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12.0 STRUCTURAL ASPECTS

21 INTRODUCTION

The materia is intended to aid DOE personnel and its contractors who are responsible for
packages that transport radioactive material s and special weapons components. This chapter addresses
the structural concerns that are encountered when designing a package. Approaches and solutions
presented provide consistent and well-understood techniques for designing the structural components
of apackage. Other techniques can be used, but thischapter coversthe strategiesthat are generally used.
It is believed that use of the techniques described herein produces a package which conforms to the

appropriate federal regulations.

The structural designer is expected to be part of a design team and to interface with specialists
in the area of thermal aspects, shielding, criticality, materials, containment, quality assurance, etc.
Therefore, the structural designer should be knowledgeable about other chaptersin this design safety

guide.

Also, thisguideisto be revised periodically to include information gained from experience as
well as new regulatory guidance, etc. Operating contractors, national laboratories, and DOE personnel
are invited to submit recommendations for improvement in scope and content. WWhen other methods or
means are proposed to meet the intent of the federal regulations of DOE policy, those proposals should

be forwarded along with justifications to the DOE certifying official for consideration.
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211 Scope

Thischapter coversthe structural aspects of designsfor drum-type containers or packages used
to transport radioactive materials and special weapons components. The containers considered are
assumed to be thin-walled, relatively lightweight, and do not contain liquid payloads. Emphasisis on

the structural design and the information essential to the certification process.

Not all conceivable drum-type packages and combinations of package contents are covered by
thisguide; however, the guide doesgivefundamental designinformation applicableto most designs. The
designer is free to determine and prove how a particular design satisfies federal regulations. Most

importantly, the guidance in this chapter is not a substitute for good engineering judgment.

2.1.2 Approach

Itisassumed that the reader (or structural designer) isexperienced in the principlesof structures

and solid mechanics; therefore, this type of information is not included.

The approach taken in presenting structural design guidelines in this chapter is to: first,
emphasize the structural requirements as dictated by federal regulations (Sect. 2.2); second, state the
current structural design criteria (Sect. 2.3); third, present design guidelines for various components of
the container (Sect. 2.4); and fourth, indicate methodologies for structural validation of the design
(Sect. 2.5). A list of references (Sect. 2.6) and a bibliography (Sect. 2.7) are provided to aid the
structural designer. Appendices A through F contain an example of a typical analysis required for

structural analysis, and Appendix G isatutorial on bolt closure.
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It is emphasized throughout this chapter that DOE is responsible for the overall safety of a
package designed by an applicant who is seeking a license from DOE and, therefore, al the necessary
design information for verifying the adequacy of the design must be conveyed in the Safety Analysis
Report for Packaging (SARP). Guidance for preparation of a SARP is presented in a separate design

safety guide.

2.1.3 Design Process

The design of a package for shipping radioactive materials and special weapons components
requires many disciplines as shown on the Flow Chartsin Chap. 1.0. While some aspects of the design,
such as shielding and criticality, define the characteristics of the package, others, such as containment
and thermal aspects, describe how the package functionsinvariousenvironments. Thestructural aspects
of the package, however, both define the configuration of the package as well as describing its
performance in these environments. Most of the performance requirements in 10 CFR 71 require the
application of different types of structural loading to the package. The structural aspects of the design

interact with all the other aspects to specify the shape, size, and performance of the package.

Thefirst step in the design processis recognition of the need. DOE needs packages for the safe
transport of radioactive material and weapon components. All package designs must minimizetherisks
of transporting radioactive materials to the public, workers, and the environment by maintaining any

exposure as low as reasonably achievable (ALARA).

The next step in the design process involves determination of requirements. For alicense, the

package must demonstrate compliance with the requirements of the federal regulationsin 10 CFR 71

for Type B packages. These performance-based standards are described in Sect. 2.2.
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The next step in the design process is establishing design criteria to be used along with the
structural requirements. To decideif adesign has an appropriate response to agiven loading, structural
design criteria are necessary. Section 2.3 discusses how structural design criteria are used to evaluate

the safety of a given design.

The synthesis and optimization of a complete package design are the next steps in the design
process. The typical drum-type container has many components that require individual design
considerations which involve aspects such as thermal effects, shielding, containment, and materials.
Figure 2.1 shows atypical drum-type package which is often used for transporting weapons materials
for DOE. Thefunction and loading conditionsfor each component of the package are different; therefore,
a synthesis and optimization of the complete package must occur. Section 2.4 will focus on design
guidelinesfor the major components of the package. The design guidance provided for each component
is not intended to cover all possible design conditions and package configurations. Responsibility for

aparticular design ultimately lies with the design team.

After a design has been synthesized and optimized, the next step in the design process is

validation of the design. Section 2.5 addresses the applicable structural validation methods.

Thefinal step in the design process is the presentation of the design. Presentation ismadein a
SARP which documents the package’s safety and adherence to federal regulations. The appropriate
design considerations and design criteriaare discussed in the SARP. Using the SARP, DOE reviewsthe
package and decideswhether or not a package license will beissued. Issuance of thelicenseisbased on
apackage’ smeeting the need of safely transporting radi oactive material and weaponscomponents. Table
2.1 listsradioactive material packages that have received DOE certificates of compliance. Included in

this table are references to the SARPs which describe the package.
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Fig. 2.1. Typical drum-type package.
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Table 2.1. DOE certificates of compliance for radioactive materials packaging

CoC | User Material Container Outer diameter SARP

5320 | SR Oxides; plutonium, Cask 10.75 in. and 12.75 DPSPU 79-124-1, Rev. 1
americium in.

5607 | CH Irradiated fuel Cask 36 in. T-2

5740 | OR Isotopes TRU Cf cask 66.125 in. ORNL-5409/R4

5797 | OR Fissile uranium HFIR cask 25 in. & 31.5in. ORNL/TM-11656, Rev. 6

6387 | RL Fissile, large quantity, | HEDL model-60 6.625in. C.V. TC-138, Rev. 1 and Add.
fuel elements, special 1
form

6553 | OR Fissile uranium UF; cylinder and 48-in. cylinder KY-655, Rev. 7

overpack

9099 | ID Fissile, large quantity, | Overpack - EGG-ATRO-7737, Rev. 1
fuel elements

9132 | RL Irradiated fuel Cask 52 in. T-3, Rev. 6

9200 | ID Irradiated fuel Cask 120 in. NUPAC 125-B

9511 | AL Cesium chloride and Cask 54.25 in. BUSS SARP, Rev. 3
strontium fluoride

9516 | CH Heat source plutonium | Cask 9.5 in. MLM-MU-91-64-001,

Rev. 5

9853 | OR Unirradiated fuel Fuel containers 24.5 in. ORNL/TM-11994
elements

9859 | OR Tritium trap 6M drum 15 in. ORNL/TM-8633

9932 | SAN Gases Steel vessel 25 in. UCRL 52424

9965 | SR Fissile, oxides Drum - 30 gal 25 in. DPSPU-83-124-1

9966 | SR Fissile, oxides Drum - 30 gal 25 in. DPSPU-83-124-1

9967 | SR Fissile, oxides Drum - 55 gal 29.75 in. DPSPU-83-124-1

9968 | SR Fissile, oxides Drum - 35 gal 18.375 in. DPSPU-83-124-1
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2-6




2.2 STRUCTURAL REQUIREMENTSFOR THE TRANSPORT OF RADIOACTIVE

MATERIAL

TheNuclear Regul atory Commission (NRC) regulationsthat govern the design of packaging for
transportation of radioactive materials are found primarily in 10 CFR 71.1¥ The current regul ation was
adopted on January 1, 1988; but there is a proposed rule for 10 CFR Part 71 which was issued by the
NRC on June 8, 1988.1?  The purpose of this proposed rule s to revise the NRC regulations for the
safetransportation of radioactive material to make them compatiblewith those of the International Atomic
Energy Agency (IAEA) and thus with those of most major nuclear nations of the world. Changesin the
proposed rule deal with the definitions of the package types and the contents being shipped in the
packages. In addition to the package and contents specifications, there are changesin the proposed rule
that will affect the structural aspects of a DOE package design. One major change isthat, as part of the
Hypothetical Accident Conditions specified in 10 CFR 71.73, the proposed rule has added a crush test
following the free drop and before the puncture test. Another major change is a revision of the
definitions used to define the hypothetical accident fire test to adefinition directly tied to an actual fuel

fire. The changesin the proposed rules are incorporated in this safety guide.

The performance-based requirementsfor package design and acceptance are based onradiol ogical
effectiveness rather than structural criteria. The only specifically structural criteriain 10 CFR 71 are
concerned with tie-down and lifting devices, but there are general standardsin 10 CFR 71 that influence

the structural design. Theradiological effectiveness criteria consist of three basic safety requirements:

1 Containment: Any radioactive material release must be restricted within the limits specified in

10 CFR 71. These limits are discussed in Subsect. 2.2.1.3.
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2. Subcriticality: Criticality event must not occur. Thistopic is discussed in Subsect. 2.2.1.4.

3. Shielding: External radiation levels must be kept within the limits specified in 10 CFR 71.

These limits are listed in Subsect. 2.2.1.5.

Typical DOE container designs are closely integrated: a single component may perform more
than one function, and functions are often shared by more than one component. This complexity drives
the design processto aseriesof decisionsand compromises based on morethan one performancecriterion.
Usually, the compromisesinvolve materials selection or design featuresintended to simplify operation
and maintenance of the container. For example, the optimum material for shielding is not the optimum
material for impact absorption or thermal protection. In DOE containers, these functions are usually
shared by the same components. Thus a compromise material or materials must be selected that will
perform adequately to meet all three criteria. The selection of materialsisfundamental to the container

design and affects the entire design, whereas operational requirements are secondary.

In 10 CFR 71, the shipping packagesfor radioactive materials are classified as Type A or Type
B packages, depending on the maximum activity of the radioactive contents. Most DOE weapons

packages are Type B.

Withtheexception of several TypeA FissileClassll and 111 packagesdescribedin 10 CFR 71.18
through 71.22, all packages must demonstratethat theradiological criteriaare satisfied intestsspecified
in 10 CFR 71.71 (Normal Conditions of Transport) and in 10 CFR 71.73 (Hypothetical Accident

Conditions).
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Except for the structural requirementsfor lifting and tie-down devices, theregulationsin 10
CFR 71 do not specify any structural requirements or standards that the shipping packages must meet.
Currently, no national codes are dedicated to the design and construction of Type B packaging. While
not always directly applicable to the design of DOE containers, NRC has devel oped regulatory guides
containing design recommendations for spent fuel casks. Because many casks following these
recommendations have been approved by the NRC, the regulatory guides provide good guidance for

DOE packaging design.”®

NRC has adopted the philosophy of applying strict requirements and high margins of safety to
packages with high levels of radioactivity. For example, Type B, Fissile Class |11 packages must meet
stricter requirements and require higher margins of safety than Type A, Fissile Class | packages.
Regulatory Guide 7.11 definesthree categories of Type B packages according to theradioactivity levels
of the contents.¥ For a specific radioactive isotope, Category | includes the highest levels and requires
the highest margin of safety, whereas Categories|l and 111 include the medium and low activity levels
and thereforerequirelower margins of safety. Figure 2.2 showsthe three categories and their associated

package types and radioactivity levels of contents.

Two other regulatory guides specifically address structural aspects of the package design.
Regulatory Guide 7.6 describes the design criteria for the structural analysis of shipping cask
containment vessel sand explainsuse of the" design-by-analysis' approach for Class| componentsfrom
Section 111 of the American Society of Mechanical Engineers (ASME) Code® as a design criteria for
the containment vessels.  Regulatory Guide 7. 8" elaborates on the normal and accident test
conditions specified in 10 CFR 71 and recommends thel oading combinationsfor the structural analysis

of shipping casks.

Safety Design Guides.ch2/gs/11-7-94 2-9



Requirements

Containment
Subcritical
Shielding

No reduced
effectiveness

Type B
CATN | CATI : CAT|
Adequate | Large | Very large
marginof | margin | mar?in of
—— safety | ofsatety | safety
Type A | I |
| | I
— | [ |
Limited | | I l
| ! ' '
| ' | !
| | | | cun
. uries
0.01 A4 Aq 30A4 3000 A4
A2 30A2 3000A2
30000 Ci
FA 842002

Fig. 2.2. Packaging types and activities of contents.
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Plutonium air shipments are not currently being used by DOE. If such shipmentsare alowed in
the future, the requirements of 10 CFR 71.64 concerning containment, external radiation, and
criticality must be met. Plutonium air transport accident conditions are included in 10 CFR 71.74.

Because these activities are no longer occurring, they are not addressed in this guide.

This guide will not specifically address special form material. Thistopicis addressed in

10 CFR 71.75 and 10 CFR 71.77.

221 Basic Safety Requirements

To protect public safety, public health, and the environment from the inherent risk of transporting
radioactive materials, the shipping packages are required to meet, under both normal transportation and

Hypothetical Accident Conditions, three basic safety requirements presented in 10 CFR 71

° Adequate containment of radioactive materials
° Assurance of nuclear subcriticality

° Adequate shielding of the radiation emitted by the radioactive contents

Package component design and safety classification are guided by the safety requirements. The
shipping package components can be divided into three safety groups according to these safety
requirements. Thefirst designated safety group, containment components, includesall componentsused
to retain the radioactive contents in the packaging during transport. Containment components include
the containment vessel, closure, seals, piping, and bolts. The second group, subcriticality components,
includes al components used to control nuclear criticality during the transport of fissile materialsin the

packaging. The subcriticality componentsinclude neutron-absorbing material s such as boron carbide and
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the associated structures that retain the relative positions of the fissile and neutron absorber materials
during transport. The third group, shielding and other safety components, includes all of the remaining
safety-related components. In this group are gamma and neutron shielding; secondary containment

seals, bolts, and closure; impact limiters; and lifting lugs and tie-down devices.

Components in each group must be evaluated for all applicable loading conditions. The
structural, thermal, and radiol ogical response of each component can affect the other componentsin the
package. Chemical compatibility and corrosion properties of the materials must be considered. For
detail s about the thermal, containment, subcriticality, and shielding aspects of the package design, refer
to the chapters on those subjects. The foll owing sections describe the functions of the safety component
groups, the requirements specified in 10 CFR 71, and the structural aspects associated with meeting the

safety requirements.

2211 General standardsfor all packages

The genera standards for all packages, listed in 10 CFR 71.43, contain requirements that

influence the structural design of the package. The most structurally significant requirements concern

containment and are discussed further in Subsect. 2.2.1.3.

Other general standards from 10 CFR 71.43 are also significant from a structural viewpoint in

that they influence the closure design of the package aswell as of the containment, the package thermal

performance under normal operations, and the materials of the package and packaging.
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2.2.1.2 Lifting and tie-down standards

The lifting and tie-down standards for all packages are listed in 10 CFR 71.45. The standards
specify requirementsfor aminimum safety factor, failure of any lifting device under excessiveload, and

any other structural components of the package related to lifting the package.

Thelifting and tie-down standardsin 10 CFR 71.45 apply to devicesthat are structurally a part
of the package. Most DOE Type B containersare not required to meet these requirements because they

are not tie down or lifted by devices that are structurally part of the package.

The requirements of 49 CFR Part 393 Subparts 100 through 102 may be used for design of tie-
down systemsthat are not a structural part of the package. The combination of tie-down devices shall
be devel oped to keep the package secured and to prevent shifting under aloading equal to astatic force
applied to the center of gravity of the package with a vertical component equal to the weight of the
package plus its contents, a horizontal component along the direction in which the vehicle travels of
twicetheweight of the package plusits contents, and ahorizontal component in thetransversedirection
of twice the weight of the package plus its contents. Any hardware adapted for use with the package

shall be utilized without generating stressin any material of the package in excess of itsyield strength.

The requirements of RTD Standard F 8-11T® may also be used for the design of tie-down

systems that are not a structural part of the package. Both 49 CFR Part 393 and the RTD Standard

requirements are significantly less than the requirementsin 10 CFR 71.45.
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2213 Containment

The containment requirementsarelisted in 10 CFR 71.51 and 71.71 for the Normal Conditions
of Transport and in 10 CFR 71.51 and 71.73 for the Hypothetical Accident Conditions. Additional

specia requirements for plutonium shipment are described in 10 CFR 71.63.

Containment of radioactive material prevents contact between radioactive material and people
or the environment. Typically, containment is provided by the integrity of an austenitic stainless steel
containment vessel. A containment vessel usually hasabolted closure to accommodate the loading and
unloading of contents. The closure contains a seal or seals which minimize leakage from the
containment vessel to the environment. Penetrations of the containment which may be needed for
operating purposes, such as back-filling with a tracer gas for leak testing or helium for heat transfer

enhancement, are considered part of the containment system.

The function of all of the containment vessel and closure components is to maintain the
containment boundary so that all the containment requirements are met under the normal transportation
and accident conditions. The closuresof penetrations, such asvalvesor sealed tubes, area so considered
part of the containment system. The major loads are heat, internal pressure, and impact. Even though
the regulations do not impose specific requirements on any structural components in terms of stress
allowables or deformation limits, the containment boundary will be compromised if the structural
components are overstressed or grossly distorted. Therefore, the structural components should be
designed according to awell-established design standard such asthe ASME Code as recommended in
Regulatory Guide 7.6. Other codes and standards can be used as design criteria if they are as
conservative as the ASME Code. All the loadings from the normal and accident conditions should be

considered and combined as recommended in Regulatory Guide 7.8.
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The general standards for all packages listed in 10 CFR 71.43 also contain requirements that
influence the structural design of the package containment system. Several general requirements are
concerned with pressure-relief valves and venting of the containment system. Usually, DOE packages
do not require pressure-relief devices, however, the containment must be designed to handle any
pressure excursions resulting from not having arelief system during either normal transport or accident
conditions. Containment must be maintained if thereisapressure or temperatureincrease dueto chemical
reactionsresulting fromwater inleakage, irradiation, or thermal effectson the package or content during
either normal transport or accident conditions. Since the containment cannot be continuously vented,
it must be designed to retain an internal pressure, even when intermittent pressure relief is provided.
When valves or other relief systems are provided, they must be structurally protected against accident

conditions or inadvertent operation in normal use.

The specia requirementsin 10 CFR 71.63 for plutonium shipment include a requirement that,
under certain conditions, the material must be packed in a separate inner container placed within the
outer packaging. This arrangement is usually referred to as double containment. The normal
transportation and Hypothetical Accident Conditions are specified, and filters and mechanical cooling

systems are not permitted in either condition.

Note that 10 CFR 71.63 exempts reactor fuel elements, metal or metal aloy, and other
plutonium-bearing solids. In DOE containers the need for double containment has been determined on
a case-by-case basis. Since the plutonium in DOE containersis usualy in metallic form and often is
contained entirely in a sealed subassembly, the plutonium isroutinely shipped without a separate inner
container. In designing a plutonium container, the decision to use doubl e containment is one of thefirst

decisions that must be made.
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2.2.1.4 Subcriticality

Most DOE containersinthe Weapons Safety Program are used for transporting fissile materials.
The accident with the worst possible consequence for a fissile material is one which results in a
criticality. Protection for criticality can be achieved by physical limitation on the amount of fissile
materialsin the package, adjusting and maintaining the geometry of the fissile contents being shipped,

or providing neutron poisons to absorb sufficient neutrons to assure subcriticality.

Subcriticality design and performancerequirementsaredescribedin 10 CFR parts 71.55 through

71.61. Criteriathat influence the structural design of the package, include the following:

° First, the container with its contents must be designed so that it will remain subcritical if water

leaks into the containment system or liquid contents leak out of the containment system.

° Second, an exception may be approved if appropriate measures are taken before each shipment
to ensure that the containment system does not leak. In practice, this means that there must be
double containment; breach of a single containment vessel, if undetected before shipping, can
lead to acriticality accident. If double containment is used, there must be undetected breaches

in both levels of the containment before a similar accident can occur.

° Third, under Normal Conditions of Transport the package must be designed and constructed so

that it will remain subcritical and its geometric form will not be substantially altered.

° Fourth, under Hypothetical Accident Conditionsthe package must be designed and constructed

and its contents limited so that the package will remain subcritical.
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Exemptions to the requirements of 10 CFR 71.55 through 71.61 included in 10 CFR 71.53 are
based on the actual composition, both the physical form and materials, of the shipment. Before
beginning the design process, these exemptions should be investigated thoroughly. In most cases,

however, they do not apply to DOE shipments.

Subcriticality safety components also include the structures that maintain safe geometry inside
the container and the neutron absorber materials such as boron carbide. The primary structural concern
isstructural deformation that altersthe configuration required for subcriticality. Animportant aspect of
this concern isthe interaction of the package internals and content with the containment system. If the
containment system is breached from the inside by impact of the package internals during an accident,
a criticality may occur due to subsequent flooding, even if the impact limiters eliminate damage by
external forces. Inaddition, thermal effectson subcriticality structural component geometry and material
properties and distribution as aresult of the hypothetical accident are amajor concern. If the critically

safe geometry islost or if neutron absorbing materials are degraded or displaced a criticality can result.

2.2.1.5 Shielding

A radiation shieldisabarrier that absorbsionizing energy or subatomic particlesemanating from
aradioactive source. Shielding against both gamma and neutron radiation may be needed in a package
design. Shielding against the highly penetrating gamma radiation is achieved by using heavy, high-
atomic-number materials such as lead, steel, or even neutron-free depleted uranium. These materials
typically surround the containment vessel and are in turn enclosed within an outer steel shell. The
function of the neutron shield is to attenuate the neutron dose from fissile materials. Neutron shield
materials, usually hydrogenous materials such as water and polyethylene, typicaly surround the

packaging on its exterior surfaces.
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Shielding performance requirements are listed in 10 CFR 71.47 and 71.51. The regulations
require that the package surface dose rate shall not exceed the specified value under Normal Conditions
of Transport, as defined in 10 CFR 71.71; the transport index, which is defined in 10 CFR 71.4, shall
not exceed 10. Under Hypothetical Accident Conditions, the package surface dose rate shall not exceed

the specified value at the package surface.

The shielding saf ety componentsinclude the gammaand neutron shields. Frequently, gammaand
neutron shields are used as both thermal insulation and impact absorbers. Therefore, the mechanical or
thermal energy-absorption characteristics of these materials are important design parameters. The main
structural concerns are the permanent deformation of the shields and the distortion of other structural
components causing areduction of thickness of the shield material or gapsto form in the shield material,
which allowsradiation streaming to occur. Inaddition, thermal effectson shielding during the hypothetical
accident are of major concern. Often, theimpact absorbers contain hydrogenous material which ishelpful
for shielding. The concern is that hydrogen is often lost by combustion during the hypothetical accident
fire. Lead shielding is subject to slump or cold flow even under normal conditions, and this problem is
aggravated at the higher temperatures encountered during the hypothetical fire. If slumping or other

changes in the lead configuration occur, shielding integrity may be lost.

2.2.2 Performance Standards

Package approval standards in 10 CFR 71.41 state that to show compliance to the safety
requirements of containment, subcriticality, and shielding, the effects on apackage of thetests specified
in10 CFR 71.71(Normal Conditionsof Transport) and thetestsspecifiedin 10 CFR 71.73 (Hypothetical
Accident Conditions) must be evaluated by testing a sample package or scale model. Though the

regul ationsspecify the normal and accident conditionsastest conditionsand procedures, it isacceptable,
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for analytical evaluations, to trandate the test conditions into loading conditions. In fact, some
conditions are better suited to show compliance by testing, whereas others are more cost effective by

analysis. See Sect. 2.5 for additional discussion of testing and analytical methods.

2.2.2.1 Normal Conditions of Transport

10 CFR 71.71 statesthat package designsfor Normal Conditions of Transport may use separate
test specimens for a free drop test, a compression test, and a penetration test; and each of these test
specimens must be subjected to a water spray test before any other test. The code aso specifies the
initial conditions and the test conditions for heat, cold, pressure, and vibration. The test condition
specification for each of the above tests (water spray, free drop, corner drop, compression, and
penetration) are alsoincluded in the code. The corner drop test specification (10 CFR 71.71(c)(8)) isnot

anticipated to be applicable for DOE shipments.

2.2.2.2 Hypothetical Accident Conditions

10 CFR 71.73 states that tests for free drop, puncture, and thermal exposure must be conducted
in the order specified for evaluation of Hypothetical Accident Conditions. In addition, an undamaged
specimen must be used for awater immersion test, and a crush test must be included after the free drop

test, as indicated by the proposed rule change.!? Thistest is specified as follows:

"... (2) Crush. Subjection of the specimen to a dynamic crush test by positioning the
specimen on aflat, essentially unyielding, horizontal surface so asto suffer maximum
damage by the drop of a500 kg (1,100 Ib) mass from 9 m (29.5 ft) onto the specimen.

The mass must consist of asolid mild steel plate 1 m (3.28 ft) by 1 m and must fall in
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ahorizontal attitude. The crush test is required only when the specimen has a mass not
greater than 500 kg (1,100 Ib), an overall density not greater than 1,000 kg/m?
(62.4 Ib/ft®) based on external dimensions, and radioactive contents greater than 1,000

A, not as special form radioactive materia."

2.3 STRUCTURAL DESIGN CRITERIA

Theregulationsin 10 CFR 71 do not specify any structural requirementsfor shipping packagesother
than those for lifting and tie-down devices. The NRC has devel oped regulatory guidesfor the design of
spent fuel casks. These guides provide good design guidance for weapons components and special
assembly package design. The following subsections contain discussions of the design guidance
provided in the regulatory guides, the current design criteria for weapons packages that have been
developed from national codes and standards referenced by these regulatory guides, and proposed

changes to the current design criteriafor weapons packages.

231 Structural Criteria from Regulatory Guides

Shipping casks of radioactive materials are designed and used by the nuclear power industry. One
major use is transporting spent fuel assemblies from the nuclear power plants of U.S. utilities. In the
absence of a general set of design criteria for shipping casks of radioactive materials, the NRC has
devel oped numerousregul atory guidesto providedesign recommendationsfor spent fuel casks. Because
the utility companies are familiar with the design criteria for nuclear components in Section 111 of the
ASME Code® and because the safety concerns in dealing with radioactive materials are similar in
shipping packagesasthosein Section 11, theregul atory guideshave adopted portionsof the ASME Code

to form a set of structural design criteriafor shipping casks. Using the same philosophy of component
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safety classifications as those in the ASME Code, the NRC applies stricter requirements and higher
margins of safety to packages with higher levels of radioactivity. Regulatory Guides 7.6, 7.8, and 7.11

specifically address structural aspects of the package design.

Regulatory Guide 7.6

Regulatory Guide 7.6" describes the design criteria for the structural analysis of shipping cask
containment vessel sand explainsthe"design by analysis' approach for Class| componentsfrom Section
[11, Subsection NB of the ASME Code. Design criteriafor Level A servicelimitsand Level D service
limits from the ASME Code are adopted in Regulatory Guide 7.6 for normal and accident conditions,
respectively. Regulatory Guide 7.6 adopts the ASME Code concepts concerning stress categories and
assigning different stress intensity limits according to the significance of stress categories. The guide
uses linear elastic analysis for design and allows the principle of superposition to be used for load
combinations. In recommending linear elastic analysis, Regulatory Guide 7.6 does not preclude an
appropriate nonlinear treatment of other cask components, such as lead shielding and impact limiters.
Figure 2.3 outlines a procedure for identifying and combining linear elastic loads, classifying stresses,

and comparing the stress results with the acceptance criteria specified in Regulatory Guide 7.6.

Regulatory Guide 7.8

Regulatory Guide 7.8 identifies the normal transport and hypothetical accident test conditions

specifiedin 10 CFR 71 and recommendstheloading combinationsfor the structural analysisof shipping

casks. Table 1 of Regulatory Guide 7.8, Summary of Load Combinationsfor Normal and Hypothetical

Accident Conditions of Transport, is duplicated in Table 2.2.
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Impact Loads

Y

Operational Load Fabrication
Loads »| Combinations |4 Loads
Examples: Examples:
Pressure Boit Loads Load Pouring
Thermal Gradients Shrink Fits
Stress
Categories
y
Primary Primary S d Peak
Membrane Bending econcary
Pm Pb Q F
A A
—— Pm<Sm —— P+ Pp <158 —— Pmp+Pp+ Q<3S ‘
Normal Normal Normal —— Pm+Pp+Q+
F<2S5,
Normal
L Pm <245y L P+ Pp<3655<Sy
<0.75, Accident Pm + Pp + Q + F<2S; @ 10 Cycles
Accident Initial —— Accident

FA 942003

Figure 2.3 Linear elastic load combinations and stressintensity limits.
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Table 2.2. Summary of load combinations for normal
and hypothetical accident conditions of transport

Applicable initial condition

Normal or Accident

Condition Ambient )
Temperature Insolation

Decay heat

Internal
pressure

100°F -20°F Max 0

Max 0

Max Min

Fabrication
Stresses

NORMAL CONDITIONS (analyze separately)

Hot environment- X
100°F ambient
temperature

Cold environment- X
-40°F ambient
temperature

Increased external X X
pressure - 20 psia

Minimum external X X
pressure - 3.5 psia

Vibration and shock: | X X

Normally incident to
the mode of transport X X

Free drop: X X

1-ft dro
P X X

R R

ACCIDENT CONDITIONS (apply sequentially)

Free drop: X X

30-ft drop

Puncture: X X

drop onto bar

Thermal: X X
fire accident

R LR LR
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Regulatory Guide 7.11

Regulatory Guide 7.11 defines three categories of Type B packages according to their levels of
content. The description of these categories and component safety groupsis presented in Sect. 2.2, and
the three categories and their associated package types and levels of contents are shown in Fig. 2.2. A
set of standardsfor thedesign, manufacture, use, and maintenancefor thethree component safety groups
in each category isdiscussed in Regulatory Guide 7.11. For aspecific radioisotope, Category | includes
the highest levels of activity to be transported and requires the highest margins of safety, while
Categories|l and 111 include the medium and low activity levelsand therefore require lower margins of

safety.

232 Structural Design Criteria for Weapons Components

The ASME Code, Section 111" providesrulesfor nuclear power plant componentsin areasof design,
fabrication, operation, maintenance, and quality assurance. Section 11 isintwo divisions. Therulesin
Division 1 are for metallic containment structures and those in Division 2 are for the concrete reactor
vessel and containment. Division 1 is appropriate for DOE packages since most of them are metallic.
Section 111 identifies nuclear components as Class 1, Class 2, and Class 3 components according to
decreasing order of importance to safety. Stricter material specifications and more detailed fatigue
analysesarerequiredfor Class 1 components. Consequently, Section |11 providesseparatedesign criteria

for the different classes of components.

Using the terminology found in regulatory guides, Category | transport packages are equivalent to

ASME Class 1 components, and Category Il packages are equivalent to ASME Class 3 components.

Similarly, Service Level A and Service Level D are equivalent to the Normal Conditions of Transport
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Table 2.3.

Structural design criteria (based on ASME Code)

Container contents

Component safety grou
P Yy g‘ P Category 1 Category II Category III
Containment Section III Section III Section VIII
Subsection NB Subsection ND Division 1
Subcriticality Section III, Subsection NG

Shielding and other

Section VIII, Division 1 or Section III, Subsection NF
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and Hypothetical Accident Conditions for packages, respectively. Table 2.3 presents the applicable
ASME structural code design criteria, by category, for containment, subcriticality and shielding.
Category |11 uses ASME Code, Section V111 for containment and all other categories use ASME Code,
Section I11. To aid in understanding the design philosophy of ASME Code, Section I11, the basisfor the

design-by-analysis approach is presented below.

ASME Code, Section 111

Sectionlll permitsuseof different design approaches, "designby formula," and "design by analysis.”
The design-by-formula approach isthe " cookbook™ method. General formulas are provided for vessel,
pump, valve and piping designs. The designs are made according to step-by-step rules, and the
allowablesfor the design-by-formulaapproach are necessarily conservative. By contrast, the design-by-
analysis approach requires detailed analyses; therefore, the allowabl es can be set higher. Some designs
that are not qualified using the design-by-formula approach may qualify with the design-by-analysis
approach. Once the design approach is decided, all the applicable rules should be followed and the

design must be consistent within the approach.

