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ABSTRACT 

This technical reference document cites information related to nuclear criticality safety 
principles, experience, and practice. The document also provides general guidance for 
criticality safety personnel and regulators. 
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PREFACE 

This document is, in spirit, Revision 3 of TID-7016, Nuclear Safety Guide.’ Due to changes 
in the US regulatory climate since the appearance of TID-7016, Nuclear Safety Guide - 
Revision we have concluded that a formal Revision 3 is not possible and have elected 
to change the title to “Nuclear Criticality Safety Guide” to better reflect the scope of the 
document. This document corrects all known errors in the previous TID-7016 series and 
incorporates many changes that have been suggested by the criticality safety community. 

TID-7016, Nuclear Safety Guide, published in 1957, allowed nuclear criticality data to be 
made available outside the family of Atomic Energy Commission installations as a result 
of declassification. Revision 1 of TID-7016,3 four years later, was primarily a refinement 
based upon experience with the document. An accumulated wealth of experimental data 
and computational results led to  Revision 2 in 1978. 

During the past two decades, little new experimental information has been reported, but 
abundant computational effort has been made. Stimulated by the American Nuclear 
Society Nuclear Criticality Safety Division, criticality-control problems and their resolution 
have been frequent topics of discussion. Consequently, this document incorporates little 
new experimental data, but incorporates modifications intended to extend the document’s 
usefulness. It remains directed toward beginning criticality safety specialists who do not 
have the traditional background. 

In August, 1995, this document was reviewed in depth by the editors, four individuals with 
intimate technical knowledge of the history of the TID-7016 document series, and two 
individuals from the two funding organizations, the Department of Energy and the Nuclear 
Regulatory Commission. These eight individuals are listed below. 

0 Dixon Callihan, Oak Ridge National Laboratory, retired 

0 Charles Harmon, Nuclear Regulatory Commission 

0 Calvin Hopper, Oak Ridge National Laboratory 

0 Elizabeth Johnson, Oak Ridge National Laboratory, retired 

0 Hugh Paxton, Los Alamos National Laboratory, retired 

0 Norman Pruvost , Los Alamos National Laboratory, retired 

0 Burton Rothleder, Department of Energy 

0 Joseph Thomas, Oak Ridge National Laboratory, retired 
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Special thanks is given to Thomas P. McLaughlin, leader of the Nuclear Criticality Safety 
Group at Los Alamos National Laboratory, to Charles Rombough of CTR Technical 
Services for his contributions in performing the MCNP calculations and formatting the 
document, and to Barbara D. Henderson, Los Alamos National Laboratory, for her efforts 
in editing, proofing, and cataloguing the reference material. We also wish to acknowledge 
Charles Nilsen of the Nuclear Regulatory Commission for his patient support during the 
preparation of this document. 
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Chapter I 

BACKGROUND 

A. The Nuclear Criticality Safety Problem 

1. Introduction 

The specific subject of this document is nuclear criticality safety. Nuclear criticality safety 
is defined as “protection against the consequences of an inadvertent nuclear chain reaction, 
preferably by prevention of the r ea~ t ion . ”~  This document treats the fissile nuclides 233U, 
235U, and 239Pu. These are the prevalent materials capable of criticality, i.e., capable of 
sustaining a nuclear chain reaction.* Potential criticality of other, less available nuclides, is 
discussed in American National Standard Criticality Control of Special Actinide Elements, 
ANSI/ANS-8. 15-1981,5 for consideration if a significant separated quantity should become 
available. 

An excursion, the consequence of a nuclear chain reaction, can result, if a sufficient quantity 
of fissile material is arranged into a critical configuration. An excursion resulting from such 
an accidental configuration is referred to as a criticality accident. The most adverse and 
potentially dangerous aspect of a criticality accident is the release of nuclear radiation. The 
radiation released from a criticality accident can be lethal to personnel in the vicinity of 
the accident. The potential for the accident and associated radiation to damage inanimate 
objectst or the environment is of some, but relatively minor, concern. Regardless of 
consequences, the objective of criticality safety remains the prevention of a criticality 
accident .$ 

*In this document, “nuclear chain reaction” will be understood to mean “neutron-fission chain reaction .7’ 

t Some equipment in which a criticality accident has occurred has been returned to service. 

6 $Criticality excursions have occurred in nature. The practice of nuclear criticality safety, however, is 
restricted to those situations where man-made processes have the potential for an excursion that is not 
intended. 
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Chapter I presents the principles on which this document is based. For the most part, these 
principles arise from operational experience instead of abstract reasoning. A statement 
noted at a Russian conference, Nuclear Energy and Human Safe ty  j;liE-93),7 goes further: 
“Safety is based only on experience.” Experience has led to the development of criticality 
safety technology as addressed in this document. 

Criticality safety is practiced under well-established limitations which are sometimes 
overlooked or forgotten. Some of these limitations are imposed by nature. For example, 
no environment is entirely free of ionizing radiation, even if fissile material is not present. 
Therefore, exposures to radiation cannot be entirely eliminated. Other limitations result 
because neither physical nor administrative controls can achieve perfection. For example, 
safety budget limitations impose the condition that unlimited time and effort cannot be 
expended in an attempt to establish quantitatively the margin of safety for a particular 
process. Limitations such as these reduce concepts of perfect safety and a radiation-free 
environment to simplistic and unachievable idealizations. Recognition of these limitations 
avoids a diversion from practical criticality safety control. 

This document is not intended to substitute for the advice of an experienced criticality 
safety specialist. It is intended to be a useful reference for the specialist to provide 
starting points for criticality safety evaluations. Although the document does not address 
formal regulation, it is expected to provide information that regulators will find useful. The 
document may benefit people other than specialists or regulators. For example, it may allow 
managers to confirm criticality safety advice. It may help planners produce preliminary 
plant layouts that are favorable for criticality control. It can tell the plant superintendent 
whether a borderline situation may exist in which the advice of a criticality safety specialist 
is needed. 

Terms in this document are used in accordance with definitions in report LA-116Z7-MS7 
Glossary of Nuclear Criticality Terms,’ or the American Nuclear Society publication, 
Glossary of Terms in Nuclear Science and Techn~logy.~ 

2. Criticality Safety Principles 

The techniques employed in the practice of criticality safety have been developed since 
about 1945 and are still evolving. For example, the results of computer calculations are 
playing an ever larger role in providing guidance for criticality safety. Nevertheless, the 
safety fundamentals established when criticality safety was in its infancy stand unchallenged 
to date. These fundamentals are 

0 All processes with fissile material should be examined during the design phase 
in order to identify potentially critical configurations. Equipment and procedures 
should be tailored to preclude those configurations without unnecessarily sacrificing 
process efficiency. Review is usually iterative, calling for reexamination as the design 
progresses. This iterative review implies continuing cooperation among members of 
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the design team, especially the criticality safety specialists, the designers, and the 
operat ors. 

0 Simple, convenient criticality safety controls are more effective than complex or 
awkward measures. Above all, criticality controls should be practical because poorly 
conceived controls that are difficult or impractical to follow invite violations. Stated 
differently, nuclear criticality safety is enhanced by arrangements of material and 
equipment that tend to make proper operations convenient and improper operations 
inconvenient. Unusual situations, however, may call for unusual controls. 

0 Safety regulations and practices should be based on professionally generated Stan- 
dards. The AATSI/ANS 8.22 series are consensus Standards and are designed 
specifically for the practice of criticality safety. 

0 The criticality safety specialist must examine whether criticality safety restrictions 
place constraints on the process which might increase the risk in other types of safety. 

0 Accountability for safety should reside with personnel closest to the operation of the 
process. These personnel have the most complete knowledge of how all elements of 
the process come together. Good safety practices must address the specific elements 
of each process in the language of the operating personnel. 

The above principles could be interpreted to suggest that the practice of criticality safety 
might be reduced to a routine handbook exercise or formulated as a comprehensive 
methodology. This is not the case for two reasons. First, the experimental data or 
computational results needed for direct applicability to a process do not always exist. In 
this case, the criticality safety specialist must be innovative in constructing the analysis 
which establishes an adequate margin of safety for the process, and must ensure compliance 
with regulations. Second, in almost all cases, the practicing criticality safety specialist finds 
that judgment is required to formulate criticality safety guidance. Such judgments are, of 
course, ultimately influenced by either personal or documented experience. Sound judgment 
is crucial. This exercise of judgment requires comprehensive understanding of the above 
principles. The criticality safety specialist must focus on the question, “Have all factors, 
existing and potential, been taken into account in evaluating the process?” 

An advantage of reviews by personnel independent of operations is, for example, to detect 
deficiencies that may have escaped notice. These reviews may serve other purposes, such 
as comparing operations with criticality safety standards to uncover possible deviations. 
Reviews may include internal or external quality assurance audits. 

3. Factors Affecting Criticality 

A system containing fissile material is critical if it maintains a steady self-sustaining nuclear 
chain reaction. Strictly speaking, in the absence of a neutron source other than fission, this 
is “delayed criticality.” In a critical configuration, then, of the several neutrons produced 
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by a single fission, an average of one leads to a new fission, so that the neutron population 
remains statistically constant with time. The other neutrons are lost either by capture 
that does not produce fission or by escape from the system. The delicate balance required 
for criticality depends upon the composition, quantity, and shape of the material, and its 
environment. In many cases, however, critical specifications need not be complicated. For 
example, composition and critical mass or critical volume provide specifications adequate 
for evaluating criticality of a water-reflected sphere. In a subcritical configuration all 
neutron chains eventually die away to extinction, In a supercritical system, the neutron 
chains grow until the energy released in the fission process is sufficient to alter at least one 
of the controlling factors and cause the configuration to become subcritical. This episode, 
during which the fission rate increases, peaks, then decreases to a low value, is the nuclear 
excursion referred to in the introduction. In general, criticality can be affected by system 
mass, shape, volume, moderation, interaction, neutron absorption, reflection, and density. 

If a given volume of fissile solution departs from spherical shape, there is an increase 
of surface area through which neutrons can escape. The neutron deficit resulting from 
this greater “leakage” makes the system less reactive. This fact underlies the important 
concept of criticality control by means of favorable geometry.’ The most practical shape for 
criticality control is an elongated cylinder of sufficiently small diameter that the contents 
will remain subcritical. Another favorable shape is an extensive slab of restricted thickness. 
Subcritical limits for these shapes are provided in Chapter 111. They are expressed as the 
diameter of a cylinder of unlimited length, and the thickness of a slab of unlimited extent. 
As with mass and volume limits for spheres, the assumed reflector is thick water. 

The critical configuration of fissile material is sensitive to the presence of neutron- 
moderating nuclidesg that reduce the energy of neutrons, for example, hydrogen in water 
mixed with the fissile nuclide. The subcritical specifications for individual units presented 
in this document apply primarily to solutions* or mixtures with water, in which hydrogen 
is the moderating material. The relative amount of hydrogen may be expressed as the 
atomic ratio of hydrogen to fissile species. This ratio ranges from zero for metal to several 
thousand for a dilute solution. For a specific solution or uniform mixture, a value of mass 
of fissile species per unit volume implies a specific hydrogen content. As hydrogen content 
increases, the critical mass may vary from a few tens of kilograms, through a minimum of 
a few hundred grams, to unlimited quantities for very dilute solutions. In the latter case, 
neutron absorption by hydrogen predominates, making criticality impossible provided the 
hydrogen content is maintained. 

With the exception of uranium enriched to less than about 6 weight percent (wt%) 235U, 
subcritical masses for solutions apply conservatively to other distributions in water at the 
same hydrogen-to-fissile atomic ratio. The exception for low-enriched uranium is discussed 
in Chapter 111, Section C-2, Low-Enriched Uranium. 

*Unless specified otherwise, “solution” means “uniform aqueous solution” throughout this document. 
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The critical mass of a fissile material also depends upon its density and distribution in 
intimate mixtures with materials other than water. Under most practical circumstances, 
the critical mass increases as the fissile density decreases, other parameters being constant, 
The critical mass of a sphere of 239Pu metal, for example, is much less than that of a sphere 
containing unmoderated 239Pu filings or chips. Exceptions are discussed in Reference 10. 

The use of neutron-absorbing materials, such as cadmium and boron, distributed within 
the fissile material can render an otherwise critical system subcritical. Vigilance must be 
exercised to avoid unexpected loss of the absorber or change of its prescribed distribution, 
e.g., by corrosion or physical displacement. Solid absorbers may be included in the 
construction and assembly of equipment, or solutions of a neutron absorber may be added 
to process streams. Administrative controls, however, are required to ensure the continued 
presence and intended distribution of the neutron absorber. Intended neutron absorbers 
may not be effective if inappropriately located. For example, in the absence of external 
water, cadmium surrounding a process vessel will serve as a neutron reflector instead of an 
absorber. This topic is discussed further in Chapter 111. 

The nitrogen in nitrate solutions often used in chemical processing and the 240Pu present 
in plutonium solutions are examples of naturally present absorbers. It should be noted, 
however, that 240Pu is not an effective neutron absorber if little or no hydrogen or other 
moderator is present.* 

The preceding comments have referred to individual units. The effects, however, of 
the mutual exchange of neutrons between subcritical units in a process or storage area 
must be considered in order to assess the nuclear safety of the system as a whole (see 
Chapter IV). Adequate criteria must be established for the separation of units in such 
arrays. Precautions taken to ensure the integrity of the spacing should receive careful 
attention, both in the design of plant facilities and in the storage and transport of units. 
The desire for compactness of storage and shipping arrays, customary in industrial practice, 
must be tempered where criticality is a possibility. 

Neutron interaction in an array of fissile units is dependent upon such geometric factors as 
the size, shape, and separation of the units, as well as on the over-all size and shape of 
the array, Materials that may be intermingled among the units or that may surround the 
array are also important. A close-packed subcritical array may become critical if flooded. 
Conversely, a flooded subcritical array of large, less closely packed units may become critical 
if the water is removed, since the water, as a neutron absorber, may diminish neutron 
coupling of the units. (See Fig. 30 of Ref. 10.) An array that is subcritical when reflected 
by water may become critical when reflected by closely fitting concrete. These are some 
of the factors that must be recognized in establishing safe-separation criteria for handling 
fissile material. 

A system of metallic 240Pu can become critical. 
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4. Criticality Information 

Data from experiments provide the basis for criticality safety, either by direct application 
or by validation of computations (discussed below). Only rarely, however, do experimental 
conditions match those of the desired application. Sometimes a close match is unnecessary; 
that is, measured critical specifications known to be more restrictive than necessary may be 
adequate. For example, the critical volume of a sphere is a conservative representation* of 
the critical volume of an elongated cylinder of the same composition. Frequently, however, 
a validated calculation is required for interpolation or extrapolation of experimental data. 
In general, experimental data and calculational results are complementary in that each may 
implement the interpretation of the other. 

Experiment a1 Data 

A convenient source of criticality data from experiments through 1985 is the 1986 revision 
of Critical Dimensions of Systems Containing 235 U, 239Pu, and 233 U." M ore recent results 
must be obtained from journals or Transactions of the American Nuclear Society. 

Even when criticality is determined experimentally, uncertainties reside in the description 
of the system. These uncertainties can be expressed as standard deviations of composition 
and dimensions. In an application of the experimental data, these indexes of uncertainty 
may be translated into an increment of the effective neutron multiplication factor, ka, 
discussed below. This increment must be included to establish the desired margin of safety. 

Computational Results 

Insufficient experimental data may be augmented by calculational results of computer 
criticality codes. The most versatile are Monte Carlo codes, such as KEN0,12 MCNP,I3 
and MONK,14 which are capable of detailed geometric modeling. 

Wide use of criticality codes has been made possible by modern, high-performance 
computers. As with experimental results, computed critical conditions must be evaluated 
for reliability before they can be applied. The best means of judging the reliability 
of a computational method is to validate it by comparing its results with appropriate 
experimental data. 

Requirements for code validation are set forth in Paragraph 4.3 of Reference 4. This 
Standard emphasizes establishment of a bias by correlating experiment a1 and computational 
results, and by adjusting the computational results to allow for both the bias and the 
uncertainty in the bias. Tests are required to confirm that the mathematical operations 
are performed as intended and to reconfirm whenever there is a change in the computer 

*A conservative representation is one that provides a greater margin of safety than does an accurate repre- 
sentation of the system. 
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program. Misapplication of codes is not addressed in the Standard because a knowledgeable 
user would be expected to detect resulting errors. 

The provider of requested information concerning validation should not simply extract the 
desired number from a computer printout and pass it on to the requester. Beforehand, 
the provider should carefully verify the input file to be free of errors. More generally, as 
required by the Standard, the provider has the obligation to document the validation of the 
results. 

5.  Criticality Indices 

Simplified methods* for calculating criticality that are found in reactor physics do 
not usually substitute for detailed calculations using computer codes. However, comparison 
of simple calculational results with results from detailed computer calculations can expose 
the presence of error. In addition, simplified methods can sharpen the picture of neutron 
processes that influence criticality, can introduce useful criticality indices, and may even 
suggest forms for empirical correlations of criticality data. 

Two common indices of criticality are the effective neutron multiplication factor and the 
buckling. The neutron multiplication factor, k,#, is the ratio of the average rate of neutron 
production by fission to the average rate of loss by absorption and leakage. It follows 
that a system is critical if k,ff = 1, subcritical if k,ff < 1, and supercritical if k,ff > 1. 
The multiplication factor is a calculable parameter and is a standard result of criticality 
computer codes. 

A 1% change in k,ff at critical corresponds to about a 3% change in critical mass or 
critical volume for solids, and solutions of 233U, 239Pu, or uranium highly enriched in 
235U, over most of the density range. The value is greater for very dilute solutions. For 
solutions of uranium enriched to 10 wt% in 235U, the increment of critical mass or volume 
corresponding to Ak,R = 0.01 is about 6% and becomes still larger at lower enrichment. 
Additional relationships between 4 k , R  and increments of criticality parameters are shown 
in Chapter 111, Limits for Individual Units. 

The other index, called “buckling” and symbolized by B2, depends only upon the 
composition of the fissile system and can be used to estimate the critical dimensions 
of various geometrical configurations. If the buckling is negative, the material is subcritical 
regardless of the quantity;+ if zero, the composition is critical only if the size be infinite; 
if positive, the material can be critical in finite quantities. The buckling is then simply 
related by elementary theory to the critical dimensions of spheres, cylinders, and slabs. The 

*These methods include the four-factor formula, age theory, and one- or two-group diffusion theory. 

+Some units composed of a material having a negative buckling may achieve criticality with an appropriate 
reflector. 

11 



equations giving these relationships provide the form of empirical expressions for converting 
from one critical shape to another.23 

B. Nuclear Criticality Safety Practices 

I. The General Criticality Safety Standards 

This section expands upon American National Standard Administrative Practices for Nu- 
clear Criticality Safety, ANSI/ANS-8. l 9,25 and American National Standard for Nuclear 
Criticality Safety in Operations with Fissionable Materials Outside Reactors, ANSI/A NS- 
8. 1.4 The latter Standard presents generalized basic criteria and specifies numerical 
subcritical limits for certain simple single fissile units but not for multiunit arrays. The 
other Standard is also general. It was inappropriate to include in these Standards the 
details of administrative controls, the design of processes or equipment, the description of 
instrumentation for process control, or detailed criteria to be met in transporting fissile 
material because these are items related to specific conditions. The intent here is to provide 
some of this supplementary guidance. 

The predecessor of ANSI,/ANS-8.1 was prepared in 1958 and adopted in 1964 as American 
National Standard N6.1-1964. An expanded version was approved as N16.1-1969 and 
was revised with minor changes in 1975, revised again in 1983 when it, was designated 
ANSI/ANS-8.1, and reaffirmed in 1988. Thus, this Standard benefits from more than three 
decades of experience following the original version. 

Both Standards, ANSI/ANS-t?.l and 8.19, treat Administrative Practices in somewhat 
different but consistent terms. Technical Practices are considered in ANSI,/ANS-8. I .  

2. Administ rat ive Practices 

Responsibilities 

The two Standards require that management establish responsibility for criticality safety 
and the Standards recommend that supervision be made as responsible for criticality safety 
as it is for production, development, research, and other functions. Training is called 
for in accordance with American National Standard Nuclear Criticality Safety Training, 
A NSI/A NS-8. 20.26 

The Standards require that management provide personnel skilled in the interpretation of 
data pertinent to criticality safety and familiar with operations, to serve as advisers to 
supervision. They advise that these specialists, to the extent practicable, be independent of 
process supervision. This recommendation is not made binding in order to avoid penalizing 
small operations in which the skill exists in the line organization and a separate adviser 
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would be of questionable value. The intent is also to recognize that successful criticality 
control depends more upon the competence of personnel than on the form of organization. 

