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. 6.0 CRITICALITY EVALUATION
I.  Review Objective

The criticality review ensﬁgcs that spent fuel remains subcritical under normal, off-normal, and accident
conditions involving handling, packaging, transfer, and storage.

II. Areas of Review

This portion of the dry cask storage system (DCSS) review evaluates the criticality design and analysis
related to spent fuel handling, packaging, transfer, and storage procedures for normal, off-normal, and
accident conditions. Consequently, this chapter of the DCSS Standard Review Plan (SRP) provides

idance for use in conducting a comprehensive criticality evaluation that may encompass any or all of
¢ following areas of review:

1. criticality design criteria and features
2. fuel specification
3. model specification
a. conhguration
b._ matenial properties
4, criticality analysis
a. computer programs
b. multiplication factor
c. benchmark comparisons
_ 5. supplemental information

III. Regulatory Requinéments

Spent fuel storage systems must be designed to remain subcritical unless at least two unlikely
independent events occur. Moreover, the spent fuel cask must be designed to remain subcritical under all
credible conditions. szgaulations specific to nuclear criticality safety of the cask system are specified in
10 CFR 72.124 and 72 6(? Other J)emncnt regulations include 10 CFR 72.24(c)(3), 72.24(d), and
72.236(g). Normal and accident conditions to be considered are also identified in 10 CFR Part 72. -

IV. Acceptance Criteria

‘In general, the DCSS criticality evaluation seeks to ensure that the given design fulfills the following
acceptance critena: .

1. The multiplication factor (k.4), including all biases and uncertainties at a 95-percent confidence level,
should not exceed 0.95 under all credible normal, off-normal, and accident conditions. :

2. Atleast two unlikely, independent, and concurrent or sequential changes to the conditions essential
to criticality safety, under normal, off-normal, and accident conditions, should occur before an
accidental criticality is deemed to be possible. :

3. When practicable, criticality safety of the design should be established on the basis of favorable
geometry, permanent fixed neutron-absorbing materials §poisons), or both. Where solid neutron-
absorbing materials are used, the design should provide for a positive means to verify their continued
efficacy during the storage period.

4. Criticality Safety of the cask syst'em should not rely on use of the following credits:

a. burnup of the fuel
b. fuel-related burnable neutron absorbers

6-1 NUREG-1536



Criticality Evaluation

¢. morethan 75 percent:for fixed neutron:absorbers® when subject to standard acceptance -
testso ’

V. Review Procedures.

Review the criticality design features and criteria in SAR Chapters 1 and 2. Also review SAR Chapter 6
for any additional details concerning criticality design features and criteria. Assess the boundin%

{Peqx ications for the spent fuel, Examine the models used by the applicant in the criticality ana {ses
erify that the applicant has addressed criticality safety considerations under normal, off-normal, and _
accident conditions. Verify that the cask system design complies with 10 CFR Part 72. In addition, verify
that the criticality calculations determine the highest k., that might occur under all loading states under
normal, off-normal, and accident conditions involving handling, packaging, transfer, or storage. To the

(clxt:.:nt practicable, use independent methods to perform any k4 calculations to evaluate the applicant’s
esign. ' s '

1. Criticality Design Criteria and Features

Review the grinci I criticality design criteria presented in SAR Chapter 2, as well as anz related detail
provided in SAR Chapter 6. Also review the general cask description presented in SAR Chapter 1 and
any related information provided in Chapter 6. Verify that the information in Chagter 6 is consistent with

the information in Chapters 1 and 2. Also, verify that all drawings, figures, and tables are sufficiently
detailed to support in-depth staff evaluation.

In addition to the Fcneral.dimensions.of the cask components and spacing of fuel assembliesinthe
basket, the criticality design often relies on neutron poisons. These may be in the form of fixed poisons in
the basket structure and/or soluble poisons in the water of the spent fuel pool. The NRC staff accepts the
use of borated water as a means of criticality control if the applicant specifies a minimum boron content,
and strict controls are established to ensure that the minimum required boron concentration is
maintained, which in turn becomes an ogeratinf contro] and limit in SAR Chapter 12. These operating
controls should also be discussed in the SER. If borated water is used for criticality control,
administrative controls and/or design features should be implemented to ensure that accidental flooding
with unborated water cannot occur, or the criticality evaluation should consider accidental flooding with

unborated water. If the cask is also intended for transport, borated water cannot be relied upon for
criticality control.

2. Fuel Specification

Review the specifications for the ranges or types of spent fuel that will be stored in the cask as presented
in SAR Sections 1 and 2, as well as any related information provided in SAR Sections 6. Verify that the

s&rtlt fuel specifications given in Section 6 are consistent with, or bounded by, the specifications given in
ion 1 and 2. ) e ‘

Of primary interest is the type of fuel assemblies and maximum fuel enrichment, which should be
specified and used in the criticality calculations. Some boiling water reactors (BWR) use multiple fuel
pin enrichments, in which case, the criticality calculations should use the maximum fuel pin enrichment
present. Depending upon the fuel design, an applicant may propose use of assembly averaged, or lattice
averaged enrichments. This may be table if the applicant can demonstrate that any averaging
techniques are technically defensible anz for the criticality calculation, produce conservative results.
Because of the natural uranium blankets present in many BWR designs, use of an assembly-averaged
enrichment is not normally considered appropriate or conservative for BWR fuel.

Although the burnup of the fuel affects its reactivity, the NRC staff does not currently allow credit for -
burnup, either in depleting the quantity of fissile nuclides or in producin%){nssion roduct poisons for
spent fuel storage or transggrt casks. Specifications for the fuel that will be stored in the cask should be

included in Section 12 of both the SAR and SER and should also be explicitly listed in the Certificate of
Compliance.

The fresh fuel assumptio.n should be used in the criticality analyses; therefore, inadvertent loading of the
cask with unirradiated fuel is not a major concern. Nonetheless, detailed loading procedures may need to

* For greater credit allowance, special, comprehensive fabrication tests capable of verifying the presence and uniformity of the
neutron absorber are needed.
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CRITICALITY EVALUATION SECTION S -

even grow by a chain reaction, which can produce as many or more neutrons than are absorbed.
In criticality terminology, the term, k-effective or kg is the net ratio of neutrons produced per
neutron absorbed in & mass of fissionable material. A k. of 1.0 indicates a critical mass whereas
ak.g of less than 1.0 is an indication of a subcritical condition.

8.4.1 Criticality Design Criteria and Features

8.4.1.1 Criteria

The regulatory requirements given in 10 CFR 72.40 and 10 CFR 72.124 identify acceptable
design criteria. The NRC generally considers the design criteria identified below to be acceptable
to meet the criticality requirements of 10 CFR 72 for storage confinement casks:

. The multiplication factor, kg, including all biases and uncertainties at a 95 percent
confidence level, must not exceed 0.95 under all credible normal, off-normal, and accident
conditions and events.

. Conditions for criticality safety (satisfaction of the limit on multiplication factor, k.q) of
subject radioactive material while at the Independent Spent Fuel Storage Installations
(ISFSI) or Monitored Retrievable Storage (MRS) must include:

- no burnup credit. (The conservative assumption of fresh unburned fuel provides a
worst case criticality analysis; however, 10 CFR 72.3 requires that spent fuel have
been irradiated and cooled at least one year as a condition for storage.)
Alternately, burnup credit may be taken using the guidelines described in section
8.4.5 of this SRP.

- no credit taken for flammable neutron absorbers or for any solid poisons that may
melt or lose any significant mass from the original solid form by melting or
vaporization at any of the temperature and pressure conditions that may be
experienced while in use

- no credit taken for liquid neutron shielding material (except that k.« for the
situation of a loaded confinement cask with liquid that serves as both shielding
and absorber and is used in the confinement cask during loading operations or in
the pool shall be based on presence of the water and bounding level(s) of poison)

- no more than 75 percent credit for fixed neutron absorbers, unless comprehensive
fabrication acceptance tests capable of verifying the presence and uniformity of
the neutron absorber are implemented

- determination and use of optimum (i.e., most reactive) moderator density

NUREG-1567 8-4
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6.5.3.2 Material Properties

Verify that the appropriate mass densities and atom densities are provided for materials used in the
models of the packaging and contents. Material properties should be consistent with the condition of the
package under the tests of §71.71 and §71.73, and any differences between normal conditions of
transport and hypothetical accident conditions should be addressed.

Ensure that materials relevant to the criticality design (e.g., poisons, foams, plastics, and other
hydrocarbons) are properly specified. No more than 75% of the specified minimum neutron poison
concentration should generally be considered in the criticality evaluation. Verify that materials will not
degrade during the service life of the packaging.

6.53.3 Computer Codes and Cross-Section Libraries

Verify that the application uses an appropriate computer code (or other acceptable method) for the
criticality evaluation. Standard codes should be clearly referenced. Other codes or methods should be
described in the application, and appropriate supplemental information should be provided.

Ensure that the criticality evaluations use an appropriate cross-section library. If multigroup cross
sections are used, confirm that the neutron spectrum of the package has been appropriately considered
and that the cross sections are properly processed to account for resonance absorption and
self-shielding. Additional information regarding cross-sections is provided in NMSS Information Notice
No. 91-26 and NUREG/CR-6328.

Verify that the code has been properly used in the criticality evaluation. Key input data for the criticality
calculations should be identified. These include number of neutrons per generation, number of
generations, convergence criteria, mesh selection, etc., depending on the code used. The application
should include at least one representative input file for a single package, undamaged array, and
damaged array evaluation. Verify, as appropriate, that the information from the criticality model,
material properties, and cross sections is properly input into the code.

At least one representative output file (or key sections) should be included in the application. Ensure
that the calculation has properly converged and that the calculated multiplication factors from the output
files agree with those reported in the evaluation.

6.5.3.4 Demonstration of Maximum Reactivity

Verify that the analyses demonstrate the most reactive configuration of each case listed in

Section 6.5.1.2 (single package, array of undamaged packages, and array of damaged packages).
Assumptions and approximations should be clearly identified and justified.

Ensure that the analysis determines the optimum combination of internal moderation (within the
package) and interspersed moderation (between packages), as applicable. Confirm that preferential
flooding of different regions within the package is considered as appropriate. As noted in Section 6.5.2,
the maximum allowable fissile material is not necessarily the most reactive contents.
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6.3.5 Evaluation of Package Arrays under Normal Conditions of Transport
The SAR must evaluate arrays of packages under normal conditions of transport to determine the

maximum number of packages that may be transported in a single shipment. [10 CFR 71.35 and
10 CFR 71.59]

6.3.6 Evaluation of Package Arrays under Hypothetical Accident Conditions
The SAR must evaluate arrays of packages under hypothetical accident conditions to determine the

maximum number of packages that may be transported in a single shipment. {10 CFR 71.35 and
10 CFR 71.59])

6.3.7 Benchmark Evaluations

The package must be evaluated to demonstrate that it satisfies the criticality safety requirements of
10 CFR Part 71. [10 CFR 71.31(a)(2) and 10 CFR 71.35]

6.3.8 Burnup Credit

There are no regulatory requirements that are specific to burnup credit. The general criticality
requirements apply.- However, based on experience, the staff has developed guidelines to facilitate the
review of burnup credit, when it is included in the analysis. Burnup credit evaluations are performed in
accordance with Sections 6.4.8.1 through 6.4.8.6.

6.4 ACCEPTANCE CRITERIA

6.4.1 Description of Criticality Design

The regulatory requirements in Section 6.3.1 identify the acceptance criteria.

6.4.2 Spent Nuclear Fuel Contents

The regulatory requirements in Section 6.3.2 identify the acceptance criteria.

6.4.3 General Considerations for Criticality Evaluations

In addition to the regulatory requirements identified in Section 6.3.3, the packaging model for the criticality
evaluation should generally consider no more than 75% of the specified minimum neutron poison
concentrations. The model for the SNF should include no burnable poisons. Methods for including fuel
burnup in the criticality calculations need to have prior approval by NRC.

The sum of the effective multiplication factor (kg), two standard deviations (95% confidence), and the

bias adjustment should not exceed 0.95 to demonstrate subcriticality by calculation. A bias that reduces
the calculated value of kg should not be applied.
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Examine the Structural Evaluation and Thermal Evaluation sections of the SAR to determine the effects
of the normal conditions of transport and hypothetical accident conditions on the packaging and its
contents. Verify that the models used in the criticality calculation are consistent with these effects.

Examine the sketches or figures of the model used for the criticality calculations. Verify that the
dimensions and materials are consistent with those in the drawings of the actual package. Differences
should be identified and justified. Within the specified tolerance range, dimensions should be selected to
result in the highest reactivity.

Verify that the SAR considers deviations from nominal design configurations. For example, the fuel
assemblies might not always be centered in each basket compartment, and the basket might not be
exactly centered in the package. In addition to a fully flooded package, the SAR should address
preferential flooding as appropriate. This includes flooding of the fuel-cladding gap and other regions
(e.g., flux traps) for which water density might not be uniform in a flooded package.

Determine whether the SAR includes a heterogeneous model of each fuel rod or homogenizes the entire
assembly. With current computational capability, homogenization should generally be avoided. If such
homogenization is used, the SAR must demonstrate that it is applied correctly or conservatively. Asa
minimum, this demonstration should include calculation of the multiplication factor of one assembly and
several benchmark experiments (see Section 6.5.7) using both homogeneous and heterogeneous models.

6.5.3.2 Material Properties

Verify that the appropriate mass densities and atom densities are provided for all materials used in the
models of the packaging and contents. Material properties should be consistent with the condition of the
package under the tests of 10 CFR 71.71 and 10 CFR 71.73, and any differences between normal
conditions of transport and hypothetical accident conditions should be addressed. The sources of the data
on material properties should be referenced.

No more than 75% of the specified minimum neutron poison concentration of the packaging should
generally be considered in the criticality evaluation. In addition, because of differences in net reactivity
due to depletion of fissile material and burnable poisons, no credit should be taken for burnable poisons in
the fuel. Ensure that neutron absorbers and moderators (€.g., poisons and neutron shielding) are properly
controlled during fabrication to meet their specified properties. Such information should be discussed in
more detail in the Acceptance Tests and Maintenance Program section of the SAR. Additional guidance
on neutron poisons is provided in NUREG-1647.

Review materials to identify any criticality properties that could degrade during the service life of the
packaging. 1f appropriate, ensure that specific controls are in place to assure the effectiveness of the
packaging during its service life. Such information should also be discussed in more detail in the
Acceptance Tests and Maintenance Program or Operating Procedures sections of the SAR.

6.5.3.3 Computer Codes and Cross Section Libraries
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ABSTRACT

This report provides recommendations on preparing the criticality safety section of an application for approval of
a transportation package containing fissile material. The analytical approach to the evaluation is emphasized rather
than the performance standards that the package must meet. Where performance standards are addressed, this
report incorporates the requirements of 10 CFR Part 71,
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1 INTRODUCTION
1.1 BACKGROUND

{This report provides recommendations on preparing the criticality safety section of an application for approval
of a transportation package containing fissile material. This report was prepared in consultation with the staff
of the Spent Fuel Project Office of the U.S. Nuclear Regulatory Commission (NRC).

Packages used to transport fissile and Type B quantities of radioactive material are designed and constructed to
meet the performance criteria specified in Title 10 of the Code of Federal Regulations, Part 7I-Packaging and
Transportation of Radioactive Material (10 CFR Part 71).} To assist an applicant in preparing an application
for approval of such packaging, the NRC issued Regulatory Guide 7.9, Standard Format and Content of Part
71 Applications for Approval of Packaging for Radioactive Material (Standerd Format Guide).> The Standard
Format Guide indicates the information to be provided In the applicatinn and establishes a uniform format for
presenting that information. Thi, seport (NUREG/CR-5661) supplements Chapter 6, Criticality, of the
Standard Format Guide. This report should not be considered a substitute for referring to the Standard Format
Guide or to 10 CFR Part 71, )

1.2 PURPOSE AND SCOPE

The purpose of this report is to clarify the design information and analysis information that should be included
in the criticality safety section of an application for approval of a package. This report also recommends an
acceptable analytical approach for performing the criticality safety evaluation. The criticality calculations
performed herein use the SCALE code system® to illustrate the analysis approach. However, the report does
not endorse any particular computational tool and stresses that any computational tools (SCALE system or any
other code) used in the evaluation must be demonstrated as valid for the criticality safety analysis of the
specific package design.

‘}n this report, the performance requirements of 10 CFR Part 71 or the Standard Format Guide have not been
emphasized; it is assumed that the reader is famillar with these documents. The completed criticality
evaluation should address and demonstrate compliance with all applicable performance requirements, and the
application should follow the Standard Format Guide. Sections 2 through 6 of this report have been compiled
assuming that the recommendations in this report will be implemented in an application that has been prepared
to demonstrate compliance with the requirements of 10 CFR Part 71 and in accordance with the Standard
Format Guide. '

1.3 SUMMARY RECOMMENDATIONS

This report recommends inforruation and assumptions to be considered in the criticality section of an
application for approval of a transportation package. A summary of these recommendations is listed below.
The list provides the information and assumptions that should be considered; additional information and‘or
assumptions may need to be considered depending on the package design and the approach used in the safety
evaluation.

1. Provide a complete description of the contents and the packaging (including maximum and mivunun, mosa

of all materials, maximum U enrichment, physical parameters, type, form. and compasitiont Seu Set
2 for more details.
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2.

o

7.

8.

9.

Provide a description (including sketches with dimensions and materials) of the calculational models, pomt
out the differences between the models and actual package design, and discuss how these differences affect
the calculations. See Sect. 3 for more details.

. For packages equipped with fixed neutron absorbers, assume no more taan 75% of the minimum neutron

absorber content, unless comprehensive acceptance tests are implemented that are capable of verifying the
presence and uniformity of the neutron absorber. See Sect. 3.1.3,

. Demonstrate and consider the most reactive content loading and the most reactive configuration of the

contents, the packaging, and the package array in the criticality evaluation. For spent fuel packages,
assume unburned (fresh) fuel isotopic concentrations; however, do not take credit for any fixed burnable
absorbers in the fuel. See Sects. 3.2~3.4 for more details.

Provide a description of the code(s) and cross-section data used in the safety analysis, together with
references that provide complete information. Discuss software capabilities and limitations of importance
to the criticality safety evaluations. See Sect. 4 for details.

Use sppropriate validation procedures to justify the bias and uncertainties associated with the calculational

-method. In-addition to the bias and uncertainties, the NRC position is that transportation packages should

have a minimum administrative subcritical margin of 0.05 Ak.. See Sect. 5 for more details.

For the following cases, demonstrate that the effective neutron multiplication factor (k) calculated in the
safety analysis is limited to 0.95 after consideration of eppropriate bias and uncertainties (see Sect. 5.4).

2. asingle package with optimum moderation within the containment system, close water reflection, and
the most reactive packaging and content configuration (consistent with the effects of normal conditions
of transport or hypothetical accident conditions, whichever is more reactive);

b. an array of SN undamaged packages (packages subject to normal conditions of transport) with
nothing between the packages and close water reflection of the array; and

c. anarray of 2N damaged packages (packages subject to hypothetical accident conditions) if each
peckage were subjected to the tests specified in §71.73, with optimum interspersed moderation and
close water reflection of the array.

See Sects. 3.4 and 6.1-6.2 for more details.

Calculate and rcbort the transport index (TI) for criticality control based on the value of N determined in
the array analyses. See Sect. 6.3 for more details.

Provide sufficient information in the application to support independent analyses without reference to
external documents.

NUREG/CR-5661 N



2 PACKAGE DESCRIPTION

The criticality section of the application for approval of a transportztion package should include a description
of the packaging and its contents. Descriptions of the packaging and contents should be consistent with the
engineering drawings and with other figures and text provided in other sections of the application. Other
sections of the application may be referenced to ensure consistency and to limit duplication. However, a
description of the package sufficient for understanding the criticality evaluation should be provided without
reference to other sections. This description should focus on the package dimensions and material components
that can influence k.o (e.g., fissile material inventory and placement, neutron absorber material and placement,
reflector materials), rather than structural information such as bolt placement and trunnions. This section of the
report clarifies the information that is expected in the criticality safety section of the application.

2.1 CONTENTS

The criticality safety section of the application should have a complete and detailed description of the contents
of the packaging. This should include content quantities, dimensions, and configurations that are most limiting
in terms of criticality safety. The application should clearly state the full range of contents for which approval
is requested. Thus parameter values (e.g., maximum #°U enrichment, multiple fuel assembly types, fuel pellet
diameter, fuel masses) needed to bound the packaging contents within prescribed 1imits should be provided.
For packages with multiple loading configurations, each configuration should also be specifically described,
including all possible partial-load configurations. The description of the contents should include

1. the type of materials (e.g., fissile and nonfissile isotopes, reactor fuel assemblies, packing materials, and
neutron absorbers),

2. the form and composition of materials (e.g., gases, liquids, and solids as metals, alloys, or compounds),

3. the quantity of materials (c.g., masses, densities, 2*U enrichment, isotopic distribution, H/X, and C/X),
including tolerances for any nominal values given, and

4. other physical parameters (e.g., geometric shapes, configurations, dimensions, orientation, spacing, and
gaps), including tolerances for any nominal values given.

The criticality safety section of the application should also describe the configuration of the contents after the
package has been subjected to the hypothetical accident conditions. Appropriate references to the structural

and thermal sections of the application should be made. Any changes from the normal conditions content
configurations should be described.

2.2 PACKAGING

The criticality section of the application should include a description of the packaging with emphasis on the
design features pertinent to the criticality safety evaluation. The features that should be emphasized are

1. the wmaterials of construction and their relevance to criticality safety.

2. pertinent dimensions and volumes. including tolerances and allowable geviaiions.
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Package Description ' Section 2

3. the limits on design features relied on for criticality zafety (e.g., minimum dimensions for fixed nevtron
absorbers, minimum loading of neutron absorber material, minimum separatien distances), and

4. other design feawres that contribute 1o criticality safety.

The application should also describe the configuration of the packaging after the package has been subjected to
the hypothetical accident conditions. Appropriate references to the structural and thermal sections of the

application should be made. Any changes from the normal condition packaging configuration which may affect
the criticality evaluation should be described.

2.3 SPECIFICATION OF TRANSPORT INDEX

The application should specify the TI for criticality control. The TI is the dimensionless number (rounded up
to the next tenth) that designates the degree of control {(e.g., limits package accumulation) to be provided by
the carrier. The TI is defined by 10 CFR Part 71 to address concerns for radiation protection (T1 value is
maximum dose in millirem per hour at 1 m from the package surface) and criticality control. The TI for
criticality control is calculated by dividing 50 by the number *N.” The mumber *N* used to determine the T1
for criticality control is derived from separate consideration (see Sects. 6.2 and 6.3) of the number of damaged

and undamaged packages that can be adequately subcritical in an array subject to the conditions of 10 CFR §
71.59(a).

NUREG/CR-56C1
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3 CRITICALITY SAFETY ANALYSIS MODELS

The application for approval of transportation packages should provide specific information on all calculational
models used to perform the criticslity safety evaluation. This section provides recommendations on the
information that should be provided for each calculational model.

3.1 GENERAL

The applicant should perform criticality safety analysis for single packages and arrays of packages. In each
case, the package conditions under normal conditions of transport (i.e., an undamaged package) and the pack-
age conditions under hypothetical accident conditions (i.e., damaged package) should be considered. For each
evaluation, a calenlational medel should be developed. An exact model of the packege may not be necessary,
However, the calculational models should explicitly include the physical features important to criticality safety.
Also, any modeling approximations should bz shown to be conservative or essentially neutral relative to a
more exact model,

The applicant should provide three types of calculational models: contents models, the single-package models,
and package array models. The contents models showld include all geometric and material reglons out to the
containmeént boundary (or to a convenient boundary, such as the strongback of a fresh fuel assembly package).
Each contents model should dimensionally fit inside the undamaged and damaged package models used in the
single-package and package array evaluations, Additional calculational models may be needed to describe the
range of contents or the various array configurations or damage configurations that should be analyzed,

The criticality section of the application should contain a detalled description of the calculational models.
Sections 3.1.1 through 3.1.4 discuss the items that should be included with the description of the calculational
models.

3.1.1 Sketches

The criticality section of the spplication should include almplified, dimensioned sketches of the calculational
models. Sketches drawn specifically for the various portions of the mode! are preferable to engineering
drawings. However, the sketches should be consistent with the engineering drawlags. Any differences with
the engineering drawings, or with other figures in the application, should be noted and expleained.

The sketches should be simplified by limiting the dimensional features on each sketch and by providing
multiple sketches, with cach sketch building on the previous one. Multiple sketches for each calculational
model may be necessary to show sufficient detail. Also, multiple sketches may be necessary to show different
undamaged end damaged package configurations.

3.1.2 Dimensions

The sketches discuesed In Sect. 3.1.1 should show the dimensions that are used in the calculations (see
examples in Appendix A). Any difference between dimensions used in the sketches and those in the
engineering drawings, ot other figures of the application, should be noted and explained, The dimensions on
the sketches should be spezified in both ST and English units,

The criticality section should address dimensional tolerances of the packaging, including components
containing neutron sbsorbers. When developing the calculational medels, adjustments should be made for
tolerances that tend to add conservatism (l.¢., produce higher ky values). For example, subtraction of the

5 NUREG/CR-5661
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" Models Section 3

negative tolerance from the nominal wall thickness of steel should be conservative for array calculauons and
may have no significant effect on the single-package calculation.

3.1.3 Materials

The range of material specifications (including tolerances and uncertainties) for the packaging and contents
should be addressed in the criticality section of the application. Specifications and tolerances for all fissile
materials, neutron-absorbing materials, materials of construction, and moderating materials should be
confirmed with the engineering drawings of the packaging or the specified design criteria. The range of
material specifications should be used to select parameters that produce the highest k., value consistent with
normal and hypothetical accident conditions. For example, the 25U enrichment of the fuel should be
maximized, while the '°B enrichment of a neutron poison component should b+ uinimized. In practice, the

- effect 'of small variations in dimensions or material specifications may also be considered by determination of a
reactivity allowance that covers the k., change due to the parameter changes under consideration. This

additional reactivity allowance should be positive and included as an additional element of the calculational
uncertainty (see Sect. 5.4). ‘

For each calculational model, the atom density of any neutron absorber (e.g., boron, cadmium, or gadolinium)
edded to the packaging for criticality control should be limited to 75% of the minimum neutron absorber
content specified in the application. This minimum neutron absorber content should be verified by chemical
analysis, neutron transmission measurements, or other acceptable methods. A percentage of neutron absorber
material greater than 75% may be considered in the analysis only if comprehensive acceptance tests, capable of
verifying the presence and uniformity of the neutron absorber, are implemented. The adequacy of these tests
will be considered on a case-by-case basis. Use of independent tests that verify the presence of the absorber
material and adequate demonstration that the tests have appropriate sensitivity to the quantities of concern
(presence and uniformity of absorber constituents) are issues that should be considered.

Limiting added absorber material credit to 75% without comprehensive tests is based on concerns for potential
*streaming” of neutrons due to nonuniformities, It has been shown that boron carbide granules embedded in
aluminum permit channclmg of a beam of neutrons between the grains and reduce the effectiveness for neutron
sbsorption. The experimental work of Refs. 4 and 5 shows that for a monoenergetic neutron beam, the
granulated boron carbide areal density of 0.040 g/cm® of B is equivalent to a homogeneous areal density of
0.033 g/cm’ of !°B. The efficiency of boron s a neutron absorber allows credit for only 75% of the poison to
be a manageable value for most transportation package designs. The 75% value demonstrated by this work is
conservative for several reasons: (1) many neutron poisons tend to be distributed homogeneously through a
component of the packaging and are not distributed in a granular fashion, and (2) the experimental work is
based on the use of a monodirectionsl beam of neutrons, while in most package designs an isotropic source of
neutrons will be impinging on the wall (thus reducing the potential for intragranular transmission).
Nevertheless, the 75% value is a prudent value consistent with demonstrated percentages found in experimental
work.

A table should be provided in the application that identifies all of the different material regions in the criticality
safety calculational models. This table should list the following for each region: the material in each régias,
the density of the material, the constitueats of the material, the weight percent and atom density of each
constituent, the region mass represented by the model, and the actual mass of the region (consistent with the
contents and packaging description discussed in Sect. 2), The materials, densities, and masses provided in the
sketches should be consistent with the corresponding items in the engineering drawings and should have the
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Section 3 . Models

same numerical values used in the input of the calculational method. For each sketch rcprescntmg a portion of
the calculation model, there should be a corresponding subsection discussing the material compositions and
densities of each region shown in the sketch. All density values that are used, whether input by the analyst or
retrieved by the code from a software database, should be reported in the application.

The source of all material density values should be reported. If a density value other than that found in
standard references (e.g., materials or engineering handbook) is used in the calculation, the applicant should
explain why the density is different, how the value was determined, and how the value affects the k,y.
Compositional differences should also be discussed.

3.1.4 Differences Between the Models and the Actual Package Configuration

The calculational models described in the criticality safety section of the application should be consistent with
the undamaged and damaged package configurations as described in other sections (general, structural,
thermal) of the application. Any differences (e.g., in dimensions, material, geometry) between the
calculational models and the package configurations should be identified. The applicant should show how these
different values (in dimensions, densities, etc.) were determined and justify the values used in the calculational
models. Also, the applicant should discuss and explain how the differences impact the calculated k. values.

3.2 CONTENTS MODELS

‘The contents model should provide a detailed description of the packaging contents as they are assumed to be
configured in the single-package and package array calculations. Models that show the contents under normal
conditions of transport an: wnder hypothetical accident conditions should be included in the application. A
contents model representing each of the different loading configurations (full- and partial-load configurations)
should also be provided. A single-contents model that will encompass different loading configurations should
be considered only if the justification is clear and straightforward.

Each contents model should provide a description of the fissile contents of a package in its most reactive
configuration, consistent with its physical and chemical form within the containment vessel under the normal
or hypothetical accident conditions considered by the model. If the contents can vary over some parameter
range (¢.g., mass, enrichment, spacing), the criticality safety analysis should demonstrate that the model
describes and uses the parameter specification that provides the maximum k. value under normal and
hypothetical accident conditions. In designing the calculational models, tolerances that tend to add
conservatism (i.c., produce higher k., values) should be included. Any assumed fissile material distribution
that limits the maximum k., of the package contents should be justified.

The contents models for packages that transport loose pellets should ensure that variations in pellet size and
spacing are considered in determining the configuration that produces the maximum k. value. The maximum
pellet enrichment should be considered in the criticality safety evaluation. Fuel elements should consider the
actual fuel pin spacing provided by the element.

At this time, the NRC does not accept burnup credit for spent fuel transportation packages. Therefore,
unburncd (fresh) fuel isotopics should be considered in the evaluation of packages containing spent fuel;
however, no credit should be taken for any fixed burnable absorbers in the fue! when the fuel has been
irradiated.

NMEURVG CB-Aand
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Other fissile materials should assume a particle spacing that results in maximum reactivity. Packages that
transport isotopic waste containing fissile material should ensure that the limiting concentration and/or mix of

fissile material is used in the safety analysis. Contents that are unknown or uncertain mmust be assumed to have
a value that maximizes k.q.

3.3 SINGLE-PACKAGE MODELS

The single-package models, together with the contents model(s), should depict the configuration of the
packaging and contents under normal conditions of transport and under hypothetical accident conditions. These
models should be those used to demonstrate that a single package remains adequately subcritical (see Sect. 5.4)

per the requirements of 10 CFR § 71.55. The calculational model (single-package and contents model) for the
single-package evaluation should consider the following items:

1. The undamaged single-package model should represent the physical condition of a package subjected to the
test specified in 10 CFR § 71.71 (normal conditions of transport).

2. The damaged single-package model should represent the physical condition of a package subjected to the
tests specified in 10 CFR § 71.73 (hypothetical accident conditions).

3. The packaging and contents should be in the most reactive configuration consistent with the chemical and
phbysical form of the material. Determination of the most reactive configuration should account for the
effects of both the normal and hypothetical accident conditions. In development of the damaged package
models, the applicant should consider (a) the change in internal and external dimensions due to impact; (b)
loss of material, such as neutron shield or wooden overpack, due to the fire test; (c) rearrangement of
fissile material or neutron absorber material within the containment system due to impact, fire, or

immersion; and (d) the effects of temperature changes on the package material and/or the neutron
interaction properties.

4. Water moderation should be considered to occur to the most reactive extent possible. Partial flooding or
preferential flooding (i.e., uneven flooding among the regions of a package to the most reactive exter.t), if
possible, should be considered. If the contents are cladded fuel rods, flooding of the pellet-to-clad-gap
regions should be considered. If fuel rods or pellets are annular, flooding of the annulus should also be

considered, even if the rods or pellets are cladded. Moderation by other packaging materials should also
be considered.

5. The containment system should be reflected closely on all sides by at least 30 cm of water. Package
materials that are present and are better reflectors than water should be consideied. For example, a fead
shield around the containment system may provide more effective reflection than water.

In many cases, one model can be used to envelop both the undamaged and the damaged single-package models

If only one mode! is used in the single-package analysis, the applicant should justify that this mode] bounds the
most reactive undamaged and damaged configuration of the package.

3.4 PACKAGE ARRAY MODELS

The package array models should depict the arrangements of packages that are used i the caleuiztien.
necessary to fulfill the requirements of 10 CFR § 71,59, At [east two array models are necced an ammay o
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5N undamaged packages (normal conditions of transport) and an array of 2N ¢amaged packages (hypothetical
accident conditions). The configuration of the individual packages (undamaged and damaged) used in the
respective array models should be the worst case for the array of packages, which may not be the same as the
worst case for a single package. The dimensions of the array that provides the limiting subcritical k 4 value
should be determined as described in Sect. 6.2. The calculational models for the array analysis should consider
the following items:

1. ‘The applicant should demonstrate that the most reactive array configuration has been considered in the
criticality safety evaluation. The exact latice arrangement may be represented by a simplified arrangement
if justification is provided.

2. Th~ applicant should consider all types of array arrangements. Often an array mode! that provides the
lowest surface-to-volume ratio (typically one with equal dimensions on each side of the array) is a good
initial arrangement because this model should minimize neutron leakage from the array (see Sect. 6.2).

3. The array of packages should be reflected on all sides by a close-fitting water reflector at least 30 em thick.

4. The following criteria for moderation in the containment system should be assessed and separately applied
for normal conditions of transport and hypothetical accident conditions. Optimum moderation is the
condition that produces the highest k_, value over the range of moderation conditions. Sources of

moderation in the containment system are water leaking into the containment system, and the packaging
materials and contents inside the containment system.

Typically, the analysis for the array of undamaged packages can assume that the packages are dry
internally, provided that there is no water leakage into the package, including the containment system,
when the package is subjected to the tests specified in 10 CFR § 71.71.

The analysis for the array of damaged packages should assume water leakage into the containment system
to the most reactive degree. For those cases where water inleakage is not assumed, the application must
adequately demonstrate that water inleakage would not occur under hypothetical accident conditions. The
adequacy of such demonstrations will be assessed on a case-by-case basis. The acceptance criteria for
these demonstrations are beyond the scope of this report.

Repardless of whether water inleakage is assumed, internal moderation provided by the materials and
contents (¢.g., plastics, foam, impuritics, or residual moisture in the fuel) in the package should be
considered when determining optimum moderation. If the moder..ion provided by the packaging materials
or contents overmoderates the package contents, and by its physical and chemical form cannot leak from
the containment vessel, then its overmoderating properties can be considered in the model. For example, a
solid moderator which is shown to overmoderate the fissile material can be considered in the calculational
model if its continued presence is demonstrated under normal conditions of transport and hypathetical
accident conditions.

5. If there can be leakage of water into the package, tben partial and preferential flooding should bz
considered in determining optimum moderation. For fuel with pellet-to-clad gaps, floading ot the gzp
region should be considered.
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6. Optimum interspersed hydrogenous moderation should be determined in the evaluation of arrays of
damaged packages. Optimum interspersed moderation is the degree of hydrogenous moderation between
packages that results in the highest k.4 value. In addition to interspersed moderation, moderation in
regions of the package outside the containment system should also be considered if these regions consist of
voids, bydrogenous or other moderating materials, or wates-absorbing materials (e.g., foam, wood). The
overmoderating or “isolating” effect of a packaging material may be considered, provided that the material
remains in place and maintains its overmoderating or “isolating” properties under hypothetical accident
conditions. Note that moderation between packages, moderation in regions of the package outside the

containment system, and moderation within the containment system need to be considered concurrently to
the most reactive extent.
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4 METHOD OF ANALYSIS

This section of the report discusses the information that should be supplied on the computer code, nuclear
cross-section data, and technique used to complete the criticality safety evaluation.

4.1 COMPUTER CODL SYSTEM

The computer codes used in the safety evaluation should be identified and described in the application or
adequate references should be included. Verification that the software is performing as expected is important.
The applicant should identify all hardware and software (titles, versions, etc.) used in the calculations as welj
as pertinent configuration control information. Correct installation and operation of the computer code should
be demonstrated by performing and reporting (in the application or by reference) the results of the sample
problems or general validation problems provided with the software package. Capabilities and limitations of
the software that are pertinent to the calculational models should be discussed with particular attention to
limitations that may affect the calculated k., value.

Computational methods that fully consider the anisotropic angular terms of the Boltzmann radiation transport
equation are preferred for use in criticality safety analysis. The deterministic discrete-ordinates technique and
the Monte Carlo statistical technique are the most rigorous and flexible techniques available to consider the
anisotropic scattering terms. These techniques solve, respectively, the differential and integral eigenvalue (e.g.,
the k. value) form of the Boltzmann equation. Monte Carlo analyses are prevalent because these codes can
better mode] the geometry detail needed for most criticality safety analyses. Well-documented and well-
validated computational methods, such as those provided in the SCALE code system,? may require less
description than a limited-use and/or unique coinputational method. The use of computational methods that
limit or eliminate the angular terms in the Boltzmann equation (e.g., diffusion theory) or use simpler methods
to estimate k., should be thoroughly justified.

When using a Monte Carlo code, the applicant should consider the imprecise nature of the k., value provided
by the statistical technique. Every k. value should be reported with a standard deviation, o. Typical Monte
Carlo codes provide an estimate of the standard deviation of the calculated k,,,. The applicant may wish to
obtain a better estimate for the standard deviation (Monte Carlo code estimates typically underpredict o) by
repeating the calculation with different valid random numbers and using this set of k.4 values to estimate g,. If
fewer than 20 to 25 k., values are provided in the set, the estimation of o should be calculated using the
student-t distribution formula. Also, because of the statistical nature of Monte Carlo methods, this method
should not be used to determine changes in k., due to small problem parameter variations. The change in k.
due to a parameter change should be statistically significant (greater than at least 30) to indicate a trend in ky.

