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SUMMARY 

The Windscale AGR has operated since January 1963 at a cumulative load factor of 
nearly 70% during which time the peak irradiation damage dose has built up to 
more than 5 x 10 n/cm2 (equivalent DIDO nickel), well beyond its original 
design life. This paper recounts the findings of monitoring measurements on the 
moderator at high exposure levels with regard to radiolytic oxidation and various 
aspects of dimensional change behaviour. 

It is shown that the measured dimensional changes are in good agreement with 
predictions based on small specimens irradiated in MTR's, thus confirming the 
absence of any size effect and adding confidence to predictive methods. However, 
recent measurements of channel straightness show that the observed distortions 
are only about 10% of the maximum predictions, perhaps due to localised creep at 
the brick ends creating flats which impart some stability to the columns of 
moderator bricks. 

The magnitude of radiolytic oxidation determined by trepanning specimens from 
the core in 1976 was found to be only about 5%, whereas it was thought possible 
that peak weight losses would conceivably be as high as 11% due to the depleted 
concentration of methane inhibitor reaching the brick interior by diffusion 
processes. It has subsequently been shown by calculation that this result is 
consistent with the existence of radial pressure drops across the moderator 
brick walls giving greater penetration of methane inhibitor. 

1. INTRODUCTION 

The Windscale AGR has operated since January 1963 at a cumulative load factor of 
nearly 70% during which time the peak irradiation damage dose to the permanent 
moderator has built up to more than 5 x 10^1 n/cm2 (equivalent DIDO nickel), 
well beyond its original design life. The moderator bricks are made of Pile 
Grade 'A' (PGA) from which the British Magnox reactor cores were constructed, 
and this material was expected to shrink about 1% in diameter and about 2.3% in 
length at this irradiation dose. Some bowing of the bricks was also anticipated 
as a result of transverse damage flux gradients. A further consideration is 
that graphite suffers radiolytic oxidation in a carbon dioxide environment and 
it was thought possible that the highest rate of weight loss would be about 1% 
per year. 

Although these effects of irradiation do not cause serious problems in the 21 
Windscale AGR, they assume greater importance in the Civil AGRs because the 
integrated lifetime dose in the latter is significantly higher. In particular 
it was important to have confirmation that the calculational routes used to 
predict the dimensional change behaviour and radiolytic weight losses in CAGR's 
were reliable. Furthermore, it was necessary to know if small specimen data 
could be used to predict the dimensional change behaviour of large bricks or 
whether there was a 'size effect' as has been suggested by some workers. 

It proved possible to obtain the relevant data from the Windscale AGR by making 
periodic measurements of the state of the moderator bricks during periods of 
shutdown for statutory inspection and maintenance. This paper reports the 
results of these measurements and shows how the observed dimensional change 
behaviour and radiolytic weight losses compare with predictions. 

2. DESCRIPTION OF THE MODERATOR 

The moderator is a cylindrical structure having an overall diameter of 5.6 m and 
an overall height of 5.5 m penetrated by 253 channels spaced on a 27 cm equilateral 
triangular lattice. Six of the channels contain experimental loops whilst the 
remaining channels which are 13 cm in diameter contain fuel, control rods or 
monitoring stringers. The top and bottom reflectors are each 0.6 m thick and 
the side reflector thickness is 0.45 m. 

The active core consists of 253 columns of rectangular bricks, each column 
containing one channel and being_7 bricks high. Grooves are machined in the 
vertical faces of the bricks to form passages between the brick columns down 
which about 50% of the circuit gas flow is directed to remove the ~ 8% of fission 
heat which appears in the moderator. After passing through the moderator this 
gas mixes with the rest of the coolant which bypasses the core before flowing up 
the fuel channels. This feature maintains the graphite moderator within the 
relative narrow temperature range 300 to 450°C. 

