes have been
operated s a t i s f a c t o r i l y for a cumulative operation time of 85,000 hours.
Fuel f a b r i c a t i o n t e c h n o l o g y i n c l u d i n g t h e s y n t h e s i s o f c a r b i d e b y
carbothermic reduction and the control of p e l l e t density has successfully been
developed. Thereafter, major e f f o r t s are now concentrated on the i r r a d i a t i o n
73

tests. In addition, we started the studies of the fabirication of nitride fuel
as another potential fuel for FBRs a few years ago. The fabrication and property
measurements of nitride fuels are being carried out .

2. Fuel Fabrication and Characterization
The kinetics of the carbothermic reduction of oxides to carbides were studied
by determining the evolution rate of CO gas. The results reveal that the
dimensional conditions and the characteristics of the oxide powders may
influence the rate-determinig step of the reduction'2' . The identification of
the intermediate products formed during the reduction also helped in
determining the reduction mechanisms(3~5) . In the case of nitride fabrication,
PuN was synthesized by the carbothermic reduction of PuU2 followed by the
removal of excess carbon in a Hz stream and the reduction mechanisms of PuOa
were examined <6) . Furthermore, it is shown that mixed nitride, (U,Pu)N may be
prepared by one-step carbothermic reduction of the mixture of UCh, PuOa and
graphite in a stream of N2-8%H2 mixed gas (7>8) . This technique was ultilized
for the nitride fabrication for irradiation tests.
To achieve good irradiation performance of carbide and nitride fuels, it is
important to depress pellet densities relatively low, i.e., about 85%T.D.
(smear density of about 80%T.D.) (9) . Therefore, the fabrication procedures
of low density pellets have been developed by introducing stable pores of 20 ~
100 ß m, keeping dense fuel matrix. For getting dense carbide fuel matrix,
nickel powder was used as a sintering aid (7) . In the case of nitride fuel
fabrication, nitride powder was ground into fine and active one with 48 hourball-milling before making green pellets, because no sintering aid is available.
Typical photographs of cross sections of carbide and nitride pellets are shown
in Fig. 1. The bulk densities are 82-85%T.D. and those of the fuel matrix are
95-98%T.D. The shape of pores introduced looks spherical.
The following characterization tests are routinely carried out for carbide
and nitride fuels used for physical property measurements and irradiation tests
(io-i2) . j.ne determination of uranium and plutonium by potentiometric
titration, the determination of carbon by combustion-coulometry, the
determination of oxygen by inert gas fusion-coulometry, the determination of
volatile impurity gases by vacuum extraction-gas chromatography, electron probe
microanalysis, X-ray diffraction analysis and ceramographic analysis. Recently,
a simple and accurate method for the determination of nitrogen was developed.
For preventing the loss of nitrogen by oxidation before analysis, the sample
was sealed air-tightly into a tin capsule using a pair of dies made from
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Fig. 1

Cross-sectional photographs of ( U o . s P u o . s ) C i . i p e l l e t ( l e f t ) and
(Uo.sPuo.s)N pel l e t ( r i g h t ) ; large pores look like black sphere.
White precipitations of sesquicarbide are seen in carbide.( X480).

Table 1 Determination of Nitrogen in Uranium-plutonium Mixed Nitride and Plutonium N i t r i d e
Sample
Weight of Net peak
and Exp. sample
area of
No,
(mg)
nitrogen

Peak area/
mg nitrogen of
acetanillde'

Weight of
nitrogen
determined
Ong)

Weight of nitrogen Average and
In (ILPu)N or PuN stand, dev.
( Ï)

135,9
156,5

154712

7,615

S.eOj-

1762 W

8.675

5.539

(U,Pu)N-3

156.7

177679

8.74 5

5.58]

(U,Pu)N-4

116.9

132084

6.50]

5.56j

(U,Pu)N-5

88.7

100494

4,94 6

5,57 6 .

PuN-1

115.1

132885

6.54 1

PuN-2

129.8

151484

7.45 6

5,68- "1
I

(U,Pu)N-l
(U,Pu)N-2

20316 ± 109

5,74„ j

(%)

5.572 ± 0.024

5

Coefficient
of variation
(Ï)

0.43
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* Acetanillde Is used as a standard material of nitrogen.

tungusten carbide and operated by oil hydrostatic pressure in a glove box w i t h
h i g h p u r i t y a r g o n a t m o s p h e r e . Then, t h e s a m p l e w a s b u r n e d a t 850°C i n
c i r c u l a t i n g oxygen a n d c o m b u s t i o n gases e v o l v e d w e r e a n a l y z e d b y g a s
Chromatograph w i t h thermal conductivity cells. The results obtained are shown
in T a b l e 1. The c o e f f i c i e n t of v a r i a t i o n is about 0.47« and the t i m e for
a n a l y z i n g one sample is about 10 m i n . An atomic emmision spectrograph w i t h
d i r e c t c u r r e n t arc and i n d u c t i v e l y c o u p l e d plasma l i g h t sources was also
installed for determining 32 m e t a l l i c i m p u r i t i e s and the analysis of p l u t o n i u m
bearing fuels w i l l soon start.
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3. Fuel Property Measurements
The main interests in property measurements are thermal conductivity of fuel
materials, which is one of the most important fuel properties. Therefore, the
thermal conductivities of UC, (U,Pu)C, ternary carbide such as UMoCz and solid

solutions with FP carbides were measured by laser flash method

(13

- I6) .

Recently, the thermal conductivity of (U, Pu)N containing various plutonium
concentrations was also measured. Figure 2 gives the thermal conductivities of
(U, Pu,Zr)C solid solutions corrected to 100%T.D. as a function of temperature.

It is seen from the figure that the thermal conductivities decrease with ZrC
content over the temperature range investigated; about 12-14% decrease in

thermal conductivity is observed when 10 mol% of ZrC is dissolved in (U,Pu)C.
The dependence of plutonium contents in (Ui-x Pu x )N on thermal conductivity
is represented in Fig. 3. The thermal conductivities decrease with plutonium
content, especially in the range of Pu/(U+Pu)^ 0.6, at both temperatures.
Evaporation behavior of fuel materials have been studied by knudsen-effusion
mass-spectrometry. The decomposition temperatures and the free energies of

formation of ternary plutonium carbides such as PuNiC2 were obtained'17' 18) . In
the measurement of the evaporation of plutonium during the carbothermic
reduction of PuOa to PuC, it is confirmed that the plutonium pressure changes
correspondingly to the phases present at each step of reduction processesu9).
Selective vaporization of americium was found during the initial process of the

reduction of plutonium dioxide containing americium formed by the decay of 241Pu
(20)

In addition to the fuel properties mentioned above, high temperature reaction
of carbide fuels with stainless steels and other cladding materials, carbon
potential of reactor materials ( 2 1 > 2 2 > , and FP behavior in the irradiationsimulated fuels have been studied(23).
Besides the thermal conductivity of nitride fuel, the lattice parameters of

the UN-PuN solid solutions varied in plutonium concentration were determined,
as shown in Fig. 4. The samples of solid solutions were prepared by heating
the mixture of UN and PuN, which were synthesized by the carbothermic reduction
of UÛ2 and Puth, respectively. The lattice parameters were estimated from the

diffraction patterns by a diffractometer with a CuKct radiation. The results
indicate that the lattice parameters do not obey a Vegard's law and deviate
positively in the PuN rich region.
4. Irradiation Tests
The capsule irradiation tests of carbide fuels started in 1983 after the

establishment of fuel fabrication technology"' 24 '. Nitride fuels are also
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The lattice parameters of UN-PuN solid solutions; Samples were
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planned to be irradiated from the beginning of 1990 and the two fuel pins for
the first irradiation test have been prepared. The whole schedule of the
irradiation tests is shown in Table 2.