The geometry model limitations of deterministic discrete-ordinates methods typically restrict their applicability
to calculation of bounding, simplified models and investigation of the sensitivity of k. to changes in system
parameters. These sensitivity analyses can use a model of a specific region of the full problem (e.g., 2 fucl pin
or homogenized fissile material unit surrounded by a detailed basket modcl) to demonstrate changes in
reactivity with small changes in model dimensions or material specification. Applicants should consider such
analyses when necessary to ensure or demonstrate that the full package model has vtilized conservative.
assumptions relative to calculation of the system k4 value. For example, a one-dimensional fuel pin madel
wmay be used to demonstrate the reactivity effect of tolerances in the clad thickness.
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Method of Analysis. Section 4

4.2 CROSS SECTIONS AND CROSS-SECTION PROCESSING

[The calculational method consists of both the computer code and the neutron cross-section data used by the
‘code. The criticality safety evaluation should be performed using cross-section data that are derived from
measured data involving the various neutron interactions (e.g., capture, fission, and scatter). Although not
infallible, unmodified data processed from compendiums of evaluated nuclear data (e.g., the various versions
of the Evaluated Nuclear Data Files in the United States or the Joint Europesn Files) should be considered as
the major sources of such data.

The neutron cross-section data and any codes used to process the data for the criticality safety analyses should
be identified, described, and referenced in the application. The codes used to process the data are subject to
the same recommendations provided in the initial paragraph of Sect. 4.1. The application should identify the
source of the neutron cross-section data (e.g., specific version of an evaluated nuclear data file) and supply
pertinent references that document the content of the cross-section library, the procedure used to generate the
cross-section library, and its range of applicability. Verification that the data library consists of the cross-
section data described and referenced in the application is important. The applicant should demonstrate correct
installation and operation of the data library by performing and reporting the results of any sample problems or
general vatidation problems provided with the software package. Capabilities and limitations of the data libraty
that are pertinent to the calculational models should be discussed with particular attention to discussing
limitations that may affect the calculations. For example, the 123-group library once provided in the SCALE
code package did not have resonance data for #U. Although not au izsue for low-enriched, well-moderated

systems that the library was generated to analyze, this lack of data made the library inappropriate for high-
enriched, low-moderation systems.®

Continuous energy and multienergy-group (multigroup) cross-section libraries are acceptable. The number of
energy groups and the energy boundaries of each group should be specified for a multigroup library. Known
limitations (e.g., omission or limited range of resonance data, limited order of scattering) that may affect the
analysis should be provided. The temperature range over which the cross-section data are applicable needs to
be considered in the analyses and specified in the application. For multigroup cross sections, the order of
scatter available on the library and applied in the calculation should be indicated. For continuous energy data,
the number of points in the muclide set should be specified. Computer programs and methods used to perform
functions such as cross-section mixing for problem materials, problem-dependent resonance self-shielding, or
cell-weighting of mixtures to represent heterogeneous configurations should be identified and discussed
consistent with the recommendations of Sect. 4.1.

Any special techniques used in the analysis to improve the adequacy or use of the cross-section data should be
discussed. For example, the SCALE system sequences automatically perform a problem-dependent resonaace
calculation for only one type of unit cell within a lattice. If deemed important, resonance-corrected data for
materials outside the lattice, or for other types of unit cells within the lattice, can be calculated separately and
provided via an optional input field.

4.3 CODE INPUT

All major code input parameters or options used in the criticality safety analysis should be idcntified and
discussed in the application. This identification and discussion of code input should be provided in addition o
the actual case inputs (or at least a sampling of the inputs for the various types of calculationzl medels). For a
Monte Carlo analysis, the applicant should indicate, among other things, the neutron starting disrribution, the
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Section 4 Method of Analysis

number of histories tracked (number of generations and particles per generation), boundary conditions selected,
order of scatter selected (for multigroup codes), any special reflector treatment, and any special biasing option.
For a discrete-ordinates analysis, the applicant should specify the spatial mesh used in each region, the angular
quadrature used, the order of scatter selected, the boundary conditions selected, and the flux convergence

criteria. Any of these input parameters can influence the accuracy of the results; therefore, the selection of the

input values should be carefully considered and, to the extent possib's, be consistent with the data used in the
validation analyses.

4.4 ADEQUACY OF CALCULATION

The criticality safety section of the application should review and discuss calculational issues that are important
in ensuring an accurate k.4 value is obtained, Adequate problem-dependent treatment of multigroup cross
sections, use of sufficient cross-section energy groups (multigroup) or data points (continuous energy), ard
proper convergence of the numerical results are examples of issues the applicant may need to review and
discuss in the criticality section of the application. To the degree allowed by the code, the applicant should
demonstrate or discuss any checks made to confirm that the calculational model prepared for the criticality
safety analysis is consistent with the code input. For example, code-generated plots of the geometry models
and outputs of material masses by region may be beneficial in this confirmation process. The statistical nature
of Monte Carlo calculations is such that there are no fixed rules, criteria, or tests for judging when
calculational convergence has occurred. Thus the applicant should discuss the code output or other measures

used to confirm the adequacy of convergence, For example, many Monte Carlo codes provnde output edits that
should be reviewed to determine adequate convergence, including:

the k., by generation run,

plot of average k5 by generation run,
final k4 edit table by generation skipped,
plot of k. by generation skipped, and
frequency distribution bar graph.

Lhvpe

Other conditions in the output that may indicate a convergence problem should be reviewed, for example,’

upward or downward trends in k.4 by generation run over the last half of the total generations,
upward or downward trends in k. by generation for the first half of generations skipped,

sudden changes of greater than one standard deviation in either k. plot,

sbrnormally high or low generation k. (+:20% of calculated mean), and

a calculated result that is not consistent with expected results based on previous experience (may be
indicative of other problems).

LVhW-

It is also advisable to check for adequate sampling of isolated fissile zegions by sxamining the prinied
regionwise fission event data and associated statistics.

If necessary, the applicant should review the code documentation as well as literature (such as Refs. 7 and &)
to obtain practical discussions on the uncertainties associated with Monte Carlo codes used to calculate k o amd
advice on output features and trends that should be observed. It convergence problems were encovntered hy
the applicant, a discussion of the problem and the steps taken to obtain an adequate kq value should e
provided. For exaniple, calculational convergence may be achieved by selecting a different nentron starting
distribution ot running additional neutron histories. Modern personal computers and waorkstations aliow »
significant number of particle histories to be tracked: a minimum of 200,000 histories 1s now (yyweal

13 NURV o Heven



~—

Method of Analysis

Section 4

As a minimum, portions of output (such as the plots of k., by generation run and k., by generation skipped)

from selected cases should be included in the

should consider that the goal is to demonstrate that the caleulations have been performed as d

to successful completion.

NUREG/CR-5661

epplication. In selecting the output to provide, the applicant
escribed and run
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5 VALIDATION OF CALCULATIONAL METHOD

The application should demonstrate that the calculational method (codes and cross-section data) used to
establish criticality safety has been validated against measured data that can be shown to be applicable to the

package design characteristics. The validation process should provide a basis for the reliability of the
calculational method and should justify that the calculated k,q , plus bias and uncertainties, for the necessary
package conditions will ensure an actual package k.» s 0.95.°

The applicant should comply with the following guidelines® in performing and documenting the validation
process:

1. bias and uncertainties should be established through comparison with critical experiments that are
applicable to the package design;

2. the range of applicability for the bias and uncertainty should be based on the range of parameter variation
in the experiments;

3. any extension of the range of applicability beyond the experimental parameter field should be based on
trends in the bias and uncertainty as a function of the parameters and use of independent calculational
methods; and

4. amargin of subcriticality should be included. The NRC currently regards 0.05 Ak as the minimum
administrative margin of subcriticality that should be considered for transportation packages.

Although significant reference material is available to demonstrate the performance of many different criticality
safety codes and cross-section data combinations, the applieauon needs to demonstrate that the specific
calculational method used by the applicant (e.g., code version, cross-section library, and computer platform) is
validated in accordance with the above process. The remainder of this section of the report provides
recommendations on the assumptions that should be made and the information that should be provided in
performing and documenting the validation process.

5.1 SELECTION OF CRITICAL EXPERIMENTS

The first phase in the validation process should be to establish an appropriate bias and uncertainty for the
calculational method by using well-defined critical experiments that have parameters (e.g., materials,
geometry, ctc.) that are characteristic of the package design. The single-package configuration, the array of
packages, and the normal and hypothetical accident conditions should be considered in selecting the critical
experiments for the validation process. Ideally, the set of experiments should match the package characteristics
that most tnfluence the neutron energy spectium and reactivity, These characteristics include:

1. the fissile isotope (P*U, 25U, #*Pu, 2*Pu, and *'Pu according to the definition of 10 CFR 71), form (e.g.,
homogeneous, heterogeneous, metal, oxide, fluoride), and isotopic composition of the fissile material;

2. hydrogenous moderation, consistent with the normal conditions of transport and hypothetical accident
conditions, in and between packages that results in maximum k., (if substantial amounts of other
moderators such as carbon or berylliun are in the package. these should also be considered).

3. the type (e.g., boron, cadmiumy), placement (between. within. or outside the contents), and istribution o
absorher material and materials of construction;
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Validation Section 5

4. the single-package contents configuration (e.g., homogeneous or heterogeneous) and packaging reflector
material (c.g., lead, steel); and

5. the array configuration including spacing, interstitial material, and number of packages.

Unfortunately, it is unlikely that the complete combination of package characteristics will be found from
available critical experiments, and critical experiments for large arrays of packages do not currently exist.
Thus the applicant should model a sufficient variety of critical experiments to demonstrate the capability of the
calculational method in predicting k., for each individual experiment that has characteristics that are also

judged to be important to the k. of the package (or array of packages) under normal conditions of transport
and hypothetical accident conditions.

Reference 10 provides general guidance on selecting critical experiments and provides descriptions of a
significant number of critical experiments appropriate for low-enriched lattice systerns. The critical
experiments that are selected by the applicant should be briefly described in the application with references
provided for detailed descriptions. The applicant should indicats any deviation from the reference experiment
description including the basis for the deviation (e.g., discussions with experimenter, experiment log books).
Since validation and supporting documentation may result in a voluminous report, it is acceptable to
summarize the results in the application and reference the validation report for specific information.

5.2 ESTABLISHMENT OF BIAS AND UNCERTAINTY

For validation using critical experiments, the bias in the calculational method is the difference between the
calculated ko value of the critical experiment and unity (1.0). Typically, a calculational method is termed to
have a positive bias If it overpredicts the critical condition (i.e., calculated k., > 1.0) and a negative bias if it
underpredicts the critical condition (i.e., calculated k. < 1.0). A calculational methodology should have a

bias that either has no dependence on a characteristic parameter or is a smooth, well-behaved function of
characteristic parameters. The applicant should analyze a sufficient number of critical experiments to determine
if trends may exist with parameters important in the validation process [e.g., hydrogen-to-fissile ratio (H/X),
35 enrichment, neutron absorber material]. As indicated in Sect. 4.1, the k4 values should change by at least
30 to indicate any type of parametric trend. The bias for a set of criticals should be taken as the difference
between the best fit of the calculated k4 data and 1,0, Where trends exist, the bias will not be constant over

the parameter range. If no trends exist, the bias will be constant over the range of applicability. For trends to
be recognized, they mmust be statistically significant.

The applicant should consider three general sources of uncertainty: the experimental data or technique, the
calculational method, and the particular analyst and calculational models. Examples of uncertzinties in
experimental data are uncertainties reported in material or fabrication data or uncertainties due to an inadequate
description of the experimental layout. Examples of uncertainties in the calculational method are uncertainties
in the approximations used to solve the mathematical equations, uncertainties due to solution convergence. and
urcertainties due to cross-section data or data processing. Interpretation of the calculated resnits, individual

modeling techniques, and selection of code’input aptions are possible sources of uncertainty due to the anatyst
ar calculational model.

In general, all of these sources of uncertainty should be cumulatively observed in the variability of the

calculated k., results ohtained for the critical experiments. The varizbility should include the Mons. Cerin
standard deviation in cach caleulated eritical experiment K,y value as well as any change in the calcutaed vohue
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caused by the consideration of experimental uncertainties. Thus these uncertaintiss will be included in the bias
and uncertainty in the bias. This veriation or uncertainty in the bias should be established by a valid statistical
treatment of . the calculated k., values for the critical experiments. Methods exist (see Ref. 10) that allow the

bias and uncertainty in the bias to be evaluated as a function of changes in & selected characteristic parameter.

Calculational models used to analyze the critical experiments should be provided or adequate references to such
discussions should be provided. Input data sets used for the analysis should be provided along with an
indication of whether these deta sets were developed by the applicant or obtained from other identified sources
(c.g., published references, data bases). Known uncertainties in the experimental data should be identified,
along with a discussion of how (or if) they were included in the establishment of the overall bias and
uncertainty for the calculational method. The statistical treatment used to establish the bias and uncertainty
should be thoroughly discussed in the application with suitable references where appropriate. Relative to
experimental uncertainties, the applicant should provide a discussion on the approach used to model the
experiments (i.e., with nominal dimensions and material compositions or with conservative tolerances, with
simplifications in the geometry and material specifications, etc.).

5.3 ESTABLISHMENT OF RANGE OF APPLICABILITY

As an integral part of the code validatior. effort, the applicant should define the range of applicability for the
established bias and uncertainty. The applicant should demonstrate that, considering both normal and
hypothetical accident conditions, the package is within this range of applicability and/or the applicant should
define the extension of the range necessary to include the package. The range of applicability should be defined
by identifying the range of important parameters (see Ref. 10 for guidance on identifying important
parameters) and/or characteristics for which the code was (or was not) validated. The procedure or method
used to define the range of applicability should be discussed and justified in the application for approval. For
example, the method of Ref. 10 indicates the renge of applicability to be the limits (upper and lower) of the
characteristic parameter used to correlate the bias and uncertaintics. The characteristic parameter may be
defined in terms of, for example, the hydrogen-to-fissile ratio (e.g., H/X = 10 to 500), the average energy
causing fission, the ratio of total fissions to thermal fissicns (e.g., F/F, = 1.0 t0 5.0), or the #*U enrichment.

Use of the bias and uncertainty for the evaluation of a package with characteristics beyond the defined range of
applicability is endorsed by consensus guidance.’ This guidance indicates the extension should be based on
trends in the bias as a function of system parameters and, if the extension is large, confirmed by independent
calculational methods. However, the applicant should consider that extrapolation can lead to a poor prediction
of actual behavior. Even interpolation over large ranges with no experimental data can be misleading (see Ref.,
6 for an example). The applicant should also consider the fact that comparisons with other calculational
methods can illuminate a deficiency or provide concurrence; however, given discrepant results from
independent methods, it is not always a simple matter to determine which result is “correct” in the absence of
experimental data (see Ref. 11 for an illustration).

The applicant should recognize that there is no available guidance on what constitutes 3 “large” extension, nor
any guidance on how to extend trends in the bias. In fact, it is not just the trend in the bias that the applicant
should consider, but the trend in the uncertainties and bias. The paucity of experimental data near one cod of a
parameter range may cause the uncertainty to he larger in that region. (Note: Any extension of the uncertuing
nsing the metho..  f Ref. 10 should cansider the bchavior of the uncertainty as a function of the paremwni, not
just the maximum value of the uncertainty.) Proper extension of the bias and uncertainty means the apphican:
should deterine and understand the trends in the bias and uncertainty. The applicant shouk! exereire euttane
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Validation Section 5§

care in extending the range of epplicability and provide in the application a detailed justification for the need

for an extension, along with & thorough description of the method and procedure used to estimate the bias and
uncertainty in this extended range. : g

5.4 ESTABLISHMENT OF ACCEPTANCE CRITERIA

The criticality safety section of the application should demonstrate how the bias and uncertainty determined
from the comparison of the calculational method with critical experiments are used to establish 2 minimum K.n
value [i.c., upper subcritical limit (USL)] s that similar systems with a higher calculated k,, are considered 10
be critical. The USL should be established with an additional margin of subcriticality (often termed a safety

margin) included.” The following general relationship (see Ref. 10) for establishing the acceptance criteria
-should be used in the application for approval:

k. - Ak, > kx + 20 + AK,,

k.= mean value of ky resulting from the calculation of benchmark critical experiments using a specific
calculational method and data;

Ak, = an allowance for the calculational uncertainty;
Ak, = arequired margin of subcriticality (minimum of 0.05 for applications of approval for packaging);
ko= the calculated value obtained for the packape or array of packages;
o = is the standard deviation of the k.4 value obtained with Monte Carlo analysis.

If the calculational bias P is defined as P = k ~ 1, then the bias is negative if k, < 1 and positive if k, > 1. Thus
the acceptance criteria may be rewritten as :

1.00 + P - Ak, = kq + 20 + 0.05,
or

kg + 205095~ Ak, + PB.
The maximum USL that should be used for a package evaluation is

USL = 095 - Ak, +p .

The uncertainty, Ak,, will always be greater than or equal to zero, whereas the bias, 8, can be positive or
negative. However, a positive bias is not recommended; therefore, the equation should be revised to

USL = 0.95 - Ak, + B

The applicant should consider that the value fos Ak, (=0.05) may need to be increased by en arhitrary ameoan
if there is a lack of sufficient critical data 10 adequately determine the calculational hias and uncertainty 1 he
statistical mecthod of Ref. 10 provides a technique to estimate Ak, and Ak, based on available data. “th;e
estimate for Ak,, can be used to demonstrate that the value of 0.05 for the margin of subcriticality 1s zdeguare
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for the given set of critical experiments used in the validation. A paucity of critical experiment data or the need
to extend beyond the range of applicability may indicate the applicant should consider the adequacy of the 0.05
value. Also, for high-reactivity worth systems where the value of k. is particularly sensitive to parameter
changes in the package, a margin of subcriticality greater than 0.05 Ak sho:ld be considered by the applicant,
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6 CRITICALITY CALCULATIONS AND RESULTS

This section of the report describes the criticality calculations that should be performed and documented in the
criticality safety section of the application for approval of a package. The criticality safety evaluation should
demonstrate the subcriticality of a single package and an array of packages during normal conditions of
transport and hypothetical accident conditions, and determine the TI for criticality control of & shipment. For
the purposes of this evaluation, the applicant should consider the term “subcriticality” to mean that the
calculated k., value (including any Monte Carlo standard deviation) is less than the USL defined by Sect. 5.4.

The calculations that the applicant shou'd include in the criticality safety section will depend on the various
parameter changes and conditions that should be considered, the packaging design and features, the contents,
and the damaged condition of the package. The calculated results should be presented in a tabular form with a
case identifier, a brief description of the conditions for each case, and the case results. Values of k4 obtained
from Monte Carlo codes should always indicate the estimated standard deviar’on. Additional information
should be included in the table if it supports and simplifies the description in the text. The case description
should be clearly presented in the tables to permit easy cross-reference between the table and the text. Tables
1 and 2 show an example of the format desired to summarize the results of single-package and package array
calculations.

The following subsections present a logical, generic approach to the calculational effort that should be
described in the application for approval. Two series of calculational cases should be performed: (1) a series
of single-package cases and (2) a scries of array cases. Both series should consider normal and hypothetical
accident conditions. Subsets of the array series for different size arrays or different package arrangements may
also be necessary. Each array series should include calculations to determine the number of undamaged
packages that will ensure subcriticality of an array under normal conditions of transport, as well as calculations
to determine the number of damaged packages that ensure subcriticality of an array under hypothetical accident
- conditions. A TI for criticality control should be derived (see Sect. 6.3) from these array sizes based on the
prescription of 10 CFR § 71.59.

6.1 SINGLE PACKAGE

The applicant should perform a series of calculations to demonstrate that the single package remains subcritical
under normal conditions of transport and hypothetical accident conditions (per the requirements of
10 CFR § 71.55).

The single-package calculations also provide useful pofuts of reference for subsequent calculations involving
variations of certain parameters.

Th: single-package series of calculations must consider a model of the single containment vessel fully reflected
by water (a 30-cm-thick region of full-density water is recommended). The containment vessel should he
optimally moderated with the fissile content in its most reactive credible configuration. This water-reflecied.
optimally moderated containment vessel analysis should be compared with one where the water reflector s
replaced by the packape material (including water flooding in voids) that surrounds the containment system
Package materials such as lead may provide better reflection of the cantainment system than water.
Demonstration that these two single, undamaged cases are adequately suberitical satisfies the reqairements o3
10 CEFR § 71.55(b).

t 2¥)
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Calculations and Results Section 6

Table 1 Example format of table for single-package calcuiations

‘Water Internal
Case reflected moderation® kg + O
sU1 " No 0.0
§U2 Yes 0.0
SU3 Yes 0.001
Su4 Yes 0.0G3
SUx Yes 1.0
SUy No 1.0

“When fully reflected, water should be at least 30-cm thick on all faces.

¥Internal moderation is the specific gravity water equivalent of hydrogenous
content within all void spaces inside the package, including the containment vessel.

‘o is one standard deviation-of the calculated Monte Carlo result.

Table 2 Example format of table for array calculations

Array Internal Interspersed
Case® = size moderation®  moderation® ko + o
1A1 Infinite 0.0 0.0
1A2 Infinite 0.0 0.001
1A3 Infinite 0.0 0.003
IAX Infinite 0.0 1.0
FA1 TXTXT
FA2 Tx7TX%X7
FA3 TXTX7
FA10 5X5%5
FAll SX5XS

“Case identifier 1A represents infinitc arrays and FA represents finite arrays: all finite
arrays should be reflected by at least 30 em of water on all faces.
bIsternal moderation is the specific gravity water equivalent of hydrogenous conient
within all void spaces inside the package, including the containment vessel.
Tuterspersed moderation is the specific pravity water equivalent of hydrogenaus
coutent between packages.
Yo is one standard deviation of the calculated Mome Cauric result
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Section 6 Calculations and Results

The remaining single-package cases provided in the application should systematically investigate progressive
states of water flooding and package reflection representative of the normal and hypothetical accident
conditions. If the hypothetical accident conditions cause damage to the contents or packaging, the damaped
configuration of the package should be considered. If a package has multiple void regions, including regions
within the containment system, flooding each region independently and consecutively should be considered.
Variations in the flooding sequence should be considered by the applicant [e.g., partial flooding, variations
caused by the package lying in horizontal or vertical orientations, flooding (moderation) at less than full-
density water, progressively flooding regions from the inside out]. Water flooding of cladded fuel rod gap
regions should be considered. The final case of this single-package series should represent a packape
completely water-flooded and water-reflected. The primary objectives of the single-package cases should be

1. to demonstrate that a single package is subcritical when subjected to the normal conditions of transport and
hypothetical accident conditions as specified by 10 CFR § 71.55, and

2. 1o identify the specific conditions that produce the highest k., value,

For packages with different fissile material loading configurations (including partial-load configurations), the
applicant should usc a similar approach for each different loading, unless a limiting-contents model is
developed and demonstrated in the application to provide a beunding reactivity for the different loadings. The
results of the single-package calculations can influence the approach and the number of calculations required
for the array series calculations, particularly if there are different content loading configurations.

6.2 EVALUATION OF PACKAGE ARRAYS

The applicant should perform the package array calculations to obtain the information needed to determine the
T1 for criticality control as prescribed by 10 CFR § 71.59. The applicant may consider beginning the array
calculations with an infinite array model because, if the infinite array is adequately subcritical under normal
and hypothetical accident conditions, no additional array calculations should be necessary. Jf the infinite array
under normal and hypothetical accident conditions s shown to be above the USL, a large (number of packages)
finite array should be selected and all cases recalculated. Successively smaller finite arrays may be required
until the array sizes for normal and hypothetical accident conditions are found to be below the USL. As an
alternative, an applicant may initiate the analyses using any array size-for example, one that is based upon the
number of packages planned to be shipped on a vehicle.

Care should be taken so that the most reactive array configuration of packages has been considered in the
criticality safety assessment. In investigating different array arrangements, the competing effects of leakage
from the array system and of interaction between packages in the array should be considered. Array
arrangements that minimize the surface-to-volume ratio decrease leakage and should, in simplistic terms,
maximize k.. Preferential geometric arrangement of the packages in the array should be considered. For
example, consider packages where the fissile material is loaded off-center. In this case, the need to optimize:
the interaction may mean that an array is more reactive when packages are grouped in a single or double layer
The effect of the external water reflector also needs to be considered. For some array cases there may be liule
moderator present within the array, so increasing the surface area may lead to more moderation and possibly
higher reactivity. The exact package arrangement may be represented by = simplificd arrangement if adequate
justification is provided. For example, Appendix A demonstrates 2 case wherc a triangular-pitch arrangement
of packages can, in simple cases, be represented by using an appropriately modified package model within 2
squarc-pitch lattice arrangement, In more compl  cases, the effect of having a triangular pitch mey he
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Calculations and Results Section 6

important, since mtcracuon between three triangularly pitched packages could be a dominating factor. Because
there are so many competing effects, any simplifications made in the asseéssment need to be justlﬁed something
that is obvious from the point of vicw of array leakage may not be as obvious from the point of view of

package interaction. All finite arrays of packages should be reflected on all sides by a close-fitting, full-density
water reflector at least 30 em thick.

Each array model for undamaged packages is not required to include interspersed moderation; however,
moderation built into the packaging (e.g., due to hydrogenous packaging materials) or added to the packaging
due to normal conditions of transport (e.g., the spray test) should be included to the most reactive extent
possible under normal conditions. For damaged packages, varying amounts of hydrogenous moderation should
be added in all regions that can be flooded within (see discussion of Sect. 6.1 for single package) and between
the packages (i.c., interspersed moderation) by varying the density of water in these regions. If water in-
leakage is considered (see Sect. 3.4), then the water density should be varied from zero to full density in
increments such that the optimum moderator density is determined. The applicant should provide a plot of the

k. value as a function of the moderator density to demonstrate the trend and the location of the highest k.
value,

As an interspersed moderator is added to the region between packages, the spacing of the packages may
become important because of the amount of moderator that may be present. For this reason, it is sometimes
convenient to model an infinite array of packages using an array unit cell consisting of the individual package
and a tight-fitting repeating boundary. If the k., response to increasing interspersed moderator density for this
array with the units in contact has an upward trend (positive slope) at full-density moderation, the applicant
should consider increasing the size of the unit cell and recalculating k . as a function of moderation density.
Increasing the size of the unit cell provides an increased edge-to-edge spacing between packages and makes
more volume available for the interspersed moderator. The applicant should stop this procedure only after

confirming that the packages are isolated and that added interstitial space is only providing additional water
reflection. .

To illustrate this recommended procedure, consider a cylindricz! shipping package with a diameter of one unit
and a height (or length) of two units. With a tight-fitting cuboid around the cylinder, 21.5% of the cuboid's
volum is outside the package znd is available for an interspersed moderator. By increasing the cuboid's
dimensions so that the edge-to-edge spacing between the packages in all directions is 10% of the package
diameter, then 38.2% of the cuboid's volume is outside the package and is available for an interspersed
moderator. This small increase in edge-to-edge spacing corresponds to a i26% increase in volume available
for the interspersed moderator. Therefore, if the k. value is increasing at full water density with the packages

in contact, then increasing the packaging spacing to permit additional interspersed moderation may he
necessary.

The applicant should consider combinations of density and spacing variation (consistent with normal and

hypc hetical accident conditions) that may cause a higher k. value to be calculated and should provide a
discussion in the application that demonstrates the maximum k,y value has been determined. Figure 1 depcts,
some typical plots of k. versus interspersed water moderator density illustrating the maderation, absuorption,
and reflection characteristics that may be encountered in packaging safety evaluations These curves repesent
changes in array moderation for a fixed package spacing. Curves A, B, and C represent arrays fo: which ar
array of packages at the selected spacing is overmoderated and increasing water moderation anh feacr
(curves B and C) or has no effect (curve A) on the ko, value. Curves D, E, and F represent arrans b vt
the array is undermoderated at zcro water density, and increasing the moderator density wauses e, W

NUREG/CR- 5061 24



Section 6 Calculations and Results

ORNL- DV 91M-14208
| CURVEA
M
1 .

‘ qu
\Vm

”

) - e e e j
7
CURVEG /

1.0

WATER MODERATOR DENSITY

Figurc 1 ‘Typical plats of array k., vs interspersed water moderator density

a3 NURBL R S d
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increase. Then as the water density increases further, neutron absorption comes into effect, neutron interaction
between packages decreases, and the k., value levels out (curve D) or decreases (curves E and F). The

) applicant should consider that peaking effects such as seen in curves E and F frequently occur at very low
moderator density (e.g., 0.001 to 0.1 fraction of full density). Therefore, the epplicant should exercise care

when selecting the values of interspersed mioderator density to calculate in the search for the maximmum k.,
value,

As indicated above, optimum moderation conditions for the array of packages represented by curves D, E, and
F have been obtained; and the only mechanism that could make the k., value of curve D, E, or F rise above
the value at full-density water is increased reactivity due to increased reflection provided by more interspersed
water (i.e., additional spacing between packages). If the array k. at full-density moderation is less than the k4

of the flooded and reflected single unit, the edge-to-edge spacing of the packages is not sufficient to permit full
reflection.

However, for responses such as those illustrated in curves D, E, and F, there is no need to increase spacing
and recalculate the array k. because the maximmm k,,, of the array will be that of the reflected single unit, or
the k. of the optimally moderated array (i.e., the first Jocal maxima of curves D, E, and F), whichever is
larger. For curves A through F, the packages in the array are essentially isolated at full-density moderation
and the corresponding k. will typically be the same (within statistical limits) as the flooded and reflected
gingle-unit case.

Curve G represents an array where the optimum array moderator density has not been achieved even with full-
density water, and the maximum k,, has not been determined. For this situation, the applicant should increase
the center-to-center spacing of the packages in the array and all cases should be recalculated. The center-to-

center spacing must be sufficiently large for the curve to reach a plateau (like curve D) or to peak and then
')decrcasc (like curves E and F).

The treatment of array moderation can be easy or complex, depending on the placement of the materials of
construction and their susceptibility to damage from hypothetical accident conditions. For all of these
conditions and combinations of conditions, the applicant should carefully investigate the optimum degree of
internal and interspersed moderation consistent with the chemical and physical form of the material and the
packaging, and should demonstrate that subcriticality is maintained. The applicant should consider the
numerous conditions for which the effects of moderation must be investigated, such as

1. moderation from packing materijals that ar= inside the primary containment system,

2. moderation due to preferential flooding of different regions in the packages,

3. moderation from hydrogenous materials of construction (e.g., thermal insulation and neutron shielding),
and

4. interspersed moderation in the region between the packages in an array.

In determining the TI of an array of packages under normal conditions of transport, the applicant should
consider only the possible ranges of hydrogenous (or other) moderators present in the package {items (1) and .
(3) above and, if applicable, item (2) above]; interspersed moderation between packages [item (4) above] from
conditions such as mist, rain, snow, or flooding need not be considered (per the specifications of 10 CFR §
71.59). In determining the TI of an array of damaged packages, the applicant should carefully consider 21l
four of the above conditions, including how cach form of moderation can change under hypothetical accident
conditions. As an example, consider a package with thermally degradable insulation. The applicant shouvid
cevaluate the array with the insulation for the normal conditiors of transport. For the hypothetical accidest
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conditions, the applicant should investigate moderation effects caused by changes in the insulation due to the

thermal tests. The applicant shoulc carefully evaluate the varying degrees of internal moderation in the
containment,

6.3 RELATING ANALYSES TO TRANSPORT INDEX

The TI for criticality control should be determined Lv the applicant using the information from the array
analyses on the number of packages that will remain subcritical (below the USL) under normal and
hypothetical accident conditions. The USL should be determined using the criteria discussed in Sect. 5.4.
Table 3 illustrates the tabular form that the applicant should use to summarize the results on the limiting

number of packages shown to be subcritical in the enalysis of the package arrays. The value N in the table can
be defined so that

N = maximum number of packages per shipment for a nonexclusive use shipment, where 5 s N < e,
2N = maximum number of packages per shipment for an exclusive use shipment, where 0.5 <N < «,

Table 3 Requirements of 10 CFR § 71.59

No. of fissile packages

Case that must be subcritical
Undamaged 5N with nothing between packages
Damaged 2N with optimum interspersed moderation

With the information provided in Table 3, the applicant can determine the TI for criticality control using the
expression

TI=S0+ N.
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7 SUMMARY

This report provides recommendations on the information that should be included in the criticality safety
section of an application for approval of a transportation package. The emphasis has been on the design
information, analysis models, and computational results and discussion that should be in the application.
However, the applicant should recognize that the recommendations may not be exhaustive and that additional
information or analyses may be needed for selected applications.

Section 2 of the report discusses the design information that the applicant should include in the criticality safety
section of the application. Specification of the contents (e.g., form, type, mass, composition) considered in the
application should be provided, including any anticipated variations and uncertainties.

Section 3 of the report reviews the description and figures that should be included in the application to
adequately explain the calculational models. In preparing these models, the applicant should limit the use of
fixed neutron absurbers to 75% of the composition, unless adequate (see Sect. 3.1.3) consideration is made for
testing the presence and uniformity of the absorber. Fixed, burnable poitons should not be considered in spent
fuel packages. And, until the NRC provides direction on use of spent fuel isotopics, it is recommended that
unburned (fresh) fuel isotopics be assumed in applications for spent fuel packages. Water moderation and
reflection specifications based on the normal and accident conditions of 10 CFR Part 71 must be considered in
the development of the analysis models.

Sections 4-5 of the report recommend the information that should be considered by the applicant in selecting
and using an appropriate analysis method (code and nuclear data) for determination of the neutron
multiplication factor. Codes that adequately model the kinematics of neutron transport, including angular
scattering, are needed to providc the best estimate of k5. The codes and data used in the application should be
validated against critical experiments appropriate for the package conditions and contents. This validation
provides a basis for development of a USL that considers bias and uncertainties (determined from the
validation), the statisticdl nature of the analysis method, and a margin of subcriticality. The minimum margin
of subcriticality accepted by the NRC for transportation packages is 0.05 Ak.

Section 6 of the report discusses the analyses that should be considered to demonstrate that the requirements of
10 CFR § 71.55 and 71.59 are met. This section provides practical information on how to proceed with the
analyses, the single-package and array conditions that should be considered, and a process for determination of
the TI for criticality control. Development and analysis of the array models should carefully consider the
various conditions that could lead to an increased k., value. Optimum moderation of the packages according to
the normal and accident conditions, package arrangement and spacing for optimum interaction between
packages, and proper water reflection of the array should be considered.
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APPENDIX A

EXAMPLE OF CALCULATIONAL MODELS AND RESULTS

This appendix uses a simple example of a fictitious transport package to Illustrate many of the recommenda-
tions provided in this report regarding the content of the criticality safety section of the application for a
transport package. This example package and analysis have not been approved by the NRC, and there has been
no assessment as to whether the package would meet all of the requirements for approval. The descriptions
provided herein do not include all the information that would be necessary for an actual package evaluation;
rather they provide an illustrative sampling of the type of information discussed in this report.

The following sections provide information as if it were imbedded as the criticality section of the application.
However, since this is intended to be an illustrative example, only that information pertinent to devcloping the
calculational models is included. The dimensional and material specifications provided are the minimum to
support the calc lations in this appendix and do not represent certified container loadings or configurations.

Also, the descriptions, calculations, and justifications presented here may not be complete or acceptable to the
NRC.

A.1 GENERAL DESCRIPTION (Example)

The transport package uses a 55-gal steel drum overpack [22.5-in.(57.15-cm) inside diam by 40.5-in. (102.87-
cm) inside height]. The drum body and bottom are fabricated from a 16-gauge [0.064-in. (0.16-cm)] low
carbon steel sheet. The drum lid (head) is fabricated from a 14-gauge [0.080-in. (0.20-cm)] low-carbon steel

sheet. Two approximately equally spaced, rolling hoops are swaged into the drum body. The removable head
is closed by means of a bolt-locking ring.

‘The inner container (containment vessel) is the containment boundary. The inner container is fabricated from a
0.25-in. (0.64-cm)-thick carbon steel plate. The inner container [12.0-in. (30.48-cm) inside diam by 28.0-in.
(71.12<cn) inside height] has a welded bottom plate and welded cover plate.

The 55-gal drum is filled between the drum wall and inner coﬁtainer with insulating fiber board that provides
thermal insulation and vibration and shock isolation, and centers the inner container within the drum. The
insulating fiber board provides a thickness between the inner container and drum of 5.0 in. (12.7 cm) radially
and 5.0 in. (12.7 cm) axially (top and bottom).

The package shall be used to transport unirradiated uranium dioxide (UO,) pellets of 0.325-in. (0.83-cm)

nominal outside diameter. The contents are not to exceed 116 16 kg of UO, pellets at an enrichment in the 23U
isotope of 4.01%.

A.2 PACKAGE DESCRIPTION

Sections A.2.1 and A.2.2 describe the package contents and packaging, specifically the dimensions and
material components that influence kg
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A.2.1 CONTENTS

The package shall be used to transport right cylindrical UO, pellets of 10.40 g/cm?® oxide density. The pellets
have a 0.325-in. (0.83-cm) nominal outside diameter and height and a maximum enrichment of 4.01 wt %
350, The uranium isotopic distribution is-given in Table A.1.

