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August 19, 2021
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U. S. Nuclear Regulatory Commission
Attn: Document Control Desk

One White Flint North

11555 Rockville Pike

Rockville, MD 20852

Subject: TN Americas LLC Application for Approval of the TN-32
Transportation Package (Docket No. 71-9377)

In accordance with the provisions of Title 10, Part 71 of the Code of Federal
Regulations, TN Americas LLC (TN) hereby applies for package approval for a Type
B(U)F-96 spent fuel transportation package developed by TN for the TN-32 design
and initially designated as Model No. TN-32B.

Please find enclosed a TN-32 transportation safety analysis report (SAR) for the
Model TN-32B transportation package. TN has an NRC approved quality
assurance program (Docket Number 71-0250), which satisfies the requirements of
10 CFR 71 Subpart H.

This submittal includes TN proprietary information which may not be used for any
purpose other than to support the NRC staff's review of the application. In
accordance with 10 CFR 2.390, we are providing an affidavit specifically requesting
that you withhold this proprietary information from public disclosure. This submittal
also contains appropriately labeled security-related sensitive information, which
should be withheld under 10 CFR 2.390.

The affidavit pursuant to 10 CFR 2.390 is provided herein as Enclosure 1. The SAR
is provided herein as Enclosures 2 and 3, for the proprietary and public SAR
versions, respectively. Enclosure 4 provides a listing of the computer files
contained in Enclosure 5. Enclosure 5 is a portable hard drive containing computer
files associated with this initial application. These files exceed the file size accepted
by the NRC EIE application and Enclosure 5 is therefore being provided separately.
Since Enclosure 5 contains entirely proprietary information, no public version is
provided.

For this CoC 9377 Revision 0 application, TN is applying for a one-time
transportation of the DOE-EPRI High Burnup (HBU) Demonstration Project Cask.
The HBU Demonstration Project Cask is part of the DOE/EPRI High Burnup Dry
Storage Research Project (HDRP) to collect confirmatory data on the conditions of
HBU fuel in dry storage. This project supports data on the initial conditions of the

Enclosures transmitted herein contain SUNSI. When separated from enclosures, this transmittal document is decontrolled.
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fuel rods (before storage), data from the loading and initial storage period, and data on the fuel
rods after storage.

To obtain the data after storage, the TN-32B cask needs to be transported to an examination
facility with a large hot cell to open the cask and extract the fuel rods to be examined. To
support the goals of this important industry project, it is desired to ship the cask as early as
October 2023.

Should the NRC staff require additional information to support review of this application, please
contact Peter Vescovi at 336-420-8325 or by email at peter.vescovi@orano.group.

Sincerely,

A Pakooh.

Prakash Narayanan
Chief Technical Officer

cc: Pierre Saverot (NRC), Storage and Transportation Licensing Branch, Division of Spent
Fuel Management

Enclosures:

Affidavit Pursuant to 10 CFR 2.390

TN-32 Transportation Cask Safety Analysis Report, Revision Oa (Proprietary version)
TN-32 Transportation Cask Safety Analysis Report, Revision Oa (Public version)

List of Computer Files Contained in Enclosure 5

Computer Files Associated with CoC 9377 Initial Application (Proprietary)
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Enclosure 1 to E-58750

AFFIDAVIT PURSUANT
TO 10 CFR 2.390
TN Americas LLC )
State of Maryland ) SS.
County of Prince George’s )
~ )

I, Prakash Narayanan, depose and say that I am Chief Technical Officer of TN Americas LLC, duly
authorized to execute this affidavit, and have reviewed or caused to have reviewed the information which is
identified as proprietary and referenced in the paragraph immediately below. I am submitting this affidavit in
conformance with the provisions of 10 CFR 2.390 of the Commission’s regulations for withholding this
information.

The information for which proprietary treatment is sought is contained in Enclosures 2 and 5, and are
listed below:

. Enclosure 2 - Portions of certain chapters and appendices of the Safety Analysis Report
(SAR) for Certificate of Compliance No. 9377, Revision 0, Docket 71-9377 (Proprietary
Version)

. Enclosure 5 - Certain computer files associated with CoC 9377 (Proprietary)

This document has been appropriately designated as proprietary.

[ have personal knowledge of the criteria and procedures utilized by TN Americas LLC in designating
information as a trade secret, privileged, or as confidential commercial or financial information.

Pursuant to the provisions of paragraph (b) (4) of Section 2.390 of the Commission’s regulations, the
following is furnished for consideration by the Commission in determining whether the information sought to
be withheld from public disclosure, included in the above referenced document, should be withheld.

1) The information sought to be withheld from public disclosure involves certain design details
associated with the SAR analyses, SAR drawings, and analysis computer files for the TN-32 System,
which are owned and have been held in confidence by TN Americas LLC.

2) The information is of a type customarily held in confidence by TN Americas LLC and not customarily
disclosed to the public. TN Americas LLC has a rational basis for determining the types of
information customarily held in confidence by it.

3) Public disclosure of the information is likely to cause substantial harm to the competitive position of
TN Americas LLC because the information consists of descriptions of the design and analysis of a
radioactive material transportation system, the application of which provide a competitive economic
advantage. The availability of such information to competitors would enable them to modify their
product to better compete with TN Americas LLC, take marketing or other actions to improve their
product’s position or impair the position of TN America LLC’s product, and avoid developing similar
data and analyses in support of their processes, methods or apparatus.

A MM%

Prakash Narayanan
Chief Technical Officer, TN Americas LLC

Further the deponent sayeth not.

Subscribed aWbefore me this l?’éay of August, 2021. J—

Notary Public KE:SSyH;gI'i(cPA o
My Commission Expires & / st/ 2613 Prince George's County — —~—
Maryiand

My Commission Expires Jan. 02, 2023

Page 1 of 1
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1.1

Chapter 1
General Information

Introduction

For the CoC 9377 Revision 0 application, TN is applying for a one-time transportation
of the DOE-EPRI High Burnup (HBU) Demonstration Project Cask. The HBU
Demonstration Project Cask is part of the DOE/EPRI High Burnup Dry Storage
Research Project (HDRP) to collect confirmatory data on the conditions of HBU fuel in
dry storage.

TN's application is for a transportation package developed by TN for the TN-32
design and initially designated as Model No. TN-32B, which is the HBU Project Cask.
Accordingly, this initial revision of the TN-32 transportation cask safety analysis report
(SAR) is for the Model TN-32B transportation package.

This chapter of the SAR presents a general introduction and description of the
TN-32B HBU demonstration cask, Serial Number TN-32B-81, as a Type B(U)-96
spent fuel transport packaging developed by TN Americas, LLC. This SAR describes
the design features, and presents the safety analyses that demonstrates the TN-32B
HBU demonstration cask complies with applicable requirements of 10 CFR Part 71
[1]. The format and content of this SAR follow the guidelines of Regulatory Guide 7.9

[2].

The TN-32B HBU demonstration cask is a unique, dual purpose cask intended for
both storage and transport. This cask was specifically selected for the High Burn-up
Dry Storage Cask Research and Development Project, sponsored by the Department
of Energy (DOE) and the Electric Power Research Institute (EPRI). The TN-32B HBU
demonstration cask is currently licensed for storage only at the North Anna Power
Station (NAPS) Independent Spent Fuel Storage Installation (ISFSI) [SNM-2507,
Docket No. 72-16]. A separate License Amendment Request (LAR) was submitted
by Dominion Generation in support of the site-specific storage license application.
That amendment addresses the safety related aspects of storing HBU spent fuel in
TN-32B HBU demonstration cask in accordance with 10 CFR 72 [3].

The TN-32B HBU demonstration cask is a standard TN-32B storage cask that was
modified to insert seven thermocouple lance assemblies (TLAs) through the closure
lid into seven specific spent fuel assemblies. The thermocouple lances measure the
fuel temperatures in real time during the 5.87-year storage period. The TN-32B HBU
demonstration cask is to be licensed for a single, specific HBU payload, and one-time
use for transportation. That is, for shipment of the HBU spent fuel that was selected
and stored for the storage period. This one-time use is defined to include any
sequence of shipments as long as the HBU spent fuel originally loaded has not been
removed. The cask is intended to be shipped as an exclusive use package. The
Criticality Safety Index (CSI) for nuclear criticality control for the TN-32B HBU
demonstration cask is determined to be zero in accordance with 10 CFR 71.59.
Refer to Chapter 6 for details of this determination.

TN Americas has an NRC approved quality assurance program (Docket Number
71-0250), which satisfies the requirements of 10 CFR Part 71 Subpart H.
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1.2

1.2.1

Package Description
Packaging

The TN-32B HBU demonstration cask will be used to transport 32 intact pressurized
water reactor (PWR) HBU spent fuel assemblies with six poison rod assemblies
(PRASs) inserted into specific assemblies. In its transport configuration, the TN-32B
HBU demonstration cask consists of the following components:

o A basket assembly that locates and supports the fuel assemblies, transfers heat
to the cask inner shell, and provides sufficient neutron absorption to satisfy
nuclear criticality requirements.

e A containment vessel, including a closure lid, vent and drain covers, metallic
O-ring seals, and the thermocouple lance assemblies, which provide containment
of the radioactive materials, and maintains an inert gas atmosphere.

¢ A thick-walled, forged steel gamma shield shell, a bottom shield, and closure lid
shield plate provide shielding that surrounds the containment vessel.

e Aradial neutron shield surrounding the gamma shield shell that provides
additional radiation shielding. The neutron shielding is enclosed within a welded
steel outer shell.

o A setof impact limiters consisting of redwood and balsa wood, encased in
stainless steel shells, which are attached to each end of the cask body during
transport. A puncture resistant plate over the closure lid, and lance cover plates
that cover the lance assemblies are also present to prevent a postulated
puncture bar impact from contacting the thermocouple lance assemblies. The
puncture resistant plate also provides a smooth contact surface between the
upper impact limiter and the closure lid. The impact limiters are secured to the
cask with tie-rods and attachment bolts.

o Sets of upper and lower trunnions that provide lifting and rotational capability,
respectively, for the cask.

A personnel barrier is mounted to the transport skid to prevent unauthorized access
to the surface of the cask body. The overall dimensions of the TN-32B HBU
demonstration cask are 263.2 inches long and a diameter of 144 inches with the
impact limiters installed. The cask body is 184.3 inches long (with the closure lid
installed), and 87.75 inches in diameter. The closure lid is 79.50 inches in diameter.
The cask outside diameter including the radial neutron shield is 98.14 inches. The
cask cavity is 163.38 inches long and 68.80 inches in diameter. The general
arrangement of the TN-32B HBU demonstration cask is illustrated in Figure 1-1.
Detailed design drawings for the TN-32B HBU demonstration cask are provided in
Appendix 1.4.1. The materials utilized to fabricate the cask are provided in the Parts
List on Drawings 19885-71-1 through 19885-71-7, and the materials utilized to
fabricate the impact limiters are presented in the Parts List on Drawings 19885-71-8
through 19885-71-10. Where more than one material has been specified for a
component, the most limiting properties are used in the analyses in the subsequent
chapters of this SAR.
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1.2.1.1

The gross weight of the loaded package is 269.0 kips, including a payload weight of
49.6 kips. Table 1-1 summarizes the dimensions and weights of the TN-32B HBU
demonstration cask. Trunnions welded to the cask body are provided for lifting and
handling operations, including rotation of the packaging between the horizontal and
vertical orientations. The TN-32B HBU demonstration cask is loaded in the vertical
configuration, and transported in the horizontal orientation on a specially designed
transport skid.

The maximum normal operating pressure (MNOP) of the TN-32B HBU demonstration
cask is 30.5 psig. However, a cask cavity pressure of 100 psig is conservatively
utilized for the purposes of structural analyses. The HBU spent fuel payload is
shipped dry in a helium gas atmosphere. The heat generated by the HBU spent fuel
assembilies is rejected to the surrounding air by convection and radiation. No forced
cooling or cooling fins are required.

The following sections provide a physical and functional description of each major
component. Engineering drawings delineate dimensions of significance to the safety
analyses, welding, and NDE information, and a complete materials list are provided in
Appendix 1.4.1. Reference to these drawings is made in the following physical
description sections and in general, throughout this SAR. Fabrication of the TN-32B
HBU demonstration cask was performed in accordance with these drawings.

Containment Vessel

The containment boundary components consist of the inner shell and bottom inner
plate, shell flange, closure lid outer plate, closure lid bolts, penetration cover plates
and bolts (vent and drain), the TLAs, and the inner metallic seals of the lid seal, the
vent and drain seals, and the thermocouple lance seals (refer to Figure 1-1). The
containment vessel prevents potential leakage of radioactive material from the cask
cavity. It also maintains an inert atmosphere (helium) in the cask cavity. Helium gas
assists in removal of decay heat, and provides a non-reactive environment to protect
fuel assemblies against fuel cladding degradation that might otherwise lead to gross
cladding rupture.

The overall containment vessel length is 171 inches with a wall thickness of 1.5 inch.
The cylindrical cask cavity has an inner diameter of 68.8 inches and a length of
163.38 inches. The closure lid outer plate is 4.5 inches thick, and is secured to the
body by 48 high-strength closure lid bolts and hardened washers. Double metallic
O-ring seals are provided for the lid closure. To preclude air in-leakage, the cask
cavity was pressurized with helium gas above atmospheric pressure at the time of
payload loading in November 2017.

The cask cavity can be accessed using two penetrations through the lid. These
penetrations are for draining and venting the cavity. Double metallic O-ring seals are
also utilized to seal these two lid penetrations.

The over-pressure (OP) port provides access to the volumes between the double
seals in the closure lid, cover plates, and the thermocouple lances for leakage rate
testing purposes. The OP port cover is not part of the containment boundary.
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1.2.1.2

The material for the inner shell, bottom inner plate, and the closure lid outer plate is
SA-203 Grade D. The material for the inner shell flange and thermocouple
penetration sleeve forgings is SA-350 Grade LF3. The TLA structural materials are
dual-certified Type 304/304L austenitic stainless steel and annealed Inconel (UNS
NO06600). The design of the thermocouple lance is essentially the same as that for
in-core instrumentation utilized in a PWR, which typically has a design pressure of
2,250 psig.

The cask cavity surfaces have a sprayed metallic coating of aluminum for corrosion
protection. Additionally, a stainless steel overlay was applied to the O-ring seating
surfaces on the cask body, vent, drain, and TLAs for corrosion protection.

The TN-32B HBU demonstration cask containment vessel is designed, fabricated,
examined, and tested in accordance with the requirements of Subsection NB [4] of
the ASME Boiler and Pressure Vessel (B&PV) Code to the maximum practical extent.
In addition, the design meets the requirements and Regulatory Guides 7.6 [5] and 7.8
[6]. Alternatives to the ASME B&PV Code are discussed in Section 2.11. The
construction of the containment boundary is shown on Drawings 19885-71-2, -3, -5,
and -7 provided in Appendix 1.4.1. The design of the containment boundary is further
discussed in Chapter 2, and the fabrication requirements (including examination and
testing) of the containment boundary are discussed in Chapter 4.

Gamma and Radial Neutron Shielding

A gamma shield is provided around the inner shell and the bottom inner plate of the
containment vessel, by an independent shell and bottom plate of carbon steel
(Drawing 19885-71-3). The gamma shield shell completely surrounds the
containment vessel inner shell and bottom inner plate. The 8.0-inch thick gamma
shield shell and the 8.75-inch thick bottom plate are SA-266 Gr 2 and SA-516, Grade
70 material, respectively.

In order to obtain a close fit between the inner shell and the gamma shield shell for
heat transfer, the gamma shield shell was heated prior to assembly with the inner
shell. As the gamma shield shell cools, an axial gap may form between the shell
upper flange and the top of the gamma shield shell. This gap is filled with shims.
The shims are machined to fill the gap, and act as a backing plate for the weld
between the shell upper flange and the gamma shield shell.

A 6.0-inch thick shield plate (SA-516, Grade 70) is also welded to the inside of the
closure lid outer plate (Drawing 19885-71-3). Lance cover plates (SA-240, Type
304), which are 2.13 inches thick, are placed over the thermocouple lances and
welded to the closure lid outer plate (Drawing 19885-71-2).
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Radial neutron shielding is provided by a borated polyester resin compound
surrounding the gamma shield shell. The resin compound is cast into long, slender
aluminum alloy boxes. The total radial thickness of the resin and aluminum is 4.52
inches. The array of resin-filled boxes is enclosed within a 1/2-inch thick outer steel
shell (SA-516, Grade 70) constructed of two half cylinders. In addition to serving as
resin containers, the aluminum containers provide a conduction path for heat transfer
from the gamma shield shell to the outer shell surface. A pressure relief valve is
mounted on top of the resin enclosure to limit the internal pressure increase that may
result from heating of the resin enclosure during the hypothetical accident conditions.

The resin material is an unsaturated polyester cross-linked with styrene, with
approximately 50 weight % (wt%) mineral and fiberglass reinforcement. The
components are polyester resin, styrene monomer, alpha methyl styrene, aluminum
oxide, zinc borate, and chopped fiberglass, which produce the nominal elemental
resin composition shown below.

Element wt%

H 5.05

B 1.05

C 35.13

Al 14.93

O + Zn (balance) 43.84

The resin utilized for the radial neutron shield is a proprietary formulation that has
been utilized for the TN-32/TN-32B, TN-40, and TN-68 casks, which have been
licensed for storage. The TN-40 and TN-68 cask designs are also licensed for
transport. Information on this proprietary resin has been provided to the NRC in
support of those licensing applications. The average measured hydrogen weight
percent in the resin for TN-32B HBU demonstration cask is 5.21. Appendix 9A of the
TN-32 storage UFSAR (NRC Docket No. 72-1021) provides information on the resin,
which is provided below.

Thermal Stability

Thermal aging tests on a material with the same components in slightly different
proportions have been performed by Transnucleaire, Paris (TNP). The tests by TNP
evaluate weight loss and off-gassing at 260 °F (125 °C) and 311 °F (155 °C). An
exponential weight loss occurs that rapidly approaches a maximum value. After 106
hours, the weight loss is about 1.0%, and extrapolation of the results indicates
maximum weight loss of about 1.3%. This effect diminishes rapidly with decreasing
temperature. An analysis of the gas released from a sample heated from 77 °F

(25 °C) to 257 °F (125 °C) over one hour demonstrated the resin consisted to be
99.9% styrene.

These results obtained with small samples (2-inch thick x 2-inch diameter [50 mm
thick x 50 mm diameter]) are conservative with respect to the material in a larger
enclosed form, such as the TN-32B HBU demonstration cask radial neutron shield,
where volatile constituents must diffuse through a much greater distance to be
released.
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1.2.1.3

Radiation Stability

The European Organization for Nuclear Research (CERN) has published a
compilation of its own testing and of prior published data on the radiation resistance
of various materials. The data demonstrate that while unfilled polyester has poor
radiation resistance, both mineral- and glass-filled polyester, such as used in the TN-
32B HBU demonstration cask radial neutron shield, are among the most radiation-
resistant of thermosetting resins.

In addition, the maximum bulk and peak temperatures in the radial neutron shield are
256 °F (124 °C) and 299 °F (148 °C), respectively, at the beginning of storage period
(November 2017) per Chapter 3 of the TN-32B HBU demonstration cask DLBD [7].
For NCT, the bulk average and maximum resin temperatures are 250 °F (121 °C) and
298 °F (148 °C), respectively. These temperatures are bounded by the temperatures
in the thermal aging tests. Therefore, the resin degradation and weight loss are
expected to be bounded by the test results.

There are over (100) TN-32, TN-40, and TN-68 casks currently in storage at various
ISFSI sites in the United States. Periodic inspections and dose rate measurements
of the casks in storage have not indicated any evidence of deterioration of the radial
neutron shielding.

Furthermore, prior to transport of the TN-32B HBU demonstration cask, dose rate
measurements shall be performed to demonstrate that they comply with the 10 CFR
71.47 criteria. This process ensures that the resin material has retained adequate
properties to satisfy transportation requirements.

The structural analysis of the TN-32B HBU demonstration cask shielding is presented
in Chapter 2.

Noncontainment welds were inspected in accordance with the NDE acceptance
criteria of ASME B&PV Code, Section lll, Subsection NF [8].

Impact Limiters

Upper (front) and lower (rear) impact limiters, illustrated on Drawings 19885-71-8,
19885-71-9, and 19885-71-10, form a part of the TN-32B HBU demonstration cask.
The impact limiters are attached to each other utilizing 13 tie-rods, and to the cask
body by attachment bolt brackets that are welded to the outer shell in eight locations.
The impact limiters consist of redwood and balsa wood blocks, encased in sealed
stainless steel shells (ASTM A240, Type 304) that maintain a dry atmosphere for the
wood, and confine the wood when crushed during a potential free drop. The impact
limiters also include internal radial gussets for added strength and confinement.

The impact limiters have an outside diameter of 144 inches, and an inside diameter of
89 inches to accommodate the cask ends. The bottom limiter is notched to fit over
the lower trunnions. The impact limiters extend axially 38 inches from either end of
the cask, and overlap the sides of the cask by 12 inches.
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1.2.1.4

There are 13, 1%2-inch diameter tie-rods utilized to secure the impact limiters to the
cask. The tie-rods span the length of the cask and connect to both impact limiters via
mounting brackets. The impact limiters are also attached to the outer shell of the
cask with eight 17%-inch diameter bolts. The bolts are inserted through brackets that
are secured to bars that are welded to the cask outer shell, and threaded into each
impact limiter. There are a total of eight bracket sets, four per impact limiter. Refer to
Drawings 19885-71-8, -9, and -10 in Appendix 1.4.1.

Each impact limiter is provided with 16 fusible plugs that are designed to melt during
a hypothetical fire accident, thereby relieving excessive internal pressure due to any
combustion of the wood. Each impact limiter has two lifting lugs for handling, and two
support angles for supporting the impact limiter in a vertical position during storage.
The lifting lugs and the support angles are welded to the stainless steel outer shells.

A 1.75-inch thick puncture resistant steel plate is placed on the closure lid, and bolted
to the cask body prior to installing the upper impact limiter. The purpose of this plate
is to provide a smooth contact surface between the closure lid and the upper impact
limiter, and to preclude the puncture bar free drop per 10 CFR 71.73(b)(3) from
impacting any of the thermocouple lance assemblies. The lip of the puncture
resistant plate is designed to make up the difference between the closure lid and cask
outer diameters so that the upper impact limiter cavity mates with a surface of
constant diameter. The plate also incorporates two elastomer O-ring seals to provide
an additional boundary to prevent any postulated releases of radioactive material
from the vent, drain, and/or TLAs (refer to Drawing 19885-71-4).

The functional description, as well as the performance analysis of the impact limiters,
is provided in Appendix 2.12.9.

Tie-Down and Lifting Devices

Threaded holes are provided in the closure lid to attach component lifting devices,
and are utilized as attachment points for sling systems or other lifting tools. These
threaded holes are equally spaced 90-degrees apart, as shown on Drawing 19885-
71-3. Prior to transport, any attachments will be removed. Access to these threaded
holes is prevented by the presence of the puncture resistant plate.

Four trunnions, which form part of the cask body, are attached for lifting and rotating
the cask. Two of the trunnions are located near the top of the body, and two near the
bottom. The upper trunnions are welded to the 8-inch thick gamma shield shell and
are designed to meet the requirements of 10 CFR 71.45(a). This compliance is
accomplished by evaluating the trunnions to the stress design factors of 6 and 10
when compared with yield and ultimate stress limits, respectively. These design
loads exceed the 10 CFR §71.45(a) requirements. The lower trunnions are also
welded to the 8-inch thick gamma shield shell and bottom shield, and are utilized for
only rotating the cask between the vertical and the horizontal positions.

The tie-down devices are described in Section 2.5.2 of Chapter 2.
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1.2.1.5

1.2.2

Fuel Basket

The basket structure is designed, fabricated, and inspected in accordance with ASME
B&PV Code, Section Ill, Subsection NB/NF. Section 2.1.2.2 of Chapter 2 discusses
use of Subsection NB/NF rather than Subsection NG. Alternatives to the Subsection
NB code are provided in Appendix 2.12.13. The basket structure consists of an
assembly of stainless steel cells joined by a proprietary fusion welding process and
separated by aluminum and poison plates, which form a sandwich panel. The panel
consists of 1/2-inch thick aluminum plate and a 0.040-inch thick poison plate. The
aluminum plates provide the heat conduction paths from the fuel assemblies to the
cask cavity wall. The poison material provides the necessary criticality control. This
method of construction forms a very strong honeycomb-like structure of cell liners that
provide compartments for 32 fuel assemblies. The open dimension of each cell is
8.70 inch x 8.70 inch, which provides a minimum of 1/8 inch clearance around the
irradiated HBU fuel assemblies. The overall basket length (160.0 inch) is less than
the cask cavity length to allow for thermal expansion and fuel assembly handling.

Contents
The characteristics for the specific 32 HBU fuel assemblies in the TN-32B HBU
demonstration cask are as follows:

a) Fuel is unconsolidated;

b) The HBU PWR fuel assemblies were limited to three fuel types and four
cladding materials:

i. Westinghouse LOPAR 17x17 with Zirc-4 cladding,

ii. Westinghouse NAIF 17 x 17 with ZIRLO™ and Low SN Zr-4 cladding,
and

iii. AREVA Advanced MK-BW (AMBW) 17x17 with M5™ cladding
c) Fuel includes six PRAs installed in specific fuel assembilies;
d) The maximum combined weight of a fuel assembly and a PRA is 1,551 Ib;

e) The combined weight of the HBU fuel assemblies and the PRAs in the cask is
less than 50,000 Ib;

f) The initial enrichment is less than or equal to 4.55 weight percent U-235;
g) The burnup for each assembly is greater than 50,000 MWd/MTU,;
h) The HBU fuel payload shall not be transported earlier than October 1, 2023;

i) The minimum cooling time prior to transport for any of the HBU fuel
assemblies is 11.56 years;

i)  The maximum total heat load is 25.84 kW with a maximum of 0.878 kW for
any HBU fuel assembly;

k) The characteristics of the specific fuel types authorized for shipment in the
TN-32B HBU demonstration cask are provided in Table 1-2. The table
presents the pre-irradiated nominal design dimensions and specifications for
the HBU fuel assemblies.
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[) The fuel burnup data for all 32 HBU fuel assemblies in the TN-32B HBU
demonstration cask are provided in the following table.
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Cell As::;'bly Fuel & Cladding
# o Type
1 6T0 NAIF, ZIRLO™
2 3K7 AMBW, M5™
3 3T6 NAIF, ZIRLO™
4 6F2 NAIF, ZIRLO™
5 3F6 NAIF, ZIRLO™
6 30A AMBW, M5™
7 22B AMBW, M5™
8 208 AMBW, M5™
9 5K6 AMBW, M5™
10 5D5 NAIF, ZIRLO™
1 5D9 NAIF, ZIRLO™
12 288 AMBW, M5™
13 F40 LOPAR, Zirc-4
14 57A AMBW, M5™
15 308 AMBW, M5™
16 3K4 AMBW, M5™
17 5K7 AMBW, M5™
18 508 AMBW, M5™
19 3U9 NAIF, ZIRLO™
20 0Ad NAIF, Low SN Zr-4
21 158 AMBW, M5™
22 6K4 AMBW, M5™
23 3T2 NAIF, ZIRLO™
24 3U4 NAIF, ZIRLO™
25 56B AMBW, M5™
26 54B AMBW, M5™
27 V0 AMBW, M5™
28 3U6 NAIF, ZIRLO™
29 ava AMBW, M5™

Cooling Decay
Time as of Burnup Heat as of
10/1/23 (MWd/MTU) 10/1/23
(years) (Watts)
18.00 54,223 816
14.57 53,414 846
18.00 54,298 817
19.41 51,904 738
19.41 52,138 742
13.05 52,020 851
11.56 51,155 875
11.56 50,477 859
14.57 53,268 843
23.55 55,496 748
23.55 54,579 732
11.56 50,966 871
36.45 50,646 525
13.05 52,154 854
11.56 50,623 863
14.57 51,841 807
14.57 53,335 845
11.56 50,870 868
16.54 53,074 810
29.06 50,047 593
11.56 50,972 871
14.57 51,868 815
18.00 55,087 833
16.54 52,850 805
11.56 50,952 870
11.56 51,340 878
14.57 53,506 855
16.54 52,968 808
15.04 51,183 794
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Fuel .
C;II Assembly Fuel 8_;I_Cladd|ng
ID ype
30 5K1 AMBW, M5™
31 5T9 NAIF, ZIRLO™
32 4F1 NAIF, ZIRLO™

Cooling Decay
Time as of Burnup Heat as of
10/1/23 (MWd/MTU) 10/1/23
(years) (Watts)
14.57 53,012 838
18.00 54,890 829
19.41 52,285 745
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1.2.3

1.2.4

Special Requirements for Plutonium

Per the requirements of 10 CFR 71.63 [2], “Shipments containing plutonium must be
made with the contents in solid form, if the contents contain greater than 0.74 TBq
(20 Ci) of plutonium.” The TN-32B HBU demonstration cask contains plutonium in
solid form in the fuel rods of the HBU spent fuel assemblies and therefore, satisfies
this requirement.

Operational Features

There are no complex operational features associated with the TN-32B HBU
demonstration cask. The cask and basket are designed to be compatible with typical
spent fuel pool loading/unloading methods. The sequential steps to be followed for
cask loading, testing, and unloading operations are provided in Chapter 7. The
loading operations for this unique cask are summarized below.

Upon arrival at the NAPS in October 2017, the empty cask was inspected.
Preparation of the packaging for loading required the cask to be rotated to the vertical
orientation, and removed from the shipping frame. A heavy haul transporter was then
utilized to move the cask into the spent fuel building of the plant. Access to the cask
cavity and fuel basket was obtained by removing the protective cover, loosening and
removing the 48 closure lid bolts, and removing the closure lid using standard hoist
rings threaded into the lid. The cask was lowered into the cask pit/spent fuel pool.
The HBU fuel assemblies were then loaded into specific fuel cell compartments that
were selected for positioning each fuel assembly. The six 6 PRAs were installed in
the specified fuel assemblies in the array, as well as the funnel guides to assist the
installation of the seven thermocouple lance assemblies.

The closure lid was then installed and the cavity vented. The cask was lifted so that
the lid was above the surface of the water, and the closure lid bolts/washers were
installed hand tight. The cask was then moved from the cask pit/spent fuel pool to
the decontamination area. The closure lid bolts and washers were tightened to the
specified torque. At this point, the thermocouple lance assemblies were installed,
secured to the closure lid, and sealed. The cask cavity was dried utilizing a vacuum
system, and then back-filled with helium gas. The closure lid seals, the penetration
cover seals, and the thermocouple lance assembly seals were leakage rate tested.
Following a thermal soaking period, the TN-32B HBU demonstration cask was
transported to the NAPS ISFSI site for the planned 5.87-year storage period, which
commenced in November 2017. When transported off site, the external surface
radiation and contamination levels will be verified to ensure that the levels are within
regulatory transportation limits.
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Table 1-1
Dimensions and Weights of the TN-32B HBU Demonstration Cask

Overall nominal length (with impact limiters, inch) 263.2
Overall length (w/o impact limiters, puncture resistant and lance cover plates, inch) (118%145
Impact limiter outside nominal diameter (inch) 144.0
. . . . . . 98.14
Outside diameter (without impact limiters, inch) (97.75)
o . 68.80
Cavity diameter (inch) (68.75)
. : 163.38
Cavity length (inch) (163.25)
. . . . 1.53
Containment shell side thickness (inch) (1.50)
Containment shell bottom thickness (inch) (11'5%3;
: . 9.58
Body wall thickness (inch) (9.50)
Containment lid nominal plate thickness (inch) 4.50
Overall closure lid nominal thickness (inch) 10.50
. . 10.38
Bottom thickness (inch) (10.25)
Resin and aluminum box nominal thickness (inch) 4.50
Neutron shield outer shell plate nominal thickness (inch) 0.50
Overall basket nominal length (inch) 160.00
Weight of fuel assemblies (with PRASs) (kips) 49.64
Loaded weight of TN-32B HBU demonstration cask 299 79

(w/o impact limiters, puncture resistant plate, brackets, tie-rods/hardware) (kips) ’
Weight of impact limiters, puncture resistant plate, brackets, and tie-rods (kips) 39.28
Total loaded weight of TN-32B HBU demonstration cask (w/o shipping skid) (kips) 269.00

Note: Listed dimensions are as-built dimensions for this cask with the corresponding nominal
dimensions presented in parentheses.
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Table 1-2
TN-32B HBU Demonstration Cask Fuel Data
Description Value
AMBW LOPAR | NAIF
Top nozzle inside height to corner post, inch 2.842 2.842 - 3.000
Length between top of inner flat p_art of top 1525 — 153.8
nozzle to top of bottom end plug, inch
Fuel assembly max length, inch 159.85 159.765 ‘ 159.975
Fuel assembly max width, inch 8.425 8.426
Fuel density, % theoretical 96.0% 95.0% ‘ <96.0%
Fuel rod pitch, inch 0.496
Number of fuel rods 264
Maximum uranium weight per fuel assembly, kg 469 467 ‘ 467
Fuel assembly max growth, end of life, inch 0.611
Guide tube outside diameter, inch 0.482 0.482 \ 0.474
Guide tube wall thickness, inch 0.016
Guide tube radial centerline spacing, inch 1.488
Number of guide tubes 24
Instrumentation tube outside diameter, inch <0.482
Instrumentation tube wall thickness, inch 0.016 <0.016
Number of instrumentation tubes 1
Fuel rod cladding thickness, inch 0.0225 < 0.0225 ‘ <0.0225
Active fuel column length, inch 144
Fuel rod diameter, inch 0.374 <0374 | <0.374
Maximum fuel assembly dry weight, Ib 1,488
_ . M5™ ' Zirc—4 Low-tin Zirp—4, Zirc-
Cladding material (Zircaloy) (similar to Zr ' 4 or Zirlo™
alloy) (similar to Zr alloy)

Top nozzle material Type 304 SS Similar to 300 series SS
Fuel assembly overall length including non- 161.62 161.50 —162.00

compressed hold down springs, inch
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Figure 1-1
General Arrangement, TN-32B HBU Demonstration Cask
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Notes to Figure 1-1

A
B.