There is the further requirement that management establish criteria to be satisfied by 
criticality safety controls. Of course, criteria existing in regulations, Standards, or 
guides may be either adopted or adapted to special conditions that may exist. In the 
complementary American National Standard Criteria for Nuclear Criticality Safety Controls 
in Operations with Shielding and Confinement, ANSI/ANS-8.1 0,27 there is allowance for 
distinction between shielded and unshielded facilities, so it is recognized that the criteria 
may be less stringent when adequate shielding protects personnel. 

The distinction between “management” and “supervision” is clarified by the following 
definition that is borrowed from another Standard:28 “Management: the administrative 
body to which the supervision of a facility reports.” 

Other Administrative Practices 

Standards ANSI/ANS-8.1 and 8.29 call for the following additional administrative practices: 

“Before a new operation with fissile material is begun or before an existing 
operation is changed, it shall be determined that the entire process will be 
subcritical under both normal and credible abnormal conditions.” (ANS-8.19, 
Section 8.1) 

This requirement interplays with the technical practices discussed below, especially the 
double contingency principle and geometry control. In some cases it may be desirable 
to resort to in situ neutron multiplication measurements to confirm the subcriticality of 
proposed configurations. Guidance for safety in performing such measurements appears in 
the American National Standard for Safety in Conducting Subcritical Neutron-Multiplication 
Measurements in Situ, ANSI/ANS-8.6.29 

“Operations to which nuclear criticality safety is pertinent shall be governed 
by written procedures. All persons participating in these operations shall 
understand and be familiar with the procedures.” (ANS-8.1, Section 4.1.3) 

“The movement of fissile material shall be controlled. Appropriate materials 
labeling and area posting shall be maintained specifying material identification 
and all limits on parameters that are subjected to procedural control.” (ANS- 
8.19, Sections 9.1-9.2) 

Of course, movement of fissile material is included in the operations to be governed by 
written procedures. 
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“Deviations from procedures and unforeseen alterations in process conditions 
that affect nuclear criticality safety shall be documented, reported to manage- 
ment and investigated promptly. Action shall be taken to prevent a recurrence.” 
(ANS-8.19, Sections 7.6- ‘7.7) 

It is expected that the preventive action, which might include modification of procedures, 
will be implemented before routine process operations are resumed. 

“Operations shall be reviewed frequently (at least annually) to ascertain that 
procedures are being followed and that process conditions have not been altered 
so as to affect the nuclear criticality safety evaluation. These reviews shall be 
conducted, in consultation with operating personnel, by individuals who are 
knowledgeable in nuclear criticality safety and who, to the extent practicable, 
are not immediately responsible for the operation.” (ANS-8.1, Section 4.1.6) 

Again, this recommendation is tempered to avoid penalizing small, inflexible operations or 
forcing a change in a demonstrably successful organization. 

“Emergency procedures shall be prepared and approved by management. Orga- 
nizations, local and off-site, that are expected to respond to emergencies shall 
be made aware of conditions that might be encountered, and they should be 
assisted in preparing suitable procedures governing their responses.’’ (ANS-8. I ,  
Section 4.1.7) 

3. Technical Practices 

Obviously, criticality safety depends upon control of the factors affecting criticality which 
were discussed in Section A of this chapter. An equivalent statement is that criticality 
safety is achieved by exercising control over the quantity and distribution of fissile material 
and associated material. Standard AArSI/AiVS-8. I ,  which addresses technical aspects of 
such control, leads to the following. 

Double Contingency Principle 

The double contingency principle is expressed in this Standard as follows. 

Double Contingency Principle. Process designs should, in general, incorpo- 
rate sufficient factors of safety to require at least two unlikely, independent, and 
concurrent changes in process conditions before a criticality accident is possible. 

The principle implies good judgment that is difficult to specify in detail and to confirm. 
Nevertheless, consideration of this time-honored principle is a part of sound criticality safety 
practice. 

I 
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Geometry Control 

The Standard also recommends that reliance for criticality control be placed, where 
practicable, on equipment in which dimensions are fixed and limited rather than on 
administrative controls. There is the requirement, however, that all dimensions and fissile 
material properties on which the reliance is placed be controlled. It is pointed out that 
full advantage may be taken of fissile material characteristics and of equipment. Of course, 
controls must be effective during inventory procedures and while equipment is being loaded 
or unloaded with fissile material. 

Control by Neutron Absorbers 

Because of accidents that have occurred during in~entory,~’ the trend is to “poison” large 
vessels for which geometry control is impractical. The Standard permits reliance upon 
neutron-absorbing materials, such as cadmium, boron, or gadolinium, in process streams 
or equipment, provided there is assurance that the absorber continues to be effective. 
Particular care is required when the absorbers are in solution. 

A proven and often effective means of preventing criticality in a large vessel is to pack it with 
borosilicate glass Raschig rings. Guidance for permissible usage, degree of protection, and 
appropriate surveillance is given by American National Standard Use of Borosilicate-Glass 
Raschig Rings as a Neutron Absorber in Solutions of Fissile Muterial, ANSI/ANS-8.5.31 

Subcritical Limits 

The Standard ANSI/ANS-8.1 emphasizes subcritical limits, discussed earlier, and defines 
them as follows. 

Subcritical limit (limit). The limiting value assigned to a controlled 
parameter that results in a subcritical system under specified conditions. The 
subcritical limit allows for uncertainties in the calculations and experimental 
data used in its derivation but not for contingencies, e.g., double batching or 
failure of analytical techniques* to yield accurate values. 

The above definition, however, does not explicitly clarify that, in practice, subcritical limits 
are adjusted criticality data. The adjustments to the data allow for uncertainties in the 
data. It should be understood that subcritical limits do not apply directly to the conditions 
encountered in operations with fissile material. Criticality safety analysis incorporates 
subcritical limits and contingencies that could be encountered in the operation. Where 
applicable data are available, the Standard requires that subcritical limits be established 
on bases derived from experiments with adequate allowance for uncertainties in the data. 
In the absence of directly applicable experimental measurements, it is permissible to derive 
the limits from calculations validated in accordance with Paragraph 4.3 of the Standard. It 

*Examples of such analytical techniques are radiological, chemical, and isotopic analyses. 
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should be reiterated that allowances must be sufficient to cover uncertainties in the data 
and in the calculations. 

Subcritical limits for mass, volume, and other parameters, which appear in Chapter 111, 
assume the equivalent of a contiguous water reflector of unlimited thickness (thick water 
reflector), and allow for experimental and computational uncertainties. They do not, 
however, cover contingencies such as errors in quantitative measurements or sample analyses, 
misinterpretation of procedures, and human fallibility. Allowance for these depends upon 
process specifics, and, for evaluation, calls for the judgment of plant personnel and the 
advice of a criticality safety specialist. 

The assumed thick water reflector is seldom encountered in practice. Nevertheless, the thick 
water reflector is a useful reference condition. As discussed later, some materials, when thick 
and closely fitting, can be more effective as reflectors than ordinary water. If such materials 
are present, special evaluation is needed, probably requiring the use of experimental data. 
In the absence of such materials, the equivalent of a thick water reflector (15 cm or more) 
is a reasonably conservative representation of other common reflector materials. 

A nearby interacting fissile unit may also be more effective than a water reflector, so would 
require special consideration. In evaluating interaction of a few units, comparison with 
a larger, somewhat more reactive, array from Chapter IV may be a useful conservative 
extreme. Sometimes, however, a more appropriate experimental system may be found in 
other references, for example, in Reference 11, Critical Dimensions of Systems Containing 
235U, 239Pu, and 233U. Where interaction of several vessels, such as those in a processing 
plant must be judged, one of the semi-empirical methods of Chapter IV may be adequate. 

4. The Role of Calculational Validation 

The need for calculational validation arises when the system of interest has not been built 
as an experimental configuration. In practice, this is almost always the situation. The 
purpose of calculational validation is to establish a credible calculational model relating 
experimental data and the system of interest. In this context, calculational mode2 means 
both the mathematical model for neutron transport and the evaluated cross section data 
used in the model. The experimental data must be derived from an experimental critical 
configuration that is similar in geometry and material composition to the system of interest. 
Similarity is a matter of judgment. The spirit of validation is to recognize that uncertainties 
are inherent in both the calculational model and experimental data. The usefulness of 
validation is that credible information can be gained about the system of interest even 
though these uncertainties exist. 

Reported experiments do not always include the details needed to reduce the experiment to 
an ideal macroscopic description of the system geometry and material. Different evaluators 
may derive different macroscopic descriptions from the same experimental results. There 
is no assurance, therefore, that reported experimental results, when evaluated by different 
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evaluators, will lead to a unique macroscopic description of the system. Also, very 
few reported experiment a1 critical configurations include any analysis of the uncertainty. 
References 32 and 33 are unusual in that examples of the experimental uncertainties in 
the experimental results were given. The uncertainties were estimated from calculational 
corrections in both geometry and the material composition. In each case, these corrections 
were used to simplify the description of the system. Such calculational corrections are 
imperfect and are incapable of eliminating the experimental error. In practice, it must 
be understood that experimental results can never be made free of error and that the 
estimation of experimental error unavoidably involves judgment. Such judgment is involved 
whether adjustments to experimental results are based on calculations or on experimental 
measurements. 

Calculational validation requires that k,ff be calculated for at least one experimental critical 
system similar to the system of interest. Comparison of the calculated keff with unity 
establishes a numerical difference. Standard ANSIl/ANS-8.1 appears to make a working 
assumption when determining the bias between calculational results and experimental data. 
This apparent assumption is that experimental and calculational uncertainties are negligible 
or zero compared to the bias. Such an assumption leads to assigning the bias as equal to 
the numerical difference. At this stage of the validation process, however, the practitioner 
should review the definition of bias provided in the Standard’s glossary of terms. Simply 
assigning the bias to be equal to the numerical difference may not be sufficient to be in 
compliance with the Standard. In the Standard, bias is defined as “A measure of the 
systematic disagreement between the results calculated by a method and experimental data. 
The uncertainty in the bias is a measure of both the precision of the calculations and the 
accuracy of the experimental data.” Clearly, this definition requires the practitioner to 
establish the bias on the basis of the numerical difference and assessment of the potential 
experimental uncertainties. 

The Standard leaves several matters of judgment to the practitioner. For example, if only 
a single experimental system is available to establish a numerical difference, this single 
difference would not constitute a “systematic disagreement between the results calculated 
by a method and experimental data.” With regard to the uncertainty in the bias, the bias 
becomes undefined when the uncertainty of the experimental data is large compared to 
the numerical difference. As mentioned above, reported experiment a1 results do not always 
include the experimental uncertainty. The Standard points out “generally neither the bias 
nor its uncertainty is constant; both should be expected to be functions of composition and 
other variables.” Judgmental matters such as these play a crucial role when extrapolating 
the applicability of a calculational method beyond the range of experimental conditions 
over which the bias was established. 
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5 .  Interaction of Safeguards Procedures and Criticality Control 

Safeguards procedures may have either a favorable or detrimental effect on criticality 
control, so interaction of these procedures with criticality safety should be examined before 
they are instituted. Periodic surveys of chemical processing lines for material accountability 
can actually contribute to criticality safety by detecting unanticipated deposits of fissile 
material. 34 -36 

On the other hand, the implementation of safeguards procedures may favor arrangements of 
fissionable objects that detract from criticality safety. For example, it may be convenient to 
cluster the objects in an easily protected location instead of spreading them out for better 
criticality control. When recognized, such conflicts should be readily resolved. 

6.  Instrument at ion 

An important contribution of instrumentation to criticality safety is demonstration of 
adequate subcriticality of a fissile system. For example, this demonstration can be the 
quantitative measurement of k,ff by means of the 252Cf-source-driven neutron noise analysis 
method.37 This method has been used to measure the subcriticality of a multiplying system 
to a k,ff as low as 0.3 with data accumulation in as little as six seconds for a uranyl 
nitrate solution tank. Before this technique was developed, measurements of characteristic 
radiation* could indicate changes in quantity of fissile material, but required calibration to 

Special instrumentation for measuring the 235U content of give quantitative results. 
uranium involves the so-called random-source technique. 

38-40 

41 -42 

Another contribution of instrumentation to criticality safety is the identification of 
unplanned deposits of fissile material by means of changes of characteristic radiation. 
Periodic surveys of deposits are desirable where fissile material may accumulate in locations 
such as filters, tank walls, or solution residues.+ In gaseous diffusion plants, for example, 
accumulations of 235U have been detected by periodic measurement of characteristic gamma 
radiation from 235U. Such measurements allow removal of the accumulations before they 
became dangerous.36 

Another method makes use of the high spontaneous fission rate of the 240Pu isotope which 
accompanies 239Pu in a proportion characteristic of the material history. The neutron 
background in a plutonium process is therefore a measure of the plutonium density, and 
a change in an established background can signal an abnormal condition in a process 
stream. Because of this effect, surveys with neutron detectors can establish the location of 

*Characteristic radiations include 2) neutrons from sponta- 
neous fission of 240Pu and '%U, 3) neutrons from (cx,n) reactions of fissile oxides, carbides, and fluorides, 
and 4) high energy gamma radiation from 208Tl, a decay product of 232U that usually accompanies 233U. 

1) gamma rays from 235U and plutonium, 

+In some cases, inventory discrepancies can indicate the possibility of such deposits. See Ref. 35. 
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unplanned plutonium deposits .43 These indirect met hods of criticality control are empirical 
and must be based on the calibration of appropriate instruments. 

It, might seem that warning of an accidental approach to criticality could be given by a 
neutron detector. Such a warning would require an appropriately placed neutron source such 
as those used for subcritical in situ multiplication  measurement^.^^ It is rare, however, that 
plant process conditions are sufficiently favorable and stable for a meaningful indication of 
increased neutron multiplication before criticality would be attained. The warning probably 
would be too late except to signal personnel evacuation. However, absorption by the 
fissionable material of gamma rays or neutrons directed through a process stream depends 
upon the fissile density of the solution and can be used for fissile density control if there is 
a suitable source and detector. 44-45 

Instruments for the detection of radiation are also useful in criticality accident alarm 
systems that provide a signal for evacuation. The value of these systems has been clearly 
demonstrated as will be seen in Chapter 11. Gamma-ray detectors rather than neutron 
detectors are usually selected. Reliable instrumentation and freedom from false alarms are 
more important than sensitivity. The requirements on such instrumentation are addressed 
in American National Standard Criticality Accident Alarm System, A N S I / A I V S - ~ . ~ . ~ ~  

7. Quality Assurance for Criticality Safety 

Quality assurance is defined as follows in the Quality Control Handbook.47 “Quality assurance 
is the activity of providing, to all concerned, the evidence needed to establish confidence 
that the quality function is being performed adequately.” “The quality function is the 
entire collection of activities through which we achieve fitness for use, no matter where 
these activities are performed.” 

The relevant quality assurance Standards are American National Standard Quality As- 
surance Program Requirements for Nuclear Facilities, ASME NQA-l-1989,48 issued by 
the American Society of Mechanical Engineers and supplementary American National 
Standard Quality Assurance Requirements for Nuclear Facility Applications, ASME NQA- 
2-1989.49 Between them they contain the essence of 15 quality assurance standards of 
the ANSI/ASME N45.2 series. The 18 Basic Requirements of NQA-1 with Supplements 
have been applied in full to power reactors but are intended to be selective for other 
applications. As stated in the foreword, “The extent to which this document should be 
applied, either wholly or in part, will depend upon the nature and scope of the work to 
be performed and the relative importance of the items or services being produced. The 
extent of application is to be determined by the organization imposing this document. For 
example, it may only involve the Basic Requirements; Basic Requirements in combination 
with selected Supplements; Basic Requirements in combination with Supplements with 
appropriate changes; or the entire document .” 
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The complexity and sensitivity of power reactors led to adoption of all Supplements as 
well as Basic Requirements. The Basic Requirements are generally adequate for nonreactor 
operations with fissile material, which are much simpler and avoid the critical condition 
that is maintained so sensitively in reactors. 

The 18 Basic Requirements of NQA-1 are summarized as follows. Titles from the Standard 
are in boldface. 

Basic Requirements of Standard NQA-I: 

1. Description of organization, assignments of responsibility and authority. 

2. Description of quality assurance program and its implementation including train- 
ing. 

3. Design control and verification, design change control. 

4. Procurement document control, applicable design bases. 

5. Instructions, procedures, and drawings governing activities. 

6. Document control, including distribution, changes, and reviews for adequacy. 

7. Control of purchased items and services, suppliers’ evidence of quality. 

8. Identification and control of items, maintenance thereof. 

9. Control of processes, qualification of personnel such as welding personnel, and 
procedures. 

10. Inspection by persons not directly involved in operations. 

11. Test control, including plans, documentation, and evaluation. 

12. Control of measuring and test equipment, including periodic calibration. 

13. Handling, storage, and shipping, clea.ning and packaging. 

14. Inspection, test, and operating status, prevention of inadvertent operation. 

15. Identification and control of nonconforming items to prevent inadvertent use. 

16. Corrective action of conditions adverse to quality. 

17. Quality assurance records, retrievability and protection. 

18. Audits by persons independent of operations, written procedures or checklists. 
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The Standard ANSI/ANS-8.19, Administrative Practices for  Nuclear Criticality Safety, 
addresses Basic Requirements 1, 3, 5, 6, 8, 10, 13, 14, 16, and 18. Guidance is 
given in ANSI/ANS-8.20 for the training portion of 2, 9, and 11. Thus, observing these 
standards takes a major step toward satisfying quality assurance requirements. Application 
of the remaining Basic Requirements depends upon the nature of the operation, for example, 
the degree to which there is dependence on procured items, or reliance on tests. 

It follows that provisions of Standards AATSI/ANS-8.19 and 8.2‘0, and several selected Basic 
Requirements of NQA-I, can constitute an appropriate checklist for monitoring quality 
assurance conformance of nonreactor operations that require criticality control. With this 
checklist, quality assurance auditing can become more than a formality. 

Adequate documentation is necessary even when good practices are observed. 
adequate documentation, surveys and audits become unnecessarily burdensome. 

Without 

8 .  Probabilistic Met hods 

It is not obvious that power-reactor safety practices such as Probabilistic Risk Assessment 
(PRA) should be applied to other operations such as operations with fissile material in 
which consequences of potential accidents may be orders of magnitude less than those for 
power reactors. Guidance for deciding in a given situation whether PRA is appropiate as 
opposed to qualitative evaluation is given in a JBF Associates report, Evaluating Process 
Safety in the Chemical Industry, A Manager’s Guide to Quantitative Risk Analy~is.~’ 

Residual fission products in a fuel reprocessing plant increase the presumed consequences 
of a criticality accident. This presumption can lead to interpreting Reference 50 guidance 
as recommending PRA. Wilson5’ of the Idaho Chemical Processing Plant concludes the 
following about the application of PRA. 

“PRAs can be a very useful tool in setting criticality safety margins as long as 
careful planning goes into deciding when and how to use PRAs, particularly: 

1. Don’t allow the mystique of PRA to cause you to take actions which are inappropiate 
or not cost effective. 

2. Recognize the power of PRA and exert your full efforts to bring it to  bear on your 
problems. 

3. Structure your PRA program from the ground up (be involved in setting safety goals 
and training). 

4. Until the remaining subjectivity and predictive uncertainty can be removed from 
PRAs, a companion qualitative goal, such as the contingency approach, should also 
be employed.” 
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Regarding item 4 above, it should be recognized that the “remaining subjectivity and 
predictive uncertainty” may never be removed from PRAs. Experts in the application of 
PRA emphasize its usefulness early in the life of a project.52 The need for updating, as 
appropriate, is implied. 

In addition to  its part in criticality control, PRA can be a useful regulatory adjunct when 
combined with Nuclear Regulatory Commission Regulatory Guide 3. 33.53 An illustration 
by Thomas and Gma154 is the application of PRA to satisfy a licensing requirement for 
accident dose restriction outside a German fuel reprocessing plant. 

For a situation different from a fuel reprocessing plant, PRA has been tested for one 
operation at the Plutonium Facility at Los Alamos. This exercise was conducted by an 
independent organization, and is mentioned in a paper by M ~ L a u g h l i n . ~ ~  McLaughlin 
argues in his paper that the estimated few million dollars cost of PRA for the entire 
Plutonium Facility “could be better used on control measures such as more criticality 
staff presence on the process floor.” This observation is not surprising if the guidance of 
Reference 50 is considered. In the absence of fission products, foreseeable consequences of 
a criticality accident with plutonium are so limited that this guidance calls for qualitative 
analysis instead of PRA. 

