Technical Committee meeting held in Manchester, United Kingdom,
18-20 October 1999

ro

o
o
00
CD

O

Nuclear Graphite Waste Management

Foreword
Copyright/Editorial note
Contents
Summary
List of participants
Related IAEA priced publications

I N T E R N A T I O N A L

A T O M I C

E N E R G Y

A G E N C Y

Copyright © IAEA, 2001
Published by the IAEA in Austria
May 2001
Individual papers may be downloaded for personal use; single printed copies may be
made for use in research and teaching. Redistribution or sale of any material on the
CD-ROM in machine readable or any other form is prohibited.

EDITORIAL NOTE
This publication has been prepared from the original material as submitted by the
authors. The views expressed do not necessarily reflect those of the IAEA, the
governments of the nominating Member States or the nominating organizations.
The use of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or
territories, of their authorities and institutions or of the delimitation of their
boundaries.
The mention of names of specific companies or products (whether or not indicated
as registered) does not imply any intention to infringe proprietary rights, nor should it
be construed as an endorsement or recommendation on the part of the IAEA.
The authors are responsible for having obtained the necessary permission for the
IAEA to reproduce, translate or use material from sources already protected by
copyrights.

FOREWORD
Graphite and carbon have been used as a moderator and reflector of neutrons in more
than one hundred nuclear power plants, mostly in the United Kingdom (Magnox and AGRs),
France (UNGGs), the former USSR (RBMK), the United States of America (HTR) and Spain.
In addition many experimental and plutonium production reactors also use graphite as a
neutron reflector or neutron moderator. Less frequently graphite is used for manufacturing
fuel sleeves and other reactor core components. Many graphite reactors are relatively old,
some of them have already been shut down. Therefore, dismantling, characterization and
management of radioactive graphite waste are a problem for many IAEA Member States.
Radioactive graphite management is not yet covered in IAEA publications. Only very
general and limited information is available in publications dealing with decommissioning of
nuclear reactors. Recognising this fact and reflecting the needs of Member States, the IAEA
decided to initiate a project on characterization, treatment and conditioning of radioactive
graphite from nuclear power plants. The aim is to prepare a publication dealing with all
aspects of radioactive graphite waste handling, conditioning and disposal.
The most significant scientific and technical information on the subject has been
collected in a few countries operating nuclear power reactors with graphite components in the
reactor core. Some other countries have recently been involved in an investigation of
particular problems corresponding to their specific requirements. With the aim of collecting
information available in various countries and reflecting it in a technical publication, the
IAEA, in association with the British Nuclear Energy Society (BNES), convened a Seminar
on Nuclear Graphite Waste Management. This publication contains presentations made during
the seminar as well as a summary of the participants' discussions.
The IAEA wishes to convey its thanks to the North West Branch of the British Nuclear
Energy Society for hosting the seminar and to BJ. Marsden of AEA Technology for his
principal contribution to the organization of the seminar and chairing of several principal
sessions. The responsible IAEA officer was R. Burcl of the Division of Nuclear Fuel Cycle
and Waste Technology.
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SUMMARY
At the invitation of the British Nuclear Energy Society (BNES) the IAEA convened the
seminar/workshop on nuclear graphite waste management as a part of the Technical
Committee meeting (TCM) on Characterization, Treatment and Conditioning of Radioactive
Graphite from Nuclear Power Plants. The seminar was held on 18-20 October 1999 in
Manchester, United Kingdom and was attended by more than 55 participants from 11
countries (Austria, Japan, Russia, Ukraine, France, Germany, Spain, the United Kingdom,
Lithuania, Indonesia, and the United States of America). Twenty technical papers were
presented and discussed in five sessions covering various aspects of radioactive graphite waste
management. Practical approaches to the solution of particular technical problems were
demonstrated during the technical visit to the Sellafield site on 20 October.
The seminar was followed up by a technical meeting attended by 11 participants
nominated by the Member States. Information presented at the seminar was further reviewed
and selected parts were incorporated in a draft technical document on characterization,
treatment and conditioning of radioactive graphite from nuclear power plants.

BACKGROUND
Graphite has been used as a moderator and reflector of neutrons in more than
100 nuclear power plants as well as many experimental reactors and plutonium production
reactors in various countries. Graphite is also used for fuel sleeves and other components,
which are disposed of during operation and in some cases the volume of the graphite involved
is of the same order as the core itself. Considering that the core of a typical graphite
moderated reactor may contain 2000 tonnes of graphite, the volumes involved are
considerable.
Most of the older graphite moderated reactors are already shut down and therefore
decommissioning planning and preparation represents a very serious matter. Radioactive
graphite dismantling, handling, conditioning and disposal are a common part of the
decommissioning activities.
The radioactive graphite coming from nuclear installations has different characteristics
than other radioactive waste due to its physical and chemical properties and also because of
the presence of tritium and carbon-14. Even after many years of irradiation, graphite retains
most of the good mechanical properties and is relatively insoluble and not otherwise
particularly chemically reactive. It appears therefore to fulfil most of the general requirements
for a solid radioactive waste form suitable for disposal. However, the evaluation of the
radioactivity inventory of graphite moderators and other details of graphite used in nuclear
reactors show that this graphite cannot be accepted by existing disposal sites without
particular conditioning.
Depending on the graphite source (moderator, fuel compartments details-sleeves),
various radionuclides are present — mainly tritium, 14C, but also corrosion/activation
products (57Co, 60Co; 54Mn; 59Ni, 63Ni; 22Na), fission products (134Cs, 137Cs; 90Sr; 152Eu, 154Eu,
155
Eu; 144Ce) and small amounts of uranium and transuranium elements (238Pu, 239Pu; 241Am,
243
Am).

The graphite in some of the experimental and plutonium production low temperature
reactors contains a considerable amount of stored Wigner energy. Unexpected release of
Wigner energy, mainly in the older graphite moderated reactors, particularly those built to
produce plutonium, caused several incidents, also connected sometimes with fuel failure. This
has led, in some cases, to considerable contamination of the graphite by fission products.
Potential risk connected with accumulated Wigner energy is one of the main factors which has
to be taken into account during graphite waste processing and disposal.
Different options have been studied for management of the radioactive graphite, but the
final and generally accepted solution for its conditioning and/or disposal has not been decided
yet.
Disposal options proposed are near surface repositories and also deep geological
formations. Sea disposal is no longer an acceptable option.
PURPOSE OF THE SEMINAR
The seminar covered radioactive graphite characterisation, the effect of irradiation on
graphite components, Wigner energy, radioactive graphite waste treatment, conditioning,
interim storage and long term disposal options.
The purpose of the seminar was to bring together the specialists dealing with various
aspects of radioactive graphite waste management to exchange and review information on the
decommissioning, characterization, processing and disposal of irradiated graphite from reactor
cores and other graphite waste associated with reactor operation. Twenty presentations were
made with an open discussion following each paper. Selected information will also be
reflected in a technical publication on characterization, treatment and conditioning of
radioactive graphite from nuclear power plants
SUMMARY OF PRESENTATIONS
General issues relating to radioactive graphite waste management
B. Marsden, in his introductory presentation, outlined the main technical and
technological factors applying to the management of radioactive graphite waste.
On the negative side there are:
•

The large volumes of radioactive graphite waste involved: about 60 000 tonnes in the
UK, 50 000 tonnes in the former Soviet Union, similar amounts in France and in the
USA as well as graphite waste from reactors in Spain, Italy, Japan, the Democratic
Peoples Republic of Korea and China.

•

The significant quantities of the long lived isotope Carbon-14, as well as significant
amounts of Tritium and other radionuclides contained within the graphite waste.

•

There are two main sources of graphite waste, the reactor cores themselves, and also
other graphite associated with the fuel or fuel channels that is stored in silos and other
shallow repositories. This latter waste, for a particular reactor, can amount to a similar
volume to the reactor core. Moreover, this waste is usually more contaminated, very
often by fission products and transuranium elements.

•

In some special cases, such as Windscale Pile 1 and some of the graphite waste stores in
Siberian Plutonium production reactors, immediate action is necessary to
dismantle/empty the storage facilities due to the presence of damaged fuel in the store
and/or due to the deterioration of the storage facility.
On the positive side are:

•

Graphite is an inert stable material that maintains its good mechanical properties in
adverse conditions over many years. Therefore, in many cases, the "safe storage"
concept can be used to allow the high levels of radioactivity after reactor shut down to
decay.

•

The technology exists to deal with the waste.

•

The technology used to dispose of irradiated graphite waste in a safe and efficient way is
available and need not involve a high level of technological skill.

However, the location and construction of near surface or deep geological waste
repositories requires political support that is out of the hands of the nuclear industry.
In the first paper, Wickham and Neighbour took a fresh look at the technical as well as
socio-political aspects of radioactive graphite waste management, covering both the history
that has led to the present position and possible ways forward. The paper was focused on the
various final solutions of the "graphite problem" from deep-sea disposal, through incineration
and subsequent disposal of the residual ash, to the disposal of treated graphite in a deep
geological formation. A review was given of the methods for treatment and conditioning of
radioactive graphite waste that have been considered and investigated. The public response to
proposals for deep-sea disposal, the location of near surface disposal sites and the perceived
public response that may apply to incineration, are covered. Finally, the paper puts forward the
proposal that the case for graphite processing and disposal should be looked at again from a
purely scientific basis, based on detailed risk assessment of various options.
Wigner energy
Several papers were presented covering the management of irradiated graphite waste
containing stored energy1. Whilst these papers were relating to the decommissioning of the
Windscale Piles and other graphite associated with these reactors, the methods described will
find application when considering decommissioning of BEPO at Harwell, Gl in France and
some other facilities elsewhere. The papers covered the characterisation of waste containing
stored energy, methods of annealing out stored energy, tritium releases during the annealing
process and methods of modelling the release of stored energy during packaging, within the
storage and disposal and in other circumstances.
P. Minshall described a computer model of stored energy release in graphite based on a
chemical rate equation. This model was fitted to experimental data from samples taken from
Windscale Piles 1 and 2. He demonstrated the use of the model by assessing experiments
carried out on Windscale graphite subject to various thermal cycles.

1

Stored (or Wigner) energy is potential energy caused by irradiating graphite at low irradiation temperatures. If
the temperature of irradiation is sufficiently low (below 150°C) this energy can be accidentally released in a self
sustaining reaction raising the graphite temperature to around 400°C in certain circumstances.

A paper followed this presentation (R.M. Guppy, J. McCarthy and S.J. Wisbey)
describing the use of this model for assessing the behaviour of graphite containing stored
energy in conditions of a deep geological waste repository. The purpose is to assess the
possibility of stored energy release leading to degradation of the waste form or to a reduction
in the ability of barriers and back-fill materials to control chemical conditions of the disposal
site environment. The model included heat from the host rock, radioactive decay, corrosion
processes and heat from the curing of back-fill materials. The same model has also been used
to assess the behaviour of waste packages containing graphite waste during grouting and
possible fire accidents to packages containing graphite waste during transport.
M. Wise outlined the graphite-moderated reactors, for whose decommissioning UKAEA
is responsible. These include GLEEP, BEPO, the Windscale Piles and WAGR. In addition to
the moderator of these reactors there is also graphite associated with reflectors, thermal
shields and thermal columns in DFR, DIDO, PLUTO and DMTR. The paper describes in
detail the graphite waste associated with all of these reactors and outlines possible methods of
dealing with each particular category of this waste, including the possibility of incineration for
some low level graphite waste. The problems associated with graphite dust during packaging
and the possibility of galvanic corrosion of the waste package are also described. Among all
these reactors, graphite from Windscale Pile 1 and 2 and BEPO contain significant amounts of
stored (Wigner) energy.
The methodologies and facilities required to anneal out Wigner energy were described
in two papers. The first dealt with the methods investigated to anneal the Windscale Pile
graphite. The proposal is to heat the graphite to 250°C in special ovens located near to
Windscale Pile 1. Three heating methods were investigated; convection, radiation and
induction. The induction heating was found to be the better option, due to the direct heating
into the bulk of the graphite. As most of the heat is generated in the graphite itself, the oven
and heating equipment can be quickly cooled. This allowed the desired throughput using the
minimum number of annealing ovens. Assessment has also been made into the emission of
tritium during the annealing process. Analysis showed the tritium content to be about
100 kBq/g. The annealing process described above, allows a heating time of approximately 20
minutes at around 300 to 400°C. Therefore the tritium release was measured on graphite
samples between 150 and 700°C. Below 500°C less than 1% of the total tritium content was
released mainly as tritiated water. At 700°C the release is mainly tritiated hydrogen.
Effect of irradiation on graphite components and irradiated graphite characterization
Besides the risk of stored (Wigner) energy, irradiation of graphite components in the
reactor core can cause changes of several graphite properties. Another unavoidable effect of
graphite utilization in a reactor is increased radioactivity of graphite parts. Graphite,
impurities and admissions in graphite, as well as blanket gas, are activated in a reactor core.
Graphite components are very often contaminated by fission products from damaged fuel
elements or by activated corrosion products from reactor parts.
The results of an extensive investigation of a whole channel of graphite blocks being
removed from the RBMK-1000 reactor at Leningrad NPP Unit 3 after 18 years of operation
was described in a paper of O.K. Chugunov. This is a unique undertaking for a large graphite
moderated reactor and will provide important information on the build-up of stresses and
deformations in graphite components. Measurements were made of the physical property
changes as well as the isotopic content of samples taken from these blocks. The blocks were

found to have shrunk about 2% in the axial direction and 1% in the radial direction and the
elastic modulus had increased about 40%. Investigations were made of gas release under
gamma irradiation (at a dose rate of 80 rad/s). It was shown that gas output from irradiated
graphite increased about 10-11 times. Chromatographic analyses of the gas showed the main
constituents to be H2-19%, N2-36% and CC>2-40%. Leaching tests showed that the total output
of Cs137 in solution after 90 days is about 6.4 x 103 Bq.
A paper was presented by P. Poskas from the Lithuanian Energy Institute on the thermal
strain measurements in graphite using electronic speckle pattern interferometry. This method
has been developed for surveillance of the graphite blocks during the safe storage period of
decommissioning. It uses laser light which reflects off the object surface to give an electronic
speckle pattern and is a contact-less method to make strain measurements on the reactor
components.
A very interesting paper of R. Takahashi et al. describes the relationship between
leaching of 14C and the graphite morphology. Nuclear graphite is a polycrystalline structure in
which the crystals are well formed. They investigated how the main precursor for carbon-14,
Nitrogen, was located in the graphite microstructure. The main concentration of nitrogen (and
hence 14C) is shown to be weakly located at the crystal surface. However, they showed that the
bulk of 14C located in the matrix of the graphite crystallite was quite stable and only the 14C
located on the crystallite surface could be easily released by leaching.
B. Bisplinghoff et al. reported on the radiochemical characteristics of the shut down
German AVR prototype pebble bed reactor. Two types of carbon material were used in this
reactor. Graphite blocks formed the reflector and carbon blocks (non-graphitised carbon
stock) was used as an insulation material. The method of analysing the samples for 14C, 3H
and 36C1 was described. Levels of Tritium were found to be approximately 40 MBq/g in the
carbon bricks and 2 MBq/g for graphite. Carbon-14 levels were found to be 9 MBq/g for
carbon bricks and 100 kBq/g for graphite. The carbon bricks were found to contain 5 MBq/g
of 60Co and 3 MBq/g of 55Fe, with much lower levels of these two isotopes being found in the
graphite. The reason for this is most probably due to the carbon being heat treated at a much
lower temperature than the graphite (800°C compared with ~3000°C for the graphite). In
addition the graphite may have been purified in a halogen gas at around 2400°C. This example
shows the importance of understanding and controlling the chemical composition of the
impurities in carbon insulation materials for new reactor designs.
Two papers covered the issues relating to the light water-cooled graphite moderated
plutonium production reactors in the former Soviet Union. Some of them have been subject to
fuel channel tube and fuel failures, which have released uranium and fission products into the
graphite stack. Thus the role of these events in the contamination of the entire stack is of
interest. Also of interest is how the activation of the nitrogen blanket, which surrounded the
graphite core to limit graphite oxidation, may have contributed to the contamination. Several
hundred samples from the shut down Siberian production reactors EI-2 and 1-1 have been
taken and measurements have been performed of long lived p-emitters (such as 14C and 3H),
actinides, fission products and 60Co.
Carbon-14 was found to be the dominant contributor to the graphite activity. The
distribution of this isotope was found to approximately follow the thermal neutron flux.
Within a graphite block the distribution was found to be approximately uniform. Comparisons

were made with measurements of 14C from the Hanford DR. These showed higher levels of
14
C, probably due to the use of CO2 as a blanket in the DR reactor instead of nitrogen.
Tritium in the Russian reactors was about 50 times less than in the DR reactor. This was
attributed to tritium being carried away in "wet" events by the water vapour and cover gas
during these events, which often occurred in the Russian reactors. Cobalt-60 within the
graphite blocks due to activation of impurities, or on the surface of graphite blocks due to
contamination, was found to be fairly uniform throughout the stack. Actinides were present as
surface contamination. It was proposed that a simple measurement of 137Cs should be used to
sort graphite blocks before processing.
Chorine-36, arising from activation of residual chlorine used in the graphite purification
process, represents another significant contaminant of radioactive waste graphite. This isotope
is important as it is long lived and poorly retarded by geological barriers. A paper prepared by
UK NIREX, outlined a recent extensive work programme they undertook to investigate the
impact of 36C1 on the repository design and packaging requirements. The assessments were
based on activation calculations rather than measurements due to the difficulty the latter
approach would pose. Over 458 graphite samples were measured to obtain a probability
density function for the mean chlorine concentration. Studies showed that a significant
fraction of chlorine is released from graphite during irradiation both as a precursor and
activated. As the packages will not be able to retain their integrity for a comparable time to the
half-life of 36C1 the radiological risk is based on the dilution and long return times for the
proposed repository.
Radioactive graphite dismantling, processing and disposal
The most significant number of graphite moderated reactors is intended to be
decommissioned in the United Kingdom. Windscale AGR is being dismantled to a green field
site as a UK demonstration project. However, stored energy in this reactor graphite is of no
concern due to the high irradiation temperature.
G. Holt (BNFL, Magnox Electric) gave a presentation covering the 26 Magnox reactors
in the UK. Six of these reactors are now shut down and being decommissioned. In addition
there are various graphite wastes associated with the fuel (fuel sleeves and struts). The
decommissioning of the reactors themselves is based on a safestore strategy. A maximum
period of 135 years after shutdown has been calculated for the activity to fall to a stabilised
level. After this period it is considered that there is nothing to gain from any further period of
waiting before dismantling. However, it is likely that the safe storage period will be less than
this.
Intermediate level graphite waste from the UKAEA reactors is to be disposed of in an
UK deep waste repository. However, as a repository is not available at present, graphite from
Pile 1 and its associated waste store and graphite from B41 are to be suitably packaged and
kept in an intermediate store until the deep geological waste repository becomes available.
One of the most prominent graphite decommissioning projects at present is the Tokai
Magnox power station in Japan. A paper from NUPEC described some of the developments in
graphite waste treatments directed at this project. Tokai, Japan's first power producing nuclear
power plant, was operated over a long period from 1966 to 1998. In addition to the graphite
waste in the core and reflector, there is also a large amount of graphite fuel sleeve waste in

store on the site. It is envisaged that there will be a relatively short period of safe storage, 5 to
10 years, compared to 135 years, which is the maximum storage period under consideration in
the UK. The reason for this short storage period is to make the site available for the
construction of a new nuclear power station. Assessments have been made to investigate risks
of possible combustion of graphite dust during decommissioning along with methods of dust
collection. Various methods of collecting the 14C off-gas using absorption in zeolites were
also investigated. The efficient packaging of the graphite as it is removed from the core and
investigation of cementation for packaging are of particular interest.
There are around 30 000 graphite bricks to be removed from the reactor in Tokai, in
columns 10 layers high, each brick weighing some 50 to 70 kg. To remove these bricks
efficiently M. Shirakawa et al. investigated a possibility of grasping several bricks at the same
time. The cost of disposal of the graphite will account for a considerable amount of the
decommissioning costs. Thus the importance of packing densities and the possibility of
cutting components into convenient shapes to facilitate efficient packing were discussed in
some detail.
The problems related to the cutting of irradiated graphite components were discussed
also by D. Holland et al. Thermal cutting, wet jet stream, mechanical saw, plasma, drilling and
hydraulic splitting are being evaluated as part of a research programme to deal with graphite
waste from the German nuclear industry. This project has just started and the paper covered
the initial progress.
A novel method of processing graphite waste was presented by J.B. Mason and
D. Bradbury. This methodology involved the use of pyrolysis/steam reforming followed by
off-gas control. The cleaning system is based on experience gained with similar way of
processing spent ion exchange resins. The exhaust gas could be solidified in the form of
calcium carbonate which could be used to fill voids in other radioactive waste. It was
suggested that the process could either be used to process graphite removed from the core or
even applied to gasify graphite waste within the core.
CONCLUSIONS
The recent status and perspectives of radioactive graphite management were discussed
during presentations as well as in a round table discussion among the seminar participants.
Essential results from the discussion are reflected in the following conclusions:
•

Technologies and technological knowledge are available for safe and sound
management of radioactive graphite waste. Nevertheless, existing processing
technologies are based mostly on isolation (packaging) of radioactive graphite from the
environment and they are not able to provide for a significant volume reduction.

•

Incineration is only industrial technology, which could be characterized by notable
volume reduction. Nevertheless, due to contamination of waste graphite by Carbon-14
and Tritium, incineration facilities need to be equipped by an efficient air filtration
system, generating a considerable volume of secondary radioactive waste. Another
option, tested recently at the pilot plant level, is steam reforming of graphite, using
modified technology developed originally for processing of spent ion exchange resins.

•

Considering good mechanical properties and relatively low leaching rates of
radionuclides from graphite waste, safe storage of bulk pieces of radioactive graphite

waste (moderator, reflector, etc.) represents a reasonable option to await a final decision
on graphite waste management.
A special category of radioactive graphite waste is fuel sleeves and other reactor core
components from former plutonium production reactors, often heavily contaminated by
fission products, which are stored in silos not assuring proper isolation from the
environment. Recovery, conditioning or transfer into safer storage facilities are the most
urgent problems in the United Kingdom as well as in the Russian Federation.
Radioactive graphite waste can contain stored (Wigner) energy. This fact and
corresponding measures must always be considered in the planning of each step of
graphite waste management.

THE UNCERTAIN FUTURE FOR NUCLEAR GRAPHITE DISPOSAL:
CRISIS OR OPPORTUNITY?
A.J. WICKHAM, G.B. NEIGHBOUR
Department of Materials Science and Engineering,
The University of Bath,
Bath, United Kingdom
M. DUBOURG
Societe Carbone-14 SARL,
Le Mesnil St. Denis, France
Abstract. Over the last twenty years, numerous proposals have been made for the long-term treatment of
radioactive graphite waste. These plans have ranged from sea dumping through incineration to land-based
disposal, sometimes preceded by a variable period of "safe-storage" within the original reactor containment, to
allow for the decay of shorter-lived isotopes ahead of dismantling. A number of novel chemical or physical pretreatments of the graphite, with the objective of facilitating its subsequent disposal or improving the
environmental consequences of the chosen disposal route, have also been suggested. There are patents issued on
systems for transmutation of long-lived isotopes to reduce the radiological consequences of disposal of intact
graphite, and for separation of certain isotopes such as carbon-14 from the matrix in an incineration process.
Although these far-reaching proposals are not apparently cost-effective, scope for cost-recovery does exist, i.e.,
in terms of disposal of the separated carbon-14 in cements used for immobilisation of other radioactive solid
waste materials. More recently, political and environmental factors have further complicated the issue. Nuclear
regulators are challenging the proposed length of "safe-storage" schemes on the basis that essential knowledge on
the reactor materials may be lost in the interim. International agreements such as OSPAR have effectively
eliminated the possibility for disposal at sea, whilst public opinion is strongly expressed against any expansion of
existing land-based disposal sites or the creation of new ones. As a particular example, the United Kingdom
authorities recently denied to the official body charged with the development of a deep repository the necessary
planning consents to develop an exploratory rock-structure laboratory on the most favoured site. The current
drive towards minimising or eliminating any radioactivity release to the environment has the unintended
consequence of causing the waste to be retained in interim surface storage. It appears to the authors to be an
appropriate time to review the situation closely and to consider the problem entirely on the basis of established
scientific fact and a comparative risk analysis, unfettered by the perceived political constraints to which the
nuclear operators and decommissioning organisations are necessarily subjected. This paper seeks to raise again
for scientific debate all of these possibilities for graphite disposal, without prejudice necessarily to political
constraints, in order to try to focus on genuinely the most satisfactory outcome to all concerned.

1. INTRODUCTION
Depending upon ones position and perception, it is possible to reach two opposed and
inconsistent conclusions about the readiness of the nuclear industry to deal with the
accumulating quantities of radioactive wastes. On the one hand, one may perceive national
programmes and strategies which, in the majority of nations that are addressing the problem,
appear to lead in the direction of deep land-based permanent repositories. In some cases, this
direction is the consequence of a combination of scientific study and of environmental and
political influences directed against the release of any radioactive material into the immediate
(i.e. measurable) environment. However, on the other hand, closer inspection reveals that
these strategies have serious logical flaws. In the United Kingdom (UK) and in France, for
example, no such deep repository exists and there are no approved plans for the construction
of such a repository. Indeed, taking the UK as an example, successive Governments have first
signed up to a moratorium on sea dumping, established an agency (NIREX UK) to facilitate

the design and construction of a deep waste repository, set up public enquiries for a number of
potential sites, accepted the recommendation to place the site adjacent to the existing
Sellafield nuclear complex in West Cumbria and then, in March 1997, endorsed the refusal of
the local planning authorities to allow construction even of a rock structure laboratory on the
chosen site, let alone a repository. Consequently, the UK has no national disposal facilities for
intermediate or high level wastes, and the problem that the life of existing surface stores and
packaging is unlikely to exceed 100 years. Commenting on the decision to refuse permission
for a rock laboratory, Professor Blowers of the Open University in the UK said:

"British Policy is to ensure that radioactive wastes are not created unnecessarily and
are safely disposed of at appropriate times and in appropriate ways. With no disposal
solution in sight, the only sensible solution is to stop more waste accumulating.
Logically this means stopping reprocessing - which is the biggest waste creator - and
ultimately the entire industry. Looked at this way, the loss of the NIREX repository may
turn out to be the point of no return for Britain's nuclear industry".

At a late stage in this sorry sequence of events, the UK Government also became a
signatory to the OSPAR agreement1 which effectively commits the UK nuclear industry to
work quickly towards a zero-release philosophy, thereby leaving the UK with no long-term
storage facility, no other politically-acceptable options, a need to recommence the selection
process several steps back down the chain of technical investigation and public consultation, a
delay of at least 1 0 - 1 5 years in the provision of a disposal facility, and an accumulating
mountain of radioactive waste in supervised surface storage. Rather similar situations exist in
other European countries.
A further consequence of driving towards one particular disposal goal has been the
commitment of very large investment resources aimed at developing and refining subprocesses such as waste immobilisation, specific storage container designs and handling
procedures. It has been suggested that some $600 million worth of UK research towards deeprepository disposal is in grave danger of being lost. In consequence, there is an understandable
reluctance on the part of the nuclear operators and industry to take a wider view of the
options, which is seen as an unacceptable step backwards and economically unsustainable.
This position has been reflected in the planning of funding options under the European Union
Fifth Framework Programme Euratom programme, in which waste-management proposals are
clearly requested to be based upon a deep repository solution. There are, however, some
indications that public opinion may effect a change in philosophy towards supervised surface
storage or shallow burial, which would give some reassurance that the condition of the
material remains monitored and would also make available the possibility of future transfers
to more acceptable permanent disposal solutions.
At a time when many other nations are returning to consideration of the graphitemoderated reactor technology in various forms of the high-temperature reactor, including a
conceptual design which will utilise the large stockpiles of weapons-grade plutonium and
render them relatively innocuous, these apparently short-sighted decisions could destroy any
possibility of the UK participating in the inevitable expansion of nuclear activity in the 21st
century.
1
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This paper seeks to take a deliberately "politically incorrect" stance in seeking to reexplore all available options and to challenge the received arguments where this can, in the
opinion of the authors, be justified. However, this review is related solely to the issue of
graphite waste materials, and it is accepted that such a wider view may well be inappropriate
for other materials. However, as will be discussed, the volume of graphite already existing is
large and is set to become very much larger. We seek to take account of scientific and
technical evidence, and to attempt to compare the different means of disposal. We also
examine the options to reduce and minimise graphite waste volumes in the event that
repository disposal does remain the selected option. In order to complete this task without
bias, we consider it appropriate here to ignore specific national and international agreements
such as OSPAR, concentrating entirely on our individual interpretation of the available facts.
If, in the end, the scientific community could agree that alternative national strategies are
desirable, then it may be hoped that Government agencies nationally and internationally may
be persuaded to take a more flexible approach to the disposal issues. It is for this reason that
we consider that the present chaotic situation for disposal of radioactive wastes, and of
graphite wastes in particular, should not be seen so much as a crisis but as an opportunity for
lateral thinking and for international rationalisation to graphite disposal. The views expressed
in this paper are the personal opinions of the authors and should not be regarded as the policy
of specific institutions or national agencies.
2. SOURCES OF IRRADIATED GRAPHITE
The majority of the material identified for eventual disposal represents the moderators
and reflectors of development, production, and commercial power-producing reactors from
national programmes. In the UK, this represents two small experimental piles (GLEEP and
BEPO), small test reactors with graphite reflectors {e.g. DMTR, PLUTO and DIDO), two
production reactors (one of which presents unique problems because of the occurrence of a
core fire and both of which contain large quantities of stored "Wigner" energy), 26 Magnox
reactors whose content of graphite ranges up to over 3000 tonnes in the largest example, a
prototype AGR, 14 commercial AGRs (around 2000 tonnes of graphite each) and a prototype
HTR (the international "Dragon" project). In France, there were three major experimental /
production plant and subsequently Magnox reactors at Chinon, Saint Laurent-des-Eaux,
Bugey and Vandellos (located in Spain). In addition, the countries of the former Soviet Union
present another major potential source of irradiated graphite, with a total of 13 graphitemoderated production reactors, experimental reactor designs at Bilibino (four reactors) and
Beloyarskaya (two reactors), and 18 RBMK plant (including the ill-fated Chernobyl Unit 4).
More graphite reactors exist also in the USA (production reactors for which no coherent
disposal plan appears to exist other than a long period of further storage and subsequent
removal of the entire reactors from the flood plain of the Colorado river, and HTRs, one of the
latter being fully dismantled), Japan and Italy (Magnox designs), Germany, China and a
number of Eastern European and Asian countries.
High-temperature reactor technology is re-emerging with current international
development of designs for burning weapons-grade plutonium and the South African
development of the Pebble Bed Modular Reactor concept for which the development company
has recently predicted a world-wide market of over 350 units. All HTR designs would use a
graphite reflector and either graphite composite fuel or fuel pebbles, thereby contributing
significantly to the total quantity of irradiated graphite eventually requiring disposal. New
development reactors for each of these fuelling concepts are currently under construction, in
Japan and China respectively [1]. A major difference between these new or planned reactors

and those constructed in earlier times is that nuclear regulators now generally require reactor
builders and operators to prepare a decommissioning plan ahead of being granted an operating
licence.
In addition to the moderator/reflector material there is fuel-sleeve graphite, employed in
many graphite-moderated reactor designs. In some cases, the mass / volume of the sleeve
graphite accumulated over the operating lifetime of a reactor can match or even exceed that of
the moderator and reflector. Numerous reactors also generate minor graphite components such
as fuel braces, slats etc. Finally, the graphite waste output of the nuclear weapons programmes
must not be overlooked. This consists primarily of rather uncertain quantities of contaminated
graphite moulds.

3. PRE-DISPOSAL STRATEGIES AND CONSIDERATIONS
For the commercial reactors (Magnox and AGR), the present UK philosophy is to delay
full dismantling (IAEA designated "Stage 3") until a period of around 135 years has elapsed,
on the basis that many isotopes will have decayed and the task will therefore be much simpler
in respect of the remote techniques needed and much improved in terms of operator doses.
However, in the UK, the prototype AGR is being dismantled immediately in order to gain
specific experience about the task, whilst the damaged production pile is also to be dismantled
shortly, albeit with special precautions because of the presence of Wigner energy and
dispersed fuel residues. France has a similar philosophy to the UK, but the period of delay is
only 50 years and Italy contemplates 40 years for the Latina Magnox reactor. Consequently,
there are various reactor sites which have reached the IAEA designations of "Stage 1"
(defuelling) and "Stage 2" (dismantling of structures peripheral to the reactor core). In
addition, there are also other graphite residues, such as fuel-sleeve material, that are presently
held in silos or storage vaults, and in some cases these materials may have been subjected to
limited moisture ingress or be admixed with other material.
It is becoming increasingly clear that nuclear regulatory authorities are becoming uneasy
about long delays, especially in the UK, on the basis that personnel with experience and
detailed knowledge of the particular reactor designs will not be available when the
dismantling task is finally undertaken. This is in accord with public opinion which regards the
"safe-storage" period as leaving today's problems for future generations to resolve. Indeed,
recent discussions at decommissioning conferences suggest that the regulators may seek to
take advantage of the apparently differing views on the desirable length of safe-storage in
order to challenge the basic philosophy.
In some instances, the retrieval of graphite from the reactor cores is going to be
particularly challenging. For example, in a number of Russian reactors the consequences of
fuel failures and other incidents have led to a high degree of contamination [2]. Therefore, in
these particular cases, it has been decided to immobilise radioactivity in situ by introducing
concrete and/or epoxy and acrylic-based sealants directly into the core, together with the
installation of additional sealing through welded steel plates. Part of the argument for these
actions arises from the construction style of these reactors, in which the vessels lie below
ground and are therefore particularly subject to the possibility of groundwater leaching.

4. OPTIONS FOR GRAPHITE DISPOSAL
We turn now to the range of options for the disposal of irradiated graphite. These
represent:
(i) permanent removal from the "environment" as solid graphite;
(ii) destruction, e.g. incineration; and,
(iii) re-cycling.
Within (ii) and (iii) we also comment upon a number of innovative techniques which
have been proposed in the literature, including isotopic transmutation. In these considerations,
it is assumed that the physical, mechanical and chemical properties of the graphite at the time
of disposal will be little changed from those applicable when the reactors have been shut
down. It is considered that the periods of safe-storage, where they apply, do not materially
affect these properties [3]. Pre-treatments, where they may have beneficial effects, are
considered in the context of the final disposal routes.

4.1. Disposal as solid graphite
4.1.1. Land disposal
Within this category there are a number of recognised distinctions between repository
sites - e.g. whether located within a large land mass or in a coastal environment - which will
give rise to different potential for the release of radioactive material. Such distinctions are
beyond the scope of the present paper, which is confined to a general description of the
principal issues relating to repositories.
Containment
Whatever delay has taken place prior to reactor dismantling and disposal, long-lived
radioisotopes capable of re-entering the environment will remain associated with the graphite.
It is therefore a pre-requisite for land disposal that external containment will be required for
the graphite. The containment will provide a barrier to the release of activity during handling,
transport to a disposal site, storage and usually for some lengthy period after disposal.
An initial stage of the packaging process is to immobilise the radioactivity within the
graphite itself. One feature of this stage, which does not seem to have found general favour so
far, would be to remove tritium by heating the graphite, although this technique is already a
commonplace activity in treating reactor-circuit steels {e.g. at the Berkeley reactor site in the
UK). Once the tritium has been removed from these steel components, it is generally
acceptable for free release and recycling. The isotopes released are collected in concentrated
form and handled separately. In the case of graphite, this would reduce by orders of magnitude
the subsequent risk which tritium would present to the environment during storage in the
shorter term. Radio-frequency heating would be a suitable method for this process [4, 5].
Heating also has the benefit of releasing such accumulated Wigner energy as might be
released during the temperature cycles encountered during cementation (for immobilisation)
and deep-repository storage. Wigner release has become an issue in the treatment of graphite
from the Windscale production pile, which operated with some graphite at a temperature as

low as 50°C. Since release at a measurable rate is generally possible once a temperature 50 60 K above the irradiation temperature has been reached, this clearly presents a potential risk
in the grouting process. For the majority of commercial graphite-moderated reactors, however,
there is no problem from Wigner release because the initial irradiation temperatures were
much higher. Although the lower portions of Magnox reactor cores do contain some Wigner
energy, it is not present to an extent where an uncontrolled "runaway" release would be
possible under adiabatic conditions, and does not present a hazard during graphite disposal.
Estimating the heat-production rate from Wigner energy at the very low release rates present
under grouting conditions for the low-temperature-irradiated graphites is possible with
reasonable accuracy by analysing the experimental release curves at higher temperatures on
the basis of the variable activation-energy model. These data may then be fed into a full
thermal hydraulics calculation for the complete storage containment and environment [6].
Coating of individual graphite components with appropriate barriers to radioactive
transport has also been considered, although this operation is not at present a routine feature
of graphite-handling processes. Early experiments within the UK industry to produce
complete silica coatings on graphite blocks (from silane / CO2 mixtures), intended as a means
of eliminating the problem of radiolytic graphite oxidation in CC>2-cooled reactors, were not
very successful on massive and irregularly shaped components. Investigations have also been
made of the deposition of boron coatings [7]; Ref. [8] offers potentially useful data on other
types of coating. In addition, the Spanish nuclear industry has considered the electrolytic
deposition of metallic coatings in the treatment of fuel-sleeve material [9], and the French
industry has devoted a considerable research effort to the investigation of epoxy and bitumentype sealants, but employing impregnation rather than simple coating technology [10, 11]. In
the latter case, significant reductions in the leaching rates of isotopes were found, and there
was an additional benefit of some increase in strength within the graphite components.
Whilst all of these possible processes remain available to improve the ability of the
graphite components to withstand leaching of radioactive material, the principal route chosen
at present for immobilisation ahead of land storage remains the cementation route, either
utilising Portland cement admixed with blast-furnace slag or incorporating some organic
epoxy-based component to improve flow, penetration, plasticity and subsequent strength. Ref.
[12] makes a comprehensive assessment of the radiological consequences of Magnox-reactor
graphite disposal through a deep repository and finds that doses arising from activity transport
by groundwater will be dominated by 14C and 36C1, the latter locally and the former globally.
In the case of a shallow repository account must also be taken of the local radiation dose from
60
Co, 154Eu and 108mAg, at least in the shorter term. In a coastal environment, fish ingestion
may result in local transportation of the 108mAg to a wider area.
We do not discuss in this paper any other relative merits (largely political and
environmental) of deep-repository storage versus supervised surface or sub-surface storage.
The detailed design of steel storage boxes, both for interim supervised surface storage and for
ultimate deep-repository disposal, is also discussed elsewhere [12, 13].
Minimisation of volume
A major issue associated with permanent radioactive waste storage is cost, and any
methodology whereby the volume of material to be handled and stored could be reduced
would represent considerable savings. Unfortunately, graphite is already a rather dense
material and so the scope for physical volume reduction is limited, although some judicious

cutting and packing of core components will result in a small improvement in storage volume
utilisation. Simple grinding is unlikely to result in any volume reduction and could even result
in a small increase. Hitachi have patented a more complex process involving conversion to
uranium carbide followed by reduction in steam to give a dense powder which it is claimed is
compactible without significant release of radioactive material [14].
A more potentially useful interpretation of "volume reduction" would be a methodology
which achieves separation of the bulk of the radioactive content of the graphite from the
remainder which could then be disposed of by other means, leaving a smaller volume of waste
with a higher classification. Of course, any such additional handling activity must be
associated with a corresponding increase in the risk of release of active material to the
environment, but it may well be that, even when the additional processing costs are taken into
account, there is a net saving overall when the long-term storage cost and the diminished risk
of subsequent radioactive releases from the storage facility (both based upon a greatly reduced
volume of material) are taken into account. Generally, such a process will involve combustion
of the graphite with appropriate additional measures to recover relevant isotopes, and this
topic is therefore covered later on with "incineration".

Relevant arguments for review of land disposal option
•
•
•

•
•

•
•
•
•

Public opposition to any local repository site.
Public opinion turning in favour of supervised shallow or surface storage, with
consequent on-going personnel costs.
Public perception of "handing on the problem to future generations to deal with",
especially with a history of accidents at land-based nuclear sites {e.g. Windscale fire,
Chelyabinsk criticality explosion, Chernobyl accident etc.) leading to widespread
contamination.
Need to "guarantee" seismic stability - difficult in UK and France although not a highrisk area for major earthquakes.
Ground-water analysis from point of view of corrosion and leaching and, especially in
UK, coastal proximity means that the possibility of long-term leaching into seawater
needs to be considered.
Time to achieve acceptability and to construct site(s) is not compatible with present
requirements for disposal.
High cost of construction.
High volumes of graphite waste if not pre-treated or separated.
Long-term environmental risk remains (thousands of years) because material is not truly
"removed" from the environment.

4.1.2. Sea disposal
As previously noted, we choose to disregard here all political and perceived
environmental arguments upon which the present moratorium on sea dumping is based, on the
basis that an overall evaluation of relative benefits and risk associated with all forms of
graphite waste disposal has yet to be made. It is perhaps very unfortunate that sea dumping of
radioactive material has attracted such a bad press as a result of historical dumping adjacent to
the shores of both the dumping nation and neighbouring countries {e.g. Russian submarine
reactors at the Kola peninsula, inshore discharges from industrial sites such as Sellafield (UK)

and Cap de la Hague (France)); such activities will undoubtedly make any change of policy
extremely difficult to achieve, however convincing the technical arguments might become.
It is useful to recall that sea dumping was considered for many years to be the most
acceptable disposal route for general low-level and intermediate-level radioactive wastes by
the OECD countries, and that a major European study (reporting in 1985 at a time when sea
disposal was the preferred route for the UK) found that it compared very favourably with
land-based disposal options, particularly in regard to individual and collective doses [12]. The
essential requirement for sea dumping is that any leaching of radioactive materials which may
eventually occur from the containers cannot reach any coastal water area at a significant
concentration above background radiation. It follows from this that dumping should take place
in the remotest possible locations, in international waters, and therefore with international
agreement. It appears probable now that only an agreed position on this via the IAEA would
have any chance of facilitating such a route. A further point is that it would be desirable to
achieve the dumping in a deep trench location, giving maximum effect to the many orders of
magnitude dilution that would take place before any approach of released activity to a
shoreline. Finally, a further desirable location would be at a subduction zone between tectonic
plates, perhaps eventually taking down the material into the Earth's crust where it would be an
insignificant addition to the natural radioactive burden of the mantle. Ref. [12] offers
calculations of the collective dose commitment arising from marine release pathways (without
this final subduction zone condition) and finds them to be dominated by 14C (half-life 5760
years) with some contribution later from the exceedingly long-lived 36C1 (half life 308,000
years). In short time scales (up to 100 years), the collective dose commitment is larger than
that for deep geological disposal, for sea dumping relatively close to land, but they become
comparable at longer times. It is also worthy of note that the containment requirements for sea
dumping are somewhat different from land disposal in that the shielding requirements are
greater for the transportation stage of the process compared with the final dumping. This
offers the possibility of reusable containers for transportation, and consequent cost savings.
Similar principles of waste stabilisation - elimination of void volumes, cementation etc. would be required within the dumped containers as for repository disposal.
Relevant arguments for review of sea disposal option
•
•
•
•
•
•
•
•

High probability of breach in outer containment in short time due to salt-water
corrosion.
International agreement required to facilitate dumping in suitably remote regions of the
oceans.
Consequent leaching much less significant than leaching in land-based repository.
Possibility of complete removal from inhabited surface if subduction zone chosen:
otherwise long-term environmental risk may remain but remote from human population.
Widespread public opposition.
No requirement for permanent land-based facilities, leading to considerable cost
savings.
Waste volume relatively unimportant.
Disposal can commence immediately after facility for filling containers is established.

4.2. Destructive permanent disposal
4.2.1. Incineration
Disposal of nuclear graphite by burning in order to avoid the long-term complications of
land burial or sea dumping raises a number of technical difficulties:
(i)
(ii)

it is unpractical to burn bulk graphite in a conventional furnace;
burning gives rise to release of radioactive gases and particulates, which are dominated
by 14C, 36C1 and residual 3H; and
(iii) residual ashes, in which other isotopes such as 60Co will be concentrated, remains to be
disposed of by other methods, although clearly a large volume reduction ensues.
The first of these issues has been addressed by research in Germany, at Westinghouse
Idaho in connection with HTR fuel compacts, and by extensive research and industrial pilotplant experimentation in France which has resulted in two candidate processes: fluidised-bed
incineration and laser incineration. The first of these is the more efficient process and has
been developed to the demonstration phase [15] whereas the second, albeit a rather slow
process, has the merit that non-graphitic material need not first be separated from the graphite
[16].
In a general overview of available technologies it is important to consider alternative
combustion methods, and a number of innovative techniques have been suggested.
Westinghouse Idaho have a process [17] involving radio-frequency heating in an inert
atmosphere followed by the introduction of a thermal lance providing an oxygen supply.
Ukrainian workers have developed a proposal for increasing the reactivity to air of graphite by
exfoliation of the crystal structure through the medium of small quantities of fuming acids
[18]. Enhancement of oxidation rate by factors of between 4 and 27 are reported.
In Europe, the incineration issue is dominated by concern about the quantities of 14C
which are potentially released to the environment. This is in marked contrast to the apparent
lack of concern about this voiced in the USA {e.g. [17]), where the arguments are based on
comparisons with the quantities released into the environment from atomic bomb tests and
through cosmic-ray bombardment of atmospheric nitrogen. One could add also the
combustion of billions of tons of fossil fuels into this argument. It should also be noted, in the
context of the Kyoto agreement2 on climate change, it is likely that concerns would also be
raised in consideration of the quantities of CO2 to be released by a full incineration
programme, although the total would be tiny in comparison to the quantities released by
world-wide fossil-fuel burning. During a previous IAEA Specialists Meeting in 1995, W.
Morgan (Pacific Northwest National Laboratory, USA, personal communication) considered
that the effective half-life of incineration 14C emissions was around 35 years if the dissolution
into oceans followed by the formation of carbonate sediments was considered as a removal
process from the habitable environment. The radiological consequences of 14C release are
covered in detail in another paper to this meeting [19] and we shall therefore note here only
one other relevant analysis. Nair [20] developed a model for the consequences of combustion
of the graphite from all UK Magnox reactors, taking into consideration the fate of the releases
in terms of the removal through dissolution in the oceans and the balance within the
troposphere (including phytomass [forest grassland growth and decay], projections on the
2
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burning of fossil fuels, cosmic ray bombardment and weapons testing). The staged burning of
these Magnox cores resulted in a peak incremental dose to the individual of about 10"2 jaSv.y"1
followed by an exponential decay over about 50 years to 10"3 jaSv.y"1. This is to be compared
with an individual dose of 10-14 jaSv.y"1 from the 14C produced directly from cosmic-ray
activity.
There are thus two approaches to dealing with the 14C issue - design incineration
equipment to retain it, or convince the regulatory authorities of the merits of a small
controlled and probably inconsequential release (compared with natural background) which
then completes the disposal operation and leaves no "legacy" of risk for the future. There have
been a number of developments aimed at retention of the majority of the radioactivity during
in graphite incineration. Ref. [21] describes a closed-chamber incineration device coupled
with a molten-carbonate fuel cell, designed to oxidise whole graphite blocks individually at
1273K in a refractory-lined steel cell heated with molybdenum silicide heaters. It is
considered that the exit gases, consisting primarily of O2 and CO2, would be at near-optimum
proportions for transport through the cell whilst anionic isotopes would be suppressed by the
polarity of the cell. A methodology which concerns itself with the principal isotope 14C is
suggested by a Canadian patented process designed to remove the isotope from spent ionexchange resins from CANDU reactors [22] by isotope exchange with supercritical CO2. It is
suggested that the off gases from incineration would be passed through a suitable processor in
which the CO2 is reduced to CO, followed by fractionation to recover the 14CO which could
be re-used either as 14CO or as 14CC>2 for commercial purposes, or converted to carbonate
residues for disposal with a small fraction of the original graphite mass. Although this process
has not been fully developed, and would require large energy inputs to operate the chilling /
heating cycles required, a lateral approach like this may be found to be necessary to overcome
the existing disposal problems.
Relevant arguments for review of incineration processes
•
•
•
•
•
•

Major political / environmental concerns about release of 14C despite favourable
comparisons with the natural production rate.
Similar concerns about CO2 release and "greenhouse" effect.
Technology to trap 14C capable of development but probably expensive.
Effective half-life of 14C in the environment may be much shorter than the actual halflife.
Location of incineration plant may be controversial.
Only small residues (ash) remain for long-term disposal, minimising costs and future
risks.

