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Experiments have been perfoi-nned to deteraisle the caaditions under 
which aqueous solutions of" urmi~rm enriched t o  93*2$ i n  the $35 isatGpe 
' e m  be ma&. c r i t i c a l .  
vwj ing  betiwen 27,l t o  74,6? Were contaiwd both i n  wn."cer~seflected and 
uureflected aluminum 07: stairJess steel cylinders wkth and without e&ium 
wrappings- 
interact ing arrays of seven, vessels,, 

The solutions, which had BrUZ35 atanic ratios 

The exprirrrents wried f3pa the use of a single vessel to 

I n  one group of' experiaents, a;rrays aS a i t . n u m  e;rJlind.ers having 
$'parallel axes and containing tz soltlcuion w i t h  an H:U235 atmic =ti0 of 
k&.3 were tested, In  these i'r; was Smnd t h a t  n hexagonal army of seven 
(one i n  the center) wztter-refleet@d, e&mim-wrappd &in e -dia cylinders 
would be subc r i t i ca l  a t  m y  solu-%ian height with an edge-to-edge spacing 
of %be cylinders greater than 2 i n ,  
8-in.-dia cylinders rrzquized a spacing of abou% 10 i n ,  
%in, -&is cylinders arranged i n  the try of an eqwilateral trimg3.e 
Yequired an edge-ts-edge spacing or" about 9 in ,  
wrapped B-in.--dia cylinder becme c r i t i c a l  a.t; a height, of aypl-oximsbte.ly 
24,5 in. Water-reflected 6-1~1 -dia cyLinders arranged i n  s t ra ight- l ine 
arrays were ef fec t iue ly  i so la ted  at eQe-l;o-edg;e spacings greater than 
12  i n ,  Two unmflected 8-in.-dia cylinders required n sp%,clng of 3 in, 
t o  remain subc r i t i ca l  a t  any height. When three ~~Aer-reflee'ced 8-in.= 
dia cylinders were arranged i n  8x1 isosceles-triangle geomtry-, it w a s  
fmnd t h a t  the ccmmn c r i t i c a l  height was essen%.iaUy c o n s h t  far vertex 
angles greater than 90 deg, 
angular dependence iras much greater in an Lmreflec%ed systsena, 

h similar array of mmflec%ed 
Three unreflected 

A m%er-mflectgd cadmium- 

A s  sJould be expected, it WBS found t h a t  the 

In a second group of experiments the c r i t i c a l  pai-aeterB of solutions 
contained i n  s ingle  alumSnum and stainless steel cylinders were inves'cigated, 
ExArapolation of &atn from experiments wit.h soluticms i n  m k r - r e f l e c t e d  
aluminum cylinders eonfirms earlier experiments which indjcated that cylin- 
ders with diameters less than 5-1/2 in,  would not became c r i t i c a l .  
6-in, -&ia wate1:-r&iE:ctea s t a in l e s s  steel cylintfer containing a solut ion 
with a r a t i o  o f  44-3 becane c r i t i c a l  at a height of ~ 1 8 ~ 4  m, 
of eqeriments w i t h  unreflected cylinders indicated that  8,76 i n .  i s  very 
near the c r i t i c a l  diameter uf m i n f i n i t e l  

corresponding diameter or" ik s t a in l e s s  steel container i s  between %,5  and 
3.76 i n ,  

A 

The resu l t s  

high unreflccted aluminum 
cylinder containing a. solution with an H:U B 35 atomic r a t i o  of 44-34 the 

The c r i t i c a l  pen-me'cers sf water-=.eflectcd mssels of w k i l a r  eylin- 
&*ical geometry were a h o  studied. 
regions inside the  annuli. f i l l ed  with aater 31" aTr, with and without 8 
cadmium lining* 
geometries were a l so  investdgated. 
neutron r e f l ec to r  properties of furfuraf_, concrete, carbon, f i rebr ick  
were campared with those of water. 

Single vessels were tested wi%h the 

The c r i t i c a l  parameters of so3iu't;ions i n  "Y" and *'CPOSS" 

In 8 final group of experiments the 





I P ~ O D U C T I  OK 

A program t o  determine the c r i t i c a l  condTtions of aqueous solutions of 
uranium salts highly enriched i n  the Uz35 isotope was i n i t i a t ed  i n  1947. 
the e w l i e r  experiments the c r i t i c a l  parameters of solutions contained in single 
aluminum o r  stainless sLeel cylinders having diameters u.p to 20 in.  were studied1 
mid measurements were made with two individually subcr i t ica l  cyl-inders so ar- 
ranged that the exchange of neutrons betmen them formed a c r i t i c a l  system.' 
Both of these studies have been extended m d  this report  presents data for single 
aluminum cylinders having diameters up t o  30 in;and f o r  arrays of as many as 
seven interact ing c l indem, The fissionable material  used w s  uraniwn, enriched 
t o  9-j.Zqb i n  the U Z 3 5  isotope, i n  aqueous solutions of uranyl f1uorid.e a t  several 
cliemical concentrations, ikree other sets of experiments w i t h  these solutions 
are also reported here. 
kind-rical annular geometiy were studied and in another a few measures of the 
neutron interac.t;ion between intersecting pipes were made. 
experiments investigated the neutron re f lec t ion  properties of cer ta in  special  
materials. 

In 

I n  one set the critical conditions of solutions i n  cy- 

The fifth s e t  of 

It is  appropriate t o  point out t h a t  s tudies  with solutions of fissionable 
materials const i tute  a long range program of the OWL, Cr i t i ca l  Experiments h b o -  
ralory and t h a t  t h i s  is only one of a series of reports of the resu l t s .  Although 
some of these data cover an essent ia l ly  complete section of the program, subse- 
quent reports i n  t h i s  se r ies  will cer tainly be supplementary. 
sul'cs describe chain reacting volmes i n  simple geometry unencumbered by foreign 
m-t;erials and sesve, therefore, as bases f o r  cornparlsons of reactor calculations 
and experiments. 
cations t o  problems of nuclear safety.  
data and includes no correlations with theory or references t o  par t icu lar  
prciblm . 

Many of the  re- 

Same of t h e  other r e su l t s  will have value i n  empirical appli-  
This report  i s  a presentation of the 

The var ie ty  of measurements incorporated i n  these experbents  has w i l e  t he  
assignment of l i m i t s  of accuracy and precision d i f f i c u l t .  
senblies were c r i t i c a l  and the results are reported t o  the appropriate number of 
significant f igures .  
cause of inventory l imitat ions o r  gemet r l c  r e s t r i c t ions  e 
c r i t i e d .  Clbensions of the n e w  w i t 2  cal ones from source-neutron multiplication 
cui-res with broad l 3 ~ i . l ; ~  assigned appear in the data  tabulations. These d i -  
mensions, incidentally, are probably lower than the true values in order not t o  
overestimate the c r i t i c a l  parameters. 
notes apFended t o  %& data tabuladibas. 

Host of %he as- 

It was not possible to &e some assemblies c r i t i c a l  be- 
Estimates of the 

S t i l l  o ther  r e su l t s  a re  modified by foot- 

The measu~ements are subject t o  the usual inaccuracies i n  the d-imensions 
yielding the volumes of solution and i n  the  sampling, chemical concenlratzon, 
and specific gravity determinations, each being estimated a t  about k l$. There 
are also uncertainties a r i s ing  from the s t ructure  of the test  vessels, the effects 
01 the vessel  w a l l  and the tubing through whrich the solution is admitted, f o r  
example, which have been corrected empiricaEly. Errors i n  these corrections as 
great  as 25$ of themselves will not add s i g n i f i c m t l y  t o  the t o t a l  error except 
i n  those eases where the c r i t i c a l  heights a r e  only a T e v  centimeters. 
var ia t ions i n  the  temperatures at, which the experiments =re performed did not 

1. C, K e  Beck e t  ax., "Cr i t ica l  Mass Studies, P a r t  111," K-343 (April 19, 1949). 

2 ,  A, D. Gallihan ct; g., "Cr i t ica l  Mass Studles, Part IV," K-406 (Rov. 28, 1949) e 

The 

A .  D. Callihan 2*, "Cr i t ica l  Mass Studies, Par t  V," #-643 (June 30, 1950). 
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2 

add greatly to the errors. Tbe precision of individual dimensions is  qui te  
high, c r i t i c a l  heights being readi ly  reproducible, f o r  example, t o  0.01 i n .  
In general an uncertainty of +-3$ is  assigned t o  the values of the parameters 
of the simple geometries which Were made c r i t i c a l ,  
comparing, say, c r i t i c a l  heights a t  various v e s s e l  spacings or w i t h  d i f fe ren t  
reflectors, the re la t ive  values of parmeters  of i n t e re s t  are equally well known 
although the  absolute values are not accurabe since a l l  the above corrections 
could not be made. 