Some details exaggerated for clarity.

Components are listed below:

1 Upper (front) Impact Limiter

2 Lower (rear) Impact Limiter

3 Puncture Resistant Plate

4 Tie-Rod

5 Impact Limiter Bolting & Bracket

6 Lower Trunnions

7 Upper Trunnions

8 Containment Shell (Inner Shell & Bottom Inner Plate)
9 Cask Body (Gamma Shield Shell & Bottom Shield)
10 Radial Neutron Shielding

11 Outer Shell

12 Closure Lid Assembly

13 Drain Tube

14 Thermocouple Lance Assembly
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1.4

1.4.1

Appendices
General Arrangement Drawings

The following TN Americas drawings are enclosed:

Drawing No Title
19885-71-1 TN-32B HBU Demonstration Cask, General Arrangement Assembly

19885-71-2 TN-32B HBU Demonstration Cask, General Assembly

19885-71-3 TN-32B HBU Demonstration Cask, Lid Assembly and Parts List
19885-71-4 TN-32B HBU Demonstration Cask, Puncture Resistant Plate Assembly
19885-71-5 TN-32B HBU Demonstration Cask, Trunnion Details

19885-71-6 TN-32B HBU Demonstration Cask, Basket Assembly and Parts List

19885-71-7 TN-32B HBU Demonstration Cask, Thermocouple Lance Assembly, Lance
Cover Plate

19885-71-8 TN-32B HBU Demonstration Cask, General Assembly, Impact Limiters
19885-71-9 TN-32B HBU Demonstration Cask, Bottom Impact Limiter Assembly
19885-71-10 TN-32B HBU Demonstration Cask, Top Impact Limiter Assembly
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2.1

2.11

Chapter 2
Structural Evaluation

Description of Structural Design

This chapter, including its appendices, presents the structural evaluations that
demonstrate the TN-32B HBU demonstration cask meets all of the applicable
structural criteria. Normal conditions of transport (NCT) and hypothetical accident
condition (HAC) evaluations, utilizing analytical and empirical techniques that comply
with the methodology presented in NRC Regulatory Guides 7.6 [1] and 7.8 [2]. These
evaluations also consist of bench-marking to impact limiter testing that demonstrate
that the TN-32B HBU demonstration cask satisfies applicable requirements for a Type
B(U) packaging.

Discussion

The structural integrity of the packaging under NCT and HAC specified in 10 CFR
Part 71 [3] is demonstrated to meet the design criteria described in Section 2.1.2.
The TN-32B HBU demonstration cask consists of three major structural components:
the cask body, the fuel basket, and the impact limiters (top and bottom). These
components are described in Chapter 1, and are shown on drawings provided in
Appendix 1.4.1.

The cask body is described in Section 1.2. Drawing 19885-71-1 illustrates the
general arrangement for transport. Drawing 19885-71-2 illustrates the overall
assembly of the TN-32B HBU demonstration cask package. Drawing 19885-71-3
present the closure lid assembly and details. Drawing 19885-71-4 illustrates the
puncture resistant plate assembly, and Drawing 19885-71-5 illustrates the
trunnion/basket rails/neutron shield details. Drawing 19885-71-6 illustrates the
basket assembly and parts list. Drawing 19885-71-7 provide the details for the
thermocouple lance assemblies, the lance cover plate, and parts list. Drawings
19885-71-8 through 19885-71-10 provide details of the impact limiter design. The
regulatory plate is specified on Drawing 19885-71-2.

The inner containment shell, the bottom inner containment plate, and the closure lid
outer plate are constructed from SA-203, Grade D material. The material for the inner
shell flange and thermocouple penetration sleeve forgings is SA-350 Grade LF3. The
thermocouple lance assembly materials are Type 304/304L austenitic stainless steel
and Inconel (UNS N06600). The closure lid shield plate and the bottom shield are
constructed from SA-516, Grade 70 carbon steel plate. The gamma shield is SA-266
Grade 2 carbon steel material.

In order to obtain a close fit between the inner shell and the gamma shield shell, for
better heat transfer, the gamma shield shell was heated prior to assembling it with the
inner shell. The inner shell flange was then circumferentially welded to the gamma
shield shell with a 1/2-inch groove weld.
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The four upper and lower trunnions are cylindrical, SA-105 forgings that are welded to
the gamma shield shell of the cask body. The two upper trunnions are designed to lift
the loaded TN-32B HBU demonstration cask. The lower trunnions provide the
capability to rotate the cask on the upending/downending frame. The trunnions are
shown in Drawing 19885-71-5.

The outer shell around the neutron shield consists of a cylindrical shell section, with
closure plates at each end of the neutron shield. The closure plates are welded to
the outer surface of the gamma shield shell. The outer shell provides an enclosure
for the resin-filled aluminum containers, and maintains the resin in the proper location
with respect to the active length of the fuel assemblies in the cask cavity.

The basket is a welded assembly of stainless steel fuel compartment boxes, and is
designed to accommodate 32 fuel assemblies. The fuel compartment stainless steel
box sections are attached together locally by cylindrical stainless steel plugs (that
pass through the aluminum and borated plates) that are fusion welded to the adjacent
box sections. The basket contains 32 compartments for proper spacing and support
of the fuel assemblies. Neutron poison plates, constructed from borated aluminum,
are sandwiched between the sections of the stainless steel walls of the adjacent box
and the adjacent stainless steel plates. Drawing 19885-71-6 provide details of the
basket assembly.

Structural rails oriented parallel to the axis of the cask are attached to the inner
surface of the inner shell to establish and maintain basket orientation, to prevent
twisting of the basket assembly, and to support the edges of those plates adjacent to
the rails, which would otherwise be free to slide tangentially around the cask cavity
wall under lateral inertial loadings.

The cask body and the fuel basket together with the two impact limiters, form the
packaging which is designed to meet all of the applicable 10 CFR Part 71
requirements for a Type B(U) packaging. The maximum normal operating pressure
(MNOP) is 30.5 psig.

The wall thickness of the cask body (excluding the outer shell and outer shell closure
plates) enables the packaging to withstand the hypothetical puncture accident. The
top and bottom impact limiters absorb the kinetic energy for the 1-foot NCT and the
30-foot HAC free drops.

Table 2-1 summarizes the specific evaluation methods that are used to demonstrate
compliance with the regulations. Numerical analyses have been performed for the
NCT and HAC event, as well as for the lifting and tie-down loads. In general,
numerical analyses have been performed for all of the regulatory events. These
analyses are summarized in the main body of this section, and are described in detail
in Appendices 2.12.2 through 2.12.12. Testing of one-third scale impact limiters has
been performed to benchmark the design basis impact loads utilized in the structural
analyses of the TN-32B HBU demonstration cask. The results of the testing are
provided for reference in Appendix 2.12.10.
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2.1.21

21211

The detailed structural analyses of the TN-32B HBU demonstration cask are included
in the following appendices:

Appendix 2.12.2
Appendix 2.12.3
Appendix 2.12.4
Appendix 2.12.5
Appendix 2.12.6
Appendix 2.12.7
Appendix 2.12.8

Appendix 2.12.9

Appendix 2.12.10
Appendix 2.12.11
Appendix 2.12.12
Appendix 2.12.13

Design Criteria

Structural Analysis of Cask Body

Closure Lid Bolt Analysis

Structural Analysis of the Outer Shell

Fracture Toughness Evaluation of the TN-32B HBU Cask
Structural Analysis of the TN-32B HBU Cask Basket
Dynamic Load Factor for Basket Drop Analysis

Structural Evaluation of the Fuel Rod Cladding under
Accident Impact

Structural Analysis of the Impact Limiters

TN-40 Package Impact Limiter Testing

Deep Water Immersion

Structural Analysis of Thermocouple Lance Assembly
ASME B&PV Code Alternatives

The packaging consists of three major components:

Cask Body
Fuel Basket

Impact Limiters

The structural design criteria for these components are described below.

Cask Body

Containment Vessel

The containment vessel consists of the inner shell with the shell flange out to the seal
seating surface, the bottom inner plate, and the closure lid. The closure lid bolts and
seals are also part of the containment vessel as are the drain and vent port cover
plates, bolts and seals, and the thermocouple lance assemblies and seals. The
containment vessel was designed to the maximum practical extent as an ASME Class
| component in accordance with the rules of the ASME Boiler and Pressure Vessel
Code, Section Ill, Subsection NB [3]. The Subsection NB rules for materials, design,
fabrication, and examination are applied to all of the above components to the
maximum practical extent. In addition, the design meets the requirements of
Regulatory Guides 7.6 and 7.8. Alternatives to the ASME Code are discussed in
Appendix 2.12.13.

The acceptability of the containment vessel under the applied loads is based on the
following criteria:
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o Title 10, Energy, Code of Federal Regulations, Chapter I, Part 71
e Regulatory Guide 7.6, Design Criteria

e ASME B&PV Code Design Stress Intensity Limits

e  Preclusion of Fatigue Failure

e  Preclusion of Brittle Fracture

The stresses due to each load are categorized as to the type of stress induced (e.g.,
membrane, bending) and the classification of stress (e.g., primary, secondary).
Stress limits for containment vessel components, other than bolts, for NCT and HAC
loads are provided in Table 2-2. The stress limits used for HAC conditions,
determined on an elastic basis, are based on the entire structure (containment vessel
and gamma shielding material) resisting the accident load. Local yielding is permitted
at the point of contact where the load is applied.

The primary membrane stresses and primary membrane-plus-bending stresses in the
cask are limited under NCT to S, (S. is the code allowable stress intensity) and 1.5 S,,,
respectively.

The HAC impact events are evaluated as short duration, Level D conditions. The
stress criteria are extracted from Section Ill, Appendix F of the ASME B&PV Code [3].
As a nonlinear elastic-plastic analysis of the basket is utilized for HAC, the primary
membrane stress intensity P, is limited to the greater of 0.7 S, and S, + 1/2(S. - S,).
The membrane plus bending stress intensity P, + P, is limited to 0.9 S,. For the
containment vessel components, the HAC stress limits are specified in Table 2-2.

The allowable stress limits for the containment bolts are listed in Table 2-3. The
allowable stress limits for the closure lid bolts are listed separately in Appendix
2.12.3, Tables 2.12.3-3 and 2.12.3-4.

The allowable stress intensity values S, or S, as defined by the ASME B&PV Code, are
selected at the maximum component temperature calculated for each service load
condition.

The welding procedures, welders and weld operators were qualified in accordance
with Section IX of the ASME B&PV Code [5].
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2.1.2.1.2 Non-Containment Structure

2.1.2.2

Certain components of the cask body such as the gamma shield shell, the neutron
shield outer shell and the trunnions, do not provide containment, but do have
structural functions. These components (referred to as non-containment structures)
are required to withstand the environmental loads, and in some cases, share the
loads with the containment vessel. The stress limits for these non-containment
structures are provided in Table 2-4. The gamma shield shell and neutron shield
outer shell were designed, fabricated, and inspected in accordance with the ASME
B&PV Code, Subsection NF [6], to the maximum practical extent. Structural and
structural attachment welds were examined by the liquid penetrant or the magnetic
particle method, in accordance with Section V, Article 6 of the ASME B&PV Code [7].
The magnetic particle and liquid penetrant examination acceptance standards are in
accordance with Section Ill, Subsection NF, Paragraphs NF-5340 and NF-5350 [6].

The welding procedures, welders and weld operators were qualified in accordance
with Section IX of the ASME B&PV Code [5].

The radial neutron shield, including the carbon steel outer shell, has not been
designed to withstand all of the HAC loads.

Basket

The basket is designed in accordance with the ASME B&PV Code, Section llI,
Subsections NB [4] and NF [6], to the maximum practical extent. The TN-32B HBU
demonstration cask was developed as a storage cask, and as such, the basket and
containment were designed utilized the stress limits from ASME B&PV Code, Section
lll, Subsection NB. NCT stress limits specified in Subsection NB are the same as
Subsection NG, which is currently used for transportation packages. For HAC, both
Subsections NB and NG require utilization of Appendix F for the stress limits.
Therefore, the basket design meets the NG stress limits, as specified in the Standard
Review Plan [8]. The alternatives to ASME B&PV Code requirements are listed in
Appendix 2.12.13.

The neutron poison sheets are not included in the structural analysis. Therefore, the
materials are not required to be ASME B&PV Code materials. The aluminum plates
between the fuel compartments and aluminum basket rails are not ASME Class 1
material. Aluminum was selected for its excellent thermal conductivity and a high
strength-to-weight ratio. Reference [8] and Reference [9] allow materials other than
ASME Code materials to be used in the cask fabrication. The ASME B&PV Code
does provide the material properties for the aluminum alloy, and also permits the
material to be utilized for Section Il applications (Class 2 or 3).

The stress limits for the basket are summarized in Table 2-5. The wall thickness of
the basket fuel compartment is designed to satisfy the heat transfer, nuclear criticality,
and the structural requirements. The basket structure provides sufficient rigidity to
maintain a subcritical configuration under the applied loads.
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2.1.2.3

The basis for the allowable stresses for the compartment box and the fusion welds is
Section lll, Division |, Subsection NB of the ASME B&PV Code [3]. The primary
membrane stresses and primary membrane-plus-bending stresses in the basket are
limited to S.. (S. is the code allowable stress intensity) and 1.5 S,,, respectively, for
NCT loads.

The HAC events are evaluated as short duration, Level D condition. The stress
criteria are extracted from Section lll, Appendix F of the ASME B&PV Code [3]. The
membrane and membrane plus bending stresses were compared against greater of
0.7 S, and §,+1/3(S.-Sy) and 0.9 S, elastic-plastic analysis stress criteria values for the
HAC drop events.

The fuel compartment walls under compressive loads are also evaluated to ensure
that buckling will not occur. ANSYS® nonlinear buckling analysis is used to calculate
the buckling load. Refer to Appendix 2.12.6 for complete details of criteria for these
conditions.

The fusion welds in the basket are not code welds (alternative to codes are listed in
Appendix 2.12.13). The fusion welds are qualified by testing. The testing program
ensures that the fusion welds are stronger than the base metal. Additionally, it is
shown that the maximum stress in the base metal is lower than the ASME Subsection
NB (identical to NG) allowable stress thus, basket integrity is maintained, and the
welds are qualified. The testing program is described in Section 2.12.6.4 of Appendix
2.12.6.

Impact Limiters (Top and Bottom)

The TN-32B HBU demonstration cask includes impact limiters at each end of the
cask body. The limiters are nearly identical. The inside diameter of the limiter is
determined by the diameter of the gamma shield shell. The length and outside
diameter of the limiter are sized to limit the cask inertial loads during the 1-foot NCT
and 30-foot HAC free drop events so that the containment vessel (and the non-
containment structures) satisfies the design criteria.

The impact limiter stainless steel shells, gussets, and end plates are designed to
position and confine the redwood and balsa wood blocks so that the impact energy is
properly absorbed. The stainless steel shell is also designed to support and protect
the wood blocks under NCT environmental conditions (moisture, pressure,
temperature, etc.).

The impact limiters and attachments are designed to withstand the applied loads and
to prevent separation of the limiters from the cask during any NCT or HAC impact
event. The design criteria for the impact limiters and attachments are specified in
Appendix 2.12.9.
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2124

214

Trunnions

The evaluation and design criteria for the lifting trunnions are based on the
requirements of 10 CFR 71.45 [3]. The details of the evaluation are presented in
Section 2.5. The evaluation demonstrates that the upper trunnions, used for lifting,
have a minimum factor of safety of six against yield or ten against ultimate, whichever
is most restrictive. These design loads exceed the 10 CFR 71.45(a) requirements.

Weights and Centers of Gravity

The gross weight of the TN-32B HBU demonstration cask is 269 kips. The weights of
the major individual subassemblies are listed in Table 2-7. The center of gravity of
the cask is located approximately 93.7 inches from the base of the cask body along
the axial centerline.

The calculations that follow typically use conservative weights that are slightly higher
than those listed in Table 2-7. These are:

1. Lifting (w/o impact limiters), 240 kips

2. Tie-down analyses, 270 kips

3. Cask body analysis 271 kips

Identification of Codes and Standards for Package Design

The cask containment boundary was designed, fabricated, and inspected in
accordance with Subsection NB of the ASME B&PV Code to the maximum practical
extent. The basket was designed, fabricated, and inspected in accordance with
Subsection NB/NF of the ASME B&PV Code to the maximum practical extent. The
ASME code alternatives for the cask, basket, and thermocouple lance assemblies are
specified in Appendix 2.12.13.
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2.2

2.2.1

2.2.2

Materials
Material Properties and Specifications

This section provides the mechanical properties of materials utilized in the structural
evaluation of the TN-32B HBU demonstration cask. Drawings 19885-71-2 through
19885-71-7 (refer to Appendix 1.4.1) list the materials selected for each component of
the transport cask. Table 2-6 lists the minimum yield, ultimate, and design stress
values specified by the ASME B&PV Code, Section II, Part D [10] [11].

Mechanical properties of the energy absorbing redwood and balsa wood used in the
impact limiters are specified in Table 2.12.9-3 of Appendix 2.12.9.

Chemical, Galvanic, or Other Reactions

The materials of the TN-32B HBU demonstration cask have been reviewed to
determine whether chemical, galvanic or other reactions between the materials,
contents and environment might occur during any phase of loading, unloading,
handling or transport.

The TN-32B HBU demonstration cask components are exposed to the following
environments:

e During loading, the cask was submerged in pool water, which is borated. The
cask was only maintained in the spent fuel pool for approximately 12 hours to
load the HBU fuel assemblies. After removing the cask from the pool, water or
water vapor was present during installation of the thermocouple lance
assemblies, and the draining and drying process. This process required
approximately 36 hours to install the seven thermocouple lance assemblies,
drain the cask cavity, and completely dry, evacuate, and backfill the cavity with
helium.

e During handling and transport to/storage on the independent spent fuel storage
installation (ISFSI) pad, the exterior of the cask was exposed to normal
environmental conditions of temperature, rain, snow, etc.

e During transportation, the cask cavity is exposed to an inert helium environment.
The helium environment does not support chemical or galvanic reactions
because both moisture and oxygen must be present for a reaction to occur. The
cask was thoroughly dried by a vacuum drying process, sealed, and backfilled
with helium gas during loading in November 2017.

e The radial neutron shielding materials and the aluminum resin boxes are sealed
inside the outer shell for normal operations. The resin material is inert after it has
cured and does not affect the aluminum boxes or the carbon steel housing.

The material properties of the Type 304/304L stainless steel plates are extracted from
the ASME B&PV Code, Section Il, Part D. The material properties of the aluminum
alloy (6061-T6) are also extracted from the ASME B&PV Code [10] [11], and
aluminum standards and data [12].
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224

Effects of Radiation on Materials

Gamma radiation has no significant effect on metals. The effect of fast neutron
irradiation of metals is a function of the integrated fast neutron flux. Studies on fast
neutron damage in aluminum, stainless steel, and low alloy steels rarely evaluate
damage below 10'" n/cm? because it is not significant. Extrapolation of the data
available down to the 10™ n/cm? range confirms that there will be virtually no neutron
damage to any of the cask metallic components.

The neutron absorbers consist of aluminum with boron added in the form of boron
carbide. The durability of this material in the radiation environment is similar to
aluminum, which has been demonstrated over many years in service for spent
nuclear fuel storage systems and transportation casks.

Radiation levels and temperature on the cask exterior surface are not sufficiently high
to damage the paint. This fact is confirmed by dry cask experience. Paint is also
subject to routine maintenance and touch-up during the cask storage period and prior
to being transported from the ISFSI site.

Seals

There is no significant degradation of the metallic O-ring seals resulting from the
effects of long-term exposure to neutron or gamma radiation.

Neutron Shielding

The radial neutron shield material is a proprietary resin that has been developed and
tested for applications, such as the TN-32B HBU demonstration cask. The neutron
and gamma fluence expected for this application are below those levels that could
degrade the effectiveness of the resin material.

Fracture Toughness Requirements

The cask body and closure lid materials are ferritic steels and are, therefore, subject
to fracture toughness requirements in order to ensure ductile behavior at the lowest
service temperature (LST) of —20 °F. Refer to Appendix 2.12.5 for fracture toughness
evaluation. The fracture toughness evaluations in this appendix demonstrate that the
TN-32B HBU demonstration cask materials satisfy the fracture toughness criteria of
NUREG/CR-3826 [13] and NUREG/CR-1815 [14].
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23 Fabrication and Examination

2.3.1 Fabrication
Fabrication of the TN-32B HBU demonstration cask was conducted per the
requirements of the ASME B&PV Code to the maximum extent possible. Refer to
Section 2.1.2 and Section 2.1.4.

2.3.2 Examination

Examination of the TN-32B HBU demonstration cask was conducted per the
requirements of the ASME B&PV Code to the maximum extent possible. Refer to
Section 2.1.2 and Section 2.1.4.
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2.4

241

24.2

243

244

2.4.41

General Standards for All Packages

The TN-32B HBU demonstration cask is designed to comply with the general
standards for all packages specified by 10 CFR 71.43 [3].

Minimum Package Size

The overall package dimensions of 263.2 inches long and 144 inches in diameter
exceed the minimum dimension requirement of 10 cm (4 inches).

Tamper-Indicating Feature

The only access path into the package is through the closure lid and associated lid
closure bolts. During transport, the puncture resistant plate and the top (front) impact
limiter entirely covers and prevents access to the cask closure lid, and the vent, drain,
and access port penetrations in the lid. A wire security seal is installed in the top
(front) impact limiter attachment tie-rod prior to shipment. The presence of this seal
demonstrates that unauthorized opening of the package has not occurred during
transit.

Positive Closure

Positive fastening of all access openings through the containment vessel is
accomplished by bolted closures which preclude unintentional opening. In addition,
the presence of the impact limiters and security seal described in Section 2.4.2
provide further protection against unintentional opening.

Chemical and Galvanic Reactions
Cask Interior

The TN-32B HBU demonstration cask materials are identified in the Parts List on
Drawings 19885-71-2 through 19885-71-7 (refer to Appendix 1.4.1).

The containment vessel is constructed from SA-203 Grade D steel plate, SA-350
Grade LF3 forging, Inconel (UNS N06600), and Type 304/304L stainless steel
materials. The vessel interior cavity surfaces were grit blasted, and then coated with
an aluminum metal-spray.

The aluminum metal-spray coating is subject to the following service environments:

o After fabrication, the cask was closed and shipped with helium gas in the cask
cavity during the extended non-use storage period.

e At fuel loading, borated spent fuel pool water was present in the cavity for 12
hours.

e The cask was vacuum-dried and backfilled with helium gas for the minimum
storage period of 5.87 years, and/or off-site transport.

The coating is not subject to abrasion except for the one-time insertion of the basket
into the containment vessel.
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2443

2444

All sealing surfaces are stainless steel clad by weld overlay. The metallic O-ring
seals have a stainless steel liner and a silver jacket.

Within the cask cavity, there are six basket rails constructed from 6061-T6 or -T651
aluminum. The rails are illustrated on the drawings provided in Appendix 1.4.1.
These rails are not coated.

The cask basket was assembled from SA-240, Type 304 stainless steel boxes that
are joined together by a fusion welding process, and are separated by borated
aluminum poison plates, which form a sandwich panel. The aluminum plates are
6061 -T651 aluminum. The aluminum plates are held in place by the stainless steel
plugs to which the boxes are welded. The aluminum is not welded or bolted to the
stainless steel.

The borated aluminum sheets are also held in place by the stainless steel plugs and
are captured between the stainless steel boxes. The borated aluminum is not welded
or bolted to the stainless steel.

Cask Exterior

The exterior of the cask is carbon steel. The exterior of the cask, with the exception
of the trunnion bearing surfaces, was blasted clean, and then painted using an epoxy
polysiloxane, or equivalent coating. The paint was selected to be compatible with the
pool water, and to be easily decontaminated.

The paint was visually inspected prior to immersion of the cask in the spent fuel pool
and prior to transport. Prior to shipping off-site, touch up painting or re-coating is
performed if the paint has deteriorated.

Lubricants and Cleaning Agents

Loctite N-5000 was utilized to coat the threads of the TN-32B HBU demonstration
cask closure lid bolts. Never-Seez or equivalent is used to coat the contact areas of
the top and bottom trunnions prior to lifting operations to prevent impregnation of
contamination into the trunnion surface. The lubricant was selected for compatibility
with the North Anna Power Station spent fuel pool water and the cask materials.

The cask body was cleaned in accordance with approved procedures to remove
cleaning residues prior to shipment to the loading site. The basket is also cleaned
prior to installation in the cask. The cleaning agents and lubricants have no
significant effect on the cask materials and their safety related functions.

Hydrogen Generation

Prairie Island’s report to the NRC [15] [16] in response to NRC Bulletin 96-04
demonstrates that galvanic reactions in hydrogen generation are insignificant for the
TN-40 cask, which is similar to TN-32B HBU demonstration cask. Unlike welded
canisters, the TN-32B HBU demonstration cask has a bolted closure. Therefore,
there is no source of ignition to result in an explosion or fire.
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Effect of Galvanic Reactions on the Performance of the Cask

There are no significant reactions that could reduce the overall integrity of the cask or
its contents during storage. The cask and fuel cladding thermal properties are
provided in Chapter 3. The emissivity of the basket fuel compartment is 0.3, which is
typical for non-polished stainless steel surfaces. If the stainless steel is oxidized, this
value would increase, improving heat transfer. The fuel rod emissivity value used is
0.8, which is a typical value for oxidized the M5™ (Zircaloy), Zirloy™, Low-Sn Zr-4,
and Zirc-4 fuel cladding of the HBU assemblies. Therefore, the passivation reactions
would not reduce the thermal properties of the component cask materials or the fuel
cladding.

There are no reactions that would cause binding of the mechanical surfaces or the
fuel to basket compartment boxes due to galvanic or chemical reactions.

The stainless steel, borated aluminum, and thermal aluminum spray are negligibly
affected by the short-term exposure to borated water during loading. While formation
of blisters in Boral® during vacuum drying and heating has been reported, this
condition has not been associated with displacement of the borated core aluminum
material containing the boron carbide and, therefore, has no effect on the boron
criticality safety design function. Furthermore, in the TN-32B HBU demonstration
cask, the borated aluminum is captured between the structural basket components to
provide it with added mechanical support and durability. The outer closure lid seal
with a silver jacket will also not experience any combination of crevice and galvanic
corrosion when exposed to water for an extended period of storage prior to transport.

There is no significant degradation of any safety components caused directly by the
effects of the reactions or by the effects of the reactions combined with the effects of
long-term exposure of the materials to neutron or gamma radiation, high
temperatures, or other possible ambient or operating conditions.
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2.5.1

2.5.1.1

Lifting and Tie-Down Standards for All Packages
Lifting Devices

10 CFR 71.45(a) [3] requires that a minimum factor of safety of three against yield is
required for all lifting attachments which are structural parts of the package. In
addition, the package must be designed such that failure of any lifting device under
excessive load would not impair the ability of the package to meet the requirements
of 10 CFR Part 71. The stress analyses of the trunnions are provided in the following
section.

Trunnion Analysis

The trunnion geometry is shown in Figure 2-1. The front (upper) and rear (lower)
trunnions are constructed from SA-105 forging material, and are welded to the cask
body with a groove and fillet cover weld. A flat surface is machined on the cask body
outer surface at each trunnion location for this purpose.

The following calculation is provided to demonstrate the acceptability of the trunnion
design. Additionally, it is shown that the trunnions can be overloaded to failure
without compromising the safety of the TN-32B HBU demonstration cask.

The upper trunnions are utilized for vertical lifting of the cask. The total weight of the
cask is conservatively assumed to be 240,000 Ib,. The trunnions are designed to a
safety factor of 6 when compared to yield stress and a factor of 10 when compared to
ultimate stress. These design loads are very conservative, and exceed the 10 CFR
71.45(a) requirements. The load applied to each upper trunnion is then:

Fy weper) = 1/2(6)(240,000 ) = 720,000 Ib¢/trunnion
Fu weeery = 1/2(10)(240,000 ) = 1,200,000 1b¢/trunnion

The two lower trunnions are not used for lifting, but only to support the cask as it is
upended or downended. Thus, they are assumed to support 1/2 of the cask weight
since the upper trunnions share the load. Therefore, the load of each of the lower
trunnions is:

Fy wowery = 1/4 (6)(240,000) = 360,000 Ibg/trunnion
Fu (LOWER) = 1/4 (10)(240,000) = 600,000 Ib¢/trunnion

Upper Trunnions

Using the dimensions shown in Figure 2-1, the cross sectional areas and moments of
inertia are:

Section A-A:
Ap = %(12.02 ~5.0>)=93.415in>

Iy a =%(12.04 ~5.0*)=987.20in*
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Shoulder Section B-B:
Ag s = %(1 125 =5.0°)="79.77in?
ly s =——(11.25" ~5.0')=755.6in*
64
The lifting force applied to the upper trunnion results in a shear load and a bending

moment at Sections A-A and B-B.

For Section A-A, the moment arm, La.a, is 5.58 inch. For Section B-B, the moment
arm, Lg-s, is 1.75 inch.

For the 6 times lift evaluation, the loads at the respective cross-sections are:
Fex= 720,000 Ib¢
Mex a-a= 720,000(5.58) = 4,017,600 1bs-in
Mex s-5= 720,000(1.75) = 1,260,000 Ibs-in

For the 10 times lift evaluation, the loads at the respective cross-sections are:
Fle: 1,200,000 lbf
Miox a-a= 1,200,000(5.58) = 6,696,000 1b-in
Miox s-5= 1,200,000(1.75) = 2,100,000 Ibin

Lower Trunnions

Cross-sectional areas and moments of inertia of the lower trunnions can be
calculated using the dimensions provided in Figure 2-1:

Section A-A:
A, = %(10.02 —~5.0°)=58.91in2
= 2=(10.0" —5.0*)=460.19in*
64
Shoulder Section B-B:
Ag s = %(8.672 —4.0°)=46.47in?
ly s = %(8.674 ~4.0*)=264.80in*

The supporting force applied to the lower trunnion results in a shear load and a
bending moment at Sections A-A and B-B.

For Section A-A, the moment arm, La-a, is 5.58 inches. For Section B-B, the moment
arm, Lgg, is 1.75 inches.
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For the 6 times lift evaluation, the applied loads at the respective cross sections are:
Fe= 360,000 Ib¢
Maex a-a= 360,000(5.58) = 2,008,800 1bs-in
Maex B-5= 360,000(1.75) = 630,000 Ibs-in
For the 10 times lift evaluation, the loads at the respective cross sections are:
Fiox= 600,000 1b¢
Miox a-a= 600,000(5.58) = 3,348,000 Ibs-in
Miox B-8= 600,000(1.75) = 1,050,000 Ibs-in

The section properties and applied loads calculated above are summarized in Table
2-8.

Stress evaluation

Upper Trunnions

For the factor of 6 lifting load at Section A-A, the shear (za-a) and bending (osa-a)
stresses, and the stress intensity (Sa.a) are:

720,000 .
= : =7,708 psi
'A-AT 93415 P
Topp = —4’01;’8632(6‘0) — 24,418 psi

Sp_n =|(24.418 +4(7.708)] * = 28877 psi

For the factor of 6 lifting load at Section B-B, the stresses are:

720,000 .
Tg g = ————— =9,026 psi
B8 7977 P
1,260,000 5.625) .
= =9,380 psi
BE-8 755.6 P
1/2
Sg g = [(9,026 ) +4(9,380 )2} = 20,818 psi

For the factor of 10 support load at Section A-A, the stresses are:

1,200,000 .
= 1200999 _ 15 s46psi
fA-A T 93415 P
6,696,000 6.0) .
= 6,090,998 69) _ 46 697 psi
BAA 987.2 P

Sa_a =|(40.697) +4(12:846) | * = 48128 psi
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For the factor 10 support load at Section B-B, the stresses are:

1,200,000 .
=2 15,043 psi
BB~ "9977 P
2,100,000 5.625) .
= =15,633 psi
B.B-B 755.6 P

Sp 5 =[(15.043) +4(15.633)"] " =34,697 psi

Lower Trunnions

For the factor of 6 lifting load at Section A-A, the stresses are:

360,000 .
ra =220 6 111psi
AR 5891 P

2,008800 5.0) .