The fuel pins for irradiation tests are prepared by centerless-gnnding fuel
pellets, degassing, inserting them into cladding tubes and attaching endplugs
with TIG (Tungsten Inert Gas) welding in a He atmosphere. Irradiation of three
capsules of carbide fuels containing two pins for each capsule were completed
and the post-irradiation examinations were performed for two capsules. The other
capsule irradiated to about 3 at.% burn-up is now under post-irradiation
examinations at Reactor Fuel Examination Facility of Tokai Reasearch
Establishment. Figure 5 shows the cross-sectional photograph of the carbide
pellet irradiated to 1.5at.% burn-up. Characteristic cracking patterns are
noticed and the restructuring is observed especially at the central part of the
pellets with the formation of large pores. The migration of cesium to plenums
was also observed by r -spectrometry. It is suggested that semi-volatile
cesium might migrate from the fuel matrix to low temperature part. With regard
to cladding materials, grain-boundary corrosion due to carbunzation was
noticed partly at the internal surface of SUS316 stainless steel cladding.
Two carbide fuel capsules are still under irradiation. Two kinds of pellets,
chamfered pellets and thermally stable pellets with large pores and dense fuel
matrix are charged in order to evaluate the accommodative effects on the fuelclad mechanical interaction.
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Table 2 Present Status and Irradiation Plan of Advanced Fuels for LMR at JAERI
Fuels

Irrad . Objective
No.
1

•

2

MC

1.0

ond

3
4

Mc

i.i

5

1.0

Linear Heat
Rate(W/cm)

Preliminary
Medium Heat
Rate
Medium Burnup
High Burnup
(Chamfered pellets)
High-BurnuD
(Thermally Stable
pellets)

8

and

MN"

'

M

-

Reactor PI Es
(Year)

650

10
13

2
2

6.5 1983
JRR-2
9.t 1985-1986 JRR-2

1986
1987

650
650

26
50

2
2

9.4 1986-1989 JMTR
9.4 1986-1990 JMTR

1989
1991

650

50

1

9.4 1988-1991 JMTR

1992

Medium Heat
and Burnup
'Thermally Stable
pellets)

650

30

1990-1992 JMTR

1993

High Burnup

650

60

9.4

1991-1994 JMTR

High Heat Rate
800
and Medium Burnup
(Fast Neutron Irrad.)

30

8,5

1993-1994 JOYO

(Ferritic Cladding)

MC"

450

Burnup
Pin
Irrad.
(NWd/kg) No. Dia. Year
(mm)

Pu

0.2 + uo.8
23

Uu.o
n c > U - Natural Uranium
** Collaboration with PNCtPower Reactor and Nuclear Fuel Development Corporation)

- M - PU0<2 + \

CUo.

8Pu,

Fig. 5

pellet

CUo.

ePuo. s ) C i . i

pellet

Cross-sections of U-Pu mixed carbide pellets irradiated to l.Sat.X.
The diameter of pins is 9.<
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Two nitride pins have been produced for the irradiation tests which w i l l
start in next spring. A pair of thermocouples is attached to one of these pins
for measuring the central fuel temperature. A martensite/ferrite stainless
steel-cladded nitride fuel pin is also scheduled to be irradiated from 1991 in
order to investigate the effects of the cladding materials on the depression of
swelling, because there is some possibility that nitride fuel shows severe
mechanical interactions with cladding materials at high burn-ups.

5. Conclusion

The fabrication techniques of uranium-plutonium mixed carbide and nitride
fuels have been developed and these fuels are under irradiation tests to
confirm the performance of these advanced FBR fuels. The irradiation program in
the experimental fast reactor rjQYfjj is also planned in collaboration with the
PNC. Three pins fabricated at PFRF, one carbide and two nitride pins, are
considered for the irradiation tests and the basic design of these pins is now
in progress to start the irradiation around 1993.
In addition to irradiation tests, the measurements of fuel properties, i.e.,
evaporation behavior and thermal conductivity, are continued on nitride fuel.
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Abstract

Research and development of HTGR fuels which have been carried out
at Japan Atomic Energy Research Institute (JAERI) is described.
The
HTGR projected at JAERI is called High Temperature engineering Test
Reactor(HTTR).
The HTTR core consists of prismatic fuel blocks including fuel rods, each of which contains annular shaped fuel compacts.
TRISO-coated LEU-fuel particles are embedded in the fuel compacts.
In
irradiation and out-of-pile experiments, the fuels fabricated according
to the HTTR design have been tested on the performance under normal
operation conditions and under the conditions simulating abnormal transients and accidents predicted in HTTR design.
Research has been
conducted on the advanced fuel such as ZrC coating, monolithic fuel rods
and thorium fuels .

1.

HTTR and Its Fuel

HTGR Development Program has been carried out at Japan Atomic Energy
Research Institute(JAERI) since 1970, and the final decision on construction of HTGR was made by the Government in 1988. This HTGR is called
.High Temperature engineering Test Reactor(HTTR) with thermal power of 30
MWth, aiming to study the utilization of the high temperature gas, to
test the fuels and materials, and to examine the reactor safety.
A cuta-way view of HTTR is shown in Fig. 1.
In the framework of the HTTR
program the prismatic block type fuel has been developed in cooperation
with the fuel and the graphite companies in Japan.
As depicted in Fig.
2 and listed in Table 1, the HTTR fuel is composed of TRISO type coated
particles with low enriched UO kernels which are formed with graphite
powder into annular shaped compacts.
Fourteen fuel compacts are then
encased into a long graphite sleeve as a fuel rod. The fuel block contains 31 or 33 fuel rods, of which number depends on loading position in
the core.
Cooling helium gas flows through the gaps between the fuel
rods and the holes of the graphite block.
One hundred and fifty fuel
blocks are loaded so as to be surrounded by the graphite reflectors in
the core.
A production test has been conducted by Nuclear Fuel Industry
Co.(NFI) since 1968 and after starting the HTGR program NFI has supplied
the fuel for the R&D of the HTGR program.
The fuel is produced in the
following process; the UO kernels are fabricated by a gel-precipitation
method, followed by the CVD coating for production of the coated
particles.
The coated particles are overcoated with fine graphite powder containing 20% of phenol resin and then are warm-pressed in the metal
die to form the annular fuel compact.
The green compacts are carbonized
at 800°C, followed by degassing at 1800°C for I hr.
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Cut-a-way view of HTTR.
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Fig. 2
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Composition of HTTR fuel.