Many applications of criticality safety involve systems where hands-on operations take place 
with a few fissile-bearing components. In addition, only two or three persons may be 
authorized to carry out the work. The elements which need be considered to carry out 
a criticality safety analysis in such a situation appear relatively simple when compared 
with the complexity inherent in power-reactor safety analysis. In the exercise described by 
McLaughlin, the application of PRA did not reveal any elements that were not incorporated 
by prior qualitative criticality safety analysis. Experience, however, indicates that this 
may not always be the case for complex systems. System complexity and the potential 
consequences of an accident can both play a role in the decision to apply PRA. 

The use of PRA in criticality safety was the subject of several papers presented at the Fifth 
International Conference on Nuclear Criticality Safety (ICNC ’95) .56 The conclusion of the 
ICNC ’95 reviewers was, “It is evident that more experience is needed before these methods 
will be generally accepted.”* 

*C. V. Parks and G. E. Whitesides, “Summary of ICNC ’95,” distributed to conference attendees after the 
meeting. 
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Chapter I1 

SAFETY EXPERIENCE 

A. Criticality Accidents 

1. General 

Present-day criticality controls have been influenced strongly by accidental excursions that 
have occurred in processing plants in the United States and the United Kingdom. The 
effectiveness of resulting controls is suggested by the fact that there have been few accidents 
since the cluster of six that occurred between 1958 and 1964. 

There have been eight supercritical accidents in chemical process equipment but none 
associated with mechanical processing, storage, or transportation. All occurred with 
aqueous solutions: five involved highly enriched uranium and three involved plutonium. 
Three of the excursions took place in shielded areas designed for processing irradiated fuel, 
consequently personnel were protected from the direct radiation. 

The consequences of the eight accidents have been two deaths, nineteen significant 
overexposures of personnel to radiation, no equipment damage, and negligible loss of fissile 
material. In no case was there any danger to the general public. No incident is attributable 
to faulty criticality information or to error in its interpretation. Rather, in each case, 
the cause was related to misuse of equipment, procedural inadequacies or violations, or 
combinations of these. Most of these accidents resulted in prompt criticality. 

Before proceeding from these general remarks to more specific features of the accidents, 
it may be useful to picture the usual characteristics of a prompt power excursion’ in a 
solution.57 Typically, there is a “fission spike” which may or may not be followed by an 
oscillatory fluctuation of power. Depending upon the circumstances, secondary spikes or 
pulses may occur. The fission spike may be described as beginning with an exponential 
rise in power upon achievement of supercriticality. The rise is arrested by bubbles formed 
principally by radiolytic dissociation of water, and the solution is driven subcritical causing 
the power to decrease. The sharp rise and fall in power, i.e., the release of energy at high 
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power but limited to short duration, characterizes the fission spike. If there is no immediate 
terminating mechanism, this process may be repeated, usually less energetically. Ultimately, 
upon disappearance of the bubbles, increase in temperature and possible boiling may lead 
to a. quasi-equilibrium condition. This course of events would be affected by changes in 
conditions that may occur, such as continued addition of material, or loss of material by 
splashing or evaporation. Of course, loss of solution or redistribution of material may 
terminate the reaction after the initial burst. 

The energy releases associated with the occurrences described below are expressed as 
numbers of fissions. For convenience, it is noted that 3 x 10l6 fissions release 1 MW-sec, or 
lo6 J, or 240 kcal, or 950 BTU of energy. Most of this energy is deposited in the solution 
as heat, 

A complete listing of criticality accidents before 1990 appears in a review by Stratton, 
revised by Details are given in the references cited. Although we will confine 
our attention to accidents in processing plants, conditions that have led to accidental 
excursions in critical facilities* are also instructive, and are discussed in the above review. 
The following accounts of plant accidents are intended to provide not only an idea of the 
consequences but a general introduction to nuclear criticality safety practices. 

2. Criticality Accidents in Processing Plants 

The Y-12 Plant, Oak Ridge National Laboratory, TN - June 16, 195830257-60 

The first of the eight plant excursions was the result of solution leaking into a cleaned 
cylindrical vessel and being collected with wash water in a 55-gal drum. As a consequence, 
five persons were exposed severely and three others significantly. 

The accident occurred in an area in which highly enriched uranium was being recovered 
from scrap. In the course of a material inventory, a bank of geometrically subcritical 
storage vessels had been disassembled and cleaned. Following reassembly, procedures called 
for leak testing with water, which was to be subsequently drained into a 55-gal drum. In 
the interval between reassembly and leak testing, uranium solution had accumulated in the 
vessels through a valve that was supposed to provide isolation from operating equipment 
upstream. The water being drained into the drum was preceded by this solution. Initial 
criticality occurred with about 2.1 kg of 235U in 56 liters of solution. A succession of 
pulses then produced a total of 1.3 x 10’’ fissions (mostly within 2.8 min) before further 
dilution decreased the uranium density until the system became subcritical after about 
20 min. Although the magnitude of the first and largest pulse was not recorded, subsequent 
excursion e ~ p e r i m e n t s ~ ~  suggest a probable value of about 10l6 fissions. An initial “blue 
flash” was observed, and there was no evidence that solution splashed out of the open 
container. 

*A critical facility is a facility where the critical condition is approached or achieved by plan. 
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One person who was about 2 meters from the drum at the onset of the excursion received 
a whole-body dose of -461 rem' (4.61 Sv). Other exposures were 428 rem at -5.5 m, 
413 rem at -4.9 m, 341 rem at -4.6 m, 298 rem at 6.7 m, 86.5 rem at 9.4 m, 86.5 rem 
at 11 m, and 28.8 rem at 15.2 m. These exposures and distances from the drum do 
not correlate in detail because some exposure may have been incurred during evacuation. 
Further, it appears that the closest man, who left most rapidly, was exposed for about 5 sec 
to radiation associated with the initial pulse. Others, responding to the evacuation alarm, 
presumably were exposed for about 15 sec, which is roughly the interval between the first 
two pulses. It is apparent that exposures were limited by prompt evacuation. 

The following two changes in operating procedures were adopted following the accident. 
First, whenever transfer lines containing fissile material needed to be isolated .from other 
equipment, they were physically disconnected instead of relying on valves. Second, only 
vessels that would be subcritical when filled with 235U-enriched uranium solutions, that is, 
those with favorable geometry,' were permitted in solution areas. 

The Los Alamos Scientific Laboratory, NM - December 30, 1958309 572 

The next accident resulted from concentrated plutonium in a solvent layer which was 
found in a large tank that was supposed to contain only lean aqueous-organic emulsion. 
A transient change of shape of the solvent layer when a stirrer was started established 
criticality of short duration. The result was a fatality and two other significant exposures. 

The accident occurred in an area where residual plutonium, usually about 0.1 g/L, and 
americium were recovered from dilute raffinate. Because the normal plutonium inventory 
was only 0.1 kg, solvent extraction was conducted in large closed tanks. As at Y-12, a 
material inventory was in progress and it was intended that the tanks be emptied and 
cleaned individually. Instead, residues and acidic wash solutions from four vessels were 
combined in a single 850-liter) 96.5-cm-diameter tank. Many interconnecting transfer lines 
made this possible. An excursion of 1.5 x lOI7 fissions occurred when a stirrer in this tank 
was started. 

As discovered later, a 20.3-cm-thick, 160 liter, organic layer floating on a dilute aqueous 
solution contained 3.10 kg of plutonium. It is presumed that the source of this plutonium 
was solids that had accumulated gradually in the tanks and transfer lines during 7.5 years 
of operations. The initial effect of the stirrer was to disturb the organic layer sufficiently 
for supercriticality. The stirring rapidly mixed the two phases, diluting the plutonium to a 
subcritical density. 
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The operator, who was looking into the tank through a viewport, received an exposure of 
(12 f 6) x lo3 rem and died 36 hours later. Two men who went to aid the victim received 
doses of 134 and 53 rem. There was neither damage to equipment nor contamination 
although a shock displaced the tank support about 1 cm. A recording radiation detector62 
53 meters away was activated* and a flash of light was seen from an adjoining room. 

The entire recovery plant, which had been scheduled for rebuilding after another six months 
of operation, was retired immediately. After ultimate conversion to geometrically subcritical 
equipment, the following corrective measures were adopted. Unnecessary solution-transfer 
lines were avoided, and auxiliary vessels such as vent tanks and vacuum-buffer tanks were 
“poisoned” with borosilicate glass Raschig rings. Additionally, written procedures and 
nuclear-safety training were improved. Periodic surveys with portable neutron detectors 
to locate abnormal plutonium deposits were instituted. The accident also led to more 
complete coverage of process areas by improved gamma-ray-sensing radiation alarms. 

The Idaho Chemical Processing Plant, Idaho Reactor Testing Area, ID - 
October 16, 195g303 57 

This excursion was the result of inadvertently siphoning highly enriched uranium solution 
from a bank of geometrically subcritical storage cylinders into a large waste tank. Although 
heavy shielding required for irradiated-fuel processing protected personnel from direct 
radiation, fission products vented into working areas resulted in two significant dosages, of 
50 and 32 R(roentgen)8, mostly as beta radiation to the skin. 

The siphoning, through a trapped vent system to the waste tank, started as a result of 
air sparging the storage cylinders. About 200 liters of solution containing 34 kg of 235U 
transferred into about 600 liters of water in the 1.9 x 104-liter waste tank. Criticality in 
this tank led to a total of 4 x 10’’ fissions over a period of about 20 min. It is postulated 
that an initial spike of N 1017 fissions was followed by smaller pulses, then by more-or-less 
stable boiling that distilled 400 liters of water into another tank. The exceptionally large 
yield was the result of the large solution volume and long duration of the reaction, not of 
the intensity of the excursion. 

The incident disclosed the need for improved evacuation procedures and demonstrated 
the value of radiation alarms in areas that might be affected by an excursion elsewhere. 
Equipment and operating procedures were modified to establish several lines of defense 
against inadvertent transfer of fissile material. 

*The radiation detector did not produce an audible warning sound and hence was not a criticality accident 
alarm. 
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The Idaho Chemical Processing Plant, Idaho Reactor Testing Area, ID - 
January 25, 1961 30, 57 

This excursion occurred when a large air bubble forced enriched-uranium solution out 
the top of a 12.7-cm-diameter section of an evaporator and into a 61-cm-diameter vapor- 
disengagement cylinder above the normal solution level. The heavy concrete shielding 
required for irradiated-fuel processing protected personnel from direct radiation, the 
ventilation system prevented airborne activity from entering work areas, and equipment 
design excluded the possibility of a destructive or persistent excursion. Nevertheless, this 
incident is instructive because consequences could have been serious in an unshielded area. 

Apparently air used to clear a plugged line and to improve operation of two pumps was 
the source of the bubble that forced 40 liters of solution containing 8 kg of 235U into the 
larger-diameter section. The resulting excursion, probably a single pulse, had a magnitude 
of 6 x l O I 7  fissions. Operation was resumed within an hour. 

Because the possibility of an excursion in the vapor-disengagement cylinder had been 
foreseen, there was provision for drainage into a subcritical configuration, which prevented 
both pressure buildup and a sustained reaction. Although consequences were minor, 
the 61-cm-diameter cylinder ultimately was “poisoned” by a grid of stainless steel plates 
containing 1 wt% natural boron. Steps were also taken to prevent the introduction of air 
into solution lines where the effect could be undesirable. 

The Recuplex Plant, Hanford Works, WA - April 7, 196230’ 57, 63 

This incident occurred when liquid from a sump was collected in a 69-liter, 45.7-cm-diameter 
vessel. The liquid, unidentified at the time, was subsequently shown to contain between 
1400 and 1500 g of plutonium in a volume of about 46 liters after the addition of lean 
solutions. The only significant exposures were 110, 43, and 19 rem, received by personnel 
at distances from the excursion of about 2.1, 3.2, and 7 m, respectively. 

The accident took place in plutonium-recovery equipment located in a room-size glove 
box. The vessel in which the excursion occurred was normally used for transfer of a dilute 
sidestream from solvent-extraction columns to a secondary recovery process, similar to 
the raffinate-treatment process of the Los Alamos accident. Apparently the concentrated 
solution had overflowed from a favorable geometry tank and was sucked into the 45.7-cm- 
diameter vessel through a temporary line used for cleanup operations that were in progress. 
A total yield of 8.2 x 1017 fissions occurred over 37 hours, with about 20% of the energy 
released in the first half hour. An initial pulse of no more than 10’“ fissions was followed by 
smaller pulses for about 20 min., after which boiling ultimately distilled off enough water 
to stop the reaction. 

The initial pulse, accompanied by the usual blue flash, triggered a criticality accident alarm, 
and the area was evacuated promptly, presumably before a second pulse. A unique feature 
of the analysis of events was the use of a small, remotely controlled robot developed for 
handling irradiated fuel. By means of this device, the excursion site was located, meters 
were positioned and read, and valves were operated without exposures to personnel. 
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A new plant to replace Recuplex had been authorized before the accident, and operations 
were not resumed until it became available. In the modern plant, vessels that are not 
subcritical by favorable geometry usually contain neutron absorbers, the system is adaptable 
to a variety of uses without improvisation, and equipment is easier to keep clean. 

Wood River Junction Plant, RI - July 24, 1964 30, 57 

This accident. was initiated when concentrated enriched-uranium solution was inadvertently 
poured into a 46-cm-diameter tank. The first of two excursions resulted in a lethal exposure 
and the second, about 2 hours later, was primarily responsible for two other significant 
radiation doses. 

Startup difficulties in this plant for recovering highly enriched uranium from scrap led to 
an unusual accumulation of trichloroethane (TCE) solution of low uranium density. Small 
amounts of uranium were recovered by tedious hand agitation of the TCE with sodium- 
carbonate solution. An easier process was improvised, in which the TCE was treated in 
the 46-cm-diameter tank that had been intended only for the makeup of sodium-carbonate 
solution used in the normal recovery process. Neither the plant superintendent nor one 
of three shift supervisors was aware of this practice. Meanwhile, solutions of unusually 
high235U density, resulting from cleanout of plugged equipment, had been stored in 11- 
liter, 12.7-cm-diameter bottles identical to those that contained the contaminated TCE. 
Apparently, a bottle of the concentrated solution was mistaken for TCE and was poured 
into the sodium-carbonate solution being stirred in the makeup tank. The shock from a 
single pulse of fissions knocked the operator onto the floor and splashed part of the 
solution out of the tank. A flash of light was observed. The victim received an exposure 
estimated to be 10,000 rad' and died 49 hours later. 

It appears that enough solution wa.s ejected from the tank (the final content of the vessel 
was 2 kg of uranium in about 40 liters) so that the stirrer vortex was sufficient to maintain 
subcriticality. Two hours after the first excursion, however, two men entered the area, 
stopped the stirrer and restarted it some minutes later, after which they drained the tank. 
These two received radiation doses between 60 and 100 rad. Evidence of neutron exposure 
suggested a second less violent excursion while the stirrer was off, which was not detected 
because the radiation alarm continued to sound after the first excursion. The combined 
yield of both excursions was 1.3 x lOI7 fissions. 

Before operation was resumed, there were extensive analyses of the process. These included 
penetrating reviews and modifications of operating and emergency procedures, criticality 
limits and controls, uranium accountability and material balance practices, health physics 
procedures and controls, and training. Favorable geometry equipment for recovering 
uranium from TCE, which had been planned previously, was put into operation. 
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UKAEA Windscale Works, Great Britain - August 24, 19703’, 57, 64 

This excursion is reminiscent of the Los Alamos accident, but without severe consequence. 
Similarities are the unsuspected buildup of plutonium in an organic solvent layer and a 
transient change of geometry that led to criticality of short duration. The total fission yield 
was on the order of fissions, and exposures were negligible - less that 2 rad for the two 
closest workers, who were protected somewhat by shielding. 

The excursion, detected by the criticality alarm system, took place at the head end of a 
process for recovering plutonium by solvent extraction. Normally, aqueous solution having 
a density of -6 g Pu/L from a dissolver and a “conditioner” for feed adjustment was 
raised by vacuum into a transfer vessel, then flowed by gravity through a trap and into 
a tank that supplied metered solution to a favorable-geometry extraction column. When 
40 liters of organic solvent from an unknown source entered the vacuum transfer vessel, the 
trap isolated the floating layer of solvent instead of permitting it to drain. So instead of 
serving the intended safety purpose, the trap allowed the solvent to accumulate plutonium 
in the transfer vessel, little by little, from aqueous batches pouring through it. At the final 
density of 55 g Pu/L in the solvent, it appears that an emulsion band between the solvent 
and aqueous solutions led to criticality during the brief period after the flow stopped and 
before the two phases of emulsion separated. This sequence of events was reconstructed and 
demonstrated by means of an inactive transparent replica of the transfer system. 

Before the plant was returned to service, neutron monitors to detect plutonium accumula- 
tions were installed on all vessels without favorable geometry. Furthermore, the drain traps 
were modified to permit positive drainage and to facilitate washout procedures. 

The Idaho Chemical Processing Plant, Idaho Reactor Testing Area, ID - 
October 17, 197830 

The most recent of eight process excursions occurred in a shielded cell of a plant for 
reprocessing irradiated fuel. The dissolved fuel, as dilute aqueous solution, was introduced 
into the first of a series of pulsed columns for extracting and purifying the highly enriched 
uranium. 

Normally, in the first column the uranium is extracted into an organic stream which enters 
the second column for the removal of fission products by a stream of water. The water is 
buffered with aluminum nitrate to prevent significant takeup of uranium, then reintroduced 
along with feed to the first column to remove traces of uranium. Most of the uranium, in 
the organic stream, leaves the second column for further processing. 

Abnormal operation occurred as a result of water leaking into the aluminum nitrate makeup 
tank, which was not detected because of malfunctioning instrumentation, As a result, 
the solution of aluminum nitrate entering the second column was too dilute to prevent 
appreciable uptake of uranium. Instead of leaving with the organic, the uranium recycled 
successively through the first and second columns building up to an estimated 10 kg in the 
second column. 
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This was sufficient to cause an excursion of about 2.7 x 10l8 fissions extending over one-half 
hour until the reaction was terminated by improved mixing after feed was turned off. 

Although there was insignificant personnel exposure and no damage of equipment, the plant 
underwent an extended and expensive shut down. Operating procedures were revised, and 
there was increased emphasis on plant maintenance and operator training. Further, a highly 
instrumented plant protection system with automatic controls was installed. 

3. Examples of Radioactive Contaminat ion from Chemical 
Exp 10s ions 

65 -66 Explosion at Kyshtym, USSR - 1957 

Chemical accidents, not just criticality accidents, have resulted in severe human exposure 
to nuclear radiation. A chemical explosion at the Kyshtym waste repository, which did not 
involve the potential for criticality, serves to illustrate this point. The explosion occurred 
in a concrete tank containing nitrate-acetate fission-product waste. A fault developed in 
the cooling system used to offset fission-product heating. As a result, in the mistaken belief 
that coolant was no longer necessary, its flow was stopped. The wastes then dried, leaving 
a highly explosive mixture of nitrate salts and acetate, which ignited as the temperature 
increased. 

As a result of the accident, 10,180 people were evacuated throughout an area of roughly 
1000 km2. There were no fatalities. After 25 years of surveillance, the greater part of this 
area had been repopulated. “In conclusion, 
we may note that observations on health, morbidity and mortality among the population 
subjected to the accidental release of radiation - with whole body exposure doses from 
1 to 52 cSv* and irradiation of individual organs up to 150 cSv - have revealed no significant 
deviations from the comparable values found among healthy unexposed individuals.” 

Health effects were summarized as follows. 

This incident provides a reminder that attention to criticality safety does not eliminate the 
need to guard against other types of radiation accidents. 

Explosion of Ion-Exchange Column, Hanford, WA - 197667 

In the United States, chemical explosions capable of spreading contamination have been 
much less severe than that at Kyshtym. That, however, is no reason for complacency, for 
they have occurred and might happen where consequences could be more serious. 

The 1976 explosion at Hanford was in a cation exchange column for americium recovery. 
The steel column ruptured, shattering windows of a glove box in which it was contained, 
injuring and contaminating an operator, and contaminating others nearby. The violent 

*One cSv equals one rem; stated doses were received before evacuation. 
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reaction was presumed to entail nitric acid and products of cation-resin degradation. The 
degradation resulted from exposure of the resin to radiation from 100 g of americium for 
more than five months. 

The report of this accident refers to an earlier ion-exchange column explosion at another 
site, but no detail is given. 

