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PREFACE

The NUCLEAR SAFETY GUIDE was conceived by a group that
met at Rocky Flats in October 1955 to discuss industrial
nuclear safety problems. A committee was selected to prepare
a draft for consideration by the group during its following
meeting at Richland, in June 1956. Although the resulting
guide remains controvergial in form and general content, dif-
ferences of opinion concerning specific regulations have been
resolved (quite generally in favor of the more restrictive
versions). In addition to the committee of authors, the fol-
lowing are members of the nuclear safety group who reviewed
drafts of the guide and contributed suggestions,

Dow Chemical Company (Rocky Flats):

M. G. Arthur, D. F. Smith

E. I. du Pont de Nemours and Company (Savannah River):
H. K. Clark

General Electric Company (ANPD):
F. G. Boyle

General Electric Company (Hanford):
G. W. Anthony, E. D. Clayton, D. E. Davenport,
N. Ketzlach, D. D. Lanning, G. W. Stewart
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Goodyear Atomic Corporation:
D. H. Francis, F. Woltz

Los Alamos Scientific Laboratory:
J. A. Grundl

Phillips Petroleum Company (NRTS):
R. B. Lemon

Union Carbide Nuclear Company (K-25):
H. F. Henry, A. J. Mallett, C. E. Newlon

Union Carbide Nuclear Company (ORNL) :
R. Gwin, J. T. Thomas

Union Carbide Nuclear Company (Y-12):
J. D. McLendon, J. W. Wachter

Uhiversity of California Radiation Laboratory (Livermore):
C. G. Andre, F. A. Kloverstrom
It is recognized that the guide is neither handbook
(too ambitious for a start) nor manual (a separate problem
for each installation). It is hoped, however, that it serves
immediate needs for guidance, and that it encourages contin-
uing, more cbmprehensive efforts toward organizing nuclear

safety information.
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PART I.

THE NUCLEAR SAFETY PROBLEM

Introduction

The general question considered in this guide is this:
How can the neutron chain reaction be prevented in fission-
able materials being processed, stored or transported on an
industrial scale? For the discussion here, this question
may be divided into several parts.

In the first place, there are the purely scientific
problems connected with the conditions needed for the chain
reaction. These problems can be exactly stated and permit
of precise solutions. The solution consists in a number,
known as the critical or chain reacting mass, giving the
quantity of fissionable material which is just critical in
the conditions stated. In principle, if accurate cross
section and other nuclear data were available, it would be
possible to calculate critical masses. However, at the
present time, the data are not sufficient and the theoret-
ical methods not Qell enough understood to permit calcula-

tion of critical masses to an accuracy of better than about

7
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15 or 20 percent. One has to depend,then, on experimental
measurements of critical mass and extensions of these by
theory.

Secondly, we come to problems of an engineering type.
These depend on the detailed circumstances of the situation
being considered. Thus, in some process, one has to deter-
mine in detail not only the exact physical configuration of
the fissionable and other materials involved in the normal
course of events in the process but also, and more important,
one has to know those off-standard conditions and configura-
tions which are physically possible in the process equipment
and, at the same time, the most favorable for the chain re-
action. It is not possible to exactly state and solve gen-
eral problems here. Rather, each situation must be consid-
ered in detail by itself.

Finally, we consider a third type of problem which is
here described as administrative. Work on an industrial
scale involves men and equipment. In considering the pos-
sible events which may lead to dangerous configurations of
fissionable material, it is necessary to know the rules under
which the men operate the process equipment, what violationmns,
intentional or not, are possible, what physical controls ex-
ist to minimize violations, and so forth.. It is only with

such knowledge that a careful administrative system of

8
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routine checks can be set up and carried out effectively.
In summary, the nuclear safety problems of an industrial
plant can be described as follows. One begins with a list
of known (by experiment) critical masses. With these as a
guide, one makes a detailed study of the equipment and con-
ditions in which the fissionable material is processed and
determines a safe distribution of mass throughout the plant.
Finally, nuclear safety operating rules are formulated in
detail and an administrative system is set up to enforce
these rigorously. In this way, it is possible to have a
high degree of assurance that chain reactions will not occur.
In this guide we deal in varying emphasis with all three
aspects of the nuclear safety problem. In succeeding sec-
tions is given a discussion of the factors that govern the
critical condition. In Part II, we come to the main content
of the guide which is a compilation of known safe configu-

rations of the three fissionable isotopes U233, U235, and

Pu239.

These are based on existing experimental data and
extrapolations thereof. In Part III, entitled "Applications,"
there is a description of a few methods and examples illus-
trating applications to actual industrial equipment.

In concluding these introductory remarks, it seems ap-

propriate to say that this guide is by no means to be con-

sidered as an authoritative "last word" on the subject. It

9
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is rather a preliminary compilation based on experimental
data for use in industrial nuclear safety work. At the
present time a systematic and thorough treatment is not
possible. As mentioned before, we do not know how to cal-
culate critical masses accurately, even in simple, idealized
geometries. Further, we do not have the necessary data on
the nuclear cross sections and other constants. Thus, much
experimentation remains to be done before definitive theo-
retical methods can be developed and a systematic and com-
plete treatment of critical masses can be given. Meanwhile,
it is hoped that this preliminary guide will assist those
whose purpose and responsibility it is to achieve nuclear

safety in industrial plants.

Critical Parameters

As a background for criteria applicable to the problems
of nuclear safety, it is appropriate to review the factors
which govern the critical condition of an assembly of fis-
sionable material and to discuss some other aspects including
the origin of the criteria and their administration.

For an accumulation to be chain-reacting, there is re-
quired, of course, a quantity of the fissionable isotope,
referred to as the critical mass, which is not single valued

but which depends very strongly upon a number of factors

10
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which will be described briefly.

One factor of importance is the leakage, from the sys-
tem, of neutrons which would otherwise produce fissions.
The leakage depends upon the shape of the fissionable system
and upon the neutron reflecting properties of surrounding
materials. It is possible, for example, to specify solution
container dimensions, such as pipe diameters, which give a
sufficiently unfavorable surface area to volume ratio to
prevent a chain reaction regardless of the quantity of ma-
terial contained. If the pipe is encased in a cooling jack-
et, or is near other process equipment or structural materi-
als, its dimensions must be less than it would be were no
neutron reflector proximate. In the treatment presented
here, it is assumed that water, concrete, graphite, and
stainless steel are typical reflector materials. Although
more effective reflectors are known - heavy water and beryl-
lium, as examples, - they are uncommon in processing plants.
Consideration is given, therefore, to reflectors of three
thicknesses in an attempt to make the specifications more
generally applicable. The equipment may be nominally unre-
flected, that is, the only néutron reflector is the container
itself, the wall of the stainless steel pipe, for example;
it may be completely reflected by a surrounding layer of

water at least 6 in. thick; the third reflector considered

11
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is a '"thin" one consisting of a l-in.-thick layer of water
(or the equivalent) exemplified by the water in a cooling
jacket.

