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ABSTRACT

Three methods of analysls for the substitutlion experiments
were tested agalnst experiment: a one-group, three-region per-
turbation method; a two-group, two-region diffusion theory
method; and a two-group, three-region diffusion theory method.
It was found that the one-group perturbation method worked well
over the full range of the experiments to which it was applied.
The two-group, two-region method worked well when diffusion
coeffliclient mismatches were the maln problem, but broke down
when there was a bad mismatch 1n resonance escape probabillity. -
The two-group, three-region method worked well, but did not
offer any advantage over the one-group perturbation method to
Justify its greater complexity.
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ANALYSIS OF THE SUBSTITUTION TEOH“QUE FOR THE
DETERMINATION OF D;0 LATTICE BUCKLINGS

INTRODUCTION

A typical substitution measurement of a lattice buckling
has three steps: (l) a reference measurement in a one-reglon
lattice; (2) the substitution of one or more test fuel assem-
blies for reference fuel assembllies; and (3) a remeasurement
in the mixed lattice. The resultant data are then combined
with subsidiary information from calculations and experiments
and analyzed to give the buckling of the test lattice. 1In
critical substitutlon measurements on DpO-moderated lattices,
the measured physical property is the moderator helght at
criticality.

Various straightforward methods of analyzing the data
have been used in the paat(l’z’ to obtain the material buck-
ling of the test lattlice. There has not, however, been a
very extenslve attempt to verify these methods of analysils
empirically over a wide range of lattice parameters. The
present report makes such an effort by comparing experimental
results of substitution measurements with test lattices having
bucklings known from previous one-region pile measurements.

A number of the lattices contalned air-filled fuel assembly
housings so as to include the effects of neutron streaming
and bad diffusion coefficlent mismatches.

DISCUSSION

METHODS OF ANALYSIS

ONE-GROUP PERTURBATION METHOD

This method of analysis was suggested and described by
Persson!?). It 1s a "successive substitution" method; i.e.,
the measurements are performed with at least two different
sized test regions. These results are then used to extrapo-
late to the condition where the test lattlce extends throughout

the pile.

Since one~group theory cannot properly take into account
the interaction between the test and reference regions, a third
region, called the transition or intermediate region, is intro-
duced. In order to define the three regions, the lattices (in
this discussion assumed to have triangular pitches) are broken
up into unit cells consisting of rhomboids with the two vertices
at the acute (60°) angles terminating on fuel assemblles.
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Rhomboids with both acute vertices terminating on test fuel
were assigned to the test region, those with one vertex on a
test fuel assembly and the other on a reference fuel assembly
were assigned to the intermediate region, and those with both
vertices on reference fuel to the reference region. IExamples
of this cholce of regions, for one and seven test fuel assem-
blles, are shown in Filgures 1l and 2, respectlvely.

The final equation used in the analysis, derived by
Persson'®), 1s given below. (In a paper presented by Persson
at a meeting of the European-American Committee on Reactor
Physics in Zurlich in February 1963, a slightly different final
equation was given. The numerlcal differences resulting from
the change are quite negligible.)

V. -U oD D
(62 - o)(1 + €) _ ge 2.0, U Vo0 /2,

1

Wi ~ Wp
Wr 4
(@ - of) + &al —= (1)
r

In equation (1), the subscript 1 refers to the reference
region, 2 refers to the intermediate region, and 3 refers to the
test region. The quantity @® is the vertical buckling of the -
plle with test assemblies in place; af is the vertical buckling
of the pile when all fuel assemblies are of the reference type;
aZ 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; 6a3 = a2 - (a2 + af)/2; and B? is the
radial buckling of the plle., D refers to the one-group diffusion
coefficient, with the subscripts r and z referring to radial and
vertical directions, respectively, and éDy = D1 - D,. Values
of wri and Uri are glven by

f¢°' dv

I‘g >
i wa'dv
11

W (2)

and
1 _’;.(Vro)(vrm) dv

1o PR Efw' av
i1

(3)
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In the above equationg, ¢ 18 the unperturbed flux
(= Jo(Br)), ¢' is _the perturbed flux, and B§ is the radial
buckling in the 1*" region. The perturbed fluxes were calcu-
lated by one~group theory. The remaining quantitles 1in
equation (1) are given by

bnz 6Dr
¢ T L, Yy ()
i ri Dzl i x..21.2])2.1 .
D D oD 6D
—_ ZS ' 1 ZE 1., rs 1 I'2
Yo wraD + §wr2D - §Lr3 D, " §r, D (5)
2 1 1 1
Dz 6Dr
W —2 - 2 2
Zy 1

_If the left-hand side of equation (1) is plotted against
w /W , & stralght line with an lntercept of a - 01 should

result. Each point on the line would correspond to a differ-
ent number of test fuel assemblies. If there were no aniso-
tropy, the value of a2 - a? would also be the difference
between the material bucklings of the test and reference
lattices.

The values of 6D_ /D and 8D /D used in the analysis
r, "z, z," "z,
can be calculated, but it is preferable to measure them in
separate experiments with a single fuel assembly. In this
case unperturbed flux shapes are used.

Persson!?! treated the special case of obtaining éD, /D,
1 3
and 6Dr /Dz on volding the housing of a reference fuel
1 b}
‘asgembly. In this case 1 =1 and 2 only. The result was

A ' 6D &D U
2_ 2 r r
¢ -9 L (02 -e?)f1 4+ 2} .pr—2[—-2_1
W W - D D W
r, z, zy z, \ r,
6D
g2 2= Ei 22 _ 1
D aZ W (7)
z, Z2,



‘where

W = inZaz dz/(H/2 8
z, J:B n“az dz/(H/2) | (8)

and

= f co. %az dz/ (H/2) (9)
i

and the other symbols are as defined before. In the case in
which the perturbation penetrates the whole core in the axial

direction, Uz = wz_ = 1 and equation (7) becomes
2 2 i
6Dz Dz 6Dr r
(0® - a?) [ L+ 2 = (a3 -af) 2 _p2 212 _)
D D W
r, Z3 2, 23 a3

(10)

The experimental procedure 1s to vold the housing of the
central fuel assembly in several steps, measuring the critical
moderator height at each step. Then plotting the left-hand

2 “z
side of equation (7) against EE- ﬁ—ﬁ - 1] glves a straight

line with slope equal to —Gl(bD /D ) To obtain 6D /D ,
2 .1

the critical moderator helghts are measured on completely
voiding the housings of single fuel assemblies at various
radii in the pile. Then plotting the left-hand side of

U
equation (10) against T2 _ 3 glves a straight line with

wr2
slope equal to -B2(éDp_ /D _ ).

r;) "z,

Of more general interest is the measurement of 6D on
volding the housing of a single test assembly. In thils case
there are three types of reglons in the pile: the reference
reglon, denoted by subscript 1; the lntermedlate reglon
between reference fuel and the Dp0-filled portion of the test
assembly, denoted by subscript 2a; and the intermediate reglon
between reference fuel and the voided portion of the test
assembly, denoted by subscript 2b. It can easily be shown
that the one-group perturbation result corresponding to
equation (7) can be cast into the form



oD 6Dz éD

z .
za \[a® - a ‘- QP 2b ] _ 42 + 28
1+ W, WoW “{* D 2al’ D
2 Tz, Ty Za, z, . 2y
oD oD U 5D oD U
r r 2
- p2 2b _ 2a 2 _3]-a*2 2b 2alja 2b
D D W D D a¥*2 W
Z; Zy rs Z 2, 22p
(11)

where a2 1s the vertical buckling when some or all of a single
test assembly 1is volded, and a*2 15 the vertical buckling

prior to volding but with the test assembly in place. This
form of the equation is convenient, since (a® - a*2) can be
measured quite precisely. In practice, if the reference
lattice 1s D0 fillled, 6Dz can be set equal to zero, equation

(11) vbecomes 2a
5D ' 8D U
a? a*2 _az 14 2,1 42 B2 AN r, 3
W W zb 2a D w
r2_Zab 2, 2 P
éD U
- a*2 Zob [ @? %21 (12)
D a*2 W
z, Z,p

The use of equation (11) and its specialized form when
U =W = 1 are the same as that of equations (7) and (10)

Z2b Zab &D r 4D,
in determining 2b._ 28 and 2b - 28

D D D D a

Persson(l’ used statistical weighté corresponding to
the cell definition of Figure 1 and later multiplied the

6D /D and 6D_ /D_  values by 2 to obtain test lattice
z/ "z, vz,

parameters. In the present report, statistical weights
corresponding to the conventional unit cell definition were
used in the analysis. The slopes of the curves then should
give test lattice parameters directly without multiplying
by 2. There seems to be little preference between the two
procedures, .
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To summarize, equation (11) is used to obtain diffusion
coefflicient differences when voilds are present. After the
succeasive substitution measurements, equation (1) 1s used
to obtain (aa - a®). Additional corrections necessary to
convert this to the materlal buckling of the test lattice
will be discussed in a later section.

Two~Reglon, Two-Group Method

This method of analysis has a long hilstory of use at the
Savannah River Laboratory (SRL). It requires only a single
measurement of critical moderator helght with test assemblles
present, in addition to the measurement of the critical moder-
ator height with the one-reglon reference loading. With
triangular lattlice pitches, the commonest number of test assem-
blies 1s seven. As in all the methods of analysis, 1t is
necessary to know the vertical extrapolation distance and the
extrapolated radiuvs of the plle. These are determined from
flux profile measurements in one-region reference loadings.

The test region 1s deflined in terms of conventlonal unit cell
rather than the cells described in the previous section. An
example of the test reglon according to this definition is
shown in Figure 3. The boundary between the test .and reference

e - . -
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loading is cylindricized in the calculation. Two-group par-
ameters are computed for both the test and reference reglon.
These consist of the slow diffusion coefficlent Dg, the fast
diffusion coefficient Dy, the Ferml age T, the diffusion

area Lz, and the resonance escape probability p. The material
buckling of the reference region 1s determined by the extrapo-
lated radius, the vertical extrapolation distance, and the
measured critical moderator height in the one~region reference
loading. The specification of the eritical vertical buckling
with the test lattice in place (from the critical moderator
heilght) then completely determines the problem according to
two-group theory, and the test region material buckling can

be computed. Even a two-reglon, two-group calculation 1s not
sultable for hand caleulation, however, and an appropriate
code for the IBM 704 is used to perform the two-group cal-
culation. The mathematical basias of the code is discussed to
some extent in a previous reportf3!),

Additlional accuracy can be achieved by calibrating the
test region with lattices of known bucklings, and two-group
parameters quite similar to those of the reference reglon.

Such a calibration is used to adjust one of the constants

used in the calculation. At SRL, the constant traditionally
adjusted by thls means ls the test region radius, which thus
would differ slightly from the cylindricized radius:. This
cholce of constant to be adjusted 1s not unique. The test
region calibration procedure has been described elsewhere {274},
It will not be further discussed here for two reasons:

e Suitable calilbration lattices are rarely avallable,
thus restricting the applicabillicy of the technlque.

e In the present experiments, for which suitable
calibration assemblies were available!Zs%! the
difference between the test reglon radius resulting
from the calibration and the cylindriclzed test
reglon radius was negligible.

Corrections to the bucklings obtained by the two-group method
will be discussed in a later section.

THREE-REGION, TWO-GROUP METHOD

This method was an attempt to combine some of the features
of’ the previous two methods. It has in common with the Persson
method the necesslty for measurements using two different sized
test regions, and the assumption of an intermediate .region of
unknown buckling. However, it uses two-group theory rather
than one-group perturbation theory to analyze the data. In

- 12 -



one sense this is more restrictive on the experiment, in that
1t requires all test regions to be concentric with the refer-
ence lattice. This need not be true 1f perturbation theory
is used, although it is desirable. '

The measurements conslst of critlcal moderator height
measurements for the one-region reference lattice, the lattice
with one test assembly in the center of the pile, and the

“lattice with more than one test assembly in the center of the
plle. The boundaries of test, intermedlate, and reference
regions are determined as in the perturbation method (Figures
1 and 2), and then cylindricized. Two-group parameters for
reference and test regions are calculated, as in the two-reglon,
two-group method. The two-group parameters of the inter-
mediate region are then determined by the equations given
below. Subscrlipt 1 refers to reference region, 2 to inter-
mediate region, and ¥ to test region.

1)8‘2 = (D81+D83)/2 (13)

D, = (Dr1 + D, )/2 (14)

1f = —2——2 (15)

T, = 2 38 (16)

(1 + L3B® )(1 + 7,8° )
P, = B . (17)
Z[(neg)y + (ner),] 4

The symbols have their_conventional'me&nings. The
-quantity B; 18 not known initially, so that an initlal
- .

guess must be made for p,.

-'13 -



In the case where only one test assembly i1s used, there
are only two types of regions present: reference and inter-
mediate. The buckling of the intermediate region can therefore
be calculated by two-group theory Just as in the ﬁwo-region,
two-grcup method. The only difference is that an iterative
process must be used in which the buckling sclutlon is substi-
tuted into equation (17) to obtain a new value of Pz, the two-
group calculation repeated with the new value of p,, ete. until
the process has converged.

Once the intermediate region buckling has been obtained,
it can be used in a two-group, three-region calculation of the
measurement in which more than one test fuel assembly 1is
present, All parameters in this calculation except the test
region buckling would be known at this point, and therefore
the test reglon buckling could be computed.

