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Since this report was written the results of the graphite damage
calibration experiment carried out in the High Flux Reactor (H.F.R.) Petten
have shown that the previously assumed nickel dose equivalence between H.F.R.
and Dragon was incorrect and that the correct relationship is as followss

20 20

102 om™2 Wi dose Dragon = 1.7 x 10°™n cm™2 Ni dose H.F.R. Petten =

1.7 = 10%% n en™® Ni dose Dido
Dragon Ni doses are used in the report.

In the report, graphite specimen temperatures in Dragon have been derived
from the shrinkage bebavicur of Pechiney G5 graphite (Ref. No.60) which has
been well characterised at 600, 900 and 1200 C in H.F.R. Petten. An
alteration in the Ni dose equivalence therefore has the consequence of
altering the axial temperature profile derived for Dragon fuel spines. For
example, the curve shown in Fig.8, Part I must be reduced by 100°C on this
account, and this correction arplies to all Dragon spine graphite temperatures
guoted in both Parts I and II of the report. It is to be noted that this
correction brings the derived curve (Fig.:6 Part I) into much better agresment
with the thermocouple readings.
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DIMENSIONAL CHANGES OF GRAPHITE SPECIMENS

IRRADIATED IN DRAGON FUEL ELEMENT 700

FART I

Ly

M. R. EVERETT

D. LAMB

ABSTRACT

Fuel element 700 was the first of the four elements in the First
Metallurgical Series to be removed from the Dragon core, having received
a fast neutron doss of ~3 x 10 0 n om-z. The changes in physicsl properties
of the graphite specimens, contained in the spines of this element, werse

measured and correlated with the available and derived data on temperature
and neutron dose,
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DIMENSIONAL CHANGES OF GRAPHITE SPECIMENS
IRRADIATED IN DRAGON FUEL ELEMENT 700
PART 1
by
M. R. EVERETT
D. LAMB

INTRODUCTION

The objective of the Dragon graphite irradiation programme is to study
the behaviour of a wide range of graphites, when irradiated under conditions
existing in an HTGCR. This requires that the graphites should be tested ur
temperatures ranging from 600°C to 1400°C whilst being subject to neutron
doses of up to 3 x 102 nvt (Dido Fi doses.

Work on a range of graphites, either of direct interest to the Dragon
experiment or to a proposed power reactor, is being carried out, by
Blackstons [1] in the HFR at Petten. Specimens in these experiments have
received doses of up to 5 x 1021 n on~2,

Some graphites have been irradiated in the Dragon Reactor in the two
uprated elements, which were in the core for a fifty day period during the
10 MY run (November, 1965 to January, 1966). The pre-irradiation details of
these two elemenis have been desoribed by Voice [2, 3] and the irradiation
results have been ammalysed by Graham [4].

This report gives details relevant to the graphite specimens irradiated
in the first element (No. 700) of the '"Metallurgical Series", which was
irradiated from May to August, 1966 under 20 MW conditions and received a
fast neutron dose of approximately 3 x 1020 nvt (Ni dose Dragon). The
remaining seven elements of the '"Metallurgical Series", will be removed from
the core at intervals such that each will be subjected to an inoreasingly
higher dose.

Further examination of the results, an s more theoretical basis, is being
ocarried out [5] in a separate series of reports.

Graphites very rarely have bulk physical properties whioh are perfectly
isotropic, because, during the manufacturing process, the graphite crystals
tend to take up some degree of preferred orientation, depending on the
material used and the mode of formation, whether "extruded” cr "pressed“. If
the graphite is "extruded", it will be found that a major proportion of the
orystallites are aligned in such a way that the basal planes are parallel to
the direotion of extrusion. Consequently this is often called the 'parallel"
direction (i.e., this is the major direction of alignment of the orystallites).
There are two perpendioular (1) directions in an extruded graphite, both of
which are normal to the extrusion direction. Now, for a pressed graphite the
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crystallites take up positions such that the basal planes are perpendicular to
the direction of pressing and give two "parallel" (//) directions. The

"perpendicular" (|) crystallite direction of a pressed graphite, is, therefore,
parallel to the direction of forming.

Then, if // and | refer only to the orientation of the orystals, it can
be said thats

(a) an extruded graphite has one "parallel" and two "perpendiocular"
directions, and

(v) a pressed graphite has one "perpendioular" and two "parallel"
directions.

The above definitions of "parallel" and "perpendicular" are those whioch
are used in this report.

PRE-IRRADIATION DATA

2.1 Qraphites
The following graphites were studied in this experiment:
(a) graphites of direot interest to the Dragon Reactor,
(b) nuoclear grade fine grain graphites already in production,
(¢) experimental graphites supplied by the manufacturers and

(d) a few samples of pyrooarbon,

The graphites contained in Rod 2 were supplied by RMI,, Culcheth,
Similarily, a number of American graphites, supplied by Battelle
Northwest Laboratory, USA, were irradiated in Rod 3, Other materials
irradiated, were several Gilsonite based graphites and some isotropic
or near-isotropic graphites, of British or Continental manufaocture,

So that direot ocomparisons oould be made between the damage
induced in the graphites by the Dragon Reactor and that ocaused by other
reactors, the graphites HX30, PGA and Péohiney G5 were included in
most of the rods to aot in part as reference samples., Details of these
graphites are as follows:

HX30 This is an experimental graphite developed by AERE,
Harwell so as to have a fine grained texture and a controlled
pore size. Some of the fuel tubes, in the Dragon Second
Charge, bhave been made from this material.

PGA British Pile Grade A material manufactured by British
Achesons Eleotrodes Limited and Anglo Great Lakes, the former
being singly impregnated with pitoh and the latter doubly
impregnated. (BAEL material was irradiated in fuel element 700).



G5 A fine grained Pechiney graphite, which has been
doubly impregnated with pitch and which contains no
carbon black., Some fuel tubes in the second Dragon
ocore have been made from G5 graphite.

Graphite 34 This a fine grained, pressed graphite, of high
strength, manufactured by Carbonne Lorraine, It has
been used for the top blooks of the Dragon fuel
elements.,

2.2 Speoimens

The graphites were machined into cylindrical specimens of nominal
length 2,625 in except for those of graphite numbers 26 (// and |);
13 (1) and 2 (]) which had to be mamufactured to a nominal length of
1.750 in because of shortage of material. The diameters of all specimens
were 0.22 in, Illustrations of these specimens, together with the
graphite spine-container can be found in Fig, 1.

Acocurate measurements (i.e., to 0.,0001 in) were made on every
specimen at 20°¢ by rotating the specimen in a transducer ocomparator
jig and noting the maximum and minimum readings. These are recorded
in Table 3. Details of the apparatus can be found in [2], The jig was
"zeroed" against standard lengths of invar (measured to within +0,00001 in)
the aotual lengths of which can be found in Table 2.

The pyrocarbon could not be machined into cylindriocal specimens
because of its laminar struocture, and therefore was out into bars of
square oross section, the lengths being approximately 1.75 in. Actual
length measurements were made using the same comparator apparatus as
for the grapbite specimens. However, because of the diffioulty in
manufacture, all the major length measurements, corresponded to the
"a-axis" direction of the material. Consequently, measurements in the
"b and oc-axis" directions had to be made, using a miorometer gauge.

2.3 PFlux Monitors

The flux distribution throughout the element was measured by
irradiating pairs of N¥i and Co ceramioc monitors [2] in alternate
containers of Rod 3 (see Table 1). Every monitor was encapsulated in a
separate silica envelope and then each pair of Ni and Co monitors was
vwrapped in nlobium foil., The end cap of each spine container contained
a diametrioally drilled hole into which the monitors were placed.

The reactions used in the monitors are:

Ni-58 (n,p) Co-58 ~ to measure the fast neutron flux.

Co-59 (n,¥) Co-60 - to measure the thermal flux and to provide a
correction for the loss of Co-58 in the reaction Co-58 (n,y) Co-59,
vwhioh has an appreciable cross section.



Table 1

Position of Ceramio Flux Monitors in Rod 3 of Element 700

Monitor Type and Reference Number Position above Tatum*

inches

Ni-113 61.00

Co-133

Ni-131 48,25

Co-139

Ni-119 35.51

Co-103

Ni-127 22,76

Co-123

Ni-139 10.10

Co-111

*The datum level is the basal plane of the fuel in the core

Table 2
Lengths of Invar Reference Standards
Standard Length (20°C)
in

a 2.62489
o 2.62470
a 2.61482
e 2.60977
b 1.75025

1.75050
& 1.74465
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'S /7 T3TY .7 . —1.2 -80 [ o | -75 - 6.3 - 6.5 -0.25 | 19 l
16 /" 1815 11.88 -t a -0.7 - &9 ° - Ak - 3.7 -39 0,15 6.72 |- !
16 " 1816 0.4 . -0.2 - 3.5 ° - 3.2 - 3.0 - 3.2 0,12 | 4.5 | 5.07 | 5.77 |1.a3 ‘ 1.25 | 1.89
17 /” 187 0.4 . +0.8 =54 | o | -30 - 3.8 -0 ~0.15 | L.k0 | 4.60 [ 0.80 [1.37 | 1.30 | 2.05
17 1 ma -0.6 . .2 -3z | o | -2 - 2.6 -z8 0.1 | 496 | 5.2 | 0.8 [1.66 ‘ | s
6 /4 129 0.2 . -a.1 3.5 o | 134 -13.3 -13.5 <051 | 130|138 | 0.7 2z | oss | s
58 14 1820 1.758 x 0.256 x 0,255 in | 1.550 x 0.271 x 0.249 in (11,8 x +5.86 x ~2. %)
4109 g
2 /7 1 2.1 . 0.1 S [ e | 23 - 1.7 -1.9 .77 100 [1.93 |
] i 2 -1.8 . -0.0 -5 e -0 0.0 - 0.2 0.0t 101 f2.19 ¢
M 1 s -0.9 . -0.6 -t o - o - 3.3 - 3.5 -0.13 1,59 12.15
N V4 1% -1.8 a -1.0 - 5.6 ° ~ 5.0 - 3.9 -4 -0.16 1.4k 12,03
18 /7 s 8.3 “.6 a -1.0 - 2.5 ¢ -2.3 -1.1 - 1.3 =0.05 | MO | 47 | 0,72 lta0 | 140 | 197
16 1 176 0.3 a 0.1 - 0.8 o - 0.6 - 0.5 - 0.7 =0.03 4.5 5.28 0.78 |1.49 1.25 | 1.9
17 /" " +0.1 a 0.2 -1.3 o - 1.0 -1.3 - 1.5 ~0.06 0.80 1,66
17 1 1re -5.9 . .8 -1.5 e -3 -0 - 0.3 .01 i o.88 |v.66 |
59 " 1 Ok . 0.2 -9 o - 2.6 - 2.4 - 2.6 20,10 | 1.3 50 | 0B 1,05 ) 1,93 | 2.83
59 L 1T -1.6 N -2 -2.0 | e - 1.5 -0 - 0.6 .02 [ 3.2 | 347 | 0.9 |2.03 ; 0.886 | 0.9 6.372 in
'’ 2 V/s 1M -~.2 a -2.8 - 5.0 c - 3.9 - 0.9 -1 ~0.04 1.00 [1.90 £35.640 &
2 1 1”2 -1 . 0.6 - 1.0 o | -0.5 . 0.1 - 0.1 .00 .11 l2.02
1 1 1”3 0.1 . 0.4 -3 ¢ - 3.0 - 3.3 -5 0,13 1.59 |2.16
» V2 1y -7 . 0.9 ~ 5.4 - 5.0 -39 - 4t -0.16 fokk 19,9t
16 V4 ins b 5.5 1.t 8 0.3 - 2.0 ] - 1.3 - 0.9 -1 =0,04 ~.0 4.82 0.72 1. 1.40 | 1.88
1% 1 g Ok . 0.2 - 0.8 o - 0.6 - 0 - 0.6 0.02 | &5 |52 | 0.7 l1se | ves | e
17 /4 M7 -0,1 'y +0.2 - 0.7 ° ~ 0.5 - 0.7 - 0.9 =0.03 | b0 | kobh | 0,80 1,73 ] 1.30 | .43
7 1 1M8 0.8 Iy +0.3 - 0.7 ° + 0,1 = 0.1 - 0,3 -0,01 .96 | 5.18 0.88 .1.76 R 1
60 L Righ] 0.7 a 40.7 -~ 2.4 e -2.3 - 30 - 52 0,12} 3.75 + 5.99 | 1.68 '2.78 ° 1.8 j 1.19
[ n 1720 0.5 0.4 - & o - 40 - 3.6 - 3.8 0.6 [ 2.9 " 2.92 § 1.20 jz.os ) 0.92 ‘\ 1.5 .
16a Solid Spine of PGA for 3mall Bors Fusl Compast
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Table 3.2

First Series Mstallurgical Elemsnts - Element 1 - Rod 2
Fuel Element 700 - Positlon /2