I n  the experiments 



"The interaclion of t w o  eyl-inders contairiing highly enriched uranium 
solutions* was studied previously .s 
here the n@er of i n k r a c t i k  cylinElefs was exten&ed to seven, %e 
parm&ers studied were: the effect 0% the  separation distance, %he 
e f fec t  of the number of cyllnders, the effect 02 the geometry of %he array, 
the effect  of m p p i n g  the cylinders with cadmium, and the effect  of water 
&s reflector and moderator on the in'serac%ing system e Several combinations 
of these parameters were  also studied. 

In the series of eqerimknts reported 

The solutions used i n  these exper'iments had an B:'ts235 a%;omIc r a t i o  of 
approxi.m&e~y 45, a aoaeration t h a t  gives s9ini;azm ci*i-tieal volwaea far re- 
flected systems. The solution ms eon%a%ned i n  6: and 8-in.-dia aluminum 
cylinders IC, .O6O-in -%hick walls ) which i n  t u rn  were placed i n  various 
amangeaen-bs inside a large 9 e5-P~-&a by lQ-ft--h%@;h steel reflector tank 
8s shown in Fig. I. A cent ra l  cylinder remained s t a t iomry  i n  the tank. 
Six o t b r  cylinders m ~ e  n~mted 0x3. a U f i i s l m t  frame 60 deg a p r t  radially 
so that %heir posit ions could be moved as required by the experiments, 
Ikur5ng same of the tes ts  the cylinders were wrapped w i t h  28-~~i i -%hick  
cawwna sheet which was bent to fit tbe ?yLEnElers arid drawn in saugly by 
loops ai steel wir:. 
Eeresite fo r  protection against  co~rosio2. 

Each UT %he cyl:in?.ers - i s  caa%e& on the inside wjth 

"he solution heigh% i n  the central  cylinder was measured by a rack- 
A small &-c po%en%ial 2n series with &riven probe rcd conriected Lo selsyns. 

an indlcal:,or light was. used to determine probe contiIiet with the s s lu+"  d10E a 
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The signals from radiation monitoring instruments activated two d i f fe ren t  
safety devices. 
the other was a safety rod suspended by a magnet above the solution i n  the 
cent ra l  cylinder (not shown i n  the photograph), 
t o  have safety rods i n  the  movable cylinders, even f o r  experiments i n  which there 
was l i t t l e  o r  no interact ion since during the addition of solution i ts  height was 
always greater  i n  the central  cylinder. 
under the  central  cylinder which was equivalent t o  about 2 t o  3 UTI oi additional 
length on a 6 - i n . d i a  cylinder. Hence, the central  cylinder was always the  most 
reactive. 
posi t ion it was agailist the outside of the  cent ra l  cylinder near the bottom, 
Only  one f a i r ly s twngsource  was used. 
venient t o  arrange adjustable volumes of water i n  each of the interact ing cylin- 
ders so i n  a l l  of the experiments reported i n  t h i s  section the  solution was only 
partly reflected.  

One was a 3-in. solution dump valve under the central  cylinder; 

It was not believed necessary 

There was also a 3-h-  section of pipe 

The source (not shown) was mounted so that when it was i n  t he  "in" 

Mechanical d i f f i c u l t i e s  made it incon- 

In the i n i t i a l  s tsges  of f i l l i n g  the cylinders it was necessary t o  manually 
dr ive out any air pockets from the Tygon tubing t o  prevent their causing subse- 
quent differences i n  the equilibrium solution heights. 
solution t o  the  central  cylinder, suf f ic ien t  time was allowed f o r  the leve ls  t o  

After each addition of 

equi l ibra te ,  A t  c r i t i c a l i t y  the r e f l ec to r  water height was 
that the c r i t i c a l  parameters reported here be f o r  arrays i n  
height is  the same as tkt of the solution. The septwation 
changed manually a f t e r . t h e  removal of the f u e l  solution and 

adjusted i n  order 
which the water 
of the cylinders was 
the re f lec tor  water. 

l3xpximenta.l Results and Discussion --- 
IEexagoazal - and Triangular (;EQuilateral) Arrays. Figure 

c r i t i c a l  height of the solution i n  water-reflected (except a t  top) 6 - in .d i a  
2 is a graph of the 

cylinders i n  both hexagonal and t r iangular  arrays as a function of the  outs idt  
edge--to-e&ge spacing of the  cylinders i n  the arrays.  The value of the c r i t i c a l  
height of each array approaches the value of the  c r i t i c a l  height of a single 
cylinder at  an edge-to4dge spacing of about Pj in6 For the seven-cylinder 
array the e f f e c t  of wrapping the  cylinders w i t h  28-mil-thick cadmium sheets is 
also shown, The extrapolated curve f o r  t h i s  array indicates that; the c r i t i c a l  
height would be i n f i n i t e  a t  an edge-to-edge spacing of about 2 in.  me values 
of the c r i t i c a l  height, as w e l l  as the other c r i t i c a l  parmeters ,  for the  6-in.- 
dia cylinders are l isted i n  Table 1. 

The c r i t i c a l  solution height as a function of the edge-to-edge spacing f o r  
3o%h hexagonal an& t r iangular  arrays of water-reflected 8-in.-dia cylinders is 
shown i n  Fig. 3. Within the precision of the experiments, the common c r i t i c a l  
height beccasles that of a s ingle  water-reflected 8 - i n . d i a  cylinder at an edge- 
'cc-edge spacing of about 9 in. This separation i s  less than the corresponding 
dimension f o r  6-in.-dia cylinders, due possibly to the much greater  end leakage 
from the la rger  cylinders and the differences i n  geometry affect ing the so l id  
aagles mutually subtended by the cylinders i n  each array. When a single water- 
ref lected 8-in,-dia cylinder was cadmium wrapped it s t i l l  became c r i t i c a l ,  and 
the values of the c r i t i c a l  heights of arrays of cadnium-wrapped water-reflected 
8 - i n . d i a  cylindez-s approach the value of the s ingle  cadmium-wrapped cylinder.  
a t  large edge-to-edge spacings. 
cylinders are summarized i n  Table 2- 

A l l  the c r i t i c a l  parameters of the 8 - i n . d i a  

* go corrections were made t o  the  r e su l t s  of interact ion experiments f o r  end 
e f f ec t s  due t o  the s t ructure  of the cylinders or the feed l ine .  
the c r i t i c a l  heights of single cylinders shown here f o r  capa r i son  only do 
not agree with more accurate values tabulated elsewhere. 

Therefore, 
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Containing an Enriched U 235 Solution: Hexagonal and Triangular 
(Equilateral) Arrays, with and without Cadmium Wrapping. 
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Table 1. Cr i t i ca l  Parameters of an Enriched U Z j 5  Solution Contained 
i n  6 - i n . d i a  Aluminum Cylinders i n  Hexagonal and 

Triangular (Equi la teral)  Arrays 

Solution Concentration: 0.3473 g of U er g of solut ion;  
0.5376 Q of U2% per cc of solution; 
H:U235 atomic ra t io  = 44.3 

Specific Gravity: 1.661 

C r i t i c a l  Height ( in . )  Cri t ical  Volume ( l i t e r s )  C r i t i c a l  piicass (Q of ~ 2 3 5 )  
mge -to - m e  Water - Water- Water - 
Spacing ( i n .  ) Reflected Uni-ef1ected Reflected Unreflected Reflected Unreflected 

Seven-Cylinder Hexagonal Ari-ay 

0.3.5 
1.0 
2 .o 
3.0 
4 .O 
6.0 
9.0 

1 2  .o 
15.0 
24.5 

5 .o 
5.4 
6.9 
9.2 

12.2 
18.8 
25.9 
28.4 
28,g 
28.8 

8.9 
13 .o 
20.3 
33 ?r 2 

7 5@ 
b 

16.2 28 * 7 
17.5 42 " 0  
22.3 55.7 
29.8 107 f 6 
39.3 162 
60.8 
83.8 
91.9 
93.6 
93.1. 