B. General Observations 

Because of timely evacuations initiated by criticality alarms, exposures of personnel to 
criticality events in unshielded facilities were limited to the direct radiation from the initial 
pulse or two. The exposure limitations of eleven individuals from the two prolonged 
reactions are attributable to their evacuation following alarms. It may be concluded that 
lives were saved by immediate evacuation, showing the value of radiation-initiated alarms 
installed where the potential for an accidental excursion is significant. An American 
National Standard addresses this subject.46 

The two fatalities were suffered by persons within a few feet of an excursion; significant 
exposures were received by others at distances extending to 15 m (50 ft). This observation 
may be generalized to a certain extent by Figure 1. This figure shows that personnel 
doses normalized to excursions of lo1’ fissions and crudely adjusted to exposure times of 
-15 sec correlate roughly with distances from the source. For the typical excursion of 
fissions, the distances resulting in early fatalities are similar to those of a moderate chemical 
explosion. 

The relatively large number of plant accidents, six between 1958 and 1964, calls for some 
explanation. An increased demand for plutonium and enriched-uranium production without 
a corresponding reassessment of criticality control in existing processing facilities had some 
impact. Plants that had been designed for moderate capacit,y and were operating with 
minimal criticality safety guidance were called upon to increase throughput and perform 
a wider variety of tasks. Even though the potential for accidents had increased, a long 
accident-free period prior to  1958 made it difficult to justify an accelerated effort to improve 
criticality safety. On the other hand, the occurrence of a criticality accident provides an 
immediate incentive to improve criticality control. For example, the plutonium recovery 
plants at Los Alamos and Hanford were not modernized until the accidents occurred 
there. As might be expected, the cluster of accidents between 1958 and 1964 emphasized 
the need to improve nuclear criticality safety. Most importantly, additional experiments 
were performed to determine critical configurations for a larger range of materials and 
geometries. The resulting body of experimental data led to more definitive guidance and 
enhanced techniques for criticality control. This effort led to a significant reduction in the 
accident rate after 1964 in that only one accident has occurred since then. 
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The fact that all the accidental excursions involved solutions of plutonium or highly enriched 
uranium is not surprising. Small critical mass and the mobility and ease of solute exchange 
that make solutions so desirable in chemical processing, invite criticality in unexpected 
locations. By contrast, the movement of solids is more apparent, more easily controlled, 
and the amount, of fissile material needed to achieve a critical configuration is much larger. 
Containers sufficiently larger than their solid contents can prevent criticality in the event 
that they fall together as a result of structural collapse.* As we shall see, it is more 
important that criticality control be effective for certain solids than for solutions, although 
the problems with solutions are much more subtle. 

Typical accident experience with solutions of fissile material shows minimal damage to 
equipment and no exposure of the public to radiation. Disruptive pressures resulting 
in dispersion of radioactive contamination would require unusual circumstances, such as 
containment without pressure relief. Properties of solution excursions are illustrated further 
by an extensive series of kinetic experiments conducted at the Dijon Laboratory of the 
French Commissariat a 1'Energie Atomiq~e.~ '  Certain types of conceptual accidents with 
solid fissile material, notably with 235U metal, are more likely to be ~ io len t .~ '  Fortunately, 
as noted above, it is not difficult to foresee the conditions, such as large pieces of metal 
falling together, that might lead to an extreme accident. Control of these conditions is 
usually straightforward and is emphasized in plant operations; for example, by limiting the 
location and movement of massive pieces in a single plane. 

*One hundred twenty-five units, each consisting of 10 kg of enriched uranium metal in a convenient 20.3-cm- 
69 diameter x 24.1-cm-deep can, would remain subcritical if gathered together on a concrete floor. 
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Chapter I11 

LIMITS FOR INDIVIDUAL UNITS 

A. Subcritical Limits of Controlling Parameters 

Subcritical limits for individual units appear in American National Standard for Nuclear 
Criticality Safety in Operations with Fissionable Materials Outside Reactors, ANSI/ANS- 
8.1, and American National Standard for Nuclear Criticality Control and Safety of Pluto- 
nium- Uranium Fuel Mixtures Outside Reactors, ANSI/ANS-8. 12.71 The former source, 
ANSI/ANS-8.2, includes all such limits except those for the plutonium-natural uranium 
combinations of ANSI/ANS-8.12, which are appropiate for the fissionable material of 
mixed-oxide reactors. 

The subcritical limits throughout AArSI/ANS-8. 1 result from calculations validated by 
comparison with experimental data. The computational bias is incorporated in a subcritical 

The subcritical limits margin of Ak,g = 0.02 below minimum indicated criticality. 
apply to units with full water reflection. This small margin is effectively increased if 
reflection is limited, for example, to that of a container, a person nearby, objects more than 
one-meter distant, and parts of a room (;.e., incidental reflection). Regardless, contingencies 
that include the effects of more probable deviations must be considered in applying any of 
these limits. In other words, the following requirement of the Standard must be satisfied. 

72-74 

Process specifications shall incorporate margins to protect against un- 
certainties in process variables and against a limit being accidentally 
exceeded. 

For subcritical limits in ANSI/ANS-8,12, the margin is Ak,E = 0.05, and full water reflection 
is again specified.75 The greater margin demonstrates judgment as to the adequacy of 
the range of supporting experimental data. and in no way reduces the need to consider 
contingencies. See Section F of this chapter for a discussion of typical contingencies. 
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B. Subcritical Limits for Systems of Fissile Nuclides 

1. Introduction 

This section is an expansion of Section 5 of Standard ANSlj/ANS-8.1, which bears the same 
title. The section gives the subcritical limits for various parameters, such as the mass or 
volume of fissile material, any one of which is sufficient for implementing criticality control. 
Subcritical limits, as discussed in Section A of this chapter, are implied. The subcritical 
limits of Tables 1 through 5 are taken directly from Standard ANSI/ANS-8.1. 

2. Hydrogen-Moderated Systems 

72-74, 76 Aqueous Solutions 

The subcritical limits of Tables 1 and 2 apply to solutions reflected by the equivalent of an 
unlimited thickness of water. Masses and volumes apply to spheres and so are conservative 
for other shapes. The limits expressed for cylinder and slab dimensions apply, respectively, 
to the diameter of a uniform circular cylinder of unlimited length and to the thickness of a 
uniform slab of unlimited area. These dimensions are conservative for a cylinder of finite 
length or a slab of finite area, Areal density is defined as the product of the thickness of 
a uniform slab and the density of fissile material within the slab; hence, it is the mass of 
fissile material per unit area of the slab. 

For plutonium in which the content of 240Pu exceeds that of 241Pu, the mass, density, 
and area.1 density limits of Table 1 apply to the sum of 239Pu and 241Pu. It should be 
noted that the content of 240Pu exceeds that of 241Pu in typical materials encountered in 
a reactor fuel cycle. The limits of Tables 1 and 2 are appropriate for many commonly 
encountered reflector conditions. An example of a reflector other than thick water is 
the metal-water combination of a cooling jacket and a steel wall of moderate thickness. 
Sometimes water-flooding may be a reasonable assumed contingency, but, where this is not 
the case, the adoption of values for complete water reflection allows for unknown neutron 
reflecting properties of nearby concrete walls, floors, neighboring water lines and process 
vessels, and transient personnel. Closely fitting reflectors of thick beryllium, beryllium 
oxide, heavy water, concrete, lead, or graphite are examples of exceptions for which the 
listed limits are not appropriate. Composite reflectors, e.g., thick steel outside a thin 
hydrogenous reflector, may be very effective, thus requiring explicit evaluation. 
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Organic Mixtures and Uniform Slurries 

The limits of Tables 1 and 2 may be used for effectively homogeneous hydrogen-moderated 
mixtures, e.g., organic solutions and macroscopically uniform slurries, provided the atomic 
ratio of hydrogen-to-fissile-material does not exceed that of a water solution having the 
same density of fissile material.* Note that experiments at H a n f ~ r d ~ ~  show nearly identical 
critical numbers of reactor fuel pins latticed in water and in organic (dodecane) moderator 
at the same value of H/Pu. 

This provision is satisfied by most common mixtures, such as oxides combined with organic 
material. For plutonium, an additional restriction is that the nitrogen-to-plutonium atomic 
ratio be at least 4.0 throughout. 

Nonuniform Slurries 

Single-parameter limits may be assigned to certain nonuniform slurries, provided the 
restrictions for uniform slurries are satisfied at all locations within the slurry. In that 
case, the subcritical mass limits for 233U, 235U, and 239Pu are 0.52, 0.70, and 0.45 kg, 
re~pectively.’~ For vertical cylinders or slabs on edge, where density gradients arise entirely 
from gravitational settling (Le., a gradient along the cylinder axis or parallel to the slab 
face), the limits of Table 1 on cylinder diameter and slab thickness may be used. The 
areal density limits of that table are valid for a horizontal slab subject only to gravitational 
settling, provided the restrictions for uniform slurries are met throughout. Where there are 
variations in the areal density, the maximum value shall not exceed the limit. 

*Quantities characteristic of solutions appear in Table 7 of Reference 11. 
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Table 1 

Single-Parameter Subcritical Limits for Uranium and Plutonium Solutions, 
Reflected by an Effectively Infinite Thickness of Water 

Fissile 
Solute 

233u02 F2 

235 U O2 F2 

235U02(N03)2 

239P~(N03)4  

Subcritical Limit II 
Diameter 

of 
Mass of Cylinder 
Fissile of 

Nuclide Solution 
(kg) (cm> 

0.54 10.5 

0.55 11.7 

0.76 13.7 

0.78 14.4 

0.48 15.4 

Thickness 
of Slab 

of 
Solution 

(cm> 

2.5 

3.1 

4.4 

4.9 

5.5 

Volume 
of 

Solution 
(L) 

2.8 

3.6 
I 

5.5 

6.2 

7.3 

Density 
Of 

Fissile 
Nuclide 
(g/L) 

10.8 

10.8 

11.6 

11.6 

7.3 

Atomic 
Ratio" of 
Hydrogen 

to 
Fissile 

Nuclide 

2390 

2390 

2250 

2250 

3630 

Table 2 

Subcritical Limits for Solutions of Pu(N03)$ Containing 240Pu, 
Reflected by an Effectively Infinite Thickness of Water 

~ Solution 

> - 5 wt% 240Pu 
- < 1 wt% 241Pu 

2 15 wt% 240Pu 
5 6 wt% 241Pu 

2 25 wt% 240Pu 
5 15 wt% 241Pu 

Areal 
Density 

of 
Fissile 

Nuclide 
(g/cm2) . 

0.35 

0.35 

0.40 

0.40 

0.25 

Subcritical Limit 
Mass of Cylinder Slab 

Pu Diameter Thickness 
(kg) (cm) (cm) 

0.57 17.4 6.7 

0.78 19.5 8.0 

1.02 21.3 9.2 

Volume 
(L) 

10.0 

13.6 

17.2 

Density 
of Pu 
(g/L) 

7.8 

8.9 

10.2 

Atomic 
Ratio" 
(H/Pu) 

3400 

2980 

2600 

Pu Areal 
Density 
W m 2 >  

0.28 

0.34 

0.40 

a Lower limit. 
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3. Metal Units 

for units of water-reflected fissile metal appear in Single-parameter subcritical limits 
Table 3. The mass limits and the 235U enrichment limit for uranium metal apply to a unit 
without reentrant void that can be occupied by water or other moderator. These limits 
may be extended to a group of small pieces having the same total mass, provided there 
can be no moderator between the pieces. The limits for 233U and 235U of Table 3 may be 
applied to uranium containing 234U, 236U, and 238U, provided the masses of 234U and 236U 
are included with that of 233U or 235U. 

4, 79-80 

4. Oxide Units 

The single-parameter limits of Tables 4 and 5 apply to oxides that have less than 1.5 wt% 
water.4 The 1.5 wt% water is chosen because absolutely dry oxide can seldom be 
guaranteed. Table 4 holds for oxides compacted to as much as the stated maximum density. 
As footnote 10 of Reference 4 points out, it is possible for this density to be exceeded in a 
highly compacted oxide. Table 5 applies to uncompacted oxides at no more than one-half 
maximum density. 

Table 3 

Single-Parameter Subcritical Limits for Metal Units, 
Reflected by an Effectively Infinite Thickness of Water 

Nuclide 

233u 

2 3 5 ~  

239Pu 

Subcritical Limit 
Mass of 
Fissile 

Nuclide 
(kg) 

6.0 

20.1 

5.0 

Cylinder Slab 
Diameter Thickness 

(cm) (cm) 

4.5 0.38 

7.3 1.30 

4.4 0.65 

Uranium 
Enrichment 
(wt% 235u) 

5.0 
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Table 4 

Subcritical Limits for Oxides Containing No More Than 1.5 wt% Water, 
at Full Density, Reflected by an Effectively Infinite Thickness of Water 

Compound 

2 3 3 ~ 0 ~  

2 3 3 u 3 0 8  

233U03 

235u02 
2 3 5 u 3 0 8  

235U03 

2 3 9 ~ ~ 0 ~  

Subcritical Limit 
Mass of fissile 

nuclide, 
0%) 
10.1 

13.4 

15.2 

32.3 

44.0 

51.2 

10.2 

Mass of 
oxide,a 
(kg) 

11.7 

16.0 

18.7 

37.2 

52.8 

62.6 

11.5 

Cylinder 
diameter, 

(cm) 

7.2 

9.0 

9.9 

11.6 

14.6 

16.2 

7.2 

Slab 
thickness, 

(cm) 

0.8 

1.1 

1.3 

2.9 

4.0 

4.6 

1.4 

Maximum dry bulk 
density for which 

limits are valid (g/cm3) 

10.75 

8.15 

7.16 

10.84 

8.21 

7.22 

11.49 

a These values include the mass of any associated water up to the limiting value of 
1.5 wt%. 
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Table 5 

Subcritical Limits for Oxides Containing No More Than 
1.5 wt% Water, at No More Than Half Density," 

Reflected by an Effectively Infinite Thickness of Water 

Subcritical Limit 
Mass of 
Fissile 

Nuclide 
(kg) 

23.4 

30.5 

34.7 

88.0 

122.0 

142.0 

27.0 

Mass of 
Oxide' 
(kg) 

27.0 

36.6 

42.4 

102.0 

146.0 

174.0 

30.0 

Cylinder 
Diameter 

(cm> 

11.9 

14.8 

16.3 

20.4 

26.0 

28.8 

12.6 

" These are half the maximum bulk densities of Table 4. 

Slab 
Thickness 

(cm) 

1.6 

2.2 

2.6 

5.8 

8.0 

9.3 

2.8 

' These values include the mass of any associated water up to the limiting value of 
1.5 wt%. 
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C .  Fissile Density Dependent Limits 

1. Solutions and Metal-Water Mixtures 

The overall acceptable limit for a solution parameter applies to the minimum value over 
the solution density range. If the solution density range is controlled to exclude the value 
for which the parameter is minimum, an increased limit may be valid. From Figures 2-13, 
acceptable limits for restricted density ranges may be established. Curves of critical and 
subcritical values as functions of the density of 233U, 235U or 239Pu are given for 

e spherical mass in Figures 2, 6, and 10; 

0 spherical volume in Figures 3, 7, and 11; 

0 infinite cylinder diameter in Figures 4, 8, and 12; 

e infinite slab thickness in Figures 5, 9, and 13. 

The curves labeled k=1.0 (to avoid cluttering figures, k appears instead of k,R) represent 
calculated critical conditions for water reflected metal-water mixtures. The Figures also 
display experimental results for solutions. Critical parameters for experimental results 
are consistently larger than the corresponding values for the metal-water mixtures. The 
Appendix describes the Monte Carlo computational techniques that were used, and it 
documents the calculational method used to obtain the results. Curves at k = 0.9 and 
k = 0.8, calculated by the same means are included in each figure to show adjustments that 
would correspond to desired margins in Ak. 

By means of the curves for different values of k, subcritical margins that allow for assumed 
contingencies can be selected. These margins, of course, go beyond the computational 
bias incorporated in the subcritical limits that have been discussed. If, for example, the 
dominant contingency could increase k to 1.02, a point on or near the curve for k = 0.9 
may be acceptably conservative. 

The 15-cm-thick (effectively infinite) water reflector used for the curves is the most effective 
reflector material commonly encountered outside reactors. As stated earlier, some reflector 
materials, when closely fitting and of sufficient thicknesses, are more effective than ordinary 
water. Thicknesses of these materials equivalent to 15-cm-thick water about fissile metal 
are listed in Tables 6 and 7. Unlike water, these materials, including closely fitting concrete, 
are rarely encountered, never accidentally, and call for special evaluation if incorporated 
into a design. Water is indeed one of the most effective reflectors in thicknesses of 7.5 cm 
or less. In general, like water, the effectiveness of hydrocarbons as reflectors saturates at 
thicknesses of about 10 cm.81 
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Table 6 

Thickness of Reflectors Required for the Criticality 
of a 21.24-kg 235U Metal Sphere at 18.81 g/cm3 

Reflect or 
Material 

Water 

Iron 

Heavy Water 

Carbon 

Beryllium 

Plexiglas" 

Density Thickness Gq -T  
1.00 I 15.0 

7.86 

1.10 

1.90 8.4 

17.6 

7.2 

Table 7 

Thickness of Reflectors Required for the Criticality 
of a 5.32-kg 239Pu Metal Sphere at 19.85 g/cm3 

Reflector 
Material 

Water 

Iron 

Heavy Water 

Carbon 

Beryllium 

Plexiglas' 

1.00 

7.86 

1.10 

1.90 

1.80 

1.20 

Thickness 
tcm) 

15.0 

16.2 

7.6 

8.1 

3.2 

6.1 

a Methacrylate plastic, CSH802. 
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The upper dashed curves of Figures 2 to 13 display critical values, provided the only 
reflection is by a thin aluminum or stmeel container. This reflection condition is seldom 
encountered in processing plants because it is nearly always augmented by reflection from 
external objects (incidental reflection).* The purpose of these curves is to provide a 
reference for showing the effect of assuming full water reflection when it does not actually 
occur. It may be noted that this effect corresponds roughly to a shift in k of 0.1, 

The metal-water curves, of course, apply conservatively to solutions. An appropriate 
adjustment between curves at k = 1.0 and k = 0.9 can establish subcritical limits. The 
curves at k = 0.9 and k = 0.8 can be used to adjust safety margins for operating 
contingencies to which general subcritical limits would not apply. Because of this flexibility, 
the figures do not include specific values of subcritical limits similar to the single-parameter 
limits of Section A of this chapter. The following may be pertinent if there should be 
interest in curves that appear in Nuclear Safety Guide, Revision 2 for a 2.5-cm thick water 
reflector. It is seen that the subcritical limits for this reflector very nearly coincide with the 
k = 1 curves with thick water reflection in each figure. 

*Except as a limit, a minimally reflected infinite critical slab (Figs. 5, 9, and 13) would be fictional. If truly 
of infinite extent, it could not escape full reflection. 
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2. Low-Enriched Uranium 

Application of the 235U limits of Table 1 and Figures 6 through 9 to uranium at low 
enrichments would result in safe but very uneconomic criticality safety criteria. Strict 
administrative controls to establish the enrichment and to maintain material identification 
are mandatory in order to take advantage of realistic limits for uranium of low enrichment. 
It should be noted that criticality is not possible for uranium metal containing less than 
approximately 5 wt% 2 3 5 ~  . 82-83 

Table 8 gives more realistic subcritical limits for uranium enriched to 10 wt% or less 
235U.4 The limits in Table 8 with footnote “a” must be decreased if the uranium density 
for a saturated solution can be exceeded, as by precipitation. 

The subcritical masses presented in Table 8 for solutions of low-enriched uranium compounds 
are not applicable when applied to lattices such as exist in power reactors. This is a 
consequence of the absorbing characteristics of 238U for neutrons having energies of a few 
electron volts, a property called resonance a b ~ o r p t i o n . ~ ~  When the uranium is latticed, 
as in a reactor, there is a greater probability of immediate neutron energy degradation 
from the high energy at which neutrons are produced by fission to less than that at which 
238U is strongly absorbing. These neutrons “escape” the 238U resonance absorption and 
the probability of the escape is a measurable and calculable property of such lattices. The 
maximum 235U enrichment of the uranium at which latticing can reduce the critical mass 
is estimated to be about 6 wt% 235U. As noted above, the critical mass of uranium below 
this enrichment can be lower for a heterogeneous system than for a homogeneous system. 
Therefore, subcritical limits of a lattice are smaller than for homogeneous uranium of the 
same enrichment. If the particles constituting a mixture are uniformly distributed and are 
larger than 127 microns (;.e., not capable of being passed through a 120-mesh screen), the 
mixture should be considered as heterogeneous unless demonstrated otherwise. 