4.3. Novel approaches
In reviewing objectively the overall options for disposal, it is important to take account
of innovative solutions. Russia, in particular, has seriously proposed the option of re-cycling
the graphite as an industrial material under controlled conditions, following heat treatment to
remove tritium. Incorporation of the material in new generations of reactors has even been
suggested, but this is an impractical option when one considers the extant irradiation damage
and, for graphite derived from air-cooled or CO2-cooled reactors, the reduction in density
arising from radiolytic oxidation. However, this would not be the case if the irradiated
material were used as a component in the production of new graphite explicitly intended for
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further nuclear use in the fission or fusion programmes - e.g. as first-wall materials in fusion
reactors, or as fuel sleeves or components of fuel pebbles / particles for high-temperature
fission reactors. Although radiation from 60Co in graphite is a problem in waste for only a
relatively short period (in comparison with overall storage periods), Haag [23] has suggested a
treatment based on carbide production but this has not been demonstrated yet. BNFL pic in
the UK are known to have conducted research into electrochemical disintegration of graphite,
leading to the possibility of enhanced oxidation characteristics but also of the possibility of
compaction by the elimination of porosity. Even more innovative is the work of Trenergy Inc.
in Utah, USA, towards transmutation of radioactive isotopes into non-active isotopes by
employing high-energy charge clusters. The processes claimed have associations with the
controversial subject of "cold fusion" and would require significant independent evaluation
before they can be considered as a credible option. Papers have been published on the
transmutation of some heavy isotopes such as thorium (e.g. [24]). In private correspondence
with one of us (AJW) on the specific problems associated with graphite treatments, H. Fox,
president of Trenergy, has claimed:
"... we believe that, with proper parameter selection (yet to be determined) the process
would reduce the 14C to stable elements (sic) ".
5. RISK AND SOCIO-ECONOMIC FACTORS
The thesis of this paper is that it is appropriate to evaluate the matter of irradiated
graphite disposal entirely objectively, on scientific grounds alone, and then to seek to
convince politicians and the public of the wisdom of such a decision. To do this, one needs to
re-examine all of the issues relating to potential disposal routes and also to any innovative
techniques available or soon to be available, without pre-conceptions. Ideally, such an
exercise would be an international activity, perhaps under the auspices of an organisation such
as the IAEA. Such an exercise has not yet been undertaken, at least since the European study
of Ref. [12] in 1985 on graphite waste from Magnox reactors which concluded that a number
of alternative options were all technically feasible and had sensible "objective" risks attached.
However, it is entirely possible that a new and more widely-ranging "objective" study will not
be contemplated, because it has become increasingly necessary to involve the public
perception of science and scientists in any equation relating to the choice of a controversial
process or activity whether this public perception is justified or not.
For any new reactors, such as the various HTR projects now being evaluated around the
world, it is necessary to go further. Ref. [25] discusses the need to evaluate the entire life
cycle of such a system in terms of environmental account - input and output - to reach an
objective conclusion. In France, this methodology has been employed to assess a number of
nuclear activities including a comparative study of the environmental impacts of nuclear and
coal electricity generation, and in assessing alternative fuel cycle and processing options
relating to the use of mixed oxide fuel. It should, be possible to employ similar methodology
to assess the alternative fates for irradiated graphite, although it will be necessary to agree the
extent of risk factors to very long times in the future for burial options.
Turning to the present situation, the current drive towards minimising or eliminating any
radioactivity release to the environment has the unintended consequence of retaining the
material in interim surface storage. In fact, this drive arises in part from the need to satisfy the
public concerns over disposal of nuclear wastes; the public appear not to tolerate any risk
from disposal of nuclear wastes. In line with this trend, a typical approach to risk has been to
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compare different activities according to their estimated risks normalised to a common unit,
e.g. deaths/year of exposure (using a linear model). Over recent years concepts such as
BATNEEC3, BPEO4, ALARA5 and ALARP6 have reinforced the duty on operators to
minimise the radiological exposure to the human population and has in fact placed pressure on
the nuclear industry to find and use the best technical judgements, plant and expertise
available at a high financial cost. The irony is that, at least in radioactive waste disposal, this
may not be what the general public wants.
Wynne [26], in the context of levels of radioactive discharges from the UK fuel
reprocessing site at Sellafield, reports that, in the evaluation of risk estimates and costs of the
available technologies to control the discharges, the implicit value of one human life as
employed in the calculations was ~$38 million (at 1990 levels) which is an irrationally high
level of investment for little social benefit, e.g. it is comparable to the cost of a new hospital.
It is clear that the demands of the public in regard to nuclear-related industries are extremely
high. Therefore, the inference can be drawn that the desire to achieve the ultimate minimum
risk, from using a single measure of performance such as deaths/year of exposure, will not
satisfy the general public. To convince the general public of an acceptable solution to graphite
disposal, some change of social attitudes is required: i.e. it is necessary to establish a tolerable
risk under certain socially acceptable conditions. For example, as Wynne comments:
" ...in order for mining to exist at all as an institution, miners have to be able to trust
that if ever they are trapped alive, a rescue will be attempted. "
Such public trust of the procedures in the nuclear industry is currently absent. Ref. [27]
provides a rationally argued discussion of relative risks in the nuclear industry, drawing useful
comparisons with the risks of other types of industrial and community activity, including the
risk of death "from the UK nuclear industry" which includes the disposal of waste (1 in
40,000,000) to that from all natural causes at age 40 (1 in 850) and from smoking (1 in 200).
The public do not perceive extremely hazardous activities as in any way "risky" if they are
familiar - like driving their cars on crowded roads. The inhabitants of San Francisco accept an
evens chance of a devastating earthquake within the next 30 years with relative equanimity.
The problem with public perception of nuclear matters is, in part, their unfamiliarity, and
politicians have reacted more to the emotional arguments rather than attempting serious
debate on such issues. There is clearly an increasing tendency in Government to apply to the
nuclear industry controls which are far more stringent than those applied to ostensibly nonnuclear industries which also operate with release of radioactive materials - for example, the
release of mining tailings to watercourses, and fossil-fuel burners releasing without control far
greater quantities of 14C than can acceptably be released from any nuclear installation. It is
difficult to understand how it can be acceptable to erect a new fossil-fired industrial power
plant immediately outside the boundary fence of the controlled area of the Sellafield nuclear
site in the UK because to erect it inside would increase the radioactive emissions of the site
beyond the authorised limits. This issue of the nuclear industry having an "unlevel playing
field" regarding such emissions excited lengthy debate at the 1998 International Conference
on Nuclear Decommissioning in London [28].
3

Best Available Techniques Not Entailing Excessive Cost
Best Practical Environmental Option - the options which, in the context of releases from a prescribed process,
provides the most benefit and/or least damage to the environment as a whole, at acceptable cost, in the long term
as well as in the short term.
5
Doses As Low As Reasonably Achievable
6
Doses As Low As Reasonably Practical
4
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The public perception and mistrust of many options has a strong political importance
which has frustrated the decision-making process. Public education has generally failed to
reduce the level of "subjective" risk felt by the general public because an approach based on
minimum risk is often taken. Essentially, the industry has failed to understand the subjective
risk felt by the general public and change its education policy accordingly. If we consider what
subjective risk that affects public perception is, then we can include the following attributes:
•
•
•
•
•
•
•

Reversibility or irreversibility.
Concentration of equal overall harm in single catastrophic events or dispersion in
many small ones.
Whether harm was immediate or delayed.
Whether anonymous or known victims were involved.
The familiarity of the risk or the processes involved.
Whether there was uncertainty and disagreement about the risks.
How equitable or not was the social distribution of the risk.

It is clear that single measures of risk ignore many of these attributes and also the
sociological aspects experienced by the public. The final decision in the disposal of nuclear
wastes, and in particular irradiated graphite, most likely will have to consider "public
concern" and indeed integrate such attributes into the formal risk-cost decision making
process. To illustrate the importance of these factors we can use a recent example from the
UK. The UK Centre for Economic and Environmental Development (UK CEED) convened a
meeting in late May 1999 to discuss the options for disposal of radioactive wastes. The
meeting consisted of a 15 strong panel of members of the public who were able to question
experts. The panel of lay people then assessed the responses, discussed the issues raised, and
reported its conclusions at a press conference. Their central conclusions were as follows:
•
•
•
•
•

Radioactive waste must be removed from the surface and stored underground, but must
be monitored and retrievable.
Cost cannot be an issue.
Leave options open for future solutions.
Recommendation for a national storage site.
Research and development must be continued on a much larger scale and international
co-operation should be encouraged.

Interestingly, a report by HM Department of the Environment in the UK [29] concluded,
by undertaking a multi-attribute decision analysis, that for every type of LLW/ILW waste,
several storage and disposal options are practical and would comply with safety limits. It
further concluded that, of these, long term storage is least attractive on economic and
radiological grounds. It could only be considered attractive if an ability to retrieve wastes
easily was an overriding concern, and the reversibility of disposal options was considered
inadequate. The conclusions reached at the recent UK CEED meeting suggest that this is what
the general public wants.

6. CONCLUSIONS
The authors consider that, despite the current application of various national legislation
and international agreements, it would be timely to review all options for disposal of
irradiated graphite waste from a purely objective scientific viewpoint, unfettered by these pre-

13

conditions, with a view to making a technical case to Government agencies and to the public
for a change of policy should this be deemed necessary. This may include a rationalisation of
controls on radioactive discharges within and without the nuclear industry, to avoid undue
restrictions being placed upon the industry. Ideally this position will be reached with
international participation and consensus. However, socio-economic and political pressures
are recognised as very powerful in this area, despite the irrationally high costs associated with
palliative procedures compared with the true risks involved. Given that all present options
satisfy current safety limits, the need to minimise the objective risk is found to be a minor
need in comparison to the public's want of demonstrable control, responsiveness and ability to
reverse/change the disposal options in the future if circumstances dictate the need to do so.
Essentially, the choice of a final disposal option for graphite waste must optimise the
beneficial attributes of subjective risk experienced by the general public coupled with a
revised public education strategy to reflect the comparative risks of all options.
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Abstract. Plans to dismantle the core of the Windscale Pile 1 reactor, and to package the waste for
interim storage and eventual disposal, are well advanced. UK Nirex Limited, currently responsible for identifying
and developing a site primarily for disposal of the wide range of intermediate level wastes, is addressing the
suitability of the waste from Windscale Pile 1, for transport to, and disposal at, a deep waste repository.
To support the decommissioning of Windscale Pile 1, information on the condition of the graphite has
been sought. Despite the fire in 1957, recent sampling of regions of the core has shown that much of the graphite
still contains significant residual Wigner energy. Unless it can be shown that Wigner energy will not be released
at a significant rate during operations such as waste packaging or handling of the package, or after disposal,
future safety cases may be undermined.
A model for the release of Wigner energy has been developed, which describes the stored energy as a set
of defects with different activation energies. Initial values of stored energy are attributed to each member of the
set, and the energy is released using first order decay processes. By appropriate selection of the range of
activation energies and stored energies attributable to each population of defects, experimentally determined
releases of stored energy as a function of temperature can be reproduced by the model.
Within the disposal environment, the packages will be subject to modest heating from external sources,
including the host rocks, radioactive decay, corrosion processes and heat from curing of backfill materials in the
disposal vaults. The Wigner energy release model has been used in combination with finite element thermal
modelling to assess the temperature evolution of stacks of waste packages located within hypothetical disposal
vaults. It has also been used to assess the response of individual waste packages exposed to fires.
This paper provides a summary of the issues raised by Wigner energy and a description of key points from
the work undertaken by Nirex to model the release of residual stored energy from packaged irradiated graphite
from the Windscale Piles.

1. INTRODUCTION
United Kingdom Nirex Ltd (Nirex) has been established by the nuclear industry with the
task of developing a deep waste repository (DWR) for disposal of solid intermediate and lowlevel radioactive wastes (ILW and LLW). Nirex is pursuing conceptual designs for a
repository, and is working with customers to ensure that the radioactive wastes are
conditioned and packaged in a manner that will enable them to be safely and economically
transported and disposed of, following a period of interim storage.
In advance of repository availability, waste producers have developed, or are developing,
packaging concepts. Nirex provides advice to customers on packaging concepts to confirm
that the packages will meet the requirements currently foreseen as being necessary for
transport and disposal. Where appropriate, Nirex provides endorsement of the specific
packaging plans by issue to the customer of a 'Letter of Comfort'.

The Windscale Piles 1 and 2, operated between 1950 and 1957, are constructed from
layers of graphite blocks keyed to each other by graphite slats. In October 1957, during a
routine operation to remove the stored Wigner energy from the graphite components, Pile 1
caught fire. Both Piles were subsequently shutdown and have been under care and
maintenance by UKAEA since that time. UKAEA has recently awarded a contract to
dismantle the core of the Windscale Pile 1 reactor, and to package the waste in a form suitable
for interim storage and compatible with Nirex plans for eventual transport and disposal.
The transport and disposal of the graphite from reactors operating at low temperatures,
such as Windscale Pile 1, has raised a number of issues, including those relating to the
significance of residual Wigner energy. Wigner energy constitutes a potential source of heat,
which may influence processes associated with the immobilisation of radioactive materials
and thus affect the development of future safety cases.
This paper provides a Nirex perspective on the issues associated with treatment,
handling, storage and disposal of graphite decommissioning waste from Windscale Pile 1
containing Wigner energy. It also describes thermal modelling work undertaken by Nirex and
its contractors to understand the consequences of Wigner energy release on waste package and
disposal vault temperatures.

2. TECHNICAL SIGNIFICANCE OF WIGNER ENERGY TO NIREX
During storage and transport the waste packages contribute significantly to containment
and isolation of their radioactive contents and protect workers and members of the public
from the damaging effects of radiation which would result from inhalation, ingestion or skin
contamination. After disposal the components of the waste packages also provide barriers to
the migration of radionuclides and thus contribute to radionuclide isolation from man. Nirex
requires that following production of a waste package, the immobilisation of radionuclides
should be maintained by passive means through all phases of waste management, including so
far as possible, the range of normal conditions it may encounter, and unplanned events such as
accidents involving fires. Nirex also require that waste package designs are robust to
uncertainties in eventual siting and design of the repository and that sound engineering
practice and good science are used to provide the highest level of inherent safety of waste
packages, wherever this is reasonably practicable.
Prior to publication of waste acceptance criteria for a deep repository, Nirex has
implemented a strategy to facilitate early waste packaging. This is designed to minimise the
risk of future reworking of packages, by providing guidance through a suite of Waste Package
Specifications. The specifications provide a basis against which waste packagers can develop
packaging proposals, using a range of standard waste containers, and against which Nirex can
assess specific proposals and provide advice on their suitability for disposal. Specifications
are provided for: Waste Package, Wasteform, Quality Assurance, Data Recording and
Package Identification. The wasteform specifications have been produced to augment the
waste package specifications by specifying any limits on the contents of packages, and best
practice for producing a wasteform with the required chemical and physical properties. The
specification covers immobilisation of radionuclides, mechanical and physical properties,
chemical containment, hazardous materials, degradation processes and wasteform stability,
gas generation and nuclear properties.

Materials present in the waste package that may influence immobilisation of
radionuclides or the inherent safety of the waste package are therefore of interest to Nirex. In
particular, a material that can provide a large source of heat could affect the immobilisation
and dispersion of radioactive material. Large releases of heat by the wasteform during its
production could affect product quality by generating unimmobilised material and defects in
the wasteform. This could make demonstration of compliance with safety cases more difficult
and put the inherent safety of the waste package into question.
Nirex has undertaken modelling and experimental studies to examine the effects of fires on
radionuclide releases from waste packages and has also undertaken studies of repository
performance. Although wastes that are encapsulated with a cementitious material, and which
do not generate significant heat internally are not expected to suffer significant heat
penetration from an external fire, if Wigner energy is released throughout the wasteform, heat
penetration into the wasteform will be enhanced. This could increase releases of radioactive
material in gases such as steam, or potentially affect the combustibility of the waste.
Following disposal, large releases of heat could influence the effectiveness of repository
barriers, for example by:
— influencing the chemistry of the backfilling or encapsulant materials, perhaps by
accelerating temperature dependent degradation processes;
— generating physical defects in waste packages and backfilling materials;
— driving convective groundwater flows.
In summary, a rapid release of large quantities of Wigner energy is unlikely to be
consistent with Nirex principles. In addition to raising technical issues, it also raises the issue
of public and regulatory perception, although this is not covered in this technical paper.
3. WIGNER ENERGY AND MODEL DEVELOPMENT
3.1. The phenomenon
Fast-neutron irradiation of graphite in a reactor core displaces carbon atoms from their
normal positions in the graphite lattice, creating a variety of types of defects through
combinations of these displaced atoms. When displaced atoms return to their original state by
recombining with vacancies within the lattice, a process also known as annealing, there is a
release of the Wigner energy in the form of heat.
Classical theories on the accumulation and release of Wigner energy, combined with
analysis of historical and recent data from Windscale Pile 1 and 2 graphite samples, has
shown that the behaviour of the graphite is consistent with the existence of a spectrum of
activation energies. These are presumed to be associated with the variety of defects created in
the graphite by irradiation [1]. In general, as the dose received by the graphite increases, the
number of defects associated with higher activation energies increases at the expense of
defects with lower activation energies due to combination of smaller defects to form clusters.
However, the recombination of displaced atoms and vacancies in the lattice to eliminate
defects created by irradiation also occurs, the rate of this annealing process increasing with
increasing temperature. As a consequence the distribution of defects "frozen" into any piece
of Pile graphite may be unique, depending on its precise irradiation history, with the
irradiation temperature and dose being key factors.

The release of Wigner energy from graphite in any environment subsequent to its
irradiation is dependent upon the spectrum of defects created by irradiation. In general, the
higher the original irradiation temperature the higher the temperature of any subsequent
environment required to achieve a given rate of annealing and thus rate of Wigner energy
release. Also, as explained above, the original neutron dose received by the graphite also
influences the distribution of Wigner energy and thus the response of the graphite to its
subsequent environment.
The total amount of stored energy in any given graphite is generally not a useful
indicator of graphite behaviour. To anneal all defects in the lattice of a highly irradiated
graphite within a practical period of time, and thus release all Wigner energy, temperatures of
up to 2000°C would be required. At the temperatures more likely to be experienced by the
graphite in practice, only a fraction of the total stored energy could be released over a relevant
timescale.
Historically a number of pragmatic rules have been used to describe the relationship
between irradiation temperature and subsequent release of Wigner energy. For example, one
such rule states that Wigner energy can only be released at temperatures more than 50°C
above the original irradiation temperature. Such 'rules of thumb' were convenient for a given
application, since there is a strong dependence between Wigner energy release and the original
irradiation temperature. However, based on the classical understanding of graphite behaviour
(activation energy controlled, time and temperature dependent processes) and trends observed
in experimental measurements, these approximations are not necessarily sufficiently accurate
for all potential applications. In particular, a finite rate of Wigner energy release would be
expected from irradiated graphite in any subsequent environment. Nevertheless, there will be
a strong link between the original irradiation temperature of the graphite, and the rate of
Wigner energy release observed at the temperature of subsequent environments [2].
3.2. Model development
To enable Nirex and its customers to estimate the rate of Wigner energy release from
Windscale Pile 1 graphite under a wide range of conditions from wasteform production to
disposal of waste packages, a variable activation energy model has been developed by BNFL
based on classical theory [3,4]. The development of the model is presented by BNFL in
another paper at this meeting [5] and will only be briefly considered here.
It is not currently possible to predict the spectrum of defects in irradiated graphite from
first principles. The model requires selection of a range of activation energies and distribution
of the stored energy between activation energy 'bins' in the selected range such that the model
predicts a good fit to experimental measurements of Wigner energy release from a
representative sample of graphite [6]. The required extent of subdivision into bins is
determined by the quality of fit to the experimental results that is considered acceptable.
The experimental measurements are typically made under a specific set of conditions
(e.g. a fixed heating rate and temperature range) which produce an accurately measureable
heat release. A typical example of the characteristics of graphite from Windscale Pile 2 (from
a graphite dowel) is shown in Figure 1 for a range of experimental conditions [7]. The
calorimeter results typically show a first peak in release rate, centred at approximately 200°C
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FIG. 1. Example of a rate of release curve for graphite from the Windscale Piles for a
heating rate of lOK/min.

for a heating rate of 10K per minute. A second peak is often observed if experiments are
continued to higher temperatures. Due to the time dependency of the release process, the
temperature at which the maximum rate of release is observed will decrease with decreasing
heating rates.
It is assumed that once a spectrum of activation energies and distribution of stored
energy within this spectrum has been allotted to give a good fit to one set of experimental
measurements, the model can be applied to a different set of conditions. For example, the
conditions may be lower heating rates or lower temperatures, which may produce rates of
energy release which would have been too small to measure reliably on small laboratory
samples, but may be significant to large waste packages in a well insulated environment such
as a disposal vault.
3.3. Worst-case graphite
Interactions between Nirex and its customers on the technical issues raised by Wigner
energy has been facilitated through a sub-group of the Nirex Customer Technical Meeting.
Samples of graphite from the Windscale Piles and measurements of the characteristics of
irradiated graphite from the Windscale Piles have been made available to Nirex and BNFL by
UKAEA. In addition, historical measurements on graphite from dowels that formed part of an
instrumented stringer in Pile 2 have also been made available.
There is expected to be great variability in the Wigner energy release characteristics of
graphite from the Windscale Pile 1, as a consequence of the range of normal irradiation
temperatures and doses and compounded by the effects of the 1957 fire. Therefore there is
some uncertainty about the distribution of characteristics which will be displayed by the
graphite blocks. For modelling purposes, a 'worst-case' graphite was identified [8]. The
worst-case material is defined in terms of its response to an imposed temperature, and does
not contain the largest total quantity of stored energy observed within graphite from the Piles.

Therefore, it represents a case where releases of Wigner energy will be maximised at low
temperatures. The Wigner energy in graphite with higher total stored energy will tend to be
associated with defects that require higher activation energies for annealing. It has been
argued [8] that such graphite is less susceptible to significant Wigner energy release under
waste conditioning or disposal conditions than the 'worst-case' graphite.
In the absence of firm information to the contrary, and to allow a pessimistic assessment
of the potential behaviour of packages of waste from the decommissioning of Pile 1, it has
been assumed that the graphite within an individual waste package could consist entirely of
'worst-case' graphite. The range of activation energies selected for the worst-case graphite
was divided into ten 'bins', each with its own inventory of Wigner energy, to give a
reasonable fit to the calorimetry analysis for worst-case Pile graphite.
4. THERMAL MODELLING
A significant fraction of the decommissioning graphite from Pile 1 is expected to be
suitable for packaging in the Nirex standard container known as a "4 metre box" [9]. This
container and its contents is intended to satisfy the requirements for freight containers used as
industrial packages Type 2 (IP-2), as given under IAEA Transport Regulations. This view is
based on limited intrusive sampling of Pile 1, which indicates sufficiently low levels of
contamination from the 1957 fire. The 4 metre box (4 m x 2.4 m x 2.2 m) comprises a
stainless steel skin with underlying concrete radiation shielding. For the purposes of
modelling, it has been assumed, consistent with proposals, that the graphite waste would be
suitable for packaging in a non-encapsulated form, and therefore a heat generating binder
would not be used. Consequently this stage of waste management has not been subject to
thermal assessment at this stage.
The variable activation energy Wigner energy release model has been used by Nirex in
combination with commercially available heat transfer codes to estimate the response of Pile
graphite to expected disposal and potential fire accident conditions. The results of this work
have been a factor in determining whether there may be a need for Windscale Pile 1 graphite
to be annealed prior to waste packaging to release some stored energy. Such an annealing
process, if required, would be intended to favourably alter the Wigner energy spectrum of the
graphite, removing defects that could otherwise anneal rapidly under package production,
disposal or fire accident conditions.
4.1. Disposal vault modelling
4.1.1. Vault model
For modelling purposes it was assumed that a deep waste repository vault would contain
an array of 4 m boxes. An array three box lengths wide by six boxes high was specified, with
any one vertical array through the vault comprising eighteen boxes, as illustrated in Figure 2.
It was assumed that:
— the boxes would be stacked on top of each other with no gap and negligible thermal
resistance;

i<7G. 2. Waste stack arrangement for 4 m boxes in the modelled disposal vault
(only one section of boxes is shown).

— there would be a horizontal gap of 0.5 m between boxes, and;
— gaps between the boxes would be filled with a backfilling material, Nirex Reference
Vault Backfill, which is based on Portland cement, calcium hydroxide, limestone flour
and water.
Other features, such as structural components of the vault, were also modelled [10].
Based on the assumption that the length of the vault would be much greater than its width,
heat flux along the vault was assumed to be negligibly small and thus finite element analyses
only considered one vertical array of 18 waste packages. It is also assumed that forced
ventilation of an air space above the stack of waste packages would continue for a period after
the backfilling operation.
The vaults were modelled using a finite element analysis technique with commercially
available software [11]. The wasteform and shielding within the 4 m box was modelled using
solid elements, and the box skin using shell elements. The vault structural features and
surrounding rock were also modelled with solid elements. The calculation of Wigner energy
release from the graphite was performed by a user subroutine employing the variable
activation energy Wigner energy release model. The Wigner energy released was calculated
on an element-by-element basis, and applied as a body heat within each element.

FIG. 3. Chequerboard arrangement of graphite and heat absorber blocks in the
wasteform modelled for cases C and D: quarter section of box shown.

TABLE 1. SUMMARY OF CASES MODELLED
Cases
Modelled
A (disposal
vault base case)
B

C

D

E (fire accident
base case)
F

Wasteform Designs
18 wasteforms per section all contain 100 %
cementitious material
1 wasteform per section containing 100 %
'worst-case' graphite

Disposal Vault Stack
Arrangement
All identical packages
Third layer from base at
centre.

17 wasteforms per section containing 100 %
cementitious material
1 wasteform per section containing 50 %
cementitious material and 50 % 'worst-case'
graphite

Remaining waste
packages.
Third layer from base at
centre.

17 wasteforms per section containing 100 %
cementitious material
18 wasteforms per section all contain 50 %
cementitious material and 50 % 'worst-case'
graphite
100 % 'worst-case' graphite, but no Wigner
energy
100 % 'worst-case' graphite, with Wigner
energy

Remaining waste
packages.
All identical packages

Single package only
Single package only

TABLE 2. KEY MATERIAL PROPERTIES
Material

Heat output
(kW/m3)

Density*
(kg/m3)

Graphite

Wigner energy
only
0

1600

Thermal
conductivity*
(W/m/K)
2.1

2376

1.4

Variable: 734 (0°C)
to 1356(300°C)
880*

Structural
concrete
Backfill

Steel
Air
Other nongraphite
wasteforms
Host rock

Specific heat
capacity (J/kg/K)

Peaks at 2.7 after
4 hours (curing
only)
0
0
0.0015*

1730

1.2

2100*

7800
1.17
1800

15
0.03
0.7

460*
1006*
840*

0

2724

2.3

886*

* assumed not to vary significantly with temperature or time.

4.1.2. Cases modelled
Ranges of material parameters, such as thermal conductivity and heat capacity, were
selected for the 4 m box, wasteforms, and vault and disposal vault rock materials. Two
sources of heat were modelled, as potential drivers for Wigner energy release. These were
radiogenic heat, which was for simplicity assumed to remain constant over the short time
periods considered, and the variable heat input from the curing backfilling material.
A reference 'base case', Case A, was modelled incorporating an array of boxes
containing only non-graphite waste. In addition, a series of variants to the base case, where
various key thermal parameters for the vault were varied, were also modelled, although these
are not reported here. The co-disposed waste was assigned the properties of a typical
cementitious encapsulant, but with small radiogenic and other heat sources to represent the
effects of non-graphite waste on thermal conditions. It was assumed that this wasteform
would have good thermal contact with the box shielding at all faces, except at the lid of the
box.
To assess the impact of Pile graphite on waste package and vault temperatures, Case B
was defined. This incorporated one box containing Pile graphite located near the centre (the
centre box in layer three of the six high stack) in each vault section. This location was chosen
since it is the most highly insulated location within the stack of waste packages, which will
maximise the potential for Wigner energy releases. In Case B it was assumed that the Pile
graphite wasteform will comprise a solid block, with a small air space surrounding all faces of
the graphite block. The space was intended to simulate poor thermal contact between the
waste and the box shielding, which may be expected if the waste is to be non-encapsulated.
To illustrate the factors influencing the behaviour of the wasteform, two further cases,
Cases C and D, are reported here. In these cases, the Pile graphite wasteform comprised 50%
graphite and 50% inert cementitious material (assigned the properties of pre-cured backfill

with no heat output) by volume. The elements of graphite and backfill were arranged in an
alternating 'chequerboard' fashion, with the elements sized to be similar to the dimensions of
the largest blocks of graphite expected to arise from Pile decommissioning. This is shown in
Figure 3. In Case C only a single, centrally located, box with this wasteform type was present
in each vault section. In Case D all waste packages within the vault contained this type of
wasteform. Although the precise wasteform arrangement modelled may not be practicable in a
real waste package, it was intended to investigate the potential impact of diluting the
wasteform with a heat absorber. The cases modelled are summarised in Table 1 and the key
material properties are summarised in Table 2.
4.1.3. Results
The predicted thermal evolution for Case A is shown in Figure 4. The time axis is the
time after backfilling material has been cast between the boxes within the stack, which is
assumed to be instantaneous. It was assumed that the temperature of all materials within the
waste stack will be 30°C immediately after backfilling. At the edge of the wasteform, the first
peak in temperature at 4 days is associated with the rapid and large heat input from the curing
of backfilling material. The second peak at 100 days, superimposed on the decay from the heat
input by the backfill, is associated with the slow heat input from radioactive decay and other
heat sources within the waste. For the centre of the wasteform, the first peak is not observed
due to insulation. The maximum temperature at this point is predicted to be approximately
56°C.
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The estimated thermal evolution for Case B, in which one near centre box from each
section of vault contains the worst-case Pile graphite, is shown in Figure 5. Initially the rate of
temperature rise is lower than for the base case, as a consequence of the insulation provided
by the gap between the wasteform and the box walls. However, after approximately 3 days,
internal heating from a rapidly increasing rate of release of Wigner energy resulted in
wasteform temperature exceeding 140°C. The analysis was terminated at this point (see
Section 4.1.4).
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As noted above, the range of activation energies selected for the worst-case graphite is
divided into ten 'bins', to give a reasonable fit to the calorimetry analysis for worst-case Pile
graphite. The output from the subroutine for graphite at the centre of the wasteform during
Case B is shown in Figure 6. It can be seen that virtually all the Wigner energy had been
released from the first four bins by the time the analysis was terminated, with progressively
smaller proportions of energy released from the latter six bins.
The thermal evolution of Cases C and D, in which wasteforms comprising mixed
graphite and inert backfill were present, are shown in Figures 7 and 8 respectively. In Case C,
where only one waste package in each section of vault contains the Pile graphite / cement
material mixture, the temperature is predicted to peak after about 20 days, with the highest
temperature (78°C) being at the edge of the waste. In Case D, where all waste packages
contain the Pile graphite and cementitious material, the temperature of the near centre box is
predicted to peak after about 30 days, with the highest temperature (95°C) being at the centre
of the waste. These peaks are associated with the effects of Wigner energy release,
superimposed on the heat from backfill curing.
4.1.4. Discussion
The vault backfilling material proposed for the Nirex concept produces a large initial
heat input to the system, peaking at the order of 2.7 kW per m3 a few hours after
emplacement. This produces a rapid initial temperature rise within the backfill and the surface
regions of waste packages, which eventually penetrates to the wasteform. However, the heat
input from backfill decays rapidly once reaching its peak, due to completion of the curing
process. Due to the size and thermal properties of the waste stack used in the model, the rate
of heat loss from the centre region of the stack is very slow, as shown by the results for the
base case in Figure 4. As a consequence, the heat input from the backfill takes a long time to
dissipate. In addition, other smaller heat sources, from radioactive decay or from degrading
wastes, which might constitute a few watts per m , will result in the accumulation of heat over
long periods of time in a large disposal vault.
As the backfill cures, heat slowly penetrates into the waste packages. This outside-in
heat flow gradually increases the wasteform temperature, and accelerates the Wigner energy
release. Eventually the heat flow reverses, as the rate of heat release from the graphite exceeds
the heat production in the disposal environment. In Case B the heat flow from the wasteform
to the backfill is insufficient to prevent accumulation of heat within the wasteform and this is
sufficient to result in significant feedback effects, manifested by a rapidly increasing
temperature.
The maximum temperature that would arise in Case B was not estimated. The time steps
operated by the model became progressively smaller, to maintain accuracy as the Wigner
energy release accelerated, resulting in impracticably slow analysis. In addition the accuracy
of the results at higher temperature are less certain because:
—
—

the variable activation energy model was only populated with data for rapid Wigner
energy releases at temperatures less than approximately 350°C;
the vault thermal model does not account for processes such as vapourisation of water
and mass transfer, which may become significant factors at high temperatures (e.g.
above the boiling point of water).
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It has been concluded that based on the assumptions concerning wasteform design and
graphite properties, 4m box waste packages full of Pile graphite may behave in an unstable
manner in a disposal environment.
In Case C, a more progressive release of Wigner energy from the graphite occurs.
Although the loading of graphite within the wasteform is half that in case B, reducing the
potential heat source by 50%, the more stable response can be attributed primarily to the
presence of the inert cementitious material within this wasteform. The heat transfer path is
inevitably much shorter in this case compared with the all-graphite wasteform. In this
chequerboard arrangement, heat released by the graphite is absorbed locally by the inert
cementitious material, reducing the feedback effect. In Case B, where the graphite wasteform
is represented as a single large block, heat must be transferred to the container walls and other
repository components beyond.
Even in Case D, where all 18 wasteforms in each section of the disposal vault are
modelled with the chequerboard arrangement, the wasteforms still remain comparatively
stable, although peak temperature rises are predicted to be up to about 35°C above that
predicted for the base case. As noted previously, the precise wasteform arrangement modelled
in Cases C and D may not be practicable to arrange in a real waste package. However, the
model does illustrate the potential impact of diluting the wasteform with an inert heat
absorbing material.
4.2. Fire accident modelling
4.2.1. Fire model
The thermal evolution of a single 4 m box waste package exposed to a 1000°C 1 hour
fire was modelled. To simulate the fire, a radiant heat flux was applied to the outer surface of
the box. After the period of heating, the box was allowed to cool down in ambient temperature
air. This was simulated by placing a heat sink, at a constant temperature of 30°C, on the outer
surface of the box. No heat inputs other than that from Wigner energy were applied.
4.2.2 .Cases modelled

Two cases were modelled, Case E, a base case, and Case F. In Case E the wasteform
was assumed to be graphite with the same thermal properties as worst-case Pile irradiated
graphite, but with no stored energy. Even though this is not realistic, since low thermal
conductivity of irradiated graphite would imply the presence of irradiation damage, and
therefore Wigner energy, it was necessary to generate this base case to distinguish the effects
of Wigner energy release from the significant heat input from the fire. Case F was similar to
Case E except the graphite was assumed to be 'worst-case' Pile graphite containing Wigner
energy. The cases modelled are summarised in Table 1 and the key material properties are
summarised in Table 2.
4.2.3. Results
The thermal evolution of the wasteform at two points for Case E, the fire test base case,
is shown in Figure 9. The heat from the fire penetrates the concrete shielding in the box wall
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and raises the temperature of the edge of the wasteform to a peak of abouot 300°C after 8000
seconds. However, little heat penetrates to the centre of the wasteform due to the low thermal
conductivity of the irradiated graphite modelled.
The thermal evolution for Case F is shown in Figure 10. In this case the temperature of
the graphite at the edge of the wasteform rises much more rapidly, reaching 350°C after 1800
seconds. The graphite at the centre of the wasteform only displayed a small temperature rise
during the timescale of the analysis. No results are presented beyond 1800 seconds, as they are
not considered valid (see Section 4.2.4).
4.2.4. Discussion
The temperature profiles for Case E reflect the thermal lag resulting from the use of
graphite with relatively low thermal conductivity. Although the heat source is removed after
3600 seconds, the temperature at the edge of the waste reaches its peak much later.
In contrast, the exposure of a box containing graphite with Wigner energy to such high
temperatures indicates significant feedback. In fact, all the Wigner energy included within the
model was released by graphite in reaching 350°C. Analysis of heat distribution within the
graphite showed that the raised temperatures encompassed approximately 50 % of the
wasteform. However, the limited population of data in the variable activation energy model
affected this result. As the model was only populated with data for rapid Wigner energy
releases at temperatures less than approximately 350°C, therefore it would not predict
behaviour at temperatures of the order of 350°C or above. It is anticipated that temperatures
would continue to rise in practice, due to availability of Wigner energy associated with defects
with annealing activation energies above that modelled. Release of all modelled Wigner
energy would also be expected at the centre of the wasteform, given longer analysis, but this
has not been explicitly demonstrated.
5. SUMMARY AND CONCLUSIONS
A model for the release of Wigner energy from irradiated graphite, developed by BNFL,
has been written into a computer sub-routine and applied with a finite element modelling
technique to estimate the thermal evolution of waste packages containing decommissioning
graphite from Windscale Pile 1. Two scenarios have been modelled, a repository disposal
vault and a fire accident.
The modelling has shown that 'worst-case' Pile graphite, packaged in a nonencapsulated form in a large shielded waste container, can rapidly release a significant
quantity of Wigner energy when exposed to the set of disposal conditions anticipated by
Nirex. Similarly, exposure of the waste package to a severe fire accident can also result in
rapid release of Wigner energy. These responses could result in large temperature rises,
although quantification of maximum temperature rises in the cases modelled has not been
possible.
It has also been shown that, depending on the thermal properties of the wasteform, a
more stable release of Wigner energy from the graphite can occur under disposal conditions.
Where the graphite wasteform is represented as a single large block, heat must be transferred
to the container walls and other repository components at a rate sufficient to avoid feedback.
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The results of the modelling suggest that this heat transfer cannot be achieved satisfactorily.
However, where the heat transfer path is reduced, by mixing the graphite blocks with blocks
of inert heat absorbing material, the heat released by the graphite is absorbed locally, thus
reducing the potential for feedback.
The characteristics of the wasteform as modelled are likely to be pessimistic, since
graphite is unlikely to be packaged to fully utilise the volume of the box, and the graphite is
likely to show a range of characteristics other than that of worst-case graphite. However, the
uncertainties in the characteristics of the graphite at this stage in the decommissioning process
and the uncertainty over the specific arrangement of blocks and smaller pieces of graphite in
the wasteform, have not allowed potentially more realistic assumptions to be made. It should
also be noted that only a limited degree of validation for the Wigner energy release model has
been carried out. Although the many experimental observations of Wigner energy release give
confidence in the description of graphite behaviour by the model, further validation work is
likely to be required.
Nirex requires that following production of a waste package, the immobilisation of
radionuclides should be maintained by passive means through all phases of waste
management. Nirex also requires that waste package designs are robust to uncertainties in
eventual siting and design of the repository and that sound engineering practice and good
science are used to provide the highest level of inherent safety of waste packages wherever
this is reasonably practicable. The potential for rapid release of Wigner energy from a waste
package containing Windscale Pile graphite is not considered to be consistent with these
principles, and subsequently Nirex has recommended that prior annealing should be
undertaken before packaging of such graphite.
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THE DESCRIPTION OF WIGNER ENERGY AND ITS RELEASE FROM
WINDSCALE PILE GRAPHITE FOR APPLICATION TO
WASTE PACKAGING AND DISPOSAL
P.C. MINSHALL, A.J. WICKHAM
BNFL Magnox Generation,
Berkeley Centre, Berkeley
Gloucestershire,
United Kingdom
Abstract.The graphite core of Windscale Pile 1 is to be dismantled and packaged for interim storage,
together with graphite items, such as dowels and boats from both Pile 1 and 2. These retain substantial amounts
of Wigner energy and thus to support their packaging, storage and ultimate disposal, it is necessary to understand
the release of the Wigner energy in slow, low temperature cycles, driven by the exothermic curing of the grout.
The basic theories of the accumulation of Wigner energy and its release are reviewed. These show that the lattice
defects introduced by neutron irradiation form a population of sites of different energies which is independent of
the graphite type. The release of energy from each type of site can be described by a rate expression which is first
order in the stored energy of the site, S, and has an associated activation energy, E, of decay. The overall rate of
release, S, is given by a sum over the population of sites and has an effective lower limit determined by
irradiation temperatures or post-irradiation conditions. In order to predict the release of Wigner energy activation
energy spectra are derived from differential scanning calorimetry of samples of Windscale graphite. It is shown,
by numerical solution of the release equation, that the derived spectra predict well both the experimental data and
the release of energy from specimens derived from the same sample of Windscale graphite but subjected to
different temperature cycles. Simulation of stored energy release in anticipated storage conditions, where the
graphite is subjected to a slow temperature cycle driven by the exothermic curing of the grout, shows that only a
small portion of the total stored energy is released. The slower the cycle, the greater the proportion of energy
release, but the rate of release is slower.

1. INTRODUCTION
The graphite core of Windscale Pile 1 is to be dismantled, and the graphite packaged for
interim storage in advance of disposal. There are also graphite items, mainly in the form of
boats and dowels from both Pile 1 and Pile 2, in the waste in the B41 silo, that BNFL will
recover and package. It is known from measurements on trepanned samples from the cores of
Windscale Pile 1 and 2 (Refs [1] and [2]) that in general the graphite retains substantial
amounts of Wigner energy, as do the boats and dowels (Ref. [3]) which resided in the
channels through the core. In order to support a case for the waste packaging and disposal of
Piles graphite, it is necessary to understand the behaviour of the residual Wigner energy under
the relevant conditions, which routinely involve relatively low and slow temperature cycles.
These cycles include those arising from the setting of grout used in packaging the waste in
advance of eventual emplacement in a repository, from the setting of grout used to backfill
repository vaults after waste emplacement, and from any long term radioactive decay heating.
These are sufficiently different from reactor conditions that the recommended treatment of
stored energy (Ref. [4]) does not give the requisite precision in describing the evolution of
Wigner energy. This paper describes work undertaken to provide both a description of the
Wigner energy in Piles graphite and the kinetics of its release.
2. BASIC THEORIES OF WIGNER ENERGY AND RELEASE
2.1

Classic Papers

Kelly (Ref. [5]) has provided a summary review of the theories of stored-energy release
for general application in irradiated graphite. This discusses the various possibilities for the

kinetics of the release process, namely the constant activation energy model, the variable
activation-energy model with a fixed frequency factor, and the variable frequency-factor
model with a fixed activation energy, and expresses a preference for the variable activationenergy model with a fixed frequency factor. However, before examining this in detail it is
useful to examine the fundamental published papers on which these arguments are based.
The classic paper is due to Vand (Ref. [6]) and is concerned with the stored energy in
metallic films rather than graphite. It defines the basic energy-release equation, containing a
dN(E,t)
at
simple Boltzmann distribution term:
where N is the number of displacements per unit volume, v is a constant "frequency factor". E
in the above equation is described as "decay energy" in early references but is, in fact, the
activation energy for the decay process and not the difference in energies between the unstable
v = 4fn
and ground states of a particular defect, t is time. The frequency factor is given by
where n is the number of atoms or vacancies forming the distortion (i. e. the cluster size) and
1/4/ is the average time required for the initiation of the decay such that / is the "Debye
maximum frequency" of the thermal oscillations of the lattice atoms. Vand queried the
validity of taking the value of l/4f, which is representative of the pure material, and applying
it to "distorted" areas of the lattice (i.e. to displaced atoms and vacancies). However, he
showed that the release expression is far more sensitive to changes in the exponential term
than to changes in n o r / v may therefore vary between the several types of defect which may
be present in the same sample of irradiated graphite.
T.J. Neubert was probably the first researcher to apply Vand's theories to irradiation
damage, working at Argonne National laboratory, but his work did not come to prominence
until incorporated in the work of Primak (Ref. [7]) which looked very specifically at processes
with distributions of activation energy.
Primak analysed the situation applicable to isothermal annealing in some detail. He
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described a characteristic annealing function, 0n, given by
for which a characteristic activation energy occurs when ®n = l/e. Here, B = A(p/Sof~n and,
like A (a constant), has the dimensions of frequency, p, the importance factor, relates the
change in stored energy to the change in the number of defects and n is the order of reaction
(n.b. 0 n = 1 if n = 1). Note also that the definition of So differs here from other uses: here it
represents the initial total stored energy before annealing starts. Primak provides illustrations
of a typical activation-energy spectrum (S versus E) and shows how this is modified during
isothermal annealing.

The situation for "tempering" (standard rate-of-release measurement) is also analysed
for variable activation energies, again with temperature increasing as T = at. S as defined here
must now become a distribution function and the characteristic annealing function now
becomes
1
1^1

where E2(x) is one of a class of functions of the form Em(x)

=

x"'1 J7 u'm e'u du. Standard

Tables of solutions to these functions are available but for the range of x, =(E/kT), of
interest (20-50) it is sufficient to assume that Em(x) = (x + m J1 e'x • The specific application to
nuclear graphite appeared in a subsequent paper also by Primak (Ref. [8]). This latter paper is
important because it introduces the concept of irradiation annealing, which makes a
significant contribution to the distribution of displaced atoms and vacancies at higher
irradiation doses. Longer-term irradiation has the effect of diminishing low-temperature peaks
in release-rate curves and effectively shifting the energy remaining in the material to positions
where its removal requires a higher temperature than would initially have been the case. This
is very noticeable in studies of PGA graphite from the commercial Magnox reactors, where
often no peak in release is now discernible, with the release curve resembling a monotonic
rise to a plateau value. Thus, at higher irradiation doses, particularly approaching those where
the accumulation of stored energy is saturating at an equilibrium value (Ref. [9]), the
magnitude of a release that can occur at lower temperatures is progressively diminished. This
situation does not apply significantly to material from the Piles, although close examination of
data in Refs [1] and [2] suggests some indications of the effect. Primak (Ref. [8]) also
highlights the importance of irradiation temperature in providing auto-annealing, particularly
in the range of activation energies between 2 and 5 eV. For irradiation at 135°C the
accumulation is about one half of that at 65°C for the same total dose. He suggests that
thermal annealing at these temperatures could only affect damage in the activation-energy
range 1.1-1.3 eV and hence that there is a temperature dependency in the irradiation
annealing.
The precise nature of the lattice defects introduced by irradiation, which result in the
accumulation of stored energy, have been discussed in numerous publications (see, e.g., Ref.
[10]). The defects are believed to develop from simple sub-microscopic clusters of a few
atoms into interstitial loops of increasingly complex nature. The lattice vacancies begin as
monomers, develop into dimers and then into the collapse of regions of layer planes leaving
in-plane vacancy loops. A population of sites of different energies results and it is therefore
unsurprising that a theory developed on the basis of variable activation energies for annealing
of these defects finds greater favour with theoreticians and is consistent with experimental
data. This is the essential message of Ref. [5].
It is therefore appropriate to develop further the implications of the variable activationenergy model in addressing the description of Wigner energy still present in Windscale Pile
graphite.

