
EVALUATION OF GRAPHITE SAFETY ISSUES FOR THE
BRITISH PRODUCTION PILES AT WINDSCALE:
GRAPHITE SAMPLING IN PREPARATION FOR THE DISMANTLING
OF PILE 1 AND THE FURTHER SAFE STORAGE OF PILE 2

B.J. MARSDEN, S.D. PRESTON, A.J. WICKHAM
AEA Technology pic, Warrington, Cheshire

A. TYSON
Process and Radwaste Chemistry Department,
AEA Technology pic,
Windscale, Seascale, Cumbria

United Kingdom

Abstract

The two air-cooled graphite-moderated production piles at the UK Sellafield site (formerly Windscale) have not
operated since the late 1950s following the fire in Pile No. 1 in 1957. Although limited graphite trepanning took place
immediately following the fire (mainly in the undamaged reactor, Pile No. 2), it has been deemed necessary to obtain
new samples and extensive data to support the intended programme, which is for further "Safe Storage" of Pile 2 and
for the dismantling of Pile No. 1.

The reactors (especially Pile No. 2) contain significant Wigner energy, and elaborate precautions have been applied to
ensure that intrusive operations cannot lead to energy releases. The paper discusses the visual surveys, trepanning
procedure and the analytical data which have been obtained from the samples. There appear to be no obstacles to the
continued storage of Pile No. 2. For Pile No. I, the data will be used to support the safety case now being developed
for dismantling and will define acceptable handling, storage and disposal procedures for the graphite blocks.

1. INTRODUCTION

The Windscale Piles are early graphite-moderated air-cooled production reactors
operating at low temperature. Each consists of around 2000 tonnes of extruded blocks of AGXP
graphite stacked vertically to form a horizontal cylinder approximately 15.3 metres diameter by
7.4 metres long. There are 36 graphite blocks along the length of each channel. There are 2660
fuel channels in each Pile, arranged in groups of four at a specified channel reference around a
central experimental channel (Figure 1). The four fuel channels in each position are denoted as
TL, TR, BL, BR for Top Left, Top Right, Bottom Left and Bottom Right.

After the 1957 fire in Windscale Pile No. 1, both Piles ceased further operation. A
consequence of the low graphite temperature was the build up of Wigner energy, and periodic
anneals were undertaken. It was during one of these events that the fire occurred, although it
should be noted that it is probable that it was failed fuel and not the graphite which was the
principal source of combustion. However, the gradual "hardening" of the Wigner-energy spectrum
provided sufficient concern and uncertainty about the exact course of events in Pile 1 led to a
decision to close Pile 2 also.

As a result of the fire, the residual Wigner energy in Pile 1 is considered to be less that in
Pile 2; the several anneals which had previously taken place in each reactor also mean that the
distribution of the residual energy within the cores is not easy to predict.
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Figure 1. (a) General arrangement of fuel and experimental channels within Windscale Pile
graphite blocks, (b) Charge-face grid plan. Each square represents four fuel channels (Top
Left, Top Right, Bottom Left, and Bottom Right), and may also include one central
experimental channel.

Shortly after the close-down of the reactors, a limited graphite trepanning programme
took place, principally (but not exclusively) in Pile 2. Initially this was to justify a re-start of Pile
2. Later, it was decided on the basis of the Wigner-energy results that it was acceptable to leave
the reactors shut down and that the hazard of so doing was minimal, although the provision of
facilities to inject large quantities of water was considered prudent.

Now, some 40 years later, it has been decided that the present position is unacceptable and
that the damaged reactor must be fully decommissioned. Separately, the safety case for the
retention of Pile 2 in a "Safe Storage" mode requires extensive modernisation, including the
provision of a seismic analysis. This present paper briefly describes the activities which have taken
place in support of these programmes with respect to the graphite.
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2. REACTOR SURVEYS

The objectives of the reactor surveys of the two Piles are somewhat different, since Pile
1 is to be dismantled whilst Pile 2 is to be retained intact for up to 40 years. However, there are
common features and, in each case, a thorough survey of the state of the cores has been made.