{  Thermal

I

T T
{ i .
} | Langin of Spectasns in Units of i (?:‘“%:’c‘; Restatirity | e | .
| Grm Ponition of ’ i nath Differoncs | [Lonsth Change tx 10'20°c" sfen AR WORY Length
Contatner | fiite Spealaen | COBENS oF o enee | (0-001 32}, S.0. | Length ¢ . i
Mosber | Safgrenoe | Ortestaston | Lt | melsen Reatings | fanas PeToence | B | — | “oantadoer
: ! 1o 10,001 in) | o Standucds i Pre= ' Postm | Pro~ ‘Pon- ! Pro-J Po.o-J Plus Contents
. i ! Pre-Trradiation Fost-Irradiation t
: : | }Xrudhtian ! Irredtstion = Trradistion 1
I 3 . "
2-1 i 30114 Spine of PCA
22 I Solsd 3pine of PCA
2-3 - Solid Spime of PG4
r - T
1 /" e Y PR @25 | o | =122 - 2.6 -7.8 -0.30 |
} » L i 1 -1.0 . -6,8 “3.6 | o | -3 - 6.4 - 6.6 -0,25 ; I
Lo " oo 9.1 . 8.8 @05 | a | -99 -0 ~10.4 .40 ; !
Y 1 m .0 . -3.9 “13.5 | o | ~13.3 - 5.5 -9.7 .37 ;
‘ [ V4 rC 4.9 0 4.9 “13.7 o “15.5 - 87 - 8.9 0. 3% .
o i wp 4312 -3 . “%.9 Al | e | -3 -7 -8 0,29 !
42 /7 cBE 5.2 2 4.8 - 1.2 a - 7.0 - 2.1 -12,2 ~0.46
82 1 w0 =3 N 5.1 ~1ht s -15.0 -85 - 8.7 -0.33
»3 /” ) 5.5 . ~5.0 “tl.b o “12.6 - 7.8 - 8.0 -0.20
[S) 1 &H -9.0 . -£.7 -57 | a - 5.4 - 3.8 -13.9 .26 6.376 in
= [*9 ¥4 cr1 -2.7 [ 2.7 ~15.9 e -15.0 -42,3 -12,5 =C.48 136,097 &
[¥Y 1 oex -2.7 . 2.6 -13.5 e ~13.3 ~10.8 -11.0 <12
45 / G -3 . -2.9 -12.2 c ~12.0 - 9.1 - 9.3 .35
5 1 cIn -3.2 . -2.9 -10.6 o -10.5 -~ 7.5 -17 .29 i
5 /" o 40.50 -2.6 . -1.3 - 9.5 s -85 -7 -3 -¢.28
'3 1 @o -2.5 . -1.5 -1 s ~-10.0 - 8.5 - 8.7 -0.33
[~ n 08 <31 . -2.9 “9%4 | a | =90 - 6.2 ~16.3 -0.62
Cup 24
59 /" 2u19 «©0.5 . 0.7 3.2 | o -12.3 -13.3 -13.5 =6.5t 1.3 | 0.99 | 0.48 | 0.87 | 1.95 | 2.73
59 i 2420 0.0 . 0.4 - 8.0 e -7.8 - 81 - 8.3 -0.32 | 3.2 | 332 | o9 1172 | 0.88) ok
39 /” et 4.7 s -5 145 | e 143 - 9.8 -10.0 -0.38
39 1 Laad -9 a 4.6 -12.4 © «13.0 - 83 - 8,5 -0, 32
(%] V4 v =-3.7 . =34 - 6.5 a -6.0 -2.7 ~12.8 ~0.19
L0 1 b 2+9 “A.0 . -0 -57 | a - 5.5 - 1.6 1.7 045
[t} / n { 3.7 ~5.0 a -+, 8 - 6.5 a - 6.2 -t 1.5 ~C.48
" 1 rz 5.0 . -%.7 -6.0 | a - 5.8 PR 1.2 -0.43
a2 7 GRa 5.1 . 47 “9.5 e - 9.0 - b3 b ~0.55
a2 1 oc 5.5 . =~ 7 -8 4 | ~7.8 - 2.3 “13.0 -0.50
A3 Y/ =41 5.2 » 5,0 - 5.5 a - 5.2 - 0.2 -10.3 -0,
L] 1 @D -4.9 . e %7 o -12,0 - 7.9 -8 -0 €.377 tn
= '8 /" e -2.6 . ~2.4 - 6.3 -6 - 3.7 -13.8 .53 135.709 g
[y i [ -2.7 . -2.5 16 e | -w.3 -11.8 -12,0 C.ub
&5 / e -2.8 . 2.6 «13.0 ¢ —12.9 -10.2 10,4 -0.40
X3 1 ¢IR -3 . 2.7 -12.0 o “11.5 -8 - 9.0 -C. 3
'3 /" o1 L .13 0.0 . +3,0 - 8.5 < -6.5 - 9.0 - 9.2 .30
73 1 oLx 0.k . +0.3 -10.6 | o - 9.6 -10.0 0.2 -c.39
1N 1 GON 3.4 a ~2.8 -11.5 a ~11.3 - &5 -18,6 -o.n
Cap 17
59 /" 29 ok . -6.2 | a | -53 -5 -15.5 -0.59 0.u8 | 0.85
59 i 220 -0.9 ~<.3 04 | = -9.5 - 9.3 - 9.5 ~0.36 0.91 | 1.7
39 /" o -9 . .8 - 6.7 4 -6 - 1.7 -11.8 0.5
39 1 e 4.7 . 4.5 -14.0 ° -13.9 - a3 -5 -G.36
0 /7 2] At . -3.9 - 8.6 a - 80 - b2 -3 -0.55
w0 1 s 4.0 . -3.8 -63 | a | =60 - 2.2 -12.3 ~G.bT7
M V4 nr .57 4.9 . 4.7 - 12 4 - 7.0 - 2.3 2.4 0,47 )
%) 1 »” .9 Iy 4.6 - 6.7 d - 6.0 - 1.6 -11,7 ~0.45 i
2 /" car 4.8 . 4B «10.0 [ - 9.5 - 5.0 =15.1 -0.58 {
2 L [N 5.2 . 4.9 -80 | a | -7.8 - 2.9 ~13.0 -0.50
a3 " scY -4.8 . .6 k.9 ¢ “18.5 -10.0 wre.2 -c.39
43 1 "1 4.9 . =46 ~13.3 e -12.7 - 8.3 - 8.5 -0.32 6.376 in
c
[ / @ -2.7 . -2.5 -74 | a - 69 - L6 -7 -0.56 . 135.684 &
S L ch -2.7 . ~2.5 -1h.7 o | -thd -11.9 -12.1 ~C.4b i
45 ¥4 cHC -1.6 . 3.k -13.8 e -13.5 ~10,1 -10.3 <0.39
%] L i -2.8 . -2.7 -14.1 o | -10.6 - g - 83 032 |
s n" aE .35 -2.3 . -1k Sz e | -9.9 - 8.7 -89 ! !
a6 L o .8 . 0.2 -10.5 ~10.0 - 9.7 - 9.9 .38
%4 L o1 -3.1 . -3.0 -0 | a4 | =101 -2 -17.3 -0.66 !
cap 13 | L
59 7 2619 -1.5 . -1.1 <06 | 6 | 162 | -5. - 5.3 .35 !
59 1 2020 J -0.7 0.0 - %4 o - 8.7 - 8.7 - 8.9 <. l .

[T



Table 3.2 (oontd.)

]

f ‘ i ]
i : ! length of Specimens in Units of ) nr::d “;"fi:‘l Toung's
‘ | Position of 0.001 in on the Standard Lenzths : bt Length Changs . ( °c)1 . :- ¥ l‘lggu::: .
. Graphite | i Centre of ) Dafferencs | (5 061 1n), 1.v. | Lengtn | X 107 €7 Total Langth
Cer’ | Ratersnce . ortuatation  holae 1n Gawge | (ol R e | Change | | end Weight of
' . ® | versus Datum ' (g'o‘gf“g) Plus Gorrection £ e | re | ] Containar
n \ " (o P obieiing | Post- | Pro— | Post- | Pre- - Post- | Flus Contanta
I Pre-Irrediation . Post-Irrediation
1 ! Irradiation | Irradistion - Irrsdistion
T
7 m b i oa s oass | e sy - - e .35
» . m 5.4 . ] 22,3 | o | -9 -ne -T2 .27
. Y / ™™ 4.0 . “4.c -6 4 - 5.8 -3 -12.0 ~0.46
P W L N .0 . -3.7 a2 | o [ =135 -16.0 -10.2 2,39 '
I8 // e 25.99 .. 8 a -7 i, 0 c -13.7 - 9.1 - a3 =~0.35
i a L | -“.9 P 135 ¢ -3 - a6 - 8.8 0,3
? W2 V4 o -7 « o6 =7 | & | =75 - 3.0 -13.2 -a.50
| w2 L a8 -5.0 . -7 5.5 | ¢ | =19 “10.4 -1¢.6 0,40
I 1) /" ceT 5.7 s 4.6 | -13.0 e -12.6 - 8,2 - & | -0,32
| o3 1 v -.0 . %7 -11,5 © -0 -6 - 6.8 | .26 6,377 1o
2D ! i
' [ V2 e 3 2.7 . -2.5 PO T R -11.6 -11.8 [ 134,838 ¢
! w i - ! -2.6 o ] o-ns “2.8 ¢ | -t25 | -tea e,y L3y ;
45 V4 . Ger -2.9 a 2.6 | s o | o116 | -8.8 - 9.0 0,34 !
45 " " Sz . 29 | 02 e | oaco -7 - 7.3 0,28 '
v 7 a 52 T S TR Y T LT X -6 0,2 l’
. u as “1.6 . “1.1 -~ 9.7 3 -8.8 | -7.9 -8 ¢ 5 !
i W N o8 -3.2 [ S0 4 -6y | -8 -13.9 .53 i
cap 9 ‘ ! : :
59 /7 my “1.7 -1.6 -1k} ¢ -0 ‘ -12.5 -12.7 -0.u8 1 1.3 | 0,87 | 0ub [ 0,99 | 193 2.93
59 n 2000 1.3 BRI =98 |« | -9.3 - 83 -85 ©.32 3.2 | 530 | o9 |1.92 | 0.88 0.7
» /' oy 6 . 4.6 -11.0 e -10.9 - 6.3 - 6.5 -0.25 I
39 n m 5.6 a 4.9 -10.5 e -9.5 - 4.8 - 5.0 <.19
&0 /" ey .0 a P39 “13.1 ° -12.9 - 9.1 - 9.3 .35
&0 i m —. 1 1 . =58 -12.6 c =-12.1 - &L - .6 -.33
“ Vi m Lizoe1 -9 D 5.5 | el 1.3 - 6.7 - 6.9 [
“ L o 5.0 [ 2.2 | o | w17 -7 - 7.3 i 0,28 | , |
2 /" ax 5.0 | 8 | 48 | otk | o | -3 - 95 - 9.7 .57 | '
2 N @ 5.0 a 50 3.6 | o | -133 - 8.5 - 87 -0.33 i
A3 7" 6co 5.0 PR 42,0 [ ¢ | -11.8 -4 ! - 7.3 .28 |
3 n o =2 o4 b oae | a0y | e | w03 | -ss -5.7 .22 ! 6375 an |
N B I
= ' /" = 2.6 | a -2.6 1.7 | e | =115 -9.0 -9.2 -0.35 I 135,06 g
'S 1 as 32, e -5 40,5 | o | -9.9 -7 - 7.6 0,29 }
45 Y cot -2.7 [ . -2.5 - 8.8 o - 8.5 -62 - 6. 021 ’ !
5 n sy S I -2.9 -8.0 | o | -7.8 EE T I - 5.1 -0.19 i
b /" oI sy | S } s .5 - 5.6 ° -7 - bt E =43 -0.16 {
3 1 oax NI I -1.5 -7 o | =65 52 - 5.4 0,21 ’
&7 1 oA ~3.1 . -3.0 55 | e | -8 -10.5 -10.7 0.4
Cap & ' !
PeA /7 2E19 1.2 . 0.9 -9.7 c - 9.5 - 8.6 - 8.8 i -0.34 1.3 0.9% ' 0.48 1.00 1.93 2.8
) i 220 : 0.4 i 0.9 -54 | e | -5.2 - 5.1 { - 5.3 i 020 3.2 | 305 o 172 | 088 .2
Vs 30114 Spize of PGA for Small Bore Puel Compact 3.105 o
39 Vi e 3 4.5 . { 43 - 6.9 ¢ - 6.6 - 23 - 25 0,10
! 33 1 e : -£.0 o | B - 6.5 e | -60 -1 -5 ~0.06 i ;
! 40 Vi . mD | .2 PSR - 9.0 e | -&s5 ) - 4.9 .19 ' i
A0 i e ' .8 . 4.5 -5 ° - 7.3 - 2.8 - 3.0 0,11 :
@ ” e > 813 4.9 LI ? - 6.9 ° - £.8 - 2.0 - 2.2 .08 1
X i 6 ! .8 Y - b - 6.5 ¢ - 6.5 - 23 - 2.5 0,10
w2 " ] -9 o e | - | e | -k2 -2.5 - a7 .00
42 1 | B { -£.0 . ‘ - 49 - 7.6 o = Tl - 3.6 - 18 ERIN |
) Z I ocx ! 2“9 | ol eus | mro | o) s | -z0 - 2.2 .08 !
43 i L J .8 s - W6 - 6.3 = - £.0 - -6 .06 ‘ 6.385 in |
f ]
7 e /" £ ) N Wiaving - - - | | tweese |
[ 1 arn <3 . - 2.9 - 5.6 e | -5.5 - 2.5 -7 .10 ; : | !
X3 Y/ 660 | ERY . - 5.3 - bk c - 4.5 -2.2 - 2.k =0,09 1 i
85 n wg l -3 . ~3.0 | =37 ) e ] -3 - 0.6 - 0.8 0,03 ! |
"3 Y IR 5.5t “h . ~20 | =39 | o | -27 - o2 -0k -0.02 |
W6 " S It 4.1 Y - 9.8 - 3.5 < - 2.2 + 0.1 - Gt 0.00 ! H
&7 4 o -3.0 . - 29 =75 c e - 48 1018 |
Cap 1 ! ' ; :
58 Y4 ;g -0,9 . - 0.7 - 3.0 ° - 2.7 - 2.0 - 2.2 -0,08 1.3 0.9 0.48 | 1,08 1.93 ! 2.60 I
58 L 20 “.2 a - 0.7 - 1.7 o -1 -0 -7 .03 | 3.2 | 336 0.3 ! 2.00 0.88 ‘l 0.94 ’
2-G Solid Spine of PG ! 3-950 in
107,435 ¢

