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INTRODUCTICON

An important factor in the control and safety of liquid-
cooled and boiling water power reactors is the reactivity effect
associatéd with a change in the coolant density or the presence of
voids in the coolant, i.e. the so-called void coefficient, There
are three situations where the coolant density can be decreased and
even reduced to zero (coolant completely expelled). These are as

follows:

(1) a coolant pump failure with subsequent boiling and

evaporation of all the coolant,

(2} a break in the coolant circuit which permits the escape
of coolant and results in boiling in the core channels,

and

(3) a power surge which might ultimately expel all the cool-
ant. The initial surge raises the coolant temperature,
hence lowers its density and if the void coefficient is
positive and large enough to overcome the fuel tempera-
ture coefficient {which is usually negative)}, the reactor
will become unstable and the reactivity will increase

until all the coolant has boiled off.

Since the reactor control system must be able to cope with
the reactivity changes associated with coolant density changes as
well as with a complete loss of coolant, the void coefficient is an
important factor in the design of any power reactor. This report
describes recent experiments done in ZEEP to determine the reacti-

vity effect of a loss of coolant for a lattice of 7-element UO2




-2 - CRRP-942

clusters, Previous experiments in 19-element 002 cluster lattices
which were described in RPI-51 have been reanalyzed using the
methods of the present report and those results are alsc presented

here.
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EXPERIMENTAL

1. Description of Fuel and lattice

A cross-sectional view of the 7-element UO2 fuel clusters
used in these experiments is shown in Fig. 1. The U0, was in the
form of pellets 2.40 cm in diameter and 2.54 cm long having a den-
sity of 10.2 gm/meQ The fuel was arranged in bundles 47.3 cm long
with five such bundles forming a complete fuel assembly. The thin-
walled Al coolant tube (see Fig. 1) served to hold the fuel bundles
as well as define the coolant volume., The coolant area was 17.65 cmz.
Fig. 2 shows the geometrical details of these fuel bundles while
Fig. 3 is a sketch of a complete fuel assembly. 55 such assemblies
were placed in ZEEP to form a hexagonal lattice with a pitch of
24.56 cm., The lattice arrangement is shown in Fig. 4. The numbering

system used to identify the fuel assemblies is also shown on this

diagram. (Note that the central rod is designated CR,)

2 Coolant Execlusion Technigue

Fig. 5 illustrates the method used to expel the coolant
from the fuel assemblies. The coolant tubes were made airtight at
the top and each was fitted with Poly-flo plastic tubing. These
tubes were taken out through seals in the reactor 1lid to brass
manifolds. The inputs to these manifolds were in turn connected
to another manifold which was attached to a c¢ylinder of helium.
When the He pressure was applied the coolant was expelled into the
moderator region of the lattice through the holes in the bottom
plugs of the coolant tubes. By varying the He pressure, the D20

in the coolant tubes could be made to assume any desired level.
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It was also possible to expel the coolant from any one fuel assembly
or group of assemblies in the lattice by interchanging couplings and
manipulating the appropriate valves on the manifolds.

It was,; of course, necessary to know the relationship
between He pressure and the D20 level in the coolant tubes. This
was determined in the following way. An oil manometer (see Fig. 5)
was connected to the manifold at the He cylinder and the pressure
required to completely expel the coolant from the central assembly
was observed for various moderator levels. The point of complete
exclusion was determined by observing the onset of bubbling in the
moderator. (An oscillation of the oil level in the o0il manometer
also marked this point.) The relationship between oil manometer
reading and moderator level as read from the D20 manometer is shown
in Fig, 6. The relationship is, as expected, quite linear and from
the slope of this curve the He pressure required to alter the cool;
ant level by 1 c¢cm was found in terms of o0il manometer divisions.

In a given experiment then, knowledge of the critical moderator
level and the oil manometer reading defines the coolant level

h since,

coolant

= h

h Mop. ~ ™oy (1)

coolant

where hy,n is the critical moderator height above the zero plane,

hOM is the 0il manometer reading, and

m is the reciprocal of the slope of Fig. 6.

