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FOREWORD

In the field of innovative basic and applied research pertinent to high temperature and neutron
irradiation tests, there are international interests in studying irradiation effects on advanced ceramic
and metallic materials as well as in studying safety related behaviour, developing in-pile instrumentation
and so on.
For this reason, the Nuclear Science Committee (NSC) of the OECD Nuclear Energy Agency
(NEA) and the Japan Atomic Energy Research Institute co-organised the First Information Exchange
Meeting on Survey on Basic Studies in the Field of High Temperature Engineering. The meeting was
held in Paris on 27-29 September 1999, with 50 participants from 12 countries and four international
organisations. Thirty-two papers were submitted, and 30 oral presentations concerning recent research
progress in the following range of subjects:
•

Overviews of High Temperature Engineering Research in Each Country and Organisation

•

Safety-Related Basic Studies on HTGR – Fundamental Aspects

•

Safety-Related Basic Studies on HTGR – Component Behaviour

•

Research and Development on Materials for High Temperature Irradiation Environments

•

High Temperature In-Core Instrumentation and Irradiation Facilities

The last session was dedicated to discussion on possible co-operative projects to be accomplished
within a framework or under auspices of the OECD/NEA/NSC; six areas for prospective co-operation
were suggested. It was also recommended that a second information exchange meeting be held in the
spring of 2001, the subject of which would be possible international collaboration as well as some of
the topics already touched on at the first meeting. The participants accepted a proposition to set up a
group of liaison officers whose task would be to promote a network amongst researchers in the field of
high temperature engineering and to share knowledge of research progress.
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EXECUTIVE SUMMARY

Co-organised by the OECD Nuclear Energy Agency and Japan Atomic Energy Research Institute,
the First Information Exchange Meeting on Survey on Basic Studies in the Field of High Temperature
Engineering was a great success. It was held in Paris on 27-29 September 1999, and its main topics
were:
•

The exchanging of information on the latest activities for studying high temperature
irradiation-induced damage and effects in advanced materials and fuels.

•

The discussion of possible co-operative studies in the field of high temperature engineering
using the HTTR and other research reactors for these irradiation research programmes in the
framework of international co-operation organised by the OECD/NEA/NSC.

•

The development of a framework of possible international co-operative activities concerning
various topics of interest.

•

The proposal and recommendation of possible co-operative works to accomplished within a
framework or under the auspices of the OECD/NEA/NSC.

Fifty participants gathered together from 12 countries and four international organisations.
Thirty-two papers were submitted, of which 30 were oral presentations on recent progress and
national/international programmes in the field of high temperature engineering. The papers were
presented in five sessions as follows:
•

Session 1: Overviews of High Temperature Engineering Research in Each Country and
Organisation (9 papers)

•

Session 2: Safety-Related Basic Studies on HTGR – Fundamental Aspects (4 papers)

•

Session 3: Safety-Related Basic Studies on HTGR – Component Behaviour (6 papers)

•

Session 4: Research and Development on Materials for High Temperature Irradiation
Environments (8 papers)

•

Session 5: High Temperature In-Core Instrumentation and Irradiation Facilities (5 papers)

In Session 1, the outline of high temperature engineering research in the Netherlands, Germany,
Japan, United Kingdom, France, IAEA and European Commission were summarised.
In Session 2, some fundamental aspects of the HTR were addressed. Several designs of the
modular HTR were presented, together with an accelerator-driven HTR with a core-catcher, a small
HTR for co-generation, and an innovative design with self-tightening and self-heat dissipating core.
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Session 3 was dedicated to the interaction of HTR graphite, fuel and of the whole system with air
and water, as well as to protection measures. Also, the source term was addressed and some results of
irradiation tests in Russia were presented.
In Session 4, presentations were made about graphite selection for the PBMR reflector, crack
growth in nuclear graphites, the modelling of dimensional change in nuclear graphite, irradiation
effects on C/C composite materials, improvement of thermal conductivity of carbon materials,
radiation damage effects on ceramics composites, behaviour of fission products in irradiated ZrO2 and
MgAl2O4 and modification of high temperature superconductor.
The Session 5 was related to the in-core instrumentation and irradiation facilities. The BR2
reactor (including hot cell facilities) in Belgium, the IVV-2M reactor in Russia and the Halden reactor
were presented. A new method for characterisation of solid surfaces in-pile and in high temperature
environment and heat- and radiation-resistant optical fibres were also reported.
In the last session of the meeting, the chairpersons of previous sessions summarised each session
and proposed recommendations. Then the floor was open for discussion on possible activities in the
framework of OECD/NEA/Nuclear Science Committee. The session chairpersons of the last session
summed up the recommendations into the following six topics, which were adopted by the
participants.
•

Safety/licensing criteria and guidelines for HTGR (the level of criteria and guidelines should
be defined).

•

Fundamental studies on dynamic HTGR performance.

•

Basic studies on fuel fabrication and performance.

•

Basic studies on behaviour of irradiated graphite/carbon materials including their composites
under both operation and storage conditions.

•

Improvement in material properties by high-temperature irradiation, mainly in the non-HTGR
related research fields.

•

Development of in-core material characterisation methods, mainly for the non-HTGR related
research and development.

It was proposed that a further information exchange meeting, dealing with possible international
collaboration as well as some of the above topics, would be held in spring of 2001 at Paris.
It was also recommended that a group of liaison officers would be set up in order to promote the
network among the researchers in the field of high temperature engineering and to share the current
progress in the researches. The liaison officers would be the representatives of the HTR Techonology
Network for European Commission Member Countries. For non-European countries, Doctors Y. Xu
(China), A. Bakri (Indonesia), S. Shiozawa (Japan), Y. Sukharev (Russia), A. Mysen (South Africa)
and A. Shenoy (USA) and were nominated as a contact persons.
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OPENING SESSION
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WELCOME ADDRESS

Philippe Savelli
Deputy Director, OECD/NEA

Good morning, ladies and gentlemen.
It is a great pleasure for me to welcome you, on behalf of OECD Nuclear Energy Agency (NEA),
to this First Information Exchange Meeting in the Field of High Temperature Engineering. First of all,
I would like to thank the members of the Organising Committee and of the Scientific Advisory Board
for the all their efforts to prepare this meeting and make it a successful one.
The first steps towards this information exchange meeting was taken in November 1997 in Petten,
the Netherlands, when the NEA Nuclear Science Committee (NSC) organised the Workshop on High
Temperature Engineering Research and Experiments. The aim of this workshop was to identify
subjects for possible international co-operation among NEA member countries in this field.
Following 15 presentations covering safety research, fuel and carbon material research and
irradiation research by high temperature test reactors, the workshop was concluded by a panel
discussion aimed at identifying subjects for future collaboration. The panel identified five items,
which were considered suitable for further discussion by the NSC.
These items were:
•

Benchmark evaluation of Pu and minor actinide burning in HTGRs.

•

Evaluation of HTGRs fuel behaviour.

•

Survey on basic studies using HTTR and other facilities available.

•

Benchmark of core physics calculations on commercial HTGRs.

•

Cost evaluation study on commercial HTGRs.

The Nuclear Science Committee bureau reviewed the above mentioned proposals at its meeting in
December 1997. It was suggested that the first two items would be forwarded to already ongoing NSC
activities, namely the Working Party on Plutonium Recycling and the Task Force on Fuel Behaviour.
As the two last proposals concerned commercial HTGRs, they were considered to be more in line with
ongoing activities within the IAEA and were thus not taken up by the NSC.
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The remaining proposal, for a survey on basic studies using HTTR and other facilities available,
was taken up by the NSC and a proposal for a series of information exchange meetings was prepared
in consultation with experts from Japan, the Netherlands and Germany. This proposal was then finally
discussed and approved by the NSC meeting in June 1998.
The organisation of information exchange meetings, such as this one, is very much in line with
NEA’s role as an international organisation to promote co-operation by scientists in all fields of
nuclear energy. This was confirmed in the recently adopted NEA Strategic Plan for the next five years,
where one of the general objectives for the NEA is “to be a forum for sharing information and
experience among member countries and promoting international co-operation”.
My personal experience is that these kinds of information exchange meetings are very useful for
scientists to get an overall picture of ongoing and planned research activities in a specific area and also
to get the opportunity to meet and discuss face-to-face with other scientists with similar interests.
I also believe that this meeting today is very timely, considering the recent increased interest in
high temperature gas-cooled reactors (HTGRs) for different kinds of applications. In addition, there is
also an explicit need for an improved knowledge of materials to be used in different high temperature
nuclear applications.
This meeting is also timely for the NEA and especially the Nuclear Science Committee. The NEA
has a biennial programme of work and is just now preparing its programme for 2001-2002.
The programme will be finalised by the end of this year, which means that any recommendations from
this meeting today will be seriously taken into account in the discussion of the future programme of
work.
In fact there are a number of ongoing projects within the Nuclear Science Committee that could
benefit for your discussions and recommendations. I am mainly thinking about a task force on basic
damage parameters for materials under irradiation and a forthcoming workshop on hydrogen
production by water cracking using high temperature heat from HTGRs.
So, we in the NEA are really looking forward to your discussion and recommendations from this
meeting.
Finally, I would like to thank the Japan Atomic Energy Research Institute (JAERI) for
co-organising this meeting and especially Dr. Toshio Fujishiro and Dr. Toshiyuki Tanaka, the former
and present directors general of the Oarai Establishment for their support of this information exchange
meeting.
I wish you all a very interesting and productive meeting.
Thank you for your attention.
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OPENING ADDRESS

Shiori Ishino
Tokai University, Japan

Good morning, ladies and gentlemen.
On behalf of the Organising Committee, I cordially welcome all of you to the First Information
Exchange Meeting on Survey on Basic Studies in the Field of High Temperature Engineering.
The first recommendation for such a meeting took place in November 1997 at the workshop on
High Temperature Engineering Research Facilities and Experiments held at Petten, the Netherlands.
The proposal for this meeting was made after consultation with experts from Japan, the Netherlands
and Germany, and was then discussed and approved at the OECD/NSC meeting in June 1998.
The background of this meeting was summarised by Mr. Savelli in his welcome address, so I would
like to concentrate my speech on the purpose and significance of the meeting.
The purpose is, as all of you know, to survey the basic studies in the field of high temperature
engineering and to discuss possible research subjects suitable for future international co-operation.
For this reason, a special session will be held on the last day for discussion and preparation of the
meeting recommendations.
It is my great pleasure that more than 50 participants have gathered together here today and the
considerably large number of 32 papers will be presented during this meeting. These numbers are
more than I expected, and I believe this is due to the increasing interest in and the importance of basic
studies in high temperature engineering. This has greatly encouraged the Committee during the
organisational period. Due to the large amount of interest regarding this subject, however, the
Committee had a certain amount of difficulty arranging the programme to fit in the number of
proposed papers, and I rather apologise for forcing you into a tight schedule.
Some of the papers submitted concerned feasibility studies on HTGR; all of these have been
included in the programme. This kind of current topic about the development of HTGR has received
great interest among researchers recently, and this will be good stimulation and a driving force for us
to undergo basic studies and to promote international co-operation in the framework of the
OECD/NEA/NSC. This is at the heart of the purpose of this meeting which all of you, I believe, well
understand.
The Organising Committee hopes that this meeting will present a good opportunity to exchange
information on high temperature engineering, and to elucidate the basic research subjects, for
example irradiation studies for new materials development, which are not directly related nor limited
to the development of HTGR.
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Personally, I have carried out studies on radiation damage for about 45 years, and recently put
my efforts into the promotion of innovative basic irradiation research for an envisaged use at the high
temperature engineering test reactor (HTTR) of JAERI. Therefore, it is my great pleasure to discuss,
with researchers from all over the world, basic studies on irradiation research as well on HTGR
development. I hope this pleasure is shared with all of the participants, and I equally hope that this
meeting will be a great success as a first step toward future progress in the field of high temperature
engineering.
Finally, I would like to express my sincere gratitude to the Scientific Advisory Members for their
support, the NEA Secretariat for preparation of this meeting, and the Japan Atomic Energy Research
Institute as a co-organiser for the technical support of the meeting. I would also like to thank all of
you, the participants, especially those who have come from countries outside Europe. Special thanks
also go to Ms. Machiko Koizumi and Mr. Tsuneo Takahashi of JAERI for their excellent editorial
work in preparing the abstract leaflets.
Thank you very much for your attention.
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Session I
OVERVIEWS OF
HIGH TEMPERATURE
ENGINEERING RESEARCH
IN EACH COUNTRY
AND ORGANISATION

Chairs: K. Kugeler, M. Lecomte
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PRESENT STATUS IN THE NETHERLANDS OF RESEARCH
RELEVANT TO IRRADIATION OF FUELS AND GRAPHITE
FOR HIGH TEMPERATURE GAS-COOLED REACTORS

R. Conrad
EC–JRC-IAM, P.O. Box 2, 1755 ZG Petten, The Netherlands
A.I. van Heek
NRG, P.O. Box 25, 1755 ZG Petten, The Netherlands

Abstract
Because of its favourable design and operational characteristics and the availability of dedicated
experimental equipment, the high flux reactor (HFR) at Petten has been extensively used as a test bed
for HTR fuel and graphite irradiations for more than 30 years.
Earlier fuel testing programmes contributed to the development of the coated fuel particle concept by
extended screen tests. Today, these programmes concentrate on performance testing of reference
coated fuel particles and reference fuel elements for the German HTR-Module and the HTR-500, and
to a lesser extent for the US HTGR concepts. It is shown on representative examples that these fuels
have excellent fission product retention capabilities under normal and anticipated off-normal operating
conditions.
Extended irradiation programmes in the HFR Petten have significantly contributed to the database for
the design of HTR graphite structures.
The programmes comprise not only radiation damage accumulation in the temperature range from
570 to 1 570 K up to very high fast neutron fluences and its influence on technological properties, but
also irradiations under specified load conditions to investigate the irradiation creep behaviour of
various graphites in the temperature range 570 to 1 170 K.
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Introduction
The high flux reactor (HFR) at Petten has been extensively used for more than 30 years as a test
bed for materials of the high temperature gas-cooled reactors (HTGRs).
The HFR is a multi-purpose research reactor, operated at 45 MW for 270 days per year. It is
water-cooled and moderated, the reactor core being housed in a tank which is located in a large water
filled pool. The variety of neutron field conditions within the tank and outside in the pool side facility
make it a very versatile tool for irradiation effects studies.
For fuel irradiations, the wide span between high flux density in core positions to low and
variable flux density positions in the pool side facility offer the opportunity for different power
densities or to adapt the neutron field to the actual burn-up state of the specimen under investigation.
For rapid radiation damage accumulation in graphite, high flux density central core positions are
preferred.
Irradiation technology and equipment is continuously being developed. This field is now
characterised by a high degree of standardisation and by the availability of special features such as
on-line monitoring of fission gas release from fuel samples and creating specified loading conditions
for graphite samples.
This article briefly reviews the long years involved with the HFR Petten in HTR material
programmes and addresses present programme objectives and future plans.
Fuel irradiations
Fuel and fuel element structures are the first barriers against fission product release. The assessment
of fission product retention under normal and off-normal operating conditions is therefore the primary
goal of HTR fuel irradiation experiments. Starting from screen tests of experimental coated particle
fuel embedded in coupons or compacts, the programme is now concentrating on performance testing
of reference coated fuel particles and reference fuel elements. The UO2 low-enriched uranium (LEU)
fuel cycle for the German HTR-Module, the HTR-500 [1] and the LEU fissile/ThO2 fertile fuel system
for the US HTGR have been investigated.
The major test objectives for the proof test for the LEU fuel element are the demonstration of the
integrity and the retention capability of the particle coating against fission product and fission
gas release under power plant conditions with respect to temperature, fast fluence and burn-up.
These conditions represent not only normal but also off-normal operation, e.g. core water ingress and
temperature transients.
Proven standard irradiation rigs with up to four individually controlled and monitored capsules
are in regular use [2,3]. These rigs can be operated in the range from 870 to 1 770 K. The temperature
control range is less than 10 K. Sweep loops allow the simultaneous and automatic operation of up to
twelve independent circuits. The release rates of 10 gaseous fission product isotopes with half-lives
down to less than one minute (Kr) are routinely monitored on-line. The ratio release rate to birth rate
(R/B) is determined.
Representative results of recent irradiation experiments are briefly reviewed hereafter.
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Spherical reference LEU fuel elements were irradiated with a central temperature of 1 480 K up
to a neutron fluence of 6 × 1025 m-2 (E > 0.1 MeV) and a burn-up of 10% FIMA. The end of 1ife
(EOL) fractional fission gas release (RB) value for the guide isotope 85mKr was 2.2 × 10-7 (Figure 1).
With this result, the experiment showed that the tested spherical fuel elements conform to the specified
requirements [4].
Cylindrical compacts of 27 mm diameter with a spherical fuelled zone of 20 mm diameter were
irradiated at a fuel temperature of 1 480 K to a neutron fluence of 8.2 × 1025 m-2 (E > 0.1 MeV) and a
burn-up of 14.5% FIMA. The objective of this experiment was the determination of the coated particle
failure rate under conditions exceeding the specified operating conditions of a power reactor. The EOL
fractional fission gas release (R/B) value for 85mKr was 8.5 × 10-8 and showed the excellent performance
of the fuel [5].
Graphite coupons with single coated particles were irradiated at a temperature of 1 730 K and
a temperature gradient of 300 K/cm up to a neutron fluence of 5.5 × 1025 m-2 (E > 0.1 MeV) and a
burn-up of 7.2% FIMA. The purpose was to investigate the migration of fuel inside the coated fuel
particle, the so-called “amoeba effect”. The rather high EOL fractional fission gas release (R/B) value
for 85mKr of 1.1 × 10-4 indicated some degradation of the fission product retention characteristics.
The examination showed very clearly that this could be attributed to the “amoeba effect” [4].
An in-pile temperature control test with two spherical fuel elements and two graphite spheres
under relevant operating conditions was performed during 667 full power days at 1 250 K up to a
fluence of 10 × 1025 m-2 (E > 0.1 MeV) and a burn-up of 13% FIMA. The three-dimensional temperature
field was measured throughout the irradiation period by thermocouples placed at several locations in
the fuel elements in order to quantify the volume averaged fuel element thermal conductivity as a
function of temperature, neutron fluence/spectrum and power. This temperature control test provided
a set of representative data to assess the accurate temperature history of a reference LEU fuel element.
Specimens with coated particle fuel of the US HTGR block fuel elements have been under
irradiation since April 1987. The specimens contained 10% designed-to-failed particles. The irradiation
was completed in July 1989. The cumulative neutron fluence was 6.5 × 1025 m-2 and the burn-up was
19% FIMA. This experiment has been designed for a specific goal, namely to obtain data on the effects
of temperature cycling (1 070-1 470 K) and water vapour injections between 100 to 10 000 ppm on
fission product retention.
Fission gas release was studied on-line. The evaluation of the irradiation data is at present being
done. The final results are [7]:
•

The designed-to-fail particles failed as predicted early in life, after less than five operation days.

•

At steady temperatures, 1 153 to 1 233 K, and at dry conditions, there was no overall effect of
burn-up or neutron fluence on fractional release to birth rate (R/B). The fuel, which was
exposed to 15 water vapour injections from 100 to 10 000 ppm, showed an overall increase of
fission gas release by a factor of about 4. An example for one water vapour injection is given
in Figure 2.

The results of this irradiation test will be used for the verification of current normal condition fuel
performance models.
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Graphite irradiations
Graphite structural components in a high temperature gas-cooled reactor are subjected to a wide
range of temperature and neutron flux conditions. Under irradiation physical and mechanical properties
of the graphite change, and these changes are in some cases strongly temperature dependent.
The structure itself is stressed by mechanical loads and by thermal gradients, and in service stress
builds up due to irradiation induced dimensional changes. Irradiation creep in graphite acts to relieve
initial stresses and reduces stress build-up in service. The experiments were performed with unstressed
and stressed specimens. They are described below in terms of objectives, experimental procedure,
typical results and irradiation equipment. Figure 3 shows the status of ASR-IRS graphite irradiated in
the HFR up to the lifetime dosage needed for the HTR-500 and the HTR-Module.
Experiments with unstressed specimens
The objective of these experiments is the determination of the changes in graphite properties over
a wide range of temperatures (570 K to 1 570 K) and up to fast neutron fluences of 4 × 1026 m-2 EDN
(Equivalent Dido Nickel). The properties investigated are dimensional changes Young’s Modulus
(dynamic), coefficient of thermal expansion, thermal conductivity and tensile and compressive strength.
The experimental procedure consists of irradiating samples for specified fluence interval, then
dismantling the rigs, recovering the samples and measuring the properties (at FZ-Jülich). Samples are
returned to Petten, reloaded in new rigs and re-irradiated for the next step. Some high fluence samples
have been recycled up to eight times.
The design of the irradiation devices has evolved over the years of the programme leading to a
standardised set of rigs each suitable for a particular temperature range. The samples, generally
6 mm in diameter and 25 mm long are held in drums, which are suspended in multi-channel re-loadable
irradiation thimbles having a useful internal diameter of 30 mm.
The drums are instrumented with thermocouples and are fitted with neutron fluence monitors that
are analysed for each irradiation step. A sample temperature is controlled by the usual technique of gas
gaps and variable inert gas mixtures (He and Ne). The improvement of temperature control as a result
of improved capsule design is demonstrated in Figure 4. Graphite property changes resulting from a
series of irradiations are shown in Figure 5 [8].
Experiments with stressed specimens
The purpose of these experiments is to determine the tensile and compressive irradiation creep
behaviour of various graphite grades over the temperature range of 570 K to 1 170 K and up to high
neutron fluences of 2.2 × 1026 m-2 in EDN units. In this temperature range, thermal creep is negligible.
A further aspect of graphite behaviour is the change in properties due to creep. This effect is measured
at the end of a test series by destructive testing of the samples.
The experimental procedure is similar to that described above for unstressed samples [9].
Columns of samples are loaded under tensile or compressive stress by a pneumatic bellows system in
standard irradiation capsules and creep measurements are taken out of pile in the Petten hot cells at
intervals of irradiation. A typical data set is illustrated in Figure 6. The creep curve is derived from the
difference in dimensional behaviour between stressed and unstressed specimens.
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Having established an extensive creep database on selected graphite grades, attention is now
turning towards the development of empirical models (with validation by specific tests) which will
describe the creep behaviour in terms of volumetric change, which is more easily measured, as
indicated in Figure 7 [10]. A further aspect of future work is the simulation of service conditions of
the graphite whereby the material is first irradiated under compressive stress and subsequently under
tensile stress.
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Figure 1. Fractional fission gas release of 85mKr from LEU spherical
fuel element at 1 273-1 473 K fuel temperature in the HFR-K3 test

Figure 2. The effect of water vapour injection on fission gas release in the HFR-Bl experiment

Figure 3. Status of ASR-1RS graphite irradiations in the HFR Petten,
showing the lifetime dose needed for the HTR-500 and the HTR-Module
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Figure 4. Improvement of temperature control range by improved capsule design

Figure 5. Fractional change of thermal conductivity
of HTR sphere matrix materials at 1 123-1 213 K
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Figure 6. Dimensional changes of ATR-2E graphite at
823 K, unstressed and stressed to 5 MPa (compressive)

Figure 7. Comparison of creep data with volumetric change model predictions
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ASPECTS OF INHERENT SAFETY OF FUTURE HIGH TEMPERATURE REACTORS
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Abstract
It is imperative, from the viewpoint of future extensive world-wide usage of nuclear technology,
to create a “catastrophe-free nuclear technology”, i.e. one which no longer requires catastrophe
protection plans.
HTR plants with spherical ceramic fuel elements and TRISO-coated particle fuel can be realised,
which remain intact under severe accident conditions and confine the fission products in the coated
particles up to 1 600°C. Decay heat removal is performed in a self-acting manner from the core only
on the basis of heat conduction, thermal radiation and natural convection of the air. Fuel element
temperature never exceeds the value of 1 600°C in all accidents. Inadmissible nuclear transients can
never occur, because of strong negative temperature coefficients as well as due to the absence of
significant excess reactivity in the core, which in turn is a result of the continuous loading of the fuel.
Fuel elements, however, could withstand even severe nuclear transients, if these did occur.
A burst protected reactor pressure vessel takes care of the mechanical and chemical stability of the
primary system. The massive ingress of air is impossible and the ingress of steam into the core is
governed by an adequate design of the core. Therefore, the fuel elements can never be destroyed by
chemical attack or by mechanical loads. As a consequence high amounts of radioactivity cannot be
released from the plant in all accidents which have to be assumed.
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Safety requirements for future nuclear reactors
World-wide, there are many projects to design nuclear reactors for future applications, which
offer safer conditions as compared to today’s systems. In Germany, for example, the modified Atomic
Power Act from 1994 [1] requires a very high safety standard: evacuation and relocation of people
must not be necessary and no intolerable radiological consequences are allowed to occur outside the
nuclear power plants. The type of technology which fulfils these requirements is known as
“catastrophe-free nuclear technology”. The HTR [2-4], which is explained in the following section,
follows this principle. Fission products and fissile material are retained inside the fuel elements and
only a very small part of these materials is allowed to leave the fuel elements and the reactor
containment in all the different types of accidents which have to be considered. For the case of a
-5
reactor with a thermal power of 300 MW this amount should be less than 10 of the fission product
inventory inside the fuel elements, as seen in Figure 1.
The range of catastrophe-free nuclear technology must be defined. As can be seen in Figure 2,
there are accidents that occur for internal and external reasons which can be foreseen and that are
covered by the licensing process. None these accidents should cause forbidden releases of radioactivity
from the plant [5].
The work to be done in the future is to identify systems in which there is no release of intolerable
amounts of radioactivity to the environment for inner or outer reasons. The safety behaviour of the
reactors must be improved through convincing experiments.
Principles of non-melting, catastrophe-free HTR systems
The pebble-bed fuel elements of HTR contain TRISO-coated particle fuel as seen in Figure 3.
It is well known that fission products are retained very effectively in these fuel elements during core
heat-up in accidents with temperatures of up to 1 600°C (see Figure 4).
The work concerning the HTR consists of designing a nuclear reactor in which a fuel temperature
more than 1 600°C can never occur during accidents caused by inner or outer reasons. Additionally,
the fuel elements must not be destroyed by chemical or mechanical impacts. In principle, it can
be stated that four criteria of stability must be fulfilled to realise a nuclear technology that can be
considered catastrophe-free [7]. This includes a non-melting core with retention of fission products
inside the fuel elements as seen in Figure 5.
Concept of a catastrophe-free HTR
Figure 6 shows the principles of the corresponding reactor design that fulfils the criteria to retain
the fission products in the case of an accident [8,9]. Table 1 contains some important data in this
regard. An annular core with a width of the core of 1.3 m and a mean power density of 2.5 MW/m³
performs the requirement of safety even in very extreme accidents.
If a loss of coolant and a loss of active decay heat removal occurs, the decay heat is transported
out of the core only by the processes of heat conduction, heat radiation and natural convection of air.
The decay heat flows out of the reactor pressure vessel to an outer cooling system of the concrete cell
or into the concrete cell itself if this cooling system fails as well. Finally, the decay heat is distributed
to the environment only by natural heat transport processes from the surface of the reactor building.
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In any case the hottest fuel element inside the core stays below a temperature of 1 600°C and
therefore virtually no fission product release occurs. Most of the fuel elements stay at much lower
temperatures during this accident.
The reactor is continuously loaded with fresh fuel elements and recycled fuel balls, which have
not yet reached the specified burn-up. Totally burnt fuel elements are discharged from the reactor
during operation. This technology is well established from the AVR and THTR operation.
As a result of this fuel element management, there is nearly no excess reactivity included in the
core due to burn-up compensation requirements. This feature of the HTR combined with strong
negative feedback coefficients is very important for the inherent safety as far as thermal stability is
considered.
The shutdown systems contain absorber rods for the first system and KLAK positions (small
absorber balls inside borings in the side reflectors) for the second system. All shutdown systems are
arranged inside the reflector. Therefore, mechanical impacts on the fuel elements are completely
avoided.
The cooling gas helium flows downwards through the core from the top to the bottom and is
heated from 250°C to 750°C. The hot gas is sampled in a ceramic hot gas chamber in the bottom of
the core structure and led from here by holes in the graphite blocks to a central hot gas channel inside
the inner graphite column. From here the hot helium is conducted to the steam generator.
This component is arranged side by side with the reactor. The flow of feedwater and steam is
directed upwards in the helical tubes of the steam generator. The cooled helium is ducted to the
helium circulator, which is arranged at the bottom of the steam generator vessel.
The connection between reactor core and steam generator is carried out by a coaxial duct, which
is arranged above these two vessels. The coaxial duct contains an inner insulation in the hot duct and
is cooled from the outside by helium with temperatures of 250°C.
The primary system is completely arranged inside a pre-stressed system of vessels; one for the
nuclear reactor, another one for the steam generator and a third one for the connecting coaxial duct.
The pre-stressing is performed by axial and radial tendons that are designed to create only
compressive stresses in the walls of the vessels. Therefore, the vessels are burst protected, because
cracks cannot grow in the walls and a simultaneous failure of all tendons is impossible.
The material for the vessel is cast steel. Rings of this material and plates are tightened by thin
welding lips on the outside of these parts of the vessel to get a helium tight pressure vessel system.
Vessels made from cast iron material have been developed as well. In this case the helium tightness
must be realised by an inner liner made from steel. This liner is connected to the cast iron blocks with
the help of bolts.
Principally, a pre-stressed concrete reactor vessel can be used if the cylindrical wall is modified
to allow the transport of decay heat through the wall to the outside. The introduction of cast iron
blocks with special cooling borings which allow natural convection by air, into the cylindrical wall of
the concrete vessel is an applicable concept. The principle of self-acting decay heat removal is also
included in this concept.
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The vessels for the reactor and for the steam generator have bearing structures in the upper part
of the concrete cell. The reactor vessel is fixed but the other can move to compensate for thermal
expansions of the connecting vessel.
The primary system, including the outer concrete cell, is arranged in a reactor confinement that
protects the primary system against all impacts from the outside. The confinement can be modified to
become a containment and can include a simple filter system for accidents if this should be required
by local laws.
The thermal power of such a modular reactor is chosen here to be 300 MW, which corresponds
to the reactor vessel technology available today. A power of 400 MWth is feasible with a very similar
technology. A plant with larger power will be realised by modular design and an arrangement of
several reactors on the same site.
Figure 6 shows the principle of the heat source for a steam generating plant. In the future steam
conditions of 600°C/250 bar are feasible with the consequence that an efficiency of the plant will rise
up to 43%. Of course a gas turbine process or the components of a combined cycle can be arranged in
the second vessel instead of a steam generator. In this case the efficiency ranges between 45% and 48%.
Results of safety analysis
The analyses of main accidents show the following results:
•

Self-acting decay heat removal and avoiding core melt down or not allowing core overheating.
If there is a loss of coolant and a loss of active decay heat removal, the maximum fuel
temperature in the core always stays below 1 600°C as seen in Figure 7(a).
The reason is that after the start of the accident in a first phase the decay heat is stored inside
the core and the internal structures of the reactor, and in a second phase it is mainly
transported to the outside by conduction, heat radiation and natural convection of air. Even if
the outer surface cooling system inside the concrete cell does not work, the heat is taken by
the concrete itself. In this case the maximum temperature in the fuel elements is only higher
by about 10°C. This safety aspect of self-acting decay heat removal was already the basis of
the HTR-Module concept [10-12].
The temperature of the vessel system stays below 500°C in this accident, but as was already
mentioned, there is no internal helium pressure. Detailed analysis shows that the release of
fission products from the fuel elements during such an accident stays below an integral value
-5
of 10 of the inventory. Additionally, there is deposition of fission product inside the primary
system and in the reactor building. Therefore, the integral release to the environment will be
-5
smaller than 10 of the radioactive inventory.

•

Self-acting limitation of power and fuel temperatures in nuclear transients [13] to guarantee
nuclear stability.
Because of the continuous loading and unloading of the reactor there is practically no excess
reactivity for burn-up compensation in the core. The temperature coefficient of the system is
strongly negative because of the resonance absorption in 238U.
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Changes in the reactivity of the core caused by changes in the core geometry or core
composition are avoided by the use of a pre-stressed reactor vessel. Sudden changes of
pressure and arising forces in the core structure are excluded by use of another type of vessel.
The ingress of water to the core has a negative feedback on the reactivity, because the core is
over-moderated as seen in Figure 7(b) [14].
Even the ingress of large amounts of water into the primary circuit is governed by this
concept. In case of accidents the amount of water normally entering the primary system is
limited by closing valves in the feedwater lines and stopping the feedwater pump.
If a failure of one of these components occurred, and if very large amounts of water ingresses
into the steam generator vessel, there are no unallowed consequences for the core. The helium
circulator, which is positioned at the bottom of the vessel, would stop immediately. Water
enters the core corresponding to the partial pressure where the core would cause a self-acting
shutdown.
The over-pressure is reduced by safety valves, rupture discs and finally by the concept of the
vessel itself. The welding lips will open and reduce the pressure. This safety behaviour of the
vessel has been tested and verified. Figure 7(c) shows the results of the development of
pressure dependent on time for an experimental vessel [15].
The corrosion of fuel elements by steam is limited and does not cause significant additional
release of fission products.
•

The ingress of large amounts of air into the primary system is impossible because of use of
pre-stressed primary vessel system.
Only very small amounts of air can enter the core because of the possible openings in the
primary system are limited (diameter of openings is <65 mm). The risk of burn-up of matrix
graphite by air and release of fission products by the accident “ingress of air into the primary
system” is therefore negligible.

•

The accident “total loss of coolant” is not very important because a pre-stressed primary
system is used.
Pressure transients are small and thus forces on internal structures are strongly limited.

•

Impacts from the outside, which can be foreseen and are discussed in the licensing procedure
(aeroplane crash, gas cloud explosion, earthquakes) are governed by the reactor building
and are of a design suited to the primary system.

Summary
HTR plants can be accomplished with high efficiency and inherent safety. The reactor system
can be designed to fulfil the requirements of catastrophe-free nuclear technology. The fission product
-5
release in all accidents is restricted to less than 10 of the inventory. The core never can melt or be
overheated to forbidden temperatures.
This safety behaviour can be demonstrated in an integral 1/1 experiment. This experiment can be
carried out with a real reactor, because the core will not be destroyed and thus the consequences of
the accident demonstration are insignificant.
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In addition to the application for steam generation, the reactor system can be used for coupling
with gas turbine cycle, combined cycle and process heat applications.
The reactor system is economically attractive compared to other future options, including imported
coal, especially if a series product is realised and a modular design of larger power is considered.
Furthermore, world-wide fabrication of components will remarkably reduce the cost.
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Figure 1. New safety requirement: Retention of fission
products and fissile material inside the fuel in all accidents
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Figure 2. Accidents covered by catastrophe free nuclear technology
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Figure 3. Pebble-bed fuel elements of HTR
a) spherical fuel element

b)TRISO-coated particles
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Figure 4. Release of fission products from pebble-bed fuel
dependent on time and temperature (TRISO particles)
a) Krypton 85

b) different isotopes at 1600°C [6]
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Figure 5. Principles of stability which have to be fulfilled to realise a non-melting reactor
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Figure 6. Concept of a catastrophe-free HTR
(annular core, 300 MWth, pre-stressed primary vessel system, steam generating system)
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Table 1. Some important data of the reactor concept corresponding to Figure 6
Thermal power

300 MW

Electrical power

120 MW

Life steam conditions

530 °C/180 bar

Core form

annular ring

Core diameter (inner/outer)

3 m/5.6 m

Core height

9.2 m

Mean core power density

2.5 MW/m

Helium temperatures (inlet/outlet)

250°C/750°C

Helium pressure

60 bar

Fuel element

pebbles (6 cm diam.)

Heavy metal loading

10 g HM/ball

Ratio of fuel balls/blind balls (C)

1/1

Coated particles

TRISO, UO2

Enrichment

8.7%

Burn-up

100 000 MWd/t

Max. fuel temperature in severe accidents

<1 600°C

3
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Figure 7. Some safety aspects of the HTR concept (300 MWth)
a) fuel temperature dependent on time (loss of coolant and failure of all active decay
a) heat removal systems)
b) reactivity rise caused by water in the core
c) behaviour of a pre-stressed cast steel vessel in case of overpressure; opening of
c) welding lips and self-acting reduction of pressure [15]
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Abstract
The high temperature engineering test reactor (HTTR) is now in the stage to start commissioning tests
at lower powers. An overview of the innovative basic research is briefly presented for the following:
1) New material development of high temperature oxide superconductors, high performance
silicon carbide (SiC) semiconductors and heat resistant ceramic composite materials.
2) High temperature radiation chemistry research on polysilane decomposition into SiC fibres
and radiolysis of heavy oils and plastics.
3) In-reactor measurement of property changes of solid tritium breeding materials.
4) High temperature in-core instrumentation development of a heat and radiation resistant
optical fibre system and of devices for monitoring neutron and gamma-rays.
Concrete programmes of the HTTR irradiation have been made for the development of new ceramic
materials, and now the Japan Atomic Energy Research Institute (JAERI) is preparing for the first
HTTR irradiation and the post-irradiation examinations (PIEs).
∗ E-mail: hayashi@popsvr.tokai.jaeri.go.jp
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Introduction
The HTTR is the first high temperature gas-cooled reactor (HTGR) in Japan. It is in the
commissioning stage at the Oarai Research Establishment of JAERI. This reactor is a graphite
moderated, helium gas-cooled, high temperature test reactor with a maximum output power of 30 MW
and a maximum coolant temperature of 850οC at rated operation and 950οC at high temperature test
operation [1-5]. The major specifications of the HTTR are given in Table 1, and schematic drawings
of the HTTR facility and its first loading fuel are presented in Figures 1 and 2, respectively [1].
The HTTR achieved its first criticality on 10 November 1998 [6] and a full core loading took
place in December 1998. The reactor is now in the stage of commissioning tests at lower powers,
followed by subsequent tests at higher powers and finally at its full power of 30 MW.
The HTTR has the capability not only to establish and upgrade on a technological basis for the
HTGRs, which include high temperature nuclear heat applications, but also to perform the innovative
basic research concerning high temperature engineering [1]. The HTTR is expected to be the central
facility for the latter research fields, utilising its characteristic features of very wide irradiation regions
at high temperatures with very flat neutron spectrum and flux distribution.
This paper briefly describes the current status and future programme of the HTTR and its innovative
basic research.
Present status and future plans for the HTTR
The overall plan for the HTTR operation is shown in Figure 3 [7]. The power ascension test will
commence at the end of September 1999. The tests will be carried out at power levels from 30 to
300 kW as well as 3, 9, 15, 22.5 MW with the maximum of 30 MW.
A tentative schedule of the commissioning tests is as follows. Performance tests, which will be
made in a single and parallel operation basis on the primary and secondary pressurised water cooling
systems, are planned at the power levels of 9 and 15 MW, for the middle of the year 2000. The full
power of 30 MW will be attained in the year 2000, when the outlet coolant temperature will be 850°C.
After confirming the HTTR performance at this temperature, the operation with the maximum outlet
coolant temperature of 950°C will be made in 2001. Successful achievement of these commissioning
tests will officially complete the construction of the HTTR.
Irradiation characteristics of the HTTR [1,2,8]
The HTTR consists of prismatic fuel elements using hexagonal graphite blocks that are 360 mm
in width and 580 mm in height, as shown in Figure 2. Accordingly, the maximum irradiation region in
the cylinder is about 300 mm in diameter and about 500 mm in height.
Figure 4 indicates the locations of the HTTR irradiation regions. The rig for the first HTTR
irradiation will be loaded into one of the three holes, 123 mm in diameter, which is a graphite block of
the control-rod insertion type, that is located in the replaceable reflector region A.
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Outline of the innovative basic research on high temperature engineering [1,2,5,9]
The innovative basic research in relation to basic science and technology, is associated with high
temperature radiation environments. This research direction involves novel challenges both in nuclear
and non-nuclear fields.
JAERI has organised the HTTR Utilisation Research Committee in 1993 to promote innovative
basic research. At the beginning of the programme, more than sixty subjects were proposed with a
wide variety of research fields that included new materials development, radiation chemistry, fusion
technology and high temperature in-core instrumentation. Through discussions in the committee, a
total of eight subjects have been selected for preliminary tests using out-of-pile facilities and available
irradiation facilities, in order to examine and demonstrate their scientific and technical feasibility and
their effectiveness in the envisaged HTTR irradiation.
Main results of the innovative basic research [1,2,5,9]
Preliminary test outlines of the current ongoing eight research subjects are summarised in
Table 2 [10]. They are also described briefly below.
New material development
The scientific and technological significance as well as the method for HTTR irradiation has been
investigated for several research subjects in the field of new material development. This was investigated
by a committee of the Atomic Energy Society of Japan, in which some of the present authors were
involved [11]. This research field is at a technical level that deserves concrete investigations for HTTR
irradiation.
Neutron transmutation doping (NTD) of high temperature semiconductor [5,9]
Silicon carbide (SiC) has recently received increasing attention with regard to its application in
high temperature, high power and high speed switching devices. Conventional diffusion techniques
introduce impurities that are not applicable to this material because SiC is not readily permeable
to impurity elements. Instead, a phosphorus (P) ion implantation uses accelerators and neutron
transmutation doping (NTD), which then uses reactor thermal neutrons that are recognised as
encouraged. The principle of the NTD is that 30Si (natural abundance of 3.1%) is transmuted into 31Si
(half life of 2.62 h) by a thermal-neutron capture reaction, followed by β decay to 31P (stable) which
acts as a shallow electron donor in SiC. The NTD method is the most suitable for large samples
because of its essential capability to form almost completely homogeneous distribution of the dopant
elements (P) in the bulk due to the very small thermal-neutron cross-sections of silicon and carbon.
In a view of preliminary experiments on NTD, thin epitaxial films of 3C-SiC (cubic in a
crystalline structure) and 6H-SiC (hexagonal) were implanted with N, P and Al ions at temperatures
up to 1 200°C and annealed at higher temperatures up to 1 600°C. The implanted samples were
characterised by measurements of the electron spin resonance (ESR) and the Hall effect for the
residual defect spin density and the electrical activation of implanted species, respectively. Figure 5
indicates that the defect spin density, which was measured by ESRs as a function of the implantation
temperature, for p-type 6H-SiC samples that are implanted with 200 keV P ions [12]. This figure also
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shows that defects introduced by the ion implantation have been annealed out, with the effect of
increasing the implantation temperature up to 1 200°C. This effect of the implantation temperature on
the donor activation is also clearly observed in Figure 6.
A schematic explanation is given in Figure 7 on the effective donor activation by high temperature
ion implantation. Room temperature implantation tends to form amorphous island-like structures in
SiC, which contain impurity P atoms as well as point defects. The island structures are not readily
recovered during annealing at high temperatures, leading to lower electrical activation conditions even
after the annealing. In contrast, such amorphous island structures are not formed in high temperature
(hot) implantation, and therefore radiation-induced defects are almost perfectly recovered by the
post-implantation annealing at higher temperatures. Consequently, there is an almost 100% activation
rate of the impurity atoms which can be achieved by the high temperature implantation with
subsequent annealing.
Facilities and apparatus for PIEs of SiC semiconductors are under concrete investigation and
preparation. The Hall effect device and the ESR spectrometer are essential for the PIEs of neutron
irradiated samples. These apparatus will be installed in a hot experimental room. In addition, it is
necessary to facilitate an annealing furnace which can anneal irradiated samples up to 1 700oC.
A recent preliminary irradiation test using a capsule, designated 97M-13A, for the Japan materials
testing reactor (JMTR), indicated that the irradiated samples became slightly radioactive due to neuron
reactions with residual impurities like metallic elements. Although the samples were made from very
high purity materials, they should have contained a very small amount of the impurity elements in the
ppm or ppb levels. These results indicate that the specimens cannot be taken out of a hot (radioactive)
area to a cold (non-radioactive) one, at least for a while after irradiation. The best place to obtain the
PIE data soon after irradiation will be a hot experimental room where the irradiated samples can be
treated without heavy radiation shielding.
Irradiation modification of high Tc superconductor and research on radiation damage in ceramic
composite materials
Results and future plans for these research subjects are fully described elsewhere [13,14].
The former subject deals with radiation-induced modification of an oxide superconductor, Bi-2212
(Bi2Sr2CaCu2Ox), with a high critical temperature (Tc). The main objective is to increase the critical
current density, which is one of the key parameters for the practical use of oxide high Tc
superconductors. In this research, irradiation is utilised as a means to introduce lattice defects, which
act as traps of external magnetic fluxes that are going to invade the superconductor and to lead to
degradation of the superconductivity [13].
The latter research subject is aimed at a mechanistic understanding of the radiation damage of
heat resistant ceramic composites, in particular, carbon and SiC composite materials [14].
High temperature radiation chemistry
Fundamental studies have proceeded utilising radiation-induced chemical reactions at high
temperatures in production of SiC fibres from a macromolecule compound of polysilane as well as in
decomposition of heavy oils and plastics.
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Elucidation of singular chemical reactions in high temperature radiation fields and their
application to process development
This subject deals with radiation-assisted precursor curing of carbon and SiC fibres at high
temperatures. It is known that some radiation-induced chemical reactions give much higher
decomposition rates even at temperatures around 200-300°C than at room temperature. It is also
recognised that some reactions are completely different from those at room temperature can take place
at high temperatures. If we elucidate the mechanisms of these reactions, we will be able to develop
new chemical processes as applications of these reactions.
In the currently ongoing preliminary studies, gamma-ray irradiation experiments have been
performed to investigate the effect of the exposure on the decomposition behaviour of SiC-based
polymers including polycarbosilane to form SiC fibres.
Radiation-enhanced thermal decomposition of heavy oils and plastics at high temperatures
Similar to the above studies, the objective of this research is to clarify the mechanism of the high
temperature radiation-induced decomposition reactions of heavy oils and plastics and to seek their
application. This study was started in April 1998 with a view toward reformation of heavy oils and
decomposition and recovery of wasted plastics by means of high efficiency thermal decomposition in
radiation environments. Model compounds of normal hexadecane (n-C16H34) and polyethylene were
selected for gamma-ray exposure experiments.
Fusion related research
Elaborate studies have been made to enable in situ measurement of irradiation-induced property
changes of solid tritium breeding materials [15]. This subject is concerned with the physicochemical
properties of lithium oxide ceramics for the fusion reactor blanket. In the present preliminary test, an
experimental apparatus has been under refabrication for measurements of a contact potential
difference (CPD) on the surface and of the bulk electrical conductivity of oxide ceramic materials.
Reasonable results have been obtained in early phase tests of the system by using ion implantation
techniques. Such an apparatus is to be applied to neutron and gamma-ray environments at high
temperatures above 500°C. This sophisticated system is considered to be useful in quantifying the
irradiation-induced surface and bulk damages in lithium oxides as candidates of the tritium breeding
materials.
High temperature in-core instrumentation
Efforts have been made to develop a heat and radiation resistant optical fibre system as well as
other devices for detection of neutron and gamma-ray spectra at high temperatures.
Development of a heat and radiation resistant optical fibre system
Optical fibres using a silica core has been specifically fabricated for use at high temperatures
above 600°C. The optical fibre specimens are about 0.9 mm in diameter have been subjected to
thermal endurance tests at 800°C, resulting in no significant loss of optical transmission for at least a
few hundred hours [16,17].
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These results will lead, not only to visualisation of in-reactor tests, but also to a variety of in-core
monitoring, such as measurements of the temperature, dose rate of gamma-rays and neutron flux and
fluency. Recent irradiation experiments in the JMTR revealed that the optical fibre system with a light
emitting sensor made of high purity alumina (sapphire) has a potential to be a sensitive and powerful
tool for in situ measurement of the temperature and doses of gamma-rays and fast neutrons. A detailed
description will be made elsewhere during the present NEA workshop [17].
Development of neutron and gamma-ray spectra detection methods in high temperature reactor cores
The second study on the high temperature in-core instrumentation concerns new types of neutron
and gamma-ray detectors for use at temperatures typically up to 1 000°C. A polycrystalline boron
nitride (BN) sensor is the first candidate for a neutron detector, which is based on a thermal neutron
absorption, 10B(n,α)7Li. Several neutron detectors with different configurations and dimensions have
been tested for measuring the magnitude of electric currents induced either by a thermal mechanism or
by thermal neutron reactions. The preliminary result is leading to the preparation of high quality BN
ceramics as sensor materials.
Future plan for the innovative basic research
JAERI is now making great efforts in preparing for the realisation of HTTR irradiation in the
field of innovative basic research. The first task is to have a selection of candidate research subjects
for the initial stage of the envisaged HTTR irradiation. The research subjects described above in the
new material development field are expected to provide favourable and definitive results through
further preliminary tests lasting for a few additional years.
The second task is to clarify the HTTR irradiation methods, including requirements for the HTTR
irradiation rig. Recent efforts [11] to carry out these tasks have lead a series of HTTR irradiations to
be planned for 2002, and JAERI is now preparing the HTTR irradiation in co-operation with the
co-authors above.
JAERI is also investigating and preparing the PIE facilities and apparatus [5], as mentioned
above. In the NTD research for the high temperature SiC semiconductor, somewhat advanced plans
have been made for installation of a set of special apparatus for ESR and the specific resistance/Hall
effect measurement, together with a post-irradiation annealing furnace. As for the research on high
temperature superconducting materials and ceramic composite materials, plans have been tentatively
made to install some general apparatus such as mechanical and thermal property test devices.
Advanced plans to install special apparatus shall be made steadily, following the progress in the
investigation on the PIE methods.
Summary
The HTTR is now in the stage of commissioning tests at low powers. Preliminary tests of the
innovative basic research are ongoing in the following fields:
1) New material development.
2) High temperature radiation chemistry research.

46

3) In-reactor measurement of property changes of solid tritium breeding materials.
4) High temperature in-core instrumentation development. A fairly detailed description has been
established regarding the R&D status of the high performance SiC semiconductor.
JAERI has planned the concrete programmes of the HTTR irradiation for development of the new
ceramic materials, and is now preparing for the HTTR irradiations and the PIEs.
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Table 1. Major specifications of HTTR
Thermal power
Outlet coolant temperature
Inlet coolant temperature
Fuel
Fuel element type
Direction of coolant flow
Pressure vessel
Number of main cooling loop

30 MW
850 / 950οC
395οC
Low-enriched UO2
Prismatic block
Downward flow
Steel
1
Intermediate heat exchanger,
Pressurised water cooler
4 MPa
Steel containment
20 years

Heat removal
Primary coolant pressure
Containment type
Plant lifetime

Table 2. Summary of preliminary tests
Research field and title
New materials development
• High temperature SiC
semiconductor by neutron
transmutation doping by neutron
transmutation doping
• Improvement of high-Tc
superconductor by neutron
irradiation
• Mechanistic radiation damage
studies on ceramic-based
structural composites
High temperature radiation chemistry
• Radiation-assisted precursor
curing for SiC and carbon fibers
• Radiation enhanced thermal
decomposition of heavy oils and
plastics
Fusion-related research
• Measurement of physicochemical
properties of lithium oxides under
irradiation
High temperature in-core
instrumentation
• Development of a heat- and
radiation-resistant in an optical
fiber system
• Development of ceramic-based
neutron/gamma detectors
including SPNDs

Experimental method

Measurement

• Sample: SiC single crystal
• Hot implantation of P ions and
annealing

• Residual defects by ESR
• Electron concentration (Hall
effect)

• Sample: Bi-2212 single crystal
• Fast neutron irradiation in
JMTR/annealing
• Sample: SiC/SiC and C/C
composites, etc.
• Fast neutron irradiation in JMTR

• Critical current density
at 4-60 K

• Sample: SiC containing
polymers, etc.
• Gamma-ray irradiation at
RT - 400°C
• Sample: n-hexadecane and
polyethylene, etc.
• Gamma-ray irradiation at
RT - 400°C

• Mass spectrum by EPR
spectrometry

• Sample: LiO2, Li4SiO4, Li2TiO3,
Li2ZrO3, etc.

• Contact potential difference
and electric conductivity

• Preparation of OH and F doped
silica
• Performance tests under
irradiation in JMTR
• Sensor: polycrystalline BN, etc.
• Performance tests under
irradiation in KUR

• Optical transmissivity by
optical power and spectrum
analyses
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• Microstructural features by
SEM
• Thermal & mech. properties

• Gas chromatography
• Photo-ionisation detector

• Electrical current induced by
neutrons and gamma-rays

Figure 1. HTTR facility

Figure 2. HTTR fuel
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Figure 3. Operation and irradiation test plan for HTTR

Figure 4. Irradiation positions in the HTTR core
(Regions , ì, ö, ú are available for materials irradiation)
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Figure 5. Dependence of residual defect spin density on the implantation temperature
for 6H-SiC samples implanted with 200 keV P ions to a dose of 1 × 1015/cm2

Figure 6. Effect of ion implantation temperature on donor activation
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Figure 7. Schematic drawing of inferred mechanism of the donor activation enhanced by hot-implantation
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IDENTIFICATION OF DOMESTIC NEEDS OF MODULAR HTR FOR
ELECTRIC AND HEAT PROCESS INDUSTRY IN INDONESIA

Amir Rusli, Bakri Arbie
National Atomic Energy Agency for Indonesia
P.O. Box 4390, Jakarta 12710, Indonesia

Abstract
Identification of potential applications of the modular high temperature gas-cooled reactor (HTGR) in
Indonesia has been carried out. This was done by surveying and analysing the electric and industrial
heat process which included captive power for household and industrial complexes in 13 regional
operation areas covered by PT PLN National Electric Company. The area includes from the western
Aceh to the eastern Irian Jaya, cities which are 6 000 miles apart. Surveying was conducted for several
parameters that electric and process heat demand in each region including captive power, geological
characteristics of the region, distance of each region from conventional energy resources and the
existence of petrochemical industries or other industries which use high temperatures (>500°C).
In order to obtain a scale of priority in each region, credit points (1-3) and sensitivity factors (0-1)
were applied to obtain the total significant value. The regions included are: the east cost of Sumatra,
the north coast of Java, the west, south and east coat of Kalimantan as well as the south coast of
Sulawesi, beyond which there are thousands of small islands that are safe from a geological and a
tectonic point of view. In the preliminary survey, the analisation showed that Regions III, IV, XII and
XIII have a high potential priority, followed by Regions I, II, VI, VIII and IX. The potential of
domestic participation in the first and second unit was also investigated in relation to the possibility
of implementing the HTGR project in Indonesia in the future, and it amounted to about 26% and 31% of
the total cost for the first and second units, respectively. A summary of results is shown in Table 1.
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Table 1. Summary analysis of potential PLN operation regions for adopting HTR
REG.
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII

SITE
0.2
0.2
0.3
0.3
0.3
0.3
0.1
0.2
0.1
0.2
0.1
0.2
0.3

ELCT.
0.7
1.05
1.05
1.05
0.35
0.7
0.7
0.7
0.7
0.7
0.7
1.05
1.05

HEAT
0.2
0.2
0.3
0.3
0.2
0.3
0.1
0.2
0.2
0.1
0.1
0.3
0.3

CAPT.
0.3
0.3
0.3
0.45
0.3
0.45
0.15
0.3
0.3
0.15
0.15
0.45
0.45

A (first priority), B (second priority), C (third priority)
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DIST.
0.4
0.2
0.4
0.4
0.4
0.4
0.4
0.4
0.6
0.2
0.6
0.4
0.4

INDTR.
0.1
0.2
0.3
0.2
0.1
0.3
0.1
0.1
0.1
0.3
0.1
0.2
0.2

TOTAL
1.90
2.15
2.65
2.70
1.65
2.45
1.55
1.90
2.00
1.65
1.75
2.60
2.70

CLASS.
B
B
A
A
C
B
C
B
B
C
C
A
A

GAS REACTOR AND ASSOCIATED NUCLEAR EXPERIENCE IN THE UK
RELEVANT TO HIGH TEMPERATURE REACTOR ENGINEERING

D.J. Beech
International Consultancy
NNC Limited
Booths Hall, Chelford Road
Knutsford, Cheshire, UK
R. May
Engineering Development Centre
NNC Limited
Warrington Road, Risley
Warrington, Cheshire, UK

Abstract
In the UK, the NNC played a leading role in the design and build of all of the UK’s commercial
magnox reactors and advanced gas-cooled reactors (AGRs). It was also involved in the DRAGON
project and was responsible for producing designs for large scale HTRs and other gas reactor designs
employing helium and carbon dioxide coolants. This paper addresses the gas reactor experience and its
relevance to the current HTR designs under development which use helium as the coolant, through the
consideration of a representative sample of the issues addressed in the UK by the NNC in support of
the AGR and other reactor programmes. Modern HTR designs provide unique engineering challenges.
The success of the AGR design, reflected in the extended lifetimes agreed upon by the licensing
authorities at many stations, indicates that these challenges can be successfully overcome. The UK
experience is unique and provides substantial support to future gas reactor and high temperature
engineering studies.
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Introduction
Until the construction of the Sizewell B pressurised water reactor, all the commercial reactors in
the UK were graphite moderated with carbon dioxide as the gas coolant. The early commercial nuclear
power stations, built in the late 1950s, were of the magnox type using natural uranium fuel clad in
magnox (a magnesium-aluminium alloy). This design was developed over a number of years and a
total of eleven stations (including two in Japan and Italy) were built. Work began on the concept of the
advanced gas-cooled reactor (AGR) in the early 1960s with the aim of obtaining a higher gas coolant
temperature than that of the magnox reactors and thus an increase in the power density of the core.
The AGR programme in the UK culminated in the introduction of the twin AGRs at Heysham
and Torness in the late 1980s, with each twin unit station having a total output of 1 320 MWe.
These reactors operated at core outlet temperatures of around 650ºC.
The NNC and its predecessor organisations were also responsible for the design and build of all
of the UK’s commercial magnox reactors and AGRs. The overall experience in the UK gained from
the gas-cooled reactor (and particularly the AGR) programme is of important value to the development
of the HTR.
In parallel with this work, the NNC was involved at all stages of the OECD international
DRAGON project, which was one of the principal HTR test facilities until its decommissioning in
1976.The NNC’s commercial exploitation of its DRAGON experience and technology coupled with
the development of its magnox and AGR experience, eventually led to two full tender submissions to
the UK utility for large-scale HTR designs to be built at Oldbury B. One of these was a design for a
1 320 MWe helium-cooled reactor which adopted special features of the Hartlepool/Heysham 1 AGR,
which had been developed to “prototype” some HTR characteristics at the time and featured a prismatic
core 6 m in height and 9.8 m equivalent diameter (Figure 1). As well as being responsible for the
design work, the NNC was also involved in the supporting materials and component testing as well as
the analysis, including the production of industry-agreed materials, data covering mechanical
properties, tribology and corrosion for the Oldbury B tender purposes.
There are a number of properties and features of modern HTR designs which provide unique
engineering challenges (in some cases extending the boundaries of HTR technology beyond existing
experience), and which therefore need to be given special consideration, including the following:
• Relatively high pressure (~70 bar).
• High temperatures (~850/900°C).
• Coolant chemistry (composition, impurities, oxidising/non-oxidising).
• Choice of materials (irradiation effects, mechanical properties, corrosion, tribology).
Through discussion of a representative sample of issues addressed in the UK, this paper addresses
the NNC’s high temperature experience in terms of these features and the relevance of its gas reactor
experience to the current HTR designs under development which use helium as the coolant.
It is particularly interesting to note that the use of helium as coolant in the AGR design was kept as an
option in the UK as a fall-back position, and this was reflected in the R&D programme.
Finally, other types of reactor experiences may also be relevant to HTR design. For this reason,
some of the experiences gained from the design of national and collaborative, international fast reactor
designs and from the supporting R&D, are also mentioned in this paper. In the UK, designs for
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gas-cooled fast reactors employing helium and CO2 were developed in the 1970s and 1980s [6].
More recently [7], the concept of a gas-cooled fast reactor based on AGR and LMFBR technology has
received significant attention.
AGR-related experience
Figure 2 shows a cross-section through one of the later AGR designs. In the reactor core
structure, gas circulators and boilers are housed within a single cavity, the pre-stressed concrete
pressure vessel (PCPV). The vessel is an immensely strong structure having walls of between 4 m to
6 m thick, constructed of post-tensioned and pre-stressed concrete which has penetrations for refuelling,
reactivity control, the steam circuit and other systems. The reactor cavity and penetrations are lined
with a mild steel plate to form a pressure and leak-tight membrane to the inner surfaces of the vessel.
Although concrete pressure vessels, as used in the UK AGR and the in the last two magnox
plants, are not a feature of current HTR designs, they have featured in previous HTR designs such as
the German THTR-300 and HTR-500 as well as in the large UK HTR reference designs mentioned
earlier. The move from a steel pressure vessel in the original magnox design to a PCPV in the AGR
series of plants was a significant development, offering a number of advantages which still remain
valid today, including:
•

Avoidance of the risk of steel vessel brittle fracture.

•

Multiple redundant tendons in the PCPV take pressure stresses with high redundancy and are
inspectable/replaceable in service.

•

The generic AGR PCPV design is an immensely strong structure designed with very large
factors of safety, the likelihood of failure being extremely remote.

•

Thick walls provide shielding.

•

Concrete is always in compression.

•

Flexibility for increasing the pressure capability.

•

Relatively low cost construction.

Underlying R&D in the AGR development programme
A comprehensive national R&D programme with major test facilities, supported the AGR stations.
During the early years of the AGR programme, considerable challenges were faced during the
construction and early operation necessitating a substantial R&D programme. With the increasing
maturity of the technology much of the latter programme was then re-orientated towards the operating
stations in order to improve performance to the greatest possible extent. This programme demanded
close integration of reactor measurements and the ongoing laboratory studies which provided essential
back-up research on both specific and generic issues, most notably in the areas of safety, materials and
gas technology. Some of the relevant issues addressed in these programmes are discussed below.

