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ABSTRACT

The Small Lattice Experiment (SLE) is a technique for measuring
k. and other infinite-medium lattice parameters using much lass test
fuel than is required for equivalent ¢ritical or exponential experiments.
The theoretical basie for applying such an experiment to apithermal lat-
tices is discussed, an analysis of spectral mismatch error is given, and
the facility for the measurements is described. SLE measurementsare
compared to those in an equivalent critical agsembly to test the validity
of the technique. In an epithermal lattice of 4.02%-enriched 0O, fuel
rods having a nonmoderator-to-moderator volume ratio of 1.0 and med-
erated by a D;O-H;O mixture containing 70% D,O, values of k,, ¢,/ ¢,
§25, and p,y agree within statistical errors {0.5 to 1%). The SLE tech-
nique was also used to measure these parameters in two similar epi-
thermal lattices containing (U-235%- ThO,) fuel rods {NThJ’NH = 15}
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1. INTRODUCTION

The small lattice experiment {SLE) is a method of measuring k“
and other infinite medium lattice parameters, such as Em f$f . and b5,
and pzp, wsing much less test fuel than is required for equivalent crit-
ical or exponential experiments, The procedures developed here rep-
resent an sxtension to ¢pithermal systems of the original Physical Gon-
stant Test Reactor {PCTR)! technique for thermal reactor studies. Sim-
ilar thermal raactor measurements have also been made in the Pawling

Lattice Test Rig (PLATR}.?
. The facility in which these experiments are performed is a three-
region critical assembly. The central test region, containing the mediam
of fuel and moderator to be studied, is surrounded by a buffer region
having similar but not necessarily identical nuclear propertias. The
outer driver region is loaded with sufficient fuel of any convenient type
tc make the entire assembly critical. If the nuclear properties of the
buffer region can be adjusted such that an asrmptuticl peutron spectrum
is established throughout the test region, then the lattice parameters of
the test region can be measured by standard techniques. Futhermore,
the k'.. of the test region medium can be derived from the quantity of
poiscn that redaces the k_ to unity. This condition occurs when the
reactivity difference between the poisoned test region and a void (km-=
1.00) is zero.

Although the validity of the small lattice experiment technique for
thermal azsemblies has been firmly established as a resalt of extensive
PCTR and PLATER experience, the SLE extension to epithermal systems
involves additional considerations and requires confirmation. Therefore,
the objective of the program described here was twofold: (1} to develop
a more general theory of the technigue applicable to both thermal and
epithermal systems and (2} to confirm the approach by comparing small

lattice and critical experiment measurements in the same epithermal




lattice. The reference lattice consisted of 4.02%-enriched UQ; fuel
rods having a nonmoderator-to-moderator volume ratio (M/W)} of 1.0
and moderated by 2 D;0-H;C mixture containing 70% D,0. Approxi-
mately 50% of the fissions and 90% of the U-238 absorptions in this
lattice were epithermal.

The theoretical bajsis for k_measarements, the facility {or small
lattice experiments, the exparirmnental technigues., and the resylts of the
measurements in the reference lattice are given in the following sections
of this repert. Since good agresment between small lattice experiment
and critical experiment rasults was cbhtained for the reference lattice,
the small lattice experiment technique was then employed for measure-
rnents on two epithermal lattices of 93%-enriched UQ; -ThO, {NTth;g =
15) fuel rods. These data are also included for comnpletenass.

The work described in this report constitutes one phase of the
Spectral Shift Control Reactor (SSCR) Basic Physics Program. an AEC-
supported study of the physics of slightly enriched uranium {and thorium)
lattices moderated by DaQ-H;O mixtures.?* The small lattice experi-
ment technique was developed under this program as a means of reducing
the quantity of fuel required for useful experiments and in preparation
for eventual studies of U-233 fueled lattices. Whereas critical experi-
ments of the SSCR type require abount 5000 slightly enriched UQ,; rods
containing 150 to 300 kg of U-235, equivalent small lattice experiments
can be performed with less than 1% of this fuel., Availability of U-233
is s¢ limited that large critical experiments using this fuel are imprac-
tical, and minimum Inventory technigques, such as the small lattice

experiment, rmust be employed.
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2. THEORETICAL DBASIS

The infinite mediuvm multiplication factor k_, can be defined as:

k. = total neutrons from fissicn (2- 13
= total neutrons absorbed :

Several four-factor representations of k,, are possible if the factors are
properly defined te form a consistent set. For 1I-235-fueled systems in

which nonthermal fissions must be considered, k, can be written as:

k, = nih fep{l + 53) ' , (2-2)
This expression is exact providing the factors are defined for an infinite
mediam as follows:

th - fisgion neutrons from thermal absorptions_in U-235

Mz = thermal neutrons absorhed in U-235
f = thermal neutrens absorbed in U-235
total thermal neutrons absorbed
_ total fission neutrons from J-235 and U-238
€ total fission neutrons from WU-235
. total thermal nevtrons abserbed
P total neutrons absorbed
1 4 5% = total fission neutrons from J-235
% ” fission neutrons from thermal absorptions in U-235

In an 1dealized smatll lattice experament it is assumed that, when
the test region is peisonad 5o that a null-reactivity condition exists
Letween the poisoned test region and & void, k_ of the poisoned test
regicn is exactly equal to that of a veid, i.e. . unity. This assumption
implies that the spectrumn in the poiscned test region is that of an infinite
pouisoned medium and that there is a detailed neatron balance in space,
energy, and angle over the surface of the tast region. This condition
corresponds to a flat flux and perfect spectral match with no net leakapge

over the entire tast region.




The conseguences of mismatch are discussed in Appendix A, How-
ever, if ideal conditions are achieved, Equation 2-2 for the poisoned test

region hecomes
- th .
= (ng ffp}pil tobasly (2- 3}

where the subscript p refers to the poisoned medium. Then the infinite

medium multiplication factor of the unpoisoned medium is simply

thlfy 1+ 53
k, = [ LI I S LTS (2-4}
7P ("?) U (pp)“ * 650,

In these experiments the change 1n nth due to the shift in the thermal
spectrum when the mediurn is poisoned is negligibly gmall, because n for
J-235 ig essentially constant over the thermal range. Thereiore, Equa-

tion Z-4 can be written

k, = i'f_ NPyt 55) (2-5)
o) \°pf\Pp (1 +83),

Anocthey modification to Equation 2-4 can be made. As will be shown
below, one approach to the derivation of k_ from small latiice experiments
involves the measurement of $,,, the ratio of the epithermal to thermal
fissaon rate in the unpoisoned and poisoned test medium. &y is derived
from Cux, the measuvred UU-235% cadmium ratio, through the relation,
bss = 1/(Cy — 1). Since the Infinite medium &, cannot be measured in a
practical experiment of {inite dimensions, the finite medium 5, 18 used
in Equatmnaz- 4, and a small correction L is applied to account for the

difference between &5 and §,. Thus,

- f E _L {1 + 525} .
ke = | —]|[— —_— I, {2-&)
where
- 1 + PNL 525 ]. + 625
L= 1+ 6 pih (2-7)
L Oz

In this expression, &, is the experimental quanptity measured in the finite
systern and PH: is the nonleakage probability of thermal nectrons an the

systern in which &x i3 measured.




The correction L can be derived by using the modified two-group

formulation

ko = B iep + nTepy(l - pa)-

In a finite system the epithermal and thermal fission rates are

h th
=" ¢' paall 'stl"l fv and Ez5 ¢"t v

Since Er4ar is the rate at which neutrons are slowed down into the reso-

nance region and zg"q;th is the thermal fission rate in UU-235, the two

termse are related as followa:

th , th th
Zu b =Z § P ip

Therefore, the ratic of the epithermal to thermal fissicn rate is

- P2sfl = Pasln?”
Sz th th
fPPNL n

The same equation with P:]If = 1 applies to the infinite system, 3o

By (infinite) = PLY 6, (finite)

Although, in principle, each of the ratios in Equation 2-6 could be
measured and a purely experimental value of k., couald be obtained. scme
«f the ratios can be computed much more accarately than they can be
measured. This is possible because the two media are nearly identical,
differing onoly in that the poisoned test medium contains a small concen-
tration of peison. Thus systematic errors due to uncertainties in cross
secfions and other nonmeasured inpuat parameters tend to cancel in the
computation of the ratios in Equation 2-6; and, in addition, the effects of
computational errors on k,, diminish as the ratios approach unity. There-
fore, the error 1n k,, derived from small lattice experiments can be min-
imized by supplementing measurements with calculations wherever con-
servative estimates of errors definitely establish that calculations are
more accurate.

One approach to the derivation of k_ from srall lattice experiments
is illustrated in Table 2-1, where predicted values and estirmated errors
for the parameters appearing in Equation 2-6 are given for a typical epi-
thermal lattice (4. 02%-eanriched UO,, M/W=1.0, 70% D;0). The following
measurements are made; their assumed experimental errors are shown in

parenthezes:
2-3




Nz Poisen (boron} concentration in tegt region
for null-reactivity condition (1%)

¢/ dg Ratio of average thermal flux in moderator
to average thermal flux in fuel (2%)

51,1'4:{ Ratio of average thermal flux in poison to
average thermal flux in fuel (2%}

G Cadmium ratio of U-235 in fuel of unpoisoned
test region (0.5%)

'.'Ga:'p Cadmium ratio of U-235 in fuel of poisonad
test region (0.5%}

The unpeisoned and poisoned thermal atilizations (f and fp} are derived
from measurements of Ng, $.,/$;, and d,/¢;. The estimated ervor in
fHP includes a 0, 3% uncartainty due to cross sections and number densi-
ties. Thea (1 + 6, ) terms arae obtained from C,, measuremeants in the
unpoisenad and poiscned test regions. Since this parameter enters as

a ratio, systematic errors in the measurement should tend to cancel,

and 8 precision of +0.5% in C,y should be attainable.

Table 2-1. Typical Values of Parameters in Equation 2-6

Estimated
Parameter Unpoiscned Paisoned Ratio error in ratio

{ 0.845 731 l.15& +0.004

€ 1.085 1.097 0.989 +0.002

P 0.327 0.306 1.069 *0.003

1 + GOy 1.720 1.859 0.925% +0.006
L -~ -~ 0.995 £0.003

Koo -- - 1.azs +0.009

The changes in the thermal nonleakage probability and in € due to
poison addition are very small and can be computed with negligible error.
Although absclute values of p are usually difficult to calculate, changes
in p can be computed much more accurately. This is particularly true
when the change in p arises exclusively from the addition of poison, in
this case boron, which has a well-known /v cross section. Since,

within the multigroup framework used in the analysis, more than 80% of




tae change in p is directly attributable to absorpiions in the boron, Pfrpp
can be derived accurately from the measured Ny. Spectral effects on
Pz and p,y; constitute the remainder of the total change in p and make the
largest contribuaticn to the assigned error in pfpp.

There is an alternate expression that can be used to determine k
with less error than Equation 2-6 1in certain types of lattices. As can be
seen from Table 2-1, the largest contributor to the total error is the
measurement of {1 + 5}/ {1 + EE]P- Furthermers, the p ratio is very
nearly equal to the reciprocal of the (1 + b)) ratie. This sugpests that
bolth ralivs coniain the same fundamental nuclear properties and that the
measurement of | + &, may be partially redundant. Thereicre, some

cancellation of error may cccur if k, is expressed as

ko = (1 - I'} (2-8)
P
where -
1-me (LR} L+ Oa) (2-9)
PIAPPS (1483,

and I is a number very close to zero. Tha definition of [ follows from

the fundamantal definition of i, {Equation 2-1}, i.e.,

f f
= _ P - P __ 1 .
r G‘P TT) +‘(EP T'E) Tp"‘ Ep {2-10)

where T is the number of neutrons produced irom thermal fissions and E

1% the number of neutrons produced fzom nonthermal fissions. Note that

I vanishes for the special case of a pure thermal system. 1. e., E = EP: 0.
T = qth fp, and Pp = P Thus I may be considered as an index of epitherm-
ality.

It is difficult to derive a simple analytical expression for I that can
be used as a basis for verifying and generalizing the hypothesis that [ is
small and can be computed with little error. However, the validity of
this hypothesis can be demonstrated. at least for the specific lattices
under study in this program, within the multigroup framework of Equa-
tion 2-10. Table 2-2 lists the results of infinite medium multigroup cal-
culations for large variations in three important input parameters: the
thermal cutoff energy, the affective resonance integral of the fertile

material, and the velume of moderator displaced by the peisen foils in




the poisoned test repion. Althoupgh these input variations affect absolute
values of p and (1 + &) by as much as 20% and the ratics {pfpp] and
{1+ ﬁ;}f'{l + 6;}1:, by as much as 4%, the maximum change in 1 = T" is
only about 0.2%.

The choice between Equaticns Z2-6 and 2-8 for the analysis of a
particular small lattice experiment depends on the following considerations.
In both approaches f!fp is obtained through measurements of Ng, the poison
concentration for null- reactivity, and the flux ratios. For those lattices
in which the change in p is small and primarily due to boren absorptions,
p/pp can be computed with good accuracy from Ng. Then, if (1 + 65/

{1 + &3 }p can be measurad with comparable accuracy, k, can be derived
with less error irom Equation 2-§. If, however, the change in p is large
or more difficult to compute becanse of spectral effects, uncertainties in
the correct cutoff energy, or other complications, then ' can be computed
from the measured Ng, and Eguation 2-8 will give a more accurate value
of k,. Egquation 2-8 is also preferable when accurate measurements of
{1+ &x)1/¢l + EE’;}P are cormplicated by local heterogeneities, fuel inaccess-
ibility, or other factors. Thus the better approach can be predetermined
for each experiment on the basis of a careful analysis and evaluation of
all sources of e1rror, both experimental and calculaticnal.

