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The conditions under which U-235, contained in aqueous solutions of 
u~anyl fluoride, become criticaL in right cylindrical alu&.nuz and stain- 
less steel reactors, have beez examined. The uranium435 content of the 
uranium was 93&L Values of the critical masses of U-235 and of the cor- 
responding heights of the solution in the reactors have been measured as 
functions of the chetical concentration of the fuel and the diameter of the 
reactors, Concentrations ranged from 2,5 to 43% U-225 by weight, corre- 
sponding to hydrogen to U-235 atomic ratios from about 1000 to 25, and re- 
actor diameters varied from 5$ inches to 20 inches. It was possible to 
enclose the reactors in water in order to observe the effect of adding a 
water reflector, A few data were obtained with cadmium sheet placed be- 
tween the reactor and the reflector water. 

The diameter of the iargest reactor which could not be nde critical 
under the most favorable *conditions of these experiments yias greater than 
5i inches but less than 6 inches. Omission of the water reflector in- 
creased this diameter to 8 inches. The minimum critical mass measursd vjas 
893 gmJ contair,ed in a reactor 25,L+ cm (1C inches) in diameter znd 22,L cm 
high with a che.mical concentration corresponding to a hydrogen to U-235 
atomic ratio of 329. 

The absence of the water reflector increased the critical Lass by 
about 100-z; interposing cadcnju~ between the reactor anti the rsflector 
water increased the critical EMS by about 502. 

The results obtained are tabulated in the Appendix and are shower in 
a number of graphs, Ko atteMpt at correlation ;;$t,h theory is F&de in 
this report, 
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CRITICAL MASS STUDIES, PART III* 

I o INTRODUCTION 

The first two series of critical mass .experiments performed in these 
laboratories, on assemblies of one-inch UF6 mock-up cubes intTr;persed among 
varying numbers of polyethylene cubes, were reported earlier. 1 The pres- 
ent report describes a third series of critical mass experiments, performed 
with aqueous solutions of uranyl fluoride of 93.4% U-235 isotopic content. 
Right circular cylinders of different diameters and lengths were used as 
reaction vessels, The experiments were intended to supply information on 
quantities of U-235 in solutions which w-odd b-ecome critical under varying 
geometry, water content and reflector conditions. The naaximum sized pipe 
which, when filled with a solution of a uranium salt, can not be made crit- 
ical under the most favorable conditions could be ascertained from these ex- 
periments. 

During the experimental program it has not -been possible to consider ad- 
equately the interpretation of the data in terms of existing reactor theo- 
ries, The limited amount of work which has been done points to the neces- 
sity for a more extensive investigation, 

11 o EXP~IMEBTAL~TERIALS 

A e Uranium Solution 

An aqueous solution of uranyl fluoride, UOZF~~ was chosen as the 
active material in these experiments because of these favorable prop- 
erties: 

1 6 LOW nuclear absorption cross sections for thermal neutrons3 
of the associated at+&, pcyg 

. fluorin .e- (OeOl X 10Nz4 Cmd)o 
cross s ections of such atoms 
(094 x low24 cm?+ nitrogen ( 

,en (-f 0,001 x loo24 cm2) and 
The relatively higher absorption 

as chlorine (40 x lOa cm?), sulfur 
lo7 x loo24 cm2), etc, precluded the 

use of the chloride,, sulfate, nitrate, etc, 

2 0 High solubility in water, allowing achievement of low hydro- 

lo Beck, Co Ko, Do Callihan, Re Lo Murray, Writical Mass Studies, Part 1'1, 
Carbide and Carbon Chemicals Corporation, K-25 Plant, A-3691, Feb, ll, 
19470 * - 

20 Beck, Co Ke, Do Callihan, R, Lo Murray, '%ritical Mass Studies, Part II", 
Carbide and Carbon chemicals Corporation, K-25 Plant, K-126, Jan, 23, 
1948 - 

3. Nay, K, and Go Haines, "Therm& Xeu';rcn Cros 3 sections for Elements and 
Isotopesrl, AECD-2138, Feb, 2yj 191& 



gen to umnbm atomic Patios, A water solution of U02F2 contain- 
ing 43% U-235 by raei&t uuas prepared which corresponds to a hydro- 
gen to U-235 atomic ratio (H:U-i35) of 24, 
. J Suf'lficiently low corrosion rates for readily available con- 
sLction materials 

2 
Four types of stainless steel were corroded 

less than 0,7 mg/ctn day by uranyl fluoride solutions,4 
cepted rate is 1,O mg/cm2 day, 

An ac- 

Approximately 1305 kg of uranium were converted into uranyl fluo- 
ride of 99d3$ chemical purity, The isotopic content of this uranium 
was 9304$ U-235, l,l$ U-234 and 5e55$ U-238, The following procedure 
was employed in this conversion: Uranium peroxide was converted to 
uranium tsiaxide'by,heati.ng to 300°C in an *atmosphere of-oxygen for one 
hour. A mixture of anhydrous hydrogen fluoride and oxygen was then 
passed through the furnace for two hours at(300°Ck The chamber was 
flushed with dry nitrogen and cooled. The reactions are; 

z(uo4 Q 4 H20)* 2 u03+ 021+ &'H20 

U03 + H2F2 4 UO& + H20 

The addition Jf oxygen prevents the reduction or further fluorination 
of the compound, thus elirninati~~~ possible side reactions giving such 
products as u308 and UF4a 

Spectrographic analyses of the uranyl fluoride solution were made 
from time to time di-ring the experiments,, 'Il'he maximum impurities found 
at the end of a series of experiments extending over eighteen months 
and the thermal neutron absorption cross section for the respective ele- 
ments are listed in Table 4 of the Appendix, The analysis is given in 
parts per million of UO2F2, The macroscopic thermal neutron absorp 
tion cross section per gram of solid UO2F2 has been included. The ef- 
fect of these impurities on the results of the experiments has been 
shown to be negligible (e O,L& by comparing their combined absorption 
cross section with that of the uranium and the hydrogen normally pres- 
ent in the solution. The results of this comparison depends, of 
course, upon the concentration of the solution and are shown in the fol- 

_ lowing table for two extremes of water content. 

4 0 Little, Le Fe and Ce Do SUSZLIIO, "currotivity of Uranyl Fluoride to 
Certain Metals**, Tennessee Eastmar.Corporation, Y-12 Plant, Report 
No, C-3~3'70.8, September 19, 1946 



Tasle 1 

Distribution of Neutron Absorption in the Core 

Absorber ~~-235 At0mi.c 
Ratio = 25 * 

~a235 4tomi.c 
Ratio = 1000 

u-235 fission 8403% 570% 

U-235 radiative capture 14J 95 0 

Hydrogen 12 3303 

Impurities 04 0 02 

The relation between the concentration of the solution, in gm/m3, 
and the hydrogen to U-235 atomic ratio is shown in Fig. 1; that be- 
tween the specific gravity of the solution and the atomic ratio is 
given in Fig, 2. 

B 0 Materials of Construction 

Stainless steel Type 321 was found to resist‘ corrosion by uranyl 
fluoride solution and was used for storage cylinders, piping, et@, 
Type 347 was ofly slightly more corroded and was substituted for 321 
when the latter was not available. Joints were either welded or 
brazed with %ilfosrl or other cadmium free alloys, Pipe connections 
were welded or were threaded and sealed with Glyptal. 

Fluorothene tubing (polymerized monochlorotrifluoroethylene) was 
used where flexible or transparent sections were required, Fluoro- 
thene is apparently quite inert and satisfactory flare connections can 
be made. Tygon tubing was also found suitable, It is more flexible 
than fluorothene of comparable diameter. 