Table A.1 Uranjum isotopic distribution

Isotope wt %
By 0.02
™y 4.01
25y 0.02
ot 95.95

A.2.2 PACKAGING

The packaging consists of the inner container assembly (DWG-X12G64) comprising 316 stainless steel tubes
that accommodate the fuel pellets, the inner container or containment vessel (DWG-D184K), plywood board,
insulating fiber board, and the 55-gal dram (DWG-4201V). )

A.2.2.1 Inner Container Assembly

Pellets and end plugs are contained in 27.75-in. (70.49-cm)-long stainless steel tubes of 0.350-in. (0.89-cm)
inside and 0.366-in. (0.93-cm) cutside diam. Each of the 316 tubes is filled with 80 pellets. The composition
and atom densities of the 304-stainless steel tubes and other, package materials are given in Table A.2. The
tube ends are sealed with 0.350-in. (0.89-cm)-diam, 1.0-in. (2.54-cm)-long top and 0.75-in. (1.91-cm)-long
bottom stainless steel plugs that are welded in place. The tube bottoms are welded into 0.75-in. (1.91-cm)-deep
recesses on a 0.528-in. (1.34-cm)-square pitch of a 1.0-in. (2.54-cm)-thick, 12.0-in, (30.48-cm)-diam stainless
steel bottom plate, The tube tops extend through 0.375-in. (0.95-cm)-diam holes to the top of a 1.0-in. (2.54-
cm)-thick, 12.0-in. (30.48-cm)-diam stainless steel top plate. Rubber o-rings between the tubes and plate holes
provide a tight tube-to-top-plate fit. The top plate is connected by four 26.0-in. (66.04-cm)-long, 0.667-in.
(1.69-cm)-diam stainless steel support rods to the bottom plate. The structural evaluation has shown that the
inner container assembly remains intact, and the pellets remain inside the tubes, under normal conditions of
transport and hypothetical accident conditions,

A.2.2.2 Inner Container
The inner container is fabricated from: 0.25-in. (0.635-cm)-thick carbon steel plate. The inner container [13.0-

in. (30.48-cm)-inside diameter by 28.0-in. (71.12-cm) insidc height] has a welded 0.25-in. (0.635-crmb thick
botiom plate with a welded 0.25-in. (0.635-cm)-thick cover plate.
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Table A.2 Material specifications

: Density Atomic density
Material (g/em’) Constituent (atoms/b-cm)
304 stainless steel 1.92 Fe 5.935¢-2
Cr 1.7428e-2
Nu 7.7188e-3
Mn 1.7363¢-3
Insulating fiber board 0,24 H 8.914¢3
.C 5.348¢-3
0 4.457e-3
Plywood 0.45 H 1.671e2
C 1.003e-2
0 8.357¢-3
Water 0.9982 H 6.675¢-2
(o) 3.338e-2
Carbon steel 7.821 C 3.9250e-3
Fe 8.3498¢-2
Rubber 1.321 C 3.8414e-2
H 5.1298¢-2
Ca 2.2627e-3
S 4.2182e4
-0 1.0988e-2
Si 8.4972¢-5
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A.2.2.3 Drum

The transport package uses a 55-gal steel drum overpack [22.5-in. (57.15-cm) inside diameter by 40.5-in. -
-(102.87-cm) inside height]. The drum body and bottom are fabricated from a 16-gacge {0.064-in. (0.163-cr)}
low-carbon steel sheet, The drum lid (head) is fabricated from a 14-gange {0.080-in. (0.20-cm)) low-carboa

steel sheet. Two approximarely equelly spaced, rolling hoops are swaged into the drem body. The removable
head is closed by means of a bolt-locking ring.

The 55-gal drum is filled between the drum wall and inner container with insulating fiber board that provides
thermal insulation and vibration and shock jsolation, and centers the inner container within the drum. The
drum is loaded top-to-bottom with (1) a §.0-in. (12.7-cm)-thick, 22.5-in. (57.15-cm)-diam insulating fiver
board block, (2) a 1.0-in. (2.54-cm)-thick, 22.5-in. (57.15cm)diam plvwood load bezring plate, (3) the inner
container assembly, centered, and surrounded by a 22.5-in. (57.15-cm)-outer-diam, 12.5-in. (31.75-cm)-inner-
diam, 13.75-in. (34.93-cm)-thick insulating fiber board ring, followed by a 1.0-in. (2.54-cm)-thick, 22.5-in.
(57.15-cm)-outer-diam, 12.5-jn. (31.75-cm)-inner-diam plywood support ring, followed by a 22.5-in. (57.15-
cm)-outer-diam, 12.5-in. (31.75-cm)-inner-diam, 13.75-In. (34.93-cm)-thick insulating fiber board ring, (4) a
. 1.0-in, (2.54-cm)-thick, 22.5-in, (57.15-cm)-diam plywood load-bearing plate, and (5) a 5.0-in. (12.7-cm)-
thick, 22.5-in. (57.15-cm)-diam insulating fiber board block.

A.3 CRITICALITY SAFETY ANALYSIS MODELS

Section A.3.1.1 provides dimensioned sketches of a modeled package. The material specifications for re.sions
of the sketches in Sect. A.3.1.1 are given in Sect. A.3.1.2. Section A.3.1 identifies differences between the
models and actual package configurations. Section A.3.2 describes the contents models representing each of the
different loading configurations. Models depicting the configuration of packaging and contents of a single
package under normal and accident conditions are discussed in Sect. A.3.3. Section A.3.4 contains a
discussion on the package array models.

A.3.1 GENERAL MODEL

A.3.1.1 Dimensions

Figure A.1 represents the vertical elevations of the package seen along the vertical centerline of the package. A

cross section of the package along A-A uf Fig. A.1 is displayed in Fig. A.2. The figures' dimensions were
used in the calculations.

Note: Although not included in this example, a real application should not a priori use nominal dimensions,
but instead should address dimensional tolerances of the package that tend to add conservatism to the models.

A.3.1.2 Materials

Figurcs A 1 and A.2 show cross sections of the single-package calculational model. Table A.3 identifies the
regions, materials, material densities, and masses as used in the calculations, and the actual masses.

Note: Although not included in this example, a real application should not a priari use nominal vt izl
specifications, hut instead should address maximum and minimum fissile, nevtrop-absarbing metesming, and

structaral materials parameter values that produce conservarive kg results within the 2lowable wilerancss
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Figure A.1 Axial cross section of the single-package model

27 NUNFCG U et



Appendix A

LYY )
& Y TI L)

FOee008000680800
¥ 0000000000808 00
20 OPDOOAROROENO

RO CPOUNNEE0OGE DY
(-]

°

a

s Rod
(mgkn

00O RCEOCOROVORS
2000008 COVDOES®AO
SbPEpeDEDDEGENDE N
"I I Y Iy
OR 0800000000000 00¢
abapdodarsanisracedLS
YY1 IITIERITY
00000000 C80SAOGOD
SURDOFOPBRPR0SO00060
SO 0DAGRSBINSCGEND
. 000 R0 EOEEIOINE
b e s 0eederoascas sy
R POCNSDAORS &
2006089

Pallots and Tube

(Materals 0 and 1)

Figure A.2 Radial cross section of single-package model

v
"y

NUREG/CR-5061



Appendix A

Table A.3 Material specifications for Figs. A.1 and A.2
Material No. Material Density (g/cm’) Model mass (kg)  Actual mass (kg) -

0 vo; 10.40 116.19 116.16

1 $5-304 7.92° 41.87 . 412

2 Carbon stec]  7.8212° 73.37 77.23

3 Insulating 0.24 46.42 44.29
fiber board

4 Plywood 0.45 5.860 8.796

*SCALE Standard Composition Library values.

A 3.1.3 Models—Actual Package Differences

The single-package calculational model of the 55-gal drum differs from the actual drum in the treatment of the
drum wall. In the model, the drum wall is a straight wall cylinder without the rolling hoops. The drum model
does not have the top and bottom inset into the drum wall, bolts, locking rings, etc.

The rubber o-ring fittings around the tubes in the top plate of the inner container assembly were treated as
stainless steel, the surrounding material. The change constitutes such a small change in stainless steel mass in
the positive axial direction relative to the fuel region that the impact on k. would be negligible. To simplify
the modeling, the center plywood support ring was modeled as insulating fiber board, the surrounding
material. The exchange of materials would have a negligible effect on k.4 because the constituents of the two
materials are identical and the thickness of the region is small relative to the radial surface of the containment
vessel (i.e., ~4% of the surface available for radial neutron leakage).

A.3.2 CONTENTS MODEL

Figure A.2 shows the package contents (pellets in tubes) configured for both the single-package and package-
array calculations. Each tube is physically restricted to a maximum loading of 80 pellets. Partial-loading
(variable-mass) configurations are allowed, as are variations in pellet enrichment (up to 4.01 wt % 2*U).
However, partial loadings must be from the inner tubes outward with only the last loaded tube containing less
than 80 pellets (see Chapter 1). Because of this restriction and the fixed tube spacing, partial loadings do not
require further analysis because they are bounded by the more reactive configuration of full loading. Chapter 2
of the application for approval has shown that the tube spacing remains at 1.34 ¢m (0.528 in.), and that the
pellets remain inside the tubes, under normal ccnditions of transport and hypothetical accident conditions.

A.3.3 SINGLE PACKAGES

To meet the general requirements for fissile material packages, 16 CFR § 71.55, a packpge must be designed
and its contents so limited that it would be suberitical under the most reactive configuration of the material,
optimum moderation, and close reflection of the containment cystem by water on all sides or surrounding
matcrials of the packaging. Models of both reflective conditions have been considered. The package wis
subjected 1o the tests specified in 10 CFR § 71.71. Normal Conditions of Transport. and. as repaies in
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Chapters 2 and 3, the geometric form of the package was not substantially altered, no water leakage into the
containment occurred, and no substantial reduction In the effectiveness of the packaging was observed. In
short, the damage incurred will not affect the technical evaluation, and the package contents under normal

conditions of transport will be less reactive than the contents under the aforementioned general requirements,
requiring no further analysis.

To address the requirement of 10 CFR § 71.55(¢), a single package was analyzed with optimum internal
moderation and a 30-cm water reflector on all sides. The damaged package experienced a 4.7% reduction in
diameter due to impact testing (see Chapter 2, Structural Evaluation). The packaging diameter reduction is to
be analyzed as a reduction in insulaiing fiber board and plywood thicknesses while conserving the carbon steel
drum, insulating fiber board, and plywood masses. Limited material loss occurred as a result of fire testing
(see Chapter 3, Thermal Evaluation). The outer 0.8 in. (2.03 cm) of insulating fiber board (axially and
radially) and plywood (radialty) exhibited charring and off-gassing during the fire test. The regions were
modeled as residual carbon and water (immersion test). The water from the immersion test optimally moderates

the inner containment. The minimal damage resulting from crush and puncture tests (see Chapter 2, Structural
Evaluation) will not influence the reactivity of the packages.

A3.4 PACKAGE ARRAYS

Cylindrical transport packages such as this example package may be shipped in a tightly packed triangular-
pitch configuration (or may be shifted to that configuration because of hypothetical accident conditions). This
arrangement may provide a more reactive configuration than a square-pitch arrangement because the triangular
pitch provides absolute minimum center-to-center spacing of the fissile contents, the maximum density of
fissile units, and thus the greatest potential for increased neutron interaction between fissile contents.- To avoid
the complex modeling required to analyze triangular-pitch arrays with the computational method used in this
application, a square-pitch array model with a modified single-package model was developed to emulate the
effects of a triangular-pitch package array. The single-package modification involved a reduction of the drum
diameter by 7% to produce an array density in a square-pitch lattice equal to the array d=nsity of a triangular-
pitch lattice of packages with the full-diameter package. If the mass of steel of the drum and the mass of the
insulating fiber board are conserved, the neutron reaction rates within the array are essentially identical. To
conserve the mass of steel in this cxample, the drum wall density was increased; and to conserve the mass of
the insulating fiber board in this example, the insulating fiber board density was increased. The diameter
reduction was applied only to regions of ths "array package model,” not the "contents model."

The justification for the 7% diameter reduction is seen in the following derivation. Consider three full-
diameter packages in contact on triangular pitch and four reduced-diameter packages in contact on square
pitch. The equivalent array density of each configuration is

o, = 3(m/6) . m
‘ AW/32) )
el on
and
b, = 4(mid) . m

B ) e
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where
the subscripts r and s indicate triangular and square pitch, respectively,
d is the package diameter,
h is the package height (same for both packages), and
m is the fissile material mass (same for both packages).

If o, is set equal to p, and d, is calculated in terms of d,, the diameter of a square pitch is 0.9306 that of the
triangular pitch, to produce the equivalent array density. If a constant mass of materials is maintained outside
the fissile unit (i.e., the thermal insulation and steel outer drum), the neutron reaction rates between fissile
units remain constant. Because the drum is smaller in diameter, the mass of thermal insulation is conserved by
increasing the density, and the mass of steel in the outer drum is conserved by increasing the steel density.

Two array model types are included in the evaluation. The first model type consists of an infinite array of
close-packed, triangular-pitch, undamaged packages consistent with the normal conditions of transport, From
10 CFR § 71.59, standards for arrays of fissile material packages, undamaged package arrays are evaluated
with void between the packages. The second model type consists of various size finite arrays of close-packed
triangular-pitch, damaged packages. As required by 10 CFR § 71.59, the damaged packages are evaluated as if
each package was subjected to the tests specified in 10 CFR § 71.73, Hypothetical Accident Conditions. with
optimum interspersed hydrogenous moderation. Further, the finite array of packages must be reflected by 30
cm of water on all sides.

Various finite array sizes had to be investigated in order to ascertain the number of subcritical packages under
hypothetical accident conditions The condition of each damaged package in the array is that described in Sect.
A.3.3 for the single packege.

A.4 METHOD OF ANALYSIS

Sections A.4.1 and A.4.2 describe the sequences and modules of the SCALE-4.3 system used in the analysis of
these computational models. Section A.4.3 identifies all major code input parameters, Section A.4.4 discusses
the adequacy of the calculations.

All calculations were petrformed on CAC2 and CA29, IBM RS/6000 workstations in the Computational Physics
and Engineering Division at ORNL with SCALE version 4.3 (1/6/97 production date) and the 44-group
ENDF/B-V cross-section library.

A.4.1 COMPUTER CODE SYSTEM

SCALE is a computational system consisting of a set of well-established codes and data libraries suiteble for
analyses of nuclear fuel facility and package designs in the areas of criticslity safety, radiation shielding,
source-term characterization, and heat transfer. The codes are compiled in a modular fashion and are called by
control modules that provide automated sequences for standard system analyses in each area. The CSAS
control module contains automated sequences that perforr: problem-dependent cross-section processing und
(bree-dimensional (3-D) Monte Carlo calculations of neutron multiplication.

KENO V., a 3-D multigroup Monte Carlo criticality code, determines the effective multiplication “actor (i«
from the problent-dependent cross-section data and the user-specified geometry data. Qther caloilzivd
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KENO V.a quantities include average neutron lifetime and generation time, energy-dependent Jeakages,
energy- and region-dependent absorptions, fissions, fluxes, and fission densities.

A.4.2 CROSS SECTIONS AND CROSS-SECTION PROCESSING

All neutronic control sequences use the SCALE Material Information Processor to calculate material number
dengsities, prepare geometry data for resonance self-shiclding and optional flux-weighting cell calculations, and
create data input files for the cross-section processing codes. The BONAMI and NITAWL-II codes are then
used to perform problem-specific (resonance- and temperature-corrected) cross-section processing. BONAMI
applies the Bondarenko method of resonance self-shielding for nuclides that have Bondarenko data included in
the cross-section library. NITAWL-II uses the Nordheim integral treatment to perform resonance self-
shielding corrections for nuclides that have resonance parameters- included with their cross-section data.

The analyses discussed in this evaluation wers performed using the broad-structure, 44-group neutron cross-
section library. The 44-group library was chosen because the evaluated package contents have many
similarities (e.g., form, enrichment) to light-water-reactor (LWR) fuel, and the 44-group library has
demonstrated markedly improved performance in LWR-type fuel analyses over the ENDF/B-IV 27-group
library, The reason: the 44-group neutron cross-section library was collapsed from the 238-group AMPX

_ master-format neutron cross-section library contains data for all the nuclides available in ENDF/B-V, and the

44-proup library was collapsed using a fuel cell spectrum based on a 17 X 17 Westinghouse pressurized-water-
reactor (PWR) fuel assembly.

Additionally, the broad-group structure was designed to accommodate two windows in the oxygen cross-
section spectrum, a window in the iron cross-section spectrum, the Maxwellian peak in the thermal range, and

the 0.3-6V resonance in ®°Pu (Wthh because of low energy and lack of resonance data, cannot be modeled by
the Nordheim integral treatment in NTTAWL-II).

A.4.3 CODE INPUT

All problems were started with a flat initial neutron distribution over the system, in fissile material only. All
problems were run for 305 generations of 400 neutrons per generation, skipoing the first five generations, for
a total of 120,000 histories. Mirror image reflection was applied to the orthogonal-plane boundaries of the
single-package model to simulate infinite array-package models. A 12-in. (30.48-cm) water differential albedo
with four incident angles was applied to the outer boundary of the single-package models and finite-array
models to simulate tight, full-density water reflection. Biasing options were not applied.

Figures A.3(a) and A.3(b) are sample input files. The files correspond to cases f-2 4 and f-2 da, a4 X 4 X §

array of optimally moderated, damaged packages in square, with diameter correction factor of Sect. A.3.4, suc
triangular-pitch arrays.

A.4.4 CONVERGENCE OF CALCULATIONS

UO, mass data for each problem were checked against KENO V.a output. The input geometries wern cheched
by cxamining the 2-D plots generated by KENO V.a, Problem convergence was determired hy examining
plots of k., by generation run and skipped, as well as the finai kg edit tables. No trends were chservea et
in k4 by generation run over the last helf ot total generavions or, correspondingly, in K by acncration shpped
over the first half of tatal geuerations. Ne sudden changes of greater than one standard devinticn 0 & oy
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5C38926

KENO-VI, 4x{x} array, optimally moderated damaged
';‘uckaqes triangular pitch, 4.7% dianm. reduction

3
uog 1 0.9489 293 92235 4,01 92234 0.02 922385 0.02 92238
95.93% end

h2e 2 1.0 und

=csas2s 83304 3 3.0 end
KENO-V.a, &x4xl u:nl, optimally moderated damaged c 40 3.9250e-3 end
;;‘uckaqos .aquan pltch, 4.7% and 7V diameter reduction f.' g g g_%gge.;z .ng
. Q- an
ung 1 0.9489 293 g?ZJS 4.01 92234 0.02 92236 0.02 92238 c 506.173¢=3 end
95,95 end o S0 S5.,144e-3) end
h2o 2 1.0 end h 60 1.041--; end
83304 3 1.0 ond c 60 1.105e~2 end
c 40 3.,9230s-3 end o 60 9.207e-3 end
fe 4 0 0,.3498¢-2 end c 70 4.167¢=3 end
h 301.393e-2 and fo 7 0 8,0648-2 and
€ 30 7.i57e-3 end h 80 9.6021e-3 and
o 50 6.464e~-3 end c B8 0 5.892e-3 end
h 60 2.128e-2 and © 80 4.910e-3 and
¢ 60 1.277e=2 end c $06.173e-3 snd
o €60 1,064e~2 aend h2e'9 0,001 end
c 70 4,550e-3 end € 10 0 5.8%2e-3 e¢nd
16 7 0 9.67%0-2 ead h2o0 10 0,001 and
h 80 1,135e-2 end h2o0 11 1.0 end
¢ 8D 6,809¢~3 end end comg
o B D S.674e-3 end squarepiteh 1.34 0.8255 1 2 0.9296 3 0.889 11 end
.¢ $017.,757Te-3 end read parm runeyes pltsno gen=305 npg=400 nsk=$S end parm
h2e 9 0.001 end read geom
¢ 10 0 6.6098-3 and bait 1
o 10 0.001 end cyi nder 10 0.4128 2p33.02
e casp 2.0 end CYlinder 30 0.4643 233.03
4 cylinder . .
squarepitch 1.3¢ 0.8255 1 2 0.9296 3 0.889 12 end cxbntd 40 ¢p0.670 2?)3.02
tead parm run=yea plteno gen=305 npg=400 nsk=5 end parm media 1 1 10
S R b P
un a - -
linder 1 1 D.4128 2p33.02 madia 2 3 40 «3C =20 =10
cylinder 2 1 D.444S 2p33.02 boundary 40
cylinder 3 1 D.4548 2p33.02 unit
cuboid 2 1 4pD.670 2p33.02 cylinder 10 0.6627_  2p33.02
unit 2 ¢ 20 4p0.670 2p31.02
1inder 3 1 O.F<7__ 2p331.02 media 10
cuboid 21 4; 0 2p33.,02 mediz 2 1 20 =10
unit 3 boundary 20
argay 2 4,02 0 - ,3.02 it 3
unit cuboid 10 4p0.670 2p33,02
acray 3 -6.7 0 -33.02 media 2 1 10
unit ndary 10
array 4 0 ~-4.02 -33,02 unit ¢
unit' € cylinder 10 15.24 2p33.02
artay 5 0 -6.7 ~=33.02 array 1 10 place 12 12 1 -0.67 ~0.67 0
unit ? cy 20 15.2€ 2p35.56
array 1 ~10.72 <=10,72 _ -33.02 cylinder 30 15.875 2pJ6.193
cylinder 2 1 15.24  2p33.02 cylinder 40 25.1922 2p36.1935
hole 6 10.72 © ©O cylinder 50 27.2242 2p)6.195
hole 6 -12.06 @ O cylinder 60 21.2242 2p38.735
hole 5 12.06 00 cylinder 7C 27.2242 2p49.403
hole 5 =13.,41 0 O cylinder BO 21,2242 2p51,.435
hola 4 D 20 72 [+] cylinder 90 27,3868 51.6382 -51.5976
hole 4 0 ~-12.06 0 hexprisa 100 27,3869 51.6383 -51.53%77
tole 3 0 J2.06 [} media 3 1 20 =10
hole 3 0 -13.42 O media 4 130 =20
reflector 3 1 0 2r2.5¢ 1 media 5 1 40 <30
reflector 4 1 3r0,635 1 a9 130 -0
reflactor & 1 7.4165 2r0 1 a6 160 =50
zeflector 9 1 2.032 2501 a® )70 -€0
teflector § 1 0 2r2.5¢ 1 a0 1 80 ~70
cefloctor B 1 0 2r10.668 2 media 7 1 % ~80
reflsctor 10 1 O 2r2.032 1 mediz 0 1 100 =90
reflector ¥ 1 0.1626 0.2032 0.1626 1 boundary 100
cuboid 0 1 4p25.4862 51.6303 -51.5977 unit $
glebal unic 3 hnxfnsn 10 27,3969 51,6383 ~51,5971
array 6 3¢0.0 media 2 1 10
end geom ° boundary 10
tead arcay global unit 6§
3ta=1l nux=16 nuy=16 nuz=1 £431 2 14rl 2 224r1 2 341 2 cylinder 10 189.74 51.6383 ~51.5977
ead [111 array 2 10 place 5 5 1 -217.3869 -27,3863 0
arawZ nuxe=C nuyel nuzel f£ill 6zl end £l cylinder 20 225. 2p82.
ata=3 nux=}0 nuy=1 nuz=l £i}1 10rl1 en i1l media 2 1 20 =10
ara=4 pux=} puy=6 nuzel liu 6rl end £i11 baundary 20
arar3 nux~=1 nuy=10 nuz=l £i31 10rl end till end geom
ara~é nuxe4 nuyed nuze=l £1)1 16r7 end £il} read array
A d bnd ' SEddr> 3 dery Y Ara Ara STl 453 dazs 263 1853
) - nd3 £d 4r r £ 4r rl 4z ar 3]
::uddgggs all=hZo en 2r3 20r) 2r) 5q24 3rd 8.1 3r3 d 2(q4:3 1671 ¢rd
end 2 1471 2 €£3 723 10r1 rd Sc3 6r) 9r3 <E:3 ead !
ara=2 typetri nux=~1C nuy-10 nuzel fiii 20r% &-S

3r5 4rd 5c5 3rS 84 3rS 2rS €rd 4:5 20:8 cne oulf

Figure A.3a Sample input file {-2_4 fig dats’

Figure A.3b Sample mput file -2 _3a
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generation run or skipped, resulting from an abnormal k., generation, were found. Frequency distribution bar
graphs appear to approximate normal distribution with single peaks and no significant outlying values.

A.5 VALIDATION OF CALCULATION METHOD

For the purpose of this example, a negative value of 0.01 will be assumed for the bias and uncertainty

(Ak, - f) associated with using SCALE-4.3 and the 44-group cross-section library. This is consistent with
published information on validation of this computational method using low-enriched lattice criticals.'*" Note:
The applicant should demonstzate the justification for the bias and uncertainty in the application for approval.

Using the general equation for the USL from Sect. 5.4 and the requirements of 10 CFR 71, it can be found
that for the calculations to be considered subcritical, the following condition should be satisfied:

k. +20<095-Ak, + P,
k., + 205094,

A.6 CRITICALITY CALCULATIONS AND RESULTS

This evaluation demonstrates the subcriticality of & single package (Sect. A.6.1) and an airay of packages
(Sect. A.6.2) during normal conditions of transport and hypothetical accident conditions. The determined T1I
for criticality control of a damaged and undamaged shipment is given in Sect. A.6.3.

A.6.1 SINGLE PACKAGE

Calcularions show that a single package remains subcritical under general requirements for fissile material
packager under normal conditians of transport and under hypothetical accident conditions. To meet the general
requirements for fissile material packages, 10 CFR § 71.55, a package must be designed and its conteats so
limited that it would be subcritical under the most reactive configuration of the material, optimum moderation,
and close reflection of the containment system by water on all sides or surrounding materials of the packaging.
Case s-0 of Table A.4 represents the optimally moderated inner containment reflected on all sides by 30 cm of
water, For case s-1, the container reflection is provided by the surrounding materials of the packaging and 30
cm of water. In both cases, the gap region between the tubes and pellets are completely flooded with full-
density water, as is the void region in the inner container (Region A of Fig. A.2). Full-density water is
optimum in both regions because the fissile content of the package is slightly undermoderated at a tube pitch of

1.34 cm (see Fig. A.4). The highest single-packzge k.o of 0.8942 3 0.0019 is considered suberitical (i.e.,
0.8942 -+ 2-0.0019 = 0.8980 < 0.94).

Case s-2 in Table A.4 is the result for a single damaged package with internal water flooding and 30 cm of
water reflection on all sides. As with the undamaged cases, the reported kg is less than the established USL of
0.94. The results for a reflected, damaged containment system would have been identical to the undamaged
case (case s-0) because the configurations of the containment system or contents did not change under
hypothetical accident conditions. '

All caleutations (dzmaged and undamaged) were performed at the maximum allowabte U enrichmient
(4.G;s wt %) to ensure maximum reactivily and climinate the need for calculatiuns at Jower nassibic
enrichments.

NURFEG/CR-5601
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Table A.4 Single-package calculations

Case Description ‘ kot o

s0  Optimally moderated, reflected undamaged containment  0.8942 + 0.0019

s-1 Optimally moderated, reflected undamaged package 0.8798 + 0.0019

s-2 Optimally moderated, reflected damaged package 0.8820 =+ 0.0018
1.38

1.35 | /\‘—‘
1,04 /

£

&~

1.33

1.32 +—————t—f—+ bt
1.25 13 1.35 1.4 1.45 1.5

pitch (cm)

Figure A.4 k_vs pitch for 4.01 wt % *°U UO, pellets

A.6.2 PACKAGE ARRAYS

The calculational results of Table A.5 show that an infinite array of packages is adequately subcritical under
normal conditions of transport. Case i-1, an infinite, triangular-pitch array of dry packages under normal
conditions, calculates at a k. of 0.5343 + 0.0012. An infinlte array of packages under hypothetical accident
conditions, however, is not subcritical. Case i-2_7 represents an infinite array of close-packe2, trisngular-pitch
(diameter reduction factor), flooded packages with optimum moderated contents, a 4.7% reduction in diaineter,
effects due to charring and off-gassing, and optimum interspersed moderation. The kg for case i-2_7 is 0.9755
+ 0.0021, which exceeds the subcritical limit (i.e., 0.9755 + 2:0.0021 = 0.9797 > 0.94). Since the infinite
array ‘under hypothetical accident conditions calculates abave the USL, finite array calculations are necessary.

Cases 1-3_1 through i-3_3 are variants of i-2_7 that investigate flooding of the insulating {iber board chizrred

region. The ophmally moderated package array §-3_2 has full-density water inside the package conimmmiert.
has 0.001 ¢ H,0/cm’ in the charred region of the padcagmf’ and has void between packages.

b W ¢ o0 =i
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Table A.S Results for triangular-pitch array calculations

Interspersed

Case gc’x?sity (g/em’) Description kgt o

i1 0 Infinite array, normal 'conditions of transport 0.5343 + 0.0012
101 - 1X1X1 array, hypothetical accident conditions 0.8820 + 0.0018
121 0.9982 Infinite, hypothetical sccident conditions 0.5238 + 0.0021
i2 2 0.95 Infinite, hypothetical accident conditions 0.9237 % 0.0021
i-2_ 3 0.5 Infinite, hypothetical accident conditions 0.9297 & 0.0023
i2 4 0.1 - Infinite, hypothetical accident conditions 0.9618 + 0.0025
i2s 0.01 Infinite, h);pothctical accident conditions 0.5716 + 0.0024
2.6 0.001 Infinite, hypothetical accident conditions 0.9718 + 0.0024
i2_ 7 Infinite, hypothetical accident conditions 0.9755 % 0.0021
31 (I)ng%ili%;éxyx?’ocﬁ&nari-ﬁ :englxg:m conditions, 0.5755 + 0.0021
i-3.2 mﬁzgyg&’% ac:eigic:; conditions, 0.9772 £ 0.0027
133 0 {)ngxiﬁéei‘: lg&}e&wrggg nconditions. 0.9759 % 0.0022
-2 1 0 2%2xX1 array, hypothcticg accident conditions 0.9103 + 0.0018
2 2 0 2%2X2 array, hypothetical accident condilions 0.9158 + 0.0018
123 0 3x3x1 array, hypothetical accident conditions 0.9270 £ 0.0017
-2 4 0 4x4x1 array, hypothetical accident conditions 0.9369 + 0.0019
f24a 0 4x4%1 array, hypothetical accident conditions - 0.9335 + 0.0028¢
25 0 3x3x2 anay, hypothetical sccident conditions 0.9306 & 0.0017
2 6 0 §x5x]1 array, hypothetical accident conditions 0.9284 + 0.0019
27 0 3x3x3 array, hypothetical accident conditions 0.9405 + 0.0023
f—g___ 8 0 4 %4 %2 array, hypothetical accident conditions 0.9359 £ 0.0017

*Determined to be near optimum Interstitial moderation via CSAS4 seaich.
*Determined to be new optimum moderatior: via CSAS4 search
‘KENO-VI calculation.

NUREG/CR-5661
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Cases {-2_1 through f-2_8 are variants of case i-3_2 and represent finite arrays of close-packed, triangular-

| pitch packages (diameter reduction factor) that have optimally moderated contents, a reduced diameter by
4.7%, charred insulating fiber board, varying interstitial moderation, and 30 cm of full-density water reflection
tightly fit on the array boundary. The finite array of 4 X 4 X 2 (case f-2_8) packages is considered just
subcritical because 0.9359 + 2:0.0017 = 0.9393 falls below the USL of 0.94,

Case {-2_4a is cquivalent to case f-2_4a except that f-2_4a was modeled with KENO-VI, which allows explicit
modclmg of triangular-pitch arrays and does not rcquire the use of the drum diameter reduction factor of

Sect. A.3.4. The calculational results of f-2_4 and f-2_4a are statistically the same, attesting to the correctness
of the diameter reduction factor.

A.6.3 TRANSPORTATION INDEX

The TI for criticality control is determined by the number of packages that remain below the USL. For normal
conditions of transport, an infinite array of packages is subcritical. However, under hypothetical accident
conditions, only up to 32 damaged packages would remain subcritical. Thus a maximum of 16 packages may
be shipped for a nonexclusive shipment, and the TI = 3.

Note: The example presented in this appendix is for illustrative purposes only. The fictitious transport
package uscd in this example has not been approved by the NRC, and no assessment has been made as to
whether the package would meet the requirements for NRC approval. Also, the descriptions, calculations, and
justifications presented in this example have not been fully reviewed by the NRC, and may not be complete or
acceptable to the NRC. -
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B &P becomes the first industry producer of BORAL

3rooks & Perkins has just become the first commercial
supplier of Boral. This is a new material. It is used as a
neutron shield in atomic energy installations and atomic
power plants.

Boral is said to offer as much neutron shielding protection
as 26 inches of concrete where the neutrons are of thermal
energies. It does not shield against the passing of gamma
rays.

The Atomic Energy Commission developed Boral at their
Oak Ridge Plant, where it has been produced by the
Government in limited amounts only. The product consists
of a core of boron carbide uniformly dispersed in aluminum,
clad on both sides with commercially pure aluminum. Boral
can be produced with the core material having various
concentrations of boron carbide.

Now that atomic power plants are operating in sub-
marines and in an experimental airplane, and several
industrial power plants are in the development stage, it has

Rolling mill superintendent
J. G. Merritt is looking at a
formed Boral cylinder. The
three-inch-thick rolling slab,
rcady for break-down, is a
cast Boral core surrounded
by pure aluminum cladding.

become advisable to have a commercial supplier of Boral.
B&P is highly qualified, primarily because of its successful
pioneering of methods for working some of the newer
metals, including zirconium; also the fact that it operates
a rolling mill at nearby Livonia. Here B&P has just in-
stalled a new 3000 cycle ultra high frequency induction

furnace, now used for the production of the Boral core

material. .

The grade of Boral offered by B&P has a 35% concentra-
tion of boron carbide. The Boral plate is rolled 4" and
14* thick. Standard sizes offered are 30" x 96", 30" x 48",
15" x 96", and 15" x 48°. The approximate weight per
square foot of }4” thick 35% Boral plate is 3.4 pounds.

Boral and zirconium are, in a sense, companion products.
Both are used in atomic applications. B&P has been deep-
drawing zirconium for the past two years. Unlike Boral,
zirconium is transparent to the passage of neutrons while
acting as the container of the atomic fuel.

Microphoto of cross
sectionof ¥’ thickBoral
plate, 10 X magnifica-
tion. Shows crystalline
structure of boron car-
bide in center, with
‘aluminum cladding on
top and bottom.
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1.0

Abstract

A technique has been developed for making large sheets or
castings of B)C and alwuinum complex for sbsorption of thermal
neutrons without production of hard gaxms radiation. The £" sucet
has the tollouing Jcoperties:

Boron Content: 50% ByC (or 204 B) ® _Yolume -
~ 0.91 g B/ca3 or 0.58 g B/ca? of £" szheet.

Therms) Neutron Attemmation of 1010 in 3-* (based on
: = 100 u-._lﬁ)o :

.' nenutz' : 2.53 g/c-3 or 3 #/rt2 e
Cost: 15-20 $/rt2 |

Tensile Strength: 5500 psi (10 times concrete, 1/10 nim
steel, sbout equ.al best plastics).

Thermal Cozﬂuctivity. Somevhat better than steel (n:me
precise messurements 1n Trogress). _

Can be shured, saved, velded, punched, drilled, taypod, ro].led,

.and hot-pressed. Sheets 7' by 33' by 1" are in ;prepa:ntion for nhcaring

‘ _to 5' x-6' test sheets.

' instrumentation. _

' It 15 telt thnt this uterialvillhm Wma vhm a h:rse )
thermal neutron flux xust be sbsorbed without rroduction of herd gammas,
Cofe inner section of reactor ahielda shutters focr therzal colma ’

AECD-3625
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2, 0 Introduction

'L'he gbsorption of thermal peutrone without production of hard
geazmma radint:lon-can be a very important function. For exanplc ’ 1!
the ndiation minging upon a ahield is such that the theml neutrona .
outnumber the quanta of hard gamas by a factor of 100, end these

thermal neutrons are ebsorbed 1n the shield to produce bard gammas

At St e e A %, 07 el ot SR AT £ L N
i
i

(the usual result), then the incident gamma tlux vhich lmnt be
shielded bhas been effectively increased by this factor, '1.e., cn
additional 26" of concrete (or equivalent) munt be added to. the
shield. Ir mctead, these 1ncident thermal neutrons vere absorbed
without herd gamma production (e.g. in a thin £1ilm of boron), the
26" of hypothetical concrete eould be removed. E. Creutz or Carnegie .
Institute of Technology estimatea that a eonparable thickneu of _
._ concrete added to the CIT-cyclotron ahie:ld would have cost cver $20,
in mtcricls and :l’loor apace. In a stationary reactor shielﬂ 1t night

" cost ten times this anount. It ni@zt tip_the ’oahnce of teaa:lb:llity _

~in 8 moblle reactor shield. , T
" The Blo(n,q)l.ﬂ reaction :ls uniquely auited for such & runc-:.
- tion. RNetural _boron, containing 18 8% B1O, has a crosa-cection of
.703 barnc for this reaction at thermal energy, fallin.g off as 1/v
to ebout 0.1 barn at 1 Mev vhe;-e the function 't_:_ecomea irregular. The

residual activity is negligible and the 0.42 MeV gamma, which is emitted
\ _ - ‘after 93% of the. c.aptures , 18 Boft emough to be easily ebsorbed. Cad-
- . mium, by contraat,'emits a 6 Mev gama. and lcavea four unstable isotopes
after irradiation. ' .

— o
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" The crystalline B 45 quite pure, the amorphous B 60-80‘,!, the

AECD-3625

Boron can be 'bcﬁght in many forms: Nearly pure crystalline

boron at $200 - 300 per pound, emorphous boron at $15 per pound,

\-\ ———

and BiC in various grades end prices starting near $7 per pound

‘B4C 75~80% B. BLC 1s not only the cheapeut fornm of highly
concentrated boron, it is also exceedingly refractory, chenically
'1ner1.'. » wechanically hard, and stomically denae ; in each of these

"nropertiqs it exceeds almost all other known materisls. For $8 to

10 per pound, it can 'be obtained quite pure.
Being ditticult to vork, it séems deairable to bind the BIC

vith a more docile mter:lal :ror handling. Alum:lnun appears to be

the wost prom.is:lng cemcnting agent~ it has &’ lov croas-sect:lon for

the production of hard captm'e gammas, 1t is ductile and easily

_ _'_rabricated, haa high therml conductivity, s inexpensive, light

' .veight, and corrosion reais‘tant. ' C e e

The question of radlation ~damage natura‘.lly arise. Sin'.i:e” oy

aluminum 18 the continuous phase ’ 1t should not suffer from deutruc-

. tion of the embedded B)C _particlea. Radiation dmnage studies on’
slumimm show that, vith the possible exception of warpege, no dele-
terious effects should be expected. The diftusioi; of ﬁenm (from

_the..n,dreaction) through the aluminum is expected to take place

vithout damage. Irradiation tests will be made.
Early E_:(Bcrimenﬁ

The.-o'b.jective was to achleve &8 high. a fraction as possible of

B)yC. In addition it was felt that no B)C should be exposed at the

surface and no loose B)C should exist within the sheet. In this way

B i e ATt TRy P




T ' AECD-3625 . T
it was hoped to minimize the possibility of escape of ByC from the
sheet due tc.> bliatgrixig during operation or machining duripg fabri-
cation. Arbitrarily a l:1°'ratio by vollina of ByC to aluminum vu
chosen. For a 1" sheet , this is sufficient to give a 1010 attonuiafiozi

‘of thermal neutrons, essuning a macroscopic cross-section for ,.Poron

~ of 100 ca-1, or for boral, ko cw-l, Actuslly a 1:1 veight ratio wes
used .fm- the unclad material, giving .a voluxe ration of 2.7 BiC : 2.45 Al,
but this is c_:owpgnaated for by the cladding on both sides which occuples
.a total of 16$ of the thickness. It vas roux.)d that e significantly -
larser traction of -BRC could not 'be obtained vithout serioualy impair-
ins the neclum.ical and thermal properties of the mterial. In the
reare - cases vhere greatu- quantities of boron are needcd, a thicker
_sheet can nore eaaily'be used. - S o Ty -
' S Expu'inental work vas started in December 19&8 under Fronk Kerze .' :
' or the Bngineering Haterials Section and vas ahortly thereafter noved N

%0 the new 1-12 facilitiea of the Shielding Growp. S

Foil a.nd Powder Hethod (See Pigure 1) '

. \/th Wder vas Bprinkled in thin la,yers bet'ween ten .005"
altmimnl roils around vhich vaa & wrapper of .064" 25 aluxdmm sheet.

