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ABSTRACT

This Standard Review Plan (SRP) provides guidance to the U.S. Nuclear Regulatory
Commission (NRC) staff for reviewing an application for package approval issued under

Title 10 of the Code of Federal Regulations (10 CFR), Part 71, “Packaging and Transportation
of Radioactive Material.” NRC approval of a package design typically results in issuance of a
certificate of compliance (CoC) or a letter amendment for a transportation package.

The objectives of this SRP are to assist the NRC staff in its reviews by

. providing a basis that promotes uniform quality and a consistent regulatory review of an
application for a CoC for a transportation package

. presenting a basis for the review’s scope
. identifying acceptable approaches to meeting regulatory requirements
. suggesting possible evaluation findings that can be used in the safety evaluation report

This SRP was published for public comment, and the responses to those comments are
available at ML20023A361. This SRP may be revised and updated as the need arises on a
chapter-by-chapter basis to clarify the content, correct errors, or incorporate modifications
approved by the Director of the NRC Division of Spent Fuel Management. Comments,
suggestions for improvement, and notices of errors or omissions should be sent to and will be
considered by the Director, Division of Spent Fuel Management, Office of Nuclear Material
Safety and Safeguards, U.S. Nuclear Regulatory Commission, Washington, DC 20555-0001.
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INTRODUCTION

Purpose of the Standard Review Plan

The Standard Review Plan for Transportation Package Approval (referred to herein as the SRP)
provides guidance to the U.S. Nuclear Regulatory Commission (NRC) staff for reviewing
applications for approval of package designs used for the transport of radioactive materials
under Title 10 of the U.S. Code of Federal Regulations (10 CFR) Part 71. It is not intended as
an interpretation of NRC regulations. Nothing contained in this SRP may be construed as
having the force and effect of NRC regulations (except where the regulations are cited), or as
indicating that applications supported by safety analyses and prepared in accordance with
Regulatory Guide (RG) 7.9, “Standard Format and Content of Part 71 Applications for Approval
of Packages for Radioactive Material,” will necessarily be approved, or as relieving any person
from the requirements of 10 CFR Part 71 as well as other pertinent regulations, including but not
limited to the following:

. 10 CFR Part 20, “Standards for Protection Against Radiation”
. 10 CFR Part 30, “Rules of General Applicability to Domestic Licensing of
Byproduct Material”
. 10 CFR Part 40, “Domestic Licensing of Source Material”
o 10 CFR Part 60, “Disposal of High-Level Radioactive Wastes in Geologic Repositories”
. 10 CFR Part 70, “Domestic Licensing of Special Nuclear Material”

Three maijor objectives of this SRP include the following:
. summarize the regulatory requirements for package approval

. describe the procedure by which the staff determines that the requirements have
been satisfied

. document the practices the NRC developed in previous package certifications

This SRP complements RG 7.9, which provides guidance to applicants on the standard format
and content of applications for package approval. Unless specified, all acceptance criteria and
review guidance in this SRP is applicable to all packages. Appendix A, “Description, Safety
Features, and Areas of Review for Different Types of Radioactive Material Transportation
Packages,” to this SRP describes different types of packages for different types of contents and
provides specific information on reviewing each package type. Note that Appendix A does not
contain guidance specific to spent nuclear fuel packages.

Applicability

This SRP provides guidance for the NRC staff’s review and approval of certificates of
compliance for packaging used to transport radioactive materials (RAM).

Appendix E, “Description and Review Procedures for Irradiated Tritium-Producing Burnable
Absorber Rods Packages,” to this SRP provides supplemental general information and
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guidance for reviewing applications for packaging used in the shipment of irradiated
tritium-producing burnable absorber rods (TPBARS).

Organizational Structure

The SRP is organized to correlate with the recommended content for an application, as detailed
in RG 7.9, which will be revised in the future to harmonize with this SRP. The individual
sections of each chapter address the matters that are reviewed, the basis for the review, how
the review is accomplished, and the conclusions that are sought and follow a common outline of
subsections, as described below. In conjunction with the SRP, the NRC staff developed several
interim staff guidance (ISG) documents related to package approvals under 10 CFR Part 71.

An ISG addresses emergent review issues. This SRP combines and updates NUREG-1609,
“Standard Review Plan for Transportation Packages for Radioactive Material,” issued
September 1997, and NUREG-1617, “Standard Review Plan for Transportation Packages for
Spent Nuclear Fuel,” issued March 2000, and their supplements and incorporates applicable
ISGs, as shown in Table 1.

Table 1 Interim Staff Guidance (ISGs) Incorporated Into This Standard
Review Plan

ISG #

& Rev. Title Affected Chapter(s)

ISG 1

Rev. 2 Damaged Fuel 2,4,5.6,7

ISG 6 Establishing Minimum Initial Enrichment for the Bounding 5
Design Basis Fuel Assembly(s)

ISG 7 Potential Generic Issue Concerning Cask Heat Transfer in a 3
Transportation Accident

ISG 8 Burnup Credit in the Criticality Safety Analyses of PWR Spent 6

Rev. 3 Fuel in Transport and Storage Casks

ISG 11 Cladding Considerations for the Transportation and Storage of 7

Rev. 3 Spent Fuel

ISG 15 Materials Evaluation 56,7
Moderator Exclusion Under Hypothetical Accident Conditions

ISG 19 and Demonstrating Subcriticality of Spent Fuel Under the 1,3,6
Requirements of 10 CFR 71.55(e)
Transportation Package Design Changes Authorized Under 10

ISG20 | oFR Part 71 Without Prior NRC Approval 1,.3,5689

ISG 21 Use of Computational Modeling Software 2,3
Potential Rod Splitting Due to Exposure to an Oxidizing

ISG 22 Atmosphere During Short-Term Cask Loading Operations in 3,8
LWR or Other Uranium Oxide Based Fuel
Application of ASTM Standard Practice C1671-07 When

ISG 23 Performing Technical Reviews of Spent Fuel Storage and 3,5,6,7,9
Transportation Packaging Licensing Actions

Because of the large variety of packages and the many different approaches that can be taken
to evaluate these package designs, no single review plan can address in detail every situation
that might be applicable to a review. The staff may therefore need to modify or expand the
guidance in this review plan to adapt to specific package designs. The following areas of

10 CFR Part 71 are not within the scope of this SRP:
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. Qualification and shipment of low-specific-activity material and surface-
contaminated objects

. Qualification of special form radioactive material

. Reports, records, notifications, violations, and criminal penalties

o Exemptions and general licenses

. Requirements incorporated into 10 CFR Part 71 by reference to other regulations,

(e.g.,10 CFR Parts 20, 21, 30, 40, 70, 73, and DOT or U.S. Postal Service regulations)

Technical Review Oversight

Certificate holders are responsible for demonstrating that the package design meets the
requirements in 10 CFR Part 71, Subparts D, “Application for Package Approval,” and E,
“Package Approval Standards,” and performing the preliminary determination, as required by
10 CFR 71.85, “Preliminary Determinations.” Licensees are responsible for complying with the
general license in accordance with 10 CFR 71.17, “General License: NRC-Approved Package,”
for safe operation and for complying with appropriate regulations during shipment. The NRC
mission as the regulator is to confirm that the package design provides adequate protection of
public health and safety and the environment. The value of the NRC review team is its
independent expertise in identifying and ensuring the resolution of potential design or
operational deficiencies, analytical errors, nonconservatisms or significant uncertainties in novel
design approaches, or other issues that hinder the NRC'’s ability to ensure compliance with the
regulations. If otherwise left unchecked by the licensee and the regulator, these issues could
potentially lead to the unsafe or noncompliant use of the package.

Several considerations may influence the depth and rigor that is needed for a reasonable
assurance determination of both safety and compliance. These include, but are not limited to,
the novelty of the design (as compared to existing designs), safety margins, operational
experience, and defense-in-depth. Any aspect of the design or procedures that the NRC
determines the certificate holder should not change, without prior NRC approval, should be
placed as a condition in the certificate. The design is specified in the certificate of compliance
(CoC) (by reference) with drawings, operating procedures, acceptance tests and maintenance
programs, and with other relevant documentation as needed. The staff and applicant should
ensure that the CoC conditions include the appropriate level of detail that could also allow for
appropriate minor changes to the package but still be within the design specified in the CoC
(e.g., tolerances that are bounding of variations that can be seen in package fabrication).

Review Process

The reviews of the application are performed by reviewers with expertise in the technical areas
described in this SRP. Because of the dependence between technical information in different
sections of the application, coordination among the different disciplines is important to ensure a
consistent, uniform, and high-quality review. As shown in the flow charts contained in each
chapter of this SRP, technical issues are interwoven among the disciplines, and many rely on
input from multiple areas.

When reviewing an amendment to a package design, the staff should consult the SERs of
previous amendments, if applicable, as well as the SERs for similar, approved packages to
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understand past NRC determinations regarding analyses affecting or similar to those in the
application under review. In conducting reviews, the staff should confirm that the application
properly applies NRC regulatory guidance, when endorsed by reference. While applicants are
not required to comply with NRC guidance, the use of NRC guidance facilitates the staff’s
review process in evaluating package designs and confirming compliance with NRC regulations.

For amendments, the staff should review the entire amendment to ensure that the applicant has
identified all the changes to the certificate of compliance. Amendments may range from minor
changes in the design, contents, or operations to adding new major component designs or
contents. Some amendments are based upon the design and methodologies the NRC
previously reviewed for that package. Evaluations of amendment changes are often based on
the performance of the package as an integrated system. As a result, the staff may reexamine
portions of previously approved components, contents, or methodologies in the application to
ensure that the design and operations, as modified under the amendment proposal, meet

10 CFR Part 71 requirements. During the audit review of an amendment, the staff may
occasionally find errors or other safety questions that affect part of the previously approved
design. The staff may need to review that part of the application and ask questions to assure
the design remains safe and compliant with applicable regulations. The questions should be
limited to understanding and resolving the specific technical issue and should consider past
precedents, regulatory guidance, and risk significance, as appropriate. The staff should also
consider other processes (e.g., inspections, enforcement actions, generic issue program) to
resolve these types of potential safety questions with a previously approved design.

If the information provided in the application is not properly justified, the reviewer may develop
and then forward to the applicant questions requesting clarification of technical issues via a
request for additional information (RAI). The staff should review the applicant’s response to the
RAI, together with a supplemented application, for acceptability. The RAI process is repeated,
as necessary, until the applicant demonstrates that the package design meets 10 CFR Part 71,
or until the NRC terminates the application review or the applicant withdraws the application.

Safety Evaluation Report and Content

The NRC staff documents the results of an application review in a safety evaluation report
(SER). Although the NRC Project Manager for the review will make the final determination of
the organization of an SER, the SER typically is organized in the same manner as this SRP and
contains the following information:

. a general description of the package, including the design and operational features, and
content specifications

. a summary of the approach the applicant used to demonstrate compliance with
the regulations, and a description of the reviews that the staff performed to
confirm compliance

. comparison of systems, components, analyses, data, or other information important in
the review analysis to the acceptance criteria, in addition to staff conclusions
(including the bases for those conclusions) regarding the acceptability, suitability, or
appropriateness of this information to provide reasonable assurance the acceptance
criteria have been met
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. summary of aspects of the review that were selected or emphasized, aspects of the
design or contents that were modified by the applicant, aspects of the design that
deviated from the criteria stated in the SRP, and the bases for any deviations from
the SRP

. summary statements for evaluation findings at the end of each chapter

Content of this Standard Review Plan

Each chapter of the SRP is organized into the following sections:

Review Objective

Areas of Review

Regulatory Requirements and Acceptance Criteria
Review Procedures

Evaluation Findings

References

Review Objective This section provides the purpose and scope of the review and establishes
the major review objectives for the chapter. The reviewer should obtain reasonable assurance
during the review that the objectives are met.

Areas of Review This section lists the areas of review. Each area of review encompasses
systems, components, analyses, data, or other information and provides the organizational
structure for the rest of the chapter.

Regulatory Requirements and Acceptance Criteria The regulatory requirements portion of this
section summarizes the regulatory requirements for 10 CFR Part 71 pertaining to the given
chapter and can also list other significant regulatory requirements, such as those for

49 CFR Part 173, “Shippers—General Requirements for Shipments and Packagings.” This list
is not all-inclusive, and the reviewer should refer to the regulations to ensure all relevant
requirements are addressed in the application.

This subsection includes the regulatory requirements by reference and identifies other criteria to
demonstrate that the package meets the regulatory requirements in 10 CFR Part 71 that apply
to the given chapter. In most chapters, the acceptance criteria are organized similar to the
review areas established in the “Areas of Review” section of the specific chapter and identify the
type and level of information that should be in the application.

This section typically sets forth the solutions and approaches that staff reviewers have
previously determined to be acceptable for demonstration of compliance with the regulations
and addressing specific safety concerns or design areas that are important to safety. These
solutions and approaches are discussed in this SRP so that the reviewers can implement
consistent and well-understood positions as similar safety issues arise in future cases. These
solutions and approaches are acceptable to the staff, but they are not the only possible method
for meeting the regulations.

Substantial staff time and effort has gone into developing these acceptance criteria.
Consequently, a corresponding amount of time and effort may be required to review and accept
new or different solutions and approaches. Thus, applicants proposing new solutions and
approaches to safety issues or analytical techniques other than those described in the SRP may
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experience longer review times. An alternative for the applicant is to propose new methods on
a generic basis, apart from a CoC. Such an alternative proposal could consist of a submittal of
a topical report.

Review Procedures This section presents a general approach that reviewers typically follow to
establish reasonable assurance that the applicable acceptance criteria have been met. As an
aid to the reviewer, this section may also provide information on what has been found
acceptable in past reviews. This section identifies standards that have been found acceptable
in particular reviews, or that are desirable but not specifically identified in existing regulatory
documents. Since many reviews of applications are interdisciplinary, the reviewers should
coordinate with each other, as necessary, to identify issues in other chapters. The section
includes a flow chart figure to depict the coordination that may be necessary to conduct reviews.
In addition, the reviewer may provide discussions on conditions of the approval. In these cases,
the reviewer should include a discussion of each condition and the reasons for the addition of
the condition in the relevant sections of the SER.

Evaluation Findings This section provides example evaluation findings and summary
statements to be incorporated into the SER. The reviewer prepares the evaluation findings
based on the applicant’s satisfaction of the regulatory requirements. The findings are published
in the SER.

References This section lists the NRC documents, codes, specifications, standards,
regulations, and other technical documents referenced in the chapter.
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1 GENERAL INFORMATION EVALUATION

1.1 Review Objective

The objective of this U.S. Nuclear Regulatory Commission’s (NRC’s) general information
evaluation is to verify that the applicant has provided an adequate description of the package to
familiarize reviewers with the pertinent features of package. The NRC reviewer will verify that
the application (i) includes an overview of relevant package information, including its intended
use; (ii) provides a summary description of the packaging, operational features, and contents;
and (iii) provides engineering drawings that are sufficiently detailed and consistent with the
package description to provide reasonable assurance that the transportation package can meet
the regulations.

1.2 Areas of Review

All NRC reviewers should evaluate the General Description section of the application,
regardless of their specific review assignments, to obtain a basic understanding of the package,
its components and contents, and the protections afforded for the health and safety of the
public. This chapter of the standard review plan (SRP) focuses on familiarizing the reviewer
with general package design and contents and ensuring consistency between the package’s
general description and the remaining sections of the application. Much of the information
relevant to this initial aspect of the package review is presented in more detail in later chapters
of this SRP. The NRC staff should review the application for adequacy of the package and its
descriptions and drawings.

Proprietary information, such as specific design details shown on the engineering drawings,
may be withheld from public disclosure, subject to the provisions of Title 10 of the Code of
Federal Regulations (10 CFR) 2.390, “Public Inspections, Exemptions, Requests for
Withholding.” The request for withholding must be accompanied by an affidavit and must
include information to support the claim that the material is proprietary.

The NRC staff should review the application to verify that it adequately describes the package
and includes adequately detailed drawings. In general, the staff should review the following
information to determine the adequacy of the package description:

. package design information

— purpose of application

— proposed use and contents

— package type and model number

— package category and maximum activity
— codes and standards

— criticality safety index (CSI)

— quality assurance program

° package description
— packaging

— operational features
— contents of packaging
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. summary of compliance with 10 CFR Part 71, “Packaging and Transportation of
Radioactive Material”

— general requirements of 10 FR 71.43, “General Standards for All Packages”

— condition of package after tests in 10 CFR 71.71 and 10 CFR 71.73,
“Hypothetical Accident Conditions”

— structural, thermal, containment, shielding, criticality, materials

— operational procedures, acceptance tests, and maintenance

o certification approach for commercial spent nuclear fuel (SNF)
. drawings
. appendix

1.3 Requlatory Requirements and Acceptance Criteria

This section provides a summary of those sections of 10 CFR Part 71 relevant to the review
areas addressed in this SRP chapter. Table 1-1 identifies some regulatory requirements
associated with the areas of review this chapter covers. These are not necessarily the only
regulations that may apply but are meant to guide the reviewer’s initial assessment of whether
sufficient information has been provided to conduct the safety evaluation.

The following paragraphs briefly describe the regulatory requirements and acceptance criteria of
10 CFR Part 71 applicable to the general information review. Each requirement includes the
applicable section(s) of the regulation.

In addition to the requirements listed in Table 1-1, the following identifies additional specific
regulatory requirements and acceptance criteria for assessing the adequacy of the package
description and evaluation.

While there are no specific regulatory requirements on the format of the application for package
approval, NRC Regulatory Guide (RG) 7.9, “Standard Format and Content of Part 71
Applications for Approval of Packaging for Radioactive Material,” provides recommendations on
the format in which the content of the application is presented in order to facilitate the review of
the information submitted in the application. The application for package approval should
include the following items in sufficient detail such that the performance of the package can

be evaluated:

o a description of the packaging design (10 CFR 71.31(a)(1), 10 CFR 71.33,
“Package Description”)

o engineering drawings showing the design that can be referenced in the certificate of
compliance (10 CFR 71.31, 10 CFR 71.33)

° a brief description of package operations (10 CFR 71.33, 10 CFR 71.35(c),
10 CFR 71.89)

o a description of a feature located outside of the package that, while intact, would provide
evidence that unauthorized persons had not opened the package [10 CFR 71.43(b)]
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Table 1-1 Relationship of Regulations and Areas of Review for Transportation
Packages

Areas of Review (71.19|71.31 | 71.33 |71.35|71.37 | 71.41|71.43 | 71.55|71.59 | 71.71 | 71.73 | 71.89

Package design
information

o @@ | EN) o) . ©)

Package

description @M e o o o o

Compliance with
10 CFR Part 71

° ° ° (a) ° °

Certification
approach for (e)(1),
commercial (e)(2)
SNF

Drawings (a)(1) °
Note: The bullet (o) indicates the entire regulation as listed in the column heading applies.

The applicant must describe and evaluate the application for a transportation package in
sufficient detail to demonstrate compliance with the requirements specified in 10 CFR Part 71,
Subpart E, “Package Approval Standards,” under the tests and conditions in Subpart F,
“Package, Special Form, and LSA-Ill Tests.” [10 CFR 71.31, “Contents of Application;”

10 CFR 71.33; 10 CFR 71.35, “Package Evaluation;” and 10 CFR 71.41(a) and (b)]. The
applicant should include a concise statement in the General Information section of the
application that the package complies with the requirements in 10 CFR Part 71. This statement
should provide a reference to the sections of the application that are used to specifically
address compliance with the requirements of Subparts E and F of 10 CFR Part 71.

1.31 Drawings

Applicants should submit drawings that are sufficiently detailed to provide a package description
that can be evaluated for compliance with 10 CFR Part 71. The packaging drawings become
regulatory conditions for compliance, since the certificate of compliance incorporates them by
reference. The applicant should clearly identify proprietary information and submit an affidavit in
accordance with 10 CFR 2.390 to withhold such information in the NRC’s Agencywide
Documents Access and Management System (ADAMS).

The drawing should include the following information, on the drawing, and should be consistent
with the description of the package included in the text:

a title block that identifies the preparing organization
drawing number

sheet number

title

date

signature or initials indicating approval of the drawing

The revised drawings should identify, on the drawing, the revision number, date, and
incorporate an indicator of the change for each revision.
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The drawings should include the following elements:

general arrangement of the packaging and contents, including dimensions
design features that affect the package evaluation

package markings

maximum allowable weight of the package

maximum weight of contents and secondary packaging

minimum weights, if appropriate

Information on design features should include the following details, as appropriate:
. identification of the design feature and its components
. materials of construction, including appropriate material specifications and material

specification tolerances (e.g., minimum boron-10 areal density for poison plates,
minimum boron and hydrogen content of neutron shields)

. classification of components according to importance to safety

o codes, standards, or similar specification for fabrication, assembly, and testing
. dimensions with appropriate tolerances

o operational specifications (e.g., bolt torque)

RG 7.9 and NUREG/CR-5502, “Engineering Drawings for 10 CFR Part 71 Package Approvals,”
provide additional guidance on engineering drawings submitted in the application.

1.3.2 Quality Assurance
Applicants should provide either a reference to an approved quality assurance program or
provide a description of the quality assurance program in the application (see Chapter 10,

“Quality Assurance Evaluation,” of this SRP).

14 Review Procedures

The purpose of reviewing the General Information section of the application is to determine
whether the applicant provided sufficient detail concerning the description of the package to
provide an adequate basis for the staff to review it against applicable requirements in

10 CFR Part 71. All the remaining application sections consider the information and results of
the General Information section. Figure 1-1 illustrates the information flow between the
contents of an application and the review of the General Information section.

The applicant should ensure that the General Information section provides an adequate
description of the package to allow the staff to evaluate its design and operation in subsequent
sections. Note that the General Information section:

o does not contain the information necessary for a comprehensive technical review of
the package
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Chapter 1 — General Information Review
Package Design Information
Compliance with 10 CFR Part 71

Package Description

Certification Approach for Commercial SNF
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e Radiation Effects
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Reactor SNF
Figure 1-1  Overview of General Information Evaluation
. serves as a vehicle to facilitate consistency and reduce repetition between the various

review disciplines (e.g., structural and shielding reviews)

. presents summary information for the nontechnical reviewer

1.4.1

1.4.1.1

Package Design Information

Purpose of application

Verify that the purpose of the application is clearly stated. The application may be for approval
of a new design or revised certificate. (Note: in terms of transportation package approvals, the
NRC uses the terms “certificate revision” and “amendment” interchangeably.) Ensure that an
application for approval of a new design is complete and contains the information identified in
10 CFR Part 71, Subpart D, “Application for Package Approval.” If the application is for
modification of an approved design, verify that the changes being requested are clearly

identified. Modifications may include design changes, additions/changes in authorized contents,

or changes in conditions of the approval. Design changes should be clearly identified and




should be included in revised packaging drawings. Packaging that does not conform to the
drawings referenced in the NRC approval is not authorized for use under 10 CFR 71.17,
“General License: NRC-Approved Package.” Likewise, only package contents specified in the
approval may be transported. The NRC will likely include package operating procedures,
acceptance tests, and a maintenance program, as a condition of the approval.

Verify that an application for modification to an approved design includes an assessment of the
requested changes and an explanation of why these changes do not affect the ability of the
package to meet the requirements of 10 CFR Part 71. Applications for modifications may be
subject to the provisions of 10 CFR 71.19(c) and 10 CFR 71.31(b), as applicable. When an
application for modification of a certificate does not have the “-96” designation in the
identification number of the NRC certificate, verify that it meets the provision of

10 CFR 71.19(c). Verify that the application includes an explanation of why the requested
change is not significant, with respect to the following:

. design, operating characteristics, or safe performance of the containment system when
the package is subjected to the tests specified in 10 CFR 71.71, “Normal Conditions of
Transport,” and 10 CFR 71.73

. prevention of criticality when the package is subjected to the tests specified in
10 CFR 71.71 and 10 CFR 71.73

1.4.1.2 Proposed use and contents

Verify that the description for the proposed use of the packaging and the contents of the
package are sufficient to allow the reviewer to understand exactly how the packaging is to be
used and what is to be transported. The proposed contents description, as required by

10 CFR 71.33(b), should be sufficient to determine the package category, as discussed in
Section 1.4.1.4, below.

1.4.1.3 Package type and model nhumber

Confirm that the application clearly designates the type and model number of the package, as
required by 10 CFR 71.33(a)(1). A new Type B transportation package will be designated either
B(U)-96 or B(U)F-96, depending on whether the package contains fissile material. If the
package has a maximum normal operating pressure greater than 700 kilopascals [100 pounds
per square inch] or a pressure-relief device that would allow the release of radioactive material
under the tests specified in 10 CFR 71.73 (i.e., hypothetical accident conditions), in those
cases, the package will be designated B(M)-96 or B(M)F-96. A new Type A fissile package will
be designated AF-96.

Verify that a model number is designated for the package, as required by 10 CFR 71.33(a)(3),
and that it is specified on the appropriate drawings.

1.4.1.4 Package category and maximum activity
For Type B packages, verify that the application properly justifies the designated package
category. Definitions of package categories are provided in RG 7.11, “Fracture Toughness

Criteria of Base Material for Ferritic Steel Shipping Cask Containment Vessels with a Maximum
Wall Thickness of 4 Inches (0.1 m).” Detailed justification, including calculation of an effective
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A1 or A2 from the maximum activity of the contents, might be presented in the appendix or in
another section of the application (e.g., Containment).

With respect to the following SRP review procedures, SNF transportation packages are
assumed to be Category |. Verify that SNF packages are designated Category | and that the
maximum activity of these package contents is specified.

1.4.1.5 Codes and standards

Verify that any proposed codes and standards, as required by 10 CFR 71.33(c), are
appropriate for the intended purpose and are properly applied. Ensure that the application
identifies established codes and standards or justifies the basis used for the package design
and fabrication.

NUREG/CR-3854, “Fabrication Criteria for Shipping Containers,” identifies codes and standards
that may be used for fabricating components of SNF transportation packaging based on the
container contents.

1.4.1.6 Criticality safety index

For a package containing fissile material, verify that the applicant, as required by
10 CFR 71.59(b), has assigned a CSlI to the package for each of the package contents and has
provided a reference to the relevant section of the application.

1.4.1.7 Quality assurance program

Verify that the applicant, as required by 10 CFR 71.31(a)(3), has provided a description of its
quality assurance program or identifies by reference a quality assurance program that has been
previously approved under the requirements of 10 CFR 71.17, 10 CFR 71.37, and

10 CFR Part 71, Subpart H.

1.4.2 Package Description
1.4.2.1 Packaging
Review the text description of the packaging, as required by 10 CFR 71.33(a), and verify that

the following information, as applicable, is discussed. Sketches, figures, or other schematic
diagrams should be used, as appropriate, and include the following:

. general packaging arrangement

o dimensions, including tolerances, and materials of construction

° maximum weight and, if appropriate, the minimum weight

° neutron- and gamma-shielding dimensions and tolerances and material specifications
. personnel barriers, if used
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. structural features, such as lifting and tie-down devices, impact limiters or other energy-
absorbing features, internal supporting or positioning features, outer shell or outer
packaging, and packaging closure devices

. heat transfer features, including fins

. criticality control features, including neutron poisons, moderators, spacers, and items
used for geometric confinement

o baskets or other configurations for fuel assemblies or rods, such as damaged fuel cans
for geometry control

. containment vessel, which may include welds, drain or fill ports, valves, seals, test ports,
pressure-relief devices, lids, cover plates, and other closure devices

. The containment reviewer should, in conjunction with Chapter 4, “Containment
Evaluation,” of this SRP, ensure that the containment boundary is clearly shown on the
drawings. If multiple seals are used for a single closure, verify that the seal defined as
the containment system seal is clearly identified

If criticality safety relies on certain components for spacing or confinement of the fissile material
to a known geometry, verify that these are defined in packaging drawings, as well as included in
the structural evaluation, to ensure performance under normal conditions of transport and
hypothetical accident conditions.

1.4.2.2 Operational features
Verify that the application includes the following information as it relates to operational features:
° a discussion on all operational features and functions

) a schematic diagram showing all valves, connections, piping, openings, seals, and
containment boundaries

o if needed, detailed operational schematics in accordance with the operations described
in the Operating Procedures section of the application

However, details may be referenced in the General Information section of the application if
provided in a later application section or appendix. In this case, simplified operational
schematics should be an acceptable alternative. In the General Information section of the
application, verify that loading configurations for all contents are provided and annotated in a
manner consistent with the Structural Evaluation, Containment Evaluation, Thermal Evaluation,
Shielding Evaluation, Criticality Evaluation, Materials Evaluation, and Operating Procedures
sections of the application. Confirm that a reference is provided to any other section of the
application where evaluations of the operability and safety of the operational features are found.

Ensure that the application identifies any codes and standards proposed for controlling the

operation of the package and provides a reference to the relevant section of the application that
discusses the proposed codes and standards.
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1.4.2.3

Contents of packaging

Verify that the package application clearly identifies the contents, as required by

10 CFR 71.33(b), to be authorized for transport and is consistent with the description of the
contents in other sections. Ensure that the contents are described at the same level of detail as
that intended for the certificate of compliance and in a manner consistent with the package
evaluations. The specificity of the contents description may be different for different package
types and the safety significance of the contents but should be sufficient to provide a basis for
evaluating the package. Review the description of the contents and verify that, at a minimum,
the application includes the following information, consistent with the type of package:

identification and maximum quantity of all radioactive material, including radionuclides,
their quantities, and, as needed, mass

chemical and physical form (e.g., liquid, powder), including density and moisture content,
and the presence of other moderating constituents. For Type B quantities of radioactive
material in normal form, verify that the applicant specified the chemical and physical
form of the material

identification of whether the contents are special form or normal form

location and configuration of contents within the packaging, including secondary
containers, wrapping, shoring, and other material not defined as part of the packaging

any material subject to chemical, galvanic, or other reaction, including the generation of
combustible gases

maximum weight and, if appropriate, minimum weight
maximum decay heat
for fissile material packages, verify that the application includes the following:

identification and maximum quantity of fissile material, including the fissile nuclides
present and the concentrations, or enrichments, and masses of each

for packages with fuel assembilies:

— fuel assembly specifications, including dimensional data for the fuel rods and
assembly structure, number of fuel rods per assembly

— maximum quantity of unirradiated fuel
— maximum uranium-235 mass per assembly or per rod, as appropriate
— number of fuel assemblies or rods per package

— presence of any annular pellets
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— maximum initial enrichment, including a description of nonuniform enrichment
(e.g., rod-variable enrichments, axial natural or low-enrichment blankets),
if applicable

. information on spacers or other features used for geometry control or confinement of
fissile material. If these features are needed to demonstrate criticality safety, then
ensure they are included in the description of the authorized contents

o identification and quantity of nonfissile materials used as, or that can act as, neutron
absorbers (i.e., poison rods) or moderators. Moderators can include polymer fingers
(items inserted into fresh fuel assemblies in places to minimize or prevent rod clad
fretting from vibration), moisture in powder, plastic inserts or wraps, and foams.

Note that wrapping fresh fuel assemblies with plastic is permitted if the top and bottom are free
to allow flow of water sufficient to prevent preferential flooding of the fuel region. If the top and
bottom of the fuel assemblies are enclosed, the criticality evaluation should consider
preferential flooding.

. In general, if credit is taken for certain parameters (e.g., confinement features, uranium
enrichment, chemical form), verify that those parameters are specified in the description
of the authorized contents.

° In addition to the above, for SNF packages, verify that the application includes
the following:
. the type of SNF and maximum and, as appropriate, minimum initial enrichment;

maximum initial uranium-235 mass (for mixed oxide fuel assemblies, plutonium mass,
and nuclides)

o maximum burnup, specific power, and minimum cooling time
o control assemblies or other contents (e.g., startup sources) that may be present
o maximum quantities of radionuclides estimated to be available for immediate release

within the void space of the fuel rods
) maximum quantity of unirradiated fuel or replacement rods, if any

o a statement of whether SNF with known or suspected cladding defects greater than a
hairline crack or a pinhole leak will be placed in a damaged fuel can. Canning of
damaged fuel is intended to facilitate handling and to confine gross fuel particles to a
known subcritical volume under normal conditions of transport and hypothetical
accident conditions

o any unique or unusual conditions (e.g., failed fuel and nonuniform enrichment) or
damaged fuel, the maximum quantity of damaged fuel, initial enrichment, and extent
of damage

For SNF, NUREG/CR-6716, “Recommendations on Fuel Parameters for Standard Technical
Specifications for Spent Fuel Storage Casks,” includes useful information about the fuel
parameters that are important for criticality safety and radiation shielding in a transport package.
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Parameters that are normally controlled for criticality safety include fuel type, lattice size,
enrichment, fuel rod pitch, fuel pellet diameter, cladding thickness, and active fuel length.
Parameters that are normally controlled for radiation shielding include some of those controlled
for criticality safety as well as burnup, cooling time, uranium mass (or uranium and plutonium
mass for mixed-oxide fuel) and nonfuel hardware (e.g., control components). It is not necessary
to limit all parameters if the analysis has shown that they are not important for the package
evaluation. For example, if the applicant evaluates the criticality safety of the fuel without

taking credit for the clad material being present, the minimum clad thickness may not need to
be specified.

1.4.3 Summary of Compliance with 10 CFR Part 71
Refer to the specific section of the application to ensure compliance with regulations.
1.4.3.1 General requirements of 10 CFR 71.43

Verify that the package incorporates a tamper-proof seal and the application includes a
summary statement indicating compliance with the general standards for all packages. Verify
that references to the relevant sections of the application are provided.

1.4.3.2 Condition of package after tests in 10 CFR 71.71 and 10 CFR 71.73

Verify that the application provides summary descriptions for the physical condition of the
package subsequent to the tests specified in 10 CFR 71.71 and 10 CFR 71.73. Verify that
references to all relevant sections of the application are provided.

1.4.3.3 Structural, Thermal, Containment, Shielding, Criticality, Materials

Verify that the application provides summary statements attesting to the adequacy of the
package design to meet the structural, thermal, containment, shielding, criticality, and materials
requirements of 10 CFR Part 71.

1.4.3.4 Operational procedures, acceptance tests, and maintenance

Verify that the application provides a summary statement attesting to the adequacy of the
development of the operational procedures, acceptance tests, and maintenance program to
ensure compliance with the requirements of 10 CFR Part 71.

1.4.4 Certification Approach for Commercial Spent Nuclear Fuel

The provisions of 10 CFR 71.55(e) require that a fissile material package be subcritical under
hypothetical accident conditions, assuming, among other things, that the fissile material is in the
most reactive credible configuration, consistent with the damaged condition of the package and
the chemical and physical form of the contents and water moderation occurs to the most
reactive credible extent consistent with the damaged condition of the package and the chemical
and physical form of the contents. The guidance in this section applies only to commercial SNF
packages, and only to the SNF contents categorized as intact or undamaged fuel, for
hypothetical accident conditions. The guidance in this section does not change the review

' Note that the International Atomic Energy Agency‘s Safety Series No. 6, “Regulations for the Safe Transport of
Radioactive Material,” includes similar, but not identical, requirements for fissile material packages.
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practices described elsewhere in this SRP, with respect to damaged SNF or fissile materials
other than commercial SNF. The guidance in this section also does not apply to evaluations for
compliance with 10 CFR 71.55(b) and so does not change the guidance related to meeting that
requirement described elsewhere in this SRP.

Because of the effects of irradiation, the cladding of SNF, and particularly high burnup SNF
(i.e., fuel with a burnup greater than 45,000 megawatt-days per metric ton of uranium), may
become brittle. If excessively brittle, the cladding could fracture under impact loads currently
associated with hypothetical, accident free drop-test conditions; that is, the SNF may not retain
its geometric configuration, an important part of ensuring subcriticality. Consequently, the
applicant’s criticality safety evaluation would need to demonstrate that the package is subcritical
for reconfigured SNF assemblies in order to comply with the requirements in

10 CFR 71.55(e)(1) and (2). SNF with nonbrittle cladding that is undamaged has been shown
to maintain its geometric configuration under current impact loads associated with hypothetical
accident conditions. Therefore, the evaluation of undamaged SNF with nonbrittle cladding can
credit the SNF with maintaining its geometric configuration and subcriticality should be
demonstrated consistent with the approach described in the other sections and chapters of this
SRP. Additional information on cladding mechanical properties is found in Chapter 7, “Materials
Evaluation,” of this SRP.

The applicant may demonstrate that the package remains subcritical by showing that

(i) reconfigured fuel is subcritical even with water inleakage or (ii) the package excludes water
under hypothetical accident conditions. Table 1-2 lists the characteristics and objectives of
each of these approaches.

Coordinate with the structural, materials, and criticality reviewers to ensure the applicant
includes the necessary analyses for and that the analyses adequately support the applicant’s
selected approach.

1.4.5 Drawings

Examine the engineering drawings. Verify that the information shown on the drawings is
consistent with that discussed in the text. Confirm that the criteria provided in Section 1.4 of this
SRP have been met.

For each package type described in Appendix A, “Description, Safety Features, and Areas of
Review for Different Types of Radioactive Material Transportation Packages,” to this SRP,
general guidance is provided on the safety functions of the package. Safety features are
described, and specific areas of technical review are identified in the text of Appendix A.
Technical review should focus on these features. Drawings should clearly identify, with
sufficient specificity, components and features that provide a safety function. The degree of
specificity should be commensurate with its safety function and the sensitivity of package
performance with the particular feature.

In general, the engineering drawings define the design that is authorized for shipment of
radioactive material. The packagings used for shipment must conform in all ways to the
engineering drawings that are referenced in the certificate of compliance. It is important,
therefore, to verify that the drawings capture the safety features that are needed to
ensure package performance under normal conditions of transport and hypothetical
accident conditions.



Table 1-2 Summary of Approaches for Demonstrating Subcriticality of SNF Under
the Requirements of 10 CFR 71.55(e)
(1) EVALUATIONS BASED ON RECONFIGURED FUEL
Approach Characteristics Objective

Criticality Assessment
of Bounding or Credible
Reconfigured Fuel
Geometries Assuming
Water Inleakage

1. Postulate bounding fuel configurations for
criticality.

2. Evaluate criticality and credibility of
bounding configurations based on basic
structural and material behavior.

3. Reduce reliance on material properties of
high-burnup fuel cladding and failure
criteria.

4. Perform criticality analyses of reconfigured
fuel for bounding configurations.

With water inleakage,
demonstrate subcriticality
of defined set of credible or
bounding fuel
configurations based on
criticality.

Criticality Assessment
of Reconfigured Fuel
Geometries Based on
Actual Structural and
Material Behavior
Assuming Water

1. Use material properties of high-burnup fuel
cladding and failure criteria.

2. Perform nonlinear finite element analysis of
fuel assemblies and fuel rods under drop
impact conditions.

3. Address failure modes and fuel rod failure

With water inleakage,
demonstrate subcriticality
of credible fuel
configurations based on
actual structural and
material behavior.

Inleakage distributions (probabilistic approach to the
distribution of material properties among This requires extensive
fuel rods). data for irradiated hydride
4. Develop credible fuel reconfiguration cladding material properties
geometries. for high-burnup fuels.
5. Perform criticality analyses of reconfigured These data are currently
fuel from structural analysis results. not available. Therefore,
the staff's view is that this
approach is currently not
practical.
(2) EVALUATIONS BASED ON MODERATOR EXCLUSION
Approach Characteristics Objective

Criticality Assessment
of Reconfigured Fuel
Assuming Moderator
Exclusion

1. Demonstrate water-tight barrier under
hypothetical accident conditions.

2. Perform drop test of package (i) OR inner
canister (ii) as described below.

(i) For Welded
Canister-Based
Systems:

Canister Drop Test as
Part of Impact Limiter
Testing

1. Include scale model of canister and
contents in transport package impact limiter
30-foot drop tests.

2. Perform relative leak-rate testing by testing
before and after each drop.

3. Demonstrate leakage rate acceptable to
prevent water inleakage.

Conduct physical test of
scaled canister to provide
added assurance of
moderator exclusion under
accident conditions.

(ii) For Canister-Based
Systems and Direct-
Loaded Packages:

Bolt Closure System
Test as Part of Impact
Limiter Testing

1. Include transport package bolt closure
system in scale model of package in 30-foot
drop tests of the impact limiter.

2. Perform relative leak rate testing by testing
before and after each drop.

3. Demonstrate leakage rate acceptable to
prevent water inleakage.

Conduct physical test of
scaled bolt closure system
to provide added assurance
of moderator exclusion
under accident conditions.




Ensure that reasonable tolerances for dimensions and weights are specified because packaging
features may be subject to some variability in fabrication. Not only does this assure the safety
performance of each packaging, it also provides flexibility for reasonable variation in the
fabrication of the packagings. Furthermore, it is important for demonstrating compliance and
facilitating inspection activities. For example, when tolerances are not specified, any slight
deviation in dimensions could cause the package to be out of compliance, even though the
deviation may not affect safety. Thus, drawings that are well-prepared and include appropriate
tolerances facilitate the inspection process.

Engineering drawings often include features that may not contribute to safety, but are part of the
package design. These features may be important for other reasons (e.g., ease of handling
radioactive material within a facility, product protection, or cosmetic reasons). It is important
that flexibility be allowed for these nonsafety features to eliminate unnecessarily restricting or
regulating nonsafety significant design features. However, it is often necessary to show the
features to ensure that the package configuration is authorized. For these cases, verify that the
drawing includes a general representation or optional configurations. The package descriptions
in Appendix A discuss the safety importance of certain package features, which varies between
designs. For example, the O-ring seals on Type B packages provide a safety function
(containment), whereas for a fresh fuel package, the O-ring seals only provide weather
protection for product cleanliness. The safety importance of the sealing system design and
specificity of the design information for these two packages would therefore be significantly
different. Verify that the drawings for the package show the seal surface and O-ring groove
details, including surface finish, groove dimensions within strict tolerances, and O-ring size,
type, and material. However, when reviewing a fresh fuel package, the applicant’s drawing may
note the presence of a gasket, but its use may be considered optional for safety in transport.

Some examples of package features that may be important to safety for some designs, but not
for others, include paint and coatings; seals, spacers, and dunnage; supplemental radiation
shielding; inner containers; outer packagings; impact limiters; or overpacks. For those package
features that are not important to safety in a design, the drawings do not need to show

detailed information.

NUREG/CR-5502 contains information useful for the technical review of packaging designs and
engineering drawings. NUREG/CR-5502 includes information on the purpose of the drawings
submitted with the package application and describes recommended format and technical
content for these drawings. In general, engineering drawings should focus on the safety
features of the package and the components that are important in the performance of the
package and in the package evaluation. NUREG/CR-6407, “Classification of Transportation
Packaging and Dry Spent Fuel Storage System Components According to Importance to
Safety,” also contains useful information about the safety significance of packaging components
and features. These documents may be useful for the reviewer in determining whether the
information provided is sufficiently detailed.

1.4.6 Appendix

There is no specific review procedures for the appendix. The information in the appendix
assists the review of the other sections. The appendix may include a list of references and
copies of any applicable references not generally available to the reviewer. The appendix may
also provide supporting details on special fabrication procedures, material specifications or
qualifications (if needed), and other appropriate supplemental information, as needed.
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1.5 Evaluation Findings

The safety evaluation report does not normally include specific findings for the General
Information section of the application. However, before proceeding with the review of the other
sections of the application, verify, at a minimum, that the following criteria have been met:

F1-1  The application describes the package in sufficient detail to provide an adequate basis
for its evaluation.

F1-2 Drawings contain information that provides an adequate basis for evaluation against
10 CFR Part 71 requirements. Each drawing is identified, consistent with the text of
the application, and contains keys or annotations to explain and clarify information on
the drawing.

F1-3 The application for package approval includes either a description of the
quality assurance program or a reference to the applicant’s approved
quality assurance program.

F1-4 The application for package approval identifies applicable codes and standards for the
package design, fabrication, assembly, testing, maintenance, and use.

F1-5 Drawings submitted with the application provide a detailed packaging description
that can be evaluated for compliance with 10 CFR Part 71 for each of the
technical disciplines.

F1-6  The application specifies any restrictions on the use of the package.

F1-7 The description of the contents meets the requirements in 10 CFR 71.63 (for packages
with plutonium contents).

F1-8 Any modifications to a previously approved package do not violate the restrictions in
10 CFR 71.19, “Previously Approved Package.”



1.6 References
10 CFR Part 71, “Packaging and Transportation of Radioactive Material.”
10 CFR 2.390, “Public Inspections, Exemptions, Requests for Withholding.”

International Atomic Energy Agency, “Regulations for the Safe Transport of Radioactive
Material,” Specific Safety Requirements No. 6 (SSR-6), 2012 Edition, Vienna.

