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FOREWORD
The IAEA Division of Nuclear Fuel Cycle and Waste Management has been closely
involved for many years in the collection, analysis and exchange of information relating to
the global development of advanced reactor fuel technology and performance. Meetings of
experts in this field have been held in 1984 and 1989 and more recently in December 1994
as part of the IAEA's programme. This publication reviews progress in advanced reactor fuel
technology and performance over the past five years, principally related to won-water cooled
reactors, namely high temperature gas reactors (HTGRs) and fast reactors (FRs), as well as
developments pertaining to thorium fuels and the fuel fabrication technologies. It includes
papers from the participants and provides recommendations in key areas where further global
co-operation in this field might be usefully initiated or strengthened. The previous two
Advisory Group Meetings on Advanced Fuel Technology and Performance, on which
separate reports have been published (IAEA-TECDOC-352 (1985) and IAEA-TECDOC-577
(1990)), focused on all types of commercial nuclear reactors.
The IAEA would like to express its thanks to all those who took part in the
preparation of this publication and in particular acknowledge the valuable contribution from
K. Hesketh (United Kingdom).

EDITORIAL NOTE
In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscripts as submitted by the authors. The views expressed do not necessarily reflect those
of the governments of the nominating Member States or of the nominating organizations.
Throughout the text names of Member States are retained as they were when the text was
compiled.
The use of particular designations of countries or territories does not imply any judgement by
the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.
The mention of names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an
endorsement or recommendation on the part of the IAEA.
The authors are responsible for having obtained the necessary permission for the IAEA to
reproduce, translate or use material from sources already protected by copyrights.
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SUMMARY AND CONCLUSIONS OF THE ADVISORY GROUP MEETING
Since 1989, when the last advisory group meeting was held by the IAEA on this
topic, the performance of nuclear power plants and the types of fuels that they use have
become increasingly important for technical and economic reasons at the international level.
For both water cooled reactors, which dominate commercial nuclear power generation, and
for non-water cooled advanced reactors under development in a number of countries,
particular attention has been focused on the use of plutonium/uranium mixed oxide (MOX)
fuels. In the prevailing international climate, the disposition of plutonium in both civilian and
military stockpiles is drawing high interest, and considerable attention has been devoted to
the subject through programmes of the IAEA.
During the 1980s, the IAEA Division of Nuclear Fuel Cycle convened two Advisory
Group Meetings of experts that looked at fuel technology and performance issues for all types
of reactors. In December 1994, it convened a third meeting principally devoted to examining
developments for non-water reactors, namely high temperature gas cooled reactors (HTGRs)
and fast reactors (FRs), as well as for thorium fuels and fuel fabrication technology. While
the development of these types of reactors has slowed internationally, a number of countries China, France, Japan, India, the Republic of Korea and Russia - maintain programmes for
developing one or both types of these advanced reactors. Both HTGRs and FRs are
recognized as having special features that are particularly relevant to the disposition of
plutonium, as well as to the incineration of actinides, which is of interest in the field of
nuclear waste management. Fast reactors, in fact, are the only known technology with the
ultimate potential to destroy minor actinides effectively, since a fast spectrum is required to
induce fissions in these nuclides. In the context of plutonium disposition, thorium fuel can
also play a valuable role.
This report reviews advances in these areas over the past five years, and presents the
consensus views of experts from five countries participating in the 1994 meeting on major
points of technical concern related to fuel performance and technology of non-v/ater cooled
reactors. Summaries of major topics, as well as the group's conclusions and
recommendations, follow. Thereafter, selected papers presenting national experience and
research and development are presented.

HTGRs
1. HTGRs were developed between 1960 and 1980 in Germany, UK and USA. HTGRs show
potential as inherently safe systems with exceptionally high thermal efficiencies.
2. The most active HTGR fuel development work is taking place in China, Russia and Japan,
where HTGRs are under construction or operating. Thus the HTTR-10 reactor in China is
due to reach criticality in 1998, as is the HTTR-30 reactor in Japan. The fuel for the latter
reactor will need to achieve burnups of 10% fima (fissions per initial metal atom). In Russia,
the serviceability of UO2 coated particle fuel and spherical fuel elements for the modular
HTGR VGM-200 has been demonstrated in out-of-reactor and irradiation tests. Also in
Russia, work is in progress to revive the PuO2 coated particle fuel technology development
which was started in the early 1970s. The new work is being carried out in a collaborative
effort with the USA as a possible means of destroying weapons grade plutonium. Burnups
of up to 80% fima will be needed for such fuel.

3. Activities are taking place to improve the performance of HTGR fuel elements, such as
resistance to oxidation of graphite, the development of SiC and ZrC protective coatings and
reducing the defect fraction. In Japan, fuel fabrication know-how has already progressed to
the point where manufacturing defect level of coated particles is less than 10"8.
4. Development work is taking place relating to PuO2 coated particle fuel technology.
Fast reactors
France, India and Japan and Russia continue with mature fast reactor programmes,
although in some of these countries the emphasis has changed in recent years from plutonium
breeding cores to plutonium burning cores and on exploring the potential of fast reactors for
fissioning actinides. The potential role of fast reactors as plutonium burners has been
stimulated by the release of ex-weapons plutonium for use in power reactors. Fast reactors
with non-breeding cores are being investigated, in some cases with non-uranic cores which
produce essentially no new plutonium. Such cores would use fuel in which plutonium is
dispersed thorium or in an inert matrix material. Ceramic and cermet fuels are being
developed in Russia for this purpose.
The key issues for the new fast reactor fuel technologies are:
1. To develop and establish the fuel technology for extended burnup, in particular it is
important to establish burnup fuel data up to > 10% fima.
2. There is a need for a sound database of the out-of-pile thermo-physical properties and
irradiation behaviour to be established.
3. There is a need to establish automated and remote handling fuel fabrication techniques
which can deal with high beta and gamma levels from plutonium. The sol-gel pelletisation
process is an example of a technology that is promising in this respect compared to
conventional fabrication methods.
4. The importance of establishing fast reactor fuel reprocessing/recycling strategies which
are inherently resistant to proliferation should be emphasised. A new fast reactor fuel cycle,
involving co-location of reactor and reprocessing facilities and pyro-based reprocessing
chemistry has emerged recently that has great potential in this respect.
5. The potential of (Pu,U)N fuels in LMFBRs has been recognised widely. Irradiation
programmes of nitride fuels are taking place in France, India, Japan and Russia, Phenix,
FBTR, Joyo and JMTR respectively.
Thorium fuels
1. Thorium fuels could be used to burn weapons grade plutonium in fast reactors and water
cooled reactors.
2. U-233 fuels are most attractive from the point of view of proliferation resistance.
3. The Th/U-233 fuel cycle is associated with reduced long term radiotoxicity commitments,
because of the much lower yields of transuranic nuclides.
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4. With the Th/U-233 fuel cycle it is possible to have near self-sustaining fuel cycles in
thermal reactors such as HTGRs and pressurised heavy water reactors (PHWRs).
5. ThO2-based fuels are thermodynamically more stable and have somewhat better thermophysical properties than conventional UO2 fuels.
6. Remote and automated fuel handling and fabrication techniques are essential for the
success of the thorium fuel cycle. The fabrication processes of thorium-based fuels are
similar to those of UO2. For fabrication of highly radioactive (Th,Pu)O2 and (Th,U-233)O2
fuels, sol-gel microsphere pelletisation (SGMP) is one of the most attractive methods, as it
avoids the hazard associated with radiotoxic dust and is amenable to automation and remote
handling.
7. Irradiation data on ThO2 fuels are not as extensive as those for (U,Pu)O2 fuels and
irradiation tests of ThO2-based fuels should be continued.

CONCLUSIONS AND RECOMMENDATIONS
HTGRs
1. Irradiation tests of HTGR fuel up to > 10% fima should be arranged.
2. For fuels containing pure PuO2 in an inert carrier, irradiation data up to 80% fima are
required. This is important for establishing HTGRs as a means of destroying weapons grade
plutonium. Tests of plutonium fuel carried out in the 1970s in the USA (Peach Bottom) and
Europe (Dragon) are strongly indicative that bumups of up to at least 70% fima will be
achievable.
3. It is important to establish the maximum allowable fuel enthalpy and validate predictive
methods for HTGRs in both normal operation and accident conditions, in order to put the
licensing of HTGRs on the same basis as that established for LWRs.
4. It is important to establish the fuel fabrication techniques for HTGR fuels, specifically the
following key questions need to be addressed:
•
•
•

to establish quality control methods, including accurate and precise measurement
methods and sampling schemes;
to develop means of identifying defective coated particles;
to establish the performance and design demands of SiC and ZrC coatings.

5. The behaviour of ZrC and SiC in accident conditions should be investigated.
6. Continued investigations of TRISO HTGR fuels are recommended, since these have been
shown to be more stable in certain accident conditions.
7. Research into improved corrosion protection of HTGR fuel in accident conditions, such
as air and water ingress should be carried out. As noted earlier, this might be suitable for
a IAEA CRP.

8. Methods to improve the heat utilisation of HTGRs are an important area that should be
addressed.
9. The fuel cycle for HTGRs needs to be established. For this it is important to develop
reprocessing methods for spent HTGR coated particle fuel and/or safe storage methods.
Fast reactors
1. (U,Pu)N and U-Pu-Zr are emerging as advanced fast reactor fuels which have the potential
of fitting in with an integrated and proliferation-resistant fuel cycle. The database of
fabrication and irradiation properties of such fuel, however, is insufficient compared to that
required for licensing. Augmentation of the database to the level of that already available for
conventional uranium fuels is recommended.
2. With the new thinking on using fast reactors for plutonium burning and not just as
breeders, several new ceramic and cermet fuels based on thorium or an inert matrix are
emerging, it is essential to have a sound database for these fuels prior to their large scale
utilisation.
Thorium fuels
The database on the fabrication properties and irradiation performance of thorium
based fuels should be extended and brought up to the level which currently applies to
conventional uranium-based fuels.
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OVERVIEW OF PRESENTATIONS AND COUNTRY REPORTS
1. INTRODUCTION
The term "advanced fuel technology" for nuclear plants generally refers to fuel
technology and performance activities that had not yet been established on a commercial
scale, but that have the potential for commercial exploitation. The present overlook is slightly
broader in that it includes a review of existing experience with non-water reactor technology
on a commercial scale.
At the previous two meetings, developments relating to water cooled reactors
comprised the main subject area, reflecting the dominance of water reactor technology for
commercial power production. A particular topic at that time was the development of Pu/U
mixed oxide (MOX) fuels both for water reactors and fast reactors. Interest in MOX and
other plutonium fuels has carried over to the present in the non-water reactor area and forms
a major part of this report. The main development in this area since 1989 has been the
further reduction of active involvement in non-water reactor fuels in the USA and Western
Europe, although France maintains a considerable interest in fast reactors. In spite of this
downturn of interest in the west, there remains considerable interest in HTGRs and fast
reactors in Russia, China, Japan, India and the Republic of Korea, reflecting the main
representation at this meeting. In these countries, the potential benefits of these advanced
systems are receiving continued attention.
In the current climate where plutonium disposition and actinide incineration have
become very topical, both HTGRs and fast reactors are recognised as having special features
which are particularly relevant. Both HTGRs and fast reactors are well suited to the task of
reducing stocks of both civil and military plutonium (especially if a non-uranic carrier is
used) and fast reactors are the only system with the ultimate potential to destroy minor
actinides effectively, as a fast spectrum is needed to induce fissions in these nuclides. In the
context of plutonium disposition, thorium fuel can also play a very valuable role that is
additional to its role in increasing strategic independence from the uranium market.

2. HIGH TEMPERATURE GAS COOLED REACTORS (HTGRs)
2.1.

Update on progress since 1989

Significant technology development programmes for HTGRs are proceeding in several
countries, notably Japan, China and the Russian Federation. Activities continue in a number
of other countries at a lower level of effort.
In Japan the main effort is directed through the High Temperature Engineering Test
Reactor (HTTR-30) of 30 MW(th) power, which is expected to go critical in 1998. This
reactor uses prismatic UO2 fuel blocks based on coated particles. A fuel enrichment of up
to 17% is used. Irradiation tests of coated particles generally up to 3.6% fima burnup and
partially up to 10% fima burnup have already been carried out. The behaviour of coated fuel
particles and fuel compacts was investigated at accident conditions, including coolant channel
blockage.
The behaviour of fuel elements in power ramps and temperature deviations up to
2000°C of some hours' duration was investigated in experiments. The results obtained are
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sufficient for demonstrating HTTR-30 operation up to ~ 4 % fima burnup. The testing of fuel
elements up to 10% fima is established in collaboration with ORNL using HFIR.
In China the technology of TRISO-coated particles for High Temperature Reactor-Test
Modal (10 MW(th)) has been developed. The production of spherical fuel elements includes
low enriched UO : kernels prepared by the sol-gel method. PyC and SiC coating of fuel
kernels, semi-hydrostatic pressing and the characterisation of intermediate and final product.
Irradiation tests of fuel elements are beginning, and results at up to ~ 1% fima burnup at
temperature ~ 1000°C have been obtained. Investigations of the resistance to oxidation of the
graphite fuel element and reactor components (such as the reflector) against water and air
ingress at temperatures nf 1000-1500°C are being carried out.
In Russia the technology of TRISO-fuel coated particles and spherical fuel elements
for VGM-200 MW(th) HTGR is being developed. The substantiation of the serviceability of
coated particles based on UO, with enrichment up to 20% has been demonstrated in 1994 by
means of pre-reactor and irradiation tests.
Two versions of spherical fuel element fabrication methods, namely pressurized
carbonization and graphite binding by pyrocarbon have been developed and tested up to 10%
burnup at ~ 1400°C and neutron fluence (E >0.18 MeV) of 2.1021 n/cnr. Investigations of
fuel elements with an outer SiC layer, which guarantees against water ingress accidents, have
been carried out. Work on the renovation of technology of PuO2 fuel coated particle
production which was started in early 1970s for use in the HR of 600 MW(th) for weapons
grade Pu burning is beginning in Russian laboratories.
In the UK the developments in gas cooled reactors are limited to extending average
discharge burnups of AGRs up to 30 GWd/t. Irradiated AGR fuel has recently been the
subject of an intensive series of ramp tests in a ramp testing facility and has demonstrated
good resistance to failure in power ramps.
In Germany a strong HTGR technology programme was pursued in the 1970s and
1980s, and an HER design with a very high degree of safety was developed both for
electricity generation and for process heat applications. The helium heated steam reformer,
the helium/helium heat exchangers and the helium heated gas generator for coal refining have
all been successfully tested on a pilot scale (e.g. 10 MW), and the AVR reactor has
demonstrated operation at 950°C core outlet helium temperature. Since 1989, however,
activities in the HTGR area have been scaled down considerably in Germany.
In Switzerland, research activities for small HER concepts, including gas cooled
district heating reactors have been carried out. Current HER-related activities in Switzerland
involve the PROTEUS critical experiments which are being conducted by an international
team of researchers at the "Paul Scherrer Institute " in Villigen.
Activities are under way in the Netherlands to assess the potential future role of
modular HTGRs as a highly safe technology for electricity power generation. Other
countries, including Poland, Italy, Indonesia, and Israel, have displayed interest in HER
technology and performed relevant assessments. The IAEA's activities in gas cooled reactor
development focus on the four technical areas which are predicted to provide advanced
HTGRs with a high degree of safety, but which remain to be proven. These technical areas
are:
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(a)
(b)
(c)
(d)

the safe neutron physics behaviour of the reactor core,
reliance on ceramic coated fuel particles to retain fission products even under extreme
accident conditions,
the ability of the designs to dissipate decay heat by natural heat transport mechanisms,
and
the safe behaviour of the fuel and reactor core under chemical attack (air or water
ingress).

The first three are the subjects of co-ordinated research programmes and the last was
recently addressed in an information exchange meeting. IAEA activities in HTGR
applications concentrate on design and evaluation of heat utilization system for the Japanese
HTTR.
2.2.

Summary of presentations

This section summarises the main points of the presentations on HTGRs which were
made at this meeting.
Mr. Tang of China presented two papers on HTGR development activities which are
focused on a project to construct a 10 MW(th) HTGR Test Module at INET of Tsinghua
University, Beijing. This project has been approved by the State Science and Technology
Commission and construction will begin in late 1994. The first criticality is expected in 1998.
This project v/ill provide experience in design, construction and operation of an HTGR. The
test module is designed for a wide range of possible applications, for example, electricity,
steam and district heat generation in the first phase, and process heat generation.
Development efforts for electricity producing systems concentrate on small modular HTGR
designs with individual power ratings in the 80 to 180 MW(e) range. Strong emphasis is
placed on achieving a high level of safety through reliance on inherent safety features and
passive systems. Recent advances in turbomachinery and heat exchanger technology have led
to the current plant design and development activities in the USA and Russia, with the direct
helium cycle as the ultimate goal. The key techniques of the fabrication of HTGR fuel
elements have been mastered. The main characteristics of the fuel element have met the
design specification. In particular, a preliminary irradiation experiment showed that the defect
fraction of the coated particles in the fabrication and the fission product release fraction under
irradiation both meet the design specifications.
Research in China is also being conducted on advanced fuel topics such as
improvement in oxidation resistance of graphite fuel elements and structure by forming SiC
coatings on graphite structures by exposing them to melted silicon, or addition of superfine
SiC powder to the graphite matrix and ZrC coating of the coated fuel particles, and so on.
Mr. Sukharev's paper summarised development work in Russia relating to helium
cooled HTGRs. Both pebble bed and prismatic fuel block fuel concepts are being pursued,
spherical coated fuel particles being used in both.. In the prismatic fuel the coated particles
are formed into fuel compacts which are then assembled into prismatic fuel elements. The
technology for manufacturing the coated particles has been established on both laboratory and
semi-industrial scales. HTGRs have potential for use in the disposition of ex-weapons
plutonium, offering exceptionally high burn-out of the initial plutonium loading, especially
where the fuel comprises a non-uranic carrier and there is consequently no breeding of new
Pu-239 from U-238 captures. Russia and the USA have strong common interests in a joint
Russian/USA programme to develop a plutonium consumption gas turbine modular helium
reactor (GT-MHR).
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Mr. Handa from Japan presented a paper on the performance of HTGR fuel under
normal and accident conditions. The High Temperature Engineering Test Reactor (HTTR-30)
with 30 MW thermal output is now under construction at the Oari-site, JAERI aiming to
attain the first criticality in 1998. Within the framework of HTTR-30 programme, extensive
development efforts relating to the coated particle fuel have been under way since fy 1990.
The fuel quality is significantly influenced by the SiC coating of the fuel particles.
The semi-continuous coating method, where buffer PyC-inner, PyC and SiC-outer are
continuously coated. With these upgrading technologies the defect fraction of the coated
particles was outstandingly low at 10'7. Two types of coated particle fuels have been
developed, one of which is the fuel for the first charge of the HTTR core and the other of
which is to be charged in future (advanced fuel). The difference between these fuels is in the
UO2 kernel diameter and the thickness of the buffer layer and the SiC layer. In order to
attain high burnup such as 10% fima in the advanced fuel, the buffer and SiC layers are
made thicker.
With respect to testing the fuel performance under normal operation conditions,
irradiation experiments on the HTTR first charge fuel have been conducted using an in-pile
gas loop, called OGL-1, which were followed up by PIE. The R/B variation against peak
fuel-burnup, (about 4% fima), for the fuel produced before the upgrading effort, gave levels
of about 10'6, which was less than the R/B (2 x 10"4) predicted by the design. For the fuel
manufactured by the advanced technology, R/B reduced to the remarkably low level of 10"8
up to about 5 % fima.
In order to prove fuel performance of the HTTR reference fuel under the coolant
channel blockage, which is the severest among various accident scenarios, a very high
temperature irradiation experiment, was performed using three capsules. Even through the
over temperature accident condition, up to ca. 2000°C, the failure fraction was less than
2 x 10'3, which was comfortably smaller than design limit, 1 x 10'2. Through these tests
the fuel performance under accident conditions was shown to be satisfactory.
Finally, Mr. Hesketh presented a paper summarising the status of the fuel technology
for the Magnox and Advanced Gas Reactor (AGR) power stations which form the basis of
the United Kingdom commercial nuclear power programme. Both the metal fuelled Magnox
and the oxide fuelled AGRs are now mature technologies and are operating well. The AGR
units have in recent years demonstrated average load factors in excess of 80%, following
earlier difficulties with plant systems. The fuel behaviour and reliability of both metal and
oxide fuels has been excellent and both designs can be considered mature. The oxide fuels
continue to be extended to higher discharge burnups and apart from this aspect, no further
development of gas cooled reactor fuels is considered necessary apart from that needed to
ensure continued safe and economic operation. Apart from limited involvement with
European collaborative projects, the UK currently has no involvement with advanced nonwater reactor technology other than maintaining continuing interest and awareness in world
developments.

