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PROGRAMME AND ABSTRACTS

Securing the Safe Performance of Graphite Reactor Cores

A Conference at East Midlands Conference Centre,
University Park, Nottingham.

24th – 26th November 2008 under the auspices of The British Carbon Group

REGISTRATION

Registration will begin at 9.00 am on Monday 24th November 2008 at the University Conference
Centre (main entrance lobby). The Conference Centre is located on the University Park Campus to
the west of the City (from J25 of the M1 take the A52 Eastbound). Ample free car parking is
available from the University Park Campus West Entrance (Beeston Lane) with the EMCC being on
the right hand side.

A map of the area, showing the Conference Centre, directions to the conference venue and all other
details are available on the conference web site (www.britishcarbon.org/nucleargraphite ).

A secure baggage storage area will be available on the final day of the conference if required.

Travel between the Hotel and the Conference Centre will be by delegates’ private transport.

All further enquiries regarding the conference arrangements should be directed to the conference
desk (Conference Manager, Dr A J Wickham, confer@globalnet.co.uk).

MEETING VENUE, PRESENTATIONS & AUDIO/VIDEO FACILITIES

Presentations will be 15 minutes plus 5 minutes for discussion except for invited papers and the
final Review Session.

Presenters are encouraged to bring their presentations on a USB memory stick or CD-ROM. Whilst
the latest PowerPoint software and computer facilities will be available, presenters should check
their presentation prior to their session. To facilitate smooth running of the programme, presenters
are also encouraged to introduce themselves to the session chairpersons prior to their session.

CATERING ARRANGEMENTS & CONFERENCE DINNER

All refreshments and lunch will be taken within the EMCC each day (Monday to Wednesday).
Delegates should retain their conference badges at all times and may be requested to show their
badges to obtain service.

On Monday evening, an evening buffet and wine reception will be offered within the EMCC prior
to the plenary lecture. The bar will also be open during the evening.

A Conference Dinner will be held on Tuesday Evening in the Great Hall at Belvoir Castle. Coach
transport will be provided and will leave at 6.15 pm sharp. The return bus will leave at 10.30 pm.
Please be prompt returning to the bus: it will not wait for stragglers. Please note that for the
Dinner, the dress code is “Smart Casual”. Wine will be provided with the meal.
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MONDAY 24th NOVEMBER 2008

REGISTRATION

09.00: Registration Desk Opens

09.30 - 11.00: Tea/Coffee/Biscuits

SESSION ONE
General Introduction
SESSION CHAIR – Professor Brian McEnaney (University of Bath & Conference Chair)

11.00: Welcome, Introduction and Overview of the Conference
B McEnaney (University of Bath & Conference Chair)

11.10: An Overview of Graphite Core Assessment Methodology
J Reed (British Energy)

11.40: The Development and Application of a Protocol for the Validation of Core
Component Condition Assessment Prediction Methods
P Maul, P Robinson, P Suckling (Quintessa), M Bradford (British Energy), C Wheatley
(Serco) and I Roberson (Frazer-Nash Consultancy)

British Energy needs to be able to predict the behaviour of the core as the reactors age.
The primary concern is core component conditions that are directly relevant to the safety
case, including graphite weight loss, bore and keyway cracking and channel deformation,
but other ‘intermediate’ end points, including various graphite properties, are important as
being able to predict their evolution gives confidence that the system as a whole is well
understood. We describe the development of a formal protocol for the validation of these
methods that emphasises the use of quantitative methods for comparisons between ‘blind’
model predictions and measurements from core inspections. A first pilot application of the
protocol to model predictions for graphite density and bore diameters demonstrates how
this can be used in practice.

12.20: BUFFET LUNCH
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SESSION TWO
Assessing Core Behaviour and Methodologies
SESSION CHAIR – Dr Gareth Neighbour (The University of Hull)

14.00: Application of Whole Core Modelling Methodology with Representative Core
Loading to Life Extension of AGR Graphite Cores
DJ Shaw (AMEC) & N McLachlan (British Energy)

The ageing effects in an AGR graphite core manifest themselves in a variety of ways
including physical changes corresponding to dimensional changes and ultimately distortion
of the individual components and initial geometrical configuration of the core. In addition,
the ageing process of the graphite core may lead to the inducement of through thickness
full length axial cracking of the fuel bricks and perhaps the possibility of double cracking
of the fuel bricks. For life extension of the AGR reactors, it is necessary to have a whole
core modelling methodology that can be used to predict the consequences of the ageing
effects on the geometrical layout of the core. Such a methodology, called AGRIGID, has
been developed for normal and fault operation and evolved over many years and the
application of this methodology to test rig arrangements and reactor core configurations
was presented in Cardiff. The loading applied to the whole core models has traditionally
involved tilting the model on its side in order to achieve peak movement of the core bricks.
This is referred to as MDT loading (Maximum Displacement by Tilt). This core state is a
bounding solution compared to that experienced by the core under actual core loadings and
is therefore conservative when it comes to assessing the tolerability of the core to the
predicted core distortion. In order to extend the tolerability of the core due to ageing
effects, e.g. increased numbers of cracked fuel bricks, a number of more representative
Core Driving Mechanisms (CDMs) have been identified. These CDMs include, for
example, tolerances, brick deformation and channel bowing, brick cracking, core support
and core restraint deformations, gas pressure, key/keyway closure, thermal effects and fault
conditions. A number of CDMs have been analysed using AGRIGID models of the
HPB/HNB core and more representative core distortions have been quantified. The
loadings are applied cumulatively in a similar manner to the time of life that they occur in
the AGR core. The cumulative core distortion was plotted and the significant CDMs
identified. A comparison of these more representative core distortions was made with the
traditional MDT bounding load core distortions in order to identify the margin that exists
between the bounding and the more representative approaches. The paper will detail the
development of the methodology, its applications and the results obtained.