With advancesin analytical and experimental techniques, the design-by-analysis approach is more
attractive than the design-by-formula approach in yielding a well-balanced design for critical safety
components. Additionally, itispossibleto determinelocal stressesinastructurein detail. It istherefore
unreasonabl e to retain the same allowabl es throughout the structure because high local stresses do not
constitute aglobal structural failure. The rationale of assigning different allowables for different types
of stressis, " A calculated value of stressmeanslittle until it isassociated with itslocation and distribution
in the structure and with the type of loading which produced it. Different types of stress have different

degrees of significance and must, therefore, be assigned different alowable values. For example, the
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average hoop stress through the thickness of the wall of avessel dueto internal pressure must be held
at alower vauethan the stress at the root of anotchinthewall. " Likewise, thermal stress allowables
can be higher than those due to dead weight or pressure. Therefore, the design-by-analysis approach
requires dividing stressesinto categories and assigning different allowable valuesto different groups of

categories.

Sectionll dividesstressesintothreegroups: primary stress(P), secondary stress(Q), and peak stress
(F). “Primary stressisastress developed by the imposed |oading which is necessary to satisfy the laws
of equilibrium between external and internal forces and moments. The basic characteristic of aprimary
stressisthat isnot self-limiting. If aprimary stress exceedstheyield strength of the material through the
entire thickness, the prevention of failureisentirely dependent on the strain-hardening properties of the
material."[® The primary stress can be further divided into three types of stresses according to spatial
distributions: general primary membrane stress (P,,), local primary membrane stress (P,), and primary
bending stress (P,). Examples of primary stress are stresses due to impact loads, internal pressure, and

bolt loads. The stress state caused by these loads is divided into membrane and bending components.

"Secondary stress is a stress developed by the self-constraint of a structure. It must satisfy an
imposed strain pattern rather than being in equilibrium with an external load. The basic characteristic
of a secondary stress is that it is self-limiting. Local yielding and minor distortions can satisfy the
discontinuity conditions or thermal expansions which cause the stress to occur."® "Peak stress is the
highest stressin the region under consideration. The basic characteristic of apeak stressisthat it causes

no significant distortion and is objectionable mostly as a possible of fatigue failure."®
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The philosophy of the design-by-analysis approach is based on linear elastic analysis. Failure by
the maximum-shear-stress theory of failureis used asthe basis for stress allowables. Stress categories
arecalculated as"stressintensity” beforethey are compared with theallowableswhich arecalled " stress
intensity limits' in the code. Stressintensity is defined as twice the maximum shear stress at apoint. If
the principal stressesare S;, S, ,and S;while S;> S,> S, (algebraically), the maximum shear stressis
V2 x (S, - S;) and it must be less than or equal to the stress intensity limit for a given or combined
loading condition. Stressallowabl es, that isstressintensity limits, are not expressed intermsof theyield
strength of the material but rather asmultiplesof S, S, isthe stressintensity limit for general primary

membrane stress, and values of it for various metal alloysaretabulated in Section |1, Part D of the code.

Yield strength is not a sufficient criterion in determining the allowable stress because of awide
range of ductility and strain-hardening propertiesin materials. To prevent unsafe designsin materials
with low ductility and in materialswith high yield-to-tensile ratios, the ASME Code requiresthe stress
allowable to be equal to or less than the smaller of two-thirds of the yield strength or one-third of the
ultimatetensilestrength. Table2.4 summarizesthebasic stressintensity limitsand the multiplesof yield
strength and ultimate strength that these limits do not exceed for four stress categories: general primary
membrane, local primary membrane, primary membrane plus primary bending, and primary plus

secondary.

Thestresslimit for each stress category isrelated to the potential failure mode. The primary stress
limits aim to prevent plastic deformation and to give a nominal factor of safety on the ductile burst
pressure, while the primary plus secondary stress limits are intended to prevent excessive plastic
deformation and collapse. Finally, the peak stresslimit isintended to prevent fatigue failure as aresult
of cyclic loadings. The stresslimitsfor P,, are more conservative than those for for P, + P,. Since most

stress statesin apackage component are acombination of membrane and bending stresses, these stresses
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Table 2.4. Basic stress intensity limits

Allowable stress intensity

Based on Based on
Stress category Stress limit yield S tensile S
General primary membrane (P,) Sa 2/3 S, 173 S,
Local primary membrane (P, 158, S, 172 S,
Primary membrane plus primary 1.5S, S, 172°S,
bending (P, + P,)
Primary plus secondary (P, + P, + Q) [ 3.0 S, S, S,
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must be separated into different parts. In general, the maximum membrane stress occurs at the neutral
axis where the bending stress is zero and the maximum membrane plus bending stress occurs at the
extremefibers. A conservative approach for evaluating stressesisto usethe P, limitsfor all stressstates
without separating them into membrane and bending components. In some cases this approach may not

be appropriate and the P, + P, + Q limits must be used.

In the code, all subsectionsin Section |11 and Section V111, Rules for Construction of Pressure
Vessels, Division 1, have provisions for the design by formula approach. The design-by-formula
approach requires less rigorous analysis than does the design-by-analysis approach. For less critical
safety components, the desi gn-by-formul aapproach may be preferred because of itssimplified procedures
for the design. One advantage in using design by formulaisthat direct stresses, not stress intensities,
are used to compare with the stress allowabl es. Stressintensity cal culations and determination of stress
categories are omitted completely in the design by formula approach. The stress allowables (S), which
are different from stress intensity allowables (S,,), for various metal alloys are also tabulated in Section

[1, Part D of the code.

ASME Code, Section VI

ASME Code, Section V111, Division 1 hassubsectionsdevoted to therequirementsfor thedesign

criteria based on the method used for fabricating the pressure vessel and on methods used for classes of

construction material for the pressure vessel. The example analyses presented in Appendices A through

F show the use of Section V111 of the ASME Code for the design of a Category |11 pressure vessel.
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2.3.3 Proposed Changesto the Design Criteria for Weapons Components

Many shipping casks have been designed according to the recommendations in the regulatory
guides and have been approved by the NRC. However, design criteriafrom other design codes may also
be used as long as they can be justified to be as conservative as the ASME Code. Not al the design
criteriain the ASME Code for nuclear components are directly applicabl e to shipping-package design.
For example, pressure loads are the primary design loads in nuclear components, but impact loads are
the primary design driversfor the shipping packages. High operating temperatures and cyclic loadings,
while major design concerns for nuclear components, are low design factors for transport packagings.
For these reasons, a specia working group, NUPACK, was formed to develop applicable rules for
shipping packages of radioactive materials®. Until applicable codes and standards are devel oped, the
regulatory guides and the applicable ASME Code structural design criteriaidentified in Table 2.3 (or

equivalent) can serve as a set of guidelines and design criteria for the DOE packaging design.

24 STRUCTURAL DESIGN GUIDELINES

The main package components of a drum-type container are package internals, containment
system, shielding, impact limiters/'thermal insulation, and tie-down and lifting devices. Theintegration
of these componentsinto afunctional design requiresasignificant effort. Containment performanceand
radiological protection are the main driversin the design of a DOE container. Very few components of

a DOE container serve only one function, and the design is inevitably a series of compromises.

This section emphasi zes, for each package component, the function, loading conditions, design

details, and validation methods normally utilized for the design. Theintent isto provide consistent and

well-understood techniques for designing the structural aspects of a package.
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Section 2.4.1 describes the functions of the major structural components and discusses their
integration inthe design process. Section 2.4.2 discussesthe primary function of each major component
as related to the regulatory requirements of 10 CFR 71. Sections 2.4.3, 2.4.4, and 2.4.5 discuss the

preliminary design, detailed design, and design validation.

Section 2.4.6 briefly addresses quality assurance issues in the design and validation process.
Section 2.4.7, Structural Design Examples, shows specific examples of existing drum-type containers,
their unique design features, and some lessons learned during development. These examples may be

valuable in developing new container designs.

This chapter addresses packaging structural design. Chapter 10, Materials and Fabrication

addresses the materials and fabrication techniques commonly used in DOE containers.

2.4.1 Principal Structural Components

The principal structural components of a drum-type container are the containment system, the

impact limiter/thermal insulation, shielding, packaging internals, and tie-down and lifting devices. The

components interact and most have more than one function. The functions of each component are

described in the following subsections.

2.4.1.1 Containment system

Containment system refers to all items whose primary function is to provide and maintain the

contamment boundary around the contents being transported and around other package internals.

Chapter 4, Containment, of this design safety guide contains additional information. The containment
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system maintains the necessary geometric configuration to assure that the contents remain subcritical,
protectsthe contents and package internals from damage, keepsthe temperature of the contents and the
package internals low enough to prevent damages due to heat or pressure, and assures proper shielding
geometry. The containment system also provides contamination protection for personnel working with
the packaging and for the packaging itself and other convenience packaging features used during

preparation and receiving.

24.1.2 Impact limitersthermal insulation

For drum-type containers, impact limiters or cushioning materialsare often utilized for thermal
insulation as well. If the limiter is also utilized for thermal insulation, close coordination between
structural designer and thethermal designer/analyst isnecessary to select final material sand thicknesses
needed to meet the combined requirements. Chapter 3, Thermal Aspects, of this design safety guide

contains information on thermal performance issues.

Impact limiters also may play akey rolein preventing criticality accidents, if the limiter sizeis
akey determinant in the array spacing of containers. If thisisthe case, the impact-limiter design must
ensure that deformation during normal or Hypothetical Accident Conditions is limited to an amount
whichensuressubcriticality at all times. Inaddition, hydrogenousor other materialsintheimpact limiter
may also be involved in preventing criticality accidents. (See discussion on hydrogenous materialsin
Subsect. 2.2.1.5.) If hydrogenousor other materialsintheimpact limiter arerequired, theimpact-limiter
design must ensure that a sufficient amount of the material remains during and after normal or

Hypothetical Accident Conditions.
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Similarly, impact limitersmay also functionin radiation shielding. If thisisthe case, theimpact
limiter design must ensure that deformation and material loss during normal or Hypothetical Accident

Conditions does not result in aloss of shielding.

Since most DOE containers are drum-type, this design safety guide concentrates on designsin
which theimpact-limiter material isconfined to theinside of the drum. Containerswith external impact

limiters attached to the extremities of the package are not discussed.

24.1.3 Shielding

Thepurposeof shieldingisto attenuate the gammaand neutron radiationsemitted by radioactive
decay of the contents. In DOE containers, the structural parts of the containment are aimost always
sufficient to provide shielding of short-ranged radiation, such as apha and beta, and they are usually
sufficient to reduce gamma and neutron radiation to acceptable levels. Occasionally, additional high-
density material, such aslead or depleted uranium, must be added to reduce gamma or neutron doses.
In these cases the design may be dictated by radiation attenuation requirements rather than structural
considerations. Nevertheless, the shielded containment system must preserve the shielding capability
under both normal and accident conditions. Chapter 5, Radiation Shielding, of this design safety guide

contains information on shielding performance issues for DOE containers.

2.4.1.4 Packageinternals

Packageinternalsrefersto itemsinside the containment boundary other than the actual contents

that are being transported. When double containment is used, for purposes of this design safety guide,

the packageinternalsis expanded to include all itemsinside the outer containment boundary other than
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the actual contents that are being transported. Included are the inner containment boundary and items
inside the inner containment boundary other than the actual contentsthat are being transported, as well

as any material between the inner and outer containment boundaries.

The package internal s have, as a minimum, the four following essential functions: 1) they must
mai ntai n the necessary geometric configuration for the contents of the containment vessel to assurethat
the contents remain subcritical under all loading conditions; 2) they must protect the containment
boundary from damage by the contentsand the packageinternal sthemsel vesunder all loading conditions;
3) maintain the temperature of the contents, the containment boundary, and the package internalsto a
low enough level to prevent damage by heat or pressure; and 4) assure proper shielding geometry.
Although shielding is generaly externa to the containment boundary in DOE packages, it is not

constrained from being part of the package internals.

Other supplementary functions of the packageinternal sinclude physical and thermal protection
of the contentsduring shipping, contamination protection for personnel working with the packaging and

for the packaging itself, and other convenience packaging features used during preparation and receiving.

24.15 Tie-down and lifting devices

Thetie-down system isthe arrangement of tie-down hardware that securesthe package onto the
vehicle. Therequirementsin 10 CFR 71.45 areinterpreted as applicable only for the tie-down devices
that are a structural part of the package. The requirementsin 49 CFR Part 393 and RTD Standard

F 8-11T may apply to tie-down systems that are not a structural part of the package.
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Lifting devices are those structural elementsthat are permanently attached to the container and
serve as the interface between the container and lifting mechanism, such as a crane or forklift, during
loading and unloading from the transportation vehicle. Most drum-type packages weigh |ess than 454
kg (1000 Ib) and usually do not have permanent lifting devices. Some guidance for the design of lifting

devices for drum-type packages is provided by Smallwood.[*”

2.4.2 Design Requirements

The following information is intended to guide the designer of a container to the appropriate
regulatory requirements. Section 2.2 discusses the safety requirements information contained in

10CFR 71.

There are some general standards in 10 CFR 71.43 that influence the structural design of all

package components. They are discussed more fully in Sect. 2.2.

24.21 Containment system

Containment requirements are discussed in Subsect. 2.2.1.3 and are cited in 10 CFR 71.51 and
71.71 for the Normal Conditions of Transport and in 10 CFR 71.51 and 71.73 for the Hypothetical
Accident Conditions.  Additional specia requirements for plutonium shipment are described in

10 CFR 71.63.

Subcriticality design and performance requirements, described in 10 CFR parts 71.55 through

71.61, are summarized in Sect. 2.2.1.4. Subcriticality is required in al conditions, including water

leakage into the containment system or leakage of a package’s liquid contents from the containment
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system. An exceptionis provided in 10 CFR 71.55(b) and 10 CFR 71.55(c), which states the condition
for approval of a package which does not meet this requirement. In practice, this condition means that
there must be double containment, since breach of a single containment vessel, if undetected before
shipping, can lead to a criticality accident. If double containment is used, there must be undetected

breaches in both levels of the containment before a similar accident can occur.

Thegenera requirements 10 CFR 71.43 include several that apply specifically to the containment
system. The containment system must be securely closed by a positive fastening device that cannot be
opened unintentionally or by pressure changes within the package. Failure of package valves or other
devicesthat allow radioactive contentsto escape must be protected agai nst unauthorized operation and,
except for a pressure relief device, must be provided with an enclosure to prevent any leakage. A

package must not incorporate a feature which allows continuous venting during transport.

Several specia requirementsin 10 CFR 71.63 for plutonium shipment are outlined in Subsect.
2.2.1.3. In some cases the plutonium must be packed in a separate inner container and, placed within
the containment system that meetsall of the requirementsof 10 CFR 71, Subparts E and F for packaging
of material in normal form. In DOE containers, the need for double containment has been determined
by working with DOE on a case-by-case basis. Since the plutonium in DOE containersis usualy in
metallic form and ofteniscontained entirely in aseal ed subassembly, the plutonium isroutinely shipped
without a separate inner container. In designing a plutonium container, the decision on use of double

containment is obviously one of the first decisions that must be made.
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24.2.2 Impact limiters/thermal insulation

Thedesign of theimpact limiter/thermal insulationislargely dictated by the requirements of 10

CFR 71.71 and 10 CFR 71.73 for resistance to damage during normal transport and Hypothetical

Accident Conditions. These requirements are discussed in Subsects. 2.2.2.1 and 2.2.2.2, respectively.

24.2.3 Shielding

Shielding performance requirements defined in 10 CFR 71.47 and 10 CFR 71.51 are discussed

in Subsect. 2.2.1.5. There are also requirements for shielding during and after Hypothetical Accident

Conditionsin 10 CFR 71.73.

24.2.4  Packaginginternals

Thedesignrequirementsfor packaginginternalsaresimilar tothosediscussedin Subsect. 2.4.2.1

for the containment system.

24.25 Tie-down and lifting devices

The requirements for lifting and tie-down devices are discussed in Subsect. 2.2.1.2.

24.3 Preliminary Design

Theinitial step in a package design is the determination of the following information:

Safety Design Guides.ch2/gs/11-7-94 238



° Size, shape, weight, materials, and mass properties of the content of the package
° Criticality requirements of the content of the package

° Shielding requirements of the content of the package

° Requirement (if any) for double containment

° Heat generation of the content of the package

° Maximum allowabl e temperature for the content of the package

Based on the information gathered, decisions must be made on the configuration of package.

After the development of aset of alternative designs, the alternatives should be compared and the most

promising candidate sel ected. The selection of the best concept should be based on the following criteria:

° Performance against the regulatory requirements.

° The degree of technological risk involved in the design. How much new technology will be

developed and used in the design and is there any experience in the use of the new technology

in previous container designs?

° The usability of the design. Is it difficult or time consuming to assemble correctly, or

unnecessarily complex with many small partsto lose?

° The producibility of the design. This includes cost, schedule, and technological challenges

involved in the production of the container.
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° Thebasisfor qualification of the design components. Identification of those componentswhich
can be qualified by analysis only, those which can be qualified only by testing, and those

requiring a combination of analysis and testing.

The following sectionsinclude guidance on factorsinvolved in the preliminary design process.

24.3.1 Containment system

An important step early in the development of the design containment system is the selection
of the materials. The materials used must perform adequately under both Normal and Hypothetical
Accident Conditions. From a thermal standpoint, this means that the materials must be mechanically
sound at normal transport temperatures from -40°C (-40°F) to hypothetical accident condition
temperatures of up to several hundred degrees. Because of hypothetical accident impact loads, which
canoccur at very low temperatures, brittlefracture of the containment material sincluding thevessel and

the boltsis amajor concern.

Hydrocarbon materials used in seals should also be carefully selected for performance at
temperature extremes. One consideration is thermal decomposition at high temperatures, both during
normal transport and Hypothetical Accident Conditions, andtheother considerationisseal performance
due to loss of resilience at low temperature. While not normally a problem encountered in DOE

packages, radiolysis of hydrocarbonsis a concern at higher radiation levels and may also affect seals.

Selection of seal materialsisavery complex problem. In additionto thethermal and mechanical

assaults on the seals, several other questions arise. Are the seals reusable? How often are the sealsto

be reused and what are the replacement criteria? Are there any special chemical compatibility
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requirements? If helium or halogen leak checking isto be used, how permeable are the sealsto helium

or halogen tracer gases? If the container is used to ship tritium, how permeable are the sealsto tritium?

The materials selected for the containment system must be compatible under all conditions of
transport. There must be no significant chemical, galvanic, or other reaction among the package
componentsand contents. Decomposition of materialsin the packageinternal s can cause pressurization
of the containment boundary if gases are generated. If the mechanical properties or a physical
configuration of the package internals change, they may fail to protect the integrity of the containment

boundary.

The containment boundary performsashiel ding function against radiation, but thisisnot normally
a primary function. The selection or thickness of material can, in rare instances, be influenced by
shielding requirements. The materials selected must be compatible with the design code chosen as the
basis for the structural design of the containment system. For example, only materias listed in the

ASME Code are acceptable if the AMSE Code isthe basis for the containment design.

In evaluating the mechanical requirements for the containment boundary, the primary loads to
be considered are inertial loads due to Normal and Hypothetical Accident Conditions, vibration, and
differential thermal expansion. The load paths to the containment boundary from externally applied
forces and from the package contents through and including the package internals must be evaluated

very carefully.

When the contents of the package generate a significant amount of heat, it may be necessary to

deviseaway to remove heat in order to prevent high-temperature damage to the containment, the package
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internals, or even to the contents. At the sametimeit isnecessary to prevent external heat sourcesfrom

transferring heat into the package during accidents.

2.4.3.2 Impact limiters/thermal insulation

To protect the containment and the internal payload from excessive stresses during both normal
transport and a hypothetical accident free fall of 9 m (30 ft) onto a horizontal, essentially unyielding
surface, impact limiters or cushioning materials are normally provided between the outside shell of the
container and the containment vessel. Additional cushioning material may also be used inside the
containment to reduce imposed impact induced stresses. This additional material is discussed in

Subsect. 2.4.3.4, Package Internals.

Impact protection should also be designed to maintain other package safety features. In an
accident, the impact limiter deforms and absorbs energy. It is particularly important to protect

containment vessal closures from deformation.

The energy-absorbing device may be temporarily attached to the package for shipment only, or
it may be an integral part of the package design. The device may be made of wood, foam, crushable
fibrous material, crushable metal configured in a honeycomb matrix, or metal fins which might be

designed to bend at a particular force.

Typically, theimpact limiters/thermal insulation of a DOE container consists of an outer metal
drum filled with an impact-absorbing material. The containment vessel is placed in a cavity in this
material. The metal drum is typically a standard heavy duty drum adapted for this use. In the past,

Department of Transportation 17H drumswere frequently used. These drums are now being phased out
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in favor of performance-based designs such as |Al drums described in 49 CFR Part 178.504. In the
past, a forged bolt type lock ring was used with removable head drums, but recent experience testing
indicates that a bolt-on lid should be used on drums wei ghing more than 227 kg (500 |b) and should be

considered at even lower weights. Keg-type drum designs are also used.

In DOE drum-type contai ners, theimpact-absorbing material alsofunctionsasthermal insulation
for the package during both normal transport and the hazardous accident firetest. Thus, superior high-
temperature performance isrequired and the structural analyst must work very closely with the thermal
analyst. Wood and Cel otex ™ have been widely used for thisapplication, and have worked satisfactorily.
They do have the drawback of being combustible materials which function by absorbing heat energy
during pyrolysis of the hydrocarbons in the absence of oxygen and by the boiling off of their
considerable moisture content. Obviously, they must be protected from exposure to air during thefire,
while at the same time gases that are generated must be vented off. This is often accomplished by
drilling vent holes in the outer drum. These holes, covered with plastic tape or plugs to prevent water
from entering during normal transport, melt in afire to provide venting. Celotex™ in particular must
be protected from water damage, because it is made of sugar cane fibers in a composite matrix with a
water soluble glue and can lose its mechanical properties rapidly when wet. This composite nature of
Celotex™ isadvantageousin other ways; however, the material hasvery good crushing propertiesunder
impact and is not as stiff or anisotropic as are other materials. Fiber insulating materials, foams, and

honeycomb are also used in impact limiters'thermal insulation.

The specific loading conditions for which the impact limiter must be designed are presented in
Sect. 2.2. Thelimiter must also be designed so that other tests specified in 10 CFR 71 do not impair the
ability of the limiter to function in possible futureimpact conditions. For example, the water spray test

must not cause degradation of the limiter material. For some materials (such as Celotex™) this means
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that the limiter must be enclosed in acovering material which will not be degraded by water. Theimpact
limiter must also be designed to tolerate free drops of up to 1 m (depending on container weight),
without consequential damage. Experience indicates that only minor provisions are required to meet

normal operating conditions.

In selecting limiter material, environmental conditions under both normal and accident
conditionsmust be considered. If thelimiter will be exposed to sunlight, heat, or water, then the possible
degradation due to these effects must be considered. Material selection must also consider size
restrictions (a small limiter must be stiffer than a large limiter in order to afford the same energy

absorption capacity), weight restrictions, cost, and safety.

Appropriate design data and design technique are closely related. The data required for design
are contingent on the sel ection of adesign technique. A conservative sizing cal culation does not require
as complete a set of material property data as does a dynamic, nonlinear, finite-element model.
Conversely, if dynamic material properties are not available, it is not practical to use a sophisticated

dynamic analysis.

Preliminary designinformation for anumber of common material sarediscussedinthefollowing

paragraphs.

Foam impact limiter materials

Foamshave characteristicsthat can makethem attractive choicesfor impact limiter applications.

Foams can be manufactured to be essentially isotropic and thus do not require concerns about questions

concerning the direction in which the impact load is applied. In an accident the orientation of the
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container is unknown. Consequently, the energy absorbing structure used must be able to withstand the
application of an impact load from any direction. The isotropy of foam materials generally meets that

requirement.

To perform optimally, an impact limiter must absorb a maximum amount of energy while
transferring aminimum peak forceto the shipping container. The energy absorbed duringimpact isequal
to thework done by theimpact force asit crushesthe foam material. Thework done by the impact force
isdetermined by computing the areaunder the plot of impact force versusdisplacement or by integrating
the specific energy absorption in thefoam over the volume of material whichisactive during theimpact
process. The optimum impact limiter maximizes the absorbed energy while minimizing the magnitude
of the impact force. This requirement suggests that the ideal form for the force versus deflection curve
is rectangular, thus indicating that the force maintains a constant minimum throughout the impact
process. Most foams, when loaded in compression, display astress-strain curvewith small initial elastic
region up to about 5% strain terminated by yielding. Yielding is followed by a region of relatively
constant stress with increasing strain. Thisregion extendsto strains of 50 to 70% depending on density
after whichthefoam "locksup," and thestressrisesrapidly withincreasing strain. A typical stress-strain
curvefor afoamisshownin Fig. 2.4. The compressive strength of foam usually hasits maximum at low

temperatures and decreases continuously for higher temperatures.

Properties of foams are determined by the various materials from which they are made.

Manufacturers’ datausually provide complete information for the analysis of rigid polyurethane foams,

including temperature effects and variability of material properties.

Design optimization using foam energy absorbers requires the following considerations. For a

given weight to be protected, a given drop height, and a given thickness of foam, some foams are too
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Fig. 2.4. Typical foam stress/strain curve.
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stiff and stop the weight before the ultimate strain of the foam is attained; other foams are so soft that
the weight does not stop until the foam reaches lock-up. Between these two extremes is the optimum
design in which maximum strain in the foam is achieved without penetrating the lock-up region. This
design maximizesthe use of the strain range for which the stressremainsrelatively constant, consistent
with minimum acceleration. From a design perspective, this requires specifying the contact area and
thickness of thefoam aswell aschoosing thefoam yield stressto achieve the optimum design. The steps

in the design procedure are:

1 Specification of the weight of the container to be protected by cushioning

2. Specification of the height of free drop to be experienced (30 ft for Hypothetical Accident

Conditions)

3. Choosing a reasonable thickness for the foam

4, Selecting a foam resulting in the acceptable peak accel eration during impact

Wood impact limiter materials

In spite of being orthotopic, wood ranks among the highest of all materials in specific energy

absorption, which makesit popular for protecting container internal components. Wood hasawider flat

portion of the stress/strain curve than most impact-absorbing materials. All material propertiesof wood,

however, vary depending on the angle from the direction of grain in the wood. The grainis not always

parallel to the same direction throughout an entire piece of wood but may vary about a mean direction.

Wood with avariation in grain angle, relative to the principal grain direction, greater than 7% should
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beavoided to prevent areductionin compression strength. Celotex™ isa"wood" product made of sugar
cane fibersin a composite matrix with awater-soluble glue. Thus Celotex™ has the advantage of very

good crushing properties under impact and is not as stiff or as anisotropic as other wood materials.

Mechanical properties are also affected by the moisture content and temperature of the wood.
Drier wood is usually stronger, and impact absorbers are made of dried wood enclosed in a protective
cover. Celotex™ in particular must be protected from water damage, because it is made of sugar cane
fibersin acomposite matrix with awater-soluble glue and can loseits mechanical propertiesrapidly when

wet.

Like most materials, the material properties of wood generally decrease as temperature is

increased and improve as temperature is reduced. Thisis also true for Celotex™.

Experimental stress/strain curves indicate that balsa and redwood, |oaded parallel to the grain,
have nearly ideal propertiesfor use asimpact absorbers; they have nearly flat responseupto high strains.
Balsais capable of strains over 80% before lock-up, and some redwoods have measured strains up to
73% before lock-up. A static load deflection curvefor balsaisshownin Fig. 2.5 and Table 2.5 givesthe

mechanical properties of balsafor arange of material density.
Material properties for balsa and redwood that are useful for uniform crush analysis of those

woods |loaded parallel to thewood grain are given in several reportg*12113.114.a415 The effectiveness

of wood impacted off of the grain axis has not been fully explored in the dynamic regime.
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Table 2.5. Averages of peak and mean crushing strengths for various densities of balsa wood

Average of Average of Peak strength, .

density range peakcrushing mean crushing Mean strength %

b/t -strength (psi) strength (psi) Number of tests
65-74 1689 1232 137.0 9
75-8.4 2080 1452 143.2 18
85-94 1460 * 965 * 153.3 3
95-10.4 2750 1624 169.3 8
10.5-11.4 3070 1780 172.5 17
11.5-12.4 3055 * 1715 ° 178.2 2

Low values believed due to insufficient testing.

Safety Design Guides.ch2/gs/11-7-94

250




Generally, the techniques for designing foam impact limiters can be used for wood limiters as
long asthe wood isloaded parallel to the grain. Experimentsindicate that wood has low shear strength
relative to compressive strength; for end impact, thewood effectivenessisthat in thecylindrical volume
proj ected down from the contact surface between the limiter and the containment. For corner drops, the
effective cylinder of wood is projected from the containment-limiter interface parallel to the grain of the

wood.

Honeycomb impact limiter materials

Honeycomb impact absorbers are constructed by bonding corrugated strips of thin material
together to form a relatively low-density solid full of cylindrical voids. Honeycombs constructed of
paper, fiber-reinforced plastic, aluminum, or stainlesssteel all havenearly ideal |oad deformation curves
for impact limiters; that is, flat up to about 75% strain in compression. New material showsasharp rise
of load at impact above the plateau of load. However, this short duration peak load can be completely
eliminated by dlightly buckling the material, i.e., by specifying precrushing of the honeycomb during
the manufacturing process. The cylindrical holesinthematerial areall parallel in common honeycomb,
and, consequently, the material properties are orthotopic. Orthotopic impact absorbers are positioned
so that theforceis parallél to the holes. The variation of static crush strength of corrugated honeycomb

with density can generally be found in vendor datal®.

Manufacturers’ literature suggests that strain rate effects increase the crush strength of
honeycomb by up to 30% in a dynamic test over the static value. Also, the influence of temperatureis
included in manufacturers’ literature; the temperature dependence of the yield strength of the material

from which it is made can be used to characterize the honeycomb.
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Honeycomb materialsareideal candidates for the uniform crush analysis design procedure, but

thelack of material property datamakesfinite-element analysi sdifficult without an experimental program.

Steel impact limiter designs

Since steel is as stiff as most containment materials, an impact limiter of steel must be shaped
and positioned to allow the limiter to dissipate energy by distorting plastically. Steel limiters have been
designed in the shape of frames made of welded tubing, shells of revolution, and fins. Generally, steel
impact limitersare not used for drum-type containers. However, some inner containment designs must
absorb energy from Normal and/or Hypothetical Accident Conditions. Some manual calculations can
beusedto design/analyze steel impact limiters, butingeneral finite-element computer programsare used

to predict behavior.

Becauseof their relatively high ultimate strain, mild steel and stainlesssteel arecommon materials
for the construction of impact limiters. Individual sources of acomplete set of material data necessary
for nonlinear dynamic analysis may be difficult to find. However, Rack and Knorovsky!*” identify
sourcesfor temperatureand strain rate dependent datafor stainless steel's used for shipping containers'”

while Nicholas includes strain rate dependence of other steels.*®
Design of steel impact limiters or containers to resist the regulatory drop requirements are best

accomplished with use of nonlinear dynamic impact computer codes like HONDO!® and DY NA ./

Actual drop testing is usually necessary to verify the design.
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2.4.3.3 Shielding

This section discusses structural issues in the design of the shielding. Chapter 5, Radiation

Shielding, is the major source of information on shielding performance issues for DOE containers.

In DOE containers, thestructural partsof the containment almost alwaysare sufficient to provide
shielding of short-rangeradiation such asalphaand beta, and usually are sufficient to reduce gammaand
neutron radiation to acceptable levels. In cases in which this is not true, shielding against gamma
radiation is achieved by using materials such as lead, steel, or even neutron-free depleted uranium.
Sometimes materials such as polyethylene or boron carbide are added to provide neutron shielding. In
all cases, the design must assure that the mechanical configuration of any shielding materias is
maintained. In addition, when lead isused as a shield material, care must be taken that the |ead does not
slump or cold flow and lose its configuration. This can happen at relatively low temperatures. To
prevent decompositionitisimportant to protect any plastic or other hydrogenous neutron shielding from

high temperatures or from intense gamma radiation.

Loadsthat can result in rupture or severe distortion of the containment vessel also pose athreat
tothe shielding system. Hypothetical accident stressesand concentrated |oadsthat may cause punctures
can reduce the efficiency of the shielding even if the containment retainsits ability to prevent excessive
radioactiverelease. Vibration and differential thermal expansion may cause problemsif themechanisms

holding the shielding componentsin place are subject to fatigue.

