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ABSTRACT 

Experiments have been performed to determine the conditions under 
; which aqueous solutions of uranium enriched to 93.2 
'can be made critical. The solutions, which had H:U f 

in the U235 isotope 
35 atcmic ratios 

var$ing between .27.1to 74,6, were contained both in water-reflected and 
unreflected aluminum or stainless steel cylinders with and without cadmium I 
wrappings, The experiments varied frcm the use of a single vessel to 
interacting arrays of seven vessels. 

' In one group of experiments, arrays of aluminum cylinders having 
i'parallel axes and containing a solution with an H:U235 atomic ratio of 
44.3 were tested. In these it w&s found thak a hewonal array of seven 
(one in the center) water-reflected, cadmium-wrapped 6-in.dia cylinders 
would be subcritical at any solution height with an edge-to-edge spacing 
of the cylinders greater than 2 in. A similax array of unreflected 
8-in.-dia cylinders requized a spacing of about 18 in. Three unreflected 
8-in.-cIia cylinders arranged in the geometry of an equilateral triangle 
required an edge&o-edge spacing of about 9 in. A waterareflected cadmium- 
wrapped 8-in.-dia cylinder became critical at a height of approximately 
24.5 in. Water-reflected 6-in.-dia cylinders arranged in straight-line 
g~rrays were effectively isolated at edge-to-edge spacings greater than 
12 in. Two unreflected 8-in.-dia cylinders required a spacing of 3 in. 
to remain subcritical at any height, When three w&e&reflected 8-in.- 
dia cylinders were arranged in an isosceles-triangle geometry, it was 
found that the coamon critical height was essentially constant for vertex 
angles greater than 90 deg. As would be expected, it was found that the 

.angular dependence was much greater in an unreflected system. * 

In a second graup of eqeriments the critical parameters of solutions 
contained in single alxminum and stainless steel cylinderswere investigated. 
Extrapolation of data from experiments with solutions in water-reflected 
aluminum cylinders confirms earlier experiments which indicated that cylin- 
ders with diameters less than 5-l/2 in. w&d not become critical. A 
G-in.-dia water-reflected stainless steel cylinder containing a solution 
with a ratio of k-4.3 became critical at a height of ~8.4 cm. The results 
of experiments with unreflected cylinders indicated that 8.76 in. is very 
near the critical diameter of an infinite 

95 
high unreflected aluminum 

cylinder containing a solution with an H:U 35 atomic ratio of 44.3; the 
corresponding diameter of a stainless steel container is between 8.5 and 
8.76 in. 

The critical parameters of water -reflected vessels of anmlar cylin- 
drical. geometry were also studied. Single vessels were tested with the 
regions inside the annuli filled with water or air, with and without a 
cadmium lining. The critical parameters of solutions in “Y” and "cross" 
geometries. were also investigated. In a final group of experiments the 
neutron reflector properties of furfural, concrete, cwbon, and firebrick 
were compared with those of water. 

V 



A program to determine the critic&l conditions of aqueous solutions of 
uranium salts highly enriched in the U235 isotope was initiated in 1947. In 
the earlier experiments the critical parameters of solutions contained in single 
aluminum or stainless steel cylinders having diameters up to 20 in. were studied1 
and measurements were made with two individually subcritical cylinders so ar- 
ranged that the exchange of neutrons between them formed a critical ~ystem.~ 
Both of these studies have been extended and this report presents data for single 
aluminum cylinders having diameters up to 30 in.xnd for arrays of as many as 
seven interacting c linders. 
to 93.2s in the U 3 isotope, in aqueous solutions of uranyl fluoride at several 25 

The fissionable material used was uranium, enriched 

chemical concentrations. Three other sets of elrperiments with these solutions 
axe also reported here. In one set the critical conditions of solutions in cy- 
lindrical annular geometry were studied and in another a few measures of the 
neutron interaction between intersecting pipes were made. The fifth set of 
eqeriments investigated the neutron reflection properties of certain special 
materials. 

It is appropriate to point out that studies with solutionsof fissionable 
materials constitute a long range program of the ORNL Critical Experiments Iabo- 
ratory and that this is only one of a series of reports of the results. Although 
some of these data cover an essentially canplete section of the program, subse- 
quent reports in this series will certainly be supplementary. Many of the re- 
sults describe chain reacting volumes in simple geometry unencumbered by foreign 
materials and servt, therefore, as bases for cckparisons of reactor calculations 
8nd eqeriments. Sane of the other results will have value in empirical appli- 
cations to problems of nuclear safety, This report is a presentation of the 

data and includes no correlations with theoxyor references to particular 
problems. 

The variety of measurements incorporated in these experiments has made the 
assignment of limits of accuracy and precision difficult. Most of the as- 
s-lies were critical and the results are reported to the app.ropriate number of 
Significant figures. It was not possible to make some assemblies critical be- 
cause of inventory limitations or geometric restrictions. Estimates of the 
critical dimensions of the near critical ones from source-neutron multiplication 
moves with broad limits assigned appear in the data tabulations. These di- 
~118ions, incidentally, are probably lower than the true values in order not to 
overestimate the critical parmeters. 
notes appended to the data tabulations. 

Still other results are modified by foot- 

!I!!he measurements arc subject to the usual inaccuracies in the dimensions 
yielding the volumes of solution and in the sampling, chemical concentration, 
and specific gravity deteminations, each being estimated at about f 1s. !Phere 
are also uncertainties arising frown the structure of the test vessels, the effects 
of the vessel wall and the tubing through which the solution is admitted, for 
example, which have been cdrrected empirically. Errors In these corrections as 
great as 256 of themselves till not add significantly to the total error except 
in those cases where the critical heights are only a few centimeters. Tbc 
variations in the temperatures at which the experiments were perf'ormed did not 

1. Co LBeck et al., "Critical Mass Studies, Part III," K-343 (April 19, 19@). 
A. D, Cauihan-ii sl., 

2. A. D. Callihan et al., 
"Critical M&S Studies, Part VI" K-643 (June 30, 1950). 

-- "Critical MBSS Studies, Part IV," K-406 (Nov. 28, 1949). 
. 
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add greatly to the errors. !LFhe precision of individual dimensions is quite 
high, critical heights being readily reproducible, for example, to 0.01 in. 
In general an uncertakty of +3$ is assigned to the values of the parameters 
of the simple geometries which were made critical. In the experiments 
comparing, say, critical heights at various vessel spacings or with different 
reflectors, the relative values of parameters of interest are equally well known 
although the absolute values are not accurate since all the above corrections 
could not be made. 



I 9 CRITICAL PARAMETERS OF ENRICH& U235 SOLUTIONS 
IN INTEWCTII?G ARRAYS OF CYLINDERS 

The interaction of two cylinders containing highly enriched uranium 
solutions.was studied previously.3 In the series of experim&ts reported 
here the number of interacting cylinders was extended to seven. The 
parameters studied were: the effect of the separation distance, the 
effect of the number of cylinders, the effect of the geometry of the array, 
the effect of mapping the cylinders with cadmium, and the effect of water 
as reflector and moderator on the interacting system. Several combinations 
of these parameters were also studied. 