14:20 Assessment Methodologies for Simulation of Control Rod Movements in an Ageing
Graphite Core
MHS Salih (AMEC), C Powrie & N McLachlan (British Energy)

The AGR graphite undergoes dimensional changes when subjected to fast neutron
irradiation. As part of the ageing management of the reactor graphite core, the effect of
dimensional changes on core distortion and how such distortion may impair control rods
movements needs to be quantified for safe reactor operations. The geometry of the core
must remain so that reactors can be regulated and shut down via the control rods.
Typically an AGR core comprises of twelve layers of graphite bricks, whilst a control rod
(CR) is made from cylindrical tube sections coupled to each other via pin joints that allow
limited articulation to take place. At the start of reactor life, the CRs move in and out of
the reactor core through an essentially vertical straight interstitial channel that has a bore
diameter greater than the outer diameter of the CR sections. With reactor operations, the
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graphite core will be subjected to irradiation and as a consequence the core will undergo a
degree of distortion so that the initially vertically straight core interstitial channels will
become distorted. In such a case, the initial uniform annular gap between the outer surface
of the CR and the bore of the channel will reduce in some locations along the length of the
channel. If the channel distortion is sufficient for the annular gap to reduce to zero locally,
then the bore of the channel will come into contact with the outer surface of the CR. With
further increases in the channel distortion, interaction between the CR and the bore of the
channel will take place and such an interaction may have the potential to impair the
movement of the CR in the reactor core. Finite element based models to simulate the
interaction of a CR with the bore of a distorted interstitial core channel for the purpose of
assessing core functionality with regard to control rod entry have been developed. One
such model accounts for the detailed representation of the geometries and configurations of
both the CR and the interstitial channel. Such a model is a virtual computer representation
and has been based on the use of 3-D solid finite element modelling. The core
functionality assessment will consider many different channel distorted shapes such that
there is the potential for a large number of load cases to be analysed. To meet this need, a
second modelling approach that will take less computing time than the 3-D solid modelling
approach has also been developed. This modelling approach is based on the use beam
elements to model the CR and a simpler representation for the channel. A third modelling
approach has also been developed, with the same goal, which represents both the CR and
channel as beams in a 2D plane. To demonstrate confidence in the predicted solutions
from the FE models, a CR-interstitial channel test rig has been designed and constructed.
The rig has been operated to produce measured data arising from the interaction of the CR
with the bore of a channel that was distorted into many different shapes. The rig is full
size replica of both the CR and the interstitial channel and is typical of an AGR reactor
design. The measured data from this rig was used to validate the results from the FE
models. The paper will describe the different FE modelling approaches and their
application to a number of the configurations tested in the CR-channel test rig. The
interaction of the CR with the bore of a distorted interstitial channel will give rise to
contact forces and hence a lifting force in excess of the self weight of the CR is required.
Such a force history, as a function of the lifting movement of the CR, is obtained from the
FE models and compared with the corresponding measured data from the test rig. Also the
articulations of the pinned joints of the CR predicted by the FE models will be compared
with the measured data obtained from the test rig. The comparison will determine the
correlation between the models and test results and as such will serve as a validation of the
FE modelling methodologies. The paper will also present a comparison between the
different FE models to demonstrate consistency of results and hence verification of the
different modelling approaches. The paper will demonstrate viable modelling approaches
that will serve as analysis tools for use in the management of the ageing effects on AGR
reactor graphite cores, the success of which is an essential feature of reactor life time
extension, asset management and safe reactor operations.

14.40 IMAPS – A System for Managing Graphite Core Information
G Jahn and S McArthur (The University of Strathclyde)

Throughout the lifetime of the AGR graphite cores, they have been subject to extensive
inspection regimes and, more recently, monitoring has complemented the important outage
inspection work to give more details about the condition of the core during reactor
operation. In order to review the monitoring information, British Energy instituted
Monitoring Assessment Panels and commissioned a system to manage the information; the
early ideas for this Intelligent Monitoring Assessment Panel System (IMAPS) were
presented at the “Ageing Management of Graphite Reactor Cores” conference in Cardiff
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in 2005. The system is now close to deployment across the Graphite Core Project Team at
British Energy and this paper presents the final version of IMAPS that incorporates both
monitoring and inspection information. Additionally, there is an explanation of the design
process undertaken, how IMAPS contributes to AGR core information management and a
demonstration of some key parts of the system. Other aspects such as data editing,
auditing and validation are also considered. The paper concludes by introducing
components and extensions that have been suggested and will be integrated into the system
in the future.

15.00 Seismic Modelling of an AGR Nuclear Reactor Cores
R Alker (Atkins)

Atkins has worked with British Energy Ltd to develop three dimensional finite element
models of Advanced Gas-Cooled Reactor cores in order to investigate their response to
seismic events. The models represent the significant core components which include the
graphite bricks, the steel restraint structures, guide tubes and the fuel stringers. The
models have been developed using a custom-written computer program and a commercial
finite element (FE) software package, LS-DYNA, is used to calculate the seismic
responses. Additional custom-written computer programs are used to post-process the
outputs from LS-DYNA. These examine the state of the cores’ individual components and
assess their conditions against sets of load and distortion criteria. The graphite bricks are
each modelled as rigid bodies. Their interactions are modelled by non-linear discrete
elements which represent the contact properties and clearances. The model generator can
vary graphite brick geometry, mass and clearances throughout the core, based on local
irradiation effects. Extreme postulated conditions of component degradation can be
introduced by modifying the model generator. Under these conditions, it is possible that
additional damage could be sustained by some of the components during the seismic event.
It is necessary to evaluate how any additional damage could affect the subsequent
responses of the core. The LS-DYNA models, at their current stage of development, do
not simulate real-time damage which could potentially accumulate during seismic events.
This paper discusses how the custom written post-processing and model generator
programs can be used to identify damage and to modify the model accordingly prior to re-
calculating the seismic response. The process is repeated a sufficient number of times to
enable realistic assessments to be made of the core behaviour and of the capability of the
core systems to maintain the key safety case requirements of shutdown, hold down and
decay heat removal from the core.

15.20: AFTERNOON TEA

15.50: Two Dimensional Analysis of AGR Core using a Super-Element Technique
DKL Tsang, BJ Marsden (The University of Manchester) and GB Heys (Health and Safety
Executive)

A graphite core in an advanced gas-cooled reactor (AGR) is a multi-layered arrangement
of discrete graphite bricks that are loosely connected to each other using a system of keys
located in keyways. There are two main types of bricks, of different size and geometry,
namely fuel bricks and interstitial bricks. The fuel bricks are hollow in shape and are
stacked in layers to form fuel channels. The interstitial bricks are also hollow and are
stacked to form control rod and other utility channels. The stacked bricks in each channel
are keyed to the bricks in the adjacent channels using a combination of loose and integral
keys located in the keyway. The ageing deformation of the graphite core structure is
mainly due to irradiation induced dimensional changes and graphite material property
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changes causing distortion of the individual graphite components that, in turn, lead to
changes to the geometrical configuration of the whole core. The irradiation induced
dimensional change is a function of fast neutron fluence, irradiation temperature and
(possibly) radiolytic weight loss. Therefore the component deformations are complex and
depend on the position of the component in the core. The whole core distortion may also
be accompanied by shrinkage induced axial cracking of some of the individual graphite
fuel bricks. Furthermore such cracking may develop into double cracking, i.e. the fuel
brick could be broken into halves. The analysis of the stresses, deformations and failure
prediction of graphite moderator bricks is usually modelled by programming the irradiated
graphite constitutive equations into a standard finite element code using a “user material
module”. Whole core behaviour is usually modelled using specially written codes or
adapted commercial codes. Current whole core models do not explicitly model individual
brick behaviour within the core. This project is developing whole core models that
consider individual brick behaviour in addition to component interactions. The
considerable amount of core components in an AGR makes detailed finite element analysis
difficult due to the number of elements required and the need to take into account the
contact between the many individual components. For this reason a super-element
technique has been developed to reduce the size of the analysis. In this paper, the
constitutive equation for the graphite brick is derived. The super-element technique is then
used to model a layer of graphite bricks such that the number of unknowns is reduced
significantly. The technique is demonstrated by the two-dimensional analyses of part of an
AGR core.