2.2. Implications of a Variable Activation Energy
Ref [11], written shortly after the Windscale accident, attempted to develop the
theoretical analysis of Wigner energy and took into account available data from the Hanford
facilities in the USA at low irradiation temperature (~30°C) as well as the British data. The
Hanford data included higher total doses than the UK data but, over equivalent ranges,
behaved in a very similar fashion. This is not surprising since the phenomenon of energy
storage occurs at the atomic level, i.e. within the hexagonal lattice, and would not be expected
to be influenced by the macrostructure (e.g. porosity, source of filler coke etc.) of the material.
This is in contrast to other properties such as dimensional change, strength etc. which are
influenced by the physical changes in crystallite dimensions arising from the neutron-damage
process. It is stated in Ref. [11] that this insensitivity of Wigner energy to graphite type is also
confirmed by reference to early Russian data (Ref.[12]).The Hanford higher dose data clearly
demonstrate the approach to overall saturation, and the irradiation annealing effect discussed
earlier - as dose increases, the initial low-temperature release peak diminishes and the
subsequent plateau value rises. This is described by the authors of Ref. [11] in terms of
variable activation energy:
"the increasing overlap of the damaged region of the graphite, this overlapping so changing
the annealing activation energies and stored energies of the defects of the peak that the peak is
smeared out..."
This effective multiplicity of defect types at the atomic level, each type capable of being
located in sites which are differently distorted through interacting lattice stresses, means that
ab initio calculation of defect energies is unrealistic for even modestly irradiated graphite.
Another important point noted in Ref. [11] is the different behaviour under irradiation of
virgin graphite compared with that previously irradiated and annealed. This is a low
irradiation temperature phenomenon, and arises from the movement of some damage to sites
of high activation energy which are not removed by the thermal annealing: their presence then
influences the nucleation of new damage sites, which move more easily into further higherenergy sites because of the existing disruption of the graphite lattice.
The authors of Ref. [11] derived a model of stored energy with variable activation
energies from the equations given previously. A feature of the model is that for a given rate of
temperature rise in an annealing experiment the release of energy from defects with a
particular activation energy shows a peak in release rate centred about a particular
temperature. The peak arises from the fact that the temperature is increasing, and thus for a
time the increase in temperature offsets the decrease in number of residual defects. Therefore
with each temperature in the annealing ramp, one can associate a particular energy, the socalled principal activation energy, E. The authors of Ref. [11] also define a value, x, for the
1
v exp(-E/kT)
thermal annealing relaxation time at a temperature, T:
This is closely related to the half life, (ti/2)i at constant temperature T of a defect with an
activation energy Ei which is given by (ti/2)i = 0.693/[vexp(-Ei/kT)]

The "frequency factor", v, is taken by Primak (Ref [7]) to be 7.5 x 1013 s"1 following
work by his colleagues at Argonne National Laboratory. Although it is necessary to turn to
experimental data from annealing ramps to derive the distribution of stored energy as a
function of activation energy, it is useful to examine the likely lower values of activation
energies as a function of temperature from consideration of half lives. Table 1 gives half lives
at temperatures in the range of Pile graphite irradiations. From the Table it can be seen that the
half lives of defects with activation energies below about 1.2eV are sufficiently short, at
around a day (8.64 x 104 s), even at the lowest graphite irradiation temperatures in the Piles,
that a significant population of such defects cannot be sustained. The very small number of
such defects, created during the last few days of irradiation, would be expected to decay at
ambient temperature over the 40 years or since Pile shutdown, as illustrated by the half lives
atlO°CinTablel
TABLE 1. HALF LIVES OF DEFECTS WITH DIFFERENT ACTIVATION ENERGIES AT
DIFFERENT ISOTHERMAL TEMPERATURES
Activation
Energy
Temp
10°C
25°C
50°C
100°C
150°C
200°C
250°C

1.1 eV

1.2 eV

1.3 eV

1.4 eV

1.5 eV

1.6 eV

3.60(+5)*s
3.72(+4)s
1.35(+3)s
6.75 s
0.118 s
4.86(-3)
3.68(-4)s

2.17(+7)s
1.83(+6)s
4.91(+4) s
152 s
1.84 s
5.66(-2) s
3.39(-3) s

1.31(+9)s
8.97(+7) s
1.78(+6)s
3.40(+3)s
28.5 s
0.658 s
3.12(-2)s

7.92(+10) s
4.41(+9) s
6.48(+7) s
7.64(+4) s
444 s
7.65 s
0.287 s

4.79(+12)s
2.17(+ll)s
2.36(+9) s
1.72(+6)s
6.90(+3) s
89.0 s
2.64 s

2.89(+14)s
1.06(+13)s
8.56(+10)s
3.85(+7)s
1.07(+5)s
1.03(+3)s
24.3 s

*3.60(+5) = 3 .60xl0 5
(40 years = 1.3x10 s).

As already indicated, in a ramped annealing experiment, energy released from defects
with a single activation energy will display a peak in the rate of release with time (or
temperature). The temperature at which the peak in release rate occurs varies with ramp rate.
The slower the ramp rate, the lower the temperature at which the peak occurs. Essentially this
is because more time is available for release at each temperature. The analysis is developed in
Reference [13] which derives more explicitly from the Vand/Primak theory a relatively simple
but extremely useful equation, relating activation energy, annealing temperature T and the
(Eo

\n(E0 /kT) = \n(uT/a)

ramp rate a, which has been implicitly employed in the earlier work:
The authors of Reference [13] note that the equation should apply to any form of
graphite since ' — the stored energy is insensitive to the source of the graphite — ' , a point
made earlier. The effect of ramp rate on the principal annealing temperature for a particular
defect activation energy is illustrated (by use of equation 5) in Table 2 which covers ramp
rates of order degrees per minute typical of conventional stored energy determinations. The
Table shows that the temperatures for release of principal activation energies in the range 1.3
- 1.6 eV will move up by about 17 -20°C when the ramp rate increases from 2 to 10°C.min"1.
This is entirely consistent with Iwata's observations on samples of lightly irradiated graphite
where individual defect types can be distinguished (Ref. [14]), discussed in more detail later.

TABLE 2. PRINCIPAL ANNEALING TEMPERATURES IN DEGREES C (GIVING
PEAKS IN RELEASE RATE OF STORED ENERGY) FOR DEFECTS OF DIFFERENT
ACTIVATION ENERGIES AT DIFFERENT RAMP RATES
Activation
Energy
Ramp rate
lOX.min"1
2°C.min"1
^C.min"1

1.1 eV

1.2 eV

1.3 eV

1.4 eV

1.5 eV

1.6 eV

84
70
64

115
100
94

147
130
124

178
160
153

209
191
183

241
221
213

From the discussion above, which shows that defects with activation energies less than
about 1.2 eV should not persist in any number, it can be seen that the temperatures at which
the peaks in release would occur for defects with larger activation energies will be greater than
about 100°C under normal experimental ramp rates.
This Section has so far considered the implications of a variable activation energy
combined with a constant frequency factor. Vand noted (Section 2.1) that the frequency factor
might vary but showed that the release expression is far more sensitive to changes in
activation energy. In a more recent paper (Ref. [14]) Iwata fitted his data showing a fine
structure in the Wigner Energy release spectrum with three Gaussian distributions of
activation energies centred on 1.34, 1.50 and 1.78 eV, associated respectively with frequency
factors in s"1 of 2.2 x 1012, 8.5 x 1012 and 1.5 x 1014. These frequency factors compare with
the value of 7.5 x 1013 s"1 used by Primak and by the current authors. Iwata does not discuss
the differences in frequency factors arising from his unconstrained fitting exercise. However
the data at the different ramp rates can be refitted using an imposed frequency factor of 7.5 x
1013 s"1, with no loss of fit from that derived by Iwata, to give defect activation energies of
1.47, 1.59 and 1.74 eV. This is illustrated in Figure 1 which is based on Figure 3 of Iwata's
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FIG. 1. Comparison of 'pure' activation energies fitted to Iwata's experimantal data using the
variable frequency factors from Iwata's paper and using a constant frequency factor.

paper. The plot relates to the 5°C.min"1 ramp rate and shows the experimental data and Iwata's
fit assuming variable frequency factor and 'pure' activation energies, that is no Gaussian
spread. Also included on the Figure is a plot with the imposed constant frequency factor and
the derived activation energies. This illustrates Vand's assertion that release behaviour is less
sensitive to frequency factor than to activation energy.
Iwata's data, as in Figure 1, illustrate a previous point. His specimens were very lightly
irradiated, with a total dose of only 4 x 1017 neutrons.cm"2 (E >1 MeV). Yet, although fine
structure was evident in the release curve, to fit the experimental data he had to introduce
some spread into his main activation energies. In considering the much more highly irradiated
graphite of Pile 1, the need for a multi-activation-energy approach is very evident. The
inherent difficulty of predicting defect accumulation from first principles for graphite with all
but negligible quantities of damage, is also illustrated by Iwata's data which come from
specimens with displacements per atom estimated to be in the range of only 6-8 x 10"4dpa. In
contrast the irradiation of Piles graphite is of the order of 1021 neutrons.cm"2, corresponding to
about 0.3 dpa.
3. COMPARISON OF STORED ENERGY BEHAVIOUR IN WINDSCALE PILE
GRAPHITE WITH THEORY
The preceding section has shown that the description of stored energy and its release
behaviour should, in terms of formulation, be no different for Windscale Piles graphite than
for other graphite: the total stored energy in a sample can be described by an integral of stored
energy distributed among activation energies which have an effective lower limit determined
by either irradiation temperature or post irradiation conditions. Also the rate of release is the
sum of the individual rates of release from each type of defect, and each release rate will be
first order in the remaining number of defects of that type or in remaining amount of stored
energy associated with that type of defect. The rate of release equation can be applied to
constant temperature or, by tracking residual energy, through periods of varying temperature.
In summary:

where the initial stored energy So is given by:

The need for a variable activation energy description is readily seen from the breadth
and location of peaks in the numerous plots of release rate as a function of temperature
obtained on trepanned samples from Pile 1 and Pile 2, as illustrated in Figure 2 (Ref. [2]). At
10°C.min"1 (the experimental conditions) it can be seen from Table 2 that an increase of 0.1
eV shifts the peak up some 30°C. So peaks or plateaux with widths of 100°C or more point to
a wide range of activation energy. This is also shown in Figure 3 by applying a single
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FIG. 2. Stored energy rate of release curves for Pile 1 channel 10/55 BR.
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FIG. 3. Observed release of stored energy from Windscale Pile 1 sample 10/55/BR and prediction
using a single value of activation energy.
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FIG. 4. Observed and predicted release of stored energy from Windscale dowel, sample B12/2.

activation energy model to test against data shown in one of the curves in Figure 2. The
'prediction' in Figure 3 assumed a single activation energy of 1.4eV (chosen by trial and error
to give a good fit to the rising part of the release curve) and an initial associated stored energy
of 500 J.g" . It is apparent that the prediction follows the experimental observation quite well
for the rising portion of the release curve, but the predicted sharp decay in release is not
observed. This indicates that the components of release at higher temperatures arise from
annealing defects with significantly higher activation energy.
The plots in Figure 2 and the analysis in Figure 3 also illustrate that irradiation
temperature influences the nature of the activation energy spectrum. In Figure 2, the brick
number increases, as does temperature, from channel inlet to outlet and it can readily be seen
that the more easily released, lower activation energy components are progressively missing as
irradiation temperature increases. In Figure 3, the fit to the rising part of the curve shows that
the sample contained relatively little stored energy with activation energy <1.4 eV.
The expected first order decay is readily manifest, in samples with one principal
activation energy, from release data during isothermal hold periods following ramps, as shown
in Figure 4. Here the data have been fitted to a single activation energy of 1.3 eV, derived
from isothermal release measurements at several temperatures.
Thus residual stored energy in Windscale Piles graphite conforms to the behaviour
expected from the literature.

4. QUANTIFICATION OF THE DISTRIBUTION OF STORED ENERGY IN WINDSCALE
PILE GRAPHITE
Past work on the accumulation of stored energy in irradiated graphite has shown that it
is very difficult to predict the exact nature of the many types of defect formed and their
population densities. This is particularly true of graphite which has a history complicated by
intermittent partial annealing as is the case for Windscale Piles graphite. The distribution of
stored energy has to be derived from appropriate measurements of the release rate from
graphite irradiated to the desired dose and at the required irradiation temperature. It is not
possible to extrapolate from a higher irradiation temperature to a lower with any degree of
precision.
There are a number of ways to derive the activation energy spectrum from release
measurements. There is a method based on that by Primak, in which the experimental release
curve, dS/dT, is divided up into vertical strips, /, of width AT, and centred on a temperature
Ti. The principal activation energy of each strip at Ti is established using equation (6): the
value of S(Ei) can then be obtained from

, ,
SJE,)

dS

—

The initial stored energy, So* (E), in the vertical strip centred on Ti, is then given
approximately by S0'(Et)^E, where AE is the difference in activation energies at the
boundaries of the vertical strip, calculated using Equation (6).
Alternatively, with greater numerical effort, one can convert the curve of dS/dT against
T, to a curve of Sof (E) against E using Equations (6) and (9) and integrate directly under the
curve to give the stored energy in the range E to E+5E.
In both methods the fineness of the spectrum of activation energies is arbitrary and
needs to be shown to be fit for purpose.
The application, for which a stored energy distribution is derived, is to calculate the rate
of release of stored energy under the slow and relatively modest temperature cycles seen in
graphite waste packaging and disposal. It is clear that defects with low activation energies will
be released but that defects with high activation energies will not be released at a significant
rate. As has already been discussed, there is effectively a lower limit on activation energy
based on defect lifetime at irradiation (and subsequent storage) temperatures close to ambient.
This is likely to be about 1.2 eV. It is relevant in this context to recall (Table 2) that the peak
in release rate for such a defect will be at about 100-115°C for ramp rates of 2-10°C.min"1.
The experimental data show that relatively small amounts of energy can be detected at these
temperatures. The highest activation energies of interest depend on the waste packaging and
repository temperature cycles: it has been shown that the slower the cycle the lower the
temperature at which complete energy release associated with a particular defect type will
occur during the cycle. (The release rates may however be very low.)
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TABLE 3. COMPARISON OF MEASURED ENERGY RELEASES DURING RAMP AND
HOLD TESTS FROM PRESTON AND MELVIN [3] WITH PREDICTIONS FROM
DECONSTRUCTION OF FULL RELEASE RATE CURVE.
Dowel
sample

ID

Ramp
rate
K/min

Hold
temp 0
C

A/2
B/2
B/5
C/2

1
1
1
1

150
140
130
120

ramp
31.5
20.1
11.2
1.70

hold
34.4
24.4
14.8
16.3

Total
65.9
44.5
26.0
18.0

D/3
B/3
C/3

0.3
0.3
0.3

150
140
130

40.34
36.97
20.5

10.56
22.10
21.12

50.90
59.07
41.62

Measured release (J/g)

Predicted release (J/g) (from
energy distribution iri sample
E/3 ramped at lOK/min)
Ramp
Hold
Total
41.45
55.21
96.66
27.03
50.48
77.51
15.92
42.77
58.69
8.31
33.15
41.46
62.19
44.4
28.74

43.87
43.6
40.61

106.06
88.0
69.35

Thus the quantitative distribution of stored energy in a graphite sample derived from a
rapid rate of release experiment can be used to predict how Wigner energy in the same piece
of graphite will be released under a different temperature cycle. With regard to Piles graphite
there is a good data base on stored energy. The choice of data for a safety case is outside the
scope of this paper.
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To provide assurance of the robustness of the stored energy derivation and application
procedure, some checks have been conducted within the available database. Since specimens
in general only undergo one energy release test, it is first necessary to check on the
reproducibility of behaviour in specimens cut from a single piece of graphite. Once this has
been done satisfactorily, sets of data on adjacent specimens tested under differing ramp rates
can be examined. Data from specimens ramped at common ramp rate but subject to
isothermal holds at different points on the ramp make a useful set. Data from Reference [3] in
which samples were cut from a single irradiated dowel, identified as B12/2, have been used
for a checking exercise and results are illustrated in Figures 5, 6 and 7.
Figure 6 shows the rate of release vs time plot for sample E/3 taken at 10°C.min"1 up to
600°C. The curve has been analysed as described above to give a distribution of stored energy.
The rate of release from the individual components of this distribution have also been plotted
on Figure 6, and the sequential 'emptying' of energy 'bins' can be seen as the temperature
ramp (also plotted) progresses. The energy distribution has then been used to predict the
behaviour of neighbouring samples from the dowel which were taken at a common ramp rate
to different temperatures and held there. Figure 6 allows the experimental data to be compared
with prediction in Figure 7 for samples ramped at 0.3°C.min"1 and held at 130,140 and 150°C.
The experimental data show reasonable sample-to-sample reproducibility in terms of the
gradient on the ramp part. The predictions naturally have a common behaviour on the ramp
part with the slope predicted well (this is the correction for ramp rate from Figure 5). The
pattern of the experimental data is reproduced well, considering that the experimental data
suffer from some drift on the base line. Table 3 compares the observed and predicted release
of energy during the ramp, during the hold and in total for the tests illustrated in Figure 6 and
for similar ones on samples from the same dowel but where the ramp rate was 1 rather than
0.3°C.min"1. The predicted releases are generally rather larger than those observed, but the
experimental base line may affect the integration of experimental data. However, the sample
to sample behaviour is again generally consistent in that samples ramped and held at lower
temperatures release less energy than those taken to higher temperatures.
Thus samples cut from a single dowel show reasonable reproducibility of behaviour on
common ramps, and the quantitative stored energy distribution derived from a full ramp can
be used to predict the behaviour of neighbouring samples subjected to different temperature
cycles.
5. ENERGY RELEASE PREDICTIONS UNDER SLOW, LOW-TEMPERATURE CYCLES
The previous section illustrated how stored energy distributions could be derived and
shown to be internally consistent within a data set. The data are obtained under conditions
where multiple peaks are not seen. The ramp rates relevant to waste packaging and disposal
are slow such that the energy release from defects of different types will be more spread out.
As has already been mentioned the fineness of the energy spectrum derived from
deconstructing the rate of release curve needs to be fit for purpose. The smoothness of the
experimental rate of release curve taken together with the coarse and fine fits illustrated in
Figure 5 indicates that the activation energy spectrum, if not continuous, is discretised in
increments of less than about 0.05eV in the relevant region. The finer fit, discretised in
increments of 0.03 - 0.05eV (Table 4) produces a smooth curve when the bins are summed.

13

TABLE 4. COARSE AND FINE STORED ENERGY SPECTRA USED TO FIT DATA FOR
DOWEL FROM PILE 2 CHANNEL 22/67 [14]
Coarse Spectrum
Activation Energy

Stored Energy

eV

J.R 1

1.117

Fine Spectrum
Activation Energy

eV
1.072
1.116

Stored Energy
J-g"1

0.2
1.7

3.6

1.199

13.9

1.269

27.0

1.326

33.1

1.399

36.7

1.449

45.0

1.526

42.4

1.593

33.7

1.763

48.7

1.887

21.2
Total 305

1.160
1.198

4.2
7.3

1.233
1.268
1.307

10.7
14.3
15.7

1.335
1.367
1.399
1.420
1.449
1.487
1.525
1.564
1.593
1.648
1.707
1.762
1.832

17.3
21.1
18.5
17.9
22.8
24.0
21.4
16.0
17.0
19.3
15.8
14.6
7.5
Total 287

Both the coarse and fine fits (from Table 4) have been applied to temperature cycles
rising from 20°C to 100°C, held constant, and then declining. In the one case the rise occurs
over a day, with a hold for 2 days and a fall over another day, and in the second case the rise is
over 5 days with a 10 day hold and a 5 day fall. The results are shown, for the fine fits, in
Figures 8 and 9.
For each cycle the coarse fit still gives a release rate with peaks or shoulders, and the
finer fit gives a smoother curve. The energy released during the ramp and hold is very similar
for both fits. It is also instructive to compare the same fit under the V2/I day and 5/10/5 day
cycles. For ease of visual comparison the release rates have been plotted on the same scale.
During the ramp period more 'bins' are emptied in the slower cycle, and hence more energy
released, but in both cases many of the bins, shown in Table 3, remain effectively untapped. In
the hold period at the common temperature of 100°C rather more energy is released in the V2/I
day cycle because bins with lower activation energies (shorter half lives) are contributing,
these bins having been emptied on the ramp in the 5/10/5 day cycle. In total the slower the
cycle the more energy is released, but the rate of release is very much reduced. It can also be
seen by comparison of Figures 8 and 9 that although the cycle time is extended, the way in
which the releases from adjacent bins overlap is maintained. Discretisation of the activation
energy distribution in increments of about 0.03-0.05 eV is adequate to avoid predictions of
energy release in low cycles being compromised by too coarse a fit.
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The examples above clearly use an imposed temperature cycle, and do not consider the
way in which local temperatures can be modified as a result of energy release. This is handled
by a feed back loop into the release rate Equation 7 coded as a subroutine into thermal
modelling codes, and is not part of this paper.
6. VALIDATION OF RELEASE PREDICTIONS AT LOW TEMPERATURE
The fundamental understanding of Wigner energy gives no reason to suppose that
releases at low temperatures over long times should not proceed according to Equation 7, and
as predicted in Section 5. Clearly the predictions assume bins behave independently of each
other and assume that for example relaxation of one region of a lattice does not affect the
activation energy required for release of remaining defects, i.e. there is no 'trickle down'. It
also ignores the aggregation of defects during annealing to produce complexes with higher
activation energies. The very large spread in activation energies, with many defects effectively
very difficult to dislodge at low temperatures suggests this defect/defect interaction will not
have a large effect on release rates. Some validation of predictions over longer timescales
would however provide additional confidence in the use of the methodology for safety case
applications.
After consideration of the experimental difficulties in measuring the heat release directly
in long low cycles, and recognising the reasonable degree of consistency in behaviour of
samples cut from a single piece of graphite (Section 4), an achievable test of the predictions is
proposed as follows. Cut several samples from a single piece of Pile graphite, core or debris.
The irradiation history need not be known as long as the graphite retains stored energy
releasable at low temperatures. Take one or two samples through the conventional ramp
experiment to determine rate of release with temperature or time, the ramp rate (probably less
than 10 K.min"1) being suitable for deconstruction of the release rate curve to give a stored
energy distribution as described. Use this distribution to identify, by prediction,
time/temperature cycles which will release suitable (see later) amounts of energy. Expose the
samples to these cycles, measuring only time and sample temperature, and then take the
samples through the same conventional ramp experiment and deconstruct the resulting curves
as before. Compare the predicted releases during the time/temperature cycles with the
difference between 'before' and 'after' ramp-rate experiment data and derived stored energy
distributions. It can now be seen that 'suitable' time/temperature cycles are those which will
make a readily measurable difference to the output from the conventional experiment. In this
sense, suitable time/temperature conditions cannot be identified until the initial stored energy
distribution is known.
7. CONCLUSIONS
A review of the classical theories on the accumulation and release of Wigner energy
from irradiated graphite, together with an analysis of past and present data from the graphite
of the Windscale Piles, shows that the behaviour of the Piles graphite is consistent with the
existence of a distribution or spectrum of "activation energies" associated with the sites of
displaced atoms and vacancies.
The form of the release of stored energy is essentially independent of graphite type, but
the precise irradiation history (temperature, dose) and the occurrence of annealing activities,
leads to a unique distribution of remaining stored energy in the graphite from the Windscale
core which cannot be predicted reliably from first principles.
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The lower the irradiation temperature, the lower the characteristic activation energies
associated with damage sites which can retain "stored" energy. However, as irradiation
continues, some displaced atoms and lattice vacancies (or the clusters of atoms or vacancies
derived from them) are shifted to positions of higher activation energy, requiring much higher
annealing temperatures to release the associated energy: indeed, to release all stored energy
from an irradiated graphite sample, a temperature in excess of 2000°C would be necessary.
The temperatures necessary to release energy from these higher levels are not accessible in
storage or during grouting cycles and only the energy in the lowest remaining activationenergy sites could potentially be released over these timescales.
Energy associated with sites from which release was possible at the temperature of
irradiation can only be present in an extremely low concentration resulting from the steadystate balance of formation versus annealing which was "frozen in" when irradiation ceased,
and are not of significance in the present context.
In the context of storage and disposal of this graphite, total stored energy is not relevant:
one only needs to consider the energy in sites capable of release at the temperatures of
grouting and storage which include the effects of an additional temperature rise as a result of
energy feedback into the system. Since the temperature cycles associated with these activities
lie below those traditionally used in determinations of the rate of release of stored energy, it is
necessary either to extrapolate data to lower temperatures, or to obtain new data.
A method to deconvolute rate of release curves obtained for representative Pile-1
graphite samples in order to identify the initial activation-energy distribution of the stored
energy has been described. The initial activation energy distribution derived from
measurements on one sample can be used to predict successfully the energy release behaviour
of neighbouring samples exposed to different temperature cycles.
The required fineness of the observed energy distribution has been examined in the
context of the long, low temperature cycles applicable to waste grouting and disposal.
It is considered prudent to validate the predictions of energy release from the
calculational route by means of experimental measurements. A method of providing an
achievable test of the predictions is proposed.
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Abstract. Pile I still retains significant amounts of Wigner Energy within graphite bricks not affected by,
the 1957 fire. A recently undertaken survey could clarifv the status of the graphite with respect to stored energy.
Based on the history of Pile I it is not possible to present a unique set of release curves valid for all investigated
channels. Furthermore peripheric blocks not submitted to any survey, due to the lack of being accessible by
trepanning machinery are unknown with respect to possible stored energy.
Graphite samples of several blocks show release behaviour that exceeds the heat capacity of unirradiated
graphite. Statistically this characteristic correspondence is given only for less than one quarter of the material.
Three quarters do not represent any risk in the sense that either handling or later encapsulation of the graphite
will result in unforeseeable energy release.
For the purpose of planning all stages of the graphite-disposal process the question is addressed whether
an inadvertent release of stored energy can occur during handling and storage and whether deliberate or partial
annealing of the material is a requirement. On the basis of a multi-activation energy concept it could be cleared
that annealing between 200 and 250°C is able to clear all sites eventually being activated by the grouting process.
This temperature range was examined with respect to the efficiency of a deliberate annealing procedure. 80 to
90% of the stored energy releasable tip to 500°C can be released if the annealing procedure is executed between
250 and 300°C.
As far as tritium release from the graphite during an annealing procedure is concerned measurements of
the desorption of tritium as effect of heating of grounded Pile I graphite material were executed. Apparently less
than 0.5% of the total tritium content are released at the proposed annealing temperatures.

1. HEAT TREATMENT OF IRRADIATED GRAPHITE
1.1. General status of pile 1 graphite
Pile I graphite still retains significant stored Wigner Energy. The physical properties of
graphite used in nuclear reactors as moderator and as structural material are changed by
fission neutrons. The understanding of these effects is expressed in an atomic model by
dislocations of carbon atoms within the graphite and the thereby stored energy known as
Wigner Energy. Details of the residual energy measured in newly, trepanned samples are
reported to be such that the specific heat capacity of the graphite can be exceeded [1]. Release
at measurable rates is initiated at temperatures ranging mostly between 100 and 190 'C. An
important observation is that total stored energies and release behaviour appeared little
different from the limited surveys published after tile fire indicating that forty years storage of
the core at ambient temperatures have not resulted in any_significant diminution of stored
energy.
The construction of the Pile core is described in a row/column terminology which is
generally known. As a basis for dismantling the core, the graphite has been classified by a
characteristic difference,, namely, belonging to the "Fire Affected Zone" (FAZ) or not. 150 m3
graphite out of a total of 1296 m were calculated to be part of the FAZ which has been

variously described over the years since the fire and which is supposed to be rather localised.
This graphite will have been annealed by, this event to such an extent that stored energy is not
an issue.
During operation, the Plies were annealed several times to remove the low temperature
component of stored energy. It was during such an anneal in October 1957 that Pile I caught
fire. Pile I had accumulated a dose of almost three times the energy of the dose of Pile 2 when
it was shut down. Consequently, the stored energy of Pile I was comparatively higher than Pile
2 before the fire. It was thought that the fire would have removed much of the stored energy,
but several tests showed that any heating effect was limited to immediately, above the fire
affected zone or towards the discharge face. The results of the new survey, giving the current
status of Pile I graphite will be discussed.
The remaining graphite outside the FAZ, representing about 1.100 m3, has been
nominated as undamaged graphite by, the consortium awarded a contract to decommission
Windscale Pile 1. This undamaged graphite cannot be regarded as homogeneous material,
since it was subject to different irradiation doses and temperatures as a function of its location
within the core during operation. Physical and chemical characterisation of the graphite by
measuring energy release, thermal conductivity and oxidation rates [2] show distinct
differences between graphite from the front and rear of the core. During operation the fuel
elements for the core were charged from the front side which resulted in lower irradiation
doses and temperatures at this side. Cooling air entering the core at the front mainly supported
this temperature differences. Accordingly higher doses and temperatures were observable
behind.
1.2. Results from 1997/98 stored energy survey of Windscale Pile 1
The behaviour of irradiated graphite from Pile 1 had to be checked in to order to ensure
safe handling and encapsulation during dismantling of the core. The BNFL, NUKEM Nuklear
and ROLLS ROYCE Nuclear Engineering Services consortium awarded with the contract for
dismantling and subsequent encapsulation of the irradiated materials in waste containers needs
especially to know what the irradiated graphite will be like. Despite a broad knowledge
gathered by various surveys of the Pile graphite, it was decided to trepan graphite cores at six
fixed positions of graphite blocks from eleven fuel channels in Pile 1. This survey was
undertaken at the very, beginning of the Decommissioning Project Phase 2 in Autumn 1997.
The trepanned material from this survey was subjected to various physical and chemical
analyses to assess the stored energy (Wigner Energy) and the air reactivity of the moderator
graphite. To form a basis for the outstanding decision concerning a potential annealing
process of irradiated graphite by heat treatment, the density,, total stored energy, rates of
stored energy, rates of stored energy release, thermal conductivity and air oxidation rates were
measured by BNFL and AEA Technology pic at BNFL Chapelcross.
Taking account of dose and temperature differences during operation, the differences
within the many release curves are not surprising. It is apparent that some blocks at the front
side of the reactor show energy release curves that exceed the specific heat of unirradiated
graphite. Furthermore, it was also the case that unannealed pockets were always left after an
anneal due to poor conduction in the graphite arrangement. This was observed by
thermocouple readings taken during each of the ten annealing procedures which took place
during the almost ten years of operation. Thus, irregular success of annealing was not

unknown. Nevertheless, most of the measured release curves do not exceed the specific heat
of graphite. There are quite a number of graphite blocks around the Pile periphery, that acted
as reflector graphite and have never been measured because trepanning was not feasible as
with the other blocks. It is assumed that these peripheric blocks were never annealed along
with other blocks at the outer edges of the core graphite.
Based upon this history, it is not possible to present a set of release curves which can
give a generally, valid impression of the graphite status for the whole core. Figure 1, however,
shows similarities to several sets and therefore is taken as example. The samples of block 4
and 9 show release curves exceeding the heat capacity, of graphite. Block 13 almost exceeds
this heat capacity, but blocks 23 and 28, the last two samples out of totally 36 blocks, are
characterised by a very low release within the measured temperature range.
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FIG. 1. Rate of release curves for Pile 1 channel 10/64 BR.

It is typical for many, sets of release curves of graphite cores, taken at equivalent block
locations from individual loading positions of the fuel channels, that one or both of the first
two release curves of graphite clearly exceed the heat capacity of unirradiated graphite. But it
is not generally valid. Furthermore, one or two of the next two blocks show an energy release
narrowly approaching the heat capacity curve. Mostly the last one or two curves show only
little release. These general rules resulting from an overall observation can even be broken in
a sense that all five release curves taken from equivalent blocks at other positions show
release curves, of which everyone exceeds the heat capacity of virgin graphite.
The status of the Pile I graphite concerning possible energy release can clearly be
described by a statistical evaluation of this 1997/98 survey. 11 samples (23%) are characterised
by the 200 °C peak which is sometimes (6%) shifted into the temperature range of 250 to
300°C. 30 samples (64%) are taken from graphite which is annealed in this temperature range
of 200 to 300°C when subject to dismantling due to formerly, higher operation temperature.

They show a flat peak between 300 and 400°C. 6 samples (13%) are characterised by an
energy release beginning to be measurable above 400°C.
These statistics demonstrate an unambiguous picture of the status of the Pile 1 graphite
that 77% do not represent a risk in the sense that either handling or later encapsulation of the
graphite will result in an unforeseeable energy release. As a result of not being able to:
-

localise the positions of the riskv graphite exactly, nor
to guarantee a separation of graphite material between front and rear of the core, nor
to check the eventual release by analyses it will surely become unavoidable to anneal at
least the larger sized bricks of the Pile I graphite.

From these measurements a conclusion can be drawn that partial annealing of selected
graphite blocks according to their position within the core cannot be argued thoroughly. A
large number of blocks situated in the front., such as blocks 1 to 15, will need annealing with
respect to generally, formulated conditions. It will not, however, be possible to exclude
annealing for all subsequent blocks such as blocks 16 to 36.
1.3. Grouting procedure interacted by Wigner energy release of irradiated
graphite
It is intended to place irradiated graphite into steel waste containers that can be subject
to a grouting process before surface storage or later on removal to a deep repository disposal
facility. For this reason, it has been necessary to consider the interaction between the curing
grout and the irradiated graphite which could result in a release of at least part of the stored
Wigner Energy. Theoretically, the influence a grouting cycle with extreme low temperature
rates exercises on the disposed graphite has to be clarified. The irradiated graphite may release
stored energy if an activation energy is made available that transfers lattice defects back into
their original positions, a transfer that is called annealing.
For the purpose of planning and executing all stages of the graphite-disposal process, it
is essential to address the question of whether an inadvertent release of stored energy can
occur during handling and storage and, thereby, whether deliberate annealing or partial
annealing of the material is a requirement. An assessment was required to examine the
potential for an energy release from any of the material in the core under conditions that will
be encountered, particularly during initial mechanical handling, grouting, and subsequent
storage. In the main, such data were not available for the temperature ranges of interest until
recently.
It was clear that a proper decision of the necessity, for partial annealing prior to
treatment and storage of the Pile graphite components could not be made alone on the basis of
recently prepared measurements of energy releases at low heating rates. Equations were
therefore defined to describe energy release rates over the mentioned temperature range. These
equations gave a relationship between the activation energies necessary to release the storedenergy and the temperatures at which the graphite was irradiated. Such a mult-activation
energy concept became necessary, as the nature of the lattice defects introduced by irradiation
were believed to develop from simple sub-microscopic clusters of a few atoms into interstitial
loops of increasingly complex nature [3]. Such a variety of sites results in different specific
energies and it is therefore unsurprising that a theory developed on the basis of variable

activation energies for annealing of these defects found great favour with theoreticians and
appeared not to be contradicted by experimental data.
On the basis of this concept, it is likely to see defects with an activation energy of
between approximately 1.2 eV for graphite irradiated at 50°C and about 1.5 eV for graphite
irradiated at 150°C. representing the temperature range of the Piles' operation. Strictly
speaking, these results are dependent on rates of temperature rise, but they are used for further
considerations due to the low sensitivity to the temperature rate. What concerns the grouting
cycle is a report that a pessimistic estimate of the maximum releasable activation energy
threshold is about 1.17 eV. From the temperature measurements of the core, it is known that
the maximum irradiation temperature was about 150°C leaving sites with an activation energy
of about 1.50 eV. Annealing between 200 and 250°C will be able to clear these sites.
Furthermore, an annealing process in this temperature range will be able to clear all those sites
with a lower activation energy that could be activated during a grouting procedure.
1.4. Rate of energy release measurements
The occurrence of a process-induced annealing procedure can be prevented by a
deliberate annealing process, the parameters of which are to be defined by the investigations
described in the following. The most essential aim of these investigations is therefore to
determine that proportion of total stored energy that could contribute to a low-temperature
release. This correlates to a temperature or temperature range at which a deliberate annealing
process has to be conducted, excluding later occasional annealing influenced by the conditions
of grouting or handling. It can be concluded from the energy release results of the Pile I
samples that the temperature range of between 50 °C and 400 °C has to be taken into account
for the deliberate annealing process. This has been agreed by all experts for the last forty
years. The consortium awarded with the decommissioning of Windscale Pile I was therefore
interested in heating specimens of irradiated graphite from room temperature up to 400 °C.
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FIG. 2. Total energy release of Pile 2 dowel in dependence of heating temperature.
Ahead of dismantling it was therefore of interest to test annealing with graphite samples
taken from the dowel of Pile 2. In the context of preparation for core dismantling, this dowel

was considered to be useable for fundamental investigations, such as temperature rate
measurements [4]. Temperature release tests were performed at a heating rate of 25 K-min-I
and samples were heated from 40 to 125, 150, 200, 250, 300, 350 and 400 °C. These
investigations were executed at heating rates of 25 K min"1, because this value corresponds to
the intended heating rate for the decommissioning process of Pile I in the meanwhile
completely designed Waste Process Facility [5].
The overall result of these tests is shown in Fig. 2, demonstrating the total energy
release in dependence with temperature. The specific maximum temperature was maintained
for three hours before the sample was cooled in liquid nitrogen for one week and then retested to a temperature 100 K above the previous test temperature. No significant amount of
energy was released on the second heating until the temperature was 50 K above the previous
test temperature. By, 400 °C. most of the energy in the sample had been released during the
first run and no further energy), was released on the second run.
Extrapolating the energy release curve of Figure 2 to 500°C, a maximum energy release
value of 220 Jg"1 is obtained. 98% of this value is released at a heating temperature of 400 °C,
90% is released at 300 °C. In Table I. these fractional release values are given for all measured
temperatures representing the mostly observed release behaviour which has often been
formulated by especially emphasizing the peak of the low temperature release at 200 °C. At
this temperature, about 50% of the total releasable energy between 100 and 500 °C is released
characterised by a defined activation energy.
TABLE I. ENERGY RELEASE OF PILE 2 DOWEL BETWEEN 125 AND 500°C
Temperatur

Energy release

Fractional energy release

125°C

9J-g 1

0.04

150°C

41 J'g 1

0.19

200°C

123 J.g 1

0.56

250°C

172 J.g

1

0.78

300°C

198 J'g"1

0.90

350°C

207 J'g"1

0.94

400°C

216 J'g"1

0.98

500°C (extrapolated)

220 J'g"1

1.00

In Fig. 3 six of these release curves are shown, namelv those three for the first heating to
200 °C, 250 °C and 300 °C, respectively, and the second three for heating to 300 °C, 350 °C
and 400 °C, correspondingly. A spontaneous decrease of the energy release is observed during
the first heating once the maximum temperature is reached. This observation indicates the
high mobility of dislocated carbon atoms or from these later developed clusters at the moment
the corresponding activation energy is reached.
As can be easily recognised, it is a fact that the amount of energy released during the
second heating at temperatures (T + 100 °C) decreases drasticallv: almost 40 J/g are released
for the first specimen at 300°C, 11 J/g for the second at 350°C and onlv 6 J/g for the third

specimen at 400 °C. This means that 55% of the total energy releasable up to 500 °C can be
released when annealing at 200 °C is chosen. 78% when annealing is executed at 250 °C and
90% when the irradiated graphite is annealed at 300 °C. Details of these fractional energy
releases and their temperature dependence are given in Table II.
A Perkin-Elmer Model 7 power compensation differential scanning calorimeter (DSC)
was used for all the rate of release tests. The power and temperature displays on the
calorimeter were calibrated at a heating rate of 25 K min"1 in accordance with ASTM El26990. The calorimeter consists of two small platinum crucibles, each with a platinum resistance
heater and a platinum resistance thermometer incorporated into the base. Electronics
continually monitor the temperature of the platinum resistance thermomenters and adjust the
power supply to each crucible to keep them at the same temperature. The temperature of the
crucibles can be held constant or increased at a steady rate and the difference in power
supplied to the two crucibles is monitored as a function of time and temperature.
Gl First heating to 200°C
— - -Gl Second heating to 300°C
G2 First heating to 250°C
• • - G2 Second heating to 300°C
G3 First heating to 300°C
- - - G3 Second heating to 400°C

,-s 0 ' 8 1
=« 0,7 > 0,6 -

7

5

t °' "
2 0,4 -

1o 0,3 0,2 0,1 -

0,0 J
0

100

200
300
Temperature (°C)

400

FIG. 3. Double energy release at Ti (low) and of three graphite sample of Pile 2 dowel.
At least two heating runs are needed to determine the rate of stored energy release. The
first is made with the irradiated graphite specimen in one crucible and the other crucible
empty (to act as a reference). During the first run stored energy is released reducing the
amount of electrical energy needed to heat the sample. On the second run additional electrical
energy is needed to heat the annealed sample. The difference in the electrical energy supplied
between the first and second runs is proportional to the rate of stored energy release. Both
crucibles are purged with high purity argon during the tests to minimise oxidation of the
graphite.
1.5. Proposal of parameters for annealing process
The initial release peak for stored energy at around 200°C, exceeding the specific heat of
unirradiated graphite and thus having the potential for self-heating under appropriate
circumstances, obviously necessitates annealing. At this peak temperature, somewhat more
than 50% of that part of the stored energy), are dissipated that is regarded as the main obstacle
for untreated graphite disposal. It is shown by the previously discussed energy release tests,
that more than 90% of the releasable energy at 400°C can be dissipated when the graphite is

TABLE II. FRACTIONAL ENERGY RELEASE IN DEPENDENCE OF TEMPERATURE
oo

Temperature TL (low)
of first release

Energy release
ERL at TL

Temperature T H (high) of
second release

Energy release
ERH at TH

Fraction of ER
at TL: ERL/(ERL+ERH)

Fraction of E
at TL: ERL/ERMa

200°C

122-Jg1

300 °C

37-Jg 1

0,77

0,55

250°C

172-Jg1

350°C

11-Jg"1

0,94

0,78

300°C

197'Jg"1

400°C

6-Jg"1

0,97

0,90

a

ERM: Maximum energy release determined by extrapolation of temperature dependence of energy release at 500 °C.ERM = 200 J«g"

heated to a temperature between 250 and 300°C. The experimentally evaluated energy release
curve as a function of heating temperature illustrates that the released energy only increases
insignificantly between 400 and 500°C. Extrapolating the measured data to a temperature of
500°C, a limiting value of 220 J'g"1 is determined. Heating of the graphite to the above
mentioned temperature range, the calculated fractional energy releases in relation to the
extrapolated release at 500°C are between 80 and 90%. This result, based on a total heating
time of 30 minutes, can be taken as evidence that this temperature range can be preferred as an
alternative to the previously discussed annealing temperature of between 350 and 400°C [6],
particularly when other advantages are achieved in addition, such as the reduction of possible
emissions. The heating concept of installing an inductive oven is presented in another report
given at this conference [5].
2. DESORPTION OF TRITIUM FROM WINDSCALE PILE I GRAPHITE AT
ELEVATED TEMPERATURES
2.1. Destination of total tritium content
Trepanned graphite specimens of Pile I from the 1997/98 survey were analysed with
regard to their radionuclide content. Three solid samples, originating from the fuel channel
with the highest tritium content as previously determined, were ground to dust and thoroughly
mixed to provide approximately three grams of homogeneous powder [7].
The total tritium content of the homogenised graphite powder was determined by
burning approximately, 1 gram of the material in an atmosphere of pure oxygen in a
commercial "bomb" calorimeter. A small amount of pure water was placed in the "bomb"
before the graphite was burnt to collect the tritium released. Once the graphite had been burnt,
the bomb was cooled to condense the water and then shaken vigorously to make sure that the
water fully absorbed any tritium inside the "bomb". When the "bomb" was opened, the water
was collected and its tritium content determined by liquid scintillation. The total tritium
content of the homogenised graphite powder was measured to be 97.4 x 103 Bq»g"\ This value
of roughly 100 kBq'g"1 fits well with the mean value determined from the analyses of eleven
graphite samples taken from eleven fuel channels during the recent survey. This mean value
amounts to 107 kBq»g"\
2.2. Tritium release as function of temperature
As explained in detail in the first chapter, it may, become necessary to anneal Pile I
graphite as part of the waste treatment process what will be executed at temperatures between
250 and 400°C in accordance with the hitherto given expert proposals. Heating the graphite up
to such temperatures may result in tritium emissions which must be quantified in order to
form a basis for an appropriate decision concerning the design of a possible tritium retention
system for the previously mentioned Waste Process Facility.
In order to determine the tritium release as a function of the temperature, the use of a
furnace designed with only reduced places for condensation was obviously necessary to obtain
the desired defined results. The chosen furnace allowed a reasonable gas flow of 200 mL»min"
1
thus supporting the intention of a qualified measurement. As purge gas 1% hydrogen in argon

was used. The small quantity, of hydrogen was supposed to exchange readily with any
released tritium and to prevent thereby any tritium being absorbed on to the walls of the
equipment. Four Drechsel bottles filled with pure water were used to sample the purge gas.
The first two bottles were positioned directly behind the furnace to collect tritiated water
(HTO). The purge gas then passed through a copper-11-oxide bed at 800 °C to oxidise any
tritiated hydrogen (HT) present into HTO. The gas would then be bubbled through pure water
in two more Drechsel bottles, to collect any tritiated hydrogen gas HT present, before being
vented safely outside the laboratory.
To test for tritiated hydrogen collection, a bottle of carbon dioxide gas from one of the
Chapelcross reactors containing a known amount of tritium (both HTO and HT) was used for
calibration instead of 1% H2/Ar purge gas. The gas contained approximately 740 Bq«g" of
tritium, The amount of gas entering the system was determined by accurately weighing the gas
bottle before and after the test. After optimisation, a 80 to 90% recovery rate for tritiated
hydrogen was established; the remaining tritium being absorbed somewhere on the walls of
the equipment or within the oxidation bed and desorbed gradually. After the reactor purge gas
test, a sample of unirradiated graphite powder was placed in the furnace and heated to 350°C
for 30 minutes with 1% H2/Ar purge gas flowing at standard gas flow. This test should have
given zero result when the water from the bottles was analysed, but it gave a count of about
10 Bq of HTO and HT, respectively, due to desorption of the two molecules from the earlier
test. This induced the urgent establishment of a purge step of the system before all subsequent
tests. 1% H2/Ar gas was allowed to flow for several hours through the system to reduce the
amount of tritium desorption during the following tests.

1000
•A

a
u
u

s
3

S
o

s

100

0

30 minutes

a

60 minutes

A

120 minutes

0

ro

a

5
i

1

100

1

1

200

1

300

400

500

600

Temperature (°C)

FIG. 4. Release of tritium as a function of temperature.

10

700

800

TABLE III .AMOUNT OF RELEASED TRITIUM FROM PILE 1 GRAPHITE
as tritiated
water
Temperatur
e

as tritiated
hydrogren

Collection time = 0 to 30
minutes

as tritiated
water

as tritiated
hydrogen

as tritiated
water

as tritiated
hydrogen

Collection time = 30 to
60 minutes

Collection time = 60 to
120 minutes

154°C

12 Bq.g 1

4 Bq.g 1

7 Bq.g"1

5 Bq.g"1

8 Bq.g"1

5 Bq.g"1

252°C

48 Bq'g"1

17 Bq.g 1

21 Bq.g"1

5 Bq.g"1

4 Bq.g"1

5 Bq.g"1

354°C

191 Bq.g-1

20 Bq.g"1

32 Bq.g"1

0 Bq.g"1

33 Bq.g"1

0 Bq.g"1

500°C

366 Bq'g"1

68 Bq.g"1

79 Bq.g"1

11 Bq.g"1

79 Bq.g"1

19 Bq.g"1

698°C

1406 Bq«g"

1903 Bq.g"

422 Bq.g"1

1231 Bq.g"

338 Bq.g"1

1569 Bq.g"

l

l

l

l

To measure the amount of tritium released from Windscale Pile 1 graphite, a known
amount of graphite (ca 200 mg) was weighed into a clean silica boat that was quickly inserted
into the furnace when it was at the required temperature, The furnace tube was immediately
resealed and the purge gas passed through the Drechsel bottles as described. When the gas had
been sampled for 30 minutes, the Drechsel bottles were replaced with a fresh set and the gas
sampled for a further 30 minutes. These were then replaced with a fresh set and the gas
sampled for a further 60 minutes before the bottles were removed and the water counted. Tests
were performed at temperatures of 150, 250, 350, 500 and 700°C. The number of tests were
restricted due to the limited amount of available graphite material.
The amount of released tritium increases with temperature as illustrated in Fig. 4
representing a log-linear plot of the total amount of tritium released as a function of
temperature. E.g. 211 Bq.g"1 of tritium arc released at 300°C after 30 minutes, representing
0.2% of the total tritium amount in the graphite. After 30 minutes at 700°C some 3% of the
tritium are released, namely 3310 Bq«g". The proportions of the released HTO and HT are
given in Table III. Evidently, tritiated water (HTO) is desorbed from the graphite pores at all
temperatures of the tests at an increasing rate as a consequence of the set temperature rise.
Additionally, tritium can be released at higher temperatures as a direct result of the measuring
procedure triggering this release by offering hydrogen as part of the used transport gas.
The effect of tritium retention by graphite has been known from investigations which
are part of qualification tests for graphite material to be used as suitable plasma facing
components for thermonuclear fusion experiments [8,9]. At 500°C, a temperature that will not
be reached under the conditions of annealing during decommissioning as foreseen by the
consortium, less than 0.5% of the total tritium content is expected to be released. This
corresponds to less than 500 Bq.g"1 of graphite or 900 GBq of tritium for the complete
1760 Mg of Pile 1 graphite, mainly (94%) as tritiated water.
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PYROLYSIS AND ITS POTENTIAL USE IN
NUCLEAR GRAPHITE DISPOSAL
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Studsvik, Inc.,
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Abstract. Graphite is used as a moderator material in a number of nuclear reactor designs, such as
MAGNOX and AGR gas cooled reactors in the United Kingdom and the RBMK design in Russia. During
construction the moderator of the reactor is usually installed as an interlocking structure of graphite bricks. At
the end of reactor life the graphite moderator, weighing typically 2,000 tonnes, is a radioactive waste which
requires eventual management.
Radioactive graphite disposal options conventionally include:
—
In-situ SAFESTORE for extended periods to permit manual disassembly of the graphite moderator
through decay of short-lived radionuclides.
—
Robotic or manual disassembly of the reactor core followed by disposal of the graphite blocks.
—
Robotic or manual disassembly of the reactor core followed by incineration of the graphite and release of
the resulting carbon dioxide
Studsvik, Inc. is a nuclear waste management and waste processing company organised to serve the US
nuclear utility and government facilities. Studsvik's management and technical staff have a wealth of experience
in processing liquid, slurry and solid low level radioactive waste using (amongst others) pyrolysis and steam
reforming techniques. Bradtec is a UK company specialising in decontamination and waste management.
This paper describes the use of pyrolysis and steam reforming techniques to gasify graphite leading to a
low volume off-gas product. This allows the following options/advantages.
—
Safe release of any stored Wigner energy in the graphite
—
The process can accept small pieces or a water-slurry of graphite, which enables the graphite to be
removed from the reactor core by mechanical machining or water cutting techniques, applied remotely in
the reactor fuel channels.
—
In certain situations the process could be used to gasify the reactor moderator in-situ.
—
The low volume of the off-gas product enables non-carbon radioactive impurities to be efficiently
separated from the off-gas.
—
The off-gas product can be discharged to atmosphere if permitted, or can be absorbed and converted to a
low-activity carbonate solid product, which can be used as in-fill around other radioactive waste.