Both approaches require the calculation of certain parameters using
measured quantities as inputs. The BPG code® and its latest revision
BPG-II?, which were developed in the SSCR Basic Physics Program, were
used for this purpose. These codes have matched a variety of data from
critical experiment lattices differing in enrichment, M/W ratic, and D,0
concentration. ¢ The BFG code is essentially the same as the latest of
the MUFT series (MUFT-5). It utilizes the Greuling-Coertzel slowing-
down mmodel in the B, approximation; it calculates the multiplication con-
stant for a bare reactor in which the leakage is characterized by a single
buckling, and it computes a complete neutiron balance in 39 energy groups.
For the calculation of L. and for certain exploratery studies described in
the appendixes, multiregion calculations sirnulating the geometry of the
experiments are required. For these porposes, standard four-group,
one- and two-dimensional diffusion codes with BPG- generatad input

coefficients were used,
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Table 2-2. Typical Values of Parameters in Equation 2-8

Thermal Besonance Moderater
cutoff, ntepgral, displaced, - a
ev barns cmy’ “‘Ep p Py L+ b (1 + 'E'zﬁlp 1 =71
4.02%-Enriched U0, 69.7% D0
0. 400 16.54 229 0.95866 0.32737 0.29818 1.8283E 2043134 0.97126
C.&25 L& 54 229 0.98821 0. 34990 0323511 1.71206 1.B9021 0. 9p985
0.400 Z20.39 £Z29 0.98781 0.29206 0.20530 1.8705¢2 2.09881 0.96918
.40 16,54 200 0.98B888 0.3273%37 9.2994% 1.82838 2.03730 0.97419
U0,- ThO,, 70.4% D,0
0.400 13.99 212 0.99471 Q.37100  0.30847 1.BB875 Z.35889 0.959%80
0.625 13.99 ) G. 995675 0.40103 0.34333% 1. 74949 2.12720 095755
0. 400 i5.09 2l2 0.99658 0.35533 0.20479 1.89808 2.37478 0.95011
0.490 13.9% 183 0.99072 ¢.37100 0_i0864 1 BEETS £.1561% 0. 95043
UO,- Th,, 80.4% D0 )
0400 13.47 174 0.G9731 0.29374 0. 24445 2.24634 Z2.81055 0.95784
0.625 13.47 174 0.99734 0.32419 0. 27778 Z2.03BE3 Z.48184 0.95585




3. DESIGN OF FACILITY

Major features of the facility for small lattice experiments are
shown in Figures 3-1 through 3-3 and are discussed in the following sec-
tions. Additional detaila are available in the tacility Hazards Report?

and in the relevant Quarterly Technical Reports®™11,

3.1, Driver Region

The driver region 15 a vertical honeycomb of 160 four-inch-square
(0. 34-inch-wall} by 8-foot-long hollow graphite channels arranged to
form a 56-inch-square matrix with & 24-inch-square cavity in the center.
The loading is adjusted for criticality with each buffer and test region
coniiguration by filling the appropriate number of graphite channels with
1.6-inch-square by 12-inch-long graphite bars. In some cases it is nec-
ess5ary to increase the reactivity of the driver by taping 1. 6-inch-wide
by 12-inch-leng by 0. 010-inch-thick foils of 93%-enriched U- Al alloy
{18 wt % U) to the sides of scme of the graphite bars. For the case illus-
trated by Figures 3-2 and 3-3 [poiscned test and buffer regions), 44 chan-
nels were filled with U-Al and graphite over a length of & feet capped with
1-foot-thick top and bottom graphite reflectors, and the outer 92 channels
were filled only with graphite to form an additional radial reflector. The
mass of U-235 in this loading was approximately 3.5 kg.

Seven control rods are located in the inner row of graphite channels.
The rods are 2.5-inch-diameter by 8-{oot-long aluminum cylinders
wrapped with 0. 020-inch-thick cadmium sheet. They move vertically
in 3-inch-0D aluminum guide tubes permanently mounted in the graphite
channels. Normally the three pairs of ganged rods are fully withdrawn
and act as safety rods. PBod No. 2 is used as the regulating rod.

The graphite channels are mounted on a split-bed assembly, con-
sistiné of {ixed and movable 5-{oot by 10-{oot steel tables. This arrange-

ment permits separation of the driver during majer loading changes and




provides access to the buffer and test regions for radial flux measure-
ments. The tables can be separated 48 inches by a lead-scerew aperated
by a combined electric and pneumatic table drive mechaniem. Table-
closing speeds vary from 12 to 0.5 in. /min, depending on the separation.
The closed position, indicated by four linear potentiometers, is repro-
ducible tz £ 0.001 inch.

The instrumentation and control system is of conventional design

and is fully described in the Hazards Report?.

3.2. Core Tank and Moderator Systemn

The buffer and test ragions are assembled in a 22-7/8-inch-1ID by
76-inch-high aluminum core tank having 4 3/8-inch-thick wall. The
1-1f4-inch-thick alauminum cover is provided with an O-ring seal so
that the tank can be hermetically s&aled to minimize moderator degra-
dation by exchange with light water vapor in the atmosphere. Small
access ports are located at the midplane (for foil heolders) and near the
base (to facilitate loading fuel rods). The core tank 1% centered in the
driver cavity and mounted on a l-foot-high aluminum platform.

The moderator, a D,0-H,O mixture containing 70 or 80% D,0, is
stored in a small (110 gal} dump tank between runs. On startup, the
moderator i1s pumped into the core tank using conventional equipment
and procedures for liquid-meoderated critical assemblies?, The mod-
erater is always dumped for shutdown. In most cases this provides
sufficient shutdown margin to obviate table separation between runs.

The buffer and test regions are moderated by the same D;O-H, O mix-

ture.

3.3, Fuel Rods

Two types of fuel rods were used in the buffer and test regions,
as described in Table 3-1. The 4.02%-enriched JQ; fuel rods were
swapged in stainless steel tubes, and the UQ;-ThO,; fuel rods consisted
of sintered pellets of blended 93%-enriched UQ,; and ThO, [NTth25= 15)

in aluminum tubes.
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Table 3-1. Properties of Fusl Rods

Property 4.02%-enriched UQ; UQ, -ThO,;
Quter diameter, in. 0.4755 £ 0.0015 D.308 £ 0,00]
Wall thickness, in. 0.0160 £ 0. 0005 0.014 £ 0,001
Wall material # 304 steel # 1100 aluminam
Fuel diameter, in. 0.444 £ 0.0902 0.260 £ 0,002
Total length, in. =71.5 62.0 20,2
Active {fuel) length, in. 66.7x£0.3 OO0 +£0.1
Weight of fuel, gm/frod 1600 = 2 434 . 6 2 0.2
Wt Ufwt UQz. % B8.01 x0.02 - -
Weight of ThO,;, gm/{rod - - 405.0 20,2

56.61 £ 0.10 24.04 = 0,02

Weight of U-235, gm/rod
Enrichment, wt U-235/wt UJ,% 4.020 x 0.005 - -

Atoms Th + atoms J-235 - - 15.00 £ 0.05
Bulk fuel density. gm/cm? 9.46 2 0. 10 8.33+£0.14
Ea{impurities], cm?fcm? oxide <f x 10-4 <6 % 1072

3.4, Buffer Region

The function of the buffer region is to produce an asymptotic neu-
tron spectrum throughout the test region, so that errors due to spectral
mismatch are minimized when the buffer is identical to the test region.
However, calculations suggest that the error in k | due to imperiect
asymptotic conditions may not be serious even if a substantial part of
the buffer region differs from the test region. To test this prediction,
the buffer region in the first set of experiments {4.0&%-enriched UQ,;
in test region) was divided into two regions: an inner buffer ideatical
toc the test region and an outer buffer having dissimilar nuclear prop-
erties. As will be shown, satisfactory results were obtained with the
dissimilar buffer. Although a dissimilar outer buffer could have been
used in the second set of experiments (UQ,-ThO; fuel in test region),
sufficient fuel was available to simplify the experiments by making the

entire buffer region identiczl to the test region.




3.4.1. 4.02%-Enriched UQ; Experiments

For the experiments in which the test region contained
4.02%-enriched UQ, fuel rods, the inner buffer wae an identical uni-
form lattice of these fuel rods on a pitch of €.595% inch (MW = 1.006),
and the outer buffer was a uniform lattice of UO; -ThO; fuel rods on a
pitch of 0.387 inch {M/W = 0.990). The effective radius of the buffer
lattice was 11.0 inches. The fuel rods were aligned at the top and
bottom by 22-inch-diameter by l-inch-thick drilled aluminum grid
plates having an 8. 3-inch-square hele in the center for the test insert.
Since the UQ; -ThQ; fuel rods were approximately | foot shorter than
the 4.02%-enriched UQ; fuel rods, the grid plates were mounted approxi-
mately & inches above the base of the coxe tank and & inches below the
top. Figure 3-4 shows the buffer grid plates in the core tank and some

of the fuel rods loaded in the cuter bufier.

3.4.2. 1]O; -ThO, Experiments

For the experiments in which the test region contained
UO; -ThO; fuel rods, the entire buffer region was an identical lattice
of these fuel rods on a pitch of 0. 387 inch {(M/W = 0.990). The effec-
tive radius of the buffer lattice was 11.0 inches. The fuel rods were
aligned by egg-crate prid platés constructed of 0.071-inch-thick by
!-inch-wide aluminum strips that interlocked on a 0, 387-inch pitch.
Additional alignment was obtained at elevations corresponding to the
top and boitorm of the test region by using similar grid plates with alter-
nate strips removed to facilitate loading. The intermediate grid plates
covaraed only the area around the test region and along the diameter
where the flux traverses were made.

All four grid plates were provided with a 6. 6-inch-square
hole at the center for the test insert. Four aluminum angles {1 in. X1 in.
¥ 116 in.) were mounted in the corners of the hole to serve as guides
for the insertion of the test insert, The grid plates were aligned and
supported by 3/8-inch-diameter threaded stainless steel rods located
at the periphery of the buffer region. Since the UD, -ThO; rods were
only 5 feet long, axial symmetry was provided by supporting them on
an aluminum shelf approximately & inches above the base of the tank.
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The arrangement of the internal structure for the UG, -

ThQ; experiments iz illustrated in Figures 3-5 and 3-6.

' 3.5. Test Insert and Test Region

The test region, i.e., the Tegion that is replaced by a veid in the
null-razctivity measurements, is located in the center of a removable
section of the lattice called the test insert, The test insert is approxi-
mately the same total length as the fuel rods in the buffer region and fits
in the equare hole in the center of the buffer region. It can be removed
from the buffer region lattice to provide access to the test region for
poisoning and void replacement. Since the test region should be sur-
rounded by buffer material axially as well as radially, the top and bottom
sactions of the test insert are indentical to the middle (test region) sec-
l:inn and form the axial bufiers. The test insert is also surrounded radi-
ally by one or two rows of full length fuel reds, which actually constitute
part of the inner buffer. These full length rods are included in the test
insert for two reasons. First, they serve as structural members to
hold the three sections together, since the lattices are so tightly pack-
aged that the introduction of extraneous material for structural puposes
iz prohibited. Second, by using the same grid plates that hold the test
region to align the first row of inner buffer rods, the lattice spacing
can be controlled more accurately. The shorter fuel rods in the test
insert are cut to the proper length from full length rods and resealed

with thin epoxy-cemented aluminum end caps.

3.5.1. 4.02%-Enriched U{Q; Experiments

The test insert for these experiments, shown in Figure
3-7, was an B. 33-inch-aquare by 6-foot-long lattice of 196 {14 x 14}
4.02&%-enriched UQ; [uel rods on a pitch of 0.595 inch {M/W = 1.008).
The central 13-inch-long section contained the test region, and the top
and bottom 27-inch-long sections formed the axial buffers. . Each sec-
tion was provided with 1/4-inch-thick alurminum grid plates at the top
and bottom, and three rods at each corner were epoxy-cemented to the
grid plates so that the sections could be handled separately. Figure
3-8 shows the central section before the cat fuel rods were loaded.

The test region itself was a sublattice of 144 {12 X 12)
fuel rods. Thus, the cuter row of 52 full length fuel rods in the test
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insert actually formed part of the inner buffer. The three sections of

the test incert were held together by studs that were threaded into the

end plugs of eight full length reds ard bolted to the top grid plate of the
top buffer and to the bottom grid plate of the bottom buffer.

3.5.2. U0; -ThO; Experiments

The test insert for these experiments {see Figures 3-5
and 3-6} was a2 6.58-inch-square by 62-inch-long lattice of 289 {17 X 17}
UQ, -ThO; fuel rods on a pitch of 0. 387 inch (M/W = 0,990). The cen-
tral 18-inch-long section contained the test region, and the top and
bottom 22-inch-long sectiony formed the axial buffers. The fuel reds
in the end buffers were supported by thin {1/4-to 1/2-iach-thick) stain-
less steel grid plates,

The test region itself was a sublattice of 169 {13 x 13)
fuel rods, held at the top and bottom by aluminum grid plates, 5/16-
and 1/2-inch thick respectively. Thus, the two outer rows of full length
fuel rods in the test insert actually formed part of the inner buffer. The
three sections of the test insert were held together by four 0.25-inch-
diameter stainless steel tie rods, which replaced the corner full length
fuel rods. The test region was removable as a anat without disassem -
bling the test insert, as was necessary in the preceding experiments,
by withdrawing the two rows of full length fuel rods on one side of the

test insert and moving the test region through this opening.

3.6, Void Can

The void that replaces the poiscned test region in the null-reac.
tivity rmeasurements is simulated by a hollow, air-filled aluminum can
having exactly the same outer dimensions as the test region. Since
these lattices are very undermoderated, the void can is divided inter-
nally into & number of watertight compartments by thin aluminum plates
to reduce the nuclear hazards of ficoding. The end plates are designed
'te match the test region end grid plates as closely as possibla so that
their reactivity effects cancel. However, a amall correction is required
for neutron absorptions in the aluminum walls and internal divider plates,

Absorptions in the nitrogen in the air are negligible in comparison.
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3.6.1. 4.02%-Enriched UQ; Experiments

In these experiments, the void can had ocuter dimensions
of 7.140 inches (12 X 0.595 in.) square by 18 inches long and a wall thick-
ness of 0,163 inch. It was divided into eight compartments by 0.081-
inch-thick plates. The volume of aluminum in the walls and dividers
was 79.4 in.* and 27.2 in.? , respectively, so that aluminum occupied
12.0 vol % of the test region disregarding the end plates. The active
length of the test region and void was 17.50 £0.01 inches. Figure 3-9
is a view of the void can, and Figure 3-10 shows the test insert assem-

bled with the test region and a second view with the void ean in place,.

3.6.2. UQ;-ThO, Experiments

In these experiments, the void can had outer dimensions
of 5.031 inches (13 X 0.387 in.) square by 18 inches long and a wall
thickness of 0. 140 inch. It was divided into six compartments by 0,081-
inch-thick plates. The volume of aluminum in the walls and dividers
was 47.1 in.? and 9.0 in.?, respectively, so that aluminum occupied 12. 9
vol % of the test region disregarding the end plates. The active length

of the test region and void was 17.20 £ 0,01 inches.

3.7. Poisons

The test region is poisoned with 0.0102 £ 0.002-inch-thick foils
of Binal, a homogeneous mixture of natural B,C and aluminum containing
.53 £ 0.02 wt % boron and having a density of 2. 62 gmfﬂm?'. The foils
are inserted vertically between rows of fuel rods and are trimmed as
necessary to fit the test region dimensions. Sorne of the foils are per-
torated to reduce their weight and te permit a more uniform poison dis-
tribution.