16.10: The Applicability of the Equivalent Temperature Concept for the Correlation of
Graphite Dimensional Change Behaviour in Magnox Reactor Cores
M P Metcalfe and J F B Payne (National Nuclear Laboratory)

Historically, “equivalent temperature” has been used to fit the temperature dependence of
graphite dimensional change as a function of fast neutron irradiation. This concept is
intended to allow for the effect on dimensional change of the differences in fast neutron
flux between Materials Test Reactors (MTRs) and commercial graphite moderated power
reactors. Within the UK, the concept of equivalent temperature has been adopted for the
assessment of graphite property changes in MTRs and in both Magnox and AGR nuclear
plant. However, it has been recognised that the equivalent temperature “correction” that
needs to be applied to true temperature becomes less significant at higher temperatures
and, internationally, property changes for High Temperature Reactors (HTR) are assessed
in terms of true temperature. In this paper, the justification for continuing to correlate
specifically PGA dimensional change data with equivalent temperature for the lower
temperature Magnox reactor conditions is reviewed.

16.30 Underwriting the Weight Loss Limit for Graphite in AGR Power Stations
PJ Geering (Frazer-Nash Consultancy) and PC Matthews (British Energy)

The UK operates a fleet of AGR (Advanced Gas-cooled Reactor) power stations. One of
the plant ageing mechanisms that must be addressed is radiolytic corrosion of the graphite
moderator. The action (predominantly) of gamma radiation on the carbon dioxide coolant
within the pores of the graphite produces reactive species that oxidise the graphite, causing
progressively increased weight losses. Currently, the limit on weight loss is defined by the
extent of the experimental data available on graphite material properties. However,
trepanned samples from some stations indicate that very locally the weight loss will
approach this limit within the next few years. Although there is a work programme in
place to use a materials test reactor to extend the database of graphite properties to higher
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levels of weight loss, this will not deliver data until early 2010. A number of safety and
operational issues have been identified which are affected by the extent of graphite weight
loss. These issues relate to the structural integrity of the core, the loss of moderation, the
production and consequences of debris and the mass of the core. Work is being
undertaken to determine appropriate operational weight loss limits and thereby to
underwrite continued safe operation of the reactors. This paper describes the work that has
been undertaken to determine appropriate weight loss limits for Hinkley Point B and
Hunterston B power stations. Recent work is described which has focused on the
“structural integrity” issues.

16.50: SESSION CLOSE (and bar open after 17.00)

18.00: EVENING BUFFET & WINE RECEPTION – EMCC (all delegates)

SESSION THREE - PLENARY
SESSION CHAIR – Dr Anthony J Wickham (Nuclear Technology Consultancy)

19.15: Plenary – A Look into the Past – How it all Began
Dr Derek Dominey
(Independent Consultant, formally Technical Support Director - Nuclear Electric,
Chairman of the Nuclear Safety Committee, Director of Plant Engineering (Nuclear) in
Operational Engineering Division of CEGB, Director of Resource Planning South East
Region CEGB, Scientific Services Controller South East Region CEGB, Head of Materials
Science Division at Berkeley Nuclear Lab)

The paper will recall his experience of the early days of the research which underwrote the
design and operation of the graphite moderated commercial reactors in the UK. In 1959,
he joined a team at Harwell involved in the research into the radiation induced carbon
dioxide-graphite reaction. His role was to pioneer the use of Carbon-14 which he had used
in his research at Oxford. BEPO and later DIDO were used as radiation sources. In 1966,
the research was continued at Berkeley Nuclear Laboratories using a large Co-60 source.
The graphite monitoring programme for the AGRs was developed at Berkeley Nuclear
Laboratories (BNL) during this period. His paper will describe the experimental methods
and some of the personalities involved.

20.30: SESSION CLOSE (Bar open until 11pm)
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TUESDAY 25TH NOVEMBER 2008

SESSION FOUR - PLENARY
SESSION CHAIR – Professor Brian McEnaney (University of Bath & Conference Chair)

09.00 The Unique Characteristics of PBMR
Dr Johan Slabber (PBMR [Pty] Ltd)

SESSION FIVE
Surveillance and Test Methods
SESSION CHAIR – Dr Jim Reed (British Energy)

10.00: BETA: A System for Automated Intelligent Analysis of Fuel Grab Load Trace Data
for Graphite Core Condition Monitoring
G West, SDJ McArthur (The University of Strathclyde) and D Towle (British Energy)

A key leg of the safety case required for operation of the Advanced Gas-cooled Reactor
(AGR) stations is monitoring, particularly relating to the graphite core. It is not sufficient
just to gather the monitoring data, but it must be analysed to extract the necessary
information relating to the current condition of the core. A modern condition monitoring
system permits a large volume of data to be gathered and stored, but places an increased
burden on the engineer to analyse this data. Automated intelligent analysis techniques can
support the analysis of condition monitoring data by providing a rapid, repeatable and
auditable manner of analysis based on defined statistical measures. This allows the
routine, normal, behaviour to be rapidly identified ensuring that the engineer focuses their
expertise on the more unusual events. The British Energy Trace Analysis (BETA) system
has been developed to provide automated intelligent support to the analysis of Fuel Grab
Load Trace (FGLT) data. FGLT data is routinely gathered during reactor core refuelling
and can provide some information relating to the condition of the reactor core in addition
to the inspections carried out during planned reactor outages. This paper is divided into
two main sections. The first section describes the process of developing the BETA
software from a research prototype into a support tool which is installed on the British
Energy network and accessible from anywhere in the company. The particular issues
which have been addressed include the design, implementation, verification and validation
of the software in terms of the core functionality, but also in the knowledge it contains in
order to undertake its automated assessment of new refuelling event data. The second
section of the paper describes some of the enhanced diagnostic techniques applied to the
FGLT data using machine learning techniques. The BETA system was initially designed
to detect both circumferential and axial graphite brick cracking. The latter was based
solely on a theoretical understanding of how the cracks would manifest themselves within
the FGLT data, as no recorded instances of such cracks were available. Recently,
however, a couple of examples of new crack behaviour have been identified. A discussion
of the impact of this new behaviour on the BETA software is given along with a proposed
method of automatically learning the behaviour of new previously unseen crack behaviour
within the FGLT is described. This proposed method utilises machine learning techniques
to establish whether a similar event has been seen before, or whether the data should be
used to learn a new behaviour. Finally, the implications of applying such a technique, with
particular reference to validation and verification of automated learning techniques will be
discussed.
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10.20 Volumetric Inspection of Reactor Core Graphite Using Eddy Currents
D Wood (Serco) and M Brown (British Energy)

