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The conditions under which U-235, contained in aqueous solutions of
uranyl fluoride, become critical in right cylindrical aluminum and stain-
less steel reactors, have been examined, The uranium-235 content of the
uranium was §3.4%. 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 chemical 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 53 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 largest reactor which could not be made critical
under the most favorable conditions of these experiments was greater than
5% inches but less than 6 inches. Omission of the water reflector in-
creased this diameter to 8 inches, The minimum critical mass measursd was
893 gm, contained in a reactor 25.4 cm (1C inches) in dizmeter and 22,4 cm
high with a chemical concentration corresponding to a hydrogen to U-235
atomic ratio of 329,

The absence of the water reflector increased the critical zass by
about 100%; interposing cadmium between the reactor and the refiector
water increased the critical aass by about 50%.

The results obtained are tabulated in the Appendix and are shown in
a number of graphs, No attempt at correlation with theory is made in
this report.
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CRITICAL MASS STUDIES, PART III.

I. INTRODUCTION

The first two series of critical mass experiments performed in these
laboratories, on assemblies of one-inch UFy mock-up cubes interspersed among
varying numbers of polyethylene cubes, were reported earlier.t>2 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 would become critical under varying
geometry, water content and reflector conditions. The maximum 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.

1I. BEXPERIMENTAL MATERIALS

A, Uranium Solution

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

1. Low nuclear absorption cross sections for thermal neutrons>
of the associated atoms, oxygen (< 0.001 x 10?4 cm?) and
fluorine. (0.01 x 10~<4 cmg). The relatively higher absorption
cross sections of such atoms as chlorine (40 x 10~24 cm?), sulfur
(0.4 x 10724 cm?), nitrogen (1.7 x 10-2L cm?), etc, precluded the
use of the chloride, sulfate, nitrate, etc.

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

1, Beck, C, K., D. Callihan, R, L. Murray, "Critical Mass Studies, Part I¥,
Carbide and Carbon Chemicals Corporation, K-25 Plant, A-3691, Feb. 11,
1947,

2. Beck, C. K., D. Callihan, R. L, Murray, "Critical Mass Studies, Part II",
Carbide and Carbon Chemicals Corporation, K-25 Plant, K-126, Jan. 23,
1948 '

3. Way, K. and G. Haines, "Thermal Neuircn Cross Sections for Elements and
Isotopes", AECD-2138, Feb. 29, 19.8, '



gen to uranium atomic ratios, A water solution of UO,F, contain-
ing 43% U-235 by weight was prepared which corresponds t6 a hydro-
gen to U-235 atomic ratio (H:U-235) of 24.

3. Sufficiently low corrosion rates for readily available con-
struction materials, Four types of stainless steel were corroded
less than 0,7 mg/cmé day by uranyl fluoride solutions.* An ac-
cepted rate is 1,0 mg/cm® day.,

Approximately 13.5 kg of uranium were converted into uranyl fluo-
ride of 99.8% chemical purity. The isotopic content of this uranium
was 93,4% U-235, 1.,1% U=-234 and 5.5% U-238, The following procedure
was employed in this conversion: Uranium peroxide was converted to
uranium trioxide by heating 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°C, The chamber was
flushed with dry nitrogen and cooled. The reactions are:

2(U0L+ ° 4 Hy0) =% 2 UO3+ 02+ 8 H20
UO3 & HyF, —» UOSFp 4 H0

The addition of >xygen prevents the reduction or further fluorination
of the compound, thus eliminatii, possible side reactions giving such
products as U30g and UFA. :

Spectrographic analyses of the uranyl fluoride solution were made
from time to time during the experiments, The 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 UOyF,. The macroscopic thermal neutron absorp-
tion cross section per gram of solid UOoF, has been included. The ef-
fect of these impurities on the results of the experiments has been
shown to be negligible (& 0.4%) 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,

Le Little, L. F. and C. D. Susano, "Corrosivity of Uranyl Fluoride to
Certain Metals", Tennessee Eastman Corporation, Y-12 Plant, Report
No, C-3.370.8, September 19, 1946




B.

Tabie 1

Distribution of Neutron Absorption in the Core

Absorber H:U-235 Atomic H:U-235 Atomic
Ratio = 25 Ratio = 1000
U-235 fission 8L 3% 57 .0%
U-235 radiative capture 14,1 9.5
Hydrogen 1.2 33.3
Impurities 0.4 0.2

The relation between the concentration of the solution, in gm/cm?,
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.

Materials of Construction

Stainless steel Type 321 was found to resist corrosion by uranyl
fluoride solution and was used for storage cylinders, piping, etc.
Type 347 was only slightly more corroded and was substituted for 321
when the latter was not available, Joints were either welded or
brazed with "Silfos" 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 aluminum, Type 3-5, each of all-welded construction. It was
found recessary to coat the aluminum to reduce corrosion. Bakelite
varnish, air dried and baked, was found to give a satisfactory covering.
In some instances Glyptal was used successfully,.