Initially, a visual inspection of the charge and discharge faces of the reactors was
undertaken. After the shutdown, the intention had been to remove the fuel and isotope cartridges.
In fact, numerous fuel elements and isotope cartridges were found to have lodged at channel exits,
and it was necessary to retrieve these and dispose of them. The next stage was to use through-
channel (non-intrusive) viewing equipment to establish that channels were indeed empty.

In the case of Pile 1, there exists an extensive "fire-damaged zone" within the lower
central region of the core. In many channels in this area, light transmission from the charge to
discharge faces is not possible and it must be concluded that debris remains within them. It has
been speculated that there may be a void within this region, although the current view of the
authors is that, whilst graphite at high weight loss may be present, it is most likely to have retained
its basic geometrical structure despite the greatly reduced density in some regions. It is known
from small-sample oxidation experiments that extremely high weight losses can be achieved before
loss of geometrical form occurs(1).

Intrusive surveys have been conducted in selected visually-clear channels in both Piles, to
view the channels and to obtain additional radioactivity and chemical information prior to renewed
trepanning of samples for more comprehensive analysis. These surveys have been conducted
under contract by Magnox Electric pic, using specially designed equipment. The principal machine
carries forward, sideways and vertical TV cameras responding for near-infra-red LED
illumination, together with pneumatically deployed pre-weighed paper sample swabs, and
instrumentation for monitoring local radiation levels. Verification of block gap dimensions has
been made. Videotape records of the surveys have been retained.

Figures 2 and 3 illustrate the typical channel structure, showing the vertical block junctions
which embrace the fuel channels, the horizontal block junctions, and the slot feature in the base
of the channel in which the graphite fuel "boats" were located. Figure 3 shows an example of
extruded material, possibly lead, which has reached the fuel channels at a number of locations
from adjacent isotope channels either during normal operation or during Wigner-energy anneals.

No channels in the fire-damaged zone of Pile 1 have been entered. However, the present
programme does include channels above, below and to the side of this region. In those above, in
order to guard against the risk of encountering a weakened region, a lighter-weight tool
containing only a forward viewer was first deployed. The wisdom of this decision was revealed
when in one particular channel - 16/55 TR - above the centre of the fire-damaged region, an
apparent void was encountered at the block 12/13 junction (Figure 4). Reference to drawings
established that this feature, and a corresponding feature at the block 25/26 junction, represented
breakthrough into the fuel channel from a vertical shut-down-rod channel. The rod may be clearly
seen within these channels. Clearly, the vertical channel has acted as a conduit for hot gases from
the fire zone during the incident, and sufficient graphite oxidation has occurred to allow the
vertical and horizontal channels to merge. However, the transit of both the light-weight and full-
weight machines caused no additional damage. In a nearby channel - 16/60 BR - trepanning had
previously taken place shortly after the fire. The present TV survey showed that all of the old
trepanning holes were clearly defined (see Figure 5), a further indication that extensive friability
was not present.
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Figure 2. Video image of Pile 1 channel 16/60 BR. Note lateral and vertical brick Joints and
channel for fuel-element boats. Grainy patch on right-hand side of nearest block may suggest
surface oxidation of graphite, resulting from local fuel-element overheating.

Figure 3. Video image of rear of channel 23/52 TR (Pile 1) showing possibly extruded
material at rear of block 35.
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Figure 4. Cavity at block 26 channel 16/25 TR (Pile 1) observed with side viewing camera.
Convection during the fire in the vertical shut-down rod channel has conveyed hot gas
sufficient to allow oxidation of graphite through to the cool channel. The shut down rod may
be seen through the aperture.