-1z -



Taule 3.5

Pirst Series Netailurgical Klements - Element ! - Rod 3
Tuol Rlement 700 - Position 1/2

i
| |
! v T T

i Thermal .
1 ; l ' Longth of Specimens in Units of Expansjon x::::::;:vl r'm‘n‘- i
! \ 0.001 in on the Standard Leagths 120-400 €) 0 ';2 !
| Pasition of Difference Length I °C-| L 1 psi Total L
| Graphite ! Cenmtrs of (0.001 1a) .| Leagth | % eogth
i Container ; Rt Orisutati Spacimen | o ., in Ceuge Gege Difforsnce | Change | and.¥eight of
Tomber | ASFpremot | OTLBOEIOn] humber | oEes Dewn Beadlags | pIUEC T cetion | % l i Conteiner
} ' : E | in (0.001 in) for Standerds Pre- | Post- | Pre- | Foat~ | Pre= Fost- Plus Contents
H ! l ! Pre-irrediation Post-Irredistion
' i i I Irrediation | irradistion . Irrsdisticn
i 1 . 1 |
! i ¥
I\ 5/2/% | S0lM Spine of PGA | 2.350 1a
; : T }
| N i I
=113 L L [ 361 ' } 0.9 . 4.3 -1 ° -0.7 - 2.0 -2.2 ! .08 Co ]l |
] : i
Co-133 | <9 /" 5157 l ! “1.0 0 +.3 2,2 c -9 - 32 -3 ~0.13 © 0,92 | 1.10
: i El " w08 1 “w.u . 0.7 230 ] o | -2s5 - 3.3 - 5.5 T 013 ] Loz 128
15 59 ! 0.7 N 0.9 ~28 | e | -2.5 -3 - 3.6 0,14 | 1.02 | 1,28 I
i - i .
| 15 YZi oz +0.6 . 4.0 =31 e - 2.6 - 3.6 -5 0.1 v .99 |
| 59.12 X . :
I 15 . I 3 .3 [y .6 -29 ' e - 2.6 - 3¢ - 3k .13 | 0.83 ' 1.02 ]
; wo ! /" B164 0.7 . .2 -37 L e | ~30 - L3 - &5 -0.17 0.94 + 1,15 | |

! i " VZ4 »210 0.8 a | w0 -33 e - 3.0 -0 s AT 994 | 1,09 ! !

| 2 174 D3 0.5 . ‘ .0 -6 | e =50 - 67 - 6.9 .26 Tk [ 1.TH |

i | i .

P /7 | =% ws el wg =35 | e | -32 | -8 -0 R Co.7 | 1,06 6.373 in
1
(425) 29 1 Pos% 0.4 w5 -2 B { =23 | -28 - 3.0 .11 3.6 | 150 IR

29 " 5181 +0.5 LY +0.8 - 3.7 < -3.5 | - W3 - &5 ~C.17 . 0.92 .57

H 29 Vs S22 0.6 . +0.8 - 3.8 e =36 ' -l - A6 -C.18 P v92 ey | |

: (11 n c30 0.2 . .0 -3 6 | -1.9 - 3.0 - 3.2 a2 1.0z 17 ! i |
5 /" o116 L 56,50 0.6 . “.9 - 3.6 ° - 3.2 -2 - b =7 | 0.8 | 1.3 ‘ |
5 /" c180 -0.1 a 0.k - 3.9 ° - 3.3 - 5.8 - b0 =0.15 0.36 | 1.05 ' .
" Vi BIOL 06 e $.0 =50 < - 4.5 - 5.5 - 5.2 .22 0.9 ' 1.15 j .
" ” B128 0.3 | & «1.0 - 5.3 ° -5 - 5.6 -5.8 @.22 D09k 12 ! H i

; 12 4 %6t " . .3 -7.0 | o | -6.8 - 8.2 -84 .32 R
i

! 13 /" ¥TA9 0.5 . W7 L -k | e | -2 -4 -5 .19 Do rios |
| ; I
i T !

2 L 853 0.0 . 04 -7 ° - - 87 - 4.9 .19 SRS TR IR P31 [ i

; 29 /" 3153 +0.2 a 0.4 - 7.2 o -6 - 7.2 - 7.4 .28 P09z | 1.2y ! 1
: 25 7/ s255 w5 s o402 -6 o | -60 - 6.6 - 68 .26 0.92 | 1.45 I
! ; 15 i c27 0.6 a 40,2 - 5.1 ¢ -3 - 45 - 67 .38 s.02 |1 | ;

P ” c1e L 522 e -5.0 | o | -us | =57 - 5.9 -a.22 0.88 | 1.07

. 15 /" cez 0.2 . +0.5 - 5.7 a - 5.5 - €.0 - 6.2 .2 0.8 | 1,00

TS /7 B1s? e . "2 -7 | e |- -85 - 8.7 <.33 0.9% | 1.9

\

i 15 / 245 ER a 4.6 - 7.0 c - 6.4 -t -85 “.3 .94 | 1,25 ;

, 2 /7 865 w.5 a +0.7 -11,0 e -10.9 -11,5 -11.7 -0.45 ! 1.6h | 1,78 .

‘t 13 " 13 0.1 a ) 403 - 6.7 e - 6.5 - 6.4 - 7.0 .27 0.7 ! 1,08 6.375 18
>2

! i
(u26) r 1 359 ) +0.5 s +0.8 - 5.4 3 =53 1 -t - 6.l .25 106 | 1.5 L1926 ¢

i 2 /" 189 0.4 a +0.8 -7.9 c -7.6 | -8.3 - B.5 -c.32 0.92 | 1.43 i

i t 29 /" s200 Q030 e +0.6 - &? ¢ - &5 1 - 5.1 - 5.3 .20 i 0.92 | .72

i ! 15 L c28 ! EEEE 0.0 - 6.3 ¢ | -52 | <51 - 5.3 <20 1,02 | 1.2u
' 15 ” o2 w07 . " “7a e le68 1 -7 - b0 .30 0.88 | 1,06
r 50,13
15 14 c158 0. 0.6 - 6.7 e -5.8 - 6.6 - 6.8 .26 0.86 | 1.1
LIS Vs B222 i 4 . +1.5 - 8.1 c - 7.5 - 9.1 - 9.3 =055 0.9 | 1,21
AL /" w227 40.7 y +1.0 - 95 c -2 -11.2 11,4 =043 [ oo | 1,23
i !
12 /" 352 40.1 . +0.2 -11,0 c -10.9 11,1 -11.3 -0.45 [ DYV I Y4 i
13 14 2048 404 . 0.5 - 9.5 c - 9.2 -19.8 -10.0 ~0.35 o |13 l
w131 29 / 398 41,0 s BB -n2 | o | -6 - 8.1 - 8.3 -0.52 0.92 | 1.45 ' .
Co-139 23 " 5150 0.4 a 0.9 1.0 e -10.2 “14.3 -11.5 0.4 0.92 [ 1.27 ‘
» Vi 3227 0,4 a 40,2 -11.2 e =108 11,1 11,3 -0.43 0.92 | 1.4 |
15 L I 0 b e | | -ns fe |-se | -68 -6.8 <.z 1oz | 1y l
15 /Y LTS I w657 +0.5 . 0.8 - 8.2 e -7.9 - 8.7 -89 0. 0.88 | 1.07
15 / C164 40,8 2 a9 - 8.0 ° N - 8.8 - 9.0 - 0.88 [ 1.10
it /" S20h 0.7 2 .5 -10.5 ° - 9.5 —t1.1 -11.3 0.4 0.94 | 127
" / u250 «0.7 s Lo -t1.9 e ~10.7 -12.4 -12.6 ~0.58 094 | 1.29
12 Y74 D357 '3} a .03 «13.7 s -13.5 -13.8 -14.0 0,55 Tk | .68
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5 1 W17 | o3 a A & - 5.0 - 9.6 H -19.7 .75 1.66
: 56 V4 w18 ie 6.6 a $74 0 -B0 c - 7.2 .5 .7 .56 : 2.3% }
| 60 n w19 e06 | 8 L s06 . -72 4 -0 -7 -17.8 <. 1.68 '2.28 ‘
: 62 1 20 - 1.0 2 -0.7 |, =86 a - -8 - 7.5 : -17.6 -,67 2.9 2,64 1.20 1.9 0.92 | +.43
L
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Table 3.k {contd.)