TABLE 1. HTTR FUEL CHARACTERISTICS
Kernel

Material ;
Diameter ;
Enrichment;

UC>2
600 urn
3 - 10%

Coatings
Buffer PyC;

60 urn

IPyC;

30 urn

SiC;

25 urn

OPyC;

45 urn

Coated particles
Diameter;
920 urn
Fuel compact
Outer diam.;
Inner diam.;

26 mm
10 mm

Length;
39 mm
Packing fraction of parti- 30 vol%
cles

Fuel rod and block
Rod length;
Number of
compacts in a

579 mm
14

rod
Number of rods in a block;
31 or 33

2. Fuel Performance under Normal Operation Conditions

Under HTTR normal operation the fuel is designed to be burnt up to
3.6 % FIMA at 1350 C at maximum.
In the various irradiation experiments
we have tested the fuel fabricated according to the specifications of
HTTR design.
These experiments include the irradiation by an in-pile
gas loop, OGL-1, the gas swept capsules, and the closed capsules in Japan
Material Testing Reactor(JMTR) and Japan Research Reactor 2(JRR-2).
2.1 Irradiation experiments in an in-pile gas loop, OGL-1
Eleven OGL-1 experiments with various aims have been carried out
using the OGL-1 fuel block which consists of the fuel rods contained in a
long graphite block.
Irradiation of the fuel block was conducted under
circulation of pressurized helium gas(4 MPa) at 1500 C at maximum, and

the data on fission gas release under irradiation were obtained.
Figure
3 exhibits the fission gas releases depending on burnup in the recent
OGL-1 experiments, where it is characteristic of the fractional releases
that they remain constant after an initial decrease.
The release levels
shown here are low enough compared with the maximum release estimated in
the HTTR design and almost comparable with the levels of the power
HTGRs/1,2/.
After irradiation the OGL-1 fuel elements are examined in
the hot cells where the comprehensive data related to the irradiation
performance have become available/3,4/.

2.2 Irradiation experiments by capsules
The data related to the fuel performance were also obtained in the
capsule irradiation experiments.
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Fig. 3

Variation of fission gas release from fuel elements
during OGL-1 irradiation.

The coated particles in the block-type fuel are exposed generally
This causes enhancement of
kernel migration(amoeba effect) and an interaction with the coating
layers during irradiation, which shorten the life time of the coated
particles.
The amoeba effect has been tested by the capsule irradiation
in JRR-2, where large temperature-gradient can be imposed o the coated
particle at higher temperature than 1000 C.
The kernel migration rate
measured in these irradiation experiments are depicted against irradiation temperature in Fig. 4, where the design value is included/5/.
Safety of the coated particles against the amoeba attack was proved by
under relatively large temperature gradient.

these measurements.

Pd attack is the other problem for the integrity of the coated particles during irradiation/6-9/, because deterioration of the SiC coating
layer by the attack causes enhancement of releases of cesium and the
other metallic fission products from the coated particles, and weakening
the mechanical strength of the coated particles.
Pd released from the
kernels and migrating through the inner PyC layer accumulates as nodule
in the inner surface of the SiC layer and reacts with SiC y forming an
intermetallic compound as follows/7/;
2Pd + SiC = P^Si + C
The above reaction rate would be fairly fast compared to Pd release rate
from the kernel, the rate controlling step of the Pd/SiC reaction was
thought to be Pd release from the kernels/7/.
Therefore, the interaction depth in the SiC coating layer of irradiated coated particles was
measured by either an optical microscope or an electron probe
microanalyser in the hot cells.
Figure 5 exhibits the relation between
the measured reaction depth vs. release rate of Pd from the kernels which
was calculated with various factors such as irradiation temperature, burnup, Pd diffusion coefficient and so on.
These results indicate that
the reaction depth is proportional to the cube root of Pd amount released
from the kernels/7/.

3. Fuel Behavior under Abnormal Transient
And Accident Conditions

Under the abnormal transient conditions caused by e.g. excess reactivity insertion or abnormal decrease of the cooling gas flow rate, the
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fuel temperature becomes higher than that under the normal operation.
As for the accidents three major phenomena are predicted in the HTTR
design, the first of which is the core heat-up due to loss of cooling gas
circulation caused by e.g. rupture of the primary cooling pipe, the
second, ingress of air or steam into the core cased by e.g. failure of
the pressurized water-cooling system, and the third, rapid reactivity insertion caused by quick drawing-out of the control rods.
As summarized
in Table 2, we have conducted the experiments corresponding to these
transient and accident phenomena, some of which are still underway.
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TABLE 2. HTTR DESIGN AND EXPERIMENTS FOR ABNORMAL TRANSIENTS AND ACCIDENTS
Experiments

Design
Phenomena
Abnormal

o
o

Change of reactivity
Change of cooling

o

gas rate
Change of gas pressure

transient
o

Accidents

Condition

o
o

Loss of gas circulation
Air or steam ingress
Rapid drawing-out of
control rods

Method

Condition

1510'C

1498°C

o

Capsule or OGL-1
irradiation

1500-1900'C( capsule)
1300-1500'C(OG1-1)

o

Out-of-pile heating

1400-2300'C

Less than normal

o
o

Out-of-pile heating
under air or steam
NSRR irradiation

t-683 than 1400'C

operation temp.
1540'C

1517-C
1650'C

The same energy
deposition as

HTTR design

TABLE 3. COATED PARTICLE FAILURE BY VERY HIGH TEMPERATURE IRRADIATION

Failure fraction
Fuel sample
83VHT-1
83VHT-2
83VHT-3

BOL
lxlO~4
lx!0~4
lxlO~3

EOL
1.3xlO~3
6.5xlO~4
3.0xl(r3

Number of particles
failed in a fuel compact*
2
1
4

* About 1300 particles are included in a fuel compact.

Four irradiation experiments have been carried out for simulation
of the transient phenomena, where the fuel temperature is rapidly raised
to a very high teperature above 1600 C after the normal irradiation and
then cooled down after remaining there for several hours.
Table 3 indicates post-irradiation failure fraction of the coated particles embedded
in the fuel compacts which were irradiated up to 1900 C for 6 hours
after base irradiation at 1450 C.
Despite of such severely high temperature, the failure fraction of the coated particles after irradiation
was less than 1% of total number of the coated particles irradiated.
For simulation of the core heat-up, the coated particles after irradiation were subjected to high temperature heating and the data on the
coated particle failure and the fission product release at very high temperature were obtained.
Figure 6 shows the results of the coating
failure in the ramp tests/10/, where either about 100 or 200 coated particles irradiated up to 3.6 %FIMA, maximum burnup of the HTTR design,
were heated for each test run. It is seen that coating failure occurs
at higher temperature than 1900 C, proving that the coated particles are
endurable in the core heat-up caused by a loss of gas circulation
predicted in the design.
Concerning fission product release
Cs release behavior from a
single coated particle irradiated to about 1 %FIMA was measured in
isothermal heating in the temperature range from 1600°C to 2300°C/11/.
As depicted in Fig. 1 there is a clear difference in the release behavior
between 2000 C and 2100 C.
The releases below 2000°C which increase
gradually with heating time up to 1000 hrs at least, are controlled by
diffusion through intact coating layers, and the releases above 2100 C
which increase suddenly in a short time are influenced by thermal decomposition of SiC layer/12/.
Therefore, it is concluded that
Cs
release from the coated particles is restrained up to 2000°C as far as
the coating layers keep integrity.
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Fig. 8

Amoeba effect observed in irradiated ZrC coated
particles.
ZrC coating layer did not react with
migrated kernel.