Some of the reactors were constructed of stainless steel and 
others of &m&mm, T'ype 3-4, each of alLwelded construction. It was 
found rscessary to coat the aluminxmto reduce corrosiona Bakelite 
varnish, air dried and baked, was found to give a satisfactory covering, 
In some instances Glyptal was used successfully, 

The neutron ab,sorption cross sections of the aluminum and of the 
elements in the stainless steel are significantly different. This ef- 
fect of the reactor material on the critical mass was observable and 
is discussed below. 
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III* APPARATUS 

A* General ?lan 

The general experbental arrangement is shown sche:F-&ioally in 
Fig* 3. Briefly, uranyl Cuoride solution, stored in small cylinders 
in the area marked %olution storageIt, is forced into the reactor lo- 
cated near one end of the aperirnental Room by pneumatic pressure reg- 
ulated fron the Control Room, The Control Room is separated from the 
Experimental Room by a 16” concrete wall containing water-tank windows 
for observation,, The experimenters assemble, by remote control, the 
active material-in the reactor under prearranged conditions by opera- 
tion of air valves and solution flow valves. Safety devices and radi- 
ation measuring instrulnents are located at appropriate po,ints, 

Detailed descriptions a7f the components of the system are given A 
beloT?, 

B l Storage Cylinders 2nd Solution Transport System 

Vertical :adziuwcoated, stainless steel cylinders four inches in 
diameter and 36 inches long, spaced in a row on -fifteen inch centers, con- 
stituted the storage reservoir for the uranyl fluoride solutim~, Orig-e 
inally 3" cylinders 'Jpere used but were replaced. by 41s cyliriders zf'-Ler 
early experimer$s showed "Uhe .Latter to be safe, The cylinders were lo- 
cated in a steel lined, concrete pit, equipped with a fire-proof cover 
which could be locked, A photograph of this storage facility is shown . . 
in Fig, ho 

Individual connections from a cormnon header permitted regulated air 
pressure to be applied to the surface of the solution in each cylinder as 
shown in Fig, -fs* Solution could thus be discharged through a line ex- 
tending from the *bottom of each cylinder through a diaphragm-sealed con- 
trol valve and from there to a co,'iuIlon feed line leading to the reactor 
at the other end of the room The valves TJere operated by handles ex- 
tending through the concrete tvall. The solution was returned to stor- 
age by gravity flow after releasing the air pressure, The return flo?J 
could be increased by reducing the air pressure in the manifold, 

A fluorothene ;ube, .nounted on a vertical scale in the Control Room, 
was connected to the reactor by a smaJ.1 stainless steel pipe ;hus aikow- 
ing the position of the solution surface to be measured dircxkly. 

Fig, 6 show the valve handles, air regulator, solution? level 
r* sicjlt &.a-2 yt ~ and other controls in the Control Room* 

Reactor Asseablg 

The arrangement of the reactor and its attend=t parts ue shown 
schematically in Fig0 '7. Fig, 8 is a photograph of the assmbly, 

1 0 Reactors xi! iisfl&t~r --Ia 

Bight in +rc?la~l~eakle right circular cylinders, n=-de of c 
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Type  3 4 7  sta in less steel  a n d .h a v S n g  d i a m e ters  rang ing  f rom 6  to  2 0  
inches we re  u s e d  as  reactors.  In  a d d i tio n , f ive cy l inders,  ?j i th 
d i a m e ters  o f 5 $  to  1 5  i nches  W e re  m a d e  o f Type  3-s  a h & m m , T h e  
cy l inders  w e r e  o p e n  a t th e  to p  a n d  car r ied  two fla n g e s  a t th e  h o t- 
+  u o m , as  s h o w n  in  Fig. T 3  fo r  c o n n e c tio n  to  th e  p e r m a n e n t par ts  o f 
th e  assembly ,  T h e  wal l  th ickness  w a s  l/ l6 inch. T h e  junct ion 
b e tween  th e .in L e r c k a n g e a b l e  reactors  a Q d  th e  so lu t ion  fe e d  sys tem 
w a s  loca ted  o u ts ide.& th e  w a ter  ta n k  faci l i tat ing th e  d e tec t ion 
o rposs ib le  sd lu t ion‘leaks  a t - this p o i n t a n d  m in imiz ing  loss o f 
fue l  in to th e  ref lector,  A  typical  reactor  is p ic tured in  Fig. 9*  

T h e  e x p e r i m e n ts cou ld  b e  pe r fo rmed  e i ther  wi th or  tv i thout 
w a ter  sef lector.  A n  i ron  cy l inder ,  2 4  i nches  in  d i a m e ter  a n d  con-  
*cen+Jr ic  with th e  reactors  cou ld  b e  f i l led wi th w a ter  to  p rov ide  
th is  ref lector.  A t least  1 0  c m  (43  i nches)  o f w a ter  s u r r o u n d e d  
th e  s ides a n d  b o tto m  o f C h e  reactors  u s e d  in  e x p e r i m e n ts d o n e  wi th 
a  ref lector,  Th is  th ickness  w a s  a s s u m e d  to  b e  e ffect ively inf inite. 

T h e  sur face o f th e  so lu t ion  in  e a c h  reactor  cou ld  b e  cove red  
by  a  th in- :qa l led,  s m o o th-fi t t ing, s ta in less steel  o r  a l u m i n u m w a ter  
S a n k , 6  inches  d e e p , wh ich  cou ld  b e  pos i t ioned  by  a  m o tor  d r i ven  
sc rew o p e r a te d  f rom th e  C o n trol flo o m . This  % o p  re f lec tor~~ ta n k  
w a s  p rov ided  wi th su i tab le  tu b e s  th r o u g h  wh ich  safety a n d  c o n trol de -  
v ices cou ld  b e  in  s e a te d  into th e  fuel .  

S o m e  e x p e r i m e n ts w e r e  pe r fo rmed  v & th  a  c a d m i u m  s h e e t fitte d  
a r o u n d  th e  o u ts ide a n d  b o tto m  o f th e  reactor ,  a n d  wi th c a d m i u m  s h o t 
p l aced  in  th e  to p  ref lector ta n k , th u s  e ffect ively enc los ing  th e  re-  
actor  in  a  s h e a th  o f a p p r o x i m a te ly  o & +  g r a m s  o f c a d m i u m  pe r  s q u a r e  
c e n tim e ter. 

2  l S a fe ty a n d  C o n trol Dev ices  

a . C a d m i u m  S a fe ty IL o d  

A  safety rod,  cons is t ing o f a  rol l  o f l /U inch  c a d m i u m  
s h e e t in  a  s ta in less steel  tu b e  3 /4  i nch  in  d i a m e ter  w a s  sus-  
p e n d e d  f rom a n  e lec t romagnet  a b o v e  th e  c e n ter  o f th e  reactor .  
T h e  sul?,oor t  m e c h a n i s m  o f th e  to p  ref lector ta n k  p rov ided  a  
g u i d e  th r o u g h  wh ich  th e  safety rod  cou ld  fal l ,  o r  b e  l owered  
by  reao te  c o n trol, in to th e  solut ion.  T h e  s u p p o r tin g  m a g n e t 
w a s  a u to m a tical ly de -ene rg i zed  by  a n  appropr ia te  re lay,  a l low-  
i ng  th e  rod  to  fal l .  Th is  re lay  w a s  t r ipped by  a n  excess ive  
n e u tron flux  a t e i ther  o f two d e tectors o r  by  a  p o w e r  fa i lure,  
T h e  m a g n e t cur rent  cou ld ,  o f course,  b e  in ter rupted manua l l y .  

W h e n  th e  sys tem w a s  n e a r  cri t ical th e  po i son ing  e ffect  o f 
th e  safety rod  w a s  suff ic ient to  o ffset th e  activity p r o d u c e d  
by  th e  a d d i tio n  o f a p p r o x i m a te ly  o n e  cen tim e ter  o f fue l  in  th e  
reactor .  S ince  th e  rate o f so lu t ion  a d d i tio n  w a s  a lways  low,  
o n e  such  rod  % vas  cons ide red  a d e q u a te , 

b  l 6 & & m  C o n trol R o d  ’ 

A  s e c o n d  st& iP e s s  s tee l -c lad c a d m i u m  rod  w a s  s u p p o r te d  by  
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a Cable so i& could &'lowered into the reflector beside the re- 
actors which were water enclosed* In experiments with no re- 
%le@tas, the rod was placed in the solution near the reactor 
wall o The poisoning effect of the rod in these positions was 
equivalent to at least a few millilneters of fuel and was ade- 
quate for control purposes* When large reactors were used, 
the rod was replaced by a flat cadmium sheet six inches wide, 
which was more effective, being equivalent to 2 om of solution 
in soAme cases e 

c* Solution Dump Valve 

The three inch flanged extension on the lo$qer end of the 
interchangeable reactors, shown in Fig, lO< was connected to a 
short three inch right angled pipe which was terminated by a 
flap-valve at the end of the horizontal section, The hinged 
flap-valve was sp ring-loaded to open, but was held in place by 
a latch connected to an electrolmagnet, The magnet corea in 
turn, was spring-loaded to open the latch but was prevented . 
from doing so when the magnet was energized, If the magnet 
current was interrupted, by the monitoring devices or by power 
failure, the latch would be pulled and the flap-valve would 
open, emptying the solution from the reactor through the three 
inch pipe into a large, shallow tank underneath the assembly, 
The solution could then be returned to storage through a suit- 
able connection. The flap-valve soul d also be released manu- 
ally from the Control Roan, 

3 0 Neutron Source 

Tuvo polonium-berylliu rreutron sources were used in these 
experiments, One, of about 107 neutrons/second strength, was used 
to check instr 

Y 
ent response at the beginning of an experiment,. The 

other, about 10 neutrons/second, was used in the assablies to give 
a background for multiplication measurements. It was suspended in- 
side the reactor cylinder from a cable extending to the Control 
Room, 

D 0 Instrumentation. 