The structure is held together at the periphery by a series of circumferential 
elastic restraint bands, and it is supported on a diagrid over which a layer of 
abutting steel plates is laid. There is no side clearance between adjacent 
moderator columns, and the bricks in each column are located one above the other 
by spigot rings which are close-fitting in counter-bores machined in the top and 
bottom of each brick. The spigot rings are smaller in bore diameter than the 
main moderator bricks, but they are scalloped out to allow coolant gas to flow 
down the small annulus formed by the channel bore and the outer surface of the 
fuel element sleeves. Typical details of the moderator bricks and spigot rings 
are shown in Fig 1. 

3. DAMAGE DOSES 

In order to correlate data from several irradiation facilities, and to apply 
these data to the design of power reactors having a variety of geometrical 
lattice arrangements, it is convenient to convert all graphite damage doses to a 
common standard(l). The standard adopted in the UK is the dose measured by the 
3 8 K i (n,p) 5 8 C o reaction in a hollow fuel element in the DIDO Materials Testing 
Reactor. This dose is known as equivalent DIDO nickel (EDN) and has the units 
n/cm2 . 



The equivalent DIDO nickel dose is assumed to be proportional to the fuel irradia
tion burnup, B MWD/TeU, the cross-sectional area of the fuel in each channel 
A cm 2, the mass of uranium per unit volume of fuel rod material, p gm/cm3, and 
the damage function, D, which is a measure of the degree of moderation of fast 
neutrons by the intervening graphite between the chosen position and the surrounding 
fuel rods. 

D = 1. — * . (1) l r. rig l ° 

where r. is the distance from the chosen position to the i fuel channel, and 
iS>rig is the relative damage at a distance r-jp through the graphite between the 
chosen position and the i1-" fuel channel. P is the relative burnup in the 
i c" fuel channel compared to a value of unity for a reference channel in which 
the burnup is B MVD/TeU. 

Thus, equivalent DIDO nickel dose, n/cm2 

= 6.22 x 1 0 1 4 B . A . p u . D (2) 

The Windscale AGR is an experimental reactor and has therefore contained a wide 
variety of fuel element types having different geometries during its long history. 
It was therefore necessary to normalise the burnup in each channel to a common 
fuel element type, the one selected being the MK V fuel element which is the one 
most commonly used in the reactor. 

Equation 2 assumes that each fuel rod is an infinite line source of constant 
rating or burnup, whereas in practice there are significant gaps between the 
ends of axially adjacent fuel rods. Thus, whilst it was considered reasonably 
accurate to predict the worst diametral dimensional changes on the basis of 
damage doses calculated from equation 2, it was decided that it was more appro
priate to predict overall brick length changes by using damage doses which 
assume that, the fuel is 'smeared out' over the whole fuel element length. This 
has the effect of reducing the damage doses by about 18%. 

From records kept of the loadings and discharges from each fuel channel it is 
possible to determine the equivalent Mk V fuel burnup in each channel at any 
given time. A typical example is shown in Fig 2 which shows the relative equivalent 
Mk V burnup for each core channel relative to channel 2244 which was chosen as 
the reference channel for the 7 year period up to the end of January 1970. 
These are the values of P in equation 1 which are used to determine the damage 
function values throughout the core for the purpose of estimating diametral 
dimensional changes. A slightly different distribution of burnups is used to 
calculate damage doses for estimating overall brick length changes because the 
various fuel element types in the reactor contain different lengths of fuel. 

The axial variation in damage dose was assumed to be directly proportional to 
the axial power distribution in the fuel channels. The latter is shown in Fig 3 
and is normalised to unity at the peak-rated position in the channel. 

4. EQUIVALENT TEMPERATURES 22 
If two graphite specimens are irradiated to the same equivalent DIDO nickel dose 
but at different dose rates, the total irradiation damage produced will not be 
the same. This is because there is less time in the high flux irradiation for 
annealing, and hence there is less opportunity for defects to be removed. If, 
however, the temperature of the specimen subjected to the high flux irradiation 
is raised so as to raise the annealing rate equally, the sequence of events is 
unchanged but is passed through more quickly, the nett effect being to produce 
equal amounts of irradiation damage in both specimens. 

