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ABSTRACT

The literature has been searched for criticality data for light water

233

moderated systems which contain thorium or U, and data found are compiled

herein. They are from critical experiments, extrapolations, and exponential

experiments performed with homogeneous solutions and metal spheres of 233U;
with Tattices of fuel rods containing highly enriched 235UO2 - ThO2 and
233UO2 - Th02; and with arrays of cylinders of 233U solutions.

The extent of existing criticality data has been compared with that
necessary to implement a thorium-based fuel cycle. No experiments have been

performed with any solutions containing thorium. Neither do data exist for

233

homogeneous U systems with H/U < 34, except for solid metal systems.

Arrays of solution cylinders up to 3 x 3 x 3 have been studied. Data for

solutions containing fixed or soluble poisons are very limited.

233

A1l critical lattices using UO2 - ThO2 fuels (LWBR program) were

zoned radially, and in most cases axially also. Only lattice experiments

235

using UO2 - ThO2 fuels have been performed using a single fuel rod type.

Critical lattices of 235UO2 - ThO2 rods poisoned with boron have been mea-

sured, but only exponential experiments have been performed using boron-

233

poisoned lattices of UO2 - ThO2 rods.

No criticality data exist for denatured fuels (containing significant

amounts of 238U) in either solution or lattice configurations.
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INTRODUCTION

The Thorium Fuel Cycle Technology Program (TFCT Program) was initiated
in 1977 at Savannah RiverlLaboratory. Its purpose is to develop the technical
information required to support future decisions on establishing fuel recycle
facilities. In support of the TFCT program, PNL will perform critical experi-
ments involving thorium-based fuels, to serve as benchmarks for the validation
of nuclear analysis techniques used in system design and safety analysis studies.
As a first step in planning such experiments the literature has been searched
for reports of critical experiments using either the fertile element thotrium
233

or the fissile isotope U. This document is a compilation of the criti-

cality data which have been found in that search.

As perusal of this compilation will show, a significant amount of criti-
cality data exists for lattices of fuel rods containing thorium and uranium,

233U solutions and metal systems without thorium. This compilation

and for
brings the existing data together from diverse, hard-to-acquire sources by
reprinting appropriate portions of the source doucments. (Data are not com-

235U or 239Pu without thorium, because of the large amount

piled for either
of such data and its ready availability in the literature). Effort has been
expended to ensure that sufficient description of experimental details is
included so that this compilation can serve as the basis for calculations
validating criticality analysis codes and cross sections. To a great extent,
the descriptions of the experiments have been photocopied directly from the
source documents. Where relevant information was scattered, it was collected
and rewritten. However, an attempt was made to retain the original authors'

prose. The intent was to provide a maximum of criticality information, with a

minimum of “filtering," retyping, and rewording.



Thanks are extended to the original authors for permission to reproduce their
work, and also to the American Nuclear Society for permission to reproduce

copyrighted material taken from Nuclear Science and Engineering.

Although the completeness of this compilation cannot be guaranteed, it
is not 1ikely that any major data sources were missed in the reviews of abstracts,
bibliographies, and journal references performed to identify data sources.
Therefore, by comparing the extent of the information contained herein with that
needed to implement a thorium fuel cycle, needs for additional experimentation
can be identified. This was, of course, the primary reason for searching the
literature. This comparison is shown in Tables 1 and 2, for geometrically
simple systems and for lattices. Upon inspection of these tables one is struck
by the total absence of thorium from all experiments with geometrically simple
systems. Critical experiments with solutions containing thorium will clearly
be very important to meeting the needs of the TFCT program, as will experiments

233 238

with both solutions and lattices in which U is denatured with u.



TABLE 1. Existing Data - Geometrically Simple Systems

Fully Contains Denatured Poisoned Arrays

Fissile Material/Form Enriched Thorium With 238y Soluble Fixed of Units
235U

Aqueous Solutions v No v v v v/

Low Moderated v No v -- v v

Metal - No 4 . . Y
233” Sub-

Aqueous Solutions v No No Little critical Limited

Low Moderated No No No -- No No

Metal v No No - -- No
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TABLE 2. Existing Data - Lattices

Moderators 238

Fresh Dissolver Lattice Uin

Fuel (Oxides) Water Acid Solution Poisons Not Zoned Fuel Rods
235 11 / No No Boron / No
233 1 / No No Boron* / No
23347, / No No No one exp. No

* Exponential experiments only. No un-zoned or poisoned critical lattices.



The criticality data compiled in this document are presented in two
sections, one on geometrically simple systems and one on lattices. The
geometrically simple systems include homogeneous solutions and metal spheres
(and would include hydrogenous compacts if they had been investigated).

Each of these sections has a brief introduction summarizing the extent of the
information contained and further identifying information of criticality
significance which is not present in the literature. Descriptions of the

individual experiments follow these discussions.



CRITICAL EXPERIMENTS WITH GEOMETRICALLY SIMPLE SYSTEMS

This section contains data from experiments using aqueous solutions of

233, 1,2, 3,4,5,6,7, 8

uranium highly enriched in u. This is followed by

data from spheres of highly enriched 233U meta].g’ 10, 11, 12

Data are not compiled for either 235U or 239Pu in any form, because of

the Targe amount of such data, and its ready availability in the literature.
The reader desiring such information is referred to the extensive annotated

bibliography by Paxton.]3

No criticality data exist for simple systems containing thorium. Conse-
quently they are not found in this section. The total absence of such data
indicates the need for benchmark experiments, to allow verification of cal-
culations assessing the nuclear safety of equipment designed to reprocess

thorium-based fuels.

The characteristics of the experiments compiled in this section are
summarized in Table 3. Examination of this table shows that no solution

experiments have been performed with H/233

U< 34. In fact, the lowest value
of H/233U for which criticality was actually achieved was 45 (excluding the
metal systems). The importance of filling this gap in the existing data lies
in the fact that calculations indicate that the minimum critical radii of

3U ratio near 40.]4 Bench-

spheres and cylinders of U02F2 occur for an H/23
mark experiments in this Tow moderation range are needed to validate calcul-

ations of minimum critical radii.

As is seen in Table 3, four experiments have been performed with the
soluble poison boric acid present. However, the H/233U range covered is only

from 1300 to 1500, and the boron concentration in no case exceeds 0.1 g/%.



Validation of analyses predicting the minimum safe size of poisoned systems

233

will require data at much lower H/™""U ratios, and over a range of values.

233U solutions poisoned with gadolinium (which

No criticality data exist for
may be more effective than boron at low fissile concentrations), or on mixtures
of B and Gd (which may be more effective than either when both high and low

fissile concentrations are considered).



233

Table 3. Summary of Critical Experiments with ]H-Moderated U in
Geometrically Simple Systems
a b c Numbgr of H/2?3U
Reference Form Geometry Reflector Experiments Ratio
1 N S W 1 405
1 N o W 1 514
1 N C P 28 42 - 757
1 F S -, W 5 381 - 663
1 F C -, W 2 158
1 F o P 18 34 - 775
2 N S - 2 1533 - 1986
2 N C - 4 1820 - 2106
2 N +8B S - 4 1324 - 1470
4 N S -, W 7 73 - 581
4 N C - 12 73 - 581
4 N C W 7 194 - 548
5 F S W 8 378 - 663
5 F S - 1 381
7 F C -,HW 10 254 - 854
8 N C - 22 ~150 - 1000
8 N o W 15 ~120 ~ 700
9-12 M S -, 235, 1 0
U(N), Be, W
a. N = UOZ(N03)2; F = UOpFys N+ 8B = U02(N03)2 + HBO3; M = Metal
b. S = Sphere; C = Cylinder

c.

U(N) = Natural U; W = Alloy, 91.3 w/o tungsten; P = Paraffin;

Unreflected experiments are indicated by -

8



ORNL-2143: 233U02(N03)2 8 233U0,F,, 34 < H/U < 780 (Reference 1)

The largest number of experiments is reported in this document:
31 criticals and 24 extrapolations to critical. Experiments were performed
with uranyl nitrate and with uranyl oxyfluoride solutions, in cylindrical and
spherical geometry. Most of the cylinder experiments were reflected by paraffin.
The sphere experiments, plus a few of the cylinder experiments, were either
3

water reflected or bare. These experiments covered the range of H/23 U from

34 to 775, although the Towest H/233U for which criticality was achieved was 45.

The critical parameters of the nitrate and fluoride solutions are given
in "Tables B-1 and B-2" respectively. Values in parenthesis indicate that
criticality was not achieved. They were derived by extrapolation of curves
of neutron multiplication values for subcritical assemblies. The reader's
attention is called to footnote ¢ of "Table B-2" which indicates limits of
accuracy associated with these results. Additional discussion of accuracy

is reproduced after the tables.

The compositions of solutions for which critical parameters are reported
are listed in Table A-1. Note that the nitrate solutions contained some
excess acid, so that N/233U = 2.66. Isotopic composition and impurties

are listed in "Tables A-2 and A-3."

The solutions were contained in vessels made of 3S aluminum. The wall
thickness of the vessels was not specified. Cylinder height for cylinders
having diameters less than 6.7 in. was 36 in. Cylinders having diameters
from 6.7 to 12 in. were approximately equi]ateré]. The cylinders of larger
diameter and the spheres were mounted in an outer cylinder of sufficient

capacity to provide an effectively infinite water or paraffin neutron reflector



completely surrounding the vessel under study. (Neoprene gaskets were used
to seal the cylinder tops.) The smaller diameter cylinders had reflectors on

the sides and bottom but not on the top.

A discussion from the source document of the accuracy of the measurements

is also reproduced. It is followed by a graphical presentation of the results

in "Figures 4, 5 and 6."

10



Appendix B
TABULATIONS OF CRITICAL DATA
Table B-1l. Critical Parameters of Uranyl Nitrate Solutions (Ref. ])

(Ilurbers in parentheses represent extrapolated values derived from source neutron miltiplication
curves of suberitical assemblies.)

Maximum Values of

H:U255 Critical Parameters Subcritical issemtlies
Atomic Height Volume Mass Feignt Volure Mass
Ratioc® Reflector (em) (liters) (kg of U233) (em) (1iters) (xg o7 7223)
Cylinder 12.7 em (5.0 in.) in Dismeter? ™
57.5 Faraffin c 51 6.40C 2.l
67.0 " c 59 7.40 2.5
84 .k " c 61 7.65 2.1°
145 N c 55 6.9C 1.13
Cylinder 15.1 cm (6.0 in.) in Diameter®
57.5 Paraffin 27.9 5.00 1.91
67.0 " 29.0 5.20 1.75
8.4 " 30.7 5.50 1.51
120 ! (38.5 = 0.5) (6.9 £0.1)  (1.37 + 0.02) 36.8 6.6C. 1.32
151 " (46.8 x 0.5) (8.4 £ 0.1) (1.34 = 0.02) L5.h 8.13 1.31
193 " (73 *2 ) (13.0 £ 0.4) (1.65 + 0.08) 55.4 9.80 1.2-
Cylinder 19.1 cm (7.5 in.)} in Diameter
57.5 Faraffin 16.3 4.65 1.77
67.0 " 16.2 4.60 1.55
145 " 18.6 5.30 0.89
Cylinder 20.5 cm (8.0 in.) in Diameter
42,2 Paraffin (16.1 = 0.2) (5.30 + 0.06) (2.6 £ 0,03) 1.0 L EC 2,22
57.5 " hEh L.75 1.81
8L.Y4 " 14,7 4.85 1.33
120 " 16.54 5.40 1.07
145 N 16.7 5.51 0.92
151 " 16.7 5.51 0.88
193 " 18.8 6.20 0.79
213 " 15.3 6.37 0.75
247 " (21.2 £ 0.3) (7.0 0.1) (0.70 £ 0.01) 19.9 6.56 0.6%
Cylinder 21.5 cm (8.5 in.) in Diameter
247 Paraffin 19.4 7.00 0.70
297 v 21.5 7.78 0.65
Cylinder 22.9 cm (9.0 in.) in Diameter
356 Paraffin 21.3 8.75 0.62
379 " 22,9 9.39 0.62
Cylinder 25.5 cm (10.0 in.) in Diameter
394 Paraffin 19.3 9.82 0.63
461 " 22,5 11.L45 0.63
514 " (25.2 = 0.1) (12.9 £ 0.05) (0.63 * 0.03) 25.1 12.77 0.58%2
51 Water (25.5 = 0.1) (13.0 £ 0.05)  (0.64 + 0.03) 25.1 12,77 C.A3
Cylinder 30.5 cm (12.0 in.) in Diameter
582 Paraffin 21.1 15.40 0.68
630 " 23.8 17.40 0.70
757 " 20.4 22.20 0.75
Sphere 26.6 cm (10.4 in.) in Diameter
405 Water Full 9.66 0.60

a. The campositions of the solutions are given in Appendix A.
b. No reflector on the top surface,
c. Apparently this assembly cannot be made critical at any height.

11



Table B-2, Critical Parameters of Uranyl Fluoride Solutions ( Re1:, ] )

(Mumbers in parentheses represent extrapolated values derived from source neutron multlplication
curves for subcritical assemblies.)

— Maximum Values of
H. U233 Critical Parameters Subcriticel Assemblies
Atomic Height Volume Mass Height Volume Ma, -
Ratio® Reflector (em) (liters) (kg of UZ33) (cm) (liters) (kg of ©233)
Cylinder 11.2 cm (4.5 in.) in Diameter®s¢
34.2 Paraffin d 29.9 2.95 2.02
39.4 " 4 34.9 3.43 2.07 .
45.9 " a Lz.6 L,1 2.18
P " a 49,2 4.82 2.18
7.1 " d 68.5 6.76 2.24
Cylinder 12.7 cm (5.0 in.) in Diameter®
34,2 Paraffin (38 t2) (L.B=xo0.25) (3.3 zo0.2) 23.8 2.99 2.05
39.4 " (b1 +2 ) (5.1 %0.25) (3.1 *o0.2) 27.6 3.L6 2.08
5.9 " (b1 *1 ) (5.2:0.1) (2.7 *o0.1) 32,4 L.o7 2.11
7h.1 " (56.5 + 0.5) (7.1 + 0.06) (2.36 + 0.02) 53.3 6.70 2.22
Cylinder 13.7 cm (5.4 in.) in Diameter®s¢
78,1 Paraffin (48.7 + 0.5) (7.13 £ 0.06) (2.37 + 0.02) 46.% 6.77 2.25
Cylinder 15.1 em {6.0 in.) in Diameter®,¢ 7
.1 Paraffin 24.0 4,31 1.43
Cylinder 16.7 eam (6.6 in.) in Diemeter®
34,2 Paraffin (20 +1 ) (4.4 *o0.2) (3.0 %0,15) 13.5 2.9% 2.01
39.4 " (16.7 + 0.2) (3.66 + 0.04) (2.20 * 0.03) 16.3 3.55 2.13
45,2 " (17.% £ 0.2) (3.79 £ 0.0k) (2.01 = 0,03) 16.9 3,69 1.9
k5.9 " 16.9 3.67 1.91
47.9 " (17.7 + 0.2) (3.85 * 0.04) (1.94 = 0,03) 16.9 3,69 1.86
53.7 " (18.0 + 0.3) (3.93 + 0.06) (1.77 = 0.03) 16.9 3.69 1.66
Tha " (19.1 = 0.4) (4.15 = 0.09) (1.38 = 0.0k) 16.9 2,69 1.2
Cylinder 19.1 cm (7.5 in.) in Diameter
15k Paraffin 18.4 5.25 0.87
Cylinder 20.5 cm (8.0 in.) in Diameter
250 Paraffin (20.2 * 0.05) (6.66 £ 0.02) (0.68 = 0.02) 20.1 6.63 0.68
Cylinder 21.5 cm (8.5 in.) in Diemeter
329 Paraffin (22.2 £ 0.1) (8.04 + 0.04) (0.63 = 0.05) 21.6 7.80 0.61
Cylinder 22.9 cm (9.0 in.) in Diameter
3% Paraffin (23.1 + 0.1) (9.47 = 0.04) (0.61 * 0.05) 22.6 9.26 0.60
Cylinder 25.5 em {10.0 in.) in Diameter
522 Yater (25.9 £ 0.1) (13.18 = 0.05) {0.65 £ 0.05) 25.6 13.05 0.64
154 Hone (24,0 £ 0,05)(12.22 = 0.03) (2.02 % 0.,05) 23.8 12.15 2.01
Cylinder 7C.5 om (12.0 in.) in Diameter
715 Faraffin 30.5 22.28 0.74
Sphere 26.6 cm (10.4 in.) in Diameter
ka6 Vater (9.80 = 0.10) (0.59 + 0.06) Full 9.66 0.57
hg " e 9.62 0.59 »
390 N r 9.28 0.61 .
Sphere 31.9 cm (12.6 in.) in Diameter
663 Water Full 17.02 0.66
381 Tione e 16.98 1.1k

a. The compositions of the solutions are given in Appendix A.

b. Ho reflector on the top surface.

C. Vegsels coated with Unichrame; masses about 2% high because of impurities.

4. Apparently this assembly cannot be made critical at any height with the absence of a top reflector
and the presence of Unichrome.

e. There was a 40-cmJ void above the critical solution.

f. There was a 330-cm> void above the critical solution.

12



Appendix A

COMPOSITION (F URANIUM SOLUTIONS

Table A-1. UZJJ Concentrations in Solutions (Ref. 1)

5 Solution __ U233 Concentration
H:ye33 Density g per g g per cc
Atomic Ratio (g/cc) of Solution of Solution

In UO,(NO5)p Solution with N:U233 = 2.66

h2.2 1.697 0.289 0.490
57.5 1.543 0.247 - 0.381
67.0 1.480 0.227 0.33€
84 .4 1.39k 0.197 0.275
120 1.287 0.154 0.198
145 1.238 0.135 0.167
151 1.232 0.130 0.160
193 1.185 0,107 0.127
213 1.165 0.100 0.117
247 1.145 0.088 0.101
297 1.121 0.075 c.o8kL
356 1.101 0.064 0.070
379 1.093 0.061 0.067
394 - 1.090 0.058 0.063
405 1.087 0.057 0.062
L6l 1.077 0.051 0.055
514 1.069 0.046 0.049
582 1.061 0.0k1 0,044
630 1.056 0.038 0.040
757 1.046 0.032 0.033
In UOF5 Solution '

3h.2 1.801 0.380 0.684
39,k 1.707 0.352 0.600
45.2 1.625 0.327 0.531
45.9 1.604 0,324 0.519
47.9 1.592 0.316 0.503%
53.7 1.530. 0.295 0.451
4.1 1.388 0.239 0.332
153 1.199 0.138 0.165
154 1.198 0.138 0.165
250 1.121 0.091 0,102
329 1.090 0.071 0.078
381 1.079 0.062 0.067
390 1,076 0.061 0.066
396 1.075 0.060 0.065
419 1.071 0.057 0.061
426 1.070 0.056 0.060
522 1.059 0.047 0.049
663 1.043 0.037 0.039
775 1.035 0.0%2 0.033



Table A-2. Isotopic Composition of Uranium in Solutions (Ref. 1)

wt%
In U07 (N05 )2 In UOoFo
Isotope Solution Solution
yas3 98.7 98.7
g3k 0.50 0.54
ue35 0.01 0.0k
238 0.79 0.72

Table A-3. Principal Impurities* in Solutions

pm
In U02(N05)2 Solution s In UO,F, Solution

‘ Before After Before After

Element Use Use Use Use
Al 15 50 400 8000
Ca 300 1500
Cr 10 15 8 250
Fe 20 300 40 2500
Mg 10 125 0 55
Mo 0 200
Na 650 100
Ni 20 70 0 250
Sn . 0 225
Th 150

* Determined by spectrographic analysis.

14



III. ACCURACY OF THE MEASUREMENTS (Ref. 1)

The results of these experiments are subject to the usual errors in
uranium analyses and solution densities and in the calibration of the
vessel capacities, all estimated to be +0.5%. There are, howsver, two
additional sources of error which broaden the uncertzinty. In the experi-
ments in which uranyl nitrate solutions were used the indirect methcd of
measuring the height, and hence the volume, of the solution in the vessels
makes the results less certain than those from later experiments with
uranyl fluoride in which the position of the liquid surface was measured
directly.

An error in the experiments with the uranyl fluoride solutions is a
bias resulting from the properties of a corrosion-irhibiting coating
material with which one spherical and three cylindrical vessels were lined.
This coating was a polyvinyl chioride plastic, Unichrome, which is about
30 wt% chlorine. It is difficult to evaluate the increase in critical mass
due to the absorption of neutrons by the chlorine because the effect is a
function of geometry. It is noted in Table 3-1, however, that the critical
“volume at a particular concentration (H:U233 = 74.1) in a lhk-cm-dia cylinder
lined with Unichrome is about the same as that in a 12.7-cm-dis cylinder
lined with a phenol base plastic, Heresite, wherszas it would be expected to
be somewhat less. After the discovery of the chiorine impurity, one
definitive experiment was performed to determine the effect of a Unichrome
liner on the critical concentration of a U235 uranyl fluoride solution in
a sphere 32 cm in diameter. A 2% decrease in the concentration was observed
upon removal of the Unichrome.

In summarizing the question of accuracy, it is believed that the
results from critical experiments with uranyl fluoride in Heresite-lined
vessels are good to *1%; data from the seme vessels with uranyl nitrate
have an uncertainty of no more than t}%. Tre critiecal mass measured in
the 32-cm-dia sphere is high by about 2% because of a bias. The masses
in the 14- and 17-cm-dia cylinders are too high by an amount not well
known but probably less than 10%.

Extrapolations have been made of the source neutron multiplication
curves obtained in those tests which could not be made critical because
of inventory or geometric limitations. The critical parameters obtained
in this manner are given in the tabulated results with the maxima from
which the extrapolations were made. The accuracy of these values is
strongly dependent upon the length of the extrapolation.

15
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233

Gwin and Magnuson: UOZ(N03)2 1320 < H/U < 2100 (Reference 2, 3)

The critical systems from which data were ob-
tained in these experiments consisted of aqueous
solutions of uranyl nitrate enriched in either the
U™ or the U™ isotope. A 27.24-in.-diam aluminum
sphere was made critical with both unpoisoned and
several boric acid poisoned solutions of both iso-
topes. A 48.04-in.-diam aluminum sphere was used
only with unpoisoned solutions of U** and U™,
A 5-ft-diam stainless steel cylinder, the diameter
having been chosen to minimize the buckling for
the available amount of U™, was made critical at
several heights with both U®® and U™. The con-
cluding experiments were performed with U™
solutions in a 9-ft-diam steel cylinder. At the max-
imum critical height in this container the neutron
leakage was less than 2% .

The experimental data for the critical spheres and cylinders are sum-
marized in "Tables IX and X." In "Table IX," experiments 1 - 9 were performed

in the 27.24 in. diameter Al sphere. Atom densities are listed in "Table XI."

TaBLE 1x (Ref. 2)
ExPERIMENTAL DaTA FOR CRiTicAL CONDITIONS OF SPHERES

Experi- Isotopic composition (wt.9%) Solution Total
ment density uranium  Total boron Total nitrate Total thorium (¢ — 1) X
number U T Cue Uz U2 (gm/ml) (mg/gm) (mg/gm)  (mg/gm)  (mg/gm) 10*at 20°C
1 0.00 1.04 93.18 0.27 5.51 1.0288 19.56 0.00 18.7 0.00 11.8
2 0.00 1.04 93.18 0.27 5.51 1.0333 22.77 0.09C5 21.2 0.% 7.3
3 0.00 1.04 93.18 0.27 5.51 1.0387 25.77 0.18 23.7 0.00 9.0
4 0.00 1.04 93.18 0.27 5.51 1.0445 27.24 0.22 25.1 0.00 2.8
5 97.70 1.62 0.04 0.00 0.64 1.0226 16.76 0.00 1.9 0.074 5.0
6 97.70 1.62 0.04 0.00 0.64 1.0253 17.42 0.0233 12.3 0.077 10.3
7 97.70 1.62 0.04 0.00 0.64 1.0274 18.03 0.0453 12.8 0.080 10.9
8 97.70 1.62 0.04 0.00 0.64 1.0275 18.67 0.0670 13.2 0.083 3.3
9 97.70 1.62 0.04 0.00 0.64 1.0286 19.27 0.0887 13.6 0.085 4.4
48.04-in.-diam aluminum sphere
10 0.01 1.05 93.21 0.54 5.19 1.0216 14.82 0.00 11.3 0.00 12.9
11 97.67 1.534 0.03 0.00 0.76 1.0153 13.05 0.00 7.6 0.056 4.6
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TaBLE X (Ref. 2)
ExpPERIMENTAL DaTa FoR CriTicaL ConbiTIONS OF CYLINDERS

Experi- Criticale Isotopic composition (wt. %7) Total Total
ment num- solution - - Solution density uranium  Total nitrate  thorium
ber height (in.) L Gt G e (e (gm/ml) (mg/gm) (mg/gm) (mg/gm)

60.92-in.-diam cylinder

12 18.31 0.00 1.05 93.22 0.5 5.18 1.0229 16.92 12.8 0.00
13 19.20 0.00 1.03 93.03 0.51 5.43 1.0247 16.61 14.2 0.00
14 29.23 0.00 1.04 93.12 0.5¢4 5.30 1.0209 14.96 12.0 0.00
15 42.06 0.00 1.06 93.11 0.52 5.31 1.0204 14.31 12.2 0.00
16 80.68 0.00 1.06 93.01 0.52 5.41 1.0197 13.79 12.6 0.00
17 20.02 97.37 1.50 0.4 0.00 1.09 1.0203 14.21 8.3 0.014
18 23.85 97.35 1.52 0.05 0.00 1.08 1.0198 13.62 8.6 0.012
19 31.12 97.30 1.49 0.05 0.00 1.16 1.0169 13.00 8.1 0.014
20 55.18 97.25 1.55 0.05 0.00 1.16 1.0166 12.33 8.1 0.098
107.7-in.-diam cylinder
21 35.8 0.00 1.08 92.79 0.66 5.47 1.0194 11.00 14.2 0.00
22 7.0 0.00 1.06 92.78 0.65 5.51 1.0218 13.66 13.8 0.00
23 91.9 0.00 1.05 92.82 0.63 5.50 1.0210 13.33 13.5 0.00

o In the 60.92-in.-diam cylinder critical height values include a correction of 0.53 in. for the bottom structure. In the
107.7-in.-diam cylinder no correction has been included for the effects of structure,

TaBLE x1 (Ref. 2)
Atoym DExsiTiEs X1072° rorR THE CRiTicAL EXPERIMENTS (cM™3)

Uranium Isotope

Experiment
number g2 [Sae e 2 B2ees N H B H/X

27.24-in.-diam sphere

1 0.00538 0.48066  0.00138 0.02807 1.869 662.28 1378
2 0.00631 0.56206 0.00163 0.03281 2.129 661.48 0.052 1177
3 0.00716 0.63944 0.00184 0.03734 2.392 660.70 0.104 1033
1 0.00762 0.67959 0.00197 0.03967 2.548 660.28 0.128 972
5 0.43284  0.00716 0.00018 0.00281 1.178 663.60 1533
6 0.45120  0.00744 0.00018 0.00291 1.224 663.45 0.0133 1470
7 0.46798 0.00772 0.00018 0.00301 1.274 663.29 0.0259 1417
8 0.45450 0.00801 0.00021 0.00311 1.319 663.15 0.0383 1368&
9 0.50066  0.00827 0.00021 0.00327 1.363 663.00 0.0508 1324
48.04-in.-diam sphere
10 0.00409 0.36185 0.00220 0.01985 1.116 663.94 1835
11 0.33160 0.00525 0.00010 0.00256 0.753 664 .67 1986
60.92-in.-diam cylinder
12 0.00469 0.41364 0.00243 0.02271 1.272 663.45 1604
13 ) 0.00451 0.40595 0.00222 0.02339 1.409 663.43 1634
14 0.00409 0.36452 0.00209 0.02048 1.185 663.83 1821
15 0.00397 0.34845 0.00194 0.01962 1.208 663.89 1905
16 0.00384 0.33519 0.00186 0.01924 1.244 663.91 1981
17 0.36498 0.00556 0.00019 0.00410 0.826 664.39 1819
18 0.34960  0.00525 0.00018 0.00395 0.849 664. 44 1900
19 0.33275  0.00507 0.00017 0.00375 0.802 664.59 1996
20 0.31556  0.00481 , 0.00016 0.00354 0.795 664.70 2106
107.7-in.-diam cylinder
21 0.00397 0.33940 0.00240 0.01975 1.407 663.67 1955
22 0.00381 0.33124 0.00232 0.01942 1.367 663.74 2004
23 0.00368 0.32347 0.00220 0.01894 1.338 663.85 2052
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Additional information useful for calculations of these experiments is

published in Ref. 3, which is an analysis of the data.

It is noted that the

spherical containers were made from Type 1100 aluminum, with thicknesses of

0.13 and 0.30 inches for the 27.24 and 48.04 in. diameter vessels respectively.

. 1
Atom densities for oxygen, thorium and

“Tables I and II."

It is assumed that the

10

19.78%, and that the solutions are made up of

1) H:0
2) UG, (NO3)2-6H.0,
3) HNOs,
4) HSB&’ and . .
5) Th(NOs).4H.O so that n(Q) is given by
so that
7(0) = 4 n(H) + § n(B) + (V) + $ n(N)

+2n{Th) .

taBLe 1 (Ref. 3)

Nuclear Number Densities {in units of 10*/em®) for ¥**U Fueled Spheres

0B are calculated and listed in

B content in natural boron is

Experiment Number -

1 2 3 4 10
Sphere Diameter (in.)
T 27.24 27.24 27.24 27.24 48.04

s -1 0.0 1.0286 % 10°* 2.0571 x 107° 2.5318 x 107° 0.0

H 0.066228 0.066148 0.066070 0.066028 0.066394

o 10.033736 0.033800 ©.033865 0.033902 0.033592

N 1.869 % 10°* 2,120 % 107* 2.392x 107* 2.548 x 107* 1.116 x 107*
Bay 5.38 x 10~° 6.31x 10”7 7.16 x 1077 7.62% 1077 4,09 x 1077
L 4.8066 x 10°° 5.6206 x 10°° 6.3944 x 10°° 6.7959 x 10™° 3.6185x 10°°
Wy 1.38 % 10”7 1.63x 10”7 1.84 x 1077 1.97x 1077 2.20 x 10~7
=y 2.807 x 107* 3.281 % 107" 3.134 % 107° 3.967 x 10°° 1.985 x 107°
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TaBLE 1 (Ref. 3)

Nuclear Number Densities (in units of 10?*/cm®) for ®*U Fueled Spheres

Experiment Number

5 6 7 8 9 1
Sphere Diameter (in.)
27.24 27.24 27.24 27.24 27.24 48.04

i°g 0.0 . 2.6307 x 1077 5.1230 x 10”7 7.5757 % 1077 1.0048 x 107 0.0

H 0.066360 0.066345 0.066329 0.066315 0.066300 0.066467

o} 0.033607 0.033620 0.033633 0.033646 0.033657 0.033525

N 1.178 x 10~* 1.224x 107* 1.274 x 10~* 1.319x 1071 1.363x 107* 7.530x 10~°
3y 4.328 x 10°° 4.5120 x 10°* 4.6798 x 10°° 4.8455x 10°° 5.0066 x 10~° 3.3460 x 10”*
2 7.16 x 1077 7.44 %1077 7.72 % 1077 8.01x 1077 8.27x 1077 5.25 x 10°"7
By 1.8x 10°° 1.8x 10°° 1.8x 10°° 2.1%x10°° 2.1x 1078 1.0x 107®
38y 2.81x 1077 2.91% 1077 3.01% 1077 3.11x 1077 3.27x 1077 2.56 x 1077
22 1.9641 x 1077 2.0491 x 1077 2.1333 x 107" 2.2135x 1077 2.2693 x 1077 1.4757T% 10~

The analysis includes an assessment of corrections to the neutron multi-

plication eigenvalue reported in Ref. I due to improved values for delayed

neutron yields; reflection by the Al container; fi11 and drain tubes connected

to the spheres; asphericity; and the reflection of escaping neutrons by walls,

ceiling and floor of the experimental cell.

"Table 111" along with a "corrected measured" eigenvalue for the solution

sphere alone.