The value of the critical mass is extremely sensitive
to the presence of hydrogen, or other neutron moderating
elements, intimately mixed with the fissionable isotope.

In nuclear physics considerations, the hydrogen concentration
is usually expressed as the ratio of the number of hydrogen
atoms to the number of fissionable atoms and may range from
zero for metal or a dry unhydrated salt, to several thousand
for dilute aqueous solutions. Over this concentration range
the critical mass may vary from a few tens of kilograms,
through a minimum of a few hundred grams, to infinity in

very dilute solutions where the neutron absorption by hydro-
gen makes chain reactions impossible. In this latter limit,
nuclear safety is assured by the chemical concentration alone.
The recommendations given below are based on homogeneous and
uniform distributions of the fissionable materials in the
moderator.

The critical mass of any process material varies in-
versely as its density in a manner depending upon other
characteristics of the assembly; it depends, in a somewhat
Similar manner, upon the isotopic concentration of the fis-

sionable element.

12
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Strong neutron absorbers have not been generally used
to increase capacities because they must be homogeneously
mixed with the process materials for effects to be predict-
able, thereby presenting subsequent purification problems.
Coating a thin-wall, otherwise unreflected, vessel with
cadmium, for example, actually increases the reactivity
since additional neutron reflection is provided by the cad-
mium. Were the vessel submerged in water, the reactivity
would be significantly less with the cadmium than without
it. The presence of nitrogen in the nitrate solutions often

used in chemical processing, or of Pu240

as an impurity in
plutonium solutions, increases the margin of safety.

Most homogeneous accumulations of fissionable materials
have negative temperature coefficients of reactivity which
are due to density changes, including the formation of va-
pors in liquid systems, and the change in neutron energy
distributions. Although this property is important in re-
actor designs where it facilitates shutdown in case of a
power excursion, it does not contribute to the prevention
of such excursions., Much damage can occur before the tem-
perature effect begins to control a reaction initiated at
a low temperature. It is pointed out that the values of

the temperature coefficient depend upon the material, the

geometry of the system, and the temperature range. The

13

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

presence of resonances in the energy distribution of cross
sections may alter the relative importance of the density
and neutron energy contributions to the over-all coefficient.
The preceding comments have referred to single volumes.
In most plant problems the effect of the exchange of neu-
trons between individual components of an array of vessels
must be considered in order to assure safety in the whole

system.

Design Criteria

It is possible to avoid nuclear hazards by designing
into a process one or more of the full limitations outlined
above, but it is equally apparent that the result probably
would be very inefficient and uneconomic. The practical
approach to design problems has been through a combination
of partial limitations whereby each one of several contrib-
utes some safety and none is sufficiently stringent to
greatly impair the over-all economy.

As mentioned in the introduction, the bases for the
design of equipment and processes for the fissionable iso-
topes are almost entirely predicated upon results from nec-
essarily restricted critical experiments or upon interpo-
lations or extrapolations of these results. Many experi-

ments have also been performed which show that particular

14
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situations were ESE critical -- important results but of
limited application. In spite of an impressive accumulation
of background data, many gaps exist which must be covered. -
by extremely conservative estimates. Thus, the recommenda-
tions given in the succeeding sections are, in some cases,
probably overly conservative -- it is hoped that none errs
in the ofher direction. Further, in practice, it has been
customary to assume operating conditions to be more severe
than they probably will be. Most piping, for example, has
been designed on the assumption that it may become surrounded
by a thick layer of water - perhaps it will because of the
rupture of a water main and the stoppage of drains - but a
more important reason for such conservative designs is the
unknown neutron-reflecting properties of nearby concrete
walls, floors, neighboring water lines and process vessels,
and of personnel. The recommendations presented below for
partial or 'mominal' reflectors are truly applicable in
border-line cases if the user can assure to his satisfaction
that the stated conditions will not be violated. As more
confidence is gained, not only in the bases for nuclear
safety, but in the predictability of operating conditions,

more liberal approaches to the problems will evolve.

15
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Instrumentation

Radiation-detecting instrumentation is not useful in
indicating margins of safety in operations except, possibly,
in a few special instances. Any approach to a critical
condition is manifested by the multiplication of the am-
bient neutron field by the fissionable nuclei so some supply
of neutrons is necessary in order to detect the multiply-
ing medium. Spontaneous fissions occur in subcritical
arrays, frequently at an almost undetectable rate, and
the product neutrons produce more fissions, establishing
a low-level steady state activity. In some special cases,
neutrons may be produced in reactions between the constit-
uents of some process materials -- in aqueous solutions of
plutonium salts, for example, where the neutrons arise from
the interaction of plutonium alpha particles with oxygen.
These neutrons can also be multiplied and can establish an
activity level which may be detected adequately. As more
fissionable material is added to the system this level in-
creases, but usually does not reach a significant value
until the system becomes supercritical. Then, the time rate
of change of radiation level increases rapidly. To have
observed the changes in the subcritical neutron multipli-

cation would have been practically impossible in most

16
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instances, because of the low initial level and because it

is the rate of change in this level that is indicative of

the approach to criticality. A possible solution to this
difficulty is the inclusion of a strong neutron source in

the system and the observation of changes in the level as
material is added. This is the way critical experiments are
performed and experience has shown that the neutron source,
the detector, and the fissioning material must be carefully
located with respect to each other in order to achieve ré—
sults which yield meaningful values of the so-called neutron
multiplication. To equip process operations in the necessary
elaborate manner is generally not practical. Instrumentation
has, however, been installed in many operations to indicate
the radiation hazard which would exist after a radiation
accident had occurred and reference is made to standard
Health Physics procedures for the description of recommended
equipment. The utility of other than very specially in- |
stalled detectors can be summarized by saying they are im-
portant after an aécident, not in predicting that one is

imminent.

