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APPLICATIONS OF THE ANSI/ANS STANDARD
ON THE STORAGE OF FISSILE MATERIALS

INTRODUCTION

The ANS Standards Subcommittee 8 on Fissionable Materials Outside
Reactors established Work Group 8.7 in November of 1967. The work group
prepared a number of drafts before the publication of a trial standard in
February of 1973. The comments received from the one-year trial period were
incorporated into the standard that was issued in April of 1975 as a "Guide for
Nuclear Criticality Safety in the Storage of Fissile Materials."

The Guide is an extension of the American National Standard for Nuclear
Criticality Safety in Operations with Fissionable Materials Outside Reactors,
N16.1-1983/AKS-8.1 Rev. As with many standards and guides, the direct
application of the information to a particular operation may not be immediately
evident. Groups or individuals experienced in criticality must examine the
possible contingencies attendant to handling massive pieces of fissile material
under the normal and abnormal conditions of their operations. No guide or
standard is a substitute for detailed safety analyses; rather, they are to be
regarded as an integral part of the analyses necessary to the attainment of a
sound criticality safety program.

The mass and spacing limits for storage are presented in tabular form for
uranium containing greater than 30 wt$ U-235, for U-233, and for plutonium as
metals and oxides. Criteria are provided for the range of application of these
limits.

The number of variables to be considered in attempting to provide such
specifications is large. This is also true of the variety of operations with
fissile materials in a production facility. In order to bound such a problem
and be able to provide guidance with the assurance of subcriticality in
applications, the nature of the information presented has to be idealized. The
tables, therefore, present fissile material as a spherical mass, centered in a
cubic cell, the cells arranged into a cubic array, and the array surrounded by
a 20-cn-thick water reflector. This arrangement of air-spaced subcritical
components emphasizes neutron interaction between components and between the
components and the reflector. The geometries of the storage unit, the cell and
the array minimize the neutron leakage from the system and, hence, enhance the
neutron multiplication.

Some of the storage units represent massive quantities exceeding 90 % of
the critical mass as a sphere immersed in water. These are flagged in the
tables., The Guide, nevertheless, does presume that attention has been given to
details of possible single unit criticality.

While the arrays specified represent large numbers of units, they only
extend into the mid-range of quantities encountered in some operations and
those required by regulation to be examined for the safe transport of
radioactive materials. Confirmation of such systems by experiment is not
feasible and we are forced to substitute information from less reliable
"calculated data." The calculated data was generated by the sixteen-group



neutron cross sections of Kansen-Roach used in the Keno Monte Carlo criticality
code. This combination was tested against experiments with metals, oxides, and
solutions of the principal fissile isotopes. It is to be noted that the
smallest arrays described represent extrapolations from the experimental bases.

It is appropriate to discuss the parameters, limits, and conditions.
Many applications will be suggested and we will present others. This will lead
us naturally to highlighting areas in need of bases for improvement and
expansion of the Guide.

PARAMETERS, LIMITS, AND CONDITIONS

The principal parameters of concern are cell volume, number of unit3 and
materials. These are displayed in Fig. 1 which is a reproduction of Table 5.2
in the Guide. The cell volume is defined by the dimension of a cube shown at
the headings of the second to the seventh columns. The number of units in a
cubic array, going from 64 to 1000, is listed in the first column. An entry to
the matrix formed by a selected number of units and the cell dimension is the
mass limit per cell expressed as kilograms of total uranium (or, total
Plutonium, as appropriate). The dimensions of the cubic array or vault size is
implicitly given by the number and dimension of the cells along the edge of a
cube.

The mass limits specify capacities for the cells and, when used, must be
supplemented by goci nuclear criticality safety practices. The storage limits
for the oxides are based upon values calculated for the dioxide. These limits
may be applied to other oxides and to fluorides, chlorides, nitrates, and to
other salts which exceed neither the stated hydrogen content nor the fissile
material density characteristic of the dioxide. The oxides described range
from damp (H/U < 0.4) to very wet (H/D < 20), and provide information for
operations typical in fuel fabrication and material recovery. In addition to
providing guidance for the storage of wet oxides, the unit mass limits are
useful information on individual unit operations where the possibility of
flooding is a contingency to be evaluated.

Including the metals, limits are provided for 40 different forms of
fissile materials. Each of these is presented in identical matrix format.

The extent of consideration given to the introduction of hydrogenous
moderation to arrays is addressed in Section 5.2:

"Moderation. The hydrogen-to-fissile atomic ratios are
determined within the fissile region and do not include
contiguous hydrogenous materials. Margins inherent in the
mass limits specified are sufficient to compensate for
incidental moderation such as would result from enclosing
each unit in a thin plastic bag. The effects of more
significant moderation should be evaluated using a
validated computational technique."

