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ABSTRACT 

The literature has been searched for criticality data for light water 

moderated systems which contain thorium or 233U, 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 lattices of fuel rods containing highly enriched 235 U02 - Th02 and 

233 U02 - 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 ~ solutions containing thorium. Neither do data exist for 

homogeneous 233U 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. 

All critical lattices using 233U02 Th02 fuels (LWBR program) were 

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

using 235 U02 - Th02 fuels have been performed using a single fuel rod type. 

Critical lattices of 235 U02 - Th02 rods pOisoned with boron have been mea­

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

poisoned lattices of 233U02 - Th02 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 River Laooratory. 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 thorium 

or the fissile isotope 233U. 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, 

and for 233U solutions and metal systems without thorium. This compilation 

brings the existing data together from diverse, hard-to-acquire sourGes by 

reprinting appropriate portions of the source doutments. (Data are not com­

piled for either 235U or 239pu without thorium, because of the large amount 

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. 
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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 likely 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 

with both solutions and lattices in which 233u is denatured with 238U. 
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TABLE 1. Existing Data - Geometrically Simple Systems 

Fully Contains Denatured Poisoned Arrays 
Fissile Material/Form Enriched Thorium With 238U Soluble Fixed of Units 

235U w 

Aqueous Solutions I No I I I I 

Low Moderated I No I I I 

Metal I No I I 

233U 
Sub-

Aqueous Solutions I No No Li ttl e critical Limited 

Low Moderated No No No No No 

Metal I No No No 



.. 

TABLE 2. Existing Data - Lattices 

Moderators 238U . Fresh Dissolver Lattice ln 
Fuel (Oxides) Water Acid Solution Poisons Not Zoned Fuel Rods 

235
U
_

Th 1 No No Boron 1 No 

233U_Th 1 No No Boron* 1* No 

233U_Zr 1 No No No one expo No 

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

• 
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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 . 
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CRITICAL EXPERIMENTS WITH GEOMETRICALLY SIMPLE SYSTEMS 

This section contains data from experiments using aqueous solutions of 

uranium highly enriched in 233U.l, 2, 3, 4, 5, 6, 7, 8 This is followed by 

data from spheres of highly enriched 233U metal. 9, 10, 11, 12 

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

the large 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. 13 

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 

spheres and cylinders of U02F2 occur for an H/233 U ratio near 40. 14 Bench­

mark experiments in this low 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/233 U range covered is only 

from 1300 to 1500, and the boron concentration in no case exceeds 0.1 g/£. 
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Validation of analyses predicting the minimum safe size of poisoned systems 

will require data at much lower H/233U ratios, and over a range of values. 

No criticality data exist for 233U solutions poisoned with gadolinium (which 

may be more effective than boron at low fissile concentrations), or on mixtures 

of Band Gd (which may be more effective than either when both high and low 

fissile concentrations are considered) . 
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Table 3. Summary of Critical Experiments with lH-Moderated 233U in 

Geometrically Simple Systems 

a Geometryb Refl ectorC 
Number of H/233U 

Reference Form Experiments Ratio 

N S W 405 

N C W 514 

N C P 28 42 - 757 

F S - W 5 381 - 663 

F C - W 2 158 

F C P 18 34 - 775 

2 N S 2 1533 - 1986 

2 N C 4 1820 - 2106 

2 N + B 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 381 

7 F C -,W 10 254 - 854 

8 N C 22 'V150 - 1000 

8 N C H 15 'V120 - 700 

9-12 M S _ 235 U , , 11 0 
U(N), Be, W 

a. N = U02(N03)2; F = U02F2; N + B = U02(N03)2 + HB03; 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 
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ORNL-2l43: 233U02~03)2 & 233 U02£2' 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 

water reflected or bare. These experiments covered the range of H/233U from 

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

The critical parameters of the nitrate and fluoride solutions are given 

in "Tables 8-1 and 8-2" 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 call ed to footnote c of IITabl e 8-2" whi ch indicates 1 imits 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-l. Note that the nitrate solutions contained some 

excess acid, so that N/233 U = 2.66. Isotopic composition and impurties 

are listed in IITables 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 equilateral. 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 

9 



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;s followed by a graphical presentation of the results 

in "Figures 4, 5 and 6." 
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E:u233 
Atomic 
Ratio8. 

57.5 
67. 0 
84.4 

11f5 

57.5 
67.0 
84.4 

120 
151 
193 

57.5 
67.0 

145 

42.2 
57.5 
84.4 

120 
145 
151 
193 
213 
247 

356 
379 

582 
630 
757 

405 

Appendix B 

TABULATIONS OF CRITICAL DATA 

Table B-1. Critical Parameters uf Uranyl Nitrate Solutions (Ref. 1) 

(Ilumbel's in parentheses represent extrapolated values derived from source neutron m'.lltipL.cat::.or. 
curves of subcritical assemblies.) 

Reflector 

Fal'affin 

Paraffin 
" 

Faraffin 
II 

II 

Paraffin 

II 

II 

" 

Paraffin 
II 

Paraffin 
II 

Faraffin 
" 

Water 

Paraffin 
II 

II/ater 

Critical Parameters 
f/.a.xilT.u.:n Val:.:es of 
Subcr:.t:'cal.':"sseI:lcl::.es 

Height 
( em) 

c 
c 
c 
c 

27.9 
29.0 
30.7 

(38.5 ± 0.5) 
(46.D ± 0.5) 
(73 ± 2 ) 

16.3 
16.2 
18.6 

(16.1 ± 0.2) 
14.4 
lit. 7 
16.4 
16.7 
16.7 
18.8 
19.3 

(21.2 ± 0.3) 

19.4 
21.5 

21.3 
22.9 

19.3 
22.5 

(25.2 - 0.1) 
(25.5 :': 0.1) 

21.1 
23.8 
30.4 

Full 

Volume 
( lite,s) 

J·lass 
(kG of u233) 

r:eisnt Vol-...:=.e ~·!ass 
(CI:l) (liters) (:.;.g c:" <]233) 

Cylinder 12.7 cm (5.0 in.) in Diameterb 

51 
59 
61 
55 

Cylinder 15.1 cm (6.0 in.) ~n Diameterb 

5.00 
5.20 
5.50 

(6.9 :: 0.1) 
(8.4 ± 0.1) 

(13.0 ± 0.4) 
Cylinder 19.1 

4.65 
4.60 
5.30 

1.91 
1. 75 
1.51 

(1.37 ± 0.02) 
( 1. 34 ± 0.02) 
(1.65 ± 0.08) 

em (7.5 in.) in Diameter 

1.77 
1. 55 
0.89 

Cylinder 20.5 em (8.0 in.) in Diameter 

36.8 
45.4 
55.4 

(5.30 ± 0.(6) (2.6 ± 0.03) 14.0 
4.75 1.81 
4.85 1.33 
5.40 1.07 
5.51 0.92 
5.51 0.88 
6.20 0.79 
6.37 0.75 

(7.0 ± 0.1) (0.70 ± 0.01) 19.9 

Cylinder 21.5 cm (8.5 in.) in Diameter 

7.00 
7.78 

0.70 
0.65 

Cylinder 22.9 cm (9.0 in.) in Diameter 

8.75 0.62 
9.39 0.62 

Cylinder 25.5 cm (10.0 in.) in Diameter 

9.82 
11.45 

(12.9 ± 0.05) 
(13.0 ± 0.05) 

0.63 
0.63 

(0.63 :': 0.03) 
(0.64 :': 0.03) 

Cylinder 30.5 em (12.0 in.) in Diameter 

15.40 
17.40 
22.20 

0.68 
0.70 
0.75 

Sphere 26.6 cm (10.4 in.) in Diameter 

9.66 0.60 

25.1 
25.1 

6.40 
7.40 
7.65 
6.90 

6.6:;0 
8.15 
9.80 

IJ..6c 

6.56 

12.--: 
12.--" 

2 
., 
.~ 

2.1: 
1.15 

loy: 
1.31 
1.2-

2.2:;: 

0.66 

a. The compositions 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. 
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Table B-2. Critical Parameters of Uranyl Fluoride Solutions (Ref. 1) 

(rt~ers in parentheses represent extrapolated values derived fram source neutron multiplication 
curves for subcritical assemblies.) 

H:U233 
Atomic 
Ratioa 

Critical Parameters 
MaxllrrQro Values of 
Subcritical Assemblies 

34.2 
39.4 
45.9 
53.7 
7lf.l 

34.2 
39.4 
45.9 
74.1 

74.1 

74.1 

34.2 
39.4 
45.2 
45.9 
47.9 
53.7 
74.1 

154 

250 

329 

522 
154 

775 

Reflector 

Paraffin 
" 

Paraffin 

Paraffin 

Paraffin 

Paraffin 

Paraffin 

Paraffin 

Paraffin 

Paraffin 

\;ater 
None 

Paraffin 

1·later 
" 

Ilater 
ijone 

Height 
(em) 

d 
d 
d 
d 
d 

(38 
(41 
(41 
(56.5 

± 2) 
± 2 
± 1 ) 
± 0.5) 

Volume 
(liters) 

Mass 
(kg of U233) 

Cylinder 11.2 em (4.5 in.) in Diameterb,c 

Cylinder 12.7 em (5.0 in.) in Diameterb 

(4.8 ± 0.25) 
(5.1 ± 0.25) 
(5.2 ± 0.1 ) 
(7.1 ± 0.06) 

(3.3 
(3.1 
(2.7 
(2.36 

± 0.2) 
± 0.2) 
± 0.1) 
:: 0.02) 

Cylinder 13.7 em (5.4 in.) in Diameterb,c 

(48.7 ± 0.5) (7.13 ± 0.06) (2.37 ± 0.02) 

24.0 

(20 ± 1 ) 
(16.7 ± 0.2) 
(17.4 ± 0.2) 
16.9 

(17.7 ± 0.2) 
(18.0 ± 0.3) 
(19.1 ± O.lf) 

18.lf 

Cylinder 15.1 em (6.0 in.) in Diameterb,c 

4.31 1.43 

Cylinder 16.7 em (6.6 in.) in DiameterC 

(4.4 ± 0.2) (3.0 ± 0.15) 
(3.66 ± 0.04) (2.20 ± 0.03) 
(3.79 ± 0.04) (2.01 ± 0.03) 
3.67 1.91 

(3.85 ± 0.04) (1.94 ± 0.03) 
(3.93 ± 0.06) (1.77:: 0.03) 
(4.15 :: 0.09) (1.38:: 0.04) 

Cylinder 19.1 cm (7.5 in.) in Diameter 

5.25 0.87 

Cylinder 20.5 em (8.0 in.) in Diamete~ 

(20.2 ± 0.05) (6.66 ± 0.02) (0.68 = 0.02) 

Cylinder 21.5 em (8.5 in.) in Diameter 

(22.2 ± 0.1) (2.04 ± 0.04) (0.63 ± 0.05) 

Cylinder 22.9 em (9.0 in.) in Diameter 

(23.1 1 0.1) (9.47 ± 0.04) (0.61 ± 0.05) 

Cyllnder 25.5 em (10.0 :'11.) in Diameter 

(25.9 ± 0.1) (13.18 ± 0.05) 
(24.0 ± 0.05)(12.22 ± 0.03) 

(0.65 :!: 0.05) 
(2.02 :!: 0.05) 

e 
f 

Full 
e 

C:/!.::'d.cr 30.J em (12.0 in.) ir: Diameter 

22.28 
Sphere 26.6 em (10.4 in.) in Diameter 

(9.80 :: 0.10) 
9.62 
9.28 

(0.59 ± 0.06) 
0.59 
0.61 

Sphere 31.9 em (12.6 in.) in Diameter 

17.02 0.66 
16.98 1.14 

a. 7he cacpositions of the solutions are given in Appendix A. 
b. 1Jo reflector on the top surface. 
c. Vessels coated vith Unichrame; masses about 2% high because of impurities. 

Height Volume 
(em) (liters) 

29.9 
34.9 
42.6 
49.0 
68.5 

23.8 
27.6 
32.4 
53·3 

46.3 

13·5 
16.3 
16.9 

16.9 
16.9 
16.9 

20.1 

21.6 

22.6 

25.6 
23·8 

Full 

2.95 
3. 43 
4.19 
4.82 
6.76 

2.99 
3.46 
4.07 
6.70 

6.77 

2.94 
3.55 
3.69 

6.63 

7.20 

9.26 

13.05 
12.1) 

9.66 

d. Apparently this assembly cannot be made critical at any height with the absence of a top refle~tor 
and the presence of Unichrame. 

e. There vas a 40- em3 void above the critical solution. 
f. There was a 380-em3 void above the critical solution. 
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2.02 
2.07 
2.12 
2.12 
2.24 

2.05 
2.08 
2.11 
2.22 

2.25 

2.01 
2.13 
1.96 

1.86 
1.66 
1.23 

0.68 

0.61 

0.60 

0.64 
2.01 



Appendix A 

COMPOSITION OF URANIUM SOLUTIONS 

Table A-I. u233 Concentrations in Solutions (Ref. 1) 

... 
Solution u233 Concentration 

H:U233 Density g per g g per cc 
Atomi c Ratio (g/cc) of Solution of Solution 

In U02(N03)2 Solution with N:u233 = 2-.66 

42.2 1.697 0.289 0.490 
57·5 1.543 0,247 0.381 
67 0 0 1.480 0.227 0,336 
84.4 1.394 0.197 0.275 

120 1.287 6.154 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 o~o84 
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 
461 1.077 0.051 0.055 
514 1.069 0.046 0.049 
582 1.061 0.041 0.044 
630 1.056 0.038 0.040 
757 1.046 0.032 0.033 

In U02F2 Solution 

34.2 1.801 0.380 0.684 
39.4 1.707 0.352 0.600 
45.2 1.625 0.321 0.5,1 
45.9 1.604 0.324 0.519 
47.9 1.592 0.316 0.50, 
53·7 1.530 0.295 0.451 
74.1 1.388 0.239 0.,,2 

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 1.0,5 0.0,2 0.0'3 

13 



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

wt10 .-

In U02 (N03 )2 In U02F2 
Isotope Solution Solution 

u233 98.7 98.7 
u234 0.50 0.54 
u235 0.01 0.04 
J!38 0.79 0·72 

Table A-3. Principal Impurities * in Solutions 

ppm 
In UOz(N03)2 Solution In U02F2 Solution 
Before After Before After 

Element Use Use Use Use 

Al 15 50 400 8000 
Ca 300 1500 
Ci- 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. 

.. 
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III. ACCURACY OF THE MEASUREMENTS ( Re f. 1) 

The results of these experiments are subject to the usual errors in 
uranium analyses and solution densities ~Dd in the calibration of the 
vessel capacities, all estimated. to be ±O. 510. There are; howe"'1er, two 
additional sources of error which broaden t.he uncertainty. In the experi­
ments in which uranyl nitrate solutions were used the indirect ~ethod of 
measuring the height, and hence the volume, of the solution in the vessels 
makes the results less certain than those from later experimen0s with 
uranyl fluoride in which the pOSition of the liquid surface was ~easurei 
directly. 

An error in the experiments with the uranyl fluoride solutions is a 
bias resulting from the properties of a. corrosion-inhibiting coating 
material with which one spherical and three cylindrical vessels were lined. 
This coating was a polyvinyl chloride plastic, Unichrame, which is about 
30 wt% chlorine. It is diffi~~lt to evaluate the increase in critical mass 
due to the absorption of neutrons by the chlorine becsuse the effect is a 
function of geometry. It is noted in Table 3-1~ however, that the critical 

"volume at a particular concentration (H:'J233 = 74.1) in a 14-cm-dia cylinder 
lined with Unichrome is about the same as that in a 12.7-cm-dia cylinder 
lined with a phenol base plastic, Heresite, whereas it would be expected to 
be somewhat less. After the discovery of the chlorine impurity, one 
definitive experiment was performed to determine the effect of a Unichrame 
line"r on the critical concentration of a u235 uranyl fluoride solution in 
a sphere 32 em in diameter. A 2% decrease in the concentration was observed 
upon removal of the Unichrome. 

In summarizing the question of accuracy, it is believed ths.t the 
results fram critical experiments with uranyl fl~oride in Heresite-lined 
vessels are good to ±l%j data from the s~e vessels with uranyl nitrate 
have an uncertainty of no more than ±3~. The critical mass measured in 
the 32-cm-dia sphere is high by about 2~ because of a bia.s. The masses 
in the 14- and 17-cm-dia cylinders are too high by an amount not well 
known but probably less than lCY{o. 

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 • 
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233 
-=Gw;:.:..1.:....:·n.:......::a.:..:..n.=...d....:..M;.;:;.a~9.:..:..nu::..:s:....:o~n...:..: __ ..::..U02(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 
1'233 or the r 230 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 -l8.0-l-in.-diam aluminum sphere was used 
only with unpoisoned solutions of U233 and U23:i. 
A 5-ft-diam stainless steel cylinder, the diameter 
having been chosen to minimize the buckling for 
the available amount of U233

, was made critical at 
several heights with both U233 and U235

• The con­
cluding experiments were performed with "(;225 

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 IITables IX and X.II In IITable IX,II experiments 1 - 9 were performed 

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

TABLE IX (Ref. 2) 
EXPERIMESTAL D.-I.T.-I. FOR CRITICAL CONDITIONS OF SPHERES 

Experi- Isotopic composition (wt.%) Solution Total 
ment density uranium Total boron Total nitrate Total thorium (k - 1) X 

number p33 p~ L'u (l23a (l238 (gm/mI) (mg/gm) (mg/gm) (mg/gm) (mg/gm) lOt at 200 e 

0.00 1.().1 93.18 0.27 5.51 1.0288 19.56 0.00 18.7 0.00 11.8 
2 0.00 1.().1 93.18 0.27 5.51 1.0333 22.77 0.09C5 21.2 0.1)() 7.3 
3 0.00 1.().1 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 1.0+!5 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 11.9 0.074 5.0 
6 9i.70 1.62 0.04 0.00 0.64 1.0253 17.42 0.0233 12.3 0.'.177 10.3 
7 9i.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 1.54 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) 
EXPERIMEXTAL D.\T.\ FOR CRITIC.\L CO:-lDlTroXS OF CYLIXDERS 

Experi- Critical" Isotopic composition (wt. %) Total Total 
ment num- solution Solution density uranium Total nitrate thorium 

ber height (in.) 1:%33 {;U4 L'" l:.38 (,"38 (gm/ml) (mg/gm) (mg/gm) (mg/gm) 

6O.92-in.-diam cylinder 

12 18.31 0.00 1.05 93.22 0.55 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 0.54 5.3() 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 0.04 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 1.0IG9 13.00 8.1 0.014 
20 55.18 97.2.5 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 14.00 14.2 0.00 
22 47.0 0.00 1.06 92.78 0.65 5.51 1.0218 13.66 13.8 0.00 
23 94.9 0.00 1.05 92.82 0.63 5.50 1.0210 13.33 13.5 0.00 

" In the OO.92-in.-diam cylinder critical height values include a correction of 0.53 in. for the bottom structure. In the 
107.7 -in.-dialll cylinder no correction has been included for the effects of structure. 

TABLE XI (Ref. 2) 
ATo~1 DEXSITIES x 10-'· FOR THE CRITICAL EXPERIMEJliTS (CM-a) 

Cranium Isotope 
Experiment 

number (;233 1:2:1. C235 (,'38 p38 N H B H/X 

27.24-in.-diam sphere 

0.00538 0.480(;6 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 
4 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 
i 0.46798 0.00772 0.00018 0.00301 1.274 663.29 0.0259 1417 
8 u.4845.;, o .OOSOI 0.000::?1 0.00311 1.319 663.15 0.0383 136b 
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 0.33460 0.00525 0.00010 0.00256 0.753 664.67 1986 

r.0.!l2-in. -diam cylinder 

12 0.004U9 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 0.3G498 0.00556 0.00019 0.00410 0.826 664.39 1819 
18 0.34960 0.00525 0.00018 0.00395 0.849 6G4.44 1900 
19 0.33275 O.OO50i 0.00017 0.00375 0.802 664.59 1996 
20 0.31556 0.00481 0.00016 0.00354 0.795 6G4.70 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 0.00:3118 0.32347 0.00220 0.01894 1.3:38 66:3.85 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. 

Atom densities for oxygen, thorium and lOB are calculated and listed in 

"Tables I and 11." It is assumed that the lOB content in natural boron is 

19.78%, and that the solutions are made up of 

1) H20 
2) UQz (NG.3)2· 6H20. 
3) HNG.3. 
4) H3Bo.. and 
5) Th(NG.3)..4H20 so that nCO) is given by 

so that 
n(O) = i n(H) + t n(B) + 3n(U) + t n(N) 

+ 2n(Th) . 

TABLE t (Ref. 3) 
Nuclear Number Densities (In units of 10"/cm') for uSU Fueled Spheres 

Experiment Number . 

1 2 3 4 10 

Sphere Diameter (in.) 

~ 

. 27.24 27.24 27.24 27.24 48.04 

llIg 0.0 1.0286 x 10·' 2.0571 x 10-' 2.5318 x 10.1 0.0 
H 0.066228 0.066148 0.066070 0.066028 0.066394 
0 0.033736 0.033800 0.033865 0.033902 0.033592 
N . 1.869 x 10-- 2.129)( 10" 2.392 x 10·' 2.548 x 10·- 1.116 x to·-

-U 5.38 x 10·' 6.31 X 10·' 7.16 x 10·' 7.62 x 10·' 4.09 X 10·' 
"su 4.8066 x 10·' 5.6206 x 10·' 6.3944 x 10" 6.7959 x 10·' 3.6185 x 10·' 
-U 1.38 x 10" 1.63 x 10·' 1.84 X 10" 1.97 x 10·' 2.20 x 10·' 
""u 2.807 x 10·- 3.281 x 10·" 3.734 x 10·' 3.967 x 10·' 1.985 )( 10.0 
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TABLE II (Ref. 3) 
Nuclear Number Densities (in units of 1021/cm') for Z33 U Fueled Spheres 

Experiment Number 

5 6 7 8 9 ~ 
/ 

11 

Sphere Diameter (in.) 

27.24 27.24 27.24 27.24 27.24 48.04 

''13 0.0 2.6307 x 10- 7 5.1230 X 10- 7 7.5757 X 10- 7 1.0048 x 10-8 0.0 
H 0.066360 0.066345 0.066329 0.066315 0.066300 0.066467 
0 0.033607 0.033620 0.033633 0.033646 0.033657 0.033525 
N 1.178 x 10-- 1.224 x 10-- 1.274 x 10-- 1.319 x 10-- 1.363 x 10-- 7.530 x 10-' 

233 U 4.328 x 10-' 4.5120 x 10-' 4.6798 X 10- 5 4.8455 x 10-' 5.0066 x 10-' '3.3460 x 10-' 
23~ 7.16x 10-7 7.44 X 10-7 7.72 X 10-7 8.01 X 1.0- 7 8.27 X 10-7 5.25 X 10-7 

23'u 1.8 x 10- 8 1.8 X 10- 8 1.8 X 10- 8 2.1XlO- 8 2.1xlO- 8 1.0 X 10- 8 

23'11 2.81 x 10-7 2.91 X 10- 7 3.01 X 10-7 3.11 X 10- 7 3.27 X 10-7 2.56 X 10- 7 

232Th 1.9641 x 10-7 2.0491 X 10-7 2.1333 X 10- 7 2.2135 X 10- 7 2.2693 X 10-7 1.4757 x 10-7 

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; fill and drain tubes connected 

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

ceiling and floor of the experimental cell. These corrections are listed in 

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

sphere alone. 

TABLE III (Ref. 3) 
Measured and Corrected Multiplication Factors A 

Diam of Reported Delayed-
Eigenvalue Corrections 

(In Units of 10-4) Corrected 
Sphere Measured Neutron Measured 

Exp No. Fuel (in.) A Importance, I (OA),BI (OA)AI (OA)rubes (OA)room rerum A 

1 235U 27.24 1.00118 1.1059 1.5 -7.2 -0.7 -2.8 1. 00026 

2 23SU 27.24 1.00073 1.1060 0.9 -7.2 -0.7 -2.8 0.99975 

3 235U 27.24 1.00090 1.1059 1.1 -7.2 -0.7 -2.8 0.99994 

4 235U 27.24 1.00028 1.1044 0.3 -7.2 -0.7 -2.8 0.99924 

10 23SU 48.04 1.00129 1.0402 0.7 -6.9 -0.2 -3.4' 1.00031 

5 233 U 27.24 1.00050 1.1062 0.6 -7.2 -0.7 -2.8 0.99949 

6 233U 27.24 1.00103 1.1056 1.3 -7.2 -0.7 -2.8 1.00009 

7 233U 27.24 1.00109 1.1050 1.3 -7:2 -0.7 -2.8 1.00015 

8 233U 27.24 1.00033 1.1063 0.4 -7.2 -0.7 -2.8 0.99930 

9 233 U 27.24 1.00044 1.1055 0.5 -7.2 -0.7 -2.8 0.99942 

11 233U 48.04 1.00046 1.0400 0.3 -6.9 -0.2 -3.4 0.99944 
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,;::.OR:;,:.N;..=L_-4.:..::2:..::.8.=..,.0 :=---2_3_3~U02(!!03)2' 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 wel'. Portions of 

interest are reproduced below: 

U02(N03 )2 Solution· 

Uranium 

Concentration 
Specific 

(g/liter) Gravity 

333 1.468 

204 1.280 

131 1.183 

102 1.144 

74.6 1.106 

44.6 1.050 

132 1.186 

95.0 1.135 

47.9 1.068 

Presented in Table 2.16.3 are the critical con­
di tions for water-reflected and unreflected spher­
ical and cylindrical volumes of the solution which 
had a value of keff 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
fleeted 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 233 U02(N0 3)2 Aqueous Solution in 

Water·Reflected and Unreflected Simple Geometries (Ref. 4) 

Critical Dimensions 

Cylinders b 

Spheres 
50.S-em diam 38.l·em diam 25.3-cm diam 

H:233 U Radius Mass 

(em) (kg of U) Height Mass Height Mass Height Mass 

(em) (kg of U) (em) (kg of U) (em) (kg of U) 

Unr.fleC',ed A,.emblie. 

73 13.36 9.02 

122 13.51 5.59 15.14 3.52 24.69 2.53 

195 14.579 1. 70 14.07 3.74 16.35 2.44 28.52 1.88 

253 15.078 1.46 17.60 2.05 33.40 1.71 

349 15.821 1.24 19.35- 1.65 43.69 1.64 

581 18.378 1.16 26.37 1.34 

Water-R.flected A •• embl itts C 

194 11.170 0.769 13.42 1.77 17.22 1.14 

273. 11.847 0.662 d d 19.67 0.939 

548 14.579 0.621 19.6 1.07 31.53 0.757 

·See Table 2.16.1 for isotopic content of the uranium. 

bAluminum cylinders had a 1.S-mm-thick wall and 1. 27-cm.thick. bottom. Spberes were of aluminum with 1.22-mm-thick:wal1. 

20.3-cm diam 

Height Mass 

(em) (kg of U) 

22.86 0.976 

20.02 0.824 

d d 

eThere was no reflector on the top of any cylinder. The surface or the reflector water wa. 24.3 cm above the solution. a distance equal to the bottom 
reflector thickness. 

dThere was insufficient solution inventory to achieve criticality. the muimum solution height was 12.5 cm in the 38.1·cm .. d.iam cyl~er 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: 

IS0tOPIC cuntent of uranIum (~o) 

2J2U (ppm) 

2.lJ
U 

, .I'U 

,.! Su 
2.1 b

U 

2 J 'u 

6.47 

97.54 

1.0S 

0.03 

"-:0.01 

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: 233U02I2' 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 0 to 1000 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. 

SOLu"roXS 

Aqueous solutions of uranium oxyfluoride containing predominately the U233 

and U
235 

isotopes were used in these experiments. The isotopic concentrations 
were 98.7 % U

233 
and about 90 % 1]235. Spectrographic analysis of the solutions 

and reflector water were made during the experiments and no significant buildup 
of impurities was observed. . 

RE.O\CI'Ons 

Two spherical reactors haying diameters of 26.4 em and 32.0 em were fabri­
cated of 38 aluminum 1.27 mm thick. (These diameters are nominal in the sense 
that they are determined from the calibrated yolumes.) To provide 15 em of 
water as an effectiyely infinite neutron reflector, the spheres were mounted in 
cylinders of appropriate dimensions. The inside surfaces of the spheres were 
coated "ith a plastic to prevent excessiye corrosion. 

'Yater was us~d to measure the capacity of the reactors as a function of 
liquid depth in the temperature range from 20° to lOO°C. At 26°C, the yolume 
of the 26A-C'Ill sphere was 9.660 ± 0.005 liters and that of the 32.0 em sphere 
was 17.020 ± 0.005 liters. 

25 



~IETHOD AND RES"CL TS 

The experiments consisted, essentially, of determining the chemical concen­
trations of the solutions of uranium \Yhich \\'ere required to make the spherical 
yolumes critical. From the:;e results a comparison can be made of the yalues of 
1'/ for the two isotopes. The critical masses of "("233 and "("235 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 unalysi:,; of 
the data are presented. 

REFLECTED REACTOR EXPERL\lEXTS 

Experimental Procedure and Data 

In a typical experiment the concentration of the solution was adjusted to 
ha,·e 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 
critical when filled. Immediately after the reactor had been critical, duplicate 
~amples of the oxyfluoride solutions were taken. In most cases the analyses of 
these samples differed by no more than 0.5 %. 

Table I summarizes the data of the reflected sphere experiments. The atomic 
ratios, H/"("233 and H/U235

• as functions of temperature for both "pheres arc 
presented in Figs. 3 and 4. Figures 5 and 6 illustrate the variation of critical 
mass with temperature for the two isotopes. 

UXREFLECTED REACTOR EXPERl:\IEXTS 

Experimental Data 

The following are the critical conditions obseryed for Um and l~m uranyl 
oxyfluoride solutions in the 32.0-cm sphere (17.020 liters yolume) at 27.0°C2 

without. a water reflector: 

gm "("233/L (at 25°C): 67.37 
H/r233 atomic ratio: 381.0 
Critical mass U233

: 1146.0 gm 
gm t;235/L (at 25°C): 125.18 
H.·r23r

> atomic ratio: 203.5' 
Critical mass Um : 2128.8 gm 
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TABLE I (Ref. 5) 
CRITICAL CoNDITIONS FOR WATER REFLECTED SPHERICAL ALUlIUSUM: VESSELS 

Fuel concentration 
Temperature Volume Mass orx 

gm X&/L H/X (OC) (L) (gm) 
(at 25°C) 

Um Oxyfluoride Solutions 

26.4-011 diameter sphere 

6l.34 418.3 32.0b 9.666 591.0 
6l.89- 414.6 39.5 9.675 596.3 
6-1.05 400.5 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 

82J)-cm diameter spheree 

38.75 66~.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 

C'35 Oxyfluoride Solutions 

2B.4-cl/I 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 

32.0-cm diameter spheree 

50.29 515.1 27.0b 17.020 855.8 
51.50d 502.6 43.0 17.032 872.0 
51.44 d 503.4 43.0 17.032 870.8 
1:2.1;; 496.5 54.0 17.042 879.2 
53.07 487.6 64.5 17.049 890.3 
54.27 d 476.8 87.5 17.065 899.6 
56.28d 459.6 87.5 17.065 932.0 

& X = Uns or {JIIi 

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 
.... hich the sphere would have been full and critical. 