'Corréctions to the bucklings obtained by this method
will be discussed in a later section,

EXPERIMENTAL PROCEDURE

Four types of fuel assembllies were used in these experi-
ments: a cluster of 31 U0z rods 1n a 5-inch-0D aluminum -
housing, a cluster of 19 U0z rods in a 5-inch-0D aluminum
housing, a cluster of 19 U0 rods in a 4-inch-OD aluminum
housing, and a single l-inch-diameter rod of natural uranium
metal. All of the fuel assemblles had been used in one-
region pile buckling measurements{5?%),  zuel assembly detalls
are given in Table I, and cross sections of the fuel assembiies
are shown in Figure 4.

TABLE T

Fuel Assembly Detaills

U0z density = 10.4 gn/em® (effective over rod length)

0D of U0z = 0.500 inch

OD of 6063 aluminum cladding = 0.547 inch

U0z cladding thickness = 0.020 inch

Center-to-center spacing of UQz rods = 0.650 inch

OD of small aluminum tubes in 3l-rod clusters = 0.250 inch

Wall thickness of small aluminum tubes-in 31-rod clusters = 0.035 inch
OD of large 6063 aluminum housing tube = 5.00 inches

Wall thickness of large 6063 aluminum housing tube = 0.056 inch
OD of small 6063 aluminum housing tube = 4.0C inches

Wall thickness of emall 5063 aluminum housing tube = 0,054 inch
OD of uranium metal rods = 0,998 inch

OD of 1100 aluminum cladding = 1.090 Inches

¥all thickness of 1100 aluminum cladding = 0.032 inch

- 14 -



Al Tube

19 an Rods - 5" OD Housing

Single Metal Rod - I° OD

IS UO, Rods - 4" OD Housing

F1G. 4 CROSS SECTIONS OF FUEL ASSEMBLIES

All experiments were performed in the Process Developmént
Pile (PDP)‘®! on a 9.33-inch triangular pitch in the lattice
geometry shown in Figure 1. Two different reference fuel
assemblies were used: the 3l-rod UOz; cluster in a D0-filled .
housing, and the 31-rod UO- cluster in an air-filled housing.
The extrapolated pile radii and vertlical extrapolation dis-~
tances were measured by the flux profile method‘®s¢), The
moderator temperature during the experiments was 22.5 *1.0°C,
and the moderator isotopic purity was 99.58 mol % D20 with an
absolute uncertainty of #0.03 mol & D20..

The experiments were of two types: the measurement of
6D/D values by the Persson method on voiding the coolant
channels of test assemblies, and the subgtitution measurements
proper.. The 6Dz/D measurements were made by placing a single
test fuel assembly in the central fuel position. The bottom
of the test assembly housing was open to the moderator. The

- 15 -



plle was brought to critical and held there for at least 30
“minutes, after which the moderator height was measured. Helium
pressure was then applied at the top of the test fuel assembly
to partially expel the D0 coolant. ' The expulsion wag
performed 1n several steps, and the moderator height was
changed at each step to maintain criticality. At each step

the critical mod:ratsr height and the helium pressure were
measured, the latter with a light water mancmeter. The helght
of the D>0 coolant in the test assembly was inferred from the
helium pressure. After all of the coolant had been expelled,
the pressure was reduced to zero and the critical moderator
height was remeasured. The final critical moderator helght was
usually within about 0.03 cm of the 1nitial one, and the two
were averaged to obtain the reference vertical buckling a*

(see equation (11)).

The measurement of OD,/D was made using three test fuel
assemblies at symmetrical 120° positions instead of a single
assembly. The purpose of this was to increase the precision
of the measurement by obtaining larger changes in vertical
buckling. The smalliest distance of test assemblies from the
center of the pile was two lattices pitches, so that the
perturbations would not be expected to interact. The modi-
fication of the analysis to account for three test assemblles
rather than one was therefore trivial.

With the three test assemblies at a single radius in the
plle, the critical moderator height was measured with D-0 in
the test assembly housing. The D20 was then completely
expelled by means of helium pressure, criticality being main-
tailned by changing the moderator height. After the new
eritical moderator helght had been measured, the helium pres-
sure was reduced to zero and the initial condition remeasured.
The plle was then shut down and the test assemblies were moved
to a different radius. Another critical run was then made,
etc.

The substitution measurements proper, unlike the 6D/D
measurements, depended on comparing critical moderator heights
of separate reactor runa, Five types of test fuel counfigu-
rations vere used: a single test fuel assembly in the central
fuel position; three test fuel -assembllies in an equilateral
triangle one lattice pltch on the slde, with one of the test
fuel assemblies in the central fuel position; three fuel
assemblies atv 120° to each other and one lattice pitch from
the central fuel position; seven fuel assemblies in the central
seven positions; and nineteen fuel assemblies in the central
nineteen positions. Whenever the same configuration was to be
used to measure test lattices both with D0 and air in the
housings, the helium pressure system was used to obtain both

- 16 -



measurements in the same critical run. The critical moderator
" helght with the one-region reference lattice was measured
frequently. Each measurement lncluded a determination of the
(relative) critical moderator height to within about 0.005 cm
and a determination of the (relative) moderator temperature

to about 0.03°C. All vertical bucklings were then corrected
to a common temperature by means of calculated temperature
coefficients. When this had been done, it was found that the
critical vertical buckling of the one-reglon reference lattice
decreased smoothly with run number. This decrease in buckling
(in wB*) is shown over a limited range of run numbers in
Filgure 5. The effect is presumably due to moderator degra-
dation. Plots such as Figure 5 were used to correct vertical
bucklings with test fuel assemblles in place to the run

number of the nearest reference lattlce measurement.

220.0

TEMPERATURE CORRECTIONS
HAVE ALREADY BEEN MADE

219.%

\o

-~

218.3

144 130 ’ 180
RUN NUMAER

FIG. 5 CRITICAL VERTICAL BUCKLING OF
REFERENCE LOADING vs RUN NO,

*]1 uB = 107% cm™?
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RESULTS

6D/D MEASUREMENTS

It was assumed that the one-group diffusion coefficients

of all lattices containing no voild were the same.

The

majority of the 6D/D measurements were made in a reference
lJattice of 31l-rod UO, clusters with D20 in the housings. In
two measurement.s the reference lattice contained the same

fuel assemblies with air-filled housings.

In order to

facllitate comparison, all results are presented in the form
of the ratio of 6D to the one~group diffusion coefficient of

the 31-rod cluster lattlce with D0 in the housings.

Sample

plots of a 6Dy/D measurement and a 8Dp/D measurement are

shown in Figures 5 and 7, respectively.

results are given in Table II.

TABLE I

Complete numerical

Changes in Neutron Diffusion Coefficient on D20 Removal
from U0 Rod Cluster Fuel Assemblies

Rods per cluster
OD of housing, inches

Exp. 1

Exp. 2

Average
Calc.

6D2/Dy peg

Exp. 2

6Dp/Dy, per cale

!Exp. 2

D,/D,. (anisotro
z r( Py) «Calc.

19
4

0.203 0,005
0.203 %0.010
0.187

0.134 $0,017
0,128

1,061 £0.018
'1,052

19

5
0.533 *0,011
0.524 10,010
0.529 10,015
0.598

- 0.271 $0.020

0.328

1.203 20,022
1.203

31
5

0.287 £0.005
0.277 +0.004
0.282 20,010

0.345

0.199 $0.011
0.232

1.069 $0.013
1.092

(a) Experiment 1 was perflormed in a reference lattice of 31-rod clusters in
air-filled housing tubes., Experiment 2 was performed in a reference
lattice of 31-rod clusters in Dp0-filled housing tubes. In order to
obtaln the value listed under Experiment 1 for the 19-rod cluster in 2
S5-inch housing, a value of Day,a1r/Da:,p.0 = 1.282 was used.

(b).The errors on the average values of periment 1 and Experiment 2 were
increased slightly over the estimated errors of individual measurements,
to take into account small .systematic differences between the results
of Experiment 1 and Experiment 2.
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The theory of Benoist!?) was used to obtain theoretical
values of O0D/D to compare with experiment. A recent modi-
ficationf®! in the calculation of the radial component was
included. The transport mean free paths used 1in the compu-
tation are glven 1in Reference 5. The results of the calcu-
lation are in two-group form, l.e.,, fast and slow diffusion
coefficients for the lattices. These were combined to obtain
one-group values by the following equation:

5D ( 12 ) Ds,air - Ds,D,0
2
Dref L=+ test,Da0 Ds,ref

D -D
+( 2-: ) f,air £,D20 (18)
L™ + TJtest,D.0 D¢ rer

The calculated results are also given in Table II. The
agreement between experiment and calculation 1s excellent in
the case with the smallest vold fraction (19-rod cluster in
t-inch housing). In the other two lattices, in which the vecid
fraction 1s larger, the agreement 1s poorer. The calculated
anisotropy is still in good accord with experiment however.

SUBSTITUTION MEASUREMENTS

The baslc experimental data from the substitution measure-
ments are gilven in Table III. The radial bucklings of the two
reference lattices, obtained from flux traverses, were 202.15 uB
for the lattice with air-filled housing and 213.71 nB for the
lattice with D20-fllled housings. Neither the vertical buck-
lings in Table III nor the above radial bucklings are actually
known to the given number of'significant figures, of dourse,
but all significant figures were carried in the calculations
for consistency. The changes in vertical buckling listed in
the last column of Table III have been corrected for tempera-
ture -and moderator degradation.

Two-group parameters used in the calculatlons are listed
in Table IV. In anlsotropic lattices, the parameters listed
are for the radial direction. The Benoist theory( 18) yag
used to obtain Dg and Dg. Values of LZ were obtained from
Dg values and values of zaerf computed by the P-3 approxi-

mation to transport theory. Values of T are normalized to
= 128.4 ecm® for 99.6 mol % D20.

- 20 -



TABLE III
Basic Data from Substitution Measurements

Teat lattice. Vertiocal .
Rode OD of D20 or Number of Buokling of Change in
per Houning, Air in Test Reference Lattice Vertical Buckling

Reference Lattice Cluster _inches Housing Assemblies af, ub a® - aZ, ub
31 rods, 5" 6D 31 5 D20 1 127.317 +0.981
housing, air-filled . 3(a) 127.193 +3,009
7 127.193 +6.316
19 127.317 +16,217
19 5 D20 1 126.901 43,174
3(e) 126.901 +8.949
7 126.901 414,988
19 5 Alr 1 126.901 +0,813
3(a) 126.901 +2.228
7 126.901 +3.187
31 rods, 5" OD 31 5 AMr 1, 217.621 -1.029
lousing, CaC-filled 5{e) 217,621 -3,007
3(b) 217.621 -3.123
7 217,621 -T.632
19 5 D20 1 217.457 +1,706
3(a) 217.409 +3.942
3(v) 217.4509 43,272
7 217.457 +6.070
19 5 Alr 1 217.457 ~1.154
3(e) 217. 409 -3.659
3(b) 217.409 ST
7 217.457 -8.99%
19 5 D20 3(a) 217,469 +5.851
3(b) 217. 400 +5.437
7 217.%69 +10.579
19 4 Alr 3(=) 217.469 +3.524
3{t) 217.400 43,568
7 217.469 +7.158
1(metal) None - 1 219,220 +3.447
3(v) 219,220 +5.835
7 219.220 +5,078

(a) Test fuel at 120°, one pitch from center of pile.
(b) Test fuel in equilateral triangle one pitch on a side; one fuel assembly
in center of pile. 8

TABLE IV

Two=-Group Pé.rameters :

Puel Assembly

Rods OD of D20 or
per Housing, Air in -

Cluster 1inches  Housing Dsr @ Dg, €M 12 em2 1, cm? p
31 5 De0 0.8430 1.2061 115.9 142.,6 0.85%
31 5 Afr  1.0417 1.4827 130.2 212.1 0.848
19 5 D20 0.8399 1.2137 173.6 137.9 0.900
19 5 Alr  1,1198 1.6027 202.9 229.3 0.887
19 4 D20 0.8381 1.2112 174.5 137.3 0.901
19 4 Ar  0.9%67 11,3651 1B81.9 171.6 0.899
1(metal) None - 0.8257 11,2130 456,0 129.3 0.972
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o The one-group perturbation analysis was performed using
the data of Tables IT and III. The plots of the Persson type
are shown in Figure 8. The numbers identifying the data
points refer to the number of test assemblles. Straight
lines viere fitted to the data polnts by a least squares.anal-
yais, with functions weighted for the individual points pro-
portional to (@® - a?)Z, Results are given in Table V.
Results of the other two methods of analysis are given in
Tables VI and VII. The one-region results‘®’ %! to which they
are to be compared are given in Table VIII. A number of cor-
rections are listed in Tables V-VIII. These are described
below.