_ =008 0 ) _ 51826 psi

BA-A 460.19 P

Sp_n =|(21.826) +4(61117]"* = 25015 psi

For the factor of 6 lifting load at Section B-B, the stresses are:

360,000 .
_ 2000 _ 5747 psi
BB 647 P
630,000 4.34) ,
O, =———— — *=10,326psi
B5-B 264.80 P

Sp 5 =[(10326) +4(7,7477]"* =18.620psi
For the factor of 10 support load at Section A-A, the stresses are:

600,000

— ~10.185psi
T Ty P
3,348,000 5.0) .
_ 2220000 59) _ 36376 psi
BA-A 460.19 P

1/

Spa= [(36,376)2 +4(10,185)2] ? Z41,691psi
For the factor of 10 support load at Section B-B, the stresses are:

~ 600,000

_ ~12.912psi
BB =047 P
1,050,000 4.34) .
_ 20000 25%) 17209 psi
B.5-8 264.80 P

1/

Sp 5 =[(17.209 +4(12.912) "% =31,033psi

Table 2-8 presents the section properties and applied loads for the trunnions, and
Table 2-9 presents a summary of the stresses at the same locations to compare
against the trunnion yield and ultimate strengths. Also listed are the allowable
stresses (yield and ultimate strengths).
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Conservatively assuming a material temperature of 400 °F, the minimum margin of
safety (M.S.) for the factor 6g lift of the upper trunnion is at Section A-A:

M.S. =30,800/28,877 -1.0 = +0.07
For the lower trunnion, the minimum margin is also at Section A-A:
M.S. =30,800/25,462 -1.0 = +0.21

For the factor 10g lift of the upper trunnion, the minimum M.S., again at Section A-A
is:

M.S. =70,000/48,128 -1.0 = +0.45
For the lower trunnion, the minimum M.S. is:
M.S. =70,000/41,691 -1.0 = +0.68

The results presented above demonstrate that all of the calculated stresses in both
the upper and lower trunnions are acceptable, and that the minimum M.S. is +0.21 for
the yield condition in the lower trunnion, and +0.46 for the ultimate condition for the
upper trunnion. Therefore, the requirements of 10 CFR 71.45(a) are met.

10 CFR 71.45(a) requires that any lifting attachment that is a structural part of the
package must not fail in such a manner that the ability of the packaging to meet other
requirements is impaired. The trunnions are welded to the 8-inch thick gamma shield.
The gamma shield is a thick walled cylinder that transmits the lifting load to the
balance of the cask. The Bijlaard analysis provided in Section 2.6 yields a maximum
stress in the gamma shell of 17.32 ksi due to the trunnion moment, internal pressure,
and thermal stress. The outer surface of the gamma shield can be considered the
same temperature as the trunnions and thus, the allowable stress is identical.
Therefore, the margin when compared to yield strength for the shell is much greater
than either the trunnion shoulder or weld margin. This ensures the trunnion failure
due to excessive load will not affect the performance of the cask because the
trunnion will separate from the cask before the cask gamma shield wall fails. Note
also that the containment vessel is inside the gamma shield, and is unaffected by a
postulated trunnion failure.
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Tie-Down Devices

The longitudinal forces experienced by the transport package, per 10 CFR 71.45(b),
are resisted by steel end restraints that react against the impact limiters. The vertical
and lateral forces that act on the transport package, according to 10 CFR 71.45(b)
and NUREG-1815 [14], are restrained by a dual saddle/strap tie-down system.
Specifically, the tie-down straps resist uplifting and lateral overturning forces whereas
the saddles react downward and strap reaction forces. This restraint system is also
designed to preclude yielding in the load bearing material of the transport package
during normal transport conditions. The premise for both of these tie-down systems
is to add extra safety margin by utilizing the large load-bearing surface areas
available to distribute transport loads, instead of creating the relatively large localized
stresses associated with utilizing the trunnions as tie-down points for transportation.
This loading condition, Load Step IL-9, is analyzed in Appendix 2.12.2. The stress
results from the tie-down load are presented in Table 2.12.2-2. All the calculated
stresses are less than the lowest yield strength of 30.0 ksi (gamma shield shell).
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2.6

Normal Conditions of Transport
Overview

This section describes the response of the TN-32B HBU demonstration cask to the
loading conditions specified by 10 CFR 71.71 [3]. The design criteria established for
the TN-32B HBU demonstration cask for the NCT are described in Section 2.1.2.
These criteria are selected to ensure that the package performance standards
specified by 10 CFR 71.43 and 71.51 are satisfied. Under NCT, there will be no loss
or dispersal of radioactive contents, no significant increase in external radiation
levels, and no substantial reduction in the effectiveness of the packaging.

Detailed structural analyses of various TN-32B HBU demonstration cask components
subjected to individual loads are provided in the Appendices to this chapter. The
limiting results from these analyses are used in this section to quantify package
performance in response to the NCT load combinations, specified in 10 CFR 71.71
and Regulatory Guide 7.8 [2]. Table 2-10 provides an overview of the performance
evaluations reported in each load combination subsection. Each subsection provides
the limiting structural analysis result for the affected cask component(s) in comparison
to the established design criteria. This comparison permits the minimum M.S. for a
given component subjected to a given loading condition to be readily identified. In all
cases, the acceptability of the TN-32B HBU demonstration cask design with respect
to established criteria, and consequently with respect to 10 CFR Part 71 performance
standards is demonstrated.

The structural analysis of the cask body is presented in Appendix 2.12.2 and covers a
wide range of individual loading conditions. The stress results from the various
individual loads must be combined in order to represent the stress condition in the
cask body under the specified condition evaluated in this section. An explanation of
the reporting format used for the results, and the stress combination technique used
in applying the results from Appendix 2.12.2 is provided here.

Reporting Method for Cask Body Stresses

Appendix 2.12.2 provides the detailed description of the structural analyses of the
TN-32B HBU demonstration cask body. The appendix describes the detailed
ANSYS® [17] model used to analyze various applied loads. Table 2-11 identifies the
individual loads (IL) analyzed which are applicable to NCT.

Detailed stresses are available at as many locations as there are nodes in the finite
element model. However, for practical considerations, only the maximum stresses in
the lid, penetration sleeves, closure lid shield plate, flange, inner shell, gamma shield
shell, and bottom shield are reported for each load case. These components were
selected to be representative of the stress distribution in the cask body. The
maximum stress may occur in different components for each individual load.

The stress results for the individual load case (tables reported in Appendix 2.12.2) are
for one individual load only. Two or more individual load cases must be combined to
determine the total stresses at any stress reporting locations for the various load
combinations. This is accomplished using the ANSYS® post-processor.
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2.6.1

2.6.11

For those load combinations that include trunnion reactions, the local stresses at the
trunnion locations found by the Bijlaard method [18] are superimposed on the
ANSYS® combined stresses.

Table 2-12 provides a matrix of the individual loads, and the various combinations, to
determine the cask body stresses for the specified NCT load combination. An “x” in
Table 2-12 indicates that the stress results for the individual load case are used in the

load combinations.

For the increased external pressure load combination, it is assumed that the TN-32B
HBU demonstration cask cavity is at 0 psia. For conservatism, a 25 psig external
pressure is used for load combinations.

Heat

Chapter 3 describes the thermal analyses of the TN-32B HBU demonstration cask,
subjected to high and low temperature environmental conditions. The analyses
results are utilized to support various aspects of the structural evaluations as
described in the following subsections.

Summary of Pressures and Temperatures

Allowable stresses for the packaging components are a function of the component
temperatures, which are based on actual maximum calculated temperatures or
conservatively selected higher temperatures. Chapter 3 summarizes the significant
temperatures calculated for the TN-32B HBU demonstration cask subjected to high
temperature environmental conditions. These temperatures are used in establishing
the allowable stress values for every NCT load combination, evaluated in this Safety
Analysis Report.

Table 2-13 summarizes the thermal analysis results from Chapter 3. The table also
lists the selection of cask and basket component design temperatures for structural
analysis purposes.

The thermal analysis presented in Chapter 3 also provides the average cavity gas
temperature under high temperature environmental conditions. This value is used in
Chapter 4 to determine the MNOP. For purposes of the structural analysis of
containment, a value of 100 psig (much higher than the Chapter 4 value, 30.5 psig) is
conservatively assumed for the cask body stress calculation. This pressure loading is
analyzed using the ANSYS® model of the cask body described in Appendix 2.12.2
and the results are reported in Table 2.12.2-2. This load case and corresponding
results are designated as individual load IL-3, which is utilized to support evaluations
of the load combinations listed in Table 2-12.
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2.6.1.2

2.6.1.3

2.6.14

2.6.2

2.6.21

Differential Thermal Expansion

The thermal analysis of the TN-32B HBU demonstration cask is performed as
described in Chapter 3. The temperature distribution from that analysis is utilized to
perform an ANSYS® thermal stress analysis of the cask body. The stress results for
this load case are reported on Table 2.12.2-2. This load case is designated as IL-6
(thermal stresses at 100 °F ambient) and is used to support various load
combinations.

Stress Calculations

Cask body stresses for the high temperature environment for NCT, are obtained by a
combination of individual loads as summarized in Table 2-12. For this condition, it is
assumed that the cask is in its transport configuration, mounted horizontally on the
transport cradle, and supported by the front and rear saddles. Pre-load effects on the
lid bolts, fabrication stress, 100 psig internal pressure, thermal stresses, and the local
stresses at the tie-down straps are combined to give the maximum nodal stress
intensity in each component for this load combination. The results are given in Table
2-14 through Table 2-18.

Comparison with Allowable Stresses

Section 2.1.2 presents the design criteria for structural evaluation of the TN-32B HBU
demonstration cask. From the analysis results in Table 2-14 through Table 2-18, it
can be observed that the NCT loads will not result in any structural damage to the
cask, and that the containment function of the cask will be maintained.

Cold
Thermal Stresses for Cold Environment at —20 °F Ambient Temperature (N2)

The Regulatory Guide 7.8 [2] requires that the stresses due to the normal load
condition be combined with the thermal stresses for cold environment conditions

at -20 °F (-29 °C) ambient temperature. The thermal stresses are determined in Load
Case IL-7 with results tabulated in Table 2.12.2-2. Again, closure lid bolt preload,
fabrication stress, external pressure, and gravity loads are also included in this
combination. The maximum nodal stress intensity in each component for this load
combination is listed in Table 2-14 through Table 2-18.
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2.6.2.2

2.6.3

2.6.4

2.6.5

2.6.5.1

Cold Environment Load Combinations at —40 °F Ambient Temperature (N3)

The Regulatory Guide 7.8 [2] cold environment load combination results in all cask
components in thermal equilibrium at -40 °F (-40 °C). Containment vessel thermal
stresses do occur in this case due to the differential thermal expansion between the
steels. The thermal stresses are determined in load case IL-8 with results tabulated
in Table 2.12.2-2. The cask cavity pressure at the cold environment condition is
conservatively assumed to be 0 psia. This results in a net external pressure loading
of 14.7 psig (25 psig is conservatively used). The stresses due to 25 psig external
pressure are determined in load case IL-4 with results also given in Table 2.12.2-2.
Again, lid bolt preload, fabrication stress, and gravity loads are included. The
maximum nodal stress intensity in each component for this load combination is listed
in Table 2-14 through Table 2-18.

Reduced External Pressure (N5)

Cask body stresses for the 3.5 psia ambient NCT external pressure decrease are
obtained by a combination of individual loads as summarized in Table 2-12. The net
internal pressure is calculated as (30.5 + 14.7 — 3.5) = 41.7 psig (cask stresses are
conservatively calculated based on 100 psig pressure). For this condition, the cask is
in the horizontal orientation supported on the transport cradle by front and rear
saddles. Closure lid bolt pre-load, fabrication stress, gravity, and the local tie-down
strap effects are included. The thermal stresses for the hot thermal condition are
included in the load combination. The maximum nodal stress intensity in each
component for this load combination is listed in Table 2-14 through Table 2-18.

Increased External Pressure (N4)

Cask body stresses for the NCT increased external pressure, 20 psia, are obtained
by a combination of individual loads as summarized in Table 2-12. The
conservatively assumed minimum cask cavity pressure of 0 psia results in a net
external pressure loading of 20 psig (25 psig is conservatively used). For this
condition, the cask is assumed to be in the horizontal orientation, supported on the
transport cradle front and rear saddles. Lid bolt pre-load, fabrication stress, gravity,
and the local tie-down strap effects are included. In addition, the thermal stresses for
the -20 °F minimum temperature are also included in the combination. The maximum
nodal stress intensity in each component for this load combination is listed in Table
2-14 through Table 2-18.

Vibration
Transport Shock Loading (N14 & N15)
The transport rail shock loadings used to evaluate the TN-32B HBU transport cask

are based on NUREG-766510 [19], which specifies a maximum inertia loading of 4.7g
in each of the three x-y-z coordinate directions:

e Vertical 4.79
e Longitudinal 4.79
e Lateral 4.79
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2.6.5.2

2.6.6

The resultant transverse load is (4.72 + 4.7?)'"2=6.65 g

The stresses due to the transport rail shock individual load case are presented in
Table 2.12.2-2. Table 2-14 through Table 2-18 list the combined stresses (N14)
under hot thermal conditions where the load combination is performed for the
maximum temperature thermal stresses. Lid bolt pre-load, fabrication stress, internal
pressure, and the local tie-down strap effects are included.

In addition, Table 2-14 through Table 2-18 list the combined stresses (N15)

under -20 °F thermal conditions where the load combination is performed for

the -20 °F thermal stresses. Lid bolt pre-load, fabrication stress, external pressure,
and the local tie-down strap effects are included.

Transport Vibration Loading (N12 & N13)

The input loading conditions used to evaluate the TN-32B HBU demonstration cask
for transport rail vibration are obtained from NUREG-766510 [19]. The peak inertia
values used are:

o Vertical 0.37g
e Longitudinal 0.19g
e Lateral 0.19¢9

The resultant transverse load is (0.372 + 0.19%)"2 =042 g

The stresses due to the transport rail car vibration individual load case are presented
in Table 2.12.2-2. Table 2-14 through Table 2-18 list the combined stresses (N12)
under hot thermal conditions where the load combination is performed for the
maximum temperature thermal stresses. Lid bolt pre-load, fabrication stress, internal
pressure, and the local tie-down strap effects are included.

In addition, Table 2-14 through Table 2-18 also list the combined stresses (N13)
under —20 °F thermal conditions where the load combination is performed for
the -20 °F thermal stresses. Closure lid bolt pre-load, fabrication stress, external
pressure, and the local tie-down strap effects are included.

Water Spray

All exterior surfaces of the TN-32B HBU demonstration cask body are metal and,
therefore, are not subject to soaking or structural degradation from water absorption.
The water spray test identified in 10 CFR 71.71(c)(6) is, therefore, of no consequence
to the TN-32B HBU demonstration cask.
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2.6.7

2.6.8

2.6.9

2.6.10

2.6.11

Free Drop

Two drop orientations are considered credible for the one-foot NCT free drop (see
Section 2.12.9.5 of Appendix 2.12.9 for detail descriptions). The structural response
of the TN-32B HBU demonstration cask body is evaluated for a one-foot end drop of
the package, representing both the bottom end and closure lid end drops; and a
one-foot side drop. The assessment of cask body stresses follows the same logic as
that established in the previous sections. For these drop cases, the evaluations are
performed for both the hot temperature environment and at the -20 °F minimum
transport ambient temperature.

The load combinations performed to evaluate these drop events are indicated in
Table 2-12. In all cases, bolt pre-load effects and fabrication stress are included. For
the hot environment condition, thermal stress load, 100 psig internal pressure, and
impact load cases are combined. For the cold environment evaluation, -20 °F
thermal stress, 25 psig external pressure, and impact load cases are combined.

Table 2-14 through Table 2-18 list the combined stress intensities for the bottom end,
lid end and side drop under hot and cold environment conditions.

Corner Drop

This test does not apply to the TN-32B HBU demonstration cask since the package
weight is in excess of 100 kg (220 Ibr), as identified in 10 CFR 71.71(c)(8).

Compression

This test does not apply to the TN-32B HBU demonstration cask since the package
weight is in excess of 5,000 kg (11,000 Iby), as identified in 10 CFR 71.71(c)(9).

Penetration

Due to lack of external protuberances, the one meter (40 inch) drop of a 13-pound
steel bar of 14 inch diameter, with a hemispherical head, as delineated in 10 CFR
71.71(c)(10), is of negligible consequence to the TN-32B HBU demonstration cask.

Lid Bolt Analysis

The closure lid bolts are analyzed for both NCT and HAC loadings in Appendix
2.12.3. The analysis is based on NUREG/CR-6007 [20]. The bolts are analyzed for
the following NCT loadings: operating pre-load, gasket seating load, internal
pressure, temperature changes, and impact loads.

The bolt preload is calculated to withstand the worst-case load combination and to
maintain a clamping (compressive) force on the closure joint, during NCT and HAC
events.
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2.6.12

A summary of the calculated stresses is listed Section 2.12.3.6 of Appendix 2.12.3.
The calculations result in a maximum NCT average tensile stress of 56.9 ksi, which is
below the allowable tensile stress of 93.5 ksi. The average NCT shear stress in the
bolts is due to torsion during pre-loading. This stress is 14.5 ksi, which is well below
the allowable shear stress of 56.1 ksi. The maximum combined stress intensity due
to NCT tension-plus-shear-plus-bending is 65.8 ksi, which is also less than the
allowable maximum stress intensity of 126.2 ksi.

Because the TN-32B HBU demonstration cask will only be transported once, fatigue
of the closure lid bolts will not occur. However, a fatigue analysis for a conservative
50 round trips for the closure lid bolts is provided in Section 2.12.3.7 of Appendix
2.12.3. The resultant cumulative damage factor for all of the NCT events is less than
1.0 (unity).

Fatigue Analysis of the Containment Boundary

The purpose of the fatigue analysis is to demonstrate that the containment vessel
stresses are within acceptable NCT fatigue limits. This demonstration is performed
by determining the fatigue damage factor for each NCT event at locations on the
containment vessel with the highest stresses. The cumulative fatigue damage or
usage factor for all of the events is conservatively determined by adding the fatigue
usage factors for the individual events, assuming these maximum stress intensities
occur at the same location.

The fatigue analysis is based on the procedure described in Regulatory Guide 7.6 [1]
and Section Il of the ASME B&PV Code Appendices [3]. When determining the
stress cycles, consideration is given to the superposition of individual loads which can
occur together and produce a total stress intensity range greater than the stress
intensity range of individual loads. Also, the maximum stress intensities for all
individual loads are conservatively combined simultaneously. The sequence of
events assumed for the fatigue evaluation is given below. For this analysis, even
though the cask will only be transported once, the fatigue evaluation assumes 50
round trip shipments.

Bolt Preload

Lifting

Test pressure

Road shock/vibration

Pressure and temperature fluctuations

© a0 bk w N =

1 foot normal condition drop
Preload

The specified bolt preload is to ensure a leaktight seal, which produces significant
stresses in the closure lid. Therefore, this loading is conservatively included in the
fatigue evaluation. The maximum stress calculated in Table 2.12.2-2 for the
penetration sleeves due to the preload is 12,320 psi. It is assumed that the lid is
installed twice per trip, resulting in 100 cycles.
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Lifting

The stresses due to the 6g lifting load are listed in Section 2.12.2.4 of Appendix
2.12.2. The maximum stress intensity, which occurs in the gamma shield shell, is
11,440 psi. However, when the maximum stress intensity calculated in Table 2.12.2-
3 is combined with the pressure and thermal stress calculated in Table 2.12.2-2 the
stress intensity increases to 20,990 psi. This value is conservatively used in the
fatigue evaluation. This loading is assumed to occur twice per round trip, so the total
number of cycles is 100.

Test Pressure

The proof test is 1.25 x (maximum design pressure) = 125 psi, and will only be
performed once. The test pressure stresses are obtained by ratioing the 100 psig
internal pressure stresses given in Table 2.12.2-2 (Load Case IL-3).

The maximum stress due to a 100 psi internal pressure of 5,550 psi is in the
penetration sleeves. Therefore, the stress due to the test pressure is
1.25 x 5,550 = 6,938 psi. This pressure test only occurs once per trip.

Shock

Since the TN-32B HBU demonstration cask will be transported by railcar, the shock
and vibration loadings are extracted from Reference [19].

Rail Car Shock

Rail car shock values were obtained from Reference [19]. This reference states that
the rail car can be expected to experience a 4.7g load in each direction nine times
every 100 miles. Since the TN-32B HBU demonstration cask will only be transported
once with the HBU spent fuel payload, the rail car shock will assume an average of a
3,000 mile one-way trip. Therefore, the total number of cycles is 3,000 (miles) x 1 trip
x 1 shipment x 0.09 (Shocks per mile) = 270 cycles per trip.

The stress intensities due to the rail shock load are listed in Tables 2-12.2-2 (Load
Case IL-11). The maximum stress intensity in the gamma shield shell is 2,230 psi.

Vibration

According to Reference [19], the peak vibration loads at the bed of a railcar are 0.19g
longitudinal, 0.19g lateral, and 0.37g vertical. The maximum stress intensity resulting
from these loads in any of the containment components is 140 psi, which is
negligible.
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Pressure and Temperature Fluctuations

There are four environmental conditions identified for NCT. These are hot
environment, cold environment, reduced external pressure, and increased external
pressure. The containment vessel stresses in response to these environmental load
combinations were reported in Table 2-14 through Table 2-18. The highest total
stress intensity from these four cases, 44,000 psi, was calculated to occur in the inner
shell during the hot environment condition.

The temperature and pressure fluctuations are assumed to occur once per round trip,
since there is no payload during the return trip, and therefore no pressurization or
heat generation. So, the total number of cycles of pressure and temperature
fluctuation is 1 per trip.

1 Foot NCT Drop

The stress intensities due to the 1-foot end drop, with an acceleration of 26g, on
bottom end are listed in Table 2.12.2-2 (Load Case IL-13). The maximum stress
intensity occurs in the penetration sleeves portion of the containment vessel and is
6,380 psi.

The stress intensities due to the 1-foot end drop, with an acceleration of 26g, on the
closure lid end are listed in Table 2.12.2-2 (Load Case IL-12). The maximum stress
intensity is in the top shield plate portion of the containment vessel and is 2,860 psi.

The stress intensities due to the 1-foot side drop, with an acceleration of 20g, are
listed in Table 2.12.2-2 (IL-14). The maximum stress intensity in the gamma shield is
9,890 psi.

This fatigue evaluation conservatively assumes that the cask is dropped once per
shipment, resulting in one normal condition drop, and using the maximum side stress
intensity of 9,890 psi for the damage factor calculation.

Damage Factor Calculation

The following table is a summary of the fatigue evaluation. Although the maximum
stress intensities for the different loading conditions do not occur at the same
location, it is conservatively assumed that they do for the purpose of the fatigue
evaluation. The value of the alternating stress, S, is determined as follows:
If one cycle goes from 0 to stress intensity(S.1.):

Sa = (S.1)(Ke(KEk /2))
If one cycle goes from —-S.I. to S.I:

S. = (S.1)(Kr % Kg)

where:

Kr = fatigue strength reduction factor, 4
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K = correction factor for modulus of elasticity, (30 x 10°)/(27.8 x 10°) = 1.08

The fatigue curve shown in Table 1-9.1 of ASME B&PV Code, Section lll, Appendices
[3] is used for this evaluation.

Summary of Fatigue Evaluation

intoarty | S x Krx K Cycles ety
Event (psi) (psi) Sa (psi) n N n/N
Lid Stress due | 4, 35 53,222 26,611 100 | 3.2x10* | 0.003
to Bolt Preload
Lifting 20,990 90,679 45340 | 100 | 5.9x10° | 0.017
Test Pressure | 6,938 29,972 14,986 50 | 3.1x10¢ | 0.002
R;‘r']' Car 2,230 9,634 9.634 | 13500 | 1.7x108 | 0.000
ock
?ressure and | 44000 190,080 95,040 50 671 0.075
emperature
1 Foot Normal
Condition 9.890 42725 21363 50 | 7.2x105 | 0.000
Drop
5 0.097

The above table shows that the total damage factor is less than one. Therefore, the
fatigue effects on the TN-32B HBU demonstration cask containment vessel are
acceptable.

A separate fatigue analysis of the closure lid bolts is presented in Appendix 2.12.3.
Structural Evaluation of the Basket under Normal Condition Loads

The loading conditions considered in the evaluation of the fuel basket consist of
inertial loads resulting from NCT drop loading (1 foot drop), HAC drop loading (30 foot
drop) and thermal loads. The inertial loads of significance for the basket analysis are
those transverse to the cask and basket structural longitudinal axes, so that the
loading from the fuel assemblies is applied normal to the basket plates and
transferred to the cask wall by the basket.

To determine the structural adequacy of the basket plate in the TN-32B HBU
demonstration cask fuel assembly basket under a NCT free drop, the basket is
evaluated for 13g for both the end and side drops. The g-loads and drop orientations
used for structural analysis of the basket are described in Appendix 2.12.. The stress
analysis of the basket due to inertial loading is described in detail in Appendix 2.12.6.
The results of the analyses are summarized in Tables 2.12.6-4 through 2.12.6-5 of
this appendix. Based on the results of these analyses, the basket is structurally
adequate, and it will properly support and position the fuel assemblies under NCT
loading conditions.
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2.6.14

Summary of NCT Cask Body Structural Analysis

Table 2-14 through Table 2-18 lists the highest NCT stress intensities in each of the
TN-32B HBU demonstration cask components for all NCT load combinations based
on the Section 2.1.2. From the analysis results presented in Table 2-14 through
Table 2-18, it can be seen that the NCT loads will not result in any structural damage
to the cask and that the containment function of the cask will be maintained.
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2.7

Hypothetical Accident Conditions
Overview

This section describes the response of the TN-32B HBU demonstration cask to the
HAC loading conditions specified by 10 CFR 71.73 [3]. The design criteria
established for the TN-32B HBU demonstration cask for these conditions are
described in Section 2.1.2. These criteria are selected to ensure that the packaging
performance standards specified by 10 CFR 71.51 are satisfied.

The presentation of the HAC analyses and results is accomplished in the same
manner as that used above for the NCT. The detailed analyses of the various
packaging components under different loading conditions are presented in the
Appendices to this chapter. The limiting results for the specified HAC loadings are
extracted from the Appendices, summarized here, and compared to the design
criteria. In all cases, the acceptability of the TN-32B HBU demonstration cask design
with respect to HAC loads is demonstrated.

Table 2-19 provides an overview of the performance evaluations presented in this
section. The stress results for the cask body are obtained by combining the stresses
from appropriate individual load cases reported in Appendix 2.12.2 to represent the
stress condition under the specified HAC. This combination method is essentially the
same as that presented in Section 2.6. Stress analysis results for the closure lid bolts
are obtained directly from Appendix 2.12.3. The impact limiter attachment
evaluations are described in Appendix 2.12.9.

Reporting Method for Cask Body Stresses

The structural analysis of the cask body was performed using an ANSYS® finite
element model. Stress results are reported at selected representative locations as
described in Section 2.6.

Appendix 2.12.2 provides the detailed description of the ANSYS® structural analyses
of the TN-32B HBU demonstration cask body under various applied loads. Table
2-20 identifies the individual HAC load cases (IL) analyzed using the ANSYS® model.

Detailed stresses are available at each node in the finite element model. However,
for practical considerations, only the maximum stresses in the lid, shell flange, inner
shell, shield shell cylinder, and bottom plates are reported for each load case. These
components were selected to be representative of the stress distribution in the cask
body. The maximum stress may occur in different components for each individual
load.

The stress results for the individual load case (table reported in Appendix 2.12.2) are
for one individual load only. Two or more individual load cases must be combined to
determine the total stresses at any stress reporting locations for the various load
combinations. This combination is accomplished utilizing the ANSYS® post-
processor.
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2.71

Table 2-21 provides a matrix of the individual loads, and the various combinations, to
determine the cask body stresses for the specified HAC load combinations. An “x” in
Table 2-21 indicates that the stress results for the individual load case are used in the

load combination.
30 Foot Free Drop

In Appendix 2.12.9, LS-DYNA®, an explicit finite element code program, is used to
estimate the deformation of the impact limiters, the forces on the cask, and the cask
deceleration due to impact of the packaging on an unyielding surface. The full size
impact limiter geometry and wood orientation are designed based on these results.

A one-third scale test impact limiter was fabricated to match the full-size impact limiter
geometry and wood properties requirements. Four drop orientations were performed
to determine the deformations and decelerations of the impact limiters. The test
results are used to establish the baseline g loads for the component structural
evaluations.

The four drop tests on the one-third scale models of the TN-40 package impact
limiters, which are essentially the same as the TN-32B HBU demonstration cask
impact limiters, are documented in Appendix 2.12.10. For the slapdown drop case,
the secondary impact (combined transverse g-load and rotational g-load) is a more
severe impact to the components than the primary impact. Therefore, the reported
g-load for the slapdown is based on the second impact. The maximum g-loads for
the 90° end drop, 0° side drop, CG-over-corner drop, and 20° slapdown are as
follows:

Loads Measured by Testing (g)
30-Foot Drop Orientation (See Table 2.12.10-1 of Appendix 2.12.10)
90° end drop 54 axial
0° side drop 51 transverse
CG-over-corner drop 34 axial
20° slapdown (second impact) 581, 62

() The g-load measured at this location represents the maximum combined transverse and rotational
g-load for the basket structural analysis due to the slapdown drop case.
(2> Maximum combined g-load at the top end of the cask body (at the outer surface of the cask lid).

Cask Body G-Loads

Based on the LS-DYNA® results from Appendix 2.12.9, the following table
summarizes the baseline g-loads that were utilized for the cask body structural
evaluations.
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Baseline G-Loads for Cask Body Structural Analyses

Bounding Baseline Loads

30 Foot Appendix 2.12.9 Utilized for Cask Body
Drop Orientation Loads (g) Structural Analyses (g)
90° end drop 74 axial 80 (axial)
CG-over-corner drop 29 axial 31 (axial), 15 radial

0° side drop

45 transverse

20° slapdown
(second impact)

34 transverse

70 side drop analysis bounds
both side drop and slapdown drop

B. Basket Inertial Loads

The worst-case g-load load from Appendix 2.12.9, is amplified by the dynamic load
factor (DLF) from Appendix 2.12.7. The resultant impact load is then compared to the
bounding g-load of 51g and 90g for the side/slapdown and end drop orientations,
respectively. As summarized in the following table, the applied g-loads bound the

amplified g-loads.

Applied G-Loads for Basket Structural Analysis

Basket
Cross Appendix
30-Foot Drop Section 2.12.9 Load DLF Amplified Applied
Orientation Location (9) Factort | Load (g) Load (g)
0° side drop Mid 45 1.13 51 51
20° slapdown Top/Bot 34 113 38 51
(second impact)
90° end drop Uniform 74 1.11 82 90

C. Fuel Drop G-Loads

For the fuel drop analyses, the side drop and slapdown orientation, the baseline
g-loads are established by first multiplying the g-loads from the scale model impact

limiter tests by the appropriate dynamic load factors and factors due to low

temperature effect. Dynamic analysis utilizing the testing time history is used in the
end drop analysis. The bounding baseline g-loads for the fuel drop analyses are

listed in the following

table.

Baseline G-Loads for Fuel Rod Structural Analysis

Bounding Test

Bounding Baseline Load Used in the

Drop Orientation Loads (g) Load Factor (g) Fuel Rod Analysis (g)
90° end drop 57 57(1.11)9(1.15)@ = 73 74.2
0° side d 45 45(1.13)(1.15)@ = 58
S ! rop ( )X ) 759 side drop analysis bounds both side
20 Sla[;i)ritgvggt)(second 34 58(1.13)®@(1.15)® = 44 and slapdown drops

() Refer to Appendix 2.12.7

2> Wood property low temperature effect
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2.7.1.2

2.7.1.3

Cask Body Structural Analysis

The cask body stress evaluations are described in Appendix 2.12.2. The g-loads
used in Appendix 2.12.2 stress analyses are based on the LS-DYNA® estimation.
The results from the TN-40 1/3-scale impact limiter testing are also presented for
reference;

Elastic analyses are used for all the cask body drop analyses in Appendix 2.12.2.
Therefore, in order to calculate the stresses due to the bounding baseline g-loads
resulted from the testing, the load combinations as described in Table 2-21 are
performed as follows:

e calculated load combination stresses based on the individual load stresses
calculated in Appendix 2.12.2

e calculated the new load combination stresses by increasing the g values vs.
g values used in the earlier calculations

e results of these new load combination stresses are listed in Table 2-22 through
Table 2-29

End Drop

The TN-32B HBU demonstration cask body end drop stress analysis performed in
Appendix 2.12.2 is based on worst-case NCT 1-foot drop load, and then ratioed for
the HAC impact.

