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ABSTRACT |

Material bucklings for a variety of U0z rod
clusters on a triangular 9.33%-inch lattice pitch
in D0 were determined by substitution experiments
An the Process Development Pile. Measurements were
made with clusters of 19, 31, and 37 half-inch UOQ,p
rods. in which the coolant media were varied to
Iinclude Dz0, Hgo, organics, or air. The bucklings,
which were determined both by a one-group pertur-
bation method and by a two-group flux matching
method, ranged from 0.80 to 5.60 m~2. '
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MEASUREMENTS OF - BUCKLINGS AND VOID EFFECTS
IN D,O - MODERATED, ORGANIC- OR H,0 - COOLED
LATTICES OF UO, ROD CLUSTERS

INTRODUCTION

Most of the past studies made by Du Pont on DzO-moderated
power reactors 1nvolved 1liquld D0 as. the coolant. .Recent cost
studles(l) indicate that H,0-fog and organlc coolants may
compete economically with liquid D;0. The experimental buck-
ling studies described in thls report cover a large variety of
coolants for DoO-moderated reactors to provide normallzation
points for reactivity calculations. The results of these
studies were required to test lattice parameter-calculations(z)
and the physlcs portlon of the Savannah River Taboratlory's cogt
optimization code!(3),

SUMMARY

Bucklings were measured by substitutlion ftechnlques 1n
the Process Development Pile (PDP) for fuel assemblies
consisting of clusters of 19, 31, or 37 natural UQO, rods with
various rod spacings. The UO, rods were made up from 0.500-in.-
diameter sintered pellets of 10.4 g/cm® average density stacked
in aluminum tubes 0.020 in. thick and of 0.547-1n..0D. The
hexagonal clusters were placed in aluminum housing tubes, which
in most cases were selected to allow only a small portion of the
coolant between the outer cluster boundary and the housing wall.
"Dowtherm" A* (a mixture of 26.5% diphenyl and 73.5% diphenyl
gxide), polyethylene, and HzO were used to simulate coolants.
ATr-"and Dy0-fl1lled assemblies were also studigd.

, The one-region reference loading c¢onsisted of 31-rod
U0z clusters contained in Dp0-filled aluminum housing tubes
of 5.00-1n. oD{3). Both reference and test lattices were at

a 9.33-in. triangular pitch, which is in the range of practical
interest.

Measurements were made by the successive substitution
technique 1in which effective critical water heights were
‘determined -after the substitution of one, three, and seven
test assemblies. Two techniques of analysis were used: a one-
group perturbation method and a two-group flux matching method.
In the perturbation method the lattice contalning test
assemblies was assumed to consist of a test reglon and a
reference region, separated by an intermediate region of the
immediately adjolning test and reference fuel assemblies. A
criticality equation was then written for each successive

*"Dowtherm" is a trademark of the Dow Chemical Company.
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. substitution measurement as a function of the measured critical
water height, the statistical weights and diffusion coefficient
-ratios of the different regions,.and the buckling differences
between the one-~ and three-region pilles. These equatlons were
then extrapolated to give the buckling for a one-region lattice
of the test assemblies. The two-group method utilized only

the seven assembly substitutlions. In additlion to the measured
pile height and radius, thils method required knowledge of fast
and slow diffusion coefficients, thermal diffusion area, neutron
age, and resonance escape probability for each of the two regions.
Results of both methods of analysis, with a description of the
test fuel assemblies, are summarlzed in Table VI, For this
particular study there seems to be 1little to choose between

the two-group and perturbation analyses.

DISCUSSION
DESCRIPTION OF FUEL ASSEMBLIES AND COOLANTS

The fuel assemblies (Figure 1) consisted of 19, 31, or
37 U0z rods in housing tubes filled with the appropriate
coolant. The natural U0, rods were made up of 0.500-in.~dlameter
sintered pellets of 10.4 g/cm® average density stacked in
Type 6063 aluminum tubes 0.020 in. thick and of 0.547-in. OD.’
These rods were assembled 1n triangular arrays at average
center-to-center spacings of 0.650, 0.607, or 0.598 in. to
form hexagonal clusters. The clusters were placed in Type 6063
aluminum housing tubes, which in most cases were selected to
allow only a small portlon of the coolant to lie between the
outer boundary of the cluster and the housing wall. In general,
the housing tubes were cylindrical. However for one assembly,
a 19-rod cluster was placed in a tight-fitting housing of
hexagonal cross section.