The first correction, called A(l), accounts for the
presence in the lattlice of aluminum gulde tubes for control
rods. (The rods themselves were never in the lattice at the
time of the measurements.) The test lattice bucklings obtained
from all these methods of analysis corresponded to the presence
of these tubes in a one-reglon loading of test lattice. The
values of A(1) used to correct to the condition of no tubes
were based on experiments wlth one-regilon loadings(s).
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. TABIE V

—mt—

Recsultn of One-Oroup Perturbatics *nalysis

%1 Roda, 5" OD

Reference lattice Housing, Air-Pilled 31 Rods, §" OD Housing, D.O-Filled
Rods per ’ 1
cluater 3 19 19 3 19 19 19 19 (mezal)
oD of
Test Lattice { NOUSIRE, 5 5 5 5 5 5 4 b None
inches
D20 or
air in D0 n20 Alr Alr De0 Alr D20 Alr -
housing
D', uB 202,2 202.¢ 202.2 213.7 237 213.7 213.7 2:3.7 212.7
of, uB 127.2  12€.9 126.9 217.6 217.% 217.% 217.% 217.% 219.2
af - af, un 95.4 132.6 2,0 82,2 24,8  -89.0 58. 4 15,3 -57.3
of, ub 222.6 259.5 128.9 135.h 241.8 I?B.l 275.8  232.7 161.9
a(l), uB 5.9 T.7 5.2 L) 7.7 5.2 1.7 3.4 7.8
a(2), ub +5.1 +6.2 =3.1 5.1 [} -4.2 [¢] -3.0 0
o3, uB (corrected) 233.6 273.4% 131.0 135.2 23%9.5 125.% 283.5 233.1 169.T
82 + of (corrected) 435.8  875.6 333.2 348.9 463.2 339.1 4g97.2 4X6.8 383.4
AB;. n3 0 0 +3.8 41,5 0 42,4 0 44,6 v
Bl, uB (corrected) 435.8  475.6 337.0 350.% 63,2 341.5 497.2 451.4 3B3.3
TABLE VI
Results of Two-Region, Two-(roup Analysis
31 Roca, S" OD
Reference Lattice Housing, Air-Filled 31 rods, & 0D Housingz, D.0-Filled
Rods per . 1
cluster 31 19 19 31 19 19 19 19 (netal)
OD of
. housing, ) 3 5 5 5 5 L] 4 None
Test irttice inches
D30 or
\ alr in D20 Da2) Afr Alr D20 Alc D20 Alr -
n using

] .
B uB 329.34 329,95 329.05 831,33 431.17 431,17 431,18 131,18 A32.63
(reference lastice) .

: )

By #8 427.3 457.9 325.6 3A1,3  A53.5 325.7 LGBA.7 AWa,0 -
{calculated test)

a®, up 133.5 1413 136.3  210,0 223.5 208.5 228.0 220.6 22,3

6% = BZ - o®, uR

293.8  316.0 '95.5 131,35 230.0 116.2 256.7 219.4%  Bl.7
(teat region) . :

a(1), vb 5.9 7.7 5.2 3.9 T7 5.2 1.7 3.4 7.8
a(2), ub 45.1 +6.2 3.1 -5.1 0 -8.2 * o =3.0 °
i), uB 43,3 47.5  41.7 ° 0 o 0 0 0
a?, uB

(corrected test reglon) 16-6 1381 127.0 2049 223.5 2003 228.0 2216 2043
B!o ub R

(forvocted tedt region) 20970 3312 2023 D62 23T 1214 2604 2228 895
tm;. uB [} [ +3.3 48,1 o +17.7 o +4,0 (]
By uB 531.6  479.3  332.7 3%B.2  861.2  339.4 492,4 HAB.E 3136
(corrected) .
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TABLE VII

Resulty of Three-Region, Two.QGroup Analysis

Reference Lattice

Rods per
clunter

OD of
housing,
inches

D20 or
air in
housing

Test Lattice

Bl, wB
(calculated test)
_ﬂa. ;]

£2 B - 0%, uB
(test region)
4(1), uB

a(2), uB

a(3), uB

o, uB

(corrected test region)
£2, up

(corrected test region)
AB;: uB

B;. uB

(corrected)

Results of One-Region Measurements

31 Rods, S" OD 31 Rods, 5" OD
Houaing, Air-Filled Housing, Do0-Filled
31 19 19 31 19 19

5 5 5 5 5 S
D20 DoO Alr ALr " D20 AMr
527.3 45%.1  322.5 Hbo.5  La2.0 J21.5
133.5 14%1.9 130.1 210.0 223.5 208.5
293.8 312.2 192.% 130, 2168.5 113,0

5.9 1.7 5.2 4.9 7.7 5.2
+5.1 6.2 -3.1 5.1 0 -8.2
43.3 1.5 +L.7 0 0 0
138.5 148.1 127.0 20%.9 223.5 200.3
303.0  327.4 199.3 135.4 226.2 11k.2
0 0 +3.5 +7T.1 0 +17.9
581.6  575.5 329.8 3A4T.4  Wug9.7  336,%

TABLE VIII

I3t

Rods per

Correction to
99.58 mol % D20,
uB

B;, uB
{finhal corrected)

(a) At 99.70 mol & Do0'¢?
{b) See Reference 6

cluster 3
oD of
1
Teot Lattice ?:z:ege, 5
Dzo O.
alr in Da0
housing
£%, uB 210.9
a®, uB 228.2
£ + a®, uB 439.1
Mﬁ,uB ¢
2
Bys uB 835.1
(corrected)

n 19
S 5
Alr D20

201.9 213.6
131.7 25%.8
333.6 368.4
+1.6 ]

335.2 u4€8.4
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Atr

176.3

185.7
322.0
+7.3

329.3

b 3

D20

212.7
£84.8
501.5

561.5

19 1(metal)
4 None
Alr -
213.1 -
234,5 -
347.6 398.9(‘)
+8.7 0

52,3  398.9(8)
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- ments

_The second correction, called A(2), accounts for different
vertical extrapolations ir the reference lattice and test
lattice, Values of AL(2) were obtained from one-region experi-
{5) and were taken as zero when neither lattice contained
alr-illed housings. .

The third correctior, called 4(3), applied only to the
two-group methods, and only to the cases in which the reference
lattice was anisotropic. When a change was made in the verti-
cal buckling, the relation 88% = -Aa® in the reference region
was used for the two-group codes. For an anisotropic lattice
this leads to an error in *~he radial buckling of the reference
region of (v - 1)8a®, wheiec v is the anisotropy (Table II).

To a first approximation, this leads tc an error in the test
region buckling given by

8(3) = ——W——E (v - 1)(e® - a}) (19)
r

where W, = W, + %we. The correction given by equation (193},

using 7y = 1.08, was applied to the data in Tables VI and VII.

The final correction, ABﬁ, was applled when the test
lattice was anisotroplec. A materlal buckling does not exist
Andependent of geometry in thls case, and & standard geometry
must be chosen in order to compare data. The geometry chosen
was that which gives a minimum critical volume 1n the iso-
tropic cylindrical plle; 1.e., B2 = 20%. The necessary
correction to a® + B2 to obtain a® + B? for this geometry is

(v ~ 1)
3+ (v - 1)

ABE = (2a2 _ Ba)

m (20)

The one-region results of Table VIII wereralso corrected to
the minimum critical volume geometry by equation (20).

Table IX compares the corrected subs#ltution results
with the corrected one-region bucklings.  The quality control
on the U0z fuel assemblies was not particularly good, and the
dimensions given in Table I represent the average of measure-
mente made on a large number of assemblies. Varilation of the
wall thickness of the aluminum housing tubes is the most
important irregularity. Thus the small samples of fuel assem-
blies used in these experiments could have differed syste-
matically from the average of the large number of assemblies
used in the measurements of Reference 5. In terms of buckling,
a reasonable expectation of the deviation of a single fuel
~'assembly from the average 1s felt to be at least +5 uB.
" ‘This results in two types of errors:

- 27 -
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TABLE 1X

éomparlaon of Corrected fesults

31 Rods, S" OD

Reference lattice Housing, Air-Pilled 31 Roda, 5" OD Houainy, DyO-Pt'lled
Rods per 1 1 1 !
cluster N 19 19 N 19 9 9 9
OD of N 4
housling, 5 5 5 5 5 5 None
Teat Lattice Srches
D20 or
alr in D20 D20 Alr AMr DO Alr D20 Alr - -
housing
3;1. uB 435.8  475.6 337.0 350.4  463.2 341.5 497.2  451.4
n; , uB 41,6  479.3  332.7 3uB.2 k61,2  339.% hg2.%  L%E6.%
2
B; , uB 441.6 475.5 329.8 34T7.%  uk9.7  336.% - - -
a
B;‘, uB 439,1 468, 4 229.3 355.2 468.% 329.3 501.5 452.3
B2 < B, ub -3.3  47.2  47.7 4352  -5.2 +12,2 4,3  -0.9
™y m,
B® - B% , B 2.5 +10.9 +3.5  +13,0 7.2  +10.1 -9.1 -3.9
my me
“ - B, uB +2.5  +7.1 40,5 412.2 -18.7  +T.1 - - -
ma My )
Note: 8; = One-group perturbation result from 7able V
3
; = Two-reglon, two-group result from Table VI
2
B; = Three-region, two-group result from Table VII
3
B; = One-region result from Table VIII
+
¢ The seven fuel assemblies of a single type may

differ appreciably from the average of a larger
number. This would give rise to gystematic dis-
crepancies between the one-region results and
the substitution results even in the two-group,
two-region method of analysis, which uses only
the seven-assembly data.

If fuel assemblies within the group of seven differ
appreclably from each other, another type of error
would give rise to incorrect slopes of the lines .in
the one-group perturbation method and insorrect
intermediate reglon bucklings in the three-region,
two-group method. The latter method is particularly
vulnerable on tuis score. -

(matal)

383.4
312.8

377.2
+6.2

-63.4

It is the author's opinion that the scatter of data points
from the straight lines in Figure 8 can be ascribed almost

entirely to these errors.

With this point in mind, one can

draw the rollowir,g conclusions:
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e The one-group perturbation method gave satisiuctory
results in all cases.

o The two-recglon, two-group method gave satisfactory
results when diffusion coefficlient mismatches were
the major problem (as in all of the U0, experiments).
In the single experiment in which there was no dif-
fusion coefficient mismatch but there was a large
mismatch in resonance escape prebability, this method
failed rather badly. There is other evidence from
this laboratory indicating the fallure of the two-
region, two-group method tor this particular
situation'®),

¢ The three-region, two-gzroup method does not appear
to offer any particular advantage to offset the
increased complexity of the analysis,
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HEFT 6

aete’ (sbout 6--8 per cent) caused by vol

ereas theoretical predictions fail in the extreme ranges.

1. Introduction

Fuel designed for the Swedish powerreactor R3 [1],
jhich is‘under construction at a southern suburb of
Stockholm and planned to go critical in 1063, has
bes nsed for substitution measurements in the criti-
el facility RO [2] and for exponential experimentsin d
¢bailt arrangement of the suberitical facility ZEBRA
{3]:[4) -at Studavik, Sweden. ’

: The fuel investigated consisted of natural uraniiim
zide ‘(diametér 1.70 cm, density 10-5.0-1 gjcm?)
. “in zircaloy-2 (ID 1.72 cm, OD 1.87 em) and

©
rposed of 19 rods placed in a hexagonal pattern with
¢ distance of either 211 or 2.21 om, oxcopt six ‘of
er rods, which werc farther from the centre in
to make the outer contour more circular (com-

‘wach rods had to be screwed together in order to have
assembly length of about 3 m, which was necessary
¢ experiments. The actual length of the clusters
used in the R3 reactor'will also be 3 m. At every
int there was a section {about 4-5 cm long) containing
oy ‘and He-filled space instead of uranium oxide.
'he measurements reported here were restricted to
eterminations of the material buckling as a function

The same fuel with the smaller of the two internal

boratory, USA [14]. Buckling measurements and
cell flux studies were undertaken up to 215°C.

2. Critical substitution experiments
2.1 Experimental procedure

he critical assembly RO [2] is without a reflector,
vy-water moderated and contained in an aluminiom

:tenk(ID 2-25 m; height 3.2 m, wall thickness 0.6 cm).