Experimental Material and Procedure 

The solutions used in these experiments had an H:Uz35 atdmic ratio of 
approximately 45, a moderation that gives minimum &itical volumes for reo 
fleeted systems. The solution wan contained in 6: and 8-in.-dia aluminum 
cylinders (O&O-in-thick walls) which 'in turn were placed in various 
arrangements inside a %rge'g&ft-dia by 10.f&high steel reflector tank 
as shown in Fig. lo A central cylinder remained stationary in the tank. 
Six other cylinders were mounted on a Unistrut frame 60 deg apart radially 
so that their positions- could be moved as required by the experiments. 
During some of the tests the cylinders were wrapped with 28.mil-thick 
cadmium sheet which was bent to fit the cylinders and drawn in snugly by 
loops of steel wire. Each of the cylinders was coated on the inside with 
Heresite for protection ag&inst corrosion. 

The solution was fed into the central cylinder of the array through a 
3-i%dia pipe which was connected to the pement solution storage tank. 
The pipe extended 12 in. from the floor of the tank to allow room for 
attaching six short sections of l-in.-dia pipe that were welded into the * * 
3-itiia pipe 60 deg 'apart radially. Each l-in.-dia pipe terminated at 
a flange to which a Saunders valve-was attached. One end of a double-walled 
Tygon tubing was then connected to a fitting attached to each valve and the 
solution was carried through the tubing to one of the movable cylinders. 
The nmber of cyliders used for a specific experiment was determined by 
the number of valves left open. . . 

The solution height in the central cylinder was measured by a rack- 
driven probe rod connected to selsyns. A small d-c potential in series with 
an indicator light ~8s used to determine probe contact with the solution. 

3e A. D, Callihanet'al., op, tit,, K-406. -- 

3. 
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Fig. 4. Typical Arrangement for Critical Experiments with Interacting Arrays of 
Aluminum Cylinders Containing Enriched U235 Solutions. 
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The signals from radiation monitoring instruments activated two different 
safety devices. tie was a 3-h. solution dump valve under the central cylinder; 
the other was a safety rod suspended by a magnet above the solution in the 
central cylinder (not shown in the'photograph). It was not believed necessary 
to have safety rods in the movsrble cylinders, even for experiments in which there 
was little or no interaction since during the addition of solution its height was 
always greater in the central cylinder. There was also a 3-U, section of pipe 
under the central cylinder which was equivalent to about 2 to 3 cm ok additional 
length on a 6-in* -dia cylinder. &nce, the central cylinder was always the most 
reactive. The source (not shown) was mounted so that when it was in the "in" 
position it was against the outside of the central cylinder near the bottom. 
Only one fairlystrongsource was used. Mechanical difficulties made it incon- 
venient to armnge adjustAble volumes of water in each of the interacting cylin- 
ders so in a.1 of the experiments reported in this section the solution was only 
partly reflected. 

In the initial stages of filling the cylinders it was necessary to manually 
drive out any air pockets frcxn the !Pygon tubing to prevent their causing subse- 
quent differences-in the equilibrium solution heights. After each addition of 
solution to the central cylinder, sufficient time was allowed for the levels to 
equilibrate. At criticality the reflector water height was adssted in order 
that the critical paxameters reported here be for arrays in which the water 
height is the same as that of-the solution. The separation of the cylinders was 
changed mammlly after the removal. of the fuel solution and the reflector water. 

~erimen-tt Results and Discussion 

BWonal d *im@ik (@'uil@teral) &rays. Figure 2 is a graph of the 
critical heightxthe solution in water-reflected (except at top) 6-in.-dia 
cylinders in both hexagonal and triangular arrays as a function of the outside 
edge-to-edge spacing of the cylinders in the arrays0 The value of the critical 
height of each array approaches the due of the critical height of a single 
cylinder at an edge-to-edge spaciizg of about 15 im* For the seven-cylinder 
array the effect of wrapping the cylinders with 28&l-thick cadmium sheets is 
alsoshown. tt!!he exkapobited curve for this array indicates that the critical 
height wouldbe infinite atan edge-tow spacing of about 2 in.' !&e values 
of +&e criti& height, as well as the other critical parameters, for the ~-IL- 
die cylinders are.listed in Table 1, 

!Phe critic&A solution height as a function of the edge-to-edge spacing for 
both hqonal and triangular arrays of watir-reflected 8-in,-dia cylinders is 
shown in Fig 3e Within the precieion of the experiments, the ccmmon critical 
height bee-es that of a single water-reflected 8-ti.aa cylinder at an edge- 
tc-edge spacing of &out 9 in. !l!!his separatioqis less than the corresponding 
dimension for 6-ir~.-dia cylinders, due possibly to the much greater end leakage 
from the larger cylinders~and the differences in geometry affecting the solid 
asgUs mutuaay sxibtended by the cylinders in each array0 When a single water- 
reflected 8-=ino-dia cylinder was cadmium wrapped it still beca&e critical, and 
the values of the critical heights of arrays of cadmium-wrapped water-reflected 
8-in.-~a cylinders amroach the value of the single cadmium-wrapped cylinder* 
at large edge-to-edge icings. All the crstical parameters of the 8-in,dia 
cylinders are summarized in !Mble 2. 

* No corrections were made to the results of interaction experiments for end 
effects due to the struclxqe of the cylinders or the feed line. Therefore, 
the critical. heights of single cyli*ers shown here for caxparison only do 
not agree with more accurate values t&dated 'elsewhere, 
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Nble 1. Critical Parameters of an Enriched U235 Solution Contained 
in 6-b. &a Aluminum CyUnders in Hexagonal and 

Triangular (Equilateral) Arrays 

Solution Concentration: 0.3473 g of U er g of solution; 
0.5 3 76 g of U 23 5 per cc of solution; 
H:U 35 atiwic ratio = 44.3 

Specific Gravity: 1.661 

Critical Height (in.) Critical Volume (liters) Critical bss (kg of U235) 
Edge-to-Edge Water- Water- Water- 
Spacing (in.) Reflected Unreflected Reflected Unreflected Reflected Unreflected 

Seven-Cylinder Hexagonal Array 

0.15 
1.0 
2.0 
30 l 

40 0 
60 l 

90 

12:o 
15.0 
24.5 

50 . 
54 l 

69 l 

92 

l2:2 
18.8 
25.9 
28.4 
28.9 
28.8 

- 
89 l 

13.0 
20.3 
33 f 2 

75* 
b 

b 

16.2 
17.5 
22.3 
29.0 
39*3 
60.8 
83.8 
91.9 
93.6 
93.1 

28.7 87 l 15.4 
42.0 94 
65.7 l2:o 

22.6 
35.3 

107 * 6 16.0 58 2 3 
7162 21.1 >87 

32.7 
45.1 
49.4 
50.3 
50.1 

Three-Cylinder Triangular Array 

0.15 70 
l2:3 

>70c 97 
17:o 

>97 52 l a52 
30 . b 91 . 