Length of Specimens in Units of !:1;;:;‘1“ Elsotrical Toung's |
Postion of 0.001 in on ths Standard Lengths Dtrreranos | Length Ghange il:"::?“z) . R":;":“’ :‘:2"1”“;
Contalner Graphite Specinen Centre of in Cangs (0.001 in), 1.s. | Length Total Length
Momber lct'ohunc oOriestatien |00 Spatmen :;n;: Difference Ch;m T ot Contetoen
: tn (0.001 in) | Fahd cormierie PwJ Post- | Pre- | Fost- ' Pn-l Fost-
Pre-Irradistion Post-Irrsdiation *
Irrediation Trradiation ' Irrediation
n L o - 0.3 b | -0.2 - 5.0 r | -89 -87 -85 -0.49 1.49 [ 1.80
n V4 4D2 - 1.5 b -1 -12.2 r 12,0 -10.7 «10.5 0,60 1.03 | 1.50
2 /Y D3 PER s | -ce 2.0 | ¢ | =115 -10.8 -11.0 0.2 0.59 | 1.23 |
2 L Wy se9 by | -os .80 | £ | -7.8 -3 -7 0.4 0.77 | 146 | !
18 1 L5 21,00 - 1.5 1Y - 0.5 =-13.2 o «11.8 -11.5 =117 =045 1.32 1 1.9 i ‘
18 V4 s 20.58 - C.b b - 0.3 -13.0 f -12.5 -12.4 -12.2 £, 70 1.02 Volkd i ‘
57 - L7 - 1,1 IS - 0.6 -12,0 d -11.5 =~1C.9 -21.0 -0.80 n H
57 /" LD PER] . + 1k -12.0 ¢ -11,5 -13.0 -23.1 -0.88 1.75 !
59 /7 L9 - 1.5 2 - 1.3 -13.5 [ -13.3 ~12,0 -12.2 =047 0.LB | 1.00
59 I 210 10 e -y | -6 | e | -T2} -6 - 6.8 -0.26 0.91 1196 !
w » n i 0.6 | v | -on | <88 | ¢ |87} -e2 - &0 -0.46 199 75 ' 6.3%0 1n
37 V4 w2z -1w0 | b | -08 -10.4 £ | mo.z -9 - 9.2 -0.53 1.03 155
2 /" W3 -0 . - 0.8 “11.4 c -10.3 10,0 -1¢.2 -0.39 0.59 | 1.24 |
2 i s -1 v | -0.9 - 7.0 £ -6 - 5.7 - 5.5 0.3 0.77  1.50 i
18 i s 14,26 - 0.8 [ - 0.6 =t1,1 L) -10.8 -10.2 ~0.4 -0, 40 t.32 ' 2.7 '
18 / w6 17.83 -0 | 0.0 g | e | 1. -11.2 .6t 1,02 © 1,51 i
5 1 w7 + ik . « 4.8 -15.1 e -14.6 -19.3 -19.5 0.7 1.72 {
56 / e +11.0 [ +11.5 - T4 € -7 -18,5 -18.7 -C.71 | 2.27
60 / a9 +0,2 . + 0L «10,2 a - 9.8 -10.3 =204 -G.78 2,0 1,75 1,00 1,43 1.50 | 2,7t
62 V4 1020 - 0.1 . 0.0 -10.3 d -10.1 -10.2 -20.3 .77 |1.3 |18 o7 122 .95} 3.6
57 1 ax - 0.6 v | -0 -6 e | -6 - 5.7 - 5.5 .3 119 L
57 /” u22 - 1.7 b - 1.6 - 8.5 4 - 8.2 - 6.7 - 6.5 .37 1.03 | 1.56
2 / 433 -0.8 . - 0.3 -9.2 3 - 8.6 - B - 8.6 -0.33 0.59 | 1.24
2 n Wl RN » - Ok -5.0 r - 4.B ] - 4.0 -0.23 0.77 {1.54
18 1 LES 14.54 - 0.5 . . 0.2 - 9.9 B - 9.0 - 9.3 - 9.5 -0.36 1.3 [ 2.10
18 /" 426 . -0.7 v | -0.8 - 9.6 e | -9 - 8.7 -8.5 -0.49 1.02 {1.48
57 1 LE7 + 0.5 3 + 0.9 - 8.5 a - a.3 - %1 =19.2 -0.75 2.2
57 /" LEB + 0.5 a . 0.7 - 9.5 q - 9.2 - 9.9 -20.0 0.76 175
59 /" oE9 - 0.4 a - 0.1 - B.9 e - 8.1 - 8.3 - 8.5 -0.32 0.48 | 0.9
59 1 LESO - 1.3 « | -009 - 6.0 ¢ - 5.5 - k6 - 4.8 .18 [3.2 |3.38 {owar |2.03 | 0.88 | 095
A 6.37% in
n 1 WE - 0.5 1 -0 - 87 4 - 5.5 - 43 B -0.23 1.19 | 1.72
n V4 2 - 0.7 ) -0.5 - 6.0 r - 5.9 - 53 - 5.t .29 1,03 1,46
2 V4 483 - 1.6 . -1 - 7.0 [ - €3 - 5.3 - 5.5 .21 0.59 |1.23
2 s watiy - 0.9 13 0.0 - 3.3 t - 3.0 - 2.7 - 2.5 Q.14 9. 77 1.46
18 " aE5 1.9 - 0.7 . ‘0.3 - 7.5 o | -6 - 6.7 - 6.9 -0.26 1.32 | 2.07
18 7 A6 11,46 - 1.3 1] - 0.8 - 7.5 i -17.3 - 6.4 - £.2 .35 102 1 1.5
56 i W7 + 5.0 a + 5.5 -11,4 ¢ ~10.7 16,2 164 ~0.62 75
56 Vi e +5.5 . + 6.0 -10.3 © -9.7 -15.8 ~1€.0 ~0.61 2.25
60 1 IS b + 0.4 a + 0.5 - 8.2 ° - 7.9 - 8.5 - B.7 -0.33 3.75 { .77 1.68 | 2.73 18 [ 1.tk
62 1 LE0 + 1.0 a s 1. -9.0 c - B.8 =10.0 -10.2 ~.39 2.9 2.9 1,20 | 2.06 ©.92 1,65
b4 L w -ck | v | -c2 - 5.3 t | -30 -2.8 - 2.6 .15 119 | 180
37 / up2 - 0.8 v -c.6 - bt r - 4.0 - 3.3 -3 .18 1.03 | 1.66
2 /7 W¥3 - C.B & - 0.6 ~ 3.0 c - 2.8 -2.2 - 2.t .09 0.5% 1.3,
2 1 WP - tih ] -14 -1.93 f -1.6 - 0,5 - 0.5 -£.02 0.77 “.51
18 L s 8.26 -2.2 . -1 -5.6 ° -5 - 3.4 - 3.6 .14 1.32 | .2
18 /" (L 7.83 - 0.1 ] + 0.2 - 38 £ - 3 - 5.5 - 3.3 =<.19 1.02 [ +.55
57 1 WF7 . 0.7 a + 0.9 -14.2 o ~13.9 14,8 -15.0 .57 2.87
57 /" w8 + 0.k . + 0.6 -4t ¢ -13.8 -1L.b “16.6 .56 .83
59 " P9 - 0. . -0.3 - 3.5 o - 34 - 30 - 33 “C.13 0.48 (1.00
59 1 ety -1.3 | a | -09 - 2.1 e | -7 - 0.8 - 1.0 <. 3.2 |ha | 0.; [2.01 | 0.6 | 0.96
u 6.375 in
31 N i - 0.2 ® - 0.1 -2.3 1 - 1.7 - 1.9 -1.7 =010 1,19 1.97
3 /" w2 -08 [ v | -07 e3u | r | -3 - 2.6 - 2.4 <. 108 |t
/7 43 -1 . -2 - 3.0 ¢ ~-2.7 - L5 -7 -¢.07 0.59 [1.35
2 1 AL -1 ® -0.8 - 1.5 4 - 0.8 -c.2 0.0 0.0 0.77 | 1.59
" L LP5 3.5 -1.6 a - 0.6 -4t s - 3.0 - 2. - 2.6 -C.09 1.3z | 2.18
18 /7 13 .08 - 0.6 ® - 0. - 3.6 r - 2.8 - 2.9 - 2.7 .13 1.02 | 1.57
56 1 w7 + b2 a 8.7 - 7.6 e -T2 ~11.9 12,1 0,16 1.79
56 174 w8 +10,0 . 0.3 -3 e - 2.0 -12.7 -12.9 =649 2.65 !
60 o A9 -0.3 s | =03 - 6.0 e - 5.9 - 5.6 - 5.8 0.2z 2.0 |1.82 | 100 | 145 4.5 | 2.75
6z Vi e ot [ a oo | e [ e | -5 | -5 - 5.8 <2z |13 |1 Lo e ns | s
4.0 30114 Spine of PCA 3.950 in
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Table 3.5

First Seriss Ketsllurgical Elesents - Element 1 - Rod $

Puel Element 700 - Position 1/:

. ; . Therael Ideotrien) .
iength of jpecinens in lnits of Expasnegos aotrien :o-‘ s
N Fosition of Qo1 in on the Standerd Lengths Ditters Length Change (zo.?go cl« ot o Y 'ggulu
Costatner | UTAERLTE | etion | Spestsem :::‘L:’ i cavee” | (0001 30), Soo. | iongen [ 2107 % pes )
i | e m By | S eormeetion | T Flomtin
s (5.1 30, | "ror Ctandards ” Pre- | Post- | Pre- | Foat- | Pre- l Poat-
Pre-Irrediation Post-lrradiation |
Lrredistion Irredistion 1rradistion
5=1 solid upine of PGa R
5=2 solid opine of PGA 8314 tn
>3 Solid sploe of PGA 6.315 in
1 n Sat 0.2 a 0.0 - B © - 6. - 6.1 - 6.3 “0.24 Qe3> 1.5
1 " A2 0.7 a A - 6.3 c | =5.7 - 6.9 . X -C.z7 QB | 19
5 " 243 0.9 o | -0 -13.6 | ¢ 1 -12a -1e.? “12.9 by 4452 | 677 O3 | 1496 1.0 | 2,63
5 rs Sk “5.7 L3 2.4 - 6.3 4 - 2.9 - -1C.3 039 heTh 5.36 Je82 1.26 1.7 2,36
8 /" 545 4316 -8.6 a ] -0 bipped 1.77 | %
& 1 386 .7 L3 IR =75 ¢ | -6 - 7.0 -T2 (R -2 )
7 ” SA7 0.9 o | s0.8 “41.8 1 ¢ t <05 1.1 -11.3 406 | 3.96 0.7 | 1.7 1.73 | <0
7 1 248 =5.8 o} =23 -11.0 } ¢ - 9.2 =74 =73 59 | o6 .82 1.0 161 2.k
59 /7 549 -0.9 o} 06 “1.5§ o | 0.8 0.3 -10.5 OB | 0.87
(%} V4 5410 +0.1 s | 0.2 -G 4 | 1043 “40.5 20,6 2.0 1.5 1,00 | 4.38 1.5 2.6
* 1 I sA11 \ w3 fadeos |6 o] -6a | -6 -7 wse |50 Juws fasr [ea | sy 6373 1
1 V4 M2 0.4 o[ 0 80 ] ¢ =178 - 1.7 - 7.9 096 | 1.5
5 V4 5443 -8.7 a | 7.6 -15.2 a | -12.5 - 87 ot .56 W57 | w87 0.84 149 1.80 | 2.56
s i 5Ma 0.3 . +0.6 12,0 | 4 | -1C.8 116 RAR] 0.4 W f 5,06 0.32 t.a 1.7 | 2.50
6 173 5415 40,54 -2.9 a | 20 -6,0 | a4 | =48 - 3.2 5.3 -0.51 P k4 1,77 | coee 141 | 1.3
[3 " 3416 +0.8 o] s “50 | o} -720 - 5.7 - 8.9 -3 5.5¢ | 5.53 1.3¢ |2y G.93 | 149
7 ¥4 S5a87 0.6 a +0.1 - 6.5 4 - 64 - 6.1 “16.c .62 4,06 Soak % 144 1.7 &S
7 Iy 5418 2.5 a 0.5 2. ° 0.2 - 5.9 “AC.1 =36 b3S b 28 J.d2 1.50 1.61 2,15
62 V4 3M9 0.1 a +0.2 -41.5 a “11.2 1.5 -21.6 .82 2 1.08
& i 5420 +0.8 o [ 4 14,8 | ¢ | 145 5.6 5. -0.60 575 | 3.68 1.6 | 2.36 198 [ 1.29
18/8/2 30}id Spine of PGA for mall Bore Puel Compast 30945 40
1 1 5 +0.1 ) 1y - Bo © - 8.0 -9.c =Cubo Beds 1.5
1 /" 3B «0.6 s} +0.8 =97 Lo | =95 0.5 =040 wS | ks
5 14 585 “. | -0 -7.6 |4 |-65 - 64 0,62 422 | .60 PR I TS 1,80 | 2,66
5 1 28 -3.0 3 -1.3 - 7.2 4 - 5.6 - bk .55 e 5000 UL s 1.2¢4 1.78 Z.3t
6 /" o 3564 i s b7 3.5 | o | 5.8 o —~r 4.84 | @ua? 1.0 | eoe 1.1 1.57
€ 1 2% e 8 | -7 1.7 | o | 1o, “10.6 ket 5.52 | 5.7 1.82; z.2 Vers | V.ad
7 " 587 -0.7 a | e85 -10.5 | 4 7.8 -~ 9.5 0,7 S | 110
7 1 588 -0.9 s | -0 123 f e [ 1.8 A1 <l 459 | Lem e e 1.4 | 2o
k2l n " 1.7 . 4.2 1.1 ° -10.¢ - 9.2 =<.36 .9 .0
6 1 B0 “Ue5 « | +0.5 -6.6 | & ] -65 - 7.0 <6 3.75 | 5.t 1250 ] eaat V.ta LIKTY .
> 1 n 5B 04 . 2.0 -9.7 | e | -89 -5 “.3 wse | eTs PRTI T Yoz | 166 e
1 /" oB12 .3 a | w0u 104 | ¢ | -9.9 - 9.9 —~-38 PR SR PN 2 [RTENEN 127 | 1,
H Y 5M3 “uné +0.7 -7.6 | a | -6 ~ 73 .65 PR =T s | e 1o | 257
Pl 1 B2 0y a +0.4 “14.6 © '-4:..0 -5 <. LaTe S U3 1.2y .72 2.37
6 1/ pLE 3. -t s | w0s -%.0 | ¢ [ -65 - 5.7 -6 1.77 | 2.6
6 1 5816 .7 s 1.8 10,0 ¢ = k5 - 9.8 1 13 1% P
7 /" 7 +0.3 - R INN -13.5 e -12.6 -15.9 0434 4.06 .l -7 1.4 1.75 b0
7 1 P11 ~6.5 s -3.4 “13.5 ° B raY - 8.8 -3 LY 4-9d Vs 1.29 1.61 1y
& s 5P19 .1 . 0.0 - b d - 1.9 - 4.0 =8y «6d t.eC 1.93 1l
" 5820 -6 . .3 ~tcen d -1z “11.9 0.8 <68 109
1 " 561 .5 [N Y -3 e | =50 - 8.7 . 8.9 - L9c | 2.0 BETIN S todt | 1,50
' " -3 +0.¢ a1 s -3.0 | e | -6y -9.2 - 9.4 -0.36 O I P Do | 1.60 1.27 | 1.5,
> /" 53 .9 af «0.6 -6 | & ] -as -3 154 -0.58 2.8 | 1.y
5 e S 1.5 a +1.0 -15.0 ] -1L.3 5.8 -16.0 ~.61 0. & 146
6 " 365 27.26 -3.2 s | w6 ST e f -56 - e? -14.8 0,56 bete | Dotk 1.77 | o0 1.1 | 1.2
6 1 5C6 +Le9 - .7 -10.0 [ - 9.1 “10.9 “1.1 =Cobe2 Held 511 1.03e PN} 0.93 1.3
7 /7 5¢7 ~3.0 a} 20 2.0 | 4 | 410 - 9. 9.1 “0.73 ES S TN
7 1 5C8 -3 ) =2.1 -2 c -11.7 - 9.2 - 9 -0.3 2 3]
59 14 209 +0.3 a | +0.6 Al € ~15.8 A3 -7 0.3 ot | 0.87
w €0 144 5C10 .7 0 «0.8 4.9 4 | 1.7 -15.6 -25.7 -0.97 2.¢ 1.6 1,00 | 1.7 1. €575 1
1 " 5611 -0 al - 93| e | -90 - 8.6 - 9.0 -0.3. 395 | 1.3
1 14 512 EN] a3 ~yu | e | -9.0 - B - 8.6 .33 39 [ Y5
s / 5C13 -2.% a “1.3 -7 d - 6.5 - 5.2 -15.3 .58 be52 4.77 Jh 1.25 1.80 2.53
5 1 5C14 < . -5 | d | a7 - 3.7 -13.8 0.3} LT | k87 2k | 1.0 178 | 2.8
3 / 5615 “hbh -z [N R -7 | 6| -6.0 - L9 ~15.0 -0.57 PR e 5.7 | 7 1.1 | 1.8
3 1 K6 1.6 . =0.5 “1t.6 € “10.7 . -1G.3 -0.39 1.8 | ik
7 14 017 -1.6 o | -6y e [ 8] -10.¢ - 3.8 “15.9 “0.35 406 | 4.37 2.7 | 1.26 1.7 | «.38
7 1 LC1R =9 . -0 -11.5 < “43.7 “13.6 0.8 Q.41 459 Y5 2.3 1.37 2.18
62 ¥4 5619 0.3 ] b -13.5 4 -13.3 «13.8 3.9 <. 1.3 1.2 o 1020 3,16
& n 5620 »0.6 s ] 0 5.0 | ¢ | .8 5.7 “13.9 .61 3.7 | 3.8 150 | .87 116 J
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Table 3.5 {eontd.}