2.3.

Key points

The meeting identified the following key points following the presentations on HTGRs
and a general review of work in progress worldwide:
14

1. The construction of the HTTR in Japan has proceeded to nearly the 50% point and will
reach 60% in the next financial year.
2. The development of the coated particle fuel for the first charge of HTTR has passed the
critical stage and the effort is being directed to that of advanced fuel performance and fuel
cycle in Japan.
3. Methods for enhancing the passive corrosion protection of the graphite fuel elements and
structures under accidental air or water ingress would be valuable.
4. In order to substantiate the serviceability of coated particles and fuel elements in China's
HTR-10 irradiation tests up to a burnup of 10% fima are needed.
5. For licensing of HTGRs projects, experimental data is needed on the limiting enthalpy of
fuel in conditions of beyond design accidents such as reactivity insertion accidents.
6. In connection with development of the joint Russia/US design of Pu consumption Gas
Turbine Modular Helium Reactor (GT-MHR) for weapons grade plutonium destruction, it
is necessary to substantiate the serviceability of pure PuO2 coated particles up to 80% fima
burnup by means of calculations and experiments. The tests of Pu fuel carried out in the
early 1970s, in the USA and Europe for Peach Bottom and Dragon projects show the
possibility of fuel burning up to 70% fima.
7. The establishment of the HTGR fuel cycle is an important issue. This requires the
development of a reprocessing method for spent coated particle fuel and or development of
safe storage of the spent fuel.
8. Development of heat utilization systems for HTGRs is required.
9. In order to obtain high heat utilization, the development of advanced fuel such as ZrC
coated fuel is essential.
10. Validation of predictive methods for fuel and fission product behaviour used to support
licensing is an important topic.
11. Advances in fuel performance
• Quality control, including high accurate and precise measure methods and confidence
research such as the sampling plan.
• New measures of deducing the defected coated particles in fuel element.
• Performance and design demands of SiC coating.
• ZrC coating.

3. FAST REACTORS
3.1. Update on progress since 1989
Prospects for the early deployment of commercial fast reactors have receded in many
countries and consequently the R&D effort on fast reactor fuel technology and performance
has declined since 1989. There remain, however, a number of countries where mature
15

research and development and prototype efforts continue, notably France, India, Japan and
Russia:
France, in collaboration with other western European countries has recently restarted
the Superphenix LMFR The priorities in research on Super Phenix fuel are in connection
with enhanced plutonium consumption and actinide burning, specifically to develop the new
Project CAPRA (concept to improve the plutonium burning capability of advanced fast
reactors). The CAPRA reactor will be introduced in global strategies of Pu recycling and
electricity generation. The project studies organised by the CEA/France are now shared in
close collaboration with the research organisation KfK/Germany and BNFL/UK, and also
with the design companies of the EFRA (European fast reactor associates) consortium. Other
close cooperations have also been established with ENEA/Italy, PSI/Switzerland and
IPPE/Obninsk, Russia.
In India, the Fast Breeder Test Reactor (FBTR) has reached a power of 10.5 MW(th)
»vith the Mark I small size PuC-UC core. The second core will extend the power output to
40 MW with 65 fuel assemblies. Plant dynamic tests were completed during April-May 1994.
The performance of the plant is generally satisfactory except for spurious shut downs. Efforts
are being made to reduce the capital cost of the full scale prototype by reducing the
systems/components. R&D in the field of thermal hydraulic, structural mechanics, sodium
technology, metallurgy, chemistry and safety is continuing.
Also in India plutonium rich carbide is used in the Fast Breeder Test Reactor (FBTR)
and validation of the fuel is continuing. Process flowsheets have been developed for nitride
fuels. Work is in progress to develop sol-gel microsphere pellet (SGMP) processes for oxide,
carbide and nitride fuels.
In China, the conceptual design of the China Experimental Fast Reactor (CEFR) has
been approved by the China National Nuclear Corporation (CNNC) in January 1994 for the
purpose of proving feasibility. Due to low budgets during the past year, only limited results
have been achieved from the R&D concerning nuclear data, neutronics calculation, sodium
technology, materials, fuels, hydraulics and safety research. The CEFR project is still
waiting for approval from the National Planning Commission (NPC), which is the essential
prerequisite of construction permission for the CEFR.
In accordance with its long-term energy programme, Japan is promoting fast reactor
development, aiming to achieve stable long-term energy supply and security. The main R&D
results and trends of Japanese activities are: (1) the experimental 140 MW(th) sodium cooled
fast reactor "Joyo" which has provided abundant experimental data and excellent operational
records, attaining more than 50 000 hours of operation since its first criticality in 1977,
(2) the prototype 280 MW(e) fast reactor "Monju" reached initial criticality on 5 April 1994,
(3) the Japan Atomic Power Company is promoting design studies and R&D for the
demonstration fast reactor (DFR) with a power output 600 MW(e) under contract with
several leading Japanese manufacturers.
Advanced fast reactor fuel development in Russia is concentrated on:
increasing burnup to in excess of 10% h.a. (heavy atoms)
carbonitride, nitride and metallic fuels
cermet fuel with inert matrix materials.
Detailed discussion of these areas can be found in Section 3.2. Noteable features of
fast reactor development in Russia are:
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1. Reprocessing plants for uranium and power plutonium extraction from spent fuel are
operational, using fuel from WWER-440s and fast reactors. In addition, weapons grade
plutonium is being released. Partial replacement of uranium with plutonium as fuel is highly
profitable for Russia. It makes the sale of part of their uranium resources in the external
market possible.
2. Fast reactors in Russia are now better prepared technologically than light water reactors
for plutonium utilisation. The BR-10 and BOR-60 reactors operate with plutonium loading
and MOX fuel sub-assemblies have been tested in the BN-600 reactor.
3. The economic characteristics of fast reactor designs under development now (BN-800) are
practically the same as those of the new LWR designs (NP-500, VPBER-600).
4. Taking these factors into account and in accordance with the concept of nuclear power
development until 2015, the next stage of Russian fast reactor development will see the
construction of three or four BN-800 units using a uranium-plutonium fuel and a plant for
fuel subassembly fabrication (PO "MAYAK") by 2010. The whole scope of environmental
concerns will be addressed, as well as power and weapons grade plutonium utilisation.
Other countries with fast reactor programmes at various stages of maturity include:
Kazakhstan, in which a BN-350 LMFR is operating on the shore of the Caspian Sea
(Manguslak peninsula). In 1993 the reactor operated with a power output of 520 MW(th),
producing 80 000 tons/day of desalinated water and 80 MW of electricity. On 16 July 1994
the BN-350 completed 21 years of successful operation. It was the first nuclear power plant
in the world producing heat for seawater desalination.
The Republic of Korea, in which effort in non-water cooled fuel technology is mainly
focused on liquid metal reactor (LMR) fuel area. The development of the Korean prototype
LMR (KPLMR) is aimed at about 2011 and the possibilities of oxide and metal fuels are
being considered. As a part of the comparative study, a conceptual core design study for a
possible KPLMR has been performed as a cooperative effort between KAERI and General
Electric. The study was a comprehensive sensitivity analysis on height variation of breakeven
(breeding) and actinide burner cores. Also performed was a joint feasibility study on the
introduction of commercial fast breeder power plants to Korea with cooperation from France
in the late eighties. The study also set up the technological data basis for the planning of the
breeder reactor fuel technology development and provided the implementation plan for the
establishment of the technology.
3.2.

Summary of presentations

Mr. Murogov of Russia presented a paper describing high burnup experience gained
in the BN-600 fast reactor. Burnups of just below 12% have been achieved, but further
burnup extension is restricted by the swelling properties of the steels used for the wrapper
and the clad. Work is underway to demonstrate the use of improved steels. Experience has
also been gained of vibro-compacted mixed oxide fuels in the BN-600 and BOR-60 reactors,
as has experience with nitride and carbide mixed fuel. Further irradiation trials relating to
unalloyed metallic fuels were also described.
Also from Russia, Mr. Sukharev presented a paper further elaborating fuel irradiation
experience with the BN-600 reactor. Construction of a follow-up plant, BN-800, is under
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way, which will be designed with a breeding ratio less than unity, in order to burn
plutonium. A non-uranic fuel option is being considered, for which special measures have
been incorporated in the core design to assure negative sodium void coefficient. Mr. Bek of
Russia summarised experience with fabrication of fast reactor fuel on a commercial scale.
Significant points from the Russian presentations include:
1. The current maximum burnup in the BN-600 standard SAs is 10% h.a. Several SAs have
been irradiated up to the burnup value of 11.8% (the maximum dose is 93.7 dpa). Ferriticmartensitic steel of the EP-450 type is used as a wrapper material. For cladding, austenitic
steel ChS-68CW in its cold-worked state is used. The reason for the restriction in burnup
values (higher than 12% h.a.) is due to excessive swelling of ChS-68CW steel and the
deterioration of its mechanical properties at doses exceeding 85 dpa. Work on the improved
steel ChS68CW is underway. Additionally, improved austenitic steel is being developed for
the cladding.
2. Experimental investigations on substantiation of a possible use of EP-450 steel for
cladding are underway as well. Fuel pins with their cladding made of EP-450 steel have been
successfully irradiated in the BOR-60 reactor up to the maximum clad temperatures at the
initial stage of the operation (680-690°C) in the BN-600 reactor.
3. The work on the technology and investigation of a set of properties of Oxide Dispersion
Strength steel is being performed. Experiments on steel irradiation in the BR-reactor have
been started.
4. The BN-350 and BN-600 reactors are now testing SAs with MOX fuel deriving from two
technologies: pellet and vibro-compact fuel fabrication methods. The BOR-60 core is totally
loaded with SAs with MOX vibro-compact fuel.
5. Considerable experience on nitride fuel irradiation in BR-10 has been gained. The
maximum burnup value is 9%. Irradiation of several test sub-assemblies with uranium
carbide and mixed fuel in BOR-60 allowed certain recommendations to be made on the
parameters of fuel elements with this fuel which can operate up to a burnup value of
10% h.a.
6. Numerous investigations of unalloyed metallic fuel have been performed in the BOR-60
and BN-350 reactors. They made it possible to recommend this fuel to be used for the cores
of absorbers, core fuel elements, blankets.
7. The investigations of vibropac uranium-plutonium oxide fuel pins in the BOR-60 reactor
along with successful investigation of fuel pins in the BN-600 and reliable operation of the
experimental research complex enable it to be concluded that there is a realistic possibility
of the development of a more safe, cost-effective, fast reactor fuel cycle based on pyrochemical nuclear fuel reprocessing methods and vibropacking technology as well as their
possible application for the utilisation of both power reactor and weapons grade plutonium.
Mass tests in BOR-60 and tests of separate fuel assemblies in BN-350 and BN-600 along with
material science and calculated investigations allow conclusions about the possibility of vibroMOX elements and assemblies usage under industrial fast reactor conditions to be made.
8. There are active developments in the field of actinide transmutation and plutonium
utilisation.
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9. Two industrial fast reactors BN-350 and BN-600 are working now using uranium-dioxide
fuel pellets. The total capacity of production of such pellets (enriched and depleted) is about
21 t per year.
10. MOX vibro-compacted fuel is being used in the BOR-60 reactor, uranium nitride is being
used in the BR-10 reactor and carbo-nitride fuel in die BOR-60 reactor.
11. Metallic uranium fuel alloyed with zirconium and niobium was investigated in BN-350
and BOR-60 reactors as a fuel material for absorbers and axial blankets. At present in the
BOR-60 core two SAs with U-Zr as a fuel (Na-bonded) are under irradiation, the maximum
burn-up being equal to 7.5% h.a.
12. There is a programme for choosing the materials for cores with maximum burnups of
more than 10% h.a. of the BN-350 and BN-600 reactors (EP-172CW, Chs-68CW, EP-450).
Mr. Ganguly of India presented a paper summarising experience with various
advanced fuels and their fabrication for liquid metal fast reactors. The Fast Breeder Test
Reactor (FBTR) first core is currently operating with a compact core of mixed Pu-U carbide
fuels, which include some experimental pins, some of which are mixed nitride. Due to the
small size of the core, high plutonium contents are necessary (70% first core, 55% second
core). A sol-gel method with pelletisation is used for fuel fabrication which is dust-free and
allows flexibility for the product to be tailored either for fast or thermal reactor applications.
Comprehensive facilities for measuring the out-of-pile properties have been used to
characterise these advanced fuels.
Mr. Handa of Japan gave a presentation on the experience gained with the fabrication
of nitride fast reactor fuels. The techniques of fuel fabrication and characterisation of nitride
fuel have been established. It has been confirmed that pure nitride can be fabricated by
carbothermic reduction of the dioxide. Thermally stabilised fuel pellets characterised by a
dense matrix with relatively large pores (introduced by use of pore former) have been
developed in order to control the density of pellets and enhance the retention of FP gas in
the matrix.
Basic research on the properties of mixed nitride has been carried out. The thermal
conductivity of mixed nitride is presented as a function of PuN concentration and porosity.
The vaporisation behaviour, which is important for considerations of the loss of fuel material
during fabrication processes and fuel performance of failed pins, was estimated by Knudseneffusion mass spectrometry. Furthermore, the effects of oxygen content on the properties and
self-irradiation damage of PuN were investigated.
The irradiation tests indicate excellent performance of mixed nitride fuel. The
thermally stabilised pellets developed at JAERI show surprisingly good performance negligibly small FP gas release within normal increase of pin diameter. Further information
will be expected through the irradiation tests in JMTR and Joyo. The irradiation behaviour
was also evaluated through burnup-simulating fuel and thermodynamic estimations.
Nitride has a similar order of electrical conductivity as metallic fuel. Therefore, the
pyro-chemical process developed in the IFR programme may be applied to nitride fuel.
Thermodynamic evaluations and preliminary experiments using uranium nitride revealed that
direct electrolysis of nitride fuel is feasible. The development of techniques for nitriding
metal deposited at a cathode will lead to a self-contained fuel cycle centred on the reactor,
with fused salt electro-refining and refabrication.
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In addition to utilisation in FRs, nitride fuel is appropriate to the transmutation system
of minor actinides, such as advanced fast reactors. Therefore, neptunium mononitride has
been prepared by carbothermic reduction and the investigation of its properties has been
progressed.
Mr. Sohn presented a paper which summarises the status of liquid metal cooled fast
reactor (LMFR) research in the Republic of Korea. Present plans call for the large scale
deployment of LMFRs some time beyond 2030. Consequently, the Republic of Korea has
initiated a research and development pro,.:"imme to support this long term goal. At present,
activities are at an early stage and have not progressed beyond initial feasibility studies. Also,
the choice has yet to be made between metal or oxide fuels, though the former may be
preferred on the grounds that it may facilitate a pyro-based reprocessing method which is
inherently more safeguardable.
3.3.

Comments

Research and development of nitride fuels has been carried out in the USA, European
countries, Russia, Japan and others. The resulting information highlights the attractive
features of nitride fuel as a candidate of advanced fuel for FRs and the systems for
transmutation of minor actinides. However, the studies on nitride fuel are not so complete
that at the present time that the introduction of nitride fuel cycle can be discussed.
There are many options in the case of a nitride fuel cycle. The adoption of fuel pins
of relatively large diameter and operating under high ratings, made possible by nitride fuel,
will contribute towards the improvement of fuel fabrication costs. Small pin size, which
results in a cold fuel, may realise high burnups and long life. Furthermore, more studies on
the core design and analysis of fuel behaviour are expected for the optimisation of a nitride
fuel cycle.
The database on the properties of nitride fuel and its behaviour under irradiation is
still poor compared with oxide fuel. The expansion of research facilities and the progress of
property measurements are essential for the transmutation of minor actinides.
Nitride fuel is compatible with the existing Purex reprocessing. However, a pyrochemical process will be acceptable for nitride fuel as well as metallic fuel. The
demonstration of the process and related research are required for the development of
innovative reprocessing process.
3.4. Key points
1. Thermally stabilised (U,Pu)N fuel has been fabricated and subjected to irradiation tests
and property measurements. The fission gas release rate from the fuel was very low, less
than 4% at 4.5% fima. The diametral increase of mixed carbide and nitride pins showed a
tendency to increase linearly with burnups of roughly l%/%fima after 1 % fima where pellet
and cladding contact occurred. From these results it can be inferred that the induced creep
rate of nitride fuel is almost the same as that of carbide and the larger pores of the thermally
stabilised nitride fuel-as to accommodate the swelling.
2. In high purity NpN, fabricated by the carbothermic reduction of the oxide, the oxygen and
carbon contents are 0.03 w/o and 0.09 w/o, respectively. The thermal conductivity and
vapour pressure for NpN, which are essential for the licensing of fuel pin designs containing
neptunium, have been measured successfully.
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3. The current maximum burn-up in the BN-600 standard SAs is 10% h.a. Several SAs have
been irradiated up to the burn-up value 11.8%. Ferritic-martensitic steel of the EP-450 type
is used as a wrapper material as for the material for cladding, austenitic steel ChS-68CW in
its cold-worked state is used for this purpose. The reason for the restriction in burn-up
values (higher than 12% h.a.) is due to the high swelling of steel ChS-68CW steel and
deterioration of its mechanical properties at doses exceeding 85dpa.
4. The BN-350 and BN-600 reactors are used now for testing SAs with MOX fuel originating
from two technologies: pellet and vibro-compact ones. The BOR-60 core is totally loaded
with SAs with MOX vibro-compact fuel.
5. Considerable experience of nitride fuel irradiation in BR-10 has been gained. The
maximum burnup value is 9%. Irradiation of several test sub-assemblies with uranium
carbide and carbonitride fuel in BOR-60 allowed certain recommendations to be made on the
parameters of fuel elements with this fuel which can operate up to the burnup value of
10% h.a.
6. Numerous investigations of unalloyed metallic fuel have been performed in the BOR-60
and BN-350 reactors. They make it possible to recommend this fuel to be used for the cores
of absorbers, core fuel elements and blankets.

4. THORIUM FUELS
4.1. Update on progress
Thorium based fuels find applications in thermal reactors in the form of either coated
fuel particles of (Th,U)O2 or (Th,U)C2 in HTGRs or as (Th,Pu)O2 or (Th,U-233)O2 pellets
in water reactors. In fast reactors, thorium has an application as a blanket material to breed
U-233.
The status of thorium research and development in member states has not progressed
in the past ten years, with the exception of India. Most countries have either closed their
thorium programmes or are continuing at low key .
India has reached a major milestone in thorium utilisation since the beginning of 1994
with the use of ThO2 for neutron flux flattening in its 220 MW Pressurised Heavy Water
Reactor (PHWR) Kakrapar Unit I in place of depleted UO2. All subsequent PHWRs in India
will use ThO2 similarly. In addition, several tons of stainless steel 316 clad ThO2 pins have
been fabricated for use as blanket material in the second core of the Fast Breeder Test
Reactor (FBTR).
India is actively engaged in R&D relating to ThO2-based advanced fuels for PHWR
and has successfully test irradiated five ThO2-PuO2 (<4% Pu) pins to a high burnup of
approximately 20 GWd/t. Several ThO2 and ThO2-6.75% PuO2 fuel pins have been
undergoing irradiation testing since December 1992.
Recently however, there has been a renewed interest in thorium, particularly in Russia
as one of several possibilities of expediting the utilisation of large quantities (approximately
130 tons) of weapons grade plutonium and also civil plutonium.
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In Russia, the experience of thorium utilisation has so far been limited to irradiation
testing of Th metal and ThO2 and a sub-critical facility employing Th-based fuel. The
incentives for thorium fuel cycle in Russia are as follows:
1.