TABLE m (Ref. 3)

Measured and Corrected Multiplication Factors A

These corrections are listed in

Eigenvalue Corrections
Diam of | Reported | Delayed- (In Units of 10-%) Corrected
Spherc Measured Neutron Measured
Exp No. Fuel (in.) A Importance, / COVEY {6N)Al (6N bes | (6N room return A

1 235y 27.24 1.00118 1.1059 1.5 -7.2 -0.7 -2.8 1.00026
2 25y 27.24 1.00073 1.1060 0.9 -7.2 -0.7 -2.8 0.99975
3 B35y 27.24 1.00090 1.1059 1.1 -7.2 -0.7 -2.8 0.99994
4 235y 27.24 1.00028 1.1044 0.3 -7.2 -0.7 -2.8 0.99924
10 25y 48.04 1.00129 1.0402 0.7 -6.9 -0.2 -3.4° 1.00031
5 B3y 27.24 1.00050 1.1062 0.6 -7.2 | -0.7 -2.8 0.99949
6 233y 27.24 1.00103 1.1056 1.3 -7.2 -0.7 -2.8 1.00009
7 A3y 27.24 1.00109 1.1050 1.3 -7.2 -0.7 -2.8 1.00015
8 23y 27.24 1.00033 1.1063 0.4 -7.2 -0.7 -2.8 0.99930
9 233y 27.24 1.00044 1.1055 0.5 -7.2 -0.7 -2.8 0.99942
11 23y 48.04 1.00046 1.0400 0.3 -6.9 -0.2 -3.4 0.99944
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0RNL-4280: 23300, (N0,),, 70 < H/U < 580 (Reference 4)

The discussion of these experiments presented in the source document is
extremely terse. In one page it covers the homogeneous experiments of interest
here, plus raschig ring poisoned and array experiments as well. Portions of

interest are reproduced below:

Presented in Table 2.16.3 are the critical con-
ditions for water-reflected and unreflected spher-
ical and cylindrical volumes of the solution which
had a value of k_ of 1.0000 + 0.0005. A con-
centration at which a sphere was critical was first
established, and then several critical cylindrical
volumes were measured. The results for unre-
flected cylinders have been corrected for the
1.27-cm-thick aluminum base of the container, so
the results describe cylindrical volumes having
aluminum on the lateral surface only.

Table 2.16.3. Critical Conditions of 233UO.‘,(N03)2 Aqueous Solution in
Water-Reflected and Unreflected Simple Geometries (Ref 4)

Critical Dimensions

UO,(NO,), Solution” Cylinders®
Urani Spheres
ranium Specifi _— 50.8-cm diam 38.1-cm diam 25.3-cm diam 20.3-cm diam
Concentration pGCf © H:?3%y Radius Mass - . - - -
(g/liter) Gravity (cm) (kg of U) Height Mass Height Mass Height Mass Height Mass
. {cm) (kg of U) (cm) (kg of U) {(cm) (kg of U) (cm) (kg of U)
Unreflected Assemblies
333 1.468 73 13.36 9.02
204 1.280 122 13.51 5.59 15.14 3.52 24.69 2.53
131 1.183 195 14.579 1.70 14.07 3.74 16.35 2.44 28.52 1.88
102 1.144 253 15.078 1.46 17.60 2.05 33.40 1.71
74.6 1.106 349 15.821 1.24 19.35- 1.65 43.69 1.64
44.6 1.050 581 18.378 1.16 -+ 26.37 1.34
Water-Reflected Assemblies®
132 1.186 194 11.170 0.769 13.42 1.77 17.22 1.14 22.86 0.976
95.0 1.135 273, 11.847 0.662 d d 19.67 0.939 20.02 0.824
47.9 1.068 548 14.579 0.621 19.6 1.07 31.53 0.757 d d

*See Table 2.16.1 for isotopic content of the uranium.
SAluminum cylinders had a 1.5-mm-thick wall and 1.27-cm-thick bottom. Spberes were of aluminum with 1.22-mm-thick wall.

°There was no reflector on the top of any cylinder. The surface of the reflector water was 24.3 cm above the solution, a distance equal to the bottom
reflector thickness. .

9There was insufficient solution inventory to achieve criticality; the maximum solution height was 12.5 cm in the 38.1-cm-diam cylirder and 68.2 cm
in the 20.3-cm-diam cylinder.
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The isotopic content of the uranium used is given in the following table: *

[sotopic content of uranium (%)

232 ,

U (ppm) 6.47
*Hy 97.54
RRE )

u 1.05
_JSU 0.03
2ib

U £0.01
Y 1.39

The document states that, "There were no impurities present in significant
quantities."” No comment is contained in the document about the presence or
absence of excess acid. The article from which this description was extracted

is reproduced in full in the last section of this document on "Arrays and Raschig

Ring Poisoned Solutions."
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Thomas, Fox & Callihan: 233UOZE_Z,__380 < H/U < 660 (Reference 5, 6)

Criticality was achieved in two water-reflected spherical vessels of
diameters 26.4 and 32.0 cm over the temperature range from 20° to 100° C.
A single unreflected criticality was also achieved at room temperature in

the large vessel.

The remainder of this discussion is reproduced from Ref. 5. No other
information is given in either Ref. 5 or 6 from which to calculate number

densities of solution isotopes.

SoLuTIONS

Aqueous solutions of uranium oxyfluoride containing predominately the U
and U™ isotopes were used in these experiments. The isotopic concentrations
were 98.7% U™ and about 90% U™, Spectrographic analysis of the solutions
and reflector water were made during the experiments and no significant buildup
of impurities was observed. :

REACTORS

Two spherical reactors having diameters of 26.4 cm and 32.0 cm were fabri-
cated of 3S aluminum 1.27 mm thick. (These diameters are nominal in the sense
that they are determined from the calibrated volumes.) To provide 15 cm of
water as an effectively infinite neutron reflector, the spheres were mounted in
cyvlinders of appropriate dimensions. The inside surfaces of the spheres were
coated with a plastic to prevent excessive corrosion.

Water was used to measure the capacity of the reactors as a function of
liquid depth in the temperature range from 20° to 100°C. At 26°C, the volume
of the 26.4-cm sphere was 9.660 =+ 0.005 liters and that of the 32.0 cm sphere
was 17.020 =+ 0.005 liters.
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METHOD AND RESULTS

The experiments consisted, essentially, of determining the chemical concen-
trations of the solutions of uranium which were required to make the spherical
volumes critical. From these results a comparison can be made of the values of
g for the two isotopes. The critical masses of U™ and U™ in the two spheres
as a function of temperature can also be obtained from the concentrations. A
brief description of the experimental method and a summary and analysis of
the data are presented.

REFLECTED REACTOR EXPERIMENTS
Experimental Procedure and Data

In a typical experiment the concentration of the solution was adjusted to
have the sphere critical when filled and at a particular temperature. The concen-
tration was then increased and the temperature raised to make the sphere again
eritical when filled. Immediately after the reactor had been critical, duplicate
samples of the oxyfluoride solutions were taken. In most cases the analyses of
these samples differed by no more than 0.5 %.

Table T summarizes the data of the reflected sphere experiments. The atomic
ratios, H/U™ and H/U, as functions of temperature for both spheres are
presented in Figs. 3 and 4. Figures 5 and 6 illustrate the variation of critical
mass with temperature for the two isotopes.

UNREFLECTED REAcTOR EXPERIMENTS
Experimental Data

The following are the critical conditions observed for U™ and U™ uranyl

oxyfluoride solutions in the 32.0-cm sphere (17.020 liters volume) at 27.0°C*

without a water reflector:

U™ gm U™/L (at 25°C):  67.37
H/U™ atomic ratio: 381.0
Critical mass U*:  1146.0 gm

U™ gm U™/L (at 25°C): 125.18
H/T*® atomic ratio: 203.5
Critical mass U™:  2128.8 gm
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TABLE I (Ref. 5)
CriTicAL CONDITIONS FOR WATER REFLECTED SPHERICAL ALUMINGM VESSELS

Fuel concentration

Temperature Volume Mass of X
gm X*/L HX ¢C) @) (gm)
(at 25°C)
U2 Ozyfluoride Solutions
26.4-cm diameter sphere
61.34 418.3 32.0b 9.666 591.0
61.89° 414.6 39.5 9.675 596.3
64.05 400.5 65.5 9.704 611.0
65.84 389.6 83.2 9.723 623.0
67.80 378.1 96.5 9.737 638.0
82.0-cm diameter sphere®
38.75 663.1 26.3 17.020 659.0
39.97 643.1 56.0 17.042 673.0
42.65 602.8 99.5 17.074 703.0
U Ozyfluoride Solutions
26.4-cm diameter sphere
95.14 268.8 27.5 9.661 918.3
97.10 263.3 39.5 9.675 935.3
104.09 245.4 74.0 9.713 989.8
106.75 239.3 85.5 9.726 1010.1
2.6-cn diameter spherec
50.29 515.1 27.0b 17.020 855.8
51.504 502.6 43.0 17.032 872.0
51.44¢ 503.4 43.0 17.032 870.8
£2.16 496.5 54.0 17.042 879.2
53.07 487.6 64.5 17.049 890.3
54.274 476.8 87.5 17.065 899.6
56.284 459.6 87.5 17.065 932.0

e X = [ or 1oL

b In these experiments the vessel was critical with the order of 0.1%, of its capacity un-
filled and at a temperature 5°C lower than this value. Figure 1 and the capacity of the
sphere calibrated over the temperature range were used to obtain this temperature at
which the sphere would have been full and critical.

¢ The values of the concentrations and masses measured with this sphere are believed to
be about 2% high because of a systematic error.

4 Duplicate samples.
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AERE R/R 2081: 2%3y0,F,, 250 < H/U < 850 (Reference 7)

Experiments were performed at room temperature in cylindrical geometry
with uranyl oxyfluoride (U02F2) solutions. Both 233U and 235U were used as
fissile isotopes, at enrichments of 99.6 wt% and 44.6 wt% respectively.
Criticality was not achieved in the measurements reported here, and critical

solution heights were obtained from extrapolations of inverse count rate curves.

Fissile solution was contained in a stainless steel cylindrical tank of
internal radius 15.24 cm having walls 1/8 in. thick. This tank sat on the
bottom of an aluminum tank of diameter 2 ft. 6 in. Experiments were performed
with the outer tank empty and with water reflector having the same depth as
the fissile solution. "Fast reflection" was also investigated, using a
cadnium tube of about 13 in. diameter (thickness unspecified) encircling the

core tank, to cut off "all" reflection of thermal neutrons from the water.

A brass walled BF3 counter (natural boron) of diameter 1/2 in, was
positioned within a reentrant tube of radius 0.79 cm located on the axis

of the tanks. Four other counters were also located in the reflector water.

The critical parameters derived for the solutions investigated are listed

in "Table I."
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LE

3,3 Results (Ref. 7) .
Measurements made et 15°C - 18% on aquecus urenyl tl‘luoride (UOze) solutions in }in. thiok stainless steel oylinders,
TABLE I
OBSERVED CRITICAL DATA
Critiosl Mess of the Fissile Imotope | Critical Height of the Solution Conoentration | pengity of Rydrogen
Finaito | YVriasite (grna. ) fone. sdlutlon | aoniBO)@) | Pty
I8otope i ratio) Reflected 'neff:::e 4 | Unreflected | Refleoted | ef,}i::te 4 | Unreflected (:gf"“o;. goll"”)‘ * (grms/ce) (& 10%
Gore tank intrnal redius of 15,2k cms.
v | . 258 1647 + 11 1 1759 £ 22 | 1879 + 43 23.15+0.15 | 24,75+0,3 | 26,45 + 0.6 175.2 1,247 6,45
y25 493 1264 + L | 1612 +188  s2019 33.75£0.1 b3 +5 > 55 102.9 1,130 6.55
y235 678 1513 ¢ 6 - - 55.15+0.2 - - 77.64 1.096 6.59
u233 2535 | 125445 | 1310 + 16 | k45 + 39 17.10+0,07 | 17.85£0.2°| 19,7 + 0.5 90,14 1,114 6.58
y233 L83 917 + 2 994 +12 | 1217 + 58 23,81+0,05 | 25.8 +0.3 | 31.6 + 1.5 50,11 1,060 6.63
u233 769 98y + 2 | 1165 + 86 - 40, 58+0.08 LB + 3 - 32,27 1,037 6,65 -
y233 ' 854 11093 + 4 | 1458 + 88 - 50.22+0,15 | 67 2 & - 29.16 1,033 6,65
Care tank internal radius of 6,35 oms. ! .
u235 60 ~mewm ==+ Will not become critical ——eo—— - 431.9 1.913 5.63
u233 32.3 >1750 >1750 - >20 | >20 - 392,3 1,785 5.85 i
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Saclay: 233u02(gg3)2, 120 < H/U < 1000 (Reference 8)

233

Experiments were carried out with nitrate solutions of U in cylindrical

geometry, with and without reflection. Results are presented for a H/U
range from 120 to 1000. The results are presented only graphically, on a plot
of critical mass vs critical volume. Uncertainty in values read from the

graph, due to symbol size and lack of grid lines, makes the results hard

to use, however.

Because the H/U range covered in these experiments is covered in other
experiments summarized herein, no translation has been performed from the
published version (in French). For completeness, the sections describing the

experiments and presenting the results are reproduced here.

INTRODUCTION

L.es assemblages critiques ALECTO sont destinés a 1'étude des con-
ditions critiques de récipients cylindriques contenant des solutions aqueuses
de matériau fissile avec et sans réflecteur. Le dispositif critique comporte
essentiellement la cuve & essayer dans laquelle on introduit la solution fis~
sile, entourée éventuellement d'un réflecteur d'eau ou d'un réflecteur solide
(béton, acier, etc.). Bien que ces expériences aient commencé sur une
cuve a fond bombé, elles se sont poursuivies sur des cuves dites «acadé-
miques», & fond plat, réfléchies éventuellement sur leur surface latérale
seulement.

Les expériences ont porté sur le plutonium~239, 1'uranium-235 et
l'uranium-2331, Les buts poursuivis étaient les suivants: Démarrer en

! Ces deux demiers corps ont é1é obtenus grice 2 1°obligeance de 1 USAEC.
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France des expériences de criticité, qui ont commencé sur le plutonium,
seul disponible & cette époque. Bien que portant sur des géométries simples,
les premiers résultats expérimentaux devaient permettre, d'une part de
familiariser les ingénieurs chargés de la criticité dans les usines avec les
ordres de grandeur des masses critiques en solution, d'autre part d'apporter
les premiéres vérifications expérimentales des calculs et de mieux asseoir
les méthodes utilisées dans la sécurité nucléaire. :

A part cet aspect pratique, les expériences ont revétu un caractére plus
général. En effet, en dehors des masses critiques proprement dites, qui
ont donné lieu a diverses comparaisons avec le calcul ou d'autres expériences,
on a étudié les constantes neutroniques de ces milieux, en particulier les
sections efficaces «effectives», les constantes cinétiques etc.

Ce mémoire a pour but principal de donner un apergu de quelques ré-
sultats expérimentaux, en insistant surtout sur les enseignements tirés de
ces expériences, tant du point de vue fondamental que dans le domaine
pratique.

Les expériences décrites ont porté sur des cuves cylindriques de
diameétres variant entre 250 et 420 mm; on passe en revue les masses _
critiques obtenues. Des calculs simples permettent de retrouver, moyennant
certains ajustements, les résultats expérimentaux. Les sections efficaces
utilisées peuvent d'ailleurs étre vérifiées par d'autres méthodes (neutrons
pulsés par exemple). Enfin certaines transformations géométriques ont
permis, d'une part une détermination expérimentale des gains de réflecteurs,
d'autre part des comparaisons avec d'autres résultats.

I. MASSES CRITIQUES

Les expériences faites & Saclay sur les appareillages du type ALECTO
ont porté successivement sur le plutonium-239, l'uranium-235 et l'uranium-233,
Les géométries n'ont pratiquement pas été modifiées d'un matériau fissile
i l'autre, ce qui permet des comparaisons sur les propriétés nucléaires
des trois matériaux fissiles, Par ailleurs, on s'est efforcé de garder toutes
les autres conditions inchangées, par exemple la composition chimique,
l'entourage etc.

1. Description [1-3]

Les trois expériences ALECTO ont été effectuées un hall situé a Saclay,
qui avait abrité précédemment la premiére expérience critique homogéne
PROSERPINE. Dans ces ensembles, on peut rendre critiques des solutions
fissiles dans des cuves cylindriques a fond plat, de diamétres variant entre
200 et-500 mm, la hauteur pouvant aller jusqu'd 1000 mm dans diverses
conditions de réflexion et d'interaction. Chaque expérience est effectuée
dans une cabine étanche, entourée elle-méme d'une protection. A l'intérieur
de cette cabine se trouve le chissis supportant la cuve & l'essai, que 1'on
peut voir, démonté, sur la figure 1. Les solutions fissiles sont stockées
dans des réservoirs circulaires ou plats, de géométrie siire.
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Les cuves elles-mé&mes sont en acier inoxydable NS 22S, de 3 mm
d'épaisseur, entourées d'un détecteur de fuite constitué par une coucheisolante

de buvard entouré d'un clinquant de cuivre.

2. Résultats expérimentaux

2.1. Les solutions

Les trois corps fissiles plutonium-235, uranium-235, uranium-233 sont
utilisés sous forme de nitrate dissous dans l'eau, avec une acidité treés
voisine de 2N. Le contrdle des propriétés des solutions est effectué par
analyse chimique qui porte sur les points suivants:

détermination de la concentration en corps fissile

détermination de la concentration en ions (NO3)~ et en H*

détermination de la densité de la solution

détermination de la concentration en fer.

2.2. Caractéristiques des solutions

Plutonium — Composition isotopique en poids pour 100 g

89py 98,48 : 0,02 g
240p,) 1,48 + 0,015¢
#p, 0,032 + 0,005 g

Uranium-235 — Composition isotopique en poids pour 100g

85y 89,95+ 0,1 g
238 8,97+ 0,9 g
:::U 0,78+ 0,01 g

U 0,30+ 0,01 g

Uranium-233 — Composition isotopique en poids pour 100 g '

B3y 96,98 + 0,04 g
Bay 2,34 £ 0,02 g
By 0,22 + 0,01 g
zs 0,024 + 0,002 g

U 0,43 1 0,01 g

Signalons pour ce dernier la présence de 3, 2% de 232Th et de 50 ppm

de 227,

Ltacidité des solutions est voisine de 2N.

2.3. Masses critiques (diametres 420, 300, 250 mm)

Nous avons présenté les résultats expérimentaux sur les figures 2
(plutonium), 3 (uranium-235), et 4 (uranium-233). L'erreur expérimentale
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FIG.4. Masses critiques (uranium-233) ( Ref. 8)

provient trés peu des erreurs de géométrie (hauteur et volume), mais beau-
coup plus de l'incertitude dans la connaissance des concentrations (1%).
C'est elle qui conditionne 1'incertitude sur la masse. On peut remarquer,
en examinant ces trois figures, les points suivants;

A géométrie identique, pour nos cylindres, les masses critiques les
plus petites sont celles obtenues avec le plutonium, puis viennent dans
1'ordre 1'uranium-233, puis l'uranium-235. Pour une méme cuve, les
volumes correspondant aux matses critiques minimales sont, dans les cas
étudiés, plus faibles pour 1'uranium-233 que pour les autres corps.

On constate également que, grice a un stock de matiére fissile suffisant,
on a pu approcher les volumes critiques minimaux pour les cuves de 300mm
de diamétre de 13 litres pour 'uranium-233 et de 18 litres pour 1'uranium-235.
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233U Metal Sphere Criticals (References 9, 10, 11, 12)

In Reference 9, several of the experimental values reported in References
10, 11 and 12 have been reevaluated (taking into account asphericity of the
experimental assembly, neutron reflection from room walls and support bands,
nickel plate coatings, etc.). The experiments reanalyzed were selected by
the authors as being of greatest precision and general interest. The results
of that reanalysis are presented here, in Table 4. For the sake of completeness,
this table is followed by tabulations taken from each of the other documents,

10 12

labled "Table IV,"]0 "Table VA," "Table IV"]] and "Table I."
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+ w/o = weight percent

# Natural uranium reflector

Table 4. Bare and Uranium-Reflected Spheres of 233U (Ref. 9)
Core Reflector (Spherical Shell)
Composition
Assembly Mass 233 234 235 538 p(U)3 Thickness 235, o(U)
Name (kg U) U U §] U g/cm (inches) (wt%) (g/cm
*
Jezebell 16.53 + 0.4% 98.13 a/o 1.24 afo 0.03 a/o 0.60 a/o 18.424  -—eeee meeee meme-
-------- 7.601 98.2 w/o+ 1.1 w/o -— 0.7 w/o 18.644 0.783 + 1% 93.2 18.80
-------- 10.012 98.2 w/o 1.1 w/o -—--- 0.7 w/o 18.621 0.481 + 1% 93.2 18.80
Flattop 5.74 98.13 w/o0 1.24 w/o 0.03 w/o 0.60 w/o 18.42 7.84 N+ 19.0
* a/o = atom percent
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TABLE 1v (Ref. 10)
U-233 METAL SPHERES

Reflected cores consist of hemispheres coated with 0.005" thick Ni

core — spheric reflector m
composition o (U) 5 thick c
ness
ref w/o0 0233 w/0 U234 w/o0 U238 (g/cma) material (g/cms) (in.) (kg U233) Bmax
4+ w 98.2 1.2 0.6 18.45 none 16.09 + 0.05* critical
+ (52) 98.7° 0.5 0.8 18.42  U(N) 19.0 7.86 5.63 £ 0,03° critical
E (48) 98.2 1.1 0.7 18.64  U(N) 18.92 2.09 * 1% 7.479 >m °
(3.622" dia)
(48) 98.2 1.1 0.7 18.62 U(N) 18,92 0.906 £ 1% 9.84d >nc°
(3.972" dia)
(48) 98.2 1.1 0.7 18.64 W-alloyf 17.21 2.28 + 1% 7.47d >mce
(3.622" dia)
(48) 98,2 1.1 0.7 18.62 W-alloyf 17.21 0.960 * 1% 9.84d >mce
(3.972" dia)
(48) 98.2 1.1 0.7 18.64 Be (98%) 1.83 1.652 = 1% 7.47d >lnce
(3.622" dia)
(48) 98.2 1.1 0.7 18.62 Be (98%) 1.83 0.805 £ 1% 9.84d >mc°

(3.972" dia)

Corrected for effects of Ni coating, supports and small asphericity

Analysis available for one hemisphere only

Corrected for effects of N1 coating, oversize core and compensating gap between core and reflector
Corrected for effects of Ni and clearances between assembly parts

Effect ol_small compensating gap was adjusted to zero; reflector thickness modified

Composition 91.3 w/o W, 5.5 w/o Ni, 2.5 w/o Cu, 0.7 w/o Zr

+ (1) Ref. 11 This report

¥ (52) Private communication, G. E. Hansen (October, 1963).
¥ (48) Ref. 12 This report



Ly

(Ref. 10)

Pu OR U-233 METAL SPHERES WITHIN U(~93) METAL SPHERES

TABLE VA

central ball

U(~93) shell, 7 = 18.8 g/cm>

U(N) reflector
sphare,

= _ L]
3 (Pu,au) dia enrich;ggt critical p=19.0 z/cna 7Ty c s ¥
ref composition (g/cm”) (in.) w/o U thickness (in.) thickness (in.) kg Pu or U kg U max
a b
(48) z?;; ;Cg‘gl), 15,62 3.970 93.17 0.652 t 1% none 8.39 12.64 " ax > LR
(53) Pu(l w/o0 Ga), 15,56 3.510 93.18 1.006 none 5.72 18.8 ¢t 0.3" 65
1.5% pu240
(53) Pu(l w/o Ga), 15.60 2,486 93.17 1.948 none 2.02 36.7 £ 0.1* 130
4.7% Pu240 2
(33) Pu(l w/0 Ga), 13.62 2.484 83.17 1,938 none 2.02 36.35 t 0.1. 118
1.5% Pu240 - 4
(33) Pu (100%) 19,22 2,484 93.17 1,631 none 2,52 26.8 t 0.1c 233
4.7% pu240 7
(34) Pu (;OO%z‘o 19 .48 2.130 83.2 0.974 7.45 1,615 8.81d critical
2.34% Pu
(54) Pu (1001;‘0 19.42 2,130 93.2 0,988 7.43 1.610 9.09d critical
4,73% Pu
(54) Pu (100%;‘0 19,43 2,130 83.2 1,039 7.28 1,611 9.90d ax -
16,1% Pu 9,75 kg U235
233 a b
+(48) U 18,62 3.972 93.30 0.478 £ 1% none 9,84 8.58 L > L
(98.2 w/0)® ax
233 ' ) s b
~+(4a) U e 18.64 3.622 93.16 0.780 £ 1% none 7.47 13.77 Bax > ®
(98.2 w/0) na ¢
%(s3) 233 18.35 2.478 93.17 1.896 ‘ none 2.37, 34.8 t 0.1° 138
(98.9 w/o)!
a 233

Corrected for effects of 0.005" thick Nf on Pu or U

hemispheres and for clearances between amsembly parts

Effect of small compensating gap was adjusted to zero; reflector thickness modified
Corrected for effects of 0.005" thick Cu about Pu sphere and for clearances between assembly parts
No correction for 0.012" thick gap containing 0.010" thick Ni between Pu and U(9+.2)

4 238

1.1 wo U4, 0.7 w0 u

0.9 w/o U234, 0.2 w/o y238

b4
+(48) Ref. 12 This report

* (53) Private communication, H. C. Paxton, G. E. Hansen, D. P. Wood & E. A. Plassmann (May 1960).



COMPUTATIONAL AND EXPERIMENTAL CORRELATIONS AT LOS ALAMOS

Tasce IV (Ref. 1 1)
COMPUTATIONAL AND EXPERIMENTAL CORRELATIONS

i | . N
i Parameter i U»ns J UUl;e:? ) l T3 ' LU',e,f] ’ f Pu?t l I;,‘l;f,ﬁ.
. ! i
: | | '
| o (UBS) /oy (UY) ’ |
: obs. . 6.4 7.1, 49, | 56 | 49 | 5.4
comp. | 6.42 6.98 53.13 | 569 | 3.39 | 6.16
o(NpP)or(UB) | | | |
obs. 0864  0.78 1.026 | 092, | 099, | —
comp. 0.869 @ 0.811 0.978 , 0.909 | 0.949 | 0.839
ot (Pu*) (o (U9) ‘ | ‘
obs. - = T : . I
comp. - 1.403 : 1.384 1.441 ° 1.418 1.437 ¢ 1.398
of(U57) 0y (U53) | |
i 0oDs. : — — — , - — ; —
| comp. 1536 1536 1530 ! 1532 | 1531 | 1332
U0 | |
obs. — P— — Po— | — —
comp. 0.543 : 0.612  0.391 . 0.458 | 0423 = 0.517
(0.475) = (0.331)  (0.349) ' (0.404) i (0.374) | (0.452)
Critical mass* ) ‘ ‘
{kg core) obs. 52.0, | 17.4, ' 16.1 [ | 16.24 5.7,
comp. 516 . 16.7 16.0 i 5.6  16.1 5.5
Effective delayed- : i ' ‘ ‘
neutron obs.** 0.0065,1 — 0.0029,, — - 0.0019, —
fraction comp.*** 0.0069, — 0.0028, — 0.0019,[ — {
Rossi- « at delayed ‘ l : !
: critical  obs. —l10 ! — —1.00 ' — —0.65 — !
(per us) comp. —1.22 @ — L . — —0.63, —

* Specifically the computed and observed critical masses refer to the following idealized systems:
T3 = g critical sphere of Oy (93.8¢9, U3) at ¢ (Oy) =18.75 g/cm>.
U-refl. U= a critical sphere of Oy (94.1% U®%) at ¢ (Oy)=18.7 g/cm? and close reflected with
81/, in of normal uranium at ¢ (U) = 18.8 g/cm?.
U3 = @ critical sphere of ‘23" (98.19, U2) at ¢ (22"} = 18.6 g/em?.
U-refl. U = a critical sphere of “23” (98.1% U) at ¢ (“23")=18.6 g/cm® and close reflected
with 7!/, in of normal uranium at ¢ (U) = 18.9 g/cm3.
Pu®*= g critical sphere of Pu (95 1/,% Pu®®) at ¢ (Pu) = 15.66 g/cm? [2].
U-refl. Pu®®= a critical sphere of Pu (98!/,% Pu®*) at ¢ (Pu)=15.63 g/cm?® and close reflected
with 9!/, in of normal uranium at ¢ (T) = 18.8 g/cm? [2].

** The direct observation is the surface mass increment between delayed and prompt critical.
The S, computed reproduction number change for this mass increment is then identified with the
effective delayed neutron fraction. This is & customary step leading to a computation of the Rossi-x
at delayed critical. The step may be deleted when interest in the Rossi.« measurementas is confined
to implications of flux spectra for then observed derivatives of a with respect to surface mass permit
interpretation without mention of delayed neutrons. The last row of Table IV effectively treats the
Rossi-2 in this fashion.

*** From the Keepin and Wimett [10] delayed-neutron fractions s(U*%) = 0.0064,, 5(U"*) = 0.015,7
(U23%) =0.0026,, (Pu?**) =0.00209 and (Pu¥®)=0.0025, and relative effectiveness computations.

42



CRITICAL U*3 AND Pu® =PHERES

taBLE 1 (Ref.

12)

CriTicaL CORE-REFLECTOR CONFIGURATIONS

Critical reflector thickness®

Core
Material Diameter W eleht Density Enrichment P %Eg;so 5 %snl\;g;o) p“\:‘;'t‘;';‘?;‘lz :‘}};Il‘so;"l’
: . (in.) {in.)
T2 3.622 7.601 18.62 98.25 w/o 0.780 1.652 2.090 2.280
U2 3.972 10.012 18.62 98.25 w/o 0.478 0.805 0.906 0.960
Pu?® 3.970 8.3%6 Pu 15.62 Pu* 0.652 1.432 1.625 1.850

« Probable error is 1¢¢ for these critical reflector thicknesses.
® The Pu?” used in this experiment contains 4.90 atomic 5 Pu?¥, 0.31

filuent.
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CRITICAL LATTICE EXPERIMENTS

Lattice experiments are the only critical experiments which include

thorium in significant amounts. Critical lattice experiments using 235U

232

and Th as fissile and fertile isotopes were performed by Babcock and

Wilcox to support the design of the Consolidated Edison Thorium Reactor]5
(CETR-the Indian Point PWR), and in a parallell BWR development effort

16 (TUPE). The ETk River

called the Thorium Uranium Physics Experiments
Reactor (a BWR built by Allis-Chalmers, which utilized thorium in its
first core) was designed without benefit of critical exper‘iments.]7
Consequently, the only critical experiments performed in support of
thorium-loaded convertor reactor development are those of the CETR and
TUPE programs.

An extensive series of critical lattice experiments utilizing 233U

232

and Th as fissile and fertile isotopes has been performed in support

of the Light Water Breeder Reactor program (LWBR)}S’ 19, 20

However, all
of the thorium-containing cores were zoned radially, and successive ex-

periments used increasingly complex radial and axial zoning patterns.

The earliest (and geometrically simplest series) of these LWBR experi-

235U and 233

ments]8 utilized alternately U as fissile fuel, to allow direct
comparison of lattice characteristics of these two fissile materials.
However, even these lattices were radially zoned into "seed" and "blanket"
regions, and thorium was contained only in the blanket. (ZrO2 was used to
dilute the enriched fissile fuel in the seed rods.) Additional differences

between seed and blanket regions included rod size and lattice pitch.
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In the second and third series of LWBR experiments geometrical complexity

was greatly increased,as the objectives of those measurements were to develop

and refine design analysis methods,]9

20

and to determine power distributions
in realistic core mockups. Heterogeneities such as the presence of control
rods, axial fuel zoning, and the use of multiple seed/blanket modules make
these critical experiments of little usefulness for straightforward validation
of criticality calculational techniques. However, descriptions of these
lattices are included here for the sake of completeness.

A series of exponential experiments using 233

U and thorium was performed
at Brookhaven National Laboratory.Z] However, although the‘lattices were
clean (no zoning - radially or axially - and no control rods) criticality was
not achieved - just measurements of material bucklings. These lattices

are also described here for completeness.

The characteristics of the lattice experiments compiled in this section
are summarized in Table 4. Examination of this table shows that the critical
experiments performed with un-zoned lattices containing thorium (Ref's. 15 & 16)
used on]y-235U for the fissile material. Despite the fact that a fairly
broad range of metal/water ratios was covered, only one rod size.and two
values of Th/235U were studied. Thus the total lack of homogeneous solution

data for 235

U-Th systems is complimented by a limited amount of clean
cylindrical critical lattice data. However, for validation of dissolver
analyses for such fuel, data for additional fuel rod sizes and fissile

enrichments is needed.
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Table 4. suymmary of Critical Lattice Experiments with 'H-Moderated 233U or Thorium
Fertile or Thorium Rod Number
Fissile Diluent Fissile 0. D. Metal/Water Lattice of
Ref. Matem’a]+ Materia]+ Ratios (in.) Ratios Type Experiments
15 235y 2321, 15.0 & 25.8 0.312  0.15 - 1.12  Sq. 10
16 23y 2321, 15.0 & 25.3 0.309  0.48 - 1.02  Sq. 5
18 Sq. & Hex. 10
Seed 233y or 2%y zp 0 0.225  0.22 & 0.64
Blanket  23%U or None  2%%Th 99 ,- 0.570  0.95 & 9.3
19 Hex. 8
Seed 233y or None™ 237y 7,10, 19, 49,- 0.25  1.19 & 1.64
Blanket 233y or None  2%1h 49, - 0.63 2.89 8 1.09
20 Hex. 7
Seed 233y or None” 2327y 15, 23, - 0.305  1.65
Blanket 233y or None  232Th 34, 46, 57, - 0.528, 1.7 - 2.9
0.572,
0.626
21w 233 2321, 32 0.499  0.15 - 1.35  Hex. 21

+ A1l materials are in oxide form

* Axial

reflector region

f —Indicates no fissile content

** Exponential experiments

L]

-




233U was reported in

233

A single un-zoned critical lattice containing
Ref. 18. However, zirconium oxide was used as diluent for the U
fuel in that experiment, and no thorium was present. In that series of
experiments Th was contained only in blanket rods which were driven by a

233U

seed region of 0 -Zr02. Thus data from these experiments are only

2
indirectly useful for validation of calculations for 233U-Th rod Tattices.