Current video surveys of channel bores in Magnox and AGR graphite reactor cores do not
address potential concerns about subsurface cracking from the keyway slots. Development
work carried out by the CEGB and Nuclear Electric in the late 80s and early 90s
demonstrated that eddy currents could provide an inspection system capable of detecting
cracks coming from the keyway slots. Work carried out by British Energy (BE) between
1999 and 2001 has confirmed that conclusion and extended it to include the detection of
channel bore cracks. The development has continued from 2006 onwards as a
collaborative programme jointly funded by British Energy and Magnox North. Initial
development work has been carried out using virgin graphite. To provide confidence that
the technique will work on irradiated graphite, a finite element model has been developed
to predict the responses of cracks in irradiated graphite. Additionally, some work has been
carried out using low density filter graphite as a substitute for irradiated graphite. The
development has now reached the stage where BE intend to develop a “Proof of Principle”
inspection tool for in-core trials. Eddy current inspections rely on using a coil to induce
eddy currents in a conductive material. As the coil is moved over the test surface, changes
in the impedance of the coil are monitored. The standard depth of penetration of the eddy
currents into a test material is defined as the depth at which the eddy current intensity
drops to 1/e (~37%). It is a function of the test frequency, the magnetic permeability of the
material and electrical conductivity. In the case of virgin graphite a test frequency of
1100Hz gives a depth of penetration of 54mm, which is comparable with the depth of the
keyways. Recent work on test blocks has concluded that slots with 39% through-wall
penetration can be clearly detected. Some of the earlier work suggests that defects of
smaller penetration can be detected and that a capability for sizing defects might be
possible. The potential of eddy currents to measure and map graphite densities has also
been considered.

10.40: MORNING COFFEE

11.10 A Statistical Analysis of the Mechanical Properties of PGA Graphite Samples taken
from Magnox Nuclear Reactors
K McNally, E Tan, N Warren (Health and Safety Laboratory), GB Heys (HSE), and BJ
Marsden (The University of Manchester)

Key inputs for the prediction of structural integrity of reactor graphite moderator bricks are
strength and Young’s Modulus. The mechanical properties of graphite are affected by fast
neutron damage and radiolytic oxidation. Radiolytic oxidation leads to graphite weight
loss and decreases strength and modulus. Historically strength and Young’s modulus were
predicted from graphite samples exposed under Materials Testing Reactor conditions and
predictions compared with properties measured on samples trepanned from Magnox
reactor moderator bricks. Commercial Magnox reactors have a number of interstitial
channels in which are located surveillance samples of PGA graphite. These are known as
installed-sets; whilst fast neutron doses are lower than graphite moderator bricks titanium
rods enhance the energy deposited in the graphite samples resulting in enhanced radiolytic
weight loss. Recent carrier withdrawals and testing of installed-set samples has produced a
large dataset of mechanical property test results. This paper presents a statistical analysis
of installed-set and trepanned sample data from six Magnox power stations. Statistical
models for strength and Dynamic Young’s Modulus (DYM), based upon exponential
decay and threshold models, are presented, and compared for each sample type.
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11.30 Predicting AGR Graphite Brick Cracking using Physical Understanding and
Statistical Modelling
P Maul, P Robinson (Quintessa) and A Steer (British Energy)

Most bore-initiated cracks in graphite bricks cracks are caused by the creation of a defect
of critical size and shape when the graphite is subjected to high stress or strain. Our
understanding of the development of these cracks has greatly improved in recent years due
to a combination of advances in stress analysis, core monitoring and statistical modelling.
This paper summarises progress in these areas and shows how consistently good ‘blind’
predictions of crack numbers observed at core inspections have been made. Physically-
based models suggest that the peak risk of cracking occurs between 10 and 20 full power
reactor years, and there is evidence from several sources that cracking rates have reduced,
possibly to zero, at the lead stations.

11.50 Development of Dynamic Young's Modulus by Sonic Velocity Rest Setup for
Irradiated and Oxidised Graphite
O Wouters (NRG) and M Brown (British Energy)

As part of the extensive characterisation programme of the graphite specimens in the
Blackstone British Energy Materials Test Reactor project, the dynamic Young’s modulus
is determined by means of a measurement of the sonic velocity in the graphite. Since this
technique makes it possible to determine a mechanical property in a non-destructive way
on small specimens of varying geometries it is a popular test in irradiation programmes. In
the Blackstone project, application of this fairly standard technique is complicated by the
small size of the specimens, their high degree of oxidation and hence porosity and the
fragile nature of the material. This presentation will address the various difficulties that
have been encountered in setting up the technique. Extra attention will be given to the
analysis of the acoustic signal that has traversed the graphite.

12.10 An Integrated Approach for Internal Strain Measurement in Graphite
S Nakhodchi, PEJ Flewitt, DJ Smith (University of Bristol)

A measure of internal strain/stress is an important input parameter for the assessment of the
integrity of graphite moderator bricks used in the UK gas cooled reactor cores. Over the
operating life, the graphite is subjected to radiolytic oxidation and as a consequence the
porosity can alter from levels of about 20% to about 60%. Unique material properties such
as low Young’s modulus, brittleness and relatively high porosity make it difficult to
measure stress/strain within these bricks. This paper presents the results of calibration tests
undertaken on graphite containing different percentage of porosity. Two techniques have
been used, an Incremental Centre Hole Drilling and Deep Hole Drilling. The first
technique provides a measure of subsurface strain/stress and the later is performed to
obtain through thickness strain/stress measurement. Both techniques have been applied on
virgin PGA graphite and a porous filter graphite, PG25. Using known applied loads, the
deep hole drilling technique is calibrated for both materials. This demonstrates that there
is a potential to perform measurements on graphite core reactor up to 48% percentage
porosity. The application of the incremental centre hole drilling for porous graphite has
been further explained by counting the contribution of porosity and pore diameter.