In some cases it is necessary to flatten the flux distribution by
adding poison to the buffer region after the test region has been poisoned.
Binal foils were used in the end buffer regions and. in that part of the
inner buffer included with the test insert. Additional poisoning was
achieved by taping 0.050-inch-diameter silver (90% Ag-10% Cu) wires

to some of the buffer fuel rods.
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Figure 3-2. Assembly Plan (4.02%-Enriched UQO,
Experiments)
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Figure 3-3. Assembly Elevation (4.02%-Enriched UQ,
Experiments)
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Core Tank and Buffer Region (4.02%-Enriched UQ,

Experiments)

Figure 3-4.
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Figure 3-5. Test and Buffer Region Plan (UQ, - ThO,
Experiments)
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Figure 3-6, Test and Buffer Region Elevation (UO,-ThO,
Experiments)
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Figure 3-7. Test Insert (4.02%-Enriched UQ, Experiments)
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Figure 3-8. Unloaded Test Region (4.02%-Enriched UG,
Experiments)




Figure 3-9. Void Can (4.02%-Enriched UQ, Experiments)




Figure 3-10, Test Insert Assembled With Test Region and
Void Can (4.02%-Enriched UQO,; Experiments)

Top
Buffer

Boattom
Buffer

Test Insert Containing Test Insert Containing
Test Region Vaid Can




4. EXPERIMENTS WITH 4.02%-ENRICHED UQO, FUEL
{69.7% D,0}

4.1, Preliminary Experiments

The reactivity worth of the control rods, measured by astandard
rod-drop and rod-bump-period methods, was found to depend slightly
on the loading of U-235 in the driver. The minimam wozrth {unfueled
driver) was approximately $2.40 for eachpair of safety rods and approx-
imately $1.80 for the single regulating rod (Rod No. 2).

The accuracy of the measureament of ke depends on the consist-
ency and reproducibility of the variables that affect null-reactivity
measurements. The maximum effects of these variables are shown in
Table 4-1. The overall reproducibility also includes the effects of
structural changes caused by reassembling the test insert, Although
the reproducibility could have been improved substantially, the sensi-
tivity of the experiment was sufficiently large, due to the size of the
test region, that the grror in kw was only £0.1%.

Table 4-1. Reproducibility of Null-BReactivity Measurements

Difierential Error,
Variable worth Reproducibility cents
Control red position ":_l\;.‘-‘:.”cm 0.05 em 0.03
Moderator lavel 2.60¢/fem 0.05 cm D.13
Table gap . 0.06¢ /il 1 mil 0.06
Temperature —(1x1)F/C <0,5C <0.5
Moderator degradation 0, 05%/3 mo, - - 0.06
- - =0.5

Overall - -




4.2. Unpoiscned Test, Unpoisconed Buiffer

4.2.1, Loading Configuration

Criticality was first achieved on September 28, 1962,
After a number of preliminary experiments the moderator was changed
to its final concentration (69.7 mole % D;0), and criticality was reached
with six driver channels in the first row fueled with 0,48 kg of U-235.
All the remaining channels in the 144-channel driver weare filled with
praphite. The excess reactivity of this loading waz approximately
26 cents, and the worth of a fualad charnel, comparad to an unfueled

one (graphite only), varied from 8 to 14 cents.

& 2. 2. Flux Distributions

EBadial and axial flux traverses were made with bare and
cadmium-covered l/d-inch-diameter by 0.005.inch-thick gold foils and
with bare 1/4-inch-diameter by 0.007-inch-thick Dy-Al {=5 wt % Dy)
foils. The foils were mounted on 1/2-inch-wide by 0,005-inch-thick
spring-steel tapes. After bein'g irradiated for 20 minutes at a power
level of a few hundred wattsz, the foils were beta counted once on sach
gide in each of three end-window, gas-flow proportional counters, Bare
and cadmiuvm-covered rans were normalized by two gold monitor foils.

The results are shown in Figures 4-) and 4-2, The cad-
mium-covered gold traverse gives the shape of the epithermal flux dis-
tribution. The thermal flux distribution was obtained by two methods:
from the bare dysprosium traverses, since dysprosium has a high cad-
mium ratie in this lattice and is primarily responsive to thermal neu-
trons; and from the difference between the normalized bare and cadmium-
covered gold distributions. The results are in good agreement, although
the latter measurement has 2 much larger uncertainty since the gold cad-
mium ratie is ¢lose to unity. The large peaks in the axial distributions
at the top and bottom of the test repion are caused by the absence of fusl
at the end caps of the cut fuel roda. The lower curves show the extent
of the asymptotic region, The ratio of thermal-to-epithermal activity
is given by the cadmium ratio of gold minus one and also, on an unnor-
malized scale, by the ratio of dysprosium to cadmium-covered gold
activity, As predicted by calculations, the asymptotic reglion extends

well into the inner buffer.




Although comparisons of thermal and cadmium-covered
gold activities prove that the neutron spectrﬁm is asymptotic to at least
5 ev, it is important to kl'IDUI'J whether the spec.tr.um‘ is also asymptotic
at higher energies. The radial distribution of higher energy neutrons
was mapped with 0. 005-inch-thick thorium foils, covered with thorium
and cadmium. The purpose of the thorium covers was to 6Creen neu-
trons at the principal thorium resonances of EZI, 24, and P{hssibly 70 ev,
o that the thorium foil within responded primagily to neutrons above
30 ev, After irradiation the Th-233 activity was beta counted in end-
window, gas-flow proportional counters; background corrections were
made by counting the foils the same way prier to irradiation.

The radial flux shapes for cadmium- covered gold and
cadmmm- and thorium- covered thoriurm are shown in Figure 4-3,
where the thermal distribution obtained from the Dy-Al foil traverse
i repeated for comparison, The unnormalized ratios of thermal-io-

- epithermal activity, obtained by dividing the Dry-Al data by the epi-
thermal gold or epithermal thorium data, show that the neution spec-
trum is asymptotic into the inner buffer even at energies well above

S-ev gold resonance,

4.2.3. Thermal Disadvantage Factor

. The thermal disadvantage factor ?’m!?’f , defined zs the
ratic of the average thermal neutron flux in the rna_derato_r to that in
tha fuel, was measured in a central cell of the test region. This lat-
tice parameter is used to calculate the thermal utilization of the unpoi-
aoned test region, which enters in the derivation of ku,

The measurernents were made by standard techniques
used earlier in the SSCR critical expariment program.® As shown in
Figure 4-4, the flux in the fuel and moderator was sampled with 0,007-
inch-thick Dy-Al {5 wt % Dy} sector foils using a 0. 444-inch-diameter
round {R} foil in the fuel and a scallopad {5) Ifﬂil, 0,595 ineh across flats,
in the moderator. Measurements were made in two loadings, designated
[ and JI. Three R-foils and three 5-foils were irradiated simultanesusly
in gach run. After a 20-minute irradiation the fcils were counted five

.times in a 4 7 propertional counter. The foils were calibrated for var-
iations in dysprosium content by irradiating them on a wheel rotating

in a region of relatively constant flux and counting themn in the sarne 47
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geometry. Very small corrections for the diﬁérences in axial flux at
the foil positions were also applied.

A small correction to the bare foil activity ratio Emfﬁf
was made to account for the slight difference in epithermal activity
between the fusl and moderator, This cerraction was obtained by meas-
ering the cadmium ratic of R-foils in the fuel {Cf] and in the moderator

{Cm}. Thus, the thermal disadvantage factor was dete rmined by the

$m_'xrn Cm_l Cf
% A \c_ /\¢ -1 "

f

following equation:

Table 4-2 summarizes the results obtained from Loadingl.
No significant difference between the three fuel rods was observed. How-
sver, two measurements by exactly the same technigue in Loading II using
another lfuel rod (designated Rod a) gave a value about 2% higher {Imf
1{ = 1.148 + 0.005). Essentially the same result {(1.146 + 0.003) was
ohtained from three measurements on the same Rod a in an equivalent
critical experirlnent. Thus, the discrepancy may be attributed to dif-
ferences in the fuel rods, rather than to a lack of equivalent asymptotic
conditions in the two types of experiments, The same difference was
observed in Cp; mmeasurements, discussed in the next section. Although
the value obtained from Loading I is probably the proper one to use in
the analysis, k_is so insensitive to $m'($f that the difference is insignif-

icant.




Table 4-2. $m";$f in Unpeoisoned Test Region

A'm"ﬁf

Bun no. Rod 1 Rod 2 Rod 3 Average

EX 1.110 1.136 1.118 1,121

100 1.107 1123 1.107 1.112

122 1.138 1.159 1.142 1,146

128 1.145 1.120¢ 1.122 1.129

129 1.125 1.114 1.124 1,121

130 1.146 1.113 t.126 1.128
Average 1.129 1.128 1.123 1.127£0.012

Gm—l Cf
C P s 1,010 £ 9.005
m f

¢ /% = 1.13820.013

4, 2.4. Cadmium BRatio of [J-235%

The cadmium ratio of UI-235 for fissions, Cja, is used
for the derivation of k_. It is also a basic lattice parameter, 5o it is
important tc show that the value obtained in the SLE is the same as that
measured in the center of an equivalent critical experiment. Agreement
would support the assumption that the neutron spectrum in the center of
the two types of experiments is the same.

Using standard techniques developed sarlier in the SSCR
critical experimeant prolgrarn-'", . measurements were made along the
radius of the test region in Loading I, as shown in Figure 4-5, and were
repeated in the central cell using Loading I1 with two different fusl rods.
The data foils were 93%-enriched U-Al alloy (18 we % 1, 0.010 inch
thick by 0.444 inch in diameter, having the same diameter as the fuel
in the swaged fuel rods. In the bare runs the data foils were sandwiched
between carefully cut and sealed ends of fuel rods, and accurate align-
ment was achieved by joining the cut ends with a 1/4-inch-long thin-
walled etainless-steel sleeve. In the cadmium-c¢overed runs each U. Al
foil was covered with two 0.444-inch-diameter by 0.020-inch-thick
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cadmium discs, and the stainless-steel sleeve was réplaced by a 0.020-
inch-wall cadmium sleeve,

The foils were irradiated for 20 minutes andwere gamma
counted {ivetimes in a sodium iodide scintillation spectrometer that was
biased te count photons above 200 kev, Bare and cadmium-covered runs
were normalized by simultaneously irradiating two orthree U-Al monitor
foils and counting thern in the same sequence. The same data foils, cor-
rected for background, were used in comparable bare and cadmium-cov-
ered runs to eliminate {oil calibration arrors.

The measuremente in Loading I, summarized in Table 4.3,
show no significantdifference between the three fuel roeds. The valuas in
Loading II were, howavar, Z2.440 + 0.006 for Rod a and 2.495 £ 0.006 for
Rod b. Identical measurements in the equivalent crit{ca.l experiment
gave 2,434 + 0,012 for Rod a and 2.475 + 0.00% for Rod b, Several con-
clusions can be drawn from these results. First, the same asymptotic
Epectrum exists in the SLE and the aquivalant critical assembly, since
the cadmium ratios from Rods a and b agree. This conclugion is fur-
ther strengthened by the agreement batween the two measureaments of
the U-238 cadmium ratie reported in the next section, Second, the dif-
ference between Rod a and the thres rods in Loading I is 2%, the same
difference cbserved in the disadvantage factor measurements. Since
Red b agrees fairly well with the three rods in Leading I, it may be
azsumed that the thermal component of the activation of Rod a 13 con-
sistantly 2% too small, bothk in the $m."47f and the C;; measuremesnts.
Although careful examination of the cut ends of the fuel rods (by X-ray)
and remezsurements of the cuter diameter and lattice spacing revealed

no significant differences, local variations in inner diameter and fuel

density can account for the discrepancy.

Table 4-3. C,; Measurements in Unpoisoned Test Region

Run neo. Rod 1 Bod 2 Rod 3 Average
88/95 2.517 2.529 2.51% 2.521

96/89 + 2.513 2.498 2.45% 2.490

28/90 2.480 2434 2.453 2.456

9/91 2.434 2.468 2.511 £2.471
125/120 2.505 2.409 2.482 2,482
Averapge Z2.489 2.480 2.484 2.484 + 0,014
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4.2.5. Cadmium Ratio of U-238

Although Cug, the cadmium ratic of U-238, is not required
for the determinaticon of k_, its importance as a basic lattice parameter
warrants comparative measurements in the SLE and in the eguivalent
critical assembly., The measurements were made by the thermal acti-
vation technique, a method used extensively in the SSCR critical experi-
ment program.!? This technique has the dual advantages of e«liminating
perturbations by the cadmiuvm and of measuring Gy — 1 directly.

The working equaticon {s as follows:

Cat — | A%.) G —1) Al -A':i) C )
= i K
Cis A° A Al . G, =1 A

v R

where A is the weight-normalized saturated activity, C is the cadmium
ratic, R designates irradiations in the SLE lattice, and ¢ designates
irradiations in a well-thermalized flux, K is a small calculated correc-
tien for the non-1/v behavior of dysprosium. The superscripts B and C
refer to bare and cadmium covered, and the subscripts U and D refer to
uranium and dysprosium,

Figure 4-6 shows the loading arrangement in the test
region. In the bare run Aﬁ was obtained by dissolving the 0.5-inch-long
irradiated fuel slug, removing fission product and other ¢contaminating
activity by solvent extraction, and beta counting the U-23% activity. The
0.444.inch-diameter Dy-Al reference foils above and below the fuel slug
were beta counted to give ﬁ% . In the cadmium-covered run, the Dy-Al
foils were counted to obtain C,. The uranium and Dy-Al samples were
weight-calibrated by irradiating them on a wheel in 2 region of relatively
constant flux. Details on the measurement of the ¢-parameters are
given in Reference 12,

The results are summarized in Table 4-4. The internal
consgistency of the data is ve ry goeod, and tha average value aprees well
with that measured in the equivalent critical experiment (Cyy = 1.087

T+ 0.004).




Table 4-4. Cz; Measurements in Unpoisoned Test Region

Farameter Run 102 Run 103 Eun 104 Run 106 Average
{Aﬁ}ﬁ x 108 2.759 2.909 2.B6h - - 2.845 + 0.045
[A%]R-X 105 4.484 6.502 6.513 . - 6.500 + 0.013
{Ai}RHAE;]R 0.426 0.448 0.440 - - 0.438 + 0.007
(A5} X 10° - - - - - - 0.93¢ 0.934 £ 0.013
{Cola - - ~ - - - - . 6.962 1 0.098
ECD ~ 1};(::] - - .- - - - - 0.856 £ 0.002

! 2

g 'C

A, —ANNS C
[#y , ”\( e ) - - - - - - - - 0.0379 1 ©.0004
\ A J\c, -1

¢ ¢

K - - - - - - - - 1.067  0.013

Cue 1.0887 1.0840 1.0855 - - 1.086 £ 0,002

ul




4.3, Poisoned Test, Unpoisoned Buffer

4.3.1. Loading Configuration

On completion of the measurements in the unpoisonead
test region (buffer unpoiscned), the test region was poigoned incremen-
tally with Binal feils, and the reactivity difference between the poiscned
test region and the veoid can was measured. During this sequence of
experiments the buffer region (both radial and axial} was not poisoned.
To measure the reactivity differences by movement of a calibrated reg-
ulating rod, the driver was shimined to have about 48 cents excess reac-
tivity when the void can was substituted for the test region, In this con-
figuration 16 of the driver channels were fueled with 1.3 kg of U-235,
and the remaining channels were filled with graphite. The moderator

composition remained at 69.7 mole % D;0.