Three substances, '"Dowtherm" A, low density polyethylene,
and Hy0, were used to simulate hydrogenous coolants.
"Dowtherm" A (a liquid mixture of 26.5% diphenyl and 73.5%
diphenyl oxide with a density of 1.06 g/em®) mocked up a typical
organic coolant. Thils commercial mixture was compared to a
chemically pure mixture of ingredients by the danger coefficient
technique in the Standard Pile (SP)(4). Results indlcated that
the nuclear properties of the two mixtures were identical. The
polyethylene mocked up Hp0 fog coolant at about 0.1 normal Ho0
density. It was wrapped loosely around the individual fuel rods
in the cluster so as to fill about 80% of the space between rods.
The average amount wrapped around each rod was 0.0618 gram per
centimeter of length. Hp0 was used as the third hydrogenous
coolant primarily to extend the hydrogen denslty to a maximum.



Air-filled assemblies were used to mock up the other extreme
of minimum hydrogen density and to permit a study of vold
effects. To provide another normalization point, measurements
were also made for one assembly with DO as the coolant.

R.S. = Center-to-center
rod spacing
O.D. = Outer dimension
. of housing (dia-
meter or distance
across flats of
~ hexagon)
W = Housing wall
thickness

STI-826

FIG. T CROSS SECTIONS OF UO, ROD CLUSTERS FOR BUCKLING MEASUREMENTS



MEASUREMENTS

Bucklings were determined by the substitution method,
in which the fuel assemblies to be measured replaced standard
fuel assemblies 1n a one-region lattice of known nuclear
properties. The standard fuel assemblies consisted of the
previously described UO, rods assembled at a 0.650-in. center-
to-center spacing to form 3l-rod clusters{®). These clusters
were contained in 5.00-in.-0D aluminum housing tubes of 0.056-in. "’
wall thickness, open at the bottom to the moderator. One
hundred-fifty-one such assemblies were placed in the center of
the Process Development Pile (PDP)!®! at a 9.33-in. triangular
pltch and were surrounded by several rings of 1lithium-aluminum
poison rods spaced 4.67 in. apart. The loading pattern is shown
in Figure 2. :

Gold-pin flux traverses were made to determine the extra-
polated pile radius and pile helght, and consequently the
material buckling, of the critical one-region lattice. Two
quantities derived from these flux traverses, the extrapolated
plle radius, R, and the differences between the extrapolated
plle height and the critical moderator height, H-S, were assumed
to remaln constant and. independent of substituted assemblies
throughout the entire experiment, except as noted in a
subsequent section. Values of these quantitles are given 1in
Table I.

TABLE I

Measured Constants of the One-Reglon Reference ILattice

Pile Radius: R = 165.8 cm
Pile Height - Moderator Height: H-S = 11.0 ¢m
Material Buckling: B2 = 4355 n-2(2)

(a) Corrected to account for the presence of control rod
guide tubes. Also corrected to temperature of 22.8°C
and to moderator purity of 99.58 mol % DsO.

For each type of test assembly, critical water height
measurements were made of (1) the one-region reference pile,
(2) the pille with one test assembly substituted in the center
position, (3) the plle with three test assemblies substituted
one in the center position and the other two in adjoining
positions adjacent to one another, and (4) the pile with seven
test assemblies substituted in the seven central positions. The
substituted assemblies were at the same 9.33-in. lattice pitch
as the reference assemblies.



ANALYSIS

Two analysis techniques‘7) were used: a one-group
perturbatlion method and a two-group flux matching method.