Consequences of a Nuclear Accident

It is obviously impossible to predict the results of

an accidental accumulation of a supercritical quantity of

17
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fissionable material because the neutron background, rate

of assembly, type of material, excess mass over that re-
quired to be critical, and degree of confinement are among
the factors which determine the magnitude of the occurrence.
Several supercritical assemblies have occurred, however, in
the programs of critical experiments, which perhaps set low-
er limits on the damage to be expected. These experiments
have, for the most part, resulted from the accidental a-
chievement of an effective neutron-reproduction factor only
two or three percent greater than unity, the value required
for the system to be chain-reacting. This condition has
resulted from the addition of the order of a few percent
excess mass in experiments where water was present as a
neutron moderator. A decrease in the density of the water,
due to vaporization and dissociation, was, no doubt, a sig-
nificant factor in limiting the extent of the excursions.
The energy released in each of these accidents has originated
in about 1017 fissions and amounted to about one Kw-hr. The
containing vessels were open to the atmosphere so no explo-
sion occurred, although vessel deformations were observed.
Monitoring equipment has shown the excursions to have been
accompanied by neutron and gamma radiation of sufficient
intensity to have produced lethal exposures at distances up

to a few feet from the source.

18
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It is of interest to consider an example of the margin
between a subcritical, "safe'" system, and one which is prompt
critical, that is, chain-reacting on prompt neutrons only.
The latter is, of course, completely out of control. A mass

235 in an aqueous solution of U235 at a concen-

of 2.2 kg U
tration of 459 gm/liter contained in a cylinder 10 in. diameter
and 3.8 in. high has an effective neutron-reproduction fac-
tor of 0.9 when surrounded by a neutron reflector. An in-

crement of 900 gm U235

will make the reproduction factor
unity; i.e., the cylinder will be delayed critical at a
height of 5.3 in.; only 67 gm additional is now required to
make the vessel prompt critical. Were the reproduction fac-
tor to be made greater than unity by even an infinitesimal
amount, the activity would increase with the ultimate re-
lease of lethal quantities of radiation. This condition
would be reached immediately if the cylinder became prompt
critical. It is pointed out that this is a randomly se-
lected example and there are probably combinations of pa-

rameters, certainly with plutonium solutions, where the re-

activity is even more sensitive to mass additions.

Administration of Nuclear Safety

The administration of nuclear safety practices is deter-
mined in detail by the functions of the organization. Those

installations having continuing problems as a consequence of
19

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

their inventory of fissionable materials or because of fre-
quent alterations in their process, have, in the past, as-
signed to staff groups the responsibility for advising design
and operating personnel in these matters. The infrequent
problems of facilities processing only small amounts of ma-
terial have often been referred to qualified persons in other
organizations. A representative example of the administrative
practices in an organization of the former class is described
here. It is recognized that modification will be necessary

to meet the needs of others.

The responsibility for nuclear safety in the plant con-
sidered is placed upon line organization., Individuals di-
recting activities which are of such a nature as to involve
nuclear hazards are responsible for control in these activities
to the same extent that they are responsible for research,
design, maintenance, and operations. An approvals committee,
reporting to the plant manager and composed of personnel fa-
miliar with the potential hazards and methods of their control,
approves the procedures and equipment to be used on the op-
erational processes and in storage and shipment procedures.

In the administration of the safety practice, line su-
pervision responsible for any design or operations obtains
approval of those parts which involve nuclear safety. Nec-

essary information is furnished to the approvals committee,

20

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

including the type, quantity, and chemical composition of
the material, its concentrations and density, the dimensions
and geometric shapes of the containers, and a flowsheet of
the process. The committee investigates each problem, ad-
vises the originating group on the hazards which may be in-
curred, and approves the final design and procedure. In
general, such approval specifies necessary operating re-
strictions.

The nuclear safety of any process will be assured,
wherever possible, by the dimensions of the components -
such as pipe sizes and container capacities - including
spacing between individual components of the same or adja-
cent systems, Where safety based on geometry alone is pre-
cluded, designs may be predicated on batch sizes and/or
chemical concentrations, or combinations of them with geom-
etry, and such designs will be considered satisfactory only
if two or more simultaneous and independent contingencies
must occur to promote a chain reaction. The use of these
nongeometric safety criteria places upon operational super-
vision the responsibility for accuracy in sampling and ana-

lytical procedures.

21
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PART II.

BASIC NUCLEAR SAFETY RULES

Rules For Individual Systems

From the discussion of Part I, it is clear that the
potential hazard of a system of fissionable material may be
influenced by a multitude of factors that defy generaliza-
tion. Special equipment may be crowded between vessels for
emergency repairs; a large bucket may be placed under a
leaking geometry-safe column; a janitor may stack spaced
cans into a neat pile. A container volume that is safe for
all foreseen external conditions may be unsafe with re-en-
trant water-filled passages. These are examples of the fac-
tors that are not included in the following rules, that may

lead to difficulty unless margins of safety are generous.

Basic Rules for Individual Systems. Basic regulations for

simple, homogeneous, individual systems are stated alterna-
tively as mass limits in Table I (kilograms of fissionable
isotope), container capacity limits in Table II, and as di-

mensional limits in Tables III and IV. References in the

22
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TABLE 1.

MASS LIMITS FOR INDIVIDUAL SYSTEMS

€3

Maximum mass in kg of X = U235, Pu239, or U233
metal; principally
low H hydrogenous
mixtures, compounds,
compounds mixtures principally solutions
olu/x<2 H/x$20 H/X$100 H/X unlimited®)
v235 (Refs. 1, 3, 4, 5, 14, 25)
thick water reflector 11.0 2.5 0.80 .35
nominal reflector (£ 1" water) 15.0 3.5 1.04 .43
minimal reflector (£ 1/8" ss) 22.0 5. 1.40 .55
pu239 (Refs. 5, 22, 25, 27)
thick water reflector 2.6(P) 2.2 0.50 .25
nominal reflector (S 1" water) 3.3(P) 3.2 0.70 .32
minimal reflector (S 1/8" ss) 4.4(®) 4.8 1.00 .43
u233 (Refs. 5, 16, 25, 27)
thick water reflector 3.0 1.3 0.48 .25
nominal reflector (£ 1" water) 4.1 1.7 0.69 .33
minimal reflector (S 1/8" ss) 6.0 2.3 0.90 .45
(a)See p. 29 for values of H/X beyond which no limit is required.
(b)These limits apply to Pu metal at p = 19.6 gm/cms; for alloy at p = 15.8 gm/cm3
h thick water reflector, 4.8 kg with nomi-

the corresponding limits are 3.5 kg wit

nal reflector, and 7.0 kg with minimal reflector.