-

4.3 . 2. HNull-Reactivity Measuremenis

Although the moat valid null-reactivity measurements
weare made with the flux flattened by poisoning the buffer region as well
as the test region, measureaments ware also made with the buffer region
unpoisoned to evaluate the error in the determination of k_, due to lack
of flux flatness. The critical regulating rod position was measured
when the test insert contained the void can. The test insert was then
removed; the void can was replaced by the unpoisoned test region; the
test insert was reloaded into the buffer lattice; and the new critical rod
position was measured. This procedure was repeated, as additional
Binal foils were loaded in the test region, until the null-reactivity point
was reached,

The data in Figure 4-7 show the reactivity difference
betwaen the poisoned test region and the veid ean as a function of the
total maes of Binal {and the number of aquivalent whole Binal foils).

The Binal foils in this experiment were 3.02 inches wide by 17.4 inches
long. The uncertainty in Ap due to errvors in rod calibration approachss
2&ro 45 the null-peoint is reached. Howewver, the reproducibility is some-
what poorer than that achieved during the more careful measurements
with the poisoned buffer, The uncorrected mass of Binal for null-reac-
tivity is

MF‘ = 584 £ 8§ gm (unpoisoned buffer).

4-9
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4.3, 3. Flax Disitributions |

Radial and axial flux distributions were meacsured by the
same techniques described above for the case of 26 Binal foils in the
test region. As shown in Figures 4-8 and 4-9, the poison strongly
depresses the thermal flux in the test region and has very little effect
on the epithermal flux. The flux shapes in the outer boffer differ
slightly from the case of the unpoisoned test region because the loading

of the driver was changed.

4.4, Poiscned Test, Poisoned Buffer

4.4.1. Loading Configuration

The finzl measurermeants ware made with the buffer and
the test region poisoned to flatten the radial and axial flux shapes. The
radial buffer was poisoned with two silver wires attached to each fuel
rod in the two inner rows of buffer rods sutzside the teat inzert, as shown
in Figure 4-10. Toc reduce the pezaka in the axial flux curves, iour layers
of Binal foils wars placed between the pairs of grid plates zbove and below
the test region., Binzl feils were alse placed herizontally in the end buf-
fers to flatten the axial flux shape. The number of Binal foils in each
J-inch vertical section ie shown in the axial flux distribution {see Figure
4-12}. Under these conditions the assembly was critical {pex = 13¢) with
the driver loaded as shown earlier in Figure 3-2 (44 channels fueled with
3.5 kg of U=235). The moderator composition remained at £9.7 meole %

.0,

4.4.2, Flux Distributions

Flux distributions for the final loading of buffer poigon
are shown in Figures 4-11 and 4-12. The large dip in the epithermal
traverse near the silver wires in the buffer is probably caused prima=~
rily by interference between the gold and silver resonances; so ithe other
epithermal groups are likely te be flatter. The spectrum appears to he
asymptotic over most of the test region. The 2% increase in the thermal-
to-epithermal fiux ratio at the sdge of tha test region does not introduce
an appreciable error in the me=asurement of k. as will be ghown later.

Information on the thermal flux shape at the edges and

cornera of the test region was also obtained., Figure 4-13 shows the



ratio of the activity of Dy-Al foils alonp one =dge of the test region to
that at the center. One traverse was located at the elevation of the test
region midplane and the other at the top of the test region. These data
demonstratad the flatness of the flux to within 5% over the antire volume
of the test region, Other traverses taken when the poisoned test region
was teplaced by the void can showed less than a 5% change in the ther-

mal flux digtribution over the surface of the void can.

4.4, 3 (Call Flux Ratios

The ratio of the average thermal flux in the poison (Binal
foil) to the average thermal flux in the fuel, ¢ /$.. is needed to calculate
the thermal utilization in the poisoned test region. This ratio was obtained

by measuring the individual ratios in the equation!:

% [P f‘n‘i- A Cm =N/ S prqw} aw
B \A/\A/\E Cm J& ! e )

The first terrm, the ratic of the averages thermal flux

through the Binal foil to that at its surfacs, was obtained by extrapo-
lating measurements of bare dysprosium foil activities at the surface
and at the center of stacks of twe and four Binal feils. Since the ratic
wa s close (o unity, the average activity through the Binal foil was
assumed to be equal to the averapge of the inside and surface activities,
The ratio of the flux at the surface of the Binal foil to that at the sur-
face of a fuel rod depends on the position of the Binal ioil in the cell.
Since the Binal feoils were positioned randomly, this ratio was meas-
ured as a function of the spacing between a Binal foil and an adjacent
fuel rod, The experiment was performed by mounting 1/4-inch-diam-
eter Dy-Al foils along the 17.4-inch length of a Binal foil and opposite
a similar set of foils on an adjacent fusl rod, The foils ware then
axposed with the Binal foil tilted so that it rested against one fuel rod
at the bottom and against an adjacent fuel rod at the top. The resuits,
given in Figure 4-14, show an average ratio of 0.998 and a maximum
possible variation of £0.007 in this ratio.

The ratio of tharmal flux at the surface of the fuel rod
to that ingide the fuel rod was measured with 0.44d-inch-diameter Dy- Al

foila at the surface and between cut fugl rode using the geometry for Cg,
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measuraments (Loading I}.

moderator G, and in the fual Gf is

The ratic of Dy-Al cadmium ratios in the

a small correction for the change

in the fraction of epicadmium activation in the Dy-Al foils between the

fuel and moderator, These parame

measurements reported previously.

ters wers taken from the Tﬁn‘f;f

The integrals in the equation,

usad to caleulate the average flux along the width of the Binal foil, weze

chtained by activﬁting appropziately spaced Dy-Al foils on a Binal foil.

The regults of all the measurements are suymmarized in Table 4-5,

Tahle 2-5.

Flux Ratios in Foiszoned Cell

Flux ratio

Average thermal flux through
Binal to thermal flux at sgqr-
face of Binal

Activity at surface of Binal to
that at surfzce of fuel rod

Activity at surface of fuel rod
to average activity in fuel rod

Fraction thermal activity of
Dy-Al in moderator to that in
fuel rod

Cell average flux along EBinal
Average thermal flux in Binal

tc average tharmal flux in
fuel

3.4.4.

Yalue

Symbol
=
Aplhy 0,993 £ 0.004
5 5
ﬁpmf 0,998 £ £,007
.
Agl By 1.06 £ 0.01
Cu=1\/ C
AT 1,010 + 0,005
fﬁpi“" dw/ fdw 1,04 £ 0.01
b/ b 1.10 £ 0.02

Mueil- Reactivity Measurements

The final null-reactivity measurameants made after the

buffer region was prisoned are shown in Figure 4-15,

Asg predicted by

calculations, the curve is not exactly linear over the entire range, but

it ig gufficiently linear near the null-point for accurate interpolation.
The locations of the Binal feils in the test region for those loadings

neayr the null-point are ghown in Figure 4-16.

cells in the test region could not be

Since each of the 144

poisonead identically because of the

heterogeneity of the poigon, the importance of a single Binal foil was




measured at two dissimilar locations, designated Loadings 25A and
25B. The results confirm predictions that the hetercgeneity of the
poigon leading has a negligible effect on the null-point. The mass of

Binal at the null-point, uncorrected for veid can eifects, is

MP =592 %65 grﬁ {poisoned buffer}.

The uncertainty is based on a precision &p near the null-point of

approximately £0.5 cents. Higher precision could have been obtained

but was unnecessary for these experiments.

4.4.5, Corrected Null-Point

The small correction to the mass of poison for null-
reactivity is required for the aluminum in the void can. The reactivity
worth of aluminum was estimated by measuring the reactivity coeifi-
cients of 0.080-inch-thick plates of aluminum [(Type 6061} 20d magne-
sium (AZ-318B, QOM-44A) placed arcund the periphery of the poisoned
" test region. The reactivity coefficients, including the displacement of
n;mde rator, ware approximately 0.349¢/in.? for aluminum and 0.346¢/
in.? for magnesium, To separate the vary large moderator coefficiant,
the assumption was made that the reactivity coefficients of aluminum
and magnasivim were proportional to thair thermal absorption cross
sections, 0.23 b and 0.063 b, respecfively‘. Solving a2 set of three simul-

tanecus equations, the following reactivity coefficients were cobtained:

Oidod = {3.4 £ 0.3) x 10°! §/in.?

1]

Al= {54+ 37)% 10°*¢fin.?

H

Onig = (1.5 % 1.0} x 1075 ¢/in.?

Using this as; for the 79.4 in.? of aluminum in the walls
and the 27.2 in.? of aluminum in the dividers of the void can, the total
correction. is ;{ﬂ.ﬁ t 0.4} c;ents, or —(5 + 3) gm Binal. This value is
gomewhat less than .the calculated correction of =(15 £ §) g;'n Binal
given in Appendix B. Since the assumption that the reactivity coeffi-
cients of aluminum and magnegium are propertional to their thermal
absorption cross sactions is probably an oversimplification, because
the rescnance integral of magnesium is appreciable {=0.9 b for Mg vs

=0.2 b for Al), the calculated walue i preferred. The correction is
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suificiently small, however, that little error is introduced by this
choice. A vary small correction of +{1.0 £ 0.6) gm Binal is alse applied
for slight dimensional differences between the test region and the void

can. Thus, the corrected mass of poison for null-reactivity is:

LU 578 + 7 gm Binal

Although not uged ag a correction, the reactivity effect
due to the digplacement of moderator by the Binal foils was measurad
hy adding additional pure aluminum foils to the poisoned test region.
The reactivity worth for 15.6 in.? of displacerment was (0.24 £ 0.05) ¢/
in.? which is in reascnably good agreement with the above value when

differences in reactivity importance are taken into account.

4.4 6. Cadmium Ratic of 11-235

The figsion cadmium ratio of J-235 was measgured in the
poisoned test region using Loading I (see Figure 4-5} and identical exper-
imental techniques. The results of the £,;; measurements are summa-
rized in Table 4-6. The values far the central fuel rod {Bod 1) varied
substantially from run to run and in zll cases were much larger than
the Rod 2 values, This behavior is attributed to Binal foi]l misalign-
ment, which caused the cell in which Red | was located to be slightly
underpoisoned. Therefore, the value for Rod 2 represents Cy in the
central part of the poiscned test region. €z is higher in Rod 3 for two
reagsons. First, the spectrum departs slightly from its asymptotic
value at the edge of the test region, as was seen in Figure 4-11. Second,
the 26 equivalant Binal foils could not be arranged to poison each cell in
the test region identically. Therefore, the Binal foils were deliberately
arranged in a symmetrical configuration for these measurements so that
120 of the 144 cells were "fully' poisoned, 20 were "half" poisonad, and

4 were '"'unpoisoned". Rod 3 was located in one of the "unpoisoned” cells,




Table 4-6 Cyg Measurements in Poiscned Test Region

Run no. Rod 2 Rod 3
67/63 2.159 2.337
64 {60 2. 166 2.333
66761 2.150 2.299
68165 2.155 2.308
Average 2. 157 £0,007 Z.319 0,019

A limit to the effective U-235 cadmiom ratio for the poi-
soned test region can be obtained by weighting the Rod Z value by 120,
the Rod 3 value by 4, and the average of Rods 2 and 3 by 20. This
result (Cys = 2.173) 15 an upper limit, since it includes not only the
effects of Binal foil heterogeneity and nenuniform distribution, which
should be corrected, but zlsc the nonasymptotic condition at the edge
of the test region, which should be consgidered as a spectral mismatch
errvor rather than as a correction. Fortunately, the difference batwesen
the upper and lower limits is only 0. 7%, s the best value for Cz in the
paisoned testregion (26 Binal foils) can be taken as 2. 165 2 0. 010, where
the vncertainty 13 suificiently large to cover both extremes.

Since Cg; was measured in atestregion gontaining 617 gm
Binal and since the corrected null-point agtually corresponded to 578 gm
Binal, an additional small correction is required. On the assumption
that {1+ &;;} is linearly proportional te MP, the corrected value of G,
at the null-point 15 C, = 2. 182 £ 0.011.

Since the interpelation is small, the linear assumption
should not increase the error in G, appreciably. An alternate approach
in whichan apparent value of Kk is derived from data of the 617 gm Binal
case and this value is corrected to the true¢ null-point on the assamption

that [k }p is linearly proportional to Mp gives the same final result.
-y

4_5. Derivation of kn

The infinite medium multiplication facter was derived by the pro-
cedure described in Section 2 using the experimental data listed in
Table 4-7. The concentration of DO in the moderator was measured




by a density technique described in Reference 3. No ::legradatinn bayond

the limits quoted was cbserved between the firat- and last-day samples.

The final regults are summarized in Table 4-8, which compares

the values of k_ obtained by the two methods described in Section 2, The

results are discussed in more detail in Section 7.

Table 4-7.