Subcritical limits on masses and dimensions of lattices in water of U(<5)* metal or oxide 
rods of any diameter or lattice spacing surrounded by a thick water reflector have been 

These limits can be applied to other heterogeneous arrangements of calculated. 
uranium in water. Limits derived for rods of optimum diameter latticed at the most 
reactive spacing can be applied conservatively to other sizes, shapes, or distributions. 

indicate that a random arrangement is less reactive than is a uniform Experiments 
array of rods at optimum spacing; the actual spacings in the random array may be 
distributed about the most reactive spacing. 

Subcritical limits for uranium and uranium oxide in heterogeneous mixtures are given 
in Table 9. The limits are applicable regardless of the size or shape of the metal or oxide 
pieces; they apply only if the environment does not return neutrons more effectively than 
water (see Table 6). For comparison with lattices, limits for homogeneous uranium oxide 
water mixtures from the reference are included in Table 9. 

84-85 

86-87 

88-89 

86 -87 

*Read as uranium enriched to less than or equal to 5 wt% in 235U 
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Solution 

Table 8 

Subcritical Limits for Solutions of Low-Enriched 
Uranium, Thick Water Reflector 

Enrichment 
(wt% 235u) 

1.45 
2.0 
3.0 
4.0 
5.0 

10.0 

2.88 
4.0 
5.0 

10.0 

Subcritical Limit 

Mass 
(kg 235U) 

- 

8.00' 
2.75 
1.98 
1.64 
1.07 

- 

6.50' 
3.30 
1.47 

Volume 
tL) 

- 

340.0' 
77.0' 
42.7' 
30.6 
14.8 

- 

273.0' 
111.0' 
26.7 

Cylinder 
Diameter 

(cm) 

- 

63.0' 
37.4' 
30.2' 
26.6 
20.1 

- 

58.6' 

25.2 
42.7' 

Slab 
Thickness 
(4 
- 

36.5' 

15.1' 
12.6 
8.3 

20.0' 

- 

33.7' 
23.4' 
11.9 

Density 
of u 
(g/L) 

1190.0" 
770.0' 
470.0' 
335.0' 
261.0' 
123.0' 

594.9" 
375.0' 
283.0' 
128.0' 

a Density below which criticality is unattainable. 

' This value is for a saturated solution; the minimum occurs a.t a greater density of 
the salt. 

Saturated solution, assuming that a molarity of 5 for UO2F2 and 2.5 for UOz(N03)2 
is not exceeded; at larger molarities, the above limits are not valid. 



Table 9 

Subcritical Limits for Low-Enriched Uranium as Oxide-Water 
and Metal-Water Lattices, Thick Water Reflector 

Material 

Latticed 
Oxide 

Latticed 
Metal 

Homogeneous 
Oxide 

Enrichment 
(wt% 235u 

1 .o 
2.0 
3.0 
4.0 
5.0 

1.0 
2.0 
3.0 
4.0 
5.0 

2.0 
3.0 
4.0 
5.0 

Subcritical Limit 

Mass 
(kg 235U) 

19.50 
3.37 
2.12 
1.59 
1.36 

13.10 
2.94 
2.03 
1.54 
1.29 

5.55 
2.84 
2.00 
1.58 

Volume of 
Lattice 

(L) 

480.0 
60.3 
33.4 
24.0 
19.5 

234.0 
43.0 
25.8 
18.3 
14.5 

109.0 
49.4 
33.5 
25.2 

Cylinder 
Diameter 

(cm> 

72.0 
34.0 
27.4 
24.5 
22.3 

55.5 
30.1 
24.9 
21.7 
20.0 

41.9 
31.4 
26.9 
24.6 

Slab 
Thickness 

(cm> 

41 .O 
17.4 
13.0 
11.2 
9.8 

31.6 
15.0 
11.5 
9.8 
8.2 

22.4 
15.5 
12.6 
11.1 
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It is unclear from available data whether natural uranium metal rods can become critical in 
water if they are of the appropriate diameter and spacing. The minimum 235U enrichment 
of critical homogeneous aqueous mixtures is about 1 wt%.* Table 10 gives the 235U 
enrichments at or below which several compounds will be subcritical as homogeneous 
aqueous mixtures or solution. 

Table 10 

Subcritical 235U Enrichment Limits for Uranium 
Mixed Homogeneously with Water 

ComDound 

Uranium metal 

U 0 2 ,  U03 ,  U308, or UOzF2 

UOz(N03)2 

Subcritical Limit 
(wt% 235u) 

0.93 

0.96 

1.96 

*See Fig. 22 of Ref. 11. 
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D. Mixtures of Nuclides 

1. Mixtures of 233U, Carbon, Water, and Thorium 

When the 233U-Th reactor fuel cycle was considered more seriously than at present, Thomas 
made a computational criticality survey of combinations that might be encountered in fuel 
proce~sing.~' Thomas covered mixtures of 233U02, ThO2, carbon and water over a range of 
233U densities and at Th/U ratios of 0, 1, and 4. Water-reflected critical spherical masses 
and radii of infinite cylinders are given as functions of 233U density. 

2. 235U- Water-Graphite Mixtures 

During the life of the Rover propulsion-reactor project, the need to process graphite- 
moderated fuel led to a computational criticality survey of U(93) metal-water-graphite 
mixtures. This survey, reported by Stratton,81 gives critical sphere masses and volumes, 
diameters of infinite cylinders, and thicknesses of infinite slabs over ranges of U density, 
H/U ratio, and C/U ratio, and two thicknesses of water reflector. Subsequently, calculated 
subcritical limits for U(93.5) metal-water-graphite systems were re-examined and appear in 
Table 11. 
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Table 11 

0 
5 

50 
300 

1500 

Subcritical Limits for Spheres, Cylinders and Slabs 
of U(93.5) Metal-Water-Graphite Mixtures 

2.5-cm-Thick Water Reflector 30-cm-Thick Water Reflector 

18.8 29.5 
4.09 22.2 

0.508 3.55 
0.0867 0.991 
0.0174 2.75 

0 1.69 141. 
5 1.28 46.2 

50 0.399 4.22 
300 0.0828 1.02 

1500 0.0172 2.77 

0 0.365 104. 
5 0.341 54.0 

50 0.215 5.97 
300 0.0703 1.15 

1500 0.0166 2.83 

0 0.184 74.8 
5 0.178 45.3 

50 0.136 7.05 
300 0.0591 1.29 

1500 0.0159 2.91 

0 0.0741 38.9 
5 0.0731 28.7 

50 0.0649 7.84 
300 0.0400 1.62 

1500 0.0141 3.13 

0 0.0371 21.4 
5 0.0369 18.0 

50 0.0347 7.46 
300 0.0260 1.99 

1500 0.0119 3.50 

1.56 
5.44 
6.99 
11.4 
158. 

83.7 
36.1 
10.5 
12.3 
160. 

285. 
158. 
27.8 
16.3 
170. 

406. 
254. 
51.8 
21.8 
183. 

Diameter Thickness Massa 
~ 

c/u = 0 
9.43 3.80 21.0 
14.7 6.83 13.2 
16.2 7.80 2.22 
19.5 10.0 0.705 
49.4 29.2 2.35 

{ 

39.0 
29.0 
18.8 
20.0 
49.5 

59.8 
48.7 
26.5 
22.1 
50.6 

J = 20 
21.7 
15.4 
9.33 
10.3 
29.4 

c/u = 100 

524. 73.7 
393. 66.7 
120. 44.4 
40.6 30.5 
222. 55.5 

80.8 
26.4 
2.61 

0.730 
2.38 

; 
Volume Diameter Thickness 

35.1 63.5 174. 
28.0 32.4 95.0 
14.0 3.70 17.2 
11.6 0.822 11.7 
30.0 2.42 145. 

576. 76.1 
488. 71.9 
215. 54.2 
76.5 38.0 
295. 61.1 

1 .oo 7.16 
3.24 11.1 
4.37 12.6 
8.14 16.4 
135. 46.0 

47.7 29.6 
20.6 21.9 
6.55 14.7 
8.81 16.9 
138. 45.5 

c/u = 200 
67.5 40.0 
57.5 33.6 
33.0 18.1 
24.5 13.1 
51.8 30.9 

C/U = 500 

46.8 
28.1 
4.40 

0.925 
2.49 

254. 
157. 
32.3 
15.6 
156. 

43.9 25.3 341. 
39.5 18.6 255. 
25.3 5.11 78.7 
16.8 1.17 29.3 
33.2 2.69 191. 

c/u = 1000 

1.46 

390. 
330. 
145. 
56.1 
257. 

47.6 
38.3 
20.9 
18.7 
47.3 

54.5 
46.1 
26.4 
20.8 
50.8 

60.8 
54.9 
36.4 
26.1 
51.4 

1.31 
2.96 
4.18 
6.96 
26.3 

12.0 
8.13 
5.15 
7.21 
25.9 

23.0 
17.7 
8.48 
8.23 
27.0 

27.4 
22.5 
11.6 
9.43 
27.7 

31.7 
28.3 
17.7 
12.5 
30.0 

63.9 
60.4 
45.5 
32.9 
56.0 

34.1 
32.0 
23.4 
16.7 
33.4 
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3. Plutonium-Uranium Mixtures 

71, 91 Aqueous Mixtures 

Standard ANSI/ANS-8.12 gives subcritical limits for individual units of mixtures of 
plutonium and natural uranium. It is noted that the subcritical margin of these limits, 
Ak,R = 0.05, includes no allowance for contingencies. Consequently, in application, there 
must be sufficient overall margin to protect against the limit being exceeded accidently. 

These subcritical limits appear in Figure 14 for mass, Figure 15 for volume, Figure 16 for 
cylinder diameter, and Figure 17 for slab thickness. Again, the equivalent of full water 
reflection is assumed. Solid lines apply to solutions and effectively homogeneous* aqueous 
mixtures. Dashed lines apply to optimum lattices of rods in water, and may be applied 
conservatively to other distributions of small pieces in water. 

I , *Particles in a slurry should be uniformly distributed and have a diameter no larger than 0.127 mm (0.005 in.), 
71 i.e., are capable of being passed through a 120-mesh screen. 
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0 -m I ,  

E Y 
8 
co 
V 
1 a s 
i 
a 

1 a z -  
N 

0 
-0.2  

Y 
8 
u3 
N 
A 
1 a 
m 0 

I -  , 

-M 
0 
0.2 $3 t v3 

67 



Dry and Damp Mixed-Oxide Powders71 

The subcritical mass limits given in Table 12 apply to  dry and damp mixed oxides of 
plutonium and natural uranium. Again, the limits for damp oxide are provided because com- 
pletely dry oxide may be difficult to maintain. These are for H/(Pu+U) 5 0.45 (1.48 wt% 
water). Also, limits are provided for oxides of half-theoretical density. 

Table 12 

Subcritical Mass Limits for Single Units of Mixed Oxides of 
Plutonium and Natural Uranium, Thick Water Reflector" 

Material 

Dry mixed oxides at 
density 5 11.0 g/cm3 

Damp mixed oxides at 
density 5 9.4 g/cm3 
H/(Pu + U) 5 0.45 

Damp mixed oxides at 
half density' 5 4.7 g/cm3 
H/(Pu + U) 5 0.45 

Pu02  in 
(PUOZ + UO2) 

(wt%) 

3 
8 

15 
30 

3 
8 

15 
30 

3 
8 

15 
30 

Subcritical Limit 
Mass of 

Pu 
(kg) 

b - 

122.0 
47.0 
26.1 

236.0 
49.4 
32.9 
23.3 

885.0 
161.0 
102.0 
67.9 

Mass of 
Oxides 

( k d  

b - 

1729.0 
355.0 

98.6 

8919.0 
700.0 
249.0 

88.1 

33,447.0 
2282.0 
771 .O 
256.6 

a Masses given are for the Pu contained in the mixed oxide, and for the permissible quan- 
tity of PuO2 + UO2. The limits apply to mixed oxides of 239Pu and natural uranium 
(235U 5 0.72 wt%). 

Subcritical in any amount 

CAUTION: Application of these limits requires that the total oxide density be less than 
4.7 g/cm3. 
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Subcritical Plutonium Content for Unlimited Quantities of Plutonium and 
Natural Uranium Mixtures7' 

Either of two conditions results in subcriticality for unlimited quantities of plutonium- 
natural uranium mixtures. One condition is sufficient dilution of plutonium by uranium for 
k, 5 1. Material for which k, (Ref. 9) is less than unity will be subcritical regardless of 
the mass, volume, shape, or reflector condition. Table 13 gives subcritical limits of Pu in 
(Pu + U) for unlimited quantities of dry and aqueous oxide mixtures and nitrate solutions. 
For example, a homogeneous mixture of PuOa and UOz in water cannot achieve criticality 
if the plutonium content does not exceed 0.13 wt% of the total (Pu + U). Table 13 is not 
applicable to (Pu + U) metal and water mixtures. 

Table 13 

Subcritical Limits for Plutonium in Plutonium and 
Natural Uranium Mixtures of Unlimited Mass 

Mixture of Pu +U 
wt% Pu 

in (Pu + U) 

Dry oxides, H/(Pu + U) = 0 4.4 

Dump oxides, H/(Pu + U) 5 0.45 

Oxides in water 

Nitrate solution 0.65 

1.8 

0.13 
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The second condition is the dilution of plutonium by sufficient water that, neutron absorption 
by hydrogen will maintain k, < 1. Guidance for uniform aqueous mixtures of the oxides of 
natural uranium and plutonium is provided in Table 14 for three isotopic compositions of 
plutonium. The particle size limitation stated earlier applies; i.e., less than 0.127 111111. The 
limits are given for four compositions of plutonium expressed as wt% PuOz in the oxides 
and are specified for each of three controllable parameters. 

These parameters are the mass of plutonium per unit volume, the minimum H/Pu atomic 
ratio, and the mass of combined oxides per unit volume. When there is less than 3 wt% 
Pu02 in the oxides, the subcritical limit of 6.8 g Pu/L in Table 14 must be reduced because 
of the increased relative importance of 235U as the proportion of uranium increases. Oxides 
having compositions between 0.13 and 3 wt% PuO2 must be treated as special cases. If the 
Pu in (Pu + U) composition of the oxides is less than 0.13 wt%, criticality is not possible, 
as noted in Table 13. 
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Table 14 

Limiting Subcritical Densities of Unlimited 
Volumes of Uniform Aqueous Mixtures" of 

P u 0 2  and U02(235U 5 0.72 wt%) 

P u 0 2  in 
(Pu02 + UO,) 

h t % )  

3 

8 

15 

30 

Pu 
Isotopic 
Content' 

I 
I1 
I11 

I 
I1 
I11 

I 
I1 
I11 

I 
I1 
I11 

H/Pu 
Atomic 
Rat io" 

3780 
3203 
2780 

3780 
3210 
2780 

3780 
3237 
2818 

3780 
3253 
2848 

Pu 
Density 

(g/L) 

6.8d 
8.1 
9.3 

6.9 
8.2 
9.4 

7.0 
8.2 
9.4 

7.0 
8.1 
9.3 

257. 
305. 
351. 

97. 
116. 
134. 

52.9 
61.7 
71.0 

26.5 
30.7 
35.2 

a These limits also apply to solutions of plutonium and natural uranium compounds, 
provided all specified conditions are satisfied. 

' Plutonium isotopic content: 
I --+ 240Pu > 241Pu 
I1 --+ 240Pu 2 15 wt% and 241Pu 5 6 wt% 
I11 t 240Pu 2 25 wt% and 241Pu 5 15 wt% 

Lower limit. 

This density limit is not applicable to oxide mixtures in which the 
Pu02/(PuOz + U 0 2 )  ratio is less than 3 wt%. 
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E. Special Geometries 

1. Annular Cylinders 

Experiments at Oak and Valduc, France,94 on the criticality of solutions in 
annuli provide the basis for potential applications described in Section C of Chapter IV, 
Storage of Solutions. All annuli consisted of the space between two coaxial cylinders, 
with the central cylinder lined with cadmium and filled with water. The Oak Ridge 
experiments established critical heights of U(93)02F2 solutions at H/235U = 50.4 or 309 in 
annuli of various thicknesses and ranging from 25.4-cm to 76.2-cm-0.d. These experiments 
were carried out with and without an external water reflector. 

At Valduc, critical heights of plutonium solutions in water-reflected 50 cm 0.d. annuli were 
determined. One set of data applies to ~ O W - ~ ~ ~ P U  solution at densities from 130 to 190 g 
239Pu/L in an annulus of 30-cm-i.d. Another set applies to solutions of Pu containing 
19 wt% 240Pu, at about 50 to 165 g 239Pu/L, in a. 20-cm-i.d. annulus. 

Critical experiments at Los Alamos on a tall 76-cm-0.d. and 57-cm-i.d. tank with various 
reflectorsg5 were in support of upgraded fuel processing equipment at the Idaho Chemical 
Processing Plant. 

Attention is called to the publication, Criticality Experiments with Mixed Plutonium- 
Uranium Nitrate Solution at Plutonium Fractions of 0.2, 0.5, and 1.0 in Annular Cylindrical 
Ge~metry.~‘ The 21-inch-0.d. by 10-inch-i.d. annulus was reflected externally by water. 
Various inserts included bottles of solution surrounded by a variety of absorbers. 

2. Pipe Intersections 

Subcritical manifolds, consisting of pipe (arms) intersecting a larger diameter pipe 
(a column) , are described in American National Standard Nuclear Criticality Safety Criteria 
for Steel-Pipe Intersections Containing Aqueous Solutions of Fissile Material, ANSI/ANS- 
8.9.’’ This Standard applies to 233U solutions in 4-inch maximum pipe, 235U or 239Pu 
solutions in branched columns of 6-inch or less Schedule-10 or heavier pipe, and U(5) 
solutions in columns as large as 10-inch pipe. Reflector conditions applied to locations 
within a small enclosure with concrete walls, or complete water immersion. The Standard 
considers only single columns with intersections, and states, “Multiple columns or columns 
in the vicinity of other fissionable materials ... shall be investigated by experiment or by a 
validated computational technique.” 
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Critical experiments with intersecting cylinders, at Rocky Flats and Oak Ridge, were 
involved in the validation of calculations providing data for ANSI/ANS-8.9. The Rocky 
Flats measurements all were with U(93.1)02(N03)2 solution in 17.8-cm square columns 
with as many as 12 arms in three layers.% At Oak Ridge, concentrated U(5.0)02F2 solution 
was in a 30” aluminum “Y7, (both legs 27.9-cm-i.d.), or in Plexiglas “crosses” (26.7-cm and 
27.3-crn-i.d.).” Results of earlier Oak Ridge measurementsg2 with U(93) solution in a cross 
and “Y7, (both 12.3-cm-i.d.) apparently were not used for validation. Any validation of 
calculations going beyond the Standard should be based on data from these experiments. 

The Monte Carlo calculations1” with 123-group cross sections that provided data for the 
Standard, averaged keff = 0.9994 f 0.0027 for the Rocky Flats critical experiments and 
0.9999 f 0.0022 for the Oak Ridge U(5) experiments. Calculations for 233U and 239Pu relied 
upon data for simple cylinders. The geometries that appear in the Standard were adjusted 
to keff = 0.85 for reflection by concrete walls and keg = 0.90 for water immersion. 
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F. 

1. Abnormal Conditions 

Factors Affecting Limits of Individual Units 

Appearing in Appendix A of Standard ANSI,,AM"118.17 and reproduced below, are examples 
of abnormal variations in process conditions. Such variations should be considered in 
establishing limits for criticality control. Contingencies, the dominant items, usually lead to 
practical limits with subcritical margins significantly greater than in the stated subcritical 
limits. The examples of contingencies, and other abnormal conditions to be considered, 
follow .T 

0 A change in intended shape or dimensions resulting from bulging, corrosion, or 
bursting of a container, or failure to meet specifications in fabrication. 

0 An increase in the mass of fissionable material in a location as the result of operational 
error, improper labeling, equipment failure, or failure of analytical techniques. 

0 A change in the ratio of moderator to fissionable material resulting from 

1. Inaccuracies in instruments or chemical analyses, 
2. Evaporating or displacing moderator, 
3. Precipitating fissionable material from solutions, 
4. Diluting concentrated solutions with additional moderator. 

0 A change in the fraction of the neutron population lost by absorption resulting from 

1. Loss of solid absorber by corrosion or by leaching, 
2. Loss of moderator, 
3. Redistribution of absorber and fissionable material by precipitation of one but 

4. Redistribution of solid absorber within a matrix of moderator or solution by 
not the other from solution, 

clumping, 
5. Failure to add the intended amount of absorber to a solution or failure to add it 

with the intended distribution, 
6. Failure of analytical techniques to yield correct ... concentrations. 