59

Noise and vibration
In an AGR, the high flow rates of hot dense gas in the primary coolant circuit can induce dynamic
loads in the in-reactor components by a number of mechanisms. They can be described under two
main headings:
Response to acoustic pressure
The gas circulators radiate large amounts of sound (about 4 000 W acoustic power) which is
distributed around the gas circuit. Local sound pressure levels above 160 dB can occur but these are
influenced by the operating conditions of the circulator, their location within the gas circuit and the
acoustic impedance and absorption of any cavity. The noise generation is at its lowest when the
circulators are operating at their greatest aerodynamic efficiency.
The dynamic response of structures to high intensity noise can be significant in terms of potential
for high cycle fatigue and for fretting and wear. The response of a particular structure is also likely to be
complex because of the random nature of the incident acoustic spectrum, the multi-modal nature of the
structure and uncertainties related to acoustic coupling, stiffness and damping terms. When structural
resonances are excited, vibrational energy can be dissipated by internal damping and by the re-radiation
of sound waves back into the pressurised gas.
Flow-induced vibration
Gas flow is turbulent everywhere in the reactor but the turbulence intensity varies according to
the flow path. Two notable areas of turbulence are in the outlet ducts of the gas circulators and on the
underside of the roof, particularly above an empty channel during on-load refuelling. Turbulent pressure
fluctuations generally occur at low frequencies (less than 50 Hz) and excitation of a structure depends
on the intensity of those fluctuations and their correlation length.
Fluid flow over components can also induce vibration as a result of vortex shedding and
fluid-elastic processes. Vortex shedding may lock on to the natural frequency of a component and
enhance the forced response. Cross flow induced vibration can generate very high amplitudes of
response when the flow velocity exceeds a critical value. Beyond this threshold, a fluid-elastic
behaviour becomes periodic and self-excited because of sympathetic oscillations of the structure and
surrounding fluid.
Problems from the above phenomena were recognised late in the construction of the first AGRs [1].
In order to circumvent development needs in later designs, special purpose facilities were built to
develop appropriately robust components. These facilities included the acoustic test pressure vessel
(ATPV) and the vibration and stability rig (VSR).
A case to point out was the potential for slumping of the pressure vessel liner fibrous insulation
due to acoustically-induced damage. The ATPV was used to determine the acoustically-induced
damage criterion for the fibrous insulation in both its clean and oil-contaminated state (the oil arising
from leakage from the gas circulator bearings). Indeed, the response of the whole insulation pack
(consisting of the insulation, foils, cover plates and fixings) to noise and flow turbulence was measured
and optimised to assure the integrity of the cover plate stud retention system.
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In its early days, the ATPV was used for some tests in helium to enable better prediction of
response of components to noise emanating from gas circulators operating in helium in the event that
that gas was to be ultimately adopted for use as a coolant. It may be instructive to note that fibrous
insulation can de-vitrify at the high temperatures appropriate to HTR and any such de-vitrification would
affect the rigidity of the insulation blanket and hence its acoustically-induced damage response.
Final confirmation of the above component research and development was established by
comprehensive tests on a complete reactor circuit during the commissioning stage [2]. Temporary
instrumentation is installed in the reactor on typical examples of the majority of components to confirm
that the dynamic response is as predicted or, in any case, is less than specified safety criteria. During
commissioning, it is generally impossible to simulate all the desired gas acoustic parameters
simultaneously. Therefore, for this part of the commissioning programme, tests were conducted in
nitrogen at about 200°C to produce the same speed of sound as carbon dioxide at 650°C.
As a further example, one of the most significant problems that occurred during the commissioning
of the Heysham 2/Torness power stations concerned the control rod flow instability which became
apparent through the presence of wear marks on the rods. Tests discovered that the coolant gas flows
induced an energetic whirling of the 90 mm diameter control rods in the channels. The cause was a
particular inlet arrangement that admitted a flow of cooling gas to control the temperature of the rod.
The design detail had been changed from earlier reactor designs to improve integrity. Solving the
problem required considerable effort: a joint industry approach was adopted involving the construction
of full-scale pressurised rigs at the NNC and elsewhere. Although the solution was relatively simple in
principle, involving the blanking off and drilling of new ports, the practical implications of working in
the core region were enormous and involved the design and build of remote controlled drilling
machines by specialists and the recruitment of “thin” men who could work amongst the array of guide
tubes. Overall, the investigations, reactor trials, results analysis and review of the safety case took
approximately nine months of in-line time at each station.
Oxidation of steels
At the outset of the AGR programme, there were insufficient data on the long-term corrosion
performance of reactor steels in high temperature carbon dioxide atmospheres. Corrosion concerns
included the breakaway corrosion of carbon, low alloy and 9Cr-steels and oxide jacking causing creep
failure and thread disengagement of bolts within assemblies as well as failure of fillet welds with the
structures. Accordingly, long-term oxidation testing began on specimens of stainless steels, 9Cr-steels,
mild steels and cast iron and, in addition, weldments and reactor components in specialised rigs. These
facilities operate at temperatures up to 900°C and gas pressures up to 5.27 bar g in carbon dioxide with
appropriate traces of carbon monoxide, methane, hydrogen and water vapour.
The aim of the programme was to be able to predict the performance of reactor components
where in service, inspection was impossible or, at the best, very difficult. Some test exposures, now in
excess of 250 000 hours, are in advance of reactor operation, thus underpinning safety cases for
continued operation.
The NNC has undertaken testing of materials and crevice geometries in high pressure helium
atmospheres with impurities controlled at volume parts per million levels under both dry and
simulated “boiler leak” conditions. Corrosion allowances were established for all candidate materials.
The value of long-term oxidation data cannot be understated and an analogous programme may be
relevant to HTR in addition to any planned in-reactor monitoring scheme. It is also instructive to note
that chloride ions (and other contaminants) radically affect the corrosion performance of the steels
used in AGR.
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In addition to controlling surface contamination, it is also necessary to control temperature and
relative humidity during storage, erection, operation and subsequent maintenance or inspection of
equipment to ensure that salt contaminated surfaces do not become wet, thus initiating corrosion [3].
During reactor operation, the gas treatment plant provides tight controls on gas chemistry within the
vessel. Externally, the HVAC plant and man-access systems (when the vessel is open) must ensure
comfortable working conditions, contamination control and environments specified by component
manufacturers.
Graphite oxidation
Graphite is slowly oxidised by irradiation of the coolant gas in AGRs, thus reducing its structural
strength over time. This should not occur during normal operation of the HTR as there should be
negligible amounts of CO2 or O2 in the helium coolant as impurities. Nonetheless, details of graphite
oxidation tests will be needed to support HTR designs to confirm that the components concerned will
be tolerant of the predicted moisture or air ingress transients which may occur, for example, via boiler
leakage, leakage of cooling water circuits or air ingress during maintenance at full plant shutdown.
Oxidation data will also be required to assess the tolerance to potential air ingress into the coolant in
the event of a major circuit breach.
Tribology
An AGR has many mating, moving surfaces that must remain non-lubricated by virtue of thermal
and/or radiation induced degradation of lubricants to adhesive tars and varnishes. Extensive test
facilities have been used to derive an understanding of friction and wear, fretting and galling phenomena
of steels in high temperature carbon dioxide atmospheres and to demonstrate the adequacy of selected
hard facings.
Static adhesion was another concern which was circumvented by pre-oxidation of metal surfaces,
exercising of these surfaces during commissioning to break any nascent cohesion and the selection of an
appropriate moisture level in the gas to maintain the oxide film.
This was supported by a comprehensive “tribology review” which considered the performance of
each mating material pair, e.g. stainless-stainless, stainless-graphite or graphite-graphite, for each
in-reactor component.
The NNC has similar data covering friction, wear and static adhesion for materials in helium and
our appreciation is that static adhesion problems, for example, are of even greater concern in this low
oxygen potential coolant.
Detailed knowledge of the HTR coolant composition and impurity level targets will be vital with
respect to determining the friction and wear characteristics of all metallic and graphite materials in
contact. Some oxidation is advantageous; it prevents self-welding of contacting surfaces and the internal
degradation of alloys sometimes found in atmospheres of very low oxygen potential. Tribological
behaviour will be very poor in helium unless the oxidising potential is sufficient to give a stable oxide
film. Work carried out at NNC for the DRAGON project and later, as part of the HTR reactor projects,
confirmed the generally poor tribological properties of materials operating in dry helium environments.
Clean surfaces free from lubricants, contamination or surface oxide will show high friction coefficients
and poor anti-galling characteristics. The use of conventional high alloy structural materials could result
in high levels of static adhesion which in turn could cause seizures at interfaces after dwell under load at
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high temperatures. Graphitic materials tend to loose their lubricity in pure helium, probably due to loss of
absorbed surface layers, which can result in much higher levels of friction and also “dusting” of graphite.
The fretting behaviour of most materials tends to be poor.
Particular attention must therefore be given to all moving interfaces of a helium-cooled system to
ensure that the surfaces will not deteriorate unacceptably by any of the mechanisms mentioned above.
This could result in surfaces having to be suitably coated or treated to avoid such problems or the use of
proven wear resistant materials.
Ongoing research work supporting the operating AGR stations
Most of the facilities mentioned above have been retained to provide support to operating stations.
As it has already been stated, oxidation work continues to provide data on the performance of steels in
the advancement of reactor components exposure. The facilities are also used to mimic reactor
incidents, such as water ingress through boiler leaks.
As the graphite core structures age, the individual fuel and control rod channels generally become
more distorted through irradiation. The safe operation of the cores requires that the distortion remain
within acceptable limits under all normal operating and fault conditions. Sophisticated computer models
for prediction of the AGR core behaviour well beyond current operating times are being developed
which will then allow bounding channel distortions to be determined. Validation of the models is
being carried out using three separate rigs which the NNC has designed and built. The first is a large 3-D
rig which can accommodate up to 48 full size fuel bricks as a 4 × 4 × 3 array, which is being used to
gain an understanding of the mechanical behaviour of assemblies of bricks (forces, displacements,
rotations). The second is a 2-D rig containing 25 full section brick slices (100 mm thick) in a square
arrangement, which is primarily being used to investigate the effect of distorted components. The third
is a one-eighth scale model of a full core (containing up to 5 500 fuel bricks) which is being used to
confirm numerical predictions using a substantially larger number of components.
The resolution of operational AGR problems
All high temperature capital plants, be they supercritical boilers or in the case of AGRs,
experience lifetime-related phenomena. A case in point is the reheat cracking of welds in the AGR,
which is the cracking of welds, usually in relatively thick sections, caused by an inappropriate weld
procedure or heat treatment process. As a time-related phenomenon, it has been observed to occur in
certain susceptible welds located in the pressure circuit boundary, steam pipe-work, boilers and the
reactor internals. Reheat cracking is an operational problem that is addressed by repairing the
offending weld with a better weld, i.e. a change of weld preparation and a change of filler material.
Such work is supported by a review of all structural weld designs in the reactor and their ranking
according to risk of reheat cracking.
Reheat cracking should be addressed in the design review of an HTR. Whether it occurs or not
will depend upon the material properties of the structural steel selected and the welding process used.
Another important issue identified in the early years of AGR operation concerned the continuous
deposition of a thin layer of carbon on the boiler tubes (due to the breakdown of methane introduced to
inhibit graphite core oxidation) thus affecting boiler performance and introducing constraints on
overall AGR performance. Corrective measures are being taken in the form of systems providing a
controlled direct injection of oxygen into the boiler inlet gas stream (away from the vicinity of the core)
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to burn off the carbon deposits. Whilst these measures should stabilise and control the phenomenon, this
example serves to illustrate the complex processes that occur in a primary circuit with a high temperature
gas and a graphite core.
Work undertaken in support of periodic safety studies and life extension
The AGR programme in the UK, despite earlier well known problems which have now been
overcome on the initial designs (e.g. boiler performance constraints, off-load rather than on-load
refuelling) is now very successful, with high average availabilities of over 80% being consistently
achieved.
The NNC has an ongoing involvement in the production of safety reports and the performing of
structural analyses that are used in the continuing safety cases for AGR reactors, including formal
periodic safety reviews and plant life extension studies to satisfy the UK regulators. These reviews
include assessments of the early AGR designs against modern standards in areas such as seismicity
and reliability of safeguard systems.
The systematic periodic safety reviews and studies have focused upon the life-limiting issues and
features of the older AGR designs, and in particular the core internals (particularly graphite) structures
and boilers. AGRs are only designed for limited internal inspection within the PCPV and hence only
limited ISI of the steel structures is possible. Compared to current HTR designs, it is also noteworthy
to point out that the graphite in the AGR prismatic core design is located in the central regions of the
core and not just in the reflector structures. The graphite is subject to radiation-induced corrosion by
the CO2 coolant. As non-replaceable items, the graphite core components have therefore received
particular attention, notably with respect to the effect on the graphite of weight loss due to corrosion
(which weakens the graphite).
It is true to say that there has been a greater rate of weight loss in the graphite than the initial
design predictions in one of the designs. However, through a major programme of investment, a
considerable amount of predictive work (by measurement and core sampling) has already been carried
out and is still continuing to assess the effects of high weight loss on core functionality and to develop
improved computer codes relating to core modelling. (The three NNC test rigs mentioned earlier are
being used for the validation of the latter.) This work is showing the functionality of the items in
question, which has not been compromised by this effect and hence, the internal structures of the core
remain robust with no significant apparent or foreseen deterioration.
Furthermore, confidence in the AGR design is now such that that the stations have generally moved
towards a 35 year accounting life (from an original design life of 25 or 30 years depending on the
station concerned). Indeed, continuing studies are providing further evidence that there are, so far, no
outstanding technical issues which determine the end of life date for safe AGR operation in the UK,
thereby giving confidence that very long lifetimes are achievable and can be anticipated. This is a
major achievement, given that these long lifetimes were not envisaged at the time of the design of the
reactor structures; and gives further assurance of the abilities to engineer such structures (particularly
graphite) in gas reactors over extended years of reactor operation.
Fast reactor development
In concluding this paper, it is perhaps worthwhile to note that other reactor research and design
development programmes have produced data valuable to an HTR programme. A case in point is the
Fast Reactor Development programme in the UK and Europe which, amongst many other things, studied
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thermal shocks to weld specimens between 200 and 600°C in order to develop design rules for steels
operating in a challenging environment [4]. As part of the European Fast Reactor (EFR) project the
UK, and particularly the NNC, provided a significant contribution in the field of structural properties
at elevated temperatures and the development of structural integrity methodology in the areas of high
temperature fatigue and creep/fatigue crack growth. The principal materials for the EFR design were
316 L(N) austenitic stainless steel and Mod 9Cr-1Mo-steel, and a comprehensive evaluation of
material properties was undertaken up to 650ºC (austenitic) for design use. The material investigations
included irradiation damage, the effect of sodium and helium environments on mechanical properties,
tribology and corrosion and a study of ageing. Experience in temperatures above 650ºC is mainly in
areas such as fuel cladding where stabilised austenitic steels are considered for operational use and
tested at temperatures up to 850ºC.
The UK has also played a major role in the establishment of elevated design rules up to 700ºC
through the NNC’s participation in the Design and Construction Rules Committee for EFR. Elevated
temperature design rules were established in this committee based on the combined experimental and
design knowledge within the participating European countries [5].
Summary
This paper has discussed the NNC’s gas reactor and other experience in the field of high
temperature reactor engineering and related it to the current designs of HTR under development which
use helium as the coolant. Only a representative sample of those issues addressed in the UK by the
NNC in support of the AGR and other programmes has been discussed.
Clearly, the differences between the use of CO2 and He as primary coolants will have an
influence on the applicability of some of this experience and observations. Nonetheless, the issues
discussed underline the complexity of the chemical and other processes at work in high temperature
reactors which can have significant effects and which need to be addressed both prior to and during
operation.
It is particularly reassuring to report that the confidence in the AGR design is now reflected in the
UK licensing authorities agreeing to extended lifetimes at many stations. From a generic HTR
viewpoint, this gives particular assurance and confidence in the ability to engineer graphite core
structures for such applications over the lifetimes currently envisaged.
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Figure 1. Large-scale HTR reference design

Figure 2. Heysham 2/Torness AGR primary circuit

Pre-stress tendons
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Abstract
The increasing cost of light water reactors due to greater demands for safety requirements is growing
in size per unit. In order to amortise the costs, designers are forced to increase the power level of the
plants so as to remain competitive, thus leaving little place for nuclear power in the small and medium
unit power range.
Meanwhile, technological progresses in various fields such as gas turbine machinery, magnetic
bearings, etc., allowing for the consideration of high performance HTRs are sparse on safety systems
due to their intrinsic characteristics. The HTRs economically fill the market gap of the low and
medium size nuclear units, making them suitable for developing countries.
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Introduction
High temperature reactors (HTRs) have a long history and are not a new type of reactor.
For economical, technical and political reasons, the HTRs did not emerge into the world market
as a viable competitor. Why reconsider them today? What is the basis of the renewed interest?
A recent combination of technical developments, changes in the regulation environment, needs
for developing countries and new uses for nuclear heat, led to a re-evaluation of this type of reactor.
This is exemplified by the constructions of the HTTR in Japan and the HTR-10 in China, as well
as the power reactor designs in South Africa with the Pebble-Bed Modular Reactor and GT-MHR
within an international collaboration.
The European Union also ordered a state-of-the-art report on the HTR technology within the
Fourth Framework Programme and more specific developments will be performed in the course of the
Fifth Framework Programme.
In different parts of the world, these programmes attest to the interest of new designs in today’s
context.
Evolutions and changes justifying the renewed interest for HTRs
Institutional evolution
During the past 40 years, the light water reactors have been the mainstay of nuclear electricity
production. Their designs evolved to improve their performance but also to meet new requirements,
including safety, which have emerged as a consequence of the accident at Three Mile Island.
Examples of such “new” requirements include:
•

Improved safeguard systems (moving toward the four train designs versus the two or the three
train designs previously used).

•

Hydrogen re-combiners to prevent hydrogen build-up and explosions.

•

Reinforced confinement buildings capable of sustaining explosions or plane crashes.

•

Core catching provisions to limit the consequences of a core melt.

All of these added features carry several costs:
•

The cost of installing the equipment.

•

The cost of maintaining the equipment with adequately qualified personnel. Indeed, safety
systems are regularly tested and become a larger burden on plant operation personnel, who
must then be increased.

•

The cost of replacing some of the equipment.
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These added costs, which do not contribute to electricity production, become a sizeable burden to
the overall LWR cost so that the designers must increase the power level of the plant to amortise them
on a larger production rate to stay competitive.
For the most recent designs, the end result for the LWR is that it must have a power level over
1 200 MWe to stay competitive.
Meanwhile, the intrinsic characteristics of the design of the HTRs, originally perceived as
disadvantages, have become more interesting. For example, the low power density combined with the
graphite moderator gives a natural thermal inertia which is very forgiving in operation.
The HTRs share a number of characteristics which are quite favourable in front of the evolving
institutional changes, for example:
•

Coated micro particle fuel.

•

Fuel integrity for temperatures up to 1 800°C or more.

•

Independence of moderator and coolant.

•

Graphite moderator, which is stable up to very high temperatures.

•

Helium coolants, chemically neutral and transparent to neutrons, do not activate.

•

Low sensible heat stored in the coolant.

•

Very clean primary system, very low activity.

•

Flexibility in terms of fuel cycles: high or low enriched uranium, plutonium, thorium and
other combinations.

•

Capability for high fuel burn-up.

•

Large thermal inertia.

•

Negative temperature coefficient.

•

Superior thermodynamic efficiency.

Attempts for commercialisation of the HTR took place through prototype models at Fort Saint
Vrain, USA and the HTTR in Germany, both of which used reinforced concrete vessels and steam
generators as seen in Table 1. In competition with the large power reactors as well as the light water
reactors, these designs made sense but, as a consequence, they required safeguard systems like the
water reactors. In view of today’s trends, they would also require reinforced containment and core
catchers since they would have to be designed for total loss of emergency blowers and an inevitable
core melt in the long run. The monolithic HTRs (those in pre-stressed concrete vessels) would have to
be supported with the same kinds of extra costs that were encountered previously for the LWRs with
the additional economic disadvantage of low power density.
A fundamental technical change occurred when a suggestion was made to use steel vessels for the
core and to design them in such a way that no matter the transient, all systems would be inoperable.
Heat radiation through the vessel (Figure 1) would be sufficient to maintain the hottest fuel particles
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below 1 800°C (actually for margin reasons, designers try to keep it below 1 600°C) as well as the
vessel at a sufficiently low temperature to keep its integrity. Once this design criterion is met, no
safety or safeguard system is needed and the cost of all the extra non-electricity producing systems can
be eliminated: no reinforced confinement, no core catcher, no four-train safeguard system, etc. Some
systems are kept for practical and investment protection reasons but they do not need to be safety
graded.
The cost of savings on these systems and their maintenance allow for considerations on low
power plants. Since a steel vessel is limited in size the advantages increase (there is more flexibility
accounting for the reinforced concrete vessels), but also the total plant power is limited since larger
power levels must be met by the addition of several units, assuming this is the basis of the term
“modular” for the HTRs using steel vessels.
Technical developments
Despite the cost savings due to active safety feature elimination, the scale factor is still a
prevalent economically speaking, as a number of unavoidable institutional costs for nuclear reactors
(site authorisation, licensing procedure, etc.) and of industrial facts such as being within limits of the
price of most components can be less than proportional to their size or power level.
Therefore, as long as the safety criteria can be met, and as long as one does not meet a
technological “rupture” in component design, it is economically beneficial to design the highest
possible powered unit.
The initial modular designs involved steam-generating plants with a thermodynamic efficiency of
38% to 40% and had been proven to be non-competitive.
A breakthrough was needed to improve competitivity. It came with the idea of a Brayton direct
cycle, which takes full advantage of the high temperature helium by expanding it in a helium turbine
and thereby obtaining a thermodynamic efficiency of 46% to 48%. That is a 20% increase with respect
to the steam cycle, and there is also a simultaneous decrease of the capital cost thanks to the simplified
design. This improvement in competitivity is illustrated for the MHTGR-GT-MHR lineage in Figure 2.
A direct cycle can be considered today thanks to the technological developments which occurred
in other industrial branches other than the nuclear industry and which can be applied concurrently in
the Brayton cycle HTR.
Some of the most significant developments are the following:
•

Coated fuel fabrication with an excellent quality.

•

High temperature gas turbines were considerably improved for land based power units but
also for jet engines. The helium turbine takes advantage of all these developments.

•

Highly efficient compact plate gas heat exchangers.

•

High load carrying and reliable magnetic bearings. This technology avoids the use of water or
oily lubricants in the primary system, which in turn helps to avoid potential pollution
problems. These bearings play an important role in controlling the rotating shaft balance.
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New end uses
If nuclear power is extended to its potential market, it must meet the requirements of developing
countries, that is, among other things, the unit power level must be moderate to integrate with small
and medium size networks. As much as possible, the nuclear system should be non-proliferating, easy
to operate and in any situation should at most lead to a lack of production but in no way to a nuclear
accident.
For the developing countries, maintenance should be not only easy but the major maintenance of
most components should be performed through a standard component exchange. This means that most
components should be transportable in an aircraft for revamping in a centralised plant where spares
would be kept ready for shipment. This is a radically new maintenance strategy.
Finally, many of these countries have a need for low temperature heat either as district heating or
for desalination. This is a simple non-fancy heat that the direct Brayton cycle can provide without
interference with the electricity productivity. These “extras” can further improve the overall plant
productivity and improve its attractiveness.
From a long-term standpoint, the HTR is the only nuclear technology presently easily available
for high temperature non-electric uses.
All of these previous reasons justify industrial reconsideration of the HTR technology.
Description of the “revisited HTR”
The conceptual designs of the South African PBMR and the international project, GT-MHR, have
many principles in common, all of them being characteristics of the “revisited HTR”.
For practical reasons, the GT-MHR, which is more familiar, will be mostly referred to in the
following design description, but most of its features apply to the South African PBMR as well.
The main difference lies in the fuel elements, pebbles for the PBMR and graphite blocks for the
GT-MHR.
Figure 3 shows the principles of the new HTR concepts based on the Brayton cycle. It includes:
•

A nuclear reactor which heats up helium from about 500°C to 850°C (950°C for the PBMR).

•

The hot helium expands in a helium turbine, which drives the electric generator and two
compressors on one shaft.

In the PBMR, three turbines are used, one for each compressor and another for the generator.
As a consequence of the lower power level optimised rotating speeds of turbo machines are way over
the normal speed for an alternator (3 000 rpm). Therefore, they must be decoupled from the
compressor except, of course, for the turbine driving it.
In a Brayton cycle, when the highest and lowest temperature are set (850°C and 26°C,
respectively), the cycle optimisation is also set, as is the gas expansion ratio.
Consequently, the exhaust temperature of the helium turbine is determined by the expansion ratio
of 2.78 and is 610°C.
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•

A helium/helium counterflow plate heat exchanger called a recuperator recovers a large part
of the exhaust heat to preheat the compressed helium returning to the reactor.

•

Low temperature cooling is performed by a helium water heat exchanger called a precooler.
The helium temperature is lowered from 125°C down to 26°C. The water side of the
precooler and intercooler is only slightly pressurised, a few bars, while the helium side is at
27 bars or 45 bars respectively. Any leak in these exchangers would result in helium leaking
into the water, which is easily detected. Water ingress into the system is then preluded.
This type of incident was a major availability drawback of previous HTRs.

•

Helium is compressed by a factor of 1.67.

•

The compression increases the temperature of helium to approximately 120°C. In order to
increase the efficiency of the second compression stage, the helium temperature is lowered to
26°C by a helium/water heat exchanger called an intercooler.

•

The helium is compressed again by another factor of 1.67.

•

Helium is then preheated to 490°C on the second side of the recuperator before returning to
the reactor.

A few remarks must be considered concerning the Brayton cycle:
•

Overall, the Brayton cycle is much simpler than a traditional steam cycle; the total number of
components is lower.

•

It takes full advantage of the high temperature generated by the core and permits overall
better thermodynamic efficiency.

•

The implementations of the cycle both by the PBMR and the GT-MHR involve a two stage
compression with intercooling. The most efficient cycle would have an “infinite” number of
small compression stages with intercooling between stages.

The double stage implementation is a practical compromise between feasibility and efficiency.
Adding more stages marginally increases the efficiency as well as the complexity. Each mechanical
stage has its own losses; therefore two stages seem optimum.
It should be remarked that for some uses, a one stage compression ratio may be justified albeit at
the cost of about four percentage points in efficiency. However the recovered heat at the precooler is
then at 160°C and its usage, where justified, may perfectly support the simplified design and lower
electricity production.
•

The recuperator is a challenging component to design. The overall plant performance is very
dependent on its efficiency; it must meet many simultaneous requirements: minimise head
losses, optimise temperature recuperation, operate with reasonably high pressures
(~70 bars/26 bars) and high temperature differences from inlet to outlet (510°C/125°C) but
with a little temperature difference across between gases on both sides.

•

The turbine first stages (blades and stator) are subject to high stresses. Blade cooling is not
used to keep the design simple; therefore a special material processing is needed to warrant a
reasonable lifetime.
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•

Although magnetic bearings are used to carry the shaft load and to balance it, catcher bearings
are used in case of magnetic bearing failure, which are quite challenging to design.

Except for the main vessels, all of the components are suitable for air shipment (the recuperator is
comprised of several modules operating in parallel). This permits a new maintenance strategy that can
be refined with operating experience, based on preventive maintenance and standard exchange for
wear components, the latter being refurbished in a dedicated plant.
The core designs, whether made of pebbles as in the PBMR or of blocks as in the GT-MHR, are
based on well known and proven experiments. The only novel feature is the annular design, which
permits higher power levels while remaining within the limits proscribed by the safety characteristics.
The pebble core permits on-line refuelling and long operating runs. It is presently foreseen to stop
the plant every six or seven years for maintenance.
The block type core must be refuelled approximately every 18 months by batch.
Both types have the potential for high burn-up (several hundred MWD/T) if the economics
warrant it. This could become the case when nuclear waste minimisation is pursued. The spent coated
particle fuel can be stored as is without any special treatment, and could be disposed of likewise in
appropriate vessels. This feature could also be attractive to developing countries because there is no
need for a complicated back end.
From a previous description, it is apparent that very little development work is needed on the
nuclear part of the plant since it is based mostly on previous experience. On the other hand,
technological developments are needed to refine and improve existing technologies to make them
suitable for the Brayton cycle. However they are extensions of today’s technologies and definite no
show stoppers.
Conclusion
As a result of the evolving safety regulations which pulled the cost of light water reactors upward,
safety relies heavily on engineered safety features, such that the light water reactors must increase
their unit size to stay competitive. Consequently, they address markets with tight grid integration and
with a large power capability.
Relative to this trend, the high temperature reactors, the safety of which heavily relies on their
exceptional fuel qualities, stay simpler and take advantage of their higher efficiency to open the
nuclear market on the low specific power level. They ideally address the developing countries’ needs
with their forgiving dynamics and their “remote” maintenance capability. They bring added
advantages to these customers who have need for low temperature heat, which is often the case in
particular for soft water production from desalination.
Finally, the HTR principle is open to further improvements in efficiency for better fuel materials
and design, which are being developed, making them the only proven nuclear reactor type to stay in
the efficiency race with fossil fuels (as seen in Figure 4).
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Table 1. Characteristics of first generation high temperature reactors (HTR)
Characteristics of first generation high temperature reactors
Characteristics

Dragon

AVR

Peach-Bottom

Fort St-Vrain

TWTR 300

Winfrith

Jülich

Pennsylvania

Colorado

Schmehausen

(Great Britain)
1964

(Germany)
1966

(USA)
1966

(USA)
1974

(Germany)
1983

-

1967

1966

1976

1985

Thermal (MW)

20

46

155.5

842

750

Net Electric
(MW)

0

15

40

330

300

Net efficiency

-

32.6

34.7

39.2

40

UC2 ThC2

UC2 ThC2
(originally)

UC2 ThC2

UC2 ThC2
(originally)

UC2 ThC2

Pyrocarbon
+ SiC

Pyrocarbon

Pyrocarbon

Triso, biso

Pyrocarbon

Hallow rod
with graphite

Pebbles

Hallow rod
with graphite

Compacts in
graphite blocs

Pebbles

14

2.3

8.3

6.3

6

Height (m)

1.61

2.5

2.28

4.75

6

Diameter (m)

1.07

3

2.74

5.94

5.6

Control rods

24

4

36

37 pairs

42 + 36

Fuel elements

259

90 000

804

1 482

675 000

2

1

2.46

4.8

4

Core inlet (°C)

335

175

343

406

262

Core outlet (°C)

835

580 (950)

715

785

750

Steel

Steel

Steel

Concrete

Concrete

Location
Year of criticality
Year of grid
connection
Power

Fuel
Kernels

(originally)
Coating
Type
Core
Power Density
(MW/m3)

Primary loop
Pressure (MPa)
Helium
temperature

Vessel
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Figure 1. MHR general layout

Figure 2. Evolution of the modular HTR toward a better competitivity
1987
350 MWth
Steam

135 MWe

1990
Larger
Vessel

1993

450 MWth
Steam

450 MWth
Gas Turbine

173 MWe

200 to 215
MWe

Doubling
Electric Power
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1995
Core
Optimisation

550 to 600
MWth
Gas Turbine

240 to 280
MWe

Figure 3. GT-MHR power conversion process flow diagram

Figure 4

78

POTENTIAL FOR POWER UTILISATION OF WEAPONS-GRADE
PLUTONIUM IN GT-MHR NUCLEAR REACTOR

Alexandr Chudin
MINATOM Russian Federation
198180 Moscow
Yuri Sukharev
OKB Mechanical Engineering
603603 Nizhny Novgorod

Abstract
The official Russian position is determined by the concept of weapons-grade plutonium (WGPu) being
burned in reactor power plants and used for electricity production. This position has resulted in a
long-term problem concerning existing power plant modifications as well as new reactor technology
developments.
Operating VVER-1 000 and BN-600 reactors are the main candidates for involving WGPu in their
fuel cycle, but the advantages of the HTGRs (e.g. GT-MHR – joint project with Russia, USA, France
and Japan) also allow the consideration of this type of reactor as a WGPu consumer in the near future
(by 2010).
The inherent characteristics of the GT-MHR make it well suited to the mission of WGPu disposition.
Because of high burn-up and no breeding of new plutonium, the GT-MHR consumes ~90% of the
239
initially charged Pu. A single GT-MHR plant consisting of four reactor modules of 600 MWt power
each achieve this level of destruction for 50 tonnes of WGPu with concurrent electricity generation of
~48 GW per year over its design operation lifetime.
One of the problems in the reactor with WGPu fuel is the validation of very high burn-up. The main
features of the GT-MHR for plutonium consumption as well as requirements for fuel element
performance and their operating conditions are presented in this paper.
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Introduction
A certain success has been attained in various fields of the power machine building industry
(viz.: large gas turbine technology, electromagnetic bearings and ultra-compact heat exchangers) as
well as in nuclear reactor technology (meeting the most strict safety requirements). This led to the
development of a modular helium-cooled reactor coupled with a gas turbine (GT-MHR), which ensures:
•

A higher energy conversion efficiency (about 50%) than in existing power reactor systems.

•

Cheaper electricity as compared to that generated by existing NPPs or conventional power
plants.

•

Elimination of core melting in any emergency situation.

•

Minimal thermal and radiological impacts on the environment.

A 600 MWth GT-MHR power unit is being designed by Russia’s MINATOM enterprises and
RRC KI, together with General Atomics, ORNL in the United States, FRAMATOME of France and
Fuji Electric of Japan. This programme focuses on the burning of weapons plutonium that is available
from the dismantling of nuclear weapons. The long-term goal is to utilise the same design for
commercial applications using uranium fuel.
The conceptual design of the GT-MHR was completed in October 1997. By that time, the basic
design had commenced. In 2009, the international project should be completed.
Basic conceptual principles of the reactor plant for a WGPu disposition
The GT-MHR [1,2] is a new generation NPP with passively safe reactors that rely upon proven
technologies. Its main characteristics are presented in Table 1.A general view of the reactor is
presented in Figure 1.
The GT-MHR meets the weapons-grade plutonium disposition objectives due to high burn-up of
the initially loaded Pu (up to 90%) and the greater amount of electricity generated from each unit of
Pu mass as compared to other reactor types. Figures 2 and 3 show the potential of GT-MHR for
consumption of 50 tonnes of WGPu.
Spent fuel completely meets the requirements for disposal in deep geological formations and does
not need additional reprocessing.
The GT-MHR reactor assembly has a modular configuration (Figure 1). The reactor core is
enclosed in a protective steel pressure vessel connected by a cross duct to a power conversion system
(PCS) vessel. The vessel’s outer diameters are 8.4 m and 8.5 m, respectively. The modules are located
in underground pressure containment vessels.
An annular-type core is composed of 1 020 hexagonal prismatic fuel blocks stacked in
102 columns by 10 blocks each (Figure 4). One-third of the fuel blocks is reloaded every year.
The core has a negative temperature reactivity coefficient at any operating temperature due to the
burnable poison on the basis of Er2O3 usage in a pure Pu reactor core without dilution materials such
238
232
as U and Th. The main core characteristics are given in the Table 2.
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The power conversion system signifies that a closed gas turbine cycle is completely housed within
the PCS vessel. Turbomachinery consists of a generator, a gas turbine and two sections of compressors
fixed to a single vertical shaft supported with EM bearings. The PCS incorporates three compact heat
exchangers, viz.: a highly effective recuperator and a water-cooled pre-cooler and inter-cooler.
To estimate the potential capabilities of the GT-MHR to dispose of 50 tonnes of weapons-grade
plutonium, two alternative design options have been considered [2]:
•

Twelve GT-MHR modules shall be constructed (three four-module plants in Seversk,
Krasnojarsk and “Mayak” chemical combines). The plants would convert 50 tonnes of Pu over
a period of 25 years starting from a proper decision acceptance.

•

One four-module plant shall be constructed. It will be capable of converting 50 tonnes of
WGPu over a period of 56 years.

The scope of fuel particle fabrication shall be the same for both options, so that disposition of
50 tonnes of WGPu will be ensured for 25 years. For this, fuel particles production should be started
in five to six years and the transformation of 50 tonnes of WGPu in fuel particles shall be accomplished
for about 25 years after the decision has been made.
The sum of the investments in the GT-MHR design would be used to create a prototype plant in
Seversk, including the investments for R&D, pilot-industrial fuel production and construction, which
comes to an estimated cost of $600 M.
To realise the programme, it is necessary to carry out works of varying complexity, including R&D,
new equipment fabrication, new building construction, new technological developments, tests, etc.
Pu fuel elements of GT-MHR
HTGR technology provides a solution to the non-proliferation task through utilisation of small fuel
particles with multi-layer coatings. This form of nuclear fuel is not yet suitable for military use pending
its utilisation for power generation. The fuel block configuration is similar to that used in the FSV
reactor (USA). Figure 5 illustrates the GT-MHR fuel concept. The main characteristics of fuel
particles and compacts are given in Tables 3 and 4, respectively. Fuel particles that are compacted in
fuel compacts and in uniform arrangement in a graphite matrix exclude mechanical interaction and
provide high heat conduction of the fuel compact. Also, the dense compact matrix is an additional
diffusion barrier for fission products. The requirements for the fuel fabrication quality are given in
Table 5.
The problem of a high burn-up justification in the GT-MHR is one of the main problems related
to the concept of GT-MHR. Existing data is based on a high Pu fuel burn-up which was obtained for
both the Peach Bottom and Dragon projects in 1972-1975 [3], in which the burn-up reached up to
750 MW per day/kg. This was not suitable for the GT-MHR due to the differences in irradiation
conditions. To resolve this problem, irradiation tests at the IVV-2M reactor facilities are being planned.
The conditions of irradiation at the IVV-2M reactor presented in Ref. [4] allow the necessary
validation results to be obtained for the GT-MHR fuel in short time. Approximately one year is needed
21
-2
to reach the design burn-up of 70% FIMA and the neutron fluence (E ≥ 0.18 MeV) 4-4.5⋅10 cm .
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Works planned
By the time one year has been reached on the GT-MHR design, the following works will have
been completed:
•

The conceptual design of reactor plant.

•

A laboratory-scale facility for fabrication of PuO2-x kernels from WGPu oxide.

•

A test batch of PuO2-x kernels.

•

The installation of a bench-scale facility for the HTGR fuel fabrication.

The near-term plans:
•

Development of the preliminary design including starting on the more important experimental
works on fuel as well as the main plant components.

•

Design of a pilot-industrial fuel fabrication facility at Siberian Chemical Combine (SCC) in
Seversk.

•

Creation of facilities for fuel compact productions.

•

Preparation of test facilities for plutonium fuel irradiation.

•

Technical-economic justification of the project in Seversk.

The long-term programme entails:
•

Development of the NPP with a GT-MHR detail design, detail design of fuel fabrication facility
in Seversk, and fulfilment of main R&D.

•

Licensing and construction of the GT-MHR plant.

•

R&D on usage of reactor plutonium in the GT-MHR.

•

GT-MHR operation at the SCC site to burn up WGPu surplus and to prove its performance.

Conclusions
The GT-MHR reactor plant is capable of efficiently utilising weapons-grade plutonium as fuel
for generation of electricity, providing high power conversion efficiency and minimal impact on the
environment.
The GT-MHR construction in Seversk will allow existing environmental and social problems of
SCC and regions in general to be solved. The choice of a plant site in Seversk with developing
infrastructure and experienced specialists is the weighty input in design realisation.
Implementation of the programme substantially depends on international support by governments
and private industrial firms.
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Table 1. GT-MHR reactor basic design characteristics [1,2]
Parameter, unit
Thermal capacity, MW
Power conversion efficiency, %
Helium coolant temperature (inlet/outlet), °C
Helium pressure, MPa
Core diameter (inner/outer), m
Core height, m
Fresh Pu load, kg
Discharge 239Pu burn-up, %
Number of fuel cycles for core life
Annual Pu load, kg/yr
Enrichment of loaded Pu (239Pu), %
Annual discharge of Pu, kg/y
Enrichment of discharged 239Pu, %
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Value
600
Up to 48
490/850
∼7.0
2.64/4.84
8
∼750
90
3
∼250
94
70
30

Table 2. Main technical characteristics of the core
Characteristic
Average power density, MW/m3
Fuel lifetime, days
Average fuel burn-up, MW.day/ kg Pu
Pu load per compact, g
Peaking factor:
– Axial (during interval between refuelling)
– Fuel compacts power distribution
Maximal fuel temperature at normal operation, °C
Isothermal reactivity coefficient at design point
(at the beginning of equilibrium burn-up cycle/
5
at the end of cycle), 10 1/°C
2
Maximal neutron flux density, n/cm s:
– With energy E > 0.18 MeV
– With energy E > 2.1 eV
– With energy E ≤ 2.1 eV

Value
6.5
~840
640
0.24
≤1.5
≤1.6
1 350

-7.5/-5.3
3.9 × 10
2.0 × 1014
5.0 × 1013
13

Table 3. Main characteristics of fuel particles
Characteristic

Value
PuO1.8
94

Fuel
239
Pu content, %
3
Coated particles parameters, µm/-/g/cm :
Kernel diameter/material/density
First layer thickness/material/density
Second layer thickness/material/density
Third layer thickness/material/density
Fourth layer thickness/material/density
Fuel particle diameter, µm

200/PuO1,8/10.0
100/PyC/1.0
35/PyC/1.8
35/SiC/3.2
40/PyC/1.8
620

Table 4. Main characteristics of fuel compacts
Characteristic
Diameter, mm
Length, mm
Plutonium content, g
Binder
Filler
3

Matrix graphite density, g/cm
Fuel particles volume fraction
Effective thermal conduction (fresh compact), W/m⋅K
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Value
12.5
50
0.24
Coal-tar pitch
Artificial graphite on the basis of
non-calcinated petroleum cokes
≥1.5
~0.13
≥40

Table 5. Fuel quality and leak tight requirements
Characteristic
Technological requirements:
Coating layers contamination with plutonium (with
account of complete failure of coatings) versus to total
plutonium mass
Fraction of fuel particles with defect silicon carbide layer
Operational requirements:
131
Relative steady state release of fission products ( I,
133
Xe) under normal operation.
Fraction of fuel particles with defect coatings under
normal operation
133
131
137
Relative release of Xe, I and Cs during design basis
accidents
Figure 1. GT-MHR module general arrangement
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Value

≤1 × 10-5
-6
≤5 × 10
≤1 × 10-5
≤1 × 10-5
≤1 × 10-4

Electricity output at 50 t
WGPu disposition, GW(e).yr

WGPu destruction level, %

Figure 2. Comparison of WGPu disposition in different power reactors (without recycle)
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Figure 3. Plutonium destruction capability of various disposition options
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Figure 5. Fuel components
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IAEA HIGH TEMPERATURE GAS-COOLED REACTOR ACTIVITIES

J.M. Kendall
International Atomic Energy Agency

Abstract
The IAEA activities on high temperature gas-cooled reactors are conducted with the review and
support of the Member states, primarily through the International Working Group on Gas-Cooled
Reactors (IWG-GCR). This paper summarises the results of the IAEA gas-cooled reactor project
activities in recent years along with ongoing current activities through a review of Co-ordinated
Research Projects (CRPs), meetings and other international efforts. A series of three recently
completed CRPs have addressed the key areas of reactor physics for LEU fuel, retention of fission
products and removal of post shutdown decay heat through passive heat transport mechanisms. These
activities along with other completed and ongoing supporting CRPs and meetings are summarised
with reference to detailed documentation of the results.
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Introduction
International interest in HTGR technology has been increasing in recent years due to a growing
recognition of the potential of HTGR designs to provide high efficiency, cost effective electricity
generation appropriate for the conditions in developing countries, and in the longer term to provide a
source of high temperature process heat. The international exchange of information in co-ordination
with HTGR research through the IAEA has helped to establish the foundation for the future
development and deployment of HTGR technology. The gas-cooled reactor activities of the IAEA are
conducted with the active participation and advice of the International Working Group on Gas-Cooled
Reactors (IWG-GCR).
International Working Group on Gas-Cooled Reactors
The IWG-GCR is a continuing working group within the framework of the International Atomic
Energy Agency (IAEA) with the purpose of advising the Director General of the IAEA and promoting
the exchange of technical information in the field of gas-cooled reactors. The first meeting of the
IWG-CGR was held in 1978, with the most recent meeting (15th) held in August 1999. The focus of
interest of this working group is on helium-cooled thermal reactors that are used in steam cycle or
direct cycle nuclear plants for electricity and/or heat production. The scope also includes carbon-dioxide
cooled thermal reactors and to the extent not already covered by other gas-cooled fast reactors in
international organisations.
The IWG-GCR currently includes participants from the following countries:
China
Indonesia

France
Japan

Germany
The Netherlands

Russian Federation
United Kingdom

South Africa
United States of America

Switzerland

The IWG-GCR meets approximately every eighteen months to exchange information regarding
ongoing and planned activities related to gas-cooled reactor technology in participant countries.
The results and recommendations of IAEA meetings and Co-ordinated Research Projects (CRPs)
related to gas-cooled reactor technology held since the previous meeting are presented and reviewed.
Other issues and activities of current interest to the Member states are discussed along with
recommendations regarding future plans for the IAEA gas-cooled reactor project.
Co-ordinated research projects
Research efforts supported by the agency are normally carried out within the framework of CRPs.
The CRPs are developed in relation to a well defined research topic on which a number of institutions
agree to collaborate, and represent an effective means of bringing together researchers in both
developing and industrialised countries to solve a problem of common interest. Each CRP is essentially a
network of five to fifteen national research institutions mandated to conduct the research within the
countries concerned, each being represented by a chief scientific investigator (CSI). A network of
institutions is thus established which works within an operational framework for research with a
similar and well-defined global or regional thematic and problem focus.
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Advanced HTGR designs currently being developed are predicted to achieve a higher degree of
safety with substantially reduced related safety demands on plant operations and licensing oversight
through reliance on inherent safety features. These anticipated benefits derive largely from the ability
of the ceramic coated fuel particles to retain fission products under normal and accident conditions, the
safe neutron physics behaviour of the core, the chemical stability of the core and the ability of the
design to dissipate decay heat by natural heat transport mechanisms without reaching excessive
temperatures. In support of licensing and commercial deployment of advanced HTGRs, these features
must be demonstrated under experimental conditions representing realistic reactor conditions, and the
methods used to predict the performance of the fuel and reactor must be validated against experimental
data. Three recently completed CRPs that have been directed toward these considerations are
summarised below. Two ongoing CRPs directed toward maximising the value of the test programmes
of the two new experimental HTRs (HTTR and HTR-10) are also summarised.
CRP on Validation of Safety Related Physics Calculations for Low Enriched HTGRs
This CRP was formed to address core needs in physics for advanced gas-cooled reactor designs.
It was focused primarily on development of validation data for methods in physics used for core
design of the HTGRs fuelled with low enriched uranium. Experiments were conducted for graphite
moderated LEU systems over a range of experimental parameters, such as carbon-to-uranium ratio, the
core ratio from height-to-diameter and simulated moisture ingress conditions, which were defined by
the participating countries as needs for data validation. Key measurements performed during the CRP
provide validation data relevant to current advanced HTGR designs which include measurements of
shutdown rod worth in both the core and side reflector, effects of moisture on reactivity and shutdown
rod worth, critical loading, neutron flux distribution and reaction rate ratios. Countries participating in
this CRP included China, France, Germany, Japan, the Netherlands, Poland, the Russian Federation,
Switzerland and the United States of America. Work under the CRP has been completed and a final
report in the form of an IAEA-TECDOC is in process.
CRP on Validation of Predictive Methods for Fuel and Fission Product Behaviour in Gas-Cooled
Reactors
This CRP was formed to review and document the experimental database and predictive methods
for HTGR fuel performance and fission product behaviour under normal operation and accident
conditions, and to verify and validate methodologies for the prediction of fuel performance and fission
product transport. Areas addressed included HTGR fuel design and fabrication, TRISO fuel performance
under normal operation, fuel performance and fission product behaviour during heat-up under both
non-oxidising and oxidising conditions, ex-core fission product transport during normal and accident
conditions, and prospects for advanced fuel development. Countries participating in this CRP included
China, France, Germany, Japan, Poland, the Russian Federation, the United Kingdom and the United
States of America. The results have been documented and published as an IAEA-TECDOC [1].
CRP on Heat Transport and After-Heat Removal for Gas-Cooled Reactors Under Accident
Conditions
Within this CRP, the participants addressed the inherent mechanisms for removal of decay heat
from GCRs under accident conditions. The objective was to establish sufficient experimental data at
realistic conditions, and validated analytical tools to confirm the predicted safe thermal response of
advance gas-cooled reactors during accidents. The scope included experimental and analytical
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investigations of heat transport by natural convection, conduction and thermal radiation within the core
and reactor vessel and after-heat removal from the reactor vessel. Code-to-code and code-to-experiment
benchmarks were performed for verification and validation of the analytical methods. Countries
participating in this CRP included China, France, Germany, Japan, the Netherlands, the Russian
Federation and the United States of America. Work under this CRP has been completed and a final
report as an IAEA-TECDOC is in process.
CRP on Design and Evaluation of Heat Utilisation Systems for High Temperature Test Reactors
(HTTR)
The high temperature capability of HTGR technology has long been recognised as offering the
potential for extending the application of nuclear power to a broad range of current and future
industrial process heat needs. This CRP was formed to advance the understanding and development of
this potential through the examination of specific high temperature process heat applications and
identification of prospective experimental programmes on heat utilisation systems that could be
carried out by the HTTR. Heat utilisation systems addressed included steam reforming of methane for
the production of hydrogen and methanol, carbon dioxide reforming of methane for the production of
hydrogen and methanol, thermochemical water splitting for hydrogen production, combined coal
liquefaction and steam generation and high temperature electrolysis of steam for hydrogen production.
Countries participating in this CRP included China, Germany, Indonesia, Israel, Japan, the Russian
Federation and the United States of America. Work under this CRP will be completed in 1999, and the
results will be documented in a final report in the form of an IAEA-TECDOC.
CRP on Evaluation of High Temperature Gas-Cooled Reactor Performance
The 30 MWt prismatic fuelled HTTR in Japan and the 10 MWt pebble-bed fuelled HTR-10 in
China will be conducting experimental programmes in support of HTGR development. The primary
objectives of this CRP are to evaluate HTGR analytical and experimental performance models and codes
in conjunction with the start-up, steady state and transient operating conditions of the HTTR and the
HTR-10, to validate the results achieved in earlier CRPs related to reactor safety and to assist in the
development, performance and evaluation of benchmark code-to-experiment research activities in
support of the testing programmes for the HTTR and HTR-10. Utilisation of these test reactors affords
an opportunity to validate the analytical findings of the earlier CRPs and represents the next logical
step in HTGR technology development. Countries participating in this CRP included China, France,
Germany, Indonesia, Japan, the Netherlands, the Russian Federation, South Africa and the United
States of America. Work under this CRP will be completed in 1999, and the results will be documented
in a final report in the form of an IAEA-TECDOC.
Pending CRP on Conservation and Application of HTGR Technology
During the past several meetings, the IWG-GCR has been concerned with preservation of HTGR
technology developed in earlier programmes (e.g. in Germany, the United Kingdom and the United
States of America), and its application in support of future programmes (e.g. in China, Japan and
South Africa). Formation of a new CRP is in process to address the recommendations of the
IWG-GCR and related consultancy meetings regarding these concerns. The objective of the CRP will
be to identify research needs and exchange information on advances in technology for a limited
number of topical areas of primary interest to HTR development, and to establish, within these topical
areas, a centralised co-ordination function for the conservation of HTGR know-how and for
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international collaboration, utilising electronic information exchange, data acquisition and archiving
methods. The topical areas identified include high temperature control rod development, research and
irradiation testing of graphite for operation to 1 000ºC, R&D on very high fuel burn-up, including
plutonium, qualification of pressure vessel steels to 500ºC, R&D and component testing of high
efficiency recuperator designs, and materials development for turbine blades up to 900ºC for a long
life creep. The CRP is expected to begin in the year 2000 and be completed in 2005, with the results to
be documented in a final report in the form of an IAEA-TECDOC.
Topical meetings on HTGR technology
In addition to long-term efforts associated with CRPs, the IAEA fosters the international
exchange of information on HTGRs through the organisation of topical meetings on subjects of
interest to Member states. When appropriate, the results of these exchanges are documented in reports
issued by or with the support of the agency. Several meetings held in recent years and their resulting
reports are briefly summarised below.
Uncertainties in physics calculations for gas-cooled reactor cores
A specialists meeting was held on the subject of uncertainties in physics calculations for GCR
cores at the Paul Scherrer Institute in Switzerland in May 1990. The meeting was attended by
representatives from Austria, China, France, Germany, Japan, Switzerland, the Russian Federation and
the United States of America. A total of nineteen papers were presented in the topical areas of
comparison of predictions with results from existing HTGRs, predictions of performance of future
HTGRs and critical experiment planning and results. The papers were compiled and published as an
IAEA document [2] on the proceedings of the meeting.
Behaviour of gas-cooled reactor fuel under accident conditions
A specialists meeting was held on the subject of behaviour of GCR fuel under accident conditions
at the Oak Ridge National Laboratory in the United States of America in November 1990. The meeting
was attended by representatives from France, Germany, Japan, the Russian Federation, Switzerland,
the United Kingdom and the United States of America. A total of 22 papers were presented in the
topical areas of current research and development programmes for fuel, fuel manufacture safety
requirements and quality control, modelling of fission product release, irradiation testing/operational
experience with fuel elements and behaviour at depressurisation, core heat-up, power transients and
steam/water ingress. The papers were compiled and published as an IAEA document [3] on the
proceedings of the meeting.
The status of graphite development for gas-cooled reactors
A specialists meeting was held on the subject of graphite development for gas-cooled reactors at
the Japan Atomic Energy Research Institute in September 1991. The meeting was attended by
representatives from France, Germany, Japan, the Russian Federation, the United Kingdom and the
United States of America. A total of 33 papers were presented in the topical areas of graphite design
criteria, fracture mechanisms and component tests, graphite materials development, properties and
non-destructive examinations and the inspections and surveillance of graphite materials and components.
The papers were compiled and published as an IAEA-TECDOC [4] on the proceedings of the meeting.
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High temperature applications of nuclear energy
A technical committee meeting on the subject of high temperature applications of nuclear energy
was held at the Japan Atomic Energy Research Institute in October 1992. The meeting was attended
by representatives from China, France, Germany, Japan, Poland, the Russian Federation, Venezuela,
the United Kingdom and the United States of America. A total of 17 papers were presented in the
topical areas of industrial/user needs, potential applications of high temperature nuclear process heat
and system economics, reactor and heat utilisation system technology and safety, and component
and system design, development and testing. The papers were compiled and published as an
IAEA-TECDOC [5] on the proceedings of the meeting.
Response of fuel, fuel elements and gas-cooled reactor cores under accidental air or water ingress
conditions
A technical committee meeting on the subject of response of fuel, fuel elements and gas-cooled
reactor cores under accidental air or water ingress conditions was held at the Institute for Nuclear
Energy Technology in China in October 1993. The meeting was attended by representatives from
China, France, Germany, Japan, the Netherlands, Switzerland, the Russian Federation, the United
Kingdom and the United States of America. A total of 19 papers were presented in the topical areas of
experimental investigations of the effects of air and water ingress, predicted response of fuel, graphite
and other reactor components and options for minimising or mitigating the effects of air or water
ingress. The papers were compiled and published as an IAEA-TECDOC [6] on the proceedings of the
meeting.
Development status of modular HTGRs and their future role
A technical committee meeting on the subject of development status of modular HTGRs and their
future role was held at the Netherlands Energy Research Foundation in November 1994. The meeting
was attended by representatives from China, France, Germany, Indonesia, Japan, the Netherlands,
Switzerland, the Russian Federation and the United States of America. A total of 33 papers were
presented in the topical areas of status of national GCR programmes and experience from operation of
GCRs, advanced HTR designs and predicted performance, and future prospects for advanced HTRs
and the role of national and international organisations in their development. The papers were compiled
and published as an ECN report [7] on the proceedings of the meeting.
Graphite moderator life-cycle behaviour
A specialists meeting on the subject of graphite moderator life-cycle behaviour was held in Bath,
the United Kingdom in September 1995. The meeting was attended by representatives from France,
Germany, Japan, Lithuania, the Russian Federation, the United Kingdom and the United States of
America. A total of 27 papers were presented addressing a range of topics including irradiation
behaviour, graphite performance assessment methodologies, oxidation effects, material properties and
development of new materials. The papers were compiled and published as an IAEA-TECDOC [8] on
the proceedings of the meeting.
Design and development of gas-cooled reactors with closed cycle gas turbines
A technical committee meeting on the subject of design and development of gas-cooled reactors
with closed cycle gas turbines was held at the Institute for Nuclear Energy Technology in China in
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August 1996. The meeting was attended by representatives from China, France, Germany, Japan, the
Netherlands, the Russian Federation, South Africa and the United States of America. A total of 16 papers
were presented in the topical areas of summaries of national and international activities in gas-cooled
reactors, design of HTGRs with closed cycle gas turbines, licensing, fuel and fission product
behaviour and gas-turbine power conversion system development. The papers were compiled and
published as an IAEA-TECDOC [9] on the proceedings of the meeting.
High temperature gas-cooled reactor technology development
A technical committee meeting on the subject of HTGR technology development was held in
Johannesburg, South Africa in November 1996. The meeting was attended by representatives from
China, France, Germany, Indonesia, Japan, the Netherlands, the Russian Federation, South Africa, the
United Kingdom and the United States of America. A total of 32 papers were presented covering a
large range of topics including GCR programme development, GCR safety and management,
development of the pebble-bed modular reactor plant in South Africa, HTR plant system and component
design and technical developments in GCR design. The papers were compiled and published as an
IAEA-TECDOC [10] on the proceedings of the meeting.
Technologies for gas-cooled reactor decommissioning, fuel storage and waste disposal
A technical committee meeting on technologies for gas-cooled reactor decommissioning, fuel
storage and waste disposal was held at Forschungszentrum Jülich, Germany in September 1997.
The meeting was attended by representatives from China, France, Germany, Japan, the Netherlands,
the Russian Federation, Slovakia, Spain, Switzerland, South Africa, the United Kingdom and the
United States of America. A total of 25 papers were presented in the topical areas of status of plant
decommissioning programmes, fuel storage, status and programmes, waste disposal and decontamination
practices. The papers were compiled and published as an IAEA-TECDOC [11] on the proceedings of
the meeting.
High temperature gas-cooled reactor applications and future prospects
A technical committee meeting on HTGR applications and future prospects was held at the
Netherlands Energy Research Foundation in November 1997. The meeting was attended by
representatives from China, France, Germany, Japan, the Netherlands, the Russian Federation, South
Africa, the United Kingdom and the United States of America. A total of 21 papers were presented in
the topical areas of status of GCR programmes, HTGR applications and HTGR development activities.
The papers were compiled and published as an ECN report [12] on the proceedings of the meeting.
Safety related design and economic aspects of high temperature gas-cooled reactors
A technical committee meeting on safety related design and economic aspects of HTGRs was
held at the Institute for Nuclear Energy Technology in China in November 1998. The meeting was
attended by representatives from China, France, Germany, Indonesia, Japan, the Netherlands,
the Russian Federation, South Africa, the United Kingdom and the United States of America. A total
of 24 papers were presented in the general topical areas of status of design and development activities
associated with safety related and economic aspects of HTGRs and identification of pathways which
may provide the opportunity for international co-operation in addressing these issues. Publication of
the proceedings of the meeting as an IAEA-TECDOC is in process.
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Other IAEA activities in support of HTGR technology development
In addition to the CRP and meeting activities discussed previously, the IAEA has supported the
development of HTGR technology through production of additional documents and establishment of a
database for irradiated graphite as summarised below.
Hydrogen as an Energy Carrier and its Production by Nuclear Power
This report [13], developed under contract to the IAEA, documents past activities as well as those
currently in progress by Member states in the development of hydrogen as an energy carrier and its
corresponding production through the use of nuclear power. It provides an introduction to nuclear
technology as a means of producing hydrogen or other upgraded fuels and to the energy carrier hydrogen
and its main fields of applications. Emphasis is placed on high temperature reactor technology that can
achieve the simultaneous generation of electricity and the production of high temperature process heat.
Irradiation Damage in Graphite Due to Fast Neutrons in Fission and Fusion Systems
This report was developed with the joint support of the IAEA and the United Kingdom Health
and Safety Executive to document information that has been accumulated for an understanding that
has been gained from research on the subject of radiation damage in graphite. Topical areas addressed
include fundamentals of radiation damage in graphite due to energetic neutrons, the structure and
manufacture of nuclear graphite, stored energy, dimensional changes in graphite and the thermal
expansion coefficient and the thermo-physical properties of graphite, mechanical properties and
irradiation creep of graphite, the electronic properties of irradiated graphite, pyrocarbon in high
temperature nuclear reactors and radiolytic oxidation in graphite. Publication of the report as an
IAEA-TECDOC is in process.
International Database on Irradiated Nuclear Graphite Properties
In conjunction with support from Japan, South Africa and the United Kingdom, the IAEA is
establishing an international database on irradiated nuclear graphite properties. The objective of the
database is to preserve existing knowledge on the physical and thermo-mechanical properties of
irradiated nuclear graphites, and to provide a validated data source for all participating Member states
with interest in graphite-moderated reactors or development of high temperature gas-cooled reactors,
and to support continued improvement of graphite technology for applications. The database is
currently under development and includes a large quantity of irradiated graphite properties data, with
further development of the database software and input of additional data in progress. Development of
a site on the Internet for the database, with direct access to unrestricted data, is also currently in progress.
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Introduction
The renewal of HTR development in Europe
•

4th RTD Framework Programme of the European Commission (1996-1999): small exploratory
programme, INNOHTR, from January 1998 until June 1999.

•

5th RTD Framework Programme of the European Commission (2000-2003):

•

–

HTRs are explicitly mentioned in the official text of the programme.

–

Proposals will be submitted to the Commission for a research project of 20 to 30 M .

Creation before the end of 1999 of a HTR technology network (HTRTN) by the Joint Research
Centre (JRC) of the European Commission and the partners of the European HTR project.

Conclusions of INNOHTR
Objectives of INNOHTR
•

To make state-of-the-art HTR technology.

•

To assess the available technologies.

•

To make recommendations for further developments.

Three levels of technology will be managed at the same time:
•

The technologies from the past experience of development of HTRs will be restored and
saved in order to avoid developing them again.

•

The updated technologies for modern modular direct cycle HTRs need to be comforted for the
development of the first prototypes of this type of reactor.

•

Advanced technologies will be developed to meet the challenges of competitiveness and
social acceptability.

Achievements of the past experience of designing, building and operating HTGRs
Fuel
•

Very reliable technology of coated fuel particles.

Fabrication:
Normal operation:

Defect fraction ~10-5.
Very high burn-up.
160 GWd/tHM for U Th, but only 80 GWd/tHM on a large industrial basis.
750 GWd/tHM for Pu.
High temperature: → 950°C (helium).
Accident behaviour: No releases up to 1 600°C, but with some uncertainty at a very high burn-up
and in oxidising conditions.
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There is a necessity to consolidate the knowledge of the behaviour of particle fuel at very high
burn-up and in some accident conditions.
Core
•

It can accept different fuel contents without important changes in core design, but the
experience with Pu is limited (improvement of knowledge of the physics of Pu is needed).

•

Inherent safety features:

•

–

Strongly negative temperature coefficient.

–

Large thermal inertia.

–

High margins.

For small enough cores:
–

No significant releases.

–

No core melts.

The European experience of HTGR development and operation is already old. Therefore, an
important effort should be made in order to save and make available the data and knowledge from past
experience (with a special mention for fuel fabrication and graphite).
Innovative features of modern HTRs and associated R&D needs
The direct helium cycle
•

The gas turbine technology has to be adapted to:
–

Closed circuit conditions.

–

Nuclear and high temperature helium conditions.

Specific components have to be developed (turbine, alternator, recuperator, magnetic and catcher
bearings and sliding seals).
The modular concept
•

Self-acting safety functions will be experimentally validated in representative conditions.

•

Internationally recognised safety rules, adapted to modular HTGRs and their intrinsic safety
features have to be proposed.

The use of 9 Cr steel for the reactor vessel
•

This material (and its welds) has to be qualified for nuclear use.
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The annular core
•

The method for reactor physics and safety calculations for this core needs to be validated.

Potential of further innovations for direct cycle modular HTRs
Direct cycle modular HTR is a new type of reactor, with still a high potential for innovation,
which will help to keep this type of reactor competitive and acceptable for the public with regard to
the concerns on safety and nuclear wastes, e.g.:
•

High temperature materials.

•

Advanced coatings.

•

Pre-stressed cast iron vessel.

•

Helium rotating seal.

•

Corrosion protected fuel elements.

•

Advanced fuel cycles (Pu burning, thorium cycle).

•

Heat applications.

With such advanced technologies, there is probably still the possibility of increasing the power
and the efficiency of the reactor, of reducing the production of high level wastes, of improving the
safety and simplifying the maintenance.
Economic competitiveness of modern HTRs
•

Evaluations have been made on existing industrial projects (GT-MHR, PBMR, HTR-Module,
and ACACIA).

•

Present status:
–

HTGR capital cost ~ LWR present capital cost.

–

Large uncertainties and some discrepancies in the evaluations.

–

Very limited information on fuel cycle cost.

The evaluations must be confirmed, then improved. There is still a large potential for the
improvement of the competitiveness of modern HTRs, which have not yet been optimised like LWRs
and which can still benefit from innovations.
Conclusions of INNOHTR
•

Modern HTRs are relying on a sound technology inherited from the past experience of
development of HTRs.
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•

The technologies inherited from the past need to be restored, consolidated, saved and made
accessible.

•

The most promising innovative options for modern HTRs appear to be the modularity and the
direct cycle.

•

These options have to be fully developed and their feasibility needs to be confirmed.

•

Modern HTRs appear to be competitive and there is still a large potential of improvement in
this field.

•

A European programme of development of HTR technology is highly recommended and it
must be harmonised with the industrial strategy.

Outline of a European industrial strategy for HTRs
Requirements for an industrial European strategy
•

To develop industrial models of HTR, within the next 10-15 years.

•

These models must be competitive, safe and acceptable:
–

Competitive cost of kWh.

–

Low capital cost.

–

Short construction period.

–

Medium power (100 to 600 MWe).

–

A possibility of competitive use of the rejected heat.

–

A high level of safety (no core melt, no significant release, simple demonstration of safety).

–

A potential for minimising wastes.

Industrial European strategy
•

Participation in existing projects of industrial prototypes (GT-MHR and PBMR).
–

•

Feedback on industrial and economical feasibility of modern HTRs.

Necessity to keep in hand in Europe the key HTR technologies.
–

Necessity of an important European programme of development of HTR technologies, in
order to consolidate existing knowledge and develop advanced technologies.
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Proposals for a project of development of HTR technology in the 5th Framework Programme
Main priorities
•

The development of modern HTR technologies relies on a sound and proven technology for
the reactor and the fuel.
–

•

The main priority is to save and restore it with a special emphasis on fuel fabrication
technology.

The main challenges for the development of modern HTGR technologies are:
–

The direct cycle:
Õ Component.
Õ High temperature materials.
Õ Integration of the reactor and the PCS.

–

The very high burn-up.

–

The acceptability:
Õ Safety experiments.
Õ Safety approach.
Õ Waste issue.

The partnership
Ansaldo
Aubert & Duval
AVR GmbH

Forschungszentrum Jülich
Forschungszentrum Rossendorf
FRAMATOME

NNC
NRG
Packinox

Belgatom

IKE – University of Stuttgart

S2M

BNFL
CEA

IPM Zittau
IRI University of Delft

Siemens
Simpelkamp

Empressarios Agrupados

Jeumont Industry

Turbomeca

Ecole des Mines – Nantes

Joint Research Centre (EC)

5th Framework Programme: HTR proposals
Six main proposals:
•

Reactor physics and fuel cycle studies.

•

Fuel technology.
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•

System analysis.

•

Materials.

•

Components and systems.

•

Co-ordination.

Reactor physics and fuel cycle studies
•

Method development and validation.
–

•

Identification of needs for improvement of nuclear data.
–

•

•

Are the present data accurate enough for very high burn-up (most particularly for 100%
Pu cores)?

Physics analysis of reactor concepts with different fuels.
–

•

Do we calculate properly annular cores and 100% Pu cores?

Feasibility of 100% Pu core and of minor actinide incineration potential, feed and breed
cores, Th cycle.

Fuel cycle scenarios → generic proposal on fuel cycle studies.
–

Use of natural resources.