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

d Duplicate samples . 
.. 
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AERE R/R 2051: 233U02I2' 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. IIFast reflection ll was also investigated, using a 

cadmium 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 SF3 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 1.11 
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3,3 Results (Ref. 7) 

lIeuurements made at 1500 - 1800 on aqueous uranyl fluoride (UOI2) solutions :in ,,:in. thiok stainless steel oyl:inders. 

TAB LEI 

OBSERVED CRITICAL DATA 

I Critios! MeBS of the Fissile Illotope Critical Height of the Solution 
H/Uti (grms. ) (ems. ) 

Pissile ( sSile '------r--=---:--....------I-----r---=:--::---,------atanio ,-
Isotope I ti ) Fast Fast 
lira 0 Refleoted Refleoted Unrefleoted Refleoted Reflected 

Core tank :int~aJ. rElliius of 15.24 ems. 

u235 • 258 1 1647 .±. 11' 1759.±. 22 

1612 ;t,188 

1879 .±. 4.3 

>2019 U2..35 

u2..35 

u2..33 

493 

b78 

253.5 

12b4.±. 4 

1513 ±. b 

1254;t, 5 1310;t, 16 1445.±. 39 

U2..33 483 917 ±. 2 ! 994 ±. 12 1217 ±. 58 

u233 I 7b9 I 984. ±. 2 i 1165 + 86 

u2..33! 854 1093 ;t, 4 1 1458 : 881 
Core tank internal radius at 6.35 oms. 

I 

23. 15.±.O.15 

33. 75±.0. 1 

55. 15±.0. 2 -

1 7. 1 Q±,0. 07 17. S5±.0. 2 

23. 81;t,0.05 

40.58±.0.08 I 
! 50.22±.0.15 I 

j j 

2.5.8 ±.0.3 

48 ±. 3 

67 ;t, 4 

u2..35 60 --.--~ .. - ... i7ill not beoome critioal 

u2..33 32.3 >1750 I >1750 J - I 
I 

Unreflected 

2&.45 .±. O. & 

> 55 

19.7 ;t, 0,5 

31.6;t, 1.5 

Conoentration 
of the 

solution 
(mgrms. U per 
gm. of 801.) 

175.2 

102.9 

77.64 

90.14 

50.11 

32.27 

29.16 

431.9 

392.3 

Density of 

solut{~~(3)( 4) 
, (grIllS/CO) 

1.247 

1.130 

1.09b 

1.114 

1.0bO 

1.037 

1.033 

1.913 

1.785 

Hydrogen 
Density 

( a tOOlS/ cc~ 
\..;. 1022 ) 

b.45 

b.55 

b.59 

b.58 

b.b3 

b.65 • 

b. b5 

5.b3 

5.85 



Saclay: 233 U02 (N03)2' 120 < H/U < 1000 (Reference 8) 

Experiments were carried out with nitrate solutions of 233U 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. 

INTRODUCTIO:-\ 

Les assemblages critiques ALECTO sont destines it. l' etude des con­
ditions critiques de recipients cyUndriques contenant des solutions aqueuses 
de materiau fissile avec et sans reflecteur. Le dispositif critique comporte 
essentiellement la cuve it. essayer dans laquelle on introduit la solution fis­
sile,. emouree eventuellement d'un rerlecteur d'eau ou d'un rerlecteur solide 
(beton, acier, etc.). Bien que ces experiences aient commence sur une 
cuve it. fond bombe, elles se sont poursuivies sur des cuves dites «acade­
miques», it. fond plat, reflechies eventuellement sur leur surface laterale 
seulement. 

Les experiences ont porte sur Ie plutonium-239, l'uranium-235 et 
l'uranium-2331 . Les buts poursuivis etaient les suivants: Demarrer en 

1 Ces deux dernien corps ant ete obtenus grlce l l'obligeance de 1 'USAEC. 
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France des experiences de criticite, qui ont commence sur Ie plutonium, 
seul disponible a cette epoque. Bien que portant sur des geometries simples, 
les premiers resultats experimentaux devaient permettre, d'une part de 
familiariser les ingenieurs charges de la criticite dans les usines avec les 
ordres de grandeur des masses critiques en solution, d'autre part d'apporter 
les premieres verifications experimentales des calculs et de mieux asseoir 
les methodes utilisees dans la securite nucleaire. 

A part cet aspect pratique, les experiences ont rev~tu un caractere plus 
general. En effet, en dehors des masses critiques proprement dites, qui 
ont donne lieu a diverses comparaisons avec Ie calcul ou d'autres experiences, 
on a etudie les constantes neutroniques de ces milieux, en particulier les 
sections efficaces « effectives», les constantes cinetiques etc. 

C e memoire a pour but principal de donner un aperc;u de quelques re­
sultats experimentaux, en insistant surtout sur les enseignements tires de 
ces experiences, tant du point de vue fondamental que dans Ie domaine 
pratique. 

Les experiences dec rites ont porte sur des cuves cylindriques de 
diametres variant entre 250 et 420 mm; on passe en revue les masses 
critiques obtenues. Des calculs simples permettent de retrouver, moyennant 
certains ajusterpents, les resultats experimentaux. Les sections efficaces 
utilisees peuvent d'ailleurs ~tre verifiees par d'autres me(hodes (neutrons 
pulses par exemple). Enfin certaines transformations geometriques ont 
permis, d'une part une determination experimentale des gains de rerlecteurs, 
d'autre part des comparaisons avec d'autres resultats. 

1. MASSES CRITIQUES 

Les experiences faites a Saclay sur les appareillages du type ALECTO 
ont porte successivenient sur Ie plutonium-239, 1'uranium-235 et l'uranium-233. 
Les geometries n' ont pratiquement pas ete modifiees d'un materiau fissile 
a l' autre, ce qui permet des comparaisons sur les proprietes nucleaires 
des trois materiaux fissiles. PRr .. illeurs, on S' est efforce de garder toutes 
les autres conditions inchangees, par exemple la composition chimique, 
I' entourage etc. 

1. Description [1-3] 

Les trois experiences ALECTO ont ete effectuees un hall situe a Saclay, 
qui avait abrite precedemment la premiere experience critique homogene 
PROSERPINE. Dans ces ensembles, on peut rendre critiques des solutions 
fissiles dans des cuves cylindriques a fond plat, de diametres variant entre 
200 et 500 mm, la hauteur pouvant aller jusqu'a 1000 mm dans diverses 
conditions de rerlexion et d'interaction. Chaque experience est effectuee 
dans une cabine etanche, entouree elle-m~me d'une protection. A l'interieur 
de cette cabine se trouve Ie chassis supportant la cuve a l' essai, que l' on 
peut voir, demonte, sur la figure 1. Les solutions fissiles sont stockees 
dans des reservoirs circulaires ou plats, de geometrie sure. 
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FIG. 1. ALECTO - Cceur dernonle • Vue d'une des cuvea (Re f. 8) 
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Les cuves elles-m~mes sont en acier inoxydable NS 22S, de 3 mm 
d' epaisseur, entourees d' un detecteur de fuite constitue par une couche isolante 
de buvard entoure d'un clinquant de cuivre. 

2. Resultats experimentaux 

2. ]. Les solutions 

Les trois corps fissiles plutonium-235, uranium-235, uranium-233 sont 
utilises sous forme de nitrate dissous dans l'eau, avec une acidite tres 
\'oisine de 21::1. Le contrale des proprietes des solutions est effectue par 
analyse chimique qui porte sur les points suivants: 

determination de la concentration en corps fissile 
determination de la concentration en ions (N03)- et en H+ 
determination de la den site de la solution 
determination de la concentration en fer. 

2.2. Caracteristiques des solutions 

Plutonium - Composition isotopique en poids pour 100 g 

239pU 
240

pu 
241pu 

98,48 ± 0,02 g 
1,48±0,015g 
0,032 ± 0,005 g 

Uranium-235 - Composition isotopique en poids pour 100 g 

89,95 ± 0,1 g 
8,97 ± 0,9 g 
0,78 ± 0,01 g 
0,30 ± 0,01 g 

Uranium-233 - Composition isotopique en poids pour 100 g 

233 U 96,98 ± 0,04 g 
234U 2,34 ± 0,02 g 
235U 0,22 ± 0,01 g 
236 U 0,024 ± 0, 002 g 
238 U 0,43 ± 0,01 g 

Signalons pour ce dernier la presence de 3,20/0 de 232Th et de 50 ppm 
de 232U. 

L'acidite des solutions est voisine de 2N. 

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

Nous avons presente les resultats experimentaux sur les figures 2 
(plutonium), 3 (uranium-235), et 4 (uranium-233). L'erreur experimentale 
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FIG. 2. Masses critiques (plutonium) ( Re f. 8 ) 
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FIG. 3. Muses critiques (uran1wn-235) (Re f. 8) 
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FIG. 4. Masses critiques (uraniwn-233) (Re f. 8) 

provient tres peu des erreurs de geomthrie (hauteur et volume), mais beau­
coup plus de l'incertitude dans la connaissance des concentrations (10/0). 
C' est elle qui conditionne l'incertitude sur la masse. On peut remarquer, 
en examinant ces trois figures, les points suivants: 

A geometrie identique, pour nos cylindres, les masses critiques les 
plus petites sont celles obtenues avec Ie plutonium, puis viennent dans 
l'ordre l'uranium-233, puis l'uranium-235. Pour une m~me cuve, les 
volumes correspondant aux maE"ses critiques minimales sont, dans les cas 
etudies, plus faibles pour l'uranium-233 que pour les autres corps. 

On constate egalement que, grace a un stock de matiere fissile suffisant, 
on a pu approcher les volumes critiques minimaux pour les cuves de 300 mm 
de diametre de 13 litres pour l'uranium-233 et de 18 litres pour l'uranium-235. 

37 



233U Metal Sphere Critica1s (References 9, 10, ", 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, 

1ab1ed "Tab1e IV,"10 "Tab1e VA,"10 "Tab1e IV"" and "Tab1e I."12 
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Table 4. Bare and Uranium-Reflected Spheres of 233U (Ref. 9) 

Core Refl ector (S~herical She 11 ) 

Composition p(U) 235 U p(U) Assembly Mass 233U 234U 235U 238U 3 Thickness 3 Name (kg U) g/cm (inches) (wt%) (g/cm } 

* Jezebell 16.53 ± 0.4% 98.13 a/o 1.24 a/o 0.03 a/o 0.60 a/o 18.424 

-------- 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 

Fl attop 5.74 98.13 w/o 1.24 w/o 0.03 w/o 0.60 w/o 18.42 7.84 Nt 19.0 
w 
1.0 

* a/o = atom percent 

+ w/o = weight percent 

t Natural uranium reflector 
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TABLE IV (Ref. 10) 

U-233 METAL SPHERES 

Reflected cores consist of hemispheres coated with 0.005" thick Ni 

core spheric reflector m composition p (U) c 
0' 3 thickness 

U
233 w/o U23~ U2:'lB (g/cm3) (kg U233 ) ref w/o w/o material (g/cm ) (in. ) 

(1) 98.2 1.2 0.6 18.45 none 

(52) 98.7b 
0.5 0.8 18.42 U(N) 19.0 

(48) 98.2 1.1 0.7 18.64 U(N) 18.92 

(48) 98.2 1.1 0.7 18.62 U(N) 18.92 

(48) 98.2 1.1 0.7 18.64 W_alloyf 17.21 

(48) 98.2 1.1 0.7 18.62 W_alloyf 17.21 

(48) 98.2 1.1 0.7 18.64 Be (98%) 1.83 

(48) 98.2 1.1 0.7 18.62 Be (98%) 1.83 

a Corrected for e:rfects of Ni coating, supports and small asphericity 

b Analysis available for one hemisphere only 

16.09 ± 0.05a 

7.86 5.63 ± 0.03c 

2.09 ± 1% 7.47d 

(3.622" dis) 

0.906 ± 1% 9.84d 

(3.972" dis) 

2.28 ± 1',1, 7.47d 

(3.622" dis) 

0.960 ± 1% 9.84d 

(3.972" dis) 

1.652 ± 1',1, 7.47d 

(3.622" db) 

0.805 ± 1% 9.84d 

(3.972" dis) 

c Corrected for erfects of Ni coating, oversize core and compensating gap between core and reflector 

d Corrected for erfects of Ni and clearances between assembly parts 

e Effect ol small compensating gar was adjusted to zero; reflector thickness mOdified 

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

t (1) Ref. 11 This report 

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

m max 

critical 

critical 

)mc
e 

)\IIc
e 

)mc
e 

)mc
e 

)mc
e 

)mc 
e 
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TABLE VA ( Re f. 1 0 ) 
Pu OR U-233 METAL SPHERES WITHIN U(~93) METAL SPHERES 

ret 

(48) 

(53) 

(53) 

(113) 

(53) 

(114) 

(54) 

(1i4 ) 

+(48) 

+(48) 

=h53) 

central ball 

cOlllpoei Uon 

PuC 1 .10 Ga), 
4.9' Pu240 

Pu(\ .10 Ga), 
1.5' Pu240 

Pu( 1 .10 Ga), 
4.7' Pu240 

Pu(l wlo Ga), 
1.11' Pu240 

Pu (100') ... 
4.7' Pu24u 

Pu (l00') I 
2.34' PuhO 

Pu (l00,) I 
4.73' PuhO 

Pu (l00", 
16.1, PuhO 

U233 
(98.2 .Io)e 

U233 
(98.2 .Io)e 

U233 

(98.9 wlo}t 

15.62 

15.56 

15.60 

15.62 

19.22 

19.48 

19.42 

19.43 

18.62 

18.64 

18.35 

db 
(in.) 

3.970 

3.510 

2.486 

2.484 

2.484 

2.130 

2.130 

2.130 

3.972 

3.622 

2.478 

V(~93) shell, P • 18.8 g/c.3 

enrich.ent 
.10 U235 

93.17 

93.18 

93.17 

93.17 

93.17 

93.2 

93.2 

93.2 

93.30 

93.16 

93.17 

cri tiCR 1 
thickne .. s (in.) 

0.652 ± 1% 

1.006 

1.948 

1.938 

1.651 

0.974 

0.988 

1.039 

0.478 ± l' 

0.780 ± I, 
1.896 

U(N) reflector 
.phore, 

- 3 P - 19.0 e/ca 
thickness (1n.) 

none 

none 

none 

none 

none 

7.45 

7.43 

7.38 

none 

none 

none 

kg Pu or U23J 

8.39 

5.72 

1.6U 

1.610 

1.611 

9.84 

7.47 

18.8 ± 0.3a 65 

36.7 ± O.l a 130 

26.8 ± O.lc 233 

34.8 ± O.l a 

critical 

critical 

aaax 
11.75 kg U235 

b 
aaax > ·c 

b 
·.ax > ·c 

138 

a Corrected tor ettect. ot 0.005" thick Hi on Pu or U233 he.i.phere. and tor clearance. between a •• eably part. 

b Ettect ot .. all cOlllpensating gap waa adjusted to zero; ret1ector thicknesa .oditied 

c Corrected tor ettect. ot 0.005" thick Ou about Pu sphere and tor c1earancea betwoen a .... bly parts 

d No correction tor 0.012" thick gap containing 0 .010" thick Ni bet.een Pu and U(9'~ .2) 

e 1.1 wlo U234 , 0.7 wlo V238 

t 0.9 .10 u234 , 0.2 .10 U238 

t (48) Ref. 12 This report 
t (53) Private communication, H. C. Paxton, G. E. Hansen, D. P. Wood & E. A. P1assmann (May 1960). 



CO)IPt:T_\TlO~.\L A~D EXPERnIE~TAL CORRELATIO~S AT LOS ~.\)IOS 

TABLE IY (Ref. 11) 
COJIPl.:TATIOXAL A~D EXPERD[E~TAL CORRELATIO~S 

Parameter 

11r(um)/11r(U238) 
obs. 
compo 

11r(Np237)/11r(U235 ) 
obs. 
compo 

11r{PU239 )/ l1t(U235) 
obs. 
compo 

l1t(U233)/l1t(U235) 
obs. 
compo 

11c(U238) / l1t(U238) 
obs. 
compo 

Critical mass· 
(kg core) obs. 

compo 

Effecti\'e delaved. 
neutron obs . •• 
fraction comp.··· 

Rossi· ot at delayed 
critical obs. 
(per !Ls) compo 

U'" 

6.4 
6.42 

0.864 
0.869 

1.403 

1.536 

0.543 
(0.475) 

52.0, 
51.6 

0.0065,1 
0.00691 

-1.10 
-1.22 

U-reB_ 
U'" 

7.1 8 
6.98 

0.78 
0.811 

1.384 

1.536 

17.41 
16.7 

1:'" 

4.9~ 
5.13 

-----

1.026 
0.978 

1.441 

1.530 

0.391 
(0.349) 

16.1 
16.0 

0.00290 : 

0.00287 

I 
-1.00 

U-reB. 
U'" 

5.63 
5.69 

0.923 
0.909 

1.418 

1.532 

0.458 
(0.404) 

5.6 

pun. 

4.97 
5.39 

0.99, 
0.949 

1.437 

1.531 

0.423 
(0.374) 

16.28 
16.1 

! 
I 0.00193 ; 

0.001991 

.-0.65 
,-0.637 

U·retl. 
punt 

5.4 
6.16 

0.859 

1.398 

1.532 

0.517 
(0.452) 

5.79 
5.5 

• Specifically the computed and observed critical masses refer to the following idealized systems: 
1:''' .. a critical sphere of Oy (93.8 % U''') at ~ (Oy) = 18.75 g/cm'. 

G-re/I. G'u .. a critical sphere of Oy (94.1 % UUI) at ~ (Oy) = 18.7 g/cm' and close retlected with 
8'/. in of normal uranium at ~ (U) = 18.8 g!cm'. 

G'""= a. critical sphere of "23" (98.1 % Usn) at Q ("23") -18.6 g/cm'. 
U -refl. GU' "" a critical sphere of "23" (98.1 % Usn) at ~ ("23") = 18.6 g/cm' and close reflected 

with 7'/. in of normal uranium at ~ ee) - 18.9 g/cm'. 
Pu'''"" a critical sphere of Pu (95 '/.% Pu''') at Q (Pu) ~ 15.66 g/cm' [2]. 

U-retl. Pu'''"" a critical sphere of Pu (98'/,% Pu''') at Q (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 a customary step leading to a computation of the Rossi. x 
at delayed critical. The step may be deleted when interest in the Rossi·ot measurements is confined 
to implications of tlux spectra for then observed derivatives of ot with respect to surface mass permit 
interpretation without mention of delayed neutrons. The last row of Table IV effectively treats the 
Rossi- '" in this fashion . 

••• From the Keepin and Wimett [10] delayed-neutron fractions !l(U"') ~ 0.0064., B(U"') = 0.015,7 
(UUS) = 0.0026" (Pu''') = 0.00209 and (Pu''') = 0.00257 and relative effectiveness computations. 
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CRITIC.-\L l'''3 AXI> I'll':" ~PHERE~ 

TABLE I ( Re f. 12) 
CRlTIC.\L CORE·REFLECTOR CO:l:FIGCR\TIO:l:S 

Core Critical r.llector thickness· 

U!93) Be:9~ w,'o) Xatural Wallo,' 

p ~ \8.80 • p - \.83 uranium (91.3 w'o) 

(in.) (in.) p - 18.92 p = 17.21 
(in.) tin.) 

~laterial 
Diameter \\ei~h( Density Enrichment (in.) d\.gj 

r~33 a.G22 i.601 18.62 98.25 \\"/0 0.i80 1.652 2.090 2.280 

['233 a.9i2 10.012 18.62 !J8.25 w/o 0.4i8 0.805 O. !JOU 0.960 

P1I 23• 3.9iO 8.3St; PII 15.62 Pu' 0.652 1..452 1.625 1.8.';0 

• Probable error is 1<;(. for these critical reflector thicknesse". 
~ The pu2JJ used in this experiment contains 4.90 atomic o/c Pu2<O, 0.31 atomic 'iC Pu'll , and a minor amount of inert 

diluent. 
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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 

and 232Th as fissile and fertile isotopes were performed by Babcock and 

Wilcox to support the design of the Consolidated Edison Thorium Reactor15 

(CETR-the Indian Point PWR), and in a parallell BWR development effort 

called the Thorium Uranium Physics Experiments16 (TUPE). The Elk River 

Reactor (a BWR built by Allis-Chalmers, which utilized thorium in its 

first core) was designed without benefit of critical experiments. 17 

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 

and 232Th as fissile and fertile isotopes has been performed in support 

of the Light Water Breeder Reactor program (LWBR0 8, 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

ments 18 utilized alternately 235U and 233U as fissile fuel, to allow direct 

comparison of lattice characteristics of these two fissile materials. 

However, even these lattices were radially zoned into IIseed ll and IIblanket ll 

regions, and thorium was contained only in the blanket. (Zr02 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. 19 and to determine power distributions 

in realistic core mockups.20 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 233U and thorium was performed 

at Brookhaven National Laboratory.21 However. although the lattices were 

clean (no zoning - radially or axially - and no control rQds) 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 only 2~5U 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 235U_ Th systems is compl imented by a 1 imi ted amount of cl ean 

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. Summary of Critical Latti ce 

Fertile or 
Fissile Dil uent 

Ref. t~aterial t Material+ 

1 5 235U 232Th 

16 235U 
232Th 

18 

Seed 233U or 23!i U Zr 

Blanket 233 U or None 232Th 

19 

233U * 232Th Seed or Nore 

Blanket 233U or None 232Th 

20 

233U * 232Th Seed or None 

Blanket 233U or None 232Th 

21 ** 233 U 232Th 

t All materials are in oxide form 

* Axi a 1 refl ector regi on 

f -Indicates no fissile content 

** Exponential experiments 

Experiments with 

Thori urn f 
Fi s s il e 
Ra tios 

15.0 & 25.8 

15.0 & 25.3 

0 

99,-

7, 10, 1 9, 49,-

49, -

1 5, 23, -

34, 46, 57, -

32 

'H-Moderated 233U or Thorium 

Rod Number 
O. D. Metal/Water Lattice of 
( in. } Ra ti os Ti:Qe EXQeriments 

0.312 0.15 - 1.12 Sq. 10 

0.309 0.48 - 1.02 Sq. 5 

Sq. & Hex. 10 

0.225 0.22 & 0.64 

0.570 0.95 & 9.3 

Hex. 8 

0.25 1 . 19 & 1 .64 

0.63 2.89 & 1.09 

Hex. 7 

0.305 1.65 

0.528, 1. 7 - 2.9 
0.572, 
0.626 

0.499 0.1 5 - 1.35 Hex. 21 
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A single un-zoned critical lattice containing 233U was reported in 

Ref. 18. However. zirconium oxide was used as diluent for the 233U 

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 

seed region of 233u02-zr02. Thus data from these experiments are only 

indirectly useful for validation of calculations for 233U_Th rod lattices. 

The only critical lattice data for rods containing 233 U and thorium 

is found in References 19 and 20. As has been noted. 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 lattices makes them of 

extremely limited 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 lattices 

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 

either 235U or 233U fissile content immersed in dissolver acid (HN0
3
). or 

dissolver solution [U02(N03)2J. Such data are needed to validate analyses 

of operating and off-normal conditions. 
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Many critical experiments have been performed using lattices of 235U02 

Th02 rods immersed in water poisoned with boron. However, no such critical 

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

experiments have been performed using boron-poisoned lattices of 233U02 

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 

significant quantities of 238U. The present interest in IIdenatured ll 

fuels (having sufficient 238U present with either 235U or 233 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 Critica1s (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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SECT:ON 2 

PHYSICAL DESCRIPTION OF CORES 

The cores for the critical experiments were assembled from fuel 

pins containing pellets fired from mixtures of Th0
2 

and fully enriched 

U02 . The fuel pins were fabricated from AIS: type 304 stainless steel 

with welded end plugs. Two concentrations were used with nonlinal 

thori~m:o U-235 atomic ratios of IS/land 25/1. The pins were arrang­

~d on sq· ..... 3.re pitches. Seven clean lattice cores of this typ~ were assem­

bled. Eac~ core consisted of a cylindrical array of a single type of fuel 

pin. There were no heterogeneities l~om can walls or water channels 

between cans. The cores differed in either thorium-to-uranium ratio or 

spac:':lg between pins. 

A three -zone co:-e con:aining 120 offset cans was assembled with 

each can containing 206 of the fuel pins. The cans were fabricated from 

aluminwn and the cans were assembled to allow space for control rods 

or followers. The type of pin used in each can was varied to suit the 

particular experiment. Other data were measured using square cans 

ni" ':n' 196' co_ ... a~_ ... lng . plns. 

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

eclof Th02 -U02 pellets enclosed in type 304 stainless steel tubing. The 

-:ubing was 50 in. long, 0.312 in. aD, with a wall thickness of 0.019 in. 

The fuel pellets were 0.260 in. aD 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, 

oc::upying 3/4 in. of space each. The remaining 1/2-in. space was pack­

ed ... vi.th Kaowoo! to keep the pelle:s stationary. 

Tr..e Th to U-235 atomic ratio for 12,378 of the pins was 15.00 ± 0.05; 

the ra~io for the remaining 12,363 pins was 25.76 ± 0.05. For all illus-
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trations in this report, the 15/1 pins are represented by shaded circles, 

:he 25.76/1 pins by open circles. (The 25.·76/1 pins are referred to as 

25/1 pins. ) 

To fabricate the pellets. Th02 and U30
8 

powders were compressed 

into pellets, using an organic resin binder. In sintering ovens, the 

binder was driven of! and the pellets were sintered to a higher density. 

Tl:e 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. 170/0. 

Davidson's chemical analyses of Th02 were averaged. A fictitious 

element called thorium impurity (ThI) wa~ invented and assigned the 

same atomic weight and thermal cross section as iron. Then weight 

percent of Thl having the same thermal ab,;orption as all impurities in 

Th02 other than Gel and B was found. The Th in Th02 was considered to 

be composed as follows. 

B 0.9 ppm 
Gd 3.1 ppm 
ThI 0.14% 
Th 99.86% 

Three lots of Th02 with nigh impurity content (Tal:1e 2.2) were 

accidentally used in fabricating the 25/1 pins. A tot.al of 4.387 of the 

25/1 pins contained the substandard Th02; these were kept separate 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. 

held the fuel pins in a square lattice in the pin element cores. One pair 

of tube sheets defined a pin iattice with a 0.3805 .in. pitch spacing and a 

1. 119 metal-to-water ratio. Another pair of tube sheets determined a 
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TABLE 2. 1 

SUM1V1A.R Y OF FUEL P!N LOADING 

Sinte!" batches 
Exdud:'ng sinter batches 

Number of pins from each 
sinter batch 

50% confidence interval for 

15/1 Pins 

1-119 
7, 19, 33, 44 
72, 84, 85, 87 
90, 119, 2, 3 
8, 9, 41, 42 
46, 89 

5 

average weight of fuel per pin, gm 347.7 ± O. 1 

Sarnp:e variance
2
0f weight of 

fuel per pin, gm 

* 50% confidence interval for 
average percent uranium in given 
rat:o sinter batches, % 

Sample variance of percent 
uraniUIn in ~ven ratio sinter 
batches, (0/0) '. 

50% con!idence 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 

4.73 

5.94 ± 0.00 

-3 1.81x10 

20. 64 ± 0.01 

19.23±0.01 

0.0385 

8.35 

* Da'vison analyses. *. Fuel volume = 41.65 cm3 per rod. 
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25/1 Pins 

120-187 
126, 134, 147 
ISS, 162 
182, 183, 184 
185, 186, 187 

5 

347.9±0.1 

4.57 

3.55 ± 0.00 

-3 1. 07 x 10 

12.36 ± 0.01 

11.51 ± 0.01 

0.0187 

8.35 
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0.4027 in. spacll1g 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 Ali 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 vi~ible) 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 approxiInately 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. T~1.ree 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 ,square pitch .J2 tiIn~s the 9B 

pitch. One -fourth of the pins we re 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: below 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 corre<;:t water space between the pins in one can and the pins 

in the adjacent can, and also rtlakes 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 Ehoto­

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 1; a mixture of 25/1 and 15/1 pins in Zone II, and 15/1 

pins in Zone lll~ 

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 varied to 

suit ~he experiment, the distribution of pins in the core will be specified 

along with the description of each experiment. 
. . 

For special experiments 16 square cans were fabricated from O. 160 in. 

tr..ick 6061 AI, as shown in Fig. 2.7. Offset grid plates were milled square 

for use in these square cans. The square cans contained 196 pins in a 

14 x 14 square array, spaced 0.3805 in. center-to-center. 

TABLE 2.2 

IMPURITIES IN SUBSTANDARD Th02 

Thorium C, B, Dy, Eu, Gel, Sm, 
Lot Number EEl ppm fE:. ppm ~ ppm 

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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Sample 

Type 304 .$5 'from 

TABLE 2.3 

STAINLESS STEEL IMPURITIES 

Co, B, Cd, Eu, 
ppm ppm ppm ppm 

Sawhill Tubular Prod. 

HT-69570 1140 3-8 < 5 < 0.1 

HT-69560 945 3-8 < 5 < O. 1 

HT-69500 1330 5-10 < 5 < 0.1 

HT-97227 1175 8-13 < 5 < O. 1 

HT-52327 1300 3-8 < 5 < O. 1 

End Plug, Type 304(S]j 1150 5-10 < 5 < 0.1 

Other Elements in, Type 304,,55 

Sm, Cd, 
ppm ppm 

< O. 1 < O. 1 

< O. 1 < O. 1 

< O. 1 < O. 1 

< O. 1 < O. 1 

< O. 1 < O. 1 

< 0.1 < 0.1 

Element Typi cal Content, 0/0 Element Typical Content, 

Cr 
N'i 
Mn 
Fe 
Sn 

Core 
Number 

9B 

7B 

9A 

7A 

19.0 Cu 
9. 5 Mo 
1.5 W 

6'1.7 Si 
0.013 P 

TABLE 2.4 

PIN-ELEMENT CORE PARAMETERS 

Type of Center -to-Center Spacing 
Fuel Pins of Pins, in. 

15/1 0.3805 

25/1 0.3805 

15/1 0.4027 

25/1 0.4027 
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0.29 
O. 165 
0.205 
0.55 
0.515 

M/W 

l. 119 

l. 119 

0.892 

0.892 

0/0 
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FIG. 2.1: FUEL PIN 
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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 
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FIG. 2. 5: DIAGRAM OF THREE - ZONE CORE' 
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FIG. 2.6: THREE ZONE CAN CORE 
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0.158 in. 

FIG. 2. 7: SQUARE CA...N 
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SECTION 3 

CRITICAL MASS DETERMINATION 

3.1 CLEAN LATTICE CORES 

The critical mas s was determined for clean lattice cores 7B, 7 A, 

9B, 9A, (1. 15) 9B, (1. 4) 9B and (2.0) 9B. Table 3.1 gives the pertinent 

data. There were four safety 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 (1015) 9B, (1. 4) 9B, and (2.0) 9B perturbations caused by 

the safety rod channels w.ere compensated by loading the displaced pins 

in vacant positions near the channels. 

3. 2 CAN ELEMENT CORES 

3. 2. 1 Single Zone 

A critical mass determination was done on a core of square 

can elements, arranged in CETR geom.etry, and containing only 15/1 pins. 