*A group of examples applicable to multiple units has been deleted. 
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0 A change in the amount of neutron reflection resulting from 

1. An increase in reflector thickness by adding ... material (e.g., water or personnel), 
2. A change in reflector composition such as loss of absorber (e.g., by corrosion of 

an outer casing of absorber). 

The remainder of this section discusses the influence on criticality limits of conditions that 
may be normal in processes but are not included in any Standard. 

2. Extended Subcritical Limits 

Reduced Density of Fissile Cores 

For a highly enriched uranium metal core in the equivalent of a thick water reflector, the 
critical mass varies as the core density ( p )  to  the -1.4 power." This relationship also 
applies to cores of plutonium metal and of the uranium compounds listed in Table 4. Under 
rare circumstances, subcritical masses of Tables 3 and 4 may be increased in accordance 
with ( p / ~ ~ ) - ' . ~  when p is less than the normal density po. Conditions that must be 
satisfied are that p differs from po only as a result of free space, that no moisture or 
other moderating material can enter the core, and that the unit cannot be compressed, for 
example, by compaction as a result of vibration. 

Dilution of 235U Metal Core 

The relation discussed above does not apply when the density of fissile metal, p, is reduced 
by uniformly replacing a volume fraction of the metal (F), with an inert element. The 
volume fraction of the remaining fissile metal (1 - F) equals p /po  as defined above. If the 
diluting element has an atomic number Z within the range 11 5 Z 5 83, the subcritical 
mass for 235U in Table 3 may be increased'" by the factor (1 - F)-'.', i.e., (p/po)-'-'. This 
factor cannot be used if a moderating material is introduced into the mixture. This relation 
is a lower envelope for the diluting elements in 235U with a natural uranium reflector and so 
would be conservative with a water reflector. With natural uranium as a diluting element, 
the measured factor (1 - F)-0.7 increases with large F.'02 
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3. Neutron Absorbers in Solutions of Fissile Material 

As discussed in Chapter I, criticality in solutions of fissile material may be prevented by the 
proper addition of either solid or soluble neutron absorbers. In either case, it is important 
that intended distributions and densities of the absorbers be maintained. Examples of 
some elements that can be used as neutron absorbers are boron, chlorine, cadmium, and 
gadolinium. 

Solid Neutron Absorbers 

American National Standard Use of Borosilicate-Glass Raschig Rings as a Neutron Absorber 
in SoEutions of Fissile Material, ANSI,,ANS-8.5, provides guidance on the use of borosilicate- 
glass Raschig rings as neutron absorbers for criticality control in plants processing fissile 
material. It specifies subcritical density limits for uranium and plutonium in vessels of 
unlimited size when packed with borosilicate-glass rings. The recommended limits are 
summarized in Table 15. Several examples of systems that go beyond the limits of Table 15, 
including plutonium-uranium solution mixtures, are mentioned in Chapter V. 

Possible use of tanks loaded with borosilicate-glass Raschig rings for solution storage is 
discussed in Section C of Chapter IV and an example is provided in Chapter V. Also in 
Chapter V is an example of boron introduced heterogeneously as boron-loaded stainless 
steel rings. 

Although not usually thought an absorber, the borosilicate-glass pipe commonly used for 
solution storage columns reduces the effectiveness of a surrounding water reflector, as does 
steel pipe. The specified minimum wall thickness of nominally 6-inch-diameter Pyrex pipe 
is 0.71 cm. Assuming this value and that thick water is the only external reflector to be 
considered, the value of the limit on cylinder diameter (from Table 1) may be increased to 
18.5 cm for 235U. The value for 239Pu may be increased to 20.7 cm provided the nitrogen 
to plutonium atomic ratio is no less than 4. It may be noted that the 15.8 cm (6.20 inch) 
maximum inside diameter of nominally 6-inch-diameter Pyrex pipe is well below these 
limits. 
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Table 15 

Maximum Permissible Densities of Solutions" of Fissile 
Material in Vessels of Unlimited Size Packed With 

Borosilicate-Glass Raschig Rings 

11 Isotopic Composition 

1. 0.0 wt% < 233u 5 100 wt% 
(g UIL) 

(g U/L) 

(g U/L) 

2. 5.0 wt% < 235U 5 100 wt%; 
233u 5 1 wt% 

233u = 0 wt% 
3. 0.7 wt% 5 235U 5 5.0 wt%; 

4. 239Pu 2 50 wt%, 241Pu 5 15 wt% 
and 240Pu > 241Pu 

a. 5 5 wt% 240Pu 
b. > 5 wt% 240Pu 

(g PU/L) 
(g P 4 J )  

Maximum Densityb in Vessels 
With Minimum Glass Content of: 

24 vol % 

150" 

2 70 

unrestricted 

115 
140 

28 vol % 

180" 

330 

unrestricted 

140 
170 

32 vol % 

200" 

400 

unrestricted 

180 
220 

a The density of the hydrogen in the solution shall be not less than 75 g/L and not 
greater than 115 g/L. 

' Any fissile material deposited as solids shall be included. 

" These limits also apply to mixtures of 233U and other uranium isotopes, including 
235U, provided the 233U content is greater than 1 wt% of all the uranium. 
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4. Concrete as a Reflector 

As noted before, concrete as a neutron reflector is significant because its effectiveness may 
Although the composition of concrete is variable, changes in exceed that of water. 

its effectiveness as a reflector are minor within the typical density range of 2.1 to 2.4 g/cm3 
and as the water content ranges from 3 to 10 wt%. As a reflector, water is more effective 
for thicknesses less than 10 cm whereas concrete is more effective for thicknesses greater 
than 10 cm. Consequently, for closely fitting concrete 10 cm or less in thickness, the single 
unit limits specified in Chapter I11 for thick water reflection may be used. 

109-111 

Closely fitting concrete greater than 10 cm in thickness requires a reduction of the thick 
water reflector limits. The limits should be multiplied by the following factors: 

0 0.90 for mass and volume, 

0 0.80 for diameter of infinite cylinder, and 

0 0.44~-O. l~~ for thickness of infinite slab, where p is the fissile material 
density in g/cm3. 

A vessel often may be located in a concrete cell or in the vicinity of a concrete wall. 
Guidance is available for the location and dimensions of spherical and cylindrical vessels 
depending on the density of the fissile material in solution.10g For fissile material densities 
not exceeding 0.5 g/cm3, the thick water reflector limits may be used, provided a surface 
separation between the vessel and concrete walls or floor is not less than 0.5 times the 
vessel diameter. For higher densities, the minimal surface separation should be 0.6 times 
the diameter. 
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Chapter IV 

MULTIPLE UNITS 

A. Neutron Interact ion 

1. Surface-Density, Density- Analog, and Solid- Angle Met hods 

The approximate methods for the calculation of interacting fissile units described in 
this section were conceived before accurate experimental or computational information 

These methods can still serve to separate hypothetical arrays which are existed. 
clearly subcritical from those that may be supercritical. Models may also serve to identify 
borderline cases that require investigation by more reliable methods. The solid-angle 
method, and in some cases the surface-density method, may be particularly useful for 
estimating the acceptable interaction of vessels within processing plants where information 
on uniform arrays is inapplicable. The density-analog method was developed to crudely 
represent regular three-dimensional arrays of fissile units. 

Surface-Density 

112-1 13 

114-1 16 

This interaction method considers the average surface density of an array of fissile units 
projected onto an appropriate plane such as a floor or wall. An acceptable value for this 
surface density is related to the surface density of a subcritical infinite slab of the fissile 
material by an empirical expression that depends upon the magnitude of an individual 
unit. For example, Figure 2 of Reference 115 shows such relationships for planar (two- 
dimensional) arrays of 235U metal spheres and cubes, and of elongated cylinders of uranium 
solutions at two different 235U densities. 

For arrays that are not cubic, the surface density is not unique, but depends upon the plane 
of projection. The plane giving the maximum value, which is most restrictive, usually will 
be apparent, e.g., the base of an array of vertical cylinders. 

Although there may be cases where application of the surface-density method makes a 
Monte Carlo calculation unnecessary, the method is by no means universally applicable. 
There is, for example, no experimental basis for analyzing a planar array of horizontal 
cylinders such as used for solution storage. 
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113, 117-118 Density- Analog 

The initial density-analog approach was an attempt to apply to a cubic array a relation 
similar to that relating the critical mass and density of a single unit. For an isolated 
unit, the critical mass is proportional to the density to the -2(1-y) power where y is zero 
for an unreflected unit and 0.2 to 0.4 for full water reflection. Early crude subcritical 
measurements suggested that for arrays, y could be replaced by f, the “fraction critical” of 
an isolated unit as defined in the discussion of the surface-density model. 

More refined measurements of arrays show that, this model is much too conservative for 
arrays of significant size. As a result, tho ma^"^-^^^ has devised an improved density-analog 
model that is actually based more nearly on consideration of surface density than overall 
density. An expression from this version appears in Nuclear Safety Guide, Revision 2, but 
it is not pursued here because tabulations of data from experiments and Monte Carlo 
calculations are more reliable. 

Solid- Angle 

This method was developed112 as a quick, empirical means of evaluating interaction among 
small numbers of moderated fissile units. It is based on data from experiments with 
solutions. The technique has been extended in practice to arrays containing large numbers 
of units. Application of the method to units characterized by a fast neutron spectrum would 
result in nonconservative spacing if it were not for a required minimum spacing of 0.3 m 
between units. Thus, guidance for the storage of these units can best be obtained from 
American National Standard Guide for  Nuclear Criticality Safety in the Storage of Fissile 
Materials, ANSI/ANS-8. 7.11’ 

Application of the solid-angle method may be convenient for special cases such as judging 
the safety of crowded equipment on a plant floor. 

2. Other Methods 

Models and methods shown to be consistent with requirements of Standard ANSI/ANS-8.7 
may be used to establish nuclear criticality safety limits. It is emphasized that the concept 
of the method, its parameter dependence, and its area of applicability must be clearly 
understood. Appropriately, users should document, for themselves and for others, their 
ability to apply the method. 

A method, well-described and extensively correlated with the results of critical experi- 
ments, is Clark’s albedo method.12o Various tables and graphs of parameters have been 
published121-122 which facilitate these hand calculations. 

Another semi-empirical scheme for evaluating the interaction of fissile units, the interaction 
parameter method, is reported by Thomas and Scriven of the United Kingdom.123 
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B. Storage of Metal and Compounds 

1. Introduction 

In addressing the criticality safety of fissile material storage, consideration must be given to 
the purpose of the storage area. It may be a staging area providing temporary storage for 
materials in process, it may be an area for transient materials in transport, or it may be an 
area for long-term storage. Each use presents different problems. The number of units, their 
mass, surroundings, the necessary accessibility, and the desired margin of subcriticality 
determine the spacing between units. 

Storage specifications of this section are based on descriptions of critical uniform near- 
cubic arrays that became available after the approximate methods of Section A of this 

from N B ~  chapter were developed. These descriptions are either experimental, 
extrapolations of experimental data, or from validated Monte Carlo calculations. 

69, 124-125 

126-127 

American National Standard Guide for Nuclear Criticality Safety in the Storage of Fissile 
Materials, ANSI/ANS-8.7, presents subcritical mass limits for spherical units of fissile 
material assembled in uniform cubic arrays reflected by thick water or its equivalent. The 
tabulated arrays have a neutron multiplication factor not exceeding 0.95. Although it does 
not answer all questions, this Standard is directly applicable to many storage problems. 

The materials to which the Standard is directly applicable are 233U, uranium containing 
30 wt% 235U or more, and plutonium as metals and as dry and wet oxides. The water 
content of the oxides varies between about 1.4 and 40 wt% (e.g., 0.4 5 H/U or H/Pu 5 20). 
For each species of fissile material, allowable masses of units are tabulated for cubic arrays 
of four to ten units on an edge and a range of cubic cell sizes. The limits are also 
conservatively applicable to units not spherical in shape and to arrays that are not cubic. 
It should be clear that cubic arrays for which data are tabulated in the Standard and the 
arrays in this section do not represent most practical storage arrangements because of need 
for access to interior units. 

The Standard does not provide for the introduction of hydrogenous material into the space 
between units. If such moderation is present, the effect must be evaluated by a validated 
computational technique. The effect on array reactivity due to the introduction of water, 
as for example from fire protection systems, is strongly dependent on the form of the fissile 
material, and on the mass and spacing of the units. There is, however, an adequate margin 
in the limits to accommodate incidental moderation such as would result from enclosing the 
units in plastic bags that introduce no more than 10 g of polyethylene per kilogram of fissile 
material. As Reference 128 shows, there is extreme sensitivity to hydrogenous moderation 
between units, which becomes even greater if the density of units is decreased. Because this 
effect can easily override the margin Ak,E = 0.05, interstitial moderation would become an 
important contingency. 
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Guidance for increasing the subcritical margin of an array of Standard ANSI/ANS-8.7 
beyond the existing Ak,R = 0.05 may be obtained from Figure 3 of Reference 127. This 
figure gives values of k,ff for an extensive range of subcritical reflected cubic arrays of 
spherical units. All data in the range of keE above about 0.75 satisfy the relation k,s = r/r,, 
where r is the radius of a unit in the subcritical array and r, is the radius that would make 
the array critical. As an example, a change of Ak,g = 0.1 below k,ff = 0.95 corresponds to 
a decrease of r/r, from 0.95 to 0.85. This change in radius is equivalent to a 28% decrease 
in mass. 

The Standard provides factors for reducing the mass limits for arrays closely reflected by 
concrete. The limits are reduced to 75% of their tabulated values if the concrete thickness 
is between 5 and 8 inches and to 60% for greater thicknesses. Criteria are presented 
for pairs of arrays in concrete enclosures. (Slight neutron coupling of arrays separated by 
50-cm-thick concrete has been observed e~perimentally.)~~’ Each unit of an array must 
remain subcritical if immersed in water. The possibility of double batching of the units in a 
storage cell should be considered when establishing safety limits and operating procedures. 
Administrative controls, appropriately-sized containers, and storage cell design may be 
useful for the prevention of double batching. 

Consideration should be given to other normal and credible abnormal storage conditions 
that may affect the margin by which the array is subcritical. of 
changes in operating conditions that should be considered are 

Typical 

0 flooding, spraying, or the presence of water, oil, snow (;.e., low-density water), 
cardboard, wood, or other moderating materials; 

0 the introduction of additional units or reflectors; 

e improper placement of units; 

0 loss of moderator and neutron absorber between units; 

e collapse of a framework used to space units; 

0 a change in the density of fissile material during storage; 

0 the substitution of units containing more fissile material than permitted in operations 
as a result of operational error or improper labeling. 

The Standard associates each unit with a cubic (or near-cubic) cell, but does not specify 
the means of establishing the cell. Although the cell can be visua.lized as an imaginary 
cuboidal volume, in practice it needs to be defined by hardware. For example, cells may 
be subdivisions of sturdy shelving, be maintained by compartments, or be defined by 
appropriately sized containers. Alternatively, the cell may be determined by a “birdcage” 
consisting, typically, of a container centered in a cell-size framework constructed of tubing 
or angle iron. Although the birdcage may be an open structure, it must be capable of 
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assuring separation of the containers. Birdcages may be on shelving or simply distributed 
or stacked on a floor. An alternative to shelving? suitable for long-term storage, may be an 
array of tubes extending through a concrete matrix as reported from the Y-12 Plant.13' As 
a technical practice? the Standard states "Storage of fissile materials shall be such as to 
obviate concern with accidental nuclear criticality in event of fire, flood, earthquake or other 
nat ur a1 calami ties ." 

2. Commingling of Dissimilar Units 

The Standard allows for commingling of dissimilar units in an array under the following 
conditions. If cell size is maintained by a container or birdcage about each unit, a 
criticality indicator CI may be assigned to each container or birdcage with its unit such that 
CI = 100/N, where N is the number of cells in an appropriate allowable array.131 Then, 
dissimilar units in containers may be commingled? provided the summation of CIS of all 
cells within the resultant array does not exceed 100. 

3. Alternative Representation of Storage Arrays 

Figures 19 through 23 are graphic representations of selected tables in Standard ANSI/ANS- 
8.7 for enriched uranium and plutonium. Graphs for '"U are not included because of the 
generally small available quantity of this material. These figures simplify the interpolation 
of allowable numbers of units to non-cubic three-dimensional arrays and to cell sizes other 
than those tabulated. 

It is considered more useful to give minimum cell dimensions in inches instead of millimeters. 
Further, equivalent cell volumes in US gallons are indicated in Figure 24. These include 
capacities of steel drums that may be used as containers of units. Often such drums are 
outer containers of units packaged for transportation. The graphs facilitate establishing 
values of CI for units in drums. 

It must be emphasized that the conditions which pertain to Standard ANSI/ANS-8.7 apply 
to Figures 19 to 23. Specifically, the arrays are reflected? and no significant amount of 
interstitial moderating material is present. 
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Figure 19 
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C .  Storage of Solutions 

1. Tanks and Bottles 

Experimental data on critical near-cubic arrays of five-liter 235U solution units126 suggest 
that it might be possible to include storage arrays of those units in the format of Standard 
ANSI/ANS-8.7. Such an approach would not be of much value, however) because there are 
more practical ways to store appreciable volumes of solution than in small containers.* The 
absence of a general standard on solution storage may be, in part, because the choice 
among tanks with Raschig rings, banks of pipe or tubing, annular tanks, slab tanks, or even 
elongated polyethylene bottles depends on which fits best into the operational and physical 
features of each plant. Regardless, general solution-storage criteria are not available. Each 
of the available options will be considered, with the background experimental information, 
and something about adaptation to plant conditions. There is no study that uses a 
consistent set of criteria to evaluate the relative costs of these types of storage. Cost of 
solution storage can be quite high. 

Tanks with Raschig Rings3' 

Storage of solutions in large tanks containing Raschig rings has the attractive feature 
of minimizing floor area. Offsetting this, however, are time-consuming and expensive 
inspections and tests called for in the Standard ANSI/ANS-8.5 as a result of the large 
surface area in contact with solution) which invites deposits, and the possibility of damage to 
the rings.134 Consequently tanks packed with Raschig rings are now used more commonly 
in auxiliary vessels where solution can be introduced only by accident than for actual 
st or age. 

The Raschig ring Standard3' is supported by critical experiments at Oak Ridge with 
U(93)02(N03)2 solution135 and 233U02(N03)2 s01ution.l~~ Experiments at Hanford included 
solutions of plutonium nitrate'37 and mixtures of plutonium and uranium nitrate.'38 A 
problem with computation is the difficulty of realistically modeling the random array of 
Raschig rings with Monte Carlo techniques. The possible use of vessels packed with Raschig 
rings for storing solutions is discussed further in Chapter V. 

*Because of the limited availability of 233U solution, storage in small containers may be practical. Guiding 
experimental data are available for critical arrays of 4.3-liter132 and 3.0-liter units of 233U s01ut ion. l~~ 
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Elongated Polyethylene Bottles 

The largest critical array of uranyl nitrate solution units, reported from Oak Ridge,13g is so 
impressive that its photograph has appeared widely, for example on p. 137 of Reference 11 
and p. 607 of Reference 140. The solution is contained in 98 polyethylene bottles, each 
13.7-cm-0.d. and of about 13-liter capacity. The wall thickness varies from 0.51 cm at the 
top to 1.14 cm near the base and the inside height is about 122 cm. 

These containers, designated “Type A” in the Oak Ridge report, have been used in several 
plants for transferring solution from one location to another and for at least temporary 
storage. A cart for transfer holds the container upright and spaces it from other objects. 
A fixture secures the container at an appropriate storage location, properly separated from 
other objects. This arrangement may be useful for regular uranium solution storage if the 
total inventory does not exceed 100 L or so. 

Some type A containers have embrittled after a couple years of service and in one instance 
are being replaced by smaller cylinders with a more resistant polyethylene composition. 

Slab Tanks 

Thin slab tanks have been used to store solutions of both plutonium and enriched uranium. 
They have been used for both plutonium and enriched uranium solutions. Welded 
spacers prevent thickness increase as a result of hydrostatic pressure or relaxation of walls. 
Slab tanks have not been used in plants for large-scale storage partially because of the 
moderator-absorber between parallel tanks that would be required to reduce interaction in 
an array. 

Annular Cylinders 

were conceived as contributing to Although experiments with cylindrical annuli 
solution storage, this type of container has not been used for large-volume storage. At 
the Valduc facility in France, solution for CRAC experiments was stored in annular 
containers .94 

92-93, 96 
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2. Solution Storage using Pipe or Tubing 

Parallel lengths of 6-inch pipe or tubing are used for storing very large volumes of fissile 
solutions at the Oak Ridge Y-12 Plant and at Los Alamos. Principally because of sensitivity 
to surroundings, generally applicable criteria for such storage do not exist. Therefore, each 
new application should be examined in detail by a validated method. 