–

Evaluation of waste quantity and radiotoxicity and proliferation aspects.

HTR wastes disposal (fuel and graphite).

Fuel technology
•

Collection and analysis of data on fuel behaviour under irradiation:
–

•

Recovering data from the past, in particular concerning very high burn-up for HEU or Pu,
RIA evaluating them, defining needs for more data.

Irradiations and PIE:
–

Irradiation of fresh pebbles left from the past German programme.

–

PIE of pebbles irradiated in past experiments.

–

Irradiation of particles fabricated in the programme.
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•

•

Fuel modelling:
–

Interpreting the experimental data in order to help to determine design limits for the fuel
for different categories of operating conditions.

–

Modelling the thermo-mechanical behaviour of the fuel → European HTR fuel code.

–

Studies on the behaviour of the fuel in different operating conditions.

Fuel fabrication.

System analysis (1)
•

•

Licensing issues:
–

Safety approach adapted to HTRs.

–

List and classification of abnormal transients.

–

Containment requirements.

–

Accident management strategies.

–

Safety of nuclear process heat and CHP applications.

System and thermal-hydraulic codes for a direct cycle reactor:
–

Review of existing codes for component (core, plenum, turbine, heat exchangers)
calculation and for overall system analysis, and assessment of their qualification for direct
cycle studies.

–

Identification of needs for code developments and experimental validation.

–

Code validation including the consideration of experiments (existing or to be performed)
needed for this validation.

System analysis (2)
•

Study of physical phenomena in normal/abnormal operating conditions:
–

Study of the phenomena and identification of R&D needs concerning, e.g.:
Õ Air and water ingress.
Õ Local accidents (RIA, plugging).
Õ Fission product transport in normal and abnormal conditions.

–

Review of existing codes and assessment of their qualification.
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•

–

Identification of needs for code development and experimental validation.

–

Code development.

–

Code validation including the consideration of experiments (existing or to be performed)
needed for this validation.

System studies:
–

Study of normal and abnormal transients including the most severe accidents to be
considered for HTGRs.

–

Evaluation of the source term in normal and abnormal conditions and of the impact of the
source term on O&M conditions.

–

Reactor protection, control and monitoring.

–

Accident management.

–

Study of options for improving and simplifying the control of normal transients of a direct
cycle coupled core-PCS, including improvement of passive load following.

HTR-M – materials
•

•

Vessel materials:
–

Qualification of 9 Cr-grade for a hot vessel.

–

Examination of available materials (e.g. PWR vessel steel) for a cold vessel.

High temperature materials:
–

•

Graphite irradiation:
–

•

(Metallic, ceramics, composites) including corrosion by impurities in helium atmosphere.

Data on graphite physical properties under irradiation.

Graphite oxidation:
–

Including protection against corrosion.

Components and systems
•

Pre-stressed cast iron vessel.

•

Reactor internals and hot gas duct (including core structure stability).

•

Helium leak-tightness system and bearings (including helium leak tight rotating seal).

•

Recuperator.
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•

Turbine.

•

In-service inspection and repair.

•

Tribology in helium conditions.

•

Surface emissivities of materials and components.

•

Helium purification.

HTR-C – co-ordination
•

•

•

•

Co-ordination:
–

Steering committee, project management.

–

Planning.

–

Organisation of meetings and seminars.

Computer and communication infrastructure:
–

Providing databases, tools to collect data on past experience and information generated by
the project, communication tools and standards for reports, deliverables to the partners, etc.

–

Interfaces with other networks.

–

Internet presentation of the project.

External relations:
–

Co-operation with foreign (Japanese, Chinese, South African) and international (IAEA)
programmes.

–

Co-ordination with other 5th Framework Programme programmes.

–

Organisation of communications of the HTR European programme in international
conferences.

Technico-economic synthesis:
–

Including an evaluation of the main option for plant configuration (direct cycle, combined
cycle, steam cycle – with the option of supercritical steam cycle) and an investigation on
the potential of HTRs for heat applications.

Status of the proposals
•

The proposals are under the final stage of preparation; the content and the budgets are
defined, the last arbitrations have been made.

•

Short pre-proposals were sent to the European Commission on 24 August 1999.
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•

The deadline is 4 October 1999.

•

The work is expected to start in April 2000.

•

But some work is expected to start before the end of the year in the frame of HTRTN.

Why a European network for the development of HTR technology?
What is a European network?
•

A European network managed by the Joint Research Centre of the European Commission
(JRC) is a club of partners associated to work together for the same R&D objectives.

•

The kernel of the partnership is European, but non-European partners can be associated to the
tasks of the network.

•

Several European networks existed in the past or are still in existence (PISC, ENIQ, AMES,
NESC and EPERC) in the field of structural integrity for nuclear and pressurised components.

Why a European network for the development of HTR technology?
•

We need:
–

A strong and stable European partnership.

–

A long-term programme of development.

–

Connections with world-wide HTR activities.

–

A strong support from JRC and its facilities (irradiation, hot laboratory, test loops).

–

A strong partnership with EC and a gate open on all its actions (ISTC).

HTRTN status
•

A text of agreement is now being examined by the initial partners, who will be the same as
those of the HTR Project of 5th Framework Programme.

•

The anticipated date for the kick-off of the activities of the network is 15 November 1999.

•

Some of the first actions of the network will be:
–

To prepare the irradiation in HFR of fresh pebbles to 200 000 MWd/tHM.

–

To transfer the facility for heat-up experiments, KUFA, from Jülich to ITU.

–

To make PIE in ITU of irradiated pebbles left from the German programme.

–

To organise the saving and restoration of the HTR technologies from the past programmes.
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AN ANALYSIS OF THE THERMAL BEHAVIOUR OF PEBBLE-BED
NUCLEAR REACTORS IN THE CASE OF EMERGENCIES

José M. Martínez-Val, Pablo T. Leon
E.T.S.I. Industriales, UPM Madrid, Spain
Mireia Piera,
E.T.S.I. Industriales, UNED Madrid, Spain

Abstract
In this paper, the performance of pebble-bed nuclear reactors under very severe emergencies will be
analysed. Calculated hypotheses take into consideration total failure of decay heat removal systems
and any other active equipment, including electric power supply. It has been shown that pebble
temperatures will remain well below safety limits if the reactor design embodies a core catcher with a
passive cooling reservoir and a pebble draining system which would be naturally activated by a lack of
a power supply. Although these features apply to any pebble-bed reactor, particular attention is paid to
accelerator-driven sub-critical assemblies, where reactivity noise produced by pebble quivering has a
practical negligible effect.
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Introduction and background
Pebble-bed nuclear reactors were extensively studied in the sixties and seventies. After the
INFCE study (IAEA, 1978-80) and after the declaration of nuclear moratoriums in several countries,
the development of pebble-bed reactors and other innovative concepts were frozen.
Pebble-bed reactors have some peculiar features because of their configurations and compositions.
Two of the reactors have been pointed out with negative characteristics in a general context. The first
was the reprocessing of graphite-carbide pebbles that was extremely difficult and expensive. The second
was pebble quivering during reactor operations that can convey a variation of bed porosity (void
fraction) to produce small changes in moderator and fuel apparent densities and therefore, small
changes in reactivity and power distribution.
Neither of these points is applicable to accelerator-driven sub-critical reactors that are intended
for transuranic elimination. The latter is not relevant for deeply sub-critical reactors (ρ>>β), neutron
dynamics are not dominated by delayed neutrons but sub-critical multiplication, which has an effect
of 1/(1-keff). Figure 1 depicts variations of keff vs. void fraction for a pebble-bed prototype (with
11 100 pebbles) each one containing two grams of transuranics with an isotopic composition typical of
LWR spent fuel.
In an infinite stack of spherical pebbles, void fraction can range from 0.26 (for perfectly packed
pebbles) up to 0.59 for triangular packing in horizontal layers. The last figure is not relevant since
there is an instability of the configuration. For quadrangular packing, a porosity of 0.47 is found,
which is still too large as well as corresponding to an unstable geometry. Standard void fractions are
about 0.38. This fraction can slightly increase in value when border effects are taken into account.
In any case, variations of the void fraction in a practical range (0.26-0.40) have a non-negligible
effect in keff. In our example, going from 0.4 to 0.35 conveys an increase of about $4. This jump would
produce a large reactivity and power transient in a critical reactor, but it would not be relevant in our
case, where power would increase by 3% (without taking into account Doppler feedback).
On the other hand, restrictions due to reprocessing difficulties are not applicable if spent pebbles
are intended for definite waste disposal (by embedding them in a vitreous matrix or just by using
carbon as a geological first coating for the waste).
Once some original negative features of pebble-bed reactors have been commented upon, it is
worth noting that these reactors also have positive characteristics, which will be analysed in the
following paragraphs, in order to assess the inherent safety features that could guarantee an efficient
decay-heat coolant even in severe emergencies.
Thermal design of pebble-bed gas-cooled reactors
Thermal design of these reactors must be carried out in a coherent way to properly fulfil the
following requirements:
•

The overall thermal balance (which defines the coolant mass flow rate if the temperature jumps
across the reactor and thermodynamic working conditions are given).

•

The temperature profile within the pebbles, which is defined by the power density (once the
thermal parameters of the materials are known).
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•

The connective coolant of the pebbles.

•

The pressure drop of the gas across the reactor bed, which is tightly connected to the previous
points.

Each pebble will be composed of a central active part of radius Rf and an external coating made of
pyrolitic graphite of radius Rc. The temperature profile within the pebble will depend on the power
distribution q*(r), the fuel conductivity (kf) and the coating conductivity (kc). It is presumed that these
parameters are constant and the temperature at the surface of the pebble is T0, then the temperature
profile inside the active part will be:
q * R 2f 
R f  q * R 2f
T f (r ) = T0 +
1 −
+
Rc  6 k f
3k c 

  r  2
1 −   
  Rf  



In fact, q* will be a function of r, and kf and kc will depend on the temperature and burn-up
degree, but only the first estimate temperature profiles can be obtained with this equation.
For instance, with standard values (q* = 215 W/cm3; kf = 20 W/mk; kc = 40 W/mk; Rf = 1.0 cm;
Rc = 3 cm) the temperature jump between the centre and the pebble surface would be 300°C. It is
worth remembering that decay heat power density will be lower than 7% of the nominal value. On the
other hand, non-uniformities in power distribution will produce power peaks at higher level than the
average, but this fact will be a problem at nominal operation, not in emergencies, since the neutron
flux will vanish in a very short time (∼1 second or less) as considered.
Before, thermal radiation transport had not been taken into account since it is negligible
compared to heat conduction. Namely:
q c′′ = − k∇T > q Rad
′′ = −4σ

λ
∇T 4
3

where σ is Stefan-Bloztmann’s constant and λ is the radiation mean free path.
The temperature on the pebble surface will depend on the heat flux (q″), the convective transfer
coefficient (h) and the gas temperature. Of course, limitations in the fuel and coating temperature must
be imposed to the pebbles working under more severe conditions. An average value of q″ could be
around 8 W/cm2, which is really suitable for gas cooling as well as the decay heat values which will
correspondingly lower (below 0.5 W/cm2 in general).
Correlations for h can be found in the literature [1,2] as well as correlations for pressure drop
(and, thus, for pumping power calculations) [3]. For turbulent flow, the following can be used:
h=

m& kε

(

µS(1 − ε ) 1 − 1 − ε

)

where m& is the gas mass flow rate, k its conductivity, µ its viscosity, ε the void fraction with S as the
flow average cross-section (which in turn depends on ε).
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For turbulent flow, the pressure drop across the bed can be estimated by:
∆P = 1.75

1− ε L 2
ρv
ε D

where D is the pebble diameter, L is the bed height, ρ the gas density and v the gas intersticial (or
actual) average speed inside the bed.
The main parameters of the reactor thermal design can be estimated with the foregoing
guidelines. More accurate computational calculations will determine the actual data of a given project.
Decay-heat cooling in severe emergencies
In this paper, “severe emergency” is understood to be an accident in which all active components
fail, including electric power supply. Thus, standard emergency cooling systems would not be available.
The solution proposed to these “severe emergencies” is based on the automatic pebble draining
from the reactor core into a core catcher of geometry, such as the one described in Figure 2. It is an
underground cave with a grill-type floor where a water reservoir is placed. The grilled floor surface
must be larger than the required surface that is allocated to the pebbles in a single layer, without
stacking. For instance, in the example given above of a bed containing 11 100 pebbles, the surface
needed would be ∼31.4 m2. The total surface of the core catcher floor could be around 100 m2. If an
internal radius of the grill were taken at 3 m, the outer radius would have to be 6.4 m, which is a
moderate size for an earthquake-proof chamber.
The automatic pebble draining system is operated by gravity. In fact, the pebble supporting plate
cannot be kept in place unless the electric feed is in operation. Once the electric supply fails or the
temperature in the reactor is so high that some specific fuses melt, the supporting plate opens from
the weight of the pebbles. A sketch of the complete system is seen in Figure 3. The supporting plate is
kept closed by a number of wedges that are pushed by an electric engine. If the electric feed to the
engine fails (by fuse melting or by a blackout) the wedges will not be able to keep the weight of the
supporting plate (plus the pebbles).
The first requirement that needs to be checked is the sub-criticality of the core catcher array. It must
be noted that pebbles could fall into the water (if the grill collapses), which is an excellent moderator.
This requirement is very easy to meet since the fuel surface to mass ratio is very high. Therefore,
neutron losses are also very high. An example of that is given in Figure 4, where an infinite array of
pebbles sunk in different heights of water is featured in terms of k∞. This value is always much lower
than 1. Even a double layer of pebbles would be sub-critical under water. This computation can become
more accurate, but the former one is so conservative that it is totally acceptable for safety studies.
In summary, the core catcher will guarantee sub-critical configurations for the pebbles.
The main problem is the decay heat cooling, both immediately (when the power level is the
highest) and in the long term (when the integrated energy dissipated up to that moment has reached
very high values and the water reservoir or heat sink have been exhausted).
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Short-term cooling
At the beginning of the emergency, the reactor pebbles will start to fall down and the walls of the
cavity will be at low temperature. At that moment, free convection cooling will not yet be effective
because it needs a transient phase (for the gas of the cavity and the water vapour to start moving at a
sizeable speed).
If the former example is followed, there will be 11 100 pebbles on the core catcher grill. The total
radiation surface will not be 11 100 × 4 π Rc2 because of the view factor among spheres. We can
consider that there is a top face with an effective surface of 11 100 × π Rc2 and a low face, which is
additionally perturbed by the grill. It can be estimated that the effective radiation surface from below
is 50% of the upper one. Thus, a total radiating surface of 47 m2 will be cooling the discharged
pebbles, which are considered as black bodies. For the core catcher walls, an emission rate of 0.8 can
be assumed. Hence, the reduced emission rate of the compound system will be 0.89.
The decay heat power just after pebbles draining will be about 600 kW (a nominal power of
900 W/pebble was assumed as the average value). Therefore, the pebble surface temperature would be
given by:
600 000 = Ar ε r σ(Tp4 − Tw4 )

with Ar = 47 m2 and εr = 0.89. If the wall temperature is assumed to be 20°C (293 K) the pebble
surface average temperature would be 713 K (440°C), which is a moderate value. The temperature
profile inside the pebble will be given by the equations in the section entitled Thermal design of
pebble-bed gas-cooled reactors, which are linear on q* (the power density). The average q* will be
∼6% of the nominal value, and therefore TFo-Tp will be ∼6% of 300°C, if the same conductivities are
assumed. This means that the maximum temperature would be ∼460°C, which will likely be lower than
the maximum temperature at nominal operation, at least for the pebbles close to the gas outlet.
Therefore, the range of temperatures for the earlier stages of emergencies (when the walls are still
cool) are increasingly lower than 1 800°C, which is the threshold above which fission product releases
can occur.
Long-term cooling
Thermal radiation and free convection can be suitable tools for cooling the decay heat in longer
terms. For that, the core catcher walls must remain at a moderate temperature (for instance, 100°C)
and this requirement conveys the need for a sizeable heat sink. If the core catcher floor, the roof and
the vertical walls are thermally connected to the earthquake-proof water reservoir, the general
temperature of the core catcher envelope will be ∼100°C. The size of the water reservoirs must be high
enough to guarantee that the total energy released by decay heat in a certain period (for instance, one
year) does not produce boiling of the total amount of water (just a reasonable fraction, ∼50%).
There are several after-heat data sets, but most of them proceed from ANL measurements which
were intended for U-fuelled reactors. For Pu-fuelled reactors, some corrections must be made, but they
are in the range of +20%-40% [4]. Safety margins in setting core catcher dimensions have to be larger
than this range.
Table 1 presents decay heat data for 1 MW of nominal power. Time integration of the decay heat
power gives a total released energy of 15 GJ per MW of nominal power.
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At 1 bar, the specific heat of water is 4.18 J/g.K and the vaporisation heat is 2.26 kJ/g. If it is
assumed that the water is initially at 20°C and that 50% of it will be vaporised after one year of
cooling, it is found that 10 tonnes of water is needed per MW of nominal power. This amount of water
can easily be allocated in the core catcher floor, roof and walls. For instance, in the previous case of
11 100 pebbles (with a nominal power of 10 MW) a core catcher surface of 100 m2 had been chosen.
A swimming pool one metre deep would contain all the water needed for that case. Since the roof and
the walls must also contain some water, 0.5 m of water in the core catcher floor would be enough to
guarantee the decay heat removal at a pebble temperature well below the safety limit (∼1 800°C).
It is worth pointing out that radiation cooling (see above) would be enough to keep the pebble
temperature at ∼400°C or less, in the long term, if the core catcher chamber temperature remains
at 100°C.
The temperature evolution of the pebbles and the chamber can be accurately computed in
geometry details which are chosen within a very large design window where cooling requirements are
fulfilled. In computing the free convection of the gas and vapour filling, the cavity has to be included,
also taking into account vaporisation and condensation in the hot and cold parts of the chamber wall.
Of course, the distribution of pebbles inside the core catcher would be stochastic, and the worst
distribution cases must be identified in order to assess safety margins. In a scheme similar to that used
for neutrons, k∞ has been used as a conservative parameter that characterises the worst reactivity state
of a pebble layer.
Conclusions
Pebble-bed reactors offer the possibility of disassembling the reactor core quickly in the case of a
severe emergency, in such a way that the sub-criticality is guaranteed and decay heat can be cooled by
natural mechanisms, as thermal radiation and water specific enthalpy.
There is a particular problem that must be avoided in this type of reactor, when they are
nominally under-moderated, as they must be for transmutation application. The problem is that when
water or water vapour (or a water shower) fills the reactor voids, the reactivity increases. The neutron
spectrum becomes better moderated in this case, with an increase in reactivity (as can be seen in
Figure 5). Hence, water can not be used for emergency cooling in the reactor, which is something that
was taken into account when devising the core catcher as a solution for severe emergencies.
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Table 1. Decay heat data for 1 MW nominal power (in equilibrium cycle)
Time(s)
0
10
100
1 000
104
105
106
2.6 × 106
7.8 × 106
3.15 × 107

Time
–
–
–
0.278 h
2.78 h
1.16 d
11.6 d
1 mo
3 mo
1 year

Power (MW)
0.06
0.05246
0.03541
0.02033
0.01053
0.00526
0.00215
0.00118
0.0006
< 0.0001
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Energy (MJ)
–
0.5219
4.191
26.28
146.20
753.30
3 473.00
5 474.00
9 970.00
1.5 × 104

AV.Power (MW)
–
0.05219
0.04077
0.02454
0.01332
0.00675
0.00302
0.00142
0.000813
0.000214

Figure 1. keff versus void fraction in a pebble-bed reactor with 11 100 pebbles
6 cm diameter and a fuel content of 2 mg of LWR spent fuel transuranics
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Figure 2. A core catcher system for emergency cooling of PBR
Pebbles fall into the catcher by gravity when an emergency takes place and thermal radiation and natural
convection then cool them. An intermediate heat sink of large capacity is provided by water reservoirs. 1) the
pebble-bed; 2) reactor reflector and vessel; 3) spallation source for a sub-critical assembly; 4) support plate;
5) lower plenum; 6) gas outlet; 7) core catcher valve; 8) rough bumper to collect the pebbles; 9) pebble layer
on the catcher grid; 10) water reservoir in the catcher floor; 11) natural convection steam; 12) wall cooling;
13) upper reservoir of water.
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Figure 3. A sketch of the pebble-bed prototype
The reactor is contained in a reactor vessel (1) inside which the pebble-bed is stacked (2). A graphite reflector (3)
surrounds the reactor. The gas inlet is depicted in (4). An additional graphite reflector is shown in (5). A sleeve
of the loading system in seen in (6) and a sweeping remote handling arm in (7). The gas inlet plenum is (8).
The pebble-bed is supported by the lower structure (9) that has a hinge in (10) and it is supported by special
beams (11). These beams need an outer energy system (12) to keep the plates in horizontal position. Otherwise,
all the plates will fall down by spinning around the hinge.
The upper plate (13) is a honeycomb. Pebbles of the lower layer enter into the channels of the hexagonal lattice.
The plate thickness is lower than that of the pebble radius.
The thickness of the second plate (14) is the same as the pebble diameter. The plate is moveable between two
positions. In nominal operation, its channels are not in coincidence with those of the upper plate (13). Therefore,
the honeycomb junctions of the second plate (14) support the lower layer balls as well as the full bed.
For unloading that layer, the second plate is moved to the right, and its channels coincide with those of the upper
plate. Balls are trapped in the second plate, since the third one does not coincide with the upper ones at that time.
The second plate is immediately pushed to the nominal position (to the left). It then becomes in coincidence with
the third plate (15) and the balls fall to the metallic foam (16) which coats the lower plenum (17) and the valve of
the core catcher upper port (18). The plate (19) of the valve is also split into two halves that spin around a hinge.
Below it, the core catcher can be found (20). Supporting beams (21) are similar to those of the lower structure
(Following figures give a better explanation of this part).
The gas outlet is in (22).
The neutron source is in (23). It is made of molten heavy metal and is activated by a proton beam coming through
the accelerator tube (24). The molten metal forms a stream (25) which is cooled by an intermediate heat
exchanger (26) that includes a propeller for helping natural convection.
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Figure 4. k∞ of an infinite layer of pebbles (specified in
Figure 1 caption) sunk in a water swimming pool of a given height
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Figure 5. Effect in reactivity due to water ingression (at different densities) in the reactor core
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Abstract
The current legislation and related rules on “nuclear power plant performance and technology” for
light water reactors are based on existing technology used for the present-day generation of power
plants. In dealing with new generation plants such as the modular HTR, we have to look for general
safety principles that can be considered as a basis for new safety concepts. In this paper, a discussion
is given of those features that are essential in developing a safety concept for the modular HTR such as
the defence in depth theory, classification of systems and (external) hazards. A specific safety concept
for the modular HTR should form the basis for licensing procedures and research programmes that are
optimal in view of the specific design and safety characteristics of the design. Following this approach,
proposals are presented for basic studies in the field of HTR technology.
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Introduction
Graphite moderated gas-cooled reactors (GCR) have been in operation since 1956 for commercial
power generation in unit sizes up to 670 MWe. More than 600 operation years represent the
technological and operational background of this reactor line. Further development of GCR, especially
in the USA and Germany, has concentrated on the high temperature gas-cooled reactor (HTGR or
HTR). These reactors use helium as coolant and a ceramic cladding of the fuel that is capable of
retaining the fission products up to temperatures of more than 1 600°C. Technological problems and
high costs of these HTGRs (THTR-300 in Germany, Peach Bottom 1 and Fort St. Vrain in the USA)
have prevented the industrial and commercial breakthrough of these first generation HTRs.
Present developments are focused on the modular, low power version of the HTR. The advantages
of the modular HTR over other nuclear options are:
•

Low environmental impact.

•

Exclusion of severe accidents.

•

Short construction period.

•

Flexible adaptation to demand.

•

Excellent load following characteristics.

•

Competitive economics.

Demonstration of these advantages by construction and operation of a series of HTR modules has
yet to be realised, but in starting projects, e.g. the PBMR project of ESKOM, important questions on
detailed design licensing procedures and research programmes have been raised.
It is evident that simply adopting the main characteristics, part of the licensing process or research
programmes from the LWR situation will lead to a far from optimal approach.
A discussion of the existing safety concept used for the design of LWRs, adaptation of that safety
concept for the design of a modular HTR and of the consequences of a specific safety concept for
licensing and research programmes is found in the following.
Safety concept for light water reactors
The International Nuclear Safety Advisory Group (INSAG) of the IAEA described the main basic
principles as follows [1]: “To protect individuals, society and the environment by establishing and
maintaining in nuclear power plants an effective defence against radiological hazards”. A top-level
objective like this must be followed by more detailed and/or quantitative safety principles or by a
design criterion which together form a consistent framework. Examples of such frameworks can be
found in documents of the IAEA [2] or in national policy statements. In principle, the approach to
nuclear safety can be followed either in a deterministic or a probabilistic way. However, it can be
stated that the safety concept of nuclear power plants is based on a deterministic approach and
probabilistic methods that are used to develop better insights, as well as a confirming tool which
serves to supplement the deterministic safety case in achieving a balanced safety design. Most of the
deterministic principles can be derived from the “defence in depth” concept that provides an overall
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strategy for safety measures and features of nuclear power plants. In this concept a series of echelons
is established in such a way that failure of one echelon will be compensated for by the existence of
other levels.
Although the basic concepts of defence in depth have remained unchanged throughout the years,
some generally accepted modifications and extensions are noticeable.
In Figure 1, a scheme is presented in which the defence in depth levels are given, as well as
examples of the major approaches to be followed through to fulfil the aimed goals. Nomenclature of
the last three levels (i.e. plant, site and off-site emergencies) is derived from the IAEA safety series
No. 50-SG-06 [3]. The definition of severe accidents and therefore the criteria on mitigating and
preventing measures or systems can be based on the definition of a site emergency or off-site emergency.
These definitions can easily be derived from the relevant (national) emergency reference levels.
In view of the defence in depth theory, it is of interest whether the mitigation or prevention of a
certain level of defence is achieved by passive or active means.
Therefore, in Figure 1 an overview of possible safety measures, passive as well as active, is
given. Most of the safety measures mentioned in this figure are realised in light water reactors that are
currently in operation. Other features are partially used in practice or proposed for next generation
plants. This in particular is true for the passive safety measures for levels three and four.
Although this extensive defence in depth concept may be applicable for active as well as in
passive systems, it can be stated in general that the current deterministic judgement of inherent safety
features and of the safety criteria in use are not suited for the assessment of new designs, especially
when passive safety features are involved. In the following, the possible adaptation of defence in depth
to the specific characteristics of the modular HTR will be discussed.
Safety concept for the modular HTR
The safety case of the modular HTR is based upon the concept of coated fuel particles (TRISO fuel)
which are capable of retaining fission products at very high temperatures. This favourable property has
been sufficiently demonstrated by experiments in research reactors as well as in various gas-cooled
power reactors such as the German AVR and the American Fort St. Vrain reactor. The high-temperature
resistant fuel with low power density and the large thermal inertia of the graphite core make the
modular HTR resistant to a large spectrum of accidents. Under operating power conditions, a zero excess
reactivity of the reactor core is realised by continuous on-line refuelling in the case of a pebble-bed core.
Withdrawal of all control rods would only lead to a small addition of reactivity. In the case of loss of
heat removal capabilities by the helium coolant, the fuel temperature would not exceed the design
limit of 1 600°C and the reactor will be shut down by the negative reactivity effect of the increased
temperature. In the event of failure of all cooling systems, ultimate heat removal can be accomplished
by radiation and thermal conduction with no need for operator actions, except to prevent some structural
parts from exceeding its design temperature after at least one week. Since core damage due to degraded
core cooling can be excluded in design basis, accidents for a modular HTR will not lead to releases of
radioactivity from the reactor core other than the negligible amounts below licensed release rates.
The definition of an inherent safety characteristic by the IAEA [3] reads as follows:
“Safety achieved by the elimination of a specified hazard by means of the choice of material and
design concept”. The characteristics involved have to be the fundamental property of the design concept
that results from the basic choices in the materials used or in other aspects of the design, which assures
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that a particular potential hazard cannot become a safety concern in any way. From the major
approaches and special features given in Figure 1, potential hazards and relevant safety characteristics
can be derived as given in Table 1.
Accidents as a consequence of reactivity transients water ingress or air ingress represent most of
the severe hazard potentials, and this issue has yet to be addressed implicitly.
Protection against potentially common mode failures of safety functions has also yet to be included
in a self-consistent safety review. It should be recognised that as the probability for a severe core
damage can be reduced for evolutionary as well revolutionary plants to values such as 10-6 to 10-8 per
year, the major contribution to risk will come from external events against which inherent or passive
safety measures do not necessarily give protection and that cannot be reduced to zero.
The public and political discussion on reactor safety is focused on (severe) accidents. If it is
claimed that next generation plants are designed in such a way that more inherent or passive safety
features are included, the proposed methodology for evolutionary plants will be focused on level three
and four of defence of depth, on a comparison of the four safety functions and on the potential of
preventing the consequences of common modes failures on these safety functions.
From the discussion, it may be concluded that adapting the defence in depth concept for the
modular HTR measures to prevent (severe) accidents is hardly needed because of the strong inherent
safety protection provided by the fuel. However, mitigating features to prevent off-site consequences
in the case of external event induced accidents has yet to be taken into account. This way, defence in
depth may be adapted for the modular HTR by focusing on levels one, two and four as well as drop
design features and organisation measures in connection with levels three and five. Figure 2 gives an
indication of this idea.
The probabilities of external hazards are strongly site dependent and have to be considered for
each individual site. In general, the risk of a specific external hazard has to be dominant in order to
decide upon protection measures. Because of the strong inherent and passive safety features of the
modular HTR and the resulting high safety level coming from internal events, external events are
likely to be dominant in a full scope PSA for an HTR on a specific site. Most of the inherent safety
features will hold after external events, with the exception of severe earthquakes or aeroplane crashes.
Only in such scenarios could the reactor building and the reactor vessel be damaged to such an extent
that almost unlimited air ingress could take place. It should be noted however, that external hazards
which can have a large damaging effect on the installation and on the environment, and which have an
extremely low frequency, should not be judged using the same criteria as other sites. This is practically
the case for earthquakes and site flooding which need not be analysed in the same way as the other
external events in a full scope PSA. Therefore, risk criteria should differentiate between earthquakes
and flooding on one hand and external events with more local impact like aeroplane crashes and
industrial hazards on the other.
The design of the modular HTR should be reviewed on the envelope characteristics as given for
these external events as applicable. These events, however, especially earthquakes, aeroplane crashes
and gas cloud explosions, may introduce secondary effects such as large fires that could have
destructive effects on the reactor core and lead radioactive release. A prerequisite for such an accident
scenario is that the reactor building and reactor vessel be damaged to such an extent that almost
unlimited air ingress could take place. Existing PSAs for nuclear power plants including internal
events indicate that the probability of such severe accidents occurring is, for usual sites, less than 10-6
per year. This has to be evaluated for the relevant sites, however, especially if the modular HTRs are
intended to be located in industrial areas.
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To summarise, we believe that the safety concept of new generation plants like the modular HTR
should be based on the defence in depth strategy. In doing so, it might be possible and attractive to
focus on levels one, two and four as well as the drop design and organisation effects in connection
with levels three and five. In this way, it will be possible to prevent high costs related to active safety
systems that prevent hypothetical accidents and with emergency planning organisations.
Influence on design, licensing and research programmes
Starting from the safety concept as outlined above, the consequences on the design may be
diverse. To evaluate these consequences a detailed classification of systems and components has to be
performed. Assuming safety functions for criticality, cooling and containment, systems and components
need to be assigned to these functions and quality requirements of these classes need to be defined.
An indication of the primary steps is given in Table 2.
Long, costly and burdened licensing procedures have been the rule in the regulatory history over
the last decades. Often regulatory authorities have modified the “rules of the game” during the
construction of the plant, forcing the plant owners to invest additional capital for technical
modifications in order to satisfy the new safety requirements. It seems that standardisation will be a
main concern of the promoters of new reactor systems, but there is no indication that intensified use of
passive safety features, standardisation, lower power and lower radioactive inventory on the site would
lead to a different regulatory approach. Nevertheless standardisation of plant construction is worth
aiming at, as well as up-front licensing. Along with the use of deterministic safety goals and international
standards this should contribute to a more transparent legislation and result in a faster licensing
procedure in connection with type licensing.
It is evident that there is no consistent set of rules and regulations for the modular HTR like those
which are applied to the LWR. It is likely that if the development of a modular HTR was realised, a
licensing procedure for a specific country could be based on a standardised design and a set of safety
objectives and requirements on which international agreement has been found. Such an international
approach is now evident also for major developments of advanced LWR designs. Some examples are
the URD project and the ALWR programme in the US, the EUR project in Europe and the
French-German co-operative effort on the EPR project.
Such an “integral licensing approach” would reduce the need for specific rules and guidelines and
would provide the possibility to rely more on the licensing procedure and licensing documents already
available.
As part of a licensing study of an HTR-WKK (nuclear cogeneration based on HTR technology)
an evaluation has been made of the effort it would take to amend the IAEA Code and Guides for
Design to make them applicable to an HTGR, or more specifically to the HTR-WKK [4].
The IAEA Codes and Safety Guides are related to “land based stationary thermal neutron power
plants” and should therefore be applicable to all types of high temperature gas-cooled reactors. In this
context, however, it has to be realised that most requirements and guidelines in the Codes and Guides
for the design are written with light water reactor technology in mind. It turned out that almost half of
the guides are not specific to LWRs and may be used for an HTR without need for amendments.
For some guides (fire protection, ultimate heat sink, radiation protection and general design safety),
only a limited number of amendments is needed. Finally, the specific characteristics of the HTR fuel
and the different barrier and containment concepts will lead to a number of essential amendments with
important consequences to the Code and Guides on classification of functions, containment, reactor
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coolant and reactor core. Like the situation for the LWR it is needed to assign functions to a limited
number of safety classes. The methodology as described in the safety guide 50-SG-D1 is also
applicable to the HTR. The same methodology, however, will result in a limited number of components
assigned to the safety classes 1 and 2 for the HTR case.
In view of the specific safety concept of the modular HTR, research programmes have to focus on
aspects that are essential for the optimisation and safety of the design, in particular aspects which are
different from the well-known research issues of the LWR designs like reactivity and LOCA scenarios.
From the viewpoints as outlined in this paper, the following issues should be studied in depth:
•

Application of the defence in depth approach to the HTR design.

•

Implementation of HTR safety features in the NUSS Code and guidelines to the design.

•

Harmonisation of design basis accidents and severe accidents (design extension conditions).

•

Definition of safety classes and classification of systems and components.

•

Hot and cold shutdown capabilities and potential over-criticality for normal and abnormal
fuel loading; this should include consideration of fuel element flow patterns for pebble-bed
cores.

•

Shielding in view of neutron stream effects.

•

Minimising radiation and radioactive waste.

•

Diagnostic systems to control the key safety parameters of the core.

In depth studies of the issues as mentioned above should lead to a solid, internationally accepted,
safety case for the modular HTR within a short time.
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Table 1. Potential hazards and safety characteristics
Hazard

Safety characteristic

Fuel damage

Reactivity coefficients

Design feature of the modular HTR
Zero excess reactivity; coated particles

Loss of primary system integrity Reactivity coefficients

Zero excess reactivity

Loss of decay heat removal

Heat capacity

Large heat capacity; heat removal by
conduction and radiation by limiting the
size of the core

Fire, explosions

Chemical energy

Specific protection and mitigating
measures

Table 2. Classification of systems and components
Safety class

Safety function

Safety systems or components

1
2

To prevent the release of core fission products Fuel particles and coating
To prevent accident conditions
Primary system core internals

3

To support class 1 and 2 systems, and to
prevent radiation exposure

Shut down system fuel handling;
spent fuel system, fire mitigating
measures

4

Functions which do not fall within safety
classes 1,2 or 3

Remaining systems
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Figure 1. Extensive defence in depth
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Figure 2. Adapted defence in depth

Figure 3. IAEA codes and guidelines as amended for a modular HTR
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A NEW DESIGN CONCEPT FOR THE COMMERCIAL HTR
PLANT WITH ENHANCED INHERENT SAFETY FEATURES

A. Hodzic
Environment & Energy Engineering
Heidelberg, Germany

Abstract
An innovative super safe HTR plant concept, as presented here, is designed based solely on features of
inherent/passive safe design. The design is capable of withstanding the highest conceivable mechanical
and thermal loads caused by any type of hypothetical accident, including external impacts such as
stronger earth quakes, bomb attacks, etc.
This concept would presumably generate public acceptance, and could be utilised for all HTR
configurations – steam, gas turbine, reforming, indirect and combined cycles. It is also applicable for all
power ratings – small units (40-150 MWth), modular units (200-400 MWth) and for larger commercial
plants (500-1 000 MWth) as well. In spite of the whole chain of introduced design measures the overall
plant design can be kept simple and cost effective in terms of optimised investment and operational
costs.
The presentation begins with a description of the approach to safety analysis, then moves on to
innovative design definition. The proposed design measures are then further discussed, as are their
benefits for enhanced mechanical and thermal stability. The paper concludes with a list of studies which
would enable the completion of an inherently/passively safe HTR commercial plant.
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An approach to safety analysis
The safety analysis process to be carried out is structured into the following three phases:
The first phase defines the maximally conceivable external and internal impacts on the overall HTR
plant which could cause the most severe consequences. This includes an analytical determination of
impact limits which serves as database for future design. Preliminary evaluations of safety requirements
and consequences for future design criteria based on the innovative inherent safety features would also
take place during this phase.
The second phase evaluates possible risks, quantifying the ultimate accidental consequences to the
overall plant and to the safety related systems and subsystems. A preliminary analysis of consequences
for future licensing procedures, including measures of credibility (i.e. tests to assure public acceptance),
is included in this phase.
The third phase determines the introduction of such design measures in order to enable the systems
to prevent the possible consequences caused by the above-defined impacts. According to the definition
of “super safety” only inherent design features can be considered for the new concept. Analysis on the
so-called exchange of active safety systems with inherent passive design measures should be carried out.
The safety analysis performed leads to an innovative design definition based solely on the inherent
safe design features. The resulting design is presented in the following sections.
An innovative design definition
Innovative core design
The core structure is the first field designed with the applied innovative design features.
Self-tightening and adjusting core structure
A specifically designed intermediate layer consisting of graphite, introduced into the core structure,
possesses the capability of three-dimensional “frictional self-tightening and adjusting” of the reactor
structure within the reactor vessel (Figure 1). Large mechanical forces cause excitation of both blocks to
make limited movements towards the centre of the block region (tightening of the region) as well as
elements of the intermediate layer to move radially towards the core envelope (sealing of core section)
(Figure 2). All surfaces in frictional contact are coated (sic). These relatively small movements lead to
an adjustment of the core structure in a new stable position, and simultaneously absorb (by friction) the
energy impacted by acting forces (e.g. forces of an earthquake), thus preventing possible destruction.
The core structure continues to function (Figure 3). The excess mechanical forces, transmitted by the
moving intermediate layer elements and blocks within the region, will be supported by especially
designed, elastically deformable elements positioned between the thermal shield and the vessel internal
envelope and by the spring elements in the vessel internal top surface. This concept is applicable for
both block and pebble-bed reactors and also for the combination of block structure and pebbles
employed as fuel within so-called regional power units (Figure 4).
The establishment of a mechanical/kinematic system plan of forces (including frictional) and
movements within the core structure leads to a rough assessment of the forces acting onto the core
structure being based on supposed maximal external impacts. The energy loss (dissipation) though
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friction and movement of the core structure is as large as three-quarters as the impacted energy by
the initial forces. The reactor vessel structure will absorb the remaining excess dynamic energy.
The preliminary design can handle loads at least three times larger, utilising this concept as the one
without these design measures.
Consequently, an earthquake of a higher degree (e.g. 6-8) with a horizontal acceleration of
approximately 0.7 g could conceivably be withstood without any serious damage to the core and internal
reactor structure, especially with further inherent design measures for the reactor vessel and containment
(possibly as an underground installation).
An assessment of the strains and stresses under the acting forces and supposed irradiation
consequences for all participating block parts (graphite, including coatings) should be performed within
the framework of further R&D.
Self-heat dissipating core structure
The next inherent design measure of the core structure is described as a system of voids (openings).
These voids are introduced in all three axes of the intermediate layer elements (six openings) and are
directed towards the envelope of the core structure. They possess the capability to radiate (dissipate)
excess heat from the core centre to the internal circumference of the reactor vessel in the event of a core
heat-up under any accidental conditions (Figures 5 and 6).
The excess radiated heat transmitted by the intermediate layer elements in case of core heat-up
conditions are received by specially designed, elastically deformable metallic elements which are
located between the reactor thermal shields and the reactor vessel internal envelope. These elements are
located in every void prolongation and are capable of simultaneously receiving and distributing excess
heat to the conducted temperature in an approximately 1:3 relation reduced downwards to the vessel
structure (Figure 7). This prevents an overheating of the core and limits the maximum fuel temperature
to the allowable level below 1 600°C. This maximum fuel temperature under accidental conditions
differs in dependence of the reactor rating, thus reaching lower values for smaller sizes and higher
values for larger reactor sizes – not, however, exceeding the allowable value – thus preventing any
damage to the fuel and core structure.
This concept is applicable for both block and pebble-bed reactors, and also for the combination of
block structure and pebbles conceived as fuel. The combination with the self-tightening concept is
natural, if an intermediate layer is applied in both cases.
Depending on the core design (and the reactor application), fuel/graphite temperatures range
approximately between 900-1 000°C under steady state operational conditions. The temperature of the
“heat receiving structure” on the reactor vessel internal circumference ranges between 500-600°C.
The radiation capability of this concept has a low efficiency under steady state operational
conditions due to the relatively low temperature difference between the graphite structure (radiating) and
the (receiving) metallic structure (900-500 ≤ 400°C or 1 000-600 ≤ 400°C). There are still, however,
some higher heat losses in the operational state. Under accident conditions (core heat-up) the fuel
graphite structure, especially in the central core area, begins to increase to approximately 1 400-1 600°C,
depending upon the reactor core size (thermal rating). Driven by the high temperature difference
(established as: 1 400-500°C ≈ 1 600-600°C ≈ 900-1 000°C), the radiation, according to the Stefan
Bolzman Law, is increased by the fourth exponent of related temperature differences, thus strongly
increasing the level of dissipated heat.
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The reactor vessel cooling system is designed to remove the all of the heat, transported in the
manner described above, either by natural convection or the inherently safe water cooling system.
Considering thermal field configuration, temperature diagrams over the reactor section and height, core
layout (low enriched < 20% and low density < 4-5 MWth/m3) and core design under operational and
accidental conditions for steady state and in stationary conditions, the assumptions underlying the heat
transfer from the core to the vessel inside structure lead to a limitation on the reactor size of the order of
1 000-1 200 MWth, so as to keep the maximum fuel temperature under the allowable value of 1 600°C.
This means that this design concept can utilise a 4-5 times larger reactor thermal rating, thus achieving
inherent/passive safety, as is displayed by the small HTR modular concept.
Spherical or rod form of fuel combined within the block structure
Fuel elements formed as pebbles or rods (Figure 8) are located and transported through toothed
holes, which are distributed symmetrically within the core blocks. The teeth are used for the guidance of
the fuel elements and the channels between the teeth for the coolant helium flow. The central block of
every block region accommodates in its middle a hole for the shutdown rod. By combining the coolant
and fuel channels (toothed holes) the operational block temperature can be lowered, due to a more
effective heat transfer.
This design concept allows an automatic fuel loading and unloading (refuelling) within a stable
core block structure. Due to the precise fuel distribution the required calculational margins are small and
thus allows higher specific fuel concentrations (density between 6-8 w/cm3).
By keeping one or several block regions in the central section of the core, free of fuel, a so-called
ring core configuration can be created.
A change of core configurations as well as of the fuel consistencies (based on U, Pu, Th and
combinations of these) is possible within a short period of time due to a continuous refuelling system.
Such a design concept offers – in combination with an inherent, passively safe, self-tightening and
self-heat dissipating core structure – a wide range of flexibility in terms of fuel application and core
configuration, reaching thermal ratings of ≥ 1 000 MWth. The benefits of both block core and pebble-bed
are combined and, due to the proposed design measures (see previous sections), even improved.
Combined block core structure and pebble-bed as regional power unit
The blocks of a region are cut in the middle of the contacting surface and holed inside so that a free
regional volume can be filled by pebble fuel elements (Figure 10). Using this method, a regional power
unit having a 10-15 MW power rating is created. Through the addition of circumferential regions
(6* within the first circumference) the overall rating of the reactor could be further enlarged, thus
allowing to conserve the possible applications of the concept discussed in previous sections.
Every “regional power unit” can be fuel loaded and unloaded automatically. By keeping one or
several centrally located regions empty of fuel, a “ring core configuration” can be created.
The smallest pebble-bed within the block structure could be created in one single hexagonal block
cut out and filled with pebbles (Figure 9).
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Every single block pebble-bed or regional “power unit” can be refuelled automatically and
continuously. Within such pebble-bed sizes a higher core density can be reached than in the case of a
regular pebble-bed core with larger dimensions.
Automatic and continuous refuelling
Automatic and continuous refuelling with and without the integrated fresh and spent fuel storage
has been studied and found feasible but should not, however, be subject of this presentation.
Further studies on improved passive safety
Further studies regarding improved passive safety for commercial HTR plants have also been
performed on the following themes, and are only briefly listed within the given frame of this presentation.
HTR plant with integrated ceramic intermediate heat exchanger (IHX)
The introduction of an integrated He/He heat exchanger leads to a further simplification of the
primary circuit.
Optimisation of combined cycles
Optimisation of combined cycles with heat and power generation, reforming/hydrogen production,
electricity production using multiple systems (gas, steam and binary cycles) and tertiary cycles for
district heating (low process heat temperature).
Pre-stressed reactor vessel systems
Pre-stressed reactor vessel systems as concrete PRV and cast iron PRV integrating the proposed
inherent/passive safe core structure (see sections discussing these features).
Satellite reactor vessel systems
Satellite reactor vessel systems consisting of the required number of pre-stressed vessels to
accommodate the studied HTR combined cycles with connections to each other, also designed as
pre-stressed systems.
Reactor building/containment with inherent/passively safe design features
Two alternatives were studied: overground and underground installations (e.g. integrating a satellite
vessel system) with integrated fuel storage and ultimate heat sink.
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Figure 1. Self-tightening principles – schematic block region

Figure 2. Self-tightening principles – draft of block region
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Figure 3. Self-tightening principles – schematic block core
Self-force and heat distributing core support structure

Figure 4. Self-tightening principles – schematic pebble-bed core
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Figure 5. Self-heat dissipation principles – core structure

Figure 6. Self-heat dissipation principles – block draft
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Figure 7. Self-heat dissipation principles – block core section

Figure 8. Block design fuelled with spherical and/or rod form fuel
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Figure 9. Combined block core structure and pebble-bed power unit

Figure 10. Combined block core structure and pebble-bed regional power unit
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TRANSIENT BEHAVIOUR OF SMALL HTR FOR COGENERATION

E.C. Verkerk, A.I. van Heek*
NRG (previously named ECN Nuclear Research)
P.O. Box 25,1755 ZG Petten, The Netherlands

Abstract
The Dutch market for combined generation of heat and power identifies a unit size of 40 MW thermal
for the conceptual design of a nuclear cogeneration plant. The ACACIA system provides 14 MWe
electricity combined with 17 t/h of high temperature steam (220°C, 10 bar) with a pebble-bed high
temperature reactor directly coupled with a helium compressor and a helium turbine. The design of
this small CHP unit that is used for industrial applications is mainly based on a pre-feasibility study in
1996, performed by a joint working group of five Dutch organisations, in which technical feasibility
was shown.
Thermal hydraulic and reactor physics analyses show favourable control characteristics during normal
operation and a benign response to loss of helium coolant and loss of flow conditions. Throughout the
response on these highly infrequent conditions, ample margin exists between the highest fuel
temperatures and the temperature above which fuel degradation will occur.
To come to quantitative statements about the ACACIA transient behaviour, a calculational coupling
between the high temperature reactor core analysis code package PANTHER/DIREKT and the
thermal hydraulical code RELAP5 for the energy conversion system has been made. This coupling
offers a more realistic simulation of the entire system, since it removes the necessity of forcing
boundary conditions on the simulation models at the data transfer points. In this paper, the models
used for the dynamic components of the energy conversion system are described, and the results of the
calculation for two operational transients in order to demonstrate the effects of the interaction between
reactor core and its energy conversion system are shown. Several transient cases that are representative
as operational transients for an HTR will be discussed, including one representing a load rejection case
that shows the functioning of the control system, in particular the bypass valve. Another transient is a
load following transient where the influence of the xenon build-up becomes apparent.

* Tel: (+31) 224-564507
Fax: (+31) 224-563490
Eml: vanheek@nrg-nl.com
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Introduction
Previous studies have been performed on the dynamic behaviour of the core of the Dutch
conceptual HTR for cogeneration INCOGEN [1,2], but these studies have always considered the
reactor core as a stand-alone system. The influence of the energy conversion system (ECS) which
converts the produced heat to electric power or industrial steam was not included in the calculations.
A fixed coolant mass flow, a fixed temperature and pressure at the reactor core inlet represented the
state of the ECS at which the reactor dynamics were analysed. This approximation holds well for the
severe transients investigated, such as loss of forced cooling (LOFC) and depressurised loss of forced
cooling (DLOFC). In both cases, the flow comes to a halt almost completely, thus effectively
cancelling the interaction between the reactor core and the ECS. Only in the first minutes of these
transients does the interaction take place.
However, when studying normal operational transients the mutual interaction between reactor and
ECS is governed by the helium mass flow. This flow rate is essentially influenced by two parameters,
viz. the helium inventory and the bypass flow around the core and turbine. The helium inventory is the
amount of helium circulating in the system and is adjusted each time load following is required.
Bypass flow is used in situations of rapid or near-instantaneous power demand reductions and protects
the turbine against excessive overspeed.
As the HTR is a flexible reactor system and capable of load following, the helium mass flow will
vary frequently, and a calculational coupling between reactor core and ECS becomes necessary in
order to analyse the plant behaviour in sufficient detail. In the past long calculation times frustrated
simultaneous coupled transient calculations, but this is less problematic nowadays due to faster
computers. The code for pebble-bed core calculations (PANTHERMIX [3]) and the code for thermal
hydraulic calculations for the ECS (RELAP5/Mod3.2) have been recently coupled [4]. It should be
clear from the beginning that actually two code couplings were required in order to perform total plant
calculations. First, the neutronics code PANTHER [5] and the pebble-bed thermal hydraulic code
THERMIX-DIREKT [6] were coupled for reactor core calculations. This resulted in the HTR version
of PANTHER and PANTHERMIX. Second, this PANTHERMIX code has been coupled to the
thermal hydraulic code which describes the ECS, RELAP5/Mod3.2.
This paper will present the analysis of operational transients which clearly influence the helium
mass flow through the system (cases of load following, load rejection, generator trip and opening
bypass valve). This demonstrates the interaction between the nuclear reactor and its ECS.
HTR reactor design
The HTR system modelled is the reactor and ECS design of the Dutch INCOGEN study [2] of a
40 MWth pebble-bed HTR. Its reactor cavity measures 2.5 m in diameter and 4.5 m in height.
The active core consists of spherical graphite elements (6.0 cm diameter) filled with TRISO coated
fuel particles (0.9 mm diameter). The coating is widely acknowledged to be capable of retaining the
fission products even at high temperatures (up to 1 600°C). The maximum temperature the fuel can
reach in the core – even in case of loss of coolant – is expected to be well below this temperature.
Helium flows through this pebble-bed and heats up from 500οC to 800°C (at 2.3 MPa), thus extracting
40 MW of thermal power. Initially, the core cavity is only partially filled with pebbles (active core
height approximately 1.10 m). New fuel pebbles are added each day in order to remain critical as the
depletion proceeds. This is called “peu à peu” fuelling. After ten years of operation, the core reaches
its maximum height and has to be discharged in order to start a new cycle. Due to the minimal
over-reactivity in the core, and its low power density, the use of control rods is only required during
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start-up and shutdown. The reactor relies on the feedback mechanism of the negative fuel temperature
coefficient to obtain a critical state during operation, or reach a sub-critical state after an incident.
Shutdown and re-criticality behaviour have been analysed in [7].
Reactor modelling
PANTHER approximates the 2-D R-Z geometrical structure employed in THERMIX-DIREKT
by a 3-D X-Y-Z model with small hexagonal blocks. A radial mesh of THERMIX-DIREKT is
associated with a set of hexagons in the PANTHER geometry description, and power distribution and
temperature distribution information is transferred between the two codes. The linear power densities
for a set of hexagons associated with a particular radial mesh are calculated by PANTHER, averaged
and transferred to THERMIX-DIREKT, whereas the fluid and solid-state temperatures for a radial
mesh are calculated by THERMIX-DIREKT and transferred to all associated hexagons of the
PANTHER model.
The procedure described above is followed for each axial mesh. Axial geometry is modelled in
the same way for the two codes.
In THERMIX-DIREKT a distinction is made between the model for DIREKT, which calculates
the convective heat transfer and the model for THERMIX, which takes into account the heat transfer
by conduction and radiation. In PANTHERMIX the model for DIREKT must correspond to the
PANTHER model, whereas the THERMIX model may be larger, both in radial and axial direction, to
take into account features not modelled in PANTHER and DIREKT, e.g. reactor cavity cooling panels.
The nuclear database required by PANTHERMIX contains nuclear data for reactor materials,
depending on local irradiation, (fuel) temperature, xenon density, etc., and is generated by the WIMS7
code (Version 7). More details about the pebble-bed HTR modelling can be found in [1].
Energy conversion system (ECS)
The direct Brayton cycle is used as a thermodynamic cycle for the ECS. It resembles the Rankine
cycle for steam cycles, but a single-phase gaseous working fluid (helium) is used instead of condensing
fluid. In this design, the Brayton cycle can be termed “direct”, because the helium does not transfer its
heat to a secondary steam cycle but powers the turbine directly, resulting in a higher efficiency.
The system consists of a single-shaft turbine-compressor with a directly coupled electrical generator.
A pre-cooler before the compressor and a recuperator further enhance the overall efficiency (nominal
42%). A scheme of this HTR system is shown in Figure 1.
Unique to a closed cycle power generating ECS is the ability to control the output power on the
generator by adjusting the amount of helium circulating in the system. This type of control hardly
affects the work point of the cycle, as cycle temperatures and flow velocities do not change at partial
power. As a result, even at low power output when only a proportionally small part of the helium
inventory circulates, a high efficiency close to nominal can be attained. During these transients helium
is stored in or retrieved from large storage vessels [8]. The removal or injection of helium from or to
the ECS is a slow process (minutes) and will only be used for long term adjustments. For instantaneous
power reduction (load rejection) a bypass valve over the turbine is used.
In the following paragraphs the modelling of the ECS components is briefly discussed. More
detail is to be found in [9].
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Turbine
The RELAP5/Mod3.2 steam turbine model has been used in order to model the helium turbine.
A lumped-parameter model is used wherein a sequence of stages forms the turbine. A single stage
consists of a single-row fixed-blade system (nozzle) followed by a single-row rotating-blade system.
An efficiency factor based upon simple momentum and energy considerations is used to represent the
non-ideal internal processes.
The theoretical design [10] of the turbine contains seven stages. In our RELAP5 model, one
dummy stage with efficiency zero (used for governing purposes) precedes four reaction stages with a
reaction fraction of r = 0.5, i.e. the fraction of the stage energy released (enthalpy change) in the
moving blade system is half the total enthalpy change over the stage. This is a common design value.
Radial helium compressor
For the initial modelling of the helium compressor, the RELAP5 water pump model was used.
For the first trial it served its purpose, but now a new routine has been developed. It replaces the pump
model with a compressor stage model if the fluid quality q equals 1.0; i.e. the fluid is completely in the
gas phase. It calculates all variables RELAP5 would require from the pump model, including the
compressor dissipation. The complicated configuration of a radial compressor precludes a complete
first principle model, so empirical relations are used instead for stage by stage modelling. The current
compressor model contains five stages.
Recuperator
The counterflow recuperator has been included in the ECS in order to enhance its efficiency.
Instead of rejecting all the heat in the pre-cooler before compression, the heat is used to warm the
high-pressure helium flow towards the reactor. Both the high and low pressure side of the recuperator
have been modelled as a pipe divided in 29 volume elements. Volume element 1 of the one side has a
thermal contact with element 29 of the other side, element 2 with 28, etc., in order to model the
counterflow. The recuperator is a passive component in these calculations for instance; no effort has
been made to model an attemperation valve in order to protect the recuperator against thermal shock.
Bypass valve
The bypass valve connects the core inlet with the turbine outlet, effectively short-circuiting the
recuperator high and low pressure side for part of the helium flow. During steady state operation, the
bypass valve remains closed, or – if desirable – remains slightly opened in order to adapt easily to
small variations in the power demand. If the power demand suddenly drops, which occurs in cases like
load rejection or generator trip, the shaft rapidly starts accelerating. Immediately opening the bypass
valve prevents overspeed as the helium mass flows through the turbine reduces and subsequently the
excess in developed power decreases. Fully opened, the bypass will be able to divert a third of the
helium flow, which results in a reduction of power output to around 5% of the nominal conditions.
As a first thought, one could choose to bypass only the turbine instead of both turbine and reactor,
but this will upset the work point and the temperatures of the components more than necessary. In that
case the high temperature flow from the reactor is bypassed over the turbine and mixes with the lower
temperature turbine output flow. A flow at higher temperature enters the low pressure side of the
recuperator. The effect is evident on the high pressure side of the recuperator; a mass flow at higher
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than nominal temperature will enter the reactor. The reactor outlet temperature will be higher in return,
effectively reinforcing the process. Of course the temperature is bounded; on the reactor side by the
feedback of the negative fuel temperature coefficient, on the ECS side by the pre-cooler which
functions as a heat sink and keeps the compressor inlet temperature constant at 305 K.
These “problems” are reduced if both reactor and turbine are bypassed. The difference in
temperature between reactor inlet and turbine outlet flow is small (30 K), and mixing the flows gives
nearly the same temperature. The overall effect will be that the system recovers faster from the
transient and will return sooner to a steady state.
ECS control system
The control system has been kept extremely simple, and focuses on two things:
1) Preventing the shaft from overspeed.
2) Producing the demanded power at high efficiency, which means regulating helium mass flow.
In order to achieve this, three valves are used, viz. the bypass valve and two valves from which
one connects the ECS to a helium mass sink and the other to a helium mass source. The bypass valve
solely controls the shaft speed. If the shaft rotates too fast, the signal becomes positive and opens the
bypass valve proportional to the magnitude of the signal; if the shaft rotates too slow the bypass signal
becomes negative and the bypass valve closes or remains closed. The control system has been
designed in such a way that the bypass valve signal also controls the other two valves. A positive
bypass signal occurs due to shaft overspeed, and helium can be extracted from the ECS, thus allowing
the valve connecting the sink to open. On the other hand, a negative bypass signal indicates a lower
than nominal shaft speed, and a larger mass flow is needed to accelerate the shaft back to nominal
speed, thus allowing the valve connecting the mass source to open. In order to avoid a system that
continually opens and closes valves during steady state operation, the bypass valve remains slightly
open and accommodates small variations in the shaft speed.
Calculation of operational transients
As explained in the introduction, interesting transient behaviour is to be expected during
transients with sustained helium mass flow. This means that the LOFC and DLOFC scenarios will not
be investigated here; they have been calculated as a stand-alone reactor case in the INCOGEN study [2].
The two transient cases presented here are called a load rejection and a load following transient.
Both transients involve a strong variation in helium mass flow. This immediately affects the reactor
core as more (or less) heat can be transferred to the helium, which in turn gives a change in inlet
temperature for the ECS. Because the reactor lacks control rods, reactivity changes will be compensated
by temperature changes via the fuel and moderator temperature coefficients. The ECS control system
initiates variations in the helium mass flow by injecting helium from the mass source into the ECS, or
by opening the bypass valve and removing helium from the system.
Transient 1: Load rejection
The load rejection transient resembles the generator trip situation. In a short interval, typically
less than a second, the power produced by the turbine cannot be delivered to the electricity grid (in the
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case of a generator trip because the generator is disconnected electrically, in the case of load rejection
because the total plant has been disconnected from the grid). The power surplus causes an immediate
acceleration of the shaft rotational speed, and the bypass valve must open in order to protect the
turbine, compressor and generator against overspeed. Diverting part of the helium mass flow from the
turbine towards the compressor side creates a situation in which the turbine has to deliver more power
(more helium flows through the compressor) from a reduced helium flow (part of the flow has been
bypassed). A balance is sought for a situation where the shaft speed is close to its design value
(12 000 rpm). Operating the ECS with the bypass valve open is inefficient, as the power normally used
to drive the generator now is used for extra compression. The solution is to decrease the power supplied
by the reactor in the form of heat, which can be achieved by reducing the amount of medium that
transports the heat, i.e. helium. Therefore, helium will be removed from the system up to the point that
the bypass valve is only just opened; the shaft speed has returned to design speed and the high efficiency
of the loop has been established once again. In the case of load rejection, only power for a house load
has to be produced, which equals 5-10% of nominal power output. Here 10% has been chosen.
The progress in time for the load rejection transient has been chosen as follows: in one second,
the generator load is rejected from nominal to 10%. During 10 minutes the control system removes
helium from the ECS until normal efficiency has been restored. At time -30 min the power demand
rises from house load (10%) to nominal load in one minute. The control system starts filling the ECS
again, but will not be able to do so in one minute. After about 10 minutes the system will be refilled
and the transient will be followed for another 40 minutes.
In Figure 2, the power demand, power output and reactor thermal power are shown as functions of
time. The power output is in good agreement with the demanded power up to the point where the
demand rises from house load to nominal power. Due to a (small) xenon build-up, the reactor is not
able to reach nominal power at once and has to wait until some xenon has been “burned away”.
This problem is analysed in more detail in the following section, which concerns the load following
transient. Figure 3 shows the flow through the three valves in the system: the bypass valve which
opens immediately if the load is rejected, the valve connected to the helium mass sink by which
helium is removed from the system and the valve connected to the helium mass source which adds
helium to the system when the power demand rises. Finally, with Figure 4 the mass flow through the
turbine can be compared to the mass flow through the compressor during the period that the bypass
valve is opened.
Transient 2: Load following
The load following transient can occur daily, depending on the power demand behaviour of the
customer and on other electricity plants. The progress in time for the load following transient has been
chosen as follows. Initially the reactor and ECS are in a steady state situation at nominal power.
At a rate of 10% min-1 the power demand is linearly decreased to 20%, and the ECS follows by
removing helium until the bypass valve closes. This procedure has already been discussed for the load
rejection transient. The system is kept at this state for five hours in order to monitor the xenon
build-up, which reaches its maximum after approximately six hours. In a previous study [4], the xenon
transient was followed for 50 hours for the coupled system. This will not be repeated here. Instead, we
look into more detail to what happens in the first five hours.
In Figure 5, the power demand, power output and reactor thermal power are shown as functions
of time. Power demand and output are in good agreement, but in order to explain why the thermal
reactor power output increases the xenon build-up has been plotted in Figure 6 in terms of xenon
worth. The core reacts to the increase of xenon reactivity by reducing the power. As a consequence,
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the fuel temperature decreases, causing an increase in reactivity and thus the xenon build-up has been
balanced. The lower fuel temperature gives a lower core outlet temperature for the helium, which
gives a lower turbine outlet temperature. That means that the flow on the low pressure side of the
recuperator has a lower temperature, and as a result the core inlet temperature is lower. The turbine
extracts less power from a mass flow at lower temperature and is not able to sustain the nominal
rotational speed (one should realise here that the compressor is nearly always operated under design
conditions as long as the shaft speed is nominal because the pre-cooler produces a constant
compressor inlet temperature of 305 K). This means that the load turbine experiences only depend on
the mass flow, because the volumetric flow remains fairly constant during the transient. Adding more
mass to the system enables the turbine to produce more power and to remain at nominal rotational
speed. The compressor load increases due to the increasing mass flow, but still operates under nominal
conditions. The generator continues to demand 20% of power, which is relatively low for the larger
mass flow. This compensates for the power reduction due to the lower core outlet gas temperature.
The increase of the helium mass flow through the compressor is shown in Figure 7. The temperature
behaviour at core inlet, core outlet (turbine inlet) and turbine outlet is shown in Figure 8.
Whether the reactor plant behaviour is acceptable during such transients or not is still a point of
discussion. One could argue that adding control rods would stabilise the temperatures; however, doing
so would increase the complexity of reactor design and control system.
Point kinetics versus 3-D core modelling
To simplify transient calculation, the 3-D core model could be replaced by a point kinetic model.
The 3-D model would then be used to derive the necessary point kinetic parameters. If the neutron flux
shape change is small enough, the point kinetic core model may be used to calculate the transients.
In a point kinetic model, reactivity feedback works as follows. The core is being divided into ten
layers, each layer with its own temperature; reactivity curve (ρ vs. T) and a weight factor for power
production derived from the 3-D model. For the reflector reactivity curves are being calculated. For each
layer, the reactivity change caused by temperature change is determined and summed with the rest into
one complete reactivity. Added to this value is the xenon reactivity contribution calculated from the
well-known set of differential equations expressed in terms of power level.
With the point kinetic model, new power production is determined, which is distributed with
weight factors over ten layers. With the new power levels, the new core temperatures can be determined.
As a test case, a transient of core inlet temperature increase by 100 K has been calculated with both
the 3-D core model and the point kinetic model (see Figures 9 and 10). Figure 9 shows the reactor power
and Figure 10 the helium temperature at reactor outlet, both as a function of time. We can see that the
3-D model and the point kinetics model are in proper agreement with each other.
Conclusions
Linking the RELAP5 code with helium as a working fluid to PANTHERMIX through the
coupling software TALINK opens up the possibility to model the thermal hydraulics and 3-D neutronics
of a pebble-bed HTR together with its ECS. A more realistic simulation of the entire system can be
attained, as the coupling removes the necessity of forcing boundary conditions on the simulation
models at the data transfer points. Two transient cases have been discussed which are representative as
operational transients for an HTR. The first transient case represents a load rejection case and shows the
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functioning of the control system, in particular the bypass valve. The second transient is a load following
transient where the influence of the xenon build-up on the rest of the system becomes apparent.
Both transients can be calculated with sufficient accuracy if the reactor core and ECS are coupled.
Transients can be calculated with a core point kinetic model with parameters originating from the
3-D model. This has been tested on a helium inlet temperature increase transient. The 3-D model and
the point kinetics model appear to be in good agreement with each other.
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Figure 1. The cycle diagram of the HTR with the energy conversion system

pre-cooler

Figure 2. The power demand, power output by ECS and the thermal
reactor power as function of time for the load following transient
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Figure 3. The helium mass flow as function of time for the load
rejection transient. Shown are the bypass valve, the valve connected
to the helium mass sink and the valve connected to the helium mass source.