The waterlevel in the reactor tank is measured with an
accuracy of 0-01 cm by a level meter in a communi-

:@ating tube. Temperaturo variations are determined
-within 4-0.01° C by means of resistance thermometers
o '+ Xoldeontk. D. ¢ . a

By Rorr Pensson, CArL-Erix W
(AD Atomenergi, Studsvik, Tystberga, Sweden)
" With 12 Figures
(Received February 14, 1962)

sed in the form of clusters, Each cluster was-

Fig.1). The rods were 77:1 cm long and four

Iattico pitch, internal spacing, temperature and void. -

Spacings was elso investigated at'the Savannah River”

Originalien

.C'r'itical and exponential experiments on 19-rod clusters (R 3 fuel) in hc.avy water

1IKpAHL, and ZeNoN ZaDwERrskl

mary. Buckling measurementa on clusters of 19 UO, rods in heavy water have been performed in an exponential assembly
by means of substitution measurements in a critical facility. The material buckling was détermined es a function of Jattice
sich (range of Pmoa.fHuel: 7—22), internal ssncing, void, and temperature (20<7'<<90°C). The change of diffusion coel-
s was studied with single test fuel sssemblies. The progressive substitution

messurements have been analysed by means of a modified one-group perturbation theory in combination with an unconven-
pal cell definition. The buckling differences between test and refercnce lattioes are of the order of —10 to —3-5m-™2.
Tho results of the exponential and the critical experiménta are compared with similar measurements on the same kind of
st tho Savannah River Laboratory. This comparison shows that the results of the various cxperiments agree quite well,

placed in various positions. The heavy water can be
heated by circulation through an electric heater,

The fuel suspension system and the safety mecha-
nisms are placed. in a square top box, with inspeotion
windows on all four sides. The fuel assemblies are

. ! » . -
¥ig.1. Cross-soction of R 8 fuel assembly (test version), I, =2:11¢m or
2:21em, R,=39%cm or 4-08cm. Fuel: natural UO,, donsity 1060 1
0-10 gfcm®, dlametar 1-70 em, Cladding: Zirealoy-2,ID 1472 em, OD 1-87¢m,
S8hroud: shuminium {2S), ID 11-27 om, OD 11'50 em

suspended from rollers resting on beams, which are
provided with wheels at both ends. The position of
the rollers and the beams can easily be adjusted from
outside without opening the system. The fuel is put
in or taken out through suitable openings which can
be uncovered along a diameter in & large revolving lid. -
Uranium metal rods, diameter 3-05cm, density
18-76 - 0-14 gfom?, in the form of lumps placed in alu-
minjum tubes, ID 3-16 cm, OD 345 cm; are used as
referonce fuel, The buckling of the reference lattice is
measured with the aid of BF; counters (0-02 atm B°F,,
length 40 cm, diameter 1.0 cm) placed in travelling
probes. The technique is thé same as is used in the .
exponential assembly (see 3-1 below). Iowever, in RO
wo nced a monitor to normalize the intensity. The
monitor, a larger and more sensitive BF, counter, is
placed outside tho tank, The counting rate from
. 14
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‘sabstitution measurements we have,.if @ is put
ijal'to @ and $=A4J,(Br) sin az,

W,=C[J}(Br)dS,

o about fifteen mmm“

¢ level is measured wigy
ter  vture varis,tig,ﬁ
14 °C,if the erron
ng o. Jay of measyz;
we have found thst i
develops. Even thomgpy
8 important when h

wefficient measurement
as cooled down to aboys,
temperature dependency iy
wdings of the lovel mefej 4"
.regard to tho differencs
o e 3 Lk v

hw;;:mzz?;“;‘;’:r‘; :.:5 ] formed to a form, which is morc suitable
vel tube. LT :
e heavy water may'a
For the reference lat
» critical height whi
ase of the D,0 conién
1 on & special reférence
we have a more or

“transition, and the test regions respectively (compare
iiFig2). From eq. (2) it is clear that (B?*— B})[W, is
linear’ function of Wi{W,, such that the intercept

B} —Bi=4(Bi— B})+ 4 B; ()

s gt tho expression

heavy water corresponds’ BB s 1'% +(B3—B}), . @)
onth [8]. . : .

above mentioned syste —

fferential measuremests’ W=W+iW. (42)

b f N -
o performed witht ‘Dhe xelation (4) with adequate corrcetions [6] is used

‘the ‘analysis, when differencés between diffusion
ficiénts are negligible.

we uso two.group perturbation theory we aro

 derive a formula approximately identical .with

q.{4) except as regards a small two-group correction

‘m.; Instead of eq. (4) we got [6]

analysis 33 "—E:L{l +(1 - W) P} = 6132%‘*‘(3:‘-3’1) (4b)
periments we define the’it;
conventional way, soch?
| at’the corners of the':
3.will be more kinds'o
fuel elements, Thug'w

708 always measured at i $é
0-1.W). We are mainly;
ter levels and the so:
neutrons was then found
mng a* *he experimen
eBaL  ay.

§-$est region but mainly & function of the coupling
itients. We may use the following expression

.. DD+ T

~ Bt = et
- DJID:'*'S;Q.;

Snt -7

- T (40)

1cept has been combi 3 iere S and 7' aro the couplin_g coefficients 8, and S,
e pectively of ref. 9 and T = (Tjpr - Tiast)/2. We

2% potice that 7'< 0, : .

3 the case of substitution measurements with

: :fael assemblics we are usually forced to take
diffusion coefficient into account. We may de-

‘egions have tho sam i
[6] -the following expression

he well-known resul

i St —od) (FuDu—UydDut2) | -

th ¢ (5)
. =f2 3 (W;—U,) 8Dy,

ic buckling, ¥ .

14, : - :

. proportional to f ¢ﬂi - = axial buckling of the whole corein the perturbed

eunperturbed flux of th state, : ‘

=i axial buckling of region 1, when it ocoupies the
- whole tank, .
= radial buclding = (2405/R)",

miform core and @’

the perturbation theory & . “weight
arbations. o e ZE-fUF (Br) SR JF(BR),

~

=fadial part of the ¢P?.dependent statistical .

U, =radial part of the (P ®)3dependent weight
function
£z [J2 (Br) 48,IxR? JE (BR),
D; = diffusion cocfficient of region i,
dD; = D;—D,, where index 1 isrelated to the reference
region.

The change of the diffusion coefficients according
to the one-group model may be estimated by theoreti-

. cal calculations, but it can also be measured in

scparate experiments with a single test fucl assembly.
Measurements on a single test fuel assembly in a

reference lattice mean that we investigate a tran.

sition cell .as defined in Fig. 2. Having studied the
axial void effoct of the central fuel assembly in a test

Allernalivel Alfernctive I

o Reference fuel: lottice pitch |
o st Fvel (R3 cluster): fattice pitch WVZ

Felerence cell > (index 1) 1 findex 1)

Fansition cellfs) @ (index2) K tinderza)
; Bl tindex 28)
Test cell Q lindex 3) T} lindex s)

Flg.2. & les of coll & s used [n snbstitution experiments

region of 3x3 test fuel assemblies we assume that we
are able to take the structure of the cell into account
fairly well,

In order to have agreoment between one-group and
two-group expressions we find that

3D - OD, + 8,4 6D,

* Dygy Diret + Bros Darer
whero 8D = Diayy — Dres and the indices 1 and 2 rofer
to the fast and thermal groups respectively. §is the
coupling ooefficient between fundamental modes
(=58, in ref. 9).

The following relation has been used to analyse
the single-rod experiments [6].

‘_g:z[pﬁﬁ'(wﬂ—uﬁ)Mﬁ—i- } ®)
' + Dy (o Wy — ot Uy Wi} =0,

(60)

where index 1 represents the reference region and
index 2 the region investigated, which is just equal to
the transition region mentioned before, The functions

- W, and U, oro defined as .
W, = [sin® «z dz[(H[2) = exial part of the $?.depen-

dent statistical weight, .
U, = [cos® az dz/(H[2) = axial part of the (FP)-
dependent weight function,
. 14+

E
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When the perturbation penetrates the whole core

we have a purely radial dependence, i.e. H,,=U,, =1,
We now introduce the extrn indices e and f represent-

ing the cases with void (empty shroud) and without

void (filled shroud) respectively, Using eq. (6) and
assuming W,,<1 and o?'—ai<lal we substract the
equations for the two cases from each other and after
rearrangement we get

of —af
" U,
from which relation the change of the radial diffusion

coefficient is determined. Using mors common sym.
bols we seo that [(n/L)*— (x[H))J}(fr) is a linear

Y ka/hﬂ/{?
.u k / pitlch
8 /ﬂ/ecm'

m=3 g
0
£ /‘v/
K52
~10
/
29 ¢ 2 rlyﬂ‘
-20 £_§
\zzx..v
—20 }‘\.y !/
AEV..’cm
0 10 20 W/W

Fig. 3. Bubstitution analysisin graphlcal form with the call definition of the
alternative Ifn Fig, 2, Test Iattice pitches: £2:03, 24-04 and 20-87 em. Tho
figares next to the points rep t the ber of e¢lust in the test
region, The error limits md‘?ﬁ:?d eorreapond to £0-1cm fn height

. erences .

function of I} (B7) /) (Br) and (D, ,—D,4,)/D,, is found
from the intercept.

When the change of the axial diffusion coefficient
(8D,,) is wanted, we just place the void perturbation
close to the center ot a fixed radial position and

investigate its axial dependence by varying its depth.

From eq.'(6) we get .

ad—al 1 1 Wi 0Dy
P "(T.—G(r)';i‘ U,: D"‘ We. (8)

2.3. Results of critical substitution experiments

2.3.1. Measurements on fuel without shroud at room
temperature. Most of the measurements were carried
out with clusters having an internal c—ec spacing of
2.21 ecm, The various test regions investigated com.
prised 1, 2, 4, 6, 9, 12, and 16 clusters. Datas of the
lattices used are collected in Table 1a. The two.group
parametérs necessary for evaluation of I' and dD/D
were obtained from ref. 16. Experiments to doter-
mine 8D/D with R 3 fuel assemblies without voids
did not give sufficient accuracy. From the values of
OD/D given in Tablela we sec that the effect of
different diffusion cocfficients in the various regions
cannot be neglected. ‘

-clusters, c—c: 2:21 cm, the central test fuel as:embly

Table I, Lattices used in‘critical substitution measurement; on % . ‘Aiizated (Fig.4). T
- A : o Y cistigated (Fig. 4).

‘}23 clualers (internal c;gmap;:;:;cgﬂﬁf’]cm) willou a?:rg,::d, . ';z;fni:ca during two'com

. : 717 e water degradation a

Square Jatl . | mumverot] g0 cofen T scted in Table 2 ar
pitch ln em "“‘}"r‘.’:‘ of | yoSetn uhe polaled sato | 222 o pec: cked alternative
. test fuol {700 O3] radiua | 0% ce u‘;“-’ o close-pd f
Tt | Tt | oteomblies i In em (3 ; region investigatced.
190 |19-0] 12 112 1152 | 0071 Lggqg 7§ qedies. Difference in m

200 {200] 12 96 | 11562 |—0065 <F I lem) and B3 (cc:

22:63 | 16:0 12 132 114-8 }—0-029 e

2404 | 17-0 16 120 1150 | —0-025 . '

2887 [19-0] 16 120 | 1152 [—o010 : gquare attios piteh | Jroom

32:0 |16-0 12 132 114-8 {-0-017 T assemb)

*Input datas from ref. 16. .-——fm
o "19-80 0-2]
The oxperimental points have been analysid by “ Ségg g(l)‘l
combining egs. (4b).and (5) with corrections applied;

for perturbed radial bucklings.

Both alternatives of coll definitions (I and I)
shown in Fig. 2 were uscd in the analysis. In the'cese -
of 190 and 20-0 cm test Jattices there were disere.:.
pancies of the order of 0-10 to 0-15 m~2 between resulis
obtained with the two cell definitions. Alternative I
is thought to give the most accurate results in these
cases. The analysis of the test lattices with the pitches
16-0V§, 17-0}/5, and 19-0V2—cm gave good agreement
between the two alternatives, if the points-corre.
sponding to single test elements were rejected ‘(cf,
Fig. 8). The 32-0 cm test lattice could only be ans.
lysed with cells according to alternativeIL, .-~

The results of all these substitution measurements
are givenin Tablo 1b, L.

. 2.3.3. Void experime
all the fuel, metal rods
. 991¢m), were furnist

25

~ 0 e ) AT 5 4.2 Progresaive substitution
Table 1b. Results of critical substitution measuremenis on B3 - 23 - . f:n‘dm':'fn:;.ﬁ om and 2

clualers (internal c-c spacing 2-21 cm) wilthout shrouds a roon %" 7 S5R7cm. The figures next Lo 4l

temperature - T %eald.:'The error limits indicar
S |
ol inem| Bhe | Blai— Bl |Blu|Temp) D0 | comeiiiae {refézénce shrouds: I
‘ L brouds: ID 1127 cm,
Teat | Ref.| m-t me fmtd e fmotx} ome pitch of the reference 1:
160 [10-0] 6:26 |-276 4-0-04 a-ag 19-4]99-66 | 346 the fest region 26-87 (-
22.0160| 763 |~222.5 0.005.91] 10| 00.00 | 5345  The radial statisti
2. o] — Zi of B K o 5 & . . .
24.04117-0] 817 [~174 X 0-04|5-43! 218] 0972 | 5-46 £ : gi‘&m’ :"” ad’.“‘l’““’?‘ti.
26-87{19-0| 6-33 |—1-054-0-03|5-28] 21-56}09-72 | 5-32 4. b e_r_e‘n radia 1305’ 1c
320 |16-0| 7-53 {—3-424-0-03|4-11} 10-2]|99-65 | 4-24 -+ ahmt;c.mdwa.termthe

: in ali'the shrouds. In
critical level as a func
cages: It was not possil
.tLo'same day, so that
;. sameéigood accuracy ns
¢ " lysis-carried out in Fig

chanzo of the radial difl

cell wag found to bo L

.. -The axial statistical
+-eluster was measured v
- bear'the reactor centn
. - SSeriibly was in this .

..:Teference rods, square

. .3hod3 the critical heig
- The 3nalysis according

+004 L
* Values normalized to 20° C and 99-76 mol-% D,0.

2.3.2. Effect of internal spacing. Special experi:
ments were carried out in order to get the effectof tPC
internal spacing (c—c: 2:11 or 2:21 em) on the m:o.tfe‘!'lax
buckling. Three differont square lattice pitches wert
investigated, namely 19-80, 22.63, and 26-87.cm
respectively., With a test region of nine (3%3)R3

was exchanged with another having an internal sp2¢ing
of 2.11cm. In order to minimize temperature drift
the moderator was not lowered during the fuel-ex*
change. Because the fucl assemblies are equalexcep

as regards the internal spacing we are convinced- " formin Fig. 6band ther
the perturbation snalysis of the experiments with.3 “ Which'value refers to a {
single fuel assembly is reliable. However, af the l.at_tw'?: \‘IT .

pitch 26.87cm progressive substitutions witk rdapthyy. Llfx':elr) :E?dp;;n :Ll
maximum number of 9 clusters of each kind were also . Teass that, the slopes 3} t

ey
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1162 [—o0071
1162 1 —0-068
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8, if the points corre.
1ents wero rejected (cf
tico could only be a
alternative I1. :
astitution measuremes

itutior ~*asurements on’
m) u 3 shrouds af roor
re .

wt{Tempd DO

) *C Imol-%

60f 19-4 | 99-65
39 10-{ 89-65
31| 19-999-65
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S csugu.ted (Fig: 4). These measurements were per.
ed during two consecutive days in order to keop
water degradutmn at a minimum. The results arc
ected in Table 2 and they show that the most
3 dow.packcd alternative has the larger bucklmg in the
fegi .gmvestxgated

Difference sn material buckling befween R3 (c-c:
]I cm) and R3 (cc: 2:21 cm) at room temperature

o B'(2:11)-D%(2-21) -
sqare 1atttce pltch Meas. with sing)e fue) Progresslve subst.
- sasembly in test reglon meay, (soe ¥ig. 4)
J.em m-t m?
-"19-80 021240013 -
. 2263 011740010 —_—
26'87 0-027 4+ 0-004 0-0264-0-014 .