The neutron absorption 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

General Plan

The general experimental arrangement is shown schematically in

Fig. 3. Briefly, uranyl fluoride solution, stored in small cylinders
in the area marked "solution storage", is forced into the reactor lo-
cated near one end of the Experimental Room by pneumatic pressure reg-
ulated from 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 instruments are located at appropriate points,

Detailed descriptions of the components of the system are given
below,

Storage Cylinders and sSolution Transport System

Vertical admium-coated, stainiess steel cylinders four inches in
diameter and 36 inches long, spaced in a row on fifteen inch centers, cone=
stituted the storage reservoir for the uranyl fluoride solution, Orig-
inally 3" cylinders were used but were replaced by 4" cylinders after
early experiments showed the 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, 4.

Individual connections from a common header permitted regulated air
pressure to be applied to the surface of the solution in each cylinder as
shown in Fig., 5. 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 common feed line leading to the reactor
at the other end of the room The valves were operated by handles ex~
tending through the concrete walls The solution was returned to stor-
age by gravity flow after releasing the air pressure, The return flow
could be increased by reducing the zir pressure in the manifold.

A fluorothene sube, mnounted on a vertical scale in the Control Room,
was connected to the reactor by a small stainless steel pipe -hus allow-
ing the position of the solution surface to be measured directly.

Fig. 6 shows the valve handles, air regulator, solution level
"sight glasg", and other controls in the Control Room,

Reactor Assembly

The arrangement of the reactor and its attendant parts are shown
schematically in Fig. 7. TFig. 8 is a photograph of the assembly.

1. Reactors_ind Reflector

Eight interchavgeatle right circular cylinders, made of
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Iype 347 stainless steel and having diameters ranging from 6 to 20
inches were used as reactors, In addition, five cylinders, with
diameters of 53 to 15 inches were made of Type 3-S aluminum, The
cylinders were open at the top and carried two flanges at the bot-
tom, as shown in Fig. 7, for connection to the permanent parts of
the assembly. The wall thickness was 1/16 inch. The junction
between the interchangeable reactors and the sclution feed system
was located outside of the water tank faecilitating the detection
of possible solution leaks at this point and minimizing loss of
fuel into the reflector. A typical reactor is pictured in Fig, 9.

The experiments could be performed either with or without
water reflector, An iron cylinder, 24 inches in diameter and con-
centric with the reactors could be filled with water to provide
this reflector. At least 10 cm (4% 1nches) of water surrounded
the sides and beottom of the reactors used in experiments done with
a reflector, This thickness was assumed to be effectively infinite,

The surface of the solution in each reactor could be covered
by a thin-walled, smooth~-fitting, stainless steel or aluminum water
tank, & inches deep, which could be positioned by a motor driven
screw operated from the Control Room. This "top reflector" tank
was provided with suitable tubes through which safety and control de-
vices could be inserted into the fuel,

Some experiments were performed with a cadmium sheet fitted
around the outside and bottom of the reactor, and with cadmium shot
placed in the top reflector tank, thus effectively enclosing the re-
acter in a sheath of approximately O.44 grams of cadmium per square
centimeter,

2. Safety and Control Devices

a. Cadmium Safety Rod

A safety rod, consisting of a roll of 1/16 inch cadmium
sheet in a stainless steel tube 3/4 inch in diameter was sus-
pended from an electromagnet above the center of the reactor.
The support mechanism of the top reflector tank provided a
guide through which the safety rod could fall, or be lowered
by remote control, into the solution. The supporting magnet
was automatically de-energized by an appropriate relay, allow-

ing the rod to fall., This relay was tripped by an excessive
neutron flux at either of two detectors or by a power failure,
The magnet current could, of course, be interrupted manually.,

When the system was near critical the poisoning effect of
the safety rod was sufficient to offset the activity produced
by the addition of approximately one centimeter of fuel in the
reactor. Since the rate of solution addition was always low,
one such rod was considered adequate,

b. Cadmium Control Rod

A second stainless steel-clad cadmium rod was supported by
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a cable su it could de lowered into the reflector beside the re-
actors which were water enclosed. In experiments with no re-
flector, the rod was placed in the solution near the reactor
wall, The poisoning effect of the rod in these positions was
equivalent to at least a few millimeters 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 cm of solution
in some cases,

Co Solution Dump Valve

The three inch flanged extension on the lower end of the
interchangeable reactors, shown in Fig, 10. 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 spring-loaded to open, but was held in place by
a latch connected to an electromagnet., The magnet core, 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 comnection, The flap-valve could also be released manu-
ally from the Control Room.,

3. Neutron Source

Two polonium-beryllium neutron sources were used in these
experiments, One, of about 107 neutrons/second strength, was used
to check instrugent response at the beginning of an experiment, The
other, about 10° neutrons/second, was used in the assemblies to give
a background for multiplication measurements, It was suspended in-
side the reactcer cylinder from a cable extending to the Control
Room.

Instrumentation

The level of reactivity was detected by several conventional type in-
struments, Three were boron trifluoride filled ionization chambers en-
cased in paraffin connected through appropriate amplifiers to Brown 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 mag-
nets became deenergized as previously described. This level was the or-
der of 104 neutrons/second cm® at the detector., In the event of an
emergency which would trip the safety mechanisms, the neutron flux at
the operation position would be of the order of one-tenth the 8 hour
daily tolerance level,
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Two boron lined proportionsl 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 ampli-
fied by a vibrating reed electrometer and recorded. A G-M tube with
amplifier and recorder was used to monitor the gamma radiation in the
vicinity of the operating personnel.,

IV, EXPERIMENTAL PROCEDURE

Preparation

A sequence of -operations was effected preparatory to each exper-

iment, including investigation 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 was placed in the reactor or the reflector. ‘

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 of 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 1limit and its reciprocal, therefore, approaches zero.
From a plot of the mass of material in the assembly, or, in this case
the height of fuel in the reactor, against the reciprocal of the multi-
plication, a prediction can be made of the height at criticality by
extrapolation to zero .reciprocal multiplication., A typical curve is
shown in Fig. 11 where data obtained from 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, Reference is made to a discussion
of the effects of geometry on multiplication curves given in Part IV,D.