Surnmary of Data for k_, Derivation

0,0 concentration, mole %
Fuel material

Rod cuter diameter, inch
Lattice pitch, inch

M/ W ratio

Yolume of test region, cm?
Unpoisoned
Mass of Binal, gm
Npg, atoms Bjecm¥test Tegion
Volume displaced by
Binal, cm?® 0

b by 1.138 + 0.013
ENLY: 1.07 + 0.02
o u

Cas 2 484 + 0.014
1+ 54 1.674 + 0.006

4- 16

69,71 0,1
4,02%-enriched UG,
04755

0.595

1.004

1.461% x 10t

Poizoned

578 = 7
{5.570 £ 0.044} x 10

220
L.138
L.06 £ D.01

.13 £ 0,02
Z.182 + D.011
1.846 £ 0.007




Table 4-8. Darivation of k

Farameter Unpoisoned Folsoned Ratio

f 0.5445 0.7304 1.156 = 0.004

€ 1.0854 1.0978 0.98% % 0,002

p 0.33B86 0.3107 1.090 % D.004

i+ &, 1.674 1.846 0.907 £ 0,005
L - - - - 0.995 + 0,003

!l =T - - _— 0,971 £ D002
k, {Equation 2-6) w1 125 £ 0.009

k, (Equation Z2-8) »-].122 + 0.005
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Figure 4-1. Radial Flux Distribution {Unpoisoned Test
and Buffer)
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Figure 4-2, Axial Flux Distribution {Unpeoisoned Test
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Figure 4-4. BSector Foils in q;m,r‘q:f Measurement
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Figure 4-5, U-Al Foils in C,;, Measurement
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Figure 4-6, Loading Arrangement for Cy; Measurement
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Ap, cents

Figure 4-7, Ap Vs Mass of Poison (Unpoiscned Buffer)
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Figure 4-8. Radial Flux Distribution {Poiscned Test,
Unpoisoned Buffer)
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Wormalized Saturated Activity
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Figure 4-10, Location of Poison Wires in Buffer
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Figure 4-11. Radial Flux Distribution (Poisoned Test
and Buffer)

10.0
| i
2.0
= Bare Gold F/
Z 8.0 /] /|
“ —0—
> e
T 7.0 l l\"—‘lw F{fﬂ.
g Cadmiumn- Cov i red er
E rd
@ 6.0 .
‘E dy Sy = 0.97 7/
'E 5.0 x
o
= 2
1.8 P
L4 . =T
y -
1.0 I ] | Afesmal Gotat
7.0
> 6.0
e
u
=t
< 5.0
iy
; l | g
= Thermal Dy pruﬂlunw
NPT S s i ]
iy [y, = 0,99
3.0 l
0,4
£ ‘_Q__‘!'_’,_!rto——q___c('
u
o S I Gold (Gy=1
Z 0.2 [+] old (G, =1)
23]
ey
0.1 } T
_E ¢l.g.|"¢u = ].0E "'I—’-—D}':aprnslum {unnarmalized)
[_|
; | |
-‘-——T Test l-_+_' Inner Buaffer —Ie-lin—— ];:::ELET-.:-_"
1 | | |

[¢] 2 4 b 8 1a 12 14 1 18

Radial Position, pltch = 0,5%5 n.

4-28




MNormalized Saturated Activity

Thermal/Epithermal

8.0

7.0

6.0

Figure 4-12,

and Buffer)

Axial Flux Distribution [Poisoned Teast

5.0

4.0

Cadmivm-Covered

1.6

ﬁ —5.0
LA - B Ry
1.
2 Thermal Gold
e
0.8 ! | | q
Thermal Dysprosium l\
/ —3.0
Q.4 \
0.3 7 ¥
Gold {Cﬁu - 1} o wT‘
o FQ—J y
. MWW
0.2
Dysprosium [unnormalized)
G. 1 gyl S . N . e ol
hslel g | Tlfi
Bottorn Buffer ——p—Test Region -s=—  Top Buffer —m
0 ] d L i ke . I L
0 20 () 60 20 100 J2n 140 (1) 180

4-29

Axial Position, cm

Saturated Activity




Figure 4-13. X-Y Flux Distribution {Poisoned Test
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Figure 4-14.

Ratic of Flux at Surface of Binal to lux at
Surface of Fuel Rod
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Figure 4-15, Ap Vg Masgs of FPoison {Poisoned Buffer)
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Loading Pattera of Binal Foila in Test Region

Figure 4-16,
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5. EXPERIMENTS WITH UQ,;-ThQ,; FUEL [70.4% D)

5,1, Preliminary Experiments

The reactivity worth of the contrel rods was measured to be
approximately $1.70 for each of the three pairs of safety rods and
approximately $0.65 for the single regulating rod. These values are
somewhat lower than in the preceding experiments because the driver
was less heavily loaded. The uncertainty in reactivity measurements
due to variations in the moderator level was reduced by raising the
overflow about 2 inches above the level used in the preceding experi-
ments and obtaining a value far 8p/8h of about 2¢/cm. The effect of
moderator degradation was measurad to be about 70 cents per percent
change in DO concentration. The net reproducibility for null-reactivity

measurements reamained at about + 0.5 cants.

5.2. Unpoisoned Test, Unpoisonad Buffer

5.2.1. Loading Configuration

The buffer and test regions contained a total of 2543
UO;-ThO; fuel rods on a uniform lattice pitch of ¢.387 inch. Therefore,
the effective radius of the buffer region was 11,01 inches. The moder-
atcr compokbition was 70.4 £ 0.1 mole % D0, Criticality was achieved
with 68 driver channels filled with graphite., Figure 5-1 is a plan view
of the buffer and test regions! it also shows where the poison was added

to the buffer region for later sxperiments (ses Section 5.4).

£.2.2. Flux Distributions

Eadial and axial flux distributions were measured with
bare and cadmium-covered gold and Dy-Al foils by the same techniques
described in Section 4. The radial traverses are shown in Pigure 5-2,
where the thermal flux obtained from the gold and Dy-Al data have been
normalized on the same scale. The ratic of thermal-te-epithermal

activity iz equal to the cadmiuvm ratio of gold mimus one; the noermalized

5~1



ratio of Dy-A) to cadmium-covered gold activity is also shown for com-
parison, As expected, the spectrum is asymptotic well into the buffer
region. The ratio of the flux at the edge of the teat region to that at its

center is 0.97 for both the thermal and epithermal fluxes.

5.2.3. Thermal Disadvantage Factor

The thermal disadvantage factor Ern ¢'f was measured

in the central fuel rod by the same techniques described in Section 4.2.3.
Three 0. 260-inch-diameter Dy-Al foils were loaded in the fuel rod,
separated by single fuel pellets {=0. 4 inch long). In the cadmium-
covered runs, the aluminum cladding was replaced by a 2. 0-inch-long
by 0.016-inch-wall cadmium sleeve having the same outer diameter as
the alurninum cladding and closed at the ends by 0. 020-inch-thick cad-
mium discs. The results of the measuraments are given in Table 5=1.

Each value is the average of three separate determinations.

able 5-], ® /&, in Unpoisone st Region
Table 5-1 ! g in Unp d Test Reg

Average Cm -1 Cf _
Bun no. ‘n"rn'f‘q“f ( Crn )(Cf- 1) iI’rrn"“'T’i'

190 1. 14 -- 1.19

192 1.11 -— l. 16

195 l1.12 -- 1.17

197 1.12 -- 1.17
Average 1.12 £ 0. 01 1.045 + 0,002 1.17 = 0.01

5. 2.4, Cadmivm Ratio of U-235

Cic, the cadmium ratio of 17-2235 for fissions, was meas-
ured by the same technique used in the previous experiments {Loading I},
except that the U-Al foils were 0, 260 inch in diameter to match the diam-
eter of the fuel pellets. The measurements were made along the radius
of the test region in every other fuel rod. Rod 1 was at the center of
the test region, and Rod 4 was in the outer row of fuel rods {see Figure
5-5).
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The results are summarized in Table 5-2., The differ-
ence between fuel rods does not appear to be statistically significant,
particularly if the low peint for Rod 4 {215/221) is ignored. Therefore,
Czs is e#ssentially constant over the test region, in agreement with the
gold cadmium ratio data, and the neutron spectrum should be asymp-
totic. ©One of the monitar foils in Runs 214/220 was suspect. If the
values from these rune are weighted only half as strongly, Ci; decreases
to 2. 240, and, if the suapicious low point 15 eliminated, C, intreases

to 2. 247, Both values are, however, within the standard daviation

quoted.

Table 5-2. C;; in Unpeisoned Test Region
Run no. Rad 1 Rod 2 Rod 3 Rod 4 Average
2127219 Z.248 2. 225 2.201 2.244 2.230 £ 0.015
214/220 2.275 2.241 2.275 2,278 2.267 £ 0,012
215/221 2.239 2,261 2,262 2,181 2,236 + 0.028
Average 2.254 2.242 2,246 2.234 2.244 + 0.010

10.019 £0.018 +0. 042 +0. 049

5. 2.5 Cadmium Ratio of Th-232

Cgz. the cadmium ratio of Th-232, is not required for the
derivation of k_ but was included in the program because of its impor-
tance as a lattice parameter. The measurements were made in the
central fuel rod using the same leoading arrangement 23 for the Emr’$f
measurements. The thorium metal foils were 0, 260 inch in diameter
{diameter of fuel pellet) and 0. 010 inch thick. After irradiation, the
Th-233 activity was beta counted in proportional counters. The same
foils were used in the same positions in comparable bare and cadmium-~
covered irradiations, and the foils were caunted in the same sequence
and at the same counting times. Background corrections were applied
by counting the foils prior to irradiation. The runa were norrnalized

by three bare gold moniter foils. The results are summarized in

Table 5-3.




Table 5-3. Cadmium Ratio of Th-232

Fun no. Feil 2 Foil 3 Foil 4 Average

192/194 1. 29 1.29 130 1.29 £ 0,01
196/ 138 1. 24 1. 25 1. 26 1.25 + 0.01
Average -- -- - 1,279 £ 0.02

5.3, Poisoned Test, Unpoisoned Buffer

5.3.1. Leading Configuration

Cn completion of the measurements in the unpeisoned
test region, the test region was poisoned incrementally with Binal foils
until the null-point was reachad. The moderator composgition was
unchanged, and the buffer was unpoisoned., Criticality was reached

with 80 driver channels filled with graphite.

5.3, 2. Null=Reactivity Measurements

Although the most valid null-reactivity measurements
were made with the flux flattened by poisoning the buffer, maasure-
ments were also made with the buffer unpoisoned to evaluate the error

in k, due to lack af flux flatness, The uncorrected (for void can) mases

of Binal for null-reactivity was

MP = 568 1 5 gm {unpoisoned buifer)}
More details on these messurements are given in Section 5. 4.

£.3.3, Flux Distribution

Radial and axial flux distributions were mapped with bare
Dy-Al foils by the same techniques described above, As shown in
Figure 5-3, the ratio of the flux at the edge of the test region to that at

ite center was 1. 17 radially and about 1. 3 axially.

5.4. Poisoned Test, Poisoned Buffar

5.4.1. Loading Coenfiguration

With the test and buffer regions peoisoned in their final
configuration {described in Section 5. 4. 4), criticality was reached by




filling all except 12 {3 at sach corner) of the driver channels with
pgraphile and adding fuel to six of the channels in the first row. Each
of the fueled channels contained 72 U-Al feils distributed ever a length
of 6 feet. The total mass of U-235 was approximately 0.7 kg.

h.4 2.  Flux Distribution

In an attempt to flatten the flux across the poisoned test
region, peoison was added to the bufier region in a number of different
configurations. It proved to be impossible to satisfy both requirements
girmultaneously, i.e., ¢onstant therrmal flux and constant cadmium ratio,
altheugh either one could be achiaved separately. However, a reason-
able compromise was reached with the buffer and test region loadings
described in Section 5.4.4. Figure 5-4 shows the radial and axial flux
distributions. The ratios of the flux at the edge of the test region to
that at its center are approximately 0.94 and 0.96, respectively, for the
thermal and epithermal components, and the ratio of the thermal-to-
epithermal components is constant to within about one cell of the edge
of the test region, where it appears to rise about 2%. The accuracy of
these data is limited by the low cadmium ratic of gold in these lattices.

The peaks in the axial flux distribution at the ends of
the test region, due tc the abksence of fuel in the end caps, are highly
localized. Distributions measured with Dy-Al foils mounted directly
on the Binal poison foils {open squares) represent a more realistic pic-
ture of the axial flux shape in the active part of the test region. The
ratio of the thermal flux at the end of the tezst region to that at its
center is about 1.03 + (.02, Other data showed that the thermal flux
wag within about 5% of its central value at all peints at the edges and

corners of the test region.

.4. 3. Flux Ratice

The ratio cf the average thermal flux in the poison (Binal}
to that in the fuel EP,I’Ef was meagured by the same procedure degeribad

for the first experiment {Saction 4. 4. 3). In that terminalegy.
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3, a2 J\R )\ c c -1 [ aw

wheTe the second and third terms have been combined to simplify the
measurement. Table 5-4 summarizes the Tesulis, whare A .H'A; Was
taken from Section 4. 4. 3, since it should be relatively independent of
the lattice spectrum and geometry, and the cadminm ratios were taken

from the disadvantage factor measurement ( Table 5-1).

Table 5-4. EPIEf in Poisoned Test Region

Symbol Value
A_IA° 0.993 + 0.004
PP K
s —
AR 1.079 £ 0.019
c_-1 C,
2 =2y 1.045 + 0.002
m b §
fAP (w) aw/ [ dw 1.03 + 0,01
b, % 1,15 £ 0.02

£.4.4. HNull-Reactivity Measurements

The final null-reactivity measurements were made with
the buffer region poisoned to approximate flat-flux conditione. As
shown in Figure 5-1, the two rows of buifer fuel rods surrounding the
tegt insert were poisoned with silver wires. In addition, Binal foils
were placed in that part of the buffar region included in the test insert
itself ae follows: one thickness of Binal on the outer row of buffer fuel
rods in the test insert, three thicknesses hatwesan the two rows of buffer
fuel rods, and no Binal batween the outer row of fuel rods in the test
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region and the inner row of buffer fuel reds. [n the axial direction,
two thicknesses of Binal foils were placed between the pair of grid
plates above the test region and three were placed below the test region
te reduce the flux peak at the grid plate locations, Binal feils were also
distributed in the top and hottorn buffers to improve axial flux {latness.
The distribution of Binal foils in the teat region is shown
in Figure 5-5, where the case labeled "unpoisoned buifex" shows the
poison configuration referred $o in Section 5. 3. 2. The dashed lines
represent perforated Binal foils, which weigh approximately half as
much as the regular foils. Three configuratione of poison were con-
sidered in these measurements with the poisconed buffer. As shown in
the lower curve of Figure 5-6 {the upper curve presentﬁ the datia
referred to in Section 5, 3. 2 for the unpoisonad buffer}, the 545.8 gm
cage is slightly underpoisoned, and the 568,.5 gm case is slightly over-
poisoned. The mass of Binal at the null-point, uncorrectsd for void

can effactg, is
MF’ = B60 + 7 gm (poisoned buffer)

These and other supplementary measuraments also show
that the mass of poison for null-reactivity is quite insensitive to the
physical distribution of the Binal foils. Note also the small difierence
in M_ from that obtained with the unpoisoned buffer. The last case
shown in Pigure 5-5{544.5 gm} represents a rmore uniforrm poison dis-

tribution, which was used for the flux measurements.