12.30 LUNCH
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SESSION FIVE (Continued)
Surveillance and Test Methods
SESSION CHAIR – Dr Jim Reed (British Energy)

13.30 Mechanical and Thermal Property Measurements on AGR Core Graphite Using
Electronic Speckle Pattern Interferometry
P Ramsay & JG Gravenor (National Nuclear Laboratory)

The strength and integrity of the graphite moderator in Advanced Gas-Cooled reactors is
an important consideration for safe operation and plant life extension. Accordingly
samples of the core graphite are routinely taken for monitoring of the physical properties,
including the coefficient of thermal expansion and the elastic modulus. The experimental
techniques currently employed have various limitations and so the possibility of using
electronic speckle pattern interferometry (ESPI) has been explored for making
measurements of displacement in small specimens under changes in load or temperature.
ESPI is a high resolution technique which gives a detailed map of the full displacement
field across the specimen. Using a commercial instrument, evaluation tests have been
carried out on samples of unirradiated Gilsocarbon graphite. Measurements of the quasi-
static elastic modulus using 3-point bend tests on miniature beams have been made, which
have shown the need for careful test fixture design and beam uniformity to avoid the
effects of friction and unsymmetrical loading. The high resolution of the technique allows
the non-linear stress-strain characteristics of graphite to be studied and optimum methods
of data analysis to be developed. The coefficient of thermal expansion of reactor graphite
is currently measured in three different directions in three separate tests using dilatometers.
Initial trials using the ESPI technique offer the prospect of simultaneous measurement in
three axes and the determination of localised variations, but indicate that the furnace
performance needs further assessment for this application.

13.50 Pile Grade A Graphite – Poisson’s Ratio
M Joyce and CD Elcoate (Frazer Nash Consultancy)

Magnox graphite moderator bricks were extruded from Pile Grade A (PGA) graphite. The
extrusion process tends to align the needle like crystallites with their basal planes parallel
to the extrusion direction (along the bricks vertical axis). This alignment results in bricks
that can be assumed to have orthotropic material properties, with an isotropic plane that is
parallel to the extrusion direction. An understanding of internal stress and deformation of
core components is essential in assessing component integrity, core geometry and
consequently core safety. Poisson’s ratio is a key input to the finite element analyses
performed in support of reactor safety cases. However the evolution of this parameter with
irradiation and / or oxidation is currently uncertain, leading to uncertainty in predictions
that is typically dealt with by adopting a conservative approach. Typically Poisson’s ratio
is obtained from small sample tests either by monitoring the ratio of strains evolved during
a loading cycle or via an ultrasonic technique. However both of these are inherently
challenging in graphite due to the extremely small strains and inherently friable nature of
the material. This paper describes progress and recent developments from an on-going
programme to derive Poisson’s ratio via a novel non-contacting strain mapping approach.
The experimental methodology is presented together with indicative results, demonstrating
the technique’s applicability to both virgin nuclear graphite and a porous graphite material.
In addition, a review of existing data and numerical models, and their applicability to PGA
graphite is presented.
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14.10 Derivation of Dimensional Change Behaviour from Irradiated Brick Geometry
JFB Payne (National Nuclear Laboratory)

Dimensional change data are needed to predict the strain and stress in graphite reactor core
components, and hence, to predict the probability of failure of such components. The
stresses and strains in graphite bricks depend on gradients of dimensional change in the
brick. This causes difficulty because MTR data is typically available only for dimensional
change at particular values of fast neutron fluence and temperature. MTR data therefore
have to be fitted to some plausible dependence on temperature and fast neutron fluence,
which then has to be differentiated once or twice with respect to fluence and/or
temperature to obtain the parameters governing brick stress and strain. These
differentiations can greatly magnify errors. This paper investigates how changes in the
shape of a graphite reactor core brick may be used to deduce the gradients of perpendicular
dimensional change in the brick, in addition to gradients of parallel dimensional change. It
also shows how elastic strains can be estimated approximately from the measured axial
variation of brick radius.

14.30 Biaxial Testing: Appropriate for Mechanical Characterisation?
G Kipling, A Easton and GB Neighbour (The University of Hull)

What do we mean by mechanical characterisation? Can a material be adequately
characterised for a given situation? Material properties are often described as being
characteristic and are quoted as such irrespective of scale. However, although the testing
of materials is sometimes assumed to be a mature field, there are issues related to the
appropriateness of the test, the inherent suitability of the assumptions in determining the
material property value, and indeed inherent microstructure of the material concerned.
Quasi-brittle materials by their very character show deviation from a truly elastic material
and so challenge some of the assumptions being made. This paper will consider
polygranular graphite as an example and nuclear graphites in particular. At present, in the
nuclear industry, the prediction of when cracked graphite bricks will occur in a nuclear
core is largely based on the measurement of mechanical properties from small samples,
even though the volume of a typical brick is a factor of 104 greater than that of a typical
flexural test sample. For polygranular graphites, many models to predict the probability of
failure have been generated and these are usually related to a uniaxial value and indeed
most tests conducted determine uniaxial values. If sample size restrictions apply,
particularly for engineering ceramics, a biaxial stress geometry is sometimes used. This is
especially true if the material is used in applications that impose multi-axial stress fields
and so to some extent better resemble the engineering duty and reflect the real performance
criterion. As an illustration, this paper will also discuss the evaluation and choice of
different designs of biaxial test apparatus. Further, for the preferred biaxial testing system,
results will be presented that demonstrates the issues discussed above and shows the
complexities involved in the small-scale dependence of geometry on strength. Finally, the
paper will attempt to relate observations to models and particularly those that attempt to
describe scale.

14.50: AFTERNOON TEA
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SESSION SIX
Prediction of Component Performance
SESSION CHAIR – Professor Barry Marsden (The University of Manchester)

15.20 Characterisation and Modelling of Microstructure Heterogeneity in Nuclear
Graphite
D James, G Hall, A Jones, TJ Marrow, BJ Marsden, P Mummery and K Wen (The
University of Manchester)

Nuclear graphites can be regarded as assemblies of graphite crystals, although the different
grades are distinguished in terms of crystal sizes, orientations and porosity. These can vary
significantly between graphite grades, as well as locally within a single grade, due to the
heterogeneity of microstructure. These differences are a consequence of the raw materials
and the fabrication route for the graphite. One of the challenges of nuclear graphite design
and selection is to understand the link between the crystal properties of graphite, and the
bulk properties of the manufactured material. This paper presents new results from high-
resolution characterisation techniques (synchrotron tomography and transmission electron
microscopy), which are used to build three-dimensional finite element models of the
microstructure at an appropriate length scale. These models are used to predict
dimensional change as a function of microstructure, temperature and fast neutron
irradiation. In-situ observations in Gilsocarbon graphite, obtained by these techniques and
analysed using digital image correlation, can measure bulk dimensional change and also
provide evidence for heterogeneous thermal strains within the microstructure. These
observations provide a test for the finite model, which is to be used to assess new graphite
microstructures for resistance to irradiation damage.