This vas hot-roucd at 1130‘°F reducing the leminated anned)]q .050"™
| each pass th.rongh the rolls until the laminate had been reduced to
}". The resnlta of thia experinent vere unsatisfactory becesuse only
a small ammrt of the m,c enbedded itself in the aluminum foil, leaving
most of the powder loose betveen the leminations. The loose B)C pre-

vented the bonding of the layers .qf Toil and m considerable amount of
. .,~"

Povder blev out during rolling, preventing bonding of the outside

By & -

wrapper. Figure 1 shows a ahearéd section of thn finished sheet. l‘iote

that the leminations are not bonded to each, other.

~, . " ’r.

apen prmemns

K

o smd st 8 e fEimmias e ESEBI el ee s & BIEEarm et o s A .

P v -

' ?/

1"‘-.‘

ViR ed




}? %

: . . " e
.
-
/ ; . >
;

. . . - . o . . A
/ \ .

. N e . y . S i _—

AR e BT "
- v

s qm fanr TE g
PR o P vt Nt S/

RSl
;

i

LRI ? b
T
BT Al ey
:"'-. LS

0543
Wy ‘?r

P

Ay e n

oS

‘lin

Chkedh g
o B ARt Sty YR
rﬂ NG

- 'rfﬂ.‘;‘t‘,".t;(’ o4

s 'n}-“'—"""&}'ﬂ.}‘: “'\h*!“. ; R ey ‘\:‘ tnad b
R AR G S G e e ] Bt




.
Taw

f AL
-5

AECD-3625 ' . 9

3.2 Two-Povder Method.(See Figures 2 and 3)

A mixture of B)C and Al povder vas placed in en envelope of

:~

Al foil {to prevent dustlng during rolliug) and thia mixture vag’

Titted carerull;v into an alxminum picture n-axne The rrane vas

WoR
i

'»'?:A'\' a

covered top and bottom vith a single 1/8" wrapper sheet, aud the

assexbly vas then soeked at 1130°F for ope hour. It wvas rolled at -

........‘

this temperature, being heated 10 uinutee betveen passee » e.od re- )

duced to }"

but’ several serious dj.rﬁcultiea arose. The picture rrame generally .‘ »

made ; vary‘.lng the altm:lnum partiele size rron approx:lmately 20‘ nesg

=il s L.w ."#ﬁ'u

to 2 chips, and the m;c from 1oo mech to 18 nesh. Theue gave 10"
signiﬁeant 1mprovenent.

i _-._ "A larger sheet vas: tried 'by thin nethod, 8tartin3 ulth a

\—.

:_ ‘6" x ol" x 1" (4inside dimensiona) picture rrame (see Figure 3)

.4."

In addit:lon to the above diffieulties > the mpper became quite aort

- (-:.

-at the soaking temperature, and handling the 1arge aseembly proved

quite difficult. It was decided at that time that large satisractory

R LN COLC AR

oy




and ﬁ‘c powders in picture frame.
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Fig. 3—Large two-powder attempt. -
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sheets could not be rolled unless the BLC and eluminum vere in the

form of a rigi_d structure during rolling.

' 3.3 Cast Ingot Method (Figure h) - . :

Several eman—acale attexnpts wvere made to mix Buc powder vith
inolten aluminum. The aluminum did not wet the Bz,c and the resultant
mix when cooled was crumbly and incohesive. Preheating the B)C,

‘ precipitating B203 or Al203 on the B)C surface ’ and varying the

temperature range » had little effect. Attempts to make an ‘ingot

from Bl‘c and aluminum povder vere equally insuccessful. A non- o

, ..‘_-.

oxidizing atmospbere seemed to make 1itt1e difference.

(Figure h)

?inally a successi‘ul ingot vas made as follows-

i

0l & 3
d )

.' '{.’L.’ . Tavas
The porosity vas nearly eliminated during -

(Y

,'The cepaciiy gf the rolling mill at ORNL 1imits the sheet vidi;h

to 27" end the biu_e%
. . M f

‘,' R NS S

2t .
it has 'been decided ‘t6 ron a oillet 1.." x 7 x 12", with an 1/8"

vrapper on’ each side, ’uhieh produces a . trimed sheet 20" 5( 20" x {-" y
e “.,.:v
Sinee the BL,C povder a}one stacks to nearly 50% voids » he horal ingot .
’ Lo '

L

. holds B),c particles vhich are nearly touching, resulting in a very

. i3 :
:rigid mass vhich cam:ot be poured, even at high temperature. Therefore

-:‘I |

4
K]
.
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. .expoaed purt:lcleu of th. A vrapper oi’ 1/8" 28 aluninua ahect, vhich o
) . 'haa 'been wire 'brushed to remove excess axide and d:lrt to facintate

16 ARCD-3625
it 1s desirable that the rolling billet be the original casting, and
not recast froa a mga pig ?or thia purpoae, a special furpace

———
T ——
————

hu been bullt from two. atandarc 6" x 12" miffle furnace elexents,
which heatl & grajoite crucible with inside dimensicns 7" x 12" x ¥"
wvith 1/16" toper. The tmentm u controlled by e Brovn electric .
nromtu' trou a tbermcouple aet :ln the graphite, and the mixed |
) rovdera are stirred 1nto the nolten ‘alumimm vith a 3/8" steel rod,
shown An rigm-e 5. A typical ingot is shown on the furnace., '.ro

o ]rroduce an 1ngot thin size requires 825 grams of 25 aluminum pig.

: _ro this & cold mixture of 1650 5rans BiC (through 20 on 100 mesh)
and 825 srm of alulimn ;povder (appu-oxmtely 20 mesh), is added
gradu.ally vhih atirrins in order to vet and auapend the BjC mrtiche
4in the nolten almnimm.

After rmoving tha mgot rrcn the mcible nom, 1t s then

O _netal-a;myea vith - thin coat or alxmimm to: cover coqpletely any

bonding, 15 :placed around the :mgot to torn a cladning of approxinately

T e020" on the 1/4" firdehed sheet. m aamany is then placed in a

‘Lindberg fou'ced-circulation electric ﬁn-nace and heated to 113001? :tor

: -appratuatoly one hour and rolled The hillet is reduced approximtela

110§ each pesi through the rom. The nater:lal retains considersble
dnctﬂ.ity at low, tmeratm-es and work-heata appreciably during roll-
ing, go that reheating betveen pasaeu 1e not neceuary it the rolling

C—

ia carr:led out at a reaaonable pace. : ¢
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_holea drilled thrcmgb it.
~ The 250 £12 Sheets (Pigurel 7 and 8)

nerrtal vurk. Arrangenents have been mde with the Lukens Bteel V

AEBCD-3625 17

‘The 'ﬁrpt heatn ve.re run vith only the ingot and a wrapper
sheet. SBince thex;e vas nothing to confine the @a of the ingot
during rolling, excessive cnmbline, edge—mcking and nn:m:nneu
resulted Prcsent runa exploy a vclded aluminum picture trna to,

¥

eon.fine the 1neot, and this technique yields straight edse-, ﬁ-ec

trou cracks. -m edges of the vrap::er sheet are bent over and tack-

velded to the outaide of the pictm-e freme, vhich has nev:ral ‘rent

s

Aaindicated a‘bove, themxinnvidthvhichconlﬂberolled at

.omm was 27", ia a need for several X0" x h3" ahuttern for the
_ ORKL attenuation fact]ity and seversl 56" x 66" sheetu for e@eri—

v,
R -

‘,,‘H'

o Ccnpcmw of (:oatesvinz, Pennaylvania, _to rolJ. tvo aheets 8" x 396“ x -}"

n-a- vhich ten 55- ‘x 55- sheeta end four o™ x 33- .mutters can_be'cut. o

- a-l.(f

’ "jrgo 1!!801'-8: 6" z 36" 5: 32", veighing hso ponnds each, vill'be ca-at and.

~wrapped at I-12, _then nhipped to I.ukens ror roll‘l.ng. !l'he expenses for

,-w

thisjobmbeingpartlybombym,andtheﬁhe&aﬂllbcused

,-"tor the Joint (RHL-IIKPA ahield teata in the QRHL nttennation fl.cility.

Tbe nethod or vrayping 13 essentially that d.encribed in pera-
graph h.o and is shovn :!.n detail in Figure 7. The special fmnace for
caating ‘the 1ngota (Figure 8) 1s acaled up from that shown in Pigure 5,
exeeyt thet a non-tapered steel crucible is being used. A separate
report, QRBL-2R3, covering this project, will be vritten as soon as

. ltl
the sheet.a' ere rolled. .
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6.0 Fhysical Properties’

6.1 Data
sition (for 4" sheet, including .020" Al cladding on each uae)
_ vol.) ByC, 50% Al. ,
s ﬁ (vtl ng-mllcuﬁ gesd3 glem? "
B -36.c . 84,2 0.911 © 0.578*
Al 55 1 51.7 1.39% 0.886
c 8.9 18,7 225 0.143

#* This 1e Bufﬁcient to glve 1010 attemusation of themal neutrons

2. De 1t1 2.53 g/cc
0.09 1b/in3 -
3} 1b/rt2 for }" sheet

3. ‘Strength
.7 2) menmstle 5,500 pet
»t_»; Elongation . 0.h & -
1 <€) Shear - - 8,237 pai
hooa) Vem,ﬁ tengi],e apeeimena did not fall at veld

L l. Therml Propertiea

cOnductivig acmevhat bettu- than steel (nom preciae
: xeasurmnt_p in :pcrogress) o

.b) Speciﬁc Beat. ' .175 Btu/lb x or or 3-ca1/5 x oc

i"c) nelt;gg Maiuta:lns pechanical strength up to 150001? (aoooc),

_ y abcve vhich oxidat:lon is exceaaiva. . .
d) : Heat Generation from n,o{Reaction: T.h x 10-10 vatts/fta x unit _
- a “therzal peutron flux. .. . -
5. Cont- 15-20 $frt2 for i'" aheet. ' S .'

6. - orkabing Cen ¥e sheared, sawed, velded, punched, drilled,
. tapped, rolled, hot-formed, and experimentally die-cast.

e
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o on AECD-3625
6.2 Testing and Calculation Methods

' o Calculations are baeed on 1:1 (vol) BjC : Al compoeition.

Densities assuned are 2.h5 amd 2.70 g/ce respectively.

2, Density is based on gross volums measuremert erd also vater ats-’

| plaéemnt, vith no significent difference. o e
JIRR | 3. .'renaile strength on 8 noml and 3 welded specimena s 88 Per " ' .A B :

ASTM (e.g. Bzog-wr 1946 ed, Part IB, p 572, fig. 1).

Shear strength on three &" x 2" x 8" atripa » in modified

FEANPLLA 5

_',Johnaon Bhenr Tool (AS’I'H 0102-36 19h6 ed, Part n, » 228 :r:lg. 1)

¥

25 PSR

”'f'mermal COnduct:lvity vas mde by comparing tenperature d.ropa throngh :

4

Al rod, Al disca > and 'boral discs ’ through uhich a constant heat

PF i On

Al'tOr san/e heat 'rlux. Preciaion waa poor and prec:lee tents fre
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Fig. 10—Sectional view of thermal conductivity apparatus.
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... ) . 7.0 Anpalyses of Rav Materials for Boral .
o Al Powder n Large Al Pig Small Al Pig . Baral -
L A <.0lg SO : T -
g Al 220 - V8 vs .
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ABSTRACT

The technigue for making large sheets.of boral described in ORNL-2k2, vhich

consists of mixing B)C with aluminum has been modified and simplified., Recom-

__mandations are glven for casting and rolling ingote into sheets,

~—

AEERIOMI Ph&ﬁical property.dota are includel, 'I‘oxmilo atrongth maauro-
o - o ——-——-—-———' - .-4_.-‘-" .

xnents of boral indicato no serious damage upon 1rrodim:ion wvith & total of
2.6 x 10 19 nvt in the ORNL reactor. Thermal conductivity Tor the 50-%50 nixturo
vas found to be 25.0 Btu/hr-rt‘?-%/rt at 200 °F and 19.0 Btu/hr £2_op/st at

500 . - - L SRR

A mthod for masuring thermal conductivities is doscri'bod

In order to make ‘boral availablo to other sitos ’ ORKI. has agroed to accopt

urgent requests for small amounto of boral as sheets not la.rgor than

> R
.

X 96" x 1/&" -or 1/8” » othor progxam comitmonts pe...it i.ng Requoata or
purchaae orders for ahéat stock or sinplo fa‘brication parts my bo su'bmitted
diroctly to om, giving dota.iled roquirenents. A

26




IRTRODUCTIOR

e v g e e "

Boral, as described in ORNL-2L2, is an engineering material for the .
absorption of thermal neutroms. ' - .

Boral 1s & mixture of boron cerbide (B),C) and aluminmum in vhich _ths

‘boron car'bide is euspended in molten aluminum end the resultant product

alloved to solidiry into & form suitable for rolling. It is useful because

of its light weight, ite high boron content for the absorption of themal

nesutrons vithout production or hard ga.mae , 1te good heat conductivity e.nd its

thermal atebnity up to the melting point of aluminum. o
In om—aha,’ "Bo*al' A Nev. Thermal Neutron Shield", HcKinney end

G et
Lo el

Bockvall adequately diecuea the hietory, developnent and rabricet:lon of .

n LT Vi R Ty
o TR

borel e.nd eetablish a procedure tor produci.ng large quantit:lea o:r thie o
' el T S S S A e s
uateria.l. Bowevor, thoy vere unable to conclude their prog*am for the o
: Sl e g «-wM,;- SHR A

production of large sheets of bore.l. Thie report mmnarizee thy wvork done o
IR Saw cle T e e Tt ‘(,""f""

e i

in ccmcluding the program :lnitiated 'by chimey and Bockvell. Additicne.l

-,‘ .:'-.

:‘h‘

e e T .o

: fabrication ot large quantitiea of borel are inc]nded

"~ say

In ORRL-21&2, chimnoy and Bockvell reporbed the.t emall scale attmpte

T
TV e R

. to mix th pmrder vith molten aluminmn were unsucceesful The alunimnn did hot

Y
.-

L S TRT vty Terreta - - hvm memae e b msmmis & s f 4 S e e se———————————




L 28 AECD-3625 ' ;
wet the th and the resultant mix vhen cooled was crumbly and incohesive.
- Preheating the B)C, coating the BC with Bx03 or Al203 and varying the
k, ] texperature had little effect. A succesaful ingot was Tinally made by
" stirring a mixture of alurimm powder end ByC imto mlten.allmiz_nm, keep- " _
Ing the temperature st 1230 OF + 20°. This metbod was therefore ostablished :
P ‘88 the standard procedure for casting ingots. | , =

EXFERTMERTAL DEVELOPMERT PROGRAM

R

' Adaitions to make Alumimm vet m,c

"\:=-,

R .1.

-<..~.1..- \

'to wet the B};c. In an eﬁ’ort to understand the mechaniam involved, a aarieé

S T T

ofexperlmeixtsvasperfomd :lnvhichvaryingpercentag.es otA1203ve

. v
e e ;“‘- Wlewn b re \‘.

.' |
ERISNER L4 e s'-n‘ A -c‘..‘." "h 5.. -7 -A,-, \.l\ z,, '.'.\

'v:lth the Buc.,

mlten meta.‘l

) the Bl,c azh adﬂ.ea 'to themolten umnm, omittmg the use of ahmmn: povder
Good wrkable nﬂ.zes were obtained resulting in atrong homgenecus 1ngo1:a ¥
The Bx03 content varied from 5-50$ of the velght of the B)'_C. During the / k
‘addition of the 3203-th mixture to, the molten metal, a ‘black emoke vas '
glven oi‘r and green flames popped on the surface of the me.‘l.t. \fs\aane
‘reaction was o'baerved in the Hc.K:lnney-Rochrell proceas. . ' '
. - - | | ,’
i N\
i ik :2' AT E AL LN LA ‘w.:i“i“ -»:z:.':j»'-u.uu-avm*—-‘4f~=%““~*‘***'<’4m*-‘=“~’f.~“~’“-' st [_, .
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canbeaﬂﬂ.edmelytothemlten aJ.mninmn, the wmm ee.rbia.e 10 :pu.'eferxea..
o Bffa*tofl‘empembureburingmxmgofm;c ixrboAlm::lmm Y
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Since the a.d.d.:lt:lt.m of Bp03 caused the alumimm %o wet the ByC, a 13203
ooating was placed on the carbide by oxidizing itroronehominamtne
rnmwe !meozid.ized mbidemthenaﬂdedtothemltenahnzlm Good
vorkable nixes a.ndper:fect ingots were ob‘tained No black smhe or'srcan flazes
vere eviderrt; m:: wthod s now the 'ba.sia of the ;:reuent tabrimtim .

The mechanism of how the 18203 influences the wetttng of th by the

. ‘eluminum 46 5ti11 not known. TheB203pmba'b1yactaas aﬂ.nxingagentandaa '
such helpe %o mininizé the absorption of gases and tho oxitation o:rtha o
' aJ.uminum. ‘Since inert atznospherea above the melts maﬂe no diﬂmce, the:lr = ;

" use vas disoentimted Although e1ther e oxidized om‘biﬂe or 3203 and. ea.x‘bma s

lhetempmtm'eatvhichthe mddizedB},Cmaddedtotheml‘bm
Mmmmtimaslongaa itmbelmthatatvhichtheozidatm o

- ot;a.lmm 'becane sevgre._ Ho apperent d:lrficulty waa obsarved vben oxid.ized

'~:,‘- ey ,

. ;m,c was aaﬂed. to”mlten aa.\mim at 111»00°-11350°F hoverver- ‘t,he te@ua‘hne was

aepn T

"fusuanyxeptat:aoo%aso%ammm,cmssaaeaatamtemohamnatrea;ce
| the tempm-a‘hme of the molten alumimm by rore than 25 -35°F I.ading'b:lg alu@s A
.'ofca.r‘bidetothemltmnsedthemtoeoozﬁa?;;:hashoo".?andremxltedma'
loasoftimgca\quiredto-nheatthemixtu;'e. Yhentherequimdtmhmgm

sgaln Toached, more BiC vas sdded, anaonlybceasimmhvhenthemxvueooled

oo mnh through the addition of larger doses of car‘bide it was irpossible to

remelt tha rixture without excessive oxidation ot the e.lmn:!mm. ‘ '
—— _' ! ) - . \—/
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TECHENIQUE FOR CASTING IRGOTS

' he capacity of tho ORNL Tollisg mill limited the sheet vidth 5 2b" :
and theé billet thickness to 1 1/2" including covers. For this reeson; 1t
was decided to roll ingots, 1" x 20" x 24" ﬁth 1/1s" cover plates on each
siﬂe, vhich produced & trirmed eheet, Eh" x 108".x 1/&" A 150 Xv Oh:lo
Cmn.ksha.ﬂ: Cozpany "Tocco” tilting type induction rurnace vas used 'bo heat
a. gmx:hita crucible 9" in dlameter with 1" vall th:lclmesa. !I‘he temperature

w.s eontro]led. by 8 Micromax electric pymmeter fm a thermcouple ae't in"
-hhe graphite. The pre-oxidized :Buc (oad.dized at 1000 °F for one haur) vaa .V

I)Wf:"!"
.

3

the cmc:lble m i.neorporated into the mt pcur

Dur:mg eoolins, the ingot shrunk eurficient],y tor easy remvnl fram
themld Itmthenpmmedformuingaccoﬂingtothepmcedxm autlined
in ORRL-2%2 except that the operation of metal’ spraying vith almimm vas '

elixinated.

MR PO Gatte S P
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To produce ‘an ingot, 20" x 24" x 1" containing 35% B)C by weight,

13.5 1bs B),C and 2h .5 1bs 25 aluminum pig were required. The B),C contont
wvas decreased from 50%, ths percentage used by McKinney and Rockvoll, . '

to 35% to facilitate rolling-and fabrication of the sheet atock._ Thil

phaae of the work is more mlly diecussed in the sect:lon ont:ltled,

"Rolling at Lukens Steel COmpany

e e

’ Propoaod Changes for Casting Ingote

P

Minor changes vhich v:lll 1over costs and aimplify tho oporation are
'boing mcorporated in tho aforomentionod mgot-caat:lng proceduro. Instoad

-'.r\ P

ot pouring the ‘boron carbido into tho nixturo ‘by hand, it vin flow, at a

. Gl

' controllod rato, ‘by gravity :tron an eloctricauy hoated hopper.

. ;1 ,.,. )sc.. \h’-‘

operation, and tho caating mold vill bo coolod tran tho bottom by rbrc'ed'ur :

A :-:c.-..-,

circulation, allowlng tho entrappod gases “to oscape rron tho top. .

B T

Aava.ntagoa of the Bew Ca.ating Technique over Mcnnnoy-nochroll Hothod

1) Ten to tvolvo mgote can be mixed before roplacing the cmci’bh
and mom In tho HcKinney-Rockvell procednre, one crucible per ingot

" was oxpended.

m@’»&m—“u P4 50 A AR DA R s A LR B R . -
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2) ZXlimination of. the almﬁmum povder minimizes the oxidation

of the molten aiumimﬁn. . ) . ) -

3) Elinination of tiw metgi spraying operation prior to

cladding the ingots and the use of nitrogen during mixing o

lovera the cost of the finished shest.

BOLLIKG BORAL IRGOTS INTO IARGE SHEETS

" Rolling at I.ukens Stesl COmpa.ny _
. Unsuccosaful attempts a.t large-scale oxporimontal rolling Vere mdo : ]
by Lukens Bteol Cane.n.y, Coatoaville, Pennsylva.nia. Two ingota, . ‘ S
..27 x 36” x 6" > conta:lning 50$ th by voight a.nd propared accordit‘xg to
-tho procedure outlined 1n om-aua, vere schedulod tor rolling 1nto : ._ ’
aheeta, 56 1/2" "x 66 1/2" x 3/16"' I'ailuro of the rolling attempt veo

. e
R vees h,’g

. a.ttribtrted to rough handling of the mgota during rolling. Groater care

S .,,-33 . "r;. s,.....,-

could not 'bo used ‘becauae the m.ill deai@ed primarily for steel 1ngofs

-~ “ .- ,vu',.;.t ._'-‘._ x,_ .7;~

s R N

"l

'.'lu'bricated vith kerosene. B

,.‘._

) Upon examimtion of tho damaged aheata thare vas evidqnce or 1n- )
sufticient alunirim to tost all the th in the 50-50 mixture. It 1
posa:lblo that thia defect, vhich appa.rently was not too mportant whon.:
rolling emell’ ingots, became more prominent in rolling the la.rger ones a.ndf
éontfibﬁted. to the nna'uqcosaful rolliﬁg attempt. It wae théi'er_ore docid;ad

to lmr"'tl'xo By,C content in an ‘effort to -improve tbs rolling characteristics.

- f

. (.
[ L
[P Rh
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Tven at the lover B)C concentretlon,‘ sufficient attenuation of thermal

neutrons can da obtained for more applicationa vithout using exceeaively

thick shests. 4 . - A

L

Rolling at Republic Stesl C ompany

A succeeatul rolling vas accomplished e.t the Soutlxﬂ l)iviaibn APlant
of the ‘.Repu'blic Steel COmpeny in Canton, Ohio. Bepu’olic vas chosen_, for
this experiment ‘beceuee it bad ha.nd-fed or jo’b‘ber rolling mille' uhieh
were ‘more auited tor the rolling of boral. 'l‘vo irgots ’ 23" x lh" z 2" |
containing 35$ th by ueight,' vere prepered, placed in 2" eluminum .

-

tremes e.nd corvered with l/a"-eheet 2 eluminum.“_

pllinga 3 boral eé

: -ar.‘,,.,, %l t

' x 3/16"

.~ .v.-. ’ s [ SN
or 1/8" vere rolled, and vider eheete vere fabricated 'by Joining eeveral

‘emller onea. ”Inéovts\were prepa.red according to the procedure outlined 1n the'

aection entitled, "Technique for Ceeting Ingota » pMn l“ framee and cLad

vith l/h" aluminum. 'I'he :rolli.ng procedure was eaeentielly the same’ as the one
used st Republic. N c
. . o ;

>

~ ..
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PEYSICAL PROPERTIES

1§

1) Coaposition (for 1/h" sheet inclnding Al r_‘lm‘.‘_'ing on ea.nh

-Banivich Material
-355 B, C 'by Veight

B .157 zgh

Sandwich Material
50% ByC by Weight

1_.15[__

e __u-.‘a ,"'j-'n.s,_- 62

K .,._...-...u - .s..,'. .u.u- atenln gt
- R

S~ e T 2.6:1019 o O
miuommeammbemgemsgdmthemrmmsﬁ. .
mmnltammilableattme;}m. E . :'_-:."

b) Elongation - o.hs‘ (om.-eba)

e) Bhear - 8,237 ps1 (ORRL-252)

T A A A

- 5
. . Ly . ——e = o ttan o e ——————— - PR - R i
PR e L 7 < \\\
.
;
i
4
i
’ !
3 ~..

!
4

[ amrirt Py

PO~y

T,




.

5
)
3

:

AECD-3625 o3

3) Therml Propertiea - 50$ th by wveight
a) Thermal Conductivity (Btu/hr-ft-°?)

Tem “°F) 200 k50 500 R
25  19.2 19.0 e

'Mamvmsmbeingrechecbedammtional

values ror pure BrC and for ‘boral with vm'yins ByC eontmt

a.re ‘bei.ng obtained.
) Heat content
Dennitr 2.5 g/ec

+175 Btu/1b-OF (om.-éhz)

or ;w:essed.

7) Avam'b:ll:ltr

| thanal}'v':%"xllh'drll " dhherpmgmncomitmntape‘mitting
Requests orpnrchaaeordmrors}wetstockor ainple tn‘bﬂcatodparta
my bo submitted directly to ORIL, giving detailed requirements,

Y i T A e g
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8) Other Applications:

‘Boral can be sprayed onto mild steels. Howsver, the bond

between ths sprayed material and the base needs improve- L g

ment .
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AFFENDIX

Prj.ne:lple of Pmpoacd Hefthod for Detemining !l’berml Condnctirities
Iongitudinal hea.t flow thmugh & specimen vas measured by the tcmpera-
ture rise of & metered mmunt of water paasing throu@x e heat exchanger

located at the base of the sample. '.l'he teupemture d.rop across the
apecimen was measured vith thermeouples enbedﬂ.ed. :ln the uxple a knovn
distance ape.rb Radia.tion, conduction and coxxvection loaaea were.

raevw

ﬂnmmwwmmcbricﬂhh&tedmmgmmvﬁich

- .
AT LA Latd B

themlty'betweenthe san;pleand'them.la orr'the guudn.ngm rn_led
. r'k"’ .t ,:_'..'- i u,- '-' o . ¥, . .-l"' Aol g "I
v:lth a pcwden:d therm.l inm:lation, Sil-o-Cel. Under these eonditions »

LI _"‘;‘* o 1
. 3 RPan

the thuml eon@nctiﬂtyvas conpv.rbed‘byneans of.the

ST “'- i . 2y, SR e Y

4.
PR

“~y

x- 'them eomdncbiﬂty, Btu/hr-ft—or

= s;peciﬁ.c heat ot vater, Btu/hr-l‘b

(A'J.‘)‘r tenq:eratu:re rise in 'wnter, °F' o ARSI
I.n distancebehvemthezmcmxplea embeaﬂedinsample,
As mas-nectional area. ot sample, 2 ' ' Ao

(aT); = temperature dxjop 1n Bample, °P

u

oy g

LI
B




L. " 38 AECD-3625

 application of Proposed Method for Determining Thermal Conductivity
In an effort to similate experimentally the method set forth in

the section entitled, "Princ:lple of Proposed Metbod for Deteminins ]

Thernal Conductivity, the spparatus diagrammtically shown in ,.: ' wt

"mlmut-up. IheSpecimen(D),zmindimberanASu'x” B

inlengbhm sandviched between a hest source (A) andaheat
mnc.hanger (c) andtha complete assexdly was held tightly togetherby
asminslmdedclamp(a)(h)toasmtheml contwtbeh-eomthe "

e

MU

variounnebalmces. !nwtemperatmeorrtheheat source, asol:ld

.:‘-: l: .a'.- 7 ‘ \.-,, h, ..,.:‘ ‘%"

- qylinﬂerafeomervmmdvithhi@; maiebancenichromewirem

e.rln

. K
" e -‘p— p A

_.::. - .A..\._'.,J, roaghane s WL
; withwterﬂodnaina‘barnedyathastheheat exchange mdium.
PSR { & ..‘—- ! ) ":\(_' _‘ q_x‘ s

':_j_with mm'einen. !ﬂxe aimla‘bor orgm.rdassaxbly(r), a'bmetnbem
.withbdshmustmceniehmumm eooledbyvatu' (5) as sho'lnin |
~-otnla‘1=o dfecb‘theaamtememwredropinthe aimhtorandspecim
-l.mmztybetweentheaamplaMsmtormm:meanth

powiered 811-0-Cel to winixize heat losses. Data were 'ba.‘.hen when the
systen reached steady state. !, ' |
~ . )

/

"~
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pemity-mssmlmqmsumta
2) Tensile Strength - ASTM B209-46T, 1946 Ed., Part 1B, p}57_2 ’
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Other Testing and Calculation Methods
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DRAWING NQ 10574

. : ' . .. UNGLASSIFIED
. . e B

SANPLE NEATER

SIMULATOR TUBE

HEAT EXCHANGER

sSAMPLE

THERNOPILE

SIMULATOR BALARCING MEATEIR

UPPLIR B LOWIR REPLEICTORS

MIULATING CERANIC SUPPORT BLOCK

HEATER CLANP 8 SPRIXS

CLANP BAR -

cooLins con.

INLET & OUTLET TO NEAT EXCMANGER

HEATER LEADS T0 VARIAC FOR CONTRO

LEADS PROM THERMOCOUPLES TO
RECORDING INSTRUNENTYS

Ll

Y
ONORIPUNTAMOTODD

1HULATOR
WATER
ouT

.. J

- 3 X K- 4

:

i

1

l ) T . * gro 918427
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EXd

RESULTS OF A SURVEY ON THE
USE OF BORAL IN SHIELDING

A Paper Présented at
The Atomic Enefgy Commlssion Conference

~Radiatlon Shislding .

May 13 and 14;1954

‘Knolls Atomic.Power. Laboratory
Schéﬁect;:;.dy , New York
"Nell F. Richey

Atorilc Energy ‘Advisor
Reynolds Metals. Company

"Loulsville, Kentucky




 RESULTS OF A'SURVEY ‘O THE USE OF BORAL IN SHIEIDING -~

Before discussing the resilts of ‘the .B'oi';lﬂ’zsu.rvey ‘) want to make sure that -everyojie
knows what Boral Is. :For the beneflt of new tﬁei'nbéf; and guésts here' iédc’iywl{gy ﬁiape
not be famillar with Boral, 1 want to describe very briefly what It is. - 7.
Boral is an engineering shielding material that is used f_o_absors fhem\alnefifrfu
Essenf:qlly it is a mixture of boron carbide (B4C) and aluminum; rolled into'shéet.
The mixture is not used bare in this form, however. 1t-is clad with commercially

pure aluminum. "

Figure No. 1 shows schematically how ORNL produces Boral. There are no'techni-
cal detalls_in this sketch, because 1 only want to show the principlé of Boral con-
struction. To make this sketch correct, | would have to show the picture frame clad-
ding around the edges. e L ’

. Mix B4C with

molten alumlinum |

LS e ntede » B

Al sheet &

. " Hot roll Into finlshed sheet

Place Ingot between . - . to deslred thickness
aluminum sheets trim and cut to size

- Figure 1

FLOW CHART FOR MAKING BORAL AT-ORNL
(SEE ORNL981 AND ORNL 242)
MAY 1954



R oy

" “You may not be intefested In'ihe defailed éngiriesting propériies of Boral ] do think

you'would like to'know how Boral compares with othér familiar melals. . Figure No.
2 shows relative properties of Boral,-Aluminum, Copper, lron'and Stainless Steel,

g ' é WL L .
PROPERTY BORAL AWMINUM  .COPPER . RON . :?A’r?slfs? .
: {ANNEALED) (ANNEALED) (ANNEALED) - (ANNEALED)”
TENSILE(;ST'I;ENGTH , 5,000 13,000 *32,500 38,500 Edivoo.
* ELONGATION - 0.4 s 45 . .37 45 55
(PERCENT) . ) S D
THERMAL CONDUCTIVITY 25 1,509 . 2,700 743 .
(BTU/IN/FTZ/L/°F) s otz . s dd?9
Ar200%) " - 28 st 01 4% R L
SPECIFIC HEAT as - s T L o9 a2 C s
ECIFIC 1o .. _ 126 150
DENSITY 2.5 2.7 8.9 7.8 8.
. (GNS/eMY) 20
Figure 2

PROPERTIES OF BORAL .COMPARED TO
SEVERAL COMMON METALS
MAY 1954

. You can see that Boral has low strength; it Is brittle; the thermal conductivity is very
_low - in fact you might say it has high insulating value (k for concrete is about 12;-
. "wood is in the range 0.5 to 1.5). '

Specific heat orheat capacity of Boral is inbetween the values for.ron and Aluminum.
_Its low density has advantages that may have more significance in aircraft shielding
than land based reactors. B - : '

Figure'No. 3 summarizes the results of -our survey. The éuestions we asked are across
the top of the chart. The replies received are listed under each column heading.

Most people visualize the use of Boral for stationary reactors component to the con-
crete shield. Mounting Boralagalnst aflat concrete wall greatly minimizes the manu-
facturing problems. 1havesome designideastoshowyou in the illustrationto follow.

Several aircraft companies indicate that if Boral could beformed into contour shapes,
considerable quantitiesmight be used overthe long range future. Specific suggested
uses include the use of Boral in the form of fabricated boxes to enclose electronic
equipment and other radiationsensitive devices. Aside from the reactor shield, some

| people believe ultimate use of Boral will be made to shield easily activated compo-
nents of aircraft, particularly the engine. '



COMPANIES APPUCATION MINIMUM MINIMUM PREFERRED pesemep | COMMENTS
AND AGAINST FASRICATED SORON TENSILE VIIDTH . CON .
ORGANIZATIONS ~ WALL ~ INTO ~  CONCENIAJION  STRENGTH - AND THICKNESS * 'QUANTRY, PRICE,
QUENIED YESSELS GMS/CM SRS, LENGTH nc,’
) X a8 $,000 £x8° 1/ SMALL QUANTITIES |«
cte N R
2 x o SELF SUPPORTING 24xe VBe-14s 34,000 5Q, FT, MR REACIOR
3 x a0 —_ —_ 14e SHOULD 88 COMPETITIVE 10 -
. . - LEAD EQUIVALENT (<2350 -
4 x - SELF SUPPORTING axe e ~3SPELSQ. AT, o SMALL
- DEMAND LI
5 x x 10 STRONGERTHEBETTER INOT IMPORTANT  THIN AS POSSIBLE Cen
s x 25 ~ 3,000 axs 1 $2-35 PER $Q, FT. = SMALL
. . . .DEMAND"
7 x as NOT IMPORTANT oxee Vi SMALL DEMAND
SMALL WIDTHS O.K *. p
’ x s NOT IMPORTANT K. Vae 500 5Q, F1, PER REACTOR
SMALL SEAMS . Pl
. AL SEA MOT LXGE MARKET
y x 11 MINDMUM — axe THIN AS POSSIBLE  SMALL DEMAND
25 NOT EFFICIENT _
) x x 0 10 PERIT xs 1/8°= JOOATTEN,  IN AVIATION SHIELD FOR
NORMAL HANDUNG 1/4*= 10,000 ATTEN, ACCESSORIES AND ENGINE
.
Figure 3

RESULT OF MAY 1954 BORAL SURVEY

The minimum concentration of Boron believed necessary was quite well agreed upon. .
‘Most values were in the rungbe'O.lO to 0.25 grams/cc: ‘As a means of comparison,

. Boral containlng 35% of B4C by weight of 1/4" total thickness will contain approxi-
mately 0.254 gms/cc. _ .

. The s'urveyshowed that as long as Boral willsupm’ﬂ itself against a wall,.and‘ not fall
apart during normal handling, potential users are satisfied. ' M

The dimensions of the sheet are more important.to the manufacturer than to you. ]
_ W}}‘I o?‘ly‘zay that most survey replies stated that panels should be about 4' x 8' and
]. " t ‘C . . . " ) - . L.

- The conclusion 1.draw from the survey is that the physical and mechanical properties
.of Boral are satisfactory for stationary land base reactor shielding. For aircraft re-
actors-your Indications were that it would be desirable to improve the imechanical
properties so that Boral could be formed into simple and.semi-complex shapes. For
~ use in shipboard reactors, Boral would not only have to be formed into complex
shapes," but It would have to possess high shock resistance. -

The most overwhelming agreement from replies to the survey was on the prediction of
. Boral's future. All except one company could not seea very bright future for Boral.
The basls for'prediction was the number of reactors that might be built in the future. -
- 1 wll agree that reactors are not going to be mass produced-in the next 5 or 10 yrs.
But after that It Is anyone's guess. It is my opinion that Boral has not “been fully
"c:dns!demd in the light of new fabrication techniques common toaluminum technology
today. : "




I want toshow youseveral i1lustrations of recent developments inthe aluminum industry. - -
I don't have shield designs incorporating these new aluminum developments with
Boral. My only reason for bringing them up at thls meeting is to stir up ideas that -
-someday you may recall. _ ‘ : e

.. e e g
R Ry O L ] R
. o e PRI A et e e e . . i )
e 3;:'.‘,‘.:./;’. Ml T dad (AP L . . is .