5.4.5. Corracted MNull-Point

Twe small corrections to the mass of Binal for null-
reactivity are required, as describked in Section 6.4.5. The correction
for the aluminurn in the veid can is ='(1¢ £ 5} grm Binal, and the correc-
tion for the aluminum posts is + (17 £ 3) gm Binal. Thusg the corrected

mass of poison for null-reactivity is
Mp = 567+ 10 gm Binal

5.4. 6. Cadmium Ratio of U-235

Cyz; was measured in the peisoned test region using the
same techniques used in the unpeisoned measurements {see Section

5.2.4}). In this case. however, some difficulty was experienced in
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achieving asymptotic conditions threughout the test region, The data
listed at the top of Table 5-5 were obtained with the buffer slightly
underpoisoned, and the cadmium ratio was observed to increase radially.
When the poison loading in the buffer was increased, the lower set of
data was obtained, and an opposite trend was found, Although the two
sets of data should bracket the proper value of Cy. the exireme sensi-
tivity of Gyg to slight changes in the buffer poisoning decreasgsed the pre-
cision with which Czg could be determined. The hest value of Ty con-
Bistent with all data ig 1.88 1 ¢, 03. Since the measuremsants were made
in the test region containing 545 gm Binal and since the null-point was at

567 gm Binal, the corrected value of Cyg at the null-point is

Cis = 1.86 + 0,03

Table 5-5. C;g in Poisoned Test Region

Eun no. Red 1 Bad 2 Fod 3 Fod 4
2377243 -- 1.843 1. 864 1.880
2387244 -- 1.844 - 1.871
2337245 - 1.831 1,869 1. 870
Average -- 1. 84 1.87 1.87
257/2461 1.748 1.911 1.935 1.8%2
258/262 i.952 1.884 1.918 1.892
2507263 1. 899 1.318 1.B85 1.851
Average 1.93 1.90 1.91 1.88

5.5. Derivation of k,

The experimental data used to derive k _ are summarizad in
Table 5~6, and the results are given in Table 57, The accuracy of
the measurament of 11'_“=r by Equation 2-6 is appreciably lower than the
accuracy by Equation 2-8 becauvse of the difficulty with the measure-
ment of Cy; in the poisoned test region. The results are discussed in

more detail in Section 7.




Table 5-6. Summary of Data for k_ Derivation
D concentration, mole % 0.4 1 0.1
Fuel composition 0;: - ThO,
Bod outer diameter, inch 0, 308
Lattice pitch, inch 0. 387
M/{W ratio 0, 990
Volume test region, em? 7128.9
Unpoisaned Poisoned
Mass Binal, gm 567 & 10
NB , atoms B/cm® test region 1.120 x 104
Volume displaced by Binal, cm? 0 212
P> 1.17 + 0,01 1. 17
¢Pfq:f -- 1.15 & §.02
Cas 2.244 % 0.010 1.86 1 0,03
- 1 + &z 1.804 £ 0. 006 2. 163 £ 0.041
Table 5-7. Derivation of k_
Farameter Unpoisoned FPaisoned Ratic
f 0. 8409 0. 6498 1.294 + 0. 008
3 1.0124 1. 0157 0.937 &£ 0.001
r 0.4010 0. 3433 1.168 £ 0,011
1 + &3 1. 804 2. 163 0.83 1 0,016
L -- -- 0.995 % 0,003
- - -- 0.959 £+ 0.003
k“{EquatiDn 2~-6) =1,24 £ 0,02
k, { Equation 2-8} >1.241 £ 0. 008
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Fipure 5-1. Arrangement of Buifer and Test Regions
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Figure 5-4. Flux Distribution {Poisoned Test and Buiffer)
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6. EXPERIMENTS WITH UO; - ThO, FUEL (80. 4% D;O)

6.1. Freliminary Experiments

The reactivity worth of the control rods was measured to be
approximately $2, 50 for cach of the three pairs of safaty rods and
approximately $1. 15 for the single regulating red. The effect of table
separation on rea¢tivity was remeasured, and the value of 0,06¢/mil
reported in Section 4. 1 was confirmed. The moderxrater {D/O-H,O}

temperature coefficiant was measured to ke akout - 0, 124/C.

6.2, Unpoisoned Test, Unpoisoned Buffer

©@.2.1. Loading Configuration

The buffer and test regions in these experiments were
identical to the preceding ones., except that the D0 concentration in the
moderator was changed o 80.4 1+ 0.1 mole %. Criticality was achieved
with 24 inner driver channels fueled with approximately 2 kg of U-235
and 116 outer channels filled with graphite only.

£.2,2, Flux Distributions

The flux distributions are shown in Figure &-1. The
asymptotic region extends well into the buffer, and the ratic of the flux
at the edge of the test region to that at its center is 0. 98 for both the

thermal and epithermal components,

6.2.3. Thermal Disadvantage Factor

The thermal disadvantage factor $m qaf was measured
by the technique deseribed in Section 5. 2. 3, and the results are sum=

marized in Table 6-~1. Each value is the average of three separate

determinations.




Table 6-1. ¢_ /%, in Unpoisoned Test Region

Average m f 3 /3
Bun no. Amfﬂf Gl'ﬂ £ ‘1)"1 4’1-
168 1.09 - 1. 14
170 1. 0% -- 1.14
174 1. 11 - 1. 14
Average .10 £ 0.01 1.045 = 0.005 1. 15 % D.01

6 2 4 Cadmium Ratio of 11-235

The U-235 cadmium ratio was measured in the test
region by the same technique used in the preceding experiment at
70. 4% DO (see Section 5.2.4). The results are summarized in
Table 6-2. Rod | was at the center of the test region; Rods 2, 3, and 4
ware located at every other lattice position (Rod 4 at guter edge of test
region). Cp; is constant across the test region within the precision of

the data, in agreement with the results of the flux measurements.

Table 6-2. Cz in Unpoiscned Test Region

Run ne. Rod 1 Rod 2 Rod 3 Rod 4 Average

2921298 1. 358 1.941 1.932 1.937 1.942 + 0.011
2931299 1.974 1.958 1.958 1.950 1.360 + 0.010
304/307 1.952 1. 940 1,926 1,946 1.941 + 0.011
305/308 1.961 1.945 1.936 1.954 1.94% £ 0.011

+0. 009 £0.G08 +0. 054 10,007

6.2.5. Cadmiurmn Eatio of Th-232

Cpz. the cadmivm ratio of Th-232, was measured in the
central fuel rod by the zame techniques empleyed in the previcus experi-

ment (2ee Section 5.2.5). The rasults are summarized in Table &£-3,
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Table 6-3. Cadmium Ratio of Th-232

Eun no. Feil 2 Foil 3 Feoil 4 Average

1687171 1. 18 1.22 1.17 1.192 £ 0,02
169 /175 1. 19 1.22 1.22 1.21 # 0.02
Average - -- -- 1.20 + 0,02

6.3, Poisoned Test, Unpoisoned Buffer

Although the best pull-reactivity measurements were made with
the flux flattened by poisoning the buffer, measurements were also
made with the buffer unpoisoned to investigate the influence of the flux

shape on the null-point. The uncerrected mass of Binal for null-reac-
tivity is
Mp = 443 & & gm {unpoisoned buffer)

Additional details on these measurements are given in Section 6.4,

6.4, Poisoned Test, Poisoned Buffer

6.4. 1. Loading Configuration

With the test and bulier regions poisoned in their final
configuration to be described in Section é. 4. 4, criticality was reached
by filling all except 12 {3 at each corner) of the driver channels with
graphite and adding fuel to 48 of the inner channels. The total mass of

U-235 was about 3.8 kg.

4.4.2. Flux Distribution

Approximately flat flux and asymptotic conditions were
achieved by peisoning the buffer region as deacribed in Section 6. 4. 4.
Figure £-2 shows the resulting flux distributions. The ratios of the
flux at the edge of the test Tegion te that at its center are appraximatéljr
1. 00 and 0.98, respectively for the therrnal and epithermal compo-
nents. The ratic of the thermal-to-epithermal componente appeare to
be constant to within about one cell of the test region boundary, where
it increages 2%. As in the preceding experiments, more precise data

were not possible because of the low cadmium ratic of gold in these
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tattices. Neglecting the localized peaks at the grid plate positions in
the axial distribution. the ratio of the thermnal flux at the ends cof the

test Tegion to that at its center igs approximately 0,98,

6.4.3. Flux Ratios

The ratio of the averapge thermal flux in the poison
{Binzl) to that in the fuel Epf$f was measured as described in Section

5.4.3. Takle =4 gummarizes the results,

Table 6-4. $Pf$f in Poisoned Test Region

Symbel Valu=
2 /A" 0.993 + 0. 004
PP
ASfA . 1.075 + 0.027
p At
c -1 C,
én— I | 1,045 1 0.005%
m 3
pr {w} dw/ [ dw 1.02 £ 0.0)
q:pfq;f 1.14 + 0,03

6.4.4. MNull-Reactivity Measurements

The final null-reactivity measurements were made by
poisoning the buffer region to approxirmate flat flux conditions. The
two rows of buffer fuel rods surrounding the test insert were poisoned
with silver wires, and Binal foils were placed in that part of the buffer
region included in the test insert itself as follows: no feils between the
outer row of fuel rods in teat repion and the first row of inner buffer
rods, two thicknesses of Binal bhetwean the two rows of buffer rods in
the test insert, and no {oile between the outer row of buffer rods in the
test ingert and the first row of buffer rods outside the test insert. In
the axial direction, two thicknesses of Binal foils were placed hetween

the pair of grid plates above the test region and three were placed below
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the test region. Binal foils were alse distributed in the top and hottom
buffers to improve axial flux flatness. _

_ The distribution of the Binal foils in the test region is
shown in Figure 6-3, where the cases labeled 'inpeisoned buffer' refer
to the measurements reported in Section 6. 3. The dashed lines repre-
sent perforated foils, which contain approximately half as much Binal
as regular foils. " As shown in Figure 6-4, the 441.4 gm loading is
" slightly underpoisoned, and_' the 468. 2 pm loading i:s averpoisoned. The

mass of Binal at the null-peint, ancorrected for void can effects, 'is

M_ = 456+ 6 gm (poisoned buffer)

These and other supplemerntar}r measurements show that
the mass of poison for null-reactivity is guite insensitive to the physical
distribution of the Binal foils. Note also the small difference in the
null-point from that obtained with an unpoisoned buffér. The symmet-
rical loading desi_g.nated 458. 6 gm was also qséd for the flux traverses

and cadmium ratic measurements with the poisoned buffer.

6.4. 5 Corrected Null-Paoint

Two small corractions to the mass of Binal for null-
reactivity are required. The correction for the aluminum in the void
can was measured by d.etermining the reactivity difference between the
vold can and a solid block of aluminum having the same external dimen-
siocns. The reactivity coefficient of alurninum (no moderator displace-
ment} was found to be —0.021¢ fin? Therefore, the correction for the
£&6.1 in.? of aluminum in the void can, using the slope of Figure 6-4,
is approximately -12 gm Binal. The correcticn was also computed
using the model described for the 4. ﬂz%-enrir:.hcﬂ O, axperiments,
in ¢cylindrical geometry {see Appendix B), On this basis the correction
varied between -5 and -15 gm Binal. depending on the assu:ﬁptiﬂna'
used. Since the measured value has an appreciable uncertainty due to
cumulative arrors in the measurement of small reactivity differences
gnd to flux depression in the sclid aluminum block, a iraiue of - (10 £ 5)
gm Binal consistent with all information is used for the void can correc-

tion. This correction is sufficiently small that its relatively large

uncertainty produces a negligible error in kv,




The second correction arises from the fact that the four
corner fuel rod poeitions in the test region were replaced by solid
0. 38%7-inch-square aluminum posts to provide structural support, Thus
the teet region actually contained 165 rather than 169 lattice cells, and
the mass of poison should be increased by the ratio of 1697165 to apply
to a 169-cell-test region. Making a further small correction for neu-
tron absorptions in the aluminum, the mass of poison should be
increased by a total of 3%, or + (15 £ 4) gm: Binal. Therefore, the cor-

rected mass of poison for null-reactivity is

MP = 464 x 9 gm Binal

6.4.6 Cadmium BRatio of U-235

Gy was measured in the peisoned test region using tech-
nigques identical o those for the unpoisoned measurement (see Section
6.2.4). The results are given in Table £+5. Neglecting the Rod 4
value, which is affected by a slight degree of spectral mismatch at the
surface of the test region, Cz appears (o he asymptotic across most

of the tast region and has the value:
Czs = 1.672 £ 0.005

Since the mass of Binal {458. 6 gm) in the test region during these meas-
urements was 50 close to the null-point, no correction to thia value of

Cz5 i5 required,

Table 6-5. C;; in Poisoned Test Region

Run no. Bod 1 Rod 2 Rod 3 Bad 4 Average

2727275 L.675 1.672 1. 648 1. 710 1. &76

2937276 1. 669 1.675 1. 688 1.692 1. 681

2747217 1,658 1,484 1, 682 1. 708 1,683
1. 667 1.677 1.673 1. 703

Average +0.005  +0.004 +0.013 +0. 006 L.680
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6.5, Derivation of I-:q

The experimental data used to derive k_ are summarized in

Table 6=6, and the results are given in Table 6-7 for the two methods

dascribed in Section 2. The results are discussed in moere datail in

Saction 7.

Table 6-6. SBSummmary of Data for k, Determination

;0O concentration, mole % 80.4+ 0.1
Fuel compoesition O ;- ThC,
Rod cuter diameter, inch 0.308
Lattice pitch, inch 0,387
M/W ratio 0.990
Volume test region, cm? T12B.9
Unpoisoned Polsoned
Mass Binal, gm 4] 460 £ 9
Ng atoms B/cm?® test region 0 9.087 X 101
Volume displaced by Binal, cm? 0 174
Y 1.15 £ 0.01 1.15
CNED -~ .14 % 0,03
Cze 1.948 + 0. 005 1.672 2 0,005
1 + 63 2,065+ 0.006 2.488 £ .01
Table 6~7. Derivation of k
o™y
Parameter Unpoisoned Poizoned Ratic
f . 8444 d.6822 1.238 = 0. 008
E 1,0132 1.5159 4.997 + 0,001
F 0, 3241 0.2778 1.167 2 0.011
1+ & 2.055 Z.488 0.826 + 0.004
L -— -—- 0,995 % 0.003
1 ~T - - 3.956 % 0,003
k (Eguation £-6) = 1. 184 % ¢, 0414
k. {Equation 2-8) - 1. 184 % 0,008
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Loading Arrangement of Binal Foils

Figure 6-3,
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7. DISCUSSION CF RESULTS

7.1, Comparison With Critical Experiment

The best test of the validity of the Small Latiice Experiment
(SLE} technigque for epithermal lattice studies is to compare the results
of SLE meagurements with those in an equivalent ¢ritical assembly.
This comparison was made for the 4, 02%-enriched UQ; lattice. Table
7-1 summarizes the results of the SLE mezsurements in Section ¢ and
equivalent critical experiment data given in Appendix C. The SLE wvalue
of k_ is taken from Equation 2-8, which, as discussed in Section 7. 3,
appears to give someawhat more accurate results than Equation 2-6.
The lattice parameters in both types of experiments were measured In

the same fuel rod to facilitate the comparison.