15.40 The Development of a Microstructural Model to Evaluate the Irradiation-Induced
Property Changes in IG-110 Graphite using X-ray Tomography
J Sumita, T Shibata, E Kunimoto, K Sawa (JAEA), G Hall and BJ Marsden (The
University of Manchester)

Fine-grained isotropic graphite IG-110 is at present used for the core components in the
High temperature Engineering Test Reactor (HTTR) in Japan and is also used in its
unpurified form as the reflector in 10MW High Temperature Gas-cooled Reactor (HTR-
10) in China. For these reasons IG-110 is a proven graphite for the High Temperature
Gas-cooled Reactors (HTGRs) application and is one of candidates for the Generation IV
Very High Temperature Reactor (VHTR). Since the in-core graphite components in the
VHTR will be exposed to higher neutron fluence than that of the HTTR, it is important to
evaluate the irradiation-induced property changes which are strongly related to
microstructure changes due to fast neutron irradiation. In order to develop a
microstructural / property change model, the relationship between changes in the bulk
properties and the microstructure of IG-110 are being investigated. In this study, the
applicability of X-ray tomography images for the fine-grained IG-110 is investigated. It is
shown that three-dimensional images based on the high resolution X-ray tomography can
be used to describe the microstructure of IG-110 graphite. The applicability of this method
to evaluate the irradiation-induced property change is also presented.



16

16.00 Qualitative Prediction of Graphite Material Properties
M Bradford (British Energy), S Anderson and M Joyce (Frazer Nash Consultancy)

The prediction of graphite material properties is a key aspect of the structural and thermal
models used in support of reactor safety cases. Recently British Energy has developed a
revised graphite material model which aims to relate dimensional change, Young’s
modulus, strength and coefficient of thermal expansion within a single physically based
equation framework. As part of the validation process, it is necessary to evaluate the
predictive performance of this revised property model. Principally this is quantified in
terms predictive performance of newly trepanned samples which were not considered
during model formulation or tuning. In addition to assessing an individual model’s
performance, such quantitative measures provide a clear distinction in cases where
multiple candidate models exist and hence may be used to determine the most suitable
model for best-estimate predictions. In this paper, the revised model framework is
discussed, together with its application to the prediction of trepanned sample properties.
The blind prediction methodology is presented together with results showing the relative
predictive performance of the revised model compared to historical alternatives.

16.20 A Consideration of the Effect of Radiolytic Oxidation on Fracture Behaviour of
Graphite
A Hodgkins (Serco TAS), TJ Marrow (University of Manchester), PEJ Flewitt and R
Moskovic (MagnoxNorth)

In this paper, the authors provide a view on the fracture behaviour of nuclear reactor core
graphite containing porosity caused progressively by energy deposition during service.
Graphite is a heterogeneous aggregate material which contains approximately 20% of
porosity. Various grades are used for the moderator in gas cooled reactors. Failure under
tensile loading is associated with small strain and, therefore, graphite is often cited as a
classic example of a brittle material. However attempts to characterise the fracture
behaviour of graphite by linear elastic fracture mechanics methods have not been fully
successful. This is principally because, under tension, energy may be dissipated by
permanent damage caused by the formation of a distributed micro-crack damage zone.
With continued loading, the micro-cracks open to accommodate the strains. Graphite
when tested in tension often shows decreasing load carrying capacity with increasing strain
beyond the ultimate strength. This response is referred to as tension softening. Materials
with tensile characteristics that show permanent deformation prior to the peak load and
softening beyond the peak load are commonly regarded as quasi-brittle. Furthermore, a
number of different grades of graphite display rising crack growth resistance with
increasing crack length (i.e. R-curve behaviour) which may be explained by friction
bridging in the wake of the crack tip. Radiolytic oxidation which occurs under neutron
irradiation during service has the effect of increasing the proportion of porosity within the
material. As a consequence the microstructure of reactor core graphite becomes
increasingly cellular. Evidence is presented to show that as a result of this, the bulk elastic
properties are changed; the elastic strain energy storage capacity of the microstructure is
progressively reduced with radiolytic oxidation. It is proposed that this will lead to an
increase in the contribution from distributed cracking. Consideration is given to the
descriptions of fracture for cellular foam microstructures and the fracture of these
radiolytically oxidised graphite microstructures to support their behaviour as quasi-brittle.

16.40: SESSION CLOSE

18.00 Assemble EMCC entrance for departure to Belvoir Castle (last coach leaves 18.15)
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CONFERENCE DINNER

A Conference Dinner will be held on Tuesday Evening, 25th November 2008 in the Great Hall at
Belvoir Castle. Coaches leave from the EMCC at 18.15 (journey time ~1 hour). Belvoir Castle by
night is very beautiful, so if you take a stroll please remember that coaches leave at 10.30 pm
sharp!

Dress Code: Smart Casual

Upon return, buses will drop delegates at convenient locations for all recommended hotels.
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WEDNESDAY 26TH NOVEMBER 2008

SESSION SIX (CONTINUED)
Prediction of Component Performance
SESSION CHAIR – Professor Barry Marsden (The University of Manchester)

09.00: Stress Concentration Factors for Magnox Moderator Graphite
M Lamb (Serco TAS)

The objective of this study is to predict stress concentration factors (SCFs) for moderator
graphite. The approach is to relate theoretical SCF and measured (or effective) SCF using
published data. Values of SCF are available for flexural and tensile strength tests on
commercial polycrystalline graphites over the strength range 12 MPa to 94 MPa. Most of
the tests are on the materials in the unirradiated condition, but some are on irradiated ex-
reactor graphite. For all the tests, the effective SCFs (Keff) are less than the theoretical
SCFs (Kt). Notch sensitivity is used to relate theoretical and effective SCFs. Tensile test
data and flexural test data are examined separately to assess whether the factors that can
influence the notch sensitivity of other materials significantly affect the effective SCFs of
the graphites. The factors are strength (flexural or tensile), theoretical SCF and notch
radius. For both test types, notch sensitivity is not significantly affected by any of these
factors. Moreover, a statistical test (Student t) indicates that the mean values of notch
sensitivity for the two test types are not significantly different. Therefore the datasets can
be combined resulting in a mean notch sensitivity of 0.28 with a standard error on the
mean of ±0.034. The fracture surfaces of flexural test specimens have been compared for
moderator graphite in the virgin and radiolytically oxidized conditions and these
observations are used to assess the extent to which the notch sensitivity of virgin graphite
can be applied to irradiated graphite.