ONE-GROUP PERTURBATION METHOD

.The one-group perturbation method, suggested and described
by Persson(e), was a "successive substitution" technique which
used the measurements performed with the three different sizes
of test regions to extrapolate to the condition at which the
test lattice extended throughout the pile. Since one-group
theory does not properly take into account the interaction
between the test and the reference regions, an intermediate
reglon was lnlroduced into the analysis. 'l'o detlne these
three regions, the lattices were decomposed into. unit cells
consisting of rhombolds with the two vertices at the acute
(60°) angles terminating on fuel assemblies. Rhomboids with
both acute vertices terminating on test assemblies were
assigned to the test region; those with one vertex on a test
assembly and the other on a reference assembly were assigned
.to the intermediate region; and those with both vertices on
reference assemblles were assigned to the reference regilon.
These regions are shown in Figure 2 and 3, respectively, for
one and seven test assemblies.

INTERMEDIATE REGION USED
IN SUCCESSIVE SUBSTITUTION -
ANALYSIS - ONE TEST ~
FUEL ASSEMBLY was

PRESENT7

v
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POISON ROD
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FIG. 2 PILE LOADING DIAGRAM - SINGLE SUBSTITUTION
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F1G. 3 PILE LOADING DIAGRAM - SEVEN SUBSTITUTIONS

‘The final equation used in the Persson analysis 1s
gliven below.

Z:(w -U_ )éD_ /D ' . —

r r r z W
(1+ 1 1 i i 1 r
L(14E) - p% — = (a3-af) + 6l —2 (1)
W W
r ) I r

LZ

2
),
W

In equation (1), the subscript 1 refers to the reference reglon,
2 refers to the intermediate region, and 3 refers to the test
region. The quantity a2 is thé vertical buckling of the pile
with test assemblies in place; af is the vertical buckling of
the plle when all fuel assemblies are of the reference type;

a2 is the ‘vertical buckling that would be obtained if all of
the reference fuel were replaced by test fuel and if. the radial
buckling remained constant; 8a3 = a2 - (aZ+a2)/2; and B® is the
radial buckling of the pille. The symbol D refers to the one-
group diffusion coefficient, wlth the subscripts r and z
referring to radial and vertical.directions, respectively;
~and 6Dy = Dy - D,. The radial statistical weights W, and

U, are given by i
1



f o, ¢r" rdr
wr _ 4 ‘i 1' (2)
i Zf¢r ¢r rdr
i "1 1
and
, , ,
. .{.(v¢ri)(v¢ri) rd?
U = : (3)

In equations (2) and (3), ir “and ¢; are respéutively the

i i
radial components of the unperturbed flux and of the perturbed
flux in the 1®P regilon, and B; 1s the radial buckling in the
ith region. The perturbed fluxes were calculated by one-group
theory. The remaining quantities in equation (1) are given by

6D 6D
Zy Ty
E=2 W, 5t U (+)
1 1 2, i 1 Zy
Dz 1 Z 1 6Dr 1 6Dr
W = Za | = Ltz _ = _Ta 2 2
wr wr'8 D T2 wr2 D 2 Urs D_ - 4 Ur2 D (5)
Zy Z, z,y Zy
4 1 6Dr
W =W 2 _=zvyu 2 (6)
s s z, 2 rso Dzl

More recent Peports(s) by Persson indicate that terms of the
form USD in equations (4), (5), and (6) should be omitted.

The numerdical values of these terms are negligible, and their
presence 1in this analysls has no effect on the experimental
results. If the left-hand side of equation (1) is plotted
against Wrz/wr for increasing numbers of lattice substitutlions,
a straight line should result with an intercept of qg—af on the
zero abscissa axis. If there were no anisotropy, the value of
a3-a? would also be the difference between the material bucklings
of the test and reference lattices. Corrections necessary to
allow for streaming effects and for extraneous materials in the
lattice are discussed in a later section.
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The following formulas were used to calculate 6Dr /Dz

. . 1
and 6Dzi/Dzl. | i
6D L2 Dsr - Dsr Tr Dfr - Dfr
i 1 Bt 1 1 i 1 (7)
D, T 1E T D, . Li + T D
1 1 1 - zl‘ i 1 z,
6D Lz Dsz - Dsz T, sz - sz
i 1 1 ro i i 1 (8)
D, - L; + T, D Lz + T, D
1 i i z 1 i z,

These formulas have been experimentally verified for air-filled
coolant channels in the test‘region(7) and were taken to be
sufficiently accurate for organic and H,O coolants in the test
region.