Regulatory Guide 7.9, U.S. Nuclear Regulatory Commission, “Standard Format and Content of
Part 71 Applications for Approval of Packages for Radioactive Material,” Agencywide Document
Access and Management System (ADAMS) Accession No. ML050540321.

Regulatory Guide 7.11, U.S. Nuclear Regulatory Commission, “Fracture Toughness Criteria of
Base Material for Ferritic Steel Shipping Cask Containment Vessels with a Maximum Wall
Thickness of 4 Inches (0.1 m),” ADAMS Accession No. ML003739413.

NUREG/CR-5502, U.S. Nuclear Regulatory Commission, “Engineering Drawings for
10 CFR Part 71 Package Approvals,” UCRL-10-130438, Lawrence Livermore National
Laboratory, Livermore, CA, May 1998.

NUREG/CR-6407, U.S. Nuclear Regulatory Commission, “Classification of Transportation
Packaging and Dry Spent Fuel Storage System Components According to Importance to
Safety,” INEL-95/0551, Idaho National Engineering Laboratory, Idaho Falls, ID, February 1996.

NUREG/CR-6716, U.S. Nuclear Regulatory Commission, “Recommendations on Fuel
Parameters for Standard Technical Specifications for Spent Fuel Storage Casks,”
ORNL/TM-2000/385, Oak Ridge National Laboratory, Oak Ridge, TN, March 2001.



2 STRUCTURAL EVALUATION

21 Review Objective

The objective of this U.S. Nuclear Regulatory Commission (NRC) structural evaluation is to
verify that the applicant has adequately evaluated the structural performance of the package
(packaging together with contents) so that it meets the regulations in Title 10 of the Code of
Federal Regulations (10 CFR) Part 71, “Packaging and Transportation of Radioactive Material.”

2.2 Areas of Review

The NRC staff should review the application to verify that it adequately describes the package
and includes adequately detailed drawings. In general, the staff should review the following
information to determine the adequacy of the package description:

. description of structural design

— descriptive information including weights and centers of gravity
— identification of codes and standards

. general requirements for ALL packages

— minimum package size
— tamper-indicating feature
— positive closure

— package valve

. lifting and tie-down standards for all packages

— lifting devices
— tie-down devices

o general considerations for structural evaluation of packaging

— evaluation by analysis
— evaluation by test

o normal conditions of transport

— heat

— cold

— reduced external pressure
— increased external pressure
— vibration

— water spray

— free drop

— corner drop

— compression

— penetration
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. hypothetical accident conditions

— free drop

— crush

— puncture

— thermal

— immersion—fissile material
— immersion—all material

o air transport accident conditions for fissile material

— free drop test

— crush test

— puncture test

— thermal test

— 90-meter-per-second (m/s) impact test

special requirements for Type B packages containing more than 10° A,
. air transport of plutonium
appendix

2.3 Requlatory Requirements and Acceptance Criteria

This section provides a summary of those sections of 10 CFR Part 71 relevant to the structural
review areas addressed in this standard review plan (SRP) chapter. Table 2-1 identifies the
relevant regulatory requirements and the areas of review covered by this chapter. The reviewer
should verify the association of regulatory requirements with the areas of review presented in
these tables to ensure that no requirements are overlooked as a result of unique applicant
design features.

The structural evaluation seeks to ensure that the transportation package design under review
meets the applicable regulatory requirements and fulfills the acceptance criteria. Section 2.4 of
this SRP chapter describes the application of the regulations and the acceptance criteria for
each of the review areas listed in Table 2-1.

Acceptability of the design of the packages used for the transport of radioactive materials, as
described in the application, is based on compliance with the requirements of 10 CFR Part 71
and regulatory guidance.

The package must have adequate structural performance to meet the containment, shielding,
subcriticality, and temperature requirements of 10 CFR Part 71 under normal conditions of
transport, hypothetical accident conditions, and air transport conditions, as applicable.

2.4 Review Procedures

For the structural evaluation, the NRC staff should ensure that the application adequately
describes and evaluates the package design under the normal conditions of transport, the
hypothetical accident conditions, and air transport conditions to demonstrate sufficient structural
integrity to meet the requirements of 10 CFR Part 71.
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Table 2-1 Relationship of Regulations and Areas of Review for Transportation
Packages

Applicable 10 CFR Part 71 Structural Regulations

Areas of Review 10120 33171.35(71.41]71.43(71.45(71.51|71.5571.61|71.64(71.7171.73[71.74

Description of (a)(1)
structural design () |@®) (@)

Lifting and tie-down
standards for (a),(b)

packages
(a)

General @)(2) (a) (b).(c)

considerations ©)
ranamor e ! @ | @)(1)|(@)2) .

Hypothetical
accident conditions (@) (@)2)| (e) °

Air transport
accident conditions (f)
for fissile material

Special
requirements for
Type B packages °
containing more
than 105 Ao.

Air transport of

. [ ] [}
plutonium

Note: The bullet (o) indicates the entire regulation as listed in the column heading applies.

The structural evaluation is based in part on the descriptions and evaluations presented in the
General Information, Thermal, and Materials sections of the application. The results of the
structural review are considered in the reviews of thermal, containment, shielding, criticality,
operating procedures, and acceptance tests and maintenance program technical areas. Thus,
reviews of all the sections of the application take into account the results of the structural
evaluation. An example of this information flow for the structural evaluation is shown in

Figure 2-1.

241 Description of Structural Design
2.4.1.1 General

Review drawings and other descriptions of the structural design in the General Information and
Structure Evaluation sections of the application. Ensure that the information describes the
function, geometry, and material of construction of all structural components of the packaging
and its lifting and tie-down devices. The information should be sufficient for evaluating the
structural performance of the packaging to meet the regulatory requirements, which include
containment, shielding, and maintaining subcriticality of the radioactive contents under the
normal conditions of transport and the hypothetical accident conditions. Verify that the data
used in the structural evaluation are consistent with those on the drawings and descriptions
of the structural design in the application.

Verify that packaging drawings provided in the General Information and Structural Evaluation
sections of the application specify the materials of construction, dimensions, tolerances, and
fabrication methods of the packaging and subassemblies, receptacles, internal or external
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Figure 2-1

Information Flow for the Structural Evaluation
support structures, valves and ports, lifting devices, tie-down devices, and other design features

relevant to the structural evaluation. Ensure that the application includes descriptive

information, such as the maximum and minimum weight of the package, the maximum weight

of the contents, the center of gravity (c.g.) of the package, and the maximum normal

operating pressure.




Review the package description presented in the General Information and Structural
Evaluation sections of the application. Descriptive information important to structures includes
the following:

. dimensions, tolerances, and materials

. code of record and alternatives to specify the American Society of Mechanical Engineers
(ASME) Boiler and Pressure Valve (B&PV) Code requirements

. maximum and minimum weights and centers of gravity of packaging and
major subassemblies

. maximum and minimum weight of contents, if appropriate
. maximum normal operating pressure

. description of closure system

. description of handling requirements

. fabrication methods, as appropriate

Confirm that the text and sketches describing the structural design features are consistent with
the engineering drawings and the models used in the structural evaluation. In accordance with
10 CFR 71.31(a)(1), the structural description must meet the applicable requirements of

10 CFR 71.33(a) and (b).

2.4.1.2 Identification of codes and standards for package design

Verify that the codes and standards are appropriate for the intended purpose and are properly
applied. In accordance with 10 CFR 71.31(c), ensure that the application identifies established
codes and standards or justifies the basis used for the package design and fabrication. Use the
following criteria to verify that the code or standard applies:

. The code or standard was developed for structures of similar design and material, if not
specifically for shipping packages.

° The code or standard was developed for structures with similar loading conditions.

° The code or standard was developed for structures that have similar consequences
of failure.

. The code or standard adequately addresses potential failure modes.

. The code or standard adequately addresses margins of safety.

NUREG/CR-3854, “Fabrication Criteria for Shipping Containers,” issued March 1985, identifies
codes and standards that may be used for fabricating components of spent nuclear fuel (SNF)
transportation packaging based on the container contents.
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American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel (B&PV) Code,
Section Ill, Division 3 was developed specifically for the design and construction of the
containment systems of a SNF or radioactive waste transportation packaging. The NRC may
accept the material, design, fabrication, welding, examination, testing, inspection, and
certification of containment systems for SNF transportation packages, in accordance with the
B&PV Division 3 Code.

In general, the NRC accepts the use of the most recent code year for the design of shipping
packages for new applications. ASME B&PV Code, Section llI, Division 1, Subsection
NCA-1140 has provisions for the use of ASME B&PV Division 1 code editions, addenda, and
cases that apply to both new applications and amendments. ASME B&PV Code, Section lll,
Division 3, Subsection WA-1140 has provisions for the use of ASME B&PV Division 3 code
editions, addenda, and cases for all submissions. The NRC may consider alternatives to this
guidance on a case-by-case basis.

If there are any deviations from the ASME B&PV Code, ensure that the application explicitly
states the justification for the deviation.

The following NRC regulatory guides (RG) and NUREGSs provide guidance for structural design
evaluation of packages using information from existing codes and practices:

o RG 7.6, “Design Criteria for the Structural Analysis of Shipping Cask Containment
Vessels,” provides design stress criteria for the containment system of
Type B packages.

) RG 7.8, “Load Combinations for the Structural Analysis of Shipping Casks for
Radioactive Material,” identifies the load combinations to be used in package
design evaluation.

) RG 7.9, “Standard Format and Content of Part 71 Applications for Approval of
Packages for Radioactive Material,” provides the standard format for the safety analysis
report (SAR).

o RG 7.11, “Fracture Toughness Criteria of Base Material for Ferritic Steel Shipping Cask

Containment Vessels with a Maximum Wall Thickness of 4 Inches (0.1 m),” and

RG 7.12, “Fracture Toughness Criteria of Base Material for Ferritic Steel Shipping Cask
Containment Vessels with a Wall Thickness Greater than 4 Inches (0.1 m) But Not
Exceeding 12 Inches (0.3 m),” describe criteria for precluding brittle fracture in package
containers made of ferritic steels.

o NUREG/CR-6322, “Buckling Analysis of Spent Fuel Basket,” issued May 1995, provides
guidance for buckling analysis of SNF baskets.

o NUREG/CR-6007, “Stress Analysis of Closure Bolts for Shipping Casks,” issued
April 1992, provides guidance and criteria for design analysis of closure bolts
for packages.

. NUREG/CR-3019, “Recommended Welding Criteria for Use in the Fabrication of

Shipping Containers for Radioactive Materials,” issued March 1984, presents criteria for
transportation package welds.
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° Guidance applicable for trunnions is provided in NUREG-0612, “Control of Heavy Loads
at Nuclear Power Plants,” issued July 1980, and American National Standards
Institute N14.6, “Special Lifting Devices for Shipping Containers Weighing
10,000 Pounds (45,000 kg) or More for Nuclear Materials.”

Attachment 2A to this SRP chapter provides guidance for the review of computational
modeling software.

Ensure that the application clearly describes the methodology, approach, and the assumptions
used in the buckling analysis of irradiated fuel elements, including Tritium-Producing Burnable
Absorber Rods (see Appendix E, “Description and Review Procedures for Irradiated
Tritium-Producing Burnable Absorber Rods Packages” to this SRP), under bottom-end
package-drop conditions. If the application uses the simplified approach, as described in the
Lawrence Livermore National Laboratory report UCID-21246, “Dynamic Impact Effects on
Spent Fuel Assemblies,” dated October 20, 1987, ensure that the analysis uses the irradiated
fuel properties and the weight of the fuel pellets, in addition to cladding weight, for more
realistic results.

Alternatively, an analysis of fuel element integrity, which considers the dynamic nature of the
drop accident and any restraints on fuel movement resulting from the package design, is
acceptable if it demonstrates that the cladding stress remains below the yield strength. If a finite
element analysis is performed, the analysis model may consider the entire fuel element length
with intermediate supports at each grid support (spacers). Ensure that the analysis considers
irradiated material properties and the weight of fuel pellets.

24.2 General Requirements for All Packages
2.4.2.1 Minimum package size

Review the drawings in the application to determine whether the package meets the minimum
package size of 10 CFR 71.43(a).

2.4.2.2 Tamper-indicating feature

In accordance with 10 CFR 71.43(b), ensure that the application describes the package closure
system in sufficient detail to show that it incorporates a protective feature that, while intact, is
evidence that unauthorized persons have not tampered with the package. This description
should include covers, ports, or other access that must be closed during normal transportation.
Ensure that the description also includes tamper indicators and their location.

2.4.2.3 Positive closure

In accordance with 10 CFR 71.43(c), ensure that the application describes the package
closure system in sufficient detail to show that it cannot be inadvertently opened. This
description should include covers, valves, or any other access that must be closed during
normal transportation.

2.4.2.4 Package valve

In accordance with 10 CFR 71.43(e), ensure that the application describes any valve or other
device, the failure of which would allow radioactive contents to escape, in sufficient detail to
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determine whether it is protected against unauthorized operation. Ensure that the description
includes any enclosure to retain any leakage. This enclosure does not apply to pressure-
relief valves.

243 Lifting and Tie-Down Standards for All Packages
2.4.3.1 Lifting devices

Review the design and evaluation of those lifting devices that are a structural part of the
package, their connection with the package body, and the package body in the local area
around the lifting devices. Verify that the design, testing, and analyses demonstrate that these
devices comply with the following requirements of 10 CFR 71.45(a):

° Any lifting attachment that is a structural part of the package must be designed with a
minimum safety factor of three against yielding when used to lift the package in the
intended manner.

. Any lifting attachment that is a structural part of the package must be designed so that
its failure under excessive load would not impair the ability of the package to meet
other requirements.

Verify that the packaging drawings show the location and construction of the lifting devices. Any
other structural part of the package that could be used to lift the package must be rendered
inoperable for lifting during transport or be designed with strength equivalent to that required for
lifting attachments.

2.4.3.2 Tie-down devices

Review the design and evaluation of the tie-down devices that are a structural part of the
package, their connection with the package body, and the package body in the local area
around the tie-down devices. Verify that the design, testing, and analyses demonstrate that
these devices comply with the following requirements of 10 CFR 71.45(b):

. Any tie-down device that is a structural part of the package must be capable of
withstanding, without generating stress in any material of the package in excess of its
yield strength, a static force applied to the c.g. of the package having a vertical
component of 2 times the weight of the package with its contents, a horizontal
component along the direction in which the vehicle travels of 10 times the weight of the
package with its contents, and a horizontal component in the transverse direction of
5 times the weight of the package with its contents.

. A tie-down device that is a structural part of the package must be designed so that its
failure under excessive load would not impair the ability of the package to meet
other requirements.

Verify that the packaging drawings show the location and construction of the tie-down devices.
Any other structural part of the package that could be used to tie down the package must be
rendered inoperable for tying down the package during transport or be designed with strength
equivalent to that required for tie-down devices.
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244 General Considerations for Structural Evaluation of Packaging

Review the evaluations in the application to ensure that they demonstrate that the analyses or
tests used to evaluate the package under the normal conditions of transport and the
hypothetical accident conditions have been adequately performed, and that the structural
performance of the package meets the following requirements of 10 CFR 71.41(a):

o The initial conditions (e.g., temperature, pressure, and residue heat) used are the most
limiting for test or loading conditions of the packaging (see RG 7.8 for further guidance).

. The evaluation methods employed are appropriate for loading conditions considered and
follow accepted practices and precepts.

° Interpretations of evaluation results are correct.

. The drop orientations considered in the evaluation are the most damaging. Note that
the most damaging orientation for one component may not be the worst case for
another component.

o Design criteria have been properly applied (see RG 7.6 for further guidance).
2.4.4.1 Evaluation by analysis

If the structural evaluation is by analysis, include the following elements, at a minimum, in the
review of the application:

. Verify that the application clearly describes the analysis models, methods, and results
including all assumptions and input data used. The analysis model should adequately
represent the geometry, boundary conditions, loading, material properties, and structural
behavior of the packaging analyzed.

. Verify that the applicant provided information on any computer-based modeling, as
described in Attachment 2A to this SRP chapter, and review the structural analysis the
applicant submitted, in accordance with the attachment.

° Verify that for each structural analysis, the application includes information on any
computer-based modeling, as described in Attachment 2A to this SRP chapter, and
review the structural analysis the applicant submitted in accordance with the attachment.

o Verify that the material model and properties are appropriate for the analyses. If the
analysis is an elastic analysis, ensure that the material also is modeled as an elastic
material. If the analysis is inelastic, ensure that the application reflects use of the actual
material behavior or a conservative elastic-plastic material model representing the actual
material. The application should describe how the material properties were obtained
and why the material model is appropriate for the loading conditions considered. For
analyses involving large strains, verify that the application reflects use of a stress-strain
curve for that material. Wood properties can vary greatly depending on species,
orientation (direction of loading with respect to the grain direction), temperature, and
moisture content. Refer to Section 7.4.4.4 of this SRP for further information on
wood material.
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Verify that the applied (force and displacement) boundary conditions in the analysis
model are appropriate. For free-drop impact analyses of packages with “soft” impact
limiters, impact loads for package components are usually derived from a rigid-body
dynamic analysis of the package and used in a quasi-static analysis of the components.
Verify that the applicant applied a dynamic amplification factor to the equivalent static
load to account for all vibration effects that have been ignored in the rigid-body dynamic
and quasi-static analyses. A summary of the quasi-static and rigid-body dynamic
analyses methods for impact analysis is provided in NUREG/CR-3966, “Methods for
Impact Analysis of Shipping Containers,” issued November 1987, and UCRL-ID-121673,
“Guidelines for Conducting Impact Tests on Shipping Packages for Radioactive
Material,” issued September 1995.

Verify that the solution method is appropriate for the evaluation. If the applicant used a
computer program, verify the validity and reliability of the computer program. Ensure
that the application describes the solution method, the benchmarking results, and the
quality assurance program for maintaining and using the computer code.

Verify that applicant evaluated the most critical combinations of environmental and
loading conditions. At a minimum, ensure that the evaluation covers all the initial and
loading conditions listed in RG 7.8. In addition, verify that the applicant evaluated all
critical free-drop orientations, assuming that the impact could be at any angle. In
general, the drop orientations that should be evaluated consist of two groups: (i) drops
that produce the highest g-loads to be used for impact analysis of the package
components, and (ii) drops that attack the most vulnerable orientations and parts of the
packaging (i.e., bolts, seals, valves, and ports). The first group includes drops with the
package c.g. located directly above the center of the impact area. These drops are the
end drops, the side drops, and the c.g.-over-corner drops. This group also includes
slap-down drops where the package c.g. is not directly above the impact area. A
slap-down drop of a long package can produce a high g-load in the second impact
because of a whipping action generated by the force of the first impact. The number of
drops in the second group will depend on the vulnerability of the packaging components
and their structural failure modes. Components vulnerable to impact loads should be
protected from direct impacts by employing special design features such as recessed
construction, protective cover plate, and impact limiter. Verify that the applicant
evaluated the consequences of all credible drops.

Verify that the analysis results are correctly interpreted or used to demonstrate adequate
margins of safety of the structural design. The maximum stresses or strains should be
compared with corresponding design allowances specified in the code. Verify that the
application shows the response of the package to loads and load combinations in terms
of stress and strain to components and structural members. Verify that the applicant
evaluated structural stability of individual members, as applicable.

Evaluation by test

If the structural evaluation is by test, include the following elements, at a minimum, in the review
of the application:

Verify that the test procedures, test equipment, and the impact pad are adequate for
package impact testing. UCRL-ID-121673 provides recommendations for package drop
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testing, including the use of reduced-scale models, which are commonly used for testing
SNF packages.

Verify that the test specimen is fabricated using the same materials, methods, quality
assurance, and inspection specifications, as stated in the design documents. Ensure
that the application identifies any differences and includes an evaluation of the effects.
The specimens should include all safety components to be tested as well as
components that are expected to significantly affect the test results. Substitutes for the
radioactive contents during the tests should have the same structural properties as the
actual contents. Verify that the substitutes have the same mass and same interaction
with the surrounding packaging component as the actual contents. The same criteria
should be used for all other simulated components to ensure that the simulated parts do
not alter the test results. Verify that the scale-model test specimen is properly scaled,
fabricated, and instrumented (if applicable). In general, scale models do not provide
reliable data to determine the leakage rate of the package. Verify that effects related to
the size of the scale-model test article are not significant. Verify that the application
provides data to show that the size effect can be ignored if a reduced-scale model
(smaller than 1/4-scale) is used.

Review the description of the surface (e.g., material, mass, and dimensions) used for the
free-drop and crush test. Confirm that the surface is essentially unyielding, as specified
in 10 CFR 71.73(c)(1).

Review the description of the steel bar (e.g., material, dimensions, orientation, and
method of mounting) used for the puncture test. Confirm that the steel bar is securely
attached to an essentially unyielding surface, has sufficient length to cause maximum
damage to the package, and meets the other specifications of 10 CFR 71.73(c)(3).

Verify that the selected drop orientations are sufficient for a thorough test of all critical
components of the package and the selection is supported by sound analysis or
reasoning. Apply the criteria in Section 2.4.4.1 of this SRP for the selection of critical
drop orientation for analysis, as appropriate. Verify that the methods and instruments
are adequate for the measurements and that the measurements are sufficient for
describing the structural response or damage, including both interior and exterior
damage of the test specimen.

Verify that all test results are evaluated and their structural integrity implication
interpreted. The test conclusions should be valid and defensible. Discuss with the
applicant any unexpected or unexplainable test results, indicating possible testing
problems or previously unknown specimen behavior. In each test, ensure the test
measurements, damage, and observations are consistent with each other. Identify any
inconsistencies and explain their possible causes in the application. Identify any
unreliable results and assess the need for additional tests. If the package is
permanently deformed or damaged, evaluate the possibility of further damage by
subsequent test conditions. In addition, if the final damage is severe, evaluate the
margin of safety of the package design against an unacceptable structural failure
scenario, such as a sudden or total collapse or rupture. If acceptance tests are
performed on the specimen after the structural testing, ensure the acceptance tests are
performed according to appropriate codes and standards.

Review the video and photos of the tests, if available.
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. Verify that the tests demonstrate an adequate margin of safety. The test results should
clearly show that the effects of the tests can be reliably reproduced. Verify that the
description of the test results includes a discussion of the effects of uncertainties in
mechanical properties, test conditions, and diagnostics.

o Review the criteria for evaluating pass or fail for the test conditions. Compare the test
results with these criteria.

245 Normal Conditions of Transport

The evaluation of the package under the normal conditions of transport is based on the effects
of the tests and conditions specified in 10 CFR 71.71. These tests must not result in a decrease
in package effectiveness, as specified in 10 CFR 71.43(f), nor in any of the following conditions:

. loss or dispersal of contents

. structural changes reducing the effectiveness of components required for shielding, for
heat transfer, or for maintaining subcriticality or containment

. changes to the package affecting its ability to withstand the hypothetical
accident conditions

As required by the initial conditions of 10 CFR 71.71(b), the ambient air temperature before and
after the tests must remain near constant, at that value between -29 and +38 degrees Celsius
[-20 and +100 degrees Fahrenheit] most unfavorable for the feature under consideration. The
initial internal pressure within the containment system must be the maximum normal operating
pressure unless a lower internal pressure consistent with the ambient temperature assumed to
precede and follow the tests is more unfavorable. Separate specimens may be used for the
free-drop test, the compression test, and the penetration test, as long as each specimen is
subjected to the water spray test before being subjected to any of the other tests.

Coordinate with the containment reviewer to verify that the applicant demonstrates that there
would be no loss or dispersal of radioactive contents, as specified in 10 CFR 71.51(a)(1).

Coordinate with the criticality reviewer, as appropriate, to verify that the applicant demonstrates
that the geometric form of the fissile content will not be substantially altered from vibration and a
1-foot drop, as specified by 10 CFR 71.55(d)(2).

See RG 7.8 for the applicability of some of the tests based on the size of the package. The
NRC staff has determined that some of the tests from 10 CFR 71.71 may not have any
significance for large shipping packages.

2.4.5.1 Heat
Verify that the heat-loading condition, as required by 10 CFR 71.71(c)(1), will not compromise
the structural integrity of the package. Confirm that the evaluation of thermal performance and

the maximum temperatures under the heat conditions are consistent with the Thermal
Evaluation section of the application.
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There are two sources of thermal stresses. These stresses can be caused by either spatial
temperature gradients in constrained package components or by interference between
components from the different thermal expansions of the components.

Review the circumferential and axial deformations and stresses (if any) that result from
differential thermal expansion. The evaluation should consider possible interferences resulting
from a reduction in gap sizes. Verify that the stresses are within the limits for normal

condition loads.

Verify that the evaluations are based on the maximum ambient temperature and the design
pressure in combination with the maximum internal heat load. For specified components of the
package (e.g., elastomer seal and neutron shield material), coordinate with the appropriate
reviewer to evaluate the maximum temperatures and their effect on the operation of the
package. In addition, coordinate with the materials reviewer to determine the effect of time and
temperature on the structural properties of the materials. The evaluation should demonstrate
that repeated cycles of thermal loadings, together with other loadings, will not result in fatigue
failure or extensive accumulations of deformations.

2.4.5.2 Cold

Confirm that the evaluation of thermal performance and the maximum temperatures under the
cold condition, as required by 10 CFR 71.71(c)(2), are adequate and consistent with the
Thermal Evaluation section of the application. Verify that the evaluations consider the minimum
internal pressure with the minimum internal heat load (typically assumed to be no decay heat)
and any residual fabrication stresses. Verify that the applicant has considered differential
thermal expansions that could result in possible geometric interferences. Verify that the
applicant also considered possible freezing of liquids.

Verify that the stresses are within the limits for normal condition loads.
2.4.5.3 Reduced external pressure

Confirm that the application adequately evaluates the package design for the effects of reduced
external pressure equal to 25 kilopascals (kPa) [3.5 pounds per square inch (psi)] absolute as
required by 10 CFR 71.71(c)(3). Verify that the application considers the greatest possible
pressure difference between the inside and outside of the package as well as the inside and
outside of the containment system.

2.4.5.4 Increased external pressure

Confirm that the application adequately evaluates the package design for the effects of
increased external pressure equal to 140 kPa [20 psi] absolute as required by

10 CFR 71.71(c)(4). Verify that the application considers this loading condition in combination
with minimum internal pressure. Verify that the application considers the greatest possible
pressure difference between the inside and outside of the package as well as the inside and
outside of the containment system. Ensure that the applicant has considered the possibility of
buckling of the containment boundary.
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2.4.5.5 Vibration and fatigue

Confirm that the application adequately evaluates the package design for the effects of vibration
normally incident to transport as required by 10 CFR 71.71(c)(5). Verify that the application
includes a determination of the acceleration from vibration by test or analysis. The applicant
should provide a fatigue analysis for highly stressed systems, considering the combined
stresses from vibration, temperature, and pressure loads. If closure bolts are reused, verify that
the fatigue evaluation includes the bolt preload. NUREG/CR-6007 provides guidance on bolt
evaluation. Verify that a resonant vibration condition, which can cause rapid fatigue damage, is
not present in any packaging component. Consider the effect on package internals. Additional
guidance for vibration evaluation is provided in NUREG/CR-0128, “Shock and Vibration
Environments for a Large Shipping Container during Truck Transport (Part Il),” issued

May 1978, and NUREG/CR-2146, “Dynamic Analysis to Establish Normal Shock and Vibration
of Radioactive Material Shipping Packages,” issued October 1983.

2.4.5.6 Water spray

Review the package design for the effects of the water spray test that simulates exposure to
rainfall of approximately 5 centimeters [2 inches] for at least 1 hour as required by
10 CFR 71.71(c)(6). Verify that this test does not significantly affect material properties.

2.4.5.7 Free drop

Review the package design for the effects of the free-drop test required by 10 CFR 71.71(c)(7).
The application should address factors such as drop orientation; effects of free drop in
combination with pressure, heat, and cold temperatures; and other factors discussed in

this section.

Review the evaluation of the closure lid bolt design, port cover plates, and other package
components for the combined effects of free-drop impact force, internal pressures, thermal
stress, and all other concurrently applied forces (e.g., O-ring seal compression force and bolt
preload). NUREG/CR-6007 provides guidance on bolt evaluation.

Review the evaluation of other package components, such as port covers, port cover plates,
and shield enclosures, for the combined effects of package drop impact force, internal
pressures, and thermal stress.

2.4.5.8 Corner drop

Review the package design for the effects of the corner-drop test required by

10 CFR 71.71(c)(8). This test applies only to rectangular fiberboard, wood, or fissile material
packages not exceeding 50 kilograms (kg) [110 pounds (Ib)] and cylindrical fiberboard, wood, or
fissile material packages not exceeding 100 kg [220 Ib]. This test is generally not applicable to
SNF packages, because of their weight exceedance.

2.4.5.9 Compression
Review the package design for the effects of the compression test required by
10 CFR 71.71(c)(9). This test applies only to packages weighing up to 5,000 kg [11,000 Ib].

This test is generally not applicable to SNF packages because their weight exceeds
5,000 kg [11,000 Ib].
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2.4.5.10 Penetration

Review the evaluation of the package for the penetration condition required by
10 CFR 71.71(c)(10). Verify that the most vulnerable orientation and location of the package
have been considered for this test condition.

246 Hypothetical Accident Conditions

Verify that the evaluation under hypothetical accident conditions is based on a sequential
application of the tests specified in 10 CFR 71.73, in the order indicated, to determine their
cumulative effect on a package. The evaluation of the ability of a package to withstand any one
test must consider the damage that resulted from the previous tests. In addition, as stated
above, the tests under normal conditions of transport must not affect the package’s ability to
withstand the hypothetical accident condition tests.

Coordinate with the containment reviewer to verify that the applicant demonstrated that there
would be no loss or dispersal of radioactive contents as specified in 10 CFR 71.51(a)(2).

Coordinate with the criticality reviewer, as appropriate, to verify that the application
demonstrates the requirements of 10 CFR 71.55(e).

Confirm that the evaluation demonstrates that the package has adequate structural integrity to
satisfy the containment, shielding, and subcriticality requirements of 10 CFR Part 71 under the
hypothetical accident conditions, considering the following:

o Inelastic deformation of the containment closure and seal system is generally
unacceptable for the containment evaluation.

o Review the deformation of shielding components with respect to the
shielding evaluation.

o Review the deformation of components required for heat transfer or insulation, in terms
of the thermal evaluation.

o Review the deformation of components required for subcriticality, in terms of the
criticality evaluation.

The applicant may use either of two approaches to demonstrate that the package remains
subcritical: (i) showing that reconfigured fuel is subcritical even with water inleakage, or

(i) showing that the package excludes water under hypothetical accident conditions. For the
first approach, ensure that the applicant developed the reconfigured fuel geometries based on
the material properties of the spent fuel cladding and impact loads imposed on the fuel
assemblies. For the second approach, ensure that the applicant showed that there would be no
inelastic deformation of the containment closure system (e.g., bolt closure or welded region of a
canister) under hypothetical accident conditions. Coordinate with the materials and criticality
reviewers to determine and evaluate the applicant’s approach, in accordance with Chapter 1,
“General Information Evaluation,” of this SRP.

With respect to the test conditions required by 10 CFR 71.73(b), except for the water immersion

tests, verify that the ambient air temperature before and after the tests remains at that value
between -29 and +38 degrees Celsius (-20 and +100 degrees Fahrenheit), which is the most
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unfavorable for the feature under consideration. The initial internal pressure within the
containment system must be the maximum normal operating pressure, unless a lower internal
pressure consistent with the selected ambient temperature is less favorable.

2.4.6.1 Free drop

Review the evaluation of the package for the free-drop test as required by 10 CFR 71.73(c)(1).
Verify that the applicant evaluated structural integrity for the drop orientation that produces the
highest g-load and causes the most severe damage, including c.g.-over-corner, oblique
orientation with secondary impact (slap down), side drop, and drop onto the closure. The most
damaging orientation for one component might not be the most damaging orientation for
another component. If a feature such as a tie-down component is a structural part of the
package, verify that it is included in the drop-test configurations and the drop orientation.

Evaluate the effects of lead slump for a package with lead shielding. The lead slump
determined by the applicant should be consistent with that used in the shielding evaluation.

Review the evaluation of the closure lid bolt design, port cover plates, and other package
components for the combined effects of free-drop impact force, internal pressures, thermal
stress, and all other concurrently applied forces (e.g., O-ring seal compression force and bolt
preload). NUREG/CR-6007 provides guidance on bolt evaluation.

Review the evaluation of other package components, such as port covers, port cover plates,
and shield enclosures, for the combined effects of package drop impact force, internal
pressures, and thermal stress.

Review the impact pad used for the free-drop test to ensure that the evaluation used an
essentially unyielding pad of adequate size.

Ensure that the applicant has considered buckling of package components.
2.4.6.2 Crush

If applicable, review the evaluation of the package for the dynamic crush condition required by
10 CFR 71.73(c)(2). Verify that the applicant justified its choice for the most unfavorable
orientation. This test is only specified for packages with a mass not greater than 500 kg

[1,100 Ib], density not greater than water, and radioactive contents greater than 1,000 A2, not as
special form material.

This test is generally not applicable to SNF packages.

2.4.6.3 Puncture

Review the evaluation of the package for the puncture test required by 10 CFR 71.73(c)(3).
Verify that the application has identified and justified the orientation and location for which

maximum damage would be expected. Consider any damage resulting from the free-drop and
crush conditions when evaluating this test.

Although analytical methods are available for predicting puncture, empirical formulas derived

from puncture test results of laminated panels are sometimes used for determining the package
surface-layer thickness required for resisting punctures. The Nelm’s formula, developed
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specifically for package design, provides the minimum thickness needed for preventing the
puncture of the steel surface layer of a typical steel-lead-steel laminated cask wall.
NUREG/CR-4554, “SCANS (Shipping Cask Analysis System): A Microcomputer Based Analysis
System for Shipping Cask Design Review,” Volume 7, issued February 1990, provides an
empirical formula for puncture evaluation based on empirical and analytical puncture studies.
The formula is applicable for puncture at an angle normal to the surface and at a location away
from a stiff support under the surface. The formula is conservative for solid packaging walls, but
may be nonconservative for punctures at an oblique angle, where the delivery of the puncture
energy is more concentrated than in a right-angle impact. Fortunately, there are few oblique
punctures that can involve the total impact energy. In general, oblique punctures may be critical
for thin-shelled packages that require only a fraction of the total impact energy to penetrate the
packaging wall. Additional considerations in puncture testing are identified in NRC

Bulletin 97-02, “Puncture Testing of Shipping Packages Under 10 CFR Part 71,” dated
September 23, 1997.

Verify that punctures at oblique angles, near a support, at a valve, and at a penetration have
been considered in the evaluations, as appropriate.

2.4.6.4 Thermal

Verify that applicant evaluated the structural package design for the effects of a fully engulfing
fire, as specified in 10 CFR 71.73(c)(4). Any damage resulting from the free-drop, crush, and
puncture conditions must be incorporated into the initial condition of the package for the fire test.
Confirm that the determination of the maximum pressure in the package during or after the test
considers the temperatures resulting from the fire and any increase in gas inventory caused by
combustion or decomposition processes. Verify that the applicant evaluated the maximum
thermal stresses, which can occur either during or after the fire, and that the results are
consistent with the Thermal Evaluation section of the application.

2.4.6.5 Immersion—fissile material

If the contents include fissile material, subject to the requirements of 10 CFR 71.55, “General
Requirements for Fissile Material Packages,” and if water inleakage has not been assumed for
the criticality analysis, review the evaluation of the damaged test specimen (i.e., after free-drop,
puncture, and fire) immersed under a head of water of at least 0.9 meter [3 feet] in the
orientation for which maximum leakage is expected, as required by 10 CFR 71.73(c)(5).

2.4.6.6 Immersion—all packages

Review the evaluation of a separate, undamaged specimen subjected to water pressure
equivalent to immersion under a head of water of at least 15 meters [50 feet], as required by
10 CFR 71.73(c)(6). For test purposes, an external pressure of water of 150 kPa [21.7 psi]
gauge is considered to meet these conditions.

247 Air Transport Accident Conditions for Fissile Material
In addition to the regulations that govern fissile materials in general (10 CFR 71.55), verify that
the package is designed and constructed and its contents limited so that it would be subcritical

for air transport, as applicable. Air transport conditions are based on a sequential application of
the tests specified in 10 CFR 71.55(f)(1), in the order indicated, to determine their cumulative
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effect on a package. Ensure that the evaluation of the ability of a package to withstand any one
test considers the damage that resulted from the previous tests.

Review the deformation of components required for subcriticality, in terms of the criticality
evaluation. Specifically, the following sections describe the tests to be evaluated.

2.4.7.1 Free drop

Evaluate in accordance with 10 CFR 71.73(c)(1) and as described in Section 2.4.6.1 of this
SRP chapter.

2.4.7.2 Crush test

Evaluate in accordance with 10 CFR 71.73(c)(2) and as described in Section 2.4.6.2 of this
SRP chapter.

2.4.7.3 Puncture test

Review the evaluation of the package for the puncture test as specified in

10 CFR 71.55(f)(1)(iii). Verify that the application identifies and justifies the orientation and
location for maximum damage. Consider any damage resulting from the free-drop and crush
conditions when evaluating this test.

2.4.7.4 Thermal Test

Evaluate in accordance with 10 CFR 71.73(c)(4) and as described in Section 2.4.6.4 of this SRP
chapter, but with a test duration of 60 minutes rather than 30 minutes.

2.4.7.5 90-meter-per-second Impact

Review the evaluation of the package for the 90 m/s impact test in accordance with

10 CFR 71.55(f)(2). Verify that the applicant has evaluated structural integrity for the drop
orientation that produces the highest g-load and causes the most severe damage, including
c.g.-over-corner, oblique orientation with secondary impact (slap down), side drop, and drop
onto the closure with respect to the criticality evaluation. A separate, undamaged specimen can
be used for this evaluation.

248 Special Requirement for Type B Packages Containing More Than 10° A;

For a package of irradiated nuclear fuel with activity greater than 37 petabecquerel (PBq)

[106 curies (Ci), 10 CFR 71.61, “Special Requirements for Type B Packages Containing More
Than 10°A,,” requires that its undamaged containment system withstand an external water
pressure of 2 megapascals (MPa) [290 psi] for a period of not less than 1 hour without collapse,
buckling, or inleakage of water. Ensure that the application provides analysis or test results to
show that the containment structure will not collapse or buckle within 1 hour after the pressure is
applied. This test applies only to the containment system. No structural support from other
packaging components should be considered unless the component is an integral part of the
containment system. The inleakage requirement has not been met if the stresses around the
closure seal region exceed the yield stress limits. Additionally, coordinate with the

containment reviewer to ensure that the O-ring and groove is designed for both internal and
external pressures.
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249 Air Transport of Plutonium

In addition to applicable fissile material requirements for plutonium, verify that the evaluation
under accident conditions is based on sequential application of the tests specified in
10 CFR 71.74, “Accident Conditions for Air Transport of Plutonium,” considering the following:

. Rupture of the containment closure and seal system is generally unacceptable for the
containment evaluation.

. Review the deformation of shielding components, in terms of the shielding evaluation.

. Review the deformation of components required for heat transfer or insulation, in terms
of the thermal evaluation.

. Review the deformation of components required for subcriticality, in terms of the
criticality evaluation.

Ensure that the applicant evaluated the tests of 10 CRF 71.74(a), in the order indicated, to
determine their cumulative effect on a package. The evaluation of the ability of a package to
withstand any one test must consider the damage that resulted from the previous tests.

Confirm that water and ambient conditions for applicable tests are in accordance with
10 CFR 71.64(b)(1)(ii).

Ensure that the applicant used an undamaged package for the individual free-fall-impact
test and individual deep submersion test, as specified in 10 CFR 71.74(b) and
10 CFR 71.74(c), respectively.

2410 Appendix
Confirm that the appendix, if included, provides a list of references, copies of applicable
references if not generally available to the reviewer, computer code descriptions, input and

output files, test results, and other appropriate supplemental information.

If the applicant evaluated the package by test and listed the elements of the test in the
appendix, review the test description. The description should include the following elements:

test procedures

. test package description

o test initial and boundary conditions

o test chronologies—planned and actual

) photographs of the package components, including any structural damage, before and

after the tests

o test measurements, including, at a minimum, documentation of test package physical
changes as a result of the tests
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. test results
) methods used to obtain these corrected results

2.5 Evaluation Findings

Prepare evaluation findings on satisfaction of the regulatory requirements in Section 2.3 of this
SRP chapter. If the documentation submitted with the application fully supports positive
findings for each of the regulatory requirements, the statements of findings should be similar to
the following:

F2-1 The staff has reviewed the package structural design description and concludes that the
contents of the application satisfies the requirements of 10 CFR 71.31(a)(1) and (a)(2)
as well as 10 CFR 71.33(a) and (b).

F2-2 The staff has reviewed the structural codes and standards used in package design and
finds that they are acceptable and therefore satisfy the requirements of 10 CFR 71.31(c).

F2-3 The staff has reviewed the lifting and tie-down systems for the package and concludes
that they satisfy the standards of 10 CFR 71.45(a) for lifting and 10 CFR 71.45(b) for
tie-down.

F2-4 The staff has reviewed the package description and finds that the package satisfies the
requirements of 10 CFR 71.43(a) for minimum size.

F2-5 The staff reviewed the package closure description and finds that the package satisfies
the requirements of 10 CFR 71.43(b) for a tamper-indicating feature.

F2-6 The staff reviewed the package closure system and the applicant’s analysis for normal
and accident pressure conditions and concludes that the containment system is securely
closed by a positive fastening device and cannot be opened unintentionally or by a
pressure that may arise within the package and therefore satisfies the requirements of
10 CFR 71.43(c) for positive closure.

F2-7 The staff reviewed the package description and finds that the package valve, the failure
of which would allow radioactive contents to escape, is protected against unauthorized
operation and provides an enclosure to retain any leakage and therefore satisfies the
requirements of 10 CFR 71.43(e).

F2-8 The staff reviewed the application and finds that the package was evaluated by
subjecting a specimen or scale model to the specific tests, or by another method of
demonstration acceptable to the Commission, and therefore satisfies the requirements
of 10 CFR 71.41(a).

F2-9 The staff reviewed the structural performance of the packaging under the normal
conditions of transport required by 10 CFR 71.71 and concludes that there will be no
substantial reduction in the effectiveness of the packaging that would prevent it from
satisfying the requirements of 10 CFR 71.51(a)(1) for a Type B package and
10 CFR 71.55(d)(2) for a fissile material package.
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F2-10 The staff reviewed the structural performance of the packaging under the hypothetical
accident conditions required by 10 CFR 71.73 and concludes that the packaging has
adequate structural integrity to satisfy the subcriticality, containment, and shielding
requirements of 10 CFR 71.51(a)(2) for a Type B package and 10 CFR 71.55(e) for a
fissile material package.

F2-11 The staff reviewed the structural performance of the packaging under the air transport
accident conditions for fissile material required by 10 CFR 71.55(f) and concludes that
the packaging has adequate structural integrity to satisfy the subcriticality requirements
of 10 CFR 71.55(f) for air transport of fissile material.

F2-12 The staff reviewed the packaging structural performance under an external pressure of
2 MPa [290 psi] for a period of not less than 1 hour and finds that the package does not
buckle, collapse, or allow the inleakage of water and therefore satisfies the requirements
of 10 CFR 71.61.

F2-13 The staff reviewed the packaging structural performance under the accident conditions
for air transport of plutonium required by 10 CFR 71.74 and concludes that the
packaging has adequate structural integrity to satisfy the subcriticality, containment, and
shielding requirements of 10 CFR 71.64, “Special Requirements for Plutonium Air
Shipments.”

The reviewer should provide a summary statement similar to the following:

Based on review of the statements and representations in the application, the NRC staff
concludes that the package has been adequately described and evaluated to
demonstrate that it satisfies the structural integrity requirements of 10 CFR Part 71.

2.6 References
10 CFR Part 71, “Packaging and Transportation of Radioactive Material.”

American National Standards Institute, ANSI N14.6—1993, Institute for Nuclear Materials
Management, “Special Lifting Devices for Shipping Containers Weighing 10,000 Pounds
(45000 kg) or More for Nuclear Materials,” New York, NY.

American Society of Mechanical Engineers (ASME) Boiler and Pressure (B&PV) Code, 2007—
Addenda 2008. Section lll, “Rules for Construction of Nuclear Facility Components.” Division 3,
“Containments for Transportation & Storage of Spent Nuclear Fuel and High Level Radioactive
Material & Waste” (no NRC position on this has been established). Division 1, “Metallic
Components”; Subsection NCA-1140.