233U and thorium

The only critical Tattice data for rods containing
is found in References 19 and 20. As has been nofed, all of these lattices
were zoned radially and axially into seed and blanket regions. And all
but one of these lattices had axial zoning of fissile enrichment in the seed
and/or blanket regions. The complexity of these Tattices makes them of

extremely Timited usefulness for validation of criticality analysis

calculations.

For the validation of criticality analyses of dissolvers designed for
233U-Th oxide fuel rods, data is needed from geometrically simple critical
lattice assemblies of single-enrichment rods in water. Such critical Tattices
should include a minimum of perturbations due to control rods, fuel assembly
cans, etc. Fuel rod sizes, fissile enrichments, and lattice pitches should be

varied to confirm the accuracy of calculations over the ranges of these variables

appropriate to the fuels under consideration.

No criticality data exist for lattices of thorium bearing rods having

235U or 233

either U fissile content immersed in dissolver acid (HN03), or
dissolver solution [UOZ(N03) ]. Such data are needed to validate analyses

of operating and off-normal conditions.
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235
UO2 -

ThO2 rods immersed in water poisoned with boron. However, no such critical

experiments have been performed using lattices fueled by 233U. Exponential

233

Many critical experiments have been performed using lattices of

uo, -

experiments have been performed using boron-poisoned lattices of 2

Th02, however.

No data, either critical, or exponential, exist for lattices poisoned
with gadolinium or cadmium. Data are particularly needed for gadolinium
because it is of special interest for use in dissolver vessels to increase
the batch size allowed by criticality considerations. In addition to its
excellent neutron capture properties, it is highly soluble in nitrate solu-

tions and has no tendency to plate out, precipitate, or stratify. It is also

highly compatible with the separations processes used in spent fuel reprocessing,

and is thus a prime candidate for use in dissolvers.

Finally, no data exist for thorium-containing lattices which also contain

38U. The present interest in "denatured"

U present with either 235U or 233

significant quantities of 2

238

fuels (having sufficient U fissile

material so that its use for nuclear weapons is precluded) strongly
suggests the need for criticality data on thorium fuels containing 238U in

significant quantities.
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Consolidated Edison Thorium Reactor Criticals (Reference 15)

Critical experiments were performed on two types of lattices in this
program. The first lattices investigated were geometrically clean,
lacking heterogeneities due to fuel element cans or water channels between
cans. The second type of lattices studied were three-zoned, canned element
cores having the same cross sectional area as the first lattices. Both
types of lattices had a cylindrical array of fuel pins on a square pitch.
Sections from Reference 15 describing the cores and the results of the

critical measurements are reproduced below.

One of the lattices used for the clean critical measurements was
further investigated with the addition of boric acid neutron poison.
The section describing the measurements and analysis are reproduced below,

except that extensive tabulations of flux traverse measurements are

omitted.

The reproductions follow.
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SECTION 2
PHYSICAL DESCRIPTION OF CORES

The cores for the critical experiments were assembled from fuel

ins containing pellets fired from mixtures of ThO2 and fully enriched
UOZ. The fuel pins were fabricated from AISI type 304 stainless steel
with welded end plugs. Two concentrations were used with nominal
thorium o U-235 atomic ratios of 15/1 and 25/1. The pins were arrang-
ed on square pitches, Seven clean lattice cores of this type were assem-
bled. Each core consisted of a cylindrical array of a single type of fuel
pin. There wefe no heterogeneities from can walls or water channels
between cans. The cores differed in either thorium-to-uranium ratio or
spacing between-ﬁins. )

A three-zone core containing 120 offset cans was assembled with
each can containing 206 of the fuel pins. The cans were fabricated from
aluminum and the cans were assembled to allow space for control rods
or foilowers. The type of pin'used in each can was varied to suit the
rarticular experiment. Other data were measured using square cans

containing 196 pins.
2.1 FUEL PINS

A total of 24, 741 fuel pins were fabricated for this experiment by
the Davidson Chemical Company. These fuel pins (see Fig. 2.1) consist-
ed of T}:.OZ-UO2 pellets enclosed in type 304 stainless steel tubing. The
subing was 50 in, long, 0.312 in., OD, with a wall thickness of 0,019 in.
The fuel pellets were 0. 260 in. OD with an average density of 8.35 gm/cc.
The tubing was filled with fuel pellets to give an active fuel length of
48 £ 1/8 in. Type 304 SS end plugs were welded in each end of the tube,
oczupying 3/4 in. of space each. The remaining 1/2-in. space was pack-
ed with Kaowool to keep the pellets stationary.

Tre Th to U-235 atomic ratio for 12,378 of the pins was 15.00 £ 0. 05;

the ratio for the remaining 12, 363 pins was 25.76 % 0.05. For all illus-

50



trations in this report, the 15/1 pins are represented by shaded circles,
the 25,76/1 pins by open circles. (The 25,76/1 pins are referred to as
25/1 pins.) .

To fabricate the pellets, ThOZ and U308 powders were compressed
into pellets, using an organic resin binder. In sintering ovens, the
binder was driven off and the pellets were sintered to a higher density.
Tke uranium content was determined from samples taken from each
batch; pellet length varied from 1/4 to 1/2 in.

The uranium content in any pin was determined from the total weight
of pellets in the pin and the sinter batch analysis, A statistical analysis
of this information is summarized in Table 2.1, The average mass of
U-235 per pin was calculated using the average U-235 content of the
uranium as 93, 17%. ‘

Davidson's chemical analyses of ThO2 were averaged, A fictitious
element called thorium impurity (ThI) was invented and assigned the
same atomic weight and thermal cross section as iron. Then weight

percent of Thl having the same thermal absorption as all impurities in

'I‘hOZ other than Gd and B was found. The Th in ThO2 was considered to
be composed as follows.

B - 0.9 ppm

Gd 3.1 ppm

Thl 0.14%
Th 99. 86%

Three lots of ThO2 with high impurity content (Tabtle 2.2) were
accidentally used in fabricating the 25/1 pins. A total of 4, 387 of the
25/1 pins contained the substandard Thbz; these were kept separaté and
when used will be referred to as 'bad'' 25/1 pins, »
The Type 304 SS cladding and end plugs were analyzed for B, Cd, Co,
and rare earths at B&W's Research Center, The results are given in
Table 2. 3.

2.2 PIN-ELEMENT CORES

Two aluminum tube sheets, one above and one below the fuel region,
bkeld the fuel pins in a square lattice in the pin element cores. One pair
of tube sheets defined a pin lattice with a 0. 3805 .in. pitch spacing and a

1.119 metal-to-water ratio. Another pair of tube sheets determined a

51



Fal

TABLE 2.1

SUMMARY OF FUEL PIN LOADING

Parzmaerter

Sinter batches
Excluding sinter batches

Number of pins from each
sinter batch

50% confidence interval for

average weight of fuel per pin, gm

Samp’e variance_of weight of
fuel per pin, gm

* 50% confidence interval for

average percent uranium in given

rat:o sinter batches, %

Sample variance of percent
uranium in géwen ratio sinter
batches, (%)

50% confidence interval for
average weight of uranium

per fuel pin, gm

50% confidence interval for

~average weight of U-235 per

fuel pin, gm

Sample variance of weight of
uranium per fuel pin, gm2

% * Equivalent fuel density,

gm/cm3

* Davison analyses.
* * Fuel volume = 41, 65 cm3 per

15/1 Pins 25/1 Pins
1-119 120-187
7, 19, 33, 44 126, 134, 147
72, 84, 85, 87 155, 162

90, 119, 2, 3

8, 9, 41, 42
46, 89

347,74 0.1
4,73
'5.94 £ 0.00

1.81 x 103

20.64+ 0.01

19.23 £ 0.01
0.0385

8.35

rod.

182, 183, 184
185, 186, 187

347.9 £ 0.1

4.57

3.55%£0.00

1.07 x 10-3

12.36 £ 0.01

11.51 £ 0,01

0.0187

8.35



0.4027 in. spacing and a 0.892 metal-to-water ratio. Using different
combinations of the two pairs of grid plates and two sets of fuel pins,
four different cores were obtained. Three more cores were assembled
with larger pitch spacing by removing pins from the basic lattice.
Nomenclature and description of the cores are given in Section 3.

Figure 2.2 is a photograph of one pin element core. The upper tube
sheet, visible in this figure, is made of 5052 Al; it is 4 1/2 ft in diameter
and 3/4 in. thick. The 0.321% 0.005 in. diameter pin holes are spaced
0.3805 £ 0.004 in. apart. Since the distance along an entire row of
holes was held to a tolerance of 0.004 in., the average spacing is 0.3805
+ 0.0000 in. Safety rod guides, visible in Fig. 2.2, occupy 60 pin posi-
tions each. The cruciform, boron stainless steel, safety rods are 5 1/2
in. wide tip-to-tip and 3/16 in. thick. The rod guides are 1/8 in. thick
5052 Al. The top of a special 25-:;.:in test bundle is visible at the center
of the core in Fig. 2.2. The lower tube sheet (not visible) is similar to
the upper tube sheet, except the holes are smaller to receive the tapered
end plugs. ;

A second pair of grids defined a 0.4027 in. pitch lattice. These
grids were of '"egg crate'' construction (interlacing flat metal strips) and
were fabricated with a pin spacing tolerance approximately equal to that
of the drilled type grid plates.

Table 2.4 shows the type of pin and the metal-to-water ratio (M/W)
for the four basic pin-element cores. Taree other cores were made by
omitting some of the pins in Core 9B for special criticality studies.
Every other row and column were omitted in Core (2.0) 9B giving a
square pitch twice that of the 9B Core. Every other diagonal row was
omitted in Core (1.4) 9B resulting in a lsq{uare pitch N/ times the 9B
pitch. One-fourth of the pins were omitted in Core (1.15) 9B giving a
0.439 in. average pitch.

2.3 CANNED ELEMENT CORES

One hundred and twenty cans (see Fig. 2.3) were fabricated from
3/16 in. thick 5052 Al, and filled with 206 of the 15/1 and 25/1 fuel pins
described in Section 2.1. Three grid plates per can held the pins in a
square lattice on a 0.3805 in. pitch. The bottom and top grids, made

of 5052 Al, were outside the fuel region, and a plexiglas grid was placed
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jus: kelow the center of the fuel region. Figure 2.4 is a photograph of a
can and its three grids.” Figure 2.5 is a diagram of the three-zone,
canned element core made up of 120 of the cells shown in Fig. 2.3.

The cans were placed in the core on a flat aluminum plate. Aluminum
strips, 0,080 in. thick, were fastened to the plate for proper can spacing.
The bottom grid plate extends 1/8 in. below the can wall, and the spacer
strips butt against the bottom grid plates rather than the can wall. This
provides the correct water space between the pins in one can and the pins
in the adjacent can, and also makes the core less sensitive to variations
in can size. Clips, designed to slip over the top of the can walls, gave
true spacing between cans at the top of the core. Figure 2.6 is a photo-
graph of one of the canned element cores. | '

The canned cores were loaded with a mixture of '"good'" and ""bad"
25/1 pins in Zone I; a mixture of 25/1 and 15/1 pins in Zone 1I, and 15/1
pins in Zone III,

In some cores only 25/1 pins were used around rod guides and the
perimeter of the core. Since the exact distribution of pins was variedto
suit the experiment, the distribution of pins in the core will be specified
along with the description of each ekperiment.

For special experiments 16 square cans were fabricated from 0. 160 in.
thick 6061 Al, as shown in Fig. 2.7. Offset grid plates were milled square
for use in these square cans. The squareAca.ns contained 196 pins in a

14 x 14 square array, spaced 0,3805 in. center-to-center.

TABLE 2.2
IMPURITIES IN SUBSTANDARD ThO2

Thorium C, B, Dy, Eu, Gd, Sm,
Lot Number ppm ppm ppm ppm ppm pPpm
14 300 20 29 1 19 9
15 380 5 42 1-6 21 12
16 400 20 34 0-9 12 6.6
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TABLE 2.3
STAINLESS STEEL IMPURITIES

Co, B, Cd, Ey, Sm, Gd,
Sample ppm  ppm pPPm  ppm ppm ppm
Type 304 SS:from
Sawhill Tubular Prod.
HT-69570 1140 3-8 <5 <0.1 <0.1 «<0.1
HT-69560 945 3-8 <5 <0.1 <0.1 <0.1
HT-69500 1330 5-10 <5 <0.1 <0.1 <0.1
HT-97227 1175 8-13 <5 <0.1 <0.1 «<0.1
HT-52327 1300 3-8 <5 < 0.1 <0.1 <0.1
End Plug, Type 304(85' 1150 5-10 <5 <0.1 <01 <0.1
Other Elements in Type 304:SS
Element Typical Content, % Element Typical Content, %
Cr 19.0 ‘ Cu 0.29
Ni 9.5 Mo 0.165
Mn 1.5 w 0.205
Fe 67.7 Si 0.55
Sn 0.013 P 0.515
TABLE 2.4
PINNELEMENT CORE PARAMETERS
Core Type of Center -to-Center Spacing
Number Fuel Pins of Pins, in. M/W
9B 15/1 0.3805 1.119
7B 25/1 0. 3805 1. 119
9A 15/1 0.4027 0.892
TA 25/1 0.4027 0.892

55



FIG. 2.1:

Seal Weld

Rigid Inert Insulation
* (Kaowool)

.
Pellets \
. ! _._'-,:t:"i

0.260-in. Thorium Oxide-Uranium
Oxide Pellet

0.274-in. Stainless Steel Tubing

0.270-in. Stainless Steel End Plug

0.019-in. Tubing Wall

Seal Weld
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FIG. 2.2: CORE 9 B
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FIG. 2.3: OFFSET CAN
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FIG. 2.4: CAN WALL AND GRIDS




FIG. 2.5: DIAGRAM OF THREE-ZONE CORE’
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SECTION 3
CRITICAL MASS DETERMINATION

3.1 CLEAN LATTICE CORES

The critical mass was determined for clean lattice cores 7B, TA,
9B, 9A, (1.15) 9B, (1l.4) 9B and (2.0) 9B, Table 3.1 gives the pertinent
data, There were four safefy rod channels in these cores, with the
exception that in cores 7A and 9A two of these channels were removed
and a reactivity evaluation was done. In Core 9B one channel was re-
moved and the reactivity was evaluated. By assuming constant material
buckling and equal reactivity worth for each channel, the critical mass
of these cores can be calculated for the case where all channels are re-
moved.

in cores (1,15) 9B, (1.4) 9B, and (2.0) 9B perturbations caused by
the safety rod channels were compensated by loading the displaced pins

in vacant positions near the channels.
3.2 CAN ELEMENT CORES

3.2.1 Si‘ngle Zone

A critical mass determination was done on a core of square
can elements, arranged in CETR geometry, and containing only 15/1 pins.
This determination was to establish the kw of the Zone III of reference

core. The critical configuration and core data are shown in Fig. 3.1.

- 3.2.2 Multiple Zone

The three zone core was built using offset cans of fuel pins.
The center cans were placed in the core first, and additional cans and
pins were added around the outside until criticality was reached with full
water height. The buildup to the full core was continued in steps of re-
duced water height. The reactivity of the full water height core was
estimated by using the integral water height curve (Fig. 8.2). The re-

sults of these determinations are shown in Table 3, 2.
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TABLE 3.1

CRITICAL MASSES OF CLEAN LATTICE CORES

Lattice Number Number Core U-235 Core
Pitch, of Rod of Radius, Mass, Reactivity,
Core in. M/ W H/ X* Guides Pins cm kg cents
B 0. 3805 1.12 123 4 6529 44,9 75.15 + 9.8
TA 0. 403 0. 892 160 4 4465 40.5 53. 69 + 7.4
2 4785 40,5 55, 08 +38.9
0 4771 39.9 54,91 0
9B 0.3805 1.12 73.7 4 1771 24.2 34,17 + 3.0
3 1825 24.2 35,09 + 9.9
0 1941 24,0 37.32 0
9A 0.403 0.892 95. 8 4 1331 22.3 25,25 + 6.3
2 1401 22.3 26.94 +45,7
1452 22.0 27.92 0
(1. 15) 9B 0.439 0. 647 125 1 1014 20.0 19.5 0
(1.4) 9B 0.538 0.359 229 1 619 19.2 11.9 0
(2.0) 9B 0.761 0.152 537 4 656 28.0 12. 6 0

* Hydrogen to U-235 Atom Ratio.



TABLE 3.2
CRITICALITY OF CLEAN ZONED CORES

Critical Reactivity
U-235 Water Worth at
Number of Pins Mass, Height, Full Water
Zone - 25/1 15/1 kg cm - Height, $
I 2208%* 75.87
4384»»
I 2442 2090 68.30
Total 9034 2090 144,17 Full 0.05
1 2208* 75. 87
4384%*
i 4884 4180 136,59
Total 11476 4180 212.46 70.82 . Not
‘Measured
I 2208 75. 87
4384* »
11 4884 4180  136.59
1 900 8164 167.35
Total 12376 12344 379.81 43.92 10.20

* Reference Pins.
** '"Bad'" Pins.
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FIG. 3.1: CRITICAL CONFIGURATION OF ZONE 3,

SQUARE-CAN CORE
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SECTION 7
LATTICE POISONING EXPERIMENTS

Boric acid was added to the moderator of Core 9B and the buckling
was determined for different core sizes and boric acid concentrations.
The objective of the experiment was to obtain relations between k"::é and

MZ. These measurements, in addition to the dp/dh determinations of

M2 and kco (Section 7), should allow the determination of these constants

to a greater accuracy.
7.1 METHOD OF BORON ADDI‘I‘ION’A.ND ANALYSIS

Boron was added to the water in batches, using a mixing tank,
stirrer, and associated valving. A 5-lb charge was dissolved in the
mixing tank with approximately 30 gal of dump tank water; the mixing
tank was then emptied by pumping the solution through filters and back
into the dump tank. After the desired amount of acid was dissolved, the
dump tank water was thoroughly mixed by circulation from the bottom of
the dump tank through the fill pump to the core tank, and then back into
the dump tank through the dump valve. A '45-min circulation time
proved satisfactory

The ‘amount of boron in the water was determined quantitatively by
titrating with a standard KOH solution after the boron was cbmplexed
with mannitol [I-I‘OCH2 (CHOH)4 CH, OH]. Helium was continuously
bubbled through the sample under analysis to purge entrapped COZ'

The pH was read on a Beckman Zeromatic pH Meter; the amount of
base solution added was read directly from the burette. The neutral
point was the point of inflection in the plot of pH versus amount of base
added.

At least two analyses were performed on each sample. In general,
random error from instrument readings was about 1%; but there exists

an additional 1% systematic error from standardizing the KOR solution.
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7.2 MEASUREMENTS AND RESULTS

Ccre 9B was used for these measurements. Fuel pins were remaved
at safety rod positions. The aluminum rod guides, normally used in Core
9B. were'also out for this experiment. Buckling and dp/dh measurements
were taken as functions of radius and boron concentration. The results
are summarized in Table 7.1 and in Figure 7.1.

The rate of change of reactivity with water height was determined as
described in Section 6.2. The critical water height as a function of boron
cencentration is shown in Figure 7.2; the critical water height with and
without aluminum guides is shown as a function of radius in Figure 7.3.

Buckling measurements were done with Cd covered In foils in all
determinations except Run 9, where Cd covered Au foils were used. The
vertical traverses were fitted to a cosine curve and the radial traverses
to a JO curve using the procedure described in Section 4.1. The results
of the flux traverses are shown in Tables 7.4 through 7.16. The axial
bucklings in Table 7.1 have been corrected for react1v1ty holddown caused
by the Cd covered foils (less than 1% in BZ')

The eifect of aluminum rod guides on Bz was estimated by assuming
that reflector savings does not change with the presence or absence of the
guides. The reflector savings was then obtained from buckling measure-
ments in Runs 9 and 13, and the critical water height with guides in from
Figure 7.3. The results of this correction are given in Table 7.2 along
with the results of Core 9B from Section 4.2.

These results were analyzed to obtain koo and MZ. The basic relations

used in the analysis are as follows:

W.k_(0) = 1+ M%B.?
1 >} 1

where
koo (NB)i
k. i0) -
NB)i is the ith boron concentration and BiZ is the total material buckling
at the ith boron concentration. Then,

h,
‘ it ] '
LAVLAARE é‘ dp/dh (0) dh,
i

rno
o] 6]



TABLE 7.1

SUMMARY OF LATTICE POISONING MEASUREMENTS -- CORE 9 B

Run Number Number of R, h, N, x 1071 dp/dn, B, B’ B’ o8, B’ o« B
c.of Pins Misging cm cm gm Boron/ Atoms/ ¢/cm x1073 cm™ x107%, ecm™ x1073 cm™? %1070 cm™ x107) cin? x107% em™?
Pina At Saf‘et'y Rod liter H,0 cm? of core
Positions
6 1905 224 25.15 77.0 0 0 6.5
7 2089 240 26.30 64.9 0 0 10.9
8 2337 240 27.67 56.45 0 0 30.5
9 2337 240 27.67 57.25 0 0 4.531 0. 060 1.970 0.015 6.501 0.062
10 2777 240 29.94 48.51 0 0 34.5
[ 3645 240 33.97 40. 59 0 0 38.0
12 3645 Plus One 240 33.97 40.94 0 0
Rod Guide
13 3645 240 33.97 40.92 0 0 3.434 0.030 3.271 0. 046 6.705 0. 05%%
14 3645 240 33.97 47.97 0. 2439 0.6410 27.6
15 3645 240 33.97 69.19 0.5537 1.455 16.97
16 3645 240 33.97 78.90 0.7563 1.988 1.118 0.010 4.843 0.060
17 3645 240 332.97 78.99 0.7563 1.988 3.725 0.059
18 3645 240 33.97 8. 24 0. 7563 1.988 10.5
19 3645 240 33.97 109.6 0.9600 2.523 3.745 0.055 4.420 0. 056
20 3645 240 33.97 109.51 0.9600 2.523 0.675 0. 005
21 3645 240 33.97 107.8 0.9600 2,523 4.6
22 4921 240 39.15 66. 06 0.9600 2.523 15.62
23 6769 240 45.63 51.84 0.9600 2.523 18.51]
24 6769 240 45.63 60.82 1.211 3.183 18.5
25 6769 240 45.63 72.85 1.425 3.745 12.81
26 6769 240 45.63 108.1 1.748 4.594 5.26
27 6769 240 45.63 110.0 * 1.748 4,594 1.994 0.020 2.672 0.02)
28 6769 240 45.63 (112.8) 1.748 4.594 0.678 0.004
29 9905 240 54. 89 66.56 1.748 4.5%4 18.4
30 9905 240 54.89 (67.35) 1.748 4.594 1.329 0.022 2.724 0. 024
31 9905 240 54.89 (67.38) 1.748 4,594 1.395 0. 009
32 9905 240 54, 89 76. 68 1.934 5.083 10.9
34 9905 240 54.89 (ll9.3): 2.316 5.083 0.613 0.003 1.866 0.02%
35 9905 240 54.89 (120.2) 2.316 5.083 1.253 0. 025

* Exposure Height, p/B= $0.15
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cm

24.45

24.45

27.67

33.97

TABLE 7.2

BUCKLING CORRECTION FOR ROD GUIDES — CORE 9B

No .Guides With Guides No Guides 2 \z’ith uides
H, cm H_, cm B%x10°, cm” B“x10°, cm~2
122 plus infinite 6.15%
reflector
122 olus infinite . 6.07
-  reflector : ‘
56.45 62.7 6.50 6.19
40.59 41.99 6.70 6.36

Detector
Cd Covered Au
Cd Covered In

Cd Covered Au

Cd Covered In

<
« 1



gl and by

Both heights are for the same

where h. is the critical water height with Ng = (N is the

critical water height with NB = (NB)i+ 1
core radius. The case i = 0 is for zero boron concentration and Wo = 1.
Values of dp/dh(0) for zero boron concentration were taken from Table
6.1. All other parameters were taken from Table 7.1; the parameters
used are shown in Table 7.3. Values for Wi and Bi2 were least squares

fitted for k<=<> (0) and MZ. The analysis yields
k_(0) = 1.308 £0.011, and

M% = 45.7 = 1.8.

TABLE 7.3
PARAMETERS USED IN k_ AND M® ANALYSIS
2
R, h, N_, W, B
B i -3 i 2
cm cm g boron/ x10 7, em
liter Hzo
27.67 56.45 0 1.000 6.501
33.97 40.59 0 1.000 6.705
33.97 78.24 0.7563 0.9274 4.843
33.97 107. 8 0.9600 0.9105 4.420
45.63 51.84 0.9600
45.63 108.1 1.748 0.8607 2.672
54. 89 66 .56 1.748 0.8607 2.724
54. 89 114.6 2.316 0.8337 1.866

dp/dh = 69.0 1r2/(h + 14.5)3 for Boric Acid Concentration = 0
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FIG. 7.2: CRITICAL WATER HEIGHT VERSUS BORON
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FIG. 7.3:
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Thorium Uranium Physics Experiments (Reference 16)

Critical experiments were performed using five geometrically clean
lattices. Each lattice used fuel pins of a single type located on a
square pitch, in a cylindrical array. Sections from Reference 16 des-
cribing the cores and the results of the clean critical measurements are

reproduced below.

In addition to the clean core measurements, an extensive series of
leakage experiments was performed on four of the lattices. For two of
the lattices, measurements were made with boric acid added to the water,
at several different concentrations. Data include critical radius and
height for the various boron concentrations, and hence are of interest
here. The entire section, describing the measurements and analysis is

included.
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SUMMARY

The Thorium Uranium Physics Experiment (TUPE) is a study of
uniform lattice cores moderated with light water. TUPE cores contain
thorium oxide-uranium oxide pins clad with aluminum and have metal-
to water volume ratios, M/W, ranging from 0.3 to 1.0.

Critical experiments for the Consolidated Edison Thorium Reactor
(CETR) have provided data on thorium oxide-uranium oxide fuel, in
stainless steel cladding, moderated with light water. These data are
for cores with M/W near one — the region of interest in pressurized
water reactor design. Experiments at Argonne National Laboratory
(ANL) have provided data on similar fuel in aluminum cladding moderated
with heavy water. These data are for the low metal-to-water volume
ratios that accompany heavy water moderation.

TUPE is intended to complement these data by providing information
on lattices with ratios between the CETR and ANL values — the region
of interest for boiling water reactor design.

The basic aim of the TUPE project is to measure lattice parameters
of cores with ratios ranging from 0.3 to 1.0, and to compare the results
with different theoretical models.

A series of ''tlean core'' measurements were done on five lattices
(the contract required three), including (1) flux mappings, (2) critical
mass determinations, MC, (3) cadmium ratio measurementsg for
U-235- C;5 and thorium, Cj, and (4) flux depression measurements.

These data were then analyzed to obtain material buckling, B:'n;
the ratio of infinite medium thermal multiplication to infinite medium
resonarce multiplication, k, /k;; the thermal disadvantage factors for
moderator Ew/$f and for cladding, $Al/$f; the thorium resonance
escape probability, p ,; and the U-235 resonance escape probability.
These results are summarized in Table 1.

Leakage experiments, including partial water height experiments

ard lattice poisoning experiments, were performed on two cores.
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Leakage experiments were performed on two additional cores without
lattice poisoning (the contract required leakage experiments on two
cores). The leakage experiments consisted of determination of the
water height coefficient of reactivity, 9p/dh, as a function of water
height and boric acid concentration in the moderator. These data were
analyzed to determine migration area, Mz; and infinite medium multi-
plication constant, k = k; + k,. These results are also summarized

in Table 1.
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TABLE i
SUMMARY OF RESULTS

Parameter Core Number
25\2B 25 D 15 D 15 B 15 A
M/W 0. 301 0.480 0.480 0.860 1.024
Noz2/Njs 25. 34 25. 34 15. 00 15. 00 15. 00
Ny /Nys 528 329 165 131 78.0
R_, cm® 27.3 23.5 15.5 17.0 18.1
27.2V 23.2V 15.8V 17.6V 18. 3V
M., kg* 13.46 13.99 9.73 20.79 25.96
B’ x107°, cm"?  5.355 6.401  11.42 9.425 8. 531
C,s 19.8 12. 8 8.7 5.5 4.8
19.9V 13.4V 9.5V 5.7V 4.9V
Co2 2.82 2.26 1.78 1.48 1. 37
4.13V 3.12V  2.24V 1. 70V 1.56V
k, /k; " 18.8 11.8 7.7 4.5 3.8
18.9V 12.4V 8.5V 4.7V 3.9V
$W/$f 1.22 1.16 1.22 1.12 1.22
1.14V 1.12V 1.19V 1.18V 1.18V
N T 1.04V 1.05V 1.08V 1.09V 1.10V
p 0.916  0.878 0.870 0.810 0. 756 ~
02 0.945V  0.918V  0.910V 0. 864V 0. 849V
P,, 0.960 0.933 0. 886 0.816 0.786
0.956V  0.932V  0.895V  0.822V 0.792V
M®, em® ¥ ¥ 41.7 36.6 54.4 57.4
M, cm” ¥ 32.9 28.5 37.7 38.4
M?, cm? 2 41.7V  45.5V  45.3V  52.2V 54.8V
M?, em?U 35.3V  42.7V
Ko ¥ % 1.27 1.42 1.49 1.49
K, * 1.23 1.38 1.41 1.39
K o, 1.22V 1.29V 1.48V 1.42V 1.40V

* Reflected cylinder — 5 ft high

*% One-Group Model

* Gaussian Model

V  Calculated Values

O MUFT Code B — Self-Consistent Age Approximation — One-Group Model
A

Spectral Code, One-Group Model
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1. OBJECTIVES

The objectives of TUPE experiments are to measure lattice
parameters for a series of cores with metal-to-water volume ratios
(M/W) in the range of 0.3 to 1.0 and for Ny, /N;5 = 25/1 and 15/1.
Specifically, material buckling (B;A), critical size and mass, and
nonleakage probability as a function of buckling, P(Bz ), are to be
determined for each core.

If the above objectives are met then the infinite multiplication

constant, k 0’ is

_ o-1,52
2
and keff for any core of geometric buckling Bg is
-1 2 2
keff =P (Bm) P (Bg ). (2)

Additional objectives are to determine as many detailed two-group
parameters as possible, including separation of k, into slow and fast
components, resonance escape probability from thorium, and ratio of

average thermal flux in water to average thermal flux in fuel.
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2. DESCRIPTION OF CORES

Two types of fuel pins were available to the TUPE project — B&W
loaded 3000 15/1 pins with sintered thorium oxide-uranium oxide
" pellets; ANL loaded 1500 25/1 pins to the project. Table 2 lists the

properties of these two pin types.

TABLE 2
PROPERTIES OF FUEL PINS

15/1 Pins 25/1 Pins
oD, in. 0.309 0.309
Clad Material Al-25 Al-2S8
Clad Thickness, in. 0.014 0.034
ID, in. 0. 281 0. 241
Active Pin Length, in. 60 60
Pellet Diameter, in. 0. 260 0.234
Effective Pellet Density, gm/cm? 8. 35 . 8.45
M,s /Pin, gm 24. 04 12. 04
No /Ny 15. 00 25. 34
MThOz /Pin, gm 405.0 341.8
MPellets/Pm’ gm 434.6 356. 8

The pins were loaded in the core tank on a square pitch and held in
place by two ''egg-crate' grids, one placed on a 4-in.-thick aluminum
plate at the bottom of the tank, the other held by an aluminum structure
at about the 5-ft level in the tank. Figures 1 and 2 are photographs of two
of the cores, showing both the upper and lower grid plates.

The three safety rods visible in Figures 1 and 2 were made of Type

304 stainless steel and had a 20-mil cadmium layer on one side; the
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cadmium was covered with thin mylar tape. The safety rods — sized to
fit in the space between. fuel pins without disturbing spacing — were
cocked all the way up for all measurements; therefore, the results are
for a truly uniform lattice.