In order, therefore, to correlate high flux rig data to the medium flux power 
reactors, it is convenient to establish a standard dose rate and to evaluate an 
equivalent temperature at which the graphite must be irradiated at the standard 
dose rate to produce the same irradiation damage for a given irradiation dose(2). 
The standard facility chosen in the UK is the DIDO hollow fuel element in which 
the equivalent DIDO nickel dose rate (ie as measured by the 5 8 N i (n,p) 5 8Co 
reaction) is 4 x 10 n/cm2/sec. The equivalent temperature is calculated from 
the equation: 

61 62 E 4 (3) 
where: 8 is the temperature of the irradiation carried out at dose rate 

<)>.. n/cm2/sec 
6„ is the DIDO equivalent temperature corresponding to the standard dose 
rate §2 in DIDO of 4 x 10 n/cm2 EDN. 
K is Boltzmann's constant 
E is the activation energy, usually taken as 1.2 eV. 

5. DIMENSIONAL CHANGE DATA 

The dimensional change data for PGA graphite obtained from small specimens 
irradiated in the DIDO reactor at temperatures of 250, 300, 350, 450 and 650°C 
are shown plotted as a function of DIDO nickel dose in Figs 4 and 5(3). The 
moderator bricks and spigot rings in the Windscale AGR have their extrusion axes 
placed vertically in the core, and so Fig 4 represents diameter changes whilst 
Fig 5 represents length changes. The distribution of operating temperature and 
dose rate is such that the equivalent DIDO temperature distribution is relatively 
uniform along the core height and lies broadly within the range 400 to 420°C. 

6. BRICK LENGTH AND DIAMETER CHANGES 

Four channels were selected for measuring brick length and diameter changes 
after the reactor had been operating about 7 years, and the results were then 
subjected to detailed analysis. Two of these channels, 1844 and 1848, were 
measured in June 1969 at which time their peak EDN doses were 15.2 x 10^0 n/cm2 

and 16.4 x 10 " n/cm2, respectively. Of the remaining two, channel 2046 was 
measured in April 1970 at a peak EDN dose of 20.85 x 10 2 0 n/cm2, whilst channel 
2244 was measured in May 1970 at a peak EDN dose of 21.6 x 1020 n/cm2. 

Fig 6 is a schematic arrangement of the optical system used for brick length 
measurement. Lengths are measured by using a television camera in the channel 
to sight the ends of bricks against a scale incorporated in the instrument head. 



Identical optical paths are achieved by doubly reflecting the upper beam. The 
television monitor screen displays two adjacent images which show the relative 
position of the joints between brick and spigot ring at opposite ends of each 
brick against a graduated scale. Camera and head are cooled by carbon dioxide 
flow through the instrument, and temperature is measured at tv.'o positions in the 
head. 

The equipment for measuring brick diameter is shown in Fig 7. It consists of 
eight pairs of radial gauge bars which are pressed in tarn against the channel 
wall by a vertically operated measuring bar whose position is transmitted to the 
control panel by a transducer. 

The results of these measurements, corrected to a temperature of 20°C, are 
summarised in Figs 8, 9, 10 and 11. Also shown are the predicted values through 
which smooth curves have been drawn. The error band on the measured values 
indicates the tolerance limits to which the bricks were originally machined. 

The main observations of this comparison are that: 

a. The measured diameter changes generally show good agreement with the 
predicted values at all of the axial positions examined. Only one prediction 
in a total of 40 lies significantly outside the measurement error band. 

b. The agreement between measured and predicted length changes is not 
quite as good, but the measurement technique is known to be rather less 
accurate than that used for obtaining diameter changes -

7. SPIGOT RING DIAMETER CHANGES 

The nominal diametral clearance between the spigot ring bore and the outer 
diameter of the fuel element sleeves is only about 2.5 mm in the new hot condition, 
and it soon became clear that shrinkage of the spigot rings vould eventually 
reduce this clearance to an unacceptable level. Too small a clearance could 
make it difficult to load and discharge fuel stringers, and might even result in 
the spigot rings disturbing the fuel stringers during normal operation. It was 
therefore decided to monitor the shrinkage behaviour by making periodic measurements 
of spigot ring diameter. 