8.7 15.4 
9.4 22.6 

12 .o 35.3 
16.0 58 2 3 
21.1 ;=- 87 
32.7 
45.1 
49.4 
50.3 
50.1. 

Three -Cylinder Triangular Array 

0.15 7.0 == 70' 9.7 > 97 
3.0 12.3 b 17 .o 

5.2 .> 52 
9.1 

Seven-Cylinder IIexagonal L-ray, Cadmium-Wrapped 

0.15 8.1. 1.0.3 26.1 33.2 14 .Q 17 .a 
1.0 17.4 15 .I 56 .% h8,g 30.3 26.3 

3.0 b 50a 
2 - 0  b 24.6 79.7 42.9 

4 -0 b b 

Three -Cyli.nder Ti-iangu;uLnr Array, CclaTnium-Wi-ap-ged 

a, liktrapolation of a reciprocal source-neutrun multiplic&.ion curve fron a height of 
29 i n ,  showed this system may be c r i t i ca l  at  a height greater than 50 i n .  

b. These vessels i iere f i l l e d  t o  a height of a t  least 27 in .  and the 5xtrapolation of 
the reciprocal  sow-ce-neutron mult ipl icat ion curve indicates tha,t they could not 
be made cr i t ica l  at  any height. 

c. Extrapolation f r a m  53 in .  
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Table 2 .  Crit ical  Parmeters of an Enriched $35 Solution Contained 
i n  8 - i n . d i a  Alunoinum Cylinders i n  Hexagonal and 

T r i a n g u l a r  (Equi la teral)  Arrays 

Solution Concentration: 0.3473 e; o f  U r g of solution; 
0.5 6 g of per cc of solution; 
H:U 23 5 atomic ratio = 44.3 

Specific Gravity: 1.661 

C r i t i c a l  b i g h t  ( in .  ) C r i t i c &  volume ( l i t e r s )  Cri t ical  ~ s e s  (Q of u235) 
Edge - to - w e  Water- Water - Water- 
Spacing ( in .  ) Reflected Un.reflecAkd Reflected Unrefleckd Reflected Unreflected 

Seven-Cylinder IEexagoml Array 

0.15 4.7 7.2 27.2 41.6 14.6 22.4 
1.0 5 .o 8.5 29.1 49.2 15.6 26.4 
2.0 5.9 10.1 34.0 58.6 18.3 31.5 
3 -0 7.0 n . 7  40.2 67.8 21.6 36.4 
4 .O 7.8 13.2 45 -0 76.3  24.2 41.0 
6 .o 8.7 16.5 50.4 95.4 27.1 51.3 
9 .0 

12 .o 
22 * 2 51.7 a27 9 1 2  2’7.8 68 t 6 - - r 145 - -’ 77 ==. 25a 

9 .o 

Three-Cylinder TrimguLal- Array 

0.15 5.7 10.7 14.2 26.4 7 06 14.2 
1.0 6.1 13.8 1s .l 34.2 8.1 18.4 
2 .o 7 .o 17 .a 17 “2 44.1 9.3 23-7 
3 .o 7.8 22 .o 19.5 54.5 10.4 29.3 
4.0 8.4 27.1 20.7 67 .0 ll.l 36 .o 
6 .o 0.9 42 +- 1 22 .o 104 f 2 11.9 56 f 1 - - >150 - >80 9.0 3 60b 
- 

Seven-Cylinder Bexagom1 Arrey, Cadmium-Wrappd 

0.15 6.2 7 97 36 .o 44.5 19.3 23.9 
1.0 8.2 9.0 47.4 52.2 25 *5 28.1 
2 .o 11.2 10.5 64.5 60.6 34.7 32.6 
3.0 14.3 12 .o 82.7 69.2 44.5 3 7  *2 
4.0 17.1 13.6 98Q9 78.4 53.2 42.2 
6 .O 2 1  f 1 16.9 1 2 1  +- 6 97 08 65  2 3 52.6 
9.0 20323.5 >25a -, ll? >144 62 ;-78 

Three-Cylinder Triarrlgulsr Array9 C&ium-Wrappd 

0.15 8.4 11.7 20.7 2a.g u.1 15.5 
1.0 10,B 14.6 26.8 s.1 14.4 19-4 
2 .o 14.2 18.5 35 92 45.8 1s.g 24.6 
3.0 17 .I 22.9 42 “ 4  56 -7 22 .% 30.5 

28.2 48.2 69.9 25 -9 37.6 - - 87.1 .m 46.8 
4.0 19.5 
5 *o 35 -2 

9.0 23.5 >55 58.2 > 137 31.3 3 7 4  
6.0 22.1 43b* 1 54.7 107 f 3 29-4 58 1 1 

a. Extrapolation af a source-neutron mult ipl icat ion curve from 17 in .  indicates the 

b. Extrapolation from 39-in. height. 

I 

systm lnsy be c r i t i c a l  at a height, 88 low as that recorded. 
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Table 3. Cr i t i ca l  Parameters of an Enriched U235 Solution 
Contained in  6 - i n . a i a  Aluminum Cylinders 

i n  a Straight-Line Array 

Solution Concentration: 0.3473 g of U er  g of solution; 
0.5376 g of U2 5 5 per cc of solution; 
H:U235 atomic r a t i o  = 44.3 

Specific Gravity: 1.661 

No. of Edge-to-Edge Cr i t ica l  Height (in.) Critical. Volurne ( l i ters) Cr i t i ca l  Mass (kg of U235) 
Cylinders Spacing Water- Water - Water - - 
i n  Line ( i n . )  Reflected Unreflected Reflected Unreflected Reflected Unreflected 

2 0.15 
3 0.15 
4 0 -15 
6 0.15 

2 3.0 
3 3.0 
4 390 
5 3 .o 
6 3.0 

2 6.0 
3 
4 
6 6 .O 

6 .o 
6 .o 

2 9 .o 
3 9.0 
5 9 .O 

3 12.0 

- 
a 

9.7 

7.8 a 
7.4 a 

8.1 

16.3 
14.2 

13.4 
13.7 

13.2 

24.9 
23.3 
23.0 
22.6 

28.2 
27.8 
27.4 

28.8 

8.9 
u . 3  
14.4 
20.6 

15 .o 
19.7 
25.2 
30.9 
36 -6 

23.0 

62 .‘I 
26.1 
38.6 
63.6 

32.4 
42.5 

40 .O 

4.8 - 
6.1 
7.7 

11.1 

8.1 
10.6 
13.6 
16.6 
19.7 

12 .4  
17.4 
22.9 
33.7 

14.0 
20.8 
34.1 

21.5 

a. %ese vessels were filled. t o  a height; of at; least.35 in .  and the extrapolation of 
tne reciprocal source-neutron multiplication curve indicates that they could not 
be made c r i t i c a l  at  any height. 
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Table 4,  Cr i t ica l  Parameters of an Enriched $35 Solution 
Contained i n  8-in. -dia Uuminum Cylinders 

i i i  a Straight-Line Array 

Solution Concentration: 0.3473 g of U per g of solution; 
0.5 o g of ~ 2 3 5  per cc of solution; 
H:U gf 5 atomic r a t i o  = 44.3 

Specific Gravity: 1,661 

N~~ of &ge-to-E%e Cr i t ica l  Height ( in . )  Cr i t i ca l  Volume ( l i t e rs )  Cr i t ica l  Yass (kg of U235.) 
Cylinders Spacing Water- Water- Vater- 

i n  Line (in*) Reflected Unreflected Reflected Unreflected Reflected Unreflected 

2 0.15 6 - 9  26.9 1.1 I 3 44.4 6.1 23.9 

2 3.0 8.3 a 13.8 I 7.4 .. 