This determination was to establish the k of the Zone III of reference 
co 

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 fir st, 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 

1B 0.3805 1. 12 123 4 6529 44.9 15. 15 + 9.8 

1A 0.403 0.892 160 4 4465 40.5 53.69 + 1.4 
2 4185 40.5 55.08 + 38.9 
0 4111 39.9 54.91 0 

9B 0.3805 1. 12 13.1 4 1111 24.2 34. 11 + 3.0 
3 1825 24.2 35.09 + 9.9 
0 1941 24.0· 31.32 0 

9A 0.403 0.892 95.8 4 1331 22.3 25.25 + 6.3 
01 2 1401 22.3 26.94 + 45.1 
+::> 0 1452 22.0 21.92 0 

(1. 15) 9B 0.439 0.641 125 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 0.161 0.152 531 4 656 28.0 12.6 0 

* Hydrogen to U-235 Atom Ratio. 
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TABLE 3.2 

CRlTICALITY OF CLEAN ZONED CORES 

Number of Pins 
Zone· 25/1 

I 2208* 
4384* * 

II 2442 

Total 9034 

I 2208-
4384** 

II 4884 . 
Total 11476 

T 2208>1t ... 
4384* lit 

II 4884 

III 900 

Total 12376 

* Reference Pins. 
* * "Bad" Pins. 

15/1 

2090 

2090 

4180 

4180 

4180 

8164 

12344 

Critical Reactivity 
U-235 Water Worth at 
Mass, Height, Full Water 

kg cm Height, $ 

75.87 

68.30 

144.17 Full 0.05 

75.87 

136 .. 59 

212.46 70.82 .. Not 
Measured 

75.87 

136. 59 

167.35 

379.81 43.92 10.20 
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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 kl _ and 
'co 

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

M
Z 

and k (Section 7), should allow the dete rmination of these constants co· 
to a greater accuracy. 

7. 1 METHOD OF BORON ADDITION AND ANALYSIS 

Boron was added to the water in batches, using a mixing tank, 

stirrer, and associated valving. A 5-1b charge was dissolved in the 

mixing tank with approximately 30 gal of dump tank water; the mixing 

tank was then emptied by p'!ffiping 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 c.ore tank, and then back into 

the dump tank through the dump valve. A 45-min circulation time 

proved s~tisfactory 

The amount of boron in the water was determined quantitatively by 

titrating with a standard KOH solution after the boron was complexed 

with mannitol [HOCH Z (CHOH)4 CH Z OH]. Helium was continuously 

bubbled through the sample under analysis to purge entrapped CO Z. 

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 KOH solution. 
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7.2 MEASUREMENTS AND, RESULTS 

Cere 9B was used for these measurements. Fuel pins were removed 

at safety rod positions. The aluminum rod guides, normally used in Core 

9B; '~:c~e' 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 

concen.tration is shown in Figure 7.2; the critical water height with and 

without a.lwninwn guides is shown as a function of radius in Figure 7.3. 

Bucklhlg measurements were done with Cd covered In foils in all 

determ~nations 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 J 0 curve using ,the procedure desc.ribed in Section 4.1 . 

of the flux traverses are shown in Tables 7.4 through 7.16. 

, 
The results 

The axial 

bucklings in Table 7.1 have been corrected for reactivity holddown caused 

by the Cd covered foils (les s than 1 % in B ~. 
The effect of aluminum rod guides on B 2 

was est.imated by as surning 

that reflec.tor savings does nO.t change with the presence or absence of the 

gu:'des, 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 k and M2. The basic relations 
00 

used in the analysis are as follows: 

W. k (0):: 1 + M2 B. 2 , 
1 00 1 

where 

k (N
B

). 
00 1 

k ,0) 
00' 

I'N
B

}. is the ith boron concentration and B.2 is the total mate,rial buckling 
, 1 1 

a! ~,h€ ith boron concentration. Then~ 

W. l/W' 1+ 1 

hi+l 

= 1 - S. dp/dh (0) 

1 

dh, 

,." 
00 

• 

• 
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TABLE 7.1 

SUMMARY OF LATTICE POISONING MEASUREMENTS -- CORE 9 B 

-19 2 2 n2 2 
il

2 
If B2 Run Number Number of R, he' N

B
, N

B 
x 10 , dp/<lh, B

r
, O"Br' ITB 

Pins Missing ¢ /em 
z z 

of em gm Boron/ Atoms/ )(IO-~ cm-l. x 10- 3, 
-2 X 10-], -2 xIO-~ -2 x I 0-], -2 xIO- 1, ctll- l 

em ern en) cln ern 
Pills At Safety Rod liter H2O cm]ofeore 

Positions 

6 1905 114 2~. 15 17.0 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 0.0(,2 

10 2777 240 29.94 48.51 0 0 34.5 
11 3645 240 33.97 40.59 0 0 38.0 
Il 3645 Plus One 240 33.97 40.94 0 0 

Rod Guide 
0"1 13 3645 240 33.97 40.92 0 0 3.434 0.030 3.271 0.046 6.705 0.055 
U) 14 3645 240 33.97 47.97 0.2439 0.6410 27.6 

1<, 3(>45 240 33.97 69.19 0.5537 1. 455 16.97 
16 3645 240 33.97 78.90 0.7563 1.988 1. 118 O.Olll .1. 1143 0.0(,0 
17 3645 240 31.97 78.99 0.7563 1.988 3.725 0.059 
18 3645 240 33.97 78.24 0.7563 1.988 10.5 
19 3645 240 33.97 109.6 0.9600 2.523 3.745 0.0~5 4.420 0.05(, 
20 3645 240 33.97 109.51 0.9600 2.~23 0.675 0.005 
21 3645 240 33.97 107.8 0.9600 2.523 4.6 
II 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 4~.63 108. I 1. 748 4.594 5.l6 
27 6769 240 45.63 110.0 1. 748 4.594 1.994 0.020 2.672 O.Oll 
211 6769 240 45.63 (\ 12. 8)* 1.748 4.594 0.678 0.004 
29 9905 240 54.89 66.56 1.748 4.594 IB.4 
]0 99115 240 54.89 1(,7. H) 1.7411 4. <")4 1.329 O.Oll 2.724 O. Ill·1 
II ')905 240 54.89 (67.38) 1. 748 4.594 1.395 0.00') 
3l 9905 240 54.89 76.68 1.934 5.083 10. ') 
:14 ')905 240 54.89 (119. 3): 2.316 5.083 0.613 0.003 1.866 O.OZ'; 

35 '}')05 240 54.89 (120.2) 2.316 5.083 I. l5J 0.025 

* E:xposurc Height, pIn" $ o. 15 



TABLE 7.2 

BUCKLING CORRECTION 'FOR ROD GUIDES - CORE 9B 

R No .Guides With Guides No 5uides_2 VI ith fuide s Detector 
cm H S;' em H, cm B 2xl0 I em B xl0 I cm- 2 

c 

24.45 122 plus infinite 6.15-... Cd Covered Au 
reflector 

"-l 
0 

24.45 122 plus infinite 6.07 Cd Covered In 

.?' reflector 

27.67 56.45 02.7 6.50 6.19 Cd Covered Au 

33.97 40.59 41.99 6.70 6.36 Cd Covered In 

.. .. .. 
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where hi is the critical water height with NB = (NB)i' and h i + 1 is the 

critical water height with NB = (NB)i+ l' Both heights are for the same 

core radius. The case i = 0 is for zero boron concentration and W 0 = 1. 

Values of dp/dh(O) for zero boron concentration were taken from Table 

6.1. All other pararrleters were taken from Table 7.1 j the parameters 

used are shown in Table 7.3. Values for W. and B.2 were least squares 
1 1 

fitted for k (0) and M2. The analysis yields 
00 

k (0) = 1.308 ::0.011, and 
00 

2 
1{ = 45.7 = 1.8. 

TABLE -7.3 

PARAMETERS USED IN k AND 1{2 ANALYSIS 
9Q 

2 
R, h, N

B
, W. B. 

1 1 cm cm 
g boron/ -3 -2 x 10 ,cm 
liter H2O 

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 

2 3 
dp / dh = 69. 0 'IT /( h + 14. 5) for Boric Acid Concentration = 0 
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FIG. 7.3: CRITICAL WATER HEIGHT WITH AND WITHOUT 
Al GUIDES 
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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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SUMMAR Y 

The Thorium Uranium Physics Experiment (TUPE) is a study of 

aniform 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, rangi.ng irum. 0.3 tu 1. O. 

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 claddi.ng moderated 

with heavy water. These data are for the low metal-to-water volume 

ratios that accompany heavy water moderation. 

TUPE i.s intended to complement these data by providing information 

on lattices with ratios between the CETR and ANL values - the region 

of inte!"est for boiling water reactor design. 

The basic aim of the TUPE .project is to measure lattice parameters 

of cores with rati.os ranging from 0.3 to 1.0, and to compare the results 

with different theoretical models. 

A series of "clean core" measurements were done on five lattices 

{the contract required three}, including (l) flux mappings, (2) critical 

mas s determinations, M c ' (3) cadmium ratio measurement~ for 

U-235 - C Z5 and thorium, Coz and (4) flux depression measurements. 
z 

These data were then analyzed to obtain material buckling, B ; 
m 

the ratlo of infinite medium thermal multipl ication to infinite medium 

resonar..ce multlplicati.on, k z /k 1 ; the thermal disadvantage factors for 

moderator <Pw/q;f and for cladding, ;j; Al/~f; the thorium resonance 

escape probabi.lity, Poz; and the U - 235 resonance escape probability. 

These results are summarized in Table 1. 

Leakage experiments, including partial water height experiments 

aTid lattice poi soni.ng experiments, were performed on two cores. 
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• Leakage experiments were performed on two additional cores without 

lattice poisoning (the contract requi.red leakage expedments on two 

cores). The leakage experiments consisted of determination of the 

water height coefficient of reactivity, 8 p /8h, as a function of water 

height and boric acid concentrati.on in the moderator. These data were 

analyzed to determine migration area, MZ; and infinite medium multi.­

pI ication constant, k 00 = kl + kz . These results are also summarized 

in Table 1. 
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TABLE 1 

SUMMARY OF RESULTS 

Parameter Core Number 
u 

25.J2B 25 D 15 D 15 B 15 A 
• 

M/W 0.301 0.480 0.480 0.860 1.024 

Noz /Nz5 25.34 25.34 15.00 15.00 15.00 

NH /Nz5 528 329 165 131 78.0 

R cm* 27.3 23.5 15.5 17.0 18. 1 c' 
27.2\1 23.2\1 15.8\1 17.6\1 18. 3\1 

Mc' kg* 13.46 13.99 9.73 20.79 25.96 

B Z 10- 3 
mX , cm- z 5.355 6.401 11. 42 9.425 8.531 

C Z5 19.8 12.8 8.7 5.5 4.8 
19.9\1 13.4\1 9.5\1 5.7\1 4.9\1 

Coz 2.82 2.26 1. 78 1. 48 1. 37 
4. 13\1 3. 12\1 2.24\1 1. 70\1 1.56\1 

k z /k1 18.8 11.8 7.7 4.5 3.8 
18.9\1 12.4\1 8.5\1 4.7\1 3.9\1 

~w/(j)f 1. 22 1. 16 1. 22 1. 12 1. 22 
1. 14\1 1. 12\1 1. 19\1 1. 18\1 1. 18\1 

~Al/CPf 1. 04\1 1. 05\1 1. 08\1 1. 09\1 1. 10\1 

Poz 0.916 0.878 0.870 0.810 0.756 "', 
0.945\1 0.918\1 0.910\1 O. 864\1 0.849\1 

PZ5 0.960 0.933 0.886 0.816 0.786 
0.956\1 0.932\1 0.895\1 O. 822\1 0.792\1 

MZ, Z * * 41. 7 cm 36.6 54.4 57.4 
z z* 32.9 M, cm 28.5 37.7 38.4 

MZ , cm2 6. 41.7\1 45.5\1 45. 3\1 52. 2\1 54.8\1 

M2, cm20 35. 3\1 42. 7\1 

koo * * 1. 27 1. 42 1. 49 1. 49 

kco * 1. 23 1. 38 1. 41 1. 39 

kco 1.22\1 1. 29\1 1.48\1 1. 42.\1 1.40\1 

* Reflected cylinder - 5 ft high 

** One-Group Model 

* Gaussian Model 
\1 Calculated Values 
0 MUFT Code B - Self-Consistent Age Approximation - One-Group Model 
6. 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 Noz /NZ5 = 25/1 and 15/1. 

Specifically, material buckling (B~). critical size and mass, and 

nonleakage probability as a function of buckl ing, P(B
z ), are to be 

determined for each core. 

If the above objectives are met then the infinite multiplication 

constant, k 00' is 

and keff for any core 
Z 

of geometric buckling B is 
g 

k = p- 1 (B
z ) P (Bz ). 

eff m g 

Additional objectives are to determine as many detailed two-group 

(1) 

(2) 

parameters as possible, including separation of koo 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 1511 pins with sintered thorium oxide-uranium oxide 

, pellets; ANL loaded 1500 25 11 pins to the project. Table 2 lists the 

properties of these two pin types. 

TABLE 2 

PROPERTIES OF FUEL PINS 

OD, in. 
Clad Material 
Clad Thicknes s, in. 
ID, in. 
Active Pin Length, in. 
Pellet Diameter, in. 
Effective Pellet Density, gml C':ll,3 

M z5 /Pin, gm 
N oz INz5 
M

ThOz 
I Pin, gm 

Mpellets/Pin, gm 

15/1 Pins 

O. 309 
Al-- 25 
0.014 
0.281 

60 
0.260 
8.35 

24.04 
15.00 

405.0 

434.6 

25/1 Pins 

0.309 
Al-2S 
0.034 
0.241 

60 
0.234 
8.45 

12.04 
25. 34 

341.8 

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.-thkk 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 25.JZJ3, the pins were 25/1, but the spacing used every other 

diagonal row of the B spacing, thus giving a square pitch equal to .J2 
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.J2B 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.J2B 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..J2B 0.7687 0.1326 0.0906 0.0081 
25D 0.6759 O. 1859 O. 1269 0.0113 
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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 five clean 

cores; 25.J2B, 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 carlmium boxes, were mounted in accurately spaced holes 

in a 60-mil 1ucite strip, then covered wi.th Po1yken tape and placed near 

the core midplane. * A 250-mil 1ucite 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 25.J2B. 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 

foils, traverses were taken with foils spaced up to eight lattice units 

apart. The radial wire was mounted on a 1ucite strip ~nd placed near 

the core midplane. 

The axial flux distribution was measured with manganese­

copper wire mounted inside concentric aluminum (outer) and 1ucite 

(inner) tubes and inserted along the core vertical centerline. 

Foils were normally exposed wi.th 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 

* Po1yken is a trade name for a product of the Kendall Company. 
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a~tomatic wire scanner. The counting time on the data wi:-e (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 distributior.; radial and axial flux traverse results are shown in 

Appendix 5. Figure 6 is a representative plot of the radial flux distribu­

!1.on meas1:..red with cadmium covered gold foils; the distribution plotted 

ir. Figure 7 was measured wi.th manganese-copper wire. 

Cadmium ratios measured with the gold foils at 

close and at wide spacings were in good agreement. It was concluded 

tha~ even with spacings as close as or.e lattice unit the cadmium boxes 

do not alter the flux di.stribution appreciably. 

3. 1. 2. 2 Buckling and Reflector Savings 

B r $ the positive square root of the radial buckling. 

was determined by a least-squares fit of experimental data to the theore­

tical equation for radial flux distri.b~tion. In the asymptotic region the 

radial distri.bution is 

(3) 

where ro is the distance from the geometric center to the center of the 

fitted curve, and A and Br are constants. In the asymptotic region, the 

gold-c:admium 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 Br 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 axi.al flux dlst~ibt:.tion. Values for B z ' the positive square 

root of axial buckli.ng, we~e obtained by a least-squares fit of the 
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experimental data over different portions of the axial flux distribution to 

<j> (z.) = A cos [B (z . - Zo )], 
1. Z 1. 

(4 ) 

where Zo is the elevation of the center of the fitted curve, and A and B 
z 

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, 

z 
W· = IIcr-· , 

1. 1. 

and weighted mean values, Band B , were calculated by 
r z 

n 

l W. B. 
1. 1. 

i = I 

(5) 

(6 ) 

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

and external consistency, were calculated from 

and cr- ext 

n 

i = I 
=--

(n- I) 

L-

_ z 
(B. -B) 

1. 

n 

\' W. L 1. 

i= I ---1 

I 

lIz 

lIz 

1. 

In each case, the larger and more conservative error is reported. 

The reflector savings were calculated from the 

weighted mean values of Br and B z ' using 

2.4048 
Br =---­

R+ 6 

1T' 
B z =--­H+X, 

88 

and 

(7) 

(8) 

(9 ) 

(10) 

• 

• 

.. 



• 

• 

The radius, R, 1n Equation (9) is the effective radius of the experimental 

core, given by 
2 

1TR = {Number of unit cells} (Area per unit cell). (11 ) 

The core height, H, i.n 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 buckl ing 

for a critical core, but the core was slightly supercritical for the flux 

measurements. B z 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 

222 
B =B +B = g r z 

2 
B 

m 
(12) 

Clean core buckling versus M/W is shown in 

Figure 8, and Fi.gure 9 shows clean cor.e reflector savings versus M/W; 

both are summarized in Table 4. 

3. 1. 2. 3 Critical Mas s 

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 c ' for a cylinder having full water height (infinite 

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

from 
2 

B , 
m 

(13) 

2 
where H 1S the active fuel length (152.4 cm) and B ,0, and A are the c m 
measured buckling and reflector savings at a water height slightly below 

H. 
c The number of fuel pins for the critical core with full water height 

is calculated by solving Equation (1l) 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 

2S.J'[B, 2SD, and lSD, as shown in Appendix 5. The calculated flux 

distributions were then analyzed in the same manner as measured 

distributions; the results (Appendix S) show that the weighted mean value 

of B for all radii falls within the standard deviation for radius C, where 
r 

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. 

Cor£. 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 core are not equal, the axial flux distribution is not symmetric. 

Axial flux traverses indicated a ,slight tilt in the distrib,ution, so axial 

flux data were fitted to 

¢ (z.} = A cos [B (z. - z 0 ) 1 + D sin [2 B (z. - z 0 )] • 
t z t· z t 

(14) 

There are four unknowns - A, B z , D, Zo - 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 z 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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Parameter 

Pitch, in. 

M/W 

W/F 

No. Fuel Pins 

Effective Radius, em 

Core Height, em 

Critical Height, em 

Br± fT, cm- 1 x 10- 4 

B z ± '..r, cm- 1 x 10- 4 

- ± _1 10-4 
Bzcrit(1", em x 

of fT, cm 

x'±cr, em 
B:l±cr, cm- z x 10-

4 

Critical Radius, em 
(Full Water Height) 

No. Fuel Rods 
(Full Water Height) 

Critical Mass, kg 

TABLE 4 

SUMMAR Y OF RESULTS 
CLEAN CORE FLUX TRAVERSES 

25.J2B 

0.5694 

0.301 

5.794 

1146 
27.62 

137.79 
135.27 
701. 25±0. 73 
205. 74±0.92 

209. 17±0.92 

6. 67±0. 04 
14.92±0.68 
53. 55±0. 11 
27.3 

1118 

13.46 

25D 

0.4810 

0.480 

3.630 

1176 

23.64 

143.06 
140.50 
773.50±2.96 
200. 78±0.54 

204.40±0.54 

7.45±0.12 
13.41±0.42 
64.01±0.46 
23.5 

1162 

13.99 

Core 

15D 

0.4810 

0.480 

2.945 

514 

15.63 

139.52 
135 .. 05 

1 048. 0 l± 3. 21 
202. 93±2. 09 

208.97±2.09 

7. 32±0.07 
15. 29±1. 61 

114. 20±0. 70 
15.5 

506 

9.73 

15B 

0.4027 

0.860 

1.642 

880 
17. 12 

135. 14 
133.44 

.. 

945. 61±1. 52 
217. 30±.0. 78 
219.88±0.78 

8.31±0.04 
9.44±0.51 

94. 25±0.29 
16.97 

865 

20.79 

PiA 

O. 3850 

1.024 

1.379 

1108 
18. 37 

128.91 
127.21 
896. 00.!:1. 46 
221. 59±0. 48 
224. 29±0. 48 

8.47±0.04 
12. 86±0. 31 
85.31tO.26 
18. 13 

1080 

25.96 



4. LEAKAGE EXPERIMENTS 

4.1 DERIVATION OF BASIC EQUATIONS 

The purpose of leakage experiments is to determine the infinite 

multiplication constant, k 00' and the migration area, MZ. In the one­

group diffusion analysis of nuclear reactors, these parameters are 

related by 
Z Z 

= kef£ (1 + M B ), 

where = [2.405/(P~ + 6)]z+ [11"/(H + }"l]z 

H = Critical core height, 

R = Critical core radius, 

}" = Axial reflector savings, 

6 = Radial reflector savings. 

From reactor kinetics, 

p = (k
eff

-1)/k
eff

, and, 

if keff :::: 1.0, then 

dp = dkeff. 

and 

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

dkeff = ~= 
dh dh 

Again applyi.ng the conditi.on keff :::: 1 and making the substitution 

MZ 

C = 1 + MZ B Z 

Equation (24) reduces to 

dp dB
Z 

-C-. 
dh dh 

If the age critical equation 
Z Z 

k 00 = keff exp (M B ) 
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(27) 

• 



• 

• 

is used instead of the one-group criti.cal equation, Equati.on (24) becomes 

dk
eff 

dh 
dp 1 2 dB 2 

- dh =. -Keff M dh' 

Applying the condition keff :::: 1 and defining 

2 
C = M 

Equation (28) also reduces to 

dp 
--;:: 

dh 
dB 2 

-c--· 
dh 

(28) 

(29) 

(26) 

Thus Equation (26) is applicable to both models with the constant C 

defined either by Equation (25) for the one-group model or by Equation 

(29) for the age model. Note for the one-group model, C is dependent 

on B2, but for the age model C is independent of B2 

The value of dB
2 

can be obtained directly from Equation (21) by 
Qh .. 

differentiation. Experimental measurements indicate ~ 1S 
dh 

approximately zero, therefore, 

dB 2 
_211"2 I, d~l 

dh = iH + ~)3 l! + dhJ ' 

and Equation (26) reduces to 

(30) 

(31 ) 

Generally the value of d~ is assumed to be zero and Equation (31) 
dh 

-1/3 
reduces to a linear functi.on Oft~~J versus h with an h- intercept of 

-~ and a slope of (21T 2 C)1/3. However, experimental determinations of 

~ at vari.ous 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 

~ = Ah + D, (32) 

Equation (31) becomes 

H =< (21T 2 C ( 1 + A)] ! 13 r d p ll_/3 __ D_ 

1 + A LdhJ 1 + A 
(33) 
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The quantities B
Z 

and M
Z 

must be determined to calculate k oo. To 

determine B
Z

, the quantities H, R, 0, and ~ are measured; to determine 
Z 

M , the value of C is calculated from measured values of Hand dp/dh 

and used in Equation (2S) 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 Z but an appreciable change in BZ. This change in thermal absorption 

cross section can be accomplished by the addition of bori.c aci.d to the 

moderator. Therefore, C and B
Z 

determinati.ons at several boric acid 
Z 

concentrati.ons wi.ll i.mprove the determi.nati.on of M . 

4.2 EXPERIMENTAL METHODS 

4.2.1 Determi.nati.on of dp/dh and H 

The quanti.ties dp/dh and Hare determi.ned by measuri.ng the 

reacti.vi.ty. p. at correspondi.ng water hei.ghts, h. The slope of the curve 

of p versus h i.s dp/dh; the zero reacti.vi.ty i.ntercept i.s H. Thus two 

measurements are requi.red, p and h. 

Reacti.vity is measured from the reactor period usi.ng the 

inhour equati.on. To measure peri.od, 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 IS-sec cycle. The average 

ratio of adjacent counts is related to period by 

15 
T ::: :--;:;;::::;;::;:=: 

In{CzIC1 ) 
(34) 

where T ::: reactor period in sec, and 

(Cz I C1 ) = average ratio of adjacent counts. 

An electronic computer determines the peri.od from each detector, the 

standard deviation of each period. the wei.ghted average period, and the 

wei.ghted deviation. If the periods from the two detectors differ by more 

than 10% the average is not computed and the point is discarded. The 

conversion to reactivity is made usi.ng the delayed neutron fractions 

reported by Keepin and the total delay fracti.on calculated in Appendix 4. 

The water hei.ght is measured by two devi.ces; one measuring 

the absolute height, H m , to ± 0.1 cm, the other measuring relative 

water height, hr' to ± 0.005 cm. The true ab~olute water hei.ght, h. 
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ccrresponciing to each reactivity measurement is 

(H -h) 
h '-' m r -----+h 

n r 

where n i. s the total number of steps. 

(35) 

The electronic computer calculates dp I dh and H by least 

squares using a wei.ght on p of 

w °t~~r (36) 

where T = the weighted average period, and 

cr = the weighted deviation of the period. 

(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 \, {) and R 

The radial and axial reflecto·r savings are determined from 

flux distributions for most cores. Two flux distributions were made for 

each boron 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 1[' 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 0/0. but standardization of the KOH introduces 

a pos sible additional ± 1 % error. 

4.3 EXPERIMENTAL RESULTS 

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

core l5A; the moderator contained 1:0 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 li.sts the experimental measurements used in determination 

of X. and BZ for all the cores; Tables 9 through 12 li.st the experimental 

measurements used in determination of C. 

4.4 METHOD OF ANALYSIS 

The experimental values of X. 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 X. were made). 

A = x. l - x'z I (HI - Hz ) 

z z liz 
CT A = (CTI + CTZ) I(Hz -Hz) 

D = 112 [X.l + x'z -A (HI + Hz)] 

(37) 

(38) 

(39) 

~D = li2{ ~: +~: + [(HI + H,) ~ A l' f/' (40) 

For cores 15A and 25D X. 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 defi.ned at a 100 cm 

height of the same value and standard deviation as the measured value. 

Likewise, on core 15D only one measurement of X. was performed. 

However, this value was compl'etely out of li.ne with the values from 

other measurements and was discarded. A least squares extrapolation 

of X. from Series 2, 3 and 4 yielded a value of 8.53 ± 0.9. This value 

was then treated in the same manner as outli.ned above for cores 15A 

and 25D. -1/3 

The experimental values of Hand r[dPJ are least-squares fit 
dh . 

with equal weighting through the intercept D (1 + A) by Equation (33). 

The slope and the slope standard deviation for the resultant li.ne are 

Slope = 
~ H. X. - (D/l + A) ~ X. 

t t t , and 
~X~ 

t 

(41 ) 

CT
S 
=~~ v~J 
LN- 2 

(42) 
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where 
x ",rdp 1-~/3 

[dhJ ' 
N :.:: Number of data points. including the. intercept, and 

v ::: Data variance from computed curve (variance on 
intercept was <J"D divi.ded by the slope. 

By Equati.on (33), 

3 Z 
C = (Slope) (l + A) 

27r z 

and 

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 

(43) 

(44 ) 

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 

and for a Gaussian slowing down model by 

For both models then 

M
z BZ Z Z 
r r + M Z B Z = 

1 -
> 

(H + >") 
2 = - (2.405) 

z 
7!' 

Z 

constant, therefore 

1 + constant. 

(45 ) 

(46 ) 

(47) 

(48) 

1 
A plot of Z 

1 gives a straight line with a slope of versus z 
(H + >") 
Z 

M 
-0. 586_r_. 

Z 
MZ 

(R + 6) 
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Since the radi.al reflector savings, 0, is an appreciable fraction of 

R + 0 for the TUPE cores, the anisotropy obtained by this method is 

dependent on o. The radial reflector savings were measured at two radii 

for most cores. To provide values at other radii, calculated curves of 

o 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 

o - 2.405 
a + 1 

R + 0 

J (2.405a) 
1 ~ a + 1 

J (2.405a) 
o a + 1 

(49) 

(50) 

D 
where 0 is _c_ L , the reflector savings for large values of R. Then, 

o D r 
o was found flr various values of a and 0

0 
by iteration. The 0 in the 

argument of Ko and Kl was first assumed to be 0
0 

and Equation (50) was 

solved for O. Thi.s value was th.en used and another 0 determined. At 

the lowest values of R approximately four iterations were required. 

Fi.gure 12 shows 
1 

the calculated curves of 0 (R) and its measured values. 

Plots of z as a function of 
(H + Xo) 

1 were then made for each clean 
(R + o)z 

z z 
core and MZ/M

r 
was determined from the slope. These results are 

given in Fi.gures 13 through 15. 

When ani.stropy i.s i.ntroduced, Equation (25) (one-group mociei) 

becomes 

(51 ) 

Therefore 
c 

(52) 

t
M2 

Z zJ l_C_r_B +B 
MZ r Z 

Z 
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Using measured vaiues of C from Table 13 and values of M2 IM
2

Z 2 2 r 
obtair_ed above, M

Z 
a::.d Mr were then determined. An effective value 

of migra~ion area for the core was then defined as 

2 
Meff = 

Z 2 2 2 
BrMr + BZMZ 

B: + B~ 
therefore 

The values obta i!-Led for each core are shown in Table 14. 