Figure 4. The helium mass flow through the turbine and
compressor as a function of time for the load ejection transient
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Figure 5. The power demand, power output by ECS and the thermal
reactor power as function of time for the load following transient

Figure 6. The xenon build-up in terms of xenon worth
as a function of time for the load following transient
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Figure 7. The helium mass flow (kg/s) through the compressor
as a function of time for the load following transient

Figure 8. The core inlet, outlet and turbine outlet temperatures
as a function of time for the load following transient
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Figure 9. Normalised power output as a function
of time for the inlet temperature increase transient

Figure 10. Normalised temperature as a function
of time for the inlet temperature increase transient
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Abstract
Following an overview on kinetics of carbon/gas reactions, status and further needs in selected safety
relevant fields of graphite oxidation in high temperature reactors (HTRs) and fusion reactors are
outlined. Kinetics was detected due to the presence of such elements as severe air ingress, lack of
experimental data on Boudouard reaction and a similar lack of data in the field of advanced oxidation.
The development of coatings which protect against oxidation should focus on stability under neutron
irradiation and on the general feasibility of coatings on HTR pebble fuel graphite. Oxidation under
normal operation of direct cycle HTR requires examinations of gas atmospheres and of catalytic
effects. Advanced carbon materials like CFCs and mixed materials should be developed and tested
with respect to their oxidation resistance in a common HTR/fusion task. In an interim HTR, fuel
storage radiolytic oxidation under normal operation and thermal oxidation in accidents have to be
considered. Plans for future work in these fields are described.
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Introduction
Due to their excellent properties, C-based materials are used in advanced energy technology
systems like high temperature reactor (HTR) and fusion reactor concepts for basic components.
Fuel elements and reflectors of HTRs are made from graphite and parts of the plasma facing
components within the vacuum vessel of fusion reactors consist of C-based materials. In detail, these
materials offer the advantages of high melting/sublimation points, high thermal conductivity, good
mechanical stability up to high temperatures and low atomic number (giving low plasma radiation).
Their limited oxidation resistance at high temperatures, however, may cause potential problems.
Accidents that might lead to the oxidising gases (air or steam) entering into contact with these carbon
components have to be considered carefully in safety analyses not only for the reactors, but also for
interim storage of HTR fuel. Oxidation under long-term normal operation should also be considered
in this context. Accordingly, carbon materials should be selected taking into account their oxidation
resistance. In order to make informed decisions in this regard, a good knowledge of the kinetics of the
oxidation reactions involved is essential. This paper gives an overview of carbon oxidation kinetics,
and on status and further needs in the areas listed below. These items were selected because of their
importance for safety analyses/development/licensing of future direct cycle HTRs and for fusion
reactors:
•

Kinetic data for reactions during the course of air ingress.

•

Development of coatings protecting against oxidation.

•

Oxidation kinetics under HTR normal operation.

•

Oxidation resistance of advanced carbon materials.

•

Oxidation in interim HTR fuel and graphite storage.

Further work in these fields is thought to be essential and will be undertaken within EU countries.
Kinetics of carbon oxidation
Overviews on graphite oxidation in nuclear systems are found in Refs. [1,2]. With regard to
reactions between gases and porous solids with gaseous products, three reaction zones should be
distinguished. Figure 1 gives an overview of these zones and their typical temperature dependences
(EA = activation energy). It should be noted that the transition between the zones depend not only on
temperature, but also on flow rate (II/III) and material dimensions (I/II). Total and partial pressures
and gas composition further influence these transitions. At low temperatures (I) the chemical reaction
itself is the rate-limiting step and the material is oxidised homogeneously within the pore system.
This leads to a severe loss of mechanical strength (about 10% for each per cent of burn-off). Usually,
a strong burn-off dependence of rate is found, because the reactive surface changes during the course
of the oxidation. At intermediate temperatures (II), consumption of the oxidising gases within the
pores becomes important and, accordingly, the oxidation attack becomes smaller in depth of the
material. This is due to the fact that the temperature dependence of the chemical process is much
larger than that of the competing in-pore gas diffusion. Therefore, a concentration and – as a
consequence of that – a burn-off (oxidation) gradient within the carbon is found. Concerning integral
(isothermal) rate an increase with burn-off up to a plateau value is usually observed. This plateau
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occurs because the effective gas diffusivity (porosity) increases continuously with (local) burn-off,
whereas the reactivity (inner surface) reaches a maximum at medium burn-off values. This maximum
is due to the fact that burn-off (or porosity) increase only enlarges the inner surface at low burn-off,
whereas at high burn-off the pore walls vanish by oxidation, diminishing the reactive surface.
It should be noted that – due to the burn-off gradient – this proceeds in a locally different manner.
In addition, because chemical reaction depends strongly on temperature, but in-pore diffusion does
not, the above-mentioned gradients become steeper at increasing temperatures. In addition to that,
there is a very complex influence of temperature transients on the integral rate vs. time behaviour,
meaning that the integral rates of zone II are strictly valid only for isothermal conditions. An exact
mathematical calculation of this behaviour (requiring explicit consideration of in-pore diffusion and
chemical reaction, as done in advanced oxidation models) requires effective gas diffusion coefficients
and rate constants of zone I and the dependence of both on burn-off and temperature.
At high temperatures (zone III) external mass transfer to the outer surface is the rate-limiting
step and the reaction is restricted to the outer surface only; mass transfer rules are applied here for
rate calculations, meaning that the kinetics is not influenced by the properties of the solid. However,
under certain conditions chemical reactions can have a strong influence on mass transfer (for example, if
CO burning occurs within the boundary layer, increasing substantially the gas temperatures and rates
of transport processes), which should be taken into account in safety analyses.
Status and further needs
Kinetic data of reactions in severe air ingress
Looking back on the operation history of graphite moderated reactors, accidents with core/graphite
burning occurred twice: the Windscale reactor fire in 1957 and the 1986 Chernobyl accident.
However, these accidents occurred in reactor types that are completely different from modern HTRs;
Furthermore, within the scope of traditional safety analyses, a mechanism leading to severe air
ingress is not seen. Nevertheless, the advanced safety philosophy of modern small HTRs with their
strict safety demands requires sufficient examinations of these very low frequency events; also, at
least in the opinion of the public, air ingress is thought to be the Achilles heel of the HTR. Loss of
vacuum accidents (LOVA) in fusion reactors are also relevant in terms of safety. An overview of
kinetic data for German HTR concepts and for fusion reactor materials is given in Ref. [3]. Integral
rate data for regime II (see Figure 1) of the C/O2 reaction are available with sufficient accuracy
(+25%) for HTR materials and for undoped fusion reactor carbons, whereas examinations on mixed
materials are not yet complete for air and steam (see the section entitled Oxidation resistance of
advanced C-based materials). An overview on analytical work concerning severe air ingress in HTRs
is found in [4], the main conclusion being that a considerable time span exists between the beginning
of an accident and the point at which severe core damage occurs (for an example, see the following
section). Also, severe air ingress in fusion reactors is described in [5]. Lack of knowledge was
detected in the following areas, mainly oriented toward the needs of a direct cycle HTR, but also
valuable for safety studies on fusion reactors:
Kinetics of Boudouard reaction
Analytical results obtained with the code REACT/THERMIX [4] on hypothetical air ingress by
chimney draught in small HTRs with downward flow under normal operation were as follows
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(see Figure 2). As long as the bottom reflector is hot, all oxygen is consumed by the bottom reflector
(see temperature and burn-off peaks in Figure 2); the main reaction product here is CO2. The bottom
reflector remains hot, if the vessel cooling system does not operate, or – in case it remains operating
(as assumed in the calculations for Figure 2) – if the chemical heat production by graphite burning is
high enough (cases B and C of Figure 2) to overcompensate the heat loss by the cooling system.
During accident progress, the active core heats up by decay heat and reaches temperatures under
which the Boudouard reaction:
C + CO2 ⇔ 2 CO
plays an important role (>1 373 K), leading to oxidation of fuel elements. Accordingly, good
knowledge of Boudouard reaction kinetics is necessary to predict whether significant fission product
release by fuel element damage will take place or, beyond that, the time span that will elapse before
significant fission product release might occur (during which time countermeasures could be put into
place). Only a few measurements have been performed and knowledge of the kinetics of the
Boudouard reaction is comparatively bad, translating to error margins that are in the range of an order
of magnitude (or a factor of 25-50 higher than in the case of the C/O2 primary reaction). Furthermore,
for low temperatures a strong kinetic hindrance of the Boudouard reaction by its product CO is well
known from experiments on several types of graphites; there are no data available concerning this
inhibition in the temperature range most interesting for HTRs (1 100-1 600°C = 1 373-1 873 K).
COMETHE at CEA Cadarache is an experimental facility able to perform measurements at high
temperatures and (for suppression of external mass transfer effects) high flow rates. This facility
permits tests up to pressures of 50 bar and temperatures even >1 750°C. The flexibility of the
equipment and the various control and measurement instruments allow the adoption of numerous
simulation cases. COMETHE is fitted with a containment under controlled pressure (from vacuum to
3
50 bar) with a volume of 0.25 m , a radiant heating system assured by resistors, auxiliary water,
compressed air, inert gas circuits, additional heating, pressurisation, gas analysis and measurement
systems. The facility has already been used for programmes devoted to interaction of graphite with air
or air/water in frameworks other than HTRs; the results obtained have demonstrated that COMETHE
would be well adapted to the purposes suggested in this paper. Experimental data are necessary for
two types of fuel element graphites: first on the graphite used for pebble bed HTRs (A3-3 or similar)
and – as soon as a candidate material is available – for the fuel element graphite of the GT-MHR with
block type fuel. With lower priority such measurements have to be performed on typical reflector
graphite (bottom reflector) and also on the fuel matrix of block type fuel. The main parameters for
these measurements should be:
•

Temperature (1 100-1 500°C).

•

Partial pressure of CO2 (up to 20 vol%).

•

Partial pressure of CO (up to 40 vol%).

•

Burn-off (up to stationary conditions, which depends on temperature; about 0.5-2 kg of
carbon/m2, intermediate values are necessary in order to find out the burn-off dependence of
the rate).
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In addition to the amount of graphite oxidation, these results allow to evaluate the gas
composition in accidents, which is important in relation to potential CO burning/explosions, and, if
necessary, to plan mitigation strategies or CO elimination systems.
Kinetic data for advanced oxidation models
The main benefits of advanced oxidation models, described in the preceding section on kinetics,
are that:
•

Graphite oxidation in depth of the material can be calculated, giving a clearer answer
concerning oxidation attack of coated particles or on corrosion profiles in material depth
(determining their mechanical strength).

•

Oxidation can be correctly modelled even under non-isothermal conditions. As discussed
before, the aforementioned integral kinetic data are strictly valid only under isothermal
oxidation.

In mathematical terms advanced kinetics solves the following equation:

k 0 ⋅ exp( − E1 / RT ) ⋅ ce
∂ ce
∂ 2 ce
= Deff ⋅
2 −
∂t
∂ x
1 + k1 ⋅ exp( − E2 / RT ) ⋅ ce + k3 ⋅ exp( − E3 / RT ) ⋅ c pr

(1)

where ce is educt gas concentration, cpr product gas concentration, E is activation energies, x is
material depth, Deff is the effective gas diffusivity within the graphite and k are rate constants.
As mentioned before, Deff and k (particularly k0) depend significantly on the local burn-off and are the
main data to be measured. Assumption of quasi-stationary conditions (dce/dt = 0) is usually allowed in
Eq. (1). The relation to the integral rates r [kg/m2] of regime II is given by the concentration gradient
on the surface:


∂ ce 
r = −  Deff ⋅

∂ x  x= 0


(2)

and by integration of Eq. (1) over x. Thus r data can be used to some extent for validation of advanced
oxidation models and their data; the same holds for experimentally determined burn-off profiles in
material depth. Whereas analytical models based on advanced kinetics are already available (for
example in the US graphite oxidation code OXIDE-3 [16]), a substantial lack of kinetic data was
detected. Accordingly, the measurements of k and Deff should be performed. Experimental facilities
suitable for measurements of rate constants (k) in chemical regime are available in FZJ; these are
THERA, a thermogravimetric apparatus, and SCHUVA, a furnace with controlled gas atmosphere
and high temperature stability, as well as similar smaller devices. These facilities can be equipped
with mass spectrometric gas analysers. They have already been used for kinetic measurements on
graphites in chemical regime. Same graphites, as mentioned in the section Kinetics of Boudouard
reaction, will be measured; data will be fitted on a Hinshelwood-Langmuir rate expression like the
second quotient on the right hand side of Eq. (1).

165

The DIVA facility for measurements of stationary effective diffusion in porous materials is
available in FZJ. A schematic picture of DIVA is shown in Figure 3. A clean non-equilibrium mixture
of ortho and para H2 flows with a well known rate and composition into the measuring cell; part of
that mixture diffuses through the graphite plate to the platinum catalyst, bringing the ortho/para H2
mixture into equilibrium. The gas mixture leaving the cell is analysed with respect to their ortho/para
ratio by measuring the thermal conductivity. From the amount of H2 converted to equilibrium the
effective diffusion coefficient is calculated, as described in [6]. Evaluation of the pressure dependence
of the effective diffusion coefficient gives information about the Knudsen contribution to the internal
gas transport with respect to the average pore diameter. This method gives data on transport pores
only, but not on dead-end pores; accordingly, additional measurements in a transient diffusion cell,
e.g. that of Yang [7], are advisable.
Protection against graphite oxidation
For future HTRs, advanced fuel concepts are considered to increase the safety of reactor
operation. One of these advanced concepts is based on coated fuel elements for the prevention of
graphite oxidation in case of massive air ingress into the reactor core. In addition, such a fuel element
coating may prove beneficial for reducing the contamination levels of the HTR primary circuit and
may simplify the interim storage of spent fuel elements. Finally, the fuel element coating will prevent,
depending on the coating integrity and dissolution behaviour, leaching of short- and medium-lived
radionuclides in case of direct geological disposal of the spent fuel elements.
Several types of coating technologies have already been tested at full scale, based on SiC, SiSiC
and C-SiC composites. Si-based coatings can be deposited onto the graphite surface of the fuel
element by chemical vapour deposition (CVD), slip casting, slip/packing or impregnation in liquid
silicon under an inert atmosphere. Excellent corrosion resistance of the coated graphite specimen as
compared to non-coated fuel elements was obtained at temperatures up to 1 600°C during 5 h in
natural air. As described in another paper in detail, even five irradiated coated fuel pebbles were
oxidised up to 1 600°C in air; complete oxidation resistance was found for one specimen with SiC
applied by a slip process on Japanese nuclear graphite IG110. This result is promising, particularly for
HTRs with block type fuel (and for reflectors perhaps with respect to fusion reactor first walls),
because IG110 might be used in such components and because mechanical stress does not exist, as it
does in pebble bed reactors. Stress resistance of irradiated coatings requires special attention for
pebble type fuel due to the brittleness of irradiated SiC. With regard to HTR fuel pebbles, which are
made from graphite containing some coked binder (A3), the application of a durable coating is more
difficult, and a method to do so is not yet available.
Further examinations are required concerning the influence of neutron irradiation on coating
behaviour in oxidising atmospheres and temperature regime relevant for HTR air ingress accidents.
In order to answer that question, different kinds of coatings (CVD type SiC, SiC/SiC composite and
SiSiC) will be irradiated in the High Flux Reactor at Petten and subsequently oxidised at temperatures
up to 1 400°C in a thermogravimetric apparatus. Oxidation data will be compared with those of
unirradiated materials. Thermochemical evaluations on formation of volatile SiO should be performed,
as well. Applicability of these coatings for fusion reactor first wall materials will be verified.
Additionally, the feasibility of coatings on fuel pebble carbon materials (containing carbon without
graphite) must be examined, as outlined in a separate paper of this volume.
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Oxidation under HTR normal operation
Within the EU, graphite oxidation in normally operating HTRs has been extensively studied in
the UK in the framework of the DRAGON project [8,9,10] and also over the course of THTR
licensing [11]. Also, problems with catalytic (Fe) oxidation of PGX graphite were extensively studied
in the Fort St. Vrain HTR. All reactive components of the HTR atmosphere (H2O, H2, CH4, CO, CO2)
have to be considered in oxidation of a normal operating reactor. The results obtained up to now
indicate that radiolytic processes are not dominant for carbon oxidation by steam, but play an
important role in Boudouard reaction. Catalytic impurities, however, are more important, as they may
not only dominate the overall rate, but can also lead to pit corrosion (worm-holing) and thus to a
substantial decrease of mechanical strength. In the case of the above-mentioned Fort St. Vrain reactor
there was some danger that strength loss of PGX components by Fe catalysed oxidation might
strongly reduce the lifetime of these components. In many cases, the efficiency of catalysts depends
on their chemical state, as can be seen in Figure 3. An inverse temperature dependence of the graphite
oxidation rate was found in steam between 800 and 900°C, whereas between 700 and 800°C a normal
temperature dependence was observed. This is probably due to the conversion of catalytic active
oxidation stages of Fe by temperature increase to 900°C into less active stages. An increasing
hydrogen level at 700°C (which means a decrease in the oxidation potential of the gas atmosphere)
leads to an increase in the oxidation rate, probably due to further activation of the Fe catalyst by its
reduction. This complex interaction between catalytic impurities and gas atmosphere is understood
only for a very limited number of catalysts. An overview of catalytic effects in HTR obtained by the
DRAGON project is found in [12].
Future work on oxidation in normal operation should begin with evaluations of normal operation
atmospheres in direct cycle HTRs. Due to the lack of a steam generator in the latter, differences as
compared with steam cycle plants must be expected. These calculations have to consider all sources
and sinks for impurities and – concerning their chemical conversion – metal and graphite components.
On the basis of this atmosphere, experimental and theoretical studies on oxidation of HTR graphites
need to be performed, including chemical analyses of impurity content and status. Experimental
facilities for simulation of oxidation in HTR normal operation are available in the UK (Risley).
The data generated will allow to predict the consequences of graphite oxidation during normal
operation of a direct cycle HTR.
Oxidation resistance of advanced C-based materials
Measurements of the oxidation resistance of innovative C-based materials were performed in the
past mainly within the fusion reactor research programme [3,14]. Some of the innovative materials
tested include 2-D and 3-D CFCs (carbon fibre composites) with or without some content of other
elements (Si, Ti, B) that lend to improve certain material properties. Graphites combined with other
elements also belong to the category of advanced materials. Advanced mixed materials are listed with
respect to their fusion applications in the literature survey [15]. For advanced materials mixed with
Si (>20%), oxidation tests indicate that oxidation rates in air and steam are strongly reduced.
An equally important conclusion reached by this study is that high oxidation rates in air do not
necessarily mean the same for steam and vice versa.
Some of the advanced materials for fusion reactor application may also be favourably used
within the HTR core, in particular in areas where long term high temperature mechanical stability is
required. Accordingly, these advanced C-based materials and their oxidation resistance are a common

167

research field for fusion reactors and HTRs. It should be noted in this context that HTR data and
models on graphite and graphite oxidation have already been extensively used in fusion reactor
development. In a first step for future work the selection criteria for C-based materials in both kinds
of reactors needs to be compared in more detail in order to exactly define the field of common
applicability. A second step would be establishing the most relevant oxidation conditions for material
qualification for both accident conditions of HTR and fusion reactors and HTR normal operation.
Furthermore, measurements on oxidation resistance in oxygen and steam in a normal operation
atmosphere will be performed on selected advanced materials in COMETHE at CEA Cadarache (air)
and in the INDEX facility in FZJ (steam); a schema of INDEX is found in Figure 5. INDEX uses
induction heating and reaches maximum temperatures of 1 250°C; turbulent flow conditions are
achievable [5]. Testing for HTR normal operation conditions will be performed in the facility
mentioned in the section entitled Oxidation under HTR normal operation. Additionally, in
collaboration with the protective coating programme (see Protection against graphite oxidation),
some development work on improvement of advanced materials’ oxidation resistance will take place.
Oxidation in interim HTR fuel and graphite storage
Decommissioning and fuel exchange of HTR and other gas-cooled reactors lead to significant
amounts of graphite and fuel waste, as described in [13]; the same may hold true for fusion reactors,
so results on HTR fuel and graphite storage may also be applicable to future devices of fusion waste
storage. Licensing and safety analyses for interim storage of these HTR components require proof
that, during normal operation of such interim storage and over the course of accidents with burning
(i.e. aeroplane crash with kerosene burning), no substantial oxidation of the stored components by air
and other gases occurs.
As discussed earlier, a large amount experimental and theoretical results have been obtained with
respect to carbon oxidation and oxidation prevention under normal and accidental HTR operation.
Much less is known about the long-term behaviour of the carbon-containing waste components under
interim storage and accident scenarios and prolonged (non-controlled) aboveground storage. At the
moment existing spent fuel elements of pebble type are stored in aboveground facilities at Jülich and
Aahaus in gas-tight CASTOR-type containers in a ventilated building (with a storage temperature of
about 30°C). The gas composition in one CASTOR container was detected over several years after
closure of the container lids: Within this period, oxygen is almost entirely consumed and replaced by
CO2, probably due to corrosion of the only partially graphitised binder of fuel matrix A3. This might
be due to radiolytic oxidation, perhaps in combination with catalytic induced oxidation. A high
radiation field persists for hundreds of years, mainly γ-radiation.
Work still remaining to be accomplished includes detailed quantitative examinations of graphite
and carbon oxidation processes from existing data and translation into the low temperature regime
(20-90°C) under dry storage conditions. Particularly, radiolytic and catalytic induced oxidation should
be considered. The different components of HTR fuel elements (graphite, binder, PyC, SiC) have to
be taken into account separately. The chemical analysis of existing HTR fuel storage containers will
be extended to other species that are potentially important for gas-phase graphite oxidation (CH4,
H2O, H2, CO). The possible benefits of an SiC coating on fuel elements will be evaluated and – based
on that estimated oxidation rates – the allowable time for spent fuel elements under interim dry
storage conditions will be calculated.
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In addition to these calculations for normal operation, theoretical examinations on accident
scenarios which entail oxidation by air (including the above-mentioned aeroplane crash, sabotage,
etc.) have to be performed, using models and data for accidents in the reactor as much as possible.
FZJ experiments executed on ensembles of pebble fuel elements in burning kerosene will be
evaluated in detail and data on pebble fuel heat-up rate due to liquid fuel burning will be generated.
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Figure 1. Schematics of oxidation regimes

Figure 2. Air ingress in HTR-Modul by chimney draught
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Figure 3. Hugo-Wicke diffusion cell DIVA

Figure 4. Steam oxidation of graphite containing Fe impurities (50 ppm) PH2O = 50 [Pa]
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Figure 5. Schema of INDEX
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COURSES AND LIMITATIONS OF DAMAGE WITH
AIR INGRESS ACCIDENTS IN HTR MODULES

Werner Fröhling
Forschungszentrum Jülich
52425 Jülich, Germany

Abstract
If air can penetrate into the reactor and flow through the core for a long time, e.g. 24 hours, major
corrosion damage will occur. This can happen if sufficiently large openings enable a steady natural
convection gasflow within the reactor, and if there is a steady supply of air. In the event of a break of
the connection between the two main vessels, the reactor cell can be expected to incur severe damage,
giving access to air from outside the cell. About 80 hours after the depressurisation, a natural
convection airflow starts through the reactor. Coated particles equivalent to about 200 spheres are
estimated to be set free from corroded fuel elements within 24 hours. At 1 300°C, they stay intact for
~250 hours. At ≤1 200°C, they will stay intact, i.e. have no release for even longer times. A pressure
relief channel for mass flows after large breaks is discussed to ensure the integrity of the reactor cell in
this case.
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Introduction
Damage with air ingress accidents in HTR modules can be widely varied. Major damage to the
graphite structures – fuel elements and reflector – will be produced, however, if air can penetrate into
the reactor and flow through the core for a long time, e.g. 10 hours or more. There are two conditions
under which this can happen: one or more breaks in the pressure boundary must create sufficiently
large openings for the air to enter and for the flue gases to leave the reactor, and the position of the
openings must enable a steady gasflow driven by natural convection within the reactor. Furthermore,
there must be a steady supply of fresh air to the opening for a long time, e.g. 10 hours or more.
To predict courses and damages associated with air ingress accidents, it is therefore necessary to
consider not only the core, but also the entire plant, including the pressure vessels, building structure
and the pressure relief system.
Additionally, the final consequences of a hypothetical massive corrosion accident are dominated
by the performance of the coated particles which had been embedded in corroded fuel spheres.
The following investigations are based on a plant layout which is similar to that of the Siemens
HTR module, but is not exactly the same.
Consequences of small and large pressure vessel breaks on the reactor cell
Reactor building, reactor cell and pressure relief system
The principal arrangement of the reactor building, the reactor cell and the pressure relief system is
shown in Figure 1. The reactor building has the main function of protecting the reactor against damage
from outside, e.g. aeroplane crash. It is not gas tight and can withstand only a moderate internal
overpressure, e.g. 0.3-0.5 bar. In the building, the reactor cell houses the reactor and the pressure
vessel with the heat exchanging components. Between these two main vessels there is a wall structure
with possibilities for gasflow, so in the following both parts are considered together and are denoted as
the reactor cell. As the main function of the reactor cell is to protect the operating personnel from
direct radiation from the reactor, it is designed only for a moderate overpressure of 0.3-0.5 bar.
Both compartments of the cell have large openings with closures for the insertion of the pressure
vessels. The free air volume of the reactor cell is of the order of 5 000 m3.
Above the reactor cell there is a reactor hall, which serves mainly to handle the large components.
For the reactor hall a volume of 12 000 m3 has been assumed. This air volume has direct access to
the reactor cell in the event that the closures of the component openings in the reactor cell fail.
Other rooms and areas within the reactor building have an air volume of about 20 000m3. This volume
is also available for access into the reactor cell, however only under very hypothetical assumptions.
From the reactor cell a pressure relief channel leads to the stack. It is designed so that a gas mass
flow upon break of a 33 cm2 size can be led to the stack, without the design overpressure of the reactor
cell being exceeded. The relief channel is equipped with a flap which opens at overpressure and closes
if normal pressure is reached again.
Consequences after occurrence of a small break
About 10-15 small pipes are connected with the pressure vessels, a few of them with a maximal
inner diameter of 65 mm. The break of one such pipe is postulated, i.e. the system is designed for the
arising loads. Figure 2 shows typical load values. There is no damage to the reactor cell, and practically
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all air has been replaced by helium. Air ingress into the reactor would be insignificant. If two or more
pipes broke simultaneously, however, the situation would be quite different. In this case, the reactor
cell could be damaged. Even then, a long-lasting corrosion process could only take place if the local
position of the broken pipes enabled a continuous airflow through the reactor core, driven by natural
convection. This situation can be avoided through reactor design and through careful placement of the
location where the pipes are connected to the vessels.
Consequences after occurrence of a large break
The pressure vessel system is generally designed, manufactured and operated so that failures
leading to large breaks with more than 33cm2 (65 mm pipe) are not postulated. As hypothetical cases
with a very low probability, however, they are considered in this paper. In a first scenario, a crack
through the wall of one of the vessels would occur. In this case, further crack propagation cannot be
excluded. This leads ultimately to the assumption of massive failures of the pressure vessel, e.g. the
complete failure of a weld between two shells of the reactor pressure vessel or of a weld of the
connecting vessel between the two main vessels. In the first case, the upper part of the reactor pressure
vessel would be accelerated upwards, with a possible loss of control rods. In such a scenario, the air
ingress would not be the dominating damage. Therefore, in view of air ingress the worst case would be
the complete failure of the connection vessel, with a simultaneous failure of the hot and cold gas pipes
in it. In this case, these pipes would offer large openings suited for a continuous airflow through the
reactor.
Figure 2 shows typical load values for a large break. The helium mass flow from the large break
cross-section is so high that the capacity of the pressure relief channel is too small, and high peak
loads of 7-10 bar arise in the reactor cell. Therefore, damage to the reactor cell is probably severe,
e.g. to the big closures. Thus, air from the reactor hall has immediate access to the reactor cell, and to
a lesser extent, so does air from other areas of the reactor building.
Accident time scale and estimated corrosion damage on fuel elements and on coated particles
Accident time scale
Figure 3 shows the principal time scale of an air ingress accident. Upon pressure loss, the core
heats up and reaches peak temperatures after 30-40 hours. After that time, the temperatures in the
hottest core region decline, but in the surrounding regions the temperatures continue to rise, e.g. in the
reflector and in the core barrel. We consider a large break as described above. When the depressurisation
is over, there is a mixture of helium and air in the reactor cell, which now has an open connection to
the reactor hall, because the opening closures have been damaged by the overpressure. The mean
pressure in the reactor cell and in the reactor hall is of the order of 2-3 bar at the beginning. When the
depressurisation is over, a first airflow will fill the bottom part of the reactor. The overlying helium
will stop this first airflow when the air has reached the level of the break. As the temperatures still rise
in large areas of the reactor, the helium expands and leaves in a constant flow the reactor at the break
opening, which prevents the ingress of any gases from outside. Seventy to ninety hours after
depressurisation, the main temperatures in the reactor structures start to decline, and from that time on
the helium-air mixture can penetrate into the reactor. In the considered accident scenario, the
connection vessel and the enclosed hot and cold gas pipes are broken. This enables a constant
circulation of the air-helium mixture through the core, driven by natural convection. Fresh gas enters
by the hot gas pipe the bottom region of the reactor, makes corrosion in that area, the flue gases stream
upwards, turn down by the cold gas borings and leave the reactor by the cold gas pipes.
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Estimated corrosion damage on fuel elements
Within the framework of the VELUNA experiments [1], corrosion on fuel ball packages was
investigated. The experimental channel had a cross-section of 240 × 240 mm which allowed
16 spheres per each layer. The total height was 3 700 mm. Figure 4 shows as a typical result the mass
loss by corrosion for the lower 10 sphere layers, at a temperature of 900°C and after 2 hours of air
streaming through the spheres. It can be seen that the corrosion is concentrated on the lowest three
layers above the air entrance on the bottom. After 8-10 layers, practically all oxygen has been consumed.
The corrosion of the spheres is not uniform, but follows the ways which the gas takes. Figure 5
shows a typical shape of a corroded sphere and a model for the analysis of corroded matrix volume.
The so-called shape function [1] of a series of corroded spheres has been measured. This function
gives an as-measured relation between mass-loss, the smallest measured radius and the volumetric
radius of the corroded sphere. In this way, the amount of corroded matrix volume can be estimated.
The result is given in Figure 6. It shows the estimation of corrosion damage in the lower core region
after 24 hours of airflow, where the mass flow is determined by the free break openings. In Case 1, the
break of two 65 mm pipes enabling natural convection through the core was considered. The resulting
corrosion damage is not serious. In Case 2 a large break was considered, the complete break of the
connection between the two main vessels including the hot and cold gas pipes inside. The resulting
corrosion damage is serious: after 24 hours, a matrix volume equivalent to 150-250 complete spheres
is corroded, and the coated particles are set free. About 70% of the oxygen which enters the reactor is
already consumed in the bottom reflector. There, it gasifies and weakens bulk graphite around the hot
gas channels or slids. To give an indication of the damage, an equivalent loss of wall material has been
calculated. This is however only a fictive figure, since the real corrosion phenomena in the bottom
reflector are complex, as other experiments in VELUNA have shown.
Estimated corrosion damage on the coated particles
Coated particles from corroded fuel spheres have formerly been embedded in the matrix. If the
matrix is gasified, they will fall down to the upper surface of the bottom reflector or deeper into the
hot gas channels. The outer pyrocarbon layer of the particles will be gasified too, but the corrosion
stops at the SiC-layer. The fission product retention of such particles has been investigated with
irradiated AVR spheres [2]. The spheres were completely corroded or gasified in air. The remaining
particles were then exposed to a certain, constant heating temperature. Figure 7 shows that at 1 300°C
it took about 10 days for the first particle (out of 16 400) to fail. The results support the expectation
that no particle will fail if the temperature remains ≤1 200°C.
If the core has been operated at a gas outlet temperature of 900°C, temperatures at the upper
surface of the bottom reflector, 80 hours after depressurisation, will be of the order of 700-900°C.
Through the exothermal corrosion process, these temperatures will rise by about 200 K. Therefore it
can be anticipated that the particles from the corroded fuel elements will stay ≤1 200°C and thus will
not fail.
Limitation of damages
There are three principal possibilities for limitation of damages after an air ingress (see Figure 8).
The most convincing method is the protection of all graphite surfaces by corrosion resistant coatings.
Such development is actually in the research stage. The second, very conventional method is accident
management by intervention measures, e.g. termination of the air access to the reactor cell by closing
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the open means of access. The long time span of about 80 hours before air circulation begins and
the low radiation level in the HTR building render conditions for remote or personal intervention
acceptable.
The third method is to ensure the integrity of the reactor cell even in the case of large breaks by
constructive measures. If the reactor cell stays intact, the corrosion damage will be limited by the
amount of air from the air/helium mixture in the cell. The reactor cell can be damaged by large flying
parts or by overpressure. As pointed out above, bursting of the main vessel with flying parts, e.g. the
upper vessel dome, is not considered, since in this case other major damage will be more serious than
the air corrosion. To cope with the overpressure, there are two possibilities (see Figure 9):
•

A strong reactor cell designed for the peak pressure and a pressure relief channel of low
capacity.

•

A reactor cell with low design pressure, but with a pressure relief channel which is suited to
lead away the large gas mass flow which arises in the first short time of the depressurisation,
in this way avoiding large overpressure in the reactor cell.

Figure 10 gives a general impression of such a pressure relief channel with large capacity.
The cross-section of the channel must be of the order of 10-15 m2. For the more probable small breaks,
the ordinary pressure relief channel is integrated, closed by a self-closing flap. For the large break, the
opening is closed by a plate that lifts if the designed overpressure is reached. Preference between the
two possibilities has to be decided also by the related investment costs.
Summary
Major corrosion damage due to air ingress into the reactor can only arise if the reactor cell has
lost its function as an enclosure of a defined, relatively small volume of air. This can happen in the
case of a large break in the vessel system, e.g. a break of the connection vessel between the two main
vessels. In this case, about 80 hours after depressurisation, corrosion of the bottom area in the reactor
will start. From that point on, coated particles equivalent to about 200 spheres can be estimated to be
set free from fully or partly corroded spheres within 24 hours. Corrosion experiments with AVR
spheres showed that the set-free particles stay intact for ~10 days, if their temperature is 1 300°C, and
that they will not fail if their temperature is ≤1 200°C. Furthermore, constructive measures to ensure
the integrity of the reactor cell are possible.
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Figure 1. Principal arrangement of reactor building, reactor cell and pressure relief system

Figure 2. Consequences on the reactor cell after
occurrence of small and large breaks in the pressure boundary

Type of damage

Small break
Break of one pipe
connected with the RPV
33 cm2
3-4 min

Free break opening
Time for depressurisation
Peak pressure in the reactor cell,
<1.5 bar
pressure relief channel has opened
None
Damage to reactor cell
Air content in the reactor cell
<5%
after depressurisation

Large break
Break of the connection vessel
between the two main vessels
2 × 1.5 m2
<10 sec
7-10 bar
Probably severe
High, due to air ingress from
outside the reactor cell

Figure 3. Principal time scale of air ingress accidents with air circulation through the core
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Figure 4. Corrosion mass loss after 2 hours, at 900°C
in the lower 10 sphere layers, VELUNA experiment [1]

Figure 5. Typical shape of a corroded sphere (corrosion temperature 1 030°C).
Model for the analysis of corroded matrix volume [1].
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Figure 6. Estimation of corrosion damage by air in the lower core region
Pre-conditions for the considered case: unrestricted
availability of air and break suited for natural convection

Type of break
Air mass flow, kg/s
Total graphite loss, kg/day
Graphite loss aside bottom reflector
slides, equivalent wall loss, mm/day
Corroded matrix volume which contains
particles, equivalent to completely
corroded fuel spheres, 1/day

Two pipes of
diam. 65mm enabling
natural convection airflow
~0.03
~400

Break of the
connection between
the two main vessels
~0.1
~1 400

~2

~7

–

150-250

Figure 7. Failure of irradiated UO2 TRISO particles in air at different heating temperatures [2]
Heating
temperature, °C
1 500
1 400
1 300

Failure performance
Number of particles
Time to failure of
exposed to air
Further failures
first particle, hrs
10
3
All cp. failed within 25 hrs
16 400 (1 sphere)
2
12 cp. failed within 70 hrs
3-5 cp. failed within 410 hrs
16 400 (1 sphere)
258

Figure 8. Principal possibilities for limitation of damages after air ingress
Protection of graphite surfaces by corrosion
resistant coatings
Accident management by intervention after
occurrence of the air ingress

Limitation of the amount of air which has
access to the core by constructive measures

Coating development actually in the research state
Long time span before start of air circulation and low
radiation level in the HTR building render acceptable
conditions for remote or personal intervention,
e.g. closure of openings
Ensuring the integrity of the reactor cell after
occurrence of a large break by constructive measures.
The corrosion damage is limited by the amount of air
within the reactor cell.
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Figure 9. Measures to ensure the integrity of the reactor cell
for the case of a fast depressurisation with high peak pressure load

Strong reactor cell
Pressure relief channel with low capacity

Design pressure for the reactor cell including all
closures adapted to the expected peak pressure,
e.g. 7-10 b.
The pressure relief channel allows pressure relief
in the reactor cell within 5-10 min.
Design pressure for the reactor cell ≤1.5 bar.

Reactor cell with low design pressure
Pressure relief channel with high capacity

The pressure relief channel allows pressure relief
in the reactor cell within ≤10 s.
The cross-section of the relief channel must be
10-15 m2.

Figure 10. Pressure relief channel with large cross-section,
low mass flow flap and high mass flow opening and closure
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WAYS AND MEANS TO LIMIT THE INGRESS OF WATER
INTO THE CORE OF HTR-MODUL MODULE REACTORS

A. Leber
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Abstract
Nuclear energy could very well not be a significant contributor to the world-wide energy supply in the
future unless it can be made catastrophe free. For new reactors it will have to be proven that the
consequences in case of extreme hypothetical accidents are limited to the power plant by self-acting
mechanisms. For such reactors integrity and stability are not endangered, and the amount of the
radioactive fission products is limited to tolerable values. One important accident, considered in this
paper, is the ingress of water into the primary circuit of a high temperature reactor. The water ingress
involves two types of damage: the corrosion of graphite and reactivity effects due to the additional
moderation of neutrons by water molecules. With the amount of water increasing above 1 000 kg in
the core zone of an HTR module, the absorption of neutrons exceeds the moderation and the reactivity
decreases. For this case, an increase of the temperature in the core zone results in a displacement of the
steam out of the core, and thus to an increase of reactivity. The result is that the temperature continues
to rise and positive feedbacked transients are possible. An increase of the water content in the core
zone over 1 000 kg can only occur if, in addition to the steam, liquid water is also present. Small
droplets may be generated by small leaks in a feedwater tube of the steam generator. Liquid water can
only reach the core zone – due to the different height levels and the large distance between the steam
generator and the reactor core – in the form of small droplets. The transport of droplets in the direction
of the core depends upon the gas flow, and is only possible in the case of a functioning blower. A portion
of these droplets, especially the larger ones, will be separated in the primary circuit before they can
reach the core zone. The droplet separation will occur due to self-acting mechanisms, and thus is not
dependent on the reactor protection system.
To determine realistic separation efficiencies for the droplets passing the primary circuit, the main
physical effects are studied theoretically and the SEAT experiment has been constructed to simulate
the transport and separation of droplets under various conditions.
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The SEAT experimental facility
The SEAT facility (Figure 2) is a closed flow channel of perspex with a rotation controlled
blower unit of 8 kW power. The gas flow can be adjusted continuously up to 0.5 m3/s. To generate
suitable droplet sizes in the range 5-150 µm, we use multi-component nozzles. The droplets are
created by the high shear stress between the liquid and the injected air. To make sure that the droplet
evaporation can be neglected, very small droplets (d < 20 µm) are injected by an ultrasonic atomiser
to obtain a moisture saturated gas atmosphere. In addition to the conventional measuring technique
(pressure, gas flow, humidity), we use a Fraunhofer particle analyser to determine the droplet sizes
and spectra. This measuring technique makes use of the diffraction of coherent light on small particles.
According to the principle of the Fraunhofer diffraction, the angular distribution of the light intensity
scattered in a forward direction is reverse proportional to the size of the particle. Droplet sizes can be
measured in the range from 1 µm up to 875 µm diameter. The measuring times are very short
(10-20 s) and the results are easily reproduced.
The SEAT facility is comprised of a model of the steam generator and the coaxial duct (Figures 2
and 7), the behaviour of which – with regard to droplet separation – is similar to the droplet separation
in the same part of the primary circuit of the reactor under accident conditions. The design of the
model is based on theoretical studies in droplet separation, the theory of the dimensionless numbers
and results obtained in our experimental work. The gas flow in several parts of the primary circuit has
been simulated with the finite element program ANSYS-FLOTRAN. The flow and pressure distribution
and the appearance of large eddies, e.g. in the bottom of the steam generator have been estimated.
The measuring channel shown in Figure 3 consists of a diffuser for an evenly distributed gas flow
and the succeeding measuring zone for recording the droplet spectra. The channel is also used for
installing and testing several droplet separators to estimate the separation efficiency. Therefore the
droplet spectra and the pressure drop are measured in three different heights. Measurements are carried
out with and without the testable separator. Furthermore, the amount of droplets which have been
separated in the separator is measured to determine the total separation efficiency. Thereafter the
fractional separation efficiency for special droplet sizes is calculated from the measured droplet size
distributions and the total separation efficiency.
Behaviour of the blower during a water ingress accident
In the event of a small leak in a feedwater tube of the steam generator, water will flow into the
primary circuit in the form of jets or small droplets. Because of the high entrance velocity the liquid
jets will decay into many small droplets with diameters ranging from 20 µm up to sizes larger than
1 mm. The smaller droplets, in particular, will evaporate in a very short time, so that the steam content
and the gas density involved increase in the primary circuit. The blower unit of the HTR module is not
to be laid out for such high gas densities. The behaviour of the blower unit – consisting of a fan casing,
the rotor and the electric motor – should be considered in the following.
To investigate the dynamic process of a water ingress accident, the specific behaviour of the
blower, and more specifically the blower motor in combination with different steam contents in the
gas atmosphere, is studied. The characteristics of a single-stage module blower is established on the
basis of other known blowers, e.g. THTR and AVR. Common characteristics of heavy induction
motors are used for the blower motor.
For a pure steam content it was found that the rotary speed of the rotor declines strongly, and the
volume flow is – in comparison to the normal helium flow – reduced to 20-70%.
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However, the transport is stable even at high steam contents. This result is very important for
experimental studies, because the droplet separation is strongly dependent on the volume flow and the
physical properties of gas and liquid.
For a smaller volume flow sedimentation is the main separation mechanism, whereas in case of a
high gas velocity or volume flow the inertial forces become predominant for the efficiency of the
droplet separation.
Figure 4 shows possible volume flows arising from the steam content in the primary circuit.
Three scenarios are considered:
1. The rotation control is not functioning and the rotary field of the motor is fixed to the nominal
value ns = 74 l/s.
2. The rotation control works, so that the torque is fixed to the nominal value of 6 400 Nm.
3. The rotary speed is controlled in such way that maximal volume flows are possible and a
maximal heat transfer out of the primary circuit is achieved.
With particular respect to the droplet separation the values for a high steam content are important
due to the short time needed for the evaporation of small droplets. For the case of a pure steam
atmosphere, the volume flow arises in the range from 3-11 m3/s. These results represent – in combination
with the respective gas density – the main input data for the experimental programme. Another
important point is the increasing heat production of the motor in the event of a non-functioning
rotation control. The coils of the motor might overheat and melt with the result that the motor stands
still, rendering further transport of steam and droplets impossible.
Fundamentals in droplet separation
In order to characterise the efficiency of the droplet separation in a special geometry or
separators, two different methods are usual. The first one, total separation efficiency, is used to
determine the grade of dryness in a special case. The total separation efficiency is defined as:
η total =

total mass of all separated droplets
mass of all injected droplets

(1)

Total separation efficiency is dependent on the geometry, the flow conditions, the physical
properties of gas and liquid, and especially on the droplet diameter at the inlet. The resulting problem
is that different input spectra of droplets condition different total separation efficiencies, because the
separation of small droplets (d < 20 µm) is rather difficult than separating larger ones (d > 50 µm).
Nearly all separation mechanisms are based on the difference in density between liquid and gas to
remove the droplets from the gas streamlines. Smaller droplets lead to smaller operating forces, resulting
in lower relative velocities between the droplets and the gas. This leads to lower separation efficiencies.
By using the Stokes resistance law for a moving water sphere in a gas atmosphere, the separation
efficiency increases quadratic with the droplet diameter. To estimate the quality of a droplet separator,
the definition of the fractional separation efficiency η is common used.
η fractional = f ( d ) =

mass of all separated droplets with the diameter d
mass of all injected droplets with the diameter d
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(2)

Two main separation mechanisms are the sedimentation and the inertial separation. To illustrate
these mechanisms, a horizontal channel consisting of a series of a 90° curves and a straight channel
element with a cross-section of 0.5 m2 will be considered. The whole channel has a length and a height
of respectively 5 m. Water droplets should be separated out of an airflow (1 bar, 20°C) for different
adjusted gas velocities. Figure 6 shows that the separation efficiency is minimal for a gas velocity
v = 0.5 m/s. For lower values, the sedimentation increases the effectiveness of the separation.
For higher velocities, the inertial separation is the main mechanism. If the flow energy is too high
flooding and entrainment come into operation.
Droplet separation in the primary circuit of an HTR module
In this section the droplet separation in the primary circuit of an HTR module will be examined.
The starting point is a possible droplet distribution produced by a leak in a feedwater tube of the steam
generator due to the pressure difference between the steam cycle and the helium cycle. Therefore
suitable droplet spectra are injected into the bottom of the SEAT model (Figure 7). Possible sinks and
main separation mechanisms for the droplets on their way to the core zone are listed in the following
table:
Sinks
Bottom of the steam generator
Gap between the steam generators
wall and the bundle
Blower
Coaxial duct
Bottom of the reactor pressure vessel
Cooling gas duct

Separation mechanism
Sedimentation
Inertial separation
Separation by the turbulence
Inertial separation
Inertial separation
Sedimentation
Inertial separation
Sedimentation
Inertial separation
No separation possible

Respected in the model
Yes
Yes
No
Yes
No
No

The droplet separation in the bottom of the reactor pressure vessel and in the cooling gas ducts
was neglected. The reason for this is that only small droplets will reach those parts of the primary
circuit, and the sedimentation in the bottom of the reactor pressure vessel does not take effect. The gas
velocity in the cooling gas ducts is so high that all droplets will be transported from there to the core
zone of the reactor.
A realistic approximation for the separation in the blower is not given, because the complicated
structure of the blower can not be reproduced. All those simplifications lead to the consequence of the
measured separation efficiency being lower than in reality. The design of the model is based on the
theory of dimensionless numbers with respect to main separation mechanisms. Further preliminary
experimental results carried out with the SEAT experiment are used.
Experimental results
The droplet separation in the model of the steam generator is strongly dependent on the gas flow
rate. For lower flow rates the sedimentation is predominant, whereas the inertial separation is the main
separation effect in case of high flow rates. This characteristic is shown in Figure 8 for the SEAT
model, where the fractional separation efficiency η is a function of the flow rate Q. Therefore the ratio
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of the injected water mass and the mass flow of air was adjusted to a low, constant value of
L/G = 0.26%. This was necessary to exclude agglomeration effects, which will increase the separation
efficiency. The measured efficiencies are in comparison to the separation efficiencies of single
droplets in the primary circuit.
The measured separation efficiencies (Figure 8) show the typical separation in big vessels [1]
combined with various ducts and curves. The characteristic will be discussed for a droplet size of
d = 10 µm. A low flow rate leads to a high separation efficiency due to the fact that the droplets are
mainly separated by sedimentation. With an increasing flow rate and shorter dwells of the droplets the
importance of the sedimentation becomes lower. Consequently more droplets are transported with the
gas flow to the outlet of the model, and the separation efficiency decreases for a flow rate Q = 0.1 m3/s
to a minimum value of η = 54%. From here the separation efficiency increases with an increasing flow
rate, because the inertial separation is mainly in operation. The minimal separation efficiencies
increase with the droplet size. A displacement of this relative minimum for the other considered
droplet sizes to other flow rates was not observed. These basic massages are in agreement with the
trend of calculated separation efficiencies shown in Figure 6.
To transfer the experimental results to the accident conditions with respect to the efficiency in
droplet separation, the following similarity concept is developed:
•

Same possible droplet spectra.

•

Similar gas loading with droplets or equal distance between the droplets.

•

Constant ratio of separating areas and mass flow of injected droplets.

•

Similarity in separation of single droplets achieved by:
− Numerical calculation models and finite element model analysis.
− Experimental experience.
− Important fundamentals in droplet separation, published in [2] and [3].

The transfer of the results to possible accident conditions is shown in Figure 9, where three
different cases for the gas configuration are considered:
1. Pure steam atmosphere.
2. Fifty per cent steam.
3. Pure helium atmosphere.
The different flow rate and the different physical properties under accident conditions are
simulated by varying the flow rates Q in the SEAT experiments.
The result is that droplets sizes larger than 30 µm are separated under any accident conditions
with efficiencies of nearly 90%. The separation efficiency decreases especially for small droplets
(d < 15 µm) with an increasing steam contingent. Although the lower gas viscosity and the higher gas
density will have positive effects in reference to the droplet separation, the strongly reduced flow rate
predominates those effects in return, and the separation efficiency will decrease. The main portion of
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the droplets is removed by inertial separation in the 180° deflection in the bottom of the steam
generator. The sedimentation is less important for the removal of small single droplets. This fact is
opposite, if we consider the separation of dense sprays. In those cases agglomeration effects exist, so
that many small droplets (d < 15 µm) will agglomerate to bigger droplets. At this point, the main
separation mechanism is the sedimentation. This situation is shown in Figure 10 for a flow rate of
Q = 0.263 m3/s, which is similar to a pure steam atmosphere in the primary circuit. Therefore droplet
diameters about d = 20 µm are almost completely separated.
Consequently, the total amount of water droplets reaching the core zone will not increase
absolutely with a higher injected mass flow through the leak. The experimental results indicate that the
maximum amount of liquid water is expected in the core zone for a very small leak producing a small
water flow in form of droplets with a diameter smaller than d = 20 µm. However, a total amount of
1 000 kg water (steam and liquid) in the core zone of an HTR module can be excluded under all
conditions or accident scenarios by the self-acting droplet separation in the primary circuit.
Improving the separation efficiency with special droplet separators
The droplet separation can be improved by the use of specially designed droplet separators, which
should be arranged in the bottom of the steam generator. In this way, droplet vaporisation can be
reduced at the beginning of the accident, with the result that the reactivity effects and the chemical
potential for the graphite corrosion are low. Many different separators have been tested under various
conditions. The specific test objects are named in the following.
Demisters or wire-mesh separators
The demister belongs to the inertial separators and consists of knitted wire mesh packages, with a
package thickness of 30-300 mm and wire diameters in the range of 200-500 µm. The porosities of the
packings are high, especially for metal wires (97-99%). The separation efficiency increases with a
small wire diameter and a low porosity. A high package thickness is also useful. As mentioned earlier,
the separation efficiency is dependent on the physical properties, flow energy and, in particular, on the
droplet diameter. All effects improving the separation efficiency are combined with a higher pressure
drop and higher operating coasts. Therefore it is useful to know the droplet spectrum at the inlet of the
separator, so that the separator can be laid out economically. Bürkholz found a good correlation in [2]
between the pressure drop and the fractional separation efficiency. He defined a separation parameter
Ψa, including this correlation and the dependence on the physical properties. By using the correlations
∆p ~ v2 and ∆p1/3 ⋅ d = K(η) the following equation is found:
2

(3)

1

 µ g  3  ρ g  6 ρ Lo
K ( η) = K ( η) ref . ⋅ 
 ⋅
 ⋅
ρL
 µ go   ρ go 

The pressure drop was measured in the SEAT experiment for different types of demister. The law for
the pressure drop is the sum of two expressions, the first expression being g/Re with respect to the
laminar friction, the other being f/Re0.2 with respect to the pressure drop due to the gas deflection on
the metal wires and the turbulence. The meaning of a is the free surface per volume in the wire mesh.
∆p feucht = ξ ⋅

ρg
2

⋅ v 2 with Re =

v ⋅ d Draht ⋅ ρ g
µ g ⋅ (1 − ε )
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and ξ =

f
g
+
Re Re 0.2

(4)

Approximation for the coefficients f and g:
f = 0.3834 ⋅ a + 28.381
g = 18.8⋅ a 1 520
Coefficient RHO-SO
f
0 084
g
4 240

RHO-110
0 105
5 300

RHO-130
0 119
5 957

RHO-145
0 130
6 500

RHO-175
0 151
7 536

RHO-192
0 163
8 100

RHO-240
0 195
9 698

Coefficients f and g, carried out with the SEAT experiment for different demisters.

With a suitable distribution of the fractional separation efficiency η(d) over the droplet diameter or
the separation parameter, the measuring results for the separation efficiency can be approximated very
well. The parameter x95 means the value of x set in Eq. 6 for a fractional separation efficiency of 95%.

x( d )

4

(5)

η( d ) = x ⋅ (1 − e −1 x )

(6)

 ∆p feucht Stufe1 d 
x 95
= 3
⋅
 ⋅ A *95 with A *95 =
µm 
mbar
( K *95 ) 4



The experimental results shown in Figure 12 can be transferred to possible accident conditions
following Eqs. 3-6. Figure 13 illustrates the flooding behaviour of the demisters for varying the inlet
velocity. Therefore the measured flooding rate is shown as a function of the inlet speed. The entrained
water at the outlet of the demister is present in the form of large droplets ranging from 0.5-3 mm
diameter. Normally the inlet flow energy ρ ⋅ v2 should not increase the energy at the flooding point.
If the separator is, for example, positioned in the bottom of the steam generator, the entrained
secondary droplets will be separated by sedimentation thereafter.
Wave plate separators
The wave plate separator consists of a pack of parallel configured zigzag baffle profiles.
The spacing between the profiles varies from 5-30 mm. The droplets will be separated by inertial
forces that come into operation as a result of the deflection of the gas flow between the profiles.
The edges of the profiles were provided with small chutes though which the separated liquid is
passed into the outflow casing. Bürkholz has found in [2] a correlation between the pressure drop and
droplet diameter for the demister, which is also true for many wave plate separators. The calculation of
separation efficiencies is possible by applying Eqs. 3, 5 and 6 for the demisters. Only the resistance
law is different, because the coefficient for the pressure drop in wave plate separators is nearly
constant over a wide range. Wave plate separators are suitable to remove droplets with diameters of
d > 15 µm, whereas the flooding addiction, in comparison to demisters, is very low.
Improving the separation efficiency in the primary circuit with droplet separator built in the bottom
of the steam generator
In this section the droplet separation for two accident scenarios is compared. A small leak in the
feedwater tube is assumed and a volume flow of Vw = 4.5 l/min is injected into the bottom of the
steam generator. This situation is simulated by injecting a suitable droplet spectrum into the bottom of
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the SEAT model (Figure 15) and measuring the fractional separation efficiencies. The droplet
separation will be transferred to the accident conditions for two assumed gas atmospheres, meaning
that only pure helium or pure steam is present in the primary circuit. The arising flow rate for the pure
steam atmosphere was approximated earlier at 3-3.15 m3/s. The arising separation efficiency will be
calculated with and without an inherent safety element for each atmosphere. The considered safety
element consists of a demister (RHO-80-100) and the wave plate separator (Le02) in a series, which is
tested in the measuring channel of the SEAT experiment.
One main result is that the agglomeration of smaller droplets to bigger ones leads to a strong
increase of the separation in the primary circuit. This is amazing with respect to the small size of the
injected water flow. This behaviour can be recognised in the relative maximum of the separation
efficiency for droplet sizes about 5-8 µm. The relatively flat slope of the separation curve for larger
droplet sizes in Figure 16 has the same cause, as the diameters of the secondary droplets are in the
range of 20-100 µm. The separation efficiency, in particular, can be increased for such droplet sizes
through the installation of an additional separator in the bottom of the steam generator.
Another positive effect of installing droplet separators in the primary circuit is the early
agglomeration and separation of small droplets to reduce the evaporation, which is not considered for
the pure helium and is negligible for the pure steam atmosphere.
Conclusions
A water ingress accident caused by a small leak in a feedwater tube is strongly dependent on the
gas flow in the primary circuit. Many eventualities could be clarified by a detailed analysis of the
behaviour of the blower unit and the separation process in the primary circuit. For a pure steam
atmosphere the flow rate is reduced to approximately 3 m3/s. Single droplets with sizes of d > 25 µm
are removable effectively under all conditions. The average distance between the droplets decreases in
the event of dense sprays produced by a small leak in a feedwater tube. Therefore agglomeration
effects come into operation and the separation efficiency rises. The total amount of water passing the
coaxial duct will even decline for an increasing water injection, because of the droplet agglomeration
and also due to the fact that the produced droplet sizes are proportional to a cross-section of the leak.
Efficiency can be greatly improved through the use of special droplet separators. The separation
technique is reliable and is a matter of common knowledge, which is confirmed in our experimental
programme. In resume, the mass of liquid water possibly present in the core zone is low in comparison
to the steam content. Further liquid water cannot be stored in the core zone due to the downstream
flow through the pebble-bed. Through the use of an installed droplet separator, the evaporation of
water droplets can be reduced in the case of an early agglomeration and separation of small droplets.
To prevent the transport of droplets and water vapour in the direction of the core zone, it may be
useful to install the separator into the gap between the inner wall of the steam generator and the outer
wall of the helix-bundle. The separator will catch the droplets, which are partly separated in the
180° deflection (Figure 17). The adhered droplets will agglomerate to many runlets or films running
down the inner wall of the steam generator. These runlets or films can be stored in the casing of a float
gauge, shown in Figure 17, which is installed down under the gap. The float gauge, e.g. a hole torus,
moves up due to the difference in density. If the casing is filled with a defined amount of water
(200-400 kg, depending upon the construction of float gauge and casing), the float gauge will touch
the bottom line of the helix bundle and the primary circuit is closed. The result is that the gas flow is
interrupted and a transport of droplets or steam is no longer possible.
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This safety element only operates through self-acting mechanisms, respectively using the
self-acting separation in the 180° deflection in the separator and gravity for catching the separated
water in the casing of the float gauge, in turn causing the float gauge to rise, which interrupts the flow
in the primary circuit.
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Figure 1. The HTR module reactor

Figure 2. Layout of the SEAT experimental facility
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Figure 3. Measuring channel for the droplet spectra

Figure 4. Power output and heat loss as a function of the rotor speed
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Figure 5. Volume flow over steam content in the primary circuit
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Figure 6. Calculated separation efficiencies over gas velocity
for single droplet sizes using the Stokes resistance law
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Figure 7. SEAT model of the steam generator and the coaxial duct
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Figure 8. Separation efficiency η in the SEAT model as a function of the adjusted flow rate Q
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Figure 9. Separation efficiency as a function of the
flow rate (steam contingent) in the primary circuit
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Figure 10. Separation efficiency dependent on the dimensionless
injected mass flow L/G in the case of a pure steam atmosphere
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Figure 11. Demister RHO80-150-0.28
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Figure 12. Measured separation efficiencies in demisters
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Figure 13. Measured flooding rate
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Figure 14. Wave plate separators
(Euroform profile, agglomerator + Le02, demister + ÖLTE from left to right)