The level of reactivity was detected by several conventional type in- 
struments, Three were boron t&fluoride filled ionization ehzm'oers en- 
cased in paraffin connected through appropriate amplifiers to 3rot"Jn or 
Leeds and Northrup recording potentiometers which indicated continuously 
the relative neutron level* Two of these circuits were connected into 
the energy supply of the magnets controlling the safety devices. If the 
neutron level at an ion chamber exceeded a predetermined value, the imag- 
nets became deenergized as pretiously described, This level %vas the or- 
der of 104 neutrons/second cm2 at the dete&or, In the event of an 
emergency which would trip the safety mechanisms, the neutron flux at 
the operation positQ& would be of the order of one-tenth the 8 hour 
daily tolerance level0 
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TWO boron lined prop~tio~al counters enclosed in paraffin and con- 
nected to scalers were used for more quantitative measurement of the 
neutron activity. The gamma activity was measured by a freon filled 
ionization chamber near the reactor, the signals from which were am@- 
fied by a vibrating reed electrometer and recorded, A GM tube with I 
amplifier and recorder was used to monitor the gamma radiation in the 
vicinity of the operating personneL 

IV o ExF%KU@NTA,L PROCEDURE . _. 

A 0 Preparation 

A sequence of -operations was effected pPeparatory to each exper- 
iments including inve.stigation of instrument sensitivity, operation of 
safety devices, placement of source and of control and safety rods* 
The source was located above the reactor bottom at a distance about one ' 
third the estimated critical height, This is discussed more completely 
below. The safety rod was suspended above the reactor and the control 
rod wasplaced in the reactor or the reflector, 

B 0 Critical Assemblies 

Fuel was added in increments by applying pressure to an appropri- 
ate storage cylinder and controlling the flow with the valve, During 
the addition of fuel the neutron flux increases due to the multiplica-. 
tion of the source neutrons in the fission process, This increase in 
neutron flux was continuously observed on the recording instruments, 
Between additions, the control rod was removed and, since the system 
was sub-critical, the neutron flux came to equilibrium and was measured 
with the counters. The ratio of the count under these conditions to 
the count obtained at the beginning oA f the experiment is defined as the 
multiplication of the original source neutrons and is a measure of the 
reactivity, As the system approaches criticality, the multiplication 
increases without limit and its reciprocal, therefore, approaches zero. 
From a plot of the mass of material in the assembly, or, in this ease 
the height of fuel. in th e reactor, against the reoiproeal of the multi- 
plication, a prediction can be made of the height at criticality by 
extrapolation to zero.reeiprocal Lmultipli@iltion. A typikl curve is 
shown in Fig, 11 where data obtained fTom two counters are given, This 

plot serves as a guide to the rate at which the assembly can be built, 
but must be used with some caution, Beference is made to a discussion 
of the effects of geometry on multiplication curves given in Part IVJL 

While it is usually possible to estimate the critical height of an 
assembly by the extrapolation of a multiplication curve over the find 
few centimeters, it is more desirable to carry the system to critical- 
ity in order to better ascertain the limiting height, The neutron level 
in a critical system remains constant in the absence of any external 
source of neutrons. 

Conversely, when a source of neutrons is removed from a sub-criti- 
~1 system, the neut-rrjn level decreases, The rate of decrease in the 
neutron intensity upon re,z1o-ral of the source is a measure of the near- 
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ness to critical Conditions. It is to be noted, however, that it is 
imperative in this type of experiment to maintain an adequate neutron 
background to detect changes in multiplication. It is necessary to 
at least partially replace the source from time to time in order to 
keep this level up. The following is an outline of the procedure near 
criticality, 

With a given mass of fuel in the reactor and the control rod in, 
it was ascertained that the system was sub-critical by removing the 
source and noting a decrease in the activity. As the control rod was 
removed the neutron flux continued to decrease, indicating the system 
to be sub-critical with the rod out. The rod was replaced, and a smdll 
quantity of solution was added, increasing the height two millimeters, 
for example. This procedure was repeated until a position of the con- 
trol rod was found at which the neutron level remained constant with 
the source removed several feet from the reactor,, 

In each experiment which became critical an endeavor was made to 
evaluate the critical height to within + 0.1 cm, This was done by de- 
termining a height at which the reactor-was sub-critical but which upon 
the addition of two miU.imeters of solution would be supercritical with 
the control rod out, 

C 0 Non-critic&L Assemblies o Xxperiinental Limitations 

It was not possible to make every assembly critical because of one 
or more of the follov&ng limitations imposed by the apparatus or by the 
fuel, 

1 0 Geometry 

One of the purposes of this investigation was to determine the 
&rn diameter of a reactor of infinite length which could be 
filled with fuel and remain sub-critical. This aameter is, of 
course, dependent upon the concentration of the solution, the re- 
flector and other variables. In the course of these experiments 
a nwiber of conditions resulting in sub-criticality at infinite ex- 
tension of reactor were found. That such a system will always be 
sub-critical is indicated by the shape of the reciprocal rcultiplica- 
tion curve referred to above. In this group of experiments the 
geometrical conditions were such3 essentially, that as the height of 
the solution was increased beyond a particular value, further addi- 
tions of U-235 did net contribute significantly to the reactivity, 
These conditions resulted in a curve which showed an asymptotic ap- 
preach to a finite multiplication. An example is shown in Fig. 12, 
The conditions of reactor diameter, concentration, etc., which 
yielded this shaped multiplication curve were said to represent as- 
semblies which would be sub-critical at any reactor height, 

2 0 Quantity of Fuel 

Some assemblies did not become critical because.insufficient 
U-235 was available, l JM exa le of the multiplication curve ob- 
tained in these ln&mces iz s R own in Fig. 13. The curve has been 
extrapolated to g&ve-~n~ s&&mate -of the critical height. 
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3 0 Reactas Height 

In certain cases the height of a reactor was insufficient to 
contain enough solution to be critical, though the reciprocal mul- 
tiplication curve indicated the reactor would be critical at a fi- 
nite height, The curve resembled that in Fig. 13 and could be 
extrapolated to a critical height, 

D 0 afect of Neutron Zouroe Strength and Source Geometry 

It should be realized that while the strength and location of the 
neutron source do not affect the critical conditions, these factors do 
have a marked influence on the manner in which criticality is approached 
and the facility with which it is achieved. Ideally it is desirable 
to v?ork with source geometries which (1) yield definite, reproducible 
neutron mui.tiplicazl.ons z$er identical conditions, (2) give rise to 
reciprocal multiplicative curves which are linear fur&ions of the 
height and (3) introduce no mrked perturbation in the multiplying medium 
when the source is vtithdrawn. The experimental conditions necessary to 
approximate such an ides1 are discussed in the paragraphs that follow, . 

It is tiperative bhat critical. rass 
in the presence of a neutron source.' 

experiments .nust be 2erforned 
Dependence upon a neutron back- 

ground from spontaneous fission and free neutrons to provide multiplica- 
tion is dangerous since such multiplication is subject to wide statisti- 
cal fluctuations and is too low to monitor successfully even near c 'iti- 
cality. For this type of work a source producing approximately 10 i! 
neutrons per second is satisfactory, . 

It is likeyiise important to place the source within the multiplying 
medium. Otherwise, a sig-nifcant fraction of the source neutrons vJil.l 
reach the bounters Without intercepting the active core. Hence, dur- 
ing the addition of the first increments of fuel, only a sAmall fraction 
of the neutrons reaching the counters will be the result of neutron CXL& 
tiplication. As more solution is added and the critical condition is 
approached, the neutrons produced by multiplication increase rapidly 
in spite of the poor source location. These conditions yield a recip- 
rocal multiplication curve that is ifitially flat. Since the curve 
must, however, intersect the height axis at criticality, the initial 
flatness fast be compensated for 'my an extremely steep portion as crit- 
icality is approached, Such a curve, worthless as a guide to safe pro- 
cedure, is sholvn in Fig. 14, It is to be compared vaith Fig* ll, in 
which the source was placed inside, rather than outsic?e, the rea@tor, 

The shape of the multiplication curve is aso dependent upon the 
position of the sour@- -- in the reactor and the height of solution at the 
time of the initial count selected for subsequent determination of the 
multiplication, If the source is placed too high in the reactor it 
may not become covered with solution by the time the system is at or 
near critical, Under these conditions, the sharp-breaking reactivity 
curves of the type discussed above are again obtained. If the 
source is placed too'lo~u~ a similar, though less severe effect occurs 
because the source is in a relatively poor position for effective mul- 
tiplication. In addition, if the source is located a felt centi:.eters 
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from the bottom OE Lhe reactor and the initial count is taken with no 
solution in the reactor, then it will be found that as one adds solution 
the neutron count decreases at first since absorption and scattering in- 
itially overshadow neutron production. This phenomenon yields a "multi- 
plicationl* less than one and the corresaonding reciprocal multiplication 
becomes greater than one for a brief pekod with the reminder of the 
curve correspondingly steeper as illustrated by Fig. 15. In lieu of 
more idealized (and considerably less practical) geometries for linear- 
izing reciprocal multiplication curves, a satisfactory rule of thumb is 
to set the source within the reactor at a height approximately one-third 
of estimated critical height, A satisfactory neutron count to be used 
in computing the nultiplic ation is that obtained when the source is about 
one centimeter under the surface of solution. 