34SV313 O 1'1dNd d04 d3N0dddY
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TABLE II.
CONTAINER CAPACITY LIMITS FOR INDIVIDUAL SYSTEMS

Maximum Volume in Liters

principally solutions

20 < H/X 400 < H/X 800 < H/X

U235(Refs. 3, 4, 5, 14)

thick water reflector 4.8 9.5 20.0
nominal reflector (£ 1" water) 6.0 11.3 24.0
minimal reflector (£ 1/8" ss) 8.0 14.0 30.0
Pu23 (Refs. 5, 22, 27)

thick water reflector 3.3 6.8 11.4
nominal reflector (< 1'" water) 5.0 9.3 14.7
minimal reflector (S 1/8" ss) 6.6 13.0 19.7
U233 (Refs. 5, 16)

thick water reflector 2.0 6.0 12.0
nominal reflector (£ 1" water) 3.0 8.4 14 .4

minimal reflector (£ 1/8" ss) 4.0 12.0 18.0

ASV31=3d O I'19Nd d04 d3aNodddVY
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TABLE III.
"SAFE" CYLINDER DIAMETERS FOR INDIVIDUAL SYSTEMS

Maximum Diameter of Cylinder of Fissionable Material in Inches

(For Solution, ID of Containing Cylinder)

principally solutions

metal at

035 full density 20 € H/X 400 S H/X 800 < H/X
%39 (Refs. 3, 5, 14, 25) : —
thick water reflector 2.5" 5.0" 6.9" ' 9.1"
nominal reflector (< 1" water) 3.0" 5.8" 7.7" 10.2"
minimal reflector (£ 1/8" ss) 3.8" 6.7" 8.5" 11.0"

puZ39 (Refs. 5, 22, 25, 27)

thick water reflector 1.47(2) 4.5" 6.1" 7.4"
nominal reflector (£ 1" water) 1.7"(a) 5.75 7.2" 8.5"
minimal reflector (< 1/8" ss) 2.0"(a) 6.8" 8.3" 9.6"
u233 (Refs. 5, 16, 25)

thick water reflector 1.5" 3.7" 5.8" 7.4"
nominal reflector (£ 1" water) 1.9" 4.7" 6.9" 8.4"
minimal reflector (£ 1/8'" ss) 2.3" 5.7" 8.1" 9.4"

(a)These limits apply to Pu metal at p = 19.6 gm/cms; also to be used for alloy at
reduced density.
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TABLE IV.
"SAFE'" SLAB THICKNESSES FOR INDIVIDUAL SYSTEMS

Maximum Slab Thickness in Inches

principally solutions

metal at
full density 20 € H/X 400 < H/X 800 < H/X

u23% (Refs. 5, 15, 19, 25)

thick water reflector 0.7" 1.4" 2.5" 4.0"
nominal reflector (S 1'" water) 1.2" 2.4" 3.6" 5.2"
minimal reflector (£ 1/8" ss) 2.0" 3.3" 4.4" 6.1"
Pu239 (Refs. 5, 22, 25, 27)

thick water reflector 0.2"(a) 1.5" 2.5" 3.3"
nominal reflector (£ 1" water) 0.5"(a) 2.6" 3.7" 4.6"
minimal reflector (£ 1/8" ss) 0.9"(a) 3.6" 4.8" 5.6"
U233 (Rets. 5, 16, 25)

thick water reflector 0.2" 0.5" 1.9" 2.9"
nominal reflector (S 1" water) 0.5" 1.7" 3.2" 4.2"
minimal reflector (S 1/8" ss) 1.0" 2.5" 4.2" 5.1"

(a)These limits apply to Pu metal at p = 19.6 gm/cm3; also to be used for alloy
at reduced density.
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tables give critical parameters upon which the limits are
based and include some supporting calculations. The mass
limits include factors of safety of slightly more than 2
as a safeguard against double-batching. Capacity limits
include factors of safety of at least 1-1/3, and the equiv-
alent margins appear in dimensional limits (even with un-
specified dimensions infinite).* Added to normal safety
factors are allowances for uncertainties in critical data
upon which the limits are based.

Specifications are given for various ranges of H/X a-
tomic ratio (X = U235, Pu239, or U233), and for limited
types of reflector. Although thick Be, D20, U, or W re-

flectors are more efficient than thick water,(zs)

the latter
is considered the most effective reflector that is likely to
be encountered in ordinary processing or handling operations.
"Nominal reflector" refers to water no more than 1" thick.

Surrounding fissionable metal systems, 1-1/2'" thick graphite

(or 1-1/2" thick steel) is equivalent in effect to 1" thick

*Upper limits for values in Tables III and IV were obtained
from constant-buckling conversions of capacities in Table

II (for metals, Table I volumes increased 50%). Extrapola-
tion lengths used were: 5.5 cm for solutions, 4.1 cm for
U235 metal, 2.8 cm for Pu239 metal, 3.1 cm for U233 metal in
thick water reflector; 3.5 cm for solutions, 3.2 cm for U235
metal, 2.3 cm for Pu239 metal, 2.5 cm for U233 met%% in nom-
inal reflector; 2.4 cm for solutions, 2.2 cm for U435 nmetal,
1.7 cm for Pu239 metal, 1.8 cm for U233 metal in minimal
reflector.
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wel T —

water (in small thicknesses water is one of the more effec-
tive reflectors). For solutions, equal thicknesses of steel

t.(7) "Minimal reflector"

and water are nearly equivalen
refers to no more than 1/8" thick stainless steel, or the
same thickness of other common metal including iron, copper,
aluminum, nickel, or titanium. Unless conditions are rig-
idly controlled, the appropriate limit for thick water re-
flector should be used for all applications, and, if for
solutions, the limit also should be that for the greatest
listed range of H/X.

The type of limit most convenient for a given applica-
tion may be chosen., Mass limits are particularly appropriate
for handling of metal or compounds or for processing solu-
tion batches where there is no volume or dimensional control.
Container capacity limits and "safe" cylinder diameters are
best suited for solutions. The principal value of '"safe"
slab thicknesses is for the design of catch-basins for solu-
tions in case of leakage of the normal container, and for

the control of isolated metal sheet.

Conditions That Require Special Consideration. The basic

rules do not apply to '"reactor compositions'" such as dilute
fissionable material in heavy water, beryllium, or graphite
(where D/X, Be/X, or C/X > ~ 100), or to systems with thick

reflectors of these materials, normal uranium, or tungsten.