The experiment on fuel oxidation/13/ due to air ingress is underway
using non-irradiated fuel compacts, and it was found that SiC coating
layer of the coated particles protected the inner layer and the kernels
from air oxidation at 1300°C for 200 hrs, at least, without remarkable
SiC failure, implying that extensive release of the fission products
would not occur by burning under the above conditions.

4. Research on Advanced HTGR Fuels
Research for the advanced HTGR fuel has been made on ZrC coating
layer^ and a monolithic fuel rod. Since ZrC has a melting point of about
3400 C, thus being more refractory than SiC, it has a potential for application as a coating layer substituting for SiC. ZrC coating process
has been developed in an experimental scale/14-16/ and ZrC coated particles prepared by this method were offered for the irradiation and the
out-of-pile experiments/17-19/.
Through these experiments many excellent properties of ZrC as the coating layer were revealed; ZrC coating
layer did not react with the kernel even if the kernel was in contact
with the ZrC coating layer under the amoeba effect, as shown in Fig. 8,
and did not react with Pd/18/.
As for the latter reaction, in the case
of the SiC coating layer, there is no effective measure to protect the
SiC coating layer from Pd attack during irradiation.
Research on the monolithic fuel rod that the fuel compacts and the
outer graphite sleeve are monolithically fabricated, aims to improve heat
transfer through the boundary between the fuel compacts and the graphite
sleeve.
Fabrication/20/ and irradiation/21/ tests of the model
monolithic rod are underway.
Figure 9 shows the outer view and X-ray
radiographs of the fuel rod before and after irradiation.
The rod was
irradiated up to 1x10 /m and 1.5 %FIMA at 800°C, where no remarkable
change such as debonding of the fuel zone and the outer fuel-free zone
was recognized.
The other rods are under irradiation in two capsules
which will attain higher burnup than that of the rod shown in Fig. 9.
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Outer view of the fuel rod fabricated for irradiation.
The size of the rod is 16 mm in diameter and
102 mm in length.

X-ray radiograph of the rod before irradiaiton.

X-ray radiograph of the rod after irradiation.
Fig. 9

Outer view and X-ray radiographs of
a monolithic fuel rod. Debonding between fuel zone
and the fuel free zone is not recognized.

5. Research on Thorium Fuel
Research on thorium fuel has been carried out because of possible
utilization of thorium in future HTGRs.
The research consists of
process development for kernel fabrication and experimental studies of
irradiation behavior.
5.1 Sol-gel process
The sol-gel process has been studied for fabrication of ThO and
(Th,U)O microspheres as kernels of coated particle fuels of HTGRs/2232/.
Figure 10 shows the established flow-sheet of the fabrication.
As seen there, two techniques have been developed in the study: (1) sol
preparation under pH control/24/, and (2) gelation in CCI -ammonia
media/26/.
The former technique is to control sol properties which
mainly decide whether microsphere failure occurs during gelation, and the
latter to obtain highly spherical products using large tension acting at
the interface between sol and CC14. Sol is prepared by adding ammonia
to starting nitrate solution of heavy metal with heating and stirring,
using an apparatus
illustrated in Fig. 11; a part of the solution or
sol is circulated to a pH-monitoring section.
The apparatus is designed
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fabrication.

so that, when the monitored pH exceeds the preset value, ammonia injection is stopped.
Using a gelation apparatus shown in Fig. 12, the sol
is converted into gel-microspheres in three steps: (1) sol-drop formation
in pure CCI at the bottom of a gelation column, (2) surface solidification during ascent in ammoniac CCI and (3) complete gelation in aqueous
ammonia.
Important sol properties relating to its gelation behavior are colloid size and colloid fraction of heavy metal; large colloid size and
high colloid fraction are favorable/24,25/, and there is a critical value
of fraction of 4 nm or larger colloids which is necessary to prevent gelmicrospheres from the failure/27/.
Higher pH makes colloid size smaller
but does colloid fraction higher/24,27/.
With increasing U content,
there is a tendency that colloid fraction becomes lower although colloid
size becomes larger/27,31/.
Fortunately, with increasing U content, the
above-mentioned critical value decreases/27/.
Heavy metal concentration
in sol also affects the sol properties/30,31/.
In addition to the sol
properties, ammonia concentration in organic gelation medium has an effect on the g e l a t i o n behavior; higher concentration is more
favorable/22,25/.
Since, in ammonia solubility, CCI used at present is
lower comparing with hexone used in preliminary, sol has to be more excellent in resistivity against the failure during gelation/25/.
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Fig. 11

Apparatus for sol preparation under pH control,

P : PUMP
F : FLOW METER

{J—VIBRATOR

Fig. 12

Apparatus for gelation in CCI -ammonia media.

In conclusion, preparation conditions of good quality sol suitable
for gelation in the CCI -ammonia media were established for U content,
U / ( T h + U ) , ranging from 0 to 35 mol%/25,27/.
The conditions of washing ,
drying and sintering for obtaining ThO and ( T h , U ) O microspheres with
high d e n s i t y , 9 9 % T . D . , were also f o u n d / 2 8 , 2 9 / , even in the case using
source thorium n i t r a t e including considerable a m o u n t s of i m p u r i t y
sulphate/32/.
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5.2

Burn-up dependence of cesium diffusion.

Research on irradiation behavior
The research includes thermochemical studies such as the measurement

of oxygen potential of (Th,U)0 and chemical states of fission products
in the kernels, studies of the irradiation-induced change of lattice
parameter of (Th,U)O and on the diffusion of both gaseous and metallic
fission products in the kernels and the observation of comprehensive irradiation performance of coated particles containing thorium,
Figure 13
shows an example of the data on the diffusion of cesium/33/.
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RESEARCH ON URANIUM-SILICIDE NUCLEAR FUEL
V.l. KOLYADIN, K.P. DUBROVIN,
V.l. PAVLENKO, A.V. KRUGLOV
I.V. Kurchatov Institute of Atomic Energy
A.V. MEDVEDEV, K.A. BORISOV, I.I. KONOVALOV
Ail-Union Scientific and Research Institute
of Inorganic Materials
Moscow, Union of Soviet Socialist Republics
Abstract

This paper gives the results of reactor tests and
the subsequent investigations of suicide fuels V3 Si
in hot cells. To compensate for swelling fuel rods had

differently shaped voids: a central hole, circular or

longitudinal grooves. During testing the release of

fission products from leaKers was also studied.