The radial and vertical values of the slow and fast
were calculated

diffuslon coefficients, DS s Dq ’ Df , and Df »
r "z p z
by the methods of Benoist(1°211)  The equations used were
D
s ¢ % A" A Ve r
k _,,.m _9+_u(__m)+cc_c(Q;>
- ¢
1 A ¢t Vt Vt 7‘u Vt m xm
3 'm
V r [¢ ( A ) ¢ A ]
c u C m 1 m *
+— | — {1 - — + — - — | W
¢ ¢
Vt xm m ' xu m xu k
Vu Pu xm <Du xm *
— —— - S——— "____ITI
+ 7 'y 1 > ][¢ N ] K (9)
t 'm u m u
and
Df v v A vV r
_k_ ., e, u 1__m)+_c_s(*)
1 - v v A V. A
3 xm t t u t 'm



The index k denotes either the radial or vertical direction;
m denotes moderator; u, fuel; c, void; and t, the entire cell.
The symbol )\ represents elther fast or slow transport mean
free paths; ¢, average flux in a region V, volume; and r, the
width of a region. The functlons Q R wr , and T* are modified
collision probabilities evaluated by Benoist(*®s11), 1n
equations (9) and (10) a conventional unit céll is assumed _
to consist of a homogenlzed c¢ylinder of fuel (U0, cladding,
and coolant) surrounded by a cylinder of moderator, the two
being separated by an annular reglon of void when applicable.
Flux values throughout the cell were obtained by a P-3
calculation(?!. From these diffusion: coefficients, radial
and vertical values of the diffusion area L? and the Fermi ~
age T were calculated using the expressions, '

L\
s
2 = k. 11)
D :
- - — - . e - —-—ccll e - -
d
an Df .
e feer (Pely T (12
k m Df (€= )cell
m
where

- 2
T, = 129.4 cm

These calculated parameters are given in Table II and the:
results of using them in equations (7) and (8) in Table III.

Data enabling one to pldt tHe Persson equation for each

assembly are given in Table IV. A typical plot is shown
in Figure 4. . .
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TABLE II