Bulletin 97-02, U.S. Nuclear Regulatory Commission, “Puncture Testing of Shipping Packages
under 10 CFR Part 71,” Bulletin 97-02, September 23, 1997.

NUREG-0612, U.S. Nuclear Regulatory Commission, “Control of Heavy Loads at Nuclear

Power Plants,” NUREG-0612, July 1980, Agencywide Documents Access and Management
System Accession No. ML070250180.

2-21



NUREG/CR-0128, U.S. Nuclear Regulatory Commission, “Shock and Vibration Environments
for a Large Shipping Container During Truck Transport (Part I),” SAND78-0337, Sandia
Laboratories, Albuquerque, NM, May 1978.

NUREG/CR-2146, U.S. Nuclear Regulatory Commission, “Dynamic Analysis to Establish
Normal Shock and Vibration of Radioactive Material Shipping Packages, Volume 3: Final
Summary Report,” HEDL-TME 83-18, Hanford Engineering Development Laboratory,
October 1983.

NUREG/CR-3019, U.S. Nuclear Regulatory Commission, “Recommended Welding Criteria for
Use in the Fabrication of Shipping Containers for Radioactive Materials,” UCR-L53044,
Lawrence Livermore National Laboratory, Livermore, CA, March 1984.

NUREG/CR-3854, U.S. Nuclear Regulatory Commission, “Fabrication Criteria for Shipping
Containers,” UCRL-53544, Lawrence Livermore National Laboratory, Livermore, CA,
March 1985.

NUREG/CR-3966, U.S. Nuclear Regulatory Commission, “Methods for Impact Analysis of
Shipping Containers,” UCID-20639, Lawrence Livermore National Laboratory, Livermore, CA,
November 1987.

NUREG/CR-4554, U.S. Nuclear Regulatory Commission, “SCANS (Shipping Cask Analysis
System): A Microcomputer Based Analysis System for Shipping Cask Design Review,”
UCID-20674, Lawrence Livermore National Laboratory, Livermore, CA, February 1990.

NUREG/CR-5502, U.S. Nuclear Regulatory Commission, “Engineering Drawings for 10 CFR
Part 71 Package Approvals,” UCRL-10-130438, Lawrence Livermore National Laboratory, May
1998.

NUREG/CR-6007, U.S. Nuclear Regulatory Commission, “Stress Analysis of Closure Bolts for
Shipping Casks,” UCR-ID-110637, Lawrence Livermore National Laboratory, Livermore, CA,
April 1992.

NUREG/CR-6322, U.S. Nuclear Regulatory Commission, “Buckling Analysis of Spent Fuel
Basket,” UCR-LID-119697, Lawrence Livermore National Laboratory, Livermore, CA, May 1995.

Regulatory Guide 7.6, U.S. Nuclear Regulatory Commission, “Design Criteria for the Structural
Analysis of Shipping Cask Containment Vessels,” Agencywide Document Access and
Management System (ADAMS) Accession No. MLO03739418.

Regulatory Guide 7.8, U.S. Nuclear Regulatory Commission, “Load Combinations for the
Structural Analysis of Shipping Casks for Radioactive Material,” ADAMS Accession
No. ML003739501.

Regulatory Guide 7.9, U.S. Nuclear Regulatory Commission, “Standard Format and Content of
Part 71 Applications for Approval of Packages for Radioactive Material,” ADAMS Accession
No. ML050540321.

Regulatory Guide 7.11, U.S. Nuclear Regulatory Commission, “Fracture Toughness Criteria of

Base Material for Ferritic Steel Shipping Cask Containment Vessels with a Maximum Wall
Thickness of 4 Inches (0.1 m),” ADAMS Accession No. ML003739413.
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Regulatory Guide 7.12, “Fracture Toughness Criteria of Base Material for Ferritic Steel Shipping
Cask Containment Vessels with a Wall Thickness Greater than 4 Inch (0.1 m),” ADAMS
Accession No. ML003739424.

UCID-21246. “Dynamic Impact Effects on Spent Fuel Assemblies,” Chun, R., M. Witte, and
M. Schwartz, Lawrence Livermore National Laboratory, CA, October 20, 1987.

UCRL-ID-121673. “Guidelines for Conducting Impact Tests on Shipping Packages for

Radioactive Material,” Mok, G.C., R.W. Carlson, S.C. Lu, and L.E. Fischer, Lawrence Livermore
National Laboratory, Livermore, CA, September 1995.
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ATTACHMENT 2A COMPUTATIONAL MODELING SOFTWARE
TECHNICAL REVIEW GUIDANCE

Technical Review Guidance

2A.1 Computational Modeling Software Application

The U.S. Nuclear Regulatory Commission (NRC) staff does not endorse the use of any specific
type or code vendor of computational modeling software (CMS). Any appropriate CMS
application could be used for analyses of cask or package components; however, for any CMS
to demonstrate that a particular cask or package design satisfies regulatory requirements, the
applicant must demonstrate adequate validation of that CMS. Descriptions of CMS validations
can be contained within a given application or incorporated by reference.

Verify that the application or related documentation (such as proprietary calculation packages or
benchmark reports) provides the following information:

. details of the methodology used to assemble the computational models and the
theoretical basis of the program used

. a description of benchmarking against other codes or validation of the CMS against
applicable published data or other technically qualified and relevant data that are
appropriately documented

o standardized verification problems analyzed using the CMS, including comparison of
theoretically predicted results with the results of the CMS

) release version and applicable platforms

Once the information described above has been docketed, it need not be submitted with each
subsequent application but can be referred to in subsequent safety analysis reports (SARs) or
related documents. If an applicant changes its analysis methodology or changes the type or
vendor of the CMS used, the applicant should submit either a revision of previously submitted
information or include a clear explanation of the methodology changes, and their effects on the
analysis in question, in subsequent application submittals.

2A.2 Modeling Technigues and Practices

The staff may need to verify the modeling techniques and practices the applicants used to
demonstrate adequacy of the model.

Verify that the CMS and the options the applicant used are appropriate for adequately capturing
the behavior of a cask, package, or any components.

The original application should include relevant input and results files or an equivalent detailed
model description and output.
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2A.3 Computer Model Development

Verify that the computer model used for the analysis is adequately described, either in the
application or in other documentation, is geometrically representative of the cask or package
design being analyzed, has addressed how material and manufacturing uncertainties might
affect the analysis, has appropriate boundary conditions, and has no significant analysis errors.

Verify that the model description includes an adequate basis for the selection of parameters and
components used in the analysis model (e.g., the reason a particular element type was applied
in the analysis model).

Verify that models sufficiently represent cask or package geometry and that adequate
justification is provided for simplifications used. Models created with CMS are often simplified to
reduce computer processing time. Models can often omit geometric details or use
homogenized or smeared material properties to represent complex geometry or material
combinations and still retain analytic accuracy. If smeared or homogenized properties are used,
verify that the applicant has provided adequate justification for this approach, as the response of
the problem can be dramatically altered

Verify that the applicant has discussed how manufacturing and assembly tolerances and
contact resistances will affect the analyses that have been conducted, if at all, in both the
structural and thermal disciplines. Verify that the applicant has described how tolerances and
contact resistances are accounted for, if applicable, in the cask or package analysis models that
are submitted for review.

Verify that the applicant provided a general discussion of how error, warning, or advisory
messages generated by the software affect the analysis result (if applicable). When processing
a computer model developed using CMS, the software will frequently provide error, warning, or
advisory messages indicating a possible problem with the model that may or may not be
sufficient to terminate processing. If the error or warning function has been disabled during
processing, ensure that an explanation of why this is appropriate is provided.

Verify that, within the specific disciplines, the dimensions and physical units used in the models
developed are clearly labeled and mutually consistent. Ensure that the fundamental units of
time, mass, and length are clearly identified. All other physical units derived must be consistent
with the basic units adopted. For example, if the unit of length is the millimeter (mm), time in
milliseconds (ms), and mass in gram (gm), then the mechanical force should have units of
Newton (N), energy in millijoule (mJ), and stress in megapascal (MPa). Verify that the input
parameters are expressed in the units as assigned. If an applicant chooses to not adopt this
uniformity of units, ensure that the applicant applied the appropriate conversion before
processing the input into CMS. Similar assurances must be provided for the output for the
analysis solution.

2A.4 Computer Model Validation

Verify that the application properly documents model validation done with applicable
experiments or testing and that appropriate references are provided.

For example, an analytical model’s ability to capture relevant model output such as g-loads and

plastic deformations can be demonstrated by comparing the physical test data of a similar
package that was drop tested. The test data used to validate or benchmark the analytical model
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should be similar with regard to the expected package behavior of interest. For instance, a
package with impact limiters should be used to benchmark a package that also has impact
limiters. Plastic strain data used for validation, for instance, should come from areas of the
package where such data are crucial or relevant to the performance of the package, such as the
containment boundary. Other details to consider when benchmarking and validating physical
data include whether the package is bolted or welded, and whether the response will be
dominated primarily by a quasi-static, wave, or impulse-type response. The data source should
be readily available or included in the application and describe all the assumptions and
simplifications made during physical testing so that the staff can weigh its relevance to the
design of interest.

2A.5 Justification of Bounding Conditions/Scenario for Model Analysis

The applicant must determine the most damaging orientation and worst-case conditions for a
given design and document how the analytic model was configured for the scenario. Verify that
the applicant provided sufficient justification for selecting the most damaging orientation and
worst-case conditions.

2A.6 Description of Boundary Conditions and Assumptions

Verify, as necessary, that the textual description included in the application or other documents
addresses boundary conditions such as an unyielding surface in a drop scenario. The textual
description should also include justifications and bases for such items. Ensure appropriate
material (temperature dependent) properties are used.

2A.7 Description of Model Assembly

Verify that the application lists the types of elements used in the model along with the
corresponding materials or components in which they are used in the analysis model. The
application should present the elements and materials associated with specific components of
the analysis model to enable a quick assessment.

Verify that the applicant provided a sufficient explanation of the logic behind the creation of
each specific computer model (such as the mesh) so that effective confirmatory calculations can
be performed.

Input files should be provided for the models used in the analysis. If input files are not provided
or do not adequately describe model assembly, ensure that the applicant has provided in the
appropriate application sections or related documents an adequate explanation of how
computer models were assembled using the CMS.

2A.8 Loads, Time Steps, and Impact Analyses

Verify that the applicant has clearly explained the loads, load combinations, and, if used by the
analytical code, the load steps used in the computer model. Evaluate all loads, how they are
placed on the computer models, load combinations, and, if used, the time steps applied in

the analysis.

Verify that the time steps specified for the solution of the analysis are sufficiently small to
accurately capture the behavior of the structures, systems, or components being modeled.
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For impact analyses using software such as LS-DYNA, examine the output files for
hour-glassing energy in each part of the system, in addition to the package as a whole. Verify
that impact analyses output is realistic. If the parts in a model contact each other, they should
exhibit deformation and penetration as appropriate. Disassemble the model by component and
examine them for breaches or other unseen damage. For instance, components can be
perforated, but this damage may be hidden from view by other components in the model.

2A.9 Sensitivity Studies

Verify that the discussion of the general development of the computer model covers sensitivity
studies, with relevant references to examples included in the application or related documents.

Verify that the applicant has completed sensitivity studies for relevant CMS modeling
parameters. This includes element type and mesh density, load-step size, interfacing gaps or
contact friction, material models and model parameters selection, and property interpolation, if
applicable. For example, a mesh sensitivity study should be conducted not only for mesh
density but also for mesh density and refinement in areas of thermal or structural concern or
where performance of the material is crucial, such as seal areas and lid bolts. A mesh
sensitivity is also needed to make sure the analysis results are mesh independent.

Verify that the application or related documentation clearly describes the results of applicable
sensitivity studies and that the sensitivity studies can be independently verified, if necessary.

Verify that the applicant’s documentation includes at least a brief discussion of the different
models used in its mesh sensitivity studies.

2A.10 Results of the Analysis

Verify that the application or related documents includes all relevant results (tabular and
computer plots) for applicable load cases and load combinations evaluated for design code
compliance, and that the tables and plots clearly identify all governing results (stresses,
deformation).

Verify that results are consistent throughout the application, and that the correct results are
used in calculations of other cask or package performance.
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3 THERMAL EVALUATION

3.1 Review Objective

The objective of the U.S. Nuclear Regulatory Commission’s (NRC’s) thermal evaluation with regard
to heat transfer and flow is to ensure that the applicant has adequately evaluated the thermal
performance of the transportation package design under review for the thermal tests specified
under normal conditions of transport, short-term operations (e.g., drying, backfilling), and
hypothetical accident conditions, and that the package design meets the thermal performance
requirements of Title 10 of the Code of Federal Regulations (10 CFR) Part 71, “Packaging and
Transportation of Radioactive Material.”

3.2 Areas of Review

The NRC staff should review the application to verify that it adequately describes the package and
includes adequately detailed drawings. In general, the staff should review the following information
to determine the adequacy of the package description.

. description of the thermal design

— packaging design features

— codes and standards

— content heat load specification

— summary tables of temperatures

— summary tables of pressures in the containment vessel

. material properties and component specifications
— material thermal properties
— specifications of components
— thermal design limits of package materials and components
. general considerations for thermal evaluations
— evaluation by analyses
— evaluation by tests
— confirmatory analyses
— effects of uncertainties
— conservatisms
o evaluation of accessible surface temperatures

o thermal evaluation under normal conditions of transport

— heat and cold
— maximum normal operating pressure
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. thermal evaluation under hypothetical accident conditions
— initial conditions
— fire test
— maximum temperatures and pressures

. appendix

3.3 Requlatory Requirements and Acceptance Criteria

This section provides a summary of those sections of 10 CFR Part 71 relevant to the thermal
review areas addressed in this standard review plan (SRP) chapter. The NRC staff reviewer
should refer to the exact language in the regulations. Table 3-1 matches the relevant regulatory
requirements to the areas of review covered in this chapter. The reviewer should also verify the
association of regulatory requirements with the areas of review presented in the table to ensure
that no requirements are overlooked as a result of unique applicant design features.

The thermal evaluation seeks to ensure that the transportation package design under review meets
the applicable regulatory requirements and fulfills the acceptance criteria.

The package must have adequate thermal performance to meet the containment, shielding,
subcriticality, and temperature requirements of 10 CFR Part 71, under normal conditions of
transport, short-term operations (e.g., drying, backfilling), and hypothetical accident conditions.

3.31 Description of the Thermal Design

The applicant must describe the package in sufficient detail to provide an adequate basis for its
evaluation, as stated in the following regulations:

10 CFR 71.31, “Contents of Application,” specifically: 10 CFR 71.31(a)(1) and
10 CFR 71.33, “Package Description,” specifically: 10 CFR 71.33(a)(5), 71.33(a)(6),
71.33(b)(1), 71.33(b)(3), 71.33(b)(5), 71.33(b)(7), and 71.33(b)(8)

The safety analysis report (SAR) must identify established codes and standards applicable to the
thermal design. [10 CFR 71.31(c)]

The thermal design must not depend on a mechanical cooling system to meet the containment
requirements of 10 CFR 71.51(a). [10 CFR 71.51(c)]

3.3.2 Material Properties and Component Specifications

The applicant must describe the package in sufficient detail to provide an adequate basis for its
evaluation, as stated in the regulations listed below.

10 CFR 71.31(a)(1), 10 CFR 71.33(a)(5), and 10 CFR 71.33(b)(3)
In addition to the regulatory requirements identified in the above paragraph, the temperatures of

the materials and components used in the package should not exceed their specified maximum
allowable temperatures.

3-2



'so||dde Buipeay uwnjod

B Ul pa)s]| se uonenBal ainus ay} sajeoipul (e) 19]INg YL "S|elslew aAijoeoIpel Joy sebeyoed uonenodsuel 0} ‘Ajaanus Jisy) Ul ‘ajgeolidde ate €771/ pue ‘12 L/ ‘€812 4D 0L 910N

‘sebexoed 4NS 40} (y)(0)eL L2 Aluewnd ‘suonipuo) Jusplooy [eanayiodAH, ‘€712 ¥4D 0L,
"sobexoed 4NS 10} (2)(9)12° 12 pue (1)(9)12" L2 Avewnd ‘ uodsuel] JO SUORIPUOD [BWION,, ‘L2 L2 ¥4D Olq
‘sabeyoed 4NS 01 Ajdde 0} Jou pawnsse ale sjuswdiys asn-aAISN|oXauoU Jo} sjiwl| ainjeladwa] .

suolIpuUod
juapiooe [eanaylodAy
Japun uoiienjeAs |ewlay |

Jodsuel} Jo Suoipuod [ewlou
Japun uonenjeas |ewsay |

(4NS J0}) sainjesadwa)
90BLNS 9]qISS900E
JO uolienjeas |ewsay

suonen|eAs |ewiay)
10} SUONEBISPISUOD [Blauss)

suoneoyyoads Jusuodwod
pue saiuadoud |eusie

ubisep
[ewuayy 8y} jo uonduosaq

vLlLL

2(¥)(2)
ELLL

a(2)(2)
bLL

a(L)()
LULL

9L Wss1z | (9512

(1)(e)
LS 1L

e(B)ep 1L

WeriL

ey

suonenbay |, Jed ¥4 0L

MIIADY JO sealy

Suol}IpPUOd
juaplooe [eonayjodAy
Japun uoienjeas [ewJay

Jodsuel} Jo Suoipuod [ew.lou
Japun uonenjeas |ewsay |

(4NS
J10}) sainjesadwa} aoepNS

9|qISS8008E JO UolenjeA]

suolnen|eAs |ewiay}
10} SUONEISPISUOD [Blausr)

suoneoyyoads Jusuodwod
pue saiuadoud |eusie

ubisep
[ewuayy 8y} jo uonduosaq

®yL

(e)ge 1L

(8)(a)
£ebL

(2)(a)
£ebL

(s)(a)
£ebL

(€)a) (1))
£ebL £ebL

(9)(e)
£ebL

(s)(e)
£ebL

[©)
LEbL

(@)(e)
bELL

(1)(e)
LEbL

suonenbay | Yed ¥4 01

MIIADY JO sealy

sabeyoed uoneyodsuel] 10} MaIASY JO Sealy pue suonenbay jo diysuone|ay

I-€ @lqel

3-3



3.3.3 General Considerations for Thermal Evaluations

The applicant must properly evaluate the package to demonstrate that it satisfies the thermal
requirements specified in 10 CFR Part 71, Subpart E, under the conditions and tests of Subpart
F.[10 CFR 71.31(a)(2), 10 CFR 71.35(a), and 10 CFR 71.41(a)]

The package must be evaluated to demonstrate that any system for containing liquid is
adequately sealed and has adequate space (i.e., ullage) or other specified provision for
expansion of the liquid. [10 CFR 71.87(d)]

The models used in the applicant’s thermal evaluation should be described in sufficient detail to
permit an independent review, with confirmatory calculations, of the package thermal design.

3.34 Evaluation of Accessible Surface Temperatures

The package must be designed, constructed, and prepared for shipment so that the accessible
surface temperature of a package in still air at 38 degrees Celsius (°C) [100 degrees Fahrenheit
(°F)] in the shade will not exceed 85 °C [185 °F] in an exclusive-use shipment or 50 °C [122 °F]
in a nonexclusive-use shipment. [10 CFR 71.43(g), 10 CFR 71.87(k)] (nonexclusive-use
shipments are assumed not to apply to SNF packages.)

3.3.5 Thermal Evaluation Under Normal Conditions of Transport

The applicant must evaluate the package design to determine the effects of the conditions and
tests under normal conditions of transport. The ambient temperature preceding and following
the tests must remain near constant at that value between -29 °C [-20 °F] and +38 °C [100 °F],
which is the most unfavorable condition for the feature under consideration [10OCFR 71.71(b)].
The initial internal pressure within the containment system must be considered to be the
maximum normal operating pressure (MNOP), unless a lower internal pressure consistent with
the ambient temperature considered to precede and follow the tests is more unfavorable.

The conditions and tests of 10 CFR 71.71(c)(1) and 10 CFR 71.71(c)(2) for heat and cold,
respectively, are the primary thermal tests for normal conditions of transport. [10 CFR 71.71,
“Normal Conditions of Transport”]

The package must be designed, constructed, and prepared for transport so that there will be no
significant decrease in packaging thermal effectiveness under the tests specified in
10 CFR 71.71. [10 CFR 71.43(f) and 10 CFR 71.51(a)(1)]

The package must have adequate thermal performance to meet the containment, shielding,
subcriticality, and temperature requirements of 10 CFR Part 71 under normal conditions
of transport.

3.3.6 Thermal Evaluation Under Hypothetical Accident Conditions

The package must have adequate thermal performance to meet the containment, shielding,
subcriticality, and temperature requirements of 10 CFR Part 71 under hypothetical accident
conditions. The applicant must evaluate the package design to determine the effects of the
conditions and tests under a hypothetical accident (fire). This accident includes a sequence of
incidents (impact, crush, puncture, thermal, and immersion) on a package (the crush test is
generally not applicable to packages for SNF). Except for the water immersion tests, the
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ambient temperature preceding and following the tests must remain constant at that value
between -29 °C [-20 °F] and +38 °C [100 °F], which is the most unfavorable condition for the
feature under consideration [10 CFR 71.73(b)]. The initial internal pressure within the
containment system must be considered to be the MNOP, unless a lower internal pressure
consistent with the ambient temperature considered to precede and follow the tests is more
unfavorable. The 30-minute, 800°C [1,475°F] fire test of 10 CFR 71.73(c)(4) on a damaged
package is the primary thermal test for hypothetical accident conditions. [10 CFR 71.73]

The applicant must properly evaluate a fissile package designed for air transport to demonstrate
that it can remain subcritical after undergoing the thermal test in 10 CFR 71.73(c)(4), except that
the duration of the test must be 60 minutes. [10 CFR 71.55(f)(1)(iv)]

The applicant must properly evaluate a package designed for air transport of plutonium to
demonstrate that it will meet the performance test requirements of 10 CFR 71.74, “Accident
Conditions for Air Transport of Plutonium,” in accordance with the requirements in

10 CFR 71.64, “Special Requirements for Plutonium Air Shipments.” These tests include
physically exposing the package to pool fire for 60 minutes.

When evaluating a package with special-form radioactive material (RAM), reviewers should
recognize that the requirement for maintaining 800 °C [1,475 °F] for the 10-minute heat test of
10 CFR 71.75(b)(4) applies only to the special form content and is not equivalent to the thermal
test of the package described in 10 CFR 71.73(c)(4) (i.e., 800 °C for 30 minutes).

3.4 Review Procedures

As part of the thermal evaluation, verify that the application adequately describes and evaluates
the package design for the thermal tests specified under normal conditions of transport and
hypothetical accident conditions, and that it meets the thermal performance requirements of

10 CFR Part 71.

For all packages, the thermal evaluation is based in part on the descriptions and evaluations
presented in the General Information, the Structural Evaluation, Shielding Evaluation, and
Materials Evaluation chapters of the safety analysis report (SAR). Similarly, the reviewer should
consider the results of the thermal evaluation when reviewing the Structural Evaluation,
Containment Evaluation, Shielding Evaluation, Criticality Evaluation, Operating Procedures
Evaluation, and Acceptance Tests and Maintenance Program Evaluation chapters of the SAR.

Figure 3-1 shows an example of information flow for the thermal evaluation.

The thermal evaluation results could indicate that special additional conditions in the certificate
of compliance (CoC) (i.e., types of transport modal restrictions such as no air shipments,
minimum ambient temperature for transport, and package leakage testing) are required. Verify
that these conditions are consistent with the results from the thermal evaluation.

Radioactive Materials

The review procedures for RAM are generally applicable to the thermal evaluation of both
low-enriched uranium (LEU)-RAM and mixed oxide (MOX)-RAM packages. There may be
some differences in emphasis in the thermal review procedures that arise from generic
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Figure 3-1 Information Flow for the Thermal Evaluation

differences between LEU-RAM and MOX-RAM packaging and contents. Plutonium has a
higher specific activity of energetic and short-ranged decay particles (approximately 5 million
electron volt alphas) than LEU-RAM does. This results in higher specific content decay heat
rates in the MOX-RAM packages than in other LEU-RAM packages (see Appendix B,
“Differences Between Thermal and Radiation Properties of MOX and LEU Radioactive
Materials,” to this SRP, Attachment 3, “Differences between Thermal and Radiation Properties
of MOX and LEU Radioactive Materials”). Also, MOX-fresh-fuel rods and assemblies may need
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special attention in some of the review procedures provided in this SRP section. The review
procedures include the special considerations or attention needed for MOX-RAM packages.

Appendix A to this SRP provides a description for each of the various transportation package
types containing RAM and states the safety functions and features. Regarding the areas of
safety review, for each package type, the thermal evaluation (and, depending on the safety
features, sometimes in conjunction with structural and containment evaluations) is addressed.

Contents that are authorized for transport should be clearly identified in the package application,
typically in the General Information section. Applicants are encouraged to include a contents
description suitable for inclusion in a CoC. The contents description should be consistent with
the package evaluation. The specificity of the contents description may be different for different
package types and the safety significance of the contents.

Spent Nuclear Fuel

The review procedures for SNF are generally applicable to the thermal evaluation of both
LEU-SNF and MOX-SNF transportation packages. No significant deviations exist in the review
procedures and considerations for the two packages. Because packages for shipment of SNF
are generally intended to be shipped by exclusive-use, only exclusive-use shipments are
assumed in the following SRP review procedures.

3.4.1 Description of the Thermal Design
3.4.1.1 Packaging design features

Verify that all text, drawings, figures, and tables describing the thermal features in the Thermal
Evaluation chapter of the SAR are consistent with those of the General Information chapter, as
well as those used in the applicant’s thermal evaluation. Particular emphasis should be placed
on the consistency of the component dimensions, materials, and material properties.

Review the general description of the package presented in the General Information chapter of
the SAR and any additional description of the thermal design in the Thermal Evaluation chapter
of the SAR. Verify that the package description in the General Information chapter of the SAR

includes the following:

. package geometry and materials of construction
. the structural and mechanical features that may affect heat transfer, such as cooling fins,

insulating materials, surface conditions of the package components, and gaps or
physical contacts between internal components

. a description of any structural and mechanical means for the transfer and dissipation
of heat
o the identity and volumes of receptacles containing liquid (e.g., contents,

neutron absorber)
) the MNOP of the containment system

) the maximum amount of content-decay heat
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Verify that the thermal design does not depend on the presence of a mechanical cooling system
to ensure containment.

3.4.1.2 Codes and standards

Verify that the application identifies established codes and standards used in all aspects of the
thermal design and evaluation of the package, including material properties and components.

3.4.1.3 Content heat load specification

Verify that the maximum decay heat of the package contents reported in the Thermal Evaluation
section of the application is consistent with the decay heat and other contents specifications in
the General Information section of the application and that this heat load is appropriately
considered in all thermal evaluations.

Coordinate with the shielding reviewer to review the method in which the actual heat load is
determined and to ensure that the heat load is properly determined for the maximum allowed
radioactive contents; for SNF, this means the content specifications of burnup, enrichment, and
cooling time that result in the maximum decay heat load. If the heat load is based on the mass
and decay energies of the contents, verify, in consultation with the shielding reviewer, that the
applicant properly determined such. The computer codes discussed in Section 5.5.2 of this
SRP for determination of neutron and gamma sources are often useful for calculating content
decay heat loads. These codes are especially useful for SNF that contains a large number of
radionuclide species. Consider the information in Appendix C to this SRP for reviews of
MOX-SNF. For example, depending on the grade of plutonium in the MOX-SNF, the decay
heat for MOX-SNF may be significantly larger than for LEU-SNF.

3.4.1.4 Summary tables of temperatures

Radioactive Materials

Confirm that summary tables of the maximum, minimum, and allowable temperatures that affect
structural integrity, containment, shielding, and criticality are presented for both normal
conditions of transport and hypothetical accident conditions. For the fire-test condition, the
tables should also include the following:

. the maximum temperatures and the time at which they occur after fire initiation
. the maximum temperatures of the post-fire steady-state condition

Coordinate with the structural and containment reviewers to confirm that these temperatures
are consistent.

Ensure that the summary tables of the temperatures of package components including, but not
limited to, the fuel and cladding, basket, impact limiters, containment vessel, seals, shielding,
and neutron absorbers are consistent with the temperatures presented in the General
Information and Structural Evaluation chapters of the SAR for the normal conditions of transport
and hypothetical accident conditions.
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Confirm that summary tables of the temperatures of package components including, but not
limited to, the fuel and cladding, basket, impact limiters, containment vessel, seals, shielding,
and neutron absorbers are consistent with the temperatures presented in the General
Information and Structural Evaluation chapters of the SAR for the normal conditions of transport
and hypothetical accident conditions. Confirm that the summary tables contain the design
temperature limits for each of the components for the normal conditions of transport and
hypothetical accident conditions. For the hypothetical accident condition fire, ensure that these
summarized temperatures also include the maximum temperatures after fire, the elapsed time
from the beginning of the fire to the occurrence of these maximum temperatures, and the
post-fire steady-state temperatures of each package component. Confirm that the temperatures
and design temperature limit criteria for the package components are consistent throughout the
appropriate chapters of the SAR.

3.4.1.5 Summary tables of pressures in the containment system

Coordinate with the structural and containment reviewers to verify that summary tables of the
pressure in the containment system under the normal conditions of transport and hypothetical
accident conditions are consistent with the pressures presented in the General Information,
Structural Evaluation, Containment Evaluation, and Acceptance Tests and Maintenance
Program chapters of the SAR. Ensure also that the tables present the design pressure limits of
the package components at the temperatures producing the pressures.

3.4.2 Material Properties and Component Specifications
3.4.2.1 Material thermal properties

Confirm that the application presents the thermal properties necessary to calculate thermal
transport in the package as well as from the package to the environment. These properties
include, but are not limited to, the following:

thermal conductivity
specific heat
density

emissivity

Verify that the thermal emissivities are appropriate for the specific package surface conditions.
The thermal radiation absorptivity on the external packaging surface may be conservatively
assumed to be unity to compensate for changes in the package surface from dirt, weathering,
and handling during its lifetime. Consideration of a proposed value of less than unity in the SAR
should be based on the demonstration that controls and procedures will be in place to ensure
such a value throughout the package lifetime. Periodic visual examination followed by paint
touch-up or washing may be sufficient if the absorptivity takes adequate account of weathering.
These controls and procedures should appear in the Operating Procedures and Acceptance
Tests and Maintenance Program chapters of the SAR.

3-9



Verify that, for surrounding air and any fluids present within the package, the following additional
properties are presented:

. viscosity
) Prandtl number

Confirm that the given fluid properties are adequate for evaluating thermal convection
parameters such as the Prandtl number (a dimensionless number defined as the ratio of the
momentum diffusivity to the thermal diffusivity), which can be determined from the other thermal
properties presented.

Confirm that the thermomechanical properties of any packaging material that may cause
temperature-induced pressures or stresses within the package materials are presented. These
properties include, but are not limited to, the following:

. coefficient of thermal expansion
o modulus of elasticity
o Poisson’s ratio

The coefficient of thermal expansion is usually the linear coefficient for isotropic solids and the
volumetric coefficient for fluids. For an isotropic material, the linear coefficient is one-third the
volumetric coefficient.

Coordinate with the structural reviewer to ensure that the structural properties that affect thermal
stresses are consistent with the values reported in the Structural Evaluation chapter of the SAR.

If a package material is anisotropic, confirm that the application includes the directional
properties of, for example, the thermal conductivity, modulus of elasticity, and the linear
expansion coefficient.

Confirm that the application presents temperatures at which phase changes,
radiolysis/decomposition, dehydration, and combustion will occur, along with thermal and
thermomechanical properties resulting from the change.

Confirm that the thermal properties used for the analyses of the package are appropriate for the
material specified for the package in the General Information chapter of the SAR and are
consistent with those used in the Structural Evaluation chapter of the SAR. Verify that the
sources of the thermal properties used in the SAR are referenced. Authoritative sources of
material properties data include, but are not limited to, those that reference experimental
measurements. In general, textbooks are an unacceptable source of material properties data.
If the applicant experimentally measures the thermal properties of the material and components
used in the package, ensure that the experiments are performed under an approved quality
assurance program.

Confirm the appropriateness of the use of temperature-dependent thermal properties in an
analysis of the package response to thermal loads. If the material properties are not
presented as a function of temperature, verify that the value conservatively under- or
over-predicts temperatures or stresses, as appropriate, compared to the equivalent
temperature-dependent property.

3-10



3.4.2.2 Specifications of components

Confirm that the maximum allowable service temperatures or pressures are specified for each
package component, as appropriate. Ensure that specifications are provided for applicable
package components (e.g., pressure-relief valves and fusible plugs).

Verify that the application identifies references for the specifications of package components
such as O-rings, pressure-relief valves, and bolts. Confirm also that the application identifies
any temperature constraints on the function of the components (such as the allowable stress in
a bolt). Verify that the minimum allowable service temperature of all components is less than or
equal to -40 °C [-40 °F], unless a minimum heat load is specified (see Section 3.4.5.1 of this
SRP chapter).

3.4.2.3 Thermal design limits of package materials and components

Spent Nuclear Fuel

Confirm that the application specifies the maximum allowable temperatures for each component
that could affect the containment, shielding, and criticality functions of the package. Acceptable
maximum allowable cladding temperature limits are provided Section 7.4.14.2 of this SRP.
Verify that the limits specified in the application are consistent with this section.

Verify that the maximum allowable fuel and cladding temperature is justified. The justification
should consider the fuel and clad materials, irradiation conditions (e.g., the absorbed dose,
neutron spectrum, and fuel burnup), and the shipping environment including the fill gas. Other
necessary considerations include the elapsed time from removal of the SNF from the core to its
placement into the transportation packaging, its time duration in the packaging, and its
post-transport disposition (e.g., storage). Examples of temperature limits include, but are not
limited to, the following:

. the temperature limit for metal fuel less than the lowest melting point eutectic of the fuel

. the temperature limit on the irradiated clad in an inert gas environment, as determined
by creep, creep rupture, or diffusion-controlled cavity growth (Levy et al. 1987; Schwartz
and Witte 1987), as appropriate

Verify that the temperature range of the thermal and structural properties for each package
material exceed the specified and predicted temperature limits for the material.

3.4.3 General Considerations for Thermal Evaluations

Thermal evaluations of the package design can be performed by either analysis or test, or by a
combination of both. Verify that the package is modeled in the manner in which it is transported
(e.g., with or without a container compliant with the International Organization for
Standardization). If the package is shipped in an ISO-compliant container, verify that the CoC
explicitly states this requirement.

The use of analysis to evaluate the thermal performance of a package will allow any associated
conservatisms, uncertainties, and analytical errors to be determined. Note that because of their
mass and cost and the difficulty of decay-heat simulation, SNF packages are normally
evaluated by analysis.
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Review the Structural Evaluation and Thermal Evaluation chapters of the SAR to determine the
response of the package to the normal conditions of transport and hypothetical accident
conditions. Verify that the corresponding models used in the thermal analyses are consistent
with the effects of normal and accident conditions. For example, the package might have
impact limiters or an external neutron shield that would be damaged during the structural and
thermal tests of 10 CFR 71.73.

3.4.3.1 Evaluation by analyses

For each thermal analysis, verify that the applicant has provided information on any
computer-based modeling, as described in Attachment 2A to Chapter 2, “Structural Evaluation,’
of this SRP, and evaluate the thermal analyses the applicant submitted, in accordance with

the attachment.

Further guidance for reviewing computational fluid dynamics and heat transfer applications for
transportation package thermal evaluations is provided in NUREG-2152, “Computational Fluid
Dynamics Best Practice Guidelines for Dry Cask Applications,” issued March 2013. When
warranted, confirm that the application provides solution verification results by calculating the
grid convergence index (GCI). Guidance to calculate the GCl is provided in NUREG-2152 and
the American Society of Mechanical Engineers’ (ASME’s) “Standard for Verification and
Validation in Computational Fluid Dynamics and Heat Transfer” (ASME V&V 20).

Verify that the GCI calculation follows the assumptions used to develop the GCI method, as
described in NUREG-2152 and ASME V&V 20. These are summarized as follows:

o Grid refinement or coarsening is performed systematically in all directions; that is, the
refinement or coarsening should be structured even if the grid is unstructured.

o The observed order of accuracy should not vary greatly from the theoretical order of
accuracy (i.e., the order of accuracy of the numerical method used in the analysis).

o A minimum of four grids is required to demonstrate that the observed order of accuracy
is constant for a simulation series.

o A three-grid solution for the observed order of accuracy may be adequate if the values of
the target variable (for example, peak cladding temperature, total heat transfer rate, or
mass flow rate) predicted on the three grids are in the asymptotic region for the
simulation series.

) Methods to test for asymptotic behavior of the target variable predicted values are
provided in ASME V&V 20.

. The factor of safety value is 1.25 if the target values on the three grids are in the
asymptotic region and the observed order of accuracy does not vary greatly from the
theoretical order of accuracy. Otherwise a factor of safety of 3.0 is used.

The GCl is calculated using the observed order of accuracy if it is smaller than the theoretical
value. Otherwise the theoretical order of accuracy is used.
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Under the conditions where any of the cask component temperatures are close (within

5 percent) to their limiting values during an accident, or the MNOP is within 10 percent of its
design basis pressure, or any other special conditions, verify that the applicant considered, by
analysis, the potential impact of the fission gas in the canister to the cask component
temperature limits and the cask internal pressurization.

3.4.3.2 Evaluation by Tests

Radioactive Materials

Temperature-sensing devices should be placed in critical package locations. For example, for
MOX-fresh-fuel rods and assemblies, temperature-sensing devices should be placed on the test
package’s simulated fuel basket and fuel rods.

Verify that the application describes the test package, test facility, and test procedures in
adequate detail. Confirm that the applicant used proper quality assurance programs to fabricate
the test package, operate the test facility, and evaluate the test results. Verify that the test
package has been adequately designed, as specified below:

J The thermal performance of the test package, including simulated package contents and
any attached test instrumentation and mounting hardware, should be representative or
prototypical of the actual package design.

) The temperature-sensing instrumentation should be located to measure the appropriate
maximum package component temperatures and characterize the significant heat
transfer pathways.

o Test package instrumentation (such as temperature- or pressure-sensing
devices) should be mounted at locations that minimize their effects on local test
package temperatures.

Review the ability of both the test facility (pool-fire or furnace facility) and the test procedures to
meet the range of thermal conditions (e.g., insolation and fire heat fluxes or temperatures).
Additional guidance for review of thermal testing is presented in Section 3.4.6 of this

SRP chapter.

. Verify that the appropriate results from normal conditions of transport and hypothetical
accident condition thermal tests, as specified below, are adequately presented:

° initial conditions (e.g., temperatures, pressures) and changes in the package resulting
from structural tests

. maximum steady-state temperatures or pressures (e.g., hot normal conditions of
transport, pre-fire conditions)

o maximum temperatures and pressures during the fire and post-fire periods
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. physical changes in the package condition resulting from the fire test, such as changes
in package material properties caused by combustion or melting of not important to
safety package components

Some conditions, such as ambient temperature, decay heat of the contents, or package
emissivity or absorptivity, may not be exactly represented in a thermal test. Verify that the
thermal evaluation includes appropriate corrections or evaluations to account for these
differences. For example, the thermal evaluation should include a temperature correction if the
ambient temperature at the onset of the fire test was lower than 38 °C [100 °F]. Additional
insight about evaluation by test is also presented in the following paragraphs.

Spent Nuclear Fuel

For those results determined by tests, verify that the applicant reported a description of the test
package, the test facility, and the test procedures used for simulating either the normal
conditions of transport or hypothetical accident conditions in adequate detail. Confirm that the
applicant used proper quality assurance programs to fabricate the test package, operate the test
facility, and evaluate the test results.

Review the ability of both the test facilities and test procedures to meet the range of specified
temperatures: from -29 °C [-20 °F] to 38 °C [100 °F] for normal conditions of transport and both
38 °C [100 °F] and 800 °C [1,475 °F] for hypothetical accident conditions. Note that an
evaluation by test will also have to consider the -40 °C [-40 °F] cold test [10 CFR 71.71(c)(2)].
Confirm that the facilities can simulate the specified heat-transfer boundary conditions,

as follows:

o incident heat fluxes equivalent to or exceeding the specified insolation requirements
during the normal conditions of transport or the post-fire environment for hypothetical
accident conditions

o incident heat fluxes equivalent to or exceeding the specified convective and radiative
heat transfer environment, including specified emissivities, for a minimum 30-minute
period representing the hypothetical accident condition fire (e.g., fully engulfing)

o an environment that assures an adequate supply and circulation of oxygen for initiating
and naturally terminating the combustion of any burnable package component.

Confirm that the test package, with a simulated package contents and any attached test
instrumentation or hardware, adequately simulates the thermal behavior of the actual
package design.

Verify that figures in the SAR show the locations of the temperature and heat flux sensing
devices. Verify that the temperature sensing devices are placed on the test package in the
following manner:

o on applicable components
o they do not unduly affect local temperatures
o in locations where maximum temperatures are expected and where other temperatures

need to be determined

3-14



. in locations that permit reasonable interpolation or extrapolation of measured
temperatures for estimating temperatures in unmonitored regions of the package

The applicable components include, but are not limited to, the containment vessel, fuel basket,
seals, radiation shielding, criticality controls, and impact limiters. Confirm that the
temperature-sensing devices are measuring the temperature of the component, not that of the
component environment.

Verify that the test time is sufficient for temperatures to reach steady-state conditions under
normal conditions of transport or their peak following cessation of the hypothetical accident
condition fire. To the extent that specified boundary conditions, the decay heat of the contents,
or specified temperatures are not achieved during a test, verify that the evaluations include
appropriate corrections to the temperature data.

Additional guidelines on reviewing thermal tests under hypothetical accident conditions are
available for further reading (see NUREG/CR-5636, “Fire and Furnace Testing of Transportation
Packages for Radioactive Materials,” issued January 1999; Gregory et al. 1987; Hovingh and
Carlson 1994; VanSant et al. 1993, ASTM E2230).

3.4.3.3 Confirmatory analyses

The rigor required of the confirmatory analysis will depend on the size of the margin between
the maximum package component temperatures determined by the applicant and the maximum
temperature limit specified for a material or component or the regulatory limit determined by the
type of shipment. A conservative method of analysis of the fire portion of the hypothetical
accident is to mathematically apply an 800°C [1,475°F] surface temperature for 30 minutes to
the package with the appropriate initial temperature distribution and content decay heat. This
will eliminate the questions about the flame velocity and its effect on the convection heat input
into the package. The analysis will still require the appropriate boundary conditions during
cooldown to calculate the maximum component temperatures, recognizing that peak
temperatures often occur hours after the 30-minute test because of a package’s thermal mass
and the content’s decay heat.

3.4.3.4 Effects of uncertainties

Verify that the thermal evaluations appropriately address the effects of uncertainties in thermal
and structural properties of materials, test conditions and diagnostics, and analytical methods,
as applicable.

3.4.3.5 Conservatisms

Verify that the applicant discussed, quantified, and reported in the SAR any conservatisms
associated with the thermal models. For cases with small margin, ensure that the SAR includes
a table of results showing how the associated conservatisms affect the safety parameters

(e.g., calculated peak cladding temperature, confinement seal temperatures, operating
pressure). The table of results should be supported with fully documented analytical models
and calculations. In order to justify a small thermal margin, the identified model conservatisms
should demonstrate a positive increase in the predicted margin. Verify that these discussions
include the effects of uncertainties and analytical error in thermal properties, test conditions and
diagnostics, and analytical methods. If the evaluations are performed by test, verify that the test
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results are reliable and repeatable. For additional guidance, see NUREG-2152, ASME V&V 20,
and ASME Performance Test Code 19.1-2005, “Test Uncertainty.”

344 Evaluation of Accessible Surface Temperatures

Verify that the SAR presents the thermal model used for the calculation of the accessible
surface temperature. This model should consist of a heat balance at the surface of the package
in which the decay heat from the contents at the surface of the package is equal to the
convective and radiative heat loses to the environment at an ambient temperature of

38 °C [100 °F].

If the maximum surface temperature of a package exceeds the regulatory limit, a personnel
barrier can be placed around the package. This personnel barrier becomes the accessible
package surface. Verify that the applicant considered the thermal impedance of the barrier
when determining the package temperatures for normal conditions of transport.

Confirm that the maximum accessible surface temperature the applicant determined is
consistent with the General Information chapter of the SAR.