INTRODUCTION

At present the development of new alternative nuclear
fuels with an effective density comparable with that of me-

tallic uranium is one of actual tasks. The computonal estimation indicates that the substitution of traditional uranium dioxide by metallic fuel will allow one to redulce the

natural uranium demand. The value of this effect can significant depending on the type of reactor used.

The composition U3 si (uranium-silicon alloy) can become
challenging from the viewpoint of nuclear fuel content.
The use of this composition will maKe it possible to dimi-

nish enrichment, to reduce the consumption of uranium per
unit generated power, to increase the assembly heat rating,
etc.
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Among the feasible U-Si compounds U3 Si has a highest
uranium content per a unit volume(~I5g/cm* ^therefore

it is must attractive as nuclear fuel.
Uranium suicide has a number of properties required

for nuclear water-cooled reactor fuels:
- air

stability UP to 300 °C,

- compatibility with zirconium alors UP to 800 °c,
- high heat conductivity,

- adequate suitability for industrial production.
At the same time it has some disadvantageous properties,
such as:

- considerable irradiation-induced swelling (vacancy and

gas one ) at temperatures above 500 °C,
- high thermal expansion coefficient well above that of
zirconium alloys used as fuel clads,

- possible reducton of stability in water steam coolant
if other Phases are available.
The indicated disadvantages of slllcide fuel require

special reactor investigations to checK design solutions
and determine permissible operational limits.

RESEARCH OF URANIUH-SILICIDE NUCLEAR FUEL

The research efforts on the radiation stability of fuel
elements with uranlum-siliclde fuel have been initiated on
a material testing facility in I.V.Kurchatov Institute of
Atomic Energy since 1977.

Eight fuel assemblies with the experimental fuel ele-

ments 13.5 mm in diameter have been tested to date in an

MR reactor. The tests of seven fuel assemblies were comple-

ted and they were studied in a "hot" laboratory.
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The complex of investigations was carried out in order:

- to determine the greatest possible burnup;
- to study the changes in fuel element geometry under
irradiation;
- to study the effects of design parameters (welding processes, shape of compensation spaces, etc.) on fuel element service-

ability ;
- to examine the fuel behaviour after the fuel element dep-

ressurization.
All the fuel assemblies had the same design. Each assembly

consisted of two baskets placed one on another. In the basket six
fuel elements about 0.5

m in length surrounded a central rod. The

spacing between the fuel elements in the core centre was 15-20 mm.

The fuel elements in the assembly were spaced by means of four

stainless-steel spacer grids.
The fuel element claddings were made from a zirconium *\% - niobium alloy (alloy N-1). The plugs were welded in the highly-stressed lower ends of the claddings with the use of magnetic-

discahrge welding (MDW) and butt-resistance welding (BRW) pro-

cesses. The lower welded-in plugs were in contact with the fuel

columns and in the centre of the MR reactor core. The cladding upper ends were sealed by means of electron-beam welding (EBW) and
BRW processes.

Three 150 mm - long fuel rods were loaded in each fuel eleT

ment. The density of suicide was about 15 g/cm . The spaces of
^
, annular
various shapes: centre hole (CH) , longitudinal^ grooves (AG) were
provided in the rods to compensate the radiation swelling. The
volume of the compensation spaces in all cases was about 10% of
the fuel volume.

The fuel assemblies were tested in a neutral boiling coolant

the outlet coolant quality attained 12%. The coolant pressure was
about 80 atra, the saturation temperature being approximately 285 °C.
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The maximum linear heat rating was ranged for different fuel assemblies from 370 to 600 W/cm.

Some results of tests and post-irradiation studies are presen-

ted in Table I (as of June 1, 1989).
The results of post-irradiation tests show that, as it was to
be expected, the suicide undergoes the radiation swelling and the

compensation spaces of any shape are filled up by fuel.
Upon filling up the compensation spaces the swelling fuel begins to deform the claddings. The noticeable deformation was observed even at a buraup as low as 5 MW.d/kg. The degree

of deformation

depends appreciably on the shape of the compensation spaces.
The structure of the fuel alloy in all fuel assemblies did not
experience any essential change during irradiation.

TABLE 1. SOME CHARACTERISTICS OF FUEL ASSEMBLIES, TEST CONDITIONS AND RESULTS
OF INVESTIGATIONS

No. of fuel assembly

Parameter
1

7

Welding process
EBW/ EBW/ EBW/ BBW/

EBW/

BRW/
BRW/

BRW

MOW

MDW

BRW

BRW/
BRW

Time of onpower tests,
hours
19808 13390 23421

3061

18088

11602

8309

5958

Maximum
linear heat reating,
W/cm

MDW

370

Burnup ,
MW-d/kg mean 13.9
maximum 21.9

Tightness

MDW

MDW

600

480

550

550

600

14.5

16.4
29.6

2.8
5.3

15.7
25.4

12.3
18.9

23.2

tight leaky tight

leaky

leaky

leaky

600

500

7.8
12.7

4.3
6.7

leaky

tests

are in
progress
Maximum
cladding
diameter
deformation

100

1.6

2.2

4.0

0.8

3.9

1.6

1.5

The cladding deformation caused the damage of some cells of

the stainless-steel spacer grids. The spacer grids were not damaged
only in fuel assemblies Nos 1 and 4; in the remaining fuel assemb-

lies the tests of which were completed the spacer grids were damaged
to one or another extent. The suicide fuel elements seem to require the spacer grids from a more plastic material (for example,

from zirconium alloys).

The post-irradiation investigations showed that in all cases
the depressurization of the fuel elements was initiated in the re-

gion of the lower plug-cladding weld. It is not surprising, since
the lower welds are in the core centre where the fuel experiences

the maximum burnup and the claddings undergo the maximum radial

deformation which can be accompanied by the axial one. The local
hydrogénation of the cladding inner surface with formation of

zirconium hydride was found in the areas od depressurization. The
fuel elements of the upper baskets which operate under less heat
stresses than those in the lower baskets were depressurized in

fuel assemblies Nos 2,4 and 6. The fuel elements of the lower baskets were depressurized in fuel assemblies Nos 5»4 and 7.
The analysis shows that MDW is more preferable than BRW as
a sealing method. The behaviour of fuel assembly No.3 gives evidence of the existence of potential reserves which can enable one

to increase essentially the operation reliability of the fuel elements. The same is confirmed also by the relatively low maximum

deformation of the claddings in

leaky fuel assemblies Nos 2,6 and

7. The irradiated standard tubes for the claddings can withstand
a five-fold deformation if there is no localization of strain.
The relative yield of gaseous fission fragments inside the

claddings was not higher than 20%.
The release of fission products into the circuit of a loop

installation was studied during the tests of the fuel assemblies
in the depressurized state. Table 2 presents some data on the tests
101

TABLE 2. DATA ON THE TESTS ON FUEL ASSEMBLIES IN THE DEPRESSURIZED STATE

Nos of fuel assembly

Parameter
2

Number of leaky fuel
elements in the fuel
assembly

Operation time in the
depressurized state,
hours

4

6

5

a.