Apart from solution properties, significant considerations include spacing of units, distance 
from concrete walls and other massive or fissionable objects, provisions for handling solution 
leakage, and the possibility of water flooding. It should be noted that effects of even small 
depths of water can be significant. At neither Y-12 nor Los Alamos is flooding a contingency, 
although the influence of low-density water from fire-protection sprinklers is considered. 

With solutions, control of fissile-material density and stability are important. The possibility 
and consequences of precipitation and settling must be considered. 

Effective procedures for transfer of solution to and from storage arrays must be established. 

Y-12 Practice 

At the Y-12 Plant, solution volumes are thousands of liters even though practice is to 
concentrate dilute solutions. The practical upper limit of uranium density is 450 g/liter, 
and solutes are uranyl nitrate. Containers are lengths (up to 40 feet) of 6-inch stainless-steel 
pipe, generally Schedule-40 or greater to allow for corrosion. 6-inch stainless-steel tubing, 
presently with one-quarter inch wall, is substituted in some cases. Pipes of smaller standard 
size are ruled out because of the large numbers that would be required. 

In storage arrays, the minimum axial spacing of containers is 24 inches, and separation of 
axes from wall or floor is at least one-half of this. Each array consists of containers in 
a single planar configuration. Most arrays have horizontal containers, which are awkward 
to clean thoroughly. To simplify sparging, plans call for replacing all horizontal containers 
with vertical containers, There is allowance for the effect of sprinkler water having a density 
of 0.015 g/cm3 between units, which is three times the expected value. 

The floor of each storage room is lined with a stainless steel pan to accommodate solution 
in a subcritical slab in the event of severe leakage. 

These conditions prove to be conservative throughout the Y-12 Plant, which might. not be 
the case for an array consisting of more than one plane of containers, if water-flooding were 
a contingency, or if extremely concentrated solutions or mixtures were permitted. 
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Los Alamos Practice 

Los Alamos has been required to accommodate hundreds of liters of plutonium solution 
in a facility designed originally for research in which solution storage was expected to be 
minimal. As at Y-12, 6-inch pipe is the practical size for storage containers, but space 
limitations call €or 10-foot lengths in more compact arrays than those at  Y-12. This 
compact configuration is made possible by a stringent limitation on plutonium density. 

Supported by Monte Carlo  calculation^,^^^ solutions with plutonium density not to exceed 
20 g/liter are stored in 6-inch Schedule-10 pipes with minimal axial spacings of 18 inches. 
Smaller spacings with intervening fixed neutron absorbers are used for dilute waste solutions 
held to determine whether further plutonium recovery is required. 

As planned at Y-12, horizontal tanks are being replaced by vertical tanks for ease of 
cleaning. Deposits as a result of precipitation are more often encountered with plutonium 
solutions than with uranium. 

Plutonium contamination is controlled by plastic wrappings of potential leakage points. 
This approach eliminates the need for the floor catch pans such as those in use at Y-12. 

Comments 

These examples show what can be done for large-volume solution storage when validated 
Monte Carlo calculations are available for guidance and confirmation. With smaller 
volumes, for which containers of diameter no greater than 5 inches are practical, generous 
spacing of vessels, or a readily observed limit on density of fissile material, may reduce or 
eliminate the need for Monte Carlo confirmation of safe conditions. Administrative controls 
on solution transfer, handling of leakage or spillage, and material accountability should 
contribute reassuringly to criticality safety. The possibility of precipitation and settling or 
deposit on surfaces would still be a consideration. 
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D. Transport at ion 

Transport of fissile material 
Agency (IAEA),142-143 the 
Commission (NRC),'45 and 

is addressed by regulations of the International Atomic Energy 
US Department of Tran~por ta t ion , '~~  the Nuclear Regulatory 
the Department of Energy (DOE).146 

Requirements of transport regulation for criticality safety necessarily go beyond experi- 
mental data and computational results. Some requirements result from consensus among 
national and international authorities on judgmental matters. These matters include 
interaction of shipments, effects of accidents on packages, and design of specification 
containers. Approved US practice, also a matter of judgment, is even more limited than 
allowed by regulation, e.g., the general avoidance of shipment by common carrier. Since the 
requirements for transport of fissile material are more legalistic than technical, discussion 
of these requirements is beyond the scope of this document. 
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Chapter V 

CRITICALITY SAFETY IN 
PROCESSING PLANTS 

A. Plant Features with Criticality Potential 

Processing plants contain a multiplicity of work stations, and areas for both long-term and 
short-term storage. Criticality safety considerations go beyond the analysis of each of these 
in terms of subcritical individual units or storage arrays. The progression of fissile material 
through a plant involves transfers and special handling during which unusual conditions 
may be encountered. It is important that these operations be governed by procedures and 
be carried out by well-trained personnel. 

Consider a plant for processing highly enriched uranium as solids, such as fabrication of 
weapon components or fuel elements for reactors. It is essential to avoid the effect of 
massive fissile units falling together or encountering other units as the result of an accident 
with transfer equipment. Minimum spacing between units can be maintained by the use of 
birdcages, provided there are appropriate procedures for loading and unloading them. 

In a plant for scrap recovery or processing irradiated fuel, the operations involving fissile 
solutions must be carefully planned. It is noteworthy that all criticality accidents that 
have occurred in processing plants have involved solutions. Mishaps that have led to these 
accidents include solution leakage, precipitation, dissolution of solids, instrument failure, 
and transfer among vessels. Avoidance of these mishaps calls for continued cooperation of 
criticality safety and operating personnel. 

In general, both physical and administrative criticality safety practices must be tailored 
to specific plant conditions. Special 
evaluation also may be required because there is no “standard” plant for which universal 
criticality safety recipes can be defined. 

This requirement inevitably will require judgment. 
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B. Administration 

Provisions of Standard ANSI/ANS-8.19, Administrative Practices for Nuclear Criticality 
Safety, are of major significance in processing plants. This Standard recognizes that 
criticality safety requirements must contribute to the physical and economic functions of a 
plant in a balanced manner. Accordingly, it places no requirement on the form of plant 
organization. Instead, requirements of the Standard are expressed in terms of management, 
operational supervisors, and a criticality safety staff provided by management. 

The Standard emphasizes that effective criticality control, like other branches of safety, 
requires the positive support of management and implementation by supervisors with 
assistance of the criticality safety staff. It identifies associated responsibilities, calls for 
effective training of personnel and concise operating procedures, and has sections on process 
evaluation, material control, and planned response to criticality accidents. 

C. Training 

The training program for persons involved in operations with fissile material should make 
safety considerations, including criticality safety, an integral part of a program that provides 
necessary job skills. Standard ANSlj/ANS-8.20, Nuclear Criticality Safety Training, applies 
to personnel associated with operations where there is the potential for a criticality accident. 
Provisions of the Standard are consistent with the precept that safety education will be 
most meaningful and readily assimilated if it is clearly relevant to operations. It follows 
that local supervision should participate in criticality safety training, or conduct it with 
the support of criticality safety specialists. Appropriate training of supervisory personnel is 
implied. 

The Standard calls for training in the recognition of criticality alarms and the proper 
response to  them. Training should be supported by discussion of selected criticality 
accidents. Stratton's history of nuclear accidents3' describes each in sufficient detail to be 
helpful for this purpose. Accounts of real accident experience in training talks can help 
keep the audience awake. 

D. Criticality Alarms and Response 

Criticality alarms have twice initiated lifesaving evacuation of areas in which accidents 
occ~rred .~ '  The value of such systems is therefore clear in areas for processing significant 
amounts of fissile material. Guidance for the design, installation, and maintenance of 
such systems may be obtained from Standard ANSI,/ANS-8.3, Criticality Accident Alarm 
System. This document directs that an accident alarm system must be considered for any 
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area containing more than a threshold quantity of fissile material. The Standard calls for 
an easily recognized signal for immediate eva.cuation in case of an alarm. It recommends 
that the response of the alarm system to radiation be tested at least monthly, each signal 
generator be tested at least once every three months, and an evacuation drill be performed 
at least annually. 

The existence of an alarm system carries with it certain responsibilities. The system must 
be maintained to provide confidence that it will function if needed, and to minimize the 
frequency of false alarms. False alarms can have a negative impact on safety by creating a 
potential for injury as a result of precipitous response. False alarms also tend to destroy 
confidence in the system. Unannounced drills are not endorsed. 

The response to an alarm is to be governed by an emergency plan with elements given in 
the administrative Standard ANSI/ANS-8.19. Further features of an emergency plan are 
being considered. 

Elements of the emergency plan include procedures for evacuation to specified assembly 
stations, actions after assembly, and treatment of injured and exposed persons in accordance 
with advance arrangements. 

Personnel must be trained in their proper response to the alarm including the use of 
evacuation routes and designated assembly points. Emergency plans must be kept current; 
evolution of a plant can influence the procedures to be followed in the event of an alarm. 

E. Material Control 

One criticality accident occurred because a concentrated fissile solution in a polyethylene 
cylinder was mistaken for a dilute s~lut ion.~ '  This occurrence emphasizes the value of 
labeling or other positive identification of fissile material in helping to avoid routing errors 
within a plant. If 
observed, for example, in the transfer of material along a glove-box line, posted limits can 
prevent inadvertent overloading of a box. 

Also of value are posted limits at work stations and storage areas. 

Labeling and posted limits cannot take the place of up-to-date procedures used by well- 
trained personnel, but should make errors less likely. Computerized accounting procedures, 
such as proposed for safeguards, should contribute further to the reduction of transfer 
errors. 

Provisions for handling fissile material during inventories must be as carefully planned as 
for regular plant operation. This need is emphasized by the three criticality accidents that 
resulted from misdirection of solutions during in~entory.~' 
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An occasional requirement that should be anticipated is the emergency storage of fissile 
material that can accumulate as the result of interruptions of normal operations. Mishaps 
such as faulty processing or equipment failure may interrupt the flow of solutions, and 
accidents or other disruptions may prevent material from leaving the plant. 

In a plant layout, the convenience of proper operations should be considered. To be avoided, 
for example, is transfer of material through a working area when another convenient route is 
available, and unnecessary processing of different fissionable materials in the same area. To 
illustrate, use of the same furnace for casting enriched and natural uranium, except during 
independent campaigns, could contribute to the confusion of feed items. An example of 
making mishaps inconvenient is to transfer fissile material on a single plane, as with special 
carts. Transfer by crane over other fissile material would be objectionable. 

F. Process Startup 

Before initial operation of a plant, or of a module that is new or revised, confirmation 
of the proper condition of its components is mandatory. Confirmation includes testing 
of instrumentation, valves, seals, transfer devices, and ventilation and fire-protection 
equipment. At this point, adequacy of training should be established.26 

It is also important to reassess criticality safety before startup. The initial assessment can 
be influenced by evolutionary changes during construction. Even though the effect of each 
change has been considered, the as-constructed configuration should be examined. 

At this stage, it is appropriate to reconsider matters of judgment about the adequacy 
of the experimental basis for evaluating the criticality safety of operation. Judgment is 
involved in decisions concerning the appropriateness of directly applicable experiments, 
of experiments used for validating calculations, or of additional safety margins applied 
when validation is questionable. Any doubt usually can be resolved by means of neutron- 
multiplication measurements as outlined in Standard ANSI,,ANS-8.6, Safety in Conducting 
Subcritical Neutron-MuZtipZication Measurements in Situ. These measurements, conducted 
during stepwise introduction of fissile material, would identify safely subcritical conditions. 
In general, they would simply provide reassurance that normal operation is acceptable. 
They must not cause personnel to relax concerning accident potential. 
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G. Maintaining Safety Provisions 

During plant operation, continuous observation and periodic surveys are means of guarding 
against adverse effects of evolutionary change in conditions or practices. Has a vessel that 
could contain more than a critical volume been brought into a process area? Has equipment 
for fissile material been used for other material? Should features of fire protection be 
reviewed because of changed plant content? Have precautions against the consequences of 
natural disasters such as earthquake, flood, or tornado been relaxed over time? The list of 
questions does not stop here. In fact, it depends on detailed plant features, regulations, and 
the policy of plant management. Thus, the wish for a universal check list would be futile. 

H. Examples of Plant Application 

1. Dissolver for Water-Reactor Fuel 

The safe geometry of a 100-liter dissolver for chopped u(3.2)02 fuel elements is to be 
explored. The shape of the dissolver should be simple and it is to be surrounded by a steam 
jacket. Full water reflection should be assumed to allow for water in the steam jacket and 
for incidental reflection. 

Table 9 shows a limiting value of 26.4 cm for the subcritical diameter of a long cylinder of 
heterogeneous oxide.86 This value is essentially the inside diameter of 10-inch Schedule-5S 
pipe. The diameter limit for solution is significantly greater. Because a cylinder of this 
diameter has a capacity of 55 liters per meter of length, the height of a 100-liter dissolver 
would be about 1.8 m. A design study will show whether this height meets functional 
requirements. 

Should this long, small diameter prove to be undesirable, an alternative would be an 
annular tank surrounding a neutron-absorbing material to reduce neutron exchange within 
the configuration. If the absorbing material is water and the inside diameter is at least 
30 cm, the annular thickness can be approximated by a reflected infinite slab specified in 
Table 9 to be 12.6-cm thick. If additional conservatism is desired, a thickness of 10 cm 
and an inside diameter of 40 cm may be assumed for the design study, the capacity of 
which is about 157 liters per meter. Accordingly, a vessel of 100-liter capacity would have 
near-equilateral external dimensions. Before adoption, the acceptability of the final design 
should be confirmed either by a validated calculation or by in situ neutron-multiplication 
measurements . 29 

Of course, this dissolver encompasses more than the simple container. In the first place, to 
accommodate irradiated fuel, it must be one component of a shielded fuel-handling system. 
The container must be modified for introduction of the chopped fuel, draining solution, 
and withdrawal of residual solids. Sparging to facilitate uniform dissolution also may prove 

101 



desirable. The ultimate criticality safety evaluation must take into account auxiliaries and 
interaction with other components. 

Further, there may be special requirements for campaigning fuels from different sources, 
for instance, the fuel up to 4 wt% 235U in the following example of plant application. If 
the possibility of handling fuel at somewhat more than 3.2 wt% 235U can be foreseen, it 
should be more effective to plan for it at this stage than to adapt to it later. Actually, the 
“conservative” annular thickness of 10 cm may prove to be suitable for fuel enrichments of 
nearly 5 wt% 235U. 

2. Storage of Low-Enriched Uranium Solution 

Consider vessels for storing a variety of uranium solutions in which the 235U enrichment will 
not exceed 4 wt% and the uranium density will remain below 750 g/L. A total capacity of 
1890 liters (500 gal) is desired, and, because of the possibility of long-term storage and the 
difficulty of internal inspection, a single vessel packed with Raschig rings is not selected. 
The preferred arrangement is a planar bank of cylinders near a 12-m-long, 5-m-high concrete 
wall, with a narrow walkway between the cylinders and wall. 

According to Table 8, the subcritical limit on cylinder diameter for U(4) solution is 30 cm; 
the next smaller commercial pipe size is 10-inch Schedule-5S (26.6-cm-i.d.). At a usable 
height of 4.6 m, the capacity per cylinder is 250 liters and 8 cylinders would be required. 
Construction and operational convenience would be met by a, one-meter center spacing of 
cylinders and would result in additional space at the ends of the bank of cylinders. 

A walkway of 0.7 m separates the cylinders from the concrete wall and reduces the effect of 
the wall to that of incidental reflection on each vessel. Because the 30-cm diameter limit 
is based on full water reflection, which is much more effective than incidental reflection, 
it is necessary to show that the effect of interaction among the cylinders is acceptable. 
According to validated KENO calculations,147 keg = 0.725 for a single cylinder having only 
2.5-cm-thick water reflection, and k,ff = 0.785 for the linear array spaced from the concrete 
wall, showing that interaction is adequately small. Thus, it is appropriate to proceed with 
the design of this arrangement and with detailed exploration of contingencies. 

The low values of keB suggest the reasonableness of further investigation of a storage 
bank with significantly increased capacity. For example, a one-dimensional calculation of 
a 12-inch Schedule-5S pipe (31.5-cm-i.d.) instead of the 26.6-cm pipe resulted in a k,ff 
of 0.9. The capacity of 8 cylinders at the 4.6 m height would be increased to 750 gallons. 
Of course, a careful computational study and analysis of contingencies would be required 
before adopting this approach. 
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3. Solution in Tanks Packed with Boron-Containing Raschig 
Rings 

In certain cases, as noted before, an alternative to geometrically subcritical tanks for 
solution storage is the use of large capacity tanks packed with borosilicate-glass Raschig 
rings. Typically, although one-quarter to one-third of the tank volume is sacrificed to the 
glass absorber, the tank may still accommodate large volumes of solution more efficiently 
than long, limited-diameter cylinders or thin slab-like containers. Other than for primary 
criticality control, Raschig rings in auxiliary tanks may protect against accidental criticality 
resulting from inadvertent diversion of fissile solution to those tanks. 

American National Standard Use of Borosilicate-Glass Raschig Rings as a Neutron Absorber 
in Solutions of Fissile Muterial, ANSI/ANS-8.5, defines appropriate conditions for criticality 
control. Restrictions exclude the use of alkaline solutions, HF, and hot, concentrated 
H3P04. Temperature and radiation fields also are limited. The Standard defines chemical 
and physical properties that are typified by Pyrex type 7740 and Kimbal type KG-33 and 
limits the ring size to 3.81-cm-0.d. It specifies packing conditions and gives requirements 
for inspection and maintenance. Finally, maximum densities of fissile material in vessels of 
unlimited size are specified for three different volume percentages of glass. Typically, as the 
glass volume fraction ranges from 0.24 to 0.32, density limits range from 150 to 200 g/L for 
233U, from 270 to 400 g/L for 235U-enriched uranium, from 115 to 180 g Pu/L for 239Pu, 
and from 140 to 220 g Pu/L for plutonium containing more than 5 wt% 240Pu. 

Although it is unlikely that these reasonably generous limits would restrict a practical 
process, there could be unusual circumstances that would require greater glass fractions. 
Because computational models cannot closely approximate randomly packed Raschig 
rings,148 the preferred guidance for increased limits would be experimental data near 
the desired conditions or computational results verified by in situ neutron multiplication 
 measurement^.^^ An example of an experimental system that is subcritical at a plutonium 
density greater than that permitted by the Standard is reported by Lloyd, Bierman, and 
C1ayt0n.l~~ The subcritical density of plutonium (8.3 wt% 240Pu) in nitrate solution was 
391 g/L when a 61-cm-diameter tank was filled to a depth of 99.1 cm. Raschig rings 
containing 4.0 wt% boron occupied 18.8% of the volume, and there was an effectively 
infinite water reflector on the tank walls and base. 

Nurmi14’ reports the use of borosilicate-glass rings with enriched uranium solutions that 
have free fluoride-ion contents greatly exceeding the limit specified in the Standard. Because 
of this deviation, there is daily visual inspection and semiannual emptying of tanks for 
detailed examination. This is a more stringent maintenance schedule than that required by 
the Standard. 

Another approach to environments that are hostile to borosilicate glass is suggested by 
experiments at Battelle Pacific Northwest L a b o r a t ~ r i e s l ~ ~  with plutonium solutions in 
a tank packed with stainless steel Raschig rings containing 1.0 wt% boron. A 45.7- 
cm-diameter tank, water reflected on sides and bottom, was packed with 1.27-cm-o.d., 
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1.27-cm-long steel rings occupying 27.0% of the volume. At a depth of 99.1 cm, plutonium 
(8.3 wt% 240Pu) solutions  at^ densities of 275 g Pu/L with 480 g N 0 3 / L  and of 412 g Pu/L 
with 602 g N 0 3 / L  were subcritical. 

A further example includes data on plutonium-uranium nitrate mixtures in a 61-cm- 
diameter tank, water reflected on the sides and bottom and packed with glass Raschig rings 
containing 4 wt% boron. 137-138 The rings, which were 3.81-cm-0.d. and 4.32 cm in length, 
displaced 18.8% of the solution volume. At a depth of 90.4 cm, solution at a density of 
180 g U/L (0.66 wt% 235U in U) and 78.4 g Pu/L (5.7 wt% 240Pu in Pu) containing 377 g 
N03/L was subcritical. 