Seven-Cylinder Hexagonal Array, Cadmium-Wrapped 
oel5 81 

17:4 
10.3 26.1 33.2 14.0 17.8 

1.0 15.1 56.4 * 48.9 3o*3 26.3 
2.0 b 24.6 79*7 42.9 
30 l b >5* 
40 . b b 

Three-Cylinder !L!riangular Array, Cadmium-Wrapped 

1.0 b b 

a, Ektrapolation of a reciprocal source-neutron multiplication curve from a height of 
29 in. showed this system may be critical at a height greater than 50 in. 

be !Rxse vessels were filled to a height of at least 27 in. and the extrapolation of 
the reciprocal source-neutron multiplication curve indicates that they could not 
be made critical at any height. 

c. Extrapolation frm 53 in. 
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Pable 2. Critic81 Parameters of acll Enriched $35 Solution Contained 
in 8-in.-dia Aluminum Cylinders in Hexagonal 8nd 

Triangular (Equilateral) Arr8ye 

Solution Concentration: 0.3473 g of U 
23" 

r g of solution; 
0.5 

8 
6 g of U 
5 

5 per cc of solution; 
H:U 8tOJXliC ratio = 44.3 

Specific Gravity: 1.661 

Critical Height (in.) Critical Volume (liters) Critical Mass (kg of U235) 
Edge-to-Edge Water- water- water- 
Spacing (in.) Reflected Unreflected Reflected Unreflected Reflected Unreflected 

Seven-Cylinder Hexagonal Army 
0.15 
1.0 
2.0 
30 l 

40 0 

60 0 

90 
l2:o 

47 l 

50 l 

59 l 

70 l 

78 l 

87 l 

90 0 
M 

72 l 27.2 
85 29el 

10:1 34eO 
11.7 4Oe2 
13.2 45.0 
16.5 50.4 
22 f 2 51.7 

~258 - 

41.6 
49.2 
58.6 
67.8 
76.3 
95.4 

127 *12 
al45 

- -~ 
14.6 22.4 
15.6 26e4 
18.3 31*5 
21e6 36.4 
24e2 41.0 
27.1 51.3 
27.8 68 f 6 