While it is usually possible to estimate the critical height of an
assembly by the extrapolation of a multiplication curve over the final
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-
cal system; the neutron level decreases. The rate of decrease in the
neutron intensity upon removal 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 small
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 4 O.1 cm. This was done by de-
termining a height at which the reactor was sub-critical but which upon
the addition of two millimeters of solution would be supercrltlcal with
the control rod out.

Non-critical Assemblies, Experimental Limitations

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

1. Geometry

One of the purposes of this investigation was to determine the
maximum diameter of a reactor of infinite length which could be
filled with fuel and remain sub-critical. This diameter is, of
course, dependent upon the concentration of the solution, the re-
flector and other variables. In the course of these experiments
a number 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 multiplica-
tion curve referred to above., In this group of experiments the
geometrical conditions were such, essentially, that as the height of
the solution was increased beyond a particular value, further addi-
tions of U-235 did not contribute significantly to the reacitivity.
These conditions resulted in a curve which showed an asymptotic ap-
proach 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. Quantity of Fuel

Some assemblies did not become critical because insufficient
U-235 was availlable, An examﬁle of the multiplication curve ob-
tained in these instances is shown in Fig. 13. The curve has been
extrapolated to give an estimate -of the critical height,
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3. Reactor 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 rezctor would be critical at a fi-
nite height. The curve resembled that in Fig. 13 and could be
extrapolated to a critical height.

Effect of Neutron Source Strength and Source Geometry

It should be reaiized 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 work with source geometries which (1) yield definite, reproduclble
neutron multiplications under identical conditions, (2) give rise to
reciprocal multiplicative curves which are linear functions of the
height and (3) introduce no marked perturbation in the multiplying medium
when the source is withdrawn, The experimental conditions necessary to
approximate such an idezl are discussed in the paragraphs that follow,

It is imperative that critical mass experiments nust be performed
in the presence of a neutron source. Dependence upon a neutron back-
ground from spentanequs fission and free neutrons to provide multiplica-
tion is dangerous since such multiplication is subject to wide statisti-
cal fluctuations and is toc low to monitor successfully even near Cgltl—
cality. For this type of work a source producing approximately lO
neutrons per second is satisfactory.

It is likewise important tc place the source within the multiplying
medium, Otherwise, a signifcant fraction of the source neutrons will
reach the wounters without intercepting the active core. Hence, dur-
ing the addition of the first increments of fuel, only a small fraction
of the neutrons reaching the counters will be the result of neutron mul-
tiplication. As more solution is added and the critical condition is
approached, the neufrons produced by multiplication increase rapidly
in spite of the poor source location. These conditions yield a recip-
rocal multiplication curve that is initially flat, Since the curve
mest , however, intersect the helght axis at criticality, the initial
flatness must be compensated for Ty an extremely steep portion as crit-
icality is approached, Such a curve, worthless as a guide to safe pro-
cedure, is shown in Fig, 14. It is to be compared with Fig. 11, in
which the source was placed inside, rather than outside, the reactor,

The shape of the multiplication curve is also dependent upon the
position of the source 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 tooc 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 low, 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 few centimeters
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from the bottom of the reactor and the initial count is taken with no
solution in the reactor, then it will be found that as one adds sclution
the neutron count decreases at first since absorPtion and scattering in-
itially overshadow neutron production. This phenomenon yields a "multi-
plication® less than one and the corresponding reciprocal multiplication
becomes greater than one for a brief period with the remainder 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 multiplication 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
curve, Thus the use of neutron socurces 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 a simuiated stainless steel source holder, approximately
one inch in diameter and 5 inches long, occupying a volume of about 65
cm3g was moved along the vertical axis of an 8" reactor at a radial dis-
tance of 4.5 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. 16, 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,

V., EXPERIMENTAL RESULTS
Introduction

Data were obtained in these experiments on the conditions necessary
for a solution of U-235 in right cylinders to become critical under a va-
riety of conditions. The variables which were examined 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 Appen-
dix, One set of tables gives the results from those assemblies which
were critical. A second set reports the information derived froam as-
semblies which did not ktccome critical, In each of the latter are given
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the maximum quantity of fuel added to the reactor and an estimate of the
eritical conditicns., In general, large scale plots have been made of -
these data from critical assemblies and the best curves fitted., These
curves, in turn, have been a2bstracted tc show trends and are included
in this report. It is believed that where uncertainties exist the in-
terpretation is conservative, that is, the values given for the critical
masses are low, The results may be duplicated in two or more graphs
in order that relationships between different variables may be shown,

B. Reactors with Water Refiector

1. Aluminum

In Fig, 17 is shown a plot of uranyl fluoride solution height
at criticality as a function of the moderation or hydrogen to
U=235 atemic ratio in the fuel for several sizes cf water enclcosed
aluminum reactcors, These results are also shown in Fig. 18, a
plot of the critical masses corresponding to these critical heights.
The data are tebuliated in the Appendix, Tables 5 and 6.