3. Determination of the Reactivity Change

The experimental procedure was as follows. The change

in height required to keep the reactor critical when the coolant
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was expelled from a given region of the lattice was measured. This
height change Ah can be expressed as a change in buckling AB2 using
the relation,

a% = ? | —L— 4 (2)
{h+Ah) h

where h is the extrapolated height of the unperturbed lattice. In
using (2) we have assumed that the radial and axial extrapolation

lengths in ZEEP are independent of D20 level so that AB? is a func-
tion only of the change in critical height Ah. If we also make use

of the two-group relation between koo and Bz, viz.,

k, = (1+ I%B%)(1 + 128°%) (3)

then the measured critical height changes can be expressed as

reactivity changes using

Sk = (1°

2 2.212 2
© + LS + 2L LSB ) AB

m (1% + 12 + 2171%8%) [—_wi——§ - —%} (4)
(h+Ah) h
where Skoo is the uniform change in kOO throughout the lattice

which is equivalent to the actual changes made, and

L2, Li and B® have their usual meanings.

The critical height changes were measured with a selsyn-
driven height probe with which it is possible to measure changes
in height to tOoOO7 cm, Although short=lived delayed neutron
effects were always outwaited the height probe readings still had

to be corrected for
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(a) the fact that the reactor was not critical at the exact
moment that the height was measured, and
(b) the long term variation of pile reactivity due to temp-

erature drift and long-lived photoneutron effects,

Correction (a) was kept small by taking measurements only
when the period was greater than 1 hour. The size of the correction
was obtained by measuring the change in period produced by a measured
change in height. Correction (b) was obtained by measuring the
critical height for some standard condition (in this case with the
coolant in all assemblies) before and after the other measurements
were made and assuming a linear variation of reactivity with time,
If a long sequence of measurements was made the standard measurement
was repeated after every 5 or 6 measurements and a curve of reacti-
vity vs. time was determined from which corrections could be
obtained. The corrections were of the order of 0,02 cm, i.e. about

three times the quoted error in the measurements.
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RESULTS AND DISCUSSION

Two series of measurements were made in this lattice, one
in which ZED-2 D,0 (99.75 atom %) filled the reactor and the other
in which ZEEP D,0 {(99.52 atom %) filled the reactor. Using ZED-2

2
DEO, the effects of coolant loss from single clusters, from groups
of clusters and from all 55 clusters in the pile were measured.,
The reactivity effect as a function of coolant level was also
measured, The same experiments were done for ZEEP D20 except that

only one single cluster experiment was done, that being the central

one.

1. ZED=2 DEO Results

The reactivity effects associated with a complete loss
of coolant from single rods at various positions in the pile are
listed in Table 1 for ZED-2 D200 The Ah values in column 4 are the
differences in critical height between the cases where the coolant
is expelled and the standard pile with coolant in all clusters.
The values of 3k  given in column 5 are obtained using Eqn. (4)

with the following values of L29 Lg and BZ;

12 = 161.3 cm®
LZ = 130,2 cm®, and
B = 5,69 m%,

Table 2 gives the results for exclusion from groups of
rods comprising various radial regions in the pile. These regions
can be determined from the cluster numbers given in the first column

of the table by referring to Fig. 4. For the results listed in
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Tables 1 and 2, the He pressure was adjusted so that the coolant
level was always near the bottom of the coolant tube. Although
the level was not exactly the same each time it was always within
~3 cm of the bottom of the tube. Since, as will be seen below,
the reactivity effect is rather insensitive to coolant level in
this region no corrections have been made for this.

Table 3 gives the results for the reactivity effect as
a function of coolant level. In this experiment the coolant was
expelled from all 55 clusters simultaneously., Critical heights
were measured for a range of He pressures for which the coolant

levels were obtained using Eqn. (1),

2 ZEEP D20 Results

The reactivity effects for complete coclant exclusion
from various groups of rods in the lattice having ZEEP D20 (99.52
atom %) as coolant and moderator are given in Table 4 while the
results for the reactivity effect as a function of coolant level
are shown in Table 5, The values of L2, Lg and B® used for this