Figure 15. Injected droplet spectra
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Figure 16. Separation efficiency over droplet diameter in the primary circuit
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Figure 17. Safety element to interrupt the primary circuit
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Abstract
Graphite materials are used in high temperature reactors (HTRs) for fuel elements and core structures.
In the AVR and in the THTR it was successfully demonstrated that especially the spherical fuel
elements showed excellent behaviour during normal operation and accident conditions. Improvements
are possible as part of efforts to achieve catastrophe-free nuclear technology. In case of a massive
ingress of air or steam into the primary circuit of an HTR, it is possible, if no active steps are taken,
that serious corrosion of graphitic structures can occur.
For corrosion protection it is appropriate to provide these structures with ceramic (SiC) coatings.
These coatings were produced by chemical vapour deposition and by the slip coating method.
The coated graphitic specimens, spheres (without nuclear material) and other samples, were tested in
many experiments, undergoing tests for corrosion, mechanics and irradiation. The results of these tests
show that the SiC coatings applied to many graphites are corrosion-resistant and mechanically safe.
For some coated graphitic spheres the post-irradiation experiments showed good corrosion properties
at temperatures in the region of 750°C. For one material the corrosion resistance was good even for
temperatures up to 1 400°C (1 600°C).
Furthermore, alternative forms of coated spheres, consisting of screwed half-shells, have already been
tested successfully in corrosion and irradiation experiments.
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Introduction
In HTR plants graphite materials are used for fuel elements and reflector structures. During the
operation of HTR plants (AVR, THTR) these graphitic structures were extensively tested. Operating
experience was very positive. It was proved that all operating demands (such as high temperatures,
neutron doses and mechanical loading) were fulfilled by the graphitic structures. It should be
emphasised that the primary circuit of HTRs is very clean due to the good retention properties of the
fuel elements, especially of the coated particles. Extensive tests proved that these good retention
properties for fission products are valid even for temperatures up to 1 600°C for several hundred
hours. The development and testing of the spherical fuel elements can therefore be regarded as a
complete success.
Although the above-mentioned properties of the graphitic structures are very good, research into
improvements should continue. One of the HTR-specific accidents (analysed extensively in safety
studies) is the entry of foreign media such as air and water into the primary circuit. In design basis
accidents the corrosion of fuel elements is not critical for reactor safety. In certain cases of
hypothetical accidents like massive air ingress it is possible that the matrix graphite of the fuel
elements will be destroyed by corrosion in such a manner that a release of fission products may be
possible. Up to now a large number of solutions have been considered to prevent such possibilities.
For future nuclear plants new techniques have to be developed which will lead to a transparency of the
technology applied. It is therefore suggested that the outer surfaces of the graphite fuel elements be
provided with ceramic coatings.
The application of a ceramic corrosion protection coating is a very attractive solution not only for
fuel elements but also for graphitic structures like the bottom and side reflector.
Graphite oxidation
Analyses in the field of graphite oxidation have been made in a large number of experimental
tests and theoretical studies. To give an impression of how graphite spheres will be corroded by air,
the results of experimental work in different facilities of the University of Duisburg [1,2] are presented
here.
In these test plants uncoated graphite spheres (without coated particles) of the original size (6 cm
diameter) were placed in silos and streamed by air from bottom to top. These tests were made for three
different velocities, with temperatures ranging from 600°C to 1 200°C. In Figure 1 the measured
corrosion rates of these uncoated graphite spheres are presented. To give an impression of how large
the corrosion protection by SiC coating on graphite spheres can be, the corrosion rate of a coated
sphere is marked by the lower line in Figure 1.
Graphite materials
Different graphite qualities were coated with silicon carbide. To obtain a wide spectrum of
information, nuclear and commercial graphites were used.
The nuclear graphite A3-3 is used as the matrix material for fuel elements in high temperature
reactors. This material is a composition of 64 wt.% natural graphite, 16 wt.% petroleum coke graphite
and 20 wt.% resin binder. The fuel elements with this material are processed and heat-treated at
temperatures below 2 000°C. This matrix material is thus the only one which is not fully graphitised [3].
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The nuclear graphite material IG 110 is used for fuel element blocks in the Japanese HTTR plant.
This IG 110 is a fine-grained isotropic graphite, which is fabricated from coke filler with binder on the
basis of coal tar pitch. This graphite is isostatically pressed and fully graphitised (at 2 800°C) [4].
The nuclear graphite ASR-1RS was used for reflector blocks in HTR plants. This material is a
pitch coke graphite manufactured according to secondary coke technology. It is produced using three
impregnations with coal tar pitch, and it is vibrationally moulded.
The nuclear graphite V 483 was employed for core-supporting columns in HTR plants.
This graphite is a pitch coke graphite with a fine grain and high binder content. It is isostatically
moulded [5].
The commercial graphites are: FU 9512 (FP 379) from Schunk, EK98 and EK 432 from
Ringsdorf and other graphites. These graphites are electrographites with a base filler material of pitch
coke and binder based on coal tar pitch [6,7].
Production methods for ceramic coatings on graphite surfaces
The SiC coatings on graphite specimens (mainly spheres) were produced using two different
methods: chemical vapour deposition (CVD) and slip coating.
Coating methods based on CVD
Chemical vapour deposition methods are well known in chemistry and chemical engineering, so
only a brief description will be provided here.
Chemical vapour deposition produces coatings from the gas phase. For SiC coatings, the SiC is
deposited from the gas mixture CH3SiCl3/H2 in a temperature range of 1 150-1 450°C at different
pressure ranges. To obtain a continuous transition of the substrate and the coating material, an
appropriate ratio of coating gas (CH3SiCl3) and reductant (H2) is necessary, as is a suitable reaction
temperature (approximately 1 300°C).
Schunk [6] mainly supplied coated graphitic spheres of FU 9512 and IG 110 quality. In the
present case a system with temperatures in the range of 1 200°C is used. The SiC layers produced
show a coating thickness of 50-150 µm.
In addition, Schunk [8] provided coated spheres of A3-3 quality. The layers are produced by the
following steps:
1) Direct siliconising of the graphitic spheres in a silicon steam atmosphere at temperatures
below 1 600°C.
2) Immersion of the spheres in a SiC melt at temperatures up to 1 500°C.
A great deal of interest has also been shown in CVD-SiC in functional gradient materials, whose
composition changes continuously from SiC to C. In this case dense CVD-SiC with a thickness of
200 µm was formed on the graphite substrate and a CVD-SiC/C phase with a thickness of 1-2 mm
containing voids was then formed on top of the first film. In this region, the ratio of SiC to C changes
continuously, and by adjusting the orientation of SiC it is possible to control the number of voids.
Finally, a CVD-C film of a thickness of 100-200 µm is formed on top of the other films.
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The slip-coating process
A new method for coating graphitic materials by SiC was developed at the Institute of Reactor
Safety and Technology of the Technical University of Aachen (RWTH). This process consists in
coating graphitic substrates first by a slip and then in a Si infiltration by a high temperature process.
In a first processing step the uncoated substrate is wetted with a ceramic suspension consisting
of α-SiC of different grain sizes, ultra fine-grained graphite powder, organic binder and a solvent.
After complete wetting of the substrate with this SiC slip the solvent evaporates out of the slip during
a drying phase. A solid and a porous layer arise by removing the solvent. The shares of binder
polymerise and form a strong fixation between the solid phase of the slip and the surface of the
substrate.
In a next step this specimen is put into a Si-contribution paste inside a furnace at a temperature of
1 700°C.The melted Si (∼1 410°C) infiltrates the layer and the substrate of the specimen. During
infiltration, the graphite of the outer surface and in the open porosity area at the inner surface reacts
with silicon to form β-SiC. At the same time, the silicon component reacts with the carbon
components of the slip coat of β-SiC until the reaction is terminated. This newly formed β-SiC grows
on the α-SiC grains. The coating thus formed is a good connecting scaffold with the surface of the
substrate. The layer penetrates into the graphite to a depth of nearly 1 mm. The open pores near the
surface are filled with β-SiC. A strong adhesion is obtained through this process.
The SiSiC coatings are produced with thicknesses of 75-150 µm. Successful coating was
performed for nuclear graphites IG 110, V 483 and ASR 1 RS, as well as for electrographites IG 430,
EK 98 and EK 432 by optimising coating and siliconising process performance.
Experimental results with SiC-coated graphites
To characterise the SiC-coatings produced, corrosion and thermal shock tests as well as
ceramographic analyses are carried out. Some of these results have already been presented in former
reports [9,10]. The new results of corrosion and post-irradiation experiments are reported here.
The standard tests to check the corrosion resistance of the coated spheres were mainly performed
at a temperature of T = 750°C for an experimental period of 24 hours in a natural convection air
stream. The aim of the development is to reach a corrosion rate of R < 0.1 [mg/cm2h] in the air stream
for 200 hours in the temperature range 400-1 600°C. Corrosion tests in steam were performed at a
temperature range of 600-1 000°C. Heated specimens were also shock-tested by dropping them into
cold water. The analyses of these tests provide information on the resistance to sudden changes of
temperature of C/SiC structures. The following sections present experimental results for SiC coatings
produced by different methods.
Corrosion results for coatings produced by CVD methods
Results for SiC-coated full graphite spheres
SiC coatings on graphite spheres by the CVD method have been mainly produced by Schunk [8].
We started with coating of spheres made of the graphite material FU 9512. This material has a thermal
expansion factor which is similar to the SiC expansion factor. The results of the corrosion tests show
very low corrosion rates (R ≤ 0.01 mg/cm2h) for long test periods (≤200 h).
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Mechanical tests (dropped 10 times from a height of 2 m on graphite spheres) were also
performed on these FU 9512 coated spheres. No cracks or damage could be found. Corrosion
experiments were then performed again on these spheres. Once again no damage could be found.
The aim of the development is to reach a corrosion rate of R < 0.1 [mg/cm2h] in air stream for
200 hours in the temperature range 400-1 600°C. This must be achieved for nuclear graphite
materials.
SiC-coated spheres made from A3-3 graphite material showed an inadequate corrosion rate.
Therefore we looked for other nuclear graphites to coat.
A very good corrosion-resistant quality was achieved with the IG 110 material, a graphite
material used in Japan for HTR nuclear graphite. Corrosion experiments were performed with coated
spheres of 60 mm diameter. The results were very good (Table 1). Even short heat-up times of three
hours had no influence on the results.
Results for SiC-coated screwed (hollow) graphite spheres
The main aim of our work is to obtain SiC coatings on A3-3 graphite spheres in the quality
achieved with IG 110 graphite spheres. Until now the corrosion rate of SiC coating on A3-3 graphite
spheres has not been sufficient. Therefore we tested alternative forms of coated fuel spheres.
Five hollow spheres (da = 60 mm, di > 50 mm) made of IG 110 were produced consisting of two
hemispheres screwed together (Figure 2). A3-3 spheres (d < 50 mm) without coated particles are
installed inside two hollow spheres. The other three hollow spheres are without inner spheres. These
screwed spheres were coated on the outer surface (da = 60 mm) with SiC and then tested for corrosion
resistance (see Table 2). The corrosion-resistant screwed spheres were subsequently irradiated at the
HFR Petten.
Corrosion results for coatings produced by the slip coating process
Tests for the corrosion resistance of the SiSiC-coated graphite qualities were carried out in an air
atmosphere with an airflow velocity of 0.2 m/s at temperatures between 700°C and 1 400°C for
24 hours.
The slip-coated samples of different graphite qualities showed no measurable corrosion due to
graphite burn-up. The corrosion examinations were carried out at a temperature of 750-800°C for
times ranging from 24 hours to 200 hours. At this temperature the graphite corrosion process is due to
pore diffusion of oxygen through possible defects in the protective coatings. None of the samples
examined at this temperature and times exhibited any measurable mass decrease, thus leading to the
conclusion that graphite samples provide outstanding protection.
The reaction rates for slip-coated samples in air are very low for all electrographites and nuclear
graphites (without A3-3). For instance the reaction rates for SiC-coated IG 110 by slip coating have
values in the region of R ≤ 0.01 mg/cm2h. These results have already been presented in previous
reports (see Refs. [9-11]).
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Irradiation and post-irradiation tests
To examine the integrity of different coatings after neutron irradiation, SiC-coated graphite
spheres (d = 60 mm + δSiC) were irradiated at HFR Petten. The temperatures and the neutron fluences
for these irradiation tests were chosen in such way that the average operating conditions of an
HTR-Modul were covered. The average surface temperature of the coated spheres ranged between
540-680°C, and the neutron fluence ranged between 1.4 and 1.95 × 1025 m-2 (E > 0.1 MeV) (Table 3).
Graphite spheres coated in different ways were supplied for this irradiation test. Three graphite
materials were used for these spheres: IG 110, V 483 and A3-3. The SiC coatings were produced by
the slip-coating process and CVD. Before irradiation, these coated spheres were tested for corrosion
resistance for 50 hours at 750°C. In these corrosion experiments five coated spheres showed no mass
loss. Only the coated A3-3 sphere had a small mass loss and was therefore not investigated further.
Irradiation rig D 247-01
Six coated spheres and one uncoated graphite sphere were loaded in an irradiation capsule at
HFR Petten. This capsule consisted of a stainless containment housing the seven spheres in a graphite
structure (see Figure 3). The sample holder was instrumented with twelve thermocouples, three
fluence detector sets and two gamma-scan wires [12].
The irradiation test was performed in the HFR Petten for a period of four cycles or 93.89
full-power days.
Post-irradiation inspections
The weights of the spheres before and after irradiation are given in Table 4. Only sphere No. 6 is
not taken into consideration, because the coating showed insufficient adhesion. The weight loss of the
uncoated sphere (No. 1) is reasonable, because a borehole for temperature measurement was drilled
into the sphere. The visual inspection in the hot cells in Jülich shows that sphere No. 2 has two small
points with peel-off. Spheres No. 3 and No. 7 have one place that looks different from the surrounding
surface. The other coated spheres have no changes on the surface [12,13].
To answer the question of whether the coating of the irradiated spheres is damaged or not, we
performed corrosion experiments in the hot cells at Jülich.
Post-irradiation corrosion experiments
The corrosion experiments with these irradiated spheres were performed in the KORA apparatus
in the hot cells at Jülich.
Description of the KORA apparatus
The KORA furnace [14], in which specimens up to spherical fuel element size can be heated, is
installed in the gas-tight box of a hot cell. The resistance-heated furnace contains two concentric tubes
placed inside each other, which may be made of fused silica, alumina or SiC, depending on the test
temperature. The air first flows into the annular gap between the inner and outer tube where it is
heated before reaching the specimen through an opening at the end of the inner tube (Figure 4).
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Results of KORA experiments
The KORA apparatus was used to perform temperatures from reactor operation (750°C) to
accident conditions (1 600°C). The heat-up occurred at a rate of 200°C/h. During the test an air
pressure of about 110 kPa and a flow of 30 ltr/h was reached. In contrast to higher temperatures, there
is during the 750°C step no formation of a complete protecting oxide layer hindering SiC corrosion.
Five SiC-coated spheres and also one uncoated graphite sphere were tested in the KORA apparatus.
The results of these corrosion tests are summarised in Table 5. Two of the five SiC-coated spheres
(No. 4 and 5) had no damage before and after the first post-irradiation corrosion tests at 750°C.
Even the defective SiC spheres – Nos. 2 and 7 – had a significantly smaller corrosion rate at 750°C
than the uncoated graphite sphere. One of the two spheres with no visible defect (No. 5) had no weight
loss after all three corrosion tests in air up to 1 400°C. During the 1 600°C test the inner SiC furnace
tube melted. The sphere was therefore damaged by this occurrence. There are no indications that this
sphere (if not damaged by the tube) would not pass the 1 600°C corrosion test successfully.
Irradiation rig D 247-02
The performance of the irradiation for the second project was successfully completed in 1998 [15].
The irradiation targets of the second project consisted of five screwed SiC-coated graphite spheres
(see the section entitled Results for SiC-coated screwed (hollow) graphite spheres and Table 2) and
three SiC samples, each 15 mm in diameter and 16 mm in length. Three of the five screwed spheres
were hollow without an inner sphere. The other two spheres had an inner sphere of d < 50 mm.
The samples were irradiated at HFR Petten under typical HTR module conditions between 600-770°C
up to fast neutron fluence of 1.92 × 1025 m-2 (E>0.1 MeV). The main operating data were similar to the
first experiment (rig D 247-01). A neutron radiograph image taken shortly after completion of the
irradiation and the visual inspection after recovery of the samples showed no damage to the SiC
coating.
The irradiated screwed spheres and SiC samples are now stored in the hot cells at Jülich.
Preliminary measurements showed that the differences between the weights before and after
irradiation are very small [16] (see Table 6).
These irradiated coated hollow spheres will also be tested in the KORA facility within the next
few months.
New SiC-coated IG 110 spheres
In order to improve the irradiation behaviour of the IG 110 coated spheres the coating techniques
were slightly modified for CVD and for the slip-coating process. Newly coated full IG 110 spheres
were produced and corrosion-tested (see Table 7). These corrosion-tested spheres will be prepared for
the next irradiation rig.
Summary
In HTR plants graphite materials are used for fuel elements and reflector structures. As part of the
efforts to achieve catastrophe-free nuclear technology it is appropriate to provide these structures with
SiC coatings. These coatings were produced by chemical vapour deposition and by the slip coating
method. The coated graphitic specimens, spheres (without nuclear material) and other samples were
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tested in many experiments, undergoing corrosion, mechanical and irradiation tests. The results of
these tests show that SiC coatings applied to many graphite materials (as electrographites and nuclear
graphite IG 110) are corrosion-resistant and can withstand the required mechanical loads. For some
coated graphitic spheres, the post-irradiation experiments showed good corrosion properties at
temperatures in the region of 750°C. For one material the corrosion resistance was good even for
temperatures up to 1 400°C (1 600°C).
The main aim of our work is to obtain SiC coatings on A3-3 graphite spheres in the quality
achieved on IG 110 graphite spheres. Up to now the corrosion rate of SiC coating on A3-3 graphite
spheres has not been sufficient.
We therefore tested alternative forms of coated fuel spheres. One modification of the present fuel
element concept is such that the fuel-free graphite zone of the fuel sphere consists of two screwed
half-shells of IG 110 graphite instead of A3-3. Several experiments have been carried out for the
coating and joining of such parts. A strong joint of the shells and corrosion resistance of the two parts
can also be ensured for this case. Irradiation damage of the SiC coatings was not observed.
The coating of full A3-3 spheres will be continued with different coating methods.
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Figure 1. Corrosion rates of graphite spheres [1,2]

Figure 2. Proposal for a possible modification of the present HTR fuel element concept

PyC-coating

A 3.3-matrix graphite

SiSiCcoating

IG 110

208

209

Figure 3. Schematic drawing of RIG D247-01 [12]

Figure 4. KORA resistance furnace

Table 1. Corrosion tests of SiC-coated IG 110 graphite spheres (60 mm) at 750°C
Air streaming, 50 h total time
2
Graphite: IG 110
Diameter: 6 cm
Surface: 113 cm
Heat-up time Weight change Corrosion rate
Sphere no.
(hrs)
(mg)
(mg/cm2h)
1
3
+1
∼0
2
3
-261
0.046
3
3
-13
0.0023
4
3
+1
∼0
5
3
+10
+0.002
6
3
-0.7
∼0
Table 2. IG 110 screwed spheres, CVD-coated with SiC
(two with inner sphere, three without inner sphere)
Corrosion tests at 750°C, 50 h, air stream, results before irradiation
Mass[g]before Mass[g]after
Hollow sphere
Diameter [mm]
corrosion test
corrosion test
HK M1
200.089
200.088
60.3-60.4
HK M2
198.714
198.707*
60.3
HK O1
HK O2
HK O3

86.730
86.582
87.338

86.729
86.584
87.341

* Different balance after test
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60.3-60.4
60.3
60.3-60.4

Table 3. Cumulative neutron fluence data and full-power days, and averaged cycle temperature
Id no.

Item

1

Irradiation duration
Full-power days
Neutron fluence
E > 0.1 MeV 1025 m-2
Temperatures in °C,
measured by thermocouples:
Cycle 95.08
Cycle 95.09
Cycle 95.10
Cycle 95.11

1
2

3

2

Sphere no.
3
4
5

6

7

93.89
1.0

1.39

1.69

1.9

1.95

1.83

1.47

553
523
467
538

617
580
534
596

650
638
609
645

684
674
646
672

659
670
644
665

670
691
664
678

660
672
668
652

Table 4. Weight changes of the irradiated spheres

No.

Spheres

1
2
3
4
5
6
7

A3-3 reference
IG 110 (4)
IG 110 (4) CVD
IG 110 (6) CVD
V483 (2)
No. A
IG 110 (1) CVD

Before irradiation
[g]
198.21
209.85
204.04
203.99
207.26
205.04

Weight
After irradiation
[g]
197.68
209.38
203.91
203.86
206.91
Not investigated
204.84

Difference
[g]
-0.53
-0.47
-0.14
-0.13
-0.35
-0.20

Table 5. Results of KORA corrosion tests
Sphere
Graphite
Manufacturing
Visual inspection after
irradiation
Weight loss during test (g)
0 750°C, 20 h
1 000°C, 20 h
1 400°C, 20 h
1 600°C, 20 h

1
A3-3
No SiC

53.1
–
–
–

2
IG 110

4
IG 110
CVD

5
V 483

Surface
defect

3
IG 110
CVD
Small
hole

Intact

Intact

2.6
5.9
14.0
–

34.3
–
–
–

0
21.1
–
–

0
0
0
∗

∗Damage of furnace tube and sphere.

211

7
IG 110
CVD
Small
hole
9.5
–
–
–

Table 6. Weight changes of the irradiated screwed spheres
Sphere
HK-M1
HK-M2
HK-01
HK-02
HK-03

Weight before irradiation [g] Weight after irradiation [g]
200.09
200.15
198.72
198.77
86.78
86.78
86.66
86.67
87.34
87.43

Table 7. Results of corrosion experiments at 750°C, 50 h
and 800°C, 12 h, respectively, in air streaming

Sphere
VK Si 1
VK Si 2
VK Si 4
VK Si 6

Sphere
VK-Trim14
VK-Trim18

ISR
SiC-coated IG 110 graphite spheres (d = 60 mm)
Si-infiltrated + CVD (Schunk)/750°C, 50 h
Weight [g] of
Weight [g] after
∆m [mg]
SiC-coated sphere
50 h/750°C in air
212.356
212.353
-30
211.682
211.683
+10
212.647
212.655
+80
211.173
211.186
+13
RWTH-Aachen
SiC-coated IG 110 graphite spheres (d = 60 mm)
slip-coated process/800°C, 12 h
Weight [g] of
Weight [g] after
∆m [mg]
SiC-coated sphere
50 h/750°C in air
206.300
206.30
0
206.850
206.85
0
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Diameter [mm]
approx.
60.5-60.6
60.4-60.5
60.50
60.4-60.5

Diameter [mm]
approx.
60.35-60.45
60.40-60.42

SOURCE TERM ESTIMATION FOR SMALL SIZED HTRs:
STATUS AND FURTHER NEEDS – A GERMAN APPROACH

Rainer Moormann*, Werner Schenk, Karl Verfondern
FZJ

Abstract
The main results of German studies on source term estimation for small pebble-bed HTRs with their
strict safety demands are outlined. Core heat-up events are no longer dominant for modern high
quality fuel, but fission product transport during water ingress accidents (steam cycle plants) and
depressurisation is relevant, mainly due to remobilization of fission products which were plated-out in
the course of normal operation or became dust borne. An important lack of knowledge was identified
as concerns data on plate-out under normal operation, as well as on the behaviour of dust borne
activity as a whole. Improved knowledge in this field is also important for maintenance/repair and
design/shielding. For core heat-up events the influence of burn-up on temperature induced fission
product release has to be measured for future high burn-up fuel. Also, transport mechanisms out of the
He circuit into the environment require further examination. For water/steam ingress events
mobilisation of plated-out fission products by steam or water has to be considered in detail, along with
steam interaction with kernels of particles with defective coatings. For source terms of depressurisation,
a more detailed knowledge of the flow pattern and shear forces on the various surfaces is necessary.
In order to improve the knowledge on plate-out and dust in normal operation and to generate specimens
for experimental remobilization studies, planning/design of plate-out/dust examination facilities which
could be added to the next generation of HTRs (HTR10, HTTR) is proposed. For severe air ingress
and reactivity accidents, behaviour of future advanced fuel elements has to be experimentally tested.

* FZJ-ISR1, D-52425 Jülich
Tel: +492461614644
Fax: +492461618255
Eml: R.Moormann@fz-juelich.de
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Introduction
Source term estimation for small sized HTRs, which require strict safety demands, is usually
performed in a twofold manner. First, it has to be shown that even for low-probability events the
fission product release remains so small that catastrophic countermeasures like evacuation or
relocation are not necessary or – in other words – that accidents with severe fission product release can
practically be excluded. In this instance, a rough estimation of source terms is sufficient, because, due
to their low probability, these events are beyond the scope of licensing or detailed safety examinations.
Second, for the remaining events with low level release but higher frequency, the source terms have to
be quantified, showing that dose limits for design basis accident are not reached.
Source term relevant accident classes in HTRs are air and water ingress, unrestricted core
heat-up, He circuit depressurisations and reactivity transients. In the following, based on experience
with safety and risk analyses for HTRs, the most relevant disparity of knowledge in the source term
field is identified.
Experience from safety and risk analyses
The main feature of innovative small HTRs is the limitation of maximum fuel element
temperatures in unrestricted core heat-up accidents to <1 600°C. With this limitation the amount of
fission products enclosed at accident start in intact coated particles (>99.98% of the total inventory)
remains very small for modern HTR fuel. This is because the fraction of core heat-up induced particle
failures considering the whole core remains at ≤2.e-8 (HTR-Modul-200), and also because fission
product diffusion through intact coatings is remarkable only for Ag, whose total inventory, however, is
small (see Table 1). Besides inventories in defective particles (expected defect fraction by fabrication:
3.e-5, average defect fraction by irradiation for HTR-Modul-200: (4. ± 2.)e-6 at end of life) the
inventories outside coated particles given in Table 1 have to be considered as an object of easy
accidental release; these data are, as all in this paper (except otherwise quoted), best estimates.
Other inventories like stationary cooling gas activities or that generated in graphite by its heavy metal
contamination are small for consequence dominating nuclides.
Table 1. Fission product inventories in a Modul-200
plant following 30 a of operation (best estimate values)
Nuclide
110m

Ag
I
137
Cs
131

Total inventory Plate-out on
[GBq]
metals [GBq]
1.9e5
5
2.1e8
50
1.7e7
850

Dust
[GBq]
0.1
1
100

Absorption on
graphite [GBq]
<0.1
1
200

Risk and safety analyses concerning small HTRs have been performed in FRG for the concepts of
HTR-Modul (electricity generating and process heat producing designs), HTR-100 and AVR-II [1-3].
Due to growing knowledge, source term estimation changed to some extent between these studies and
results are not comparable in detail. A recent revision of source terms of the analysis for the
HTR-Modul-200, including their origin, led to the data in Table 2.
This revision is restricted to the radiologically most relevant nuclides 131I and 137Cs
(criteria: German licensing rules and ICRP dose limits for countermeasures in case of severe accidents).
90
Sr is not released in relevant amounts and consequences of noble gas and 110mAg releases were found
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Table 2. Relevant release categories of HTR-Modul-200 with
corresponding best estimate source terms, including their origin
(D = dust, O = steam attack on kernels of defective particles, R = remobilization of plated-out activities by
water/steam attack, C = release from fuel elements by temperature increase (core heat-up), G = release from
graphite by oxidation). Release values <0.1 GBq are omitted.

Release category
W

0-5 h: water ingress
5-5.1 h: partial (11%) depressurisation

131
Frequency
I release
[1/a]
[GBq]
4.e-6
10 3 R
7 O

WT 0-5 h: water ingress
5-10 h: complete depressurisation
> 10 h: core heat-up

6.e-6

T

4.e-5

0.1
44
16
30
0.2 0.2

9.e-8

20

ST

0-0.2 h: complete depressurisation
>0.2 h: core heat-up, filtered emissions
0-0.2 h: complete depressurisation
>0.2 h: core heat-up

90

G
R
O
C
D

0.2 D
20 C

137

Cs release
[GBq]
4 0.5 G
3 R
0.4 D
26 2 G
24 R

2.5 2.5 D
2.5 2.5 D

to be comparatively small. Some general conclusions can be drawn from these analyses and from
Table 2. Compared with LWR, these HTR source terms are obviously extremely small just in the low
frequency range, rendering countermeasures unnecessary, except perhaps of foodstuff control in the
direct surrounding area of the plant. However, doses for some of the release categories are not far from
the limits of German licensing criteria. As strict safety guidelines of innovative HTRs also require
fulfilment of these licensing criteria for events with frequencies far beyond the design range, a careful
examination of these source terms is necessary.
Due to the above-mentioned temperature limitation, core heat-up accidents in combination with a
primary circuit depressurisation are no longer risk dominating events, in contrast to what was found
for large and medium sized HTRs such as HTR-1160 or HTR-500 [4-6]. This is true for small HTR
concepts with separate decay heat removal systems (HTR-100), but also for the HTR-Modul concept
which does not have such system. The reason for this is not only the limited temperature induced
fission product release out of the active core (which is negligible for Cs and Sr, but not completely for
Ag and I, as indicated in Table 3 later in this paper for the release from core), but also the lack of gas
transport (containing the fission products released from active core) from the primary circuit into the
environment (see also Table 3).
Risk dominating events in small steam cycle HTRs are water ingress accidents. Important
contributions to their source terms are interaction of defective fuel particles with steam and
remobilization of fission products plated-out during normal operation on primary circuit surfaces by
water/steam attack. Release from graphite by oxidation remains comparatively small. Because release
from fuel/remobilization occurs before or during depressurisation, a large fraction of fission products
set free by steam is transported into the environment.
The main source term contribution in depressurisations (partial depressurisations as stand-alone
events or depressurisations preceding a core heat-up in HTRs without a separate decay heat removal
system or stand-alone partial/complete depressurisations in other HTRs) is mobilisation of settled dust
borne activity by flow transients. Because of their comparatively high frequency, depressurisation
plays an important role in licensing/safety studies, although their source terms are much smaller than
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those of water ingress accidents. Leaving out the latter (in order to get a figure for direct cycle plants),
it is obvious from categories T and ST of Table 2 that the risk dominating contribution is the dust
release and not the release induced by core heat-up. This is true even for iodine, considering the low
frequency of ST.
Source terms of air ingress accidents were not extensively considered in safety/risk studies
because event analyses revealed their very low frequency. Nevertheless, because of their potentially
severe consequences and because the general public considers air ingress to be the Achilles heel of
HTRs, considerable theoretical and experimental work concerning its accident progress and its source
terms has been performed. This is mainly in order to obtain information about the time span available
until significant fission product release occurs [12], as this period might be used for countermeasures.
Detailed information on graphite oxidation/burning is given in another paper.
Due to a very low estimated probability, similar source terms of fast reactivity transients have not
been studied in detail in safety/risk analyses, but some theoretical and experimental results concerning
fuel behaviour are also available [13].
Status of source term estimation and open questions
One main output of the aforementioned safety analyses is that fission product inventories outside
intact coated particles in normal operation resp. at accident start play the most important role in source
term estimations for innovative small HTRs. Accordingly, the amount and distribution of these
inventories are key data concerning safety and their correct knowledge is essential. As a first step, the
distribution of fissile material has to be considered. Although the value mentioned earlier for the
failure fraction of coated particles due to fabrication (3.e-5) is sufficiently established for the actual
manufacturing method of German reference fuel, the chemical composition of these failed particles is
not known, as will be outlined in detail in the section discussing water ingress. The irradiation induced
failure fraction (normal operation) is calculated by statistical methods from fuel irradiation
experiments showing zero failure. Additional irradiations would reduce this error boundary and – if
zero failure is once again detected, as expected – would reduce the failure fraction value to be used in
safety analyses. With respect to fabrication induced (fissile) heavy metal contamination of fuel
graphite a sum fraction of 1.e-7 of the total fissile material is sufficiently validated for modern fuel.
This fraction is therefore negligible in most cases.
Fission product release rates in normal operation are comparatively high from defective particles
(and from the small heavy metal contamination); substantial release from intact particles is expected
only for Ag. The released fission products are stored to a large extent in the He circuit. At this stage,
the main consideration is activity that is plated-out on metallic components and dust borne; activity
absorbed on graphite and the relatively low stationary cooling gas activity also has to be taken into
account. The methods and data for calculation of the latter are sufficiently well known. However,
absorption on fuel element graphite is conservatively not considered in detail in the estimation of
normal operation behaviour; taking that into account might lead to a reduction of the easily releasable
plate-out and dust inventories. Substantial uncertainties exist for these plate-out and dust borne
activities; good knowledge of these activities is not only important for source term estimations, but
also for reactor design (shielding) and maintenance and repair. With regard to plate-out, in particular
the behaviour of caesium is not well understood, as indicated in Figure 1 [7]. This figure shows a
comparison of Cs plate-out measured in the in-pile experiment VAMPYR-II of AVR with calculations
(SPATRA and PATRAS codes) based on the out of pile experiment LAMINAR-Loop and with
calculations based on assumptions with strong absorption in metals reveal large discrepancies in the
sense that Cs is not significantly plated-out in VAMPYR-II at temperatures >700 K, in contrast to out
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of pile experience. In order to prove whether dust carrying Cs might be the explanation for this, dust
filters were installed in front (hot) and behind (cold) the VAMPYR-II plate-out section: 90% of the
dust was retained in the hot dust filter, without significant retention of Cs. However, nearly all Cs was
retained with the remaining dust in the cold dust filter. This result is difficult to interpret; the presence
of Cs as an (unknown) chemical compound in AVR, rather than in an elemental state, might be an
explanation. Little data on Ag plate-out is available, indicating a normal ad/desorption equilibrium
resp. mass transfer controlled behaviour on stainless steel (VAMPYR-II) but a less temperature
dependent plate-out on metals having very stable, fast growing oxide layers (TZM). Although not very
important for source terms, these Ag results should be validated because of their high relevance for
design, maintenance and repair. The data situation for plate-out of I is better than for Cs and Ag.
As concerns dust borne activity, the situation is as follows. A slight fraction of dust (1.e-7) is
circulating in the primary circuit, most of the dust is probably settled in dead water regions (larger
particles) and some amount is bonded adhesively on surfaces (small particles). There is probably a
continuous exchange between these fractions. Dust consists mainly of carbon produced to a large
extent by friction of fuel elements, but other minor sources such as carburisation or embrittlement by
radiation exist, as the occurrence of dust in HTRs with block type fuel indicates. In addition to carbon,
metal particles are also found in dust. The total amount of dust in AVR was estimated to be about
10 kg, an amount expected to be smaller in HTRs with dust removal facilities in the fuel handling
system. One reason for the high activity burden of dust in HTRs (137Cs: 0.1-100 GBq/kg in AVR) is
the strong absorption capability of carbon for certain fission products; there is probably a pronounced
interaction between the different states of dust and atomic gas borne activities. Concerning dust borne
iodine activities, particularly high amounts (131I: 3.5 GBq/kg) were found in this dust, which was
mobilised by an increase of the AVR blower speed (see Figure 3). Quantitative data concerning dust
formation, depletion and interaction cannot yet be given.
Construction of in-pile facilities in HTRs operating in the near future (HTTR, HTR-10) seems to
be the most promising way to improve knowledge concerning plate-out and dust. In detail, bypass
systems in the hot gas and cold gas part of these reactors are required, allowing measurement of the
dust burden in the cooling gas using dust filters and of depletion/dust adhesion on adequate plate-out
sections. Similar facilities have been operated at the AVR reactor (VAMPYR-II, see below), but their
results can be generalised only to some extent, because AVR was used as test facility for fuel elements
and, accordingly, its primary circuit was heavily contaminated even with nuclides, which is not
expected in He circuits of modern HTRs. Considering the problem of dust, a code should be developed
for at least a rough modelling of dust formation, settlement/adhesion of dust in the He circuit,
interaction with fission products, dust agglomeration and re-entry into the gas phase during normal
operation. Detailed flow calculations would be necessary for this to be implemented, as is discussed
later in the section on depressurisation.
For core heat-up accidents the situation concerning models and data on fission product release out
of fuel elements is sufficient for fuel as proposed for the HTR-Modul. However, if higher burn-up fuel
is required, additional heating tests of irradiated fuel are necessary, as burn-up and fast neutron fluence
are thought to be important parameters influencing temperature induced particle failure. The same
holds true for changed fuel composition. Another problem that requires future research arises from the
fact that for ceramic fuel only one sumptuous method exists, which detects surely all kinds of possible
fabrication induced fuel failures. This leads to an increased fission product release in case of core
heat-up: pre-irradiation and heat-up of representative fuel elements of each production charge. During
normal operation such fuel failures may remain hidden, as experience from AVR indicates. In case
conservatisms in source terms of iodine nuclides (dominating consequences of core heat-up events)
have to be reduced, their retention by interaction with graphites is a subject worth being studied in
more detail.
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Finally, fission product transport from He circuit into the environment requires some additional
modelling work. The highest temperatures and, following that, the largest fission product release from
the active core is reached after the primary circuit is widely depressurised. Under these conditions,
only increasing average primary circuit temperatures (through delayed heat-up of remote parts of the
circuit) and atmospheric pressure fluctuations lead to the elimination of fission products in the primary
circuit. Other gas exchange mechanisms can be neglected in case of small leaks. This driving out
remains small and, accordingly, so is the fraction released from the active core into the environment.
However, slow depressurisations (although leading to lower maximum core temperatures and lower
release from active core) may lead to higher source terms, as a substantial release from the active core
already occurs in the final phase of the depressurisation with high transport into the environment [8].
Table 3 contains release values for fast and medium depressurisation rates (design conditions).
Table 3. Dependence of environmental release on depressurisation
rate for design core heat-up events (process heat HTR-Modul-170) with
identical maximum fuel temperature (1 524°C = 1 797 K, reached after 24 h)
Nuclide
110m

Ag
I

131

Release fraction from
core into primary circuit
1.1e-3
1.2e-5

Release into environment
(15 min depressurisation)
4.5e-6
1.8e-7

Release into environment
(12 h depressurisation)
8.6e-6
3.9e-7

Although the maximum fuel element temperatures and the release values into the primary circuit
here are still the same, the release into the environment is different by a factor of 2. Finding out the
worst case – as is necessary for licensing and safety analysis purposes – requires calculations for
different depressurisation rates with a model to be developed, coupling release from active core and
transport into the environment. In this context, it should be noted that for a core heat-up phase
following water ingress the elimination of fission products can be accelerated by evaporating water
and by volume increase due to reaction of steam with graphite.
Concerning source term estimation of water ingress accidents a considerable lack of knowledge
was detected, forcing here a conservative source term estimation.
Experiments indicate that interaction of particles with defective coatings with steam results in a
substantial increase of iodine and noble gas release [9]. The reason for this phenomenon is not
sufficiently understood. One explanation assumes that oxidation of UO2 to hyper-stoichiometric oxide
by steam proceeds, leading – as is well known from experiments on water reactor fuel – to an
increased fission product release. Thermochemical evaluations indicate that this oxidation sensitively
depends on the oxidation potential (given by the H2O/H2 ratio) in the sense that H2 pushes back this
oxidation. A model for UO2 oxidation in HTR fuel pebbles has been developed and tested [10], but
underestimates the fission product release of some of the aforementioned experiments. Another
explanation assumes that particles defective due to fabrication already contain their failed coatings
before final heating of fuel elements in manufacture. If such is the case, UO2 might partially react
during that heating with buffer carbon to UCx (because the reaction product CO, stopping the reaction,
is continuously released via the defective coating). This UCx is easily hydrolysed in presence of steam
(at much lower oxidation potentials than required for substantial UO2 oxidation), accompanied by
fission product release, as is known from data on carbidic fuel. A careful examination of this source
term contribution is necessary at least for steam cycle plants, in which water ingress accidents with
high steam partial pressures may occur. However, even for direct cycle plants, where only small
amounts of steam are expected in the He circuit in accidents, a slight contribution to source terms
cannot be excluded, provided the second explanation is correct.
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Interaction of steam or liquid water with fission products plated-out on metallic components of
the He circuit should also be considered. The large scatter of data concerning mobilisation of caesium
by steam is indicated in Figure 2. Experimental and theoretical examinations indicate that mobilisation
of plated-out iodine by steam is possible, even at low steam partial pressures, but quantification is still
difficult [7]. The same holds true for interaction of liquid water with fission products, followed by an
evaporation of the water, and for the mobilisation by a steam/water jet. The status of the plated-out
fission products (i.e. adsorbed on the surface or absorbed within the bulk) will strongly influence their
remobilization behaviour, as well. Concerning this question, a sufficient response cannot be given,
although some data/models are available. Research in the field of remobilization by water might be
advantageous even for direct-cycle plants with respect to decontamination methods for the turbine.
Suitable specimens for remobilization experiments could be obtained from the plate-out facilities
proposed above for HTRs operating in the near future.
As mentioned before, release of fission products enclosed in graphite by its oxidation in steam is
not a dominating contribution to the source term of small HTRs. In addition, some experiments
indicate that certain metallic fission products move deeper into the graphite during oxidation and are
not released (an effect not considered in safety analyses up to now). Accordingly, no acute need for
further work is seen here.
With regard to primary circuit depressurisations there is no need for additional work on release of
gas borne activity nor on the topic of desorption of adsorbed fission products during depressurisations,
already described in the section concerning normal operation. However, dust mobilisation cannot be
modelled in safety analyses without large uncertainties resp. conservatisms. To a large extent this is
due to the lack of knowledge already described in the domain of dust formation and behaviour under
normal operation. Nevertheless, some uncertainties belonging to the mobilisation mechanism should
be discussed. Figure 3 contains dust concentrations within the primary circuit of AVR measured
during changes of blower rate.
As can be seen, due to the changed flow pattern the amount of gas borne dust increases sharply by
2-3 orders of magnitude and then slowly decreases once the dust settles. Stronger changes in flow
pattern as in fast depressurisations, in conjunction with reverse flow in parts of the He circuit might
lead to even higher mobilisation degrees of dust. Calculations of dust mobilisation require good
knowledge of the flow pattern in the whole circuit over the course of depressurisations. Modern CFD
codes should be able to provide such data, and should be accordingly applied to this problem.
The same holds true for calculation of shear forces along He circuit surfaces for estimation of
mobilisation of adhesively bound dust. Clearly, these calculations should also be performed for the
normal operating reactor (so as to estimate dust depletion in dead water areas and on surfaces, resp.
corresponding “critical” shear forces along surfaces). Furthermore, dust mobilisation in operating
HTRs should be experimentally studied during changes of flow speed, using the aforementioned dust
filter experiments.
Looking toward fuel behaviour in severe air ingress, some experiments in air were done on
irradiated pebbles, indicating that particle failure rate increases substantially at temperatures >1 673 K
(see section 5.4 in [11]); this result has to be confirmed for future fuels. Additionally, it should be
noted that disintegration of fuel by burning leads to geometrical fuel configurations completely
different from those in a normal operating reactor. The consequences of this alteration on source terms
needs to be examined. Fuel examinations for fast transients of reactivity accidents (section 4.3 in [11])
showed that particle failures start at (irradiative) pulse-like energy intake of 500 kJ/kgUO2 and become
complete at 1 500 kJ/kgUO2. These results should also be confirmed for future fuel. Detailed
descriptions of models and data for source term estimation of small HTRs can be found in [7,11].
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Figure 1. Cs plate-out on Incoloy 800 in VAMPYR-II-01.
Comparison of experimental results with code calculations.
(πp = penetration coefficient, ∆HD = desorption enthalpy)
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Figure 2. Release rates for caesium plated-out on metals during steam attack (steam-off)

Figure 3. Transient dust concentration in the AVR
primary gas following fast changes of the blower rate n

222
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Abstract
The results of behavioural investigations of coated fuel particles and fuel elements on the basis of
conditions of stationary and pulse irradiation are presented. The influence of modes of irradiation
(temperature, fuel burn-up, density of neutron flow) on damage of protective layers of coated fuel
particles is considered. Gas fission product release kinetics vs. temperature of stationary irradiation of
fuel elements is determined. It is shown that the thermal strength of fuel elements at pulse irradiation
allows an increase in their energy release by more than 2 orders of magnitude (with reference to
nominal value) without the tightness of coated fuel particles being affected.
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Introduction
During development and licensing of HTGR projects it is necessary to study the limiting values
of operation parameters allowed from the point of view of preserving the fuel elements serviceability.
These limiting values include maximum fuel temperature during normal reactor operation, dose of
irradiation (burn-up value, fast neutron fluence, duration of campaign), allowable levels of short-term
increase of energy release and temperature at accidents. To obtain this information, experiments
allowing to form a clear picture of these factors’ influence on fuel element serviceability were
conducted using material testing reactors. The paper considers the results obtained.
Experimental
Samples
The objects investigated were coated fuel particles and, based on that, compact uranium-graphite
samples prepared using the powder metallurgy technique [1].
Some characteristics of samples for reactor tests are presented in Table 1/
Reactor tests technique
Tests under stationary irradiation conditions were carried out in the material testing reactor
IVV-2M using various types of irradiating devices [2] (Figure 1):
•

MT or ASU ampoule channels for test of compact samples with coated particles as a set of
coupons, compacted rods or loose particles in cylindrical holes of graphite holder. The test
conditions of such samples were widely varied with regard to temperature (1 000-2 000°C)
and fuel burn-up (5, 10 and 15% fima). The majority of samples was tested in a passive mode
of irradiation in individual capsules, and a smaller portion of samples were tested with in-pile
analysis of gas fission product (GFP) release.

•

The VOSTOK channel was used for testing spherical fuel elements in four individual
capsules supplied with pipes for measurement of irradiation parameters and GFP release.
The fuel element temperature in such tests was supported at the level of 1 000, 1 200 and
1 400°C.

13
-2 -1
Thermal neutron flow density was, as a rule, in the range of (5-10) × 10 cm s .

Pulse mode tests were conducted in an IGR reactor [3,4] in an un-cooled irradiating device
allowing to simultaneously place up to seven fuel elements in a common capsule. The energy released
by the fuel elements dissipated through the capsule walls in graphite reactor brickwork. The fuel
elements’ external appearance, temperature and level of activity in the capsule space were checked
during irradiation. Tests were carried out in two characteristic modes:
•

With pulse duration about 1 s with consecutive increase of maximum neutrons flow density
16
-2 -1
up to 1.6 × 10 cm s .

•

With neutron flow density 1.2 × 1015 cm-2s-1 at various duration of pulses.
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Post-reactor investigations included:
•

Visual analysis, photographing, control of weight and sizes.

•

Disintegration of samples or fuel elements.

•

IMGA analysis of the caesium tightness of the coated fuel particles.

•

Annealing of irradiated coated fuel particles with analysis of 85Kr release.

•

Determination of solid fission product distribution in coatings of coated fuel particles.

•

Ceramographic examination.

Results and discussion
Stationary irradiation of coated fuel particles in a wide range of temperatures with subsequent
annealing and estimation of their 85Kr release or 134Cs and 137Cs tightness (IMGA analysis) have
allowed to reveal the limits of serviceability illustrated in Figure 2. The dashed line corresponds to a
field of coated fuel particle serviceability, where loss of tightness is not observed on a large scale.
Microstructures characterising the state of particle coatings from zones with different temperature and
dozes of irradiation are presented here. The most noticeable among them are:
a) Growth of porosity in a silicon carbide layer at irradiation temperature 2 000°C.
b) Kernel carbidisation after coatings failure.
c) Silicon carbide layer corrosion in areas near the end of cracks in internal HTI PyC at
increased irradiation temperature.
d) Absence of corrosion at lower temperature.
The area of fuel element serviceability was investigated on the same reactor in channels
VOSTOK at irradiation temperatures 1 000, 1 200 and 1 400°C. The following regularities were
revealed during this investigation (Figure 3). Irradiation at normal for HTGR temperature (1 000°C)
is accompanied by insignificant GFP release, critical burn-up value is higher than 15-20% fima (was
-7
-6
not reached). R/B value, as a rule, was 10 -10 . Irradiation at 1 200°C can cause depressurisation of
separate coated particles after a burn-up of 10-15% fima. The growth of gas fission product release
-5
accompanied by an increase of R/B to 10 was observed at a burn-up 5-13% fima during irradiation at
1 400°C. It should be noted that the critical burn-up in fuel elements with TRISO coated particles
based on LTI PyC is, as a rule, higher than with particles based on HTI PyC under identical
temperature conditions of irradiation.
The results considered characterise the ability of fuel elements to maintain the accidents with
long-term irradiation at increased temperature. At the same time, it is necessary to take into account
that tests in VOSTOK channels are accelerated, and thus the fuel element serviceability assessment
should be considered as conservative.
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In a number of life service reactor experiments at 1 200°C, short-term (50-100 hours) increases
of temperature up to 1 500-1 600°C simulating accident reactor cooling were carried out after a
burn-up 5-15% fima was achieved. In this case it was shown that, after temperature returned to the
initial level (1 200°C), an increase of GFP release was not observed in any fuel elements.
A study concerning the ability of coated fuel particles to withstand an accident heating in
conditions of annealing was carried out before and after life service irradiation and disintegration of
fuel elements. In both cases the temperature used was above 2 000°C, and a sharp increase of gas
release and appearance of defects through coatings of coated fuel particles was observed. Results for
irradiated and non-irradiated coated fuel particles were similar, probably due to the prevalence of the
SiC thermal decomposition factor present in the stress-strain state of coatings at this temperature.
SiC decomposition resulted in the cracking of the external PyC layer, beginning with destruction of
coatings under internal gas pressure. Such behaviour is characteristic of coated fuel particles
considered as tight to caesium by IMGA results. During heat annealing, the behaviour of coated
85
particles that have lost caesium tightness essentially differs. Kr releases from the coated particles at
-3
temperatures up to 1 300-1 500°C can be at a level less than 10 , and then the “explosive” destruction
of coatings with release of more than 50% of GFP saved in them was observed. These experiments
have also shown that the critical burn-up value for Kr and Xe, on the one hand, and Cs, on the other,
can be different due to degradation of the silicon carbide layer retaining characteristics after deep fuel
burn-up.
Fuel element irradiation in a pulse mode lasting about 1 s was carried out with consecutive
increase of energy release up to 150, 330 and 620 kW per fuel element that corresponded to the
15
-2 -1
15
-2 -1
16
-2 -1
maximum value of neutron flow density 4 × 10 cm • , 8 × 10 cm • and 1.6 × 10 cm •
respectively. The surface temperature of fuel elements in this case became maximum after 10-13 s,
and did not exceed 600°C. In all cases fuel elements have kept integrity, and the level of gas
radioactivity in ampoule was insignificant.
In the second series of experiments on fuel element irradiation, their power was increased
15
-2 -1
linearly up to 46 kW per fuel element (flow density 1.2 × 10 cm • ) during 7-8 s, exposure at this
level during 5, 10 and 30 s with the subsequent decrease of power up to zero during 2 s. The maximum
fuel elements surface temperature (up to 1 100, 1 500 and more than 2 000°C) was different
depending on exposure time. The estimated temperature at the centre of the fuel element in the last
cycle (30 s exposure) reached 2 500-2 700°C. This resulted in destruction of all fuel elements as well
as a significant fraction of coated particles (Figures 4(a) and 4(b)), and sharp growth of pressure and
radioactivity in the ampoule space. This was not observed in the two first cycles, when fuel element
temperature did not exceed critical value.
Thus, these tests show that an increase of the energy release level in fuel elements (in comparison
to nominal – up to 5 kW) more than 2 orders of magnitude does not cause their destruction, and the
main cause of a depressurisation is temperature during pulse experiments.
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Table 1. Characteristics of test samples
Density, g/cm
Size, µm
Coated fuel particles
10.4-10.8
500±50
Kernel UO2
Enrichment 235U – 21 and 45%
80-100
0.9-1.1
PyC1
Parameter

PyC2

15-20

1.5-1.6

PyC3
Si•4
PyC5

30-50
30-60
40-80

1.8-1.9
3.2
1.8-1.9

3

Note

Layer is absent in
LTI TRISO coatings
HTI (•), LTI (•)
HTI (a), LTI (b)

Fuel elements
Spherical element

∅ 60 mm

1.82-1.85

235

U loading per fuel element – 0.5-1.5 g
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Graphite filler
3OPG (a), MPG (b)

Figure 1. Scheme of irradiation devices of IVV-2M reactor
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Figure 2. Coated fuel particles behaviour at high-temperature irradiation
Fraction of failed particles:

– less than 1%,

– 1-10%,

– 10-100%

Average irradiation temperature, °C

Fluence (E > 0.2 MeV), 1021 cm-2

Burn-up, % fima

a

b

c

d
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Figure 3. Gas fission product release from spherical
fuel elements in a temperature range of 1 200-1 400°C

1 200°C

1 400°C

Burn-up, % fima
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Figure 4. State of fuel elements (a) and coated particles (b) after pulse irradiation
15
-2 -1
(energy release 46 kW per fuel element, flow density 1.2 × 10 cm s , exposure 30 s)
a

b
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Abstract
A high temperature, direct cycle gas turbine, graphite moderated, helium cooled, pebble-bed
reactor (PBMR) is being designed and constructed in South Africa. One of the major components in
the PBMR is the graphite reflector, which must be designed to last thirty-five full power years. Fast
neutron irradiation changes the dimensions and material properties of reactor graphite, thus for design
purposes a suitable graphite database is required. Data on the effect of irradiation on nuclear graphites
has been gathered for many years, at considerable financial cost, but unfortunately these graphites are
no longer available due to rationalisation of the graphite industry and loss of key graphite coke
supplies. However, it is possible, using un-irradiated graphite material properties and knowledge of
the particular graphite microstructure, to determine the probable irradiation behaviour.
Three types of nuclear graphites are currently being considered for the PBMR reflector:
an isostatically moulded, fine grained, high strength graphite and two extruded medium grained
graphites of moderately high strength. Although there is some irradiation data available for these
graphites, the data does not cover the temperature and dose range required for the PBMR.
The available graphites have been examined to determine their microstructure and some of the key
material properties are presented.

Introduction
The graphite reflector in the PBMR, under normal operation, will be subject to temperatures of
between 550°C and 950°C and, in the 8.5 m high core design, will accumulate an irradiation dose of
20
-2
between 140-165 × 10 n.cm (EDND) over 35 years of operation.
During this period, many of the graphite physical properties are significantly changed by
irradiation. These changes lead to the generation of significant internal shrinkage stresses and thermal
shutdown stresses that could lead to component failure. In addition, if the graphite is irradiated to a
very high irradiation dose (for a particular temperature range), irradiation swelling can lead to a rapid
reduction in modulus and strength, making the component friable.
It is therefore necessary to choose a graphite that will withstand the irradiation dose and
temperature distributions expected in a PBMR.
The irradiation behaviour of graphite is strongly dependent on its virgin microstructure, which is
determined by the manufacturing route. Irradiation data is available on old nuclear graphites with
known microstructures and there is a well-developed physical understanding of the process of
irradiation damage in graphite.
From this historic data and a knowledge of the physics of irradiation damage in graphite, it is
possible to choose (or design) the most suitable graphite for the PBMR. In practice, however, the
production of a new graphite takes many years and therefore a choice has to be made from those
currently available. This paper discusses the available graphites and their suitability for the PBMR
reflector.
Graphite manufacture
The starting point in the production of a graphite is the selection of a suitable coke. These cokes
are produced as by-products from the petroleum or coal industry, or from naturally occurring pitch
sources and vary considerably in their structure, size and purity.
After production, the cokes are broken up and calcined at temperatures between 900-1 300°C to
drive off volatile material and reduce the amount of shrinkage that occurs in the later processes.
The calcined cokes are then crushed, milled and graded before being supplied to the graphite
manufacturer. It is the choice of the particular coke size, purity and structure that decides the virgin
and irradiated properties of the final product.
A suitable blend of coke grades are then mixed with a binder, usually a coal tar pitch. In addition
a crushed graphite flour may be added. The coke particles are often referred to as filler particles.
The mixture is then formed into blocks, often referred to as the “green article”. Various methods
of forming are used and the method chosen influences the properties of the final product. Several
forming methods are discussed below:
1. The most common forming method is extrusion, where the mixture is forced through a die
under pressure. This method can be used to produce blocks of various sections and of
reasonable lengths. Blocks in the order of 500 mm square by 3 600 mm long can be produced
in this way. It is important that the extrusion pressure and rate is carefully controlled in order
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to maintain the desired quality. Graphites produced in this way have anisotropic material
properties due to alignment of the filler particle grain. However, it is possible to produce a
reasonably isotropic product using this method.
2. Moulding or pressing. This method was used in the attempt to produce a nearly isotropic
product. The blocks are moulded or pressed from one or two directions at the same time.
The AGR graphite moderator blocks were produced using this technique.
3. Isostatic moulding is a more sophisticated method in which the coke and binder mixture is
contained in a rubber bag and external pressure applied to give a uniform pressure from all
sides.
4. Finally, there is vibration moulding. In this method the graphite mixture is placed in a mould,
which is vibrated to compact the mixture. Next the graphite mixture is pressed from one side
and vibrated again whilst under load.
There are other variations on these methods. It is also possible to produce hollow sections such
as the AGR graphite sleeves.
Having formed the “green article”, which is reasonably soft, it is rapidly cooled by immersion in
water. The green article is then baked at a temperature of around 800°C to drive off the more volatile
material and “coke” the binder. To prevent oxidation, the blocks are encased in a granular packing,
usually a coke. This allows for expansion and helps to support the shape of the green article. This is a
long process and may take 30-70 days. One difficulty that arises at this stage is that the thermal
-1
-1
conductivity of the graphite is very low, ~30 W.m .K , and on cooling thermal gradients in the blocks
may lead to internal cracking. One method of overcoming this problem is to add crushed scrap
graphite to the mix. However, this has implications for the irradiation behaviour of the final product,
as discussed later.
The baking process produces pores throughout the material as volatile gases are driven off.
Much of this porosity will be open. To increase the density the baked blocks may be impregnated
with a pitch under vacuum in an autoclave. This pitch is much less dense than the binder pitch.
To help with this process the surface of the block may be broken by rough machining or by grit
blasting, which allows the pitch to enter the open porosity more readily. After impregnation, the
blocks are rebaked for a much shorter period. There may be up to four impregnations used; however,
the gain in density for each subsequent impregnation is much less. The product can now be regarded
as carbon blocks, which can be used as an insulation material or furnace liner. However for this
application they are usually baked at a higher temperature ~1 100°C.
The carbon blocks are now ready for graphitisation. Two methods of graphitisation are commonly
used. The original method is to use an Acheson furnace. This is a large open furnace, perhaps 7 m
wide by 20 m long into which the carbon blocks are stacked and covered in an electrical conducting
coke. A large electric current is supplied to each end of the bed through water-cooled electrodes and
the blocks are taken through a temperature cycle to ~3 000°C. This process can take about 15 days.
Another, more modern, quicker and cheaper, method of graphitisation is to stack the carbon
blocks touching in long lines. Again the blocks are covered in coke to prevent oxidisation, but this
time the current is applied directly through the carbon blocks and not through the packing material.
This method can only be used for blocks of a similar cross-section.
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During the graphitisation process, graphite crystals are formed and the material becomes much
softer and more easily machined, the electrical and thermal conductivity dramatically improve and
many more impurities are driven off.
If a purer product is required, the graphite blocks can be reheated to ~2 400°C in an Acheson
furnace with a halogen gas passed through it. However, this final process could add up to 30% to the
cost of the graphite. This process of graphite production is summarised in Figure 1.
Ideal graphite for the PBMR reflector
3 1

Nuclear applications require a well graphitised material which is reasonably dense (>1.7 g/cm ) .
2
The quality of the graphitisation can be checked by measuring the value of thermal conductivity .
-1
-1
A well graphitised, pure product will have a thermal conductivity of >100 W.m .K . The graphite
should have a low absorption cross-section, ~4 mbarns, which requires a very pure product with a low
3
boron content . In the past, the absorption cross-section of nuclear graphite was measured directly on
small samples, and even whole blocks, using a material test reactor (MTR). However, it is now usual
to calculate the absorption cross-section from a knowledge of the chemical impurities. Purity is also
important for other reasons. Impurities in graphite components may be activated during reactor
operation, leading to operational problems and considerable added decommissioning cost. A low ash
content is an indication of high purity levels, but eventually a detailed chemical analysis will be
required for the chosen graphite.
For structural and reactor life considerations, the ideal graphite for the PBMR would have a high
degree of dimensional stability under irradiation and would not return to its original volume before
the end of reactor life. Figure 2 provides dimensional change information for a typical nuclear
graphite (Gilsocarbon). When irradiated at the temperature of interest in the PBMR there may at first
be a short period of limited swelling followed by a larger shrinkage with irradiation dose. Eventually
this shrinkage slows down and there is a point of “turnaround” before the graphite swells back to its
original volume and beyond. Other changes to material properties follow this behaviour in a complex
manner (see Figure 2). Of particular interest is the change in modulus, which is related to strength.
When the graphite has returned to its original volume the Young’s modulus is decreasing and, as the
graphite swells beyond the original volume, it eventually falls to zero and the graphite loses all of its
strength and becomes very friable. Low shrinkage is required as a high shrinkage rate can lead to
excessive component deformation and the generation of large shrinkage stresses. In addition, the time
for the graphite to reach its original volume needs to be at the highest dose possible.
It can be shown that the higher the coefficient of thermal expansion (CTE) of the virgin graphite,
the slower the shrinkage rate. However, if the CTE is too high the graphite will swell from the start of
4
-6
-1
irradiation . A CTE (20-120°C) value of between 4.0 and 5.5 × 10 K is considered to be ideal, and
graphites with CTEs in this range tend to be isotropic.

1

2

3
4

3

Graphite has a theoretical density of 2.26 g/cm , however these synthetic polycrystalline graphites contain
considerable porosity.
In practice it is usual to measure electrical conductivity as there is a direct relationship between electrical and
thermal resistivity at room temperature.
Boron can enter graphite subsitutionally and is therefore difficult to remove completely.
-6
-1
Some specialist POCO graphite with values of CTE (20-120°C) of ~6.0 × 10 K do this.
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The best performing nuclear graphites are based on Gilsonite5 coke, which is made from a
naturally occurring asphalt mined in a remote region of Utah in the USA. The asphalt was transported
over many miles to the refinery situated at Bonanza. In the early years this was done by railway, but
this was replaced in the 1950s by a seventy-two mile long pipeline. Unfortunately, both the pipeline
and refinery were closed during the 1970s and this coke source is no longer available. The Gilsonite
coke has an onion skin type structure that could be used to produce a highly isotropic graphite
-6
-1
(Gilsocarbon) with a CTE of between 4.5 and 5.0 × 10 K , measured between 20-120°C.
This graphite was used for the AGR cores in the UK and for THTR in Germany. It was also used in
France for fuel supports in their Magnox reactors.
Strength is not an overriding issue in the PBMR reflector, but the graphite must remain
sufficiently strong to support the weight of the blocks above. However, it must be borne in mind that
too high a strength may lead to a more brittle product that could produce undesirable debris in the
event of a component failure.
In the case of an air ingress accident a low oxidation rate is required. The oxidation rate of a
graphite can be changed significantly by small amounts of various catalysts, which is another reason
for the graphite to be as pure as practical. Air (and moisture) reactivity measurements will be required
for PBMR safety assessments.
The requirements for the PBMR reflector graphite is summed up below:
-3
1. The graphite should be reasonably dense >1.7 g.cm .
-1
-1
2. It should be well graphitised as indicated by a thermal conductivity >100 W.m .K measured
at room temperature.

3. It should have a low absorption cross-section of ~4 mbarns. (This can be calculated from
knowledge of the chemical impurities.)
4. Impurities that could lead to operational problems and high decommissioning costs must be
kept to a minimum.
5. The graphite must have a high irradiation dimensional stability. This is indicated by a
-6
-1
relatively high CTE (20-120°C) between 4.0 and 5.5 × 10 K .
6. The irradiation time, over the irradiation temperature of interest, for the graphite to return to
its original volume should be as long as possible.
7. The graphite should have moderate strength (a tensile strength of ~20 MPa).
8. The air (moisture) reactivity should be measured to ensure that the rates are acceptable
-1
-1
(0.2 mg.g .hr ).
Available nuclear graphites
Three possible suppliers of nuclear graphite have been identified. The first manufacturer offers a
purified, isostatically moulded graphite. This graphite has been used for the fuel element and inner
5

The name Gilsonite comes from Sam Gilson, the explorer that was credited with its discovery.
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reflector in the Japanese HTTR. These components are replaceable and will not encounter the large
irradiation dose in the PBMR reflector. However it is being used for the reflector blocks in HTR-10 in
China, see Figure 3. The virgin material properties for this graphite are given in Table 1 and its
microstructure is given in Figure 4. Some irradiation data is available for this graphite obtained under
irradiation programmes for the HTTR at JAERI, although the dose range is very limited. This is
because the fuel elements are only in the reactor for a limited period. There are only data past
turnaround for irradiation at 600°C, although the irradiation temperature range covers that of interest
for the PBMR.
The two other potential suppliers offer similar extruded fuel sleeve graphites that are both based
on the same coke supply. However, from the micrographs in Figures 5 and 6 it can be seen that the
graphites from these suppliers each have distinct structures, but despite this their irradiation behaviour
is similar. Irradiation data for the fuel sleeve graphites is only available for temperatures below 550°C
6
20
-2
(EDT) and doses of ~60 × 10 n.cm (EDND). It may be expected that at higher temperatures and
higher doses the irradiation behaviour of these graphites may well diverge. The virgin material
properties for these two extruded graphites (Types A and B) are given in Table 1.
Manufacturing
It is apparent that the production of good quality graphites depends on the long-standing
experience of the graphite manufacturers, which is jealously guarded. For speciality products such as
nuclear graphites, the manufacturing process is far from a mass production process and it is not
possible for the manufacturer to give a firm quotation for the PBMR core until a fixed design has
been decided.
Good quality control is essential; all of the products are labelled as they are produced and the
manufacturing process is monitored and recorded at each stage. If a problem is found the process can
be discontinued at that stage and the fault remedied. Detailed production records are kept for all of the
products.
The very large section blocks required for the PBMR are difficult to produce as thermal cracking
may occur at the baking stage due to the poor thermal conductivity of non-graphitised coke.
This problem can be avoided by adding crushed scrap graphite (with a high thermal conductivity) to
the mix. However, this is of concern as it may change the irradiation behaviour of the final product.
The purification process may add up to 30% to the cost of the graphite. However, the cokes with
the high values of CTE, thus less potential irradiation shrinkage, appear to be less pure than cokes
with lower CTEs and higher potential shrinkage. It therefore appears that purification may be
necessary.
It is important that the complex PBMR graphite reflector core is either completely or partially
assembled after machining at the factory as slight differences in brick tolerance over the height of the
core may lead to problems in final assembly.