3 0.15 6.3 18.0 15.6 44.6 8.4 24 .O 

3 3 .o 8.2 49 I bb 20.4 121. 3 10 11.0 65 * 5 

4 0.15 6.2 16.5 20.3 54.6 10.9 29.3 

4 3.0 8.0 3 8 5 2  26.4 125 -c 7 14.2 68 f: IC 

5 0.15 6.1 15.8 25 .1  65.3 13.5 35 *1 

5 3.0 8.0 31 * 1 32.8 128  t 4 17.6 69 * 2 

- 5 15 .o a - I 

a. These two ( f ive)  vessels were f i l l e d  t o  a height of a t  l ea s t  49 in.  (24 in . )  and 
extrapolation of the reciprocal multiplication curve indicates that they could not 
be made c r i t i c a l  a t  any height. 

b .  This height was derived from an extrapolation of a reciprocal multiplication curve 
from an experimental height of 40 in .  and i s  purposely set  l o w  i n  order t o  not over 
estimate the c r i t i c a l  dimensions. It may be tha t  t h i s  system cannot be made c r i t i c a l  
a t  any height. 
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Table 5. Cr i t i ca l  Parameters of an Enriched U235 Solution Contained i n  
Three b?a%er -Ref l e  cted 6-in. -dia A l u m i i i m  Cylinders Arranged i n  a 

Geometry Describing an Isosceles Triangle 

Solution Concentration: 0.3473 g of U er g of solution; 
0.5 6 g of $95 per cc of solution; 
H:U 23 5 atomic ratio = 44.3 

Specific Gravity: 1.661 

Edge - to  -Edge 
OT Spa. c ing Critical Height Cr i t i ca l  Volume Cr i t j ca l  b s s  

(dee>" (in. 1 ( i n . )  ( l i t e r s  ) gkg of u235) 

60 

90 

120 

180 

39 

60 

90 

120 

180 

0.15 

0.15 

0.15 

0~15 

.o 

7.7 

8 .O 

8.1 

9 02 

12.3 

14.1 

14.2 

14.2 

9.7 

10.6 

11.1 

11.5 

12.8 

17 .o 

19.5 

19.6 

19 - 7  

5 * 2  

5 97 

6 .o 

6.1 

6 09 

3.1 

10.5 

10.6 

10.6 

a. See sketch on Fig. 8 for definition of d. 



The c r i t i c a l  solution height of an array of 8-in, -dia cylinders, both 
water-reflected and unreflected, i s  ,shown i n  Fig. 9.  A s  would be expected, 
the dependence of the angular posit ion of the movable cylinder i s  much 
greater  fo r  an unreflected array. The corresponding tabulated data f o r  
these arrays are presented i n  Table 6 .  

It has been stated above that the nominaXly water-reflected arrays of 
cylinders had no re f lec tor  above the l eve l  of the solution i tself .  
of the c r i t i c a l  heights are, therefore, larger than those of completely re- 
f l ec t ed  assemblies by a reflector-savings factor .  Although no d i r ec t  evalu- 
a t ion  of t h i s  m s  made i n  these experiments, there i s  illformation indicating 
the re f lec tor  savings of water is about 3.5 cm (1.4 in .  1. 
cri”cica1 heights i n  various configurations of interact ing cylinders are not 
strongly dependen% upon t h i s  correction. 

The values 

The relative 

The vessel spacings reported i n  t h i s  section were meas’ured between the 
outskies of the cylinders. The separakion of adjacent solution columns is, 
therefore, greater by about O.l,in. of aluminum, the thickness of the 
cyllnder walls. 
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Table 6. Critical Parameters of an Enriched U235 Solution Contained 
in Three 8-in-dia Aluminum Cylinders Arranged in a 

Geametry Describing PA Isosceles !Priangle 

Solution Concentration: 0.3473 g of U er g of solution; 
0.5 6 g of U255 per cc of solution; 
H:U 33 5 atomic ratio = 44.3 

Specific Gravity: 1.661 

%e-to-Ed@e Critical Heidt (in. 1 Critical volume (liters) Critical MEISS (kg of u235) 
ex Spaci Water - Water - Water - 

(in? Reflected Unreflected Reflected Unreflected Reflected Unreflected 

60 

90 

120 

180 

45 

60 

gs 

E O  

180 

0.15 

0.15 

0.15 

0.15 

3.0 

3 *o 

3 .o 

3 .0 

3.0 

5.7 

6.1 

6 .2 

6.3 

6.6 

7.8 

8.0 

8.0 

8.2 

10.7 

14.2 

16.7 

18.0 

16 -4 

22 .o 

28.1 

34.4 

49 +- 4b 

14.2 

15.2 

15.4 

15.6 

15.4 

1-9.3 

1-9.8 

19.9 

20.4 

24.6 ‘I .6 

35.2 8.2 

41.4 8.3 

44.6 8.4 

40.5 8.8 

54.5 10.4 

69.6 10 .‘I 

85.2 3.0.7 

121 k 10 11.0 

14.2 

18.9 

22.3 

24.0 

21.8 

29.3 

37 04 

34d31j.G s” 
€55 5 

a. See sketch on Fig. 9 for definition o f -  . 
b. This height was derived from an extrapolation of a reciprocal. multiplication curve 

frm &n experiraental height of 40 in. and is purposely set low in order to not 
overestimate the critical dimensions. It m y  be that this system cannot be made 
critical at any height, a condition which would result in an asymptotic approach 
of the curve in Fig. 9 to some cs&Wa%e- equal to OS less than 180 Sa; 

- 4  I d\ [&ta 4 4/24 (7,) 



The study of .t'le conditions under which enriched $35 soluk'ons contained 
i n  single alminum mi3 s ta in less  s t e e l  cylinders become c r i t i c a l  I; has been 
extended so that data are now availa,ble far aluminum cylinders w i t h  diameters 
up to 30 in.  Brperirnents were perfanned w i t h  u.nrefle@tec% cylinders ma with 
cylinaers %ha% were e i ther  p a r t i s U y  or t o t a l l y  mter-ref lected,  The total 
water ref lector  was effec-tively inf in i te ,  The e r i t i c a l  paraaete~s POP solutions 
i n  a Pew s-t;9llnles;s steel cylinae1-h; an3 i n  alirmiaurn containers that, were square 
or rectanguhr i n  cross section were a180 &etzminefk, Tn da i t i sn ,  m experi- 
ment was perfomed i n  which the solution was contained i n  a 9 - i n . 4 i a  aluminum 
sphere. 
ments l-cnged from 331 ' to 829 g U235/~, corresponding t o  ~ $ 3 5  &mknic ratios of 
74.6 and 2 ~ ~ 1 ,  respectively. 

The chenicab concentration of the U@F2 salu-kions used i n  these experi- 

The results o f  these exyerimeats are su-rized i n  Table 7. The data have 
been repoped i n  preliminary form prevlouslyy and it should be pointed out that 
some dip@repian@ies e m  be observed among the Woulstions. 
been made t o  incoqomte  i n  these data %he most aeceptabh? values of the chemical 
eoneentra*tions and the corrections t o  observed cri%ical dimensions ar is ing Trm 
s t ruc tura l  pecularikjes of Vfie expesimenkal equipen% 
erz-';ions are .brgely the resvd-ts o f  some recent e:qe?-imnts, 

Attempts have now 

These la%%:er aodi f i  - 

22 
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Al.llDliZlU33 

6 -in e -dirt cylinder 27.1 0.8288 89.3 16.25 13 47 
6.5 -in. -dia cy11 aaet- 44.3 0 5376 38.7 8.28 4.45 
IO-in. d i a  cylinder 27.1 0,8288 a2,4 6.3 5 *2 
1$-in -dia cylinder 27 "1 0.8288 '9.7 8.8 7.3 
30-in, -dia c y l i d e +  27.1 0.8288 5.0 ?r a. 22.9 a- 4.6 18,g 3.8 