case werej

1° = 159.8 cm®,
Lg = 129,6 cmz. and
32 = 5,56 mmzo
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Table 1: Reactivity Effect of Coolant Loss From Single Clusters: ZED-2 D,0
Cluster Radius h &h Bkm
No. cm cm cm mk
CcR 0 208,16 -0.196, 20.007, +0.1358
208,22 -0.195, +0.1348
208,22 -0,199 +0.1376
208,22 —0.1907 +0,131
MEAN +0.1350 f0.0023
2 24,56 208,87 -0.154g Z0.007, +0,1068
3 -0.160, +0.1107
4 -0.158, +0.1094
5 ~0.150, +0.1043
MEAN +0,1078 10,0023
8 42.54 208,87 -0.110, L0007, +0,0755
10 -0.108, +0.0738
12 -0.115¢ +0,0790
14 -0.107, +0.0734
16 -0.108; +0.0738
18 -0.104, +0,0724
MEAK +0.0745 20.0019
7 49.12 208,87 -0,089, 20,007, +0.0609
9 -0,0969 +0.0683
1 -0.083, 40,0571
13 -0.0870 +0.0595
15 -0.082, +0.0563
17 -C.089, +0,0611
MEAN +0.0605 20,0019
20 64,.98  208.87 -0.033, 20,007, +0.0227
23 -0.038;) +0,0260
26 —0.0&11 +0.028%
29 -0.036 +0,0251
32 -0.038 +0,0262
35 -0.037, +0.0253
MEAK +0.0256 20.0019
19 73,68 208,87 -0.020, 20.007, +0,0138
22 -0, 0251‘_ +0.0173
25 -0.0204 +0,0142
28 ~0.024 4 +0.0169
31 -0.018, +0.0125
3L -0.0237 +0,0162
MEAN +0.0152 20.0019
38 85.08 208,22 ~0.005,, 20,007, +0.0039
41 -0.008., +0.0060
b -0.014, +0,0097
47 -0.011 +0,0078
50 -0.0032 +0,0022
53 -0.0033 +0.0023 .
MEAN +0.0053 =0.0019
37 88,5, 208,47 -0.014g 20.007, +0.0099
Lo -0.014g +0.0099
L3 -0.020; +0.0140
L6 -0.0234 +0.0163
L9 -0.009, +0.0063
52 -o.omh 40,0126

MEAN

+0.0115 %0.0019
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From Various

Radial Regions: ZED-2 D20
Clusters h Ah 8koo
Excluded cm cm mk
cR& +0.1350 £0.0023
CR+(1-6) 208.22 -1.055 £0.007 +0,733
-1.057 +0.735
MEAN +0.734 20.010
CR+(1-18) 208,22 -2.039 ¥0.007 +1.427
-2.034 +1.423
MEAN +1.425 Y0.020
CR+(1-36)  208.22 -2.4,45 20,007 +1.717
-2.436 +1,711
MEAN +1.714 20.024
CR+(1-54 ) 208,51 -2.558 ¥0.007 +1.,789
208.51 ~2.613 +1.828
208.41, -2.702 +1.894
208,22 -2.609 +1,833
208,22 -2.636 +1.853
208.26 -2.649 +1,861
MEAN +1.843 20.015
(1-6) 208,22 -0.889 Yo0.007 +0.617 Yo0.012
(7-18) 208,22 -1.102 Yo0.007 +0.766 10.015
(19-36) 208,22 -0.502 20,007 +0,348 Yo0.007
(1-54) 208,22 -2.502 ¥0.007 +1,757
' 208,26 -2.498 +1,
MEAN +1.755 20.025
(7-54)  208.22 -1.732 %0.007 +1,209
208.26 -1,729 +1.207
MEAN +1.208 Y0.017
(19-54) 208.26 -0.726 *0,007 +0.503 Y0.010
(37-54)  208.22 -0.238 20.007 +0.164
208,26 -0.255 +0.176
MEAN +0.170 Y0.006

nAverage of four values - see Table 1.
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Table 3: Reactivity Effect vs. Coolant Level: ZED-2 D20

0il Manometer Coolant Level(a) Ah Bkoo

in. cm.. cm, mk-

0.00 0.02 179.2 0,2 0.000 0.000
1.11 172.0 +0.239 X0.007 -0.164 Z0.005
2.10 165.5 +0.478 -0.328 20,007
3.01 159.5 +0.672 -0.460 20.009
L.00 153.0 +0,834 -0.570 o.011
5.00 146.3 +0,965 -0.659 20,013
6.00 139,7 +1.074 -0.733 0,015
6.00 139.7 +1.070 ~0.730 0.015
6.99 132.9 +1.051 -0.718 Yo.014
7.92 126.5 +0,976 ~0.666 0,013
8.93 119.6 +0.834 ~0.570 o0.011
9.92 112.6 40,619 -0.424 Zo0.008
10.91 105.6 +0.351 -0.241 ¥0.005
11.93 98.5 +0,113 ~0.077 0.005
12.88 91.8 -0.089 +0.061 ¥0.005
12,92 91.6 -0,111 +0.076 ¥0.005
13.92 84,3 -0,510 +0.352 10,007
14.93 77.1 ~0.902 +0.624 20,012
15.92 70,0 -1.276 +0.885 ¥p,018
16,92 62.9 -1.639 +1.140 Y0.023
17.92 55.8 -1.985 +1.386 Yo0.,028
18.92 48,9 ~2,059 +1.436 0,029
19.92 41.9 ~2.297 +1.605 f0,032
19.92 41.9 -2,301 +1.,608 10,032
20.92 34.9 -2.485 +1.739 20,035
21.92 28.0 -2.591 +1.814 ¥0.036
23.92 4.4 -2,667 +1.869 ¥0,037
25,62 2.8 ~2,702 +1.894 Y0.038