1. INTRODUCTION AND PROBLEM OVERVIEW
Graphite, which consists predominantly of the element carbon, is used as a moderator in
a number of nuclear reactor designs, such as the MAGNOX and AGR gas cooled reactors in
the United Kingdom and the RBMK design in Russia. During construction the moderator of
the reactor is usually installed as an interlocking structure of graphite bricks. At the end of
reactor life the graphite moderator, weighing typically about 2,000 tonnes, is a form of
radioactive waste which requires eventual management. Graphite is a relatively stable
chemical form of carbon, which is in many ways suitable for direct disposal without
processing. However, after neutron irradiation the graphite will contain stored Wigner energy.
The potential for release of this energy needs to be accommodated in any strategy which relies
on disposing of the graphite in unprocessed form. Alternatively, processing the graphite
before disposal can allow the safe release of any stored Wigner energy.

The graphite also contains significant quantities of radionuclides from neutron induced
reactions, both in the graphite itself and in the minor impurities which it contains. The
radioisotope content can conveniently be divided into two groups. Short lived isotopes (such
as cobalt-60) make the graphite difficult to handle immediately after reactor shutdown but
decay after a few tens of years. Long-lived isotopes (principally carbon-14) are of concern
through the possibility of their discharge to the biosphere. Processing the graphite offers the
opportunity to separate the majority of the graphite mass (carbon) from the short-lived
radioisotopes. This in turn facilitates management of graphite waste shortly after the end of
reactor life.
The potential future radiological impact of graphite is probably less serious than that of
other radioactive wastes, but will be subject to regulatory attention under the principles of
"ALARP" (As Low As Reasonably Practical). It is not necessarily obvious what management
strategy will be optimum. If it is desired to contain the carbon-14 of the graphite for tens of
thousands of years in order to avoid radiation exposure in the biosphere, the long term
confinement of graphite presents interesting challenges, because of the innate potential of
graphite to become converted to gaseous forms. In addition, for very long-term burial,
potential intruder scenarios include the mining of buried graphite for use as fuel by future less
sophisticated groups which would lead to potentially significant exposures.
On the other hand, it is not at all certain that the early deliberate release of the carbon14 content of the moderator to the atmosphere would be radiologically unacceptable, since
large amounts of this isotope are continuously and naturally formed in the atmosphere
anyway. It is relatively simple to prove that, provided the release is carried out in a suitable
manner, the radiation dose to any individual from this practice would be trivial. However, the
collective radiation dose to all people integrated over thousands of years may be considerable.
Whether release in this manner will be acceptable is heavily dependent on the evolving debate
about the significance of large collective (but individually trivial) radiation doses. The risk of
a significant future individual dose (eg by release or intrusion in long term disposal) might
outweigh the significance of collective doses from immediate release. Disposal at sea would
mitigate some concerns, because any released carbon-14 would be diluted into the seas' large
inventory of carbon rather than the smaller atmospheric inventory. However, sea disposal is
internationally considered unacceptable for political reasons. While the "concentrate and
contain" philosophy is undoubtedly appropriate for most radioactive wastes, graphite is
possibly a special case where release to atmosphere may be appropriate. If the graphite is to
be dispersed in gaseous form in the atmosphere, it is essential to minimise the release of any
non-carbon isotopes such as tritium, iron-55 and cobalt 60. This implies a requirement for the
efficient gasification of the carbon and its separation from other radioactive residues.
Another potential option would be to react the carbon dioxide with calcium or
magnesium oxide, hydroxide or metal to form a stable carbonate solid. The resultant solid
would have greater volume than the original graphite. However, if this solid were pelletised, it
could be used as void in-fill in grouting of other radioactive waste. A particularly interesting
possibility at MAGNOX reactors is to use the Magnox fuel cladding or splitter waste as the
source of magnesium for this option, thereby dealing with two radioactive wastes in one just
one waste form. Carbon dioxide is already used in the processing of Magnox waste [I].
Because of its characteristics and the mass of graphite, the most common procedure to
date for decommissioning of graphite moderated reactors is to "SAFESTORE" the reactor
core in-situ for a period of tens of years following reactor shut-down. During this period
short-lived radioisotopes decay sufficiently to allow eventual manual dismantling of the

graphite moderator. Most UK plans then assume that the graphite will be disposed of in its
existing chemical form, with appropriate additional packaging to prevent degradation or
release over the long period of carbon-14 decay.
Safe-store has certain negative consequences, since it implies a long-term financial
liability, a visually intrusive structure that has no productive purpose, a requirement for
continual surveillance and the requirement for a future generation (which gained no benefit
from the original asset) to complete its eventual clearance. If the safe-store alternative is to be
replaced by shorter term management, it is essential that technology exists for the economic
early retrieval and processing of the graphite in a safe and radiologically acceptable manner.
2. OVERVIEW OF STUDSVIK, INC. AND BRADTEC DECON TECHNOLOGIES LTD
Studsvik, Inc. is a nuclear waste management and waste processing company organised
to serve US nuclear utility and government facilities. Studsvik's management and technical
staff have a wealth of experience in processing liquid, slurry and solid Low-Level Radioactive
Wastes (LLRW). The following principal technologies are used: pyrolysis, steam reforming,
vitrification, thermal treatment, incineration, offgas control systems, ion exchange, reverse
osmosis, membrane separations, solidifications, metal melting, evaporation, transportation,
packaging and burial of a wide range of LLRW streams.
Studsvik, Inc. is a subsidiary of Studsvik Holding AB, a Swedish nuclear services and
waste management company located south of Stockholm, Sweden.
Bradtec is a UK company specialising in decontamination and waste management.
Studsvik, Inc. has completed construction, start-up testing, and has commenced
commercial operation of a Low-Level Radioactive Waste (LLRW) processing facility in
Erwin, Tennessee, USA. The Studsvik Processing Facility (SPF) has the capability to safely
and efficiently receive and process a wide variety of solid and liquid LLRW streams
including: ion exchange resins (IER), charcoal, graphite, sludge, oils, solvents, and cleaning
solutions with contact radiation levels of up to 2.0 Sv/h (200 R/h). The licensed and heavily
shielded SPF can receive and process over 10 tons of LLRW slurry feed per day, including
liquid and solid LLRW's with high water and /or organic content. Figure 1 shows a view of
the Studsvik Processing Facility.
The SPF employs the patented Thermal Organic Reduction (THOR SM) process [2],
developed by Studsvik, which utilises pyrolysis/steam reforming technology. THOR SM
reliably and safely processes a wide variety of LLRW's in a unique, moderate temperature,
pyrolysis/reforming, fluidised bed treatment system. The THOR SM technology is suitable for
processing hazardous, mixed and dry active LLRW (DAW) with appropriate licensing and
waste feed modifications.
Operations have demonstrated consistent, reliable, robust operating characteristics with
volume reductions up to 80:1 and weight reductions up to 100:1 when processing depleted,
mixed bed, ion exchange resins with over 99.9% of all non-volatile radionuclides in the waste
feed incorporated in the final solid residue product. Final reformed residue comprises a nondispersible, granular solid suitable for long-term storage or direct burial in a qualified
container. THOR SM effectively converts hexavalent chromium to non-hazardous trivalent
chromium and can destroy/convert nitrates to nitrogen with over 99 percent efficiency in a
single pass.
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FIG. 1. Studsvik processing facility at Erwin, Tennessee, USA.
3. GRAPHITE PROCESSING OPTIONS WITH PYROLYSIS/STEAM REFORMING
In the pyrolysis/steam reforming process organic or carbon bearing materials are
reduced through pyrolysis in the presence of insufficient or no oxygen to produce volatile
gases and a fixed-carbon "char". In certain applications the char may then be further
processed with steam to gasify the carbon content in the char according to the general reaction
C + H20 =•» CO + H2
The steam reformation part of the process is the principal part for graphite treatment,
since graphite only contains relatively small amounts of bound hydrogen.
The gaseous products can be further oxidised by the admission of additional oxygen or
air to produce non-hazardous products, carbon dioxide and water. The advantage of this
process compared with combustion is that it can all be carried out in a tightly controlled
containment and the loss of hazardous or radioactive materials in the off-gas is therefore
much reduced or even eliminated altogether. Another significant benefit is the low volume of
off-gas that simplifies off-gas handling, including the possibility of achieving essentially zero
gaseous releases. The process constitutes a convenient means for accomplishing the following
objectives referred to in the foregoing discussion.
—
—
—
—

The process can be used to convert graphite into a form where any Wigner energy is
removed.
The process can be used to gasify the carbon in the graphite.
The process can be used to retain the gasified carbon in a form for further processing as
necessary.
The process can be used to separate efficiently the carbon in the graphite from other
radioactive elements present in the moderator to allow ease of handling, and facilitate
the discharge of the carbon mass to atmosphere.

—
—

The process can be used to process individual blocks or particles of graphite removed
from the reactor core in a conventional manner.
However, the process can also be used to react the moderator graphite slowly, in-situ,
with very dilute steam in an inert atmosphere as a means of removing the graphite
moderator from the reactor core in a slow and controlled manner without the need for
human intervention in the reactor core.

Radioactive secondary waste from the reaction phase, or from further processing of the
carbon dioxide prior to discharge, can be dealt with in any conventional manner appropriate
to normal procedures of the nuclear plant concerned.
4. EX-SITU PROCESSING OF GRAPHITE
Figure 2 provides an overview flow diagram of the process as adapted to process
radioactive graphite. Radioactive graphite is remotely removed from the reactor core by
means of water jet or mechanical cutters. Graphite pieces and water are introduced into a size
reduction wet grinder where the graphite is reduced to <1.0 cm size. The size-reduced
graphite and water are slurry fed directly into the reformer by means of a slurry injector
pump, without any other pre-treatment or handling required. Alternatively, graphite can be
size reduced to <4.0 cm for direct injection into the Reformer by means of a mechanical
screw conveyor. Other Low-Level Radioactive Waste streams can, if desired, also be
processed by the Reformer.

Scrubber
Solids

FIG 2. THOR process diagram for graphite gasification.

The Reformer fluid bed serves to evaporate all water from the graphite slurry and other
liquid waste feeds and pyrolyze any organic components through destructive distillation.
Energy needed to evaporate the feed water and drive the endothermic reformation is provided
by operating the fluid bed in an autothermal steam reforming mode. Carbon monoxide and
hydrogen produced by the in-bed steam reformation process are fully oxidised to carbon
dioxide and water in the upper zone of the fluid bed by injection of oxygen. The off-gas from
the Reformer contains fine particulate, including most radionuclides and all non volatile
inorganic materials such as silica and calcium found in the waste, and gaseous components
such as steam, carbon dioxide and gaseous radionuclides, particularly tritium, carbon-14 and
iodine. The solid residue is elutriated from the Reformer by the fluidising steam and gases.
The particulates in the off-gas from the reformer are removed from the off-gas stream
by a high temperature filter or wet scrubber. If only graphite is to be processed by the process,
a high temperature particulate filter is all that is needed to clean all non-volatile radionuclides
from the off-gas. If other streams are being processed, the wet scrubber is utilised as shown in
Fig 2. Table I provides a list of typical radionuclides found in moderator graphite and how the
radionuclides partition in the process.
TABLE I. TYPICAL RADIONUCLIDE PARTITION
Radionuclide

Partitions to

Radionuclide

Partitions to

Antimony 125

Scrubber Solution

Iodine 129

Off-Gas

Calcium 41/45

Particulate

Iron 55

Particulate

Carbon 14

Off-Gas

Manganese 54

Particulate

Cerium 144

Particulate

Nickel 59/63

Particulate

Caesium 134/137

Scrubber Solution

Plutonium 239/240/241

Particulate

Chlorine 36

Scrubber Solution

Ruthenium 106

Particulate

Cobalt 60

Particulate

Strontium 90

Scrubber Solution

Hydrogen 3

Condensate

Zinc 65

Particulate

Utilisation of the wet scrubber where necessary (Fig 2) cleans the off-gas by removing
particles elutriated from the Reformer and neutralises any potential acid gases. The scrubber
solution is concentrated by the hot off-gas from the Reformer to 1% to 20% by weight solids.
The pH in the scrubber solution is controlled between 5.0 and 7.0 to minimise carbon dioxide
absorption and to assure removal of acid gases. The salt solution can be treated by
conventional means, such as direct discharge (if radioactivity levels permit), discharge after
selective removal of radioactive species, or encapsulation to form solid waste. Insoluble
constituents in the scrubber solution can be removed by filtration if a discharge route is
chosen.
The warm, water-saturated off-gas stream can be further processed to remove
essentially all the water vapour by means of a refrigerated condenser or absorption
contactor/drier. The condensed water will include essentially all the tritium from the graphite.
The condenser water with trace levels of tritium can be handled by one or more of the
following methods. It can be recycled to provide for water cutting duty, or to supply
superheated steam to the reformer. Alternatively it can be discharged as water vapour or
liquid water, or used to mix with cement for solidification of other radioactive waste. Some of
the iodine in the off-gas will also tend to be carried with the water.

Following the Scrubber and Water Condenser, the cool, dry off-gas consists almost
exclusively of carbon dioxide and small amounts of oxygen and nitrogen. If allowed by
regulation, the carbon dioxide rich off-gas can be HEPA filtered, monitored, and then
discharged to the facility stack. If required by regulation the carbon dioxide can be removed
from the off-gas by means of an absorber or refrigerated condenser, shown in Fig 1 as a CO2
Separator. The concentrated carbon dioxide can be transferred to the converter for conversion
to a solid carbonate salt. The remaining non-condensable gases can then be HEPA filtered,
monitored and then discharged to the facility stack. The final small off-gas flow represents
less than 5% of the off-gas flow from the outlet of the Reformer.
The concentrated carbon dioxide can be converted to a solid, inert carbonate compound
using existing technology. The Converter consists of the process equipment needed to react
the carbon dioxide with calcium or magnesium oxides or metals to produce carbonate salt,
preferably insoluble. The interaction of carbon dioxide with MAGNOX fuel element debris
waste is described in several publications [1].
The carbonate salt can be formed into dense pellets or powder and can conveniently be
used to fill void spaces in existing radioactive waste disposal containers.

5. IN-SITU PROCESSING
In-situ processing of graphite requires that the graphite in the reactor core be subjected
to conditions suitable for gasification of graphite. The in-situ reactions can be performed by
one of the following methods:
(a) Recirculate carbon dioxide, nitrogen or other inert gas through the reactor using
normal in-plant hardware with addition of small, controlled amounts of steam or oxygen. A
side stream will need to be continuously extracted from the loop for removal of carbon
monoxide and hydrogen. To mitigate potential hydrogen explosion issues it would be
desirable to insert a catalytic hydrogen converter in the treatment loop to react any hydrogen
to water. This option will require the injection of a small amount of oxygen into the catalytic
converter.
—

—

For the addition of trace amounts of oxygen, the reactor circuit will need to be
maintained above 250°C for oxidation reactions to happen in sufficient time to allow
usage of less than 5 percent oxygen concentration in the recirculating gases. The use of
restricted oxygen levels is recommended to eliminate any potential explosion reactions.
For the addition of steam, the reactor circuit will need to be maintained above 350°C for
reformation reactions to proceed at reasonable rates.

(b) Inject and remove gases in the reactor without the use of other in-plant equipment.
This method involves isolation of the reactor from the balance of plant systems. An external
gas recirculation loop can be utilised to inject gases into the reactor and provide removal of
gaseous reaction products. Selected areas of the reactor can be maintained at high temperature
by means of injection of superheated gases at 400 to 900°C or by generation of the needed
heat inside the reactor. Heat generation inside the reactor can be achieved by the insertion of
electrical or combustion tube heaters placed in one or more of the fuel channels. The in-situ
reaction utilising this method would allow the preferential removal of the graphite in selected
areas of the reactor to remove graphite in a planned sequence. This is an extremely valuable
safety feature, since it allows the graphite to be removed in a structurally secure manner,

avoiding the possibility of collapse of a weakened moderator structure during the later stages
of removal. The feasibility of local removal of graphite by this method is further aided by the
decreased thermal conductivity of graphite in end-of-life moderators, which occurs as a result
of neutron irradiation. It is estimated that over 75 percent of the graphite could be removed
this way. The injected gases can consist of one or more of the following gases: carbon
dioxide, steam, oxygen, and/or other reactive gases. Final removal of the last quantities of
graphite could, for example, be achieved by reverting to water jet cutting for removal of
graphite followed by gasification performed in the fluid bed Reformer as described above.
6. CONCLUSIONS
(1)

Extensive experience exists with the technique of pyrolysis/steam reforming for the
treatment of organic Low-Level Radioactive Waste.

(2)

This process can be adapted for the treatment of radioactive graphite.

(3)

The process can be applied to pieces or particles of graphite remotely removed
mechanically or hydraulically from a reactor core.

(4)

The process can also be applied to gasify graphite in-situ within the reactor core.

(5)

Carbon dioxide product from the gasification can either be released to atmosphere or, if
required, reacted to form a solid carbonate product which can be used to in-fill voids in
other radioactive waste.
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TECHNICAL DEVELOPMENT OF
GRAPHITE WASTE TREATMENT IN NUPEC
S. SAISHU, T. INOUE
Nuclear Power Engineering Corporation (NUPEC),
Tokyo,Japan

Abstract. In Japan, Tokai Power Station, which is Gas Cooled Reactor and is used graphite as moderator,
was ceased the operation at the end of March in 1998 and it is planned to transfer to decommissioning stage. In
this decommissioning stage it is very important to be able to treat and dispose the graphite waste in order to carry
out the decommissioning safely and economically. NUPEC has been developing the graphite treatment and
disposal technology since 1997 and we introduce the outline of the technical development.
For the technology on high density packing into disposal container, the high density packing method and
the assessment method on nuclide leaching characteristics were developed, and the cementing test for graphite
powder by using Tokai spare graphite was performed and the hydrophobic characteristics between graphite and
cement was grasped and the accelerator candidature for affinity was selected.
From the view point of economical treatment, the incinerating technology was selected as candidature,
and the methods for incinerating graphite and treating off gas are developed. The method of collecting C-14 in
off gas was selected for reducing the off gas radiation level.
The applicability of actual graphite treatment technology was considered from the view point of safety,
economic and preparation of technical standard, the technical theme was appeared, the developing planning items
was established, and the detailed and actual scale tests will be carried out according to the planning.

1. INTRODUCTION
The first commercial nuclear power plant to be decommissioned in Japan is the Tokai
Power Station. This plant is a Gas Cooled Reactor and uses graphite blocks as the neutron
moderator. For this first decommissioning of a commercial nuclear power plant in Japan to be
successful, it is very important that the graphite waste generated from decommissioning the
GCR be treated and disposed of safely and rationally. NUPEC has been developing processing
technology for graphite blocks since 1997, including technology for high-density packing into
disposal containers, incineration and off gas treatment technology, and fundamental data
acquisition for safety assessment.
NUPEC is currently involved in investigation of and partial testing of the above. An
overview of the technical development for graphite treatment will be introduced below.
2. PURPOSE OF THE TECHNOLOGY DEVELOPMENT
2.1 High Density packing technology
The graphite blocks removed from the reactor core are radioactive material, classified as
high p y waste. In Japan, a nation-wide investigation into underground disposal sites has
begun for high p y waste, taking into account the acceptance of waste from the dismantled
reactor. The underground disposal cost per waste volume, however, is estimated to be
considerably high, due to the difficulty of site purchase owing to the limited space in Japan or
the severe technological standards to meet high safety requirements. These circumstances
have made it very important to improve the packing factor of the graphite blocks stored in
disposal containers and to reduce the number of required containers.

2.2 Incineration and off gas treatment technology
In addition to underground disposal, investigation is also made into the incineration
option of graphite waste. In this option, off gas containing radioactive material is generated,
the major ingredient of which is C-14 having a half-life of 5700 years. To realize graphite
incineration it is necessary to establish technology for the separation and elimination of C-14
in the off gas.
3. TECHNOLOGICAL DEVELOPMENT OF GRAPHITE WASTE TREATMENT
3.1. High density graphite packing technology
The graphite blocks used in the reactor core of the gas cooled reactor have a center hole
for fuel charging. Storage of the graphite blocks in this condition, without any treatment, in
the disposal container would significantly reduce the packing factor. Therefore, the packing
factor can be improved by cutting some graphite blocks longitudinally and filling them into
the hole for fuel charging and into the free spaces between the hexagonal blocks and the
container. In consideration of these measures for improving the packing factor, technical items
that require further verification and required fundamental data items are as follows.
Mortaring of the graphite waste
Powder dust produced by cutting graphite
(1) Mortaring of the Graphite Waste
Graphite is fundamentally "hydrophobia" By mortaring the graphite stored in the
container for the purpose of solidification, it was feared that cavities would develop because
surfaces of graphite would not adhere to the mortar. Graphite powder, which is generated by
cutting the graphite, must also be solidified by mortar. The separation of graphite powder
from mortar paste containing plenty of water was also feared.
First, such fundamental data as the "wetting angle" of graphite to water using graphite
specimens was acquired. These specimens were made from non-activated graphite of the same
lot as those used in the core of a gas-cooled reactor but had not been mounted in the core.
These results proved that the graphite was hydrophobic, but only to the extent of rubber, for
which, among miscellaneous wastes, mortaring had proved to be successful and that no
problem such as gap development will occur by mortaring solid graphite. The results are
shown in Figure 1.
Next, under the assumption that the graphite powder would be mixed into mortar paste,
small-scale testing was performed to verify whether graphite powder would mix uniformly.
To disperse graphite powder uniformly, addition of an affinity promotion reagent is necessary.
The test result is shown in Figure 2. Several candidate reagents which had been
conventionally used were compared and the optimal conditions were selected based on
considerations of the fluidity and solidification time.
Tests shall be continued hereafter to determine whether the powder can be dispersed and
solidified uniformly by means of forced physical mixing instead of by chemical additives.

13 0 0

Basic Case (No Treatment)

Cutting

30%

40%

High Density Packing

Crushing

70%

Fig. 1. Concept for high density packing of graphite in a container.

(2) Generation of powder dust by cutting graphite
It is necessary to cut the graphite blocks by remote operation so that they may be packed
in high density. Upon comparison of several cutting methods, the band saw was selected for
this purpose. Because the graphite powder dust itself was highly radioactive material, data
including generated quantity and particle diameter distribution were acquired for both the
minute particle dust floating in the atmosphere and for the dust collected from the floor, which
had fallen from the cutting. The former data shall be utilized for designing the barrier and
ventilator for cutting facilities. The latter data shall be utilized for selecting mortaring material
and the mortar mixing method, assuming solidification of the waste in disposal containers.
Figure 3 shows the test equipment.
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Fig. 2. The test result of graphite powder homogenization in mortar.

Furthermore, similar as for the cutting dust, data of the generated quantity and particle
diameter distribution were collected for the graphite dust which is generated by rubbing
blocks together when removing them from the core. Figure 4 shows the test results. These
results showed that removal of 30,000 pieces of graphite blocks generated only several grams
of dust particle through rubbing. From the standpoint of safety, it was confirmed that no
dangers existed.
3.2 Off gas treatment in incineration
Assuming incineration of core graphite under various conditions, costs were compared
with that of underground disposal. From these results, it was concluded that incineration is
more cost-effective even when additional costs are required for incineration equipment. To

Cutting
Tool

Graphite was cut into pieces
by saw. Graphite fume and
powder was collected in this
test box
Fig. 3. Test tool for graphite powder by cutting with saw.
realize graphite incineration, however, the treatment of off gas is important. The major
radioactive material emitted through graphite waste incineration is C-14. Removal of this C14 is essential for reduction of the radioactive material. However, chemical fixing of carbonic
acid gas, in which C-14 was removed, into a material such as calcium carbonate increases the
volume of the waste. An effective method may be the isotopic separation of CO2 and CO first,
which include C-14 and are contained in the off gas, and then carbon recovery through
deoxidization. Figure 5 shows the basic flow of the procedure for graphite incineration until
off gas treatment. Based upon this basic flow, the necessary technical items were identified.
Hereafter, we will acquire such data as isotope separation factors by performing smallscale investigations and will apply this data to realize conceptual designs of actual processes.

4. CONCLUSION

The underground disposal of graphite removed from the reactor core was investigated
from the viewpoint of reduction of underground disposal cost. By cutting a portion of the
graphite blocks using a mechanical cutting machine such as a band saw and packing them in
waste disposal containers, fundamental data was acquired for the high density storage concept
and it was proven that this concept could exist rationally.
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Fig. 5. Conceptual design of isotope separation of C-14 after incineration.

The incineration disposal of graphite removed from the reactor core was investigated
from the viewpoint of reduction of the radioactive material inventory emitted into the
atmosphere. A system concept was established in which C-14 in the off gas is first isotopically
separated in the form of either CO2 or CO, and then recovered as carbon by deoxidization.
Technical problems that should be cleared in the future for both of these disposal
options were identified and verification test plans were established. Through execution of
various tests based upon established verification test plans, we hope to realize safe and
rational treatment and disposal of the graphite waste.
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INERT ANNEALING OF IRRADIATED GRAPHITE
BY INDUCTIVE HEATING
W. BOTZEM, J. WORNER
NUKEM Nuklear GmbH,
Alzenau, Germany

Abstract. Fission neutrons change physical properties of graphite being used in nuclear reactors as
moderator and as structural material. The understanding of these effects on an atomic model is expressed by
dislocations of carbon atoms within the graphite and the thereby stored energy is known as Wigner Energy.
The dismantling of the Pile 1 core may necessitate the thermal treatment of the irradiated but otherwise
undamaged graphite. This heat treatment - usually called annealing - initiates the release of stored Wigner
Energy in a controlled manner. This energy could otherwise give rise to an increase in temperature under certain
conditions during transport or preparation for final storage.
In order to prevent such an effect it is intended to anneal the major part of Pile 1 graphite before it is
packed into boxes suitable for final disposal.
Different heating techniques have been assessed. Inductive heating in an inert atmosphere was selected for
installation in the Pile 1 Waste Processing Facility built for the treatment and packaging of the dismantled Pile 1
waste.. The graphite blocks will be heated up to 250 °C in the annealing ovens, which results in the release of
significant amount of the stored energy. External heat sources in a final repository will never heat up the storage
boxes to such a temperature.

1. BACKGROUND
The two Windscale Pile Reactors were constructed between 1946 and 1950 and
operated until 1957 when Pile 1 was shut down following a core fire. This reactor is now
being managed by UKAEA - The United Kingdom Atomic Energy Authority. A contract to
undertake the decommissioning of this reactor was placed in August 1997 to the consortium
BNFL pic, NUKEM Nuklear GmbH and Rolls-Royce Nuclear Engineering Services.
Windscale Pile 1 is a graphite moderated, air-cooled reactor which was fuelled with
uranium metal rods clad in aluminium with longitudinal fins to improve heat transfer. The
moderator is essentially a cylinder of diameter 15 m and length 7,5 m, laid on its horizontal
axis. The core is surrounded by a 2,6 m thick biological shield constructed of reinforced
concrete.
The goal of the contract is take Pile 1 from its current state to an end state in which the
core has been fully dismantled and all fuel as well as graphite have been processed and
packaged for medium term storage. The Pile 1 bio-shield will be sealed. A waste processing
facility (WPF) will be constructed and operated during the realisation of the project.
Intermediate radioactive waste will be processed to a form acceptable for both interim storage
and final disposal through United Kingdom Nirex Limited (Nirex). Nirex is responsible for
providing and managing facilities for the safe disposal of radioactive wastes. A new waste
store suitable for at least 50 years will be erected. The project should be completed in 2008.
One of the major objectives during dismantling and waste treatment is the prevention of
a fire. There exists a possibility that the core or remaining fuel (up to 17 Mg) could catch fire
from a number of causes. The most significant hazards are the possible presence of pyrophoric
uranium hydride associated with the fuel elements and the release of Wigner Energy from the
graphite. The core will therefore be fully inerted with argon to maintain a very low oxygen
concentration 1-2%.

As Nirex is not yet in a position to give definite advice on the need for annealing of the
Wigner Energy, provision for inert annealing of the graphite has to be made.
2. IMPLICATIONS OF THE WIGNER ENERGY CONTENT AND THE REQUIREMENT
FOR ANNEALING
Dislocations of carbon atoms within the graphite grains induced by neutron
bombardment of the graphite initiated by the radiation of fuel elements are restored by the
influence of temperature. During restoration the graphite material releases energy. This energy
is called Wigner Energy and the release can start a self-sustaining reaction under certain
conditions.
The restoration of the dislocations of carbon atoms can be observed over a wide
temperature range from above room temperature up to 1500°C. The release of this energy can
be triggered by any heat source such as encapsulation of the graphite by grout or backfill
grouting procedures later in the final disposal.
For the purpose of planning and executing all stages of the graphite-disposal process, it
is necessary to address the question of whether an inadvertent release of stored energy
(Wigner Energy) can occur during handling and storage such that deliberate partial annealing
of the material is required.
This issue concerning Wigner Energy is not limited to the disposal of Pile 1 undamaged
graphite. Rather the issue has been subject to deliberations by an industry-wide working group
- the Nirex "NCTM Wigner Energy Sub-group". The Consortium is represented in this group
thus allowing a common approach to Wigner Energy.
Input to the deliberations of the NCTM Wigner Energy Sub-group has culminated in the
completion of two work packages:
Work Package 1: Derivation of equations for best-estimate and bounding isothermal
releases of stored energy over the temperature range of concern (25-175°C) including a
fundamental review of international literature in this regard
Work Package 2: Use of the equations derived in Work Package 1 in scoping
calculations to predict what temperatures may be expected in boxes of grouted graphite.
The results of these two work packages have been presented to Nirex for incorporation
into a Nirex repository model to provide a realistic assessment of the affect of the Wigner
Energy release during the backfill process. First results show, that the behaviour in the curing
grout is very sensitive to the assumptions made in the calculations. It is very difficult to
construct a bounding argument how high temperature excursions cannot occur. Nirex was of
the view that even a substantial programme of further work may be unable to provide the
necessary assurances. Further it is unclear whether the graphite containing Wigner Energy is
consistent with the regulatory views on 'passive safety'.
NUKEM Nuklear GmbH started a programme to develop an annealing plant inside the
WPF for the dismantled Pile 1 graphite.

The current Waste Processing Facility (WPF) design incorporates equipment to anneal
the graphite blocks classified as undamaged graphite, with this provision subject to the
conclusions drawn by the Nirex NCTM Sub-Group.

3. QUANTITY AND NATURE OF THE GRAPHITE TO BE ANNEALED
3.1. Waste type and physical description
The graphite is Intermediate Level Waste in the form of graphite blocks, slats and tiles
from outside the fire affected zone (FAZ) of the Pile 1 core (accounting for approximately
80% of the core bulk graphite).
The Pile core is constructed from graphite blocks stacked in such a way as to make a
horizontal cylinder 15.32 m diameter and 7.43 m deep. The blocks are stacked vertically and
located to the blocks above and below by graphite slats and tiles. The lattice of slats and tiles
are all assembled to the same pitch, this positions the centre of the graphite blocks which rest
on the cruciform. Three grades (purity) were used in construction, as defined in terms of their
nuclear cross-section. Due to the different types of graphite and the many holes and channels
to accommodate the shut off rods, control rods, fuel and isotopes there were literally hundreds
of brick designs. For the purposes of annealing, however, it is adequate to consider the blocks,
slats and tiles as graphite pieces each with the following overall dimensions:
•
•
•
•

full height blocks - 2 1 0 2 1 0 7 9 0 mm
half height blocks - 2 1 0 2 1 0 3 7 0 mm
slats - 400 26 90 mm
tiles-180 180 52 mm

3.2. Waste quantity
The core consists of approximately 27,440 full-height blocks, 10,960 half-height blocks,
37.600 slats and 37.600 tiles. This is equivalent to approximately 1.760 Mg of graphite
occupying a raw waste volume of approximately 1.100 m
Only undamaged graphite will be annealed. The quantity of undamaged graphite is
largely determined by the definition of the FAZ of the Pile 1 core. The above inventory
represents approximately 80% of the total core graphite.
3.3. Definition of undamaged graphite
The undamaged graphite waste stream may be defined as the graphite from that part of
the Pile 1 core that is outside the fire affected zone. In addition, assay and monitoring will
determine that undamaged graphite will meet the criteria from the IAEA Transport
Regulations for non-fissile, LSA-II material prior to box loading. Undamaged should not be
interpreted as a description of the physical appearance of the graphite pieces. For example, it
is perfectly feasible that undamaged graphite blocks may be broken during core dismantling.

3.4. Pile 1 graphite chemistry
The waste consists entirely of graphite removed from the Pile 1 core plus any associated
contamination.
3.4.1. Chemical analysis of swab samples
An indication of the chemical contaminants present on the surface of Pile 1 undamaged
graphite is given by the results of chemical analysis of swab samples taken from four channels
located above the FAZ. It is recommended [1] that large uncertainties should be applied to the
analytical data, especially on account of the small sample size. The bulk graphite is essentially
pure carbon with other elements as impurities being present at the ppm level only. From a
physical/chemical point of view the undamaged graphite waste will behave as pure carbon.
Carbon, as graphite, is a chemically low reactive solid at normal temperatures and
pressures. Carbon is very slowly oxidised to carbon-dioxide in the presence of oxygen.
3.4.2. Thermal oxidation
Chemical analysis of swab samples taken from Pile 1 and 2 fuel channels have
demonstrated the presence of several chemical elements which are potentially capable of
enhancing the rate of graphite oxidation. As the swab samples represent only channel-wall
surfaces, where certain potential oxidation catalysts derived from failed cartridges etc. are
likely to be located, the data may be expected to give a pessimistic impression of the reactivity
of the underlying bulk graphite. More meaningful information on thermal oxidation rates
relevant for the bulk graphite is determined from the trepanned samples.
Measurement of the oxidation rates for the Pile 1 trepanned samples were very variable
[2]. Ref. [1] reports that this is apparently an intrinsic property of the graphite used, quite
apart from any subsequent catalytic contamination. A few samples showed unusually high
results; the highest measured oxidation rate was 7405 \xg g"1 h"1. These high results are likely
to be the result of contamination by the chemical contaminants mentioned above e.g. lead is
known to act as a catalyst for graphite oxidation.
The majority of measured thermal-oxidation rates were made at or very close to 400°C.
Utilisation of the measurement data, together with typical activation energies determined from
Pile 2 samples, enables oxidation rates to be estimated at other temperatures. Thus, using the
activation energy data, the most chemically active sample at 400°C, having an oxidation rate
of 7405 jag.g^.h"1, would have an oxidation rate of only around 0.35 \xg g"1 h"1 at 200°C [2].
At such a low oxidation rate, the exothermic heat generation from the reaction with air is
small.
In order to minimise oxidation of graphite the annealing process is designed to in an
inert argon atmosphere.
3.4.3. Wigner energy
During operation, Pile 1 was annealed several times to remove the low temperature
component of stored energy (Wigner Energy) and it was during such an annealing in October

1957 that Pile 1 caught fire. Pile 1 had accumulated a dose of 41488 MW d prior to the final
annealing. Prior to the analysis of the trepanned graphite samples the opinion was that the fire
would have released much of the stored energy from the Pile, but the results of the tests show
that any heating effect was limited to immediately above the FAZ or towards the discharge
face, where the stored energy would naturally have been less because of the higher irradiation
temperature.
The results of the Wigner Energy related measurements on the Windscale Pile 1
trepanned graphite samples are reported in [3].Samples from 11 fuel channels were
thoroughly investigated in a survey recently in 1997/1998. The essential results and the
consequences for an annealing process are given in [4].
3.5. Physical/mechanical properties
3.5.1. Density
The densities of the nominally 7 mm by 2 mm thick specimens of undamaged graphite
trepanned from the core ranged from 1,48 to 1,70 g.cm"3. The mean density was 1,59 g.cm"3
[3].
3.5.2. Strength
The compressive strength measured on the trepanned cores from Pile 1 [3] in the range
of from 39,6 to 67,2 MPa.
3.5.3. Thermal conductivity
The thermal conductivity of irradiated graphite reduces rapidly with irradiation. The
lowest value measured for Pile 1 was 2.1 W m"1 K"1 compared with not irradiated graphite
which has thermal conductivity of 238 W m"1 K"1 parallel to the extrusion direction and
135 W m"1 K"1 perpendicular to the extrusion direction [2]. Reference [2] reports that this low
value will be typical of most of the graphite in Pile 1, with the exception of blocks in the
reflector and at the front and back of the Pile which may have experienced a low irradiation
dose. The highest value measured on Pile 1 samples was 10,2 W m"1 K"1.
3.5.4. Dust
The Pile graphite is resistant to abrasion, as demonstrated for example, by the
requirement to slide graphite boats and fuel cartridges along the fuel channels during
loading/unloading of Pile 1. Irradiation has also resulted in hardening of the graphite.
Processing the graphite through the WPF and the annealing ovens includes several of handling
sequences of individual graphite blocks. Minimal dust may be expected to be associated with
the undamaged graphite waste.
4. DEVELOPMENT OF THE ANNEALING PROCESS
The decommissioning of the Windscale Pile 1 is conveniently broken down into two
areas; the dismantling of Pile 1 and the processing/packaging of the retrieved waste. This
description concentrates on the processing of the graphite. The annealing process is an
integrated part of the WPF and must therefor be suitable for.

4.1. Waste processing facility
The dismantling of Pile 1 will be performed remotely. Four manipulators will be used
from above each accessing one quarter i.e. front right, front left, back right and back left when
viewed from the top. The manipulators will dismantle Pile 1 in a regular pattern starting at the
corner furthest from the centre and working towards the centre in a layer by layer manner. The
retrieved graphite will be placed in skips (approximately lm capacity) held within Pile 1.
Once a skip is full, it is transferred to the Buffer Store in the Waste Processing Facility via the
modified Pile 1 air duct. The dismantling operations will take place in an argon environment.
The ducts between Pile 1 and the Waste Processing Facility will also be inerted.
4.1.1. Waste receipt, storage and identification
The waste will be received into the Buffer Store part of the Waste Processing Facility.
The Buffer Store will provide a hold-up of skips to compensate for peak arisings from the
dismantling operations. The Buffer Store is inerted by argon. The skip bar code is read on
entry to the Buffer Store and the skip contents are correlated from the numeric skip number
input during retrieval.
4.1.2. Processing of graphite
The operator will request a skip to be transferred into the Sort/Test Area based on the
skip identifying number and the waste contents. Skips of waste are transferred into the
Sort/Test Area through an argon door using cranes and a conveyor. Large items of waste (i.e.
graphite blocks, fuel cartridges, isotope cartridges and boron rods) will be removed from the
skip using manipulators.
The receipt, sorting and identification operations will be undertaken in an inert argon
atmosphere in order to avoid any potential problems with any pyrophoric material present e.g.
uranium hydride.
When undamaged graphite, i.e. from outside of the FAZ, is removed from the skip it
will be visually examined to detect the presence of any part of a fuel or isotope cartridge
associated with graphite. A gamma camera is also used to confirm the visual examination. If
the graphite passes the visual examination, it is placed on a tray and transferred to the
annealing ovens where the heat treatment takes place. To meet the throughput requirement the
annealing process is designed to anneal a full size block or two half size blocks every ten
minutes. After the heating procedure the graphite will pass a cooling station, to be cooled
down to less than 50°C.
4.1.3. Waste packaging
After cooling and radiological measurements the undamaged graphite will be loaded
into the Nirex 12 m3 standard box for intermediate level waste (4m ILW) at the box loading
station in the Waste Processing Cell. The anticipated loading is ca. 8,3 to 8,7 m . Weighing
ensures that the 55 Mg limit of the 4m ILW box is not exceeded. After closing and monitoring
the box is transferred to the ILW store.

4.1.4. Selection of annealing temperature
Measurement of the release of Wigner Energy over increasing temperatures show many
peaks. A typical release peak occurs at about 200°C especially for the samples from relatively
cold irradiation temperatures [4]. The irradiation temperature was low in front of the core as
well as in lower and corner regions. The release of energy at this peak is sometimes greater
than the specific heat of the graphite and therefore has the potential to initiate a self sustaining
release.
The next peaks above specific heat were found at 1200°C to 1600°C. It is nearly
impossible to remove all stored Wigner Energy as temperatures of about 2000 °C would be
required. It is not possible however to reach such temperatures in a disposal repository.
Specialists generally agree that an annealing procedure should concentrate on the low
temperature peak at 200°C.
A selection of annealing temperature is discussed in detail in [4].
4.2. Selection of Heating Process
Different heating techniques have been assessed as alternatives for the proposed
annealing process. Convection heating is an indirect heating method and was mainly
dismissed as being too slow. Radiation heating represents a fast, direct heating method for the
"black body" graphite material but was dismissed as the requirement to replace the radiation
heaters several times during the proposed plant life-time was regarded as being too difficult
and time consuming. In addition, the extreme reduction of the thermal conductivity of the
irradiated graphite in comparison to the virgin material by a factor of 50 to 100, renders a
process which relies on the transport of heat from the surface through to the bulk material as
unsuitable.
In contrast, inductive heating is a heating method for any electrical conductor and offers
the advantage that the electromagnetic energy penetrates directly into the bulk material
resulting in complete heating. Physical laws, which describe the penetration of the electrical
current show that this effect is depending on the electrical resistance of the material to be
heated and the frequency used. As graphite is ideally suitable for an induction process as a
result of its comparatively high electrical resistance, process optimisation is essentially an
assessment of the frequency. A calculated penetration depth of approximately 50 mm which
may be achieved at a frequency of a few thousand Hertz seems ideal for the dimensions of the
Pile 1 graphite blocks.
Another advantage of induction heating compared to any other alternative is that the
proposed equipment does not get very hot during the heating procedure. This results from the
fact that the copper coil installed to induce the electrical current in the graphite is cooled by a
flow of water through its inner volume. Furthermore, the use of other materials suitable to
couple electrically to the energy produced by the copper coil is not allowed within its
electromagnetic fields. Thus the energy generated is almost totally concentrated on the
material to be heated. This advantage supports meeting the expected throughput with a
comparatively small number of annealing ovens.

4.3. Tests with inductive heating
Orientating tests have been performed in order to prove the inductive heating method
and to obtain better physical parameters for the equipment.
The test equipment, shown in Fig.l, consists of:
induction coil
control cabinet with frequency converter
cooling water supply

The induction coil was constructed from copper tube and consisted of 17 coils in a cube
shaped formation with the dimensions 900 x 320 x 320 mm. The inner volume of the coil
was fitted with 10 mm thick isolation material.
Four heating tests have been performed with unirradiated graphite type UC 312/496
with a density of 1.800 kg m"3. The tested graphite parts correspond to the dimensions of the
slats (26 x 90 x 370 mm) and tiles (52 x 180 x 180 mm) from the Pile core. It was
considered that the electrical coupling would be easier for graphite pieces with dimensions
similar to full height blocks and half height blocks.
During each heating test the electrical data (power, voltage, frequency) were kept
constant. The coil was water-cooled.
The inner temperature of the arrangement was measured by a thermocouple and the
surface temperature was measured by an infrared pyrometer in order to obtain the heating
curves of graphite test pieces. The temperatures were read every minute.
The following parameters were tested:
arrangement of the graphite parts
electrical power20 - 30 kW
voltage 360-580 V
frequency 3 - 3 , 2 kHz
The orientating tests gave the following results:
Inductive heating of graphite is practicable without any difficulty. Because of the
relative good electrical coupling of the tiles in the induction coil, heating up by 350°C can be
achieved over 15 minutes (slats 30 minutes) with a power input of 30 kW and a frequency of
3 kHz (Fig. 2.).
The heating curves show that the inner graphite temperature rises ahead of the surface
temperature. The hottest temperatures are expected close to the surface as the current flux is
the highest. The surface is, however, cooled by convection and radiation. This means, that
during operation, it is sufficient to measure the surface temperature and one can be quite sure
that the temperature inside the blocks will be even higher.
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4.5.Annealing equipment in the Pile 1 waste processing facility
To guarantee the required throughput in the WPF, six annealing ovens working in
parallel have been selected. Figure 3 shows the arrangement in the facility. The annealing
equipment and associated graphite feeding system is located in an argon inert atmosphere
inside a caisson. The feeding system takes a ceramic tray, on which one full height block or
two half height blocks are positioned and pushes it into the annealing oven (Fig. 3, Fig. 4).
Within about seven minutes the graphite will be heated up to about 200°C. After a pause of
three minutes the heating process starts again to increase the temperature to 250 °C. The
temperature will be measured on the surface of the graphite by pyrometers located outside the
hot cell shielding wall. The heat radiation is transferred through the wall using a mirror
system. The graphite will be held at 250°C for about twenty minutes to observe the behaviour.
If the release of Wigner Energy results in higher temperatures the heating will be switched off.
Following this heat treatment process, the tray with the graphite is transported by the feeding
system through a double lock into a cooling station were cooling in air to less than 50 °C is
performed.
Characteristics of each oven:
Maximum output
40 kW
Phased current
80 A
Frequency
3 kHz
Working frequency range
2,25-3,75 kHz
Frequency converter located outside the hot cell.
Inductor water cooled.
The first annealing oven unit is will be constructed within one year. It is planned to
optimise the parameters in a new test sequence before the next five units will be produced.
5. CONCLUSION
Inductive heating of Pile 1 graphite blocks in an inert atmosphere to anneal the fist peak
release of Wigner Energy promises to be successful and it will be implemented in the new
Waste Process Facility.
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STUDY ON EFFICIENT METHODS FOR REMOVAL AND TREATMENT
OF GRAPHITE BLOCKS IN A GAS COOLED REACTOR
S. FUJII
The Japan Atomic Power Company,
Tokyo,Japan
M. SHIRAKAWA, T. MURAKAMI
Fuji Electric Co. Ltd,
Tokyo,Japan
Abstract.Tokai Power Station (GCR, 166 MWe) started its commercial operation on July 1966 and
ceased activities at the end of March 1998 after 32 years of operation. The decommissioning plans are being
developed, to prepare for near future dismantling. In the study, the methods for removal of the graphite blocks of
about 1,600 ton have been developed to carrying out it safely and in a short period of time, and the methods of
treatment of graphite have also been developed. @Technological items have been identified for which R&D
work will be required for removal from the core and treatment for disposal.
(1) In order to reduce the programme required for the dismantling of reactor internals, an efficient method
for removal of the graphite blocks is necessary. For this purpose the design of a dismantling machine has been
investigated which can extract several blocks at a time. The conceptual design has being developed and the
model has been manufactured and tested in a mock-up facility.
(2) In order to reduce disposal costs, it will be necessary to segment the graphite blocks, maximising the
packing density available in the disposal containers. Some of the graphite blocks will be cut into pieces
longitudinally by a remote machine. Relevant technical matters have been identified, such as graphite cutting
methods, the nature of fine particles arising from the cutting operation, the treatment of fine particles for disposal,
and the method of mortar filling inside the waste container.