Each of the five cores studied is designated by a number and a letter;
the number refers to the type of pin,(see Table 2) and the letter to the |
pin spacing. For example, consider the number 15D, where 15
designates the 15/1 pins, and D defines the spacing as given in Table 3.
In core 2542ZB, the pins were 25/1, but the spacing used every other
diagonal row of the B spacing, thus giving a square pitch equal to A2
times the B pitch. Table 3 shows volume fractions and the center-to-
center spacing (p) the metal-to-water volume ratio and the water-to-
fuel volume ratio (W/F) for all cores studied. Here M is the volume of
the entire pin and F is the volume of fuel pellets only. The number
densities of the elements in each core, including impurities, are given
in Appendix 6. Figure 3 is a diagram of the just critical 25~\2B core,
and Figure 4 shows core diagrams used for clean core measurements
on cores 25D, 15D, 15B, and 15A.

TABLE 3
CORE VOLUME RATIOS AND VOLUME FRACTIONS

Ratios
Core p, in. M/W W/F
15A 0.3850 1.024 1.379
15B 0.4027 0. 860 1.642
15C 0.4400 0.632 2.234
15D 0.4810 0.480 2.945
25~2B 0.5694 0. 301 5.794
25D 0.4810 0.480 3.636
Fractions
Core Water Pellets Aluminum "~ Void
15A . 0.4942 0. 3582 0.0875 0.0602
15B 0.5376 0.3274 0. 0800 0. 0550
15C 0.6127 0.2742 0.0670 0. 0461
15D 0.6759 0. 2295 0. 0561 0.0386
25\2B 0.7687 0.1326 0.0906 0.0081
25D 0.6759 0.1859 0.1269 0.0113
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FIG. 3: DIAGRAM OF CORE 252 B
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FIG. 4. CORE DIAGRAMS FOR CLEAN CORE MEASUREMENTS
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3. CLEAN CORE MEASUREMENTS

3.1 FLUX MEASUREMENTS

3.1.1 Experimental Methods

Radial and axial flux traverses were made for f{ve clean
cores; 25N2B, 25D, 15D, 15B, and 15A. The radial flux distributions
were measured with bare and cadmium covered gold foils (1/4-in.
diameter) and with manganese-copper wire. The foils, encased in
aluminum or cadmium boxes, were mounted in accurately spaced holes
in a 60-mil lucite strip, then covered with Polyken tape and placed near
the core midplane. * A 250-mil lucite grid supported the foil holder and
insured uniform fuel rod spacing in the vicinity of the foils. Figure 5
shows the foil arrangement for core 25N2B. For most traverses, the
spacing between foils was one lattice unit; but to determine the effect of
cadmium covers on flux distribution as a function of spacing between
foilé, traverses were taken with foils spaced up to eight lattice units
apart. The radial wire was mounted on a lucite strip and placed near
the core midplane. .

The axial flux distribution was measured with manganese-
copper wire mounted inside concentric aluminum (outer) and lucite
(inner) tubes and inserted along the core vertical centerline.

Foils were normally exposed with the. reactor on a positive
period, and monitor foils were included in each experimental run so that
the data could be normalized. After activation, each foil was counted
six times — up and down in three different end-window gas-flow propor-
tional counters. The saturated activity was computed for each count
rate and an average value obtained.

The wires were counted with a scintillation counter (beta

sensitive crystal) at preset distance intervals on a master-slave

Polyken is a trade name for a product of the Kendall Company.
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automatic wire scanner. ‘ The counting time on the data wire (slave)
equals the time for a fixed number of counts on a control wire (master)
that was activated with the data wire. This method compensates for
decay during the counting period. Each wire was counted at least three
times, and an average relative activity was calculated for each count

position.
3.1.2 Results
3.1.2.1 Flux Distribution

The relative activity as a function of position gives
the flux distribution; radial and axial flux traverse results are shown in
Appendix 5. Figure 6 is a representative plot of the radial flux distribu-
tion measured with cadmium covered gold foils; the distribution plotted
in Figure 7 was measured with manganese-copper wire.

. Cadmium ratios mieasured with the gold foils at
close and at wide spacings were in good agreement. It was concluded
that even with spacings as close as one lattice unit the cadmium boxes

do not alter the flux distribution appreciably.
3.1.2.2 Buckling and Reflector Savings

B.; the positive square root of the radial buckling,
was determined by a least-squares fit of éxperimental data to the theore-
tical equation for radial flux distribution. In the asymptotic region the

radial distribution is
¢ (ri) = AJg [By (ri-14)], (3)

where r, is the distance from the geometric center to the center of the
fitted curve, and A and B, are constants. In the asymptotic region, the
gold-cadmium ratio is constant; therefore, the data were fitted to different
radii in the region where the measured gold-cadmium ratio is essentially
constant. The values of B obtained from the least-squares fit are
shown in Appendix 5.

The radial wire measurements were consistent
with the foil measurements, so manganese-copper wire can be used to
measure the axial flux distribution. Values for B,, the positive square

root of axial buckling, were obtained by a least-squares fit of the
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experimental data over different portions of the axial flux distribution to
¢ (zi) = Acos [Bz (zi-zO ), (4)

where z, is the elevation of the center of the fitted curve, and A and Bz
are constant. Results are shown in Appendix 5.
Each value obtained from a curve fitting was weighted

according to the inverse square of its standard deviation,
2

and weighted mean values, 1-31_ and Ez, were calculated by

n

ZW.B.
171

i=1

=-n————.
'Zw.
1
i=1 -

The standard deviations on the weighted mean values, based on internal

B (6)

and external consistency, were calculated from

1

Pint Tn 1/2 (7)
J‘Vi
i =1 .
_1-1 o 1/2
2
i=1 1
and Text = = . (8)
(n-1) z W.
—_ iz ] —

In each case, the larger and more conservative error is reported.
The reflector savings were calculated from the

weighted mean values of B, and B,, using

2.4048
CILLLL (9)
R+ &
s
B *H+x (10)



The radius, R, in Equation (9) is the effective radius of the experimental
core, given by '

7TRZ= (Number of unit cells) (Area per unit cell). (11)
The core height, H, in Equation (10) is the height of the water above the
bottom of the fuel when the axial traverse was made.

The material buckling is equal to geometric buckling -
for a critical core, but the core was slightly supercritical for the flux
measurements. B, for the critical core was calculated by solving
Equation (10) with H set equal to the reported critical water height, and
A\ set equal to the measured reflector savings. The buckling of the

critical core is then calculated by

2 2 2 2
Bg=Br+Bz=Bm. (12)

Clean core buckling versus M/W is shown in
Figure 8, and Figure 9 shows clean core reflector savings versus M/W;

both are summarized in Table 4.
3.1. 2.3 Critical Mass

Critical mass is defined as the minimum mass of
fuel, arranged in a particular pattern, that will support a chain reaction.

The critical radius, R_, for a cylinder having full water height (infinite

C’
top reflector) was determined by a slight extrapolation for most cores

2
2 2
R_+56 H_+ \ m

where Hc is the active fuel length (152.4 cm) and B:n, 6, and \ are the

from

measured buckling and reflector savings at a water height slightly below
Hc' The number of fuel pins for the critical core with full water height
is calculated by solving Equation (11) with R equal to the critical radius.
The critical mass is then calculated by multiplying the number of fuel
pins by the mass of U-235 per fuel pin. The critical mass for each clean

core is shown in Table 4.

3.1.3 Discussion of Results

Since the experimental cores were not perfect cylinders,

there was some question as to whether buckling is the same along
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different radii. This effect could not be measured (the radial traverse
could not cross the plane of the control rods) so the PDQ program was
used to calculate the flux distributions along different radii for cores
25NZ2B, 25D, and 15D, as shown in Appendix 5. The calculated flux
distributions were then analyzed in the same manner as measured
distributions; the results (Appendix 5) show that the weighted mean value
of B, for all radii falls within the standard deviation for radius C, where
the radial traverse was measured.

The asymptotic region determined from PDQ results agrees
satisfactorily with the asymptotic region determined from the gold-
cadmium ratio measurements. Axial flux calculations at different radii
and radial flux calculations at different elevations verify the separability
of the radial and axial fluxes.

Core water heights for the flux traverses were below the top
of the active fuel; therefore the region above the core was active fuel
and the region below the core was mostly aluminum (grid and base
plates) with 1.9 cm of water in the grid. Thermal neutrons leaking from
the core will cause fissions in the fuel region above the core and provide
a fast neutron source. In a sense, this fast neutron source acts as a top
reflector, and since the reflector savings at the top and the bottom of
the cofe are not equal, the axial flux distribution is not symmetric.
Axial flux traverses indicated a slight tilt in the distribution, so axial

flux data were fitted to
¢ (2z,) = Acos [Bz (z.l-zo)] + Dsin[2 B (z.-z, )] . (14)

There are four unknowns — A, Bz, D, z, — in Equation (14), and a fit
of experimental data over different portions of the flux distribution
showed considerable variation in these parameters even though the fit
was excellent. The weighted mean values of B, calculated with Equation
(14) were in fair agreement with values calculated with Equation (4) but

results for fits to different heights were inconsistent.
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L6

Parameter
Pitch, in.
M/W
W/F
No. Fuel Pins
Effective Radius, cm

Core Height, cm
Critical Height, cm
Eri v, cm~! x 1074
By,tuo, cm=!x 1074
Ez crit “'x 10

6to, cm

-4
o, cm

Ato, cm
. - -4
B‘+o, cm zx 10

Critical Radius, cm
(Full Water Height)

No. Fuel Rods
(Full Water Height)

Critical Mass, kg

25N2B

0.
0.

5

27.
137.
135,
. 25%0.
7410.
17+0.
. 67+0.
9210.
5510.

701

205.
209.

14.
53.
27.

13

CLEAN CORE FLUX TRAVERSES

TABLE 4

SUMMARY OF RESULTS

5694
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. 794
1146
62

79
27

1118

.46

73
92
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04
68
11

25D

0.
0.
3.

4810

480
630

1176

23.
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140.
773.
200.
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13.

64

06
50

50t2.
78+0.
4010.
.45+0.
13.
64.
23.

41+0

1162

99

96
54
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.42
01+0,
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Core

€

15D

0.4810
0.480
2.945

15.

139.
135,
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15.
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15.
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. 09
.07
.61
.70
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94.
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4. LEAKAGE EXPERIMENTS

4.1 DERIVATION OF BASIC EQUATIONS

The purpose of leakage experiments is to determine the infinite

multiplication constant, k , and the migration area, M’?. In the one-

group diffusion analysis of nuclear reactors, these parameters are

related by
2_2
keff (1l+M B),

where

[2.405/(R + 6)]°+ [ /(H + M]°
Critical core height,

Critical core radius,

> Wwon b A
u

Axial reflector savings, and
6

From reactor kinetics,

Radial reflector savings.

p= (kg1 /k gp and,

if k = 1.0, then

eff
dp = dkeff' - .

The differentiation of Equation (20) with respect to h yields

2
deotr  gp  FertM [dBZ:l

dv &b 4 \Pp? | b
Again applying the condition keff = 1 and making the substitution

2

M .
1 + M*B?
Equation (24) reduces to
d 2
P _c4B
dh dh

If the age critical equation

_ 2_2
koo—keffexp(M B)
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is used instead of the one-group critical equation, Equation (24) becomes

dkeff dp ; » dB?
dh dn ~ feft M g (28)
Applying the condition keff = 1 and defining
2
C=M (29)
Equation (28) also reduces to
dp dB?
- S (26)

Thus Equation (26) is applicable to both models with the constant C
defined either by Equatior (25) for the one-group model or by Equation
(29) for the age model. Note for the one-group model, C is dependent
on 13Z , but for the age model C is independent of BZ .

2
The value ofghé can be obtained directly from Equation (21) by

differentiation. Experimental measurements indicate dg is
approximately zero, therefore, _
2 _2r? dx
2B i E+Eﬂ, (30)
{tH +\)

and Equation (26) reduces to

dp

ga _2r’c |:+ x]. (31)

d\  is assumed to be zero and Equation (31)

-1/3
reduces to a linear function of[dﬁ versus h with an h- intercept of

Generally the value of

-\ and a slope of (27r2 C)1/3. ‘However, experimental determinations of
N\ at various water heights consistently show a variation with h. There-
fore, this assumption cannot be applied for these cores.

There is not enough data collected to establish the functional

relationship between h and \, but if a linear relationship is assumed of

the form
AN=Ah+ D, (32)
Equation (31) becomes
/3
C[2r?c(1+A)] Tap7” D
H = (33)
1+A dh 1+ A
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The quantities B’ and MZ must be determined to calculate koo‘ To
determine BZ , the quantities H, R, 6§, and \ are measured; to determine
MZ , the value of C is calculated from measured values of H and dp/dh
and used in Equation (25) or (28). In reactors with nearly all thermal
neutron absorptions occurring in the fuel, a change in the thermal
absorption cross section of the moderator will produce almost no change
in M® but an appreciable change in B®. This change in thermal absorption
cross section can be accomplished by the addition of boric acid to the
moderator. Therefore, C and B® determinations at several boric acid

concentrations will improve the determination of M.
4.2 EXPERIMENTAL METHODS

4.2.1 Determination of dp/dh and H

The quantities dp/dh and H are determined by measuring the
reactivity, p, at corresponding water heights, h. The slope of the curve
of p versus h is dp/dh; the zero reactivity intercept is H. Thus two
measurements are required, p and h.

Reactivity is measured from the reactor period using the
inhour equation. To measure period, a special B&W designed electronic
scaler counts the pulses from two neutron detectors for 12 sec, prints

the totals on IBM cards, and resets, all on a 15-sec cycle. The average

ratio of adjacent counts is related to period by -
15
T —2—— (34)
In (Cz ; C]_ )
where T = reactor period in sec, and

(G 7CY)

An electronic computer determines the period from each detector, the

average ratio of adjacent counts.

standard deviation of each period, the weighted average period, and the
weighted deviation. If the periods from the two detectors differ by more
than 16% the average is not computed and the point is discarded. The
conversion to reactivity is made using the delayed neutron fractions
reported by Keepin and the total delay fraction calculated in Appendix 4.
The water height is measured by two devices; one measuring

the absolute height, H_, to £0.1 cm, the other measuring relative

m
water height, h., to £0.005 cm. The true absolute water height, h,
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ccrresponding to each reactivity measurement is

(Hm-hr)

h————+h : (35)
n r
where n is the total number of steps.
The electronic computer calculates dp/dh and H by least
squares using a weight on p of
2

W [-pT_E] , (36)

the weighted average period, and

where T

the weighted deviation of the period.

it

o
(The calculation of this weighting factor requires the assumption that the

reactivity is proportional to the reciprocal of the period.)

4.2.2 Determination of ».,, 6§ and R

The radial and axial reflector savings are determined from
flux distributions for most cores. Two flux distributions were made for
each borcn concentration; one in which the core was critical at a low
(~40 cm) water height and one at a high {~ 130 cm) water height.

The critical radius of a core is the square root of the number

of pins divided by 7 and multiplied by the pin pitch.

4.2.3 Determination of Boron Concentration

The moderator boron content was quantitatively analyzed
by titrating a sample with a standardized KOH solution after the boric
acid is completely ionized by complexing with mannitol. The point of
inflection in the curve of pH versus volume of KOH is the point of
neutralization.

Samples were drawn every operating day and at least two
analyses were run on each sample. A very slight increase in the acid
concentration with time was assumed to be due to evaporation. The
analyses are accurate to £ 1%, but standardization of the KOH introduces

a possible additional + 1% error.
4.3 EXPERIMENTAL RESULTS

One series of measurements was done on core 25D and one on

core 15A; the moderator contained rno boron here. Four series of
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measurements were done on core 15D and four on core 15B at four boron
concentrations (including zero).

Table 8 lists the experimental measurements used in determination
of X and B’ for all the cores; Tables 9 through 12 list the experimental

measurements used in determination of C.

4.4 METHOD OF ANALYSIS

The experimental values of A\ were used to calculate the constants
A and D of Equation (32) and their standard deviations, using Equations
(37) through (40) (these equations apply for cases where two determina-

tions of \ were made).

A =N =N\ /(H -H,) (37)
cp = o] + oy 2w, -1, (38)
D =1/2[\ +X; -A(H; + H;)] (39)
1/2
0’D=1/2{o-f+cr:+[(H1 +HZ)0'A]Z} (40)

For cores 15A and 25D \ was determined only once; the value of A
was assumed to be zero for these cores. To reduce the data in a
consistent manner, a second measurement was defined at a 100 cm
height of the same value and standard deviation as the measured value.
Likewise, on core 15D only one measurement of \ was performed.
However, this value was compl'efely out of line with th.e values from
other measurements and was discarded. A least squares extrapolation
of A from Series 2, 3 and 4 yielded a value of 8.53+0.9. This value
was then treated in the same manner as outlined above for cores 15A
and 25D. |-d -1/3

The experimental values of H and d:. ' are least-squares fit
‘with equal weighting through the intercept D (1 + A) by Equation (33).
The slope and the slope standard deviation for the resultant line are

ZH.X. - (D/1 +A) =X,
1 !, and (41)

Slope 3
zZ X,

= v? e 1/2
o-s ={ 1] { ZN , (42)
N-2 NZX; - (Z xiy2
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-1 /3
x =Ldp
-.h =
where E‘?] ,

N = Number of data points, including the intercept, and

Data variance from computed curve (variance on
intercept was op divided by the slope.

ti

v

By Equation (33),

C = (Slope)3z(l + A)z ) (43)
2w

1/2

2

20'a 30'S
= + . 44
and O'C C (1 N A) Tsl-—o—ﬁg) ( )

Table 13 gives the values of C obtained for each core, and the

values obtained for A, and D.

4.5 ANISOTROPY IN MIGRATION AREA

If the migration area is considered to be different in the radial and

axial directions then the multiplication constant for a one-diffusion-group

model is given by

kg
keff'~ 2 2 z _z (45)
1+M B +M_B
ror Z " Z

and for a Gaussian slowing down model by

2 _2 2 2
ke =k, o -[M B + Mz By]. (46)

For both models then

2
M- B + M B = constant, therefore (47)
ror 272
2 M
__l_éz = - (2.405) ; 1 > + constant. (48)
(H +\) r? M, (R+38) .
A plot of 1 versus —-—l——z— gives a straight line with a slope of
(H +\) (R +8)
2
M
-0.586 ——.
MZ
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Since the radial reflector savings, 6, is an appreciable fraction of
R + 6 for the TUPE cores, the anisotropy obtained by this method is
dependent on §. The radial reflector savings were measured at two radii
for most cores. To provide values at other radii, calculated curves of
§ as a function of R were fitted to the measured values. Then, using a
one-group model and matching the neutron current and flux at the core
reflector interface, for a cylinder
J) (BLR) _ D, K;(R/L;)
c ¢l (B_R) L_ K (R/L)

(49)

where BC is the square root of the radial buckling, Dc and Dr are the
diffusion constants in core and reflector, Lr is the diffusion length in
the reflector and R is the radius to the core-reflector interface.

Letting R = a6 and substituting 2.405 ¢or B gives
R+ 6 ¢

a
2.405a\ K;(=—§
205 5 (A2 ) °(Lr ) 5

! 2.405a) a ) °
5 (B Kl(Tr5

, (50)

where 60 is_b_c. Lr’ the reflector savings for large values of R. Then,
§ was found for various values of a and 6, by iteration. The & in the
argument of K0 and K1 was first assumed to be 60 and Equation (50) was
solved for §. This value was then used and another § determined. At
the lowest values of R approximately four iterations were required.

Figure 12 shows the calculated curves of § (R) and its measured values.

Plots of —l—z as a function of —1—2 were then made for each clean
(H+ \) (R + 68)

core and MZZ/MZr was determined from the slope. These results are

given in Figures 13 through 15.

When anistropy is introduced, Equation (25) (one-group model)

becomes 2
M
C= 2 zZ 2 _2 (51)
1 + Mr Br + MZBZ .
Therefore
2 C
MZ = > . (52)

98




2

Using measured values of C from Table 13 and values of Mi/MZ

obtaired above, MZZ and Mi were then determined. An effective value
of migration area for the core was then defined as
,  BUM. +B,M,
M £ = r r . therefore (53)
€ 2 2
Br + BZ
k_=1+M_ [B.+B%] (54)
0 T eff VT Z

The values obtained for each core are shown in Table 14.
Using a Gaussian model and introducing anisotropy changes

Equation (29) to

2
C= MZ | (55)
Mi_ and MZZ were obtained from the values of C in Table 13 and the ratio

MZZ/Mi- determined above. Again

. By M, +By M,
MEff = 2 2 , and (53)
B +B
r Z
2 2 2
K= e M_[B +B,]. (56)

The results for this model are also shown in Table 14.
4.6 RESULTS OF ANALYSIS

The value of C for a particular core varies inversely with B® when
the one-group model is used, but C is independent of BZ when the
Gaussian model is used. Thus the more exact model for these cores
can be determined by examining the variation of C with respect to B’
in cores 15B and 15D. The values of C for core 15B are nearly constant,
except that one series yields a lower value of C than the others — one-
group theory would predict this series to have the highest value of C.
Thus, on the basis of leakage experiments, core 15B appears to be
more accurately described by the Gaussian model than by one-group.

Similarly, core 15D has three values of C nearly constant with one
lower value. However, the low value is in the first series, as the one-

group model would predict. For the Gaussian model to be true, this
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value must be discarded and an average obtained from the other series;
however, this low value of C gives a very low M2 value even in the one-
group model indicating that it may be in error. Thus, with the exception
of this one value, core 15D also appears to be more accurately
described by the Gaussian model.

Since the Gaussian model is not believed to hold true for water-
moderated cores it is possible that an error exists in some other factor

used in data analysis, giving rise to the apparent independence of C on
2
B .
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TABLE 8

EXPERIMENTAL DATA FOR DETERMINATION OF B? AND

GAMMA VALUES USED IN LEAKAGE EXPERIMENTS

Core and
Series H cm R, cm A, cm §, cm BZ, ¢cm-%x104
25D 140.5 23.64 13.41+0.42  7.45+0.12 64.01+0.46
15A 127.21 18.36 12.86+0.31 8.47+0.04 85.31+0.26
15B-1 46.99 22.68 11.94+0.18 8.02+0.05 89.79+0.12
121.21 18.06 10.16+0.29 7.84+0.06 91.85+0.18
15B-2 52.14 23.77 12.83+0.28 7.42+0.03 82.86+0.11
129.29 19.65 11.75+0.60 7.39+0.03 84.02+0.08
15B-3 47.45 27.09 13.38+0.22 7.13+£0.04 76.06+0.11
124.60 21.31 12.57+0.47 7.32+0.24 75.08+0.06
15B-4 43,87 30.99 12.84%0.25 6.92+0.03 70.92+0.13
127.07 22,73  12.29+0.40 7.20+0.06 69.61x0.11
15D-1 135.05 15.63 15,29+1,61 7.32+0.07 114.2 +0.7
15D-2 42.69 23.03 10.46+0.35 6.85+0.03 99.79+0.48
94.69 18.44 9.77+0.20 6.79+0.13 99.72+0.96
132.41 17.87 9.44+0.33 6.57£0.06  2B0.45+0.46
15D-3 38.25 27.85 11.51+0.97 6.73+0.06 88.2 1.3
124.21 19.74 11.01+0.35 6.49+0.03 89.46+0.10
15D-4 35.72 32.30 13.62+0.69 6.57+0.04 78.81+0.56
134.58 21.53 11.51+0.20 6.60+0.03 77.69+0.08
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TABLE 9

LEAKAGE EXPERIMENT DATA FOR DETERMINATION
OF C ON CORE 25D ‘

Ny = 0
/8 = 0.0076
Critical (d p/dh) "1/,
Step No. Pins Radius, cm Height, cm cm _1/3
1 1500 26.70 69.85 9.80
2 1436 26.12 75.26 10.16
3 1372 25.54 82 .45 11.16
4 1304 24.89 93.59 12.45
5 1240 24.27 110.72 14.12
6 1216 . 24.04 121.08 15.15
7 1192 23.80 132.83 16.63

140 /

120 4

)

100 _ .
<
yd

80 /
60

b

Slope = 8.713
20

_43.41

-20

(dp/ dh)-l/3 ’

cm L/3



TABLE 10

LEAKAGE EXPERIMENT DATA FOR DETERMINATION

OF C ON CORE 15-A

NB = 0 gm B/ liter
/3 = 0.00816
Critical (dp / dh) -1/ 3,
Step No. Pins Radius, cm Height, cm cm i/
1 1968 24.475 44.08 6.369
2 1576 21.902 54.59 7.476
3 1452 21.022 61.24 8.092
4 1340 20.196 69.84 8.706
5 1224 19.302 83.03 10.005
6 1176 18.919 92.17 10.823
7 1140 18.628 101.72 11.803
8 1108- 18.364 116.19 13.375
140 /////
120
100 o
80 /
3 vd
60 =
/o
Slope = 9.520
20 //
0 (//
—¥-12.86
=20
0 4 8 H 16
(dp/ dh) “1/3,
cm1/;
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TABLE 11

LEAKAGE EXPERIMENT DATA FOR DETERMINATION

OF C ON CORE 15B

NB = 0.070 gm B/ liter
B =0.00830
Critical (dp/dh) -1/3"
Step No. Pins Radius, cm Height, cm cml/'3
1 1576 22.91 46.34 6.74
2 1544 22.67 46 .99 6.51
3 1484 22.23 48,86 7.02
4 1288 20.71 58.98 7.78
5 1176 19.79 68.95 8.72
6 1124 19.35 76.19 9.50
1 1044 "18.65 92.66 11.02
8 1004 18.29 107.44 12.53
9 968 17.95 127.63 14,93
140
120 /
100
80 /
g 60 | y.
40
A Slope = 9.423
20
0 /
L 134
=20
0 4 8 12 16
(dp/ dh)-l/Sr
cm /3
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TABLE 11, CONT'D.

LEAKAGE EXPERIMENT DATA FOR DETERMINATION
OF C ON CORE 15B

Np = 0.322 gm B/ liter
B = 0.00819
Critical (dp/ dn), "5
Step No. Pins Radius, cm Height, cm cm 1/3
1 2000 25.81 43.80 5.97
2 1976 25.65 44 .22 6.66
3 1696 23.76 52.14 7.38
4 1576 22.91 57.23 7.70
5 1436 21.87 67.09 8.72
6 1340 21.13 77.71 10.14
7 1272 20.58 89.30 11.22
8 1208 - 20.06 ; 106.60 12,92
9 1160 19.66 129.29 15.33

140

pd

80

60
§ 5
= 40 2

/&Slope = 9.221
20 A
0 /
20 T o13-8
0 4 8 12 16
(dp/dh) -1/3,
1/3
cm
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TABLE 11, CONT'D.

LEAKAGE EXPERIMENT DATA FOR DETERMINATION
OF C ON CORE 15B

N 0.823 gm B/ liter

B
B = 0.00795
Critical (dp/ dn), "1/3
Step No. Pins Radius, cm Height, cm cm1/3
1 2884 30.99 43.87 6.40
2 2796 30.52 44.73 6.05
3 2684 29.90 46.31 6.31
4 2348 27.97 52.33 7.14
5 2128 26.62 58.86 7.58
6 1976 25.65 65.41 8.76
7 1788 24.37 78.85 19.33
8 1672 23.60 94.08 12.15
9 1592 23.03 112.15 14.00
10 1552 22.74 127.07 15.77
140
120 i
100 /
4
80 /
g 60 o /
S /
20 ,/<— Slope = 9.006
0 /
./13.2
-20
0 8 12 16
dp/ dn)™/3
1/3
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TABLE 11, CONT'D.

OF C ON CORE 15B

N

]

0.586 gm B/ liter

LEAKAGE EXPERIMENT DATA FOR DETERMINATION

B
/Q = 0.00806
Critical (dg/ dn), ™3
Step No. Pins Radius, cm Height, cm cm1/3
1 2496 28.83 42.64 5.88
2 2400 28.27 44.04 6.11
3 2300 27.68 45.68 6.29
4 2204 27.07 47.45 6.41
5 2104 26.47 49.67 6.74
6 2000 25.81 52,86 6.94
7 1788 24.40 61.47 7.90
8 1696- 23.76 66.55 8.58
9 1560 22.80 78.82 9.95
10 1468 22.11 92.73 11.47
11 1396 21.56 112.22 13.75
12 1364 21.31 124.60 15.53
140
- //
100 /-'
80 /p///g
E 60
o /
T 40 /
20 <
/&. Slope = 9.274
0 L
14,
-20 0
0 4 8 12 16
(dp/ dn)~Ys+
cm1/3
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TABLE 12

LEAKAGE EXPERIMENT DATA FOR DETERMINATION
OF C ON CORE 15D

NB = 0 gm B/ liter
/8= 0.00846
Critical (dp/ dh), "V 3
Step No. Pins Radius, cm Height, cm cmx/3
1 820 19.74 43.56 7.00
2 804 19.55 44 .42 7.13
3 772 19.15 48.96 6.84
4 732 18.65 49.41 7.61
5 688 18.08 53.94 8.37
6 648 17.55 59.79 8.32
7 592 16.84 72.34% 9.65
8 556 16.25 90.34 12.96
9 548 16.14 95.73 13.96
10 540 16.02 102.41 13.99

140

120

| e
80 /
60

cm
N

20
S1 = 7.77
0 /<‘ ope




"TABLE 12, CONT'D.

LEAKAGE EXPERIMENT DATA FOR DETERMINATION

OF C ON CORE 15D

Np = 0.235 gm B/ liter
/3 = 0.00817
Critical (d p/dh),"/3
Step No. Pins Radius, cm Height, cm cm 1/3
1 1116 23.03 42.69 6.67
2 1100 22.86 43.34 6.58
3 1020 22.01 46.83 7.22
4 960 21.36 50.42 7.54
5 888 20.54 56.14 8.00
6 788 19.35 70.61 9.77
7 716 18.44 94.69 12.18
8 700 18.24 104.60 13.54
9 672 17.87 132.41 16.91
140 /
120 )////7/
100 9/
. //
g 60 -
o
o 40 A
- Slope = 8.430
i //
0T -11.0
0 4 8 20

(dp/ dh) —1/3v

cm1/3
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TABLE 12, CONT'D.

LEAKAGE EXPERIMENT DATA FOR DETERMINATION
OF C ON CORE 15D

Ng = 0.432 gm B/ liter
A = 0.00799
Critical (dp/dh),“/3
Step No. Pins Radius, cm Height, cm cm 1/ 3
1 1632 27.85 38.25 5.96
2 1568 27.30 39.33 6.25
3 1508 26.77 40.48 6.22
4 1288 24.74 46.33 7.17
5 1184 23.72 50.68 7.27
6 1004 21.84 64.14 9.44
7 936 21.09 74.59 10.31
8 888 20.54 87.21 12.35
9 864 20.26 96.81 13.38
10 840 19.98 109.40 14.72
140
120 ///6//7
100 f
80 vd
£ //6/p/
ci 60 —
o n/‘?/
40 /////T
20 4
////‘<;-510pe - 8.375
0
4/f11.8
-20
0 4 8 12 16
ap/dn) Vs
cml/s

1

10



TABLE 12, CONT'D.

LEAKAGE EXPERIMENT DATA FOR DETERMINATION
OF C ON CORE 15D

Ng = 0.635 gm B/ liter
/B =0.00783
Critical (dp/ dh), -1/
Step No. Pirs Radius, cm Height, cm cml/;
1 2196 32.30 35.72 5.92
2 2144 31.92 36.26 6.14
3 2064 31.36 37.11 6.66
4 1852 29.66 41.03 6.28
5 1648 27.98 44,27 6.70
6 1436 26.12 51.04 7.50
7 1232 24.19 . 63.20 8.67
8 1116 23.03 77.51 11.01
9 1020 22,01 104.91 14.32
10 1004 21.84 112.71 15.50
11 988 21.67 124,11 16.73
12 976 21.53 134.58 17.56
140 /A///
120 T—' —]
100 —
80 //
60 /}
40 o
Slope = 8.269
20
0
-/-13.0
-20
0 4 8 12 16 20

do / dn)5,

cm 1/3
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Core

and Series

25D
15A

15B-1
-2
-3
-4

15D-1
-2
-3
-4

RESULTS OF LEAKAGE EXPERIMENTS

TABLE 13

-
(AN

N o
P A

gm B/ liter A

0 0 0.0085

0 0 0.009
0.070 -0.0244 0.005
0.322 -0.0140 0.009
0.586 -0.0105 0.007
0.823 -0.0066 0.006

0 0 0.013
0.235 -0.0111 0.009
0.432 -0.0058 0.012
0.635 -0.0213 0.007

Dth’ Cicc’
cm cm?