Using a Gaussia!1 model and introducing anisotropy changes 

Equation (29) to 
2 

C = M 
Z 

(53) 

(54 ) 

( 55 ) 

2 Z 
Mr and M

Z 
were obtained from the values of C in Table 13 and the ratio 

M~/M~ determined above. Again 

(53 ) 

(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 Z when 
z 

the one-group model is used, but C is independent of B 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
Z 

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 basi.s 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; 
z 

however. this low value of C gives a very low M value even in the one-

group model indicating that it may be in error. Thus. with the exception 

of this one value. core lSD 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. gi.ving rise to the apparent independence of C on 
z 

B. 
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TABLE 8 

EXPERIMENTAL DATA FOR DETERMINATION OF BZ AND 
GAMMA VALUES USED IN LEAKAGE EXPERIMENTS 

Core and 
Series H, em R, em x., em OJ em B Z , em-zxl04 

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-l 46.99 22.68 11 . 94±0 .18 8.02±0.05 89. 79±0. 12 
12L21 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. 61±0. 11 

15D-l 135.05 15.63 15.29±1.61 7.32±0.07 11~_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 J~,D. 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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Step 

1 
2 
3 
4 
5 
6 
7 

TA:6LE 9 

LEAKAGE EXPERIMENT DATA FOR DETERMINATION 
OF C ON CORE 25D 

NB = 0 

f3 = 0.0076 

Critical (d p/ dh) -1/3t 

No. Pins 

1500 
1436 
1372 
1304 
1240 
1216 
1192 

140 

120 

100 

80 

S 60 
u 

::r: 40 

20 

0 / 
~3.41 

-20 
o 

Radius, cm Height, em 

4 

26.70 69.85 
26 • .12 75.26 
25.54 82.45 
24.89 93.59 
24.27 110.72 
24.04 121.08 
23.80 132.83 

. / 
/ 
~ 

/ 

8 

(dp/ dh)-1/3' 

em 1/3 

i 02 

8.713 

12 

em .1/3 

9.80 
10.16 
11.16 
12.45 
14.12 
15.15 
16.63 

/ 
V 

16 20 

• 

.. 
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Step 

1 
2 
3 
4 
5 
6 
7 
8 

S 
u 

::r: 

TABLE 10 

LEAKAGE EXPERIMENT DATA FOR DETERMINATION 
OF C ON CORE 15-A 

No. Pins 

1968 
1576 
1452 
1340 
1224 
1176 
1140 
11 08· 

140 

120 

100 

80 

60 

40 

20 

0 / 
- ~2.86 

-20 
o 

NB = o grn B / liter 

f3 = 0.00816 

Critical 

Radius, ern Height, ern 

24.475 44.08 
21.902 54.59 
21.022 61.24 
20.196 69.84 
19.302 83.03 
18.919 92.17 
18.628 101. 72 
18.364 116.19 

~ 
V 

/ 
./ ~ /00 

/ 
~Slope = 9.520 

4 8 

(dp/ dh) -1/3, 
ern 1/3 
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12 

(dp / dh) -1/3 
ern ~ /3 

6,369 
7.476 
8.092 
8.706 

10.005 
10.823 
11.803 
13,375 

/ 

16 

" 



Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

TABLE 11 

LEAKAGE EXPERIMENT DATA FOR DETERMINATION 
OF C ON CORE 15B 

No. Pins 

140 

120 

100 

80 

5 60 

::c 
40 

20 

o 

-20 

1576 
1544 
1484 
1288 
1176 
1124 
1044 
1004 

968 

/ 
./13.4 

o 

NB = 0.070 gm B!liter 

f; = 0.00830 

Critical 

Radius, ern Height, ern 

22.91 46.34 
22.67 46.99 
22.23 48.86 
20.71 58.98 
19.79 68.95 
19.35 76.1 ~ 
18.65 92.66 
18.29 107.44 
17.95 127.63 

V 
/ 

/ 
/ 

./ 
~Slope = 

4 8 

(dp/ dh) -1 /3, 

ern 1/3 

104 

9.423 

12 

(dp/ dh~ -Ih,' 

emIl3 

6.74 
6.51 
7.02 
7.78 
8.72 
9.50 

11.02 
12.53 
14.93 

/ 

16 

.. 
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Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

TABLE 11, CONTID. 

LEAKAGE EXPERIMENT DATA FOR DETERMINATION 
OF C ON CORE 15B 

s 
CJ 

-
::r:: 

NB = 0.322 grn B!liter 

f3 = 0.00819 

Critical (d p/ dh1 -1/3 
No. Pins Radius, ern Height, ern ern 1/3 

2000 
1976 
1696 
1576 
1436 
1340 
1272 
1208 -
1160 

140 

120 

100 

80 

60 

40 

20 

o / 
-20 

~3.8 
o 

25.81 43.80 5.97 
25.65 44.22 6.66 
23.76 52.14 7.38 
22.91 57.23 7.70 
21.87 67.09 8.72 
21.13 77.71 10.14 
20.58 89.30 11. 22 
20.06 106.60 12.92 
19.66 129.29 15.33 

L 
L 

/ 
/ 

/ 
~Slope = 9.221 

4 

105 

8 

(dp/dh) -1/3 , 
ern1/ 3 

12 16 



Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

TABLE 11, CONTln. 

LEAKAGE EXPERIMENT nATA FOR DETERMINATION 

S 
0 .. 

::r: 

OF C ON CORE 15B 

NB = 0.823 gm B/liter 

j3 = 0.00795 

Critical 

No. Pins Radius, cm Height, cm 

2884 30.99 43.87 
2796 30.52 44.73 
2684 29.90 46.31 
2348 27.97 52.33 
2128 26.62 58.86 
1976 25.65 65.41 
1788 24.37 78.85 
1672 23.60 94.08 
1592 23.03 112.15 
1552 22.74 127.07 

140 

120 

100 

80 

60 

40 

/' 
/ 

[? 

/ 
/ 
~ Slope = 9.006 20 

0 / 
V13.2 

-20 
o 4 8 

dp/ dh) -1/3 , 

em 1/3 

106 

12 

(dp! dh), -1/3 
cml/ 3 

6.40 
6.05 
6.31 
7.14 
7.58 
8.76 

10.33 
12.15 
14.00 
15.77 

/ 

16 
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Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

T.ABLE 11, CONTID. 

LEAKAGE EXPERIMENT DATA FOR DETERMINATION 

E 
u .. ::c 

OF C ON CORE l5B 

NB = 0.586 gm B!liter 

fJ = 0.00806 

Critical 

No. Pins Radius, cm Height, cm 

2496 28.83 42.64 
2400 28.27 44.04 
2300 27.68 45.68 
2204 27.07 47.45 
2104 26.47 49.67 
2000 25.81 52.86 
1788 24.40 61.47 
169&- 23.76 66.55 
1560 22.80 78.82 
1468 22.11 92.73 
1396 21.56 112.22 
1364 21. 31 124.60 

14(J 

120 

100 

80 

60 

40 

/ 
/ 

cV 
/ 

/ 
20 

0 
~Slope= 9.274 

-20 
~4.0 
o 4 8 

(dp I dh) -1/3" 
cmll, 

107 

12 

(dpj dh), -1/3 
cm l / 3 

5.88 
6.11 
6.29 
6.41 
6.74 
6.94 
7.90 
8.58 
9.95 

11.47 
13.75 
15.53 

/. 

16 



Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

TABLE 12 

LEAKAGE EXPERIMENT DATA FOR DETERMINATION 
OF C ON CORE 15D 

N = 
B 

o gm B/liter 

13= 0.00846 

, 
Critical (dpl dh1 -1/ 3 

em 113 No. Pins Radius, em Height, em 

820 19.74 43.56 7.00 
804 19.55 44.42 7.13 
772 19.15 48.96 6.84 
732 18.65 49.41 7.61 
688 18.08 53.94 8.37 
648 17.55 59.79 8.32 
592 16.84 7Z.J~ 9.65 
556 16.25 90.34 12.96 
548 16.14 95.73 13.96 
540 16.02 102.41 13.99 

140 

120 -

100 

80 

S 60 
() 

. 
::4 40 

20 

0 

- / 
/" 

VO 

/ 
---

£ 
~ 

V 
~Slope= 7.77 

V8.5 

-20 
0 4 8 12 16 

( dp/dh) -1/3, 

em 113 
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<TABLE 12, CONTID. 

LEAKAGE EXPERIMENT DATA FOR DETERMINATION 
OF C ON CORE 15D 

NB = 0.235 gm B/ liter 

;3 = 0.00817 

Critical (d pi dh~ -1/3 
Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

140 

120 

100 

80 

60 

40 

20 

0 

-20 

No. Pins Radius, em Height, em 

1116 23.03 42.69 
1100 22.86 43.34 
1020 22.01 46.83 
960 21.36 50.42 
888 20.54 56.14 
788 19.35 70.61 
71 9 18.44 94.69 
700 18.24 104.60 
672 17.87 132.41 

./ 
V 

L 
/ 

V 

/ 
/. 

/-Slope = 8.430 

/ 
~1.0 
o 4 8 

(dp/ dh) -1/3, 
ern 1/3 

109 

12 16 

em 1/3 

6.67 
6.58 
7.22 
7.54 
8.00 
9.77 

12.18 
13.54 
16.91 

20 



'I ABLE:; 12, CONT ID. 

LEAKAGE EXPERIMENT DATA FOR DETERMINATION 
OF C ON CORE 15D 

NB = 0.432 gm B,I liter 

p= 0.00799 

Critical (d p/ dh~ -1/3 
Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

S 
CJ 

::c 

No. Pins Radius, em Height, em 

1632 27.85 38.25 
1568 27.30 39.33 
1508 26.77 40.48 
1288 24.74 46.33 
1184 23.72 50.68 
1004 21.84 64.14 

936 21. 09 74.59 
888 20.54 87.21 
864 20.26 96.81 
840 19.98 109.40 

140 

120 

100 

80 

60 

40 

'/ 
/ ~ 

/ 
L 

V 

/ 
20 

0 
/+Slope = 8.375 

/11.8 
-20 

o 4 8 

d p/ dh) -1/3 , 
em 1/3 

110 

12 16 

em 1/3 

5.96 
6.25 
6.22 
7.17 
7.27 
9.44 

10.31 
12.35 
13.38 
14.72 
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TABLE 12, CONTID. 

LEAKAGE EXPERIMENT DATA FOR DETER.M:INATION 
OF C ON CORE 15D 

NB = 0.635 gm B/ liter 

/3= 0.00783 

Critical (dp/ dh), -113 
Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

140 

12.0 

100 

80 

60 

40 

20 

0 

-20 

No. Pi r..s Radius, cm Height, cm 

2196 32.30 35.72 
2.144 31. 92 36.26 
2064 31. 36 37.11 
1852 29.66 41.03 
1648 27.98 44.27 
1436 26.12 51.04 
1232 24.19 63.20 
1116 23.03 77.51 
1020 22.01 104.91 
1004 21.84 112.71 

988 21.67 124.11 
976 2J.53 134.58 

/ --

/ 
,/ 
V 

0/ 
/ 

/' 

~oSlope = 8.269 

/ 
-~3.0 
o 4 

111 

8 12 

dp 1 dh) -1/3, 
cm 1/3 

16 

cm l /3 

5.92 
6.14 
6.66 
6.28 
6.70 
7.50 
8.67 

11. 01 
14.32 
15.50 
16.73 
17.56 

20 



TABLE 13 

RESULTS OF LEAKAGE EXPERIMENTS 

Core NB IT D:l:1T D, C:ITC , 
A and Series gm B/ liter A em emz 

25D 0 0 0.0085 13.41:0.94 33.5:0.6 

15A 0 0 0.009 12.86:0.31 43.7:1.0 

15B-1 0.070 -0.0244 0.005 13.1 :0.6 40.3:0.6 
-2 0.322 -0.0140 0.009 13.6 :0.7 39.8:0.8 
-3 0.586 -0.0105 0.007 14.0 :0.6 40.5:0.6 
-4 0.823 -0.0066 0.006 13.1 :0.6 37.1:0.7 

15D-1 0 0 0.013 8.53:0.9 23.8:0.7 
-2 0.235 -0.0111 0.009 10.89:0.5 30.4::0.6 
-3 0.432 -0.0058 0.012 11.73:1.1 28.0:0.7 
-4 0.635 -0.0213 0.007 12.95:0.7 28.7:0.45 
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TABLE 14 

M2 AND koo 0:8 T AINED FROM LEAKAGE EXPERIMENT S 

One-Group Modrl Gaussian Mod~1 

Core NB • • • • • • • • 1 • • • 1 
B B B +B M/M~ M M M M k M M M M k"" &~eri~s C r 7, r z z r df e[[ "" z r c[[ p[[ 

l50 0 33.5±0.6 58.30 5.46 63.76 1.0l 4l.4%0.8 41.6±0.8 41. HO.8 l.l66±0.005 33.5±0.6 32.8±0.6 32.9±0.6 1.234tO.005 

I,A 0 43. HI.O 80.34 5.93 86.27 1.15 65.3±1.6 56. 8±1. 6 57.4±1.6 I. i9 ±0.01 43. HI.O 38.0±1.0 38. 4±1 .0 l. 39 ±0.01 

15B-I 0.070 40. HO.6 84.56 7.03 91.59 1.05 6l.HI.0 59.HI.0 59. 5± 1.0 40.3±0.6 38.4±0.6 38.5±0.6 
-l 0.3ll 39.8±0.8 77.04 6.99 84.03 1.05 58.5±1.3 55.HI.3 55.9±l.3 54.4 I. 49 ±0.03 39.8tO.8 37.9±0.8 38.0±0.8 37.7 l. 41 tV.OI 
-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 ±l.8 40.5%0.6 38.5±0.6 38.7±0.6 ±O.!! 

W -4 0.8l3 37. ao. 7 63.86 6.34 70.l0 1.05 49.4±1.0 47 .O±I.O 47 .l± 1.0 37.1±0.7 35.HO.7 35. 5±0. 7 

150-1 0 l3.8±0.7 103.8 10.0 113.8 1.0l n.4±l.0 31. 8±1 .0 31.9±1.0 23.8±0.7 23.3±0.7 2.1.HO.7 
-2 0.235 30.4±0.6 91.5 9.0l 100.5 1.02 43.4±0.9 42.5±0.9 42.6±0.9 36.6 1.42 ±0.03 30.4%0.6 29.8±0.6 29.9±0.6 l8.5 1.38 to.OI 
-3 0.432 lK.0±0.7 80.3 8.45 88.8 1.02 37.0±0.9 36.HO.9 36. HO. 9 ±2.3 28.0±0.7 27.4±0.7 27.4±0.7 to.7 
-4 0.635 2R.7±0.5 72.6 5.28 77.9 1.0l 36.HO.6 35.6±0.6 35.6±0.6 28. 7±0. 5 28.1±0.5 2R.I±D.5 
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FIG. 14: DETERMINATION OF M2/M2 - CORE 15D 
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FIG. 15: DETERMINATION OF M2/M2 - CORE 25D z r 
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APPENDIX 6 

CALCULATION OF NUMBER DENSITIES 

6. 1 15 I 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, 

ass wning that the following are true. 

1. N 02 IN Z5 ~ 15. 00 
2. 380/0 of the uranium is in the form of U 3 0 S 
3. 67.0/0 of the uranium is in the form of UOz 

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 Oz. 

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 Coresll.l!.. 

The number density of the aluminum in the cladding was taken to 

be 0.0603 atoms/b-cm. 

6.2 2511 PINS 

Three values of pin weight given in an ANL memo differ by less 

than O. 30/0.li. 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 gml 

cm l . 

The number densities were computed as for the 15 I 1 pins. The 

ratio N ThIN 25 is then 25.34. 

The number density obtained for O 2 is low, indicating that some 

of the thorium or uranium was in the metallic form. A 2.40/0 error 

would allow all the thorium to be in the form of ThO z and all the uranium 

in the form of UOz . 
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6.3 WATER 

The number densities in the water were taken as 

N = 0.0334 atoms/barn-em, and 
0 

NH = 0.0668 atoms/barn, cm. 

6.4 IMPURITIES 

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-em of pin) 

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 ~ C 
'1 J"~ f!htv'4eg 

c:r4"~ ~/ ~.-t v"' t;.'{ U /V . .,... () 

TABLE 53 

IMPURITIES IN 15/1 PINS, x 10 6 atoms/barn-em OF PIN 

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 25..J2B 25D 15D 15B 15A 

H 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 
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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% U02 - Zr02 (fully enriched with either 233U 

or 235U), plus a blanket region containing mostly thorium (either Th02 or 

1 wt% 233U02 - Th0 2). Critical ity 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 Th02 or 1 wlo 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 0 C. In addition,two of the wet blanket assemblies were studied in the Bettis High­

Temperature Test Facility at 480 0 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 power 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 parameters on the 8 cold and 2 hot critical 

assemblies. 
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TABLE 1. SUMMARY OF MEASURED AND CALCULATED PAHAMETERS ON EIGHT COLD 
AND TWO HOT CRITICAL ASSEMBLIES 

Parameter SB-1 SB-2 SB-2 1/2 SB-3 

Seed-and-Blanket Activation Shapes 

U
235 

foils X X 

U
233 

folls X 

Th foils X 

Dy-AI foils 

Th Fission Shape in Blanket X 

p 02* in Blanket X 

025t . S d ill ee 

0
25 

in Blanket 

023~ in Seed X X 

0
23 

in Blanket X 

Thermal Disadvantage Factor 

Seed X X X 

Blanket X X 

Fast Advantage Factor 

Seed 

Blanket X 

* p02 is defined as the ratio of epithermal-to-thermal thorium captures. 
t025 is defined as the ratio of epithermal-to-thermal uranium-235 fissions. 
t023 is defined as the ratio of epithermal-to-thermal uranium-233 fissions. 

Core 

SB-4 SB-5 SB-6 SB-7 

X X X 

X X 

X X X 

X X X 

X X X 

X 

X 

X 

X 

X X X 

X X X 

X X 

X 

Hot Hot 
SB-3 SB-4 

X 

X 

X X 

X 

X 

X 

X 

X 

X 



II. DESCRIPTION OF LWBR CRITICAL FACILITY, FUEL, A!\T{) CORES 

B. LWBR Facility 

The LWBR critical facility was modified for the performance of experiments with ., 
uranium-233 fucl. The developmental nature and lack of experience with uranium-233 

dictated a conservative approach in modifying the facility and procedures to-study th~ 

uranium -233 fuel. 

Experiments wcrc conducted in a small 6-foot diameter tank inst31led in a 17 -foot 

diameter vessel. This larger vessel was also designed to contain critical assemhlies, 

hut was used in this instance (with a lid over the top) to prevent the spread of contrunina­

tion if a fuel rod should leak during the uranium-233 experiments. An isometric view of 

the reactor tank and containment vessel is shown in Fig-lire 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 characteristics 

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 O. 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 0 F and 650 psi. 

All elements contained 15.00 ± 0.06 inch of pressed and sintered fuel pellets with 

a 2. O-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 uranium-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 

± O. 003-inch diameter by approximately 0.250 inch in length. The pellets were 100% 

dimensionally inspected, and oversize pellets were ground to the specified size. Simi­

larly, the blanket pellets were fabricated to a size of 0.489 ± O. 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 critical, with an excess reactivity of only a few tenths of one percent. The eight 

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. 

125 



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-l, SB-2, SB-2.5, SB-3, and SB-4) are 

rectangular and except for SB-2. 5, which is a bare seed, have a wet blanket. The 

mechanical arrangement for these cores is shown in Figure 8. The core rested on a . 

3/4-inch stainless steel base plate, which in turn rested on a I-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 

sUt:,po~t plate, made by welding 0.02 x 0.100 x 11-inch zirconium rectangular wire into 

a 11 x ll-inch grid, was used to reduce any fuel rod bOwing. The design of the upper 

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 

spaced with a O. OOl-inch nominal clearance between rods. A view of this arrangement 

is given in 'Ft--gures 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. Ir.troduction 

Critical experiments were performed at 4800 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 4800 F. 

Measurements similar to those made on the cold cores were performed hot and com­

pared with analytical mcdel 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 
D~ Nominal ComQosition Rods (kg} 

Seed 233 
26 w/o U 02-zro2' 396 5.3 

Seed 2:i5 
26 w/o U 02-Zr02' 625 8.8 

Blanket Th02 1386 

Blanket 1 w/o U2330
2 

-Th0
2 

1331 5.4 

TABLE 3. DESCRIPTION OF LATTICE CONSTRUCTION 

N 
00 

H/U* W/ut H/Th* W/Tht 
Seed Blanket Blanket in in in in Core Lattice 

Core Com~osition Com~osition Tn~ Seed Seed Blanket Blanket Geometry 'l'yQe 

SB-1 235 Th02 Wet 37 26 4.4 1. 97 Rectangular Square 26 w/o U 02-Zr02 
-----.-~ 

SB-2 if35 Th02 Wet 38 27 4.4 1. 97 Rectangular Square 26 w/o 02-Zr02 
'---_._. ---- ._--

SB-2.5 26 w/o if350 2-zro2 
38 27 Rectangular Square 

( 

SB-3 235 
26 w/o U 02-Zr02 1 w/o U23302-Th02 Wet 38 27 4.4 1. 97 Rectangular 

'-
Square 

SB-4 235 
26 w/o U 02-Zr02 1 w/o U23302-Th02 Wet 37 26 4.4 1. 97 Rectangular Square 

SB-5 
. 235 

26 w/o U 02-Zr02 Th02 
Dry 107 76 0.46 0.21 Hexagonal Triangular 

SB-6 
235 

26 w/o U 02-Zr02 Th02 Dry 110 78 0.46 0.21 Hexagonal TriangulaI 

235 / 233 SB-7 26 w/o U 02-Zr02 1 w 0 U 02-Th02 Dry 110 78 0.46 0.21 Hexagonal TriangulaJ 

* . Atom ratio. 
tRatlo ()f . .'yolume of water to the volume of uranium (or thorium) at 20° C. . . 

.. • 
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Figure 2. LWBR Uranium-233 Experiments Reactor Tank 
and Containment Vessel. 
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20.83 
REF. 

L_ 
BLANKET ROD 

20.83 
REF. 

SAMPl.E 
Pt.CKAGE 

NOTE: ALL. DIMENSIONS ARE IN INCHES BLANKET TEST ROD 

Figure 6. Diagram of Fuel and Test Rods 
for Uranium-233 Experiments. 

S8-1 SB-2 58-3 SB ..... 
SEED-26.,b una Oz-ZIIOz SEED-26 wAI uDS Oz-ZIIOz 5££0-26 w,buZ550z-Zlt0z SEEO-26 w,b U Z» Oz-ZAOz 

BL.ANK£T-lw/oUZHOz-rl>Oz BLANKET-Iwo lf330z-T~0z BL.ANKET-ThOz BLANKET-ThOz 

M/Th.4.4 

SCALE 
~.7.24IN. 

S8-2.5 

MITh. 4.4 -26...6 u m Oz-ZIIOz H/Th. 4.4 HIT .. : 4.4 

!~. 

SB-5 S8-6 S8-7 

SEE~26 w,b UZ35 Oz -ZIIOz SEED-26.,b ~ Oz-l1lOz SE£~26.,b um Oz-Z.Oz 
BLANKET-ThOz BLANKET-ThOz BLANKET-I.,blP'Oz-ThOz 

Figure 7. Schematic View (Top) of Eight Seed-and­
Blanket Core Assemblies. 

130 

• 



.. 

• 

A 

l 

CORE--I'-­
SUPPORT 

STRUCTURE 

I I 
I .-=--

I 
I 
I I - I 
I ~~ I 
I I . L. __________ J 

I 

~ _______ .O~ 
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CONTROL ROD 
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NEUTRON 
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SECTION A-A 

ruEL ROO 
SPACER PLATES 

A 

J 
CORE 
OUTER 
BOUNDARY 

I-----I--SHIELDING SUPPORT 
COLUMNS 

72-IN. 
TANK BASE 
PLATE 

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

131 
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Figure 9. Diagram of Upper Spacer Plate Design. 
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Figure 10. Core Support Structure for Dry Blanket Core Assemblies. 
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Figure 11. Grid Structure for Dry Blanket Core Assemblies. 
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58-1 CORE 

It 
I I 
I 

SEED-?6 W/oU ZH Oz-ZROz 

I -B~=39.Z X 10- 4 

n-B~=37.0XI0-4 
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5 00000000 00000 SEED 6 00000000 000 7 00000000 00000 eOOOOOOOO 000 
9 00000 10 000000000000 1100000000000000 IZ 000000000000 
00000000 
00000000 

BLANKET -ThO 2 
Ilr-B~ = 35.0 X 10-4 
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:n-B~=Ze.OXI0-4 REFLECTOR -H 20 
3ZII-B~ = Z 7.0 X 10-
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0000000000000 
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0000000000000 
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000 4 
000 5 
000 6 
000 7 
OOOe 
000 9 

000 10 
000 11 
000 12 
000 13 
000 14 

00000000000000000 15 
00000000000000000 16 
00000000000000000 17 
I Z 3 4 5 6 7 e 9 10 II 12 13 14 15 16 17 

Figure 20. Diagram of LWBR SB-l Core. 
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. 58-2 CORE 
SEED- 26 w/o U ZH Oz' ZROZ 

1- B~: 38.7 X 10-· 

n - B~: 37.3)( 10'· 

SEED PITCH - 0.362 IN. 
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l 
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I I 2 3 4 , 6 7 B 9 10 II 
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: gggggg ggOO 000000 000 3 
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OOOOOOOOOOOOOOOOO~ 
00000000000000000 17 

0000000000000000 ~ 
I 2' 3 4 ~ 6 7 8 9 10 I I 12 13 14 I~ 16 17 18' 

Figure 21. Diagram of LWBR SB-2 Core. 
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B~= 37 6 X '0- 0 
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000000000 ----i 
000000000 
000000000 
000000000 
1000000000 
000000000 
00·0000000 
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Figure 22. Diagram of L WBR 
SB-2 1/2 Core. 
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SEED-26./o un!" ,- :." 
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0000000000000000 16 
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I 2 3 4 5 6 7 8 9 "0 'I ,2 13 14 ,.. 16 

Figure 23. Diagram of LWBR SB-3 Core. 
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58-4 CORE 
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Figure 24. Diagram of LWBR SB-4 Core. 
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SEEO'- 26 ... /0 U21~ O2- Zll02 
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Figure 25. Diagram of LWBR SB-5 Core. 
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Figure 26. Diagram of LWBR SB-6 Core. 
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Figure 27. Diagram of LWBR SB-7 Core. 
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S8-1 CORE 
SEEO-Z6 _/0 u2 'S 0fZROz 
8LANKET- hOl 

ooooooc";JJa:x:xxxx::xxx:x:1 TRAVE RSE I 

--~x:xx:xX):x:xX)~ TRAVE RSE 2 

S8-2 CORE 
5EEO-26 .. /o UZ33 Oz-lROz 
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Figure 29. Schematic View (Top) of 
SB-l and SB-2 Cores Showing 
Location of Traverses. 
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5EEO- 26 ... 10 U235 02-l R 02 
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Figure 30. Schematic View (Top) of 
SB-3 and SB-4 Cores Showing 
Location of Traverses. 



S8· 5 CORE 
SEEO· 26.10 Un~ O2 -l~OZ 
8LANKf T - ThO Z 
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SHD ;>6 ... 10 UZ33 OZ-lROz 
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Figure 31. Schematic View (Top) of SB-5 and SB-G 
Cores Showing Location of Traverses. 
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58-7 CORE 
SEEO- 26 "/0 U2H Oz-ZIIOZ 

Bl.ANKET - I .. /0 U233 02- T~02 

Figure 32. Schematic View (Top) of SB-7 Core Showing 
Location of Traverse • 
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>,.= 1.0147 

Figure 90. Schematic Views (Top) of SB-3 Core Cold and SB-3 Core 
Hot, Respectively. 
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Figure 91. Schematic Views (Top) of SB-4 Core Cold and SB-4 Core 
Hot, Respectively. 
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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) 

1 wlo U0
2 

- ORNL 

26.8 wlo U0
2 

- Zr0
2 

- ORNL 

Isotopic Analysis (ORNL) 

Uranium-232 
Uranium-233 
Uranium -234 
Uranium -235 
Uranium -236 
Uranium -238 

*Corrected to uranium -233 - f;~~~ . 

Average wlo U 

0.939* 
(w/o U233 - 0.913) 

24.47* 
(w/o U233 - 23.81) 

U02 - Th02 
(26 Analyses) 

147 

<0.05 
97.19 

1. 55 
<0.05 
<0.05 

1. 23 

No. of Analyses 

52 

46 

U02 - Zr02 
(23 Analyses) 

<0.05 
97.29 

1. 56 
<0.05 
<0.05 
1.14 



APPENDIX C 
URANIUM-235 02-Zr02 SEED URANIUM ANALYSIS 

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

Incoming UF 6 

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

Pellet 

Total U 
U235 
Enrichment 

% 

93.14 
0.892 
0.263 
5.706 

24.70 ± 0.07 w/o 
22.90 ± 0.07 w/o 
92.73* 

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

148 

.. 



• 

• 

Fuel Type 

U233 0 -ZrO 2 2 
U235 0 -ZrO 2 2 
U233 0 -ThO 2 2 
Th02 

APPENDIX D 
PE LLET DENSITIES 

TABLE D-l. PELLET DENSITIES 

% Theoretical Density (TD) 

Avera~ Minimum* Maximum* 

93.42 88.47 95.82 

95.11 92.81 98.60 

94.07 90.53 96.81 

94.6 93.0 95.5 

TD, glee 

6.94 

6.95 

10.04 

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-l. FUEL ROD DIMENSIONS AND PELLET NUMBER DENSITIES 

15 'N. ACTIVE F'JEL LENGTH 

........ -- ZIRCALOY- 2 rUBE 

~--VOIO 

00 10 

PELLET 
01 A ME TER-----' 

Fuel Rod Dimensions 

Seed Fuel Blanket Fuel 

U235 U233 Th02 
1 w/o U2330 -ThO . 2 2 

Tube OD, in. 

Tube ro, in. 

0.2545 

0.2195 

0.2545 

0.2195 

0.5698 0.5694 

0.4988 0.4984 

Pellet Diameter, in. 0.2108 0.2113 0.4885 0.4903 

Isotope 

U233 

U234 

U235 

U236 

U238 

U232 

.0 

Zr 

Gd 

Fuel Pellet Number Densities 

24 
Pellet Number Density, 10 atoms/cc 

Seed Fuel 

U235 U233 

0.0000375851 

0.00387879 

0.0000108258 

0.000251232 

0.054868 

0.0232558 

0.0039899 

0.000063967 

0.000046986 

0.000036321 

0.053856 

0.022792 

0.021594 

0.043990 

Blanket Fuel 

0.00022289 

0.000003549 

0.0000028447 

0.021296 

0.043333 

0.00000011265 0.00000011214 

Zircaloy-2 tube NZircaloy-2 = 0.0433788 
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. 233 1 d C 't' 1 BMU Serles of U Fue e rl lca s (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. ~TI ~RODUCT!O['.l 

".il)"1233U fuelc'l Griti-:al assombH". dODi.CJn.,lnd 
ll-. 1!le ruu !ories cores Vlore studied at the r~tlis 
Atomic Power L"boratory as part 01 tho Light 
fhtN f1roeder Ro,'ct"r (LVIBR) Dcvolopl"!lont Pro­
gr,',". Tho cores 01 this sorios 101l0'."lOd a oor;"s 01 
.mall 233U lueled Bood-blanket coros (noler­
en co I). and wer" the lorerunner. 01 a sericG 01 
sinC1b module detailed cell ezperiment., (neier­
once 2) 

Tho various corco, assembled to investigate 
sp"cific "fiects that ~.r" i"'portart in breeder reac­
tor cl,..vnkpm"~·, • INe either small or largo, .imple 
or h,'d conp'"'' 1t,"1 zO'ling, sing!!! or multiple 
rood"lo. r.~p"Ti"""''lt3 ,"ere PNkrm0d both at am­
bier.t i""'D"r,'t'\te "nd at 410°F. 

Comp,'ri"o,,~ ,'I"He m.,do "/lth calculillions. 
Tf,,,c'l CM"'!,"""""" providod the ba~is lor 
cJ~~,~~ ........... ~~CJ i~:!"'v""rl. M"~~CJn i"rt·"'Jy~i5 n":'t"c~9. 
Corcp"!isons With mr.,,"''' cloc" to the model used 
lor LWnrl deGign analysh i"d;.c~te that the ellects 
01 coupling are well predict"" at both ambient and 
high tempc,ature. Tho model was improved ba~ed 
on the results 01 the ezperimonts, and solected 
CAlculations were rc-ione and show good agree­
ment with ezporimental res"lts. 

This r"port emphasizes documentallon 01 the ez­
perimenta' pJOgram and ir.cludes the results 01 
only a lew typical calculations 

II. FUJ::L DESCRIPTION 

Nine dillerent luel rod types were used in com­
binations lor the B'fU series cores to achieve 
radi~l and nial zan mg. The rod types used and 
their dimension. Ne given in Appendiz A. Four 01 
these types were sc~d rods (02S-inch diameter) 
and live were blanket rods (063 ·inch diameter) 
All rods were clad with Zircaloy-4 and had welded 
end caps at both ends They ,"'ere loaded with bi­
'lary luel pellets (i.e., a mizture 01 U02 and Tr~ ), 
Th02 pellets, or both 01 these in separate sec!i .IS 

01 tho:> rod. The composition 01 the luel 01 each rod 
type is given in Appendiz B. 