The design must also be evaluated to assure that the materials selected for the shielding are

compatible under all conditions of transport. The materials selected must be such that there will be no

significant chemical, galvanic, or other reaction among the package components and contents. The
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primary concern isthermal degradation or decomposition, both during normal transport and Hypothetical
Accident Conditions, particularly when plastic or other low-temperature materials are used. While not
normally a problem encountered in DOE packages, radiolysis of hydrocarbons is a concern at higher
radiation levels. Decomposition can affect the shielding properties of the material and can also cause

pressurization of the containment boundary if gases are generated.

The most significant concern is a case in which decomposition of materials in the shielding
resultsin aloss of mechanical properties or a physical configuration change that may lead to afailure

to adequately shield personnel from the contents.

2.4.3.4 Packaging internals

Thefirst step in the design of packaging internals is to decide the level of protection required
to safeguard the containment vessel and the package content from mechanical or thermal damage during
all conditions of transport and to develop an initial conceptual design. These conceptual designs must
be evaluated to assure that the materials selected for the package internals are compatible under all
conditions of transport. The materials selected must be such that there will be no significant chemical,
galvanic, or other reaction among the package componentsand contents. The primary concernisthermal
decomposition, both during normal transport and Hypothetical Accident Conditions, particularly when
plastic foam or other low temperature materials are used. While not normally a problem encountered
in DOE packages, radiolysis of hydrocarbonsisaconcern at higher radiation levels. Decomposition can
affect the mechanical and thermal properties of the material and can also cause pressurization of the

containment boundary if gases are generated.
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The most significant concern is a case in which decomposition of materials in the package
internals resultsin aloss of mechanical properties or aphysical configuration change that may lead to
acriticality or to afailureto protect theintegrity of the containment boundary. Thisaffectsall structures
that maintain safe geometry inside the container as well as neutron absorber materials such as

polyethylene or boron carbide.

Preliminary design of shielding that is inside the containment boundary should be done using

these guidelines and those of Subsect. 2.4.3.3.

In evaluating the mechanical requirements for the package internals, the primary loads to be
considered are inertial loads due to Normal and Hypothetical Accident Conditions, vibration, and
differential thermal expansion. The load paths from the package contents through and including the

package internals to the containment boundary must be very carefully evaluated.

Since the package internals, by definition, are within the pressure boundary, pressures external
to the containment have little if any effect. However, if aclosed cell plastic foam or asimilar material
is used to support the package contents or to protect the containment boundary, its mechanical
performance might be adversely effected by high pressures generated by temperature increases or

material decomposition inside the containment boundary.

If the contents of the package generate a significant amount of heat, additional difficultiesarise.
It may be necessary to devise a way to carry heat away from the contents in order to prevent high-
temperature damage to the containment, the package internals, or even to the content itself. The design
problem arisesfromthenecessity to prevent external heat sourcesduring normal transport or Hypothetical

Accident Conditions from using the same means of heat transfer to carry heat in the opposite direction.

Safety Design Guides.ch2/gs/11-7-94 255



2.4.3.5 Tie-down and lifting devices

Thetie-down system isthe arrangement of tie-down hardware, such as shackles and wire rope,
that secures the package onto the vehicle. Design concepts for tie-down and lifting devices concepts

shouldinclude operational necessities and conveniencesaswell as mechanical strength considerations.

In eval uating the mechanical requirementsfor thetie-down or lifting devices, the primary loads
are defined by the weight and configuration of the package and |oadings defined in 10 CFR 71.45. The
load paths to the package must be very carefully evaluated. Because of the requirement that failure of
thetie-downsor lifting devicesmust not adversely effect the performance of the package, these features

must essentially be designed to fail under the specified loads and in specified ways.

A tie-down manual for type B containers has been developed by Smallwood.™ This manual
tested a DOE type B container to the requirements of 10 CFR 71.45. Although the outer container

yielded at the maximum load, the inner container was not affected.

244 Detailed Design

After adesign concept has been selected, the detailed design process can begin. This process

includesfinal selection of materials, detailed cal cul ations, and preparation of final design specifications

and drawings in preparation for prototype testing and other certification activities. The following

sections include guidance on factors involved in the detailed design process.
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2.4.4.1 Containment system

This chapter discusses structural design of the containment system. Chapter 4, Containment, is
the major source of information on containment. The containment boundary in a DOE container is
usually anaustenitic stainlesssteel containment vessel with abolted closureto accommodatetheloading
and unloading of contents. The closure contains a seal or seals to minimize leakage from the
containment vessel to the environment. Penetrations of the containment may be needed for operating
purposes, for example, backfilling with a tracer gas for leak testing or helium for heat-transfer
enhancement. The closures of penetrations, such as valves or sealed tubes are also considered part of

the containment system.

The containment vessel isusually awelded cylindrical vessel with aflange at one end to allow
for loading and unloading the content. The flange designislargely dictated by the design of the closure,
which will be discussed below. It is important to note that in DOE containers, which are normally
relatively lightweight and which use soft impact limiters, top flanges may be somewhat exposed to
impact damage during hypothetical accidents, particularly those that impact at the top corner. Sincethe
impact limitersareal so often used asthermal insul ation, thereisal so apossibility that additional thermal
loads will be encountered after such an accident. To afford more protection the closure flange is often

moved to the center or at least some distance away from the corner.

Tosimplify construction of the containment vessel and eliminate potential structural andleakage

problems at welds, containment boundary designers should consider the use of single-piece forged or

drawn vessdls.

Safety Design Guides.ch2/gs/11-7-94 257



Usually, DOE packageswill not require pressure-relief devices; however, the containment must
be designed to handle any pressure excursions resulting from not having a relief system during either
normal transport or accident conditions. Containment must be maintained if there is a pressure or
temperature increase due to chemical reactions resulting from water inleakage, irradiation, or thermal
effects on the package or content during either normal transport or accident conditions. Since the
contai nment cannot be continuously vented, it must bedesignedtoretain aninternal pressure, evenwhen

intermittent pressure relief is provided.

Themajor loads are heat, internal and external pressure, vibration, and impact. Even though the
regulations do not impose any specific requirements on any structural components in terms of stress
allowables or deformation limits, the containment boundary will be compromised if the structural
components are overstressed or grossly distorted. Therefore, the structural components should be
designed according to awell-established design standard such asthe ASME Code, asrecommended in
Regulatory Guide 7.6. Other codes and standards can be used as design criteria provided they are as
conservative as the ASME Code. All the loadings from the normal and accident conditions should be

considered and combined, as recommended in Regulatory Guide 7.8.

Asset out in Sect. 2.2 and in Regulatory Guide 7.11, the NRC has adopted the philosophy of
applying stricter requirements and higher margins of safety to Type B packages with higher levels of
radioactivity.” Category | containers are used with contents of the highest level of radioactivity,
Category |l containers ship contents with moderate levels of radioactivity, and Category 111 containers
ship contentswith till lower radioactivity. The three categories and the associated radiation levels are

showninFig. 2.2.
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Section 2.3 contains an explanation of Structural Design Criteriafor containers. These criteria

should be used for the design of all safety related structures in the package internals.

Regulatory Guide 7.6 describes the design criteriafor the structural analysis of shipping cask
containment vessels and explains the use of the design-by-analysis approach for Class | components
from Section 111 of the ASME Code'® as design criteria for the containment vessels. Regulatory Guide
7.8 elaborates on the normal and accident tests conditions specified in 10 CFR 71 and recommendsthe

loading combinations for the structural analysis of shipping casks.”

The design of the closure system for a containment boundary is of utmost importance. Most
containment systemsfor DOE containers have bolted lidswith elastomer O-rings. The design of thelid,
in addition to satisfying the structural code used in the design, should consider the load paths of external
loads, particularly in accident conditions. To minimize shear loading on bolts, designs that include a
protected closure are encouraged. Protected meansthat no transverseforce componentsfrom theimpact
limiter can be delivered to the closure lid during any hypothetical accident. The lid isrecessed into a
counterbore that protects the edges of thelid. Thisisnot aregulatory requirement, but isagood design
practice and is encouraged. In the past, many containers have been certified that do not use thisfeature;
if a protected closure is not used on a design, the bolting system and seals must be designed to

accommodate the large transverse |oads.

Some containment systems actually use adouble lid arrangement. This system is not normally
used on drum-type containers, but it does offer some advantages when the closure is not adequately
protected from either impact loads or thermal loads. By using two lids, the inner lid has additional

protection. Thisdesign may also provide an additional facility for |eak testing. Although not widely used
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in DOE containers at this time, this system may be used effectively when the additional expense and

complication are justified.

Aspreviously mentioned, the seal design of containment systemsfor DOE containers normally
consists of elastomer O-rings or gaskets. These are usually installed in aface seal arrangement. In this
design the integrity of the seal depends on the maintenance of preload on the closure bolts to energize
the seals. This means that the bolting systems must be strong enough to withstand all of the externally
appliedloadswithout loss of preload. The ASME code definesthe all owabl e stressesfor boltsand should
be applied as advised in Regulatory Guide 7.6"°, Regulatory Guide7.8" and Regulatory Guide 7.1 114
depending on the radioactive content of the package. The design of the bolting should account for all

pressure loads, external forces and vibration loads, and thermal expansion and contraction.

The bolting system must perform at normal transport temperatures from -40°C (-40°F) to
Hypothetical Accident Conditiontemperaturesof upto several hundred degrees. Because of hypothetical
accident impact loads which can occur at very low temperatures, brittle fracture of the boltsis amajor
concern. Bolting materialsshould be selected with thisin mind. Another bolt material selectioncriterion
isthe possibility of galling the bolt threads. This can be areal concern if the bolts are used in threaded
holesin astainless steel containment vessel, instead of with nuts. The galling problem may be avoided

by proper selection of materials for the bolts and vessel or by using thread inserts.

Seal design hasbeen mentioned previously, but additional attentioniswarranted. Theelastomer
O-rings or gaskets on DOE containers are usually installed in aface seal arrangement. Other materials
and arrangements are used. In particular, metal seals may be used where high temperatures cannot be
avoided or where seal reuse is not required. Some containment boundaries are actually welded closed.

These “metal only” seal solutions offer additional security in some situations, particularly when the
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container may be used for long-term storage. Face seal s have been widely used, but radial and other self
energizing arrangements which might be considered have the advantage of not relying on bolt prel oads

to maintain the seal.

Normally, two seals are used. There is often a penetration into the annulus between the two
seals. In this arrangement, the outer seal is normally used only as ameansto leak-check the inner seal.
Theinner seal isasingle seal, sinceif it leaks the content may be released into the annulus, which has
a penetration into it. This annulus is normally plugged, but the plug is not normally leak-checked. If
the plug is leak-checked after installation, a double seal may be claimed. Note that thisis not the same

as double containment, since the vessel may leak in places other than the seals.

2.4.4.2 Impact limiter s'thermal insulation

The type of impact limiter chosen dictates the range of possible analysis methods and the
complexity of analysis. When the shipping package can be separated into a containment part and an
impact limiter part and the two partsare structurally dissimilar; for example, theimpact material isless
stiff and less dense than the containment, many analytical techniques are valid, and this variety can be
exploited to control the cost of analysis. Inthe case of animpact limiter that isstructurally similar to the
containment, a designer may be limited to modeling the combined structure or experimentally

determining response.

Complexity of analysisalso varieswith the spacial dimensionsnecessary to describethe geometry
of the impact limiter as it undergoes deformation. The simplest deformation state is uniform crush over
avolume, which corresponds to a zero-dimension state. A one-dimensional solution occurs when the

cross-sectional area of the impact limiter variesin a predictable way as it crushes. Two-dimensional
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solutions are necessary for casesin which atwo-dimensional stress state isimportant, such aswhen a
shear stress limits the impact limiter material involved in crushing. A material with anontrivial shear

strength, such as steel, impacting in a skew orientation requires afull three-dimensional analysis.

A drum-type container has impact limiter/cushioning material inside the drum and inside the
inner containment and thus, the material is confined or restrained by the containment or outer shell.
Therefore, one-dimensional analysis of the limiter material may not be accurate, but may be used for

initial or preliminary designs.

Uniform crush analysis

Some impact limiter materials can be accurately analyzed by assuming uniform crush of the
material. Inthisanalysis, theimpact limiter materialsare assumed to beideally masslessand insensitive
to strain rate. Materials such as honeycomb, balsa, Celotex™, and woods exhibit these characteristics.
In these materials, an adjustment for inertial forces and dynamic behavior can be incorporated and a
nominally static analysis can be performed. For this type of analysis, the stress in the limiter material
must be uniform or representable as uniform at every instant of time. This may hold for a drum-type
container impactingflat onitsend or side. Materialswith very low shear strength rel ativeto compressive
strength, such asbal saand somerigid foams, crush asthough only the volume of material under thearea
of contact is effective. The impact limiter should be designed to ensure that the deformation of the
material isnot large enough to cause the material to "lock up" before sufficient kinetic energy has been
absorbed. See Subsect. 2.4.3.2 for more information on "lock up" of foam and wood impact limiter

materials.
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A typical analysisfor the case of uniform crushispresented below for animpact limiter material

with the strictly increasing stress/strain curve shownin Fig. 2.6. Thisshape curveistypical for limiters

and cushioning material used in drum-type containers (e.g., wood, Celotex™, foam).

At the beginning of a drop the kinetic energy (KE) of the container is

KE=1/2 W/gV?,

where: W = container weight, b,

g = acceleration of gravity, 980.6 cm/s* (386.4 in./s?),

V = container velocity, in./s.

Thecenter of massof the container movesdownward by adistanceh (ininches). Thework done

by gravity is,

Wg=Wh.

With a constant area, A (in square inches), the force developed in the impact limiter retarding

the container is

F= o(e)A, Ib,

with stress o, expressed as afunction of strain €, assuming that strain rate is not important. The strain

can also be written,
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Figure 2.6. Uniform crush stress/strain curve.

Safety Design Guides.ch2/gs/11-7-94 264



e=h/L,

where L isthe original length of the impact limiter.

During this time the work done is crushing the impact limiter is,

W, =- [ F(h)dh,

which can be written as

W, =- AL [o(€)de.

The kinetic energy then iswritten,

1/2WIgV2=1/2 WigV2+Wh-AL [o(€)de.

If o(€) is analytically integrable, the equation can be solved for the crush hour to stop the

container with V, = 0. Some readily integrable stress/strain functions to deal with are straight line

segments, polynomials, or combinations of the two.

Linear deformation analysis

A variation in cross-sectional area of the impact limiter aong the direction of crush produces a

condition of non-uniform stressaswell as non-uniform strain that can be analyzed by breaking the limiter

into elements of constant area. The number of elements used depends on the rate of change of area.
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Many divisions are needed where area changes rapidly, but only one element is needed for alength of

constant area.

For thistype analysisthe axial forceisconstant through theimpact limiter, but the stressvaries.
Working with a strain-rate-independent material, the strain can be read from the stress/strain curve for
each element of material. Manual cal culation of total crush of the limiter and internal energy dissipated
becomes difficult because of the large number of elements and internals to be evaluated. However,

computer programs can be developed to carry out all the needed calculations.

This calculation method is valid for the analysis of corner impacts of a container provided that the
material is essentially isotropic and has a low shear strength relative to compressive strength. A
discussion of modeling acylindrical impact limiter duringasideand corner dropispresented in Hill and

Joseph.!*

Two-dimensional analysis

Complicationsinthedesign caninvalidate one-dimensional solutions; however, two-dimensional,
dynamic, structural analysis codes are available to provide solutions. Typical computer codes suitable
for dynamic analysis of anonlinear material with athinner cladding (like athin walled outer container)
over foams, woods, or honeycombimpact limitersare ABAQUS/EXPLICIT,* LSDYNA @ ANSY S/#
HONDO,"** and PRONTO.* Some of these codes contain a material subroutine to model crushable
foam behavior as well as elastic-plastic behavior. These codes are representative of codes that are

capable of analyzing ductile material behavior.
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Two-dimensional treatment of shipping container impact is appropriate for the end drop, which

is axisymmetric. However, side drops and corner drops require three-dimensional analysis.

Thematerial propertiesrequired for each code or material subroutine differ, but in general they
require an elastic modulus, ayield stress, aplastic modul us, Poisson’sratio, a hardening parameter, and
density. The special foam model uses bulk pressure versus dilatation, bulk unloading modulus, three
yield function constants, el astic shear modul us, and the pressure cutoff for tensilefracture. Although the

bulk data are rare in the literature, bulk properties can be derived from uniaxial test results.

Three-dimensional analysis

M ost of the computer codeslisted inthe previous section ontwo-dimensional analysiscan model

three-dimensional behavior is stress and strain. The elastic-plastic material subroutinesin these codes

are identical for three- or two-dimensional analysis and the same material properties are required. A

corner drop is one condition that requires a three-dimensional analysis code for solution.

2.4.4.3 Shielding

This section discusses structural design of the shielding. Chapter 5, Radiation Shielding, isthe

major source of information on shielding performance issues for DOE containers.

Asset outin Sect. 2.2 andin Regulatory Guide 7.11, NRC hasrecommended that the structural

design of al shielding structures be in accordance with criteria contained in the ASME Boiler and

Pressure Vessel Code, Section VIII Division | or in Section 11, Subsection NF.
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Section 2.3 contains a detailed explanation of Structural Design Criteriafor containers. These

criteria should be used for the design of all safety related structures in the package.

Regulatory Guide 7.6 describes the design criteriafor the structural analysis of shipping cask
containment vessels and explains use of the design-by-analysis approach for Class| components from
Section |11 of the ASME Code™® asadesign criteriafor the containment vessels. Regul atory Guide 7.8
elaborates on the normal and accident tests conditions specified in 10 CFR 71 and recommends the
loading combinations for the structural analysis of shipping casks. Both guides may be applied to the

structural design of package shielding.

Very careful analysis using the previously discussed guidelines is required to assure that
geometry is maintained under all loading conditions. These shielding structural components should be
designed according to awell-established design standard such asthe ASME Code previously described.
Other codes and standards can be used as design criteria provided that they are as conservative as the

ASME Code.

Plastic-based shielding material sare often used in containers. Unfortunately, these materialsdo
not lend themselves very well to analysis using the ASME code or other design codes based on linear
elastic behavior. In that case, other analytical methods must be used, and/or thorough testing must be

done.

All of shielding material s should be examined for compatibility and stability at temperature and

in radiation fields.
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2.4.4.4 Package internals

Asset out in Sect. 2.2 and in Regulatory Guide 7.11 ¥ the NRC has adopted the philosophy of
applying stricter requirements and higher margins of safety to Type B packages with higher levels of
radioactivity. Category | containersare used with contentsof the highest level of radioactivity, Category
Il containers are used with contents of moderate levels of radioactivity, and Category |11 containersare
used with contents of still lower radioactivity. The three categories and the associated radiation levels

are shown on Fig. 2.2.

The same basic philosophy applies to the design of package internal structures. The three
component safety groups and the associated design criteria defined in Regulatory Guide 7.11 can also
be used for package internal structures. Table 2.3 contains asummary of these design criteria. Package
internal s structuresthat perform functionsimportant to maintaining criticality safety, contamment, and
shielding are designed with stricter requirements and higher margins of safety. Section 2.3 contains a
detailed explanation of Structural Design Criteriafor containers. These criteria should be used for the

design of all safety-related structuresin the package internals.

Regulatory Guide 7.6 describes the design criteriafor the structural analysis of shipping cask
containment vessels and explains use of the design-by-analysis approach for Class | components from
Section |11 of the ASME Code!® asadesign criterion for the containment vessels. Regul atory Guide 7.8
elaborates on the normal and accident test conditions specified in 10 CFR 71 and recommends the
loading combinationsfor the structural analysis of shipping casks. Both of these guides may be applied

to the design of package internals.
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In most DOE containers, the main package internals design concern is protection of the
containment boundary from theimpact of the package internalsand contentsin ahypothetical accident.
However, package internal design critically safe geometry is of major importance in many containers,

and shielding integrity may also be vital.

In summary, very careful analysis using the guidelines described is required to assure that
geometry is maintained under al loading conditions. These package internal structural components
should be designed according to awell-established design standard, such asthe ASME Code described
previously. Other codes and standards can be used as design criteria provided that they are as

conservative as the ASME Code.

Support of the contents and maintenance of the package geometry can be accomplished in many
ways. Often the support is as simple asa conformal resilient elastomer foam insert for the containment
boundary. This support insert can also be made of a solid elastomer, if needed for strength or cut
resistance. Often polyurethane is used for this application because of its high abrasion resistance and
good properties at low and high temperature, but other elastomer materials, such as silicone, are used
where temperature extremes are expected. Elastomers insulate the content from the containment
boundary, so if the content contains heat-generating material s that require good heat-transfer outward,
metal honeycomb materia is often used. Unfortunately, these support mechanisms do not lend
themselves very well to analysis using the ASME Code or other design codes based on linear elastic

behavior. In that case, another analytical methods must be used and/or thorough testing must be done.

Other materials are used to support the contents and perform other functions within the package

internals. Metal cans, covers, and spacersare frequently used. In addition, the contents are often bagged
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in plastic for contamination control, and desiccants are often included with the content. All of the

materials should be examined for compatibility and stability at temperature and in radiation fields.

2.4.4.5 Tie-down and lifting devices

Thedesigner should beawarethat theforcesapplied to individual tie-down devicesdepend very
much on the overall tie-down system and its design philosophy. The analysis of the overall tie-down
system can be quite complex when the elastic/plastic deformations of cables and straps of a flexible
system are considered and the dynamic loadings are included. Depending on the design philosophy, the
tie-down system may be designed to fail at certain load levels, thus altering the applied loadsto the tie-

down devices. A tie-down manual for DOE type B containers has been developed by Smallwood.™®

Lifting attachments must have a safety factor of three over the yield strength when used to lift
the packagein the normal configuration. (Theyield value used should be the worse case for the material
in the Normal Conditions of Transport temperature range. This range should include that temperature
increase caused by any internal heat generation from the contents and also the increase from solar

insolation if the package is not limited to covered shipment.)

If the lifting attachment fails, it must not impair the ability of the package to meet the other

requirements of 10 CFR 71.

Any other structural part of the package which could be used to lift the package must berendered

inoperable during shipment, or meet the requirements described previougdly.
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Tie-down devices which are a structural part of the package must not yield when the package
is subjected to a static force with a vertical component of twice the package weight, a horizontal
component inthedirection of travel of ten timesthe package weight, and ahorizontal component in the
transverse direction of five times the package weight. (The yield value used should be the worse case
for thematerial intheNormal Conditionsof Transport temperaturerange. Thisrange shouldincludethat
temperatureincrease caused by any internal heat generation from the contentsand al so theincreasefrom

solar insolation if the package is not limited to covered shipment.)

If the tie-down device fails, it must not impair the ability of the package to meet the other

requirements of 10 CFR 71.

Any other structural part of the package which could be used to tie down the package must be

rendered inoperable during shipment or meet the requirements described previously.

There are many tie-down and lifting device designs, but the most common aretheflat steel lugs
welded onto the package with a hole for the tie-down hardware attachment. Also common is a

commercial hoisting ring or eye bolt inserted into a threaded hole in the package.

Typicaly, thelifting lug should be at |east asthick asthe outer shell of the package to which it
iswelded. The edge distance above the hole should be at |east one diameter of the hole. Similarly, the
diameter of the hole should not be greater than half of the width of the plate, and thelength of the welds
should be at least equal to the portion on the lug that is not welded to the outer shell. The bearing stress
around the hole should be evaluated. If the lifting lug is stiff, the effects on any external closure bolts

resulting from impact loading from free drop conditions should be evaluated. Considerations of afree-
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drop condition that impact the lifting lug should be given as well as those for the free drop onto the

puncture bar.

After the applied forces are determined, the stress analysis methods can be used to evaluate the
adequacy of the lifting or tie-down devices. If the lifting or tie-down system is simple, analytical
technigues are usually adequate. Critical areas of each design must be recognized and evaluated for the
worse possible loads. For example, if the tie-down device is a plate with a hole, the critical areas that
should be analyzed are shear stresses on the cross section from the hole to the edge of the plate, bearing
stresses on the hole, and bending stresses on the plate due to the tie-down forces. Weldments or bolts
should be eval uated according to appropriate welding criteriaand bolt pre-load requirements. If thetie-
down system uses complex strapsor isdesigned tofail at aparticular load, amore detailed analysis, such

as finite-element analysis, is warranted.

Thedesign of thelifting or tie-down devicesis usually straight-forward. Approximate methods
using principles of strength of materials and simple beam theory can be used for stress analyses. Given
the approximate nature of the analyses and serious consequences that may occur from the failure of a
lifting device, a conservative design approach is necessary. For good engineering practice, adual load

path or a higher safety factor for heavy packages is recommended.

A tie-down or alifting devicethat would functionin either role, must be analyzed for both cases.
The procedure for lifting devicesisto perform stress analyses to a factor of safety of three and then to
do an actual proof test on each lifting deviceto 1.5 of therated load before that deviceisused for lifting.

The actual proof test, while not required by 10 CFR 71, is good practice.
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Thedrum-type containers(Fig. 2.7), called DT containers, contain no lifting device or tie-down
attachments and no features making them usable as lifting devices or tie-downs. Lifting is done by
normal drum handling methods with fork-truck drum devices or placement of the packages on a pallet,
andtie-down isaccomplished using aseparatetie-down system. Asnoted earlier, Smallwood™*” provides

some guidance for the design of tie-down and lifting devicesfor DT containers.

2.4.5 Testing and Validation Methods

Section 2.5, which addresses structural validation methods, contains detailed information.

2.4.5.1 Containment system

The primary mechanical |oadson the containment boundary are accel eration and vibration loads
that are not attenuated by theimpact limitersand other package components. Mechanical loadsfromthe
package internals and contents are important and should be carefully evaluated. Thermal loads
encountered in all phases of transport and from heat generation of the content constitute a second set
ofloads. The first step in the analysis of the effect of these loads is to characterize the loading paths,
magnitudes, directions, and durations. Thus, to analytically determine the response of the containment

boundary, amodel of the entire package must be considered.

Regulatory Guide 7.6 describes the design criteria for the structural analysis of shipping cask
containment vessels. Regulatory Guide7.8!"! recommends the loading combinations to be used in the
structural analysis of shipping casks. Regulatory Guide 7.11, explains the application of stricter
requirements and higher margins of safety to Type B packages with higher levels of radioactivity. The

ASME codedefinesthe allowabl e stressesfor the containment boundary and should be applied as advised
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Fig. 2.7. Typical drum-type container.
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in Regulatory Guide 7.6, Regulatory Guide 7.8, and Regulatory Guide 7.11 depending on the
radioactive content of the package. M ore advanced finite-element or finite-difference methods may be
used effectively for both structural and thermal analysis. Any stress analysis should include thermal

stresses. Validation methods are discussed in detail in Sect. 2.5.

Testing of prototypesis also used to evaluate the containment design. The testing must be be
carefully performed and planned to assure that worst-case loadings as defined in 10 CFR 71, are
achieved for both mechanical and thermal loads. Again, the validation methods discussed in Sect. 2.5

can be used to evaluate containment design.

2.4.5.2 Impact limiter gthermal insulation

Theprimary mechanical loadsontheimpact limiters/thermal insulation areimpact and vibration
loads due to normal transport and Hypothetical Accident Conditions. Thermal loads encountered in
Hypothetical Accident Conditions and from heat generation of the content constitute a second set of
loads. The first step in the analysis of the effect of these loads is to characterize the loading paths,
magnitudes, directions, and durations. Thus, to analytically determine the response of the impact

limiters/thermal insulation, amodel of the entire package must be considered.

Themethod of analysis used for theimpact limiters/thermal insulation depends on their structural
configurations. Most of the materials commonly used are not amenable to the linear elastic analysis
methods. More advanced finite-element or finite-difference methods may be used effectively for both
structural and thermal analysis. Any analysis must include thermal effects of both normal transport and
hypothetical accident. Thisrequiresthat the structural analyst work very closely with the thermal analyst.

The thermal behavior of materials normally used in impact limiters/thermal insulation in hypothetical
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accidents is usually not well characterized. If the materials in the impact limiter/thermal insulation are
required for shielding or subcriticality, extraprecaution isobviously warranted in the validation. All the

validation methods discussed in Sect. 2.5 of this guide can be used for the package internals.

Testing of prototypesisused extensively to evaluatetheimpact limiter/thermal insulation design.
The testing must be carefully performed and planned to assure that worst-case loadings, as defined in
10 CFR 71, are achieved for both mechanical and thermal loads. The validation methods discussed in

Sect. 2.5 can be used to evaluate containment design.

2.4.5.3 Shielding

Since the containment shielding is usually not designed for structural considerations alone, an
examination is needed of how the structural response of the containment vessel and closures affect the
shielding components. This examination is normally conducted during the analysis of the containment

and package internals.

Additional detailed information ontheanalysisof shielding performanceisin Chap. 5, Radiation

Shielding. Theresultsof any analysisor testing showing apotential degradationinthe performance must

be factored in to all shielding calculations.

2.4.5.4 Packageinternals

The primary mechanical loads on package internal components are accel eration and vibration

loads that are not attenuated by the impact limiters and other package components. Thermal loads

encountered in all phases of transport and from heat generation of the content constitute a second set of
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loads. The first step in the analysis of the effect of these loads is to characterize their magnitudes,
directions, and durations. Thus, to analytically determinethe response of the packageinternals, amodel

of the entire package must be considered.

The method of analysis used for the packaging internals depends on their structural
configurations. For example, many materials commonly used are not amenable to the linear elastic
analysis methods of the ASME Code. More advanced finite-element or finite-difference methods may
be used effectively for both structural and thermal analysis. Any stress analysis should include thermal

stresses. All the validation methods discussed in Sect. 2.5 can be used for the package internals.

Testing of prototypes can be also be used to evaluate the package internal design. The testing
must be carefully performed and planned to assure that worst-case loadings, as defined in 10 CFR 71,
are achieved for both mechanical and thermal loads. Again the validation methods discussed in Sect.

2.5 can be used for the package internals.

Regulatory Guide 7.8 elaborates on the normal and accident tests conditions specified in 10

CFR 71 and recommends the loading combinations for the structural analysis of shipping casks.

2.4.5.5 Tie-down and lifting devices

The primary mechanical loads on lifting and tie-down devices which are astructural part of the
package are defined by the dynamic loading requirementsof 10 CFR 71.45. Thefirst stepintheanaysis
of the effect of these loads is to characterize their magnitudes and directions. Thus, to analytically
determine the loads, a model of the entire package must be considered to determine the center gravity

and other mass properties of the loaded package.
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The method of analysis used for the lifting and tie-down devices depends on their structural
configurations. More advanced finite-element or finite-difference methods may be used effectively for
both structural and thermal analysis, however, the analysis of lifting and tie-down devices is usually
straightforward. Many validation and test methods discussed in Sect. 2.5 can be used for lifting and tie-

down devices.

Testing of prototypes can be also be used to eval uate thelifting and tie-down device design. The
testing must be carefully performed and planned to assurethat worst-caseloadings, asdefinedin 10 CFR

71, are achieved. Validation methods discussed in Sect. 2.5 can be used.

2.4.6 Quality Assurance

Quality assurance for all packaging activities must conform with the requirements of 10 CFR
71, Subpart H. Quality assuranceis applicableto all aspects of the structural design aswell asthe actual
container hardware. This chapter discusses quality assurance for the packaging structural design and

components. Chapter 9, Quality Assurance, isthe major source of information on quality assurance.

Quality assurance begins with the design. The design calculations should be verified
independently. If any computer analytical software is used, it should be baselined against known
problemssimilar to those being solved. Analytical techniques used should be eval uated against test data

on similar problems. Material properties should be verified.

During thetest phase of the design, records of the configuration, before and after testing, should

be maintained. All prototypes should be built using certified materials, dimensions, and fabrication

methods specified in the design documents and used in the calculations.
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All production containers should be fabricated and maintained using certified materials,
dimensions, and fabrication methods similar to those specified in the design documents and used in the

caculations.

A record-keeping system must be established and records of the design, the prototype container,

the certification effort, and the production containers must be maintained.