11 J.k L 3 Q 53T6 4,8 t L 2s.g t 4.6 n.8 t 2.5 
72.4 0,3423 5.5 -I 1. 25.1 f 4.6 3-6 * 1.6 

20 x 20 in .  sqaarc? i n  cross 27 a 1. 0 8288 G.3 t- L 16.5 +- 2-6 1.3.5 P 2.2 
4.3  2 I 11,~ 1: 2 .6  6.0 c 1.14  

72 -4  0 0 3425 6 2  +_ 1 16.0 t- 2 A  5.5 * 0.9 sectior@ 44.3 0 = 5376 

g-in.-dia sphere 47.3 0 . 5 6 7  6.  +J 3.20 

d Padrt:i ally Mater .-Re:Fl.ected 

Aluminus0 

6-in, d i a  cylinder 44 ./ 5 0 5376 75.0 13.65 7m% 
7.5 -in. &La cylinder a 4 . g  0 5376 29 97 7-52 3-93 

10-in e -&a. cylinaer 72 -4 0.3423 16.7 8.48 2.9 
73.4 0.3370 16.8 8.53 2 .@ 

l 5 - i ~ ~ .  -dia cyliii&er 74.6 0.3314 12 .o 13.7 4 .$ 
ZO-in.-dTa cylinder 72 -4  0.5423 10.6 2l-5 7.3 
30-in. -&ia cylinder 72 * 4  0.3B25 9.2 42.0 14.4 
30 x 60 in, in cross sectione 57.0 0.4240 8.k 97.9 41.5 

8-in. -dia eyLinder 4J.t.g 0 5576 23.6 7 *67 4.12 
72.4 0.54.23 23.3 '4.57 2.59 

PI0 Reflector 
-.- ._._-..__ __I_^. 

Aluminum 
8.76-in. d i a  cy l ides  44.3 0.5376 219 85.2 45.8 
9.5-in.-di~: cylinder 44.5 0.5376 44.4 20.3 10.9 
10-in a -dia cylindeii. 27.1 0.8288 38.9 lg*8 16.4 

Itlc.3 0 5376 35.1 a7,8 9.6 
73.4 0 5370 33.7 17*1 5 .a 



Table 7. ( continued) 

No Reflector (continued) 

Aluminum 

12 -in. -dia cylinder 44.3 0.5376 23.2 16.9 9.1 

44.3 0 - 537376 17.9 20.4 11.0 
74 .6 0.3314 16.8 19.2 6.4 

20-in.-dia cylinder 27.1 0.8280 15,8 32.0 26.5 
44.3 0 a 5376 15.0 30.4 16*3 

1 5 - i n . d i a  cylinder 27.1 0.3288 aR,5 21.1 17.5 

73.4 0 3370 15.2 30.8 10.4 

3 0 - i n . d i a  cylinder 44.3 0.5376 13 7 62.5 33.6 
72.4 0.3li.23 13.9 1; 0.5 6 3  ? 2 21.6 -fr 0.7 

20 x 20 in .  square i n  cross  
sec t ion  27.1 0.8288 1 5  L 1 38 k 3 32 * il 

72.4 0.3423 14.5 56.9 12 -6 

S t a i  rile s s Stee 1 
8.5-in.-dia cylinder 66.0 0.4000 f 
g-in.-dia cylinder 74.6 0.3314 59.0 24.3 8.1 

a. Tbe accuracy of the r e s u l t s  of these c r i t i c a l  volujoles i s  unusually poor f o r  t h e  following 
reasons: vessels  of these  dimensions were d i f f i c u l t  t o  level. i n  order t o  assure  t k a t  the 
lowcr surface of the l i q u i d  was hor i zon ta l  and t h a t  t h e  l iqu id- leve l  measuring device w2ps 

properly llzeroedl'; it was d i f f i c u l t  t o  sirnultmeously measure t h e  posi t ion of t h e  upper 
l i q u i d  surface and properly loca te  the  top  r e f l e c t o r  i n  contact with t h a t  anrface; the 
uncertainty i n  the  e f f e c t  on c r i t i c a l  height of t n e  th ick  container b a t t m  p l a t e  a f f ec t ed  
s i g n i f i c a n t l y  the measurements i n  s lab- l ike  volumes 

b. Sphere lacked 80 cc being f u l l ;  t h e  data extrapolate  t o  a c r i t i c a l  mass and concentration 
of 3.09 kg of $35 and 0.483 g U235/cc (H:U235 = 49.9) i n  a f u l l  sphere of capacity 6.4 L, 

c. Extrapolation of the rec iproca l  source neutron mul t ip l i ca t ion  curve from 143.7 cm ind i -  
cates  t h a t  t h i s  cylinder w i l l  not be c r i t i c a l  a t  m y  height.  

a. No top r e f l e c t o r .  
e. A l l  of t h e  aluminurn vessels  except t h i s  one were coated i n t e r n a l l y  with Beresite, a r e s i n  

containing no s t rong neutron absorbing elements. 
polyvinyl p l a s t i c  containing about 30$ e l  by weight. 
much as 541, because of the neutron ab8orpti.m by the chlor ine,  

f .  Extrapolation of the  reciprocalmul-t,iplication curve from 203 m indicatefa t h a t  t h i s  
cylinder w i l l  not be c r i t i c a l  a t  any height.  

This one m s  coated with Unichrme, a 
This r e s u l t  may be too high hy as 
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Some of the above data are replotted i n  Fig. 13 which shows the c r i t i c a l  
height of t o t a l l y  waAer-reflected cylinders as a fiinction of the H:U235 atomic 
r a t i o  of the  solution with a f e w  points fron earlier experiments4 included f o r  
completeness. 
c r i t i c a l  volume i n  water-reflected cylinders has a concentration expressed by an 
H:U235 atomic r a t i o  of about 45. 
d a t a  fo r  unreflected cylinders are shown i n  Figs.  14 and 15, respectively, 
curves of Fig. 14 show the coneeatration yieldin minimum c r i t i c a l  volumes i n  
unreflected cyl indrical  geometry t o  have an H:U235 r a t i o  i n  excess of 50.* 

From t h i s  p lo t  it appears t h a t  the solu.tion yielding the  minimum 

Corresponding c r i t i c a l  height and c r i t i c a l  mass 
The 

From these measurements of the c r i t i c a l  parmeters  of aqueous solutions it 
i s  possible t o  set  ra ther  narrow limits on the diameter of the smallest iinre- 
f lec ted  cyliniler which can be made c r i t i c a l  w i t h  a solution of optimized concen- 
t ra t ion .  
diameter can not be made c r i t i c a l .  Since aluminum i s  a less effect ive re f lec tor  
i n  these thicknesses, it can be said, a p r io r i ,  t ha t  an 8.5-in.-dia aluminum 
cylinder cannot be made c r i t i c a l .  It  i s  a l so  reported tha t  an 8.76-in.-di.a, 
219-cm-high aluminum cylinder i s  c r i t i c a l  with a solution a t  an H:U235 of 44.3. 
A s ta in less  s tee l  cylinder of t h i s  aimeLer would be c r i t i c a l  at an even lower 
height. Therefore, the m i n i m  c r i t i c a l  unreflected cylinder diameter f o r  either 
material i s  between 8.5 and 8.76 in .  

It i s  reported i n  Table 7 t h a t  a s ta in less  s teel  cylinder 8.5 in .  i n  

** 

The bo-Ltom of the nlminuii vessels used i n  these experiments was fabricated 
from 0.5-ine-thick p la te  and affected the r e su l t s  measurably. This p la te  served 
as a partial re f lec tor  i n  a nominally unreflected system and decreased the! ef- 
fectiveness of the  water i n  EE reflected system. Estimates of these e f fec ts  were 
made i n  a series of eqe-riulents with several  cylinders and solution concentrations 
i n  which c r t t i c a l  heights were measured as a function of tne p l a t e  thickness w i t h  
and without the m%er i-eflector. 
-1-0.4 cm correction was determined f o r  the unreflected cylinders and a -0.7 em 
correction fo r  the ref lected ones. It was a l so  s h o w  tha t  these corrections were 
re la t ive ly  insensit ive t o  cylinder diameters and to solution concentrations within 
the ranges studied i n  t'nese experiments. 
and Fig. 16. 