These increased stress values are used in the end drop load combinations as
indicated in Table 2-21 (combination numbers A1 to A4). In all cases, bolt pre-load
effects and fabrication stresses are included. For the hot environment condition, 100
psig internal pressure, and impact load cases are combined. For the cold
environment evaluation, 25 psig external pressure, and impact load cases are
combined.

Table 2-22 through Table 2-29 lists the maximum nodal combined stress intensities
(P. + Ps + Q) for the bottom and lid end drop under hot environment conditions and
cold environment conditions based on the baseline g values.

From Table 2-22 through Table 2-29, the maximum stress intensity (PL + Ps + Q) is
46.19 ksi. This stress occurs in the closure lid outer plate due to the 30-foot end free
drop combination. For this load combination, the allowable stress is 65.0 ksi.

Side Drop

The TN-32B HBU demonstration cask body side drop stress analysis performed in
Appendix 2.12.2 is based on worst-case NCT 1-foot drop load, and then ratioed for
the HAC impact. An envelope of side drop load and slapdown drop conditions is
utilized as the side drop g-load.
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2.7.1.5

These stress values are used in the side drop load/slapdown combinations as
indicated in Table 2-21 (combination numbers A5 and A6). In all cases, bolt pre-load
effects and fabrication stresses are included. For the hot environment condition, 100
psig internal pressure, and impact load cases are combined. For the cold
environment evaluation, 25 psig external pressure, and impact load cases are
combined.

From Table 2-22, the maximum stress intensity (PL + Pg +Q) is 42.75 ksi. This stress
occurs at the closure lid outer plate due to the side drop load combination. The
membrane allowable is 65.0 ksi (P,); therefore, the minimum factor of safety is 1.52.

Corner Drop

The TN-32B HBU demonstration cask body CG-over-corner drop stress analysis
performed in Appendix 2.12.2 is based on the 30.6 g axial and 14.9 g transverse.
This is based on a rounded-up value of 34g that is higher than 29.3g base g-load
from LS-DYNAZ® drop analyses.

These stress values are used in the CG-over-corner drop load combinations as
indicated in Table 2-21 (combination numbers A7 to A10). In all cases, bolt pre-load
effects and fabrication stresses are included. For the hot environment condition, 100
psig internal pressure, and impact load cases are combined. For the cold
environment evaluation, 25 psig external pressure, and impact load cases are
combined.

Table 2-22 through Table 2-29 list the maximum linearized combined stress
intensities for the CG-over-corner drop under hot environment conditions and cold
environment conditions, based on the bounding baseline impact values.

From Table 2-22, the maximum stress intensity (P. + Ps + Q) is 43.84 ksi. This stress
occurs in the closure lid outer plate due to the corner drop combination. For this load
combination, the allowable stress is 65.0 ksi. Therefore, the minimum factor of safety
is 1.48.

From the analysis results it can be seen that the HAC loads will not result in any
structural damage to the cask, and that the containment function of the cask will be
maintained.

Closure Lid Bolts

The closure lid bolts are analyzed for normal and accident condition loadings in
Appendix 2.12.3. The analysis is based on NUREG/CR-6007 [20]. The bolts are
analyzed for the following normal and accident conditions: operating pre-load, gasket
seating load, internal pressure, temperature changes, impact loads, and puncture
loads.

The calculations result in a maximum HAC average tensile stress of 44.9 ksi, which is
below the allowable tensile stress of 115.5 ksi. The average HAC shear stress in the
bolts is due to torsion during pre-loading. This stress is 14.5 ksi, which is well below
the allowable shear stress of 69.3 ksi.
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2.7.2

27.3

Impact Limiter Attachments

The impact limiters must remain attached to the cask body before, during, and after
each HAC drop condition.

The limiting loading condition for the impact limiter attachments is the secondary
impact (slap-down) associated with the 20° slap down under a 30 foot drop. This
loading condition applies the greatest overturning moment to the impact limiter at the
cask body interface. Although this loading condition is not limiting with respect to any
other cask components, an evaluation of the attachments is performed to
demonstrate that the affected impact limiter remains in place to insulate the cask
during the subsequent HAC thermal event.

The analysis and results are provided in detail in Section 2.12.9.6 of Appendix 2.12.9.

The analysis concludes that, while a few of the attachment tie-rods and/or attachment
bolts are predicted to fail, the impact limiters will remain secured to the cask body by
the undamaged tie-rods and attachment bolts. This post-test resultant is confirmed
by the test results in Appendix 2.12.10. The impact limiter attachment design is
sufficiently strong to ensure that the impact limiters remain attached to the cask body
during and following all HAC drop events.

Crush

This test does not apply to the TN-32B HBU demonstration cask since the package
weight is in excess of 500 kg (1,100 lbm).

Puncture

The impact limiters will protect the ends of the cask body from a 40-inch drop onto a
6-inch diameter bar. In addition to the impact limiter, the puncture resistant plate and
lance cover plates will provide additional protection of the closure lid and the
thermocouple lance assemblies from a postulated puncture bar impact. However, an
evaluation of the postulated puncture bar impact on the closure lid end is performed.

The most severe damage to the body resulting from the puncture drop will occur on
the side walls of the gamma shield shell, between the impact limiters. This portion of
the package is not the containment vessel, so that a release of the contents cannot
occur unless both the gamma shield shell and the inner containment vessel are
punctured.

An evaluation of the puncture drop event includes the local effects on the gamma
shield shell at the impact point as well as the overall inertia loading on the packaging
components.

For this load condition it is assumed that the gamma shield shell surface impacts the
puncture bar directly. No credit is taken for the outer neutron shell or the radial
neutron shield.

The puncture bar as specified in 10 CFR 71.73(c)(3) [3], is a vertical, cylindrical, mild
steel bar 6 inches in diameter.
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The impact force exerted by the bar on the gamma shield surface is calculated
assuming the bar behaves as an elastic, perfectly plastic material with a yield stress
of 50 ksi, which is the typical yield strength of mild carbon steel. The gamma shield
shell is SA-266 Gr 2 carbon steel material, as described in Section 2.1.1.

The weight of the TN-32B HBU demonstration cask is 269,000 Iby,. For puncture
analysis, a conservatively higher weight of 275,000 Ibn, is utilized in this analysis.

Two independent methods are used to compute the stresses in the TN-32B HBU
demonstration cask shell due to a puncture event.

Puncture Analysis Method 1

The maximum force, F),, acting on the cask body due to impact on the puncture bar is:
Fy=0,4»

Where g; is the yield strength of the bar, 50 ksi, and 4, is the cross-sectional area of
the 6-inch diameter bar, 28.27 in?

Therefore,
F,=1.414 x 10 Ibs

This force produces a cask deceleration and induces a bending moment at the
midsection of the cask. If the cask is considered a beam uniformly loaded
(downward) by its inertial load only (conservatively ignoring the 1g gravity force), and
supported by the puncture bar at the center, the deceleration g caused by the
puncture bar force, F), is then the following:

F,  1414x10°

= = =5.14
8 W 275,000 8

package

If the cask body is considered to be uniformly loaded and supported as described
above, then the maximum moment, M, in the cask shell is:

= Bl _ (1414x10°)179.77)
8 8

=3.177x10’ Ib, —in

where L is the length of the TN-32B HBU demonstration cask. Conservatively
neglecting the inner containment shell, outer shell and neutron shield, the moment of
inertia of the cask gamma shell is:

1= (xf —r*)=2(43.90* ~35.90*)=1.008x10° in’*
64 64

where:

7, = nominal outer radius of gamma shield = 43.90 inches
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r; = nominal inner radius of gamma shield = 35.90 inches

Utilizing the average gamma shell radius, the gamma shield shell bending stress is
then:

Mr,  (3.177x107)(39.90)

I T

o, =

Since the stress is nearly constant through the wall thickness, it should be treated as
a membrane stress, P,. The allowable stress for this accident condition is taken at
300 °F as the smaller of 0.7 S, (0.7(70,000) = 49,000 psi) or 2.4 §,, (2.4(21,300) =
51,120 psi) per Appendix F-1331.1 [3], where SA-266 is the bounding material. The
allowable membrane stress of 49,000 psi is significantly above o.

The thickness of the gamma shield shell that surrounds the containment vessel is
8.00 inches, and provides the following shear area.

A =7(6)(8.00) = 151 in?
The resulting maximum shear stress is the following.

1=F,/A=(1.414 x 10°/151 = 9,364 psi.
The corresponding stress intensity is 2t or 18,750 psi. The allowable stress intensity
for the gamma shield (ASME SA-266) is 0.7 S, or 0.7(70,000) = 49,000 psi, which is
well above the calculated stress intensity.
The deceleration of 5.14g is small compared to the g-loads that will occur during the
30 foot free drop. Therefore, the global stresses that result from the inertial forces will
be neglected during the load combination analysis. The bending stress of 12,576 psi
at the center of the cask is also negligible compared to stresses due to other loads
considered.

Puncture Analysis Method 2

An additional cask wall puncture analysis is performed utilizing the equations
presented in Bechtel BC-TOP-9A [21]. This method provides a conservative estimate
for the puncture threshold thickness of a steel element subjected to non-deformable
missile perforation. The following equation is a problem specific reproduction of the
analysis carried out in Reference [21].

(MVSZ )2/3
2

b 672D
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Where T, is the cask wall thickness required to prevent puncture (inch), D is the
puncture bar outer diameter (inch), M is the mass of the missile (Ib-sec?/ft), and V;
striking velocity of the missile normal to the target surface (ft/sec) absorbed by the
puncture event. The velocity of the puncture bar relative to the package and the
mass of the missile is calculated using the acceleration due to gravity, g = 32.2
ft/sec?, the total drop height, # = 40 inch (3.33 ft), and weight of the package W =
275,000 Ibm. Therefore, V, = (2gh)'?= 14.65 ft/sec, and M = W/g = 8540.4 Ibn-sec?/ft.
Substituting 7, M, and D = 6 inch into the above equation yields a threshold steel
thickness of:

5N\2/3
_OLOTAO) " 5yinch
! (672)(6)
Since the cask wall is 8.00 inches thick (>2.34 inches), the cask wall will not fail or be
breached due to a puncture bar drop event.

Lid Puncture

The effects of a puncture bar on the bolted lid of the cask are evaluated in this
section. For conservatism, the closure lid will be evaluated as a simply supported
circular plate to the outer diameter of the lid (79.50 inch), noting that the cask cavity is
68.75 inch nominally. The impact acceleration, n, is calculated above as 5.14g. The
TN-32B lid upper assembly includes the closure lid (10.50-inch thick), puncture plate
(1.75-inch thick), and the lance cover plates between the closure lid and the puncture
plate with a nominal gap of 0.18 inch between the lance cover plates and the
puncture resistant plate. It is important to note that the impact limiters will protect the
ends of the cask from the puncture bar during transportation. However, the impact
limiters are ignored as part of this evaluation for additional conservatism. As a worst-
case scenario, it is assumed that the puncture bar impacts the puncture resistant
plate and the closure lid at the top center of the cask, and the lid assembly acts as a
simply supported plate.

The lance cover plates (seven total) are welded at the top surface of the closure lid,
as shown on Drawings 19885-71-2 and 19885-71-7. Any impact to the puncture
resistant plate will distribute the impact load from the puncture plate to the lance
cover plates, and to then onto the closure lid, thus avoiding damaging the
thermocouple lance assemblies. Therefore, the closure lid thickness includes the
1.75-inch thick puncture resistant plate, and ignores the lance cover plate thickness.
For this analysis, Table 11.2, Case 16 of Reference [22] will be utilized. In addition,
the bolted connection of the puncture resistant plate is not evaluated since failure of
the bolted connection will not prevent the puncture resistant plate from performing its
design function in a HAC puncture drop condition.

Maximum radial bending moment, M,..., will be:
- Wi a\l_ L
Mypgy = 32 (1 + 42) In ()] =429.26 kip-invin

where:

impact weight, W, = 5.14(275 kip) = 1,414 Kips
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2.7.41

lid thickness, t1 = 10.5 + 1.75 = 12.25 inches
Poisson’s ratio, 4= 0.3

lid diameter, Dig = 79.50 inches

lid radius, a = 1/2(Dii¢) = 39.75 inches
radius, r'y, of puncture bar load,

r'o = (L6 +t,2)*° — 0.675t, = 4.56 inch — if o < 0.5t,

The maximum bending stress, o, in the closure lid from a puncture bar impact is:

_ 6Myax _ 6(429.26) _ .
O =7 = (12257 17.16 ksi

Zero internal pressure is assumed since any internal pressure would relieve stress on
the closure lid. Therefore, this assumption is conservative. The lid yield strength at
300 °F for SA-203 Gr D material is 32.7 ksi. The M.S. for puncture impact resistance
on the cask lid is:

_ 27

MS = (17.16)

1=+4+091

For a postulated skewed angle impact on the closure lid end by the bar, and ignoring
the protection from the impact limiter steel and wood, the edge of a puncture bar
would initially contact the puncture resistant plate, resulting in a lower impact force
than an impact with the bar normal to the plate surface. Since the ultimate strength of
the 1.75-inch thick puncture resistance plate is greater than a mild carbon steel bar,
the bar is unable to deform or “dig” into the higher strength material, which will cause
the edge of the bar to deform and slide across the puncture resistant plate, resulting
in no damage to the plate or the containment boundary.

Based on the above evaluations, the containment boundary of the TN-32B HBU
demonstration cask will not be breached or significantly damaged by the puncture
drop per 10 CFR 71.73(c)(3).

Thermal
Summary of Pressures and Temperatures

The analysis of the thermal accident is presented in Chapter 3. The maximum
internal pressure during the HAC thermal accident is calculated in Section 3.4.3.2 of
this chapter. The calculated pressure is 31.3 psig. However, the structural analysis
is performed conservatively assuming 100 psig internal pressure for the pressure
stress calculations.

An ANSYS® transient thermal analysis of the cask for the 30-minute thermal fire
accident is reported in Chapter 3. The initial condition is steady state, at an ambient
temperature of 100 °F and maximum decay heat. The initial steady state condition is
followed by a 0.5-hour fire at 1,475 °F (800 °C), which is then followed by a
cool-down period. The temperatures from the thermal analysis are reported in
Chapter 3.
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2.7.7

Differential Thermal Expansion

Differential thermal expansion from exposure to the transient fire event is not of
concern for the TN-32B HBU demonstration cask. All of the structural materials for
the cask body assembly are carbon steel that have essentially the same thermal
expansion coefficients, as shown in Table 2-6. Since both the closure lid bolts and
the closure lid plate have the same thermal expansion coefficients, there is no effect
on the closure due to differential thermal expansion. Additionally, the temperature
differential between the interfacing cask components, e.g., containment shell/gamma
shell, for the transient fire event are not significant, as noted in Chapter 3, and will not
develop any significant stresses. Therefore, differential thermal expansion is not a
concern for the TN-32B HBU demonstration cask.

Stress Calculations

Table 2-22 through Table 2-29 presents the combined stress intensities in the closure
lid, penetration sleeves, gamma shield shell, bottom shield plate, bottom inner plate,
inner shell, top shield plate and flange.

Immersion — Fissile material

The criticality evaluation presented in Chapter 6 considers the effect of water in-
leakage. Thus, the requirements of 10 CFR 71.73(c)(5) [3] are satisfied. The cask
body stresses for this immersion condition (1.3 psi external pressure) is enveloped by
the deep immersion condition for all packages (water pressure of 290 psi) described
in Section 2.7.7.

Immersion — All Packages

The immersion loading condition results in an external pressure applied to the cask
body corresponding to a 50 foot head of water. Conservatively assuming a 0 psia
cask cavity pressure, this results in a maximum external pressure of 36.4 psig (21.7 +
14.7). The cask body stresses resulting from this immersion pressure are enveloped
by the deep immersion condition for all packages (water pressure of 290 psig)
described in the following section.

Deep Water Immersion Test (for Type B Packages Containing More than 105 A2)

10 CFR 71.61 [3] requires that the containment vessel be subjected to an external
water pressure of 290 psig for a period of not less than one hour without collapse,
buckling, or in-leakage of water. The containment boundary consists of the inner
shell, bottom inner plate shell flange out to the seating surface, the closure lid
assembly outer plate, and the thermocouple lance assemblies (Figure 2-2). This
analysis evaluates the containment vessel stresses when the 290 psig external
pressure is directly applied to the outer surface of the containment vessel. A helpful
feature of the packaging design is that the inner shell and bottom inner plate of the
containment vessel are completely enclosed by the thick gamma shield shell and
bottom shield. Therefore, the containment vessel will never be exposed to an
external pressure due to immersion.
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The ANSYS® finite element model of the cask described in detail in Appendix 2.12.2
is modified to analyze the immersion accident event. The gamma shield structure,
bottom shield plate and trunnion elements are deleted from the original model.
Bilinear material properties were defined for the existing material models to account
for plasticity and simulate correct material behavior. The material properties are
obtained from the ASME B&PV Code [10]. All properties are taken at 400 °F.

All existing loads are removed and replaced by 290 psig pressure load over the outer
surface of the model. The maximum normal operating pressure is conservatively
ignored and not applied on the inside cavity of the cask. The finite element model
load and boundary conditions are shown in Figure 2-3. A large displacement static
analysis with nonlinear material properties is conducted using ANSYS® [17]. The
results for membrane and bending stresses were compared to ASME B&PV Code
allowables.

The critical linearized membrane and membrane-plus-bending stress intensities for
each of the cask components are summarized in the table below. The ultimate
strengths of the component materials are obtained from Reference [10].

Containment Vessel Stress Computed Stress | Allowable Stress
Component Category Intensity (ksi) Intensity (ksi)

P 25.56 44.64
Bottom Inner Plate P+ P, 58.83 65.00
Py 31.38 44.64
Inner Shell P+ P, 51.86 65.00
Top Shield Plate P,,,}? B 5:; ‘712:88
P, 6.15 49.00
Shell Flange P+ P 10.93 70.00
Py 9.96 49.00
Penetration Sleeves P+ P, 11.91 70.00
Closure Lid Pm}::” P, :gg gggg

The theoretical buckling strength of the FEM model is also calculated using an
Eigenvalue buckling analysis. A static solution with prestress effects (290 psig
pressure loads) included is first performed to calculate the stress stiffness matrix
internally in ANSYS®. It is followed by an Eigenvalue buckling solution to calculate
the first 10 buckling modes and the critical load factors. The critical buckling factor is
calculated as 1.245. Therefore, the critical buckling pressure is 1.245(290 psi) = 361

psi.

Page 2-42



TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

278

A large displacement static non-linear analysis is also performed to increase the
external pressure of 450 psig in a number of sub-steps. The containment cylinder
and bottom are perfectly symmetric, so the ANSYS® analysis might fail numerically as
non-symmetric buckling responses cannot be triggered. To overcome this problem,
small geometric imperfections are artificially introduced into the model to trigger
buckling responses. The imperfections in the buckling mode shapes are obtained by
adding displacements of the mode shapes reduced by a scaling factor. The
imperfections are added as a sum of the first 10 mode shapes extracted in the
Eigenvalue analysis to avoid introducing bias to the finite element model.

The containment vessel is assumed to buckle at the load sub-step where the solution
begins to diverge. A converged solution was obtained for the last sub-step of the
analysis corresponding to a 450 psig external pressure, and thus, there is no potential
of buckling of the containment vessel structure. Therefore, it is concluded that cask
will not buckle under 290 psig external pressure.

In addition to the finite element analysis described above, a buckling evaluation
following the methods of ASME Code Case N-284 was performed and is documented
in Appendix 2.12.11. This evaluation included the combination of fabrication induced
compressive stresses with those due to the 290 psi that result from immersion
pressure. The minimum stress margin is for the combined hoop stress where the
amplified plastic stress of 35,100 psi is well below the theoretical buckling stress of
48,152 psi. In addition the interaction check results in a ratio below the limit of 1.0.
These results demonstrate that the design has significant margins of safety when
both fabrication and immersion compressive loads are considered.

For the thermocouple lance assembly (TLA), an evaluation of the containment
boundaries that would be exposed to the deep immersion external pressure of 290

psig was performed and documented in Appendix 2.12.12. [
]

Summary of Damage

Summary of HAC Basket Structural Analysis

To determine the structural adequacy of the basket plates in the TN-32B HBU
demonstration cask fuel assembly basket under HAC free drops, the basket is
conservatively evaluated for a 90g end drop and a 51g side drop. The baseline
g-loads and drop orientations used for structural analysis of the basket are described
in Section 2.7.1. The dynamic load factor used in the basket structural analysis is
described in Appendix 2.12.7. The stress analysis of the basket due to inertial
loading is described in detail in Appendix 2.12.6. A summary of the accident
analyses performed is presented in Sections 2.12.6.2 and 2.12.6.3. The analyses
demonstrate that the basket is structurally adequate, and will properly support and
position the fuel assemblies during HAC loading conditions.
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To demonstrate the structural adequacy of the HBU fuel assemblies under the HAC
side impact, the fuel cladding is conservatively evaluated for a 759 side drop as
documented in Appendix 2.12.8. For the HAC end drop, an explicit dynamic analysis
of a single fuel rod is performed using LS-DYNA®. The analysis is based on the work
conducted by the Pacific Northwest National Laboratory and the Nuclear Regulatory
Commission, as documented in Section 2.12.8.2 of the appendix. The analyses
demonstrate that the HBU fuel cladding strains remain below the yield strain at the
corresponding temperature for the HAC side and end impact loadings.

Summary of HAC Cask Body Structural Analysis

Table 2-22 through Table 2-29 lists the highest stress intensities in each of the
TN-32B HBU demonstration cask components for all HAC load combinations
described above. Also listed in the tables are the stress limits for the service
condition based on the Section 2.1.2.

From the analysis results presented in Table 2-22 through Table 2-29, it can be seen
that the HAC loads will not result in any structural damage to the cask body and
closure lid, and that the containment functions of the cask will be maintained.

As described above, the integrity of the TN-32B HBU demonstration cask is not
compromised by the accident test sequence set forth in 10 CFR 71.73 [3], since it
meets the design criteria of Regulatory Guide 7.6 [1] for the Load Combinations
identified in Regulatory Guide 7.8 [2].

Accident Conditions for Air Transport of Plutonium

This section does not apply to the TN-32B HBU demonstration cask.

Accident Conditions for Fissile Material Packages for Air Transport

This section does not apply to the TN-32B HBU demonstration cask.

Special Form

This section does not apply to the TN-32B HBU demonstration cask.

Fuel Rods

As discussed in Chapter 4, containment of the radioactive material is provided by the
cask containment boundary. Analyses of the cask boundary for NCT and HAC
defined by the 10 CFR Part 71 [3] demonstrate that the boundary remains leaktight.
In addition, Appendix 2.12.7 assesses the response of a typical PWR fuel assembly
to a 30-foot HAC end drop and a 30-foot HAC side drop. Results from these

analyses demonstrate that the fuel rods will not be breached during the NCT and
HAC.
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Table 2-1
Evaluation Method Employed to Demonstrate Compliance with
Specific Regulatory Requirements

Numerical Material Model
10 CFR Part 71 Analysis Test** Tests
Heat X
Cold X
Norm?! Reduced External Pressure X
Condition of
Transport Increased External Pressure X
Shock and Vibration X
One Foot Free drop X
30 foot Free Drop - Cask and Basket X X
Hypothetical | 30 foot Free Drop- Impact Limiters X X X
Accident Puncture X
Condition Thermal Event X
Water Immersion X
Lifting X
Others Tie-Down X

Material tests include compression tests of the wood, and Charpy and tensile tests of the containment
boundary materials.
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Table 2-2
Containment Vessel Stress Limits

Classification ‘ Stress Intensity Limit

Normal (Level A) Conditions("

Pm Sm

P 1.5 Sm
(Pmor P) + Po 1.5 Sm
Shear Stress 0.6 Sm

Bearing Stress Sy

(PmorP)+Ps+Q 3.0 Sm

Hypothetical Accident (Level D)@

Pm Lessor of 2.4 Smor 0.7 Sy

P Lessor of 3.6 Sm or Sy
(Pmor P)) + Po Lessor of 3.6 Sm or Sy
Shear Stress 0.42 Sy

Notes:

1.

2.

Classifications and Stress Intensity Limits are as defined in ASME B&PV Code, Section I,
Subsection NB [4].
Stress intensity limits are in accordance with ASME B&PV Code, Section Ill, Appendix F [4].

Table 2-3
Containment Bolt Stress Limits

Classification \ Stress Intensity Limit(V®

Normal (Level A) Conditions @

Average Tensile Stress Sm=2/3 Sy

Average Shear Stress 0.6 Sm

Maximum Combined Stress

1.35Sm=0.9 Sy

Bearing Stress Sy

Hypothetical Accident (Level D)®

Average Tensile Stress Smaller of Sy or 0.7 Sy

Average Shear Stress Smaller of 0.42 Sy or 0.6 Sy

Maximum Combined Stress Su

Combined Shear & Tension®)

R+ Rs2 £ 1

Notes:

1.

The stress analysis of the closure lid bolts is performed in accordance with NUREG/CR-6007
[20], and described in Appendix 2.12.3. The stress limits for the closure lid bolts are listed
separately in Appendix 2.12.3, Tables 2.12.3-3 and 2.12.3-4.

The stress limits for the impact limiter tie rods and attachment bolts are described in Appendix
2.12.9.

Classification and stress limits are as defined in ASME B&PV Code, Section Ill, Subsection NB
[10] and NUREG/CR-6007, as applicable.

Stress limits are in accordance with ASME B&PV Code, Section 1, Appendix F [4].

Rt: Ratio of average tensile stress to allowable average tensile stress

Rs: Ratio of average shear stress to allowable average shear stress

All stresses include the effect of tensile and torsional loads due to bolt preloading.
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Table 2-4
Non Containment Structure Stress Limits

Classification ‘ Stress Intensity Limit
Normal (Level A) Conditions ()
Pm Sm
P 1.5 Sm
(Pmor P)) + Po 1.5 Sm
(PmorP)+Pp+Q 3.0 Sm
Shear Stress 0.6 Sm
Bearing Stress Sy
Hypothetical Accident (Level D) @
Pm Smaller of 2.4 Sm or 0.7 Sy
P Smaller of 3.6 Sm or Su
(Pmor Pi) + Py Smaller of 3.6 Sm or Su
Shear Stress 0.42S,

Weld Allowable Stress!"

Full Penetration Same as base metal

Normal Load Condition . . Tension - 0.3Sy
Partial Groove/Fillet Shear- 0.4 S,

Full Penetration Same as base metal

Normal Condition allowables are
Partial Groove/Fillet increased by a factor: Smaller of
2 0r 1.67Su/Sy if Su> 1.2 Sy

Accident Load Condition

Notes:
1. Classifications and stress intensity limits are as defined in ASME B&PV Code, Section Ill, Subsection
NF [6].

2. Stress intensity limits are in accordance with ASME B&PV Code, Section Ill, Appendix F [4].
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Table 2-5

Basket Stress Limits

Classification

|

Stress Intensity Limit

Normal (Level A) Conditions (")

Pm Sm
P 1.5 Sm
(Pmor P)) + Po 1.5 Sm
(PmorP)+Pp+Q 3.0 Sm
Shear Stress 0.6 Sm

Hypothetical Accident (Level D) @

Pm

Smaller of 2.4 Sm or 0.7Sy

P

Smaller of 3.6 Sm or Sy®

(Pmor Pi) + Py

Smaller of 3.6 Sm or S,®@

Shear Stress

0.42 Sy

Notes:
Classifications and stress intensity limits are as defined in ASME B&PV Code, Section lll,

1.

2.
3.

Subsection NB [4].

Limits are in accordance with ASME B&PV Code, Section I, Appendix F [4].
When evaluating the results from the nonlinear elastic plastic analysis for the accident conditions,
the general primary membrane stress intensity, Pm, shall not exceed the greater of 0.7 Sy and Sy +
1/3(Su — Sy). The maximum primary stress intensity at any location (P or P + Pb) shall not exceed

0.9 Su [4].

Fusion welds are qualified by testing. The testing program is provided in Section 2.12.6.4.
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Table 2-6
Cask Material Properties (")
(3 Pages)
Ultimate Yield
Temp. | Strength | Strength | Allowable E o x 10
Material Class (°F) | Su(ksi) | Sy(ksi) S/Sm(ksi) | (10° psi) | (inf/in/°F)®
70 65.0 370 | 1864/ O | 27.8 6.4
100 | 65.0@ 370 | 18.69/...0 6.6
200 | 650® | 3392 | 186@/.. G | 271 7.0
SA-203 Sec. Il 300 | 6500 | 3270 | 186@..® | 267 73
Gr.D Class 1
400 | 6500 | 316@ | 186@/.. 4 | 261 77
500 | 6500 | 3002 | 186@.© | 257 8.0
600 | 6500 | 27.82 | 185@/.© | 252 8.3
70 70.0 375 | 2007233 | 27.8 6.4
100 | 70.0@ 375 | 20.0/23.3 6.6
200 | 7000 342 | 2000229 | 274 7.0
SA-350 sec. lli 300 | 70.00 332 | 2007221 | 267 73
Gr LF3 Class 1
400 | 700® | 320@ | 20.0/21.4 | 26.1 77
500 | 7000 | 304® | 200/203 | 257 8.0
600 | 7000 | 2820 | 188/188 | 252 8.3
70 70.0 380 | 175233 | 29.3 6.4
100 70.0 380 | 17.5/23.3 6.6
200 70.0 346 | 1757231 | 286 7.0
SA-516 sec. lll 300 70.0 337 | 175/225 | 28.1 73
Gr. 70 Class 1
400 70.0 326 | 175217 | 275 77
500 70.0 30.7 | 175205 | 27.1 8.0
600 70.0 28.1 175187 | 265 8.3
70 70.0 350 | 175233 | 293
100 70.0 350 | 17.5/23.3 5.73
SA265 Seo i 200 70.0 319 | 175219 | 286 6.09
: 300 70.0 31.0 | 175213 | 281 6.43
Cl. 2 Class 1
400 70.0 300 | 175206 | 275 6.74
500 70.0 283 | 1751194 | 271 7.06
600 70.0 259 | 175178 | 265 7.28
70 70.0 360 | 175233 | 295
100 70.0 360 | 17.5/23.3 5.73
200 70.0 328 | 175219 | 288 6.09
(Tiﬁ'r:igis) gg‘;'s' '1' 300 70.0 319 | 175213 | 283 6.43
400 70.0 308 | 175206 | 27.7 6.74
500 70.0 29.1 175194 | 273 7.06
600 70.0 266 | 17.5/17.8 | 26.7 7.28
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Table 2-6
Cask Material Properties (")
(3 Pages)
Ultimate Yield
Temp. | Strength | Strength | Allowable E o x 10

Material Class (°F) | Su(ksi) | Sy(ksi) | SISm(ksi) @ (108 psi) | (in/in/°F)®
70 165.0 150.0 33.0/50.0 27.8 6.4
100 165.02) 150.0 33.0/50.0 6.6
SA-540 200 165.0@ 140.1 33.0/47.8 27.1 7.0
Ggﬁ% gg‘;'s' '1' 300 | 16500 | 1353 | 33.0/46.2 | 26.7 73
(Bolt) 400 165.02) 131.7 33.0/44.8 26.1 7.7
500 165.02 127.7 33.0/43.4 25.7 8.0
600 165.02) 122.6 33.0/41.4 25.2 8.3
-100 30.4
70 125.0 105.0 | 25.0/70.00 | 29.7 6.4
SA-193 100 125.02) 105.0 | 25.0/70.06) 6.6
Gr. B7 glec . 200 125.0@ 98.0 | 25.0/65.36) | 29.0 7.0

. ass 1

(@ <2 1/2-in)® 300 125.02) 94.1 25.0/62.76) | 285 7.3
400 125.02) 915 | 25.0/61.000 | 27.9 7.7
500 125.02) 88.5 | 25.0/59.00) | 27.5 8.0
70 75.0 30.0 18.8/10.0 28.3 6.4
100 75.0@ 30.0 18.8/10.0 6.6
sec. Il 200 71.0@ 25.0 16.7/8.3 27.6 7.0
SGArT1E?§ Subsection | 300 | 6620 225 15.0/7.5 27.0 73
NF 400 64.0@ 20.7 13.8/6.9 26.5 7.7
500 63.4@ 19.4 12.9/6.5 25.8 8.0
600 63.4@ 18.2 12.1/6.1 25.3 6.4
70 75.0 30.0 20.0/20.0 28.3 8.5
100 75.0 30.0 20.0/20.0 8.7
A-240 SA-240 ASTM, 200 71.0 25.0 16.7/20.0 27.5 9.4
SA-479 Type | ASME Sec. | 300 66.2 22.4 15.0/20.0 27.0 9.9
304/304L® | Il Class 1 400 64.0 20.7 13.8/18.6 26.4 10.2
500 63.4 19.4 12.9/17.5 25.9 10.5
600 63.4 18.4 12.3/16.6 25.3 10.6
70 85.0 60.0 24.3/28.3 31.0 5.8
100 85.0 60.0 24.3/28.3 5.9
%ﬁgﬁ? Sec. Il 200 85.0 55.9 24.3/28.3 30.3 6.2
ol 26) Class 1 300 85.0 54.8 24.3/28.3 29.7 6.5
400 84.7 54.7 24.2/28.2 29.2 6.7
500 84.4 54.7 24.1/28.1 28.6 6.9
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Table 2-6
Cask Material Properties (")
(3 Pages)
Ultimate Yield
Temp. | Strength | Strength | Allowable E o x 10
Material Class (°F) Su (ksi) Sy (ksi) | S/Sm (ksi) | (106 psi) | (in/in/°F)®
70 80.0 35.0 22.9/26.7 31.0 6.8
SB-163 UNS 100 80.0 350 | 22.9/26.7 7.0
N06600 Sec. Il 200 80.0 32.0 21.3/26.7 30.3 7.4
Annealed® Class 1 300 80.0 31.2 20.8/26.7 29.9 7.7
1/4<0D.=7/8 400 80.0 30.7 20.5/26.7 29.4 8.0
500 80.0 30.3 20.2/26.7 29.0 8.3
70 80.0 35.0 22.9/23.3 31.0 6.8
100 80.0 35.0 22.9/23.3 7.0
SB,;IB%%(L)JONS Sec. Il 200 80.0 32.0 22.9/23.3 303 7.4
Annealed® Class 1 300 80.0 31.2 22.9/23.3 29.9 7.7
400 80.0 30.7 22.9/23.3 294 8.0
500 80.0 30.3 22.9/23.3 29.0 8.3
Notes:

1. All material properties are provided from Reference [10], unless otherwise specified.
2. Elevated temperature material properties are not provided in Reference [10].
Values provided from Reference [11] for analysis.