1. INTRODUCTION
The Tokai Power Station (GCR, 166MWe) began commercial operation in July 1966
and ceased its 32 years of commercial operation at the end of March 1998. Decommissioning
plans are currently being developed to prepare for dismantling in the near future. The handling
and disposal of graphite are being studied in order to perform the entire decommissioning
with lower cost. This study investigated a method for removing approximately 1,600 tons of
graphite blocks from the reactor core and treating them safely within a short period of time.
Technical items were identified for which R&D work would be required. The results and
efforts put into this study are described below.
2. Overview of the Graphite Blocks at Tokai Power Station
The Tokai Power Station, having been in operation for 32 years and generating a steady
output since its inception of operation without any serious trouble except for some small
problems at the beginning, ceased its activities for economical reasons. The core graphite has
become highly radioactive due by long-term neutron irradiation. An overview of the core
graphite is shown in Figure 1 and Figure 2. The core and reflector comprise 30,000 blocks in
10 layers. Each block is a hexagonal column with a face-to-face distance of approximately
240 mm, length of approximately 850 mm, an axial bore diameter of 90-150 mm, and weight
of 50-70 kgs per piece.
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Fig. 1. Overview of core graphite in tokai-1 reactor.
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Fig. 2. Overview of specification of graphite blocks.

3. PURPOSE OF THIS STUDY
Investigation continues for the rational execution of the entire decommissioning process
from the following 2 points of view. (1) The procedure for removing graphite blocks from the
reactor occupies a major portion of the work in dismantling the reactor. Removing the
graphite blocks in a shorter time period will contribute largely to reducing the entire
dismantling cost. (2) The blocks are supposed ultimately to be disposed underground or

incinerated. Especially in the case of underground disposal, storage of the blocks in disposal
containers in higher density will contribute largely to reducing the disposal cost.
For these reasons, the handling of graphite either for dismantling work or for waste
disposal is very important in decommissioning a GCR. In this study, several cases were
investigated to determine methods that make larger overall cost reduction possible.

4. CONTENTS OF THE STUDY
(1) Rationalization of Work to Remove the Graphite Blocks
Japan's basic policy for decommissioning reactors is, after safety preservation for 5 to
10 years, to dismantle the entire reactor and restore the site to a Green Field.
Decommissioning of the Tokai Power station will abide by this basic policy and is planned as
follows, after operation of the reactor is ceased and fuel elements in the core are removed, the
station shall be preserved for safety for 5 to 10 years, and then dismantling shall begin.
However, after a cooling down period of this extent, the dose rate in the reactor will still be as
high as several tens to hundreds of mSv/h, and can hardly be dismantled manually. Therefore,
use of a remote-operated dismantling machine is planned for dismantling the nuclear reactor
pressure vessel and internal reactor structures. Figure 3 shows the planned remote-operated
dismantling machine and the core dismantling procedure. Figure 4 shows examples of
procedures that were investigated for dismantling the reactor core. For dismantling of the
entire nuclear reactor, removal of the graphite blocks is an important critical step. To reduce
the time required for dismantling the internal reactor structures, removal of the graphite
blocks in a short time period is necessary. Although the remote-operated dismantling machine
now being planned shall be used for this purpose, it will be more effective to remove several
blocks simultaneously. Figure 5 shows how the dismantling period can be reduced by
increasing the number of blocks removed at a time to 3 pieces and to 7 pieces. For this
purpose, design of a dismantling machine was investigated which could remove several
blocks simultaneously, and the function required for the block grasping mechanism was
analyzed.
To remove several blocks simultaneously, improvements were required in the block
grasping mechanism, which was to be installed at the top of the remote-operated dismantling
machine. At present, we assume that removal of the blocks shall be performed by means of
the following machine and procedure.
•

•

Block grasping mechanism:
Claws of the grasping mechanism shall be expanded into the inside of the center hole in
the block which was bored for fuel charging.
Procedure for removing blocks:
Care must be taken so that block layers remaining in the core shall not collapse during
the work. Therefore, the blocks, which are stacked in 10 layers, shall be removed layer
by layer.

The conceptual design has been developed abiding by these conditions. A conceptual
design of the grasping tool at the top of the machine, which can remove 7 blocks
simultaneously, is shown in Figure 6. Based upon this concept, a prototype machine was

manufactured and block removal test was performed on a mock-up unit. Major problems, for
which verification was determined to be necessary, are listed.
Although some contrivances were needed, we achieved good test results, which proved
that several blocks could certainly be removed simultaneously. The study is now continuing
for further improvement, targeting the design and manufacture of an actual remote-controlled
dismantling machine.

Remote dismantling machine

Fig. 3. Planned remote dismantling machine.
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Fig. 5. Reduced dismantling period by removing 7 bricks at a time.

(2) High Density Graphite Padding
The treatment and disposal of blocks removed from a nuclear reactor are currently being
studied, with consideration of both possibilities, underground disposal and incineration. The
treatment and disposal flows for graphite waste based upon these principles are shown in
Figure 7. The actual work of removing and treating the graphite blocks will be undertaken
after a safety preservation period of approximately 10 years, during which time it is hoped that
the necessary technical standards will have been prepared and disposal facilities will have
been constructed. The following investigation assumes that the graphite waste shall be

disposed of underground. The assessed results of radioactivity of graphite wastes up to the
present show that almost all the graphite blocks in the Tokai core were determined to have
levels of radioactivity above the allowable upper limit for existing repository. These blocks
will be disposed of in a deep repository to be newly constructed. It is estimated in Japan that
site purchase costs for underground disposal will rise sharply and that technical standards
regarding the underground disposal of radioactive waste will become more severe in the
future, all of which will bring the underground disposal cost per unit volume to a considerably
higher level. Therefore, the percentage that the underground disposal cost occupies in the
overall decommissioning costs becomes important. In other words, additional costs for
treatment within the site will be justified as rational as long as they reduce the volume of the
graphite waste.

Arm

Rotating Mechanism

T/C Cutting Equipment

Graphite Block Handling Equipment

Graphite Block

Fig. 6. Conceptual design of 7 blocks grasping machine.

Figure 8 shows the result of a trial calculation of the typical dismantled waste disposal
cost. The calculation in this figure was performed based on the assumption that graphite waste
would be stored in waste disposal containers with a packing factor of 35%. The graphite waste
disposal cost occupies approximately 60% of the entire dismantled waste disposal costs. The
relation between the packing factor of the graphite waste and the disposal cost is shown in
Figure 9. To effectively reduce the dismantled waste disposal costs, it is important to reduce
the volume of the graphite waste as well as to improve the packing factor.
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Fig. 7. Treatment and disposal flow for graphite waste.
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Based upon the above concept, investigation was made along the principle that the
graphite waste removed from the core should be stored as densely as possible in disposal
containers. As a means to improve the packing factor in disposal containers, it was decided to
chop up some of the graphite blocks removed from the reactor using the remote-operated
machine and to fill them into the axial bore in other graphite blocks. The packing factor was
estimated to increase from approximately 35% to about 70% by cutting approximately onesixth of the removed graphite blocks by band saw or by crushing them. A conceptual design of
the disposal container for high-density storage is shown in Figure 10. Realization of this
concept will bring about a cost reduction of approximately 30% to the initial estimate of the
entire dismantled disposal cost.
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Fig. 9. Effect of packing factor of graphite to disposal cost.

1300

Cut Graphite
Pieces in fuel hole

_

Crushed
Graphite with Mortal

Packing Factor
•No Treatment :30%
~* Cutting
:40%
-» Crushing :70%

Fig. 10. Conceptual design of high-density storage of graphite.
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At present, detailed design of the remote-operated graphite handling unit is performed
according to the policy that such treatment for high density packing as above shall be
performed within the site. Relevant technical problems were identified as: (1) the graphite
cutting method, (2) the nature of the fine particles generated by the cutting operation, (3)
treatment of the fine particles for underground disposal, (4) mortar sealing of the disposal
material, etc
5. CONCLUSION
The graphite blocks in the Tokai Power Station, a GCR, number as many as 30,000
pieces and constitute a critical step in the reactor dismantling procedure. Shortening the
dismantling work time contributes to reduction of the entire decommissioning cost. As such a
measure, the simultaneous removal of approximately 7 blocks per operation of the remoteoperated dismantling machine was proven to be effective.
On the other hand, the ultimate disposal method of the graphite waste, underground
disposal or incineration, has not yet been decided. It is hoped that by the start of the actual
dismantling, approval will have been given for the underground disposal site. Assuming
realization of underground disposal, the radioactivity of the graphite waste is above the
allowable level for disposal in the shallow stratum, as is the practice today. To reduce the
waste disposal cost, considerable reduction of the disposal volume, i.e. improvement of the
packing factor in the disposal container is required. The disposal volume can be reduced by
1/2 by cutting the waste with a band saw or by crushing it, and this is estimated to reduce
costs for the underground disposal to approximately 60% in total.
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A GERMAN RESEARCH PROJECT ABOUT APPLICABLE
GRAPHITE CUTTING TECHNIQUES
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Siempelkamp Nuklear- und Umwelttechnik GmbH & Co.,
Krefeld, Germany
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Abstract. In Germany, too, quite large quantities of irradiated nuclear graphite, used in research and
prototype reactors, are waiting for an environmental way of disposal. While incineration of nuclear graphite does
not seem to be a publically acceptable way, cutting and packaging into ductile cast iron containers could be a
suitable way of disposal in Germany.
Nevertheless, the cutting of graphite is also a very difficult technique by which a large amount of
secondary waste or dust might occur. An applicable gaphite cutting technique is needed. Therefore, a group of 13
German partners, consisting of one university, six research reactor operators, one technical inspection authority,
three engineering companies, one industrial cutting specialist and one commercial dismantling company, decided
in 1999 to start a research project to develop an applicable technique for cutting irradiated nuclear graphite.
Aim of the project is to find the most suitable cutting techniques for the existing shapes of graphite blocks
with a minimum of waste production rate. At the same time it will be learned how to sample the dust and collect
it in a filter system.
The following techniques will be tested and evaluated:
thermal cutting
water jet cutting
mechanical cutting with a saw
plasma arc cutting
drilling.
The subsequent evaluation will concentrate on dust production, possible irradiation of staff, time and
practicability under different constraints.
This research project is funded by the German Minister of Education and Research under the number 02 S
7849 for a period of two years. A brief overview about the work to be carried out in the project will be given.

1. INTRODUCTION
Also in Germany quite large quantities of irradiated nuclear graphite and carbonstone,
used in research and prototype reactors, are waiting for an environmentally applicable
disposal. The most acceptable way in Germany seems to be the direct disposal after packaging
in ductile cast iron containers. To keep the final storage costs low an optimal packaging
concept is needed.
In 1995 a syndicate of German companies made a disposal concept for the green field
solution of the Julich AVR-reactor [1]. Result of that study was that an amount of
2,511 MOSAIK II-Containers
or
364 Containers type VII

are needed for the final storage of the irradiated nuclear graphite and carbonstone. But for the
filling of those two different types of containers, which are a common style in Germany, a big
percentage of the graphite-stones must be cut.
Unfortunately, no applicable cutting technique for irradiated graphite is available yet.
Because of the public interest the German Federal Minister of Education and Research
decided to fund this project from 1999 till 2001 under the name:
"Trennen von graphitischen Reaktorbauteilen - Cutting of graphite reactor components"
The partners are:
-

Aeon automation & construction GmbH, Lubeck
Alba Industries GmbH, Lubeck
Research Center Julich - FZJ
German Cancer Research Center, Heidelberg, DKFZ
AVR GmbH, Julich
ISOT GmbH, Dortmund
Institute of Materials Engineering, University of Dortmund - LWT
Medical University Hannover
PTB, Braunschweig
RWTUV, Essen
Siempelkamp Nuklear- und Umwelttechnik GmbH & Co., Krefeld
VKTA, Dresden
WTI GmbH, Titz
Aim of the project is to develop a cutting technique with a significantly reduced amount
of secondary waste and dust. The following main steps are planned:
1)

Data collection of irradiated graphite and carbon-stone (geometry, volume, radioactivity,
experience with cutting techniques, cutting constraints).

2)

Influence of graphite irradiation on cutting (Wigner-energy).

3)

Development of applicable cutting techniques.

4)

Development of dust collecting techniques, filter systems.

5)

Evaluation of selected cutting techniques using irradiated graphite up to a licensable
state.

2. MASSES OF RADIOACTIVE GRAPHITE IN GERMANY
2.1 Prototype Reactors
In Germany the two high-temperature prototype reactors AVR in Julich and THTR 300
in Hamm-Uentrop (Schmeehausen) with quite a big amount of radioactive graphite and
carbonstone inside are waiting for an applicable disposal. The main reactor data are given in
Table I.

TABLE I: CHARACTERISTICS OF THE GERMAN PROTOTYPE
HIGH-TEMPERATURE REACTORS
AVR

THTR 300

Jillich
1966
1988

Hamm-Uentrop
1983
1989

46
15

750
300

67/158
2,4 E+15 (1996)

300
?

Characteristics
Location
1st criticality date
Final shutdown
Power
Thermal (MW)
Net electric (MW
Graphite/Carbonstone
Mass (Mg)
Radioactive inventory (Bq)

In 1995 Siempelkamp and WTI made a concept study for the disposal of the irradiated
graphite and carbonstone of the AVR-reactor [1]. The cross section of the AVR-reactor is
given in Fig. 1. As a result of that study it became clear that 67 Mg of graphite and 158 Mg of
carbonstone must be packed either in 2,511 MOSAIK Il-containers or in 364 containers type
VII. For the packaging in MOSAIK Il-containers nearly 90% of the graphite and carbonstone
pieces and for packaging in containers type VII still 15% must be cut. The main dimensions of
the MOSAIK II-container are given in Fig. 2 and the dimensions of container type VII are
shown in Fig. 3. Taking into account that many graphite blocks and carbonstones have a
length of more than 2.20 m and a cross section of more than 0.60 m x 0.60 m it is clear that a
cutting is indispensable either because of the dimensions or of the radioactive inventory.
Leading nuclides are Tritium, C 14 and Co 60. The radioactive inventory is given in Table II,
based on neutron flux calculations and assumed impurities of cobalt. Sampling of graphite and
carbonstone has been done and measurements are under work to confirm the activity
inventories.
The THTR 300-reactor will not be discussed here in detail.
2.2 Research Reactors
Five typical German research reactors with graphite reflectors and/or carbonstones are
VKTA, PTB, MHH, DKFZ and FRJ-I. The total graphite mass of those reactors is 37 Mg
altogether. These main data of the research reactors are listed in Table III.
As an example for research reactors the FMRB-reactor (PTB) will be discussed a little
bit more in detail. In Fig. 4 the cross section of the FMBR-reactor including the thermal
column built of graphite stones is shown. More detailed information of the column
construction is given in Fig. 5, where the sectioning of the graphite blocks can be imagined.
The total length of the column is 2.5 m with a graphite weight of 12 Mg and a total activity of

AVR reactor

4 Cooling gas
feedback
6 Carbon stone
5 Biological
shield

9 Nuclear fuel
conveyor tube

10 Reactor core
with graphite
nose
11 Graphite
, reflector
11 Reflector
encasing
14 Gasflue

13 Thermal bottorr
shield
17 Supporting
star
21 Supporting
ring

Pressure
room
Inlet chamber

18 By-pass
toroidal chamber
22 Stand

Pebble offlet

FIG. 1. Cross section of A VR-reactor.
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FIG. 2. Main dimension ofMosaik Il-ductile cast iron-container.

Length

1 600 mm

Width

2 000 mm

Height

1 450 mm

Gross volume

4,64 m 3

Fitting device: ISO-container corner according to DIN ISO 1161

FIG. 3. Main dimensions of container type VII.

TABLE II:
AVR-REACTOR, ACTIVITY DISTRIBUTION IN GRAPHITE
AND CARBONSTONE (1996)
H3

C14

Co 60

Sum

Graphite

1.0 E+15

8.6 E+12

5.2 E+12

1.0 E15

Carbonstone

4.5 E+14

3.9 E+12

9.4 E+14

1.4 E15

Sum

1.45 E+15

1.25 E+13

9.45 E+14

2.4 E15

Bq

TABLE III: CHARACTERISTICS OF FIVE TYPICAL GERMAN
RESEARCH REACTORS

Characteristics
Location
1st criticality date
Final shutdown

Power
Thermal (MW)

Graphite/Carbonstone
Mass (Mg)
Radioactive
Inventory (Bq)

RFR

FMRB

TRIGA

TRIGA HD II

MERLIN

VKTA
Rossendorf
1957
1990

PTB
Braunschweig
1967
1995

MHH
Hannover
1973
1996

DKFZ
Heidelberg
1978
1999

FRJ-I
Jiilich
1962
1985

2-10

1

0,25

0,25

10

11
not yet
measured

12
5,34 • E+8
(1998)

1,2
3,5 • E+8

1
unknown

12
unknown

5.34 E+8 Bq. The activity distribution in comparison with the graphite mass is given in Fig. 6
as a function of the distance from the reactor core. Most of the activity is concentrated in one
third of the graphite mass. The specific activity decreases rapidly within the first meter from
780 Bq/g down to 30 Bq/g. The leading nuclide is Co 60. Following the latest estimations
approximately one third of the whole FMBR-graphites is below the shallow land disposal
release value of 4 Bq/g [2].
3. POSSIBLE GRAPHITE CUTTING TECHNIQUES TO BE INVESTIGATED
The trials to qualify the cutting techniques will be mainly carried out at the Institute of
Materials Engineering, University of Dortmund.
Within this project, the hydraulic technique water jet cutting and the thermal cutting
technique plasma arc cutting are applied as references because of their narrow cutting kerf,
flexible operability, lightweight cutting tools, small tool sizes and neglectible recoil forces.
Thus, minimization of personell's radiation-exposition as well as minimized secondary waste
production during dismanting of graphitic nuclear components can be achieved [3, 4].
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FIG. 4. Cross section FMRB (PTB) - reactor [2], example
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Besides these, different mechanical cutting techniques (e.g. wire sawing and drilling)
will be examined.

4. DUST FILTER AND COLLECTING SYSTEMS
During evaluation of the different cutting techniques it is important to focus on the
minimization of dust and secondary waste production. The exposure of the service staff and
the environment must be kept as low as possible. Therefore it is essential to collect the dust
directly at the source using suitable suction and filter systems. As the project is right at the
beginning no test results can be reported yet.
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THERMAL STRAIN MEASUREMENTS IN GRAPHITE USING
ELECTRONIC SPECKLE PATTERN INTERFEROMETRY
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Abstract. Two 1500 MW(e) RBMK Units are operated at Ignalina NPP in Lithuania. Due to recent decision of
the Parliament on the earlier closure of Unit 1, preparatory work for decommissioning have been initiated.
Preferred decommissioning strategy is based on delayed dismantling after rather long safe enclosure period.
Since graphite is one of the basic and probably the most voluminous components of the reactor internals, a
sufficient information on status and behaviour of graphite moderator and reflector during long time safe
enclosure period is of special significance. In this context, thermal strain in graphite is one of the parameters
requiring particular interest. Electronic speckle pattern interferometry has been proposed and successfully tested
to control this parameter using the real samples of graphite from Ignalina NPP Units.

1. INTRODUCTION
There is only one nuclear power plant in Lithuania - the Ignalina NPP (INPP). The plant
consists of two similar units of RBMK-1500 reactors.
The RBMK-1500 is fuelled by a graphite-moderated, water-cooled reactor core having a
thermal power generation capacity of 4800 MW. The core of the reactor is housed in a 25 m deep
21 x 21 m cross-section concrete vault. The core volume is dominated by a large cylindrical graphite
stack. The graphite stack is constructed of closely packed graphite blocks stacked into columns and
provided with an axial opening. Most of the openings contain fuel channels. The graphite stack is
located in a hermetically sealed cavity consisting of cylindrical walls and top and bottom metal plates.
The entire reactor cavity is filled with a helium (about 40% by mass) and nitrogen mixture which
prevent graphite oxidation and improves heat transfer from the graphite to the fuel channels.
The graphite stack of the RBMK-1500 reactors serves several functions. The primary one is
neutron moderation and reflection, but it also provides structural integrity and in the event of a
temporary cooling malfunction serves as a relatively large heat capacity. The graphite blocks are
assembled within the inner cavity of the reactor on a supporting metal structure. The stack can be
visualised as a vertical cylinder, made up of 2488 graphite columns, constructed from various types of
graphite blocks.
The blocks are rectangular parallelepipeds, with a base of 0.25 x 0.25 m, and heights of 0.2.
0.3, 0.5 and 0.6 m of which the 0.6 m blocks are most common. The short blocks are used only in the
top and bottom end reflectors, as required to provide a staggered fit to neighbouring columns. The
total mass of graphite is about 1700 tons. The material must meet stringent purity requirements and
has a density of 1650 kg/m . Design graphite temperature in the corners of the column with respect to

the graphite stack height lies in the range of 400° - 800°C whilst the actual temperature is measured to
be a maximum of 750°C.
Due to the recent decision of the Parliament on the earlier closure of the Unit 1 at IgnalinaNPP
the proper management of the graphite during the decommissioning process becomes very important.
Depending on the strategy chosen, immediate or later dismantling with safe enclosure period, this will
require different approaches to the management of the graphite. During safe enclosure period
surveillance of its behaviour during rather long period of time will be necessary until it will be
dismantled and sent for disposal. Different existing methods can be used but new ones must be also
developed.
In relation with this thermal strain measurement method using electronic speckle pattern
interferometry methodology was tested in Lithuania for application to the graphite. Methodology and
results of these measurements are presented in this paper.

2. METHODOLOGY
The principle of speckle interferometry uses the ability of laser light of interference
(space coherence of light). The object to be analysed is entirely illuminated with laser light.
The light waves, which are reflected by the single points on the object's surface, interfere and
produce so called speckle pattern. This speckle pattern is superposed by reference light, which
is produced according to the used measuring technique by different means [1,2]. The
interference between the reference light and the speckle pattern produces a new speckle
pattern in which additionally shape and position of the object's surface is contained. This
speckle pattern is stored in the image-processing computer as reference image. When the
object is moving the speckle pattern is changing. By the comparison with the reference pattern
correlation fringes are produced which represent the displacement respectively deformation
component of the object's surface. The main progress in the developing of such measurement
technique was done in the nineties, when fast computers used in data acquisition and analysis
were employed [3-5]. The software can be used to count the correlation fringes and to
transform them automatically into a quantitative set of deformation. The main advantage of
the electronic speckle pattern interferometry as compared to the classical interferometry and
holographic methods is ability to measure strain of the real diffusive surfaces. Diverse
applications of the electronic speckle pattern interferometry can be found in the recent
publications: strain /stress measurements of technical surfaces [3], degradation of stressed
solid materials [4], testing of microcraks [5], testing and dimensioning of structures [6], etc. In
most cases automatic analysis of differences images requires significant processing to enhance
the contrast of fringe regions. In the present work measurements of the thermal strain
produced by spot heating of aluminium and graphite plates using electronic speckle
interferometry are presented, different methods of image filtering are applied to produce high
contrast correlation fringes.
3. EXPERIMENTS
The dual illumination method (Fig. 1) where speckle pattern is produced by
simultaneous illumination of the sample (5) with two laser beams, directed symmetrically to
the observation direction was applied. He-Ne laser (output power 20mW) was used as a
source of light (1). The laser beam was split using semitransparent glass plate (7) and directed
to the sample using system of mirrors (8,9) and lenses (10,11).
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Fig.l Schematic of the ESPI system. 1- laser, 2 - video camera, 3-frame grabber, 4 - PC, 5 - object,
6 - source for the heating element, 7 - beam splitter, 8,9 - mirrors, 10,11,12 - lenses, 13 - heating
element.
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Fig. 2 Speckle patterns of the surface at different time of heating, a —1=0, b — t=70s.

The angle between two incident beams was changed in the range 6°-15°. The resultant
speckle pattern was focused by the lens (12) and recorded by the monochrome video camera
(SONY (SPT-M308CE)), with resolution 768x576 pixels. The output of the video camera
was connected to the camera monitor and PC (PENTIUM, 150MHz) using the frame grabber
(DATA TRANSLATION (DT-3155)). The standard software (DT-Acquire and Image Pro
Plus3) was used for the data acquisition. The digital images (433 KB each) were sequentially

transmitted to the hard disk of PC. All the optical elements were mounted on the massive
optical bench and air bags were used to reduce noise due to mechanical vibrations of the
system. Time resolution of the system is defined by the data acquisition software and equals
200ms.
The spot heating (10W) was applied to the central part of the sample. Direction of the
measured displacement is noted as Ax in Fig. 1. The total available measurement area for this
set-up was 12 x 12 mm. Acquired images were processed using original software prepared
using the MathCad7 Professional. The BMP images (256 grey levels) that were presented as
the matrices (768 x 576) were used in the following analysis. The typical speckle patterns of
the central part aluminium plate (40 x 40 x 10 mm) surface at different time of heating are
presented in Fig. 2 (a, b). The dark spot at the centre of the plate corresponds to the place of
the heating element and it is pointed to guide the eye. (The length of the square side is 10 mm)
4. RESULTS AND DISCUSSIONS
During all the process of heating speckle patterns were stored with the time interval 5s.
The first image (t=0) served as the reference one. The difference between two patterns is
presented in correlation fringes that one can see in Fig. 3. Fig. 3a presents simple difference of
two matrices of intensities and Fig. 3b is formed using calculations of correlation coefficients
for the different areas (ranging from 5 x 5 to 50 x 50 pixels) of the speckle patterns. One can
understand that fringes evolve in time due to the change of shape of the plate and can be used
to monitor strain kinetics or temperature distribution (if thermal expansion coefficient is
known).
The measuring sensitivity can be expressed as following:
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Fig. 3 Visualisation of the correlation areas a) difference of two matrices of intensities,
b) correlation method.

Fig. 4 Influence of the image flittering on the contrast of correlation zones.
a) no filtering was applied, b) with filtering
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Fig. 5 Distribution of pixel intensities in r.u versus number of columns for the 390-th row of
matrix of intensities: a) without filtering, b) with filtering, c) with filtering and normalization.
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Fig. 6 Aluminium plate deformations at the different time of heating; a) deformation after 70s,
b) deformation after 230s.
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where Ax is the deformation component of the object point in the measuring direction in
plane, N is fringe order at the measuring point, © is angle between two illumination
directions. The speckle interference image should be filtered to define exact position of the
correlation zones. Influence of the digital filtering is demonstrated in Fig. 4a. and 4b.
Mathematically this operation is based on the calculations of the Gaussian average values of
intensities of small areas of all matrix of intensity and change of the real intensity distribution
to the averaged one (scale-space filter [7]). The result of filtering one can see in Fig. 5 where
distribution of intensities of the 390-th row of matrix is shown as a function of column
(crossection of the matrix in the direction of measurement) before filtering and after filtering
and normalisation. Obtained normalised pictures one can use to define position of the
different points of the real surface at the different time of heating i.e. to define strain
dependence versus time.
First of all analysis of the strain of aluminium plate (case of the diffusive surface) due to
thermal heating was performed and results of these tests are shown in Fig. 6. Notations used
in this figure are as follows: x is the measurement direction, y is the co-ordinate perpendicular
to the x (optical scheme is not sensitive to the displacement in y direction) and Ax is the
displacement in the direction x. When the uniform sample with well known physical constants
is used the strain dependence versus x and y one can use to define temperature field of the
sample due to point heating. Temperature fields in the aluminium plate due to point heating
are shown in Fig. 7.
The same procedure with the graphite plate (case of absorbing surface) was repeated and
temperature fields due to point heating are shown in Fig. 8.
5. CONCLUSIONS
We have demonstrated principles and applications of the electronic speckle pattern
interferometry. This method as the contactless method can be applied for the free shaped
bodies exposed to the high temperatures or mechanical stress. Abilities of the created
hardware and software were demonstrated in strain measurements for the diffusive aluminium
and strongly absorbing graphite surfaces. The spatial resolution of the presented method
depends on the geometry of measurements and equals up to lOOnm.
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INVESTIGATION OF GRAPHITE COLUMN BRICKS OF LENINGRAD NPP
UNIT 3 RBMK-1000 REACTOR AFTER 18 YEARS OF OPERATION
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in the process of graphite core RBMK-reactor decommissioning)
P.A. PLATONOV, O.K. CHUGUNOV, Ya.I. SHTROMBAKH, V.M. ALEKSEEV,
N.S. LOBANOV, V.N. MANEVSKI, V.I. KARPUKHIN,
I.F. NOVOBRATSKAYA, LA. FROLOV, V.M. SEMOCHKIN,
V.A. DENISOV, A.V. BORODIN, A.A. KALINNIKOV, D.E. FURKASOV
RRC "Kurchatov Institute", Moscow
Yu.V. GARUSOV, M.A. PAVLOV, A.N. ANANIEV,
A.V. MAKUSHKIN, V.N. ROGOZIN
Leningrad NPP
V.P. ALEKSANDROV, V.D. BALDIN
RDIPE, Moscow
Russian Federation

Abstract. In 1998 the unique experiment on withdrawing of the graphite column from reactor
RBMK-1000 of Leningrad NPP Unit 3 has been performed. The graphite column (all 14 graphite
bricks) was withdrawn from the cell 12-36 after 18 years of reactor operation for long scale
investigation of graphite brick (GB) behaviour and estimation of methods of graphite core
dismantling.
The results of dimensional changes investigation showed that graphite bricks have very
complicated geometry due to irregular graphite shrinkage in different directions of GB. The shrinkage
of graphite bricks was about 0.3-1.4 % in radial (perpendicular to extrusion) direction and about 2-2.5
% in axial (parallel) direction.
Preliminary results of investigation of graphite physical-mechanical properties showed that
even for the lowest GB (GB No 1 with the smallest achieved neutron fluence) properties of graphite
changed essentially. So, the value of elastic modules increased up to 7.7 GPa (40 %) for specimens of
radial direction and up to 9 GPa for specimens axial direction. The electrical resistivity of such
specimens increased up to 29-30-10"6 Ohm- m (40 %) and up to 18 10"6 Ohm- m (30 %)
correspondingly.
The results of investigation of gas release from graphite under gamma-irradiation showed that
the rate of gas output from irradiated graphite increases about 10-11 times. Chromatographic analyses
of gaseous products showed that it is mainly-hydrogen (H2-19 %), nitrogen (N2-36 % ) and carbon
dioxide (CO2-40 %).
Leach testing showed that the total output of isotope Cs137 in solution (150 cm3) after 90 days of
testing was estimated as 6.4 103 Bk and the rate of Cs 137 release was calculated as 4.7 10"13 g/cm2.day.

1. INTRODUCTION
Graphite has been used as a moderator and reflector of neutrons in more than 125
nuclear power plants, mostly in Great Britain, France and Russian Federation (RBMK). In
addition there are many experimental and plutonium production reactors in the Russia, USA,
UK, China and France.

Most of the older graphite moderated reactors are already shutdown and therefore
planning and preparation for decommissioning represents a very serious matter of interest.
Radioactive graphite dismantling, handling, conditioning and disposal are a consistent
part of the decommissioning activities.
2. GRAPHITE SAMPLES AND PROPERTIES
In 1998 the unique experiment on withdrawing of the graphite column from reactor
RBMK-1000 of Leningrad NPP Unit 3 has been performed. The graphite column (all
14 graphite bricks) was withdrawn from the cell 12-36 after 18 years of reactor operation for
long scale investigation of graphite brick (GB) behaviour and estimation of methods of
graphite core dismantling.
The total power production per this cell was 9060 MW- day and maximal neutron
fluence on the inner surface of graphite bricks was about 1-1022 neutron/cm2 (En > 0.18 MeV).
The graphite temperature was estimated as 500-600°C.
The research program includes the investigation of all physical-mechanical properties of
graphite and internal irradiation induced stresses arising across the graphite brick wall during
reactor operation.
The results of dimensional changes investigation showed that graphite bricks have very
complicated geometry due to irregular graphite shrinkage in different directions of GB. The
shrinkage of graphite bricks was about 0.3-1.4 % in radial (perpendicular to extrusion)
direction and about 2-2.5 % in axial (parallel) direction.
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FIG. 1. Change of elastic modulus of graphite specimens (parallel direction) across the GB
walls.

TABLE 1. PHYSICS AND MECHANICAL PROPERTIES OF GRAPHITE GR-280
Properties
d, g/cm
R com , MPa
Rten, MPa

Value
1.71
34/24
7.6/6.0
1.6/2.0
0.2/0.2
6.5/5.0
4.0/5.4
48/37
10/13
6.1

A com? / °

A ten, %

Edin, GPa
a, 10"6, 1/K
X, W/m K
p, 10"6, Ohmm
K ic, Mpam 1/2

Notes:
1. In the numerator-parallel direction, in the denominator-perpendicular direction.
2. CTE has been measured at 400°C.
3. X has been measured at 650°C.
4. The sizes of GR-280 GB: 250x250x600 mm.

Preliminary results of graphite physical-mechanical properties investigation showed that
even for the lowest GB (GB JNfel) properties of graphite changed essentially. So, the elastic
modules increased up to 7.7 GPa (1.4 times more in compare with initial value) for specimens
of radial direction and up to 10-11 GPa for axial direction, Fig. 1. The electrical resistivity of
such specimens increased up to 29-30-10"6 Ohm- m (40 %) and up to 18 -10"6 Ohm- m (30 %)
correspondingly, Fig. 1. (The initial properties of graphite are presented in Table 1).
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For the GB No 3 (third from the bottom of the stack) graphite properties changed more
significantly-elastic modules increased up to 13 -14 GPa (100-110 %- for parallel direction),
and electrical resistivity increased up to 38.10"6 Ohm m-perpendicular direction, Fig. 2-3.
3. TESTING OF THE RATE OF IRRADIATION
FROM IRRADIATED GRAPHITE

INDUCED

GAS

RELEASE

The rate of gas release from graphite under gamma-irradiation was tested using RRC-KI
y-rig-RHM- y200 (dose rate 80 Rad/s). The specimen of graphite from brick No 11 (d=15 mm,
1=53 mm, weight =18.92 g) has been prepared.
The rate of gas release from graphite under gamma-irradiation is presented at Fig. 4.
The results of investigation of gas release from graphite under gamma-irradiation
showed that the rate of gas output from irradiated graphite increases about 10-11 times.
Chromatographic analyses of gaseous products showed that it is mainly-hydrogen (H2-19 %),
nitrogen (N2-36 % ) and carbon dioxide (CO2-40 %).

4. LEACH TEST METHOD AND RESULTS
It should be noted that there was an incident with failure of fuel channel in 1992 year at
this plant and spectral analyses showed that in graphite various radionuclides are present14
mainly isotopes Cs134
' , Cs137, Co60, Mn54, Table 2.

TABLE 2. RELATIVE CONTENTS OF RADIOACTIVE ISOTOPES IN GRAPHITE
BRICK NO 11 OF GRAPHITE COLUMN WHICH WAS WITHDRAWN FROM
LENINGRAD NPP, UNIT 3.

Isotope
Co-60
Cs-134
Cs-137

Outer surface
Contents,
Ku/probe
3.1 10"7
1.2 10"8
2.0 10"8
3.4 10"7

Inner surface
Isotope
Co-60
Cs-134
Mn-54
EY

Contents,
Ku/probe
3.6 10"7
3.8 10"9
2.6 10"9
3.7 10"7

The specimens of such graphite (from graphite brick No 11- upper part of graphite
column) were covered with a special compound and tested to estimate the rate of Cs137 (and
another radionuclides) release under basic/acid conditions in accordance with the method for
accelerated leaching of solidified waste [1].
This compound was developed for conservation of radioactive graphite (and another
materials) in process of NPP decommissioning. It was prepared on the base of epoxyfurfural
resins. Full-scale testing of it is being carried out in RRC KI and RDIPE, [2].

Five cubic specimens (30 x 30 x 30 mm) were fabricated. Their weights, thickness of
compound coating and method of preparation are presented in Table 3.
TABLE 3. GRAPHITE SPECIMENS FOR LEACH TESTING.
Specimens

Surface, cm

1

Weight
before
imp., g
46.431

56.25

Weight
after impr.,
g
49.3368

Weight of
compound
>g
2.9058

Thickness of
compound
coating,mm
0.516

2
3

43.8460
49.6207

58.2
60.42

46.6568
52.4695

2.8108
4.7473

0.582
0.785

4
5

52.1575
44.4550

61.16

54.8000

4.7495

0.765
0.

Thermo
treatment
80-85 °C, 12
hr.
80-85 °C, 12
hr.

Measurements of a-, p- and y-activities have been performed using standard methods
and instruments which were calibrated against Pu239 (for a-activity), Sr90 (for p- activity) and
Cs137 (for y-activity).
The total activity on the surface of specimens was 1.5 -102, 3.3- 106 and 6 -108 Bk
accordingly.
All specimens were placed in vessels with distillate water (volume 150 cm3) for testing.
Gamma-spectral analyses of water were performed using gamma spectrometer with Ge-Li
detector. Probes of water (0.65 cm3) for investigation have been taken after 30, 60 and 90
days. The results of testing are presented in Table 4 and in Fig. 5.

TABLE 4. ACTIVITY OF DISTILLATE WATER IN VESSEL DUE TO LEACH TESTING.
GRAPHITE SPECIMEN WITHOUT COMPOUND
1

Time of testing

30 days
ocactivit

y,Bk
5.8
•102

Pactivity,
Bk
2.4-10 4

60 days
Yactivity,
Bk

inactivity,
Bk

1.6 -103

7.0 -102

Note:
1. a-activity only for isotope Cs
2. Volume of water -150 cm3.

Pactivity,
Bk
2.9-10 4

90 days
Yactivity,
Bk
4.5 103

inactivity,
Bk
1.3 -103

Pactivity,
Bk
4.8-10 4

Yactivity,
Bk
6.4-10 3

137

The results showed that after 90 days of testing the release of any radionuclides from
specimens covered with compound was absent.
137

One specimen (No 5) was not covered with compound. The total release of isotope Cs
in solution (150 cm3) after 90 days of testing was estimated as 6.4 103 Bk (Table 4) and the
rate of Cs 137 release was calculated as 4.7 10"13 g/cm2.day.
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FIG. 5. Realease of a (1), /3 (2 and 2') and y (3) — activities from irradiated graphite under
leach testing (2' - after evaporation of solution).

5. RADIATION STABILITY OF COMPOUND
The irradiation stability of compound specimens under gamma-irradiation was tested
using RRC-KI y-rig-GUT-200M (Co60 source, dose rate 300 Rad/s) up to the dose 6000 MRad
and investigation of rate of gaseous products release-using another y-rig-RHM- y200 (dose
rate 80 Rad/s).
These results showed that y- irradiation up to such dose gives rise to specimens diameter
shrinkage (about 0.6-0.9 %) and to specimens weight loss (about 1-1.7 %), Table 5.
The investigation of the rate of gaseous products release from specimen of compound
was carried out in pressure-tight vessel (volume 150 cm ) at air atmosphere under barometric
pressure.

TABLE 5. DIMENSIONAL CHANGES AND WEIGHTLOSS OF COMPOUND
SPECIMENS UNDER y-IRRADIATION UP TO DOSE 6000 MRAD.

Specimens
1
2
3

Before
irradiation
10.16
10.19
10.15

Diameter, mm.
After
Diameter
irradiation
decreasing, %
10.10
0.590
0.981
10.09
10.08
0.689

Before
irradiation
1.4091
1.4408
1.3711

Weight, g.
After
irradiation
1.3865
1.4256
1.3548

Weight
loss, %
1.6
1.05
1.18

Irradiation dose, Mrad
200

400

1

400

.

600

1

800

1

i

I

o
c\i
I

-

E
E

\

3

co
co
CD

-400

W
-800

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

FIG. 6. Change of pressure in pressure-tight vesel with the sample of compound under
gamma irradiation. Dose rate 6.9 Mr ad/day.

The result is presented at Fig. 6. It reviled two processes. One process is a real release of
gaseous products from specimen which give rise to pressure increasing and another processthe process of radiolitic oxidation (using air oxygen in pressure vessel) which leads to
pressure decreasing.
The investigation of radiation stability of such compound showed that the rate of
gaseous products release from it under gamma-irradiation up to dose 6000 Mrad was about
8.5 10-10 cm3/g. rad that is 10 times smaller than such release for silicon-organic radiation
resistant elastomer EKOR [3].

6. CONCLUSIONS
1.

For the first time in Russian Federation the investigation of irradiation behaviour of
whole graphite bricks of graphite column (from Leningrad NPP unit 3) have been
performed.

2.

Preliminary results showed that the properties of GB are changed significantly and in
accordance with our predictions about graphite bricks irradiation behaviour.

3.

The results of graphite brick dimensional changes investigation showed that graphite
bricks have very complicated geometry due to irregular graphite shrinkage in different
direction of GB. The shrinkage of graphite bricks was about 0.3-1.4 % in radial direction
and exceeded 2-2.5 % in vertical (parallel) direction.

4.

The results of testing of the rate of irradiation induced gas output from irradiated graphite
showed that y-irradiation increases the rate of gas output from graphite about 10-11 times.

5. Spectral analyses showed that in graphite various radionuclides are present-mainly
isotopes Cs134, Cs137, Co60, Mn54
The specimens of such graphite were covered with a special compound and tested to
estimate the rate of Cs137 (and another radionuclides) output under basic/acid conditions in
accordance with the method for accelerated leaching of solidified waste.
1.

The results showed that the output of any radionuclids from specimens covered with
compound was absent even after 90 days of testing.

2.

The total output of isotope Cs137 in solution (150 cm3) after 90 days of testing (for
specimen not covered with compound) was estimated as 6.4 103 Bk and the rate of Cs 137
output in scale of g/cm2.day was calculated as 4.7 10"13.

3.

The investigation of radiation stability of such compound shown that the rate of gaseous
products output from it under gamma-irradiation up to dose 6000 Mrad was about 8.5 10"
10
cm3/g. rad that is 10 times smaller than such output for silicon-organic radiation
resistant elastomer EKOR.

4.

The results of this work should permit us to estimate the life time of graphite stack more
correctly and to solve the problem of radioactive graphite dismantling in the process of
reactor decommissioning.
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DERIVATION OF A RADIONUCLIDE INVENTORY FOR IRRADIATED
GRAPHITE-CHLORINE-36 INVENTORY DETERMINATION
F.J. BROWN, J.D. PALMER, P. WOOD
United Kingdom Nirex Limited,
Harwell, Oxfordshire,
United Kingdom
Abstract. The irradiation of materials in nuclear reactors results in neutron activation of component
elements. Irradiated graphite wastes arise from their use in UK gas-cooled research and commercial reactor
cores, and in fuel element components, where the graphite has acted as the neutron moderator. During irradiation
the residual chlorine, which was used to purify the graphite during manufacture, is activated to chlorine-36. This
isotope is long-lived and poorly retarded by geological barriers, and may therefore be a key radionuclide with
respect to post-closure disposal facilities performance.
United Kingdom Nirex Limited, currently responsible for the development of a disposal route for
intermediate-level radioactive wastes in the UK, carried out a major research programme to support an overall
assessment of the chlorine-36 activity of all wastes including graphite reactor components. The various UK gas
cooled reactors reactors have used a range of graphite components made from diverse graphite types; this has
necessitated a systematic programme to cover the wide range of graphite and production processes. The
programme consisted of:
• precursor measurements - on the surface and/or bulk of representative samples of relevant materials, using
specially developed methods;
• transfer studies - to quantify the potential for transfer of Cl-36 into and between waste streams during
irradiation of graphite;
• theoretical assessments - to support the calculational methodology;
• actual measurements - to confirm the modelling.
For graphite, a total of 458 measurements on samples from 57 batches were performed, to provide a
detailed understanding of the composition of nuclear graphite. The work has resulted in the generation of
probability density functions (PDF) for the mean chlorine concentration of three classes of graphite:
• fuel element graphite;
• Magnox moderator and reflector graphite and AGR reflector graphite;
• AGR moderator graphite.
Transfer studies have shown that a significant fraction of the chlorine is released from the graphite during
irradiation, both in natural precursor and activated form. The release rate of inactive chlorine and of chlorine-36
was modelled, to allow the calculation of a residual chlorine-36 inventory in operational and decommissioning
wastes; actual measurements on operational wastes have confirmed this release. This has subsequently been used
to assess the effect on disposal risks.
This paper provides a description of the work undertaken by Nirex to establish the residual inventory of
chlorine-36 in irradiated nuclear graphite, and outline the implications for disposal of these wastes.

1. INTRODUCTION
Nirex was set up by the nuclear industry with the agreement of the Government to
develop disposal facilities for intermediate level waste and some low level radioactive waste
(ILW and LLW).
Chlorine-36 is potentially a key radionuclide in the disposal facilities post closure safety
case because of its long half-life and chemical characteristics. Chlorine-36 arises from neutron
activation of naturally occurring isotopes which are present as impurities in most reactor
materials. Nirex therefore commissioned the work described here as part of an assessment of
the chlorine-36 activity of wastes destined for the disposal facilities. The programme of work
was carried out between 1993 and 1996.

Graphite is used for fuel element sleeves and reactor core components in gas cooled
reactors, including Magnox and Advanced Gas-cooled Reactors (AGR). There is a large mass
of graphite requiring disposal [1] which will be an important source of chlorine-36. The
diversity of graphite types and components has necessitated a systematic programme to cover
the wide range of production processes.
Chlorine in graphite can potentially be removed by radiation-induced and thermal
processes. The initial concentrations may therefore be reduced in service, resulting in less
chlorine-36 activity in the fuel element sleeves and core components. In addition, transfer of
chlorine-36 to other reactor components as surface contamination is possible.
This paper: outlines the Nirex chlorine-36 programme; describes work carried out to
determine the chlorine concentrations in graphite to provide basic data for chlorine-36
inventory calculations; describes experimental work carried out to understand the loss of
chlorine from graphite, in order to enable quantification of the levels of activated chlorine in
graphite components. Such calculations are necessary in evaluating waste management
options for graphite-containing wastes.
2. THE NIREX CHLORINE-36 PROGRAMME
Based on the limited information on the inventory of chlorine-36 available in 1993, the
nuclide emerged as the dominant nuclide in preliminary disposal facilities post-closure
assessments. This led to a reassessment of the inventory of chlorine-36 and led to the view
that the chlorine-36 inventory data was not sufficiently robust to form a defensible basis for a
future post-closure safety case. The uncertainty arose because of variable estimates of
chlorine-36 in similar waste streams since there were few direct measurements of chlorine-36
in waste materials and few reliable measurements of chlorine precursor concentrations.
Nirex commissioned a major research programme to support an overall assessment of
the chlorine-36 activity of wastes destined for the disposal facilities. The assessment was
carried out between 1993 and 1996 with the support and assistance of all the major waste
producers. This programme was aimed at providing the best defensible estimate of the
chlorine-36 content of radioactive wastes arising in the UK.
There were two basic options for improving the inventory assessment: assessments
based on precursors or direct measurement of chlorine-36 in waste streams. It was concluded
that precursor measurements were the most appropriate and that direct measurements, which
require chemical separation and measurement of soft P emissions, be used to complement an
approach based on precursors.
The programme can be conveniently split into three parts. A large element of the work
was concerned with making precursor measurements on a representative set of samples of all
reactor materials (precursor measurements). Other studies concerned the transfer of
chlorine-36 activity after it has been generated in order to assess its destination. Finally,
chlorine-36 activity estimates for the materials that are irradiated in the reactors were based on
data derived from the precursor measurements and the transfer studies (theoretical
calculations), with confirmatory measurements to validate theoretical assumptions. The main
elements of the programme are illustrated on the diagram below:

- Choosing representative
samples
• Sample acquisition
- Precursor measurement
methods identification
- Methods development
• Measurements
• Surface measurements

— Graphite experiments
— Reprocessing studies

— Activity calculations
— Uncertainty calculations
— Data interpretation

The waste producers played a major role in identifying and making available samples
from their material archives.
Table 1 sets out the precursor measurements carried out for different materials and
indicates both the measurement technique used and the number of measurements taken:

TABLE 1. PRECURSOR MEASUREMENT TECHNIQUES AND NUMBERS
Measurement techniques
NAA: Standard neutron activation
analysis
RNAA: NAA enhanced using
radiochemical separation
Chemical techniques

Relevant materials
Graphite
Zircaloy
Aluminium
Ferrous materials
Nickel alloys
Magnox alloys
Uranium
Uranium dioxide

Total

Number of measurements
458
201
10
175
10
145
124
104
1,420

3. NUCLEAR GRAPHITES AND CHLORINE-36 PRECURSORS
Nuclear graphites come in a variety of types, the differentiating factors being the type of
coke used, its ultimate use in a reactor and the manufacturer. Graphite is produced in batches
termed heats. A summary of the types and usage of graphite used in Magnox and AGR
reactors is given in Table 2

TABLE 2. TYPES OF GRAPHITE AND USAGE.
Graphite Type
Pile Grade A (PGA)
Pile Grade B (PGB)
Gilsocarbon
VFT
Nittetsu

Reactor
Magnox
Magnox
AGR
AGR
AGR

Component
Moderator
Reflector
Moderator and Reflector
Fuel element sleeves and struts (pre 1990)
Fuel element sleeves (post 1993)

It is important that graphite used in nuclear reactors contains a low level of impurities,
particularly those which are effective neutron absorbers. The removal of boron from artificial
graphites for nuclear purposes makes use of the high-temperature reaction between boron and
chlorine to form volatile chlorine-containing compounds. Graphitised components are
exposed to gaseous chlorine, or chlorine-containing compounds at temperatures of up to
2500°C. Under these conditions any boron within the graphite reacts with chlorine to form
boron trichloride, a volatile material which escapes from the graphite as a gas. As a result of
this treatment the graphite may contain residual chlorine, but because of the high temperatures
the amount is likely to be small.
Chlorine-36 is produced in a nuclear reactor by three main routes: direct activation of
the natural chlorine isotope chlorine-35 (the dominant route); direct activation of
potassium-39; indirect production from sulphur-34 where an intermediate isotope, sulphur-35,
is formed by neutron capture and then undergoes p decay to chlorine-35. The production of
chlorine-36 from the latter two routes can only be of a similar order to that from the dominant
route (chlorine-35) when the elemental precursor levels are 1200 times higher (for potassium)
or 31,000 times higher (for sulphur) than that of chlorine.