Length of Speaimens in ‘nits of Electrieal Young's
0.1 in on the Standsrd Lengths Resiativity Nodulus
s Positica af ifference aQ ca 10® pol
comsiner | et | ] gt | et e T
uaber thmber [P R - (broingr, | Paus correstion * pre- | B I ] J of Contatner
in X for Standnrds - ost- | Pre- | Fost- | bre- | Post-
Pre-. Post-I:
Irrediation Irredistion Irrsdistion
1 1 am +0.3 s | 405 -6.0 e | =54 - 6.2 -6 0.2 898 | 5.08 0.95 | 1.86 1.2 1.51
1 /7 58¢ ~0.6 a ] +1a 67 | e | -60 - 1.2 - -0.28 w78 | 490 9.9 | 1.57 1.27 | 1.6
s V74 303 =34 s | -1.9 L8 | e | 36 “3.6 =13.3 =0.53 52 | b9 2.8 1.26 1000 | 2,87
5 i 5% =36 . 24 “14.5 c -13.5 “1.2 1.5 0.} N 5.40 .82 1.32 174 .53
[ /" 505 20.88 0.7 a | 0.2 ~12.7 | o | -41.8 -12.0 -12.2 =0.46 b8 | a.99 .77 | .3 111 1.65
6 L 5D6 0.1 a | s =7k |0 | =59 - 13 -5 <3.29 5.52 | 5.16 1,82 | 2.6 0.95 | 1.58
7 /" 507 03 || s 113 | o | w00 1.3 1.5 0.t | 606 | 429 o | .26 | 1,23 | 2ar
7 L 508 -0.8 e ] 0.5 -20 | e | =55 -6 - 6.5 0.2 4.59 | A.93 0.82 | 1.0 1.6 | 2.6
59 L 508 .7 e | 05 -75 | o | -52 - 87 - 6.9 -0.26 a9t | 1.8
6% & 5M0 «0.9 s | +0.3 -5 | o | 4.0 5.4 5.5 ~0.58 3.75 [ 3.3 1.68 | 2.19 1.8 | 1.49
50 £.580 in
1 n 5211 0.2 e | +03 -53 {o | ~ub - 5.0 - 5.2 -0.20 ~98 | A5 2.95 | 1.1 1 | 1.59
1 14 sme 0.1 . 0.0 -60 o | -5.8 - 5.9 -6 -0.25 4.78 | 488 0.9 | 1.63 1,27 | 1.6
5 /7 5013 -2.7 . | 4.7 ~13.2 | o | 2t.7 -10.2 ~10.4 =040 0.3 | .23
5 % 5M -2.8 a -1.7 -12.6 ° 1.5 -9.8 -10.0 -0.38 0.8 1.32
[ / N5 18.26 0.7 s | .8 -9.6 [ | -8.6 0.4 -10.6 0.40 4.8 | 8.5 1.7 | 24t 1.1 1.
8 " sMme 0.0 . | +.2 - 644 ¢ | -5.0 -6 - 6.3 ~0,28 5.52 | 5.10 1.2 ] 2.62 0.93 | 1.2z
? 14 5m? .9 a | 2.3 | 102 fal-uo0 .27 -12,8 -0.49 7% | 1.26
7 i 5m8 -3.2 s | .0 -85 te 1 -73 - 5.3 - 5.5 0.2 4.5 | L0 0.82 | 1.4 1.6 | 2.8
62 1 509 +0.2 s | 40,5 “2.5 | o | 422 “2.6 “2.8 09 2.9 2.61 1.20 | 2,06 052 [ 153
60 / 5020 0.4 [y +0.6 - 8.0 4 -75 - 8.2 -18.3 -0.77 2.0 1.90 1.00 1.48 145 2.80
1 N 584 0 s | +0.6 -36 |e |-3.0 - 3.7 - 3.9 -0.15 0.95 1.63
1 ¥ %2 0.4 s | w0 -3 | e | -39 - bh - 5.6 ~0.18 0.9 | 1.59
5 V4 583 5.9 DR e s | o |30 - 8.7 -89 0.5 | A52 ] 8.93 0.8 | 1.0 | 1.80 | 2.65
5 1 5B -1.0 - 0.5 =10.6 ° - 9.0 - 9.1 - 9.3 -0.5% .82 1.32
€ 14 585 1450 +001 .} e0u 86 |eo =79 -85 - 8.7 ~0.33 177 | 2wt
6 1 586 ©.8 |8 }<05 | -82 jo [-73 - 74 -3 .28 1,80 | 2.
7 /" 337 0.5 s | 00 “13.5 |e | 415 “2.3 -12.5 .48 o | 1.26
7 L 528 08 [a |05 -7.2 |e [-58 -5.3 -6 -0.25 459 | 498 et | 1.3 161 | 2.15
5 v 589 ©.5 | |04 | 00 |o [-9.6 -9 - 94 -0.36 Ok | 1.00
s 14 5810 -0 s | oo -80 |a |-80 - 8.0 -8, -0.69 2.0 j1. | 1.0 fea 10 2.7
P 6,381 in
1 n SH1 2.2 o | s00 -25 to -2 -2 - 2.6 -0.10 4.98 |45z 0.95 |1.65 1 [ 1.6z
1 /" 512 =0.3 s} 0.2 =35 e | -2.6 - 3.0 - 3.2 =0.12 We78 | by 0.9 | 1.61 1.27 1.6}
5 / 5B13 2.3 s | 406 - 7.7 o | =58 - 60 - 6.2 0.2 0.3 |29
5 n 514 -0.6 o | 0 -7.0 jo | =52 - 6.0 - e 0.2 9% N VR Sesz |19 1.78 | 2.9
s /" 5E15 11.88 B TS T R -15.0 o |16 -5 020 | wesh et [ 177 {wa? 1t |12
3 n 2216 LY s w2 -35 o | -2 - 0.1 sa¢ | 266 1.8z | ee PR AR REY
7 Va 5847 EICEE I VX T BRI PO XY < 6.6 - 6.8 026 [a06 |nos | o 10 43 feoe
7 n sme 1.9 a | s “0.5 [a |-9.3 - 8.5 -7 -0.33 .32 | 1.26
62 " 519 Ol s |+cs “2.0 |e |-11.8 -12.4 -12.6 0.8 1.3 1.2z on 1.8 1,95 |30
60 L s820 +0.3 a s - 7.9 e |[-7.8 -tz - 8.4 -3z 3.7 3.87 1.58 [&.M 1.1z 1.8
1 4 3M +0.5 . +0.9 - 0.9 < - 0.5 -l - 1.6 =0.06 0-95 1.63
[ " B «043 & {08 =15 |o |-0u - 1.7 ~13 -0.07 0. [1.6a
5 Y74 351 -3.9 a | 08 -9.6 o |-6.0 - 3.6 = 3.8 Q.2 4452 | 4.95 0.8 1.32 1.5 3463
5 n Sm -2.3 . 0.0 -6 |o |-u.2 - b - 4.6 0,14 boTh | 5426 .82 138 4.7 |0
& ¥ 59 8.3 -“.7 o | 0.2 -5.8 o |-45 - bl - wb 0,18 PR Y 1.77 | 2.6 111 1.15
3 n 586 0.7 a |4 35 fe |-30 - 2.8 - 3.0 011 5092 [ 243 FIR-PIN P 6.95 | 1.0
7 1 5 =5.5 Y 5.9 -12.3 < -10.3 PRI - 4.3 0,16 4,06 W77 [N 1.32 1.7% 1.37
7 n o8 0.0 a |3 -1.6 |e |[-o09 BRI - 1.3 =0.05 0,82 |19
5 4 5 0.2 [y .0 - 1.9 3 - 1.3 - 1.6 - 1.8 -0.07 0.9 1.85
[} n 5M0 +0.3 . |03 <62 |o [-6.0 - bk - 6.8 0.2 37 |3.66 1,63 [2.23 1.8 1.5
52 6,57 in
) 1 M +0u L +C.7 -0k © - 0.1 - 0.8 - 1.0 =304 4.98 .53 95 1.712 1ezia 1.55
1 /" 5M2 -0.6 a {03 -7 fe -t -1 -13 0.0, 478 | 5404 Co 1459 127 16
5 7 5M3 =5 L 2 ~ 64 ¢ =53 - 3.3 - 3.5 23 [YETI P ) AT 1.32 1,30 | 2.66
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Reed [7] has shown, by Monte Carlo calculations that the graphite
damage function for Dragon is equal to that of the Dragon/THTR capsule
position in HFR Petten and is equal to 1,7 times that of DNido. Hence:

Ni dose Dragon = Ni dose EFR Petten = 1.7 Ni dose Dido.

3. POST~IRRADIATION DATA

3.1

3.2

Irradiation History

Fuel element 700 was loaded into Position 1/5 of the Dragon ocore on
4.,4,66 and remained in that position until 11.9,66, when it was removed
from the ocore. Fig, 2 shows that during the first 5 days irradiation of
the experiment, the reactor power was varied between 2 MW and 7 MW, after
whioch it remained at the full power of 20 MW for a period of 98 days.
During the complets run, there were in all 9 reactor trips which totalled
about 80 h., The primary coolant helium mass flow of 24 1b 3'1, during
the first 18 days of operation, provided a slightly lower gas exit
temperature, of ~685C, than for the remainder of the run, when the mass
flow was decreased to 21 1b 8~ ' to obtain the normal gas exit temperature
of ~730°C. As the gas exit temperature varied, throughout the run, so
the temperature of the element varied slightly, as shown in Fig, 2.

There were no thermocouples, in the spines of element 700, to
measure temperatures directly, but in the adjacent centre element
(Position O/b), there was one thermocouple; +the readings of whioh are
shown in Fig. 2. This was the only mid-plane spine thermooouple near
enough to element 700 to be of any value. Only two other thermocouples,
in similar mid-plane positions, were operating and these were in elements
towards the edge of the core. Consequently, they were far too remote
from element 700 to provide any relevant data.

Physical Properties

3.2.1 Physiocal Appearance

After irradiation, it was found that many of the spine
containers and their respective specimens, were coated with a
layer of fine sooty dust. This deposit was most apparent on
those containers irradiated in the hottest region of the element,
and it is possible that the cause might be the conditions, under
which the compacts were degassed, prior to assembly of the
element, It had the appearance of being deposited from a gas
phase, which had diffused through the walls of the spine ocon-
tainers., This is quite probable because the containers were
manufactured from PGA; a graphite with a fairly high coefficient
of permeability.

This sooty deposit hindered, somewhat, the post-irradiation
examination of the specimens, because each specimen had to be
wiped clean with a filter paper, in a special fume ocupboard, before
identification of the specimens was possible,
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3.2.2 Activity of the Specimens

Bach container of specimens (i.e., twenty specimens per
container) was monitored in an aluminium can, and the radiation
levels, on 31,10.66, were as below:

Rod No, Activity (mR)
on contact with Al can (twenty specimens)
1 50
2 50
3 500
4 300
5 50

Some of the activity was associated with the socoty deposit
on the specimens, because, swabs from individual specimens gave
a few thousand ops (B).