Three 01 the seed-rod types were 28.16 inches 
cverall length, and lour 01 the blanket-rod types 

were 42.4G inc"aes long. In adcliti0'1, seed and 
blanket rod, approzimately 14 inchn , long were 
availllblo lor ar; 31 end relloctor rcg;r-~,. 

One Beed-rorl type and one blar"ot-rod type 
were uniformly IDaded with 233U. The,o seed rods 
contained 12 wlo 233U02 in Th02, and the blan1tet 
rods cont"ined 2 wlo 233U02 in Th02. Also. on" 
lulliellgth blanket-rod type and the two rod types 
lor end rellectors were uniformly loaded with 
Th02 

Tho other two types 01 se'ld rod. contained two 
dillor'!l'.t lOildings in each p,,,t 01 tho rod One rod 
type VIa. S wlo 233U02 in Th02 and 9 wlo 233U02 
in Th02, and tra other rod typo was 2 wlo ~33U02 
in Th02 and S 1'110 233U02 in Th02. Varyirg the 
lo~di"g. in the blanket rods dil';dod the lonqth 
into zones that Vlere one-third ann two-third. 01 the 
total. Ono "Or'n-:\ blanket-rod type r~r1 14 inches 01 
2 wlo 7. 3J l'07. in ThOz lind 28 incl-~" 01 Th02 Tha 
ot"~r hyi 28 ;!!ches 01 2 VIla 23?U02 in Th02 and 
14 lDchos 01 ThOz 

III. CORE DESCRIPTIOtJS 

A. BUU-lA 

Figures 1 and 2 show a schematic diagram 01 the 
sid"! view 01 the BMU-I core and a top view alone­
sixth 01 the BMU-1A core, resp"ctively. A photo­
graph 01 this core is shown in Figure 3 

The seed 01 the BMU-lA lormed a .ymmptric 
hezaqon containing 810 01 the 12 wlo uniform 
seed' rods ro.ting on an equal number 01 short 
seed rods (ThOz)' The rods were spaced on a 
O.3229-inch triangular pitch. What would have 
been the central seven rods 01 this hezagon wa. 
replaced by a metal and water "'gion consieting 01 
a Zircaloy-4 pipe (0.7S-inch out,ide diameter and 
O.037-inch wall thickness) running the entire 
height 01 the seed (42 inch"!s). Th" rellector water 
was ezcluded Irom the bottom 1< inches 01 the 
pipe by a SIB-inch diameter, 003S-inch wall 
thickness, stainless steel tube through which the 
reactor source could be moved (see Figure 28). 
The top 28 inches 01 pipe contained a O.65-inch 
dia ... ~ter solid Zircaloy-4 plug A channellormed 
by two Zircaloy-4 hezagonal cans surrounded the 
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seed region. Each can Will 0.125 inch thick and 
there was a 0.125-inch water C)ap botween them. A 
control rod quido was for mod by the canS them­
selves a"clsolid Zircaloy-4 piece~ thatlilled in the 
cornor, of the hOllllC)on. lea~;nrJ an openinC) 0.125 
by 4.60 :Dches On each lIal. Tho di,t<lnce adOIl 
the lIet, to tho inside wall 01 the 'nnor can was 
9 212 inch~~. 

The bllnltot stlrroundinC) the control quide also 
lormed a oymr.l~tric heaaC)on. There were 13 rows 
01 long ThOz bl"n!ret rods spaced on 3 06961-
Inch triangular !)itch. The roC)ion contained 
1170 rods. 

The rod pitches wme maintained by live st<lin­
less ot~,,1 tube sheet, in the seed and two in the 
blanlte!. These tube sheets were mad/! Irom lIat 
plat"s and had holes sliqhtly iargcr than tho rod 
diilmeter drilled on thot appropriate pitches. The 
top and bollom shoets were 0 125 inch thick; the 
thr')e conter ohects in the seed Vlere 0.0625 inch 
Ih;ck. The diotances to the bollom of each tube 
sheet in the soed with respect to the bollom of the 
ThOz seed reller:tor rod ware l.e6, I ;:i. 06, 15.12. 
2828. ane! 4125 inches. The correspond inC) 
blanket tube oheet distance, were 668 and 
33.06 Inches. 

Reactivity control ..,,,, maintained by sill halnium 
conlrol rods. each rod was 4.25 inches wide by 
0062 mch thck by 38 inches long. The critical 
b,nk height v·as 23.67 inchen above the seed bi­
nMy luel zero ~t 28.1 °C. 

'ff,') f11::1 ro:!, rCJt~G on a p-rbrat"d staink:;s 
C'c-,I pl·,!'). Th~ ph'" ··pc 0.038 inch thiel, a:ld \"las 
pe,!c,otc::! by e';C'f'I~! rp·lced holes of 0.187-inch 
diameter. There Vlere 182/3 holes per square inch 
01 plate and thorelore 0.4837 square inch 01 metal 
per square inc h 01 plate. 

The perforated plate rostea on a stainless steel 
base plate which was 38 inches square and 
075 inch thick. There was some material removed 
from this plate. under the region 01 tho seed: a 
square array (34 x 34) 01 o 261-inch diameter 
blind holes on a o 362-inch pitch was drilled 
through 05 inch of the thickness 01 the plate. 

Stainless steelsupporl bars were us"d below the 
baDe plate. The bars were 05 inch thick by 
1.0 inch wide and had an accumulated lenqth 
under the core reqion 01 183.5 inches. This im­
plies a metal volume fraction 01 0.1354 for this 
reC)ion. 

The assembly was supported by a core support 
plate 16 inches above the bollom 01 a tank 61eet 
hiqh by 6 feet in diameter. The support plate was 
78 inches in diameter and I inch thick with three 
0.75-inch thick concentric cylind<ical supports 
15 in,hes hiC)h. A rouqhlv circular arrayal 0.5-
Inch diameter holes on a 1.77-inch square pitch 
was drilled throuqh the plate lor almost all of ils 
surface. In addition, five 4.5-inch diameter holes 
allowed for the passaqe of instrumflntthimbles. To 
allow lor water circulation below the core, 
cyhndrical supports which were lo.:::ated 9. 22. and 
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36 inchel from the plate center, had 8. 12, and 
12 heles, relpectively. each .~ inchel in diameter. 

All the tube sheets eatended well beyond the 
lueled reC)ion 01 the core so that the structure that 
rec,h!inod lateral movement 01 the top 01 the core 
was more than 8 inches Irom the fneled reC)ion. 

Figure 2. the top view of one-sillth 01 the BMU­
lAo givns distances to various important locations. 

D. arm·ls 
The DMU-IB core. shown in FiC)ure 4. was the 

socond step in the investiC)alion of ,oninC). This was 
achic\'ed by replacinq the 810 seed rods loa:le:l 
with 12 \V/o ZllUOz with the same number 015/9 
seed rods loaded with the 9 w/o end on the bollom 
and by replacinC) 360 of the ThOz blanket rods 
with uniform 2 w/o blanket rods. The new con­
fiquration 01 the blanket startinC) Irom the seed in­
torface was (I) two complete rows 01 ThOz and 
four com.,lete rows 01 2 w.'o t,lanket, (2) one lOW 
containinC) ten enriched blaMet rods located in 
the center 01 the lIat and five ThOz rods at each 
corner, and (3) sill complete rows 01 ThOz. The 
seed rellector 01 short ThOz seed rods was the 
same a~ in the BMU-IA core. 

The aia 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 reqions were identical to the 
BriU-IA. 

C. Sf,m·IC 

The BMU-IC, shown in Fiqure 5, was the hiC)h­
temperature version 01 the BMU-I and the llllt in 
the BMU-I series. The· eaperiments were per­
lormed in the Bellis HiC)h Temperature Test Facili­
ty The 810 seed rods used in the BMU-1B were 
also used in the BMU-IC but were turned upside 
down (i.e., with the 5 w/o end on the bollom). In 
order to compensate lor the temperature defect. 
the load inC) in the blanket had to be increased; the 
new blanket contained seven complete rows 01 
2 w/o surround"d by sill complete rows of ThO,. 

At criticality, the sill hafnium control rods we~e 
located 26.75 inches above the seed binary fuel 
zero at the operatinc) temperature and pressure 01 
410.loF and 312 psi. This critical bank heiqht Will 
calculated from a selsyn readinq (26.55 inches) 
calibrated at room temperature and eapansion 
coefficients 01 stainless steel, Zircaloy-4, and 
hafnium 01 9.6 x 10-6 , 2.7 X 10- 6 , and 
3.3 x 10-6 inchilnchl"F, respectivel7. 

The ,upport bars ~nd core .upport plate 01 
BMU-IA and BMU-1B were replaced by an eqC) 
crate structure below the core base plate. This 
structure was made 01 stainles~ steel liC)aments 
3/4 inch thick and 6 inches hiqh, makinq a square 
array with a 7.5-inch pitch. 

• 

• 
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D. DMU·2·1 

Ira .econd Gcrir.J 01 cores W,,~ C ~oigned to in· 
vootigale the ellC'c!~ 01 coupling in rnu tiple 
module cores ur.::! C':J ellects 01 raj c'lpport grid. 
Vlith relativ"ly IM,,-' metal voluIl'~~. 11--0 lir~t 01 this 
D:lri'ls was tho P~H-2-I, a singlo .-,odL!lo vN"ion to 
b~ 1~oed as a r('\~""""('\nco COlO, o"C~'ln in Fi'J'.lrcs 6 
";'Ir'.7. 

Tho seed wa"', 2' G~)'tnmctric hc:-r':'l~(,Tl CO'lpC~C~ of 
£07 rods on a O.?;)?-inch td·-n':!"hr pitch in the 
opper 28 inchr" Th" Ii·~t 15 rO':n (631 rods) 
""'" 12 vI/a cr --'; rC'-:t ,., ",,, t··;o ro''l~ ( I 06 rods) 01 
213 a~"d ,--;", 'h:l :; "l/q ('rc 0'" til" botton, and 
li~~l!t one row (~:') h:.-"r:,o) 01 TI:02 ored. The 
Th02 seed rod" "l-'r~ o~:.' hI< t/,o br.gth 01 the 
othor rods; th"r"IcTC!, t, .. o re-' ,. ···~.o ICMhd one 
"hovo tho oth"r i.., r·',:," "'r' "-~ "';''1 <l ,,')',,1 and 
wet .... ! rcgic~ i;\ '},0 ~;,-lrlh ~'"'~--0 tl~'3 cnd~ butted 
tOfr~ ',.-". T"JO rod le,:- ';r:~l C1 C·- ch Ibt in this 
out"r row "lora di~p1.1c~d hy a Zirculcy-<l nt1!,port 
b." Thr:~o b~m r''"l th~ ""'i-e I""g:h 01 tJ-" ""Od 
Mel ,"r-" 0.S37 i'1Ch '))""'! th" dirrctirn 011"" flat 
anr' ,.,:tondc-\ 0.310 hch in~o th" ~""d Iren thn in­
nor can wall. Sry,,\r;;n.q '0/il6 r;'1,"'\~r-t,'in('!d in the upper 
c~ctien of tho' or-,{\ 'by IIlG-inch ~hi,I"M 9'001 

tpl--(' 5hnet~ in thrl'""'('" i"~i(l\ !r-C{l'i0T'!L Th'1 lowf"~t as· 
hi h-:-ight h~d a ninol" ",I)" "",,'" 11.(15 inch!'! 
above the nend ."proTt p),1t,.,. Tbo other two 
r.(";n~t~ 11-"~r' qrir1 "' ... ; ..... .....,hl,.I'""';, n,,2c ci thT(""'" tl'~C 

~J..,,,,,,,~,, ..... :1'1 ... 1\ .. "':--"',,:"~rl c· ..... r 1 ~ i~ch ..... ,. T' ....... ~ t}""ld 

.- ___ ~;~1;':":':' •.. _- .... ~,:", ... 1 f~-.....,t'· ...... T ;:~ t~:.':) ,...-: ...... c:~.,..."r:J 

,:' ... ~~. t l .. '} c ...... ··~"'':" h:. ,..~ ..... -! ..... - ... "':~~-\ ,..~~.r:,....;'1, ~rvi in 
c) ... l(l~tion hc:'!'; 41) pl· .... cc, t·,''',:~~ lig~n(,r'.t'": b~tv/c-en 

hoI", "lore C'lt 01lt to illlo' .• lor IlUll plol1m<J; ih" 
averago weight alan" asoo.nbly was 
4flR.f1S .j,~~" n,"" Iocl'o",,, ()\ th" "".orobli"s we!re 
locilkd 13.377 ,c"r125"~'? inche.from th" bottom 
01 t;,,, binNY "~-:,d pollot •. 

To complelo th" 42-inch h~'<Jhl 01 the seed, a 
Th02 relhcter was located t:-'h"l the! scchrJD 01 
the "eed ju,t dcocribed. This r('I ' cc'or vIas made 
up 0\ 127 ohort-bl"nkel rods spaced on a 0.770-
inch triangl'lM pitch and beld laterally ry tVlO "gg 
craie gric. mad" 01 .tainless steeL Th"oo grids 
WCfe ",,'da Irom Ill6-inch strips 0.76 inch high 
The total volum" 01 steel in a grid was 
10.066 c"bic incheD, and the grid was 9.26 inches 
acre" tho 1' ,,10. R"otinr; on top 01 tbis rell"ctor was 
a pl,-I" made from the same material as tho perfor­
ated plato ,k.cribod in Section II1.A. This plate 
S"TV"c; ". the ba,e lor tbe upper soad region. 

The ontiro """d r,,"ted on a seed .upport plate 
Ihal VIi'.' la.I",'rd to tho support barB and allovJod 
tho or~d 10 b" IHt-:-d from tbe blanket. Thi, support 
p)lltO V'," OS-inch ~tainloss steel with 8::1" p~les, 
O:!31-incb diamat"r, drilled througb it on a 0.302-
i ... ch pitcb. 

Surroundinq tbe seod was a control rod cbannol 
lormed (as in the case 01 tbe BMU-I) by two 
Zircd"y-4 be:raqonal can. and Zircaloy-4 corner 
apace's. Tbe distanco across tbe inaide flats of tbe 
inner can waa 9.289 incbes; tbe walls 01 the inner 
can were 0.100 inch tbick. Tbe outer can was 
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0.150 inch thick. The torner pieces were not sohd 
but "Jero lormed Irom two rectangles 0 124 lOch 
thiel. by 0.38 inch wide lastclDed to the lOner wall 
01 tho outor can such that their inner corners 
touchod. Tbis lormed ~ cr.-Irol rod channel 
o 1?1 .ncb wide by 4.71 inch.,s lo.:g 

R",'ctivity contrel wal 1'1-'intalDecl by th! 'a 
hah,:'n control roda (located en every other fl.'') 
Each rod ".'as 4.157 incbeo ,"jde by 0 063 ll':h 
tbic~, hy 30 incbes long. Th" critical position ','.00 

2765 i'1cbeJ above the Dc~d b","y luel zero ill 
27.9'C. 

Tho innor blanket region VI"" a !Dllow he.ag01 
cooPGJod o! r.iI rows 01 rcd,. ThG l\J'st two ro"/O 
wero ~onod lC"ds; the inner ro;v h"d rods conlal'l­
ing 14 incbes 01 binary pellet. (54 rods), cr" t',,, 
nr:-nt row contained roc!~ wilh 23 mches 01 i""~"HY 
polle:. (60 rods); in both cae"" the bmary pcil-o's 
VJcr~ "t tho top 01 the ~ore. Th., ne"t lour WVlO h,d 
uniforr"ly leaded 2 w/o blant'ot rods (29" rcds) 
0-0 rcd i'l each .::ornar 01 t"" I"st row was d,.­
pl~c,.,r\ by <' ?'ircaloy-4 rod 01 the .ame diameter 

Tr" ou.!"r blanket con.i"t"d 01 si. rows 01 Th02 
'>'or',,,t roch ThiS blanket region WM lormed from 
b,'; rl,or'1bic grid pl .. t,,", "ach ,with space lor 
103 lur,1 rn~, l\t each in~er cornnr 0 4 r:-ach plate. a 
rod location ,',as occupic-J by" Zircaloy-4 rod hh 
the 0"0 in tho inner blan\,nl l'.t ".ch corner 01 fh" 
hO'l~gnn throe Zirca:oy-4 ro,b were lastened 
togdh~~ (op~ lrom the! ir.~.or "J,'-~". and one hom 
c,'ch ('f r--.;f" of tho outer ~,· .... ..,~~ ..... t "")1,1"]5) to form a 
o f}7"'-;" ::1~ ~:-E':~gular pitc~: :-,,~ t".",:,'CC c .... +c':'CJ a 
\·/,:trr (,':"'"I:""':!ci between th0 !nn':lr anrl ootor 
bl"n)'"to ,c.nd between .ec"on~ of th: ouler 
bla"l,,,t. 

Four "t,)inless steei yrid as~"mblies maintame:i 
the 0 694-inch triangular pitch in the inner 
bl~lDhet E.~ch grid as~el!lb!y vias composed 01 
thrcC! tube oheets 1/16 inch thick and spaced to 
cover 15 inches in height. The aVCfl'ge we'ght 01 a 
grid ".s"mbly was 1284.4 gr~"TI5. The bcttoms 01 
the grids were located 0762, 13280, 27 i~2. a'ld 
40.377 inche5from the bol1~'11 of Ih" ruel po:!lets in 
the blanket. The triangular pilch ;n the outer 
blan]tet WdS 0.694 inch and vIas malntamed by two 
1I8-inch thick tube sbeets locat~d I. 75 inches 
lrom th'3 bottom and 1.00 incb from the top 01 the 
Th02 blanket rods. Tbese tube sheets e,<tended 
well away Irom tbe core edge "0 tbat tbe vertical 
support memt:ers were lar from the active regIon 01 
the core. 

The core a.sembly describod above rested on, a 
slainl".s otoel core base plate wbich was 
48.5 inch~s square and 0.76 inch thick There was 
a "querl'! pattern 01 169 boles, 0.75 inch in 
dia-:leter, spaced over tbe ceDhal 2-100t section 01 
tbe plats; and 117 holes, 0.5 incb in diameter, 
concentrated in thr"e regions roughly wherp Ihe 
seeds 01 tbe t!ue .. -module core were located. ThiS 
plate rested on seven supp~rt bars, I 5 inc hes 
wide by 0.5 incb tbick by 50 mcbes long equally 
spa' ed under the base plate Tbese rested on th .. 
same coro support structure described in the 
BMU-IA. 



E. BMU-2-3 

BMU-2-3 was a core composed of three modules 
in a Iriangula: array r. one·sillth top view IS shown 
In Figure 8, and a photograph of the enllre core IS 
shown In FIgure 9 The three seeds and three inner 
blankets were structurally identical to the carre· 
sponding regions in the BMU-2-1 core. Surround· 
ing the array was an outer blanket (i.e., there was 
no outer blanket between th" modules) 

The upper section of the three seeds each can· 
tdlned 15 rows (631 ro<b) of the 5/9 seed with the 
9 wlo end on the bottom, then two rows (186 roJs) 
at the 2,'5 seed with the 5 w/o end on the bottom, 
,nd hnally one row (90 locallons) of the Th02 seed 
rods stacked two ~llgh Tbe same lower seed sec­
lion was used for each seed as in BMU-2-1 

The fust row of each inn", blanket contained 
23 ThO, blanket rods, 28 zoned blanket {Ods WIth 
14 Inch~, of bill~ry fll,,1 at the top, and three 2 wlo 
blan."t reds The second row containod 19 of the 
S'.mo z<'ned blanket rods and 41 blanket 'ods can· 
tdlnlng 2 IVG of , 13liO, The rest of the regIOn can· 
<l5ted of four rO'HS (294 rod,) of 2 wlo blanket At 
the core center ",he", th" three ir.ner blanke,- met, 
tbee ZlIcalov-4 rods we", fastened in the same 
mann", as b"tween Inner and outer blankets, 
cleftntnq ct wdter chcln.l(lol between mner blanke~s 
The locatIOn of th" rods tr. the lirst tW() blanket 
rows 15 md leated In FIgure 8 

Rcachvlty was controlled by i'lIne hafnIum con­
trol rnGs. thrc(l in each mcdul(lo The CrIT1~C",! heiCJht 
at 26 /. .,~ \'las 25 78 tnch"s above th" seed blndr, 
fuel zero 

F, BMU-2-4U 

The AMU-2 four-module cores were deSIgned to 
t('st couplln~ in an array of many modules 
Therefore, the four modules '''ere arrangec'. in a 
st'''qht hne as shown In Fiqure 10 A photogr.ph 
of thIS core IS showr. in Figure II 

All four seeds o{ tl'e BHU-2-4U were loaded 
WIth 15 rows of 5/9 seed rods WIth the 9 wlo end on 
the bottom (631 "ds) and three rows of 2/5 seed 
rods wltb the 5 wlo end on the bottom (276 rods) 
Th" same grids were used as described In the 
BMU-2-1 section (0 302-lOch triangular pItch), as 
well as the same lower refiector of short Th02 
blanket rods and se .. d support plate 

Reactmty control was maintatned by 12 hafmum 
control rods, three In each module The crillcal 
heIght was 24 97 lOches from the seed binary fuel 
zero at 26 g e e Th" control roC. channel was 
t~rmed by the same Ztrcaloy-4 cans and spacers 
a5 In thp BMU-2- I 

The four Inner blankets of thi. core were Iden· 
tlcally loaded, accounllng for the designation, 
"~niform " The lirst row at blanket contained 
54 ThC', rods The second row contained 12 ,oned 
blanket "rocis WIth 14 Inches of btnary IJel at the 
top and the rest uniformly loaded 2 w/o rods. T:1e 
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nellt thre .. r' 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 bl''1ket, whIch surrounded 
the entire assembly, contaihed sill rows of Th02 
rods The location of these rods is indicated in FIg­
ure 10, whic h also Indi<:ates 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 inrler and outer blankets 
together 

The enltre assembly rested On a perforated olate 
made from the same material described in Sec· 
tion III A 

The stalniess steel core support taoie held tlle 
assembly 48 lOcbes 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 
o 75-lncb dIameter holes On a 2 O·lnch triangular 
pitch under each seed The ar"a under the inner 
blanket regIOn wa' solid The structure that rem­
forced the table top under the a3sembly had lib· 
type supporllO<, members I Im'h WIde by 9 illches 
thICk These members formed rectangu:H sup­
ports abo'lt I foot square Therp were square ;>ads 
(3 IOches On a SIde and 0 5 Inch thIck) 10 the cor· 
ners of the rib supports to hold the t.ble lop 

G. BMU-2-4PF 

The secon-l core of the four-in hnc series was 
designed to Investigate power flattening by 
prefercnltal fuelloadtng of the ()uterlllost m"dules 

II.!! four seeds in thIS core were loaded the same 
". the BMU ?-4U However, th" two inner module 
blankets (referred to as modules 2 and 3 in FIg. 
ure 12) were lo.ded Ie,. ~e.vtly 'han in the 
undorm core, whil~ module I and .. !;)I.nkets (the 
oilipr mo:lules) were rr.ore heavoly loaded 

In ,;:e blanket of t~.e inner modules, the hrst row 
contalneJ 54 ;odr of ThOz, the second row can· 
tained 3b rods of Th02, and the remdinder were 
unikrrr.1y loaded 2 wlo blanket rO-ls The nellt fOilr 
rows were the same as in the BM1]-2-4U; that is, 
three rows of uniform binary fuel and one row 
whIch had 16 zoned !upl rods with 28 inches of 
binary fuel 

The blankets of the outer modules contained 
umform 2 wlo blanket rods except for 16 Th02 
rons In the hrst row outside the sepd and 24 zoned 
blanket rods WIth 28 inches of bmarv fuel In the 
last row 

The criltcal heIght of the 12 hafnium control 
;ods at 24 4 'C was 22 90 inches above the seed 
binary fuel zero. 

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

H. BMU-2-4T 

The last of the BMU series cores was a "tilted" 
loading shown in Figure 13, Three modules were 
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!oad·,·.!. "'r '''';illly and """ ,",rtl·,I" 1,., i a dillerent 
10acl+?Og ~ .... ·· .... !O~,.!cO II ~ ... ":"-':'l ~-, .... ....1~ ... ~t ocro~1I the 
core. 

Th" rrr!.~ 01 all lour r"dules W~T') r!J~in idenli­
cd t, r: :U-2-4U. [n i'l('dition, the r"dlllcs indi­
n.led liS 2, 3, and 4 in "''7JHl 13 ";-r-c loncod the 
~/lCO as tho inner mo':--'-, r! r"HJ-?-1PF; that is, 
the first two rows 01 incer J"-rl-r~ c,r"''lcd a total 
01 92 ThOz rods and tho I·~~\ r,'--, c-!!Iainod 16 
zonen blanlrot rods with 2B inch,' 01 binary tuel. 
Tho lourth module, the outor mod .. '') dosiqnated as 
modulo 1 in Fic;Jure 13, Wi'lS moro hoavily loadod 
than previous cores; thore wore only 10 rods con­
taining ThOz in the lirst row. The outer row ac;Jain 
conlai!'.cd 24 ~o!lcd blan!!"t rodo with 28 inches 01 
binary fuel. 

The outor blanket 01 ThOz and all the structural 
regions \'/ero identical to those in BMU-2-4U. 

The criticill hElic;Jht 01 the 12 h~lnium control 
rods at 23.5"C was 23.92 incheo ~kove the seed 
binary fuel zero. 

VI. SUMMARY 

The objectives 01 the BMU series proc;Jram were 
met. The ellects 01 zoning, coupling, and grids 01 
relatively larc;Je volumes were inve.ligated. 

During the course 01 the proqram, deficiencies 
in the nuclear analysis model were uncovered, 
chanqes were made in cro~~ sections, and 
tran.port correction. were incorporated IDtO the 
constants lor dillusion theory calculations 
Selected calculations that were redone show Im­
proved agroement. By comparing pairs 01 eigen­
values Irom calculations performed with a relined 
nuclear analysis model, it can be seen that the 
ellects 01 couplinq are well predicted and that no 
new problems occur at high temporatures. 

The initial eaperiments leading to Ihe deter­
mination 01 three-dimensional core power by 
counting rods were done in this ~eries 01 cores and 
an e'perimental procedure, as ,~ell as data reduc­
t;"n techniques, was developed to be used in sub. 
leq .. ant as~emblit's . 
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rigure I. BMU·IC One·Sialh Core Top View 
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APPENDlXA 

BMU FUEL AND ROD DIMENSIONS 

M.a.,,~.d 
P.llet M ••• ured RoOt P.lIet 

Stacia Lanvth. RCHI Wftvth. Rod End .. Vc;id wnvth. Hod 00. 10. Diarr .• ,er. 
~ ----'..!'c_h.~_ Inch_ Jnch~ I.,cha~_ Inch •• Inch .. ..l!'!'l·~_ 

12 w/o Se"d 27 8,) ~ 007 2816 017 004 02506 02130 o 2ll6 .. 

(519) w,n Se.d 2816 017 004 02502 02126 
5 wlo 13 89 ~ 001 t 2068 
9 wio 1390 ~ 007 o t~9 

(215) w/o s..cI 2816 017 004 02492 02126 
2 wlo 13900 :!: 0001 o 20~7 
5 w/o 13900~OOOI (j 2J68 

ThOz SlIIall D .. III.I.r s..d 1372- 1401 '" 17 002 02506 02130 020&2 

0'1 Th01 Sborl 81 .. k .. 1313- 1312 038 (Top) 006 06257 05527 050432" 
~ o 25 (Botto.) 

2 wlo 81.Dk .. 42 013 ~ 00007 4246 020 006 06240 05510 054]2 

(210) w/o 81 .. k .. 4246 020 006 C) 6240 05510 
2 wlo 14 008 ~; 0001 o 543;.! 
o wlo 2800- ~ 5'~~· 

(2/0) wlo 81 .. k .. 4246 020 006 06240 05510 
2 wlo 28004~OOOI 0504 1 : 

o wlo 1400- G ~C2· 

Tb02 rdl l.eD91h 8 ..... ' 420- 4246 0'-" ~06 06261 05531 05470 

-Val". Dot III ••• ,U..£ 
tRod 10 c.lcul.led Irolll ,~.ured 00 .Dd DOlllla.1 w.ll Ihsck_ • 

• 
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APPENDIX B 

COMPOSITION OF BMU FUEL 

Fuel 

12 wlo Seed 
9.,/0 Sel d 
5 WIO Seed 
2 w,o Seed 
;; '" 'c Bldnkel 

ThO, fulllenQlh Bl4nkel 
ThO: Small D,,,meler Seed 
no: Shorl Bl"nket 
ThO~ Zoned BlaDket 

8387 
8453 
8.478 
8494 
9493 
9376 
9316 
9532 
9532 

10 31 
7825 
4351 
1719 
I 124 

ISOTOPIC COMPOSI,'ION OF BMU FUEL 

Fuel 

12 wlo Seed 

wi;, UraDiuDI 
Atom PerceDt· 

9 wlo Seed 

wlo UraDlum 
Atom PerceDt· 

5 wlo Seed 

wlo UraDlum 
Atom PerceDt· 

2 wlo Seed 

w/o Uranium 
Atom P.rceDt· 

2 WIO Blanket 

wlo Uranaum 
Atom PerceDt· 

-AtQm '.,cent ... 

OOT - T ••• I 

UlU 

98.094 
98.1198 

98.16 
98.1589 

9790g 
979482 

98082 
98107 

97966 
979953 

wlo Ur_ ... ,-~m.i 
A ....... ., W •• ght. 

r ~~ •• no .. m-1-

i Atomic W.lGht i 

ntu 2lSU 

0.863 0.027 
0.8595 00268 

0.914 0017 
0.910044 0.01685bl 

0.877 0.024 
087363 002311051 

0867 0026 
08634 00259 

0859 0026 
0850583 00208275 
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111'j 
11900 
4948 
1955 
1961 

:lIiU 

1015 
09939 

093-t 
0915404 

1190 
1.16554 

1025 
lJo037 

1159 
113007 



APPENDIX E 

COMPOSITIONS OF TEST MATERIALS 

PERCENT COMPOSITION 

ri~.~.-: ~~~;rjf AM-3S0 

720 
1650 
425 
01 
030 

A-26S 

5500 
1475 
2520 

304 SS 

7100 
180·:WO 
80·120 
008M ... 
100M ... 

! H •• telloy·N : Iron ! N"ilel ; C.·N. 

50 i 100 100 
I 60·80 i 20 {J 

I 7000 800 
I 004·0 Oil I C 

51 
Co 
Mn 
W 
V 
Mo 
AI 

075 

275 

12·17 

005 
06 

145 

028 
130 
022 

200M .. 

, 10 M"I 
020 M .. a 
10vM .. 
OSOM ... 
050M ... 

15 f' 80 

I 
Sn 
CBu .• 

OU04 ._ ..... 

UJ~I 009 215 0015M.. J 
Zr ..:.9.:..:.77~_--L-__ --L-__ -..J ___ """"_ ~_ 
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233U Oxide-Thorium Oxide Detailed Cell Criticals (Reference 20) 

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

compl ex . Consequently, for the sake of accuracy and completeness, the 

descriptions given in the source document are simply reproduced here. 