Figure 5. 1958 trepanning hole in block 30 channel 16/60 BR (Pile 1) observed in the recent
survey.
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Figure 6. Relationship between total stored energy and thermal conductivity in Pile 2
samples. Apparent negative total stored energy results arise from an uncertainty in the total
heat of combustion of the AGXP graphite and will be corrected following the annealing of
suitable samples.

Radioactivity readings, and activity measurements on the swab samples, reflect the long
period of decay which has taken place since the last operation of the plant. Typical Pile-2 radiation
readings, sampled at many places within the core, lie in the range 2 - 4 mSv.h"1 (f3yX whilst Pile-1
results were more-variable and reached values of 18 mSv.h'1. In typical Pile-2 swab results,
gamma spectroscopy identified ^Co, 137Cs, 152Eu and 154Eu on all samples. Total a and 137Cs (from
fission-product contamination) is maximised towards the bottom and outer faces of the pile. ^Co,
the dominant y-emitter, increases along channels (Le. from front to back) .and from the bottom
and sides of the pile towards the centre, consistent with the neutron-activation profile. The
maximum a activity is approximately 0.3 Bq/swab, maximum B7Cs and ^Co activities (separately)
approximately 30 Bq/swab and maximum I52Eu activity approx. 15 Bq/swab. Although the swab
pick-up is rather variable, we estimate a typical value to be between 0.7 and 2.0 mg.

Pile 1 radioactivity readings appear much higher than Pile 2 in some regions of the Pile.
This is not entirely surprising since a fuel fire has taken place in the Pile-1 case. Local a and J3
activities two orders of magnitude higher than in Pile 2 have been found.

X-ray Fluorescence and Inductively-Coupled Plasma Mass Spectroscopy measurements
have been made on the Pile 2 swabs and the latter along with Atomic Absorption Spectroscopy
on the Pile 1 samples. The principle interest in the chemical data is the possibility of the presence
of catalysts for graphite oxidation in air, which might conceivably increase the risks associated
with dismantling operations. The principle contaminants in Pile 2 in descending order are calcium
(up to 6.5% by weight in one example), aluminium (1.5%), sodium (0.8%) and magnesium
(0.46%), apparently derived largely from concrete dust with some contribution from fuel cladding.
None of these substances is regarded as a powerful catalyst (in the manner of some transition
metals, for example) but, in the quantities present, may certainly enhance the observed reaction
rates. Typical data on this are given below. A formerly-identified "reactive zone" within the core
is thought to have arisen as a result of water-borne chemical contamination from the air ducts, and
larger concentrations of these concrete-derived contaminants and sodium were found in and
around this region.
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Direct comparison of Pile-2 with Pile-1 data is hampered by the change in analytical
method used and the different degree of systematic and random uncertainties considering the
extremely small amount of graphite present on the swab samples. Pile 1 graphite appears to
contain some higher local concentrations of calcium than Pile 2 and also more aluminium, the
latter arising presumably from the fuel fire. There is less slightly less sodium in Pile 1, but
significantly more iron. The presence of small amounts of lead on isolated samples is consistent
with the transport of lead within the core as already mentioned.

3. THE SAFETY OF GRAPHITE TREPANNING

None of the results from the visual and swab survey caused significant anxieties about the
ability to obtained trepanned samples of the graphite safely. Although it was accepted that
trepanning had previously taken place in both of the reactor cores, it was still considered
appropriate to review the proposed operation in terms of modern safety standards and it was
necessary to obtain the approval of the UK nuclear regulatory body.