13.41+0.94 33.5=+0,.
12.86x0.31 43,7+1.
13.1 0.6 40.3+0.
13.6 £0.7 39,8+0,
14.0 0.6 40.5+0.
13.1 20.6 37.1+0.
8.53x0.9 23.8+0.
10.89+0.5 30.4x0.
11.73+1.1 28.0+£0.
28.7+0,

12.95%0.7
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’
TABLE 14
M2 AND koo ORTAINED FROM LEAKAGE EXPERIMENTS
One-Group Model Gaussian Modecl
Core N 2 2 2 2 2 2 2 ] 2 2 2 2 2
&Series B C Br Bz Br Bz Mz/Mr Mz Mr Mv(( Meff koo Mz Mr Mcf( Mv(f w0

25D 0 33.5¢0.6 58.30 5.46 63.76 1.02 42.4+0.8 41.6120.8 4]1.7+0.8 1.266+0.005 33.5¢0.6 32.840.6 32.920.6 1.234+£0.005
15A [ 43.74¢1.0 80.34 5.93 86.27 1.15 65.321.6 56.8x1.6 57.4%1.6 1.49 20.01 43.7x1.0 38.0+1.0 38.4%x1.0 1.39 £0.01
I5B-1 0.070 40.3+0.6 84.56 17.03 91.59 1.05 62.3%1.0 59,3x1.0 59.5%1.0 40.320.6 38.4x0.6 38.5+0.6

-2 0.322 39.8+0.8 77.04 6.99 84.03 1.05 58.5%¢1.3 55.7x1.3 55.9%1.3 54.4 1.49 £0.03 39.8+0.8 37.9+0.8 38.0+0.8 37.7 .41 29.01

-3 0.586 40.5¢0.6 69.99 6.30 76.29 1.05 57.5%0.9 54.8+0.9 55.0+¢0.9 2.8 40.5x0.6 38.5+0.6 38.7+0.6 0.8

-4 0.823 37.120.7 63.86 6.34 70.20 1.05 49.4%1.0 47.0+1.0 47.2%1.0 37.120,7 35.3+0.7 35.5%0.7
15D-1 0 23.8+0.7 103.8 10.0 113.8 1.02 32.4£1.0 31.8%1.0 31.9x1.0 23.820.7 23.3x0,7 23.3+0.7

-2 0.235 30.4+0.6 91.5 9.02 100.5 1.02 43.4+0.9 42.5+0.9 42.620.9 36.6 1.42 %0.03 30.420.6 29.8+0.6 29.9x0.6 28.5 1.38 £0.01

-3 0.432 28.0x0.7 80.3 8.45 88.8 1.02 37.0+0.9 36.3+0.9 36.320.9 2.3 28.0+£0.7 27.440.7 27.420.7 0.7

-4 0.635 28.7x0.5 72.6 5.28 77.9 1.02 36.320.6 35.620.6 35.6+0.6 28.7£0.5 28.1+0.5 28.1+0.5
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APPENDIX 6
CALCULATION OF NUMBER DENSITIES

6.1 15/1 PINS

The best reliable value for total uranium weight in a pin, 20.64 gm,
was assumed, and the thorium weight was computed from this value,
assuming that the following are true.

1. Ny /Nzs = 15.00
2. 38% of the uranium is in the form of U304
3. 62% of the uranium is in the form of UO,

This method has the advantage of giving the best value for the number
density of uranium. Thorium is also well determined with the uncer-
tainties falling into O,.

The enrichment of the pellet and the amount of impurities were
taken from a memo, '"Volume Fractions and Number Densities for
CETR Pin Critical Assembly Cores''.1%

;I‘he number density of the aluminum in the cladding was taken to
be 0.0603 atoms/b-cm.

6.2 25/1 PINS

Three values of pin weight given in an ANL memo differ by less
than 0.3%.1% One of the values (the accountability weight) is divided
into thorium, total uranium, U-235 weight, and therefore this value
was used. Assuming that the length of the pin is 60 in., and that the
diameter of the pellets 0.234 in., the density of the pellet is 8.42 gm/

cm?3.
The number densities were computed as for the 15/1 pins. The
ratio N_., /N is then 25.34.
Th' "z
The number density obtained for O; is low, indicating that some
of the thorium or uranium was in the metallic form. A 2.4% error
would allow all the thorium to be in the form of ThO, and all the uranium

in the form of UO,.
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6.3 WATER

The number densities in the water were taken as

N
o

Ny

6.4 IMPURITIES

0.0334 atoms/barn-cm, and

0.0668 atoms/barn, cm.

No data is available on impurities in the 25/1 Pins; the impurities
in the 15/1 pins are shown in Table 53. All impurities are in the
pellets, except as indicated by an asterisk, these impurities are in the

cladding.
6.5 NUMBER DENSITIES IN THE TUPE ASSEMBLIES

The average number densities (atoms/b-cm of core) the TUPE

cores are shown in Table 54.
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TABLE

52

NUMBER DENSITIES IN PINS

(atoms/barn-cm of pin)

4 ~ X
Aty Yy e A

Material 25/1 15/1
0 0.02157 0.02729
Al 0.02371 0.01036
02 0.01059 0.01255
25 0.0004181 0.0008368
28 0.0000313 0.0000489

7\;’; %V'Cﬂcﬂ
TABLE 53

(

IMPURITIES IN 15/1 PINS, x 10 atoms/barn-cm OF PIN

120

Material N Material N Material N
B 0.275 Mn 0.211 Zn* 3.16
C 50 Mn* 1.88 cd 0.0028
N 41.6 Fe 2.6 Sm 0.0044
Mg 0.354 Fe’ 18.5 Eu 0.0021
Al 1.73 Ni 0.197 Gd 0.0655
Si 0.413 Cu 0.458 Dy 0.045
Si 36.8 Cu* 6.56 U-234 8.5
Ca 7.27 Zn 4,45 U-236 4.2
Cr 0.56
TABLE 54
NUMBER DENSITIES IN TUPE CORE

- Material 25N2B 25D 15D 15B 15A

m 0.0512 0.0448 0.0450 0.0357 0.0328
0 0.0305 0.0296 0.0314 0.0306 0.0303
Al 0.0056 0.0078 0.0034 0.0047 0.0052
02 0.00247 0.00346 0.00403 0.00578 0.00633
25 0.00097 0.000136  0.000273  0.000385 0.000423
28 0.0000073 0.0000102 0.0000157 0.0000225 0.0000246



Small 233U Fueled Seed & Blanket Criticals (Reference 18)

Eight lattice arrangements were studied in this series of experiments.
Two of them were brought critical at elevated temperatures (480° F, 650 psi)
as well as at room temperature. All lattices were zoned radially into a
seed region containing 26 wt% U0, - Zr0, (fully enriched with either 233y
or 235U), plus a blanket region containing mostly thorium (either ThO, or
1 wt% 23300, - ThO,). Criticality was achieved by adjusting the size of the

seed region, yielding clean geometry.

Reference 18 contains detailed core diagrams for the eight room tempera-
ture critical lattices, but not for the two hot critical lattices. However,
schematic core layouts are included for all lattices for the purpose of
indicating where flux measurement traverses were made. These schematics are

included in the descriptive material reproduced below.
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I. INTRODUCTION

As part of the overall effort to develop the physics technology required to design a
light water-moderated seed-and-blanket reactor utilizing the uranium-233-thorium fuel
cycle, ,an experimental program was initiated to provide confidence in the fundamental
data available for uranium-233 and to verify the ability to calculate the physics charac-
teristics of these systems. A series of eight small seed-and-blanket critical assemblies
were studied at the Bettis Atomic Power Laboratory. Rod-type seed fuel elements which

contained either uranium-233 or uranium-235 were utilized so that a direct comparison

could be made between the lattice characteristics of the two fuels. Also, blanket regions
which contained rod-type elements with either natural ThO2 or 1w/o U23302-Th02

were compared. The eight assemblies were of two principal types. The first type was

a rectangular array having a central seed region surrounded by a wet blanket with a
metal-to-water ratio of about one, and the second was a hexagonal array having a central
seed region surrounded by a tightly packed dry blanket with a metal-to-water ratio of
about 9.2. All experiments on these eight assemblies were conducted at a temperature
of 20°C. In addition, two of the wet blanket assemblies were studied in the Bettis High-
Temperature Test Facility at 480°F and 650 psi. |

The assemblies were constructed to be nearly clean critical and were used to mea- |
sure a wide range of reactor physics parameters for comparison with calculation.
Measurements included critical axial bucklings, thermal disadvantage factors, fast
advantage factors, seed ;)ower shapes, seed-and-blanket activation shapes, ratios of
epithermal-to-thermal thorium captures in blanket regions, and ratios of epithermal- _
to-thermal uranium-233 or uranium-235 fissions through seed-and-blanket regions. Cal-
culations for comparison with experimentation were performed with diffusion theory and

with more sophisticated Monte Carlo and neutron transport techniques.

This report summarizes the measurements and analysis performed during the exper-
imental program and describes the LWBR facility and the critical assemblies. Inade-
quacies in the calculational method are evaluated and possible solutions suggested. Table
1 summarizes the measured and calculated parametérs on the 8 cold and 2 hot critical

assemblies.
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TABLE 1. SUMMARY OF MEASURED AND CALCULATED PARAMETERS ON EIGIIT COLD
AND TWO HOT CRITICAL ASSEMBLIES

Core
Hot Hot
Parameter SB-1 SB-2 SB-2 1/2 SB-3 SB-4_ SB-5 SB-6 SB-7 SB-3 SB-4
Seed-and-Blanket Activation Shapes
U233 foits X X -- -- X X X - -- X
u23 foils S - - X - -- X X X - -
Th foils X -- - - - - - - X X X X X
Dy-Al foils -—- == - - - - - - X X X -- - -
Th Fission Shape in Blanket -- X - - - - -- - - - - - - - -
0°2" in Blanket X -- - - -- p'e e .- p'e X -
625Ti.‘nSeed - - - - -- - - - - X - - - - - - X
625 in Blanket - -- -- - - p'e - - - - X
523 in seed -- X - - X - == == X X - -
623inB1anket - - - - X - - - - - X X -
Thermal Disadvantage Factor
Seed X X - - X X X X - - X - -
Blanket X - - - - X X X - - X - - -
Fast Advantage Factor
Seed - - - - -- - - - - X X - - - - - =

Blanket X -- - - - - X -- - - - - - -

*002 jg defined as the ratio of epithermal-to~thermal thorium captures.
1625 is defined as the ratio of epithermal-to-thermal uranium-235 fissions.
1623 is defined as the ratio of epithermal-to-thermal uranium-233 fissions,



II. DESCRIPTION OF LWBR CRITICAL FACILITY, FUEL, AND CORES

B. LWBR Facility

The LWBR critical facility was modified for the performance of expe%riments with
uranium-233 fuel. The developmental nature and lack of experience with uranium-233
dictated a conservative approach in modifying the facility and procedures to.study the

uranium-233 fuel.

Experiments were conducted in a small 6-foot diameter tank installed in a 17-foot
diameter vessel. This larger vessel was also designed to contain critical assemblies,
hut was uscd in this instance (with a lid over the top) to prevent the spread of contamina-
tion if a fucl rod should leak during the uranium-233 experiments, An isometric view of
the reactor tank and containment vessel is shown in Figure 2.

C. Description of Fuel -

Four types of fuel elements were obtained for this program, and are given in
Table 2,

The two seed types and the two blanket types had the same physical characteris.tics
and are shown in Figure 6. These seed fuel elements were 0.255-inch OD x 20.8 inches
long, while the blanket elements were 0.570-inch OD x 20. 8 inches long. The seamless
tubing for these rods was “Zircaloy-2, and had a specified clad thickness of 0.016 inch
for the seed and 0.038 inch for the blanket. All tubing was free-standing for the intended
application at 480° F and 650 psi.

All elements contained 15.00 £ 0.06 inch of pressed and sintered fuel pellets with
a 2.0-inch Zircaloy-2 insert in each end. Zircaloy end-caps were welded on each end of
the rods. As shown in Figure 6, these end-caps had threaded holes which were used
during core assembly, Also shown in Figure 6 is a typical test rod with removable end-
caps., These caps contained double O-ring seals which could be tightened to make a

gas-tight seal.

The uraniAum-233 containing pellets were manufactured from approximately 13 kg of
uranium-233, which contained 38 ppm of uranium-232. Uranium-233 in the form of
uranyl nitrate was solvent extracted by Oak Ridge National Laboratory (ORNL) in two
batches. The first batch of G. 950 kg was used for the blanket pellets, while the second
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batch of 6.039 kg was used for the seed pellets. An analysis of these batches is given
in Appendix A. Appendix B gives the uranium analysis of the finished uranium-233 con-
taining pellets. Similar analysis for the uranium-235 seed pellets is given in Appen-
dix C.

The seed pellets were fabricated by cold pressing and sintering to a size of 0.210
= 0.003-inch diameter by approximately 0.250 inch in length. The pellets were 1009
dimensionally inspected, and oversize pellets were ground to the specified size, Simi-
larly, the blanket pellets were fabricated to a size of 0.489 % 0.005-inch diameter by
approximately 0.6 inch in length. Pellet length measurements were not required since
only the full stack length of pellets was important. The pellet nonperpendicularity and
flatness of the end-faces were measured to be less than 0.004 inch and 0.003 inch,
respectively, at an assurance level of 95 x 95%. All pellets were of high density. The

measured densities are summarized in Appendix D.

Chemical analyses were conducted for impurity levels. These were expressed in
terms of boron equivalents where the conversion factors were determined for the expected
neutron spectrum. For the uranium-233 solution, the total boron equivalence was less
than 80 ppm. (For most elements, the value used in the total was the lowest level of
detectability of the analysis.) The only significant impurity was found in the blanket
elements. It was found that the thorium starting material was contaminated with from
1 to 5 ppm of gadolinium, where the value depended on the sampling plan used in the
drum of starting material. Except for this gadolinium, all impurities were well within

the limits established by the specifications.

The fuel rod dimensions and material number densities are summarized in Appen-

dix E. A detailed description of the fabrication of this fuel is given in Reference 2.

D. Description of Cores

The assemblies studied were of the seed-and-blanket type composed of a central
seed region surrounded by either a wet or dry outer blanket. Overall core height was
20. 83 inches, with an active fuel length of 15 inches. All cores were approximately
clean criti!:al, with an excess reactivity of only a few tenths of one percent. The eigh_t
assemblies constructed are shown schematically in Figure 7 and are shown in greater

detail in Figures 16 through 23. Table 3 gives a detailed description of the lattice.
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Four B-10 stainless steel blade-type control rods were located in the seeds for shutdown
and control. When inserted, these blades fitted between the seed fuel rods and were
guided only by the upper core structure grid. During operations the blades were almost

fully withdrawn and caused no perturbation in the lattice.

The top row of assemblies in Figure 7 (SB-1, SB-2, SB-2.5, SB-3, ané SB-4) are
rectangular and except for SB-2.5, which is a bare seed, have a wet blanket, The
mechanical arrangemént for these cores is shown in Figure 8. The core rested on a -
3/4-inch étainless steel base platé, which in turn rested on a 1-inch stainless steel core
support structure. The lattice spacing and seed-and-blanket geometry were maintained
by the upper and lower fuel rod spacer plates of 1/4 inch stainless steel. An intermediate
éuppo:‘t plate, made by welding 0.02 x 0.100 x 11-inch zirconium rectangular wire into
a 11 x 11-inch grid, was used to reduce any fuel rod bowing., The design of the uppér
spacer plate is presented in Figure 9. Fuel rods were placed on a square array, and this
design permitted the interchange of four seed rods with one blanket rod. The seed sizes

were adjusted to obtain the required clean critical configuration,

The bottom row of assemblies (SB-5, SB-6, and SB-7) are hexagonal in shape with
a dry outer blanket and fuel rods in a triangular array. The blanket fuel rods were
spacéd with a 0. 001-inch nominal clearance between rods. A view of this arrangement
is given ini’fgtires 10 and 11. The design provided for the interchange of one seed fuel
rod with one blanket rod. This was done by placing plastic rings which had an outer
diameter equal to the blanket rod diameter at the top, bottom, and center of each seed
rod. With this arrangement, the seed sizes were adjusted such that the cores were clean
critical.
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VII. HIGH-TEMPERATURE TEST FACILITY EXPERIMENTS
A, Irntroduction

Critical experiments were performed at 480° F and 650 psi on two wet blanket assem-
blies in the Bettis High-Temperature Test Facility. The first assembly was a hot version
of the SB-3 core, and the second similar to the SB-4 core. Fuel loadings of both cores
were increased in the hot versions to account for the negative temperature coefficient and

allow the cores to be critical at 480° F,

Measurements similar to those made on the cold cores were performed hot and com-
pared with analytical model calculations. The information obtained serves as a check of
the ability of the model to calculate the physics characteristics of these systems in the

operating temperature range.
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TABLE 2. DESCRIPTION OF FUEL ELEMENT TYPES
Number of Fissile Fuel
Type Nominal Composition Rods (kg)

Seed 26 w/o U23302-Zr02 ~ 396

Seed 26 w/o U23502—Zr02' 625 .

Blanket ThO 1386 - -

2 233
Blanket 1w/oU 0,-ThO, 1331 5.4
TABLE 3. DESCRIPTION OF LATTICE CONSTRUCTION
5
H/U* Ww/ut  H/Th*  W/Tht
Seed Blanket Blanket in in in in Core Lattice
Core _ Composition Composition Type Seed Seed Blanket Blanket Geometry Type
SB-1 26 w/o U?3%0,-zr0, Tho, Wet 37 - 26 4.4 1.97  Rectangular  Square
SB-2 26 w/o 1,123502-Zr02 ThO2 Wet 38 27 4.4 1.97 Rectangular Square
SB-2.5 26 w/o U25°0_-ZrO - - - 38 27 - - - - Rectangular  Square
2 2 it de
SB-3 26 w/o U23°0_-2r0, 1 w/o U2330_-ThO Wet 38 27 4.4 1.97  Rectangular  Square
2 2 2 2 - __ =
SB-4 26 w/o U3%0,-2r0, 1 w/o v**%,-Th0,  Wet 37 26 4.4 1.97  Rectangular  Square
SB-5 26 w/o U23502—Zr02 Tho2 Dry 107 76 0.46 0.21 Hexagonal Triangular
SB-6 26 w/o U23502-Zr02 ThO2 Dry 110 78 0.46 0.21 Hexagonal Triangular
23 '

SB-17 26 w/o U 502—Zr02 1 w/o U23302—Th02 Dry 110 78 0.46 0.21 Hexagonal Triangulal

*Atom ratio.

YRatio of volume of water to the volume of uranium (or thorium) at 20°C.
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130



SEED
. BOUNDARY

>

4

CORE
OUTER
BOUNDARY

PLAN VIEW

INTERMEDIATE SUPPORT,
PLATE CONTROL ROD FUEL ROD
SPACER PLATES

UPPER CORE
POSITIONING
FRAME = ety
jf S— ] r.J“
v\/‘-/- ~ a
‘_1_ L f‘\’_j
=
H H SHIELDING SUPPORT
i COLUMNS
CORE BASE
I 7222772222227, PLATE
‘ ' '
: /
: ¢ 72-IN,
: : TANK
' '
s pCORE_‘—‘— : :
UPPORT ’ 72-IN
STRUCTURE / /‘riNx'BAsE
3 PLATE
WU LLLL Lkl L L L Ll e L Ll Ll OIS TE. VIS OIS TIITITIIIOIIIIITIIIIOIIIIIIIiY
SPACER NEUTRON
BARS SOURCE
TUBE
SECTION A-A

Figure 8. Core Support Structure for Wet Blanket Core Assemblies.

131



ﬁ TYRICAL SEED HOLE

CONFIGUAATION
INSERT CONFIGURATION

INSERT SULANKET SUEL RODS

CONTROL ROD

Figure 9. Diagram of Upper Spacer Plate Design.




CONTROL ROD

K

CORE OUTER
BOUNDARY
FUEL ROD
SPACER
BARS
PLAN VIEW
SPACER
PLATE I] CONTROL ROD
| ee— |
‘L I
UPPER CORE =]]% A [
POSITIONING | —
V\_/—f [~ M~
] t
Q)
‘ ‘ SHIELDING
' ' SUPPORT
J ,_rl L COLUMNS
: o #1 P 2T T T T T 2T T T T 111111117111-,1 v o av.a CORE BASE
: I 11 1 11 ) &l
! ol L 18707487740 IR V| PN I PR IINTARGYS |\ 8 O ITINITIOIY ] PLATE
; ‘ ¢
‘ Y bem- 72-IN,
/ ’ TANK
: /
CORE—Fp———— / ’
SUPPORT H 7 72-IN. TANK
STRUCT URE / ’ JBASE PLATE
. ‘ N
< e L LLLLL Ll L LLL L Ll Ll 2Ll LLLLLLLLLLL L L L VIO P FaN
SPACER NEUTRON
BARS SOURCE TUBE

SECTION A-A

Figure 10. Core Support Structure for Dry Blanket Core Assemblies.

133



Figure 11. Grid Structure for Dry Blanket Core Assemblies.
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Figure 20. Diagram of LWBR SB-1 Core.
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Figure 23. Diagram of LWBR SB-3 Core.
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Figure 29. Schematic View (Top) of
SB-1 and SB-2 Cores Showing
Location of Traverses.
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Figure 32, Schematic View (Top) of SB-7 Core Showing
Location of Traverse.
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| APPENDIX B
URANIUM ANALYSIS, URANIUM-233 PROGRAM (ORNL)

TABLE B-1. URANIUM ANALYSIS OF FINISHED
URANIUM-233 CONTAINING PELLETS

U233 (Production) Average w/o U No. of Analyses
1 w/o U0, - ORNL 0.939* 52
(w/o U233 - 0,913)
26.8 w/o UO2 - ZrO2 - ORNL 24,.47* 46
(w/o U233 - 23.81)
UO2 - ThO2 U02 - ZrOg
Isotopic Analysis (ORNL) (26 Analyses) (23 Analyses)
Uranium-232 <0.05 <0.05
Uranium-233 97.19 97.29
Uranium-234 1.55 1.56
Uranium-235 <0.05 <0.05
Uranium-236 <0.05 <0.05
Uranium-238 1.23 1.14

*Corrected to uranium-233 - égg; .
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APPENDIX C

URANIUM-235 O,-ZrO, SEED URANIUM ANALYSIS

2

2

TABLE C-1. URANIUM ANALYSIS OF FINISHED
URANIUM-235 CONTAINING PELLETS

Incoming UF6

Uranium-235
Uranium-234
Uranium-236
Uranium-238

Pellet

Total U
U235

Enrichment

DO oW

.14

.892
. 263
. 706

.70 £0.07 w/o
22,
92.

90 +0.07 w/o
73*

*This lower enrichment resulted from natural uranium contamination in the production

line,
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APPENDIX D
PELLET DENSITIES

TABLE D-1. PELLET DENSITIES

% Theoretical Density (TD)

F.uel Type Average Minimum* Maximum* TD, g/cc
U233 0,-Z10, 93. 42 88. 47 95.82 6. 94
U235 0,-Zr0, 95. 11 92.81 98. 60 6.95
U233 0,-Tho, 94.07 90.53 96.81 10. 04
Tho, 94. 6 93.0 95.5 10.03

*These values are the minimum and maximum measured values for 500 pellet samples.
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APPENDIX E
FUEL ROD DATA

TABLE E-1. FUEL ROD DIMENSIONS AND PELLET NUMBER DENSITIES

1S 'N. ACTIVE FUEL LENGTH

\ ZIRCALOY -2 TuBE [
vOiD

[o]
o

10

NN

PELLET
DIAMETER

Fuel Rod Dimensions

Seed Fuel Blanket Fuel
U235 U233 ThO, 1w/o U23302-Th02
Tube OD, in. 0.2545 0.2545  0.5698 0.5694
Tube ID, in. . 0.2195  0.2195  0.4988 0.4984
Pellet Diameter, in. 0.2108  0.2113  0.4885 0.4903

Fuel Pellet Number Densities

Pellet Number Density, 1024 atoms/cc

Seed Fuel Blanket Fuel

Isotope y235 - 233 ThO, 1 w/o U233 0, -ThO,

U233 _— 0.0039899 - 0.00022289

U234 0.0000375851  0.000063967 - 0.000003549

U235 0.00387879 - -- --

U236 0.0000108258 -- —- -

y238 0.000251232.  0.000046986 - 0.0000028447

U232 -- 0.000036321  0.021594 0.021296 -
.0 . 0.054868 0.053856 0.043990 0.043333

Zr 0.0232558 0.022792 - -- )

Gd - -- 0.00000011265 0.00000011214 |

Zircaloy-2

Zircaloy-2 tube N = 0.0433788
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233

BMU Series of U Fueled Criticals (Reference 19)

As has been noted, the cores of this series of experiments were
quite complex. Consequently, for the sake of accuracy and completeness,

the descriptions given in the source document are simply repoduced here.

I. 77" 'RODUCTYION

Right 233U fuele critical assemblics designatnd
as the NMU eeries cores were studied at the Dottis
Atomic Power Loboratory as part of tho Light
Vazter Nreeder Renctor (LWBR) Dovelopment Pro-
grom. The cores of this serios followed a cerins of
““small 233U fueled scod-blanket cores (Refer-
ence 1), and were the forerunnors of a serios of
single module detailed cell experiment: (Nefer-
ence 2)

The various coros, assembled to investigate
sp~cific offects that ar» importart in breeder reac-
tor dnvnlepm~nt, vore either small or largs, simple
ot hd complrx funl 20ning, single or multiple
module. Frparimants vere perfermed both at am-
biert inmp~rotare and at 410°F.

Comparirons were made with calculations.
Thrra corpavicons provided the basis for
daynlaning jmrrryrd dasian enalysis metheds.
Comparisons with medals clos2 to the model used
for LWDR design analysis indicate that the effects
of coupling are well predict~ at both ambient and
high tempecrature. The model was improved based
on the rcsults of the experimonts, and seolected
calculations were redone and show good agree-
ment with experimental results.

This roport emphasizes documentation of the ex-
perimenta’ program and includes the results of
only a few typical calculations

II. FUEL DESCRIPTION

Nine different fuel rod types were used in com-
binations for the BMU series cores to achieve
radial and axial zoning. The rod types used and
their dimensions are given in Appendix A. Four of
these types were ac~d rods (0.25-inch diameter)
and five were blanket rods (0.63-inch diameter)
All rods were clad with Zircaloy-4 and had welded
end caps at both ends. They werc loaded with bi-
nary fuel pellets (i.e, a mixture of UO, and TFD ),
ThO, pellets, or both of these in separate secti .s
of thz rod. The composition of the fuel of each rod
type is given in Appendix B.

Three of the seed-rod types were 28.16 inches
cverall length, and four of the blanket-rod types

were 42.46 inches long. In addition, seed and
blanket ro<ds approximately 14 inch~s long were
availablo for arial end reflector regic-a.

One sccd-rof! type and one blar*nt-rod type
were uniformly loaded with 233U. There seed rods
contained 12 w/o 2330, in ThO,, and the blanket
rods contained 2 w/o 23UO, in ThO,. Also, onz
full length blanket-rod type and the two rod types
for end reflectors were uniformly loaded with
ThO,.

Tho other two types of send rods contained tvio
differnnt loadings in each part of the rod One rod
type vias 5 w/o 233O, in ThO, and 9 w/o 233O,
in ThO,, and th~ other rod type was 2 w/o 23UO,
in ThQ, and 5 w/o 233U0Q, in ThO,. Varyirg the
loadings in the blanket rods divided the length
into zones that were one-third and two-thirds of the
total. One norad blanket-rod type had 14 inches of
2w/0 2310, in ThO, and 28 inct~5 of ThO,. The
oth~r had 28 inches of 2 wi/o 23°U0, in ThO, and
14 inches of ThO,.

III. CORE DESCRIPTIONS
A. BI'U-1A

Figures 1 and 2 show a schematic diagram of the
side view of the BMU-Il core and a top view of one-
sixth of the BMU-1A core, resp=ctively. A photo-
graph of this core is shown in Figure 3.

The seed of the BMU-1A formed a symmetric
hexagon containing 810 of the 12 w/o uniform
seed rods resting on an equal number of short
seed rods (ThO,). The rods were spaced on a
0.3229-inch triangular pitch. What would have
been the central seven rods of this hexagon was
replaced by a metal and water region consigting of
a Zircaloy-4 pipe (0.75-inch outnide diameter and
0.037-inch wall thickness) running the entire
height of the seed (42 inches). Thn reflector water
was excluded from the bottom 14 inches of the
pipe by a 5/8-inch diameter, 0.035-inch wall
thickness, stainless steel tube through which the
reactor source could be moved (see Figure 28).
The top 28 inches of pipe contained a 0.65-inch
diam ater solid Zircaloy-4 plug A channel formed
by two Zircaloy-4 hexagonal cans surrounded the
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seed region. Each can was 0.125 inch thick and
there was a 0.125-inch water gap botween them. A
control rod guide was formoad by the cans them-
selves a~d solid Zircaloy-4 pieccs that fitted in the
cornors of the hezagon, leaving an openiag 0.125
by 463 :nches on each flat. The distance a.ro0ss
the flats to tho inside wall of the innor can was
9212 inch=zs.

The blinket surrounding the control guide also
formed a symmatric hexagon. There were 13 rows
of long ThO, blanket rods spaced on 3 0.6961-
inch trianqular pitch. The rogion contained
1170 rods.

The rod pitches were maintained by five stain-
less stool tube sheets in the seed and two in the
blanket. Theso tube sheets were made from flat
plates and had holes slightly iarger than the rod
diamcter drilled on the appropriate pitches. The
top and bottom shoets were 0.125 inch thick; the
thrne center shecets in the seed viere 0.0625 inch
thick. The distances to the bottom of each tube
sheet in the seed with respect to the bottom of the
ThO, seed reflector rod ware 1.C6, 13.06, 15.12,
28 28, and 41.25 inches. The corresponding
blanket tube sheet distances were 668 and
33.06 inches.

Reactivity control was maintained by six hafnium
control rods; each rod was 4.25 inches wide by
0062 inch thick by 38 inches long. The critical
bank height vas 23.67 inches above the seed bi-
nary fuel zero at 28.1°C.

Th~ fnzl rods restod on a prriorated stainless
e*=l plats. Thn plate 725 0.038 inch thick and was
poiiorated By cvertr cpaced holes of 0.187-inch
diameter. There were 18 2/3 holes per square inch
of plate and therefore 0.4837 square inch of metal
per square inch of plate.

The perforated plate restea on a stainless steel
base plate which was 38 inches square and
0 75 inch thick. There was some material removed
from this plate<under the region of the seed: a
squarc array {34 X 34) of 0.261-inch diameter
blind holes on a 0.362-inch pitch was drilled
through 0.5 inch of the thickness of the plate.

Stainless steel support bars were usad below the
base plate. The bars were 0.5inch thick by
1.0inch wide and had an accumulated leagth
under the core region of 1835 inches This im-
plies a metal volume fraction of 0.1354 for this
region.

The assembly was supported by a core support
plate 16 inches above the bottom of a tank 6 feet
high by 6 feet in diameter. The support plate was
78 inches in diameter and 1 inch thick with three
0.75-inch thick concentric cylindrical supports
15 inches high. A roughly circular array of 0.5-
inch diameter holes on a 1.77-inch square pitch
was drilled through the plate for almost all of its
surface. In addition, five 4 5-inch diameter holes
allowed for the passage of instrument thimbles. To
allow for water circulation below the core,
cylindrical supports which were located 9, 22, and
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36 inches from the plate center, had 8, 12, and
12 hcles, respectively, each 9 inches in diameter.
All the tube sheets extended well beyond the
fucled region of the core so that the structure that
rest-ained lateral movement of the top of the core
was more than 8 inches from the fueled region.
Figure 2, the top view of one-sixth of the BMU-
1A, gives distances to various important locations.

B. Briu-1B

The BMU-IB core, shown in Figure 4, was the
second step in the investigatior of zoning. This was
achicved by replacing the 810 seed rods loaded
with 12 w/o 233U0, with the same number of 5/9
seed rods loaded with the 9 w/o end on the bottom
and by replacing 360 of the ThO, blanket rods
with uniform Z w/o blanket rods. The new con-
figuration of the blanket starting from the seed in-
terface was (1) two complete rows of ThO, and
four complete rows of 2 w/o hlanket, (2) one 10w
containing ten enriched blanzet rods located in
the center of the flat and five ThO, rods at each
corner, and (3) six complete rows of ThO,. The
seed reflector of short ThO, seed rods was the
same as in the BMU-1A core.

The six hafnium control rods were located
24.53 inches above the seed binary fuel zero when
the core was critical at 27.34°C.

All of the structural regions were identical to the
BMU-1A.

C. BIMU.IC

The BMU-IC, shown in Figure S, was the high-
tempeorature version of the BMU.-] and the last in
the BMU-|1 series. The experiments were per-
formed in the Bettis High Temperature Test Facili-
ty. The 810 seed rods used in the BMU-IB were
also used in the BMU-IC but were turned upside
down (i.e, with the 5 w/o end on the bottom). In
order to compensate for the temperature defect,
the loading in the blanket had to be increased; the
new blanket contained seven complete rows of
2 w/o surroundad by six complete rows of ThO,.