h = 208,44 cm,

(a) As measured from zero plane of pile, which is k.4 cm
below the bottom of the fuel,
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From Various

Radial Regions: ZEEP DZO
Clusters h Ah Skaa
Excluded cm cm mk
CR 219,52 ~0.294¢ 10.0070 +0,1720
-0.290,4 +0.1698
-0.293¢ +0,1715
~0.290, +0.1697
MEAN +0.1711 %0.0018
CR+(1-6) 219.52 -1.602 ¥0.007 +0.944
-1.622 +0.956
-1-618 +O- 2 E&
MEAN +0.951 +0.008
CR+(1-18) 219.52 -3.238 10,007 +1.930
-3 -279 +1 09515
-3-291 +l. 261
MEAN +1.948 20.017
CR+{1-36) 219.52 -4.056 0,007 +2.431
=4.102 +2.459
-4.107 +2.,463
MEAN +2.451 f0.021
CR+{1-54) 219.52 ~4.412 20.007 42,651
219.52 -4.4,63 +2.683
219-52 ‘h-hgg +2.70h
219,71 -4.540 +2.723
219.71 ~4.538 +2,721
MEAN +2.696 Y0.014
(1-54) 219.52 -4.190 Yo0.007 +2.515 f0.037
{(7-54) 219.52 -3.024 F0.007 +1.200 10,027
(19-54)  219.52 -1.383 %0.007 +0.814 Y0.012
(37-54) 219.52 ~0.459 *0,007 +0.268 0.004
+ +
CR+(7-18) 210,52 -2.050 =0,007 +1,212 =0,018
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Table 5: Reactivity Effect vs. Coolant Level: ZEEP D20

0il Manometer Coolant Level(a) Ah Bkoo
in, cm. cm- mk .

0.00 20,02 190.5 20.2 0.000 0.000

1.99 177.5 +0.466 *0.007 -0.270 Z0.004
3.96 164.5 +0.837 -0,.484 20,007
5.97 151.0 +0,964 ~0.557 20,008
7.97 137.5 +0.949 -0.548 0.008
10.00 123.2 +0. 489 -0.283 0,004
9.99 123.3 +0.485 -0.281 20.004
12.00 108.9 -0.254 +0,148 20.004
13.98 94,8 -0.916 +0.536 20.008
15.99 80.1 -1.967 +1.159 20,017
18.00 65.6 ~2.923 +1.733 20,026
19.97 51.5 ~3.702 +2,206 $0.033
19.98 51.4 ~3.716 +2,216 0,033
21.99 37.3 ~4.164 +2.491 0,037
23.97 23.6 -4, 428 +2,654 20,040
26.00 9.8 -4.519 +2,710 f0.041
26.93 3.4 -4, 540 +2.723 20,041
26.93 3.4 4,538 +2.,722 20.041

h = 219.71 cm,

(a) As measured from zero plane of pile, which is 4.4 cm below
the bottom of the fuel.
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3, Errors

In determining values of Bkoo using Eqn. {4) the main
source of error was thought to be due to the uncertainty in the
measurement of Ah, Although we feel that Ah is good to 300007 cm,
the experimental spread in Bkoo for large Ah suggests that the un-
certainty is several times this. As a result, the errors in the
Skoo values shown in the tables have been determined as follows.
The standard deviation in the experimental results of Skoo for the
largest value of Ah was found. This value, or the error due to the
uncertainty in Ah, whichever was greater, was taken as the error in
a measurement. Of course, for the mean of n measurements, 1/ /n
times the appropriate error is quoted. The result of this treatment
means that for the ZED-2 D20 results the error in a single measure-
ment was taken as the larger of +2% or the % error due to the Ah
uncertainty, while for the ZEEP D,0 experiments the error in a
single measurement was taken as the larger of il%% or the % error
due to uncertainty in Ah, (For one measurement consisting of two
determinations the spread was greater than that given by either of
the above errors and for this case one=-half the spread was taken as
the error.)