2.4.7 Structural Design Examples

Many unique drum-type containers have been designed and are in use. In this section, to show
the variety of existing materials, design concepts, and payloads, three different example designs are
reviewed. The structural designer is encouraged to draw from past experience and lessons learned, but
also to be innovative in selection of materials and design concepts for new applications. The three
examplesfeature atypical DT container primarily for shipments of uranium parts/products, acontainer

for shipment of tritium, and a container primarily for shipment of plutonium metals/powders.

2.4.7.1 DT container

A typical DT container is shown in Fig. 2.7. Features of this design are as follows:

° Austenitic stainless steel inner containment boundary

° Bolted cover, two O-rings (EPDM)

° Top-flange container
° Celotex™ for impact limiter and thermal insulation
° Stainless steel outer drum with vent holes covered by plastic tape (inside of drum)
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° Standard locking ring lid design

A lesson learned inthe DT program is that when using large, heavy (> 500 Ib) drumsit is best

to use a bolted lid design.

2.4.7.2 H1616-1 container

The H1616-1 container is shown in Fig. 2.8. This container is used primarily for shipment of

tritium products and has several unique materials and design features.

° Double containment with the HTV a welded containment
° Type 304 stainless steel secondary containment vessel

° Aluminum tubing pellets for packing (cushioning) material around the HTV

° Foam pads top and bottom of containment vessel

° Fire-retardant polyurethane foam for cushioning material in the 16-gal stainless steel drum
o Ceramic fiber material for the thermal barrier

° Locking ring for drum lid

2.4.7.3 SAFEKEG 2863B container

A section of the SAFEKEG 2863B container is shown in Fig. 2.9. This container was designed

tofully meet all current and proposed U.S. and IAEA regulations. Another objectivewasto havealarge

margin of safety to withstand the Hypothetical Accident Conditions.
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Fig. 2.8. H1626-1 shipping container.
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The packaging consists of an outer double skin insulated keg, an insulating cork liner, an outer
containment vessel, and an inner containment vessel. The keg isadouble-skinned, stainless steel body
with the cavity filled with an insulating phenolic resin foam. A flat stainless steel lid bolts to the keg
body. The cork liner is made from areconstituted cork material, and its surface is sealed to enhance its
appearanceand to resist wear and tear. The outer containment isfabricated from stainlesssteel. The seal
between the body and thelid is effected by two O-ring face seals. The O-ring material isafluorocarbon
elastomer. Thelidisheld in position by athreaded retaining ring. Both the retaining ring and thelid are
set into the body of the container, thus reducing the vulnerability of the closure. The vessel operates at
atmospheric pressure. Thedesign, materials, and construction of theinner containment vessel aresimilar

to those of the outer containment vessel.

2.5 VALIDATION METHODS

Structural validation can be accomplished by employing structural analysis techniques or

physical tests. In most cases, it is advantageous to combine testing and analysisto validate the design.

2.5.1 Analysis M ethods

Analysismethods can be grouped into anal ytical techniquesand numerical methods. In general,
analytical techniquesare cal cul ationswith formulas from engineering reference books. Theseformulas
apply to simple structures with well-defined boundary conditions and loadings and are obtained from
the principles of elasticity and strength of materials. When the structures are complex, the boundary
conditions change with the applied loads (e.g., contact surfaces), or the load paths are complicated,

numerical methods should be employed.
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For drum-type packages, the primary load conditions are internal or external pressures on the
containment and impact |oads acting through the outer shell resulting from the regul atory requirements.
Pressure loadings are typically static, uniform loading. The effects on structures are well investigated.
In general, theforce of pressure on astructureisthe product of the pressure and the projected area over
which the pressure acts. Formulasfor stressand straini?” and the ASM E Codée'® provide many analytical
formulas for the stresses and displacements, caused by pressure loading, in plates, shells, and beams.
Impact loads, on the other hand, are dynamic and produce nonlinear effects which are not easily

determined.

2.5.1.1 Analytical techniques

Most structural formulas are derived by considering a portion of aloaded member asabody in
equilibrium under the action of forcesthat include the resulting reactions. The equations of equilibrium

are then used to solve for the reactions and then for the stresses in the loaded member.

Analytical formulas are based on certain assumptions such as the properties of materials, the
regul arity of thegeometry, and approximate boundary conditions. Formulasare derived by mathematical
procedureswhich often involvefurther approximationsand simplification. Consequently, the cal cul ated
values of stress, strength, and deformation cannot be considered to be exact and great numerical

precision cannot be obtained.

Care must be exercised when applying an analytical formulato ensure that all conditions and
limitations of the formulaare observed. Because of the approximate nature of the formulas,” bounding"”
cases should be investigated to ensure that the results are logical and conservative. Analytical methods

are useful for acquiring a general understanding of the stresses and deformations of a structure or
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component, but other techniques such as numerical and experimental methods should be employed for

detailed studies of the structural response of the component to a given loading condition.

2.5.1.2 Numerical methods

Therearetwo established numerical methodswhich are generally denoted asfinite-differenceand finite-
element methods. The finite-difference methods are widely used for field flow problems, such as
electromagnetics, heat-transfer, and fluid flow, and are seldom used for structural validation. On the
other hand, the finite-element methods are used for both structural static and dynamic analysisand are
best suited for complex structures with complicated boundary conditions and loadings. Both of these

methods are approximate approaches to describing the geometry and loading conditions.

Many general purposefinite-element programsare available on the market. Examples of someprograms
areLS-DYNA3D,®LS-NIKE3D,* ADINA,* PRONTO,”® ANSY S and ABAQUS,®. Whatever
program is used by the designer or analyst, it should be benchmarked, verified, and validated to show
that it produces result that can be believed. Most of these programs can be used for various types of
analysisincluding linear, nonlinear, static, or dynamic. Linear analysis assumesthat after al loads are
removed from a structure, the structure returns to its original shape and stress condition, which is
typically stress free. Nonlinear analyses allow for plastic behavior of materials and geometric
nonlinearitiessuch ascontact between componentsand geometric stiffening. Static loadssuch asgravity
and atmospheric pressure are considered to be constant for long periods of time. Dynamicloadsaretime
varying and can occur in avery short period of time, asin the case of impact analysis. Since the most
severe loading package must surviveislikely to be the impact load from the 30-foot free-drop test, its
structural evaluation isone of the most complicated analyses. Details of impact analysisarein Methods

for Impact Analysis of Shipping Containers®”.

Safety Design Guides.ch2/gs/11-7-94 286



For dynamic impact analysis, the finite-element method provides the most accurate technique
available from the computation aspect. Thisprocedure isan extension of the traditional energy method
of analysis; when the sol ution techniqueisbased on explicit formulations, the package response provides
stresses due to wave propagation and deformation introduced due to external loading. The traditional
method for the finite-element analysis is associated with the system response to an initial velocity
uniformly applied to the system. An alternative procedure involves the determination of the system
responseto aprescribed uniform accel eration fiel d that isobtai ned from an experimental program, where

the accel erations may be applied to the boundary of the system or uniformly imposed on the entire model.

The characterization of the material properties of the components of the package must be
properly addressed in order to obtain quality results using the finite-element method. For metallic
components, power law representation of the stress-strain law provides an adequate model. The
parameters needed for input to thismodel are measured experimentally at the appropriate level of strain

rate that is comparable with the strain rates associated with the impact conditions.

Impact limitersthat are made of foam-likematerials, wherethe stress-strain rel ationship isbased
onadeviatoric and volumetric relationship, can bemodeled inasimpleform using astatic uniaxial |oad-
deflection curve for each axis of the material. If the input data are available, a crushable foam model is
used. In the crushable foam model, the pressure-volumetric strain curve and an estimate of a perfect

plastic yield function defined by three constants are required.

Wood components of the package are normally modeled using abi-linear stress-strain relation;

the parameter inputs for this model are measured experimentally for each axis of the material model.
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For both wood and foam-like materials, the material model should be verified anaytically by
using asingle element model subjected to uniaxial compression. Theresults arethen compared with the

appropriate experimentally determined |oad-deflection curve used to obtain the input parameters.

Theinteraction among structural components of the package can be properly addressed by using
the concept of dide surfaces and the effects of friction (both dynamic and static). Finite-element codes

like LS-DYNA3D,® PRONTO,"” and ABAQUS/EXPLICIT® employ these techniques.

The solutions obtained from the finite-element method generally address primary impact for a
generalized orientation of the package onto the unyielding surface; however, solutions can be extended
toincludethe secondary impact for obliquetypeimpact of the container. Resultsfrom thefinite-element
dynamic impact analysis can be utilized to compare with experimentally obtained results in actual

container drop tests.

252 Experimental Methods

Thissection providesguidancefor planning, conducting, and reporting the structural testswhich
are used to demonstrate the safety performance of weapon shipping packages. Federal regulationsin 10
CFR 71 specify tests to be used to demonstrate the safety performance of packages used to transport
radioactive materials. Normal Conditions of Transport and Hypothetical Accident Conditions are
specified, and these conditionsare summarized in Subsect. 2.2.2. Thecritical structural testsarethefree
dropsand the puncture or penetration tests. For thesetestsor drops, the package must strikein aposition
that produces the most damage to the package. After the drops, the package must be able to meet

specific minimum requirements on containment, shielding, and subcriticality.
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To meet the intent of the regulations, sufficient evidence must be collected from a drop test
program to demonstrate several conclusions about the safety performance of the package. First, all
critical drop conditionsthat can produce the worst damage to the package’s containment, shielding, and
subcriticality control systems must be identified. Additionally, the worst possible damage must be
produced in the drop test program. Finally, the package’s ability to meet the regul atory requirementson

containment, shielding, and subcriticality must not be jeopardized by the worst possible damage.

Todemonstrate the package performance by test alonerequiresthat all potentially damaging test
conditions must be executed and the damaged test specimens or models must be eval uated to verify the
damaged package’sability to meet regul atory requirementson containment, shielding, and subcriticality.
Becausethe actual radioactive contentsin apackage are normally not usedinthetesting, direct evidence
cannot be obtained to demonstrate the package’ s capabilities. The high costsof prototype specimensand
drop testing may also prevent al the critical conditionsto betested. Therefore, amost all test programs
have to depend on some indirect evidence to demonstrate a package’s compliance with regulatory
requirements. Indirect evidence is typically from analyses and technical arguments which can vary

greatly with the package and the test program.

Structural tests of shipping packages for the transportation of radioactive materials are not
standardized or routine. Each package must have its own test plan which is appropriate for the package
design, the package behavior under impact, and the approach used to comply with regulatory
requirements. Thetest plan (or test matrix) isthe critical ingredient in a successful and meaningful test

program for a transportation package.
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2.5.2.1 Test planning

Conducting a test is very similar to performing an analysis because both operations employ
models to obtain results and input is fed into the model in order to produce desired output. In the case
of testing, the input is the test conditions and the output is the measurement of the model response. To
achieve aperfect test, techniques must be specified and devel oped to impose the test conditions exactly;
instruments must be devised and calibrated to measure the desired model responses accurately; and
models must be designed and constructed to reproduce the hardware precisely. Such a perfect test can
never be attained because of various economical and engineering limitations. The reliability of test
results is affected by many limitations, approximations and simplifications. These effects must be

identified and evaluated in the test plan as follows:

° Define the precise objectives of the test

° Specify the necessary measurements

° Design the test model; identify all omissions, simplifications, and deviations of the model from

the prototype of the actual package; and show that the effects are insignificant on the basis of

the governing physical phenomena

Transportation package tests can be loosely divided, according to their purposes, into two

groups. These groups are impact tests and acceptance tests and are discussed in the following paragraphs.
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Impact tests

The impact process excites three structural responses: Waves, vibrations and quasi-static
deformations; all three can cause damage to the package. However, the relative significance of their
contributionsto the damage varies with the package design. In packageswithout impact limiters, waves
are the mgjor contributors to damage, while in packages with soft impact limiters, quasi-static
deformations generated by the peak rigid-body accel eration of theimpact are the dominant contributors.

Vibrations can also cause damage by reinforcing quasi-static deformations.

Understanding the dominant causes for damage is essential to the planning of a structural test.
If waves are the dominant causes, damages can occur at locations far from the impact point and near
material and geometry discontinuitieswherewaves arereflected. However, if quasi-static deformations
prevail, the damages are likely to occur near the impact area and weak sections of the package.
Accordingly, the details to be included in the test models for these two cases need to be different.
Furthermore, the location, type, and frequency response of instruments used to monitor the impact

response should also be different.

Other factorsthat can have significant influence on the test plan are failure modes and material
properties. Onetype of failure mode, buckling, isnot only geometry dependent but also highly sensitive
to local stress and boundary conditions. These characteristics of buckling make the use of scale models
and partial models very difficult, especially for packages using fin and honeycomb impact limiters.
Similar to buckling failures, fracture failures also depend on many ill-defined and difficult-to-control
parameters. Fracture failures are not only sensitive to local geometries and stresses but are also
determined by the size of existing cracks and defectsin the hardware. The use of ascale model isalmost

impossiblefor apackage which isexpected to havefailure by fracture. The use of areduced-scale model
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isalso limited for materials with large microstructures like composite and honeycomb materials. Test
results may exhibit size effects when the dimensions of the package model are comparable to the
dimensions of the material microstructures. Finally, scale models are not recommended for leak tests

because the leak rate depends on many parameters which a scale model cannot accurately reproduce.

The test objectives, the package design, and the potential package failure modes provide the
necessary basis for the selection of the critical test conditions. Potential failure modes should be first
identified for all the safety-related components to be tested. The components include the containment
vessal, closure lid, shielding components, impact limiters, and thermal insulations. Drop conditions
which deliver alarge portion of the impact energy to potential failure modesin a short time qualify as
critical test conditions. Usually, these dropsproduce either ahigh rigid body decel eration of the package

or alarge localized damage at the impact area. Potential test orientations and their failure modes are:

° Directimpact on structural weaknesses (thermal insul ations, welds, bolted closurejoints, valves,

and penetrations)

° Simultaneous impact on large surface area (end drops)

° Impact on stiff package surface area (drops on lifting lugs)

° Impact on package areas not protected or underprotected by impact limiters

° Impact with full package weight over the impact area (center of gravity over corner drops)
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° Impact in the most unfavorable direction of the failure mode (side drops for a beam-like mode

of failure and drops in the direction of weak buckling strength)

° Impact producing highly localized damage (puncture drop at aweak surface area surrounded by

strong area)

The impact conditions should be specified with accompanying environmental and operational
conditions. The most unfavorable of these conditions in terms of the containment, shielding, and
subcriticality capabilities of the package should be selected. For example, drop teststo demonstrate the
containment capability should consider the extreme cold temperature because the cold temperature
makes closure boltsmorebrittleand seal slesseffective. Thetestsfor containment should also becarried

out with the maximum internal pressure for the given environmental conditions and contents.

Acceptance tests

The requirement for containment in a shipping package is commonly demonstrated using
equivalent leak tests. Helium is a common medium used for the tests where seal permeability isnot a
problem. Testsare conducted at astandard pressure, and the measured | eak rateisanalytically converted
to therate corresponding to the package internal pressure and contents. Unfortunately, not all analytical
methods for this conversion are well defined or generally accepted. Therefore, it may be desirable to
produce additional evidence of containment in drop tests. One approach isto measure with strain gages
the deformation of the closure bolts during and after a drop test. The lack of permanent deformation
would provide further confidence of containment. Another measurement is the opening of the joint
between the containment vessel and closure lid. This measurement, however, is difficult sincein most

cases the joint would separate very little.
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The requirement for shielding in a shipping package can be demonstrated by placing a
radioactive source in the package and measuring the radiation outside the package. However, it is
usually more convenient to inspect the damage of the shielding components and determine whether or
not the shielding capability of the package has been significantly degraded. Radiography is commonly
used for the inspection and the lack of excessive plastic deformation; fracture of the shielding

componentsis evidence of undamaged shielding capability.

The demonstration of the subcriticality of a shipping package must depend on a criticality
analysis. This analysis defines the conditions for subcriticality in terms of a number of measurable
deformations of the subcriticality-control components of the package. The acceptability of these

deformations can be confirmed by post-test inspections.

The flat target area for drop tests should simulate the unyielding surface required by the
regulations. To meet this requirement, the target should first have sufficient mass and constraint to
prevent appreciable overall rigid-body movement of thetarget caused by the impact. Second, the target
should have sufficient stiffness and support to minimizethe overall target deformation under theimpact
force. The target should also have a hardened surface to minimize the local target deformation
surrounding and under the impact area. Finally, the target should be able to disperse the stress waves
generated by theimpact to minimizethe effects of reflecting wavesand vibrationson theimpact process.
A common design of the flat target is amassive, reinforced concrete block having atotal mass at least
ten times the mass of the package. The impact surface of the block is protected by athick steel armor
plate which is welded or anchored to the steel reinforcements in the concrete. Guidance on designing

targets which are unyielding surfacesis provided in IAEA Safety Series Number 618,
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A flat, unyielding target designed for full-scal e tests shoul d be adequate for reduced-scale model
tests. However, the small massfor the penetration test and the cylinder or puncture bar for the puncture

test should be similarly scaled as the package model for scale model drop tests.

2.5.2.2 Test conduct

M easurements and recordings of the test conditions and model should be made before, during,
and after atest. Before and after thetest, thetest model should be visually inspected, photographed, and
checked with acompl ete dimensional survey. Nondestructiveand destructive examinationsof the model
are conducted if they are needed to substantiate the findings of the test. During the test, high-speed
photographs of the impacting model should be taken to confirm the actual test conditions. Temporal
records of accelerations, displacements, and strains at selective locationsin the test model should also
betaken asneeded. This provides additional evidence of the safety performance of the package, obtains
quantitativeresultsfor the verification of analysis method and model, and obtai ns a precise understanding
of the impact behavior of the package. Details of nondestructive and destructive examination methods
aswell astechniquesto measure accel erations, displacements, and strains are discussed in Impact Test

Qualification of Shipping Casks?,

2.5.2.3 Test procedure, records, and report

Thetest plan should be expanded into adetailed test procedure to ensure that thetests be carried

out exactly as planned. The test procedure should specify the sequence and requirements of the

following operations:

° Pretest measurements and examinations of the test model
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° Setup and calibration of instruments
L Creation of test conditions

° Execution of the test

° Post-test calibration of instruments

° Post-test measurements and examinations of the test model

A useful tool in developing the test plan is atest matrix. This matrix should include al of the
structural tests required by the regulations. For each test, al the parameters which are critical to the
ability of the package to maintain containment, shielding, and criticality should be listed. These
parameters include package configuration, temperature, pressure, geometry, and orientation. The test
matrix is made with all the conceivable combinations of the parameters. Tests, analyses, or appropriate

justifications are then used to fill in the "boxes" of the matrix.

The specified requirements should include the standards or acceptance criteria to be used for
these operations. All deviations from the test procedure must be documented. The instrument settings,
thetest conditions, and the visual observations must also be documented. Photographs and tapes of the

test must preserved for reference and audits.

The test report should provide key information on all the preceding topics. The report should

contain at least the followings:

° Objectives of the test

° Design of the test model and alist of all omissions and deviations from the prototype
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° Expected dominant impact responses

° Rationa e for the test

° Results of pretest measurements and examinations

° Test procedure and setup

° Capability of instruments used and the test data obtained

° Results of posttest measurements and examinations

° Interpretation of the test data and results

° Understanding of the impact response of the test model gained through the study of the test

results

° Conclusions of the test and the supporting evidences and arguments

The test report can be included in the SARP or referenced by the SARP. If it is referenced by

the SARP, al of the information that demonstrates the package compliance with the regulations must

be summarized in the SARP.
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APPENDICES

A STRUCTURAL EVALUATION
B DESIGN CALCULATIONS FOR CONTAINMENT VESSEL
C CALCULATIONS FOR NORMAL VIBRATION DURING TRAILER

SHIPMENT OF THE PACKAGE

D CONTAINMENTAL VESSEL STRUCTURAL ANALYSIS

E PRELOAD CONDITION OF CONTAINMENT VESSEL BOLTING
F FATIGUE LOADING OF CONTAINMENT VESSEL BOLTING

G DESIGN AND ANALY SIS OF CLOSURE BOLTS

NOTE: This appendix isintended to be an example of the type of calculations that
might be completed for the design of aDOE drum-type shipping package and
should not be used as an indication that the requirements are satisfied by these

calculations.

Safety Design Guides.ch2/gs/11-7-94 2-117



THISPAGE INTENTIONALLY LEFT BLANK

Safety Design Guides.ch2/gs/11-7-94 2-118



APPENDIX A

STRUCTURAL EVALUATION

A drum-type shipping package used to transport powered uranium oxide has been chosen to
indicatethetypeof structural calculationsthat may be required for astructural eval uation. This package
is a Type B package. It consists of a 35-gallon stainless steel drum having a removable top, and a
stainless steel inner containment vessel. The space between the inner surface of the drum and the outer
surface of the containment vessel is filled with a fiberboard material that provides positioning of the
containment vessel as well as thermal and impact protection. While the packaging materials provide
some shielding, the package contains no features intended to provide shielding. This package requires

no active cooling system and contains no coolants.

The shipping capacity of the packageisup to 6.5 kg (14.3 pounds) of uranium oxide power. The
content heat load is limited to 5 Watts per package. The package with 13 kilograms of uranium oxide
powder isaFissile Class | package, based on the criticality evaluation. The package containing up to
6.5 kilograms of uranium oxide powder, meetsthe requirements of 10 CFR 71.55 and 10 CFR 71.57 for

aFissile Class| package. No transport index isrequired for criticality safety purposes.

Themainfunctionsof the packaging areto provide containment, thermal protection, and nuclear
criticality safety. The package consists, primarily, of a 35-gallon drum with removabl e top, fiberboard
insulation, and a stainless steel containment vessel. The 35-gallon drum forms the boundary of the
insulation, and the containment vessel during all transport and storage conditions. The package external
dimensions are 35 inches (89 centimeters) in height, and 19-5/8 inches (49.8 centimeters) in diameter
at the drum rolling hoops. The weight of the package without contentsis 98.9 kilograms (218 pounds).

The gross shipping weight of the package, including the contents, is112.2 kilograms (247 pounds). The
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height of the center of gravity of the loaded package is 20 inches (50.8 centimeters) above the base of

the drum.

Drum boundary

The package uses a 35-gallon drum with aremovablelid to provide protection and confinement
of the fiberboard insulation and containment vessel during normal transport and Hypothetical Accident

Conditions.

The 35-gallon drum body and ends are fabricated from 16-gauge, Type 304 stainless steel sheet
in accordance with U.S. Department of Transportation (DOT) Specification 17C."  The body seams
are welded. The drum has two circumferential rolling hoops (chimes) formed into the body. To
construct the package, the drumismaodified from DOT 17C by adding an identification plate, asecurity
seal, and four, 3/8 inches (1 centimeter) diam holes equally spaced around the circumference near the
top of the drum. These holes prevent over pressurization of the drum during use. These vent holes are
seal ed with BP caplugs, or weatherproof tape, to prevent leakage of water into the drum during transport

or storage.

The removable lid is attached to the drum body by a bolted closure ring, or hoop. The closure
ringisfabricated from 12-gauge stainless steel with drop-forged lugs. Theweld betweentheclosurering
and lugs ensures adequate performance during the Hypothetical Accident Conditions. The closurering
lock bolt isa5/8 inch, high strength, steel bolt. The lock bolt is tightened to 50 foot-pounds (nominal
torque) for transport. The bottom end of the drumiswelded to the body, and isnot removable. Theinner

and outer surfaces of the drum are not treated in any way.
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Containment

The containment vessel, together with the inner O-ring, provide the containment boundary of
the package, preventing the release of the contents to the environment. The containment vessel also
prevents moisture from reaching the contents. Some radiation shielding is provided by this vessel,

although thisis not its primary function.

The containment vessel is designed in accordance with the American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code, Section VII1, Division 1.2 It is fabricated from
Type 304 stainless steel, and consists of the body and closure lid. The containment vessel is designed

for an internal pressure of 70 pounds per square inch, gauge at ambient temperature.

The containment vessel body isfabricated from 5 inches, schedul e 40 seaml ess pipe, astandard
weight ellipsoidal pipe cap, and a 150-pound wel d-neck flange. Both the pipe and cap have a0.258 inch
(0.66 centimeter) wall thickness and full penetration butt welds attach the cap and weld-neck flange to
the pipe. The containment vessel closurelid isablind flange with athickness of about 13/16 inches. Al

outer and inner surfaces are bead blasted to a matte finish.

The containment vessel has an inside diameter of 5 inches (12.7 centimeters), an inside length
of 21.25 inches (54 centimeters). The volume is approximately 6.8 liters (415 cubic inches). The
assembled weight of the containment vessel, without contents, is 68.55 pounds (31.2 kilograms). When
filled with amaximum of 13 kilograms of uranium oxide powder, the containment vessel weight isabout

44.2 kilograms (97.2 pounds).
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The containment vessel flanged joint is attached with eight 3/4 inches high strength steel bolts
that are tightened to 30 feet-pounds (nominal torque). Eight 3/4 inches hex nuts are welded to the

underside of the flange to allow bolt tightening from above.

The flat face of the weld-neck flange contains two machined O-ring grooves. Two Buna-N
polymer O-rings (Parker compound N163-70% or equivalent) will be used. O-ring properties are listed

in Parker Seals Technical Report No. KT1726.

Theinner O-ring, together with the containment vessel structureand bolted closurelid, formthe
containment boundary. The O-ring seal design permits assembly verification leak testing of the
containment vessel by measuring the leak rate in the space between the inner and outer O-rings. The
closurelidisprovided with aleak test port for post-load leak testing. During transport, the leak test port

is sealed with acommercial grade high pressure plug and gland nut.

The containment vessel lid contains two counterbored holes, outside the O-ring seal area for
insertion of ball lock pin tools. These tools facilitate handling the lid and vessel during loading and

unloading operations.

Thermal Protection and Heat Dissipation

The external surface temperature of the package is not affected by the contents thermal limit of
5 Watts, nor doesthe heat output result in temperatures that approach the normal operating temperature
limits of any materials used in the package. Therefore, the package does not have design features for
cooling or dissipation of heat. The package is passively cooled. No coolants are utilized within the

package or are there active cooling systems.
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Thedrumisfilled with afiberboard material that surroundsthe containment vessel and insulates
it during the hypothetical fire accident condition. The drum ensuresthat theinsulation material remains
inplaceduring accident and normal transport conditions. Theinsulation material also providesvibration

and impact protection, and centers the containment vessel within the drum.

Theinsulation material isanindustrial cane fiberboard that complieswith ASTM Standards C-
208-72and C-209-84"8. The fiberboard has a density of 15 to 18 pounds per cubic feet. Thereis a
nominal thickness of 5.8 inches (14.7 centimeters) of fiberboard between the containment vessel and
drum wall. Insulation thickness between the containment vessel and the drum ends is about 4.8 inches

(12 centimeters) at the top, and 4 inches (10 centimeters) at the bottom.

Fiberboard assemblies are constructed from disks cut from 1/2 inch sheet stock. Thesedisksare
cemented together to form 2 inches thick disk assemblies. These disks are stacked and joined together

with tie-rod bolts to ssmplify handling.

Nuclear Criticality Safety

Nuclear criticality safety is provided by process control of the fissile material content, and by

geometrical control of the contents. Detailed criticality analysis demonstrate that the package remains

subcritical with a full content load of 13 kilograms of uranium oxide powder. The anaysis aso

demonstrates that the package remains subcritical with water in the containment vessel.
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Shielding

Thepackage doesnot contain material specifically intended to provide shielding. Shieldingfrom
the contents is provided, to some extent, by the packaging materials of construction and the distance
from the uranium oxide powder to the package surface. During the Hypothetical Accident Conditions,
the containment vessel, and insulation, remain confined within the drum; however, for conservatism,

the shielding evaluation considers that the drum and insulation are not present after the accident.

Neutron Reflectors, Absorbers, and M oder ator s

There are no materials in the package that are intended to act as a neutron reflector, absorber,
or moderator for criticality safety purposes. Certain of the materials of construction possess these
characteristics, and are considered in the criticality analysis. The thermal insulation acts as a neutron
reflector to the contents of a single package, and as a neutron moderator in any array of packages. The
stainless steel of the containment vessel and drum acts as neutron reflectors to the contents of asingle
package, and as neutron absorbersin any array of packages. The nuclear properties of the materials of

construction, and of the contents, have been considered in the criticality safety evaluation.

Lifting and Tiedown Devices

No fixture, ports, or devices are provided for lifting the package, and there are no protrusions

on the package that could be used for that purpose. There are no tie-down fixtures or devices on the

package nor are there any other features that could be used for that purpose.
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Lifting of the package is performed using standard industrial drum grapples that grip the drum
circumference. These devices are typically of an ice tong clamp design, but lifting can be performed

using fork lift clamps, slings, or a pallet under the drum.

The containment vessel and itslid arelifted and handled using ball lock pintoolsinserted intwo

counterbored holes in the containment vessel closurelid.

Structural Description

This package consists of a stainless steel 35-gallon drum, fiberboard insulation with sealant,
stainless steel containment vessel, bolts, O-rings, and contents (See Fig. Al). The cavity created in the
fiberboard insulation is 6-1/2 inches inside diameter and about 24 inches inside height. All exposed
surfaces of the fiberboard are painted with aweatherproof coating to reduce moisture absorption from
the atmosphere and to reduce dust. The drum provides the outer boundary, and the containment vessel

and the inner O-ring provide the single containment boundary of this package (Fig. A2).

The containment vessel is fabricated from standard schedule 40 seamless stainless steel pipe,
an ellipsoidal lower head (a5 inch, standard weight pipe cap), and a5 inch, 150 pounds welding neck
flange (Fig. A3). The flange is machined to provide two concentric O-ring grooves in the flat face. A
5inch, 150 pounds blind flange, machined to 13/16 inch thick, is provided asthe vessel lid to complete
the assembly. The blind flange is provided with lift features and a leak-check port between the O-ring
grooves. The two flanges, with the O-ringsin place, are joined together with 8, 3/4-inch, 10 UNC-2A,
2-1/2inchlong, high-strength, steel bolts. There are no penetrations or connectionswith fittingsinto the

sealed containment vessel. To meet the requirements for package certification, the containment vessel
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must remainintact duringall conditionsof transport. Thisintegrity must bedemonstrated by test or other

acceptablemethodol ogy for Normal Conditionsof Transport and for Hypothetical Accident Conditions.

Design Criteria

The outer boundary isastainless steel 35-gallon drum with construction and thickness as noted
on Fig. A4. The containment vessel, defined as the containment boundary, is designed and fabricated
in accordance with Section V111, Division 1 of the ASME Boiler and Pressure Vessel Code. Allowable
stress limits for the containment vessel as specified in the ASME Code, Section VIII, Division 1

(operating range of minus 20 to 200 degrees Fahrenheit) are as follows:

Forging, F304L stainless stedl (flange) 14,300 psi
Forging, F304 stainless steel (lid) 16,600 psi
Bolts and nuts, Grade B8C 17,900 psi
Fitting, WP304L stainless steel (bottom head) 13,300 psi

The calculated stresses (Appendix B) in all components of the containment vessel are below the
allowable limits at the design conditions. Comparison of a number of calculated stresses to allowable

stresses are tabulated in Table A1.

Comparison of allowable external and internal pressures to design pressures as well as the
required wall thicknessto the actual thicknessarealso givenin Appendix B. All allowablepressuresand
all actual wall thicknessare well abovethe 10 CFR 71 design requirement of 21 pounds per squareinch

external pressure and the defined design requirements of 70 pounds per square inch internal pressure.
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Table Al. Stress comparison

Design Calculated Allowable

Item Condition Stress (psi) Stress (psi)
Longitudinal hub stress 71 psig internal 11,176 14,300
Radial flange stress 71 psig internal 13,031 14,300
Tangential flange stress » 71 psig internal 4,671 14,300
Longitudinal compressive stress 21 psig external 119 13,000
Stress in cylinder wall 71 psig internal 836 14,300
Stress in lower head 71 psig internal 800 13,300

Bolt stress 71 psig internal

and 30 ft-1b torque 8,504 17,900
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The stresses used in the design of all metal components are in the elastic range of the material
properties. Brittle or fatigue failuresare not anticipated under any design, transport, accident, or storage

condition. Specific design information for packaging is given in subsequent paragraphs.