From an extrapolation of these measurements a 

Typical r e su l t s  are shown i n  Wble 8 
These corrections have been applied t o  Line data. repopl;ed above. 

Table 8. C r i t i c a l  Heights of an Enriched $35 Solution 
Contained in a 30-in. -dia Aluminum Cylinder with 
Vax5ous Bot tom Plate  Th5cknesses 

Plate  Thickness 
( in . )  

0.5 
1.0 
1.5  
1.75 

8,. These data f r o m  a la3er group of experiments * 
** A later experiment shows t h i s  height t o  be 158 cm at an fi:U235 pat io  of 66-  

Recent experiments have established a value of' 66 f 3. 
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A few experiments have been performeci t o  investigate the c r i t i c a l  
parameters of fissionable solutions in vessels of annular cyl indrical  geometry, 
Vessels of several diameters were fabricated from t;ype 2s ahminun  tubing 
(1/16-iu.-thick walls) so t ha t  any two could be ccmbincd, thus allowing v a r i -  
atjons i n  the thickness of khe annulus. The aiinuli were f i l l ed  with a, solut ion 
which had a couzcentration corresponding t o  an €I:U235 a t ~ ~ i 5 . ~  ratio of about 7 3 .  
Additional variations of -the experimental conditions were effected by a l t e r ing  
the contents of the inner cylinders of the assemblies (1 The variations included 2 

(1) leaving the inner cylinder empty, ( 2 )  fill5.ng jt with waterj ( 3 )  lining it 
with a sheet of ca&fliim 0.02 in .  Lhick, and (4) both l i n i n g  it with carlmiun enld 
filling it with water. 
on the sides and bottom; no ref lector  ~ m s  used above the so lu t ion .  

Assemblies were tested with and w3thw-t a water reflector 

Tnc results of these experiments are s u m r i z c d  i n  Table 9. BE approach 
t o  i n f i n i t y  of the cr i t ica .1  heights of solut ions contained i n  annuli w W i  outside 
diameters of 8,  10, 15, and 20 in .  is  shom as a Puact,ion of the inside diameters 
i n  Fig.  5-'7. These annul i  were i-eflectcd w i t h  r a t e r  ezceegt on tlie top and can- 
tained water i n  the inside cylinder. The c r i t i c a l  mass of soY-u%.Lons contained 
i n  aimiuli I i a v 5 ~  outside diameters of 10 i n ,  i s  plot ted i n  Fig. 18 8 3  a jrunctiori 
of Lhe insjde d i a e t e m  for  various rm-teriala con-t;aLned i n  the inner cylinders. 
'Isle conteiz-ts of the inner cylinders were air, ca&&uq and the ead~~I:m-w~~t,er 
co&ination. These annuli also had an ef fec t ive ly  i n f i n i t e  prater reflectom' 
except on %'ne top. 

The bottom pla-bes of Yfie arirrular containers were 0.  ?-in. =?;hj ck alurminum 
anti introduced somewa-t; of EL perturbation since, 8s noted i n  the preceding 
section, they served as a partial r e f h @ b O J  i n  -Yne i imlnal ly  unreflccted experi- 
mcrtfl;s arid &creasing the e€fectiveness o f  the water in the others, Since no 
sccouni; of these eS€ects has beea taken i n  reporting the d a h  i n  Table 9> each 
c r i t i c a l  heigl t t  is, f r o m  Fig. 16, i n  error by about 0.5 cm - tiiose of reflecte? 
experiments being Loo high and those witizov2, refllcc-tor being too Iosa. - 4 n o t l ~ r  
i--' L cjgdar2ty - i n  these pmrti c ~ 3 . a ~  experiments is the <abs.tnce of mki- above the 
surEsce o f  the  ot'nerwise rerlected annu l i  miking, of cuirse 
cr i t ica l .  heights too large by some ref lector  savings, &out 3 . 3  cm Tor a,rater. 
Any canparTson of -these data with calcula-kcd dimemi ons mnnat, therefore, recog- 
nize i h 2 s  €actor and some uncertainty i n  i t ,  

the rcported 
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Table 9. C r i t i c a l  Parameters of Enriched U235 Solutions 
i n  Cylindrical  Annular Geometry 

S o h  ti on Concentrat lon : 
H:U235 atomic r a t io :  72.4 73.4 74.6 

Specific Gravity: 1.425 1.416 1.411 

Diameter H:U235 Ci-i t i c a l  Values 

g of U er g of solution: 0.2576 0,2553 0.2523 
g of U235 per cc of solution: 0.3423 0.3370 0.3314 

Outside Inside 
Diameter 

of Assenbly of Assemblj. Contents of Atomic Height Volume MaSS 
( i n . )  ( i n .  ) Inside Cylinder H a  t i o  (cm) ( l i t e r s )  (kg of ~235) 

Annulus Surrounded by Effectively I n f i n i t e  Wate-c Reflector (Except Top) 

8 a - 72.4 24.0 '7.8 2.66 
72.4 27.1 8.3  2.83 
72.4 50.0 12.2 4.18 2 4 *Po 

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

6 

73.4 
73.4 
74.6 
74.6 
711- .6 
74.6 
74.6 
74.6 
74.6 
7Jc.6 
74.6 
74.6 
74.6 

15 

20 

0 - 74.6 
z H2 0 74.6 

72.4 
74.6 

4 
1 ,  72.4 6 
,I 72.4 8 

10 
Air 74.6 

I 74.6 
2 
6 

17.5 
17.8 
23.8 

a f l Y  
27.6 
76.8 

64.1 

20.4 
31.9 

a 
20.5 
45.4 

a 

12.7 
12.9 
13.9 
16.0 
21.0 
41.6 
13.3 
17.5 

8.9 
8.7 
10.1 
20.9 .i:q 10.2 
11.8 
25.0 
1.0.0 
13.6 

10.0 
19.4 

- 

14.4 
14.4 
14.9 
15.5 
17.1 

15.0 
26.3 

16.8 

3.00 
2.92 
3.96 
6.93 
3.37 
3.90 
8.30 
3-30 
4.52 - 
3-31 
6.43 

4.79 
4.7'7 
5.11 
5.08 
5 .a7 
9.01 
4.95 
5.56 

0 - 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 

6 

72.4 44.3 39.3 13.4 
10 
15 

2 HZ 

- 
No Reflector 

10 0 - 73.4 33.3 16.9 5.70 
2 A i r  74.6 49.6 24.2 8.01 
4 H20 74.6 3@J 128 42 

4 74.6 a - 2 
2 Cd 74 -6 70.0 34.1 11.3 

HzO + Cd 74.6 138.2 67.4 22.3 - 
15 0 - 74.6 16.4 

Air 74.6 17.6 
74.6 29.9 

2 
6 

74.6 25.2 
2 
6 

Cd 74.6 18.0 
74.6 33.2 

2 
6 

H20 + Cd 74.6 18.2 
74.6 54.3 

2 
6 

I t  

74.6 17.0 

11 

18.8 

28.7 
19.1 
24.2 
20.2 
3J-.9 
20.4 
52.1 

19.7 
6.21 
6.52 
9.50 
6.33 
8.01 
6.69 

6.76 
10.6 

1-7.3 
- 
a. These annuli would appar-antly have been subc r i t i ca l  even a t  i n f i n i t e  height, a 

conclusion based on an extrapolation of the reciprocal neutron multiplication from 
a solution height of at least 120 m. 

b. Ext:*apolated frm an experimental height of 142.5 cm. 
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TU. CRITIC& PARBfjlflW OF EraRICHED U235 SOUFTIONS IRT CYLINDRICAL 
60-deg "Y" and 90-deg "CROSS" GEOlmPxY 

A few experiments have been perfamed t o  investigate the c r i t i c a l  
pa:eameters of intersect ing pipes, 
were 
Lhiek w&ls) coated on the inside with a. p las t i c ,  The two types of in te r -  
sections investigated were: (1) the intersection of one pipe by sznot.her a% 
D, 60-deg angle t o  form a "Y," and ( 2 )  the jntersection of two pipes at; 
90 deg t o  farm a f'cross.'l 
%he Y were each at l ea s t  24 in .  long, nensuired %ram the  center of the 
interseeti on 
atcanic ra t ios  of 44.3, 72.4, and 73.4. 
effect ively i n f i n i t e  water ref lector  on the sides and bottom of .the tes t  
vessel and also with no re f lec tor .  