One systematic error in these measurements should be
mentioned. When the coolant is expelled from a cluster, some D20
remains behind on the walls of the assembly and on the (horizontal)
end plates of the fuel bundles., This effect will reduce the mag;
nitude of the reactivity effect. However, since we believe this

D,0 ™holdup™ to be =1% (and the fluctuations in this quantity

2
correspondingly smaller) no corrections have been made for it.
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Lo Treatment of Results

A proper analysis of the results given in Tables 1 - 5
would involve two-group perturbation theory for a reflected pile
and would mean fitting the results to equations having many variable
parameters. Since the results probably do not warrant such a treat-
ment, we have chosen to use the bare pile approximation and to fit
the data to this in the region of the pile sufficiently removed
from the boundaries where this theory holds.

We therefore assume that the reactivity effect of a loss
of coolant from a region of the lattice with volume V can be

expressed as follows;

2 2 2
BJ} #“(r,z)dv + Xj% gradr¢(r,z) av * QJ§ gradz¢(r,z) dv
8k, = » (5)
¢<(r,z}dv
pile
where 3k is as defined above (p. 5), and
oo

B, ¥ and 8 are parameters proportional to the changes
which occur in the pile constants f, €, p, Z

and D,

We further assume that ¢ is given by the fundamental

solution of the reactor equation, viz.,
2 2
vé(r,z) + B°¢{r,z) =0 (6)
For ZEEP then, we have,
¢(r,z) = J (Ar) cos{az) (7)

where a2 and hz are the axial and radial bucklings, respectively.
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The gradient squared term in (5) has been separated into
radial and axial components to allow for the fact that the changes
in diffusion constant upon loss of coolant are not expected to be
the same along and perpendicular to the coolant channel.

Inserting (7) into (5) and evaluating akoo for the special
cases which we have studied we get the following results:

(a) For a complete loss of coolant from a radial region defined by
radii Rl and R2o Here the axial dependence can be integrated out

and Skoo becomes,

R R
(K B+ K a%f) 2 J2Or)rdr + K A% ° J2 (Ar)rdr
ch 75 R o r Zc R 1
_ 1 1
Skm(al,az) = -
P
J’ Jﬁ(kr)rdr (8)
0
where R, = 2.405/N is the radius of the equivalent bare pile.
The constants ch’ KZS are given by,
(h/2-Ey) h/2
ch = coszazdz .[ coszazdz (9)
= (h/2-E) ~-h/2
(h/2-Ey) h/2
Kzs = sinzazdz J’ coszazdz {10}

j—(h/z-EL) ~h/2

where EU and EL are the upper and lower axial extrapolation lengths
respectively.
For exclusion from a core of rods, Ry = 0, R2 = R, and

Eqn. (8) reduces to




- 17 = CERP-942

Sk (O,R) =

(K B + K_a%0) {Ji(kﬂ) + Ji(kR)] + chx2y [Ji(hﬁ) - Jo(hR)Jz(kR)]

n 12
(25) 32(2.4,05) (11)

(b) Total coolant exclusion from a single assembly at radius R.

In this case we assume that Jo(kr) and Jl(kr) are constant over the

cell at R so that Skoo reduces to

2 2 2. 2
(chB + Kgsa ) Jo(xﬁ) + K, Ny Jl(hR)
2

(p;——-Rp ) J2(2.405)
cell/ 1

(12)

Bkoo(R) =

For the special case of the central rod R =0 and (12) -
further reduces to

2
(K, B + K @ 8) (13)

dk__ {0) =
1o ¢ ( Rp )2
2
Rcell 1
(¢c) For the case when the coolant is expelled partially from all
55 assemblies in the pile simultaneously so that the coolant level
is at z the radial dependence is integrated out and Skoo becomes

h/2-E; h/2-E ,

(KROB + Kthzyl[z coszazdz + KROa29 . sin“azdz

h/2 5
-f cos qzdz (14)
~-h/2

Skoo(z) =
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where the constants Kp, KRl are defined as,

R R
¢ 2 P 2
KRO = Jo(hr)rdr Jo(hr)rdr {15)
e} o}
R R
¢ 2 P 2
KHl = Jl(kr)rdr Jo(hr)rdr {16)
o} ol
Rc is the radius of the reacting core of the pile and is given by
R, = 0,525 d /N (17)
vwhere d is the lattice pitch and

N is the number of fuel assemblies in the pile, 55 in

these experiments,

The results shown in Tables 1 - 5 were fitted to the
appropriate expression for Bkoo using the method of least squares
and values of 8, v and © were obtained. In making these fits only
data obtained in regions of the pile farther from the boundaries
than 2 migration lengths were used.