Burning of accumulated Pu as Pu/Th fuels in WWER and BN reactors and
accumulating U-233 for future utilisation in thermal reactors.

2.

Fuel cycles with U-233 are more proliferation resistant than U-238/Pu-239 because
of the high gamma dose associated with the daughter products of U-232 which is
always present with U-233 and the possibility of de-naturation with U-238.

3.

Avoiding the highly radiotoxic long-lived transuranium nuclides in the wastes by
gradually substituting U-238 fertile material with Th-232 in WWER and BN-type
reactors.

4.2. Summary of presentations
Mr. Ganguly described India's experience with thorium fuels used for flux flattening
elements in PHWRs. Thorium blankets are intended for the second core of FBTR. India aims
for a synergistic thorium fuel cycle involving both PHWRs and fast reactors to ensure
strategic independence.
4.3. Key points
The key topics of interest in thorium fuel technology and performance include:
a strong database (comparable to that already built up for uranium fuels) of out-of-pile
properties and irradiation behaviour;
development of process flowsheets which are amenable to automation and r e m o t e
handling in order to keep personnel exposure to radiation to a minimum, since
Th-232/U-233 is associated with high gamma radiation ; Sol-gel Microsphere
Pelletisation (SAMP) process in a remote and automated mode is an attractive dustfree fabrication process which is amenable to industrial scale production of thorium
based oxide fuels.

5. CERMET FUELS
Cermet fuels, meaning fuels composed of a mixture of ceramic and metal phases, has
potential applications to all of the advanced reactor systems considered here and merits its
own short section. Mr. Brusov of Russia presented a paper on cermet fuels in the context of
WWER reactors. The key points, which are perhaps relevant to HTGR fuels, fast reactor
fuels and thorium fuels are as follows:
Cermet fuel has a number of advantages compared with oxide regarding
considerations of reactor safety under normal operational conditions and in the event of
design-basis accidents. Cermet fuels have very good thermal conductivity properties, which
leads to low fuel temperatures. This helps to protect the fuel cladding from failure, due both
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to the lower temperature and the protection offered to the clad from chemically aggressive
fission products. The fission products are, moreover, retained almost completely. Load
following may also be achieved more readily with cermet fuels. These advantages of cermet
fuels, as well as higher effectiveness of plutonium burnout in a cermet fuel element were the
motivations behind the initiation of work on cermet fuels in Russia.

ABBREVIATIONS
AGR
CEFR
Cermet
FBTR
funa
FR
GT-MHR
h.a.
HER
HTGR
HTTR
KPLMR
LMFR
MOX
PHWR
SGMP

advanced gas cooled reactor
China experimental fast reactor
ceramic/metallic fuel
fast breeder test reactor
fissions per initial metal atom
fast reactor
gas turbine modular helium reactor
heavy atoms
high efficiency reactor
high temperature gas cooled reactor
high temperature test reactor
Korean prototype liquid metal reactor
liquid metal fast reactor
mixed oxide (PuO2, UO2) fuel
pressurised heavy water reactor
sol-gel microsphere pelleting
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FAST REACTOR ENDURANCE RELIABILITY
AND EXPERIENCE OF FUEL ELEMENT AND
SUB-ASSEMBLY OPERATION IN RUSSIA
V.M. MUROGOV, L.M. ZABUDKO, V.M. POPLAVSKIJ
Institute for Physics and Power Engineering,
Obninsk, Russian Federation
Abstract

Consideration is given to the principle factors which restrict the BN fuel lifetime: dimensional changes of wrappers and cladding due to steel swelling and
radiation creep; fuel-cladding mechanical and chemical interaction, fuel mass iransfer,
deterioration of mechanical properties of steel nuclear radiation. The former reasons
for certain limits in the BN-600 fuel burn-up are indicated. The main problems
encountered when increasing burn-up higher than 10 % h.a. were pointed out. The
information on the programs of structural material improvement is given. The main
results of experimental investigations of the advanced BN fuel are presented.

1. The main factors which restrict the life-time of fuel elements
with oxide fuel.
Calculational investigations confirmed by the BN reactor operational
experience allow the following principle factors affecting the endurance reliability of
fuel elements and sub-assemblies (SA) in general, to be recognized:
- a strong dimensional change of SAs in the result of steel swelling and radiation
creep;
- thermomechanical interaction between a fuel bundle and a wrapper;
- processes which occur inside fuel elements (mechanical and chemical interaction of
fuel with cladding, fission gas pressure, fuel mass transfer).
1.1 Dimensional changes of the wrapper.
Swelling and irradiation creep of wrapper materials result in wrapper
elongation, increase of cross-sectional dimensions, changes in a cross-section shape,
SA bending and thus, in significant contact interacting forces. At the initial stage of
BN-350 and BN-600 reactors operation the limits in fuel burn-up were related to these
very dimensional changes of wrappers made of steel 16Cr-llNi-3Mo in its
austenitized state. After the wrapper steel had been replaced with steel l6Cr-HNi3 Mo in its cold-worked state the maximum fuel burn-up in the BN-600 reactor
achieved 8,3 % h.a. According to the results calculated analysis based on postirradiation measurements of the wrapper geometry in cooling poiids as well as some
measurements of SA removal forces in the course of refuelling the wrapper changes
didn't make any effect on the burn-up restriction in the BN-600 core, at least under
the values of 9,5 - 10 % h.a. However it was definitely decided to replace the previous
steel with the steel of ferritic-martensitic type, EP-450. Thus solving the problem of
wrapper deformation even at higher burn-up values. Nowadays the third type of the
core is implemented in the BN-600 reactor with SAs' wrapper made of the EP-450
steel.
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1.2 Thermomechanical interaction between fuel bundle and the wrapper.
The main reason for thermomechanical interaction is the difference in the
deformation rate for a fuel bundle and a SA wrapper, especially in the core when the
steel used for cladding has a higher rate of swelling as compared to the wrapper steel.
The mechanical interaction between the fuel bundle and the wrapper is one of the
most serious reasons for a high bum-up restriction until refractory low-swelling
cladding steels are created. It is very important to set up an experimentally
substantiated criterion of fuel cladding performance under the conditions of
mechanical interaction for the calculated prediction of a fuel availability. Now the
criterion is being developed with the application of various approaches of fracture
mechanics when the ultimate stress value in the cladding is set up depending on the
sizes of possible corrosion cracks that might occur in the course of operation.
However for the practical use of the criterion like this the experimental data on the
effect of irradiation on the parameters of cladding steel crack resistance under
irradiation are required. The current data are insufficient. In our practical calculations
we use the criterion of maximum allowable hoop strain of cladding which on the
average is equal to 4,5 % for a steel bundle in the BN-600 SAs. This value is obtained
with allowance for the analysis of spent fuel pins profilometry under the assumption
of absolutely no swelling of the wrapper.
In order to decrease contact forces between fuel pins with a wire spacer some
design changes are possible. They are related to a certain change in a wire pitch as
well as in a relative diameter of a wire spacer. Besides it is possible to reduce the
wrapper rigidity by making its wall thinner. However all these measures proved to be
inefficient. The principle way-out is to develop low-swelling cladding types of steel.
1.3 In-fuel pin processes.
1.3.1 In the BN-600 core of the first loading type, to be more precise, in the zone of
high enrichment actually each run resulted in unsealed fuel pins in terms of gas and
delayed neutron signals when the burn-up values exceeded 5,5 % - 6 % h.a. The work
on finding out the reasons for loss of tightness in fuel pins of the high enrichment
zone (HEZ) consisted in a calculated analysis of the impact of operational conditions
on fuel pins strength, a post-reactor study of fuel pins in the hot cell laboratory, an
analysis of the results obtained. The main specific feature for the HEZ SAs, in
contrast to SAs of the low enrichment zone (LEZ), was their scheduled reshuffling
after each run in the direction closer to the center of the core with their rotation by
180°. At that very time fuel elements were subjected to a certain power ramp which
caused additional mechanical interaction between fuel and cladding in the course of
reactor coming up to power. Besides it turned out that in many fuel elements of the
HEZ SAs there was mass transfer in the form of a fuel column rupture thus resulting
in the enchanced aggressive fission yield and corrosion cracking of cladding under
stress. The analysis showed a direct relationship between fuel column ruptures, power
ramp and probability of fuel element failure.
With the aim to eliminate unsealed fuel pins in the BN-600 core certain
measures were taken. First of all, the practice of SA reshuffling and rotation
accompanied by a power ramp was ruled out. Though the analysis of reasons for loss
of tightness didn't reveal a definite impact of high linear power values (q c = 54
kW/m) on fuel pins loss of tightness, the decision was taken to decrease the maximum
value of linear power. In this case the foreign experience was taken into consideration.
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In order to create more beneficial conditions for fuel operation three zones of
enrichment were introduced instead of the previous two ones to flatten power density
field. And finally, structural materials used for wrappers and clads were changed for
austenitic steel in its cold-worked state, thus increasing burn-up. So in the core of the
second loading type loss of fuel pins tightness was eliminated.
1.3.2 According to the numerous calculated and experimental investigations, in case
of no reshuffling which can result in fuel mass transfer and power ramp, by choosing
a proper value of the smeared density it is possible to avoid considerable increase in
clad damage caused by the mechanical impact of the fuel up to the burn-up value of
20% h.a., with allowance for the scheduled transient conditions.
To hold the clad integrity in the hottest cross-sections under the fission-gas
conditions is a more complicated task at high burn-up levels. In this case the approach
consists in development of high-temperatme strength steel types and optimization of a
fuel element design (increase in a ?.\ad wall thickness and extension of gas plenum
sizes). However as the high burn-up core physics requires reduction in its steel
fraction, there is no definite opinion on the most optimum ratio of a cladding wall
thickness and its diameter. Everything will be determined by the progress in
development of low-swelling types of steel with high level of high-temperature
strength.
It is reasonable to increase the clad wall thickness even from the point of view
of resistance to cladding corrosion often happened on its fuel side. The post-reactor
study of BN-600 fuel pins with uranium oxide as a fuel performed in the hot-cell
laboratory showed an insignificant value of the clad corrosion damage. For instance,
for fuel elements irradiated up to the burn-up of 11 % h.a. (irradiation dose of 87,5
dpa) the corrosion depth didn't exceed 30 (am. the interaction nature was
intercrystalline. There was no notice of any relationship between the depth of
corrosion interaction and fuel burn-up (with the values equal to 7,4 - 11,8 % h.a.). As
for the results of investigations of pins with MOX fuel irradiated in BN-350 and
BOR-60 (the maximum burn-up value was 12,6 % h.a.), they showed a more serious
corrosion damage of cladding (up to 100 jam). In all the cases clads were made of
austenitic steel. Additional investigations are necessary to confirm the feasibility to
achieve the burn-up of 20 % h.a. from the point of view of corrosion damage of
cladding with MOX fuel.
1.3.3 Besides the above-mentioned factors it is necessary to point out another one, that
is the loss of mechanical strength and plasticity of cladding austenitic steel types
under irradiation. In the course of post-reactor studies of BN-600 fuel pins in which
the maximum radiation dose exceeded 80-85 dpa a sharp drop in the steel strength
was discovered in the cross-sections with the maximum deformation. It should be
pointed out that all the fuel pins investigated were intact.

2. The main trends of improvement of fuel clad and SA
wrapper structural materials.
2.1 In 1987 the first comprehensive program on the development of structural
materials was implemented (1). It was performed under the supervision of the R&D
Institute of Inorganic Materials. The principle goal of the Program consisted in
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choosing of materials for cores with the maximum burn-up of 10 % h.a. of the BN350 and BN-600 reactors. Their chemical composition is presented in Table 1.

Table 1 Chemical composition of the materials for BN-350 and BN-600 standard SAs.
C
Steel type
EP-172CW
0,04-0,07
(cladding)

P

Si

Mn

0,3-0,6

1,3-2,0 0,02

Cr

Ni

Mo

0,3

0,1-0,15

0,6

0,6

0,03

Ti

15-16,5 14,5-16 2,5-3 0,35-0,9 ~

ChS-68 CW
0,05-0,08 0,3-0,6 1,3-2,0 0,15- 15-16,5 14-15,5 1,9(wrapper)
EP-450
(wrapper)

Nb

0,3

1,21,8

0,0030,008

-

0,20,3

0,0010,005

0,250,55

-

0,004

2,5

12-14

B

Since 1992 the materials indicated in Table 1 are adopted as standard in the
cores of these reactors. The principle data on SAs of the third-type loading in the BN600 reactor are shown in Table 2.
Table 2 The data on the design and irradiation conditions for BN-600 SAs of the
third-type loading.
Fuel
Cladding steel
Wrapper steel
Enrichment (U235 )

Pellet density g/cm3
Smeared density g/ cm J
Clad diameter, mm
Clad wall thickness, mm
Wrapper flat-to-flat size, mm
Wrapper wall thickness, mm
Core height, mm
Maximum linear rating, kW/m
Maximum burn-up, % h.a.
inLEZ
MEZ
HEZ
Maximum dose, dpa
Life time, eff.days
Maximum clad temperature. °C
- nominal
- with factors
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UO 2
ChS-68CW
EP-450
17 in Low Enrichment Zone (LEZ)
21 in Medium Enrichment Zone (MEZ)
26 in High Enrichment Zone (HEZ)
10,4-10,6
8,6
6,9
0,4
96
2,0
1030
480
9
9,5
10
75
480
-660
-695

By now in accordance with a special decision in the BN-600 more than 40 SAs
have been irradiated up to the burn-up of 10,5 - 11,8% h.a., with the maximum dose of
93,7 dpa.
2.2 The second comprehensive program includes several trends of the development of
new structural materials for cladding with the aim to achieve 15% h.a. They are as
follows:
- further improvement of austenitic stainless steel in order to increase its strength and
to decrease its swelling by means of optimization of dope composition; improvement
of metallurgical and technological processes,
- improvement of ferritic-rnartensitic steel with the aim to be used in cladding,
- development of ODS ferritic-martensitic steels, with satisfactory strength properties
at the temperatures of 700 °C.
As it was mentioned earlier, austenitic steel swelling which results in
thermomechanical interaction with a non-swelling wrapper can become an insuperable
obstacle in achieving the burn-up higher than 15% h.a. One of the principle ways to
solve this problem consists in using ferritic-martensitic steel for cladding as well. By
now two SAs (127 fuel pins in each, uranium dioxide as a fuel) have been irradiated in
the BN-350 reactor, with the maximum burn-up being 12% h.a. and the maximum
dose of 45 dpa. In the BOR-60 reactor 13 SAs have been irradiated (each contains 37
fuel pins with a vibro-compact MOX fuel) with the maximum burn-up of 15 - 26%
h.a. and the maximum dose up to 144 dpa. In both reactors the initial temperatures of
cladding were rather high for the steel of this type (680 - 700°C). The results of
irradiation are positive. Fuel element are now under the post-irradiation studies in the
hot-cell laboratory.
In accordance with this program another group of fuel pins with their clads
made of steel EP-450 has been prepared to be irradiated in the BN-600 reactor.
Additional experimental verification of the steel corrosion and high-temperature
strength is required, with the steel being irradiated at the maximum clad temperatures
of 680 - 690 °C under the conditions of a power reactor.
For a number of years the work on the technology and investigation of a set of
properties of the ODS steel as advanced cladding materials for BN reactor fuel
element is being performed in the Institute of Physics and Power Engineering. A
considerable amount of work has been carried out on development and investigation
of the model ODS steel based on steel 13Cr-2Mo. The effect of this steel alloying
with vanadium, titanium, aluminium, tungsten, niobium has been studied. Oxides of
yttrium, titanium, calcium were used as hardening particles.
The transition from the ODS steel with its ferritic structure to the steel with a
two-phase ferritic-martensitic structure is of great interest. Based on new
developments of the ODS steel technology steel samples with the ferrite content of 40
- 60% were obtained. Nowadays steel 12Cr-2Mo-Nb-B-P-Y,O3(CaO) is accepted as
the basic one. The samples of this steel are supplied to be tested in terms of their hightemperature strength parameters in the BR-10 reactor.
29

3. Development of fuel materials
At present two reactors, BN-350 and BN-600 operate with a uranium oxide
fuel, the MOX vibro-compact fuel is used in the BOR-60 reactor and uranium nitride
is used as a fuel in the BR-10 reactor.
3.1 MOX-fuel.
A special program of work has been developed and implemented with an aim
to introduce the MOX fuel. The BN-800 core has been designed on the basic of the
MOX fuel since the very beginning. As for the MOX-fuelled BN-600 core its
improved design is under development now. Two technologies were suggested and
are supported for the MOX-fuel fabrication, a pellet technology and a vibro-compact
one. The information on SAs with the MOX fuel is given in table 3.

Table 3 MOX-fuelled SAs irradiated in the BN-350, BN-600 and BOR-60 reactors
(data are as of October 11, 1994).
Reactors
BOR-60
BN-350
BN-600

Number of
SAs
346 (vibropack fuel)
10 (pellet fuel)
14 (pellet fuel)
6(vibropack fuel)
12 (pellet fuel)

Max burn-up
% h.a.
26
12,6
10,8
9,6
10,5

Max dose,
dpa
144
60
65
76,7
78

3.2 Carbide and Nitride Fuel
3.2.1 The experimental study of the carbide fuel was started in the BR-5 reactor. The
core with uranium monocarbide v/as in operation from 1965 to 1971. The maximum
burn-up amounted to 6,2% h.a. The minimum burn-up value at which unsealed fuel
elements were detected was equal to 1,6%. It was the result of a very high
carbonization of cladding from the fuel side; the carbon content ran to 0,7%. Sodium
used at that time in the reactor contained a lot of impurities: up to 0,017% of carbon
and 0,003% of nitrogen and that might cause carbonization.
At present the BR-10 core is loaded with SAs with uranium mononitride. By
now 667 fuel pins have been irradiated with the maximum burn-up being 9% h.a. All
the fuel elements remained intact.
Now another 590 fuel pins (the second loading) are under irradiation. As a part
of standard subassemblies of the first loading there were several fuel elements with an
artificial defect in their cladding: 8 fuel elements with UN, 1 fuel element with UC
(the defect was initiated on the unirradiated cladding). The investigations confirmed a
higher chemical stability of UN in terms of oxygen and moisture in the course of
refuelling as compared to UC.
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As a part of the second loading two fuel elements with artificial were
irradiated. These defects were made on the irradiated cladding of fuel elements (with
the fuel burn-up 4,8% h.a.).
3.2.2 In the BOR-60 reactor 6 test sub-assemblies with UC, UNC,(UPu)C were
irradiated '2'. The irradiation parameters of these sub-assemblies are presented in
table 4.
Table 4 Principle parameters of test SAs operation in BOR-60 (carbonitride fuel)
Parameter
Burn-up,
%, h.a.
Fluence,
1022 neutron/cm2
Max linear rating,
kW/m
Max fuel temperature,
°C
He-bonded
Na-bonded

Sub-assembly number
3
4
5
8,9
7,1
5,1

1

2
4,8

6
10,4

1,7

2,2

2,8

4,1

4,3

6,1

55

61

55

50

65

70

600

720

650

650

720

680

1250
800

1450
850

1250
-

1500
830

1500
900

1550
-

The investigations performed with the carbonitride fuelled SAs gave important
results on the effect of irradiation on their properties. Successful tests confirmed the
feasibility to achieve 10% h.a. in fuel elements with the carbo-nitride fuel with a
helium sublayer. Besides the BOR-60 reactor was used to irradiate 1 SA (19 pins)
with UPuN up to the burn-up of ~ 4% h.a. at the linear rating of 1045 W/cm (the
maximum clad temperature of was about 755°C).
3.3 Metallic fuel.
At the period 1960 - 1980 numerous investigations have been carried out in
RIAR (Dimitrovgrad) 131 and IPPE concerning the physical and technological aspects
of metallic fuel. The unalloyed metallic fuel have been proposed, developed and
investigated as a fuel for absorbers and core fuel element in RIAR.
The performed investigations made it possible to recommend unalloyed
metallic urranium to be used in absorbers and fuel elements of radial blankets and also
in axial blankets (ysm ~80%y,), core fuel elements ( yc(r~70%7t) with the gap between
fuel and cladding being filled with gas. As a certain protection against interaction
between fuel and cladding a special oxide film is recommended to be applied onto the
pin core. For fuel pins of the core with U-Pu an additional protective coating on the
cladding is recommended.
Metallic uranium fuel alloyed with zirconium and niobium was investigated in
the BN-350 and BOR-60 reactors as a fuel material for absorbers and axial blankets.
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Table 5 Metallic Fuel Irradiation in BN-350 and BOR-60
Reactor

BOR-60

BN-350

Fuel

Unalloyed U
- absorbers
-radial
blanket
pin
- axial blanket
- core fuel pin
with U-Pu
Unalloyed U
- absorbers
- axial blanket

Irradiation in BN-350 and BOR-60
Max burn-up. % h.a.
Max cladding temperature,
°C
1,65

670

1,4
0,45

670
630 ±35

7,3

660

1 -2
2,6

655

At present in the BOR-60 core 2 SAs with UZr as a fuel (Na-bonded) are under
irradiation, the maximum burn-up being equal to 7,5% h.a.