6

EDT – Equivalent DIDO Temperature. This is an equivalent temperature to account for the difference in flux
13
2
between the standard position in the DIDO MTR 4.0 × 10 n/cm /s EDND and the flux at the position of
interest.
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Table 1. Manufacturers data for the properties of the potential reflector graphites
Isostatically
moulded graphite

Extruded graphite
Type A

Extruded graphite
Type B

Bulk density (g.cm-3)

1.76

1.77

1.81

Ash content (wt.%)

0.002

–

0.0120

20

16

1600

Young’s modulus (GPa)

L 9.42
T 9.97

–

WG 9.6
AG 10.4

Flexural strength (MPa)

39.2

41

WG 27
AG 33

Tensile strength (MPa)

L 24.9
T 24.0

–

WG 17
AG 20

Compressive strength (MPa)

78.4

91

WG 65
AG 76

Electrical resistivity
-6
× 10 Ohm.m

11.0

16.45

WG 9.4
AG 8.9

CTE × 10-6 K-1

L 4.0
T 3.6

4.5

WG 5.09
AG 5.24

CTE anisotropy

1.11

–

1.03

L 124
T 138

81

135

Hardness (shore)

54

52

–

Block size (mm)

425 × 425 × 2 200

508 × 610 × 1 830

400 × 400 × UD
500 × 500 × UD

Property/material type

Mean grain size (µm)

Thermal conductivity
-1
-1
(W.m .K )

UD – User defined
L – Longitudinal direction
T – Transverse direction
WG – With grain
AG – Against grain
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Figure 1. Materials and processes used in graphite manufacture
RAW PETROLEUM OR PITCH COKE
CALCINED AT 1 300°C
CALCINED COKE
CRUSHED, GROUND & BLENDED
BLENDED PARTICLES

PITCH

MIXED
EXTRUDED OR MOULDED
COOLED
GREEN ARTICLE
BAKED AT ~1 000°C
BAKED ARTICLE
IMPREGNATED WITH PITCH
FURTHER IMPREGNATION AND
BAKING AS REQUIRED
GRAPHITISED AT ~2 800°C
GRAPHITE
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Figure 2. Irradiation induced changes in Gilsocarbon at 550°C (EDT)

Figure 3. Graphite reflector blocks for the HTR-10 (China)
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Figure 4. Microstructure of isostatically moulded graphite

Z direction

Y direction

X direction

50 µm

Figure 5. Microstructure of Type A extruded graphite

Z direction

Y direction

50 µm
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X direction

Figure 6. Microstructure of Type B extruded graphite

Z direction

Y direction

50 µm
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A STUDY OF CRACK GROWTH IN NUCLEAR GRAPHITES USING R-CURVE ANALYSIS

Pierre Ouagne, Gareth B. Neighbour and Brian McEnaney
Nuclear Materials Group, Department of Materials Science and Engineering
University of Bath, UK

Abstract
During service, moderator graphites are subject to neutron irradiation that induces dimensional
changes and generates internal stresses. Historically, the fracture behaviour of polygranular graphites
has been characterised by linear-elastic fracture mechanics, but graphites exhibit marked non-linearity
in their stress-strain curves and irreversible deformation mechanisms like crack branching and
bridging which are characteristic of elastic-plastic materials. The internal stresses generated eventually
lead to cracking and ultimately failure of graphite components by fast fracture. Typically, a critical
stress criterion has been adopted to predict whether graphite components will fail during the reactor’s
life based upon the fact that the stress-strain curve becomes increasingly linear with neutron
irradiation. However, there may be other parameters, such as energy based failure criteria, which are
better suited to predict failure. In this paper, the crack growth resistance, R, is considered and is
defined as the energy required per unit crack area increase and therefore includes both the elastic and
plastic energy components of the fracture process. Two independent graphical methods to determine
R have been evaluated in this work, described by Sakai and Bradt [1] as Method 1 (the loading/
unloading technique) and Method 4 (the universal dimensionless diagram technique). The first
method requires the comparison of two adjacent load cycles (to zero load) to determine the envelope
of energy consumed in propagating the crack whilst the second method compares the load displacement
curve (without the need for load cycles) with that of an ideal linear elastic material.
Compact tension specimens were machined from AGR moderator graphite (a fine-grained isotropic
graphite with spherical filler particles of mean size ~0.5 mm ∅) with breadth, width and initial crack
length of 1.5 and 1 cm, respectively. The samples were cyclically tested using an Instron 1195 with
COD gauge to generate a load versus load-point displacement curve showing a small crack extension
on each cycle. The load displacement curve was analysed using both Methods 1 and 4 as described
by Sakai and Bradt [1] to generate R-curves. The crack length was calculated using a compliance
calibration curve.
Typically, this work has shown similar R-curves from both of the independent methods used.
For AGR moderator graphite a high resistance to crack initiation is observed followed by a slightly
decreasing resistance to crack propagation and crack termination. Few studies involving R-curves for
polygranular graphites or carbon materials have been undertaken. For Japanese isotropic nuclear
graphite, Sakai et al. [2] found a rise in R with crack initiation followed by a steady-state value for
crack propagation. Decreasing values in crack resistance as the crack front approached the sample
2
edge were also observed. The steady state value of R found by Sakai et al. (~230 J/m ) is similar
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to the result for AGR graphite (~200 J/m2) in this work. For anthracite-based carbon materials,
2
Allard et al. [3] found a similar behaviour (with a plateau value of ~250 J/m ) except that the R-curve
rose as the crack front approached the sample edge which they attributed to an increase in the process
zone. Similar to the other materials, the R-curve for AGR moderator graphite also shows a steady
state value during crack propagation with a small decrease as the crack approaches the sample edge.
No important change is observed for crack termination. This may be indicative of a small process
zone and limited sub-critical cracking.
The R-curve for AGR moderator graphite has been determined using two independent methods.
Both methods show similar results which differ from other carbon materials in that a relatively high
resistance to crack initiation is observed followed by a slightly decreasing crack propagation and
crack termination.
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Introduction
•

HTRs moderator/reflector bricks are subject to neutron irradiation which induce dimensional
changes and internal stresses.

•

Advanced gas-cooled reactors (AGRs):
− Graphite moderated.
− Cooled by CO2.

•

AGR graphite is near-isotropic in mechanical, physical and electrical properties.

•

During life, property changes occur due to:
− Neutron irradiation; radiolytic oxidation (reduces strength/modulus).

The R-curve approach
•

A critical stress criterion is currently used to predict failure in an AGR moderator brick.

•

In this work, the crack growth resistance, R, based on the global energy balance is considered.

•

Two methods are evaluated:
− Loading/unloading technique.
− Universal dimensionless technique.

Global energy balance
∂W  ∂U e ∂U p  ∂Γ
=
+
+
∂A  ∂A
∂A  ∂A

where:
•

W is the work input by external forces.

•

G is the energy to create cracked surfaces.

•

Ue is the elastic stored energy.

•

Up is the plastic energy dissipation.

•

∂A is the cracked surface area increment.
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The parameter R is defined as the energy required per unit crack area increase.
R=

∂
( W − Ue )
∂A

Experimental
•

Two sizes of compact tension specimen (CTS) were used.

•

Samples were machined from archive AGR moderator graphite.

•

CTS samples were tested using an Instron 1195 with a crack opening displacement gauge to
generate a load versus load-point displacement curve.

Reasons for high crack initiation
•

Sensitivity in crack length determination:
− Inaccurate at small crack lengths.

•

Material in-homogeneity:
− Tortuosity in crack path.
− Fracture “initiation” mechanism, e.g. many sub-critical cracks.
− Location of notch root, e.g. at misaligned filler particle edge.
− Crack branching (bifurcation/crack arrest).
− Blunt notch/crack.

Crack length measurement?
•

R is defined by:
R=

U
B∗ da

where:
•

B is the sample breadth.

•

U is the energy consumed.

•

Crack length increment, da, is estimated by using a compliance calibration curve.

•

At initiation, crack-bridging (frictional effects) leads to an underestimate of the compliance,
and therefore also the crack increment.
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With crack propagation, the crack growth increment can be described as the increase in fracture
surface at the rear of the crack wake, i.e. without associated crack-bridging effects.
Summary and conclusions
•

The R-curve for AGR moderator graphite has been determined using two independent methods.

•

Both methods show similar results with an apparent high resistance to crack initiation, followed
by a slowly decreasing crack propagation and termination.

•

It is unlikely that the high resistance to crack initiation reflects the reality of a stable crack
growth observed in the load-displacement curve.

•

However, at intermediate crack lengths, the R-curve can be expected to show a steady-state
value, i.e. a plateau, which is consistent with the work of fracture, and limits the usefulness
of the R-curve technique.

•

Other energy-based parameters are currently being explored, and it is envisaged that the
approach taken in this work may be applied to candidate HTR graphites.
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Figure 1. Dimensional changes

Figure 2. Internal stress build-up
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Figure 3. Sample dimensions
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Figure 4. Cyclic loading
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Figure 5. Loading/unloading technique
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Figure 6. Universal dimensionless technique
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Figure 7. Compliance calibration curve
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Figure 8. R-curves by two techniques
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Figure 9. Elastic and plastic components

800

2

JI, Φp (J/m )

1 000

600
400
200
0
0

10

20

30

40

Crack length (m × 10 )
-3

Elastic Component

Plastic Component

Figure 10. Schematic R-curves
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DEVELOPMENT OF THE MODELLING OF
DIMENSIONAL CHANGE IN NUCLEAR GRAPHITES

Gareth B. Neighbour
Nuclear Materials Group, Department of Materials Science and Engineering
University of Bath, BA2 7AY, United Kingdom

Abstract
Neutron irradiation of the polygranular graphites used in reactor moderators results in an initial bulk
shrinkage at low doses followed by expansion at higher doses. Recent work carried out to investigate
the effects of simultaneous radiolytic oxidation on the dimensional-change behaviour of the
Gilsocarbon graphites used in the UK advanced gas-cooled reactors has led to the development from
first principles of a new dimensional change model for all irradiation-induced strains. Although in the
future high temperature graphite-moderated generating systems under development concurrent
oxidation is excluded, oxidation may still occur to small degrees. This paper presents a new approach
to modelling dimensional change applicable to most situations. For AGR moderator graphite, the
model presented is able to semi-quantitatively reproduce the effects of irradiation and radiolytic
oxidation on dimensional changes. Further work is required to refine the modelling approach, but it is
envisaged that the model can be applied to future HTR systems.
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Introduction
Graphite oxidation in high temperature reactors can occur due to either steam or air ingress into
the cooling circuit, principally as a result of an accident. For example, Ref. [1] identifies three extreme
accident scenarios for the pebble-bed modular reactor (PBMR), of which graphite oxidation was one
caused by air ingress due to simultaneous rupture of a pipe at the bottom of the reactor and a control
rod standpipe due to internal or external events1. Although in the future generating systems under
development (conventional HTRs with steam-raising circuits, modular gas-turbine HTRs and fusion
machines) concurrent oxidation is excluded, oxidation may still occur to small degrees in the
conventional HTR. This may be a consequence of in-leakage from the water circuit and in all HTR
designs through incomplete removal of atmospheric air and moisture from the gas circuit. However,
overall oxidation in all these systems will be low. Recent work carried out to investigate the effects of
simultaneous radiolytic oxidation on the dimensional-change behaviour of the Gilsocarbon graphites
used in the United Kingdom advanced gas-cooled reactors (AGRs) has led to the development from
first principles of a new model for all irradiation-induced strains, applicable both in the presence and
absence of graphite radiolytic oxidation. Therefore, this paper presents a new approach to modelling
dimensional change applicable to most situations, including HTR systems.
AGRs are graphite-moderated and cooled by CO2. The moderator cores are constructed from
graphite bricks which must allow unhindered movement of the control rods and fuel stringers. During
the life of a reactor, the moderator core bricks are subject to irradiation both by neutrons and by
ionising radiations. Neutron irradiation induces dimensional change and changes in mechanical,
physical and electrical properties of the graphite, whereas the ionising radiation (principally γ) brings
about oxidation of the graphite by the CO2 coolant. Radiolytic oxidation results in weight loss from the
graphite components and the development of internal porosity leading to a reduction in strength. A full
understanding of radiolytic oxidation is difficult to achieve because it requires a good description of
the size and shape of the open porosity and that of the porosity which may be opened to gas by
oxidation. Information on the effects of radiolytic oxidation on graphite properties is currently limited
to ~40% weight loss, although higher local weight losses may develop in some peak-rated bricks at the
end of the anticipated core life. The original objective of this work was to understand and predict the
effect of radiolytic weight losses above 40% on the dimensional change behaviour of AGR moderator
graphite. However, the modelling approach taken is capable of predicting small amounts of either
radiolytic or thermal oxidation on dimensional changes. This paper briefly reviews the current
understanding of the dimensional change in both single crystal graphite and polygranular graphite
prior to presenting a new analysis to model the effect of neutron fluence with weight loss.
Dimensional changes
Historically, polygranular graphite has been viewed as an assembly of single graphite crystals
with inter-dispersed and interconnected porosity. This is especially true for modelling dimensional
change in moderator graphites. Therefore, an understanding of how the dimensions of single crystals
change with neutron irradiation is desirable first, before a general review of dimensional change in
polygranular graphites. Finally in this section, a new analysis for modelling dimensional change with
increasing radiolytic oxidation is presented with predictions which are compared with data from
materials test reactor (MTR) experiments.

1

The nominal operating temperature of the fuel is ~1 000°C, whereas the onset of graphite thermal oxidation in
air occurs at ~450°C.
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Single crystal
The graphite in an AGR is damaged principally by the neutrons produced by the fission processes
in the fuel. The fission neutrons possess energies from a small fraction of an electron volt to ~14 MeV
with an average energy of ~2 MeV. Moderation of these neutrons to thermal energies of <1 eV in
graphite-moderated reactors is caused by elastic collisions with carbon atoms. In order to displace
an atom irreversibly from its lattice site an energy of 30-60 eV is needed, so an energetic neutron will
produce a cascade of atomic displacements which continues until the average energy is less than that
needed for a displacement to occur. The damage process is very complicated, and is compounded by
the fact that the “knocked-out” atom may be considered as an interstitial which is able to diffuse
through the graphite crystal and recombine with a vacant lattice site or combine with other carbon
atoms to form a cluster or dislocation loops or new graphitic planes [2]. The interstitial clusters, on
further irradiation, may be destroyed by fast neutrons or by displaced carbon atoms (radiation
annealing). The formation of interstitial clusters, dislocation loops and new graphitic planes will cause
an expansion of the graphite crystal in the c-axis. Adjacent lattice vacancies in the same graphite layer
are believed to collapse parallel to the layers and form sinks for other vacancies, causing shrinkage
parallel to the graphite layers, i.e. in the a-axis [3].
Kelly, et al. reported the effects of neutron irradiation on the dimensional changes measured
parallel and perpendicular to the deposition plane of a highly ordered pyrolytic graphite (HOPG)
heat-treated to 2 900°C, and denoted as type β [4]. At low irradiation temperatures, there are large
expansions in the c-axis and smaller contractions in the a-axis, with a large net increase in volume.
At a given neutron dose, the extents of the dimensional changes decrease with temperature. Similar,
but smaller, changes are seen at higher irradiation temperatures which occur at nearly constant
volume. These measurements are confirmed by other studies (see Ref. [5]). This view of the influence
of neutron irradiation on dimensional changes in well-graphitised materials such as HOPG has
changed little since the 1960s. Kelly confirms that, at irradiation temperatures below ~300°C
equivalent DIDO temperature (EDT), large volume increases occur on neutron irradiation that are
associated with high stored energy levels [6]. For irradiation temperatures greater than 300°C there
is a small volume change initially, followed by changes of dimensions at near constant volume.
The dimensional changes lead to lattice strain and the accumulation of Wigner energy. At temperatures
above 300°C there is low Wigner energy due to a much higher defect mobility. At these temperatures,
interstitials are so mobile that they aggregate, not to small clusters, but to large areas that form new
graphite planes interleaved between the original basal planes.
HOPG was irradiated to very large neutron doses of 2.5 × 1022 n cm-2 equivalent DIDO nickel
dose (EDND) in the Dounreay fast reactor (DFR) at temperatures between 270 and 710°C [7].
Measurements were made of dimensional changes parallel and perpendicular to the deposition planes,
respectively. The dimensional changes increase almost linearly with increasing neutron dose over the
temperature range considered and are essentially linear extrapolations of the results obtained for HOPG
at lower doses in the earlier studies [4]. It was also found that the density of HOPG changes little with
neutron dose, after a very small decrease at the start of irradiation [7]. Crystal lattice parameters also
changed little with neutron dose, indicating that the dimensional changes are due to the growth of
interstitial loops with complete collapse of the associated vacancies parallel to basal planes.
Polygranular graphite
The microstructures of polygranular graphites differ in several respects from those of pyrolytic or
single crystal graphites. Polygranular graphites contain: (a) two or more carbonaceous species
originating as filler, binder or impregnant; (b) a wide range of crystalline perfection and crystallite
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sizes in different parts of the microstructure, dependent upon raw materials and manufacturing
processes; and (c) complex networks of pores of different types that originate at different stages in the
manufacture of the graphite and the filler. A general description of the microstructure and manufacturing
processes for nuclear graphites can be found in Ref. [8]. The complex nature of the microstructure of
polygranular graphites makes understanding the dimensional change behaviour difficult. Therefore,
many models have been simplified by treating polygranular graphite as an assembly of single graphite
crystals with inter-dispersed and interconnected porosity, and in particular with lenticular cracks either
within crystallites or between adjacent crystallites. This assumption provides a basis for modelling as
well as an aid to understanding the dimensional change behaviour of moderator graphites.
The effects of neutron irradiation on dimensional changes of AGR moderator graphites was
reviewed by Tucker and Wickham [9]. Neutron irradiation of polygranular reactor graphites result in
initial bulk shrinkage at low doses followed by expansion at higher doses, leading eventually to a net
expansion of the graphite. The initial effect of neutron irradiation on the microstructure of the graphite
is closure of small pores and cracks as a result of c-axis expansion and contraction of the crystallites in
the a-axis causing the initial bulk shrinkage of the graphite. The reversal of shrinkage, “turnaround”, is
believed to begin when the shrinkage cracks are unable to accommodate new irradiation-induced
crystallite growth. At higher irradiation temperatures, turnaround occurs at lower fluences. This is
attributed to a reduction in the extent of accommodation available for irradiation-induced c-axis
expansion as a result of closure of Mrozowski cracks2 by thermal expansion [3]. With further
crystallite growth after turnaround, internal stresses develop to the point where new microcracks and
pores begin to appear. For AGR moderator graphites, turnaround usually occurs around 100 to
125 × 1020 n cm-2 (EDND).
Kelly, et al. [11] discuss the dimensional changes in polygranular graphites under fast-neutron
irradiation and proposed that the strain in the direction x in a polygranular aggregate, after dose γ, is
related to strains in the crystals by:
g x = Ax ( γ )gc + (1 − Ax ( γ ))ga

(1)

where gx = (1/lx)(dlx/dγ) is the fractional increase in length lx in the direction x in the aggregate per unit
dose, gc = (1/Xc)(dXc/dγ) is the fractional increase in length in the c-axis of a crystal, Xc, per unit dose,
and ga = (1/Xa)(dXa/dγ) is the fractional increase in length in the a-axis of a crystal, Xa, per unit dose.
Ax(γ) is a structure factor that is dependent upon the irradiation dose and temperature3. For turnaround
to occur, Kelly states [6] that for doses greater than a temperature-dependent threshold value, γ*, new
porosity is generated by the large crystal strains which contributes to the bulk expansion and so
renders Eq. (1) invalid. To account for pore generation at large doses greater than γ*, a new
relationship (the Brocklehurst/Kelly model) was defined. For irradiations at constant temperature it
can be summarised in an adaptation of Eq. (1):

[

]

g x = Ax ( γ )gc + 1 − Ax ( γ ) g a +

2

3

dFx ( γ )

(2)

dγ

Mrozowski proposed models for the edge linking of mutually oriented crystallites. He attributed the internal
voidage to basal plane microcracks produced during the anisotropic shrinkage of the crystallites on cooling
from graphitising temperatures [10].
The model assumes that the dimensional changes of the component crystallites are the same as in free and
unrestrained crystals.
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where dFx(γ)/dγ is the contribution to the total strain per unit dose, gx, due to pore generation. Also, it
can be shown that Fx(γ) is dependent upon a crystal shape change parameter, XT, which is defined as:
 ∆X
∆X a 
XT =  c −

Xa 
 Xc

(3)

where ∆X/Xc, ∆X/Xa are the fractional dimensional changes of the component crystals measured
perpendicular and parallel to the basal plane. XT is dependent upon irradiation temperature and fluence.
It is interesting to note that Arai states that the changes in the structure factors as a function of XT are
different for different graphites, being dependent on the detailed structures of the coke grains and
binder/impregnant phases [12]. Therefore, the structure factors are highly complex in their nature and
difficult to interpret on a physical basis.
The standard method for analysing the influence of irradiation upon the dimensional changes of
irradiated graphites is the Kelly/Brocklehurst model represented by Eq. (2). Although the model is
developed from the thermodynamic approach taken by Simmons [13], in practice the approach is an
experimental one in that the function Fx(γ) is derived from a function of XT which is derived from
dimensional changes for single crystals. The structure factor, Ax(γ), and pore generation term, Fx(γ),
are not well understood in terms of fundamental microstructure. This point is reinforced by Kelly [6],
who also states that, since Ax(γ) and Fx(γ) are structure sensitive parameters, radiolytic oxidation
should lead to changes in these terms, but this is not seen to occur. Therefore, it is not clear how the
pore generation term, Fx(γ), can be modified to include any porosity induced by radiolytic oxidation.
Consequently, the present author believes the Kelly/Brocklehurst approach is inappropriate to model
the effect of oxidation on dimensional change.
Alternatively, Brocklehurst and Kelly [14] showed that the change in pore volume of the graphite,
∆VP, may be written relative to unit volume of material such that:
∆VP ∆V ∆VC
=
−
V0
V0
V0

(4)

where ∆V is the volume change of the material initially of volume V0 and ∆VC is the volume change of
the component crystallites. If ρ0 and ρC are the initial apparent and crystal densities then:
V0 = (ρ c ρ 0 )VC

(5)

∆Vc ∆X c 2 ∆X a
=
+
Vc
Xc
Xa

(6)

and for small strains:

If dimensional change in a single crystal can be represented by a single ratio δ [6] where:

δ=

 1 dX a 
−

 X a dγ 
 1 dX c 


 X c dγ 
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(7)

then it can be shown that, for small strains:
∆VP ∆V  ρ 0  1 − 2δ 
=
− 
XT
V0
V0  ρ c   1 + δ 

(8)

Many authors state that δ = 0.5 for crystal shape changes at constant volume, i.e. ∆Vc/Vc = 0, and
Eq. (6) shows that this is true for small strains, i.e. the dimensional changes of the bulk graphite are
controlled predominantly by the changes in porosity.
Brocklehurst studied the shrinkage of specimens of trial order AGR moderator block graphites
which were radiolytically oxidised4 to different weight losses prior to neutron irradiation in DFR
between 360 and 440°C [15]. From this study, Brocklehurst noted three general observations5, which
also may be expected when samples are simultaneously oxidised, that is: (a) the initial shrinkage rate
is found to be independent of the extent of oxidation; (b) the onset of turnaround is delayed and occurs
at a higher dose with greater shrinkage attributed to the extra c-axis accommodation created by
oxidation; and (c) subsequent growth rate is lower (although Brocklehurst noted there were too few
data for this to be conclusive) [15]. The samples of pre-oxidised graphite had densities in the range
1.20 to 1.60 g cm-3 compared to the unoxidised value of 1.80 g cm-3. For 32% radiolytic weight loss,
the minima in the dimensional change curve decreased from -1.8% to -3.5% and the turnaround
shifted from ~125 × 1020 n cm-2 (EDND) to 190 × 1020 n cm-2 (EDND). The results clearly showed that
dimensional changes at high dose depended upon the weight loss. Subsequently, Kelly [6] adapted
Eq. (8) to account for porosity generated by pre-radiolytic oxidation, such that:
ρ 
∆VP ∆V  ρ 0 
1 − 2 δ 
=
+   x −  0  (1 − x ) X T 
V0
V0  ρ c 
 ρc 
 1 + δ 

(9)

where x is the fractional weight loss. Since the porosity term due to oxidation, (ρ0/ρc)x, is positive, it
offsets the shrinkage due to irradiation and so turnaround is delayed.
Treatment for all irradiation-induced strains
The review of dimensional change of single crystal and polygranular graphite with neutron
irradiation has shown it necessary to model dimensional change with increasing radiolytic oxidation
by adopting a different approach that is capable of including all irradiation-induced strains within the
polygranular graphite and this analysis is presented here.
The Brocklehurst/Kelly model rests upon the assumption that the volume increase in the
component crystallites is small, i.e. that small strains are present so Eq. (6) is a good approximation.
Experimental evidence presented by Brocklehurst and Kelly [16] shows that above ~300°C, the
volume of the crystallite remains almost constant and therefore ∆Vc/Vc ~ 0; from Eq. (6) ∆Vc/Vc = 0
when δ = 0.5. If the assumption of small strains is relaxed, then it can be shown that more generally:
2
∆Vc 
∆X a  
∆X c  
2
= 1 +
 1 +
 − 1 = (1 + Ga ) (1 + Gc ) − 1
Vc
Xa  
X c  


[

4

5

]

(10)

Samples experienced a limited neutron dose, often less than 1 × 1020 n cm-2 (EDND) during oxidation up to
40% weight loss. To remove any possible effect of neutron irradiation, samples were often also annealed.
Similar behaviour is observed by a lower density version of AGR moderator graphite.
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where:
γ

(11a)

∫

G a = g a dγ
0
γ

(11b)

∫

Gc = gc dγ
0

Eq. (10) reduces to Eq. (6) at small strains. Substituting Eq. (5) and Eq. (10) into Eq. (4), then:

[

]

∆VP ∆V  ρ 0 
2
=
−   (1 + Ga ) (1 + Gc ) − 1
V0
V0  ρ c 

(12)

Kelly and Brocklehurst [7] show that the growth curves of the component crystals are essentially
linear with dose over the range of temperatures 270-710°C and are essentially linear extrapolations of
the results of 350-450°C obtained at lower doses [4]. Therefore, from the studies on HOPG by Kelly
and Brocklehurst [7], at a temperature of 400°C (EDT), the rates ga and gc can be shown to
approximate to -0.623 × 10-21 % n-1 cm2 (EDND) and 1.742 × 10-21 % n-1 cm2 (EDND), respectively.
These values estimate δ to be 0.358 which compares reasonably with the value of δ = 0.293 predicted
theoretically for all strains and changes occurring at constant volume6. If the mass of a component
crystallite is assumed to remain constant with irradiation, then it can be shown that:
∆Vc ρ c
=
−1
Vc
ργ

(13)

where ργ is the density of the single component crystallite with irradiation. Therefore, at any
irradiation, the fractional total porosity of the polygranular graphite is:

[

VP
ρ
2
= 1 − IRR (1 + Ga ) (1 + Gc )
VIRR
ρc

]

(14)

where VIRR and ρIRR are the volume and density of the polygranular graphite with irradiation,
respectively. Assuming mass remains constant for the polygranular graphite with irradiation then:
1
ρ
= IRR
VIRR ρ 0 V0

(15)

and therefore:

[

]


ρ  ρ
VP
2
= 0 1 − IRR (1 + Ga ) (1 + Gc ) 
ρc
V0 ρ IRR 


(16)

From dimensional change data with corresponding density values at 430/450°C EDT for
irradiation only for AGR production graphites (excluding DFR and boron doped data), the relationship
6

The fractional change in volume can be shown to equal 2(1-δ)2-1.
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between VP/V0 (Eq. (16)) versus irradiation dose can be plotted, a best-fit polynomial obtained and
consequently the fractional change in pore volume due to irradiation only, (∆Vp/V0)IRR, shown to
follow the relationship7:
 VP 
= 5.7119 × 10 −6 γ 2 − 1.5772 × 10 −3 γ
 
 V0  IRR

(17)

Assuming isotropic behaviour, the linear dimensional change can be predicted for no weight loss
and compared with the best-fit curve to the MTR data used, Figure 1. The comparison shows that the
predicted dimensional change for irradiation only is a reasonable approximation, especially at higher
doses8. As oxidation proceeds in polygranular graphite, the amount of new porosity generated can be
described by the term:
ρ 
x 0 
 ρc 

(18)

On oxidation (at any neutron dose), if two assumptions are made concerning the crystallite
volumes, i.e. only external burn-off occurs and the crystallite strain is unaffected, then it can be shown
that:

[

]

∆Vc
2
= (1 − x c )(1 + Ga ) (1 + Gc ) − 1
Vc

(19)

where xc is the fractional weight loss of the crystallite. If it is further assumed that, in general,
crystallites are oxidised to the same extent, then xc can be replaced by x. However, as oxidation
proceeds, some new porosity will be filled by irradiation growth and some oxidation will occur within
the crystallite so the term for new porosity generated by oxidation in Eq. (18), x(ρ0/ρc), can be reduced
by a factor n1 (which is likely to be a function of neutron fluence). In addition, the effect of burn-off, x,
on single crystallite dimensional changes will also be reduced by another factor n2 (1 > n2 > n1).
Therefore, it can be shown that:

[

]

 ρ   ∆V 
∆V  ρ 0 
2
n1 x  0  +  P 
=
−   (1 − n2 x )(1 + Ga ) (1 + Gc ) − 1
 ρ c   V0  IRR V0  ρ c 

(20)

The factor n2 essentially describes the degree of external burn-off from each crystallite. A simple
approximation of n2 = 0.67 can be made if it is assumed that any pitting within the basal plane does
not affect Xc and attack along the edge of graphitic planes accounts for reduction in Xa, i.e. the
component crystallites only reduce in two out of three dimensions. From experimental data, a
correlation between observed weight loss and irradiation dose can be made so it is then possible to
make predictions for simultaneous radiolytically oxidised graphite using Eq. (20) (see Ref. [17]).
Typically for an AGR peak-rated brick, a weight loss of 38% may be expected at a dose of
200 × 1020 n cm-2 (EDND). Figure 1 also shows the predicted curve for simultaneous radiolytically
oxidised AGR graphite during life obtained with n1 = 0.67 and n2 = 0.67, but with n1 reducing linearly
with dose by 0.125 over 250 × 1020 n cm-2. For comparison, additional curves are also presented for
7
8

From Equation [16], strictly, ∆VP/V0 = f(γ3).
It should be noted that there are insufficient MTR data to verify the new analysis at doses well beyond
turnaround.
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lower oxidation rates so that 5%, 10% and 15% weight loss are achieved at 250 × 1020 n cm-2 (EDND).
All weight loss curves for simultaneous radiolytically oxidised graphite show delayed turnaround
compared with the curve for irradiation only, as predicted by Brocklehurst [15]. The prediction curve
for AGR moderator graphite also gives similar shrinkage at similar turnaround doses as with the MTR
experiments. Thus, the simple model that gives rise to Eq. (20) (which is not constrained by the
assumption of small strains) is able to semi-quantitatively reproduce the effects of irradiation and
radiolytic oxidation on dimensional changes for AGR moderator graphites. However, the MTR data
are for samples which have been oxidised prior to neutron irradiation. Eq. (20) may also be used to
predict dimensional change curves for these samples. A complication is that it is not clear how n1 will
be modified, or indeed if it is a function of fluence in these circumstances. As previously, if n1 is
reduced linearly with dose by 0.125 over 250 × 1020 n cm-2 (EDND), Figure 2, then there is a delay in
the neutron dose at which the turn-around occurs. In comparison of pre-oxidation (Figure 2) with
simultaneous oxidation and irradiation (Figure 1) as expected the shrinkage is the same for both cases
at 250 × 1020 n cm-2. However, it can be seen that the delay in turnaround is less and the shrinkage is
more pessimistic for moderator graphites oxidised prior to irradiation.
In summary, it is clear from the original MTR experiments that pre-oxidation has a major effect
on dimensional change. The initial shrinkage rate is relatively independent of pre-oxidation, but the
maximum shrinkage increases with oxidation and the dose at which turnaround occurs is delayed.
There is also some evidence to suggest that subsequent growth rates are also lower. These observations
are also predicted by Eq. (20) and as shown in Figure 1. Clearly, further work is required to refine the
approach to dimensional changes taken in this paper, especially post turnaround. However, the new
model reproduces semi-quantitatively the general observations seen in MTR experiments. The model
also provides some physical understanding to MTR observations. In addition, it should be noted that
dimensional change predictions can also be made for low weight losses that may be experienced in
HTRs with more confidence as n1 and n2 become less significant.
Summary and conclusions
This paper reviewed the current understanding of the neutron-induced dimensional change in both
single crystal graphite and polygranular graphite. The effects of neutron irradiation on dimensional
changes in graphite single crystals were considered first, followed by the effect on polygranular
graphites. Neutron irradiation effects on samples that have been oxidised prior to irradiation, and those
subject to simultaneous oxidation and irradiation have been considered. The accepted theory for
irradiation-induced dimensional changes, which is limited to small strains, has been reviewed and a
more general treatment applicable to all strains has been developed to cover simultaneous irradiation
with radiolytic oxidation and compared with MTR results. For AGR moderator graphite, the model
presented is able to semi-quantitatively reproduce the general observations seen in MTR experiments
and provide some physical understanding to those observations. It is envisaged that the model can also
be applied to HTRs systems. Clearly, further work is required to refine the approach to modelling
dimensional changes taken, and especially to fully define parameters n1 and n2.
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Figure 1. A plot of the predicted dimensional changes for simultaneous
radiolytic oxidation and neutron irradiation using Eq. (20) at ~400-450°C EDT
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Figure 2. A plot of the predicted dimensional changes for samples
oxidised prior to neutron irradiation using Eq. (20) at ~400-450°C EDT
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Abstract
Excellent characteristics such as high strength and high thermal shock resistance of C/C composite
materials have led us to try to apply them to the high temperature components in nuclear facilities.
Such components include the armour tile of the first wall and divertor of fusion reactor and the
elements of control rod for the use in HTGR. One of the most important aspects to be clarified about
C/C composites for nuclear applications is the effect of neutron irradiation on their properties. At the
Japan Atomic Energy Research Institute (JAERI), research on the irradiation effects on various
properties of C/C composite materials has been carried out using fission reactors (JRR-3, JMTR),
accelerators (TANDEM, TIARA) and the Fusion Neutronics Source (FNS). Additionally, strength
tests of some neutron-irradiated elements for the control rod were carried out to investigate the
feasibility of C/C composites. The paper summarises the R&D activities on the irradiation effects on
C/C composites.
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Introduction
It is well known that carbon-carbon composite materials(C/C composites) show an improved
performance for high temperature components use. For example, C/C composites have been used as
armour tiles of plasma facing components of the JT-60 fusion facility [1,2]. The tiles used in the JT-60
were evaluated in comparison with those of isotropic graphites, demonstrating that no cracks were
caused for C/C composite tiles even in the case of plasma disruption [3,4]. This good performance is
based on the high strength and high thermal conductivity of the composites [2]. However, there have
been few investigations into the effect of neutron irradiation on essential properties of C/C composites
for nuclear applications. Moreover, in the case of their application to fusion reactors, the data on the
effect of 14 MeV neutron irradiation on their properties are required to evaluate the damage that may
be caused by neutrons generated during the fusion reaction.
Another application of C/C composites has been considered at JAERI: control rod components
for the HTTR. The background of the idea is that by employing more heat-resistant materials as
control rod components one can reduce the restriction of the control rod operation which is presently
imposed. Some R&D work has been carried out on the development of the higher performance
materials as well as the fabrication method for control rod components, aiming at the application of
C/C composite control rod to the HTTR in the future.
This paper deals with three subjects related to the application of C/C composites to nuclear
facilities:
1) The effect of fission neutron irradiation on mechanical properties of several C/C composite
materials.
2) The effect of 14 MeV neutron or ion irradiation on mechanical and thermal properties of
several C/C composite materials.
3) The production of some C/C composite components for control rod use in the HTTR and the
effect of neutron irradiation on the mechanical strength of these components.
Mechanical properties of fission neutron-irradiated C/C composite materials
Experimental procedures
Four kinds of C/C composites and an isotropic graphite (the properties of which are shown in
Table 1) were examined. Specimens 5 × 5 mm2 in cross-section and 50 mm in length, and 6 × 6 mm2
in cross-section and 12 mm in length were used for bending and compressive tests, respectively.
The longitudinal axis of the specimens was parallel to the orientation of the fibres with the exception
of MFC-1, for which the fibre orientation is parallel to the longitudinal axis (designated as X, Z) or
perpendicular to the axis (Y).
Neutron irradiation was performed in the JMTR at around 1 000 to a fluence of 2 × 1025n/m2
(E > 29 fJ). The Young’s modulus was calculated from the velocity of a 5 MHz longitudinal ultrasonic
wave propagating along the longitudinal axis of the bending specimen described above. Bending and
compressive tests were carried out using a screw-driven test machine at a cross-head speed of
0.05 mm/min. Strains during the test were measured using strain gages glued to the specimen.
Four point bending tests were carried out with inner and outer spans of 17 and 34 mm, respectively.
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Results and discussion
Table 2 summarises the results of the measurement of changes in the length and volume for
irradiated materials. The values shown here are the means for two or four specimens. It is seen that the
length and volume reductions for C/C composites are, in general, larger than those for IG-110
graphite. In consideration of the fact that the bulk density is higher for C/C composites, the larger
reductions in length and volume observed for C/C composites probably occurred because the graphite
is graphitised better than C/C composites. Burchell, et al. also found such a trend for different C/C
composites and reference graphite [5]. With regard to the amount of changes, the present results are
also in good agreement with theirs.
Mechanical properties of the unirradiated and irradiated materials are summarised in Table 3.
A small regular decreases in the Young’s modulus was observed for CC-312 and MFC-1(Z).
This tendency seems to be rather exceptional for the carbon material. This would be particularly true
taking into account the fact that the densification due to irradiation was also observed for these
materials. Though the cause for this behaviour is not clear at the moment, the above phenomenon
indicates that the densification found in the present experiment does not mean a more stable or
stronger microstructure. As for the stress-strain characteristics, CX-2002U was most typical among
the C/C composites, as is shown in Figure 1, though the strength itself is rather low compared to its
companions. Changes in the compressive strength and fracture strain caused by the neutron irradiation
were similar to those observed for the bending tests. An example is shown in Figure 2 for CX-2002U.
To overview the strength and stress-strain characteristics of the irradiated C/C composites, it is to be
noted that the increase in strength, if any, is not as large as that for the nuclear graphite, yet the
fracture strain decreases as is the case for the graphite.
Effect of high energy neutron and ion irradiation on thermomechanical properties
Experimental procedures
Four kinds of C/C composites were used for the experiment. Those were MFC-1, MCI-felt,
CX-2002U and PCC-2S. Since the tendency of property changes is similar for the different materials,
this paper mainly concentrates on the results of MFC-1 one-dimensional composite. The compressive
specimens described above and those 10 mm in diameter and 1-3 mm in thickness were machined
from a block of each material. For ion irradiations 10 MeV protons, 50 MeV heliums and 90 MeV
carbons were employed using TIARA at the JAERI Takasaki installation and the TANDEM accelerator
at JAERI-Tokai, respectively. Also at JAERI-Tokai, the Fusion Neutronics Facility was used to carry
out 14 MeV neutron irradiation. The irradiation conditions are summarised in Table 4. For ion
irradiations an oblique wedge was placed in front of a specimen to be irradiated so that the damaged
area is searched as a function of depth, i.e. in a manner that the depth can be regarded as the distance
from the edge of the specimen surface. The set-up is shown in Figure 3.
To estimate the changes in the strength and Young’s modulus of irradiated composites
micro-indentation tests were carried out before and after irradiation using a Shimadzu dynamic
hardness tester [6,7]. The maximum applied load was 5 gf (49 mN) in most tests. Dynamic hardness
was calculated using the following equation:
D h = 37.84( L max d 2max )
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(1)

Here, Lmax is the maximum indentation depth (mm). In the case of ion irradiations the tests were
carried out on the points 10-50 mm in-between on the irradiated surface, i.e. as a function of depth.
As for the neutron-irradiated specimens the test was done on the points selected randomly. Thermal
conductivity was measured for neutron-irradiated specimens by the laser flush method.
Results and discussion
Figure 4 shows Weibull plots for the dynamic hardness of 14 MeV neutron-irradiated MFC-1.
Fluence ranged from 7 to 60 × 1018 n/m2. The neutron beam was perpendicular to the fibre orientation.
It is to be noted that the hardness decrease, i.e. strength decrease, is caused by the high energy neutron
irradiation at least when the fluence is low. Such a tendency, which is contrary to the general trend for
the neutron-irradiated C/C composites [8], was also observed for the other composites examined here.
It has been reported that on the basis of hardness measurement a decrease in the yield strength was
observed for 316 stainless steel irradiated to a low fluence [9]. It was suggested that the small
radiation-produced defects were cut by the movement of dislocations during the indentation process.
Figure 5 shows the distribution of the hardness as a function of depth from the surface. Here, the
letter “L” indicates the lines along which the measurements were carried out. It is also seen in the
figure that the range calculated using the EDEP-1 code [10] is in fairly in good agreement with the
point of maximum hardness. The variation of the hardness distribution would probably result from
the non-homogeneous microstructure of the composite (pores, boundary between the fibre and
matrix, etc.) An agreement between the point of maximum hardness and the calculated range was also
found in the case of He ion irradiation. In contrast with the neutron irradiation, the strength and
Young’s modulus of the composites increased after the irradiation by 10 MeV protons up to
0.003 dpa. Here, the strength and the modulus were estimated from the slopes of the loading and
unloading curves obtained during the indentation test, respectively, i.e. B and D in Figure 6. Ratios of
these properties after irradiation to those before irradiation are summarised in Table 5. It is to be noted
that all the materials showed pronounced increases in these properties, even though the fluence was
very low.
Thermal conductivity of neutron-irradiated CX-2002U is shown as a function of temperature in
Figure 7, where one can see that the conductivity did not decrease monotonically with the fluence.
This trend was also found for the other composites. Although at the moment the cause for this
phenomenon is uncertain, it may well be said that one should take into account the fact that the high
energy neutrons would result in property changes different from those caused by ordinary neutrons, as
long as the fluence is low.
Preparation of control rod components and neutron irradiation effect
Background
The core of the high temperature engineering test reactor (HTTR) consists of arrays of stacked
fuel or replaceable reflector blocks made of graphite. Under normal operation conditions the maximum
temperature of the graphite blocks will be around 1 300 when the temperature of the helium coolant at
the outlet is 950 [11]. The reactivity is controlled by inserting the control rods into appropriate holes
in the core and reflector regions. In the event of a scram the control rods are inserted into the core
taking advantage of the gravity. Nine out of 16 pairs of control rods in the reflector region are inserted
immediately at the time of scram, while the other seven pairs in the core region are to be inserted
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40 minutes later when the temperature of the outlet coolant becomes lower than 750. The two step
inserting method is employed mainly for the purpose of preventing the control rod sleeves (made of
Alloy 800H) in the core region from overheating.
Since the C/C composite is believed to be more heat resistant than Alloy 800H, the restriction
imposed on the reactor control procedure would be less constraining if the control rod sleeve is made
of the C/C material. The C/C composite has been widely recognised as a high strength heat resistant
structural material. Although further studies should be done on the effect of neutron irradiation on
thermal, mechanical and other properties of the C/C composite, it may be said that the accumulated
data regarding this subject is such that application for high temperature components of nuclear
facilities can be envisaged [5,12-18]. In light of this circumstance, a concept for a control rod made of
C/C composites has been proposed at JAERI, aiming toward an improved performance of the HTTR
control rods. On the basis of this concept several elements for the control rod have been prepared from
C/C composites and their mechanical strengths have been tested both before and after neutron
irradiation.
Experimental procedures
PAN (polyacrylonytrile)-based or pitch-based carbon fibres were used for the preparation of
components for the control rod. The components are shown in Figure 8. The textile pre-forms were
enforced two-dimensionally. After being impregnated with pitch, the pre-forms were carbonised at
1 000 and graphitised at 3 000. They were then purified with halogen gas. The pellet holder and the
lace truck were pre-formed by the combination of the cross-knitting and filament winding techniques.
The fibre lamination technique was employed for the fabrication of pins. Figure 9 shows a schematic
of the control rod when these elements are assembled. The strength of these components was
measured at room temperature in air using a screw-driven tensile test machine; for the pellet holders
fracture tests were performed in the axial and radial directions. Tensile and bending tests were also
performed for lace trucks and pins, respectively. The tests are schematically shown in Figure 10.
Cross-head speed for these tests was 0.5 mm/min. Some components were irradiated at 90 050 in
JRR-3 to a maximum fluence of 1 × 1025 n/m2 (E > 29 fJ).
Results and discussion
Comparison between the PAN- and pitch-based materials
The results of the bending test of pins made of PAN- or pitch-based material showed that the
fracture strain for both materials in the present case is two to four times larger than for most materials
which have been previously examined [8,17-18]. The strength is also larger or comparable to that of
the materials previously investigated. The fracture strength and strain of the materials in the present
study seem to be comparable to those of PAN-based materials examined by other researchers who
prepared hybrid C/C composites with surface treated fibres [19]. Comparing the present materials with
each other, the pitch-based material showed less brittle behaviour, though the fracture strain seemed to
be large enough even for the PAN-based material. The parallel specimens, which imply that their felt
plane was parallel to the applied load, endured fairly greater stress compared to the perpendicular
specimens, whereas the fracture strain seems to be larger for the latter. This suggests that the felt plane
bends more readily when the load is applied perpendicularly. Figure 10 shows the results of the
fracture test of pellet holders. Here, the ordinate and abscissa represent the load and displacement of
the cross-head, respectively. It is seen in Figure 10(a) that the axial fracture load does not differ much
between the two materials, whereas the amount of deformation seems to be a little larger for the
PAN-based material than for the pitch-based one. The radial fracture load is much larger for the
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PAN-based material than for the pitch-based, which is seen in Figure 10(b). On the basis of its larger
fracture load and deformability observed in the case of radial fracture test, only PAN-based material
was chosen for the irradiation experiment, since the space which was to accommodate the component
specimens was limited in the reactor.
Results of the irradiation experiment on the PAN-based material
Figure 11 shows stress-strain curves obtained from the bending test of pins made of PAN-based
material. Loads were applied to the specimens either (a) parallel to or (b) against the felt plane. It is to
be noted that the strength increased in a very pronounced manner when the load was parallel to the
plane. This suggests that the strength of the specimen parallel to the felt plane would be less
influenced by the weakening of the bond between the felt planes which might be caused by the
irradiation. Though there was no large difference in the bending strength and fracture strain between
the parallel and the perpendicular specimens before irradiation, they behaved differently after irradiation.
It was found that for the perpendicular specimens, the bending strength increased after irradiation,
whereas the fracture strain decreased, which seems to be characteristic of irradiated carbon materials.
In fact, most of the materials examined in previous experiments showed this general trend [8,17].
Peak stress (bending strength) versus fracture strain is plotted in Figure 12 for both irradiated and
unirradiated pins of PAN-based material. In this figure it should be noted that the strength of parallel
specimens increases with increasing fracture strain, whereas that of perpendicular specimens decreases
with increasing fracture strain. It is interesting to find that the solid lines drawn in the figure fit to the
data points for both irradiated and unirradiated specimens. The results of the fracture test of lace
trucks are shown in Figure 13, where one can see that both strength and displacement, which was
estimated from the movement of the cross-head, are larger for the irradiated specimens than for the
unirradiated. A tendency similar to that observed for the pin was also found for the lace truck, which
is shown in Figure 14, since the felt plane of the lace truck was parallel to the loading axis, i.e. the
strength increases with increasing fracture strain, though in this case the strain is not the one derived
from the strain gage but from the displacement of the cross-head of the tensile test machine.
Load versus displacement curves for pellet holders in the cases of axial and radial loadings are
shown in Figures 15 and 16, respectively. It should be noted that the fracture load for the axial loading
seems to increase after the irradiation, even though the curve is rather rugged, which is probably
because of the buckling inclination during the test. In the case of radial loading, a fairly large decrease
in the fracture load as well as for that in the fracture displacement was observed after the irradiation.
Results on the dimensional changes caused by the irradiation for three kinds of components indicated
that the dimensional changes observed here are rather large compared with those of the C/C composite
materials. In an irradiation condition similar to the present case, a dimensional reduction larger than
1% was caused only for a uniaxial material, and most materials showed a reduction smaller than
0.3% [18,19]. However, the dimensional reduction of about 2% caused in the present irradiation
condition is believed to be tolerable for the design of the control rod of C/C composites. Moreover, it
is very probable that future modifications or improvements of the material, of the preparation
technique of pre-forms and/or of the heat treatment procedure, would increase the stability of the
irradiated components.
Summary
Neutron irradiation up to 2 × 1025 n/m2 (E > 29 fJ) at around 1 000 caused no significant changes
in the Young’s modulus, bending and compressive strengths of several C/C composite materials
tested, but a decrease in the fracture strain was observed. Neutron irradiation of C/C composites at
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14 MeV up to 8 × 1019 n/m2 at room temperature caused a decrease in the micro-indentation hardness,
indicating that the strength is decreased by high energy neutron irradiation. It was also found that the
thermal conductivity did not decrease monotonically with increasing neutron fluence as long as it was
low. Components for control rods, such as tubes, pins and lace tracks, were prepared from PAN-based
or pitch-based composites. Irradiations were performed for components of PAN-based material up to
1 × 1025 n/m2 at 950 and the applicability of the composite to the control rod was discussed.
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Table 1. Some typical properties of C/C composites and IG-110 graphite examined in the study
IG-110
3

Apparent density (g/cm )
Tensile strength (MPa)
Bending strength (MPa)
Compressive strength (MPa)
Young’s modulus (GPa)
Thermal conductivity (W/m K) (RT)
-6
CTE (10 /K)

1.76
25
34
72
9.7
130
3.8

MFC-1
//

⊥
1.83
3
8
22
1.6-1.9
30-50
8.3

>400
250
280
73-99
360-460
-0.9

CC-312
//
-1.81
40-80
78
60-87
40
210
0.6

⊥
1.77
NA
19
57-78
5.1
130
10.9

CX-2002U
//
⊥
1.65
30
NA
44
NA
50
NA
10
NA
330
175
2.0
5.7

Table 2. Length and volume changes caused by neutron irradiation for various materials
IG-110
-0.12
-0.40

Length change l/l0 (%)
Volume change V/V0 (%)

CC-312
-0.30
-0.30

MFC-1 (X)
-0.39
-1.62

MFC-1 (Z)
-2.11
-0.97

CX-2002U
-0.195
-2.060

Table 3. Mechanical properties of unirradiated and irradiated materials
IG-110

CC-312

Young’s
modulus
(GPa)

Unirrad.
Irrad.

8.83
11.5

34.0
31.3

X
74.0
98.0

Bending
strength
(MPa)

Unirrad.
Irrad.

35.2 ± 1.8
38.4 ± 2.2

90.5 ± 5.9
110.8 ± 8.4

103.9 ± 6.8
98.4 ± 2.7

Bending
fracture
strain (%)

Unirrad.
Irrad.

Compressive Unirrad.
strength
Irrad.
(MPa)
Compressive Unirrad.
fracture
Irrad.
strain (%)

MFC-1
Y
–
–

Z
87.6
87.2

CX-2002U
14.9
18.5

5.8 ± 2.5
–

99.2 ± 17.6
88.9 ± 8.2

36.3 ± 3.9
46.7 ± 2.6

0.532 ± 0.019 0.324 ± 0.020 0.322 ± 0.133 0.312 ± 0.158 0.294 ± 0.141 0.440 ± 0.085
0.364 ± 0.014 0.394 ± 0.032 0.174 ± 0.101
–
0.325 ± 0.179 0.325 ± 0.080
85.0 ± 2.6
82.0 ± 3.2

65.1 ± 2.5
93.7

59.8 ± 6.8
55.9 ± 3.1

2.67 ± 0.041
0.79 ± 0.31 0.165 ± 0.095
1.49 ± 0.178 0.393 ± 0.039 0.156 ± 0.057

76.7 ± 14.0
–

59.6 ± 6.7
51.0 ± 7.3

33.3 ± 8.7
41.2 ± 9.2

3.72
–

0.710 ± 0.114
0.111 ± 0.047

1.94 ± 0.82
1.82 ± 1.24

Table 4. Irradiation conditions for ions and neutrons
Particle
Energy (MeV)
Damage (dpa)
Temperature
Accelerator
Facility

Proton
10
0.003
RT
Cyclotron
TIARA

Helium
50
0.07
RT
Cyclotron
TIARA

Carbon
90
9.6
RT
Tandem
Tokai

Neutron
14
19
2
8 × 10 /m
RT
D+T
FNS

Table 5. Ratio of the value at the damage peak proton-irradiated C/C composites
Tensile strength
Young’s modulus

MFC-1
1.7
1.3

MCI-felt
1.3
1.1
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CX-2002U
1.8
1.5

PCC-2S
1.9
1.4

Figure 1. Bending stress-strain curves for unirradiated and irradiated CX-2002U

Figure 2. Compressive stress-strain curves for unirradiated and irradiated CX-2002U

Figure 3. Set-up for a wedge and a specimen for ion irradiation
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Figure 4. Weibull plots for the dynamic hardness of neutron-irradiated MFC-1

Figure 5. Distribution of hardness as a function
of depth (a) and the calculated range (b) for MFC-1
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Figure 6. Typical load/depth curves for the micro-indentation test

Figure 7. Thermal conductivity of CX-2002U irradiated
by 14 MeV neutrons as a function of temperature

Figure 8. Control rod components prepared and tested in the present study
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Figure 9. A concept of the control rod

Figure 10. Load displacement curves for the pellet holders of pitch- or PAN-based material
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Figure 11. Stress-strain curves for irradiated or unirradiated pins of PAN-based material

Figure 12. Peak stress (bending strength) vs.
fracture strain plots for pins of PAN-based material
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Figure 13. Stress displacement curves for lace trucks of the PAN-based material

Figure 14. Peak stress vs. fracture displacement of lace trucks

Figure 15. Axial load displacement curves for pellet holders
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Figure 16. Radial load displacement curves for pellet holders
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IMPROVEMENT OF THERMAL CONDUCTIVITY AT HIGH TEMPERATURES
FOR CARBON MATERIALS USED FOR PLASMA FACING COMPONENTS
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Ibaraki University, Hitachi, Ibaraki, 316-8511 Japan
Toshiaki Sogabe, Toshiharu Hiraoka
Toyo Tanso Co. Ltd., Oonohara, Mitoyo, Kagawa 769-1612 Japan
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Abstract
Carbon/copper based-materials with high thermal conductivity at high temperatures were developed
by adding small amounts of titanium or zirconium. The isotropic fine-grained nuclear grade graphite
and felt type C/C composites, which were impregnated by copper (11~18 vol.%) and titanium
(~0.5 vol.%) provided ~1.3 times higher thermal conductivity of 110 and 200 W/mK at 1 200 K than
the original carbon materials. Microstructural analyses showed that the increase of thermal conductivity
is due to formation of titanium or zirconium compounds at the carbon/copper interface, and that the
thermal energy would pass through both the carbon and copper.
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Introduction
Plasma facing materials for fusion reactors require an excellent erosion resistant property to high
heat load from plasma and a high resistance to high energy neutrons. Carbon materials, which are low
atomic number and have comparatively high thermal conductivity, have been extensively used for the
plasma facing components of fusion facilities [1-3]. C/C composite materials that have been developed
up to now do not possess the necessary properties for plasma facing components. It is possible that one
of the problems that may have to be addressed in the future is the effect of radiation damage on
thermal and mechanical properties of carbon materials, as currently this issue has not been sufficiently
resolved. The difficulty is that the thermal conductivity of carbon materials decreases at high
temperatures during operation of fusion reactors. Consequently, in order to use carbon materials in
future fusion reactors it is necessary to develop carbon composite materials that have higher thermal
conductivity at high temperatures and more stable properties with regard to radiation damage [4].
Carbon/copper composite materials have been used as electrical brushes for many years [5].
In this regard careful attention was paid to the durability of these materials, but not to their thermal
conductivity at high temperatures. As a means of increasing the thermal conductivity of carbon
materials, the respective influences of heat treatment, metallic element addition and pressurising
during graphitisation have been investigated [6-8]. Recently, the thermal conductivity of C/Cu and
C/Ag composite materials has been measured at room temperature to 1 400 K. An application of those
materials to fusion reactors has been examined. The C/Ag composite material will not be used for
fusion reactors because radioactivity by nuclear transformation of silver is large. The C/Cu composite
material is promising from the viewpoint that it shows high thermal conductivity at high temperatures.
However, it has been noted that the thermal conductivity of C/Cu composite materials is smaller than
that of C/C composites at room temperature. The reason for this is that heat resistance of C/C
composite becomes lower than that of the C/Cu composite, which has a gap in the interface between
carbon and copper since the cohesive force of the interface is small.
This paper reviews the effects of adding small amounts of titanium (0.5-0.8 vol.%) to copper
(10-18 vol.%) impregnated isotropic graphite and C/C composite on the thermal conductivity and
microstructures to increase the cohesive force of the interface between carbon and copper. Copper was
selected for its higher thermal conductivity. Titanium was chosen as a third element for its lower
enthalpy of alloy formation with carbon and copper (∆H(Ti,C) = -656 kJ/mol, ∆H(Ti,Cu) = -40 kJ/mole).
The titanium impregnated C/C composite was expected to show higher thermal conductivity than the
original carbon materials for strong cohesive force of the interface between carbon and copper [4,8,10].
The microstructures of the interface were analysed using optical microscopy (OM), transmission
electron microscopy (TEM), selected area electron diffraction (SED = ED), high resolution electron
microscopy (HREM) and energy diffusion type X-ray spectroscopy (EDX). These tools allow a better
understanding of the heat conduction mechanism for carbon/copper with titanium.
Experimental
Fine-grained isotropic graphite IG-430 and felt-type C/C composite CX-2002U, manufactured by
Toyo Tanso Co. Ltd., were used as base materials. An oxygen-free copper material was used for
impregnation into carbon materials. These materials are called “carbon alloys”, and are defined as
composite materials based on the physical and chemical interaction between carbon and other
elements. Such materials are often used by carbon researchers [11]. Impregnation of copper into carbons
was performed at 1 250°C under 12 MPa. As a result, homogeneous impregnation was obtained.
As for titanium, a mix of molten copper/titanium was used for impregnation. The geometries of base
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materials were 55 mm × 55 mm × 70 mm for IG-430U and 30 mm (X) × 70 mm (Y) × 40 mm (Z) for
CX-2002U. Table 1 shows properties of base materials and metal impregnated ones. Optical
micrographs of C/Cu(Ti) composites are shown in Figure 1. No identification was found between
C/Cu and C/Cu(Ti) composites in the micrographs. Copper particles are seen to distribute in the
carbon materials from the photograph.
The specimen for thermal diffusivity measurements was disk type, ϕ10 × 2 mm. The measurements
of thermal diffusivity and specific heat were conducted using a laser flush type thermal property
measurement apparatus (Rigaku, MJ-800HW).
Transmission electron microscopy (HREM, TEM, ED) was performed at 400 kV using
JEM-4000EX to investigate microstructures of the interface between carbon and copper.
Results and discussion
Thermal conductivity
Temperature dependencies of thermal conductivity for the two base carbon materials and copper
are shown in Figures 2 and 3. The thermal conductivity of copper at higher temperatures is larger than
those of the base carbon materials. Since the thermal conductivity of copper impregnated carbon
materials (C/Cu composite materials) is expected to be between those of copper and carbon materials,
it was considered that it would be higher than those of the original carbon materials themselves at
higher temperatures. However, at room temperature the thermal conductivity of C/Cu composite
materials was smaller than that of the original. The reason for this was determined to be the lack of
cohesion between carbon and copper particles. That is, gaps were formed at room temperature between
carbon and copper because of the differences in thermal expansion of carbon and copper. It was
discovered [9] that an effective method for improving the cohesion between carbon and copper
particles is to add a small amount of titanium or zirconium to the copper-impregnated composite
materials. The resulting materials are denoted as IG-430U + Cu(Ti) and CX-2002U + Cu(Ti).
The temperature dependencies of two composite materials are shown in Figures 2 and 3.
As expected, an increase in thermal conductivity over the measured temperature range and a decrease
in temperature dependence are clearly seen. Figure 3 shows the temperature dependencies of thermal
conductivity of a felt-type C/C composite, CX-2002U, and its composites with copper and copper/
titanium. The direction of the measurement was the same as the fibre axis. In this case, the effect on
the thermal conductivity of adding titanium to the copper-impregnated material was clearly evident.
The reason that the thermal conductivity of CX-2002U + Cu was smaller than that of the original
material was determined to be a lack of cohesion between carbon and copper particles. The thermal
conductivity of Cu(Ti) impregnated carbon materials increased about 30% compared with that of the
original carbons at high temperatures. Now copper particles were assumed to diffuse in the carbon
materials. If the thermal conductivity of composite materials based on the parallel slab model and the
Maxwell model [11] are calculated, Figure 4 is obtained.
Formation of compounds on the interface
Carbon materials do not form any compounds with copper up to the melting point of copper
(1 356 K). Since the coefficients of thermal expansion are 4 × 10-6 for carbon and 17 × 10-6 for copper
at room temperature, respectively, gaps should be formed on the interface between carbon and copper
at room temperature when carbon materials are inserted into the molten copper. The enthalpy forming
compounds with both carbon and copper is shown in Figure 5 for many elements. From Figure 5 it can
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understood that titanium, zirconium and hafnium are effective for forming compounds at the C/Cu
interface. In the present study, it was discovered, as expected, that the addition of titanium (about 1%)
to C/Cu composite materials largely improved thermal conductivity at high temperatures. The reason
for this will be examined by investigating microstructures of the C/Cu interface.
Microstructures of the interface
The microstructure of the IG-430U + Cu(Ti), which has a large thermal conductivity, were
examined by using TEM and ED as shown in Figures 6-8. Figure 6 is a low magnification image of
the IG-430U + Cu(Ti) sample. The Cu grains are distributed in the fibre-like carbon. Figure 7 is a
TEM image at the C/Cu interface in Figure 6. A reaction layer with many grains is observed at the
C/Cu interface. To determine the reaction phase, an ED pattern of the C/Cu interface was taken as
shown in Figure 8, which was taken along [0-11] of Cu crystal. Debye-Scherrer rings corresponding to
TiC and CuTi2 are observed in addition to the Cu reflections.
Figures 9 and 10 show HREM images at the C/Cu interface in Figure 7. The Cu/TiC and TiC/C
interfaces are also shown in these figures. Lattice patterns of Cu, CuTi2 and TiC, which were
determined by d-spacings of the pattern, are observed. Grain sizes of the TiC and CuTi2 compounds
are ~5 nm. The C/Cu interface of CX-2002U + Cu(Ti) was also investigated by TEM and ED, as
shown in Figures 11 and 12, respectively. In the ED pattern of Figure 12, which was taken along
[1-11] of Cu crystal, Debye-Scherrer rings corresponding to TiC and CuTi2 are observed in addition to
the Cu reflections. Microcrystals of TiC and CuTi2 are distributed at the C/Cu interface as shown in
Figure 11. Grain sizes of the compounds are ~5 nm, as are those seen in Figures 9 and 10.
In order to investigate the titanium distribution at the C/Cu interface of IG-430U + Cu(Ti), EDX
analysis was performed as shown in Figure 13. The sample containing the interface between carbon
and copper was cut out of the surface portion of the graphite block, which was covered with the
molten copper. Titanium concentration in the interface between carbon and copper in Figure 1 is
presumed to be almost the same as in Figure 13. Titanium concentration is high at the C/Cu interface,
which also indicates formation of TiC and CuTi2 compounds.
Correlation of thermal conductivity with interface
The reason that Ti addition to the C/Cu composite materials increased thermal conductivity is
believed to be that gaps between carbon and copper were filled up by the compounds such as CuTi2
and TiC as shown in Figure 14. Furthermore, an addition of Ti is known [13-15] to facilitate the
graphitisation of carbons. This fact may contribute to the slight increase in thermal conductivity in
addition to that due to the formation of titanium compounds. Although the effect of graphitisation is
not proved, the alloy formation certainly exists at the C/Cu interface. The thermal conductivity of the
C/Cu composite materials with Ti should not be improved if the compounds such as TiC and CuTi2
are not formed at the interface. However, there are definitely some gaps between carbon and copper
because no reactions is believed to occur between carbon and copper up to 1 250°C, which is the Cu
impregnation temperature without titanium. Thermal conductivity of gap portions for the C/Cu
materials with Ti filled up by solid compounds should be larger than that filled up by gases such as
oxygen and/or nitrogen.
The present study indicates that the addition of a small amount of the third element with low
formation enthalpy with C and Cu will increase the thermal conductivity and its stability at high
temperatures. Since the zirconium element has the lowest ∆H values with C and Cu, as shown in
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Figure 5, a further increase of the thermal conductivity could be expected with the addition of a small
amount of zirconium to C/Cu materials. According to the experiment, an increase in thermal
conductivity has been confirmed as expected [10].
Conclusions
The thermal conductivity of carbon/copper composite materials was larger than that of the
original carbon material at high temperatures. However, the thermal conductivity at room temperature
was smaller than that of the original one. The reason for this was that carbon materials were not
cohesive with copper and that there may exist some gaps at the interface between carbon and copper.
The addition of a small amount of titanium or zirconium to the carbon/copper composite materials
increased the thermal conductivity over the temperature range measured here, and decreased the
temperature dependencies of thermal conductivity.
The effects of titanium or zirconium addition on the temperature dependence of thermal
conductivity of carbon/copper composite materials were confirmed to be due to the existence of
cohesive compounds, such as TiC, CuTi2 on the interface between carbon and copper in the copper
impregnated carbon materials by TEM analyses. In addition, an increase in graphitisation through the
addition of titanium may increase the thermal conductivity of the carbon materials.
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Table 1. Materials tested
Base
materials

Graphite

Tested materials

wt.%

vol.%

IG-430U
IG-430U + Cu

–
33.1 (Cu)
36.0 (Cu)
0.8 (Ti)

–
10.2 (Cu)
11.4 (Cu)
0.5 (Ti)

IG-430U + Cu(Ti)
CX-2002U
(XX, YY, ZZ)
C/C composite

CX-2002U + Cu
CX-2002U + Cu(Ti)

1.82
2.74

Electrical
resistivity
(µΩ⋅m)
9.0
2.9

2.84

–

Bulk density
3
(g/cm )

–

–

1.67

44.3 (Cu)
48.1 (Cu)
1.1 (Ti)

14.0 (Cu)
17.7 (Cu)
0.8 (Ti)

2.83

1.7 (XX)
3.4 (YY)
5.1 (ZZ)
1.4 (XX)

3.29

–
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Figure 1. Optical micrograghs of IG-430U + Cu,
IG-430U + Cu(Ti), CX-2002U + Cu, and CX-2002U + Cu(Ti)

Figure 2. Temperature dependence of thermal conductivity
for IG-430U, IG-430U + Cu and IG-430U + Cu(Ti)
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Figure 3. Temperature dependence of thermal conductivity
for CX-2002U, CX-2002U + Cu and CX-2002U + Cu(Ti)

Figure 4. Temperature dependence of thermal conductivity for IG-430U,
Cu-impregnated IG-430U, and predicted curves by the Maxwell and parallel-slab models
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Figure 5. Values of alloy formation enthalpy with carbon and copper for various elements

Figure 6. TEM observation (1), low magnification image of IG-430U + Cu(Ti)
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Figure 7. TEM observation (2), the interface between carbon and copper in Figure 6

Figure 8. ED pattern of the interface between carbon and copper in IG-430U + Cu(Ti)
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Figure 9. HREM images at the interface in Figure 6:
Interface between carbon and titanium carbide

Figure 10. HREM images at the interface in Figure 6:
Interface between titanium and carbon

293

Figure 11. TEM image of the interface in CX-2002U + Cu(Ti)

Figure 12. ED pattern of the interface in CX-2002U + Cu(Ti)
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Figure 13. Titanium concentration near the interface
between carbon and copper in IG-430U + Cu(Ti)

Figure 14. A model of heat conduction for the C/Cu composite materials with Ti
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Abstract
Recently, the concept of heat resistant ceramics as advanced structural materials has begun to be thought
of as attractive, mostly due to their superior high temperature properties. As a result, R&D has been
widely performed in the field of manufacturing process, material characterisation and so on. To apply
the potentially attractive ceramics to the nuclear field, the basic oriented research on radiation damage of
ceramic-based composites together with constituent reinforcing and matrix materials was proposed, and
research began in 1997. Thermomechanical properties such as thermal expansion, thermal conductivity,
Young’s modulus, tensile and bending strength and so on are studied from a viewpoint of micro- and
mesoscopic structural features. A preliminary experimental investigation has been carried out using the
Japan Material Testing Reactor (JMTR) and the TANDEM accelerator to determine the effective
irradiation condition in the HTTR. This paper summarises the results of experimental and analytical
studies that have been conducted up to now, focusing on the strength of ceramics.
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Introduction
The development of advanced structural materials for very high temperature components has been
directed to particulate or fibre reinforced composite materials. It is well known that the engineering
properties of any fibre or particulate reinforced ceramic composites are controlled by a grade of
reinforcing materials, volume fraction, weave or forming, interface and/or matrix properties. In addition,
it should be noted that these controlling factors change in a very complicated manner under neutron
irradiation in view of the application to nuclear components. Therefore, a basic-oriented study on the
radiation damage mechanism of ceramic composite materials has been proposed so as to develop
heat- and radiation-resistant ceramic composite materials in the framework of research on the
development of new materials using the high temperature engineering test reactor (HTTR).
To describe the fracture of materials many fracture models have been proposed based on material
strength data. These can be divided into two major categories, deterministic fracture models and
probabilistic fracture models, as shown in Figure 1. For the deterministic fracture models there are
several models, e.g. maximum shear stress theory, which is applied widely to the design code of
metallic materials, maximum principal stress theory, which is applied to the design code of the
graphite material, maximum strain energy theory and so on. There are also several models for the
probabilistic fracture model, such as the Weibull strength theory [1], which is widely applied to
ceramic materials, competing risk theory [2] and so on. In the radiation damage research of ceramic
materials, these models based on material strength data cannot apply to the research, because it is
necessary to take into account the microstructural change. The micro- and mesoscopic based fracture
model has been also proposed [3,4]; this model takes a probabilistic approach with microstructural
characteristics, and can predict the strength distribution based on the microstructure, such as pore
size, grain size and their distribution and so on. The micro- and mesoscopic fracture model is thought
to be applicable to prediction of the strength of reinforcing and matrix materials as shown in Figure 2.
Therefore, the model has been being developed to investigate the fundamental process in deformation
and fracture of ceramics materials. To verify the applicability of the model, a strength experiment was
carried out with different pore and grain sizes of graphite and SiC specimens, as was an ion
irradiation experiment using the TANDEM accelerator.
Micro- and mesoscopic fracture modelling [5]
From the micro- and mesoscopic fracture model involving microfracture mechanics treatments
of mesoscopic grain and pore characteristics, the fracture probability, Ptot, is given by:
Ptot = 1 − ( Ps )

2 NV

(1)


 ∞
= 1 − 1 − f (c) Pf (σ, c)dc 

 0

2 NV

∫

where, N, V, c and σ are the pore density, specimen volume, pore radius and applied stress,
respectively. Functions f(c) and Pf(σ,c) are determined by:
f (2c) =

2
1
 1  ln(2c) − ln c0  
exp − 
 
ln cd
 
2 π (2c)ln cd
 2 
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(2)

b

1 a


3



b i 4
K
IC
−
1
  di
ln Pf (σ, c) =
ln  cos 

a i =0
π
 σ π(c + ia)  




(3)

∑

where, c0, cd, KIC, a and b are mean pore radius, variance of pore radius distribution, mode-I particle
fracture toughness, mean particle radius and width of the specimen, respectively.
The micro- and mesoscopic fracture model involving microfracture mechanical treatments of
mesoscopic grain and pore characteristics has been applied to five grades of nuclear graphite and
pressureless sintered α-SiC in assessing their observed fracture behaviours. Tables 1 and 2 show
typical properties of two graphite grades and three SiC grades, including a variety of mechanical
properties depending on grain size characteristics. The morphology of grain and pore sizes was
determined using quantitative image analysis techniques. The measured pore size distributions of five
different ceramics containing mesoscopic pores varied in three orders of magnitude. The predicted
and measured tensile strengths of two grades of graphite are shown in Figure 3. The bending strengths
of three grades of SiC are shown in Figure 4. It is found that the prediction is in a good agreement
with the measurements with respect to statistical characteristics. Better agreement can be achieved by
a slight change in physical parameter value.
Irradiation experiment with energetic ions [6,7]
Ion irradiation experiments were carried out with a mini-sized specimen of pressureless sintered
α-SiC, which is the standard grade listed in Table 2, using the TANDEM accelerator at JAERI.
The specimen size was 20 mm in length, 0.5 mm wide and 1.0 mm thick. The irradiated particles were
gold and nickel ions. The irradiation conditions are summarised in Table 3.
The specimens were tested in three point bending with a 15 mm span length after different kinds
of heavy ion exposures to elucidate the strength change due to near-surface defects. Figure 5 shows
the three-point bending test condition. From the experimental result it emerged that the bending
strength was reduced by the particle irradiation, and the strength with Au irradiation was smaller than
that with Ni irradiation (as shown in Figure 6), although the displacement damage in Au irradiation
was smaller than that of Ni.
A microindentation experiment was then carried out to investigate the irradiation damage
resulting from near-surface defects. A Vickers indentor was pressed on the side surface to an
indentation depth of 5 µm (irradiation damage region) and 200 µm (unirradiated region), and the
dynamic Vickers hardness and Young’s modulus were measured. The mean Vickers hardness for the
irradiated position was normalised by the mean unirradiated value for every specimen, and these are
summarised in Table 4. From the indentation experiment, softening phenomenon was observed, and
the Au irradiated specimen had smaller Vickers hardness and Young’s modulus than that of Ni.
From these facts it can be speculated that the irradiation induced softening would occur at a low
fluence irradiation, and consequently the Au irradiated specimen shows higher softening than the Ni
specimen. The same softening phenomenon at low fluence level is reported for stainless steel [8].
Moreover, the strain in the three point bending experiment was analysed with the finite element
method (FEM) taking into account the radiation damage at the near-surface region. If the size and/or
distribution of the near surface defects are changed by the particle irradiation, only the Young’s
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modulus at the surface damaged layer would be influenced. Therefore, only the Young’s modulus of
the surface layer was changed in this analysis. A two-dimensional analysis was carried out with
quadratic plain strain elements as shown in Figure 7. The applied load in this analysis was 1N in
constant, and the Young’s modulus at the surface layer was changed five grades, i.e. the Young’s
modulus ratio (Young’s modulus at the surface layer is divided by that at the rest of the specimen) is
1,2,5,1/2 and 1/5. The analysis was performed with three kinds of surface layer thickness, 5, 10 and
50 µm. Analysed strains were normalised by that at the Young’s modulus ratio of unity, and are
plotted in Figure 8. This figure allows a reasonable understanding of why the specimen with a lower
displacement damage has a smaller bending strength than that with a higher displacement damage,
since the specimen with smaller Young’s modulus has a higher bending strain; the specimen with
higher bending strain would have a lower bending strength. Currently, the microstructural observation
to determine the pore and grain characteristics at the damaged surface layer is being planned to verify
the applicability of the micro- and mesoscopic fracture model to the damaged layer.
Summary
To apply the attractive properties of ceramics to the nuclear field, a basic-oriented study on
radiation damage of ceramic-based composites, together with constituent reinforcing and matrix
materials, was proposed and the research began in 1997. Thermomechanical properties such as thermal
expansion, thermal conductivity, Young’s modulus, tensile and bending strength and so on are studied
from a viewpoint of micro- and mesoscopic structural features. A preliminary experimental investigation
has been carried out using the Japan Material Testing Reactor (JMTR) and TANDEM accelerator to
determine the effective irradiation condition in the HTTR. The activities performed in the framework of
experimental and analytical studies focusing of the basic study of strength of ceramics is presented in
this paper.
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Table 1 Typical properties of polycrystalline graphites
IG-110

PGX

20 (ave.)