- a77 
--- 

Three-Cylinder Triangular Array 

Oel5 
1.0 
2.0 
30 l 

40 l 

60 l 

90 l 

~~ 
57 l 10.7 14.2 26.4 14e2 
61 l 13.8 

76 l 

15.1 34.2 81 l 18.4 
70 l 17.8 17.2 44.1 
78 l 

93 
16.4 

23.7 
22 l 0 19.3 54.5 

84 
29.3 

l 27el 20,7 67.0 11.1 
89 l 42 f 1 

> 60~ 
22 .o 104 f 2 lleg 36.0 f 56 1 

m m >150 m -80 

0.15 
1.0 
2.0 
30 l 40 l 

60 l 

90 l 

~~~~ 
Seven-Cylinder Hexagonal Array, CkdmiumWr8pped 

62 l 77 l 36.0 

82 
44.5 19.3 23.9 

ll:2 
90 

10:5 
47.4 52.2 28.1 
64.5 

25.5 
60.6 

14.3 
34e7 

12.0 82e7 69.2 
32.6 

44.5 17.1 13.6 96.9 

16.9 

78.4 37@2 
42 l 2 

21 f 1 1.21*6 97.8 53.2 f 65 3 52.6 
2O+ 23.5 ~25~ -115 >144 62 a78 

Three-Cylinder Tri8ngular Army, CerlmjumWr8pped 

Oel5 
1.0 
2eO 
30 l 

40 l 

50 l 

60 l 

90 l 

10:8 84 14.6 11.7 

14.2 18.5 
17.1 22eg 
19.5 28e2 

22.1 43 35.2 f 1 
23.5 >55b 

20.7 
26.8 
35e2 
42.4 
48.2 

58’2 54 l 7 

28.9 
36.1 
45.6 
56.7 
69.9 
87.1 

-137 107 f 3 

11.1 15.5 
lke4 19.4 
18.9 24.6 
22.8 30*5 
25.9 37.6 

29.4 46.8 58 f 1 
31.3 s74 

8e ~trWO~tiOn of 8 ~OUrCf+IU!?UtrOn atiplication we fra 17 a, indiabe the 
eystem m8y be critical at 8 height as low a8 thcrt recorded. 

be mtmspolation fraa 39-lne height. 



Figure 4 shows the critical height of the solution in seven 6-ino-dia 
cylinders as a function of the edge-to-edge spacing for three reflector 
conditions: (1) unreflected, (2) cadmium-wrapped (no water), and (3) cadmi- 
urn-wra*d and water-reflected, It will be noted that, except for the near 
contact case, the critical heights for the cadmium-wrapped arrays were higher 
when surrounded by water. This makes it imperative to drain the fuel before 
draining the water. The eQerimenta1 data for this series of tests are 
tibulated in Table 1. 

The critical solution height of arrays of 8-in.-dia cylinders as a 
function of the edge-to-edge spacing with no, water present is shown in 
Fig.'- -5 l The data are plotted for both three and seven cylinders and show 
the displacement of the curve caused by the addition of four cylinders. 
Extrapolation of the data indicates that three cylinders would become infi- 
nite in hekght at about a p-in. edge-to-edge spacing, seven cylinders rem 
quiring about an 180in. spacing. 'wrapping the cylinders with cadmium in- 
creased the critical heights slightly for a given spacing. The critical 
parameters of these arrays of cylinders are presented in Table 2. * 

Straight-Line Arrays, Experiments with cylinders arranged in a 
straight line s also performed. The critical height of the solution in 
water-reflected 6-in.-dia cylinders in this arrangement Is plotted as a 
function of the nuniber of cylinders for'various edge-to-edge spacings in 
Fig. 6. It can be seen that the effect of adding more than three cylinders 
was very small for any edge-to-edge spacing. These curves also show that 
for an edge-to-edgespacing of 12 in. or more the cylinders Were essentially 
isolated f&m each other. The eqerimental data for these tests are tabu- 
lated in Table 3* 

The critical solution height of 8-in.-dia cylinders in line, both 
waker-reflected and unreflected, is plotted in Fig. 7. only three different 
edge-to-edge spacings were-used in order to indicate trends, Two unre- 
flected cylinders were subcritical at any height with edge-to-edge spacings 
greater than 3ino Five cylinders with a 15&x. spacing could not be made 
critical. The values of all the critical parameters for these experiments 
ax&given in Table 4. 

Triangula? (Isosceles) Arrays. One set of experiments was performed I~ in which three cylinders ere arranged so as to form an isosceles triangle. 
The dependence of the critical solution height on the position of one of the'--. 
base cylinders (i.e., the variation of the critical height with the-vertex 
angle, CL) of the triangle) was determined. The critical solution height of 
a water-reflected array df this type using 6-in.-dia cylinders is plotted in 
Fig. 8 for two edge-to-@&e spaciqp For the 3-in. spacing and an angle,w, 
of approximately 45 deg (see sketch' on Fig. 8), the two base cylinders were 
in contact, This accounts in part for the low critical height for that 
angle. For angles between 90 and 180 deg the position of the movable 
cylinder had little effect. The &ta fof the experiments with the &in,-dia 
cylinders are given in Table 5. 



45 

35 

15 

5 J 
0 1 2 3 4 

EDGE-TO-EDGE SPACING (in.) 

I I 

SEVEN , I 
6-in.-dia 
CYLINDERS 

H: U235 ATOMIC 
RATIO = 44.3 

I I 

- 

m UNREFLECTED 1 
1 

A WATER-REFLECTED AND 
CADMIUM-WRAPPED 

l CADMIUM-WRAPPED - 
(NO WATER) / 

Fig. 4. Critical Height as a Function of the Edge-to-Edge Spacing of 
Unreflected and Water-Reflected 6 - in.-dia Aluminum Cylinders 

Containing an Enriched U235 Solution: Hexagonal Arrays, 
W ith and Without Cadmium Wrapping. 
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Table 3. Critical Parameters of an Enriched U235 Solution 
Contained in 6-b. -dia Aluminum Cylinders 

in a Straight-Line Array 

Solution Concentration: 0.3473 g of U er g of solution; 
0.5 3 76 g of U 23 5 per cc of solution; 
HrU 35 atcznic ratio = 44.3 

Specific Gravity: 1.661 

No. of Edge-to-Edge Critical Height (in.) Critical Volume (liters) Critical Mass (kg of U235) 
Cylinders Spacing Water- Water- Water 
in Line (in.) Reflected Unreflected Reflected Unreflected Reflected Unreflected 

48 0 
61 # 
77 

11:1 

2 0.15 97 l 

3 0.15 81 l 

4 0.15 78 l 

6 0.15 74 0 

ii 89 
ll:3 

a 14.4 
a 20.6 

- 

81 
10:6 
13.6 
16.6 
19.7 

30 0 16.3 15.0 
30 0 14.2 19.7 
30 0 13.7 25.2 
30 0 13.4 30.9 
30 0 13.2 36.6 

2 
3 
4 
5 
6 

24.9 23.0 12.4 
23@3 32.4 17.4 
23.0 42.5 22.9 
22.6 62.7 33.7 

60 0 
60 0 
60 . 
60 0 

2 90 0 28.2 26.1 14.0 
3 90 0 27.8 38.6 20.8 
5 90 l 27.4 63.6 34.1 

3 12.0 28.8 40.0 21.5 

a. These vessels were filled to a height of at least-35 irk and the extrapolation of 
the reciprocal source-neutron multiplication curve indicates that they could not 
be made critical at any height. 
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Table 4. Critical Parameters of an Enriched U235 Solution 
Contained in 8-in.-dia Aluminum Cylinders 

in a Straight-Line Array 

Solution Concentration: 0.3473 g of U 

HrU 23 5 
2Se 

r g of solution; 
0.5 6 g of U 5 per cc of solution; 

atomic ratio - 44.3 

Specific Gravity: 1.661 

No. of ~e-to-~e Critical Height (in.) Critical Volume (liters) Critical Mass (kg of U235J 
Cylinders Spacing Water- Water- Water- 

in Line (in.) Reflected Unreflected Reflected Unreflected Reflected Unreflected 

2 

2 

3 

3 

4 

4 

0.15 

30 0 

0.15 

30 0 

0.15 

30 . 

0.15 

30 . 

15.0 

69 l 

83 0 

63 0 

82 0 

62 . 

80 0 

61 . 

80 . 

26.9 11.3 44.4 61 . 23.9 
a 13.8 - 74 a - 

18.0 15.6 44.6 84 0 24.0 

49 f 4b 20.4 l21k 10 11.0 65 f 5 

16.5 20.3 54.6 10.9 29.3 

38*2 26.4 J-25 *7 14.2 68 +, 4 

15.8 25.1 65.3 13.5 35.1 

31 k 1 32.8 128 f 4 17.6 6g f 2 

a - 

a. These two (five) vessels were filled to a height of at least 49 in. (24 in.) and 
extrapolation of the reciprocal multiplication curve indicates that they could not 
be made critical at any height. 

b. This height w&s derived from an extrapolation of a reciprocal multiplication curve 
frcm an experimental height of 40 in. and is purposely set low in order to not over 
estimate the critical dimensions. It may be that this system cannot be made critical 
at any height. 
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Ttible 5. Critical Parameters of an Enriched U235 Solution Contained in 
Three Water-Reflected 6-in.-tia Aluminum Cylinders Arranged in a 

Gemetry Describing an Isosceles Triangle 

Solution Concentration: 0.3473 Q of U r g of solution; 
0.5 6 g of u 
H:U 3 5 

2% per cc of solution; 
atomic ratio = 44.3 

Specific Gravity: 1.661 