Conclusions
1. The current maximum burn-up in the BN-600 standard SAs is 10% h.a. Several
SAs have been irradiated up to the burn-up value of 11,8% (the maximum dose is 93,7
dpa). Ferritic-martensitic steel of the EP-450 type is used as a wrapper material, as for
the material for cladding, austenitic steel ChS-68CW in its cold-worked state is used
for this purpose. The reason for the restriction in burn-up values (higher than 12%
h.a.) consists in high swelling of steel ChS-68C W and deterioration of its mechanical
properties at the doses exceeding 85 dpa. The work on the improvement of steel ChS68CW is under way. Besides the improved austenitic steel is being developed for
cladding.
2. Experimental investigations on substantiation of a possible use of steel EP-450 for
cladding are under way as well. Fuel pins with their cladding made of steel EP-450
have been successfully irradiated in the BOR-60 reactor up to the maximum clad
temperatures at the initial stage of the operation(680 - 690°C) in the BN-600 reactor.
3. The work on the technology and investigation of a set of properties of ODS steel is
being performed. The experiments of the steel irradiation in the BR-reactor have been
started.
4. The BN-350 and BN-600 reactors are used now for testing SAs with MOX fuel of
two technologies: pellet and vibro-compact ones. The BOR-60 core is totally loaded
with SAs with MOX vibro-compact fuel.
5. A considerable experience on nitride fuel irradiation in BR-10 has been gained. The
maximum burn-up value is 9%. Irradiation of several test sub-assemblies with
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uranium carbide and mixed fuel in BOR-60 allowed certain recommendations to be
made on the parameters of fuel elements with this fuel which can operate up to the
burn-up value of 10% h.a.
6. Numerous investigations of unalloyed metallic fuel have been performed in the
BOR-60 and BN-350 reactors. They made it possible to recommend this fuel to be
used for the cores of absorbers, core fuel elements, blankets.

Literature
1. F.G. Reshetnikov. Development of structural materials and problem of increasing
fuel burn-up.
Proc. of Int. Conf. on Fast Reactors and Related Fuel Cycles, 1991, Kyoto, Japan, v.l,
p.7.6-1.
2. A.A.Majorshin, L.M.Zabudko, Yu.K.Bibilashvili.
Use of carbide-nitride fuel in the USSR: a review.
Proc. of a technical committee meeting IAEA, Vienna, 1987, p. 53.
3. Tsykanov V.A. 25 Anniversary of Scientific - Research Institute of Nuclear
Reactors, named after V.I.Lenin
Preprint SRINR-1(454), 1981

NEXT PAGE(S) left BLANK.

33

STATUS OF LMFBR FUEL DEVELOPMENT
AND THORIUM UTILISATION IN INDIA
C. GANGULY
Radiometallurgy Division,
Bhabha Atomic Research Centre,
Bombay, Trombay, India
Abstract

For generation of nuclear power, India is pursuing PHWR and
LMFBR technology. Recently, design and development work has been
initiated on advanced heavy water reactor (AHWR) with boiling
light water coolant.
The present paper summarises the progress
made in India during the last five years in the area of FBTR &
PFBR fuels and thorium utilisation.
In the area of LMFBR fuel : (i) the fast breeder test
reactor (FBTR) is presently operating at 10.2 MWt with a small
core of 23 hitherto untried (Puo.7Uo.3)C fuel subassemblies; the
burnup of the fuel has exceeded 10,000 MWD/t without any failure;
(ii)
several
short
length
experimental fuel pins of
(Puo.7U0. 3)C, (Puo. 55U0.45)C and (Puo. 55U0. 43)N are undergoing
irradiation-testing in FBTR; (iii) the second core of FBTR would
have a fuel compostion of (Puo.55U0. 45)C and would consist of 65
fuel subassembiies which would enable FBTR to reach the design
power of 40 MWt; so far 250 fuel pins have been fabricated for
the second core of FBTR; (iv) (Puo. 55U0.45)N is being developed
as an alternative fuel for FBTR; (v) the reference fuel for the
forthcoming prototype fast breeder reactor (PFBR) is (U,Pu)O2
pins containing 15-25% Pu. As a stand-by advanced fuel for PFBR,
(Uo.sPuo.2)N is also being developed.
As part of thorium utilisation programme : (i) Zircaloy-2
clad high density ThO2 pins have been used for the first time in
Kakrapar Unit-I (PHWR 220 MWe) for neutron flux flattening;
(ii) stainless steel (type 316) clad ThO2 fuel pins have also
been fabricated for use as axial and radial blanket material in
FBTR; (iii) zircaloy clad high density (Th,Pu)O2 and (Th,U23S)O2
pins are being developed as candidate fuels for PHWR and AHWR;
and (iv) irradiation-testing of ThO2 and (Th,Pu)O2 pins are
underway in the pressurised water loop (PWL) of CIRUS reactor.
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1.0

INTRODUCTION

India is pursuing a 3-stage nuclear
power
programme
(Figure 1), linking the fuel cycles of pressurised heavy water
reactor (PHWR) and liquid metal cooled fast breeder reactor
(LMFBR), keeping in mind the high efficiency of U 2 3 8 - Pu 2 3 9 and
Th 2 3 2 _ u 2 3 3 fuel C y C ies in LMFBR and PHWR respectively and for
judicious utilisation of limited uranium (~ 72,000 tons) but
vast thorium (~ 480,000 tons) resources.
The progress of LMFBR
and thorium fuels development in India in the 1970s and 1980s has
been summarised in IAEA Meetings on advanced fuels and thorium
utilisation*1 «2> . In the first stage, 10,000 MWe would be
generated through several natural UO2-fuelled PHWR 220 MWe and
PHWR 500 MWe units.
Seven PHWR-220 MWe units are presently in
operation and the rest are in different stages of construction
and planning.
Since, the commercial introduction of LMFBR has
been delayed,
plutonium utilisation is being planned in PHWR
either
as (U,Pu)O2 or as (Th,Pu)O2 containing upto 4% Pu.
The

233

Pu

Pu

PHWR
Nat. U0 2
Flux flattening:
ThO 2

Dep.U

U

LMF3R
Ref. Fuel: (U,Pu)0 2
Ad. Fuel : (U,Pu)c
or(U,Pu)N

PHWR
(Th,U 2 3 3 )0 2

,233

Blanket I ThO2

Th

Th

U

III
233

U
Pu

PHWR
(Th,Pu)O 2

iu

Uu 2 3 3

233

AHWR
(U,Pu.) 0 2

Th

i

u
I

FIG. 1. Three stage nuclear power programme in India.
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Table 1 :

Convantional

and Advanced PHMR & LHFBR Fuels

and Thorium Utilisation

Reactor

Conventional
Fuel

PHWR

Advanced
Fuel

High density*
U02

High density*
(U,Pu)02

(Natural"U")

(< 2X Pu),

Thorium
Utilisation
ThO2 for neutron
flux flattening and
and for breeding U 233

(Th,Pu)O2

(< 4X Pu) and
(Th,U233)02
(< 2X U 2 3 3 )
LMFBR

Low density**
(U,Pu)02
(< 25X Pu)

High Density

Low density**
(U,Pu)C & (U,Pu)N
(< 25XPu)

(> 96X T.D.) ** Low Density

ThO2 blankets for
breeding U233

(< 85X T.D.)

U 2 3 3 generated from "Th" could be recycled as (Th,U 233 )O2 to
replace
(Th,Pu)O2
progressively.
Thus,
a self-sustaining
233
ThO2-U O2 fuel cycle could be obtained in PHWR.
Table 1
summarises the conventional and advanced PHWR & LMFBR fuels and
the form in which thorium is being utilised in these reactors.
In addition, design and development work has recently been
initiated for advanced heavy water reactor (AHWR) system with
boiling light water coolant< 3 >. The AHWR would be fuelled with a
cluster of mixed uranium plutonium oxide pins containing upto 6%
Pu along with (Th,U 233 )O2 containing upto 2% U 2 3 3 . The U 2 8 3
produced from Th would be recycled as ThO2-U 233 O2 self-sustaining
fuel.
As a first step, to the LMFBR programme in stage 2,
India
could leap frog and utilise a hitherto untried mixed uranium
Plutonium monocarbide fuel of composition (Puo.7Uo.s)C in Fast
Breeder Test Reactor* 4 *.
FBTR is presently running at a power
level of 10.2 MWt and the (Puo.7llo.3)C fuel has already reached a
burnup
of
more
than
10,000 MWD/t without any failure.
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The first core of FBTR is small, consisting of only 23 fuel
subassemblies and is being mainly utilised for reactor physics
and safety experiments. The second core of FBTR, which is under
fabrication,
would be a full core consisting of 65 fuel
subassemblies which would enable FBTR to reach the design power
of 40 MWt.
The composition of fuel for the second core is
(Puo . 55U0 .45)C. Whereas FBTR is being used mainly for reactor
physics experiments and for testing of LMFBR fuel and structural
materials, k'FBR would be the forerunner of the series of
commercial LMFBRs that are likely to be installed in India in the
beginning of the 21st century for the generation of nuclear
electricity.
The reference fuel for PFBR 500 is D-9 alloy clad
(U,Pu)O2, containing about
20XPu.
Mixed uranium plutonium
monocarbide (MC) and mononitride (MN) containing 15-2056 plutonium
are also being developed in B.A.R.C.as advanced stand-by fuels
for PFBR. MN falls in the family of same category as MC fuel but
has two important advantages and is thus being developed for use
in FBTR and PFBR. First, MN is less susceptible to oxidation and
hydrolysis compared to MC.
Secondly, unlike MC, spent MN fuel
can
be
easily
dissolved
in
nitric acid (HNO3) during
reprocessing.
A drawback of MN fuel is the formation of C1 * by
(n.p) reaction with N 1 4 .
C 1 4 is radioactive and should not be
allowed to enter the biosystem.
The
C4
problem could be
tackled by oxidizing it to CO2 followed by conversion to CaCC-3
and burying the same as high active solid waste. Alternatively,
the C1 * formation could be avoided by fabricating MN fuel
enriched with N 1 5 .
Unfortunately, N 1 5 enrichment is very
expensive.
Thorium blankets would be used in both FBTR and PFBR
to generate U 2 3 3 .
In stage 3, self-sustaining thermal breeders are planned.
PHWR
working
on
ThO2-U233O2 fuel cycle could meet this
requirement.
In the area of thorium utilisation, zircaloy clad ThC-2 pins
have been introduced in Kakrapar Unit-I (PHWR 220 MWe) for
neutron flux flattening and also for simultaneously generating
U2S3.
SS 316 clad ThC-2 bundles have also been fabricated for
axial and radial blankets of FBTR, which would also produce U 2 3 3 .
In addition, (Th,Pu)O2 and (Th,U2»s)O2 fuels are being developed

38

for advanced PHWR and AHWR.
Several ThCte and (Th,Pu)O2 fuel
pins have been fabricated by the classical "powder metallurgy" route and are undergoing irradiation-testing in the pressurised
water loop (PWL) of CIRUS reactor.
The present paper summarises the fabrication experience of
mixed uranium plutonium oxide, monocarbide and mononitride fuels
for FBTR & PFBR and ThO2, (Th,Pu)O2 & (Th,U)O2 fuels for PHWR &
AHWR by the conventional "powder-pellet" route and the advanced
"sol-gel microsphere pelletisation (SGMP)" process. In addition,
the out-of-pile thermophysical properties,
namely,
thermal
conductivity & hot hardness of these fuels and results of the
chemical
compatibility
experiments
of
(Puo. 55U0.45)C
&
(Puo. ssUo.45)N with SS 316 cladding are also highlighted.

2.0

LMFBR FUEL

2.1

(Puo.s3Uo.49)C Fuel Fabrication For FBTR Second Core

The external dimensions of fuel pins, fuel subassemblies and
stainless steel hardwares for the first and the second cores of
FBTR are the same.
But the second core would consist of
relatively
low
density
(86 + 2% T.D.) fuel pellets of
(Puo. 35U0. 45 )C and, unlike the f-irst core, would use plutonium
from spent PHWR fuels.
Table 2 gives the intercomparison of the
specifications of (U,Pu)C fuel pellets for the first and second
cores of FBTR.
The process flowsheet followed in BARC for
fabrication of (Puo. 55U0. 43)C pellets starting from UO2, PuO2 and
graphite powders is shown in Figure 2<5>.
Since, a relatively
low density (86 ± 2% T.D.) has been specified for the mixed
carbide fuel pellets for the second core of FBTR, the sintered
pellets were subjected to resintering test at 1923K for 12 hours
in order to ensure that the pores are stable and would not cause
any in-pile dehsification.
The change in density after the
resintering test was found to be less than 1.5%.
The acceptance
percentage of sintered pellets has been very high in all batches
and was in the range of 91-96%.
The mobile beta, gamma and
neutron composite shields of lead/lead glass and perspex/water
were found to be effective and there was not a single case of
overexposure.
The average dose per person was
2.5 mSv.
So
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TABLE 2

:

Intercomparison of specifications of (U,Pu)C fuel
pellets for the first and second cores of FBTR

Specification

(Puo. 7U0 . 3 )C

First Core

(Puo. 55U0. 49)C
Second Core

Chemical
Pu (wt.X)
Pu + U (wt.X)
Am (wt.X)

0 (ppm)
0 + N (ppm)
M2C3 (wt.X)
Tungsten (ppm )
Total Impurities (ppm)
(excluding 0, N, Am)

66 + 1
> 94
.Not specified
< 6000
< 7500
5 to 20
< 200
< 3000

51.9 + 1
> 94
0.3 max.
< 5000

<
5
<
<

6000
to 15
200
3000

Physical
Diameter (mm)
Height (mm)
[Nominal]
Density (X T.D.)
Linear Mass (g/cm)

4.18 + 0.04
7

4.18 + 0.05
7

90 + 1
1.67 + 0.04

86 + 2
1.60 ± 0.04

far, two hundred and fifty SS-316 clad (Puo. 55U0. 45)C fuel pins
have been fabricated for making at least four 61-pin driver fuel
sub-assemblies for the second core.
2.2

Experimental Pino for Irradiation in FBTR

Several short length (100 mm fissile column) experimental
fuel pins of (Puo. 7U0. 3 )C, (Puo. ssllo. 45 )C and (Puo. 55U0. 43 )N
having outer dimensions and wall thickness same as that of FBTR
fuel pins have been fabricated.
These fuel pins contain varying
amounts of argon and helium gas mixture in order to have a wide
range of fuel centre temperature.
These pins are presently
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in /g
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(sloicliiometry: 99.7%)

Planetary ball-milling
(3 x 400 g, 12 h, agalo bowls, WC balls)
Chomlcal analysis uranium,
plutonium, carbon, and impurities
Tableting
(UO2 + PuO2 + C)
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Carbothermic synthesis
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Crushing
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oxyejon, nitrogen, plutonium distribution,
carbon, impurities resintoring test

FIG. 2. Process flow sheet for fabrication of (PuO55U045)C pellets starting from UO2, PuO2 and
graphite powders.
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undergoing irradiation-testing in FBTR.
The fuel pins have been
fabricated by the classical "powder metallurgy" route starting
from UO2, PUO2 and graphite powders. The nitride powder was
prepared by carbothermic synthesis of tableted powder mixture of
UO2, PuO2 and graphite in flowing nitrogen at 1500*C for 8 hours
followed by soaking in N2 + 8$ H2 and Ar + 8% Hz for 8 hours
each and cooling in Ar + 8% H2 in order to avoid higher nitrides
and to minimise residual oxygen and carbon impurities.
The
nitride clinkers thus produced were crushed, milled, pelletised
and sintered in the same way as mixed carbide pellets.
2.3

(U,Pu)O2, (U,Pu)C and (U,Pu)N Fuel Development for PFBR

Figure 3 shows the process flowsheet developed in BARC for
preparation of (U,Pu)02, (U,Pu)C and (U,Pu)N fuel containing
15-20% Pu by the classical "powder metallurgy" and the advanced
"sol-gel microsphere pelletisation (SGMP)" process.
The SGMP
process is "dust-free" and uses "free-flowing" sol-gel derived
coarse (100-1000 microns) microspheres as the starting material
for calcination (for oxide fuel) or carbothermic synthesis (for
carbide and nitride fuels) followed by direct pelletisation and
sintering. The advantages of SGMP process are as follows :
handling and generation of Pu bearing fine and highly
radioactive powders are avoided, thus minimising radioactive
aerosol
and
in
turn
"radiotoxic
dust hazard" and
"pyrophoricity hazard" (for carbide and nitride);
the "dust-free",
"free-flowing" and relatively
coarse
(100-1000
microns)
microspheres facilitate remote and
automated pellet fabrication, thereby minimising personnel
exposure to radiation ;
the
number
of
process
steps
is lesser because
crushing,
ball-milling,
sieving,
pre-compaction and
granulation operations are avoided;
excellent microhomogeneity of fissile isotopes in fuel
pellets is ensured since the
heavy
metal (U, Pu)
nitrates
are
mixed in
the
liquid state prior to
gelation; and
finally it is possible to tailor-make relatively low density
(< B5% T.D.) fuel pellets with fine grains (< 5 micron)
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FIG. 3. "Powder-pellet" and SGMP routes for fabrication of (U, Pu)O2, (U,Pu)C and (U,Pu)N
pellets.
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and "open"
pore
structure
which would facilitate
fission gas release and in turn minimise fuel swelling and
pellet-cladding mechanical interaction.
Hydrated gel-microspheres of UOa + PuC-2 and UO3 + PUO2 + C
were prepared by "ammonia internal gelation of uranium (IGU)"
process
using hexamethylene tetra amine (HMTA) as ammonia
generator and si li cone
oil
at
about 90° C as gelation
e
batM > .
The hydrated gel-microspheres were subjected to
air-calcination at around 800*C in case of mixed oxide fuel and
controlled carbothermic synthesis in vacuum and flowing N2
respectively
for (U,Pu)C and (U,Pu)N.
The mixed oxide,
monocarbide and mononitride microspheres thus prepared were in
the diameter range of 300-400 microns and were suitable for
direct pelietisation.
(U,Pu)C and (U,Pu)N microspheres were
relatively hard and needed higher compaction pressure (1500 MPa)
for preparation of green pellets.
The green pellets had a
density of around 60% T.D. and could be sintered to 85X T.D. at
1650*C for 4 hours in Ar + 8% Hz . Representative microstructures
of mixed uranium plutonium oxide, monocarbide and mononitride
prepared by SQMP route are shown in Figure 4.
In case of (U,Pu)O2 pellets, the SGMP process could be
combined with low temperature (1200'C) oxidative sintering (LTS)
in CO2 atmosphere at 1200*C followed by hydrogen reduction at the
same temperatue.
The combined SGMP-LTS process is not only
suitable for production of relatively low density pellets having
fine grain, open pore structure but has the potential of
significant reduction in electrical energy because the sintering
is being carried out at a much lower temperature compared to
conventional hydrogen sintering.