The guidance is rather limited because the experimental bases for
interstitial moderation is inadequate. No progress in this direction has
occurred in the past 22 years, with the exception of confirming by calculation
that the effect on low density storage units may compromise typical margins of
subcriticality.



The subject of how to consider unit and cell shapes that are not the
ideal situations of the tables is best approached by examining some of the
bases for the conditions specified. These are summarized in Figs. 2-4. The
unit shape effect on an array neutron multiplication factor when the cells are
cubic is given in Fig. 2. The study encompassed various unit masses and array
sizes for both reflected and unreflected arrays. It is evident that the change
in neutron multiplication factor is negative over the wide variation of shapes
for each unit mass. These data confirm that the spherical shape is the optimum
shape for arrays of air-spaced storage units.

Variations of cell shape are represented in Fig. 3 for units of optimum
cylindrical shape. A fairly large range of cell shape change can occur before
a significant change in the array neutron multiplication factor is manifested.
The conditicns of uniform small spacing between units laterally or vertically
is necessary to contribute reactivity to an array.

The influence of concurrent changes in unit and cell shapes is shown in
Fig. 4. An unreflected and a reflected array were examined for two relative
conditions of unit and cell shape. In one the unit and cell have the same
shape, and in the other, the cell shape change is twice that of the unit.
Again over the entire range examined the effect on the array neutron
multiplication factor is negative.

The conditions for the application of tabulated mass limits are based on
the data of Figs. 2-4 and are given as

"Section 5.11. Unit Spacing. Unit surface separations shall
be at least 152 mm where flooding is possible.

Section 5.12. Unit Shape. The mass limits may be applied
to units of any shape."

When the provisions of Section 5 are satisfied, Section 6. (Other
Applications), permits the extension

"Section 6.3. Noncubic Cells. Any mass limit may be
applied to a noncubic cell equal in volume to that
tabulated containing a near equilateral unit provided the
largest dimension of the cell does not exceed the smallest
by more than a factor of 2.5.

The tabulated values may be applied to other than near
equilateral units in non-cubic cells provided the unit and
cell volumes are maintained and provided the ratio of the
dimensions of the unit characterizing its shape is
approximately equal to the ratio of corresponding
dimensions of the cell."

A series of calculations examined the effects of array reactivity
contributions to storage configurations from double batching units within the
array. Fundamentally, double batching a unit results in a positive reactivity
addition to the unit itself, and secondarily to the array. The reactivity
contribution to the array, however, is typically only a small fraction of the
unit reactivity change, i.e., the changa in the unit reactivity does not
significantly alter the average neutron self multiplication of the other units
in the array. For example, if a unit is double batched in a 64-unit reflected



array of 12 kg U spheres, the unit k-eff will increase by 26/6, but the array
k-eff will increase by about 1%. This result is dependent on the mass of the
units in the array. As the mass of the units in array increases, the neutron
coupling between the units must decrease, i.e., neutron coupling becomes
weaker, in order to maintain an array k-eff. The array k-eff and the unit k-
eff converge to the same value in the limit. Therefore if double batching a
single unit does not result in its achieving criticality, the resulting
contribution of reactivity to the array will not result in criticality.

These considerations are condensed in the Guide as

"Section 5.5. Double Batching. Double batching certain
tabulated unit masses would, in 3ome geometries, result in
criticality. Most massive storage units of practical
interest, however, would be of much less reactive geometry.
If a double-batched cell, reflected by water, can be shown
to have a value of k-eff not exceeding 0.93» such a
double-batched cell in a tabulated array will not result
in array criticality. Alternatively, if a double batched
unit can be shown to be subcritical when water reflected,
double batching a few (8 or less) cells in a tabulated
array will not result in array criticality.7

Double batching shall be considered in storage safety
analyses and in the establishment of operating procedures.
Administrative controls, limited capacity containers, and
storage cell design may be useful for the prevention of
double batching."

The mass limits tabulated represent subcritical storage configurations
when the reflector material surrounding the arrays is water. Water has been
adopted as a standard reflector condition for the arrays described. There are
two reasons for the choice. The first stems from the variety of concretes and
thicknesses that may be experienced in the more usual conditions of storage.
These are such as to preclude an unambiguous presentation of subcritical
configurations. The second deals with the evaluation of storage reflector
conditions. These have been assessed, and will continue for some time to come,
by sophisticated computer codes. Experience in calculating such storage
arrangements is that the composition of concrete can influence the calculated
k-eff from 0.1 to 0.2. The experimental bases for validation of computational
methods is limited and needs to be expanded to improve our understanding of and
to organize our information on concretes.