It is extremely desirable that the source and its container occupy 
as small a volume as possible, 'The reason for this requirement lies in, 
the fact that, when the assembly is near critical, the presence of the 
void introduced into the solution by the physical size of the source may 
cause a greater perturbation in the neutron density of the reactor than 
the presence of the extra source neutrons. When the source is with- 
drawn under critical, or near-critical conditions, the removal of this 
void from the body of solution may lead to a significant increase in re- 
activity, It is possible for a slightly sub-critical system to become 
supercritical upon removal of the source. There is no apparent effect 
on the reciprocal multiplication curve until the source is first removed 
upon entering the near critical region, The curve suddenly makes a 
short but steep decent, intersecting the height axis at a lower value 
than that predicted by an extrapolation of the linear portion of the 
curve0 Thus the use of neutron sources of larger physical dimensions 
than necessary is an unsafe technique and is to be avoided. 

An idea of the magnitude of the effect can be obtained from an ex- 
periment in which 3 simulated stainless steel source holder, approximately 
one inch in diameter and 5 inches long, occupying a volume of about 65 
cm 3., was _rlloved along the vertical axis of an 8" reactor at a radial dis- 
tance of 43 cm from its center line, and the critical height determined 
as a function of its position. The results of the experiment as seen in 
Fig. f6, which shows a maximum of 2 cm difference in critical height. An 
extension of this method may constitute a convenient technique for deter- 
mination of the spatial distribution of the neutron density in the core, 

A 0 Introduction 

Data were 
for a solution 

obtained in these experiments on the conditions necessary . 
of U-235 in right cylinders to become critical under a va- 

riety of conditions, The variables which were exatined included the 
water content of fuel, the type of reflector, the diameter of reactor, 
and the reactor material, The data are recorded in detail in the Happen- 
dix* One set of tables gives the results fron those asseziblies lyhich 
were critical.' A second s:et reports the information derived from as- 
semblies which did not beetie critic& In each of the latter are given 
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the Jm-xim.m qua&L%7 of fuel added to the reactor and an estim%e of the 
critical ,c20nditicm. IIn general, large scale ~10%~ have been made of * 
these da'ta from critical assemblies and the best curves fitted, These 
curves 3 in turn, have been abstracted to show trends and are included 
iri this report. It is believe<1 that where uncertainties exist the in- 
terpretation is conser~a-kve, that i&, the values given for the crritical 
masses are low, The results may be duplicated in two or more graphs 
in order that relatcionships betideen different variables may be shown. 

B 0 Beactors with ikter i&fie@tor 

In Fig* 17 is shown a plot of l ranyl ,fluoride solu%ion height 
at criticality as a kmtion of the Inodera%ion or hydrogen %o 
U-235 xtm&e ratio is the fuel for several sizes cf water enclosed 
aPUnu reactcms o mese results are also sho?:n in Fig0 18, a 
plot of the critical IIESS~S corresponding to these critica heights. 
The data are tabulated in the Appendix, Tables fi and 6. 

2 0 Stainless Steel 

The data obtained M%h wa%er enclosed strainless steel reac%ors 
of several diameters at various concentrations of uranyl fluoride 
solution appear in Tables 7'and 8 and are shown in Fig, 19 and Fig. 
20. In these the height of the solution at criticality and the 
mass are plotted as a function of ti?e moderation. 

3 0 Stainless Steel,, Cadmium Shielded 

A few experiments were pne in which a sheet of sadaim having 
a thickness of O&i, gn Cd/cm was wrapped around the stainless steel 
reactors which were %hen enclosed in water, Data obtained fro= 
these asse&lies are shown in Fig0 21 and Fig, 22, where the crit- 
ical heigh%s and critical msses are plotted as functions of the 
H: u-235 atomh ratio. See also Tables 9 and 10 of 6,he Appedix. 

c 0 Keaetors Without a Reflector 

A feTfl data xere obtained liith alum'inum reactors having dime- 
ters of 10 and 15 inches with no reflector and are shown in Fig. 
23 and Fig. 24 and in Tables 11 and 12. 

2 0 Stainless Steel 

Stainless steel reactors having diameters of'l0, 12, 15, and 
20 inches became critical with the fuel at several concentrations 
and the data are @ -Ten in Fig, 25 and Fig, 26, 'It was not possi- 
ble to make a nine inch reactor critical, bu%, at some concentra- 
tians it was not shown' con~l~s~-~ 14ely to be subcritic=al at infinite 
length because-.of 1k&ta%ions imposed by the qpnrzks ad quz~ti3y 
of u-235 available, O&the curves are plotted some corlservative 
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estimates of the critical height and mass of -the nine inch reac- 
tor, These values were obtained. by extrapolation of the multi- 
plication curves. LLl the data obtained under these conditions 
are listed in Tables 13 and 14 of the Appendix. 

VI l DISCUSSION OF ~WSULTS 

A 0 Moderation 

Each critical height-moderation curve, for a particular reactor, 
shows a minimum at a H:U-23fj atomic ratio of about fifty, The shape 
of the curve can be considered as resulting from several effects of 
increasing the water content of the fuel, Among these are (1) an 
increase in the hydrogen content or moderation resulting in the ther- 
malization of more neutrons within the core and, consequently the loss 
of fewer by escape, an effect which decreases the critical mass0 How- 
ever; it should be pointed out that dilution beyond an H:U-235 ratio 
of approximately 100 does not materially increase the number of hydro- 
gen atoms per unit volume of solution so the degree of thePmalixati& 
per unit volume is essentially constant in this region, (2) An in- 
crease in the hydrogen content with increased neutron absorption which 
increases the critical mass, (3) A decrease in the density of the 
fuel, that is,, a wider dispersion of the U-235, which increases the 
critical mass and (4) the necessity, with the decreased density, of 
supplying a greater volume of fuel per unit mass of ~-235~ This la+ 
ter consideration is significant since these results were obtained 
with cylindrical reactors where, for a particular reactor, an increase 
in the volume of fuel means an increase in the core height. The result, 
in the case of filling cylinders which are long compared to their dim 
eter, is that of adding successive increments of fuel into positions 
increasingly remote from the center of the reactor and which, therefore, 
contribute relatively less to the reactivity than would an equal mass 
placed at the center of the reactor, This increase in volume, however, 
results in a greater probability of capture of a neutron by a U-235 
nucleus before leakage can occur, a small and competing process, In 
the limiting case9 -with cylinders of diameters s~pall compared to their 
lengths, further increases in length do not contribute significantly to 
the reactivity leading to the concept of %lways safe*' pipes, A curve 
for one reactor is the resultant of these several effects, some of which 
are competitive, For instance, in Fig. 19 with a stainless steel reac- 
tor, 8 inches in diameter, as the atomic ratio is increased from thirty 
toefifty, by'decreasing the chenical concentration, the reactor height 
at criticality decreases and the critical mass decreases0 The mass 
change is shown in Fig. 20, This decrease in volume, and mass, is dae 
to the predominance of the increase in moderation. As further dilution 
is made, the volume increases and the mass decreases until an atomic 
Patio of about 250 is reached. In the range EM-235 I -50 to 250 the 
increased moderation further decreases the IMSS required, however, the 
decrease in density necessitates a greater volume cf solution to con- , 
tain the urankm, At an atomic ratio greater than 250 those factors 
which increase the mass, such as decreased density, increased hydrogen 
content and unfavorable geometry, become effective and the vokxme and mass 
both increase with further addition of water, 



In the restits reported here there is some uncertainty in the ex- 
trapolation of the critical mass and height curves but an endeavor has 
been made to keep them internally consistent and conservative, It is 
apparent from the curves that a reactor of a particular diameter will 
be critical at a finite height with the fuel having a range of modera- 
tions but may be sub-critical at infinite length with the fuel contain- 
ing both more and less water. 

B 0 Reactor Diameter 

The investigation being reported here was partly directed towards 
determining the maximum dia,meter of a reactor which when filled with 
the uranyl fluoride solution to infinite height will remain sub-crit- 
ical under the most favorable conditions. Since the dependence of 
critical mass and critical height on reactor diameter is of consider- 
able interest, an endeavor was made to extend measurements with each 
reactor to a chemical concentration with which it was impossible to 
achieve criticality or until the program was limited by available 
U-235 or by apparatus dimensions, The curves showing the relations 
between moderation and critical height and critical mass have 
been extrapolated beyond experimentally measured criticaL condlt,sws 
in a manner determined by these noncritical experir-aents, It is ob- 
vious that neither the reactor diameter nor the chemical corlcentra- 
tion where changed continuously, Therefore, if a reactor ten inches 
in diameter was made critical at a particular Lmoderat20n and EI nine 
inch one was sub-critical at infinite length, it is not possible ta 
comment with certainty on the probability of a 93 inch reactor always 
being sub-critical. 