2.4

Out-of-pile Chemical Compatibility
(Puo.53U0. 43)N With SS 316 Cladding

of

(Puo. ssllo. 45 )C and

For mixed carbide and mixed nitride fuels, severe clad
carburisation and nitridation may limit' the life of the fuel pin
in a reactor.
The (Puo.55U0.45)C fuel for the second core of
FBTR would be containing oxygen in the range of 5000 ppm and
*"12% sesquicarbide second phase which could cause gas phase
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FIG. 4. Microstructures of (U,Pu)O2, (U,Pu)C and (U,Pu)N pellets prepared by SGMP route.
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carburisation of the stainless steel cladding.
Likewise,
(Puo. ssUo. 45)N pellets prepared from the oxide feed materials via
the carbothermic synthesis route would be containing residual
carbon and oxygen impurities in the form of monoxycarbonitride.
The presence of higher nitrides, namely, (U,Pu)2N3 cannot be
ruled out though the possibility of the presence of this phase,
particularly, for Plutonium rich composition is most unlikely
since piutonium forms only mononitride phase with N2. The higher
nitrides, if present, could react with the chromium of SS
cladding and cause nitridation of the cladding and significant
loss of ductility.
The residual carbon and oxygen impurities
could also release free N2 which would cause
gas
phase
nitridation.
Out-of-pile fuel-cladding chemical compatibility experiments
were carried out at 923K - 1123K for 500 - 1500 hours using a
compatibility capsule where SS 316 discs were sandwiched between
sintered mixed carbide or mixed nitride pellets and encapsulated
in SS 316 cladding tube<7«8> .
Evaluation of the stainless steel
disks after the experiments revealed that there was excellent
chemical compatibility between hyperstoichiometric (Pub.55U0.45)C
or (Puo.55U0. 45)N pellets and SS 316 cladding and the depth of
carburisation or nitridation determined by evaluation of the disc
was
found
to be negligible (< 100u).
The compatibility
experiments have provided strong supporting evidence for taking a
decision to use (Puo. 55U0. 45)C as a driver fuel for the second
core of FBTR and also keep (Puo.ssUo.45)N as stand-by advanced
fuel for FBTR.
2.5

Thermophysical Properties of FBTR and PFBR Fuel

Thermal diffusivity (and in turn thermal conductivity), hot
hardness (in turn thermal creep) are the essential out-of-pile
thermophysical properties that were evaluated for mixed uranium
Plutonium oxide, monocarbide and mononitride fuel pellets for
FBTR & PFBR.
The thermal
relation :

conductivity

(k«)

was

k« = a x -f x c
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evaluated

from

the

where a,

Jf and c are thermal diffusivity,

heat respectively at

the

conductivity

were

values

measured
then

density and specific

temperature.

corrected

The

thermal

for 100X theoretical

density (T.D.) using the relation :
KTO

=

k « [ ( 1 + P ) ] whore P is the volume fraction of pore.

The thermal diffusivity
range

of

550*C

-

was

1600*C

measured

temperature

laser

of

output

energy

The specimens were in the form of thin ( 1 - 2 mm) disc

of 10 mm diameter.
PuC,

the

in vacuum (0.13 Pa) by the transient

laser flash method using a pulsed ruby
6J/pulse.

in

UN and PuN

conductivity

The specific heat values of UO2,
were

data

taken

evaluated

from
at

literature.

BARC

for

PUO2,

The

sintered

UC,

thermal
(U,Pu)O2,

9

(U,Pu)C and (U,Pu)N pellets are summarised in Figure 5< >.
The hot hardness values were measured from room
to

1300*C

indentor,

in

temperature

vacuum (0.133 Pa) using a diamond vickers pyramid

a 1 kg load and a

dwell

time

of

5

seconds.

specimens were 4 - 6 mm in diameter and 4 - 8 mm in height.
the

indentor

furnaces

to

and
the

the

sample

measurement

were

heated

temperature

The
Both

by two independent
after

which

the

indentation was made and the indentation diagonal was recorded by
a telecomparator unit.
of (U.Pu)Ch: ,

Figure 5 summarises the hot hardness data

(U,Pu)C and (U,Pu)N at different temperatures.

The

activation energy of creep for (U,Pu)0z, (U,Pu)C and (U,Pu)N fuel
pellets were evaluated from the slope of the plot of hot hardness
against

temperature beyond the softening

found to be
The

data

8.59 kJ/mole

and

30.12

temperature

and

were

respectively< 9 >.

kJ/mole

suggest the highest creep resistance for (U,Pu)C which

is attributed to the harder (U,Pu)2Cs

second

phase

present

in

(U,Pu)C.

3.0

THORIUM UTILISATION
As part of thorium utilisation programme,

high density (> 9 4 * T.D.) ThO2 pellets have
the

Nuclear

Fuel Complex (NFC),

radial

blankets in FBTR and

Unit-I

(PHWR

for

several tonnes of

been

fabricated

at

Hyderabad for use as axial and
flux

flattening

at

KAKRAPAR

220 M W e ) . The diameter of the thorium pellets for
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FIG. 5. Thermal conductivity and hot hardness of sintered (U,Pu)O2, (U,Pu)C and (U,Pu)N pellets.

axial and radial blankets are 13.30 ± 0.1 mm and 15.35 ± 0.5 mm
respectively.
The ThO2 pellets are encapsulated in SS 316
cladding tube and TIG welded.
Thorium blanket is likely to be
used in the second core of FBTR.
In KAKRAPAR Unit-I, zircaloy
clad thoria-bundles, containing ~ 13.5 kg ThO2 pellets in each
bundle, have been loaded in 35 different channels, with no
channel having more than one thoria bundle.
The diameter of
ThO2 pellets is
~ 14.4 mm. In earlier PHWR units the flux
flattening was carried out with depleted uranium oxide bundles.
Since thorium has a higher neutron absorption cross-section than
either natural or depleted uranium, the total number of thorium
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bundles is substantially lower (only 35) than that of depleted
uranium bundles (384).
Loading thorium in heavy water reactor
has been done for the first time in the world and is an important
milestone in the Indian nuclear power programme*1°>.
Several
high density zircaloy clad thoria pins have also been fabricated
at BARC for irradiation-testing in CIRUS, PWL.

3.1

Powdei—pellet Route
(Th,Pu)O2 Pellets

for

Fabrication

of

ThO2, (Th,U)02 &

High density thoria pellets have been prepared from MgO
(sintering aid) doped (500 ppm) ThCte powder which was obtained
from Indian Rare Earth (IRE), Trombay by oxalate precipitation of
thorium nitrate solution followed by calcination in air at 800*C.
The ThCte powder had a specific surface area of around 3.7 m 2 /g.
The powder was milled for 8 hours, double pre-compacted at 105
MPa and 225 MPa and finally compacted at 350 MPa to obtain green
pellets of denisty 65-66% T.D.
The pellets were subsequently
sintered in Ar + 8X H2 at 1973K for 8 hours in order to obtain
high density (> 94* T.D.) pellets.
At NFC, Hyderabad, high
density ThO2
pellets was also obtained by sintering 'at
relatively low temperature (1150*0 using Nb2Os additive<11) .
For this, nearly, 0.25 mol% NbzOs powder was admixed with ThO2
powder.
Activated sintering takes place in ThO2 by the addition
of either lower valency additive (MgO) in reducing atmosphere or
higher valency additive (Nb2Os) in an oxidising atmosphere.
Higher valency additive created oxygen interstitials in ThO2 and
was found to be more effective for densification in oxidising
atmosphere. Zircaloy clad (Th,Pu)02 fuel pins containing 4S6 PuO2
and 6.755K PuCte have been fabricated by the "powder metallurgy"
route starting with MgO doped ThO2 and oxalate calcined PuO2
powders.
The ThO2 and PuO2 powders were co-milled for 2 hours,
double pre-compacted and finally compacted at 350 MPa and
sintered at 1973K in pure N2 for 8 hours to obtain high density
(Th,Pu)O2 pellets.
(Th,U)O2 pellets containing
A-% UO2 was
also prepared in the same way.
Figure
6
shows
the
microstructure,
thermal
conductivity
and hot hardness of
(Th,Pu)O2 and (Th,U)O2 pellets fabricated at BARC by the "powder
metallurgy" route<12>.
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FIG. 6. Microstructure, thermal conductivity and hot hardness of (Th,U)O2 and (Th,Pu)O2 pellets.

3.2

Irradiation-Testing

Zircaloy clad ThO2-4%PuO2 pins have been
successfully
irradiated at CIRUS, PWL upto a burnup of 20,000 MWD/t. Zircaloy
clad (Th,Pu)02 pins containing 6.75X PuO2 are
undergoing
irradiation-testing in CIRUS since December, 1992 and have so far
seen a burnup of nearly 5000 MWD/t<13> .
3.3

SQMP Process for Fabrication of ThCte-Based Fuel Pellets

The SGMP process has been developed for production of high
density ThO2, (Th,U)02 and (Th,Ce)O2 [Ce for simulating Pu] using
ammonia "external gelation of thorium (EGT)" process of Nuclear
Research Centre (KfA), Juelich, West Germany for preparation of
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hydrated gel-microspheres from nitrate solutions of thorium,
uranium and cerium<14» 15> .
Carbon black pore former was added
to the sol prior to gelation and was later removed from the
gel-microspheres by controlled air calcination at 700'C for 24
hours.
The "porous" microspheres thus formed are "dust-free",
"free-flowing" and could be easily compacted at 350 MPa to
produce green pellets of density around 50X T.D.
During
pelletisation, the microspheres were easily crushed and lost
their individual identity.
Subsequently, the pellets could be
sintered to very high density at around 1500*C.
MgO or CaO
dopant was added in the form of their nitrate solutions to the
thorium nitrate solution prior to the formation of the sol.
Figure 7 shows the microstructure of (Th,U)O2 prepared by SGMP
process.
The microstructure consisted of equiaxed grain with
uniformly distributed "closed" spherical pores in the ideal
diameter range of 2 - 5 microns.

25 jam
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0.32
—

0.24

i

-

Z 0.16
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0.00

0.00

5.44

10.87

16.31

21.75
27.19
Pore size (jim)

32.62

38.06

43.50

FIG. 7. Microstructure of (Th,U)02 pellet prepared by SGMP route.
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4.0

LOOKING FORWARD

During the last decade the Department of Atomic Energy
(DAE), India has been successful in achieving indigenisation in
all aspects of mixed uranium plutonium oxide, monocarbide and
mononitride fuels for FBTR & PFBR and thorium fuel cycles mainly
for PHWR.
In the area of ceramic nuclear fuels for power
reactors the major thrust in the coming years would be industrial
scale demonstration of the SGMP process which has been developed
at BARC for remote and automated fabrication of highly radiotoxic
Pu and U 2 3 3 bearing (U,Pu)O2, (U,Pu)C, (U,Pu)N, (Th,Pu)O2 and
(Th,U233)02
fuel
pellets
of
controlled
density
and
microstructure.
Simultaneously,
the
data
base of the
indigenously developed fuels in terms of their out-of-pile
thermophysical properties and irradiation behaviour would also be
strengthened.
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FUEL DEVELOPMENT AND FUEL REQUIREMENTS FOR
FUTURE BN AND HTGR NUCLEAR POWER REACTORS
A.I. KIRYUSHIN, N.G. KUZAVKOV,
B.A. VASILYEV, Yu.P. SUKHAREV
OKBM,
Nizhny Novgorod, Russian Federation
Abstract

The operation conditions of sodium fast power reactors fuel and as well as helium
cooled reactors (HTGR) fuel are considering in report. The short information on the
necessity fuel burn up level and on fuel element cladding material is presented.
In terms of Pu using as a fuel in reactors, the reactors conveniences and requirements
to burn up level are formulated as well.

1. Fuel development and requirements to BN reactor fuel
Since 1980 the Russian sodium power fast reactor BN-600 is successfully operating
(the average capacity factor during operation time is consists of 0.74). The construction
of reactor BN-800 is initiated.
As a fuel in BN-600 reactor, the enrichment uranium dioxide with density of
10.4 g/cm3 is used in the form of sintered pellets with a central hole.
The fuel element cladding of 16 Crl5Ni3MoNb steel has a diameter of 6.9 mm
and thickness of 0.4 mm. The wrapper tube made of 16CrllNi3Mo steel has across
flats of 96 mm and a thickness of 2 mm.
During reactor operating the design of fuel elements, fuel assemblies and core were
twice modernized to increase reliability and to enhance economic properties.
In the first type core the maximum fuel burn up was 7.2% fima and
the cladding failures were observed practically in each fuel microlifetime.
After the core modification in 1987 the cladding failures disappeared, although the
maximum fuel burn up was increased up to 8.3% fima.
In 1992 the maximum fuel burn up was increased up to 10% fima at satisfactory
reliability.
The main characteristics of BN-600 reactor cores are presented in Table 1.
When first core modificating the temperature fuel operation conditions were soften
and cold-worked structural steels, having increased irradiation resistance compared to
heat treatment austenitic steel, were used as fuel element cladding.
When second core modificating the new structural steels were used for fuel assembly
wrapper tube and for fuel element cladding (13 CrlMnNb and 16Crl5Ni2Mo
correspondingly). Besides, the measures on fuel pellets characteristics improvement were
carried out. As a result, the effective fuel density was increased from 8.2 g/cm3 (in first
type core) up to 8.7 g/cm3.
The main distinctions of fuel element and fuel assembly design and its operation
conditions are presented in Table 2.
The increasing of fuel burn up is the most effective way of the technical-economic
characteristics improvement because this problem is staing the main one during next time
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Table 1
The main characteristics of BN-600 reactor cores
Core type

Parameters

I (since 1980) M (since 1987) Ml (since 1992)
Core height, m
Core diameter,m
Average power density, MW/m3
Refuelling interval, days
Fuel assembly life time, days
- in low enrichment zone
- in middle enrichment zone
- in high enrichment zone
Average burn up, MWd/kg

0.75
2.07

2.07

1.03
2.07

570
100

425
165

412
160

200
300

330
330

480
480

330-495
44.5

480

39.5

1.0

60.0

Table 2
Fuel element and assembly characteristics and operation conditions
Core type

Parameters
I

Maximum linear power
54
density, kW/m
Maximum fuel burn up, % fima
7.2
Maximum radiation damage
44
dose, dpa
Ratio of gas hole length to
core height
1.07
3
Effective fuel density, g/cm
8.2
Fuel element cladding steel
16CrllNi3Mo
au
Wrapper tube steel
16Crl5Ni3MoNb
h.t.

M

Ml

47
8.3

47

54

75

0.67

0.65

8.5

8.7

10.0

16CrllNi3MoTi 13CrlMnNb
c.w

16Crl5Ni3MoNb 16Crl5Ni2Mo
c.w
2MnTiSi c.w.

au - austenitic
h.t. - heat treatment
c.w. - cold worked
of BN-600 reactor operation. The solving of this problem is connected with of the
structural steel radiation resistance increasing. This problem may be solved by steel type
EP-480 use (see Table 2) allowing 60 dpa radiation damage dose.
The other problem is the more wide using of mixed U-Pu fuel. In present, the
mixed fuel is used as a fuel composition of experimental fuel assemblies. The two kind
of mixed fuel is investigated now:
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Table 3
The main characteristics of BN-SOO reactor core
Parameter
Thermal power, MW
Core diameter, m
Core height, m
Sodium cavity under the core, m
Bottom blanket height, m
Radial blanket thickness, m
(1 row of fuel assemblies)
Average power density, MW/m3
Average fuel burn up, MWd/kg
Breeding coefficient

Value
2100
2.74
0.88
0.30
0.35
0.09
450
66
1.0

* the sintered pellets of (U-Pu) dioxide with a central hole (efficient density of
8.7 g/cm 3 );
* vibration compacted mixture of granulated with the powder of the metal natural
uranium (-10% weight) with efficient density of 9 g/cm3.
The experimental assemblies with both kinds of fuel are successfully developed up
to burn up of 9-10% fima.
The wide usage of mixed fuel in BN-600 reactor is connected with problem of
the negative sodium void reactivity effect ensuring. When BN-800 reactor designing, this
problems have been solved by using of sodium cavity under the core and by using of
boron carbide in the top reflector.
The main characteristics of BN-800 reactor core are listed in Table 3.
The effect of BN-800 reactor on Pu stock-piles will consist of involving ~10 t
Pu in reactor fuel cycle (2.8 t as an initial loading).
For more effective burning of Pu stock-piles it is necessary to development core
design with breeding coefficient less then unit.
The most simple approach is the change-over from depleted uranium dioxide to
steel in side and bottom blankets. In this case the breeding coefficient may be decreased
up to 0.7, that corresponds to 150 kg Pu burning per year.
To provide effective Pu burning in BN reactors more substantial modernization of
core design or use a new type of fuel, contained the inert matrice are needed.

2. Fuel development and requirements to promising HTGR fuel
The HTGRs designs of two conseptions are developing in Russia:
* with a pebble bed core containing spherical fuel elements (analogue to AVR,
THTR-300 (Germany));
* with a core collected with prismatic fuel blocks (analogue to Dragon, F.S.V.
reactors (USA)).
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The base of HTGR both types fuel element is a fuel coated particles (CP) with
multilayer coating of pyro-carbon and silicon carbide serving as a main barrier for
retaining of fission products into the fuel.
Development and fabrication of coated particles for HTGR beginning with 19601970 s was mainly carried out at three enterprises: Russian Research Center "Kurchatov
Institute", SPA "Lutch" and KhFTI (Ukraine).
The main stuges of fabrication of fuel elements are presented in Figs. 1,2.
Design and technology of coated particles, developed SPA "Lutch" are close to
standard ones accepted in Germany and USA.
Coated particles developed by KhFTI are covered by the mixture of PyC+SiC instead
of pure PyC.
The fuel requirements conserning ultimate radioactivity release are presented in
Table 4. When technology developing the main attention was paid to:
* contamination of the layers by fissile material;
* isotropy of PyC coating layers;
* quality of coating layers, especially SiC - layer;
* rejection of CP as defective.
When verifying the CP fabrication technology different fuel compositions were
tested, such as: UO2, UCN, UCO, UO2+Tho2 etc.

(a)
Coaled fuel particle

Graphite shell
Layers:
Fuel compact

low density PyC

Fuel kernel

Coated fuel particle

(b)
Graphite shell

Coated fuel particle
Layers:

Fuel compact

low density PyC

Fuel kerne

Coaled fuel particle

FIG. 1. Fuel element: (a) graphite binding by pyrocarbon; (b) pressurized carbonization.
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FUEL PARTICLES
PRISMATIC
FUEL ELEMENT

FUEL COMPACT

FISSILE (URANIUM
< 2 0 % ENRICHED)

FERTILE
(NATURAL URANIUM)

FIG. 2. GT-MHR fuel.