2 Stainless Steel

The data obtained with water enclosed stainless steel reactors
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 the moderation.

3. Stainless Steel, Cadmium Shielded

4 few experiments were gdone in which a sheet of cadmium having
a thickness of O.44 gm Cd/cm™ was wrapped around the stainless steel
reactors which were then enclosed in water, Data obtained from
these assemblies are snown in Fig. 21 and Fig. 22, where the crit-
ical heights and critical masses are plotted as functions of the
H¢U-235 atomic ratio., See also Tables 9 and 10 of the Appendix,

C. Reactors Without a Reflector

i. Aluminum

A few data were obtained with aluminum reactors having diame-
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. Stainless Steel

Stainless steel reactors having dizmeters of 10, 12, 15, and
20 inches became critical with the fuel at seweral concentrations
and the data are given in Fig., 25 and Fig. 26, It was not possi-
ble to meke a nine inch reactor critical, but, at some concentra-
tions it was not shown conclusively to be suberitical at infinite
length because of Iimitations imposed by the zpparatus and gquantity
of U-235 available., On the curves are plotted some conservative
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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, All the data obtained under these conditions
are listed in Tables 13 and 14 of the Appendix.

VI. DISCUSSION OF RESULTS
Moderation

Each critical height-moderation curve, for a particular reactor,
shows a minimum at a H:U-235 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 mass, 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 thermalization
per unit volume is essentially constant in this region. (2) 4n 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 U-235. This lat=
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 diam-
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 case, with cylinders of diameters small compared to their
lengths, further increases in length do not contribute significantly to
the reactivity leading to the concept of "always 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
to fifty, by decreasing the chemical concentration, the reactor height
at criticality decreases and the critical mass decreases., The mass
change is shown in Fig. 20. This decrease in volume, and mass, is due
to the predominance of the increase in moderation. As further dilution
is made, the volume increases and the mass decreases until an atomic
ratio of about 250 is reached. 1In the range H:U-235 = 50 to 250 the
increased moderation further decreases the mass required, however, the
decrezse in density necessitates a greater volume cf solution to con-
tain the uranium. 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 volume and mass
both increase with further additiom of water.



B.

In the results 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.

Reactor Diameter

The investigation being reported here was partly directed towards
determining the maximum diameter of a reactor which when filled with
the uranyl fluoride solution to infinite height will remain sub-crit-
ical urder 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 conditions
in a manner determined by these noncritical experiments, It is ob-
vious that neither the reactor diameter nor the chemical concentra-
tion where changed continuously, Therefore, if a reactor ten inches
in diameter was made critical at a particular moderation and a nine
inch one was sub-critical at infinite length, it is not possible to
comment with certainty on the probability of a 93 inch reactor always
being sub-critical.

These geometric effects are also presented in Fige 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 heights®
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 mass 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 a2gain that, as the water content is in-
creased, the critical height of a reactor goes through a minimum at an
H:U-235 atomic ratio of about fifty. Each of these curves becomes
asymptotic to a value of the height and to a value of the 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 2 sin-
gle graph.
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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
optimum concentration it is noted in Fig. 31 that, for aluminum reac-
tors, the "always safe" cylinder has a diameter less than 6 inches but
greater than 53 inches, 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 "safe® cylinders and
slabs obtained from these data at optimum concentration are tabulated.

Table 2

"Always Safe" Dimensions

Reactor Material Reflector Cylinder Diameter Slab Thickness
inches cm
Aluminum Water 5% ~ 5
Stainless Steel Water 6 ~ 5
Stainless Steel Air 8 ~ 10

The dependence cf 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 HsU-235 atomic ratio of 329, by a water enclosed
aluminum cylinder 10 inches in diameter and 22.4 cm hign. 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 minimum crit-
ical mass would 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 stainiess steel reactors is given in Fig,

34.

The minimum critical mass measured in each reactor has been plotted
against the reactor diameter in Fig. 35.

Reactor Material

Reactors were fabricated from Type 3-S aluminum and Type 347
stainless steel and were used with fuel of a range of concentrations,
& 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 sigmificantly 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 with 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,

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 complete water enclosure, b) with cadmium
sheet of thickness 0,44 gm Gd/cm® between the reactor and the water,
¢) 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 mass, The interposition of cadmium between the
reactor auc ceflector increases the critical mass by about 50% .

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 diameter 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 ineffectiveness 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 and reflec-
tor height has not been determined under a sufficient number of exper-
imental variables to permit any generalized conclusion to be drawn,

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
is + 5%.L. E. Some of the uncertainties will now be noted.
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1, Volume of Solution

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 greater than+ 0.2 cm be-
cause of scale zero variations due to constructional irregulari-
ties. The actual diameters of the reactors were equal to the nom-
inal values to one percent,

2, Mass of U-235

The mass of U-235 was determined from the volume of the U0 F,
solution, its specific gravity and a gravimetric analysis of urani-
um in the solution, reported as weight percent. The specific grav-
ity was not corrected for temperature and may be in error by a few
tenths of a percent. The analysis error, including sampling, is es-
timated at+ 2% L. E.