28
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The rules also fail to apply in the rare case in which den-
sities of fissionable material (vs H/X) exceed the values of

Figures 1 and 2.(3’22)

In the event that the density of
fissionable material, p, is greater than the density Po from
Figures 1 or 2, mass limits of Table I should be reduced by
the ratio (po/p)z, and container volume limits of Table II
by (po/p)s. If p is less than p_, limits must not be in-
creased by these ratios. If p exceeds Por the dimensional
limits of Tables III and IV should not be used.

Again, the rules for "nominal" or "minimal" reflector,

or for solutions in a limited range of H/X, may be applied

only if these conditions are rigidly controlled.

Conditions Under Which Basic Limits Are Not Required. For

solutions or other homogeneous hydrogenous mixtures, no

further restriction is required(40) if
235

s

the atomic ratio H/UZSY 2 2300, which
235

1) for U

corresponds to the concentratiop c(U ) <11 gm/liter

K
in aqueous (light water) solution;

2) for pu239. H/Pu239 2 3600, which corresponds to
c(Pu239) <7.8 gm/liter in aqueous solution;
+3),for U233: H/U233 2 2300; which corresponds to
c(U233) <11 gm/liter in aqueous solution.

These values contain no factor of safety; in application, a

margin compatible with control errors should be maintained.
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FIG. 1 Assumed densities of U235, Pu239, or U233 at H/X < 20.
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If a density exceeds the indicated value by the
ratio n, reduce mass limits by the factor 1/n2

and volume limits by 1/n3
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Any mass of normal or depleted uranium in aqueous (light

(20) For uranium metal, or nonhydrog-

water) solution is safe.
enous uranium compounds, there need be no further restriction
if the atomic ratio U235/U238 < 0.05.(24) This also applies
to intimate mixtures of such uranium and any element for which

Z > 13 provided the atomic ratio (Z)/u23° < 100.(27)

Conditions Under Which Basic Limits May Be Increased. For

certain intermediate shapes of fissionable system, such as
elongated or squat cylinders, mass and container capacity

limits may be increased by the appropriate factor from

Figure 3.(5’22’25)

For undiluted fissionable metal at density less than

normal (18.8 gm/cm3 for oralloy,* 19.6 gm/cm3 for Pu239,

233

and 18.3 gm/cm3 for U ), the mass limit may be increased

(25) Factors from

by the appropriate factor from Figure 4.
this figure also may be applied to solutions with uniformly
distributed voids (S 1" in one dimension), for which

H/X 2 100, provided "fraction of total density" is inter-
preted as the ratio of average density of solution plus

void to the solution density.(7) Figure 5 shows factors by

which mass limits may be increased if fissionable metal is

*"Oralloy," abbreviated Oy, designates uranium in which the
U235 congegt is enhanced. Oy(93) indicates uranium that is
93 w/o U239,

32

APPROVED FOR PUBLI C RELEASE




dASV3T13d O 1'19Nd d04 d3aNodddv

€e

== Water reflector :

2.0 %5 :
14 X i
(@) g
- Y . x
2 LR
w \ ! ;
o 8 3 % ! BHEE :
2 ' 7 Minimal reflector
< il
8 3 T
1.6
< E=s Nominal
u reflector foy
o 1 -+ !
g 5 ; i ;
X T HH .
& . X :

14 N

1.2

10 TR THH Atk :

O.l 0.2 04 06 08 1.0 20 4.0

HEIGHT/ DIAMETER

FIG. 3 Shape allowance factors for cylinders (factor by which mass and volume
limits may be increased for elongated or squat cylinders).
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FIG, 4 Allowance factors for reduced density of oralloy

as metal only.
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(26,27)

mixed uniformly with any of the listed elements. Al-

though intended primarily for homogeneous systems, these fac-
tors may be used for similar units of X distributed uniformly

in the diluent provided one dimension of the unit does not

235 239 233

exceed 1/8" for U , or 1/16" for Pu or U .

In the special case of undiluted uranium metal in which

235 235

the U content is less than 93%, the U mass limit may

be increased by the appropriate factor from Figure 6.(25)

235

A

factor for reduced density of total uranium (not U ), from

Figure 4, may be applied in addition to this concentration
factor.

As stated before, the mass limits of Table I contain a
factor of safety of 2 as protection against a double-
batching error. (No such alléwance.appears in container ca-
pacity limits.) Where the possibility of over-batching is
excluded, the basic mass limit may be increased by the fac-

tor 1.5.
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FIG. 6 Allowance factors on U235 mass limits for oralloy

metal at intermediate U235 concentrations.
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Rules For Interacting Systems (Refs. 6, 23, 28, 29)

Maximum Storage or Transportation Units. The interaction

of fissionable systems is of most concern in storage areas
and transportation facilities. For these situations, it is
assumed that units of carefully controlled size are in rel-
atively light containers (nominal reflectors) which are
spaced by birdcages, compartments, or specifically located
anchorages. Maximum unit quantities for storage and trans-
portation, listed in Table V, have been selected to corre-
spond to units for which most complete interaction informa-
tion is available. These units may be increased by the
shape allowance factors of Figure 3, and the oralloy metal

density and U235

concentration factors of Figures 4, 5, and
6 (but not by the allowance for perfect batch control).
Storage of large units excluded by footnote (b) of Table V
is considered in Part III.

Again, certain '"reactor compositions,'" as dilute mix-

tures with D, Be, C, must be treated as special cases.

Rules for Storage Arrays. The storage rules of Table VI

allow a factor of safety greater than 2 (in number of

units) for arrays in a concrete vault that is not less than

38
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TABLE V.
MAXIMUM SIZES OF STORAGE OR TRANSPORTATION UNITS

maximum unit(a)

U235 pu239 U233

metal, compoundg, or

mixtures, H/X $ 2;

mass limits: () 18.5 kg (¢) 4.5 kgD 4.5 kg
hydrogenous compounds

or mixtures, (b)

2 < H/X < 20; mass limits: 4.5 kg 4.5 kg 2.5 kg
solutions, or hydrogenous

mixtures, H/X 2 20, in

"non-safe" containers; (€

volume limits: 4.0 liters 4.0 liters 2.0 liters

(a)If density (p) is greater thap the reference value (po) in Figure 1 or 2, reduce
mass limits by the factor (po/p) , volume limits by (po/p)3.

(b)
(c)

(d)This limit holds for Pu metal at p = 19.6 gm/cms; for the alloy at p = 15.8 gm/cm3
the corresponding limit is 6.0 kg.

Material volume of unit is not to exceed 4.5 liters.

This corresponds to 20 kg of Oy (~ 93).

)

(e)For "safe'" containers defined by Table III, there is no mass or volume limit for
stable solutions (H/X > 20).