3.3, Void experiments. In the void experiments
311 the fuel, metal rods as well as R3 clusters (c—c:
93] ¢m), were furnished with aluminium shrouds

3 @ _ ]
N -t
Y1y .
‘. 2
N M,J ‘-T LI/
i NZ<

1 am‘:aol/v m-t

g . / Z_ M

W -

24 Progresstve aubstilution measurement of buckling Qiffsrenco bet-
con clusters with 2:11 om and 2:21 cmlnurnu mﬂnx Test I-m’ce pitch:

ce shrouds: ID 6-30cm, OD 6- 50 cm; test
:. ID11-27 em, OD11.50 cm)., The square
of the reference lattice was 19- 0 cm and that of
& test region 26.87 (= 10.0 . - J/2) em.
The radial statistical weight of .one single R3
duster was mea.sured in two _steps ot each of six

all-the shrouds. In Fig.6a wo have plotted the

Jaait ml level as a function of the radius for the two

a.se > It was not possible to measure all the points on
me day, so that these curves do not show the
3ame grood aceuracy as found by the differential ana-
5i8. carried out in Fig. 5b according to eq. (7). Tho
Hange of the radial diffusion cocfficient of a transition
. was fourid to be 4.D,,/D =0-077 4 0-002.
The azial statistical wexght of void in & single R3
uster was measured with the test fuel in a position
car the reactor centre (r=—=13-43 cm). The test fuel
sezibly was in this case first surrounded only by
erence rods, square lattice pitch 19-0 om. Fig. 6a

shows the critical height versus the void depth (z).

m i Fig. 6b and the resultis § D,,/D=0-103 4.0-0072
U'velue refers to a transition ccll In a second part

'a°l>t ks. Larger void dopths were also taken into acoount whioh
:Beans tha.t the slopes of the lines in Tig. 6b are wa“ defined,

20alysis according to eq. (8) is given in graphical

11n Fig. 6b the points given correspond only to smal void *

of the axial void expenment nine (3 x3) R3 clusters
formed a test region with a square lattice pitch of
19.0. Vfcm The void effect of the central cluster
was investigated and we found (cf. Fig. 6b) that
8D,y/D =0-085--0-007:. This valuo should be valid

with void findex g )
m
257
N
o 3
Su
268 §‘§
%
oty wotm
m—B
o8t
N
NN 2 ) 177007
1 IR 2 1 —
. h s g F . K
R Analysis aee.foeq (1) gives.

30,
= 007682 0.0015

-ast

. Fig.6s and b, Delermination of 4D{D from nlngle-chuur experiments.

Relerance lattice pitch: 19-0

267
em
2 ot
28
2 .
\‘\M
8%
rﬂ Lo Zom
- Void depth (z)
0
~ I &
..t:: 3 r’/-—
] ‘u - -
U L
et I/} o Jransition cell exp.
o Jost cell exp.
!
aos awl W
a’ U,

Tlg. 0s_and b, Detormination of 8D,/D from single-cluster experiments,
Reterenco lattice pitch: 19-0um Test isttlce pitch: 26-87em -

for a test cell. We now assume that we are able to
correct the radial value 8D,,/D found in Fig. 6b and
get 8D,,/D as follows,

0-085 4 0-007

The substitution measurements on R3 fuel assem.-
blies with shrouds were carried out in three steps at
overy substitution: 1, air in all the shrouds, 2. air in the
R3 shrouds and water in the reference shrouds and,
finally, 3. water in all tho shrouds. The cases 2. and 3.
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were here analysed by means of eq. (5) with correc.

tions made for perturbed fluxes. We found that a-

complete void in the R3 fuel caused a positive ractivity
change.

All the results of void experiments on R3 fuel are
given in Table 3. The notation §B%,, means the
change of buckling caused by void, but since M}/ M?2-}:1
the value 8 B}y =0-19 m~2 is related only to a system
with & radial buckling of 4.37 m-2, In the casc of
anisotropy (M2 M3s:1) the buckling of a critical
assembly is depondent on the geometry of the system,
i.c. the ratio between height and radius. If the radial
buckling is e.g. 3-00m-* we get! 8B y=0-16 m-?
instead of 0-19 m-3. ’ .

pormissible to raiso the temperature above 50°C, Tp, :
new test regions consisted of 4, 6,9, and 12 R3 clustep,
. in order to got more points for the analysis. From .
comparison between the two investigations we ooy
clude that tho first run of the reference latti'ce'-m

some systematic error.

. The buckling’ points of cach lattice arrangeme;
are plotted versus temperature in Fig. 7. The followins’
simple function of the temperature was then fitted g+

cach set of exporimental points.
B=a+b64T +c(4T).

‘The analysis according to eq. (4) may be nbi:lie& t
each of the cocfficients &, b and ¢ separately. - T

: =1,0'5 cm) and in t}
;:‘du'stezs (r=19-09 Cm).' .
‘the probe coincides wit.
estmot placo any fuel s

Do 32. Meli
: phéradial buckling &
. colculated according
5.8 end 4, However
sHective extrapolation )
sroups is here changed fi
t0 15:=0.3 cm (new pi
¢ a better fit to in
petween the exponenti

oy

8

&g = temperature coefficients b and c are giver in Table tv. The muix; reas
L .\\.\J ) ‘ R Fst the tank wall is «
[ ~3 5 Table 4. Temperature coelficients b and ¢ according to eg, I to 0-4 cm thick, and
£2 0 [Reference lofiice) Py o, { 03 : , and
within the temperalure range 20°CSTZ60°C and with - t
&* \ \ . AT =T—35°C. Concentration of D,0; 99-67 mol-% e 1l mths.;ecgeat‘;lo }(:a.:g]
o \ \'\\ © | 8quare tatti -~ bo:l"few'lelements we
To Jastica b-10° + 100 qutc S
~.. N [~ ~ Fuol piteh —t : o g:xdial-'buckling with o
Fd] cm m'/*C m=/CC) .
\ '3 N \ o - - The axial neutron.
N Reforence | 100" | —923003 | —0023.10003% n .suitable for met
49 ~_] ~I R3 26-87 —7031024 | —002 002

S8

57 >~

-7 50 w °C 0
lemperature -

Flg. 7. Csitlcal substitution moasuroments of buckling we tomporature.

Reterence lattice pitch: 19-0'em. Test (R3) lattlce plich: 190 Ye'em,
Flgures by the curves respresent numbers of B3 clusiors used Ia thic tost
reglons, Conesntration of D,0: 90-67 mol-%

Comparison with the result without shrouds in
2.3.1 yielded the nogative effect caused by shrouds
(without void). The plastic tubes, which fed tho
pnoumatic bottom valves with compressed air, were
estimated to decreaso the buckling by 0-03 m™3,

Table 3. Resulls from the measurements on R3 clusters (c-c:
2-21 em) with shroud at 22° 0 and 99-70 mol-% D,0. Sguare

lattice pitch: 26-87 em. The meaning of 8 Blold is given in the text

an, an, M ;1 8B et
D D 33 m-s m-

0-085 0-063 1.021 4019 -—0-70
+ 0-007 =+ 0-007 40010 4003 +0-07

2.3.4. Temperature coefficient. The critical height
was measured periodically during the warming-up
period. In some cases the tcmperature was stabilized
by adjusting the electric power just to counterbalance
the hoat losses. "A comparison between the two ways
of measuring showed only a small systematio difference.

The temperature variation of the radial buckling
has been calculated according to ref.4. The main
contribution is due'to the thermal expansion of the
reactor tank, whoreas the change of the effective
extrapolation length is quite small.

The investigation was first carried out with 6, 12,
and 16 R3 clusters up to 80—-90°C. Howover, the
results of theso measuremonts indicated that there was
something wrong. It was therefore decided to rcpeat
the oxperiments, Because of mechanical difficulties

(undesirable pressure phenomena &t scram) it was not

1 We have: 0-10°—(4-37 ~3-00) (1— Mr/3]) =016 m*.-

3. Ixponential measurements
3.1. Experimental procedure

The cxponential sssembly ZEBRA has bee
cribed previously [3), [4). However, since then};
has been moved from Stockholm and rebuilt:at the s¥
Studsvik site. The dismeter is still only 1.00.1, but+:
the height has been increased in order to make i
possible to use the same kind of fuel as in RO.. Th
Ra.a-Be sources of about one curie have been ex
changed for Sb-Be sources giving about the same
neutron intensity. The sources are now placed in

graphite pedestal below the tank.

The water can be heated up by circulation through %3
an external electric heatér, The minimum heating-up i

time from 20 to 90° C is about 10 hours.

The axial flux distribution in the exponcntisl’:
assembly is measured by a travelling probe containin,
two sensitive BTy counters (filled with 0-8 atm B%F; 25
length 40 cm, diameter 1.0 cm). The counters are p
horizontally in the U-shaped probe which is driven vp.
and down by a synchronous motor, The counting rate:
is integrated over predetermined height intervals. I
pulse-counting channels have o dcad-time of sbout
1.0 psec (determined by the main amplifier) and th
rogisterod maximum rates are such that correcﬁg'ns du
to tho dead-time have to be applied. Pulses from th
two separate counters are fed to & mixer via theirpre
amplifiers. The mixed rate as well as the mdmdu‘l
counting rates arc registered simultaneously by ¢
of a printer.. Such an arrangement makes it pos#lf_‘!’
to get a practically instantaneous measure of the d
time and the constancy of the electronic system. .

Two different lattices with 21-0 cm and 2700!!;
square pitch were investigated. The number of fie!
assemblics used to fill up the ZEBRA tank was 16 a3l
12 rospectivély. The cross-section of the tank was B
exactly filled by the cells, but special oxperiments 13;
dicato that the uncertainty caused by this mismzt&f::!s :
probably less than 0-1 m*2. In the first case the cenif®, fux
axis of the tank was situated between two cluster? 5
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dtl’ {r=10.09 cm). Because the horizontal part of
o-probe coincides with a diameter of tho tank we
apot place any fuel in the center,

3.2. Method of analysis
Thé radial buckling and its temperature dependence

and 4. However, the differences between the
ve extrapolation radii of the fast and the slow
aps is hero changed from 1.05 - 0-30 cm {old value)
5::0.3 cm (new preliminary value) in order to
botter fit to intercomparison measurements
n the exponentiel assembly and the critical
The main reason for such an adjustment is
e tank wall is covered with borated plastic,

650 04 cm thick, and tho effective thickness of the-

'xth regard to epithermal neutrons is not well
“Since we have a hetcrogencous system with
.few’ clements we are not able to measure the

3 m buckling with any high dogree of n.ccuracy

e-axial neutron. distribution N(z; T') in the
xegxon suitablo for measurements is assumied to be

=A(T)-e~r D68 Lo (:;T), (10)

Te ¢ (2} T) is the background. The value of z, can
be’-found theoretxcally [3), (4). (The microstructure
csused by the joints is here noglected but this pro'blem
bé discussed below.)

e u.nn.]yms of measurements at any. conatmtt

: kmperalure is made by taking the following ratio
~ gt ad)—ptw) )

N(zi-i-ﬂdl) !

Tho left-hand side of eq. (11) is obvxously 8 lmear
fanctior: of 1/N (z;4+ndz), i @ is constant. However,
¢ background intensity p(z) is neither independent
z zor & pure cosine distribution (fundamental mode)
‘gomething between.
In order to bo ablo to neglect the flux perturbation
uséd by the joints we have to choose n« 3z in eq. (11)
just equal to the length of one fuel section. It
that there must be at least threo fuel sections

{te7 thio determination of y and @ by means of eq. (1)
-microstructure of the flux is easily found.
.If ineasurements: of -N{z; T) aro carried out by

GIT43T)  A(T+8
’ 1+ T+ dT).e'l'(T'P‘T)‘(ldo)lA
- 14T . 7T ('—")/.4
‘.the changes generally are rather small, we are
owed to write

*‘ff‘%’ﬂ(‘-iar ‘”)

S a2 LIPS
Stz e

e~ IRTHIT) =y (TN =2 ¢
(12)

13)

culated according to the procodures given in-

The quantities dA/dT and d(p/N)/dT can be
evaluated once for all from measurements at various
constant temperatures.

3.3. Resulls of exponential measurements

3.3.1. Measurements at room lemperature. We chose
a total number of 20 invervals, 7.71 ¢m each, corre-
sponding to & total range of 164.2 cm, whlch is just

2z
2LSSL0 0p =2 0 T1]
g yi-15.62007 M-t
fl-2205ta15 m~t

Bl gmronm-t

NS sso
8 N
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2
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.l‘lz 8. Evaluation of axisl buckling men-ummonu at 22°0 in ZEBRA.