Edge-to-Edge 
or 

h3P. 
Spacing Critical Volume Critical M3ss 

(in.) 
Critical Height 

(in.) (liters) (kg of u235) 

60 0.15 

90 0.15 

120 0.15 

180 0.15 

e 
39 

60 

90 

120 

180 

30 l 

30 0 

30 l 

30 l 

30 0 

70 l 

77 0 

80 0 

81 l 

92 l 12.8 69 0 

12.3 

14.1 

14.2 

14.2 

97 l 52 a 

10.6 57 l 

11.1 60 l 

11.3 61 0 

17.0 91 l 

19@5 10.5 

lg.6 10.6 

19.7 10.6 

a. See sketch on Fig. 8 for definition of Oc . 
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The critic& solution height of an array of 8-in.-dia cylinders, both 
qter-reflected and unreflected, is \shown in Fig. 9. AS would be expected, 
the dependence of the angular position of the movable cylinder is much 
greater for an unreflected array. The corresponding tabulated data for 
these arrays are presented in Table 6. 

It has been stated above that the nominally waker-reflected arrays of 
cylinders had no reflector above the level of the solution itself. T!he values 
of the critical heights are, therefore, larger than those of completely re- 
flected assemblies by a reflector-savings factor. Although no direct evalu- 
ation of this was made in these experiments, there is information indicating 
the reflector savings of water is about 3.5 cm (1.4 in.). The relative 
critical heights in various configurations of interacting cylinders are not 
strongly dependent upon this correction. 

The vessel spacings reported in this section were mea&e& between the 
outsYdes of the cylinderse The separation of adjacent solution columns is, 
therefore, greater by about 0.1.in. of &x&mm, the thickness of the 
cylinder walls, 
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Table 6. Critical Parameters of an Enriched U235 Solution Contained 
in Three 8-in-dia Ahuninum Cylindera Arranged in a 

Geometry Describing an Isosceles Triangle 

Solution Concentration: 0.3473 g of U 
23" 

r g of solution; 
0.5 

8 
6 g of U 
5 

5 per cc of solution; 
H:U atanic ratio - 44.3 

Specific Gravity: 1.661 

me-to-Edge Critical Hei6zht (in.) Critical Volume (liters) Critical Ikss (kR of U235) 

&Ii 
spaci 

(17 
Water- Water- Water- a n. Reflected Unreflected Reflected Unreflected Reflected Unreflected 

60 0.15 

90 0.15 

I20 0.15 

180 0.15 

45 30 l 

60 30 l 

90 30 l 

120 30 l 

180 30 l 

57 l 

61 l 

62 l 

63 l 

66 l 

78 l 

80 l 

80 l 

82 l 

10.7 14e2 

14.2 15.2 

16.7 15.4 

18eO 15.6 

24.6 

35.2 

41e4 

Ue6 

76 l 14.2 

82 l 18.9 

83 l 22,3 

84 l 24.0 

l6e4 16e4 40.5 88 l 21.8 

22.0 19.3 54.5 10.4 29.3 

28el lg.8 6ge6 10.7 37.4 

34.4 19.9 85.2 10.7 

49 f 4b 2Oe4 121 f 10 11.0 65 f 5 

a. See sketch on Fige 9 for definition of* . 
be This height was &rived from an extrapolation of a reciprocal multiplication curve 

from an eqerimental height of 40 in. and is purposely set low in order to not 
overestimate the critical dimensions. It may be that this system cannot be made 
critical at any height, a condition which would result in an asymptotic,approach 
of the curie in Fige 9 to S- me equal to or less than 180 (n, 



II. CRITICAL PMMETERS OF ENRICHED Uz33 SOLUTIONS 
INVEZWZISCI[FSIMPlX GEOMETRY 

The study of the conditions under which enriched $35 solut'ons contained 
in single aluminum and stainless steel cylinders become critical 5 has been 
extended so that data are now available for aluminum cylinders with diameters 
up to 30 in. Ekperiments were performed with unreflected cylinders and with 
cylinders that were either partially or totally water-reflected. The total 
water reflector was effectively infinite. The critical parameters for solutions 
in a few stainless steel cylinders and in aluminum containers that were square 
or rectan@.ar in cross section were also determined. In addition, an experi- 
ment was performed in which the solution was contained in a 9-in.-dia aluminum 
sphere. The chemical concentration of the UO2F2 solutions used in these experi- 
ments ranged from 331to 829 g U235/L, corresponding to H:U235 atomic ratios of 
74.6 and 27.1, respectively. 

The results of these experiments are summarized in Table 7* The data have 
been reported in preliminary form previously5 and it should be pointed out that 
some disccepancies can be observed among the tabulations@ Attempts have now 
been make to incorporate in these data the most acceptable values of the chemical 
concentrations and the corrections to observed critical dimensions arising from 
structural pecularities of the experimental equipanente These latter modifi- 
cations are largely the results of some recent experiments. 

A plot of the critical height as a f'unction of the diameter of the total- 
ly water-reflected aluminum cylinders containing a solution with an H:U233 
ratio of 27.1 is shown in Fig. 10. Two points from the earlier experiments4 
are included to give a more ccanplete picture. The corres onding curve for 
unreflected cylinders containing a solution with an H:U 3 atomic ratio of 44.3 d 
is also shown. 

The variation of the critical mass with the diameter of totally water- 
reflected ahuninurr; cylinders containing a solution with an H:U235 atcmic ratio 
of 27,L is shown in Fig. 11. Again two points are taken from the earlier 
experiznents a ' There is an insufficient amount of data to obtain similar plots 
for a$xninum CJ,,~ - rT4r2dex con"t;air?Mg soPdtions with atomic ratios of 74.6 and 
44.3. It is to be noted, however, that a 6-in,-dZa water-reflected stainless 
steel cylinder could not be made critical with a solution having a ratio of 
74.6 while it became critical at a height of ~8.4 cm with a solution having 
a ratio of ti.3. 

The variation of the critical mass with the diameter of unreflected alumi- 
num cylinders containing solutions with H:U235 a-c ratios of 27 .;I, k3 and 
73.5 is shown in Fig. 12. The H:U233 r ti a o of 73.5 is an average of 72.3, 73.4, 
and 74.6, the concentrations actually used in the experiments, and the measured 
masses were plotted without adjust&t to this average concentration. 

4. C. K. Beck et al., 2. cit., K-343. -- 
5. A. D. Cat & u., ORNb1926, p. 2 (Aug. 23, 1955) kclassifi&d 

ORAL-2081, p. 61 (Nov. 5, 1956) Unclassified 
* A &ibsequent elrperiment showed that a 5-l/2-in.-dia aluminum cylinder 

containing a solution with an H:U235 atcznic ratio of 44.3 was subcritical 
at a solution height of 90 in. . 
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Sble 7. Critical Parameters of Enriched $35 Solutions 
inSimple Gemetry 

Solution Concentration Critical Values 
Solution Container and Size H:U235 g of $35 Height Volume Mass 

Atomic Ratio per cc ( > Qp (liters) (kg of 335) 

Totally Water-Reflected 

AlulIlinum 
60in. -dia cylinder 
6.5-tn.&a cyuer 
lo-in. -dia cylinder 
15.in.-dia cylinder 
30,in.-dia cylindera 

27.1 0.8288 89,3 16.25 13.47 
44.3 0.5376 38.7 8.28 4.45 
27.1 0.8288 12.4 63 l 52 0 

27.1 0.8288 77 88 
27.1 0.8288 5:o f 1 2218 f 4.6 

73 
1819 f 3.8 

44.3 0.5376 4.8 f 1 21.9 f 4.6 11.8 f 2.5 
72.4 0.3423 5.5 f 1 25.1 f 4.6 8.6 f 1.6 

13.5 f 2.2 
6.0 * 1.4 
5.5 * 0.9 

3.20 

J-l.59 

27.1 0.8288 6.3 +, 1 16.3 f 2.6 
44.3 0.5376 4.3 f 1 11.1 f 2.6 
72.4 0.3423 6.2 f 1 16.0 f 2.6 

20 x 20 in. square in cross 
sectio+ 

9 -in.-dia sphere , 47.3 0.5061 6.32b 

Stainless Steel 
60in .-dia cylinder 44.3 0.5376 1.1.8.4 

74.6 0.3314 C 
21.55 

Partially Water-Reflectedd 

Aluminum 
6-in .-dia cylinder 
7.5,in.-dia cylinder 
8-in.aa cylinder 

10.in.-dia cylinder 

44.3 0.5376 75.0 13.65 7.34 
44.3 0.5376 25.7 7.32 3.93 
44.3 0.5376 23.6 7.67 4.12 
72.4 0.3423 23.3 7.57 2.59 
72.4 0.3423 16.7 8.48 2m 
73.4 0.3370 16.8 8.53 2.87 

15-in.-dia cylinder 74.6 0.3314 12.0 
20-in.-dia cylinder 72.4 0.3423 10.6 
30-in.-dia cylinder 72.4 0.3423 92 l 

30 x 60 in. in cross sectlone 57.0 0.4240 84 0 

45 0 

73 