Drum

The drum is stainless steel with aring clamp closure, manufactured as shown on Fig. A4. Four
3/8inch equally spaced holesaredrilled inthetop sidewall to prevent pressure buildup inthedrum. The
holesare sealed from theinsidewith plastic plugs (BPF 3/8 inch Caplugs?) to provide amoisture barrier
for Normal Conditions of Transport. The drum body and heads are fabricated from 16-gauge stainless
steel. A rolled 12 gauge stainless steel closure ring with drop forged lugs provides closure. The drum
lid closurering is secured with a5/8 inch high-strength steel bolt tightened to 50 feet-pounds (nominal

torque).

I nsulation

Thedrumislined with fiberboard insulation that complieswith ASTM C-208 and has adensity
of 15 to 18 pounds per square feet. The insulation has a nominal thickness of 5-13/16 inch on the
sidewall of thedrum, 4 1/4 inch on the bottom of the drum, and 4-15/16 inch on the top of the drum. All
exposed surfaces of the insulation are coated with a weatherproofing compound to reduce moisture
absorption from the atmosphere and to reduce dust. The insulation has a normal operating temperature
limit of 250 degrees Fahrenheit degrades above 280 degrees Fahrenheit, and ignites at 425 degrees

Fahrenheit in air.1®
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Containment Vessal

Thecontainment vessel isdesigned and constructedin accordancewiththe ASME Boiler and
Pressure Vessel Code, Section VI, Division 1. Title 10 CFR 71.73(c) requiresthat the containment
system beimmersed in water with to an external water pressure equivalent to at least a 50-foot head
of water, which equates to an external pressure of 21 pounds per square inch gauge. The design
analysis (Appendix B) shows that the containment vessel is conservatively rated for the external
pressure requirement aswell asapressuredifferential of 70 poundsper squareinch, accordancewith

the ASME Code.

The containment vessel is sealed at the flanges with concentric elastomer O-rings. An
evacuation port is located between the O-rings to facilitate post-load leak testing. A package
assembly verification air leak rate of 10° atmosphere-cubic centimeter per second must be
demonstrated before the packageisreleased for transport. Thisassureseffective O-ring sealing. The
evacuation port located in the top flange is sealed after the leak test with a pressure plug and gland

nut.

WEIGHTSAND CENTERS OF GRAVITY

Theweightsof the packaging componentsfor thetest unit for shipment aregiven as264 pounds. The

center of gravity for the shipping package is shown in Fig. A5.
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Fig. A5. Shipping package center of gravity.
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MECHANICAL PROPERTIESOF MATERIALS

The mechanical properties of the packaging are presented in Tables A2-A6. Design
temperatureranges arelisted where required to establish allowabl e stresses used i n the contai nment

vessel design calculations (Appendix B).

GENERAL STANDARDSFOR ALL PACKAGES

Thissection demonstrates compliancewith 10 CFR 71.43, General Standardsfor All Packages.

Minimum Package Size

Requirement. The smallest overall dimension of a package shall not be less than 4 inches.

Analysis. Thedruminside diameter is18-1/4 inch and theinside height isabout 35 inches.
The containment vessel minimum outside diameter is about 5-1/2 inches, and the overall height is

about 22-1/3 inches. Therefore, the package meets this requirement.

Tamper proof Feature

Requirement. Theoutsideof the package shall incorporate aseal that cannot bereadily broken

and that, whileintact, provides evidencethat the package has not been opened by unauthorized persons.

Analysis. Theremovable head of the drum is attached to the body by a closure ring and high-

strength alloy bolt with lock nut. Two 3/16 inch-diameter holes are drilled through the closurering lugs
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Table A2. Mechanical properties of drum *

Materials of construction :
Drum : 304 Stainless steel, SA-240

Closure ring 304 Stainless steel, SA-167

Closure lugs 304F Stainless steel, SA-182

Closure bolts 304 Stainless steel, SA-194
Ultimate strength (psi) 85,000
Yield strength (psi), 0.2% offset 35,000
Elongation in 2 in. (%) 50
Modulus of elasticity (psi) 28.0 x 10°
Minimum thickness (gauge)

Body 16

Heads 16

Closure ring 12
Service temperature range (°F) -40 to 1475

* Pages. 17 and 20.17
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Table A3. Mechanical properties of insulation *®

Material Industrial cane fiberboard
Tensile strength (psi)

Parallel to surface 7200

Perpendicular to surface 40,000

Compression 500
Linear expansion, 50-90% RH average maximum (%) 0.5
Modulus of rupture, average (%) 40
Modulus of elasticity
Water absorption by volume maximum (%) 10
Normal operating temperature (°F) 250
Degradation temperature (°F) 285
Ignition temperature in air (°F) 425
Density (Ib/ft%) (as delivered) 15t0 18
Modulus of elasticity (psi): compression; tension 500;40,000

* ASTM C-208.1
* DP-1292.19
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Table Ad. Mechanical properties of containment vessel *°

Materials of construction Type 304L stainless steel; SA 312 pipe,
SA 184 flange, and SA 403 pipe cap
Design temperature range (°F) : -20 to 200
Ultimate strength, minimum (psi) 85,000
Yield strength (psi), 0.2% offset 30,000
Elongation in 2 in. (%) 50
. Modulus of elasticity (psi) 28.0 x 10°
Allowable stresses (psi)
Seamless pipe 14,300
Flange 14,300
Lid 16,600
Lower head 13,300
Coefficient of thermal expansion (in./in./°F) 0.0000098
Service Temperature Range (°F) -40 to 1475
2 ASME Code.?

® Pages 17 and 20.["
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Table A5. Mechanical properties of O-rings *

Material composition : Buna-N or Nitrile
Normal service temperature range (°F) -45 to 250
Permissible exposure time at 400 °F (min) 45
Hardness Durometer (Shore A) 70 +5
Elongation, minimum (%) 100
Fabrication method Molded
Coefficient of thermal expansion (in./in/°F) 0.000062
Vendor seal compound number (Parker) . N163-70

2 Parker O-ring Handbook.™
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Table A6. Mechanical properties of bolts for the containment vessel abe

Material High-strength stainless steel

ASTM A193 (Bolts), ASTM A194 (nuts)
Grade ' B8C (bolts), 8C (nuts), Class 1
Composition Type 347
Service, temperature range (°F) -40 to 1475
Ultimate strength, minimum (psi) 75,000
Yield strength, minimum (psi), 0.2% offset 30,000
Allowable stress (psi) : 17,900
Elongation in 2 in. (%) 30
Modulus of elasticity (psi) 30 x 10°
Heat treatment conditions Quenched and tempered
Coefficient of thermal expansion (in./in./°F) 0.000007

2 ASTM A193.1®
® ASTM A194.
° Page 5-5.
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for use with wire-type security seals. The security seal consists of a steel wire with a copper crimp

closure. The requirement is satisfied by the installation of the seal with each use.

Asan additional tamperproof feature, the containment vessel bolt heads have 1/8 inch holesfor
wire seals. The security wire is threaded between the bolts and insures that the bolts are not loosened

by unauthorized persons.

Positive Closure

Requirement. Each package must include a containment system that can be securely closed

by a positive fastening device that cannot be opened unintentionally.

Analysis. The closure system of the drum with tamperproof features, provides assurance that
theouter boundary will not be unintentionally breached. The containment boundary isseal ed using eight
3/4-inch boltswith nutswelded to the flange to ensure that thisboundary will be breached only through

adeliberate effort, and then only after the outer boundary is breached.

Chemical and Galvanic Reactions

Requirement. A package must be of materials and construction that assure there will be no

significant chemical, galvanic, or other reaction among the packaging components or between the

packaging components and the package contents, including possi bl e reaction resulting from leakage of

water into the containment vessel to the maximum credible extent.
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Analysis. Starting with the outer component, the packaging consists of the drum (Type 304
stainless steel), insulation (cane fiberboard), containment vessel (Type 304 stainless stedl), bolts

(stainless stedl), plastic bag (polyethylene), and the contents (polyethylene or polypropylene bottles).

All metal components of the packaging are stainless steel; thus, coupling by galvanic reaction
is not expected to occur. The assembled components are protected from the weather and inspected at
the time of packaging; therefore, the package will not contain any free water at thetimeit isloaded for
transport. The only moisture present will betherelative humidity or moisture absorbed by theinsulation
(10 weight percent maximum). Therefore, during Normal Conditions of Transport, there will be no

significant moisture present to cause corrosion or rusting problems.

During immersion under Hypothetical Accident Conditions, water can enter the holes at thetop
of the drum, be absorbed into the insulation, and fill all void spaces within the drum. The insulating
value of the insulation material would be lost and the fiber and organic glue composite could become
mushy over an extended period of time, but these are not the prime considerations under these
conditions. The most important consideration isthat the containment vessel remain intact and leaktight,

as demonstrated by the analysis and testing.

Sincethe containment vessel will remainintact evenif thedrumisfilled with water, the package

is acceptable to the maximum credible extent from the standpoint of chemical, galvanic, or other

reactions.
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LIFTING AND TIE-DOWN STANDARDSFOR ALL PACKAGES

This subsection addresses the requirements of 10 CFR 71.45, Lifting and Tie-Down Standards

for All Packages.

Lifting Devices

The package as delivered for transport has no lifting devices. Thetoolsto be used for lifting the

containment vessel lid during loading and unloading operations are not considered a component of the

package structure. Therefore, the lifting-device requirements of 10 CFR 71.45 are not germane.

Tie-Down Devices

The package as delivered for transport has no tie-down devices. Therefore, the tie-down

requirements of 10 CFR 71.45 are not applicable. During transport, the package is either blocked or

braced in amanner conventional for drums or isrestrained within a cargo-restraint transporter.

NORMAL CONDITIONS OF TRANSPORT

Thissubsection demonstratescompliancewith 10 CFR 71.71, Normal Conditionsof Transport.

It isshown that this package will experience no lossin shielding effectiveness or spacing and no release

of radioactive content or leakage of water into the containment vessel during exposure to the Normal

Conditions of Transport.
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Asspecifiedin 10 CFR 71.71(b) thetestsfor Normal Conditionsof Transport shall be conducted
at the most unfavorable ambient temperature within the range of minus 20 to 100 degrees Fahrenheit.
The drum and the containment vessel are fabricated from Type 304 stainless steel; whichisparticularly
suitablefor low-temperature service. Thelzod strength of amaterial measuresit’sability to resist brittle
fracture. The 1zod impact strength for Type 304 stainless steel remains constant over a large range
specifically minus 320 to 70 degrees Fahrenheit.[*¥ Tests on this package were performed at 70 to 90
degrees Fahrenheit ambient temperature. At these temperatures, the strength properties of the 304
stainlesssteel will remain constant and thetestswill provide essentially the sameresultsastestsat minus

20 degrees Fahrenheit.

Asspecifiedin 10 CFR 71.71(c) the package servicetemperature must be between minus40 and
100 degrees Fahrenheit. Solar insolation at 100 degrees Fahrenheit must al so be considered. With solar
insolation, the maximum temperature of the containment vessel approaches 200 degrees Fahrenheit.
Thermal cycling of apackage over the temperature range of minus minus 40 to 200 degrees Fahrenheit
isconsidered arare event, multiplethermal cycling of the same packageis considered incredible. Thus,

inno casewill thefatigue endurancelimit for Type 304 stainless steel be exceeded from thermal cycling.

Heat

Requirement. Exposure to an ambient temperature of 100 degrees Fahrenheit in still air and

insolation as stated in 10 CFR 71.71.

Analysis. Anincrease in ambient temperature to 100 degrees Fahrenheit will have no effect

on the ability of the containment vessel to provide containment.
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Carbon steel confinement boundaries(drums) of similar construction have been qualifiedfor this
condition by test.™¥ Thisdrum is stainless steel, but service characteristics are essentially the same as

carbon steel at this temperature.

The service temperature range of the O-ringsis from minus 40 to 250 degrees Fahrenheit. The
vendor certified continuous service life at 250 degrees Fahrenheit or lessis at least 1000 hours? If the
package is exposed to solar radiation at 100 degrees Fahrenheit till air, the O-ring temperature will be
less than 200 degrees Fahrenheit. This temperature represents a conservative upper value for the

packaging under normal conditions.

Summary of Pressures and Temperatures

Anambient temperature of 70 degrees Fahrenheit isassumed for the packaging at assembly. Since
there are four ventilation holes near the top of the drum, the drum will not become pressurized as
thetemperatureincreases. Thecontainment vessel isseal ed; thus, theinternal pressurewill change

with temperature. Maximum cal culated pressures at various temperatures are tabulated below:

External temperature Internal pressure
(°F) (psia)
-40 11.65
70 14.7
100 155
150 16.9
200 18.31
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Differential Thermal Expansion

Differential thermal expansion during Normal Conditions of Transport isinsignificant.

Stress Calculations

Stress levelsimposed on the package during Normal Conditions of Transport are insignificant
as demonstrated in Appendix B. Fatigue failure of the containment vessel could only come about by
stress level s exceeding the endurance limits. During normal conditions, stresses are only imposed by
changesininternal pressure of the containment vessel asthetemperature variesover the operating range

of -40 to 200 degrees Fahrenheit.

Thehoop stressinthewall of the containment vessel over the operating temperaturerangevaries

from compression to tension as shown below:

pressure (@ -40°F) = 11.65 psia-3.05 psig

pressure (@ 200°F) = 18.31 psia= 3.61 psig

hoop stress= PD,
2t
where:
P = pressure (psig),
d=5.047in.,
t=0.258in,

hoop stress @ -40°F= (-3.05)(5.047) = -30 psi, (compression)
2(0.258)
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hoop stress @ 200°F=_(3.61)(5.047) = 35 psi. (tension)
2(0.258)
Thevariationin hoop stressinthewall of the containment vessel over the operating temperature
range will occur slowly over time as temperature changes are not expected to be rapid during Normal
Conditions of Transport. Since the magnitude and rate of change of the hoop stress are small during

Normal Conditions of Transport, no compromise of the package integrity is expected.

Comparison with Allowable Stresses

The fatigue or endurance limits for austenitic stainless steel are normally assumed to be about
1/2 the ultimatetensilestrength (page 5-101%). For Type 304 stainlesssteel, one-half the ultimatetensile
strength is 42,500 pounds per square inch. The tensile and compressive hoop stresses of the magnitude
shown above are insignificant when compared with the endurance limit of 42,500 pounds per square

inch.

Asnoted in the previous subsection, the hoop stresses during Normal Conditions of Transport
are insignificant. Even at the maximum test temperature and internal pressure, the stresses in the
containment vessel were insignificant when compared with the allowable wall stress of 14,300 pounds
per square inch.

Cold

Requirement. An ambient temperature of minus 40 degrees Fahrenheit in still air and shade,

asrequired by 10 CFR 71.71(c)(2).
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Analysis. The drum and containment vessel are fabricated from Type 304 stainless stedl.
Carbon steel drums of similar construction have been qualified for a low temperature of minus 40
degrees Fahrenheit!* However, asdiscussed earlier, stainlesssteel ismore suitablefor low-temperature
service than carbon steel, particularly regarding impact strength. Stainless steel does not show a
transition from ductileto brittlefailure. Section V111 of the ASME Code,'? Part UHA-51 exemptsimpact
testing of Type 304 stainlesssteel for applicationsabove minus425 degrees Fahrenheit. Thelzod impact
strength for Type 304 stainless steel remains constant at 110 feet-pounds from minus 320 to 70 degrees
Fahrenheit (page 66!'%). The tensile strength i ncreases from about 85,000 to 246,000 pounds per square
inch between 70 and minus 320 degrees Fahrenheit, and the yield strength increases about 10 percent
over the same range. Therefore, the stainless steel drum is more acceptable than similar carbon steel

drums which have been qualified for minus 40 degrees Fahrenheit.

Thethermal insulation isan industrial cane fiberboard made from sugar cane fibers. The fibers
are interfelted and bonded in random fashion to provide the specified thickness. The board is about 97
percent cellulose and contains a maximum of 10 weight percent moisture. The only moisture available
for freezing at minus 40 degrees Fahrenheit would be moisture that collected in the package during
assembly. Sincetherewill be no freewater present for freezing and sincetheinsulation isabonded mass
of random fibers, the properties of the insulation will not change appreciably at low temperatures. The
fibers may become less flexible when subjected to the cold temperature, but this will not affect the

ability of the insulation to position the containment vessel and absorb impacts.

The boltswill be manufactured from an alloyed steel for low-temperature service as specified

by ASME A193.18
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The specified O-rings have a service temperature range of minus 45 to 250 degrees Fahrenheit

per the Parker O-ring Handbook.?®

Appendix E provides calculations to demonstrate that the O-rings do not unseat due to

differential thermal expansion at minus 40 degrees Fahrenheit.

As demonstrated by the information presented above and in Appendix E, the packaging is

acceptable for Normal Conditions of Transport at minus 40 degrees Fahrenheit.

Reduced External Pressure

Requirement. An external pressure of 3.5 pounds per square inch, absolute, as required by

10 CER 71.71(c)(3).

Analysis. Reducing the external pressure from ambient pressure to 3.5 will have no effect on
the drum because the plugs sealing the ventilation holes will fail, allowing the internal pressure of the
drum to equalize. At thisreduced pressure, the differential pressure acrossthe wall of the containment
vessel would be 11.2 pounds per square inch. The containment vessel is designed and fabricated in
accordance with Section V111 of the ASME Boiler and Pressure Vessel Code for apressure differential
of 70 pounds per sguare inch (Appendix B). Therefore, the packaging is acceptable for Normal

Conditions of Transport at an external pressure of 3.5 pounds per square inch, absolute.
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Increased External Pressure

Requirement. An externa pressure of 20 pounds per square inch, absolute is required by

10 CFR 71.71(c)(4).

Analysis. Increasingtheexternal pressurefrom ambient pressureto 20 pounds per squareinch,
absolute would have no effect on the drum because the plugs covering the ventilation holeswould fail,
allowingtheinternal pressureof thedrum to equalize. The containment vessel isdesigned and fabricated
in accordance with Section V111 of the ASME Boiler and Pressure Vessel Codefor an external pressure
of 85.7 pounds per sguare inch, absolute at 70 degrees Fahrenheit (Appendix B). Therefore, the
packaging is acceptable for Normal Conditions of Transport at an external pressure of 20 pounds per

squar einch, absolute.

Vibration

Requirement. Vibration normally incident to transportation, asrequired by 10 CFR 71.71(c)(5).

Analysis. Ananalysishasbeen completed for normal vibration while being subjected to transport
loads in a Department of Energy safe-secure trailer or any other transport (Appendix C). The analysis
shows that a maximum acceleration level of 1.2 g is expected during shipment. Since this level is only
dightly higher than normal gravity, it is not considered detrimental to the packaging. Conventional
shipping over roadways has shown that transportable goods withstand these types of vibratory loadings

without adverse effects, even is situations of much less packaging integrity than this package.
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Procedureswill be followed to assure that the packaging is assembled as specified. The drum,
lid, and lock ring are refurbished as required before each use. The lock ring bolt istightened to 50 feet-
pounds (nominal torque) and secured with alock nut. The 3/4-inch containment vessel head bolts are

tightened to 30 feet-pounds (nominal torque).

Calculations are provided in Appendix F to demonstrate that the endurance limit of the bolts of

the containment vessel far exceeds the maximum stress during transport.

The package is acceptable for vibration normally incident to transport in a safe-secure trailer.

Water Spray

Requirement. A water spray that simulates exposureto rainfall of approximately 2 inches/hour

for at least 1 hour, as required by 10 CFR 71.71(c)(6).

Analysis. The neoprene gasket on thelid of the drum and the four ventilation hole plugs should
maintain awater tight perimeter. Even if prolonged exposureto rain did result in water penetrating the
drum, the containment vessel would remain intact and leak tight; thus, the package is acceptablefor use

under the water spray conditions of the Normal Conditions of Transport.

Free Drop

Requirement. A freedrop of 4 foot onto aflat, essentialy unyielding, horizontal surfacein a

position for which maximum damageis expected, asrequired by 10 CFR 71.7 1(c)(7). For Fissile Class

Il packages, thistest shall be preceded by afree drop from aheight of 1 foot onto each quarter of each
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rim. These tests shall be made between 1 1/2 and 2 1/2 hours after the conclusion of the water spray

test.

Analysis. Drop tests must be conducted on a prototype package with ssmulated contents and a
greater weight than the proposed actual contents. Minimal damage must be seen following these tests
and no breaksin the outer surface of the drum. On thisbasis, the package meets the requirements of 10

CFR 71.71(c)(7).

Corner Drop

Requirement. For wood and fiberboard packages, 10 CFR 71.71(c)(8) requiresafree drop onto
each corner of the package in succession, or in the case of acylindrical package, onto each quarter of
each rim, from aheight of 1 foot onto aflat, essentially unyielding, horizontal surface. Preceding the 4-
foot free drop, a drop onto each quarter of each rim from a height of 1 foot onto a flat, essentially

unyielding, horizontal surface.

Analysis. Thistest is not applicable because the confinement boundary isametal drum. This

test applies only to wood and fiberboard packages.

Compression

Requirement. A compression load of five times the package gross weight or the equivalent of

1.85 pounds per square inch multiplied by the vertically projected area of the package, whichever is

greater. Thisload shall be uniformly applied to the top and bottom surfaces of the package. The load

must be applied for 24 hours, as required by 10 CFR 71.71(c)(9).
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Analysis. Thistest must be conducted on a prototype package. The minimum requirement for
this package is about 1250 pounds. On the successful completion of this test, the package meets the

requirements of 10 CFR 71.71(c)(9).

Penetration

Requirement. Impact of the hemispherical end of a vertical steel cylinder of 1 1/4 inches
diameter and 13-pounds mass dropped from aheight of 40 inches onto the exposed package surface that

is expected to be most vulnerable to puncture, as required by 10 CFR 71.71(c)(10).

Analysis. Thistest must be performed on a prototype package. On the successful compl etion of

this test, the package meets the requirements of 10 CFR 71 (c)(10).

HYPOTHETICAL ACCIDENT CONDITIONS

Thissubsection demonstratescompliancewith 10 CFR 71.73, Hypothetical Accident Conditions.
It shows that the package will experience no loss in shielding effectiveness or spacing and no release
of radioactive content or leakage of water into the containment vessel during Hypothetical Accident

Conditions.

Title 10 CFR 71.51 requires that the shipping package satisfy the standards under Hypothetical
Accident Conditions specified in 10 CFR 71.73. For the tests specified in 10 CFR 71.73, three test
packages are to be subjected to the three different tests: free drop, puncture, and thermal. In addition,

another undamaged package undergoes the general immersion test required by 10 CFR 71.73(c)(5).

Safety Design Guides.ch2/gs/11-7-94 2-153



Title 10 CFR 71.73(b) requires that the Hypothetical Accident Conditions tests, except for the
water immersion tests, be conducted at the most unfavorable ambient temperature within the range of
minus 20 to 100 degrees Fahrenheit. Thisrequirement was previously discussed for Normal Conditions
of Transport in which it was concluded that the tests performed at 70 to 90 degrees Fahrenheit ambient
temperatures should provide essentially the same results as those made at any ambient temperature

between minus 20 and 100 degrees Fahrenheit.

Free Drop

A free drop of 30 foot onto a flat, unyielding, horizontal surface, striking the surface in a

position for which maximum damage is expected, as required by 10 CFR 71.73(c)(l).

Analysis

A hypothetical free drop wasanayzed. The analysissimulated afully-loaded shipping package,
weighing approximately 260 pounds and dropped onto it’s corner from a height of 30 foot onto an

unyielding surface. The package was aligned so that the center of gravity was over the impact point.

In the simulation, at the moment immediately before impact, all the potential energy of the
package was converted to kinetic energy. The maximum relative vel ocity between the package and the
impact surface was 527.4 inches per second. This relative velocity was broken into two orthogonal
components, one velocity component parallel to the longitudinal axis of the package, and the other
vel ocity component perpendicular tothelongitudinal axis. Thelid of the packagewas pointed downward

so that the bolts holding the lid to the containment vessel were loaded in tension. This geometry is
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considered asthe most conservativeimpact case and woul d result in maximum |oads on the contai nment

vessel. Therefore only this one impact case was analyzed.

The outer drum of the package is made of stainless steel sheet (16 gauge). During impact, the
drumwill permanently deform but very little energy will be dissipated through this plastic deformation
of the drum. Therefore, the drum is conservatively assumed to remain elastic during impact. The
fiberboard and the containment vessel are allowed to deform beyond the elastic limits. However, the
calculated stresses in the fiberboard and containment vessel are well below the elastic limit. This

analysisisthus conservatively simplified to linear dynamic impact analysis.

A finite-element analysis was performed. Since the package is symmetrical about the

longitudinal axis, only half of the package was model ed.

The solution to the dynamic impact analysisinvolved equating the kinetic energy of the moving
object to strain energy of the object undergoing stress deformation. Since the ground surface is an
unyielding surface, it is assumed that all the strain energy went into the package. During impact,
multiple shock strain waveswere generated and propagated within the object. All the strain waveswere
dissipated when permanent deformation took place. The energy dissipated in the form of permanent
deformation isequivalent to thetotal kinetic energy beforeimpact and can be found by astatic analysis.
However, themaximum transi ent dynamic stressesinduced by the propagati ng shock wave may be many
times greater than the stress found by simple static analysis. Therefore, acomputer program that could
account for the dynamic state of the stress was used. The finite-element program ADINA (Automatic
Dynamic Incremental Nonlinear Analysis)!™@ was used to perform this analysis. The program ADINA
is a main frame program which is licensed and maintained by the code developer. The outer drum,

fiberboard, containment vessel and aluminum plate as modeled are shown in Appendix D.
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Themaximum stressof thevessel duringimpact was determined to be 400 poundsper inch. This
iswell within the allowabl e stresslimits, which are 14,300 pounds per inch for the top flange area. The
maximum acceleration of the drum immediately before impact was determined to be 461 g’s. The
maximum accel eration of the containment vessel was determined to be 270 g’s. A discussion of the

analysis and the results are presented in Appendix D.

Prototype Testing

Three shipping packages containing a mock-up of the maximum weight content shall be drop

tested from 30 foot in accordance with 10 CFR 71.73(c)(l).

Thefirst test package weighing about 264 poundsisto betilted at about 29 degreesfrom vertical
and dropped with the lid down onto the juncture of the lock ring and the drum sidewall seam. Theline
of impact isto bethrough the approximate center of gravity, thus providing the maximum corner impact
load. One concern for thisimpact orientation is that the drum and insulation would compress near the
top corner of the containment vessel resulting in lessinsulation of the O-ring seal areaduring afire. A
second concern isthat the drum lid might be partially separated from the drum body, directly exposing
the insulation; then, in subsequent thermal tests, the Buna-N O-rings between the flanges of the
containment vessel could be damaged. The use of thisdrop position was also based on actual testing of
prototype carbon steel containers with locking rings for transport of Type B packages,'® in which 20
Type B prototype containers were tested. The carbon steel drum sizes varied from 30 to 140 gallons,

with aweight range of 130 to 880 pounds.
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The test plan for the second test package, weighing about 264 pounds, is to be a straight drop
onto the bottom of the drum. An end drop, either top or bottom, could result in the highest overall

deceleration and the most abrupt shock.

Thethirdtest packageisto be dropped from 30 feet onto itsside. The side drop orientation could
be less severe than either atop or bottom-end drop since the side drop presents alarger area at impact,

thus distributing the available kinetic energy.

Summary of Results

The weights of the test packages were about 264 pounds. The tests shall be conducted at the
maximum package content weight to determine the maximum potential damage. Since the velocity of
apackage at impact isindependent of the package, theratio of kinetic energiesisdirectly proportional

to the weight.

Thetest configurationisapplicabletotheactual configurationfor several reasons. Theload path
of the test mass is equivalent to the actual mass since they are both very similar in configuration and
consistency. Applicability is further substantiated by the fact that the kinetic energy in an actual

configuration will be less than the test configuration giving conservatism to the test configuration.

The containment vessel must not be damaged in any of the drop tests. The deformation of the
drum in the three tests must not decrease the effective center-to-center spacing required for criticality
safety purposes. Themodel used for thecriticality analyses shall be shown to be adequatefor the damage
incurred during package testing, and shows the shipping package is safe during Hypothetical Accident

Conditions. No brittle fracturing should be expected or observed.
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Puncture

A free drop of 40 inches, from a position to obtain maximum damage, onto the upper end of a

solid, vertical, cylindrical, 6 inch-diameter, mild steel bar mounted on an unyielding horizontal surface,

as required by 10 CFR 71.73(c)(2). The bar must be a minimum of 8 inches long with the top end

rounded to 1/4 inch maximum radius.

Analysis

The three test units previously dropped from 30 feet are to be dropped from 40 inches in

accordancewith 10 CFR 71.73(c)(2). They areto be dropped in three different orientations as described

in the test plan.

Prototype Testing

The three puncture tests described above are to be completed after the 30 foot drop tests using

the same three test units.

Summary of Results

The results of the prototype tests as described above are to be summarized.
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Thermal

Exposure of the whole specimen for not less than 30 minutesto a heat flux not less than that of
aradiation environment of 1475 degrees Fahrenheit, with an emissivity coefficient of 0.9 minimum and

no artificial cooling, asrequired by 10 CFR 71.73(c)(3).

Analysis

A computer analysis of the package subjected to hypothetical accident fire conditionsisto be

conducted. The analytical model isto be discussed in the thermal chapter (Chap. 3).

Prototype Testing

A full-scalethermal test isto be conducted on one package containing a 20 kilograms mock-up.
The test is to be performed following the free-drop and puncture tests in accordance with 10 CFR
71.73(c)(3). Thetest package to be used for the thermal test is that which experienced the most damage
during the drop and puncture tests. Prior to the thermal test, the test package is preheated to simulate a
5 Watts content heat load and a 100 degrees Fahrenheit ambient temperature. The test packageisto be
placed, upright, inajet fuel pool firefor 30 minutes. Thetest unitisto beinstrumented with temperature

indicators placed on the surfaces of the containment vessel.

Summary of Results

A maximum temperatureisto berecorded. A |eak test of the containment vessel after cool down

from the thermal test is aso to be completed. The containment vessel surfaces, flange faces, O-rings,
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and sealing surfaces are to be shown by the air leak test as not damaged. If the package is completely
intact following the 30 minute exposure to the pool fire, the requirements of 10 CFR 71.73(c)(3) have

been met.

The O-rings have a service temperature range of minus 45 to 250 degrees Fahrenheit in
accordance with Parker.”® The manufacturer conservatively based O-ring temperature ratings on 1000
hoursof continuouslifeat an operatingtemperature of 250 degreesFahrenheit. Themanufacturer further
states (Fig. A3-6™) that the O-rings can operate at atemperature as high as 350 degrees Fahrenheit for

about 5 hours. No damage would be expected to the O-rings from the tests.

Summary of Pressuresand Temperatures

An ambient temperature of 70 degrees Fahrenheit is assumed for the packaging at assembly.
Since there are four ventilation holes near the top of the drum, the drum will not be pressurized as the
temperature increases. The containment vessel is sealed and the internal pressure will increase with

temperature. The calculated pressures at the maximum test temperatures are tabulated below:

External temperature Internal pressure
(°F) (psia)
70 14.7
150 16.9
200 18.3
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Differential Thermal Expansion

Thecontainment vessel isconstructed of Type 304 stainlesssteel. Theinsulationto containment
vessel minimum gapis0.375inchradially; therefore, noradial interferenceisexpected fromthethermal
growth. Interferencesin the vertical directions are minimal since there is adequate clearance between

the containment vessel and the insulation.

Assuming the pretest temperature of the containment vessel was 70 degrees Fahrenheit and
observing the temperature that the entire containment vessel flange reached during the thermal test, the

linear expansion of the flange thickness should have been about 0.0013 inch, as shown below:

0 =al AT,
= 9.8 x 10°(1.625)(150 - 70) ,

=0.0013in.,

where
a = coefficient of linear expansion (in./in/°F),
I = thickness of bolted flange (in.),

AT =temperature differential (°F).

If all the flange bolts had reached the same temperature, the expansion would have been about

0.0014 inch, as shown below:

5 =al AT,
= 7.0 x 10° (2.5)(150 - 70) ,

=0.0014in.
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where:

| = bolt length (in.)