Figure 4

TAPERED ALUMINUM SHEET N
MAY 1954 -

“Figure No. 4 shows tapered sheet that the aluminumindustry has been called to pro-

duce for high speed jets.  Notice we outlined in the wing of a plane to give you an
" -idea of how the sheet iaPerslnfwodirecHons. This product will Ee manufactured on a

high production basls using a taper rolling technique. ' j
Why do 1 bring it up here ? Because heére is a possibility for obtaining variable Boron
concentration to meet cosine flux distribution. .If Boral can'be hot rolled, we ought
‘to be able to convert it into tapered sheet. The clodding problem might be tough
but not insurmmountable. Perhaps you may have a problem someday that will muge
tapered Bora| sheet look promising.- :

Figure No. 5 was made from a sketch presented by Helmer Enlund of the Detroit
- Edison Company. Mr. Enlund cautlons ogainst the use of Boral in flat contact with
the bulk shigld if heat removal Is a problem, _ '

| hope Mr. Enlund will correct me if | have inéérre.ctlyinferpretéd his reason for not
~wanting direct contact. Due to the irregularity of the concrete and possible Ineffi-
* ‘cient bonding of the Boral to the concrete, cooling of the shleld‘would be difficult.



At any tate, these two designs‘are goodldeas for gétffng' around the cbélihg'pmb—
lem. ~ - . " ' - T

] don't know myself how tho heat developed in the bulk shield, due -tb.'prinnry'géih‘-‘ :

mas, compares to the heat resulting from secondary neutron capture gammas. I:would. -
‘think the answer.to that question Is .important, because it tells us whetkier Boralis
effective in suppressing a portion of shield-heat. : g

s R

I . l . SHIELD COOLING GAS* l

AWMINUM ANCHOR CONCRETE SHIELD W’ ,

SPACER

ALUMINUM
OEAM

Figure 5
SUGGESTED BORAL SHIELD DESIGNS
- FOR DEPRESSION OF HEAT INDUCED BY N-¥ HEATING
SUBMITTED BY H.L.F. ENLUND, DETROIT EDISON CO.
' MAY 1954

Figure 6 is a schematic chart depicting the principle of a new product called heat
transfer'sheet. The principle ought to lend itself very nicely to Boral.

. What we.do here is print a circuit on one sheet of ‘aluminum using an anti-weld or
*_.non-bonding agent. Our newest facility now under construction will use the silk
screen printing process for higher production. . y '

Next, we lay another sheet over the first. Tack it around the edges - spot.welding
. is satisfactory, Then we hot roll the two sheets to the fInished size. '

Where the clreuit i;:rinted the two sheets do not bond. The last step is to insert an
alr nozzle in one end 'of the circuit and expand.




lﬁin’ Clrcuff on sheef S -."'..,: . -’;--: .. Gl .'h amr ] ebant
g e o vebning | <77 e 5] Sl secend sheer.
agent ., . B " A N ’

Hot roll to deslred

thickness _ B‘F%P;‘:';ﬁflf'mlf oS
Fi.éure.6 _
METHOD OF MANUFACTURING - HEAT TRANSFER PLATES LN
- (ROLL BONDED AND EXPANDED) S
MAY 1954- - .

The net result is sheet with builf.':in cooling colls ready for.use. -

Flgures 7 and 8 show what can be done for stifferied sheet, *Figure No. 7 is called
integrally stiffened sheet. Asyou can see, it is first-extruded into a tube. The tube
is then sit longitudinally and straightened. -The flattened section isabout 30" wide.
We Have to extrude in the tube form First, because the largest extrusion presses today
will only toke shape within a 12" circumscribed clrcle. ' '

Figure No. 8 illustrates the. various roll passes necessary to produce rolled ribbed
sheet. Both applications are stiffened alreraft skin. ' :
To sum up, 1think our survey shows that there is a definite place for Boral as an
..engineering materialfor shielding. It sérves as a'protector against high energy cap-
ture gamma ray generation. "It will at the same time provide protection against in-
duced activation, y ' N
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] l;felieve more might be done with Boral if its fabricaﬂﬁg ‘and f_oﬁnirfg pllpﬁeﬁ'i.és?i:}é

evaluated more fully. More familiarity with new techniques in aliminum technology .
.might :lend impetus to design usefulness of Boral. ’ fo e .

The relatively high cost of Boral can be b}pughtdown'in proportionto the extent that
its need grows. The future of reactorproductlonand, therefore, the demand for neu-
“tron shial_ds’!s bright. Just how bright and how far away that future s, we. don't

know.

_ 1 want fo thank everyone who kindly took the time to answer our survey. To those

interested people who 1 didn't contact, | sincerely hope you will report any comments .

or experience you have had with Boral, either in the. discussion today or by letter
at a later date. ' C '
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How Channeling between Chunks Raises
‘Neutron Transmission through Boral

By WALTER R. BURRUS*
Lockheed Aircraft Corp.
Marielta, Georgia

Boral is a mixture of boron carbide
and aluminum encased between two
thin layers of aluminum. Since boron
carbide has a large B'¥(n,a)Li’ cross
section at thermal-neutron energies and
the accompanying gamma ray is only
0.42 Mev, boral is valuable for use in
nuclear ghields where a large thermal
flux must be absorbed without the pro-
duction of hard gammas.

However, conventional calculations
of the absorption of boral do not con-
sider the channeling of neutrons
through the spaces between the boron-
carbide chunks. The results of a cal-
culation for the transmission of 3§-in.
and 34-in. boral that considers the
channeling effect are in much better
sgreement with experimental data
than earlier calculations neglecting

. channeling.

.Calculation

The transmission of a slab consisting
of randomly distributed chunks of
average chord I (normally incident
monoenergetic radiation) is given by

T=(1— VP

where T is fractiona) transmission, V is
the volume fraction of the slab occupied
by chunks, F is the average absorption
‘of & single chunk, ¢ is the thickness of
the glab, and [ is the average chord of
.a chunk.

The average transrmssxon ol’ one
layer of the slab of thicknesslis1 — ¥VF.
Since the chunks are assumed to be
randomly placed, adjacent layers are
statistically independent, and the over-
all transmission is the product of the
transmission of ¢/I sublayers.

If the chunks are nearly spherical (1 )

2
F=%zy
[34(2rZ)* = 1 + (1 + 2rZ)e~*2)

* PReseNT Appress: Physics Depart-
g:ent Ohio State University, Columbus.
hio

TABLE 1—Size Distribution for B,C Chunks -+

-

Average particle 1(= 44r) C
Mesh diameler (in.) - (inY Volume fraction
20-30 0.038 0.0253 17%
3646 0.024 0.0160 .. 11% *
60-70 0.016 0.0107 6%
80-120 0.009 0.0060 . ' 6%

-

where Z is the linear attenuation coeffi-
cient of chunk material and r is the
radius of a sphere (or equivalent radius
on the basis of volume).

For a chunk of any shape without
cavities a theorem due to Gauss states
that the average chord I is given by
l = 4v/s, where v is the volume of the
chunk and s is its total surface ares.
For a sphere this gives I = 44r.

I VZPKL 1,, ‘the * transmlssxon s

appronmately A o e-'"!.n‘
From the equations for F. and I we can

verify that for the limits of opaque and .

Jan. 1958, Volume 16, No. 1, Pages 91-9{

330 West 42nd St., New York 36, New York

almost transparent chunks T = .

Fle11IZ>1 and Zan =F/l =
T if IZ <« 1. . It should be noted that
the effective linear attenuation coeffi-
cient for opaque chunks is 1/I and does
not depend on Z since all the trans—

TABLE 2—Theoretical and Experimental Neutron Transmission through Borc%l .‘_' '

0

.. Corwen.-.

Ezperi- . Channel-
mental ing. tional -
Neutron trans- caleu- - caleu- ..
Sample source . Detector mission lation lation” Rej
34-in. Alcoa  Collimated Current 7.0 X 10°* 9.6 X 10 1.3')( 10-t-5 .
(twosamples) beam from detector +40% -
ORNL (LiI xtal  (preliminary
graphite Cd dxﬁc;-- value)
reactor ence) L. ’
34-in. Alcoa “ " 5.0 X10°% 7.7 X107 4.8X 107 9.
’ " (preliminary
. value) :
1§-in. Brooks, - Water Thin 7.0 X 3= 2, 7 X 10" 2.0 X 10" 4.
and Perkins -thermal indium foil . w e el
- column of . 10-2 .. - ..
. ORNL 1) e
graphite - ,
reactor ) :]..0-‘2 :
14-in. ORNL o o 0.4 X3F= 27X 107t 2.0X 10- 4
14.in. Brooks o “ 5.6 %X 10~¢ 1.7 X 1072 4.5 X 10°% 4 i
and Perkins : : : . ot
34-ib. ORNL ~——¢ “ 7.6 X 1074 1.7 X 10"* 4.56X10°% 4 °

* Since the first two samples were measured with a differcnt neutron source and detector,
there is no direct comparison with the others.

#% There may be some more €rrors in_this Table, btut

-bhe ﬁ.gures 1, 2, and 3 appear to be coreect,

- —
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:1 mitted radxa.txon channels around the
& cHunks. :
If the chunks consist of several
E groups with average chords Iy, I, . . .
+ (and corresponding V3, Vs, . . ., Iy,
™ Z,, . . J), the transmission can be gen-
g eralized togive T mexp — £ (V1*Zan +
w¥Ve*Zna+ .. ), where Vi* = Vi/(1 -
volume fraction of all larger chunks).
.Q 1t is necessary to multiply Vi by
1/(1 — volume fraction” of all larger
chunks) to account for the crowding
together of the smaller chunks by the
larger ones.

‘This equation treats the distribution
of chunks-as if the chunks of various
sizes were in separate layers The
result . is always too -small since it
ignores voids that would be present in
a layer if the larger chunks were sepa-
rated out. Nevertheless, the result is
correct for limiting cases of opaque and
T transparent chunks and is qualitatively

correct in any case.
a To caleculate the transmission of

1¢-in. boral, it was assumed that the
chunks of boron carbide were spherical.
The size distribution shown in Table 1
is typical (£) of 20-100-mesh boron
carbide usually used in borsl. Other
parameters used for the calculation are
Z = 100.5 in! at 2,200 m/sec (S)
(neglecting attenuation in aluminum),
¢t = 0.0853n. (not including aluminum
cladding), V = 40% (not including
aluminum cladding) = 25% over all.

"The resulhng transmission from the
last equation is plotted against energy
in’ Fig 1. (It iz assumed that T is
proportlonal to 1/velocity.) The con-
ventional calculatlon, usummg no
channeling, is shown for comparison.
Note that the transmission approaches
the ‘opaque-chunk Lmit at the low-
energy end of the scale.

Since the chunks were assumed to be
randomly distributed, there is xo pre-
ferred direction for transmission. The
transmission for neutrons incident at
an angle § with the normal can be found
by replacing t by ¢/cos 8, the lant pene-
tration. - Figure -2 shows the trans-
mission averaged over incident angles

the transmission
neutron fluc; thus

stectors, (e.g. th

For an isotroplc

i

. Fig-

. ure 3 shows the results for 3{-in. boral.

A-more extensive descnptwn ‘of the

method is given in an ORNL report
now being published (6).

Fg-:_::'-_y;:\wc»q
T

H -

!

for an isotropic.incident .flux. .rwee .

»

o3 "
£
g O.I:
= [
cos} \
L —Limit &3 E—~0 [Homoganeous
{Opoque chunks})f opproximation
0003 00t 003 04 03
Energy (ev)
FIG. 1. Channeling computation de-

parts from homogenedus approxima-
tion at low energies. Computations
are for 34-In. boral with typical 20-100-
mesh B,C distribution

-Ex.périmenlcl Verification

‘Experiments performed to test boral
have been gross-fransmission measure-
ments using various neutron detectors.
It is possible to compare the results
with calculations only if the angle and
energy distribution of incident neu-
trons and the sngle and energy sepsi-
tivity of the detector are known. The
table on page 91 attempts to compare

"the calculations with several experi-

ments performed at ORNL.

For the calculations it was assumed
that the thermal-neutron spectrum
was Maxwellian and that the angular
distribution from the thermal column
was of the Fermi type (7). Effective
temperature of the neutrons was taken
as room temperature, 293.6° K.- The
channeling calculations are an average
of the results of Figs. 2 and 3 over the
Maxwellian spectrum for the appropri-
ate detector. The conventional calcu-
lations are based on the thermal-neu-
tron absorption coefficients discussed
by Zahn and Laporte (8). These coeff-
cients take into account both spectrum
hardening’ and apgular distribution.

In the table the channeling caleula-
tion is too great in most cases by a fac-
tor of 2 or 3. * The result of the conven-

.tional calculation is too small by more

than a factor of 10 for }{-in. samples.
A considerable difficulty in accur-

.ately comparing experiment and ecalcu-

lation is the lack of standardization of

boral.. After initial-development, fab- .

rication was standardized, but the
ingot size, cladding-thickness, fraction

“of boron carbide; and particle-size dis-

Printed in US.A,
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FIG, 2. Transmission of 3§-in. boral
with perpendicular incidence compared
with current ond flux from isotropic
incidence

Tronsmission

Qo003 00l

0.0} C Perpendiculor
s L Incidence-m.
- .
-
€ OOlE 1sotropic Incidence~ X
E E  current detector< \
Lo lsotroo!c
Q003 incldcnc«‘
dcuctop .
N K ST (i) 1 % 4 1pee

0003 00t 003 Ql 0.3
Energy (ev}

FIG.3. Computations of Fig. 2 produce
these results for 34-in. boral

tribution have not been rigorously
fixed. In comparing experiments and
calculations one must determine or
guess the fractional weight of boron
carbide, cladding thickness, and the
size distribution.

. s » .
This work was initisted at the Lid Tank

Shielding Facility of the Oak Ridpe National
Laboralory while the author was on loan from

* the Wright Air Development Center Materials

Laboratory. The author would Uike to ac-
knowledge the assistance of R. W, Peelle end
J. R. Smolen at ORNL and the cooperation
of Alan Liebschutz a2 Lockheed and Stanley
Szavlewicz af ‘Wright Air Development
Center. The basic method employed maokes
use of suggestions proposed by R. R. Coveyou
and N, 3. Smith'at ORNL sn 1947.
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TO: E.P. Blizard

FROM:  R.O. Mask, B.E. Prince, and P.C. Rekemeyer

SUBJECT: Boral Radiatioxi Attemuation Charactéristics

' DISTRJ:BUTm : , o . 7
E.P. Blizard (10) . J.E. Vivien : .
T.V. Blosser : .+, “IvF, Vaguer
J.A. Cox : - ' C.D. Zerby .
F.0. Lewis. . . - ORGDP Plant Records (2)
F.C. Maienschein - - ORNL Laboratory Records (l;)
R.C. Reid "0 M.I.T. Practice School Files (10)
" INTRODUCTION .

» Boral, a mixture of boron carbide and alumitm encased between two thin
layera of alumimum, has many uses as a thermal neutron shielding material.
Since the B1O(n,a) 117 reaction has such a large cross section of 735 barms
at thermal energles and the accompanying gamma ray is only O. 42 Mev, boral

. .is uniquely suitable for shields where a large thermal neutron flux must be

absorbed without production of hard gammas, e.g., lurver -section of reactor o o

: 'shields , shutters for thbrmal columna, and instrumentation.

Figuros 1 and 2 are dark field illmninated maguified p‘hotographs of a.

Figures 3 and 4 are phétographs of a sample manufactured by-Brooks and Perkins
in ar attempt to improve on the quality of this materlal.  Since the borom -
carbide is hetercgereously -dispersed throughout the aluminum, the garma rey-

. 1inear attenuation coefficient and the thermal neutron absorption cross sec-
. tion are & function of the amount of borcn carbide content, itsparticle size,

and the degree of dispersion. -This investigation is concerned with the ex- -
perimental determination of the attenuvation characteristics of these two .. -

calculation, the effective macroscopic Thermal neutroy cross section. - 77wl

" eross section of sample boral manufactured by the Ozk Ridge liational Laboratory. -
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_PROCEDURE

: Garma Ray Attenuation

uring the attenuation of the 0.661 Mev gamma rays from a ten curie cesium-137
source for various thicknesses of ‘the two samples. Readings were teken on an

.ion chamber at distances . of 10, 15, and 20 cm from the top of the source con-
"teiner, and i determined as the slope ¢f a plot of the log of the counter '

reading versus plate thic]'ness. ’

An indlcatlon of the effect of non -homogenity of the boral on ¥ ray
a+tenua+ion vas cbtained by taking x-rays of the two samples. .

Heutron Attenuation

a“;.'.:\..,,. .o

R R ST e P st s PE PRSI

Experimentsl.:

The ‘attenuation of thermel reutrons was e:'cperimen_{ally determined by

aztivating indium foils secured to both sides of a boral sample placed in the -

vater thermal column of the CRNL graphite reactor. A removal cross section,
L, was defined by the equation I = I e-):x, vwhere I and I, are the upward
neubron curreuts . measured by the indium foils. Only upward moving neutrons
vere detected since the foils were backed with a cadmium cover to remove any -

thermal neutrons diffusing dmmxrard.

Theoretical:

The activation of an -irdium foil placed in 'back of an irradiated sample

nay'"be determined vy solving the :mtegral,
PPN

KT-251 T o 6.

The garma ray linear attenuation coeﬁ‘icient, i, was determned by meas-

Ja

vhere 7 = neutrous/ sec-cm2 “&bsorbed by i‘oil.:-" E

Taf thermal neutrons funit solid angle ;. ucc.

thickness of BhC -seen by a neutrou

5 ’UNO'
if

= macrosr-oplc total 'bhermal cross sectlon for alumlnum.
" = . macroscopic total thermal cross sec‘bion for indium.

= unilt vectér in direction of neutron velecity.

FERICIE

% b -"~_ e
J/F('n‘) e-i‘.bx (J.L’A) a (cos | p(ﬁ’A)A).('l _.Ae"-co.s.. g)d_—‘l-dA

= macroscoplc total thcrma'l ‘cros§ sectlon for 'boron car‘b:.de. L

[ P T
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rig i) 'm’a

hed %

“thickness of bBoral plate.

t =
Y )
: tf ‘= thickness of indium foil.
0 = angle the neutron pai;b makes with the normal to the plate.
_area of the plate.

o>
]

'Ihls 1ntegral was- solved 'by random sampling of the varia‘bles G and A

. and actually measuring xp (o,. A) using a magnified plcture of an 1/8“

sample cross section.

The activa'bion of the foil vithout the plate was analyt:.cally calculated '

from the expression.

. ' - L.t Jcos © -
z '=-_IFLQ_')(1 e, T Han

e

The ratio of Z/Z_ = R should be the ratio of the foil readings and an

effecti'ye cross ‘section may be determined by R =

A completﬁe description of the method followed in using this proéedure
along with the derivation of an expression i‘or P( Q) is given in the
Appendix. . .

RESULTS
att‘enuation ‘coefficient gave ap of.0.183 cm~ -1 for the Brooks and Perkins

X-ray pic‘bures of the two samples are shown in Figures 5 'hhrough 8

-whe're th particles are shown white.

The- results of the. experimental determination of an e'ffective neutron
removal crops section are shown in Ta’ble I.

The' results of the experimental deteérmination of the gamma ray linear

sample and a §t of 0.195 cm™ 1 for the ORIL. sample. For pure 2S5 aluminum, a . "
-coefficient of 0.202 cn~t was obtained. : - R
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: TABIE I
Sample N emt
‘“removal
1/8" Brooks and Pernns . 15.6
1/8" ORNL o L T
1/4" Brocks and Perkins C. . 118
34 oRVL o S o1L3
The calculated removal cross section i‘or the 1/8" ORNL sample using “the
ionte Carlo technique gave & emoval of 13 14 em~1,

for a homogeneous mixtuie of ’boron cer'biae and altnninum con-
taining 98&'&% c 'by volume is 18 9 cm

‘DISCUSSION OF RESULTS AND CONCLUSIONS |

Since the neutron attemuation experiments were not conducted in "good
wetry”, the current does not fall off at an e:q:onen*'ial rate given by .
—_ Ioe‘“zx. This is due to the neutrons entering the boral at all different .
&.,les; thus the average meutron will pass through an amount of 'boral greater
-than just the thickpess, x. This is indicated in the results by a moval
for theu/ " sample larger than that for a 1/4" sample. The first 1/§
a boral 'sheet is clearly more effective in removing neutrous than the next
:1/8" This effective removal cross section, although it does not have a
;precise physical significance may be used, however, to obtain an indication.
- of ‘meutron attenuetion. A good estimate of the true thermal neutron cross
.'may be cbtained by linear extrapolation of the results of the 1/8" and /4"
Tthick samples to zero thickness. This gives a .value of £_ = 18,1 em™ for - .
the’ ORNL boral and &, = 19.% cm~ -1 Por the Brooks and Perkgns sam-ple " both in-
-good ag;reement with the Z .Obtained by homogenization. ' )
" . 1 The good agreement between’ the e@erimental Elr movai of 14.7 and 'Mo'n’ce',
“"Carlo calculated value of .15.% cm~! for the 1/8" ORNL sample demonstrates .
that these removal cross sections may be predicted Tairly accurately by this
" “procédure. The Monte Carlo type calculation has its disadvantages, however,
-in_ that it is tedious and time consuming, aud electronic computers are of
- 1ittle help. The measurement of xp, the- distance a neutrous sees" 'must be

determined visually. .
%%9@ Mosk

Robert O. Maak

@vaw\ & Gonee_

_ Blynn E. Prince

Peter C Rekemeyer ﬁ r

-
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* APPENDIX .

.»A. Angular Distribution of Neutrons from Thermal Coluﬁm (6)

An expression is derived ‘belov for F(LL ) s ‘the angular distribution of

-neutrons from the top of the graphite thermal cclumn. The derived distri- .
-] ‘bution should closely approximate the physical case, and can be reaﬁily
1. epplied in a hand Monte Carlo calculation (Appendix B)

The graphite thermal column is shown schematlcally :m Figure 9.- The .
boral sample is placed in close proximity to the top of the column and will '

"be assumed to be at v = 0. The thermal meutron flux -in the column is well

represented by an exponential decrease in the vertical direction and a“cosine
variation in the horizontal x, y plane (2). Since the center of the columm .’
is several diffusion lengths from the x, y boundaries, leakage in these

" directions will be neglected, i.e. > the column is assumed mi‘:.nlte in the

X, ¥ plane. Then, ) ) o
' -k v . R o '
# = B L (1)

vhere k is determined experimentally and ¢ is the Tlux at the 'top .
of the fuel region. .

. The scattering collis:.on density in the graphi‘be is,

~k w

Hw) = Ty ¢ e collisions/cm -sec . (2) -

Then the number of sca'ttering collis:s.ons per’ sec in the volume element, ,

dV, is H(w) av. If the scattering is assumed isotropic,.the scattered neutrous
i1l leave AV equally in all directions. The nunber crossing uunit area of a
~sphere of radius r about 4V is: ’ . . I

B(w) av e

M’I‘r E

A netrbrons/cma-sec . L (3) -

'.I’he corresponding number crossing unit grea in 'l:he x, b plane a’bou'b the

'orig.’m and moving in the direction b is given by multiplying (3) by cos 0. -

Totegration over the volume of the graph:.te results in the total outward neutron

‘eurrent S .

n - f g Hlw) eT cOS'O, Coe S
- S --_ﬁav g neutron_s/cma-sec E . (h)
. boee™ . o
If the: oeutron current were is'o‘t‘;ropic, "the anéﬁlﬁr' distrii)ﬁtioh would ‘oe -
given by: - - ' : . Tt : -

. . ) . . . t . 2 : ' .', . - . . i . .
F. (_Qv) . (neutrons per cm -séc, moving in.the . (5)
isotropic 2 . “4irection L' per unit solid angle)
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e = s e 4 e

I The actual distribution from the column’ follows by writing the contri‘bution to
Fi! ) from dav: .

H(w) e eos 0 f(:(l- -W:__’Q_') av

aF(2*) ,m,ra . e o "(6)

= (neutrons per cm24éeé‘ from @V going iun the
direction ' per unit solid angle)

In spherical coordinates 4V = r2 sin © a0 d¢ & = r°ar an.. " Thus,

F(_Q.') = ]/ar-/d-n.ﬁ(w)e 'cbsqaf'(&e._g___') (7

The Dirac delta function has the property (1),
g(.n.‘-r;.-) = o x)_q&n .- S )

/J(-o. -0')an = o (9)
yapr I . .

where the - integration 'variable £ ranges over D.'

In spherical coordinates (9) becomes, .

_ o((cosg-'cos o")J(gS-¢')_.siﬁ'oac.a¢=;~; . (10) -
¢=0‘0=o* . -

Rewriting (7) explicitly, noting we=d - T ros Q, .

s ‘ d/COS. ° Z, ¢ -k(d - T £OS Q)- —Zr .
T . o.‘-".dr- 8'7‘2 . .‘6. .
C ~ cos 0'sin oj(cos 0 - cos o')oC(ng FOR _(11)
0% o _5‘71‘/2 N O‘¢14?(\ : s
o e Al g
Frys| affan  ar =Ze” 'k(d'r”) " ucF(u n )0C(¢. ¢)

. 8™

(1?)

" where p = cos-0
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performing the integration over.r ,

' >:¢ '-Ed/ Jia |
Flo) ) agf °(e ku“-g ug(u-u)ac(ﬁf ¢) (13)

The integral over p and ¢ fbllows.from the de_finition.df the delta function (1),
zs¢o e-za/u' } e.kn'

> kul -y ) nt : (l!*)

" Fl') =
: gn

_Equation (14) can ve further simplified 'by noting the relative magnitudes oi‘
“the parameters I, k, am 4 (Appendix D). S

z = 053wl -k o oo312¢m'1 -'.a_= 3oacm‘

‘Thus, F(.Q.)* will be closely approximated by neglectmg the first tern 'in
“comparison to the second.

. ¢ xa .. e
CRECRE< <§.-.;zzs°o> e

-Note that F(-ﬂ-) is independent of azzmuth, as expected from symmetry consid-

erations .

Cousider next the neutron. distriﬁution in poiér ang'le £(0). In the sui:-

. ".sequent application of the Monte Carlo method (Appendix B), interpretation of
“the following will be simplified if use is made of probability density func-

tiouns (5) Define. £(x)dx as the probability that x lies in the interval dx

"at x. -Then f{x) is the probability density function for x. ILét the iuterval

of x be (-00, +00). "Since the point x must lie within the interval,

{00

£ (x) dx =1 '

-00

'The probability that % is ‘between -co and x, s, -

P(xo) = < f(x) ax.
. -w ) :

R}

Th» primed symbol on 'the angular coordmates is dropped in the remalnder '

of this section.
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It is next shown that the neutron angular distnbutions can be interpreted as
,pv-o‘ba‘b i1lity density functioms.

F) i = 5, - | SR (16)
péfine the normalized distribution F'(LY) by: | |
| fF'(-E}.) a1 = 1 S o a7y
. thus, e | o '
- 1 ) - c ' .
FH2) = zF(2) = L ¢ 1)

o f‘l’-‘(.f__)_._)d__.f_}
- e

" The .denominator of Equation (18) is evaluated as follows. From the aximuthal

symmetry, dfl = 27Tsin © 4ao. "‘hus,

rfe o S
(ryan - 2o memo oo
' \==) Oes . apl. T - K cos 0 °
am, 0 : ) .
1 .
- zs¢u:) ndp
L7r L ~ Kk}t
¢ 0 - - . P
s'’o _-kKd ,Z z L, - . . -
-:ﬁgﬁafidn '.('18) ;pec;)mes .
B . . . . . N . .. . .' . . b o..- . -:_. . ' . .. ‘.:
F'(&) = F'(Q.): = ( - ) z c.'?;scos o . (20)

' 277(—- ln(:i-“ﬁ) E)

, Frorn the form of (17), F'(£2) can be in’cemreted as the probabil:.ty density
function (p.d.f.) for . ., The corresponding p.d.f. in polar angle @ follows
_ from (17) by noting, : - AR o S

/2

eya =1 0 e ey
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! Rewriting Equation (17),

/- : .
f Frin.) 40 = j F'(0) 277 sin © 40
271 o | E

Thus, . _
£(6) = 2P (Q)sino | | . (22)
or, | S | |
1l cos © 5in O . - ' L o
£(e) = ff L - K cos O _— o (23)
. vhere N = » 1n ( ) L : -. (24)

In 'the app‘lica*n.on of the Monte Carlo method, the 1ntegrated probab:.l:.ty curve 3
.P(O), is necessary. -

. o 0 : .

' 1 cos OF sin Q' 40!

P(Q) = f(Q') d?' = -ﬁ-j ¥ - % cos 67
- Jo ° - .
1 f2 . B-Xeos 0y, (coso-1)] - .
"N[@l’f(z-k ) + I,:I S (29)

vhare the ncmalization facl.or R ;I R 18 given 'by Equation (21;)

'I.’his curve 16 plooted in Figure 10 for 'bhe parameters of 't;he graphite column :
.:1isted in Appendiy D. . . _ . -

-B. Monté Garlo Proceduré' for Theoretical Determinaticn of Neutron Attenuation
: _y Boral (6) . c - .

. A mathematical medel is given below expressi g the attenuation of thermal- ,
neukrons by s boral plate. It is then.shown how the.Monte Carlo procedure -can” - - -
be zpplied to this mcdel to cbtain numer:z.cally the at+enuation and effec‘b:.ve
. a‘baor'ption eross sectien of Boral. : .

, In Figure '11a.8 thin absorbing ;c«il is shown repreqenhng the indium
- eyposed to the thermal reutrons from the column. -The saturated activiby of .
the foil per unit sres, Z,, is derlved from first principles. The differentisl
ractivity, dZ,, from abscrption of F(..I'l.‘ dAdS 2. nﬂutrons which cross dA at A,
ix th= direztion rang= dn. about .2 15, . .
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F(,l'L) (l - -Z,ftf/cos O) d-nadA .

f (-O-)(l - e‘;ftf/ cos °) d_n.dA .
_ll .

s
i

ZP=
o fdA

Since the foil is homogeneous, the integral over A will not affect the ’

wresult. This will not be true, however, for the case of a foil backed by the-
" heterogenecus boral plate (Figure 11b) The differeuntial foil act:wity, az,

i1s now given by,

B =utrons crossmg dA et ro'ba'bihty O roba'bility -
dZ = in the direction range){ penetrating }{of absorption

d..r:. about N - plate 'by Toil

Since the 'boron car‘bide has-a large sbsorption cross section (2 =

. ‘;{’2 2 cm” } {Appendix D) s the assumption is made that any neutromns scat‘bering

-in the plate-are changed in direction and effectively absorbed by the boron. .
Tet x® (f2,A) and xa(Jl,A) be the respeciive thicknesses "seen" by a neutron
crossgng 3A at A inPthe airection range 4N at 2. .'.r.he probability or

i~i‘raction of ne\rtrons penetrating the pLate is,

-(sz + B x5 8y.
-.-xp. K ,A) is rela ed to x (.n. ,A) by'
o . e T
,~xp (2,8) = t/cosO—x (-a,A)- ‘ O ¢-1 0 N

a‘nd the average activity per unlt area induced in 'bhe foil -is s

L dJ\-J"dA F(ﬂ) -Z'be('ﬂ";A)-}: (tp/cos O-XP(A,A)(; —Z‘,rtf/cos g)

e

R St N sttty

(26) e

dZ = F(..ﬂ.) -Z'-'bxp(-f)- ,A)-Z (‘bp/cos 0 - x (__(),, ’A))(l >~Eftf/cos O)m‘aA



'Since the boron carbide particles are distributed in random sizes and positiouns -
~yithin the aluminum matrix, analytical solution of this integral is not possible.
. "Instead, it is proposed to apply the Monte Carlo procedure to obtain an approx-

" 4mate solution. Interpretation of the remainder of this section will be simpli-
“fied if Equation (28) is rewritten in terms -of pro'bability density functions
(Appendix a). Define- .

s) & | S - (29)

Iﬁk g ° - : L . S
“where Ao is the t'otz'a_l area of the Plate exbo‘sed to jl:}ie ‘neutron beam; - Then,
f g(A) aa =1 - ST (30)

o - . L s Co

Thus g(A) is the probability density function in position A. Physically Equa- -
~tion (29) states that the neutrons are randomly incident over the plate -area,

A _, i.e., for one incident neutron the probability g(a)ar of striking dA is
<4Be fraction of the total area A o’ represented by dA. - -

" From Appendix A, F(J). ) is relatéd to the pro'ba‘billty distribution, f(O)
by,

£(0)ae = 'F(’”Ig'i')a—-& JQ?TFég)'hsin 9. R L (31)
: - Yo B o , . i

where F(..O- ) - F(O)

, Assumlng ‘that, on the aversage, X (.D. ,A) is independent of azimuth, the )
C sintegral (28) can now be rewittgn' o C i

Z = Jao f cmz(e,A) f(e)g(A) an SRR ;'.':.':_'_-'._-*.‘.'{3'2)",..' TR

o ot o .

~“where; _sz (Q,A)-Z ('b /COS Q—X (QIA)) o -Z -t-,f/cos Q

z(o,a)..s e T TR R ..(1-9, o) ”‘(33)

In Equation (33), Z(Q,A) can Be mterpreted as the foil activ:rby per un:.t
-area induced by S0 neutrons per cm~ incident on-the boral plate at A in the .
~:direction 0. The weighted average with respect to the probability distributions
“in. @ and A, of the neutrons :f'rom the column gives the average foil activity per
un:l"‘~ area. - .

The Monte Carlo method consists in solving Equation (32) by samplmg of the

- memeew . Mors aen .
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~yarisbles O and A, and studying the individual histories of the neutrons tra-
~yersing the plate. ILet N be the total numker of histories studied, and i be
“4he index for the ith sample neutron., .If Z is the estimate of Z cbtained: from
~this procedure: .

i

N . .. ) . - .. . ‘ . '_ .
A 1 . . R . .
2 = T .2(0,h,) . : . , (34)
‘ TR S S R . ,

In the method of random selection of the variables ©.-and A,, decisions. -
are made by means of random numbers. In this problem, random selection of A,
. apd an alternative méthod of systematic sampling of ©; was used. It is show%
"-.in Appendix C that use of the latter method reduces the statistical variance s
-of 2. A description of the sampling procedure is given below. R

. A random number, y, lying in the interval (O,L) is.a number equally probable
o lie at any point in that interval. It is convenient to restrict y to the :
: particular interval {(0,1). Thus y is: defined by the rectangular distribution
Function: 4

0¥t S B
8l gt Oeyer S 21
0 y¢ 0 - v S C
o . ) - "i. -
)y =1 e
-00 ’ - ) ) o Do .

In the -method of random sampling, -'t.he decision for +the random number y T
~results from comparing the probability.that © lies between @ and e+ dO 'bo
-.the- probability that y lies between Yy -and:y + dy, '

#(0)a0 = gly) ay - o ':f.iz-f .s' ' (37)
e = ey . T S jﬁi (58)

“Then,

.‘.   :(563'”.'
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If the plute ares, 4., 1s ‘normslized to unity, from Equation (29),

sz1 = g(y) S S (1)
_Ai = ¥y , R '- : - . (1}2)

lternatively, if the total area is -Ao’ L
R S ),

“If random selection is slso used -for 42

Y
\

{0) a0 = Pi(ei} -y, oo (44)

70

: The alterrative procedure of systemati\. selecticn of 0 :ls described next,
.The physical int terpretation is that theQ,'s are chosen at %he midpoints of

- wemell finite intervals which represent equal probebility ranges for O from

Z8T0 tO 77‘/2 The uneutron history studied &t 0, is assumed to be 'bhe average y

- history over the correqPondlng angular interval.

- -s»and upper limits of the 10 angular. interval,

is selected according to the formula;

: Mathimatica..ly, ] 5

..P(Qi) ='j T(e) ae -='_1 ;1.1 o ie1; 20, N ... (k5)
o ' B . oL

In I‘igure 10, where the integrated probabllity curve P(g) is shovm, S ST
#Equation h5 is interpreted graphically by dividing the total probabillty 1nterval, o
2 . .

T o o . - B .

o duto N e a.1 pari:s'. 91 1s read :f‘rom the curve, 3 co responding “to the midponnt )
6T the 1! interval on the F’ \G) axis. Iettiong 047 and o, U 1 represent the lover -
P(oi"g.:g <8 Y) =.f f(O) @ ="k e )
i -
o i P / U
. = Probsbility that O is between Oi and .Qi .
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"0 0,5 determined from Equation (145) bas the’ property 0. L< oico U, ohus, ,

1
vhere it is assumed that N is large:

The procedure for the Monte Carlo calculation of . Z ‘is - now-complete.
Rewritmg Equation (26) in terms of 1(0) ’

/2

. i -3t o'.-.'. . - B .: o
7 =[ sy (1-e el eos ) £(0)- @0 R 1)

. “fhe thermal neutron atteunation by the 'boral plate ‘is'the ratio of’ the
:.:.:t’oil -activities,

(50).

. “Where it is noted that the maghitude of the total veutron current S g Vill
«cancel from the result. The- effect. thermal- a'bsorptlon cross sectlon IB is .
‘given by, .

Ro=e BT S e

{c) —Aua];sis of Variance (6)

SIn this segtlon a discussion is given of the accuracy or the Monte Carlo :

# ca’lculation of Z. .The reason for the use of systematic sampling of © is e
mam by proving that the procedure will reduce the variance of Z. .

~The variance of a: single estimate of Z, o'btained *from N neutron his-, o
“tories . is given 'by,

(Z-Z) 2-2--»'2'.2
N R '

v

gR g

: -'-..Since the true value cf Z cannot be kncwn accurately » the best estimate of the '

. '1,'ar:he.nc° is given by,

o5V o, : | '
LJ - f(0) a0 = i ¥ £(e,) -AOi _-:f_(o) ‘.dO : o (48) -

SEASASTRC

LA B AR AT

L N SR AT T 7 ]

L el I Ay B Y2

g2

-
o,
A0
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. s
2- -7

N-1

vV &

N z° 'Nz

i )
?11"-*(211? N
- =3 ; = e ) . .
= W= 1 = 0@ . _ ('.53).

) where o is the standard deviation of the calcu‘lated value Z. .

‘Suppose the variables 0 end A are selected randomlj. Let Zl'be the estim.ate
of Z obtained from this procedure. S :

N

:(:‘,21 = ,-%"2 2'1 (QisAi) = . - | (.51‘) .
. ‘ f=1 I . R _
SO O R (55)

»

_,,' ff E(o,a) -]2 (9) g(A) do dA ) - -(563 '
_Define. the cenditional average, '. o _ | o .
ey = [aemysayan N\ oo (57)

Verbally Z(JO) is the average value of 2 given 0. 'Add and subtract this -
:quantity to the bracketed term under tne integral of Equation (56) ’

. v, = _J:(EZ_Z\JQ) . z(;o) i Z] i@)g(A) dO dA _(58) '
Alge‘bracially expanding the bracketed term, _ N . L g | . :
[:(o.a) f] [: (z-Z(39) +2(Z-Z(so))(2(ao)-2)+(z(JO>-Zi:] .-'(59)f"e:f)

(z-z(;;e,)z(ao;-z; =.2 Z(j@)-ZZ - z(ao) + z( e)z o ', . (60) ._ .