Lattice pitch: 210 cm
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. ¥ig, 9. Tho microstructure In the axial flux distribution measured with BF,

counters In ZEBRA. Ths counters wore placed horlzontally in the modera-
tor midway bolwoan fasl memb)lol Squaro lattice pitch: 21-0cm

equal o the length of two fuel sections. The ratio
N(z))N(z;+ndz) according to eq. (11) was taken
between points in equivalent axial positions, i.e.
7 =10 and 74z="77-1 cm.

An example of the analysis by means of eq. (11)
is shown in Fig.8, where N;=N(z;) and Nyy\=
N(z,410 3z). The effoct of joints is practically eli-
minated. The buckling values correoted to 20°C and
99.75 mol-% D,0 [8] aro given in Table b. .

* The microstructure in the exponential distribution
is-shown in Fig.9. The flux peak caused by a joint is
&8 large o8 6% in the moderator between the clusters,
where the detectors were placed.
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Table 6. Results from exponential measurements on R3 futl
(c-c: 2:21 em) at 20° O and correcled to 9975 mol-% D,0

1t prich {24048/ v n
em m-* - m-? m-*
21-0° 20-654-0-16 16-84 4-0-03 4-81-4-0-16
27-0 20-834-0-16 16-4740-03 6-36 4.0-16

3.3.2. Temperature coefficient. These experiments
wero performed in two ways:

a) two runs at constant temperatures, 22 and 89° C
respectively, and analysis acc. to eq. (11);

b) measurements during the temperature riso up
to 89° C and analysis ace. to eq, (13).

The results arc presented in Table 6 and in Fig. 10,
which shows the graphical analysis acc. to eq. (13).

E .
=) fuel: R fe—-ciz.21em)
Sl Fiteh: 21.0 e square
Sls FEmperotyre regron:33-£3°C
f .
=
=il
a98 \‘1\
- N
dy Py i
37 = (eer2038)-10=" m Vet
z N
?);'cfwxaﬂ} -3 m=3/oC !
ay%
0 20 3 m-°C 90
{z-z,) ar

Fig. 10. Evnlnntlon of temperature cocfliclent measurements in ZEBRA
with ooutlnuomly tislng ulri);:etltu;eotempoerN reglon: 33—86°C,
7-0cm

Table 6. Temperature coefficient measurements of R3 fuel
(cc:2:21 ctno) in the exponential assembly. Square laltice pitch:
em. Concentration of D,0: 99-67 mol-%

Temp. ¥ —:%:— x10* %— x10° g;“;
“c ‘m- m-1C e *C
22 15-58 4-0-02 . K — .
89 1601 £.0.04 | — 1503 79408 | 66
33—89 | (See Fig.10)| —1:5+03 | —841-04 | "61
Mean value —8340-4 60

Tho points analysed in Fig. 10 correspond to four
consecutive runs (upwards-downwards-upwards-down.
wards) over a length of about 1 m. The two runs
upwards are combined aco. to eq. (13) as are also the
two runs downwards. The points of Fig, 10 represent
the mean of tho .two combinations. In this way the
uncertainty of the correction due to d4/dT is reduced
to & minimum. The axial temperature gradient during
the heating-up period is less than 1° G/m and assumed
to be negligible.

4. Discussion of results

A bare critical facility like RO is found to be very
suitable for high-precision buckling measurements by
means of the substitution technique. The minimum
geometric buckling (~5-4 m-3) is comparatively high
for fuel assemblies proposed for power reactors, but
the core geometry is very clean and corrections due
" to neutron reflection are negligible.

* only way to analyse the substitution measurcmnpfs

‘cases using only reference fuel where complctc .

The modified ono-group petturbanon theory %
bined with a new definition of cclls is of courss net ﬂ‘e

but we have found the method to be at least as-
as any other theorctical treatment npphed 7% f10]
[11] and the computational work is comparatively -

simple, It is also worth while to point out that with’ ‘the "

usual definition of cclls it is difficult to get a umque]
determined boundury between the test and: the
reforence regions when the pitches are unequal. . Sx.-oe ‘
we take the real form of tho regions into accouit we.
have found that the shape of the test region: mz_y
vary considérably with a constant number of rodx" o3 o
the results are still intcrpretable (6] vLd

Tho method of analysis has been chccked in: t,uo

critical substitutions wero obtainable. The reference -

lattice pitches were in these cases 21-0 and 15.0.¢m, . -

whilo the pitches of the test regions were 21.0; ]r‘>¢m' L

and 15- 0V§ cm respectwoly The agreement wes good- ¥ 7.
within 0-05m=%, when the totel difference of .the . .
buckling was about 2.5 m-? and the largest test region 14 .

used in’the extrapolation procedure was less..than :

16% of the core [6]. With a test lattice pxtéh of -

19 0V§ em the maximum number of 16 R3 cluﬁ..crs'
corresponds to roughly 20% of the core. R

The information we gel about the transition regxon e

may also be of some value. The slope of any of ths .:

lines in Figs. 3 and ¢ tells us how much the buciling::3§ ..
B} of the corrcspondmg transition region deviates X

from the mecan value (B3 4 B})/2 as may be scen fxom
egs. (3) and (4). The buckling of the transition région”

is approximately given as the mean buckling :of the : 3 o

test and the reference regions taken at a moderator:to:" -+
fuel ratio which is equal fo that of the transition region.:
The moasurcments of the 19.0 - VE em lattice. give 3
a pomtxve slope in Fig. 3, but at the 17-0 - V§ cm latt.ce
we got an approxmutcly horizontal line.” This fatt is
possible to explain by realizing that the moderawr-bo--
fuel ratio of the transition ccll is smaller than 24t of

any of the other two cell configurations. If we degresse 3§ -

the test pitch to 16-0)/2 cm (reference pitch 1
we get, a3 we expect, & negative slope. -

From the positive slope of the line in Fig.4* we
conclude that tho bucldmg differcnce between’ the
two fuel alternatives increases with decreasing’ lattxce
pitch (moderator-to-fucl ratio) as is also found c‘cpen-
mentally (see Table 2). R

Our interpretation of void experiments with single - ‘
clusters in & reforence lattice involves systematic. -

errors. The mothod has been checked on a 190¢2 - u

Iattico containing only reference fuel surroundéd by’
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The changes of the one-group diffusion coefficients.. '
when & void was introduced were found to bo 3D,/D o
=0.1204-0.018 and 6D,/D =0-0830-004. Th_ese
values were then used to analyse substitution measwe:,

ments with voids. The buckling difference me:xsv.ued ot ¥

directly was 0-274 4-0-004 m~? and the substx‘uﬂon
experiments gave results, which agreed within abott
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The fuel gaps in the joints between fuel soctions
uce perturbations, which cah be interpreted as
regions with larger moderator-to-fuel ratio. 'We
not made any correction for these gaps. Such
tion should be negative for close-packed
- and positive’ for larger lattice pitches [14].
We have tried to measuro the gap effect on the buck:
by means of spocial perturbation measurements
ut were. not able to do so with sufficient’ accuracy
ing the time available for the experiments,
uckling values at room temperature for clusters
: 2.21 cm) without shrouds are plotted in Fig.11.

1 agroed within abou
scoupied up to 10% of
the test fuel and the
1pt regarding the void.

z‘:"i‘ {14} are nl_so given, but they aro corrected for the
surements on the cex ditf

ted to 20° C,

- Peaceful Uses Atomic -Ener;

Iﬂe_aﬁx);ts obtained at the Savannah River Labora."

ferent internal spacing (c—c: 2-11 cm) by means of

the experimental values in Table 2. The theorctical
curve in Fig.1l was calculated according to the
Swedish recipe [12].

However, the gap effect was treated in a simplified
way, the chango of resonance absorption being neglec-
ted [16]. Part of the discrepancy between theoretical
and experimental curves is certainly due to this fact,

The tempcerature “cocfficient of the buckling has
been studied at three different facilities, R0 {20 to
50°C), ZEBRA (20 to 90°C) and the pressurized,
high-temperature subcritical arrangement PSE at the
SRL (20 to 215° C) [14]. An intercomparison is made
in Fig. 12 where the experimental values are plotted
versus temperature together with a theoretical curve
[12]. The curves are shifted somewhat vertically to be
distinguished from each other. Theslopes, i.e. dBYdT,

" agree fairly well below 50°C but the discrepancy

between experiments and theory increases with tem-
perature,
For comparison with our temperature cocfficient

* . measurements we may also mention experiments done

in ZEEP [15] on 19-element UQ, clusters (U0, didm.
1.32 cm, hexagonal lattice pitch 21.69 em), which
gove the result dBYdT =—0-0113-4.0-0009 m3/°C
(20°<T'<70° C). The measurements were made with
55 clusters in the central part of ZEEP, and the
buckling was determined by flux mapping.
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. High 'l‘cmpcl'-atm'c Exponoential Moasurements and Room Tcmperaturé Critical Su'bsﬁf.llii-(:)xfl . it
: Measurements on Swedish R3/Adam Fuel Assemblies in Ileavy Water - e

By Normann P. BAumAnN, Wicttam E. Graves, Eowanp J. Hennecwy and Georat F. O’Nunrw

(Savnnnn.h River Laboratory, Aiken, South Carolina, U.5.A.*)
With 11 Figures in the Text '
(Received March 8, 1962)

Summary. The Savannah River Laboratory has performed physics studies on D,O lattices of fuel assemblies intended for thy
R3/Adam reactor being built by A. B. Atomenergi, Buckling temperature coefficienta up to 220° C were measured at sqrax
lattice pitches of 24-0, 27-0 and 30-0 cm center-to-conter, between fuel assemblies, in tho Pressurized Subcritical Experimest

. (PSE). Central cell foil activation Lraverscs were also made at room temperature and at 217° C, T'wo buckling measurerients gt
room temperaturo wore mads in the Proocas Dovelopment Pile (PDP) at triangular pitches of 23-7 and 30-8 cm nsing o substity. -
tion technique in which R3/Adam fuel replaces similar assemblics composed of smaller dismeter oxide rods. The experimestsy 23 -

rosults compared well with calenlations.

Infroduction

As part of a Swedish-U.S. exchange program on
D,0 moderated power recactors, the Savannah River
Laboratary (SRL)" was requested to measure the
bucklings of D,0 moderated lattices utilizing natural

. : %
O
£@$ O

LK

Discussion .
" Description of R3|Adam Fuel Assemblies -

The Swedish U0, fuel was in the form of sirtered
pellots 170 om in diameter contained in Zircaloy2

tubes having an outer diameter of 1.87 cm and's wall 3} ¥

thickness of 0-075 cm. The density of tho oxide in the
individual policts was 10-4 t0-10-6 gfem®, Each tabe
was about 77 cm in length and was welded cldsed at
both ends. Helium gas filled the unused space ingide
the tube. T'uol assemblies were clusters of 19 such rods
arranged as shown in Figure 1. No shroud tubes were
used on the clusters. In the exponential experimezta
two longths of rods were connoctod together.to make
fuel assemblics approximately 164 cm in léngth. In
the-PDP experiments, three lengths were connectéd:
together to make assemblics that were about 231 cm
in length. At the junctions between fuel rods there
were vertical gaps 4.5 em long in which no fue) was
prosent. . S
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lattice arrangement a
e 3. The outerm
‘with -lithium-alaminu
-meter, Theso wore use
jmately equal radial
“getmaximum gensitivi
The riext region cons:
“pitch ‘as the test fuel.
‘the tess fuel. At each
ftest regions wore use:
tlies and the other 12.
‘were "essentially iden

I PSE Buc
" Ven

: '.l'he oxponential b
“primarily on measure:

.. bations.” In the PSE
. by detivating indium
'z, 0051-cm thick in an

) 'Exponentinl buckling measurements wore made in
the Suberitical Experiment (SE) [6] and the Pressor
ized Suberitical-Experiment (PSE) [2). The SE ton;.

O %OO

Oxide Rod: Cladding 0D 187cm

C7add/l$? Thickness 007em
U, Fellets OD=1.70¢cm

. Ql'l‘ca/qy-Z-CIad)
¥ig. 1. Swedish VO, fud] assombly Jor R3/Adam

uranium oxide fuel assemblies of Swedish design. These
fuel assemblics, which are intended for later use in the

R 3{Adam reactor [1] being built south of Stockholm,

wero furnished to SRL by A.B. Atomenergi. -The
primary purpose of the experiments was to obtain

measurements of the temperature coefficient of

buckling in SRL'8s unique pressurized exponential, the
PSE [2). Secondary purposes inoluded the measure-
ment of lattice cell flux distributions at room tempe-
raturc and at 217° O and the determination of room
temperature bucklings in SRL's critical facility, the
PDP [3]. In a scparate paper [4] from A.B. Atom-
encrgi the buckling measurements are compared with-
experiments that werc done later in the Swedish
reactor, RO, and in the Swedish Exponential, ZEBRA.

* The information contained in this artiale was doveloped
during the course of work under contract AT(07-2)-1 with tho
U.S. Atomio Energy Commission. .