4. PRECURSOR MEASUREMENTS
Prior to this programme of work there was only limited information on the chlorine
concentration in fuel element and reactor core graphite and details of how the measurements
were made are in the main unknown. Typical reported chlorine concentrations for fuel
element graphite were in the range 2 ppm to 23 ppm which usually reflected the limit of
detection. Ref. [2] tabulates chlorine concentrations in Gilsocarbon of 1.8-2.2 ppm; in general
the chlorine concentration in PGA graphite was in the range 0.8 to 8.8 ppm and in
Gilsocarbon graphite is in the range 1.4 to 7 ppm.
Neutron activation analysis (NAA) was selected to measure the chlorine concentrations
in graphite. It was chosen because it gave a bulk measurement rather than a surface value and
because it was sufficiently sensitive and accurate. In all cases the method was able to measure
chlorine concentrations below 0.2 ppm. The porous nature of graphite prevents the use of
surface etching to remove any possible superficial contamination of samples by chlorine.
Therefore, particular care was taken during sample manufacture to minimise contamination
and the samples were produced from material which was at least 2 mm away from an existing
surface.

4.1. Fuel Element Graphite
Samples from a wide range of components were measured to determine the general
variability between different materials. There were 227 measurements on 22 different heats of
graphite covering different years of manufacture, the two manufacturers and the two types of
graphite (VFT or Nittetsu). The measured chlorine concentrations in the samples can be
represented by a single probability distribution function (PDF).
4.2. Core Graphite in Magnox and AGR
There were 45 measurements on nine different Magnox moderator specimens; the
measured chlorine concentrations were above the limits of detection. There were 58
measurements on twelve different Magnox reflector specimens; in one sample the chlorine
concentration was below the limit of detection which was 0.41 ppm.
There were 118 measurements on twelve AGR moderator specimens. The measured
chlorine concentrations were in the range 0.09 ppm to 3.63 ppm; in five samples the chlorine
concentration was below the limits of detection. There were 10 measurements on two AGR
reflector specimens; in one sample the chlorine concentration was below the limit of detection
of 0.35 ppm.
4.3. Other precursors
Within the Nirex programme potassium concentrations were measured in a specimen of
Nittetsu fuel element sleeve graphite as part of a laboratory comparison. Potassium
concentrations were in the range 1.6-2.7 ppm. Unpublished measurements of sulphur
concentrations in fuel element sleeve graphites are in the range 5 to 52 ppm and unpublished
information on sulphur concentrations in Magnox core graphites shows 50 ppm. These levels
are such that chlorine-36 production is dominated by activation of chlorine-35.

5. TRANSFER STUDIES
The precursor data allows a calculation of the chlorine-36 activity in fuel element
sleeves provided it is assumed that there is no chlorine loss from the graphite. However,
evidence relating to irradiated graphite from the Hanford reactors [3] has suggested that
significant losses may be brought about by thermal or radiolytic effects. The impact of such
losses could be to reduce the chlorine-36 inventory if the losses occurred prior to significant
irradiation.
Evidence of potential losses was derived from simulated radiation and heating
experiments, carried out to investigate chlorine loss early in the irradiation cycle, and
measurements were made on actual irradiated materials to validate any hypothesis arising
from the experiments. Irradiation effects were assessed using an electron beam as the radiation
source, and purely thermal experiments were undertaken under conditions which allowed a
direct comparison of thermal and irradiation-induced processes.

5.1. Fuel element graphite
Tests were performed on Nittetsu fuel element sleeve graphite samples with low and
high initial concentrations of chlorine. Chlorine loss under irradiation to about 70% of the
initial value was measured. Heating the specimens to a similar temperature and duration to the
irradiation experiments gave some reduction in chlorine concentration in most of the tests.
In order to determine the loss of chlorine from fuel element sleeve graphite at much
longer times than could be obtained from the irradiation tests, measurements were made
directly of the chlorine-36 activity in a sleeve following irradiation in an AGR reactor, and the
results assessed to infer the initial chlorine concentration which would produce this activity
(Fig. 1). It seems probable that some process is operating by which chlorine, either as
chlorine-36 or inactive precursor, is released from fuel element sleeves to the primary circuit.
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FIG. 1. Initial chlorine concentration in Nittetsu sleeves as measured by NAA and as inferred.

5.2. Core graphite
PGA specimens irradiated at 515°C exhibited chlorine concentrations after exposure
substantially below the values measured before irradiation. PGA specimens subjected only to
thermal exposure at 515°C also showed a marked decrease in chlorine concentration. The data
indicate a rapid decrease in concentration to about half the initial value. There is little
evidence for a subsequent decrease in concentration over the timescales involved in these
experiments. Given the similarity between the behaviour observed in the two experiments, it
seems reasonable to conclude that the loss of chlorine from PGA graphite in the irradiation
experiments was primarily the result of thermal processes.
Data obtained on AGR moderator graphite exposed at 515°C showed that irradiated
specimens lost significant amounts of chlorine. The data show the thermally exposed
specimens also lost chlorine. The data are, however, significantly more scattered than those
for PGA graphite, possibly as a result of lower initial chlorine concentrations. The mean ratio,
of chlorine concentration after irradiation or thermal exposure to the initial value, is calculated
to be 0.7.

A number of samples of core graphite irradiated in reactors were obtained and the
chlorine-36 inventory of 30 specimens was determined by an acid dissolution method. For
Oldbury samples, the values obtained for inferred precursor concentration are in general
significantly below the mean value derived for Magnox moderator graphite (FIG. 2); the
cumulative distribution function (CDF) for inferred concentrations is broadly similar in form
to that of the directly measured values, but displaced along the concentration axis to
concentration values lower by more than a factor of two. This observation provides evidence
that chlorine has been lost from the graphite on irradiation as the concentrations are below
those after the initial chlorine loss. For AGR moderator graphites the CDF of the inferred
concentrations lies at much lower values than those associated with the virgin material and
below that following the initial chlorine loss; this strongly implies the loss of chlorine during
irradiation. This is confirmed by chlorine-36 being found in reactor desiccants, used to dry the
coolant in a clean-up circuit.
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FIG. 2. Initial chlorine concentration in Oldbury moderator graphite as measured by NAA and as
inferred from chlorine-36 activation.

6. THE CHLORINE-36 INVENTORY IN GRAPHITE
Calculation of the chlorine-36 inventory of graphite must account for the experimental
data on release of chlorine described above. The graphite structure is highly porous and two
types of porosity have been identified: open porosity, where there are paths available to the
surface and closed porosity where no such paths exist. Some of the closed porosity is
converted to open porosity by oxidation during irradiation.
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FIG. 3. Schematic of activation and release of chlorine in graphite.

A possible explanation of the chlorine release behaviour has been used to develop a
model to allow estimation of the activation and release of chlorine and chlorine-36. It is based
on the hypothesis that chlorine is present in both the open and closed porosity after the
purification stages of nuclear graphite manufacture (FIG. 3). The chlorine in the closed pores
would be contained but the chlorine in the open pores would be released. Some of the chlorine
in the open pores escapes prior to operation, and so the concentration in the open pores is
lower than in the closed pores. During the early stages of reactor operation, thermal action
releases the remaining chlorine in the open pores before it has been significantly activated.
Because none of the chlorine in the closed pores is released, this chlorine would be available
for activation to chlorine-36.
During reactor operation radiolytic oxidation of the open pores enlarges them so that
they break into some of the closed pores [Refs 4, 5, 6] and would allow the chlorine-36 to
escape out of the graphite. In both Magnox and AGR reactors about 40% of the initial closed
pore volume is opened up during operation, and the model assumes that this occurs linearly
with power output over the reactor life.
The model can be fitted to be consistent with all of the experimental data, assuming a
chlorine concentration in the closed pores of three times that in the open pores. The total
chlorine release due to oxidation is consistent with the final measured chlorine concentrations
in irradiated PGA graphite. A similar case can be made for Gilsocarbon used in AGR reactors.
The chlorine-36 loss through life is supported by the measurement of chlorine in desiccants
and drier liquors and the total release is consistent with the measured losses in irradiated AGR
graphite.
It is therefore concluded that the model forms an adequate basis for estimating the
chlorine losses in Magnox reactor and AGR cores. The model is also broadly consistent with
the data for sleeve material.

7.

DISCUSSION

The information gained in the Nirex chlorine-36 programme can be used to estimate
inventories of graphite-bearing wastes. This has been performed as part of the inventory
estimate for wastes destined for the disposal facilities. The total inventory estimate is given in
Table 3; 29% of the inventory is from graphite wastes -23% from "carry-over" and 6% still
associated with graphite.
TABLE 3. CHLORINE-36 INVENTORY OF DISPOSAL
FACILITIES REFERENCE VOLUME

Waste
Volume, m3
275,000

Chlorine-36 Inventory (TBq)
Lower
Mean
Bound
12
9

Upper
Bound
15

TABLE 4. BREAKDOWN BY SOURCE MATERIAL
OF UK CHLORINE-36 INVENTORY
Material Source
Graphite
Fuel
Clad
Research/Isotopes
Other

Inventory
51%
30%
8%
6%
5%

It has been necessary to carry out a systematic programme covering all materials that
have been irradiated in the UK nuclear programme. Table 4 gives a breakdown by major
sources of the total chlorine-36 production in all waste materials. These calculations estimated
that 51% of the total chlorine-36 inventory was as a result of irradiation of graphite.
The detailed probabilistic calculation of chlorine-36 inventories has enabled production
of a robust, defensible estimate of the chlorine-36 requiring disposal. Disposal assessments
such as that carried out for a repository at Sellafield in Nirex 97 [7] showed chlorine-36 to be
a significant contributor to peak risk.
The Nirex chlorine-36 programme has shown that graphite is a significant source of
chlorine-36 and will have a significant impact on the radionuclide burden to disposal
facilities. It is important to properly characterise the sources of graphite.
ACKNOWLEDGEMENTS
The authors acknowledge the contributions of all parts of the UK nuclear industry in
supplying specimens for precursor measurements, and the particular contributions of BNFL
and Amersham International. The Nirex chlorine-36 programme was project-managed by
AEAT, including the development of the modelling of transfer processes described in this
paper.

REFERENCES
[1]
[2]

1998 UK Radioactive Waste Inventory, Nirex Report N3/99/01, ISBN 184029 283 4.
Regan, J D, Cripps, S J, Kelly, B R, Hambleton, B and Nicholson, J R, Design Features
Facilitating the Decommissioning of Advanced Gas-Cooled Reactors, Commission of
the European Communities, EUR 9207 en, 1984.

[3]

Miller, R L and Steffes, J M (editors), Radionuclide Inventory and Source Terms for the
Surplus Production Reactors at Hanford, Union Carbide, UNI-3714 Revision 1
Appendix 3, 1987.
Blanchard A, Ketchen J, Schofield P and Campion P, A graphite oxidation experiment
to high weight-loss under CAGR conditions', in Gas Chemistry in Nuclear Reactors and
Large Industrial Plant, ed A Dyer, Hey den London (1980)
Campion A, Lind R, Blanchard R, and Koch C, Proc 4th Int Conf on Carbon and
Graphite, 459, (1976)
Standring J and Ashton A, Carbon, 3(2), 159 (1964)
Nirex 97: An Assessment of the Post-Closure Performance of a Deep Waste Repository
at Sellafield, Nirex Report S/97/012 December 1997.

[4]

[5[
[6]
[7]

10

RADIOCHEMICAL CHARACTERISATION OF GRAPHITE FROM
JULICH EXPERIMENTAL REACTOR (AVR)
B. BISPLINGHOFF, M. LOCHNY, J. FACHINGER, H. BRUCHER
Institut fur Sicherheitsforschung und Reaktortechnik,
Forschungszentrum Julich GmbH,
Julich, Germany
Abstract. Graphite built-in nuclear reactors may receive a high neutron dose for a long period. Depending
on its chemical composition a lot of activation products are produced. In addition, there is more or less fission
product contamination depending on the location. The migration of fission products may be supported by high
temperatures which occur in high temperature reactors.
At the Julich 15 MWe High Temperature Gas-cooled experimental Reactor AVR (^rbeitsgemeinschaft
Fersuchsreaktor) two different types of nuclear graphite had been in use. High-purity graphite was used as basic
material for core structures of the AVR. Insulation layers from carbon bricks (graphite with larger amounts of
impurities) surrounding the graphite reflector were used to protect the metallic structures from high temperatures.
For many reasons it is important to know the amount of contamination of graphite and carbon bricks with
activation products and fission products.
The head end of nuclear graphite analytics must be the incineration. Volatile activities (14C, 3H, 36C1 ...)
must be caught for determination. In case of handling dustlike samples the incineration furnace must be small
enough to be operated in a glove box. The resulting ashes can be used for determining all non volatile nuclides
with different radiochemical methods.
In early 1999 some graphite and carbon brick samples from AVR-reactor had been taken by drilling. The
samples had been analysed in our laboratories at Julich research centre. For incineration we used a vertical
quartz-tube which dips at the bottom into a small electric furnace. Tritium, 14C and 36C1 are caught in washing
bottles. After further preparation, they are determined by LSC.
After dissolving the ashes, the elements are separated by ion exchange, extraction methods and HPLC.
The radionuclides are then determined by a-spectrometry, LSC, low level g-spectrometry and x-ray spectrometry.

1.

INTRODUCTION

After more than 20 years of successful operation the Julich experimental reactor AVR
(^rbeitsgemeinschaft Fersuchsreaktor) was shut down on December 31 st 1988 after
123381 working hours. In this period it had produced 1,67 billion kWh of nuclear electricity.
The AVR is a graphite moderated high temperature reactor of pebble-bed type. It uses
approximately 100000 fuel pebbles with a diameter of 6 cm. The electrical power output was
15 MWe. The gas temperature at core outlet was about 830 °C. High-purity graphite was used
as basic material for core structures of the AVR. Insulation layers from carbon bricks
(graphite with larger amounts of impurities) surrounding the graphite reflector were used to
protect the metallic structures from high temperatures (see Figure 1). The thickness of the
graphite reflector and the carbon brick layers is each 0.5 m. The mass of the graphite-built in
is 67 t. The mass of carbon bricks built-in is 158 t [1]. The main objectives had been the
demonstration of reliability of operation of high temperature pebble-bed reactor and the
testing of important components especially the fuel elements.
11 years passed by since shut down. The fuel elements had been unloaded. 3000000
spent fuel elements are interim stored in about 150 CASTOR containers at Julich research
centre. To make sure there is no remainder of spent fuel elements in the core a hole was
drilled from the outside to the core. A video camera was used to inspect the core. In this work
also the graphite reflector and carbon bricks had been bored through. Samples were taken
from the bore dust. The importance of these samples founded on non existence of non
irradiated graphite and carbon brick material from the construction of AVR reactor.

Inner vessel
Outer vessel
Steam
generator

Biological
shield

Ring gap

Carbon brick

Graphite
reflector

Thermal shield

Reactor core

FIG. 1. Biological shield and core ofAVR reactor.

For decommissioning o f A V R reactor it is important to make chemical a n d
radiochemical analyses o f graphite a n d carbon bricks. With the data from these analyses the
activation calculations can b e verified. In addition it is possible to learn something about the
migration behaviour o f long living fission products under t h e special high temperature
conditions.
On behalf o f t h e A V R - G m b H t h e engineering company W T I (Wissenschaftlich
technische Ingenieurberatung) in Julich which is working as a n expert for A V R - G m b H gave
ISR (Institut fur Sicherheitsforschung u n d Reaktortechnik) t h e order for radiochemical
analysing o f 4 graphite a n d 2 carbon brick samples.
In early 1999 the graphite a n d carbon brick samples from AVR-reactor h a d been taken
by drilling. T h e samples h a d to b e analysed in our laboratories at Julich research centre.

2. EXPERIMENTAL
A complex mixture of long living fission products and activation products in a graphite
or carbon brick matrix should be analysed. One can classify the nuclides into three groups
dependent on the type of determination.
First group:
alpha-spectrometry,

226

233,235,236,238^ 2 3 ^

Ra,

238,239/240^

2 4 1 ^

243/244,245p m

Second group:
1
Liquid scintillation counting a n d x-ray spectrometry, 3 H , 1144 C,3 6 C1, 441
Ca,5 555Fe,
90
Sr, 9 3 Mo, 9 3 Zr, 1 1 3 m Cm, 1 2 6 Sn, 2 4 1 Pu, 1 5 1 Sm.
Third group:
gamma-spectrometry,

22

Na,

60

Co, 9 4 Nb,

108m

Ag,

126

Sb, 1 3 3 Ba,

134 137

'

5 959/63
/63

Cs, 152 ' 154 ' 155 Eu,

Ni,

166m

7 979

Se,

Ho.

Because o f self absorption problems t h e determination o f a lot o f nuclides without
separating the carbon matrix is impossible. T h e sample mass must b e roughly o n e gram to
reach acceptable detection limits for the minor nuclides. In case o f handling dust like samples
it must b e possible to work in a glove box.

3. THE INCINERATION
To meet this requirements we decided to burn the carbon matrix in a special incineration
furnace (see Figure 2). To avoid migration of volatile nuclides with the off-gas we use a
vertical incineration tube. The idea to use vertical incineration tubes came from Stoeppler and
May who had to analyse 90Sr from graphite samples [2].
Only the bottom of this tube is in contact with the electrical stove. The top of the
incineration tube will not be hotter than 50 °C. The off-gas is led through a battery of three
washing bottles. This makes sure that no volatile nuclides will go out of the incineration
furnace.

pressurereducing valve

three-way
tap

washing bottles

2 bar

temperature
controller

flux meter

lift platform

FIG. 2. Apparatus for incineration of graphite and carbon brick samples.

In the beginning of the development of the graphite incineration we made a lot of tests
to optimise the incineration tube. Mostly we used not active graphite dust mixed with 137Cs.
137
Cs was used because the vapour pressure of CS2O at 800 °C is about 1 bar so it could be an
example for volatile nuclides.
Instead of air we used pure oxygen. At 750 °C the graphite dust began glowing a little.
At 800 °C and a flux of 100 mL oxygen per hour it takes two hours until one gram of graphite
is burned away completely.
Because of the temperature gradient of 750 °C between top and bottom of the
incineration tube we had to use a quartz tube. We had to take care not to contaminate the side
of the incineration tube while placing the sample on the bottom. Because of the temperature
gradient graphite dust on the side of the tube will not burn away. To solve this problem we use
a short quartz test glass containing the sample which can be installed in the incineration tube
by a special wire.
The tip of the pipette where the cold oxygen passes into the incineration tube is the
coldest point in the near of the glowing sample. A lot of activity condenses at this tip. We
build in a breaking point to leave the tip in the incineration tube when opening the tube after
reaction.
We open the hot incineration tube after two hours when incineration is finished and fill
in 10 mL of concentrated hydrochloric acid. Then the tube is closed immediately. It will be
steamed out by the hot hydrochloric acid. The incineration tube is boiled out a few times with
hot hydrochloric acid. Our tests showed that the recovery of Caesium or Strontium is more
than 90%.
In case of graphite samples no further disintegration was necessary. In case of carbon
brick samples we found residues containing silicates. A disintegration with a mixture of
HBF4, HC1, H2O2 and HNO3 in a microwave stove was necessary to dissolve the residue.
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FIG. 3. Scheme of the A VR analytic.

As described on top the off-gas is led through a battery of three washing bottles. The
first washing bottle is filled with 250 mL 0.1 mol/L nitric acid. Tritium (HTO) is absorbed in
this bottle. Also about 80% of 36C1 is absorbed in the first washing bottle. 14CC>2 passes
through the first bottle. It will be absorbed in the second washing bottle which is filled with
250 mL 4 mol/L NaOH. The third washing bottle also contains 250 mL 4 mol/L NaOH. This
bottle has only a security function. We found that less than 100 ppm 14CC>2 reaches the third
washing bottle.
The whole apparatus for incineration including an analytical balance, the electrical
stove, the washing bottles and a flux meter is built in a glove box. After take up the
incineration residue in HCl the solution can be handled outside the glove box.

TABLE I. EXEMPLARY RESULTS OF A GRAPHITE SAMPLE AND A CARBON
BRICK SAMPLE
Nuclide

Carbon Brick

Total-a
Total-b/g
Th-228
Th-230
Pa-231
U-233
U-236
Np-237
Pu-238
Pu-239/240
Am-241
Pu-242
Cm-243/244
Cm-245
Ra-226
Th-232
U-235
U-238

Activity
[Bq/g]
51
2,3 M
<10
<2
<2
5
<2
<2
<21
15
<21
<2
<2
<2
<2
<2
<2
<2

Error
[%]
20
10

H-3
C-14
Cl-36
Ca-41
Fe-55
Ni-59/63
Sr-90
Mo-93
Zr-93
Sn-126

38 M
3,7 M
800
DL
1,22 M
64000
9300
DL
<250
<230

30
20
50

Na-22
Co-60
Sb-126
Ba-133
Cs-134
Cs-137
Eu-152
Eu-154
Eu-155
Ho-166m

<70
2,4 M
<230
4300
13000
4400
DL
90000
37500
DL

Graphite

50

50

20
15
15

60
60
60
60
60
60

Activity
[Bq/g]
18
2M
4
<1
<1
<1
<1
<1
<1
2
<1
<1
<1
<1
<1
<1
<1
<1

Error
[%]
20
20
75

1,2 M
63000
24
<5000
255000
106000
920000
DL
<100
<100

30
20
50
50
20
15
20

410000
100
1700
<210
4400
<150
9700
2100
<70

15

75

15
15
10
15

4. SCHEME OF AVR GRAPHITE AND CARBON BRICK ANALYTIC
After reception of the sample there must be a dose rate determination of the whole
sample (see Figure 3). For gamma-spectrometry the sample is divided into parts. Main gamma
activities like 60Co, 134Cs, 137Cs can be determined without separating the carbon matrix.

The next step is the incineration which is described in detail above. The main beta
activities Tritium and 14Carbon are separated and caught in washing bottles. Besides 36C1 is
caught in the first washing bottle.
The incineration residue will be disintegrated with acid or, in case of carbon bricks, with
a mixture of HBF4, HC1, H2O2 and HNO3 in a microwave stove. The solution will be
evaporated to dryness. The residue will be dissolved in nitric acid.
This solution can be used to prepare directly samples for measuring total alpha activity
55
or 33
Fe through x-ray spectrometry. After passing the solution through an anion exchange
separating iron from the sample 41Ca can be determined through x-ray spectrometry. If
necessary alpha emitting nuclides can be separated by extraction or ion exchange techniques.
The nuclides 93Zr, 94Nb, 126Sb, 90Sr, 90Y, 151Sm, 152'154'155Eu, 59/63Ni, 241Pu, 41Ca, 55Fe,
60
Co, 22Na, 134137Cs can be separated with HPLC. After separation with HPLC they can be
determined through liquid scintillation counting.
5. RESULTS AND DISCUSSION
We could show that the incineration is a practicable method as head end for graphite
analytic. Most of the interesting nuclides can be determined after one incineration. Only for
99
Tc a special incineration is necessary. With our method 99Tc will spread over the whole
incineration tube up to the first washing bottle. A lot of glass wool in the head of the
incineration tube will help.
At the moment our results are checked by AVR-GmbH and WTI. The work for the
determination of 79Se and 113mCd in a few samples is in progress.
The results showed that the maximum activity of Tritium is approximately up to 40
MBq/g for carbon bricks and 2 MBq/g for graphite. The maximum 14C-activity is
approximately up to 9 MBq/g for carbon bricks and 100 kBq for graphite. The carbon bricks
contain up to 5 MBq/g 60Co and up to 3 MBq/g 55Fe. As expected the activity of 60Co and 55Fe
in graphite is much lower. As exemplary results the data of a graphite sample and a carbon
brick sample are shown in Table I.

ACKNOWLEDGEMENT
We thank the WTI GmbH (Wissenschaftlich technische Ingenieurberatung) Julich and
the AVR GmbH Julich for the interesting work and their support.

REFERENCES
[1]
[2]

VDI, "AVR-Experimental High-Temperature Reactor", VDI-Verlag GmbH,
Dusseldorf 1990
Stoeppler, May, "Verbessertes pyrolytisches AufschluBverfahren zur
Radiostrontiumbestimmung in Reaktorgraphit", Z. Anal. Chem. 264 (1973) 177-180
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Abstract. The residual radionuclide concentrations and distributions in graphite from
moderator stack of plutonium production reactors at Tomsk-7 have been investigated. It was found
that the dominant activity of graphite is 14C. To gain information on surface and volume
contamination of graphite blocks from the moderator stack, the special sets of samples were collected
and assayed. The schemes are proposed for evaluation of individual radionuclide inventories together
with results of the evaluations performed.

1. INTRODUCTION
Till now in Russia, ten plutonium-production uranium-graphite reactors (PUGRs) have
been decommissioned. Spent graphite from PUGRs has been contaminated with radionuclides
and represents an important fraction of nuclear power industry radiowastes. For proper
selection of ways and times for this graphite management, the information is needed about
composition and level of the graphite radioactive contamination.
The conditions of PUGRs operation are as follows: duration of the reactors operation
was about 30 years, graphite was placed into nitrogen atmosphere, several accidents with
destruction of technological channels and multiple leakages of light-water coolant into the
graphite stack have taken place. As a consequence, there was formed the radioactive
contamination with complex composition and volumetric distribution. Two sources of
radioactive contamination existed: activation of impurities and penetration of radionuclides
during accidents. Quantitative evaluations of both sources were hampered because available
information about impurities content was incomplete and inaccurate while penetrations of
radionuclides were of accidental and casual nature.

The report presents results of the studies carried out at the 1-1 and EI-2 reactors.
Currently, experiments at the ADE-3 reactor are being performed.
The tasks of the studies included:
—
—

—
—

to obtain general picture of radionuclide distribution in the reactor stacks, to reveal and
to explain relationships in distributions of individual radionuclides;
to elaborate the approaches to evaluation of radionuclide inventories in individual
components and in the stack as a whole, to construct the evaluation schemes and to
check them;
to present the schemes and recommendations on planning of taking the samples for
evaluation of radionuclide inventories at other nuclear reactors;
to determine the possibilities for rapid sorting of the graphite blocks depending on their
contamination level under dismantling of the stacks.

The graphite reactor stack consists of graphite blocks stacked to provide a central region
for fuel loading and an outer region for a neutron reflector. Total mass of graphite in the
reactor cores was about 900 tones.
For sampling from the stacks, the special technology was applied. Using the tool
transportable from one channel to another, the graphite cores were taken at specified depth by
means of horizontal drilling through full thickness of the block. So, length of the graphite
cores covered distance from inner hole of the block to its lateral surface. Using a milling
cutter, five samples were cut out from the graphite cores, at 12 mm distance one from another,
for subsequent conduction of assays (Fig. 1). The samples represent the disks, 8 mm in
diameter, 2 mm thick and mass of about 200 mg.

FIG. 1. Scheme of sampling: 1-graphite block; 2-graphite core; 3- sample; Nol—5 - numbers
of samples.
In the studies the most attention was given to radionuclides - major contributors to
contamination, namely to P-emitters (14C and 3H were the main isotopes of them), to
actinides, to fission products and 60Co. The radionuclides from these groups differ with their
origination and distribution in graphite.
The complexity of assays on content of individual radionuclides differed very much. For
example, assays on content of tritium and actinides required rather long time periods (up to 10
hours or more) while measurements of some fission products or activation products were very
simple and low labor-consuming.

In evaluations of radionuclide inventories in the graphite stack, the importance of
principle belongs to issue about sufficient scope of sampling (the number of taken and assayed
graphite samples). This quantity was limited by duration and complexity of assays as well as
by peculiarities in distribution of some radionuclides in volume of the stacks.
Taking into consideration the capabilities available, the problem may be defined as
follows: 1. Is it possible to determine radionuclide distribution along height of the cell (7.6 m)
with acceptable accuracy using measurement results for 3-7 points at different levels as an
input information ? 2. Is it possible to describe radionuclide field in full stack (2000 cells)
using measurement results for 20-30 cells as an input information ? Magnitude of errors may
depend on the fact whether radionuclide distribution obeys to any certain relationship or not.
Such a relationship may be further used for interpolation. If radionuclide distribution does not
obey to any certain relationship or if this relationship is distorted, then radionuclide inventory
in the stack may be determined as sum of inventories in individual cells with preliminary
joining the cells with close values of contamination levels into groups: the cells adjacent to
accidental ones, the cells disposed far enough from accidental ones, reflector cells and so on.
To obtain general picture of contamination as a whole, it is necessary to investigate axial
and radial distributions of radionuclides in the stack and local distributions in vicinity of
accidental cells. Obtaining such an information will require to make assays for no less than
160-200 samples from each reactor, and about 500 graphite samples from three reactors.
The methods used for contamination assays of the graphite samples are presented in
Table I.

TABLE I. METHODS FOR MEASUREMENT OF RADIONUCLIDE CONTENT IN
GRAPHITE
Radionuclides
Beta-emitters:
3
14
H, C, 36 C1, 63 Ni, 90Sr

60

Gamma-emitters:
Co, 133Ba, 134 ' 137 Cs,

Method
Liquid scintillation spectrometry (LSS);
Radiochemistry and LSS;
Measurement of Vavilov-Cerenkov radiation.
y-spectrometry with application of HPGe- and Ge(Li)detectors

152,154,155^

Alpha-emitters:
238,239,240 p ^ 2 4 1 , 2 4 3 ^

244

Cm

y/X-spectrometry with application of LEGe-detectors;
Radiochemistry and oc-spectrometry with application of
Si-detectors.

2. DETERMINATION OF 3H, 14C, 36CL, 63Ni AND 90Sr CONTENT
The method used in measurements of 3H and 14C contents in the reactor graphite
samples was presented in Ref.[l]. The method is based upon chemical separation of
radionuclides from the graphite sample being assayed in gaseous form with subsequent
transition into liquid phase and measurement of activity by means of liquid scintillator. The
mass of the sample under investigation was optimised from viewpoint of obtaining reliable
data about 3H and 14C content in the reactor graphite and reducing the expenses for assays. As
a result, selected value of the sample mass was equal to about 0.1 g.

In measurements of 36C1 and 63Ni content in graphite it was applied the radiochemical
method of radionuclide separation from solution of graphite followed by measurement of its
activity by means of liquid scintillation radiometry technique.
90

Sr activity was determined via activity measurements of its daughter radionuclide 90Y
- emitter of high-energy p-radiation (Emax = 2.2839 MeV). In equilibrium state, 90Sr activity is
equal to 90Y activity. Two different methods were applied to measurement of 90Y activity. One
method includes pulverisation of the sample with subsequent measuring the P-activity of thin
graphite powder layer by means of plastic scintillation detector. Another method is based
upon dissolution of the graphite sample, separation of 90Y from the solution and subsequent
measuring the 90Y accumulation by means of Cerenkov counter.
Errors in determination of activity for radionuclides-emitters of P-radiation in graphite
via applications of aforementioned methods did not exceed 20%. About 40 graphite samples
were taken from the stacks of both reactors and assayed for determination of 3H and 14C
contents. Two hundred samples were assayed for determination of 90Sr content and five
samples - for determination of 36C1 and 63Ni contents.
Typical distributions of 3H, 14C and 90rSr contents in accidental cell 2516 of the 1-1
reactor and in the cell 1425 distant from accidental one are presented in Fig. 2.
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FIG. 2. Specific activity ofradionuclid.es in the samples taken from blocks of the 1-1 reactor.
Radionuclide 14C is generated in the reactor graphite due to two main neutron reactions:
13
C (n,y)14C and 14N (n,p)14C. Nitrogen in graphite is in bound state and as a gas filling up the
graphite pores. Porosity of the reactor graphite is about 26%. Content of chemically bound
nitrogen in unirradiated reactor graphite was evaluated with application of high-temperature
extraction technique. This value appeared to be (31 ±5) ppm in unirradiated graphite of the 1-1
reactor. Contributions of these two neutron reactions to build-up of 14C in graphite were
evaluated, and the evaluation revealed that neutron reaction with nitrogen gave a major
contribution.

In Fig. 3 there are demonstrated the results of 14C activity measurements in the samples
taken from the cell 2516 at different axial levels. It can be seen from presented results that
there is a linear proportionality between 14C content in graphite and thermal neutron fluence.
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FIG. 3. Dependence of C specific activity in the I-1 reactor graphite on relative fluence of
thermal neutrons.

The results obtained in assays of the graphite samples enable us to make the following
conclusions:
14

C activity in graphite dominates over activities of all other radionuclides.
C is uniformly distributed in volume of graphite block (within the range of experimental
errors).
14/Linear proportionality is observed between 14
C content in graphite and neutron fluence.
14

14/-

Thus, C inventory in the graphite stack of the reactor core can be determined via
measurement results for absolute value of 14C specific activity in components of the graphite
volume and using the information about neutron fluence distribution in the reactor stack. Such
15
an evaluation performed for the 1-1 reactor gave the value ~ (2.1±0.6)xl0 Bq , for the EI-2
reactor - (1.3±0.4)xl015 Bq.
Main contribution to accumulation of tritium in graphite is given by neutron reactions
with Li and 14N nuclei. Generated triton will stay in the graphite matrix with high probability
because mean free path of triton is smaller than size of graphite grains and larger than size of
pores. However, some fraction of tritons generated near to grain boundaries has no energy
high enough to penetrate through pore or gap. Therefore, some fraction of tritium has a
possibility to remain in the gas filling up the pores and gaps, and to release with it out of the
stack. Tritium initially fixed in graphite may acquire a mobility with time and release into the
environment. Apparently, the release of tritium from graphite is caused by graphite oxidation
6

that leads to oxidation of fixed tritium as well, and tritium is carried by the gas flow blown
through the reactor stack. In Ref. [2], it was remarked that content of carbon dioxide in gas
circuit for periods of the reactor operation after "wet" accidents has increased. This indicated
on the process of graphite oxidation. All these phenomena led to tritium release from the
graphite matrix during the reactor operation.
Obtained results demonstrated that tritium was extremely non-uniformly distributed in
volume of the stack. It was revealed that distribution of obtained experimental data had a form
of logarithmically-normal distribution. So, mean values and their errors were calculated in
accordance with such a distribution. Mean specific activity of tritium in the 1-1 reactor stack
was equal to (3.4±0.5)xl03 Bq/g, the same value for the EI-2 reactor was equal to
(5.4±0.8)xl0 Bq/g. Proceeding from obtained results and graphite mass in the reactor cores,
tritium inventories were evaluated for both reactors. These values appeared to be
(3.3±0.5)xl012 Bq and (5.3±0.8)xl012 Bq for the 1-1 and EI-2 reactors, respectively.
In connection with complexity of assays on determination of 36C1 and 63Ni contents in
the graphite samples and due to low activity of these radionuclides, only several samples were
assayed. Measured values of 63Ni activity in the samples were within the range (2.5xlO2 2.2x103) Bq/g, for 36C1 - (54 - 110) Bq/g. Comparison of experimental and calculated data
allows to conclude that 36C1 contents in spent reactor graphite are one order of magnitude less
than calculated values while 63Ni contents do not contradict to calculated data. Observed
difference in values of 36C1 content may be explained by the following consideration. Chlorine
in graphite is able to form only weak covalent bonds with carbon or is staying in closed pores
(Ref. [3]). During the reactor operation, the chlorine may acquire a mobility and escape from
the stack. Proceeding from the data available, the conservative assessment was made, and the
following values of radionuclide inventories in the reactor graphite were obtained: 36C1 (0.4 - l.l)xlO 12 Bq, 63Ni - (1.9 - 6.9)xlO12 Bq.
Table II demonstrates obtained values of radionuclide specific activities in the graphite
samples taken from the 1-1 reactor stack, calculated predictions (Ref. [4]) as well as some
values obtained for graphite from Hanford reactor DR (Ref. [5]). The calculations did not take
into account a migration of radionuclides in the reactor graphite. All obtained activity values
are presented for a moment of the reactor ultimate shutdown.

TABLE II. MEASURED AND CALCULATED
RADIONUCLIDES IN THE REACTOR GRAPHITE, BQ/G
Radionuclide

CONCENTRATIONS

Experiment

Calculation
(Ref. 4)

1-1 reactor

DR reactor (Ref. 5)

H

(3.4±0.5)xl0 3

4.41xlO5

3.2xlO6

14 C

(1.2+0.2) xlO6

1.31xl05

4.2xlO5

36C1

5.4X101- l.lxlO 2

2.8xl0 2 -5.3xl0 2

8.8xlO3

63

2.5xl0 2 -2.2xl0 3

5.6xlO 2 - 1.9xlO3

8.9xlO3

3

Ni

OF

It follows from Table II that calculations underestimated accumulation of 14C in graphite
by a factor of 4. An inverse situation is observed for tritium: the calculations strongly
overestimated its content by a factor of about 700. Value of 14C specific activity in graphite
from the 1-1 reactor is about 9 times higher than that in graphite from the DR reactor. Most
probably, it may be explained by higher content of nitrogen in the 1-1 reactor graphite.
Nitrogen was used as an protective gas in the 1-1 reactor while carbon dioxide was applied for
the same purpose in the DR reactor. Comparison of 36C1 specific activities in graphite
obtained in experiments and in calculations indicates that calculations overestimated 36C1
contents by two orders of magnitude. This may be explained by two factors: by overestimated
value of initial chlorine content used in calculations and by reduction of chlorine content in
graphite during the reactor operation. Evaluation of the second factor was made in Ref. 5 and
its value was equal to about 10. To refine initial content of chlorine in the reactor graphite,
this value was evaluated with application of neutron activation analysis. Obtained results have
demonstrated that the value used in calculations was overestimated by the factor higher than
6. Experimental data on 63Ni content in graphite appeared to be several times less than
calculated results. Observed difference may by explained by non-uniformity in content
distribution for chemical elements of iron group, nickel in particular, in graphite (Refs.[6-7]).
3. DETERMINATION OF ACTINIDES AND FISSION PRODUCTS
Under the accidents which took place at early stages of PUGRs operation, several
kilograms of uranium were dispersed in their stacks. Uranium particles were transported with
water vapour and deposited on the graphite surface both at side from technological channels
and in slits between blocks. In process of long-term neutron irradiation, dispersed uranium
was at first converted into 239Pu. The most fraction of 239Pu was burnt-up with accumulation
of fission products while some remaining part, through consecutive neutron captures, was
transformed into heavier actinides including isotopes of americium and curium.
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FIG. 4. Gamma- and X-ray radiation spectrum of the graphite sample from block of the EI-2
reactor.

Actinide content in the graphite samples was determined from results of spectrometric
measurements with large planar LEGe-detectors. If necessary, continuous measurements were
carried out during tens of hours. In spectra of the samples contaminated with actinides, there
were observed gamma-lines of Am (59.5 keV), Am (74.5 keV), and X-ray lines with
energies near to 14 keV and 18 keV where XL a - and XLp-radiations were summed up which
accompany a-decay of Cm, Am and Pu isotopes (Fig. 4). The spectra of highly-contaminated
samples were measured by means of small LEGe-detector with higher resolution. It allowed to
resolve, completely or partially, XLp-peaks of Pu, Np and U, and using measured intensities,
to determine relative content of Cm, Am and Pu in these samples.
To determine isotopic composition of plutonium contained in graphite, plutonium was
separated from the samples highly contaminated with actinides, and sources for spectrometric
measurements were manufactured. Using LEGe-spectrometers, spectra were measured within
the range 10-200 keV where lines of 238Pu, 239Pu, 240Pu and 241Pu were observed. These
spectra were used for evaluating the relative contents of these isotopes.
The radiation emitted by the graphite was also measured within high-energy range with
application of coaxial HPGe-spectrometers. In the spectra obtained the lines of several fission
products were observed: 134Cs, 137Cs, 106Ru, 154Eu and some others.
Analysis of obtained results led to the following conclusions:
1.

The samples taken from lateral surfaces of the graphite blocks were contaminated with
actinides in maximal degree. The experiments carried out with several samples taken
from lateral side of one block demonstrated that contamination at different parts and at
different sides of one block may be considered as uniformly distributed within the range
40-60%. Actinide content in volume of the graphite blocks was lower by several
hundred times than that in superficial layer. It concerns both to the cells placed near to
(Table III) and distant enough from accidental ones. Radionuclides weakly penetrated
into depth of blocks from their surface. Only in individual cases the penetration due to
graphite cracking was observed.

TABLE III. ACTINIDE DISTRIBUTION IN THE GRAPHITE CORE (LOCATION OF
SAMPLES IS SHOWN IN FIG. 1)
Sam
No

1-1 reactor
Cell 0320
A(241Am)
A(244Cm)
Bq/g

1
2
3
4
5

Cell 2516
A(241Am)
A(244Cm)

Bq/g
2

(4.30+0.13) xlO
(1.21+0.04) xlO 2
(1.46+0.06) xlO 2
(1.50+0.06) xlO 2
(4.85+0.15)xl0 4

EI-2 reactor

Bq/g
4

(l.l+0.1)xl0
(4.2+0.4)xl0 3
(5.4+0.6)xl0 3
(5.0+0.5)xl0 3
(1.8+0.2)xl0 5

Cell 3326
A(241Am)
A(244Cm)

Bq/g
3

(2.0+0.1)xl0
(1.7+0.1) ) x l 0 J

(l^+O.^xlO1
(1.2+0.l)xl0J
(3.70+0.15)xl03

Bq/g
3

(3.4+0.4)xl0
(4.4+0.5)xl0 3
(3.8+0.4)xl0 3
(2.3+0.3)xl0 3
(6.3+0.7)xl0 5

Bq/g
1

(O+O.^xlO
(5.4+0.6)xl0°
(5.1±0.5)xl0°
(7.0+0.4)xl0°
(1.00+0.03)xl0
3

(1.5+0.2)xl0 3
(5.6+1.2)xlO 2
(5.3+0.8)xl0 2
(7.3+0.8)xl0 2
(8.6+0.9) xlO 4

It was revealed that, at present time, the main contribution to activity of actinide mixture
is given by 244Cm. The correlations between activities of individual radionuclides are
presented in Table IV.
TABLE IV. ISOTOPIC RATIOS OF ACTINIDES IN THE GRAPHITE SAMPLES
FROM THE 1-1 REACTOR STACK
Cell
No

Relative value
of fluence

A(238Pu)
A(239Pu)

A(240Pu)
A(239Pu)

A(241Pu)
A(239Pu)

A(243Am)
A(241Am)

A(244Cm)
A(241Am)

0220
0320
2416

0.19
0.38
0.565

14.4+0.5
10.2+1.0
13.3+2.9

2.66+0.11
1.41+0.17
2.47+0.57

310+11
192+19
384+88

0.090+0.005
0.150+0.005
0.160+0.001

11.3+1.1
35.4+3.5
34.5+3.5

Axial distributions of actinides in cells are non-uniform and do not obey to any certain
relationship. The distributions in different cells differ each other. Actinide contents in
the samples taken from the cells adjacent to accidental ones are by tens times higher
137,
than those in the cells distant enough from accidental ones. Contents of-241 Am and 1J/
Cs
in the cells neighboring to accidental cells of the 1-1 reactor were larger in average by a
factor of about 6 than those in the EI-2 reactor. Comparison of 241Am and 244Cm
contents in the cells distant from accidental ones demonstrated that contamination of
graphite in the 1-1 reactor is higher by a factor of 2-2.5 than that in the EI-2 reactor.
Ratios 243Arn/241Am, 244Crn/241Am in the samples taken at different axial levels differ
significantly. This may be explained by variations of neutron flux along height of the
cell (Table V). Forms of dependency are similar for both reactors. Values of ratios
increase with growth of neutron fluence. Under equal relative fluence, the ratios are of
different value in two reactors. This may be explained by difference in exposure time of
uranium after its accidental appearance in the reactor stacks.
TABLE V. DEPENDENCE OF RELATIVE ACTINIDE CONTENT ON NEUTRON
FLUENCE
Relative value of fluence Reactor
0.997
0.710-0.780
0.500-0.550
0.400-0.470

1-1
EI-2
1-1
EI-2
1-1
EI-2
1-1
EI-2

0.190-0.230

1-1

Cell No
1425, 2638
2626, 2639
1425,2516,2638
2626,2627,2639
0225,0320,2638
2626,2639
0225, 0320, 1425
2516,2638,2729
2627,2639,3917
4016,4017,4018
0225,0320,2516

A(243Am)
A(241Am)
0.50+0.12
0.49+0.01
0.38+0.06
0.31+0.01
0.19+0.04
0.22+0.01
0.15+0.02

A(244Cm)
A(241Am)
434+78
273+14
233+40
92+3
74+22
52+3
42+6

0.080+0.002

18+1

0.07+0.04

14+8

Results of XLp-radiation measurements also demonstrated that correlation Cm/Am was
very sensitive to axial variations of neutron flux in the cell. In the ADE-3 reactor the
averaged values of activity correlation Cm/Am are equal to 8.7 and 35 for relative
neutron fluences 0.49 and 0.735, respectively. Averaged values of activity ratio Pu/Am
are equal to 0.21 and 0.17 for the same fluences, i.e. they coincide within the range of
experimental errors.
Basing upon obtained results, the following scheme for contamination of the stack with
actinides may be presented:
•
•

under accidents, uranium particles were transported through the stack and fixed on
surface of the graphite blocks;
under subsequent long-term neutron irradiation, composition of contamination was
gradually formed. Observed dependence between isotopic ratios and neutron fluence
enable us to conclude that superficial displacements of radionuclides during
irradiation were small. Transport processes of actinides in graphite would promote
their mixing, lead to flattening of their relative concentrations and, probably,
contamination levels.

The information was obtained about 134Cs, 137Cs, 106Ru, 154Eu contents and about their
distribution in the graphite blocks of the 1-1 and EI-2 reactor cores. Content of these
radionuclides in superficial graphite layer is significantly higher than that in volume of
blocks. Radionuclide 134Cs is generated in graphite through activation of 133Cs impurity
and as a fission product. The second channel for 134Cs generation defines the superficial
contamination level of the graphite blocks with this radionuclide. Table VI demonstrates
measurement results for content of 137Cs, 134Cs, 106Ru in superficial layer of the graphite
blocks from the 1-1 and EI-2 reactor cores as well as the information about 90Sr content
obtained in p-spectrometric measurements. Isotopic ratios 134Cs/137Cs, 106Ru/137Cs and
90
Sr/137Cs are almost constant that indicates on absence of fission products migration
over surface of the graphite stack blocks after generation of fission products. Obtained
results enable us to conclude that contamination of the stack with fission products has
occurred according to the same scheme as contamination with actinides.
The following scheme was applied to evaluation of radionuclide inventories in the
reactor stacks. It was assumed that actinides (and fission products) were contained in
superficial layer (2 mm thick) of the graphite blocks. Absolute value of contamination
was determined from measurement results of 241Am content in the samples and from
correlations between content of this nuclide and other actinides.
All the cells in the stack were divided on two groups: adjacent to accidental cells
(including accidental cells) and distant from accidental cells. For each group of the cells,
mean values of 241Am and 137Cs content were calculated under assumption that
measurement results obey to logarithmically-normal distribution. For obtaining the
ratios between contents of different actinides, averaging procedure was performed with
results of measurements for the samples taken from different axial levels.
According to preliminary assessment, 241Am inventory in graphite of the 1-1 reactor core
is equal to 6.3xlO10 Bq, in the EI-2 reactor - 2.0xl0 10 Bq. Inventories of 137Cs are equal
to 6.3xlO12Bq and 3.6xlO12 Bq in the 1-1 and EI-2 reactors, respectively.
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7.