Reference [10] does not provide applicable Sm data.

Material properties extracted from ASME Section Il, Part D, 2013 [11].
Instantaneous coefficient, as noted, otherwise mean coefficient.

Sm defined as 2/3 Sy per Reference [20].

o0k w
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Table 2-7
Cask Weight and Center of Gravity

Component Weight (kips)
Cask 221.00
Body 111.86
Closure Lid w/ Bolts, Washers, TLAs 12.90
Bottom 17.54
Aluminum Boxes 1.96
Resin 10.23
Outer Shell 7.24
Trunnions 0.75
Aluminum Rails at Periphery 1.27
Aluminum Plates at Periphery 2.26
Miscellaneous (rail mounting hardware, drain tube,

nameplate, shell backing ring, etc.) 0.38
Lance Cover Plates 0.27
Puncture Resistant Plate 4.70
Fuel Assemblies/PRAs/Guide Funnels 49.64
Basket 13.42
Stainless Steel Boxes 5.49
Aluminum Plates of the Basket 6.67
Borated Aluminum Plates 0.24
Steel Plates at Periphery 1.02
Top Impact Limiter 16.60
Bottom Impact Limiter 16.60
Tie-Rods (13) 1.13
Impact Limiter Bolting Brackets (8) 0.25
Total w/ Cask, Fuel, Impact Limiters and Tie-Rods 269.00

*

from the rear (bottom) of the cask.

Summary of Weights Utilized for Analysis:

1. Upper Trunnion Lifting (w/o impact limiters) 240,000 Ibs.
2. Tie-Down Analyses 270,000 Ibs.
3. Cask Body Analysis 271,000 Ibs.

Center of gravity of the package is approximately 93.7 inches, measured along the axial centerline
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Table 2-8
Trunnion Section Properties and Applied Loads

Upper Trunnions Lower Trunnions
Section A-A | Section B-B | Section A-A | Section B-B
Item (Weld) (Shoulder) (Weld) (Shoulder)
Cross Sectional Area (in?) 93.415 79.77 58.91 46.47
Area Moment of Inertia (in*) 987.20 755.60 460.19 264.80
Yield Condition Shear Force (Ibr) 720,000* 360,000*
zl(ée'.d )Condi“o” Bending Moment 4,017,600 | 1,260,000 | 2,008,800 630,000
f-in
Ultimate Condition Shear Force (Iby) 1,200,000** 600,000**
kft')t".“";‘te Condition Bending Moment | ¢ 696 000 | 2,100,000 | 3,348,000 | 1,050,000
f-in

Notes:

Trunnion geometry (Sections A-A and B-B) is in Figure 2-1.
Trunnion Loads to Support 6 times Cask Weight

*

**  Trunnion Loads to Support 10 times Cask Weight
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Table 2-9
Trunnion Stresses when Loaded by Factors 6 and 10 of Cask Weight (Lifting)
Yield Limit Ultimate Limit
Section Section
Section B-B Section B-B
Location/Stress A-A (Weld) (Shoulder) A-A (Weld) (Shoulder)
Upper Trunnions
Shear Stress (psi) 7,708 9,026 12,846 15,043
Bending Stress (psi) 24,418 9,380 40,697 15,633
Stress Intensity (psi) 28,877 20,818 48,128 34,697
Lower Trunnions
Shear Stress (psi) 6,111 7,747 10,185 12,912
Bending Stress (psi) 21,826 10,326 36,376 17,209
Stress Intensity (psi) 25,015 18,620 41,691 31,033
Allowable Stress (psi) Sy = 30,800 Su=70,000
Notes:

1. Trunnion geometry (Sections A-A and B-B) is shown in Figure 2-1.
2. Minimum M.S. is +0.21 for yield limit (lower trunnion) and +0.07 for yield limit (upper trunnion).
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Table 2-10

TN-32B HBU Cask Performance Evaluation Overview (Normal Conditions of Transport)

Loading Condition SAR Section | Scope of Evaluation
26.11 Maximum component temperatures for material
T allowables and maximum cavity pressure (100 psig)
Heat 10 CER 71.71(c)(1) 26.1.2 Cask body thermal gradients
' 2613 Cask body stresses due to hot environment load
T combinations
2.6.14 Comparison with allowable stresses
Cold 10 CFR 71.71(c)(2) 262 Cask body stresses due to cold environment load
) o combinations
Regﬂg:gufgtf 6na| 263 Cask body stresses due to -3.5 psia external pressure
CFR 71.71(c)(3) e load combinations
Incl;?::ulzt%nal 26.4 Cask body stresses due to 20 psia external pressure load
CFR 71.71(c)(4) combinations
10 CS:EORd; 1"351“(15)(5) 2.6.5 Cask body stresses due to rail shock loads
10\/32?;'(7)? %3?3)?5) 2.6.5 Cask body stresses due to rail vibration loads
10 (\g\fée;f‘gf(‘é’)(m 2.6.6 Negligible for TN-32B HBU cask
Free D Cask body stresses due to 1 foot bottom end drop
10 CF§671 ;()1?0)(7) 2.6.7 Cask body stresses due to 1 foot lid end drop
' Cask body stresses due to 1 foot side drop
Corner Drop .
10 CFR 71.71(c)(8) 2.6.8 Not applicable
Compression .
10 CFR 71.71(c)(9) 26.9 Not applicable
Penetration .
10 CFR 71.71(c)(10) 2.6.10 Not applicable
Lid Bolt Analvsis 2611 Bolt stresses due to preload, pressure loads,
y e temperature, impact and puncture loads
Fatique Analvsis of Fatigue evaluation of containment vessel due to lifting,
Contaignment B)cl)undary 2.6.12 pressure, temperature, shock/vibration, and 1 foot drop
loads
Basket Evaluation 2613 Structural analysis of the basket due to 1 foot end drop
o and 1 foot side drop loads
Summary of Normal Lists the highest stress intensities in the containment
Condition Structural 2.6.14 vessel and gamma shield and compares results with the

Analysis

allowables
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Table 2-11

Individual Load Cases for Normal Conditions of Transport

TN-32B HBU Demonstration Cask Body Analysis

Load Utilized in
Run No. Individual Load Type Analysis

IL-1 Closure lid bolt preload and lid seating )
pressure

IL-2 Fabrication stresses -

IL-3 Internal pressure 100 psig

IL-4 External pressure 25 psig

IL-5 Reduced external pressure 3.5 psia

IL-6 The.rmal stresses at 100 °F hot )
environment

IL-7 Thermal stresses at —20 °F cold )
environment

IL-8 The_rmal stresses at —40 °F cold )
environment

IL-9 Cask Horizontal — 1g Down (Gravity) 19
Horizontal cask, Rail Vibrations,

IL-10 Rail car shock 0.19g, 0.19g, 0.37g

IL-11 Horizontal cask, Rail Shock 4.7g all direction
tie-down

IL-12 End drop on top (closure lid) end 269

IL-13 End drop on bottom end 269

IL-14 Side/Slapdown drop 20g

IL-15 Corner drop on top (closure lid) end

IL-16 Corner Drop on bottom end

IL-17 Fire accident

IL-18 Deep immersion (290 psig) 290 psig
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Table 2-12
Summary of Load Combinations for Normal Conditions of Transport
(2 Pages)
Applicable Individual Loads
IL-1 IL-2 IL-9 IL-3 IL-4 IL-5 IL-6 IL-7 IL-8 IL-12 IL-13 IL-14
Reduced
Load Bolt Gravity Internal External Ext Thermal | Thermal | Thermal Top Bottom Side Comb.
Combination | Pre-load Fabrication 19 Pressure | Pressure Press 100 °F -20 °F -40 °F Drop Drop Drop Abbr.
Hot
Environment X X X X X N1
(100 °F amb)
Cold
Environment X X X X X N2
(-20 °F amb)
Cold
Environment X X X X X N3
(-40 °F amb)
Increased
External X X X X X N4
Pressure
Reduced
External X X X X X X N5
Pressure
1FtEnd X X X X X N6
Bottom Drop X X X X X N7
1 Ft End Top X X X X X N8
Drop X X X X X N9
1 Ft Side X X X X X N10
Drop X X X X X N11
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Table 2-12
Summary of Load Combinations for Normal Conditions of Transport
(2 Pages)
Applicable Individual Loads
IL-1 IL-2 IL-3 IL-4 IL-6 IL-7 IL-10 IL-11
Load Bolt Internal External Thermal Thermal Rail Combination
Combination Preload Fabrication Pressure Pressure (100 °F) (-20 °F) Vibration Rail Shock Abbreviation
S X X X X X N12
Rail Vibration X X X X X N13
. X X X X X N14
Rail Shock X X X X X N15
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Table 2-13
Reference Temperatures for Stress Analysis Acceptance Criteria

Normal Transport*

Maximum from Selected Design**
Chapter 3.0 Temperature

Component (°F) (°F)

Outer Shell 295 300

Inner Shell 368 400
Basket Rail 320
Basket Plate 468

Gamma Shell 347 400

Fuel Cladding 510 500

Lid Bolt <250 300

For normal loading condition.
Temperatures specified are used to determine allowable stresses.
They are not a maximum use temperature for material.

Allowable stresses for the basket are taken at the temperatures.
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Table 2-14
NCT Load Combinations — Lid Stress Intensity Results
(2 Pages)
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
Pm 6.70 18.60 2.78
N1 A (Pm or PL) 18.95 27.90 1.47
Pm + Po 13.08 27.90 2.13
Pm+ P+ Q 43.99 55.80 1.27
Pm 7.26 18.60 2.56
N2 A (Pm or PL) 17.79 27.90 1.57
Pm + Po 13.30 27.90 2.10
Pm+ P+ Q 40.63 55.80 1.37
Pm 7.25 18.60 2.57
N3 A (Pm or PL) 17.77 27.90 1.57
Pm + Pp 13.30 27.90 2.10
Pm+ P+ Q 40.58 55.80 1.38
Pm 7.26 18.60 2.56
N4 A (Pm or PL) 17.79 27.90 1.57
Pm + Po 13.30 27.90 2.10
Pm+ P+ Q 40.63 55.80 1.37
Closure Lid Pm 6.70 18.60 2.78
Outer Plate N5 A (Pm or PL) 18.96 27.90 1.47
Pm + Po 13.06 27.90 2.14
Pm+ P+ Q 44.00 55.80 1.27
Pm 8.57 18.60 217
NG A (Pm or PL) 18.12 27.90 1.54
Pm + Po 16.48 27.90 1.69
Pm+Po+Q 41.60 55.80 1.34
Pm 6.95 18.60 2.68
N7 A (Pm or PL) 19.29 27.90 1.45
Pm + Po 12.78 27.90 2.18
Pm+Pr+Q 44.96 55.80 1.24
Pm 7.20 18.60 2.58
N8 A (Pm or PL) 18.96 27.90 1.47
Pm + Pp 13.35 27.90 2.09
Pm+Ppo+Q 42.03 55.80 1.33
Pm 6.60 18.60 2.82
N9 A (Pmor PL) 20.12 27.90 1.39
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Table 2-14
NCT Load Combinations — Lid Stress Intensity Results
(2 Pages)
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
N9 A Pm + Po 13.98 27.90 2.00
Pm+ P+ Q 45.39 55.80 1.23
Pm 7.77 18.60 2.39
(Pm or Pv) 17.54 27.90 1.59
N10 A Pm + Po 14.85 27.90 1.88
Pm+ P+ Q 40.56 55.80 1.38
Pm 6.92 18.60 2.69
N1 A (Pm or PL) 18.71 27.90 1.49
Pm + Po 13.11 27.90 2.13
Pm+Pbo+Q 43.91 55.80 1.27
Pm 6.68 18.60 2.78
(Pm or PL) 18.95 27.90 1.47
N12 A Pm + Po 13.08 27.90 2.13
Pm+Pbr+Q 43.98 55.80 1.27
Closure Lid Pm 7.28 18.60 2.55
Outer Plate N13 A (Pm or PL) 17.78 27.90 1.57
Pm + Pp 13.36 27.90 2.09
Pm+ P+ Q 40.62 55.80 1.37
Pm 6.77 18.60 2.75
(Pm or PL) 19.02 27.90 1.47
N14 A Pm + Pp 12.94 27.90 2.16
Pm+ P+ Q 4412 55.80 1.26
Pm 7.57 18.60 2.46
(Pm or PL) 17.85 27.90 1.56
N15 A Pm + Pp 14.06 27.90 1.98
Pm+ P+ Q 40.76 55.80 1.37
Pm 8.57 18.60 217
Max N1 A (Pm or PL) 20.12 27.90 1.39
to N15 Pm + Pp 16.48 27.90 1.69
Pm+ P+ Q 45.39 55.80 1.23
Notes:

1. Allowable limits are based on temperature of 400 °F.
2. Bending stresses at the lid flange (bolt holes circle region) are secondary stress. Pm and Pm + Py stresses
above do not account for local effects of geometric or material discontinuities and stress concentrations in

region around bolt holes.
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Table 2-15
NCT Load Combinations — Penetration Sleeves Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
N1 A Pm 10.03 21.40 213
Pm + Pp 14.95 32.10 2.15
Pm 8.24 21.40 2.60
N2 A Pm + Po 15.39 32.10 2.09
Pm 8.22 21.40 2.60
N3 A Pm + Pp 15.38 32.10 2.09
Pm 8.24 21.40 2.60
N4 A Pm + Po 15.39 32.10 2.09
Pm 10.01 21.40 2.14
NS A Pm + Pp 14.92 32.10 2.15
Pm 8.61 21.40 2.49
NG A Pm + Po 18.52 32.10 1.73
Pm 8.73 21.40 2.45
N7 A Pm + Po 15.30 32.10 2.10
N8 A Pm 8.66 21.40 2.47
Penetration Pm + Po 15.52 32.10 2.07
Sleeves NS A Pm 10.50 21.40 2.04
Pm + Po 14.95 32.10 2.15
Pm 8.88 21.40 2.41
N10 A Pm + Pp 16.99 32.10 1.89
Pm 10.92 21.40 1.96
N1 A Pm + Po 15.35 32.10 2.09
Pm 10.06 21.40 2.13
N12 A Pm + Pp 14.89 32.10 2.16
Pm 8.26 21.40 2.59
N13 A Pm + Pp 15.45 32.10 2.08
Pm 9.42 21.40 2.27
N14 A Pm + Pp 15.06 32.10 2.13
Pm 7.92 21.40 2.70
N15 A Pm + Pp 16.12 32.10 1.99
Max N1 A Pm 10.92 1.96
to N15 Pm + Py 18.52 1.73
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Table 2-16
NCT Load Combinations — Gamma Shield Shell Stress Intensity Results
Servic Stress
Load e Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
N1 A Pm 6.13 20.60 3.36
Pm + Pp 16.73 30.90 1.85
Pm 6.15 20.60 3.35
N2 A Pm + Po 15.70 30.90 1.97
Pm 6.17 20.60 3.34
N3 A Pm + Pp 15.71 30.90 1.97
Pm 6.15 20.60 3.35
N4 A Pm + Po 15.70 30.90 1.97
Pm 6.12 20.60 3.37
NS A Pm + Pp 16.73 30.90 1.85
Pm 6.74 20.60 3.06
N6 A Pm + Po 15.97 30.90 1.93
Pm 6.49 20.60 3.17
N7 A Pm + Po 17.01 30.90 1.82
NS A Pm 6.42 20.60 3.21
Gamma Pm + Pp 12.93 30.90 2.39
Shield Shell NG A Pm 6.24 20.60 3.30
Pm + Po 13.97 30.90 2.21
Pm 7.81 20.60 2.64
N10 A Pm + Pp 16.45 30.90 1.88
Pm 7.92 20.60 2.60
N11 A Pm + Po 17.32 30.90 1.78
Pm 6.12 20.60 3.37
N12 A Pm + Po 16.72 30.90 1.85
Pm 6.12 20.60 3.37
N13 A Pm + Pp 15.68 30.90 1.97
Pm 6.22 20.60 3.31
N14 A Pm + Pp 16.96 30.90 1.82
Pm 6.40 20.60 3.22
N15 A Pm + Pp 15.94 30.90 1.94
Max N1 A Pm 7.92 2.60
to N15 Pm + Pp 17.32 1.78
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Table 2-17
NCT Load Combinations — Closure Lid Shield Plate Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
N1 A Pm 7.23 21.70 3.00
Pm + Pp 16.00 32.55 2.03
Pm 6.17 21.70 3.52
N2 A Pm + Po 14.95 32.55 2.18
Pm 6.15 21.70 3.53
N3 A Pm + Pp 14.92 32.55 2.18
Pm 6.17 21.70 3.52
N4 A Pm + Po 14.95 32.55 2.18
Pm 7.19 21.70 3.02
NS A Pm + Pp 16.00 32.55 2.03
Pm 6.25 21.70 3.47
N6 A Pm + Po 15.14 32.55 2.15
Pm 6.78 21.70 3.20
N7 A Pm + Po 16.19 32.55 2.01
NS A Pm 5.14 21.70 4.22
Closure Lid Pm + Po 12.07 32.55 2.70
Shield Plate NG A Pm 6.47 21.70 3.35
Pm + Po 13.19 32.55 2.47
Pm 9.34 21.70 2.32
N10 A Pm + Pp 18.72 32.55 1.74
Pm 9.46 21.70 2.29
N11 A Pm + Po 19.24 32.55 1.69
Pm 7.21 21.70 3.01
N12 A Pm+ Po 15.97 32.55 2.04
Pm 6.16 21.70 3.52
N13 A Pm + Po 14.93 32.55 2.18
Pm 6.92 21.70 3.14
N14 A Pm + Po 16.24 32.55 2.00
Pm 6.27 21.70 3.46
N15 A Pm+ Po 15.20 32.55 2.14
Max N1 A Pm 9.46 2.29
to N15 Pm + Pp 19.24 1.69
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Table 2-18
NCT Load Combinations — Shell Flange Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
N1 A Pm 7.66 21.40 2.79
Pm + Pp 9.35 32.10 3.43
Pm 8.33 21.40 2.57
N2 A Pm + Po 9.40 32.10 3.41
Pm 8.29 21.40 2.58
N3 A Pm + Pp 9.34 32.10 3.44
Pm 8.33 21.40 2.57
N4 A Pm + Po 9.40 32.10 3.41
Pm 7.67 21.40 2.79
NS A Pm + Pp 9.35 32.10 3.43
Pm 8.38 21.40 2.55
N6 A Pm + Po 8.96 32.10 3.58
Pm 7.69 21.40 2.78
N7 A Pm + Po 8.59 32.10 3.74
Pm 8.36 21.40 2.56
Shell Flanae N8 A Pm + Pp 8.99 32.10 3.57
g NS R Prm 7.67 21.40 2.79
Pm + Po 8.26 32.10 3.89
Pm 11.00 21.40 1.95
N10 A Pm + Pp 13.56 32.10 2.37
Pm 11.04 21.40 1.94
N11 A Pm + Po 13.56 32.10 2.37
Pm 7.61 21.40 2.81
N12 A Pm + Pp 9.30 32.10 3.45
Pm 8.28 21.40 2.58
N13 A Pm + Po 9.35 32.10 3.43
Pm 7.84 21.40 2.73
N14 A Pm + Po 9.38 32.10 3.42
Pm 8.52 21.40 2.51
N15 A Pm + Po 9.42 32.10 3.41
Max N1 A Pm 11.04 1.94
to N15 Pm + Pp 13.56 2.37
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Table 2-19

TN-32B HBU Performance Evaluation Overview
(Hypothetical Accident Conditions of Transport)

Loading Conditions SAR Section Scope of Evaluation
2711 Cask body stresses due to bottom end drop
Cask body stresses due to lid end drop
30 foot Free Drop 2.7.1.2 Cask body stresses due to side drop
10 CFR 71.73(c)(1) 2.7.1.3 Cask body stresses due to corner drop
2714 Lid bolt analysis
2715 Impact limiter attachment analysis
Crush 10 CFR 71.73(2) 2.7.2 Not applicable
Puncture 273 Cask body evaluation for 40-inch drop onto the
10 CFR 71.73(c)(2) puncture bar
2741 Maximum component pressures and temperatures
10 CF1I-?he7r;T.]$l3(c)(3) 2.74.2 Cask body th_ermal stressles due to fire accident
2.74.3 Maximum combined stresses
Cask body stresses due to 3-foot water head
275 (1.3 psi)
Immersion 276 Cask body stresses due to_ 50-foot water head
10 CFR 71.73(c)(5) (21.7 psi)
10 CFR 71.73(c)(6) Containment vessel stresses due to 290 psi external
10 CFR 71.61 pressure (pressure directly applies to the
2.7.7 containment vessel)
Buckling analysis of the containment vessel due to
290 psi external pressure
Summary of Damage 278 Summarizes the structural analysis results for the

basket and cask body
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Table 2-20

Summary of Individual Loads for Hypothetical Accident Conditions of Transport

Run
No. Individual Load Type Load Used in Analysis
L1 Closure lid bolt preload and lid seating )
pressure
IL-2 Fabrication Stresses -
IL-3 Internal pressure 100 psig
IL-4 External pressure 25 psig
IL-6 Thermal stre.ss to 100 °F (hot) )
environment
IL-7 Thermal stregs to =20 °F (cold) )
environment
IL-12 End drop on closure lid 80g
IL-13 End drop on bottom 80g
IL-14 Side drop/slapdown 70g
CG-Over-Corner Drop on Front (Lid) 30.6g axial, 14.99
IL-15 Impact Limiter radial™
IL-16 CG-Over-Corner Drop on Rear (Bottom) 30.6g axial, 14.9g radial
Impact Limiter
Notes:

1. Extracted from Section 2.7.1.3
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Summary of Load Combinations for Hypothetical Accident Conditions of Transport

Table 2-21

Applicable Individual Load

IL-1 IL-2 IL-3 IL-4 IL-12 IL-13 IL-14 IL-15 IL-16 IL-17
Corner
Load Bolt Internal External Top End Bottom Corner Lid Drop Combination
Combination Preload | Fabrication | Pressure Pressure Drop End Drop | Side Drop Drop Bottom Fire Number
30 Ft. End Drop on X X X X A1
Bottom End X X X X A2
30 Ft. End Drop on X X X X A3
Lid End X X X X A4
30 Ft. Side X X X X A5
Drop/Slapdown X X X X A6
30 Ft. CG Over X X X X A7
Corner Drop on
Bottom End X X X X A8
30 Ft. CG Over X X X X A9
Corner Drop on Lid
End X X X X A10
Fire Accident X X X X A1
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Table 2-22
HAC Load Combinations — Lid Stress Intensity Results
(2 Pages)
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
Pm 8.11 44.64 5.50
Al D (Pm or PL) 19.24 65.00 3.38
Pm + Po 16.20 65.00 4.01
Pm+ P+ Q 44 .83 65.00 1.45
Pm 9.91 44.64 4.50
A2 D (Pm or PL) 18.00 65.00 3.61
Pm + Pp 20.44 65.00 3.18
Pm+ P+ Q 41.29 65.00 1.57
Pm 7.08 44.64 6.31
A3 D (Pm or PL) 21.83 65.00 2.98
Pm + Pp 15.15 65.00 4.29
Pm+ P+ Q 46.19 65.00 1.41
Pm 5.85 44.64 7.63
Ad D (Pm or PL) 20.61 65.00 3.15
Pm + Po 13.33 65.00 4.88
Pm+ P+ Q 42.66 65.00 1.52
Closure Lid Pm 14.44 44.64 3.09
Outer Plate A5 b (Pm or PL) 22.99 65.00 2.83
Pm + Po 19.92 65.00 3.26
Pm+Pr+Q 42.75 65.00 1.52
Pm 16.00 44.64 2.79
A6 D (Pm or PL) 23.78 65.00 2.73
Pm + Po 20.48 65.00 3.17
Pm+Po+Q 39.29 65.00 1.65
Pm 6.35 44.64 7.03
A7 D (Pm or Pv) 18.59 65.00 3.50
Pm + Po 11.82 65.00 5.50
Pm+Po+Q 43.11 65.00 1.51
Pm 7.52 44.64 5.94
A8 D (Pm or PL) 17.36 65.00 3.74
Pm + Pp 14.45 65.00 4.50
Pm+Pr+Q 39.57 65.00 1.64
A9 D Pm 8.58 44.64 5.20
(Pm or PL) 20.10 65.00 3.23
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Table 2-22
HAC Load Combinations — Lid Stress Intensity Results
(2 Pages)
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
A9 D Pm + Po 15.04 65.00 4.32
Pm+ P+ Q 43.84 65.00 1.48
Pm 7.76 44.64 5.75
A10 D (Pm or PL) 18.74 65.00 347
Closure Lid Pm + Po 15.81 65.00 4.1
Outer Plate Pm+ P+ Q 40.39 65.00 1.61
Pm 16.00 44.64 2.79
Max A1 D (Pm or PL) 23.78 65.00 2.73
to A11 Pm + Pb 20.48 65.00 3.17
Pm+Po+Q 46.19 65.00 1.41
Notes:

1. Allowable limits are based on temperature of 400 °F.
2. Bending stresses at the closure lid bolt holes circle region are secondary stress. Pm and Pm + Po stresses
above do not account for local effects of geometric or material discontinuities and stress concentrations in
region around the bolt holes.
3. Range of Primary + Secondary Stress or (Pm or PL) + Po + Q are not applicable for HAC. (Pm or PL) + Po
allowables are utilized above. These values are presented only for completeness.
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Table 2-23
HAC Load Combinations — Penetration Sleeves Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
Al D Pm 11.77 49.00 4.16
Pm + Pp 19.67 70.00 3.56
A2 D Pm 16.73 49.00 2.93
Pm + Po 26.41 70.00 2.65
Pm 10.84 49.00 4.52
A3 D Pm + Pp 13.50 70.00 5.19
Pm 9.00 49.00 5.44
Ad D Pm + Po 12.81 70.00 5.46
Pm 12.99 49.00 3.77
AS D Pm + Pp 21.14 70.00 3.31
Penetration A6 D Pm 15.48 49.00 3.17
Sleeves Pm + Pob 24.96 70.00 2.80
Pm 7.53 49.00 6.51
AT D Pm + Po 14.08 70.00 4.97
Pm 8.27 49.00 5.93
A8 D Pm + Pp 16.37 70.00 4.28
A9 D Pm 12.92 49.00 3.79
Pm + Po 14.02 70.00 4.99
Pm 10.13 49.00 4.84
A10 D Pm + Pp 13.35 70.00 5.24
Max A1 D Pm 16.73 2.93
to A11 Pm + Pp 26.41 2.65
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Table 2-24
HAC Load Combinations — Gamma Shield Shell Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
Al D Pm 7.56 49.00 6.48
Pm + Pp 15.54 70.00 4.50
Pm 7.37 49.00 6.65
A2 D Pm + Po 14.43 70.00 4.85
Pm 7.79 49.00 6.29
A3 D Pm + Pp 9.39 70.00 7.45
Pm 7.51 49.00 6.52
Ad D Pm + Po 8.97 70.00 7.80
A5 D Pm 17.97 49.00 2.73
G Pm + Pp 34.94 70.00 2.00
amma
Shield Shell A6 D 5 P:P ;2'82 33'88 2'(7)(2)
Cylinder m™ b : : :
A7 D Pm 5.19 49.00 9.44
Pm + Po 14.94 70.00 4.69
Pm 4.95 49.00 9.90
A8 D Pm + Pp 13.84 70.00 5.06
Pm 7.49 49.00 6.54
A9 D Pm + Po 12.47 70.00 5.61
Pm 7.42 49.00 6.60
A10 D Pm + Pp 11.40 70.00 6.14
Max A1 D Pm 18.02 2.72
to A11 Pm + Pb 34.95 2.00

Page 2-72




TN-32 Transportation Cask Safety Analysis Report

Rev 0a, 08/2021

Table 2-25
HAC Load Combinations — Bottom Shield Plate Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
Al D Pm 7.22 49.00 6.79
Pm + Pp 7.85 70.00 8.92
Pm 6.85 49.00 7.15
A2 D Pm + Po 7.06 70.00 9.92
Pm 1.61 49.00 30.43
A3 D Pm + Pp 4.42 70.00 15.84
Ad D Pm 1.75 49.00 28.00
Pm + Po 4.20 70.00 16.67
Pm 12.64 49.00 3.88
AS D Pm + Pp 21.16 70.00 3.31
Bottom A6 D Pm 12.67 49.00 3.87
Shield Plate Pm + Py 20.97 70.00 3.34
Pm 3.61 49.00 13.57
AT D Pm + Po 5.36 70.00 13.06
A8 D Pm 3.55 49.00 13.80
Pm + Pp 4.55 70.00 15.38
Pm 22.22 49.00 2.21
A9 D Pm + Po 61.50 70.00 1.14
Pm 21.86 49.00 2.24
A10 D Pm + Pp 61.39 70.00 1.14
Max A1 D Pm 22.22 2.21
to A11 Pm + Pp 61.50 1.14
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Table 2-26
HAC Load Combinations — Bottom Inner Plate Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of

Component Case Level Category (ksi) Stress (ksi) Safety
Al D Pm 5.27 44.64 8.47
Pm + Pp 8.20 65.00 7.93
Pm 5.25 44.64 8.50
A2 D Pm + Po 8.37 65.00 7.77
Pm 5.69 44.64 7.85
A3 D Pm + Pp 9.44 65.00 6.89
Pm 6.11 44.64 7.31
Ad D Pm + Po 10.24 65.00 6.35

Pm 9.31 44.64 4.79

AS D Pm + Pp 13.69 65.00 4.75

Bottom Inner AG D Pm 9.22 44.64 4.84
Plate Pm + Po 14.32 65.00 4.54
Pm 5.39 44.64 8.28

AT D Pm + Po 8.80 65.00 7.39

Pm 5.76 44.64 7.75

A8 D Pm + Pp 9.51 65.00 6.83

A9 D Pm 4.48 44.64 9.96

Pm + Po 5.32 65.00 12.22

Pm 3.77 44.64 11.84

A10 D Pm + Pp 5.68 65.00 11.44

Max A1 D Pm 9.31 4.80

to A11 Pm + Pp 14.32 4.54
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Table 2-27
HAC Load Combinations — Inner Shell Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
Al D Pm 14.05 44.64 3.18
Pm + Pp 14.74 65.00 4.41
A2 D Pm 14.56 44.64 3.07
Pm + Po 15.29 65.00 4.25
A3 D Pm 13.99 44.64 3.19
Pm + Pp 14.67 65.00 443
Ad D Pm 14.67 44.64 3.04
Pm + Po 15.39 65.00 4.22
A5 D Pm 22.44 44.64 1.99
Pm + Pp 26.32 65.00 2.47
Pm 22.30 44.64 2.00
Inner Shell AB D P + Pb 26.19 65.00 2.48
A7 D Pm 14.99 44.64 2.98
Pm + Po 15.70 65.00 4.14
A8 D Pm 15.49 44.64 2.88
Pm + Pp 16.25 65.00 4.00
A9 D Pm 15.83 44.64 2.82
Pm + Po 17.18 65.00 3.78
Pm 16.50 44.64 2.71
A10 D Pm + Pp 17.06 65.00 3.81
Max A1 D Pm 22.44 1.99
to A11 Pm + Pp 26.32 2.47

Page 2-75



TN-32 Transportation Cask Safety Analysis Report

Rev 0a, 08/2021

Table 2-28
HAC Load Combinations — Top Shield Plate Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of

Component Case Level Category (ksi) Stress (ksi) Safety
Al D Pm 6.07 49.00 8.07
Pm + Pp 13.56 70.00 5.16
Pm 5.60 49.00 8.75
A2 D Pm + Po 12.34 70.00 5.67

Pm 4.07 49.00 12.04
A3 D Pm + Pp 9.27 70.00 7.55

Pm 3.33 49.00 14.71
Ad D Pm + Po 9.11 70.00 7.68

A5 D Pm 20.42 49.00 2.40

Pm + Pp 32.62 70.00 2.15

Top Shield AG D Pm 20.16 49.00 2.43
Plate Pm + Py 31.73 70.00 2.21
Pm 5.43 49.00 9.02

AT D Pm + Po 13.11 70.00 5.34

Pm 4.82 49.00 10.17

A8 D Pm + Pp 11.89 70.00 5.89

Pm 9.31 49.00 5.26

A9 D Pm + Po 19.80 70.00 3.54

Pm 7.57 49.00 6.47

A10 D Pm + Pp 15.25 70.00 4.59

Max A1 D Pm 20.42 2.40

to A11 Pm + Pp 32.62 2.15
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Table 2-29
HAC Load Combinations — Shell Flange Stress Intensity Results
Stress
Load Service Stress Intensity Allowable Factor of
Component Case Level Category (ksi) Stress (ksi) Safety
Al D Pm 7.82 49.00 6.27
Pm + Pp 12.35 70.00 5.67
Pm 8.80 49.00 5.57
A2 D Pm + Po 13.97 70.00 5.01
Pm 8.70 49.00 5.63
A3 D Pm + Pp 12.72 70.00 5.50
Pm 9.74 49.00 5.03
Ad D Pm + Po 14.32 70.00 4.89
A5 D Pm 21.52 49.00 2.28
Pm + Pp 23.09 70.00 3.03
Pm 21.20 49.00 2.31
ShellFlange |~ A D P + Pb 22.94 70.00 3.05
Pm 6.42 49.00 7.63
AT D Pm + Po 9.25 70.00 7.57
Pm 6.98 49.00 7.02
A8 D Pm + Pp 10.89 70.00 6.43
Pm 11.54 49.00 4.25
A9 D Pm + Po 13.01 70.00 5.38
Pm 11.24 49.00 4.36
A10 D Pm + Pp 12.87 70.00 5.44
Max A1 D Pm 21.52 2.28
to A11 Pm + Po 23.09 3.03
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Note: Some elements were unselected (hidden) to illustrate the mesh through the thickness of cask.