3. 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 permit rapid disassembly in case of emergency. When
filled, each reactor had, therefore, 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 comtributed 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 in the following
manner. A height of solution at criticality 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 with 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 the top tank was 30 cm above the
top of the seven inch diameter column of liquid. The arrangement is
shown in Fig, 41. The resulting height, hp, was less than hy, that
normally measured, by an amount attributed to the contribution to the
reactivity by this top appendage. The difference in critical height,
hy - 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 was necessary to increase the normally

* It was found that the height of this top appendage, three inches in
diameter, could be reduced to 15 cm before the reactivity decreased,
showing that at greater heights the material in this sma21l section does
not contribute further to the reactor either as fuel or as reflector.
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measured height by (hl - hy). Height corrections for reactors of
other diameters were determined on the assumption that the volume
correction was 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. The values of the above corrections have been veri-
fied by comparison of the later measurements with results reported
here.

L, 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 thickness of
water surrounding the reactors 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 difference 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 leakage through these apertures was investigated 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 decreased until the height 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 criticality 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 0,7% 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 the experiments with no reflector., Due to its proximity to
the surface of the large reactors, this iron shell could possibly
reflect neutrons into the fuel. At the end of the program the
iron tank was removed and an expariment repeated with no observable
change in the result,
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5. ‘Temperaiure

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. SUMMARY

The results of these experiments which are of interest in the specifica-
tion of safe handling procedures for solutions are summarized 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

Material Reactor Reflector H:U-235 Critical
Diameter Height iass
inches . cm U-235 kg

Aluminum 55 water 57 o o=
Aluminum 6 water 59 71.8 5.4
Stainless Steel 6 water 61 = e
Stainless Steel 6% water Ll L7.1 L.l
Stainless Steel 8 air 63 o= S
Stainless Steel 10 air - 63 31.7 b4
Stainless Steel 7 Cdﬁ::li;d " —— P =)
Stainless Steel 8 Cd shield

water 63 L8.4 6.2

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 893 gr U-235 con-
tained in a water-enclosed aluminum reactor of 25.4 cm (10 inches) diameter
and 22.4 cm height. The concentration of the fuel corresponded to H:U-235 = 329.
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TABIE 4

MAXIMUM IMPURITIES IN URANYL FLUORIDE SOLUTIONS

AND THEIR THERMAL NEUTRON ABSORPTION CROSS SECTIONS

N, X 107 om?

2
Element ppm * g, X 1024 cm gm U0,Fy

Ag 0.5 60 1.7
Al 2000 : 0.21 93.7
As <10 4,3 3.4
Au < 0.1 95 0.3
B 15 715 6000

Ba <10 1.3 0.5
Be <0.1 0.01 0.1
Bi <1 ' 0.015 0

Cd 200 2900 31060

Ca 20 36 73.4
Cr 120 2.5 34.7
Cu 500 3.0 142.0
Fe 2000 2.5 538.5
Ge <1 2.8 0.2
Hg <10 - 430 129.1
In <1 ' 194 10.2
Mg, 60 0.3 4.5
Mn 40 13 51.0
Mo <10 2.8 1.6
Ni 10,000 4.5 4615

P ‘ <10 0,23 0.4
Pb 40 0.2 0.2
Sb <10 4,5 2.2
Si 1 ~n 0,2 0.1
Sn 20 0.55 0.5
T1 <1 3.0 0.1
v <10 4,5 5.3
In 300 0.9 24,9

* Repofted as parts per million of solute.
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TABIE 5

CRITICAL CONDITIONS FOR ALUMINUM REACTORS WITH WATER REFLECTOR

Reactor H:U-235 o Solution . Critical Critical Critical
Diameter Atomic B2 UZ299  Density R Uzeco Height  Volume  lass
Inches Ratio  gm Sol'n. g@[%ms cm® Sol'n. cm Liters kg.U-235

52,9 0,293 - 1.566 0.459 70.9 12,93 5.93

6 58.8 0.2745 1,51 0.415 71.8 13.10 5.44
6% 26.2 0.4179 1.98 0.827 44.5 9.56  7.91
52.9 0.293 1.566 0.459 39.2 8439 3.85

56.7 0.281 1.51 0.424 40.4 8.65 3.67

119.0 0.1685 1.26 0.212 52.6 11.26 2.39

8 26,2 0.4179 1.98 0.827 21.5 6.92 5.76
29.9 0.394 1.926 0.759 20.7 6.71 5.09

52.9 0.293 1.566 0.459 19.5 6432 2.90

58.8 0.2745 1.51 0.415 20.5 6.65 2.76

99.5 0.1924 1.32 0.254 2244 7.26 1.84

192.0 0,1145 1.17 0.134 28.1 9.11 1.22

290.0 0.0801 1.10 0.0881 40.1 13.00 1.15

10 52.9 0.293 1.566 0.459 13.4 8.79 3.12
328.7 0.715 1.101 0.0787 22.4 11.35 0.893
499 0.0488 1.070 0.0522 35.2 17.83 0.930