At criticality, the six hafnium control rods were
located 26.75 inches above the seed binary fuel
zero at the operating temperature and pressure of
410.1°F and 312 psi. This critical bank height was
calculated from a selsyn reading {26.55 inches)
calibrated at room temperature and expansion
coefficients of stainless steel, Zircaloy-4, and
hatnium of 9.6 X 10-6, 2.7 X 10-6, and
3.3 X 10-6.inch/inch/°F, respectively.

The support bars and core support plate of
BMU-IA and BMU-IB were replaced by an egg
crate structure below the core base plate. This
structure was made of stainles~ steel ligaments
3/4 inch thick and 6 inches high, making a square
array with a 7.5-inch pitch.



D. BMU-2-1

Tho second ccrica of cores was ¢ 2signed to in-
vootigate the cifocts of coupling in mu tiple
module cores and (12 effects of rcd aupport grids
with relativaly lat~ metal volum~s. Tho fizot of this
soring was the I'1J-2-], a singlo module vernion to
b~ ned as a r~f~r~nce coro, shcvn in Fiqures 6
ant 7.

The seed wa~ o symmetric heracen compesed of
€07 rods on a 0.202-inch tri~nanlar pitch in the
vpper 28 inchrs. The fivat 15 rowwa (631 rods)
wor2 12 w/o or~-; maatvinra tro rows (106 rods) of
2/3 g~ad vith tho Fv/o ond on tho bottory, and
firally one row ({9 loza’i~rc) of TROQ, sced. The
ThD, seed rod~ vt~ ol Pa' the longth of the
othor rods; thrrafcre, t-o re-lc ~voro locadnd one
abovo tho oth~r in ench Toar -~ -1ity 3 mintal and
wat~r rogicn in tha middla v-=-5 tha cnds butted
tognihar. Two rod lesrtinrg ¢1 e~ch flat in this
cuter row woro displaced by a Zircaloy-4 support
bar These barg ran th~ entire 1ongth of tha cnad
and vie=0 0.257 inch alang tha directi~n of thn flat
and rztonde 0.310 inch into tha sond frem the in-
ner can wall. Spacing was ma‘rtainad in the npper
enrtien of the sr~d by 1/16-inch stainlros stesl
teko sheets in thr~e azial lacationa. Tha loviest ax-
ial hoight had a sinale tnha shret 1495 inches
above the nend sitppert plata. The other two
keighta hadt aqrid accamhling made of threa trhe
ohenta nqnally cmacad conp ] S jnchag, Thana aad

prormbling cemma Bald posathar at {ha £ fornnrg
mtanl emaners and in
a'dition had 49 places whare liganents botween
ho'eq viere cnut ont to allow for flux ploting; ihe
averaqgo weight of onn assembly was
408.05 gramn. The het'oms of the assenblins were
located 13.327 21 25.072 inches from the bottem
of the binary 5~2d pellets.

To complete the 42-inch h~ight of the sned, a
ThQ, rofl~cter was located b~low the soction of
the sced just described. This reflector vas made
up of 127 short-hlanket rods spaced on a 0.770-
inch triangvlar pitch and held laterally by two egg
crate grids made of stainless steel. These grids
were made from 1/16-inch strips 0.76 inch high.
The total volume of steel in a grid was
10.066 cubic inches, and the grid was 9.26 inches
acrcng the flats. Restine on top of this reflactor was
a plate made from the same material as the perfor-
ated plate deracribed in Section IILA. This plate
servoa as the base for the upper seod region.

The ontiro ¢~2d r>sted on a seed support plate
that w23 fastened to the support bara and allowed
the 0~~d to ba liftad from the blanket. This support
plato v~s 0.5-inch stainloss steel with 824 holes,
0.234-inch diamet~r, drilled through it on a 0.302-
inch pitch.

Surrounding the secd was a control rod channel
formed (as in the case of the BMU-l) by two
Zirceloy-4 hexagonal cans and Zircaloy-4 corner
space:s. The distance across the inside flats of the
inner can was 9.289 inches; the walls of the inner
can were 0.100 inch thick. The outer can was

a2l tha ganter B pbai=dn
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0.150 inch thick. The corner picces were not solid
but vcre formed from two rectangles 0 124 inch
thick by 0.38 inch wide fastened to the inner wall
of tho outer can such that their inner corners
touchcd. This formed & control rod channel
0.124 iach wide by 4.71 inch~s lo:g.

Rnnactivity contrcl was maintained by throe
hafnivn control rods (located cn every other fl1)
Each rod vras 4.157 inches vide by 0063 1nch
thick by 38 inches long. The critical position +:25
2765 inches above the seed kinary fuel zero at
27.9°C.

Tho inner blanket regicn vas a hollow hexagon
conpoaed of cix rows of rcds. The first two rows
wvicre zoned 1cds; the inner row had rods contain-
ing 14 inches of binary pellets (54 rods), ar-' the
nont row contained rods with 2% inches of b mary
pollets (60 reds); in both casos the binary peilots
wierae at tho top of the zore. The next four rovrs had
uniferrly lcaded 2 w/o blan’at rods (294 reds)
Ore 1ed in cach corner of th» last row was dis-
plocnd by & Zircaloy-4 rod of the same diameter

Tk~ outor blanket consisted of six rows of ThO,
Y'antet roda. This blanket region was formed from
s.; rhombic grid plates, each ywith space for
103 funl 1n~ At each inrer cornar of cach plate, a
rod location was occupicd by a Zircaloy-4 rod like
the one in the inaner blank~t At each corner of the
hon~gon throe Zircaloy-4 rods were fastoned
tog~thar (onn from the inn~r hi~rket and one from
each ef t1r of the outer hia-htat 2iatas) to form a
Q.N7Nie o' tsjangular piteh o1 pence drfircu a
viatrr 2hannel between the innar and outer
blankets and between seciions of the outer
blankat.

Four stainless steei yrid aseemblies maintained
the 0 694-inch triangular pitch in the incer
blanket Eaxch grid assembly was composed of
thrce tube sheets 1/16 inch thick and spaced to
cover 1.5 inches in height. The average weight of a
grid zssembly was 1284.4 grams. The bettoms of
the grids were located 0.762, 13 280, 27 /.2, and
40.377 inches from the bottom of the wel peilets in
the blanket. The triangular pitch in the outer
blanket was 0.694 inch and v7as maintained by two
1/8-inch thick tube shects located 1.75 inches
from tha bottom and 1.00 inch from the top of the
ThO, blanket rods. These tube sheets extended
well away from the core edge so that the vertical
support memkbers were far from the active region of
the core.

The core assembly described above rested on.a
stainless steel core base plate which was
48.5 inch~s square and 0.76 inch thick There was
a square pattern of 169 holes, 0.75 inch in
diameter, spaced over the certial 2-{oot section of
the plate; and 117 holes, 0.5inch in diameter,
concentrated in three regions roughly where the
seeds of the three-module core were located. This
plate rested on seven support bars, 1.5 inches
wide by 0.5 inch thick by 50 inches long equally
spaced under the base plate. These rested on the
same core support structure described in the
BMU.IA.



E. BMU-2-3

BMU-2-3 was a core composed of three modules
in a triangula. array. £ one-sixth top view is shown
in Figure 8, and a photograph of the entire core is
shown in Figure 9 The three seeds and three inner
blankets were structurally identical to the corre-
sponding regions in the BMU-2-1 core. Surround-
ing the array was an outer blanket (i.e., there was
no outer blanket between the modules)

The upper section of the three seeds each con-
tained 15 rows (631 rods) of the 5/9 seed with the
9 w/o end on the bottom, then two rows {186 rods)
of the 2.'5 seed with the 5 w/o end on the bottom,
end tinally one row (90 locations) of the ThO, seed
rods stacked two Yigh The same lower seed sec-
tion was used for each seed as in BMU-2-1.

The furst row of each inner blanket contained
23 ThO, blanket rods, 28 zoned blanket rods with
14 inches of binary fucl at the top, and three 2 w/o
blanknt reds The second row contained 19 of the
samo zoned blanket rods and 41 blanket rods con-
tairing 2 w'c of 233U 0, The rest of the region con-
sisted of four rows (294 rods) of 2 w/o blanket At
the core center whero the three inner blanket. met,
three Zucalov-4 rods were fastened in the same
manner as between inner and outer blankets,
defining a water chanael between inner blankets
The location of the rods in the first two blanket
rows 1s indicated in Figure 8

Reactivity was controlled by aine hafnium con-
trol tods, threo in each medule The crninca! height
at 26 2°C was 25 78 inches above the seed binary
fuel zero

F. BMU-2-4U)

The BMU-2 tour-module cores were designed to
test coupling in an array of many modules
Therelore, the four modules v-ere arranged in a
straight line as shown in Ficure 10. A photogreph
ot this core is shown in Figure 11

All four seeds of the BMU-2-4U were loaded
with 15 rows of 5/9 seed rods with the 9 w/o end on
the bottom (631 r-ds) and three rows of 2/5 seed
rods with the 5 w/o end on the bottom (276 rods)
The same grids were used as described in the
BMU-2-1 section (0 302-inch triangular pitch), as
well as the same lower refiector of short ThO,
blanket rods and seed support plate

Reactivity control was maintained by 12 hatnium
control rods, three in each module The critical
height was 24 97 inches {rom the seed binary fue!l
zero at 26 9°C. The control rod channe! was
formed by the same Zircaloy-4 cans and spacers
as n the BMU-2-1

The four inner blankets of this core were i1den-
tically loaded, accounting for the designation,
“uniform " The first row of blanket contained
54 ThQ. rods The second row contaired 12 ~oned
blanket rods with 14 inches of binary ‘ael at the
top and the rest uniformly loaded 2 w/o rods. The
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next three - ws contained 2 w/o rods. The last row
contained 16 zoned blanket rods with 28 inches of
binary fuel at the top and the rest uniformly loaded
2 w/o rods. The outer blenket, which surrounded
the entire assembly, contained six rows of ThO,
rods. The location of these rods is indicated in Fig-
ure 10, which also indicates the locations of the
control rods The same Zircaloy-4 rods and fas-
teners as in the BMU-2-1 were used ai the corner
locations to hold the inner and outer blankets
together.

The enture assembly rested on a perforated plate
made from the same material described in Sec-
tion I11 A

The stainiess steel core support table held the
assembly 48 inches above the bottom of a tank
15 feet high by 17 feet in diameter The top of this
table was 075 inch thick, and had an array of
0 75-inch diameter holes on a 2 O-inch triangular
pitch under cach sced The area under the inner
blanket region was solid The structure that rein-
forced the table top under the assembly had nb-
type supporting members 1 inch wide by 9 inches
thick. These members formed rectangular sup-
ports about | foot square There were square pads
{3 inches on a side and 0.5 inch thick) in the cor-
ners of the nb supports to hold the table top

G. BMU-2-4PF

The second core of the four-in line series was
designed to investigate power flattening by
preferential fuel loading of the outeriaost modules

Pl four seeds in this core were loaded the same
as the BMU 2-4U However, the two inner module
blankets (referred to as modules Z and 3 in Fig-
ure 12) were loaded less heavily *han in the
uniform core, while module 1 and 4 b'ankets (the
outer modules) were more heavily loaded.

In ..e blanket of the inner modules, the first row
contained 54 rods of ThO,, the second row con-
tained 3% rods of ThO,, and the remainder were
unifermly loaded 2 w/o blanket rods. The next {four
rows were the same as in the BM1J-2-4U; that is,
three rows of uniform binary fuel aud one row
which had 16 zoned ‘uel rods with 28 inches of
binary fuel

The blankets of the outer modules contained
uniform 2 w/o blanket rods except for 16 ThO,
rods 1n the first row outside the seed and 24 zoned
blanket rods with 28 inches of binary fuel in the
last row.

The critical height of the 12 hatnium control
:ods at 24.4°C was 2290 inches above the seed
binary tuel zero.

The outer blanket of ThO. and all the structural
materials were identical to those in the BMU-2-4U.

H. BMU-24T

The last of the BMU series cores was a "tilted”
loading shown in Figure 13. Three modules were



load 1 i-1r~*ti2a]ly and onn medyin ha] a different
load:rg *~ ‘“reduco a ~v2~3 g-~diant across the
core.

Th~ ¢~~1a of all four rcdules wore ~gain identi-
cal v 07.U-2-4U. In addition, the rrodules indi-
ccied as 2, 3, and 4 in Migure 13 vi-r2 loaded the
same as the inner mod '~ A1 MV1IJ.2-APF; that is,
tho first two rows of incor }-1~~+~1 ¢~ *~ined a total
of 92 ThO, rods and tho 2% re-r c-nlained 16
zoned blankot rods with 28 inch~~ of binary fuel
The fourth module, the outor med»'2 dosignated as
module 1 in Figure 13, was more heavily loaded
than previous cores; there were only 10 rods con-
taining ThO, in the fitst row. The outer row again
contained 24 zoned blanket rods with 28 inches of
binary fuol.

The outer blanket of ThO, and all the structural
regions wicro identical to those in BMU-2-4U.

The critical height of the 12 hafnium control
rods at 23.5°C was 23.92 inches ehove the seed
binary fue! zero.

V1. SUMMARY

The objectives of the BMU series program were
met. The effects of zoning, coupling, and grids of
relatively large volumes were investigated.

During the course of the program, deficiencies
in the nuclear analysis model were uncovered,
changes were made in cross sections, and
trangport corrections were incorporated into the
constants for diffusion theory calculations
Selected calculations that were redone show im-
proved agroement. By comparing pairs of eigen-
values from calculations performed with a refined
nuclear analysis model, it can be seen that the
effects of coupling are well predicted and that no
new probloms occur at high temporatures.

The initial experiments leading to the deter-
mination of three-dimensional core power by
counting rods were done in this series of cores and
an exporimontal procedure, as well as data reduc-
tinn techniques, was developed to be uscd in sub-
sequant assemblies.
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Lyel
12 w/o Secd

(59) w.0 Seed
S w/a
9 w0

(2/5) w/o Seed
2 w/o
S w/o
ThO; Small Diameter Seed

ThO, Short Blanket

2 w/o Blanket

(2/0) w/o Blanket
2 w/o
0 w/o

(2/0) w/o Blankel
2 w/o
0 w/o

ThO, Fiil Leagih Blanket

*Value not measured

Pellet
Stech Length,
Inches

2780 = 007

-

1389 = 001
1390 = 007

13900 = 0 00]
13900 = 000}

1372*
1323

42012 = 00007

14 008 2 000}
28 00*

28 004 = 0001
14 00*

420°

BMU FUEL AND ROD DIMENSIONS

Rod Length.
Inches

28 16
2816

28 16

14 08
1392

4246
4246

4246

4246

$Rod ID caiculated trom .20asuzed OD and nomins] wall thickness

APPENDIX A

Rod Ende. Void Length.
inches laches
017 00«
01? 004
017 004
01?7 002
0 38 (Top) 006
0 25 (Bottom)
020 006
020 006
020 006
o2n 06

Measured Rodt

Rod OD. 1D,
Inches Inches
02506 02130
0 2502 02126
0 2492 02126
0 2506 02130
06257 05527
06240 05510
06240 05510
06240 05510
0626) 05521

Mesouzed
Pellat

Diarerer,
Anchee

02064

0 5432

556¢52°

05477
Usen2°

05¢70



APPENDIX B
COMPOSITION OF BMU FUEL

Fuel Fuel Denasity. g/cm? Measured w/oT U**  Moeasured v/oT UO,**

12 w/o Seed 8387 10 37 1129

9 w/o Secd 8453 7825 8900

S wo Seed 8478 4 351 4948

2w/o Seed 8494 1719 1955

2 w'c Blanket 9493 1.724 1961
ThO, Fuil Length Blanket 937¢ -- .-
ThO, Small D:ameter Seed 9 376 -- -
TLO, Short Blanket 9532 -- .-
ThO, Zoned Blanket 9532 -

180TOPIC COMPOSITION OF BMU FUEL

Fuel 2y any asy
12 w/o Seed
w3 Uranium 98.094 0.863 0.027
Atom Percent® 98.1198 0.8595 0.0268
9 w/o Seed
w/o Uranium 98.16 0914 0017
Atom Percent® 98.1589 0910044 0.0168562
5 w/o Seed .
w/o Uranium 97.90¢ 0877 0024
Atom Percent® 979482 087363 00238051
2 w/o Seed
w/o Uranium 98 082 0867 0026
Atom Percent® 98107 0.8634 0.0259

2 w/o0 Blanket

w/o Uranium 97966 0859 0026
Atom Percent® 979953 0.850583 00208278

wio Uranium ;
*Atom Percent  —Atomic Weight;
wio _UL'_"""“I

i Atomic Weght;

**T = Total
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1018
09939

0934
0915404

1190
1.16554

1025
16037

1159
1.13007



018.024
007-0.13
0007 Max

12-17

97.2

' l Zircaloy-4 | AM-350

120
16 50
425
01
030

0175

275

009

APPENDIX E
COMPOSITIONS OF TEST MATERIALS
PERCENT COMPOSITION

A-286

5500

1475

2520
00S
06

145
028
130
022

0004
218

304 S8

7100

180.200
80-120
008 Max
1 00 Max

200 Max

[

|

50
60-80
70 00
004.008
1 0M:ax
020 Mas
] 0V Max
050 Max
050 Max
I1s¢ 80

.. Mazx

0015 Max

: !
Hastelloy-N |

100

100

lron INu'xul ;Cr-Nn
1

200
800

166




233U Oxide-Thorium Oxide Detailed Cell Criticals (Reference 20)

As has been noted, the cores of this series of experiments were quite

complex. Consequently, for the sake of accuracy and completeness, the

descriptions given in the source document are simply reproduced here.

L ITTXRODUCTION

Ao part of th~ Light Water Pre~der Reactor
(LV/T?) P-oalepme-t rogram, a d~tailed cell cri-
tical a=~>mbly (Figur 1) was consiructed to pro-
vido b~nic enporimertal data and canfirmation of
tho rr<'~~t analysis mcibeds. Tha dotailed cell
proc-~m it tho moestrecent of a r~ri=a of eritical ox-
prrim~nty (Meferenco 1Y vhich have contributed
much t, tho knowledge of 2*?U {i-~ion operations.

Tho rrjor effort in tho A~tail~d coll critical ex-
perirents was dovotod to threo-dimensional
por-cr di~~ihution measuremen®s in the seed and
blrnhrt rraisng of tho cors. Con%ig-rations which
ropr~-2vted different movablo c22d positions were
studicd. Bxporiments were also performed at
476.7°F to test the analytical model under hot con-
diticra. Surrounding the detailcd cell is a driver
blankot zone (Figures2 and 3) which contains
either thorium oxide rods or 3°U bearing rods and
thorium ozide rods. This driver is necessary to at-
tain criticality with some seed positions or tem-
poratures which are not critical with a single
modula configuration. Some reactivity coefficient
experimonts and lattice spectrum parameter
moztvrorents were performed. Uranium fission
and thorium captire gradients across fuel pellets
were also m-asured.

In goreral, experimental results confirm nuclear
analysis model calculations.

II. DESCRIPTION OF DETAILED
CELL
A. IMechanical and Structural Layout

The dotailed cell is a single sced and blanket
core, approximately 105 inches high, with a mova-

167

ble ceniral seed region. Sida and top vir-s of thn
core are shown in Figurca 2 and 3. Th~ central
sced region forms a symetric hexagon cortain-
ing 15 rows of 0.303-inch diamcter fuel ro's on a
0.368-inch triangular pitch. A unique feature of
this mock-up is the cap~bility to move the entire
seed assembly 1n~ntnly. As shown in Ficure 4, the
seed assembly can be f~toned to a stairloss =tzel
roller chain which is drion romotely by an el~ctric
motor through a gear r~ductien train. This drive
train produces a variabl» =22d drive spced of np to
2.8 inches per minutn, which is slow cnouch to
keep resulting rocctivity insortion ratzs withi-
allowable limits.

An innor blankot rcgicn surrounds tha sood -
is separated from it by a double-walled hoxag~--1
Zircaloy can. Tke inner blanket forms a non~:--
metric hexagon with six rows of ordinary ble~"~t
fuel on four sides and 10 rows of power flattrning
blanket fuel on the other two sides. The ordinary
blanket fuel region is composed of 0.572-in<h
diameter rods on a 0.631-inch triangular pitch.
The power flattening fuel region is composcd of
0.528-inch diametor rods on a 0.631-inch triangu-
lar pitch. An outer blanket region surrounds the
nonsymmetric hexagon and hes provisions for
driver and rcflector regions of fuel rods 0.626 inch
in diameter spaced on a 0.718- o: 0.728-inch
triangular pitch.

The seed rods are supported at the bottom by a
base plate of 3/4-inch stainless steel, drilled with
0.281-inch diameter holes on a 0.368-inch
triangular pitch. These holes are smaller than the
seed rods and spaced on the same pitch; however,
the hole pattern is displaced so that each tuel rod
is designed to land in the middle of a triangular
cuspid ligament for uniform support and citcula-
tion of coolant.




The detailed cell blanket rods rest directly on
the top of a 4-foot high stainlets stool table. This ta-
ble top is 3/4-inch stainless steel drillod with 3/4-
inch holas on a 2-inch triangular pitch. A perfo-
rated st~inloss steel sheet covers this table top ex-
cept whero a hexagonal hole allows the seed as-
sembly to move through the table top. This perfo-
rated shoot is 0.038 inch thick with 0.487 square
inch of mrtal per square inch of shoet.

To align tha botiom of the fuel Loaring region in
the driver blarkat with the bottomn cf the 233U bea-~-
ing fucl in tho dotailed cell blanket, the driver
blanket rods rost on a 10.00-inch high stainless
stec] p~zrtal. This pedestal is mountod on top of
the 4.‘cot tablo.

Tl~ entize acsembly of core and support table is
contoir~ within a framework of stainless steel
angle ~-n holted to the support tablo, which rests
on th~ F~"tom ef a 17-foot diam~ter tank.

B.Fri~! Nods

A ~chemntic drawing of a detail~d cell funl rod
is sk~-rn in Figure 5. The fuol reds ars sramless
Zircaloy tvhes with walded end caps, top and bot-
tora, and contain pellots of both thoria and binary
fu~l. Th2 binavry fnolis a minters of JO,-TLO, vith
varionn Bl drmniticg arrarcad in 2aial sones vary-
ing -~ A2 to 04 inch~g Yong, Th2 top erd beti~n
zop~t havo A = cithoria, givi~g
a te'~l pal'~t Tomsth o 107 in-l a5 ia all datai'™ 1
cell fn~] rods. In the seed there are four differcnt
fucl rod types containing four different lengths of
binary fu~l and two different fucl loadings. The or-
dinary blanket and power flattoning blanket each
have five diffcrent fuel rod types containing four
difforent binary fucl lengths and three different
fncl loadings. Since all rods of a given diameter
look the samc extcrnally, identification rings were
machined at the top of the seed and ordinary
blanket rods and letters were stamped at the top of
the power flattening blankst rods. The in-core ar-
rangement of these various fuel rods, with their ax-
ial zoning and fuel loadings, is shown in Figure 6.
In this configuration the seed and blanket regions
are in the aligned position, and the seed assembly
is defined to be at the zero position.

The fuel rods used in the driver blanket are
42.46 inches long and have an active fuel rod
hoight of 42.00 inches of 2 w/o 23UO,-ThO,.
Reflector blanket rods have the same dimensions
but contain natural thoria. These rods are stacked
two high and arranged so that they are aligned ax-
ially with the 84-inch binary region of the detailed
cell blanket.

C. Fuel Rod Grids

The seed rods are held laterally by six stainless
steel grids which are spaced over the height of the
seed and held in place by six support bars, each of
which displaces two fuel rods in the last seed rod
row. Each grid is 1.2 inches high and the distances

et
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from the top of the seed support plate to the bottom
of each grid are 1.828, 21.338, 41.335, 59.338,
76.838, and 93.838 inches, respectively. Eac! grid
is 8 wolded assembly of spool-shaped elements
made of 347-stainless steel and having an outer
diameter equal to the seed fuel rod pitch as shown
in Figure 7.

Tho ordinary and power flattening blanket rods
are hold laterally by six stainless steel grids
spaced over the height of tho fuel rods. The grids
aro ho'd in place by 10 Zircaloy posts. Each grid,
which contains locations for both ordinary and
po-sor flattening blanket rod», is 1.5 inches high.
Distances from the top of the blanket base plato to
th~ bettom of each grid are 1.15, 22.C, 43.C, 63.0,
79.60, and 96.20 inchz3, respnctively. As with the
¢-~d grid, each blanket grid assembly is made up
of cpcol-shaped clomants with an outer diameter
cqrl to the blanket fusl rod pitch. Figure 8 shows
a slt~tch of a single blanket grid.

Tho driver and reflector bl- nket rods are held
lat~rally by four 1/8-inch thick stainless steel tube
shcets vrith holes dril'~»1 on the triangular pitch for
the particular region. The tube sheets are spaced
ovar tha height of tho fuel rods, with the distances
from tha pedestal on which the fuel rods rest to the
bo*trr of each tvka skt kring 3.031, 40.031,
45.031, and 83.031 inckes, r-spectively. The tube
ch~=*; ere suppesin by Zizecloy posts in 12 loca-
tic=n a-tiacontto tha crdin~ry ~nd power 1~ ~ning
blarket and by tho qiid {zemo support oz the
periphory of the core (Figure 2). A water gap ap-
prozimately 1/4 inch wide separates the inner
blanket from the driver and reflector region. The
gap is created by mectanically fastening the Zir-
caloy posts to adjacent posts in the inner tlanket.

D. Scod Assembly

The sead fuel, together with six grids, six sup-
port bars, and a 3/4-inch thick periorated suppor’
plate, forms a unit assembly free to elide up and
down inside a hexagonal Zircaloy can. Each sup-
port bar is 0.643 by 0.317 inch and i3 notched in
eight places to accep! the six grids and the key of
the bottom support plate. With the eighth notch at
the top, the seed assembly is cornected to an
adapter assembly for raising and lowering the
send. Each of the 619 seed rods weigks 1072
grams (2.36 pounds) for a total weight of seed fuél
of 663.6 kilograms (1463 pounds).

Seed position is adjusted by a mechanism at-
tachsd to the tops of the six Zircaloy support bars
by an adapter assembly (see Figure 4). This is
made to be readily removable and consists of a
9/16-inch thick circular stainless plate having six
milied iugs at its penphery. These iugs engage n
slots or keyways near the top of the support bars
and aro then held in place by a keeper plate which
is dropp=d down over the support bars. The sup-
port plate is thre.ded and welded at its center to a
3/4-inch diameter stainless vertical shaft about 40



inchos long. The retainor platy is captive and
opcratod by 8 3/4-inch pips clcove concentric
with tha vortical shoft, end is k=" in proper poti-
tion with a Dall-lok pin Atep t5 contor obaft is a
clewis er yeho carrying a eh-"t c~d chain sprockot
which eorvcs es tae lowor Mock of & two-part
ch~*~*~N. N 2/A-inch pitch £ 1CO stainlzss steel
roll~= ~h~i1 is uscd and i3 -~=a roncioly by a
1/15-p c-nrkead moter.

E. Tizre~tsy Can

(- -=~eting the hezagce 2! -~~1 assembly arnd
o it from the inr~r F'~~"0t rogion is a
e 1'~4 Zircaloy co~ @ 5~~* Migh. The wall is
e~ O=-"1a vith & 1/0- by 1/2-inch Zircaloy
- -t~ at the ccr~18 F~“yeon the inn-r
an ot ms o ing, ferming a 1/7-inch channol for

thA c~m -~V rr*a The insicd~ c~n eall is 0.003 inch
thig™ vt 1h otside can =154 0.192 inch thick,
prd tTn jeni s Aimgpsion 07~ tho fats is 9.408
irchea.

Tha in~:A~ ¢an has forrt-=a l-inch dinnetor
hrt~g Mrilad thengh each c§ 15 pix picceos. Th-ze
ho!~3 ova prrrrz-d in hoo ringgored rows 2.76
jnahna hatisan cnambasn =ithy 252 belzy in ench
1oy AV~ = 120702k ecntors.

F.Comtral Pedg

Tha A~taitad £aW b nracicineg for gix bafnivma
€mtnt pn A Wedes foy pencti=ty control dering
¢mrmtimmn, T pooidn paanrr for eaporimantal

rroamremAats in the sxed region, one control rod
ve shminnatad boteaea tha e2od and potrer flat-
teming blanhot regi=n for all bu! the high tom-
prratrre confienrction. Each blade is 4.3535 by
0.0535 by 102.0 inchos.

Tho ompcrimiental program wes p~riorred with
the oceod pesition and the drivar blazhot loading
adjr-ted to pr~duce a critical cortrel rod hoight
ncar tho tep of tha core in & region of smnll worth.

A conpla?s rot of physical dimensions and fuel
-5 i1 ¢cireain Appoadix A, Teblzs A-1

G. ConfimrnticmsUsed inthe Ex-
prrim~antsl Program

To study a viide range of seed positions and re-
activity swing, th2 dotailed cell was operated with
four configurations defined by differences in
driver blanket lc>ding or power flattening blanket
configuration as shovm in Figures 9 through 12.

To operate the detailed cell at an elevated tem-
porature (477°F) additonal welding of the seed
and inrar blarnkat g-ids vyas no~d~d. After this was
dona, accurate measurements of the weight and
fvel rod pitch of each grid were again made. The
triangular seed pitch had changed from
0.368 inch to 0.3662 inch. The triangular pitch in
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tko blankets changed from 0.00i inch to
0.6282 inch in the ordinary blanket ard from
0.531 inch to 0.6264 inch in ths power flatiaping
blanket. Also, tho distarca from tha cortor of the
scod to the interface of the firsi row of inner
blanket fuel rods is bazed on the 0.6282-inch
piich. These small changes in pitch apply to Con-
figuration I1Ib with the seed at + 3.5 inches, Con-
ficuration IVD with the seed at — 14.0 inches, Con-
figuration IIb with the seed at —2.0 inchos, and
Configuration Ib witu the seed at + 7.8 inches
ord explain, in part, the change in the crit -l cced
k~ight in Configu-~tions I and II.

Table 1 gives th~ seed position, cortrol rod
hnighl, and temp~+rnre for the four critical con-
ficrotions shorn in Ficures 9 through 12. The
ec~1 position is r=~sercd from the aligned posi-
ti~n and the c~n*=ol rod height is measurcd from
the bottom of tks hinary fuel in the Group 4
hln~tat rods (-~~~ Fiyure 6).

V. SUMMARY

From the calculational and experimental data
given in this report, it is concluded that the con-
struction and cperation of the detailed cell critical
facility succ~-~tully completed its objective. This
objective ac ~*sted in the Introduction, was to pro-
vide basic erporimenial data and expenmental
confirmation of the nuclear analysis mcdel
calculations.

In the primary area of power disttibut-on intor-
mation, a new fuel rod counting svstem wvas
developed. This system demorstiated its designed
ability to produce such large amounts of reliable
data ecasily and quickly that it is now possible to
produce complcto three-dimensional power maps
of the dotailed c=ll for a number of serd positions,
at ambient as wol! as elevated tomperatures.

A comparisoa oi these data with the nuclear
analysis model calculations shows that nearlv al-
ways the calculations accurately predict the gross
power sharing between the secd and blanket
regions. In addition, the nuclear analysis mode!
adequately describna the power in small regions of
the core

Three spectrum parameters were also measured
and calculated. Twvo, 823 and 8% are well pre-
dicted by calculation, but the third, p°2, shows dis-
agreement outside of experimental uncertainty.

The gradients across fuel pellets are predicted
conservatively in high power locations. The
depression of 233U power by the grids is predicted
very well by the nuclear analysis model.

Also, two experiments were performed to obtain
basic information that was judged difticult to
calculate.

Appropriate adjustment factors may be included
in the nuclear analysis model to compensate for
the few instances where agrecment between ex-
periment and analytical results is outside of ex-
perimental error.
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TABLE 1. DETAILED CELL
CONFIGURATIONS

Control
B8eed Rod Bank
Configur- Position Height Temperature

. ation (in.) in.) at Critical
la +140 72.25¢ 21.7°C
Ib +178 70.35¢ 20.1°C
1la -38 635.04¢ 236°C
b -30 66.84° 220°C
Hls —-26.33 33.60t¢ 25.6°C

b +33 $7.60t+ 476.7°Y

IVb -140 63.30° 26.0°C
o—~Config lone whish in ociginel grids
u 11' L . r LV P ) 'f\dl-

* red at 8.0 inehoo—4-red bank

15-red bank.

$16-rod bank.