3,2.3 Dimensional Changes

Post-irradiation measurements of specimen lengths were
carried out using the same apparatus and method desoribed earlier,
for the pre-irradiation measurements, Results from these
measurements, together with an indication of the standard length
used for every measurement, are recorded in Table 3. A letter
ooding system was adopted to identify the different standard
lengths and this is explained in Table 2,

The mean values of the pre-irradiation length measurements
and the corresponding post-irradiation measurements, were then
subtracted to find the "apparent" length change, The "actual"
length ochange, finally expressed as a percentage, was obtained
by applying a corraection for the different dimensions of the
standard lengths used for pre—-irradiation measurements and those
used for post-irradiation measurements. These calculations ars
shown, step by step, in Table 3,

4. INTERPRETATION OF DATA

4.1 Derivation of Axial Temperature Profile

By plotting the ahrinkage cf the specimens against height above the
core base, curves can be plotted for every graphite, similar to those in
Figs. 3, 4 and 5, However, these curves illustrate the shrinkage of the
graphite as a function not only of height above core base, but also, of
asymmetrical temperature and neutron dose curves. Therefore, they can
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only be used to demonstrate the irradiation anisotropy and for the
derivation of the axial temperature profile., It has been assumed, in
this report that all the rods had the same neutron dose profile and the
same axial temperature profile, except for Rod 1, which is considered
as having operated approximately 40°C cooler than the other rods,

These assumptions are substantiated by oconsidering the plots of G5 and
PGA (i.e., Figs. 4 and 5). These two plots are composed of results from
all the rods. The faot that Rod 1 ran cooler, is shown on the two plots
by the broken lines. Using these two plots and data from Petten, for
these graphites, it is now possible to derive temperature ocurves for
element 700, ghe Petten data, is available for the temperatures 600°C,
900 C and 1200°C and for inoreasing neutron dose,

If the Petten results for 1200°C are plotted on Fig. 5, for the
corresponding neutron doses in the Dragon core, a second set of curves
is obtained, which intersect the Dragon data. The points of
intersection are the points at which the specimens in_the Dragon Reactor
would have been irradiated at the temperature of 120000. This is so for
G5 //'and_L and for PGA |. The PGA /5 ourves if plotted do not intersect,
but it is interesting to note that one isolated point is in the expected
region of the ] ourve. Lack of correlation between the Dragon and
Petten results for PGA might be explained by the fact that slightly
different materials were used, It is known that the PGA graphite used
by Petten is that manufactured by Anglo Great Lakes which is doubly
impregnated but the PGA graphite used in the Dragon experiments is
manufactured by British Acheson Electrodes Limited whioch is only singly
impregnated. Because of this difference in PGA material it is preferable
to use in the main, the G5 results, because the zame material was used
in both experiments.

If the Petten results for G5 at 900°C are also plotted in the same
manner, then points of intersection are obtained for both the // and |
direotions, see Fig. 5.

It should be noted at this point, that it is quite legitimate to
make a direct comparison between the neutron dose of Dragon and that of
Petten HFR, because both have the same damage funotion for graphite.

Ag points in the Dragon Reactor, which correspond to temperatures
of 900°C and 1200 C, have now been established, it is now necessary to
find some means of interpolation for the intermediate Eemperatures. It
is assumed that for a neutron dose of the order 3 x 10 0 n om™ and
temperatures in the region 600°C to 1200°C, the rate of shrinkage of the
graphite per unit neutron dose, as & function of temperature (T) can be
characterised by an activation energy. This is based on the assumption,
that the rate of shrinkage of the graphite, over the temperature range
600°C to 1200°C and within the neutron dose range O to 3.3 x 1020 n om_2
is related to temperature dependent rates of diffusion of the vacancies
in the graphite. Therefore, a plot of log rate of shrinkage versus

4
;OOK should be linear. Figs. 6 and 7 show that, for G5 graphite this is
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nearly so, but for PGA graphite, thg plot appears to be influenced by
the slight initial expansion at 600 ¢, The graphs for G5 and PGA
graphite are of Petten data and apply to neutron doses of 2, 3 and

3.3 x 10 n cm—z. Vow at the points in the Dragon Reactor, which have
these same neutron doses, Shrinkage values can be obtained from the
plots of specimen shrinkage againat height in the core., For these
ahrinkages to have been ocbtained, in el elemento700, specimens muat
have been at temperatures, between 900 C and 1200 C, whioch 3an be read
from the Petten ourves in Figs. 6 and 7. With these figures, it is now
possible to construct a temperature profile for element 700, with
respect to height above the core base, This profile, with that of the
neutron dose, is illustrated in Fig. 8.

By using the same procedure on Petten data for graphite 16 and PGA
graphite, the same temperature profile is obtained, however, for reasons
already given results for PGA have been ignored.

4,2 BResults

Using the temperature distribution curves, given by the shrinkage
of G5 graphite, and the original plots of dimensional shrinkage versus
height above core base, it is now possible to obtain the shrinkage of
"hypothetical" speogmens of every graphite for the temperatures 900,
1000, 1100 and 1200°C, For some of the graphites, these curves are not
very definite in the 900 C region and, hence no relevant valid information
can be derived for that temperature.

Assuming that any effect of initial expansion of the specimens is
very small compared with that of the shrinkage of the specimens at
neutron doses of 3 x 1020 n cm-z, then these results can be expressed as
an average rate of shrinkage per unit neutron dose., These results are
illustrated as functions of temperature in Figs., 9 to 15 and tabulated
in Table 4.

Physical property measurements (i.e., thermal expansion, electriocal
resistivity and Young's Modulus) have been made on the specimens of some
selected graphites, the results from which are given in Table 3 and
illustrated, for comparison with typioal pre-irradiation values, in
Pigas. 17 to 25,

DISCUSSION

The axial temperature profile of element 700 bhas been constructed,
mainly, from Petten data on G5 graphite. However, Petten data on graphite 16,
HX30 and PGA | has been used in conformation.

Results for PGA present an anomaly in that the ratio of shrinkage in the
parallel direstion to shrinkage in the perpendiocular direotion, has different
valueszsor the same temperature and neutron dose conditions (i.e., 90000 and
3 x10 n om respectively). Data from Petten gives a ratio of 2:1, but
that from Dragon gives a ratio of only 1:5 - Simmons and Reynolds have
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Table &

Typioal Physieal Properties and Summary of Irrsdiation 3hrinksgss, for the Renge of Graphites Irredisted in Pusl Rlement 7200

Poat-Irredistion Valuss
. o) Aversge Rete of shrinksge
aperatire (% Per 10 o ca™2)
Trpicsl Pre-Irrsdistion ¥alues
1000 | 1100 [1200 |1200
Grephite ool l | I |
Refersnce | Ortemtsticn , =
Fuaber Boutron Dose (10%° n ca™%) Tenparsture {°C)
2.65 { 5.05 {3.25 |3.0
Young' s C.T.%, Eleotrissd l ] I |
odulus | (20-400%) :':; Raistivigy | B0 | Donaty "r 900 [1000 [1100 [1200
(16° pas) =6 9c) (a0 w) (g™} | (D) Shrinkege of Specimens (%)
Bed 1
21 V2 1,53 a9 .04 . 1.6 300 | 0.03 0.50 0.059 | G.100 |0.167
n 1.54 5.1 11 0wz 0.033 { 0.077 0.1a0
}'S Y4 1.6 3.7 1.0 147 1.80 533 | ©.15 0.5 0.055 | 0.082 | 0.917 [0.180
n 5 5.9 1.49 0.09 Oub3 ©.035 | 0.055 | 0,089 [O.1ah
16 V4 1.40 4.0 1.2 5% +.80 397 | 0.0 0.39 0.019 | 0.049 [ 0.086 [0C.130
1 1.25 [ 0.87 0.01 0.33 0.636 | 0.068 |0.110
17 /" 1.0 [ 1.43 0.80 1.73 23 | 0.05 0.37 C.019 | 0.043 | 0.07% |0.117
L 1.1 £.96 0.91 0.02 0.32 0.036 | 0.062 {0.103
ded 2 Neutroo Doss (m"’o B -'z)
2.4 3.5 |22
» 174 0.03 0.3 ] 0.2a | 0.003 | o.0u4 | 0.065 |o0.103
1 0.27 o.c21 | 0,067 |0.082
a0 V/4 0.10 Q.45 | 0.54 | 0.082 | 0.072 | 0,103 [0.43%
1 0.3 | 0.5% 0.052 [ 0.078 | 0.118
o) /7 0.35 | 0.26 0.035 | 0.066 | 0.106
1 6.35 | 0.20 0.035 | 0.066 }0.106
2 Y4 0.4b 0.059 | 0.097 | 0.5
i 0,42 0.059 | 0.087 | 0.127
M) W 0.33 0.038 | 0.069 | 0.100
n 0.27 0.028 | 0.053 | 0.082
" Vi 0.48 0.109 | 0.146
4 0.07 0.4t 0.025 | 0.059 | 0.091 | 0.122
4] 14 0.07 0.5 0.@$ | 0.052 | 0,07 [ 0.106
n .01 0.50 0.03> | 0.056 | 0.091
"3 /" L or3e— 0.021 | 0.050 |0.418
L 0.3 0735 | nese |00z
[Y4 /Y No Specimans
" 0.13 G.59 G.05 | 0.093 | 0.128 | 0,178
ded s
15 /"7 b.65 1.48 0.88 147 1.8 340 [ 0k 042 [ 0,32 1 0,058 | 0,079 | 0.100 | 0,127
L 5.49 t.02 Sisilar to //
29 V4 b3y ] 1.3 0.68 1.23 1. 0.08 0,50 | .42 | 0.033 | 0.066 | 0,100 | 0.152
L .95 1.08 0.03 0.3 | 0.30 | 0,012 | 0.038 | 0.062 | 0.103
n V/4 3.3 1.40 0.92 149 1.80 480 | 0.16 0.58 | ok | 0.067 | 0.086 | 0.122 | 0.976
L 400 1.42 No Specimens
12 VZ4 3.55 1.86 1.82 o.|9| o.)2| 07 | 0.67 | o.so.! 0.0 | c.nol 047 Io.zn;
N No Specimens
13 V4 1.35 2.37 [N] 1.2 900 | s | 0.26 ' ©.40 | 2.56 | 0.2 I o0k | 0.050 I 04125 IO.!Tu
1 3.20 1.36 No Specimens
Bed b
2 /7 1.27 2,0 1.25 0.60 1.23 1.66 618 | 0.05 0.51 0.019 [ 0,055 | 0.100 | 0.154
n 0.96 2.55 0. Oud 0.028 | 0.072 | 0,134
57 V4 0.90 0.497 | 0.218 | 0270
n 0.96 0.207 | .28 | v.290
56 V73 .40 0.78 0.7 G196 | Q.20 | 0,236
1 0.40 0.66 0.7 | o.tsu | u.200 | 0.200
3 /" 1.37 2.58 147 0.93 1.7% 512 | 0.12 0.66 | C.48 [ 0.050 | 0.072 | 0.125 | 0.200
n 0.96 3.0¢ 103 C.09 0.58 | c.a2 | 0.057| o0.062 | 0.106 { c.176
18 /7 1.50 2.55 1.5 0.97 1.73 510 | O.14 0.7 | 0.62 | 0.058 [ 0,086 | 0.163 | v.ete
1 0.97 3.68 1.23 0.08 0,54 | C.b2 [ C.033 | 0.055 | 0.100 | C.164
Red
1 V74 1.7 o] 1,04 0.9 1.80 M7} 0o 0.28 0.0t5 | 0.026 | 0.047 | 0.085
L 1.08 4.98 0.96 0.04 0.31 0.017 | 0.c28 | 0.055 | G.094
5 Y4 1.90 8.52 1,05 0,80 1.88 359 | 0.11 Q.55 | 0,42 | C.0M6 | 0.079 | G409 | 0,166
1 1.78 “n 0.85 Q.11 0.48 | 0.3 | 0,066 | 0,072 | 0,097 | 0146
6 Y74 o 4.9 1.9 1.77 1.68 257 1 0.3 Q.52 C.054 [ 0.066 | U.103 | 0.154
n 0.93 5.4 1.8 0.08 0.35 0.033 | 0,043 | 0.065 | 0.106
? /7 1. .06 1.13 0.7 10 1.88 306 06.57 0.069 [ 0.198 J 0,173
i 1.6 8 0.64 578 .03 | O.ue3 | 0u1u3
i /" 1.7 1.50 2.5 0.7% 1.67 Q.84
L 3.80 1.20 {ge2e
2eference Grephites (ALl Rods)
60 - G
=) /7 1 5: 2.0 1.87 1.0@ 1.7% 382 | caa 0.9¢ 0.075 | C.15% | G2t [ o.z73
1 14 3.7 1.68 w07 .61 0.9 | 0.063 { L.126 | 0.185
(u ) V4 ;:9: 1.5 2.3 w3 178 | 557 [ 0.45 0,88 0.062 | 0.3 | 0,20t [c.266
HK30 1 52 2.9 1.% Q.3 0ubly 0.0k [ a1l | Cutlt [ Ut
50 /7 . . F 2 5
(o / 1 Z; 1.3 2.5 Cud 1 A0 950 0.052 | 0,103 | o.15z
" 0. 3.2 0.9 v.3s 0.021 | 0.959 |0.057




reported a ratio of 1:4 [6]. It is important to remember that the PGA graphite
used in the Petten HFR was of a different variety to that used in the Dragon
Reaotor,

Estimation of errors, shows that, at 1200°C, it is probable that an error
of 10% in the apecimen length measurement or the neutron flux megasurement,
would give rise to an error in the estimated temperature of +40 C., This
uncertainty in temperature is increased to +60°¢C at 900°C, for pgobable errors
of 20% in length or flux measurements, This larger error at 900 C, can be
explained, by the faot that there were fewer specimens at 300 C; +that the
speoimen shrinkage is smaller and that the ocurve of shrinkage versus hsight
above core base is steep, in this region.

Aoceptance of the derived temperature profile makes it possible to compare
this curve with those obtained from calculations and the thermoocouples, in
adjacent fuel elements, Mig., 16 shows that there is a reasonable agreement
between the ourves oaloulated from physiocs and heat transfer data, but there is
disagreement with the plot of the thermocougle readings. At mid-oore height
the derived temperature is approximately 80 °C higher than that from the
thermooouples, and at the top of the core, the thermocouples indicated a
higher temperature than do the graphite specimens. The lack of agreement can
in part be explained by the following three points:

(a) ¥ heating of the spine ocontainer and its specimens whioch raises its
temperature above that of the inner wall of the fusl compacts.