Table 7-1. Ceomparison of Smali Lattice and
Critical Experiment Results
{4. 02%-Enziched UQ;}

Small lattice Critical
Parameter experiment experiment
k_ 1. 122 £ 0.005 i.126 £ 0.00%
Em.f:-pf 1. 15% £ 0,007 L. 157 £ 0. 009
Cas 2. 440 + 0.006 2.4%4 = 0,012
Cas 1.086 £ 0.002 1.087 £ 0,004

It is apparent that the lattice parameters ﬁmf$f. Cie, and Cyg)
measured in the two iypes of experiments are egsentially identical.
This equivalence proves that the neutron spectrum in the central cell

of the SLE is sufficiently asymptotic for valid meagvrements.

Te1




The measurement of k_ requires the establishment of asymptotic
conditions over a much larger volume, However, the agreement
between SLE and critical experiment values of k_ shows that asymp-
totic conditions extend over a sufficiently large part of the test region
and that small departures from the asymptotic state at the edge of the
test region are of minor importance, This conclusion is strengthened
by the analysis of spectral mismatch arror in Appendix A. In this SLE
the gpectral mismatch error is £0.1% in k . which is negligible in com-

parigson with other sources of error.

T.2. Summary of U0; -ThO; Experiments

The resulte of the meagsurements in the two UQ; «ThO; lattices
described in Sections 5 and 6 are summarized in Table 7-2, The value
of k_ is taken from Equation 2-8%. Although no equivalent critical
experiments are available for comparison, the results appear to be

consgigtent and are in reasonably good agreernent with theoretical pre-

dictions.
Table 7-2. Results of U0; -Th(Q; Experimenta
Parameter 70.4% DO 80.4% DO
k_ 1.241 + 0.008 1.184 1 0.008
FENEY 1. 17 £ 0.01 1.15 + 0.01
Cas 2.244 £ 0,010 1.948 = 0,005
Cp2 1.27 + 0.02 1.20 1+ 0.02

7.3. Alternate Equations for k_

The two expressions for k_ developed in Section 2 differ prima-
rily in that p/p_ is calculated and (1 + 6}/(1 + EH}P iz measured in
Equation 2-6, wherezs the product {1 - I") is calculated in Equation 2-8.
The difference between the two approaches can be represented by
k_ .l"{fffp]. As gshown in Table 7-3, the error using Equation 2-6 is
always larger than that using Equation 2-8, Although the major

T-2
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contributor to the error is the measurement of the U-235 cadmium
ratio, particularly for the sacond lattice, the uncertainty in the calcu-
lation af p.r"pp is also appreciable. In the UQ;-ThG; cases, the change
in p due to polson addition is of the order of 17h, which is considerably
more than occurs in the 4,02%-enriched UQ; lattice. Furthermore,
only about half of this change is caused by boron absorptions. Thus

the application of Eguation 2-6 becomes less favorable as pfpp

increages, i.e., as the epithermality and k of the lattice increase.

Table 7-3. Comparison of k_ J’[fffp'_l

4, 02%-enriched UQ,; -Thi2,, UC; - Thi),,

Methad uQ; 70.4% DO 80.4% DO
Equation 2-6 0.973 & 0.007 0.958 + 0.20 0.956 + 0.012
Equation 2-8 0.971 £ 0.002 0.959 + 0. 003 0.956 £ 0. 003

The use of Equation 2-B avoids the experimental srrors inherent
in the U-235 cadmium ratic measuretnents and, if the error analysis in
Section 2 is correct, also eliminates an appreaciable part of the calcu-
lational error in p;"pp by combining this calculation with the caleula-
tion of (1 + 6:5‘;,1’{ 1+ 5;;:|P+ Additional study is required te establish
more general criteria for the degree of error cancellation in the com-
putation ¢f 1 - I'. However, for the three lattices investigated in this
program, the errgr analysis in Section 2 and the agreement between

the two metheds {Table 7-3) furnish strong evidence for the validity of

this approach.

7.4, Conclusions

The small lattice experiment appears to be a useful technique for
measuring the infinite medium properties of apithermal lattices where
fuel cost or availability is an important consideration. The basic theory
¢f the technique has been confirmed by comparative measurements in
an equivalent critical assembly. and additional confidence in its
validity has been gained through the results and analysis of higher k_

. JO; = ThQ; lattices., In addition. analytical procedures for the design
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of new experiments have been developed and tested {see Appendix B).

These procedures can be used to predict the minimum guantity of teat

fuel required, consistent with a given allowable erxer in k“.

In comparison with critical experiments, small lattice experi-
ments can be performed with less than 1% of the test fuel, and the lat-
tice pararmeters can be measured with comparabls accuracy. Although
small lattice experiments are more time Consurning, lr.‘ can he meaa-
ured to a higher degree of accuracy than is possible in ¢ritical experi-
ments. For the types of lattices studied here, k_ can he measured to
an accuracy of 0.5 to 1% for values of k_up to at least 1.24. An upper
limit has not been established, although the error of k_ should increase
roughly in proporticn to k_ - 1. Experimental data on k _ accurate 1o
approximately 1% are sufficiently good, particularly when supplernented
by lattice parareter data, such as & and pyg, to provide a useful test
of theoretical methods for the analysis of new lattices,

For future applications, several modifications {0 the experi-
mental procedures should be considered, First, the size of the tast
region can be substantially reduced without increasing the error in k_.
This will decrease the total inventory of test fuel if the required thick-
nesg of the inner buffer region in new experiments does not change,
Second, the use of soluble rather than solid heterogensous materiales
te poison the test region has obvious advantages in that the measure-
ments of & f$£ and Czs would be simplified and more precise shimming
to the null-point would be poseible. These improvements must ke

weighed against the mechanical complicaticne that 2 soluble poisen

would entail.



APPENDIX A

Mismatch Error Analysis

1. Introduction

The infinite medivm multiplication factor of the clean test lattice in

the SLE for constant vy is given by:

A RNERNS ANEE ] _
-+ ()6 @) -

where the subscripted parameters are determined for the poisoned test
lattice that balances a veid in the test cavity. Under this condition it is
assumed that k_ of the poisoned test lattice is unity, i.e., ne distortion
of the spectrurn or spatial distribution of the flux in the test region occurs
when the void is replaced by the poisoned test lattice. The severity of the
distortion that may occur in the substitution experiment determines the
magnitude of the mismatch errozr introduced in k,, as given by Equation A-1.
The null-reactivity condition states only that the perturbation in the
absorpticn and leakage properties of the test region upon insertion of the
poisoned lattice has ne net eifect on the reactivity of the reacter asssembly.
In modified two-group notation this condition may be expl.:essed as follows,

where the integrals are over the test region:
- foTotwne, av « [ ot sitpe, dv + [ o 6i6)ge dV + [ of 6(p 4y AV
~ [ of 6(w)e, av - [ vet 6D Ve aV

- [ v4f 5(D) Vg, dV = 0 (A-2)
I this aquation,

W, = Zf + B = removal cross section for the fast group

q{Un )}/ ¢, = fast to thermal scattering source

i3}

G {Uin)

slowing down density at therrmal cotoff
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é,f; = epithermal fission source
$:f; = thermal fission source
Dy = diffusion coefficient for group i
¢{' = adjoint flux in Eroup i
¢ = neutron flux in group 1
The neutron and adjoint fluxes in the test region are given by:
D)9y - Wiy + {3 + £2d,) = 0 {A-3)
D, V34, = Wy, + Pygy = 0 [A -4}
DV - WieT + (18] + B19d) = 0 (4-5)
D947 ~Wobi + f3¢f = 0 (A-6)

In this notation k_ is given by

- I, + fadnl g -
ke = W BT T Wt/ ) (A-7)

where ¢p/4, is the ratio of fast-to-thermal flux in the infinite medium.
Note that, if the flux 15 flat in the poisoned lattice, i.e., if the gradient

of-the adjoint and neutron fluxes vanish, we obtain the following:

6 W, ~1f, _ W
£ Mza . s
@ _w-o, = W {A-9)
T B, £

These ratios are identical to those existing in the infinite medium; hence,
from Equation A-7, k, is unity. In addition, for flat flux in the poisoned

tast lattice, Equation 4-2 reduces to

-6 Widy + 67 19, + F fabe + 6F Brdy - ¢ Wadp = O (A-10)
since W,, f,, and B, are zero for the void and since the gradient of the
adjeint and neutron fluxes vanishes. With ¢,/¢, and ¢/ ¢l given by Equa-
tiens A-8 and A-9, the left side of Equation A-10 is identically zerc;
hence the null-reactivity condition 1s satisfied for flat flux in the test
regicn, and the ratios of the neutron and adjoint floxas are equal to the

corresponding ratios in an infinite medivm of the same material.



In Equation A-2 the last two integrals represent the eifect on the
reactivity due to the change in leakage which results from the substitution.
In principle, therefore, it would be possible to determine the magnitude
of the spectral mismatch and nonflatness error by seolving Equation A-2
iteratively for the poisen concentration for null reactivity and comparing
with the peison concentration required for a critical, infinite test lattice,
which may be determined by a separate BFG calculation. A simpler
method of estimating the combined spectral mismatch and nonflatness
error 16 reported in the next section, where the experimental technigue
is approximated within the framework of first erder transport and few-

group diffusion theory.

2. Combined Spectral and Leakage Exror

The error 1in k_ due to spectral mismatch and leakage was computed
using BPG infinite medivm and four-group calculations in a spharical
model simulating the geometry of the experiment on the 4.0Z2%-enriched
UO; lattice {see Appendix C for geometry). Several degrees of buffer
poliszoning were asasumed to bracket the experimental conditions. The
following procedure was used. The void was placed in the test region,
and the driver was adjusted to make keff unity “‘eff = k,) in a multiregion
four-group calculation. In a separate infinite-medium calculation, the
concentration of boron that made k_ = 1 was determined. The void was
then replaced by the test region containing that boron concentration, and
the first calculation was repeated for exactly the eame buaffer and driver
conditions ﬂieff = kp}. The difference hetween k,.., and kp, therefore, is
proportional to the error in the measurament. The proportionality was
determined by making- g8 small change in the boron concentration and cal-
culating dkgp/dk_ .

The change in k_ necessary to balance the void is

k -k

&
akﬁ_mi& , (A-11)

and the infinite medium multiplication factor of the material that balances

the void ia

kL = 14 Ak, (A-12)




Therefore, the error in km 1=
ki,-1={k_=- 1)+ Ak_ ' fa-13)
A division of the total error (k! - 1} into the part due to noninfinite

medium spectrurmn &, and the part due to leakage o, can be made as follows.

The productions P in the test medium are given by
P = Py othfe'p' (1 + &) (A-14)

where P, = nonleakage probability, and the primes denote finite mediurn

values. The absorptions are given by A = Py ; therefore:

P/A = qthecp’ (1 + 8jg) = k,, /") B\ (1 + 8 (A-15)
. ) )

where the superscript « denotes infinite medium valuss. 7, is obtained

I_ eV p®y fl 4+ 62

7y =k /P/A) - 1 (A-16)

from

In the test region P/(A + L} = kajf» where L is the net leakage out of the
test region, or P/A = kg5 {l + L/A), ¢, is obtained from

1l

1+ 0 = kpefl + L/A)

(P/a) -1 {A-17)

[}

T2

Equations A-1% and A-17 are combined to give the fallowing result:

ke = kegf (1 + L/A) (:T)(FS) ({ 1 2;) {A-18)

Therefore, provided ;yo; << {7 + 03],

ki, - 1=0+0, (A-19)

If conditions are perfect (L = 0), the finite parameters are equal o
infinite medium parameters, and the medivm that balances the void has
k, = 1. If the buffer is not perfect, L # 0 and the finite parameters

differ from the infinite medium parameters. Calculations of P/A in the

test mediom that balances the void give o, and ;.



In practice a number of BPG runs would be required ta abtain the
four-group coefficients for the exact value of k that balances the void.
Therefore, v and ¢, may be obtained by calculating o) for a test material
that nearly balances the void; 7; would then be obtained from

ﬂ'z=k;_1"ﬂ‘1

where k!, is that calculated above to balance the voud.

o and o; were calculated for the three different bufier poiscns. The
values obtained are given in Table A-] and plotted along with the total
error from Equation A-13 in Figure A-1l. The ratios of the four-group
fluxes at the surface of the test region to the center values, ¢y(s}/dy(0),
are also shown in the table. It can be seen that the total error is very
small because the errors due to nonasymptotic coaditions and due to

leakage tend to cancel,

Table A-1. Error in k, Due to Spectral Mismatch

Buffer poison

Farameter Lerc Same as test 1.76 % tast
& {s)/ § (0} 1.0005 L.G000 0.9925
da{3)/ ¢ 2{0) 0.9884 0.9999 1.0174
dals) (0 0.9826 2.9995 1.0232
$e(81/ §4(0) 1.1261 0.99%4 3.9550
k., 0.999221 1.0000025 0.999955
k.. . 3998E 0. G9988 D.99Y988
kp 0.399146 1.0000144 0.999977
dkggp/dk,, 0.0605 0.0492 0.0415
Ak, 0.00124 -0.00024 -0.00053
k! 1.00112 0.99964 0.99935
kL -1, % 0.11 -0.036 -0.065

0. B ~0.58 -0.042 0.19

7. % 0.649 0.006 ~0.25




During these calculations it became apparent that tha computed errors
were 50 small that severes requirements were placed on convergence and
that consistent results were obtained only when the drive.r was adjusted
to bring k,, very close to anity. This occurred because small changes
in the driver loading caused appreciable changes in the importance func-
tions over the test region.

As an additional check cn the reliability of t.:IIF.‘-'SE results, the error
analysis was repeated for the case of zerco buffer poison. Using slightly
different cross sections in the BPG code and infinite ¢ylindrical geometry
rather than spherical geometry to meock-up the experiment, particular
care wat taken to ensure convergence within 0.00003 of unity. In addition,
the error was evaluated in terms of the difference between the poison
conceantration for kp = l{when k = 1} antir that for k_ = 1, rather than
in terms of the difference between k, (when k., = 1} and kp for a poison
concentration that made k,, = 1. Although both approaches should be
equivalent, tha ravised method simulatas the experiment rnore directly.
Finally, in view of the importance of the k caleulation, exploratory
studies were made to ensure the reliability of the model used for the
vold region.