“up to 220° C by steam coils. The tank is lined with

sists of & cylindrical aluminum tank, with an fxside
diameter of 152.4 cm; it is sheathed with 0-076 cm of,
cadmium and ‘placed vertically above the Standard
Pile (SP), a graphite, enriched uranium reactor [6], ['{I-f
The PSE consists of self-pressurizing carbon steel tan

approximately 168 cm in dismeter that can be heatod

stainless steel. Neutrons sre supplied by 6 retracteble.
8b sources posjtioned inside fixed Be tubes. - *

The substitution critical measurements were ‘made
in the Process Development Pilo (PDP) [3]. The PDE
consists of = bare stainless stecl tank 494.7 cm ic dis-
meter. Its effective height is controlled by D,0 16“'91
and was limited by the length of the fuel assemblies
and their vertical position in tho tank. P

Latlice Arrangements

For the exponential experiments, the 19-rod clos-
ters of R3/Adam fuol were arranged in aquare 134
arrays. Atthe 30 cm and 27 cm pitches, 21 asscmblies,
‘were' arranged in & five-by-five, fuel-centered 1atic,
with an assembly removed from each corner. At ¢

*ahiminum tube wu
;approximately equidi
Thke inner diameter
tbe wall thickness wa
*support provided for
which were an alloy «

© $i5 were counted on

‘an dutomatic counter
the corresponding por

'3 °2.an XBM 650 routine v

least Scuares fit of a
%’ the experimental
.2n2nmplitude, x is the
“Uonlength, ¢ is the

.: ¢hosén from earlier n
- . Waler height plos 6-4

sTate 4 and x are va

- Merations differ by le

%0 corrects for time .
keround and dead!

. St 'of foils were troate

* Gmbined to give ave

assuImt:x constant foil
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Eed & Efnc 3

e piZch, 24 assomblics were arranged in & six-by-
'odemtor-contcrcd lsmcc with threo a.ssembliea

% }50 nter of o fuel a.sscmbly ocoincided with the axis
sRTT, tank for a moderator-centored lattxee the center

F. 0’Néin

ea.surements in the PDP were performed by
gbsmu.mn tochniques. An outer “driver® lattice

; rod clusters was uscd surrounding & central

gm ontaining the test lattice. Tho driver lattice

nblies intended for ol +was matched to the R3[Adam fuel as closely as
te measured at sqqu', :

ubcritical Experimept
kling moasurements 3%
‘8 em using a aubau
wds. Th

of 1.27 cm oxide rods chosen to achieve the
‘match is shown in Figure 2. The use of the
¢ poison positions shown in the Figure is dis-
under the PDP calibrations.

e PDP, the R3/Adam fuel was studled ab
r lattice pitches of 23-7 cm and 30.8 cm. The
'nce srrangement st the 30-8 cm pitch is shown in’
3. The outermost region of the plle was loa.ded

el Assemblies -

he form of sintared.
sned in Zxrcaloy.z
1.87 cm and a yan
of tho oxide in’ the
} g/cm3, Rach: bé
a3 welded clos
unused space insile:
sters of 19 such rods
» shroud tubes"
nential experiments
d togcthcx- to make
fom in léngth iIn
ths were connected

test fuel. At each lattice pitch two different sized
; gions were used, one containing 7 fuel assem.
‘and'the other 12. Loadings for the 23.7 cm pxtch

PSE Buckling Mcasuremonts
Vertical Buckli-nga

nmmml’y .on measurements of the vertical flux distri-
'buhons In the PSE these measurements were made

5] and the P ivating indium foils 1.27 cm in diameter and
) [2]. The SE mthick in an airfilled slaminum tube. The
amk, with an tube was mounted slightly off.center
ed with 0-076 ximately equidistant from four fuel assemblies.

bove the Btand d ’l'ao inher dmncbcr of tho tubo was 2.093 em. and

jum reactor [6]; {7]
og carbon steel

: that can be hé: k& Y vere an a.lloy of 20 wt % indium in Jead. The

e tank is lined with Y counted on NaI(Tl) scintillation crystals in
lied by b retmctable tomatic counter system. The activity data with
1 Be tubes. _corresponding position data were processed using

{rements were made
PDP) [3]. The PDE
wk 494.7 cm in dis
trolled by D,0 level

the fuel assembhi&

o th cxperimental data. In this expression, 4 is
plitude, x is the reciprocal of the vertical rolaxa-
length, ¢ is the extrapolated upper boundary
en’from earlier measurements to be equal to the
oight plus 5.4 cm, and z is the position coordi-
and x are varied by the code until successive
rations differ by less than 1 % 105 in x. The code
‘corrects for time decay of the foils and for counter
ground and deadtime. Multiple counts of the same
foils were trestod as separate problems and'were
ombinéd to give average values for ». Since the code
‘“?mes .constant foil positions, a small correouon wag

mis

ats, the 19-rod
sed in square lattict
|t.chea 21 ussem'bll
[uel-centcred Iatti
sach rorper,” At £3°

%

(66 and slow diffusion coefficients. The 31 rod .

ssentially identical except for the change in. -

650 routine which obtained a two parameter,.
uares {it of a theoretical A sinh (¢ —z) curve

needed _forthelengthening of the aluminum foil support

with tomperature.- The correction was calculated
assuming the vertical flux follows an exponential
function,

0.356¢cm Copper Wire in 0.635-cm 0D .
x 0.089-cm Well Thickness

Al Tube (506'1)\@
08080
0
02020
SRR

OOO

Oxide Rod: Claddm_q 00 1389 cm.
Cladding Thickness 0.05/cm
UQ, Pellels OD=127¢cm
Clodding 606375)

¥ig. 2. 81-Rod cluster of UO, rods with copper polson

Fuel Assembly

1

7-Assembly
Tes! Region

72-Assembly
Tes! Region

¥ig. 3. PDP teat rogions used In the 30-8 cm pitch subatitution
measurements

Radial Bucklings

" Material bucklings for the exponential lattices were
obtained from the usual expression B2 == BF—ax?,
where B? is the radial buckling of the exponential.
In the PSE the value of the B} was determined by .
intercomparisons with thc PDP and SE by substituting
in known values of BZ, for several lattices with meas-
ured »? values, to obtain the average radial buckling.
The interior of the PSE is lined with coiled stainless
steel piping that is used to contain high pressure steam
during the heating oycle and cold water during the
coolmg cycle of operation, The coils present a vory




N.P. BAumany, W.E. Graves et a';l.:

High Tomperature Exponential Mensuroments

irregular nuclear bounaury and consequently it is

difficult to obtain the radial buckling by conventional”

flux measuréments. A room temperature value of
84540-16 m-2 was choscn from the intercomparison,

el R

mt|  B5=Bi(eoy-Ki- @8] /
BE(20%)-295m™2
a2 //
Wl A—
© / Radial buckling change
a0y / v
]
0 [72 & 120 160 200 °C 20
Temperalure
g, 4. Corrcctions to PSE Luckling ta from ¢t of B} with
toinperature
m'; Square_Lallice Filch
gl
Zvem” |The=so o
exse.
¥17=19-Rod Clusters Qe STy g
Nalural U0, P~
Moderotor Purify: $9.25mol % D0
. ¢ 276'11"‘1.‘.
?5 F=s %.'_- -l
. ¥ L
==~n/41)=0 B N
—mn/AT)-/leo"/‘c
2}—*8 -ASE I'/ea Sur
! =, E IICU.)II ‘..
6
30cm
Y ‘hﬁ% mmew .
il Tt
\..\
20 7] 80 120 150 200 °C 20
Temperalure
‘Flg. 5. Tomperature varlation of buckling for R3/Adam lattices
5 Norsialized curve, 20C—
Jmmre B
m? L
&0

Modkralor purfly: 9275% D';O NL

N AN

o Crifical subshlvlion experiments, 20°C, Iric gl
& | o Svboritical experiments, 20°C, square laflice ) *

nop-2Sud Svberilical experiment, 220°C, squore fatfice

as - T.

I iy ey
P Cokoloted corve, 2200~ ~
A zq/An-as. nr‘/'c

Fad
Equivolent syuare /of/ice pileh
Fig. 6. Bucklings of 3/Adam Inllices

20,

2 ¥ cm X

"The intercomparison of the measurements reported
in this paper provides additional confirmation of the
value of B! that was chosen.

Tho change in radial buckling resulting from heat-
ing the PSE was caleulated according o the procedure

‘oxperimental results at the 27 em pitch by adjustments ¥

given by Persson [8]. This’ précedure tokesing;
account both the physlcn.l expansion of the tank gpg
coils and the changes in the diffusion lengths. for

fast and slow ncutrons. The calculated changs's Wi

found to -give good agreement with foil actu-azm
mcasurements in D,0 moderator with no fuel inthe
PSE. The calculated curve is given in Figure 4

Ezxperimental Difficulties
Bceeause it was necessary to adapt the expenmcnm ;
measurcments to fuel elements that were designéd fo;" .
cventual wse in the  R3fAdam reactor, two dxfm..lns
were encountered in performing the expenments in
the PSE. First the clcments were about 154 ¢m m
Iength rather than the 180 om for which the PSE wa4
designed. This nocessitated having water levels a:;ovg
the top of the fuel at the highest temperature. -Soie.

adjustment for this effect could have been 'made -

except that the gap in the fuel column between: ,‘he
two fuel scclions causcd an exaggerated flux:pésy’
which perturbed the vertical exponential trayerse
This peak required that scveral actxvntmg foils. be
placed above and below the gap in order to Gbtaim-
sufficicnt unperturbed foil measurements to make ¥
vertical traverse.
ments availablo to make longer assemblies for the PSE ;-
measurements.) ‘Thercforc a compromise was arringed’
in which the water level was selected to coincide’ m& :
the top of the fuel at about 140° C, which is midwey’ -
in the expansion of the moderator over the heatisg. -
cycle. Subsequent measurements at room temperatire ;, -
ghowed that the errors duc to the effect of the reflector - -
‘were both random and small, ie., --0-06 m-83, if tye:
reflector savings werc made equal to the reflector -

thicknesses. In addition theoretical calculations; u's.ng

two-group theory and taking into account the neutron

- absorption of the stainless-steel fucl-clement suppor’a 1

that oxtended through the reflector, showed that for
the maximum reflector thickness of 16 cm, the ¢orree: -
tion to the buckling was less than 0.02 m*, N
correction was applicd to the data because
uncertainty in the approximations that had-
used to estimate the noutron absorptions of th
port rods.

The cffect of the gap was further minimized at tne
24 and 30 cm pitches by using foils located ' 3500
40, 45, 95, 100, 105, 110 and 115 em above the bottom
of the fuel. Measurements were made to show'that

the cadmium ratio of indium was constant ovel: t}nsl ’

region. At the 27 cm pitch the full set of foils was
and the room temperature measurements weré com
parcd with measurements in the same lattice in tho SE-
As described lator the results tended to substantia
the PSE procedure.

Resulls

The results of the PSE buckling measuremen )
given in Table 1. and are summarized in Figurés.
and 6. Each data point is an average of scvt\”
successive counis on the same set of foils.

1The caleulited curve at 20°C was normalized $0 £

the valuo of the resonance integral. In addition, nll the cX‘F‘"
mental points in Figure G wero currocted for the effcet of & “
gaps in the fuel column. The calculatcd curve at 220 c¥
computed from the theorotical evaluation of the wmpc'ﬂ
coefficiont normnhzcd to the values of.the buoklmg 22200

(There were not enough fuelele. ;| .-

L= 42| 20
" 208 | 647 | 25
313 | 632 | 80
363 | 482 | 125
‘33 407 | 438 | 165
3657, 446 | 3-99 | 193
"190.° 471 | 374 | 218
o171 499 | 346 | 220
o - (310) -

) wer fy the PSE trt
"the fuol. They wet
"Vc'ucul buckling
e with & traveling
ysated, neutron s
“woved vemcnlly in;
+354°cmm in outer dia
‘0076 cm. ‘The tube -

.-".zppmx.mately equidi
. Thevneutron flux w
'-.'.vcmcal position os
tarough the tank. F

- tmrerse were made |

* .béckground traverse -
* “exponential was shu
shu.,tcr, 0.076 cm thic
.."The - background trs
E photo*eutrons resulti
. -"mm'tmted by gamn
30y residual gamma ¢
_‘,well as for lealnge of
",:'.tbe SE. The backgro
- __se:m'ated from th
em graphite ped
. feasurements wi
.-mhercrtly more accu!
": Conséquently, the m:
_-'ments was to verify t
Poitts on either side
.resilts as the travel
Siich was indeed the «

diroct comparison of
. the 27 cm room temp
verify the radial-bue
ickling was  adjust
03 m=2 to correct fc
Wis:made in 99-65 m

PDP Bue
Ref

-Thc PDP subst:
R3/Adem lattice bud
Bous'substitution mea
~acse” reference latti
‘I.PV.C_r {uel assemblies
Mtiining 6, 4, 2 or 0
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PSE buckling measurements of R3|/Adam laltices for

procedure m‘“ Antg "8075 mol. % D,0

nsion of the tan}k a

(}szu""n lengths 27 em Pitch 30om Pitch

n cw change - Tomp.

sowit il actianc@ LR el BRI B R
o tn mo ful ix; (642)| 20 (635 20 (470
dven in Fi — " - '

T in Higuro 4, 547 | 25 | 316 | 520 | 22 | 376 | 469
S 532 | 80 | 374 [ 471 | 31 [ 397 | 448
liculties . 482 |125 | 408 | 430 | 80 | 412 | 437
dapt the exporim 438 | 165 | 437 | 408 | 125 | 430 | 415
hat were desiynes 399 | 103 | 4-61 [ 3-84 {164 | 457 | 388