14'4 
41.5 l 

13.7 
21.5 
42.0 
97.9 

No Reflector 
Aluminum 

8.76.in.-ltia cylinder 44.3 0.5376 219 85.2 45.8 
g+in.-dia cylinder 44.3 0.5376 44.4 20.3 10.9 
lo-in.&ia cylinder 27.1 0.8288 38.9 lg.8 16.4 

44.3 oe5376 35.1 17.8 96 0 
73.4 oe337o 33@7 17.1 58 l 



25 

Table 7. (continued) 

No Reflector (continued) 

Aluminum 
12.in.-dia cylinder 
&in. -dia cylinder 

20&n .-dia cylinder 

30.in.-dia cylinder 

20 x 20 in. square in cross 
section 

Stainless Steel 
85 0 -in. -dia cylinder 
9-in.-dia cylinder 

44.3 
27.1 
44.3 
74.6 

27.1 0.8288 15.8 32.0 26.5 
44.3 0.5376 15.0 '30.4 16.3 
73.4 0.3370 15.2 30.8 10.4 

44.3 0.5376 13.7 62.5 33.6 
72.4 0.3423 13.9 * 0.5 63 * 2 21.6 * 0.7 

27.1 0.8288 15 k 1 3-3 32 t 2 
72.4 0.3423 14.3 36.9 12.6 

66.0 0.4ooo f 
74.6 0.3314 59.0 24.3 

0.5376 
0.8288 
0.5376 
0.3314 

23.2 16.9 
18.5 21.1 
17.9 20.4 
16.8 19.2 

91 
17'5 
ll:o 

64 0 

81 . 

8. 

b. 

c. 

d. 
e. 

f. 

The accuracy of the results of these critical volumes is unusually poor for the following 
reasons: vessels of these dimensions were difficult to level in order to assure that the 
lower surface of the liquid was horizontal and that the liquid-level measuring device was 
properly "zeroed"; it was difficult to simultaneously measure the position of the upper 
liquid surface and properly locate the top reflector in contact with that surface; the 
uncertainty in the effect on critical height of the thick container bottom plate affected 
significantly the measurements in slab-like volumes. 
Sphere lacked 80 cc being full; the data extrapolate to a critical mass and concentration 
of 3.09 kg of U235 and 0.483 g U235/cc (H&35 = 49.9) in a full sphere of capacity 6.4 L. 
atrapolation of the reciprocsl source neutron multiplication curve from 143.7 cm indi- 
cates that this cylinder will not be critical at any height. 
No top reflector. 
All of the aluminum vessels except this one were coated internally with Heresite, a resin 
containing no strong neutron absorbing elements. This one was coated with Unichrome, a 
polyvinyl plastic containing about 30$ Clby weight. This result may be too high by as 
much as 54 because of the neutron absorption by the chlorine. 
Extrapolation of the reciprocal multiplication curve from 203 cm indicates that this 
cylinder will not be critical at any height. 
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Fig. 41. Critical Mass us a Function of the Diameter of Single Water-Reflected Aluminum Cylinders 
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Sane of the above data are replotted in Fig. 13 which shows the critical 
height of totally water-reflected cylinders as a function of the4H:U235 atomic 
ratio of the solution with a few points from earlier experiments included for 
completeness, From this plot it appears that the solution yielding the minimum 
critical volume in water-reflected cylinders has a concentration expressed by an 
H:U235 atanic ratio of about 45. Corresponding critical height and critical mass 
data for unreflected cylinders are shown in FQs. 14 and 15, respectively. The 
curves of Fig. 14 show the concentration yieldi 

7 
minimum critical volumes in 

unreflected cylindrical geometry to have an H:U2 5 ratio in excess of 50." 

Frost these measurements of the critical parameters of aqueous solutions it 
is possible to set rather narrow limits on the diameter of the smallest unre- 
flected cylinder which can be made critical with a solution of optimized concen- 
tration. It is reported in Table 7 that a stainless steel cylinder 8.5 in. in 
diameter can not be made critical. Since aluminum is a less effective reflector 
in these thicknesses, it can be said, a priori, that an 8.5.in.-dia aluminum 
cylinder cannot be made critical. It is also reported that an 8.76.in.-dia, 
219.cm-high aluminum cylinder is critical with a solution at an H:U235 of 44.3? 
A stainless steel cylinder of this diameter would be critical at an even lower 
height. Therefore, the minimum critical unreflected cylinder diameter for either 
material is between 8.5 and 8.76 in. 

The bottom of the aluminum vessels used in these experiments was fabricated 
from 0.5.in.-thick plate and affected the results measurably. This plate served 
as a partial reflector in a nominally unreflected system and decreased the ef- 
fectiveness of the water in a reflected system. Estimates of these effects were 
made in a series of experiments with several cylinders and solution concentrations 
in which critical heights were measured as a function of the plate thickness with 
and without the water reflector. From an extrapolation of these measurements a 
+0.4 cm correction was determined for the unreflected cylinders and a -0.7 cm 
correction for the reflected ones. It was also shown that these corrections were 
relatively insensitive to cylinder diameters and to solution concentrations within 
the ranges studied in these experiments. Typical results are shown in Table 8 
and Fig. 16. These corrections have been applied to the data reported above. 

Table 8. Critical Heights of an Enriched U235 Solution 
Contained in a 300in. -dia Aluminum Cylinder with 
Various Bottom Plate Thicknesses 

Plate Thickness 
(in.) 

Critical Height (cm) 
Unreflected Water Reflected 

(H:U235 = 331)a (H:U235 = 44.3) 

05 
1’0 0 

15.9 55 0 
15.5 59 a 

1'75 15 l 15.2 0 

- 
61 0 

a. These data frcnn a later group of experiments. 
* Recent experiments have established a value of 66 k 3. 
* A later experiment shows this height to be 158 cm at an H:U235 ratio of 66. 
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III. CRITICAL PARAMETERS OF IZNRICHED U-5 SOLUTIONS 
IN ANNULAR GEOMEZRY 

A few experiments have been performed to investigate the critical 
parameters of fissionable solutions in vessels of annular cylindrical geometry. 
Vessels of several diameters were fabricated from type 2s aluminum tubing 
(l/l6 -in.-thick walls) so that any two could be canbined, thus allowing vari- 
ations in the thickness of the annulus. The annuli were filled with a solution 
which had a concentration corresponding to an H:U235 atomic ratio of about 73. 
Additional variations of the experimental conditions were effected by altering 
the contents of the inner cylinders of the assemblies. The variations included: 
(1) leaving the inner cylinder empty, (2) filling it with water, (3) lining it 
with a sheet of cadmium 0.02 in. thick, and (4) both lining it with cadmium and 
filling it with water. Assemblies were tested-with and without a water reflector 
on the sides and bottom; no reflector was~=~~~ed.~above..the solution. , 4.. _. .._-. . . __ ..-m. .--*>.-a------ 

The results of these experiments are summarized in Table 9. The approach 
to infinity of the critical heights of solutions contained in annuli with outside 
diameters of 8, 10, 15, and 20 in. is shown as a function of the inside diameters 
in Fig. 17. These annuli were reflected with water except on the top and con- 
tained water in the inside cylinder. The critical mass of solutions contained 
in annuli having outside diameters of 10 in. is plotted in Fig. 18 as a function 
of the inside diameters for various materials contained in the inner cylinders. 
The contents of the inner cylinders were air, cadmium, and the cadmium-water 
combination. These annuli also had an effectively infinite water reflector 
except on the top. 

The bottom plates of the annular containers were 0.5~in,-thick aluminum 
and introduced scmwhat of a perturbation since, as noted in the preceding 
section, they served as a partial reflector in the nominally unreflected experi- 
ments and decreasing the effectiveness of the water in the others. Since no 
account of these effects has been taken in reporting the data in Table 9, each 