TABLE 2. CALCULATED EIGENVALUES

Beed
Pesition

(in) A PDOQ A, RECAP
+128 1.0024 1.003 £0.001
+140 1.0046 0998 +0.001
+38 09947 0998 10001
-20 1.0014 1.000 +0.001
-38 1.0032 0996 +0.001
-140 1.0020 0996 10001
-26.38 1.0024 0997 0.002
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3.6 w/o Seed (Type 1)

Pellet Diameter

Pallet Length

1/2 (Pellet D — Pellet Dish
Diameter)

Ead Dish Depth

Hod OD

Rod ID
Piich

3.8 w/o Seed (Types 2 to ¢4)

Pellet Diameter

Pellet Length

1/2 (Pellet OD — Pellet Dish
Diameter)

End Dish Depth

Rod Oi

Rod ID
Pitch

ThO, 8eed (Type 1)

Pellet Diameter

Pellet Length

1/2 (Pellet OD ~ Pellet Dish
Diamater) )

Ead Dish Depth

Rod OD

Rod ID
Pitch

ThO, Beed (Types 2 to &)

Pellet Diameter

Pellet Length

1/2 (Pellet OD ~ Pollel Dish
Diamster)

End Dush Depth

Rod OD

Rod ID
Pitch

APPENDIX A

PHYSICAL DIMENSIONS OF FUEL COMPOSITIONS AND
FUEL ATOM DENSITIES

0.2501
0.711

0.025
0.008
0.3051
+0.0007
0.257
0.368%
+0.0002

0.2503
0.881

0.028
0.008
0.3054
+0.0003
0.287
0.3688
+0.0002

0.2928
0471

0028
0.008
0.3031
+0.0007
0.257
0.3688
+0.0002

0.2923
0.471

0.028
0.008
0.3054
+0.0008
0.287
0.3688
+0.0002

180

TABLE A-1. DETAILED CELL AT 27°C,
CELL DIMENSIONS IN INCHES

0.863 w/o Regular Blanket (Type 1)

Pellet Diameter

Pellet Length

1/2 (Pellet OD — Peliet Dish
Diameter)

End Dish Depth

Rod OD

Rod ID
Pitch

0 5056
0740

G50
0018
05728
+0.0004
051}
0.6308
+0.0002

1.832 w/o Regular Blanket (Types 2 and 8)

Pellet Diameter

Pellet Length

1/2 (Pellet OD ~ Pellet Dish
Diameter)

End Dish Depth

Rod O

Rod ID
Pitch

0.5053
0.860

0.030
0018
0.8723
+0.0008
0.511
0.6308
+0.0002

1.80] w/o Regular Blanket (Types 3 and ¢)

Pellet Diameter

Pellet Longth

1/2 (Pellet OD — Pollel Dish
Diameter)

Ead Dish Depth

Rod OD

Rod ID
Piich

08083
0.980 .

0.030
¢ol1s
0.8723
+0.0003
0.511
0.6308
+0.9002

ThO, Regular Blanket (Types 1. 3. and ¢)

Pellet Diameter

Pellet Length

1/2 (Pellet OD = Polic* Dish
Diameter)

End Dish Depth

Rod OD

fod 1D
Pitch

0.503%
0.590

0081
0018
08728
+0.0008
0511
0.6308
+0.0002



Table A-1 (Cont)

ThO, Regular Blanket (Types 2 and 8)

Pelist Diameter

Pellet Length

1/2 (Pellet OD — Pellet Dish
Diameter)

Lnd Dish Depth

Hod OD

Rod ID
Pitch

1.842 w/o Power Flattening Blanket (Type 1)

0.5088
0.590

0.051
0013
0.5723
+0.0008
0511
0.6308
+0.0002

Pellet Diameter

Pellet Leagth

1/2 (Peilst OD —~ Pellet Dish
Diameter)

End Dish Depth

Rod OD

Rod ID
Pitch

0.4646

1 0.653

0.050
0018
08278
+0.0003
0470
0.6308
+0.0002

1.928 w/o Powes Flattening Blanket (Types 8

and 8)

Pellet Dismetes

Pelie! Length

1/2 (Feilet OD — Pellet Dish
Diameter)

End Dish Depih

Rod OD

Rod ID
Pitch

0.4648
0.278

0.050
0018
0.5227
+0 )00s
0470
0.6308
+0.0002

2.564 w/o Power Flattening Blanket (Typees 3

and 4)

End Dish Depth
Rod OD

Rod ID
Pich

0.018
0.5278
+0.0008
0470
06308
=0.0002

ThO, Power Flattening Blanket ('f'ypes 2 and

8)

Pellot Diameter

Pellot Length

1/2 (Pellet OD — Pellet Dish
Dianatsr)

Ead Dish Depth

Rod OD

Rod ID
Pitch

0.4647
0.898

0.050
0015
0.5280
30.0003
0.470
0.6308
+0.0002

ThO, Power Flattening Blanket (Type1)

Pellet Diameter

Pellet Length -

1/2 (Pellet OD ~ Pellet Dish
Diameter)

04645
0.508

0.047

181

Pellet Diameter 04645
Pellet Length 050
1/2 (Pullet OD — Pgllet Dish
Diameter) 0.047
End Dish Depth 0.015
Rod OD 0.5277
+0.0008
Rod ID 0.470
Pitich 0.6308
+0.0002
ThO, Power Flattening Blanket (Types 3 and
4)
Pellet Diameter 0.4648
Pellet Length 0.508
1/2 (Pellet OD — Pellet Dish
Diameter) 0.047
End Dish Depth 0018
Rod OD 0.5280
+0.0008
Rod ID 0470
Pilch 06308
=0.0002
ThO, Reflector Blanket
Pellet Diameter 03470
Rod OD 0.6261
Rod ID 0.5531
Pitch 0.728
1 hO, Reflector Blanket
Peliet Diameter 0.5470
Rod OD 0.6261
Rod ID 0.5531
Pitch 0.718
2 w/o Driver Blanket
Pellet Diameter 0.5432
Rod OD 0.6240
Rod ID 0.5510
Pitch 0.728
2 w/o Driver Blanket |
Pellet Diameter 0.5432
Rod OD 0.6240
Rod ID 05510
Pitch 0.718



TABLE A-2. DETAILED CELL AT 27°C, 180TOPIC
WEIGHT PERCENT MEASURED

5.6 w/o Beed (Type 1) 1.832 w/o Regular Blanket (Types 2 and 8)
Isotope w/o Uranium M :”L‘.’E.‘.‘“_"-‘_
23}
sy 98.112 ".U 98.108
U 1.447
ou 1448 sy 0.1051
sy 0.1039 amyy 00067
ey 0.0067 my 0.3331
asy : 0.3295 ’
1.801 w/o Regular Blanket (Types 3 and 4)
Isotope w/o Uranium
v my 96 994
$.8 w/o Beed (Types 2 to §) sy 11522
my 04710
Isotope w/o Uranium iy 0.0084
| —— —_—— ay 1.3721
Pt
n:g 9?32; All Power Flattening Blanket Binary
any 0.0748 Regions
:::g gggg? Isotope w/o Uranium
my 98.201
my 1.472
sy 0.0748
sy 0.0066
0.963 w/o Regular Blanket (Type 1) U - o6l
2 w/o Driver Blanket
Isotope w/o Uranium
R — Isotope w/o Uranium
my 96.637
nqgy 1.058 wmy 97.966
my 0.5883 By 0059
iy 0.0089 my 0.026
1y 1.7053 gy 1.159
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TABLE A-3. DETAILED CELL AT 27°C, w/o UO,, w/o U-TOTAL, AND

PELLET FRACTION OF THEORETICAL DENSITY

Composition
5.6 w/o Seed (Type 1)
3.8 w/o Seed (Types 2 to 4)
ThO, Seed (Types 1 to 4)
0.963 w/o Regular Blanket (Type 1)

1.832 w/o Regular Blanket (Types 2 and
S)

1.901 w/o Regular Blanket (Types 3 and
4)

ThO, Regular Blanket (Types ] to 8)

1.542 w/o Power Flatiening Blanket
(Type 1)

1.928 w/o Power Flatiening Blanket
{(Types 2 and §)

2.564 w/o Power Flattening Blanket
{Types 3 and 4)

ThO, Power Flattening Blanket (Types 1
to 5)

2 w/o Driver Blanket
ThO, Reflector Blanket

Measured Pellet Fraction ot
w/o UO, w/o U-Totel Theoretical Density
6.362 5594 061347
4.32] 3.799 0.9658
0.0 00 0.9545
1.096 09633 U 9646
1.742 1.532 09608
2.162 1.901 09598
0.0 00 0.9529
1.784 1 542 09711
2.192 1.928 09718
2916 2.564 09598
0.0 00 09548
1.961 1.724 09469
00 0.0 093177
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v81

Isotope
S er——

ny

ey
29T

Isotope

Isotope

my
4y
sy
any
sy
BITH

8.8 w/o Beed
{Type 1)
N,

0.136330 - 2
0200389 - 4
0.143090 — 8
0.923588 —~ 7
0448194 - 8
0.205272 - 1
0.438331 - 1

1.832 w/o

Regular Elanket
(Types 2 and 8)

0.373878 - 3
0.549178 —~ 1
0.397276 - 6
0.253515 - 7
0.124277 - 8
0215715 - 1
0.4380S1 - 1

1.928 w/o Power

TAHLD A DETRNT SO FTLL AT 2T°C, T

3.8 w/o Beed
(Types 2 to §)
N;

0933180 ~ 3
0.140178 - 4
0.706431 - 6
0623176 - 7
0.230412 - 8
0.212593 - 1
0444312 -]

1.90]1 w/e

Regular Blanket
(Types 3 and 4)

)

043568454 - 3
0542266 - 8
0220730 - 8
0.391450 - 7
0634887 - 8
0.214664 -
0438777 - 1

2864 w/o Power

SCLID ATOMIC DENSITY. Ny iAtoms/Barn-Cm) - - .

Flattening Blanket Flattening Blanket
(Types 2 and 8) (Types 3 and @)
N, N,

0476471 - 3 0626444 — 3
0711158 -8 0935000 - 8
0.358391 - 6 0471197 -6
0316154 - 7 0415665 - 7
0116894 - 5 0.153687 - 8
0217280 -1 0213177~ 1
0.444263 ~ 1 0439111 -1

0.883 w/o
ThC, Ssed Regular Blanket
(Types 1 to &) (Type 1)
N, N,
00+ 0 0.232338 -3
00+0 0253172 -8
00+0 0.140245 -5
00+0 0211678 — 7
00+0 0401361 — 8
0.217698 - 1 0.2176852 - 1
0435395 -1 0.440510 - 1
ThO, 1.842 w/o Power
Regular Blanket Flattening Blanket
(Types 1 to 5) (Type 1)
N, N,
00+ 0 0.380677 - 3
00+0 0568181 — S
00+ 0 0.286337 - 6
00+ 0 0.252591 — 7
00+ 0 0933926 - 6
0217241 -1 0217991 -1
0434483 - 1 0443734 -1
ThO, Power
Flattening Blanket ThO,
(Types ] to 8) Reflector Blanket
N, N,
0217766 - 1 0213868 !
0435532 -1 0427736 - 1
—_— 0803725 -7



G381

Isctope

ny
my

ey

2ITh
Zircaloy-4
34788
304 SS
(o]

Isotope

o
H

2 w/o
Driver Blanket
1

0414089 - 3
0.361534 - S
0.108961 — 6
0479581 - S
0.212168 - 1
0.432789 -~ 1

H,0

N
0.333126 - 1
0.666252 ~ 1

*Moditied Ni for AM-350 Deck

TABLE A+4. (Cont)

Zircaloy-4

NHI

o
3

LIS

347

Stainless Steel

i

304

Stainless Steel

o
@

@
w
-
®

1
—



981

Isotope

sy
iy

Il’u

IMU

ey

231Th
Zircaloy-4
34788

o]

H

Isotope

sy

a4y

Yy

IMU

sy

37T,
Zircaloy-4
34788

o]

H

TABLE A-5. DETAILED CELL AT 27°C. CELL SMEARED
ATOMIC DENSITY, N, (Atoms/Barn-Cm)

8.6 w/o Beed
('l'yupo 1)
PRNG.. S—

0.565383-3
0.831046-—-5
0.593422-6
0.383028-7
0.185874-5
0.851298-~2
0.780921-1
0.101129-2
0.304061-~1
0.244555-1

0.963 w/o
Fegular Blanket
(Type 1)

N,

0.133608-3
0.148589-8
0.806491-6
0.121727-17
0.230806-8
0.125278-1
0.656816—-2
0./59915-3
0.334779-1
0.162919-1

3.8 w/o Beed
(‘l‘ypo:‘z to 4)
——t——————

0.389409--3
0.581214-8
0.292905-6
0.258388-7
0.955349-6
0.881468-2
0.783770-2
0.101129-2
0.306128-1
0.243808-1

1.832 w/e
Regular Blanket
(Typol" 2and 9)
i

0.215149-3
0.316029--8
0.228616-6
0.145887-7
0.715164-6
0.124135-1
0.653993-2
0.759918--3
0.334338-1
0.163387~1

ThO, Seed
(Type 1)
N,
0+0
0+0
0+0
0+0
0+0
0916812-2
0.780921-2
0.101129-2
0.305640-—-1
0.244555-1

1.901 w/o
Regular Blanket

(Types 3 and &)
K,

ThO, SBeed
(Types 2 to 4)

0+0
0+0
0+0
040
0+0
0916812-2
0.785770-2
0.101129-2
0.305266—1
0.243808 -1

ThO,
Regular Blanket
(Types 1,3, and 4)

0.264208—3
0.312510-S
0.127207-8
0.225594—17
0.365887—5
0.123711-1
0656816—2
0.259915-3
0.334331 -1
0.162919—1

0+0
0+0
040
0+0
0+0
0.124467—1
0.656816—2
0.759915—-3
0.330394-1
0.162919—-1



{81

TABLE A-8. (Cont)
ThO, 1.542 w/o Power 1.028 w/o Power 2.564 w/o Power
Regular Blanket Flattening Blanket Flattening Blanket Flattening Blanket
(Typees 2 and 8) (Tr 1§} (Types 2 and 8) (Types 3 and ¢)
Isotope N, . N, N,
uy 0+0 0.184645-3 0.231816-3 0.305082-3
nayy 0+0 0.275592-8 0.345398-5 0455350-8%
uey 040 0.13888€ -6 0.174367-6 0.229476 -6
ey 0+0 0.122516-7 0.153818-7 0.202431-7
=y 0+0 04529948 0.568722—6 0.748465-6
AITh 0.124467-1 0.105738-~1 0.105713-1 0.103818-1
Zircaloy-4 0.653993~2 0.568475~2 05674342 0.570867-2
34788 0.758918-3 0.75991%-3 0.759915-3 0.759¢15-3
O 0.330611-1 0.3340321-1 0.335028-) 0332468~
H 0.1633%87—~1 0.237604-~1 0.237764-1 0237237-1
ThO, Power ThO, Power ThO, Power ThO,
Flattening Blanket Mattening Blanket Flattening Blanket Reflector Blanket
(1'?0 1} (Typea 2 and 8) (Typee 3 and ¢) Pitch = 0.728 in
Isotope I N N, \
8ITh 0.108071 -1 0.10%071-1 0.103071-1 01095011
Gd — — — 0411855-17
Zircaloy-4 05v8475-2 08%67434-2 0870867-2 0637046 -2
34788 0.759915-3 ©755915-3 0.7593:5--3 —_—
(o] 0.328944-1 03290241 0328700-1] 0326471 -1
H 0.237604 -1 0.237764 ) 0237237~ ¢2:9339~1



881

Isctope

ThO,

Reflector Blanket
Pitch = 0.718 in.

0.112572-1
0422447-7
0.654918-1
0.328546-1
0.206804 — 1

2 w/o

Driver Blanket
Pitch -'-‘ 0.128 in.

TABLE A-8 (Ceat)

2 wie
Driver Blanket

Pitch = 0.718 ia.
N

0209079-3
0.182543-8
0550159-17
040
02421469
0.107126- 1}
0634766 -2
0329694 -1
0222347

0.214943-3
0.187663-8
0863391-7
040
0248930-8
0110131-)
0652571--2
0.329597--1
02088931
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TABLE A-S. BINARY PLLLET S8TACK LFNGTH

Binery

8.0 w/o Seed (Type })

3.8 w/o Seed (Type 2)

38 w/o Seed (Type 3)

38 w/o Seed (Typs 4)

0963 w/o Regular Blanket (Type 1)

1.532 w/0 Regular Blanket (Type 2)

1901 w/o Regular Blanket (Type 3)

190] w/o Regular Blanket (Type 4)

1 532 w/c Regular Blanket (Type &)

1.542 w/o Powwr Flattening Blanke! (Type 1)
1928 w/c Powur Flattensag Blacket (Type 3)
3364 w/o Power Flatteniag Blacket (Type 3)
2364 w/o Powaer Flatten.ng Blanket (Type 4)
1928 w/o Power Flatten.ng Blanket (Type 3)

Mean .19 Stuck
Leia han

Ed4 O
'.l y
5+
[ BEY
413 .0
551 :9
TOU47
Be 167
4 536
[REIPY )
3677
M 149
83 K97
81 66)

el

v N

TABLE A-7. COLD DETAILED CELL, SEED AT -14.00 INCHLS
Cell Pitch (After Welding Gride)

Region

Seed

Regular Blanket

Power Flatteniny Blanket
Driver Blanket

Driver Blanket

Retlector Blanket
Reflector Blanket

Triangular Pitch (in)

0 3062
06282
06264
0728
0718
0728
07218



061l

Isotope

iy

my

sy

ey

nay

2aTh
Zircaloy-4
347 SS

O

H

Isotope

any
any

any

my

sy

MTh
Zircaloy-4
347 SS

o

H

TABLE A-8. COLD DETAILED CELL, S8EED AT -14.00 INCHES, CELL SMEARED
ATOMIC DENSITY. N, (Atoma/Barm-Cm)

5.6 w/o Beed 3.8 w/o Seed ThO, Seed ThO, Seed
(Type 1) (Types 2 to ) (Type 1) (Types 2 to 4)
"l Nl “l »
0.572508-3 0.394316-3 0+0 040
0.841518-5 0.588538-8 0+0 0+0
0.600900—-6 0.296596—6 040 0+0
0.387854-7 0.261641-7 040 0+0
0.188216-5 09673876 0+0 040
0.862025-2 0892576-2 09283642 0.928364—-2
0.790761 -2 0.795671 -2 0.790761-2 0.795671-2
0.101258-2 0.101258-2 0.101258-2 0.101258-2
0.303737-1 0.305830-1 0.305336-1 0.304958-1
0.239327~1 0.238570-1 0.239327-1 0.238570-1
0.963 w/o 1.832 w/o 1.90] w/e ThO,
Regular Blanket Regular Blanhet Regular Blanket Regular Blanket
(‘l'{'yo n (Types 2 and B) ('l‘m-NS and 4) \Types 1.3, and 4)
[ ) [ 3
0.134716-3 0216934-3 0.266400-3 040
0.146797-8 0.318651-8 0315102-5 0+0
0813181-6 0.230512-6 0.128263-5 0+0
0.122737-7 0.147097-17 0227465-7 0+0
0.232721-8 0.721096~6 0.368922~-5 0+0
0.126317~1 0.125165-1 0.124738-1 0 125500~
0662264 ~2 0.659418-2 06622642 Oobsib4-—2
0.736673-3 0736673--3 0.736673-3 0 236673-3
0.334503-1 0334441 0.334450-1 0.330481 -1
0.153963-1 0.159405-1 0.158963 -1 0158963-1
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TABLE A-8. (Cent)
ThO, 1.842 w/o Power 1.928 w/o Power 2.564 w/o Power
Regular Blanket Flattening Blanket Flattening Blanket Flattening Blanket
(Type 1) (Type 1) (Types « and 5} {Typesa 3 and ¢4)
Isotope N, R {1 N,
ny 0+0 0.187248-3 0.235085-3 0309383-3
Yy 0+0 0.279477-3 0.350876-5 0461770--5
uy 040 0.140844 -6 0.176826-6 0232711-6
iny 040 0.124245-7 0.155986-7 0205285-7
1wy 0+0 0.459380-6 0576739-6 0759017-6
MTh 0.125500-1 01072261 01072031 0105282-1
Zircaloy-4 0.659418-2 05764892 0575434-2 0578915-2
34788 0.736673—-3 0.740912-3 0.740912-3 0 740912-3
(o) 0.330700-1 0.334155-~1 0335165~-1 0 332569-1
H 0.159405-1 0231782-1 0.231944-1 0231409~
ThO, Power ThO, Power ThO, Power 2w
Flattening Blanket Flattening Blanket Fla*tening Blanke! Driver Elanket
(Type 1) (Types 2 and §) (Types 3 and 4! Pitch = 0.728 in.
Isotope \ . N, N
ny 0+0 0+0 C+0 02033793
13y 040 0+0 040 CIRD543->
sy 040 0+0: 8+0 CCri%ids-~1
Ny 040 0+0 0+0 0+0
ey 0+0 0+0 0+0 02421465
nITh 0 106552-1 0106552-1 0106552-1 016712 -}
Zircaloy-4 0576489-2 05754342 0578915-2 0634766 -2
347 SS 0740912-3 0 740%812-3 07409:12-3 e 0
o] 0328995-1 03290771 03:R8I6-1 0" nug- )
H 0231782-1 0231944~ 02314091 LT )



261
g
i

dd&3

"It

-

2 w/o

Driver Blanket
Pitch .N 0718 in

0.214943-3
0.167663~8
0.565591-7
0.248938 -8
0.170131-1
0.682571-~-2
0.329597-1
0.208895~ 1

TABLE A-8. (Cent)

ThO,

Retlector Blanket
Pitch = 0.728 in.

040
040
040
040
0.109%01-1
0.637046~2
0.328671 -1
0.219339--1
041896-~7

'l'l\o.

Reflector Flanket
Pitch = 0.718 in.

040
040
040
040
0.112572-1
0.654918-2
0.328546-1}
0.206804—1
0423447-7



8.6 w/o Seed (Type 1)

Pellet Diameter

Pellu: Length

1/2 (Pelict OD —~ Pellet
Dith Diameter)

End Dish Depth

Pel! t-t0-Clad

Radial Gap Thickness
Clad Thickness

Red OD

Rod ID

Pitch

‘fABLE A-8. DETAILED CELL AT 476.72°F,
CELL DIMENSIONE IN INCHLS

0.2506
07124

0.02508
0.008016

0.003337
0.02407
0.3054
0.2573
0.3676

3.8 w/o Seed (Types 3 to 4)

Pellet Diameter

Pellet Length

1/2 (Pellet OD — Pellet
Dish Diameter)

Ead Dish Depth
Pallet-to-Clad

Radial Gap Thickness
Clad Thickvess

Rod OD

Rod ID

Pitch

ThO, Beed (Type 1)

Pellet Diameter

Pellet Length

1/2 (Pellet OD — Pellet
Dish Diameter)

Eud Dish Depth
Pellet-t0-Clad

Radial Gap Thickness
Clad Thickness

Rod OD

kod ID

Pitch

0.2508
0.5922

0.02508
0.008016

0.003288
0.02422
0.3057
0.2573
0.3676

0.2530
04719

0.02508
0.008018

0.0v2133
0.02407
0.3054
0.25873
0.3676

ThO, 8eed (Types 3 to §)

Pell--t Diameter

Pellet Length

1/2 (Pellet OD — Pollet
Dish Diamcter)

Eud Dush Depth
Pellet-10-Ciad

Radial G»p Thickness
Clad Thickness

Rod OD

Rod ID

Pitch

02330
04719

0.02508
0.008016

0.002133
002422
03057
0.2573
0.3676

0.933 w/o Regvlar Blanket < Type |-

Pollet Dismeian

Pellei Lengti:

1/2 (Pellet CL -~ Peilet
Dish Diameter)

End Dish Deptn
Pellet-to-Clad

Radial Gap Thickness
Clad Thickness

Rod OD

Rod ID

Pitch

05066
Q7415

¢80l
00,503

00025
003c.9
0.5731
05115
0.6306

1.532 w/o Regular Blanket (Types

and §)

Pellet Dian:eter

Pellet Length

1/2 (Peliet CD — Pellet
Dish Diameter)

End L .ah Depth
Pellet-10-Clad

Radial Gap Thickness
Clad Thickness

Rod OD

Rod ID

Pitch

05063
08617

00501
0.01503

0002599
G 03066
05729
05115
0.6306

1.90) w/o Regulsr Blanket (Types °

and 4)

Pellet Diametes

Pellet Length

1/2 (Fellet OD ~ Pellet
Dish Diameter)

¥ad Dish Depth
Pellet-10-Clad

Radial Gap Thickness
Clad Thickness

Rod OD

Rod ID

Pitch

0.5064
0.9820

00501
001503

0002589
003079
05731
05115
0.6306

ThO, Regular Blanket (Types ;. 3.

end 4)

Pellet Diameter

Pellet Length

1/2 (Pellet OD ~ Pellet
Dish Diameter)

End Dish Depth
Pellet-to-Clad

Redial Gap Thickness
Clad Thickness

Rod OD

Rod ID

Pitch

05068
05912

0.05110
001503

0002513
003079
08731
05115
0.63u6




TABLE A-9. (Cont)

ThO, Regular Blanket (Types 2 and 8)

Pelist Diameter
Pollet Leng'h

1/2 (Pullet OD — Pellet

Dish Diametar}

End ['ish Depth
Pellet-to-Clad

Radial Gap Thickness

Clad Thickness
Rag OD
-ID

Pitch

0.5065
0.5912

C.05110
0.01503

6.022515
0.03066
0.5729
05118
0.6306

1,942 w/o Powsr Flattening Blanket

(Type 1)

Pellet Diameter
Pollet Length

i,2 (Peliet OD — Pellet

Dish Diameter)

Bod Dish Depth
2ellot-10-Clad

Radal Gap Thickness
Clad Thickness

Rod OD

Rod ID

Piich

0.4653
0.6593

0.0801
0.01803

0.0024868
0.02693
0.5284
0.4708
0.6288

198 w/u Power Flattening Blanket

(Types 2 and 8§)

Pe'let Diametar
Pe! st Length

1/2 (Pellet OD — Pellat

Dis!y Diamater)

Eait Uish Depth
Pellci-to-Clad

Radial Gep Thickness
Clad Thickness

Rod OD

Rod ID

Pitch

0.4657
0.7796

0.0501
0.01503

0.002386
0.02688
0.5283
0.4708
0.6288

23.564 w/a Power Flatteaing Blanket

{Types 3 and ¢)

Pellet Diameter
Pelivt Lengih

1/2 (Pellet OD ~ Pollnt

Dish Diameter)

Esd Dish Depth
Pellet-t0-Clad

Radi.! Cap Thickness
Clad Thichness

Rod OD-

Rod ID

Pitch

04636
0.8998

0.0501
001503

0.002458
0.02908
0.8286
04708
0.6288

194

ThO, Power Flattening Blanket

(Type 1)

Pellet Diameter 0.4654
Pellet Length 0.5050
1/2 (Felist OD — Pellet

Dish Diameter) 0.0470)
End Disk Depth 0.01503
Pellet-10-Clad

Radial Gap Thickness 0.002536
Clad Thickness 0.02893
Rod OD 0.5284
Rod ID 0.4705
Pitch 0.6288
ThO, Power Flattening Blanket
(Types 2 and 8)

Pellel Diameter 0.4654
Pellet Length 0.5090
1/2 (Pellet OD — Pollet

Dish Diameter) 0.04709
Eud Dish Depth 0.01503
Pellet-to-Clad

Radial Gap Thickness 0.002538
Clad Thickness 0.02688
Rod OD 0.5283
Rod ID 0.4708
Pitch 0.6288
ThO, Power Flattening Blanket
(Types 3 and &)

Pellet Diameter 0.463%4
Pellot Leagth 0.5090
1/2 (Pellet OD — Pellet

Dish Diameter) 0.04709
End Dish Depth 001503
Pellet-to-Clad

Radial Gap Thickness 0.6028%38
Clad Thickness 0.02908
Rod OD 0.52e6
Rod ID 04708
Pitch 0.6288

2 w/o Driver Bilanket

Pellet Diameter 0.5443
Pellet-to-Clad

Radia! Gap Thickaess 0.003647
Clad Thickness 0.03654
Rod OD 06247
nod ID 05316
Pitch 0.7308



TABLE A-9. (Cont)

2 w/o Driver Blanket

Pellet Diameter 0.5443
Pellet-to-Clad

Radial Gap Thickness 0.003647
Clad Thickness 0.03654
Rod OD 0.6247
Rod ID 0.5516
Pitch 0.7207
ThO, Reflector Blanket

Pellet Diameter 0.5481
Pellet-to-Clad

Radial Gap Thickness 0.002798
Clad Thickness 0.03654
Rod OD 0.6268
Rod ID 0.5537
Pitch 0.7308

TABLE A-10. DETAILFED CELL AT 476.72°T, PELLB* FRACTION OF

ThO, Reflector Blanket

Pellet Diame‘er
Pellet-to-Clad

Radial Gap Thickness
Clad hickness

Rod OD

Rod ID

Pitch

THEORETICAL DENSITY
Pellet Traction
of Theoretical

Fuel Type Denasity
5.8 w/o Seed (Type 1) 0.9509
3.8 w/o Seed (Types 20 4) J.9659
ThO, Seed (Types 1 to 4) 0.9507
0.963 w/o Regular Blanket
(Type 1) 0.9608
1.532 w/o Regular Blanket
(Types 2 and 5) 09569
1.901 w/o Regular Blanket
(Types 3 and 4) 0.9560
ThO, Regular Blanket
(Types 1 10 ) 0.9487
1.542 w/o Power Flatiening Blanket
(Type 1) 09672
1.928 w/o Power Nattening Blanket
(Types 2 and 5) 09679
2.564 w/o Power Flattening Blanket
{(Types 3 and 4) 0.9560
TLO, Power Flatiening Blanket
(Types 1 10 5) 09310
2 w'o Driver Blanket 09412
ThO, Retiecror Blanket 09321

195

0.5481

0002798
003654
06248
05537
27207
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TABLE A-11. DETAILFED CELL AT 470.12°F. 30!-13 m

0.963 w/o
Reguiar Blanket
(Type 1)

N,

0.231421-3
0.252173-8
0.139681-5
€ 2108427
0.399777-8
0.216992-1
0.438772-~1

1.542 w/o Power
Flattening Blanket
(Type 1)

Nl

DLRSITY K, (fome/BarnCim) -
8.8 w/s Geed 38 wie Seed ThO, Seed
(Tf 1) (Types 2 to ¢) (Types 1 to 4)
—_— N
0.135788 -2 0935438-3 040
0.199590-4 0.139619-4 0+0
0.142521 -8 0.703616-~-6 040
09199067 0.620693-7 0+0
0.446408-3 0229494 -8 040
0.204454-1 0.211746-1 0.216830-1
04365841 0.442541 -1 0.433659-1
1.832 w/e 1.90]1 w/e ThO,
Regular Blanket Regular Blanket Regular Blanket
(Typee 2 t0 8) (Types 3 and @) (Types ] to B)
N, s N,
0.372349~-3 0.436629-3 0+0
0.546937-8 0.540103-8 040
0.395655-6 0.219842-8 040
0.252480-7 0.389889-7 0+0
0.123770-8 08323544 040
0.214838-1 0.213807-1 0.216375-1
0.437260-1 0.4372027-1 0.216375-1
1.928 w/o Power 2964 w/o Power ThO, Power
Flattening Blanket Flattening Blanket Flattening Blanket
(Typen 2 and 8) (Types 3 and ¢) (Types 1 to §)
N, [ N,
0474572-3 0.623936-3 040
0.7¢J323-8 0931257-8 0+0
0.356963~-6 0469311 -6 040
0.314893-7 0.414001-7 040
0.116428-8 0.153072-8 04-0
0216414-) 0212324 -1 0.216898-1
04424921 N437383-1 04337971

0.379159-3
0.565915-5
0.285196-6
0.251584-7
0.930202-6
0.217122-1
0.217122-1

2 w/o Driver
Blanket
N,

0411647-3
0.359402-5
0.108319-6
0+0
0.476752-S
0.210891-1
0.430183-~1



L61

o §
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ThO,

Rcﬂn&;‘r Blanket

040
040
040
040
040
0212891-1
0425182-1
0.798977-2

304 Stainless
Steel
N,

0.8835180-1

TABLE A-11. (Cont)

08916720-1°

I =5

0.268824—1
0.537648-1
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34788

TAPBLE A-12. DETAILED CELL AT ¢78.72°F. CELL SMEARED ATOMIC

8.6 w/o Beed
(Type 1)

0.568186-3
0835165-8
0596364~ 6
0 3849267
0186795-8
0855518-2
N.782233-2
0997:39-13
0280219~
01950701

0.963 w/e
Regular
Blanhet
(Type )

0.133703-3
0145692-5
0807061-6
0212813-7
02309708
01253661
06559822
0725574-~3
0318759-1
0130520-1

DENSITY. N, tAtoma/Barn-Cm)

3.8 w/o Beed
(Types 2 to &)

1

0391340-3
05840958
0 294357-6
0.259666-7
0960084 -6
0885838-2
07381682
0997339-3
0282339~
01944041

1832 w/e
Regular
Blanket

(Types 2 and 8)

02152723-3
0316211-8
0228747 -6
01459717
07155756
0124207~
0653188-2
0725574-23
0318231
013087i~1

ThO, Seed
(T;lpo n

i

040
040
040
0+0
040
0921357-2
0782833-2
0997339-3
0.281806-1
0.195070-1

1.901 w/o

Regular
Blanket

(Types 3 and ¢4)

02643843
03127188
0127292-83
0225744-7
0366121-9
0123794-1
06559822
0725574~3
J3182%9—1]
0 305201

ThO, Seed
(Tyw" 2to &}

040
040
040
040
040
0921357-2
0768168-2
0¢97339-3
0281423-1
01944041

ThO,
Regular
Blanket

l'l‘ypoo;‘.l.rl\ddl

040
040
040
040
040
01245501
065%102~2
072574-3
03143r0-1
0130s20-1}
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TABLE A-12. (Cent)
T™hO, 1.842 w/e Power 1.928 w/o Power 2.564 wio Power
Regular Flattening Flattening Tlattening
Blanket Blanket Blanket Blanket
(Typee 1 and § (T n (Typea 2and 8) (Types 3 and §)
leotepe ] r N, v,
nyy 0+0 0185831-) 02333083 03070403
ey 0+¢0 0277366-8 0 348224-83 0458273-8
my 0e¢0 0139780-8 01754896 0230949-6
sy 040 0123306-7 0154807-7 0203731-7
»ey 040 0455%09-8 0%572381-6 0753270-6
Lhas 1 01245501 010641%~1 0106393-1 01044851
Lucaloy4 06511°P0~-2 0%710!11~-2 0 569967-2 ©573422-2
Ja7 88 072¢574-3 0729757-3 0729757-3 0729757-3
o 03145341 0311093-1) 0312080-) 0309550~1
R 013e71~1 01889% -1 0189086~ ¢ 1886561
ThO, Pewer ThO, Pewer ThO, Power
NMattening Flattening Flattening 2 w/o Driver

Blanket Blanket Blenhet Blenket

(Typeo I (Typea 2 and §) (Typeea J and @ Pitch = 0.73077 in
lewtope }l. . N, N
oy 0+ 0+0 040 0207056-13
-~y 0+0 0+0 040 O 180K14 -5
gy 040 040 0+0 0544948-7
ney 040 040 040 G- 3
.y 0+0 0+0 04+0 QlIrus83-8
nmy 1057471 01027471 0105747~ (O oS SRS I |
Lircabry4 0TI 0112 0569967-~2 T%73422-2 ©«~28705-2
347SS 0724%757-3 0729757-3 0729757-3 011055093
o] 0 X972~} 0306038~ 1) 0 3058221 QCINKBED7 -1
| O 1889%6 -} 0 189086~} 0188656} 0 IP"I65-)




00¢

Isotope

my
Yy

L

WITh
Zircaloy-4
304 SS

2!0

2 w/o Driver
Blanket

“itch -_'0‘.12013 in

TABLE A-12 (Cont)

ThO, Reflector

Blanket

Pitch= 3.13011 in

ThO, Reflecter

Blanket

Pitch= %12013 in

i

0.212908-3
0.185887-8
0.650237-7
0.246562-8
0.109075~1
0.646343-2
0.170152-3
0.307667-1
0.170342-1

0+0
0+0
0+0
040

0.108456-1
0.630971-2
0.151245-3
0.305931-1
0.178039~1
0.407965-7

040
0+0
0+0
0+0
0.111498-1
0.648672-2
0.155489-3
0.306972-1
0.167950-1
0.419407-7



BNL Exponential Experiments (Reference 21)

Uniform subcritical lattices were constructed of 3%233U02 - 97% ThO2
fuel in light water moderator, and flux measurements were used to infer
the material buckling Bm2 of the lattices. Measurements were made for
hexagonal lattices using a single rod type, at eight different lattice
pitches. Additional measurements were made for these lattices poisoned
with H3BO3, yielding a total of 21 values of Bm2. Fuel rod sizes and
compositions are given in "Table I." Buckling and reflector savings values

are listed with lattice parameters and H3BO3 concentrations in "Table II."