09.20 Investigating the Dependencies of Graphite Weight Loss Distributions on Gas
Pressure and Brick Permeability
P Rogers (Frazer-Nash Consultancy)

The method used by British Energy for the prediction of the distribution of graphite weight
loss within AGR bricks and the core involves a software tool known as FEAT-
GRAPHITE. There are potential uncertainties concerning the most appropriate boundary
conditions and input parameters to use in these calculations. Thus, investigations have
recently been carried out with a view to optimising a series of parameters, particularly
through-brick pressure drop and graphite permeability. Fuel bricks in the AGR cores
experience a pressure difference; the magnitude of which is related to the design of the top
brick in a channel. This through-brick pressure drop induces a flow of coolant through the
pores of the brick, which in turn influences the local concentrations of inhibitor species and
hence the rate of weight loss within the bricks. Since there is some uncertainty in the
magnitude of the through-brick pressure drop, parametric studies have been undertaken to
determine whether alterations can be made to the pressure boundary conditions applied to
the predictive model, in order to improve the accuracy of weight loss predictions. In a
similar way, the permeability of the material can also affect the permeable flow velocity
and concentrations of inhibitor species within the brick. There is also some uncertainty in
the variability of brick permeabilities within the core and the impact of this on weight loss
predictions. A second series of parametric investigations have therefore been carried out to
assess the potential for improved predictions of graphite weight loss by applying more
suitable permeability values. This paper presents the outcome from these investigations
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SESSION SEVEN
Plant Performance
SESSION CHAIR – Dr Anthony J Wickham (Nuclear Technology Consultancy)

10.50: British Energy Materials Test Reactor Project
M Bradford (British Energy), L Pearson (Atkins) and J Reed (British Energy)

A key issue determining the life of the Advanced Gas-cooled Reactor cores is the change
in graphite properties due to ageing in the hostile environment surrounding the graphite
bricks. This age-related degradation will, eventually, compromise the graphite core’s
safety functions. The vital question is “When will this limit be reached?” The available
database of properties does not cover the environment that the graphite in the cores is
moving into for the lead reactors. In particular, there is a dearth of data on graphite
subjected to combined radiolytic oxidation and irradiation. This data is required directly in
support of the Core Component Condition Assessment leg of the graphite core safety case,
and indirectly to develop and test the scientific models of graphite degradation. In order to
obtain representative data on graphite properties ahead of the lead reactors, British Energy
is commissioning irradiation experiments at a Materials Test Reactor (MTR) in Petten,
Netherlands. These experiments will accelerate the ageing of graphite samples, enabling
their properties to be measured, and the core safety case under-written, to allow continued
operation of the AGRs. This talk will cover the phases of these experiments, their
objectives and the status of this project today.

11.10 Continuing Development of the Quarter Scale Core Rig to Support the Safe
Performance of Graphite Reactor Cores.
A Roscow and J Skelton (AMEC Nuclear)

The ability to operate the Advanced Gas-cooled Reactors (AGRs) depends on securing
safety cases for the graphite cores. This requires ongoing research to support assessments
of the functionality of the AGRs through life. The ageing effects in an AGR graphite core
manifest themselves in a variety of ways including the distortion and ultimately the
cracking of fuel bricks. A quarter scale replica of an AGR core has been built that allows
the effect of brick cracking on the overall geometry of the core to be explored. The
problem of measuring the distortion of individual fuel bricks and the distorted channel
shapes has been addressed by using an automated machine vision system in which a
camera scans over the channels and captures images of targets fitted to all the bricks. The
images are processed using pattern recognition algorithms and the target positions
resolved. To prove the system a limited series of tests has been carried out using a
10x10x5 rectangular array. The results from the preliminary tests show good agreement
with the output from the finite element computer codes (AGRIGID).

11.30 Analysis of the Behaviour of Postulated Axial Cracks in Magnox Reactor Moderator
Bricks
CS Sigournay and LE Easterbrook (Frazer-Nash Consultancy)

As part of a programme of work supporting the structural integrity of Magnox graphite
cores, techniques to model axial cracks in irradiated graphite moderator bricks have been
developed. A cracked moderator brick would present a potential leakage path of reactor
coolant from a fuel channel to, for example, an adjacent absorber rod channel, thereby
reducing the coolant flow within the channel and lead to elevated fuel temperatures. The
worst case scenario is the separation of a brick into two “halves” which will provide the
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upper limit of coolant flow bypass. To this end, finite element analyses in FEAT (Finite
Element Analysis Toolbox) have been conducted, in order to predict behaviour of such
features in irradiated graphite bricks. A generic algorithm accounting for crack over-
closure was developed whereby after a crack has been introduced, it can then be
propagated through the model according to the stress redistribution. The likelihood of
developing a second crack has also been investigated by extending the work to include a
single through-thickness, full height axial crack. Effective stress intensity factors are
calculated from the strain energy release rate together with crack gape and “stress
enhancement factors”. It was found that these analyses may provide some argument
towards crack arrest.

11.50 The Effect of Reactor Parameters on AGR Refuelling at Hinkley Point B
CJ Wallace, G West, SDJ McArthur (University of Strathclyde), D Towle and J Reed
(British Energy)

During refuelling of Advanced Gas Cooled Reactors (AGR), measurements are taken of
the load of the fuel assembly as it enters or leaves the core. These measurements – Fuel
Grab Load Traces (FGLT) – are recorded as part of the safety case for each station,
primarily to ensure that the fuel is properly seated and secure inside the core. With the
goal of lifetime extension in mind, work has been conducted recently to implement
condition monitoring within British Energy's fleet, initially at the oldest stations as a
complement to inspection of the graphite core. One aspect of this monitoring is the use of
the FGLT data to determine the internal structure of the graphite core. As the fuel
assembly moves through the reactor core, various features (either design features or
anomalies) are visible due to increases or decreases in the measured load as the frictional
forces acting on the assembly vary. The British Energy Trace Analysis (BETA) software
system has been developed at the University of Strathclyde to automatically analyse the
FGLT data. It employs a set of rules and defined envelopes of normal behaviour to detect
anomalies in the channel structure. Currently installed on the British Energy network, this
software has been used to support analysis of the FGLT data generated for every refuelling
event. It has been proposed that the state of the reactor, in terms of pressure or
temperature, could affect the measured load, and possibly conceal or exaggerate features
within the FGLT analysed by BETA. Such effects would need to be removed before any
automated analysis could be considered reliable enough to support continued operation of
the stations. For this reason, a pilot study was conducted to investigate if a correlation
exists between the temperature and pressure of various core regions to the measured load.
Within the fuel channels in an AGR there exists a section wide enough such that the fuel
assembly is free of any constrictions. Analysis of the FGLT in this section allows the
measurement of the absolute load (i.e. free of friction), and hence the effect of pressure or
temperature on the load. Various reactor parameters were recorded and compared to the
FGLT to determine if they have an impact. It was found that there is indeed a relationship
between the Dome Differential Pressure (DDP) and the measured load, which results in a
lower measured load at higher operating pressures. Initial results are for Hinkley Point B
only, but given the positive effect discovered, further work is required to detect and
compare the strength of the effect at other stations. This paper will describe the analysis
process and results. It will then detail how this knowledge of reactor state, pressure and
temperature will be integrated with the BETA system to augment its analysis.