J.

i

J.

i

290

120

330

400

120

Averaged maximum linear heat rating in
the depressurized
state, W/cm

400

540

Outlet coolant tern-

200-230

180-200230-250

300

150

?oo

^

4 _ 5

2 4

Rate of fuel washout (data of fuel radiochemical analysis),
g/day
5-10
Total amount of washed-out fuel, g ;
from fuel radiochemical analysis
from gamma-scanning

60-120

180

0.6

44

9

250

290-10 hr

perature during operation in the depressurized state,°C
Total specific activity of iodines in
the coolant after depr essurization,
Ci/lx1o3

7

•>.
^

hr

2

8

0.3

0.2

4

-

0.1

12

-

of the depressurized fuel assemblies. After depressurization of
the fuel assembly the coolant temperature was decreased, as a ru-

le, to mitigate the fuel-coolant interaction.
The depressurization of the fuel elements

was followed by

the abrupt growth of the activity of fission products in the coo2

lant (10-10 times for nuclidea with a decay constant higher than
5 —1
3
10—^s
and 10 2-10
times for nuclides with a decay constant less
than 10—5 a—1 ). For nuclides with a decay constant higher than
102

J —1
10_5
s
the rate of fission products release is directly proporti-

onal to the decay constant, that is these nuclides originate mainly from the fuel surface at the expense of the kinetic recoil energy in the fission process. For other nuclides, such as iodine-131
and barium-140 a greater rate of release compared to the directly proportional dependence, indicating that the fuel composition

is washed-out.
The rate of fuel wash-out into the coolant was at a rather

high level (up to 5-10 g/day), which results seemingly from the
insufficient homogenization of the alloy in the process of its

making.
The presented results of in-pile tests give evidence of the

possibility of using the suicide fuel till moderate burnups
(about 15 MW.d/kg) in the on-load refuelled reactors. It is unlikely that such a fuel can be used in the vessel-type reactors
without essential improvement of its corrosion stability. The
research works on suicide fuel are in progress now.
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STATUS OF ADVANCED FUELS DEVELOPMENT
IN SWITZERLAND
R.W. STRATTON
Paul Scherrer Institute,
Villigen, Switzerland
Abstract

Since the previous IAEA meeting on Advanced Fuels in Wuerenlingen in December 1984, the
Paul Scherrer Institute (formerly the Swiss Federal Institute for Reactor Research (EIR)) has
continued to work on the development of advanced nuclear fuels for Fast Breeder Reactors
(FBRs) and Light Water reactors (LWRs). A paper on EIR's advanced Breeder fuel
development was given at the IAEA meeting on Advanced Fuels for Fast Breeder Reactors in
Vienna on 3-5 November 1987. A paper on advanced mixed oxide fuels was recently
presented at the IAEA technical meeting in Cadarache in November 1989. All of PSI's work
over more than twenty years has been made using gelation techniques.

PSI's activities are divided up as shown in figure 1. The early work on mixed carbide
development will conclude with the post irradiation examination of the AC-3 test in the US
Fast Flux Test Facility in 1990/91. This FBR activity has been transferred to a collaboration
on mixed nitride fuels with the French CEA at Cadarache. The main activities are now
centered on the development and testing of mixed oxide gel fuels for light water reactors.

The AC-3 test of mixed carbide sphere-pac fuel (fig 2) was successfully completed in October
1988 reaching the target burnup of approx 8 % fima without defect, and the PIE will begin in
the USA with the examination of the fuel Bundle at the FFTF itself in February 1990. From
there, 15 pins will be sent to the Hot Fuels Examination Facility in Idaho Falls for destructive
examination and five of these rods will be sent for destructive exams to Argonne National
Laboratory in Chicago, (fig 3). Final reporting is expected at the end of 1991.
In 1986 PSI joined with the CEA (IRDI/DECPU) in Cadarache to develope mixed nitrides,
whereby PSI's task is to produce low density gel microspheres for pressing into pellets at
DECPU (fig 4) and also high density microspheres for vibropacking into 'sphere-pac' fuel
pins. When the fabrication processes have been optimised, a test alongside French pellet
nitrides produced by the standard powder route is forseen in the Phénix reactor. Nitride is a
potentially attractive advanced fuel for the FBR combining the performance advantages of
carbide with ease of handling and reprocessing.
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FIG. 1. PSI activities in the field of advanced nuclear fuels.
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FIG. 2. Uranium carbide sphere-pac fuel pin AC-3 (diagrammatic).

PSI has now turned its attention to producing (UPu)O2 mixed oxide (MOX) using gelation
techniques. This can provide an easily soluble MOX fuel structure (fig. 5) and a simpler
fabrication route (fig 6). Both the sphere-pac and pellet gel routes are being followed. The
important factor in this programme, as for the advanced nitrides and carbides is to
demonstrate good performance in reactor. For this a forerunner experiment was started in
1986 in the Swiss Goesgen power plant (KKG) using UO2 microspheres together with pellet
segments supplied by Siemens for comparison. Four cycles of irradiation were planned with
segments being removed at each annual shutdown. The fourth cycle is now under way and the
oral presentation will give some preliminary results. Following this test PSI is now
collaborating with Belgonucléaire to produce MOX sphere-pac segements (figure 7) for
irradiation in the Swiss Beznau-1 plant (KKB-PWR). This experiment should start in 1989
and run for three and five cycles to burnups of 35 and 55 GWd/t.
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FIG. 4. Uranium nitride microspheres (sieve fraction 1.00-1.12 mm).

In parallel to the KKG experiment PSI started a collaboration with Siemens AG to research
the optimal properties of gel produced U02 microcspheres for pressing into so called gelpellets. This production route would retain many of the advantages of the sol-gel route, at the
same time delivering a product (pellet) which is standard for today's nuclear plants and for
which performance is well known. The first stage of the research was successful and gel
pellets meeting the requirements of the standard pellet specification were reached. PSI now

plans to take the work further with the purchase of a modern lab-scale pellet press for which a
removeable glove box is being provided. This will allow the study of the processes to produce

high quality MOX pellets.
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Other areas of advanced fuels research in support of the above activities include optimising
the sphere-pac rod design to take full advantage of the particle fuel concept at the same time
minimising its disadvantages (loss of spheres), developing models of sphere-pac fuel
behaviour, building up expenence of LWR oxide fuel by participating in international fuels
programmes and development of advanced gelation techniques such as microwave gelation.
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Although at a reduced scale compared to earlier years, PSI's fuel programme is still aiming to
develope and demonstrate gel fuel concepts as a viable and attractive alternative to fuels
produced using the powder route, particularly for Pu-containing fuels where questions of
operator protection, efficient production processes and good Pu solubility are becoming
increasingly important. In moving to a mature process PSI is increasingly seeking and
benefiting from collaborations with industrial partners.
SR43/PSI/23 Nov,89.
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CZECHOSLOVAK ACTIVITY IN THE NUCLEAR FUEL DOMAIN
J. BÂRDOS, M. HRON
Nuclear Research Institute,
Rez
J. DREXLER, P. VESELY

Nuclear Fuel Institute,
Prague
Czechoslovakia
Abstract

In the period of searching for the most advantageous type
of a nuclear power reactor suited to industrial applications
in CMEA countries, CSSR concentrated, owing to the international division of work principles valid at that time, almost
exclusively on the HWGCR reactor. In CSSR, a prototype of the
reactor in question with a capacity of 150 MW was implemented,
the manufacture of this type mastered and the necessary organizational and technical background for managing and ensuring
nuclear fuel industrial manufacture relative to the reactor
type developed created.
It was the Czechoslovak Uranium Industry that was
authorized to co-operate in the nuclear fuel domain and in the
Research and Development Unit (today the ITuclear Fuel Institute
(NFl) Zbraslav) of which the basic nuclear fuel production
unit was drawn and partially implemented. The centre ensuring
the necessary physical research and irradiation experiments
became then the tfuclear Research Institute (NRI) Sea near
Prague.