Fig. 7 is a plot of the reactivity effect for a loss of
coolant from a single rod at various radii in the pile, i.e., the
results given in Table 1. It can be seen that the reactivity
effect decreases steadily with increasing radius until we approach
the core-reflector interface, whére the effect begins to increase
again, This behaviour is reasonable since the presence of the D,0
and graphite reflector surrounding the U02 core will tend to make
the effect more positive., This effect is predicted by the more
exact two-group theory. A similar radial variation of void coef-

(1)

ficient was observed by Andersen et al in experiments in JEEP,
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The solid curve shown is the least squares fit to Eqn. (12). The
fit is good except in the region of the core-reflector boundary
where, as mentioned above, the simple theory used here breaks down.
Fig. 8 is a plot of the reactivity effect as a function
of coolant level for ZED-2 D,0 (see Table 3). It is seen that as
the level falls the reactivity effect first becomes negative, goes
through a minimum at ~h/5 below the moderator level, then begins
to go positive, passing through zero when the coolant level is ~2h/5
below the moderator level and finally asymptotically approaches the
value of +1.84 mk for total coolant exclusion. This behaviour is
readily explained if we assume that the reactivity effect is given
by Eqn. {(5), since when the coolant level is near the top of the
pile the contribution to the positive flux squared term is very small
and so the gradient squared terms, which are negative, are dominant.
Then as more coolant is removed the flux squared term which is larger
predominates and the reactivity effect becomes positive. The solid
line is the least squares fit to Eqn. (14). Here also the fit is
good except in the region of the bottom Dzo-graphite reflector.
Fig., 9 shows the results of the same experiment using
ZEEP D,0. The behaviour is the same except that the value for
complete coolant exclusion is +2.70 mk. Here also the solid line

is the fit.
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5. Discussion of 7-element Results

Table 6 is a summary of the results of the least squares
fitting and contains the values obtained for B, y and 8 as well as
values of various pile parameters. The errors shown for B, y and
0 are those determined from the "goodness of fit" only and do not
include experimental or systematic errors, The table lists two sets
of values for y, one obtained from a fit to the single rod exclusion
results and the other from a fit to the results for groups of rods.
For the latter case the fit was not very good as evidenced by the
large error in the fitted values and so the values from the single
rod fits have been used, (A probable reason for the poor radial
region fit will be discussed more fully below.) For the ZEEP D,0
case the single rod fit involves only the central rod result since
gsingle rod effects were not measured for various radii as was done

for ZED-2 D,0, As can be seen from Egn., (13), the central rod fit

2
gives a value of (KZCB + Kzs aze)o Putting in the value of 8§
obtained from the axial fit yields a value of B which can then be
substituted back into the expression (KROB + Kthzy), also obtained
from the axial fit, to give y. For the ZED=2 D20 case two complete
radial and axial fits were possible and since each fit yields values
for two constants one of the parameters B, y or 6 can be doubly
determined. This was done for B and the value listed in the table
is the average from the two fits. The 1llth line of the table con-

tains a predicted value of Skoo for the reactivity effect of full

pile coolant exclusion using the fitted parameters in the expression,

. _ 2 2
Skoo(full pile) = K,.KroB + K, KpM7 + K, Kpo2™® (18)
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Table 6: Results for 7-element UO2 Clusters

ZED-2 D20 ZEEP D20

(99.75 atom %) (99.52 atom %)

e m 2.272 2.045
A me 3.419 3.519
K, 0.9838 0.9868
K, q 0.6984 0.7083
Kpo 0.9342 0.9415
Kp1 0.4619 0.4818
0 (Axial fit) mk/m2 ~1.361 %0.005 ~1.449 *0.006
y {Single rod fit) mk/m™? -1.138 Zo0.083 -1.066 %0,082(2)
y (Radial region fit) mk/m™%° -1.12 ¥o.19 -0.87 20.21
B mk +5.89 0.07(P) +6.75 *0.1,,(2)
Skoo(Full Pile Predicted) =