Since the flanges will be seated face to face, the bolt load will not increase as a result of the
thermal expansion. According to these calculations the bolts will loosen very dlightly, however, since
the bolts are tightened to 30 feet-pounds, the slight potential loosening will not be enough to affect the
contai nment i ntegrity of the containment vessel. During Normal Conditionsof Transport thetemperature
of the containment vessel can potentially be higher because of the solar incidence required by 10 CFR
71. Linear expansion during Normal Conditions of Transport would only be slightly more than shown
here by these cal culations. For normal conditions, the amount of loosening dueto the thermal expansion

of the containment vessel bolts would not compromise the integrity of the containment.

Stress Calculations

The principal effect of the elevated temperature on stresslevelsis caused by theincreasein the
internal pressure. An analysis of this effect is presented in the thermal chapter (Chap. 3). The hoop
stresses in the wall are to be well below the allowable stress of the containment vessel wallswhich is

14,300 pounds per square inch.

The containment vessel bolts will be subjected to stress as a result of the torque, increased
internal pressure, and thermal expansion. Calculations are provided in Appendix F to demonstrate that
the stress in the bolts from these sources do not exceed the yield strength of 30,000 pounds per square

inch.
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During the pool fire test containment vessel temperatures are to be recorded on the top flange.
Temperatures are also to be recorded on the bottom head. If low temperatures and low temperature
gradients are present, the thermally induced stressesin the stainless steel containment vessel are minor

and no damage would be expected.

Theair leak check on the containment vessel isto be recorded following the thermal test. This
leak rate is used to demonstrate that the thermally induced stress, if any, cause no permanent
deformation and will not affect the containment capability. Therefore, thereliability of the containment

vessel to perform its containment function is demonstrated.

Comparison with Allowable Stresses

If the differential stresses resulting from temperatures recorded during Hypothetical Accident
Conditionsare negligible, thetangential stressduring Hypothetical Accident Conditionsis minor when
compared to the allowabl e stresslimit of 14,300 pounds per squareinch for thewall of the containment

vessal. If these stresses are low they do not affect the integrity of the packaging.

Immersion—Fissile M aterial

Requirement. Inthose casesfor whichwater leakageinto the containment vessel hasnot been

assumed for criticality analysis, the specimen must beimmersed under a3 feet head of water for aperiod

of not less than 8 hours and in an attitude for which maximum leakage is expected, as required by 10

CFR 71.73(c)(4).
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Analysis. If the criticality chapter assumes |eakage of water into the containment vessel and

complete flooding of all void volume, thistest is not considered to be necessary.

Immersion—All Packages

Requirement. A separate, undamaged specimen must be immersed under water at a pressure
equivalent to a50 feet head of water for not lessthan 8 hours, asrequired by 10 CFR 71.73(c)(5). This

requirement may be satisfied by an external pressure of 21 pounds per square inch (gauge).

Analysis. Immersion under water with pressure equivalent to a 50 feet head of water would
result in water entering the drum, because the caplugs covering the four ventilation holes would not
prevent water from entering the drum. The containment vessel has been designed for an external
pressure of 21 pounds per square inch, gauge and an internal pressure of 70 pounds per square inch,
gauge. The design incorporates an O-ring seal of verified integrity to provide assurance that no water

will penetrate the containment boundary.

Anundamaged shipping package shall be subjected to water at a50 feet head of water for at | east

8 hours. Inspection of the package after the immersion test should show no signs of water leakage into

the containment vessel.

Summary of Damage

Asaresult of the testing of the shipping packages under Hypothetical Accident Conditions, no

drum and insulation damage is expected. The resultant damage shall not reduce the effective center-to-

center spacingto apoint of criticality concern. Asrequiredin 10 CFR 71.73(c)(4) the containment vessel
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must be submerged under a 3 feet head of water, following the thermal test, for at |east 8 hours with no
leakage permitted. The container does not have to be subjected to this test if the criticality analysis

demonstrates that the package can be full of water with no adverse effects.

The structural integrity of the shipping package must be demonstrated by calculation and full-

scale testing to meet all the applicable requirements of 10 CFR 71.73 for transport.

SPECIAL FORM

The package does not include special form radioactive material. Hence, the requirements of

10 CER 71.75 and 71.77 are not germane.

FUEL RODS

The contentsdo not utilize cladding for the containment of radioactive materials. Therefore, the

requirement is not germane.
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APPENDIX B

DESIGN CALCULATIONSFOR CONTAINMENT VESSEL

The design of the containment vessel has been reviewed with respect to the requirements of

ASME Rules for Construction of Pressure Vessels Section VIII, Divison 1, 1992 Edition.? The

calculations here will show that design meets the stress requirements of the ASME Code.

Applicable Code Sections:

These calculations reflect the following ASME Code sections:

° UG-23 Maximum Allowable Stress VValues;

° UG-27 Thickness of Shells Under Internal Pressure;

° UG-28 Thickness of Shell and Tubes Under External Pressure;

° UG-32 Formed Heads, Pressure on Concave Side; (formed headsare according to ASA B16.9);

° UG-33 Formed Heads, Pressure on Convex Side; (formed heads are according to ASA B16.9);

° UG-34 Unstayed Flat Heads and Covers;,

° UG-43 Methods of Attachment of Pipe and Nozzle Necks to Vessel Wall (thread engagement

requirements have been met);
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° UW-12 Joint Efficiencies (full radiographic examiniations of welds are required);

° Appendix 2, Rulesfor Bolted Flange Connections with Ring Type Gaskets (Sections: 2-3, 2-5,

2-6, 2-7, and 2-11); and

° Appendix 5, Chartsfor Determining Shell Thicknessof Cylindrical and Spherical VesselsUnder

External Pressure.

Pressure relief device requirements (UG-125) do not apply since this container is used under
ambient temperature conditions. Because the containment vessel is installed in an insulated outer
container, an additional hazard such as exposure to fire will not cause the internal pressure to exceed
5 pounds per squareinch, gauge, whichisonly 7 percent of the 71 pounds per square inch, gauge design

pressure.

Design Conditions and Allowable Stresses:

The worst case accident scenario is a 50 feet head of water which transates to an external
pressure of 21 pounds per square inch, gauge; thusthiswill be the design external pressure. Thisvessel
will also be designed for 71 pounds per square inch, gauge internal pressure and hydrostatically tested
at 105 pounds per square inch, gauge as per ASME Boiler and Pressure Vessel Code, Section VIII,
Division 1. Thisanalysis assumed that the vessel body is 304L stainless steel and thelid is Type 304

stainless steql.
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Allowable stresses for this vessel are from the ASME Code, Section VIII, Division 1 (1992
Edition). The temperature range of minus 20 to 200 degrees Fahenheit (See ASME Code, Section Ii,

Part D Table UHA-23"9) were applied. The stresses are as follows:

SA-312 seamless pipe, TP304L stainless steel (wall) S, = 14,300 psi
SA-182 forging, F304L stainless steel (flange) S; = 14,300 psi
SA-193 bolts, Grade B8C, Class 1 S, = 17,900 psi
SA-182 forging, F304 stainless steel (lid) S, = 16,600 psi
SA-403 ﬁtting, WP304L stainless steel (cap) S. = 13,300 psi
SA-194 nuts, Grade 8C S, = 17,900 psi

Flathead—Cover: Section UG-34"

Lid OD = 10 in.

S, = 16,600 psi (allowable flathead stress at 200°F)
S, = 17,900 psi (allowable bolt stress at 200°F)

d, = 6.342 in. (mean gasket diameter)

t,, = 0.813 in. (minimum flathead thickness)

P = 71 psig (internal design pressure)

P, = 21 psig (external design pressure)

C = 0.3 (from Fig. UG-349)

hg = 1.079 in. (see calculations on following page)

Note:  The dimensional nomenclature for the Containment Vessel flange is shown in

Fig. B1.
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Fig. B1. Dimensional nomenclaturefor the containment vessel flange
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8 bolts, 3/4 inch-10 UNC-2A with 0.3340 square inch stress area per bolt (page 8-1001), root diameter

area for all 8 bolts,

A, = 8(0.3340) = 2.672 in.?

Gasket loading is 75 pounds per inch of circumference per O-ring or 150 pounds per inch on a
mean double O-ring diameter of 6.342 inches (a constant from Fig. A4-14 of the Parker O-ring
Handbook, 30 percent compression, 70 plus or minus 5 Shore hardness, 0.139 inch cross-sectional
diameter™). The gasket seating load, W, Section 2-5(c)(2),? equals the circumference of the mean

O-ring seal diameter times 150 pounds per inch.

£
g
I

7 (G)(b)(Y)
3.14(6.342)(150) ,

Wo,
= 2987 Ib (gasket bolt load) ,

G = d_, = 6.342 in. mean gasket diameter ,

®)(y) = 150 Ib/in. (compression per linear inch for 0.139 in. cross-
sectional diameter O-rings™)
Am2 = wml’ sb Sa = Sb
= 2987
17,900
= 0.167 in.?
w = (A, + A,)(S,)/2 (gasket seating load)

= (0.167 + 2.672)(17,900)/2

= 25,409 Ib.
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Flange subject to internal pressure,

W, =078(G)}’P+W,,
= 0.785 (6.342) (71) + 2987,
= 5,229 Ib (operating bolt load) ,
G = d, = 6.342 in. mean O-ring diameter,
Aml = wmllsb ’ ' sa= Sb .
= 5,229/17,900 ,
= 0.292 in.?
Flange design bolt load, Section 2-5(e)’
A = (A, + A)(S,)2 , (operating load)

= (0.292 + 2.672)(17,900)/2 ,

= 26,528 1b .

Therefore, use W = 26,528 pounds since operating load exceeds gasket seating load.

The minimum required flathead cover thickness at 70 pounds per square inch, gauge internal pressure:

t = d, [CP/(SE) + 1.9Whg/(S,Ed.>)I**,

t = 6.342 [0.3(71)/(16,600(1)) + 1.9(26,528)(1.079)/(16,600(1)6.342°)]°,
= 6.342[0.0013 + 0.0128]*°,
= 6.342(0.1187) ,

= 0.753 in.
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The actual minimum flathead cover thickness is 0.813 inch. This thickness is acceptable since it 1s

greater than 0.753 inch.
Moment Arms for Flange Loads: Table 2-6 (Integral, Weld-Neck Flange)®

R+05g,
1.031 + 0.5(0.695) ,
1.379 in.

R =.C__:.§-g1’
2

= 8.5 - (5.047) - 0.695
2

= 1.031 in.

hG =C'G,
2

85-6342,
2

= 1.079 in.

hy =R+ g +h;,
2

1.031 + 0.695 + 1.079,
2

= 1.403 in. ,
where:
g, = 0.695 in. (hub thickness at back of flange),
C = 8.5 in. (bolt circle diameter),
B = 5.047 in. (inside diameter of flange),

G = 6.342 in. (mean gasket diameter) = d,
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Flange Moment, M, , Due to Gasket Seating: Section 2-111
M, = Whg,
= 25,409(1.079) ,

= 27,416 in.-Ib from gasket seating ,

Flange Moment, M, , Due to Internal Pressure and Gasket Seating: Sections 2-3 and 2-6"
M, =M, + M; + Mg,
= 1958 + 1153 + 26,205,

= 29,316 in.-Ib .
Solving for the components of M,,

M, =Hphp,
= (0.785) (5.047)% (71) (1.379) ,
= 1420 (1.379) ,
= 1958 in.-1b .
M; =Hh,
= [0.785 (6.342)* (71) - 1420] (1.403) ,
= (2242 - 1420)1.403 ,
= 1153 in.-Ib .
M; =Hghg,
= (W-H)hg, (Section 2-3 and 2-5%)
= (26,528 - 2242)(1.079) ,
= 24,286 (1.079) ,

= 26.205 in.-lb .
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where:

H = Force on head due to internal design pressure of 71 psig.

Flange Moment, M, Due to External Pressure: Section 2-117
H, =0.785BP,,
= 0.785 (5.047% (21) ,
=4201b.
H = 0.785 G* P,

= 0.785 (6.342 (21) ,

=663 1b .
H: =H-HD,

= 663 - 420,

=2431b.

M, =HD(hD'hG)+HT(hT'hG)9

(420) (1.379 - 1.079) + (243) (1.403 - 1.079) ,

126 + 78,

204 in.-lb ,
where:
B =5.047 in,,

P, = 21 psi,

Q
]

6.342 in. (mean gasket diameter) ,
h, = 1379in.,
hy = 1.079in.,

1.403 in.

L
1l
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The flange moment (M,) is 29,316 inch-pounds from internal pressure and gasket seating; M, is
204 inch-pounds from external pressure. Since the worst case flange moment is from the internal

pressure and gasket seating, the value for M, used in the remaining flange calculations will be 29,316

inch-pounds.

Flange Stress: Section 2-7%

Longitudinal Hub Stress:
Sy = fM, ,
Lg,’B
= (1) (29.316) ,
1.076(0.695)* (5.047)
= 11,176 psi,
where:
A = 10 in.
M, = 29,316 in.-1b,
g = (.258 in. (thickness of hub at small end),
B = 5.047 in.,
h = 2.563 in. (hub length),
g = 0.695 in.,
f = 1 (Fig. 2-7.6?),
h/h, = 2.25,
g./g, = 2.69.
A/B = 1.981
L = (te + 1)/T+6/d,

= (0.806(0.53) + 1)/1.5 + 0.806'/4.18
= 0.951 + 0.125
= 1.076

where:

t = 0.813-0.007 = 0.806 (minimum flange thickness)

T =15 (Fig. 2.7.19),
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Solving for the e factor,

e = Fh, ,
= 0.60/1.141 ,
= 0.53 in.”? ,
where:
F = 0.60 (Fig. 2-7.29),
h, = [Bg]*® = 1.141in.
Solving for the d factor,
d = Uh, g1V,
= (3.3)(1.141)(0.258)*/0.06 ,
= 4.18 in.?,
where:
U = 3.3 (Fig. 2-7.19),
VvV = 0.06 (Fig. 2-7.39).
K = A/B,
= 10.00/5.047 ,
= 1.981,

A longitudinal hub stress of 11,176 pounds per square inch is acceptable since it is less than the

allowable stress of 1.5 x 14,300 = 21,450 pounds per square inch [Section 2-8(a)(1)™].

Radial Flange Stress:

Sg =(133te+ DM,),
LB
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= [1.33(0.806)(0.53) + 1](29.316) ,

(1.076) (0.806)* (5.047)
= 13,031 psi .

A radial flange stress of 13,031 pounds per square inch is acceptable since it is less than the

allowable stress of 14,300 pounds per square inch.

(11,176 + 13,031)/2 , [(Section 2-8(a)(4)?] ,
= 12,104 psi .

This stress value is less than the allowable stress of 14,300 pounds per square inch.

Tangential Flange Stress:

ST = !Mo! - ZSR ’
t’B

= _3.0(29,316) - (1.7)(13,031),

(0.806)* (5.047)

= 4671 psi,

where:

Y = 3.0 (Fig. 2-7.19),
Z = 1.7 (Fig. 2-7.19).

This flange stress is acceptable since it is less than the allowable stress of 14,300 pounds per

square inch. Also,
Sy + S = [11,176 + 4671)/2, [(Section 2-8(a)(4))]

2
= 7,924 psi .

This stress value is acceptable since it is less than the allowable stress of 14,300 pounds per square inch.
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Cylindrical Shells Internal Pressure: Section UG-27(c)(H?

t = __ PR (minimum allowable thickness)
SE - 0.6P
= 71 (2.524) ,
(14,300) (1) - 0.6 (71)
=_179 ,
14,257
= 0.0126 in.
where:
P = 71 psig,
R = 2.524 in. (nominal internal radius),
S=S§, = 14,300 psi,
E = 1.0 (seamless).
t = (0.258 in. (nominal thickness of containment vessel) ,
t = 0.258 x 0.875 = 0.226 in. (containment vessel thickness
for calculations) ,
where:

0.875 is mill tolerance allowance.

A thickness of 0.226 inch is acceptable since it is greater than the minimum allowable thickness

of 0.012 inch.

The maximum allowable internal pressure, P,, for 0.226-inch wall thickness:

P, = _SEt , S=385)
R + 0.6t

= 14,300(1.0)(0.226) ,
2.524 + 0.6(0.226)

= 3232

L

2.

= 1215 psig .
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The design internal pressure of 71 pounds per square inch, gauge is acceptable since it is less than the

maximum allowable pressure of 1215 pounds per square inch, gauge.

Cylindrical Shells — External Pressure: Section UG-28(0)@

| =_4B ,
3D/
= 4 (10.663) ,
3(24.6)
= 578 psig ,
where:
D, = 5.563 in. (outside diameter),
L = effective cylinder length (Fig. UG-28%)
L = Total length - cap thickness - 2/3 h
where:

h = Cap height = 1.48 in.

Solving for L,
L =21.625-0.258 -2/3 (1.48)
= 20.38 in.
L = 20.38,
D, 5.563
= 3.663 .
D, = 5.563,
t 0.226
=246 .

A = 0.0028 (from Table 5-UG0-28.0, Appendix 57),

B = 10,663 (from Fig. 5-UHA-28.1, Appendix 57).
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This cylinder is acceptable since the maximum allowable external pressure is 578 pounds per square inch,

gauge, which is greater than the design external pressure of 21 pounds per square inch, gauge.
Cylindrical Shell — Maximum Longitudinal Compressive Stress: Section UG-23(b)"”

According to Section UG-23(b),"® the lower of the maximum allowable tensile stress or factor
B shall be used as the maximum allowable longitudinal compressive stress. The maximum allowable

tensile stress for the pipe is 14,300 pounds per square inch. Factor A is calculated as follows:

Solving for A,

A = 0.125, (UG-23)
R/t

0.125 (0.226) ,
2.781

0.010,

where:

R, =D/2.

From Fig. 5, UHA-28.1 (Appendix 5),1

B = 13,000 psi.

Since B is less than the allowable stress B (13,000 pounds per square inch) will be used as the allowable
stress in this case. The actual longitudinal compressive stress (S) due to the external design pressure of

21 pounds per square inch, gauge is:
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S = PD , (p. 5041
(D02 - Diz)

= 21(5.563
(5.563% - 5.047%)

= 119 psi .

This cylinder is acceptable since the actual stress of 119 pounds per square inch is less than the value of

B (13,000 pounds per square inch).

Formed Heads — Pressure Concave Side: Section UG-321

tpin = _PD , (minimum allowable thickness)
2SE-0.2P
= 71(5.047) ,
2(13,300)(1) - 0.2(71)
= 0.0135 in.
where:
P = 71 psi,
D = 5.047 in. (ID),
S=8. = 13,300 psi,
E =1,
t = 0.226 in. (thickness of lower head multiplied by 0.875)

The thickness of the lower head is acceptable since it is greater than the minimum allowable thickness

of 0.0135 inch.

P = _2SEt , (maximum allowable internal pressure)
D+ 0.2t

2(13,300)(1)(0.226) ,
5.047 + 0.2 (0.226)

1181 psig .
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The lower head is acceptable since the design internal pressure of 71 pounds per square inch, gauge is

less than the maximum allowable internal pressure of 1181 pounds per square inch, gauge.

Formed Heads — Pressure Convex Side: Section UG-33, UG-28(d)™

D/2h, = 5.563/2 (1.48)

= 1.88
K, = 0.85 from Table UG-33.1
A = 0.125/R /t) ,

= 0.125/(4.73/0.226) ,
= 0.006 ,
where:

t = 0.226in.
R, = D,K, = 5.563(0.85) = 4.73 in.
5.563 in. (Outside diameter of cap skirt)

D,
h, 1.48 in. (cap height)

P = _B__, (maximum allowable external pressure)

Rt

= 12,500 (0.226) ,
4.73

= 597 psig,
where:

B = 12,500. (Appendix S, Fig. 5-UHA-28.1%)

The lower head is acceptable since the external design pressure of 21 pounds per square inch, gauge is

less than the maximum allowable external pressure of 597 pounds per square inch, gauge.
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Bolt Stress and Torque: Section 2-5 (e)*

Flange design bolt load, W = 26,513 pounds (gasket seating with internal pressure) and

Load per bolt, F = (26,513/8) = 3314 pounds (to achieve allowable bolt stress) for

torque, T = 0.2(F)@) , (Equation 6.16, p. 247"9)
= 0.2(3314)0.75 ,

= 497 in.-Ib maximum torque = 41 ft-Ib
(max torque to achieve allowable stress)

where:

d = 0.75 in. (bolt diameter).

Bolt Load at 71 pounds per square inch internal pressure:
Load H, due to operating pressure of 71 psig:
H = P(area) ,

= 71(3.14)(6.342)> ,  (using d.)
4

=22421b.

Gasket seat loading = 2987 pounds (see previous calculations).

Total required bolt load at 71 pounds per square inch, gauge internal pressure:
H; = operating pressure load + gasket seating load ,
= 2242 + 2987,

= 52291b .
Torque Required, T, , 70 pounds per square inch, gauge internal pressure and gasket seating:

Load per bolt, F, = H,/8,

= 5229/8 ,
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= 654 lb/bolt .
T, = 0.2(F)d, (minimum torque)
= 0.2(654)0.75 ,

= 98.1 in.-Ib (minimum required) = 8.2 ft-lb .

Specify a design torque of 30 + 2 ft-lb (384 in.-1b). Bolt load at this torque,

=_ 384
0.2)(0.75)

= 2560 Ib/bolt ,
where:
T = 384 in.-Ilb (max torque),

d =075in

Actual bolt stress:

Sp = F/A; ,
Sg = 2560 + 2242/8 (torque + pressure loads)
(0.334)
= _2840 ,
(0.334)
= 8,504 psi,

where:
As = 0.334 in.? (bolt stress area),
d = 0.75 in. (bolt diameter).

The bolts are acceptable since the actual stress of 8,504 pounds per square inch is less than the allowable

stress of 17,900 pounds per square inch.
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Minimum Thread Engagement, Section UG-43(g)"”

t = 0.75dSy/S,, (minimum thread engagement)

= 0.75(0.75)(17,900/17,900) ,

= (.56 in. deep,
where:
d =0.75in.,
S, = 17,900 psi (bolt allowable stress),
S, = 17,900 psi (nut allowable stress).

This minimum engagement length would apply to tapped holes. However, as specified in Section
UG-13, for pressure vessel designs using bolt/nut configurations for pressure head attachment, the

minimum engagement length shall be the full depth of the nut.

Actual thread engagement length = t,

max lid thickness = 0.8438 in.,
max flange thickness = 0.8438 in.,
max nut thickness = 0.665 in.,
bolt length = 2.50 in.

max washer thickness = 0.177 in.

t, = 2.50 - (0.8438 + 0.8438 + 0.177)

= 2.50-1.86

= 0.64 in.
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The minimum thread engagement is 0.665 inch, which is the largest thickness of a 3/4 inch-10UNC hex
nut. From the above calculation, 0.64 inch of bolt is actually available for engagement. When fully
engaged, the bolt will extend through 96 percent of the nut. This engagement is considered acceptable

since this analysis used the maximum of all component tolerances.
Bolt Stress Due to Increased Internal Pressure - Actual operating pressure

This calculation determines the total stress in the containment vessel bolts at the maximum

possible thermal condition of about 200 degrees Fahrenheit. The maximum internal operating pressure

at 200 degrees Fahrenheit is calculated as follows:

P,V,/T, = PV,/T,,
where:
T, & T, are temperature in Rankine
vV, =V,,
P, = 14.7 psia,
T, = 70°F + 459.6 = 529.6R .
At the elevated temperature,

T, = 200°F + 459.6 = 659.6 ,

P, (14.7)(659.6)/529.6 ,

P,

18.31 psi .

aP =P, - P, = 3.61 psi (internal pressure rise).

Taking a conservative approach and assuming that the containment vessel lid is infinitely stiff,

all the load due to the internal pressure differential will cause increased bolt loading.
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Force due to pressure is calculated as tollows:

Fp = aP(Area),

where:

Area of O-ring with a mean diameter of 6.342 in. ,

Area = 7DY4 = (3.14)(6.342)"/4 ,
= 31.57 in?

F; = (3.61)(31.57),

F; = 1141b .

Load/bolt = 114/8 = 14 Ib per bolt .

The stress on the bolt due to increased pressure is therefore,

Sp.p = 14/0.334 = 42 psi at the threads,

Bolt stress due to differential thermal expansion is,

Spr = Eaa(aT) = (30 x 109(as - cp)(130) ,

Szar = 10,920 psi .
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where:

ar = 9.8 x 10° in/in/°F (For flange, Table A4),
ag = 7.0 x 10° in/in/°F (For bolt, Table A6) ,
E; = E; = 30 x 10° psi (Table A6) .

Bolt stress due to torque requirements is,

S;r = 8,504 psi (previous section)

Total stress in the bolt at 200 degrees Fahrenheit is then,

Smml = SBAT + SBT + SBAP ’
Shes = 10,920 + 8,504 + 42
Spemt = 19,466 psi .

This combined loading will produce a stress in the bolts which exceeds the maximum allowable
stress of 17,900 pounds per square inch. However, since this is an extremely infrequent condition, the
Spee Can be realistically compared to the yield strength of the bolts which is 30,000 pounds per square

inch (Table A6). Therefore, containment and safety will not be compromised by this condition.
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APPENDIX C
CALCULATIONSFOR NORMAL VIBRATION DURING

TRAILER SHIPMENT OF THE PACKAGE

The package is delivered for transport as an assembled unit. Each package must be self-
contained as far as vibration protection is concerned. Consequently, the analysis for normal vibration

during shipment in a standard or safe-secure trailer must also consider individual packages.

Having the packaging mass, insul ation thickness, bearing area, insul ation stiffness, and vibration
characteristics of the trailer (safe-secure trailer used in this analysis), the mean square response of the

container and its contents can be determined.

The power spectral densities (PSD) for the safe-securetrailer are shown at various frequencies
(Fig. Cl). The parent curves for this figure are given in the Sandia Report SAND83-0480.1 From this

report, it can be seen that the vertical PSD dominates the horizontal PSD.

The containment vessel is supported by about 4 inches of insulation below it. The containment

vessel lower bearing areais 19.6 square inches (5-inches diameter). The Y oung’s modulus (E) of the

insulation is 500 pounds per square inch, in compression, as measured by The Celotex Corporation.[*®!
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Fig C1. Safe-securetrailer power spectral density.

Excer pted and redrawn for an envelope of 10 to 500 Hz (Fig. 3.30 7).
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The spring rate of the insulation in the vertical direction can be calculated as follows:

k = AE/L,
= (19.6) (500),
4
= 2,450 Ib/in. ,
where:
A =196in?
E = 500 psi,
L = 4in.
The natural frequency of the container (Hertz) and insulation spring-mass system can then be
calculated:
f = (1 /2m)*kg /| W)**, (Equation 8-5)"1
where:
k = 2,450(12) = 29,400 Ib/ft,
g = 32.2 ft/sec’.
W = Net weight of package
From the shipping weight:

Total shipping weight = 249 1b
Weight of drum = 47.0 Ib

Net weight of package (W) = 249 - 47 = 202 Ib
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Then,

f= 1/(2%)[29,400(32.2)/202]°° = 11 Hz .

Conservatively estimating damping as 10 percent of critical, an amplification factor (Q) can be

calculated:
Q = [(1 - ©®? + Qrd)7"%, (Equation 8-14)1")
=[1-122+ @2 x1x0.17%,
= (0.2%°5,
=95 .
where:
d = damping coefficient = 0.1,
r = w/w, where worst case isw = w,, andr = 1.

The packaging is in resonance at 11 Hertz, and vibration above this frequency will be
mechanically filtered (isolated). Neglecting any amplification at resonance and using Fig. C1 for the PSD
at these frequencies, the broadband, mean square g-level of input excitation on the packaging being
transported in a safe-secure trailer can be calculated. The mean square acceleration response of an

oscillator (in this case the package) can be defined as:

mean square = (w/2)()(Q)PSD) . (Equation 24.17)™)
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Then,

mean square at 11 Hz = (1.57)(11)(5)(0.001)g* ,
= 0.086g° .
Thus, root mean square at 11 Hz = 0.29%4g.

The maximum vibration is three to four times the root mean square, or about 0.9 g to 1.2 g. This

magnitude of vibration is of little concern for the containment vessel or product bottles.
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APPENDIX D

CONTAINMENT VESSEL STRUCTURAL ANALYSIS

Assumptions

Theimpact of the package during accident drop conditionwass mulated using thefinite-element
analysis method. The package assembly includes the outer stainless steel drum, the cane fiberboard
insulation, the stainless steel containment vessel and the aluminum support plate. There is an air gap
between the outer drum and the fiberboard. There is another air gap between the fiberboard and the
containment vessel. The air gaps are included in the finite-element model to allow the adjoining solid
parts to dide relative to each other during impact. The most conservative accident condition was
analyzed, in which case the package is dropped from 30 feet onto an unyielding surface with the corner
over the center of gravity. The containment vessel flange head is pointed towards the impact surface as
shown in Fig. D1. In this configuration, the fiberboard cushion is the thinnest, therefore, the highest
induced dynamic stress would be resulted. The fiberboard is assumed to remain confined within the
drum during and after the impact. Since the package assembly is symmetric about its neutral
(longitudinal) axis, only half of the package is modeled for simplicity. The package is assumed to be
dropped in a stand still position from 30 feet above the impact surface. Just before impact, al the
potential energy in the cask assembly is converted into kinetic energy as the maximum impact vel ocity
isachieved. Inreality, the outer drum will deform after impact, however, it was conservatively assumed

that the drum remains el astic during the impact, therefore no plastic energy dissipation is accountable.

Themaximumimpact velocity V of the cask assembly beforeimpact iscal culated by theformula

shown below.
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Figure D1. Corner drop of cask assembly.
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V =@2xgxh)Ps
=2x322x30)*
= 43.95 ft/sec.
= 527.4 in/sec.
where:
g = gravitational constant = 32.2 ft/sec’

h = height of the cask assembly above ground = 30 ft.

The center of gravity of the cask assembly is found to be at an axial distance of 14.94 inches from
the top of the outer drum. The outer drum has a diameter of 19.25 inches and a height of 33.5 inches.
The line connecting the C.G. to the point of impact intersects the drum lid at an inclined angle of 58.6
degrees. At impact, the inclined angle between the side of the drum and the ground surface is 58.6
degrees. The impact velocity can be resolved into two orthogonal components. The velocity component

V, perpendicular to the longitudinal axis is found as:

V, = V x cos 58.6°
= 527.4 x 0.521

= 275 in/sec.
The velocity component V, parallel to the longitudinal axis of the drum is found as.
V, = V x sin 58.6°

= 527.4 x 0.854

= 450 in/sec.
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Finite-Element M odel

Thefinite-element model of the packagewasdivided intofiveregionsaccordingtotheir material
properties. Theouter stainlesssteel drum wasmodeled asshell elements. Theair gaps between the outer
drum and fiberboard, as well asthe air gaps between the containment vessel and the fiberboard, were
modeled as 8-node solids with material properties extremely light weight and very low stiffness. The
containment vessel was modeled as 8-node solids with material properties representing stainless steel.
The auminum plate supporting the containment vessel was modeled as solids with material properties
representing aluminum metal. The fiberboard was modeled as 8-node solids with material properties

derived from published data (ASTM C-208).1

Thefinite-element model of the package shown in Fig. D2 includes the following components:

e theouter drum

e thefiberboard

® the containment vessel

e theauminum support plate

Dynamic Stress Results

Inapreliminary analysis, the dynamic stresses of the cane fiberboard during impact were found
to be within the linear range, therefore, a linear dynamic impact analysis was performed. The impact
velocitieswere entered in the program asinitial conditions of all the finite-element nodes at time zero (the
very first moment of impact). The analysis program ADINA™ used a time-step integration computing

techniqueto find the propagating strain wave and dynamic stresseswithin the package assembly generated
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Fig. D2. Finite element model of package assembly.
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by the impact. Figure D3 shows a portion of the containment vessel finite-element model representing
the area near the flange head. The locations of four elements 40, 46, 52 and 56 are noted on the figure.
The stresses of these four elements were examined, in particular, because they are located in the region
of highest stress on the containment vessel. The transient dynamic stress histories within the four
elements are graphically presented in the following pages as functions of stresses versus elapsed time

from the moment of impact.