When appropriate, perform an independent analysis as described in Section 3.4.3.3 of this SRP
chapter to confirm the maximum accessible surface temperature the applicant determined.

Ensure that the maximum temperature of the accessible package surface does not exceed
85 °C [185 °F] for exclusive-use shipment and 50 °C [122 °F] for nonexclusive-use shipment
when the package is subjected to the heat conditions of 10 CFR 71.43(g). SNF packages
generally are shipped as an exclusive-use shipment.

3.4.5 Thermal Evaluation Under Normal Conditions of Transport

3.4.5.1 Heat and cold

Confirm that the thermal evaluation demonstrates that the tests for normal conditions of
transport do not result in significant reduction in packaging effectiveness, including the following:

o degradation of the heat-transfer capability of the packaging (such as creation of new
gaps between components)

) changes in material conditions or properties (e.g., expansion, contraction, gas
generation, and thermal stresses) that affect the structural performance

o changes in the packaging or contents that affect containment, shielding, or criticality,
such as thermal decomposition or melting of materials

o ability of the package to withstand the tests under hypothetical accident conditions
Verify that the component temperatures and pressures do not exceed their allowable values.
Ensure that the maximum temperature of the accessible package surface is less than 50 °C

[122 °F] for nonexclusive-use shipment or 85 °C [185 °F] for exclusive-use shipment when the
package is subjected to the heat conditions of 10 CFR 71.43(g).
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Verify that the SAR properly determines the maximum temperatures of the package
components during normal conditions of transport when the package is in 38 °C [100 °F] still air
with insolation, according to the table in 10 CFR 71.71(c)(1), and the content heat load is the
maximum allowable. Temperatures of special interest include, but are not limited to, those of
the radioactive contents/fuel/cladding, containment vessel, seals, shielding, criticality controls,
and impact limiters. Confirm that applicant has determined the volume-averaged temperature of
gases. Verify that the results are consistent with the General Information and Structural
Evaluation chapters of the SAR.

Ensure that the SAR determines the minimum temperatures of the package components during
normal conditions of transport when the package is in -40 °C [-40 °F] still air without insolation
and the content heat load is the minimum allowable. If the SAR does not restrict the minimum
heat load, the package should be considered at a uniform temperature of -40 °C [-40 °F]. Verify
that these temperatures are consistent with the Structural Evaluation chapter of the SAR.

Confirm that the maximum temperatures do not exceed their allowable limits and minimum
temperatures do not extend below their allowable limits, as specified in Section 3.4.2.3 of this
SRP chapter.

3.4.5.2 Maximum normal operating pressure

For all packages, including MOX-fresh-fuel rods and assemblies, the thermal evaluation shall
determine the MNOP when the package has been subjected to the heat condition specified in
10 CFR 71.71(c)(1) (which includes insolation) for 1 year. Ensure that the evaluation has
considered all possible sources of gases, such as those present in the package at closure,
water vapor, radiolysis, dehydration, outgassing, or fill gas released from the

MOX-fresh-fuel rods.

The evaluation of MOX powder and pellets on the MNOP should be similar to that of plutonium
oxide powder and pellets.

For powders, however, it should be noted that there is the possibility that hydrogen and other
gases may be produced from the thermal- or radiation-induced decomposition of the moisture
associated with impure plutonium-containing oxide powders. Given that the ratio of plutonium
oxide powder to uranium oxide powder with respect to the total amount of MOX powder is
expected to be small, any additional contributions from such gases should also be expected to
be small.

By the time the MOX powders are converted to fuel pellets, the processing temperatures should
have removed all of the impurities from the plutonium oxide. From this point on (i.e., from MOX
pellets, to MOX fuel rods, to full fuel assembilies), the evaluations of MOX pellets and LEU
pellets should be virtually identical.

To summarize, ensure that the maximum normal operating pressure calculation has considered
all possible sources of gases, such as the following:

. gases initially present in package
o saturated vapor, including water vapor from the contents or packaging
. helium from the radioactive decay of the contents
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. hydrogen or other gases resulting from thermal- or radiation-induced decomposition of
materials such as water or plastics

Ensure that the application demonstrates that hydrogen and other flammable gases make up
less than 5 percent by volume of the total gas inventory, or lower if warranted by the flammable
gas, within any confined volume. Confirm that the maximum normal operating pressure is
consistent with that in the General Information, Structural Evaluation, and Acceptance Tests and
Maintenance Program chapters of the SAR.

Verify that packages that have confined liquids, whether as content or as part of the design
(e.g., liquid neutron absorber), are designed such that there is sufficient ullage, or other
specified provision, for expansion of the liquid.

Spent Nuclear Fuel

Confirm that the SAR determines the maximum normal operating pressure when the package
has been subjected to the heat condition for 1 year, as specified in 10 CFR 71.71(c)(1). Ensure
that the evaluation has considered all possible sources of gases, such as the following:

. gases present in the package at closure
o fill gas released from the SNF rods
. backfilled helium and generated helium from a failed burnable poison rod
assembly (BPRA)
. fission product gases released from the SNF
. saturated vapor from material in the containment vessel, including water vapor desorbed

from the containment system components or the package contents

. helium from the a-decay of the SNF contents
. hydrogen and other gases from radiolysis or chemical reactions (e.g., sodium-water)
) hydrogen and other gases from the dehydration, combustion, or decomposition of

package components

Guidance on release of fill gas and fission product gas for pressurized-water reactor (PWR) and
boiling-water reactor (BWR) fuel is provided in Table 4-2, “Release Fractions and Specific
Activities for the Contributors to the Releasable Source Term for Packages Designed to
Transport Irradiated Fuel Rods,” of this SRP.

Verify that the MNOP in the application is consistent with the Structural Evaluation chapter of
the SAR.

If the package has any confined volumes other than the containment vessel (e.g., coolant

tanks), confirm that their pressures are properly determined (including consideration of ullage
for liquids) and consistent with the Structural Evaluation chapter of the SAR.
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3.4.6 Thermal Evaluation Under Hypothetical Accident Conditions

Verify that the package has been evaluated to demonstrate the effects of the tests for
hypothetical accident conditions.

3.4.6.1 Initial conditions

For all packages, including MOX-fresh-fuel rods and assemblies, the internal heat load of the
contents are to be at its maximum allowable power, unless a lower power, consistent with the
temperature and pressure, is more unfavorable.

Before the fire test, the package is to be evaluated for the effects of the crush (if applicable),

drop, and puncture tests. Ensure that the physical condition of the package represented in the
thermal evaluations under hypothetical accident conditions is consistent with the post-structural
hypothetical accident conditions test results from the Structural Evaluation chapter of the SAR.

Verify that the application justifies the most unfavorable initial conditions of the following:

. an ambient temperature between -29 °C [-20 °F] with no insolation and 38 °C [100 °F)]
with insolation (typically, the temperature will be the latter)

o an internal pressure of the package equal to the maximum normal operating
pressure unless a lower internal pressure, consistent with the ambient temperature,
is less favorable

. contents at maximum decay heat unless a lower heat, consistent with the temperature
and pressure, is less favorable

Confirm that the initial steady-state temperature distribution is consistent with the thermal
evaluation under normal conditions of transport.

3.4.6.2 Fire test

For all packages, including MOX-fresh-fuel rods and assemblies, the internal heat load of the
contents is to be at its maximum allowable power, unless a lower power, consistent with the
temperature and pressure, is more unfavorable.

Confirm that the package design is evaluated for the effects of the fire test. Ensure that the
evaluation (likely done by computer analysis) appropriately addresses the fire test conditions,
including the following:

) dimensions of the pool fire (i.e., package should be fully engulfed)
) fire temperature and duration (see below)

Ensure that the evaluation accounts for the following characteristics of the package:

o orientation and placement in the fire
o internal heat load (i.e., maximum possible heat loading)

For the after-fire verification, see the last paragraph of this section, as the listed four conditions
(bullets) are applicable to both categories of transportation packages (i.e., RAM and SNF).
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Verify that the package is exposed to the 800°C [1,475°F] fire environment for a minimum of
30 minutes and that surface and fire emissivity are greater than or equal to 0.8 and 0.9,
respectively. Confirm that the application specifies flame velocities that are appropriate for the
hydrocarbon fire and uses the appropriate correlation for convection in the fire as a boundary
condition (see Gregory et al. 1987).

Note that after the fire, emissivity and absorptivity values for the package surfaces would tend to
be higher because of the layer of soot deposited on the package surfaces from the fire.

Verify that the evaluation accounts for the following conditions after the fire exposure:

no artificial cooling of the package surface (i.e., no water stream)

the package is subjected to full solar insolation

the evaluation continues until the post-fire, steady-state condition is achieved
all combustion is allowed to proceed until it terminates naturally

See Section 3.4.7.2 of this SRP chapter for additional insight on the description of the fire test.
3.4.6.3 Maximum temperatures and pressures

Verify that the SAR appropriately evaluates the transient peak temperatures of the package
components as a function of time after the fire. The maximum temperatures in the components
will occur following cessation of the fire, with the delay time increasing with the distance inward
from the package surface. Verify also that the SAR determines the maximum temperatures of
the post-fire, steady-state condition.

Confirm that the maximum temperatures do not exceed the maximum allowable temperature
limits. If lead is utilized for shielding, confirm that the lead does not reach melting temperature
as a result of the hypothetical accident conditions thermal test.

Verify that the evaluation of the maximum pressure in the package design is based on MNOP
(see Section 3.4.5.2 of this SRP chapter) as it is affected by the fire-induced increases in
package component temperatures.

Verify that maximum temperatures and pressures are consistent with those in the Structural and
Containment Evaluation chapters of the SAR.

Ensure that the application demonstrates that hydrogen and other flammable gases make up
less than 5 percent by volume of the total gas inventory, or lower if warranted by the flammable
gas, within any confined volume.

Radioactive Materials

Confirm that the applicant considered possible increases in gas inventory, caused by
fire-induced thermal combustion or decomposition processes, in the pressure determination.

For MOX-fresh-fuel rods and assemblies, the applicant shall consider the possible increases in
gas inventory (e.g., from an unlikely failure of a fuel rod) in the pressure determination.

For MOX powders and fuel pellets, the processing temperatures should have removed all of the
impurities from the plutonium oxide. The only additional increase in pressure should be the

3-20



result of any helium released from the contents as a result of the increased temperature.
However, because any increase in temperature as a result of the thermal testing should be
small when compared to the processing temperatures, any increase in pressure should likewise
be small.

Verify that maximum temperatures and pressures are consistent with the Structural and
Containment Evaluations of the SAR.

Spent Nuclear Fuel

Confirm that the applicant considered possible increases in gas inventory (e.g., from fuel rod
failure, BPRA failure) in the pressure determination.

If the package has any confined volumes other than the containment vessel (e.g., coolant
tanks), confirm that their pressures are properly determined.

For high-burnup fuel (burnup exceeding 45,000 megawatt days per metric ton of uranium),
verify that the thermal evaluation considers credible or bounding fuel reconfigurations, for
example, possible accumulation and relocation of damaged fuel near temperature-sensitive
components such as seals.

Verify that maximum temperatures and pressures are consistent with the Structural and
Containment Evaluations of the SAR.

3.4.7 Appendix

An appendix may include a list of references, copies of any applicable references not generally
available to the reviewer, computer code descriptions, input and output files, test facility and
instrumentation descriptions, test results, supplemental analyses, and other appropriate
supplemental information.

3.4.7.1 Radioactive materials

Description of Test Facilities

For cases where the package is evaluated by a fire test, confirm that the descriptions of the test
facility include the following:

. type of facility (furnace, pool-fire)

. method of heating the package (gas burners, electrical heaters)

. volume and emissivity of the furnace interior

o method of simulating decay heat, if applicable

. types, locations, and measurement uncertainties of all sensors used to measure the fire

heat fluxes, fire temperatures, and test package component temperatures and pressures

. how the post-fire environment is maintained to adequately attain the post-fire
steady-state condition

3-21



. methods for maintaining and measuring an adequate supply and circulation of oxygen
for initiating and naturally terminating the combustion of any burnable package
component throughout both the fire and post-fire periods

Test Descriptions

This description should include the following:

° test procedures

. test package description

° test initial and boundary conditions

. test chronologies (planned and actual)

. photographs of the package components, including any structural or thermal damage,

before and after the tests

o test measurements, including, at a minimum, documentation of test package physical
changes and temperature and heat flux histories

. corrected test results (if applicable)
. methods used to obtain these corrected results.

Confirm that all sensors that measure heat fluxes and temperatures are positioned to measure
values affecting critical components such as seals, valves, pressure, and structural
components. The sensors should have proper operating ranges for the test conditions. Verify
that the applicant appropriately considered possible perturbations caused by the presence of
these sensors (e.g., by disturbing local convective heat transfer conditions).

For a pool-fire facility, verify that the fire dimensions and test package relative location conform
to the following specifications in 10 CFR 71.73(c)(4):

. The fire width should extend horizontally between 1 and 4 meters [40 inches and 13 feet]
beyond any external surface of the package.

o The package should be positioned 1 meter [40 inches] above the surface of the
fuel source.

Because it is probable that the method of supporting the package in the test facility will locally
perturb fire conditions adjoining the test package, verify that the applicant has appropriately
incorporated such an effect into the thermal evaluation.

Applicable Supporting Documents or Specifications

Review any reference documents included in the SAR appendix. In addition to the documents
noted in Sections 3.4.7.1 and 3.4.7.2 of this SRP chapter, these documents may include a
variety of items such as thermal specifications of O-rings and other components and
documentation of the thermal properties.

3-22



For MOX-fresh-fuel rods and assemblies, the application should include the applicable sections
from reference documents. These documents may include the test plans used for the thermal
tests, the thermal specifications of O-rings, fuel clad, and other components, and the
documentation of the thermal properties of non-ASME-approved materials used in the package.

Verify that similar documentation is also included for MOX powders and pellets.

Analyses Details

Supplemental calculations may be required to support evaluations presented in the Thermal
Evaluation chapter of the SAR. Verify that all such analyses are prepared in a manner
consistent with Section 3.4.3.1 of this SRP chapter.

3.4.7.2 Spent nuclear fuel

Justification for Assumptions or Analytical Procedures

Confirm that the applicant has stated and justified all assumptions used in the evaluation of
the package.

Review the appropriateness of and justification for the applicant’s assumptions and
analytical procedures.

Computer Program Description

Confirm that the applicant described all the computer programs used in the thermal evaluation
of the package. Verify that the applicant identified space dimensionality and method of analysis
(i.e., finite difference, finite element). Verify that the application describes the range of
applications and phenomena (linear, nonlinear; steady state, transient) as well as the material
properties and material models (isotropic, anisotropic). Verify that the application describes the
various types of initial boundary conditions and thermal loads. Verify that the application
identifies solution techniques (direct or iterative for steady state; explicit and implicit for
transient). Also, verify that the application identifies and describes any other capabilities
(enclosure radiation with view factor calculation, thermal stress analysis) that are applicable to
the applicant’s thermal evaluation. Verify that the computer programs are appropriate for the
problem to which they are applied.

Computer Input and Output Files

Confirm that the applicant has submitted annotated input files, as applicable, for each problem
(maximum accessible surface temperature, normal conditions of transport, calculation of initial
temperature distribution for hypothetical accident, initial temperature distribution for analysis of
thermal hypothetical accident) analyzed using a computer code. Confirm that the applicant has
submitted annotated output files, as applicable, for each problem (maximum accessible surface
temperature, normal conditions of transport, calculation of initial temperature distribution for
hypothetical accident conditions, and temperature distribution histories for the thermal
hypothetical accident condition during and following the 30-minute fire, until all the package
component temperatures have reached their maxima).
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Description of Test Facilities

Verify that the application describes the facilities used for performing thermal tests. The
description should include, but is not limited to, the following:

. the type of facility (furnace, pool fire)
. the method of heating the package (gas burners, electrical heaters)

Verify that the description of a furnace facility includes the volume and emissivity of the furnace
interior as well as the method of measuring the interior temperature. The oxygen concentration
in a furnace test should be consistent with that of a hydrocarbon-fuel fire.

For a pool-fire facility, verify that the application specifies the size of the fire relative to the size
of the package. Verify that the fire dimension conforms to 10 CFR 71.73(c)(4), which requires
the fire thickness to extend horizontally at least 1 meter {[40 inches (but not more than 3 meters
[10 feet]} beyond any external surface of the package. The package will be positioned 1 meter
[40 inches] above the surface of the fuel source. Verify that the application describes the
method of support of the package in a test facility and presents an analysis of the heat loss from
the package through the support to “ground.” Review to ensure that the analysis of the heat
loss from the package through the support is appropriate.

Confirm that the application identifies and describes the sensors used to measure heat flux and
temperature. Verify that the application presents the applicable operating ranges of the
sensors. Verify that the application presents and quantifies the perturbation by the sensor
(e.g., from heat losses along thermocouple leads, shadowing by heat flux measuring devices)
on the quantity to be measured (temperature, heat flux). Review to ensure that the heat flux
and temperature sensors are appropriate and that the measurements are corrected for the
perturbations by the sensors on the quantity to be measured. Verify that if calorimeters are
used to measure heat flux, the applicant corrected the calorimeter readings to account for the
difference in thermal inertia between the calorimeter and the package (unless the measured
data have reached steady state). Verify that the application presents the method of correction
of the calorimeter reading; review the method for appropriateness. For additional information,
see ASME PCT 19.5.

Test Results

Verify that the application presents test measurements, including temperatures (or temperature
histories) and flux (or flux histories). Verify that the corrected test results are presented and that
appropriate methods are used to obtain these corrections. Verify that, for the thermal portion of
the hypothetical accident, the application clearly notes the time at which the 30-minute test
starts and ends. Verify that the measurements (and corrected results) are continued until
steady state occurs (for tests for normal conditions of transport) or until the maximum
temperature occurs in all the package components (for tests of the thermal portion of the
regulatory hypothetical accident).

Verify that the application presents photographs of the package components before and

following the tests. Verify that the application presents photographs of regions of components
with thermal damage (such as charring of the insulation, damage to O-rings).
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Applicable Supporting Documents or Specifications

Verify that the application includes the applicable sections from reference documents. These
documents may include the test plans used for the thermal tests, the thermal specifications of
O-rings and other components, and the documentation of the thermal properties of
non-ASME-approved materials used in the package.

Additional Analyses

Frequently, thermally driven processes will occur in a package. These processes may include,
but are not limited to, the following:

. generation of gases within the containment system
° effects of phase changes on package materials
. combustion, decomposition, or dehydration of package materials

The production of gases (e.g., hydrogen by radiolysis) or thermal decomposition of materials
(e.g., a neutron shield) may occur in the package. Phase changes of material resulting in a
decrease of the material density occurring in the containment system or in a lead shield can
result in a pressure increase in the system. The tests under hypothetical accident conditions
may cause combustion, decomposition, or dehydration of components such as an impact limiter
or the neutron shield material.

Confirm that the applicant has identified all thermally driven special processes that will occur in
the package. Verify that the applicant has stated and justified all assumptions used in the
quantification and evaluation of these additional processes. Review the appropriateness of and
justification for the applicant’s assumptions and analytical procedures. Verify that the results
are incorporated in the appropriate subsections of the Thermal Evaluation chapter of the SAR.

Other supplemental calculations may be required to support evaluations presented in the
Thermal Evaluation chapter. Verify that all such analyses meet the goals discussed in
Section 3.4.3.1 of this SRP chapter.

3.5 Evaluation Findings

Prepare evaluation findings upon satisfaction of the regulatory requirements in Section 3.3 of
this SRP chapter. If the documentation submitted with the application fully supports positive
findings for each of the regulatory requirements, the statements of findings should be similar to
the following:

F3-1 The staff has reviewed the package description and evaluation and concludes that they
satisfy the thermal requirements of 10 CFR Part 71.

F3-2 The staff has reviewed the material properties and component specifications used in the
thermal evaluation and concludes that they are sufficient to provide a basis for
evaluation of the package against the thermal requirements of 10 CFR Part 71.

F3-3 The staff has reviewed the methods used in the thermal evaluation and concludes that

they are described in sufficient detail to permit an independent review, with confirmatory
calculations, of the package thermal design.
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F3-4 The staff has reviewed the accessible surface temperatures of the package as it will be
prepared for shipment and concludes that they satisfy 10 CFR 71.43(g) for packages
transported by exclusive-use vehicle.

F3-5 The staff has reviewed the package design, construction, and preparations for shipment
and concludes that the package material and component temperatures will not extend
beyond the specified allowable limits during normal conditions of transport consistent
with the tests specified in 10 CFR 71.71.

F3-6 The staff has reviewed the package design, construction, and preparations for shipment
and concludes that the package material and component temperatures will not exceed
the specified allowable short-term limits during hypothetical accident conditions
consistent with the tests specified in 10 CFR 71.73.

The reviewer should provide a summary statement similar to the following:

Based on review of the statements and representations in the application, the NRC staff
concludes that the thermal design has been adequately described and evaluated, and
that the thermal performance of the package meets the thermal requirements of

10 CFR Part 71.
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4 CONTAINMENT EVALUATION

4.1 Review Objective

The objective of the U.S. Nuclear Regulatory Commission’s (NRC’s) containment evaluation is
to verify that the applicant has adequately evaluated the performance of transportation
packages for radioactive material so that the packages (packaging together with contents) meet
the regulations in Title 10 of the Code of Federal Regulations (10 CFR) Part 71, “Packaging and
Transportation of Radioactive Material.”

4.2 Areas of Review

The NRC staff should review the application to verify that it adequately describes the package
and includes adequately detailed drawings. In general, the staff should review the following
information to determine the adequacy of the package description:

. description of containment system
— containment boundary
— codes and standards
— special requirements for damaged spent nuclear fuel (SNF)
. general considerations
— Type AF fissile packages
— Type B packages
— combustible-gas generation
. containment under normal conditions of transport
— Type B transportation packages
— SNF transportation packages
— compliance with containment criteria
. containment under hypothetical accident conditions (Type B packages)
— Type B transportation packages
— SNF transportation packages
— compliance with containment criteria
o leakage rate tests for Type B packages

o appendix

4.3 Requlatory Requirements and Acceptance Criteria

Table 4-1 identifies some regulatory requirements associated with the areas of review covered
in this SRP chapter. These are not necessarily the only regulations that may apply but are
meant to guide the reviewer’s initial assessment of whether the applicant provided sufficient
information to conduct the safety evaluation.
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Table 4-1 Relationship of Regulations and Areas of Review for Transportation
Packages

10 CFR Part 71 Regulations
71.31

Areas of Review 7143 | 7143 | 71.43
(a)(1) |71.31(c)| 71.33 |71.35(a)| 71.41 (a)
A © | @ |

Description of

q [ ] [ [ ] [ )
containment system

Codes and standards )

General considerations ° ° ° °

Containment under
normal conditions of ° °
transport

Containment under
hypothetical accident ° °
conditions

10 CFR Part 71 Regulations

Areas of Review 71.51 (a)| 71.51

7143 (f)|71.43 (n)| ")) @ |75 7163 | 7171 | 71.73

Description of

5 [ ]
containment system

General considerations ° ° ° ° ° °

Containment under
normal conditions of ° ° °
transport

Containment under
hypothetical accident ° ° °
conditions

Note: The bullet (o) indicates the entire regulation as listed in the column heading applies.

431 General Requirements

The applicant must describe and evaluate the transportation package in sufficient detail to
demonstrate that it meets the relevant containment requirements of 10 CFR 71.31(a)(1),
71.31(a)(2), 71.31(c), 71.33(a)(4), 71.33(a)(5), 71.33(b)(1), 71.33(b)(3), 71.33(b)(5), 71.33(b)(7),
and 71.35(a).

The transportation package must include a containment system securely closed by a positive
fastening device that cannot be opened unintentionally or by a pressure that may arise within
the transportation package, in accordance with 10 CFR 71.43(c). If necessary, coordinate with
the structural reviewer when reviewing the closing device.

The transportation package must be made of materials and construction that assure that there
will be no significant chemical, galvanic, or other reaction, in accordance with 10 CFR 71.43(d).
If necessary, coordinate with the materials reviewer when reviewing material compatibility.

Any valve or similar device on the transportation package must be protected against

unauthorized operation and, except for a pressure-relief valve, must be provided with an
enclosure to retain any leakage, as required by 10 CFR 71.43(e).
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Shipments containing plutonium must be made with the contents in solid form if the contents
contain greater than 0.74 terabecquerel [20 curies] of plutonium, in accordance with
10 CFR 71.63, “Special Requirement for Plutonium Shipments.”

The transportation package shall not have cracks, pinholes, uncontrolled voids, or other defects
that could significantly reduce the effectiveness of the packaging, as required by

10 CFR 71.85(a). Details on acceptance tests for first use of a package are found in the
Acceptance Tests and Maintenance section of the application. Discussion on acceptance tests,
and any test the NRC deems appropriate [10 CFR 71.93(b)], is found in the corresponding
chapter of this SRP.

Each closure device of the transportation package, including any required seals and gaskets,
must be properly installed, secure, and free of defects; the package must be in an unimpaired
condition and be loaded and closed in accordance with written procedures, as required by

10 CFR 71.87(b), 10 CFR 71.87(c), and 10 CFR 71.87(f). Note that details of procedures are
found in the Operating Procedures section of the application, and details on acceptance tests
and maintenance procedures are found in the Acceptance Tests and Maintenance section of
the application. Discussions on evaluating operating procedures, acceptance tests, and
maintenance are found in the corresponding chapters of this SRP.

SNF that has been classified as damaged for storage must be placed in a can designed for
damaged fuel or in an acceptable alternative. A can designed for damaged fuel confines gross
fuel particles, debris, or damaged assemblies to a known volume within the cask and permits
normal handling. Generally, the use of a can would be a factor in the applicant’s criticality,
shielding, thermal, material, and structural analyses. For example, it would be a factor in the
applicant’s analyses that ensure the requirements of 10 CFR 71.55(e) are met.

The applicant must describe [10 CFR Part 71.31(a)(1)] and evaluate the transportation package
to demonstrate that it satisfies the containment requirements of 10 CFR Part 71, Subpart

E, “Package Approval Standards,” under the tests and conditions in Subpart F, “Package,

Special Form, and LSA-Ill Tests,” as specified in 10 CFR 71.31(a)(2) and 10 CFR 71.3,
“Package Evaluation.”

As noted in 10 CFR 71.19(c), the applicant must ensure that any modifications to a
previously approved package are not significant with respect to the safe performance of the
containment system.

4.3.2 Containment Under Normal Conditions of Transport

The application must demonstrate that the transportation package satisfies the containment
requirements of 10 CFR Part 71, Subpart E, under the conditions and tests of Subpart F, as
specified in 10 CFR 71.35(a) and 10 CFR 71.41(a).

The transportation package may not incorporate a feature intended to allow continuous venting
during transport, in accordance with 10 CFR 71.43(h).

The transportation package must be designed, constructed, and prepared for shipment so that
under the tests specified in 10 CFR 71.71, “Normal Conditions of Transport,” there would be no
loss or dispersal of radioactive contents and no substantial reduction in the effectiveness of the
package, as specified in 10 CFR 71.43(f). This regulation is applicable to Type AF and Type B
packages. An additional requirement for Type B packages is specified in 10 CFR 71.51(a).
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A Type B transportation package must meet both the containment requirements of
10 CFR 71.43(f) and 10 CFR 71.51(a)(1) under the tests specified in 10 CFR 71.71 and with no
dependence on filters or a mechanical cooling system, as specified in 10 CFR 71.51(c).

4.3.3 Containment Under Hypothetical Accident Conditions

The application must demonstrate that the transportation package satisfies the containment
requirements of 10 CFR Part 71, Subpart E, under the conditions and tests of Subpart F, as
specified in 10 CFR 71.35(a) and 10 CFR 71.41(a).

A Type B transportation package must meet the containment requirements of 10 CFR 71.51(a)(2)
for hypothetical accident conditions and with no dependence on filters or a mechanical cooling
system, as required by 10 CFR 71.51(c).

4.4 Review Procedures

The containment review of transportation packages for radioactive material should ensure that
the containment requirements of 10 CFR Part 71 are satisfied.

The containment review of transportation packages should be based, in part, on the
descriptions and evaluations presented in the General Information, Material Evaluation,
Structural Evaluation, and Thermal Evaluation sections of the application. Similarly, results of
the containment review are considered in the review of Operating Procedures and Acceptance
Tests and Maintenance Program. An example of the information flow for the containment
review is shown in Figure 4-1. The containment evaluation results could indicate that special
conditions in the certificate of compliance (CoC) (i.e., package leakage testing) are required.
Verify that these conditions are consistent with the results from the thermal evaluation.

This chapter of the SRP provides review procedures for the containment review of
transportation packages. Appendix A, “Description, Safety Features, and Areas of Review for
Different Types of Radioactive Material Transportation Packages,” to this SRP describes
different types of packaging for different types of contents and provides supplemental
discussions and specific guidance related to containment for the particular package types (e.g.,
uranium hexafluoride (UF6) packages). Note that unirradiated low-enriched uranium (LEU)
transportation packages have traditionally fallen under the heading of Type AF fissile
transportation packages. However, reprocessed fresh fuel may have content activity that
results in a Type B designation; the extent of the review will be dependent on whether the
package is designated as Type AF fissile or Type B. Likewise, mixed oxide (MOX)
transportation packages, because of the intentional incorporation of plutonium, can only be
considered Type B transportation packages, as defined in 10 CFR Part 71.

441 Description of the Containment System

4.4.1.1 Containment boundary

Review the containment design features presented in the General Information and Containment
sections of the application. All drawings, figures, and tables that describe containment features

should be consistent with the evaluation.

Verify that the application provides a complete description of the containment boundary,
including, as applicable, the containment vessel, welds, O-rings and seals, lids, cover plates,
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Figure 4-1 Information Flow for the Containment Evaluation

valves, and other closure devices. The application should also describe details associated with
the containment boundary, such as codes, standards, and acceptance tests (materials, welds,
seals); consult with structural and material disciplines during the review. Figures and sketches
should clearly depict the containment boundary. Ensure that all components of the containment
boundary are shown in the drawings. The application should provide the containment
boundary’s free volume, as this information is used in the release calculations discussed below.

Confirm that the following information regarding components of the containment boundary is
consistent with that presented in the Structural Evaluation, Material Evaluation, and Thermal
Evaluation sections of the application:

. materials of construction

o containment boundary welds
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. applicable codes and standards (e.g., American Society of Mechanical Engineers Boiler
and Pressure Vessel Code specifications for the vessel)

. bolt torque required to maintain positive closure
. maximum and minimum allowable temperatures of components, including seal material
. maximum and minimum temperatures of components under the tests for normal

conditions of transport and hypothetical accident conditions.

Verify that the application describes in detail all containment boundary penetrations and their
method of closure. Performance specifications for components such as valves, pressure-relief
devices, and O-rings should be documented, and no device may allow continuous venting. Any
valve or similar device (e.g., port plugs) on the package must be protected against unauthorized
operation and, except for a pressure-relief valve, must be provided with an enclosure to retain
any leakage. Cover plates and lids should be recessed or otherwise protected. Compliance
with the containment requirements specified in 10 CFR Part 71, including permitted release
limits, may not rely on any filter or mechanical cooling system.

Confirm that all containment seals, closure devices, and penetrations, including drain and vent
ports, can be leak tested. Iffill, drain, or test ports utilize quick-disconnect valves, ensure that
such valves do not preclude leak testing of their seals (e.g., cover-plate seals), providing such
seals form part of the containment boundary. Plugs can have sealing issues related to reliability
from repeated opening and closing (e.g., sealant degradation, galling) such that leak testing
should be performed after each installation to confirm there is a seal. Credit may not be taken
for closure valves, quick-disconnects, or similar devices because it is assumed that mechanical
closure devices (e.g., a valve or quick-disconnect) permit leaks of inert backfill gas

(e.g., helium). Practical experience has shown such leaks occur and have been responsible for
causing leak paths through the weld. Consequently, welds potentially subjected to helium
pressure (by way of leakage through a mechanical closure device) during the welding process
must be subsequently helium leak tested.

Verify that the seal material is appropriate for the transportation package. Ensure that no
galvanic, chemical, or other reactions will occur between the seal and the packaging or its
contents and that the seal will not degrade from irradiation. If penetrations are closed with two
seals (e.g., to enable leak testing), verify which seal is defined as the containment boundary.
Ensure that dimensions of the seal grooves are proper for the type and size of seals specified.
Confirm that the temperature of containment boundary seals will remain within their specified
allowable limits under both normal conditions of transport and hypothetical accident conditions.
In addition, pursuant to NRC Bulletin 96-04, “Chemical, Galvanic, or Other Reactions in Spent
Fuel Storage and Transportation Casks,” dated July 5, 1996, confirm that the transportation
packages will perform adequately under the operating environments expected (e.g., short-term
loading and unloading or long-term storage) during the license period such that no adverse
chemical or galvanic reactions are produced.

Verify that the containment system is securely closed by a positive fastening device that cannot
be opened unintentionally or by a pressure that may arise within the package.
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4.4.1.2 Codes and standards

Verify that the application identifies established codes and standards applicable to the
containment design as required by 10 CFR 71.31(c). Chapter 2, “Structural Evaluation,” of
this SRP discusses the codes and standards associated with the design, fabrication, testing,
inspection, and certification of the containment system (e.g., ASME Boiler and Pressure
Vessel Code).

4.4.1.3 Special requirements for damaged spent nuclear fuel

Review the condition and isotopic composition of the SNF or radioactive material proposed for
the transportation package. If the contents include damaged fuel, coordinate with the criticality
reviewer to verify that it is canned to facilitate handling and that the damaged fuel can confines
gross fuel particles to a known subcritical volume under normal conditions of transport and
hypothetical accident conditions. Coordinate with the structural and materials reviewers to
ensure that the application includes justification for the appropriate material specifications and
the design and fabrication criteria for the can. These specifications and criteria should generally
be the same as those for containment or criticality support structures, as discussed in Chapter 2
of this SRP. If a screen-type container is used, ensure that the application includes justification
for an appropriate mesh size (e.g., mesh size adequately less than fuel fragment size); an
acceptance criterion for the mesh can be reviewed in consultation with a materials reviewer.

Note, the determination of the fuel condition should be based, as a minimum, on review of fuel
records. Fuel that is known or suspected to be damaged should be visually inspected before
loading. If the visual inspection indicates no damage greater that a hairline crack or a pinhole
leak, the fuel may be considered undamaged. Additional discussion is provided in Section
7.4.14.1 of this SRP.

4.4.2 General Considerations for Containment Evaluations
4.4.2.1 Type AF fissile packages

Verify that the application specifies that the content under consideration is a Type AF quantity.
For Type AF fissile packages, no loss or dispersal of radioactive material is permitted under
normal conditions of transport, as specified in 10 CFR 71.43(f). Although 10 CFR Part 71 does
not provide numerical release limits for Type AF packages, as it does for Type B packages, the
package should confine the contents to a known geometry to ensure subcriticality under both
normal conditions of transport and hypothetical accident conditions [per 10 CFR 71.55(e) and
10 CFR 71.59(a)(2)]. Because of the nature of the material, MOX radioactive material and
MOX SNF transportation packages are Type B packages and cannot be considered Type AF
fissile packages.

4.4.2.2 Type B packages

Type B packages must satisfy the quantified release rates of 10 CFR 71.51, “Additional
Requirements for Type B Packages.” For those packages not tested to a “leaktight” criterion, as
defined in American National Standards Institute (ANSI), Institute for Nuclear Materials
Management’s “American National Standard for Radioactive Materials—Leakage Tests on
Packages for Shipment” (ANSI N14.5), verify that the application includes release calculations
and identifies the allowable normal conditions of transport and hypothetical accident condition

volumetric leakage rates, in accordance with ANSI N14.5 (see NRC Regulatory Guide 7.4,
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“Leakage Tests on Packages for Shipment of Radioactive Material.”). ANSI N14.5 provides an
acceptable method to determine the maximum permissible volumetric leakage rates based on
the allowed regulatory release rates under both normal conditions of transport and hypothetical
accident conditions. Ensure that these two volumetric leakage rates are converted to standard
air leakage rates, in accordance with ANSI N14.5. The smaller of these air leakage rates is
defined as the reference air leakage rate. Typically, the normal conditions leakage rate is the
most restrictive. Verify that the Containment section of the application specifies the contents of
the package and how the source terms of the contents are used in the release calculations; note
that the package content may change with each licensing action. Likewise, verify that the
application describes the containment boundary’s fill gas (i.e., backfill gas), if used, as this
information is used in the release calculations discussed above.

Discussion about release calculations and sample analyses for determining containment criteria
for Type B packages are provided in NUREG/CR-6487 “Containment Analysis for Type B
Packages Used to Transport Various Contents,” issued November 1996, and ANSI N14.5. If
the application uses these sample analyses, ensure that the assumptions of that document are
applicable to the package under consideration.

Note, the release calculations and analyses discussed above for maximum permissible
volumetric leakage rates are unnecessary for transportation packages that are designed and
tested to be “leaktight,” as defined in ANSI N14.5. This recognizes that the package’s
containment boundary must remain “leaktight” under normal conditions of transport and
hypothetical accident conditions.

Verify that the application describes and justifies the condition of the containment boundary and
the contents, especially for content that has been in storage. For fuel content, it is noted that
containment is performed by the packaging rather than the fuel cladding.

NRC Information Notice 2016-04, “ANSI N14.5-2014 Revision and Leakage Rate Testing
Considerations,” dated March 28, 2016, contains information concerning issues that may
arise when Type AF and Type B contents are shipped in a Type B package as part of
different shipments.

Coordinate with the structural reviewer to ensure that the seal groove and gland design as well
as the dimensions and tolerances as noted in engineering drawings are sized for the seal and
that the seal and its groove are designed for internal and external (i.e., immersion) pressures.
Coordinate with the materials reviewer to ensure that the properties of the seal, especially those
that are elastomeric, appropriately consider normal condition and accident condition
temperature ranges. In particular, the material for the seal that has high tracer gas permeation
may result in difficulties in obtaining accurate leakage rate test results. Note that silicone has a
relatively high helium permeation rate.

4.4.2.3 Combustible-gas generation

Confirm that the application demonstrates that any combustible gases generated in the package
do not exceed 5 percent by volume, or lower if warranted by the flammable gas, of the free gas
volume in any confined region of the package under normal conditions of transport and
hypothetical accident conditions. For normal conditions of transport, the application should
demonstrate that the 5 percent concentration value, or lower if warranted by the flammable gas,
is not generated during a period of 1 year. A condition to the certificate of compliance should be
added if a transport period less than 1 year is necessary to ensure that flammable conditions
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are minimized. Verify that the application justifies the assumptions used in the combustible gas
generation calculation, such as choice of “G” values. Information on “G” values and hydrogen
generation (e.g., via radiolysis) can be found in NUREG/CR-6673 “Hydrogen Generation in TRU
Waste Transportation Packages,” issued May 2000. No credit should be taken for getters,
catalysts, or other recombination devices.

443 Containment Evaluation under Normal Conditions of Transport
4.4.3.1 Type B transportation packages

Confirm that the radionuclides and physical form of the contents evaluated in the Containment
section of the application are consistent with those presented in the General Information section
of the application. Ensure that the radionuclides include any significant daughter products.

Verify that the application identifies the constituents that comprise the releasable source term,
including radioactive gases, liquids, and powder aerosols. If less than 100 percent of the
contents are considered releasable, evaluate the justification for the lower fraction.

Verify that the maximum temperature and maximum normal operating pressure are consistent
with those determined in the Thermal Evaluation section of the application and with the pressure
in the containment vessel based on the conditions of the package under normal transport
conditions (e.g., temperature, pressure, release of gases through radiolysis, outgassing,

water vapor).

Based on the releasable source term, ensure that the applicant calculated the maximum
permissible release rate and the maximum permissible leakage rate in accordance with

ANSI N14.5. Using the maximum normal conditions of transport temperature and maximum
normal operating pressure, ensure that the maximum permissible leakage rate is converted to
the reference air leakage rate in reference cubic centimeters per second, as defined in

ANSI N14.5.

Note that for MOX SNF, consider the possibility of increased plutonium isotope levels inherent
in MOX. This will influence the mass fraction of fuel that could be released as fines during
cladding breach, with a relatively small increase in plutonium-bearing fines resulting in a
significantly lower leakage rate acceptance criterion versus LEU SNF (given the A, values of
the plutonium isotopes). Consideration should be given to defaulting to the ANSI N14.5
“leaktight” criterion.

4.4.3.2 Spent nuclear fuel transportation packages

Verify that the maximum normal operating pressure is consistent with that determined in the
Thermal Evaluation section of the application. The pressure in the containment vessel should
be based on the conditions of the package under normal transport conditions, including
temperature, release of gases and volatiles from fuel rod cladding breaches, and vaporization
of contents.

Detailed guidance on procedures for determining the containment criteria is provided in ANSI
N14.5 and NUREG/CR-6487.

Confirm that the application fully describes the SNF contents, including fuel type, fuel amount,
percent enrichment, burnup, cool time, and decay heat. Confirm that the contents evaluated in
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the Containment Evaluation section of the application are consistent with those presented in the
General Information section of the application. For high burnup fuel, consider fuel fragmentation
and releasable fines; coordinate with a materials reviewer about these effects.

Verify that the application identifies the constituents that comprise the releasable source term,
including radioactive gases, volatiles, and powders. For SNF packages, the releasable source
term is composed of crud on the outside of the fuel rod cladding that can become aerosolized,
and fuel fines, volatiles, and gases that are released from a fuel rod in the event of a cladding
breach. Source terms, and their bases, for releasable material associated with nonfuel
hardware are to be considered; for example, this can include crud that forms on the nonfuel
hardware [e.g., burnable poison rod assemblies (BPRAs)]. Although the residual contamination
on the inside surfaces of the packaging (from previous shipments) typically can be ignored in
the determination of the releasable source term, coordinate with the shielding reviewer whether
this issue should be addressed in the Operating Procedures section of the application.
Reasonable bounding values for the effective surface activity density (curies per square meter)
of the crud on fuel rod cladding are based on experimental determinations. A computer code,
such as ORIGEN-S included in the SCALE code system, is used to identify the radionuclides
present for a given percent fuel enrichment, burnup, and cool time; Section 5.4.2.1 of this SRP
discusses the issues associated with using older codes. Using the individual A2 values for the
crud, fines, gases, and volatiles individually, the effective A2 of the releasable source-term
mixture can be determined by using the relative release fraction for each contributor and the
methods from ANSI N14.5. Table 4-2 gives the release fractions and effective specific activities
for the various releasable source-term contributors for SNF with an initial enrichment of

3.2 percent, a burnup of 33,000 megawatt-days per metric ton of initial heavy metal, and a cool
time of 5 years. When an applicant uses the release fractions in Table 4-2, ensure that the
condition of the fuel described in the application is bounded by the experimental data presented
in NUREG/CR-6487. Specifically, these experimental data are based on low-burnup fuel and
the release from a single breach of one fuel rod; these data should not be used for SNF
described as damaged. The containment and materials reviewers may consider other release
fractions for conditions other than those described in NUREG/CR-6487 if the applicant has
provided adequate justification.

Based on the mass density, effective specific activity, and effective A2 of the releasable source
term, ensure that the maximum permissible release rate and the maximum permissible leakage
rate are calculated in accordance with the containment criteria specified in ANSI N14.5. Verify
that the maximum permissible leakage rate under normal transport conditions is converted into
a reference air leakage rate under standard leak test conditions according to ANSI N14.5 and
NUREG/CR-6487.

4.4.3.3 Compliance with containment design criteria

Confirm that the application demonstrates that the package meets the containment
requirements in 10 CFR 71.51(a)(1) under normal conditions of transport.

) If compliance is demonstrated by test, verify that the leakage rate of a package
subjected to the tests of 10 CFR 71.71 does not exceed the maximum allowable leakage
rate for normal conditions. Note, scale-model testing is not a reliable or acceptable
method for quantifying the leakage rate of a full-scale package.
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Table 4-2 Release Fractions and Specific Activities for the Contributors to the
Releasable Source Term for Packages Designed to Transport Irradiated
Fuel Rods*"

Pressurized-Water Reactor Boiling-Water Reactor
Variable Normal Hypothetical Normal Hypothetical
conditions of accident conditions of accident
transport conditions transport conditions

Fraction of crud that spalls off of 0.15 1.0 0.15 1.0
rods, fc
Crud surface activity, Sc [Ci/lcm?] 140%106 140%10-6 1254x10-6 1254x106
Mass fraction of fuel that is released 3x105 3x10% 3x10% 3x10%
as fines due to a cladding breach, fr
Specific activity of fuel rods, Ar [Ci/g] 0.60 0.60 0.51 0.51
Fraction of rods that develop 0.03 1.0 0.03 1.0
cladding breaches, fs
Fraction of gases that are released 0.3 0.3 0.3 0.3
due to a cladding breach, fc
Specific activity of gases in a fuel rod,| 7.32x10-3 7.32x103 6.28%x103 6.28%x103
A [Cilg]
Specific activity of volatiles in a fuel 0.1375 0.1375 0.1794 0.1794
rod, Av [Ci/g]
Fraction of volatiles that are released 2x10+4 2x104 2x10+4 2x10+4
due to a cladding breach, fv

a3.2 percent initial enrichment, 33,000 megawatt-days per metric ton of initial heavy metal burnup, 5-year cooling
bApplicable only to undamaged fuel. Release fractions for damaged fuel should be justified in the application.
“Values in this table are taken from NUREG/CR-6487.