Figure 2-2
Nonlinear Buckling Finite Element Model for Immersion Analysis
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Non—Linear Buckling Analysis of TN-32B HBU Cask

Figure 2-3
290 psig Immersion Analysis Finite Element Model Loads and Boundary Conditions
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2.12

Appendices

The detailed structural analyses of the TN-32B HBU demonstration cask are included
in the following appendices:

Appendix 2.12.1
Appendix 2.12.2
Appendix 2.12.3
Appendix 2.12.4
Appendix 2.12.5
Appendix 2.12.6
Appendix 2.12.7

Appendix 2.12.8

Appendix 2.12.9

Appendix 2.12.10
Appendix 2.12.11
Appendix 2.12.12

Appendix 2.12.13

References

Structural Analysis of Cask Body

Closure Lid Bolt Analysis

Structural Analysis of the Outer Shell

Fracture Toughness Evaluation of the TN-32B HBU Cask
Structural Analysis of the TN-32B HBU Cask Basket
Dynamic Load Factor for Basket Drop Analysis

Structural Evaluation of the Fuel Rod Cladding Under Accident
Impact

Structural Evaluation of the Impact Limiters

TN-40 Cask Impact Limiter Testing

Deep Water Immersion

Structural Analysis of the Thermocouple Lance Assembly

ASME B&PV Code Alternatives
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Appendix 2.12.2
Structural Analysis of Cask Body
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2.12.2

2.12.21

Structural Analysis of Cask Body
Introduction

This appendix presents the structural analyses of the TN-32B HBU demonstration
cask body, and the local stresses at the trunnion/cask body interface. The cask body
includes the inner shell, bottom inner plate, gamma shield shell cylinder, bottom
shield plate, shell flange, and the modified closure lid assembly (lid outer plate, lid
shield plate, and penetration sleeves). The methods, models, and assumptions
utilized in analyzing the cask body under various individual loading conditions as
specified in 10 CFR 71.71 and 10 CFR 71.73 [1] are described. These conditions
include both the normal conditions of transport (NCT) and the hypothetical accident
conditions (HAC). Stress results are reported at selected locations for each load
case. Maximum stresses from this appendix are evaluated in Sections 2.6 and 2.7,
where the load combinations are performed as outlined in Regulatory Guide 7.8 [2],
and the results are evaluated against the American Society of Mechanical Engineers
(ASME) Boiler & Pressure Vessel (B&PV) Code [3] and Regulatory Guide 7.6 [4]
design criteria, which are described in Section 2.1.2.

Static, nonlinear elastic methods are utilized for the TN-32B HBU demonstration cask
body structural analyses. The nonlinear behavior is due to the presence of status-
dependent contact elements that are determined by the loading cases. The stresses
and deformations resulting from the applied loads are generally determined utilizing
the ANSYS® [5] computer program.

The detailed calculations for the closure lid bolts are presented in Appendix 2.12.3.
Stress evaluations of the lifting devices and tie-down system are described in Section
2.5.

The two analysis methods described in this appendix, and utilized to evaluate the
cask body for the specified loading conditions are:

e ANSYS® Analysis — Static nonlinear elastic analysis using a (three-dimensional)
3-D model

e Bijlaard trunnion local stress analysis [6]

The Bijlaard analyses are performed to determine the local cask body stresses at
trunnion locations where general stresses are also reported from the ANSYS®
analyses. This permits the localized shell stresses induced by the trunnion loadings
to be easily combined with stresses obtained from appropriate ANSYS® load cases.
The method of combining stress results from individual load cases and their
evaluations are discussed in Section 2.6 and Section 2.7 for NCT and HAC loads,
respectively.
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2.12.2.2 ANSYS® Analysis

Cask Geometry Description

The inner shell, bottom inner plate, the shell flange, the closure lid outer plate, and
the thermocouple lance assemblies (TLAs) form the primary containment boundary of
the packaging. Key dimensions of the cask body are shown in Table 2.12.2-1. The
inner shell is 1.5-inch thick cylinder welded to the shell flange and bottom inner plate.
The inner shell is shrunk-fit into the 8.0-inch thick gamma shield shell. The 4.5-inch
thick closure lid plate is secured to the shell flange by 48, 1.5-inch diameter, high
strength bolts with hardened steel washers and a 1.375-inch reduced diameter
shank, and sealed with a double metallic O-ring seal. The modified lid assembly,
inner shell, bottom inner plate, and gamma shield shell components are fabricated
from low alloy steel forgings and plates. The cask is fitted with an impact limiter (IL)
at either end. The ILs are attached to each other by 13 tie-rods and to the cask body
by attachment bolt brackets that are welded to the outer neutron shield shell in eight
locations. Two sets of trunnions are welded to the side of the gamma shield shell
upper and lower ends for handling and supporting the cask during lifting and handling
operations. A basket assembly inside the cask cavity is utilized to position and
support the HBU spent fuel assemblies. A detailed physical description of the
containment components is provided in Chapter 1. Appendix 1.4.1, contains
reference drawings of the TN-32B HBU demonstration cask package that the analysis
models are based.

ANSYS® Cask Model

The objective of the analysis is to qualify the cask and the modified lid assembly.
There are seven penetrations in the closure lid that accommodate the TLA
instrumentation that are modeled. In addition, two existing penetrations (vent and
drain) are also modeled. Since the pattern of the penetrations is not in a symmetric
configuration, a 3-D finite element model (FEM) of the cask with a modified closure lid
iS necessary.

The model is created utilizing the ANSYS® program. ANSYS® 8-noded brick
elements are utilized to define the solid bodies of the cask assembly. Contact
between components is represented by contact pairs. Contact is modeled between
surfaces of the closure lid outer plate and shield plate, and between the closure lid
plate and shell flange. Contact is also defined between the inner shell and the
gamma shield shell cylinder. ANSYS® standard contact allows separation and sliding
for all surfaces in contact. The change in contact status facilitates the nonlinear
behavior of the model. A coefficient of friction, p, of 0.42 (sliding between hard steel
on hard steel) is assumed for all contact elements per Table 3.2.4 of Reference [7].
Bonded contact is defined for the vessel bottom to the shield bottom interface. Note
that no contact is modeled between the penetration sleeves and the closure lid/shield
plates. This assumption is a very conservative approach especially for the prediction
of weld stresses.
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Closure lid bolts are modeled utilizing SOLID185 elements. Geometry of the lid bolts
is simplified; threaded engagement is modeled through bonded contact (surfaces
bonded), as well as the bottom surface of the lid bolt head and washer are fixed to
the closure lid outer plate. Bolts also feature pre-tension elements (PRETS179) that
enable accurate modeling of the bolt preload. Welded connections are represented
by nodal couplings.

Nodal temperatures representing thermal loads are derived from the thermal models
discussed in Chapter 3, and interpolated to nodes of this model to obtain thermal
stresses.

Figure 2.12.2-1 and Figure 2.12.2-2 depict the geometry of the ANSYS® model and
mesh, and Table 2.12.2-1 lists the major bounding dimensions of the model.

Material Properties

The materials used for TN-32B HBU demonstration cask and their properties are
modeled as a function of temperature. For all NCT and HAC load combinations,
temperature-dependent linear isotropic material properties are utilized. Immersion
buckling analysis (IL-18) utilizes a bilinear kinematic material model as explained in
Appendix 2.12.11. The following tables list the material designations and properties
of each modeled component.

Cask Component Material
Lid Outer Plate, Inner Shell & Bottom Inner Plate SA-203 Gr. D
Inner Shell Flange & Penetration Sleeve Forgings SA-350 LF3
Lid Shield Plate & Bottom Shield Plate SA-516, Gr.70
Gamma Shield Cylindrical Forging SA-266, CL 2
Closure Lid Bolts(" SA-540 Gr B23, ClI 1
Trunnions®@ SA-105

Notes:

1. Material properties for the closure lid bolts are provided in Appendix 2.12.3.
2. The density for the upper trunnions is adjusted to 0.342 Ibw/in® in Number 9 in Section
212.2.2.
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Material Properties for SA-203 Gr D

Coefficient of
. . . . Thermal
o 3
Temp (°F) E (10° ksi) S/Sm (ksi) Sy (ksi) S, (ksi) Expansion, «
(108 in/in-°F)
70 27.8 18.6/... 37.0 65.0 6.4
200 271 18.6/... 33.9 65.0 7.0
300 26.7 18.6/... 32.7 65.0 7.3
400 26.1 18.6/... 31.6 65.0 7.7
500 25.7 18.6/... 30.0 65.0 8.0
Notes:

Density, p, for the lid outer plate is adjusted to 0.521 Ibm/in® in Number 9 in Section 2.12.2.2.
Density assumed to be 0.283 Ibm/in?, at all temperatures for the other components. Poisson’s
ratio, v, in assumed to be 0.3 for all temperatures.

2. No Sm data is available in the ASME B&PV Code.
Material Properties for SA-350 LF3
Coefficient of
. . . . Thermal
o 3
Temp (°F) E (10° ksi) S/Sm (ksi) Sy (ksi) S, (ksi) Expansion, «
(108 in/in-°F)
70 27.8 20.0/23.3 375 70.0 6.4
200 271 20.0/22.9 34.2 70.0 7.0
300 26.7 20.0/22.1 33.2 70.0 7.3
400 26.1 20.0/21.4 32.0 70.0 7.7
500 25.7 20.0/20.3 30.4 70.0 8.0
Material Properties for SA-516 Gr 70
Coefficient of
o 3 Lo . . . Thermal
Temp (°F) E (10° ksi) S/Sm (ksi) Sy (ksi) S, (ksi) Expansion, a
(108 in/in-°F)
70 29.3 17.5/23.3 38.0 70.0 6.4
200 28.6 17.5/23.1 34.6 70.0 7.0
300 28.1 17.5/22.5 33.7 70.0 7.3
400 275 17.5/21.7 32.6 70.0 7.7
500 27.1 17.5/20.5 30.7 70.0 8.0
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Material Properties for SA-266 Cl 2

Coefficient of
. . . . Thermal
o 3
Temp (°F) E (10° ksi) S/Sm (ksi) Sy (ksi) S, (ksi) Expansion, «
(108 in/in-°F)
70 29.3 17.5/23.3 35.0 70.0 5.622
200 28.6 17.5/21.9 31.9 70.0 6.09
300 28.1 17.5/21.3 31.0 70.0 6.43
400 27.5 17.5/20.6 30.0 70.0 6.74
500 271 17.5/19.4 28.3 70.0 7.06
Notes:

1. Density for the gamma shield cylindrical shell is adjusted to 0.342 Ibm/in® in Number 9 in
Section 2.12.2.2.
2. Extrapolated

Weight Summary

The weights of different cask components are shown in the table below. These
weights are used for different loading conditions of the cask.

No (#) Component Weight (Ibm)
1 Fuel Assembly 49,632
2 Basket Assembly 13,421
3 Guide Funnel 14
4 Thermocouple Lance Assemblies (TLAS) 210
5 Misc. Transportation Hardware 1,263
6 Radial N-Shield Resin 10,233
7 Outer Shell 7,233
8 Lower Trunnion 291
9 Radial N-Shield Aluminum Boxes 1,961
10 Puncture Resistant Plate Assembly 4,676
11 Cask Assembly 235,675
12 Top IL 16,585
13 Bottom IL 16,596
14 Total Weight (#11 to #13) 268,856

Weight of the cask internals (Win) is the sum of the weight of the fuel assemblies (#1),

the basket assembly (#2), the funnel guides (#3), and the TLAs (#4).

Wint = 49,632 Ibm + 13,421 Ibm + 14 Ibm + 210 b

Wint = 63,277 Ibm =~ 63,300 Ibn, (rounded-up)

Weight of cask body only:

Weask = 235,675 lby — 63,277 Ibm — 1,263 Ibm = 171,135 Iby = 172,000 Ibm,
(rounded-up)
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Weight of cask body and internals (without ILs and transportation hardware):
Total cask weight, W = (235,675 — 1,263) lbm= 234,412 Ibm ~ 236,000 Ibn,

Conservative values of 18,200 Ib,, and 18,400 Ibn are utilized as weights for the top
and bottom ILs, respectively, in this appendix.

Applied Loadings

The analysis evaluates NCT and HAC applied loadings, as specified in 10 CFR Part
71. Each load case analysis utilizes the FEM of the cask that is defined with pertinent
loads and boundary conditions. The 18 individual load cases and load combinations
considered in this evaluation are described below.

TN-32B HBU Demonstration Cask Individual Load Cases

IL-1 Closure Lid Bolt Preload and Lid Seating Pressure
IL-2 Fabrication Stresses
IL-3 Internal Pressure (100 psig)

IL-4 External Pressure (25 psig)

IL-5 Reduced External Pressure (3.5 psig)

IL-6 Thermal Stress Due to Hot Environment (100 °F ambient)
IL-7 Thermal Stress Due to Cold Environment (-20 °F ambient)
IL-8 Thermal Stress Due to Cold Environment (—40 °F ambient)

IL-9 Cask Horizontal — 1g Down (Gravity)

IL-10 Horizontal Cask, Rail Vibrations, Rail Car Shock
(0.19g lateral, 0.19g longitudinal, 0.37g vertical)

IL-11 Horizontal Cask, Rail Shock Tie-Down (4.7g all directions)
IL-12 End Drop on Top (Closure Lid) End

IL-13 End Drop on Bottom End

IL-14 Side Drop/Slapdown

IL-15 Corner Drop on Top (Closure Lid) End

IL-16 Corner Drop on Bottom End

IL-17 Fire Accident

IL-18 Deep Immersion (290 psig)

The magnitudes of the applied loads and pressures utilized in each individual load
case analysis are computed, as described in the following paragraphs, based on the
TN-32B HBU demonstration cask weights discussed in Chapter 2.

1. Closure Lid Bolt Preload and Lid Seating Pressure (IL-1)

The first load case applies the bolt preload. Bolts are modeled using SOLID185
elements, and feature pre-tension elements (PRETS179) that enable accurate
modeling of the bolt preload. A bolt preload of 78.5 kips is defined on each bolt
utilizing pre-stress elements defined within the bolt shanks.
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2. Fabrication Stress (IL-2)

The fabrication stresses in the cask are due to the 0.040-inch nominal diametric
interference between the inner shell and the gamma shield shell cylinder (Appendix
1.4.1). The fabrication/shrink fit stresses are calculated based on a radial
interference of 0.020 inch based on a maximum interference of 0.050 inch, and a
maximum gap of 0.020 inch.

Cask Center Axis

\

Outer Gamma Inner Shell
Shield Shell

The interface pressure at the mating surface, ps, can be determined from the
following expression from Reference [7]:

p, = [B] Lo =%D — 9,578 ksi = use 580 psi
where:
8 = 0.020 inch E.=20.5x10°psi a5 = 34.375 inch

bs = 35.875 inch Cs =43.875 inch

The interface pressure of 580 psi is applied to the two cylinders, the inner
containment shell and the outer shield shell.

3. Internal Pressure Loading (100 psig) (IL-3)

An internal pressure of 100 psig is applied to the cavity surface. The pressure is
applied up to the metallic seal inner radius. The pressure at modified closure lid
penetration sleeves is adjusted (increased by appropriate factor) to compensate for
the area of modeled holes. The pressure adjustment factor is calculated below.

Calculation of pressure adjustment factor (AF) for the penetration sleeves is as
follows:

JoD- op? 8
AF = & = = =104
2OD*-1D?) ~ OD*-ID® ~ 8*-15
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where:

OD is the outside diameter of the penetration sleeve, 8.0 in?

ID is the inside diameter of the penetration sleeve, 1.5 in?
Internal pressure at the penetration sleeves (maximum value) = 1.04(100) = 104 psig.
4. External Pressure Loading (IL-4)
An external pressure of 25 psig is applied to the outer surface of the cask body. The

pressure is applied up to the external surfaces of the closure lid, the containment
vessel, and the neutron shield shell.

Calculation of the pressure AF for existing drain and vent openings is as follows:

AF = 00 opr 9127

B 2(OD?-1D?) ~ OD?-1D?  9.122-4.12 =126

where:

OD = the outside diameter of the existing opening, 9.12 in?
ID = inside diameter of the vent/drain openings (conservative value), 4.12 in?

External Pressure at opening (maximum value) = 1.26(25) = 31.5 psig.
5. Reduced External Pressure 3.5 psig (IL-5)

An external pressure of 3.5 psig is applied to the outer surface of the cask body. The
pressure is applied similar to the IL-4 load case.

6. Thermal Stress for Hot Environment Condition at 100 °F Ambient Temperature
(IL-6)

The thermal analysis of the cask body is described in Chapter 3. The thermal model
is utilized to obtain the steady-state metal temperatures in the cask body for the
normal condition, which includes 100 °F daily averaged ambient air temperature,
HBU payload decay heat, and maximum insolation input. The thermal ANSYS®
model is a 180° symmetrical model. The cask nodal temperatures from thermal
results file are used to interpolate nodal temperatures in 360° structural model. The
resulting temperature distribution is shown in Figure 2.12.2-3. These temperatures
are then used as ANSYS® input for the thermal stress analysis. Temperature
dependent material properties are used in this run.

7. Thermal Stress for Cold Environment Condition at -20 °F Ambient Temperature
(IL-7)

The thermal analysis of the cask body is described in Chapter 3. The cask nodal
temperatures from the thermal results file are used to interpolate nodal temperatures
in the structural model. The resulting temperature distribution is shown in

Figure 2.12.2-4. These temperatures are then utilized as ANSYS® input for the
thermal stress analysis. Temperature dependent material properties are used in this
run.
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8. Thermal Stress for Cold Environment Condition at -40 °F Ambient Temperature
(IL-8)

The thermal analysis of the cask body is described in Chapter 3. The cask nodal
temperatures from thermal results file are utilized to interpolate nodal temperatures in
structural model. The resulting temperature distribution is shown in Figure 2.12.2-5.
These temperatures are then used as ANSYS® input for the thermal stress analysis.
Temperature dependent material properties are used in this run.

9. Cask Supported Horizontally by Skid, 1g down Gravity Load (IL-9)

For the gravity loading, the weight of the internals previously calculated (Win: =
63,300 Iby) is utilized. For the 1g loading, the cask is oriented horizontally and cask
front is secured axially and radially on a transport skid. For the inertial loading, a
vertical acceleration of 1g is applied in the global Z direction. In addition, the
following loads are applied:

Radial pressure (P;) acting on the lower half of the inner cask surface due to the
weight of internals is represented as a cosine varying pressure applied around the
lower radial portion (0 to 75 degree range) of the cavity. The formula below for
cosine distribution is reproduced in Section 2.12.2.3:

i |
EEieE s

Pr=[Gyerical (%j

where:

0 = 1/2 angle of contact
0. = circumferential angle at which pressure is applied

W = weight of internals
L = length pressure is applied

A pressure applied at an angle of 7.5° would be calculated as follows:

-1

Pr=[l0] — 03300 si 90+75) sk 0-75)| 180(75) =11.280(0.7083)0.9877) =8.05 psi
160.00(34.375) || [ 180 L1180 ] 2(75)
2(75) 2(75)

The maximum pressure at 0 degrees is Pr = 8.15 psi.

The model loading is illustrated in Figure 2.12.2-6.

Page 2.12.2-9



TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

In addition, radial pressure (Ps) due to the front IL weight is applied along the
contacting surfaces of the limiter and the closure lid/cask flange. Conservatively
ignoring the puncture resistant plate interface, the 12-inch engagement is applied to
the 4.5-inch thick lid and 7.5 inches of the flange. The pressure follows a cosine
distribution and is applied from the vertical (Y=180° to Y=105°).

It should be noted that because of FEM mesh limitations, some elements lie partially
inside and partially outside of the IL footprint. For those elements, average pressure
values are applied based on near zero pressure values for nodes lying outside the IL
zone.

A radial pressure due to the rear IL weight (Pr) is also applied along the contacting
surfaces of the limiter and the cask wall. Similar to the front IL, the pressure follows a
cosine distribution, and is applied from the vertical (Y=180° to Y=105°).

The values for neutron shield resin (10,233 lbm) + outer shell (7,235 Iby) + lower
trunnions (290.5 Ibym) + aluminum boxes (1,961 Ibn) weights are not included in the
ANSYS® model, but are incorporated in the outer gamma shield cylinder by
increasing its actual density (0.283 Ib/in®) to an equivalent density of 1.208(0.283) =
0.342 Ibm/in.

Note that the density of the closure lid plate material was adjusted to account for
masses that are not physically modeled, but act on the plate. Those items are: the
puncture resistant plate, the lance cover plates, and the TLA cables/connections.
The density adjustment is calculated below.

The total weight of non-modeled items (puncture resistant plate assembly and
thermocouple lances) is 4,746 Iby, = 4,676 Ibm + (7%10) lbm.

The modeled volume of the top lid plate is 20,064 in?, retrieved from the ANSYS®
model. The top lid plate modeled weight is 5,678 Ibm (20,064 in® x 0.283 Ibw/in®)
extracted from the ANSYS® model.

Therefore, the adjusted density is 0.521 Ibm/in®= (5,678 Iby + 4,746 Ibm ~ 10,450
Ibm)/20,064 in3.

The cask is supported in the ANSYS® model as shown in Figure 2.12.2-7.

10. Horizontal Cask, Rail Vibration, Rail Car Shock Loading (0.19g lateral, 0.19g
longitudinal, 0.37g vertical) (IL-10)

For the rail vibration, rail car shock down loading, the cask is oriented horizontally and
cask front is secured axially and radially on a transport skid. The input loading
conditions used to evaluate the cask for this loading are obtained from Reference [4].
The peak inertia (acceleration) values utilized are:

Vertical 0.37g
Longitudinal 0.19¢
Lateral 0.194¢
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Two Inertial loads are applied in the model:
e Alongitudinal 0.19g acceleration (applied in the axial direction)

o The vector resultant of the vertical & lateral accelerations (applied in the radial
direction) is calculated as (0.37% + 0.19%)”> = 0.416g

A pressure due to the weight of the front IL (Ps) is applied axially on the closure lid
end, and calculated as:

_0.19(18,200) _

fa = (r(43.875)2) 0.57 psi

It should be noted that actual area of load application in the ANSYS® model for the
closure lid portion (with penetrations and bolt heads) is 5,020 in? compared to an area
of n(39.75)* = 4,964 in®>. Hence, the above value for Pz, is conservative.

In addition, pressure loads due to the weight of the internals are applied at the cask
inner surface in the axial and radial directions. Axial pressure acting on the inside

surface of the rear bottom plate (P, ), calculated by:

_0.19(63,300) _

Pia = (n(34.375)2) 3.24 psi

Radial pressure (P, ) acting on the lower half of the inner cask surface due to the
weight of internals is represented as a cosine varying pressure around the lower
radial portion (0° to 75° range) of the cavity.

wfgee) 5]l o
EENEERS

As an example, pressure applied at an angle of 7.5° would be calculated as follows:

Pr= [Gver“"a']( & j

LR

-1

Pr:[0.416][ 63,300 j sin(90+75)  sin(90-75) (Mj

160.0(34.375) Kzl(i(s))j”} N {(21(2;(5))]_1} 2(7.5)

Pr =0.416(11.509)(0.7083)0.9877) = 3.35 psi

The model loading is shown in Figure 2.12.2-8.

In addition, radial pressure ( Py ) due to the front IL weight is applied along the
contacting surfaces of the limiter and the lid/cask wall. The pressure follows a cosine
distribution and is applied from the vertical (Y=180° to Y=105°).
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A radial pressure due to the rear IL weight (Pr) is also applied along the contacting
surfaces of the limiter and the cask wall. Similar to the front IL, the pressure follows a
cosine distribution and is applied from the vertical (Y=180° to Y=105°).

All loads are applied through an ANSYS® macro. The above calculated pressures
are “ball park” compared to the maximum pressures calculated by macro, and
illustrated in Figure 2.12.2-9. Hand calculated pressures are not at the same location
where the macro has computed the first pressure.

Axial support at ILs is applied as displacement boundary condition on cask bottom
nodes.

11. Horizontal Cask, Rail Shock Tie-Down (4.7g all directions) (IL-11)

For the tie-down rail car vibration and shock loadings, the exact methodology and
displacement boundary conditions utilized for the horizontal cask, rail vibration, and

rail car shock loading (IL-10) are applied, with the exception that the inertial loads are
based on the following accelerations:

Rail Car Shock Accelerations:

Vertical 4.79
Longitudinal 4.79
Lateral 4.79

12. End Drop on Top (Closure Lid) End (IL-12)

The dynamic analysis described in Appendix 2.12.9 determines the inertial load on
the cask packaging for a 1-foot (26g) and 30-foot (80g) end drop onto an unyielding
surface. This stress evaluation is conducted for a 1-ft drop load. For the drop load
cases (IL-12 to IL-16), the CONTA174 elements are set to multipoint constraint
(MPC) bonding capability.

The following calculations are for 1-foot end drop with maximum acceleration of 264,

and are applied to the model. The vertical acceleration to the FEM simulates the
inertial loading.

An axial pressure due to internals (P, ) is applied at the inner lid surface based on:

_— 26:0(63,300) _ _
'™ (n(34.375)2) 443.35 psi

A correction factor of 1.04 is applied to compensate for areas around penetrations as
shown in IL-3.
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The dynamic analysis determines the inertial load on the cask packaging for a 1-foot
and 30-foot end drop onto an unyielding surface. This stress evaluation is conducted
for a unit load (1g). However, since this analysis is a static (non-transient) analysis
without material nonlinearities and ignoring large-deflection effects (small-strain),
stresses may be ratioed for the actual g-loads in load combinations. Since the
payload and the ILs are not included in the model, their loading effects are simulated
as distributed pressures applied on the cask at the appropriate locations.

The model loading is illustrated in Figure 2.12.2-10.

An axial pressure due to the rear IL (P, ) is applied at the cask bottom area:

_26.0(18,400) _ .
M~ (n(43.875)2) 79.11 psi

Loading and displacement boundary conditions are applied through an ANSYS®
macro. During the model run, the cask is supported as shown in Figure 2.12.2-11.

13. End Drop on Bottom End (IL-13)

An analysis similar to that of top end drop described above is performed for the 26g
vertical load. A similar methodology used for the top end drop is applied for this case.
The following inertia load (pressure) magnitudes are applied to the model.

A 264 vertical acceleration to the FEM simulates the inertial loading.

An axial pressure due to internals, P; = 443.35 psi, is applied at the inner bottom
surface as noted for the top end in IL-12.

An axial pressure due to the front IL (P, ) is applied at the outer lid surfaces based on
the projected area:

_26.0(18,200) .
= asers? - 78.25 psi
The bottom nodes of the cask are supported in vertical direction. Loading and
displacement boundary conditions are illustrated in Figure 2.12.2-12.

14. Side Drop/Slapdown (IL-14)

The dynamic analyses described in Appendix 2.12.9 determine the inertial loads on
the TN-32B HBU demonstration cask for both the1-foot (20g) and 30-foot (70g)
side/slapdown drops onto an unyielding surface. This stress evaluation is conducted
for a 20g load. Since the payload and the ILs are not included in the model, their
loading effects are simulated as distributed pressures applied on the cask at the
appropriate locations.
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The contacting IL forces on the cask and closure lid are applied as reaction pressures
required to balance the inertial forces of the system. Thus, the cask is in equilibrium
under the applied forces. During the side drop or slapdown, the pressure on the inner
surface due to the payload/basket, and the reaction pressure on the outer cask
surface due to the ILs are assumed to vary as a cosine function over a defined arc
length.

The loads acting in this case are:

A. Cask Body Inertia

The inertial loading is simulated by applying a 20g vertical acceleration to the FEM in
the global Z.

B. Pressure Due to Internals

The radial pressure (P;) acting on the lower half of the inner cask surface due to the

weight of internals is represented as a cosine varying pressure applied around the
lower radial portion (0° to 75° range) of the cavity:

S A0 s ) e
R (AZNRE

where:

0 = 1/2 angle of contact
0. = circumferential angle where pressure is applied

W = weight of internals
L = length pressure is applied

For example, a pressure applied at an angle of 7.5° would be calculated as follows:

-1

Pr | { 63,300 } sin( 90+75) _ sin( 90-75) cos(180(7'5)j
T 1160.0(34375)] [ 180 | [ 180 | 2(75)
2(75) 2(75)

Pr =20.0(11.509)(0.7083)0.9877)=161.03 psi

The maximum pressure at 0 degrees is Pr = 163.04 psi. The model loading is
illustrated in Figure 2.12.2-13.
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C. Impact Reaction Pressures:

Pressures applied by the rear and front IL reactions on the lower longitudinal half of
the outer cask body during impact are computed. These pressures are assumed to
vary in a cosine distribution around the bottom half of the outer surfaces (0° to 89.5°
range), and are calculated the same as the pressure from the internals above. The
total forces on the front and rear ILs are based on the tributary length of the cask. As
the two ILs are essentially the same in dimensions and length, the total force (F)
applied in the equation is based on the following reactions:

Total cask weight, W = 234,420 Ib,. Use 236,000 Ibn, (cask + payload/basket)
Reaction force, front (lid) = 1/2(236,000) = 118,000 Ibm.
Reaction force, rear (bottom) = 1/2(236,000) = 118,000 Ibp.

The total front (lid/cask side) reaction force is divided in the ratio of two lengths:

e Closure lid plate portion with contact length of 4.50 inches and outer radius =
39.75 inch

e Flange portion with contact length of 7.50 inch and outer radius = 43.875 inches

For the rear, reaction pressure, Pr, is similarly calculated for the 12-inch interface.
Loading and displacement boundary conditions are shown in Figure 2.12.2-14.