These geometric effects are also presented in Fig.. 27 where the 
reciprocal of the multiplication has been plotted against the corre- 
sponding height for comparison of various water enclosed aluminum reac- 
tors at a fixed moderation. From this curve it is noted that a re- 
actor of 53 inch diameter of any length is sub-critical while those 
of increased diameter become critical at successively lower heightsx 
Fig. 28 shows the corresponding data for stainless steel reactors 
without a water reflector. 

The data can also be combined to show the dependence of critical 
height or critical mss on reactor diameter, In Fig, 29 is a plot 
of the height of fuel in water enclosed aluminum reactors as a func- 
tion of their diameter for various degrees of moderation. Fig, 30 
shows the corresponding relation for the water enclosed stainless steel 
reactors, It is to be noted again that, as the water content is in- 
creased, the critical height of a reactor goes through a minimum at an 
H:U-235 atoAtic ratio of about fifty. Each of these curves becomes 
asymptotic to a value of the hei, Tht and to a value of -i;he diameter and 
shows two limiting geometric conditions for the particular uranium so- 
lution. The asymptote parallel to the ordinate describes the cylinder 

* It should be noted that the abscissa of some of these curves have 
been abnormally compressed in order to include them all on a sin- 
gle graph. 



I 
I 

I 
I 

I 

-- 
----- - ___._ 

---. 
---___ ~. 

g3 0 

O
W

 
ea a 



1.4 

0.6 

Stainless She/ Reactors 
N:U z3sAtomic &ho ~60 
No Refhc for 

., 

0 IO 20 30 40 SO 60 70 80 
UNCORRECTED SOLUTION HEIGHT, cm 

f?EACTOR DIAMETER 
4 8 Y --w--w . A 9 u -w-w-- 
0 /O u --e--w 

12 I ---e-w 

90 100 

LABORATORY DIVI~SION 

RECIPROCAL 
MULTIPLICATION VS 

SOLUTION- HEIGHT 
K-25 PLANT 

CARBIDE a CARBON CHEMICALS CORP 
DRWN 8. hbmmd?r -II------- APPV’De!!@!k- 

DATE: APRIL 7.1949 DWG NO: LO-8801 

FIGURE 28 



SO 

E 
0 

20 

IO 

0 
6 

- 

7 8 

AlOrE: 
Aluminum Reactors 
lzrafer Ref/ecfor _ 

i 

9 IO II I2 
REACTOR DIAMETER, inches 

, 

I4 I5 I6 

LABORATORY DIVISION 
. 

CRITICAL HEIGHT 
VS REACTOR DIAMETER 

. K-25 PLANT - 
CARBIDE c1 GARBON GHEMIGALS CORP 

ORWN--.---.--,a.- 18 &mm?? AppV:D m -----m-w 
DATE : APRIL II, 1949 DWG NO: LO-B808 

t ‘FIGURE 29 



60 

I 
I 
-L -~ _- 
\ 
\ 

\ 

\ 
\ 

\) 
\ 

1. --- --.---., ---.--_,. _ __ 
\ 

\ 

6 .f 8 9 IO II I2 

-- 

. 
-- 

#O TE: 
Stainless Sfee/ Reacfofs 
Wafer Ref/ecfor 

REACTOR DIAMETER, inches 

-t-t---l 

I I I . 
I3 I4 I5 16 

LABORATORY DIVISION 
-- 

CRITICAL HEIGHi 
VS REACTOR DIAMETER - - -  - -  -  -  __ -_- --v-v _ - . w  

I  

K-25 PLANT 
1 CARBIDE 8 CARBON CHEMICALS CORP 

- 1 DATE : APRIL ll,lQ49 1 DWG NO: LO-8809 

FIGURE 30 



49 

of maximum diameter which would be sub-critical at infinite length using 
materials of these experiments, The asymptote parallel to the ab- 
scissa gives the thickness of a slab of infinite size which would always 
be sub-critical under the conditions of the experiment, Selecting the 
optimm concentration it is noted in Fig. 31 that, for aluminum reac- 
tors, the "always safe" 
greater than 5$ inches, 

cylinder has a diameter less than 6 inches but 
The slab thickness is less well defined be- 

cause of limitations imposed by the reactors available. The "always 
safe*' slab appears to be at least 5 cm thick, 

Similar graphs for stainless steel reactors without water reflec- 
tor are shown in Fig. 32, The dimensions of the Qafe" cylinders and 
slabs obtained from these data at o&.aum concentration are tabulated. 

Table 

*VLLv~ays Safe" 

Reactor Material Reflector 

Alrrminum Water 

Stainless Steel Water 

Stainless Steel Air 

2 

Dimensions 

Cylinder Diameter Slab Thickness 
inches C0 

1 52 m5 

6 -5 

8 -10 

The dependence of the critical mass on reactor diameter at constant 
moderation for water enclosed aluminum cylinders is shown in Fig, 33. 
It is to be noted that each curve has a minimum which was anticipated 
since the mass will be least in the geometrical configuration approxi- 
mating equilateral cylinders, The minimum critical mass measured in 

* this series of experiments was 893 gm U-235, and was contained, in a 
solution having an H:U-235 atomic ratio of 329, by a water enclosed 
aluminum cylinder 10 inches in diameter and Z&L+ cm high. The minimum 
mass in a 15" reactor was somewhat greater, Since intermediate sized 
reactors were not examined, it is possible that a'lower mass may be ex- 
perimentally obtainable, It is to be expected that the minima crit- 
ical Amass wofid be less were the fuel in a sphere of appropriate size, 
since a sphere has minimum surface to volume ratio. The mass-diameter 
relation for water enclosed stainless steel reactors is given in Fig, 
34 0 

The ninimm critical mass measured in each reactor has been plotted 
against the reactor diamter in Fig. 350 

c .O Reactor Material 

Reactors were fabricated from Type 3-S aluminum and Type 34’7 
stainless steel and were used with fuel of a range of concentrations. 
A comparison of the results obtained with reactors of these materials 
enclosed in water are shown in Fig, 36, These data were obtained 
with reactors ten-inches in diameter, The critical mass in the alumi- 
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num reactor is significantly less than that in the stainless steel due 
to the absorption by the components of the stainless steel of the ther- 
mal neutrons reflected by the water. 

A similar comparison is made between ten inch diameter reactors 
without water reflector in Fig, 37,, The difference between the two 
materials is significant, In other instances, with reactors of greater 
diameter the critical mass qnrith the stainless steel reactor was only 
slightly less than that obtained with aluminum under the same condi- 
tions, The above effect is attributed to the greater reflection of 
neutrons by the stainless steel than by the aluminum, 

D 0 Reflector 

A limited amount of data were obtained on the effect of the re- 
flector on critical conditions, The cases examined with stainless 
steel reactors were, a) with eomlete water enclosure, b) with cadmium 
sheet of thickness O,& gm Cd/cm 3 between the reactor and the water, 
c) without the water reflector. The data obtained from a 12 inch 
stainless steel reactor are shown in Fig, 38 where the critical mass 
and critical height for each is plotted as a function of moderation,, 
It is observed that the absence of the water reflector'approximately 
doubles the critical. mass0 The interposition of cadmium between the 
reactor ark. ?eflector,increases the critical mass by about 5Go 

The effect of the water reflector is also shown in Fig, 39 where 
the ratio of the critical masses with and without reflector is plotted 
against the diameter of the reactor* For reactors of small. diameter 
the number of neutrons reaching the surface is a relatively large frac- 
tion of the total, If a reflector for these neutrons is provided it . 
is more effective for reactors of small diameter than for larger ones. 
Therefore cylinders of small diaaeter which have no good reflector 
around them require a considerably increased U-235 content to become 
criticaL In larger reactors, on the other hand, relatively fewer 
neutrons reach the surface so the masses with and without a reflector 
are more nearly equal, 

The results of a single experiment in which the critical height of 
fuel in an aluminum reactor was determined as a function of the height 
of water reflector surrounding it are shown in Fig, 40 as a matter of 
general interest, It gives a qualitative picture of the value of the 
top reflector and the relative &effectiveness of additional amounts of 
water reflector at a height of fifteen or more centimeters above tne 
top surface of the fuel, The relation between fuel height andreflec- 
tar height has not been determined under a sufficient number of exper- 
imental variables to @ermit any generalized conclusion to be drawn. 