' Upon 1ntegration over A, nm.ing the definit:.on of Z(JO; y Equation (59) beco"tes,.--.'- )

Tl -umﬂ-zuw L B0 0;]'_';55l .K&)jﬂ”

The factor N - 1 eliminates smzll sample bias. . .
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Hence,

[
II

jﬁ[-z@g] e +E(J°) - j} £(0) g(A) @0 an 3 (62)
-113[ - Z(ngl 4k E'.(.jo) . 72]2

- _Y_(;‘_QJ.+..Z-(J°) - % _ N ()

on

Consider next the case vhere O s sampled systematically and Ai is randomly
selected Let the ‘estimate of Z obtained by this procedure be 2 3

. -

. N
VA 1. . .
2o =y ?—1 _2‘2'(0-1’”‘1)

- The .average value .of 2, is giﬁeﬁ-es;

. N N . . °
2, = 3 ?:1 fZ(Oi,A) g(aA) aa

wFE TG0 N )

- where’ the averaging is’ only done over. tbe varlable A, since the 9 values are
' ;fixed .The variance is given by: . R

2
%,, [(o Ai) - E(g0 :\}

-y

RS
f:;‘.n

= }I;Q {1 fz(o ) - z\aaj}
S N - — 5 . - :
s :;]-2- ?1 zz(e ,A ) - Z(JGE] o

'1The summation sign cen be taken outside the average, since all the cross terms
-3will cancel when averaged. Thus: . : o

. . '1 N S .
YV, = 5% Vl;j@ ) - : o S (66)
} 1g1 ] . . " . .
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From Appendix B; ;

1.
N

“Hence,

.By" comparing Equation (68) to (63) » it is.seen that the variance 'w111 be,

v2 = %]fv(ae) :t’(O) ao =

= f(o) a0 |

F V(JO)

SR A Bt b MTear o

LT STy P

Lt e T

(68) R

reduced it ©

5 is selected systematical

~D) Huclear. :Consfénts

TABLE I
“CROSS " SECTIONS

‘Maeéroscopic

,'-h_\ié'z;é'ge Thermal . s
Total Thermal-

" Absorption Cross

"8511 thermal sbsorption cross sections are Maxwé;i-ﬁoltzinainnh’ireraéed. -

“Ppetivation cross section for 54.1 minute - TIndium-116.

IR Section at 2200 Scattering
““Element n/sec (3) ° Cross Section Density (7) Cross Sbction
(cm2 x 10+2E) .'-(cm X 1042’4) (gms/cm ) (cm ). B
-Aluinioun "0.230 "1.b 2.70 . o 096 :
.4{Boron ' ' 75 ‘ 4 - ~'..'. . - - S i
‘Carbon - 0.0032 4.8 2,227 ks 0.533'-f'~-' ’
iBoron ‘Carvide - e 2 h5 (%) T2.2 |
E‘bermal column characteristic8° _ - N ?
'_k-_;.-. 003]2cm1': £
=. 308.6 cm g
""fEO',il_fhhickne"ss : o N . ‘ g
by = .;.03012.7' em g : iz

<3
2
&
.3
)
&
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‘E) Sample Calculations

(1) Procedure

. Photomicrographs were taken 'of.the_' polished cross section of a 1/8" ORNL
“boral plate. A single frame from the total field scanned is shown in Figure 1.

The wmagnification used was 75X. To obtain'a field of the total cross sectional.

-area, including the aluminum cladding, single frames were taken of overlapping
~'sections, trimmed, and Joined together. This resulted in a large photograph,
representing -a total field of 1/8" x 1/4". A 0.0l mm scale was then photo-

graphed at the same magnification and superimposed across the top of the
picture, i.e., the top surface of the aluminum cladding. In this way,. 1ength
measurements could be made directly in terms of the actual dimensions of the
-plate and the boron carbide particles. The total length of the top surface -
“rsras 0.60 em, scaled in units of 0.0L mm., T E )

The neutron histories were stndied individually 'by laylng a stra:ghtedge
»7across the pieture, with origin dt A, measured from one end of the top scale,

& and inclirved at the angle O, from th& normal to the top surface. In selecting -

%A, use vas made of a table"of random numbers, .generated on Oracle. The
.s5ampling of A and O, is illustrated in the calculation of Z7 below. The

" rthickness xR (o N ) of boron carbide, "seen" by the weutron, was measured -
along the s raigntedge using the magnified scale.

For each angle 9 .y paths clockwise and counterclockwise from the normal
“were “taken and the corresponding distances dn. B),C were averaged. Whenever
«edge effects were encountered, the point where the neutron path left the side
o of the £ilm was extrapolated to the opposite side and the path was contirmed
- 'at ‘the same angie. .

- {2) _Celculations ° .
The first random number used was 0.508600678. ‘
='0.6 -x._o'.~5086_oo'6_78~-u; 03051604068 - -~ 50.305 em: -

4Ai

.6, is obtained from Figure 10, .
. 0,017 T e
RO =T = 0005 s T

0, = 0.105 radians = '6.0°

The values of pr obtained.from the ‘phctp'gre;c}h._were&
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b : o
x5 (+@1,A1) ‘= 0,027 cm |

b . .
;;P-(-ol,Al) = 0.034 cm
x P (3. ,A ) = 0.0305 cm
. P 1’ l d D

The plate thickness measured from the micro'photograph iraé P '
o 326 em ' - ) .
~Substituting the crc_iss sections and Toil thickness given in Appendix D,
2, = 0.006561 o o
~ '
“Z4:
Similar ssmpling of 100 neutron hisforieé gave ."l_;he followingresulfs_: o
100 ) . . o o
I 2,(0,,A5) = 0.1636 - . | o
I=l o L
100 . - Ly
L 2,7(9,,A,) = 8.34-x 10"
s iivid o
- del .
- 160
N : :
2= = %4 = 0.00636 .
3=l 100 . SERRPES

T2 Z. ' R AU
R S P S
= 5.73 x 1'0‘?3 ' , W2
.0 = NV = 2.39.x 10 h_ ) o TS _ 'h%',
e LT e : o
“Z = 0.0016k + 020002k , |

Z::
c

I

“‘The ectivation of .the Foil without the boral plate was cbtained by numerical
- ‘integration of Equation (26}, using the parameters listed in Appendix D..’

b

2

S T pg (SR

zo ‘= 0.1085 .




k-251 | a - 1

(0.164 + 0.024) x 207
0.1055

= (1.51 + 0.22) x 1072

R = e =" 151 $'0.22

Zpo= . 13.b et

SF) Nomenclature

+A_- = Total area of plate.exposed to neutron flux.

Pifferential area-element.

g -
l!.

&
]

Difi‘eren_tial ‘volume element.
Fd o= Height of thermal column.
TP e Neutron angular distribution function ,jF(J'L) is the nunroer of neutrons
from the thermsl column, ‘per unit suri‘ace area ’ moving in the direction
4 ~f). per unit solid angle.
~#(0) ,F"(—Q—) Proba‘bility density i‘unction in. nentron direction. - -

Cg(A),f(x) = Proba'bility density function in neutron incident position.

H = Scattering collision density. T g . D .:".l Ve

'_ - \k = Experimentally determined neutron attenuation coefficient in thermal column.- Qe o

:.N = ‘Total num‘ber of histories studied.
: P(O) -_7 Integrated probability distri‘bution. )
-8 = Total outward neutron current from thermal column. -

Thickness of 'boral plate.

P .c;_ .
"

t = Thickness of indium foil.

x (._O.. ,A) = Thickness of boron carhide "seen" by a neutron going in the :
direction €2 from the thermal column and incident at position
“A on the surface of the boral plate.



*Y = YVariance.

“Z = Actlvity of indium foil per unit surface area vith foll exposed to direct
flux from column.

Z = Average activity of indium foil per unit surface area w;th f011 shielded
by boral plate.

= honte Carlo estimate of Z.
0 = Angle betueen neutron velocity and w-axis._
g:fzi; = Unit vecoor 'in @irection of the’ neutron veloclty.

.= Macroscopic-total thermal cross section for graphite.
oy Mecroscopic scattering cross section.fof graphite.
Macroscoplc total thermal cross section for boron cafblde.
= ”Lacroscopic total thermal - cross sectlon for aluminum.

= " Macroscopic total thermal-cross section for indium.

. e . i
T I
1

= Standard deviation of calculated value of Z.
P = ‘Thermal neutron flux at any point X, ¥, W.
S Thermal neutron flux at base of thermal column.. . -

cos 6..

.
]

tl

S

- Linear gamta ray attenuation coefficient.i ;i_..:
aC(.n_ -r:e_ -) a':(o - ©') = Direc.delta Function.
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ABSTRACT

Shields that conéist of randomly distributed absorbing chunks in &
relatively transparent matrix must contain a greater mass of absorber thén
homogeneous shields which provide the same attenuation. This is the result
of radiation '"channeling" between the absorbing chunks. Channeling is
particularly important for heterogeneous materials when the mesn free path
for absorption is comparable to the chunk size. A newly developed method -
for calculeting the transmission of radiation through such heterogeneous
shields is described. The numerical results of a calculation of the
transmission of thermel neutrons by boral (e BAC-AJ. mixture) are given,
including the effects of energy end angular distributions on the
predicted attenuation. The calculated results are in reasonable agree-
ment with aveilable experimental results.
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INTRDUCTION

One material éommonly'used as & thermal-neutron shield is boral, 1-3 a

heterogeneous mixture of commercial-grade boron carbide and sluminum sand-
wiched betwveen aluminum plates. The total sendwich is usually rolled to

a thickness of 1/8 or 1/k in. Since the mixture is not wniform, aluminum-
filled regions exist between the chunks of th in the thl-;Al melt. This

is apparent in the Dark Field Illuminated Photomicrograph’ of a sample of
the melt in Fig. 1. The dark chuxks are th end the light background is
aluminum. %the B, C is, of course, the attenuating material, and, in order
to use boral to an optimwmm adveatage, it is necessery to heve a qualitetive
understending of the effects of the th size end distribution on the thermal-
néutron trensnission. The sane is trﬁe of any other heterogeneous shield
material which consists of "randomly distributed." chunks.

A first approximation cof the ‘l;ransnrlssion of a heterogeneous material
may be obtained by assuming that the ebsorbing materiel is uniformly dis-
tributed imstead of heterogeneously distribut';ed ené uvesing the conventional
theory for homogeneous materials sy vrovidéing the deasity of the material
used in the calcuwlesien is reduced to account for the voids. This "reclﬁced

density" is gimmly

BRSNS

(reduced censity) = (true absorbing meterial de.xsi'cy) XV (1)

vhere V is the wvolume fraction occunied by the absorbing materisl. This ap-
proximavion will lead %o & lover limit fo- the ectuel tramsmission since . i
nonuniformity, in the materiel will tend %to augmeant the transmission. The :
importance of this effect has been demonstrated by experimeuts which have

1. V. L. M c.(inney and 7. Rockwell, III, Borel: 'A New Thermal Neutron
Shield, ORNI~242 (1949). '
2. A. S. Kitzes and W. O. Hullings, Boral: A New Thermal Neutron Shield,
Supplement 1, ORNL-931 (1951). ] - .
3+ J. R. Smoler, ORMNI~CF-56-6-163.(1956) (Classified]. i
L. R. 0. Mask, B. E. Prince, end P. C. Rekemeyer, Boral Radietion Attenuation
Cha“acter*st"‘ cs, MIT Engineexing Practice School, Ki-251 (195
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shown thet the transmission of thermsl neutrons through 1/8-in.-thick boral
¢ is much greater (as much' as a factor of 40) than the transmission indicated
by & homogeneous calculation. Therefore, some other method must be used
for computing the transmission through materials such as boral.*

In principle, the transmission of radiation through nonuniform
heterogeneous materiels may be calculated if the location of the absorbing
parts of the material is known. If scattering is neglected, the trans-
mission through a slab of material consisting of a distribution of chunk
sizes is given by:

t .
T =d//,P(x,t)T(X)dx ' (2)
o)
vhere
P(x,t)dx = fraction of rays which encounter a thickness of absorbing

material between x and x + dx in traversing a total thick-
ness t of materiel,
fraction of radiation transmitted through & chunk of
material of thickness x.

P(x, t) has been calculated for simple geometric shapes with various
orientations (including random) by F. H. Ivtur:c"e.y,S J. A. McIennan,6 and
P. A. M. I)ira.c.7 Dirac also developed a general theory for nonuniform media
consisting of arbitrarily shaped chunks. 7(x) may be calculated from the

existing theory for the transmission of radistion through homogeneous materiels.

7(x)

*The absorption of dilute mixtures of strongly ebsorbing chunks was treated by
H. Hurwitz and P. F. Zweifel, Nuclear Sci. Eng. 1, 438 (1956), but their
formulation would not apply for & mixture as concentrated as boral.

5. F. H. Murray, Fast Effects, Self-Absorption, Fluctuation of Ion Chamber
Reading, and the Statistical Distribution of Chord Lengths in Finite
Bodies, CP-G-2922 (1945).

6. J. A. Mclennan, APEX-197 (1955) (classified).

7. P. A. M. Dirac, Approximate Rate of Neutron Multiplication for a Solid
Arbitrary Shape and Uniform Density, British Report MS-D-5 (n.d. L)
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N. M. Sm:i.'t:h8 considered the case of randomly distributed chunks from
another viewpoint. He assumed & hypothetical chunk which is physically
similar to actual chunks but mathematically simpler to deal with. The
statistical distribution of the thickness of his hypothetical chunk materiel
is shown in Fig. 2 for a 20-cm-thick sleb having two-thirds of its volume
occupied by chunks which have an average diameter of sbout 3 cm. 7(x) is
also shown in Fig. 2 for exponential attenuation with an attenuation length
of 2 cm. It is obvious that the over-all transmission is much greater than
it would be in the homogeneous case, in which all the rays pass through
(2/5) X 20 cm of material. In other words, the rays which statistically
penetrate less than the average material thickness control the over-all
transmission when the transmission 7(x) of a chunk is much less than unity.
This geometrical channeling of rays between chunks is known as the "channeling
effect..“

R. R. Coveyou9 has suggested a model to cé.lculate the approximate trans-
mission of radiation through materials in which the channeling effect is
important. The material is considered to be divided into layers that have
a thickness characteristic of the size of the chunks. Each layer is analogous
to a sieve made from attenuating material. Part of the radiation may pass
unattenuated through the holes between the chunk materiel in a given layer,
and the rest must pass attenuated through the chunk material. 'The holes in
the layers are assumed to be located statistically independent of holes in

adjacent layers so that the over-sll transmission is the product of the trams-

nmission of each layer. As the chunks are made more attenuating, the radiation
passing through the holes between -the chunks becomes more important.

In the discussion that follows a method of calculation based on the
Coveyou model is presented. The model itself is first discussed and then

8. N. M. Smith, Transmission and Scattering of Radiation in Random Aggregates
of Pebbles, CNL-21, Revised (n.d.).

9. R. R. Coveyou, Osk Ridge National lLaboratory, private communication.
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extended to include a distribution of various chunk sizes and materisls. For
simplicity, it is first assumed thet the neutron radiation is monoenergetic
end normally incident on the face of a plane slab. Exponential -attenuation
in the chunk materiasl is assumed. The results are'then extended to remove
these restrictions. An attempt is made at all stages of the development to
provide an insight into the relations between transmission and the physical
parameters of the chunks involved, and approximations that clqrif& these
relations are emphasized. Scattering is not considered in the calculation.
The applicability of the proposed method is demonstrated in the last two
sections of the report in which the transmission of thermal neutrons through

a 1/8-in. thickness of boral is calculated, and the results are compared with
the transmission indicated by experiments.

I. METHOD OF CALCULATION

Formulas.for Materials with Single-Sized Rigﬁt Cylindrical Chunks

The transmission through a slab consisting of a "random distribution”
of single-sized chunks is computed first because of its simplicity. It is
assumed that the chunks are right cylinders (cubes, circular cylinders, etc.)
with their generators normal to the surface of the slab. Right cylindrical
chunks are chosen because it makes the division into layers easy and because
a ray that passes through a rormally oriented right cylinder always passes

- through & chunk thickness equal to the cylinder height.

The concept of "random distribution” may be clarified by describing an
artificial procedure vhich yields such a distribution. Randomly selected
coordinates (in the desired region) are picked for each chunk in the distribu-
tion. If this selection causes two or more chunks to overlap, the selection
is rejected and another random assignment is-made. Eventually, a selection
will be found vhich is physically realizable. In the simple case of identical N
cubic chunks, any volume fraction-up to unity may be obtained in this manner, %?
although it will require a lerge number of trials to achieve a realizable i
distribufion as the volume fraction approaches unity. 1
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Chunks which are dumped into & container with no preference as to order
or arrangement can be thought of as "randomly packed" chunks as opposed to
"rendomly distributed" chunks. Randomly packed chunks are usually in intimate
contact with at:-least two meighboring chunks, whereas randomly distributed
chunks are not likely to be in contect. If spheres are distributed within
a container in the most compact maunner, it is possible to obtain volume
fractions of 0.74. If the spheres are dumped into the container so that
they are "randomly packed, " experimental volume fractions of sbout 0.5 to .
0.6 are obtained, depending on the speed and uniformity of pouring, the
conditions of the surface of the spheres, etc.

As the actuel volume fraction of a distribution of chunkd. increases,
the packiné tends to make the material thickness distribution (Fig. 2) less
skeved, i.e., with smaller variation in material thickness penetrations.
Packing thus causes the over-all transmission to be smaller than :bhat'calculated
by assuming a& random distribution. However, the true transmission will always
be bracketed between the random distribution value and the reduced density
value., Materials which consist of discrete chunks which are separated by a
vehicular medium so that the chunks are not in intimate contact with neighbor-
ing chunks are well represented by a "random distribution." Packing becomes
a consideration when the volume fraction begins to approach the maximum
experimental volume fraction which is about 0.5 for single-sized chunks that
are not too different from spheres or cubes. Even when the chunks are
closely packed, the randomly distributed transmission is expected to be
closer to the true over-all average transmission than the reduced density
transmission.

With a randomly distributed mixture of chunks, the transmission may
vary statistically over the surface of a material, being unity over a small
area (where there is an alignment of voids) and being much smaller than
average (where there is an aligmment of chunks). The variations are usually
on a scale comparable with the attenuation of a single chunk, so that 't;his
effect is seldom noticed in practical experiments. If a slab were very thick,

however, this effect would become more noticesble.

‘:'.""-f‘"’: e iy AT I T T
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The slab is considered to be divided into an integral number (N) of
layers of thickness (/A ) equal to the height of a cylinder of absorbing
materiel. This division is made by translating the cylinders vertically
(see Fig. 3) so that the center of a cylinder is moved to the center of the
layer in which it falls. Allowing chunks to protrucie beyond the surface is
a fairly good approximation to chunks mixed in & binder if no effort is made
to level off the surfaces after curing. If the chunks are mixed in a die
under pressure, then no chunks will penetrate the surface. This distinction
can be taken into account by noting that those chunks which protrude from
the surface have their centers located within A/2 of the surface. Thus,
the apparent boundary of the slab is located a distance A/2 inside the real
boundary. The methed is developed for chunks which may protrude but is
appliceble for chunks whiciz..do not protrude if the '"reduced thickness" is
used, thus accounting for the apparent boundary at such a surface being
A/2 inside the slab. '

The transmission through a slaeb divided in this manner is the same as
the transmission through the undivided slab since every normally incident
ray sees the same thickness of chunk material in either case (as may be seen
in Fig. 3). The probability that a given ray will encounter exactly n chunks
is given by Bernoulli's binomial distribution:

= V(1 - N-n N; CN= N! (3)
" -G B (N -n)! n!

where
V = probability that a ray will encounter a chunk in passing through
a layer (the volume fraction of chunks),

V= probability that n chunks will be encountered in n specified layers,
N-n

= probebility that the rest of the layers are not occupied by other
chunks,
Cg = number of combinations of N things teken n at a time and is equal

to the number of ways in which the n specified layers could be
-gelected from N layers.
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If exponential attenuation in the chunk material is assumed, then the
probability that & given ray penetrates the slab is:

-ZnA -
7(n) = e ' (%)

where
Y, < 1inear attenuation coefficient for the chunk material,

n = number of chunks encountered,

A = height of a chunk,
nA = total chunk material thickness along this rey.
The over-all average transmission for the slab is:

N
T=) pr(n) (5)

n=o

N -SinA
=Z vn(l-v)N'ncge °

n=o

By the binomial theorem, this may be written as:
N
-2A .
T = Z Cg(Ve P (- v (6)

=0

= [Ve-.z‘A + 1 - VJ N:t/A

Equation 6 has a simple physical interpretation which could have given
Eq. 6 at once. Since V is the probability that a ray will encounter a chunk
at a given layer, (1 - V) is the probability that a ray will miss the chunks

in a layer. VenZ\A is the probability that those rays that hit a chunk will
penetrate the layer. Thus the quantity in brackets is just the average
transmission through one leyer. Since the chunks are randomly distributed,

- mem: svre ot giqm.
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each layer acts independently and the over-all average transmission T is the
product of the transmission of all N sublayers. Equation 6 was derived with
the assumption that there was an integral number of layers in the slab. When
there is & fractional number of layers, Eq. 6 is 'still approximately correct
since the transmission of such a slsb will unifon\nly decrease as its thick-
ness increases (if the volume fraction of chunks is kept constant), in
agreement with the behavior of the equation.

Fquation 6 may be written as:

t "Z;A
= Jln |V l1-V
{[‘=eA [e * ] (7)

This suggests the concept of an effective linear attenuation coefficient
defined by: '

v ..t
T___ev eff (8)

Comparing Eq. 7 with Eq. 8 shows that:

g ._-ln [Ve-ZA+l-V;] |

-n 1 - v - e-ZA)]
= (9)
VA
Equation 9 may be expanded in a series:
-X o "ZA 2 :
Zeff___V(l-e A)4--:!'- vQA-e ) 4 aee (20)

VA 2 VA

A
For small values of V(1 - e  .), Eq. 10 reduces to

v
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LA
Zeff ~i-e ?/’Z if LAL( 1
. A
r = it YA >> 1 (11)

Equation 1l provides a valuable insight into the variation of the efficiency
of & chunk with its size. The transmission approaches the reduced density
value as the chunks become small or less dpaque. The transmission of opaque
chunks depends only on /\ since the radiation that penetrates the slab
channels around the chunks instead of penetrating them.

The case of opaque chunks is of special interest since it represents
the extreme case where all the transmitted radiation channels through the
slab. An opportunity to penetrate the slab exists only when the void spaces
between chunks are lined up so that fhere is a direct path through the
slaeb. In this case Eq. 6 becomes:

T = (1-v)¥A ()

If V is small, this can be approximated by:

It is interesting to ncte that the Poisson distribution function for the
probability of straight paths through the slab encountering no chunks,
vhich is only strictly velid when V<< 1l eand N >> n »>.”> 1, gives the

same answer for this approximation.

Formulas for Materisls with Right Cylindrical Chunks of Multiple Sizes

The above treatment of a single chunk size is now extended to include
more than one chunk size or material. For two different sized chunks, a
division is made into layers and sublayers characteristic of the larger
chunks and smaller chunks, respectively. The transmission of a layer is

P il of A3 B’ wbmgmtee 4
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then found as before except thet Eq. 6 is used to determire the transmission
of the area between the large chunks. It is shown that the large chunks
crowd the smaller ones together and hence the effectiveness of small chunks
depends on the volume occupied by larger ones. The effective attenuation
cannot be expressed simply as was the case for single-sized chunks, but it
is possible to approximate the effective volure fraction in certain limitiﬁg
cases. _

It is assumed first that the chunk distribution is made up of two dif-
ferent sized cylinders (see Fig. 4) with heights Lxl and 1L2 with
L;l g'[xa. In deriving the amoroximate result it is essuaed that.[ll.is a
multiple cf é&e. The volume fraction of the [Ll cnunk is V., and the volume

1
fraction of the A _ chunk is V.. The corresvonding ettenuation coefficients

are~231_and 2}2. %he divisionzof the chunks intc sublayers is carried out
by further dividing the layers into subleyers as shown in Fig. k.

Each large (zﬁl) chunk is transiated vertically so thet it lies in
the layer in which its cernier vas formerly located, just as in the division of
the single chunk size illustrated in Fig. 3. The small chunks are then
translated so that each one lies in the subleyer in vhich its center wvas
formerly located. Occasionally & small chunk shouid go into a sublayer
vhich is occupied by a large chunk (see the cross-hatched small chunks in
Fig. 4). 1In this case, the smrall chunk is translated.vertically'and.inserted
at random in some vacant spot. Thus, the original randcm distribution is
divided into layers which are statistically independent of one another and
the over-ali sleb transmission T can be found if tae sverage transmission of
one layer is known. '

The transmission Ts of a single layer is given by an extension of
Eq. L.

-3 A, v e-Z‘2A2 A /A,
...+(l.-v1) 2 4] - —2 (1)
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The first term is the transmission through the lerger chunks. -ihe second
term is the transmission through the rest of the layer. This second term

is identical in Eq. 6 except that the volume fraction of smaller chunks is
adjusted to account for the space occupied by the larger chunks. For & given
volume fraction of small chunks, the density is larger if there are large
chunks present, since the total volume available for the small chunks is
less. The volume available to the smaller chunks is 1 - Vl so that V2 must
be multiplied by l/(l - V ) to account for the effect of the 1arger chunks.
The over-all transm;ssion of the slab is then:

. e-Z\QA? £q/4, | L2

. 2 2
~— 1 - (15)
1 1-v, 1-v

This formula is applicable to chunks of different materials.
For more than two chunk sizes or materials, the above argument is ex-

tended to consider that sub-sublayers contain the next smaller A chunks;

etc. For three chunk sizes (with 4, ZA )
L, A " LA
-Lia, : ) ve 272 [ v, ] Ve 00
T=])V.e + Q-v)| B——— s 1 -
1 1 1-7, T-v )| TV -V,
DAz OB 5| tA,
v
* 1T"‘\7‘L‘v; | (26)
1

The extension to an arbitrary number of chunk sizes is evident. The general

formul z . Z .
a (with Al A2 . An) is:



t "Z\ 1 I_Z A ! 1
T=/Ve = l+(1-v1). Ve 2 2+[1-v2] ceeeee 1=V 1)
o RTINSV B85 \ Ay, | wb
X {V.e n n+1-vn . (17)

1
V  is the volume fraction adjusted for the displacement of all larger chunks.
The volume occupied by the chunks larger than the ith chunk is

l - - - seee = : -
( v, -V, Vi-l) hence:

. \)

= 4 (18)
i l"vl"va- se0 00 Vi_l

v

1
Vl is the same as Vl since there are no chunks with A 4 > Al' Equation 17
mey be used to approximate a continuous distribution by choosing a sufficient

number of discrete sizes in accord with the distribution. The smellest chunk .

size may be allowed to go.to zero, so that in the limit, the equation is
applicable to chunks distributed in a uniformly absorbing medium. In this
case, the last bracket in Eq. 11 becomes:

An-l/ A n !

lim v'e-z‘nAn +1 - V' - e—vnz'nAn-l

H -0 2 n (29)
n

It is desirable to find an effective value of the attenuation coefficient
which indicates the effect of the chunk size distribution on the effectiveness
of a particle of a given size. In general, the effectiveness of a chunk of
a given'sizé depends on the parameters of all the other chunk sizes, but

for certain limiting cases, the effective attenuation can be simply obtained
as follows:

I. For all chunks opaque ‘:-(/_\i)}i >> 1 for all i) s

-
b

< TYLRE TRETT TV Boond

SRR AR T

A

“roes



where

7

[%:Iln(l v)+ 213(1-v)+...]t

T=e ' (20a)
II. For all chunks almost transparent ( I iA N << ] for all :')
17)
l -(Vl.xl + vazkz + eee )t
= 20b
nks. T=e R ( )
III. For first m chunks opaque and all others almost transparent,
. 1 1 v - ]
18) ; T=e (20c)
17 ' where
fent =V / [l - {volume fraction of all opaque chunks with A > A ):I
den
hunk ¢
: 5 IV. For total volume fraction of all chuunk sizes << 1,
) YN 'ZaAz
[ 1-e 1-e
-V, 4V — 1+ ... ] Tt
i L4 2 Lo .
T=e (204a)
\19)
A1l the above limiting cases can be collectively expressed by:.
: . *
icient - [VIZ; + VZZZ + ...J t
veness T=e (21)
of

-Zia ]
. m[v:e S
nh-- L

¥
4.V,

¥*
and vi = Vi/ [1 - (volume fraction of all opaque chunks withA > A i)] .

3 -
[

"x—reJ y.,- e

—;—.—-.—-,--o-v-—,—r.- - —’——u.--‘vg- T
-3
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Note that y_\: is the same as Zeﬁ‘ for the single chunk size distribution
as given by Eq. 9. The physical significance of this result is that the
transmission may be approximated in the limiting cases above by the product
of the transmissions of separate layers containing a single chunk size if
the volume fraction of the chunk in the layer is corrected for the volume
occupied by larger opaque chunks in the slab. Each term of the exponent

in Eq. 21 gives the.transmission of one layer. When none of the approxima-
tions are valid, Eg. 21 gives a transmission which is too small since it.
ignores the voids which should be present in & layer when the larger chunks
are separated out. In these cases, Eq. 17 must be used but the approximate
Eq. 21 still is useful in qualitatively interpreting the effect of changing
the chunk size distribution.

Formulas for Materiels with Arbitrary Chunk Shapes

‘The discussion has thus far been restricted to aligned cylinders
because of the simple formulas that resulted. The results can be extended
in an approximate way to arbitrarily shaped chunks with random orientation
by replacing (1 - e-Z‘A) in the simple formula by F, which represents the
absorption of a single chunk averaged over all orientations, and replecing .
the layer thickness A 'byA » the average chunk thickness. A theorem due to
Ga.usss:L shows that for chunks with no concavities,

hv
A= 5 (22)

where v is the volume of chunk and S is the total surface area of chunk. F
is related to the collision probability Pc which is tabulated in Ref. 10 for
many shapes of chunks, i.e.,

F=Z.Z(1-Pc) ' ' (23)

10. K. M. Case, F. de Hoffmenn, and G. Placzek, Introduction to the.Theory

of Neutron Diffusion, Vol. I, Section 10, Los Alamos Scientific Laboratory

Report, Superintendent of Documents (1953).
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Por large chunks (34 >> 1) with smooth edges (Ref. 10),

2
r'==[1 - o 2 ]
A A

2
where O (—l——- means terms of the order of magnitude of
2a

For large chunks with irregular edges,

For small chunks (A << 1),

F=R4 (1 -v3a8)

where a is a parameter & 0.5 for spheres. For spheres (Ref. 10)

) (2rd )2

A

F 2 [% (2r2 )2 -1+ (1L+2r& )-e-erﬂj

In terms of F, Eq. 6 for single-sized aligned chunks beéomes:

T=[1-w]t’A

(2k)

(25)

(26)

(27)

(28)

The extension to several different 'Eypes of chunks is straightforward and
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T = vi(l-Fl);(l-vi) v;(l-F2)+[1-v2'}

An-l/ An Ae/ A3 ) A-l/‘.j? \‘ t/Al
Vr'l(l - Fn) +1 - vx; j . (29)

in analogy with Eq. 17 for aligned cylinders. The generalized form of Eq. 21 i

Lo
P

M Laren

]
ss e (l - vn-l)

aas .

remains:

* % * 0%

T = (20)

* r - - o
vhere now Vi = vi/ ll - (volume fraction of all opaque chunks with A > A i)] » i

- R m 1 - V:Fi] | (51)

Formulas Inclvding Energy and Anguler Distributions

A1l the above discussion assumes & constant linear attenuation coef-
g ficient. This assumption is not valid in those cases for which the angular
f distribution is not collimated and spectrum hardening effects occur. If
the chunks are randomly oriented, there will be no preferred direction of

transmission in the sleb. The transmission for incidence at the engle 8 may
therefore be calculated by replacing the thickness t by the slant penetration
t/cos6 in the previous fcriumles. Then the above formulas may be used to
compute the transmission for a single en{:ra.nce engle and energy and the result
integrated in accordance with the prescribed neutron distributions. 1In
general, the transmission including the effects of energy spectra and snguier
distribution is given by:

<
;
&
I
18
1“.‘
-

[}

TR Ko el 4 1

o




- (29)

Q. 21

(30)

~stion

resuit

iguiar

D e

where

21

o =nf2 '
T(t)_=/ / T(t/cos6, E)F(E)/(6)aeaE (32)
o o
T(t/cos6,E) = transmission for a given angle and energy,
g(E) = effective neutron spectral function,
K(8) = engular distribution function.
For normal incidence, Eq. 32 simplifies to:
(e 0]
T(t) = / 2(s,)p(E)aE (53)
0

For isotropic incidence, Eq. 32 becomes

7(t)

g(E)

¢(E)

= / E, (-ln T(t,E)> @(E)AE (flux detector) (3k4a)
(o] ‘ |
(e8]
=2 / E3 (-1:1 T(t,E) | §(E)AE (current detector) (34p)

where the neutron spectral function is (for a Maxwell-Boltzmann distribution):

R /2 _ '

= /= ng}?ﬁ o "E/KT (for 1/v detector) (352)
BE -5

= —(—K?)_é e /KT (for constent efficiency detector) (350)
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22.
The functions E2 and E3 are the standard exponentisl integrals.ll

II. CALCULATION OF NEUTRON TRANSMISSION THROUGH BORAL

The foregoing method has been used to compute the transmission of neutroms
through boral. For the calculetion it was assumed that the b_oral sandwich was
rolled to & thickness of 1/8 in. and that the thickness of the BhC-Al mixture
was 0.085 in. with %0 vol% boron carbide. This resulted in an over-all
volume fraction of approximately 25% for the sbsorbing chunks, which were
assumed to be spherical in shape. The chunks were first considered to be
of 11 different sizes between 20 and 100 mesh (this size distribution was
taken from Ref. 12); however, it was found that assuming only four sizes
gave approximately the same results, snd only four groups were used there-
after. The four groups were as follows: '

Size - Avg. Particle = (4/3)r

Mesh Diemeter (in.) (in. Vol%
20-30 0.038 0.0253 17.0
36-L46 0.02k4 0.0160 11.0
60-70 0.016 0.0107 6.0
80-120 0.009 0.0060 _6.0

40.0

The transmission calculeted by this method for normelly incident :
2209-'m/sec (0.0253-ev) neutrons through 1/8-in.-thick boral was 0.076. -
This is to be compared with a transmisslion of 0.0015 calculeated for normally
incideﬁt 2200-m/sec zieut;'ons by the homogeneocus approximation.

The transmission of normelly incident neutrons through a 1/8-in.-thick
boral shiéld as a :f‘u,nction of energy is shown in Fig. 5, along with the

11. Case, de Hoffman, and Placzek, op. cit., Appendix A.
12. A Handbook on Boron Carbide, Elemental Boron, and Other Steble, Boron-
Rich Materials, Norton Company 1417-3PCMX-10-56 CP (1955).
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limit es thé chunks become 6paque (low energies).. The average transmission
over the néutrod distribution shown (Maxwell-Boltzmann distribution at room
temperature) is 0.096 for a constant efficiency detector and 0.084 for a
1/v detector. | _

The trensmission of isotropicelly incident neutrons through 1/8-in.-
thick boral as & function of energy is shown in Fig. 6. For this case the
average transmissions are 0.024 for a constant efficiency flux detector,
0.021 for a 1/v flux detector, 0.0kl for & constant efficiency current
Géetector, and 0.034 for a 1/v current detector.

III. COPARISON OF CAICULATED AND EXPERIMENTAL RESULTS

The calculated results reported above can be compared with the results
of two experiments which have been performed at ORNL to determine the trans-
mission through-1/8-in. thicknesses of boral as measured by 1/v detectors.
In the first ex;pe.-r:lm.entl+ the radiation consisted of thermal neutrons .
escaping from a thermal column on top of the ORNt Graphite Reactor with an
angular distribution of the (1 + A/S' coso) type,l3 which is more forwardly
pesked than an isotropic flux. Consequently, the experimental values should
be between the computed values for normal incidence and those for isotropic
incidence. The transmission obtained for a Brooks and Perkins boral -sample
was 0.070, while the transmission for an ORNL sample was 0.09k.

In the second\"experiment1h the radiation was & collimated beam of
normally incident neutrons from a beam hole at the ORNL Graphite Reactor.
The transmissions obtained for two different Alcoa samples were 0.065 and
0.070, resﬁectively.

13. R. F. Chrisfy et al., lecture Series in Nuclear Physics, MDDC-1175
(1943; decl. 1955).
1. G. deSaussure, Oak ‘Ridge National Laboratory, private communication.
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IV. CONCLUSION

The method proposed in this paper is less elegent than other m.ethods.
proposed previously, for example, Smith's me‘bhoc'i,8 but it is more easily
visualized. Furthermore, the degree of agreement between experimental and
calculated results seenms ree{sone.bly good since experimental détails of
particle size, energy, and angular distribution are incompletely known
in each case. It may be concluded that the methods described in this paper
can be used to provide useful estimates of the attenustion of radiation in

heterogeneous media for which channeling between absorbing chunke is an
important process.
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ABSTRACT

Experimental observations were mdde of BORAL plates ‘encased in stainless steel jackets.
Somples were tested dry and with 25 ml distilled water, 70 ml 2000 PPM boron solution,
and 20 m| 2000 PPM boron solution injected within the stainless jacket. Samples were
sublected_to gamma and neutron fluxes in the Ford Nuclear Reactor.

Under irradiation fluxes and water conditions expected in o power reactor spent fuel
pool, the BORAL samples exhibited no detectable gas evolution, pressure buildup, or
damage due to temperature or other effects. - -

" In the presence of a ‘neutron flux, hydrogen and oxyg°n gas were evolved from the BORAL
.samples injected with 2000 PPM boron solution, -~ -
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1. INTRODUCTION . oo

-

: 1.1 Purpose

- The purpose of this report is to provide the results of experimental
; - observations of BORAL plates encased in stainless steel jackets under gamma
. . and neutron flux irradiations.

j.. . 1.2 Description.. S -
Each BORAL sample was a 9 inch x 9 inch plate of 0.26 inch thickness.
. .=+ Each plate was encased in a thin, watertight jacket of stainless steel
s welded around the edges. A threaded connection was welded in the upper
right comer of the face on one side of the stainless steel jacket. Irradiations
iy . were conducted in the Ford Nuclear Reactor pool at depths of 12 and 20 feet.

An aluminum tube was run from the connection to the surface of the reactor
; o _ pool for pressure measurements and gas collection.

o ‘Prior to testing, each sample plate was boked at 200°C for seven hours in
! - a vacuum oven to remove moisture.