Th three s izes  of pipes investigated 
of 4-, 5-> and 7.5-in.-ciia t y p  ZS aluminwz t,ubing (l/&-ino- 

The foui- 'lanns" of t b ~  cross and three amis of 

The solutions used h d  concentrations corresponding to R :U235 
Zkperiments were perfamed vi-th an 

I n  these ex-periments the cross o r  Y was positioned i n  a ver t i ca l  plane 
i n  a 9.5-ft-dia tank which could be filled k i t h  water, and the solution m s  
introduced through a 2-in,-dia pipe into the bsttm, or end, of one of the 
2-TP,-loll$ ~ i m s .  
These data show thst  a solution with an. H:UZ35 atamie ra t ia  of 44.3 was 
e l - i t i ca l  i n  a 5-in.-dia ref lected cross when the solu'cion was abo i~ t  14.6 em 
p,pSove the intersect ion of the center l ines ,  w b i l e  it, could not be made 
c r i t i c a l  i n  8 completely f i l l ed  h-in.-dia reflected cross even wil,h a concen- 
tration %pproxim?.tely that r7squii*ed fo r  a minimxu c-ritical. volume. On the 
ather hand, t h i s  same solution >rn~ not c r i t i c a l  i n  an wnreflected 7.5-in,- 
dia cross when the solution was as high 8s 66 CM above the intersectjon of 
the  center l ines ,  and it probably could not be m&e c r i t i c a l  at  any height. 

The results of these experiments are presented in Table 10, 
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Table 10. Cri-tical Parameters of Enriched U235 Solutions i n  Cylindrical  
60-deg "Y" and 90-deg "CTOSS" Geometry 

Solution Coricenti-ation: 
~ : ~ 2 3 5  atomic r a t io :  44.3 72.4 73 -4 
g of U er g of solution: 0 3473 0.2576 0.2553 

Specific Gravity : I *661 1.425 1. A16 
g of uz55 per cc of solution: 0 5376 0.3423 0.3370 

Diameter 
of Cylinders 

( i n . )  

- 

Geometry 

~ - __ - __ 
H;u235 C r i t i c a l  
Atomic Height 
Ratio ( emla 

_ _ ~  - ~- - 
Effectively I n f i n i t e  IJater Reflector Except a t  Top of Solution 

5 

Cross 

Cross 

Y 

44 - 3  b 

44.3 14.6 
73.4 19.8 

73.4 39.6 

No Reflectoi- 

5 

5 

7 95 

Y 

CYOSS 

cross 

73.4 b 

44.3 b 
72 .4 b 

a.  Above the intevsection of the center lines. 
b . Extrapolation of the ..ecip rocal source -neutron multiplication curve 

from an observation taken a t  least 36 em above the intemect ion o f  the  
centei- l ines  indicates that t h i s  vessel  will not be c r i t i c a l  at  any 
height. 



A few c r i t i c a l  experiments have been pex-folcmed t o  detemine the re la -  

In particular,  
t i v e  e f fec t  of cer ta in  neuti-oll re f lec tor  materials on the c r i t i c a l  parameters 
OS cylil1ders containing highly enriched uranium solutions. 
the neutron ref lec tor  properties of furfural ,  concrete, graphite, and 
f i rebr ick  have been compared with those of water. 
l a s t  two materials were performed p-charily t o  determine -the re la t ive  effect ive - 
ness as a. re f lec tor  of graplii'e backed with f i rebr ick,  as m y  be used i n  cer ta in  
UI Culiuxi casting ope-rations . 
tmd seive more as a qual i ta t ive guide, they have proved useful i n  nuclear safety 
considerations. The r e su l t s  reported have not been corrected for vessel 
s tmcture ,  the absence of pal-t of the ref lector ,  etc., since they a re  intended 
t o  show only re la t ive  e f fec ts  of various arrangements of materials.  

The experiments with the 

Although these experinents were limited i n  scope 

Qerimnents with Furfural 
I -I 

The coiiparison of the re la t ive  effectiveness of fu r fu ra l  and water as 
re f lec tors  was made by determining Yne c r i t i c a l  parameters of an enriched 
uranium solution contained i n  a 10-in. -dia ah.minura cylinder which ~ m s  succes- 
s ively reflected by the  two materials. 
of 0.3370 g / c c ,  corresponding t o  an E:Uz35 atomic r a t i o  of '73.4. The c r i t i c a l  
height of the solution vas measured as the thickness of the fur fura l  o r  the 
water on the sides of the cylinder -!was varied stepirise by using up t o  four  
concentric aluminum annular "cans" as containers for t'ne ;eflector on the 
lateral surface o f  the  solution container. 
aid vere 0,88 i n .  wide, inside,  so the addition of each around %he solution 
added a ref lec to5  increment consis t ing of 0.12 in .  aluminum and 0-88 in .  of 
l iquid.  

The solution had a Uz35 concentration 

These cam had 1/16- in.-thick walls 

The c r i t i c a l  parame'cers of 'che furfural-ref  lected solution, as well as 
those of the unreflected and the water-reflected solu-kions, are summarized i n  
Table 11 .yrhere the reflector tAickness is  expressed as the <mount of l iquid 
present i n  each case. A p l o t  of %he c r i t i c a l  height as a function of the 
reflec-Lor th i cknex  (Fig. 19) shows tha'c water, which has a hydrogen density 
2.4 t h e s  -that o f  f i r r u r a l  ( c ~ ~ ~ I ~ c z E o ) ,  is  more effect ive as a reflector than 
f u r f u m l  up t o  a thickness of approximately 3.5 i n e  
the two miterials a m  esseri%ially alike (. 

A t  g ieater  thicknesses 

The effectiveness of conci.ete as a neutron ~ e f l z c L o r  was measured by 
deteiminlng %he c r i t i c a l  mass of an enriched. uranium r;o.lution contained i n  a 
g-in.-dia s t a in l e s s  s-keeel cylinder as a func-Lion o f  the distance from the  
cylinder t o  Q 1-1. x 4 x 1 / 2  57% 'chick eoncre-Le r : m l l .  
corncentration of 0.3314 g /cc ,  corresponding to an H:U235 atomic r a t i o  of 
74.6. 
density of 2.14 g / c c .  
tra,s placel! adjacent t o  Lhe cylinder and f o r  another the 6-in.-thick \.rail, 
placed adjacent t o  the cylinder, F~ES flooded w.7iJCh wate;. 

The solution had a U235 

'&e concre-t;e wall consisted of blocks of shielding concrete having a 
For one special  experk-aen.t a 12-in. - th ick  concrete w a l l  
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Table 11. Cr i t i ca l  Paraneters of an Enriched $35 Solution 
Contained i n  a 10-in. -dia Aluminum Cylinder Beflected 

on the Side by Water o r  Furfural 

Solution Concentration: 0.3370 g of U235 per cc of solution; 
H:U235 a%omic ratio = 73.4 

Reflector 
Thickness 

( in . )  

C r i t i c a l  Values” 
I3eigh-t; Vol.wne &s S 

( c d  ( l i t e r s )  (ka of $35) 

No Reflector 

- 34.2 17.4 T .85 

Reflected with Water 

0.83 24.7 12.6 Jt.23 

1.75 21.4 10.9 3.66 

2.63 20.3 10.3 3.47 

3.50 20 .o 10.1 3.42 

Reflected with Furfural- 

0.88 26 .o 13.2 4.44 

1.75 22.7 u + 5  3.88 

2.63 21.0 10.7 3.60 

3-50 20.1 10.2 3.411 

a. No corrections f o r  vessel strzlc-hre, e t c .  have been made t o  the observed 
data s ince  the puqose or the experiment vas a comparison of re f lec tor  
materials. 
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The r e su l t s  of a l l  the expei-iiilcnts are summarized i n  Table 12. A p l o t  
of the r e su l t s  (Fig. 20) shows that l i t t l e  interaction occurred after the 
edge-lo-edge separation distaace vas increased t o  about 24 in .  Doubling the  
concrete w a l l  thickness ( i .e.y fi-om 6 t o  J2 i n . )  increased the c r i t i c a l  mass 
by about 2.5% when the w a l l  TEE adjacent 'to the reac.tor. 
c r i t i c a l  height of the water-reflected cylindei- without the concrete wall  with 
that of the water-reflected- cylinder with the 6-in. -thick concrete r i s d l l  immei.sed 
i n  %he water ad3acen'c t o  -LIE reactor indicaies  t h a t  there i s  no s igni f icant  
diffei-ence be-i;treen concrete and water as a neutron r e f l ec to r  under %hese con- 
d i t ions .  