Table 4
T h e requirements for manufaction of coated particles ( C P ) and pebbles
T H T R (Germany)

HTGR (Russia)

Spherical

CP

element
Relative Xe133
Release I131
Cs134, Cs137
Fuel fruction in
defect C P

<10*

2.010
2.010 s

10 s -10 4
lO^-lO4
lOMO"1

5.010^

2.010 s

2.010^

s

<io-*
<io-*

The C P development based was on pre-reactor and irradiated tests. They were
tested in the form of free particles; part of pellets; compacts and pebbles.
The main achievements of technology are demonstrated by Figs. 3,4.
Both versions of C P fabrication have withstand without any damage the burn up
till 10% fima at normal operation (T~1400°C, fast neutron (E>0.18 Mev) fluence
210 n/cm 2 ) . T h e relative release of noble gas fission products not exceeds R / B
-510- 6 for Xe133 (R/B<10 5 for pebble).
These values of fission product releases were adopted as postulated for accident
when fuel temperature is limited by value <1600°C during short time.
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SPA

Production

•Luch"

laboratory
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A

O

semi-indust.

•

1976
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•
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•
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'
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I

I

86

L.

88

FIG. 3. CP (SE) tightness variation during technology development.

1

1

:—1

T - thickness of dense coating layers
D - outer diameter of buffer layer

10

10

0.03

0.11

0.19

0.27

0.35 T/D

FIG. 4. Tightness dependence on CP parameters.
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1990

The fulfilment of abovementioned requirements gives an opportunity of reactor
creation with lowenriched till 20%, uranium fuel.
By contrast to BN reactors, where there is an opportunity of fuel testing in conditions
of pilot nuclear plants, fuel elements for HTGR were developed at research reactors
on loops and ampoules conditions.
The statistics on coated particles technology development is sufficient for they
serviceability substantiation.
As for spherical fuel elements or fuel compacts, number of which in reactor reaches
few hundred thousands, for their serviceability substantiation it is necessary large-scale
tests in pilot energy plant.
Fabrication technology of PuOx kernels based on sol-gel process was developed
in All Russian Scientific Research Institute of Inorganic Materials (ARSRIIM) in early
70 s. Irradiation tests of Pu coated particles did not carry out in Russia.
However, the tests of Pu fuel carried out in early 70 s, in USA and Europe for
Peach Bottom and Dragon projects substantiation show the possibility of fuel burning
up to 70% fima. It opens the opportunities for HTGR designing, maked available the
burning more then 80% of Pu relatively of initial loading.
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RESEARCH AND DEVELOPMENT OF NITRIDE FUEL
AND ITS FUEL CYCLE FOR FRs AT JAERI
Y. ARAI, Y. OKAMOTO, Y SUZUKI, M. HANDA
Department of Chemistry and Fuel Research,
Japan Atomic Energy Research Institute,
Ibaraki, Japan
Abstract
The present status of the research and development of uranium-plutonium

mixed nitride

fuel and its fuel cycle for fast reactors at Japan Atomic Energy Research Institute (JAERI)
is described.
irradiation

The program covers fuel fabrication studies, fuel property measurements and
tests.

The methods

established and well-characterized
and

irradiation

tests.

of fuel fabrication

and characterization

nitride pellets were supplied for property

The property

vaporization behavior, self-irradiation

measurements

includes

damage and so on.

in August,

Development

1994 in a collaboration

been

measurements
conductivity,

Six mixed nitride fuel pins

were fabricated for the irradiation tests in JMTR and JOYO.
started

thermal

have

The irradiation in JOYO

with Power Reactor and Nuclear

Corporation (PNC) for a target burnup of about 4.5%FIMA.

Fuel

With regard

to the fuel cycle, an innovative concept has been proposed, which is composed of fused
salt electrorefining

and refabrication

of sphere-pac

nitride fuel.

The research

on

neptunium nitride recently started for the transmutation of minor actinides.

1. Introduction
Nitride fuel has high heavy metal density, excellent thermal conductivity and high
melting temperature.

In addition to the thermal characteristics, the mononitrides of

uranium, plutonium and other actinide elements form a solid solution.
of nitride fuel may lead to a large margin for fuel design.

These properties

It was reported from

calculations that nitride fuel will show advantageous behavior in two accident conditions,
such as transient overpower and loss of flow without scram, compared with oxide and
metallic fuels[l].

For the reprocessing of nitride fuel, an innovative concept, a pyro-

chemical process combined with fused salt electrorefining and refabrication[2], will be also
available in addition to the existing Purex process.
Nitride fuel is well responsible for the fuel cycle of burning minor actinides such as Np,
Am and Cm as well as for FRs. Therefore, it has been studied at JAERI from the both
viewpoints of nitride fuel and its cycle. In the present paper, the status of the research
and development of nitride fuel at JAERI is described.
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2. Fuel fabrication and characterization
The technologies of fuel fabrication and characterization of nitride fuel have been
established at JAERI as described at the last meeting[3]. Pure uranium-plutonium mixed
nitride, (U,Pu)N can be synthesized by carbothermic reduction of the mixture of UO2 and
PuO2 with graphite[4].

Organic pore former is added to milled nitride powder before

compacting in order to control the fuel density and fabricate the pellets showing thermally
stable behavior at normal and abnormal operation conditions.

The utilization of pore

former introduces relatively large pores, while fuel matrix is kept dense, despite average
porosity is prepared to be around 85%T.D.

The cross-sectional photograph of the

"thermally stabilized pellet" is shown in photo. 1. It is expected that the pellets would
keep FP gas into the matrix and show lower FP gas release. At present, the techniques
for converting nitrate salts directly to ceramics by application of a sol-gel process and
coating TiN to fuel particle by the CVD process have been studied[5] in addition to the
fabrication of pellet-type fuel.
The characterization tests are routinely carried out as follows; determinations of uranium
and plutonium by potentiometric titration, carbon by combustion-coulometry and oxygen
by inert gas fusion-coulometry and volatile impurity gases by vacuum extraction-gas
chromatography. Nitrogen content is determined by burning samples in circulating oxygen
and then analyzing combustion gases by gas chromatograph. In addition, X-ray diffraction
analysis(XRD),

electron

conducted[3,6,7].

probe

micro-analysis(EPMA)

and

ceramography

are

An atomic emission spectrograph with direct current arc(DCA) and

inductively coupled plasma(ICP) light source has been installed for determining metallic
impurities in fuel[8].

Photo. 1 Microstructure of thermally stabilized nitride pellet.
(85%T.D.)
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Neptunium mononitride, NpN, was synthesized by the carbothermic reduction of the
dioxide for the studies on transmutation of minor actinides. Compacted mixture of the
dioxide of Np-237 and graphite with a C/Np ratio of 2.2 was heated in a N2 stream at
1,823 K and then in N2-H2 mixed gas at 1,723 K in order to remove excess carbon
remaining in nitride. The product was confirmed by X-ray analysis to be NaCl-rype
structured NpN with the lattice parameter of 0.48968±0.00006 run, which is very close to
that of the nitride prepared by hydriding and nitriding of metal. Analytical result of the
product is shown in table 1. These results show that pure NpN could be prepared in the
same method as UN and PuN[9].

Table 1

Composition of NpN synthesized by carbothermic reduction.
Nitrogen

Carbon

Oxygen

5.70wt%

0.09wt%

0.03wt%

3. Fuel property measurements
The fuel properties such as thermal conductivity and vaporization behavior have been
studied at JAERI. Thermal conductivity of mixed nitride necessary for fuel design was
determined by a laser-flash method. It is shown that the PuN concentration in (U,Pu)N
strongly affects its thermal conductivity[10]. The thermal conductivity is also influenced
by the form of pores in fuel matrix as well as the overall porosity. Figure 1 shows the
porosity dependence of the thermal conductivity of mixed nitride. It is confirmed from
the figure that larger pores result in sharper decreasing of the conductivity compared with
smaller ones. The influence of oxygen impurity on fuel properties was investigated by
preparing several kinds of nitride samples with different oxygen contents[10]. Photograph
2 shows the microstructure of mixed nitride pellets with different oxygen contents. The
grain size of the pellet containing large amount of oxygen remains very small because of
the interference of grain growth by the precipitates of oxide phases, which form at the
compositions over 0.3wt% oxygen.
The thermal conductivity of NpN was also estimated from the diffusivity determined by
a laser-flash method [12]. The specific heat capacity was derived from empirical equations,
since no data was available. As shown in fig. 2, the thermal conductivity of NpN lies
between those of UN and PuN.

Comparison of the thermal conductivity of the
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Porosity dependence of thermal conductivity of (U,Pu)N.
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Photo. 2 Microstructure of mixed nitride pellets with different
oxygen contents.

mononitrides of the actinides from Th to Pu reveals the decrease of the conductivity with
increasing atomic number.
Information on vaporization behavior is necessary for analysis of the performance of
failed fuel pins and estimation of the loss of actinides during fabrication process.

The

partial pressures of uranium and/or plutonium were, therefore, determined by Knudseneffusion mass spectrometry[13]. Figure 3 shows the partial pressures of U and Pu over
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Thermal conductivity of NpN.

The partial pressures over mixed nitride were found to be

depressed by the formation of the solid solution of UN and PuN. It is suggested from
thermodynamic treatments that mixed nitride may evaporate congruently.

The partial

pressure of Np over NpN was also determined by mass spectrometry. The change of the
slope of Np partial pressure plotted against the reciprocal of absolute temperature is
observed around 1,950 K, as shown in fig. 4.

It is considered from the temperature

dependence of Np partial pressure that NpN evaporates congruently below about 1,950 K
under an equilibrium condition, while it forms a metallic phase at higher temperature.
In other words, NpN shows intermediate behavior between UN and PuN.
The lattice parameter of (U,Pu)N was examined in the wide PuN composition range[14].
Furthermore, the self irradiation damage of PuN was examined by determining the change
of the lattice parameter at room temperature[15]. The result is shown in fig. 5, which
indicates that the lattice expansion is well represented by a function of alpha-disintegration
as follows;
Aa/a = 2.54xl0- 3 {l-exp(-2.128xl0V)}
where, a is lattice parameter, Aa its increment, T) decay constant and t time.

It is

suggested that an interaction between defects caused from self-irradiation damage may be
negligibly weak in the case of PuN.
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4. Fuel behavior under irradiation
The irradiation program of uranium-plutonium mixed nitride fuel is shown in table 2,
together with that of mixed carbide fuel performed before the tests of nitride fuel.
Irradiation tests of nine carbide fuel pins in JRR-2(Japan Research Reactor-2) and
JMTR(Japan Materials Testing Reactor) have been completed and the data from the postirradiation examinations(PIEs) are under analysis.

Four mixed nitride fuel pins were

fabricated for irradiation in JMTR [15,16]. The irradiation and PEEs of two pins of them
have been finished, while the others are still under irradiation.
Two encapsuled fuel pins with thermally stabilized nitride pellets reached the burnup up
to -4.5%FIMA without any failure. Figure 6 shows the FP gas release of mixed carbide
and nitride fuel pins. It was found that the thermally stabilized pellets indicate very low
FP gas release of 0.5~0.7%/%FIMA and show excellent containment of FP gas in their
dense matrix as expected. Furthermore, in spite of the low FP gas release, the increase
of

cladding

diameter

was

comparable

to

normal

type

carbide

pellets,

i.e.,

0.5~1.0%/%FIMA as shown in fig. 7. No significant fuel clad chemical inieraction(FCCI)
was observed. At present, a mixed nitride fuel pin cladded with ferritic stainless steel is
under irradiation in JMTR for a target bumup of 5%FIMA, together with a reference fuel
pin cladded with austenitic stainless steel. The PIEs of these pins are planned to start in
July, 1995.
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Table 2

Irradiation test program of uranium-plutonium mixed
carbide and nitride fuels at JAERI.

Capsule

Fuel

Reactor

No.
of

pins

Burn-up
Pin Linear
'83 '85 '87 '89 '91 "93 '95 '97
dia. heat rate
(mm) kW/m %FIMA

ICF-37H

JRR-2

2

6.5

42

1.2

ICF-47H MCo

JRR-2

2

9.4

64

1.6

JMTR

2

9.4

59

3.0

JMTR

2

9.4

62

4.6

JMTR

1

9.4

66

5.0

JMTR

2

9.4

66

4.5
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2

9.4
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The fuel compositions and the phase relationships at the bumups up to 10%FIMA were
studied by observing burnup-simulated fuel, which was prepared by carbothermic reduction
of uranium-plutonium mixed oxide containing stable FP elements. The phases formed in
the bumup-simulated nitride fuel were observed by XRD and EPMA.

The phase

relationship between U, Pu and FPs was also estimated by thermodynamic equilibrium
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71

calculations by use of the SOLGASMDC-PV code. Photograph 3 shows the segregation
of platinum group metals and molybdenum in the burnup-simulated nitride pellet, which
were confirmed also by the calculations. The swelling rate caused from the formation of
solid FPs is estimated to be around 0.5%/%FIMA[18].
The irradiation of one carbide and two nitride pins in the experimental fast reactor
JOYO started on August, 1994 in a collaboration with PNC under the conditions of
maximum heat-rating of ca.800 W/cm and maximum cladding temperature of ca.650 °C.
The target burnup is about 4J%FIMA.

5. Fuel cycle combined with nitride fuel and fused salt electrorefining
In the case of nitride fuel, high burnups of over 20%FIMA might be expected because
of its advantageous characteristics. Therefore, spent fuel will contain high radioactivity,
which might result in some difficulties for treating it by the existing reprocessing
technologies based on the Purex method. High decontamination factor is not required for
the fuel irradiated in FRs. For a metallic fuel cycle, a pyro-chemical process, which is
composed of fused salt electrorefining and refabrication of fuel by an injection casting
method, has been developed[19].

The process will lead to the design of a compact

reprocessing facility coupled with a reactor. It is shown from thermodynamic evaluations
that a similar process will be available for nitride fuel cycle, although nitride fuel is
compatible with the Purex process.
From the considerations on free energies of formation of chlorides from nitrides and
metals and electric conductivities of nitrides, which are similar to that of metallic fuel, it
has been proposed that a pyro-chemical process might be applied to a nitride fuel
cycle[20]. In electrolysis, nitrides of actinide, lanthanide and other many elements dissolve
into fused salt at an anode, while platinum group metals and some nitrides such as ZrN
remain there. At a cathode, actinide metals are deposited, whereas most FPs including
rare-earth elements remain in salt. The validity of the concept has been experimentally
confirmed by the use of UN. The uranium metal dissolved in fused salt was recovered
as alpha-uranium at the cathode. By converting deposited metal to nitride at a cathode,
a concept of self-completed fuel cycle, which is shown in fig. 8, can be realized[2]. In
order to apply the pyro-chemical process to the nitrides of neptunium and plutonium, an
electrorefiner and gloveboxes with purified argon gas atmosphere are being installed.
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6. Conclusion
The studies on the nitride fuel and its fuel cycle for FRs and for transmutation of minor
acrinide are described in the present paper. It is confirmed from the experience of fuel
fabrication, property measurements and irradiation tests that nitride fuel has excellent
characteristics. The remaining subject is related to the technologies on its fuel cycle. At
JAERI, the studies on the pyro-chemical processing will be focused on as an innovative
concept.
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HTGR FUEL PERFORMANCE UNDER
NORMAL AND ACCIDENT CONDITIONS
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Abstract
Within the framework of the HTTR Program the coated particle fuel has been developed at the
Japan Atomic Energy Research Institute. This report is regarding to the recent development works on
the coated particle fuel, in which three subjects are described such as fuel quality, fuel behavior in
normal operation conditions and the behavior at very high temperature. Improvement of fuel quality
was focussed on how to reduce the defective fraction of the coated particles by advancing the
technology of fuel manufacture. The fuel behavior in normal operation conditions was tested in an inpile gas loop. And the fuel behavior at very high temperature was investigated in an irradiation
experiment using three capsules, which could rise fuel temperature from normal condition to very high
temperature.

1. INTRODUCTION
The Japan Atomic Energy Research Institute(JAERI) has constructed a small HTGR with
thermal out-put of 30 MWth, called High Temperature Engineering Test Reactor(HTTR)
since 1992. The HTTR aims to be used for testing HTGR fundamental technology developed
so far at JAERI, a process heat application i.e. hydrogen production, and irradiation of various
materials. Within the framework of the HTTR Program, we have conducted comprehensive
development works on the coated particle fuel for more than 20 years, of which concept is
so-called a block type fuel element.
From the past 10 years, the Japanese fuel company(Nuclear Fuel Industries,Ltd.:NFI)
began the fuel manufacture with a large scale after completing benchmark tests on the fuel
manufacturing technologies'11. Together with the large scale manufacture, efforts for advancing
the technologies started in the joint work with JAERI and NFI121. With use of the HTTR
reference fuels manufactured at NFI, the fuel performance tests have been conducted
intensively at JAERI. For proving fuel performance under normal conditions the various
irradiation experiments using an in-pile gas loop, gas swept capsules and closed capsules
have been performed. Also, the safety related research on the HTTR fuel have been conducted
in post-irradiation heating tests, a very high temperature irradiation experiment, a fuel
compact burning test and a fast transient test concerning excess reactivity insertion.
This report describes the improvement of the fuel quality by the joint work and the recent
results on the fuel performance under normal and accident conditions, which were obtained
by an in-pile loop experiments and a very high temperature irradiation experiments.
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2. HTTR FUEL CONCEPT
The HTTR fuel element is depicted in Fig. 1. Each of the HTTR fuel elements contains
30 fuel rods in a hexagonal graphite block, where the helium cooling gas flows through gaps
between the fuel rods and the graphite block. One fuel rod keeps 14 of annular type fuel
compacts^ mm in outer diameter, 10 mm in inner diameter and 39 mm in length) in a long
graphite slecve(graphitc tube). Approximately 10000 of the coated particles are embedded in
graphite matrix of each of the fuel compacts.
Two types of the coated particle fuels have been developed, one of which is the fuel for
the 1st charge of the HTTR core(lst charge fuel), and the other of which is to be charged in
futurc(advanced fuel). Difference between these fuels is found in UO2 kernel diameter and
thickness of the coating layers of the coated particles, and all of the other specifications are
the same. Major specifications of both of the coated particles are listed in Table 1.

3. IMPROVEMENT OF FUEL QUALITY
The fuel quality is significantly influenced by the SiC coating layer of the coated
particles. If defects are involved in the SiC layer during the coating process, the coated
particles would be failed with a high probability during irradiation. The joint work with
JAERI/NFI has been focussed on the improvement of the SiC quality by optimizing the
fluidization of the particles during the coating process'21 and on development of a semicontinuous coating method'31. In order to find the ideal spouting condition, we have tested
fluidization of the particles with functions of loading weight of the particles and the gas flow
rate using the simulative fluiding bed, where various shapes of the reaction tube and the inlet

Fuel handling hole
Fuel kernel
High density PyC
SiC
low density PyC

.Plug
>
0.92mm

8 mm

Dowel pin

Fuel
/compact
Graphite
'sleeve

39mm

~ 34mm

Fuel compact

Fuel rod

Fig. 1 Configuration of HTTR fuel element.
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Table 1

Comparison of specifications of coated particles for 1st charge fuel
and advanced fuel.
1ST CHARGE COATED PARTICLES

ADVANCED COATED PARTICLES

KERNEL
MATERIAL
DIAMETER(/jm)

UO2
600

UO2
550

THICKNESS OF
COATING LAYER
(fim)
BUFFER PyC LAYER
IPyC LAYER
SiC LAYER
OPyC LAYER

60
30
25
45

90
30
35
40

OVERALL DIAM.