15 52.9 0.293 1.566 0.459 7.90 9.01 4,14
56.7 0.281 1.51 0.424 8..50 9.69 4,11

221.0 0,1014 1.14 0.116 11.30 12.88 1.49

499.0 0.0488 1.070 0.052% 16.90 19.27 1.01

755.0 0.033 1.04 0.0343 27.10 29.75 1.02

999.0 0.0252 1.03 0.0260 44,30 50,50 1.31



TABIE 6

NON-CRITICAL ALUMINUM REACTORS WITH WATER REFLECTOR

ot WS muas RLHS @
Inches Ratio gm Sol'n. gm/cmd cm® Sol'n.
5% 56,7 0.281 1.51 0.424
6 26.2 0.4179 1.98 0.827
119.0 0.1685 1.26 0.212
6% 221 0.1014 1.14 0.116
8 499 0.0488 1.07 0.0522
10 755 0,033 1.04 0.0343
15 26.2 0.4179 1.98 0.827

70

Ma.ximum
Experimental Estimated
Attainable Critical
Height Mass Height Mass
(em) U-235 kg (em) U-235 kg.
74.3  4.83 ©o >0
51.6 7.79 275 >11.3
72.6 2,81 oo )
61.6 1.47 oo o°
T4.5 1.26 oo >
56.4 0.98 oo o
7.5 7.07 8.60 8.10
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TABLE 7

CRITICAL CONDITIONS FOR STAINIESS STEEL REACTORS WITH WATER REFLECTOR

o Soltn. Critical Critical Critical
Reactor H : U-235 gm U-235 Density gm U-235 Height Volume Mass
Diameter Atomic gm Sol'n. gm/bmﬁ cm? Sol'n, cm Liters kg. U-235
Inches Ratio

6% 31.6 0.385 1.88 0.724 49.0 10,49 7.59
43.9 0.326 1.65 0.538 47.1 10,08 5.42

62.7 0.264 1.50 0,396 47,9 10.25 4,06

86.4 0,213 1,35 0.288 53.8 11.51 3.31

7 24.4 0.430 2.02 0.869 35.4 8.79 7,63
31.6 0.385 1.88 0.724 34,0 8.44 6.11

43.9 0.326 1.65 0.538 32,7 8,12 4,37

61.1 0.268 1.47 0.394 32.6 8.09 3.19

86.4 0.213 1.35 0.288 36.0 8.94 2,57

123,2 0.164 1.25 0,205 42.3 10,50 2.15

174 0.124 1.19 0.148 57.3 14.22 2.10

8 24.4 0.430 2,02 0.869 23.4 7,59 6,59
26.2 0.418 1.98 0.827 23.5 7.62 8.30

31l.6 0.385 1.88 0.724 22,6 7.33 5.31

43.9 0.326 1.65 0,538 21.9 7.10 3.82

56.7 0.281 1.51 0.424 22.2 7.20 3.05

58.8 0.275 1.51 0.415 20,8 6.74 2.80

62.7 0.264 1.50 0.396 22.9 7.42 2.94

86.4 0.213 1.35 0.288 23.8 772 2,22

99.5 0.192 1.32 0.254 24,2 7.85 1,99

123.2 0.164 1.25 0.205 26,0 8,43 1.73

174 0.124 1.19 0.148 30.1 9.76 1.44

192 0.115 1.17 0.134 29.4 9,53 1.28

226 0.0995 1.15 0,114 36.3 11,77 1,34

320 0.0732 1.10 0.0805 60.1 19.48 1,57

9 24.4 0.430 2.02 0.869 18.4 7,55 6.56
31.6 0.385 1.88 0.724 18,1 7.43 5,38

43.9 0.326 1.65 0.538 17.8 7,30 3.93

. 62,7 0.264 1.50 0.396 18.0 739 2.93

86.4 0.213 1.35 0,288 18.7 T7.687 2.21

123.2 0.164 1.25 0.205 19.9 8,16 1.67

174 0,124 1.19 0.148 22.2 9.11 1.35

226 0.0995 1.156 0.114 25,3 10,38 1,18

320 0.,0732 1.10 0.0805 33.0 13.54 1.09
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TABLE 7 (Continued)

CRITICAL CONDITIONS FOR STAINLESS STEEL REACTORS WITH WATER REFLECTOR

Reactor H : U-235" - Sol'n. Critical Critical Critical
Dismeter Atomic gn U-235  pengity &8 U-235  Height Volume Mass
Inches Ratio gm Sol'n. gm/%m; co®Sol'n. cm Liters kg. U-235
10 24.4 0.430 2.02 0.869 15.3 T.T5 6.73
3l.6 0.385 1.88 0.724 15.3 T7.75 5.61
43.9 0,326 1.65 0.538 14.9 7.55 4,06
62.7 0.264 1.50 0.396 15.2 7,70 3.05
86.4 0.213 1.35 0.288 15.4 7.80 2.25
123.2 0.164 1.25 0.205 16.8 8.51 1.74
174 0.124 1.19 0.148 18.1 9.17 1.36
226 0.0995 1.15 0.114 20.0 10.13 1.15
320 0.0732 1.10 0,0805 25.0 12.67 1,02
12 62.6 0.264 1.49 0,394 12.3 8.97 3.53
174 0.124 1.19 0.148 14.9 10.87 1.61
2286 0.0995 1.15 0.114 16.5 12.04 1.37
320 0.0732 1.10 0.0805 18.5 13.50 1.09
499 0.0488 1.07 0.0522 26,3 19.19 1.00
755 0.0330 1.04 0.,0343 48.7 35.53 1.22
15 56.7 0,281 1.51 0.424 10.1 11.51 4,88
221 0.101¢4 . 1l.14 0.116 13.0 14.82 1.72
499 0.0488 1.07 0.0522 20.0 22.12 1.15

