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PREFACE

The Laboratory Director's Criticality Review Committee recognizes
the advantages of providing a systematic method for controlling the
potential for criticality in the handling of fissionable materials at
the Oak Ridge National Laboratory. The system described herein provides

a basis for the establishment of a method.

AT AL e

Calculation of Criticality Indicator numbers for volumes other than

: shose Listed may bo effected by means of the relation



A CRITICALITY INDICATOR SYSTEM FOR STORAGE
OF FISSILE MATERIALS

J. T. Thomas¥*

ABSTRACT
Experimental and calculated criticality data for neutron-coupled
subcritical components in reflected arrays are used as bases to formulate
a system for nuclear criticality safety control in the storage of fissile

materials. A criticality indexing method is described and is applied to

46 different forms of fissile materials for storage in concrete reflected
arrays.

INTRODUCTION

The recurring problems of nuclear criticality safety in the routine
operations of receipt, storage, and transfer of fissile materials can be
minimized by the design of a system which automatically assures the main-
tenance of a uniform minimum margin of safety in all storage operationms.
Any application of a general rule for safety will entail situations which
may be considered as resulting in an overly conservative limitation. The
advantage, however, of relieving the burden of individual analyses far

outweighs this occasionally undesirable condition.

The method must be simple, easy to apply, and have low probability

of common errors leading to unwanted situations. The following model is

based upon the criticality of alr-spaced subcritical spherical units of
fissile materials in concrete reflected arrays. Safety factors are
applied to assure that the neutron multiplication factor in any storage

arrangement will not exceed a kogg of 0.90. ‘the simplicity of application

*Computing Applications Department, Computer Sciences Division.
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i1s manifested by the minimal amount of information required; namely, the

identity of the fissile material and its hydrogen moderator content, the

mass of the unit, and the volume of the container. This information is

sufficient to assign a unique Criticality Indicator (CI) number to the

package or cell volume within a storage array and; thus, a minimal margin

of safety to the gtorage area by limiting the total number of criticality

indicators in any one storage location, to the sum of indicators that

achieves a desired keff less than unity. Any smaller total number of

indicators increases the margin of safety.

Theory

The criticality of air-spaced subcritical units of fissile materials

arranged in cubic arrays and reflected by water has been correlated with

critical experiments and with Monte Carlo calculations. The results of a

study1 of critical arrays have determined the following relationship be-

tween the mass, m, of fissile material as a unit, the center spacing,

2a,, of the units and the number, N, of units in the reflected array

o) = a3 (1= eIV B2, (g-en-d) e

c(m) = cy(my - m) (g-cm2) (2)

where o(m) is a limiting surface density, cp is a characteristic slope of

the relation between o{m) and m, m, is the unreflected critical mass of

the fissile materfal in the unit geometry, n is N1/3, and ¢ = 0.55 is a

constant, characteristic of arrays.
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For the same array, the unit masses of two different fissile materials

satisfy the relation

. ¢ <§9 - 1) = c} (E?—- 1) (3)

where the primes distinguish the materials. The equation defines equiva-

lent masses maintaining criticality in the reflected array, or maintain-

ing a specified array kegyr.

The neutron multiplication factor, keff, of an array with units of

mass m* is given by

1/3
kefy = (§£> (4)

where the mass, m, necessary for criticality satisfies Eq. (1). Any de-
. gired margin of safety may be applied to storage arrays by an appropriate

reduction in the mass.

The consgtant cp 18 a function of the type of fissile material, the
unit shape, the array shape, and the array reflector material. Each of
these may be related to the array neutron multiplication factor, thus

providing a measure of the influence of each on the margin of safety.

Presented in Table 1 are values of cg determined for 46 different fissile
material compositions. Also given in the table are the values of the
unreflected spherical critical mass calculated by the KENO code. The

my and co values were calculated using the Hansen-Roach? sixteen group

neutron cross section sets. Other materials of interest would require

definition of the characteristic constants by calculation.