Insight into the effect of concrete on the neutron multiplication factor
of storage vaults may be had from the information contained in Fig. 5. Linear,
planar, and cubic arragements of storage vaults were studied as a function of
concrete thickness, unit mass and vault size. Three different unit masses in
two vault sizes were examined. A 5.5 and 13.1 kg U metal in a 5-foot vault as
216 and 64 unit arrays, respectively; and a 14.8 kg U metal, 512 unit array in
a 16-foot vault. A water reflector on these arrays results in a k-eff of about
0.85. The concrete used in the study was the "Oak Ridge" concrete, a
documented composition used extensively in past radiation shielding studies and
in a limited number of critical experiments.

The information of Fig. 5 supports the following observations.
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* Neutron coupling of arrays through concrete does
occur at thicknesses in excess of 40 cm.

» Neutron coupling of arrays is greater for storage
arrays of units that are strongly neutron coupled,
i.e., arrays with smaller mass units.

• A 20 cm thickness of concrete is about optimum in
effectiveness for typical applications.

The study was the basis for the conditional statements in the Guide
concerning other reflectors and vault pairs.

"Section 5.4. Other Reflectors. The mass limits in the
tables are also applicable for concrete reflectors'* of
thicknesses up to 127 mm (5 in.) [areal density of concrete =
290 kg/m2 (60 lb./ft2)]. The mass limits shall be reduced
to 75? of stated values for a concrete reflector of 203 mm
(8 in.) and to 60$ for greater thicknesses. Equivalent
thicknesses of other masonry construction materials may be
established on the basis of their surface densities.

Section 5.6. Vault Pairs. The tabulated mass limits shall
be reduced to 55? of stated values for two contiguous
vaults where the concrete walls separating and surrounding
the storage areas have the same thickness;''this factor is
sufficient to include the effect of concrete as a reflector.

The conditions specified in the tables apply to individual
storage arrays. Two vaults that are separated by a
distance not less than the smallest dimension of the facing
surfaces of the stored arrays may be considered as
individual arrays.

Two subarrays when separated by no less than the smallest
dimension of the facing surfaces of the subarrays may be
evaluated as individual reflected arrays."

An interesting section of the Guide is the one allowing the mixing of
different fissile materials in storage arrays. The condition for this
application of the tables is expressed in

"Section 6.1. Comingling of Dissimilar Cells. Each cell
within any array described in Tables 5.1 through 5.12 is
assigned an index equal to the quotient of 100 and the
number of cells in the array.6 Comingling, in one array,
of any of the cells is permitted provided the aggregate of
the indices of all the cells within the resultant array
does not exceed 100."

Recalling that the tables are identical matrices in number of units and
cell dimensions, an element of, or position in, a matrix represents the same
size arruy in all the tables. Tabulated mass values of the same matrix element
define equivalent masses of the different fissile materials. The masses are
equivalent since they may be freely exchanged within an array without altering



the array k-eff significantly. Further, Section 6.1 permits mixing of cells;
for example, 8 cells of dimension 254 mm may be substituted for one 508 mm
cell. The total cell volume in this exchange is equal. However, this is not a
requirement. The condition requires only that the aggregate of indices of the
resultant array not exceed 100. The concept is the basis for a Criticality
Indicator System used at the Oak Ridge National Laboratory to control the
handling and storage of fissile materials by the materials accountability
group. The system has been in use since 1974 and has dramatically reduced the
amount of paper work as well as personnel time previously required.

The Nuclear Safety Guide, TID-7016 Rev. 2 (1978) contains a section on
the storage of fissile material whicn is a similar application of the tables in
ANS-8.7. The product is an extension of ANS 8.7 correlating mass with cell
volume through categories of equivalent masses to define a criticality
indicator system. The concept of comingiing is also basic to the
Transportation Index Rule used by regulatory authorities in the safe transport
of radioactive materials. TID-7016 Rev. 2 addresses transportation by
providing a relation between the criticality indicator system and the transport
index. If a criteria for minimal ^nditions of packaging were defined, tables
similar to those for storage co'' .d be derived establishing an acceptable
relation between equivalent masses and transport indices. This would introduce
a degree of uniformity to the margin of subcriticality used in the transport
environment.

It has been the intent of this discussion on the application of the
standard to improve the perception of useful information it presents. Its
utility is greatly enhanced (as well as greatly limited) by one's understanding
of the neutron physics implicit in the tables and requirements.