Figures D4 through D9 graphically display thetransient dynamic stress historieswithin the four
finite-elements of interest at the containment vessel flange area. The subscripts X, y, and z are the
direction indices representing the radial (x), longitudinal (y), and hoop directions (z). The stress Sxx
represents the tensile stress in the radial direction. The Stress Syy represents the tensile stress in the
longitudinal direction. The stress Szz represents the hoop stress in the circumferential direction. The
stresses Sxy, Sxz and Syz represent the shear stresses along the radial-longitudinal, radial-
circumferential, and longitudinal-circumferential, surfaces respectively. All stresses presented in the
figures are in units of pounds per square inch. Figure D10 shows the reaction forces at the point of
impact. Figures D11 through D14 display the dynamic stress histories of all stresses within each finite-

element of interest.

The maximum stressesin each stress category and the corresponding el ement number arelisted

below.
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Figure D2. Locations of the finite elements within the containment vessel flange region.
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Fig. D4. Time history of transient dynamic stress (radial normal stress) Sxx.
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Fig. D5. Time history of transient dynamic stresses (radial normal stress) Syy.
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Fig. D6. Time history of transient dynamic stresses (radial normal stress) Szz.
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Fig. D7. Time history of transient dynamic stresses (radial normal stress) Sxy.
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Dynamic Shear Stress, radial/axial
In element center, at time ofter impact
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Fig. D8. Time history of transient dynamic stresses (radial normal stress) Sxz.
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In element center, at time ofter impact
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Fig. D9. Time history of transient dynamic stresses (radial normal stress) Syz.
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Dynamic Shear Stress, axial/tangential
In element center, at time ofter impact
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Fig. D10. Time history of reaction forcesat point of impact.
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Linear transient dynamic analysis
generated by ADNA—Y
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Fig. D11. Time history of transient dynamic stresses within finite-element no. 40.
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Fig. D12. Time history of transient dynamic stresses within finite-element no. 46.
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Dynamic stresses
in element #46, at time after impact
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Fig. D13. Time history of transient dynamic stresses within finite-element no. 52.
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Fig. D14. Time history of transient dynamic stresses within finite-element no. 58.
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stress type maximum stress (psi) element number reference figure

Sxx, radial, normal -100 46 Fig. D4
Syy, longitude, normal -400 58 Fig. D5
Szz, tangential, normal -400 58 Fig. D6

SXy -105 58 Fig. D7
Sxz +140 58 Fig. D8
Syz +35 40 Fig. D9

The maximum stresses occur at element 58, where the containment vessel flange head transitionsinto
the flange neck. The normal stresses are compressive stresses. Since they occur at different time

intervals, no attempt was made to find the stress intensities by combining normal stresses.

According to Table 2.1,/@ the maximum allowable stress value at 250 degrees Fahrenheit for
304L stainless steel SA-182 (flange material) and SA-312 (vessel pipe material) is 14,300 pounds per
sguare inch. For hypothetical accident drop condition, the allowable stressis permitted to increase by
50 percent. Therefore, theallowabletensile stressfor the package during accident drop is 21,450 pounds
per square inch. The maximum stress experienced in the vessel flange is 400 pounds per square inch.

Therefore, the design margin for this containment vessel is on the order of 53.

Finite-Element Model Input

The finite-element program ADINA was used to solve the package impact analysis. The

finite-element model consists of 1324 nodes and 1266 elements. More than 100 printed pages are

required if the completeinput listing is presented. In order to conserve paper, the completeinput listing
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of the finite-element model is not presented herein. Theinput listing and output have been downloaded
from the mainframe computer and saved on floppy disks. However, the control cards and the material
properties are presented in here and can be reviewed. The geometry information listing is abbreviated

but the accuracy has been verified by reviewing the graphical presentation of the model.
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/JOB

ADINA.

USER, S446001, NEWPASS , KCF.CRY
CHARGE, MA3300CC, ADMIN.

JOB, JN=ADINA,CL=L0S, T=100.
ACCOUNT, AC=5446001, PWH=NEWPASS.
GETLIB,AP=ADINAS,LEV=5NLS5.
ASSIGN,DN=$IN,A=FTOS.
ADINAS.

/EOR

LIST OFF

TRANSIENT ANALYSIS OF AN AXISYMMETRIC CASK DROPPED FROM 30 FT. 5/02/91

13240001110 6 0 1 101 0.0003
0
C*** MASTER CONTROL

99999 0 0 0 0] 0 0 50 3000

C*** 3 LOAD CONTROL
0 o} 0 0o 0] 0 0 0
0
C*** 4 MASS AND DAMPING CONTROL
1 o 0 0o .0 .0
C*** 5 EIGENVALUE SOLUTION CONTROL
0 o 0 0o 0 0
Cx** 6 TIME INTEGRATION METHOD CONTROL
0 20.500000000.25000000 0 0
C**%x 7 INCREMENTAL SOLUTION CONTROL

.0

o]

4 0 0

0

c***0 -3 0 000 15.001000000.010000000.0500000000.50000000

C*** 8 PRINT-OUT CONTROL
1 1 5 (o} 1l 1l 0
C*** 9 PORTHOLE SAVE CONTROL
0 0 o 60 60 0

o]

Cc*** BLOCK DEFINITION CARD FOR PRINT-OUT TIME STEPS

1 0 s

c*** BLOCK DEFINITION CARDS FOR NODAL QUANTITIES PRINT-OUT

223 223 1 228 228 1 229 229
C*** TIME FUNCTIONS
0 2
C*** NODAL POINT DATA

1 0 0 1 0 0 0  0.000

0

2 0 0 1 0 0 0 1.600

0

1323 0 0 0 1 1l 1 -2.500

0

1324 0 0 0 1 1 1 -1.294

0

2
2

C*** INITIAL CONDITIONS, initial velocity defined

1 0 0 0 0
C*** INITIAL DISPLACEMENTS

1324 0 0 0 0
g*** INITIAL VELOCITIES

1 1 275. 450. 0.

° 56 0 275. 450. o.

° 58 1 275. 450. 0.

:1324 0 275. 450. 0.

Cc*** INITIAL ACCELERATIONS
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1 241 241 1 249
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0.000 0.000

8.200 -4.330
8.200 -4.830

o O o o

o

249

o O O O

0

o010
0 00
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1324
C*x** ELEMENT GROUP 1, 3-D SHELLS, S.S. DRUM
C*** column 52 should be 1, to print out stress at location 21 using stress

table

7252 0 0 0O O 4 4 2 O 0 0 O 1 1 1 O 0
C*%* MATERIAL PROPERTY
1 .0010395 0
29000000. 0.3 0
C*** SHELIL THICKNESS TABLE CARD
.05 .05 .05 .05
C*** ELEMENT DATA CARDS
1 4 1 1 1 0 o o0 O 0
1 10 7 2
2 4 1 1 1 0 o o0 0 0

10 16 15 18

e e

252 4 1 1 1 0 0 0 0 0

843 844 818 830
C*** ELEMENT GROUP 2, 3-D SOLIDS, AIR GAP

3 366 0 0 0 8 0 0 0 1 1 0 1 1 0 0 0
C*** MATERIAL PROPERTY CARD

1 .0000001

10. .1
C*** STRESS OUTPUT TABLE CARD

21 0
C*** ELEMENT DATA CARD

1 8 8 0 1 0 0] o] 0 0 0
150 151 153 156 1 2 7 10

2 8 8 0 1 0 0 0 0 0 0
156 164 161 162 10 18 15 16
366 8 8 0 1 0 0 0 0 0 0

610 580 586 616 1234 1209 1214 1239

C*x**x ELEMENT GROUP 3, 3-D SOLID, FIBER BOARD
3 480 0 0 0 8 0 0 0 1 1 0 1 1 0 0 0
C##** MATERIAL PROPERTY CARD
1 .0000328
500. .1
C*** STRESS OUTPUT TABLE CARD
21 0
C*** ELEMENT DATA CARD
1 8 8 0 1 0 0 0 0 0 0
165 166 168 171 150 151 153 156 .

2 8 8 0 1 0 0 0 0 0 0
171 179 176 177 156 164 161 162

e e
s e 0

480 8 8 0 1 0 0] 0] 0 0 0
694 712 646 634 1304 1319 1264 1254

C*** ELEMENT GROUP 4.1, 3-D SHELLS, INNER VESSEL, LOWER PART
7 18 0 0 0 0 4 4 2 0 o 0 -1 1 1 1 o 0
C*** MATERIAL PROPERTY
1 .001312 0
29000000. 0.3 0

Safety Design Guides.ch2/gs/11-7-94 2-218



Cc*x** SHELL THICKNESS TABLE CARD

.26 .26 .26 .26
C+** ELEMENT DATA CARDS
1 4 0 1 1 0
266 267 271 275
2 4 0 1 1 0

275 271 270 274

e s
e s

18 4 0 1 1 0
276 949 950 266

Cc*** ELEMENT GROUP 4.4, 3-D SOLID, INNER VESSEL,

3 126 o o o 8 0 0 0
C*** MATERIAL PROPERTY CARD
1 .001312
29000000. .3
C*** STRESS OUTPUT TABLE CARD
21 0
C***x ELEMENT DATA CARD
1l 8 8 1l 1 0 0]
D
294 303 299 295 280 289 285 281

2 8 8 1 1 0 0
303 302 298 299 289 288 284 285

LA
o

126 8 8 1 1 0 0
352 358 574 676 1019 1024 1204 1289

C*x** ELEMENT GROUP 5, 3-D SOLIDS, ALUMINUM PLATE

3 24 0 0 0 8 o] 0 0
C**+ MATERIAL PROPERTY CARD
1 .000194
15.000000 .3
C*** STRESS OUTPUT TABLE CARD
21 0
C*** ELEMENT DATA CARD
1l 8 8 0 1 0] 0
569 575 557 425 223 224 221 220

2 8 8 0 1 0 o]
570 576 558 426 569 575 G557 425

e e e
e e e

24 8 8 0 1 0 0
580 562 568 586 1209 1194 1199 1214
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APPENDIX E

PRELOAD CONDITION OF CONTAINMENT VESSEL BOLTING

The following calcul ations determine the preload condition of the containment vessel bolting of the

shipping package during shipment at minus 40 degrees Fahrenheit. To demonstrate that the

containment vessel O-rings do not unseat during Normal Conditions of Transport at minus 40

degrees Fahrenheit, the following assumptions have been made:

® The package is assembled at 70 degrees Fahrenheit.

® The package is shipped at minus 40 degrees Fahrenheit.

e The gasket seating load W, m? does not change appreciably as afunction of temperature over the

range associated with Normal Conditions of Transport in 10 CFR 71.
Thetotal strain (g1) in the fasteners when assembled at 70 degrees Fahrenheit consists of the strain
associated with the gasket load (¢;) and the strain due to seating the blind flange to the containment
vessel body flange (gg). Thistotal strain isinduced by the torque requirements of 30 plus or minus 2

foot-pounds.

&= &g te&r
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Total strain in a bolt (e;) is calculated as follows:
Fr: =T/(0.2)(d).

=336/(0.2)(0.75) ,

= 2240 Ib.

where:

T =336 in.-1b (minimum torque of 28 ft-Ib),

d =0.75 in (bolt shank diameter).

Total stress in a bolt is calculated as follows:

o = Fi/A,,

op = 2240/0.442 = 5,068 psi .

where:

A, = cross-sectional area of bolt shank ,

A, = 7(375° =0.442in2.
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Then, total strain is equal to:
€r = g6/E,

= 5,068/30 x 10°

€r = 0.00017 in./in.

where:

E =30 x 10° psi (Modulus of Elasticity, Table A6) .

The resulting change in bolt length due to this strain is:

aL, = L = (1.747)(0.00017) = 0.000297 in.

where:

L, = Length of bolt between head and nut ,

L, = Thickness of flange and washer combination ,

Assume L, =L, = 1747 in.

Strain in a bolt resulting from gasket loading (e;) is computed as follows:

Fg = Wo/8 ,

F, =2,987/8 =3731b.
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where:

W, =2,9871Ib.

Then, stress is calculated as follows:

o = Fg/A,,
= 373/0.442 ,
g; = 844 psi.
Then strain is equal to:
€ =05 /E,

844/(30 x 109,

€ = 0.000028 in/in .

Thus, the strain in the bolt associated with the face to face seating of the lid and body is:

€& = €r-€,
= (0.00017 - 0.000028) ,

e = 0.000142 in./in.

When the package is shipped at minus 40 degrees Fahrenheit, the original preload (strain) in each

bolt is partially relieved as computed below:
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Coefficients of thermal expansion for flange and bolt:

o = 9.8 x 10% in/in/°F (For flange, Table A4) ,

o3 = 7.0 x 10° in/in/°F (For bolt, Table A6) .

The change in bolt length from 70 to minus 40 degrees Fahrenheit is equal to:

ALi = ai (AT)Li ’
ALy = a5 (aTL,,
al, = (7.0 x 109(-110)(1.747) ,

aly = -0.00135 in. (contraction) .

The change in thickness of the lid flange and washer combination from 70 to minus 40 degrees

Fahrenheit is:

ALy = ag(aTL,,
= (9.8 x 109)(-110)(1.747) ,
aL; = -0.00188 in (contraction) .

The difference between the contraction of the bolt and the reduction in the thickness of the

flange is:

Al = alg- alg,

-0.00135 - (-0.00188) ,

aL, = .00053 in.
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Therefore the apparent strain reduction due to thermal contraction is calculated as follows:

€.t = -ALI'II"X ’

-.00030 in./in.

Since this strain reduction at minus 40 degrees Fahrenheit appears to be slightly larger then the
strain originally induced by torquing the bolts to 30 foot-pounds at 70 degrees Fahrenheit, the pre-load

condition would tend to be relieved during transport at minus 40 degrees Fahrenheit.

The entire pre-load is not relieved as there will always exist a pre-load (strain) in the bolts due

to compression of the O-rings until aL; exceeds the following:

al; 2 X + ¢ (L)) - o (0.135)aT ,

where:
o =0.000062 in./in./°F (O-ring coefficient of thermal expansion)
X = original compression in O-rings = X = .028 in. minimum,
er(L.,) = original preload stretch in bolt due to torque ,
0:(0.135)AaT = contraction of O-ring diameter at -40°F ,
Uncompressed O-ring thickness is 0.135 in .

Thus,

aL; > 0.0268 in.
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Since aL, « 0.0274 inch, the preload (strain) due to gasket loading is not reduced significantly;

but the containment vessel lid will separate from the container body flange by the amount as shown

below:

B,= Body and lid separation distance ,

Bs= aL;- (L)
Bs= 0.00053 - 0.000142(1.747) ,

B,= 0.00028 in.

Even with this separation of lid and flange, there still exists sufficient O-ring compression for containment

as calculated below:
¢= O-ring thickness under compression ,
¢= 0.028 - By + ax(aT)(©0.135) ,
é= 0.028 - 0.00028 + 0.000062(-110)(0.135) ,
¢= 0.0268 in.
Therefore, the percent compression of the O-ring at minus 40 degrees Fahrenheit is,

0.0268/0.135 = 19.85% .

Since the normal design compression of the O-rings ranges from 21 to 29 percent, a compression

of 19.85 percent is considered more than adequate to maintain containment.
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APPENDIX F

FATIGUE LOADING OF CONTAINMENT VESSEL BOLTING

The following calculations investigate the fatigue loading on the containment vessel bolting during

trailer shipment of a shipping package. A number of assumptions are made to establish the maximum

possible loading on the containment vessel bolts caused by vibration during shipment of a shipping

package under Normal Conditions of Transport.

° The package is assembled at 70 degrees Fahrenheit.

° The packageis shipped at 100 degrees Fahrenheit withinsolation and 5 Wattsinternal heat load.

° The maximum vibration level is1.2 g.

° The containment vessel is loaded with the maximum weight contents of 30.6 pounds without

any internal support.

° The bolts are torqued to the maximum specified (30 +2/-0 foot-pounds).

° The containment vessel lid and the contents are synchronous and both are at the maximum up

position due to vibration.

° The endurance limit is 40 to 60 percent of the tensile strength for infinite life defined as greater

than 10° cycles (p. 5-101*Y).
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Calculations to determine the maximum stress in the bolts for this projected worse condition of

normal transport are given below:
Stress in bolt at maximum torque at 70 degrees Fahrenheit,

T = 32 ft-lb = 384 in.-lb,

Load/bolt = F = 384/(0.2 x 0.75) = 2,560 Ib/bolt .
where:
0.75in. = bolt shank diameter
Then, the bolt stress at the threads is equal to:

SB‘T =F/A17

Ser = 2,560/0.334 = 7,665 psi .
where:

A = 0.334 in.? (stress area of 0.75 in. bolt),

Stress in the bolts due to a temperature differential of 130 degrees Fahrenheit (maximum potential

temperature is about 200 degrees Fahrenheit for normal or accident conditions).
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Sear = E(af - ap) aT,
Sp.t = (30 x 10(9.8 x 10 - 7.0 x 109)(130) ,

Sp.r = 10,920 psi .

where:

E = 30 x 10° pounds per square inch (used from Table A6 for both flange and bolts

as conservative)

Coefficients of thermal expansion:

o = 9.8 x 10° in./in./°F (For flange, Table A4) ,

ap = 7.0 x 10° in./in./°F (For bolt, Table A6) .

The stress in the bolts due to increased pressure in containment vessel at 200 degrees Fahrenheit

(Sp.p) is thus calculated as follows:

The maximum calculated internal pressure at 200 degrees Fahrenheit is 18.31 pounds per square

inch is,

Pressure Differential = Internal pressure-ambient pressure
= (18.31 - 14.7) psi

= 3.61 psig
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Force upward due to internal pressure F, is equal to:

Fp = aP(Area),
Fp = (3.61)(w)(6.342)%4 ,
F, =1141b.

where:

Mean diameter of O-rings in 6.342 inches.

Load per bolt F,/8 = 141b,

14/0.334 = 42 psi .

SBAP

Stress in bolts due to 1.2 g’s on contents - Syc

Fve = (1.2)(30.6)/8,
= 4.6 Ib/bolt ,
Sve = FyvlAs,
= 4.6/0.334 ,
= 14 psi .

where:

Weight of contents = 30.6 Ib.
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Stress in bolts due to 1.2 g’s on the lid of containment vessel,

Fyr = (1.2)(20)/8 ,
= 3 Ib/bolt ,
Svr = Fy/As,
= 3/0.334,
=91Ib.

where:

Weight of containment vessel lid is 20 pounds

Thus, the maximum stress in the bolt threads at 1.2 g’s vibration is then totaled as follows:

Sav = Sgr + Spur + Sgap + Sve + Svr s

= 7,665 + 10,920 + 42 + 14 + 9,

Sav 18,650 psi .

Using 40 percent of the tensile strength given in Table A6 as the endurance limit (yield) for the bolts,
a value of 30,000 pounds per square inch is established. This value for yield is applicable to 200 degrees
Fahrenheit. When comparing this value to the calculated maximum stress value of 18,650 pounds per
square inch, the design is adequate. The actual comparative value would be less if S, [equal to

(Spx + Sgw)/2 ] were used as is normally done in fatigue analysis.
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APPENDIX G

DESIGN AND ANALYSISOF CLOSURE BOLTS

NOTE: Thisappendix istakenfrom UCRL-ID-110989 Draft Section’5.2.1.3 with
minor editorial revisions. Although this appendix iswritten from the spent
fuel casksperspective, it containsuseful information for the DOE drum-type

container design.
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APPENDIX G

DESIGN AND ANALYSISOF CLOSURE BOLTS

10 INTRODUCTION

Much of the information in this appendix is from Design and Analysis of the Closure Bolts of

Shipping Casks?!

2.0 FUNCTION

Figure G1 shows schematic diagrams of typical closure systems for shipping casks and the
closures can be either exposed or protected. A protected closureis onethat is protected by a cask wall
such that no transverse component of the impact force can be transmitted from theimpact limiter to the
edge of the lid. Additionally, the puncture pin is not able to touch the edge of the lid to induce a
transverse shear force on the bolts. On the other hand, thelid or the bolts of an exposed closure system
do not have the protection of the cask wall, asthey would in the protected closures. The use of exposed

systems s discouraged.

A closure can also be either asingle-lid or adouble-lid closure system. In the case of adouble-
lid closure system, the shielding and leak-proof functions are separated or shared between the two
closures. For shipping casks without impact limiters to absorb the impact energy and to prevent large
local plastic deformation, adouble-lid closure system with an inner-lid providing aleak-proof function
isrecommended becauselocal plastic deformation of the outer closure may be severe enough to damage

the seals.
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Single-lid closure Double-lid closure

FA 942035

Fig G1. Typical shipping cask closure system.
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Sealsor gaskets preventsleaks. Thetwo typesof seal arrangements considered with and without
metal-to-metal contacts between thelid and the cask wall. Inthe case of aclosure system without metal -
to-metal contact, gasketsfit between the lid and the cask wall. The lid and the cask wall have no direct
contact except through the closure bolts and the seals. The metal-to-metal contact type of closure
systems, used often in shipping casks, consist of elastomer or metal O-ring seals, or seals of a self-

energized type, in grooves, which are machined into the lid.

Two types of bolt connections are considered depending on whether or not a nut is used and
these are shown in Fig. G2. When the bolt isunder tension, thereal stressdistribution alongitsaxisand
on its cross-sectional areais rather complicated. However, it is convenient and sufficient to assume a
uniform stress distribution on its cross-sectional area (neglecting stress concentration effects) and to
assume a stress distribution along its length as shown in Fig. G3. The effective length of the bolt in
carrying load is defined in this figure. The effective length of a bolt includes several regions with
different cross-sectional areas. The assumed effective lengthsin the head, in the nut, or in the threaded
region are approximate values."? 2! However, these assumed effective lengths are believed to be
sufficient for shipping cask design because they usually are significantly shorter than the grip length of

the bolts.
The proposed analysis criteriafor the closure bolts of shipping casksfollow Regulatory Guides
7.6 and 7.8 of the NRC and the applicable paragraphs of Subsection NB of the ASME Code, Section 1.

The proposed criteria are intended for the closure bolts of circular, cylindrical shipping casks only.

Subsubarticle NB-3230 of the ASME Code delineates stress limits for bolts used for Class 1

components designed in accordance with the Code. Figure G4 is a diagram showing the requirements
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Fig. G2. Two types of bolted connections.
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Le= effective length of the bolt includes:

0.5Ty, Ls, L, and 0.5T,, (or 0.4D)

D = Nominal bolt diameter
Th= height of bolt head

Ls = length of bolt shank
Lg = Lg'Ls

Lg=grip length

Tn = height of bolt nut
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Fig. G3. Assumed stressdistribution and effective length of a bolt.
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Shipping Casks

10CFR 71 ASME Code Section II1

NB-3230 Appendix E
Stress Limits for Bolts Article E - 1200 Design Cross-sectional Area

* Pressure load only
Design Conditions » Gasket seating — y-factor

» Leak tightness — m-factor

iti Appendix A
N o1 = Service Level A i
Article A - 6000 Discontinuity stresses
Procedure for calculating discontinuity
stresses at regions where abrupt
ServiceLevel B[] | changes in geometry, material,
or loading occurs
Service Level C
Appendix F
Hypothetical ppe
Conditions Requirements for Bolted Joints

FA 942038

Fig. G4. Loading conditions of shipping casks and the corresponding ASME Cod
requirement for Class 1 components.
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for design conditions and four levels of service conditions. Also shown on this figure for comparison

purposes are the corresponding test conditions under 10 CFR 71.

For apressureload specified under ASM E Code design conditions, the bolt cross-sectional areacan
be determined in accordance with Subarticle E-1200 of Appendix E of the Code. For service conditions,
in addition to Subarticle E-1200, the bolts should al so be designed for other loads. Discontinuity stresses
at regionsof abrupt changing geometry, material, or loading conditions (e.g., at thelid/cask wall interface
in the case of shipping casks) should be considered in accordance with the principles described in Article
A-6000, Appendix A of the Code. This article describes an acceptable analysis method based on the

continuity requirements of displacement and angular rotation at regions of discontinuity.

The ASME stresslimits of interest to shipping cask designers are included in NB-3232 for Level
A service conditions (corresponding to the Normal Conditions of Transport for shipping casks) and F-
1335 of Appendix F for Level D service conditions (corresponding to the Hypothetical Accident

Conditions for shipping casks).

The proposed analysis criteria are aso based on current knowledge of pressure vessels and
structures. 24228271 Thjs gppendix on closure bolts reflects commonly accepted approaches and does
not preclude cask designers from using other methodsiif they are based on reasonabl e assumptions and

sound technical basis.

Figure G5 isaflow chart showing the steps involved in the design of closure bolts of a shipping

cask. A sample problem following the steps described in the flow chart can be found in Appendix A of

Design and Analysis of the Closure Bolts of Shipping Casks.[Y
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Fig. G5. Design proceduresfor the closure bolts of a shipping cask.
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A typical bolt design starts with an initial selection of bolting material, bolt size, and number of
bolts. Using the geometry of the closure, the bolt stresses are then cal culated and combined based on the
loading conditions specifiedin 10 CFR 71.71 and 71.73. Therequired prel oad can be determined by the
maximum calculated bolt stresses and the sealing requirements of the shipping cask. Total stressesin
bolts (including the preload) is then evaluated against the stress limits. The stress evaluation provides
concrete information about the suitability of theinitial design. Adjustments can be madeif needed, and
anew design can be evaluated. In most situations, one or two iterations is sufficient to obtain a good

closure bolt design.

3.0 LOAD CONDITIONS

The functions of the closure bolts in shipping casks are to fasten the lid to the cask body and to
maintain the effectiveness of the sealsunder both normal and accident conditions. The stresses of these
bolts are influenced by the nature of the sealing system and the geometry of the closurejoint. The bolt
analysiswill consider two types of seals. Oneisarelatively soft gasket whose sealing effectivenessis
based on maintaining a minimum interface pressure between the flange and seal. The second is a self
energizing seal (e.g., an elastomeric "O" ring) that depends upon interna pressure and the initial
clamping pressureto force the seal against both flanges. For effective performance, the self-energizing

seal must maintain metal-to-metal flange contact or limit the separation to a minimal amount.

For therelatively soft gasket seals, the preload must be large enough to accommodate additional
loadings (which cause the bolts to stretch) without reducing the compression on the gasket below its
minimum requirements. Thisisillustrated by adiagram that plots the load deflection characteristics of

thebolt asitisloaded intension (Fig. G6) and the membersof thejoint loaded in compression (Fig. G7).
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Fig. G6. Force-deformation curve of a bolt.
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Fig. G7. Force-deformation curve of ajoint.
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This diagram showing the |oad-deflection behavior of the bolt and the joint is shown in Fig. G8, which

is acombination of Figs. G6 and G7.

Because the stiffness of the metallic joint componentsis so much greater than that of the gasket,
these components may be considered absol utely incompressible. Starting from zero bolt stretchat A and
zero gasket compression at B (Fig. G8), the preload torque is applied until the required preload (P,) at
point C isachieved. The increasein bolt length is dB, and the gasket decrease in thicknessis dJ. Note
that the slopes of thel oad-deflection curvesrepresent the spring constants of the bolt (K,) and the gasket

(K;) respectively. The bolt and gasket deflections are

dB = P/K,, and (G1)

dI=P/K;

If an external load, F, is applied to the closure, which may be due to internal pressure or inertia

loads, the bolt increases in tension from C to D. At the same time, the compression on the gasket

decreases from C to E. The amount of additional bolt stretching (dB’) is equal to the amount of

relaxation in the gasket (or the joint) (dJ’) that is,

dB’ = dJ = dPyK,, = dP/K; = FI(K,+Kj). (G-2)

Thisexternal forceis represented on the diagram (Fig. G8) by line DE. The design must be such

that under the maximum anticipated force (F,,, the residual gasket compression represented by point

X issufficient to maintain the seal. The residual compression in the gasket is
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Fig. G8. Force-deformation characteristics of ajoint with soft gasket seals.
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PJ oS Po - de, aIld (G-B)

(®)us = P, - @)max

where:

dP, = FIK/(K,+K;)], and (G4)

(@P) s = Fral K/ (K, + K]

Rules for determining the minimum required gasket compression are given later. Free body diagrams

of the joint are shown in Fig. G9 to illustrate the external load and the interface forces.

The load on the bolt is:

Pb = Po + dPh, and (G"S)

(Pb)lmx = Po + (de)mx

where:

dP, = FIK,/(K,+K)] , and (G-6)

(@Py) = Frul K/ (K, +K)).
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Fig. G9. Free-body diagrams of the bolt and thejoint.
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Equation (G-6) can be used to compute the maximum uniform tensile stress. Note that, from

Equations (G-3) and (G4), the preload must be at least

Po > (Pj)mini + Fmax[K]/(Kb + K])] (G'7)

For joints with a self-energizing seal, the preload must be such that, for the maximum load, F,,,, the
metallic surfaces will still bein contact. Thisisillustrated in the load-deflection diagram shown in

Fig. G10

Asit doeswith the gasket joint, preload stretchesthe bolt from A to C and compressesthe metallic
joint components from B to C. Note that the stiffness of the metallic joint component is about the same
order of magnitude as the stiffness of the bolts. Upon application of external forces, the bolt stretches
further to D, whiletheflangeinterface pressurerelaxestoward E. The maximum external forcethat may
be applied isthat which resultsin zero flange interface pressure. Any additional load beyond this point
will cause separation of the flanges that could compromise the seal. For zero interface compression,

The minimum prel oad required to maintain a seal is therefore determined by

(Po)min = max[K]/(Kb + K])] (G'S)

The preload isequivalent to the maximum external load if thejoint componentsareinfinitely stiff

relative to the bolt. If thisis not so, the preload must be made | ess than the maximum external force if

the bolt is not to be overstressed when the maximum external load is applied.
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The load-deflection diagram described in previous sections is commonly called the "joint
diagram."®229 Based on the joint diagram, the bolt load (P) can be calculated for a given preload (P,)
and a given external lqad or force (H).

Without separation of contact surfaces (H < P,[K,+K/K)

P = [K,/(K,+K)H + P,. (G-9)

With separation of contact surfaces (H > P,[K,+K]}/K)

P=H (G-10)

and

ds [H-P, (K, +K)/K/]K, and G-11)

= the amount of joint separation.

The spring constant (K,) can be calculated easily by considering the bolt as a one-dimensional

element with several sections of different cross-sectional area in series,

K, = U(IJ/EA), G-12)

where E, is the Young’s modulus of the bolt material, A, is the cross-sectional area, L; is the length, and

the subscript i represents various regions of a bolt as described earlier and Fig. G3.
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Several formulas for calculating K; are available and they give a wide range of results.
However, the following simple formula has been verified both in laboratory experiments and by the finite-
element method of analysis.”®I™ It is appropriate for our purpose of applying simple methods

to analyze the closure systems of shipping casks shown in Fig. G1.

K; = EAJL; , (G-13)
where:
E; = Young’s modulus of the joint material,
A, = equivalent cross-sectional area of the joint,

= (w/4) [(D.+L;/10)>-D,]
L, = length of the joint
D, = diameter of the contact area between the bolt head and the joint,

D, = diameter of the bolt hole.

The above formula along with the method of calculating bolt load presented earlier was also used
by the Society of German Engineers in a design handbook.®! Motosh proposed an even more accurate,

but more lengthy, formula for calculating the equivalent cross-sectional area.”
For joints in which a soft gasket separates two metal parts (or without metal-to-metal contact),

the joint stiffness K; is small and can be assumed to be zero. According to Equation (G-9) and Fig. G8,

any applied external force will be carried almost completely by the bolts.
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10CFR 71.71 and 10 CFR 71.73 specify all the loading conditions that a shipping cask should be
designed for under the Normal Conditions of Transport and the Hypothetical Accident Conditions. In
stress cal culations, the loads or stresses on a shipping cask can generally be grouped into the following

categories in accordance with the source of these loads:

e  preload tension and torsion,
®  pressureloads,

e thermal loads,

®  impact loads,

e  vibration and shock loads,
®  puncture loads and,

° fabrication stresses.

The major functions of the preload in closure bolts are to join the contact surfaces and to provide
an environment in which the gaskets will function properly so that cask containment or dispersal
requirementsof 10 CFR 71.51 are met. Preload isalso hel pful in preventing vibration loosening, fatigue

failure, and joint slippage.