800 (max.)

Density (g/cm )

1.78

1.74

Young’s modulus (GPa)

10.1

6.6 (L), 8.5 (T)

Tensile strength (MPa)

28

8.3 (L), 9.2 (T)

Compressive strength (MPa)

81

31 (L), 30 (T)

Property
Grain size (µm)
3

Table 2 Typical properties of SiC ceramics
Property

Standard

Coarse

Fine

3.65

5.79

2.83

3.12

3.71

3.03

Young’s modulus (GPa)

390 ± 8.39
(n = 16)

406 ± 5.81
(n = 13)

354 ± 6.15
(n = 16)

Four point bending
strength (MPa)

359 ± 32.6
(n = 23)

420 ± 34.5
(n = 25)

389 ± 24.4
(n = 25)

Grain size (µm)
3

Density (g/cm )

Table 3. Irradiation conditions using the TANDEM accelerator
Item
Acceleration energy
Maximum fluence
Maximum displacement damage
Maximum range

Au ion
180 MeV
12
2
2.5 × 10 particles/mm
3.9 dpa
12.6 µm

Ni ion
90 MeV
2.3 × 1013 particles/mm2
14.1 dpa
11.2 µm

Table 4. Normalised Vickers hardness and
Young’s modulus obtained in the microindentation test
Property
Vickers hardness
Young’s modulus

Au irradiation
0.22
0.22
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Ni irradiation
0.89
0.90

Figure 1. Fracture model of materials
Macro Properties

Micro Structure

(Strength,etc.)

(Pore, Grain,
Defect,etc.)
Deterministic
Fracture Model

Micro/Mesoscopic
Fracture Model

Probabilistic
Fracture Model

Figure 2. Micro- and mesoscopic fracture model applied to ceramics composite materials
Ceramics composite material

Reinforcing material
Micro/mesoscopic
Fracture model

Micromechanics
and

Matrix material

Macromechanics
of

Interface
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Composite

Figure 3. Predicted and experimental data for tensile strength of graphite

Figure 4. Predicted and experimental data for bending strength of SiC
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Figure 5. Three point bending test condition after particle irradiation
20mm

Load

0.5 mm

1 mm

Particle radiation surface

15mm

Figure 6. Statistical distribution of three point bending strength of
irradiated and unirradiated specimens in a normal distribution scheme
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Figure 7. Analytical model of three point bending test

Figure 8. Maximum bending strain ratio under constant
applied load as a function of Young’s modulus ratio
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Abstract
Zirconia and spinel are promising inert matrices for the incineration of Pu and other actinides in
nuclear reactors. In the scenario of direct storage of the burnt fuel in deep geological repositories, the
study of the diffusion and retention of fission products in the matrix is of prime interest. Specific
fission products (Cs and I) were introduced into ZrO2 and MgAl2O4 single crystals by ion
implantation. The samples were then either annealed or irradiated with Ar ions at temperatures
ranging from 200°C up to 1 000°C. The structural properties of the host matrix, the diffusion and
release of implanted species due to thermal annealing or high-temperature irradiation were investigated
by RBS spectrometry. No change of the depth profile of implanted ions occurs up to 800°C upon
annealing. Conversely, a clear increase of the width of the profile and a strong loss of implanted ions
are observed at 650°C during irradiation with Ar ions. This radiation-enhanced diffusion effect has to
be taken into account for future applications.
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Introduction
A decisive challenge for the nuclear technology community is the reduction of the excess amount
of plutonium and other actinides originating from both the running of civil reactors and the
dismantling of nuclear weapons [1-3]. A possible solution to this issue is the burning of actinides in
nuclear reactors specifically devoted to the task. To that purpose the concept of advanced nuclear
fuels principally based on non-fertile ceramic matrices has been recently proposed [4]. Zirconia
(ZrO2) and spinel (MgAl2O4) are the most promising inert matrices for the incineration of actinides
due to their high melting point, their reasonable thermal conductivity and their strong resistance to
radiations [5-8].
The development of new nuclear fuels requires the resolution of a large number of problems.
One of them is related to the behaviour of radiotoxic elements resulting from the fission of actinides.
As a matter of fact, in the scenario of direct storage of burnt fuel in deep geological repositories, the
release of fission products from the host material constitutes a major risk for the environment.
The mechanisms of diffusion of atomic species in a crystalline solid depend on many parameters.
Besides the obvious role of the temperature, the atomic concentration of foreign elements, their
location in the crystalline lattice and the radiation damage production play an important role in these
processes.
The present paper is devoted to the study of the diffusion properties of specific fission products
(Cs and I) in zirconia and spinel single crystals. The fission products were introduced into the host
matrix by room temperature ion implantation. The samples were then submitted to thermal annealing
and/or irradiation. The characterisation of the disorder created in the crystal by the implantation
process, the identification of the lattice site and of the depth distribution profile of fission products
following the various treatments were performed using the Rutherford backscattering (RBS) and
channelling techniques [9] implemented with a MeV ion accelerator.
Experimental procedures
The samples used in the experiments are cubic {100}-oriented MgAl2O4 and Y-stabilised ZrO2
single crystals. They were covered with a thin carbon layer (10-15 nm) in order to avoid charging
effects during the Rutherford backscattering analyses.
Caesium and iodine atoms were introduced into the single crystals using the ion implantation
technique with the IRMA implanter of the CSNSM in Orsay. Implantations were performed at room
16
-2
temperature; the ion energy was 150 keV; the maximum ion fluence amounted to 10 at.cm , leading
to a maximum atomic concentration of ~3 at.%. The current density was always kept lower than
-2
1µA cm in order to prevent excessive target heating.
The implanted samples were either thermally annealed in vacuum during one hour up to 1 000°C
or post-irradiated with 300 keV Ar ions at temperatures ranging from 200°C to 650°C with the IRMA
machine. In the latter case only half of the crystal surface was exposed to the ion beam, and both the
as-implanted and the Ar-irradiated regions were analysed.
The Rutherford backscattering and channelling analyses were performed in situ at different steps
of the implantation process and also after the annealing or post-irradiation treatments. The analysing
4
particles were 1.6 MeV or 3.06 MeV He ions provided by the ARAMIS facility [10] of the CSNSM
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in Orsay. The low energy beam was used for the analysis of the MgAl2O4 crystals; the high energy
beam provides a better separation between the Cs (or I) and the Zr signals and was therefore chosen
for the analysis of the ZrO2 crystals. Moreover, the high energy beam allowed to use the 16O(4He,4He)16O
resonant scattering reaction at 3.045 MeV [11] for a better characterisation of the O sublattice in
ZrO2. The energy resolution of the experimental set-up was ~10 keV, which corresponds to a depth
resolution of the order of 10 nm.
Main results and discussion
Figure 1 presents RBS data obtained in <100>-aligned and random directions on MgAl 2O4 (top)
and ZrO2 (bottom) single crystals implanted with several fluences of Cs ions. The RBS spectrum
recorded in a random direction on MgAl2O4 (full circles in top figure) exhibits:
•

A signal with different steps (below channel 300), due the backscattering of analysing
particles from the various elements (Al, Mg, O) of the spinel matrix.

•

A peak (above channel 480), due to the backscattering from implanted Cs atoms.

The random RBS spectrum recorded on ZrO2 (full circles in bottom figure) displays:
•

A plateau (below channel 420), due to the backscattering of analysing particles from the Zr
atoms of the substrate.

•

A first peak (around channel 170) superimposed on the Zr signal, arising from the scattering
on the O atoms of the substrate [11].

•

A second peak (above channel 430), due to implanted Cs atoms.

The RBS spectra recorded in a <100>-channeling direction on virgin crystals (open squares in
the figure) show a strong decrease of the aligned backscattering yields as compared to the random
yields (χmin ~ 0.05), which attests to the good quality of the single crystals used for the experiments.
The aligned RBS spectra recorded after Cs ion implantation (other open symbols) indicate a
de-channelling of the analysing particles at a shallow depth in the crystal (presence of bumps at
channels 180, 260 and 280 for MgAl2O4 and 410 for ZrO2), which increases with increasing ion
fluences. This enhancement of the channelling yield is due to the damage created by the slowing-down
of Cs ions in the implanted region. The analysis of the “damage peaks” provides qualitative and
quantitative information on the structural properties of implanted single crystals. The RBS spectra
recorded on the samples implanted with I ions are not presented in this paper since they are very
similar to the spectra of Figure 1 relative to Cs ion implantation.
The lattice location and the depth distribution of implanted fission products can be determined
from the analysis of the high energy peaks present in RBS spectra similar to those displayed in
Figure 1. Typical results are presented in Figure 2 for Cs ion implantation into MgAl2O4 (top) and
ZrO2 (bottom). The resulting profiles are slightly asymmetric. They were nicely reproduced by using
two Gaussian distributions centred at the peak maximum (lines in Figure 2). The values of the mean
ranges (Rp) and of the average standard deviations of the range distributions (∆σ) are in reasonable
agreement with those calculated using a Monte Carlo simulation code [12]. Figure 2 exhibits a clear
decrease of the axial yields (open symbols) as compared to the random ones (full symbols) at low ion
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fluence (2 × 1015 at.cm-2) for both matrices, whereas no channelling effects are observed at high ion
16
-2
fluence (10 at.cm ). These results indicate that the location of implanted species in the host lattice
depends both on the local concentration of foreign atoms and on the degree of disorder created during
the implantation process. Previous studies have demonstrated that the nature of the implanted atoms
(Cs or I) also plays a major role in the final impurity lattice location [13]. It was found that at low
concentration Cs ions are mostly located in apparently substitutional lattice sites [14], whereas I ions
mainly occupy random positions. The different site occupancies were correlated to specific impurity/
defect interactions or phase formation.
The RBS technique constitutes a powerful tool for the study of the diffusion of heavy impurities
in solids. For instance, the migration upon a thermal treatment of fission products implanted into a
ceramic matrix can be monitored by the modifications occurring in the peaks present at high energy
in Figure 1 and transformed in depth profiles in Figure 2. Figure 3 shows results obtained in the case
16
-2
of MgAl2O4 (top) and ZrO2 (bottom) crystals implanted with Cs ions (at a fluence of 10 at.cm ) and
subsequently annealed at increasing temperatures. Annealing up to 800°C did not induce substantial
modifications of the depth profiles in both systems, whereas annealing at 900°C led to a clear
broadening of the profiles together with a strong loss of implanted ions (more pronounced in the case
of MgAl2O4). These features are due to the diffusion of implanted fission products towards the sample
surface and their subsequent desorption. The same effect was observed with implanted I ions at higher
temperature (about 1 000°C).
Radiation defects may interact with foreign atoms and thus considerably increase the atomic
mobility. This effect occurs via several mechanisms, such as radiation-enhanced diffusion (RED) or
radiation-induced segregation (RIS) [15]. This is particularly the case when foreign species are
introduced into a solid by ion implantation or when annealing is associated to a process leading to a
continuous defect production (such as irradiation). Therefore, it was interesting to check the
possibility for such phenomena to occur in our materials by performing high temperature irradiation
of samples implanted with fission products. The room temperature implanted single crystals were
then irradiated with an Ar ion beam at temperatures varying from 200°C to 650°C, and the
modifications of the fission product depth profile due to Ar irradiation were monitored by RBS
experiments. The energy of Ar ions was 300 keV in order to avoid a contamination of the implanted
thickness with Ar atoms (the projected range of 300 keV Ar ions is actually 200 nm in in ZrO2 and
220 nm MgAl2O4); the Ar fluence was varied from 1015 up to a few 1016 at.cm-2. Figure 4 presents the
results obtained in the case of Cs in ZrO2 after Ar irradiation at a fluence of 1016 at.cm-2. The effect of
Ar post-irradiation on the Cs profile is weak as soon as the irradiation temperature stays below 500°C.
The data collected at 650°C show a broadening of the profile and a loss of implanted Cs atoms
comparable to those observed when the sample is thermally annealed at 900°C without irradiation
(Figure 3). The variation of the standard deviation of the Cs depth distribution (∆σ) is represented as a
function of the implantation temperature in Figure 4 (bottom). A sharp rise of ∆σ occurs above
500°C. Additional results show that the broadening of the Cs depth profile and the number of Cs
atoms desorbed out of the sample increases as the Ar fluence increases. Similar results were obtained
in the case of spinels implanted with Cs ions. High-temperature irradiations of ceramic crystals
implanted with I ions are in progress.
Conclusion
The Rutherford backscattering and channelling experiments reported in this paper provide
information on the structural properties of ceramic single crystals (ZrO2 and MgAl2O4) implanted with
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various fluences of fission products (Cs and I). At low implantation fluences, i.e. for an atomic
concentration lower than ~1 at.%, Cs ions are predominantly located in substitutional sites of a
weakly-disordered matrix, whereas I ions mostly occupy random sites. A strong disorder is induced at
high ion fluence and the lattice location of implanted ions is modified. This work also supplies
important data on the diffusion mechanisms and confinement properties of fission products following
thermal annealing or high temperature irradiation. No significant modifications of the fission product
depth profiles are observed up to an annealing temperature of 800°C in both systems. Post-irradiation
with medium energy Ar ions significantly decreases (down to ~600°C) the threshold temperature for
the diffusion of fission products and their subsequent desorption. This latter result is of major interest
for issues related to the safety of nuclear waste disposals.
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Figure 1. Random (full circles) and aligned (open symbols) RBS spectra recorded on
MgAl2O4 (top) and ZrO2 (bottom) single crystals implanted at room temperature with increasing
15
-2
16
-2
fluences of Cs ions. Squares: before implantation; triangles: 10 at.cm ; circles: 10 at.cm .
The energy of the analysing 4He beam was 1.6 MeV for MgAl2O4 and 3.06 MeV for ZrO2.
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Figure 2. Depth distributions of Cs ions implanted at room temperature into MgAl2O4 (top) and
ZrO2 (bottom) single crystals. Full and open symbols hold for spectra recorded in random
15
-2
16
-2
and aligned directions, respectively. Circles: 2 × 10 at.cm ; squares: 10 at.cm . Full and
dashed lines are fits to random and aligned data, respectively, with two Gaussian distributions.
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Figure 3. Depth distributions of Cs ions implanted into MgAl2O4 (top) and ZrO2 (bottom)
single crystals before (squares) and after (other symbols) thermal annealing at the
indicated temperatures. Lines are fits to data with two Gaussian distributions.
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Figure 4: Top: Depth distributions of Cs ions implanted into ZrO2 single crystals before
(squares) and after (other symbols) irradiation with Ar ions at the indicated temperatures.
Lines are fits to data with two Gaussian distributions. Bottom: Standard deviation of the Cs
depth distribution vs. the irradiation temperature. Lines were only drawn to guide the eye.
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MODIFICATION OF HTSC BY HIGH
TEMPERATURE NEUTRON IRRADIATION IN HTTR

Takayuki Terai
Department of Quantum Engineering & Systems Science
University of Tokyo, Tokyo, Japan

Abstract
High Tc superconductors (HTSC) are promising candidate materials for superconductivity application
in the future, as they have very high critical temperature (T c) and critical magnetic field (Hc2) values
as compared to conventional metallic superconductors. For application in the field of power engineering
including superconducting magnets for fusion reactors, levitation, electric power transmission, electric
power storage, etc., however, critical current density (Jc) must be enhanced to 105 Acm-2 of the order
of magnitude. For this purpose, several methods are being investigated. Among them, the introduction
of strong pinning centres into crystal grains through irradiation has proven to be the most advantageous.
After testing several kinds of high energy particles for irradiation – including electrons, neutrons and
ions – we concluded that neutron is the best species for bulk materials, as its Jc enhancement ratio and
penetration depth are large enough, in spite of its induced radioactivity. On the other hand, high energy
heavy ion irradiation is another interesting method for Jc enhancement because of its very high Jc
enhancement ratio due to the production of columnar defects working as strong pinning centres.
However, the disadvantage of this method is its low penetration depth (several mm at most), and only
the near surface region can be modified. In order to solve this problem, uranium doping in HTSC
materials followed by thermal neutron irradiation is available. The nuclide 235U reacts with a thermal
neutron to result in nuclear fission, and two fission fragments of 110 in mass number and 100 MeV in
kinetic energy (in average) produce two columnar defects in the bulk. The temperature during and
after irradiation also affects the Jc enhancement ratio; atoms constituting radiation defects can move to
form secondary defects such as defect clusters of the distribution, shape and size effective for flux
pinning. From these points of view, high temperature neutron irradiation may give a very good result
for Jc enhancement.
We have been carrying out a series of preliminary experiments, including thermal annealing tests, after
fast neutron irradiation to confirm the effectiveness of fast neutron irradiation and high temperature
annealing. We have also performed some preliminary high temperature neutron irradiation for Bi-2212
single crystal specimens using JMTR and JRR-3 to confirm the temperature effect in irradiation on Jc
enhancement. We are now planning to start a series of high temperature neutron irradiation tests for
single crystal specimens and bulk and wire specimens of HTSC in HTTR in 2001.
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High temperature superconductors
Tc: YBa2Cu3O7-x (90 K)
Bi2Sr2CaCu2Oy (90 K)
Bi2Sr2Ca2Cu3Oz (110 K)
Hc:Much higher than the conventional metallic superconductors.
Jc: Must be enhanced to 105 Aom-2 of the order of magnitude for the application to the fields of power
engineering including superconducting magnets for fusion reactors, levitation, electric power
transmission, electric power storage, etc.
•

Texture control of superconductors (increase of superconducting volume, orientation of
crystallites, improvement of grain boundary connection, etc.).

•

Introduction of pinning centres (dispersion of non-superconducting phases, generation of
radiation induced defects).

Why neutron irradiation?
Particle beam irradiation of ions, electrons and neutrons is a potential method for introducing
strong pinning centres into superconducting materials.
Neutron irradiation
+ Introduction of strong pinning centres entirely in bulk materials.
- Induced activity
Why thermal annealing?
The size and number of defect clusters produced by neutron irradiation can be changed by heat
treatment after irradiation and this treatment may be effective for the enhancement of critical current
density in some cases.
In this report
Changes in superconducting properties on Bi-2212 single crystal irradiated with fast neutrons
with several doses and annealed at high temperatures.
Experimental
•

Specimens: Bi-2212 single crystals prepared by floating-zone method, 2 mm × 2mm × 0.1 mm,
sealed in a quartz capsule (in vacuum).

•

Pre-annealing treatment: Annealing at 1 073 K for 72 h in air.
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•

Irradiation: Japan Materials Testing Reactor (JMTR) at JAERI at room temperature (< 310 K).

•

Fluences: 2 × 1017, 6 × 1017 cm-2 (lower or optimum fluence), 3 × 1018, 5 × 1018 cm-2 (excess
fluence).

•

Thermal annealing: At 673 K, 873 K and 1 073 K for 1 h, 3 h and 24 h (in air).

Jc was calculated from magnetisation curves measured with a vibrating sample magnetometer
(VSM) using the extended Bean’s model.
Summary
The change of Jc due to thermal annealing for Bi-2212 single crystal specimens irradiated with
fast neutrons in the fluence range 1 × 1017 to 5 × 1018 cm-2 was investigated.
It was concluded that heat treatment after irradiation would be a useful method for the introduction
of strong pinning centres.
The tendency of Jc change was almost opposite between the specimens irradiated below and above
1 × 1018 cm-2; in the former case, Jc decreased by thermal annealing, while in the latter case, it increased.
It was considered that these different behaviours in Jc change were derived from the difference in
the density and the size of complex defects caused by irradiation and thermal annealing.
Introduction of strong pinning centres by internal high energy heavy ions due to nuclear fission
High energy heavy ion (which is heavier than Cu with more than several hundred MeV) produces
a columnar amorphous region along the range which works as a strong pinning centre.
But, the ion has a very short range, and it is not enough for the modification of a bulk material
(see Figure 14).
Improvement of HTSC properties by high temperature neutron irradiation
•

High temperature engineering testing reactor (JAERI, 400-1 000°C, several ten litre).

•

Fast neutron irradiation for HTSCs and thermal neutron irradiation for U doped HTSCs.

•

Bulk and sheathed wire specimens as well as single crystal.

•

Six years (2001-2005).

•

Collaboration among University of Tokyo, JAERI, ISTEC, NIM, Fine Ceramic Centre, etc.
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Future plan
•

Characterisation of pinning centres:
− TEM.
− Pinning potential by flux creep measurement.

•

Preliminary irradiation in research reactors at high temperatures.

•

Preparation and room temperature irradiation of U doped HTSC.

•

Preparation and room temperature irradiation of practical materials including bulk materials
and sheathed wires.

•

Evaluation of activation and design of low-activation materials.
− High temperature irradiation in HTTR (2001-2006).
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Table 1. Comparison of several kinds of particle beam as a tool for property control of HTS

Heavy ion (0.1-10 GeV)
Light ion (~MeV)
Neutron
Electron (~MeV)

φtthreshold/cm-2

Jc enhancement

Penetration

Activation

1010-1011

Very large

0.1-1 mm

Large

13

17

10 -10

Large

~ µm

Small

17

18

Large

Large

Large

Small

Large

Small

10 -10
10

10
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Figure 1. Enhancement of Jc

Figure 2. Mixed state of Type II superconductor and flux pinning
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Figure 3

Figure 4. Defects induced by particle beam irradiation
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300 times!

Figure 5. Magnetic field dependence of critical current density
of Bi-2212 single crystal before and after neutron irradiation

Figure 6. The dependence of Jc on neutron fluence
Jc increased from the initial value before irradiation due to the introduction of radiation
induced defect clusters. Jc took a maximum value around the fluence of 6 × 1017 cm-2 and
decreased in the excess fluence region.
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Figure 7. Neutron fluence dependence of critical temperature
and c-axis lattice constant of Bi-2212 single crystal
(φt) critical

Figure 8. Relation between superconducting properties
and distribution of neutron irradiation defects
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Figure 9. The dependence of Jc on annealing time (I, unirradiated)
Jc showed almost no change by thermal annealing for up to three hours without
irradiation. This means that thermal annealing itself does not affect to the change of Jc
without irradiation.

Figure 10. The dependence of Jc on annealing time (II, optimum or lower fluence region)
In a low fluence region, Jc once increased by neutron irradiation and decreased by
thermal annealing in almost all conditions. This means that the size of single cascade
defects is somewhat smaller for the most effective pinning, and annealing makes it less
effective.
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Figure 11. The dependence of Jc on annealing time (III, excess fluence region)
The value of Jc in the specimens irradiated with too much fluence was recovered by
thermal annealing at both temperatures.

Figure 12. Effect of thermal annealing on Jc of neutron irradiated Bi-2212 single crystal
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Figure 13. Schematic drawing of shape of defects

Figure 14

Doping of Uranium → Thermal Neutron Irradiation
Internal High Energy Heavy Ion Irradiated by Fission Fragments
Introducing Strong Pinning Centres into the Bulk

235

U + n → X1 + X2 + 2~3 n

where X1 and X2 are high energy heavy
ions having kinetic energy of 100 MeV
and mass of 110 in average
An image of radiation defects produced by fission fragments
in nuclear fission in U doped HTSC specimen
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IRRADIATION AND POST-IRRADIATION CAPABILITIES AT SCK•CEN

A. Verwimp, J. Dekeyser, Ch. De Raedt,
P. Gubel, M. Verwerft, M. Decréton
SCK•CEN
Boeretang 200, B-2400 Mol, Belgium

Abstract
SCK•CEN operates the material testing reactor BR2 in Mol, Belgium. With its very high neutron
fluxes (maximum fast flux 3.5 × 1014 n/cm².s (E > 1 MeV); thermal flux 1015 n/cm².s), the reactor is
well suited for the irradiation of nuclear fuels and materials. Some dedicated irradiation devices are
briefly described, illustrating BR2’s capabilities in the field of high temperature nuclear engineering.
After irradiation is terminated, the experimental facilities are transferred to the adjacent hot cells for
the recuperation of the test samples. Mechanical property measurements and microstructure analyses
are done at SCK•CEN’s Laboratory for High and Medium Level Activity (LHMA). It has the
necessary shielded infrastructure and appropriate expertise to perform investigations related to nuclear
fuel, reactor pressure vessel steel and primary core materials.
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Profile of SCK•CEN
The Belgian Nuclear Research Centre (SCK•CEN) is an institute of public utility under the
tutorial of the Belgian Federal Minister in charge of energy. More than 600 highly qualified researchers
and technicians work in different nuclear oriented projects for Belgian and foreign industry, research
institutes and the European Union.
The main research programmes concern:
•

Nuclear fuel: The behaviour of high burn-up and MOX fuel (theoretical and experimental
research).

•

Reactor materials: The embrittlement of reactor pressure vessels, irradiation assisted stress
corrosion cracking of reactor internals, the effects of irradiation on materials for fusion
reactors.

•

Reactor physics: Reactor core physics, ex-core neutron transport, accelerator driven systems
(ADS) studies.

•

Radioactive waste and clean-up: The disposal of high level radioactive waste and of spent
fuel in geological clay formations, the decommissioning of nuclear installations (in particular
the pressurised water reactor BR3 in Mol), site and environmental restoration, safeguards,
radiochemistry and the study of alternative waste processing techniques, such as transmutation.

•

Radiation protection: Health-physics measurements, radiological assessment and optimisation,
radioecology, radiation biology, emergency planning and response.

The materials testing reactor BR2
The BR2 reactor of SCK•CEN at Mol, Belgium, was put into operation in January 1963.
This materials testing reactor is acknowledged as one of the most effective of its type in Europe and
even in the world. Most recently the reactor and its plant facilities were shut down between July 1995
and April 1997 for an important refurbishment programme involving replacement of major equipments,
inspections and upgradings.
Main characteristics of BR2
The reactor core, mounted inside a beryllium moderator matrix and cooled by pressurised light
water at 12 bars, is contained in an aluminium pressure vessel in the shape of a hyperboloid of
revolution, itself located in a pool of de-mineralised water.
The standard fuel elements (highly enriched uranium at 93% in 235U) each contain 400 g of 235U
and are composed of six 1.27 mm thick concentric plates. The passage for water between the plates is
3 mm wide. The fuel plate consists of an UAlx/Al cermet with dispersed consumable poisons (B4C,
Sm2O3) to control the reactivity at the beginning of the cycle and to compensate for uranium
consumption during the cycle; the cladding is made out of aluminium.
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The BR2 reactor offers, among others, the following assets [1]:
•

High thermal and fast neutron fluxes.

•

A large number of irradiation positions (up to 100).

•

Tilted irradiation channels allowing easy access to the reactor vessel’s upper cover for loading
the irradiation devices, while guaranteeing a compact core.

•

Through irradiation channels allowing water, sodium, or gas loops, some of them with a
diameter up to 200 mm.

•

Irradiation conditions representative of those of various reactor types (neutron spectrum
tailoring).

•

A remarkable flexibility of use; the reactor’s core configuration and operation mode are suited
to experimental requirements.

The principal technical data and operating characteristics of BR2 are outlined in Figure 1.
BR2 utilisation
The BR2 reactor is SCK•CEN’s most important nuclear facility. It has been operated over the
past 36 years in the framework of many programmes concerning the development of structure
materials and nuclear fuels both for the various types of nuclear fission reactors and for fusion
reactors. The qualities and particular performances of the reactor also designated it for performing
experiments aiming at demonstrating the safety of nuclear cores.
The irradiations carried out at BR2 are or have been performed in support of various programmes
of SCK•CEN and in collaboration with, or at the request of, third parties such as the Commission of
the European Union, IAEA, Belgonucléaire, Tractebel, Electrabel, foreign research centres (FZK,
KFA, CEA, UKAEA) and Japanese, English, German, American, French, and Swiss fuel manufacturers
and electricity producers.
The reactor operation also contributes significantly to the production of radioisotopes for medical
and industrial applications (IRE, Mallinckrodt, Amersham, Nordion), to silicon doping under neutron
irradiation for the semiconductor industry and to scientific irradiations for Belgian and foreign
universities.
At the Belgian level, BR2 is of direct interest to the industry (Belgonucléaire, Tractebel,
Electrabel, IRE, etc.), backs up university research programmes, and, of course, supports various
scientific programmes at SCK•CEN. On the other hand, the projects launched for, or with the support
of, international organisations or foreign companies testify to BR2’s unique character and fame,
belong to Belgium’s contribution to various European programmes, and allow Belgium to be present
on the international scene and to participate in large research and development programmes in the
field of nuclear energy.
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Neutron dosimetry and calculations
Most BR2 irradiations are monitored in order to obtain a good knowledge of the neutron fluxes
and fluences. The neutron fluence dosimeters most currently used are iron (54Fe(n,p)54Me reaction) for
the fast fluence, and cobalt (1% Co in Al: 59Co(n,γ)60Co reaction) for the thermal fluence. For the fast
fluence, other dosimeters are also occasionally used, according to the fast energy domain concerned:
aluminium (27Al(n,α)24Na reaction), copper (63Cu(n,α)60Co reaction), titanium (47Ti(n,p)47Sc reaction),
nickel (58Ni(n,p)58Co reaction), niobium (93Nb(n,n′)93mNb reaction), etc., as well as 238U and 237Np
fissile foils. Epithermal fluences are measured with cobalt dosimeters, with and without cadmium cover.
For the determination of the fission density in irradiated fuel, three methods are applied: the
thermal balance method (for irradiations in loops; the method requires the determination of the gamma
heating in all structural parts of the loop), the non-destructive gamma-spectrometry of the irradiated
fuel rods (permitting the determination both of the fission density and of the burn-up, according to the
fission product isotope measured: with short or with long half-life), and the destructive post-irradiation
measurements. A fourth method is presently being developed, combining the measurement of fluence
dosimeters with the calculation of the flux chart inside the irradiation device, and in particular of the
flux and fission density in the fuel. With this method, if the dosimeters are replaced by self-powered
neutron detectors (SPNDs), the fission density can be determined on-line (which is also the case with
the thermal balance method). SCK•CEN has a long experience with these methods. Many validations
have been performed in the past and are still being carried out.
He gas formation in the claddings is also sometimes measured, as are (when required) gamma
doses, with calorimeters and/or with thermoluminescent dosimeters (TLDs).
In addition to the measurements, neutron calculations are performed for practically all irradiations.
The calculations are often carried out prior to the irradiations, in order to determine the BR2
irradiation channel to be chosen and/or the loop constituents and dimensions (thermal neutron
absorbing screens, thickness of inner water gaps that partially rethermalise the ingoing epithermal
neutron current (neutron spectrum tailoring), gamma absorbing screens, etc.). During the irradiations,
calculations are sometimes made, e.g. to determine the ongoing depletion of the fissile material.
Calculations are currently performed after the irradiations, in order to facilitate the interpretation and
the intercomparison of the measurements mentioned above (fluence dosimetry and fission density
measurements) and to derive quantities not directly measurable such as fluxes or fluences above 0.1 or
1.0 MeV, dpa values, He formation (when not measured), etc.
All neutron calculations are carried out with multi-group neutron transport codes, in order to treat
properly the often strong spectral variations and the important absorptions (when neutron absorbing
screens are used). The calculations are carried out in one-dimensional or two-dimensional geometry,
according to the degree of symmetry of the irradiation device and its environment. Monte Carlo codes,
allowing detailed three-dimensional modelling, are now also applied for irradiations with complicated
geometries.
For all neutron transport calculations, the most adequate multi-group neutron libraries are used.
Along with the neutron calculations, gamma heating calculations are also regularly performed.
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Typical irradiation devices for HT gas cooled reactors
Coated Particles Unit Rig (CPUR)
For the high temperature gas-cooled reactor (HTGR) a long-term programme on irradiation
testing of coated fuel particles was run in BR2 at temperatures above 1 000°C. Hereafter a typical
irradiation device for 1 100°C is briefly described.
In-pile part
The in-core part of the rig is made up of two concentric stainless steel tubes and an inner graphite
specimen carrier. The targets, loose or compacted coated particles, are fixed in this carrier.
Graphite discs distributed along the in-core part house flux monitors. The outer stainless steel
tube is cooled by the primary reactor water.
A mixture of helium and neon is flowing downward (at a rate of about 100 Ncm³/min) between
the two concentric capsule tubes and flows upward along the specimen carriers. By the variation of the
Ne/He ratio the temperature in the specimens is controlled and maintained at the required level under
different reactor operating conditions. Hence, the gas circulation assures both the temperature
regulation and the sweeping of possible fission gas releases.
Temperatures are measured by means of six chromel/alumel and four tungsten/rhenium
thermocouples in each specimen carrier.
The in-core part is connected to the upper part of the in-pile section with an instrumentation
connection box. On top of the rig all instrumentation and gas lines are connected with the out-of-pile
equipment via leak-tight penetrations. Inside the rig a delay volume is incorporated for the decay of
very short lived fission products.
The device is usually equipped with an axial translation mechanism for following the axial shift
of neutron flux maximum during a reactor operating cycle.
A cross-section of some specimen carriers is represented in Figure 2.
Out-of-pile equipment
The equipment outside the reactor primary vessel is comprised of the following components:
•

Reactor pool flexible gas and instrumentation cables.

•

Gas mixing panel (temperature control).

•

Purification unit.

•

A gas sampling station in a glove box.
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Gas mixing panel
The helium/neon mixture is adjusted by means of a kathoremeter and circulated by a membrane
compressor.
Purification unit
The purification unit acts as a filter both for chemical impurities (O 2, N2, H2O, CO, etc.) and
fission products. It comprises a molecular sieve trap and a low temperature active charcoal absorber
cooled by liquid nitrogen. The molecular sieve and the absorber are fitted with electrical heaters for
regeneration and rinsing.
Sampling station
Before entering the sampling station the swept gas is delayed by means of an active charcoal trap
shielded with lead. The sampling station is mounted in a glove box. It comprises gamma monitors and
tap connections for loop gas sampling in calibrated volumes that can be scanned on a multi-channel
analyser. All lines and components containing sweep gas are under double containment.
Materials irradiation rig
Different materials have been (and can still be) irradiated at elevated temperatures in adequate
rigs of rather similar design. For instance, specimens of stainless steel at 650°C, graphite at 700°C and
1 200°C, BeO at 950°C. The aim of such experiments is to predict the behaviour of these materials
when subject to a high neutron fluence and operating under realistic reactor coolant temperatures.
In-pile rig for graphite irradiation at 1 200°C
Part of the in-core section of the rig is shown in Figure 3. The graphite specimens are located in
two holes within a graphite carrier. Several carriers of 32 mm length are stacked to form a train of
400 mm. Holes in the graphite allow for the placement of thermocouples at different axial and radial
positions. The carriers are inserted in the capsule made of two concentric stainless steel tubes.
Specimen temperatures are principally maintained by nuclear heating. Adjustment by means of
electrical heating wires is possible. Global adjustment is accomplished by varying the composition
of a helium-neon mixture in the gap between the two outer tubes.
In the case of the very high temperature rig, tungsten sleeves between the carrier and the rig tubes
are used to increase the heat input. The external rig tube is cooled by the reactor water. The rig is
loaded in a six plate fuel element, yielding the highest fast neutron fluxes in BR2.
As for the coated particle rig, a membrane compressor is included in the out-of-pile gas circuit for
recirculating the helium/neon mixture.
In-pile instrumentation
The measurement of very high temperatures in BR2 irradiation rigs has been conducted in the
past with tungsten-rhenium thermocouples, at temperatures of up to1 500°C in materials and 2 200°C
inside fuel rods (for fast reactors). These measurements have shown the reliability of such techniques,
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compatible with the assembly of irradiation capsules and in-pile loops [2]. Some work and experimental
tests have also been performed on noise thermometers. The measurement procedure, however, showed
a high dependence on the sensor connection and the parasitic pick-up in the intricate environment of a
reactor measurement network [3].
Recently, more attention has been placed upon the degradation of insulation materials, when
subject to a combination of fast flux, high temperatures and vacuum. Such a situation appears in the
blanket elements of a tokamak fusion reactor. The insulation plugs are used to insulate the different
elements of the blanket modules, to avoid magnetohydrodynamic effects in the liquid metal cooling
and tritium breeding circuits. Typical materials used, such as alumina or ceramic spinels under radiation,
show a progressive increase in conductivity. However, above a certain fluence, a catastrophic increase
has been observed, called the radiation induced electrical degradation (RIED) effect [4]. This effect
has been shown under different kind of irradiation, but never with the combined environment of
vacuum, fast flux and high temperatures, as it occurs in the fusion torus. The experiment presently in
preparation for the BR2 reactor aims at investigating the accurate occurrence of this effect in fusion
relevant conditions.
The irradiation rig consists of a vacuum chamber placed inside the pressure tube of a standard
irradiation rig. A series of cylindrical hollow samples, in alumina for this experiment, are placed
around a central rod. The samples are metallised on part of their surface and electrical contact is
ensured by the central rod and by a series of outer probes. A temperature up to 450°C is foreseen
during the experiment, and measured using a series of chromel-alumel thermocouples. On-line
resistance values are recorded under a 500 V voltage difference. Particular attention has been placed
on the thermal behaviour, as temperature control under vacuum poses particular difficulties.
This experiment shows the capability to combine a set of unusual environmental constraints in a
high temperature environment to accurately reproduce the real conditions of an advanced reactor type.
It will also bring a deeper knowledge of a material effect involving a real potential safety risk in a high
temperature nuclear installation.
Post-irradiation examination capabilities
•

Hot-cell infrastructure. The Laboratory for High and Medium Level Activity (LHMA) at
SCK•CEN is equipped with 30 hot cells. They are both β,γ-shielded (1 m heavy concrete
shielding or 150 mm Pb shielding) and α-tight (6-10 mm stainless steel inner lining) and can
accommodate both radioactive and toxic materials. It should be stressed that 50% of the hot
cells are at least Class 3 according to the international norm ISO 10648-2, i.e. their leak rate is
< 1 vol.%/h. These cells are equipped with a diversity of testing equipment. The focus of
SCK•CEN’s hot laboratory lies on:
− The behaviour of high burn-up UO2 and MOX fuel.
− The embrittlement of reactor pressure vessels.
− Irradiation assisted stress corrosion cracking of reactor internals.
− The irradiation effects on materials for fusion reactors.
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All these projects have programmes that can rely on substantial international interest and
support. Active participation of SCK•CEN–members in international working groups and
committees allows to contribute and to introduce the latest developments in the research
projects. Research equipment of the hot lab can be grouped in five main classes: microstructure
investigation, mechanical and non-destructive testing equipment, physico-chemical analysis
and a corrosion laboratory.
•

The microstructure equipment. The microstructure equipment includes optical microscopy,
electron probe microanalysis (EPMA), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Except for the TEM, all instruments are shielded such that they
can be used for the investigation of active materials. The sample preparation facilities such as
micro-machining, chemical or mechanical polishing and etching, dimensional control, etc. are
all available in the hot cell area. The infrastructure is continuously upgraded and, in the last
quarter of 1999, a novel X-ray diffractometer equipped with a high temperature (2 000°C),
controlled atmosphere oven will be installed.

•

Mechanical testing equipment. Mechanical testing equipment includes instrumented impact
equipment for Charpy and miniature Charpy specimens, tensile servohydrolic machine for all
kind of tensile specimen, static fracture toughness on three point bend and compact tension
specimen, dynamic fracture toughness on pre-cracked Charpy, hardness, low and high cycle
fatigue, burst testing and dimensional control. The equipment is located inside hot cells such
that active materials can be investigated. The equipment is used for all kind of material:
reactor pressure vessel steel, stainless steel, fuel cladding, fusion material (beryllium,
molybdenum, RAFM steel, ODS, etc.) and for testing in the temperature range -180°C to
650°C. In addition, a workshop (also installed in a hot cell) allows machining of all kind of
specimens from irradiated blocks of material or from broken specimens using the
reconstitution technique.

•

Non-destructive testing (NDT) equipment. Non-destructive testing (NDT) equipment is
integrated in one hot cell equipped with three measuring benches that allow parallel analysis.
The NDT equipment is optimised for fuel rod analysis and it accepts fuel rods of a length of
up to 4.5 m. It allows automatic measurements, reliable data acquisition and integral
interpretation of the complete data set. The techniques include visual inspection, fuel rod
length (accuracy of 50 µm) and diameter (accuracy of 5 µm) measurement, γ-activity
scanning, eddy current clad integrity testing and oxide thickness measurement, X-radiography.

•

Physico-chemical analysis. Physico-chemical analysis includes fuel rod puncture (for inner
pressure and gas composition analysis), vacuum mercury pycnometry (accuracy of 0.2%),
open porosity analysis and hot vacuum extraction of dissolved gas (with a detection limit of 1
ppm H2 in zircaloy).

•

A corrosion laboratory. A corrosion laboratory is equipped with a high temperature, high
pressure corrosion loop and slow strain rate testing equipment. The present set-up only allows
the testing of unirradiated samples, but a similar project is in the build-up phase in the LHMA
hot cells and will be put into operation in the year 2000.

A typical example of cross-disciplinary research aiming at both improving the fundamental
understanding of material properties of diverse kinds, and anticipating future needs for research
capacity is given below.
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The first phase of microstructure research in the framework of the IASCC project focused on the
characterisation of unirradiated SS304 of the same batch as the samples used for an in-pile irradiation
experiment. In particular, the grain boundary composition as a function of a thermal treatment at
621°C for different periods (“sensitisation”) was studied. After loading with hydrogen, samples were
tensile tested at low temperature to induce brittle, intergranular fracture.
The cleavage facets were then investigated by means of Auger spectroscopy, and chromium
depletion profiles were recorded, as can be seen in Figure 4. The purpose of this research is threefold:
1. To anticipate analysis possibilities for irradiated samples.
2. To investigate the response of this particular batch of SS304 samples to a treatment that in
principle influences the grain boundary composition in a similar way as does irradiation with
neutrons.
3. To perform an in-depth investigation of materials of the same batch that are currently being
irradiated in the BR2 materials testing reactor.
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Figure 1. BR2 reactor design features
BR2: Technical data
• Height of vessel: 10 m
• Core diameter: 1.1 m
• Core height (Be): 0.9 m
• Reactor channels: total 79
– 5 × ∅ 200 mm
– 64 × ∅ 84 mm
– 10 × ∅ 50 mm
• Primary water pressure: 12 bar
• Primary water temperature: 45°C
• Construction materials:
– Vessel: Aluminium
– Covers: Stainless steel
– Channels: Stainless steel & beryllium
– Inlet/Outlet pipes: Aluminium
BR2: Operating characteristics
• Reactor power
– Nominal: 50-80 MW
– Max. achieved: 106 MW
• Neutron fluxes*
– Thermal: 1 × 1015 n/cm2.s
– Fast E > 0.1 MeV: 7 × 1014 n/cm2.s
– Fast E > 1 MeV: 3.5 × 1014 n/cm2.s
* Maximum values for heat flux of 470 W/cm2 on
* reactor fuel elements.
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Figure 2. Coated particles irradiation rig; in-pile cross-section
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Figure 3. Graphite irradiation rig (part of sample carrier)
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Figure 4. Concentration profiles of Cr, Ni, O, C and Fe from grain
boundary inwards after thermal sensitisation at 621°C for 12 hours
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Abstract
The experimental capabilities of the IVV-2M reactor and its research complex to study a radiation
resistance of coated particles (CP), compacts and fuel elements (FE) of HTGR are described.
The design of the experimental channels (ampoules) used to irradiate HTGR fuel in a wide range of
test parameters (up to those originating accidents) and the main methods of post-irradiation
investigations are considered.
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Introduction
A design of HTGR fuel element based on UO2 for several types of reactors such as VGR-50
(50 MW power), VG-400 (400 MW) and VGM (200 MW) [1] have been being refined in the CIS
countries since the mid-60s. At the refinement stage feasibility studies of design and process solutions
for FE of HTGR necessitates the radiation tests of pilot batches of CP and FE in research reactors.
An experimental base to facilitate the reactor tests and post-irradiation investigations of HTGR fuel
was created at the IVV-2M reactor.
IVV-2M reactor
IVV-2M is a water-cooled, water-moderated reactor [2] of the power 15 MW; it was commissioned
in 1966. In the core (Figure 1) the fuel element assemblies, consisting of five tubular three-layered
hexagonal fuel elements are placed coaxially between two case tubes. The core is arranged as sections
(Figure 2). Each section comprises six fuel assemblies and a water cavity (a trap) 60 mm in diameter.
There is also a cavity 120 mm in diameter in the centre of the core (cell #7-8) and those of 60 mm and
130 mm diameter in the beryllium reflector. The reactor operates by cycles, 500 hours each. The
effective time of operation at the rated power 15 MW is approximately 7 500 hours a year. The main
characteristics of the reactor IVV-2M are shown in Table 1.
Reactor tests of coated particles
Three methods are used to insert CP into the irradiation devices (Figure 3) [3]:
•

A loose ordered location of CP as one layer in graphite disks, with a 15 mm diameter and a
thickness of 2 mm (a).

•

A loose location of CP in axial holes of 1.2 mm diameter (c).

•

A uniform volume distribution of CP (herein after a compact of a cylinder form), with a
diameter of 12-18 mm and a height of 20-25 mm in a graphite matrix (b).

Arranging CP in such a manner provides:
•

A compact accommodation of CP to be tested under similar conditions of temperature and
neutron flux.

•

A simultaneous irradiation of large quantities of different (up to 10 modifications) lots of CP
in similar conditions.

•

A low manufacturing cost of irradiation devices where CP is tested.

The ampoule “CP” is a non-instrumented irradiation device to be placed in the cells which have a
diameter of 27 mm. In the ampoule there are three tight capsules. Each capsule has five samples of
CP. Each sample is made of 10-13 graphite disks, each containing approximately 50 pieces of CP.
Any disk has CP of only one modification. Each sample in a capsule has similar sets of modifications.
There is a graphite thermal insulation between a sample and the body of a capsule. CPs are exposed to
irradiation under temperatures from 1 000-2 000°C to attain the fuel burn-up of 5, 10 and 15% FIMA.
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The “CP”-type channel with a 27 mm diameter is designed to test six to eight tight capsules, two
or three provided with gas service lines. The channel is to control a gas and volatile (caesium) fission
product (GFP and VFP) release. One sample in each capsule is in the form of a cylinder or compact.
In order to study a FP release the cavity between the samples and the body of the capsules is filled
with microspheres of high purity carbon, which is a good sorbent of VFP. GFP are sampled by
purging with inert gas, the consumption of which is insufficient to transport carbon microspheres.
VFP are sampled by purging when microspheres are moved to the place of their analysis. The tests are
performed at a neutron flux density of ~5 × 1013 cm-2·s-1 and temperatures of up to 1 500°C.
The “ASU-8”-type channel of 60 mm diameter is intended to study GFP release from three
batches of CP, exposed to irradiation in separate capsules and under similar conditions. These capsules
are of the same design as the capsules of the “CP” ampoule. They contain the samples either as sets of
seven to ten graphite disks with CP or one compact. A temperature of CP irradiation is regulated
within 600 ÷ 1 400°C by a travel of samples along the height of reactor core. The maximum neutron
flux density is 7 × 1013 cm-2·s-1.
These kinds of test provided a large amount of radiation resistance investigations of CP of various
design and technological modifications to select the most advanced methods for further verification of
their workability when included into full-scale fuel elements under irradiation conditions close to
those used during standard operation.
In-pile tests of fuel elements
The channel “Vostok” (Figure 3) is capable for testing of four full-scale FE in the central cell
#7-8 with a diameter of 120 mm; four separate capsules with fuel elements are located in its inner
cavity. A fuel element is placed into a graphite block, where a gas clearance is 1-2 mm. Additionally,
there is a separate gap, regulating heat. The fuel element temperature of 1 000-1 400°C is regulated
by varying a gas-carrier content in gas clearances. The design of the channel provides a travel of
capsules along the core height. The maximum thermal neutron flux density on FE reaches the value
of 1 × 1014 cm-2·s-1.
Experimental test-bed “RISK”
In order to control test parameters all the above devices are equipped with thermocouples in
samples (fuel elements), capsules’ body parts and thermoneutron detectors; their readings are
controlled with a measuring-computation complex of the test-bed “RISK”. The channels “CP”,
“ASU-8” and “Vostok” are connected to the experimental test-bed “RISK” (Figure 4) by service lines.
“RISK” provides a preparation of gas-carrier and measuring activity of releasing fission products.
Up to ten radionuclides of Kr and Xe can be measured.
Between 1979-1992, six ampoules and three “CP” channels, four “ASU-8” channels and five
“Vostok” channels were tested at the IVV-2M reactor. The main results of the tests on CP and FE are
presented in [1,4,5]. Since 1995 some work within the framework of the projects HTR-10 (China) and
GT-MHR has continued.
Post-irradiation investigations of CP and FE
Post-irradiation investigations on CP and compacts (based on it) and FE were performed, the
schematic of tests for which are shown in Figure 5. It should be noted that not only conventional
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methods (such as metallography, a determination of density, geometrical sizes, weight and
physico-mechanical characteristics) but also new methods such as zone-by-zone disintegration of
compacts and FE [4, 6], IMGA [4, 7] and chemical and physical layer-by-layer stripping of protective
coatings of CP [4] were used.
Disintegration of compacts and FE
The disintegration of compacts and FE is aimed to extract CP from a graphite matrix with no
additional defects appearing in the protective coatings. The disintegration process is based on the
anode oxidising of graphite in the nitric acid solution [6], where a direct electric current flows through
the boundary “electrode-solution” and when the electro-chemical reaction of oxidation/reduction
proceeds depending on the direction of a current. The compacts and FE are disintegrated in a nitric
acid solution with a concentration of 1.8-2.3 mol/l at a current density 0.2 to 0.5 A/cm2. Disintegration
products (colloid graphite and CP) are deposited at the bottom of an electrolytic cell then, along with
the electrolyte, they are removed through a sucking-off pipe with a simultaneous separation of CP.
The efficiency of graphite disintegration is controlled by the results of the determination of
geometrical sizes of compacts and FE which are detected by a TV camera and displayed on a video
monitor after each stage of disintegration.
The samples of graphite and solutions are analysed for:
•

Fission products with gamma-spectrometric devices.

•

Fissile material (235U) by a neutron-activation analysis (with reference to Ba/140La) and
alpha-track radiography.

The total amount of CP and homogeneity of CP distribution in compacts and FE are determined
with a dispenser counter using the IMGA method.
Control of defects in CP coatings
A condition of protective coats of CP (mainly SiC) which are deposited through disintegration of
compacts and FE is analysed with the automatic installation by the method of a gamma-spectrometric
integrity control of CP, Irradiated Microsphere Gamma Analyser (IMGA). The installation comprises
a remote control system (providing a piece-by-piece extraction of CP from the analysed amount, being
tens of thousands items, and a delivery of CP to a measuring station), a gamma-spectrometric channel
and an automatic data processing system. Its operation is based on the comparison of the FP activities
of high (134Cs, 137Cs) and low mobility (106Ru, 95Zr). A dependence of CP quantity on an activity ratio
has a normal distribution form for the intacted CP and it is abnormally small (due to a depletion in Cs
because of its leakage from CP under irradiation) for the CP coatings with defects. The abnormal
ratios 134,137Cs/95Zr or 134,137Cs/106Ru permit to sort out defective CP in SiC and PyC (being external
layer) coatings. A portion of defective CP in compacts and FE are determined from the data of
investigation using the IMGA method with a statistical data processing.
Distribution of fission products and fissile material in CP coatings
A distribution of FP and FM in the coatings of intact and defective CP (after they are classified by
IMGA method) are determined when spherical layers of PyC and SiC coatings are analysed
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by gamma-spectrometric and alpha-track methods. A stripping of layers (depending on the degree of
coating defect, burn-up) is made in two ways:
•

Physically by a laser evaporation of spherical coating-layers (Figure 6).

•

Chemically with selective solutions based on chromium oxide at ~130-140°C.

In both cases the volume and the condition of the surface at each sampling step were determined
with a microscope. The minimum thickness of a stripped layer is 5 µm. The conditions of a laser
evaporation and etching of the materials of CP coats are optimised in the preliminary experiments on
un-irradiated CP. The coefficients of transportation of volatile (caesium) and solid fission products
(SFP) through the protective coating layers are determined from the obtained FP distribution profiles
and FM contamination level of the external pyrocarbon layers for the conditioned (intact) CP [9,10]
with its exposure time and temperature taken into account.
Post-irradiation annealing of CP and graphite samples
The irradiated CP and graphite samples were heated in a specially made graphite area in a HF
installation of the test-bed “OSA” [11] (Figure 7). The CP and graphite samples were washed by an
inert process gas and the released GFP (mainly 85Kr) were carried into the measuring volume of an
ionising chamber or samplers.
This test-bed and the corresponding methods are used to determine:
•

A temperature dependence of GFP leakage from intact and defective CP.

•

A temperature dependence of GFP and VFP leakage from the graphite samples.

•

A temperature of CP disintegration and its comparison with the analogous value for initial CP
(an assessment of an irradiation effect on CP strength is possible) [1].