Ratios between content of actinides (241 Am, 244Cm) and 137Cs in the graphite stack were
determined. Observed dispersion of ratio values does not exceed a factor of 2-3 while
contamination levels of individual blocks may differ by several tens and hundred times.
It opens a possibility to evaluate approximate content of actinides in individual blocks
from results of simple measurements for 137Cs gamma-radiation. Such a method may be
applied in future for rapid sorting of the graphite blocks depending on contamination
level prior to their treatment.

4. DETERMINATION OF 60Co CONTENT
60

Co is one of the main y-emitters in both reactors during 40 years after their ultimate
shutdown. The major channel for 60Co generation is the neutron reaction 59Co(n,y)60Co. Inside
of the graphite block volume, 60Co is generated through activation of impurities while in
superficial layer - both through impurities activation and by transport of cobalt with watervapour mixture under accidents. Due to the reasons mentioned above, contamination of spent
graphite with cobalt may be divided on superficial and volumetric contamination for further
investigation of both types separately.
For evaluating the volumetric component of contamination it is necessary to know
initial content of cobalt impurity in graphite. These data are inaccurate and contradictory. It is
known that cobalt is non-uniformly distributed in the reactor graphite (Ref. [7]).
60

Co content in the graphite samples was measured by method of y-spectrometry with
application of coaxial HPGe-detector. Experimental errors in measurements of 60Co activity in
the samples were within the range 3-5%. Total numbers of assayed graphite samples were
about 250 from the 1-1 reactor and about 200 from the EI-2 reactor.
TABLE VI. MEASUREMENT RESULTS FOR 137CS, 106RU, 90SR SPECIFIC
ACTIVITIES IN THE GRAPHITE SAMPLES TAKEN FROM SURFACE OF
THE GRAPHITE BLOCKS (ON DECEMBER 10, 1998)
Reactor Cell No Relative
value of
fluence
3425
EI-2

1-1

3644

0.46
0.96
0.61
0.55
0.82
0.80

A(137Cs), A(106Ru), A(90Sr), A(106Ru) A(90Sr)
105Bq/g 103Bq/g 104Bq/g A(137Cs) A(137Cs)
xlO3
1.38
1.23
32.3
5.62
3.00
1.00

1.3
1.2
29
1.9
1.2
0.30

7.4
4.7
160
29
17
7.5

4.8
4.9
4.5
3.5
3.8
3.0

0.54
0.38
0.48
0.52
0.57
0.75

Analysis of obtained results led to the following conclusions:
1.

2.

It was revealed that distributions of experimental data are close to logarithmicallynormal distribution. So, treatment of results, calculations of mean values and their errors
were performed in accordance with this distribution.
In some cases, radioactivity of inner samples taken from different graphite core or even
from one graphite core differed one from another by several times. This may be
explained by non-uniform distribution of cobalt impurity in graphite (Table VI).
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3.

Contamination level of the graphite block surfaces is near the same for the whole stack.
However, 60Co activity in some samples differed by several times. It may be related with
peculiarities in cobalt transportation with water-vapour phase.
60
Co activity in the samples taken from surface of the graphite blocks was higher than
that in the samples taken from volume of the blocks. It was revealed that outer graphite
layer of 2 mm thick defines superficial contamination of the blocks with 60Co.
Proceeding from this fact, a ratio was calculated between inner volume1 of a graphite
block and volume of superficial layer (Vvoi/VSUp). This ratio was equal to 13.5 and 15.1
for the 1-1 and EI-2 reactors, respectively. Mean activity ratio for superficial samples to
inner samples for all graphite cores was equal to 4.7 and 3.2 in the EI-2 and 1-1 reactors,
respectively, i.e. difference in levels of superficial and volumetric contamination was
rather small. Therefore, 60Co contained in inner volume of the graphite blocks gives the
main contribution to inventory of this radionuclide in the graphite stacks of both
reactors.
The cells adjacent to and distant enough from accidental ones do not differ in levels of
contamination with 60Co. 60Co content in central and in peripheral graphite blocks of the
reactor stack was the same within the range of experimental errors. 60Co content in
volume of the reflector blocks from the EI-2 reactor (the graphite cores taken from two
cells were assayed) was about twice smaller than that in blocks of the reactor core.
In the 1-1 reactor, at level of 1 m upward from centre of the reactor core, content of 60Co
reaches a maximal value (approximately, twice higher than mean level) both in central
part and at periphery of the reactor core. In the EI-2 reactor, maximal content of 60Co
was observed in lower part of the stack. This effect can't be explained neither by
variations of neutron flux nor by difference in amount of transported cobalt. A possible
cause is a different content of cobalt impurity in different layers of the graphite stack.

4.

5.

6.

TABLE VII. 60CO SPECIFIC ACTIVITY IN THE GRAPHITE SAMPLES TAKEN FROM
DIFFERENT REACTOR CELLS, KBQ/G (ERRORS OF PRESENTED RESULTS WERE
LESS 5%)
Place of sampling

Sam
No

EI-2

1
2
3

4
5

1-1

Cell 2639
2 m upward
Core
3 m downward
from core centre centre
from core centre
9.50
13.0
7.50
6.90
1.36
1.10
1.48
0.63
2.12
2.51
1.40
0.47
7.30
11.0
11.0

Cell 3225
Cell 2638
Cell 1425
3 m downward
2 m upward
Core
from core centre from core centre centre
20.6
6.10
2.70
0.195
0.53
1.86
1.74
1.96
1.99
0.60
0.43
1.43
2.90
1.74
9.8

According to the results obtained, superficial contamination level of the graphite blocks
may be considered as the same for the reactor core as a whole within the range of presented
errors (Table VII). Mean superficial contamination with 60Co of the graphite blocks from the
1-1 reactor core was estimated as 6.9±0.7 kBq/g; from the EI-2 reactor core - as

1

Inner volume of a graphite block (Vvoi) is a difference between total volume of a graphite block and volume of
superficial layer, 2 mm thick.
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14.0±2.4 kBq/g. 60Co content inside of the graphite block volume is kept constant over whole
reactor core (2.2±0.5 kBq/g and 3.0±0.6 kBq/g for the 1-1 and EI-2 reactors, respectively).
Basing upon these conclusions, it is possible to obtain approximate evaluation for
inventory of 60Co in graphite of the reactor core2 as a sum of contributions from superficial
and volumetric contamination:
mX V

A=-

A
( sunsup
sun+V
volAvol)
sup

sup

vol

where m - total mass of the graphite blocks in the reactor core; Vsup - volume of
superficial layer; Vvoi - inner volume of the graphite block; Asup - mean specific activity of
60
Co on surface of the graphite block; Avoi - mean specific activity of 60Co in volume of the
graphite block.
•60
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Activity of Co contained in all blocks of the reactor core was estimated as 2.3x10 Bq
and 3.3xlO12Bq in the 1-1 and EI-2 reactors, respectively.
In Ref. 4, the results are presented for calculated evaluation of 60Co specific activity in
spent reactor graphite. Calculated specific activity of 60Co appeared to be about 420 kBq/g
that exceeded our results obtained for the graphite block volume of the 1-1 reactor by a factor
of 190, and for the EI-2 reactor - by 140 times3. It is most probably related with use in
calculations of overestimated 59Co content (0.3 ppm) in the reactor graphite. According to
results on neutron activation analyses, cobalt content in unirradiated graphite is about
(0.009410.0017) ppm.
TABLE VIII> MEAN SPECIFIC ACTIVITY OF 60CO IN THE GRAPHITE BLOCKS
FROM THE REACTOR STACKS, KBQ/G (ON DECEMBER 10, 1998)
Place of sampling
Volume of
block
Upper part of the
reactor stack
Centre of the reactor
stack
Lower part of the
reactor stack
Cells adjacent to
accidental ones
Cells distant from
accidental ones
Stack as a whole

EI-2

1-1

Surface of block Volume of

Surface of block

block

1.3+0.5

6.3+1.2

2.6+1.2

6.7+1.8

2.0+1.0

6.8+1.6

3.0+1.0

9.7+2.6

1.0+0.4

6.2+1.4

6.3+3.8

25.6+17.7

1.4+0.6

6.2+0.8

2.8+0.6

14.0+2.7

2.5+0.7

7.2+1.0

3.4+1.0

13.9+3.3

2.2+0.5

6.9+0.7

3.0+0.6

14.0+2.4

2

There is no sufficient information to evaluate 60Co content in the reactor reflector. These results will be
presented later.
3
These data correspond to 8-year period of the graphite cooling time when the experiments have been carried
out.
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5. CONCLUSION
According to previous investigations, it might be anticipated that radionuclide
distributions will be affected by the processes related with temperature field, multiple water
leakages into the stack, nitrogen blowing down, difference in migration properties of
individual nuclides etc, and this will lead to changes in radionuclide distributions. However,
according to the results obtained, initially formed distributions of many radionuclides (except
of tritium) kept practically time-independent later on. It may be explained by fixation of
uranium-containing particles on the graphite surface.
On basis of obtained information about radionuclide distributions of different
origination, the schemes were elaborated and tested for evaluation of radionuclide inventories
in the graphite stack. The following approaches were used:
main attention should be given to long-lived radionuclides and, in the first turn, to major
contributors to radioactivity of spent graphite;
• the number of analysed radionuclides may be reduced via application of the correlations
worked out on base of obtained results;
• the number of assays on content of some radionuclides may be reduced via their
replacement by the calculations based on application of reliable data about impurities
content in graphite and about neutron fluence.
In evaluation schemes the stack is represented as a set of cells. Radionuclide inventory
is determined as a sum of its contents in each cell taking into account the classification of the
cells depending on contamination level. Mean content of radionuclide in a cell was
determined from measurement results for five graphite cores taken at different axial points.
As a rule, error of individual measurements was equal to several per cents. In some
cases, there were observed the high discrepancies between results obtained for different
samples. As a consequence, it led to increase in evaluation error for mean content of
radionuclides in the cells and, to the less extent, radionuclide inventories in the stack.
Uncertainty in mean content of radionuclides could achieve 50%, 100% and even more
in some cases. Dispersion of radionuclide contents on surface of the graphite blocks (fission
products, actinides) may be explained by accidents and local conditions for fuel particles
deposition: variations in width of slits between blocks, surface state of the individual blocks
and so on. Difference of radionuclide concentrations in volume of the blocks appeared both as
a natural result of variations in neutron fluence and due to random causes (variations in
impurities content; it concerns 60Co, in the first turn).
The evaluations of radionuclide inventories in the reactor stack may be used for decision
making in spent graphite management and in selection of utilization technologies. In these
cases, uncertainty of 2-3 times has no importance of principle, and accuracy of such an
evaluation may be considered as satisfactory.
Presently, development of schemes for evaluation of individual radionuclide inventories
was not completely finished. The scheme for evaluation of 14C inventory was the most
advanced. This scheme will be based upon calculations of neutron field in the reactor and
upon normalisation of the results obtained in 10-20 assays. It may be anticipated that accuracy
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of the scheme will be better than that for other radionuclides. Elaboration of similar scheme
for evaluation of 60Co inventory is near to the end. Probably, evaluations for non-investigated
reactors will be based upon the results obtained for 60Co inventories in the SGCE reactors but
properly corrected with taking into consideration the distinctions in neutron flux and modes of
the reactor operation. The most difficulties appeared in evaluations of actinide and fission
product inventories. In all cases, results of current investigations being performed at the ADE3 reactor will be used for examination and correction of the schemes being proposed.
It should be expected that radionuclide inventories in the reactor stacks evaluated with
use of newly obtained information might significantly differ, in some cases, from values
previously predicted by calculations.
Radionuclide content in individual blocks may differ by many times. So, to make proper
decision on their utilization, the blocks, probably, should be sorted depending on
contamination level. Obtained results may be used in development of rapid sorting method.
Problem of evaluating the radionuclide inventories in the graphite stacks of the RBMKtype reactors is rather simpler due to absence of accidents with fuel penetration into graphite.
Therefore, the number of radionuclides which present in graphite is smaller, description of
radionuclide distributions in the graphite volume is simpler, possibility to apply calculations is
larger, and, as a consequence, needs in experiments are less. In this case, information about
impurities content in graphite will be of special significance.
One else type of radioactive wastes accumulated for period of PUGRs operation is the
graphite sleeves. Total mass of the graphite sleeves is near to mass of the graphite stacks. The
sleeves are disposed in the near-to-reactor repositories of different type. Conditions of their
storage do not meet the contemporary requirements. Since exposure time of the sleeves in the
reactors was longer by a factor of 10 or more than that for the reactor stacks, and since about
70% of the graphite sleeves were loaded into reactors after the last accidents accompanied by
fuel release from channels, it may be anticipated that contamination level of the sleeves is
substantially less, and the most part of the sleeves is not contaminated with actinides and
fission products.
In this case, another times and another technologies might be selected for utilization of
the graphite sleeves as compared with the graphite stacks. Due to this consideration, it seems
reasonable and important for us to dedicate a special study to investigations of the graphite
sleeves contamination in repositories. The results of these investigations may be further used
for substantiation of measures for management of spent graphite sleeves.
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INVESTIGATION OF MORPHOLOGY AND IMPURITY OF
NUCLEAR GRADE GRAPHITE, AND
LEACHING MECHANISM OF CARBON-14
R. TAKAHASHI, M. TOYAHARA, S. MARUKI, H. UEDA,
Toshiba Corporation,
Kawasaki, Japan
T. YAMAMOTO
The Japan Atomic Power Company,
Tokyo,Japan
Abstract. Leaching of 14C from irradiated graphite waste seems to depend on its morphology. We have
investigated morphology and impurities of nuclear-grade graphite in order to reveal the leaching mechanism of
14
C.
Observation of SEM photograph revealed that planar graphite sheets existed everywhere in the graphite, thus
indicating that graphite blocks contained many single-crystal grains. The degree of graphitization for a nucleargrade graphite sample was obtained by using powder X-ray diffraction method and estimated to be 0.85. The
value was large compared with that of artificial graphite, 0.9. It should be noted that the crystalline quality of
nuclear-grade graphite is good.
In order to estimate the 14C concentration of nuclear-grade graphite with neutron bombardment, 14N content in
nuclear-grade graphite was identified by measuring thermal conductivity of produced gas accompanying melting
a graphite sample in tin alloy at 2800°C. Also, the sample was prior heated at 400°C, and then the total amount of
nitrogen was measured by the same method to estimate nitrogen absorbed on the surface of the graphite block
sample. Further, by SIMS analysis 26CN" depth profile in graphite block was obtained in order to determine the
distribution of nitrogen.
Overall nitrogen content of graphite block, 40 /Eg g"1, is consistent with the nitrogen concentration obtained
by calculation of neutron activation using 14C content in irradiated graphite. The results of SIMS analysis
indicated that nitrogen content was rather large on the surface.
Taking into account the leaching data of 14C and distribution of nitrogen, it was suggested that the bulk of 14C
activity remained in graphite matrix which was quite stable and that only 14C localized on the surface of the
irradiated graphite was released.

1. INTRODUCTION
The graphite-moderated reactor operated by the Japan Atomic Power Company stores about
1.6 ~106 kg of irradiated graphite. This plant is to be dismantled, and so the large amount of
graphite waste will be generated. The graphite contains a large amount of 14C. Thus, it is
essential to estimate carefully what would be the public exposure after waste disposal by
landfill. Therefore, studies have been undertaken in order to acquire an understanding of 14C
leaching from graphite and the optimum treatment method for 14C, and thus provide a basis
for estimation of the release ratio for use in disposal safety assessment.
A leaching test of irradiated graphite has been conducted and, based on the results obtained, it
was reported that only a little amount of 14C was released into the leachant and that the
leaching ratio of 14C was about 10"5 for 720 days as shown in Table I. Further, even in the case
of the leaching in H2SO4/KMnO4 solution, which is used to accelerate its leaching, over 90%
of 14C activities remained in graphite.
The graphite used in the reactor operated by the Japan Atomic Power Company, Tokai, was
manufactured by Pechiney SA in France, and the manufacturing method was not well defined.
However, several reports concerning the graphite of Pechiney are available. [1-5] Pechiney
products are prepared by baking a paste made of oil coke and pitch, and graphitized by
electrical heating. Although little is known concerning the microstructure of nuclear-grade

graphite, its raw materials include large amounts of aromatic compounds which seem to form
the components with graphite structure by graphitizing at high temperature. The radioactive
release from graphite depends on its crystalline forms. Usually, the hexagonal-graphite is
thermodynamically stable, because it has planar hexagonal nets of carbon atoms. [1,6] On the
other hand, 14C is continuously being formed by 14N(n.p)14C reaction with thermal neutron
and predominantly originates in 14N. Nuclear-grade graphite block is made from good quality
crystalline graphite and amorphous carbon, and seems to have various structural matrices.
Thus, study of its structure may provide the key to an understanding of the release of 14C.
TABLE I. LEACHING TEST PARAMETERS OF CARBON-14 FROM MODERATOR IN
TOKAI PLANT IN ALKALINE SOLUTION FOR 720 DAYS
Lot No.
TM-D06-71
TM-D06-74
TM-D06-75

Aiel/Bq
18.4

TM-D08-65
TM-DO 10-51
TM-DO 10-44

17.4
2.0

17.3
10.7
1.8

1}

^red/B

2.72
2.65
2.67
2.70
2.19
2.13

x
x
x
x
x
x

2)

10'
10'
10'
10'
10'
10'

J ova /E
2.72
2.65
2.67
2.70
2.19
2.13

x
x
x
x
x
x

10'
10'
10'
10'
10'
10'

Leaching
6.78 x
6.56 x
7.50 x
6.41 x
4.89 x
8.49 x

ratio 4)

io-'
10"'
10"6
10"'

io-'
10" 6

Amount of 14C released into leachant, 2) Amount of residual 14C in graphite sample after leaching test, 3) Amount
of overall 14C content in graphite sample before leaching test, 4) Leaching ratio is calculated by AlAIAom.

It has been reported that leaching ratio of 14C is about 10"5 x 10"4 and noted that those
numerical values are small compared to 14C inventory [7-10]. When the formed 14C displaces
a carbon atom in a graphite lattice position or penetrates into a sequence of stacking of layers
in the crystal, it is considered that hardly any 14C is released out of graphite crystalline
matrices.
These assumptions motivated us to study not only the structure of nuclear-grade graphite
but also the amount and distribution of nitrogen in it. One goal of this study is the theoretical
deduction of the numerical values of the leaching rate for the release of 14C from the irradiated
graphite waste.
We examined morphology and microstructure of nuclear-grade graphite with a scanning
electron microscope(SEM) and powder X-ray diffraction. Also, investigation of impurities
included in nuclear-grade-graphite was performed, focusing on nitrogen content and
distribution of nitrogen in a graphite sample block.
In this paper, we report morphology and distribution of nitrogen in nuclear-grade graphite
and estimate the depth from which 14C is released from graphite.

2. EXPERIMENTAL
2.1. Graphite Sample
The nuclear-grade graphite block which was not irradiated was supplied by the Japan
Atomic Power Company. Firstly, thickness of ca. 5 mm on the graphite block surface was cut
away to remove its contamination. The block samples were prepared by cutting them using
ceramic cutter. For powder sample, three kinds of particle size were prepared by crushing and
grinding the graphite block into powder. They ranged in particle size from 100 to 500 /Em,
50 to 100 /Em, and less than 50 /Em, respectively.

2.2.

Observation of surface and measurement of degree of graphitization for nuclear-grade
graphite

We examined morphology, microstructure and degree of graphitization for the nuclear-grade
graphite with a scanning electron microscope(SEM) and powder X-ray diffraction [11, 12].
The crystallinity of powder graphite was analyzed by X-ray diffraction. The degree of
graphitization is evaluated by fitting a smooth curve to observed intensity / (2fM) of (h,k)
diffraction pattern as follows:
I{2fM)=KmF2{\ +cos 2 2/^)/4sin/^(sin 2 /^-sin 2 /^o) 1/2 /°-4«(/«k)cos(2ftnh 3 )
2
2
m
eq.2

eq. 1

where An is the Fourier coefficient, K is the constant, m is the multiplicity, F is the structural
factor, n is the number of the sheets of hexagonal carbon net, Co is the lattice constant of c
axis(6.708 ~10"10 m), fE is the X-ray wave length(CuK^ 1.5406-10"10 m), and fM0 is the
degree of diffraction angle of (MO) plane. The hi denotes the periodic function.
The probability of observing two neighboring hexagonal carbon nets in graphite structure is
calculated as follows:
Pi = -2¥/4i(10)=/4i(ll)eq. 3
2.3 Raman spectra measurement
The crystallinity of the graphite block sample was also examined by Raman spectra
measurement. The points of measurement were arbitrarily decided with an optical microscope.
Raman spectra of the C=C stretching modes of graphite in 1580 cm"1 [13] and a band in 1350
cm"1 assigned to distortion caused by lattice defect [14-17] were measured. Raman spectra
measurement was recorded with a Ramaonor T-64000 and NEC GLG3460 argon ion laser
(JE= 514.5 nm, power was 10 mW).
2.4. Measurements of specific surface area
For four kinds of samples, i.e. one block and three kinds of nuclear-grade-graphite powder,
the isothermic curves of adsorption for nitrogen gas were measured at 77 K. Previously,
samples were degassed at 150°C in vacuum. The isothermic curves were recorded with a
BELSORP 36. Specific surface area was obtained by optimizing the curves with BET
adsorption isotherm.
2.5. Measurement of density
For the block sample, bulk and net density were measured. Bulk density was determined with
its weight and volume. True density estimated by excluding the opening in graphite was
obtained by measureing net volume of the block sample. The block sample of volume Fsamp
was placed in a cell of volume Fceii. Pressure in the cell including sample was controlled at
Pceih a n d then the cell was connected to another one of volume Fexp. When pressure in the cell
connected to another one is allowed to equal Pexv, Fsamp is calculated using Boyle-Charles' law
as follows;

= Fcdl - FexpCPcell/i'exp - 1) eq. 4

Helium (purity > 0.99999) was used for measurement of net density. The weight of graphite
was corrected by measuring buoyancy in air.
2.6. Measurement of overall nitrogen content in graphite
In order to estimate the 14C concentration of the nuclear-grade graphite with neutron
bombardment, 14N concentration was identified by measuring thermal conductivity of
produced gas after melting nuclear-grade graphite samples with tin alloy at 2800°C. Also, the
sample was prior heated at 400°C, and then the total amount of nitrogen was measured by the
same method to estimate nitrogen absorbed on the surface of the graphite block. The
measurement procedure is shown in Figure 7.
Firstly, the graphite crucible was thoroughly heated in He atmosphere at 2800°C to remove
gas in it. Then, a 0.5 g piece of tin piece was weighed out into the crucible to melt the graphite
sample, and degassed in the same manner. The graphite sample and a nickel capsule were put
into the crucible and melted completely at 2800°C. In the solid solution of graphite and metal,
nitrogen compound contained in the graphite samples is converted to nitrogen gas. The gases
generated from solid solution were detected to quantify the amount of overall nitrogen content
in the graphite sample. In order to investigate the dependence of nitrogen content on the
specific surface area of the powder samples, the nitrogen contents were measured for three
different particle sizes of powder graphite samples.
2.7 Measurement of nitrogen concentration in deep direction
The distribution of nitrogen as a function of distance from graphite surface was obtained by
Secondary Ion Mass Analyzer(SIMS) using Cs+ as primary ion. The energy of Cs+ was 6 keV
and the current was 50 nA. The size of the graphite block was 10 mm ~ 10 mm ~ 5 mm. The
analyzing area was 50 /Em ~ 50 /Em.
2.8. Measurement of involatile inpurity in graphite
The samples were subjected to combution in inert gas and converted to ash. The ash was
dissolved in acidic solution and metals in the solution were identified by ICP emission
spectrochemical analysis. Also, X-ray fluoroscence analysis was performed on graphite
powder to determine impurity contents.
3 RESULTS AND DISCUSSION
3.1

Morphology of nuclear-grade graphite

Figures 1 and Figure 2 show the SEM photographs of surface of the graphite block sample
and powder, respectively. As shown in Figure 1 (a) and (b), basal planes were observed
everywhere on the surface of graphite block and seem to be upper plane of carbon hexagonal
nets, which is characteristic in graphite crystal. Also, the multi layer of graphite sheets was
observed in SEM photographs of powder samples, and suggests the existence of sheets of
carbon hexagonal nets (see Figure 2). The existence of basal plane and multi layer

characterized by graphite crystal structure suggests that graphite crystal was grown in the
production process and that nuclear-grade graphite includes a large amount of crystal grains.
The degree of graphitization, Pi, for the nuclear-grade graphite was yielded by a curve
fitting of diffraction pattern, as described in Section 2.2. The values of the degree of
graphitization for several carbon compounds are summarized in Table JU. The Pi value varies
depending on crystallinity of carbon compound. The value of Pi for artificial graphite crystal
is defined to be 1.0. The Pi value of natural graphite is 0.95, and it is recognized that crystal
structure of graphite is highly grown, i.e. layer of hexagonal carbon nets is regularly stacked
for carbon compound having the Pi value of more than 0.90 [18]. The Pi value, 0.85, for
nuclear-grade graphite is comparatively large and suggests that its crystal quality is high.
The 6 points on the graphite block of Raman spectra measurements were obtained. The
measuring points were on a smooth surface of graphite block and an uneven surface in a
crevice. Raman spectra of two representative points are shown in Figure 4. Point A is a
comparatively smooth surface and point D is located in an uneven surface. The relative
intensity of 1360 cm"1 band against 1580 cm"1 is explained by crystal quality of the graphite
sample. The lower the degree of graphitization is, the larger the peak width of 1580 cm"1
(JfifEi580 ) and the higher peak height of 1355 cm"1 rises. The ratio of intensity for the
1360 cm"1 and 1580 cm"1 band (/0/i36o / /f^isso) increases in the sequence D " C > B > F > E
>A, as shown in Figure 6. It is recognized that the/0/1360 / /0/i58O value for high
graphitization carbon compound is less than 0.20 and that the f^fE^so becomes larger for low
crystal quality. At the A point, basal plane was observed by SEM. It shows good quality of
crystal surrounding A point. The f^fE^so for D point is larger than that for A point. The
results of Raman spectra measurement are consistent with the SEM photographs. We consider
that nuclear-grade graphite consists of plenty of crystalline graphite.

f M

Figure 1. SEM photographs of nuclear-grade graphite block for (a) and (b) smooth surface,
(c) and (d) crevice. Magnifying power is 1000 for (a) and (c), and 5000 for (b) and (d).

Figure 2. SEM photographs of nuclear-grade-graphite powder. Magnifying power is 500 for
(a), 1000 for (b), 5000 for (c), and 10000 for (d).
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Figure 3. X-ray diffraction patterns of nuclear-grade-graphite powder.
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TABLE II DEGREE OF GRAPHITIZATION Ph
OR GRAPHITE SAMPLES.
Graphite sample
Nuclear-grade-graphite
Graphite crystal '
Artificial graphite '
Acetylene black '

Pi

0.85
1.00
0.92
0.13

1) By defined, 2) Reference [37].

These results of the morphology survey are the nuclear-grade graphite contains crystal of good
quality. Since graphite crystal structure is thermodynamically stable, hardly any carbon-14
included in bulk nuclear-grade graphite is released to the outside.
3.2

Impurity contents and estimation of 14C in nuclear-grade graphite

Metal impurity contents are summarized in Table III. Composition of nuclear-grade graphite
is similar to that of non-nuclear-grade graphite which is commercially available, and it is
recognized that impurity contents in nuclear-grade graphite are large compared with those of
graphite in the reactors currently operation.

V.

f

'"
*«
m
Figure 4. Microscopic photograph of nuclear-grade graphite block. Raman spectra of
6 points (A F) were measured.
7
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C is continuously being formed by 14N(n.p)14C reaction with thermal neutrons and
originates predominantly in 14N. The kinetic energy of a formed 14C atom ranges is about
470 kJ mol"1. The numerical value is equivalent to that of the bond energy between C-C bond
and C = C bond. Therefore, it is suggested that the formed 14C atom stays at the same position
as 14N locates. Investigation of distribution of nitrogen in non-radioactive nuclear-grade
graphite offers the key to distribution of 14C in radioactive nuclear-grade graphite. We
investigated overall concentration and distribution of nitrogen in non-radioactive nucleargrade graphite.
Overall contents of nitrogen, Ntotab in the nuclear-grade graphite are summarized in Table
IV. The A/totai values increase in proportion to specific surface area of graphite sample and are
plotted against specific surface area as shown in Figure 8. It suggests that N2 molecules are
absorbed on the graphite surface stably. Nitrogen concentration is independent of temperature.
The TVtotai values at 400 °C is consistent with non-heated samples, suggesting that nitrogen
molecules are absorbed on surface under the irradiated condition. Also, Table V shows
nitrogen concentration, CN, calculated by using the amount of C included in an irradiated
graphite, neutron flux, irradiating time and density of nuclear-grade graphite. The CN value is
calculated by using the following equation;
CN = [ 14C ] d I N

ah

lfDlf3l[\-exp(-fEt)]

eq. 5

where [14C] denotes overall concentration of 14C in irradiated graphite, d is bulk density of
nuclear-grade graphite, N& is natural abundance of 14N, ^4(14N) is atomic weight of nitrogen,
NA is Avogadro's number, /£> is activation cross section ofl N, f3 is neutron flux, fE is decay
constant of 14C and t is irradiating time.
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Figure 5. Raman spectra of nuclear-grade-graphite surfaces for A and D shown in Figure 4.

Figure 6. Variation ofli36t/li60o along f^fEj^oo in Raman spectra of
nuclear-grade-graphite surfaces.

TABLE III. IMPURITY CONTENTS IN NUCLEAR-GRADE GRAPHITE/10"6 G G"1

Nuclear-grade
graphite
Pechiney product l '
Graphite 2'
Nuclear-grade
graphite
Pechiney product l '
Graphite 2'

B

Si

S

Cl

K

Ca

-

30

20

20

<10

20

0.3
<1
Ti

12
V

21
Mn

<10
Fe

0.92
Ni

4.7

20

100

10

30

20

15
33

23
40

0.1
<0.2

15
26

4

1) Reference [2], 2) Non-nuclear-grade graphite available in the market.

TABLE IV. OVERALL NITROGEN CONTENTS JVTOTAL OF NUCLEAR-GRADE
GRAPHITE AT ROOM TEMPERATURE AND 400°C

Particle size/10" m
<50
50 -100
100 - 500
Block (1 cm x 1 cm x 1
cm)

3.3

Not heated

400 °C

AWlO^gg" 1
160
100
51
42

AWlO^gg" 1
160
110
70
44

Distribution of 14C in nuclear-grade graphite in Tokai plant

Give that density of graphite crystal is 2.3 g cm"3 of, 1.75 g cm"3 of bulk density and
2.0953 g cm-3 of true density of the nuclear-grade graphite suggest that about 23% of volume
of the nuclear-grade-graphite is porosity. The results lead us to suppose that distribution of
nitrogen in the nuclear-grade-graphite was independent of depth direction. However, nitrogen
is not uniformly distributed in it. Nitrogen content is the largest on the surface. From surface
to about 30 nm in depth, nitrogen concentration decreases. At a depth of more than 30 nm, the
decrease flattens out. The variation of nitrogen concentration in the depth direction suggests
that nitrogen molecules cannot penetrate interior of nuclear-grade graphite protected by scalelike graphite plane observed in SEM photographs. Therefore, nitrogen is concentrated on the
nuclear-grade graphite surface. Then, we estimate the depth from which 14C is released.
The calculation values are consistent with the Ntotab 42 /Eg g"1, measured for graphite
block. 26CN" depth profile obtained by SIMS analysis of a graphite block is shown in Figure 9.
In order to determine the distribution of nitrogen, the following assumption was divised.
Net weight for 1 cm3 of graphite is 1.75 g, since bulk density is 1.75 g cm"3. Then, 0.525 m2
of overall surface area for 1 cm of graphite is calculated by using specific surface area,
0.3 m2 g"1, of the graphite block. A sheet of graphite is assumed to be folded up in 1 cm3 of
graphite. The thickness of a graphite sheet is estimated to be 1392 nm. The cross-sectional
area of a graphite sheet is too small compared with 0.525 m2 of base area, and thus negligible
for estimation of thickness. As 28CN" depth profile in graphite block was ranged in depth from
surface to 268 nm, the average of intensities from 200 nm to 268 nm was given for depth of
more than 268 nm. Intensities of 28CN" are related to concentration of nitrogen, and then
overall nitrogen content, 42 /Eg g"1, for nuclear-grade graphite block obtained by the method
mentioned in section 2.6 is given as the average of intensities from surface to 1392 nm in
order to determine the distribution of nitrogen. The distribution curve of nitrogen
concentration is shown in Figure 10. The results of SIMS analysis indicated that nitrogen
content was rather large on the surface. Intensities of 26CN" were measured by SIMS at the
interval of 1 nm, and a graphite sheet should be assumed to consist of piles of 1 nm graphite
layer. In Figure 9, the horizontal axis shows summation of 14C activities estimated by using
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Figure 7. Scheme of overall nitrogen contents measurement.

Figure 8. Overall nitrogen contents,Ntotai, plotted against specific surface area, SBET-

TABLE V. OVERALL NITROGEN CONTENT CALCULATED USING AMOUNT OF
INCLUDED IN IRRADIATED GRAPHITE
Sample No.

rCl/Bqg"1

Neutron flux/cm"2 s"1
Irradiating time/h
Bulk density/g cm"3
CN/lO^gg1*
Sample No.

rCl/Bqg1
Neutron flux/cm"2 s"1
Irradiating time/h
Bulk density/g cm"
CN/lO^gg1*

D06-74
8.83 x 104
2.24 x 10"
161210
1.75
39
D010-51
7.36 x 104
1.55 x 10"
161111
1.75
47

D06-71
9.14 x 104
2.24 x 10"
161210
1.75
40
D08-65
9.09 x 104
2.24 x 10"
160175
1.75
44

4

C

D08-75
8.98 x 104
2.24 x 10"
160175
1.75
44
DO 10-44
7.16 x 104
1.55 x 10"
161111
1.75
46

*CN values were calculated by eq. 5 in Section 3.2.
14

N concentration, 2.0953 g cm"3 interaction of net density, 2.24 ~ 1013 cm"2 s"1, and 18.4 years
of irradiating time, and vertical axis shows the depth from surface of the graphite block. Even
at the depth of 1 nm from surface, total sum of 14C activities is 427 Bq. As shown in Table 1,
18 Bq of 14C is released during 720-day leaching test at the most. On the assumption that 14,C
species distribute uniformly in the graphite layer of 1 nm thickness, 14C species released exists
in the layer with a thickness of a mere 4 -10" nm in nuclear-grade graphite immersed in
leachant. On the graphite surface 14C seems to be absorbed with weak.
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Taking into account the leaching data of C and distribution of nitrogen, it is suggested that
the bulk of C activity remained in graphite matrix which was quite stable, and only 14,C
localized on the surface of the irradiated graphite was released.

4

CONCLUSION

Composition of impurities included in the nuclear-grade graphite sample provided by the
Japan Atomic Power Company was similar to that of non-nuclear-grade graphite available on
the market.
The degree of graphitization was estimated to be 0.85 for nuclear-grade graphite, and nearly
equal to that for artificial graphite. In SEM photographs, basal plane and piles of graphite
layer were observed, consisting of hexagonal carbon nets characteristic of graphite crystal.
Graphite crystal is too thermodynamically stable to decompose in the disposal environment.
Nitrogen concentration obtained by the method in which converts nitrogen species, e.g.
nitride, to nitrogen gas is consistent with the calculated values using 14C inventory of
irradiated graphite. Also, distribution of nitrogen suggests that nitrogen molecules were
absorbed on surface of graphite with weak interaction. Therefore, we concluded that hardly
any 14C included in bulk crystal structure can be released to the outside.
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MANAGEMENT OF UKAEA GRAPHITE LIABILITIES
M. WISE
Planning Performance and Engineering Division,
United Kingdom Atomic Energy Authority,
Harwell, Didcot, Oxfordshire,
United Kingdom
Abstract. The UK Atomic Energy Authority (UKAEA) is responsible for managing its liabilities for
redundant research reactors and other active facilities concerned with the development of the UK nuclear
technology programme since 1947. These liabilities include irradiated graphite from a variety of different sources
including low irradiation temperature reactor graphite (the Windscale Piles 1 & 2, British Energy Pile O and
Graphite Low Energy Experimental Pile at Harwell and the Material Testing Reactors at Harwell and Dounreay),
advanced gas-cooled reactor graphite (from the Windscale Advanced Gas-cooled Reactor) and graphite from fast
reactor systems (neutron shield graphite from the Dounreay Prototype Fast Reactor and Dounreay Fast Reactor).
The decommissioning and dismantling of these facilities will give rise to over 6,000 tonnes of graphite
requiring disposal. The first graphite will be retrieved from the dismantling of Windscale Pile 1 and the
Windscale Advanced Gas-cooled Reactor during the next five years.
UKAEA has undertaken extensive studies to consider the best practicable options for disposing of these
graphite liabilities in a manner that is safe whilst minimising the associated costs and technical risks. These
options include (but are not limited to), disposal as Low Level Waste, incineration, or encapsulation and disposal
as Intermediate Level Waste.
There are a number of technical issues associated with each of these proposed disposal options; these
include Wigner energy, radionuclide inventory determination, encapsulation of graphite dust, galvanic coupling
interactions enhancing the corrosion of mild steel and public acceptability.
UKAEA is currently developing packaging concepts and designing packaging plants for processing these
graphite wastes in consultation with other holders of graphite wastes throughout Europe.
"Letters of Comfort" have been sought from both the Low Level Waste and the Intermediate Level Waste
disposal organisations to support the development of these waste disposal strategies. UKAEA is liasing closely
with the disposal organisations to ensure that all their concerns are addressed satisfactorily.
This paper will describe:
i.
the varied nature, inventory and history of UKAEA's graphite liabilities;
ii.
the options that have been considered for the long-term storage and disposal of UKAEA's graphite
liabilities;
iii.
the technical issues that have been considered in the development of these options;
iv.
the recent developments in the consideration of Wigner energy.
The paper will summarise the current status and future plans of the UKAEA graphite waste packaging
strategies, and describe the interactions with the disposal organisations.

1. INTRODUCTION
The UK Atomic Energy Authority (UKAEA) has built and operated a wide range of
nuclear facilities since the late 1940's for the development of all aspects of atomic energy
including reactor systems, fuel and reprocessing technology. These facilities, located on our
sites at Culham, Dounreay, Harwell, Windscale and Winfrith are varied and complex.
UKAEA has been tasked with managing the liabilities from these nuclear facilities.
These liabilities include graphite from a number of redundant reactors. Stage 3
decommissioning and dismantling of these facilities will give rise to over 6,000 tonnes of
graphite requiring disposal. UKAEA has undertaken extensive studies to consider the best
practicable options for disposing of these graphite liabilities in a manner that is safe whilst
minimising the associated costs and technical risks.

This paper describes the varied nature, inventory and history of UKAEA's graphite
liabilities and the options that have been considered for the long-term storage and disposal of
these liabilities. The paper outlines the technical issues that have been considered in the
development of these options and the recent developments in making the technical case for
the packaging and disposal of graphite containing low irradiation temperature Wigner energy.

2. BACKGROUND
This section provides details on the design, construction and operating history of those
reactors containing graphite liabilities. It also provides details on the current status of
decommissioning these reactors, and outlines the packaging and disposal strategies and the
associated technical issues. The basis of these strategies and detail of the technical issues are
discussed in later sections. The data presented in this section is summarised in Tables I and II.

TABLE I. SUMMARY OF REACTOR HISTORY
Reactor

Type of Reactor

Operations
Began

Operations
Ceased

GLEEP

Research reactor

1947

1990

Power
Output
(Th.)
3-60 kW

BEPO

Research reactor

1948

1968

6MW

Windscale
Pile 1
Windscale
Pile 2
DFR

Plutonium production

1950

1957

180 MW

Plutonium production

1950

1957

180 MW

Research reactor - fast
reactor systems
Research
reactorcommercial fast reactors
Research
reactor
material testing reactor
Research
reactor
material testing reactor
Research
reactor
material testing reactor
Research
reactor
commercial AGRs

1959

1977

60 MW

1974

1994

600 MW

1956

1990

10-26 MW

1957

1990

10-26 MW

1958

1969

10-26 MW

1962

1981

105 MW

PFR
DIDO
PLUTO
DMTR
WAGR

Status
of
Decommissioning
Awaiting Stage 3
decomm.
Awaiting Stage 3
decomm.
Awaiting Stage 2/3
decomm.
Awaiting Stage 2/3
decomm.
Currently in Stage
1 decomm.
Currently in Stage
1 decomm.
Awaiting Stage 3
decomm.
Awaiting Stage 3
decomm.
Awaiting Stage 2/3
decomm.
Currently in Stage
3 decomm.

2.1. Graphite Low Energy Experimental Pile
The Graphite Low Energy Experimental Pile (GLEEP) was built at Harwell in the midforties for research purposes, and operated between August 1947 and September 1990.
GLEEP was a thermal heterogeneous reactor; graphite moderated and reflected, and aircooled. The reactor is formed from interlocking graphite blocks to give a graphite cube of 6.4
m side, with 682 fuel channels in three radial zones. The core used two types of fuel;
aluminium sprayed uranium metal and pelleted UO2 in cans, however for most of its operating
life the fuel was a natural uranium metal bar encased in an aluminium can. The GLEEP core
contains 505 tonnes of graphite and is shielded by 1.5 m of barytes concrete [1].

TABLE II. SUMMARY OF GRAPHITE DATA
Reactor

Quantity of
Graphite (te)

Purpose of the
Graphite

Major Radionuclides

GLEEP

505

H-3, C-14 &Eu-152

BEPO

766

H-3 & C-14

40

Windscale Pile 1

1966

H-3, C-14 & Cs-137

20-150

Windscale Pile 2

1966

H-3 & C-14

20-150

DFR

200

To be assessed

350

PFR
DIDO
PLUTO
DMTR
WAGR

To be assessed
17
17
17
210

Moderator
and
reflector
Moderator
and
reflector
Moderator
and
reflector
Moderator
and
reflector
Borated graphite
neutron shield
Neutron shield
Reflector only
Reflector only
Reflector only
Moderator
and
reflector

Temperature
Irradiation
(°C)
18-15

To be assessed
H-3 & C-14
H-3 & C-14
H-3 & C-14
H-3 & C-14

560-600
108
108
108
300-350

of

Initially, GLEEP was intended for use as a precision test reactor for basic neutron
physics measurements and for routine quality testing. However for the first 18 months of
operation it was used as a radioisotope producer until the British Energy Pile O (BEPO)
reactor was completed. GLEEP operated at an average temperature of 18 °C and a minimum
temperature near the charge face of the reactor of 15°C. After its initial start-up GLEEP
operated for over a year at an average power of 60 kW (Th.) until January 1949, when the fuel
was replaced, and then at 3 kW (Th.) until its closure. The normal operating cycle for GLEEP
was 12 days at power and two days for shutdown for maintenance, thus the irradiation history
is equivalent to 1.644E5 kWh (Th.) and as the thermal flux in the centre of the GLEEP core
was 1E9 n.cm"2 s"1 at 3kW, the total neutron dose was 1.97E18 n.cm"2 [3].
The calculated radionuclide inventory of the GLEEP graphite is dominated by H-3 at
95.1 GBq, C-14 at 7.87 GBq and Eu-152 at 5.95 GBq of graphite. A core sample of the
graphite will be taken in the next 12 months to confirm the radionuclide inventory.
Following closure and defuelling of the reactor GLEEP has been held under care and
maintenance at the Harwell site awaiting stage 3 decommissioning which is planned to be
undertaken in the next five years [2]. A number of option studies have been undertaken to
establish the optimum solution for the disposal of the GLEEP graphite from the core. These
studies have considered incineration, burial, disposal as ILW and disposal as LLW. The
current strategy, whilst awaiting the results of the core sample, is that the core will be
dismantled and loaded into half-height ISO containers for disposal at the UK Low Level
Waste disposal facility, Drigg in Cumbria. Under this option the main technical issues to be
addressed are the demonstration of the low levels of Wigner energy and the carbon-14 content
of the waste.

2.2. British Experimental Pile O
Following the construction of GLEEP a second heterogeneous thermal reactor was built
at Harwell in the 1940s, and operated from July 1948 until December 1968. Known as British
Experimental Pile O (BEPO) it was the first large, fully engineered reactor in Europe. Again
BEPO was uranium fuelled, graphite moderated and reflected, and air-cooled. The reactor was
also made from interlocking graphite blocks to form a graphite cube of 7.9 metre side, with
888 horizontal fuel channels on a 184 mm square pitch. The fuel was aluminium clad natural
or slightly enriched uranium. The BEPO core contains 766 tonnes of graphite [1].
BEPO provided valuable reactor experience leading to the successful development of
Britain's first and second nuclear power programmes. It also provided a regular supply of
radioisotopes for use in medicine and industry. BEPO operated at a power output of 6 MW
(Th.) for most of its 20 year service. During its operational life stored Wigner energy in the
core graphite was annealed out in 1954, 1958 and again in April 1961. In 1961 the air inlet
temperature was raised from 40°C to 45°C to provide some self-annealing of the stored
energy.
Tritium and C-14 dominate the radionuclide inventory of the BEPO graphite. The high
levels of carbon-14 and its long half-life mean that the activity will remain high enough so
that for any decommissioning plan in the foreseeable future the graphite in the core will need
to be treated as ILW.
Following closure and defuelling of the reactor BEPO has been held under a care and
maintenance regime awaiting Stage 3 decommissioning [2]. A detailed option study is
currently being undertaken to consider the options for decommissioning. This study is
considering continued decay storage of the steel associated with the core, incineration and
repackaging of the graphite into Nirex boxes for disposal. BEPO is virtually unique in that a 6
inch core sample has been taken from the reactor face to its centre. This core is currently
stored on the Harwell site and will enable profiling of the Wigner energy and radioactive
inventory to be undertaken.
There a number of technical issues associated with the packaging for disposal of BEPO
graphite. The main areas of concern are the levels of Wigner energy and the activity
associated with the graphite.
2.3. Windscale Piles
The two Windscale Piles (Pile 1 and Pile 2) were air-cooled, graphite moderated and
reflected reactors built in the late 1940s for the production of plutonium. Each Pile consisted
of a graphite core, roughly in the shape of a horizontal cylinder 15.32 m diameter by 7.43 m
deep. Each Pile was built from blocks of graphite keyed together by graphite slats. The slats
also displaced the graphite blocks to produce gaps between blocks in the two horizontal
planes. The moderator contains 3444 fuel channels and 909 isotope channels, all of which are
horizontal. There are 1966 tonnes of graphite in the Pile 1 core and the same in Pile 2. The
power output of each of the Windscale Piles was 180 MW (Th.) [1].
The operators were aware of the stored Wigner energy hazard in the graphite and so
controlled releases were carried out at regular intervals to relieve the graphite moderator of the
stored energy that had accumulated as a result of neutron irradiation. To release the Wigner

energy the air blowers were shut down and the core heated up by a controlled criticality
excursion. This heating initiated the Wigner release that caused the graphite temperature to
increase further, thereby indicating that the release had occurred, and the fans were restarted
and the control rods inserted to reduce the reactivity to normal levels.
The Windscale Piles operated from October 1950 to October 1957 at which time a fire
occurred in Pile 1 during a routine Wigner energy release. Following the successful
extinguishing of the fire, both Pile 1 and Pile 2 were shut down and the fuel and isotope
cartridges that could be readily removed, were cleared from the Piles. Some fuel and isotope
cartridges remain within the fire-affected zone in Pile 1; Pile 2 was cleared of fuel, but some
isotope cartridges remain in the core.
The activity in the graphite is dominated by C-14, Cs-137 and tritium. The graphite has
an average specific activity of 57 GBq/te (outside the fire-affected zone in Pile 1).
Since October 1957 the Piles have been maintained on a care and maintenance basis.
Stage 1 decommissioning of both reactors has been completed and Stage2/3 decommissioning
of Pile 1 will commence shortly. Stage 2/3 decommissioning of Pile 2 has been deferred
because there is no safety driver to undertake the decommissioning of Pile 2 at the current
time [2].
To aid the disposal strategy the graphite from Pile 1 has been divided into two
categories: graphite outside the fire-affected zone defined as undamaged graphite; and
graphite from the fire-affected zone defined as damaged graphite. 'Damaged' and
'undamaged' do not refer to the physical integrity of the graphite but to the location of that
graphite in the core. All of the graphite is classified as ILW. It is proposed to package the
undamaged graphite in the Nirex 4 m ILW boxes and the damaged graphite into 3 m boxes.
There are a number of technical issues associated with the packaging of graphite for
disposal from Windscale Piles 1 and 2. The main areas of concern are Wigner energy in the
graphite, the encapsulation/solidification of dust from both dismantling of the graphite and
from the fire affected zone, and the activity associated with the graphite.
2.4. Dounreay Fast Reactor
The Dounreay Fast Reactor (DFR) was built at Dounreay starting in 1955 to establish
the feasibility of the fast breeder system and to provide information and operating experience
needed to design a prototype reactor for full scale power production. DFR operated between
1959 and 1977. The reactor core is hexagonal, 0.53 m high and 0.52 m wide, containing
324 fuel channels. The core was cooled using a liquid sodium/potassium alloy with an outlet
temperature of 350°C. The fuel consists of an annular cylinder of 75% enriched uranium alloy,
clad internally and externally with niobium. Originally U/Cr alloy was used as the fuel which
was later replaced to U/Mo [1].
Following the first criticality in 1959 the reactor was operated at very low power levels
for several months and then progressively increased over the following three years until it
reached the design power of 60 MW (Th.) in July 1963.