The bolts can be tightened using tools such as torque wrenches, bolt tensioners, or bolt heaters.
Depending on the tools used to tighten the bolts, there are several control methods for achieving the
desired amount of preload. These control methods are torque control, turn control, control by a
combination of torque and turn, and stretch control. To ensure that the minimum preload required to
provideleak-tight closureisachieved, itisimportant to consider uncertaintiesassociated with all factors

affecting the actual preload that may exist in the bolt.

Safety Design Guides.ch2/gs/11-7-94 2-256



The most common method of controlling preload is torque control, in which atorque wrench is
used to tighten abolt. Theinput torque required to tighten abolt to a specified preload is dependent on
the friction between the internal and external threads, the dlope of theinclined plane of the threads, and
thefriction between surfaces of the bolt and thejoint (head, nut, washer, and joint). Theinput torque can
be derived mathematically in along-form formula from the pitch of the threads and the coefficients of
friction between various contact surfaces. However, it is convenient to use the following short-form

formulato estimate the preload.

T =kDP,, (G-14)

where:
T = input torque,
D = nominal diameter of the bolt,
P,= preload, and

k = the “torque coefficient” or the ‘ nut factor”.

Using an average coefficient of friction of 0.15 between all surfaces for standard screw threads,
the torque coefficient (k) was found to be approximately equal to 0.2, based on mathematical

derivations.?#?!

The torque coefficient k can also be determined experimentally, and it can be found in many
reference books. Bickford and Looram compiled a table based on the types of bolt lubrication.”™ In
their table, the value of k varies from 0.095 to 0.3. Bickford also constructed a histogram of reported

k-valuesin theliterature and he found that the k-value of as-received steel fasteners has a mean value of
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0.199 and a three-standard-deviation of 0.053 The mean value is very close to the mathematically
derived value of 0.2 described above. With plus or minus three standard deviations, k varies from 0.15

to 0.25, a scatter of around plus and minus 25 percent.

When atorque wrench is used to tighten a bolt, aresidual torsional stress exists in the bolt after
thetightening is completed. Thisresidual torsional stressis dueto the frictional residence between the
threads of the bolt and the joint, and between the bolt head and the associated surface of the joint.
Because of joint relaxation, thisresidual torsional stress drops significantly after the bolt is tightened,
and the stressis usually not a concern unless the frictional coefficients are high. An upper bound value
of this residual torsional stress can be estimated based on the frictional coefficients of the contact
surfaces described above and the pitch of the threads. If it is suspected that the frictional coefficients
between the contact surfacesare high, thetorsional stressin the boltsshould be cal culated and eval uated

in accordance with the stress limits presented | ater.

Casks experience pressure loads dueto the differential pressure between theinside and outside of
the cask containment. Initial internal pressure can be caused by prepressurization, cask temperature
increase due to the decay heat of contents, and any gas leakage from contents. Reduced and increased

external pressures are part of the loads specified for the Normal Conditions of Transport.

For the circular, cylindrical shipping casks considered in this study, as shown in Fig. G1, the
closure boltsare evenly spaced along acircular circumference. Under the differential pressureload, the
interface pressure at the mating surfaces of thelid and the cask wall isnot uniformintheradial direction
of the cask. This nonuniform distribution is caused by the rotation of the joint due to the bending of the

lid and the cask wall under differential pressure.
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Bolt tension dueto theinterface bending moment at the mating surfaces between lid and cask wall

isusually not significant. Tension due to the uniform portion of the interface force can be calculated as

follows:
P = pAIN, (G-15)
where:
p=  differentia pressureinsideand outsidethecontainment, (only pressuredifferential causing
bolt tension is considered),
A =  areainsidethe gasket circle, and
N = number of bolts.

The pressure load is an external 1oad on the bolts. The actual increase in bolt tension due to the

differential pressure load can be calculated using Equation (G-6).

For closures without metal-to-metal contact between the lid and the cask wall, the only interface
forceisthe pressure force on the gaskets. Thereisno bolt tension attributabl e to bending because there
is no interface bending moment between the lid and the cask wall. Equation (G-15) representsthe total

bolt tension under the differential pressure load in this case.

Thermal analysis consists of heat transfer analysis and thermal expansion stress analysis. Two
thermal stress conditions exist. One is caused by the differential therma expansion due to the
hypothetical fireconditioninwhicharadiation environment of 1475 degrees Fahrenheitisassumed. The

other is caused by the steady state temperature distributions in the cask under the Normal Conditions of
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Trangport. If differential thermal expansion exists between the lid and the cask body in the radial

direction of the cask, shear load on the bolts may occur.

There are two sources of thermal stress. One is the axial stress in the bolt due to differential
thermal expansion of the bolt and thelid and cask wall inthe axial direction of the bolt. The other source
isthe shear and tensile loads on bolts due to differential thermal expansion of the lid and the cask wall

in the radial direction of the cask.

Theaxial bolt load in abolt dueto temperature changeinthe bolt and its surrounding environment

can be calculated as followd?!:

P = KK (a-a)Ld/(K,+K)), (G- 169)

where:

P = axia boltload dueto differential thermal expansion of the bolt and thelid and cask wall

in the axial direction of the cask,

L = Lg (approximate),

a8 = Coefficient of thermal expansion of the joint,

a = Coefficient of thermal expansion of the bolt,

K, = Stffnessof thejoint,

K, = Stiffnessof the bolt, and

d, = Changeintemperature from initial temperature.
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The bolt load calculated with Equation (G-16a) can be added directly to other loads in the load
combinationsto calculate thetotal bolt load without using Equation (G-6) because thelocal stiffness of

the bolt and the lid and cask wall have already been taken into consideration.

A simple and conservative formula can be obtained from Equation (G-16a) by assuming that the

jointisrigid, i.e.,

P= (@-a)dEA, (G- 16b)

where A, and E, are the cross-sectional areaand the modulus of elasticity of the bolt, respectively. Note

that, in Equation (G-16b), there is no need to calculate K, and K;.

Without finite-element analyses, it is not feasible to calculate accurately the bolt stresses due to
free drops of a shipping cask onto an unyielding surface. However, simplified approaches are possible

if conservative assumptions are made.

In an end drop, the lid experiences the decel eration force of the lid and the cask contents. Thelid
also experiences an external pressure load due to the interface force between the lid and the impact
limiter. The amount of tension force on the bolts can be cal culated by considering all the pressure loads

onthelid, as shownin Fig. G11.

Severa assumptions are made:
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® |tisassumed that all loads on thelid are uniformly distributed. Thisincludesthe interface forces
between the cask and theimpact limiter and between theimpact limiter and the unyielding surface.
The assumption of uniform interface pressure between cask and impact limiter is reasonable

because the impact limiter experiences uniform axial deformation in thisregion.

Theinterface pressure between theimpact limiter and the unyielding surface will belarger in the
central region inside the cask diameter than in the region outside the cask diameter. The
assumption of uniform interface pressure between the impact limiter and the unyielding surface
resultsinlessexternal pressure being appliedtothelidinthecentral region. Thisexternal pressure
load isin the opposite direction to the decel eration loads of the contents and the lid, which cause
tension in the bolts. By assuming asmaller interface pressure between the impact limiter and the
unyielding surface in the central region, a higher, or conservative, bolt tensile stress will be

obtained.

® The peak impact limiter reaction force is assumed to occur at the same time as the peak

deceleration force of the cask.

®  The cask contents (including the basket) are assumed to have a dynamic amplification factor of
2 - the maximum amplification of a single degree of freedom system—because no dynamic

analysis of the basket and cask contents is made.*2

With the above assumptions, the pressure loads on the lid due to the impact can be determined
using the results of a finite-element impact analysis—the peak deceleration loads of the cask and its
contents and the peak impact limiter reaction force. The maximum axia stress in the bolts can be

calculated following the same approach described earlier for the pressure load.
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Note that the bolts do not experience a transverse shear force during the cask end drop.

During a cask side drop, the bolts do not experience axial tension. However, due to the
deceleration of thelid and the lateral component of theimpact limiter reaction force, ashear load on the
bolts may exist. Figure G12 shows the assumed interface force and pressure distributions between the
impact limiter and the unyielding surface and between the cask and the impact limiter. Again,

conservative assumptions are used to calculate the total shear force on the bolts.

For aprotected type of closure (see Fig. G1), theimpact limiter reaction forceistotally carried by
the cask wall. The only load on the boltsisthe deceleration of thelid. It isassumed that the shear force
is evenly distributed among the bolts because the enplane stiffness of the lid is very large and the bolts
are experiencing almost the same amount of shear deformation regardless of their distance from the

point of impact.

For the exposed closure, two loading conditions are considered, and the higher bolt stressfrom one
of these two casesis used for design. The first case assumesthat the impact limiter force is completely
carried by the cask wall. Thisresultsisthe same loading condition that occursfor the protected closure
(Fig. G12). The only load on the boltsis again the deceleration of the lid. The second case (Fig. G12)
assumes that the impact limiter force outside the interface plane between the lid and the cask wall is
transmitted to the lid and, therefore, to the bolts. Again, the shear force is assumed to be evenly

distributed to all the bolts due to the large in-plane stiffness of the lid.

For oblique impacts in free drops, the closure bolts experience both axial and transverse shear

forces. Only axial force existsin end drops, and only shear force exists in side drops. The method for

calculating tension in the bolts due to the axial component of the deceleration force for the circular,
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Fig. G12. Calculation of peak bolt shear force during side drop.
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cylindrical shipping casks is developed for SCANS.™ This method of calculating the bolt tension is
summarized in Fig. G13. The method is based on the assumption that the lid and the cask wall arerigid
and the lid rotates about a pinned boundary at the edge at the lowest point of the lid. The bolt tensile
stress, S, can be calculated based on the area moment of inertia of the bolt pattern, |, and the distance,
c, of the bolt of interest to the pinned boundary using the formula S = Mc/l. The moment (M) isdueto
the deceleration loads of the lid and cask contents about the pinned boundary. The bolt load (P) due to
impact issimply equal to the product of the stress (S) and the bolt area (A,). The peak decel eration load
of the cask obtained from animpact analysis should be used in cal culating bolt stresses. Also, the basket
and the cask content should be assumed to have an amplification factor of 2 if their stiffness are not

considered in the dynamic analysis of the cask.

The transverse component of the impact limiter forceis assumed to be transmitted to the lid and
to produce a transverse shear force on the bolts, as shown in Fig. G14. Again, two loading cases are
considered in the same manner as for the side drop with an exposed closure. The transverse shear force
is also assumed to be evenly distributed to all the closure bolts regardless of their relative position on

the closure.

Based on the approach described above, the bolts experience the sameamount of transverse shear,
and the bolt with the largest distance from the point of impact receives the maximum tensile force.
Therefore, the stresses on the bolt farthest from the point of impact should be used in the design of

closure bolts.

Itisunlikely that the puncturetest condition described in 10 CFR 71.73 will cause any significant

bolt tension and shear. Figure G15 shows the puncture condition of a shipping cask with an exposed lid.

The worst condition is that the puncture pin penetrates the impact limiter and is compressed far
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Total = 2W¢ G
Total = W G,

po(2We+W)Gab

T ] A = peak bolt tension
I = moment of inertia about A-A

Ap, = bolt area (least cross-section)

Wc = wt. of content

W =wt. of lid

Gz = axial component of deceleration g-load

Fig. G13. Calculation of peak bolt tension during oblique drop.

Safety Design Guides.ch2/gs/11-7-94 2-267

FA 942047



V = shear force on bolts

WL =wt. of lid

G = peak g-load

F = peak impact limiter
reaction force

© = drop angle
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Fig. G14. Calculation of peak bolt shear force during oblique drop.
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Fig. G15. Shear load on the bolts of an exposed closure under puncture condition.
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beyond the yield strength of the material without buckling. The transverse shear stress (S,) in a bolt for

this worst condition can be calculated as follows:
AS,c0s0 = NA,S,, (G-18)where:

A, = cross-sectional area of a 6-in.-diam puncture pin
= 7 X (3 =28.3in?
S = maximum stress in a mild steel puncture pin that can be reached without buckling of the

pin, = orientation of the cask with respect to a horizontal surface,

N = number of bolts,
A, = area of a bolt, and
S, = transverse shear stress in a bolt.

For a typical mild steel, the tensile strength is usually on the order of 60 kilo-pounds per square
inch. Assuming that S, reaches the tensile strength without causing buckling in the puncture pin and

assuming also that 30 bolts of 1.25-inch-diameter are used, one obtains the following:

S, = 46.1 x cosO ksi. (G-19)

The yield strength of bolts is typically over 100 kilo-pounds per square inch. Assuming allowable
shear strength of 0.6S,, the above calculated transverse shear stress in a bolt is still within the allowable
stress of 60 kilo-pounds per square inch (0.6 x 100) even if cos© = 1 is assumed. Bolt stresses due to
pressure and thermal conditions during puncture test condition are usually small, and they are therefore

neglected in the above calculation.
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Itisunlikely that the closure bolts of shipping caskswill experience any significant vibration and
shock loads under Normal Conditions of Transport. Preload isuseful for the boltsto resist any vibration

|oads.

Table G1 summarizes the load combinations applicable to the design and analysis of the closure
bolts of a shipping cask. This table, which follows Regulatory Guide7.8,1*¥ lists only those loads
considered to be of significance in the design of closure bolts. The bolt load associated with minimum
internal pressureisnot considered in all load combinations because these pressureloadswill not induce

tension in the closure bolts.

4.0 DESIGNVALIDATION METHODS

Leakage requirements for shipping casks are described in 10 CFR Part 71. Leak-proof
containment isdefined in thisreport asleakage within the limits specified in 10 CFR 71.51. L eak-proof
containment is required at all times. There should be no loss or dispersal of radioactive contents, as
demonstrated to a sensitivity of 10°A./hours under Normal Conditions of Transport. Under the
Hypothetical Accident Conditions, there should be no escape of krypton-85 exceeding 10,000 Ci inone

week, and no escape of other radioactive material exceeding atotal amount A, in one week.
The bolt preload (P,) is an essential element in making shipping cask seals effective. Of course,
in situations where the cask content is nondispersible and leak-proof packaging is not required, little

preload is required.

In caskswithout metal-to-metal contact, the seal sor the gasketsusually havelow stiffnessbecause

gasket material is soft compared to the metal parts, or the gasket surface is small, or both.
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Table G1. Summary of load combinations for the Normal Conditions of Transport
and the Hypothetical Accident Conditions

Preload and
fabrication Initial temperature Internal pressure
stress Max. Min. Max. Min.
Normal Conditions of Transport
Hot environment ~ 100°F ambient X X
temperature
Cold environment — —40°F ambient x
temperature
Reduced external pressure — 0.25 atm X x X
Free drop — 1 ft
End drop X X X
End drop x X
Oblique — max. tension X x X
Oblique — max. tension x x
Oblique — max. shear X X X
Oblique — max. shear X x
Side drop x x X
Side drop X X
Hypothetical Accident Conditions
Free drop — 30 ft
End drop X x x
End drop x  {
Oblique — max. tension X X X
Oblique — max. tension x x
Oblique — max. shear X x X
Oblique — max. shear X X
Side drop X X X
Side drop x x
Thermal — fire accident X x
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Therefore, the joint stiffness is usually much smaller than that of the bolt. In this case,

Equation (G-9) can be conservatively approximated by

P = [K/K,+0)JH + P,

or

P = H+P, (G-20)

Equation (G-20) is used in Subarticle E-1200 of ASME Code, Section VIII Appendix E for
determining bolt cross-sectional area for leak tightness. P is the minimum required design bolt load.
Applying E-1200 criteria to shipping casks, H is the maximum total external load on a bolt for all cases
of load combinations (excluding, of course, the preload) described earlier. P, is the minimum preload
required for proper sealing of shipping casks.

Po = A, mp (G-21)

gat

where:

A, = 6.28bG,
p = H/(0.785G®)
p = the maximum equivalent differential outward pressure of the cask for all load
combination cases,
b = effective gasket or joint contact surface seating width, in.,

G = diameter (in.) at the location of gasket load reaction, and

Safety Design Guides.ch2/gs/11-7-94 2-273



m = ratioof thegasket pressure needed to ensureleak tightness and the maximum equivalent

differential pressure p.

For agiven gasket, aminimum initial bolt load W is needed to seat the gasket or to contact joint
surfaces properly.

W, = Ag Y2 (G-22)

wherey isthe minimum design seating stress. The values of y and m can be found in Appendix E of the

ASME Code, Section VIII for many materials and types of gasket.

The preceding paragraph describes gasketed closure in which the lid and the cask wall have no
direct contact (or closures without metal-to-metal contact). For the metal-to-metal contact type of
closures, seals are placed in grooves, which are machined into the lid. The lid and the cask wall arein
direct contact with each other. The dimensions of the grooves are specified by the seal manufacturers
to provide predetermined seal deformation to achieve proper seal compression. The dimensions of the
groovesinwhich the sealsare placed should follow the manufacturer’s specifications. The dimensional
specifications of these grooves can be considered as the gasket seating requirement for closures with

metal-to-metal contact between the lid and the cask wall.
It ispossiblethat seals may still be ableto maintain leak tightnessif asmall amount of separation
betweenthelid and cask wall occurs. Equation (G-11), which considersthelid-cask wall separation, can

be rewritten as follows.

P, = (H-Kyd)[K/(K,+K))]. (G-23)
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In Equation (G-23), P, isthe required preload and d,is the maximum separation between the lid
and the cask wall without aleakage through the seal. A great deal of effort may be needed to determine
the allowable value of d, for agiven seal so that the dispersal limits of 10 CFR 71.51 can be met. For
convenience and public safety, it is reasonable and conservative to assume that d, equals zero. That is,
metal-to-metal contact must be maintained at all timesfor thistype of seal unlessit can be demonstrated
with considerabl e certainty that separation will not result in the dispersal of radioactivity exceeding 10
CFR 71.51 limits. Without establishing the allowable separation between the lid and the cask wall,
metal-to-metal contact (d,= 0) can be used as the criterion for determining preload in accordance with
Equation (G-23). Not following this criterion does not imply a poor package design because this

criterion is conservative as stated above.

Another reason for using metal-to-metal contact asthe criterion for prel oad determination isthat
uncertainties exist in calculating bolt load due to various loading conditions and in determining and
applying preload. By adopting a conservative criterion for calculating the required preload thereisless

concern with these uncertainties.

Since the container must not leak after an accident, the bolt stresses which are either average or
at the extreme fibre, should be kept within elastic range at all times (including Hypothetical Accident

Conditions) to ensure that preload is not lost as aresult of permanent plastic deformation in bolts.

Using the joint diagram and the condition that no loss of metal-to-metal contact occurs, the
minimum required preload can be calculated as shown in Fig. G16 where the external load H (vertical
dashed line D’E’) is at the right corner of the joint diagram (AB’C’). At this location, the amount of
contact force and the amount of separation are both equal to zero. The minimum preload ((Py),in)

required for no loss of lid/cask wall contact at the location of the bolts is equal to H[K/(k+K)].
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Design bolt load, Pb D /

DE=DE=H

H = Maximum combined
external load on
a bolted joint

fs = 1.5 for the normal
conditions of
transport

fs = 1.0 forthe
hypothetical
accident conditions

Pj=(fs1) (Po), .

FA 942050

Fig. G16. Determination of preload.
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For the containment vessel, afactor of safety (f.) can be applied to the minimum preload (P,),,,

to yield the design preload (P,).

Po = fs(PO)min = fSH[KJ/(k] + Kb)] . (G'24)

In Equation (G-24), the maximum combined external load H on a bolt should include the impact

load.

Table G2 shows P, (P,). the design bolt load (P), and the residual contact force for a given
maximum combined external load (H) and various safety factors (f) and k,/K; ratios. The f, values of
1.5 and 1.0 are recommended for the Normal Conditions of Transport and the Hypothetical Accident
Conditions, respectively. The applied preload should be the greater of the values calculated based on
these two transport conditions. The use of the 1.0 factor of safety for the Hypothetical Accident

Conditionsis again justified because of the use of conservative criterion for preload determination.

ASME Code Section, 11, Subsection NB-3232 providesallowabl e stresslimitsfor Level A service
conditions, which, in accordance with Regulatory Guide 7.6, corresponds to the Normal Conditions
of Transport for shipping casks. These stresslimitscan be adopted for use in the design of shipping cask
closure bolts. The ASME Code does not have provisionsfor shear stressin boltsdueto transverse loads
like those resulting from an oblique impact of a shipping cask against an unyielding horizontal surface.

A set of criteriafor transverse shear stressis proposed.

The allowable averagetensile stress, (F,), in abolt neglecting stress concentration is equal to two

times the design stressintensity, (S,,), or

FF = 25, (G25)
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Table G2. Design preload, design bolt load, and residual contact force

between lid and cask wall

Minimum Design Design Residual
preload preload bolt contact
KJ/K; ®Juin ®.) load (P) force
25 4H/5 6H/5 7H/S 2H/5
33 3H/4 OH/8 11H/8 3H/8
€= 1.5 2H/3 H 4H/3 H/3
1.50) 1 H/2 3H/4 5H/4 H/4
2 H/3 H/2 7H/6 H/6
25 4H/5 16H/15 19H/15 4H/15
33 3H/4 H S5H/4 H/4
€= |5 2H/3 8H/9 11H/9 2H/9
1.34) 1 H/2 6H/9 7TH/6 H/6
2 H/3 4H/9 10H/9 H/9
25 4H/5 4H/5 H 0
33 3H/4 3H/4 H 0
= 15 2H/3 2H/3 H 0
1.00) 1 H/2 H/2 H 0
2 H/3 H/3 H 0

H = maximum combined external bolt load including impact.

Safety Design Guides.ch2/gs/11-7-94

2-278




The stress is calcul ated based on the available bolt cross-sectional area, which is equal to either
the nominal cross-sectional areaof the bolt in the shank region or the stress areain the threaded region,
whichever is smaller. The stress area of a bolt with standard threads is equal to the mean of pitch and

root diameters,

Stressarea = n/4 (D - 0.9743/n)?, (G-26)

where D isthe nominal diameter and n isthe number of threads per inch of bolt length. The stressarea
of the bolt in the threaded region is equal to approximately 70 to 75 percent of the nominal cross-
sectional area of the bolt. If the aboveformulafor stressareaisnot used, it is sufficient to use the factor

0.7 on the nominal cross-sectional area.

The value of S,, can be calculated according to Subarticle 2120 of the ASME Code Section I11.
The S,, values for materials manufactured in accordance with the specifications of the ASME Code
Section |1 can be found in Table I-1.3 of the Code. These S, values are the smaller of one-third of the
minimum specified yield strength at room temperature or one-third of theyield strength at the operating

temperature. Thus, the yield strength of the bolting material correspondsto 3S,,.

In shipping casks, there is usually no significant source of loading that would create bending
stresses in the closure bolts. The residual torsion in bolts due to torquing in preload application isaso
usually small. However, in cases where significant bending and torsion exist, the stress limitsincluded

in this section should be used.
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In cases where the bolts are under both tension and bending, the allowable tensile stress at the
extremefibreislimited tothreetimesS,, accordingto ASME Code, Section |11, Subsection NB-3232,

or,

Allowable tensile stress at the extreme fibre = 3S,,. (G27)

(bolts under both tension and bending)

Again, the stress is calculated based upon the available bolt cross-sectional area as described
previoudly. One exception to Equation (G-27) isthat, for high-strength alloy steel bolting, the limit is
2.7S, instead of 3S,,if the higher of the two fatigue curvesin the Codeis used for fatigue evaluationin

accordance with NB-3222.4(e).

For boltshavingresidual torsional stressdueto the application of aprel oad using atorquewrench,

the stress intengity, instead of the maximum stress, is limited to 3S,, or

Allowable stressintensity at the extreme fibre = 3S,, (G-28)

(bolts under tension, bending, and torsion)

When applying the above limits, the stresses in bolts can be cal culated without considering the

effects of stress concentration.

Under Level A Service Conditions (or Normal Conditions of Transport for shipping casks), the
ASME Code does not have provisions for shear stress occurring as aresult of atransverseload, such as
theimpact load in ashipping cask. It is recommended that the average shear stress acrossthe available

cross sectional areabe limited to that allowed under Hypothetical Accident Conditions, but reduced by
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a factor of 1.5. That is the allowable average shear stress, (F,), should be less than the smaller of 0.40S,

and 0.28S,,

Allowable average shear stress,
F, < 0.60S,/1.5 = 0.40S,, and (G-29)
(available cross-sectional area)

F, < 0.428,/1.5 = 0.28S,.

S, and S, are the yield and tensile strengths, respectively, of the bolt material at operating
temperature. The 1.5 factor is adopted from the relative margin of safety between some stress intensity
limits of level A and level D service conditions of the ASME Code, Section IV (NB-3133 vs F-1331.5b,

NF-3221.2 vs F-1332.1, and Section 1400a vs Section 1400c of Code Case N-284).

When both tension and transverse shear exist in a bolt, the following equation should be satisfied.

R’ + R? < 1.0, (G-30)
where:

R, = {/F,

R, = {/F,,

f, = computed tensile stress, and

f, = computed average shear stress
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Equation (G-30) follows also Appendix F of the ASME Code Section I11. The allowable tensile

and shear stresses, Ft and Fv, were calculated earlier respectively.

Appendix F of the ASME Code, Section 111 providesstresscriteriafor boltsunder Level D Service
Conditions, which, in accordance with Regulatory Guide 7.6, corresponds to the Hypothetical

Accident Conditions for shipping casks.

The average tensile stress, F,, across the available cross-sectional area of abolt islimited to the

smaller of 0.70S, and 1.0S,.

All load sources should be considered in calculating the bolt stresses including prying of the

connected parts. However, in shipping casks, it is required that there be no leakage after impact.

Thisleakagerequirement essentially eliminatesplastic deformationin bolts. Therefore, thetensile

stress at the extreme fiber of the boltsis limited to the yield strength of the material.

Under the ASME Code, the allowable extreme fiber tensile stress resulting from tension and
bending, excluding stress concentration, islimited to S, for high-strength bolts having atensile strength
of 100 kilo-pounds per square inch or greater at the operating temperature. The use of the S, limit for
high-strength boltsisnot recommended because permanent plastic deformationisnot allowedin closure
bolt design. The stresslimits are al so applicable to the Hypothetical Accident Conditionsif bending or

torsional stresses are significant under Hypothetical Accident Conditions.

The alowable average shear stress (F,) calculated based upon the avail able cross-sectional area,

shall be the smaller of:
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Allowable average shear stress, F, < 0.60S,, and (G-31)

(available cross sectional area) F, < 0.42S,

For bolts under the action of both tension and transverse shear.

R2 + R2 < 1.0. : G-32)
where:

R, = {/F,

Rv = fv/F v

f, = computed tensile stress, and

f, = computed shear stress.

Stresses caused by thermal expansion are considered as secondary under ASME Code because
of their self-limiting nature. That is, local yielding and deformation is sufficient to provide relief for
these stresses. The ASME Code stress limits involving secondary stresses are significantly higher than
those for the load-controlled stresses. Appendix F of the Code does not place any limits on thermal
expansion stress. It is clear that the stress limits proposed in the previous sections are too conservative
if they are used for the accidental fire conditions under 10 CFR 71 requirements. The following

allowable stresses are proposed for shipping cask design until better criteria becomes available.

Allowable tensile stress at the extreme fiber, or (G-33)

Allowable average tensile stress, F, = §,
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and
Allowable average shear stress, F, = 0.60S,. (G-34)

For combined tension and shear, Equation (G-32) is still applicable. The allowables proposed

above are conservative because the thermal load is self-limiting.

It is important to guard against possible thread stripping in bolt design. Thread stripping can
occur during preload or during normal and accident conditions. Inadvertent overtightening of bolts during
preload is dangerous because stripping of a fraction of the threads without breaking the bolt may go
undetected and be the prelude to undesirable consequences. To avoid thread stripping, the engagement
length (L,) of the bolt should be calculated based on the concept that the shear strength of threads should

be greater than the tensile strength of the bolt (T).

Shear strength of threads of the bolt, T,, = 0.55;A,. (G-35)

Shear strength of the internal threads, T,; = 0.55:A,; (G-36)
and

T, > T, | (G-37)

T. > T. (G-38)
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where:

T, = ter_nsile strength of a closure bolt = S A,,
Se = tensile strength of bolt material,
S = tensile strength of internal thread material,

A = tensile stress area of the bolt,
= 0.7854(D - 0.9743/n)?,

A, = minimum thread shear area of internal threads
= 7nL.D,.[1/2n + 0.577(D,p; “Eomed)]

A, = minimum thread shear area of the bolt

= 0L Koml1/20 + 0.577(E,p; Komad)]s

L. = engagement length,

n = number of threads per inch,

D = minimum of major diameter of bolt thread,

E,.. = minimum of pitch diameter of bolt thread,

K,.. = maximum minor diameter of internal thread, and
E,.. = maximum pitch diameter of internal thread.

If nuts are used, the above calculation method for engagement length can be used to establish the
effective height of the nut, except that the shear strength of threads should be reduced by a factor of 0.75.
This factor is used to cover the effects of nut dilation (an increase in nut diameter due to radial force on
the nut as a result of wedging action of the threads under load). The minimum wall thickness or width

across flats of the nut is also limited to 70 percent of the nominal diameter of the bolt.P*"
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It isagood design practice to include recessed keys between the closure lid and the cask wall as
showninthetypical closuregeometriesin Fig. G17. However, in calcul ating bolt stresses dueto thermal
expansion and impact conditions, justificationisneeded if credit isto betaken for the effectsof the keys.

Also, the gap between the lid and the cask wall should be considered in this situation.

Protective coating on the contact surfaces of a connection isusually applied to prevent corrosion,
toimprovedlip resistance, and sometimesto prevent galling. However, under Regulatory Guide 1 .65
for reactor vessels, metal-plating (a protective coating) in the closure bolting is not allowed unlessthe
plating will not degrade the quality of the material in any significant way or reduce the quality of results
attainable by various required inspection procedures. The objection was based on the fact that plating
can be more detrimental than helpful in terms of the fracture of the plating in the root of the threads,
cracking and hydrogen embrittlement in the base material, and seizing of metallic coatings between the

bolts and the nuts.

Lubrication is permissible in the cask closure bolts to prevent galling and to increase preload
accuracy if atorque or turn method of preload control is used. However, lubricants should be stable at
operating temperatures, and they should be compatible with the bolting and cask materials and the

surrounding environment.!*

Boltsshould betightenedinastar or cross pattern for the prel oad and to prevent damageto gaskets

during assembly. Also, tightening the bolts in several passes may be needed to increase accuracy in

applying the preload.
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It is a good design practice to provide recessed holes or protective rings on either the lid or the
cask wall asthose shownin Fig. G17 to prevent direct exposure of the bolt heads or bolt nutsto alateral

force from outside impact sources, such as a puncture pin.

It is also a good practice to design bolts with impact energy-absorbing capability. Figure G18
shows a bolt with reduced shank diameter, which is smaller than the minor diameter of its threads. For
these kinds of bolts, the failure mode will not be overstressing at the thread root, but it will be
overstressing at the shank where someimpact energy can beabsorbed. InFig. G17, theshank isenlarged
at itstwo endsto avoid alarge gap between the bolt and the bolt hole, which may induce alarge bending
moment in the bolt due to relative lateral movement of the lid and cask wall. The number of bolts that
should be used can be determined by stress limits. Trial and error, or iteration, on the number of bolts
and the size of bolts may be required in design. If the stresses turn out to be very low, only aminimum
number of bolts need to be provided. Thereisno rigid rule on the minimum number of boltsthat should
be used for ashipping cask. Several considerations are important in determining the minimum number

of bolts to use in a shipping cask.

1.  Thickness of lid. The thicker the lid the less likely that the lid will deform significantly under
preload or internal pressureto cause uneven pressure on the gasket or the seal, which provideleak-

tight containment for the radioactive material.

2. Radiusof balt circle. The spacing between bolts varies with the radius of the shipping cask. The
larger the radius the larger the spacing and the more likely the lid will deform under preload and
internal pressure. It is necessary that the spacing be small enough to maintain uniform pressure

on the gasket between bolt holes in accordance with manufacturer’s specifications.
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3. Commonsense. Itisclear that morethan one closurebolt isrequired simply because one bolt does
not provide a stable lid attachment to the cask body. It seems that a minimum of 8 bolts may be
required for shipping casks. Also, itismore convenient if the number of boltsisequal to multiples

of 4—the number of quadrantsin acircle.
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