Parameters Used in Perturbation Theory Analysis
cm(a) cm(b) cma(c) cma(d)
B¢ D Dy Dy T T L2 LZ
Assembly Coolant r 2 r Z r -4 r Z
See Fig. 1 :
1 Organic 1.200 1.203 0.7611 0.7708 118.7 119.0 178.4 180.6
1 H20 1.189 1.193 0.7530 O0.7649 106.0 106.3 177.9 180.8
1 Atr 1.276 1.281 0.8473 0.8513 147.5 147.9 177.1 177.9
2 Organic 1.212 1.223 0.7788 0.7839 125.8 126.0 176.5 177.6
2 Ar 1.289 1.249 0.8293 0.8287 141.7 1¥1.7 179.3 179.2
3 Organic 1.176 1.179 0.7388 0.7522 111.0 111.4 117.9 120.0
3 H0 - 1.157 1.162 0.7245 0.74%19 92.6 93.0 115.0 117.8-
3 Mr 1.310 1.321  0.8776 0.8861 162.8 164.1 130.h 121.6
4 Organic 1.163 1.167 0.7285 0.7437 108.3 108.6 100.0 102.1
4 Hz0 1.143 1.149 0.7179 0.7360 88.1 88.6 97.5 100.0
4 LAle 1.321 1.33% 0.894%2 o.gok2 171.2 172.6 105.2 106.4
5 Organic 1.139 "1.145 0.7002 0.7200 95.2  95.7 99.9 102.7
[ Organic 1.139'_1.1ﬂ5 0.7038 0.7223 95.6 96.1 88.3 90.6
6 Dz0 1.216 1.216 0.8202 0.8186 1bh4.7 1447 95.5 95.4
6 Alr 1.386 1.413 0.9407 0.9645 186.6 190.1 102.8 105.%4
7 Organic 1.150 '1.154 0.7033 0.7198 98.8 99.1 84,5 84.5
8 Polyethylene 1.402 1.446 0.9230 0.9574 183.9 189.4 98.6 102.3
Reference D 0 1.222 1.222 0.8197 0.8186 142.9 142.9 1118 111.7
(a) Calculated by equation (10)°
(b) Calculated by equation (9)
(c) Calculated by equation (12)
(d) Ccalculated by equation (11)
TABLE III
Derived Parameters Used in
Perturbation Theory Analysis
Assembly Coolant 6Dzs/Dzl(a) 6qu/Dzl(b)
See Pig. 1
3 organic -0.041 -0.050
1 H20 -0.050 -0.061
1 Alr 0.044 0.038
2 organic -0.027 -0.032
2 Air 0.0166 0.0162
3 Organic -0.059 -0.069
3 H20 ~0.0T4 -0.088
3 Alr 0.082 0.071
L3 Organic -0.067 -0.079
4 Hz0 -0.082 -0.096
4 Air 0.097 0.085
5 Organic -0.092 -0.108
6 Organic -0.089 -0.103
6 D20 -0.003 -0.003
6 ALr 0.164% 0.149
7 Organic -0.086 -0.098
8 Polyethylene 0.179 0.1%0
. . ép, . , 6D, 6Drz y 9D,
For the intermediate region —5—3 =3 -E—a, n. =3 —5—3
Z, 2, 2 2y

(a) Calculated by equation- (8). .
(b) calculated by equation (7).
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TABLE IV

Data for Perturbation Theory Analysis

No. of Change in Vertical Buckling Persson Ean. Data(b)

Test from Ref. Lattice(2) Left-Hand T/
Assembly Coolant _  Assemblies a - af, m% Side, m~? r.’ 'r

See Fig. 1 i .