° If compliance is demonstrated by analysis, verify that the structural evaluation shows
that the containment boundary, seal region, closure, and closure bolts do not undergo
any inelastic deformation and that the materials of the containment system (e.g., seals)
are within their maximum and minimum allowable temperature limits when subjected to
the conditions in 10 CFR 71.71.

o Demonstration that the packaging meets the maximum allowable leakage rate is
verified during acceptance testing of the packaging via the fabrication, periodic,
and maintenance leakage rate tests, as discussed in the Acceptance Tests and
Maintenance Program section and Operating Procedures section of the
application (i.e., pre-shipment leakage rate test). Additional discussion is
provided in Section 4.4.5 of this SRP.

444 Containment Evaluation Under Hypothetical Accident Conditions

The review procedures for containment under hypothetical accident conditions are similar to
those under normal conditions of transport and listed in Section 4.4.3 above. This section
focuses on the differences relevant to hypothetical accident conditions.

4.4.4.1 Type B transportation packages
The releasable source term, maximum permissible release rate, and maximum permissible
leakage rate should be based on package conditions (e.g., temperature, pressure, gas

generation by radiolysis) and the 10 CFR Part 71 containment requirements under hypothetical
accident conditions. Verify that the temperatures, pressure, and physical conditions of the
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package (including the contents) are consistent with those determined in the Structural, Material
and Thermal Evaluation sections of the application. Ensure that the reference air leakage rate
calculated for hypothetical accident conditions is greater than that determined in Section 4.4.3.1
of this SRP for normal conditions of transport. In the rare event that this is not the case, ensure
that the containment criteria for the fabrication, periodic, and maintenance leakage rate tests are
based on the hypothetical accident condition’s reference air leakage rate, rather than normal
conditions of transport.

4.4.4.2 Spent nuclear fuel transportation packages

The pressure in the containment vessel should be based on the conditions of the package
under hypothetical accident conditions, including temperature, release of gases and volatiles
from fuel rod cladding breaches, and vaporization of contents. Pressure contributions from
BPRAs should assume all the backfilled helium and generated helium is released in a failed
assembly. Verify that this pressure is consistent with that determined in the Thermal Evaluation
section of the application.

The releasable source term, maximum permissible release rate, maximum permissible leakage
rate, and conversion to the reference air leakage rate should be based on package conditions
and the 10 CFR Part 71 containment requirements under hypothetical accident conditions.
Verify that the temperatures, pressure, and physical conditions of the package (including the
contents) are consistent with those determined in the Structural Evaluation and Thermal
Evaluation sections of the application.

Ensure that the reference air leakage rate calculated for hypothetical accident conditions is
greater than that determined in Section 4.4.3.2 of this SRP for normal conditions of transport. In
the rare event that this is not the case, ensure that the containment criteria for the fabrication,
periodic, and maintenance leakage rate tests are based on the hypothetical accident condition’s
reference air leakage rate, rather than normal conditions of transport.

The containment requirements of 10 CFR 71.51(a)(2) for hypothetical accident conditions shall
be applied individually for Krypton-85 and the other radioactive materials. Krypton-85 shall not
exceed 10 A2 in a week. The remaining radioactive materials shall not exceed A2 in a week.

The considerations regarding MOX SNF described earlier for the containment criteria for normal
conditions of transport also apply to the evaluation of the containment criteria for hypothetical
accident conditions.

4.4.4.3 Compliance with containment design criterion

Ensure that the application demonstrates that the package satisfies the containment
requirements of 10 CFR 71.51(a)(2) under hypothetical accident conditions. Demonstration is
similar to that discussed in Section 4.4.2 and 4.4.3, except that the package should be
subjected to the tests of 10 CFR 71.73, “Hypothetical Accident Conditions.”

4.4.5 Leakage Rate Tests for Type B Packages
It is noted that leakage rate tests have acceptance criteria and measurement sensitivities that
can assure there are no flaws or leak paths that could result in significant release of radioactive

contents and inert gases that may be backfilled within the containment boundary. ANSI N14.5
provides information on leakage rate testing of the containment boundary, including acceptance
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criterion and test sensitivity. Likewise, NRC Information Notice 2016-04 and NRC Regulatory
Guide 7.4 contain additional relevant information on leak testing and should be reviewed. Verify
that personnel approving leakage rate test procedures and those performing the leakage rate
tests are qualified. For example, the American National Standard Institute’s “ASNT Standard for
Qualification and Certification of Nondestructive Testing Personnel,” (ANSI/ASNT CP-189) and
the American Society for Nondestructive Testing Recommended Practice No. SNT-TC-1A,
“Personnel Qualification and Certification in Nondestructive Testing” provide the minimum
training, education, and experience requirements for nondestructive testing personnel involved
with leakage rate testing. An individual who has obtained certification as an ASNT
nondestructive testing (NDT) Level Il in leak testing has the qualification necessary to develop
and approve written instruction for conducting the leakage rate testing as well as the knowledge
to consider practical leakage rate testing issues (e.g., isolation of vacuum pump). Using the
reference air leakage rate acceptance criterion and pre-shipment leakage rate acceptance
criterion, confirm that the allowable leakage rate tests for the following conditions are performed
in accordance with ANSI N14.5:

fabrication

maintenance

periodic

pre-shipment (assembly verification after loading of contents)

Verify that the reference air leakage rate acceptance criterion and test sensitivity for the
fabrication, maintenance, and periodic leakage rate tests are included in the Acceptance Tests
and Maintenance Program review (see Chapter 9, “Acceptance Tests and Maintenance
Program Evaluation,” of this SRP). Verify that the leakage rate tests of the containment
boundary are performed such that subsequent package fabrication procedures (fabrication not
related to the containment boundary) do not adversely affect the integrity of the containment
boundary. The pre-shipment leakage rate test acceptance criterion and test sensitivity should
be included in the operating procedures evaluation. Note that for “rate-of-rise” and “pressure-
drop” leakage rate tests, procedures should indicate that the vacuum pump and gas supply be
physically removed or powered off, recognizing that a closed valve may not adequately isolate
the pump or supply during the pressure measurement phase.

4.4.6 Appendix
Confirm that the appendix, if included, provides a list of references, copies of applicable
references if not generally available to the reviewer, test results, and other appropriate

supplemental information.

4.5 Evaluation Findings

Prepare evaluation findings upon satisfaction of the regulatory requirements in Section 4.3 of
this SRP chapter. If the documentation submitted with the application fully supports positive
findings for each of the regulatory requirements, the statements of findings should be similar to
the following:

F4-1 The staff has reviewed the applicant’s description and evaluation of the containment
system and concludes that:

— the application identifies established codes and standards for the
containment system
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— the package includes a containment system securely closed by a positive
fastening device that cannot be opened unintentionally or by a pressure that may
arise within the package

— a package valve or similar device, if present, is protected against unauthorized
operation and, except for a pressure-relief valve, is provided with an enclosure to
retain any leakage

F4-2 The staff has reviewed the applicant’s evaluation of the containment system under
normal conditions of transport and concludes that the package is designed, constructed,
and prepared for shipment so that under the tests specified in 10 CFR 71.71, “Normal
Conditions of Transport,” the package satisfies the containment requirements of
10 CFR 71.43(f) and 10 CFR 71.51(a)(1) for normal conditions of transport with no
dependence on filters or a mechanical cooling system.

F4-3 The staff has reviewed the applicant’s evaluation of the containment system under
hypothetical accident conditions and concludes that the package satisfies the
containment requirements of 10 CFR 71.51(a)(2) for hypothetical accident conditions,
with no dependence on filters or a mechanical cooling system.

The reviewer should provide a summary statement similar to the following:

Based on review of the statements and representations in the application, the NRC staff
concludes that the package has been adequately described and evaluated to
demonstrate that it satisfies the containment requirements of 10 CFR Part 71.

4.6 References
10 CFR Part 71, “Packaging and Transportation of Radioactive Material.”

American National Standards Institute, ANSI N14.5-2014, “Radioactive Materials—Leakage
Tests on Packages for Shipment,” New York, NY.

Regulatory Guide 7.4, U.S. Nuclear Regulatory Commission, “Leakage Tests on Packages for
Shipment of Radioactive Material,” Agencywide Documents Access and Management System
(ADAMS) Accession No. ML112520023.

B&PV Division 3 Code American Society of Mechanical Engineers, “ASME Boiler and Pressure
Vessel Code, Section Ill, Division 3, Containment Systems and Transport Packagings For Spent
Nuclear Fuel and High Level Radioactive Waste,” New York, NY, 2015.

NRC Bulletin 96-04, “Chemical, Galvanic, or Other Reactions in Spent Fuel Storage and
Transportation Casks,” OMB No. 3150-0011, U.S. Nuclear Regulatory Commission,
July 5, 1996.

NRC Information Notice 2016-04, “ANSI N14.5-2014 Revision and Leakage Rate Testing
Considerations,” 2016, ADAMS Accession No. ML16063A287.

NUREG/CR-6487, U.S. Nuclear Regulatory Commission, “Containment Analysis for Type B

Packages Used to Transport Various Contents,” UCRL-ID-124822, Lawrence Livermore
National Laboratory, Livermore, CA, November 1996.
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Nuclear Safety Analysis and Design,” ORNL/TM-2005/39, Version 6.1, June 2011.






5 SHIELDING EVALUATION

5.1 Review Objective

The objective of this evaluation is to verify that the design of Type B transportation packages
meets the external radiation requirements of Title 10 of the Code of Federal Regulations
(10 CFR) Part 71, “Packaging and Transportation of Radioactive Materials.”

5.2 Areas of Review

The NRC staff should review the application to verify that it adequately describes the package
and includes adequately detailed drawings. In general, the staff should review the following
information to determine the adequacy of the package description:

o description of shielding design

— shielding design features

— codes and standards

— summary tables of maximum external radiation levels
. radioactive materials and source terms

— source-term calculation methods

— gamma sources

— neutron sources

o shielding model and model specifications

— configuration of source and shielding
— material properties

. shielding evaluation

— methods

— code input and output data

— fluence-rate-to-radiation-level conversion factors
— external radiation levels

— confirmatory analyses

5.3 Requlatory Requirements and Acceptance Criteria

This section summarizes those aspects of 10 CFR Part 71 that are relevant to the review areas,
as identified in this standard review plan (SRP) chapter. The NRC staff reviewer should refer to
the exact language in the listed regulations. Table 5-1 identifies the regulatory requirements that
are relevant to the areas of review covered in this chapter. Table 5-2 identifies the current
external radiation level limits in 10 CFR 71.47, “External Radiation Standards for All Packages,”
that apply to exclusive-use and nonexclusive-use shipments. The table also states the limit in
10 CFR 71.51(a)(2), which applies to both exclusive-use and nonexclusive-use shipments.
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Table 5-1
Packages

Relationship of Regulations and Areas of Review for Transportation

10 CFR Part 71 Regulations

Areas of Review 71.31 | 71.33 | 71.35(a) | 71.41(a) | 71.43(f) | 71.47 | 71.51(a)
Description of shielding (a)(1),(b), (a) o . o
design (c)
Radioactive materials
and source terms (a)(1).(6) (b) * *
Shielding model and ©) . o . o
model specifications
Shielding evaluation (a)(fc)i(b)’ ° ° ° ° °

10 CFR Part 71 Reqgulations
. 71.64(a)
Areas of Review 71.61 | 7163 | ()iLb) | 7171 | 71.73 | 7174 | PAt7L,
2) App. A

Description of shielding .
design
Radioactive materials . . o
and source terms
Shielding model and . . . o .
model specifications
Shielding evaluation ° ° ° ° ° °

Note: The bullet (o) indicates the entire regulation as listed in the column heading applies.

Table 5-2 Package and Vehicle External Radiation Level Limits® (continued)
Tra_nsport Nonexclusive Exclusive Use
vehicle use
Conditions of transport Open or Closed Open (flatbed) EO pen W'thb Closed
nclosure
Package (or freight container) limits:

External surface 2 mSv/h 2 mSv/h 10 mSv/h 10 mSv/h

[200 mrem/h] [200 mrem/h] [1,000 mrem/h] [1,000 mrem/h]
1 meter [40 inches] 0.1 mSv/h No Limit
from external surface® [10 mrem/h]

Roadway or railway vehicle (or freight container) limits:
Any point on outer N/A N/A N/A 2 mSv/h
surface [200 mrem/h]
Vertical planes N/A 2 mSv/h 2 mSv/h N/A
projected from outer [200 mrem/h] [200 mrem/h]
edges
Top of ... N/A Load: Enclosure: Vehicle:
2 mSv/h 2 mSv/h 2 mSv/h
[200 mrem/h] [200 mrem/h] [200 mrem/h]
2 meters [80 inches] N/A Vertical Planes: | Vertical Planes: Outer Lateral
from ... mSv/h 0.1 mSv/h Surfaces:
[10 mrem/h] [10 mrem/h] mSv/h
[10 mrem/h]

Underside of ... N/A Vehicle below load: 2 mSv/h [200 mrem/h]
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Table 5-2 Package and Vehicle External Radiation Level Limits? (continued)

Tra_nsport Nonexclusive Exclusive Use
vehicle use
Occupied spaces N/A Cab or sleeper: 0.02 mSv/h [2 mrem/h]?
Hypothetical accident,
1 meter [40 inches] 10 mSv/h
from package external [1,000 mrem/h]
surface

Note: This table is not a substitute for NRC or U.S. Department of Transportation (DOT) regulations on the transport
of radioactive materials. See NRC and DOT regulations for current requirements (10 CFR 71.47 and

49 CFR 173.441(a) and (b), respectively).

N/A = not applicable; mrem/h = millirem per hour; mSV/h = millisieverts per hour.

aThe limits in this table do not apply to excepted packages and empty packages under DOT shipping regulations

(49 CFR Part 173, Subpart I, “Class 7 Radioactive Materials”; specifically, 49 CFR 173.421, “Excepted Packages for
Limited Quantities of Class 7 (Radioactive) Materials,” 173.422, “Additional Requirements for Excepted Packages
Containing Class 7 (Radioactive) Materials,” 173.423, “Requirements for Multiple Hazard Limited Quantity Class 7
(Radioactive) Materials,” 173.424, “Excepted Packages for Radioactive Instruments and Articles,” 173.425, “Table of
Activity Limits—Excepted Quantities and Articles,” 173.426, “Excepted Packages for Articles Containing Natural
Uranium or Thorium,” and 173.428, “Empty Class 7 (Radioactive) Materials Packaging”).

bSecurely attached (to vehicle), access-limiting enclosure; package personnel barriers are considered as enclosures.
See discussion in Section 5.4.1.2 of this SRP chapter for further information.

“Transport index may not exceed 10.

dDoes not apply to private carriers, if exposed personnel under their control wear radiation dosimetry devices in
conformance with 10 CFR 20.1502, with exposures and doses controlled and monitored under a radiation protection
program satisfying the requirements of 10 CFR Part 20.

The Shielding Evaluation section of the application should describe and analyze the packaging
design features and package configurations that are relevant to shielding, including items that
increase radiation levels (e.g., streaming paths) as well as those that reduce radiation levels.
This section of the application should also discuss how these features and the results of
shielding analyses demonstrate compliance with NRC regulations.

The package design and contents descriptions in the application should be sufficient to provide
an adequate basis for the shielding evaluation and to allow for independent review, including
confirmatory calculations. Depending on package contents, this includes descriptions that allow
for analyzing of secondary radiations such as neutrons from subcritical multiplication in spent
nuclear fuel (SNF) contents and contributions of radioactive daughters in source and waste
packages. The contents descriptions should be consistent with the assumptions made about
the contents in the shielding evaluation.

For some packages, it may be desirable to add supplemental gamma shielding as an auxiliary
component of the packaging. In these cases, the application must specifically address the
inclusion of such shielding to the package in the package description to meet 10 CFR 71.33(a).
The certificate of compliance (CoC) would need to specifically authorize the use of this shielding.
Additionally, the application must demonstrate that this shielding remains effective during the
applicable conditions (10 CFR 71.71, “Normal Conditions of Transport,” 10 CFR 71.73,
“Hypothetical Accident Conditions,” 10 CFR 71.74, “Accident Conditions for Air Transport of
Plutonium”) to meet 10 CFR 71.35(a). NRC Information Notice 83-10, “Clarification of Several
Aspects Relating to Use of NRC-Certified Transport,” dated March 11, 1983, presents additional
information regarding the use of supplemental shielding.

The application should describe the model(s) used in the shielding analysis to enable
independent review, including confirmatory calculations. The model(s) should be consistent with
the package design, the contents descriptions, and how the package is intended to be fabricated
and operated, as described in the acceptance tests and package operations sections of the
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application. The model descriptions should address streaming paths and other locations of
shielding changes (e.g., radial surface locations beyond the axial extent of neutron shields,
locations of reduced gamma shielding component thickness) and possible positions of package
contents in relation to the package’s features. The descriptions should include the specifications
of the package’s shielding components. For nonstandard materials like proprietary neutron
shielding and neutron absorbers credited in the analyses, this includes material composition
specifications in addition to dimensional specifications. The application should describe
differences in package features, dimensions, and material properties for normal conditions of
transportation calculations and the hypothetical accident conditions calculations that could affect
shielding performance. For example, polymer-based neutron shields usually are assumed to be
gone for hypothetical accident conditions. Also, personnel barriers may be credited for normal
conditions of transport calculations but not for hypothetical accident conditions.

The application should demonstrate that a package at the minimum shielding effectiveness
allowed by the package design, including tolerances, will comply with the NRC regulations for
the bounding radiation source(s) of the proposed package contents. The analysis should
account for any increases in source terms with time, such as may occur with some package
contents that produce radioactive daughters that may have greater source strengths or more
penetrating radiation spectra. The analysis should be sufficiently detailed to show compliance
for radiation levels at any point of the package surface and at the relevant distances from the
package. For packages designed to be used for nonexclusive-use shipments, the analysis
should show that the package will not exceed the nonexclusive-use radiation limits in

10 CFR 71.47(a). The NRC expects that packages evaluated to meet the nonexclusive-use
limits will be designed, fabricated, and operated to meet these limits during package use.
Otherwise, the analysis should show that the package will not exceed the exclusive-use
radiation limits in 10 CFR 71.47(b) applicable to how the package is intended to be shipped
(see Table 5-2).

The requirements in 10 CFR 71.47 state that each package offered for transportation must be
designed and prepared for shipment so that under conditions normally incident to transportation,
the package does not exceed the radiation level limits in 10 CFR 71.47(a), except as provided in
10 CFR 71.47(b). The NRC'’s practice is to ensure the analyses for compliance with the

10 CFR 71.47 limits include the impacts of the evaluations for normal conditions of transport
described in 10 CFR 71.71. Inclusion of the impacts of these evaluations reasonably bounds
the impacts of “conditions normally incident to transportation,” though they are not necessarily
the same thing. As described in 10 CFR 71.43(f) and 10 CFR 71.51(a)(1), the package must be
designed, fabricated, and prepared for shipment so that under the 10 CFR 71.71 evaluations,
the package’s surface radiation levels do not significantly increase and the effectiveness of the
packaging is not substantially reduced. As identified in the international regulations for
radioactive materials transportation [see Specific Safety Requirements No. SSR-6, “Regulations
for the Safe Transport of Radioactive Material”, 2012 Edition, paragraph No. 648(b)], the
international community interprets “significant increase” to mean an increase in excess of

20 percent of the package radiation levels in the preevaluation condition. If the application
demonstrates that 10 CFR 71.47 limits are not exceeded for a package evaluated in accordance
with 10 CFR 71.71, the NRC accepts the package as sufficient to meet the requirements in

10 CFR 71.43(f) and 10 CFR 71.51(a)(1) for the shielding evaluation.

The application should identify and describe, as applicable, the use of any industry codes and

standards or NRC guidance as part of the package’s shielding design and in the shielding
evaluation. While applicants are not required to comply with NRC guidance, the use of NRC
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guidance is expected to facilitate the staff’s review process in evaluating package designs and
confirming compliance with NRC regulations.

The following documents also provide useful guidance regarding information the application
should include in regard to the package’s shielding design and the shielding evaluation:

o Regulatory Guide (RG) 7.9, “Standard Format and Content of Part 71 Applications for
Approval of Packages for Radioactive Material,” issued March 2005, Section 5,
“Shielding Evaluation.”

. NUREG/CR-5502, “Engineering Drawings for 10 CFR Part 71 Package Approvals,”
issued May 1998.

o NUREG/CR-6407, “Classification of Transportation Packaging and Dry Spent Fuel
Storage System Components According to Importance to Safety,” issued February 1996.

At a minimum, the application should present information consistent with this SRP and guidance
in RG 7.9 and other necessary supplemental information used in confirming compliance with
NRC regulations. In instances where an applicant has taken a different approach to specific
provisions of NRC guidance, the application should provide the basis and justification for taking
that approach. The application should include a list of references with applicable pages from
referenced documents (providing copies if the references are not generally available);
justification of assumptions and analytical procedures used in code models, code tests, and
benchmarking results; descriptions of computer programs; sample input and output files
supporting all major conclusions (e.g., an input or output file for each type of calculation, for
different source or package configurations, and for the normal conditions of transport and for the
hypothetical accident conditions); tabulations of source terms, radionuclide distributions,
enrichment, fuel burnup rates, isotopic depletion, concentrations, and inventories; tabulations of
flux rates; and fluence-to-radiation level conversion factors. The applicant may also consider
including photographs of shielding components and assembly.

5.4 Review Procedures

The NRC conducts shielding reviews of Type B packages. This includes all radioactive
materials for which the applicant seeks to obtain approval in a CoC as approved contents of the
Type B package. If the applicant seeks to add materials that are of Type A quantities to the
approved contents of the Type B packages, whether to be shipped alone in the package or
together with Type B contents, review the application to ensure that the applicant has
adequately evaluated the Type B package for these contents, applying the guidance in this SRP
chapter as appropriate. The NRC does not conduct reviews of Type A packages as, with the
exception of Type AF (fissile) packages, the regulations allow self-certification of these
packages. For Type AF packages, shielding reviews are not necessary because, by the nature
of the contents, radiation source terms and radiation levels for these packages are negligible.

Ensure that the applicant has described and evaluated the package design, including the
shielding and the contents with their associated source terms, to meet all applicable external
radiation requirements of 10 CFR Part 71 under normal conditions of transport and hypothetical
accident conditions. For packages for the shipment of plutonium by air, ensure that the
applicant has also evaluated the package design to meet the external radiation requirements in
10 CFR 71.64(a)(1)(ii) and (b)(2). For such a package, use methods and processes similar to
those described in this chapter for evaluating compliance with the external radiation
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requirements for normal conditions of transport and hypothetical accident conditions to evaluate
compliance with the requirements for air shipments of plutonium.

As part of the evaluation, review and consider the package and contents descriptions presented
in the General Information section of the application. Coordinate with the reviewers of the other
sections of the application, as applicable and described in the review procedures in this SRP
chapter, to ensure that the applicant adequately evaluated the packaging and the contents for
both normal conditions of transport and hypothetical accident conditions and to ensure that the
package will be fabricated, operated, and maintained consistent with the shielding evaluation
and in a manner to meet the regulations. This includes ensuring that the acceptance tests
include appropriate shield effectiveness tests for those packaging components relied on for
shielding. Figure 5-1 illustrates the information flow and interdependency between the reviews
for other sections of the application and the shielding evaluation review.

Also, as part of the review, ensure that the CoC includes appropriate conditions with respect to
the package design, allowable package contents, package operations, and package acceptance
and maintenance tests to ensure that the shielding performance of the package will be as
designed and meet regulatory requirements. To do this, see also the guidance in Chapter 1,
“General Information Evaluation,” Chapter 8, “Operating Procedures Evaluation,” and Chapter 9,
“Acceptance Tests and Maintenance Program Evaluation” of this SRP and work with the
reviewers of those chapters.

In addition to the guidance provided in this chapter, consult the information and guidance
provided in the appropriate section of Appendix A, “Description, Safety Features, and Areas of
Review for Different Types of Radioactive Material Transportation Packages,” and the other
appendices to this SRP, as applicable. Appendix A includes useful guidance that is specific to
several of the package types, with the exception of Tritium-Producing Burnable Absorber Rod
(TPBAR) packages, which the NRC certifies. Appendix E, Description and Review Procedures
for Irradiated Tritium-Producing Burnable Absorber Rods Packages,” includes guidance and
other potentially useful information for reviews of TPBAR packages. Appendix B, “Differences
between Thermal and Radiation Properties of MOX and LEU Radioactive Materials,” and
Appendix C, “Differences between Thermal and Radiation Properties of MOX and LEU Spent
Nuclear Fuel,” also provide useful information to inform reviews of mixed oxide (MOX) fresh fuel
and MOX SNF packages, respectively. Except for the information in Appendix C for MOX SNF
packages, guidance regarding SNF, including research reactor and commercial [both low-
enriched uranium (LEU) and MOX] SNF, is contained within this chapter.

5.4.1 Description of Shielding Design

Ensure that the application includes information about the packaging design. This design
information is typically captured in engineering drawings submitted in the General Information
section in the application. RG 7.9, NUREG/CR-5502, and NUREG/CR-6407 provide information
and describe the recommended format and technical contents for drawings submitted in
package applications. Verify that the engineering drawings focus on and provide the necessary
details for the features of the package and configuration(s) of components that are important in
assessing the shielding performance of the package and demonstrating compliance with

10 CFR Part 71 regulations. These details include dimensions with tolerances as well as
materials specifications with tolerances for shielding, such as proprietary neutron shields and
other nonstandard materials, lead gamma shielding, and neutron absorbers credited in the
analyses. The degree of specificity of the package component descriptions in the drawings
should be commensurate with the stated safety functions and with the sensitivity of package
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Figure 5-1 Information Flow for the Shielding Evaluation

shielding performance to the properties of the package components (material and dimensional
properties, including tolerances). With regard to tolerances, ensure that the drawings specify
reasonable tolerances for dimensions and material properties because packaging features may
be subject to some variability in fabrication. Whatever tolerances are specified, ensure that the
applicant’s shielding analyses appropriately use these tolerances to determine maximum
package radiation levels (see Sections 5.4.3.1 and 5.4.3.2 of this SRP chapter).

Review the description and evaluation of shielding design features in the Shielding Evaluation
section of the application. Ensure that the description, including any sketches and figures, is
consistent with that given in the General Information section of the application, including the
engineering drawings. Verify that the application identifies any industry codes and standards or
NRC guidance the applicant used in the shielding design and evaluation, and verify that the
applicant used them properly.

5.4.1.1 Shielding design features

Ensure that the application’s description of the shielding design features addresses those items
that are important to evaluation of the package’s shielding performance, including, but not
limited to, the following topics:
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. dimensions, tolerances, configurations, and densities of materials for neutron and
gamma shielding and those packaging components that can affect package shielding
performance; these components include both those that reduce package shielding
performance (e.g., streaming paths) as well as those that enhance it, both components
the applicant’s shielding evaluation considered and those that it did not

. material composition specifications and tolerances on those specifications
(e.g., minimum boron and hydrogen content) for nonstandard materials such as
proprietary neutron-shield materials

. stability and potential deformation or materials properties changes of shielding materials
if exposed to elevated temperatures

. materials and dimensional specifications, with their respective tolerances, of neutron
absorbers that are credited in the shielding analyses; the materials specifications should
include mass density, atomic density, or areal density of the absorbing material
(e.g., boron-10)

. structural components that maintain the package contents in a fixed position within the
package, whether for just normal conditions of transport or also for hypothetical
accident conditions

. integrity of closure features and seals (and other relevant features) relied on to maintain
package contents within certain packaging components; examples include seals or
closures of internal containers loaded in the package for which the shielding evaluation
assumes the package contents remain in the sealed containers and cannot spread to
other areas in the package cavity. The application should include package operating
procedures, acceptance tests, and maintenance program checks to ensure the closure
features and seals do not allow migration of contents to unintended areas of the
package cavity

. dimensions of the transport vehicle, and potentially the impact limiters, that are
considered in the shielding evaluation when the applicant’s evaluations are for
demonstrating compliance with the exclusive-use limits

. appropriate dimensions and properties, including tolerances, of supplemental shielding of
which an applicant may wish to allow use with the package (as an auxiliary component of
the packaging)

For applications that include allowance of the use of supplemental shielding, coordinate with the
General Information review to ensure that the engineering drawings include appropriate details
for this shielding. Also, coordinate with the structural, materials, and thermal reviewers to
ensure that the application demonstrates that shielding remains effective for the conditions for
which the shielding evaluation credits this shielding. Additionally, coordinate with the reviewers
of the Package Operations and Acceptance Tests and Maintenance Programs sections of the
application to ensure that these sections adequately address the use of this shielding, as
appropriate. Ensure, that, if found acceptable, the CoC specifically addresses the use of this
supplemental shielding. These above requirements would not apply to any supplemental
shielding not attached to the package, the sole purpose of which is to reduce external radiation
levels to below regulatory requirements (e.g., additional shielding attached to the sides of the
trailer or truck cab) (see NRC Information Notice 83-10).
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Confirm with the thermal and materials reviewers that shielding materials will not exceed their
allowable maximum temperature limits under normal conditions of transport and, as applicable,
hypothetical accident conditions. Also confirm with these reviewers that shielding properties will
not degrade during the service life of the packaging (e.g., degradation of hydrogenous
materials). For evaluations that credit the neutron absorbers, coordinate with the criticality,
materials, and acceptance tests and maintenance program reviewers to confirm the proper
specifications of the absorber properties and allowable variations of those properties (see
Sections 6.4.1.2,6.4.3.2,7.4.7, 9.4.1.6, and 9.4.2.4 of this SRP) and to confirm that the
application includes appropriate qualification and acceptance testing of these absorbers.

Coordinate with the materials and acceptance tests and maintenance reviewers to ensure that
the application contains appropriate and adequate acceptance tests and maintenance programs
to ensure that the package shielding will be fabricated and maintained consistent with the
package design and in a manner to meet the regulations (see Sections 7.4.6, 9.4.1.7, and
9.4.2.5 of this SRP). In general, appropriate acceptance tests include gamma scans and
measurements of gamma and neutron radiation levels over the package surfaces where gamma
and neutron-shielding materials are located in the design. Also, appropriate maintenance
programs generally include periodic measurements of radiation levels. Ensure the acceptance
criteria for acceptance tests and maintenance programs are consistent with and based on the
packaging and contents descriptions in the application. For radiation-level scan or
measurement acceptance tests and maintenance program tests, appropriate acceptance criteria
would be measured radiation levels that do not exceed those that are calculated for the same
radiation source(s) used in the test for package shielding at the minimum properties specified in
the engineering drawings over the measured package surfaces. For acceptance tests, ensure
that the entire package surface where the shielding is located is tested, whereas a reasonable
number of appropriate locations on the package surface may be tested for maintenance
program tests. RG 7.7, “Administrative Guide for Verifying Compliance with Packaging
Requirements for Shipping and Receiving of Radioactive Material,” Section 2.1.1, “Elimination of
Voids,” and NUREG/CR-3854, “Fabrication Criteria for Shipping Containers,” Section 3.2,
“Acceptance Testing,” issued March 1985, provide additional guidance and information
concerning acceptable shielding effectiveness test methods. Confirm that the acceptance tests
also include appropriate chemical and physical tests of proprietary or nonstandard shield
materials (e.g., polymer-based neutron shields). Note that for a package, or portions of the
package, that rely only on carbon steel or stainless steel packaging components, which are
generally fabricated to industry standard specifications, for shielding, visual inspections and
dimensional inspections are generally sufficient acceptance tests for ensuring shielding
performance. In other words, no additional acceptance tests would be needed for such a
package or portions of the package.

Many materials have been used as gamma shielding in the different package types that the
NRC has certified. These materials include steel, lead, tungsten, and depleted uranium.
Depleted uranium rapidly and significantly oxidizes when exposed to heat and air, although the
result may not be evident until some time after the conclusion of the 10 CFR 71.73 thermal test.
Therefore, confirm with the structural and materials reviewers to ensure that the 10 CFR 71.71
and 10 CFR 71.73 impact tests, including puncture tests, and the other impact tests that may be
appropriate for the package (e.g., 10 CFR 71.74 impact tests) do not damage the packaging
cavity containing the depleted uranium in a manner that exposes the depleted uranium to

the environment.
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5.4.1.2 Summary tables of maximum external radiation levels

Confirm that the application describes the type of use or shipment for which the package is
designed or evaluated (i.e., exclusive-use or nonexclusive use). Review the application’s
summary table listing of expected maximum radiation levels. As described below and in

Section 5.4.4.4 of this SRP, ensure that the applicant calculated the maximum radiation levels
for all relevant and appropriate surfaces. The summary table should include the maximum
radiation levels for these package surfaces and the appropriate distances from these surfaces
for the type of transport for which the package is designed and intended. The table should
include total radiation levels as well as the separate gamma and neutron components of the
radiation levels. For packages with multiple contents, the table should also identify the source or
sources that produces the maximum radiation levels. For SNF packages, this includes
specifying the burnup, enrichment (or uranium and plutonium composition for MOX SNF), and
the cooling time combinations. As part of this review, examine variations in radiation levels at
different package locations for general consistency (e.g., decreasing radiation levels with
increasing distance or increasing shielding effectiveness), given shielding modeling assumptions
and regulatory requirements and NRC guidance. Verify that the radiation levels are within the
regulatory limits listed in 10 CFR 71.47 (see Table 5-2) and 10 CFR 71.51(a) for the appropriate
conditions and types of shipment. Note that the accident conditions limit for shipments of
plutonium by air is given in 10 CFR 71.64(a)(1)((ii), which is essentially the same as the limit for
all other packages given in 10 CFR 71.51(a)(2).

Consult Figure 5-2 below in reviewing the application to identify, based on the package design
and calculated radiation levels in the application, the surfaces and locations for which the
application should provide radiation level results and the appropriate limits for those surfaces
and locations. Figure 5-2 illustrates how the radiation level limits apply to different shipment
configurations for both exclusive-use and nonexclusive-use shipments. Note that the current
version of the DOT’s Pipeline and Hazardous Materials Safety Administration’s “Radioactive
Material Regulations Review” document is another source of useful information regarding
transportation requirements, including package radiation limits.

The application may include results for the package’s transport index (Tl). The value of the Tl is
the maximum radiation level at 1 meter [40 inches] from the package’s surface in mrem/hr. For
packages designed and evaluated for nonexclusive-use transportation, the application will
include this value, and this value must not exceed the limit of 10 specified in 10 CFR 71.47(a).
For exclusive-use shipments, 10 CFR 71.47 does not include a limit for the TI. While a Tl is
calculated in the application, the actual Tl for a package is determined by measurement at the
time of shipment. Ensure that the measured Tl is placed on the package label. The Tl is used
in shipments to ensure proper controls are exercised for the shipments, including limiting the
number of packages that may be shipped on a conveyance [see 49 CFR 173.441(c)—(e)].

Ensure that the package operating procedures assure the package will be used consistent with
the shielding evaluation. This includes ensuring that measured radiation levels that exceed
expected levels result in checks that the package has been properly loaded and prepared for
transport. For example, for a package that is evaluated to meet the nonexclusive-use limits in
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10 CFR 71.47, the measured radiation levels for a package prepared for shipment should, in
general, not exceed the limits for nonexclusive use.

Figure 5-2

Confirm that the application states the contents and contents specifications that result in the
maximum package radiation levels. For packages with a variety of contents or contents
specifications with different source terms or spectra or different source configurations within the
package, the same contents or contents specifications may not result in the maximum package
radiation levels at all locations of the package surface or at the specified distances from the
package surfaces. This may be true for the same package configuration and conditions

(e.g., normal conditions of transport). This may also be true for different package configurations
and conditions (e.g., normal conditions of transport versus hypothetical accident conditions).
Therefore, ensure that the application states the contents and contents specifications that result
in maximum radiation levels for each package surface (and at distance) for each package
configuration and each set of conditions. For SNF packages, this includes such parameters as
fuel type, maximum burnup, minimum enrichment, minimum cooling time, conditions of the SNF
(e.g., damaged or undamaged), and the type of nonfuel hardware loaded with the fuel. For
SNF, gamma and neutron radiation levels can significantly vary or be the greatest at different
fuel specifications. Also, gamma radiation may be more dominant for some package surface
locations or package configurations or set of conditions, and neutron radiation may be more
dominant in other instances.

5-11



5.4.2 Radioactive Materials and Source Terms

Confirm that the contents used in the shielding analyses are consistent with those specified in
the General Information section of the application. The contents description should be
consistent with the package evaluation. Ensure that the specifications in the General
Information section of the application are adequate to define the allowable contents in terms of
the shielding evaluation (i.e., to ensure the shielding evaluation adequately bounds the allowable
package contents). For applications with less-detailed or broader-scoped descriptions of the
contents, the shielding analyses will need to address the variations in contents characteristics
that the contents descriptions will allow in terms of properties relevant to shielding. The more
detailed or limited in scope the contents description is, the more refined and focused the
shielding evaluation can be. The level of detail may be dependent upon the package type as
well. For example, a Type B waste package may have a broader description of the contents
than a source package designed for multiple sources. If the package is designed for multiple
types of contents or contents with a variety of specifications (e.g., SNF), ensure that the
applicant clearly identified and evaluated the contents and contents specifications producing
the highest external radiation levels at each location. Confirm that the identified contents

and contents specification do indeed result in the highest, or bounding, radiation levels at

each location.

Ensure that the contents descriptions in both the General Information and Shielding Evaluation
sections of the application are sufficient to define the source terms of the allowable contents and
the allowable configurations of the source terms, including possible configuration changes under
normal conditions of transport and hypothetical accident conditions. Important specifications
include the radionuclides present in the contents and their maximum quantities (e.g., maximum
activity or maximum specific activity for radioactive material packages [i.e., source packages)],
the contents’ physical and chemical properties and form, and possible reconfiguration or
distribution changes of nuclides and contents. For example, in describing how the radionuclides
are distributed within the contents (including how such limits in the CoC conditions are to be
interpreted), the applicant may characterize the distribution using terms such as “distributed
throughout” and “essentially uniformly distributed,” as those terms are defined in NUREG-1608,
“Categorizing and Transporting Low Specific Activity Materials and Surface Contaminated
Objects,” Section 4.2.2. Verify that the applicant correctly identified and characterized all
potential radiation sources, even if analysis shows they contribute negligibly to package
radiation levels.

Note that a contents specification of simply a set number of A values (i.e., Type A quantities?) of
radioactive materials or radionuclides is not sufficient for the reasons described in Regulatory
Issue Summary (RIS) 2013-04, “Content Specification and Shielding Evaluations for Type B
Transportation Packages,” dated April 23, 2013. While there are different ways to specify the
contents, whatever method is chosen to specify or define the allowable contents, the shielding
evaluation should support this definition. The Package Operations section of the application
may also need to include specific operations descriptions to ensure that the package user
correctly loads the package in accordance with the contents specifications. RIS 2013-04
contains some examples of contents specifications and the associated shielding evaluations the
staff has accepted along with the conditions for that acceptance.

For commercial SNF, ensure that the specifications include such things as the fuel types, fuel
conditions (e.g., damaged, undamaged; see Section 7.4.14.1 of this SRP for guidance regarding

2 See the definition of a Type A quantity in 10 CFR 71.4, “Definitions.”
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fuel condition), assembly hardware specifications (material masses and cobalt impurity levels
per axial zone), nonfuel hardware (NFH) specifications, maximum burnups, minimum
enrichments (fissile uranium and plutonium specifications for MOX SNF), minimum cooling and
decay times, and arrangements in the package. NUREG/CR-6802, “Recommendations for
Shielding Evaluations for Transport and Storage Packages,” Section 3.3.1, “Active Spent Fuel
Region Isotopics,” and Appendix B, “Nuclide Importance and Parameter Sensitivity Study for
PWR/BWR Source Term Generation,” issued May 2003, include information about various
commercial SNF parameters and their effects on the source term. Also, while written for SNF
storage casks, NUREG/CR-6716, “Recommendations on Fuel Parameters for Standard
Technical Specifications for Spent Fuel Storage Casks,” issued March 2001, contains
information that can be useful for reviewing the commercial SNF contents specifications for a
transportation package.

If the contents include high-burnup commercial SNF [i.e., SNF with burnups in excess of
45,000 megawatt-days per metric ton uranium (MWd/MTU)], ensure the contents specifications
include how the high-burnup fuel is to be treated, whether as damaged fuel or undamaged fuel,
or in some other manner. Coordinate with the materials evaluation reviewer to ensure that the
application supports the basis for the applicant’s treatment of high-burnup fuel.

For a commercial SNF package, also ensure that the specifications for any NFH contents
include the hardware types, component materials and masses per axial zone, quantities,
arrangements in the package, maximum burnups, minimum cooling times, neutron flux factors,
cobalt impurity levels and other activated materials (e.g., hafnium, silver-indium-cadmium),
neutron source types, and strengths. Ensure that the application addresses specifications for
those NFH types that may have multiple configurations (e.g., thimble plug devices that may also
have water displacement or absorber rods).

For commercial SNF enrichments and burnups, it is acceptable for the values to be assembly-
average minimum and assembly-average maximum, respectively, though calculation of the
assembly average may require additional consideration for fuel with axial blankets. Natural
uranium blankets effectively increase the burnup in the middle of the assembly’s active fuel
zone, with greater effect as the length of the blankets increases. Variations in fuel assembly
type play a secondary role for pressurized-water reactor (PWR) fuel. For boiling-water reactor
(BWR) fuel, part-length rods, void fractions, and channel sizes may also affect the strengths of
neutron and gamma sources. Ensure that the contents specifications and source-term
calculations for SNF that include MOX or thoria properly account for unique aspects of these fuel
materials. These aspects include contributions from nuclides produced from fuel irradiation and
from natural decay of fuel materials and buildup of nuclides with significant radiations at longer
cooling times for fuel with short decay times (e.g., TI-208 in thoria-bearing fuel).

For commercial SNF packages, also ensure that the application contains specific information
concerning reactor operations that affect the SNF source term. Several NRC technical reports
(specifically, NUREG/CR-6716, but also NUREG/CR-6700, “Nuclide Importance to Criticality
Safety, Decay Heating, and Source Terms Related to Transport and Interim Storage of High-
Burnup LWR Fuel,” issued January 2001; NUREG/CR-6701, “Review of Technical Issues
Related to Predicting Isotopic Compositions and Source Terms for High-Burnup LWR Fuel,”
issued January 2001; and NUREG/CR-6798, “Isotopic Analysis of High-Burnup PWR Spent Fuel
Samples From the Takahama-3 Reactor,” issued January 2003) discuss the potential effects of
other parameters not typically included in the CoC conditions for commercial SNF package
contents limits (e.g., moderator soluble boron concentrations, maximum poison loading,
minimum moderator density (for BWR fuels), and maximum specific power). For example, the
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net impact of moderator density on package radiation levels is expected to be low for PWR fuels.
However, be aware that the axial variation in moderator density in BWR cores can have a
measurable effect on the axial variation of radiation levels for a BWR SNF assembly. The
radiation levels may increase near the top of the assemblies where the moderator density was
the lowest. This is particularly important for neutron sources because reduced moderator
density will harden neutron spectrum and hence induce more actinide production.

For setting commercial SNF contents limits in the CoC, ensure the application uses proper
parameters and specifications that are readily inspectable and with which a package user can
easily determine compliance. Several of the parameters described above fit this purpose
(e.g., minimum enrichment, maximum burnup, minimum decay time, maximum uranium mass).
However, specific gamma and neutron source terms do not and so should not be used in the
CoC to describe the allowable SNF contents.

For research SNF packages, ensure that the application adequately describes these SNF
contents. Some items for commercial SNF also apply to research SNF. These specifications
include maximum burnup, minimum enrichments (or fissile material specifications), assembly
hardware, fuel condition, and appropriate assembly physical parameters (e.g., plate-type fuel,
dimensions). The CoC description of the contents should include those parameters important
for defining the source terms for the research SNF.