15. CG-over-Corner Drop on Top (Closure Lid) End (IL-15)

For CG-over-corner, the cask is inclined at approximately 64° from the horizontal, as
described in Appendix 2.12.9. All the applied loads and reaction forces are
transformed into axial and normal components. The axial pressure components due
to the internals, bottom IL and impact reaction are assumed uniformly distributed. All
radial pressure components (i.e., pressure due to internals, rear IL, and impact
reactions) are assumed to have cosine variation over a determined arc length.

a) Cask Body Inertia

The acceleration of 29.3g for the cold corner drop is rounded up to 34g, and then
resolved into component accelerations. The component accelerations (30.56g axial
and 14.91g radial) are applied as inertial loads in the axial and radial directions. The
impact angle of the corner drop is derived from the magnitudes of deceleration
components of inertia load experienced at an impact area.

In addition, a rotational acceleration is also applied at the cask CG to counteract the
out-of-balance caused by the component’s acceleration resultant. Since the
component translational accelerations applied have been conservatively rounded,
these result in a slight resultant moment (out-of-balance) when the solution is
executed. This moment is counteracted by the applied angular acceleration (torque),
and the model returned to static equilibrium. The magnitude of applied rotational
acceleration (ANSYS DCGOMG value) is obtained by ANSYS® ‘trial and error’ to
obtain zero (or near zero) resultant reactions.
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b) Pressure Due to Internals:

Radial pressure (Pi) acting on the lower half of the inner cask wall due to the weight
of internals is represented as a cosine varying pressure around the lower radial
portion (180° to 105°) of the cavity.

In addition, an axial pressure (Pia) is applied, due to the weight of the internals, to the
closure lid inner surface:

_30.56(63,300)

Pis = =Ga3757) 521.10 psi

The model loading is illustrated in Figure 2.12.2-15.
c) Pressure Due to Rear Impact Limiter:

The inertia load of the non-striking IL is also applied to the cask in two mutually
perpendicular directions. The axial component (P;,) is applied as a uniform pressure
over the outside surface at the interface with the IL on the bottom end. The pressure
applied is calculated as:

_30.56(18,400) _

Pis = (438757 — 92.98 psi

The other component ( P ) follows a cosine distribution around the lower half of the
outside surface (0° to 75° range) of the cask.

d) Reaction Pressures Due to Front Impact Limiter

The reaction pressure from the striking IL is applied to the cask in two mutually
perpendicular directions. The axial component (Px.) is applied as two-step uniform
pressure over a portion of the cask interface with the IL on the lid end. The crush
footprint of the front IL was projected onto the containment surface based on results
obtained from Appendix 2.12.9 and engineering judgment.

Vertical crush depth = 29.70 inches
Crush angle = 26.0°
Horizontal crush depth = (29.70)/tan(26.0°) = 60.89 inches

Horizontal projection onto cask = 60.89 in. + (37.75)tan(26.0°) — (72.00 in. —
44.50 in.) = 51.80 inches
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For the axial reaction pressure applied, a total crushing area (A = 3,757 in?), for a
360° arc, is calculated as follows:

20.00”
51.80"
cos(a) = (180-44.5) _ 0.164, o« =80558 =1.406rad
44.5
R’ _ 44.5° . -
Area, A3 = 0 [2a —sin2a] = - [2(1.406) —sin (2(80.558°))] = 2,463.78in

Total crushing area, A, is calculated as:
A =1R?- A3 = n(44.5)* - 2,463.78 = 3,757 .4 in?

The majority of the weight consisting of the cask and the rear end IL is assumed to be
reacted by an area bounded by 20 inches from the edge of the cask, and the weight
of the internals is to be reacted by the remainder of the crushed area. The axial
reaction pressure to the cask is, therefore, applied in two steps - p1 on corner area
A1 and p2 on inside area A2, as shown by following formulas.

cos() = 445220 _ 0.551 = ¢ =56.594 =0.988rad
44.5

2

2
A= % [20 —sin2a] = (# J [2(0.98776) - sin(2(56.594°))|=1,045.87 in?

A2 =3757.36—1,04588=2,71148in?
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Pressure on corner area A1:
The weight of the cask body without the internals, Wecask = 172,000 Ibp,.
p1 (coner) = 30.56(172,000 + 18,400)/1,045.88 = 5,563.38 psi
Pressure on inside area A2:
p2 (inside) = 30.56(63,300)/2.711.48 = 713.43 psi

Due to element shapes at areas A1 and A2 boundary and the model mesh
discretization, the above calculated areas are approximate, and pressures p1 and p2
are therefore, adjusted to balance the applied axial loads. The pressure adjustment
is performed by multiplying the above calculated pressures by a factor reflected in
macros to obtain zero resultant reaction forces. Note that in the pressure plots,
adjusted values applied to the ANSYS® model are illustrated and are in range with the
values above. The model loading is shown in Figure 2.12.2-16.

The radial component pressures follow a cosine distribution around the radial crush
foot print from 90.5° to 180° of the cask. The radial reaction pressures are calculated
using a modified version of cosine formula. Since the crush footprint is a circular
segment, and the pressures are being applied to two separate side surfaces (i.e.,
closure lid and upper flange wall). The total force (F) applied in the equation is based
on the percentage of the total length where the specific pressure is applied. For
example, the reaction pressure applied to the closure lid at an angle of 172.5° would
be calculated as follows:

The calculated reaction axial and radial pressures due to the crushed IL had to be
adjusted and a rotational acceleration is applied to balance the applied loads.
Loading and displacement boundary conditions are shown in Figure 2.12.2-17.

16. CG-over-Corner Drop on Bottom End (IL-16)

For CG-over-corner, the cask is inclined at approximately 64° from the horizontal as
discussed in the dynamic analysis of Appendix 2.12.9. All the applied loads and
reaction forces are transformed into axial and normal components, and are applied
using the same methodology adopted for the CG-over-corner closure lid drop. All
radial pressure components (i.e., pressure due to internals, front IL and impact
reactions) are assumed to have a cosine variation over a defined arc length.

The forces acting in this case are:

A. Cask Body Inertia

The component accelerations (30.56g axial and 14.91g radial) are applied as
translational inertial loads in the axial and radial directions, respectively. In addition,

a rotational acceleration is applied at the vessel CG to counteract the out-of-balance
mass and return the model to equilibrium.
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B. Pressure Due to Internals

Radial pressure (P ) acting on the lower half of the inner cask wall due to the weight
of internals is represented as a cosine varying pressure around the lower radial
portion (0° to 75° range) of the cavity.

In addition, an axial pressure is applied, due to the weight of the internals, to the cask
inner lid surface:

P.. = [30.56(63,300)]/[r(34.375%)] = 521.10 psi

The model loading is shown in Figure 2.12.2-18.

C. Pressure Due to Front Impact Limiter

The inertia load of the non-striking IL is also applied to the cask in two mutually
perpendicular directions. The axial component (Ps.) is applied as a uniform pressure
over the outside surface at the interface with the IL on the bottom end. The pressure
applied is calculated as:

Psy = [30.56(18,200)]/[n(43.8752)] = 91.97 psi
In addition, radial pressure (Ps) due to the front IL weight is applied along the

contacting surfaces of the limiter and the lid/cask wall. The pressure follows a cosine
distribution and is applied from the vertical (Y=180° to Y=105°).

-1
T T
sin| —+06| sin| -6
R |
Pfr :[GGradiaI](ﬁj ( - j + ( - ) COS(n’ée ))

— |+1 — -1

20 20
D. Reaction Pressures Due to Rear Impact Limiter:
The reaction pressure from the striking IL is applied to the cask in two mutually
perpendicular directions (axial at the cask base and radial at the cask outer wall) as

described in the previous loading case, IL-15.

For the axial reaction pressure applied, a total area (4,114 in?) and areas A1 and A2
are the same as were calculated for corner drop on closure lid (Case IL-15).

Pressure on corner area A1:
p1 (coner) = 30.56(172,000 + 18,200)/1,045.88 = 5,557.53 psi
Pressure on inside area A2:

p2 (inside) = 30.56(63,300)/2.711.48 = 713.43 psi
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2.12.2.3

Due to element shapes at areas A1 and A2 boundary and model mesh discretization,
the above calculated areas are approximate and pressures p1 and p2 are therefore,
adjusted to balance the applied axial loads. It should be noted that A1 and A2 values
are slightly different from the lid side due to differences in mesh and absence of
penetrations. The pressure adjustment is done by multiplying the above calculated
pressures by a factor reflected in macros to obtain zero resultant reaction forces.

The model loading is shown in Figure 2.12.2-19.

The radial component pressure (P. ) is assumed to follow a cosine distribution around
the radial crush foot print from 0° to 89.5° of the cask. The radial reaction pressures
are calculated using a modified version of the cosine distribution, based on the
calculated angle of application.

The calculated reaction axial and radial pressures due to the crushed IL had to be
adjusted and a rotational acceleration is applied to balance the applied loads.
Loading and displacement boundary conditions are shown in Figure 2.12.2-20.

17. Fire Accident (IL-17)

The thermal stresses due to the fire accident are secondary in nature, and therefore,
the evaluation for accident fire conditions is not applicable.

18. Deep Immersion (290 psig) (IL-18)
Deep immersion, IL-18, is analyzed in Appendix 2.12.11.
Pressure Distribution over Contact Area for Impact Load

The impact load acting in the transverse direction is applied as a load over the
contact area between the IL and the outer surface of the cask. The pressure
distribution is assumed to be in the longitudinal direction over the 12.0-inch IL contact
depth, and vary with a cosine distribution around the circumference of the cask. For
the impact conditions, the angle of contact is dependent upon the amount of crush
occurring in the IL. The most severe loads result from impacts on the side of the IL.
For these conditions, the contact angle between the IL and the cask outer surface will
be approximately 180°. For non-crushing surfaces, a contact angle of 150° (75° half
angle of contact) is conservatively utilized for the cask impact analysis. The
circumferential cosine pressure distribution over a half angle, 6, is calculated as
follows:

P; = Prnax cos(m0;/26)
where:
Pi = Pressure load at angle 6.

Pmax = Peak pressure load, at point of impact, and
6; = Angle corresponding to point of interest.
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The circumferential pressure distribution is illustrated in the following figure.

The peak pressure load, Pmax, is determined by setting the integral of the vertical
pressure components, Q;, equal to the total transverse impact load, F;, as follows:

70

0 e ‘
F = L QLRd6, = L P cos(8;)LRd8, = L P COS( 20

)cos(@i)LRdei

sin(” +6j sin(” 9)
) r r_
F =MI cos(”ei +6i)+cos(”ei—6ij de, =P, LR 2 + 2
2 ) 20 20 Via Vs
= |+1 = -1
26 26
Rearranging terms gives the peak pressure, Pmax:

-1
sin(7Z + 6’) sin[” - 6’)
P i 2 2

max LR +
Gl ()
260 260

Therefore, the pressure at any circumferential location is given by:
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2.12.2.4

where:

W = weight of internals or IL
Grransverse = acceleration in the transverse direction

Therefore,

-1
. (T
s1n( + G) sm( - Gj
P=G w 2 2 cos(ﬂj
26

transverseﬁ +
i1 KA
20 20

Analysis Results

ANSYS® non-linear elastic analyses are performed for the above individual load
cases. These individual loads are to be combined and evaluated for normal
operating and accident conditions, as described in Section 2.12.2.1. A summary of
maximum nodal stress intensities in each major cask component under each
individual load is presented in Table 2.12.2-2.

Trunnion Local Stress Analysis Due To Lifting Load

Method of Analysis

10 CFR 71.45(a) requires that any lifting attachment (trunnions) that is a structural
part of a package must be designed with a minimum safety factor of three against
yielding when used to lift the package in the intended manner. The TN-32B HBU
demonstration cask trunnion design satisfies the 10 CFR 71.45(a) requirements. The
ASME B&PV Code allowable is utilized to evaluate the stresses at the
trunnion/gamma shell interface. The maximum local membrane (P)) and local
membrane plus secondary (P, + Q) stress intensities are limited to 1.5S,, and 3.0S,
per Reference [4], respectively.

The local stress induced in the gamma shield shell by the trunnions is calculated
utilizing “Bijlaard’s” method conservatively utilizing 6g. The stresses are calculated by
performing the indicated multiplication in the column entitled “Compute Absolute
Values of Stress and Enter Result.” The resulting stress is inserted into the stress
table at the eight stress locations, i.e., AU, AL, BU, BL, etc. The stresses are
calculated by completing Table 5 of Reference [7]. Table 2.12.2-3 presents the
computation results for the 6g lifting load.

Results/Conclusions

The maximum stress intensities on the outside and inside of the gamma shield shell
for the lifting loads are calculated in Table 2.12.2-3. The maximum stress intensity
calculated in Table 2.12.2-3 is combined with the pressure stress and thermal stress
tabulated in Table 2.12.2-2. The maximum Pn, + Py, (Pi) and P, + Q (thermal) stress
intensities are then listed in the following table and compared with the allowables.
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Stress
Intensity P, Allowable Stress Intensity Allowable
Location (ksi) 1.5Sm (ksi) P+ Q 3.0Sn (ksi)
Outside Edge of
Gamma Shield 11.440 30.9 20.99 61.8
Shell
Inside Edge of
Gamma Shield 11.440 30.9 20.430) 61.8
Shell

Notes:

1. Calculated as follows: 10.33 + 1.11 = 11.44 ksi
2. Calculated as follows: 14.61 + 1.11 + 5.27 = 20.99 ksi
3. Calculated as follows: 14.05 + 1.11 + 5.27 = 20.43 ksi

2.12.2.5 References

1.

Title 10, Code of Federal Regulations - Energy, Part 71 (10 CFR 71), “Packaging
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Regulatory Guide 7.8, “Load Combinations for the Structural Analysis of Shipping
Cask,” U.S. Nuclear Regulatory Commission, Revision 1, March 1989.

American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel
Code, Section IlI, Division I, Subsection NB and Subsection NF, 1992 Edition
with 1992 Addenda.
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Cask Containment Vessels,” U.S. Nuclear Regulatory Commission, Revision 1,
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WRC Bulletin 107, March 1979, “Local Stresses in Spherical and Cylindrical
Shells Due to External Loadings.”

John Harvey, “Theory and Design of Modern Pressure Vessels,” Second Edition.

Page 2.12.2-24




TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

Table 2.12.2-1
Major Dimensions
Component Nomi_naIIDesign Dimension
(inch), as Modeled
Containment Vessel Flange OD 87.75
Containment Vessel Flange Thickness 4.60
Containment Vessel Thickness 1.50
Containment Vessel ID 68.75
Containment Vessel Length 170.75
Basket Length 160.00
IL Engagement Depth 12.00
Gamma Shield OD 87.75
Gamma Shield Thickness 8.00
Gamma Shield Shell Length 167.4
Gamma Shield Bottom Plate Thickness 8.75 and 7.50
Gamma Shield Bottom Plate OD 87.75
Closure Lid Outer Plate OD 79.50
Closure Lid Outer Plate Thickness 4.50
Closure Lid Shield Plate OD 69.50
Lid Shield Plate Thickness 6.00
TLA Penetration Sleeve OD 8.000
TLA Penetration Sleeve ID 7.00 and 1.50
Vent/Drain Lid Penetration OD 9.12
Vent/Drain Lid Penetration ID 3.38 and 4.12
Bolt Hex Head OD 2.25 across flats
Bolt Shank OD 1.375
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Table 2.12.2-2
Summary Maximum Nodal Stress Intensities in Cask Components
for Individual Load Runs

Load Maximum Nodal Stress Intensity (ksi)
Case Stress Ga’?‘ma Bf)t' Bot. Inner T9p Shell . .o | Penetration
Number | Category Shield | Shield | Inner Shell Shield Flange Lid Sleeves
Shell Plate | Plate Plate
L1 Pm 1.22 0.02 0.01 0.27 5.00 2.23 5.74 6.03
Pm + Po 3.55 0.03 0.02 0.42 8.46 3.99 10.31 12.32
L2 Pm 3.74 0.87 217 | 14.31 2.52 6.58 1.41 212
Pm + Po 9.99 2.08 514 | 1544 | 7.00 6.97 2.24 2.33
L3 Pm 0.42 0.61 0.62 0.84 1.63 0.96 1.63 4.32
Pm + Po 1.1 1.90 0.88 1.05 4.19 1.47 3.73 5.55
L4 Pm 0.10 0.09 0.1 0.13 0.35 0.19 0.43 0.99
Pm + Po 0.22 0.29 0.18 0.13 0.88 0.26 1.00 1.34
L5 Pm 0.01 0.01 0.02 0.02 0.05 0.03 0.06 0.14
Pm + Po 0.03 0.04 0.03 0.02 0.12 0.04 0.14 0.19
L6 Pm 4.82 3.98 9.63 3.86 1.41 2.00 1.29 1.58
Pm + Po 517 5.48 11.71 | 4.63 3.13 4.94 2.50 2.83
L7 Pm 5.06 3.99 9.89 4.09 1.46 1.98 1.36 1.60
Pm + Po 5.48 5.53 12.07 | 4.78 3.30 5.19 2.63 2.96
L8 Pm 5.07 3.99 9.94 4.06 1.44 1.95 1.36 1.60
Pm + Po 5.49 5.53 1214 | 4.77 3.27 5.09 2.62 2.95
L9 Pm 0.19 0.07 0.04 0.18 0.16 0.12 0.1 0.12
Pm + Po 0.33 0.09 0.04 0.22 0.37 0.24 0.15 0.15
IL-10 Pm 0.08 0.03 0.02 0.07 0.06 0.05 0.06 0.08
Pm + Po 0.14 0.04 0.02 0.09 0.14 0.09 0.07 0.11
IL11 Pm 1.20 0.61 0.28 1.15 0.94 0.74 1.05 1.55
Pm + Po 2.23 0.77 0.31 1.37 2.16 1.43 1.55 2.22
IL12 Pm 2.00 0.54 1.29 1.61 2.47 213 1.10 0.51
Pm + Po 2.75 1.44 1.83 1.68 2.86 2.80 1.35 0.73
IL-13 Pm 2.01 2.08 1.95 2.35 1.81 1.39 2.72 5.45
Pm + Po 2.27 2.32 2.31 3.07 4.35 1.76 4.58 6.38
IL-14 Pm 5.10 3.63 2.53 4.81 5.46 5.29 5.01 4.36
Pm + Po 9.89 5.97 3.04 5.00 7.86 6.15 6.02 5.39
IL15 Pm 5.25 8.83" 3.29 6.83 6.01 8.63 8.75 7.59
Pm + Po 7.43 23.50" | 3.82 7.06 13.19 10.08 | 13.06 10.22
IL-16 Pm 3.81 3.53 4.21 4.61 2.27 1.73 3.55 6.83
Pm + Po 4.99 4.21 5.88 4.95 5.15 2.1 5.81 8.00
Table Notes:

1. For IL-15, the node at the center of bottom shield plate (Figure 2.12.2-17) is constrained laterally for stability,
and has a higher allowable because of local stresses. The stress intensities for this node are not included in
the Pm and Pm + Py values in the table listing.

2. Bending stresses at the closure lid flange (bolt holes circular region) are secondary stress. Pm and Pm + Py
stresses above do not account for local effects of geometry or material discontinuities, and stress
concentrations in the region around bolt holes.
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Table 2.12.2-3
6g Lifting Load

6g Lifting Load

Trunnion Loading Geometry Cask Loading
Cask Weight Ib 240000 Gamma Shield Thickness (in) 7.394 Longitudinal 6
Mean Radius (in) 39.572 Vertical g 0
Moment Arm (in) 9.522 Trunnion Outer Radius (in) 6.000 Lateral g 0
Circumfrential Trunnion Moment Mc (in Ib) 0 Geometry Factor Gamma 5.352
Longitudinal Trunnion Moment ML (in Ib) -6855840 Geometry Factor Beta 0.133
Torsional Trunnion Moment Mt (in Ib) 0
P (Ib) 0
Circumfrential Loading Vc (Ib) 0
Longitudinal Loading VL (Ib) -720000
Reference Figure Reference Curve from Fig Multiplier Absolute Stress (psi) Au Al Bu Bl Cu Cl Du DI
3c or 4c 1.05 0.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1c or 2c-1 0.19 0.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3a 0.07 0.000 0.0 0.0 0.0 0.0 0.0
1a 0.105 0.000 0.0 0.0 0.0 0.0 0.0
3b 0.27 -4463.072 -1205.0 1205.0 1205.0 | -1205.0 | -1205.0
1b or 1b-1 0.064 -143315.686 -9172.2 9172.2 | -9172.2 | -9172.2 | 9172.2
Summation of Phi Stress 10377.2 | -7967.2 | -10377.2 | 7967.2 0.0 0.0 0.0 0.0
3c or4c 1.05 0.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1c-10or2c 0.18 0.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4a 0.092 0.000 0.0 0.0 0.0 0.0 0.0
2a 0.064 0.000 0.0 0.0 0.0 0.0 0.0
4b 0.063 -4463.072 -281.2 281.2 281.2 -281.2 -281.2
2b or 2b-1 0.1 -143315.686 -14331.6 14331.6 | -14331.6 | -14331.6 | 14331.6
Summation of Chi Stress 14612.7 | -14050.4 | -14612.7 [ 14050.4 0.0 0.0 0.0 0.0
Torsional Shear Stress 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Circumfrential Shear Stress 0.0 0.0 0.0 0.0 0.0
Longitudinal Shear Stress -5166.0 5166.0 | 5166.0 [ -5166.0 | -5166.0
Summation of Tau Stress 0.0 0.0 0.0 0.0 5166.0 | 5166.0 | -5166.0 | -5166.0
Stress Intensity Root 1 14612.7 | 7967.2 | 10377.2 | 14050.4 | 5166.0 | 5166.0 | 5166.0 [ 5166.0
Stress Intensity Root 2 10377.2 | 14050.4 | 14612.7 | 7967.2 | 5166.0 | 5166.0 | 5166.0 [ 5166.0
Stress Intensity Root 3 42355 | 6083.2 | 4235.5 | 6083.2 | 10331.9 | 10331.9 | 10331.9 | 10331.9
Max Stress Intensity 14612.7
Membrane Stress Intensity Root 1 1205.0 1205.0 281.2 281.2 5166.0 | 5166.0 | 5166.0 | 5166.0
Membrane Stress Intensity Root 2 140.6 140.6 1345.6 1345.6 | 5166.0 | 5166.0 [ 5166.0 | 5166.0
Membrane Stress Intensity Root 3 923.9 923.9 923.9 923.9 10331.9 | 10331.9 | 10331.9 [ 10331.9
Max Membrane Stress Intensity 10331.9
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Note: Some elements were unselected (hidden) to illustrate the mesh through the thickness of the cask.

Figure 2.12.2-1
TN-32B HBU Demonstration Cask Finite Element Model
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Figure 2.12.2-2
TN-32B HBU Demonstration Cask Finite Element Model — Lid and Shield
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A

206.782 244,571 282.361 320.15 357.939
225.6717 263.466 301.255 339.045 376.834

Thermal Stress to Hot Environment (100F Zmbient) — IL6

Figure 2.12.2-3
Thermal Stresses 100 °F Environment (IL-6) — 270° Cut View of Mapped Thermal Data

Page 2.12.2-30



TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

A

108.974 149.606 190.237 230.869 271.5
129.29 169.921 210.553 251.185 291.816

Thermal Stress to Cold Envircrment (—20F ambient) — IL7

Figure 2.12.2-4
Thermal Stresses -20 °F Environment (IL-7) — 270° Cut View of Mapped Thermal Data
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A

94,617 135.275 175.933 216.591 257.249
114.946 155.604 196.262 236.92 277.578

Thermal Stress to Cold Envircrment (—40F ambient) — IL8

Figure 2.12.2-5
Thermal Stresses -40 °F Environment (IL-8) — 270° Cut View of Mapped Thermal Data
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FRES-TIORM

5.72075
6.52528

.893606 2.50265 4.1117
1.69813 3.30718 4.91623

Radial Pressure due to Internals — 1g Down Gravity Lecad

7.3298
8.13432

Figure 2.12.2-6
Radial Pressure Due to Internals (IL-9) — Loading
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U
PRES-TNORM

.192141 6.15468 12.1172 18.0798 24.0423
3.17341 9.13595 15.0985 21.001 27.0236

Cask Horizontal — IL9

Figure 2.12.2-7
1g Cask Horizontal (IL-9) — Loading and Displacement Boundary Conditions
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FRES-TIORM

2.37945
2.71408

.37168 1.04094
. 706308 1.37556

Radial Pressure due to Internals — IL10

1.71019
2.04482

3.0487
3.38333

Figure 2.12.2-8
Radial Pressure Due to Internals (IL-10) — Loading
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U
PRES-TNORM

i

—3.23983 —.022091 3.19565 6.41338 9.63112
-1.63096 1.58678 4.80452 8.02225 11.24

Cask Horizontal — Rail Shock — IL10

Figure 2.12.2-9
Rail Shock Cask Horizontal (IL-10) — Loading and Displacement Boundary Conditions
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PRES—TNORM
Y
443,345 447,286 451.227 455,167 459,108
’ 445,315 ’ 449,256 ’ 453.197 ’ 457.138 ’ 461.079
Axial Pressure due tc Internals — IL1Z

Figure 2.12.2-10
End Drop on Closure Lid (IL-12) — Axial Pressure Due to Weight of Internals
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U
PRES-TNORM
L7
79.1056 418.637
121.547 376.196 461.079
Cask Lid End Drop — IL12

Figure 2.12.2-11
End Drop on Closure Lid (IL-12) — Loading and Displacement Boundary Conditions
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U
PRES-TNORM

118.812
Cask Bottom End Drop — IL13

443.345

Figure 2.12.2-12
End Drop on Bottom (IL-13) — Loading and Displacement Boundary Conditions
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FRES-TIORM

17.8721 50.0531 82.2341 114.415 146.596
33.9626 66.1436 98.3245 130.506 162.686

Radial Pressure due to Internals — Side Drop Load

Figure 2.12.2-13
Radial Pressure Due to Internals (IL-14) — Loading
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U
PRES-TNORM

i

.100E-03 701.905 1403.81 2105.71 2807.62
350.952 1052.86 1754.76 2456.67 3158.57

Cask Side Drop — IL14

Figure 2.12.2-14
Side Drop (IL-14) — Loading and Displacement Boundary Conditions
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FRES-TIORM

13.3237 37.3146 61.3055 85,2964 109.287
25.3191 49.31 73.3009 97.2919 121.283

Radial Pressure due to Internals — Corner Drop on Top Load

Figure 2.12.2-15
CG-Over-Corner Drop on Top (IL-15) — Radial Pressure Due to Internals Loading
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PRES—TNORM
Z
728.972 1909.18 3089.39 4269.61 5449.82
1319.08 2499.29 3679.5 4859.71 6039.92
Lid Corner Crush Pressure Areas — IL1b

Figure 2.12.2-16
CG-Over-Corner Drop — Crush Area Pressures (IL-15)
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U
PRES-TNORM

.100E-03 1342.2 R4, 41 4026.61 5368.82
671.103 2013.31 3355.51 4697.72 6039.92

Cask Corner Drop on Top — IL15S

Figure 2.12.2-17
CG-Over-Corner Drop on Top (IL-15) — Loading and Displacement Boundary Conditions
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FRES-TIORM

13.3237 37.3146 61.3055 85,2964 109.287
25.3191 49.31 73.3009 97.2919 121.283

Radial Pressure due to Internals — Corner Drop on Bottom Load

Figure 2.12.2-18
CG-Over-Corner Drop on Bottom (IL-16) — Radial Pressure Due to Internals Loading
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PRES—TNORM
716.195 1864.66 3013.13 4161.59 5310.06
1290.43 2438.89 3587.36 4735.83 5884.29
Lid Corner Crush Pressure Areas — IL16G

Figure 2.12.2-19
CG-Over-Corner Drop — Crush Area Pressures (IL-16)
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U
PRES-TNORM

3922.86 5230.48

.100E-03
653.81 4576.67 5884.29

Cask Corner Drop on Bottom — IL16

1961.43 3269.05

Figure 2.12.2-20
CG-Over-Corner Drop on Bottom (IL-16) — Loading and Displacement Boundary
Conditions
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2.12.31

Closure Lid Bolt Analysis
Introduction

This appendix evaluates the ability of the cask closure bolt to maintain a leaktight seal
under events defined by normal conditions transport (NCT) and the hypothetical
accident conditions (HAC). Also evaluated in this appendix are the bolt thread and
internal thread stresses, and lid bolt fatigue. The stress analysis is performed in
accordance with NUREG/CR-6007 [1].

The TN-32B HBU demonstration cask closure lid arrangement is a 4.5-inch thick lid
with a welded 6.0-inch thick radiation shield. The closure lid is bolted directly to the

shell flange by 48 high-strength alloy steel [ ] diameter bolts (with 1% -
8UN threaded portion) and a hardened flat washer. Close-fitting alignment pins
ensure that the closure lid was centered in the vessel during loading. The closure lid
bolt material is SA-540 Gr B23 CL1, and the flat washer material is ASTM A564, Type
630, H1075.

The lid bolt analysis presented in this appendix is performed in accordance with
NUREG/CR-6007. The closure lid bolt material has yield and tensile strengths of
150 ksi and 165 ksi at 70 °F, respectively.

The following ways to minimize bolt forces and bolt failures for shipping casks are
extracted directly from Page xiii of Reference [1]. All of the following design methods
are employed in the TN-32B HBU demonstration cask closure system.

o Protect closure lid from direct impact to minimize bolt forces generated by free
drops (use impact limiters).

e Use materials with similar thermal properties for the closure bolts, the closure lid,
and the cask wall to minimize the bolt forces generated by fire accident.

e Apply sufficiently large bolt preload to minimize fatigue and loosening of the bolts
by vibrations.

o Lubricate bolt threads to reduce required preload tightening torque, and to
increase the predictability of the achieved preload.

e Utilize a closure lid and bolt design that minimizes the prying actions of applied
loads.

o Pay special attention to the interactions between the preload and thermal load,
and between the preload and the prying action in selecting bolt preload.

The following closure lid bolt evaluations are presented in this appendix:
o  Closure lid bolt tightening torque

e Bolt preload

e  O-ring seal seating load

e Pressure load

e  Temperature load
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2.12.3.2

e Impact load

e Puncture load

e Bearing stress

e Load combinations for NCT and HAC

o Bolt stresses and allowable stresses

o  Closure lid bolt fatigue

o Closure lid/cask seal evaluation

e External thread engagement evaluation

The design parameters of the closure lid, selected from Reference [1] are
summarized in Table 2.12.3-1. The closure lid bolt data and material allowables are
presented in Table 2.12.3-2 through Table 2.12.3-4. A maximum temperature of
300 °F is utilized in the closure lid bolt region during NCT and HAC based on results

of thermal analyses documented in Chapter 3. The following load cases are
considered in the analysis.

1. Preload + Temperature Load (NCT)

2. Pressure Load + 1 Foot Drop (NCT)

3. Pressure Load + 30 Foot Corner Drop (HAC)
4

Pressure Load + Puncture Load (HAC)

Closure Lid Bolt Load Calculations

2.12.3.2.1 Bolt Preload

L

The method utilized for the following calculation is extracted from Table 4.1 of
Reference [1].

A bolt tightening range of 940 to 1,230 Ibs-ft torque is utilized for the closure lid bolts.
For the minimum tightening torque of 940 Ibs-ft, the non-prying axial force per bolt, Fa,

is:
Qmin = applied tightening torque = 940(12) = 1,128 Ibsin
K= nut factor = [ ] (determined experimentally for TN-32 casks)
Dba = bolt shank diameter = [ ]

where:

For the maximum tightening torque, Qmax, of 1,230 Ibsft, the non-prying axial force per

bolt is:
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The residual torsional moment, My, is:
Mir-max = 0.5(Qmax) = 0.5(1,230 x 12) = 7,380 in-lbs
Mir-min = 0.5(Qmin) = 0.5(940 x 12) = 5,640 in-lbs
The maximum residual non-prying tensile bolt force, Far, will be:

Far= Fa = 84,524 Iby

The bolt tensile stress area, A, is [ ] (see Table 2.12.3-2). Therefore, the

lid bolt tensile stress, oy, for the maximum tightening torque is:

2.12.3.2.2 O-ring Seal Seating Load

O-ring seal characteristics for the Helicoflex® HND 229 seals with a silver jacket, and

a 0.276 seal cross section are extracted from Reference [2]. The diameter of the
inner seal, D, is 70.79 in, and the diameter of the outer seal, Des, is 72.91 in. The

force to seat the seals is approximately 2,512 Ib¢/in for a silver jacket [2]. Therefore,

the total force required to seat the seals is:
Inner Seal Seat Load: =(70.79)(2,512) = 558,652 Ibs
Outer Seal Seat Load: n(72.91)(2,512) = 575,382 Ibs
Total load to seat the seals, F,, = 558,652 + 575,382 = 1,134,034 Ib¢
Therefore, the seal seating load per bolt is:
Fa/48 = 1,134,034/48 = 23,626 Ibi/bolt

Since the non-prying minimum tensile load in each bolt is 64,596 Ibr, the specified
preload has the required force to seat the seals.