A comparison of the 

Experbents wi th  Carbon and - Fi.rebricl< 
I_ 

The varia-lion of the c r i t i c a l  iaass o f  an enriched uranium solution w i t h  
the type and thickness of a r e f l ec to r  material placed againsi  ilie bottom of a 
20-in. -dia aluninum. cylinder containing the solution vas investigated. The 
solution had a U235 concentration of 0.8288 g/cc, corresponding t o  an II:U235 
atomic r a t i o  of 27.1. 
and/or water i n  various laminated arrangements . 

The ref lec tors  consisted of carbon and/or f i r eb r i ck  

I n  one ser ies  of experiments, carbon (ranging i n  thickness f r c \ m  O , 5  t o  
5 . 5  i n . )  was placed against  the bottom of the cylinder and tms backed by 
0.5- t o  5.5-in. thicknesses of f i rebi*ick.  The c r i t i c a l  parameters determined 
i n  t h i s  series are l i s ted  i n  Table 13. The variation of the c r i t i c a l  mass 
with the f i r eb r i ck  thickness Tor three d i f f e ren t  thicknesses of carbon between 
tlie cylinder and tine f i r eb r i ck  is shown i n  Fig.  21, and the variation of 
cr i t ical-  mss wibh 'che thickness of carbon (no f i r eb r i ck )  adjacent t o  the 
bottom of the  cylindei- is shown i n  Pig.  22 .  

I n  another. series of expex*ii-nei?-ts t h i s  same general procedure was re- 
peated for f i r eb r i ck  backed wit ' i i  ~ m t e r ,  f o r  carbon backed with water, and fo;. 
water backed with carbon. 111 each case the carbon and f i r eb r i ck  vere submerged 
i n  water. In  addition, o.n eqe-riment was pe3:fo:rnied with carbon backed with 
born f i r eb r i ck  and- l a t e r .  
sone idea of the e f f ec t  on %he c r i t i c a l  mass of the charge i n  a casting furnace 
ccmsLs'Ling of gra-p'n-ite backel! wi'rh firebr-ick vhich may have become saturated 
tri th wateia f r o m  a bidreil l i n e .  ) Experiments wepe also performed. with wet 
f i r eb r i ck  only and water only against tlie bottom of the  cylinder. A p lo t  
showing the variation of the c r i t i c a l  mass with the Yaickness of a water re- 
f l e c t o r  between the reactor and a constant tkiickness of carbon (5.5 i n , )  which 
is  moved baclr stepwise is  shown i n  Fig. Z3?c It can be seen that, up t o  about 
0.5 in .  rep1ac:ng carboil with water decreases %he c r i t i c a l  mass, since water 
is  a bet ter  moderator. A f t e r  about 0.5 in., hovever, the greater absoi-ption 
of wa"ii* moi- than compensates f o r  Yne inci*essed moderatlion, and ti?e c r i t i c a l  
mss rises again. 

(This par t icular  eqerii~icn'c vas designed t o  obtain 

The dashed portion of the curve i s  2 somewhat arbitrary extrapolation 
of the data .) 

++ 
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Table 12. C r i t i c a l  Parameters of an Enriched $35 Solutian 
C o n t o e a  i n  a 9-in. -dia Sta in less  S tee l  Cylinder 

Reflected by a Concrete Slab 

Concre'ce Density: 2.14 g/cc 
Solution Concentration: 0.2523 g of U per g of solution; 

0.3 14 g of U235 per cc of solution; 
H:U 2 35 atomic r a t i o  = 7k.& 

Specific Gravity: 1.411 

C r i t i c a l  Values Distance Between Concrete 
Concrete and Cylinder Thickness Height Volume %3ss 

( in . )  ( in .  ) (d ( l i t e r s  ) (kg of $35) 

a3 - 59 .o 24.3 8.05 

0 .o 6 41.3 17 .o 5.64 

6 .o 6 52 93 22.6 7.14 

12 .o 6 56.5 23 - 3  7 -71 

24.0 6 58.5 24.1 7 *99 

0.0 12 40.3 16.6 5.50 

Reflected with Matera 

0 .o 

03 

20.6 8 .k7 2.01 

20.7 8.57 2.83 

a. In  Ylese experiments there was no re f lec tor  OR %op of the cylinder af 
solution. 
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Table 13. C r i t i c a l  Parmeters of Enriched U235 Solutions 
Contained i n  a 20-in.-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 V255 per cc of solution; 
H:U235 atomic r a t i o  = 27.1 

Specific Gravity: 2.013 

C r i t i c a l  Values 

Xeflector '~hickness (in.) Height Volume N3X.S 

Carbon Fi rebr i ck (m> (liters) (kg o f  $ 5 5 )  
_ _ _  

0 

0 

0 

0 

31 93 

30.8 

30.3 

29.6 

25 -9 

25.5 

25 .i 

24.5 

15 .b 

15.2 

15.0 

14.6 

14 .% 

14.4 

14.1 

29.9 

20-1. 

28-5  

24.8 

24.1 

23.6 

0.5 

0.5 

0.5 

0 

2 .o 

5.5 

14.3 

13.9 

13.8 

28.9 

28.2 

28.0 

1.0 

1.0 

1.0 

0 

2 .o 

5 .o 

13.4 2 .o 0 22.5 

3.5 0 12.7 25 -7 21.3 

24.9 20.6 595 0 12 + 3  

8, Second order corrections f o r  vessel s t ructure  have no% been made to these 
results since the pu-%pose of the experiment was t o  compare reflector ma'cer5ials. 
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Table 14. C r i t i c a l  Pal-aneters of Ewiched U235 Solutions 
Contained i n  2 20-in.-dia Aluminum Cylinder Reflected 
on the Bottom by Firebrick and/or Carbon and/o-r Water 

Solution Concentration: o.M.6 g of u 
0.8288 g of U2f;? per ec of solution; 
13:U235 atomic r a t i o  = 27.1 

ei- g of solution; 

Specific Gravity: 2 .Ol3 

Reflector Thickness ( in .  ) C:ritical Values" 
Height Volume Mass 

Firebrick Carbon Water. (a> (liters) (kg of $35) 

Firebrick Backed with Water. 

1 0 4 
2 0 6 

12.3 25 -0 20.7 
12.4 25 .I 20.8 

b We% Firebrick Only 

2 0 0 13.4 27.2 22.6 

'C?a-ter Only 
- 

0 0 6 12.1 24.5 20 *3  

Carbon Sacked with Firebrick Backed w i t h  Matter 

1 1 6 11.8 24 .o 19 *9 

Caybon Backed with Water 
_I 

0 3 6 11.3 22.9 19.0 
0 5.5 6 10.9 22 .I 18.3 

Vater Backed w i t h  Carbon 

0 5 *5 0 10.9 22 .l 18.3 
0 5.5 0.25 10.8 zr.9 1s .2 

0 5.5 0.5 10.7 21.7 10.0 
0 5 95 0.75 10.9 22.1 18.3 
0 5 -5  1.0 11.0 22.3 18-5 

a. Second order corrections for vessel structure have not been mnae t o  these 
resul-Ls since the  purpose of the edupei-imemt, was to compare re f lec tor  materials. 

b .  Only case i n  which the en t i r e  re f lec tor  ias not si;ibrnerged in water. 
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