54.21 Source-term calculation methods

Ensure that the applicant has accurately determined the source terms associated with the
proposed package contents and has used appropriate methods for the determination. This may
involve the use of published data sources, which may be useful for contents of source packages
with limited numbers of radionuclides present in the package, or the use of computer codes.
The International Commission on Radiological Protection (ICRP) Publication 38, “Radionuclide
Transformations—Energy and Intensity of Emissions,” is an example of such data source,
though more recent data sources (e.g., ICRP Publication 107, “Nuclear Decay Data for
Dosimetric Calculations”) are available. Depending upon the shielding code used to calculate
the package radiation levels, the code may have source information built in already. This is the
case for the MicroShield® code,® which allows selection of the radionuclides present in the
source and the capability to specify the quantity (in curies or becquerels).

The SCALE code system’s ORIGEN-ARP module also has the capability to calculate the source
terms from commercial SNF contents as well as specific radionuclides and other source
materials (e.g., (a,n) neutron sources). The code can provide results in a variety of forms,
including an energy spectrum with total source strength. For commercial SNF calculations,
ORIGEN-ARP provides more of a rough estimate for source terms since it interpolates on
libraries generated for specific assembly types with set characteristics for the ranges of
enrichment, burnup, and decay time values used to generate those libraries. Other modules
and sequences in the SCALE code system have been developed to calculate SNF source
terms, including for research SNF, and provide more flexibility and user control over the
assembly parameters for calculating them. These include ORIGEN-S, SAS2H and, in more
recent versions of SCALE, TRITON.

3 The MicroShield code was developed by Grove Software, 4925 Boonsboro Road #257, Lynchburg, Virginia,

24503, http://www.radiationsoftware.com.
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For applications that use published data sources, ensure that the data source has a strong
pedigree; that is, the source is published by a well-known and trusted entity and the data have
been properly validated and are publicly available. Ensure that the applicant has used the
correct source term data from the published source in the shielding analyses. Also, confirm that
the applicant has included the data for radionuclides that may also be present that are decay
products of the proposed contents and that the contents description addresses the decay
products. In various cases, the decay products may have significant impacts on and even be
the dominant contributor to the package radiation levels. In such cases, ensure that the
applicant has addressed and correctly determined the source term for an appropriate decay time
that will maximize the radiation levels from the parent radionuclide and daughter radionuclides.
The capability for this determination may also be included in the shielding code as well, as is the
case for some versions of MicroShield.

For applications that use computer codes to determine source terms, verify that the applicant
used a computer code, such as ORIGEN-S, that is well benchmarked and recognized and
widely used by industry. If a vendor proprietary code is used, check the code validation and
verification records and procedures, preferably with sample testing problems. Although easy to
use, use of ORIGEN-2 (including ORIGEN-2.1) and the U.S. Department of Energy, Office of
Civilian Radioactive Waste Management (OCRWM) Characteristics Database (TRW 1992)
should be discouraged. Both have energy group structure limitations. For example, for
ORIGEN-2, many libraries are not appropriate for burnups exceeding 33,000 MWd/MTU. Also,
ORIGEN-2 and the OCRWM database are no longer maintained by the original developer and
are based on outdated data that may contain errors. If the applicant uses a computer code that
is designed for reactor analyses (e.g., CASMO) for source-term calculation, ensure that the code
has been used in such a way that the calculations yield appropriate results to use as source
terms in the shielding analysis. This includes appropriate consideration of unique aspects of any
proposed SNF contents that include MOX or thoria.

Ensure that the applicant has provided appropriate descriptive information, including validation
and verification status, and reference documentation. Determine whether the computer code is
suitable for determining the source terms and if it has been correctly used. Pay particular
attention to “Area of Applicability” to verify whether the application falls into the parameter
ranges for which the code is validated. Determine whether the computer code is appropriately
applied and that for SNF packages, the application includes verification that the chosen
cross-section library is appropriate for the fuel specifications being considered. For example,
many libraries are not appropriate for a commercial SNF burnup exceeding 45,000 MWd/MTU
because validation data are limited at high burnups. [f the applicant has used the code outside
its validated parameter ranges, ensure that the applicant has adequately justified the
acceptability of such use, including addressing uncertainties in the analysis results that result
from this use.

Verify that the applicant has adequately addressed calculational error and uncertainties of the
computer codes used to determine the radiological and thermal source terms for the shielding
analyses for SNF packages (and for other packages, if appropriate). As part of this
determination, consider factors such as other conservative assumptions and design margins in
the analysis and maximum assembly heat loads for the design basis combination (or
combinations) of fuel, burnup, enrichment, and cooling time. For example, adjustments to
source-term values or calculation bases or other aspects of the shielding analysis or reduced
decay heat or other parameter limits (versus low burnup fuel) may be necessary to compensate
for uncertainties in the source-term calculations for commercial fuel with high burnups. An
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acceptable approach to address calculation errors and uncertainties is to establish a bounding
value (or values) with justified conservatisms.

When reviewing the commercial SNF source-term calculations, also consider that nuclide
importance changes in high-burnup fuels as a function of burnup and cooling time. The data for
benchmarking the calculations and computer codes are limited at high burnups. Several
NRC-sponsored studies (e.g., ORNL/TM-13315, “Validation of SCALE (SAS2H) Isotopic
Predictions for BWR Spent Fuel” issued September 1998; ORNL/TM-13317, “An Extension of
the Validation of SCALE (SAS2H) Isotopic Predictions for PWR Spent Fuel” issued

September 1996; NUREG/CR-6700; NUREG/CR-6701; and NUREG/CR-6798) provide
additional information on high-burnup source-term issues.

Ensure that the application describes the source terms in a format that is compatible with the
shielding calculation input, including energy spectrum structure where applicable. For some
packages or some package contents and for some shielding codes, the nuclide and its activity
may be sufficient. In other cases, this may require specification of radiation type, energy
spectrum, and total emission rate in particles per second per some unit basis (e.g., neutron/sec
per assembly for SNF). Also, ensure that the application addresses any secondary radiations
produced by reactions within the package contents or the package components. This includes
gammas produced by (n,y) reactions or neutrons produced by subcritical multiplication or (a,n)
reactions. For package contents with significant 3 emitters, particularly when the package can
be used to ship such contents without significant y-emitting nuclides present in the contents in
significant quantities, this also includes bremsstrahlung. When bremsstrahlung should be
accounted for, ensure the applicant has used an appropriate method for estimating the source.
One such method is included in “Introduction to Health Physics” (Cember 1996).

Coordinate with the thermal reviewer to determine the need to evaluate the applicant’s
calculation of the package contents’ decay heat. Often, the same codes used to determine
radiation source terms can also be used to calculate decay heat. Other methods are also
available for determining decay heat for SNF. RG 3.54, Revision 2, “Spent Fuel Heat
Generation in an Independent Spent Fuel Storage Installation,” describes a few such methods.
Verify that the application adequately describes the calculation method and that the method is
appropriate for and correctly used to determine the decay heat for the package contents.
Ensure that the analysis also appropriately identifies and accounts for uncertainties in the decay
heat analysis, as appropriate.

Perform independent calculations to confirm the applicant’s calculated radiation source terms
and decay heat levels, as appropriate. Perform independent calculations, as needed, to confirm
that the applicant has properly determined the bounding source terms for the package contents.
Support the containment review, as needed, by verifying the quantities of certain nuclides

(e.g., krypton-85, tritium, and iodine-129) the applicant used to analyze releases of radioactive
material during normal conditions of transport and hypothetical accident conditions. Confer with
the containment reviewer to determine the need to verify these nuclide quantities.

5422 Gamma sources

Based on the specified package contents, verify that the applicant calculated the maximum
gamma source strength and spectra by an appropriate method (e.g., standard computer codes
and hand calculations) for all appropriate contents. This includes all source terms that result in
maximum radiation levels at different package surface and distance locations and for the
different types of package contents for packages with multiple types of contents (e.g., SNF,
NFH, greater-than-Class-C waste). Ensure that the application includes source-term
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contributions from radioactive decay products if they result in higher radiation levels than the
contents without decay, as described in Section 5.4.2.1 of this SRP chapter. In evaluating the
contents’ source terms, note that for MOX SNF, the gamma source can be significantly larger
than for LEU SNF (see Appendix C to this SRP).

For gamma source terms that are calculated with computer codes, review the key parameters
described in the application or listed in the input file. When neutron sources are present, verify
that the production of secondary gamma (e.g., from (n,y) reactions in shielding material) is either
calculated as part of the shielding evaluation (see Section 5.4.4 below) or otherwise
appropriately included in the source term. Confirm that the results of the source-term
calculations are presented as a listing of gamma fluences or fluence rates, for example, gamma
or million electric volts (MeV) per second, as a function of energy. The energy group structure of
the source term (or terms) should be consistent with the group structure input requirements of
the shielding analysis code. If the energy group structure from the source-term calculation
differs from that of the cross-section set of the shielding calculation, the applicant may need to
regroup the photons. Regrouping can be accomplished by using the nuclide activities from the
source-term calculation as input to a simple decay computer code with a variable group
structure. Some applicants will convert from one structure to another using simple interpolation.
In general, only gammas with energies from approximately 0.4 to 3.0 MeV will contribute
significantly to the radiation levels for typical types of package shielding; thus, regrouping
outside this range is usually of lesser importance. However, look for cases when other gamma
energies may also be significant to package radiation levels and ensure these gammas are also
appropriately handled.

Ensure that the application provides activity (or mass) and total inventory of radionuclides that
contribute significantly to the source term as supporting information. Also, determine whether
the source terms are specified in terms of total package contents or other appropriate contents
quantities (e.g., for SNF, in terms of per assembly, per total assemblies, or per MTU). Ensure
that the application correctly uses the source-term information (e.g., the total source strength
and spectra).

For SNF packages, be aware that determining the source terms for fuel-assembly hardware and
NFH is generally not as straightforward as for the SNF. The source term is primarily from the
cobalt contained in the hardware, particularly in the steel and Inconel components, though other
activation products should be considered as well, as appropriate. For some NFH, activation of
other components, such as hafnium in hafnium-absorber assemblies and the
silver-indium-cadmium material in some control-rod assemblies, can also produce a significant
gamma source. The strength and physical distribution of the hardware source term depends
upon factors such as the mass of the materials, the level of cobalt impurity in the steel and
Inconel components, and the axial region of the fuel assembly (i.e., top nozzle or upper
end-fitting, upper plenum, fuel, lower plenum, bottom nozzle or lower end-fitting) and the
associated neutron flux in which the materials are irradiated. Thus, verify that the application
identifies the materials that comprise the assembly hardware and NFH to be stored with

the assemblies.

Verify that the application describes the masses of the materials that are located within each
assembly axial zone. Ensure that the application includes the masses of the assembly
components for steel-clad assemblies or assemblies with steel guide and instrument tubes.

For NFH, such as control-rod assemblies, ensure that the application describes the basis for the
masses of the components listed for each axial region. The activation of these items is
dependent upon the operation practices of the different reactors. Many may be operated with
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these items positioned just above the fuel region or slightly inserted into the fuel region. Thus,
only the lower ends of these items are irradiated, and the activation will be based on the
appropriate flux factors for the axial regions in which the items were located. Ensure that the
masses listed in each axial region are consistent with the extent of insertion into the assembly
described in the application, which should be consistent with or reasonably bounding for
operations practices for those items.

Ensure that the application identifies the cobalt impurity level used in the source-term calculation
and describes the basis for that assumption. Various analyses have used impurity levels of
about 800 to 1,000 parts per million (ppm), which is bounding for steel components of
assemblies and NFH manufactured since the late 1980s. Data contained in PNL-6906, “Spent
Fuel Assembly Hardware: Characterization and 10 CFR 61 Classification for Waste Disposal,”
issued June 1989, show that, for at least some assembly types fabricated before that time,
cobalt levels may be as high as 1,500 ppm in Inconel and 2,100 ppm in steel. Thus, ensure that
the application analysis uses cobalt impurity levels that are appropriate for the fuel assemblies
and NFH to be transported in the package, given the age of the assemblies and NFH (based on
their burnups and cooling times). If a lower cobalt impurity is assumed, ensure that appropriate
references are provided.

The nature of the flux changes in magnitude and spectrum in regions outside of the fuel region.
Thus, ensure that the application analysis adequately accounts for the impact of these changes
on hardware irradiation in these other axial regions. This may be done by the use of scaling
factors such as those described in NUREG/CR-6802, Section 3.3.2, “Hardware Regional
Activation.” Additionally, ensure that the hardware source term includes the contributions of
materials such as hafnium and silver-indium-cadmium for those NFH items that include these
materials. While the application may describe the source from cobalt in terms of curies, the
source terms for these other materials likely will be described in terms of their energy spectrum.

The impacts on radiation levels from the activated assembly hardware and NFH can be
significant. The effort devoted to reviewing this analysis should be based on the contribution of
these source terms to the radiation levels presented in the shielding evaluation. Ensure that the
source-term analysis addresses all appropriate NFH items that are included in the proposed
package SNF contents, comparing the items identified in the source-term analysis with those
items listed in the contents descriptions in the General Information and Shielding Evaluation
sections of the application.

5423 Neutron sources

Evaluate the method used to determine all neutron-source terms described in the application.
Verify that the method considers, as appropriate, neutrons from spontaneous fissions and from
(a,n) reactions. Verify that the contribution from both of these sources are separately identified,
along with the actinides or light nuclei significant for these processes, as appropriate for the
package contents. If the application assumes that either source-term contributions is negligible,
confirm that the applicant provided an appropriate justification for their omissions. Verify that the
production of neutrons from subcritical multiplication is either calculated as part of the shielding
evaluation (see Section 5.4.4 below) or otherwise appropriately included and described in the
basis of the source terms.

Confirm that the results of the source-term calculations are presented as a listing (or listings) of
total neutron strengths and spectra (i.e., neutrons per second as a function of energy) for all
appropriate contents. This includes all source terms that result in maximum radiation levels at
different package surface and distance locations and for the different types of package contents
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for packages with multiple types of contents (e.g., SNF, neutron-source assemblies (NSAs),
other neutron-emitting radioactive materials). Also, determine whether the application specifies
the source terms in terms of total package contents or other appropriate contents quantities
(e.g., for SNF, in terms of per assembly, per total assemblies, or per MTU). Ensure that the
source-term information (e.g., the total source strength and spectra) is correctly used in the
Shielding Evaluation section of the application. The energy group structure of the source
term(s) should be consistent with the group structure input requirements of the shielding
analysis code.

For SNF packages, the SNF neutron source will generally result from both spontaneous fission
and alpha-n reactions in the fuel. Depending on the method used to calculate these source
terms, the applicant may need to define the energy group structure separately. This is often
accomplished by selecting the nuclide with the largest contribution to spontaneous fission
(e.g., curium-244) and using that spectrum for all neutrons, since the contribution from
alpha-neutron reactions is generally small. For SNF with cooling times less than 5 years,
confirm that the analysis addresses the spectra of curium-242 and californium-252.

The specification of a minimum initial enrichment is a necessary basis for defining the allowed
SNF contents. Verify that the assumed minimum enrichments bound all assemblies the
applicant proposes for transport in the package. Lower-enriched fuel, irradiated to the same
burnup as higher-enriched fuel, produces a higher neutron source. Therefore, verify that the
application specifies the minimum initial enrichment, and ensure the CoC contents limits include
appropriate minimum enrichment limits.

Ensure that the applicant adequately described the neutron source, both source strength and
spectrum, for NSAs included in the NFH to be transported with the SNF assemblies. NSAs are
divided into two main categories: primary and secondary sources. Primary sources include
polonium-beryllium (PoBe), americium-beryllium (AmBe), and other sources that generate
neutrons though (a,n) reactions or spontaneous fission. Some of these sources have
significantly long half-lives and can contribute a neutron source equivalent to the source of a
SNF assembly. It is these sources that can contribute significantly to the neutron-source term in
the package and so should be included in the shielding evaluation. Secondary sources include
antimony-beryllium (SbBe) and other sources that generate neutrons through y-n reactions.
These sources typically have very short half-lives and need to be “charged” through neutron
activation of the heavier element in the source material. Thus, secondary neutron sources
usually contribute negligibly to the neutron-source term in the SNF package.

With regard to the contributions to the neutron source from subcritical multiplication in SNF
packages, note that the results of depletion codes like SCALE’s TRITON and SAS2H or CASMO
do not include this contribution. This source can often be addressed through the use of proper
options in the input to the shielding code or use of appropriate factors by which the neutron
source is increased when input into the shielding code. Ensure that the applicant justified the
appropriateness of the selected method, including the input options and parameters in the
shielding code (e.g., conservative assumptions of fissile content) or the factor (or factors) used
to increase the source.

In reviewing the neutron-source specifications for MOX SNF, consider the information in
Appendix C to this SRP, which indicates the neutron source may be more important relative to
the gamma source for MOX SNF, with neutron emission rates significantly larger than for LEU
SNF. Additionally, the (a,n) contribution is more significant and may dominate the spontaneous
fission contribution to the neutron source. Therefore, the determination of the neutron-source
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term and the source energy group structure should account for the contributions from both of
these neutron sources. In reviewing MOX SNF, consider and account for the differences in the
neutron energies, spectral distributions, and emission rates versus LEU SNF to ensure the
applicant has properly calculated and described the MOX SNF neutron-source terms.

5.4.3 Shielding Model and Model Specifications

Coordinate with the structural, thermal, and materials reviewers to determine the effects the
evaluations for normal conditions of transport and the tests for hypothetical accident conditions
have on the packaging and its contents. For example, the package might have impact limiters or
an external neutron shield that could be damaged or destroyed during the structural and thermal
tests of 10 CFR 71.73. Also, the package may have a personnel barrier. This barrier may be
present for normal conditions of transport but is not designed to survive the hypothetical
accident conditions. Verify that the models and modelling assumptions used in the shielding
calculations are consistent with the effects for the respective conditions.

5.4.3.1 Configuration of source and shielding

Examine the sketches or figures and sample input files, if provided, in the application to evaluate
the applicant’s shielding models. Verify that the dimensions and materials properties of the
contents, radioactive sources in the contents, and the packaging components used in the
shielding models are consistent with those specified in the package drawings and contents
descriptions presented in the General Information section of the application.

Verify that the dimensions and material properties of the packaging components used in the
models are those that maximize the package radiation levels. For example, the dimensions
should be at the conservative end of their tolerance range, or they should be set such that the
package shielding is minimized in a realistic manner. If the latter option is chosen, ensure that
the applicant has adequately justified that the selected model dimensions result in the minimum
shielding performance of the package. Ensure that voids, streaming paths, and irregular
geometries are included in the model or otherwise treated conservatively in the model. These
items include such things as any gaps between lids and flanges and between lead shielding and
surrounding steel components that can exist based on packaging component dimensions,
including tolerances, and locations of changes in package dimensions and shielding properties
such as locations beyond the axial or radial extent of neutron- or gamma-shield components.
Also ensure that the models include the effects of the normal conditions of transport evaluations
and the hypothetical accident conditions tests for analyses versus the appropriate radiation level
limits for these conditions. These effects may include loss of neutron shielding, lead slump, loss
of impact limiters, crushing or deformation of packaging components, and puncture of packaging
components for hypothetical accident conditions and the release or unscrewing of internal
container lids for normal conditions of transport.

Verify that the dimensions and other properties of the package contents and sources used in the
models are those that maximize the package radiation levels. If the package contents can be
positioned at varying locations, have varying densities or compositions, or have varying source
distributions, ensure that the locations, properties, and source distributions of the contents used
in the evaluation are those that result in maximum expected external radiation levels. For
example, the contents and source configuration that maximizes radiation levels on the side of
the package might not be the same configuration that maximizes the radiation level on the top or
bottom. Ensure that the application includes any changes in contents and source configurations
(e.g., displacement or redistribution of the contents and sources, movement of contents and
sources out of inner containers for containers when the lids release or unscrew, compaction of

5-20



contents and sources) resulting under normal conditions of transport and hypothetical accident
conditions, as appropriate.

The requirements in 10 CFR 71.43(f) and 10 CFR 71.51(a)(1) state that package effectiveness
should not be substantially reduced and external radiation levels should not be significantly
increased for a package evaluated under the normal conditions of transport. In terms of the
shielding evaluation, these requirements may be considered as met for shielding evaluations
where the applicant includes the impacts of the normal conditions of transport evaluations in the
models used to evaluate compliance with the 10 CFR 71.47 radiation-level limits. For
exclusive-use shipments in which the analysis is based on the radiation levels stated in

10 CFR 71.47(b), confirm that the application includes the dimensions of the transport vehicle
and the package location on the vehicle, as appropriate.

For commercial SNF packages, the verification of the package contents and sources described
above includes verifying that the application properly models the contents, source-term
locations, and the structural support regions of the fuel assemblies. Generally, the SNF contents
model should include at least three source regions (the fuel region and top and bottom assembly
hardware regions). Within the SNF region, the fuel materials may generally be assumed to be
homogeneous in facilitating shielding calculations. In some cases, the presence of basket
material may be homogenized as well. In either case, determine whether homogenization is not
appropriate or improperly modeled, such as when it distorts the neutron multiplication rate or
when radiation streaming can occur between basket components.

Because of uneven burnup profiles, a uniform source distribution is generally conservative for
the top and bottom radiation level points. However, this may not be appropriate for the axial
center unless the neutron and gamma source strengths are appropriately adjusted. Typically,
fuel gamma source terms vary proportionally with axial burnup, and fuel neutron-source terms
vary exponentially by a power of 4.12 with burnup (NUREG/CR-6802). These effects can be
applied to the axial variation in burnup. If axial peaking appears to be significant, verify that the
applicant’s analysis has appropriately treated this phenomenon, including the effects on the
gamma- and neutron-source terms. Ensure that the assembly structural support regions

(e.g., top and bottom end hardware and plenum regions) are correctly positioned relative to the
SNF. These regions may be individually homogenized.

If the proposed commercial SNF contents include damaged fuel, ensure that the contents
models appropriately represent the possible configurations of the damaged fuel that maximize
package radiation levels. Because damaged fuel may not retain the structural configuration of
an assembly or may also be defined to include fuel debris, the models should include
compaction of the damaged fuel contents and the associated source terms, identifying the
amount of compaction of the source that maximizes package radiation levels. While compaction
concentrates the source terms from the fuel, it also results in denser material, which in turn
results in increased self-shielding by the contents. Thus, the bounding degree of compaction
may not be the full amount of compaction that is physically possible. Also, ensure the models
include fuel material in assembly regions that for undamaged assemblies normally only contain
assembly hardware material since, with damaged fuel and fuel debris, fuel material can move
into these areas. Additionally, ensure that the models include movement of the damaged fuel
contents consistent with what the package would allow (e.g., within a damaged fuel can, if used)
to maximize the package radiation levels for the different package surface locations. For
example, the models should place the compacted source and contents (i) as close as possible
to the base of the package to maximize radiation levels at the package base; (ii) at the package
side surfaces below the axial extent of any gamma or neutron shielding on the side of the
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package; and (iii) as close as possible to the top of the package to maximize the radiation levels
at the respective bottom, side, and top areas of the package, including areas where packaging
shielding varies along those package surfaces.

For commercial SNF packages that include high-burnup fuel contents (i.e., SNF with burnup
exceeding 45 GWd/MTU), work with the materials, structural, and thermal reviewers to
understand the approach taken for addressing these contents and to understand the
implications for the fuel’s behavior under normal conditions of transport and hypothetical
accident conditions. Based on this coordination, identify and ensure the applicant’'s models
address the impacts of these conditions on the high-burnup fuel’s configuration. The shielding
analysis should address credible and bounding reconfigurations of the fuel. Depending upon the
applicant’s approach and the outcomes of the materials, structural, and thermal reviews,
analysis with fuel reconfiguration may be necessary to support the certification basis (also
referred to as the licensing basis) for the package or may be needed as a defense-in-depth
measure. Ensure that the application and the results of the review clearly indicate the purpose
of the reconfiguration analysis (either as part of the certification basis or as defense-in-depth).
Since the staff’'s understanding and knowledge regarding the behavior of high-burnup fuel
continues to evolve, work with the other reviewers, particularly the materials reviewer, to
understand the latest guidance that applies to evaluations of high-burnup fuel.

For research SNF, apply the preceding guidance as applicable and appropriate to ensure the
applicant’s analyses adequately consider the possible configurations of the research SNF and
its associated source terms within the package.

5.4.3.2 Material properties

Verify that the applicant described and used appropriate material properties (e.g., composition,
mass densities, and atom densities) in the shielding models for all packaging components,
package contents, and the conveyance (if applicable). For nonstandard materials or other
uncommon materials such as polymer-based neutron shields, foams, plastics, and other
hydrocarbons, ensure that the applicant provided relevant references documenting the
materials’ properties. Ensure that the shielding model uses the material properties that minimize
the shielding effectiveness of these materials (e.g., minimum density, minimum hydrogen
content, minimum boron-10 content).

Most computer programs used for shielding calculations allow the analyst to specify either mass
densities in grams-per-cubic-centimeter or atom densities in atoms-per-barn-centimeter.
Consider whether either mass density or atom densities alone is sufficient for certain types of
materials. Note that the use of atom densities can be subject to errors. Therefore, if used,
confirm that the applicant calculated correct atom densities and correctly input these densities
into the analysis models.

Work with the materials and the acceptance tests and maintenance program reviewers to ensure
that the composition and fabrication of the nonstandard and uncommon materials are properly
controlled in achieving the specified properties that are relied on for shielding

(e.g., compositions, densities, dimensional properties). Such controls may also be needed for
shielding materials such as poured lead shields. This also includes appropriate controls and
tests for neutron absorbers that are also relied upon in the shielding evaluation. In this context,
verify that specific information on control measures and appropriate shielding effectiveness tests
is included in the Acceptance Tests and Maintenance Program section of the application (see
Sections 5.4.1.1, 7.4.6, and 9.4.1.7 of this SRP). For cases where neutron absorbers are
credited, also work with the criticality reviewer to ensure that the application includes appropriate
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qualification and testing of the absorbers. Also work with these reviewers to assess if any
shielding properties could degrade during the service life of the packaging and to confirm that
adequate controls and tests are in place to ensure the long-term effectiveness of such shielding
materials (see Sections 7.4.6 and 9.4.2 of this SRP).

Work with the materials and thermal reviewers to ensure that the application describes the
effects of temperature and radiation on packaging materials. Work with the materials and
thermal reviewers to understand the effects of the normal conditions of transport evaluations and
hypothetical accident conditions tests on the properties of the package components and
contents material, including changes in composition and density. For example, elevated
temperatures may reduce hydrogen content through loss of bound or free water in hydrogenous
shielding materials or degradation of polymer materials. Ensure that materials properties in the
shielding models appropriately or conservatively include these effects (i.e., the effects of
temperature, radiation, and the different conditions’ evaluations and tests). Certain effects are
not acceptable. For example, temperature-sensitive materials credited in the shielding
evaluation should not be subject to temperatures at or above their design limitations during
normal or accident conditions. Melting of lead shielding is also not acceptable. Also, these
materials’ properties should not degrade during the package’s service life (e.g., degradation of
foam, dehydration of hydrogenous materials, cracking of the neutron shield).

Typically, nonstandard or uncommon materials such as polymer-based neutron shields are
neglected in the models for hypothetical accident conditions. This is because of the effects of
tests such as the puncture test and thermal test. However, if the applicant’s analysis takes
some credit for these materials in these models, ensure the credit bounds or is conservative for
the impacts of the tests for these conditions. This includes ensuring that the applicant has
provided information that describes the impacts of the tests for these conditions on the materials’
properties and working with the materials and thermal reviewers to confirm the validity and
applicability of the information to describe the materials’ properties under these conditions.

If the shielding model considers a homogenous source region rather than a detailed
heterogeneous model of the contents (e.g., homogeneous fuel region for SNF versus explicit
model of fuel rods with pellets and cladding), confirm that such an approach is justified, and
verify that the homogenized mass densities are correct for normal conditions of transport and
hypothetical accident conditions. Because an accurate, effective density of homogenized
source terms is important in characterizing self-shielding, perform a confirmatory calculation of
this homogenized density.

544 Shielding Evaluation
5.4.4.1 Methods

Ensure that the methods used for the shielding evaluation are appropriate for evaluating the
radiation levels of the package. The methods should be adequate to effectively represent and
evaluate the material properties, geometries and configurations of the packaging components
and package contents, and the contents’ radiation source-term properties (e.g., radiation types,
energies, spectra, and secondary sources such as from (n,y) reactions in the packaging
materials). Verify that the methods are also adequate to effectively represent and evaluate the
effects of the normal conditions of transport evaluations and the hypothetical accident conditions
tests. Generally, more complex methods are necessary to adequately evaluate packages with
more complex component and contents geometries and materials properties and more complex
sources. However, simpler methods may also be acceptable for a complex package if the
applicant used the methods in a manner that is bounding for the package.
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Evaluation methods may not always involve computer codes. Depending upon the package,
simple hand calculations may be sufficient. Additionally, in lieu of an analytical calculation, the
package evaluation may involve radiation measurements on a prototype package, with a
description of the measurement method and the results provided in the application’s Shielding
Evaluation section of the application. RIS 2013-04 also includes information that may be useful
to consider in evaluating the applicant’s shielding evaluation method.

If the applicant chooses to evaluate the package using radiation measurements, ensure the
application includes an adequate description of the measurement methods and provides
adequate details of the results to demonstrate compliance with the limits in 10 CFR 71.47 and
10 CFR 71.51(a). Verify that the information in the application is sufficient to demonstrate that
the applicant has used measurement equipment and techniques that are appropriate for the
types of radiation and the radiation energy and spectrum of the package contents and that the
equipment produces reliable results (e.g., the detector calibration is valid). Depending on the
technique and equipment and the strength of the source used in the measurements, correction
factors may also be necessary to adjust the results of the measurements to ensure they
demonstrate compliance with the limits for the proposed contents limits. These correction
factors may include geometric adjustments to ensure that the result is for the package surface
as well as scaling factors for use of sources with source strengths that are less than the
proposed package limits. The International Atomic Energy Agency’s Safety Guide TS-G-1.1,
“Advisory Material for the IAEA Regulations for the Safe Transport of Radioactive Material,”
paragraph 233.5 and Table 1, and NUREG/CR-5569, “Health Physics Positions Data Base,”
HPPOS-013, “Averaging of Radiation Levels Over the Detector Probe Area,” issued

February 1994, contain useful information regarding detector size and measurement correction
factors and averaging of radiation levels over the detector probe area. Ensure that the
applicant’s evaluation includes measurements for comparison against the regulatory limits that
are for prototype packages that are in the as-fabricated condition and for prototype packages
that have been evaluated and tested for the appropriate conditions (i.e., normal conditions of
transport and hypothetical accident conditions). Ensure that the description of the analysis
demonstrates that the measurement results are the maximum radiation levels at any point on the
package surface and at the regulatory distances from the package.

If the applicant evaluated the package using hand calculations, ensure that the application
includes adequate information to describe the calculation method and the results. The
information should be adequate to demonstrate that the applicant correctly identified the
locations and configurations of the package for which package radiation levels are maximized.
Ensure the description also describes the data and the sources of the data used in the analysis,
including source spectra, source emission rates, attenuation properties of the source materials
and packaging components credited in the analysis, buildup factors for those materials, and
production of secondary radiation in the packaging materials (if applicable). Confirm that the
data come from validated sources and that the applicant has used appropriate data in the
analysis. For analyses with multiple shielding materials, confirm that the applicant has
appropriately or conservatively accounted for the buildup and attenuation of radiation through
multiple materials.

A variety of computer codes are available that have been and may be used for shielding
analyses. The codes may use Monte Carlo transport, deterministic transport, or point-kernel
techniques for problem solutions. The point-kernel technique is generally appropriate only for
gammas since transportation packagings typically do not contain sufficient hydrogenous material
to apply removal cross sections for point-kernel neutron calculations. Shielding codes that have
typically been used or may be used in package analyses include MicroShield, SCALE
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(e.g., SAS4, MONACO/MAVRIC), MCBEND, and MCNP. MicroShield is a one-dimensional
point-kernel code that applicants have used for source packages and other similar packages.
The remaining codes have been and can be used for more complex package designs, as well as
simple package designs.

For a shielding analysis that uses computer programs or codes, ensure that the application
identifies the codes used, including the versions, and provides a brief description of the code to
justify that it is appropriate for analyzing the package radiation levels. For older code versions,
additional justification may be necessary, particularly if the applicant’s use of the older code
version extends beyond the ranges of parameters for which that version of the code was
validated or that version of the code the developer no longer supports. If the applicant used
proprietary computer codes or those not well established (e.g., the codes are not widely used or
recognized codes), ensure that the applicant has included a detailed description of the code,
including the methods the code uses and the limitations and capabilities of the code.

Ensure that the applicant has demonstrated that the computer codes and versions used in the
analysis are adequate for the analysis and valid for the particular computational platform used to
perform the analysis through benchmarking and validation of the versions of the codes used.
The applicant should provide appropriate references for the code as well as benchmark and
validation data for the code. For a well-established code, such as MCNP and SCALE, applicant
may instead specify widely available references or references that have been previously
submitted to the NRC for the same code and code version. Otherwise, check that the
application includes test problem solutions that demonstrate substantial similarity to solutions
from other sources and benchmark that code’s capability to perform calculations for the
proposed package.

Verify that the applicant used a code appropriate for the package design. Packages with
complex geometries and configurations, such as streaming paths and irregular or nonsymmetric
geometries, generally require a code with a two-dimensional or three-dimensional calculation
capability. One-dimensional codes provide little information about off-axis locations and
streaming paths. Even for radiation levels at the end of the package, one-dimensional codes
require a buckling correction that must be justified since merely using the packaging cavity
diameter may underestimate actual radiation exposure rates (i.e., overestimate the radial
leakage). Even a two-dimensional calculation may not be adequate for determining any
streaming paths if the modeled configuration is not properly established.

Confirm that the code’s cross-section library is applicable for shielding calculations. Confirm that
a coupled cross-section set is used and that the code has been executed in a manner that
accounts for secondary sources (e.g., subcritical multiplication, secondary gamma production),
unless the evaluation has independently determined source terms for these secondary sources
(e.g., in the source-term calculations described in Section 5.4.2 above). Confirm that
radionuclide libraries, decay schemes, neutron and gamma yields, and spectra are valid and
appropriate and are documented in the application, as applicable for the analysis method and
computer code.

Additionally, particularly for commercial SNF packages, applicants often use transport or
point-kernel methods to calculate neutron and gamma response functions [unit of
(mrem/hr)/(source particle/s/cm?)]. This technique, also known as the response function
method, enables an applicant to quickly determine radiation levels for different source terms by
multiplying the source terms by the response functions instead of running a separate transport
calculation for each source term. It is based on the premise that, all else being equal
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(e.g., source particle type, energy, origin; detector location; material and geometric properties of
the system), an increase in the source strength results in a corresponding increase in package
radiation levels. For analyses that employ this response function technique, verify the following:

. The applicant calculated a response function for each particle type and for each energy
bin in the particle type’s energy spectrum.

. The response functions are used only for the shielding and source configuration
(geometric and material properties) for which the response functions were calculated.

. The source properties (material and geometric) are appropriate or conservative for the
contents for which the functions were calculated.

o The response functions are used only for the detector location for which the functions
were calculated.

. The calculations for determining the response functions are well converged and
appropriately account for any errors and uncertainties resulting from calculation or use of
the response functions.

Thus, multiple sets of response functions may be needed to support the shielding analysis. This
includes separate sets of response functions for differences in shielding properties (material or
geometric), for differences in source properties (material or geometric), and for different detector
locations. Ensure that the applicant has determined a sufficient number of sets of response
functions to analyze and determine the maximum radiation levels at the package surfaces and
the distances from the package specified in the regulations.

5.4.4.2 Code input and output data

Verify that the application identifies key input data for the shielding evaluations that use
computer codes. The key input data will depend on the type of code (e.g., point-kernel,
deterministic, or Monte Carlo) as well as the code itself. In addition to data describing the
source terms and the materials and dimensions of the package contents and the packaging
components identified above, key input data may also include data such as convergence
criteria, mesh size, neutrons per generation, number of generations, and conversion factors to
convert radiation fluence rates to radiation levels. Note that codes such as MicroShield may
have input data limitations with regard to materials specifications and handling buildup across
multiple materials. Thus, confirm that the applicant selected input parameters in a way that is
conservative for these aspects of the package.

Ensure that the application includes a set of representative output files (or key sections of
specific files, including input data) for each type of calculation performed in the shielding
analyses. Ensure that proper convergence is achieved and that the calculated radiation levels
from the output files agree with those reported in the text and tabulations and demonstrate
compliance with 10 CFR Part 71 radiation limits.

For the other, noncomputer code evaluation methods, ensure that the application identifies the

data and parameters for those methods and the results of those evaluations as discussed in the
method description in Section 5.4.4.1 above.
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54.4.3 Fluence-rate-to-radiation-level conversion factors

Ensure that the evaluation properly converts gamma and neutron fluence rates, as applicable to
the package, to radiation levels. Verify the accuracy of the conversion factors, which should be
tabulated as a function of the energy group structure used in shielding calculations. Ensure that
the application includes supporting information and documentation for these tabulations.

While a variety of conversion factors are available for use in shielding analyses, the NRC only
accepts the use of the American National Standards Institute/American Nuclear Society
(ANSI/ANS) 6.1.1-1977, “Neutron and Gamma-Ray Flux-to-Dose-Rate Factors,” conversion
factors. The basis for this acceptance is explained below. Thus, unless adequately justified,
confirm that the applicant used these conversion factors in its analysis. The justification should
include close correspondence with the accepted conversion factors and appropriateness for the
application (e.g., conversion factors are based on the same methodology as is incorporated into
the limit, or usefulness for demonstration of compliance by measurement).

The radiation level limits in 10 CFR Part 71 are in terms of dose equivalent and apply to the
package surfaces and specific distances from those surfaces and not to doses to individuals.
Furthermore, the package user demonstrates compliance with these limits at the time of
shipment [to meet 10 CFR 71.87(j)] by measurement. The conversion factors in

ANSI/ANS 6.1.1-1977 are appropriate because they convert the fluence rate to radiation levels
that are in terms of dose equivalent.

Conversion factors, such as those in the 1991 version of ANSI/ANS 6.1.1 are based on
significantly different models and result in radiation levels that are in terms of effective dose
equivalent. This quantity (effective dose equivalent) and the model are based on impact to
organs in the body, as can be seen in the definitions available for this quantity (e.g., see

10 CFR 20.1003, “Definitions”). In addition to being a different quantity than specified in the
regulations, effective dose equivalent is not a measurable quantity and is specific to doses to
individuals. Thus, use of conversion factors that yield results in terms of effective dose
equivalent is not appropriate to demonstrate compliance with the 10 CFR Part 71 radiation limits.

Other problems arise with other conversion factors such as the ANSI/ANS 6.1.1-1991 standard’s
factors. While direct comparison is not appropriate because the quantities are different, the
radiation levels calculated with conversion factors like those in ANSI/ANS 6.1.1-1991
underestimate radiation levels versus those calculated with factors such as those in

ANSI/ANS 6.1.1-1977. This is a result of the shielding provided by other body tissues between
the source and the target organs in the models that are the basis of the 1991 version factors. In
addition, ICRP Publication 45 (1985) recommends that the quality factors for neutrons be scaled
up uniformly by a factor of two, which counteracts the neutron dose rate reduction effected by
the body shielding the target organs. However, nothing has been done to address the neutron
quality factors; thus, use of the conversion factors from the 1991 version of the standard
significantly under-predicts neutron radiation levels. While the 1991 version of the standard has
been withdrawn (as well as the 1977 version), given the preceding considerations, the NRC
accepts the use of the 1977 version of the standard.

Note that some versions of some codes, such as MicroShield, use conversion factors that are
more like the ANSI/ANS 6.1.1-1991 standard factors and may not have an option for using the
accepted factors. As described above, this will result in underestimates of package radiation
levels. Verify that the application addresses this. One approach to address this is for the
applicant to calculate appropriate adjustment factors and apply these factors to the radiation
level results from the code. For codes that also show the fluence rates at the detector locations,
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another option is for the applicant to use the fluence-rate results and manually perform the
conversion to radiation levels using the ANSI/ANS 6.1.1-1977 conversion factors.

5444 External radiation levels

Confirm that the external radiation levels under normal conditions of transport and hypothetical
accident conditions agree with the summary tables in the application and the discussion in
Section 5.4.1.2 of this SRP chapter. Confirm that the radiation levels meet the limits of

10 CFR 71.47(a) or 10 CFR 71.47(b), as appropriate, and 10 CFR 71.51(a)(2). Verify that all
radiation level point locations shown in the shielding analyses include all locations prescribed in
10 CFR 71.47(a) or 71.47(b) and in 71.51 (a)(2).

Verify that the analyses, whether calculations or measurements on a package prototype,
demonstrate that the applicant has selected the locations of maximum expected package
radiation levels. Note that maximum levels might not occur at the midpoint of a package surface
or parallel plane. Radiation peaking often occurs near the axial or radial edges of package
neutron- and gamma-shielding components and impact limiters and at or near locations of voids
and other streaming paths and other irregular package component geometries. Therefore,
ensure that the analyses in the application appropriately considered and evaluated these
aspects of the package in identifying locations of maximum radiation levels. Ensure that the
external radiation levels are reasonable and that their variations with locations over external
surfaces of the package are consistent with the geometry and shielding characteristics of the
package and the locations of the source terms of the contents that are used in the different
calculations. Also, verify that the analyses appropriately consider the conservatism of
simplifying assumptions and support assertions that nonconservative assumptions are more
than compensated for by conservative assumptions.

In evaluating package surface radiation levels, ensure the applicant correctly identified the
package surfaces and analyzed the radiation levels for the package surfaces and at the correct
distances from the package surfaces. This is fairly straightforward for packages that have
uniform, simple surfaces. In the case of packages with complex configurations or geometries,
the package surface can vary significantly.

Figure 5-3 illustrates what constitutes the package surface and the appropriate radiation level
limits for package surfaces for packages with nonuniform, complex surfaces. The images in the
figure are a cutaway view (quarter symmetry) of the packages and only show the outer edge of
the package surface (i.e., no detail is provided to distinguish different components such as
neutron shielding, impact limiters, or the outer shell of the package). The top image in the figure
is for an exclusive-use shipment that uses a personnel barrier that extends only between the
impact limiters on the package. As can be seen in Figure 5-3, a package may have features
that do not extend over the entire surface, so the surface location changes. Or, in the case of
closely spaced fins, where the spacing makes it impractical to see or access the package’s true
surface between the fins, the package surface for radiation limit compliance purposes may be
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Figure 5-3 Cutaway images depicting package surfaces and radiation-level limits for
packages with complex surfaces

the plane projected by the outer edges of the fins. As can also be seen in the figure, in

instances where a package may have a personnel barrier that only extends over portions of the

package surface (e.g., between the impact limiters on the package’s radial side), the higher

surface radiation limit for packages in exclusive-use shipments only applies to the package

surfaces covered by the personnel barrier. The basic rule is that the 2-mSv/hr (200-mrem/hr)

limit applies to any exposed, or accessible, package surfaces. For purposes of

10 CFR 71.47(b), only those parts of the package shown in the drawings and that have been

demonstrated to remain in place under the normal conditions of transport evaluations (in

10 CFR 71.71) may be considered to be the external surface of the package.

Confirm that the application addresses damage to the shielding under normal conditions of
transport and hypothetical accident conditions. Verify that any damage under normal conditions
of transport (under 10 CFR 71.71) does not result in a significant increase in external radiation
levels, as required by 10 CFR 71.43(f) and 10 CFR 71.51(a)(1). Ensure that the application
includes an explanation of any increase and a justification as to why the increase is not
significant. As stated earlier in this SRP chapter, the NRC has often accepted analyses of
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packages modeled with damage from the 10 CFR 71.71 evaluations that show compliance with
the 10 CFR 71.47 limits as adequate demonstrations of compliance with 10 CFR 71.43(f) and
10 CFR 71.51(a)(1), as well. With regard to hypothetical accident conditions, note that some
shielding components, such as external neutron shielding, may not be designed to remain in
place or may sustain significant enough damage so that they cannot be credited or relied on
under these conditions. Also, personnel barriers and enclosures cannot be credited for
hypothetical accident conditions, as these also are not designed to survive these conditions, and
the limits are for radiation levels at 1 meter [40 inches] from the package’s surfaces.