The measurement technique adopted was very simple and involved lowering a weighted 
plug gauge through the channel until it reached the arrester mechanism at the 
bottom of the channel. Each spigot ring was checked on a 'go'/'no go' basis 
with plate gauges sized in 0.25 mm steps over the range 13 cm to 12.75 cm. The 
gauges were so shaped that by rotating them through 45° it was possible to pass 
an over-sized gauge through a small spigot ring so as to enable the larger ring 
below to be measured. 

A limited number of measurements carried out in 1972 soon confirmed that the 
maximum predicted rate of shrinkage would be about 0.13 mm per year on diameter. 
It was therefore decided to initiate a programme of machining operations at 
successive annual maintenance shutdowns, commencing in 1974, the purpose of 
which was to open up the bore of the spigot rings to the original diameter. A 
total of 48 channels were successfully machined in 1974 by a simple broaching 
operation prior to which most of the six spigot rings in each channel had their 
diameters measured by plug gauges. Further machining and measuring operations 
were carried out in 1976, 1977 and 1978. 

The sum totsl of spigot rings measured was 947, and the results are plotted as 23 
percentage dimensional change against equivalent DIDO nickel dose in Figs 12, 
13, 14, 15 and 16. The results appear in discrete bands because each one represents 
the maximum gauge size which would pass through the spigot ring, there being 
seven gauge sizes in all. Calculated mean curves through the data points are 
shown, and the shrinkage curves obtained on small specimens at 350°C DIDO and 
450°C DIDO have been added for comparison. The majority of spigot rings are 
believed to operate substantially within the equivalent DIDO temperature range 
400 to 420°C. 

The mean curves generally show good agreement with the 450°C DIDO curve whereas 
they might have been expected to lie somewhere above it. However, in the absence 
of 400°C DIDO data, it may be unreasonable to anticipate linear interpolation 
between the 350°C and 450°C DIDO curves. The scatter is also larger than expected, 
but the following points should be noted: 

a. There is an uncertainty in each measurement of ± 0.2%, due to machining 
tolerances (± 0.1%) and the gauging method used (± 0.1%). 

b. Some spigot rings are closer than others to the gaps between axially 
adjacent fuel pins giving rise to probable errors in the estimated damage 
doses. 

c. Graphite variability could cause some spigot rings to shrink up to 30% 
more or 30% less than the average. 

In view of the above, the agreement between the observed results and those 
predicted from average small specimen data is quite good. 

8. AXIAL SHRINKAGE OF THE CORE 

During 1978, consideration was being given to the possibility of continuing to 
operate the Windscale AGR until 1985, and as a precautionary measure a limited 
number of measurements was made in order to confirm dimensional change predictions 
in the core. One area of possible concern which had been identified was the 
piston ring seal below the hotbox which could become disengaged if axial shrinkage 
of the core became excessive. The arrangement of the seal is shown in Fig 17 
from which it may be.seen that axial shrinkage of the core increases the dimension 
between positions A and B which is amenable to measurement. 

Four channels were measured in November 1978 using a plumb bob, mirror and 
Taylor Hobson telescope to determine the difference in depth below pile cap of 
the positions A and B in Fig 17. The column shrinkage in each channel was then 
calculated using the method described earlier for comparison with the measured 
values. 

The results are summarised in Table 1 from which it may be seen that with the 
exception of channel 0149, where the axial shrinkage is significantly over
estimated, the agreement between measurement and prediction is good. There is 
some scatter in the measured results, as expected, but the average for the four 
channels agrees almost exactly with prediction. The large over-prediction of 
shrinkage in channel 0149 is probably due to the difficulty of calculating 
damage doses at the core/reflector boundary. 