12.10 LUNCH



22

SESSION EIGHT
Graphite Reactor Decommissioning
SESSION CHAIR – Professor Brian McEnaney (University of Bath & Conference Chair)

13.10 Twenty-First Century Solutions to the Graphite Dismantling and Radwaste Problems
AJ Wickham (Nuclear Technology Consultancy) and D Bradbury (Bradtec Decon
Technologies)

Of the three reactors in the world from which the graphite moderator and reflector have
been entirely removed, two (GLEEP and WAGR) are in the United Kingdom and one Fort
St. Vrain) is in the USA. These valuable demonstrations that an irradiated graphite stack
can be safely removed from its original location (from within a pressure vessel in the cases
of WAGR and Fort St. Vrain) are highly significant in validating the engineering
procedures for dismantling, and have been well supported by explicit studies on matters
which have concerned the regulatory authorities, such as the potential for graphite fires and
graphite-dust explosions, where fears have been shown to be entirely unjustified.
Unfortunately, the planning and execution of suitable final disposal routes for graphite
waste is simply not in place. Setting aside the special issue of HTR fuel assemblies (as in
Fort St. Vrain), the large volumes of irradiated graphite are generally just considered as an
inconvenient amount of intermediate-level waste with specific issues about its isotopic
content, resulting (for example) in the placing of WAGR graphite blocks into temporary
storage boxes in a new building with no onward route established. There is an increasing
level of concord internationally that the process of decommissioning old reactors should be
speeded up, on socio-political grounds and because of fears of the loss of knowledge and
expertise over longer timescales. On a purely financial basis, there remains however an
argument for doing nothing, and removal of blocks from a previously intact pressure vessel
may in this latter case be regarded as a retrograde step. In very general terms, the first
scenario relates to France, Lithuania, the UK, Japan and Italy, and the second scenario to
the RBMK plants in Russia and Ukraine (and their predecessor designs and production
reactors) and also to the production reactors at Hanford in the USA. Graphite is a unique
waste form, being essentially elemental carbon, with a well-understood chemical form and
chemical/physical/mechanical properties which certainly justify its consideration as a
separate waste stream with the potential for individual treatment. Such treatment can begin
with its removal from the vessel, where mechanical dismantling may not necessarily be the
easiest or cheapest option. There then follows a potential for pre-treatments which enable
concentration and containment of isotopes which have potential for adverse effects in the
environment. Following this, there are numerous alternatives to repository burial which,
on the basis of an objective risk assessment, appear to have considerable technical merit in
addition to potentially large cost savings. All of these opportunities will be discussed in
this paper in the context of their potential for dealing with the graphite from AGRs,
Magnox reactors and the two Lithuanian RBMK reactors (French UNGG reactors will
mostly be dismantled under water, which introduces additional factors which will be
discussed briefly). Many of the principles and opportunities are also applicable to reactors
in special situations, such as the Windscale Piles.

13.30 Should Subjective Risk be taken into Account in the Design Process for Graphite
Disposal?
MA McGuire, GB Neighbour and R Price (University of Hull)

In terms of volume, irradiated graphite is by far the greatest contributor of low and
intermediate level waste, and while deep storage may be the best option for high level
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waste, other solutions may need to be found for the larger volumes of less contaminated
waste. This paper explores the relevance of the design process to potential solutions for
irradiated graphite disposal. In particular, the paper seeks to evaluate the importance of
subjective risk in the context of classical design theory in identifying appropriate solutions
that satisfy the declared functional requirements. Furthermore, this paper recognises the
different influences and constraints within the design process and suggests subjective risk
is a key factor, and presents quantitative data that allows the different attributes of
subjective risk to be incorporated into the decision process. A mathematical description is
presented which relates objective risk to subjective risk and provides a conceptual
framework for future studies. In essence, an argument is presented which suggests a
decision-making process that does not include consideration of subjective risk may result
in an inappropriate solution that does not meet with general acceptance.

13.50 UK's Irradiated Magnox Graphite - Is It Intermediate Level Waste?
AW Banford, H Eccles (National Nuclear Laboratory) and MJ Grave (Doosan Babcock)

The National Nuclear Laboratory and Doosan Babcock are two members of an
international consortium participating in the EURATOM project, CARBOWASTE. The
paper will briefly describe the CARBOWASTE project and its deliverables with reference
to the UK’s Magnox reactors and the current classification of irradiated graphite as ILW.
The rationale for this classification and the impact on a future repository will be explored.
Based on previous decommissioning experience gained from GLEEP and WAGR projects
the options for re-categorising this significant waste will be discussed.

14.10 Characterisation of Irradiated Nuclear Graphite Waste
L McDermott, AN Jones, BJ Marsden and TJ Marrow (The University of Manchester)

The UK has approximately 90,000 tonnes of irradiated graphite waste accumulated since
the 1940s from over 40 nuclear reactors. In order to make an informed decision as to how
to best deal with this waste, information on the activation and location of impurities
contained within the graphite porous structure is required. In addition possible
mechanisms may lead to the release of these isotopes must also be well understood, not
only to assess the possibility of release after disposal, but also to consider it may be
possible to “clean” the graphite using thermal or chemical treatment thus significantly
reducing the activity. The activities of isotopes contained within nuclear graphite may be
theoretically calculated from the trace elemental impurities present within virgin graphite
material and the cross sectional areas of these elements. This combined with reactor
operational conditions provides background to the isotopic inventory currently accepted.
However, other isotopes may arise from impurities entrained into the porous graphite
during reactor operation. These will also need to be accounted for. This paper presents
microstructural and radiochemical techniques used to quantify the isotopic location and
distribution within the graphite. These impurities have been characterised in terms of
location and migration using high resolution techniques such as SEM, Raman, micro X-ray
tomography and Energy Dispersive X-ray Spectroscopy.

14.30 Radioactive Gas Generation and Management in Nuclear Waste Repositories
E Kuitunen (The University of Manchester)

This paper is a first stage towards identifying factors controlling repository gas generation
and subsequent migration and attenuation of gases in the near field, with a view to
influencing future repository design. Gases are produced in radiological waste repositories
through several processes such as corrosion of metals, radiolysis, microbial degradation of
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organic wastes, decay of radium, diffusion processes and release of gases from graphite.
The bulk of the gas produced is expected to be hydrogen but some gases labelled with
radionuclides such as tritium and carbon-14 are also formed. It is therefore important to
evaluate and investigate the gas generation processes and their migration in the geosphere
in order to estimate the possible consequences. Gas generation rates vary according to
waste inventories, the availability of water, the surface areas exposed, chemical conditions,
temperature, pH and the microbial populations present. Different disposal concepts are
employed internationally to deal with repository gases and radionuclide migration. Where
groundwater flow rates are low, emphasis is placed on the ability of the host rock to retard
radionuclide transport. However, in hard rock environments, where groundwater flow may
be significant, engineered barriers play a much more important role in the near field
management of radioactive gases.

SESSION NINE
Lessons Learned & Forward Strategy – Closing Statement
SESSION CHAIR - Dr Jim Reed (British Energy)

14.50: Summary, Discussion and Way Forward

15.30: AFTERNOON TEA

16.00: END OF MEETING