(b) Uncertainty of the degree thermal contact between the specimens and
the container and between the container and the fuel oompact.

(c) The sooty deposits on the specimens whioch could reduce the radial
thermal conductivity.

Apart from a very few cases, the results from the graphite specimens only
give single point plots of shrinkage for a specified material, temperature and
neutron dose, because element 700 is the first in a series of "metallurgical"
elements, No other data is available at the present, but in time more data
will be produced with respect to increasing dose, The results from the
first and second uprated elements, which apply to neutron doses of up to

~1 x 1020 n c:m-'2 and have been analysed by Graham [4], could not be utilised
in this report because of the uncertainty of the operating temperatures in
the uprated elements,

With normal operation of the Dragon Reactor, under 20 MW oconditions, it
is not pgssible to irradiate the graphite specimens at a temperature lower
than 900 C in a normal fuel element, As it would be more desirable to cover
a range of temperatures between 600 C and 120000, the only alternative to
normal running conditions is to inoclude specimens in a special element con-
taining derated fuel,

Results from the specimens of pyrocarbon, show that there was a large
expansion in the "“perpendioular" direction and a contraction in the "parallel™
direotions. TFor the non-heat treated specimens, the contraction in one of the
"parallel' direcotions was about half that in the other "parallel" direction.

- 25 =



Table 5

Details and Dimensional Changes of Pyrolytic

Graphite Samples (Ex Winfrith)

Dimensional Change
(%)
Height Above
Sample Base of Core Neutron Dose Temperaturs
(in) (n on™?) (°c) (a) | (®) | (o)
20
'U.T.' 40.56 2.56 X 10 1230 -503 -2.0 +7.0
20
LA 27080 3.13 X 10 1220 -402 ‘-602 +7-6
20
'U.T.' 11088 2023 X 10 1030 -4-06 _203 +5c9
(a) is the 1.7 in long axis of the 0.25 in square section specimen, (i.s.,

IU‘T.'

one of the 'parallel" directions.

direction).

(c) is the "perpendicular"

is the pyrocarbon as deposited, from CH,, at 1800°C to 2000°cC.

is as above, but heat treated at 3000°C
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Table 6

Details and Dimensional Changes of Pyrolytic
Graphite Samples (Ex R.M.L. Culcheth)

(20-120%)
Neutron Dose —-6 ov_1 AXC AXa
Samples (x 1020 cm-z) Temperature (x 10 c ) _i: —i;
(°0) o | e | @ |

(a) 2.70 930 22,2 3.13

3.20 1104 22.7 T7.59

3.30 1180 -0.23 8.87 -3.28

3.22 1210 24.0 -0.40 8.75 -3.28

3,00 1218 22.8 -0,20 8.37 =3.22

2.66 1216 23,0 -0.80 T.24 -2.99
() 2.70 930 22,8 0.72

3.20 1104 22.6 0.48

3,30 1130 22.4 2.32

3.22 1210 23.3 0,28

3.00 1218 23.5 0,59

2.66 1216 22.7 0.93
(c) 2.70 930 23.8 2.56

3.20 1104 22.3 2.60

3.30 1180 24.5 2.95

3.22 1210 23.6 4.89

3.00 1218 22.3 5.93

2.66 1216 21.3 1.99

Samples (a) are as deposited,
Samples (b) are heat treated at 2900°C.
Samples (c) are heat treated at 3200°C.

The above measurements and calculations were made by R.M.L. Culcheth.
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CONCLUSIONS

1. Characteristic temperatures for the graphite specimens, in element 700,
have been derived, using the Pettgn data onothe shrinkage of G5 graphite.
Temperatures which range from 900 C to 1200 C appear to be approximately
80°¢ higher than those indicated by the spine thermocouples in the adjacent

elements,

24 Neutron doses, experienced gy the specimens in this element, were
between 2.4 and 3.3 x 10" n om <.

3. Averagg ratei of shrinkage of improved isotropic graphites at 129000,
and 3 x 10 n om (Ni dose Dragon) varied from 0,085% per 10 n om 0

0.170% per 10°° n om™2,
REFERENCES

(1] R. Blackstone, P, F. Sens, L. W. Graham and B, H, Voice, "Experiments
on the Irradiation of Graphites at High Temperatures." D.P. Report 351,

[2] E. H. Voice, "Graphite Speocimens in the Uprated Element, First Charge
Pogition 3/1.," D.P, Report 343,

(3] E. H. Voice, "Graphite Specimens in the Second Uprated Element, First
Charge Position 3/5." D.P. Report 382,

[4] L. W. Graham, "Dragon Project Internal Document'.

[5] M. R. Everett, L. W, Graham, "Dimensional Changes of Graphite Specimens
Irradiated in Dragon Fuel Element 700," Part II, "Some Comments on the
Irradiation Shrinkage of Graphite." D.P. Report 556 - Part II.

(6] W. N, Reynolds, P. A. Thrower and J. H. W, Simmons. Second Industrial
Carbon Conference, April, 1965.

[7] D. L. Reed, "The Comparison of Carbon-Atom Displacement Rate in Graphite
in the Dragon Reactor, the Petten HFR and Low Enrichment HTR,"
D.P. Report 559.



SPECIMEN CONTAINER

:
]
+
L
¥4
5.0
I ] f L )
*o. . "
L_z-oz::' -fﬂd Ll-vso”l%x‘”‘

SPECIMEN

FIG. | GRAPHITE SPECIMENS AND CONTAINERS

— 0-1878" DIA. HOLE
. FOR CERAMIC

FLUX MONITOR



*C

MASS FLOW Ib)se<.

POWER MW

1308
J MgoLe |seiNE —r
noo' i SP) | B
TOP SPINE I
|
THERMACOUPLE | DATA
sod
RT.& F‘
BOTTOM sSPiNE
700 | MD
sod '{\B.S. ,
20
1 He MASS | FLOW
20 1
10 o LBSC P 730 q
o GAS EXIT TEMPERATURE
20
| LN
10
. s| Talps
o
30 1t 2l 3l 10 20 36 116 20 30 9 19 29 & e 28
MAY JUNE JuLy ALGUST SEPTEMBER 1966
FIG.2 IRRADIATION HISTORY OF FUEL ELEMENT 700




-03

SHRINKAGE Y,

-0-8

/]

/1
Ox

GQRAPHITE WN?Y

X PARALLEL
o) PERPENDICULAR

FIG. 3

SHRINKAGE OF GRAPHITE No'

2Q A0 40

HEIGHT ABOVE BASE OF CORE (INCHES)

Vs HEIGHT IN REACTOR CORE

50



SHRINKAGE "4

-0

-0-2

)
o
b

1
o
(7]

-0-6

-0.7

-0-8

=1-0

2 o é
\ 04 PGA
2 x
\\_'
X
A4
4
(0]
O
N 2
\485
1
\ \ O
Ny 5 0/ 4
5 Q 8 o— |2
N 2 xX2 2.5 A
AN e
N\ O4 é
< "7
{, £
x v 1
NN Ve
4><x ~N '/
2N D < L e X4
g x
\\ ~_ - 7 2
x = X
5\\—/ 4
X 2
%4
x PAIALLEL
O PERPENDICULAR
10 20 3Q 40 S0

HEIGHT ABOVE BASE OF CORE (INCHES)

FIG. 4 SHRINKAGE OF PGA GRAPHITE Vs HEIGHT IN REACTOR CORE




SHRINKAGE %

-0

~0-\

-03

~0.7

-0.8

~-0.9

qYen - —
o*C PEY L T —
5) 90_/
N — — =T ot
— _ it — - N
\ - e P
ot = -
© 65“ ?/
\\\ ’/’
- /
e N L
g-\-- _/.’
x \ —-—
(O]
"N
s” \8
\ GS
S * PARALLEL
\ /
No! O PERPENDICULAR ‘ P
\\ ‘//
o= &
N <
\\ ////
] - .
GS 4 \o ~a -0 ,/ O/

1200°C ™.

y
|
\

\

\

e
PETTEN . o5 7 s /
'\ - — . i -
X - s /
N o) ’
A N 4 e
\ ’
N\ /
N .
?( N ,/ s/
T .
s 4x\ N z Ix
12007¢C U \ N I
PETTEN  ~ ~_ ~ ~ /
I ~ ~ 1 s
~. ~Se_lk== /
~— - -
- -
—_— =
\ 5
~—~—— 4
10 20 30 40 SO

HEIGHT ABOVE BASE OF CORE (NCHES)

FIG.5 SHRINKAGE OF G5 GRAPHITE Vs HEIGHT IN REACTOR CORE WITH PETTEN

DATA SUPERIMPOSED




\ @S (1
g i
z N
: VY
g x
»°
\ 9
x\
o1 \\ \ A3 x \Oton me
AN
3.0
\ %1029 crﬂﬂ\
N
20 x10%°
ﬁ.“cm'z \ x
%\
\ N
1200°C 900" NG ©00%c
I ]
00l r= 7 8 [ 10 1" >

i 4
FIG.6 LOG SHRINKAGE OF G5 |1 GRAPHITE Vs T?K FOR A RANGE
OF NEUTRON DOSES (PETTEN DATA)




4

&
¢
1]

% CHANGE
Z
x/

x” %
o

3.3 x10%° t'ic.t'v'a'-4

2.0 x 107 x\
nem~t
3-0 x 1029
ncm"a
o - x
1200°L 900°C N 600*C
o-0l | |
& 7 8 « 2 10 1" 12
10
ToK,

4
FIG.7 LOG SHRINKAGE OF G5 L GRAPHITE Vs 20 FOR A RANGE

OF _NEUTRON DOSES (PETTEN DATA)




y

*c

TEMPERATURE

1200

[J1e]s]

1000

900

FIG. 8

30

es

20

TEMPERATURE AND DOSE CURVES Vs

HEIGHT

ABOVE LOWER END OF CORE (INCHES)

/ ><_\\EMpﬁca.m'\.me
o /
e\
DOSE

\
(0]
\

O 20 30 40 0 [}

IN REACTOR CORE FOR FUEL ELEMENT 700

NEUTRON DOSE (10%n.cm %)




%)

J

al
[

¢

LOG (0 SHRINKAGE

O a5 1l
d 65 4
A Hx30H
V Hx30 L
X PGA
+ PeA
=R
X
<g\ig\\
\Y\\ \o
\\g\ A\
DN NN
. \m\\\
0]
\. \\A\
v
« \\\
o]
\
+
\
1200°C oo’ 1000°% 900°C
—0.01 ! 4 | L . |

FIG. 9 LOGio SHRINKAGE OF PGA,G5 AND Hx30 GRAPHITE Vs

04

|
ToK




LOG 0 SHRINKAGE (2 7%)
)
0

~0-01

GRAPHITES
REF MNo. 21

REF MNo.34

REF. No. &

REF. MNo. 7

/

4

/
E{@x

\
N

N

azo‘o"c ' |Ioo‘c \o?o‘b 9?o'c
7 8 -]
T
FIG. 10 LOGo SHRINKAGES OF GRAPHITES IN ROD | Vs —'9—

ToK



st y)

LOG o SHRINKAGE (

-0.01

GRAP)
REF N 39

REF N° 40

REF N* 41
REF N® 42

S e
74

HITES
u

4

"
i

1N AND L

e x 4P OO

-

1200°C

noo°c

)
v
4

-

1000°

FIG. 1l LOG |0_SHRINKAGE OF GRAPHITES IN ROD 2 Vs

4
o]

T

K




%)

aL
L

(

-0

LOG 10 SHRINKAGE

"/

(g{/
X

GRAPHITES

REF ™M¢ 43 (O 11
B 4

REF N2 44 |A
vV 4

REF N2 45 | X i1
+ 4

REF N2 46 (® N
K L

REF N 47 | L

\0

/ /

y A

-0-0l

<>\
E\
EI\ V\
®
\ |
i
|
1200°C OO 1000°C 900°c ‘
1 1 1 | J
7 8
104
ToK

a
FIG. 12 LOG|o_SHRINKAGE OF GRAPHITES IN ROD 2, Vs 1“.159}-('




GRAPHITRS
REF N0 18 O 1 AND L
REF N° 29 A I
v 4
REF N° 14 X |}
REF N° (2 + u
REF N°13 @& 1

LoG1o SHRINKAGE (4F %)

IR
N A\:+
NSNS
\\ \Zkiif
v\ \\o\
. \ \
NS

10
FIG. I3 LOG|o _SHRINKAGE OF GRAPHITES [N ROD 3, Vs Tog




_|o —————— - —— e e
GRAPHITES
REF N¢ 2 0] "
o 1
REF N2 86 | A i
v 1
REF MNe 87 | x T
+ X
REF. N 37 | @ i
B 4L
REF. N? 18 (5] 1
B .
=t
\\+
~ —
R \ OT——n= |
# B ® ==
J ©
4\" AN
y \ N N
5 -0\
z N
0
) a "4
g
2 s ®
§ o

1200°c

1100°c

L - |

\o.o"~ .