critical height is, from Fig. 16, in error by about 0.5 cm - those of reflected 
experiments being too high and those without reflector being too low. Another 
irregularity in these particular experiments is the absence of water above the 
surface of the otherwise reflected annuli making, of course, the reported 
critical heights too large by soitne reflector savings, about 3.5 cm for water. 
Any cosnparison of these data with calculated dimensions must, therefore, recog- 
nize this factor and same uncertainty in it. 
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Table 9. Critical Parsmeters of Enriched $35 Solutions 
in Cylindrical Annular Geooletry 

Solution Concentration: 
H:U235 attic ratio: 72.4 73.4 74.6 
g of u 25 r g of solution: 0.2576 0.2553 0.2523 
g of u per cc of solution: w5423 0.3370 0.3314 

Specific Gravity: 1.425 1.416 1.411 

Outside Inside 
Diameter Diameter H:U235 Critical Values 

of Assembly of Assembly Contents of Atomic Height Volume IbS 

(in.) (in.) Inside Cylinder Ratio (cm> (liters) (kg of U235) 

Annulus Surrounded by Effectively Infinite Water Reflector (Ekcept Top) 

72.4 24.0 7.8 2.66 
72.4 27.1 8*3 2.83 
72.4 50.0 12.2 4.18 

73.4 17.5 
73.4 17.8 
74.6 23.8 
74.6 64.1 
74.6 a+;F' 
74.6 27.6 
74.6 76.8 
74.6 20.4 
74.6 31.9 
74.6 a 
74.6 20.5 
74.6 45.4 
74.6 8 

8.9 
8.7 

10.1 
20.9 
10.2 
11.8 
25.0 
10.0 
13.6 

1o:o 
19.4 

3.00 
2.92 
3.36 
6.93 
3.37 
3.90 
8.30 
3.30 
4.52 

- 
3.31 
6.43 

74.6 12.7 14.4 4.79 
74.6 12.9 14.4 4.77 
72.4 13.9 14.9 5.11 
74.6 16.0 15.3 5.08 
72.4 21.0 17.1 5.87 
72.4 41.6 26.3 9.01 
74.6 13.3 15.0 4.95 
74.6 17.5 16.8 5.56 

72.4 11.3 22.9 7.83 
72.4 11.4 22.8 7.79 
72.4 12.6 23.3 7.96 
72.4 16.4 24.9 8.51 
72.4 44.3 39.3 13.4 

8 0 
2 
4 

Hi0 1 

10 0 
2 
4 
6 
2 
4 
6 
2 
4 
6 
2 
4 
6 

Hi;0 

1) 
Air II 

0 
2 
4 
6 
8 

10 
2 
6 

15 

0 
2 
6 

10 
15 

20 
Hi0 *t 

1I 

1? 

No Reflector 

16.9 5.70 
24.2 8.01 

128 42 
34.1 11.3 
67.4 22.3 

Air 73.4 74.6 
H20 74.6 
Cd 74.6 

H20 + Cd 74.6 
99 74.6 

33.3 
49.6 

3mb 
70.0 

138.2 
a 

10 0 
2 
4 
2 
2 
4 

16.4 18.8 6.21 
17.6 19.7 6.52 
29.9 28.7 9.50 
17.0 19.1 6.33 
25.2 24.2 8.01 
18.0 20.2 6.69 
33.2 31.9 10.6 
18.2 20.4 6.76 
54.3 52.1 17.3 

Air 

11 
HO i; 
Cd 

ft 
Hz0 + Cd 

If 

74.6 74.6 

74.6 
74.6 
74.6 
74.6 
74.6 
74.6 
74.6 

15 

a. These annuli would apparantly have been subcritical even at infinite height, a 
conclusion based on an extrapolation of the reciprocal neutron multiplication from 
a solution height of at least 120 cm. 

b. Extrapolated fran an experimental height of 142.5 cm. 
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IV. CRITICAL P- o[F EXXRICHED U235 SOLUTIONS IN CYLINDRICAL 
6O-deg t'Y" and w-deg "CROSS" GEOmY 

A few experiments have been performed to investigate the critical 
parameters of intersecting pipes. The three sizes' of pipes investigated 
were made of 4-, 50, amd 7.5.in.-dia type 2s Winum tubing (1/16-in,- 
thick walls) coated on the inside with a plastic. The two ty-pes of inter- 
sections investigated were: (1) the intersection of one pipe by another at 
a 6O-deg angle to form a "Y'," and (2) the intersection of two pipes at 
90 deg to form a "~ross.'~ The four 'ramsM of the cross and three arms of 
the Y were each at least 24 in. long, measured from the center of the 
intersection, The solutions used had concentrations corresponding to H:U235 
atomic ratios of 44.3, 72.4, and 73.4. Experiments were performed with an 
effectively infinite water reflector on the sides and bottom of the test 
vessel and also with no reflector. 

In these experiments the cross or Y was positioned in a vertical plane 
in a g.5-ft-dia taa.k which could be filled with water, and the solution was 
introduced through a 24n.-dia pipe into the bottom, or end, of one of the 
2-ft-long arms. The results of these experiments are presented in Table 10, 
These data show that a solution with an H:U235 atomic ratio of 44.3 was 
critical in a 5-in.-dia re'flected cross when the solution was about 14.6 cm 
above the intersection of the center lines, while it could not be made 
critical in a completely filled &in.-dia reflected cross even with a concen- 
tration approximately that required for a minimum critical volume, On the 
other hand, this same solution was not critical in ti unreflected 7&in0- 
dia cross when the solution was as high as 66 cm above the intersection of 
the center lines, and it probably could not be made critical at any height. 
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Table 10. Critical Parameters of Enriched $35 Solutions in Cylindrical 
. 6Odeg "Y" and 90.deg "Cross~' Geometry 

Solution Concentration: 
H:U235 atomic ratio: 44.3 72.4 73*4 
g of U 235 er g of solution: 0;3473 0.2576 0.2553 
g of u per cc of solution: 0;5376 0.3423 0.3370 

Specific Gravity: 1.661 1.425 1.416 

Diameter H:U235 Critical 
of Cylinders Atomic 

(in.) 
Height 

Geometry Ratio ( > cma .' 
Effectively Infinite Water Reflector Except at Top of Solution 

4 Cross 44.3 b 

5 Cross 44.3 14.6 
73.4 19.8 

5 Y 73.4 39.6 

No Reflector 

5 Y 73.4 b 

5 Cross 73Jr. b 

75 a cross 44.3 b 
72.4 b 

a. Above the intersection of the center lines. 
b. Extrapolation of the reciprocal source-neutron multiplication curve 

from an observation taken at least 36 cm above the intersection of the 
center lines indicates that this vessel will not be critical at any 
height. 



V. NEXJTRON REIFLEETOR PROPEBTIES OF CELRTAIN MATEKLALS 

A few critical experiments have been performed to determine the rela- 
tive effect of certain neutron reflector materials on the critical parameters 
of cylinders. Containing hfghly enriched uranium solutions. In particular, 
the neutron reflector properties of furfural, concrete, graphite, and 
firebrick have been compared with those of water. The experiments with the 
last two materials were performed primarily to determine the relative effective- 
ness as a reflector of graphite backed with firebrick, as may be used in certain 
uranium casting operations. Although these experiments were limited in scope 
and serve more as a qualitative guide, they have proved useful in nuclear safety 
considerations. The results reported have not been corrected for vessel 
structure, the absence of part of the reflector, etc,, since they are intended 
to show. only relative effects of various arrangements of materials. 

tieriments with Furfural 

The comparison of the relative effectiveness of furfural and water as 
reflectors was made by determining the critical parameters of an enriched 
uranium solution contained in a 10.in.-dia aluminum cylinder which was succes- 
sively reflected by the two materials. The solution had a U235 concentration 
of 0.3370 g/cc, corresponding to an H:U235 atomic ratio of 73.4. The critical 
height of the solution was measured as the thickness of the'f'urfural or the 
water on the sides of the cylinder was varied stepwise by using up to four 
concentric aluminum annular Qans'* as containers for the reflector on the 
lateral surface of the solution container. 'These cans had l/16-in.-thick walls 
and were 0.88 in. wide, inside, so the addition of each around the solution 
added a reflector increment consisting of 0.12 in. aluminum and 0.88 in. of 
liquid, 

The critical parameters of the furfural-reflected solution, as well as 
those of the unreflected and the water-reflected solutions, are summarized in 
Table 11 where the reflector thickness is expressed as the amount of liquid . 
present in each case. A plot of the critical height as a function of the 
reflector thickness (Fig. 19) shows that water, which has a hydrogen density 
2.4 times that of furfural (C4H3OCHO), is more effective as a reflector than 
furfuralup to a thickness of approximately 3.5 in. At greater thicknesses 