E l Accuracy and Precision 

It is appropriate to consider the accuracy with which the results- 
of these experiments are known and the reproducibility of the measures. 
An estimate of the overall accuracy of the critical masses and heights 

Some of the uncerkinties will now be noted, _ . 1 
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1 0 Volume- of SaltMon 

The height of uranyl fluoride solution in a reactor at crit- 
icality under fixed conditions was reproducible to+ 0.1 cm. How- * 
ever, the accuracy of the values is ,not greaterthG+ 0.2 cmbe- 
cause of scalexzerv-variatims ,due 'to,. constructional rrregulari- 
ties, The actual diameters of the reactors were equal to the no& 
inal values to one -percent. 

2 l Mass of U-235 

The mass of U-235 was determined fr-om the volume of the U02F2 
solution, its specific gravity and "d grzvimetric analysis of urani- 
um in the solution, reported as weight percent. The specific grav- 
ity was not corrected fortemperature and may be in error by a fevw 
tenths of a percent. 
timated atf 2% L, E. 

The analysis error, including sampling, is es- 

3 0 Feed Line 

Fuel was fed into the reactors through a vertical section of 
three inch pipe as shown in Fig. 7. The purpose of the large diame- 
ter was to per&t rapid disassembly in case of emergency. When 
filled, each reactor had, tberefore;appended to its bottom a column 
of fuel three inches in diameter and approximately one foot long, The 
sides of this section were partially surrounded by water in appropri- 
ate experiments. It was recognized that the uranium solution in,this 
appendage ,cotiributed to the reactivity, both as fuel and as reflector, 
making the critical mass obtained from the volume contained in the re- 
actor erroneous. A correction term was evaluated*,by duplicating 
this geometric perturbation at the top of the reactor fn the following 
manner. A%eight of ,solution at criticaEty in a seven ,inch reactor, 
water enclosed, was first determined in the usual way with the small 
water tank in contact with the top surface. For this top water tank, 
which was six inches deep, was then substituted one 15 inches deep hav- 
ing an axial opening three inches in diameter, The tank was filled 
with water equivalent to the amount of feed line which was water en- 
closed. The experiment was repeated w5t.h other conditions remaining 
the same and the height of fluoride solution in the seven inch diame- 
ter section at .criticality was redetermined when the surface of the 
solution in the three inch ,hole in t-fie t,op tank was 30 cm above the 
top of the seven inch diameter column of liquid,, The arrangement is 
shown in Fig, 41. 
normally measured, 

The resulting height, hg, was less than h19 that 
by an amount attributed'to the contribution to the 

reactivity by this top appendage. 
h 

The difference in critical height, 
1 - h2, represents, in a seven inch diameter reactor, a volume of 

fuel equivalent to the effective part of the contents of the top three 
inch section,-- It was assumed that the similar extension to the bot- 
tom of the seven inch liquid cylinder contributed equally to the sys- 
tem and, therefore, that it 'vt'as necessary to increase the normally 

-2 It was found that the height af this top appendage, thee inches in 
diameter, could be reduced to 15 cm before the reactivity decreased, 
showing that at greater heights the rr;aterial in this srczll section does 
not contribute further to the reactor either as fuel or as reflector. 
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measured height by (hl - hz). Height corrections for reactors of 
other diameters were determined on the assumption that the volume 
correctionwas the same for all, 

In the course of a subsequent series of experiments it has been 
possible to measure critical heights in reactors with essentially 
flat bottoms. T-he .values of thexbove corrections have been veri- 
fied by comparison of the later measurements with results reported 
here. 

4 0 Reflector 

The accuracy of the results obtained from water-enclosed re- 
actors will be affected-by neutron leakage through the water,.re- 
flector, Leakage could be due to an inadequate khickness of 
water surrounding the - veactors and to holes in the reflector. A 
layer of water at least 10 cm thick was used in each experiment. 
In the course of a subsequent 'program it was possible to increase 
by 30$ the thickness of the water enclosing the sides of the 
largest reactor, keeping other conditions constant. No signifi- 
cant differemx was *observed in-the results. 

In all water enclosed experiments the surface of the fuel was 
covered 'by a container of water six inches deep which was traversed 
by vertical tubes through which control devices could be inserted. 
Neutron leakagethrough these apertures was ,tivestigated by lower- 
ing the water container below the fuel surface, displacing some 
liquid into these openings and into the annulus at the perimeter 
of the reactor, The displaced liquid served as a reflector. As 
the bottom of the water container was lowered below the surface, 
the critical mass decreasedxntil the,.he?ght of solution in the 
aperatures was about 8 cm, ' Further lowering the container increased 
the critical mass of the system, These observations are inter- . 
preted as showing that the initially displaced fuel serves predomi- 
nately as a plug in the holes in the reflector, However, when the 
height of this plug exceeds about 8 cm the increase in critical mass, 
which includes the uranium in the displaced solution, is due to the 
onset of less favorable geometrical arrangement of the fuel, A 
plot cf the mass decreaseinthe system at criticfiity against the 
height of the solution displaced into the water tank aperatures is 
shown in Fig, 42, The decrease in critical mass in a 10 inch and 
in a 65 inch diameter reactor effected by introducing fuel into the 
openings in and around the top water tank was about 2% in each case 
and represents an estimate of the error introduced by leakage in 
typical experiments. The surface area through which the leakage 
responsible for the increase in mass could occur is about Qo7s of the 
total of each reactor, 

-The iron tank, 24 inches in diameter, which was coaxial with 
the reactors and contained the reflector water, was in place dur- 
ing tkre experiments with no reflector, Due to its proximity to 
the surface of the large reactors, 
reflect neutrons into the fuel, 

this iron shell could possibly 
At the end of the program the 

iron tank was removed and an experiment repeated with no .observable 
change in the result. ._ 
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5 4 7kfn~maiure 

The uranyl fluoride solution and the reflector water used 
in these experiments were subject to seasonal variations in 
temperature which could amount to as much as 15 Co. No meas- 
ure was made of a temperature coefficient of reactivity and 
the data have not been normalized to constant temperature. 
Some of the scatter in the results may be attributed to this 
cause. 

VII* SUWY 

The results off these experiments which are of interest in the Specifica- 
tion of safe handling procedures for solutions are Mmmarized below. The ex- 
amples of cylindrical reactors which have been selected represent 1) the re- 
actors of maximum diameter which were sub-critical near optimum moderation and 
2) the reactors of minimum diameter which were critical at minimum solution 
height, i,e, optimum moderation for cylinders, 

Table 3 

&terial 

AluxLnum 

Aluminum 

Stainless Steel 

Stainless Steel 

Stainless Steel 

Stainless Steel 

Stainless Steel 

Stainless Steel 

Reactor Reflector 
Diameter 

inches 

1 52 water 

6 water 

6 water 

water 

8 

10 air 

7 Cd shield 
water. 

8 Cd shield 
water 

H:U-235 

57 

59 

61 

44 

63 

. 63 

/ 80 

63 

Critical 
Height xass 

CXl U-235 kg 

71.8 54 *. 

3107 6k 0 

Lc8.4 62 0 

A treatment of the data allows an estimate to be made of the thickness of 
a slab of fuel of infinite extent which will be sub-critical under all condi- 
tions. This thickness is 5 cm for a water-enclosed slab and 10 cm for one 
without water reflector, 

The minimum critical mass observed in these experiments was 843 grr U-235 con- 
tained in a water-enclosed aluminum reactor of 25.4 cm (10 inches) di.zzter 
and 22.4 ~0 height. The concentration of the fuel corresponded to H:U-235 = 329. 
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TABIE 4 

~IMU'M IMFWRITIES IN URANYL FLUORIDE SOLUTIONS 

AND THXIR THEiRMAL NEUTRON ABSORPTION CROSS SECTIONS 

Element PPm* c;T x 1024 ml2 a 
NTa x 107cm2 
P UO& 

*g 
Al 
As ". Au 
B 
Ba 
Bf9 . Bl 
Cd 
Ca 
Cr 
cu 
Fe 
G0 
Rg 
In 
% 
I!& 
ISlO . Nl 
P 
Pb 
Sb . Sl 
Sn 
Tl 
v 
Zn 

005 
2000 
< 10 
c 001 

15 
<lo 
coo1 
(1 
200 

20 
120 
500' 

2000 
(1 

(10 . 
Cl 

60 
40 

a0 
10,000 

(10 
40 

(10 
1 

20 
<l 

(10 
300 

60 
0021 
403 

95 
715 

103 
0001 
00015 

2900 
36 

205 
300 
205 
2.8 

430 
194 

003 
13 

2A 
405 
Oe23 
002 
405 

n/o,2 
0055 
300 
405 
009 

107 
9307 

3*4 
003 

6000 
005 
001 
0 

31060 
7304 
34*7 

14200 
53805 

002 
129.1 

1002 
4.5 

5100 
1.6 

4615 
0*4 
002 
202 
001 
005 
001 
503 

2409 

* Reported as parts per million of solute0 
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TABLE 5 

CRITICAL CONDITIOlSJS FOR ALWMJE REWTORS WITH WATER REFLEXTOR 

Reactor H=:U-235 
Dbmeter gtomic 
Inches Ratio 

gm U-235 
gm Sol';;. 