The following issues were addressed prior to new trepanning:

(i) Acceptable graphite temperature in the light of the perceived propensity of the graphite
to release Wigner energy. If the uncertain history of anneals is ignored, it could be argued that a
stored-energy release could be initiated if the graphite temperature is raised more than around
50K above the original irradiation temperature. Existing data suggested the presence of graphite
capable of undergoing a self-sustaining release under these circumstances i.e. where the rate of
release of Wigner energy exceeds the specific heat capacity of the graphite at the initiating
temperature. Laboratory tests using the trepanning equipment demonstrated that the trepanning
itself using the modern equipment would raise the temperature by a few degrees at most. An
overall graphite temperature limit of 35 °C was therefore imposed, with an argon atmosphere in
the vicinity of the region being trepanned;

(ii) The propensity of the Piles graphite to undergo a dust explosion was reviewed in detail.
Pure nuclear-grade graphites are formally classified as "non-explosible"(2), in contrast to less pure
carbon materials. Indeed, graphite is commonly safely used in extreme applications such as arc
lamps and electric motor brushes. Previous studies of the potential explosibility of UK nuclear
graphites have confirmed this "official" view except in one extreme case when a powerful oxygen-
rich chemical ignition system was employed. Ref. 2 defines the criteria which must simultaneously
be satisfied before a dust explosion can occur -

a) The dust must be combustible
b) The dust must be airborne, implying a need for a turbulent gas flow
c) The particle size must be optimised for flame propagation
d) The dust concentration must fall within an explosible range (neither too high

nor too low)
e) An ignition source of sufficient energy to initiate flame propagation must be

present
f) An oxygen-rich atmosphere must be present

and, if a disruptive explosion is to occur -

g) The suspended dust must be in a confined space which inhibits the relief of the
pressure rise resulting from ignition
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It may also be noted that a French assessment of the explosibility risk in a rather more potentially
hazardous operation of incinerating spent nuclear graphite in a fluidized bed plant has also given
a favourable result(3). It is considered that the procedures adopted for the trepanning of Piles
graphite, particularly the controls on temperature and the presence of an inert atmosphere in the
vicinity of the cutting operation, effectively eliminate the explosibility risk;

(iii) The best available information about graphite oxidation rates, and graphite thermal
conductivity, measured in the early 1960s on the original samples, was re-assessed. It was
considered extremely unlikely that these parameters would give rise to any hazard although it was
accepted that there was sufficient uncertainty about the current values (i.e. following 40 years of
standing) to require the acquisition of new samples prior to any dismantling of Pile 1.

In Pile 1, it was further decided that no trepanning would take place within the zone
previously defined as the "fire-damaged region". Ultimately, when Phase 2 of the
decommissioning programme is reached and the graphite core is dismantled, a case for a closer
inspection of this region may become necessary.

4. RESULTS FROM PILE 2 TREPANNED SAMPLES

A total of 134 samples approximately 15 mm diameter by 20 mm long were recovered
from a total of 13 channels previously identified as completely free of obstructions. The associated
dust was also recovered. 11 of these channels were located along lines joining the centre of the
core to the base (vertical section) and to the right-hand side (horizontal section). One criterion
by which the channels were selected was to attempt to include regions in which Wigner energy
was likely to be maximised on the basis of irradiation dose and temperature.

The following determinations were made:

4.1 Density

The mean measured density of the samples was 1.58 g.cm"3 compared with a virgin average value
of 1.63 g.cm'3, representing -an average weight loss of 3% through radiolytic oxidation in air
during operation of the Pile.

4.2 Sample Activity

The activity of all samples was recorded before they were sectioned for other tests. Specific beta
activities were in the range 200-1100 Bq.g"1 with one isolated result of 2938 Bq.g"1.

4.3 Total Stored Energy

Bomb calorimetry tests, primarily on the dust samples, provided a heat of combustion for
comparison with a virgin value and hence the contribution of stored energy to the combustion of
the sample. No reliable virgin value for this material could be identified and, as impurity
concentrations may be quite high (as previously noted), this represents a significant potential error
in the derived total stored energy values.

As expected, the greater values of stored energy were found towards the front and base
of the pile, consistent with the most favourable combination of temperature and dose for Wigner-

220



energy accumulation. Values up to 1000 J.g"1 have been returned; it is intended to improve the
accuracy of these data by subjecting some of the trepanned material to a total anneal at 2300K
and hence to obtain a more precise value for the base heat of combustion of the AGXP graphite.