1 Organic 1 +0.0002 +0.114 2.00
3 -0.0196 -0.235 1.32
7 -0.071% ~0.441 0.828

1 Hz0 1 -0.0179{¢) -0.749 2.00
3 -0.0780{¢) -1.2481 1.33

7 -0.2237(¢) -1.645 0.842

1 Atr 1 +0.0358 +1.587 2.00
3 -0.0911 +1.369 1.30

7 -0.1990 . +1.264 0.794

2 organic 1 +0.0183 +0.961 2.00
3 +0.0362 +0.679 1.32
7 +0.0593 +0.499 0.818

2 Alr 1 +0.0396 +1.833 2.00
3 +0.0974 +1.534 1.31
7 +0.2171 +1.445 0.800

3 Qrganic 1 -0.0250 -1.122 2.00
3 ~0.0762 -1.220 1.33

7 -0.1828 -1.318 0.842

3 Ha20 1 -0.0485 -2.313 2.00
3 -0.1472 -2.557 1.3%

7 -0.3493 -2.795 0.857

3 Alr 1 +0.0174 +0.661 2.00
3 +0, 0870 +0.603 1.29
7 +0.1087 . . +0.594 0.790

4 Organtie 3 -0.0333 -1.533 . 2.00
3 -0.1019 -1.689 1.33

7 -0.2343 -1.751 © 0.849

y Ho0 1 -0.0591(¢) -2.836 2.00
.3 -0.1766(c) -3.083 1.34

7 -0.4o84(¢c) -3.318 0.864

4 Alr 1 +0.0079 +0.189 2.00
3 +0.0165 +0.099 1.29

7 +0.0360 +0.0838 0.791

5 organle 1 -0.00666 -3.206 2,00
3 -0.1943 -3.499 1.35

7 -0.4421 ~3.711 0.870

6 organic 1 ~0.0585 -2.842 2.00
3 -0.1685 -2.971 1.34

7. -0.3806 -3.096 0.864

T organie 1 -0.0893 -4.55) 2.00
3 -0.2509 -4.605 1.35
¢ ~0.5529 ~4.91y 0.878

6 D20 1 -0.0038 -0.176 2.00
3 -0.0180 -0.299 1.31
7 -0.0411 -0.298 0.818

6 Alr 1 -0.001% -0.355 2.00
3 -0,0136 -0.485 1.28

7 -0.0408 <0.512 0.782

1] Pulyél.hylene 1 -0.0160 -0.978 2.00
3 -0.0561 -1.123 1.28
7 -0.1295 -1.129 0.785

(a) Except where noted the following values applled to the one-reglon reference lattlce:
B; = %.3552 m~2 (corrected for gulde tube worth of 0.100 m~2)

R = 165.77 cm
2 -2
a; = 2.1507 m .
2 2 Z (wr -V ) D, /Dz, W
(b) Persson Eqn.: & —a,l(1+€) -2 i3 1 = (aZ-a?) + 8a2 2 (1)
W W W
r r r

(c) Reference lattice properties differ from those in (a) because of small random changes
caused by the removal and reloading of the lattice in the PDP.

B: = 4.3674 m~2 (corrected for guide tube worth of 0.059 m™2)

R = 164.50 cm

N

= 2.1713 m~2

- 14 -
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FIG. 4 ONE-GROUP PERTURBATION ANALYSIS PLOT
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TWO-GROUP FLUX MATCHING METHOD

The two-group flux matching method(®) required data,
in addition to that for the one-reglon reference pile, only
for the case in which the test region consisted of seven
agssemblies. Thé test region, shown in Figure 5, was defined
1n terms of conventional unit cells, in which

Cell Area A = 2? (pitch)®

rather than the cells used 1n the perturbation method. The
boundary between the test region (a) and the reference region
(b) was cylindricized, so that

TEST REGION USED IN TWO-
REGION TWO-GROUP

ANALYSIS - SEVEN TEST -
FUEL ASSEMBLIES
PRESENT

TANK WALL
POISON ROD
FUEL ASSEMBLY

REFERENCE
REGION

6 000 o.“
O O O O @) o.- o.c .

- «Woo00000Q0
* s 00000000000 Qs
s+ s 00000 POO OO Ores o
¢« « 000000000 c{{{.’ . .
s e e et O000O o) CZ sesse o o o

¢ o scs0e00e O QIO QO esecee o o

o« o o ‘.'.'.:.:.:.:.:I:.:.:.:.:.'.'.' ‘e .

STI-830

FIG. 5 PILE LOADING DIAGRAM - TWO-GROUP ANALYSIS
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The two-group parameters, computed for both the test and
reference regions, were the slow diffusion coefficient Dg,
the fast diffusion coefficient Dp, the Fermi age 7, the
diffusion area LZ?, and the resonance escape probability p.
With the specification of the material buckling of the
reference regionABﬁ (determined in a- one-region pile measure-
ment), the critical pile height H, the outer radius of the
test reglon r,, and the outer radius of the reference region
r., the problem is completely determined according to .two-
group theory, and the test reglon material buckling can be
computed.

The two—group calculation proceeds as follows: Radlal
distributions of the fast flux ¢f and the slow flux ¢4 1n
region (a) are gilven as: :

¢ =C F +C G
fa 14 a 2a a
¢ =S, C F +S C G
sa fa i1a a sa 2a a
_ where
‘Fa = Jb(uar)
G, =1 (var)
.
2 _ np2 _ T _
My = By - 2
2
2 i 1 1
Y] = = - - — -
e
a a
_ Dfa pa
“fa ~ 1. D 1 2
a sa 12 + Ba
a
Dfa pa
Ssa =T D 1
a“sa — + B2
T a

a

and Cla and Caa are constants, one of which may be arbitrérily
chosen. ’
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- In region (b) the fluxes take the form:

®ep = Cipfp * Caplyp

*sb = SepCip™p T SapCary

where
e F .= Jo(ubr) - TYO(Hbr)

G, =1 (vbr) - UKo(vbr)
o I (wyr,)
V,(uhr )
I (y.r
U= 0 2
K (v.r
) 2

and pps Vps Seps and Sgp take the same form as for region (a).