The total arror in k,, predicted by this calculation is +0.07%, W]'m:hI
compares fairly well with the original caleulation of +0.11% when the
differences betwéen the two approaches are taken inte consideration. ]t
may be concluded that convergence questions probably limit the range of
applicability of this method of error analysis to errors of the order of
0.1% or larger on an absolute basis. However, calculations of relative
errors or trends in the error such as are shown in Table A-1 are prob-
ably more reliable. The inapplicability of the method to rmismatch errors
lezs than 0.1% is not a seri.a;us Limitation, since experimental errors are
usually larger. From a practical standpeint, it i3 sufficient to show that
the mismatch error is less than 0.1%; whereas, if it is larger than 0.1%,
the method should be sufficiantly sensitive to predict the correct value.

On the basis of this analysis, the mismatch error in these experi-
ments should be less than ¢.1% in k,. Evidence that the analytical method
is reasonably valid can be obtained by comparing the null-reactivity meas-
urements with the buffer both poiscned and unpeiscned. The poisoned

buffer experiment corresponds to a case in which the buffer is poisoned



between 1 and 1.5 times the test region poisoning. Therefore, on the
basis of Table A-1, the error analysis predicts that the difference
between k_ measured with the poisoned buffer and that measured with
the unpoisoned buffer should be {-0.05 - 0.11} or about -0.16%. The
difference in the mass of poison for null-reactivity 1s {584 £ 8} - {592 % 5},
or ~{8 £ 9) gm Binal, which corresponds to a difference in k,, of

Ak, = _{i%;lx 0.13 = (0.2 % 0.2)%

Thie value agrees very well with the prediction, although the experimental

error iz too large to consider this measurement as a conclusive test of

the method of error analysis.




Figure A-1. Error in k_ Ve Buffer Poisoning
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"APPENDIX B
Validity of Analytical Model

A secondary objective of this program was to develop and test an
analytical methed that can be used to optimize the design of future small
lattice experiments. The primary design consideration ia, of course,
‘the error in the measured k. One contributing factor is the size of the
test region which dictates the sensitivity [reactivity difference hetween
unpoiscnaed test region and void) of the experiment. Since the error in
ko due to a given error in the null-po.int measurement is inversely pro-
perticnal te the sensitivity, the minimumn test region volume can be
determined if the sensitivit.}r can be predicted. The size of the test
region alse influences the error due to {lux mismatch, i. &, it is easier
te establish flat and asymptotic fluxes across a small test region than a
larger ona, but the error in k,, due to a given mismatch is proportionally
larger. The nuclear properties and dimensions of the buffer region also
affect the degree of spectral misrmatch and resulting error in k__ for the
particular test and buffer combination under consideration. The analytical
model should also permit fairly reliable estimates of the corrections,
such as the aluminum in the void can and the displacement of moderator
by the Binal poison foils, so that the experiment can be designed to mini-
mize these corrections. .

The validity of the analytical model used for the 4.02%-enriched U,
work was tested by comparing measurements and calculations wherever
possible. As will be seen in the following sections, the agreement is
satisfﬁctcry for a variety of quite different probiems. Therefore, it is

- concluded that the model can be used with confidence to design future

experiments.

L. Flux Shapes

Although three-dimensional analysis is neesdad for accurate calcula-

" tiong of the ensrgy and spatial distribution of the flox because of the

B-3




geometrical complexity of the facility, satisfactory results were obtained
by approximations in one or two dimensions, Calculations were performed
using four-group coefficients derived from BPG calculations and the
geometries shown in Figures B-] through B-4. A standard four-group
multiregion code was used for the one-dimensional spherical and c¢ylin-
drical calculaticns based on equivalent velumes, and PD{O calculations
were used for the two-dimensional X-Y and R-Z problems. The diffusion
coefficient for the void region was computed by the mathod given in Refer-
ence 13, The group bounds were $,{0.4 ev}, ¢ (252 ev}. ¢; (9210 ev), and
Py {10 mev).

Figure B-5 compares the thermal flux distributions in the unpoizoned
test region predicted by four methods, and Figure B-6 shows the four-
group flux distributions for the same case computed in twoe-dimensional
{(X-Y) geometry. Figure B-T i3 a one-dimensional cylindrical caleulation
from the poisoned test region. The buffer region was unpeisoned in all of
thase calculations.

The calculated and measured radial flux shapes are compared in
Tabla B-1, nsing the Dy-Al data for ¢, and the cadmiuwm-covered gold
data for ¢y, as reported in Section 4. The unpoisoned test region cal-
culation was in two-dimensional X-Y geometry, and the poisoned test
region calculation was in one-dimensional eylindrical geometry. The
ratios of flux at the edge of the test region (six lattice patches) to that at
the center are in excellent agreement; the slight discrepancy for the
polsoned case can be attributed to the difference between the cylindrical
and exact models (see Figure B-5). The flux ratios at the interface
between the inner and outer buffer {13 lattice pitches) are quite sensitive
to the loading of 17-235 in the driver. 3Since the driver leading for criti-
cality differed somewhat from the expsriment, the flux ratios do not
agree as well at this position. A more accurate comparison between
calculation and measurement would require three-dimensional analysis
te obtain better agreement for the driver loading. However, since the
flux shapes in the test region dictate the errer due to spectral mismatch

and since agreement is good in this region, the analytical method for pre-

dicting flux shapes may be judged adequate.



Table B-1. Gompariscn of Calculated and Measuread
Radial Flux Shapes

Flux Unpoisoned test Poisoned tast
Parameter group Calculated Measured Calculated Meaeasurad
& {61/ ¢ (0) 4 0.96 0.96 1.12 L.10
${6)/ {0} 3 0.%6 0.96 .99 0.99
${13)/ 4 (0) 4 0.80 0.84 ~1.11 ~1.05
¢ (13} ¢ (0) 3 0.64 0.86 ~0.91 ~0. 97

2. Extent of Asymptotic Region

Both calculations and measurements show that the spectrum is asymp-
totic to a radius of 9 to 10 lattice pitches when the test and buffer regions
are unpoisoned and toa radius of only about one lattice pitch when only the
test region is poisoned. For the case in which both the buffer and test
regions are poisoned, evidence that the neviron spectrum is asymptotic
at the center of the test region is furnished by the agreement betweesn
the measured and calculated ratios {1 + 8x}/(1 + 6x)gp and between the

SLE and ¢ritical experiment measurements of py; and 6.

3. Intracell Flux Ddistributions

Although an extensive program [0 calculate accurate intracell flux
distributions was not warranted because of the small dependence of k_,
on the flux ratios, some approximate values were obtained by simple
P-3 calculations in which the cell was represented in slab geometry. The

results, compared below, show that no gross error should exist in meas-

urernants.

Flux ratio Calculated Measured
A /AL 0.998 0.993 £ 0.004
AS/AY 1.00 0.998 + 0.007
AfIR; 1.06 1.06 +0.01
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4. Sensitivity

Caleulations of the sensitivity, or reactivity difference between the
unpoisoned test region and a veid, were performed in spherical geometry.
Thiz limits the validity of the comparison somewhat, because the spher-
ical model is 2 poor approximation of the experiment. When the buffer
was unpoisoned, the following values of k.if were calculated in sphericat

geometry;

Test ragion keff

Unpoisoned 1.017%
Poisoned 1.0085
Woid 1.0091

The reactivity difference is 0.0084, or about 118 cents if Bagr = 0.0071,
which is approximately 35% larger than the measured valee of 87 cents.
This difference, which can be attributed to the inadequacy of the spharical
model, furnishes an empirical method of correcting future reactivity cal-
culations in spherical geometry. However, the calculations could be done
in two- or three-dimensional geomnetry if the required accuracy warranted
the extra cost and eifort. Both calculations and measureaments show that

the sensitivity is glightly reduced when tha buifer is poisoned.

5. (Correction for Aluminum Void Can

The effect of aluminum in the void region was computed in spherical
geometry, as a function of effecrive aluminum density, uwsing BPG-gen-
erated four-group constants. Figure B-8 shows the results for two
cases that bracket the conditions of the experiment. The values of kgt

are tabulated below,.

Test ragion Unpoisoned buffer region Poisonad bufier region
Unpoisonad 1.0175 0.95527
Poisonad L.gO85 0.94794
Void 1.0091 0.9453%



The effective aluminum density for 12 vol % zluminum in the void
can is about 0.3 grm/em®. BEguivalence in grams of Binal is calculated by

the following eguation:

kvoig “ka
k -k

unp void

X MP {null-reactivity)

The reactivity worth of the aluminum in the void can is approximately

18 gm of Binal for the unpoisoned buffer and about 11 grn for the poisoned
buffer, or =(14 * 5) gm of Binal for the ceonditions of this experiment. As
discussed earlier, this reactivity worth is about three times larger than
measured, although the measured value is actvally only 2 lower limit. In
© view of the minor importance of this correction, the analytical maodel
should be adeguate for future design purpeses, providing the volume

frzction of aluminum is not substantially increased.

6. Effect of Modarator Displacement

The displacement of moderator by the addition of the Binal poison
fclle decreases the resonance escape probability by a substantial amount
(2%} in addition to the decrease caused by absorptions in the boron. To
judge the accuracy of the model in ¢omputing this extra effect, the reac-
tivity worth of moderator displacement by pure aluminum was calculated
and ¢compared to the experimental value. The change in k,, from an infi-
nite medivm BPG calculation was found to be 0.0083 when the volume
fraction of the moderator was reduced by the equivalent diaplacement of
25 Binal foils in the teat region. This displacemenf corresponds to a
reactivity change in the SLE of

0.0083

5.133 X 65 = 4.05 cents,

or a moderator coefficient of 0.29¢/in. . This value agrees very well

with the measurement (0.24 1 0.05)¢/in.? reported earlier.

7. Error Due to Spectral Mismatch

This topic has been covered in Appendix A, where satisfactory agree-

ment between measurements angd calculations was shown.




Figure B-1, Spherical Model for SLE Calculationa
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Figure B-2. Crylindrical Model for SLE Calculationa

High Density Graphite —

low Density Graphite —

Void =

Al ——

Crater Buffer ——

Tmer Buffer —

w5

P PRER

19.67 2m
27.98 cm
30,45 cm
36,44 cm
27.41 cn
81.15 cm

B-9




Figure B=3, Two-Dimensional Model for SLE Calculationa
{¥-Y Geometry)
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Figure B-4. Two-DHmensional Model for SLE Calculations

{R-Z Geometry)
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Belative Thermal Neatron Flux

B-12

Figpure B+5, Thermal Flux Distributicn in Unpeisoned
Teaat Region
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Eelatiwe Neatron Flux

Figure B=b6, X-Y Flux Distribution {Unpoisoned Test)
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Relative Neutron Flux

Figure B-7, Cylindrical Flux Distribution (Poisoned Test)
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Figure B-§,

Calculated Correction for Aluminum in

Void Can
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APPENDIX C

Measurements in Equivalent Critical Experiment

1. Description

A eritical experiment having properties identical to those of the 4.02%-

enriched UO; test region lattice describad in Section 4 was assernbled to

provide a direct comparison of the equivalence of small lattice and erxit-

ical experiment data. The critical experiment had identical fuel rods,

lattice pitch, and moderator concentration; it differed, of course, only

in size. A description of the facility used for these experiments and

experimantal details are given in Reference 3. Pertinent propertics of

the critical experiment are listed balow:

Type of {uel

Fuel rod outer diameter
Lattice pitch

M/W ratio

D,Q concentration
Number of fuel rods
Core radius
Reflector thickness
Moderatoer heipght
Radial buckling
Axial buckling
Critical buckling

2. Derivation of k_

4. 02%-enriched U0,
0.4755 inch

0.5%95 inch

1.006

E9.7T £ 0.1 mole T
2252

40,46 cm

35.74 cm

151.0 cm

15.13 X 10~* cm™?
3.4 X 107 e ?
18.60 X 10~* cm~?

The fellowing procedure was used to derive k., from the critical

experiment data. Using the BPG-I1 code, kg was calculated with the

buckling set equal to zero, i.e.,

k. (BPG) = 1.12894




The calculation can be improved considerably by forcing the calculational
model to match the experimental data. This is done by repeating the

same calculation vsing the measured backling, Then }

kagf (BPG) = 1.00218

For this case,

keif imeasured) = 1.00000.

Therefore, normalizing the calculation to match the mmeasured critical

condition, the best value of k_, 15

kefi (meazered}

ko = ko (BPG} X keff (BEG) = 1.12648.

Another approach™ can be taken that depends almost exclusively on

\

experimental data. When the assembly is critical,

whare Py is the buckling-dependent nonleakage probability. Although .

this expression is not rigorously correct, the more accurate representa-

tion

Iw.‘

Ko
kogr = {1 = Bk Py, {prompt) + =B Py, {delayed)

leads to the same result within the accuracy desired. FyL can be derived
from the measured buckling and measured 8%/8B? providing the leakage
model is known. The measured value of 3k/8B% was —(7.7 £ 0.2) X 10%¢ -cm?,
or —{60 + 3) em? converted to absolute units using a calculated value of

faff = 7.8 X 107% (accurate to about 5%). Using the two-group model,

b . 1
ML T (T4 LZB3)(1 + BL)

the measured 8k/8B%, and the measured buckling,
Py, {2-group) = 0.888 = 0.004,

This value cormpares very well with the foregoing BPG calculation, based

on the measured buckling

Py (BPG) = 0.68772

L}




(Using a Gaussian kernel, which should be less applicable to these lat-
tices, Py (Gaussian) = 0,894. )

The hest value of k, for the critical experiment depends on the
choice of the leakage model. The rmultigroup BPG maodel is preferred
on theoretical grounds and alse because it matches k. gy and 8k/aR?
measurements in other D,0-H,0 moderated critical experiments?, as
well as neutron age measurements in D,0-H,0 mixtures®. The close
agreement with the simpler two-group model {and sven the Gaussian
model) lends additional confidence in the validity of the BPG model. The
uncertainty in k., for the critical experiments is more difficult o estimate,
Lut the choice is not erucial because of the close agreement with the SLE-
derived k.. Ope gstimate igs the difference between the measured and
BPG-calculated values of kg5, or 0.002. Since this clese agreement
may be fortuitous, a more conservative estimate can be based on the
ancertainty in Py, {2-group) derived from the measured B? and Bk/&B%.

Therefcre, the best value of k, for the eguivalent critical experi-

ment is

ke = L.126 £ 0.005.

3. Lattice Parameters

The thermal disadvantage factor fy/¢f and the cadmivm ratios of
7-235 and U-238, Cx and C,z, were measured in the central cell of the
equivalent critical experimeant to provide ancther basis for comparison
with the small lattice experiment resulta. The measurements were

made in Fuel Rod a asing the same technigques described in Section 4.

/0 = 1,157 £ 0.009
Cy = 2.434 & 0.012
Cye = 1.087 £ ¢.004
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