9. CHANNEL DISTORTIONS 

Another area of possible concern which had been identified was the distortion 
from straightness of the fuel channels which could cause similar problems with 
the fuel to those caused by excessive shrinkage of the spigot rings. The design 
of the core is such that after the active core columns have experienced only a 
small amount of diametral shrinkage, the side reflector becomes a solid ring of 
bricks because of its 'solid arch' construction held together by elastic garter 
restraints. Once this shrinkage is exceeded, the columns of bricks become loose 
and sideways displacement.can occur. The brick columns are less stable following 
irradiation because they become bowed under the influence of transverse damage 
flux gradients. 

It is possible to calculate the maximum extent to which the fuel channels can 
distort by consideration of the inter-column clearances created by shrinkage and 
the wedge-shaped gaps that are developed at the brick ends. If the columns were 
completely free-standing the most they could bow would be if all the wedge-shaped 
gaps in the active core were fully closed. However, the inter-column clearances 
are too small to allow most of the columns to take up their maximum free-standing 
displacements, and when this happens the columns become unstable. The magnitude 
and direction of channel distortion is thus difficult to predict. 

In order to find out whether the Windscale AGR channels were distorting to the 
full amount permitted by such considerations, calculations were carried out in 
an attempt to predict the worst conceivable channel distortions along a radial 
line of channels in the active core. This covered nine channels in row 49 
extending from peripheral channel 0149 to centre channel 1749. Three of these 
channels were then measured in November 1978 to check the predictions. 

Figs 18 and 19 summarise the results of the calculations, and show two possible 
configurations for the distorted channels at November 1978. The dotted lines 
show the positions the columns would take up if they were completely free-standing, 
whilst the full lines indicate the maximum possible displacements dictated by 
inter-column clearances and/or closure of wedge-shaped gaps. The columns nearest 
to the reflector in Fig 18 are unstable, and Fig 19 shows what happens if they 
are moved to a more stable position to the right. 

The measurements were carried out in channels 0149, 0749 and 1549. An illuminated 
target, mounted on a pneumatically operated centralising carrier, was lowered 
down the empty channels and positioned at six selected axial positions in the 
channel. The telescope was mounted centrally on top of the channel standpipe, 
and readings of the relative position of target and telescope were taken at each 
level. 

The results, normalised to zero displacement at top of brick numbers 1 and 6, 
are summarised in Table 2. It may be seen from Table 3 that the measured distor
tions are only about 10% of the worst predicted values. A possible explanation 
for this result is that the presence of fuel stringers during reactor operation 
may provide a stabilising effect on the moderator bricks and thus prevent distortion 
of the columns. This would give rise to additional compressive stress on the 
contact areas of vertically adjacent bricks causing localised creep, thus creating 
flats which then impart some stability to the columns of moderator bricks. 

10. RADI0LYTIC CORROSION 24 
Carbon dioxide is decomposed by fast neutron and gamma radiation to form carbon 
monoxide and an active oxidising species which reacts with the graphite(4). 
Graphite is a porous material, and the corrosion takes place predominantly 
within the pores rather than at exposed surfaces, and proceeds at a rate which 
is proportional to the mass of gas within the pores and the radiation flux, but 
is substantially independent of temperature within the range of practical interest. 
The rate of reaction can be reduced by maintaining fairly modest concentrations 
of carbon dioxide and methane in the coolant gas. 

The Windscale AGR has seen a wide variety of coolant gas compositions during its 
operating history dictated largely by the needs of an experimental programme. 
It was therefore of interest to know whether predictions of moderator weight 
loss made on the basis of data obtained on small specimens irradiated in Materials 
Testing Reactors would be borne out by direct measurements in an operating 
reactor. 

A reasonably good estimate of weight loss may be obtained by measuring the bulk 
densities of graphite specimens trepanned from the moderator. An unequivocal 
answer is not possible because bulk density measurements were not carried out on 
the moderator bricks before they were placed in the reactor. However, the bulk 
density of a wide range of unirradiated PGA graphite specimens had been measured, 
and these were found to lie within the range 1.67 to 1.73 g/cm3 with a mean 
value of 1.70 g/cm3. Taking these values as a base line, it was possible to 
estimate the moderator weight loss from the bulk density values obtained from 
trepanned specimens. 