Table 1. Unreflected Spherical Critical Masses and Array
Characteristic Constants for Some Figsile Materials
in Water Re‘lected Arrays

Characteristic
Constant for
Criticality of
Water Reflected
Arrays (em=2)

Spherical
Unreflected
Atomic Ratio?d Critical
Mgterial H/U or H/Pu Mass? kg

0(100)
U(93.2)
U(93.2)0;

45,68

52.10

90.24

63.59

31.43

17.34

69.89
111.36

74.08

36.16

18.67

89.16
133.39

83.44

36.89

19.30 0.793-3
159.60 0.901-3
207.73 0.589-3
112.82 0.594~3
55.14 0.520-3
21.48 0.777-3
228.06 0.787-3
379.70 0.589-3
409.60 0.450-3
150.01 0.603~3
54.01 0.636-3
25.15 0.744-3

9.95 4.346-3
26.66 1.542-3
28.65 1.113-3
20.21 0.965-3
14.05 0.885-3
10.34 4.138-3
27.93 1.561-3
32.78 1.097-3
28.74 0.817-3
11.69 4.261-3
32.14 1.529-3
42.43 1.022-3
47.81 0.679-3
15.75 2.751-3
34.46 1.199-3
31.69 0.939-3
17.64 0.907-3
10.28 0.947-3
73.06 1.305-3
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Basis for System

A general safe mass limit for units in storage arrays is based upon

- the spherical shape, thereby providing limits applicable to other shapes.

Given the volume of a fissile material container, package, or the cell ;

volume a unit will occupy in the storage array and the mass fissile

material, the problem is to assign a criticality indicator to the cell ;

or package such that a storage area can be expected not to exceed a pre-

determined neutron multiplication factor when the allowed number of crit-

icality indicators are present. %

The development of an applicable formula to directly prqvide the

assignment of CI to a package beging with the criticality relation. A

simplifying approximation is made and its influence on the array kegfs

. examined. Next, the replacement of the water reflector about the array

by concrete is described. A margin of safety, expressed in terms of ke¢f,

is introduced to complete the required equation for acceptable numbers

of packages. Finally, the assignment of criticality indicators is

described and a proposed system presented.

The number of units for criticality is given by a combination of

Eqs. (1) and (2) as

3
N(L - ¢/V)6 = {cy (m& - 1) V2, (5)

where V is the cell volume (2a,)3. The factor (1 - ¢/V' )6 may be sup-

pressed resulting in a conservative value for N, i.e., estimate N by N'

as

. n, 3

vZ = N1 -c/V 6 <N . (6)
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The influence of this approximation on the kprf of the array is given

the relation

N \2/3[/F - c]? 1 -0

3
e, = 2oy (N
eff mo N' /‘_"N_c m

where primes denote the reduced N values and wm is the mass for criti-
cality in the N-unit reflected array. The reduction in k,¢f is dependent
upon the unit mass. Typlcal results for m/m, equal to 0.1 and 0.8 are
given in Table 2. The loss in ke¢f 18 greatest for small m and provides
a reasonable additional margin of safety for the more strongly neutron

coupled systems of units with low mass values.

Table 2. Resulting Array keff When N is Reduced
to N' Units? in a Reflected Cubic Array

N N' m/my = 0.1 m/mg = 0.8

64 41.7 0.948 0.989
216 171.8 0.965 0.994
512 441.0 0.984 0.996

1000 900.1 0.989 0.997
2500 2339.5 0.993 0.998

a) N(L - ¢//V )6 = N

Consideration of replacing the water reflector by a concrete re-
flector may be conservatively accomplished by the equivalence relation

utilizing the characteristic constants for concrete. The constants

¢y = cc(t) have been evaluated for U(93.2) metal with various concrete
thicknesses and the ratios cc(t)/ecy for U(93.2) have been shown to be

applicable to other fissile materials.3 Substitution of the expression

ﬁfg ;
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c.(t) m
Cy m m

where ¢, is co for a water reflector, into the criticality relation (5)

leads to

3
N'ﬂ{CZE'%i‘E)" S‘o‘—l V2.

The final relation to the specification of the number of allowed packages,

N(k), utilizes Eq. (4) to eliminate the need to determine the mass neces-

sary for criticality and assures the same minimum margin of safety is

used Iin all assignments of the CI. The general relation to be used for

a mass m in a cell volume, V, is thus

c.(t) m 3
S 32 v2 . %))
CW m

N(k) = (¢

The CI for each unit will be defined as

1000
- CI = 'N—(—E)— (8)

e N e g o

where N(k) is the number of units in a reflected cubic array corresponding

to a chogen kegg. The total of 1000 indicators, therefore, represents a

limit for any storage area.