In the middle of the 1970's, a fundamental change in the
orientation of the Czechoslovak nuclear power branch took
place, namely to PWR-type reactors, by initiating the
construction of WWER-440- and, later, WWER-lOOO-type reactors,
developed in the Soviet Union. In our country, the manufacture
of the reactors mentioned was fully mastered but the fuel for
these types has been imported up to the present.
Evidently, this development and the modifications in the
nuclear power industry orientation affected significantly the
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aims in the domain of research, development and implementation
of the nuclear research work effected.
In the following sections of this paper we shall recall
what, considered as significant, was achieved in the field of
nuclear fuel manufacture, what aims are followed by some
activities being performed now and, finally, we shall also
present an outline of activities planned for the next future.

1. EXPERIMENTAL FUEL MANUFACTURE

The aims in the period of intensive works on the HWGCR-file reactors required at the turn of the I960's and 1970's
to build, for the physical research purposes, the TR-0
zero-power reactor /!/. The nuclear fuel implementation base
being built at that time made it possible to draw this reactor on the base of the Czechoslovak fuel. TTPI manufactured
and delivered for this reactor i.a. about 40 t of fuel in the
form of natural metallic uranium pins showing the diameter
6-3 mm, with a 1 mm thick magnesium sheath.

Good experience with the fuel mentioned made it possible
to allow for experimental fuel of Czechoslovak provenience
in an extensive experimental program even after having made
the modification of the orientation of the Czechoslovak nuclear power industry to WWER-type reactors.
In order to speed up the initiation of research works
necessary for the implementation of a light water reactor in
CSSR insertion cores - LVZ-1
and LVZ-2 /2/ - for the
experimental TR-0 reactor were prepared then.

A fuel lattice for the LVZ-1 version consisted of fuel
pins made of 2.94 % U-235 enriched metallic uranium, covered
114

with. 8.1 mm O.D. aluminium. The uranium filling length was
0.57 m. Manufacturer: NPI. The same fuel was available for
the LVZ-2A version, too. In that case, it was complemented
in the peripheral transition zone by the original TR-0 fuel
elements, 1 m long. At the same time, the reconstruction of
the TR-0 heavy water reactor to the LR-0 light water reactor,
intended to researching neutronic properties of the WWER-1000-type reactors with the near real dimensions the fuel
assemblies for which would be delivered by the Soviet Union,
was intensively prepared. The LR-0 reactor drawn in this way
was put into operation in 1983.
In the period of construction already, the exclusive
orientation of the LR-0 reactor to the research of WWER-1000-type cores appeared not to enable to solve the problème encountered during the development of the Czechoslovak nuclear
power industry based on the WWER-440-type reactors.
The first experimental possibilities for the WWER-440-type reactors were given by the VZ-440 insertion core of
the LR-0 reactor /3/.
It was possible to insert into the central VZ-440 area
even the models of stage WWER assemblies fitted with absorption adapters.

In order to implement the VZ-440 core of the LR-0 reactor it was necessary to provide a fuel type corresponding in
size and material composition to the power plant fuel of the
WWER-440-type reactors as well as fulfilling even further
requirements resulting from the experimental program. Such
requirements were e.g. the relatively high dimensional accuracy, composition accuracy, fuel pellet surface quality, exact
plane surface of the faces of fuel pellets selected etc.
The model fuel according to the customer's requirements
was again developed and manufactured by ÏÏFI. In total,nearly
1500 1.6, 2.4 and 3.6 % U-235 enriched fuel elements with
the U02-filling length of 1250 mm were delivered.
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2. PRESENT PWR FUEL RESEARCH AKD DEVELOPMENT

The development and manufacture of experimental fuel in
CSSR aims, at present, almost exclusively, at the PWR type,
namely in connection with the LR-0 reactor experiments.
Within the framework of the solution relative to the IAEA-contract N° 5328/RB "Safety Aspects of Using Gd Poisoned
Fuel in the WWER Reactors" fuel elements containing GdpO-.-admixture in the pellets to be tested in the LR-0 reactor
were prepared in NFI. Up to now, 3605-, 3610-, 3615-, 3620and 4460-type fuel elements containing a homogeneous Gd20y-admixture in the fuel pellets were prepared. The first
group of two digits gives the uranium enrichment with U-235
isotope (e.g. 36 designates 3-6 i°U-235) > the second one the
weight content of GdpO. in a fuel pellet (e.g. 15 designates
1.5 i<> by weight of Gd-O,). The basic characteristics of the
fuel elements containing a homogeneous Gd?0 -.-admixture are
given in table 1. The basic characteristics are statistic in
nature and have been obtained by measuring a statistically
significant set of fuel pellets. In order to achieve a higher
accuracy in interpreting experiments fuel elements containing
gadolinium were composed of 2 sets of fuel pellets:
1. The AA-set of fuel pellets was placed in a defined and
sufficiently wide band around the assumed axial coordinate
measured; for this set of fuel pellets the basic characteristics were measured with all pellets.
2. The A-set of fuel pellets was placed outside the band
defined; statistical values of basic characteristics were
obtained by measuring 2 % specimens of the set.

A specification relative to the cladding tube of all type
fuel elements (even without Gd2oJ is given in table 2.
In addition to the fuel elements containing a homogeneous
GdpOv-admixture in fuel pellets (BAF) specimens of duplex
type fuel pellets containing a homogeneous GdgOv-admixture in
a part of the pellet only (DUBAF) were prepared in this year.
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TABLE 1. BASIC MEASURED CHARACTERISTICS OF FUEL ELEMENTS CONTAINING
A HOMOGENEOUS Gd2O3 ADMIXTURE

Fuel enrichment, % U235

3.58

+ 0.05

Fuel pellets:
density (U02 + 2% GdjO .j), g/cm3

10.23

+ 0.03

outer diameter, cm

0.733i 0.003

innar diameter, cm

0.145+ 0.005

TABLE 2. CLADDING TUBE SPECIFICATIONS
(for fuel elements as well as for BAF or DUBAF elements)

Density (Zr + t wt.% Nb),

g/cx?