Confirm that the applicant’s evaluation provides radiation levels for the contents and source
terms that result in maximum radiation levels for the different package surfaces. As described
previously, the same contents and source terms may not be bounding for all package surfaces
or for all conditions. The shielding characteristics at different locations on the package and the
impacts of the evaluation and test conditions will influence what source terms are bounding at
which package surface locations and under which conditions. For example, SNF contents with a
more dominant neutron-source term may be bounding for package surfaces located away from
the package’s neutron shielding or in hypothetical accident conditions when the neutron
shielding is lost, but SNF contents with a more dominant gamma source term may be

bounding otherwise.

Confirm that the applicant’s evaluation addresses potential shifting of the package contents and
redistribution of the source terms that are possible based on the package design, conditions
incident to transport, and the impacts of the normal conditions of transport evaluations and the
hypothetical accident conditions tests. The contents and source terms should be shifted so as
to maximize the radiation levels associated with the package as designed and for the types of
damage sustained from the different condition evaluations and tests. This also includes any
kind of credible and bounding reconfigurations of the contents such as for loose particulates or
debris. Similarly, ensure that the applicant’s evaluation addresses this for any high-burnup fuel
in a SNF package, consistent with the applicant’s approach to high-burnup fuel as modified by
the materials, structural, and thermal reviews.

In determining maximum external radiation levels, radiation levels may be averaged over the
cross-sectional area of a radiation probe, with an appropriate size for such types of
measurements (see HPPOS-013 in NUREG/CR-5569). For the applicant’s analysis of package
radiation levels, ensure the tally or detector sizes are appropriate for the contents configurations
allowed in the package and the axial or radial variation of the package features relevant to
shielding performance. For example, for package features such as streaming paths or voids or
localized damage from the normal conditions of transport evaluations or the hypothetical
accident conditions tests, ensure that the applicant selected tally or detector sizes such that
radiation levels associated with such features or damage are not averaged with radiation levels
for package areas around the features or damage. Also, ensure the applicant did not otherwise
apply averaging to reduce the radiation levels attributed to such features or damage.

Also, if transport is by exclusive use (as is typical for commercial SNF), the application may also
include an evaluation for radiation levels in normally occupied vehicle locations to address

10 CFR 71.47(b)(4). As required in that paragraph, the radiation level limit for these locations is
2 mrem/hr unless the vehicle occupants wear dosimetry devices under a radiation protection
program in conformance with 10 CFR 20.1502. If included, ensure this evaluation and the
results are consistent with the analysis and results for the analyses against the other limits in

10 CFR 71.47(b). Note, however, that determination of the need for dosimetry for these
locations is determined at the time of shipment and not by analyses in the application.

5-30



Though not an external radiation-level issue, some packaging components may be sensitive to
radiation exposure or have thresholds of exposure to gamma or neutron radiation above which
the components’ material properties and performance degrades (e.g., polymer-based
containment seals). Therefore, coordinate with the materials reviewer to determine the need to
evaluate the applicant’s calculation of the gamma radiation levels and neutron fluences the
packaging components will experience. This evaluation involves determination of an
appropriate time over which the exposure accumulates. The results of this evaluation may play
an important role in determining the frequency with which such components are repaired or
replaced as part of the maintenance programs described in the application and incorporated into
the CoC by reference. Verify that the application adequately describes the calculation method
and that the method is appropriate for and correctly used to determine the gamma and neutron
exposures for the packaging components. Ensure that the analysis also appropriately identifies
and accounts for uncertainties in the analysis, as appropriate.

5.4.4.5 Confirmatory analyses

Perform confirmatory analyses, as appropriate, of the shielding calculations reported in the
application, to the extent necessary. A number of factors should be considered in determining
the level of effort for such confirmatory analyses. These factors include the expected magnitude
of radiation levels, the margins between the analyzed radiation levels and the regulatory limits,
similarity with previously reviewed packages, thoroughness of the review of source terms and
other input data, radiation contributions from difficult-to-measure neutrons, the complexity of the
package design, the complexity and variety of the proposed package contents, the degree of
sophistication of the applicant’s analysis methods, the limitations of these methods and their
potential impacts on results, the degree of conservatism in the applicant’s analyses, the
applicant’s experience with these methods (as demonstrated in previous submittals), and the
assumptions used in the analyses.

At a minimum, examine the applicant’s input to the computer program used for the shielding
analysis. For noncomputer code methods, examine the data the applicant used in that analysis
and ensure the applicant’s use and manipulations of that data are appropriate and correct.
Verify the use of proper package dimensions, material properties and composition, contents and
source specifications and distributions, cross-section sets (including couple cross-section sets
where necessary), attenuation and buildup factors, parameters or other options to address
subcritical neutron multiplication, and correct factors to convert fluence rates to radiation levels,
as applicable to the package, its contents, and the analysis methods. Also, independently
evaluate the use of the gamma- and neutron-source terms, as applicable to the package
contents and the analysis methods.

If a more detailed evaluation is deemed necessary, independently evaluate projected radiation
levels to ensure that the application results are reasonable and conservatively bounding. As
previously noted, the use of a simple code for neutron calculations is often not appropriate. An
extensive evaluation would be necessary if significant errors or large uncertainties are suspected
or noted in the review. If feasible, use a different shielding code or other appropriate analysis
method with different analytical techniques and cross-section set (or other necessary data, as
applicable to the analysis method) from that of the application to conduct an independent
evaluation and confirm the application results.

Coordinate with the thermal and containment reviewers to determine the need to independently

confirm the estimated source terms (i.e., decay heat and radionuclide quantities) and their
uncertainties for these reviews. The items can be calculated with the codes used to calculate
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radiation source terms or other appropriate methods. For calculations using computer codes,
refer to the literature regarding these codes for information about the calculation uncertainties.
For example, for SCALE, this information is included in various NRC-sponsored studies

(e.g., ORNL/TM-13315; ORNL/TM-13317; and NUREG/CR-5625, “Technical Support for a
Proposed Decay Heat Guide Using SAS2H/ORIGEN-S Data,” issued July 1994). Also,
coordinate with the materials reviewer to determine the need to independently confirm the
estimated gamma radiation levels and neutron fluences for the packaging components,
particularly those that are sensitive to radiation or have threshold levels above which the
components may degrade from the radiation exposure.

5.4.5 Appendix

The applicant may provide some of the information described in the preceding sections in one or
more appendices to the shielding section of the application (as opposed to the main body of that
section). In such a case, confirm that the relevant appendices present all supporting information
necessary to confirm that the package meets the radiation requirements in 10 CFR Part 71.
This information includes, but is not limited to, a list of references, copies of applicable
references that are not generally available, specifications and performance data for nonstandard
packaging materials (e.g., polymer-based neutron shields), descriptions of source terms,
radionuclide inventories, neutron and gamma energy spectra, descriptions of analytical methods
(e.g., computer codes) or measurement methods, input and output files, results of test and
sensitivity analyses, analytical method benchmarking and validation information, and other
appropriate supplemental information.

5.5 Evaluation Findings

Prepare evaluation findings upon satisfaction of the regulatory requirements in Section 5.3 of
this SRP chapter. If the documentation submitted with the application fully supports positive
findings for each of the regulatory requirements, the statements of findings should be similar to
the following:

F5-1 The staff has reviewed the application and finds that it adequately describes the package
contents and the package design features that affect shielding in compliance with
10 CFR 71.31(a)(1), 71.33(a), and 71.33(b), and provides an evaluation of the package’s
shielding performance in compliance with 10 CFR 71.31(a)(2), 71.31(b), 71.35(a), and
71.41(a). The descriptions of the packaging and the contents are adequate to allow for
evaluation of the package’s shielding performance. The evaluation is appropriate and
bounding for the packaging and the package contents as described in the application.

F5-2 The staff has reviewed the application and finds that it demonstrates the package has
been designed so that under the evaluations specified in 10 CFR 71.71 (normal
conditions of transport), and in compliance with 10 CFR 71.43(f) and 10 CFR 71.51(a)(1),
the external radiation levels do not significantly increase.

F5-3 The staff has reviewed the application and finds that it demonstrates that under the
evaluations specified in 10 CFR 71.71 (normal conditions of transport), external radiation
levels do not exceed the limits in 10 CFR 71.47(a) for nonexclusive-use shipments or
10 CFR 71.47(b) for exclusive-use shipments, as applicable.

F5-4 The staff has reviewed the application and finds that it demonstrates that under the tests
specified in 10 CFR 71.73 (hypothetical accident conditions), external radiation levels do
not exceed the limits in 10 CFR 71.51(a)(2).
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F5-5 The staff has reviewed the application and finds that it identifies codes and standards
used in the package’s shielding design and in the shielding analyses, in compliance with
10 CFR 71.31(c).

F5-6 The staff has reviewed the application and finds that it includes operations descriptions,
acceptance tests, and maintenance programs that will ensure that the package is
fabricated, operated, and maintained in a manner consistent with the applicable shielding
requirements of 10 CFR Part 71.

F5-7 [For packages intended to ship plutonium by air] The staff has reviewed the application
and finds that it demonstrates that under the tests specified in 10 CFR 71.74 (accident
conditions for air transport of plutonium) and 10 CFR 71.64(b)(2), the external radiation
levels do not exceed the limits in 10 CFR 71.64(a)(1)(ii).

The reviewer should also provide a summary statement similar to the following:

Based on its review of the information and representations provided in the application
and the staff’'s independent, confirmatory calculations, the staff has reasonable
assurance that the proposed package design and contents satisfy the shielding
requirements and the radiation level limits in 10 CFR Part 71. The staff also considered
the regulation itself, appropriate regulatory guides, applicable codes and standards, and
accepted engineering practices, in reaching this finding.
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6 CRITICALITY EVALUATION

6.1 Review Objective

The objective of this U.S. Nuclear Regulatory Commission (NRC) criticality evaluation is to
verify that the transportation package design meets the nuclear criticality safety requirements in
Title 10 of the Code of Federal Regulations (10 CFR) Part 71, “Packaging and Transportation of
Radioactive Material.”

6.2 Areas of Review

The NRC staff should review the application to verify that it adequately describes and evaluates
the package and includes adequately detailed drawings. In general, the staff should review the
following information to determine the adequacy of the package description and evaluation:

. description of criticality design

— packaging design features

— codes and standards

— summary table of criticality evaluations
— criticality safety index (CSl)

. contents
. general considerations for criticality evaluations

— model configuration

— material properties

— analysis methods and nuclear data

— demonstration of maximum reactivity

— confirmatory analyses

— moderator exclusion under hypothetical accident conditions

. single package evaluation
— configuration
— results
° evaluations of package arrays

— package arrays under normal conditions of transport
— package arrays under hypothetical accident conditions
— package arrays results and CSI

. benchmark evaluations

— experiments and applicability
— bias determination
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° burnup credit evaluation for commercial light-water reactor (LWR) spent nuclear
fuel (SNF)

— limits for the certification basis

— model assumptions

— code validation—isotopic depletion
— code validation—ke# determination
— loading curve and burnup verification

° 33appendix

6.3 Requlatory Requirements and Acceptance Criteria

This section summarizes those sections of 10 CFR Part 71 that are relevant to the criticality
review areas addressed in this standard review plan (SRP) chapter. Table 6-1 identifies the
regulatory requirements that are relevant to the areas of review covered in this chapter. The
reviewer should refer to the exact language in the listed regulations. The reviewer should also
refer to the regulations to ensure that no requirements are overlooked as a result of unique
packaging design features or contents.

The packaging must be designed and the contents specified such that the package is subcritical
under the design-basis conditions, normal conditions of transport, and hypothetical accident
conditions (see 10 CFR 71.55(b), (d), and (e), respectively). The application should include
evaluations of arrays of packages under normal conditions of transport and under hypothetical
accident conditions to determine the maximum number of packages that may be transported in
a single shipment, in accordance with 10 CFR 71.59, “Standards for Arrays of Fissile Material
Packages.” The application should describe the packaging and the contents in sufficient detail
to provide an adequate basis for their evaluation. The analyses in the application should show
that the package (packaging and contents) design meets the following acceptance criteria:

o The sum of the effective neutron multiplication factor (ke), two standard deviations
(95-percent confidence), and all biases and bias uncertainties should not exceed 0.95 to
demonstrate subcriticality by calculation. A bias that reduces the calculated value of ke
should not be applied.

o The assumption of water inleakage for the analysis pursuant to 10 CFR 71.55(b) should
consider the packaging and contents to be in their most reactive condition, consistent
with the package design, including tolerances. All criticality analyses should include
package tolerances.

. The regulatory criteria for uranium hexafluoride packages in 10 CFR 71.55(g) must be
met. Note that this requirement allows exception of these packages from the
10 CFR 71.55(b) requirements, if certain conditions are met.

o Criticality evaluations for packages intended for air transport of fissile material or
plutonium should also include analyses that consider the most reactive condition of the
package and contents, as determined by the tests in 10 CFR 71.55(f) for fissile material
or 10 CFR 71.74, “Accident Conditions for Air Transport of Plutonium.” For packages
intended to transport plutonium by air, this would include optimum internal moderation of
the package.
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. Criticality safety design may credit up to 90 percent of the neutron poison material in
fixed boron-based neutron absorbers when subject to adequate acceptance and
qualification testing (see Section 7.4.7 in this SRP). Otherwise, the packaging model for
the criticality evaluation should consider no more than 75 percent of the specified
minimum neutron poison concentrations for boron-based absorbers. The amount of
credit for nonboron-based absorbers (e.g., cadmium) will be considered on a case-by-
case basis and should be supported in the application with proper justification and
acceptance and maintenance tests.

. For commercial SNF packages that include nonfuel hardware (NFH) as part of the
contents, the applicant should identify and evaluate the most reactive configuration(s) of
the contents. In general, the analyses may credit the presence of the NFH if the
applicant can demonstrate that the NFH will remain in place under normal conditions
of transport and hypothetical accident conditions. The package design description,
including drawings, and the package Operating Procedures section of the
application should also include descriptions of the components and operations that
are necessary to ensure that the NFH remains in its loaded position, consistent with
the criticality analyses.

. If credit is taken for residual neutron-absorbing material in NFH, the application should
include evaluations demonstrating that the amount credited is appropriate. Credit for
residual absorbing material in NFH should be limited to NFH such as pressurized-water
reactor (PWR) control element assemblies and reactor-control assemblies, particularly
those that are not used as regulating rods in reactor operations. In addition,
neutron-absorber material may be credited in unirradiated poison rods or rodlets that are
included in the package with the SNF contents.

. The criticality evaluation should include a comparison of the calculation method(s)
with applicable benchmark experiments to determine the appropriate bias and
bias uncertainties.

. For commercial LWR SNF packages that rely on burnup credit, the burnup credit
analysis should follow the criteria and guidance discussed in Section 6.4.7 and
Attachment 6A to this SRP chapter.

6.4 Review Procedures

Verify that the applicant has adequately described and evaluated the package’s criticality design
and demonstrated that the package meets the nuclear criticality safety requirements in

10 CFR Part 71. In addition to the guidance provided in this chapter, consult the information
and guidance provided in the appropriate section of Appendix A, “Description, Safety Features,
and Areas of Review for Different Types of Radioactive Material Transportation Packages,” to
this SRP, as applicable. Appendix A includes useful guidance that is specific to several
package types.

As part of the evaluation, review and consider the package and contents descriptions presented
in the General Information section of the application. Coordinate with the reviewers of the other
sections of the application, as applicable and as described in the review procedures in this SRP
chapter, to ensure that the applicant has adequately evaluated the packaging and the contents
for both normal conditions of transport and hypothetical accident conditions and to ensure that
the package will be fabricated, operated, and maintained consistent with the criticality evaluation
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and in a manner that the package meets the regulations. This includes ensuring that the
acceptance tests include appropriate tests for those packaging components relied on for nuclear
criticality safety (e.g., neutron absorbers, basket dimensions). It also includes ensuring that the
package operations descriptions cover necessary operations elements and controls for loading,
unloading, and transporting fissile material consistent with the criticality safety evaluation, in
accordance with 10 CFR 71.35(c). Figure 6-1 illustrates the information flow and
interdependency between the reviews of other sections of the application and the review of the
criticality section.

As part of the review, ensure that the certificate of compliance (CoC) includes appropriate
conditions for the package design, allowable package contents, package operations, and
package acceptance and maintenance tests to ensure that the criticality safety performance of
the package will be as designed and will meet regulatory requirements. To do this, see also the
guidance in Chapter 1, “General Information Evaluation,” Chapter 8, “Operating Procedures
Evaluation,” and Chapter 9, “Acceptance Tests and Maintenance Program Evaluation” of this
SRP and work with the reviewers of those chapters.

6.4.1 Description of Criticality Design
6.4.1.1 Packaging design features

Review the General Information section of the application and any additional description of the
criticality design presented in the Criticality Evaluation section of the application. Packaging
design features important for criticality safety include, but are not limited to, the following:

. dimensions and tolerances of the containment system for fissile material

° structural components that maintain the fissile material or neutron-absorbing and
moderating materials in a fixed position within the package or in a fixed position relative
to each other, including the dimensions, material compositions, and tolerances for these
structural components

. location, dimensions, concentration, and tolerances (both dimensional and composition)
of neutron-absorbing materials and moderating materials, including neutron poisons and
shielding material

. dimensions and tolerances of any floodable voids, including flux traps, within
the package

. dimensions and tolerances of the overall package that affect the physical separation of
the fissile material contents in package arrays

Confirm that the text, tables, figures, and sketches describing the criticality design features are
consistent with each other; with the information in the General Evaluation section of the
application, including the engineering drawings; and with the models used in the criticality
evaluation. The drawings are the authoritative source of dimensions, tolerances, and material
compositions of components important to criticality safety. The drawings will also become a
part of the CoC by reference. Therefore, ensure that the drawings clearly identify and describe,
with sufficient specificity, the components and features that provide or affect the packaging’s
nuclear criticality safety function (e.g., minimum areal density of boron-10 in neutron absorbers)
under design-basis conditions and under normal conditions of transport and the appropriate
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accident conditions (i.e., as applicable, the tests in 10 CFR 71.55(f), 10 CFR 71.73,
“Hypothetical Accident Conditions,” and 10 CFR 71.74). The degree of specificity should be
commensurate with the sensitivity of the package’s performance with the particular feature.

Ensure that the specifications in the drawings are consistent with or bounded by the
specifications used in the criticality analyses, including reasonable tolerances for dimensions
and material specifications. In reviewing the drawings, refer to NUREG/CR-5502, “Engineering
Drawings for 10 CFR Part 71 Package Approvals,” issued May 1998, and NUREG/CR-6407,
“Classification of Transportation Packaging and Dry Spent Fuel Storage System Components
According to Importance to Safety,” issued February 1996. These documents contain
information that may be useful in determining whether the drawings provide sufficient details.
Also, coordinate with the structural reviewer to understand the performance of these packaging
design features under normal conditions of transport and hypothetical accident conditions.
6.4.1.2 Codes and standards

Verify that the applicant identified the established codes and standards used in all aspects of
the criticality design and evaluation, if any, and that the applicant used them appropriately.
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Coordinate this review, as appropriate, with the other reviewers. For example, review of codes
and standards regarding neutron absorber materials should be coordinated with the materials
reviewer (see Section 7.4.7 and Attachment 7A to this SRP). Also, consider the staff’s position
on the use of standards as described in documents such as Regulatory Guide 3.71, “Nuclear
Criticality Safety Standards for Fuels and Material Facilities,” in determining the acceptability of
the applicant’s use of any standards in the design or evaluation of the package.

6.4.1.3 Summary table of criticality evaluations

Review the summary table of the criticality evaluation, which should address the following
cases, as described in Sections 6.4.4 to 6.4.6 in this SRP chapter:

o a single package under the conditions of 10 CFR 71.55(b), (d), and (e)
o an array of 5N undamaged packages under the conditions of 10 CFR 71.59(a)(1)
o an array of 2N damaged packages under the conditions of 10 CFR 71.59(a)(2)

For a fissile material package designed for air transport, the table should also address a single
package under the conditions of 10 CFR 71.55(f). For a package for air transport of plutonium,
the table should address both a single package and an array of packages under the conditions
of 10 CFR 71.64(a)(1)(iii) and (b). This means that the analyses for 10 CFR 71.55(e) and

10 CFR 71.59(a)(2) must use the damaged condition of the package resulting from the

10 CFR 71.74 accident conditions tests instead of the 10 CFR 71.73 hypothetical accident
conditions tests, accounting for the additional considerations in 10 CFR 71.64(b). The other
conditions of 10 CFR 71.55(e) and 10 CFR 71.59(a)(2), including optimum internal moderation,
would still apply to these analyses.

Verify that the table includes results for all relevant cases. Also verify that for each case the
table includes the maximum value of Ker, the uncertainty, the bias and bias uncertainty, and for
the array cases, the number of packages evaluated in the arrays. The table should also show
that the sum of ke, two standard deviations (95-percent confidence), and the bias adjustment
does not exceed 0.95 for each case. For packages that have multiple fissile material content
types or multiple content loading configurations (e.g., canisters containing SNF from a specific
reactor versus canisters containing general classifications of SNF assemblies) and for which
separate evaluations are performed for each content type, verify that the table includes the
results for all relevant cases for each content type.

Confirm that the summary table illustrates that the package meets the above subcriticality
criterion for all of the package’s types of fissile contents.

6.4.1.4 Criticality safety index

The CSI designates the degree of control of accumulation of fissile material packages during
transportation (see 10 CFR 71.4, “Definitions”). The CSI is limited to ensure that the number of
packages in a shipment does not exceed the number that was evaluated. The CSl is included
on the package label for a fissile package shipment. The regulation in 10 CFR 71.59(c)
describes the CSI limits for shipments in nonexclusive-use and exclusive-use conveyances.
The limits include those for both the individual package CSI and the total CSl for all of the
packages shipped in the conveyance, both of which must be met for the type of conveyance to
be used.
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Based on the number of packages evaluated in the arrays, verify that the applicant has
determined the appropriate value of N and calculated the CSI correctly. The appropriate value
of N will be the smaller of values determined from the arrays evaluated according to

10 CFR 71.59(a)(1) and (a)(2). For packages with multiple types of fissile contents or multiple
content configurations, the applicant may determine a separate CSI for each type of contents or
content configuration. In addition, for some packages or some fissile content types in a
package, the applicant may determine the CSlI, in accordance with 10 CFR 71.22, “General
License: Fissile Material,” or 10 CFR 71.23, “General License: Plutonium-Beryllium Special
Form Material.” Ensure that the CSI for the package, or for each package content type or
content configuration, is consistent with that reported in the General Information section of

the application.

6.4.2 Contents

Ensure that the application clearly and adequately describes the package contents, providing
those specifications that are relevant to the criticality safety of the package. The application
should show the entire range of contents specifications, or characteristics, that the applicant
considered and should specify the limiting values (maximum or minimum, as appropriate) for the
contents specifications. Nominal values may be used if the safety of the package is insensitive
to small changes in the specified parameter (e.g., active fuel length). Ensure that the
specifications for the contents used in the criticality evaluation are consistent with or bound
those in the General Information section of the application. The application should include a
description of the contents in an appropriate and easy-to-understand format (e.g., a table of fuel
assembly parameters) that is suitable for inclusion in a CoC. There should be a clear nexus
between the contents description and the criticality safety analysis. The specificity of the
contents description may be different for different package types or may depend on how the
applicant performed the analyses. For contents properties that are not known or are not well
known, ensure that the applicant has assumed these properties have credible values that
maximize reactivity in the criticality analyses, consistent with 10 CFR 71.83, “Assumptions as to
Unknown Properties.”

Also, for some package types, the applicant may propose that the material may be exempted
from classification as fissile material per 10 CFR 71.15 and therefore exempt from the fissile
material package standards in 10 CFR 71.55, “General Requirements for Fissile Material
Packages,” and 10 CFR 71.59, “Standards for Arrays of Fissile Material Packages.” In such
cases, ensure that the other content descriptions in the application are consistent with the
limits in 10 CFR 71.15 for this exemption and that the CoC includes this limitation on the
package contents.

An application may include only some contents specifications in the General Information section
and place the rest in the different evaluation sections (e.g., the Criticality Evaluation and
Shielding Evaluation sections). For this reason, coordinate with the reviewers of those sections
too, as needed, to confirm the consistency of contents specifications within the application.
Verify that the application clearly identifies and justifies any differences from the specifications in
the General Information section and the other relevant application sections. Coordinate with the
other reviewers to ensure that a CoC for package approval includes the contents specifications
necessary to ensure that the package meets the 10 CFR Part 71 criticality safety requirements.
In general, if the applicant takes credit for certain parameters (e.g., confinement features,
uranium enrichment, chemical form) or the analyses indicate that certain parameters affect the
criticality safety of the package, then the description of the authorized contents should specify
those parameters.
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For fissile material contents, verify that the application provides significant detail consistent with
the criticality analysis of the package. Specifications relevant to the criticality evaluation include
fissile material mass, dimensions, uranium enrichment(s), fissile nuclides present and their
concentrations, physical and chemical composition and form, density, internal moderation
(e.g., moisture, plastic inserts, or wrap for assemblies), and other characteristics, depending on
the specific contents. These other characteristics may include the contents’ configuration(s) in
the package and the inclusion of any materials that act as neutron moderators or neutron
poisons and the material, dimension, and configuration specifications of these materials. They
may also include spacers or other features used for geometry control, though these features
may be considered as part of the packaging design and included in the engineering drawings
instead. Because a partially filled container may allow more room for moderators (e.g., water),
the most reactive case may be for a mass of fissile material that is less than the maximum
allowable contents.

In addition to the characteristics described above, the relevant contents specifications for fuel
assembly or fuel element contents include many characteristics that apply to the criticality
analysis, such as the following:

types of assemblies or elements [e.g., PWR, boiling-water reactor (BWR), research
reactor (e.qg., flat or curved plate fuel, pin fuel)]

whether the contents are complete assemblies or elements or the contents are loose
rods or fuel plates

dimensions of fuel material (e.g., pellet diameter, including any annular pellets, for rods
or thickness and width for fuel plates), cladding material and dimensions, fuel-cladding
gap, pitch, and rod or plate length

inclusion of items to prevent assembly damage during transport (e.g., polymer inserts to
prevent wear due to vibration); wrapping of fresh fuel assemblies with plastic is permitted
if the top and bottom are open to allow free flow of water sufficient to prevent preferential
flooding of the fuel region

configurations of poison-bearing rods (e.g., fuel rods containing gadolinium oxide) in
unirradiated BWR fuel assemblies

number of rods (and lattice configuration, such as 15x15) or fuel plates per assembly
and locations of guide tubes, water rods, and burnable poisons (see Section 6.4.3.2),
including numbers and locations of partial-length rods

inclusion of fuel assembly components, hardware such as BWR fuel channels, or
unirradiated neutron-absorber rods

active fuel length
mass of heavy metal per assembly or element or per rod or fuel plate

number of fuel assemblies or elements or the number of individual rods or fuel plates
per package
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With regard to enrichment, assemblies may have fuel enrichments that vary by rod or by axial
lattice location. Ensure that the application clearly describes how the enrichment is defined for
the contents and demonstrates that the definition is appropriate for use in ensuring that the fuel
assembly contents in the package will be subcritical. The applicant’s evaluation should either
assume the maximum initial enrichment or demonstrate that another approach (e.g., average
enrichment) is bounding.

For irradiated, or spent, fuel, ensure that the application specifies parameters such as
enrichment and mass of heavy metal per assembly (or element) as initial (i.e., preirradiation)
values. Also, ensure that the application includes the descriptions and specifications of any
NFH to be included with the SNF contents. This hardware includes items such as control-rod
assembilies, burnable poison rod assemblies, fuel channels, and other items that are operated
and irradiated within the fuel assembly envelope in the reactor.

For applications that take credit for residual absorber in commercial reactor control components
to be loaded with SNF, ensure that the application includes appropriate specifications, such as
maximum burnup (or irradiation exposure) and operational history in the core (e.g., operated in
the “bite” position in the core or as a regulating rod) to characterize the amount of absorber
material remaining in the nonfuel hardware. Verify that the application includes analyses
demonstrating that the amount of residual absorber being credited will be present in the control
components and that the analyses are conservative for or consistent with the component’s use
in the core (e.g., in the “bite” position or as a regulating rod). The analysis should include a
depletion analysis of the initial absorber loading for a bounding maximum burnup and should not
take any credit for nuclides that may build up in the control component as a result of irradiation.
In other words, the criticality analysis should take credit only for residual amounts of the initial
absorber material that remains after depletion. Ensure that the depletion analysis uses
conservative assumptions (e.g., for neutron-flux factors). Given uncertainties in these analyses
that result from things such as lack of data to “benchmark” the depletion of these components
and uncertainties in the irradiation history, the applicant should credit only a fraction of the
residual absorber material in the criticality evaluation. The applicant should justify that the
fraction of credit used in the analysis is appropriate to account for the uncertainties in the
depletion analysis for the control component.

In addition, for commercial reactor SNF contents for which the applicant requested burnup
credit, ensure that the application specifies appropriate characteristics for assemblies for which
burnup is credited. These characteristics include minimum burnups versus maximum
enrichment and reactor operating parameters during assembly irradiation (e.g., exposure limits
to control-rod insertion, in-core soluble boron concentrations, moderator temperature, and
assembly specific power). Section 6.4.7 of this SRP provides guidance regarding burnup credit.

Determine whether the application for an SNF package includes any specifications regarding
the condition of the SNF. If the contents include damaged fuel, confirm that the application
specifies the maximum extent of damage allowed and that the applicant’s criticality analyses
show the package containing damaged fuel is subcritical. Fuel rods that have been removed
from an assembly should be replaced with dummy rods that displace an equal or greater
amount of water unless the criticality analyses consider the additional moderation resulting from
their absence. (Because of the additional moderation, the contents with less fissile material
might be more reactive). Ensure that the CoC includes specifications regarding the condition of
the SNF in the conditions describing the approved contents. Coordinate this review with the
materials evaluation reviewer as necessary (see Section 7.4.14 of this SRP).
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NUREG/CR-6716, “Recommendations on Fuel Parameters for Standard Technical
Specifications for Spent Fuel Storage Casks,” issued March 2001, also includes useful
information about the fuel parameters that are important for criticality safety for a commercial
SNF transport package. Parameters that are normally controlled in CoC conditions include fuel
type, lattice size, enrichment, fuel rod pitch, fuel pellet diameter, cladding thickness, and active
fuel length. It is not necessary to limit all parameters if the analysis has shown that they are not
important for the package evaluation. For example, if the applicant evaluates the criticality
safety of the fuel without taking credit for the clad material being present, the minimum clad
thickness may not need to be specified.

If the package is designed for multiple types of contents, including multiple types of SNF or
multiple content configurations, verify that the description of the contents is sufficient to permit a
detailed criticality evaluation of each type or configuration or to support a conclusion that certain
types or configurations are bounded by those that the applicant did evaluate. The application
may include a separate criticality evaluation and propose different criticality controls (e.g., fissile
mass limits, uranium enrichment limits, CSl) for each content type or configuration. Or the
application may include an evaluation that bounds all content types and configurations and
propose criticality controls that apply to all content types and configurations. The review
procedures in this section and the rest of this chapter apply to each content type, including each
type of SNF, and configuration evaluated in the application.

6.4.3 General Considerations for Criticality Evaluations

The considerations discussed below apply to the criticality evaluations of a single package,
arrays of packages under normal conditions of transport, and arrays under hypothetical accident
conditions. NUREG/CR-5661, “Recommendations for Preparing the Criticality Safety
Evaluation of Transportation Packages,” issued April 1997, provides general guidance for
preparing criticality evaluations of transportation packages.

6.4.3.1 Model configuration

Verify that the applicant’s analysis includes a model for demonstrating compliance with

10 CFR 71.55(b) and that the model is consistent with the as-designed package, including
tolerances and materials specifications of package components that maximize reactivity.
Coordinate with the structural evaluation, thermal evaluation, and materials evaluation reviewers
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.

Verify the dimensions of the contents and packaging used in the criticality models. Ensure that
they are consistent with the package drawings and contents specifications in the application.
Confirm that the applicant has identified and justified any differences between the models and
the drawings and contents specifications. For some types of packagings and contents

(e.g., powders), the contents can be positioned at varying locations and densities. Verify that
the application justifies the relative location and physical properties of the contents within the
packaging as those resulting in the maximum multiplication factor. Verify that the application
considers dimensional tolerances for parameters such as cavity sizes and poison thickness in a
way that maximizes reactivity.

Verify that the application considers deviations from nominal design configurations. For
example, fuel assemblies might not always be centered in each basket compartment, and the
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basket might not be exactly centered in an SNF package. In addition to a fully flooded package,
confirm that the application addresses preferential flooding, as appropriate. For fuel
assembilies, 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. Also ensure that the application
considers partially loaded packages since, in some cases, packages loaded to less than the
maximum capacity may be more reactive.

For packages designed to transport fuel assemblies (fresh or spent), determine whether the
application includes a heterogeneous model of each fuel rod or homogenizes the entire
assembly. With current computational capability, homogenization should generally be avoided.
If homogenization is used, the application must demonstrate that it is applied correctly or
conservatively. At a minimum, this demonstration should include calculation of the multiplication
factor of one assembly and several benchmark experiments (see Section 6.4.6) using both
homogeneous and heterogeneous models.

Also, for SNF packages that include damaged fuel contents, determine whether the applicant
has adequately evaluated a package containing damaged fuel, including identification of a
bounding reconfiguration of the contents. For those evaluations that rely on damaged fuel cans
or other features to confine the geometry of the damaged SNF, ensure that the applicant’s
analyses are consistent with the design specifications of these features. Also ensure that the
package drawings, which will become part of the CoC, include these features with the
specifications that are important to their function of confining the damaged SNF within a set
geometric configuration.

6.4.3.2 Material properties

Verify the materials that are used in the criticality models for the packaging and contents. Verify
that the applicant provided appropriate mass densities and atom densities for materials used in
the models of the packaging and contents. Material properties should be at the specifications or
tolerances that maximize reactivity and that are consistent with the condition of the package
under the tests of 10 CFR 71.71, “Normal Conditions of Transport,” and 10 CFR 71.73. For
fissile material packages designed or intended for air transport, the material properties should
also be consistent with the condition of the package under the tests described in

10 CFR 71.55(f). For plutonium packages designed or intended for air transport, the material
properties should be consistent with the condition of the package under the tests described in
10 CFR 71.74 instead of the tests described in 10 CFR 71.73. Verify that the application
addresses any differences between normal conditions of transport and the appropriate accident
conditions, as identified above. Confirm that the application includes references for the data
sources of the material properties.

Ensure that all materials relevant to the criticality design (e.g., poisons, foams, plastics, and
other hydrocarbons) are properly specified. Confirm that the values used for neutron poisons
match the minimum required values credited in the criticality analysis. Also confirm that, for
neutron absorbers that are part of the packaging, the analysis does not credit more than the
minimum amount of neutron absorber the acceptance testing and qualification testing verified ,
subject to the criteria described in Section 6.3 and Section 7.4.7 of this SRP. Ensure that
neutron absorbers and moderators (e.g., poisons and neutron shielding) are properly controlled
during fabrication to meet their specified properties. The Acceptance Tests and Maintenance
Program section of the application should discuss such information in more detail. For
packages that include other kinds of absorbers, such as unirradiated poison rods or rodlets
loaded with fuel contents or nonboron-based absorbers (e.g., cadmium), confirm that the
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applicant’s analysis credits only an amount of absorber material that is consistent with or
bounding for the absorbers, accounting for material and dimensional tolerances, other relevant
fabrication variabilities, and neutronics properties. For packages that credit these kinds of
absorbers, ensure that the application describes how these absorbers will be maintained in the
positions for which they are credited in the analysis. Working with the materials reviewer,
ensure that the application includes adequate acceptance tests for these absorbers too, as
applicable and appropriate.

In addition, for commercial SNF packages, because of differences in net reactivity resulting from
the depletion of fissile material and burnable poisons, in general, no credit should be taken for
burnable poisons in the fuel. Also, in general, the application should not credit any negative
reactivity from residual neutron-absorbing material remaining in commercial reactor control
components also loaded with the commercial SNF as nonfuel hardware. However, this credit
may be taken and should be accepted only if (i) the remaining absorbing material content is
established through direct measurement or by calculation where a sufficient margin of safety is
included, commensurate with the uncertainty in the method of measurement or calculation;

(i) the axial distribution of the poison depletion is adequately determined with appropriate
margin for uncertainties; and (iii) the adequate structural integrity and placement of the control
components under accident conditions are demonstrated. For evaluations with water in the
package, which is always fresh water for package analyses, a bounding analysis would assume
that no nonfuel hardware, including control components, are present. The applicant may take
credit for water displacement, provided that adequate structural integrity and placement under
accident conditions are demonstrated.

Review materials to identify any materials that are relevant to the criticality design that have
properties that could degrade during the service life of the packaging. If appropriate, ensure
that specific controls are in place to ensure the effectiveness of the packaging during its service
life. The Acceptance Tests and Maintenance Program or Operating Procedures sections of the
application should discuss such information in more detail.

Coordinate the reviews of the material properties described here with the materials reviewer.
For the materials properties of SNF packages that rely on burnup credit, see the burnup credit
guidance in Section 6.4.7 of this SRP chapter.

6.4.3.3 Analysis methods and nuclear data

Verify that the applicant used an appropriate method and appropriate data for the package
analyses the regulations required and that are discussed in this SRP chapter. The vast majority
of package criticality analysis methods use computer codes and the nuclear data included with
those codes. However, depending on the applicant’s approach, the applicant may use other
methods that may also be appropriate to demonstrate subcriticality. Even for analyses that use
computer codes, although the algorithm and calculation process that a computer code uses is a
method (e.g., Monte Carlo versus deterministic technique) and should be evaluated that way,
the analysis method is more than just the computer code. In other words, the computer code is
a part of the analysis method. The analysis method includes the nuclear data, such as the
cross-section libraries, used in the analysis and the selection of the data. The method also
includes things such as key assumptions and parameters and the approach to modeling the
contents and the packaging components. For noncode-based analyses as well, the method
includes things such as the nuclear data used in the analysis, key assumptions and parameters,
and the approach to analyzing the package contents and packaging components.
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Verify that the application uses an appropriate computer code (or other acceptable method) for
the criticality evaluation and that the applicant has used the code (or other method) properly.
Both Monte Carlo and deterministic computer codes may be used for criticality calculations.
Because Monte Carlo codes are generally better suited to analyzing three-dimensional
geometry, they are more widely used to evaluate SNF cask designs. The application should
clearly reference standard codes, such as SCALE/KENO (ORNL 2011) and MCNP (MCNP5
2003), used in the analysis. KENO is part of the SCALE code system and allows the use of
both multigroup and continuous-energy cross sections, while MCNP uses continuous-energy
cross sections. If the analysis uses other codes or methods, the application should describe
these other codes or methods and provide appropriate supplemental information.

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 for collapsing the group structure and that the cross sections are
properly processed to account for resonance absorption and self-shielding. The use of KENO
as part of the SCALE sequence will directly enable such processing. Some cross-section sets
include data for fissile and fertile nuclides (based on a potential scattering cross section, o,) that
the user can input. If the applicant has used a stand-alone version of KENO, ensure that
potential scattering has been properly considered. NRC Information Notice (IN) 91-26,
“Potential Nonconservative Errors in the Working Format Hansen-Roach Cross-Section Set
Provided with the KENO and SCALE Codes,” dated April 2, 1991, and NUREG/CR-6328,
“Adequacy of the 123-Group Cross-Section Library for Criticality Analyses of Water-
Moderated Uranium Systems,” issued June 1995, provide additional information addressing
cross-section concerns.

In addition to cross-section information, verify that the application identifies other key input data
for the criticality calculations. These data include the number of neutrons per generation,
number of generations, convergence criteria, and mesh selection, depending on the code used.
The application should also include at least one representative input file for a single package,
undamaged array, and damaged array evaluation. Verify, as appropriate, that information for
the model configuration, material properties, and cross sections is properly input into the code.

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

6.4.3.4 Demonstration of maximum reactivity

Verify that the application evaluates each type of allowable contents or clearly demonstrates

that some types are bounded by the contents for which the applicant performed evaluations.

For packages for fuel assemblies, whether an unirradiated fuel package or an SNF package,

this includes verifying that the application evaluates each type of fuel assembly or shows that
the evaluated types bound the remaining types.

Verify that, for each contents type, the analyses demonstrate the maximum k.« for each of the
cases discussed in Section 6.4.1.3 above (single package, array of undamaged packages, and
array of damaged packages for the relevant conditions). Verify that the application clearly
identifies and justifies assumptions and approximations.

Ensure that the analysis determines the optimum combination of internal moderation (within the
package) and interspersed moderation (between packages), as appropriate. Confirm that
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preferential flooding of different regions within the package is considered, as appropriate. As
noted in Section 6.4.2 of this SRP chapter, the maximum allowable amount of fissile material
may not be the most reactive.

NUREG/CR-5661 presents additional guidance on determining the most reactive configurations.

Confirm that the applicant’s evaluation demonstrates that the package calculations are
adequately converged and addresses the statistical uncertainties of the package calculations.
Verify that the applicant applied the uncertainties to at least the 95-percent confidence level. As
a general rule, if the acceptability of the criticality evaluation results depends on these rather
small differences, question the overall degree of conservatism of the calculations. Considering
the current availability of computer resources, enough neutron histories can readily be used so
that the treatment of these statistical uncertainties should not significantly affect the results.

6.4.3.5 Confirmatory analyses

Perform a confirmatory analysis of the criticality calculations reported in the application, as
appropriate. At a minimum, perform an independent calculation of the most reactive case, as
well as sensitivity analyses to confirm that the most reactive case has been correctly identified.
In deciding the necessary level of effort to perform independent confirmatory calculations,
consider the following factors: (i) the calculational method (computer code) the applicant used,
(ii) the degree of conservatism in the applicant’s assumptions and analyses, (iii) the size of the
margin between the calculated result and the acceptance criterion of ke < 0.95, and (iv) the
degree of similarity to previously approved packages or package contents. A small margin
below the acceptance criterion or a small degree of conservatism in the applicant’s analyses
may likely necessitate a more extensive analysis. This would be particularly true if aspects of
the applicant’s analysis seem to be questionable and may be significant to the analysis and to
the criticality safety of the package (e.g., things the applicant did not include or items that were
treated in a possibly nonconservative manner).

To the extent practical, model the package independently and use a different code and
cross-section set from those used in the application. If the reported ke for the worst case is
substantially lower than the acceptance criterion of 0.95, a simple model known to produce very
conservative results may be all that is necessary for the independent calculations. A review is
not expected to validate the applicant’s calculations but should confirm that the regulations and
acceptance criteria are met.

When the value of ker is highly sensitive to small variations in design features, contents
specifications, or the effects of the relevant test conditions (i.e., 10 CFR 71.71, 10 CFR 71.73,
10 CFR 71.55(f), and 10 CFR 71.74, as applicable), confirm that the applicant appropriately
considered such variations.

6.4.3.6 Moderator exclusion under hypothetical accident conditions

For commercial LWR SNF, refer to Section 1.4.4 of this SRP, which describes approach options
for addressing subcriticality of SNF that is categorized as intact or undamaged fuel* under
hypothetical accident conditions. Thus, the review guidance in this section applies only to intact
or undamaged commercial SNF for hypothetical accident conditions. This section does not

4 Note that the International Atomic Energy Agency’s Safety Series No. 6, “Regulations for the Safe Transport of
Radioactive Material,” includes similar, but not identical, requirements for fissile material packages.
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apply to evaluations for compliance with 10 CFR 71.55(b) and so does not change guidance
related to meeting that requirement that is described in the other sections of this SRP chapter.

As described in Section 1.4.4 of this SRP, the applicant may choose to demonstrate package
subcriticality under hypothetical accident conditions by showing that (i) reconfigured fuel is
subcritical even with water inleakage, or (ii) the package excludes water under hypothetical
accident conditions. Verify that the application describes the evaluation approach. Also
determine that the applicant has adequately justified use of the selected approach and has
adequately demonstrated that the package is subcritical. For this review, consult the guidance
in Section 1.4.4 of this SRP and coordinate with the other reviewers (e.g., materials evaluation,
structural evaluation) to ensure that the applicant adequately evaluated the package for the
selected approach and that the applicant’s criticality analysis is consistent with or bounding for
the evaluated condition of the package and commercial SNF contents for the applicant’s
selected approach. Also coordinate with the other reviewers to ensure that the package
operating procedures, acceptance tests, and maintenance programs in the application include
the appropriate procedures and tests to ensure that the package is operated, fabricated, and
maintained consistent with the evaluations in the application.