There is no undue penalty in establishing the CI as applicable to

concrete reflection 16 inches in thickness. With this assumption, c.(16)

= 1.085 x 103 em™2, ¢, = 1.762 x 10~3 cw™2, and taking k = 0.9, i.e.,

a 0.1 margin of safety in k,

1 o 3
. N(0.9) = g7 {eal\gm = 1:37 ve o, (9)

[a+

The expression should be limited in the cell volume to which it may be

R A T R IR Pyc)
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applied. Storage arrangements based upon Eq. (9) satisfy the require-
ments of the ANSI 3tandard® N16.5 (1975). The assignment of CI under
this system permits the intermixing of packages of different fissile

materials.

Example of Relatious

Consider a 56.8 liter package (15 gal.). Suppose it contained 2.0
kg U-233 as a dry oxide (H/U less than 0.4). The CI would be assigned
in the following manner. From Table 1, U-233 at an H/U of 0.4 has m, =

34.46 &g U and c3 = 1.199 x 10™3 em™2; therefore,

34.46

3
5 - 1.37 (56.8 x 1032

N(0.9) = %I 1.199 x 10-3

N{0.9) = 2017
with

1000 _

€l = So17

0.5 .,

Suppose it were desired to use the package with the same CI for
another material, say U(30)09 with 3 < H/U < 10, what mass of U(30) may

be placed in the package? The constants for U(30)0; from Table 1 are

cy = 0.636 x 1073 cm2

my = 54.01 kg U(30) .
Substituting into Eq. (3), one has

54,01 _

0.636 | —3 1})=1.199 1
m

34.46 _
2




NATIONAL BRI AL OF STARDARDS 143 A

m' = 1.71 kg U(30) .

Relationship Between Criticality Indicator

and Transport Index

The Code of Federal Regulations requires that a Transport Index (TI)
be assigned to packages to control the accumulation of packages during
shipment. A 50~unit rule is employed to limit the number of packages;
i.e., the sum of Transport Indices in a shipment or temporary storage
location should not exceed 50. The TI is determined by requiring that five
times the number allowed, Np, in a shipment arranged in a water reflected

cubic array be subcritical, and by assigning the index using the relation,

=20 _ . 230
1/5 Ny Ny

TI

.

The evaluation of effects of packaging materials leads, in zeneral, to
larger Np or could result in a significant increase in mass over that

based upon air-spaced units in water reflected arrays.

A comparison of CI with TI depends upon a number of factors:
1) Normalizing quantity used,
2) Margin of safety employed,
3) Reflector material,
4) Volume of package, and
5) Mass of units.
The normalization quantity is for convenience and is chosen to distin-~

guish the two systems.

TOSTRN . paaer S ba
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The margin of safety is specific in the case of CT assuring no

storage array will exceed a defined kqff. In the case of TI, however,

only arbitrary subcriticality 1s required and is satisfied by any demon-

strated value of kags less than unity. Neglecting the effects of pack-

aging materials, the margin of safety inherent in the factor of 5 is

clearly dependent upon the mags of the unit and may be estimated by the

expression that produced Table 2. For example, an m/my, of 0.8 would

result in a Ak of approximately -0.02 for N, while an m/m, of 0.1 gives

-0.18 for Ak. The reflector condition, the volume of the package, and

the mass of the units directly affect the number of units for criticality

and hence the assignments of CI and TI.