1\0 p·~rt 01 tT1~ f.igbt t"l .. \cr r.rc~rler Reactor 
(LrJT'l) P-'."JICpDC-'\ r~ogram. a rl~hilcd cell cri­
ticlli ,,~-,:,.-,bly (Fi9lln I) was conJ~ructed to pro­
vide b"'e f'nporimc["··,1 d'1''l ... ~d c'1~lirmation 01 
the ", . .,1"" analysis Iilrll-t'd.~. rl-., dotailed eeU 
pro<:,",',-, h t~e mo,t rccc~t el il r-~'~~ cI critical cz­
p~.;~~"f, ('1c1crcnco 1 \ ,·.,),jch ht"o contributed 
much t ~ 1"-0 hnowlcdqe 01 "!U fi~~;o~ opl'rations. 

Til') r·-.jor ellort in the d':I~;J-d cdl critical ez­
pnrir.c"'ts waa dovolorllo threo-dimenlional 
pO'''C! ~"~ution mCll~mc-.!c~·, b tho Boed and 
bl,'"'-d '~"~')~' 01 the co:'). CO~!;T'ra!ion' which 
repr~-o,,'(O:i different movi.'Ibb ceed po,itionl were 
stucl.i"d. Rzporiments \7ere allo perlormed at 
476.7°F to teot the analytical model under hot con­
dilie",. Sunounding the detailed cell is a driver 
bl,1!'lhct ~one (Figures 2 and 3) which contains 
either tJ,.orium ozide rodl or 23'11 bearing rodl and 
thoriu!:! o:lide rod •. This driver is necessary to at­
tain criticality with eom6 leed positions or tem­
porature9 which are not critical with a single 
moa\ll~ conliquration. Some reactivity coeHicient 
ezperiJ:lonts and lattice spectrum parameter 
mee'l'rercnts were performed. Uranium fission 
and thorium capl>no gradients acro~. fuel peUets 
were abo I!I':Q~ured. 

In general. 'ezperimental results confirm nuclear 
analysis model calculation •. 

II. DESCRIPTION OF DETAILED 
CELL 

A r.techanicllI and Structural Layout 

The dotailed cell is a single sood and blanket 
core, approzimately 105 incho, high, with a moya-

167 

bl" cenlral leed region. Sitlo 'and top vir"', 01 Ih.'l 
core are Ihown in Fignrc, 2 and 3. Th~ coot,,,1 
Iced region lorns a sy.-,ne!T'c hezagon co"h.in· 
ing 15 rowl 01 0.30:';-inch di~l"cler luel roAs on a 
0.36S-inch trian9'.Ibr pilch. A unique IC<llurt:! 01 
this mock-up is th~ c"p·,bi'ity to move 'ho enlire 
seed a88embly r"...,,,t'lly. I\~ shown in Fi~\\(e~, th" 
seed assembly can b~ ""'':t:.cd 10 a s'ai~l,:., •• '"el 
roller chain which is dri"cn r~",o!oly by all .. l~ctric 
motor through a gear r.,ouction train. Th;, clrive 
train produce~ a variabh ~c..,d drive spced 01 "P 10 
2.S inche, per l'Iion'''. w'Jich is slow enoua'J to 
keep rc~ulting rc~cli'JHy in!J~rtion r",t~~ \.,-:~~: .. 
allowable hmils. 

An innor bl~!".~t0t rCCjl*,;D surrouodj tho ::;~~~ - -- l 

is separated from it bi a double-walled "'lzag~" '\ 
Zircaloy can. The inller blanket lorms a non":"' '­
metric hezagon .. ,ith nill rows 01 ordinary bl; - ". ~t 
fuel on lour aides and 10 rows 01 power l1a"""i"9 
blanket fuel on the other two sides. The ordi""ry 
blanket fuel reqion is composed 01 0.572-inch 
diameter rods on a 0.631-inch trianqular pitch. 
The power flattening bel region i3 composed 01 
0.S2S-inch diameter rods on a 0.631-inch tria"CJU­
lar pitch. An outer blanket reqion surrounds the 
nonlymmelric hezagon and h"s prOvisions lor 
driver and reflector reqionl 01 fuel rods 0626 inch 
in diameter Ipaced on a 0.71S- 0: O.72S-inch 
triangular pitc h. 

The leed rods are IUpported at the bottom by a 
baae plate 01 3/4-inch stainlell Iteel. drilled with 
0.2S1-inch diameter holel on a 0.36S-inch 
triangular pitch. Thele holel are Imaller thaD the 
seed rod. and spaced on the same pitch; however, 
the hole pattern is displaced .0 that each fuel rod 
is designed to land in the middle 01 a trianCJUlar 
cUllpid ligament lor uniform IUPPOrt and circula­
tion 01 coolant. 



The detailed cell blanket rods rest directly on 
the top ala 4-loot high stainlets stool table. This ta­
ble top is 3/4-inch stainless sleel drillod with 3/4-
inch hol'!s on a 2-inch triangular pitch. A perfo­
rated st .. inless steel sheet covers tbb tilble top ell­
cept wher~ a hCllogonal hole allown the seed clS­

sembly to move through the tablo top. This perfo­
rated shcc.-t is 0.038 inch thick ,.,ith 0.487 square 
inch 01 "''''1·31 p"r square inch 01 ~haC't. 

To lllicJ!' Ih" bottom 01 the luel cc.-,'riT'g region in 
the driv"r bhT'I:":lt with the boltom cI tho 2J3U bea"­
ing Iud in t:10 dota;1,od cell blun'cC't, the driver 
blanket rod~ r03t on a 10.00-inch "I.gh stainle~s 
steel p~"s"I~.\. Thi. pedestal is mountod on top 01 
the 4· ~oot tablo. 

Tl'~ ,..,.,tire il""ornbly 01 core and "upport table is 
cont,"~~'" within (l Iramework 01 stainless stool 
angl" ),,-, boltcd to the support t.lblo, which rests 
on t"~ l'~'!')!n 01 il 17-loot diametor tllnk. 

A 'c/--o""'lic d.m~'ii"g 01 a det.1il~d colllu..,1 rod 
is s"~"'n in Fio',"e 5. The luel ro"'~ (lr., ~"lI'"lo"s 
Zircaloy tt·h,,~ ~"i!h \",,,ldod ond cap', top a",d bot­
tOr.l, and conl!lin pellots of both t""ria and binary 
lu,,:\. Th b;~~nJ f,·c.-I ;, (l nL'lhlr.., 01 U02-Tl.02 ",ith 
vc.r:o""'": f·· ...... ! c- ............... ;,..."'j ("'\rr"yrG:~ i"1 .-:-""':!:11 ~ODC:J 'H:-!y­
inC] '- -', ~~ t:J ."~ i~":I,"" ITg. 11':> bp c~d bC~~":-l 
ZOr"""" " ~.p,-(":, :I :--,:-~.:-..... ::; c~ {) i:v:'~'""':; cf Ulori~. CJi~.--i""~ 

a tc~.-\ r~I'"1 '~~-::'" 01 10;: i~~~'~J i;! all d:>t'1:'"~1 
cell 1".,1 rod •. In the Deed there are lour different 
Illc! rod typos containing lour dille rent lengths 01 
binary 111,,1 and two dillerent luolloadings. The or­
dinary blan'cet and power flattoning blanket each 
h~ve five difl0rent luel rod types containing lour 
diHorent binary luel lengths and three different 
Incl loadings. Since all rods 01 a given diameter 
look the same enternally, idontilication rings were 
machinod at the top 01 the seed and ordinary 
blank.,t rods and letters were stamped at the top 01 
the power flattening blan"et rods. The in-core ar­
rangement 01 these various luel rods, with their all­
ial zoning and luel loadings, is shown in Figure 6. 
In this configuration the seed and blanket regions 
are in the aligned position, and tho seed assembly 
is defined to be at the zero position. 

The Iud rods used in the driver blanket are 
42.46 inches 10'1g and have an active luel rod 
height 01 42.00 inches 01 2 wlo 2llU02-Th02. 

Reflector blanket rods have the same dimensions 
but contain natural thoria. These rods are stacked 
two high and arranged so that they are aligned IIZ­

ially with the 84-inch binary reqion 01 the deta,led 
cell blanket. 

C. Fuel Rod Grids 

The seed rods are held laterally by sill stainless 
steel qrids which are spaced over the height 01 the 
aeed and held in place by sis support bars, each 01 
which displaces two fuel rods in the last seed rod 
row. Each grid is 1.2 inches high and the distances 
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Irom the top 01 the seed support plate to the bottom 
01 each grid are \.828, 2 \.338, 4 \.336, 59.338, 
76.838, and 93.838 inches, respeclively. Eac! grid 
is a Ylolded assembly 01 spool-shaped elements 
mllde 01 347-atainless eteel aDd havincj an outer 
dianeter equal to the seed luel rod pitch as shown 
in Figure 7. 

Tho ordinary and power flatteninq blanket rods 
are hold laterally by Din atainlesa steel grids 
Ip<lc~d over the heig"t 01 tho luel rodl. The grids 
aro hc!d in place by 10 Zircllloy posts. Each grid, 
which contains localion~ lOT both ordinary <lnd 
po·:,,,r fliltteninq blant:ct rod" is 1.5 inches h:gh. 
Dhlc"1ces from the top 01 the blanket bllle pi-1!o to 
thn bettom 01 each grid are US, 22.0, 43.0, 63.0, 
7!l.()(1, aDd 96.20 i"c"':3, resp->ctively. As with the 
,,:,,d CJrid, each blaDtcct grid <losembly is made up 
01 Gpcol-shaped clc~~ntl with an outer diameter 
eql~,'l to the blanket luel rod pitch. Figure 8 shows 
a D!c~tch 01 a sinqlo bl'lnket qrid. 

1".0 dov .. r and refloclor bl, nket rods are h~ld 
la1nr<llly by lour I/O-inch thick stainless steel tube 
shcets "'ith holes crilhi on the triangular pitch lor 
the particular reg'on. The tube sheets are spaced 
ovar tho heiqht 01 th., fuel rods, with the distances 
from tho pedestal on ,·,hich the luel rods rest to the 
bo'tnn 01 each n·b" o"':ot b->ing 3.031, 40.031, 
45.031, and 83.031 hc".':1, r~~peclively. T~c tube 
c~,,:~''1 ~ro ouppc:'l~'\ by Ziccdoy po~b in 12 loc,,­
EC':-,,~· ,) ~~!:'.cont to t'~~ c:~}f~ "':-; :~~d pot-'lor f! ",~l"':-,!~g 
bbr.l:cI "nd by the glid izowo suppoll c:: I',,, 
periphory 01 the core (Fiqure 2). A water gap ap­
proniDlutcly 1/4 inch wide separates the inner 
blanket from the drive' and rellector reqion. The 
gap io created by mecl:anically IlIItening the Zir­
caloy posts to adjacent posts in the inner blanket. 

D. Good ASBombly 

The seod luel, together with sis qridp, sis sup­
port bars, and a 3/4 -inch thick periorated suppor: 
plate, lorms a unit asoombly free to elide up and 
do\VD inside a heaagonal 71rcaloy C''ln. Each sup­
port bar is 0.643 by 0.317 inch and ;'1 notched in 
eight places to accept the sis grids and the key 01 
the bottom support ~·late. With the eiCjhth notch at 
the top, the seed assembly is cor.nected to an 
adapter assembly lor raisinq and lowerinq the 
seed. Each 01 the 619 seed rods weighs 1072 
grams (2.36 pounds) lor a total weiqht 01 seed fuel 
01 663.6 kilograms (1463 pounds). 

Seed position is adjuoted by a mechanism at­
tach",j to the tops 01 the sis Zircaloy support bars 
by an adaptor assembly (see Fiqure 4). This is 
made to be readily removable and consists 01 a 
9/16·inch thick circular atainle.s plate havinq sis 
miliea iugs al ,Is penpoery. Toese iuqs enqage in 

Ilots or keyways near the top 01 the support bars 
and are then held in place by a keeper plate which 
is dropp ~d down over the support bara. The sup­
port plate is thre.ded and welded at its center to a 
3/4-inch diameter stainless vertical shaft about 40 

• 

• 

• 
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incl!~a 10Dq. Th. retainor piob is captive aDd 
Opc%clod b, a 3/4-lIlch pip~ c!cove CODC.DtriC 
'"litll Ih:t vertical Iheft, Ir.Dd b 1:~I:l iD propor pod­
lion n:!h II D:l!!-I~~ pilL At!:!> f':~ ceDt~r obit ia a 
c1~-:'~ cr rc!:e C:l~!) a r':-'! c~1 chlliD oproclrol 
t"/hi::\ eo:rv;::s es 14e bwor 1--'cck 01 a two-part 
ch~'-"'I. 1\ 3M-inch pilch l'''' 'iCO IIll1inl=oa ele.1 
ro!!-c "".,,~ b \!!lcd and b C'-'-,:l roncbl, b, a 
lIW·I'~ ~-:''lrl:~ad molcr. 

E. ;:gr~:""J'1 Con 

,. '--"~r";~CJ Ih. h.uq('~~1 ;--rl alliembl, and 
r- -"'-"-'1 it froc th:t in~~r ~'--'lol roqioD is a 
c'-' '.' - ·--... "-1 1'rcaltl, Cl'~ 9 .--. ":,11. Thlt \'roll is 
r--'- ,,- .. ',I~ dth a 1/0- 1-;, 1I2-incb Zirco!o, 
rr-' -- -"--'--~ al the cc!'"'-:~ "'-~e!:lD Ih. b.,-:r 
1'--' , .. ' -. r - .,-'1~. forein,) a lru~ch chaDII~1 ftlr 
t" ... r---'--1 <r o

·,. Th~ m,itl .. c·'" "'1lU ill 0.003 il'.ch 
1"'-;', ...... ,., , ... ..., c··"id:t COD .-.,11 i, 0.192 mcb 11,'.1;11. 
1'_--1 "'- i--'''- "'~o~~il):l r-:---- I'::l fin', b 9.4D3 
ir:cr---::). 

1".., i--'~'" C'JD hoa fO:'~-~:J I-incb dhD-:~~r 
h-'-~ ('~~11_~ "'"-",h e~c" d '''3 Dis pieces. 1'h-~:t 
ho'-, <'!~ I'""~-::-:l, In "",0 r!~qqored rOl-;' 2.76 
i!''; .... .-~ ~.-~ .• :--; c-- .. -":"~, ,_-;A". ~:";"'::l l::::!-:::,:, f~ c~.t:h 
re', c'::"-::\ --. I :>!.r""",_~" C::'~~::lII. 

T"- ,>_ •• ,,--\ ,,_" ,,-~ r~---'-'--., ler Dt:I hofni~o::J 
c--'--, ~- .. '-1--'-, ':! r-"-;:'~'7 e:::l~ol dun".,) 
c:------..,·; .... ---:. To ~-~-..!~':" ~-:'"; .... -:- f~r c~pori~ ..... :".'~1 
r-·-~·"r~~'l·) in Ih" ec:cd rccfon. one control rod 
":," "t,~;"~I..,d b~tr-~(,"1 I)-~ e~::d aDd pO~7cr llal­
Irl';"g b!':l"ltol rcg;.::n lor all b\l~ the high lem­
p'm~I"ro CO!!!\C1i"rc~on. Ecch brado i:J 4.333 b, 
0.035 b, 102.0 ilIc)-!'s. 

1'!t:l ollp::>ri.-,cn/,I proqram WM p~rlor~ed t"lith 
1"0 Dood pc~;s()n 1I1'.d the drinr bbn!lol lo<:'dinq 
aclj,·-:tcd 10 prntlueo a cril!cl'!l cortrc-l rod h::>iqhl 
Dcar tho t'll? of '''::> core in a regioD 01 ann.1I worth. 

A coop!::'::> ~." 01 phJ!!'c~1 c!!~cDsion~ lind fuel 
iI'"~ clc::~'~-~ h «:;' .... ::':1 h ,l',r-pe:ldiJ: A. Tool::» A-I 
Ihrough A-12. 

G. C"''''';'J'"r"t'e'l':',o Uo~d in tho E.­
!,""rl~~·:d:d Program 

To .tud, a ,..ide rnDqe 01 seed PO'itiODI and re­
activity awiDq. tl-" delailed cell wa. operaled wilh 
four cODfiquralioDs defined b, differences in 
driver blankel le~dinq or power fillHeniDq blauel 
coDfiquration as ,ho\'TD iD Fiqure. 9 throuq'h 12. 

To operale the delailed c('Il at an elevaled I.ID­
perature (477"F) llddit'oDal waldinq of Ihe aeed 
and ~~cr !-I~""~! cy'.:I, t"la8 nc-d~d. After thia w .. 
don~. a~curate measuremoDII of the weiqhl aDd 
Iv..,lrod pilch 01 each qrid were aqain made. The 
IriaDqular ae.d pitch had chaDq'ed from 
0.368 inch 10 0.3662 iDch. The triangular pitch iD 
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I~.e blaDkela chaDqed Irom O.o"j iDch 10 
0.6202 iDch iD Ihe ordinary blal1kel and from 
0.G3111lch 10 0,6204 inch in thlt ptmer l!ol!!:lniDq 
bk!!!!tet. Al!:o. t!:~ d!'ta~1)3 fro:::. th3 cec!er 01 Ihe 
acod 10 Ibe interlace 01 Ih. lirei row 01 inDer 
bl!!ckel fuel rod, is baaed OD the 0.6202-inch 
pi!ch. Theae leall cban".,a in pitch appl, 10 Con­
liuuratioD IIIb witl! the aeed al +3.5 inchos. COD­
IiV.:fation IVb witb Ih. aeed al - 14.0 inche,. Con­
liuuratioD lib with the aeed al - 2.0 inches. and 
CODliquration Ib wi:~ Ih. aeed al + I7.B inches 
t\~.d eapllliD, in pert. Ih. chaDqe in the crit'-'ll ~ccd 
~-:'gM in CO~',~oDllaDd D. 

Table I qive. t ... .., leed poailion. conlrol rod 
h-:!~h~ and leor~-"'uro for the four critical con­
fi-;;-'rotioDl ahorn i"l Fiprea 9 through 12. The 
ec~1 positio:1 i:l r.~"~\!.Yc1 from the aliqtl~d p03i­
t!~n aud the c-~"'~I rod ~!:!i'ilhl ill l!!ell8Urcd fro=n 
I"., boHolD 0' I,"" hina~ luel in Ihe Group 4 
hI~"~~1 rods (~~.., l'i1Ure 6). 

\". SUMt.1ARY 
From Ih. calculational and ezperimental dala 

qiven in thiS report. it ill concluded that the Con­
struction and operation 01 the detailed cell critical 
lacility succ--"ful\y completed its objective. This 
objective or. ~·.'ted in the Inlrodu('tion, lYas to pro­
vide baSIC c-rnumenlal dd!d dnJ eki:..,llmenlal 
cODfirm_hon 01 the nuclear d"alys.s ml'del 
calculahon •. 

ID the p,ioarv area of power distllbut'on inl',r· 
malion. a new fuel rod cOllnting s,fst"m ..... s 
developed. Thi, s."tem demo~~I!,1tr'd .ts designed 
ability to produce such large amo'lnts of rehable 
data (lasily and quickly that it 11 now possible to 
produco completo three-dimen,;onal power map" 
01 Ihe d-:lt"iled c~ll for a number 01 oc-:--1 positions, 
ataol,io'1t a8 VIOl! as elevated t-:-mperatures 

A compa'ri~o!l 0; these dala wilh the nuclear 
analy"i" model calculation. ,holYS that neatlv al­
way. the calculations accurately predict the gross 
power sharing between the seed and bldnkel 
regioDs. In addition, the Duclear analysis mud,,: 
adcqll"t-:lly de.crib,," the power iD small regions 01 
the core 

Three .pectrum parameters were also mellsured 
and calculated. Two, 8 21 and 8°1, are well pre­
dicted by calcul~lion, but the third, pO'. shows dis­
agrcemeDt outside of ellperimeDtal uncertaiDty. 

The gradients across fuel pellets are predicted 
conservatively in high power 10catioDs. The 
depression 01 211U power by the grids is predicted 
very well by the nuclear analysis model. 

Also. two ellperimeDts were performed to obtain 
basic inlormatioD that was judged dIfficult 10 
calculate. 

Appropriate adjustment fac'ors may be included 
iD the nuclear aDalysis model to compeDsate for 
the few instances where agrecmeDt between ell­
periment aDd analytical resulls is outside 01 ell­
perimental error . 



r 

_ COOl"'. '-'_, 
""C&o-O" 

'[(0100II ____ "00II 

o-,w[. IL_' ,_ 

IK',IC'OOI IL~MI' IeMII 
0\1". I ... ~.' ".UC',* 
".I~'''' 'lU .. 

'''U_'''ID 
IIUD Co-tD 

DU'U I.&IIIIIT '.00 
,.,""" .. ,-, 

I I ,.....--. 

II I 
-..---'~ r--l-~ o;r-1 

! i , .~) 
L---i-t­
i I I 

i I I 

.[0 __ ' 
'-"-

L. I\.LA.! _-===="-___ ..::==~ __ .b.:sl=,L __ ...:-=::-=:w=_-___ :::=..uWWillt on o. 

170 

• 



u, 

• 

171 

~HL(C'CNt 

11."".(' ,~ 
10 III -1" PI" .. I 
Cim,(' 
11 ........ 0 ,. 
tc'llZI·'" I'IIC", 

"'UG~_ ''''!i U6IIICALOf' _ ... 
Cc.'"Ol IIOCI 
IUD 
'Vol 10lll 

ItthfCfOll 
... _U 1011( 
10 ",.", PI ''''I 

~,,~ . 
.. _I' 1011( 
ll .. 'I.· ... ,..,"'. 
C.DI',U', 

.' .... 'r ,OItI 
lOtiJ'· ... I'.rc", 

... ,1_" 
'l.,rU"1IG 
'h", .. ,r 1,,11( ,u'"-I" I'll"'. 

"fLtCfOll 
I'''''' ivtll 
iU , ...... I'IIC .. , 



....., 
N I 

COOI1 ItO!. 1100 011111[ 
1100 

/ DRIII( ROD CO .... rC101t 

-0 60 - , .. ~TCM II\A.l.[R 
CHA'''- C"rS-IIa1l0 
(, 1 ~ P'OU'CIS 

Ctl'ItT IlOl. flOC) GUIDr 
S1RUCTUR[ 

(Il ~aT'()Io (]I 
TOP Of a ... 

. "~ 
,S((O LI""'~ _.,[11 

/' III(.(h' .. 6lll 

''''' ()I IIH I rc TOIt 
• Il .... p 11005 

l--
'OIIIl 'c' 

! , , 
I 

'Off( 'e' 

10lIl[ 'a' 

t 

- TOP ["0 CAP 

10[" TlftC AT I0/Il GItOOY£I 

----- 8''''''', FUEL P[LL[TS 

-- '"Or 'un PlUCTI 

- 8""TO. r~ r. .... 

~ TO!iCofo,~ 

r'~ .. re 5, Delail" C.ll Fuel Rod 



.. 

• 

Ordinary Blanket Seed .-
gO IN. 

I 

t-~..........,j 
i 

14.0 IN. 

14,0 IN 

! , 
i 

"'.0 IN 

14.0 IN. 

! 

l-
9.0 IN 

L 

, , 

TIIO. 

I ThO, 

/ 

V 
/ 

/ 

/ 

~,' . 

, , 
/ , 

\l/ ',/ roo 

// 
'\ ~ .. ~ 

1\ //~ 
/~/ 

~\ 1\ .:/ 
Q, 0 0 .... ... ... 
• • . ' , . 

11 
..,.., 
~~ 

... 

• ~'''' r 
~ 

w Ie'" u. .. ~~ t-

TIIO, 

Power Flattening Blanket 

ThO, 

..... 

\ 

\ ... 

\ \ 

\ '\ 
\ I\W 

c. o 0 
~ .. \) , 
..,'" CD' ",,.", ~ 

, 0 

'of" 
~ \ 
Ie \ .. 

~'" • .. 
~~ ,\~\ 

t- t-
o '\ \ 

\ \ 

I-

TIIO. 

Fieur_ 8. DetaUed C.U Fuel Ze"'1 

173 



l 
.. r----,... ...................... 
~~j'! . ---

~ D(''''LtO ClU 

r .... ,.' ........ canl 

.. 

• 110 , 

ST"'I'OLCSS 
STEEL . -: : :-: -:- ...... -. ---. !;t ~~rR" - .. .. .. ... . ..... 

• ... .. .. • - - ••• to 

- • :--..: •• - . . . . : - : - : - :. STAINLESS 
... ~ -'. - • - - - • - - .' STEEL 

- : - • . . :~., ~ID UNIT 

- :- : • : 10 281 ." - _~. 0 ~ HOlt 

- :: • : - AEGUt.III :EXAGOH I::: ~ ~ ~§ ;;~~ 
. : -r· ... ~' lIOUI'ODART UNE 

q~ 8£TWE[N I!UHIC[T 
~_" .• ~ 4"10 PO\IoEA 

~ -(.". - - - -:-c f"L.ATTEI'OING :(fl." .. - - .. :~ BUI'OKET ~E 
. -: -: -: . :- - '. )... A11<~'~ . : -:;"<:J-'Q > : .. -: . : -: " :t.:~ !: . : -: -: " : .'.~ ~ I.:J 0 ~*' I'')L[ 

• ~'. - - - '." " " • • - . : O:A ... [ TEA 

P'OW{A rtATTENING "" :';".: : {;5-1 C <.31 TAIA~LAR 
6l4N~(T lONE .. : _ :t,;"'-'" PO~CH 

. ".". .:..t.V - GRID UNIT .'¥v · 
11024! 

~ __ = _____ J I".T""111:rllJ - .. ~-- .. 
1 
,~ 

1 



• 

~ '\ '\ '\ • ~,~"" ..................... ,,.. • , I I •• 7· -.. "" "'t '.-.r I I 'f ' . I • 

, 
.. _ ... : ,\. .'.#.. 'I' J 1iIuM..' .... "...... ~ ... 
.... , •• ,1·,\ ,; ... ,// , ....... "....,. " 
\~',\ \\' ... ' " " /.:~. /.' . 
, ,'" '\ '\ ___ \ ,l , . ';, I', /, '/ • 

~
' \. . V: .... :,:' ... ,//,:'/ I', 
\ \ \ \. \, \ .~ .. ~ ~~-,..;:-::./! / ,I a.;.. , 
\'" \', -:-~""T--.... '1'/ ~ 

\\\~.:..--~-. "// /. \ .. \. ___ '_.__ -.II 
• ~_.-.. __ _ ... .J 

-r-- --!...-... -..,. .v •. . , '.-Ll'_" -L' ~ 

".') ..•.. ,~ . ............ . .. - ,., .. 
• t· •.• • 

\ 

.\ 
"\I \':" -)~ ;.~''''._ ... ~ •• ::. j:/.~' .. 

t ..... · .. :A-" ,- ~· ... oI·f· .. ' : .to .,J, ... ~.I. \ 
... .. .... ··· .. I·.·'~· -t -----., 

, , 
, . , , \ 

'/ .. 



rip" 10. DetaU" CoIL Conlipratloa n (-U iftob.) 

• 



rlgun 11. DetaUed C.lL Confl9urat1on m \+3.8 inch_) Hot 



Ftvuro 12. DnaU" Coil. Confivuratloft IV (-14 inch .. , 



• TABLE 1. DETAILED CELL 
CONFIGURATIONS 

Control .... Roc! a.nk 
Coatip ... P •• ition Height Terrapo .. aturo 

ati.n Un.) lin.) at Cdll"1 

I. +14.0 72.2St 21.7"C 

n. +17.8 70.35· 20.1"C 

lla -3.1 6S.04t 23.6"C 

Db -2.0 66.84· 22.0·C 

ID. -26.31 13.lOtt 25.6"C 

lOb +3.1 17.lOtt 476.7" 

IVb -14.0 63.50· 26.0·C 

~atie_""" __ .ne""~" 
~ ..... et ............ __ -we. ",da. 

·O" .... tll'O ........... ....... 
t ...... .... 

tt ...... .... 

TABLE 2. CALCULATED EIGENVALUE I .... 
P .. itloa 

(In.) 1 PDQ ~ .. RECAP 

+17.8 1.0024 1.003 :0.001 

+14.0 1.004. O.tH :0.001 

+3.5 0.1947 O.ltl :0.001 

-2.0 1.0014 1.000 :0.001 

-3.1 1.0032 0.996 %0.001 

• -14.0 1.0020 0.tt6 :0.001 

-26.35 1.0024 0.lt7 :0.002 

• 
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APPENDIX A 

PHYSICAL DIMENSIONS or FUEL COMPOSlTlONS AND 
FUEL ATOM DENSlTIES 

TABLE A·1. DETAILED CELL AT 21"C. 
CELL DIMENSIONS IN INCHES 

5.8 w/o S.eeI (Type l' 0.983 w/o R.guler Blenk.t (TlE. 11 

P.ll.1 Diamel.r 02501 Pelle. Diam •• er 05056 
Pnll •• L.aQ.b 0.711 Pell •• L.av.b 0740 
1/2 (PeUel OD - P.U.IDilh 112 (P.lI •• 00 - P.1.I.IDilh 
Viam.'.r) 0.025 Dlamll~.r) ~)(;=O 

End Dilh D.Vlh 0.008 Ead Dilh Deptb 0015 
Rod 00 0.3051 Rod 00 0.S7?5 

±0.0007 ±O(,tI04 
Rod 10 0.257 Rod 10 o SlI 
l)ilch 0.3685 Pi'ch 0.6108 

±0.0002 ±0.0002 

3.8 w/o S.eel (T,... a to " U32 w/o Regular Blenk.t (Type. 2 .nd II 

P.ll.1 Diam.l.r 0.2S03 P.U •• Dia .... 0.5053 
P.U •• L.DV1h 0.591 P.U •• L.agth 0.860 
1/2 (P.Uel OD - '.llat Dilh 1/2 (P.U.t 00 - P.llet Dilh 
Diam.ler) 0.0:15 Dia •• t.r) 0.050 
lad Dil" D.ptb 0.008 lad Dilh Deptla 0.0\5 
Rod 0'- 0.3054 Bod Ot' 0.5723 

±0.0005 %0.0008 
Rod ID 0.257 Rod ID 0.511 
Pitch 0.3685 'itch 0.630. 