At this stage the neutron current equations are obtained
from those of the flux, and these flux and current equations
in each region are expressed as matrix products. The
appropriate boundary condlitions are applied, and Bg 1s varied
until the determinant of the matrix product is =zero.

The calculation was coded to enable one to furnish as
input the nef product of the test region and an estimate of
Bg, rather than ps. Thus, since both p, and BZ are unknown,
the solution of Bg which makes the determinant vanish 1s not
unique. To provide a unique solution, the code requires the
simultaneous solution of the two-group critical equation.

3 - 2n2 2
pa(nei)a = (1 + IhBa)(l + TaBa)

The resulting values of Py and B§ then satisfy both the
criticality equation and the flux and current continuity
conditions at the boundary.

The values of Dg, Df, LZ and T were the corresponding
radial components calculated for the one-group perturbation
analysis. The quantity n was assumed to be 1.315 for all
lattices, f was obtained from P-3 calculatlions, and € was
calculated as in the SRL Buckling Code(2), These calculated
parameters are listed 1n Table V.

- 18 -



Parameters Used in Two-Group

TABLE V

Flux Matching Analysis

Assembly Coolant Df(a) Ds(b) T(c) LZ(d) E(e) f(f)
See Fig. 1
1 -Organic 1.200 0.7611 118.7 178.4 1.024 0.8972
1 Hz0 1.189 0.7530 - 106.0 177.9 1.022 0.8583
1 Air 1.276 0.84%73 147.5 177.1 1.026 0.9590
2 Organic 1.212 0.7788 125.8 176.5 1.025 0.9281
2 Air 1.249 0.8293 141.7 179.3 1.026 0.958%4
3 Organic 1.176 0.7388 111.0 117.9 1.037 0.8908
3 H>0 1.157 0.7245 92.6 115.0 1.01% 0.8456
3 Air 1.310 0:8776 162.8 120.5 1.047 0.9635
4 Organic 1.163 0.7285 108.3 100.0 1.031 0.8924
4 H20 1.143 0.7179 88.1 97.5 1.028 0.8469
4 Air 1.321 0.8942 171.2 105.2 1.034 0.9662
5 Organic 1.139 0.7002 95.2 99.9 1.029 0.8401
6 Organic 1.139 0.7038 95.6 88.3 1.028 0.8658 .
6 D20 1.216 0.8202 144.7 95.5 1.026 0.9635 : :f:
6 Air 1.386 0.9407 186.6 102.8 1.032 0.9669 Cowy
7 Organic 1.150 0.7033 98.8 - 84.5 1.028 0.8385 "
8 Polyethylene 1.402 0.9230 183.9 '~ 98.6 1.032 0.9585
Reference  D,0 1.222 0.8197 142.9 111.8 1.028'8) 0.9s560(8) o
(a) Radial value calculated by equation (10). R
(b) Radial value calculated by equation (9). o
(¢) Radial valuc calculated by equation (12). -
Radlal value calculated by equation (11).

Calculated as in SRL Buckling Code.
Calculated by P-3 method.

The nef product of reference region was not

calculation. p = 0.8760 was used.

- 19 -
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CORRECTIONS

Before either method of analysis was used, the measured
vertical bucklings of the one-region reference lattice and of
the lattices containing test assemblies were corrected to the
condition of a moderator purity of 99,58 mol % D,0 at a
temperature of 22.80°C. A calculated temperature correction
coefficient of +0.008 m~2/°C was used. Then, since any other
buckling change ocutside of the usual random deviations 1s due
to a change 1in moderator purity, a plot of the one-region
reference lattice buckling versus run number gave the moderator
purity correction. These correctlons were minor; the purity
correction never exceeded-0.015 m~2 and the temperature
correction never exceeded 0.020 m~2. :

Anotler correction, made after the analyaio deoccribed
above, accounted for the presence of aluminum guide tubes for
control rods in the reference region of the lattices. The
change in vertical buckling after the insertion of addlitlonal
gulde tubes In the one-region reference lattice was measured.
Thls measured change was then multiplied by the ratio of the
calculated slatistical welght of the guide tubes already in
the plle to the calculated statistical weight of the additional
tubes introduced, obtaining a guide tube worth of 0.10 m™2.