It is clear that a non-uniform margin of safety exists in transpor-

tation because of arhitrary subcriticality. A direct comparison of CI

and TI is almost without meaning. Ignoring the effects of packaging on

the neutron multiplication factor, Eq. (6) could be used to determine

the Ny to be used in the assigament of TI, since its application results

in subcriticality as substantfated by Table 2. Set

SNp = N cz(g-‘l- 1)}3v2

and with

3
m
N(0.9) = 37 {ey (;‘l- 1.37) v2

make a comparison with, say, mO/m = 3 for the same volume package. Then

cL _ 1000 _Fa 2V, .
TI ~ 250 §(0.9) "(1.63)11 8 . '

The criticality indicator is, thus, 81 times larger than the transport :




11

index. A factor of 4 is due simply to the difference in normalization.

. . - U P PN T . e . £y e
There is a factor of 4.3 = (cy/c.)~ due to the difference 1in reliector

condition. Finally, there is the difference in the assured margin of

safety, since the N(k) results in a negative k of at least 0.1 while the

5Ny may have a negligible amount. This factor also is dependent on the

mass of the unit. The combined effect of m and k gives a factor of about

4.7. As an illustration of the mass influence, were the ratio my/m taken

as 4 instead of 3, the factor would be about 3.6.

Margin of Safety

In addition to the prescribed margin of safety (Aky¢ee = ~0.1) sug~

gested, there are other considerations in any practical storage opera-

tions which inherently will provide a greater margin. Some of these are

* Non-spherical ghape of fissile materials typically handled.

¢ Utilization of package volume for the evaluation of CI rather than
the actual space the package will occupy in a storage arrangement.

» Arrangements of packages in other than cubic arrays and presence

of aisles.,

* Possible presence of thermal insulation and other packaging mate-
rials containing the fissile materials.

* The walls and ceilings of storage areas only approximate a close-
fitting reflector about the storage arrangement.

The contribution to Akegf of each of these could be evaluated for

particular situations. The changing situation in operations, however,

make it preferable to regard these as additional assurance the minimum

margin will not be breached.

AEEreh s gans




12

A Criticality Indicator System

A Criticality Indicator number for various cell sizes may be assigned

to any fissile material listed in Table 1 or others for which m, and c)

are known. Eq. (9) with the adoption of the normalizing quantity of 1000

may be directly applied. There are inherent advantages, however, to

tabulay values which may be used directly as needs dictate.

Definition of equivalent masses for the materials of Table 1 is

made in Table 3. The heading of each column of Table 3 identifies the

fissile material. Listed in each column are mass values of the fissile

material beginning initially with a value equivalent to 4 kg U(93.2) and

increasing in steps equivalent to 1.0 kg U(93.2). Any row of the table

identifies equivalent mass units of the different materials any of which

in the same package would have the same CI. The mass of fissile material

in the package of concern is identified in the table by the alphabetic

key at the margins. If the mass is a value between two table entries, the

larger mass value is used.

Each

Table 4 assigns the Criticality Indicator to the package.

column represents the volume of a package beginning with 18.9 liters (5

The rows of Table 3 corre-

gals) and increasing in steps of 18.9 liters,
The mass and volume of the pack-

spond to the alphabetic key of Table 3.
The

ages represent then the rows and columns of the table, respectively.

intersection of each row and column gives the CI to be agsigned the

package.

e em e o
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Calculation of Criticality Indicator numbers for volumes other than

those llsted may be effected by means of the relation

. B V(o) 2
CI(X) = CI(0) V()

where CI(0) and V(0) are any corresponding pair of values for an alpha-

betic key determined for the fissile material.

The Criticality Indicator shall not be applied to volumes less than
16 liters nor to containers of extreme shape, i.e., containers having an

aspect ratio greater than 3.

The sum of the CI for any storage area or vault shall not exceed
1000. The assigned CI should be no greater than 50 or less than 0.1 for

a single package.

All other fissionable materials or storage conditions should be re-

. ferred to the Criticality Review Committee.
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Criticality Indicator Corresponding to the Volume of
Criticality Indicator (CI)

a Storage Cell or Package and the Contained Mass
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