755 0.0330 1.04 0,0343 28.8 32.83 1.13
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TABIE 8

NON-CRITICAL STAINIESS STEEL REACTORS WITH WATER REFLECTOR

Maximum
Reactor H:U-235 Solution gm U-235 Experimental Estimated
Diameter Atomic ER U285  Density 25 So1rm, Abtainable Critical
Inches Ratio  gu Sol'n. gm/em® Height Mass Height Mass U-235
(ecm) U-235 kg. (cm) kg-
6 24.4 0.4301 2,02 0.8688  56.9 9.02 o0 o0
31.6 0.385 1.88 0.724 66.6 8.80 oo o0
61.1 0.268 1.47 0.394 87.6 6.30 oo o0
86.4 0.213 1.35 0.288 72.9  3.83 so oo
6 123.2 0,164 1.25 0.205 77.2  3.39 80 3.50
174.0 0.124 1.19 0.148 72.3  2.29 oo co
7 183.0 0.1194 1.18 0.141 54.4 1.90 63 2.20
226,0 0.0995 . 1.15 0.114 69.9 1.98 2100 >2.80
9 499.0 0.,0488 1.07 0.0522  40.5 0.87 >75  >1.60
10 499.0 0.0488 1.07 0.0522  39.4 1.04 40.7  1.08
12 999.0 0.0252 1.03 0,0260 69,0 1.3l 0o oo

15 999.0 0.,0252 1.03 00,0262 50.2 1.49 52,4 1,55
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TABLE 9

CRITICAL CONDITIONS FOR CADMIUM-SHIELDED
STAINIESS STEEL REACTORS WITH WATER REFLECTOR

Reactor H : U-235 gm U-235 Solution pgm U-235 Critical Critical Critical

Dismeter Atomic . Densit "B a1, Height Volume Mass
Inches Ratio en Sol'n. gm,/cmsy em” Sol'n. cm Liters kg .U=235

8 43.9 0.326 1.65 0.538 51.5 16.70 8.98

62.7 0.264 1.50 0.396 48.4 15,69 6.21

86.4 0.213 1.35 0.288 56.5 18,32 5.28

9 31.6 0.385 1.88 0.724 29,0 11.90 8.62

43.9 0,326 1.65 0.538 28,8 11.82 6.36

62.7 0.264 1.50 0.396 28.3 11.64 4,61

86.4 0,213 1.35 0.288 29.2 11,98 3.45

123.2 0.164 1.25 0,205 32.0 13,13 2.69

174.0 0.124 1.19 0,148 37.3 15.30 2.26

10 31.6 0.385 1.88 0.724 21.1 10.69 7.74

43,9 0.326 1.65 0.538 21.4 10.84 5.83

62,7 0.264 1.50 0.396 22.0 11.15 4.42

86.4 0.213 1.35 0.288 22,0 11.15 3.21

221 0.1014 1.14 0.116 28,7 14.54 1.69

12 56.7 0.281 1.51 0.424 15.8 11.53 4.89

174 0.124 1.19 0.148 19.5 14.22 2.10

226 0,0995 1.15 0.114 20,9 15,25 1.74

499 0.0488 1.07 0.052 32.8 23,93 1.25
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TABIE 10

NON-CRITICAL CADMIUM SHIELDED STAINIESS
STEEL REACTORS WITH WATER REFLECTOR

‘ Maximum Estimated
Reactor H:U=235 0-23 Solution gm U-235 Experimental Critical
Dismeter Atomic Z2U=25% Density om® Sol'm. Attainable _

Inches  Ratio  gm Sol'n. gm/emd Height Mass Height  Mass
' ' ' —  (cm) U-235 kg- (cm) U-235 kg.
7 31.6 0.385 1.88 0.724 50.3 9.04 co oo

86.4 0.213 1.35 0.288 71.9 5.15 oo o0
8 - 24.4 0.4301 2.02 0.8688 30.8 8.68 >47 >13.2
31.6 0.385 1.88 0.724 35.9 8,43 o0 oo
9 24.4 0.4301 2,02 0.8688 24.7 8.80 >32 211.4
226.0 0.0995 1.15 0.114 41.2 1.93 >46.2 > 2.16
320 ~ 0,0732 1.10 0.0805 40,5 1.34 co o0
10 24.4 0.4301 2.02 0.8688 19.6 8.63 23.4 10.3
12 26.2 0.4179 1.98 0.827 13.2 7.96 15.5 9.35
755 0.033 1.04 0.0343 58.3 1.46 oo =)
TABIE 11

CRITICAL CONDITIONS FOR ALUMINUM REACTORS WITHOUT WATER REFLECTOR

Reactor H:U-235 U-235 Solution Critical Critical Critical
Diameter Atomic &R U=235 pepgity £ U-235  pgejgnt Volume Mass U-235
Inches Ratio gm Sol'n. gm/cm® om3 Sol'n. cm. Liters kg
10 52.9 0.293 1.566 0.459 34.0 17.22 7.90
169..0 0.127 1.187 0.151 41.2 20.87 3,15
15 169.0 0.127 1.187 0.151 18.5 21.09 3.18
328.7 0.0715 1.101 0.0787 21.7 24,73 1.95
499.0 0.0488 1.070 0.0522 27.4 31.24 1.63