Sohtion 

iiizz 

m U-235 
cm3 Sol'n. 

Critical Critical Critical 
Height vohme Eaass 

cm Liters' kgoV-235 

5209 
6 58e8 

06293 1.566 0.459 
0.41.5 

7009 
71.8 

12.93 
13.10 

5.93 
5.44 

1 
% 26.2 

5209 
56J 

11900 

002745 1.51 

0.4179 1.98 
00 293 1.566 
00281 1.51 
001685 I.26 

0.4179 1.98 

0.827 
0.459 
0.424 
0.212 

44.5 
3992 
4&4 
52.6 

9.56 7.91 
8.39 3.85 
8.65 3..67 

11;26 2.39 

8 2602 
29.9 
5209 
58.8 
9905 

192e 0 
290430 

00 394 
00 293 
0.2745 
001924 
061145 
OeO801 

1.926 
1.566 
1.51 
1.32 
1.17 
1.10 

0.827 
0.759 
0.459 
0.415 
0.254 
0.134 
0.0881 

2105 
20.7 
19.5 
20.5 
22a4 ', ' 
28.1 
40.01: 

6.92 5.76 
6.71 5.09 
6e32 2.90 
6.65 2.76 
7.26 1. 8.4 
9.11 1.22 

13.00 1.15 

10 52.0 9 0,293 1.566 0.459 13:.4 6.79 3.12 
32807 0.715 1.101 0.0787 22,4 11.35 0.893 
499 000488 x.070 0.0522 35.2 17.83 0.930 

15 52.9 
56.7 

p1*0 
499.0 
755.0 
999*0 

0.293 1.566 
0.281 1.51 
0*1014 1.14 
000488 1.070 
00033 1.04 
0.0252 1*.03 

0.459 7.90 
0.424 8.n50 
0.116 11030 
0.0522 is*90 
0.0343 27.10 
0.0260 44030 

9.01 4.14 
9.69 49 II' 

12.88 1.49 
19.27 1.01 
29.75 1.02 
50050 1.31 
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TABIS 6 

NON-CRITICAL ALUMINUM REXCTORS WITH WAlZR REFLIXTOR 

b!kiximm 
Reactor H:,U-235 gm u-2.35 Soltition gm u-235 Experimental Estimated 
Dianie-br Atomic Density 

cm3 Sol'n, 
Attainable Critical 

Inches Ratio- gm soml* gm/cm3 Height Mass 
(crri) U-235 kg 

Height Mass 
(cm) U-235 kg. 

1 5z 5607 00281 1.51 0.424 7403 4.83 

6 2602. 0,4179 1.98 0.827 5106 7.79 >75 Xl.3 
11900 001685 1.26 0.212 7206 2081 

1 
6- 2 221 001014 1.14 0.116 61.6 1047 

. 8 499 000488 1.07 0.0522 7405 1.26 

10 755 0,033 1.04 0.0343 5604 Oe 98 

15 26.2 0*4179 1.98 0.827 7.5 7007 8.69 8010 



TABLS 7 

CRITICAL COJYDTTIONS FOR STAINIESS STEEL REUXTQRS WITH KtATER REFLEXTOR 

Reactor H l U-235 
Ditieter At&kc . 
Inches Ratio 

m U-235 v 

Em Sol'n. 

Sol?n. 
Density 
P/cm3 

6' 2 3106 00385 la88 00724 49.0 10649 7059 
43.9 0,326 1.65 0.538 4701 10.08 5.42 
6207 00264 1.50 0.396 4709 lOe25 4.06 
86.4 00213 1035 0.288 5308 11.51 3.31 

7 24.4 00430 2.02 
31.6 0.385 1088 
4309 00326 1.65 
6101 0,268 1*47 
8604 00213 1035 

12302 0.164 1.25 
174 00124 1019 

0,869 
0,724 
Oe538 
00394 
0,288 
06205 
0.146 

3564 8a79 7063 
3400 8044 69 11 
3207 8.12 4.37 
32.6 8.09 3019 
3660 8094 2057 
4203 10050 2015 
57.3 14.22 2.10 

8 2404 0,430 2*02 00869 23e4 7059 6+59 
2662 0.418 lo98 0.827 i3,j 7062 6.30 
31.6 0,385 1.88 00724 2206 7e-33 5.31 
4399 0.326 1.65 0,538 2109 7.10 3.82 
56.7 00281 1051 0.424 2202 7.20 3.05 
58.8 00275 1.51 0,415 20,8 6,74 2080 
62.7 0.264 1.50 Oo 396 22.9 7.42 2.94 
86*4 0,213 14D35 0,288 2308 7.72 2022 
99.5 00192 lo32 0.254 2402 7085 1099 

123.2 OJ64 la25 00205 2600 8043 1.73 
174 OJ24 1.19 06148 30-l 9076 1*44 
192 00115 1.17 06134 2904 9053 1628 
226 oti 0995 1415 00114 3603 11077 1034 
320 000732 1.10 OoO805 6001 19648 1057 

9 2404 00430 2.02 00869 1894 '7*55 6a56 
3106 00385 1*88 00724 1801 7*43 5038 
4309 00326 le65 Oe538 1708 7030 3693 

.j 6207 0,264 1.50 00396 18..0 7.39 2093 
86.4 0.213 1.35 00288 1807 7.67 2021 

12302 00164 1*25 00205 1909 8616 1.67 
174 0,124 1.19 00148 2202 9*11 la35 
226 00 0995 1615 06114 2503 10038 1018. 
320 000732 l*lO 000805 3300 13054 ltDO9 

p U-235 
cr;dSol'n, 

Critical Critical Critical 
Height Volume lkss 

Liters kg+, U-235 
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TABLE 7 (Continued) 

CRITICAL CONDITIONS FOR STAINLESS STEEL REZKTORS WITH WATER REFLECTOR 

Reactor H t U-235' 
Di&is;ter Atotiic gin u-235 . ,... I. 
Inches Ratio gm Sol% 

10 24.4 
31. 6 
4309 
62.7 
86.4 

12302 
174 
226 
320 

12 62.6 00264 1.49 0.394 1203 8e97 3.53 
174 0,124 1619 00148 1409 10.87 1.61 
226 0.0995 1.15 00114 1605 12.04 le37 
320 000732 1.10 OeO805 1895 13950 1.09 
499 000488 1.07 0.0522 26.3, 19.19 1.00 
755 0.0330 1.04 0*0343 4807 35.53 1.22 

15 56.7 00281 1.51 0.424 lO*l 11.51 4.88 
221 0,1014 . 1.14 0.116 1300 14982 1.72 
499 0.0488 1.07 0.0522 2000 22012 1.15 
755 0.0330 1.04 000343 2808 32.83 1.13 

0.430 
0.385 
00326 
00264 
00213 
0,164 
0,124 
000995 
000732 

Sol'n. Critical Critical Critical 
r;,sgY s;se !%!?~~ht yz; Mass 

kg* U-235 
_ 

2.02 00869 15;3 7.75 6.73 
1.88 0.724 15.3 7.75 5.61 
la65 00538 1409 7.55 4.06 
1.50 00396 15.2 7tb70 3.05 
1.35 00288 1504 7.80 2025 
lo25 0.205 16*8 8.51 1*74 
1.19 0.148 18.1 9017 lo36 
1.15 00114 20*0 lOJ3 1.15 
1.10 OeO805 2500 12.67 1002 
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TABLE 8 

NON-CRITICAL STAINLGSS SmEL RFMTORS WITH WATER REFLECTOR 

BIlaximum 
Reactor H:U-235 Solution p U-235 Experimental Estimated 
Diameter Atomic gm U-235 Density Attainable Critical 
Inches Ratio gm Sol% p/cm3 CT ,sol'no Height ( 

cm 
) u Bfs;skg HTig;t l!&ss U-235 

W 'zi cm kg. .A 

6 2404 0.4301 2*02 008688 5609 9002 O" 
3106 0,385 1088 0,724 66.6 8080 00 
61.1 0.268 1047 0.394 87.6 6030 - 
8604 0.213 1.35 00288 7209 3.83 

+ 2 12302 00164 lo25 00205 7702 3039 80 3050 
174*0 00124 1*19 00148 7203 2029 - 

7 18300 001194 1,.18 00141 5404 1090 63 2020 
22600 000995 ' 1.15 0,114 690 9 lo98 >lOO .2o80 

9 4990 0 0.0488 1.07 080522 4005 0087 >75 >lo60 
. 