ASV31=3d O I'19Nd d04 d3/N0dddv



TABLE VI.
LIMITS FOR STORAGE ARRAYS OF UNITS DEFINED IN TABLE V

ovy

minimum
center-to-center storage limit per
spacing of units array (number of
type of array within array(a) max. storage units)(b)
isolated linear A
or plane array 2 16" no limit
isolated cubic 36" 200
array 30" 120
24" 80
20" 50
two associated 30" 120/array, 240 totalc)
plane arrays 24" 90/array, 180 tota1(c)
20" 50/array, 100 total(c)

dASV3T13d O 1'19Nd d04 d3aNodddv

(a)

(b)In the case of "safe" containers for solution (H/X 2 20) defined by Table I1I1,
there is no limit for a parallel in-line array at a minimum axis-to-axis spacing
of 24", or for two associated in-line arrays where the spacing in each array is
24",

(c)

Edge-to-edge separation of units must be at least 12".

The same total storage limit applies to more than two associated arrays.

ASV31=3d O I'19Nd d04 d3aNodddVY
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w

9 feet in smallest dimension. Arrays that are safe in a con-
crete vault also will be safe in vaults of other materials
such as steel, wood, or earth., For convenience, the stor-
age rules are given in terms of number of maximum units at
a given center-to-center spacing between units: A "maximum
unit" may consist of a subarray of smaller units provided
the total quantity is not exceeded and quantity-averaged
spacing is maintained. With the requirement that edge-to-
edge separation between units shall be at least 12", storage
arrays as defined by Tables V and VI will be safe if fully
flooded.

Two arrays are effectively isolated from one another
if the arrays are completely separated by concrete at least
8" thick.(33) Two plane or cubic arrays also are considered
to be isolated if the separation (minimum edge-to-edge
spacing between any unit in one array and any unit in the
other) is the larger of the following quantities: 1) the

(29) Two linear

maximum dimension of one arrayy 2) 12 feet.
arrays are isolated regardless of length if the separation
is at least 12 feet.

Parallel plane nonisolated arrays are considered to be

associated if the minimum edge-to-edge spacing between units

in the two arrays is at least 7-1/2 feet.

41
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_ 3

Transportation Regulations. Table VII is a set of rules for

railroad shipments of fissionable materials, which was pre-
pared at the request of the A.E.C. Division of Production.
If the assumed conditions are satisfied, these rules may be
applied to transportation by other carriers. Again, maximum
unit sizes are as defined in Table V. 'Maximum density es-
tablished by birdcage or shipping case'" is based on a 20"
cubic birdcage per maximum shipping unit.

The assumption underlying these rules is that birdcages
or shipping cases will not be crushed in case of an accident
(i.e., limits of density established by birdcage will not be
exceeded), but the possibility of accidental flooding or com-
bination of contents of two cars is admitted. 'Carload lim-
its" in Table VII allow a normal factor of safety of at least
4, of which a factor of 2 is for combination of two car-
loads. When flooded, individual units will be at least 20%
subcritical (masswise), and requirements are such that units

will not interact through intervening water.

42
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TABLE VII.
LIMITS FOR RAILROAD SHIPMENTS OF UNITS DEFINED IN TABLE V

metal, compounds or
mixtures, H/X < 2;
mass limits:

hydrogenous compounds
or mixtures, 2<H/X$20;
mass limits:

solutions, or
hydrogenous mixtures,
H/X 2 20, in *“non-
safe" containers(c)

maximum density established (a)
by birdcage or shipping case a

normal carload limit (50 maximum ship—(b)
ping units except for *“safe™ cylinders)

U235

4
kg/ft3

1
kg/ft3

0.8
liter/ft3

(a)

(b)

Pu239

1
xg/2t3

1
xg/ft3

0.8
liter/ft3

U233

1

kg/ft3

0.5

kg/ft3

0.4

liter/ft3

U235 Pu239

925 225
kg/car kg/car
225 225
kg/car kg/car

225 225
liters/car liters/car

U233

225
kg/car

125

kg/car

100

liters/car

This density is (mass of unit)/birdcage volume; birdcages or cases shall define at least 1 ft edge-
to-edge separation between units; unit container shall be sealed against inleakage of water.

For combined shipping (excluding “safe" cylinders), the carload limit is any combination of 50

appropriate maximum shipping units (or the equivalent in smaller units); the listed mass limits increase
if allowance factors are applied to the shipping units of Table V.

(c)

transportation provided spacings are expected to be maintained in case of accident.

For the "safe’ solution cylinders of Table V, the storage conditions of Table VI may be used for

ASV3T3d O IdNd d04 d3aNOdddv
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PART III.

APPLICATION TO PROCESSING PLANTS

General Discussion

It should be emphasized again that thé typical process
plant contains a crowded arrangement of tanks, pipes, and
columns with interconnections and nearby structures, instead
of the simple, isolated units of Part II. Because of the
complexity of some process layouts, nuclear measurements on
portions of the system mocked up in a critical assembly lab-
oratory may be necessary to utilize, in the most advanta-
geous manner, available plant floor area and equipment. In
some cases where this procedure is impractical, it may be
desirable to make controlled in situ measurements within a
plant. The latter method has been used effectively.

Generally, however, safe, but perhaps overconservative
restrictions for plant equipment can be established in terms
of the stated rules for simple, but more extreme systems.
For example, an isolated cylinder of rectangular cross sec-

tion will obviously be safe if the diagonal dimension does

44
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not exceed the diameter of a safe circular cylinder. For
the purpose of such evaluations, it is necessary to estab-
lish conditions under which neighboring systems may be
treated as though isolated from one another. For noniso-

lated systems Rules For Interacting Systems of Part II may

be applied.

Effectively Isolated Systems. Two spherical or circular-

cylindrical configurations of fissionable material without
interconnections are considered to be isolated if the cen-
ter-to-center or axis-to-axis separation is at least six

times the sum of the radii of the configurations.(s’zs)

For
irregular systems that approximate spheres or cylinders
(where cross sectional dimensions differ by less than a fac-
tor of 2) volume-average radii may be used in the above
criterion. Two systems completely separated by water or
other material of similar hydrogen density that is at least
8 inches thick are isolated from one another. A complete
concrete wall at least 8 inches thick effectively isolates
one process area from another.(33)
Isolation of solution systems is not influenced by
simple, right-angle piping between the systems provided the
inside diameter of the intersecting pipe does not exceed

one inch and provided any two pipe connections into the same

vessel are separated (axis-to-axis) by at least 18 inches

45
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when the systems are nominally or full-water reflected and

by 24 inches when reflector is minimal.(So)

Incidental Reflectors. A wall of concrete, steel, or wood

(or the equivalent in columns, etc.) within six volume-av-

erage radii of the center of a vessel (as under Effectively

Isolated Systems) increases minimal inherent reflection to

nominal effective reflection, or nominal inherent reflection

(39) It does not

to the equivalent of full-water reflection,
influence a system with the equivalent of a full-water re-

flector. Beyond six volume-average radii the effect of such

a structure may be ignored. For nominally or full-water re-
flected systems, the effects of extraneous human body tamping
may be neglected provided that the bodies in question are

not in gross contact with the systems.