The results of measurements carried out in 1968, 1971 and 1976 are summarised in 
Fig 20, and these relate to the density changes observed at the position of peak 
weight loss in each channel. It may be seen that by 1976 the peak weight loss 
was apparently only 2 to 3%. Note, however, that it is necessary to correct 
these results for densification due to irradiation-induced shrinkage, increasing 
the measured peak weight loss at 1976 to between 4.7 and 5.7%. 

The rate of moderator corrosion falls markedly with increase in methane concentra
tion, and thus a low rate of corrosion can only be achieved if the methane 
concentration is substantially uniform throughout the brick section. However, 
methane is destroyed by radiolysis and this can result in methane depletion at 
the brick interior if methane replenishment is by diffusion processes alone. On 
the other hand, if there is a substantial pressure drop across the moderator 
brick walls, the resultant permeable flow will ensure an adequate supply of 
methane to all parts of the brick. These two conditions are usually referred to 
as unventilated and ventilated conditions, respectively. 

Predicted weight loss curves for ventilated and unventilated conditions are 
shown in Fig 20, from which it would appear that the measured weight loss results 
are consistent with the assumption that the Windscale AGR moderator bricks 
operate under ventilated conditions. This was supported by the fact that the 
trepanned specimens had a substantially uniform density which would not have 
been the case for corrosion under unventilated conditions. Subsequent calcula
tions have confirmed the existence of radial pressure drops of the order of 
7 x 10 MPa across the moderator bricks which would be large enough to account 
for these observations. 



11. CONCLUSIONS 

When allowance is made for possible measurement errors, the tolerance limits to 
which the core components were originally machined and the inherent scatter in 
graphite behaviour, the predicted dimensional changes in the Windscale AGR core 
show good agreement with measurements taken during shutdown periods. There is 
thus no evidence for a 'size effect' as has been suggested by some workersj and 
it therefore appears possible to use small specimen data directly when predicting 
the dimensional change behaviour of large bricks. 

A limited number of channel straightness measurements has indicated that the 
channel distortions are only about 10% of the maximum predictions. This is 
thought to be due to the stabilising presence of the fuel stringers resulting in 
localised creep at the brick ends creating flats which then impart some stability 
to the columns of moderator bricks. 

The results from density determinations on specimens trepanned from the moderator 
bricks give derived radiolytic weight losses which are consistent with predictions 
based on the assumption that the Windscale AGR moderator bricks operate under 
ventilated conditions. These indicated measured peak weight losses in the 
region of 5% in 1976 as compared to an estimate of 11% assuming that the bricks 
are unventilated. 
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Table 1 Comparison of Predicted and Measured Axial 
Column Shrinkage at end of November 1978 

Channel 
Peak Equivalent 
DIDO Nickel 

Dose 
10 2 0 n/cm2 

Gap A-B cm Axial Column 
Shrinkage cm Channel 

Peak Equivalent 
DIDO Nickel 

Dose 
10 2 0 n/cm2 Predicted Measured Predicted Measured 

0149 
0749 
1549 
2749 

13.9 
34.4 
18.4 
21.8 

8.38 
11.20 
8.97 
9.42 

7.32 
10.49 
10.16 
9.85 

1.55 
4.37 
2.14 
2.59 

0.49 
3.66 
3.33 
3.02 

Table 2 Measured Channel Distortions at end of November 1978 
Relative to a Line Joining Channel Centres at 

Top of Bricks 1 and 6 

Top of Brick 
No. 

Measured Distortions cm 
Top of Brick 

No. 0149 0749 1549 Top of Brick 
No. 