FIG. 14 LOG|o SHRINKAGE OF GRAPHITES FROM ROD 4, Vs

1000°C

8
104
Tox

104
ToK



-1.0

%)

at
[

LOGio SHRINKAGE (

-0-01

GRAP

REF Ne |

REF N %

REF N2 &

REF N 7

V4

)%

HITES

=

]

+

K® +x 4P
= r

'—

y
74
7

\D\ \x\
0]
b+
+
\
® \ \
N 4
N
3]
OQ
\E\
O\
1200 noox 1000°C 900°C
| | ! |
7 8 4
&4
Tok

FIG. 15 LOG|p SHRINKAGE OF GRAPHITES

104
o]

FROM ROD 5, Vs T

PN




1300
1200
Hoo
&
w
g
1000
q
11
u
a
)3
¢
000 CURVE DATA LOCATION
| THERMOCOUPLE DATA ELEMENT /bl 31-S5-66 SOLID SPINES
2 " “ " 10 -fp~lobo “ "
3 “ « “ o 28 6-@6e
4 HEAT TMFER OATA (8MITH) INNER FUEL WALL
800 S PHYSICS DATA (WOLOCH) WITH SLEEVE [FUEL SOLID SPINES
© " o " NO GAP - “ " “
7 GRAPHITE SHRINKAGE DATA ELEMENT 70Q SPECIMEN N HOLLOW SP1
T00
o o 20 a0 40 S0 (]

HEIGHT

M INCHES ABOYE CORE BASE REFERENCE LEVEL

FIG. 16 AXIAL TEMPERATURE PROFILES IN FUEL ELEMENT - (G5 OR Ha3 » FUEL SLEEVE)




HEIGHT ABOVE BASE OF CORE (INCHES)

Z —Sx—%J__x _ x
s x TR T ‘\—x - _ X
3 - -7 X - T
o E
v ,PO$T IRRADIATION
<E'?
v £ —00-a4+—-
- E \ O B O N Ol C B — 0
U -
w PRE ~ IRRADIATIGN
w 0.5 j/
3-8
z x
2 POST IRRAD{ATION
2 34 X __1_ X _Ix_ __1-__—__—1 X _ 1
< — X XTI o » — — —R— _____ e —
PRE - IRRADIATION
&y 30 X
Yo
<2 2o
T %
m ”~N
wY 2.2
Ee
e
6! 8
- g
9 .
wy 4 PRE = IRRABIATION 0
[§ ]
E i-0 o % Q © 0] 1
u (o] ©  pPOST-|IRRADIATION
Y se
30 o)
~ ) ® POST - IRRADIATION
n '0) S5 P!
& ee o Q
o
had 22
n PRE~-[IRRADIATION
3 i
2 e
8
2 .
)
2 o POST + IRRADIATION
3 =X o= X=X~ A — X=X =1
P oo PRE - IRRADIATION
’ o 10 20 390 40 ©0

FIG. 17 PHYSICAL PROPERTIES OF PGA GRAPHITE EX. FE.700

(ALL POINTS PLOTTED ARE POST-IRRADIATION)




2:8

HEIGHT ABOVE BASE OF CORE (INCHES)

FIG,18 PHYSICAL PROPERTIES OF G5 GRAPHITE EX FE.700

(ALL POINTS PLOTTED ARE POST-IRRADIATION)

r
E X %3
2 x
i ) ~
x v 20 x x x
4 © ::ae IRRADIATION
P4 —_ e e —_——— O [FXRETIRR
v %0 © =T = =
o £ "
o © @ o o
g e © =
pr PRE-IRRADIATION
w "

o8
Z .0
o * ~ x POST - IRRAD)ATION
—W- — —— — n—--x e R L — —_— O — — -;— —
Z 3¢ X
é —_—— e e e ] R — —_— L
T x
5y ae PRE - IRRADIATION
9
$t 228
o
w
T U
- 24
b 3
°9 .0 a POST IRRADIATION
k "

0 —_ —_— A0 [0 I

z 0] n
w 8 © 8 c]
o -
re 1}
g Va2 PRE IRRADIATION
J

3.0

26 & 8- 3 o

i
0 POST IRRADIATION
a3 22
|
3a._ p
Qw I8
ta PRE - IRRADIA "
K} - TION

N a4 x x '
tz! ____________NﬂLERADi,A‘sTION 1
> b PRE IRRADIATION

06

10 20 30 40 =0 @0




— i —d x — __x POST - IRRADIATION
R ==X === — L
b
>
[
> o]
[l -t e — — — e e o A PRE-IRRADIATION__
v s O o) O_ao_ 0O
i h ~ = "
W g POST- IRRADIATIONO ©
4
-<J ° i
RS PRE - IRRADIATION
o
r-
(5}
u
-
W
2
§ ——Z_ |X___ _ | _PRE-IRRADIATION |_ __
NI
& ——_ X —— —— g X — =R = — e — )
f"’ POST- IRRADIATION
o
= x
Yx
(=)
0
'S
o
%4
k )
zd
we _ PRE- IRRADIATION .
gv — O LV 5 "y
9 POST - IRRADIATION
(V]
;
—~ 0] 1S POST-IRRADIATION|
a_ @ O o o - ”
a
9 0]
Q
s
‘g PRE -IRRADIATION "
-
2
v)
K POST IRRADIATION
2 —§——-X—-—.’.‘__—x——;¢———y——..l-
2 x x
g _— |- _ _ | __ _PRE~IRRApIATION| __ _ _ |
o 1e) 20 30 40 S0

HEIGHT ABOVE BASE OF CORE (INCHES)

FIG. 19 PHYSICAL PROPERTIES OF HX30 GRAPHITE EX. FE.700
(ALL POINTS PLOTTED ARE POST |RRADIATION)




HEIGHT ABOVE BASE QOF CORE (INCHES)

FIG. 20 PHYSICAL PROPERTIES OF GRAPHITE Nol EX FE.700

(ALL POINTS PLOTTED ARE POST IRRADIATION)

8
©
o —==BIR-9—x-1°
2 & 7 xu__)‘_o—“é_‘ﬁ\,-L
9 g POST - IRRADIATION % -~
o 14
A
v g
j o. "2
S (3
@ 1o PRE - RRADIATION X
S "
-4
W o8
g 5-A
e x "
J3 X 1
 J x ©
< o Q x
§95-o __________ e e ==
w e X O PRE-IRRADIATION
[ )
"3 48 X o~ H
L 3 x
o S o
'z' Q 46 ©
=\ POST - IRRADIATION
v o
£ 4.4
W
o
O
8
POST- IRRADIATION
1"
g -6 :9—6 Q——& Q—.__ x_.__ x_—@
3 _ X R To X 4
3z
g g 1-4 ,
9 {
g PRE - IRRADIATION =
g o
[o) [T} 20 30 40 S0




< x
x

36 o PRE-IRRADIATION (m.phen cm)
> G 1 o8
| X ~
b d . Xm [ve < L O
- ‘32 A~ 4 - 7 P rad
= ~ ~
0 ® X«
a7 28 © ~ X
w i ~
o v \0 ~ X

£ POST - IRRADIATION ~.0 -~
- 24
g © \ X R
- ~
U\E 20 ™~ o ~
0 © P
] O]
J
w -\ »% C \c
v il

a9 55 ~ < x
q'o - L X x
E * 5.3 ~ - —~
uzjgi x / ~ -~ -
k3 POST - IRRADIATION —~~lo
as \ S
o — (0] —
-S4 ©To o] o) =
zZz —
w9 1 _0 "
947 i e e e
Gz PRE - IRRADIATION
uw g \ © o
W g I
o 4.5

3.4

2.9

POST - IRRADIATION

2.7 =
3 —X_To° © = © O [
3'32-5 H——x X =0 = X 1
on x -
o x b
ne 23
v
z\v
=
o)
>

)

1 PRE IRRADIATION
6 W W T T 2o ~ T Tac T T so — T " =o
HEIGHT ABOVE BASE OF CORE (INCHES)
FIG. 21 PHYSICAL PROPERTIES OF GRAPHITE 5 EX. FE.700

(ALL POINTS PLOTTED ARE POST IRRADIATION)




X
28
> ;y — L x © POBT IRRADIATION
5 26 Q-9 —mxX
- I S
2 X~ ~ —
o v (O]
<% [0}
o °
xE 2.0
’..\/
g i PRE IRRADIATION N
W —_— e — s e s e
o 8
5.8
Z so x
5 S S R — Bl T — S ——
Z sa PRE IRRADIATION
§ — —~*1 }
-~ -
m-';) 52 '/ — x = =
a8 | POST IRRADIATION o Q@ T -
( ./ T el — ‘
z\' 50 + ¥ ©
L% 1 - 5 d,”
o
£ S 4@ ©
5y © o
1
99 4.4 © ~
78
u\-/
3 4 \
2 Q
LV) \\l'l
.o
3 oo
. (0]
3~ "4 ® o o——m
05 o B |POST IRRADIATION
g“ -2 * ™ >
9 X x 2
wno -X —x 7 ]
g:/ W) PRE IRRADIATION
z - _ - XL
> o8
%) 10 20 30 40 So

HEIGHT ABOVE BASE OF CORE (INCHES)

FIG. 22 PHYSICAL PROPERTIES OF GRAPHITE 6 EX. FE.700

(ALL POINTS PLOTTED ARE POST IRRADIATION)




HEIGHT ABOVE BASE OF CORE (INCHES)

X
140 ————t
o TS x—
— [ -
-0 X -
30 ©-2 .0 S = ~e—2X—4
X 0 O040_ 0 -
> 120 \’* o)
E POST IRRADIATION T o2
Z o
A~
v £
&I g 00
£
10090
JE PRE IRRADIATION N
= — - —_—_—{——_—_-———_——_——_——— - -
5 Q80 §]
u
w o7
~
- 5.0 k., S X
0 POST IRRADIATION —»~ |
e ~
4*’ ~ ! ~ ~
xs N x ~
Wy N o~ !
T 4.6 B T I > X —
— —— S ——— Gwp  E——— ——— \- —— —— — —
"8 f \ ~ I
&Y a4 = =>4
° ~0 ™~
L8 PRE IRRADIATION o x
§Z 42 \* ™~
58 \ "
&z 4-0 o (0
m& \ (0]
o x \
Ywag 0]
N
0] 1] i)
2-4 o © o) o © I~
" POSTT IRRADIATION
; 2.2 X _____x_x__"_x____?_x___’(_x__ 3=
o
o 20
b
9
‘09 18
z> i
3 PRE IRRADIATION 1
‘.  —— SR S L. ] . - SRS S S SN e . ] - __ P& . X ]
> © 10 20 EY) 40 so

FIG. 23 PHYSICAL PROPERTIES OF GRAPHITE 7 EX. FE. 700

(ALL POINTS PLOTTED ARE POST IRRADIATION)




E s S| x
z - os"” XX~ e POST IRRADIATION
P 0‘\6\6 X1~ x— |
ag'2 )]
4§ © =@~y
o E o
2% -
o
V¢
& O L __ | e mmAgmmen _ | __ _ ] _ &
5 0 ]
z 5.4 4
g x A, ) X (o) I’
g S22 » » v -L-
& » POST IRRADIATION
wt 5©° E3
9]
J.
! Q ~
$g4® o L™ ~
g x o] o]
EY 40
uwQ —_———_-tr—_———F ———P—— == —— -1
.}
L . g
Zo /
5 S 42 : PRE IRRADIATION
& \
§ 40 H
23
o © o
" POST IRRADIATION xLl
3 s 2 >
3 - e X= Q 3- 0 O —y
—x B
22 x
g 1
0 9
3%
3 I
3 PRE IRRADIATION
—-— e ettt | ess— — —— AEEED $PERSS  GERS EEny  EEELE,  GERED TSNS G G S —— —L
-1
o 10 20 30 40 80 @O

HEIGHT ABOVE BASE OF CORE (INCHES)

FIG.24 PHYSICAL PROPERTIES OF GRAPHITE No.16 EX. FE. 700

(ALL POINTS PLOTTED ARE POST IRRADIATION)




-

Y T -~
6 ——
> o) x X~ X (%
- oo ~_= : o
> ~O0Jo .~ " -
- T \RRAJ\A'NON -~ X
= POS
LN -4 \u\\\l
nEe (0] \Q ™~ i~
j-g i-a 7
J [o]
é\g 1-Q
0 _PRE mgaDIATON | o L L
4 os "
S6
z
9
Q S.4
r %
o < % POST IRRADIATION
w oy S2 X ~ , ——
n x i }
g °\.) / (0] x * —L
4.8
= o~ i * © ©
% 8 PRE IRRADIATION o o
N T 40 o
z 9 X
o~ 0]
g 4.4 H
o] 4.2
(V)
2.2
o]
20 °
N (o] »x
b
3 e
8:: POST IRRADIATION x
QY © o
ZQ -
r »
wn?e (4 (0] X - O | >
S
gza x < x o)
§ t2 X "
_—— e e | — — PRE-IRRADIATION__ — 1
-0
o 1°) 20 30 40 50 @O

HEIGHT ABOVE BASE OF CORE (INCHES)

FIG. 25 PHYSICAL PROPERTIES OF GRAPHITE No.l7 EX. FE.700
(ALL POINTS PLOTTED ARE POST I[RRADIATION)




	TABLE: 