0.652

Outer diameter, cm

0.915

Inner diameter, cm

0.777

The following paragraphs are devoted to the latter type of
pellets and fuel elements.
BAF pellets modelling burnup

2.1.1
The burning up process in BAF pellets differs substantially
from that encountered in a current ceramic fuel which does
not contain this burnable absorber. This dissimilarity is due
to the presence of gadolinium in itself which, considering the
high absorption cross section for thermal neutron capture,
causes the thermal neutrons incident on the surface of an unburnt BAF pellet to be probably captured in the vicinity of
this surface already.
Consequently, the probability of the thermal neutron
penetration into the subsurface and inner BAF layers increases
step by step in the course of a fuel campaign only, further
to successive Gd burning up in the surface layer.
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Supposing that an ideal BAF pellet consists of a
homogeneous mixture of UOp and GdpCU molecules, a partially
burnt up pellet may be considered as a cylinder showing two
concentric layers. The outer layer contains partially burnt
up UOp without Gd absorber and the inner layer shows the
original UOp and Gd?Cu composition. This composition is the
basis of the series "Geometrical models" - G burnup models.
When designing this model a relation given in /4/ may be used
R(t) = R(0) - 0t/(4C)

(1)

where:
R(t)

is the radius of the absorbing pellet portion in
time t,

t

is the burning up time (i.e. time from the
beginning of the campaign),

0

is the neutron flux density,

C

is the initial burnable absorber concentration in
a pellet.

In reality, a partially burnt up pellet exhibits a more
complicated inner structure as the outer layer burnup is not
homogeneous, the layer boundary is not sharp etc.

Despite this, we consider the (5-model of a partially
burnt up BAF pellet to be applicable to testing computer
programs since it models with sufficient accuracy the most
substantial factor, namely the change in the effective radius
of the absorbing BAF pellet portion.
The knowledge of UOp enrichment in the outer and inner
layers, Gd^CK concentration in the inner layer, as well as
the knowledge of the layer size provide a very solid basis
enabling accurate testing of this burnup model when performing
direct measurements with such pellets in the LR-0 reactor.

However, a BAF pellet prepared in reality consists of
free U02 and Gd2°3 particles in a U02~Gd20-j solid solution
matrix. Even in an ideal plane of the first approximation no
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homogeneity at the level of single molecules may be envisaged.
Considering an absorber particle (or particle agglomerate)
in a homogeneous matrix as the basic space unit, we can
transpose the aforementioned considerations for a BAF pellet
in their entirety to any particle. Accepting further idealization, namely spherical shape particles, their radius in a
surface layer will then decrease during burning up process
also according to the relation (1).
For the G-model application it is possible to expect the
layer boundary to be out of focus and the relation (1) not to
hold for a real GdpCK concentration in UOp but for a certain
effective concentration, function of the initial particle
diameter.
Therefore, it is believed to be possible and useful in
a further stage of activities to modify the BAF pellet burnup
G-model already mentioned for the case of pellets with a nonnegligible initial radius of burnable absorber particles using
the GP designated burnup models based on the principle that
any model layer shows a different nominal value of the burnable absorber particle radius.
In summary, it may be stated that choosing a suitable
GdpO, concentration and U-235 enrichment depending on the
distance from the longitudinal pellet axis ensures a considerable
variability of the multiplication factor modification in the
course of the burning up process /5/«
Subsurface layer shielding by BAF surface layer absorber
shows further accompanying consequences, not connected with
the proper modelling process, resulting, however, in the modifications of the irradiation experiment economics.

The inner BAF pellet layers (even unburnt) take part in
neutron physical properties of this pellet type, practically» by the medium of epithermal neutrons only, the thermal
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neutrons being absorbed in the outer layer containing absorber already.

Epithermal neutron balance is affected especially by
U-238 nuclei or U in general and is sensitive to the U-235
concentration only very slightly. Thus it is possible to
employ, with advantage, for the inner part of a BAP pellet,
to be used in experiments with the zero-power LR-0 reactor,
fuel exhibiting a lower U-235 content - depleted or natural
uranium /6/.
Further consequence of self-shielding BAF pellet inner
layers consists in the possibility of using in these layers
any Gd?Cu concentration, even a zero one.
In our opinion, it is useful to test in modelling even
these two "economic" possibilities or versions.

2.1.2
For the introductory working stage we prepared short
runs of DUBAF two-layer pellets containing burnable absorber.
All DUBAF pellets show uniform main dimensions, namely?

outer diameter:

7-50 - 7«65 nim

central hole diameters

1.45 - 1.50 mm

pellet heightî

6.50 - 6.80 mm

density

ç > 94 % otheor

o :

The pellets exhibit straight faces which are, like their
cylindrical surf ace , not ground.
A survey of the runs prepared incl. corresponding
features is given in table 3. It makes evident that two
layer boundary types and three material combinations were
prepared.
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TABLE 3. SURVEY OF THE DUBAF PELLETS
Boundary

Inner layer

Outer layer
i ÇJl J.C U

U235

Gd203

U235

Gd 2 0 3

M

twt.*]

[*]

Cwt.*J

type

f mm]
S

DUBAF 1

3.0

0

3.6

S
DUBAf 2

3.6

3.0

S
1

3.6

2.0

0.71

2.5 - 2.7

2.65

0

D

"HTTOAT?

2.65

2.0
D

2.0

diameter

2

2.5 - 2.7
2.65

A

D

2.5 - 2.7

As regards the boundary, the type exhibiting
sharp

is ensured using technologies of separate
precompacting both layers, subsequent composing as concentric cylinders and recompacting to final density and sintering,

D = diffusive

is carried out as follows: having filled
the matrix with materials of both layers
the partitition wall is removed and, thereafter, compacting to final density and sintering take place.

As for the material combinations, the DUBAF IS, ID
pellets represent the proper burnup G-models, the DUBAP 2
and 3 versions being combinations for testing complementary
effects aimed to ensure an improvement of the proper
experiment economics.
3. ACTIVITIES FLAMED FOR SHE ÏÏEXT PERIOD

In addition to the activities developed within the
framework of the IAEA-contract H° 5328/RB mentioned already,
where we intend to perform reactor physical experiments on
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DÜBAF pellets using the LR-0 reactor, we plan to initiate
the works relative to the implementation of BAF burnup GP-models as well as to those in connection with a more common
view of the homogeneity of absorber distribution in BAF.
Within the framework of the Research Agreement with IAEA
"Study of Properties of Water Reactor Full with Burnable
Neutron Absorbers" being in preparation we shall be
orientated to:
- optimal homogeneity of BAF from the common view of reactor
physics and fuel fabrication technology,

- possibilities and necessities of structural and chemical
homogeneity for BAF with respect to fabrication, utilization and guaranties,
- optimization of possibilities from user's point of view
in the region of BAF using in fuel assemblies.
GOÏÏCLU3IOH
A preventive survey of the works performed up to now
illustrates the present state and possibilities of preparing
nuclear fuel in CSSR. Although that is not the question of
manufacturing fuel to be used in nuclear power plants, the
conditions for a very large scale of manufacturing experimental fuel for reactor physical experiments have been
created.
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