920

940

Equivalent flow rate of (H2+MTS) (t/min)
0
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, 2500 a>

.a 2000 o
CL

"g 1500
o
o
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0
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60

Flow rate of argon (l/min)
Fig. 2 Observed particle fluidization in simulative fluidizing bed.

gas nozzles were applied. Figure 2 depicts observed modes of particle fluidization121, where
the idcal(normal) spouting condition can be defined. In the next step the optimized coating
conditions obtained in the simulative test were applied to the coating furnace for
manufacturing the coated particles. The circumferential defects found so far in the SiC layer
were remarkably reduced.
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Table 2

Defective fraction of coated particles during manufacture.

CONVENTIONAL COATING METHOD
NO.1
NO.2
NO.3

9.3X10"*
9.3X10"*
8.0X10"*

TESTED PARTICLE
NUMBER: 30000
AVERAGE SIC
DEFECTIVE FRACTION

SEMI-CONTINUOUS COATING METHOD
NO.1
NO.2
NO.3
NO.4
NO.5
NO.6

4.8X1O"7
6.2X10"7
5.1 X10"7
5.5X10'7
7.0X10-7
5.0X10"7

TESTED PARTICLE
NUMBER: 20000 '
2.7X10"'

AVERAGE SIC
DEFECTIVE FRACTION

5.6X10"7

DEFECTIVE FRACTION WAS OBTAINED BY BURN-LEACH METHOD.
THEREFORE, DEFECTIVE FRACTION HIGHER THAN 3.3-5X10"' MEANS MORE THAN ONE SIC DEFECTIVE
PARTICLE INCLUDED IN ONE TEST BATCH.

Since handling the coated particles after SiC coating process causes introducing microcracks into the SiC coating, we tried the semi-continuous coating method, where buffer PyCInncr PyC(IPyC) and SiC-Outer PyC(OPyC) were continuously coated respectively. In this
method the coated particles having the SiC layer on the surface were not taken out from the
coating furnace. By these upgrading technologies the defective fraction of the coated particles
was outstandingly reduced as listed in Table 2.
4. FUEL BEHAVIOR IN NORMAL OPERATION CONDITIONS
4.1 Burning Conditions Defined by HTTR Design
The burning conditions of the HTTR fuel in the normal operation conditions are such
estimated in the design that average fuel temperature is 1250°C, maximum temperature of
1495°C, although the fuel exposed to such the highest temperature is only 10~7 of the volume
fraction in the core, and average burnup, 2.5 %FIMA, and maximum burnup of 3.6 %FIMA.
Maximum fission gas relcase(R/B) under the normal condition is predicted to be 2xlO'4 with
a tolerable failure fraction of the coated particles, lxlO"2 during lifetime.
4.2 In-pile Irradiation Experiments
With respect to testing the fuel performance under the normal operation condition, the
irradiation experiments on the HTTR reference fuel has been conducted using an in-pile gas
loop, called OGL-1, followed by the post-irradiation examination(PIE). OGL-1, which can
generate 1000°C gas at an outlet of the loop is installed at a reflector region of the Japan
Materials Testing Reactor(JMTR). The OGL-1 fuel element contains one or three fuel rods
in the graphite cylinder, and heat generation of these fuel rods elevates the temperature of the
cooling gas. Typical configuration of the OGL-1 element is displayed in Fig. 3.
We have conducted a series of the OGL-1 experiments with respective purposes since
1976. Table 3 summarizes the recent testing status by OGL-1. The irradiation experiments
except the 14th experiment in the table were conducted on the 1st charge fuel which were
massively manufactured, and the 14th experiment was done on the advanced fuel.
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Fig. 3 Typical configuration of OGL-1 fuel clement.

Recent OGL-1 experiments.

Table 3

IRRAD. CONDITIONS
EXPERIMENTS
10TH
11TH

1)
2)
3)
4)

SAMPLE

BURNUP(%fima)

1ST CHARGE FUEL"
1

1ST CHARGE FUEL '

TEMP.CC)

IRRAD.
TIME(H)

STATUS
PIE TERMINATED

2.8

1330

3125

1.6

1350

1494

PIE TERMINATED

REMARKS
TRANSIENT TEST4'

12TH

1ST CHARGE FUEL"

3.9

1340

4680

PIE TERMINATED

13TH

1ST CHARGE FUEL71

5.0

1350

5833

UNDER PIE

TRANSIENT TEST1'

14TH

NEW TYPE FUEL"

1.5

1350

1752

UNDER PIE

TRANSIENT TEST*1

15TH

1ST CHARGE FUEL"

(3)

1350

(4600)

UNDER IRRAD.

BEFORE IMPROVEMENT OF MANUFACTURING TECHNOLOGY
AFTER IMPROVEMENT OF MANUFACTURING TECHNOLOGY, PRODUCED IN NEW FACILITY
NEW DESIGN FOR HIGH BURNUP
TEMPERATURE ELEVATED UP TO 1500°C FROM NORMAL OPERATION

Fission gas rcleascs(R/B) determined by fuel quality such as a failure fraction of the
coated particles and a level of uranium contamination were measured during irradiation.
Figure 4 displays the R/B variation against peak fucl-burnup in the experiments from 10th
to 13th. The R/B values from the fuel produced before the upgrading effort obtained from
10th to 12th experiment, indicated the level of 10"6, which was fairly less than a release
levcipxlO"1) predicted by the design. In the 13th OGL-1 experiment conducted on the fuel
manufactured by the advanced technology, R/B remarkably reduced to the level of 10"8 up
to approximately 5 %FIMA, indicating significant improvement of the fuel quality.
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At end of the irradiation the transient test was conducted.
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In the 10th and 13th experiments also performed were temperature transient tests, where
fuel temperature was elevated from a normal operation temperature(pcak. temperature 1350°C)
to 1500°C. The R/B variation including the transient test in the 13th experiment is separately
shown in Fig. 5, and temperature dependence of R/B during the transients in 10th and 13th
experiments are exhibited in Fig. 6. With step-wise increase of temperature from the normal
operation condition to 1500°C, R/B gradually elevated from 9xlO"8 to 2xlO"7. However, the
temperature returned to the normal condition, R/B reduced to the same level as before. This
indicates that no significant failure of the coated particles occurred during the temperature
transient. The R/B value in the 14th experiment was in the level of 10"7 at the initial, but it
increased steeply up to 10"6 during the transient test. The cause of this rise is believed to be
due to an interaction of the thermocouple clement with the coated particles as described later,
although The PIE on this fuel element does not terminate yet.
The PIE on the OGL-1 fuel elements have been conducted comprehensively to
investigate the irradiation performance of the 1st charge fuel1"1. Among the various properties
of the fuel, the coated particle failure by irradiation is one of the most important
performances. Table 4 summarizes the test results on the particle failure of several fuel
Table 4

Defective and failure fraction of coated particles in OGL-1 10th-12th
experiments.
IRRADIATION CONDITIONS

FUEL ASSEMBLY

COMPACT
POSITION

TEMPERATURE

COATED PARTICLE PERFORMANCE
FAILURE FRACTION
BY IRRADIATION

DEFECTIVE FRACTION

CO

BURNUP
(%FIMA)

FAST NEUTRON
<10*m-2)

10TH

1
5
9
14
20

1057
1270
1331
1180
879

1.7
2.6
2.8
2.1
0.8

1.0
2.1
2.4
1.8
0.6

1.1X10"*
3.9X10"*
6.6X1 O^*
7.7X10-"
5.1 X10"4

2.7X10 J
2.4X10"*

11TH

108
208
308

-

1.2
1.5
1.4

1.2
1.6
1.7

1.9X1 O^*
2.3X10"*
2.6X10"4

1.1X10-"
7.0X10-7

12TH

8
13
16

3.9
3.0
2.0

3.1
2.4
1.5

7.1 X10"5
4.7X10"*
2.6X10 -a *)

—

0.5X10"*
1.5X10"4

*) FUEL COMPACT INTERACTED WITH THERMO-COUPLE SHEATH
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compacts irradiated in 10th -12th elements, where the irradiation conditions are included
together. Except for the compact 16 in the 12th experiment, the failure fraction of the coated
particles in the other fuel compacts tested here did not increase significantly in comparison
with the defective fraction of the coated particles by manufacturing. It was found in the
EPMA observation of PIE that the large failure fraction of the compact at the position 16 in
the 12th cxperiment(Tablc 4) was caused by an interaction of the SiC layer with a
thermocouple element(Ni) due to high temperature, since the thermocouple was placed at a
central hole of the compact at this position.
5. FUEL BEHAVIOR IN VERY HIGH TEMPERATURE IRRADIATION
5.1 Accident Scenarios in HTTR Design
Various accidents scenarios are predicted and safety analyses on the scenarios were made
in the design. As summarized in Table 5, these scenarios are distinguished into four major
categories, which arc depressurization caused by i.e. a rupture of the primary tube, a coolant
channel blockage, oxidation of graphitic core components and reactivity-related events. As
far as the peak fuel temperature due to these accidents is concerned, one by the coolant
channel blockage is the severest. On this scenario an critical evaluation was conducted using
FLOWNET/TRUMP code'5], and results are displayed in Fig. 7. It was indicated in this figure
that peak temperature in the fuel rod No. 20, for which the coolant channel was blocked, was
1653°C, and the temperatures of the neighboring fuel rods, No. 19, No. 8 and No. 9 were
close to 1600°C. The temperatures of the other fuel rods in the fuel elements also were raised
over 1500°C. This phenomena, if occurs in the HTTR core, would continue for several
minutes to several hours, until abnormal release of fission gas release or abnormal temperature
rise arc detected.
5.2 Fuel Behavior at Very High Temperature^
For proving fuel performance of the HTTR reference fuel under the coolant channel
blockage, a very high temperature irradiation experiment was conducted by using three
capsules, which were able to elevate fuel temperature from a normal condition to accident
conditions in a short time by moving thermal shield in the capsules. Table 6 summarizes the
irradiation conditions and defines the fuel compacts used in these experiments. Figure 8
Table 5
ACCIDENT SCENARIO

Major accident scenarios in HTTR design.
CAUSE

PHENOMENA

(1)

DEPRESSURIZATION

RUPTURE OF PRIMARY PIPE

CORE-HEATUP

(2)

AIR INGRESS

RUPTURE OF PRIMARY PIPE

OXIDATION OF CORE MATERIAL

(3)

BLOCKAGE OF COOLANT
CHANNEL

FOREIGN MATERIAL IN
PRIMARY CIRCUIT

HEATUP OF FUEL ROD
IN FUEL ELEMENT

(4)

RAPID EXCESS-REACTIVITY
INSERTION

RUPTURE OF STAND-PIPE

KEEN FUEL TEMPERATURE
RISE
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Fig. 7 Analysis of maximum fuel temperature for channel blockage accident.
Definition of fuel samples and irradiation conditions of very high temperature

Table 6

irradiation experiment.
Compact sample

Fuel temperature

Capsule
U content(g)b)

Name

Si7.c(mm)i)

79F-1A

79VHT

12x4x10

0.77

80F-5A

80VHT

12x4x10

0.78

83F-2A

83VHT

18x9nl8

1.33

Num. pan. e)

Max. neutron flutnce
(n/m!)

Enrich.(%)

Normal'"

Transient

Fast(>290)

Thermal

658

8

1197

1510

2.7x10"

_

7S8

8

1236

1520

9.7x10"

5.7x10"

1359

4

1373

1998

1.2x10"

Bumup
(ToFIMA)

0.5

25

l.OxlO

1.0
1.2

a) Outer diam. x inner diam. x length.
b) Uranium content/compact.
c) Number of coated fuel particles in a compact.
d) Average temperature.

displays temperature variation during heat-up. The experiments by 79F-1A and 80F-5A
capsules were aimed to simulate the fuel rods in the fuel clement, where the channel blockage
occurred, and the experiment by 83F-2A capsule, to simulate the blocked fuel rod, although
the attained temperature, 1998°C in the 83F-2A capsule was fairly higher than one predicted
in the safety analysis. Each of the capsules contained 5 model fuel compacts with dimensions
indicated in Table 6.
Post-irradiation examinations were performed to evaluate the fuel performance in the
irradiation. No cracks were introduced in any fuel compacts, which was also proved by a
mechanical evaluation. The mechanical analysis where dependence of Young's modulus and
the thermal expansion coefficient of the fuel compact on fast neutron fluencc was taken into
consideration, predicted the maximum tangential thermal stress of 3.8 MPa at 2000°C when
a temperature difference between inner and outer surfaces of the compact was assumed to be
200°C. Meanwhile, the fracture stress of unirradiated fuel compact measured at room
85

2200

O

1998°C

-79F-1A

2000

»i

•80F-5A

CD

=

83F-2A

1800

.

•

0)

CD

*I 1400
.25 1200

•

/We

Q. 1600

1510

oc

__J I

2
^

1000

t

3
800

i

l

6

! i

t

9

i

12

i

t

t

15

t

t

>

18

21

Irradiation Time in Transient Test (Hr)

Fig. 8 Temperature variation during temperature elevation.

Results of failure fraction of coated particles in very high temperature
irradiation experiment.

Table 7

Compact
Failure fraction of individual
compact after irradiation

79VHT

80VHT

83VHT

7.5xlO" (780)

1.3xlO-5 (730)

l.lxlO' 3 (1320)

1.7xlO-3 (780)

1.4X10"4 (730)

8.9X10"4 (1310)
2.2xlO-3 (1360)

1.2xlO"3

7.7xlO"5

1.4xlO"3

Total layer

2xlO"5

7xlO"5

5.5xlO-5

SiC layer

4x10"

4x10-*

1.3xlOM

Average failure fraction
Pre-irradiation
coating defect
fraction

Number in parentheses designates those of the coated particles tested in the acid leaching.

temperature was yeilded to be 16.78 MPa171. As a nature of the graphite material, the fracture
stress increases to some extent with temperature and fast neutron fluence. The maximum
thermal stress generated in the compact in the severest case(2000°C) was much less than the
fracture stress, proving that the mechanical integrity of the compacts could be maintained in
this scenario.
Failure fractions of the coated particles included in the fuel compacts were measured, and
the results arc summarized in Table 7. The average fraction in 79VHT compact was relatively
high, which was supposedly caused by a premature technology in manufacture. The highest
average fraction was found in 83VHT compacts which were irradiated in the severest
condition. Even through this test was made in the over-accident condition, the highest failure
fraction was 1.4xl(T3, which was satisfactorily smaller than design limit, lxlCT2. Through
these tests the fuel performance in the channel blockage was proved.
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6. SUMMARY
In order to improve the fuel quality in manufacture, the optimization of fluidizing the
particles in the coating furnace was made, which reduced significantly circumferential defects
involved in the SiC layer. Furthermore, adopted was a semi-continuous coating method,
which coated buffer PyC layer-IPyC layer and SiC layer-OPyC layer continuously in two
steps. This method can abolish handling of the SiC coated particles out of the furnace which
causes introduction of micro-cracks into the SiC layer. By these improved technologies the
fuel quality was outstandingly upgraded.
The OGL-1 experiments from 10th to 15th were made on the 1st charge and advanced
fuels. The fission gas release behavior in 10th - 13th experiments was indicated, focussing
on the fuel quality. Also, the releases under the temperature transient condition in 10th and
13th experiments were described. These tests proved that the release from the high quality
fuel was much less than those from the fuels before upgrading. The fuel behavior was also
tested at very high temperature by three capsules for simulating the accident of the coolant
channel blockage. Failure fractions of the coated particles in any fuel compacts by high
temperature irradiation were fairly less than the limited fraction in the HTTR safety
assessment.
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Abstract
The fuel elements for 10MW High Temperature Reactor —Test Modul (10MW
HTR —TM) are spherical all — ceramic fuel elements. TRISO coated fuel particles are
uniformly dispersed in the graphite matrix of the fuel element. Coated fuel particle is
the key component in all kinds of the fuel element of HTR. All radiologically fission
products are almost completely retained inside the SiC layer of the intact.fuel particles.
The dominant source term for fission product release will be the very small number of
particles with defective coatings or the contaminated uranium in the graphite matrix^.
The production of spherical fuel elements includes UO2 kernel preparation by sol — gel
method , PyC and SiC coating of fuel kernels, manufacture of spherical fuel elements by
the semi — hydrostatic pressing and the characterization of intermediate and final
product.

1. Introduction.
High temperature gas — cooled reactor (HTGR) is recognized as an advanced
reactor type with significant inherent safety, fuel cycle flexibility and a variety of
application. The HTGR development programme has a long history in China. The INET
started the HTGR development programme in 1975. The-construction of 10 MW HTR
—TM was approved by the government in 1991. The first criticaLity will be predicted
in 1998. 10MW HTR—TM is one type of the pebble—bed reactor. The spherical fuel
elements^ will be used in 10MW HTR —TM. The structure of the fuel element is
shown in Fig. 1. Coated fuel particle dispersed in the graphite matrix is the essential
component of the fuel element. Coated fuel particle has two types : BISO and TRISO,
its ability of retaining fission products has been greatly improved. In the past 20 years,
intensive efforts in the R &. D of the HTR fuel have been concentrated on the
improvement of the fuel element quality in Germany, USA and Japan. Under these
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U-free zone
U-containing zone
Graphite matrix

* Outer high density isotropic
* Inner high density isotropic

Fig. 1 10MW HTR—TM fuel element

efforts the detective fraction of the coated fuel particles in the fuel element has greatly
been rcduccdMCflts], j ^

c

improved fuel element is called "Modern fuel" contrasting to

the conventional fuel dements used in THTR—300 and Fort St. Vrain. These modern
fuel elements are going to be used in HTTR (Japan) and 10MW HTR —TM (China)
under construction and are intended to be used in 200 MODUL (Germany) and
MHTGR (USA) designed. The significant advantage of the modem fuel is that all
fission products are completely retained inside the SiC layer of the intact coated
particles. The dominant source term for fission product release will be the very small
number of particles with defective coatings ( ~ 1 0 ~ 5 ) and contaminated uranium in the
graphite matrix.
The R &. D of HTR fuel element started in the middle of 1 9 7 0 ' s i n INET. Since
1988 the R &-D activity was expanded and focussed on the modern fuel for 10MW
HTR —TM. This paper describes the status of HTR fuel element development in INET.

2. R &. D of the fuel element
The fabrication process of the fuel element consists of 3 subprocesses, which are
UO2 kernel preparation, coatiug PyC and SiC on the UO2 kernels and spherical fuel
element fabrication. Throughout the fabrication process more than 30 characteristics of
the intermediate and final products are inspected. Flow diagram of the fuel clement
fabrication is shown in Fig. 2.
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Flow diagram of SEF fabrication
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2. 1 Preparation of UOj kernel

U0 2 kernel can be fabricated by dry process, i. e. traditional powder metallurgy
technology, or hydro—process, i. e. sol — gel technology. Sol—gel technology has the
advantage of dustlessness, and is easy to operate and automate. Therefore it is widely
used in HTR fuel element fabrication^.

There are two varieties of sol — gel

technology, i. e. internal and external gelation technology. Internal gelation process is
suitable for preparing large particles with the better sphericity. The gelation process
takes place in the whole particle. The disadvantage of internal gelation process is the
poor stability of the broth at room temperature, therefore the broth must be operated
under low temperature and low acidity. The advantage of external gelation is that the
broth can be operated at room temperature. It is difficult to product large particle due to
the gelation process from the outside to the inside of the particle.

The well —known gel precipitation process1^ belonging among the external process
is used in our work and is modified by taking the advantage of the internal technology,
1. e. the broth includes not only urea with complexing and absorbing H + bifunction but
also HMTA making the crystalline structure fine. When PH value is equal to 3. 5 — 4.
0, the broah is very stable at room temperature. The key of preparing uniform gelation
droplets with the suitable size is the comprehensive control of the geometric parameter
(spray

nozzle characteristic ) ,

physical parameter

(pressure,

temperature and

viscosity), flowrate and vibration parameter (amplitude and frequency). The heat
treatment consists of the following steps : ( 1 ) drying for dehydration at 2001C» ( 2 )
calcining into UO3 microsphere through decomposition of ADU and PVA, ( 3 ) reducing
from UOj to U0 2 at H 2 atmosphere, ( 4 ) sintering for getting the dense, flawless U 0 t
with the smooth surface. The characteristics of UO* kernel prepared has met the
requirement of 10MW HTR—TM fuel clement. Capability for the fabrication of UO*
kernel on a small scale is available.