±00002 ±0.0002 

ThO, S.eel (Type II ... 01 wi. Ropla, ..... et ('I'Jpee 3 an. " 

'.11 •• D •••• I.r 0.2521 P.Uel Dial,,'.r 05053 
'elle. L.nv.h 0471 Pall •• Leavitt oellO . 
1/2 (Pelle. OD - '.1101 DII" 1/2 (Pall •• OD - '.llal D .... 
Dia ... ter) 0025 Diam.'.r) 0050 
End ~I.h D.pth 0.008 lad Di.h D.ptb "OU 
RodOD 0.3051 RodOD 05125 

±0.0007 ±0.0005 
RodlD 0.257 RodlD 0.511 
'itch 0.3685 Pilch 0.6308 

±0.0002 %00002 

ThO. S •• ct ('I'Jpee a to " ThO. Regular .lanket (T)pa. I. 3. an. " 

p.not Dlam.tor 0.2525 ,.U.t Dia •• tor 0.5055 
P.II.t Lea91h 0.471 '.U •• L.aQlh O.SiO 
1/2l P.llet OD - '.llal Dil" 1/2 (P.U.t OD - '.lk'Dilh 
DiaIDII'el) 0.025 Diame'er) 0051 
lad Duoh D.ptb 0.008 lad Dilb D.ptb 0015 
lod OD 0.3054 Rod 00 0~725 

±0.0005 ±00005 
Rod ID 1>.257 Rod ID 0511 
Pitch 0.3685 PlIch 0.6308 

:0.0002 :0.0002 
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'!'hO, Regular Blank.t ('I'ype. a .nelln 

'.Iiet Diam.l.r 
p.n.t Leaqlh 
1/2 (PeIl.1 OD - '.llel Dilia 
Diam.t.r) 
'EDd Dilia DClptia 
BodOD 

Rod ID 
PUcla 

'.11.1 Diamirter 
'.11.1 Leaqtb 
1/2 (P.Ue' OD - '.U.I Dilia 
Diamlller) 
lad Dilia D.pth 
Roci OD 

RocilD 
'ilcla 

0.9099 
0.590 

0.051 
0.019 
0.5723 
±0.0008 
0511 
0.6308 
±0.0002 

0.4646 
. 0.653 

0.050 
0.015 
0.9278 
±O.OOOS 
0.470 
0.6308 
±0.0002 

U2a w/o Poww rlatte"", .lanket ('I'ypea. 
.nel 8) 

,.n.t D, ••• I., '.U., Lenvlla 
1/2 (I' .'la' OD - '.U.I Dilla 
Diame •• r) 
lad Dlela D.pda 
RodOD 

RocilD 
'Ucla 

04848 
0.778 

0050 
0.015 
0.5277 
±O )()()S 
0.470 
06308 
±0.0002 

a.884 w/o P_r Flatte ..... Bla",k.t ('I'ypea 3 
anel4) 

P.lle' Diameter 
'.1101 L.avtla 
1/2 (P.ll.1 OD - '.llel Dilla 
Dia",.:v~) 
Iud Villa Deptla 
Roci OD 

RocilD 
'ilcla 

'.U.I Dia .... r 
'.U.ILeaqtlt 
1/2 ('.11.1 OD - '.0.1 Dilia 
Dia •• I.r) 

0.4647 
0.898 

0.050 
0.015 
0.5280 
±O.OOOS 
0.470 
0.6308 
±0.0002 

0.4645 
0.508 

0.047 
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lael Dilia D.ptla 
Roci OD 

BocilD 
'ilcla 

0.015 
0.5278 
±00005 
0.470 
(16308 
:!:l1.0002 

ThO, P_r Flatte ..... Blankott ('fJ1)ea 2.neI 
In 

'.U.I Dia .... r 
'.11.1 Leaqlla 
1/2 (P .. U.I OD - 'ellel Dilia 
Diam.l.r) 
lad Dilia D.ptla 
Roci OD 

RocilD 
'ilcla 

04645 
O.f:OU 

0.047 
0.015 
0.5277 
±0.0005 
0.470 
0.6308 
±0.0002 

ThO. P_r Flattening Blanket (TJIM. 3 aU 
.) 
'.llel Dia .... r 0.4645 
'.U.ILeaqtlt 0.508 
1/2 ('.U.I OD - ,.u.a Dilla 
Diam ••• r) 0.047 
IDel Dilia Daplla 0.015 
loci OD 0.5280 

±00005 
RocilD 0470 
'Ucla o ti308 

*00002 

ThO, Refleotor .lanket 

'.U.IDia .... 05470 
Roci OD 0.6261 
RocilD 0.5531 
'ilcla 0.728 

, hOt Ret1eotor Blank.t 

'.lleIDia .... 0.5470 
Roci OD 0.6261 
RocilD 0.5531 
'itcla 0.718 

2 w/o Dri .. r Blanket 

'.llel Dia •• ter 0.5432 
Boci OD 0.6240 
RocilD 0.5510 
'ilcla 0.728 

2 w/o Dri .. r Blanket 

'.U.I Dia .... r 0.5432 
RodOD 0.6240 
RocilD 05510 
'ilcla 0.718 
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,.ABLE A-2. DE,.AILED CELL A,. 21-C. ISOTOPIC 
WEIGH,. PERCENT MEASURED 

f1.8 w/o aeeel (Type 1) 

, , 

nJU 
n·u nsu 
aNU 
nlU 

w/o Uranium 

98.112 
1.448 
0.1039 
0.0067 
0.3295 

3.1 w/o aeed ('I'ypee a to ., 

leotopa w/o Uranium 

nJU 98.201 
auu 1.472 
usu 0.0745 
aNU 0.0066 
nlU 0.2461 

0."3 w/o Regular B.auet (Type I) 

laotopa 

auu 
II4U 

nlU 
aNU 
nlU 

w/o Uranium 

96.637 
1.058 
0.5883 
0.0089 
•. 7053 
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1.832 w/o RevillaI' Blanket (,.~. 2 and 81 

I.otopa 

anu 
U'U 
HSU 

u·U 
nau 

w/o UraniuM 

98.108 
1.447 
0.1051 
0.0067 
0.3331 

1.801 w/o Reow.r Blanket (Type. 3 and 4) 

I.otopa 

auu 
n·u 
anu 
aNU 
nlU 

w/o Uranium 

96994 
1 1522 
0.";'110 
00084 
1.3721 

All Power Flatte.' •• Blanket Blnar~ 
Reviona 

leotopa 

auu 
auu 
aliU 
nlU 
aNU 

a w/o Dd .. r Blauet 

I.otopa 

w/o U .. anium 

98.201 
l.472 
00745 
0.0066 
02461 

w/o Uranium 

97.966 
0059 
0.026 
1.159 



• 

TABLE A-3. DETAILED CELL AT 27·C. wlo UO •. wlo V-TOTAL. AND 
PELLET FRACTION OF THEORETICAL DENf;ITY 

M •• aul'.d P.ll.t Fr.ction ot 
Compo.ition wlo UO. wlo U-Total Th.oretical Denauy 

5.6 wlo Se.d (Type 1) 6.362 5.594 0.,,47 

3.8 wlo S •• d (Typ •• 2 to 4) 4.321 3.799 0.96'J& 

thO. S •• d (Typ •• 1 to 4) 0.0 0.0 09545 

0.963 wlo R.qular Blaak.t (Type 1) 1.096 0.9633 IJ ~646 

1.532 wlo R.qular Blank.t (Typ •• 2 aDei 1.742 1.532 09608 
5) 

1901 wlo R.qular Blank.t (Typ •• 3 aael 2.162 1.901 09Stl8 
4) 

ThO. R.qular Blaak.t (Typ •• 1 to IS) 0.0 0.0 D.i5ZS 

1.542 wlo Po_r rlatt.DiDV Blank.t 1.784 1542 D.i711 
(Typ. 1) 

1.928 wlo Pow.r rlattaniaq Blaaht 2.192 1.928 09718 
(Typ •• 2 aad 5) 

2.564 wlo Pow.r I'lattaaiav Blank.t 2.916 2.564 0.9598 
(Typ •• 3 aad 4) 

thO. Pow.r I'latteaiaq BIaIlk.t (Typetl 1 0.0 00 D.i548 
to 5) 

2 ,.,/0 Driy.r BlA.ak.t 1.961 1724 09469 

ThO. R.flector Blanket 0.0 0.0 0.9377 

• 

• 
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T."'>':": _~-~. :UL~tT~~!.. ~T arc. 
R01.U) ATOMIC DE.arn.; ... .4Atom.IB.m-ea)-, tl"" \ 

0.963 w/o 
1.8 .. /0 .... 3.1.10 .... T"nO. S-=! Re9Ulu BlaDket 

(Type l) (Typee a to 4) (Typ..1 toC) (TJ1M 1) 

botope N, lGi 
N N, • 

lUU 0.136330 - 2 0.9391.80 - 3 00 + 0 0.232338 - 3 
INtJ 0200389 - 4 0.140178 - .. 0.0 + 0 0.253172 - 5 
UtU 0,143090 - 5 0706431 -I 0.0 + 0 0.140245 - 5 
UtU 0.923S88 - 7 0.623176 - 7 0.0 + 0 0.211678 - 7 
III\J 0.448194 - 5 0.230412 - !I 0.0 + 0 0.401361 ~ 5 
"'TIl 0.205272 - I 0,212593 - 1 0,217698 - I 0.217852 - I 
0 0.438331 - I 0 ..... 312-1 0,435395 - I 0.440510 - I 

1.131.1. 1.901.1. ThO. 1.542 w/o Po_r 
R..,war Elanket R-.w.r Blanket Regula .. Blanket Flattening Blanket 

CO 
(TypHZ.ndl) (T""" 3.nd C) (Tn-I toS) (TJ1M l) 

I_tope N, N, N, N, 
-l:> 

ulU 0.373875 - 3 0.458454 - 3 0.0 + 0 0.380677 - 3 
INtI 0.549178 - I 0.St2266 -I 0.0 + 0 0.568181 - 5 
u'U 0.397276 - 6 0.220730 - 5 0.0+ 0 0.286337 - 6 
I·U 0,253515 - 7 0.391450 - 7 0.0 + 0 0.252591 - 7 
a-u 0.124277 - 5 0.634887 - !I 0.0 + 0 093~926 - 6 
IUTIa 0.215715 - I 0.214664 - , 0217241 - I 0.217991 - I 
0 0,4390S1 - I 0,438777 - 1 0.434483 - I 0.443734 - I 

1.928 ./0 Power 2.161 w/.P_ ThO.P_r 
Flattening Blanket Flatt-'ng BlaMet Flattening BI.nket ThO. 

(Tn- 2 .ndl) (Tn- 3 aNI C) (Tn-I to I) R.o.ctor Blanket 
I_tope N, N, N, N, 

u'tJ 0.476471 - 3 0.626444 - 3 
... u 0.711158 - 5 O.93Sooo - 1 
II'tJ 0,358391 -I 0471197 -. 
IMU 0.316154 - 7 0415U5 -7 
II'tJ 0.116894 - 5 O. 153687 - !I 
u'TIa 0217280 - I 0213177 - 1 1,)217766 - I 0213868 - ! 
0 0.444263 - I 0.439111 - 1 0435532 - I 0421736 - I 
Gel OBO~17~ - 7 

• • 



co 
CJ1 

U'tJ 
IltU 

U'lJ 
II'lJ 
U'tJ 
UIT .. 
Zircal0J-4 
34788 
304 SS 
o 

botope 

o 
H 

0.414089 - 3 
0.361534 - 5 
0.108961 -I 

0.479581- 5 
0.212168 - 1 

0.432789 - 1 

11,0 

.!!I-
0.333126 - 1 
0.666252 - 1 

TABLE U. (COIlt) 

0.432471- 1 

347 
Steinl_. St_l 

NI 

0.89846 - 1-

• 

0.88S18 - 1 



TABLE A-5. DETAILED CELL AT 27·C. CELL SMEARED 
ATOMIC DENSITY. HI (Atoma/Bant-Cm) 

8.8 w/o B ... 3.8w/o .... ThO ..... ThO.S'" 
(TJpe l) ITypea a to 4) (TJpe l) (1'7P" 2 to 4) 

I.otope HI H, H, H, 

anu 0.565383-3 0.389409-3 0+0 0+0 
-U 0.831046-5 0.581214-5 0+0 0+0 
altU 0.593422-6 0.292905-6 0+0 0+0 
aHU 0.383028-7 0.258385-7 0+0 0+0 
a-u 0.185874-5 0.955349-6 0+0 0+0 
ZlITb 0.851298-2 0.881468-2 0.916812-2 0.916812-2 
ZircaloJ-4 0.780921-1 0.783770-2 0.7809:1-2 0.795770-2 

co 347 SS 0.101129-2 0.101129-2 0.101129-2 (\.101129-2 O"l 
0 0.304061-1 0.306128-1 0.305640-1 0.305266-1 
H 0.244555-1 0.243808-1 0.144555-1 0.243808-1 

0.983 w/o 1.832 w/o 1.101 w/o ThO. 
Replar Blanket Revular Blaftket RevularBlaDllet Revular BlaDllet 

(TJpe l) 1T,pe. 2 ancl.) <Tn-3uu14) (Type. I. 3. uul4) 
I.otope H, H, XI HI 

auu 0.133608-3 0.215149-3 0.264208-3 0+0 
aNtI 0.145589-5 0.316029-5 0.312510-5 0+0 
anu 0.806491-6 0.228616-6 0.127207-5 0+0 
aHU 0.121727-7 0.145887-7 0.125594-7 0+0 
a-u 0.230806-5 0.715164-6 0.365887-5 0+0 
1I'Tb 0.125278-1 0.124135-1 0.123711-1 0.124461-1 
ZircaloJ-4 0.656816-2 0.653993-2 0.656816-2 0.656816-2 
347 SS 0.J59915-3 0.759915··3 0.759915-3 0.759915-3 
0 0.334779-1 0.334335-1 0.334331-1 0.330394-1 
H 0.162919-1 0.163357-1 0.162919-1 0.162919-1 

.. • 



• • 

TABLE A-I. (Coat) 

ThO, 1.542.,oP_ 1.IZI.'o P_r 2.584 .'0 Poww 
R-.ular BlankM Flattening B lankM Flattening BlankM n.ttening BlankM (,..,.,. a ..... ., (1)r. 1) ITn-Z.MS) (Type. 3 eM 4) 

botope H, , H, H, 

U'lJ 0+0 0.184645-3 0.231816-3 0305082-3 
auu 0+0 0.275592-5 034~i!il"-5 0455350-5 
I"U 0+0 O.I3888E-I 0.174367-6 0229476-6 
111\1 0+0 0.12251El-7 0.153818-7 0.202431-7 
'11\1 0+0 0.452994-1 0568722-6 0.748465-6 

ex> ulTla 0.12,"67-1 0.105735-1 0.105713-1 0.103818-1 
'I Zirealcrr'" 0.653993-2 0S684'~-2 0.567434-2 0570867-2 

347SS 0.759915-3 0.759919-3 0.759915-3 0759<.:15-3 
0 0.330611-1 033403:1-1 0.335021-1 0332468-1 
H 0.163357-1 0.217604-1 0.237764-1 0237237-1 

ThO.p_ ThO.p_ ThO, Po_ ThO, 
Flattening BlankM Mettenlng .lankM Flattenln. BlankM ReOecter BlankM 

I~l) Il'n- a .... S) 1,.,.,...3 ...... ) Pitch - O.72S ift. 
I.otope N, N, N, , 
·",.h 0.105071-1 0.105071-1 0.105071-1 0109501-1 
Gd 04118%-7 
Zirealoy'" o Sti847S-2 05674,.-2 0570867-2 063704f-2 
347 SS 0.759915-3 07S99Hi-3 0.7S99iS-·3 
0 0.328944-1 0329024-1 o 32HiOO-l o 32E','~I-l 
H 0.237604-1 0.237764-1 0237237-1 ('? !93J'1-1 



TABLE A-I ,c-t) 

ThO. 
R.n.ctor B~nket 
Pitell - 0.111 ... 

l80t.pe N. 

aana 0.112572-1 
Gd 0.42J.47-7 
ZileaJ0,-4 0.654911-1 

0:> 0 0328546-1 
0:> H 0.206804-1 

I.,. IW/. 
Dri .... Blanket DriftrB ....... 
PitU - O.lD ... ritch - 0.111 ... 

bot ... N. If. 

u'U 0.209071-1 0.21 ..... ,-1 
'NU 0182543-1 0187663-1 
'"U' 0550159-1 0565511-7 
I·U 0+0 0+0 
IMtJ 0.2 .. 21 .. 6-1 02 .. 8931-1 luna 0.107126- 1 0110131-1 
ZUeaJ0,-4 0634766 -'- 0652571-2 
0 0~29694-1 0329597··1 
H 0.21:.H7-1 020i!93-1 

• • • 
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TABLE U, BINARY fl:Ll t=T STACK LrNG'Ui 

Blnary!ne 

IS.' w/o Se.d (Trpe 1) 
3.8 w/o S_d (T,pe 2) 
38 ./0 S •• d (T,pe 3) 
38./0 S .. d (Typ' 4) 
0.963./0 R.Qula, Blank.1 (Type 1) 
l. '5l2 wto II.Qula, Blank.1 (Type 3) 
1901 w/o II.Qul., Blank.1 (Trpe 3) 
1901 ./0 R.Qul., Blank.1 (Type 4) 
i 53. wI:) JI"<Jul., Bbnkel (Type ~) 
1542./0 Po ... r FialluI11Q Plankef (Type 1) 
1 ~18 wlo Po ... r flan.onQ IlIaok.1 (Type 2) 
3564 wlo Po •• r flallu,,"~ Blaok"l (Type 3) 
:z 564 wlo Power nanu.oQ Blankel (Type 4) 
1928 w/o Po •• r flanU.AQ Blanbl (Type S) 

M •••.. r • .J hl.d. 

l' ~ (); ) 
'7 \ J:2, 

5, "'J 
4 :.; i' l 

41 I .J 
5~ I it) 

70~1 

"4 Ib7 
1\4 e)1> 
,,;> U.,,, 
~(, 177 
')1) Wi 
8.1 ~97 
II) 1i6J 

'rULE &,1. COLD DETAILED CELL. KED A'I' -14.00 INCHeS 

Cell Patch (After Weld I", Grktal 

S-cP 
Requi.r Blanke' 
Po.er "atl.n:nll BIa.ke' 
Dr .... r Blank.1 
011 ... , Blank.1 
R.Il.clor Blanket 
R.Il.clor Blankel 

Trla"9ul&r Plh.h Un.1 

o 3b62 
06282 
06264 
0728 
0718 
0728 
0718 

• , 



TABLE A.a. COLD DETAILED CELL. SEED AT -14.00 IHCHES. CELL SMEARED 
ATOMIC DENSITY. HI (Atom./Barn-Cm) 

5.6./oS'" 3.8./os.- ThO,S'" ThO,SMd 
(Tn-- 1) (TJpe.Zto4) (Tn-- 1) (T7)N.2 to 4) 

I_tope HI NI NI N, 

'nu 0.572508-3 0.394316-3 0+0 0+0 
'l4U 0841518-5 0.588538-5 0+0 0+0 
nsU 0.600900-6 0.296596-6 0+0 0.,.0 
1NU 0.387854-7 0.261641-7 0+0 0+0 
n'U 0.188216-5 0.967187-6 0+0 0+0 
:Jfb 0.@62025-2 0892576-2 0.928364-2 0928364-2 
ZircaloJ-4 0.790761-2 0.795671-2 0.790761-2 0.7951;71-2 

\.0 347 SS 0.101258-2 0.101258-2 0.101258-2 010l:l58-2 
0 0 0.303737-1 0.305830-1 0.305336-1 0304')58-1 

H 0.239327-1 0.238570-1 0.239327-1 0.238570-1 

0.963./0 1.532 wlo 1.901./0 ThO, 
Regular Blanket R~ul.r Blanket Revular Blanket R~ular Blanket 

(Tn-- 1) (T",e. 2 aNi I) (T",.. 3 aNi 4) \ T7)N. 1. 3. and 4) 
I.otope NI HI NI "'. 
nltJ 0.134716-3 0.216934-3 ~.266400-3 0+0 
INU 0146797-5 0318651-5 0.315102-5 0+0 
Inu 0.813181-6 0.230512-6 0.128263-5 0+0 
I,.U 0.122737-7 0.147097-7 02n-Cf:.5-7 0+0 
IlItJ 0.232721-5 0.721096-6 0.36d922-S ('\+0 
'"Th 0.126317-1 0.125165-1 0.124738-1 0125500-1 
ZircaloJ-4 0.662264-2 0659418-2 066226'1-2 Ii bL,!;o64-2 
347 S5 0736673-3 0736673-3 0.736673-3 \)136673-3 
0 0.334S103-1 o 3344:;.t-l 0.334450-1 0330481-1 
H 0.15J963-1 0.159405-1 0.158Y6J '1 0158963-1 

It • 



• • 

TABLE U: (Coat) 

ThO, 1.S42 w/.P_ 1.928 wI. P_ .. 2.564 wlo Powe .. 
Rotrula .. Blanket nattening Blanket nettening Blanket FlattP.n.nv Blanket 

('1'J'90 II (Type 11 ITno-. and 5) \ T'JPOa 3 and 4) 
INt .... NI NI N. N, 

nru 0+0 0.187248-3 0.235085-3 0309383-3 
IMU 0+0 0279477-5 0350876-5 0461770-·5 
II'U 0+0 0140844-1 0176826-6 0232711-6 
IIIU 0+0 0.124245-7 0.155986-7 0205285-7 
II'1J 0+0 0.459380-6 0576739-6 0759017-6 
I un. 0.125500-1 0107226-1 0107203-1 0105282-1 
Zircaloy'" 0.659418-2 0576489-2 0.575434-2 0578915-2 

--' 34755 0736673-3 0.740912-3 0740912-3 0740912-3 
~ 0 0.330700-1 0334155-1 0335165-1 0332569- 1 --' 

H 0.159405-1 0231782-1 0.231944-1 0231409- I 

ThO, Powe .. ThO,P_ ThO, Powo .. 2 w' .. 
nattening Blanket nattening Blanket n.~ening Blan •• ', Driwer Blanket 

(T'JPO I) IT'JPOo 2 and II l"ypoe :; and 4. Pitch - 0.728 in. 
I aot 0", N, N, N N 

llru 0+0 0+0 C .. O 0;:>1':<=1;)79- 3 
IMU 0+0 0+0- 0+0 l) :R:'~J-;, 
InU 0+0 0+0: O~O C:;~~J::i;-1 
IMU 0+0 0+0 0+0 0.0 
u'U 0+0 0+0 0.0 024~14fi-5 
u'faa o ICI6552-1 0106:352-1 0106552-1 o I071:!{> . I 
Zlfc.loy'" 0576489-2 057~34-2 0578915-2 ,:' 6347bb- 2 
347 SS 0740912-3 0740912-3 0740')12- 3 n.o 
0 0328995-1 0329077-1 o 3lP.ti-JS - 1 O~.-·~~,o':-l 

H 0231782-1 0231944-1 02JW}'J-l t, ,,_.::" 14"; 



TABLE A-I. cCeat) 

I.'. ThO. ThO, 
Dri_ ... nket Reflector ... nket Rellector PI.l1ket 

Pitch - O.tllla. Pitch - o.talla. Pitch - O.tll la. 
1.0 a-tope H, H, H, N 

u'lJ 0.214943-3 0+0 0+0 uou 0.1'7663-1 0+0 0+0 
-U 0.565591-7 0+0 0+0 
IIIU 0.248938-1 0+0 0+0 
DITIl 0.1 JOI31-I 0.109501-1 0.112572- , 
ZiroeJor.4 0.652571-2 0.637041-2 0.654911-2 
0 0.329597-1 ".328671-1 0.328546-1 
H 0.2OU91-1 0.219331-1 0.206804-1 
Gel 0.41116-7 0.423447-7 

• • 



.. 
'fABLE A-e. DETAILED CELL AT 476.n·F. 

CELL DIMENSIONS IN INCHES 

11.8 w/o S .. d (Type lJ 0.9'33 w/o ReQdar BI.,I\.et ,Type I· 

• 'eU.t Diamete' 0.2506 hIllel DI4/DAle. (,1LbL 
'ell ... Laoqth 0.7124 '.Uei teo'll 1. 07415 
112 ('eHol 00 - 'eUet 1/2 (P.Uel 00 - Peilet 
Dilh Diameler) 0.02505 D •• h Diamel~r) l' ,'')OJ 
End Dl,h Depth 0008016 End Duh Depth 00.'303 
, .. 11 '-Io-Clad 'ellel-lo-CI.d 
Radial Gap ThickDe .. OO~)3337 Radial Gap ThicJ.ne .. o u02 •. 
Clad ThlckDe .. 0.02407 Clad Thic!tne .. 0.03C;9 
Rc.JOD 0.3054 Rod 00 05731 
Rod ID 0.2573 Rfld ID 05115 
'Itch 0.3676 Pitch 06306 

1.532 w/o Regular Blanket IType. ? 
3.8 w/o Seed (Type. a to ., and 51 

'ellel Diam.ler 0.2508 'ellet Di&ll:ele, 05063 
'eU~1 Len9th 0.5922 '.Uet Lao9th 0.8617 
112 (Pellel 00 - 'au.t 1/2 (Pellal CD - 'eU .. 
D .. h Diamltler) 0.02505 Diau ~~i.am.lar) 00501 
EDd Di.h Depth 0.008011 End L .. h Dapth 0.01S03 
hUel-lo-Clad feUal-lo-Clad 
Radial Gap ThiebHI 0.003258 Radial liap Thien... 0002599 
('lad Thiche .. 0.02422 Clad Thicbe .. (j 03066 
Rod 00 0.3057 Rod 00 05729 
Rod 10 0.2573 Rod ID 05115 
'ilch 0.3676 'ilch 0.6::i06 

1.801 w/o Regular Blaaket (Typee " 
ThO, aaed (Type II and4) 

'ellel Dumater 0.2530 'ellotl DI .. meler 0.5064 
hnel LeD91h 0.4711 'aUal Leoqlh 0.9820 
1/2 (Pellar 00 - feu.. 1/2 (Pellel 00 - 'aU .. 
D .. h Diameter) 0.02505 Diah t'.amatar) 00501 
lod Di.b Deplh 000801. [ad Di.h D.p.h 001503 
'ellel-lo·Clad PItUet·to·Clad 
R .... h.1 Gap ThickDctI. 00\12133 Radl.1 Gap Tltickaa .. 0002589 
CI.d ThldAe .. 002407 Clad ThlckDe .. 00]079 
Rod 00 0.3054 Rod 00 05"31 
Ftod 10 02573 Rod 10 05115 
Pilcb 03616 Pilcb 06306 

ThO, Ragular Bla.kat ITnt .. :. 3. 
ThO, a...& (Tnt" a _ ., and 4) 

'eU.,. Dlama"r 02530 'aUal Diamaler 05065 
PeUel LeDolh 04711 'eUel LeD91h 0.5912 
1/2 (PeUat 00 - 'eu.. 1/2 (Penat 00 - 'au.. 
Du.b Diall'eloPf) 0.02505 Oiah DlAmaler) 0.05110 
1:".1 Did. Depth 0.00801' lod Duh Depth 00lS03 
'allal.lo-C l~d 'elle!.lo-C16d 
Radial G~p Tbicb ... 0002133 R.Jial Gap Tb.tck_ 0002515 

tit. C16d Tbielule .. 002422 CI.d ThickDa .. 003079 
Rod 00 0.3057 Rod 00 05731 
RCId ID 0.2573 flod 10 05115 
'ilcll 03676 'ilch 0.63116 

• 

193 



ThO, .aqula .. Blanket (Typo. 2 anelS) 

." lIel Diamalar 
'ullal LellG'a 
1/2 (Ptlllal 00 - 'aUal 
Diub Dill.utarj 
Ead r: ilia Deplh 
'allat-to-~lad 
Radial Gilp ThickDa •• 

::ro.o 0 TbickllOl. 
o OD 

OlD 
Piu:b 

0.5065 
0.5912 

C.CSI)(I 
0.01S03 

0.(1'12515 
0.03066 
0.5729 
0.5115 
0.6306 

I.S42 wlo P_ .. Flatteaiq Blanket 
1'J!n»e 11 

TABLE &-9, (Cont) 

ThO. Power Flatt."ln. B1"nll.t 
(Typo 1) 

'.U.t Diem ... r 
•• II.t IADqth 
1/2 ,hUal 00 - '.11.1 
Dilb Diam.l.r) 
i.nd Dllh D.plb 
'.UIlI-to-Clad 
Radiel Gap ThickD ... 
Clad Tbiciul ••• 
Rod 00 
Rod 10 
Pilcb 

0.4654 
0.5000 

0.O~7001 
O.OlSO:1 

0.002536 
0.02893 
0.5284 
0.4'105 
0.6288 

~-----------------------'allat Diematar 
paU.t LanGlb 
(;:2 (PaUal 00 - 'au.. 
Dub Diemat.r) 
!,ad Oilb Deptb 
P.aUol-to-Clad 
Rad ,aI Gap Thielm ... 
Chd Thicha .. 
Rod 00 
Rod 10 
'Ur-II 

0.4655 
0.6593 

0.0501 
0.01503 

0.002481 
0.02893 
0.5284 
0.4705 
0.6288 

1.9:!8 wi. P_r n.~ Bl.1lket 
,Typo- 2 and 8) 

., '.!.t Dw.ata. 
Pal .t IAnGtia 
1/2 (PaUa' OD - ,.u.. 
I.oil.:, Diamal.r) 
!~.I rl~1a Daptla 
'.U.I-I.,.C:tId 
Radial G. p Thickn ... 
Clad Tblcka ... 
Rod 00 
Rod 10 
'Ucla 

0.4651 
0.7'n16 

0.0501 
0.01503 

000238. 
002888 
0.5283 
0.4'105 
0.6288 

1.584 wi. P_ ... r .. ~ Blaaket 
IT",.. 3 ad4. 

,.u .. Die .... r 
•• U .. I L •• v;. 
1;2 ('.U.I 00 - ,.0., 
Dilia Diem."r) 
!ad Cllb D.ptla 
'.Uot.to-Clad 
aadi .. 1 Cap Tbic:b ... 
Clad Thiclo.D •• ' 
Rod 00· 
Rod 10 
'ilcb 

0.4656 
0.8918 

0.0501 
001503 

0002458 
0.02905 
0.5286 
0.4705 
0.6288 

194 

ThO. Power Flatt •• 'nv Blank.t 
(Typnl adS) 

'.n.IDie .... r 
'.Uot IAIUJIla 
1/2 ( •• Uot 00 - '.DoI 
Diah Die •• I.r) 
llld Oilb D.ptla 
,.U.I-Io-Clad 
Radiel Gap Tbicb ... 
Clad Thi('kD ••• 
Rod 00 
Rod 10 
'Ucla 

0.46S. 
0.5(;90 

0.04701 
0.01503 

0.002531 
0.02b88 
0.5283 
0.4705 
0.6288 

ThO, Power rlatt •• , •• Blank.t 
CTFpoa 3 anel4. 

,.U.t DIa •• t .. 
,.Uot lA.vtIa 
1/2 ('oU.1 00 - •• u.. 
Oil" Diam.t.r) 
End Dilia Daptlt 
,.U.I·to-C"lad 
Radial Gap Thick .... 
Clad ThickD ... 
Rod 00 
Rod 10 
'ilcla 

I WI'O DrA"r BlaUet 

,.Uot Die .... r 
'.llot-ID-Clad 
aadUoI Gap Tbic:beu 
Clad TllickD ... 
Rod OD 
"od 10 
'Ucla 

0.4654 
0.5090 

004701 
0.1)1503 

0.(i()2536 
0.02905 
0.5286 
0.4705 
0.6288 

0.5443 

0.003647 
0.03654 
06241 
0.5511 
0.7308 • 



.. 