TaBLE 1 (Ref. 21)
233(J0,-ThO, Fuel Pin Composition

Average Density = 8.9618 g/cmsa;
diameter = 0.430 in. = 1.09220 ¢cm

Active length - 42.5 in. = 107.98 cm

E33U/2%U + Th) we waw = 0.03000

Isotope Weight Fraction Atoms/em’®
180 0.121197 0.408832 x 10%°
232y 0.851764 0.198115
33y 0.026343 0.0061021
Uy 0.000394 0.0000909
235y 0.000012 0.0000027
288yy 0.000289 0.0000655

B 0.0000044 0.0000220

Clad Composition:

Zircaloy-2

density = 6.8365 g/cm’
o.d. = 1.26746 cm = 0.499 in.
i.d. =1.09220 cm = 0.430 in.

isoiope Weight Fraction Atords/cm®
Zr 0.9827 0.44355 x 1073
Sn 0.0145 0.005030
Cr 0.0010 0.000792
Fe 0.0013 0.000958
Ni 0.0005 0.000351
Co 5% 107° 0.0000035
B 1.4 x 107 0.0000053
cd 0.5 x 107° 0.0000002
Hf 3x10°° 0.0000007

2The fuel was prepared by the sol gel process and
consists of compacted particles of a solid solution of
UOz in ThOz. The compacted particles are of three size
grades, 60 wt% 6/16 mesh, 15 wt% 50/140 mesh, and 25
wt% -200 mesh.!
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Buckling and Reflector Savings

TABLE 11 (Ref. 21)
231J0,-ThO.-Hz0 Llattices

{ Moderator

I(Best!’ ((Best!!
Lattice Fuel H3BO3? Values? of Values of
Pitch Volume Conc - Measured Measured
(1'n) Ratio lmg/cma) B: (m™% A (cm)
0.627 0.997 0.0 75.88 £ 2.0 | 7.60 £ 0.3
13.3 42.1 +0.5 | 5.30 +0.10
i 25.0 18.8 +0.5 | 5.10 +0.10
1.384 0.0 86.06 + 1.3 | 7.24 +0.17
0.677 7.82 50.6 0.5 | 5.60 + 0.10
- 22.9 3.65 + 0.5 | 5.10 £0.10
0.716 1.7134 0.0 89.34 + 2.0 | 7.05+0.3
: 4.74 60.4 +0.5 | 5.70 +0.10
18.88 -1.8 +0.2 | 5.25 +0.15
0.771 2.1943 0.0 90.35 +1.6 | 6.80 +0.2
: 4,71 50.5 +0.2 | 5.75 £0.05
13.3 -2.1 +£1.0 | 5.50 +0.10
0.854 3.0043 0.0 85.54 + 0.8 | 6.57 +0.1
4.99 26.5 +0.3 | 5.85 + 0,20
7.82 1.99 £ 0.2 | 5.60 +0.15
0.971 4.2722 0.0 69.8 +1.0 | 6.44 £0.15
2.68 22.6 £0.4 | 6.0 +0.15
4.96 -7.67+0.2 [ 6.0 +0.05
1.172 6.8449 0.0 32.2 +0.2 | 6.256 £0.05
1.7 -10.8 +1.0 | 6.40 +0.20
1.335 9.2747 0.0 -1.22 + 0.3 | 6.65 = 0.05

2Solutions at normal room temperatures (~20°C).

(For densities see: The International Critical Tables. )

PAs measured values are compiled by Price."
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CRITICAL ARRAYS, AND RASCHIG RING POISONED SOLUTIONS OF 233U

The unlikely grouping of array experiments and raschig ring poisoned
solution experiments in this section is due to the small amount of data

available, plus the fact that one paper treats both.

Only two papers treat arrays. In both cases the arrays are composed
of bottles of well moderated uranyl nitrate solution, both reflected and
unreflected. The paper with the most cases (22) studied22 includes the
effects of moderation internal to the arrays in some cases. However, most
of the arrays are planar, and only one case has two layers. THe other
paper with array data, a brief article in an annual r‘epor‘t,4 presents
criticality data on the disparate topics of arrays, raschig ring poisoned
solutions, and solutions in simple geometries. It reports a total of eight

233

experiments using cubical arrays of U solution containers. Number of

units per array side, solution concentration, and reflection are varied.

A total of three individual experiments, all subcritical, are reported

233U solutions poisoned with borosilicate

in the two papers which treat
raschig rings. Two of these experiments were reported in ORNL-4280, where
it is noted that the solutions were subcritical, and were driven as an
exponential experiment by a critical slab of unpoisoned solution above the
rings. Flux traverses through the solution are mentioned, but no results

are given. Additional information on these experiments, including reciprocal
relaxation lengths plus data from an additional unreported experiment, is

presented in the background document23 for ANSI standard N16.4-1971, which

governs the use of raschig rings in fissile solutions.
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Lloyd, Clayton & Chalmers: Arrays (Reference 22)

Twenty two experiments are reported, of which twenty one are for planar
arrays, and one for a two-layer array. Descriptions of the experiments, their

results, and discussion of experimental errors are reproduced below.

MEASUREMENTS

The ***U was in the form of uranyl nitrate hex-
ahydrate, UO,(NQOj); + 6H:0, at a concentration of
=330 g **U/liter; the uranium solution, =0.53 M
in excess nitrate acid concentration, was con-
tained in three-liter polyethylene bottles. The
isotopic content of the solution is given in Table I.
The bottles were 17.75-in. high and 4.7-in. od.,
with a wall thickness of 0.100 in. The average
solution height was =11.5 in., corresponding to
960 g uranium per bottle. Table I shows that
the bottles varied in content and given averages
of solution contents for each experiment. This
variation amounted to less than 20 g **3U/liter
except for Experiment 21 where it was 140 g

TABLE I (Ref. 22).

Isotopic Content of the Uranium Solution

232y 2 4 ppm
233y 98.2%
2347 0.8%
238y 1.0%
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TABLE II

(Ref. 22)

Averages for Actual Bottles Used in Experiments

Solution B3y
Experiment Height U Volume Concentration Specific
Number in. g liter g/liter Gravity
1 11.78 946 2.98 318.3 1.437
2 11.67 951 2.94 323.1 1.444
3 11.59 947 2.93 323.0 1.444
4 11.40 961 2.89 332.5 1.455
5 11.77 947 2.95 321.1 1.445
6 11.72 962 2.95 326.2 1.450
7,8,9,10,11 11.71 934 2.94 318.1 1.438
12 11.64 947 2.93 323.2 1.444
13A 11.67 951 2.94 323.1 1.444
13B,14,15,16,17 11.59 947 2.94 323.0 1.444
18,19,20 11.40 961 2.89 332.5 1.455
21 11.25 895 2.87 312.6 1.429

U/liter. Use of the average concentration should
introduce minimum error since criticality is quite
insensitive to concentration over this range.

The bottles were placed in subcritical arrays
on a remotely operated split-table device. Be-
cause the reactivity of an array can change rapidly
with spacing, separate neutron multiplication mea-
surements were made to determine that the num-
ber of bottles for each spacing could be safely
loaded. The neutron multiplication for the fixed
number of bottles at each spacing was then, in
turn, used to predict the critical spacing for the
array. Thus, the experiments required a series of
multiplication measurements—one for each spac-
ing.

The remote split-table machine (RSTM), used
in these experiments, has a table top of 0.03-in.-
thick steel plate supported by an aluminum honey-
comb material that provides good support strength
but low neutron reflection. A low-density alumi-
num honeycomb material was also used to provide
accurate spacing between bottles and to ensure
that the bottles remained upright.

Criticality of the bottles of solution was deter-
mined for both bare and Lucite-reflected systems.
In the unreflected assemblies, stability of the
outer bottles was maintained by aluminum frames
attached to small magnets fixed to the thin-steel
base plate. Unreflected assemblies of 9 and 16
bottles and a double-tier array of 18 bottles were
measured.

In the reflected arrays, the Lucite was placed
touching the outside surface of the bottles, i.e.,
boxing in the array. The thickness of the top and
bottom Lucite reflector was 4.5 in. and the side
reflectors were 6 in. Experiments were per-
formed with Lucite moderator positioned between

205

the bottles of an array in both unreflected and re-
flected assemblies. Figure 1 shows a 16-bottle
unreflected assembly, with this internal moderator
at the same height as the solution.

RESULTS

Results obtained from plotting the reciprocal
count rate (inverse neutron multiplication curves)
as the arrays were built up, and extrapolating
these curves to predict criticality, are presented
in Table III. During the experiments it was noted
that an improvement in linearity of the neutron
multiplication curves could be obtained by plotting

Fig. 1. 16-Bottle moderated unreflected array of 233y

solution. (Ref. 22)



the spacing count-rate ratio vs spacing, rather
than reciprocal count rate vs spacing. This per-
mitted an earlier, better estimate of criticality;
however, either method of plotting the data pro-
vides the same estimate in the limit as criticality
is approached. The usefulness of the first type
plot is that a better estimate of criticality is ob-
tained during the initial portion of the experiment,
although we have not found a theoretical explana-
tion for this empirical observation. A single row
of nine bottles unreflected was observed to be
subcritical, and extrapolation of the inverse neu-
tron multiplication curves indicated an infinitely
long, single line would probably be subcritical as
well. The data for the reflected row of bottles
indicated that criticality would be achieved with
more than two but less than three bottles. Three
bottles in line with surface-to-surface (S-S) spac-

TABLE III

ing? of 0.6 in. would be critical when reflected.
S-S spacings for criticality were determined for
unreflected arrays of 2 X 3, 3 X 3, and 4 X 4 bottles
in single-tier geometry and for reflected arrays
of 2 X 2 and 3 X 3 bottles.

A S-S critical spacing of 0.75in. was also mea-
sured for a double-tier 3 X 3 bottle unreflected
array, which compares with a 0.60-in. spacing for
the 3 X 3 bottle single-tier array. The double-tier
array had a spacing of 7.0 in. between the fuel of
the upper and lower tiers.

Figure 2 shows the number of bottles required
for criticality plotted vs S-S separation. The crit-
ical number of bottles is much more sensitive to

238-§ spacing refers to the outer bottle surface-to-outer
bottle surface spacing,

(Ref. 22)

Interaction Data for Bottles of **°U Solution

Number of Bottles Estimated Critical
Experiment Reflector for Surface-to-Surface
Number Condition Configuration Criticalitya Spacing (in.) Remarks
U-1 Unreflected 1x9 > 9 0 Single Row
U-2 Unreflected 2Xx3 6.1 0 Double Row
U-3 Unreflected Ix3 9 0.60
U-4 Unreflected 4 x4 16 1,16
U-5 Reflected 1x2 > 2 0 ~ 2.8 Bottles, Single Row
1x3 <3 0 Table stopped at 0.9 in.
U-6 Reflected 1x3 3 0.6 Single Row
U-1 Reflected 2x%2 4 2.18
U-8 Reflected 2x2 4 2.48 1-in. Lucite Moderator
Between Bottles
U-9 Reflected 2x2 4 2.58 i-in. Lucite Moderator
Between Bottles
U-10 Reflected 2 %2 4 2.66 1-in. Lucite Moderator
Between Bottles
U-11 Reflected 2x2 4 2.50 1%-in. Lucite Moderator
Between Bottles
U-12 Reflected 3Ix3 9 3.98
U-13A Unreflected 2X%x3 6.3 1.00 1-in. Lucite Moderator
Between Bottles
U-13B Unreflected 3x3 9 1.60 1-in. Lucite Moderator
Between Bottles
U-i4 Unreflected 3x3 9 1.17 i-in. Lucite Moderators
Between Bottles
U-15 Unreflected 3x3 9 1.78 13-in. Lucite Moderator
Between Bottles
U-16 Unreflected 3Ix3 9 1.87 13-in. Lucite Moderator
Between Bottles
U-17 Unreflected Ix3 9 1.90 2-in, Lucite Moderator
Between Bottles
U-18 Unreflected 4 x4 16 2.50 2-in. Lucite Moderator
Between Bottles
U-19 Unreflected 4%x4 16 2.47 23-in, Lucite Moderator
Between Bottles
U-20 Unrefleeted 4x4 16 242 13-in. Lucite Moderator
. Between Bottles
U-21 Unreflected 3x3Ix2 18 0.75 Double Tier

#Fractional number of bottles indicates extrapolation to the critical number with the spacing fixed.
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Fig. 2. Criticality of 233U solution in polyethylene
bottles. (Ref 22)

spacing for the unreflected array than for the re-
flected array. Points of optimum internal moder-
ation for maximum critical spacing of the array
are also shown for comparison as determined
from plotting spacing vs moderator thickness
(Figs. 3 through 5). Figure 3 gives data on critical
S-S spacing vs thickness of added Lucite modera-
tor for a four-bottle reflected array. The most
effective thickness, as here defined, is that thick-
ness of moderator that results in the smallest
critical number of bottles, or conversely, the
largest critical spacing for a given number of
bottles. The most effective thickness of added
moderator was about 1 in. in the reflected array.
Figures 4 and 5 give results of critical S-S spac-
ing vs added Lucite moderator thickness for un-
reflected arrays comprising 9 and 16 bottles.
These results indicate the most reactive unre-
flected loading to be obtained with a moderator
thickness of about two inches between the bottles.

EXPERIMENTAL ERRORS

The error in critical spacing is due primarily
to the uncertainty in extrapolation of the inverse
neutron multiplication curves and the uncertainty
in positioning the bottles within the array. Three
counters were used simultaneously for the neutron
multiplication measurements in which the inverse
multiplication curves were plotted vs spacing. The
arrays were subcritical in each case, but the un-
certainty in critical spacing, as a result of ex-
trapolation, is estimated to be about 0.03 in. This
uncertainty comes from the difference in values
for criticality predicted by the separate curves,
while another uncertainty of about 0.02 in. can
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result from positioning error in loading the ar-
rays. Therefore, the uncertainty in the quoted
critical spacings is =0.05 in.

This error does not apply to Experiments 1 and
5 which involved unreflected single rows of bot-
tles. Due to the nature of the arrays and the ob-
served neutron multiplication in these two cases,
it was only possible to define upper or lower
limits, i.e., critical number of bottles >9 in one
case and between 2 and 3 in the other.

In the unreflected unmoderated array, an ex-
perimental uncertainty of 0.05 in. would corre-
spond to a variation in kg of about +£0.006. This
is concluded from examination of the values of ket
calculated over a range of spacings from 0 to
0.6 in. (Fig. 6).

1.1 Ij

N

Kett 1.05}- \\
N
N
~N
~N
1.0 \\
~N

0.95 ' ' !

0 0.2 0.4 0.6

Surface~-to-Surface Spacing (in.)

Fig. 6. Sensitivity of kegf on S-S spacing, (Ref, 22)
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ORNL-4280:

Arrays & Raschig Rings (Reference 4)

In just two pages this paper presents data from experiments with arrays,

raschig ring poisoned solutions, and solutions in simple geometries. Due

to its brevity it is reproduced in full despite the fact that its solution

data are also included in the section on geometrically simple systems.

The criticality of **3U under conditions of in-
terest to nuclear criticality safety as well as in
basic geometries suitable for theoretical analysis
has been studied in a series of experimenis con-
ducted over the past 18 months. In oue series
aqueous uranyl nitrate solutions of 233U were
examined in a large capacity vessel containing
borosilicate glass in order to define systems
having k. of unity or less. In a second series
as many as 27 nearly identical subcritical cy-
lindrical volumes of the solution were assembled
in atr-spaced arrays both unrefiected and reflected
by polyethylene to establish parameters useful in
storage and transport specifications. A final
series of experiments determined the criticality of
water-reflected and unreflected spherical and
cylindrical volumes.

The 233U isotopic content of the uranium of the
uranyl nitrate solution was 97.59%. There were
no impurities present in significant quantities.

Borosilicate Glass Experiments

Exponential experiments with uranyl nitrate solu-
tion having uranium concentrations of 333 and
204 g/liter were performed in an unreflected
aluninum cylinder 50.8 cm in diameter and 18.3
cm high having a lateral wall thickness of 1.5 mm
and a 1.27-cm-thick bottom. Flux traverses were
made with a 6.4-mm-diam BF, counter along the
axis of the cylinder through a mixiure of solution
and randomly oriented glass raschig rings. A
neutron source was provided by adding sufficient
solution above the glass rings to produce a crit-
ical slab.
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A description of the raschig rings is given in
Table 2.16.1. The conditions described in this
table define mixtures having a negative material
buckling and hence values of k_ less than unity.
Thus, 233U as an aqueous uranyl nitrate solution
at a uranium concentration of 333 g/liter may be
stored in any quantity, either mass or volume,
provided that the borosilicate glass uniformly
occupies 38% of the volume of the container.

Table 2.16.1. Conditions for Mixtures of Uranyl
Nitrate Solutions of 233U and Glass Raschig

Rings Whereby k<1 (REf 4)

Urarnium concentration (g/liter) 333 204
Natural-boren content of glass (wt %) 3.9 3.9
Glass content of mixture (vol %) 38 33

Dimensions (cm) of borosilicate glass

raschig rings

Length 4.45 1.59
Outside diameter 3.81 1.59
Wall thickness 0.56 0.43
Isotopic content of uranium (%)
232y (ppm) 6.47
233y 97.54
234y 1.05
435y 0.03
236y <0.01
238y 1.39
Isotopic content of boron (%)
10g 19.74
g 80.26




Spaced Subcritical Components

. . L ]
Cylindrical containers, of 4.63 liters capacity and
fabricated of 0.25-mm-thick stainless steel, had
an outside diameter and a height of 18.28 and
17.67 cm, respectively. They were identically e
filled to within 0.5 g of solution. Critical as-
semblies of reflected and unreflected arrays at
uranium concentrations of 333 and 204 g/liter
were constructed. The reflector material was
15.2-cm-thick polyethylene (p = 0.93 g/cm?)
located from the peripheral cylinders of the ar-
ray by a distance equal to one-half the surface
separation between cylinders. The critical con-
ditions for the arrays of cylinders at the two
uranium concentrations are summarized in
Table 2.16.2.
Table 2.16.2. Critical Parameters for Unreflected and Reflected Arrays of Units of Uranyl Niirate Solution
of Uronium Contoining $7.5% 233y (Ref. 4)
N ‘ Polyethylene Center-to-Center Average
o0 Reflector . Imit Uranium®
Units in ) b Separation of Units (cm) )
Thickness — Density
a . .
Array (cm) Horizontal Verticat (g/cm3)
333 g of U per liter; H:233y - 73; specific gravity, 1.468; 1.432 kg of U per container
82 x2x2) o] 20.44 19.13 0.179
27 (3 x 3 < 3) 0 25.72 24.57 0.088
8(2x2x2) 15.2 31.95 30.30 0.046
27 (3 x 3 % 3) 15.2 41.03 38.57 0.022
204 g of U per liter; H.233y - 119; specific gravity, 1.280; 0.885 kg of U per container
8 (2x2x%x2) 0 20.16 18.81 0.116
27 (3 x3 x3) 0 25.01 23.89 0.059
8(2x2x2) 15.2 30.23 25.51 0.034
27 (3 X3 x3) 15.2 38.05 36.74 0.017
“The solution was contained in cylinders of 0.25-mm-thick stainless steel with an outside diameter of 18.28 cm and
height of 17.67 cm. The number of units along the edges of the array is given in parentheses.
5The polyethylene reflector was located at the cell boundaries,
“See Table 2.16.1 for isotopic content. g
N )
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Simple Geometries

Presented in Table 2.16.3 are the critical con-
ditions for water-reflected and unreflected spher-
ical and cylindrical volumes of the solution which
had a value of k_¢ of 1.0000 + 0.0005. A con-
centration at which a sphere was critical was first
estahlished, and then several critical cylindrical
volumes were measured. The results for unre-
flected cylinders have been corrected for the
1.27-cm-thick aluminum base of the container, so
the results describe cylindrical volumes having
aluminum on the lateral surface only.

Table 2.16.3. Critical Conditions of 233U02(N03)2 Aqueous Solution in
Water-Reflected and Unreflected Simple Geometries (Ref 4)

Critical Dimensions

. . a
UOZ(NO;,)2 Solution Cylindersb
Uranium Spheres
raniu Specifi _— - 50.8-cm diam 38.1-cm diam 25.3-cm diam 20.3-cm diam
Concentration P € H:233y Radius Mass - - - -
(g/liten) Gravity (cm) (kg of U} Height Mass Height Mass Height Mass Height Mass

(em) (kg of U) {cm) (kg of U) {cm) (kg of 1) (cm) (kg of U)

Unreflected Assemblies

333 1.468 73 13.36 9.02
204 1.280 122 13.51 5.59 15.14 3.52 24.69 2.53
131 1.183 195 14.579 1.70 14.07 3.74 16.35 2.44 28.52 - 1.88
102 1.144 253 15.078 1.46 17.60 2.05 33.40 1.71
74.6 1.106 349 15.821 1.24 19.35- 1.65 43.69 1.64
44.6 1.050 581 18.378 1.16 26.37 1.34
Water-Reflected Assemblies®
132 1.186 194 11.170 0.769 13.42 1.77 17.22 1.14 22.86 0.976
95.0 1.135 273 11.847 0.662 d d 19.67 0.939 20.02 0.824
47.9 1.068 548 . 14.576 0.621 19.6 1.07 31.53 0.757 d d

“Sce Table 2.16.1 for 1sotopic content of the uranium,
S Aluminum cylinders had a 1.5-mm-thick wall and 1.27-cm-thick bottom. Spheres were of aluminum with 1.22-mm-thick wall.

®There was no reflector on the top of any cylinder. The surface of the reflector water was 24.3 cm above the solution, a distance equal to the bottom
reflector thickness,

d’l‘herc was insufficient solution inventory to achicve critirality; the maximum solution height was 12.5 cm in the 38.1-cm-diam cylinder and 68.2 cm
in the 20.3-cm-diam cylinder.
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Y-CDC-8: Raschig Rings (Reference 23)

Although this document references 0RNL-42804 as the source of the data
which it contains, it actually presents additional data in the form of
reciprocal flux relaxation lengths for the two subcritical experiments
reported therein. Also, data from an additional experiment not reported
in ORNL-4280 are also reported in this document. The section reproduced
below contains, in addition to the data, a discussion of how the data have

been used to infer values of ke for comparison with calculated values.

This document is the basis for ANSI standard N16.4-1971 governing the
use of raschig rings in fissile solutions, and presents data and analyses
used to support the adequacy of the standard within its limits of appli-

cability.

53 Raschig Ring Exponential Experiments

A calculational scheme was used to evaluate some of the parameters
in a simple model for raschig ring exponential experiments in cylindri-
"cal geometry so that an experimental value for km(exp) is obtained from
measured reciprocal relaxation lengths for comparison to kco calculated
from the Cylindrical Tube Model. The eguation for obtaining koo from the

experimental data is

k_(exp) = 1+ M2B§ - M2y2

where
M® = 12 + 1 = the migration area
T = the neutron age to thermal energy
Bi = the radial buckling
V4 = the reciprocal relaxaticn length

= the thermal diffusion length.
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The reciprocal relaxatioh length is determined from the exponential

dependence of the neutron flux in the z direction of the cylinder filled
with raschig ring-sgolubtion mixture in the exponential experiment.

M?(= 7 + L?) and MZBi are calculated parameters. The neutron age, -,
which is equal to one-sixth the second moment of the slowing down dis-
tribution from a point fission source, was calculated using the ANISN—S32
method of Raffety and Mihalczo.%2® The thermal diffusion length, L, is
inversely proportional to Aﬁ?"l The radial nonleakage probability,

at
1/ (1 + MZB;), was calculated from the equation

k

o)

off 1 4 o2

r
where kOO was calculated for the fissile solution-raschig ring mixture
using the Cylindrical Tube Model. Cell-averaged, homogenized cross
sections, generated from the kOo calculation, were used in a subsequent

ANISN-reactor calculation of ke for an infinitely long cylinder of

the fissile solution-raschig riig mixture. Thus, MgBi was derived from
the two calculations. The calculated values of M2, M2B§ and the experi-
mental value of 7 were then used to obtain k_(exp) for comparison to the
calculated valve of km.

Table 6 summarizes these calculations for the 22°U and 233y expon-
ential experiments®°'%% where there were available measurements of the
raschig ring inside and outside diameters. kOo was also calculated for
the raschig rings and the plutonium solution concentration which was
 determined experimentally*® to have km(exp) = 1 and is included in the
table. The raschig rings used in the experiments are described in
Table 7.

The differences between the experimental values and the calculated
values of koo for these raschig ring-fissile solution systems are used

to determine the value of the calculated koo for which subcriticality is

assured, see Section 5.6.
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Table 6. Comperison of Calculated k_ with Experimentally Determined k_ Values. (Ref. 23)

Reciprocal M?Bi =
U or Pu Raschig Cylinder (Relaxation ANISN Calculations k_
Concentration Ring Diameter length) K K T 12 M? m -1 X (exp)
(g/liter) Type® (in.) Reflector 72 (cm™2) ® eff  (cm?) (cm¥}  (cm3®) eff o\ $XP
Uranyl Nitrate Solution Containing 92.6 wt % 235(P
415 EN-1 48 Air 0.00554 0.8180 0.7755 39.03 0.19 39.22  0.053k4 0.836 + 0.048
L5 EN-1 48 H.O 0.00497 0.8180 0.7816 39.03 0.19 39.22  0.0466 0.852 £ 0.05k4
Lis Pyrex 30 0 0.00131 1.067h  0.9766 38.25 .20 38.45  0.0930 1.0k3 £ 0.015
415 Pyrex 30 ASr 0.00216 1.067% 0.9520 38.25 0.20 38.45  0.1212 1.038 + 0.020
415 EN-1 20 H,0 0.0102k4 0.8180 0.6957 39.03 0.19 39.22 0.1758 0.774 £ 0.051
415 Pyrex 26 Hgo 0.00326 1.0674 0.9047 38.25 0.20 38.45 0.1798 1.062 + 0.011
L1y Pyrex 20 Alr 0.00453 1.0674+ 0.8522 38.25 0.20 38.45 0.2525 1.078 £ 0.021
415 Pyrex -l H0 0.00313 1.0674 0.9047 38.25 0.20 38.45  0.1798 1.060 & 0.027
415 KG-33 20 H20 0.01461 0.7115 0.5968 L2.91 0.15 43.06 0.1922 0.563 + 0.053
415 KG-33 20 Air 0.01607 0.7115 0.559% L42.91 0.15 L3.06 0.2714 0.579 + 0.051
415 R6 20 Air c 1. 5467 c 41.11 o0.28 41.39
L15 R6 20 H,0 d 1.5467 d Li1.11 o0.28 41.39
141 R6 20 ASr 0.00194 1.1990 0.9417 39.81 0.65 Lo.46  0.2732 1.195 £ 0.009
1k R6 20 K0 0.00085 1.1590 0.9919 39.81 0.65 Lo.4¥%6  0.2088 1.174 + 0.011
141 R6 20 + 0.032 ¢d Afr 0.00181 1.1990 0.9417 39.81 0.65 Lo.u6  0.2732 1.200 £ 0.008
141 RA 20 + 0.032 ¢d Hgo 0.00120 1.1990 0.9613 39.81 0.65 Lo.k6  0.2473 1.199 + 0.005
QL. b RG 20 + 0.032 Cd Air 0.00530 1.0178 0.7986 39.75 0.77 L4L0.52  0.2745 1.060 & 0.024
oh. L R6 20 + 0.032 Cd H,O 0.00480 1.0178 0.8135 39.75 0.77 L0.52  0.2745 1.057 + 0.023
63.3 R6 20 + 0.032 Cd A?r 0.01080 0.8278 0.6495 39.86 0.93 40.79  0.2745 0.834 + 0.052
53.3 RS 20 + 0.032 ¢d H,0 0.01088 0.8278 0.6614 39.86 0.93 Lo.79 0.2516 0.808 + 0.045
Uranyl Nitrate Solution Containing 97.6 at. % 233y¢
332.6 A 20 Air 0.00863 0.9362 0.7079 49.58 0.20 L9.78  0.3225 0.893 £ 0.007
3k5.9 B 20 Air 0.00723 0.8927f 0.6883 47.50 0.15 L7.65 0.2960 04951 £ 0.006
20k4.1 B 20 Air 0.01k32 0.6329 0.4921 uLs5.27 0.18 ks.bs  0.2861 0.632 £ 0.014
Plutonium Nitrate Solution Containing 95.8 at. % 23°pué
182 o) -- - 0.00000 1.0274 - - -- - -- 1.000
e. See Table 8 for raschig ring descriptions.
b. See PRef. 39 for complete description.
c¢. Critical height = 10.86 in- k ¢ Was calculated by KENO to be 0.956 £ 0.006 using cell-averaged cross sections from the ANISN k_

calculation.

d. Critical height = 8.34 in. keff was calculated by KENO to be 0.925 & 0.006 using cell-averaged cross sections from the
ANISN k calculation.

e. See Ref. 4l for complete description-

f. 8g calculation was 0. 90L2 which should be compared to O 951.

g- See Ref. U5 for complete description.
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