- igned f; 374 | 218 | 474 | 371 | 180 | 472 | 373
actor, two difficuli 346 {220 | — [(3-60)} 217 | 501 | 348
g the experimeri (3-30)| — - — 220 — |(338)

verc about 154 ¢y
" which the PSE Waa
ng water levels aboy
it temperature. Som
ald havo boen mag
column between th
taggerated flux
exponentia] troverse
] activating foils:
ip in order to obf
surements to mak

ith & traveling monitor [5], (9], » gamma com-
, ncutron sensitive ion chamber which is
vertically in an air-filled aluminum thimble,
.in outer diameter with a wall thickness of

promxse was arr; qu
scted to comcxde 5
nl__ posmon as the ion chamber was moved °
h-'the tank. Four traverses and a background.
-were made for the present studies. For the
und traverse tho thermal neutron feed to the

utor over the hehtxng
1at room temperet

© ontial was shut off by inserting a cadmium -
yual to the reﬂec’wc -0.076 cm thick, between the SE and the SP.
::lcz ¢kground traverse corrects prmcxpally for

utrons resulling from D (y, n)H reactions that
ited by gamma rays from the SP and also for
sidual gamma sensitivity of the ion chamber as
oll’as for leakage of fast neutrons from the SP into

'SE."The background is important because the SE

ctor, showed th:
tof l5 cm, the co:

quéntly, the main purpose of the SE measure.
Zents was to verify that the restricted number of foil
poiats-on either side of the luel gap-gave the same

¢h was indeed the case. Also as shown in Figure 5

direct: comparison of the ‘SE and PSE bucklings for
1¢'27 em room temperature lattice further served to
ttify-the radial .buckling intercalibration. The SE

was adjusted - upwards by a calculated

S™"2 to correct for the fact the SE measurement'
made in 99-65 mol-% D,0.

surements were com
ame lattice in the
)

ng meusuremonts ar
aarized in Flg\u‘es‘
1 average of seve
set of failsl.

was normalized to e
itch by ndjustments ¢°
1addition, all the
sted for the effect of ﬂl
ted cu;’ve at 220° C w8
ition of the temporaturd
if the huckling at 2

PDP Buckling Measurements
Reference Lattices

.The PDP substitution measurements of the
Adam lattice bucklings were calibrated to analo-
‘8ous snbstitution measurements on reference lattices,
ese’ reference lattices consisted of the standard
iver fuel assemblies of 31 rod U0, fuel clusters each
nf‘--7-'nmg 6, 4, 2 or 0 copper poxson wires. The wires

e

were inserted symmetrically in the thin.walled alu-
minum tubes shown in Figure 2. Use of the copper
wires made it possible to cover a wide range of
bucklings with & minimum disturbance of the lattice
parameters other than f and IA.

Critical moderator height measurements were made
on one-region loadings of each reference lattice. In

-, order to obtain material bucklings from these data, it

was necessary to know the vertical extmpolatlon
distances as well as the radial bucklings of the lattices.

" These quantities were measured by irradiating gold

pins and thus obtaining the radial and vertical flux
distributions. The irradiations were made at both
pitches in the lattices containing 0 and 6 copper wires
per assombly. The radial bucklings and vertical
extrapolation distances were independent of the
amount of copper poison present, and were therefore
applied directly to the critical moderator height
measurements made on the full set of reference lattices.
Buckling results are shown in Table 2.

Tablo 2. Buckling results for reference pile loadings of PDP.

Tetangular | Numberot | yeeprea 4D, for y

Latio Pteh, | CPETS 000 | Duckitngs, | Atuminum | Grrecied
Assembly v B

308 . 8 3732 0-055 3787
30-8 4 4-101 0-056 4-167
30-8 2 4:456 0-058 4-514
30-8 0 4-818 0-058 4-877
237 8 3-679 0-025 3704
237 4 4-199 0-025 4.224
. 237 2 4-707 0-028 4733
237 0 6209 0-026 5235

The aluminum tube correction accounts for the safety
and control rod guides used in the PDP. The modera-
“tor tomperature was 22.5-1-1:0° C and the purily was
99-68 -+ 0-02 mol-% D,0 at the time of these measure-
ments. An analysis of experimental uncertainties
leads to an orror of 4-0-05 m~* on the referenco lattice
bucklings. .

Test Region Calibration
Test region calibrations consisted of moasurements
of the PDP critical water heighfs with the four
reference lattices loaded in turn into each of the test
regions, These calibration data were analyzed by
requiring them to fit two-region, two-group diffusion
theory. The measured water heights were increased by

the measured extrapolation distances and substituted -

into an IBM 650 code using-calculated input lattice
parameters. Results of the two-group calculations
were extremely insensitive to the methods used in
calculating the lattice parameters. The radius of the
boundary between regions and the buckling of the
“driver” region were variod until the buckling solu-
tions of the two-group calculations gave the best fit
to the previously measurec_l bucklings of the four
Jattices used in the test regions. Results are given in
Table 3. They reveal that the calculated ‘“‘driver”
region bucklings were ahghtly Jower than the bucklings
measured for the one-region loadings, uncorrected for
the prescnce of aluminum thimbles. The differences
are reasonable because the thimbles are concentrated
in the “driver” region.
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‘Table3. Input parameters for two-group caloulation of bucklings ~ Tablod. R3/Adam laltices — PDP ‘buckling residiy fo; .3
: of test regions . . 9 el

9-68 mol-% D,0 and 22:5°C

 Trangslas &f““‘“m Extrapolated File Helght, em Soanguar f Nomber of By, m™ S
co y ) 4 co A, .Y
em | Por Arawmbty | T-AgHbly Tt | 12 Aembly Teuk o | oot | FonTesion | Fot Ry | A76ae
23-7 [ 18341 18713 237 2 5-276 5258 . '
237 4 18147 184:03 237 1 5262 5244
237 2 179-51 180-78 30-8 2 5-014 5016 5015
237 0 17752 17763 . 808 1 £-003 5006 | 5003 -
30-8 (] 202-82 . 208-64 : e .
§3§ ; {ggg fggig Ttis estimated that the precision of the substitutioy
30-8 0 19343 193-55 measurements, assuming the bucklings of the, calibrg:
237 R3/Adam 17742 177-67 tion lattices are exact, is 4-0-03 m-2. When combined:
308 R3/Adam 162:32 191-85 with the uncertainty of 4-0-05 m-? in the calibratioy
- — o . buckling, an absolute uncertainty of about - 0-06 i~
Lattico Titch, | of Assomblies | Ricem | Ryoom &foﬁu:: is obtained for the bucklings in ‘[able 4. R
em I Tost Reglon : Correcting these data to standard conditions of
. 99-76 mol. % D,0 and 20° C gives values of buckling
08 |1 | 430 | e | 4780 Fien s nen for tho 237 om pitch and Sl
237 7 331 | 1669 6-2034 008 m-? for the 30-8 cm pitch. The water: purity
237 12 426 | 1689 51956 corrections were caloulated and the température
. corrections were obtained from PSE data, -~ .~ -
R3|Adam Lattice Bucklings i : :

. Following the calibration oxperiments, the R3/
Adam lattices were inscrted in the test regions and the
critical wator heights measured. The extrapolated pile

Fuel Assembly

Infermediate Region
Oriver Region

¥ig. 7. Seven-assombly PDi’ test reglon. 30-8 em plich substitation
i moasurements

heights obtained are given in Table 3. Bucklings were
obtained in two ways. In the two-group method they
were calculated from the same IBM 650 code used for
the calibration calculations. The one-group results
were obtained by using the same gecometrical bounda.
ries and outer region bucklings as in the two-group
calculations. The slow neutron diffusion coefficient
was assumed to be the same in both regions.
Results are given in Table 4. The small size of the
differences between the one. and two-group results is
an indication of the good “match” between the
R3/Adam lattices and the calibration lattices,

- method the substitution loadings were broken into
- example in Figure 7. Unit cells were drawn as'rhom!

* terminating on fuel piecos. Rhomboids with both”

-distribution was assumed corresponding to the fi

Perturbation Theory Analysis of PDP .Dala. )

An alternate method of analyzing the PDP sub
stitution data is provided by a perturbation ‘thecry.
approach doveloped by PEemssoN [10]. For this:

tost, intermediato and driver regions as shown by the;
boids with the two vertices at the acate (60%) angles’

verlices terminating on test fuel were nssigned o,
tho test region, those with ono vertex on a test -fuel
assembly and tho other on & driver fuel assembly wers,
nssigned to the intermediate region, and those with,
both vertices on driver fuel to the driver region. In
obtaining statistical weights for use in the perturbation
calculations each rhomboid was broken into.two
equilateral triangles. The statistical weights were then
calculated for the flux at the controid of each trisngl.
Since the tost regions closely approximated the driver:
region in material buckling, & uniform radial flux-

distribution J,(B, 7). The statistical weights, iz, were
then obtained as T

? A3 (B, 7)) A K '
. - ("N’(wwfs))?""’.‘-?rf"

R
J2nrJ} (B, r)dr

whero A is the area of the unit triangle, R}is‘:'u’ .
extrapolated radius of the pile taken from Table3,”
B, is the square root of the radial buckling correspont

ing to that radius, and #; is the distance from ikt
center of the roactor to the centroid of the s unit,
triangle. The summation is taken over all unit ui%ngles:,
in the region of interest. e .
" Numerical results are given in Table 5. Th¢ vers
tical bucklings « and «f arc those corresponding ¥
the measured critical water heights for the substita:
tion and full driver loadings respectively, The !{“M
errors on the (x*— o) valucs are standard deviatios
corresponding to an uncertainty of one millimeter, 12,
the differenco betweon the two moderator h?jg?l”::

Table 5. Re:

30-
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.Irdracel-l Activation Measurements

tical wmghts w, ich have gaps in the fuel columns. To put all
periments and tho calculations on the same ba- The thermal neutron flux profiles in the central
ections were calculated to give the bucklings ¢cll of the 27 em lattice in the PSE were measured by
‘aasemblies without gaps. activations of manganese in “P.metal" ! pins 1.27cm

' .
'2-4048)) Z (B, !“) 5 calculation was made by assuming that the long and 0-162 cm in diameter. A schematic of the pin
“t’ the fuel gap extended uniformly over aninter-  Joading is shown in Figure 9. Pins inside the clustor
20 cm on either side of the center of the.gap and  were supported by a circular plate of Zu‘ca.loy-2
ho offcct was negligible beyond this interval. (.318 cm thick, a quarter of which is shown in Figure.
he differonce in the average buckling of the 40 cm  Pin holders, or ladders, were cantilevered from the
itérval from that of the uniform lattice was calei- ciroular plate into tho moderator and porpendicular
.by the SRL recipe using the measured foil tg the fuel column. The ladders were Zircaloy rods, -
tions in the vicinity of the gap for.caloulating f  0.475 cm in diameter, containing holes for the pins.
2. For the exponential measurements, vertical TLadders 1 and 4 were pointed to the nearest adjacent
files were calculated by one-energy group fael assemblies, A lesser number of pins covered with
or the threo region loading and comparcd to  0.076 cm of cadmium were irradiated in a similar
ralsted flux profiles for a loading with & uniform  fashion at a lovel 8 inches below the bare pins. Radial
Wice. The corrections for the 24, 21 and 3(; "m] Pit-  plots of the subcadmium and epicadmium activations
esc“:;; _060190 03% l(!)!id a-’x;d.o gg(l)n 03 25?0;2 1\27;0): zt 1 P.metal ia o commeroially available alloy containing
72% Mn, 18% Cu, and 10% Ni. Under the condition of the
asurement of the effect of the gap at 27 em in oy periment essontially only Mn activations are detected in the
¢ SE con[u'med within 4 0-05 m*?, that the vortxcal alloy.
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arc shown for the cold and hot lattices in Figures 10
and 11. These plots do not contain corrections for the
over-all radial flux shapo in tho PSE. Accordingly the
comparison flux distributions obtained from DP-3
calculations, to be discussed later, wore multiplied by
) Jo(Br ). .

Actual locations of the pins within the clusters were

in the coolant between fuel rods. The P.3 fluxcs,
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Fig.10. Thermal flux profile for R8/Adam lattice at 20°C

however, correspond very nearly to average values
within the uranium oxide of the individual rods. The
experimental points were therefore corrected toaverage
uranium oxide valucs. Diffusion theory was used to
obtain the detailed flux within a small cell consisting
of o single rod, its cladding, and a varying boundary
radius equal to the distance of each pin from its asso-
ciated fuel rod. These flux profiles were then used to
reduce the pin activations at the small cell boundary .
to the averngo in the fuel. The same profiles were also
used to obtain average fluxes in the Zircaloy-2 cladding
from the pin activations.
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tho room temperature case. For the high tempe'i'atu_xje
case, the experimental value of L2 is about 3% high
than the P-3 value. This discrepancy is within th

ing statistics, ladder placement, and the calculated
corrections to average fuel fluxes. An inspection’o
Figures 10 and 11 also shows that the P-3 method i
very good at predicting the flux shapes withinth
oxide rod clusters. .

Calculation of Bucklings
and Temperature Coefficients

The calculation of room temperaturo . lattice::
bucklings was based on the recipe currently used 2b-<-
SRL [11]. Temperature cocfficients of buckling wert
based on the same recipe with the following exicnaon
and modifications.

Neulron Age, © .

The necutron age, T, was incroased at the hights
temperatures by the square of the ratio of D.0 de?
sity at 20° C to that at the higher tcmporaturoes. Tx
effect of light water wes obtained from other meastrs
ments [12].