• 

• 

2 w/o Driver Blanket 

Penet Diameter 
Penet-to-Clad 
Radial Gap Thickne .. 
Clod T!:ickl1e .. 
Rod 00 
Rod ID 
Pitch 

ThO, R.flector Blanket 

Pen.t Diameter 
Penet-Io-Clad 
Radial Gap Thick.e .. 
Clad Thiche •• 
Rod 00 
Rod 10 
Pitch 

0.5443 

0.003647 
0.03654 
0.6247 
0.5516 
0.7207 

0.5481 

0.002798 
0.03654 
0.6268 
0.5537 
0.7308 

TABLE A·9. IContl 

ThO. !\.IIUector Blanket 

Penet [liame'er 
Pell.l-to-Clad 
Rddi~l Gc\p Thlche .. 
Clad 'i hit w./le" 
Rod OD 
Rod ID 
Pilch 

TABLE &-10. DETAlLr.D CELL AT 47UZ·r, PELLE'ioI"RACTIOIC or 
THEORETICAL DENSITY ' 

ruel Tn-

5.8 w/o Seed (T,pe I) 
3.8 w/o Seed (Typ" 210 " 
ThO. Seed (Typtt. 1 to 4, 
0.963 wlo Re\Jlllar B .. nke' 
(Type 1) 
1.532 wlo Requ"r B .. nk .. 
(Type. 2 and 5) 
1.901 wlo Re911"r B .. nke' 
(Type. 3 and 4) 
ThO. R891I"r B .. llket 
(Type. 1 10 5) 
1.542 wlo Powe, Flatten.i.a9 .la .... 
(Type 1) 
1.928 _/0 Power n. ... aia9 ... nk .. 
(Type. 2 ADd S) 
2.5£'4 wlo Po •• r Flanell1DcJ ....... 
(1'yp .. 3 a.d 4, 
thO. Power n.tte.lql .. nket 
(Type. 1 10 S) 
2 .iO Ct, ... , BLaUM 
no..~~ 

195 

PeUet Fractl_ 
.. Theoretioal 

Deneit, 

0.9509 
,).9659 
09507 

0.9608 

0.9569 

0.9560 

0.9487 

09672 

09619 

0.9560 

09510 
09412 
09111 

0.5481 

0002798 
00365-1 
06268 
o 5~]7 
07207 



TAau: A-II. 1)i:T~ CELL AT 4B.7aT~ iIOL&l) .,..... 
Dl.hSIT'l. ",l.·.!~' 

0.963 wlo 
UwI.s-a Uwl ..... ThO.8...t Req"iar Blanket 

("A'r.1) (,.,...1 t.41 (Type. 1 to 4> (T",. 1) ....... If, N, H, , 
DIU 0.135711-'2 0.135431-3 0+0 0.231421-3 
D1J 0.1"590-" 0.139611-4 0+0 0252173-5 
~ 0.142521-1 0.703611-1 0+0 0.139691-5 
IIIU 0.919906-7 0.620193-7 0+0 t 210842-7 
IIIU 0.446408-1 0229494-1 0+0 0.399777-5 
D'I1a 0.204454-1 0.211746-1 0.216830-1 0.216992-1 
0 0 ... 36514-1 0.44250"-1 0.433659-1 0.438772-1 

1.831 wi. 1.101 wi. ThO. 1.54 Z wlo Po_r 
R-.ular Bl.nket Repl.ar BlaUM Revular Blanket Flattening Blanket 

IT7PM2 to') ITn-3 ...... ' 11'J'pea 1 to I) (Type 1) 

\0 Uote.- N, -, NI H, 
'" DIU 0.372341-3 0."56625-3 0+0 0.379159-3 

-U 0.546937-1 0.540103-' 0+0 0.565915-5 
-U 0.395655-1 0.2191k:'-1 0+0 0.285196-6 
-U 0.252480-7 0.389889-7 0+0 0.251584-7 
DIU 0.123770-1 (t~323S4-4 0+0 0.930202-6 
sun 0.21"'31-1 0.213807-1 0.216375-1 0.217122-1 
0 0 ... 37210-1 0 ... 31027-1 0.216375-1 0.217122-1 

1 •• 2.w/o .... r 2.H4w10._ ThO. Power 
Flattening Blanket Fla~Blau.t Flattenin9 Blanket 2 wlo Dri .. r 

(TypHl ..... ) (Tn-3 .... 4' 11'J'pea 1 to" Blanket ....... If, W, If, H, 

auu 0.474572-3 0.623936-3 0+0 0.411647-3 
IMlJ 0.7CJ323-5 0.131257-. 0+0 0.359"02-5 
III1J 0.356963-6 0469311 -. 0+0 0.108319-6 
DIU 0.314893-7 0.414001-7 0+0 0+0 
DIU 0.116421-5 Q.l53072-1 0+0 0.476752-5 
sun 0.21641 .. -1 0.212324-1 0.21689B-l 0.210891-1 
0 0.442412-1 "437353-1 0.433797-1 0430183-1 

• , • .. 



• 

bet ... 

14'7 S8 
30C SS 
o 
H 
~ 

0+0 
0+0 
0+0 
0+0 
0+0 

0.211591-1 
0.425182-1 
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DENSITY. N, IAloma/Barn-Cml 

I.e wlo 8-.4 3.8.f ..... ThO,8eecI ThO,&..cI 
(Tn-II (T"," 2 to 4, (Type 1) (Tn-- 2 to 4l 

leot ... N, N, N. N, 

aa'\1 0.568186-3 0391340-3 0+0 0+0 
'MU 0835165-5 0584095-5 0+0 0.0 
IIIU 0596364-6 0'-94357-6 0+0 0.0 
.MU 0384926-7 0259666-7 0+0 0 ... 0 
'MU 0186795-5 0960084-6 0+0 0+0 

• "Til 0855518-2 0885838-2 0921357-2 0921357-2 
Z.,CA 10y-4 " 782t!33-2 o 7i18168-2 0782833-2 07&8168-2 

~ 347SS 0997~'39-3 0997339-3 0997339-3 0997339-3 ex> 
0 0280219-1 0282339-1 0.261806- 1 0281473-1 
H 0195070-1 0194404-1 0195070-1 0194404-1 

0.163.f. 1.532.f. 1.901 w!. ThO, 
R-.u"r R-.u1u R-.u1ar R ...... r 
... ftlaet Sla" ... ... ftlaet lilaftla .. 
(Tn-II IT"," 2 aNI I. «Tn-- 3 a rut 4. (Type. 1. 3 ... rut 4. 

Ieot ... N, N, N, N, 

11'0 0.133703-3 0215273-3 0264384-3 O.{I 
"·U 0145692-5 0316211-5 0312718-5 0.0 
'"\1 0807061-6 0228747 -6 0127292-5 0.0 
.MU 0212813-7 0145971-7 0225744-7 0.0 
'-lJ 0230970-5 0715575-1 0366131-5 0+0 
1I'1l1 01::5366-1 0124207-1 0123794-1 Oj24!c~-1 
111 CA 1oy-4 0655982-2 0653188-2 0655987.-2 065~:J€';:-:: 
J47SS 07:5574 - 3 0725574 - 3 0725574-3 0725574-3 
0 0318759-1 0318230-;-1 J 31P.?O:;i-l 03143(0-1 
H 0130520- 1 0130871-1 o : ,Ji!;J20-1 013"520-1 

• • .. 



• • 

TABLE &-11. cc-t) 

ThO. 1.142.'.'-- 1.t2I.'.P_ 2.S64.l.P_ 
R ..... I .. ' n .. ttetUi\e rlatt.,uq n .. tten.nv 
Bla"k .. Blanla .. Blanla .. BI .. nlr. .. 

CTypee :& ..... , ITu.-~ C1'nMe 2 ...... ' IT-,pee 3 .nd 41 
bet ... "I H, toi, 

"'U 0 .. 0 o 18S811-3 0233108-3 o 307G40-3 
'WU 0.0 02nJ66-5 0348224-5 0458273-5 
• ... U 0.0 0139780-1 0175489-1 0230949-1 
'-U U.O o lZ3lO6-7 0154807-7 o 2037.H-7 

\D '-U 0.0 0.55'109-1 0572381-6 0753270-6 \D 
'''Til 0124550-1 o 10641~-1 0106393-1 0104485-1 
LrC'.aoy~ 065J,IPI-2 O~710!l-2 0569967-2 CS71422-Z 
l47SS 072",574-3 o 7~757-l 0729757-3 0729757-3 
0 0)1~,5).-1 0311093-1 0312080-1 o lO95SO-1 
H o 1l(.71-1 0111956-1 0119086-1 t 1886S6-1 

ThO, ..... nao,p_ ThO,P_ 
rlaUeNne rlatt_",- rlatt en l1\9 Z .,. Dn_ 
.... RIa .. Blanla .. BI.nIa .. Blenlae1 
CTJr II cTFI"" a .1'41 II CTyp..3.N4' P'tch-O,7lO77 l~ 

Ia., ... If, N, N 
• . 
"'U (f.C 0+0 0+0 o 207Cy.,(i- 3 
"·U a.o 0.0 0+0 o II!Ofil4 - S 
'''U 0.0 0+0 0 .. 0 0544~8-7 
'-\I 0+0 0+0 0+0 r. .. ~ 
'-t' 0+0 0+0 0+0 o :~.!~S3- 5 
"'TII 010"147-1 o 10!74'7-1 01057.7-1 {I ;r"~;'j~-l 

l."" ...... ~ O!7;CII-2 o 5(,~7-2 ii ~7J.422-2 v ~·:.'R70~ - 2 
)4'755 07:;,,;57- 3 0729~7-3 o 7~757-3 o :t~S09- 3 
0 o lO'IQ72 - I o lOfoOlI-1 o lOS822-1 (I }r~f,07 - 1 
H o laiI956- 1 0189016-1 0188656-1 o 1~"'165-1 



TABLE &oIl. (c-t) 

I./.Drl.. ThO,R.O~ ThO. ReIl ... r 
Blanket Blanket Blanket 

-'itoh~0.72073 ilL. Pltc:h-0.73077 ilL. Pltc:h-0.7Z073ln. 
INtope H. H. H. 

IUlJ 0.212901-3 0+0 0+0 
N INU 0.185887-5 0+0 0+0 
0 AI\J 0.650237-7 0+0 0+0 0 

DIU 0.246582-5 0+0 0+0 
l1li''' 0.109015-1 0.1080&56-1 0.111498-1 
Zirc:alof-4 0.646343-2 0.630971-2 0.648672-2 
304 SS 0.170152-3 0.151245-3 0.15540-3 
0 0.307667-1 0.305931-1 0.306972-1 
H 0.170342-1 0.178039-1 0.167950-1 
Gd 0.407965-7 0.41'407-7 

. .. 
• 



BNL Exponential Experiments (Reference 21) 

Uniform subcritical lattices were constructed of 3% 233U02 - 97% Th0
2 

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 H3B03, yielding a total of 21 values of Bm2. Fuel rod sizes and 

compositions are given in IITable I.II Buckling and reflector savings values 

are listed with lattice parameters and H3B03 concentrations in IITable II.II 

TABLE I (Ref. 21) 

3 R 
Average Den"ity = 8.9618 g/cm ; 

diameter = 0.430 in. = 1.09220 cm 
Active length, 42,5 in. = 107.98 cm 
(!33U f33U + Th) w. L~." = 0.03000 

Isotope Weight Fraction Atoms/ern 3 

160 0,121197 0,408832 x 10 23 

232Th 0.851764 0.lD811.') 
233U 0.026343 0,0061021 
234U 0,000394 0.0000909 
235U 0.000012 0.0000027 
238U 0.000289 0.0000655 

B 0,0000044 0.000022Q 

Clad Composition: Zi~a1oy-2 :l 
density = 6.8365 g/cm3 

o.d, = 1.26746 crn = 0,4.99 in. 
Ld, = 1.09220 crn = 0.430 in. 

I f--. 
I I 

Isowpe Wei.ght Fraction Atom~s/cm3 I 

Zr 0.9827 0.44355 x 10 23 

Sn 0,0145 0.005030 
Cr 0,0010 0.000792 
Fe 0,0013 0.000958 
Ni 0.0005 0.000351 
Co 5 x 10-6 0.0000035 
B 1.4 x 10-6 0.0000053 
Cd 0.5 x 10-1i 0.0000002 
Hf 3 x 10- 6 0.0000007 

aThe fuel was prepared by the sol gel process and 
consists of compacted particles of a solie! solution of 
U02 in Th02. 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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Latti ce 
Pitch 
(in) 

0.627 

0.677 

0.716 

0.771 

0.854 

0.971 

1 .172 

1 .335 

I Moderator 

TABLE II (Ref. 21) 
233UCh-Th02-fuO Lattices 

Buckling and Reflector Savings 

"Best" "Best" ---

i 
Values b of Fuel fuB0.J 3 Values of 

Volume Cone. Measured Measured 
Ratio (mg/cm3

) B~ (m-2) A (em) 

0.997 0.0 75.88 ± 2.0 7.60 ±0.3 
13.3 42.1 ± 0.5 5.30 ± 0.10 
25.0 18.8 ± 0.5 5.10 ± 0.10 . -. 

1.384 0.0 86.06 ± 1.3 7.24 ±0.17 
7.82 50.6 ± 0.5 5.60 ± 0.10 

- , 22.9 3.65 ± 0.5 5.10 ± 0.10 

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 

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 

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 

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 

6.8449 0.0 32.2 ± 0.2 6.25 ± 0.05 
1.7 -10.8 ± 1.0 6.40 ± 0.20 

9.2747 0.0 -1.22 ± 0.3 6.65 ± 0.05 

3Solutions at normal room temperatures (-20°C). 
(For densities see: The International Critical Tables. ) 

bAs measured values are compiled by Price.l1 
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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 report,4 presents 

criticality data on the disparate topics of arrays, raschig ring poisoned 

soluttons, and solutions in simple geometries. It reports a total of eight 

experiments using cubical arrays of 233U solution containers. Number of 

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

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

in the two papers which treat 233U solutions poisoned with borosilicate 

raschig rings. Two of these experiments were reported in ORNL-42BO, 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-l97l, 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 233U was in the form of uranyl nitrate hex­
ahydrate, U02(N03)2 + 6H20, at a concentration of 
::::: 330 g 233U/liter; the uranium solution, ::::: O. 53 M 
i.n 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. o.d., 
with a wall thickness of 0.100 in. The average 
solution height was ::::: 11. 5 in., corresponding to 
960 g uranium per bottle. Table II shows that 
the bottles varied in content and given averages 
of solution contents for each experiment. This 
variation amounted to less than ± 20 g 233U/liter 
except for Experiment 21 where it was ± 40 g 

TABLE I (Ref. 22). 
IsotopiC Content of the Uranium Solution 

232 U "" 4 ppm 
233U 98.2% 
234U 0.8% 
238U 1.0% 
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TABLE II ( Re f. 22) 

Averages for Actual Bottles Used in Experiments 

Solution 
Experiment Height U 

Number in. g 

1 11. 78 946 
2 11.67 951 
3 11.59 947 
4 11.40 961 
5 11.77 947 
6 11. 72 962 

7,8,9,10,11 11. 71 934 
12 11.64 947 
13A 11.67 951 

13B, 14, 15, 16, 17 11.59 947 
18,19,20 11.40 961 

21 11.25 895 

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 O.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 
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233 U 
Volume Concentration Specific 

liter g/liter Gravity 

2.98 318.3 1.437 
2.94 323.1 1.444 
2.93 323.0 1.444 
2.89 332.5 1.455 
2.95 321.1 1.445 
2.95 326.2 1.450 
2.94 318.1 1.438 
2.93 323.2 1.444 
2.94 323.1 1.444 
2.94 323.0 1.444 
2.89 332.5 1.455 
2.87 312.6 1.429 

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 233U 

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-

inga of 0.5 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 0.75 in. was also mea­
sured for a double-tier 3 x 3 bottle unreflected 
array, which compares with a 0.50-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 

as-S spaCing refers to the outer bottle surface-to-outer 
bottle surface spacing. 

TABLE III (Ref. 22) 
Interaction Data for Bottles of 233U Solution 

Number of Bottles Estimated Critical 
Experiment Reflector for Surface-to-Surface 

Number Condition Configuration Criticality" Spacing (in.) Remarks 

U-l Unreflected 1 x 9 > 9 0 Single Row 
U-2 Un reflected 2 x 3 6.1 0 Double Row 
U-3 Unreflected 3 x 3 9 0.60 
U-4 Unreflected 4 x 4 16 1.16 
U-5 Reflected 1 x 2 > 2 0 " 2.8 Bottles, Single Row 

1 x 3 <3 0 Table stopped at 0.9 in. 

U-6 Reflected 1 x 3 3 0.6 Single Row 
U-7 Reflected 2 x 2 4 2.18 
U-8 Reflected 2 x 2 4 2.48 1-in. Lucite Moderator 

Between Bottles 
U-9 Reflected 2 x 2 4 2.58 ~-in. Lucite Moderator 

Between Bottles 
U-I0 Reflected 2 x 2 4 2.66 I-in. Lucite Moderator 

Between Bottles 
U-ll Reflected 2 x 2 4 2.50 l1-in. Lucite Moderator 

Between Bottles 
U-12 Reflected 3 x 3 9 3.98 
U-13A Unreflected 2 x 3 6.3 1.00 I-in. Lucite Moderator 

Between Bottles 
U-13B Unreflected 3 x 3 9 1.60 I-in. Lucite Moderator 

Between Bottles 
\.i-:i.'; unreflected 3 x ;) 9 1.17 ~-in. Lucite Moderators 

Between Bottles 
U-15 Unreflected 3 x 3 9 1. 78 1 ~-in. Lucite Moderator 

Between Bottles 
U-16 Unreflected 3 x 3 9 1.87 It-in. Lucite Moderator 

Between Bottles 
U-17 Un reflected 3 x 3 9 1.90 2-in. Lucite Moderator 

Between Bottles 
U-18 Unreflected 4x4 16 2.50 2-in. Lucite Moderator 

Between Bottles 
U-19 Unreflected 4 x 4 16 2.47 2~-in. Lucite Moderator 

Between Bottles 
U-20 Unreflected 4x4 16 2.42 1~-in. Lucite Moderator 

Between Bottles 
U-21 Unreflected 3 x 3 x 2 18 0.75 Double Tier 

"Fractional number of bottles indicates extrapolation to the critical number with the spacing fixed. 
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• Critical Number 

/ of Botti" x 

-~~ k-------
OL-______ L-______ L-______ L-______ L-____ ~ 

o 1.0 2.0 3.0 4.0 5.0 

Surface-to-Surface Spacing (in.) 

o Unreflected Array-Single Tier 
x Reflected Array-Single Tier 
D Reflected + Optimum Internal Moderation 
I> Unreflected + Optimum Internal Moderation 
• Unreflected Array-Double Tier 

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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Fig. 3. Effectiveness of moderation between bottles of 
233U. 

(Ref. 22) 
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Fig. 4. Effectiveness of moderation between bottles of 
233U solution (9-bottle unreflected array). 

(Ref. 22) 
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Fig. 5. Effectiveness of moderation between bottles of 
233U solution (16-bottle unreflected array). 

(Ref. 22) 



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, Le., 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 kef! of about ± 0.006. This 
is concluded from examination of the values of keff 

calculated over a range of spacings from 0 to 
0.6 in. (Fig. 6). 

Keff 1.05-

1.0 I-

0.95 L-__ --L1 ___ --.J1L-___ ...l...-1 __ --.J 

o 0.2 0.4 0.6 

Surface-to-Surface Spacing (in.) 

Fig. 6. Sensitivity of keff on S-S spacing. (Re f. 22) 
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ORNL-4280: Arrays & Raschig Rings (Reference 4) 

In just two pages thi s 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 ~ 3 3 U under c.:onditlOns of in­

terest to nuclear criticality safety as well as in 
basic geometries suitable for theoretical analysis 
has been studied in il series of experiment:> con­

ducted over the past 18 months. In oue series 
aqueous uranyl nitrate solutions of 233U were 

eXBmined in a large capacity vessel containing 
borosilicate glass in order to define sys~~ms 

having kcr; of unity or less. In a second series 
as many as 27 nearly identical subcritical cy­
lindrical volumes of the solution were assembled 
if! aIr-spaced arrays both unrefiected and ieflected 
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 r.itrate solu­
tion having uranium concentrations of 333 and 
204 g/iiter were performed in an unreflected 
alun,i.num 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-diarr. BF3 counter along the 
axis of the cylinder through a mix;:ure of ~olutioi1 
and randomly oriented glass raschig rin8s. A 
neulron s ouree 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 gi ven in 
Table 2.16.1. The conditions described in this 
table define mixtures having a negative material 
buckling and hence values of kro less than unity. 
Thus, 233U as all 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 Uronyl 

Nitrate Solutions of 2JJ U ond Glass Raschig 

Rings Wh"reby k"", < 1 (Ref. 4) 

Uranium concentration (g/liter) 

Natural-boron content of .glass (wt '70) . 
Glass content of mixture (vol '70) 

Dimensions (cm) of borosilicate glass 

raschig rings 

Length 

Outside diameter 

Wall thickness 

Isotopic content of uranium ('70) 

232U (ppm) 
23.3U 
234U 
~35U 

236U 
238U 

Isotopic content of boron ('70) 

lOB 

lIB 

333 204 

3.9 3.9 

38 33 

4.45 1.59 

3.81 1.59 

0.56 0.43 

6.47 

97.54 

1.05 

0.03 

<0.01 

1.39 

19.74 

80.26 



Spaced Subcritical Components 

Cy lind rica I containers, of 4.63 Ii tels capaci ty and 
fabricated of O.25-mm-tilick statnless steel, had 

an outside diameter and a height of 18.28 and 
17.67 cm, respectively. They were identically 
filled to within ±O.S 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 
lS.2-cm-thick polyethylene (p = 0.93 g/cm J ) 

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 Unrellecteo and Reflected Arrnys of Units "I Uranyl Ni:rate Solution 

01 Uranium Containing 97.5':0 233 L, (Ref. 4) 

No. of 

Units in 

ArrayB 

Polyethy lenf' 

Ref1(,ctor 

Thickne.;sb 

(cm) 

Centpr-to-Cc·ntpr 

Separ"tion of Units (em) 

Horizontal V"rtie~.1 

333 g of U per liter; H:233 U -. 73; specilic gravity, 1.468; 1.432 kg 01 U per container 

8 (2 X 2 X 2) 0 20.44 19.13 

27 (3 X 3 '< 3) 0 25.72 24.57 

8 (2 X 2 X 2) 15.2 31.95 30.3b 

27(3x3x3) 15.2 41.03 38.57 

Average 

Uraniurr. C 

Dpnsity 

(g/ cm 3) 

0.179 

0.081l 

0.046 

0.022 

204 g of U per liter; H: 233 U ~ 119; specilic gravity, 1.280; 0.885 kg of U per container 

8 (2 X 2 X 2) 0 20.16 18.81 0.116 

27 (3 X 3 X 3) 0 25.01 23.89 0.059 

8 (2 X 2 X 2) 15.2 30.23 25.51 0.034 

27(3x3X3) 15.2 38.05 36.74 0.017 

BThe solution was contained in cylinders of 0.25-:nm-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. 

bThe polyethylene reflector was located at the cell boundaries, 

cSee Table 2.16.1 for isotopic content. 
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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 

haJ a value of k"ff of 1.0000 ± O.OOOS. A con­
centration at which a spher.:: was critical was first 
estahlished, and then several critical cylindrical 
volumes were measured. The results for unre­

fleeted 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. Criticol Conditions of 233 U02(N0
3

)2 Aqueous Solution in 

Water-Reflected and Unreflected Simple Geometries (Ref. 4) 

Critical Dimensions 

UO~(N03)2 Solution
8 

Cylinders b 

Uranium Spheres 
-------- SO.S·cm diam 38.1-cm diam 2S.3-cm diRm 

Concentration 
Specific H:233 U Radius Mass 

(g/litor) 
Gravity (em) (kg of U) 

Height Mass Height Mass Height Mass 

(em) (kg of U) (em) (kg of U) (em) (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 c 

132 1.186 194 11.170 0.769 13.42 1.77 17.22 1.14 

95.0 1.135 273 }1.847 0.662 d d 19.67 0.939 

47.9 1.068 548 14.579 0.621 19.6 1.07 31.53 0.757 

aSee Table 2.16.1 Cor 1sotopic content of the uranium. 

bAluminunl cylinders had a loS-mOl-thick wall and 1.27-cm .. thick bottom. Spheres were of alLlminum wlth 1.22-mm-thick wall. 

20.3-cm dian.l 

Height Mass 

('Om) (kg of U) 

22.86 0.976 

20.02 0.824 

d d 

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

d'~erc was insu((idcnt solution in ... !;'ntory to Achieve rr1ti"'olit;,; the maximum solution height was 12.5 cm in the 3R.l~cm·diam cylinder and 68.2 em 
in the 20.3-em-didm q:lirlder . 
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V-CDC-8: Raschig Rings (Reference 23) 

Although this document references ORNL-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 kro for comparison with calculated values. 

This document is the basis for ANSI standard N16.4-l971 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

cabi 1 ity. 

5- 3 Raschig Ring Exponential Experiment s 

A calculational scheme was used to evaluate some of the parameters 

in a simple model fo:!' raschig ring exponential experiment s in cylindri­

cal geometry so that an experimental value for kco(exp) is obtained from 

measured reciprocal relaxation lengths for comparison to k calculated co 
from the Cylindrical Tube Model. The eauation for obtaining k from the co 
experimental data is 

where 

M2 = L2 + 'T" = the mieration area 

'1" =: the neutron fip.:e to the:!'mal enerr:y 
-.) 

B2 = the radial buckling 
r 

r = the reciprocal relaxation length 

L = the thermal diffusi0n length. 
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The reciprocal rela.xation length is determined from the exponential 

dependence of the neutron flux in the z direction of the cylinder filled 

vlith raschig ring- solution mixture in the exponential experiment. 

'I + L2) and H2B2 are calculated parameters. 
r 

The neutron age, T, 

which is eq"ual 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. 43 The thermal diffusion length, L, is 

inverG(jly proportional to ,~. The radial nonleakage probability, 

1/ (1 + J.12 B2), vIaS calculated from the equation 
r 

k 
co 

vlhere k was calculated for the fissile solution-raschig ring mixture 
00 

using the Cylindrical Tube Model. Cell-averaged, homogenized cross 

sections, generated from the k calculation, were used in a subsequent 
co 

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

the fissile solution-raschig ring mixture. Thus, M2B2 was derived from 
r 

the two calculations. The calculated values of M2, M2B2 and the exneri-r ~ 

mental value of )' were then used to obtain k (exp) for conwarison to the 
co 

calculated value of k . 

Table 6 summarizes these calculations for the 235U and 233U expon­

ential experiments39 ,44 where there were available measurements of the 

raschig ring inside and outside diameters. k was also calculated for 
co 

the raschig rings and the plutonium solution concentration which was 

determined experimentally45 to have k (exp) = 1 and is included in the 
co 

table. The raschig rings used in the experiments are described in 

Table 7. 
The differences between the experimental values and the calculated 

values of k for these raschig ring-fissile solution systems are used 
00 

to determine the value of the calculated k for which subcriticality is 
00 

assured, see Section 5.b . 
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Table 6. Comparison of Calculate:] kro with Experimentally Determined kro Values. ( Ref. 23) 

Reciprocal M2 n2 = 
U or Pu' Raschig Cylinder (Relaxation ANISN Calculations k r 

Concentration Ring Diameter I.ength) L2 M2 ro 
1 

k keff 
T 

keff - k", (exp) 
(e;Lliter ~ Type a (in. ~ Reflector 12 (cm- 2} <X> (cm2 ) (cmn (cm2 ) 

Uranyl Nitrate Solution Containin8 92.6 wt % 23sUb 

415 EN-l 48 Air 0.005)4- 0.e180 0.77G5 39·03 0.19 39·22 0.0534 0.836 ± 0.048 
415 EN-I 48 

~~ 
0.00497 0.8180 0.7816 39·03 0.19 39·22 0.0466 0.852 ± 0.054 

415 P;y-rex 30 0.00131 1.0674 0·9766 38.25 0.20 38.'+5 0.0930 1.043 ± 0.015 
415 Pyrex 30 Air 0.00216 1.0674 0·9520 38.25 0.20 38.45 0.1212 1.033 ± 0.020 
415 EN-I 20 H2O 0.01024 0.8180 0.6957 39·03 0.19 39·22 0.1758 0.774 ± 0.051 
415 Pyrex 20 H

2
O 0.00326 1.0674 0.9047 38.25 0.20 38.45 0.1798 1.062 ± 0.011 

4 .. ) Pyrex 2(" Au 0.00453 1.0674 0.8522 38.25 0.20 38.45 0.2525 1.078 ± 0.021 
415 Pyrex 20 H2O 0.00313 1.0674 0·901f7 38.25 0.20 38.45 0·1798 1.060 :: 0.027 
415 KG-33 20 H

2
O 0.01461 0·7115 0.5968 42·91 0.15 43·06 0.1922 0·563 ± 0.053 

415 KG-33 20 A~r 0.01607 0·7115 0.5596 42·91 0.15 43·06 0.2714 0.579 ': 0.051 
415 R6 20 Air c 1. )1+67 c 41.11 0.28 41.39 

N 
415 R6 20 H2O d 1·5467 d 41.11 0.28 41.39 
141 R6 20 A~r 0.00194 1.1990 0·9417 39·81 0.65 40.46 0.2732 1.195 ± 0.009 

+:> 141 R6 20 H 0 0.00085 1.1990 0·9919 39·81 0.65 40.46 0.2088 1.174 ± 0.011 
141 R6 20 + 0.032 Cd Atr 0.00181 1.1990 0·9417 39·81 0.65 40.46 0.2732 1.200 ± 0.008 
141 RiS 20 + 0.032 Cd ':20 0.00120 1.1990 0·9613 39·81 0.65 40.46 0.2473 1.199 ± 0.005 
94.4 R6 20 + 0.032 Cd Au 0.00530 1.01'(8 0.7986 39·75 0·77 40.52 0.2745 1.060 ± 0.024 
91f .4 R6 20 + 0.032 Cd H10 0.00480 1.0178 0.8135 39·75 0·77 40.52 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 0.274 5 0.834 ± 0.052 
63·3 R6 20 + 0.032 Cd H2O 0.01088 0.8278 0.6614 39·86 0·93 40.79 0.2516 0.808 ± 0.045 

Uranyl Nitrate Solution Containing 97.6 at. % 233uC 

332.6 A 20 Air 0.00863 0·9362 0·7079 49· 58 0.20 49·78 0·3225 0.893 :: 0.007 
345.9 B 20 Air 0.00723 0.8927 f 0.6888 47· 50 0.15 47·65 0.2960 0.951 ± 0.006 
2()4.1 B 20 Air 0.01432 0.6329 0.4921 45·27 0.18 45.45 0.2861 0.632 ± 0.014 

Plutonium Nitrate Solution Containing 95.8 at. % 239Pug 

182 C 0.00000 1.0274 1.000 

a.. See Table 8 for raschig ring descriptions. 
b. See Ref. 39 for complete description. 
c. Critical height = 10.86 in· keff was calculated by KENO to be 0.956 ± 0.006 USing cell-averaged cross sections from the ANISN k"" 

calculat ion. 
d. Critical height = 8.34 in. keff was calculated by KENO to be 0·925 :: 0.006 using cell-averaged cross sections from the 

A.!nSN k calculation. 
e. See Ref~ 44 for complete description. 
f. 58 calculation was 0.9042 which should be compared to 0.951. 
g. See Ref. 45 for complete description. 
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