ANS 8.7 STATUS

The ANS 8 Subcommittee recently reconstituted Work Group 8.7 on the
storage of fissile materials. The Group will review the Guide and recommend its
reaffirmation or prepare a revision as required of standards at 5 year
intervals. The Guide is necessarily conservative because the generalized
information presented requires such conservatism. Thus, there is much that can
be done to make the document more directly applicable to operations. To the
extent that experimental bases allow, studies should be undertaken to define
more specific guidance, such as, examining

* units of cylindrical and slab shapes,

* array shapes other than cubic,

* reflectors of various materials, thicknesses, and
locations from arrays,

* specifications necessary for solution storage, and

* package loadings in transportation.

The list can be extensive. However, the Work Group members are
volunteers, which limits their efforts. Cooperation and support from safety
groups represented in the ANS Criticality Safety Division not only in sharing
in the work of developing the needed information, but in communicating to the
Work Group their experiences with the Guide including their suggestions on how
it could be improved.
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American National Standard NI6.5-1975/AN&8.7

Table 6.2
Unit Man Limit in Kilogram* of Uranium per Cell in

Water-Reflected Storage Arraya

Number of
In Ciifoit* Gift
in vumi* o L*

Arrays

64
125
216
343
512
729

1000

64
125
216
343
512
729

1000

64
125
216
343
512
729

1000

64
125
216-
343
512
729

1000

Units

Units:

Units:

Units:

Units:

254

Oxides

9.9
8.0
6.7
5.8
5.1
4.5
4.1

Oxides

6.1
4.9
4.1
3.6
3.1.
2.8
2.5

Oxides

3.1
2.6
2.1
1.8
1.5
1.4
1.2

Oxides

1.8
1.4
1.2
1.0
0.9
0.8
0.7

Minimum

305

of Uranium;

13.4
10.9

9.3
8.0
7.1
6.4
6.8

of Uranium;

8.4
6.8
6.7
5.0
4.4
3.9
3.6

of Uranium;

4.2
3.4
2.9
2.5
2.2
1.9
1.8

of Uranium;

2.4
2.0
1.7
1.4
1.3
1.1
1.0

Dimension

381

H/U < 0.4;

18.8
16.6
13.4
11.8
10.5
9.4
8.6

H/U < 3.0;

12.0
9.9
8.4
7.3
6.6
5.8
6.3

H/U < 10; !

6.9
4.9
4.2
3.6
3.2
2.9
2.6

H/U < 20; !

3.5
2.9
2.4
2.1
1.9
1.7
1.5

of Cubic Storage Cell (mm)

457

93.2 wt % »»U,

24.1
20.4
17.8
15.7
14.1
12.8
11.7

93.2 wt % ^'U,

15.6
13.1
11.3
9.9
8.9
8.0
7.3

93.2 wt % MSU,

7.7
6.5
5.6
4.9
4.4
4.0
3.6

33.2 wt % raU,

4.5
3.8
3.3
2.9
2.6
2.3
2.1

508

6.8 wt % ^ U

27.4
23.6
20.6
18.4
16.6
15.1
13.9

6.8 wt % ^ U

18.0
16.2
13.2
11.7
10.5
9.5
8.7

6.8 wt % M 8 U

8.9
7.6
6.6
5.8

. 5.2
4.7
4.3

6.8 wt % " ' U

5.2
4.4
3.8
3.4
3.0
2.8
2.5

610

33.6
29.4
26.2
23.6
21.5
19.8
18.3

22.3
19.3
17.1
15.3
13.8
12.7
11.7

11.1
9.6
8.6
7.6
6.9
6.3
6.8

6.6*
6.6
4.9
4.4
4.0
3.7
3.4 ,

8 Value is greater than 90% of critical spherical mass, water reflected.

Fig. 1. Table from the ANS-8.7 Standard illustrating format of data presented
for 40 different fissile materials.



UNIT SHAPE EFFECT O N ARRAY keff
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Fig. 2. Influence of Unit Shape on Computed Array Neutron Multiplication Factor
fcr Water-Reflected and Unreflected Arrays.
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Fig. 3. Influence of Cell Shape on Computed Array Neutron Multiplication Factor
for Water-Reflected and Unreflected Arrays.



CONCURRENT UNIT AND CELL SHAPE EFFECT O N ARRAY Uef f
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Fig. 4. Influence of Concurrent Changes in Unit and Cell Shape on Array Neutron
Multiplication Factor for Water-Hefleeted and Unreflected Arrays.
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ARRAY DESCRtPTiON PER VAULT

O 5-FOOT VAULT, a6 - 12.70 em, 5.5 kg !>(93.2)

A 5-FOOT VAULT, b4 =• 19.05 em, 13.1 kg U(93.2)

O 16-FOOT VAULT, Og » 30.48 em, 14.8 kg U(93.2)

Fig. 5. Computed Neutron Multiplication Factors for Arrays
Neutron Coupled Through Concrete as a Function of the Concrete
Thickness.
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