When an axial diffusion coefficlent difference exists
between the test and reference regions, the resulting difference
in vertlcal extrapolation lengths between the two regions should
be accounted for. 1In the case of air-filled test assemblies,
this correction was determined from previous one-region lattice
measurements {12}, which gave the extrapolation length as a
function of the ratio of moderator volume to nonmoderator
volume in a unit cell. The magnitude of this correction to
the test lattice bucklings ranged from 0.01 to 0.07 m~2. 1In
the case of organic- and Hy0-filled test assemblies, no such
experimental data were available, and furthermore one expects
little change in extrapolation lengths when these coolants are
used. Therefore no correction was made for these types of
assemblies.

When anisotropy 1s present, the material buckling is
no longer independent of pile geometry. In this case the pile
geometry chosen for the presentatlion of results was one in
which the lattice of test assemblies has a minimum critical
volume, i.e., when the radial buckling is twice the vertical
buckling. The correction needed to put the data in this form

was small, never exceeding 0.03 m 2.

A more detalled explanation of these corrections is found
in Reference 7.
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RESULTS

The results of the measurements are given in Table VI
with the previously discussed corrections included. Because
there is no reason at present to prefer elther method of
analysis, the best values were taken to be the average of the
results of the two methods. The absolute values of these
average bucklings should be good to about #0.10 m~2 1in the
high buckling lattices and #0.15 m~2 in lattices with bucklings

less than 2 m~2.

TABLE VI

Bucklings of Clusters of UOp Rods — 9.33-in. Lattice Pitch

Results of Substitution Measurements
Moderator at 22.8°C and 99.58 mol % DgO

Housing Tube
& -2(2)

No. of Rod Spacing Dimensions, 1in. Buckling, m
Rods in Center-to- Wall Pert. Two-
Assembly Cluster Center, in. Coolant oD Thickness Theory Group Average
See Fig. 1 .- . .
1 19 0.607 Organic 3.080 0.030 3.53 3.53 3.53
1 19 0.607 Hz0 3.080 0.030 2.06 2.07 2.07
1 19 0.607 Air 3.080 0.030 5.42 5.48 5.45
2 19 0.598 Organic 2.679(b) 0.030 4.5k 4.60 4,57
2 19 0.598 Air 2.679(b) 0.030 5.60 5.60 5.60
3 31 0.607 Organic 4,000 0.050 2.89 2.96 2.93
3 31 0.607 H20 4.000 0.050 1.17 1.08 1.13
3 31 0.607 Air 4.000 0.050 k.91 4.90 k.91
4 37 0.607 Organic 4.350 0.050 2.45 2.58 2.52
i 37 0.607 Hz0 4.350 0.050 0.64 0.75 0.70
4 57 0.607 Air 4.3%50 0.050- 4.3%6 4,33 4.35
5 37 0.607 Organic 4,746 0.050 0.28 0.33 0.31
6 37 0.650 Organic 4.746 0.050 1.05 1.16 1.11
7 37 0.650 Organic 4.970 0.162 -0.90 -0.70 -0.80
6 37 0.650 D20 4,746 0.050 3.99 4.01 4.00
6 37 0.650 Alr L.746 0.050 3.64 3.65 3.65
8 37 0.650 Polyethylene 5.000 0.056 3.16 3.15 3,16

(a) Organic and H,0-cooled assembly bucklings not corrected for difference in vertical
extrapolation length from reference lattice.
(b) Outer dimension across the flats of a hexagonal housing.
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