(KzCKROB+KZCKR1L27+KZSKROaze) mk  +1.629 +2,515
8k, (Full Pile Experimental) mk  +1.843 10.015 +2.696 Y0.014
8/y 1.20 ¥0.09 1.36 20.10

(a) Central rod fit only - see text.
(b)

Average of two values - see text.
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The experimental results for full pile exclusion are shown on the
12th line. The disagreement, while not large {~10%), is partly
due to the failure of the simple model at the core-~reflector boun-
daries. Also the use of values of L2, Lg and B® for the unperturbed
lattice in Eqn. (4) is not strictly correct when the coolant is
excluded from a large fraction of the lattice.

One interesting result of these experiments is the fact
that © is 28% greater than y which is possibly indicative of the
anisotropy in the diffusion constant when the coolant is removed, and
should be a rough measure of the streaming effect in voided coolant
channels. The errors are such that we attach no significance to the
fact that 8/y is different for the two D,0 purities.

Another interesting result is the fact that the full pile
0. This

effect for ZEEP D,O0 is 0.85 mk greater than for ZED-2 D

2 2
would appear to be because the ZEEP D20 contains more H20 contami-
nant than ZED-2 D20 whence removal of the same amount of this more
absorptive coolant produces a more positive reactivity effect. This
is verified by the fact that B, the flux squared coefficient in the
reactivity expression is 0,86 mk larger for ZEEP D,0 than for

ZED-2 D0,

2
Perhaps worth mentioning is the fact that there is same
evidence for an interaction effect between excluded and nonexcluded
regions of the lattice. This effect was noticed when it was found
that the sum of the reactivity effects for exclusion from several

small radial regions was always larger than the actual measured

effect for the composite region (see Tables 2, 4). This discrep-

ancy is ~10% in going from single rod effects to the whole pile
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effect, This can be explained if one assumes an interaction which
only affects either the flux squared tefm or the gradient squared
term since the net full pile reactivity effect is the algebraic sum
of these fairly large terms which are of opposite sign. Hence a
small interaction effect in either of these will produce an effect
(percentagewise) several times larger in the net result. Another
explanation for this effect is the use of unperturbed lattice para-

meters in the expression for 8k00, Eqn. (4), as mentioned above.

6. 19-element UO, Cluster Experiments

Fig. 10 shows in cross section the cluster assembly we have
used to study coolant loss effects in 19=element U02 cluster lattices
as reported in RPI-51(2)o For this assembly the coolant area was
26,47 cmz. In these experiments only one assembly like that shown in
Fig. 10 was used; the remaining clusters in the lattice had no presQ
sure or calandria tubes., The D20 purity used varied slightly (a few
parts per 10,000) for the various lattices but an average value is
99.60 atom %. Also, the coolant was replaced by air rather than
helium. The reactivity effect of a loss of coolant was measured
for three lattice spacings with the assembly at the center of the
pile and also with it at an off-centre position. With only these
two measurements it was not possible to determine & and in RPI-51
it was taken equal to y., Furthermore, the model used in RPI-51 was
slightly different so it was decided to reanalyze the results using
the treatment outlined above (pp.l5 -~ 18) making some allowance fof

the fact that 9§ # y.
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From the two measurements taken, values of (chB + Kzsaza)
and chl?7 (hence y) can be obtained using Egns. (12) and (13). In
order to obtain B some assumption about © must be made, © has been
taken as 1.28 ¥, the value found for the 7-element experiments.

This was done because, although the 19-element coolant area is larger
than that for the 7-element cluster which tends to make @ larger, the
average void size is smaller which tends to reduce 8. Thus, since 8
is a rather complicated function of void shape it was decided to use
the value obtained in the 7-element experiments, Using 8 = 1,28 y
then, B can be deduced knowing ch? Kzs and a2, The values of ¥
obtained for the three lattices where this parameter was measured

are shown in Fig. 1l. It can be seen that y is not a strong function
of lattice pitch., Fig. 12 shows the values of B obtained for these
lattices as well as for some other lattices where central rod experi-
ments only were done, In these cases B was obtained by extrapola-
ting the curve shown in Fig, 11 to obtain y and using 8 = 1,28 y as
outlined above. These results are summarized in Table 7, The point
shown for Coolant Tube I in Fig. 12 was obtained from an experiment
with an assembly having a different coolant area {22.67 cm® - see
Fig. 13). The value plotted here has been corrected to the same
coolant area as Coolant Tube II (which was used for all the other
experiments in these lattices), assuming that Skan is proportional to
coolant area. The 7-element ZEEP D2O result for B, corrected for
coolant area is also shown on Fig, 12, The large errors in some of
these 19=-element cluster results are due to the presence of the