4. Solution Holdup Design 

A cell in a U(93.2) reprocessing facility has a concrete floor area of 9 m2 and analyses have 
shown that the neutron interaction between the process vessels and between the vessels and 
the floor is negligible. The floor with sidewalls will serve as a catch basin for solutions that 
may leak from the vessels. An overflow line is to be installed in the floor? draining to a 
poisoned catch tank, thereby limiting the thickness of solution. The maximum expected 
235U density in U02(N03)2  is 250 g/L. A permitted solution height over the floor is to 
be determined. The configuration of the solution is conservatively approximated by an 
effectively infinite uniform slab with a thick concrete reflector on one side and incidental 
reflection on the other side. 

From Table 1, the specified subcritical thickness of an infinite slab of U02(N03)2  reflected 
by 30-cm-thick water is 4.9 cm. A thick water reflector on both surfaces is expected to 
be more effective than concrete reflection on one and incidental reflection on the other. 
It follows that the specified height of the overflow pipe should not exceed 4.9 cm. The 
chosen height should be measured from the lowest portion of the floor as established by an 
elevation survey. 
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APPENDIX 

This Appendix provides a description of the calculational study leading to the curves 
presented in Figures 2 through 13 of this document. The motivation for this study was to 
provide quantitative examples illustrating the relationship between system reactivity (k,R) 
and system geometry. Inferential in these curves are the partial derivatives of geometrical 
size (x) versus k e ~ .  Figures from report LA-10860-MS, Critical Dimensions of Systems 
Containing 235 Ci, 239Pu, and 233 U, 1986 Revision, were adapted to provide a basis for the 
illustration. This adaptation appears directly in Figures 2 through 13. The adaptation 
brings forward results from LA-10860-MS for experimentally determined critical systems. 
These data provide a reference to interpret the curves. The three well-established fissile 
nuclides 233U, 235U, and 239Pu were selected for the construction of the examples. The 235U 
was taken to be present as U(93.2). System compositions were taken to be metal-water 
mixtures and were selected to systematically span the entire range from limiting critical 
fissile density (7 to 13 grams per liter in water) to pure metal density (approximately 
20 kilograms per liter). For these systems, the neutron spectrum varies systematically from 
a thermalized distribution for dilute fissile densities to a slightly softened fission spectrum 
for the pure metal systems. Three system geometries were selected to complete the set 
of examples: spherical, infinite circular cylinder, and infinite planar slab. In each case, 
the fissile-bearing region is surrounded by a tight-fitting pure water reflector of effectively 
infinite thickness. These are classic geometries which occur repeatedly in the literature of 
criticality safety. The first documented occurrence of these geometries and the associated 
characteristic curves, known to the editors) is found in the report CP-400, Chain Reaction 
of Pure Fissionable Materials in S o 1 ~ t i o n . l ~ ~  

The metal-water systems used in the examples have no direct experimental analog. Uranium 
metal and plutonium metal are not, in a chemical sense, soluble in water. However, the 
metal-water mixtures are neutronically approached in an asymptotic sense for dilute fissile 
systems. In such systems the atomic ratio of the hydrogen to the fissile atomic species is 
very high (above 1000). In these systems, the other nuclear species needed for a chemical 
solution, such as nitrogen and fluorine, are also very dilute and have a minimum perturbing 
effect. Hence, these dilute systems approach the idealized metal-water mixture. Over 
the remaining range, however, the chemical constituents, such as nitrogen and fluorine, 
represent a serious perturbation from the idealized metal-water mixture. Hence, any 
comparison between calculational and experimental results requires a careful and accurate 
determination of the impact of the presence of these other nuclear species. 

Caution should be exercised in the application of the curves presented in Figures 2 
through 13. First, the reader should recognize that the curves represent calculational 
results. Second) the reader should note that these calculations do not conform to 
current validation and verification criteria. No attempt has been made to document a -  
rigorous compliance with such criteria. That is, software and platform verification and 
the comparison of calculational results with experimental results have not been carried 
out as described in Chapter I, Section B-4 of this document, The Role of Calculational 
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Validation. Instead, we comply with the traditional criteria for reporting scientific results 
by providing sufficient detail to allow for independent reproducibility and confirmation of 
results. 

The value of keff was calculated for a specific nuclide type, density, and system dimension (2). 

The dimension x corresponds to a spherical diameter, an infinite cylinder diameter, or an 
infinite slab thickness. For each nuclide type, density, and system geometry, four to five 
values of x were selected which resulted in calculated keg’s in the range 0.5 to 1.2. In 
addition the value of k, for an infinite metal-water mixture was calculated. To determine 
the value of z for a particular value of keg, the appropriate set of calculational results were 
fitted to a continuous curve having the following algebraic form. 

In the above expression a,  p, and --y are fitting parameters. This form provides a 
monotonically increasing k,E versus 2 which asymptotically approaches k, for large z. 
The curves shown in Figures 2 through 13 were generated by fitting a spline through 
the calculated values of 5 for each selected fissile density. The calculational results were 
produced using the MCNP Monte Carlo code (see Ref. 13). The cross-sections were 
based on ENDF/B-V cross-section evaluations provided by the XTM group at Los Alamos. 
Specifically, the MCNP nuclide identifiers (ZAIDs) shown in Table 16 were used. 

Table 16 

Nuclides, Cross-Section Evaluations, and Atomic 
Weights Used for Calculational Results 

Nuclide 

I6 0 

233u 

235u 

238 u 

239Pu 

Avogad 

ZAID 

1001.50~ 

8016.50~ 

92233.50~ 

3’s number 
(atoms/ b-cm) 

Atomic Weight 

1.00782475 

15.99491480 

233.03962900 

235.04392497 

238.05078549 

239.05215781 

0.602204345 
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The Iwtr.0lt version of the S(a,P) scattering model was used for the water in the 
metal-water mixture and for the water in the reflector. 

Table 17 gives values of the mass densities assumed for water and for the metal state of each 
nuclide. Table 18 gives the number densities of hydrogen and oxygen used for the 15.2-cm 
water reflector. Tables 19 through 21 give the number densities calculated for 22 selected 
fissile mass densities for the three fissile nuclides 233U, 235U, and 239Pu. Finally, Tables 22 
through 24 list the final calculated geometrical dimensions (z values) used to produce the 
curves shown in Figures 2 through 13. 

Table 17 

Mass Densities Assumed for 
Water and Fissile Metal 

Mass Density n Material (g/cm3) 

Water I 0.997801 /I 
233U Metal I l8.O5 
235U Metal 
(93.2 wt% 235U) 18.76 

I 19*74 I1 239Pu Metal 

Table 18 

Calculated Number Densities for 
the 15.2 cm Water Reflector 

0 -066 725294 

I/ l6O I 0.033362647 11 
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Table 19 

Fissile Mass Densities and Calculated Number 
Densities for 233U Metal-Water Mixtures 

233u 

Mass 
Density 
(kg/L) 

0.005 
0.006 
0.007 
0.008 
0.009 
0.010 
0.011 
0.012 
0.013 
0.014 
0.020 
0.030 
0.050 
0.100 
0.200 
0.500 
1 .000 
2.000 
5.000 

10.000 
14.000 
18.050 

Number Density (atoms 

233u 

.000012921 

.000015505 

.000018089 

.000020673 

.000023257 

.00002584 1 

.000028425 

.000031010 

.000033594 

.000036178 

.000051683 

.000077524 

.000129206 

.000258413 

.000516826 

.001292064 

.002584128 

.005168257 

.012920642 

.025841285 

.036177799 

.046643517 

.066706810 

.066703114 

.066699417 

.066695720 

.066692024 

.066688327 

.066684630 

.066680934 

.066677237 

.066673540 
-066651360 
.066614393 
.066540459 
.066355625 
.065985955 
.064876948 
.063028602 
.059331909 
.048241833 
.029758372 
.014971603 
.000000004 

barn- cm) 

160 

.033353405 

.033351557 

.033349709 

.033347860 

.033346012 

.033344163 

.033342315 

.033340467 

.033338618 

.033336770 

.033325680 

.033307197 

.033270230 

.033177812 

.032992978 

.032438474 

.031514301 

.029665955 

.024120916 

.O 14879 186 

.007485802 

.000000002 
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Table 20 

Fissile Mass Densities and Calculated Number 
Densities for U(93.2) Metal-Water Mixtures 

235TJ 
Mass 

Density 
( W L )  

0.005 
0.006 
0.007 
0.008 
0.009 
0.010 
0.011 
0.012 
0.013 
0.014 
0.020 
0.030 
0.050 
0.100 
0.200 
0.500 
1 .ooo 
2.000 
5.000 

10.000 
14.000 
17.484 

Number Densitv 

2 3 5 u  

.000012810 

.000015373 

.000017935 

.000020497 

.000023059 

.00002562 1 

.000028183 

.000030745 

.000033307 

.000035869 

.00005 1242 

.000076863 

.000128105 

.000256209 

.000512419 

.00128 1046 

.002562093 

.005124186 

.012810464 

.025620928 

.035869299 

.044796448 

2 3 8 u  

.000000923 

.OOOOO 1 107 
,00000 1292 
.000001477 
.00000166 1 
.000001846 
.000002030 
.000002215 
.000002399 
.000002584 
.000003691 
.000005537 
.000009229 
.OOOO 18457 
.0000369 15 
.000092286 
.000184573 
,000369145 
,000922863 
.OO 1845726 
.002584017 
.003227126 

atoms /barn-cm) 

l H  

.066706212 

.066702396 

.066698580 

.066694764 

.066690947 

.066687131 

.066683315 

.066679498 

.066675682 

.066671866 

.066648968 

.066610805 

.066534479 

.066343665 

.065962035 

.064817147 

.062909001 

.059092707 

.047643827 

.028562361 

.013297187 

.000000004 

160 

.033353106 

.033351198 

.033349290 

.033347382 

.033345414 

.033343565 

.033341657 

.033339749 
-033337841 
.033335933 
.033324484 
.033305403 
.033267240 
.033171832 
.03298 10 18 
,032408574 
.03 1454500 
.029546354 
.02382 19 14 
.O 1428 1 180 
.006648594 
.000000002 
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Table 21 

Fissile Mass Densities and Calculated Number 
Densities for 239Pu Metal-Water Mixtures 

239Pu 
Mass 

Density 
(kg/L) 

0.005 
0.006 
0.007 
0.008 
0.009 
0.010 
0.011 
0.012 
0.013 
0.014 
0.020 
0.030 
0.050 
0.100 
0.200 
0.500 
1.000 
2.000 
5.000 

10.000 
14.000 
19.740 

Number Densitv (atoms 

239Pu 

.000012596 

.000015115 

.000017634 

.000020153 

.000022672 

.000025191 

.000027710 

.000030230 

.000032749 

.000035268 

.000050383 

.000075574 

.000125957 

.000251913 

.000503827 

.001259567 

.0025 19 134 

.005038267 

.012595668 

.025 19 1337 

.035267872 

.049727697 

.066708393 

.0667050 13 

.066701632 

.066698252 

.066694872 

.06669 1492 

.066688112 

.066684731 

.066681351 

.066677971 

.066657690 

.066623888 

.066556283 

.066387273 

.066049252 

.065035190 
-063345086 
.059964879 
.049824257 
.032923220 
.019402390 
.000000003 

larn-cm) 

160 

.033354196 

.033352506 

.033350816 

.033349126 

.033347436 

.033345746 

.033344056 

.033342366 

.033340676 

.033338985 

.033328845 

.033311944 

.033278142 

.033193637 

.033024626 

.032517595 

.03 1672543 

.029982440 

.0249 12 128 

.016461610 

.009701195 

.000000002 
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233u 

Mass 
Density 
(kg/L) 

0.005 

0.006 

0.007 

0.008 

0.009 

0.010 

0.011 

0.012 

0.013 

0.014 

0.020 

- - 

k,ff 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 
0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 
0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

Table 22 

Calculated Dimensions for 233U Metal-Wat er Mixtures 

Sphere 
Diameter 
(4 
- 

- 

- 

- 

- 
- 

- 

- 

- 

317.12 
- 

- 

105.78 
- 

- 

76.12 
179.13 

- 

62.29 
104.73 

- 

54.16 
80.25 

177.95 

48.55 
67.26 

112.46 

44.71 
59.44 
88.23 

32.93 
39.88 
49.50 

Infinite 
Cylinder 

Diameter 
(cm) 

- 

- 
- 

- 

- 

- 

- 

- 

- 

238.93 
- 

- 

78.38 
- 

- 

55.63 
135.31 

- 

45.22 
76.90 
- 

38.85 
58.24 

135.68 

34.78 
48.71 
83.69 

31.68 
42.72 
64.94 

22.72 
27.93 
35.19 

Infinite 
Slab 

Thickness 
(4 
- 

- 
- 

- 

- 

- 

- 
~ 

- 

149.53 
- 

- 

47.43 
- 

- 

32.51 
84.71 
- 

25.58 
46.12 
- 

21.67 
34.28 
84.06 

18.92 
28.02 
50.54 

16.96 
24.04 
38.59 

11.20 
14.47 
19.10 

233u 

Mass 
Density 
( W L )  

0.030 

0.050 

0.100 

0.200 

0.500 

1.000 

2.000 

5.000 

10.000 

14.000 

18.050 

- - 

keff 
0.8 
0.9 
1 .o 

0.8 
0.9 
1 .o 
0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 
0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

Sphere 
Diameter 
(4 
26.10 
30.40 
35.65 

21.26 
24.30 
27.85 

17.76 
20.08 
22.71 

15.74 
17.80 
20.09 

14.20 
16.11 
18.19 

13.27 
15.11 
17.12 

12.34 
14.07 
15.99 

10.75 
12.32 
14.04 

9.04 
10.40 
11.88 

7.94 
9.19 

10.52 

7.00 
8.11 
9.31 

Infinite 
Cy 1 in d e r 

Diameter 
(4 
17.50 
20.72 
24.74 

13.32 
16.09 
18.72 

11.07 
12.79 
14.75 

9.50 
11.00 
12.69 

8.25 
9.63 

11.18 

7.53 
8.87 

10.35 

6.85 
8.11 
9.50 

5.77 
6.89 
8.12 

4.71 
5.66 
6.71 

4.08 
4.91 
5.83 

3.58 
4.31 
5.11 

Infinite 
Slab 

Thickness 
( cm) 

7.84 
9.87 

12.36 

5.46 
6.84 
8.45 

3.60 
4.64 
5.83 

2.50 
3.38 
4.38 

1.60 
2.37 
3.27 

1.14 
1.84 
2.68 

0.79 
1.39 
2.15 

0.43 
0.87 
1.47 

0.25 
0.54 
0.97 

0.18 
0.41 
0.75 

0.14 
0.33 
0.60 
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2 3 5 u  

Mass 
Density 
(kg/L) 

0.005 

0.006 

0.007 

0.008 

0.009 

0.010 

0.011 

0.012 

0.013 

0.014 

0.020 

Table 23 

Calculated Dimensions for U(93.2) Metal-Water Mixtures 
- - 

keff 

0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 
0.8 
0.9 
1 .o 
0.8 
0.9 
1 .0 

0.8 
0.9 
1 .o 

Sphere 
Diameter 
(4 
- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

130.68 
- 

- 

87.11 
1273.95 

- 

69.41 
137.49 

- 

59.51 
95.99 
- 

53.16 
77.93 

173.45 

48.64 
67.72 

115.37 

35.51 
43.94 
56.68 

Infinite 
Cylinder 

Diameter 
( 4  

- 

- 
- 

- 
- 
- 

- 

- 
- 

- 
- 

- 

98.23 
- 

- 

63.90 
833.96 

- 

50.49 
103.27 

- 

42.83 
70.72 
- 

38.10 
57.02 

129.51 

34.63 
49.04 
85.54 

24.62 
31.03 
40.69 

Infinite 
Slab 

Thickness 
( 

- 

- 
- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

60.42 
- 

- 

37.71 
562.43 

- 

29.03 
62.92 
- 

24.20 
42.25 
- 

21.03 
33.35 
80.40 

18.77 
28.09 
52.14 

12.37 
16.47 
22.63 

235u 

Mass 
Density 
(kg/L) 

0.030 

0.050 

0.100 

0.200 

0.500 

1.000 

2.000 

5.000 

10.000 

14.000 

17.484 

- - 

keff 

0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 
0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 

Sphere 
Diameter 

(cm> 

28.17 
33.37 
40.18 

23.20 
26.85 
31.22 

19.60 
22.51 
25.82 

17.78 
20.36 
23.32 

16.63 
19.15 
22.06 

16.20 
18.81 
21.76 

15.72 
18.41 
21.53 

14.30 
16.78 
19.64 

12.31 
14.37 
16.68 

11.08 
12.92 
14.97 

10.08 
11.76 
13.62 

Infinite 
Cylinder 

Diameter 
(cm) 

19.01 
22.94 
27.98 

15.20 
17.96 
21.28 

12.44 
14.56 
17.02 

10.96 
12.88 
15.06 

9.99 
11.83 
13.98 

9.55 
11.47 
13.72 

9.17 
11.14 
13.41 

8.15 
9.98 

12.10 

6.90 
8.39 

10.09 

6.12 
7.44 
8.92 

5.52 
6.72 
8.05 

Infinite 
Slab 

Thickness 
(4 

8.77 
11.20 
14.42 

6.28 
7.96 
9.99 

4.37 
5.68 
7.19 

3.30 
4.45 
5.79 

2.47 
3.58 
4.88 

2.06 
3.19 
4.52 

1.71 
2.83 
4.19 

1.24 
2.22 
3.45 

0.85 
1.60 
2.56 

0.67 
1.28 
2.07 

0.56 
1.09 
1.77 

112 



239Pu 
Mass 

Density 
(kg/L) 

0.005 

0.006 

0.007 

0.008 

0.009 

0.010 

0.011 

0.012 

0.013 

0.014 

0.020 

Table 24 

Calculated Dimensions for 239Pu Metal-Water Mixtures 

0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1 .o 

0.8 
0.9 
1.0 

Sphere 
Diameter 

(cm) 

235.44 
- 
- 

84.59 
344.79 

- 

61.59 
100.75 

- 

50.95 
72.49 

135.53 

44.84 
59.55 
89.85 

40.65 
52.20 
72.23 

37.65 
47.26 
62.44 

35.38 
43.69 
56.03 

33.54 
40.96 
51.55 

32.06 
38.81 
48.15 

26.90 
31.67 
37.68 

Infinite 
Cylinder 

Diameter 
(cm) 

178.13 
- 

- 

61.77 
264.35 

- 

44.46 
74.83 
- 

36.39 
52.66 

101.00 

31.70 
42.95 
66.19 

28.53 
37.36 
52.75 

26.24 
33.55 
45.03 

24.51 
30.77 
40.18 

23.12 
28.74 
36.76 

21.99 
27.11 
34.15 

18.05 
21.61 
26.22 

Infinite 
Slab 

Thickness 
(cm) 

114.24 
- 
- 

36.54 
171.68 

- 

25.04 
44.68 

19.95 
30.46 
61.68 

16.89 
24.16 
39.16 

14.89 
20.49 
30.27 

13.38 
18.02 
25.40 

12.27 
16.28 
22.32 

11.39 
14.91 
20.01 

10.66 
13.87 
18.34 

8.10 
10.33 
13.16 

239Pu 
Mass 

Density 
(kg/L) 

0.030 

0.050 

0.100 

0.200 

0.500 

1 .ooo 

2.000 

5.000 

10.000 

14.000 

19.740 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

0.8 
0.9 
1.0 

Sphere 
Diameter 

(cm) 

23.31 
27.04 
31.52 

20.63 
23.74 
27.37 

18.66 
21.46 
24.68 

17.66 
20.37 
23.48 

16.75 
19.40 
22.44 

15.86 
18.38 
21.26 

14.56 
16.84 
19.42 

11.98 
13.80 
15.82 

9.27 
10.65 
12.14 

7.76 
8.91 

10.13 

6.23 
7.13 
8.08 

Infinite 
Cylinder 

Diameter 
(cm) 

15.29 
18.04 
21.42 

13.16 
15.49 
18.19 

11.58 
13.68 
16.09 

10.73 
12.73 
15.07 

10.00 
11.93 
14.18 

9.33 
11.20 
13.35 

8.45 
10.12 
12.03 

6.74 
8.05 
9.53 

5.07 
6.04 
7.09 

4.19 
4.98 
5.84 

3.34 
3.95 
4.60 

Infinite 
Slab 

Thickness 
(cm) 

6.26 
7.98 

10.08 

4.81 
6.22 
7.90 

3.63 
4.89 
6.34 

2.94 
4.14 
5.55 

2.35 
3.52 
4.88 

1.97 
3.06 
4.33 

1.55 
2.50 
3.62 

0.96 
1.61 
2.42 

0.57 
0.99 
1.49 

0.42 
0.73 
1.12 

0.31 
0.53 
0.81 
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