Minimal reflector conditions rarely occur in the chem-
ical processing plant. A system which by itself has this
type of reflector is quite sensitive to interaction with
other process vessels containing fissionable material and

to the effects of incidental (or accidental) reflectors.

Adaptation to Standard Volumes and Pipe Sizes. In principle,

the limits of Tables I, II, III, and IV of Part II might be
represented as a series of curves against H/X atomic ratios.

In view, however, of gaps in experimental data upon which

46
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these tables are based (and of the relative ease of scan-
ning compact tables), it is believed that finer subdivisions
than afforded by these tables are not presently justified.
In applications to plant equipment there will be situations
where the appropriate limit of Table II will fall just be-
low the volume of a convenient standard vessel or where the
"safe" dimensional limit of Table III just misses a standard
pipe or tubing diameter. In such a case, it is suggested
that a nuclear safety specialist help determine whether there
may be safe adjustment to the size of standard equipment.

It should be emphasized that linear interpolation between

some of the tabulated limits in Part II will be unsafe.

47

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

Rules For Special Systems

This section contains rules for specific situations
occurring in plants, that are not covered by the generali-

zations of Part II.

Pipe Intersections. Table VIII describes conservative uni-

form pipe intersections for aqueous solutions of U235, Pu239,

and U233 salts.(so)

These data do not apply to the metals.
The examples may be extended to nonuniform intersections by
the method outlined in the reference.

If a pipe is to contain multiple intersections, no two
intersections may occur within 18 inches (axis-to-axis) of

one another.

Metal Machine Turnings. Machine turnings immersed in a

hydrogenous moderator should be handled in the same manner
as aqueous solutions of the metal salts. Table I of Part II

applies if densities are consistent with Figure 2, Part II.(42)

Special Limits for UF BASIC CRITICAL MASS INFORMATION AND

6"
ITS APPLICATION TO K-25 DESIGN AND OPERATION by H. F. Henry,

A. J. Mallett, and C. E. Newlon, AEC R and D report, K-1019¢(20)

gives safety limits for plants in which the operating material
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TABLE VIII.
CONSERVATIVE INSIDE PIPE DIAMETERS FOR
UNIFORM 90° INTERSECTIONS CONTAINING
FISSIONABLE SOLUTIONS (H/X 2 20)

U235 pu239
tees:
full water reflector 3.5" 3.2"
nominal reflector (£ 1" water) 4.1" 4.0"
minimal reflector (X 1/8" ss) 4.7" 4.8"
crosses:
full water reflector 2.9"(a) 2.6"
nominal reflector (S 1" water) 3.3" 3.3"
minimal reflector (S 1/8" ss) 3.9"(a) 3.9"

(a)Experiments indicate that these values are highly conservative.

233

2.6"
3.3"
4.0"

2.1"
2.7"
3.3"
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is UF6 at a maximum uranium density of 3.2 gm/cms.* The

limits may be applied to other uranium compounds (or certain
mixtures) such as oxides, U02F2, or UF4 (for which the mod-
eration is no greater than that of UF6),provided uranium

densities do not exceed those for UF_. under the appropriate

6
conditions. Tables IX and X are condensed examples of nu-
clear safety limits from K-1019, which are beyond the scope

of Part II.

Interaction Limits for Large Systems. K-1019 also gives

conservatively safe interaction criteria for spacing dimen-
sionally large units of fissionable material which are not
covered by Table V of Part II. Such units, of course, must
satisfy individual safety requirements. These criteria are:
1) As seen by any unit in a system, the solid angle
subtended by the other units should not exceed
8% of 47 steradians.
2) All containers should be spaced at least 1 ft

apart, edge-to-edge.

*This document, which undergoes revision as new basic data
become available, provides an excellent illustration of nu-
clear safety regulations for a specific class of operations.
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TABLE IX.
MASS LIMITS FOR MIXTURES OF OY(~93) AS UF

6
AND HYDROGENOUS MATERIAL, H,/U23° < 10
(for any reflector class)
maximum uranium 235 safe mass
3 H/U 235
density, gm/cm atomic ratio kg U
1.8 10 5.0
2.3 5 9.4
2.6 3 14.3
2.8 2 * 20.0
3.0 1 28.5
3.2 0.1 39.8
3.2 0.01 43.0
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TABLE X.
DEPENDENCE OF "SAFE" MASS, VOLUME,
AND CYLINDER DIAMETER UPON U235

CONTENT OF URANIUM

(for total uranium densities that do not exceed 1.07 times

235

235

the values for U in Figures 1 and 2, any H/U ratio,
and thick water reflector)
235 mass
U content of 235 volume cylinder
uranium, w/o kg U liters id, in.
40 0.41 6.7 6.0
20 0.48 9.5 6.9
10 0.60 14.0 8.2
5 0.80 27.0 10.2
2 2.00 27.0 10.2
0.8 36.00 27.0 10.2
< 0.7 infinite infinite infinite
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Examples Of Plant Application

This section contains several problems typical of those
arising in chemical or metallurgical plants processing siz-

able quantities of fissionable materials.

Pouring Crucible and Mold Limits for Oy(40) Metal. The prob-

lem is to suggest a safe charge weight of 0y(40) (40 w/o

235 2

U - 60 w/o U 38) for a large pouring crucible and mold

without advantageous shape. Graphite crucible and mold walls
plus insulation and heating coils are sufficiently thin to

be classed as nominal reflector, and there is no possibility
of internal flooding.

The basic mass limit from Table I, Part II, is 15.0 kg

U235 for nominal reflector. Figure 6 of Part II, then gives

235

an allowance factor of 1.8 for reduction of U concentration

from ~ 93% to 40%. This leads to an allowable charge of 27

235

kg U which corresponds to 67 kg Oy (40).