For the first approach, the fuel reconfiguration geometries should either be based on the
material properties of the SNF cladding and the impact loads imposed on the fuel assemblies or
be those that are appropriately bounding for criticality. NUREG/CR-6835, “Effects of Fuel
Failure on Criticality Safety and Radiation Dose for Spent Fuel Casks,” issued September 2003,
and NUREG/CR-7203, “A Quantitative Impact Assessment of Hypothetical Spent Fuel
Reconfiguration in Spent Fuel Storage Casks and Transportation Packages,” issued
September 2015, provide information on the reactivity effects of various postulated fuel
reconfiguration scenarios that may be useful for this review. For the second approach, the
criticality assessment would use credible or bounding reconfigured fuel configurations and
assume moderator exclusion. For analyses to demonstrate compliance with 10 CFR 71.55(b),
SNF that is intact or undamaged when loaded into the package can be assumed to be in its
as-loaded configuration.

6.4.4 Single Package Evaluation
6.4.4.1 Configuration

Ensure that the criticality evaluation demonstrates that a single package is subcritical in the
as-designed condition for compliance with 10 CFR 71.55(b) and under both normal conditions of
transport and hypothetical accident conditions for compliance with 10 CFR 71.55(d) and (e),
respectively. For packages for air transport of fissile material, ensure that the evaluation also
demonstrates that a single package is subcritical under the accident conditions in

10 CFR 71.55(f). For packages for air transport of plutonium, ensure that the evaluation for
compliance with 10 CFR 71.55(e) uses the damaged condition of the package resulting from the
accident tests in 10 CFR 71.74, consistent with the considerations required in

10 CFR 71.64(a)(1)(iii) and (b). Verify that the evaluation considered the following:

. fissile material in its most reactive credible configuration, consistent with the condition of
the package and the chemical and physical form of the contents

o water moderation to the most reactive credible extent, including water leakage into the
containment system as specified in 10 CFR 71.55(b)
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. full water reflection on all sides of the package, including close reflection of the
containment system or reflection by the package materials, whichever is more reactive,
as specified in 10 CFR 71.55(b)(3)

6.4.4.2 Results

Confirm that the results of the criticality calculations are consistent with the information
presented in the summary table discussed in Section 6.4.1.3. If the package can be shown to
be subcritical by reference to a standard such as American National Standards
Institute/American Nuclear Society (ANSI/ANS) 8.1-1998, “Nuclear Criticality Safety in
Operations with Fissionable Materials Outside Reactors” (in lieu of calculations), verify that the
standard is applicable to, or bounding for, the package conditions and contents.

Verify also that the package meets the additional specifications of 10 CFR 71.55(d)(2) through
10 CFR 71.55(d)(4) under normal conditions of transport. These requirements address
subcriticality, alteration of the geometric form of the contents, inleakage of water, and
effectiveness of the packaging.

6.4.5 Evaluations of Package Arrays
6.4.5.1 Package arrays under normal conditions of transport

Ensure that the criticality evaluation demonstrates that an array of 5N packages is subcritical
under normal conditions of transport. Verify that the evaluation considered the following:

o the most reactive configuration of the array (e.g., pitch, package orientation), with the
most reactive interstitial moderation between the packages

. the most reactive, credible configuration of the packaging and its contents under normal
conditions of transport. If the water spray test has demonstrated that water would not
leak into the package, water inleakage need not be assumed (as is typically the case for
packages such as SNF packages)

. full water reflection on all sides of the array (unless the array is infinite)

Verify that the application clearly identifies the most reactive array conditions and that the
results of the analysis are consistent with the information presented in the summary table
discussed in Section 6.4.1.3 above.

6.4.5.2 Evaluation of package arrays under hypothetical accident conditions

Ensure that the criticality evaluation demonstrates that an array of 2N packages is subcritical
under hypothetical accident conditions (or the accident conditions resulting from the tests in

10 CFR 71.74 for packages for air transport of plutonium). Verify that the evaluation considered
the following:

° the most reactive configuration of the array (e.g., pitch, package orientation,
internal moderation)

. optimum interspersed hydrogenous moderation (between packages)
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. the most reactive, credible configuration of the packaging and its contents under
accident conditions (the appropriate accident conditions from 10 CFR 71.73 or
10 CFR 71.74), including inleakage of water and internal moderation (including optimum
moderation and, if applicable, partial flooding)

. full water reflection on all sides of the array (unless the array is infinite)

Verify that the application clearly identifies the most reactive array conditions and that the
results of the analysis are consistent with the information presented in the summary table
discussed in Section 6.4.1.3 above.

6.4.5.3 Package arrays results and criticality safety index

Confirm that the appropriate N value is used to determine the CSI in accordance with

10 CFR 71.59(a) and (b). The appropriate N should be the smallest value that ensures
subcriticality for 2N packages under the appropriate accident conditions, whether 10 CFR 71.73
(which will apply to most packages) or 10 CFR 71.74 (for packages for air transport of
plutonium), or 5N packages under normal conditions of transport, as discussed in the

previous subsections.

Verify that the application includes results, including the CSI determination, for each package
content type, if the applicant performed evaluations for or proposes different CSI values for each
type of contents. If the applicant proposes a single CSI value, provides results for only a single
type of contents, and represents that type of contents as bounding of the others, confirm that
the results and proposed value are indeed bounding for all package content types. When
developing the CoC, ensure that the certificate conditions specify the appropriate CSI value(s)
for the correct content type(s).

6.4.6 Benchmark Evaluations

Ensure that the applicant has benchmarked the computer codes for criticality calculations
against appropriate critical experiments. Verify that the applicant used the same computer
code, hardware, and cross-section library to analyze the benchmark experiments as those used
to calculate the multiplication factor for the package evaluations. In the application, the ke
results should include the calculated package ker(s), bias(es) and uncertainty(ies) (i.e., bias
uncertainties) from the benchmark calculations, and the ke+(s) as adjusted to include the
bias(es) and bias uncertainty(ies). Ensure that the applicant’s benchmark evaluation is a
comparison of the calculated results to the experimental results and not a code-to-code
comparison. The staff does not accept code-to-code comparisons as benchmark evaluations.
This staff position is consistent with guidance in industry standards regarding benchmarking and
validation (e.g., see ANSI/ANS 8.1-1998 (R2007), Section 4.3.1, “Establishment of Bias,”
including the footnotes).

NUREG/CR-6361, “Criticality Benchmark Guide for Light-Water-Reactor Fuel in Transportation
and Storage Packages,” issued March 1997, and NUREG/CR-6698, “Guide for Validation of
Nuclear Criticality Safety Calculational Methodology,” issued January 2001, provide additional
information on benchmarking criticality evaluations.

For mixed oxide (MOX) SNF evaluations, the differences between the package and benchmark

experiments may be more substantial because there are fewer experiments for MOX than for
low-enriched uranium. Thus, it may be more difficult to properly consider these differences and
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assign a bias value. Refer to Appendix D to this SRP for information regarding available MOX
benchmark experiments and their important characteristics and for guidance on selecting
appropriate benchmark experiments and determining a conservative bias from the

benchmark analysis.

6.4.6.1 Experiments and applicability

Review the general description of the benchmark experiments, and confirm that they are
appropriately referenced.

Verify that the applicant has selected benchmark experiments that apply to the actual packaging
design and contents. Verify that the applicant has adequately justified either the selection of
any experiments that do not readily appear to be applicable or the neglect of any experiments
that would seem to be appropriate for use in benchmarking the package evaluation. The
benchmark experiments should have, to the maximum extent possible, the same materials,
neutron spectrum, and configuration(s) as the package evaluations for each type of contents.
Key package parameters that should be compared with those of the benchmark experiments
include type of fissile material, enrichment, H/X ratio (where H is hydrogen (moderator) and X is
the fissile material; dependent largely on rod pitch and diameter for commercial SNF cases),
poisoning, reflector material, and configuration. Confirm that the application discusses and
properly considers differences between the package and benchmarks.

The Nuclear Energy Agency’s “International Handbook of Evaluated Criticality Safety
Benchmark Experiments,” updated annually, provides information on benchmark experiments
that may apply to the cask being analyzed.

In addition, verify that the application addresses the overall quality of the benchmark
experiments and the uncertainties in experimental data (e.g., mass, density, dimensions,
reported ke results). Ensure that these uncertainties are treated conservatively (i.e., they result
in a lower calculated multiplication factor for the benchmark experiment).

In recent years, some analytical tools have been developed that may be useful for identifying
applicable benchmark experiments and evaluating the quality of the experiments. These tools
include SCALE’s TSUNAMI tools, which use sensitivity and uncertainty techniques to provide a
quantitative measure of the overall similarity of an experiment to the analyzed package, as well
as a variety of indicators to evaluate similarity or utility of experiments with respect to different
aspects that may be important to the package evaluation.

6.4.6.2 Bias determination
Examine the applicant’s results for the calculations for the benchmark experiments and the

method used to account for biases and bias uncertainties, including the contribution from
uncertainties in experimental data.
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Confirm that the applicant analyzed a sufficient number of appropriate benchmark experiments
and used the results of these benchmark calculations to determine an appropriate bias and bias
uncertainty for the package calculations.® Confirm that the applicant evaluated the benchmark
analysis results for trends in the bias with respect to parameter variations (such as
pitch-to-rod-diameter ratio, assembly separation, reflector material, neutron-absorber material,
H/X ratio, energy of average lethargy of neutrons causing fission). Evaluate the applicant’s
trending analysis to verify that the analysis considers appropriate subsets of the entire selection
of benchmarks. For example, for a selection of experiments that includes some with neutron-
absorber materials and some without absorber materials, the trend in bias for the entire
selection of experiments may differ significantly versus the bias trend for the subset of
experiments that include neutron-absorber materials. Verify that only negative biases (results
that underpredict k) are considered, with positive bias results (values that decrease kerwhen
applied) treated as zero bias. Confirm that the applicant has determined the biases and bias
uncertainties versus the measured (i.e., experimentally determined) ker values of the
experiments, which may not always be unity or 1.0.

Also verify that the applicant demonstrates that the ranges of applicability of the experiments
and bias evaluation adequately cover the package evaluations for the parameters important to
criticality safety and that the coverage within the range of applicability is also adequate. Verify
that the applicant justified any extrapolation, if done, of the bias and bias uncertainty beyond the
ranges of applicability. Verify that the applicant also justified the appropriateness of the bias
and bias uncertainty and trending analysis for areas within the range of applicability where data
(experiments and calculation results) are limited or significant gaps exist between clusters of
data, particularly if the package evaluation results for the higher reactivity configurations are in
these gaps. For cases where extrapolation is necessary or data in the range of applicability are
limited, confirm that the applicant considered the need to include additional margin in the
analyses or uncertainty in the bias. NUREG/CR-5661 and NUREG/CR-6361 provide additional
information on determining a bias and its range of applicability.

Confirm that the applicant’s evaluation demonstrates that the benchmark calculations are
adequately converged and addresses statistical uncertainties in the benchmark calculations.
Apply the guidance in Section 6.4.3.4 of this SRP chapter regarding convergence and statistical
uncertainties for the applicant’s package calculations to the evaluation of the applicant’s
benchmark calculation.

6.4.7 Burnup Credit Evaluation for Commercial Light-Water Reactor Spent Nuclear
Fuel

The regulations in 10 CFR Part 71 require that SNF remain subcritical in transportation. While
unirradiated reactor fuel (“fresh fuel”) has a well-specified nuclide composition that provides a
straightforward and bounding approach to the criticality safety analysis of transportation
packages, the nuclide composition changes as the fuel is irradiated in the reactor. Ignoring the
presence of burnable poisons, this composition change will cause the reactivity of the fuel to

5  The benchmark and bias determination methods described in this SRP and related references for criticality
safety analyses are based on an analysis of a sufficient number of experiments for which statistical normality has
been demonstrated. For experiment sets for which statistical normality has not been demonstrated, including
sets that are too few in number to enable this demonstration, the applicant and the staff should use other
appropriate statistical methods to evaluate the benchmarks used in the application.
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decrease. In the criticality safety analysis, allowance for the decrease in fuel reactivity resulting
from irradiation is termed “burnup credit.”

This section provides recommendations to the NRC reviewer for accepting, on a design-specific
basis, a burnup credit approach in the criticality safety analysis of PWR SNF transportation
packages. The guidance represents one method for demonstrating compliance with the
criticality safety requirements in 10 CFR Part 71 using burnup credit. Follow this guidance to
determine whether the applicant has provided reasonable assurance that the transportation
package meets the applicable criticality safety regulations in 10 CFR Part 71. Consider
alternative methodologies applicants propose on a case-by-case basis, using this guidance to
the extent practicable.

The following recommendations were developed with intact fuel as the basis but may also apply
to fuel that is not intact. If an applicant requests burnup credit for fuel that is not intact, apply the
recommendations provided below, as appropriate, to account for uncertainties that can be
associated with fuel that is not intact, and establish an isotopic inventory and assumed fuel
configuration for the as-designed package and for normal conditions of transport and
hypothetical accident conditions that bound the uncertainties.

The recommendations in this chapter do not include burnup credit for BWR fuel assemblies, as
the technical basis for BWR burnup credit in SNF transportation packages has not been fully
developed. The NRC has initiated a research project to obtain that technical basis. BWR fuel
assembilies typically have neutron-absorbing material, typically gadolinium oxide (Gd203), mixed
in with the uranium oxide of the fuel pellets in some rods. This neutron absorber depletes more
rapidly than the fuel during the initial parts of its irradiation, which causes the fuel assembly
reactivity to increase and reach a maximum value at an assembly-average burnup typically less
than 20 gigawatt-days per metric ton of uranium (GWd/MTU). Then, reactivity decreases for the
remainder of fuel assembly irradiation. Criticality analyses of BWR SNF pools typically employ
what are known as “peak reactivity” methods to account for this behavior. NUREG/CR-7194,
“Technical Basis for Peak Reactivity Burnup Credit for BWR Spent Nuclear Fuel in Storage and
Transportation Systems,” issued April 2015, reviews several existing peak reactivity methods
and demonstrates that a conservative set of analysis conditions can be identified and
implemented to allow criticality safety analysis of BWR SNF assemblies at peak reactivity in
SNF transportation packages. Consult NUREG/CR-7194 if the applicant uses peak reactivity
BWR burnup credit methods in its criticality analysis.

This SRP does not address credit for BWR burnup beyond peak reactivity. The NRC is
currently evaluating this type of burnup credit as part of a research program. The purpose of
the program is to investigate methods for conservatively including such credit in a BWR
criticality analysis for SNF transportation packages. The NRC does not recommend burnup
credit beyond peak reactivity at this time. Consider conservative analyses of BWR burnup
credit beyond peak reactivity on a case-by-case basis, consulting the latest research results in
this area (i.e., NRC letter reports and NUREG/CRs).

The recommendations in this section also do not include burnup credit analyses for MOX or
thorium SNF assemblies. Evaluate MOX burnup credit analyses on a case-by-case basis,
noting that there are few MOX data available for isotopic depletion or criticality code validation.
Analyses for MOX burnup credit should include substantial conservatism in the representation
of MOX material in the criticality model and large ke« penalties for unvalidated fuel materials.
Thorium fuel criticality analyses will require a depletion analysis to determine the most reactive
fuel composition with irradiation. Similar to the situation for MOX SNF, code validation data are
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limited for thorium SNF, and criticality analyses should include large conservatisms and ke
penalties for unvalidated materials.

Attachment 6A to this SRP chapter provides more information on the technical bases for the
recommendations described below.

6.4.7.1 Limits for the certification basis

Available data support allowance for burnup credit where the safety analysis is based on major
actinide compositions only (i.e., actinide-only burnup credit) or limited actinide and fission
product compositions (see Table 6-2) associated with uranium dioxide (UO.) fuel irradiated in a
PWR up to an assembly-average burnup value of 60 GWd/MTU and cooled out of reactor for a
time period between 1 and 40 years. The range of available measured assay data for irradiated
UO: fuel supports an extension of the certification basis up to 5.0 weight percent enrichment in
uranium-235.

Within this range of parameters, carefully assess whether the analytic methods and
assumptions used are appropriate, especially near the limits of the parameter ranges
recommended here for the certification basis. Verify that the use of actinide and fission product
compositions associated with burnup values or cooling times outside these specifications is
accompanied by the measurement data or justified extrapolation techniques, or both, necessary
to extend the isotopic validation and quantify or bound the bias and bias uncertainty. If the
applicant credits neutron-absorbing isotopes other than those identified in Table 6-2, ensure that
the applicant gives assurance that such isotopes are nonvolatile, nongaseous, and relatively
stable and provides analyses to determine the additional depletion and criticality code bias and
bias uncertainty associated with these isotopes.

A certificate condition indicating the time limit on the validity of the burnup credit analysis may
be necessary in light of the possible use of the package to transport SNF that has been in
storage for an extended time. Such a condition would depend on the type of burnup credit and
the credited post-irradiation decay time.

6.4.7.2 Model assumptions

Confirm that the applicant calculated the actinide and fission product compositions used to
determine a value of ker using fuel design and reactor operating parameter values that
appropriately encompass the range of design and operating conditions for the proposed
contents. Verify that the applicant calculated the k.5 value using models and analysis
assumptions that allow accurate representation of the physics in the package, as discussed in
Section 6A.4 of Attachment 6A to this chapter of the SRP. Pay attention to the need to do the
following:

. Account for and effectively model the axial and horizontal variation of the burnup within
an SNF assembly (e.g., the selection of the axial burnup profiles, number of axial
material zones).

. Consider the potential for increased reactivity because of the presence of burnable
absorbers or control rods (fully or partially inserted) during irradiation.
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Table 6-2 Recommended Set of Nuclides for Burnup Credit

Type of Burnup Credit Recommended Set of Nuclides

Actinide-only burnup credit 234U, 235U, 238U’ 238Pu, 239Pu, 20, Mg e 2,

) u! u1

Additional nuclides for actinide- %Mo, ¥Tc, 101Ru, '93Rh, 109Ag, 133Cs, '43Nd, %5Nd, '47Sm, 4°Sm,
plus-fission product burnup credit | '%0Sm, '¥'Sm, 152Sm, '5'Eu, '53Eu, '95Gd, 236U, 23"Np, 243Am

. Account for the irradiation environment factors to which the proposed assembly contents
were exposed, including fuel temperature, moderator temperature and density, soluble
boron concentration, specific power, and operating history.

YAEC-1937, “Axial Burnup Profile Database for Pressurized Water Reactors,” issued May 1997,
provides representative data that can be employed for establishing profiles for use in the safety
analysis. However, exercise care when reviewing profiles intended to bound the range of
potential k.;Vvalues for the proposed contents for each burnup range, particularly near the upper
end of the certification-basis parameter ranges stated in this guidance. NUREG/CR-6801,
“‘Recommendations for Addressing Axial Burnup in PWR Burnup Credit Analyses,” issued
March 2003, provides additional guidance on selecting axial profiles.

A design-basis modeling assumption, where the assemblies are exposed during irradiation to
the maximum (neutron absorber) loading of burnable poison rod assemblies (BPR) for the
maximum burnup, encompasses all assemblies that may or may not have been exposed to
BPRs. Such an assumption in the safety analysis should also encompass the impact of
exposure to fully inserted or partially inserted control rods in typical domestic PWR operations.
Assemblies exposed to atypical insertions of control rods (e.g., full insertion for one full cycle of
reactor operation) should not be loaded unless the safety analysis explicitly considers such
operational conditions. If the assumed BPR exposure is less than the maximum for which
burnup credit is requested, confirm that the applicant has provided a justification commensurate
with the selected value. For example, the lower the exposure, the greater the need to

(i) support the assumption with available data, (ii) indicate how administrative controls would
prevent a misload of an assembly exposed beyond the assumed value, and (iii) address such
misloads in a misload analysis.

For assemblies exposed to integral burnable absorbers, the appropriate analysis assumption for
absorber exposure varies depending on burnup and absorber material. The appropriate
assumption may be to neglect the absorber while keeping the other assembly parameters

(e.g., enrichment) the same for some absorber materials or for exposures up to moderate
burnup levels (typically 20-30 GWd/MTU). Thus, a safety analysis including assemblies with
integral burnable absorbers should include justification of the absorber exposure assumptions
used in the analysis. For assemblies exposed to flux suppressors (e.g., hafnium suppressor
inserts) or combinations of integral absorbers and BPRs or control rods, the safety analysis
should use assumptions that provide a bounding safety basis, in terms of the effect on package
K., for those assembilies.

Confirm that the applicant’s evaluation includes analyses that use irradiation conditions that
produce bounding values for ks as discussed in Section 6A.4 of Attachment 6A to this SRP
chapter. The bounding conditions may differ for actinide-only burnup credit versus
actinide-plus-fission product burnup credit and may depend on the characteristics of the SNF
intended to be transported in the package (e.g., all PWR assemblies versus a site-specific
population). Contents specifications tied to the actual reactor operating conditions may be
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needed unless the operating condition values used in the evaluation can be justified as those
that produce the maximum k. values for the proposed SNF contents.

6.4.7.3 Code validation—isotopic depletion

Confirm that the applicant validated the computer codes used to calculate isotopic depletion. A
depletion computer code is used to determine the concentrations of the isotopes important to
burnup credit. To ensure accurate criticality calculation results, the selected code should be
validated and the bias and bias uncertainty of the code should be determined at a 95-percent
probability, 95-percent confidence level. Ensure that the application reflects the following
considerations in the selection of the code and code validation approach for the fuel-

depletion analysis.

The selected depletion code and cross-section library should be capable of accurately modeling
the fuel geometry and the neutronic characteristics of the environment in which the fuel was
irradiated. Two-dimensional depletion codes have been effectively used in burnup credit
analyses. Although one-dimensional codes have been used in some applications and suffice
for making assembly-average isotopic predictions for fuel burnup, they are limited in their ability
to model increasingly complex fuel assembly designs and generally produce larger bias and
bias-uncertainty values because of the approximations necessary in the models. Section 6A.4
of Attachment 6A to this SRP chapter discusses in detail the modeling considerations for the
code validation analyses.

The destructive radiochemical assay (RCA) data selected for code validation should include
detailed information about the SNF samples. This information should include the pin location in
the assembly, axial location of the sample in the pin, any exposure to strong absorbers (control
rods, BPRs), the boron letdown, moderator temperature, specific power, and any other
cycle-specific data for the cycles in which the sample was irradiated. Some RCA data are not
suitable for depletion code validation, because the depletion histories or environments of these
samples are either difficult to accurately define in the code benchmark models or are unknown.
NUREG/CR-7108, “An Approach for Validating Actinide and Fission Product Burnup Credit
Criticality Safety Analyses—Isotopic Composition Predictions,” issued April 2012, provides a
recommended set of RCA data suitable for depletion-code validation.

The selected code validation approach should be adequate for determining the bias and bias
uncertainty of the code for the specific application. The burnup credit analysis results should be
adjusted using the bias and bias uncertainty determined for the fuel-depletion code, accounting
for any trends of significance with respect to different control parameters, such as
burnup-to-enrichment ratio or ratio of uranium-235 to plutonium-239. NUREG/CR-6811,
“Strategies for Application of Isotopic Uncertainties in Burnup Credit,” issued June 2003,
provides several methods the NRC finds acceptable for isotopic-depletion validation, including
the isotopic correction factor, direct-difference, and Monte Carlo uncertainty sampling methods.
Section 6A.5 of Attachment 6A to this SRP chapter discusses in detail the advantages and
disadvantages of these methods. In general, the isotopic correction factor method is considered
to be the most conservative because individual nuclide composition uncertainties are
represented as worst case. The direct-difference method provides a realistic “best estimate” of
the depletion-code bias and bias uncertainty, in terms of difference in ke (Akerr). The Monte
Carlo uncertainty sampling method is more complex and computationally intensive than the
other methods, but it provides a way to use the limited measurement data sets for some
nuclides. NUREG/CR-7108 gives detailed descriptions of the direct-difference and Monte Carlo
uncertainty sampling methods.
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Instead of an explicit benchmarking analysis, the applicant may use the bias (i) and bias
uncertainty (Aki) values estimated in NUREG/CR-7108 using the Monte Carlo uncertainty
sampling method, as shown in Tables 6-3 and 6-4. These values may be used directly,
provided that all of the following are true:

. The applicant uses the same depletion code and cross-section library as used in
NUREG/CR-7108 (SCALE/TRITON and the ENDF/B-V or ENDF/B-VII cross-
section library).

. The applicant can justify that its transportation package design is similar to the
hypothetical 32-PWR-assembly-capacity, generic burnup credit cask (GBC-32) system
design (NUREG/CR-6747, “Computational Benchmark for Estimation of Reactivity
Margin from Fission Products and Minor Actinides in PWR Burnup Credit,” issued
October 2001) used as the basis for the NUREG/CR-7108 isotopic-depletion validation.

. Credit is limited to the specific nuclides listed in Table 6-2.

Section 6A.5 of Attachment 6A to this SRP chapter discusses in detail the technical basis for the
restrictions on directly applying the bias and bias-uncertainty values. Bias values should be
added to the calculated package k. while bias-uncertainty values may be statistically combined
with other independent uncertainties. Table 6-5 summarizes the recommendations related to
isotopic-depletion-code validation

6.4.7.4 Code validation—kes determination

Actinide-Only Credit

Credit should be limited to the specific nuclides listed in Table 6-2 for actinide-only burnup
credit. Criticality validation for these actinides should be based on the critical experiments
described in NUREG/CR-6979, “Evaluation of the French Haut Taux de Combustion (HTC)
Critical Experiment Data,” issued September 2008, also known as the HTC data, supplemented
by MOX critical experiments as appropriate. NUREG/CR-7109, “An Approach for Validating
Actinide and Fission Product Burnup Credit Criticality Safety Analyses—Ciriticality (Ker)
Predictions,” issued April 2012, contains a detailed discussion of available sets of criticality
validation data for actinide isotopes and the relative acceptability of these sets. Note that
NUREG/CR-7109 demonstrates that fresh UO2 experiments are not applicable to burned

fuel compositions.

Verify that the applicant determined the bias and bias uncertainty associated with actinide-only
burnup credit according to the guidance in NUREG/CR-6361. This guidance includes criteria for
the selection of appropriate benchmark data sets, as well as statistics and trending analysis for
the determination of criticality code bias and bias uncertainty. Section 6 of NUREG/CR-7109
provides an example of bias and bias uncertainty determination for actinide-only burnup credit.

Fission Product and Minor Actinide Credit

Confirm that the applicant has determined an adequate and conservative bias and bias
uncertainty associated with fission product and minor actinide credit. The applicant may credit
the minor actinide and fission product nuclides listed in Table 6-2, provided that the bias and
bias uncertainty associated with the major actinides is determined as described above. The
bias from these minor actinides and fission products is conservatively covered by 1.5 percent of
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Table 6-3

Isotopic ke Bias Uncertainty (Ak;) for the Representative PWR SNF

System Model Using ENDF/B-VII Data (i = 0) as a Function of Assembly

Average Burnup

Burnup (BU) Range - Actinides and

(GI\ON(d/Mer) ’ Actinides Only, Ak; Fission Products Ak,
0=BU<5 0.0145 0.0150
5sBU<10 0.0143 0.0148
10=BU<18 0.0150 0.0157
18<BU<25 0.0150 0.0154
25<BU<30 0.0154 0.0161
30=BU<40 0.0170 0.0163
40sBU<45 0.0192 0.0205
45<BU<50 0.0192 0.0219
50=BU=<60 0.0260 0.0300

Table 6-4 Isotopic kes Bias (Bi) and Bias Uncertainty (Ak;) for the Representative

PWR SNF System Model Using ENDF/B-V Data as a Function of
Assembly Average Burnup

Burnup (BU) Range B; for Actinides and Ak; for Actinides and Fission
(GWd/MTU)? Fission Products Products
0=BU<10 0.0001 0.0135
10<BU<25 0.0029 0.0139
255BU=<40 0.0040 0.0165

aBias and bias uncertainties associated with ENDF/B-V data were calculated for a maximum of 40 GWd/MTU. For
higher burnups, applicants should provide an explicit depletion-code validation analysis using one of the methods

described in Attachment 6A to this SRP chapter, along with appropriate RCA data.

Table 6-5 Summary of Code Validation Recommendations for Isotopic Depletion

Applicant’s Approach Recommendation

Applicant uses SCALE/TRITON and the
ENDF/B-V or -VII cross-section library,
and demonstrates that the design
application is similar to GBC-32.

Use code bias and bias uncertainty values from Tables 6-3
and 6-4 of this SRP.

_Or_

Use either isotopic-correction factor or direct-difference
method to determine code bias and bias uncertainty.

Applicant uses other code or cross-
section library, or both, or design
application is not similar to GBC-32.

their worth. Because of the conservatism in this value, no additional uncertainty in the bias
needs to be applied. This estimate is appropriate if the applicant does the following:

. uses the SCALE code system with the ENDF/B-V, ENDF/B-VI, or ENDF/B-VII cross-
section libraries, or MCNP5 or MCNP6 with the ENDF/B-V, ENDF/B-VI, ENDF/B-VII, or
ENDF/B-VII.1 cross-section libraries

. justifies that its transportation package design is similar to the hypothetical GBC-32
system design (NUREG/CR-6747) used as the basis for the NUREG/CR-7109
criticality validation

. demonstrates that the credited minor actinide and fission product worth is no greater
than 0.1 in k4
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For well-qualified, industry-standard code systems other than SCALE or MCNP, the applicant
may use a conservative estimate for the bias associated with minor actinide and fission product
nuclides of 3.0 percent of their worth. If the applicant uses a minor actinide and fission product
bias less than 3.0 percent, ensure that the application includes additional justification that the
lower value is an appropriate estimate of the bias associated with that code system (e.g., a
minor actinide and fission product worth comparison to SCALE results or an analysis similar to
that described in NUREG/CR-7109 or NUREG/CR-7205, “Bias Estimates Used in Lieu of
Validation of Fission Products and Minor Actinides in MCNP K¢#Calculations for PWR Burnup
Credit Casks”). Table 6-6 summarizes the recommendations related to minor actinide and
fission product code validation for k. determination. For actinide criticality validation in all
cases, the applicant should perform criticality code validation analyses to determine bias and
bias uncertainty associated with actinides using HTC critical experiments, supplemented by
applicable MOX critical experiments. Ensure that the applicant performed the validation
analyses correctly and adequately.

6.4.7.5 Loading curve and burnup verification

Confirm that the applicant provided burnup credit loading curves to determine which fuel
assemblies may be loaded into the transportation package. Confirm that the burnup-credit
evaluations include loading curves that specify the minimum required assembly-average burnup
as a function of initial enrichment for the purpose of loading the SNF transportation package.
Confirm that the applicant has established separate loading curves for each content or set of
contents. For example, a separate loading curve should be provided for each minimum cooling
time to be considered in the package loading. In addition, confirm that the applicant justified the
applicability of the loading curve to bound various fuel types or burnable absorber loadings.

Ensure that the Ciriticality Evaluation and Package Operations sections in the application include
performance of burnup verification to ensure that a transportation package evaluated using
burnup credit is not loaded with an assembly more reactive than those included in the loading
criteria. Verification should include a measurement that confirms the reactor record for each
assembly. Confirmation of reactor records using measurement of a sample of fuel assemblies
will be considered if the sampling method can be justified in comparison to measuring

every assembly.

The assembly burnup value to be used for loading acceptance (termed the assigned burnup
loading value) should be the confirmed reactor record value as adjusted by reducing the record
value by a combination of the uncertainties in the record value and the measurement.
NUREG/CR-6998, “Review of Information for Spent Nuclear Fuel Burnup Confirmation,” issued
December 2009, contains bounding estimates of reactor record burnup uncertainty.

Measurements should be correlated to reactor record burnup, enrichment, and cooling time
values. Measurement techniques should account for any measurement uncertainty (typical
within a 95-percent confidence interval) in confirming reactor burnup records. The application
should also include a database of measured data (if measuring a sampling of fuel assemblies)
to justify the adequacy of the procedure compared to procedures that measure each assembly.

6-27



Table 6-6 Summary of Minor Actinide and Fission Product Code Validation
Recommendations for ke Determination

Applicant’s Approach Recommendation
Applicant uses SCALE code system with ENDF/B-V, Use bias equal to 1.5 percent of minor
ENDF/B-VI, or ENDF/B-VII cross-section libraries, or actinide and fission product worth.

MCNP5 or MCNP6 with the ENDF/B-V, ENDF/B-VI,
ENDF/B-VII, or ENDF/B-VII.1 cross-section libraries;
design application is similar to GBC-32; and credited minor
actinide and fission product worth is < 0.1 in K.

- Or -
Applicant uses other code with ENDF/B-V, ENDF/B-VI, or Use bias equal to 3.0 percent of minor
ENDF/B-VII cross-section libraries; design application is actinide and fission product worth, or

similar to GBC-32; and credited minor actinide and fission provide justification for lower number.
product worth is < 0.1 in K.

_Or_

Applicant uses cross-section library other than ENDF/B-V, Perform explicit criticality code validation
ENDF/B-VI, or ENDF/B-VII; design application is not similar | for minor actinide and fission product

to GBC-32; or credited minor actinide and fission product nuclides.

worth is > 0.1 in kg

Misload Analyses

Misload analyses may be performed in lieu of a burnup measurement. A misload analysis
should address potential events involving the placement of assemblies into the SNF
transportation package that do not meet the proposed loading criteria. Confirm that the
applicant has demonstrated that the package remains subcritical for misload conditions,
including calculation biases, uncertainties, and an appropriate administrative margin that is not
less than 0.02 Ak. If any administrative margin less than the normal 0.05 Ak is used, verify that
the application provides an adequate justification that includes the level of conservatism in the
depletion and criticality calculations, sensitivity of the package to further upset conditions, and
the level of rigor in the code validation methods.

If used, ensure that the misload analysis considers (i) misloading of a single, severely
underburned assembly and (ii) misloading of multiple, moderately underburned assemblies.

The severely underburned assembly for the single misload analysis should be chosen such that
the misloaded assembly’s reactivity bounds 95 percent of the discharged PWR fuel population
considered unacceptable for loading in the transportation package with 95-percent confidence.
The moderately underburned assemblies for the multiple-misload analysis should be assumed
to make up at least 50 percent of the package payload and should be chosen such that the
misloaded assemblies’ reactivity bounds 90 percent of the total discharged PWR fuel
population. The NRC finds the results of the most recent U.S. Energy Information
Administration’s “Nuclear Fuel Data Survey” (RW-859) or later similar fuel data sources (i.e.,

GC-859), acceptable to estimate the discharged fuel population characteristics.

Also ensure that the misload analysis considers the effects of placing the underburned
assemblies in the most reactive positions within the loaded package (e.g., middle of the fuel
basket). If removable nonfuel absorbers were credited as part of the criticality safety analysis
(e.g., poison rods added to guide tubes), ensure that the misload analysis considers misloading
of these absorbers. Additionally, ensure that the misload analysis considers assemblies with
greater burnable absorber or control-rod exposure than assumed in the criticality analysis if the
assumed exposure is not bounding. NUREG/CR-6955, “Criticality Analysis of Assembly
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Misload in a PWR Burnup Credit Cask,” issued January 2008, illustrates the magnitude of k.4
changes that can be expected as a result of various misloads in a theoretical GBC-32 SNF
storage and transportation system.

Administrative Procedures

Confirm that the applicant has included administrative procedures for loading that will protect
against misloads. Ensure that the misload analysis is coupled with additional administrative
procedures to ensure that the SNF transportation package will be loaded with fuel that is within
the specifications of the approved contents. Procedures the applicant may consider to protect
against misloads in transportation packages that rely on burnup credit for criticality safety
include the following:

. verification of the location of high-reactivity fuel (i.e., fresh or severely underburned fuel)
in the SNF pool, both before and after loading

. qualitative verification that the assembly to be loaded is burned (visual or
gross measurement)

. under an NRC-approved quality assurance program, verification before shipment of the
inventory and loading records of a canister or storage cask that was previously loaded
and placed into dry storage and that is to be shipped in or as the package

. quantitative measurement of any fuel assemblies without visible identification numbers

o independent, third-party verification of the loading process, including the fuel selection
process and generation of the fuel move instructions

Table 6-7 summarizes the recommendations for burnup verification.

6.4.8 Appendix

Confirm that the application includes a list of references, copies of applicable references if not
generally available, computer code descriptions, input and output files, test results, and any
other appropriate supplemental information. The applicant may include these items in an

appendix to the Criticality Evaluation section of the application.

6.5 Evaluation Findings

Prepare evaluation findings upon satisfaction of the regulatory requirements in Section 6.3. If
the documentation submitted with the application fully supports positive findings for each of the
regulatory requirements, the statements of findings should be similar to the following:

F6-1 The staff has reviewed the package and concludes that the application adequately
describes the package contents and the package design features that affect nuclear
criticality safety in compliance with 10 CFR 71.31(a)(1), 71.33(a), and 71.33(b) and
provides an appropriate and bounding evaluation of the package’s criticality safety
performance in compliance with 10 CFR 71.31(a)(2), 71.31(b), 71.35(a), and 71.41(a).
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Table 6-7 Summary of Burnup Verification Recommendations

Applicant’s Approach Recommendation
Applicant takes burnup verification Measure each assembly to be loaded or a statistically
measurement. significant sample of assemblies.
- Or -
Applicant conducts misload analysis Analyze misload of fuel assembly that bounds reactivity of
and provides additional administrative 95 percent of underburned fuel population with 95-percent
procedures. confidence.

Analyze misload of 50 percent of package capacity with fuel
assemblies with reactivity that bounds 90 percent of total fuel
population.

Include additional administrative procedures as part of
transportation package loading.

F6-2

F6-3

F6-4

F6-5

F6-6

F6-7

[if applicable] The staff has reviewed the package and concludes that the application
identifies the codes and standards used in the package’s criticality safety design in
compliance with 10 CFR 71.31(c).

The staff has reviewed the package and concludes that the application specifies the
number of packages that may be transported in the same vehicle through provision of an
appropriate CSl in compliance with 10 CFR 71.35(b). [if applicable] The applicant
specifies an appropriate CSI for each type of fissile content.

The staff has reviewed the package and concludes that the applicant used packaging
features and package contents configurations and materials properties in the criticality
safety analyses that are consistent with and bounding for the package’s design basis,
including the effects of the normal conditions of transport and the relevant accident
conditions in 10 CFR 71.55(f), 71.73, or 71.74 [select the relevant requirements]. The
applicant has adequately identified the package configurations and material properties
that result in the maximum reactivity for the single package and package array analyses.

The staff has reviewed the package and concludes that the criticality evaluations in the
application of a single package demonstrate that it is subcritical under the most reactive
credible conditions, in compliance with 10 CFR 71.55(b), 71.55(d), and 71.55(e) [and
10 CFR 71.55(f) for fissile packages transported by air or 10 CFR 71.64(a)(1)(iii) for
plutonium packages transported by air]. The evaluations in the application also
demonstrate that the effects of the normal conditions of transport tests do not result in a
significant reduction in the packaging’s effectiveness in terms of criticality safety, in
compliance with 10 CFR 71.43(f) and 10 CFR 71.55(d)(4) and, for Type B fissile
packages, 10 CFR 71.51(a)(1). The evaluations in the application also demonstrate that
the geometric form of the contents is not substantially altered under the normal
conditions of transport tests, in compliance with 10 CFR 71.55(d)(2).

The staff has reviewed the package and concludes that the criticality evaluation in the
application of the most reactive array of 5N undamaged packages demonstrates that the
array of 5N packages is subcritical under normal conditions of transport to meet the
requirements in 10 CFR 71.59(a)(1).

The staff has reviewed the package and concludes that the criticality evaluation in the

application of the most reactive array of 2N packages subjected to the tests in
10 CFR 71.73 [or 10 CFR 71.74 for plutonium packages transported by air, per
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F6-8

F6-9

F6-10

10 CFR 71.64(a)(1)(iii)] demonstrates that the array of 2N packages is subcritical under
hypothetical accident conditions in 10 CFR 71.73 [or under the accident conditions in
10 CFR 71.74] to meet the requirements in 10 CFR 71.59(a)(2).

The staff has reviewed the package and concludes that the applicant’s evaluations
include an adequate benchmark evaluation of the calculations. The applicant identified
and evaluated experiments that are relevant and appropriate for the package analyses
and performed appropriate trending analyses of the benchmark calculation results. The
applicant has determined an appropriate bias and bias uncertainties for the criticality
evaluation of the package.

The staff has reviewed the package and concludes that the application identifies the
necessary special controls and precautions for transport, loading, unloading, and
handling and, in case of accidents, compliance with 10 CFR 71.35(c). [For commercial
SNF packages evaluated using burnup credit.] These controls include additional
contents specifications (e.g., fuel loading curve(s), reactor operating parameters) and
administrative procedures to prevent package misloads.

The staff has reviewed the package and concludes that the evaluations in the application
assume unknown properties of the fissile contents are at credible values that maximize
neutron multiplication consistent with 10 CFR 71.83. [For commercial SNF packages
evaluated using burnup credit.] This includes following the recommendations in

Section 6.4.7 and Attachment 6A to this SRP chapter for crediting the burnup of the

SNF contents.

The reviewer should provide a summary statement similar to the following:

6.6

Based on review of the statements and representations in the application, the
staff has reasonable assurance that the proposed package design and contents
satisfy the nuclear criticality safety requirements in 10 CFR Part 71. In making
this finding, the staff considered the regulation itself, appropriate regulatory
guides, applicable codes and standards, accepted engineering practices, and the
staff's own independent confirmatory calculations.
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ATTACHMENT 6A TECHNICAL RECOMMENDATIONS FOR THE
CRITICALITY SAFETY REVIEW OF PRESSURIZED-
WATER REACTOR SPENT NUCLEAR FUEL
TRANSPORTATION PACKAGES AND STORAGE
CASKS THAT USE BURNUP CREDIT

6A.1 Introduction

The overall reactivity decrease of nuclear fuel irradiated in light-water reactors occurs because
of the combined effect of the net reduction of fissile nuclides and the production of parasitic
neutron-absorbing nuclides (non-fissile actinides and fission products). Burnup credit refers to
accounting for partial or full reduction of spent nuclear fuel (SNF) reactivity caused by irradiation.
Section 6.4.7 of this standard review plan (SRP) provides guidance to the U.S. Nuclear
Regulatory Commission (NRC) staff for use in reviewing commercial light-water reactor SNF
package designs that seek burnup credit. This attachment provides the technical bases for the
burnup-credit recommendations provided in the SRP and for SNF dry storage; thus, the
attachment discusses both storage and transportation.

Historically, criticality safety analyses for transportation and dry cask storage of SNF assumed
the fuel contents to be unirradiated (“fresh”) fuel. In September 2002, the NRC Spent Fuel
Project Office (SFPO) issued Interim Staff Guidance (ISG)-8, Revision 2, “Burnup Credit in the
Criticality Safety Analyses of PWR Spent Fuel in Transport and Storage Casks,” to provide
recommendations for the use of actinide-only burnup credit (i.e., burnup credit using only major
actinide nuclides) in storage and transport of pressurized-water reactor (PWR) SNF. Based on
the data available for burnup-credit depletion and criticality computer code validation at the time
ISG-8, Revision 2, was issued, SFPO staff recommended actinide-only credit. Additionally, the
staff recommended that a measurement be performed to confirm the reactor record burnup
value for SNF assemblies to be stored or transported in storage cask or package designs that
credit burnup in the criticality analysis.

Since ISG-8, Revision 2, was issued, significant progress has been made in research on the
technical and implementation aspects of burnup credit, with the support of the NRC Division of
Spent Fuel Storage and Transportation (formerly SFPO), by the NRC Office of Nuclear
Regulatory Research (RES), and its contractors at Oak Ridge National Laboratory (ORNL). This
attachment summarizes the findings of a number of reports and papers published as part of the
research program RES directed over the last several years. It is recommended that the staff
read the referenced reports and papers to understand the detailed evaluation of specific burnup-
credit parameters discussed in this attachment. A comprehensive bibliography of burnup-
credit-related technical reports and papers is provided at
http://www.ornl.gov/sci/nsed/rnsd/pubs_burnup.shtml.

6A.2 General Approach in Safety Analysis

Criticality safety analyses of SNF storage or transportation systems are complex in terms of both
the computer modeling of the system and the required fuel information. The assumption of
unirradiated fuel at maximum initial enrichment provides a straightforward approach for the
criticality safety analysis of an SNF dry storage or transportation system. This is a conservative
approach to criticality safety and limits the system capacity. In compar