. Each sample was tested to 10 P SIG internal pressure. Experimental pressures
were limited to 5 P SIG os a reactor safety precaution.

Experimental measurements were made of pressure within each sample. Gas
evolved during the tests was collected and analyzed. It was decided that
temperature would not be measured, Each sample was observed after
irradiation for’damage due to pressure, temperalure, or other effects.

Each sample was pressurized mo'nen}arlly to 10 P SIG os it was inserted into
. ‘the reactor pool to verify watertightness. Once each sample was placed in
its experimental position, a 30 inch Hg vacuum was drawn 1o evacuate as much
Oll’ os poss:bl The siorhng pressure for each test was the 30 inch Hg vacuum.

a . M
I ORI R S -

£/

Rty

P
.

*-.
LS

. -],3 ExPenmen’tal Condnhons

_"The experimental. sequence consisied of twelve’ steps derived from a combmuhon

ST " of four different scmple plc}es being sublected to ihree dxfferent lrrodmhon
R _f ~cond|hons. o . )

Sample 1 was a seoled "dry somple vented only through the .gas co”echon
:line-1o the surface ‘of the regetor pool, Sample 2 was identical to Sample ]
except that 25'm] of distilled water was-injected withini ‘the stainless'steel
. |acket ‘Somple 3 and Sample 4 were identical to' Sample 1 except that 70ml
Sk " and 20 ml, re5pechvely, of 2000 PPM boron solution were injected within- fhe
.07 L. stainless steel jacket. The 2000 PPM boron solution was obtained by dxssolv:ng
' 'l 23 groms of boric acid, HsBO , in 100 m| of dushlled water.
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L ow,

.. power level of 2 MW. The Condition 2 gamma flux, was 4 x ]
and thermcl neviron flux was approximately 1 x 10 N/cm /sec, or

N IS ) O

o

-5~

Initially, in Condition 1, each sample was irradiated adjacent fo spent

- reactor fuel in a gamma flux of 2 x 10° rad/hr. In Condition 2 each

sample was placed in a holder adjacent to the reactor operati éot a

rad/ hr

1x10 rod/hr Finally, in Condition 3, each somple was left adjacent

to the reactor core immediately after shuidown. Neutron flux was quite
low, approximately five orders of magnitude below operating levels , while
gomma flux was measured as 1.2 x 106 rad/hr.

The objective in these observations was to simulate conditions in a power

* reactor spent fuel pool : —_-

Description . Units " PWR BWR

- Gamma Flux rad/hr 1x ]06 ' 1x ]06
Neutron Flux : rad/hr  Negligible Negligible
Boron Concentration PPM | 1800 0

in Pool Water

Combinations of Samples 2, 3, and 4 under Condition 3 closely simulate

~ actual spent fuel pool conditions.

The 70 m! of boron solution placed in Sample 3 virtually filled the somple
with liquid. It was decided to place a smaller liquid volume in Sample 4,
20 ml, and to thoroughly wet all surfaces with liquid prior to irradiation
under the assumption that radiolysis, the breakdown of water into hydrogen
and oxygen gos under the influence of radiation, would be enhanced by
wethng all surfaces and prowdmg a Iarger liquid to gas surface area within -

-, .the sample.
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RESULTS : ST

Table 1 summarizes the observed effects of irradiation conditions on the BORAL
somples. The 1otal hours of irradiation per sample are noted in the array.

No pressure increase or gas evolution was observed under any condition for Sample 1,
the dry sample, or Sample 2, the sample containing 25 ml of distilled water.
Sample 3 and Somple 4, the mmplés containing bb?on:soluﬁons, both generated gas
when subjected to Condition 2, reactor at power and on irradiation flux of gamma

" rays and neutrons. Figure 1 is a plot of somple pressure increase as a function of
time ond dose. Gos was drawn from each sample-and analyzed with a gas chromato-

groph. The results were:

Sample Gas Constituents (%)

' Somple Hydrogen ~ Oxygen . Nitrogen
3 6.5 - 20.4 73.1
4 41.1 21.6 ) 37.3
4 41.0 -21.8 : 37.2

The hydrogen percentage of Sample 3 was lower than might be expected, an
approximate 2:1 hydrogen - oxygen ratio, because Sample 3 was not purged -
extensively prior to sampling. The chromutogrcph analysis resvlts are included as

Tables 2 - 4.,

When Sample 3 and Sample 4 were subjected 1o gamma flux alone, gos was not

_evolved and no pressure increase was detected with irradiation time.



"
-

. Cp e
iy, l st
s .

Ll B T D R B E R CES N ISP R

.,’_...-

SAMPLE 1.

9" x 9" BORAL Plate
.| -Stainless Steel Jacket

SAMPLE2 -

9" x 9" BORAL Plate
Stainless Steel Jacket

SAMPLE3

9" x 9" BORAL Plate
Stainless Steel Jacket

SAMPLE 4

9" x 9" BORAL Plate
Stainless Steel Jacket

20 ml - 2000 PPM Boron

- _Spenf Fuel-
Jry-2x 105"Rc:d/hr.

"N - Negligible

No Detectable Effect

No Detectable Effect

No Detectable Effect

. Dry” 25 ml Distilled Water 70 ml - 2000 PPM Boron
CONDITION 1 . | | .42 Houss- - 25 Hours 19 Hours 4 Hours

No Detectable Effect

CONDITION 2 -
Reactor at 2 MW -
Tyl 4 x 107 Rad/ hr

| N 1% 107 Rad/he

24 Hours ' B .
No Detecfcbi’e. Effect

6 Hours ,
No Detectable Effect

48 Hours

Linear pressure increase

with irradiation time,
Gas Analysis:
6.5% Hydrogen
20,4% Oxygen

152 Hours

Linear pressure increase
with irradiation time,
Gas Analysis:
~ 41,1% Hydrogen
21.6% Okygen

" CONDITION 3

: 'Reac:fqr Shutdown
1y '-.':.1.2.:5(' 106.Rdd/hr
| N =Negligible| "

: 4 HOU!’S

1. No Deteciable Effect.

.......

4 Hours

. No Detectable Effect.

1

12 Hours
No Detectable Effect

96 Hours
No Detectable Effect

Table 1

L " 'Observed Effects of Irradia

[
tion Conditions on BORAL Samples
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.95 x 1077 pSl/rad, Gamma
70 % 1077 PSl/rad, Neutron

{2 Scmple 3 - Condition 2

©1  Sample 4 - Condition 2 .

A Senlgle 4 = Condition 2

@ . Somple 4 - Condition 2
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. g 1.2x 10 1.6x10° 2,0x10 2.4x 10 2.8x 10 Gamma Dose (rad)
-2%x700.. "3x 108 4x 108 5x 108 6 x 108 7 x 108 Neutron Dose (rad)
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TABLE 2
ARALYSIS S] HOIDY

Van Slyke mpparatus

Rad Ro.

Run Ho. . / Vessel Mo, A0 9.
Original Sanple SAMPLE 2 ~ BORAL PLATE M STRAESS X«

Radiation
Dose Rate

Date

_1-18-74

%) -— -
X —4xIin7 s Ao — I X INT rads /hr
Tine Total Dose 1238

" Flow Rate 3°-3 </miN. Col.Ea

Baragraph -39.)Y
V.S. 22.2°C

Temp.

4749
"‘;'-/‘./-. l-) I

4727

P

Humid.
Vol. D-8213.cc

2./ A

-—

//2. /"6

5.5

OLf1-2  g-

575

N2Ty<2

T T

)
=

RV W X
O\-LL./Q_L,'. ’[ 2
=

Tenp.

6'5'70 I
'pc'M 20-4%
‘/ -]0-75 2__313/7,.73 I7~
' 324, 65//»\/»\_
W'TAf/f/ 39 .0F" Mw’:t/ﬂfﬂ o

/0 cc/)9.¥ sec Col.#2 /D cec/lo.0sec

T5F

Integrator Data

12a I\("f i
" 249 Oz

£15 VOISE-
567 Mp,

 TIRR - L.
- T128 N

249 .

1510611
46972
.~ 37¢
139299

-337652

3) 9.7 ) 2 £ 1 FILE 3 _
P, ave _ 47325 wm P_ ave _/OE 7 1196 1D
:P ave [‘33'-, _mm . 40 - 20 10 PH
i ."30 38 306 SS
PT 3}4 53 R 3 .3 13 Fp
. . 5 5 .5 BL
TF2 Closed 232 time 200 200 . 1 11
- Loop Loaded . time ‘ : 2 T4
EW . : 75
. "”.:Rm_'n S-t'\r‘t : SR tinme g0 oje’c R-JJJ 10(, HA
- Motal Time __/ M. L - 50 PL
e T . - e 50000 ML
i Sensitivity Surunar;; R - SP
."Factors Used . Sheet Date e 'c/"” LT S
1] : TIME * . "AREA

YN LY

WM W

e et et So——n 111 @98 W4t



- v.s. Temp, 22 - 4 Yol, O.§23 <c ]
“/5[ IAF/LE/A,_TQIZ ] PUzs . " Integrator Data
- 527 . / M P, [38.4 mm :
' (Z!- 4 /7.4 um
; '__S' 2.9 mnm m{ 37 _Qf%mm ' . S
3))56¢¢.5 3) 7~ . # 1 FILE 3 .
. .- = : 1296 1IC
P; ave J22.17 P, ave /383 o
: . P_ ave S mm o 40 23 10 Pw
A o 1352 . 30 30 30 S5
. Py _.»3‘93_,-57-.m: -3 3 3 FP
: : . 2 . ' : 5 75 5 BL
P Tr2 Closed 2..30 - tine ‘ : : 406 200 17l
1 Loop Loaded : tTine _ T n 7§ Ig
." . Run Start, | 273/ tine . - ¥30 SEC RU;‘J]OO MA
. . ) N Co o - P 50 PL
otal Mine L2 R S sl 50000 L
- ¢ e e s S el e . . SP .

[
N
“w o ..

-1u- ;
Paze / o =2

TABLE 3

- G.c.i JBwv.s.& /4)
ANADYSTS SHBET

van Slyke hpparatus
Rad Xo.
-s - '\i"" .
un Yo, / Vessel Ho, o

——— e o ———

Original Sample SAMPLE 5 - BALAL FLATE inY STRMLEzS TAckel

Sanmple, as necasured

Radiation Source/Loca‘tion CLvP 2 - prACTZ L Date /- 29-7L

Dose Rate _¥ — JXIANT oA = ) Xya” rads/hr

Irradiation Tine. Total Dose ' rads

Flow Rate 3o0.c /N _ Col.fi /o cc/20.0 sec Col.f#2 o cc/20.D sec

'..Bara:’rann 2795 ‘Humid, YR % Temp, 130/(

Sens:.cn.vn.‘l:y . Summary - . _
TIHE T ,5 AREA

I‘ac tors Used Sheet .o Dat‘e CMC /’ff.ff

- ~ , 250 O 54527
2 00 " ) 8xXp . o/ ?8—7f KT 226l - 587 g 77813

127

99,999

COMMERTS :

= e e e

-?"/iﬂ/7z>

' ".‘::'1 Ha- /.1'-003(10‘; Wpli-¢ St I’Elofww-y/?’p",‘ 127- Ha- 1086272

o 3y )70 I"J./l- . Td0ay 132,51 ;3.,., -t 1178812
AL e e 3, 3% ofmw/:c: 35-" fgn\, oo rise L bowe
) ' - LT T BBLIED
: :"\1{.534:
13

Mq\ th) 2 '@"w““"
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TABLE 4 Page —__ of_=
-_— G'C- /5 ‘[.‘S') ’I':’,
ARALYSTS SI.L DAy
Van Slyke Apparatus
Rad Ko, _
. = . n-
Run ¥o. < Yessel HHo, =~
_—— - . = T I AP ,
Original Saaple SAM PLE HB—Eapil. PLATE 4] STRILLssS TJoleT

Sample, as neasured
Radiation Source/_,occ.tlon CLHP 2 — 2EATTIDIR Date 1—-29-74
Dose Rate _ X — 4¥ /87 N —(!Xx/n7 rads/i
Irradiation Time-- Total D,osé ) r'z_::_:._

= . ) o ) H .
-+ Flow Rate S0.0.c /M Col.#1 ce/ - sec Col.f2 cc/ - sec
" .. Baragraph . . Humid. - 7; Temp.

vV.S. Pemp, 22.7°C-"  vyoi, D,6 823t ]

b, 357./ mm oI35 )
T 358 5 m /.33 ] 127
' }Jb--(ﬁ_wmm /3' 3 [34. 2, mm

311279-3 C3) #iS S ® 2 FnE 3

P, ave 2577 mm P, ave }36-17 ™ . S .

'Po ave 13517 mnm . &e”" 20

~ 30 30
PT Aj\}g'g
3

Integzrator Data

<0

P¥
sS
FE
BL
T1
16 -
. - : TS
e Run Start, } vi o time . Lo s’-—:: sec. l,(w, 100 HA
_To»a’l T:Lme ] M. ) . 50 PL

3- R T 50000 ML

: .SP

[

QOON=UNWOO

- T - 3 3
- 5 - 5

Tr2 Closed C oz Frg. °t5.tne - . 400 200

‘Loop Loaded _ - - time

QO =&

Sé ens*c ’ClVl‘hy SU"“‘I’B.I'}

3 Date CALE. /U '
2. o . : £y -
hmtors U.,ed *Sheet .Tm‘__ “ AREA

q- //2— ). 10x05 /Jz//- . J‘?—?,{" 93 §5mn = 41»7 126 ﬁv .'696793

f--

.
.

Al

L

oL
Hiron

3 o g _ _ T 251 - 31822 .
‘2. 0, /+asm 2 =L 9-§1F 4457 = 213 . 53731 a8

' - Y s [ A L@l = 32,2 - T 5
i L kndand phfer  3n” 35Sl EnAo TR ETessr
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_CONCLUSIONS ' -

-12-

Under irradiation fluxes and waler conditions expected in a power reactor spent fuel
pool, the BORAL somples tested exhibited no detectable gas evolution, pressure
build-up, or damage due to temperaiure or other effacts,

In the presence of o neutron flux, hydrogen and oxygen gases were generated from

.the samples containing the 2000 PPM boron solution.- .Pressure built up in the somples

as a linear function of irradiation time and neuiron dose. Appendix 1 hcs been
included because it is a report on a similar phenomenon observed in Ford Nuclear
Reactor boron carbide (B,C) powder filled-control rods. A similar lineor pressure
increase with neutron dose was observed. The 1ésts were terminated at a pressure of
60 PSIG out of concern for rupturing the test device. Radiolysis was atiributed to
ionization from lithium and helium released by the boron-neutron reaction:

N+ 8% — L7 * ?_He4 (3.1)

* A review of Table 1 shows that radiolysis occurred fairly rapidly in a neutron flux,

Condition 2, with 2000 PPM boron solution filled samples, Sample 3 and Sample 4.
Sample 2, under the same conditions, -exhibited no detectable radiolysis or pressure
buildup durmg the time period of observation. However, in Sample 2, the only
boron exposed to water was around the edges of the BORAL plate. lonizing lithium
and helium released within the meat of the plate was stopped by aluminum cladding

before reaching the distilled water in the sample.

.1t is not reasonable to conclude that gas was not generated in the Somple 2 -

Condition'2- experiment just because deiectable quantities were not observed during the

short period of the experiment. It is possible that over an extendsd penod pressure

- within the jacketed BORAL. plate could build up due to radno]yszs ta mQ place at
;'o much slowerrate, . - - .
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DEFORMATION OF THE FNR SHIM-SAFETY RODS

I. INTRODGCTION

The rfrd Nuclear Reactor {FNR) , located in the Phoenix.

P

&¥-|  Memorial Laboratory on the North Campus of The University of

&
1

Yo,

Michigan, is a one megawatt pool type reactor fueled with MTR type

gt

' fuel elements Control of the reactor is accomplished by the use

-

of three shlm—safety'rods and one control rod. These rods move

i vertlcally 1n31de spe01al fuel elements in whlch gulde tubes have

e— -

Lo been 1nserted in place of the center fuel plates. The shim-safety

rcds for the FNR, as the;r name implies, serve the dual function of

shlm control and safety protectlon. These rods, worth approximately

.3, per cent negetlve reactivity each, drop into the reactor under the

5_. influence of gravity when potentially dangerous conditicns exist .in

"the reactoxr.- This results f£rom an interruption of the currents to

electromagnets which'normally couple the rods to their respective

PR "\

" drive mechanisms. A shim-safety rod is constructed from an extruded

l'\.. FYRCIENNT IR

aluminum'tdbe welded to appx oprlate endpieces and £illed with boron

-

.

carblde powder (see Sketch I page -2). The powder is. loaded dhrough

an aperture at the bottom end of the rod.. Th1s hole As- plugged and

' L ]
e ase,
LI

‘ welded after the rod 1s fllled...:“fb' - '5: 5”3 R .-“"'f

e

Ihe FNR.was put into operatlon in - September of 1957 and,
¢i'after lﬁltlal calibratlons, vias raised to a power level of 100
kllowatts 1n February of 1958. Full power operatlon at one megawatt

'-:began 1n September 1958

In*August of l°60 a potentlally hazerdous condltlon arose .

when one of the shlm safety rods Jammed in 1ts spec1al fuel element

.durlng.a;routlne sLart—up of_thepreactor. There were no operatlonal

« e .
. . — . A
Le, Ve L " . N . A
1 * . .
f- < a
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* were identical to the original set except for the addition of

: regular 'schedule and measured dlmenswonally. -

oonsequences in that .the condition was immediately detected and no
further attempt was made.to start the reactor. All three shim-
safety rods were reémoved and examined. The jammed rod appeared to
be deformed. To keep the reactor in oneration, three new shim-

safety rods vere procured, installed and calibrated. The new xrods

-

cadmium liners. The original shim-safety rods are designated as
'l—A, l-B and_1-C, and the new rods as 2~Ah.2—B and 2-C. The origina}:
set of rods had been in the reactor for 2200 negawatt hours before
the jamming incident occurred.

In view of the potentially serious consequences of jammed
shim-safetf rods, the new rods vere removed from the reactor after
320 megawatt hours for .an accurate dimensional check. All three
rods showed evidence of swelling, and rod:2-C was off-gassing through
the bottoh plug weld. One of the orlgﬁnal rods (l—C) which was in -

gcod condltlou, was substltuted for rod 2-C. The shlm-sarety rods

N presently installed in the FNR are 2-A, 2-B and l—é, all of whlch

undergo dally rod-drop tests and are- rewoved fron the reactor on a .

Qlﬂu_ The followrng sectlons of this report describe the Jamnlng

1nc1dent .and rod deformatlons in greater dELall, .discuss our 1n1t*al

',exploratory 1nvestlgat10ns, -and.. suggost a program ‘of 1nvestlgation .
A-iwhlch might establlsh conclu31ve1y the cause of these dlfrlcultles. )
:A flnal rep0rt W111 be dlstributed aFter the completlon of ‘the

'fProgram of 1nvestlgatlon-suggested hereln-

5
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:1ower 11m1t of travel by’ ltS electromagnet and drlve mechanlsm.

2
—ly -

II. DESCRIPTION OF SHIM~SAFETY ROD INCIDEKNTS

A. ~Incident Involving Rods 1-A, 1-B and 1-C

'During reactor start-up on'August 11, 1960, the magnet—

+ contact light .for shim-safety rod 1-A indicated loss of .contact

when the rqu had been raised about ten inches from their -lower

. limits. This indicated that rod 1-A had become disengaged from the

electromagnet'whiCH“had been ‘pulling the rod-out of the reactor core.
Withdrawal.of the rcds was immediately stopped. The stzaff observer
at pool side‘reported that rod,l-A was still .in the raised position
even though maghet current was automatically cut of when the magnet;
contact llght on the operatlng console indicated the 1oss of the .rod.
?he special fuel element for rod l1-A was .not dislodged from its
position in.the reactor.corel

‘ At this point the currents to the other two electro-
magnets;were manually_cut off. The pool side.dbserver reported .
that rods l-B and 1-C dropped-hormallyiinto the core, but ‘'rod 1-A

remained suspended.- The electromagnets were lowered and ‘1-A magnet-—

-1contact 11ght 1nd1cated contact as soon as the electromagnet struck

the suspended rod. _The- rod was then successlully driven to -its

s -,

-
.

The reactor was further secured and fuel was removed

-from the lattice along with the soecwal COntrol element contalnlng
"F'safety rod l-A.. The rod—element assembly was moved to a holder in
.t;the center of the reactor pool. A grappllng tool pulled the rod

_about ten 1nches out of ehe control element before the xrod Janmed

) agaln._ InsPectlon Snowed notlceable swelllng of the rod.

A spec1al tool was bullt “to rem ve the rod from the

:element.'rplate No.' 1, page 5 18 a photograph Of this removal dev1ct;;'

.
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REMOVAL DEVICE

PIATE I.

pecial fuel element was used to

This device attached to the's

»

Rodsfl—B”and-léc are aléo éhown.

remove shim-safety rod 1-A:
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During the extractidn procedure the fuel element was kept submrerged

in . four feet of water for radiation shielding purposes. There was

no serious galling of the rod during the removal procedure, nor

- was there any off-gassing from the rod.: There was no evidence of
) corrosion or damage to the exterhnal surface of the rod. Also,

-there was no apparent damage to the special fuel element.

The three shim-safety rods had:heen in the reactor

hs;nce the beglnnlng of operatlon in September 1957. The reactor had

" operated at power levels up to one megawatt for a total of 2200

megaWatt—hours. ‘There vere no indications prior to the 1nc1dent

that safety rod 1l-A was sticking'within the guide tube of the special

fuel element. The rods on the FNR were inspected on several oc- -
casions since 1957 by removing them from the reactor and visually

inspecting them under about six feet of water. Also, during. that

" time, frequent rod-magnet release time measurements were made.

Further, prior.to every start-up rod ‘drop tests are performed.
None of these indicated potential jamming.
B. Inc1dent Involv1ng ‘Rods 2-A, 2-B and- 2-C

After ‘the Above 1nc1dent a.new spec1al fiel elementfj"'

: ;was‘installed An’ the lattlce and three new replacement shlm-safetf
',rods 2—A,.2—B and 2-C were 1nsta11ed and callbrated.- On November 25,2..
'-.1960 these rods were removed from the reactor for - dbservation and
'.dlmen51onal Checks- Mlcroneter measurements showed that .2ll three
' rods had 1ncreased in thlckness arter only 320 hours at one megawatt; P

'Purthermore, rod 2-C wvas off—ga581ng at the bottOm plug weld. A'A
'lwater-fllled Erlenmeyer flask was held over the sdbnerged rod to.

“colleot-a sample of the gas-for.analys;s.
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The cadmium liners in .the new set-ef rods hindered -

operations because of the induced radioactivity which gave a 6

roentgens per hour reading .at the center of the rods. The bottom

ends of the rods read greater than 25 roentgens per hour. In

contrast, ‘rods 1-A, 1-B and 1-C, without cadmium liners, read

‘one-third of a roentgen per hour at’ the. lower end.

CIIXI. INVESTIGATIONS

A. Dimensional Inspectitn-
After removal from the reactor a“ " complete dinmensional’

1nspectlon was made of rods l—A 1-B and 1-C. The thlckness and

. width dlmen51ons are shown in Tables I and II respectlvely (see

pages 8 and 9). The dimensions of-the replacenent rods 2-A, 2-B

and 2-C before installation in the reactor are also Shown in these

tabies. Although no records of the initial dlmen51ons are available

for rods A-A, 1-B and 1- C, a reasopable 1nd1cat101 of the degree of
_SWElllng_Wthh-tCOk place can be obtained by an 1ntercomparlson‘of

rod dimensions. 'However,‘initial-and final thickness measurements

“taken at the middle of the rod are avallable for xogds 2—A,~2—B and

. measurements are as follows- o

2—C wh1dh had been in the reactor for 320 negawatt hours. These:.

L:ﬂ heasurement . .'.' zf: ill'Sﬁiﬁ;éefetﬁ'Reauqi' -

‘Initial’, . . 3 0 922 $n.-0.890 in.. . 0. 913 in.7

£ Fimal - 0 oo .._-=--:'-“:".ﬂ..;.-".d‘.921 0095 )

: ‘ .C}i'ange* ) o m .6-:6_3—]?- - ; m Tl .

The 1n51de dlmen81ons of the gulde tube of +the

.f spec1a1 fuel elenents are presented 1n the last column of Table I._'
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TABLE I - SHIM-SAFETY ROD THICKMESS bIMENSIONS

Thickness

1A 1-B

" 0.882  .0.880
0,925 7 0,920

1,078 0.915

1.107 0.916"

1,103 0.912

.1.097  0.915

1,093 . 0.913 .

1,091 0.913

" 1.087  .0.914
1.088 0919

. N - .. .;'.. . | ].-. 106 :. .., .- ‘0.9.20- . ‘ :.

1657 00917 7

- 1,009 7 0.885 .

i 07gz5 " :0.888

- 3:090 - 0915

Note:

The corresponding internal
dimensions of the guide tube
inside special fuel element 1-A
are given in the last column.

0.865
0.904
0905
0.905
.0.906
. 0.908
0.909

0.909

_0;909 .

0.509 -

o909

20,890

" 0.908

< 0.909 -

0867

- —

0.875 - 0.677 - 0.875
0.901- - £0.883 | 0.889 -
0.910 0.8  0.909
0.915  0.8%9  0.914
0.920  0.92  .0.915
0.922 - 0891 0.914
0.922 - 0.890  0.913
0.922 . 0.80  0.913
1.0.922 . 0,892 0.913
0.923 { 0.892- 0.914:
0921 0,892 5__16.9_1_55
| 0922 0.884 5.0.915.
o917 o.ez0.910
. 0897 0872 :.0:-388 o

0,884 . Semms’ - 0.8707

GUIDE

"TUBE.
1,100

©1.100

1.100

1.100

~1.100

1.100

. 1100

1.100

. 1105 '
1105
:ﬂ:ids -

108

1105

,..-'_;'j"'.tbs""'- .

<1305



s .' TABLE II - SHIM-SAFETY ROD WIDTH DIMENSIONS

i>:<><- Width

-A_ 1-B -C 2-A 2-B . 2-C

(. ) 2242 2242 .2.245 © 2,251 2.245 _ 2.248
ol — 22 229 22l 258 - g5 2.239
i - l— 2375 . 2,244 2.249 - 2.255 2.232 2,227
— 2,187 - 2.250  2.247  2.255  2.225 2.225
— 2187 2.247  2.250  2.252 - 2.225 2.225
— 2184 - 2250  2.250 2,251 2.225 2.225

—  2.187 . 2,249 2.250 2.250 L 2,225 | - 2.226

— . 2390 2248 2.251 1 2.250  2.225 2.2
r — 2184 - 2.248 .  2.253 2,248 2.225 . 2.226
ij e e 2388 - 2.247 - 2,253 . 2251 2,25, 2,277

Lo Rl == 238t 27 2uoss: T mizses b 2,925 0 2,226

el

| == -l2i200 - L gipas i oioss T2 mizes 322
| — 2227 7 231t a7 25500 2230 2231

fl s = 2lae s nasot 2is0” 2y 2.5 2u3ds
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" B. Radiographic and Dye Penetrant Studies

Complete radiographs were taken to determine the.

conditions inside the rods. The most significant finding from these

radiographs wvas the presenee of a void abocve the B4C powder in the

rods. This is shown in Plate II on page 1ll. Dye penetrant tests

. indicated pittihg on the surface of the rods but no cracks were

revealed. . . e ) e -

-C. Technlques for Collectlon of Gas and B,C Powder Samples.

The apparatus ‘shown in Sketdh'II, prage 12,  was set up

' to measure any existing pressure and to collect any gas contained

in the rod. The apparatus consisted of a self-sealing punctur_ng
device wrth a pressure—vacuum gauge and an evacuated reservoir for

collecting gas samples from the rcd. 7Two rods,.l-A and 1-B, were

-punctured- at the top where the wvoids were located. After the gas

samples were'removed, both rods were subjected to internal pressures

“of 40 psig whlle immersed in water.

The rods were -then opened by. cuttlng out a section

on.one side of each‘rod. .The- section .that.was removed ;s shown in

-ékétQh III on page 13.‘:Qare'was-taken to avoid getting'alumiﬁum

‘sﬁavihgs*iu the. BAC powder. Sanples of the powaer were removed

,;frOm dlfferent p031t10ns along +he length of the rod.

- D. Analy51s of ‘Contents of Shlm Rods ;“. o

'Ga's 'Ahalvsis St

When pressure measurements were made -on the two Snlm-

"esafety'rods,.l—B had a pressure of. 20 psng Whlle rod l-A, fhe
; deformed rod, vas at atncsphe ic pressure. The-gaSusamples from

=_fl-A, 1-B and‘2eC yere ‘analyzed - usrng a mass'speoﬁroﬁetersj-
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‘2contact.* A gamma spectral ana1y51s 1nd1cated +the. presence of Mn54

~The results are as follows:

Gas Analyses
(in Mole Per Cent) -

Rod 1-a Rod which jammed
‘Rod 1-B  "Normal rod”

Rod 2-C  ROA which off-gassed

‘2-C

Gas _1_—_A 1-B 2-C
Tmy, . 3642 - 78.6°  .39.47

o, - 36.00 0.4 14.98

N, " 23.23 15.4 | 44 .54

.co, - 1.70 4.6 . 0.15

:A - 0.29 . 0.35 . 0.71

He . = 0.0 0.7 . 0.0

Note that.the hydrogen-oxygen concentrations observed in

1-& and 2-C are in the detonable range. .

.

- }_xnalysis .'of B4C ‘Powder and Inspection of"Rod Interiors

sl d - .

L o When :rod “1-B was opened, the BAC powder was dry- and

..-llghtly packed. ',I:he 1ntern.0r valls of the rod were ,not corrodbd.
- '-."'The powder renoved £rom the lower portlon of the rod was radio-. _

_act:.ve and had .a total be;_a—garma activity . of a:bout 3 mr/hr/gran on

. L

65

Al2Zn and 0060.' Anglyses . of the B4C by ern ss1on speceroscopy showed .

'.the most predom.nant mpurltles to be Al Cu, Fe, Zn and Mn.. '.I'he '

: _'sx.ppl:.er of the B4C povwderxr reports 98 7 B l OBA c, 0. 10% SJ.,
~.0.02% se and -0.0ZA N.



[

Sermras v e

emie

|ﬁ;ﬁ'nw;dﬁ;

1&#J'hé—

. -tESt - N y ":'"h...’.' . .' .

I

;. pressures of the rod.n
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The B,C in rod 1-A, the deformed rod, was found te
be in a eaied rather than a powdered form as in rcd 1-B. The hazd
layer was concentrated between the ballasé-fods along the lower six’
indhes of the shim rod. This cake had a grayish appearance unlike

-

the charabteristically black color of B,C powder. The powder

removed from the lower -portion of rod 1-A was found to contain

“approximately 5 weight per cent water. _ - -

Oxidation was prevalent on the interior walls at the
lower end of rod 1-A. A crust of Al,0, surrounded the lead filled
aluminum ballast xods.

fhe water found in rod 1-A indicated’a leak had oc-
-curred. waever;‘the 40 psig pressure test before sectioning.'
failed to show such a leak. -Therefore, another attempt was made
te locate a,leak.in rcd 1-A with the powder removed and tﬂe'inner
.surface e&eaned; éhis was done by replacing and rewelding the
removed:section-and pressurizing to 4b psig. Under these conditions
"a 30 cc/hr leak was noted at the top of the rod where the endpiece
is welded to the .extruded tube. The gas leaked €rom a Very small
hole whlch lodked.much llke the pltS revealed by the dye penetraﬂt

The leakage rate was reuuced drastlcally by evacuat;ng,

and then re—pressurlzlng the lOd.. It appeared that the leak was

““:capable of a valve—llke actlon ‘which was dePe“de“t oh the'lnternal

.y

3iVJ ;5. POSSIBLB EYDLANATION OF DEFORMA”*ON

'.l.aﬂ' Con51derat10n has beeﬂ glven ‘to the possible causes of the

swelllng of rod 1—A. The deformation cf rodsﬁz-A, 2-B and .2-C, .

- zalthoggh not as‘great as that of 1-A, was also consideseaLg
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The hypotheses are:

A. Mechanical stresses resulfing frcm expansion of wet
B4C powdex.

B. - Internal gas pressure generated by:

BlO

1. - (n, a) Ii7'reaotions

2.- - -Chemical reactions between B,C and H,0
3.. Chemical reactions between'Li7 and H20

T L .t hd

- 4. E.Radloly51s ©f H,0 -

Several experiments and calculatlons have been made to

* assist -in evaluating these hypotheses.

"A. ."-The hypothesis that the deformation of the rod was
a result.of volumetric changes in wetted B,C powder appears to be )
without foundation. Radial measurements of a poiyethylene bottle

containing_Wetted B4C at room temperature showed .no dimensional

.changes durlng an eight week perlod of observaolon.

B=-l. It has been demonstrated that a pressure of approxl—'

...mately 110 psig 1s required to obtain the degree of deformat10n~

dbserved for rod l—A. Calculatlons indicate that the generatlon.

of thls pressure by he11Um as a result of (n,(l) reactlons on

n"l—A and 1~B showed a relatlvely 1ow concentratlon -of helmum.

”fﬁlz ~-The hypothesrs 1nvolving a cnemlcal reactlon between

"B4C and HZO has been glven 1rtt1e consrderatlon since the reactvon_ -

: rate constane is small even - at temoeratures of 400 C.. (Reference 1);

: B-3 Slgnlflcant pressures from the Ll—HZO reactlcn are

'unllkely in’ v1ew of the low lrthlum concentratLOns £from the.

l

01 a) Ia7 reactlons.-
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B-4. Present data strongly indicates that the necessary

.Pressure to cause the observed rod deformation can be generated

inside the rod by the radiolytic decomposition of water into gaseous

hydrogen_apd oxygen. To produce free H, and O this reaction

2 2’

"requires free radical scaﬁengers which could well be the B4C powder
.itself, .impurities in the powder, impurities-in the water or the
. component parts of.the rod (References 2.-3':4 5 éhd 6). The

'generatlon of gases. was not the only prerequlslte for .the rod

-

derornatlon. In addlthn, elther the hole whlch allowed water .

to get into the rod and whlch allowed gas to escape must ‘have

closed Off" at some time or, the gas generation rate far exceeded

.the gas leakage xate.’

The possiblllty of havvng vater present at the tlme
the rods were sealed in the fabrlcatlon process vas considered -

since a small amount of water .is capable of cau51ng rod deformatlon.

This is espec1a11y 51gnlf1cant since B4C powder is naturally

,hygroscoplc._

In the -case of the deformed rod the abOVe possi-

.billty was dlscounted ln favor of an external 1eak 51nce the rod

was 1n the reactor for a long perlod of tlme before Jammlng

., ®

-

.occurred. However, thls p0551b111ty ex1sts for rods 2~A, Z—B and

2 Cc. It is. ‘therefdre 1mperat1ve “that. the B4C powaer used in

'fdbrlcatlng shlm—safety rods be drved and sdbsequently handled 'E“

in: humldlty controlled env1ronments.

“In an aLtenpt to. denonstrate the feasiblllty of

Ageneratlng SLgnlflcant cuantltles of gas 1n reasonably short

.perlods oﬁ tlme, ‘an exoeriment was de51gned whlch would 51mulate,

the condltlons tnat were suspected Vlthln the Jammed rod. . Two

BN
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;maii, aluminum sealed vessels, cne containing water and the other
water and B,C powder were installed adjacent to the reactor core
in a thermal £lux of 5 x 1072 neutrons per square centimeter-
“second and a.gamma field of 5 x 107 roenﬁgens per hour. Pressures
.in these chambers were monitored over a period of three days

during which time the reactor operated at a power level of one

-

}negawatr for 50 hAurQZ The pressure in the chamber containing
'water and B4C powder 1ncreased llnearly with respect to reactor -
operatlng tlme at a rate'of 1.2 psig per hour. See Graph I, page 19.
This test chamber..had a volume of .295 cc and contained'lO_grams of
‘water and 25 grams of B4C powder. The pressure in the chamber
‘containing water only was 1.l psig after 50 hours of reactor oper;
'ation as compared to 60 bsié in the charmber containing both water
..and B4C powder.. |
' Analysis showed that the gas generated-in the water—

§4C chamber contalned predominantly a hydrogen—orygen.gas nixture

-

in .a 2:1 ratio, 51m11ar to the finding for rod .2-C.

v. - RECOVJMENDRTIONS

Deformatlon of shlm-safety rods because of 1nterpal

pressure could lead to the folloW1ng dangerous condltlons-ﬁtﬁﬁf'ffV

v - K " o~

e A P ‘Wlthdrawal of a spec1al fuel element durlng start—uo. >

- Any subsequent release and drop of thls spec1al fuel element-][ﬁr

could result 1n a. 1arge and rapid 1ncrease ix the- p051t1Ve reac—,'"
t1v1ty or the reactor. '
'2; " Jammlng of the rods durlng reactor ope atioﬁ. In

such'an event, 1t would not be p0531b1e to 1nsert the deforned
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rods.into the reactor wvhen unsafe conditions exist or even for
routine shut down. This is a particularly serious possibility
in reactors which ooerate at bcwer for long periods of time.
3. Detonation of the hydrogen-~-oxygen gas mixture
contained in the shim-safety rods..'This could cause damage to

the reactor .core in additicn to rupturing the rod. Although-sueh

‘a detonatlon appears. to be improbable, it is nevertheless a

'potentlal hazard that needs further investigation, especially in

strong radiation fields. e

Operational Recommendations
In view of the.impcrtant function of shim-safety rods, a
detailed'inspection should be made of all rods before installation -
in_a'reactor. Records of these inspections, especially welghts in
water and-dimensional measurements, should be maintained for
reference purposes. A careful survey of the surface conditions
of the.rods including all.welds is extremely important. Radio-.

graphs have proved valuable in .determining internal conditicns of

7.reactor ‘rods.

In addltlon to the initlal tests, Shlm-safety rods should“.

Undergo perlodlc lnspectlons. The ENR is presently on-a sdhedule'

T calllng for rod 1nspect10n every 320 megawatt hours of operatlon.
”:Thls 1nsp°ct10n requlres the ‘rods to be removed from the reactor,

. .the dlmen51ons measured dlrectly and the surface dbserved for

corrosmon or any other 1nd1cation Of damage, sudh as off—gas51ng.