10 4990 0 000488 1.07 OoO522 3904 1004 40,7 1.08 

12 99900 OoO252 1.03 OoO260 6900 1031 OQ' 

15 9990 0 000252 1003 0,0262 5002 1049 5204 1055 



TABL;E 9 

CRITICAL CONDITIONS FOR CADMIUMdHIELDED 
STAIN'ZIEXS STEEL REACTORS WITH KATER REFLEXTOR 

Reactor H : U-235 
Diamwbr Atomic 
Inches Ratio 

8 4309 00326 
62.7 00264 
8604 Oe213 

9 3106 0.385 1.88 0.724 2900 11090 8 l 6.2 
4309 00326 1065 00538 2808 11082 6.36 
6207 00264 Pa50 0.396 28*3 11.64 4061 
86.4 0.213 1.35 0.288 2902 11.98 3.45 

12302 00164 1.25 00205 32.0 13013 2069 
174*0 00124 1019 00148 3703 15.30 2026 

10 31.6 00385 1.88 0.724 21.1 
4309 0,326 1*65 00538 2104 
6207 00264 1050 0.396 22*0 
86.4 0,213 1.35 0.288 2200 

221 0*1014 1014 0.116 28.7 

12 56.7 0,281 1.51 0.424 15.8 lle53 4.89 
174 0.124 1.19 0.148 1905 14022 2.10 
226 000995 1.15 00114 2009 15625 1.74 
499 0.0488 1.07 06052 3208 2343 93 1.25 

ma U-235 
gm Sol’n. 

Solution gm U-235 Critical Critical Critical 

Densiiy cm3 Soltn, Height Volume lh!fass- 
t?d cm Cm Liters kg,&235 

1.65 06538 5165 16.70 8.98 
l.iO Oo 396 48.4 15.69 6.21 
1.35 0.288 56a5 18.32 5.28 

10.69 7.74 
10.84 5.83 
llol5 4042 
11015 3.21 
14.54 lo69 
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TABLE 10 

NON-CRITICAL CADMIUM SHIELDED STAINIXSS 

Reactor HrU-235 
Diameter Atomic 
Inches Ratio 

STEEL REACTORS WITH WATER REFLECTOR 

m U-235 
gm Sol'n, 

Solution 
Density 
E?dcm3 

gm U-235 . 
ems Sol%. 

Wximum Estimated 
Experimental 
Attainable 

Height Mass 
(cm) U-235 kEp 

Critical 

Height Mass 
(cm) U-235 kg:. 

. 7 31.6 0.385 1.88 0.724 50.3 9004 
86.4 0.213 1035 0.288 71.9 5.15 

8, , 24.4 0.4301 2.02 0.8688 30.8 8068 ,>47 >13,2 
31.6 0.385 1.88 0.724 3509 8043 

9 24.4 0.4301 2.02 Oe8688 24.7 8.80 732 x1*4 
226.0 0*0995 1.15 0.114 41.2 lo 93 >46,2 > 2016 

I 320 OeO732 lJ0 0.0805 4oe5 1034 

10 24.4 0.4301 2.02 0.8688 1906 8063 23,,4 lOe3 

12 26.2 0.4179 1.98 0.827 1302 7.96 1505 9035 
755 00033 1.04 0.0343 58.3 lo46 

TABLE 11 

CRITICAL CONDITIONS FOR ALUMINUBB REACTORS WITHOUT WATER REFLECTOR 

Reactor Hz+235 
Diameter Atomic 
Inches Ratio 

gm U-235 
gm Sol%, 

Solution 
Density 
e?d 3 cm 

gm U-235 
cm3 Sol%. 

Critical 
Height 

cmQ 

Critical Critical 
Volume Bflass U-235 
Liters kg 's, 

10 5209 o* 293 lo566 00459 34,O 170-22 7090 
169mO 0,127 1.187 00151 4102 20087 3015 

15 169.0 0.127 1.187 0.151 18.5 21*09 3918 
328.7 090715 10101 000787 21.7 24073 1095 
499.0 000488 16070 0.0522 2704 31.24 le63 
755 0.033 1004 0.0343 43e6 49.7 1.70 



TABLE 12 

NON-CRITICAL ALUZt6INUM REACTORS WITHOUT WATER REFLECTOR 

Reactor 
Diameter 
Inches 

MiitXimwn 

Experimental 
Attainable - Height bkss 

(cm) U-235 

Estimated 
Critical H:U-235 

Atomic 
Ratio 

Solution 
Density 
E!Fd 3 cm 

m U-235 gm U-235 
cm3 Sol%. Em SolTn. Height Mass 

(cm) U-235 kg:, 

8 52.9 0.293 1.566 0.459 46.7 6.95 

10 499 0.0488 1.07 0.0522 61.9 1.64 

TABLE 13 

CRITICAL CONDITIONS FOR 
STAINLESS STEEL.REACTORS KITBOUT WATER REFLEXTOR 

Reactor H:U-235 Solution Critical Critical Critical 
Diameter Atomic gm U-235 Density gm U-235 Height Volume Mass U-235 -- - 
Inches Ratio gm Sol*n. gmzcm3- cm3 Sol%. Cm;, Liters 

43.9 ’ 0.326 1.65 0.538 32.3 16636 8.80 
Oe264 1.50 0.396 31.7 16.05 6.36 
0.213 1035 0.288 3109 16016 4.65 
00164 lo25 0.205 3403 17.38 3.56 
0.124 1.19 0.148 38.7 19.61 2.90 
00 0995 1.15 Q.114 46.6 23.61 2069 

62.7 
86.4 

123.2 
174 
226 

174 0.124 1.19 0.148 24.7 
226 '000995 1.15 06114 2602 
320 0.0732 1.10 0.0805 30.3 
.499 0.0488 1007 0.0522 4899 

18602 2067 
19.11 2e18 
22JO lo78 
35967 1086 

56.7 0.281 1.51 0.424 1701 19.49 8.26 
221 001014 1.14 0.116 1965 22023 2058 
499 0,0488 1.07 0.0522 2700 30.78 L61 
755 0*0330 1.04 0.0343 41.7 47.54 1.63 

119 
221 
329 
499 
755 

0'0168 1.26 
0.1014 1.14 
0.0715 1.10 
OeO488 1.07 
0.0330 1.04 

0.212 14.3 28.98 6.14 
0.116 15*7 31.81 3.69 
0.0787 17.4 35025 2077 
0.0522 20,5 41045 2.17 
0.0343 2607 54.10 1.86 

10 

12 

15 

. 20 
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TABIS 14 

Reactor 
Dikneter 
Inches 

6 

7 

8 

9 

10 

12 

20 

NON-CRITICAL STAINXBSS STEEL REBKTORS WITHOUT WATER REPIBCTOR 

H&235 Solution l!Jaximum 
Atomic gm U-235 Density gm U-235 Experimental Estimated 
Ratio gm 501%. */cm3 cm3 Sol%. Attainable Critical 

Height Mass mh't R!fis 
(cm) U-235 (cm) U-235 

kg 0 kg a 

24.4 0.4301 2.02 0.8688 63.1 10.0 

24.4 0.4301 2.02 0.8688 43.5 9.38 
31.6 0.385 1.88 0.724 47.9 - 8.61 
43.9 0:326 1.65 0.538 62.0 8.28 
6101 0.268 1.47 0.394 .87.1 8052 

24e4 0.4301 2.02 0.8688 3102 8.79 
31.6 0,385 1.88 0.724 3963 9.22 
43.9 0.326 1.65 0.538 5408 9.56 
62.7 0.264 1.50 0.396 7105 9.18. 
86.4 0.213 1.35 0.288' 8162 7.58 

12.3 l 2 0.164 1.25 0.205 8107 5.43 
174 0.124 1.19 0.148 8508 4.12 
226 0.0995 1.15 0.114 8508 3.17 

24e4 0.4301 2.02 0.8688 24.9 8988 
310'6 0.385 1.88 0.724 ,'32.0 9051 
4399 0.326 1.65 0.538 4007 8.98 
62.7 Oe264 1.50 0.396 4503 7036 
86.4 0.213 1.35 0.288 46.3 5047 

123.2 0.164 1.25 0.205 46.0 3087 
174.0 0.124 1.19 0.148 46.2 2081 

24.4 0.4301 2*02 0.8688 19.4 8054 
26.2 0*4179 1.98 0.827 1900 7696 
3196 00385 1.88 0.724 27.1 9.94 

320 0.0732 1.10 0.0805 46.7 1090 
499 0.0488 1.07 0.0522 4509 1021 

62.6 0.2641 0.394 18.5 5.32 2l.e 7 6e24 

999.9 0.0252 

1.49 

1.03 0.0260 9.5 1.55 36 1*90 

>90 >20.4 
) 56 > 9.1 
>57.5 >6.80 
>?O' > 5.9 

>28 X2.4 
225 710,s 
>35 712*8 
775 ) 300 