The outside of the reactor tank is surrounded by a 1.2 m thick borated graphite jacket,
which provides a thermal neutron reflector and shield. This jacket contains approximately 200
tonnes of borated carbon.
DFR is currently undergoing stage 1 decommissioning. Removal and destruction of the
primary and secondary sodium/potassium coolant will be undertaken in the near future. As
part of Stage 3 decommissioning the graphite from the neutron shield will be cut into suitable
lengths and packaged into standard Nirex 4 m ILW boxes for disposal to the deep waste
repository. The issues associated with the disposal of the graphite from DFR are residual
sodium/potassium associated with the graphite and the presence of any unusual radionuclides
of significance to Nirex.

2.5. Prototype Fast Reactor
Based on the design and operating experience gained from DFR the Prototype Fast
Reactor (PFR) was built at Dounreay in the 1960/70s to obtain information to support the
design of commercial fast reactors. It operated between March 1974 and March 1994. The
PFR consists of a single stainless steel tank 12 m in diameter by 15 m deep, containing the
entire primary circuit, breeder blanket and graphite shielding, 6 intermediate heat exchangers
and three pumps for circulating the primary sodium coolant. The fuel consists of mixed
PUO2/UO2; the inner core contained 19% Pu and the outer core 25% Pu. The design power of
PFR was 600 MW (Th.) [1].
The neutron shielding comprises of seven rows of neutron shield rods, consisting of
mild steel tubes filled with mild steel or graphite cores of varying diameters and lengths.
PFR is currently undergoing Stage 1 decommissioning with the recent removal of the
control rods from the core. Removal and destruction of the primary and secondary sodium
coolant is due to commence shortly. During Stage 3 decommissioning the neutron shield rods
will be cut into standard lengths and packaged into Nirex 4 m ILW boxes for disposal to the
deep waste repository. The issues associated with the disposal of the graphite from PFR are
the possible presence of residual sodium associated with the graphite, the activity associated
with the mild steel and the presence of any unusual radionuclides of significance to Nirex.

2.6. Material Testing Reactors
UKAEA is currently managing the liabilities of three redundant materials testing
reactors of essentially the same design; namely DIDO and PLUTO both at Harwell, and
DMTR at Dounreay. All of these reactors were built and started operation in the late 1950's
DMTR was shut down in 1969, DIDO and PLUTO kept operating until 1990. The MTRs used
a highly enriched uranium/aluminium alloy fuel. They were heavy water moderated and
cooled thermal reactors with a graphite reflector. The reactors operated at an initial power
output of 10 MW (Th.), which was increased in stages to 26 MW (Th.) (for DIDO and
PLUTO) after later fuel modifications [1].
There are 17 tonnes of graphite associated with the reflectors in each of the reactors.
The total activity associated with the reflector from each of the MTRs is 17 TBq (total) which
is dominated by the presence of C-14 and tritium.

All the MTRs were defuelled immediately after operations ceased. Stage 1 and 2
decommissioning has now been completed on DIDO and PLUTO and the reactors are
currently being held under a care and maintenance regime to allow for decay of cobalt-60
before stage 3 decommissioning will be undertaken. Stage 1 decommissioning of DMTR has
been completed and this reactor is currently being held under care and maintenance awaiting
Stage2/3 decommissioning in the future. The plan is that a dedicated packaging and treatment
plant will be constructed inside the reactor dome. The graphite associated with the reflector
will be packaged into Nirex 4 m ILW boxes.
Again the technical issues associated with the packaging of this graphite are Wigner
energy, dust and flotation of the graphite during grouting.

2.7. Windscale Advanced Gas Cooled Reactor
The Windscale Advanced Gas-cooled Reactor (WAGR) was built to study the advanced
gas-cooled power reactor system; to prove in service performance of fuel suitable for a
commercial reactor; to serve as a test bed for further development of fuel and other
components; and to provide operational experience of power production [1].
Building of the WAGR started in the late 1950s, and it operated between 1962 and
1981. WAGR was a carbon dioxide cooled, graphite moderated and reflected reactor using
uranium dioxide fuel in stainless steel cans. The reactor consists of a graphite moderator
4.5 m in diameter and 4.26 m high, housed in a cylindrical reactor vessel with hemispherical
ends. The core contains 210 tonnes of graphite in approximately 3000 bricks. There are
200 fuel channels, each of which contained a standard fuel stringer consisting of four
elements, each of 2 clusters of 21 pins. The reactor was designed to operate isothermally at a
temperature of 350 °C, with a power output of 105 MW (Th.)
Stage 1 decommissioning involving fuel removal operations commenced immediately
after shutdown in 1981. Further decommissioning operations and plant modifications which
have been carried out to date have involved the removal of structures, equipment and services
external to the reactor and these activities essentially form part of Stage 2 decommissioning.
Initial Stage 3 operations have been carried out with the removal of the reactor top dome and
associated components, and full-blown stage 3 decommissioning will commence shortly.
The graphite waste from the Stage 3 decommissioning will be packaged in concrete
WAGR boxes for disposal as ILW. Because of the high operating temperature Wigner energy
is not considered to be of concern for the packaging or disposal of the moderator and reflector
graphite. However there are a number of other areas of concern for the packaging of this waste
that are common to all the graphite wastes including the encapsulation of graphite dust in
cement, and problems of flotation of graphite in the encapsulation grout.

3. OPTIONS FOR DISPOSAL OF UKAEA GRAPHITE LIABILITIES
UKAEA has undertaken extensive option studies and technical assessments to consider
the best practicable options for disposing of these graphite liabilities in a manner that is safe
whilst minimising the associated costs and technical risks. These options have been evaluated

via a number of different methods including option studies, Kepner Tregoe analysis and value
engineering studies, against such criteria as:
•
•
•
•
•
•
•

public acceptability;
minimisation of environmental discharges;
ease of regulator acceptance;
makes best use of available technology;
minimises production of secondary wastes;
minimises overall dose uptake;
minimises overall lifetime costs.
This section of the paper considers some of these options in more detail.

3.1. Low Level Waste
Graphite from a number of the reactors is classified as LLW on the basis that their gross
activity is below the 4GBq/te alpha and 12 GBq/te beta/gamma limit. However, there are
additional radiological constraints placed on the disposal of LLW by the UK LLW disposal
organisation BNFL at Drigg in Cumbria. The main constraint related to the disposal of
graphite as LLW is the carbon-14 content of the waste.
The remaining Drigg radiological capacity for carbon-14 is 1.5 TBq. This gives rise to a
limit of 0.05 TBq per year, over the currently planned 30 year operating life.
Considering the total C-14 content of the graphite in Windscale Pile 1 is 6.9 TBq, then
disposal of the Pile graphite as LLW would exceed the total radiological capacity of Drigg for
C-14 by a factor of 4.6. This data demonstrates that it will not be possible to dispose of any of
the redundant reactor graphite as low level waste.
The one exception to this is GLEEP. Because of the low levels of irradiation of the
GLEEP graphite due to the low power output, the activity associated with the GLEEP graphite
is much lower than in other graphite moderated reactors. The total C-14 inventory of GLEEP
is approximately 8 GBq, this is not an insignificant quantity of C-14, but it should be
acceptable for LLW disposal and this is the preferred route. Discussions are on going with the
LLW disposal authority.
3.2. Incineration
A number of studies have been undertaken by UKAEA on the incineration of reactor
graphite [4]. The incineration of graphite has a number of advantages in that it disposes of the
stored Wigner energy problem completely, it greatly reduces the volume of waste i.e. 1400 m3
of graphite could be reduced to as little as 35 m3 of cemented ash product and filters.
The different possible methods of incineration are discussed below.
3.2.1. Conventional Burning
This process involves controlled combustion of the graphite. The graphite is first of all
crushed into pieces of typical dimension 2.5 cm. The graphite is then placed in a furnace

where it is subjected to a blast of air at about 1000°C. This minimises CO production while
allowing reasonably rapid boundary layer diffusion controlled combustion. Cooler air blasts
would be needed to keep down the temperatures of the furnace walls and the graphite bed.
Assuming that about 10 te of graphite could be incinerated per day, it would take over 600
days to dispose of all of UKAEA's graphite liabilities by this process.
The disadvantages of this process are the milling effort required, the production of
active dust and the difficulties of the incinerator design.

3.2.2. Fluidised Bed Incineration
This process involves burning the graphite in a fluidised bed. The graphite would have
to be ground to a powder (possibly down to 30 \im) to provide enough surface area for
reaction with oxygen at incineration temperatures. The milling would produce dust that would
have to be contained. This process could also lead to ignition if significant stored Wigner
energy and air were present. These factors alone preclude this option on safety grounds.
Other disadvantages of this process include: the milling prior to burning produces waste
itself, irradiated graphite can be very hard making milling more difficult and other materials
can become mixed with the ash from the carbon thereby increasing the ash volume, as can any
inefficiency during burning.

3.2.3. Power Laser Driven Incineration
An alternative method of incineration is by power laser. Advantages of this method are
that no prior milling or crushing of the graphite is required before incineration. Thus the
bricks can be loaded straight from the reactor core. It is claimed that the furnace design is very
simple compared with earlier options. At the heart of the system is a 30 kW CO2 laser. The
laser beam heats the graphite surface to about 1500°C and rapid combustion takes place when
O2 is supplied. The laser itself can be outside the furnace area so does not require handling
within an active area. Control is completely governed by the presence of the laser beam, as
high temperatures are limited to one side of a single block. Any stored energy in the block is
only a few percent of the total energy release and so does not constitute a problem. The
suggested combustion rates are about 150 kg/h which with a 50% load factor would consume
700 te of graphite per year and take about 9 years to deal with the UKAEA graphite liabilities.
The main disadvantage of this process is that it is not proven technology on this scale
and so would require a significant research and development programme to support this work.

3.2.4. Overview
The main disadvantages of incineration are the impact on the environment from gaseous
emissions, both radiological and non-radiological, the generation of secondary wastes and the
public perception of the acceptability of incineration of reactor graphite. Technical solutions
could be used to reduce the emissions to the environment, but public perception and
environmental pressure groups make this option unfavourable.

3.3. Disposal as ILW
UKAEA is working closely with the UK ILW disposal organisation, UK Nirex Ltd, to
seek approval for the packaging and the disposal of UKAEA's graphite liabilities in their
current form. In the absence of a finalised repository site, design or associated safety cases
Nirex has developed a strategy which facilitates packaging of ILW by providing guidance
through Waste Package Specifications [5], supported by the formal assessment of specific
packaging proposals on a case by case basis. On completion of this formal assessment, Nirex
is prepared to give advice on a packaging proposal and, where appropriate, provide a 'Letter
of Comfort' to waste producers. Letters of Comfort provide assurances to waste producers that
proposed packages are compatible with Nirex plans for the repository and associated transport
system [6].
UKAEA has sought letters of comfort from Nirex for the WAGR moderator and
reflector graphite, and the Windscale Pile 1 damaged and undamaged graphite. As most of the
issues are common to all the wastes submissions for other reactor decommissioning wastes
will be prepared closer to the time of decommissioning.
With the exception of WAGR the graphite will be packaged in Nirex standard
containers either a 4 m ILW box, should the graphite waste meet the requirements of Low
Specific Activity (LSA) or Surface Contaminated Objects (SCO) [7], or a 3 m box. The
waste may then be encapsulated in a cementitious matrix. However, discussions are on going
with Nirex on proposals to leave certain graphite wastes unencapsulated because there is no
requirement to encapsulate these wastes from a wasteform or pH buffering view point. If this
route was adopted it is likely that the boxes would be packaged such that they could be
grouted at a later date for void filling purposes should the future repository design require this.
The WAGR graphite will be packaged in standard density WAGR boxes. These are
reinforced concrete boxes that meet the requirements of an IP-2 package.
4. TECHNICAL ISSUES ASSOCIATED WITH THE PACKAGING OF GRAPHITE FOR
DISPOSAL
Having considered the options for the disposal of UKAEA's graphite liabilities there are
a number of technical issues associated with the packaging of these wastes which need to be
resolved. These technical issues are discussed in more detail below.
4.1. Wigner Energy
Wigner energy in irradiated graphite can be simply considered as follows. When a
neutron hits a carbon atom in the graphite lattice, it pushes this carbon atom out of position.
The carbon atom is not stable in this arrangement, and Wigner energy is the potential energy it
has from being out of position. When the carbon atom has enough thermal energy i.e. it is hot
enough, it is able to return to its position. Since the energy required to initiate a return to
position is less than the stored energy, the excess is released as heat. Thus a finite amount of
Wigner energy can be released by heating the piece of graphite above a certain temperature. If
too much energy is released at one time or the heat is not carried away from the system a selfsustaining release can occur and the system will "run away with itself i.e. get hotter and
hotter even though no further heat is being put into the system.
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It was thought that no Wigner energy was released up to a point 50°C above the
temperature at which the graphite was irradiated, this could be as low as 80°C for parts of the
Windscale Piles. This was known as the "start temperature". Now it is understood that Wigner
energy is released at all temperatures, but it is released so slowly that it is difficult to measure
and hence the "start temperature" is actually the point at which significant quantities are being
released. Stored Wigner energy is especially a problem for graphite irradiated at low
temperatures e.g. Piles, BEPO, GLEEP and the graphite reflectors of the MTRs. It is not such
a problem for WAGR and the fast reactors because these were running at higher temperatures
(above 100°C) where self-annealing of the Wigner energy from the low temperature
irradiation will have occurred.
In the repository the temperature of the vaults is limited to 50°C, with excursions up to
80°C being acceptable for periods of up to 5 years. This is to limit processes within the waste
such as corrosion and microbial degradation; it is also because the behaviour of the solubility
of radionuclides is well understood within this temperature range. After emplacement of the
packages in the repository and just before repository closure, the vaults will be backfilled with
a special cementitious grout. This grout maintains a pH above 10 for an extended period,
limiting the corrosion of the containers and the solubility of certain radionuclides especially
uranium and plutonium. The integrity of this backfill is very important to the Nirex postclosure safety case.
When the packages are being backfilled, the temperature may increase to 80°C. Nirex
are concerned that the levels of heat produced by the release of Wigner energy from graphite
in waste packages could produce a run away effect that could damage the integrity of the
backfill.
For the last two years UKAEA has been working with the Consortium, led by BNFL,
tasked with decommissioning Pile 1, and with Nirex to try to demonstrate that the release of
Wigner energy in the repository should not be of concern. The recent work has focused on
establishing a fundamental understanding of the physics behind the release of Wigner energy.
It has been postulated that the release of Wigner energy is a first order reaction, i.e. it is
related directly to the number of "out of position" atoms. Therefore activation energies can be
calculated for the movement of different carbon atoms back into their position in the lattice.
The output of this work has been used as an input into the thermal vault modelling being
undertaken by Nirex. The results to date have led Nirex to conclude that the behaviour of
Wigner energy is not adequately understood. There are too many uncertainties in the system
(both repository location, depth, ambient temperature, design, as well as loading of the box) to
give a firm statement that a box containing graphite with stored low irradiation temperature
Wigner energy will not have a deleterious effect on the performance of the repository.
For Pile 1, the Consortium has chosen to go forward with plans to anneal the large
blocks of graphite. They are still working with Nirex to try and make the technical case that
slats and tiles, and graphite from the fire-affected zone can be disposed of without annealing.
For BEPO and the MTRs UKAEA are currently undertaking sampling campaigns and
further calculation analysis to confirm the levels of Wigner energy associated with these
graphite wastes. The data from these studies will then be input into the Nirex thermal vault
models to determine whether annealing of the graphite will be required.
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For GLEEP It has been calculated that the Wigner energy at the centre of the GLEEP
core is approximately 2 cal or 8.4 joules per gram. It has been shown that, should all the
Wigner energy in the GLEEP graphite be released simultaneously, the temperature of the
graphite would increase by only 7°C. There are therefore no implications from the release of
Wigner energy on the disposal of the GLEEP graphite.
4.2. Graphite Dust
The dismantling of the reactor graphite will generate graphite dust. Nirex waste package
specifications require that all measures shall be taken to ensure that the activity in waste is
effectively immobilised and loose particulate material is minimised. Nirex require graphite
dust to be intimately immobilised to ensure that the package will perform in a predictable
manner in an impact or fire accident.
Intimate immobilisation would be achieved by the encapsulation of graphite dust in
some form of matrix. This would normally be a cementitious matrix. The concern with the
cement grouting of graphite dust is that the dust does not "wet" easily and so some form of
wetting agent is required to get large quantities of dust to combine with the encapsulation
grout. This wetting agent and its degradation products would have to be acceptable to the
disposal environment.
Where only small quantities of dust are present preliminary grouting trials at WAGR
have demonstrated that the dust can be incorporated in the grout matrix. If a further layer of
inactive grout is applied above the encapsulation grout as a cap then this will seal in any
remaining graphite dust on the surface.
Several alternative methods for immobilising the dust are currently under consideration
by the Windscale Pile 1 project these include:
•
•
•

encapsulation of small quantities of dust in mixing bowls in the dismantling cell. These
mixing bowls would then be disposed of in the final package;
supercompaction of the dust in sacrificial cans, and supercompaction of the dust using a
binder such as clay to provide a more stable product;
the other solution is to encapsulate the dust in some form of polymer acceptable to the
Nirex repository.
Work on the immobilisation of graphite dust is still at the early stages of development.

4.3. Graphite Flotation
Nirex require wasteforms to be fully immobilised in a cementitious monolith. However,
the density of irradiated reactor graphite at 1.6 te/m is less than the typical grout density of
1.8 te/m3 hence flotation of the graphite can occur during grouting and in certain cases,
depending on the loading of graphite in a package, this can be significant, even causing steel
box furniture to float. This would result in a wasteform where the graphite was not fully
immobilised by the grout.
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The flotation of the graphite can be overcome by the use of an antiflotation device as
part of the furniture inside the final package. This has to be designed to withstand the uplift
forces caused by the graphite.
Floating of dust is a particular associated issue, and the processing will have to ensure
that formation of dust from the graphite blocks is minimised and that grout capping of the
grouted waste effectively immobilises small amounts on the surface.

4.4. Galvanic Corrosion
The integrity of a waste package during storage and after emplacement in the repository
can be affected by corrosion of embedded metallic waste and box furniture causing wasteform
expansion and gas generation. Higher corrosion rates could occur due to galvanic coupling
caused by metal-to graphite contact. The currently proposed packaging strategy for graphite
wastes, except for WAGR, is to encapsulate the graphite in Nirex standard packages
manufactured from 316S11 stainless steel. In a number of instances the packaging of graphite
will be associated with mild steel box furniture. WAGR graphite will be encapsulated in
concrete boxes, the graphite will be held in mild steel baskets within the box [8].
UKAEA has undertaken studies to consider the effects of galvanic corrosion on the
integrity of these disposal packages. Galvanic coupling between steel and graphite has been
shown not to cause a significant increase in steel corrosion rates under the anaerobic
conditions encountered in encapsulation grouts. Corrosion rates would be very low and
similar to those for uncoupled steels. Higher corrosion rates may occur at an early age while
wasteform conditions are aerobic. However, these rates will rapidly fall as oxygen is
consumed by the corrosion process. Expansion from aerobic corrosion during this phase is
estimated to be low; <250 microns. It has been concluded that corrosion of steels in the
wasteforms considered so far will not threaten the waste package integrity either as
consequence of expansive corrosion or gas pressurisation.

4.5. Radionuclide Inventory Determination
The radionuclide inventory of a package destined for disposal in a deep waste repository
needs to be determined to comply with the requirements of the Nirex waste package
specifications.
The radionuclide inventory of redundant reactor graphite is normally determined by
sampling and analysis of different parts of the graphite to determine the radionuclide
fingerprint. This fingerprint will then be applied to the graphite in association with some
check measurement such as gamma spectrometry or dose measurements. The radionuclides of
significance for the disposal of graphite in the ILW repository are H-3, C-14, Cl-36, Co-60,
Sr-90, Cs-137 and Eu-154. Additional radionuclides may be significant for certain graphite
wastes depending on the operational history of the reactor.
The irradiation of graphite in fast reactor systems may lead to the formation of certain
key radionuclide not found in thermal reactor graphite. Work to determine the radionuclide
inventory of graphite from fast reactors has still to be undertaken.
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5. CONCLUSIONS
There are large quantities of graphite associated with a number of redundant nuclear
reactors on UKAEA sites. In developing decommissioning and waste management strategies
for these facilities, UKAEA have given detailed consideration to how to manage these
liabilities.
Because of the carbon-14 content of the graphite only GLEEP graphite may be disposed
of as LLW to Drigg. The remainder will require disposal as LLW or ILW in the proposed
national Deep Waste Repository.
There are a number of technical issues associated with the disposal of graphite wastes.
UKAEA is working closely with the ILW disposal company, Nirex, to develop waste
management and packaging strategies for graphite waste which will ensure that waste is
packaged in a stable and safe form for long term surface storage and ultimate disposal.
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RADIOACTIVE GRAPHITE MANAGEMENT AT
UK MAGNOX NUCLEAR POWER STATIONS
G. HOLT
British Nuclear Fuels pic,
Berkeley, United Kingdom

Abstract. The UK nuclear power industry is predominantly based on gas-cooled, graphite moderated
reactors with their being 20 operating and 6 shutdown Magnox reactors. The radioactive graphite issues
associated with the Magnox reactors relate mainly to the reactor core graphite but, at two of the stations, there is
also another graphite waste stream which results from the handling of their particular design of fuel elements
which incorporate graphite fittings.
The decommissioning plan for the Magnox reactors is to apply the Safestore strategy in which the
defuelled reactors will be maintained in a quiescent state, e.g. to gain benefit from radioactive decay, with their
dismantling being deferred for a period of time. In preparing for and developing the decommissioning strategy
detailed studies have been undertaken on all relevant aspects. These have resulted in, for example, extensive
information on the graphite radioactive inventories, the condition of the graphite throughout the quiescent
deferral period, safety assessment, and, dismantling, waste management and disposal plans.
Significant work has also been undertaken on the management of the graphite fuel element debris that has
accumulated at the two stations. For example, work is well advanced at one of the stations to install equipment to
retrieve this waste and package it in a form suitable for eventual deep geological disposal.

1. INTRODUCTION
The UK nuclear power industry is predominantly based on gas-cooled, graphite
moderated reactors with there being 20 operating Magnox reactors (plus 6 other Magnox
reactors that are now shutdown) and 14 Advanced Gas-Cooled Reactors (AGRs), in contrast
to the single UK pressurised water reactor. Following the most recent restructuring of the UK
nuclear industry all of the Magnox stations are now the responsibility of British Nuclear Fuels
pic (BNFL). This paper focuses on radioactive graphite issues related to the UK Magnox
reactor sites.
The 26 UK Magnox reactors are located on 11 different sites around the UK with 7 sites
being in England, 2 in Scotland and 2 in Wales. Of these, 6 reactors on 3 sites have been
shutdown and are undergoing the process of decommissioning. Although all these reactors are
of the Magnox type, their detailed designs do vary quite significantly, e.g. in size and layout.
The majority of the reactors are of steel pressure vessel construction but at 2 sites the reactors
have concrete pressure vessels.
The principal source of radioactive graphite on the Magnox reactor sites is the reactor
core graphite which serves the function of a neutron moderator and reflector. However, in
addition to this, on 2 sites, there is an additional source of radioactive graphite (graphite fuel
element debris) which results from their particular design of fuel elements
The issues associated with these source of radioactive graphite that are associated with
the UK Magnox reactors are presented below.

2. GRAPHITE FUEL ELEMENT DEBRIS
The fuel elements for Magnox reactors comprise natural uranium rods contained within
a magnesium alloy (Magnox) metal can. The detailed designs of the fuel elements vary from
station to station and include various external features. On most fuel element designs these
features consist of Magnox metal 'splitters' or 'lugs' to assist gas flow and heat transfer.
However, at Berkeley the fuel element design also includes graphite struts and at Hunterston
A a graphite sleeve. Following removal of the irradiated fuel elements from the reactors, the
splitters and lugs, and the graphite struts and sleeves are removed from the elements prior to
them being transported off site for reprocessing at Sellafield. The Magnox and graphite fuel
element debris removed from the elements is retained on the reactor sites and throughout the
operating lifetime of the reactors it has been accumulated and stored within concrete vaults on
the reactor sites.
The two stations where this graphite fuel element debris waste stream has arisen are
now shutdown and action is being taken to retrieve and treat this waste in a manner suitable
for eventual disposal. At Berkeley the graphite fuel element debris is mixed with other, mainly
Magnox, debris removed from the elements. There is approximately 1000 m3 of this mixed
fuel element debris accumulated within vaults at Berkeley, with about 90% of this being
graphite. At Hunterston A there is approximately 1700 m3 of graphite debris which has
generally been stored segregated from the other Magnox debris. The graphite fuel element
debris is classified as intermediate level radioactive waste (ILW) and for radiological
protection purposes requires shielding and remote handling.
A number of options for treating this graphite waste stream have been considered with
the two main process options being incineration and encapsulation. The incineration option
has the advantage that it results in a significant reduction in waste volume. Studies into this
option have been performed, including actual incineration trials. This work demonstrated that
the incineration option is feasible and can be performed safely, and resulted in an outline
design being prepared. However, the work also identified a number of difficulties.
A key requirement for successful incineration is that the feedstock material is
appropriate and acceptable. The graphite fuel element debris, particularly at Berkeley, does
contain other material than just graphite. One constituent is Magnox metal which if left in the
feedstock could result in conflagrations within the incinerator. Development work has shown
that it is very difficult to remove Magnox so as to reduce its content to the 0.5% acceptable
level. The waste also contains some metallic components with high Cobalt content which
results in high radiation dose rates. This has an impact on the materials handling, shielding
and radiological protection requirements on the plant.
The incineration trials that were performed demonstrated that graphite is not readily
incinerable. In order to initiate and achieve complete combustion of the graphite it was found
necessary to size reduce the feedstock material to approximately 25mm size thus introducing
an additional process step. The issues associated with the radiological impact of the
discharges (e.g. of C14) from the plant were also addressed but, at the time of the study, they
were not considered significant for the quantities of graphite fuel element debris involved.
However, since this assessment, there has been an increased emphasis on reducing and not
adding to existing radioactivity discharges.

In comparison with incineration the other main process option of encapsulating the
graphite fuel element debris is less challenging technically and radiologically, although of
course it does not achieve the significant waste volume reduction of incineration. The
encapsulation process simply requires the waste to be placed, without any pre-treatment such
as sorting, into drums and a cementitious grout to be added to produce a stable and passively
safe waste form suitable for eventual disposal.
Following a comparison of the treatment options for the graphite fuel element debris it
was decided to adopt the encapsulation process. The installation of plant to retrieve and
process the waste in this way at Berkeley is now well advanced and plans are progressing to
install similar plant at Hunterston A in the near future. At present in the UK there is no final
disposal route for the drummed ILW resulting from the encapsulation process. The drummed
encapsulated waste will therefore be placed into stores constructed on the reactor sites
pending the availability of a national disposal route.
3. REACTOR GRAPHITE
The predominant source of radioactive graphite on Magnox reactor sites is the reactor
core graphite. Some basic data on the size and weight of core graphite associated with the
various reactors is presented in Table 1. This indicates that in total there is 50,650te or 36,600
m of graphite associated with the UK Magnox reactors.

TABLE 1: REACTOR GRAPHITE DATA
Reactor Site

Berkeley
Bradwell
Calder Hall
Chapelcross
Dungeness A
Hinkley Point A
Hunterston A
Oldbury
Sizewell A
Trawsfynydd
Wylfa

No. of
Reactors

Net Design
Output/reactor
MW(e)

2
2
4
4
2
2
2
2
2
2
2

138
150
42
42
275
250
160
300
290
250
590

Total number of reactors
Total volume of graphite for all reactors
Total weight of all reactors

Graphite Moderator and Reflector

Diameter (m)
14.6
13.8
11.0
11.0
15.2
14.9
15.4
14.2
15.7
14.6
18.7

Height (m)
9.1
9.4
8.2
8.2
8.5
8.8
8.5
9.8
9.4
8.3
10.3

Weight (te)
1938
1931
1164
1164
2237
2475
2150
2061
2237
1900
3740

26
36,600 m3
50,650 te

The reactor graphite is a decommissioning waste stream as the reactor design is such
that it is not removed or removable during the operational life of the plant. As the graphite is
an integral part of the reactor it can only be considered as part of the overall decommissioning

strategy for the complete reactors, i.e. the biological shield, reactor pressure vessel, core
support structure and reactor core. The options for and the details associated with the
decommissioning of the Magnox reactors have been subject to thorough study over about the
last 20 years and the results of some of this work is indicated below.
1.0E+16

1.0E+14 -

1.0E+12

I

K

*

H-

K

H

K

X

X

X

X

)<^>^

1.0E+10 •

1.0E+0

1.0E+06

1.0E+04
20

40

60

80

100

120

140

160

Years after shutdown

FIG. 1. Radioactive inventory of principal nuclides associate with reactor graphite.

1.00E+05

1.00E+04-

1.00E-01
40

60

80

100

120

Years after shutdown

FIG. 2. Dose rates resulting from reactor graphite.

140

160

3.1. Radioactive Inventory
In order to successfully develop reactor decommissioning strategies and plans it is
necessary to have a good understanding of the physical and radioactive inventory of the
reactor materials. Significant attention has therefore been paid to determining such an
inventory for each of the UK Magnox reactors. Detailed inventories have been derived by
studying the engineering drawings, modelling the reactors and performing neutron activation
calculations to determine the radionuclide content and activity level of each component of the
reactors, including the graphite. Key input data for these calculations is the elemental
composition of the materials and this has been determined by a programme of sampling and
analysis of representative and actual materials.
The activation calculations have provided activity data related to 30 radionuclides for
each reactor component and material type from which it is possible to see how the
radioactivity content varies over time following reactor shutdown. Figure 1 provides
activation inventory information on reactor graphite associated with one of the Magnox
reactors for some of the key radionuclides. The results from the activation inventory
calculations have been used to determine the radiation dose rates within the reactor and to
show how these vary over time following reactor shutdown. Typical dose rates within the
reactor resulting from the reactor graphite are shown in Fig. 2. There is an ongoing
programme to validate these calculations by taking actual dose rate and gamma spectrometry
measurements on a number of the reactors and the results obtained so far are very
encouraging.
3.2. Reactor Dismantling
To access the reactor graphite to make it available for appropriate treatment and disposal
it is necessary to dismantle the reactor. Detailed studies have been performed into how this
could be done. The initial studies that were performed considered the complete dismantling of
the reactors within about 20 years of station shutdown. This showed that it is technically
feasible to perform the work at this time with available technology despite the complexity of
having to perform the majority of the work with remotely operated equipment due to the high
radiation dose rates associated with the reactor materials.
Further studies indicated that there are some potential benefits to be gained by
dismantling the reactors on a later timescale, e.g. because radioactivity decay results in
reduced radiation dose rates and radioactive waste arisings. Furthermore, for the graphite
moderated reactors internal reactor dose rates will, over time, reduce to levels where man
access into the reactors is permissible and it will not be necessary to use complex remotely
operated equipment. Extensive work has been done to study this option of delaying reactor
dismantling and this has demonstrated that it is a feasible option which can be undertaken
successfully and safely.
The actual techniques, e.g. for cutting and materials handling, used in dismantling the
reactors will remain the same regardless of the time when the dismantling is undertaken.
Generally the only variable will be the degree to which remote operations will need to be used
to apply the techniques. With respect to reactor graphite, the cores are made up of a stack of
graphite blocks and dismantling will be the reverse of the original construction, e.g. removal
block by block in a sequenced manner. The blocks have holes passing through them that form

the fuel channels. These holes can be used during dismantling to allow the insertion of a
mandrel for lifting purposes.
3.3. Decommissioning Strategy
The key variable associated with selecting the most appropriate decommissioning
strategy option for Magnox reactors is the time at which dismantling should proceed. As
stated above, reactor dismantling could be performed promptly (within about 20 years after
reactor shutdown) or alternatively it could be delayed for a period. The main technical factor
relevant to dismantling timing is radioactivity decay. As indicated by Figs 1 and 2,
radioactivity levels and radiation dose rates reduce over time with the initial, relatively rapid,
reduction in the first decades being dominated by Co60 decay. After a time the long lived
radionuclides begin to dominate radiation levels and the rate of reduction falls dramatically.
Figure 2 shows this happening, for graphite, after about 80 years or so after shutdown. If the
full family of decay curves for all the reactor materials are considered then the maximum
benefit from decay is achieved after about 130 years after reactor shutdown. For the Magnox
reactors the reactor internal radiation levels at this time are such that fully remotely operated
dismantling equipment is no longer required and hence the dismantling process is much less
complex.
In order to select a preferred decommissioning strategy it is necessary to consider a wide
range of factors and not just focus on one, or a limited number of factors. A rigorous strategy
selection process has been performed (Ref. 1) and is kept under regular review. This has
assessed a large number of safety, environmental, financial and other factors, considered their
relative weightings and addressed sensitivities. This analysis resulted in the conclusion that
the 'Safestore' decommissioning strategy is the most suitable for UK Magnox reactors. This
strategy identifies that reactor dismantling could be deferred for up to 135 years after reactor
shutdown. However, it should be recognised that this is a maximum and not a minimum
deferral period and, as required to comply with UK Government Policy, the option of
undertaking earlier dismantling has not been foreclosed.
3.4. Reactor Graphite Integrity prior to Dismantling
As part of the assessment of the viability of deferring the dismantling of the reactors,
work has been performed to check whether there are likely to be any problems with the
degradation of the reactor materials or structures during an extended deferral period. Two key
requirements are to maintain the containment of the radioactive materials prior to dismantling
being performed and to ensure that the ability to perform the eventual dismantling is not
compromised.
The radioactivity associated with the reactors results from neutron activation of the
materials, rather than contamination, and is therefore the radioactivity is not in a readily
mobile form. It is also contained within a very substantial, robust and thick walled reactor
vessel which will act as the primary containment barrier. Work to assess and monitor
corrosion rates on the steel reactor vessels has demonstrated that they will be very low and
hence containment will not be compromised under the planned storage conditions.
With respect to the long term integrity of the reactor graphite, a detailed review has been
performed of the extensive body of knowledge on reactor graphite that has been built up over
many years. This has considered what the potential degradation mechanisms and implications

may be over a deferral period of up to 135 years. This review has considered such issues as
Wigner Energy, the oxidation of graphite and carbon deposits, graphite dust explosibility,
nitric acid and intercalation compounds, graphite property changes, leaching of materials from
graphite, gas-phase activity release and the potential for particulate release. This work
concluded that no special precautions are necessary during any deferral period to maintain
graphite integrity.
During any period of deferral prior to reactor dismantling the reactors and any other
structures remaining on the site will be subject to an effective care and maintenance
programme to ensure the continuing safety and integrity of the structures.
3.5. Reactor Graphite Treatment and Disposal
Similar to graphite fuel element debris, the two principal and available options for the
treatment of reactor graphite are incineration and packaging in preparation for direct disposal.
As mentioned above, incineration is theoretically feasible but not without technical and
radiological problems. These radiological concerns are more significant for reactor graphite
than for the graphite fuel element debris. This is because of the much larger volumes that are
involved and the higher specific activity levels associated with reactor graphite. For example,
a study performed under the framework of the European Communities research programme
(Ref. 2) identified concerns about the radiological impact resulting from the atmospheric
discharge of C14 because of its long half-life (5730 years) and its mobility in the terrestrial
environment.
In recognition of the technical and radiological concerns about graphite incineration it is
assumed at present that the reactor graphite will not be treated by incineration but will be
packaged for direct disposal following reactor dismantling. However, this position will be
kept under review and any feasible treatment option that is identified or developed in the
future will be given due consideration.
With regards to the disposal of reactor graphite it is presently assumed that it will be
necessary to send it to a deep geological repository. No such disposal facility presently exists
in the UK and this is another factor supporting the present proposal to defer the dismantling of
the reactors for a period of time. A number of alternative disposal options have been
considered for radioactive graphite, including shallow land burial, but again concerns have
been raised about the potential radiological impact of C14, particularly with respect to the
global collective dose into the far future. For example, as a result of this concern, Ref. 3
concluded that wastes with a significant C14 content should be disposed by deep underground
disposal. It recognised that even though the collective dose that would be avoided by deep
disposal compared to other disposal options would be small in comparison with that arising
every year from natural radioactivity, its avoidance would be in line with international
guidance.
4. CONCLUSIONS
The major source of radioactive graphite associated with the UK Magnox reactor sites is
the core graphite. Detailed studies have been performed to determine the radioactive inventory
of this graphite for all the Magnox reactors and to determine the most appropriate strategy for
the decommissioning and dismantling of the reactors and the core graphite that they contain.
Although it has been shown to be feasible to dismantle the reactors soon after station

shutdown it is presently considered that it would be preferable to delay dismantling for a
period of time. This would, for example, allow benefits to be gained from radioactivity decay
and the associated radiation dose rate reductions and allow time for a deep geological waste
repository to become available which could take the resulting waste. The implications of
deferring the dismantling of the reactors have been considered in detail and no technical,
safety or integrity problems have been identified with this approach. Throughout any deferral
period the strategy will be subject to regular review and any alternative strategies or graphite
treatment options that are identified will be given due consideration.
In addition to the reactor graphite, two of the Magnox stations also have stored arisings
of graphite fuel element debris. The option for treating these wastes have also been considered
and a decision made to retrieve and encapsulate the waste in a cementitious grout within waste
packages. Work to achieve this is well underway.
REFERENCES
[1]
[2]
[3]

PASSANT, F. H., "Power Station Decommissioning - UK Strategy", Nuclear Forum
'91, London, June 1991.
WHITE, I.F. et al, "Assessment of Management Modes for Graphite from Reactor
Decommissioning", Commission of the European Communities, EUR 9232, 1984.
DEPARTMENT OF THE ENVIRONMENT (UK), "Assessment of Best Practicable
Environmental Options (BPEOs) for Management of Low- and Intermediate-Level
Solid Radioactive Wastes", March 1986.

LIST OF PARTICIPANTS
Addison, C.E.W.

BNFL, Waste Management and Decommissioning,
Sellafield Seascale, Cumbria CA20 1PG, United Kingdom
Email: Margaret.Clark@bnfl.com

Barlow, S.

United Kingdom NIREX Ltd., Curie Avenue,
Harwell, Didcot, Oxfordshire 0X11 ORH, United Kingdom
Fax: 0044 1235 825497

Bassett, M.

Health & Safety Executive, Quay House, Quay Street,
Manchester, United Kingdom
Fax: 0044 161 952 8222

Bennett, D.

Environment Agency, Rio House, Waterside Drive, Aztec West,
Almondsbury, Bristol BS32 4UD, United Kingdom
Email: david.bennett@environment-agency.gov.uk

Bisplinghoff, B.

Forschungszentrum Jülich, D-52425 Jülich, Germany
Fax: 0049 2461 612992

Botzem, W.G.

NUKEM Nuklear, Industriestraße 13, D-63754 Alzenau, Germany
Fax: 0049 6023 911660

Bradbury, D.

BRADTEC Decon Technologies Ltd.,
The University of the West of England, Bristol,
Coldharbour Lane, Bristol BS16, 1QY, United Kingdom
Email: bradtec@compuserve.com

Broome, P.

BNFL, Risley, Warrington, Cheshire WA3 6AS, United Kingdom
Fax: 0044 925 82 2711

Buffery, J.B.

UKAEA, Southern Division,
152 Harwell, Didcot, Oxfordshire OX11 ORA, United Kingdom
Email: John.Buffery@ukaea.org.uk

Burcl, R.

International Atomic Energy Agency,
P.O. Box 100, A-1400, Vienna, Austria
Email: R.Burcl@iaea.org

Bushuev, A.V.

Moscow State Engineering Physics Institute,
Technical University, 115409 Moscow, Russian Federation
Email: Bush@Bush.mephi,msk.ru

Chugunov. O.K.

RRC Kurchatov Institute, Moscow, Russian Federation

Davies, A.G.

Nuclear Installations Inspectorate, HSE, St. Peters House,
Stanley Precinct, Bootle, Merseyside L20 3LZ, United Kingdom
Fax: 0044 151 9513718

Delayre, C.

UCAR, United Kingdom

Edge, J.

BNFL, Risley, Warrington, Cheshire WA3 6AS, United Kingdom
Fax: 0044 925 82 2711

Eto, M.

JAERI, Department of Nuclear Energy System,
Tokai-mura, Naka-gun, Ibarakai-ken 319-1195, Japan
Email: etom@popsvr.tokai.jaeri.go.jp

Fiesel-mann, H.

BMU, Federal Ministry of Environment, Berlin, Germany

Fomin, V.

Chernobyl NPP, 255 190 Slavutich, Ukraine
Email: nschpmuw@wcsmail.com

Fuchs, A.

Gauthier, F.

STEAG Kernenergie GmbH, Rüttenscheider Str. 1-3,
D-45128 Essen, Germany
Fax: 0049 201 801 6569
IPSN, Institute for Protection and Nuclear Safety,
F-92260 Fontenay-aux-Roses, France
Fax: 0033 1 47351423

Holland, D.P.

Siempelkamp Nuklear und Umwelttechnik, Krefeld, Germany

Holt, G.

BNFL, Berkeley Centre, Berkeley, Gloucestershire,
GL13 9PB, United Kingdom
Fax: 0044 1453 81 33 35

Inoue, T.

Nuclear Power Engineering Corporation, NUPEC,
Plant Engineering Department, Shuwa-Kamiyacho Bldg,
2F 3-13, 4-Chome Toranomon, Minato-Ku, Tokyo 105-0001, Japan
Email: TK-INOUE@nupec.or.jp

Komuro, T.

Mitsubishi Heavy Industries,
5-1, Marunouti-2, Chôme, Chiyoda -Ku, Tokyo, Japan
Fax: 0081 3 3212 9882

Lopez de la Higuera, J.

CSN, Consejo de Seguridad Nuclear, Madrid, Spain

Ludwig, K. G.

ABB Reaktor GmbH, P.O. Box 10 05 63, D-68140 Mannheim, Germany
Fax: 0049 621 388 2010

Mahaud, G.

Framatome, Tour Fiat, Cedex 16, F-92084 Paris La Défense, France
Fax: 0033 1 47961509

Marsden, B.J.

AEA Technology pic, Risley, Warrington, Cheshire,
WA3 6AT, United Kingdom
Email: barry.marsden@aeat.co.uk

Mason, J.B.

Studsvik Inc., 132 Harbison Blvd, Columbia S.C. 29212,
United States of America
Fax: 001 803 781 7590

Matsuo, H.

JAERI, Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan
Fax: 0081 29 282 5922

McLachlan, N.

British Energy pic, 10 Lockside Place, Edinburgh EH 12 9DF,
United Kingdom

Minshall, P.C.

BNFL Magnox Generation, Berkeley Centre,
Berkeley, Gloucestershire, GL13 9PB, United Kingdom
Fax: 0044 1453 81 33 35

Morales, A.

ENRESA, L&ILW Department, Emilio Vargas 7, 280 43 Madrid, Spain
Email: amol@enresa.es

Mullineaux, W.

BNFL, Risley, Warrington, Cheshire WA3 6AS, United Kingdom
Fax: 0044 925 82 2711

Mulyanto

National Nuclear Energy Agency, P.O. Box 4390, Jakarta 12043,
Indonesia
Fax: 0062 21 522 1110

Neighbour, G.

University of Bath, Department of Materials,
Bath BA2 7AT, United Kingdom
Email: mssgbn@bath.ac.uk

Neubauer, J.

Austrian Research Center, A-2444 Seibersdorf, Austria
Email: josef.neubauer@arcs.ac.at

Poskas, P.

Lithuanian Energy Institute, Kaunas, Lithuania

Preston, S.

AEA Technology pic, Risley, Warrington, Cheshire WA3 6AT,
United Kingdom

Romenkov, A.

Entek, Research and Development Institute of Power Engineering
(RDIPE),
P.O. Box 788, Moscow 10100, Russian Federation
Email: romenkov@entek.ru

Roper, R.

UKAEA, Marshall House, Harwell, Didcot, Oxfordshire OX04 ORA,
United Kingdom

Saishu, S.

Nuclear Power Engineering Corporation, NUPEC,
Plant Engineering Department, Shuwa-Kamiyacho Bldg,
2F 3-13, 4-Chome Toranomon, Minato-Ku, Tokyo 105-0001, Japan

Shirakawa, M.

Fuji Electric Co., Gate City Ohsaki, East Tower,
11-2 Osaki 1-chôme, Shinagawa-ku, Tokyo 141-0032, Japan
Email: shirakawa-masahirot^fujielectric.co.jp

Takahashi. R.

Toshiba Corporation, 4-1, Ukishima-cho, Kawasaki, 210-0862, Japan

Ueda, K.

Hitachi Ltd, 6, Kanda-Surugadai, 4-Chome, Chiyoda-Ku, Tokyo 101,
Japan
Fax: 0081 727 516945

Veltkamp, A.C.

NRG, P.O. Box 25, 1755 Petten, Netherlands
Fax: 0031 22 4563912

Verzilov, Y.

Moscow State Engineering Physics Institute,
Theoretical & Experimental Reactor Department,
Kashirskoe Shosse, 31, Moscow, 115409, Russian Federation
Email: verzlv@dol.ru

Vonderau, S.P.

Electrawatt Engineering, Germany

Wahlen, E.

AVR Jülich, Hambacher Forst, D-5170 Jiilich, Germany

Watkinson, A.B.

BNFL, Risley, Warrington, Cheshire WA3 6AS, United Kingdom
Fax: 0044 925 82 2711

Williams, P.S.

UCAR, United Kingdom

Wisbey, S.J.

NIREX, Waste Packaging Section, Curie Avenue,
Harwell, Didcot, Oxfordshire OX11 0RH, United Kingdom
Email: simon.wisbey@nirex.co.uk

Wise, M.

UKAEA, Marshall House, Harwell, Didcot, Oxfordshire OX04 ORA,
United Kingdom

Wörner, J.

NUKEM Nuklear, Industriestraße 13, D-63754 Alzenau, Germany
Fax: 0049 6023 911660

Yamamoto, T.

Japan Atomic Power Co., 1-6-1, Ohtemachi, Chiyoda-ku,
Tokyo 100-004, Japan

Yeung, M.

BNFL, Risley, Warrington, Cheshire WA3 6AS, United Kingdom
Fax: 0044 925 82 2711