2. 2 Coating PyC and SiC on UO2 kernel

Coated fuel particle is the key component of the HTR fuel element. Its function is
equivalent to the fuel rod

s of the LWR. Main barriers preventing the release of the

fission products are PyC and SiC layers on the UO2 kennel. TRISO coated fuel particle
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contains four coatings. The first coating is the buffer layer with the density of less than
1. lg/cm 3 . Its function is to provide free volume for storing gas fission products, to
absorb the swelling of the fuel kernel due to fission, to buffer the stress due to
temperature and irradiation and to protect the internal dense coating from the damage of
the fission fragment recoil. The second coating is the internal dense isotropic PyC layer.
Its function is to prevent the reaction between UO2 kernel and HC1 released during SiC
deposition, to prevent or reduce the SiC layer from corrosion caused by rate earth fission
products and to undertake part of the pressure of CO, CO2 and gas fission products in
coated particle. The third coating is SiC layer which is the key unit of the TRISO coated
particle, SiC layer acts as pressure vessel, and retain all gas and solid fission products.
The fourth coating is outer dense isotropic PyC layer. It protects SiC layer from being
mechanical damage caused during spherical fuel element fabrication.

Coating PyC and SiC on UO2 kernel was carried out by the chemical vapor deposion
(CVD) in 2 — in diameter fluidized bed. They were formed by thermal decomposition
of the hydrocarbon gas and methyl — trichloro — silane (MTS) at a given temperature
respectively^. Respective chemical reaction equations are as fallowings:

Buffer PyC coating:

QH 2

I - and O - H D I PyC coating:

C3HS

SiC coating:

1100—14O0TC

*

2C-f-H2 f

(1)

1300—1500T;

*• 3C+3H2 {
(2)
1500— 1650T;
CHjSiClj
SiC-f-3HClf ( 3 )

Main characteristics of PyC and SiC layers are density, thickness, microstructure
and so on. Moreover dense PyC layer must meet the special requirement of low
anisotropy. Depositing temperature, concentration and flowrate of the deposition gas and
depositing time have important effect upon these characteristics. Under suitable state of
the fluidization and controlling the depositing time strictly, buffer layer which has
density of less than 1. lg/cm 3 ,design thickness and standard deviation can be obtained
with acetylene conce ntration between 5 0 ~ 7 0 % , at temperature region of 1100-—•
1400"C , I —and 0 —HDI PyC layer with the required properties can be got at the
depositing temperature between 1300— 1500"C and C3H6 concentration from 6 —
3 0 % i SiC layer with fine column crystalline structure and density higher than 3. 18g/
cm5 can be coated under depositing temperature about 1600"C , MTS concentration near
1 . 5 % and A r / H 2 ratio round 1.
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2. 3 Manufacture of spherical fuel element

Spherical fuel element consists of the coated fuel particle and graphite matrix. The
components of the graphite matrix are 6 5 % natural flake graphite, 1 6 % electrographite
and 20% phenolic resin binder. Nuclear purity requirement of the raw materials,
especially natural flake graphite used as the main composition of the graphite matrix, is
the most difficult part of the R &. D of raw materials. The natural flake graphite from
Chinese Beishu Graphite Mine was chosen and purified through chemical method with
HF acid as a main reagent. After the chemical purification, the purity requirement of
the natural graphite was met.

Spherical fuel clement is a 60mm diameter sphere. It consists of an inner fuel zone
with diameter of 50mm and a 5mm thick fuel free region surrounding the fuel zone.
Coate fuel particles must be homogeneously dispersed in the fuel zone. 10 MW HTR—
TM is going to be operated with about 27500 of these fuel element.

The main requirements of the fuel element are high density, strength and thermal
conductivity, high corrosion and erosion resistance, low elastic module and thermal
expansion coefficient, and good irradiation performance etc. under service. Graphite
matrix of spherical fuel element produced by traditional model — press technology has
high anisotropy which results in poor irradiation performance. In order to reduce the
anisotropy, quasi — isostatic press technology is used lor manufacture of the fuel
element^. The flow diagram of the fuel element fabrication is shown in Fig. 2.
Optimum parameters of each technical process were obtained through comprehensive
experiments. Spherical fuel element manufactured by using domestic raw materials has
met design requirement of 10MW HTR—TM fuel element.

2. 4 Characterization

More than 30 kinds of properties of spherical fuel element and its components;
UO2 kernel, coated fuel particle and graphite matrix need to be characterized. Due to
the specific requirements of HTR fuel element and very small measured objoct (about
30 —90um in size) , some items of the examination and testing can be not carried out
by the conventionnal m e t h o d ^ .
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Therefore,

some new test methods have been

developed, and some special test apparatus have been designed and fabricated. These
test methods have met the requirements of on—line and final characterization of the fuel
element fabrication.
High requirement of the reliability of the fuel element results in a very strict
quality control. Quality control diagram of fuel element is shown in Fig. 3.

3 . Experimental results

3. 1 Characteristics of U0 2 kernel
Statistical data of the measurement results for U0 2 kernels of 10 successive batches
are listed in Table 1.
Technical parameters of broth and heat treatment are as following: broth density
about 1. 5 0 g / c m 3 , viscosity of 30— 40 centipoise, PH value between 3. 5 — 4 . 0 ,
drying at 200"C in air, carbonizing at 500"C in air, reducing at 900"C in mixing gas
of H 2 and Ar, and sintering at 1450"C in H 2 atmosphere.

3. 2 Characteristics of coated fuel particle
Statistical data of coated fuel particles from eight successive batches are shown in
Table 2. Technical parameters were described in 2. 3.

3. 3 Characteristics of spherical fuel element
Graphite matrix powder was prepared through the mixing, drying and grinding of
6 4 % natural graphite, 16% eletrographite and 2 0 % resin binder. The coated particles
containing 5gU and graphite matrix powder were homogeneously mixed before pouring
into rubber mould and is pre — pressed to form green fuel zone under pressure of 2 —
3MPa, the fuel — free shell is applied around the green fuel zone in another rubber
mould and pressed at 300MPa to form the green spherical fuel element. The green fuel
element is carbonized at 800'C in A r , degassed and purified at 1800— 1950*C in
vacuum. Experimental results of the spherical fuel element produced are listed in Table
3.

95

B. Natural graphite

A.
1. checking
certif.
2. enrichment
3. U content
4. impurity
5. Bequ.

D. Binder

C. Electrographite

B.C.

A. U3O8

m.

A. Mixing

1

1.
2.
3.
4.
5.
6.

checking certif.
impurities
Bcqu.
density
grain size
BET surface

H. B. Kneading

1
1

C. Drying

I
I . U 0 2 kernel
product

1.

D. Grinding

I .
1.
2.
3.
4.

diameter
density
Dmax/Dmin
fraction of
odd shape
5. 0 / U ratio
6.

IV. A. Mixing and
proportioning

Bcqu.

7. impurity
8. defects

IV. C. Homogenising

I . CP product

D.
1. checking certif.
2. viscosity
3. molecular weight
4. softing point
b. impurities

1.
2.
3.
4.
5.
6.
7.

density
ash content
Bequ*
Li content
corro. rate
erosion rate
ther. condu.
8. CTE aniso.
9. breaking load
10. number of
drops(4m)

IV. D. Pre —pressing

1 .
IV. E. Final prsstng

IV . F. Heat treatment

(8OO'C/1950-C)

thickuess
density
PyC BAF
Ufrce/lW
U—content
in CP
6. ceramograph.

1.
2.
3.
4.
5.

W. G. Machining

IV.
1. diameter
2. thickness of
fuel free shell
3. U—loading
4. U comtami.

5.
6. surface defects
I\'. B Overcoating

SFE product

Fig. 3 Quality control diagram of 1OMW HTR fuel element
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HP: Hold Point

Table 1. Statistical data of UO, kernel
property

mean

standard

value

deviation

500±25

501.2

12.6

^10.40

10.83

0.04

<1X1O"2

0.75X10" :

no Gaussian distribution

<2.01

1.99

0.01

<ixio-<

ixio-<

no Gaussian distribution

specification

diameter Gun)
J

d=nsfty Cs/cm )
shape factor
( D ^ / E U ^ l . 2)
O/U ratio
fraction of odd—shaped kernel*

* : twin kernels, cracked kernels or roller—shaped kernels are odd—shaped kernels.

Table 2. Experimental results of coated particle
property

mean

standard

value

deviation

spedficatfon

Buffer PyC layer
density (g/cm1)

<1.10

0.99

0.03

thickness (jim)

90±18

86.6

11.5

density (g/cm1)

1.85-1.95

1.89

0.03

thickness (um)

40±10

41.4

3.0

anisotropy (OAF)

<1. 029

1.014

• 0- 0065

density (g/cm')

>3.18

3-19

0.006

thickness dim)

35±5

33.5

2.1

density (g/cm3)

1.85—1.95

1.90

0.02

thickness (urn)

40±10

44.2

3.3

anisotropy (OAF)

< 1 . 029

1.005

0. 0047

I—HDI PyC layer

SiC layer

O—HDI PyC layer

3. 4 Fission product release experiment of coated fuel particle
The chemical and physical characteristics of the fuel element fabricated is
prerequisites to assure the perfonnaucc of the fuel element under service. However the
final judgement of the guality of the fuel element is its irradiation behaviour.
Preliminary irradiation experiment was carried out in the research reactor of the China
Institute of Atomic Energy. Fission product release experiment of the coated fuel
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Table 3 Experimental results of SEE
property
graphite matrix density, g/cm3

experimental result
specification

(mean value or range)

1.75±0. 02

1.73

total ash, ppm

<300

130-190

Li content; ppm

<0. 05

0. 007—0. 023

B*p,, ppm

<1.3

<0.15

>0.25

0.3

<1.3

1.1

erosion rate, mg/hr

<6

5.7

number of drops (4m)

>50

440—739

breaking loading, KN

>18

18.8

<1.3

1.29

3X10-"

1X1O- | ~4X1O- S

thermal conductivity,
W/cm* K ( 1 0 0 0 r )
corrosion rate, mg/cm2 • or
(10001C ,He+lvol%H 2 O)

CTE anisotropy, ax/ a //
Fraction of particles
with defective SiC layers

particles irradiated at temperature about 300X1 and burn — up of 0. %% fima was
carried out at 1050"C. Experiment result showed that the R / B ratio of the fission
product Xe 1 " and I131 is in the range of 10~*—10-*Cll].

4. Conclusion
4. 1 Design of 10MW HTR—TM fuel clement was based on the present knowlege
of R &. D of HTR fuel element in the world. Its design parameters are similar to that of
fuel element of 200MW Modul of Germany.
4. 2 Key techniques of the fabrication of HTR fuel clement have been mastered.
Main characteristics of the fuel element has met the design specification.
4. 3 Preliminary irradiation experiment showed that the defective fraction of the
coated particle in the fabrication and fission product release fraction under the irradiation
condition have met the design specification of 10MW HTR—TM.
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4. 4 Test methods, instruments and devices for characterization of fuel element
have been developed. They were used on line and final quality control of the fuel
element.
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STATUS OF UK GAS REACTOR FUEL TECHNOLOGY
K. HESKETH
Springfields Works,
British Nuclear Fuels pic,
Sal wick, Preston, Lancashire,
United Kingdom
Abstract
This paper presents a brief summary of the current status of the UK's gas reactor
programme, its history and the fuel performance experience. The natural uranium metal
Magnox reactors continue to perform well, while the enriched oxide fuelled Advanced Gas
Reactor (AGR) performance has improved dramatically in the past few years, to a point
where overall load factors are amongst the best achieved in power reactors worldwide. The
fuel designs for both Magnox and AGR plants are considered mature, with development
efforts concentrated on increasing the latter's discharge bumups to in excess of 30 GWd/t.

Introduction:
The UK commercial nuclear power programme began in the 1950's with the
development. of the Magnox gas reactors. These are graphite moderated natural
uranium metal reactors cooled by pressurised CO2. Of the original 11 Magnox power
stations in England, Scotland and Wales, (comprising a total of 26 reactors) 3 have
now been taken out of commission and 8 are still operational. The reactors have
operated reliably and in particular the fuel performance has been excellent. The fuel
design has been fully mature for several years and no further significant development
work is considered necessary or planned.
Starting in the 1960's, the gas reactor technology was further developed through the
Advanced Gas Reactors (AGRs). While retaining the graphite moderator and
pressurised CO2 cooling, an oxide fuel design allowed higher operating temperatures
and higher thermal efficiencies leading to lower station operating costs. A total of 7
twin reactor power stations were constructed, each with a nominal electrical output of
roughly 1.2 GW, five of which are operated by Nuclear Electric and the remaining two
by Scottish Nuclear. Until recently, many of the AGRs have been plagued by design
and operational difficulties which have restricted load factors. However, concerted
efforts by the utilities Nuclear Electric and Scottish Nuclear have since paid off with
considerably improved performance and average load factors comparable with the
highest achieved world wide. The oxide fuel design continues to be developed and
discharge burnups extended towards 30 GWd/t. Although lower than typical LWR
discharge burnups, the 40% thermal efficiency of the AGRs means that the electrical
energy derived from the fuel is comparable with LWRs.
The UK maintains an interest in all nuclear fuel technology and performance
developments, including thermal and fast reactors and has accumulated considerable
experience in both areas. However, apart from AGRs the main area of active
development work is in connection with LWR fuels, which falls outside the scope of
the present meeting. Moreover the UK's interest in fast reactor fuel technology has
been extensively reported elsewhere. Accordingly this paper provides a brief overview
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of Magnox and AGR fuel technology and performance, which is where greatest part of
the UK's experience of non-water reactor fuel technology lies :
Magnox:
Although there are several Magnox fuel design variants tailored for individual power
stations, (see Fig 1) the underlying design is basically the same for all. It consists of a
2.5 cm diameter natural uranium metal bar which can be up to 1.06m long. The
uranium bar is clad in a can made of a magnesium alloy developed for its low neutron
absorption (essential in a natural uranium reactor) and its resistance to oxidation hence the name Magnox, for Magnesium Alloy No Oxidation. Helical or herringbone
fins assist with heat transfer to the coolant. Depending on the reactor, up to 13
Magnox fuel elements are loaded in a single fuel channel. Apart from the oldest units
(Calder Hall and Chapelcross, operated by BNFL) the Magnox reactors are on-line
refuelled at full power. Coolant outlet temperatures in the region of 360 to 370 C are
usual.
The uranium metal rods are provided with circumferential grooves which the clad is
formed into during manufacture by external pressurisation. This is designed to guard
against ratchetting interactions between the fuel and the clad caused by differential
thermal expansion which could otherwise lead to fuel failure. The clad is effectively
locked onto the uranium bar and the ratchetting interactions are dissipated by local
straining of the cladding between the grooves.
Channel average discharge burnups currently range from 5.5 to 7.0 GWd/t,
corresponding typically to 4 or 5 years' dwell time in-reactor. These burnup levels have
been achieved by a gradual process of development from the considerably lower values
achieved in the early years of the Magnox programme. The performance of the
Magnox fuel continues to be excellent, with very few in-reactor failures. Currently, the
failure rate averages below one element per reactor per year, the most common cause
being due to minor manufacturing defects.
Future development plans are very limited, extending only to minor adjustments to the
fuel management. Specifically, it is intended to extend double dwelling schemes, which
are currently being used in some reactors, to all of Nuclear Electric's reactors. This
involves retaining fuel elements in the lowest rated channel positions for a second
dwell period. This is possible because of the low burnups accumulated in these
positions during one dwell period and helps to reduce refuelling costs.
Since the majority of the Magnox reactor are now approaching the end of their useful
lives, further investment in developing metal fuel is not warranted except for any
requirement to ensure continued safe and economic operation.
AGR:
Fig 2 shows a schematic view of a modern AGR fuel element. It consists of a bundle of
36 UO2 stainless steel clad fuel pins inside a graphite sleeve supported by a lower
support grid and mid and upper braces. The fuel pellets are annular in geometry, the
central void being to accommodate ramp-induced swelling of the pellet and to provide
space for fission gas build-up in the absence of a plenum. The fuel clad incorporates
small helical fins to assist heat transfer to the pressurised CO2 coolant.
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FIG. 2. Advanced gas cooled reactor fuel element (stage 2).

Eight fuel elements are tied together by a central tie bar to form an axial stringer for
fuel loading. The stringers are assembled in the reactor building and loaded into the
fuel channels in a pressurised fuelling machine. Although originally designed for onload refuelling at full power, safety considerations have led to restrictions requiring
zero or reduced power refuelling. Following a considerable investment, however,
satisfactory safety cases how now been established for many of the AGRs to refuel at
up to 70% full power and it is anticipated that on-load refuelling will be possible at all
the AGRs in the near future. Coolant outlet temperatures in the region of 650 C are
attained, which leads to the high thermal efficiency noted earlier.
Uranium enrichments vary depending on the position in the core, roughly about 2.8
w/o in the inner core zone and 3.6 w/o in the outer core zone - the dual enrichment
helps to compensate for leakage and gives a flatter radial power distribution. Where
necessary, gadolinia burnable poison is provided in the form of circumferential cables
attached to the support grid and braces. This compensates for excess reactivity early in
irradiation and contributes to flatten the axial flux profile at the interface between
elements (where the absence of fuel causes local flux peaks).
Some of the fuel pellets are provided with circumferential grooves in the mid-pellet
called anti-stacking grooves (ASGs). During manufacture, the stainless steel clad is
pressurised down onto the pellets and into the ASGs, effectively tying the clad to the
fuel pellets in a series of sub-stacks. This guards against a failure mechanism in which
differential expansion between the clad and the fuel results in an accumulated gap
between the top fuel pellet and the end-cap causing subsequent collapse of the
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unsupported clad into the gap. The ASGs ensure that the differential expansion
between pellets and clad is evenly spread over the whole pin, so preventing clad
collapse. They also guard against a ratchetting mechanism similar to that which can
occur in Magnox.
AGR fuel has consistently performed very reliably in-reactor, with very low numbers of
fuel failures typically less than one failed pin per twin reactor station per year. The
frequency of fuel failures necessitating premature discharge of a stringer is very low,
only seven instances having occurred in more than 2xlO6 pins that have completed
irradiation, a rate of 1 in 3xlO5. The main cause of fuel failures is due to manufacturing
defects, principally chipped pellets. The clad can become cracked as it collapses onto
the pellet chip under coolant pressure.
Discharge burnups of AGR fuel have been improving steadily as the reactors have
matured. All five of Nuclear Electric's AGRs are now loading fuel with a target
average cycle discharge burnup of 27 GWd/t, corresponding to peak stringer burnups
of 30 GWd/t and peak element burnups of 35 GWd/t. Current average discharge
irradiations are in the low 20's, but are expected to rise gradually as the high bumup
fuel starts to work through. In the lead station, there are future plans to extend average
cycle burnups in excess of 30 GWd/t, with a peak stringer average of approaching 40
GWd/t, but such fuel is not expected to arise prior to 2002. Scottish Nuclear's two
AGRs are now discharging fuel at 21 and 24 GWd/t burnup, but fuel being loaded
presently is expected to achieve 26 to 27 GWd/t. As with Nuclear Electric, Scottish
Nuclear are also examining the feasibility of 30 GWd/t fuel cycles.
Irradiated AGR fuel has recently been the subject of an intensive series of ramp tests in
a ramp testing facility. The fuel has shown itself to be very resistant to pellet clad
interaction failure, even under very severe overpower transients. Major developments
to the existing design are not expected to be necessary to meet the future demands
which will be made of it.
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