Close attentlon Should also be glven to the potential

'hazaras that exlst when ‘water contalnlng free—radlcal s"avengers

15 present in any sealed experlment or - dev1ce located in a”

'radlatlon fleld
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" Recommendations for Design and Fabrication

COnsidefation should be given to the design of new shim-

" safety rods which would avoid the p0551b111ty of the generatlon
of gases leading to hLigh pressures. Further, consideration should
-kbe given to the design .of the special fuel elements for these rods
vhich would minimize the possibilit" of jamming. Any arranéement.
of element and red whlch vould make d_neﬂs;omel changes easily
and readily detectable.would e a.decided“}mprovement'over.our

: ‘present system.-.

.In the. fabricaticn of shzm-saFety rods similar to those
presently used on the FNR, it is extremely important that all
sdbstances capatle .of producrnc gases in the presence of radiation
be held to a minimum. These suLstances 1ncl ide volatile degre331ng

agents, water used fcr .xinsing and any water contained in the

B,C povwder. L : oo )

" Proposed Investigations

As a result of this invest igation of the shlm-safety rod

-,

1nc1dent 1t has'beccme ev1aeﬂt thqt “the follow1ng sdbgects should '

be investrgated more Eboro ghly-. ﬁ-i - .2@”

‘ 1. The 1nternal pressures necessary for shlm—safety o

’"—';,.i. 2, .Gas and pressure generatlon 1n Shlm-sarety rods.

L

‘. located 1n a reactor core as a anctlon of water content in B4C'

3. ,_"I'he effect Of '=a1pha -ﬁéi‘ficlés‘ ard lithitm recoils
rrom B4C ponder on the radlolytlc process._"
“t..AQ. . Tre sonrces of free—radlcal Scavenge”s whlch ere

. requlred in the radlol}tlc process;'
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5. .Possible sources of ignition energy for the detonation
of hydrogen-oxygen gas mixtures. =
Recognizing the .impoxrtance of the above problems, these

investigations will be undertaken at the Phoenix Memorial Laboratory.

Financial assistance will be required for a thorough investigation

.ofuthése'prdblems.
B From aﬁ ogératicnal point .cf vie&}ffhe.removél-of shim-
:safeéy rbés from their §peciél fuel eie@§gts~and the reactor.for
dimenéiéﬁal tests .is a time conswning and complicaéed manipulation.
In.an attempt toc simplify these inspections a study of ."in situ”’
rod insﬁeééion techniques will.be undertaken. Further, the criteria
.for~£he frequency ard te:hniéue“of inspection for shim-safety rods
will be re-evaluated in light of the results of the aforementioned

_experimental. investigations.
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).  INTRODUCTION

1.1 Purpose. This report provides the results of a
quantitative analysis program conducted to determine the amount of boron
carbide present in'the core (inner layer) of BORAL'™ panels. The iniof-
mation obtained for this program was supplemental to the phys.ical
characteristics obtained during the routine quality assurance che;:ks

which are performed in accordance with Brooks & Perkins, Inc. Specifi=

cation BPS-9000-01.

1.2 Program. The pro.gram envolved the physical
measurement of the BORAL.trrl panels by destructive and non-destructive
methods in various locations within each panel. A total of 147 panels
were analyzed ir; five different lots. Four of the lots were randomly
i . selected and the other lot consisted of panels having the lowest content of
borox; carbide by neutron radiographic examination.
.'I_'he program included 1,833 thickness measureme;nts

B ' taken by metallographic iechniques, 66 thickness measurements by ultra-

sonic techniques and 196 quantitative chemical analyses (See Appendix A thru G
The recorded data was statistically analyzed and for each

L characteristic in each lot a mean and standard deviation was established.

‘The probability that each characteristic will be above a certain minimum

value can now be determined from the statistical data,

M1 -4-
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\eqen

1.3 Background. BORAL'™ is a thermal neutron shielding
material thét ca'n best be described as a sandwich-type panel. The outer
layers or "skins" of the panel are 1100 alloy altiminum. The inner layer
or "core" of the panel is a mixture of boron carbide and 1100 alloy
aluminum. The in-terface between a skin ;md the core is not a clearly
discernible surface when viewed with a microscope. The interface is in
reality an irregular zone that is approximately five thousands of an inch
(.065 in.) in thickness. In this zone there is a linear transition from
100% aluminum and zero % boron carbide in the skin to 65% aluminum

and 35% boron carbide particles of various sizes in the core. The appearance

of the interface is a series of peaks and valleys. (See Fig. 1

‘The boron carbide particles is the constituent of the
BORAL'™ panel that absorbs or attenuates the thermal neutrons. The ability
of the panel to provide a particular level of neutron attenuation is directly
related to the amount of boron carbide contained per unit surface area of the
panel. |

The BORALY™ panel is pro‘duced by the rolling of a specially
prepa::ed ingot into a sheet 1 that will yield one or more .finished panels(l)
that are four feet wide and ten feet long. The finished panels are sheared

from the oversized sheets by the removal of the scrap material around the

(1) Note term useage, "sheet" - the untrimmed product of rolling, "panel”

48" x 120" product cut from the original rolled product.
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periphery of the oversized sheet. The scrap material contains a core
that tapers from zero thickness on the extreme~ outer edge to a core of
full thickness on the edge adjacent to the finished panel. If the shear
line is improperly placed on the oversizea sheet the finished panels could

contain a core thickness along that line that is not of full thickness.

1.4 Methods Used.

1.4.1 Metallographic Technique. " The thickness of the core

was measured-by a 7.5 power optical comparator after the edge of the

panel or the retain strip was mechanically and chemically prepared.
- Approximately one eighth of an inch (.125 in.) was machined away from
the edge to remove the material affected by the searing action. The edge
was then made smooth by using a sequexfce of files of decreasing course-
ness. The edge was then polished with emery paper before chemically
etching it to improve the visual contrast and to remove any minute over-
lapping of the boron carbide by the alun;i;lum from the mechanical removal
.ope rations.

The core thickness measurement was established by

averaging the one maximum and the one minimum measurement that could

be observed within the visual range of the optical comparator.

1 . vap
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1.4.2 Ultrasonic Technique. The thickness of the core was

measured by a Sonoray Model 303B Ultrasonic Flow and Thickness Tester

using a dual element transducer. The tester was calibrated with a standard

block before taking any set of thickness measurements. The tester was also

frequently checked during the taking of méasureménts to assure the instru-
ment remained in calibration.

To take a thickness measurement the tester operator would
plaée the dual element transducer on the surface of the BORAL!™ panel ‘that
bad been wetted with a drop of liquid couplant. The operator would adjust
the posit'ion of the transducer within the spot of couplant until a stable wave
pattern was displayed on the scope of the tester. The particular tester used
was equipped with a digital readout which eliminated the poésibility of human
error in reading the grid lines on the scope face of the tester because the
displayéd number was the actual core thickngss at that loqation.

1.4.3 Quantitative Chemical Analysis. The chemical analysis

was performed on samples approximately.one inch square which had been re-
moved ! 1 a retain strip or the ﬁnished' BORAL!™ panel, The samples were
marked with a numbering system which identified the BORALtm sheet and

the location on the sheet from where the sample was taken. The four edges

of the samples were filed smooth and straight to prevent erroneous volumetric

readings. |
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The surface area of each sample was determined by dividing
the sample's volume by its thickness. The volume was determined by
deducting the weight of the sample in water from the weight of the sample in
air aﬂd correcting the result for the difference of the water temperature 4
from the standard .témperature.

The weight of boron carbide in the sample was determined
by weighing the dry résidue remaining after dissolving the sample in dilute
hydfochloric acid and correcting the result for the soluble portion of the
boron carbide.. It was determined by actual test that 4,12 percent of boron
carbide conforming £o 'I;ype 2 of ASTM C750-73T is solul;le in'dilute hydro-
chloric acid (See Appendix

The content of boron carbide per unit area (commonly
referred to as the "gram.s l'oading") was detérmined by dividing the total
weight of the boron carbide in the sample in grams by t}.le'area of the original -*
sample in square centimeters. |

The weight factor or.percentage of boron carbide present in
the core was determined by diyiding £l1e total weight of boron carbide by the
total weight of the sample less the calculated weight of the aluminum cladding.

The core compaction factor was determined by dividing the
total weight of the sample less the calculated weight of aluminum cladding by

the theoretical weight of the core based on the weight factor and core thickness.
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The core proportionality was determined by dividing the

core thickness by the total thickness of the sample.

2. SUMMARY

2.1 Results. The mean core thickness, the weight factor
of boron carbide within the panel core and the standard deviation of each
are listed in Table 1. These results are listeci by panel lot number and by

the sheet area where the observations were taken. The averages by area

and the overall weighted average is also shown in Table 1.

2.2 Areas. The locati(;n of each observation taken
during this program can be determined by the sample serial number and a
. map of the panels. The observation resui!:s were then segregated by area
and listed accordingly. The three main sheet areas are: (1) Retain Strip,
which is a portion of the scrap that is trimmed from the edge that is immediately
adjacent to tile end of a finished panel, (2) Outer Edge, which is the area lying
m the one inch border strip on tﬁe p.eriphexy of the finished pﬁnel, (3) Central
Portion, which is the area lying internal to the one inch border strip (i.e. -
the area that is more than one inch in from the finished panel edge).

2.3 Panel Lots. The BORAL'™ panels analyzed in this program

are listed in Table Il by lot number and panel serial number. The lots were

established during the progress of the program and can be described as follows:

-10-
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TECHNICAL ANALYSIS FORM
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————— DA @7,7] Brooks & Perkins, Incorporated -

CK. __ DATE : - SUBJECT
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SUMMARY OF STATISTICAL FACTORS

PANEL RESULTS BY AREA OF SHEET WEIGHTED
LOT [STA| RETAIN OUTER | CENTRAL| AVERAGES |
NO. FAC] STRIP EDAKE PoRTION .
o PR @ s ]| —
S S e i -
SO P4 L e e
Bp szl il | —
- i—;‘i A il s —
AN NJA Al W/A —
SO B e L —
BER R TR -
pa e T
op. B :olﬁ_g}____'f/'* fa -
over [ E i o] [ o ) oo | —
Los I di® e ke BF | —
unpimsed | S 1@ S im0 D it e it
Lere L|vi@ Mt e 2o B

LEGEND +— STA. FAC. = DSTATISTICAL

FAcTORS, t¢ =MeEAD CORE

THIEKNESS (Inehes), S.D.= sTAsbARD DEVIATIN, W.F. = MEAN  WEIHT-
. Frevor , (G) = No.oF OBSERVATIONS N/A = NoT AVAILARLE.

¥ PY AREA RATIOS OF ,08706 OUTER , .9424 CENTRAL ,
¥ BY NUMBER RATIoS of ,q727 RETAW, .0192 ouTer, 0041 CEMRAY

—_— . e . — ———
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Lot1l - The thirteen (13) panels which appeared
to have the lowest content of boron carbide by inspection of
the neutron radiographs previously provided as a routine

quality assurance item;

Lot 1l - The ten (10) panels picked at random to
fulfill an incremental shipment release by the customer;
Lot Il - The twenty (20) panels picked at random

to fulfill a second incremental shipment release by the
‘ |

(L [rov T ik din. fulk

customer,;

Lot 1V - The twenty-seven (27) retain strips are
- from t'he sheet‘s of previously delivered panels for spent
fuel storage racks for Yankee Rowe;

LotV - The seventy-seven (77) retain strips are

from the sheets previously delivered panels for spent fuel

racks . for Maine Yankee.

2.4 ‘Weighted Average. The "weighted average of the mean

core thickness" quoted in Table 1, was obtained by multiplyving the unbiased

r-.n-..o

average mean core thickness for the outer edge and central portion areas

by the percentage factor each area represents of the total finished panel area

o

and then adding the two products. The "weighted average of the mean core

=

(

-12-
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TECHNICAL ANALYSIS FORM

BY ___LM  DATE
CKe________ DATE

. SHEET OF
@,b Brooks & Perkins, Incorporated
: SUBJECT

-

Walily

Pr——— sniitay
\

‘1 REY.

- DATE

ADVANCED STRUCTURES DIVISION

IDENTIFICATION OF LOTS BY PANEL NO.

LOT PANEL
N O. NUMBER : .
I \COOB  1069B 132388 (1R72A 1281A  13%94A
U43) min. | 1416A 142653 1492A 14968 15338  |1S371B
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TIX 2003A 2004A 2004B 2005A° 20058 2006 A
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(MAInE HWOIA 11T A THZB 11123 HI6A [(1I8A
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' IS5 A 11568 1H6TA 1182A 1184 B [20]A
j201B 1202 A 1203B |206A |206B |207B
212 A {222B 1224A |227A 1229 A 1228B
1233A |33 B 1243 A 12433 1245A 1251B
1260 A {281 A 1302 A 1302B 1304 A 13078
1320 A 1323B  1324¢A 12248 1335 B 1336A
1236 8 1354A 136IB 13¢4A 1387 A (53G6R
ISE5 A IE§S58A I1590A 1594A ¢3)
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thickness" represents the result that will be obtained from a set of
observations that are randomly spaced across the entire surface of a
panel. The "wéighted average of the standard deviation" for the "weighted
average of mean core thickness'' was also-determined by the ratio of aréas.

The "weighted average of the mean \i/eight-factm."' was
determined on the basis of the number_ of observations in each area be-
cause no valid relationship betweer} the value of the weight-factor and the
location of the observation was discovered. The number of weight-factor
observations taken from the retain strip, outer edge, and central portion
areas were 145, 50, and 1 respectively. The number ratios for those
areas is therefore .7398, .255, and .0051 respectively. The "weighted
average of the mean weight-factor" was determined by multiplying the
average weight-fagor in each area by the number ratio for that area and
then a;dding the three products. The "weighted average of the mean weight-
factor" represents the results that would be obtained from an equal number
of observations in each area. |

The "weighted average of the standard deviation” for the
mean weight-factor was also determined by the ratio of the number of ob-
servatiox.xs. The results from the panels in Lot I were excluded from the

averages used to determine all of the weighted averages because the panels

-14-
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[

in Lot I do not represent a normal distribution that would be in a randomly

lJ.A‘A'.'

selected lot.

§ hebins suly

2.5 Theory. The statistical factors obtained from the
recorded data were determined in the following manners,

2.5.1 Mean. The arithmetic mean for the core thickness

Sasiacsd  IRYEN.

and the weight-factor were determined by dividing the
.; summation of those observations separately in each lot by

the number of those observations-in the lot.

]

! mean core thickness tc = é_..c:}_
No, cF 't o OBSERVATIONS

mean weight-factor W.F = = W.F _
‘ No. of W.F. ORSERVATONS

§— 2.5.2 Standard Deviation. The standard deviation for a set of
core thickness observations and weight-factor observations

were determined by taking the square root of the average
squared residual.

e———
L2 (2t
Te = M~

standard deviation

e B

= S [ D u_é -
(core thickness) c m- |
: 7
| et N
i . she mo
Standard deviation = S.D, = —_
(weight-factor) w.F. m-1\
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2.5.3

uﬂiaﬂl“ i, [ g

VoIt (RPN PV IR L ] o |

.'-dm

fu—ul row

oy . ean

Probability. The probability that a deviation of an
individual observation from the mean lies between minus x

(S.D.) and infinity is determined from the probability integral.
z
P = e e M
zn- |/
‘d (5:0.)

By consulting a table of probability functions such as is found

in "Handbook ‘of Mathematical Tables and Formulas" by

Burington, it can be determined that a value of 1.65 times the
standard deviation will provide a probability of .9505 for a

normal distribution of observations.

-16-
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- 3. CONCLUSIONS

The boron carbide.content per unit area of the BORAL™M panels
) is equal to or greater than 0,203 grams per square centimeter with a probability

of .9505. This conclusion was arrived at in the following manner:
' oo
A

._.]_. e —EM = ,QSog- (SEE PARA. 253
Vo
. -1.b% S.D,
. —_—

weighted average of mean core thickness = tc = .0921 INcHES

P =

: : —w
weighted average of standard deviation for t, = S, D.'t =
. c

,0027

95% of observation fall between - 1.65 SD and infinity

—w —

core thickness at minimum of 95% = tc. - 1.65 S, D"l:
. c

‘minimum tc = .0921 - ;0044 = .0877 in,

—_—
5 weighted average of mean weight-factor = W.F. = ,3911

. —
weighted average of standard deviation for W.F. = S.D. F= .0162
W.F,

g 95% of observations fall between - 1.65 SD and infinity

—_— —_—
| weight-factor at minimum of 95% range = W.F. - 1.65 S.D.N -
R

- minimum W.F. = .3911 - .0267 = =3644

AL L] ~17-
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The boron.carbide distribution per unit area is directly
proportional to the core thickness and the boron carbide content weight
factor. The theoretical distribution of boron carbide is 0.1894 grams
per square centimeter for a core thickne:ss of 0.085 inches and a weight.
factor of .3500 (see Appendix L ). 'I};e actual distribution.can be

determined from the following relationship:

actual B 4C distribution t (actual)

= c x

W.F. (actual)

theoretical B4C distribution tc (theor.) W.F. (theor.)

actual ByC distribution = ,1894x .0877 x .3644 = .2035
: .0850  .3500 = gm/square

-]8-
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. Appenbix F

E xpPepiMedTAC  DATA.

‘SDL.L)BIL.ITY . TESTs oF

—y

- Boron . CARBIDE iy DicvTe

HyproCHLeorie  AcIDd

Pace Y[ -{



TCUANIVAL ANALIDID FUKM

BY DATE . HEET OF
@ﬁ Brooks & Perkins, Incorporated 3

CKi—— DATE. SUBJECT

REV._____ DATE_ ADVANCED STRUCTURES DIVISION

SOLUBILITY OF B4C IN DILUTE HCL

( el [ Skl Mot

" TEST METHod - PARA. 43 o BPS-9000-0)
Boron CARRIDE — TYPE 2 ofF ASTM C750-73T
WEIGHT 10 GRAMS

| TEM TEST NUMBRER AVERAGE ofF

' ) 2 > THREE TESTS
WEILGHT ofF .
WET SAMALE 2.0683 2.0402 2.4%73
WEIGHT ©oF .
bay SAmp - CRuC, 29.3333 Z‘l.%2'7 29,7916
" WEIGHT oFf .
¢ QueieLE 27.2€85 | 27.4476 [27.3832
WEILHT of : :
o Coamece | 2.0448 | 20151 | 2.40%4 | 2,156(
°/o Less . )
oF MotsTIRE L 1562 1.230% |.l85’7
WEIGHT DR
&es'LoeTi cZo:. 19, 8131 19,6797 | 24.503{

WEILHT ©F

cevenLe 17.8547 | 11.7504 | 22.1893

WElGHT of :

ey fesove | 1ITEE | 19293 | 23138 | 2.0672

WEIHT Less | 08(4 0858 0946 0889

ofF '&Q.Q. ) _

o Lo%$ 4,225 | 42579 | 3.9279 4.12
oF B*L




APP.E'A-J D1 Y &

EXP
=
RIMENMPTAC
DAT
TA

Cor
=
TAPER .
I

Sc
R A
P AReA
- oF

PANE

Pac
= VI T .
ev NI
-3

~ 02—



. TECHNICAL ANALYSIS FORM

“VIL-|

BY—— DATE @727 Brooks & Perkins, Incorporated SHEET OF
CKi—____ DATE. SUBJECT
REV.__ DATE ADVANCED STRUCTURES DIVISION
CoORE TAPER IN SCRAP AREA OF PANEL
SCRAP T .CORE TAPER LeENeTH CoRE
SAMPLE THICKNESS Frem ZERO TAPER
TAPERING AT TRANSITION | CoRE  To O'\)Qﬂes Pee
__Zome | Porwt | TRassimoc Pr|”  wed
) LerT 080 2.7 0295
*2 LEFT 070 2.0) 0348
*3 LEFT 015 [.90 0395
21 RIGHT 015 4. 11 Ol82
*2 RIGHT 015 3.00 0250
2 RIGHT .0%% 3.%30 L0258
AVERAGE CoRE TAPER 02288

&

'
'
'
'
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(b—; ;U Brooks & Perkins, Incorporated

BROOKS & PERKINS, INCORPORATED
Specification Number
BPS-9000-01
Date of original issue: March 19, 1975
Date of revision: May 18, 1977
Date of revision: July 18, 1980
Jan. 6, 1981
Item Specification for BORALY™
A Neutron Shielding Material

1.0 GENERAL

" faces of an aluminum alloy and a core composed of aluminum and boron
carbide. This sandwich material has a unique ability to absorb thermal
neutrons without producing hard gamma radiation.

1.2 Scope: This specification establishes the standard for the
manufacture, quality assurance, certification documentatmn, marking,
packaging and preparation for shipment for BORALY™ sheet and plate
material. This specification shall form a part of all purchase orders,
agreements and contracts for BORAL!mM and shall take precedence.over_ .-

' : 1.1 Description: BORAL is a sandwich material having exterior

-« === =---------any-and all ¢onflicting requirements unless spec1f1ca11y and mutually
— agreed upon to the contrary in writing by Brooks & Perkins, Inc. and
the customer.

1.3 Classification: The BORAL'™ sandwich material will be man-
ufactured with a boron carbide content that will provide the minimum
weight of total boron per unit area as specified in Paragraph 3.4.

ards of the issue in effect on the date of the purchase agreement shall form a

w
l- ‘ 2.0 APPLICABLE DOCUMENTS: The following specifications and stand-
l_ part of this specification.,

2.1 Specifications:

- ASTM B209

B &P Nuclear Quality As surance Program Manual, Sections
- BP-1000 QA through BP-18000 QA

lof 7
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3.0  REQUIREMENTS: The finished product BORALY™ and the components

from which it is produced will conform to the following requirements.

3.1 Cladding: The exterior faces or cladding of the sandwich panel
will be the 1100 series aluminum in accordance with ASTM B209.

3.2 Boron Carbide Powder: The boron carbide powder contained

in the core of the sandwich material will contain a minimum total boron
content of 70. 0% minimum by weight. Boric oxide will not exceed 3.0%
maximum and iron will not exceed 2.0% maximum. The B10 isotopic
content of the boron shall be that which is found in nature.

3.3 "~ Boron Carbide Content (in-process): The core ingredients will
be prepared such that any random sample taken from an in-process
batch will contain by chemical analysis the minimum weight percentage
of boron carbide required to meet Paragraphs 1.3 and 3,4,

3.4 Total Boron Content (sandwich): The minimum weight of total
boron per unit area of sandwich material for the overall thickness will
be as follows: '

Sandwich Material Minimum Weight of Total
Overall Thickness Boron/Unit Area
in. (em.) oz. /sq.in. (gm/sq.cm.)
177  (.450) . 029 . (.126)
.265  (.673) . 059 (.251)
3.5 Tolerances: The dimensions of the Boraltm_ sandwich material

will be as specified within the following tolerances:

Dimension Tolerance (plus or minus)

(1) thickness, .177in (.450 cm)  0.012 inch  (.0305 cm)
(1) thickness, .265 in (.673 cm) 0.015 inch (.0381 cm)

width 3/16 inch (.4763 cm)
length - 5/32 inch (.3969 cm)
(2) squareness 5/16 inch (.7938 cm)
(3) flatness 1/2 inch (1.27 cm)
2of 7
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(1) total thickness of sandwich mcludmg core and two
faces.

(2) maximum dxfference between diagonals of panel.

(3) rise from flat surface within 36 inches from where
hand pressure (not exceeding 25 1lbs.) is applied.

3.6 Workmanship: The workmanship provided during the manufacture
of the BORAL"" sandwich material in accordance with this specification
will be of a high level to insure the requirements established herein have
been met.

3.6.1  Surface Condition: The surface condition of the BORALtrn
sandwich material will conform to the requirements of
the Aluminum Association for mill products in the "as-
rolled' condition.

3.7 Marking: The ZBORAL':rn sandwich material will be spot marked
for identification purposes with the following information on both the
product and on the shipping container. The size of marking characters
will be commensurate with the size of the product provided.

3.7.1 Trademark and ldentification: The trademark and manufacturer's
identification will be shown on a decal attached to the shxppmg
container.

3.7.2 Serial Number: The serialized batch number will be permanently
marked on each sheet or plate.

v

3.8 Packaging: The BORALY™ sandwich material will be packaged in
accordance thh the following:

3.8.1 Lay two (2) thicknesses of polyethylene sheet into box,
allowing to drop over sides and ends. Box is a general
usage box to be used for BORALYM that will fit within
its envelope. Number of pieces that can be shipped in

this box will vary with BORALY™ thickness, width,
length and flatness.

3.8.2 Line bottom and sides of box with corrugated fiber-
board sheets.’ :

3o0f 7

roval

5

Supercedes Issue
May 18, 1977

Document No.
BPS-9000-01

QA Approval En 3
ﬂl/%uﬁv [}
7= .
s 7




[

- (b *[] _Brooks & Perkins, Incorporated

| prm— — —— —— — v—— —

— ]

e e —m—

3.8.3 Load BORAL':m into box stacking tight to one side and
end of box, Boral shall be separated from each other
by corrugated fiberboard sheet.

t
3.8.4 Block and brace BORAL m with suitable lumber to
prevent any shifting within box.

3.8.5 Lay corrugated fiberboard sheet over BORAL
stack. Fold polyethylene sheet over top of BORAL!™
and tape in place.

| ~ 3.8.6 Secure box top with lag screws and metal band box
four (4) places around girth of box and two (2) places
around length of box.

3.9 Preparation for Shipment: The exterior of the shipping con-
tainer will be suitably marked with the following information:

Customer:

Shipping Destination:
Name and Address of Shipper:

4.0 QUALITY ASSURANCE PROVISIONS: Unless otherwise specified in

the purchase agreement, Brooks & Perkins, Inc. will perform the following
examinations to assure and certify the BORAL tm furnished to the customer
complies with the requirements specified herein in regards to materials,
workmanship, boron content, marking, packaging and preparation for
shipment.

4.1 Cladding: Each lot of raw material will be inspected for
certification of compliance from the supplier and any additional
tests required to assure the material conforms to the requirements
of 3.1,

4.2 Boron Carbide: Each lot of raw material will be inspected

for certification of compliance from the supplier and any additional
tests required to assure the material conforms to the requirements
of 3.2. A sample from each lot of raw material will be subjected to
the quantitive analysis described in Paragraph 4. 3.1 through 4.3.6

to determine the percentage of raw material remaining after analysis.

4 0f 7
QA Appr 1 1 .
pPprova E&g,p Appr'i Supercedes Issue Document No
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4.3 Boron Carbide Content (in-process): Each batch of blended
core ingredients will have a minimum of one (1) sample retained for
quantitive analysis to assure the material conforms to the require-
ments of Paragraph 3.3, Each sample will be identified with the
serialized batch number. The percentage content of boron carbide
in the sample will be determined as follows:

4.3.1 Heat sample in oven at 600°F (316°C) for 30 minutes
and cool in a dessicator.

4.3.2 Record net weight of dry samples (gms).

" 4.3.3 Place the sample in hot dilute hydrochloric acid

until the chemical action (bubbling) stops.
4.3.4 Filter the residue out of the solution.

4.3.5 Heat the residue in oven at 600°F (316°C) for one
hour and cool in a dessicator.

4.3.6 Record the net weight of the dry residue (gms).

4.3.7 Divide the dry residue weight by the percentage of
raw material remaining after analysis determined
in Paragraph 4,2 for the particular lot of material.

4.3.8 Compute the percentage content in the sample dry weight
(Paragraph 4, 3.2) of the residue dry weight divided by
the percentage of raw material remaining after analysis
(Paragraph 4. 3. 7).

4.3.9 Compute the percentage content by weight of the total boron
by multiplying the percentage determined in Paragraph
4.3.8 by the total boron percentage content stated on raw
material certification.

4.4 Boron Carbide Content (sandwich): Each finished sheet or plate
of BORAL" sandwich material will have a minimum of one (1) sample
retained from the trim material cut from the short edges for quantative
analysis to assure the material conforms to the requirements of Paragraph
3.4. The remaining portion of the sample will be retained by Brooks &
Perkins Inc. for a period of one year and then will be disposed of unless
instructed otherwise. Each sample will be identified with the serialized
batch number, The percentage content of boron carbide and total boron
in the samples will be determined as follows:

50f 7
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4.4.1

4.4.2

4.4.3

4.4.4

4.4,5

4.4.6

4.4.7

4.4.8

4.4.9

4.4.10

4.4.11

4.4.12

4.4.13

Record the overall thickness (cms) of the sample, including
the cladding and core thickness,

Heat sample in'oven at 600°F (316°C) for one hour and
cool in dessicator.

Record the net dry weight (gms) of the sample in air
and also in distilled water, and determine the difference
between the two, which is the volume in cubic centimeters.

Compute the density of the sample by dividing the net dry
weight in air by the volume of the sample determined in
Paragraph 4.4.3 (gms/cc).

‘Place the sample in hot dilute hydrochloric acid until

the chemical action (bubbling) stops.

Filter the residue out of the solution.

Wash the residue at least three times in hot dilute
hydrochloric acid, followed each time by a rinse in
distilled water.

Filter the residue through a Gooch crucible.

Heat the residue in oven at 600°F (316°C) for one hour
and cool in a dessicator.

Record the net weight of dry residue (gms).

Divide the dry residue weight by the percentage of raw

‘material remaining after analysis determined in Paragraph

4.2 for the particular lot of material,

Compute the boron carbide weight per unit area (gms/sq.
cm.) by multiplying the corrected residue weight from
Paragraph 4.4.11 by the sample thickness from Paragraph
4.4.1 and dividing by the volume {from Paragraph 4.4. 3.

Gompute the total boron per unit area (gms/sq.cm.) by
multiplying the boron carbide weight per unit area from
Paragraph 4.4. 12 by the total boron percentage content
stated on raw material certification,

6 of 7
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4.5 Visual Examination: FEach finished sheet or plate of

BORALI™ sandwich material will be visually examined to
assure the material conforms to the requirements of Paragraphs
3.5, 3.6, 3.7, 3.8 and 3.9,

4,6 X-Ray Radiographic Examination: When specifically
required by the purchase order, the following additional test-
ing will be performed. X-Ray radiographs will be taken in
accordance with MIL-STD-00453 or the ASME Boiler and
Pressure Vessel Code, Section 5, Subsection A, Article 2.
The quantity and location of radiographs to be taken will be

_in accordance with the purchase order requirements., The

radiograph film will be examined visually to determine the
presence of any of the following defects which are unacceptable.

(a) Cracks or fractures in the aluminum cladding.
(b) Internal inclusions, discontinuities or voids
in the core.
(c) Inclusions in the cladding that cannot be removed
without destroying the integrity of the cladding.

4.7 Neutron Radiographic Examination: When specifically
required by the purchase order, the following additional test-

ing will be performed. Required additional samples will be .
retained from the trim material obtained in Paragraph 4.4 for
neutron radiograph examination to assure the uniform dispersion
of the boron. Each sample will be identified with the serialized
batch number. The neutron radiograph will be taken in accordance
with BP-9004QAP. The radiograph film will be examined visually
or with a MacBeth Densitometer or equivalent for areas not having
comparable density to the standard for the boron content require-
ment of Paragraph 1. 3.

CERTIFICATION DOCUMENTATION: Documentation will be issued

to the purchaser to certify that the material supplied hereunder has been
inspected and tested and has been found to meet the requirements specified
herein, including any additional testing that has been mutually agreed upon
and so stated in the purchase order.

Tof 7
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F.u? — THE UNIVERSITY OF MICHIGAN
PHOENIX MEMORIAL LABORATORY
FORD NUCLEAR REACTOR
ANN ARBOR, MICHIGAN 48105

December 2, 1976

Mr. Les Mollon

Brooks and Perkins, Inc.
P. O. Box 2067

Livonia, Michigan 48151

Dear Les:

Enclosed are data and rough graphs per our telephone conversation.
The three data sheets are for the 115 crystal plane whuchaﬂ’ords the
least hlgher order neutron mterference. e . :

e F;gure 1 shows rhe iransmnssnon vetsus B4C mesh s:ze. Each plof |s ‘for
a different energy. As you cansée transmission drOps dra$hca||y down
‘to 50-60 mesh, but not so much from that point on. We ¢ould use
several .in beiween size samples to verify thrg figure.

Figure 2 provides experimental transmission versus. energy. . ‘Figure 3
shows the experimental transmission constant versus: energy.

Figures 4, 5, and 6 show the mdNrdual expenmental plots from Figure 3
with the theore’ncal plot |mposed for companson.

. Very fruly yours,

M/e@“‘”%oé

Reed R. Burn
‘Reactor Manager .

: : Ford Nuclear Reactor
RRB:dmz o

2h n oF

5 ~ ¢ ..
cc: J. Lee "'1 9 9%
Enclosures S ' . o REL- G 197U

BROOKS & PERRIHS, fHG
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This report provides neutron transmission information for.Brooks and Perkins
BORAL shielding material. .

Combinations of boron-10 loading (gn;/cmz) and core thickness (in) for nine
BORAL case evaluations are listed in TABLE 1. Boron-10 loading ranges from
0.01 grn/cm2 {0 0.03 grq/cmz. Core thickness varies linearly with boron~-10
loading. The BORAL core is a compaction of aluminum and boron carbide (B4C).
Boron carbide core volume fraction is the volume fraction of the core compaction
that is boron carbide. Because of the linear relationship between boron-10
loading and core thickness, volume fraction is essentially constant.

Boron carbide particle sizes are expressed in terms of Tyler screen mesh numbers.
Screen mesh openings correspond to particle diameters under the assumption that the
porticles are spherical. The mesh number range for boron carbide in the BORAL
core is 60-200. TABLE 2 shows the actual sizes and percentage distributions of core
particles. '

BORAL neutron transmission versus neutron energy is presented in TABLE 3 for the
various boron-10 loading-core thickness cases listed in TABLE.1. Transmission
values are based upon a collimated beam theory developed at the University of
Michigan which has been verified by transmiission measurement experiments.

FIGURE 1 is a linear plot of neutron fransmission versus neutron energy over the
energy range 0 - 0.55 eV. FIGURE 2 is a similar logarithmic plot over-the narrowe
energy range 0 - 0.1 eV. ' _ _

Integrated transmission shown on FIGURE 1 represents the integral of (Source Flux (E)
X Neutron Transmission (E) ) divided by the integral of (Source Flux (E) ) over the
energy range 0 - 0.55 eV. Source flux is assumed to be the Maxwell-Boltzmann
flux distribution. o '

]. J. W. Bryson, J. C. Lee, and R. R. Burn, "Neutron Transmission Throbgh.BORAL.

Shielding Material: Theoretical Model and Experimental Comparison”, Department
- of Nuclear Engineering, Michigan Memorial-Phoenix Project, The University of.
“Michigan, November, 1977. . T ‘ :
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~ _TABLE ]

LR

BORAL PARAMETRIC COMBINATIONS FOR CASE EVALUATIONS

Boron Carbide Boron Carbide Core

Boron-10 Loading . Core'Thickness °  Particle Size Volume Fraction
Case (gm/ cm?) . o (in) - (Mesh Number) '
1 0100 74 60-200 .4468
2 .0125 0336 . 60-200 4557
3 .0150 T .0402. 60-200 . 4569
4 .0175 | 0863, - 60-200 _ 14628 .
5 .0200 .0533 - . 60 -200 ' . 4594
6 L0225 .08 60-200 L4607
7 ©.0250 L0662 60 =200 - L4825
. 8 .0275 . .0728 60-200 - - . JA&25.
— 9

.0300 L0796 60 - 200 L4614

TABLE 2

60 ~ 200 BOﬁON CARBIDE PARTICLE SIZE DISTRIBUTION FOR CASE EVALUATIONS

Mesh Opening

_ Particle Size | " Particle Diameter - Paiticle 'Rcdi_ug " Particle Péréenté.gé
(Mesh Number) (in).. : -{cm) o (%)
70 0077 . . .0098 . . LS
90 . .0063 . .00s0.. - 397
130 .0046. . - 0058 - . i 38.6
470 . L0035 (- .00 . - 8.6

200 0029 . .00 1.6

Average S L0070 © 100.0



o . TABLE 3 |
BORAL NEUTRON TRANSMISSION. VERSUS NEUTRON ENERGY (eV)

.- For Parametric Combinations of
Boron-10 Loading (B, gm/cm?) and Core Thickness (T, in)

L 2, s, 4, 5. . 7. . 8. 9.
Neutron B .0100 © B .0125 ° B..0150- B .0175 8 .0200 B .0225 B..0250 B ,0275 B .0300
Energy T .0274 T .03% T .0402 T .043 -T .0533 T .0598 T .0662 T .0728 T .079%

0.01 = .,0530 0249 . .0119 0056 0027 .0013 . 0006 .0003 .0001
0.02 1077 L0610 0 ,0348- - 0197 0113 .0064 .0037 .0021 .0012
0.03 ;1533 . ,0952 - . ,0594 © 0368 0231 0144 .0090 .0056 .0035
0.04 1915 L1260 - 0831 - .0546 .0362 .0239 - ,0157 .0104 .0069
0.05° . 2240 .1534. - ,1054 0721 . 0496 .0341 .0234 0161 .0110 ',
0.06 - - .2522 1780 - 1260 . ..0889 .0630 0446 °,0315 .0223 .0158

- 0.07 2770 . ,2002 - .1451 . .1048 .0761 .0551 ~ ,0399 0289 .0210
0.08 - .2990 - .2204.  .1628 - ,1200 . .0888  .0655 . 0484 .0357 .0264
0,09 .3188 2389 L1793 .1343 .1010° .0757 .0568 .0427 .0320
0.10 .33%7 - .2558 1947 4790 L1127 .0857 . 0652 . 0496 .0378
0.15 L4065 - .24 . 2586 .2061 1646 1313 . 1048 .0836 .0668

- 0.20 4560 - L3743 - 374 2522 2073 1703 .1398 1149 L0944
0.25 4937 - L4134 . 3464 T ,2900 242,203 1707 . 1430 1199
0,30  .5238 - .4452- .. ,3786 218, .2738 2328 1980  .1684 142
0.35 5486 4718 L4059 L3491, 3004 .2584- .2224 1913 L1646
0.40 . 5696 4945 . 4295 - ,3728 .23 . .2813 2443 .2122 . 1843
0.45 5876 . 5142 4501 . 3938 . 3448 73018 L2642 .2313 2025
0.50 6034 . 5316 - 4484 L4126 . 3637 204 2823 ,2488 .2193
0.55  .6174 5470 4848 (4295 .3807 - .3374 .2990 .2650 .2349
Integrated 1810 . ,1240 0863 .0606 .0431.  ,0307 0222 L0161 .0018

Transmission -

‘o - ov—
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FIGURE1  BORAL NEUTRON Tt\ it |sMISSION VERSUS NEUTRON ENERGY

Boron-10 Loading Integrated Transmission
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* A ' ' -FIGURE 2
BORAL NEUTRON TRANSMISSION VERSUS NEUTRON ENERGY

Boron-10 Loading
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