755 0.033 1.04 0.0343 43.6 49.7 1.70



TABLE 12

NON-CRITICAL ALUMINUM REACTORS WITHOUT WATER REFLECTOR
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0.0343

Maximum Estimated
Reactor H:U-235 Solution Experimental g nga 1
Diameter Atomic &m U-235  pensity &M U-235  Attainable rivica
Inches  Ratio  gm Sol'm. gm/om®  cm® Sol'n. Height JVass Height Mass
E— (em) U-235 (cm) U=-235 kg
8 52.9 0.293 1.566 0.459 46,7
10 499 0.0488 1.07 0.0522 6l.9
TABLE 13
CRITICAL CONDITIONS FOR
STAINIESS STEEL REACTORS WITHOUT WATER REFLECTOR
Reactor H:U-235 Solution Critical Critical Critical
Diemeter Atomic &8 U-285 Density g U-235 Height Volume Mass U-235
Inches Ratio gm Sol'n. gm/,cm3 em® Sol'n. cm: Liters kg
10 43,9 0.3286 1.65 0.538 32.3 16,36 8.80
62.7 0.264 1.50 0.396 31.7 16.05 6.36
86.4 - 0.213 1.35 0.288 31.9 16.16 4,65
123.2 0.164 1.25 0.205 34.3 17.38 3.56
174 0.124 1.19 0.148 38.7 19.61 2.90
226 0.0995 1.15 0.114 46.6 23.61 2.69
12 174 0.124 1.19 0.148 24,7 18,02 2.67
226 ‘0,0995 1.15 0.114 26,2 19.11 2.18
320 0.0732 1.10 0.0805 30.3 22,10 1.78
499 0.0488 1.07 0.0522 48.9 35.67 1.86
15 56.7 0.281 1.51 0.424 17.1 19.49 8.26
221 0.1014 1.14 0.116 19.5 22.23 2.58
499 0.0488 1.07 0.0522 27.0 30.78 1.61
755 0.0330 1.04 0.0343 41.7 47.54 1.63
20 119 0.168 1.26 0.212 14.3 28.98 6,14
221 0.1014 1.14 0.116 15.7 31.81 3.69
329 0.0715 1.10 0.0787 17.4 35.25 2,77
499 0.0488 1.07 0.0522 20.5 41,45 2.17
755 0.0330 1.04 26.7 54.10 1.86



Reactor

NON-CRITICAL STAINLESS STEEL REACTORS WITHOUT WATER REFLECTOR

TABLE 14

H:U-235

Solution

Diameter Atomic S%U=235 Density g U-235
Inches Ratio gm Sol'n. gm./'cm3 cm® Sol'n.

6 24.4 0.4301 2.02 0.8688
7 24.4 0.4301 2.02 0.8688
3l.6 0.385 1.88 0.724

43.9 0.326 1.65 0.538

6l.1 0.268 1.47 0.394
8 24.4 - 0.4301 2.02 0.8688
31.6 0.385 1.88 0.724

43.9 0.326 1.65 0.538

62.7 0.264 1.50 0.396

86.4 0.213 1.35 0.288

123.2 0.164 1.25 0.205

174 0.124 1.19 0.148

226 0.0995 1.15 0.114

9 24.4 0.4301 2,02 0.8688
31,6 0,385 1.88 0.724

43.9 0.326 1.65 0.538

62.7 0.264 1.50 0.396

86.4 0.213 1.35 0.288

123.2 0.164 1.25 0.205

174.0 0.124 1.19 0.148

10 24.4 0.4301 2,02 0.8688
26.2 0.4179 1.98 0.827

31.6 0.385 1.88 0.724
320 0.0732 1.10 0.0805

499 0.0488 1.07 0.0522

12 62.6 0.2641 1.49 0.39%4
20 999.0 0.0252 1.03 0.0260

7

Maximum
Experimental Estimated
Attainable Critical
Height MNass Height Mass
(em) U-235 (cm) U-235
kg kg
63.1 10.0 oo
43,5 9.38 Co co
- 47.9 - 8.61 oo cO
62.0 8.28 ©o oo
1 87.1 8.52 ©© o0
31.2 8.79 ©° =)
. 39.3 9.22 oo co
" 54,8 9.56 oo oo
71.5 9.18 - o2 oo
81.2 7.58 ©° oo
81.7 5.43 OO S
85.8 4.12 oo co
85.8 3.17 o©° co
24.9 8.88 ©© oo
32.0 9.51 oo eand
40.7 8.98 >90 >20.4
45,3 7.36 > 56 > 9.1
46.3 5.47 >57.5 > 6.80
46.0 3.87 >T70 >5.9
46.2 2.81 oo [=%)
19.4 8.54 D>28  >12.4
19.0 7.96 >25 >10.5
27.1 9.94 >35 >12.8
46.7 1.90 »75 > 3.0
45,9 1.21 o0 oo
18.5 5.32 21.7 6.24
9.5 1.55 36 1.90