(2)

driving regions which were used to make these lattices critical o




Table 7:

Results for 19-element UO2 Clusters

Pitch cm 19.05 21.592 2,13 26.67° 26.67° 30.48
VMOD./VUOZ 8,10 11.52 15.38 19.61 19.61 26,86
«® m < 2.890 1.866 1.596 2.326 2.585 2.101
2 @2 1.229 3.081 3.216 1.910 1.801 - 1.539

e 0.9803 0.9910 0.9925 0.9861 0.9840 0.9870
Kzs 0.6348 0.,74,68 0,7682 0.6927 0.6745 0.7093
chhzy mk n.m. n.m. =6.79 ¥1.3 -5,96 ¥5,2 n.m.  -4.69 4.3
y mk/m™%  -1.42 $2.8% _1.83 F2.89 _2.13 F0.40 =3.17 ¥2.7 -3.17 ¥2.8°%  -3.09 *2.8
8 = 1,28y 7

mk /m™ 2 -1.82 -2.34 ~2.72 -4.05 ~4.05 -3.95
KZCB+KZsa28

mk -7.47 ¥1,00 -0.62 Y0.18¥ +7.00 *0.13 +8.20 $0.36 +6.96 To.44 +13.47 Yo.34

B mk ~4.16 T8.8 +2.66 ¥5.0 +10.42 0.65 +14.94 ¥6.3 +14.25 7.0 +19.61 ¥5.9

n.m, = not measured

a = For this lattice
This latt

Ho oo

"

Skoo(o) oc Area.

» coolant tube I, with a different coolant
ice contained 31 UOp clusters - see RPI-51.
" " " " "

area, was used.

These values obtained from graph of y vs. lattice pitch - Fig. 11,
This value assumed equal to value obtained in 31 cluster lattice with same pitch.
This value has been corrected to same coolant area as coolant tube II, assuming

..sz_

Zh6=duuo




These produced large extrapolated radii so that the gradient squared
was not sufficiently large to allow y to be well determined. Although
the errors are large, the trend is definite -~ an increasing woid

coefficient with increasing moderator-to-fuel volume ratio.
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CONCLUSIONS

Experiments to determine the void coefficient for 7-
and 19-element UO2 cluster lattices have been described. In the
7-element UO2 lattices the effect was measured as a function of
both radius and coolant level for one lattice pitch only, using
two D20 purities; for the 19=element UO2 lattices it was measured
as a function of radius only for several lattices but only one D20
purity. It was found that the measured effects can be fairly well
fitted using a bare pile perturbation theory which takes into
account the anisotropy in the diffusion constant when the coolant
is removed. The main conclusions to be drawn from this work

appear to be the following.,

(a) An anisotropy in the diffusion constant upon coolant removal

which suggests that ADZ/ADr/vl.,28°

(b) The flux squared term in the void coefficient for the 19-element
lattices appears to be a monotonically increasing function of the
lattice pitch or VMODZVU02° It is zero at a vMOD/VUoz of ~9.8
and increases to ~+20 mk at VMOD/VUO = 27, the largest pitch

2
studied.

(¢} The gradient squared terms appear to be fairly independent of
pitch and are negative, their contribution to the net void coef-
ficient being determined by the size of the reactor, since they are

weighted by shape dependent buckling factors.

{d) There appears to be some evidence in the 7-element experimental
results for the presence of an interaction effect between the

"coolant-excluded®™ and unperturbed regions of the lattice, However,
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this point has not definitely been proven and may be explained by
the fact that parameters for the unperturbed lattice are used
throughout, even when the regions excluded are large fractions of

the pile volume,

(e) A change in D20 purity of a few tenths of a per cent makes
quite a noticeable change in the reactivity effect and seems to

affect mainly the flux squared term.

In conclusion, it might be mentioned that we feel that the
most important parameter in the void coefficient from the point of
view of power reactor safety is 8, the coefficient of the flux
squared term. This is because in large power reactors the buckling
will be small and so the gradient squared terms will not be import-
ant. Hence, the flux squared term 8§ will make the predominant con-

tribution to the reactivity effect.
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