the two materials are essentially alike. 

Experiments with Concrete . 

The effectiveness of concrete as a neutron reflector was measured by 
determining the critical mass of an enriched'uranium solution contained in a 
9-in.-dia stainless steel cylinder as a function of the distance fra the 
cylinder to a 4 x 4 x l/2 ft thick concrete wall. The solution had a U235 
coticentration of 0.3314 g/cc, corresponding to an H:U235 atomic ratio of 
74.6. The concrete wall consisted of blocks of shielding concrete having a 
density of 2.14 g/cc. For one special experiment a 12-in.-thick concrete wall 
was placed adjacent to the cylinder and for another the 6-in.-thick wall, 
placed adjacent to the cylinder, was flooded with water. 
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Table 11. Critical Parameters of an Enriched U235 Solution 
Contained in a lOain.-dia Aluminum Cylinder Reflected 

on the Side by Water or firfural 

Solution Concentration: 0.3370 g of u235 per cc of solution; 
H:U235 atomic ratio = 73.4 

Reflector 
Thickness 

(in.) 
Height 

bd 

Critical Values& 
Volume 

(liters) 
Mkss 

(kg of u2q 

No Reflector 

34.2 17.4 5.85 - 

Reflected with Water 

0.88 24.7'. 12.6 4.23 

1.75 21.4 10.9 3.66 

2.63 20.3 10.3 3 i.47 

3.50 20.0 10.1 3.42 

Reflected with Furfural 

0.88 26.0 13.2 4.46 

1.75 22.7 ll.5 3.88 

2.63 21.0 10.7 3.60 

3.50 20.1 10.2 3.44 

a. No correctiqns for vessel structure, etc. have been made to the observed 
data since the purpose of the experiment was a comparison of reflector 
materials. 
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The resul%.s of all the experiments are summarized in Table 12. A plot 
of the results (Fig. 20) shows that little interaction occurred after the 
edge-to-edge separation distance was increased to about 24 in. 
concrete wall thickness (i.e., 

Doubling the 
from 6 to 12 in.) increased the critical mass 

by about 2.5% when the wall was adjacent to the reactor. A comparison of the 
critical height of the water-reflected cylinder without the concrete wall with 
that of the water-reflected cylinder with the 6-in.-thick concrete wall immersed 
in the water adjacent to the reactor indicates that there is no significant 
difference between concrete and water as a neutron reflector under these con- 
ditions. 

Experiments with Carbon and Firebrick 

The variation of the critical mass of an enriched uranium solution,with 
the type and thickness of a reflector material placed against the bottom of a 
20.in.-dia aluminum cylinder containing the solution was investigated. The 
solution had a U235 concentration of 0.8288 g/cc,' corresponding to an H:U2% 
atomic ratio of 27.1. The reflectors consisted of carbon and/or firebrick 
and/or water in various laslinated arrangements. S 

In one series of experiments, carbon (ranging in thickness from 0.5 to 
5.5 in.) was placed against the bottom of the cylinder and was backed by 
0.5- to 5.5.in. thicknesses of firebrick. The critical parameters determined 
in this series are listed in Table 13. The variation of the critical mass 
withthe firebrick thickness for three different thicknesses of carbon b'&ween 
the ‘cylinder and the firebrick. is shown in Fig. 21, and the variation of - 
critical mass with the thickness of ctirbon (no firebrick) &djacent to the 
bottom of the cylinder is shown in Fig. 22. . 

In another series of experiments this same general procedure was re- 
peated for firebrick backed with water, for carbon backed with water, and for 
water backed with carbon. In each case the carbon and firebrick were submerged 
in water. In addition, an e=i'-peA.ment was perfozned with carbon backed I+tith 
both firebrick and water. (This particular experiment was designed to obtain 
some idea of the effect on the critical mass of the charge in a casting furnace 
consisting of graphite backed with firebrick which may have become saturated 
with water from a broken line.) Experiments were also performed with wet 
firebrick only and water only against the bottom of the cylinder. A plot 
shoxing the variation of the critical mass with the thickness of a water re- 
flector between the reactor and a constant thickness of carbon (5.5 in.) which 
is moved back stepwise is shown in Fig. 23? It can be seen that, up to about 
0.5 in., replacing carbon with water decreases the critical mass, since water 
is a better mod&ator. After about 0.5 in., however, the greater absorption 
of water morzths;n compensates for the increased moderation, and the critical 
mass rises again.. 

* The dashed portion of the curve is a scmewhat arbitrary extrapolation 
of the data, 
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Table 12. Critical Parameters of an Enriched U235 Solution 
Contained in a 9-in.-dia Stainless Steel Cylinder 

Reflected by a Concrete Slab 

Concrete Density: 2.14 g/cc 
Solution Concentration: 0.2523 Q of U er g of solution; 

0.3 2 14 
HrU 35 

g of U 8 5 per cc of solution; 
attic ratio = 74.6 

Specific Gravity: 1.411 

Distance Between Concrete Critical Values 
Concrete and Cylinder Thickness Height Volume Mass 

(in.) (in. > (cm> (liters) (kg of u-5) 

CD - 59.0 24.3 8.05 

0.0 6 41.3 17.0 5.64 

60 l 6 52@3 21.6 7.14 

12.0 6 56.5 23.3 7.71 

18.0 6 58.0 23.9 7@92 

24.0 6 58.5 24.1 7.99 

0.0 12 40.3 16.6 5.50 

Reflected with Watera 

0.0 6 20.6 8.47 2.81 

00 - 20.7 8.53 2.83 

a. In these experiments there was no reflector on top of the cylinder of 
solution. 
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Table 13. Critical Parameters of Enriched U235 Solutions 
Contained in a 200in.-dia Aluminum Cylinder Reflected 

on the Bottom with Carbon Backed with Firebrick 

Solution Concentration: 0.4416 g of U er g of solution; 
0.8288 g of U 23 5 per cc of solution; 
H:U235 atomic ratio = 27.1 

Specific Gravity: 2.013 

Critical Values 
Reflector Thickness (in.) Height Volume M&ss 
Carbon Firebrick (4 (liters) (kg of u2q 

15.4 25.9 

25.5 

25.1 

24.5 

31@3 

30.8 

30.3 

0 0 

0 05 0 

0 2.0 
A . 

0 55 0 

15.2 

15.0 

14.6 29.6 

14.8 24.8 29.9 

20.1 

28.5 

05 0 0 

05 a 2.0 

05 l 55 0 

14.4 

14.1 

24.1 

23.6 

14.3 28.9 23..9 

13.9 28.2 23.3 

13.8 28.0 23.2 

1.0 0 

1.0 2.0 

1.0 

13.4 27.2 22.5 2.0 0 

25*7 21.3 35 l 0 12.7 

55 0 0 12.3 24.9 20.6 

a0 Second order corrections for vessel structure have not been made to these 
results since the purpose of the experiment was to compare reflector materials. 
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!l!able 14. Critical Parameters of Enriched. U235 Solutions 
Contained in a 20-in.-dia Aluminum Cylinder Reflected 
on the Bottom by Firebrick and/or Carbon and/or Water 

Solution Concentration: 0.4416 g of U er g of solution; 
0.8288 g of u 235 per cc of solution; 
H:U235 atomic ratio = 27.1 

Specific Gravity: 2.013 
~~ -~-~ - ~ - 

Reflector Thickness (in.) -Critical Values& 
Height Volume Mass 

Firebrick Carbon Water ( 1 cm (liters) (kg of U235) 

Firebrick Backed with Water 

1 0 6 12.3 25.0 20.7 
2 0 6 12.4 25.1 20.8 

Wet Firebrick Onlyb 

2 0 0 13.4 27.2. 22.6 

Water Only 
- -~- - ~- ~- -- ~ ~ - -~~ ~- 

0 0 6 12.1 24.5 20.3 

Carbon Backed with Firebrick Backed with Water 

1 1 6 11.8 24.6 19.9 

Carbon Backed with Water 

0 3 6 11.3 22.9 19.0 
0 55 0 6 10.9 22.1 18.3 

Water Backed with Carbon 

0 55 l 0 10.9 22.1 18.3 
0 55 0 0.25 10.8 21.9 18.2 
0 55 0 05 
0 55 0 0'75 

10.7 21.7 18.0 

1'0 0 
lag 22.1 18.3 

0 5 l 5' 11.0 22.3 18.5 

a. Second order corrections for vessel structure have not been made to these 
results since the purpose of the eqeriment was to compare reflector materials. 

b. Only case in which the entire reflector was not submerged in water. 
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