Pouring Crucible and Mold Limits for a 10 w/o Oy(~ 93) - 90
w/0 Al Alloy. The problem is to suggest a safe charge

weight of a 10 w/0o Oy(~ 93) - 90 w/o0 Al alloy for a melting

crucible and mold with compact shapes. As crucible and mold
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‘ b

walls, etc., exceed 2" in thickness, the equivalent of full-

water reflection must be assumed. Charge is to be introduced

as the alloy, and melting and casting conditions are con-

trolled to avoid segregation. There is no possibility of

flooding within the furnace.

fraction of full U

Part
Part

Thus,

The volume fraction of oralloy in this alloy (or the

235 gdensity) is about 0.016. From Table I,

II, the basic mass limit is 11 kg U235, and Figure 5 of

II gives an allowance factor of 6 for aluminum dilution.

235

the limit is 66 kg U which corresponds to about 71

kg Oy(~ 93) or 710 kg of alloy.

NOTE: If the alloy were to be compounded during melting,

the allowance factor would be disregarded and the

235

limit would be 11 kg U (thick aluminum re-

flector is less extreme than thick water).

Pulse Column (Infinite Pipe System). The problem is to choose

a safe diameter for a pulse column given the following per-

tinent data:

1. The column, of 3/32" thick stainless steel, is to
be mounted against a concrete wall at a distance of
six column radii (column is 323 to be recessed into
a cavity).

2. There are no other interacting columns or tanks

and the possibility of flooding is excluded.
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3. The concentration of U235 occurring in the column

235 per liter of solu-

is not to exceed 150 grams U
tion.
4. The column length can be considered infinite
(5 feet or more long).
The safe diameter is 6.7", from Table III and Figure 2,
Part II.
CAUTION: IT IS COMMON PRACTICE TO DESIGN A PULSE COL-
UMN WITH PHASE SEPARATION UNITS AT THE TOP
AND BOTTOM OF THE COLUMN, WHICH ARE OF LARGER
DIAMETER THAN THE COLUMN PROPER. IT IS TO BE
UNDERSTOOD THAT THE 6.7' DIAMETER IS THE MAX-
IMUM SAFE DIAMETER FOR ALL PARTS OF THE SYS-
TEM.

Process Tank Without Geometric Limitation. A 200 gallon

tank that is not dimensionally safe contains 100 grams of

U235 in 150 gallons of solution, and it is desirable from a

process point of view to increase the concentration to 5.0
gm U235/ga1 (1.32 gm/liter - a safe concentration for a u-
niform solution of any volume). The question is kow the

material may be added safely.

There is a nuclear safety problem if the required U235

is added as a single lot of very concentrated solution (e.g.

from a safe cylinder), as 650 gm U235 exceeds the limit for
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full-water reflector and is even less safe in a '"reflector"

of U235 solution. It is conservatively safe to introduce

the material as 2 gallons of solution containing 660 gm U235

(8.7 gm U235

U235

/liter). From Part II, we have seen that 8.7 gm
/liter is a safe concentration in a uniform solution, and

it is also a safe maximum concentration in a graded solution.

Determination of a Safe Batch Size for Enriched Uranium Slugs

in a Chemical Plant Dissolver. This final example il}us—

trates the relatively sophisticated approach that some nu-
clear safety problems require.
It is known that natural uranium containing 0.7114% by

235 cannot be made critical in a water moderator and

weight U
one may thus design a chemical plant for processing this kind
of uranium with no concern for critical mass problems. Some-
times it is desirable to use slightly enriched uranium in
production reactors and the question then arises of how en-
riched slugs may be safely processed. We consider here the
following problem. Slugs of 1.36" diameter and containing
1.007% by weight of U235 are to be dissolved in a large tank,
Large numbers of natural uranium slugs may also be undergoing
dissolution in the same tank. The slugs are to be dumped
into the tank; their positions with respect to one another

are uncontrolled. How many 1% slugs may safely be dissolved

at one time?
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Let us first disregard the presence of natural uranium
slugs. Then our problem is: what is the minimum critical
mass of 1% uranium in a water system? The system may be a
uniform solution; it may be a solution of uranium in water
in a roughly spherical shape surrounded by a full water re-
flector; it may be an array of slugs with any diameter up
to 1.36" surrounded by full-water reflector; or it may be
any mixture of the above three possible configurations.

Calculations show that for this degree of enrichment,
the inhomogeneous system consisting of a lattice of slugs
in water will have a higher reactivity than a homogeneous
solution. This results from the larger value of p, the res-
onance escape probability for a lattice. We thus reduce the
problem to finding the highest reactivity or buckling pos-
sible in a water-uranium lattice of rods in which the lattice
spacing and the rod diameter are variable (the rods up to
1.36"). Experimental measurements on lattices of this type

(13,21)

are available. From these, it is found that the max-

imum buckling obtainable with 1% uranium is about 3600 x 10’6

em™2 and is found with a rod diameter of about 0.75" in a

lattice with a water-to-uranium volume ratio of 2:1. Sihce
the experiments were done with uranium clad in aluminum jack-
ets, it is necessary to raise this value to about 4100 x 10—6

-2 .
cm for a pure uranium-water system.
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Having this number, we are in a position to specify
safe numbers of slugs. A simple calculation shows that 3490
pounds of uranium will go critical if the lattice has near
spherical shape and is fully reflected by water. This is
equivalent to 435 slugs, each 8" long. If the possibility
of double-batching in the dissolver cannot be excluded, then
this number should be halved. We thus conclude that a safe
batch size is about 200 slugs. Some additional safety fac-
tor is present since this specification is based on a charging
slug size of 1.37 inches diameter. By the time the slugs are
dissolved down to the optimum diameter, some of the uranium
is in solution and some in slugs. This is a less reactive
situation than if this total amount of uranium were all in
the form of slugs of the optimum size.

We have not yet considered the effects which may be
caused by a natural uranium reflector that may be present in
the dissolver. Experiments with aluminum-uranium alloy slugs
reflected with natural uranium slugs in a water system show

d.(41) Calcu-

that the critical mass is approximately halve
lations on the present type slugs give about the same result.
Thus, if natural uranium is also present in large amounts in
the dissolver, the safe batch size for enriched slugs should

be reduced to 100.

An alternate method of ensuring safety in this dissolver
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would be to introduce a geometric constraint on the slugs.

A cylinder with walls covered with holes might be inserted

to maintain a fixed radius for the configuration of the slugs
and yet permit free circulation of the dissolving solution,
According to the maximum buckling quoted above, the radius

of this cylinder would be 11 inches. Here only water re-
flector is allowed for. As long as this radius could be
maintained, no restriction on the number of slugs is nec-

essary.
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