East South East South East South 

6 
5 
4 
3 
2 
1 

0 
0.058 
0.056 
0.074 
0.089 
0 

0 
-0.013 
-0.043 
-0.061 
-0.046 

0 

0 
0.036 
0.099 
0.140 
0.104 
0 

0 
-0.028 
-0.084 
-0.084 
-0.038 

0 

0 
0.041 
0.124 
0.122 
0.084 
0 

0 
0.023 
0.010 
0.015 
0.018 
0 

Table 3 Comparison of Maximum Predicted and Measured 
Channel Distortions to end of November 1978 

Channel 

Distortion, cm 

Channel 
Maximum Predicted Measured 

Channel 
Free Standing After Interaction 

(If Stable) 
After Interaction 
(If Unstable) 

0149 
0749 
1549 

2.537 
-1.158 
-1.321 

.041 
-1.021 
-1.321 

-1.595 
-1.021 
-1.321 

-0.074 
-0.140 
-0.122 



01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 31 33 

02 04 06 08 10 

.47 

12 14 15 

.51 .45 .67 .43 .79 .43 

20 22 24 

0 -69 .69 -741.76 .55 .55 
52 .57 .70 .82 0 .85.89 

26 

24 .66 J 0 .67 

28 30 

•36[-64|.67| 0 |.85|.35| 0 | .7S|.43 |.46|.74 |.65 fJÔ 

32 

5 8 -
5 7 -
5 6 -
5 5 -
5 4 -
5 3 -
5 2 p i7| .73[ .85| 0 |-80 |.79|-84|.86|.94|.93 |.80 | 0 [ 0 [.2 6j.55j.50 
5 1 — l A 6 | - 6 2 l ° I-82J.87 | 0 |.50| 0 |.86|.28|.75[ 0 j .75 |.92 j.77|.62 | .51 | 
50 — | 0 |.80|.81|.B5|.88|.88J.62|.78J.79|.65|.76|.78|.7 6|.39|.26|.62J 
49—1-501.71 [.65 [.90[ 0 [.16 |-S5| .12 | 0 |.19| 0 |.8S|.92 |.21 | 0 j.76 l-5s[ 

47|.58|.57|.90|.28|.89|.70[.88[.39[.83|.26| 0 [-59 |.51 
40|.74|.80|.97J.29|.83| 0 | 0 |.89J 0 |.61 [.82J.79 j.61 (-SO 

4 8—-|59|.27|.83|.94|.76| l .04|.73|.83|.90|.84[.78|.79|.73[.86[.84|.46 i 

4 7 — [.481.671 0 |.90|.81j 0 |.81 | 0 [.84 |.52|.81 | 0 \.t. 0 |.S7 [ .76 ).6S |.S0 
j.36 I.S9 I-8SI 0 1.771.711 0 l.99|.58|.98 1.91 |.70| 0 I.38 I.65 j-5VI ~ 4 6" _ ^ I _ _ r _ _ _ _ _ T _ _ r _ _ _ _ T _ 

i 5 -|.60[-71 [.78|.80|.80|.88|.92| 0 }.98J 0 |.78|.86|.91 [.71 [.52 [ 
44 - | .57| .62[ .77| .26| 0 [ 0 1-81 [.74 [.77 |1CGJ.89| 0 |.43[.59| 
43 -|.49|.14 ] -S 2 [ 0 |,82|-7S| 0 [.75 [.aSjT771.2 61.73 [.5S| 
42 —[.68|.72[.80|.76[.60[.29[.90| 0 |.25[.81 |.41 |.54 j 
4 ! ' —1-52 |.53[.56|.72 |.43 [.7S J.69J.69 |.3S| 

4 0 • -|.50[.44|.S4|.56|.50|.30| 

26 

IP 

> 

FIG.2 RELATIVE NON-AXIALLY SMEARED EQUIVALENT Mk 5 
BURNUPS OF W.A.G.R. CORE CHANNELS AT JAN 1 9 7 0 

(REF CHANNEL 22 UU ) 
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FIG. 4 SCHEMATIC DIAGRAM SHOWING LENGTH MEASURING 
EQUIPMENT AND MEASUREMgNT POSITIONS. 
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