Conclusion
The IVV-2M reactor provides the experimental basis to perform reactor tests and post-irradiation
investigations of HTGR CP, compacts and FE capable to substantiate the fuel workability. Therefore
the in-pile tests and post-irradiation investigations described in this paper can be performed in full
scale with a high engineering and methodical support.
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Table 1. Key data concerning the IVV-2M reactor
Parameter
Rated power, thermal, MW
Core height, mm
Irregularity of energy release in the core:
– radial
– axial
Quantity of channels (ampoules) in the core and Be reflector, pcs:
– the central trap water cavity, 120 mm diameter
– the peripheral sectional trap water cavity, 60 mm diameter
– the fuel assembly water cavity, 30 mm diameter
– the beryllium reflector water cavity, 60 mm diameter
– the beryllium reflector water cavity, 130 mm diameter
– the beryllium block water cavity, 24 mm diameter
Density of undisturbed neutron flux (max.), cm-2·s-1: *
– thermal
– fast (E > 0.1 MeV)

Value
15
500
1.4
1.3
01
06
20
10
02
25
5 × 1014
2 × 1014

* The data is referred to the central cell

Figure 1. IVV-2M reactor (vertical section)
1 – shim and scam system; 2 – horizontal experimental channel; 3 – fuel cladding
integrity control system; 4 – core; 5 – irradiation devices; 6 – heat exchanger
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Figure 2. Schematic arrangement of the IVV-2M core
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Figure 3. Irradiation devices for testing of HTGR fuel in IVV-2M reactor
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Figure 4. Experimental test-bed “RISK”
1 – helium cask; 2 – neon cask; 3 – block of process gas decontamination from impurities; 4 – dispenser pump;
5 – flow meter; 6 – vessel (20 l); 7 - measuring station; 8 – gas vessel (100 l); 9 – measuring sampler (0.27 l); 10 – pump;
11 – oil beater; 12 – charcoal filter; 13 – gas chromatographer; 14 – moisture meter; 15 – CANBERRA standard block;
16 – file server; 17 – computer; 18 – semidetector; 19 – preamplifier; 20 – CANBERRA gamma-analyser; 21 – computer
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Figure 5. Scheme of post-irradiation investigations of the CP and FE (compact)
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Figure 6. Scheme of the facility for sampling from CP surface
1 – power source; 2 – cooling device; 3 – photo receiving device; 4 – power indicator;
5 – oscillograph; 6 – diaphragm; 7 – shutter; 8 – electromechanic shutter; 9 – power source;
10 – scattering lens; 11 – lens; 12, 14 – mirror; 13 – focusing lens; 15 – filter; 16 – illuminator;
17 – observing tube; 18 – sampling chamber; 19 – coated particle (CP); 20 – CP storage; 21 – gas container
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Figure 7. The irradiated fuel sample annealing stand “OSA”
1 – gas ramp; 2 – receiver; 3 – flowmeter; 4 – heating facility; 5 – filter assembly; 6 – ionisation chamber; 7 – sampler;
8 – coal trap; 9 – pre-evacuation pump; 10 – pressure gauge; 11 – gas-carrier cleaning; 12 – gamma-ray detector
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Parameters
Furnace Temperature
kind
range
[°C]
ShP
0 ÷ 1 200
VTU
VChU

0 ÷ 1 800
600 ÷ 3 000

Heating rate
[°C/min]

Method* temperature
measurement

Medium; flow rate
[l/min]

Specimens size
[mm]

2 ÷ 30

Cr-Al

Ø ≤ 65, L ≤ 100

5 ÷ 50
10 ÷ 1 000

W-Re, SPS-1
SPS-2

He, Ar, air, steam;
0.02 ÷ 10
He, Ar; 0.02 ÷ 10
He, Ar; 0.02 ÷ 10

* Cr-Al, W-Re – thermocouples; SPS-1, SPS-2 – colour pyrometers
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Ø ≤ 65
Ø ≤ 15
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Abstract
In order to develop a new method for establishing in situ characterisations and monitoring of solid
surfaces under irradiation and in controlled atmospheres, the high temperature Kelvin probe has been
applied and tested to measure work function changes under such conditions. In the case of Li4SiO4 and
Li2ZrO3, two steps of distinct change of work function were observed when the specimen was exposed
to hydrogen gas and also when it was retrieved. These changes were attributed to the oxygen
vacancies formation/annihilation and the adsorption/desorption of gas (H2). While the work function
measured on a gold specimen under proton beam irradiation showed a steep drop in the work function
during the initial irradiation, it gradually recovered after the end of irradiation. The second irradiation
gave rise to a smaller value of the work function decrease of gold. These results support a possibility
of adopting the high temperature Kelvin probe for the purpose of monitoring/characterising solid
surfaces under irradiation in nuclear reactors and other facilities so as to detect the formation of
defects in the surface and near-surface region of solid specimens.
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Introduction
It is both important and necessary to establish in situ characterisations or monitoring of the
surface or near-surface properties of various ceramic or metallic materials under irradiation in such
facilities as nuclear reactors, ion/electron accelerators, etc. However, few, if any, methods have been
developed to perform such in-core characterisations for solid surfaces at high temperatures. The authors
have attempted to develop such a method by applying the so-called high temperature Kelvin probe to
the in situ characterisation of the irradiation and atmosphere effects on solid surfaces.
Work function measurement under controlled gas atmosphere at elevated temperatures
The high temperature Kelvin probe has been constructed and tested for work function measurement
at high temperatures and under controlled atmospheres [1]. In order to confirm the performance of the
system, the work function change of YSZ (zirconia stabilised with 2 at% yttria) caused by the change
of oxygen potential was measured at 973 K [1,2]. The relation between the work function change and
the oxygen partial pressure obtained from the experimental results showed good agreement with that
predicted based on the defect equilibrium:
O OX  VO n + + ne ′ +

1
O 2 ( g)
2

(1)

The work function changes of breeder blanket materials for fusion reactors caused by the change
of composition of the sweep gas were then measured using the same apparatus. Figure 1(a) shows the
change of contact potential difference (CPD, corresponding to work function difference with respect to
reference electrode) between Li2ZrO3 and Pt reference electrode as caused by the change of the
composition of flowing gas, while Figure 1(b) shows that between Li2TiO3 and Pt electrode [3].
The chemical composition of the sweep gas was either (O): He (100 cc min-1) or (R): He + 1.06% H2
(100 cc min-1). It is shown in Figure 1(a) that when the chemical composition of the sweep gas was
changed from (O) to (R), the CPD first decreased abruptly by 500 mV (portion “a”), and then
gradually increased to a steady state value (portion “b”). It should be noted that the CPD change
showed good correlation with the change of oxygen partial pressure, PO 2 . Assuming that the change in
“a” is due to production of oxygen vacancies, VOn+, the decrease of work function and that of PO 2
which is determined by a defect equilibrium (Eq. (1)), can be related by:
1  ∂φ 
1

=
kT  ∂lnPO 2  2(n + 1)

(2)

according to which 1/2(n + 1) = 1/5.68 (n = 1.84) was obtained. This implies that doubly charged VO
is predominant. Similar results were obtained for Li4SiO4, the measurement of work function change
of which was performed at 973 K [4].
In the case of Li2TiO3 (Figure 1(b)), it is characterised by a single step of the CPD change whose
rate was very slow compared with that of Li2ZrO3. Such a slow change of work function due to the
change of PO 2 may be explained if one assumes that it is governed by adsorption/desorption of H2 on
the surface, whose processes are vitally important in the tritium release from ceramic breeders.
However, so far no other surface analyses have been performed to confirm this.
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Figure 2 shows a preliminary result of the CPD measurement between Li2O and Pt when
hydrogen was admitted. A quick decrease and a subsequent increase of CPD were observed. The total
value of the CPD change was within 100 mV. When hydrogen admission was terminated, the CPD
decreased but recovered quickly. No discontinuous changes of the CPD such as seen in the cases of
Li4SiO4 and Li2ZrO3 were detected. It can be said that oxygen vacancies were not formed, or that their
concentration, if any, was so small as to form the donor level. At the temperature of this measurement
(823 K), adsorption of H2 is considered to be more dominant than that of H2O [5]. Thus the CPD
change in Figure 2 was considered to be caused by H2 adsorption and desorption. More experimental
results are currently being obtained for Li2O and will be presented elsewhere [6].
As described above, two steps of the work function change are normally observed, i.e. a fast
initial change being followed by a slow change. So long as the defect equilibria hold, the former can
be attributed to the oxygen vacancies formation/annihilation, and the latter to adsorption/desorption of
gases, or other surface kinetics, if any.
In the case of Li4SiO4 (973 K) and Li2ZrO3 (943 K), the work function change due to oxygen
vacancies formation/annihilation was observed, followed by the change due to adsorption/desorption
of gas (H2). In the case of Li2TiO3 (933 K) and Li2O (823 K), however, a single step of the work
function change due to adsorption/desorption of gas (H2) was observed. These results support the
authors’ interpretation of the previous results of the high temperature mass spectrometry on these
materials [7-12].
Work function measurement under ion irradiation
An attempt to apply the Kelvin probe to work function measurement of solids after/under
irradiation was made.
The experiments were performed at the High Fluence Irradiation (HFI) Facility (University of
Tokyo) of the Research Centre for Nuclear Science and Technology using a 3.75 MV single-ended
Van de Graff accelerator. The predicted problems in this attempt are as follows:
•

Noises from the pumps and ion beam generation system.

•

The radiation effect on work function of the reference electrode.

The Kelvin probe used in this study was “Kelvin probe ‘S’”, manufactured by Besocke DELTA
PHI GMBH, whose reference code was made of Au mesh. The schematic drawing of the experimental
facility was shown in Figure 3. The Kelvin probe ‘S’ was placed in the vicinity of the sample during
irradiation. When the pumping system was driven and ion (H+) beam was generated, the signal from
the probe detected large noises from the turbo molecular pump and other devices. In order to reduce
them, cables were shielded completely and a band pass filter was used. The noises were reduced to
less than the signal.
In the Kelvin probe ‘S’, Au is used as the reference electrode. In order to estimate the work
function change of that electrode, an Au sheet (0.2 mm thickness) specimen was irradiated and then
the CPD between them was measured. Two Au sheets (Sample 1, Sample 2) were prepared and both
of them were loaded into the chamber. Sample 1 was irradiated initially. The result of the CPD
measurement is shown in Figure 4. The CPD was decreased by ~1 V by H+ irradiation of
3.8 × 1020 ions/m2 ((1) in Figure 4). Any significant CPD changes were not observed after irradiation
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of (2) and (3), which were performed in the same condition as (1). The CPD change of Sample 2 is
also shown in Figure 4. Changes of ~100 MV each were observed after steps of irradiation of
1~10 × 1019 ions/m2 ((4)~(9)). If it is assumed that the concentration of the electronic defects [e–]
induced by H+ irradiation is proportional to the fluence, F, i.e.:

[e − ] ∝ F

(3)

the work function is considered to be proportional to lnF, since [e–] is related to the work function by
the Fermi-Dirac distribution function. Figure 5 shows the relation between F and CPD obtained from
the data of Sample 2. Sample 2 was also considered to be irradiated together with Sample 1 during (1),
(2) and (3) irradiation of Sample 1 (Figure 4) due to extension of the H+ beam, since Sample 2 was
located at a distance of ~1 cm from Sample 1. Taking into account the effect of the extension of the
beam, by assuming that F was approximately 5 × 1019 ions/m2, a proportional relationship between the
CPD and F was obtained as shown in Figure 5 (solid circles).
In order to develop the work function measurement system to be applied to material characterisation
under irradiation, the problem of reference electrode must be solved. It may be possible place ceramic
coatings on the back of the reference electrode to reduce the irradiation effect, as ceramic material
suffers less under irradiation as to the work function change. Also, it may be possible to saturate the
irradiation effect of reference electrode by a pre-irradiation treatment.
Conclusion
The high temperature Kelvin probe has been established to be a useful tool for in situ
characterisation of solid surfaces under controlled atmospheres. In the case of Li4SiO4 and Li2ZrO3,
the formation/annihilation of oxygen vacancies and the adsorption/desorption of gas (H2) have been
found to be clearly distinguished. For Li2TiO3 and Li2O, however, a single step of work function
change was observed and ascribed to adsorption/desorption of gas (H2) only. The Kelvin probe has
also proved to be useful for in situ surface characterisation of solids under irradiation from the
measurement of work function change of gold under proton irradiation. An initial steep drop of the
work function was determined, its recovery after irradiation and then smaller values of its drop with
the succeeding irradiations. Further investigation is required, however, before this method can be
made available for actual in-core monitoring/characterisation.
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Figure 1. The change of CPD between Li-bearing ternary oxides and Pt electrodes
due to the change of chemical composition of sweep gas [9]: (a) Li2ZrO3 at 943 K, and
(b) Li2TiO3 and Pt at 933 K. The change of oxygen potential (dashed curve) is also shown.
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Figure 2. The change of CPD between Li2O and Pt at 823 K when hydrogen was admitted

Figure 3. Schematic drawing of the experimental facility in HIT
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Figure 4. CPD between Au samples and Au reference electrode after H+ irradiation

Figure 5. Relationship between the CPD and F
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Abstract
The OECD Halden Reactor Project is an international network dedicated to enhancing the safety and
reliability of nuclear power plants. The project operates under the auspices of the OECD Nuclear
Energy Agency and aims at addressing and resolving issues relevant to safety as they emerge in the
nuclear community. This paper gives a concise presentation of the project’s goals and of its technical
infrastructure. The paper also contains a brief overview of results from the ongoing programme and of
the main issues contemplated for the next three-year programme period (2000-2002).
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Introduction
Safe and reliable operation of nuclear power plants benefit from R&D advances and related
technical solutions. The OECD Halden Reactor Project is a leader in these advances with programmes
devised to provide answers in a direct and effective manner. The project’s strong international profile
and solid technical basis represent an asset for the nuclear community at a time in which maintaining
centres of expertise at accessible cost becomes increasingly important.
The Halden Project is a joint undertaking of national organisations in 20 countries sponsoring a
jointly financed programme under the auspices of the OECD Nuclear Energy Agency. The aim is to
generate key information for safety and licensing assessments and to provide:
•

Basic data on how the fuel performs in commercial reactors, both at normal operation and
transient conditions, with emphasis on extended fuel utilisation.

•

Knowledge of plant materials behaviour under the combined deteriorating effects of water
chemistry and nuclear environment.

•

Advances in computerised surveillance systems, human factors and man-machine interaction
in support of upgraded control rooms.

In addition to the joint programme work, a number of organisations in the participating countries
execute their own development work in collaboration with the project. These bilateral arrangements
constitute an important complement to the joint programme and normally address issues of
commercial interest to a participant organisation or group of organisations.
The programme results are systematically reported in Halden Work Reports and in enlarged
meetings organised by the project. Participants’ bilateral activities are also presented at these meetings.
Special workshops with participation of experts are frequently arranged for in-depth assessments of
specific issues, especially when new programme issues are to be established.
The joint programme is renewed every third year. The programme renewal involves extensive
reviews and discussions with project participants on priorities, programme issues to be addressed and
technical means to achieve the programme objectives. The large circle of participants, with the
consequent cost-sharing among many parties, has enabled to utilise the overall infrastructure to the
maximum possible extent. The Halden Project is committed to continue this endeavour by responding
efficiently to technical requirements emerging in the nuclear community, by maintaining its facilities
in good order and by continuing to adhere to a highly competitive cost structure. Norway, host
country, has always been strongly supportive of the Halden Project and is expected to continue to do
so in the future. The Norwegian contribution covers 30% of the joint programme funding.
Fuel and materials programme
Key facilities
The main tool for the fuel and material work is the Halden Boiling Water Reactor (HBWR), with
its range of experimental capabilities. The license for the reactor is to be renewed in 1999, and as on
previous occasions, the Norwegian Institute for Energy Technology, which operates the Halden
Project facilities, has applied for a renewal for a period of ten years. The license application is based
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on an extensive review of the Safety Report for the HBWR, particularly regarding the conditions of
the vessel. Data so far show that fluence-induced damage progresses at a low rate and that current
criteria result in a vessel projected lifetime well beyond 2020.
Substantial development has taken place at Halden, aimed at providing a flexible facility where a
variety of experimental needs can be accommodated. When specific coolant conditions are required,
such as for cladding and structural materials studies, water loops are available. The loops can be
operated under different thermal-hydraulic and water chemistry conditions, covering a range of BWR
and PWR requirements.
The distinctive speciality of the HBWR fuel and material experiments resides in the ability to
perform high quality in-reactor measurements, which provide unique and well characterised data
during operation; that is, while mechanisms are acting. The project experimental programmes are
centred around this capability and make use of it to the maximum possible extent.
This capability has in recent years been extended such that commercial fuels can be efficiently
tested at Halden. Fuel rods extracted from commercial reactors can be segmented and re-fabricated
into rodlets suitable to further specialised testing at Halden. For this purpose the fuel segments are also
retrofitted with the instruments required for the tests.
Similarly, structural materials extracted from LWR cores can be machined, fatigue pre-cracked if
necessary and suitably instrumented for irradiation assisted stress corrosion cracking (IASCC).
This technique is important in that it provides very representative materials already irradiated to
doses typical of “aged” plants.
The experimental work is supported by the hot cells for re-fabrication and post-irradiation
examinations, by workshops, electronics and chemistry laboratories and by a computerised Data Bank.
Ongoing programme (1997-1999)
The joint programme work in the fuel and material area focuses on the following main points:
•

Characterisation of UO2 fuel properties at high burn-up, typically up to 60 MWd/kg. The fuel
thermal conductivity degradation is assessed by means of direct on-line fuel temperature
measurements. The threshold for fission gas release and the fuel swelling are addressed in
dedicated instrumented tests.

•

These investigations make use of both test fuel and commercial fuel rods. Four test rigs are
dedicated to this objective.

•

Extension of the fuel database to include gadolinium fuel and MOX fuel. Substantial efforts
have been made to acquire representative fuels and produce new test rigs, especially for MOX
characterisation. Both test fuel and commercial fuel are used in these tests. Two rigs are
dedicated to gadolinium fuel and three to MOX fuel irradiations. The rods are instrumented.
It should also be noted that one test rig is dedicated to the characterisation of commercial
VVER fuel.

•

Consequences of power and coolant transients to the fuel integrity. Power ramps (one test rig,
reloaded) and short term dry-out tests (one test rig, reloaded) have been carried out on
pre-irradiated commercial fuel. The dry-out tests have resulted in cladding temperatures
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ranging from ~500 to ~1 000°C for ~30-50 seconds. These tests are now completed.
Preparation of a new test series addressing LOCA transients and the mechanistic understanding
of RIA transients is underway.
•

Consequences of increasing rod pressure at high burn-up. This study involves two rigs, one
for cladding creep-out measurements in stress reversal conditions, the other for determining
the pressure limit for cladding lift-off onset. Re-fabrication, instrumented commercial fuel
rodlets are used for these tests.

•

Corrosion of hydriding of modern cladding alloys at high burn-up. This test has started
recently and aims at comparing the corrosion behaviour of a variety of alloys up to
50 MWd/kg. Another test rig has been used to determine mechanisms leading to secondary
failures following (fuel and) cladding ID oxidation and hydriding.

•

Irradiation assisted crack growth (IASCC) of as-fabricated sensitised and pre-irradiated
stainless steel materials in normal BWR water chemistry and in hydrogen water chemistry.
The crack growth is monitored on-line by means of in-reactor potential drop measurements.
Pre-irradiated material is retrieved from commercial reactors, and then machined and
instrumented at Halden. Two test rigs have been used in the ongoing programme period, and a
third rig is under preparation.

•

Initiation of IASCC in sensitised stainless steel, aiming at determining the onset of IASCC as
a function of stress and fast neutron fluence. One rig is being used for this investigation.

•

Effect of alloy composition and fast neutron fluence on the susceptibility to IASCC. This test
is carried out in collaboration with the USNRC/ANL and involves one irradiation rig.
The specimens have been fabricated and are PIE-tested at ANL.

Boundary conditions and needs
In many countries utilities are faced with intense competition due to deregulation, and in order to
compete effectively they are looking to improve operational economics and flexibility. At the same
time, regulatory authorities have to verify that this is done without detriments to reactor safety.
Licensees are implementing or considering extended burn-up, longer fuel cycles, power upratings
and load follow as means to reduce operational and fuel cycle costs. This exposes the fuel to
increasing challenges, which has prompted the vendors to propose new fuel designs and new
materials. There is also a strong push to use mixed oxide fuels in power reactors.
Regulatory bodies are faced with the need for qualified models and codes for safety case
assessments in a variety of operational conditions, for many different types of fuel designs and at
extended burn-up. This necessitates new and improved data on fuel properties and fuel behaviour
under various normal, abnormal, and accident conditions.
At the same time, operational experience demonstrates that unforeseen anomalies can develop as
demands on performance become more stringent. Localised corrosion and defected fuel degradation
are potential utility concerns. Control rod sticking and anomalous axial power offsets have recently
posed limitations on plant capacity factors and caused regulatory concern. Regulators will have to
assess the consequences of these anomalies and determine effective surveillance practices, whilst the
industry has to find valid technical remedies. Halden experiments can be of great value for addressing
and resolving these issues and those likely to emerge in the future.
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As the age of power plants increases, safety authorities will need materials property data relevant
to in-reactor components at high irradiation doses, as they will form the basis for plant lifetime
assessments. Utilities are introducing operational changes that can enhance the reliability of plant
structural components – e.g. water chemistry modifications – and are adopting advanced materials
where this can be done. Pressure vessel annealing is a possible option for mitigating the effects of
radiation embrittlement. Practical verifications and data will be needed to support lifetime predictions
of existing and replacement materials as well as to validate measures intended for lifetime extensions.
Aims of the programme for the time period between 2000-2002
The experiments contemplated here aim at determining potential burn-up limiting phenomena.
More emphasis will be placed on fuel swelling and pellet-cladding interaction. Tests will also address
the gas mobility in high burn-up fuel rods, since this is believed to impact the response to LOCA (as
ballooning is sustained by gas flow along the rod) and also to RIA. It is foreseen that cladding
corrosion and hydriding will be more extensively addressed, since the status of the cladding at normal
conditions may greatly affect the response in safety transients. The data will be used by project
participants as reference for the fuel codes assessments.
The proposed programme for 2000-2002 focuses on the following main issues:
•

Fuel high burn-up capabilities under normal operating conditions, aiming at providing fuel
property data needed for design and licensing in the burn-up range 50-80 MWd/kg. In selected
tests the burn-up will be pushed up to 100 MWd/kg. Both test fuel and re-fabricated
commercial fuels will be used in the proposed investigations.

•

Fuel high burn-up capabilities in safety transients, aiming at providing experimental
complements to investigations conducted elsewhere on loss of coolant and reactivity
transients. The LOCA tests are intended to address high burn-up, integral rod behaviour
during transients and to complement separate effects investigation conducted, for instance, at
Argonne National Laboratory. The RIA investigation will instead focus on supporting the
mechanistic understanding of the RIA transient, in particular the role of fuel swelling and
fission gas release. Further tests on short-term dry-out and new tests on power-coolant flow
oscillations are also considered. The latter are intended to respond to regulatory priorities on
anticipated transients without scram, where needs have been set forth for verification of the
enthalpy criterion at high burn-up.

•

Fuel performance anomalies, aiming at determining the cause for fuel anomalies to occur
during service, as well as at identifying realistic design or operational remedies. These
investigations are to be conducted in synergy with bilateral activities. The items under
discussion include:
− Crud deposition as affected by water chemistry and heat rating.
− Axial offset anomalies caused by local boron accumulation on the surface of PWR fuel
rods.
− Degradation of failed fuel resulting in large exposure of the fuel to the coolant and
consequent increase of radiation level in the coolant.
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− Control rod sticking as result of axial growth of guide tubes during service.
− It must again be clarified that the joint programme cannot address all of these issues and
that the Halden Project work scope must be put in the context of what is being done in
other programmes.
•

Plant lifetime assessments, aiming at generating validated data on stress corrosion cracking of
reactor materials at representative stress conditions and radiation/water chemistry environment.
The work initiated in previous programme periods on irradiation assisted stress corrosion
cracking will be extended to include highly irradiated materials. The programme is intended
to clarify the extent to which remedies introduced to alleviate the stress corrosion of
in-reactor components remain applicable to components which have been in service for a long
time. One focus will be on representative BWR materials which have been retrieved from
commercial reactors and on the use of these materials for in-core measurements of crack
growth rates at given stress intensities. A second focus will be on stress corrosion studies
under PWR conditions, as it is anticipated that cracking of in-reactor materials in PWRs may
also become an issue of concern.
The embrittlement of reactor pressure vessel materials due to neutron irradiation is an
important issue as nuclear plants age and is also addressed in the programme proposal.
The project intends to support collaborative programmes with participants in this area as
needs arises, notably by utilising the Halden reactor as a course of neutrons under a wide
variety of temperature and flux and fluence conditions.

Man-machine interaction programme
Key facilities
The Virtual Reality (VR) centre currently established at Halden is a complement to HAMMLAB,
providing the basis for new developments in control room design and engineering, particularly for
control room upgrades. Applications are also envisaged in decommissioning, particularly in relation
to design of special decommissioning tools, operational procedures, and training with maintenance
procedures.
The simulator-based Halden Man-Machine Laboratory (HAMMLAB) is the main vehicle for the
human-machine systems research at the project. A programme for expanding and upgrading the
HAMMLAB is being undertaken to enable the facility to meet future requirements for human factors
and control room research. One goal is to establish a flexible infrastructure in terms of hardware and
software tools, including powerful, modern full-scope simulators for PWR, BWR and VVER systems.
Thus, the simulators will be able to reproduce relevant power plant systems during normal, disturbed
and accident conditions. The built-in functionality of the HAMMLAB 2000 will facilitate the transfer
of new results to commercial power plants.
The activities in the HAMMLAB and in the VR centre rely on the availability of simulators and
of computerised operator support systems. Such tools should continuously be updated and utilised in
control room applications by project participants.
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Ongoing programme (1997-1999)
•

A series of pilot studies have been performed to find a reliable and valid methodology to
investigate human error in a control room setting. These pilot studies investigated diagnostic
strategies and styles that had been observed in earlier single operator and team based studies.

•

One of the issues addressed by the first main human error experiment is the question of
detection and recovery of erroneous actions in the situation where they actually take place.
Since detection clearly is a prerequisite for recovery, the experiment considered how well
people are able to detect the erroneous actions they make and how the level of detection
depends on the circumstances or conditions, such as interface, team, workload, etc. The other
main purpose was to develop a method for predicting performance failures, specifically the
error modes that can be expected for a specific task.

•

Systematic experiments in HAMMLAB put special demands on operator performance
measurements. Performance scores have to be comparable across scenarios and sensitive to a
wide range of operator competence levels. The measure should be reliable and robust, should
account for team performance as well as single operator performance, and be efficient in use.
It is furthermore desirable that the measure complies with established norms for human
performance measurement regarding reliability, validity, sensitivity, non-intrusiveness, etc.
The project has therefore developed a method based on the prescription of optimal solutions
to scenarios, developed after discussion with process experts. For each scenario, the expert
solutions are represented hierarchically in a diagrammatic form. Operator activities are
classified and weighted according to their importance. During the experiment, the process
expert registers operator activities in real time, concurrent with operator performance. After
the study a performance index is calculated estimating the discrepancy between the expert
analysis and operator solutions to the scenarios. In 1997 the project analysed data collected
during earlier alarm and human error experiments. The results show a good consistency among
the activity types defined by the system, and a moderate relationship with plant performance.

•

A method for analysing plant performance measures has been developed and applied to data
collected from crews participating in experiments. The performance of the crew is compared
to an optimal control model developed for the scenario and afterwards a data analysis technique
is applied. The applicability of PPAS is promising, and it might be an important additional
measure based on real plant measures to evaluate the quality of the crew performance.

•

Project staff have designed a so-called integrated large overview display with the idea to
support rapid assessment of the plant status and dynamics by a representation of the whole
process. The display is shared by the control room staff and is a strong support for
co-ordination. The layout and content of the display are context dependent to match the
changing operators’ needs and tasks. Centred around mimic diagrams, it combines different
graphical features to support an efficient control of the complex process. Configurable elements
and an original alarm presentation support clear and rapid identification of disturbances.

•

The surveillance and control task of any industrial plant is based on readings of a set of
sensors. It is essential that the output from these sensors be reliable since they provide the
only objective information about the state of the process. The signal validation task confirms
whether sensors are functioning properly. A method for transient and steady state on-line
signal validation has been developed at the project using artificial neural nets and fuzzy logic
pattern recognition. The method has been successfully tested on simulated scenarios covering
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the whole range of PWR operational conditions. Data was provided by EDF, France.
The neuro-fuzzy model has been implemented in a client/server software system under
Windows NT. The system is called PEANO.
•

Following the principles behind formal software development, the Halden Project has
developed a methodology based on algebraic specification and a proof tool, the HRP Prover.
One of the virtues of this methodology is that the same language, tool and proof techniques
can be used both in specification and design, even down to a “concrete” specification which
can be automatically translated into code. In the specification phase, the theorem prover is
used to verify and validate the specification, while in the design phase the same tool is used to
verify the correctness of the design steps.

•

Testing a program means executing it with selected test data to demonstrate that it performs
its task correctly. Ideally the test data should be selected so that all potentially residual faults
should be revealed. The Halden Project has performed several investigations of testing
methodologies. An ongoing activity at HRP on testing is an experimental evaluation of a
method, the so-called PIE (Propagation, Infection, Execution) method.

Future work, boundary conditions and needs
Maintenance and operating costs comprise a major portion of total cost, and plant operators will
be searching for means to enhance the plant availability through efficient control and surveillance
systems. Currently, most plants operate with instrumentation and control systems for which industry
support – and sometimes spare parts – are lacking or diminishing. The modernisation of existing
control rooms will be a priority issue for the nuclear industry in the years to come. This will involve
increased use of automation, compact operator workstations, databases, integration methods and
digital display systems. Such programmes increase the need to develop guidelines and methods to
facilitate the analogue-digital system transition.
Regulatory authorities are faced with the challenge of advanced information technology both in
the control room and in the plant process and safety systems. The ability to analyse and anticipate the
consequences of changes in operational practice or in the human-machine balance will remain an
important focus of the human factors research. Compilation and analyses of international operational
experience performed elsewhere can be a very valuable basis for understanding why errors are made,
and for identifying both common elements and cultural and national differences. The need of proven
methods for deriving validated conclusions from operational experience and HAMMLAB work should
also be addressed. The experience from work with non-nuclear industries can be very beneficial for
nuclear control room applications, considering that other industries are often more advanced in the use
of specific technologies.
Aims of the MMI programme for the time period between 2000-2002
Advanced computer-based human system interface technologies are being introduced into
existing nuclear power plants to replace the existing interfaces. These developments can have
significant implications on plant safety in that they will affect the overall function of the personnel in
the system: the amount, type and presentation of information; the ways in which personnel interact
with the system; and the requirements imposed upon personnel to understand and supervise an
increasingly complex system.
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The programme for 2000-2002 is intended to address the above issues by means of extensive
experimental work in the human factors, control room design and computer-based support system
areas. The work will be based on experiments carried out in the upgraded Halden Man-Machine
Laboratory facility (HAMMLAB) which will become an even stronger nucleus of the research
programme. The proposal is to a great extent based upon input from the project’s participants and
contains four main areas of activity:
•

Experimental programme and operation of HAMMLAB. The use of the laboratory will
increase in terms of type and size of experiments, extended operational regimes and more
realistic work settings. Installations of several advanced operator support systems on the new
simulators are proposed to demonstrate the benefits of such systems in an integrated control
room environment. An ambitious experimental programme is planned that will make extensive
use of the HAMMLAB facility. The programme will address a wide range of issues including
control room layout, interaction modes, information presentation and display design, levels of
automation, human error and collaborative work.

•

Man-machine interaction work aimed to extend the knowledge about the characteristics of
human performance in process control environments and to demonstrate how this can be used
in the specification and design of solutions to specific problems. The proposed programme
addresses hybrid and advanced control rooms, contemporary and future man-machine
interaction, interface design, individual and collaborative work, human error, function
allocation and automation and further method development.

•

Plant performance monitoring and optimisation, exploring and demonstrating system
solutions that have potentials for improving plant performance and optimising plant operation
as well as improving operational safety. The proposed activities comprise development of
new and more robust support systems. Also, it is proposed to investigate how new technologies
such as Virtual Reality can be used in operation and maintenance training.

•

System safety and reliability, investigating the benefit of formal software development
methods for computer systems with high reliability requirements. The integration of computer
systems in plants makes it necessary to evaluate these in the total safety assessment context.
It is proposed to study the incorporation of different evaluation methods for safety assessment
of programmable plant control and supervision systems.
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Figure 1. The Halden Project is an international network with 21 member
countries. The participants represent a complete cross-section of the nuclear
community, including regulatory bodies, vendors, utilities and R&D centres.
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Figure 2. Cross-section of the Halden reactor core. This core configuration refers to
February 1999, with a total of 37 test rigs and 66 driver fuel assemblies. About half of the
test rigs 66 driver fuel assemblies. About half of the test rigs are operated in LWR loops.
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Figure 3. Test rig for determining the consequences of short term dry-out. Three pre-irradiated,
commercial fuel rodlets, after service in a BWR, were re-fabricated, instrumented and loaded
into this rig. Each sub-channel, which contained one fuel rod, could be individually operated
at reduced coolant flow conditions, producing dry-out in the upper portion of the fuel rod.
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Figure 4. Result of a test conducted on PWR fuel to determine the pressure limit
before onset of cladding lift-off. It was shown that the fuel could withstand
substantial overpressure (beyond PWR system pressure) without any sign of lift-off.
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Figure 5. Layout of a control room produced for a utility using the Halden Virtual
Reality facility. This was part of the design for the modernisation of the control room
in a nuclear power plant in Europe. The Halden VR facility is presently used mainly
in control room engineering in conjunction with the Halden human factor expertise.
Expected applications include computer-based training and decommissioning.
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Figure 6. Results from performance tests with the signal validation toolbox PEANO. The data
were supplied by EDF/CEA, France. The system was able to immediately track a sensor
failure, and, based on earlier “learning”, reconstruct a best estimate value for the signal.
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Figure 7. Experiments in HAMMLAB put special demands on operator performance
measurements. The project has developed a method based on the prescription of
optimal solutions to scenarios, developed after discussion with process experts. For each
scenario, the expert solutions are represented hierarchically in a diagrammatic form.
Operator activities are classified and weighted according to their importance. During
the experiment, the process expert registers operator activities in real time, concurrent
with operator performance. After the study, a performance index is calculated.
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Abstract
Nine different fused silica core optical fibres were irradiated in a fission reactor up to an ionising dose
of 109 Gy and a fast neutron fluence of 1023 n/m2 at 400 K. One specimen, fluorine doped and
specially sintered and annealed, showed good radiation resistance in the wavelength range of
300-1 850 nm. Results show that the fibres will be applied in a neutron associated heavy radiation
environments.
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Introduction
Innovative basic researches on new materials and on new high temperature technologies are
planned to be carried out in a radiation field of a high temperature engineering test reactor (HTTR), a
helium gas-cooled graphite moderated high temperature reactor. Application of optical fibres seems
very attractive from various points of view.
Heating tests of fused silica-core optical fibres showed a good thermal resistance. Recently,
however, optical fibres have been thought to be very vulnerable to radiation. However, steady efforts
in improving radiation resistance of optical fibres are revealing promising prospects for application of
optical fibres in heavy radiation environments [1].
Recently, behaviour of optical fibres in radiation environments has been studied mainly in purely
ionising irradiation environments such as in a 60Co gamma-ray field. Under these conditions, newly
developed radiation resistant optical fibres will keep their optical transparency up to an ionising dose
range of 1-10 MGy with an ionising dose rate of up to a few tens Gy/s [1]. The application of optical
fibres in areas such as hot cells, waste management, decommissioning and maintenance of shut down
reactor cores is a realistic goal. It is necessary, however, to have radiation resistant optical fibres in
neutron associated higher flux radiation fields for application in fission reactor cores under operation.
Recent results are showing that optical fibres would behave differently in neutron associated radiation
environments, where atomic displacement effects will play important roles. Also, the ionising dose
rate will be in the range of 0.1-10 kGy/s.
We have been developing radiation resistant optical fibres for their application in neutron
associated heavy radiation environments. Several fused silica (SiO2) core optical fibres were irradiated
in a 60Co gamma-ray cell and in fission reactors [2-5]. Based on obtained results up to now, several
kinds of radiation resistant optical fibres were selected and irradiated in a water-cooled fission reactor,
the Japan Materials Testing Reactor (JMTR), in the Oarai Research Establishment of the Japan
Atomic Energy Research Institute. Some of the optical fibres revealed good radiation resistance even
in a fission reactor irradiation.
The present paper describes preliminary results of the reactor irradiation of the developed optical
fibres. The promising behaviour of one optical fibre in particular will be described, which showed
good radiation resistance in the wavelength range from the visible region to an infrared region up to
more than 109 Gy of ionising radiation and up to more than 1023 n/m2 of fast neutron fluence.
The paper also describes some of potential applications of optical fibres in HTGR environments.
Experimental procedures
Nine kinds of silica core optical fibres were irradiated in JMTR. The main features are given in
Table 1. One group of optical fibres is oxyhydrate (OH) doped (OH-1 to OH-4), and the other group is
doped with fluorine (F) (F-1 to F-4). A standard sample (S-1) is non-doped, making OH concentration
as low as possible. OH and F doping agents were found to improve radiation resistance of silica core
optical fibres in gamma-ray radiation [2]. They are also found to cause a so-called radiation hardening
in the course of gamma-ray irradiation [2]. The radiation hardening is a phenomenon that an optical
transmission loss initially increases with irradiation but subsequently decreases with increase of
radiation dose. The fluorine doping improved radiation resistance, especially in the visible and
ultraviolet regions in the case of gamma-ray irradiation. Although recent results in a JMTR irradiation
revealed the inferior behaviour of fluorine doped (F doped) fibre compared with OH doped fibre in an
infrared region [5], the F doping will still be one of the candidate procedures for improving radiation
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resistance, especially for application in the visible region. Some high energy neutron associated
irradiation showed the inferior behaviour of OH doped (hydrated) fibres compared with low OH
concentration fibres (anhydrated) [6]. However, previous results showed that OH doping caused the
phenomenon of radiation hardening even in a fission reactor radiation [5]. Also, some of the OH
doped optical fibres showed better radiation resistance, compared with F doped and non-doped ones,
in the infrared region [5].
The standard (S-0) and some of the OH doped optical fibres (OH-1 and 2) whose OH
concentration is low were made by a plasma-assisted deposition (PAD) method. The OH doped fibres
of OH-3 and 4 were made by a direct method. The F doped fibres (F-1 to F-4) were produced using
the vapour axial deposition (VAD) method, with different concentrations of fluorine. F-1 has the
lowest, F-2 has the middle and the F-3 has the largest fluorine concentration. F-4 has different
sintering and annealing procedures from the other ones and has the same fluorine concentration as that
of F-2. All the examined optical fibres have an identical cladding of fluorine doped fused silica.
The optical fibres were inserted into the JMTR as shown schematically in Figure 1, and their
optical transmission loss was measured during reactor irradiation in the wavelength range of
350-1 850 nm. The total length of the optical fibres is about 50 m, and the length of the irradiated part
is about 0.5 m. The configuration details of the irradiated part in an irradiation rig are shown in
Figure 2. Details of the experimental set-up are described elsewhere [2-5]. The irradiation temperature
was 400 K and fluxes of fast (E > 1 MeV) and thermal (E < 0.687 eV) neutrons are 6 × 1016 and
8 × 1016 n/m2s, respectively. An ionising dose rate is calculated to be about 0.5 kGy/s. A total irradiation
period is about 26 reactor full power days.
Results and discussion
Figure 3 shows growth of radiation induced optical transmission loss in the non-doped optical
fibre of S-0, in the initial stage of the reactor radiation. Large radiation induced optical absorption
grew in the wavelength below 700 nm. The major increase is due to the growth of an absorption band
centred at about 600-650 nm, which is similar to that reported in gamma-ray irradiation. Figure 3 also
shows substantial growth of well-known OH absorption bands at 945 nm and so on, indicating an
increase in OH concentration over the course of irradiation. It was reported that the non-doped optical
fibre whose OH concentration is very low (anhydrated) showed better radiation resistance compared
with optical fibres (hydrated) containing OH in the gamma-ray irradiation as well as high energy
neutron associated irradiation. Thus, it was recommended to use non-doped fibre for application in
neutron associated radiation environments [1]. However, the present results clearly show that the OH
would be introduced even in an OH non-doped fibre in neutron associated irradiation.
The present results showed that the OH doped fibres of OH-1 to OH-4 and the non-doped fibre
S-0 behaved similarly in the course of a fission reactor irradiation and that the strong absorption bands
grew in the wavelength below 700 nm. Figure 4 shows radiation induced absorption of F-4. The F-4
showed a large increase in the initial stage of irradiation, and the white light from a halogen lamp that
went through the irradiated S-0 fibre was reddish in colour [3,4]. Thus, the OH fibres and the S fibre
could not be used for visible application in neutron associated heavy irradiation environments, though
some of them showed good radiation resistance in the infrared region.
Figure 4 also shows the behaviour of F-4 fibre, which demonstrated the best radiation resistance
in the visible region in the present irradiation test. A transmission loss at 630 nm was less than
40 dB/m even at the end of irradiation, at which the total ionising irradiation dose was about 109 Gy
and the fast neutron fluence was in the range of 1023 n/m2. These irradiation parameters correspond to
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those for several months’ service in the vicinity of operating reactor core of the present fission power
reactor. The F-4 fibre also showed good radiation resistance in the infrared region. Figure 5 shows the
growth of radiation induced optical absorption at 850 nm in F-1 to F-4 fibres in the course of the
reactor irradiation. The F-4 fibre shows lower transmission loss than the other fibres.
The F-4 fibre was specially designed for improving radiation resistance in the visible wavelength
region, and the present results showed that F-4 fibre could be applied in a neutron associated heavy
irradiation environments.
Attempt of application of optical fibres to HTGR environments
Optical fibres can be used in a variety of application fields. One example is a temperature
measurement. Figure 6 shows the results of temperature measurements in which optical fibres are
used. Here, the thermoluminescent intensity of sapphire was monitored through fused silica core
optical fibres under JMTR irradiation. Good agreement between measured values by optical methods
and by conventional thermocouples is clearly shown [7]. Furthermore, optical fibres showed better
time response during temperature transition. Considering the thermal stability of optical fibres, optical
measurements of temperatures will be more attractive in HTGR environments.
Another example is a gamma-ray dose rate measurement using radioluminescence. The intensity
of Cerenkov radiation can easily be measured using optical fibres. Also, the gamma-ray dose rate can
be monitored by measuring intensities of radioluminescence peaks in fused silica itself, such as peaks
at 450 nm and at 1 270 nm, whose intensities are insensitive to temperature.
Radiation damage will increase the intensity of OH absorption peaks in some kinds of fused silica
core optical fibres. Assuming that radiation damage will be mainly introduced by energetic neutrons,
measurements of the intensity of OH absorption will give us information concerning fast neutron flux
and fluence. Radioluminescence measurements for some kinds of scintillators will also give us
neutronic information.
Conclusions
Fused silica core optical fibres are under development for applications in neutron associated
heavy radiation environments. Nine kinds of optical fibres were irradiated in a fission reactor, JMTR.
One fibre, F-4, which was doped with fluorine and was sintered and annealed in special ways, showed
good radiation resistance. The results indicate that F-4 could be applied in the visible region under
heavy irradiation environments, such as HTTR core environments.
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Table 1. Parameters of samples
Sample
S-0
OH-1
OH-2
OH-3
OH-4
F-1
F-2
F-3
F-4

OH content (pm)
<2
150
300
300
800
<2
<2
<2
<2

Fluorine content
None
None
None
None
None
Small
Middle
Large
Middle

Manufacture method
PAD
PAD
PAD
Direct
Direct
VAD-A
VAD-A
VAD-A
VAD-B

PAD: Plasma assisted deposition
VAD: Vapour axial deposition (-A,-B stand for different sintering and annealing procedures)
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Figure 1. Schematic diagram of experimental systems
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Figure 3. Radiation induced loss of reactor radiation (non-doped and hydrated fibres)
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Figure 4. Radiation induced loss of reactor radiation (F-4)
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Figure 5. Radiation induced loss of fluorine doped core fibre during reactor radiation at 850 nm
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Figure 6. Comparison of optically obtained temperature and
thermocouple measurements in JMTR reactor for two full power weeks
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SESSION SUMMARIES

Session I

Overviews of High Temperature Engineering Research in Each Country and
Organisation (M. Lecomte)

The session was comprised of seven oral presentations and two additional papers which were not
presented orally.
•

Present Status in the Netherlands of Research Relevant to Irradiation of Fuels and Graphite
for High Temperature Gas-Cooled Reactors (presented by A.I. van Heek, NRG Petten, the
Netherlands)
The Dutch work is extensive in the HTR field: following a vessel change, the HFR reactor at
Petten has a new life and will be available for irradiation, materials testing and
coated-particle tests.

•

Aspects of Inherent Safety of Future High Temperature Reactors (presented by K. Kugeler,
FZJ, Germany)
The Jülich Research Centre concentrates its work on catastrophe free concepts which can be
demonstrated full scale. Use of pre-stressed cast iron vessel is advocated.

•

Present Status and Future Programme of the HTTR and the Innovative Basic Research on
High Temperature Engineering (presented by K. Hayashi, JAERI, Japan)
The HTTR is presently in low power commissioning and should reach full power shortly.
It will be available for irradiation and material testing in 2001. The combined effects of
irradiation and temperatures are going to be investigated.

•

Identification of Domestic Needs of Modular HTR for Electric and Heat Process Industry in
Indonesia (A. Rusli, National Atomic Energy Agency, Indonesia)
An abstract was presented, but no oral presentation was made. The identification of potential
application of a modular HTGR in Indonesia has been carried out. It has been shown that
four regions of 13 regions in Indonesia have a high potential priority, followed by five
additional regions. The potential of domestic participation in the first and second HTGR
units were also investigated in relation to possibility implementing an HTGR project in
Indonesia in the future, about 26 and 31% of the cost for the first and second units,
respectively.
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•

Gas Reactor and Associated Nuclear Experience in the UK Relevant to High Temperature
Reactor Engineering (presented by D.J. Beech, NNC Limited, UK)
The UK has an extensive experience on GCR with Magnoxes and AGRs. It designed a
1 300 MWe HTR. The present focus of investigations is a fast gas-cooled reactor concept,
graphite properties changes prediction, and non-lubricated moving parts.

•

Revisited Version of HTR (presented by M. Lecomte, Framatome, France)
Industry in France now believes that the modular gas turbine concept is a competitive
candidate to fill the niche of small and medium size reactor units. Low grade heat use for
water desalination and its capability to burn reprocessed plutonium from LWRs adds to the
concept’s attractiveness, but a stable licensing and fabrication code guidelines consensus
specific to modular HTRs need to be agreed upon.

•

Potential for Power Utilisation of Weapons-Grade Plutonium in GT-MHT Nuclear Reactor
(Y. Sukharev, OKB Mechanical Engineering, Russia)
The paper was presented, but no oral presentation was made. The concept of weapons-grade
plutonium (WGPu) burning in reactor power plants for electricity production is the official
Russian position. Advantages of HTGRs (e.g. GT-MHR) allow to consider this type of
reactor as a WGPu consumer in the near future (by 2010). The GT-MHR consumes ~90% of
239
the initially charged Pu. The main features of GT-MHR for plutonium consumption as well
as fuel performance and their operating conditions are presented.

•

IAEA High Temperature Gas-Cooled Reactor Activities (presented by J. M. Kendall, IAEA)
Through co-ordinated research projects, meetings and related activities, the IAEA promotes
exchanges of information among many Member states. Current priorities include exchanges
with the HTTR and HTR-10 programmes while also helping the PBMR and GT-MHR
projects. A special CRP aimed at concentration of elaborated knowledge is under development.

•

The Renewal of HTR Development in Europe (presented by D. Hittner, Framatome, France)
In its fifth Research and Development Programme (2000-2003), the EU will perform an
extensive amount of work in the HTR field under the umbrella of the HTRTN. This formal
entity will be able to contract collaboration agreements with HTTR and HTR-10. This
structure will allow for a long-term stable environment for HTR development in Europe.

Recommendations with respect to Session I
It is recommended to intensify international collaboration to take full advantage of the various
reactors at the disposal of the HTR community, i.e. HFR in the Netherlands, HTTR in Japan and
HTR-I0 in China, and to work on refining computer code qualifications.
Further irradiation tests would also allow taking advantage of Russian reactors (the IVV-2M in
particular).
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In order to help advance the potential commercialisation of the present projects (PBMR,
GT-MHR and ACACIA), it is recommended that a multinational group prepare a set of licensing and
construction code guidelines specific to HTR that would be commonly agreed upon.
A good integration of the European programme (HTRTN) with the Japanese and Chinese
programmes is strongly recommended in basic studies such as:
•

Core physics code qualification.

•

Fuel and material irradiation.

•

Graphite behaviour and characterisation.

Session II Safety-Related Basic Studies on HTGR – Fundamental Aspects (A.I. van Heek and
B. Eendebak)
In this session, some fundamental aspects of the HTR have been addressed, as follows:
•

An Analysis of the Thermal Behaviour of Pebble-Bed Nuclear Reactors in the Case of
Emergencies (presented by J. Martinez-Val, ETSI Industriales, Spain)
An accelerator-driven HTR with core-catcher was presented in this paper.

•

The Consequences of the Inherent Safety Features of the Modular HTR on Design, Licensing
and Research Programmes (presented by B. Eendebak, NRG Petten, The Netherlands)
This paper addressed the issue of modular HTR specific safety rules.

•

A New Design Concept for the Commercial HTR Plant with Enhanced Inherent Safety
Features (presented by A. Hodzic, EEE – Environmental and Energy Engineering, Germany)
An innovative design with self-tightening and self-heat dissipating core

•

Transient Behaviour of Small HTR for Cogeneration (presented by A.I. van Heek, NRG
Petten, The Netherlands)
A small HTR for cogeneration

Recommendations with respect to Session II
On the fundamental aspects it looks as though speakers, as well as the audience, with regard to
statements from Session I agreed upon the need for internationally accepted nuclear safety guidelines
that are based upon the unique safety concept of the modular HTR. That concept may use an
“adapted” version of the concept of defence in depth. Such an approach would be preferred over the
use of LWR oriented safety rules or research programmes. It is strongly recommended that such a
framework of (modular) HTR safety guidelines should be agreed upon within a short period (say one
to two years) because many questions on the desirability of specific features may then be answered in
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a structured way. This also applies for proposals for the core catcher concept that was presented by
J. Martinez-Val and for the “self-tightening” core structure presented by A. Hodzic. General
recommendations with respect to Session II include:
•

Drafting of a set of internationally accepted safety guidelines for a (modular) HTR.

•

Identification of design basis accidents and transients and simulation of them by appropriate
code systems on the most elaborated modular HTR designs.

•

Safety of plant personnel (shielding).

•

Minimisation of radioactive waste (also due to decommissioning).

•

Decision of diagnostic systems to control the key safety parameters of the core.

•

Review of the “self-tightening” core structure properties as proposed in A. Hodzic’s
presentation.

Session III Safety-Related Basic Studies on HTGR – Component Behavior (R. Moormann and
W. Fröhling)
This session was dedicated to the interaction of HTR graphite, fuel and of the whole system with
air and water, as well as to protection measures. Also, the source term was addressed and some results
of irradiation tests in Russia were presented.
The highlights and conclusions from the six papers are as follows:
•

Oxidation of Carbon Based Materials for Innovative Energy Systems (HTR, Fusion Reactor):
Status and Further Needs (presented by R. Moormann, FZJ, Germany)
The paper presented the view of a group of researchers from FZJ, CEA, NRG, FRAMATOME,
NNC, EA, FZR and NET. Considering severe air ingress, a lack of experimental data on the
Boudouard reaction and in the field of advanced oxidation kinetics was detected. Development
of coatings protecting against oxidation, has to focus on stability under neutron irradiation.
Oxidation under normal operation of direct-cycle HTR requires examinations of gas
atmospheres and on catalytic effects. Advanced carbon materials like CFCs and mixed
materials should be developed and tested with respect to their oxidation resistance in a
common HTR/fusion task. In an interim HTR fuel storage, radiolytic oxidation under normal
operation and thermal oxidation in accidents have to be considered. Plans for future work in
these fields are described.

•

Courses and Limitations of Damage with Air Ingress Accidents in HTR Modules (presented
by W. Fröhling, FZJ, Germany)
The paper investigates the course of severe air ingress accidents for the typical HTR building
structure, for a large break in the pressure boundary, on the basis of corrosion experiments
with A3-3 sphere packings and of single irradiated spheres. An estimation was presented,
that matrix material equivalent to 150-250 fuel spheres could be corroded in the first
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24 hours of steady airflow through the core. The particles set free can however be expected
to stay intact if their temperature is ≤ 1 200°C. It has to be pointed out that this latter
temperature still needs experimental confirmation.
•

Ways and Means to Limit the Ingress of Water into the Core of HTR-Modul Module
Reactors (presented by A. Leber, FZJ, Germany)
The ingress of water droplets into the core, in addition to steam, was investigated. The main
concern is the transport of small droplets by the gas stream from the steam generator to the
core. It was demonstrated that the volume flow in the presence of steam is largely reduced
due to the inherent properties of the blower and of the electric motor. The transport of the
droplets was investigated experimentally. The main result is that single droplets ≥ 50 µm are
separated completely in the 180° deflection in the bottom of the steam generator. For dense
droplet sprays, droplet diameters of about 20 µm can also be separated in the primary circuit
effectively. Very small droplets can effectively be removed by suited separators. This has
been confirmed in the experimental programme.

•

Ceramic Coatings for HTR Graphitic Structures – Tests and Experiments with SiC-Coated
Graphitic Specimens (presented by B. Schröder, FZJ, Germany)
The paper presented the actual status of SiC-coating development on spherical fuel elements.
The coatings were produced by chemical vapour deposition and by slip coating. The coated
specimens were comprised of normal industrial graphite, nuclear-grade graphite and the
special graphitic A3-3 material. For the A3-3, no satisfying coating can currently be produced.
For the nuclear graphites (mainly IG-110) good results have been obtained. One coated
sphere was corrosion resistant after irradiation for all relevant temperature regions. The other
irradiated coated spheres were only corrosion resistant in some lower temperature regions.
The final aim of coating A3-3 requires further research.

•

Source Term Estimation for Small Sized HTRs: Status and Further Needs – A German
Approach (presented by R. Moormann, FZJ, Germany)
Most risk relevant source term contributions for small HTRs come from inventories outside
intact coated particles. These are activities plated out on metal components, dust borne
activities and particles with defect coatings. In-pile experiments on plate-out and on dust
behaviour are proposed in order to improve knowledge in these fields.

•

Irradiation Tests of HTGR Fuel Under Normal and Accident Conditions (presented by
A.S. Chernikov, Lutch, Russia)
Russian investigations on behaviour of coated fuel particles and fuel elements under
stationary conditions and under pulse irradiations are outlined, with particular emphasis on
the role irradiation conditions (temperature, burn-up, neutron flow density) play with respect
to damaging coated particles. For stationary conditions, release kinetics of gaseous fission
products is examined. Short pulses (1 s) with up to 620 kW/fuel sphere led to temperatures of
≤ 600°C and no damage occurred. With longer term (30 s) pulses of 46 kW/fuel element,
however, temperatures of about 2 500°C-2 700°C were reached; the fuel elements and a
significant fraction of particles were destroyed.
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Session IV Research and Development on Materials for High Temperature Irradiation
Environments (B.J. Marsden and T. Oku)
This session included eight oral presentations.
•

Graphite Selection for the PBMR Reflector (presented by B.J. Marsden, AEA Technology,
UK)
The irradiation conditions within the PBMR reflector were described. A large quantity of
irradiation data on graphites is no longer available. It is not practical to carry out a detailed
graphite MTR programme in advance of the construction of the first PBMR. A design
graphite database has therefore been constructed with reference to historical graphite data for
similar graphites, which are now available, along with an understanding of the physics of
irradiation damage to graphite. This database is being used for PBMR design. There is the
possibility of carrying out a graphite MTR programme concurrently with the operation of the
first PBMR. There is precedence for this in the case of the MAGNOX, AGR, AVR and
several other graphite moderated reactors world-wide.

•

A Study of Crack Growth in Nuclear Graphites Using R-Curve Analysis (presented by
P. Ouagne, University of Bath, UK)
Two energy-based methods of assessing crack growth in graphite were presented: a loading/
unloading technique and a dimensionless technique. Both methods gave similar results.
2
An important finding was a plateau region, which gave a value of ~250 J/m for crack growth
which agrees with other experimental works in this area. However, the results predicted an
initial high crack initiation energy. This is thought to be related to the difficulty in predicting
small crack lengths. Further investigations are continuing. In the discussions which followed,
note was made of the difficulties in predicting failure in irradiated graphite components.

•

Development of the Modelling of Dimensional Change in Nuclear Graphites (presented by
G.B. Neighbour, University of Bath, UK)
The value to HTR technology is that these techniques could be used to predict the behaviour
of prospective nuclear graphites from unirradiated properties and perhaps some low
irradiation MTR tests. A model was presented that was used to explain MTR experiments in
which similar graphites of various densities were irradiated. This experimental data showed a
delay in turnaround and increased shrinkage in the lower density graphites. The model gave
a semi-quantitative explanation of this behaviour.

•

Irradiation Effects on C/C Composite Materials for High Temperature Nuclear Applications
(presented by M. Eto, JAERI, Japan)
The paper summarised the R&D activities at JAERI concerning irradiation effects on C/C
composite materials (1-D and 2-D) for use in HTTR and plasma facing components of fusion
reactors. The main results were as follows:
25
2
− Neutron irradiation up to 2 × 10 n/m (E > 0.18 MeV) at around 1 000°C caused no
significant changes in the Young’s modulus and strengths of several C/C composites
tested, but a decrease in fracture strain was observed.
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− 14 MeV neutron irradiation of several C/C composites up to 8 × 1019 n/m2 at room
temperature caused decreases in micro-indentation hardness. It was also found that the
thermal conductivity did not decrease monotonically with increasing neutron fluence.
Some differences in irradiation effects were found between 1-D and 2-D C/C composites.
− Irradiation experiments have been performed for elements such as control rod, tubes, etc.,
which were made from PAN-based or pitch-based C/C composites. It was pointed out
that more studies would have to be done in future.
•

Improvement of Thermal Conductivity at High Temperatures for Carbon Materials Used for
Plasma Facing Components (presented by T. Oku, Ibaraki University, Japan)
In order to improve thermal conductivity of carbon materials at high temperatures, copper
was impregnated into carbon materials. The carbon-copper compound did not demonstrate
sufficient improvement of thermal conductivity, because some gaps exist at the C/Cu
interface. To fill up the gaps at the C/Cu interface, small amounts of third elements such as
Ti, Zr, etc., which have low formation enthalpies of alloys with C and Cu were added to the
C-Cu system. As a result, C-Cu(Ti) composite materials have shown about a 30% increase in
thermal conductivity at high temperatures. If coatings were made on C-Cu(Ti) and C-Cu(Zr)
composite materials, these would be considered candidates for plasma facing component
materials.

•

Radiation Damage on Ceramics Composites as Structural Materials (presented by M. Ishihara,
JAERI, Japan)
The paper indicated the micro/mesoscopic structure-based fracture model developed in this
study. The particle irradiation effect on the bending strength of SiC composites has been
examined on the basis of both experimental and analytical results. Au and Ni ion irradiations
have been performed using the TANDEM accelerator at JAERI. A stress analysis with FEM
was carried out taking into account the radiation damage at the near-surface region. Through
comparison of the experimental and analytical results, the bending strength behaviour of Au
and Ni irradiated materials was explained.

•

High Temperature Behaviour of Fission Products in Irradiated ZrO2 and MgAl2O4 (presented
by J. Jagielski, Institute for Electronic Materials Technology, Poland)
These are prospective matrix materials for the burning of Pu in nuclear reactors. The matrix
materials are stable and it is hoped that the fission products can be retained within them and
be disposed of in a deep repository.
The diffusion and retention of Cs and I were assessed when subject to high temperature and
Ar ion irradiation. It was found that thermally the materials did not release fission products
up to 800°C, but with irradiation diffusion took place at 650°C.

•

Modification of HTSC by High Temperature Neutron Irradiation in HTTR (presented by
T. Terai, University of Tokyo, Japan)
High energy particle ions and neutron irradiations to superconductors have been found to
modify them into high Tc materials. After several tests it was concluded that neutrons are the
best species for bulk materials since they has large enough Jc enhancement ratios and
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penetration depths, in spite of their induced radioactivity. A series of preliminary
experiments, including thermal annealing tests after fast neutron irradiation, were carried out
to confirm the effectiveness of fast neutron irradiation and high temperature annealing. It was
indicated that a series of high temperature neutron irradiation tests of HTSC in HTTR was
being planned.
Recommendations with respect to Session IV
•

New irradiated graphite data for HTRs is required for graphites that are available today.

•

Models that allow the prediction of irradiation damage in graphite using unirradiated material
properties should be further developed.

•

The prediction of failure in graphite components is not satisfactory and requires further
investigation.

•

Databases on irradiation damage effects on C/C composite materials and ceramic composite
materials are not sufficient for designing nuclear fission and fusion components. Since
irradiation experiments require much more time and money, it is important that information
exchange on irradiation experiment details be effective.

•

Research on improvement of properties by using particle and/or neutron irradiations is
innovative and further developments will be expected in the future.

•

Further work is required into investigation of possible matrix materials to be used in the
incineration of Pu.

•

It is proposed that those who have an interest in high temperature superconductor (HTSC)
materials should collaborate with the HTTR programme in this area.

Session V

High Temperature In-Core Instrumentation and Irradiation Facilities (C. Vitanza
and M. Yamawaki)

This session included five oral presentations.
•

Irradiation and Post-Irradiation Capabilities at SCK•CEN (presented by J. Dekeyser,
SCK•CEN, Belgium)
This presentation concerned the BR2 reactor and hot cell facilities available at the Belgian
SCK•CEN laboratories. Both fuel and material tests have been and are carried out in the
reactor. Among the interesting features of the irradiation in BR2 is the high fast neutron flux,
14
2
which is in excess of 2 × 10 n/cm s for neutrons above 1 MeV. The reactor is also flexible
in terms of types of tests and irradiation rigs that can be accommodated. Examples of
international collaboration and programmes were also given. Experience with regard to high
temperature irradiation was reviewed, mainly in relation to a test rig designed for coated
particles fuel, which had been used earlier at the BR2. The related ancillary facilities were
also presented. On materials irradiation, Mr. Dekeyser talked about the work on stainless
steel and graphite, including methods for temperature control. The hot cells’ infrastructure
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was outlined, with emphasis on microstructure characterisation, mechanical testing and
non-destructive testing. The presentation addressed various methods for neutron dosimetry
and neutronic assessments in use at the facility. A question was posed as to the intention of
BR2 to deal more closely with HTGR issues in the future. Mr. Dekyser replied that this was
not exactly the case, although the facility and infrastructure could be used also for HTGR,
perhaps under collaborative arrangements.
•

Experimental Capabilities of IVV-2M Reactor and its Research Complex to Determine
Workability of Coated Particles and Fuel Elements of High Temperature Gas-Cooled Reactors
(presented by K.N. Koshcheev, SF NIKIET, Russia)
The paper gives a description of the IVV-2M reactor as related to HTGR testing. In this case
14
2
the achievable fast flux is 2 × 10 n/cm s for energies above 0.1 MeV, with irradiation
channels having diameters up to 120 mm. Irradiations can cover tests on coated particles fuel
specimens of various design and also qualifications of full scale fuel elements. Irradiation
temperatures can exceed 1 000°C, up to 2 000°C. Fission gas sampling can be carried out in
dedicated test sections. The temperature sensors are typically refractory metal
thermocouples. The integrity of the protective layer in coated particles is evaluated by the
Irradiation Microsphere Gamma Analyser, by post irradiation annealing and by chemical
dissolution. Additional PIE techniques were also outlined. A question was asked regarding
the technique for tightness control. Mr. Koshcheev replied that the technique is very
demanding, but also precise, being able to discriminate individual coated particles. Another
question concerned temperature measurement. The answer was that refractory coated T/C are
generally used.

•

Development of a New Method for High Temperature In-Core Characterisation of Solid
Surfaces (presented by M. Yamawaki, University of Tokyo, Japan)
The presentation focused on a new method for the characterisation of solid surfaces in-pile
and in high temperature environments. The issue is relevant for fusion reactor blanket
materials, in particular as related to tritium extraction kinetics. Observations made so far
under proton beam irradiation point to the potential application of the technique (based on a
high temperature Kelvin probe) for surface characterisation under reactor conditions.
The aim would be to characterise defect formation in the near-surface region of solid
specimens. Examples of out-of reactor measurements on, e.g. Li4SiO4, were given, providing
information on mechanisms for hydrogen absorption/desorption as related to surface
conditions. The behaviour was, however, material dependent. This new method has been
shown to be highly promising for the characterisation/monitoring of the surface of solids
under irradiation and controlled gas atmospheres. Further intensive research should be
performed in order to promote this method as a feasible in-core technology. A question was
asked regarding the changes in CPD observed during irradiation. Professor Yamawaki
explained that this is related to defect promotion. The FERMI level is also affected by
irradiation. Finally, the sensitivity of the measuring device in the severe reactor environment
was questioned. Professor Yamawaki said that irradiation effect seems to saturate after low
dose. This is also expected for neutron irradiation.
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•

Overview of the OECD Halden Reactor Project (presented by C. Vitanza, OECD Halden
Project/NEA)
This paper summarised the irradiation capabilities of the Halden reactor, especially with
regard to in-pile instrumentation for fuel and materials testing. Halden tests focus on in-core,
on-line measurements of a variety of significant fuel and materials parameters, and
Mr. Vitanza encouraged the use of in-core sensors whenever possible. The experience with
the irradiation of AGR fuel and materials was also briefly reviewed. The presentation was
concluded by recommending an international joint effort on HTGRs, possibly around the
HTTR, a formula that has given very good results at Halden.

•

Development of Heat and Radiation Resistant Optical Fibres (presented by M. Ishihara,
JAERI, Japan)
The final paper by Shikama, et al. presented the development of heat and radiation resistant
optical fibres, intended for use in the HTTR. So far the tests have separately covered the
effects of high temperature and of irradiation. The latter was investigated in the JMTR up to
800°C. The presentation also covered effects of significance in high temperature and
radiation environments. Irradiation of optical fibres for several hundred days in the JMTR
showed that different applications are possible, from temperature measurement through
thermoluminescence to fast neutron dose determination. Some fibres are useful for
applications in the visible range. Responding to a question from the floor, Mr. Ishihara
replied that the performance so far is limited to low neutron dose. It is also expected that the
performance is similar in inert gas and water environments.
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RECOMMENDATIONS

In the last session of the meeting, the chairpersons of the previous sessions summarised the key
points emerging from each session and proposed their recommendations. The floor was then open for
discussion on possible international co-operative activities within the framework of the OECD/NEA
Nuclear Science Committee (NSC). There was some concern that the activities recommended might
include areas in which duplication with the IAEA could be a problem. All suggestions were accepted,
however, with the understanding that the NEA secretariat would act as co-ordinator to avoid any
duplication of work, or to ensure that such work would be done in co-operation with the IAEA.
Thereafter the discussion continued only from a technical point of view and focused on the
international co-operation necessary to encourage further progress in the basic study of the field of
high temperature engineering. The chairpersons of the last session summed up the recommendations to
be presented to the NSC into the following six topics, which were adopted by the participants:
•

Safety/licensing criteria and guidelines for HTGR.

•

Fundamental studies on dynamic HTGR performance.

•

Basic studies on HTGR fuel fabrication and performance.

•

Basic studies on behaviour of irradiated graphite/carbon materials including their composites
under both operation and storage conditions.

•

Improvement in material properties by high temperature irradiation.

•

Development of in-core material characterisation methods.

The usefulness and success of the present meeting for further progress in the basic studies in the
field of high temperature engineering was recognised by the participants. It was recommended that a
further information exchange meeting, dealing with possible international collaboration and with some
of the above topics, should be planned for the spring of 2001, tentatively in Paris.
A proposal was also accepted by the participants to set up a group of liaison officers in order to
promote a network amongst researchers in the field of high temperature engineering and to share the
current progress in the research. The liaison officers would be the representatives of the
HTR-Technology Network (HTR-TN) for European Commission member countries. For non-European
countries, Doctors Y. Xu (China), A. Bakri (Indonesia), S. Shiozawa (Japan), Y. Sukharev (Russia),
A. Mysen (South Africa) and A. Shenoy (USA) were nominated as contact persons, and they shall be
the substitutes until the liaison officers are chosen.
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