The correlation of these results with the perceived dose and temperature distributions
within the core during operation is not very successful: this is attributed to the several Wigner-
energy anneals which took place towards the end of the reactor's operating period.

4.4 Thermal Conductivity

Thermal conductivity, which is an important parameter for thermal assessment of the core
behaviour in the safe-storage safety case, is derived from thermal difrusivity measurements which
employ a laser heat-pulse technique defined by a British Standard method (BS 7134: Part 4.2,
1990).

The minimum result obtained was 2.27 W.m .̂K"1. Figure 6 shows the relationship between
total stored energy and the thermal conductivity. For other irradiated graphites a linear
relationship is found between the fractional change of thermal conductivity and total stored
energy, and this is tested in Figure 7. An unirradiated thermal conductivity value for the radial
direction in the graphite (perpendicular to extrusions) has been taken to be 109 W.rn^.K"1 for this
purpose. The data display a great deal of scatter; both parameters would be expected to be
affected by the Wigner-energy anneals which took place during operation of the reactor, but not
necessarily to the same degree. In the present context of data collection to support a safestorage
safety case, it is the absolute values of the parameters which are important rather than
relationships between them.

4.5 Rate of Release of Wigner Energy

Initial data were obtained on a differential scanning calorimeter using a heating rate of 2.5
K.min"1, but this was later increased to 10 K.miri with no significant effect upon the results.
Typical rate-of-release curves are shown in Figure 8. Nearly all specimens show a large peak in
stored energy release at around 200 °C, especially in those samples taken towards the edges of
the pile. No significant release was observed in any sample below 100°C. Comparison with the
limited data available from the 1950s suggests that little self-annealing has taken place in the
intervening 40 years. Again, the effects of partial anneals during pile operation have confused the
interpretation of the results in terms of the temperature and dose profiles assumed for the pile.

4.6 Thermal Oxidation Rate

Measurements to date have been made at 673K using a gas-chromatograph to determine
the off gases during oxidation in air, with the results then confirmed gravimetrically. Additional
tests have been performed at a range of temperatures in order to obtain an activation energy.
Generally, all results are in the range expected for this intrinsically reactive material. There was
a high variability, which correlates with different concentrations of potential catalysts. The
majority of oxidation-rate results fell within the range 30-700 ug.g'Vh"1, with a few isolated results
reaching a maximum of 9450 ug.g .̂h"1. These high values, interestingly, lie some way outside the
previously-defined "reactive zone", but nowhere match the high results previously obtained within
it.
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Figure 7. Test of linear relationship between fractional change in thermal conductivity and
the total stored, energy in Pile. 2 graphite samples.
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Figure 8. Typical curves for rate of release of stored energy for a number of blocks in Pile 2
channel 33/57 TR. Note that five out of six curves exceed the specific heat capacity of the
graphite and thus that a spontaneous energy release is theoretically possible.

4.7 Summary of Pile 2 Graphite Data

In no case has any result been obtained which alters the previous perception of the status
of Pile 2. This is extremely encouraging since it is considered that it will be relatively simple to
prepare a safety case to modern requirements which will justify the continued safe storage of this
reactor core without the imposition of special conditions. The experience gained from the
dismantling of Pile 1 (where the potential problems associated with Wigner energy are less than
in Pile 2) will ultimately be employed in the disposal of this reactor.
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5. PILE 1 TREPANNED SAMPLES

Trepanning of samples from Pile 1 is now in progress, although it has been severely
delayed by mechanical problems associated with the reactor charge hoist which gives access to
the channels. Measurements of thermal conductivity, stored energy and stored-energy release rate,
and thermal-oxidation rate are expected to commence in mid-September 1997. An analysis of the
implication of these data for the dismantling of Pile 1 will therefore be published later.
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