2.12.3.2.3 Pressure Loads

The method used for the following calculation is extracted from Table 4.3 of
Reference [1].

Axial force per bolt due to internal pressure is:

F = ”Dlzg(Pli _Plo)
‘ 4N,

Utilizing the outer seal diameter for Dy (conservative) = 72.92 in, then,

|
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b _ m(72.92°)(100-0)
“ 4(48)

=8,7001b,/bolt

The fixed edge closure lid force is:

F, =2 Z_P'O) - 76.06099-9) _ 902 Ipyinch
The fixed edge closure lid moment is:

m, - Bi~Po)D & _(100—0)(76_062)
f — =
32

=18,079 in-lbs/inch

Bolt shear can only occur when the reduced diameter bolt shank contacts the side of
the hole in the closure lid. The shield plate, which is welded to the closure lid, has a
smaller clearance to the inner diameter of the cask cavity than the clearance between
the bolt shank and the hole in the lid. Therefore, the shield plate will contact the cask
inner wall prior to the bolt shank contacting the edge of the hole, and no bolt shear
will result, i.e., Fs =0.

2.12.3.2.4 Temperature Loads

The closure lid bolt material is SA-540 Grade B23 Class 1 (2Ni - %Cr — “aMo). This
material is Group 1 in the thermal coefficients of expansion tables in Reference [6].
The closure lid is SA-203 Gr D (37%Ni), and the flange is SA-350 Gr. LF3 (372Ni),
which are also in Group 1. Consequently, the closure lid bolts, closure lid, and flange
have the same coefficient of thermal expansion, i.e., 7.3 x 10 in/in-°F at 300 °F.
Therefore, heating to the maximum isothermal temperature will not generate any
additional bolt stress.

2.12.3.2.5 Impact Loads

The method used for the following calculation is extracted from Table 4.5 of
Reference [1]. The non-prying tensile bolt force per bolt, F, is:

£ _ 134sinx)OLF)@)(W +W,) _ 1.34sin(xi)(1.0)(i)(77.000)

= 2,150 (ai)sin(xi) Ibs/bolt
a N, 23 (ai)sin(xi) Ib¢

Note: W, + W: is conservatively assumed to be 77,000 Ib [actual weights from Table
2-7 are 12,900 Ibn, for closure lid, lid bolts, and TLAs, 13,420 Ib., for basket, rails, and
shims, and 49,650 Ibn, for fuel assemblies resulting in a total weight of 75,970 Ibn].

The fixed-edge closure lid force, Fy, is:

_ 1.34sin(xi)(DLF)(@i)(W +W,) _ 1.34sin(xi)(1.0)(@i)(77,000)

F
f Dy, 7(76.06)

= 431 .8sin(xi)(ai) Ib;/bolt

The fixed-edge closure lid moment, M, is,
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_ 1.34sin(xi)(DLFYaipV _,+W,) _ 1.34sin(xi)(1.0)(ai)(77.000)

M
8 87

= 4,105sin(xi)(ai) Ib -in/bolt

NCT Impact Loads

The TN-32B HBU demonstration cask is lifted vertically and is transported
horizontally. Therefore, end and side drop orientations are considered to be credible
NCT free drop events. Any other drop orientation will cause the cask to tip over onto
its side, which is considered an accident. The analysis of the bolts for the HAC
impact loads bound any possible tipping accident.

Since the closure lid bolts are protected by the impact limiter and the puncture
resistant plate/lance cover plates during an end drop, the worst-case scenario is
assumed to be a 64° CG-over-corner free drop, which is the same orientation for an
HAC impact load. From the impact limiter 1 foot normal condition analysis of the very
similar TN-40 cask (Appendix 2.10.8 of Reference [3]), the maximum g-load for a 1
foot 64° CG-over-corner drop was calculated to be 5g vertical and 3g horizontal. For
the difference in the mass impacting the closure lid, i.e., 82,000 Ib,, (TN-40) versus
77,000 Iby, (TN-32B HBU cask), the maximum g-loads will be increased by the ratio of
the masses, i.e., (82/77) = 1.065. With this ratio, the maximum calculated g-loads
would become 5.3g vertical and 3.2g horizontal. However, for the closure lid bolt
analysis, the following normal condition g-loading is conservatively utilized:

ai =10 gs, and Xi = 64°
Therefore,
Fa =(2,150)(10)sin(64°) = 19,324 Ibs/bolt
Fs = 0 Ibi/bolt
F: = (431.8)(10)sin(64°) = 3,881 Ibi/inch
Ms = (4,105)(10)sin(64°) = 36,895 Ibi/inch

HAC Impact Loads

The impact load resulting from a 30 foot, 64° corner drop are conservatively assumed
to be the following (actual impact is 29.3g, Appendix 2.12.9).

ai = 30g, and xi = 64°
Therefore,

Fa = (2,150)(30)sin(64°) = 57,972 Ib/bolt
Fe = 0 Ibg/bolt

Fr = (438.1)(30)sin(64°) = 11,643 Ibfinch

M; = (4,105)(30)sin(64°) = 110,686 in-Ibfinch
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2.12.3.2.6 Puncture Drop Loads

Omitting the structural protection provided by the impact limiter and the puncture
resistant plate, it is conservatively assumed that the puncture bar strikes the center of
the closure lid. For this assumption, the method utilized for the following calculation is
extracted from Table 4.7 of Reference [1].

The non-prying tensile bolt force, F,, per bolt is:
F - —sin(xi)Pun
Nb
where:

0.752D2%,S,;, =0.757(6) (32,700) = 2.774x10°
0.62D,54Sy = 0.67(6 )% 10.5X65,000) = 7.72x10°
Pun = 2.774 x 10° Ibs

Pun = smaller of{

The puncture force is greatest when xi = 90°. Therefore,

—sin(90)2.774x10°
Fa= 48

=-57,792Ib;/bolt

Since the force is negative (inward acting), the actual resulting bolt force, Fa = 0,
because the applied load is supported by the cask wall and not the closure lid bolts.
The shield plate, which is welded to the closure lid plate, will react to any shear force
from the puncture drop. Therefore, Fs = 0.

The fixed-edge closure lid force, Fy, is:

. . s o 6
F - sin(xi)Pun _ sin(90°)2.774 x10 — 11,609 Ib,finch
Dy, 7(76.06)

The fixed-edge closure lid moment, M, is,

y. = —SinGPun —sin(90°)2.774x10°
f 4 4

=-220,748 in-Ib¢/inch

2.12.3.2.7 External Pressure Load of 290 psig

An external pressure load of 290 psig is evaluated as shown in Table 4.3 of
Reference [1]. The axial force per bolt due to internal pressure is,

)
a 4N,

where the outer seal diameter, Dyg, = 72.92 inches
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Then,

Since this force is negative (inward acting), the actual resulting bolt force, Fa = 0,
because the applied load is supported by the cask wall and not the lid bolts.

_ 7(72.92%)(0-290) _

a 4(48)

The fixed edge closure lid force F s,

_ D i-Po) _ 72.92(-290)

~25,2311b,/bolt

F 1

The fixed edge closure lid moment, M, is,

The shield plate, which is welded to the closure lid plate, will react to any shear force
during external pressure condition. Therefore, Fs =0

M

_(Pi—Po)DE  —290(76.06%)
32

Summary of Closure Lid Bolt Loads

The loads calculated in the previous sections are summarized in the following table.

=-5,287 Ib¢/inch

Closure Lid Bolt Individual Load Summary

=-52,428in-Ib¢/inch

Non-Prying Prying
Tensile Torsional Prying Moment,
Load Force, F, Moment, Force, F; M (in-
Case Applied Load (Iby) M (in-lby) (Ibgin) Ib/in)
Mf(’)‘:g‘u‘;m 84,524 7,380 0 0
Preload Residual Mini
inimum 64,596 5,640 0 0
Torque
Seals Seating Load 23,626 0 0 0
Pressure 100 psig Internal 8,700 0 1,902 18,079
Thermal 300 °F 0 0 0 0
1 Foot Normal Condition 19,324 0 3.881 36,895
Free Drop
Impact 30 foot Accident
Condition Free Drop 57,972 0 11,643 110,686
Puncture | Free drop ontoa 6-inch 0 0 11,609 | -220,748
diameter bar
PExternaI 290 psig External 0 0 -5,287 -52,428
ressure

2.12.3.4 Closure Lid Bolt Load Combinations

A summary of normal and accident condition load combinations is presented in the
following table. The method utilized for the following combinations is extracted from
Table 4.9 of Reference [1].
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Closure Lid Bolt Normal and Accident Load Combinations

Non-Prying
Tensile Torsional Prying Prying
Load Force, F, Moment, Force, Moment, M¢
Case Combination Description (Ibg) M (in-lby) F; (Ibgin) (in-lbg/in)
Preload + | Maximum 84,524 7,380 0 0
1 Temperature Torque ’ ’
(Normal Minimum
Condition) Torque 64,596 5,640 0 0
Pressure + Normal Impact
2 (Normal Condition) 29,956 0 6,171 58,669
Pressure + Accident Impact
3 (Accident Condition) 66,672 0 13,545 128,765
Pressure + Puncture
4 (Accident Condition) 8,700 0 9,707 | 202,669
5 Internal & External Pressure 8,700 0 -3,385 -34,349

Additional Prying Bolt Force

Since the prying forces applied in Load Cases 4 and 5 acts inward, normal to the
closure lid, an additional prying bolt force, Fap, is generated (Reference [1], Table
2.1). No additional force is generated for the outward loadings; however, (Load
Cases 1, 2, and 3), because of the gap between the closure lid and flange at the
outer edge. Only Load Case 4 is considered because it bounds Load Case 5. F, is
calculated utilizing the following method:

2M;
L -CB-F)-C,(B-P)
Fo—_ Dy | Bi—Dp) ro
o Nb C1+C2
where:
C.=1,C,= 8 {Eltls +(DI0_DIi)EIft|3fJ[ Ly j
1=1, L= > :
30Dy L 1-Nu Dip N,DgEy
€2 (3(79.50876.06)2 J[%]Xll—o(i.(sl 2, (79.50769.507)6(.2066'”106)(4‘5)3 }[(48)(1 .375:?26.7>< 10“)} -isol

B is the non-prying tensile bolt force, and P is the bolt preload. Since Fr=0, Fi<P,
and therefore B = P. Parameters B, P, F;, and M; are quantities per unit length of bolt
circle. In addition, the pressure load is not included because it decreases the
magnitude of the applied prying moment, which is less conservative. For the applied
inward force,

CFN,  (84,524)(48)
mD,  (76.06)

P=B

=16,979 Ib,/in

M; =-220,448 in -1bs/inch, and F; =0 Ib;/in

Therefore,
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2(220,448) 1(16,979 - 0)—18.612(16,979 —16,979)

. z_(ﬁ(76.06)j (79.50 - 76.06) — 36.843 Ib./bolt
ap 48 1+18.612 ’ f

It is noted that the additional tensile bolt force due to prying for the puncture is less
than the accident impact force. Therefore, the puncture drop is not critical for bolt
stress evaluation.

Bolt Bending Moment

The method utilized for the following calculation is extracted from Reference [1],
Table 2.2. The maximum bolt bending moment, My, generated by the applied load is
evaluated as follows:

D K
o | [
b b TH

The terms Kp and K, are based on geometry and material properties, and are defined
in Table 2.2 of Reference [1]. By substituting the values given above,

3 6 3
K Eti _ 26.7x10°(10.5%) 0971 x 107

3{(1—N3|)+(1—Nu|)2[g'b]2]le 3{(1—0.32)+(1—0.3)2(;g:50(6)j2}76.06

lo

Therefore:

_(ﬂ76.06j 2.091x10°
oo 48 ) 2.091x10° +9.971x107

:IMf = 00100 Mf

For Load Case 2, Mt = 54,974 in-lb;. Substituting this value into the above equation
yields:

Mbb = 549.7 in-Ibi/bolt
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2.12.3.5 Closure Lid Bolt Stress Calculations
The method used for the following calculation is taken from Reference [1], Table 5.1.
2.12.3.5.1 Average Tensile Stress

The bolt preload is calculated to withstand the worst-case load combination, and to
maintain a clamping (compressive) force on the closure joint under both normal and
accident conditions. Based on the load combinations, it is demonstrated that a
positive (compressive) load is maintained on the clamped joint for all load
combinations except for the accident condition impact plus pressure load for the
minimum tightening torque load case. A more detailed analysis is performed in
Section 2.12.3.8 of this appendix to evaluate closure of the closure lid during this
event. The maximum non-prying tensile force for normal conditions is 84,524 Ibs from
Load Case 1A. (maximum preload + temperature load), and the maximum non-prying
tensile force for accident conditions is 66,672 Ibs from Load Case 3 (accident impact +
pressure load). These loads are utilized to compute bolt stresses below.

Normal Condition (NCT):

Accident Condition (HAC):

2.12.3.5.2 Bending Stress

Normal Condition:

2.12.3.5.3 Shear Stress

For both normal and accident conditions, the average shear stress caused by shear
bolt force Fs is:

Sbs:()

For normal and accident conditions the maximum shear stress caused by the
torsional moment M is:
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2.12.3.5.4 Maximum Combined Stress Intensity

The maximum combined stress intensity is calculated in the following way (Reference
[1], Table 5.1).

Spi = [(Sba + Sbv)? + 4(Sbs + Sut)?]°°

For normal conditions, the combined tension, shear, bending, and residual torsion
results in a maximum stress intensity of:

Spi = [(56,921 + 2,154)? + 4(0 + 14,458)?]°° = 65,772 psi = 65.8 ksi
2.12.3.5.5 Stress Ratios

In order to satisfy the stress ratio requirement, the following relationship must hold for
both normal and accident conditions.

R+ Rs? < 1

Where R is the ratio of average tensile stress to allowable average tensile stress, and
Rsis the ratio of average shear stress to allowable average shear stress.

For NCT:

Rt =56,921/93,400 = 0.609

Rs = 14,458/56,100 = 0.258

R + Rs? = (0.609)% + (0.258)* = 0.44 < 1.0
For HAC:

Rt = 44,899/115,500 = 0.389

Rs = 14,458/69,300 = 0.209

Re + Rs? = (0.389)2 + (0.209)* = 0.20 < 1.0
2.12.3.5.6 Bearing Stress under Lid Bolt/Washer

The maximum NCT axial force is 84,524 Ib;. The bolt hole diameter in the closure lid
is [ ] The hardened flat washer has outer and inner diameters of

[ ] respectively (Appendix 1.4.1). The bearing area,
Asear, Under the flat washer over the bolt hole in the closure lid is:

The bearing stress for normal conditions is:

Bearing Stress = 84,524/5.0 = 16,904 psi = 16.9 ksi

]
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2.12.3.6

2.12.3.7

The allowable normal condition bearing stress on the closure lid is assumed to be the
yield stress of the closure lid material at 300 °F. The closure lid is manufactured from
SA-203 Gr D material, which has a minimum yield strength of 32.7 ksi at 300 °F
(Table 2.12.3-1). Therefore, the margin of safety (M.S.) for bearing stress is:

32,700
16,900

M.S. = 1= +0.94

Analysis Results

A summary of the lid bolt stresses calculated above is presented in the following
table:

Summary of Stresses and Allowables

NCT HAC
Stress Type Stress Allowable Stress Allowable
Average Tensile (ksi) 56.9 93.5 44.9 115.5
Shear (ksi) 14.5 56.1 14.5 69.3
. . Not Required
Combined (ksi) 65.8 126.2 Reference [1]
Interaction E.Q.
RZ+R2 < 1 0.44 1.0 0.14 1.0
Bearing Allowablg (ksi) 16.9 327 Not Required
(S, of lid material) Reference [1]

The calculated bolt stresses are all less than the specified allowable stresses.
Closure Lid Bolt Fatigue Analysis

The purpose of the fatigue analysis is to demonstrate quantitatively that the
fatigue damage to the bolts during NCT is acceptable. This demonstration is
accomplished by determining the fatigue damage factor for each NCT event. For
this analysis, it is conservatively assumed that the bolts are replaced after 50
round trip shipments, even though the cask will only be transported a single trip.
The total cumulative damage or fatigue usage for all events was conservatively
determined by adding the usage factors for the individual events. The sum of the
individual usage factors was verified to ensure that for the 50 round trip
shipments of the TN-32B HBU demonstration cask, the total usage factor was
less than one. The following sequence of events was assumed for the fatigue
evaluation:

1. Operating Preload (Bolt Tensile stress, Spa = 56,921 psi, and bolt torsional shear
stress, Sut = 14,458 psi, corresponding to a bolt tightening torque of 1,230 Ibs-ft),
with 50 round trip shipments considered.

Test pressure
Rail vibration/shock

Pressure and temperature fluctuations

o &~ 0N

1 foot normal condition free drop
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Since the bolt preload stress applied to the TN-32B HBU demonstration cask closure
lid bolts is higher than all of the other NCT condition loads, the stress in the bolt will
never exceed the bolt preload stress. Consequently, the application and removal of
preload is the only real cyclic loading that occurs in the closure lid bolts. The
following analysis is therefore, very conservative since it assumes that the damage
factor is the sum of all of the individual event damage factors, and not simply the
damage factor for bolt preload.

2.12.3.7.1 Operating Preload

Since the TN-32B HBU demonstration cask will only be transported once, the number
of preload cycles is two times the single trip or 2 cycles.

The maximum normal condition bolt stress intensity is 65.8 ksi (Section 2.12.3.5.4).
2.12.3.7.2 Test Pressure

Subsection NB-6220 of the ASME B&PV Code-mandated proof test [4] is 1.25 x
(Design Pressure) = 125 psi, and would only be performed once.

From Section 2.12.3.2, the 100 psi internal pressure load analysis can be used by
scaling the results upward by a factor of 1.25.

Fa=8,700 x 1.25 = 10,875 Ib¢/bolt
Fs =0 x 1.25 = 0 Ibi/bolt

Fr=1,902 x 1.25 = 2,378 Ibf/in

Ms= 18,079 x 1.25 = 22,599 in-Ibf/in

Moo = 0.0100M¢ = 226.0 in-Ibs/bolt

With a lid bolt shank diameter of [ ] the following from Reference [1] are
determined:

Since internal pressure causes no bolt torsion, and all shear loads are reacted by the
closure lid shield plate shoulder,

Shear stress: Sps = 0, and Sy = 0.
Stress Intensity, S.I.:

S.I. = Spi = [(Sba + Seb)? + 4(Sbs + Sur)2I°5 = [(7,324 + 886)2 + 4(0)?]°5 = 8,210 psi
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2.12.3.7.3 Vibration/Shock

Since the TN-32B HBU demonstration cask will be shipped by rail car, the shock and
vibration loadings for rail configurations only will be considered.

Rail Car Shock:

Since the TN-32B HBU demonstration cask will only be transported once with the
HBU spent fuel payload, the rail car shock will assume an average of a 3,000 mile
one-way trip. Reference [5] reports that there are roughly nine shock cycles per 100
miles of rail car transport. Therefore, the total number of cycles is: 3,000 miles x 1
round trip x 1 shipment x 0.09 shocks per mile = 270 cycles. This very low number of
cycles due to rail transport will have no fatigue effect on the closure lid bolts.

Reference [5] also specifies a peak shock loading of 4.7g in the longitudinal direction
for rail car transport. Consequently, the bolt force due to rail car shock is

L ]

Vibration:

According to Reference [5], the peak vibration load on the deck of a rail car in the
longitudinal direction is 0.19g. This vibration results in a stress of 205 psi, which is
negligible for a high strength bolt.

2.12.3.7.4 Pressure and Temperature Fluctuations

The lid bolt material is SA-540 Gr 23, Cl 1 (2Ni — 3/4Cr — 1/4Mo), which is in Group 1
in the coefficients of thermal expansion tables in Reference [6]. The closure lid is SA-
203 Gr D (3%2Ni), and the flange is SA-350 Gr. LF3 (3%2Ni), which are also in Group 1.
Therefore, the closure lid bolts and all of the materials it contacts have the same
coefficient of thermal expansion. Consequently, thermal load will result in no stress in
the closure lid bolts.

The pressure fluctuation is conservatively assumed to be the maximum design
pressure, 100 psi, which is far greater that the actual maximum normal operating
pressure (MNOP). Since the stress intensity in the closure lid bolts is linearly
proportional to the internal/external pressure difference, the stress intensity due to
100 psi internal load is:

. 100 psi __ .
8,210 psi x 2508 6,568 psi

The pressure fluctuation is assumed to occur once per round trip, since there is no
payload during the return trip, and therefore no pressurization. Therefore, the total
number of cycles of pressure fluctuation is 50.
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2.12.3.7.5 1 Foot Normal Condition Drop
The normal condition drop consists of a 1-foot drop in an orientation that results in the
most damage. For the side drop the resulting shear load is taken entirely by the
lid/flange interface. For the end drop, the load is transferred to the cask body via the
impact limiters, protecting the bolts. Therefore, the worst case scenario is taken to be
roughly a 64° CG-over-corner drop.

The lid bolt analysis above conservatively uses a 64° corner drop axial acceleration of
10g to calculate the following bolt loads:

Fa = 19,324 Ibi/bolt
Fs = 0 Ib#/bolt

Fr = 3,881 Ibi/bolt and
M = 36,895 Ibi/bolt

Moo, = 0.0100M¢ = 369 in-Ibi/bolt

The lid bolt diameter is [ ] Therefore, from Reference [1], the following
is obtained:

Since internal pressure causes no bolt torsion, and all shear loads are reacted by the
shield plate,

Shear stress, Sps:
Sbs = 0, and Sbt =0.
Stress intensity S.1.:

S.I. = Spi = [(Sba + Seb)? + 4(Sbs + Sot)?]°?
=[(13,013 + 1,446)2 + 4(0)?]°5 = 14,459 psi

Conservatively assume that the cask is dropped twice during a shipment, resulting in
two normal condition drops prior to unloading the cask.

2.12.3.7.6 Damage Factor Calculation
The following damage factors are computed based on the stresses and cyclic

histories described above, a fatigue strength reduction factor, K¢, of 4 (Reference [4]),
and the fatigue curve shown in Table 1-9.4 of Reference [4].
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2.12.3.8

Stress Cvcles Damage
Intensity | (S.L)(K¢) y Factor n/N
Event (psi) (psi) S. (psi) n N
Operating Preload 65,772 263,088 | 147,329 100 471 0.212
Test Pressure 8,210 32,840 18,390 1 1.3 x 10° 0.00
Rail Car Shock 5,060 20,240 22,669 270 4.6 x 10* 0.006
Pressure and 5
Temperature 6,568 26,272 14,712 50 6.0 x 10 0.00
1 Foot Normal 4
Condition Drop 14,459 57,836 32,388 100 1.2x10 0.009
> 0.227

Here, n is the number of cycles, N is obtained from Figure 1-9.4 of Reference [4], and
S. is defined by the following method:

If one cycle goes from 0 to +S.1., then S, = (1/2)(S.1.)(Kr)(Kg)
If one cycle goes from —S.1. to + S.I., then S = (S.1.)(Kr)(KE)

where

Ke is the correction factor for modulus of elasticity, 30 x 108/26.7 x 10° = 1.12
(Reference [4]).

Since the total damage factor is less than one, the TN-32B HBU demonstration cask
closure lid bolts will not fail due to fatigue.

Lid Seal Contact Evaluation

The closure lid seal design is analyzed in order to determine the lid/cask seal status
when subject to a CG-over-lid corner impact 30 foot free drop.

As noted in Section 2.12.3.4 above, the bolt preload for the minimum specified tighten
torque during an accident condition is slightly exceeded by the impact force. To
demonstrate that the compression on the O-ring seal is maintained during the
accident case, the bolt stretch will be determined and compared to the total initial seal

compression.

2.12.3.8.1 Assumptions

e  CG-over-corner lid impact with internal pressure is the worst-case condition
(Load Case 3).

e  The minimum preload for a closure lid bolt is 64,596 Ibs/bolt.

e  The minimum compression of the seal is 0.034 inch.
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2.12.3.8.2 Analysis

The axial stiffness of a closure lid bolt, Koo, iS:

I |

where:
A = cross-section area of bolt shank = [ ] (Table 2.12.3-2)
E = Young’s modulus = 26.7 x 106 psi at 300 °F (Table 2.12.3-1)
L = bolt shank length = [ ] [drawing 19885-71-2]

The maximum load on each bolt is 66,672 Ibs for Load Case 3 (Pressure + Accident).
For this load case, the amount of additional bolt stretch is due to the difference
between the applied load and the minimum preload, or 66,672 — 64,596 = 2,076 Ibx.
For added conservatism, this excess load will be increased by a factor of 1.5 or 3,114
Ibs to account for any dynamic effects. The bolt stretch for this additional tensile load,

Aace, Will be:
Since the minimum seal compression is [ ] the additional bolt stretch of
[ ] during the C.G.-over-corner free drop impact loading with internal

pressure will not result in the loss of compression on the O-ring seal. Therefore,
containment of the HBU payload is maintained during a worst-case loading condition.

2.12.3.9 Engagement Length for Bolt and Flange

The net engagement length, L., for the closure lid bolts in the body flange is:

I |

From Table 2.12.3-2, the shear area per unit length for a [ ] internal

thread is [ ] Therefore, the total shear area (Ains.) for the body flange
engagement is:

The shear stress (tint) in the internal threads for the 84,524 Ibf maximum axial non-
prying tensile load (Case 1A) is:
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The shear allowable stress for the SA-350 Grade LF3 forging is 0.6S. From the
Certified Material Test Report (CMTR) for the inner shell flange [7], the room
temperature yield and tensile strengths are 59.76 ksi and 76.73 ksi, respectively.
These actual strengths compare to the minimum material strengths of 37.5 ksi and 70
ksi, respectively, from Table 2-6. Since the actual yield material strength is
significantly higher than the minimum yield strength, the allowable stress intensity Sm
for the internal threads may be increased by the ratio of the yield strengths, i.e.,
59.76/37.5 = 1.594. From Table 2-6, the minimum allowable stress intensity (Sn) at
300 °F is 22.1 ksi. Based on the actual material strength, the allowable stress
intensity is increased to (22.1)(1.59) = 35.2 ksi. Note that this method of computing
an increased stress intensity is conservative compared to the method specified in
Mandatory Appendix 2 of the American Society of Mechanical Engineers (ASME)
Boiler and Pressure Vessel (B&PV) Code [6], which allows Sy = 2/3S,. Therefore,
the margin of safety (M.S.) for shearing of the internal threads for the maximum
tensile load is:

M.S. = 0.65m _ 1 = 0.6(35.2)

Tint 13.72

—1= +0.54

For the closure lid bolt, the shear area per unit length fora [

] from Table 2.12.3-2. Therefore, the total shear area (Aint.:)
for the body flange engagement is:

The shear stress (text) in the external threads for the 84,524 Ibs maximum axial non-
prying tensile load (Case 1A) is:

From Table 2.12.3-3, the normal condition shear allowable stress for the SA-540
Grade B23 CL1 material at 300 °F is 56.1 ksi. The margin of safety (M.S.) for
shearing of the external threads of the closure lid bolt for the maximum tensile load is:

M.S.= 2% _1- 4200

18.70

2.12.3.10 Conclusions

o Aclosure lid bolt torque range of 940 to 1,230 Ibsft is utilized to achieve the
desired preload.

e Lid bolt stresses meet the acceptance criteria of NUREG/CR-6007 [1].

o For the recommended preloads, a positive (compressive) load is maintained on
the O-ring containment seal during all load combinations.

e Closure of the TN-32B HBU demonstration cask closure lid/body flange interface
is evaluated in Section 2.12.3.8 above, and the O-ring seal remains closed
during a worst-case impact.

o The bolt and flange thread engagement length is acceptable.
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Table 2.12.3-1
Design Parameters for Closure Lid Bolt Analysis

Nut factor for empirical relation between the applied torque and achieved preload is

K [ ] for N-5000

Q Applied torque for the preload (Ibt-in)
Dib Closure lid diameter at bolt circle, 76.06 inch
Dig Closure lid diameter at the seal (outer), 72.92 inch

Ec Young’s modulus of cask flange material (SA-350, LF3, 300 °F), 26.7 x 108 psi
Ei Young’s modulus of closure lid material (SA-203 Gr D, 300 °F), 26.7 x 108 psi
Nb Total number of closure bolts, 48
Nui Poisson’s ratio of closure lid, 0.3, (Reference [8], p. 5-6 use nominal value).
Pei Inside pressure of cask, 100 psig

Dii Closure lid diameter at inner edge, 69.50 inch

Dio Closure lid diameter at outer edge, 79.50 inch

Pii Pressure inside the closure lid, 100 psig

tc Thickness of cask wall, 9.065 inch (at flange = [68.75 + 2(1.50+8.00) — 69.62]/2)
t Thickness of lid center, 10.5 inch

tir Thickness of lid flange, 4.5 inch

b Thermal coefficient of expansion, lid _bo_It (SA-540, GrB23,Cl 1),6.4 x 10°R.T., 7.3 x 106

in/in °F at 300 °F
e Thermal coefficient of expansion, cask (SA-350, LF3), 6.4 x 106 at R.T.,
7.3 x 108 inf/in °F at 300 °F
) Thermal coefficient of expansion, closure lid (SA-203 Gr D), 6.4 x 10¢ R.T.,
7.3 x 108 in/in °F at 300 °F

Eb Young's modulus of bolt material (SA-540, Gr B23, CI 1, 300 °F), 26.7 x 10° psi
ai Maximum rigid-body impact acceleration (g) of the cask

We Weight of contents = 49,650 (fuel) + 13,500 (basket)™ = 63,150 lbm

Wi Weight of lid = 12,900 lbm

Wc+W, 63,150 + 12,900 = 76,050 Ibm, assume 77,000 lbm

Xi Impact angle between the cask axis and target surface

Syl Yield strength of closure lid material (SA-203 Gr D, 300 °F), 32.7 ksi

Su Ultimate strength of closure lid material (SA-203 Gr D, 300 °F), 65.0 ksi
Syb Yield strength of bolt material (SA-540, Gr B23, ClI 1, 300 °F), 140.3 ksi
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Table 2.12.3-2
Closure Lid Bolt Data
Parameters necessary to use formulas of Reference [1], Table 5.1.

Bolt = 172 — UN8 — 2A
N = No. of threads perinch =8
p = Pitch = 1/8" = .125 inch
Dy = Nominal Diameter = 1.5 inch

Drva = Bolt diameter for stress calculations in reduced shank area = [ ]
Bolt Thread Stress Area = n/4(1.377)? = 1.490 in?
Bolt Shank Stress Area = [ ]

External thread shear stress area for a 1.50-8UN-2A thread
= 2.57 in%inch [9]

Internal thread shear stress area for a 1.50-8UNC-2B thread
= 3.50 in%inch [9]
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Table 2.12.3-3
Normal Condition Allowable Stresses in Closure Lid Bolts

(°F) (ksi) Fuw 24 (ksi) Fuo 34 (ksi) | S.l. 5(ksi)
100 150.0 100.0 60.0 135.0
200 144.0 96.0 57.6 129.6
300 140.3 93.5 56.1 126.2
400 137.9 91.9 55.2 124.0
Notes:
1. Yield stress values are from Reference [6]
2. Allowable tensile stress, Fw = 2/3(Sy) [1]
3. Allowable shear stress, Fw = 0.4Sy [1]
4. Tension and shear stresses must be combined using the following interaction equation:
2 2
;‘:fg + F—y; <1.0
tb yb [1]
5. Stress intensity from combined tensile, shear and residual torsion loads, S.I. < 1.35Sm [1]
Table 2.12.3-4
Accident Condition Allowable Stresses in Closure Lid Bolts
Temperature Yield Stress1 Accident Condition A"OWabIes
(°F) (ksi) 0.6S,3 (ksi) Fiw 2* (ksi) Fuo* (ksi)
100 150.0 90.0 115.5 69.3
200 144.0 86.4 115.5 69.3
300 140.3 84.2 115.5 69.3
400 137.9 82.7 115.5 69.3
Notes:
1. Yield and tensile stress values are from Reference [6]. Note that Sy is 165 ksi at all temperatures
of interest.
2. Allowable Tensile stress, Fw = min (0.7Sy, Sy), where 0.7Su = 0.7(165) = 115.5 ksi [1].
3. Allowable shear stress, Fvw = min (0.42S,, 0.6Sy), where 0.42Sy = 0.42(165) = 69.3 ksi [1].
4. Tension and shear stresses must be combined using the following interaction equation:

2 T)%b
£ <10

N (
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Appendix 2.12.4
Structural Analysis of the Outer Shell
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Structural Analysis of the Outer Shell
Introduction

This section presents the structural analysis of the outer shell of the TN-32B HBU
demonstration cask. The outer shell consists of a cylindrical shell section and end
plates at each end that connect the shell to the cask body. The outer shell weldment
encloses the neutron shield material that surrounds the gamma shield shell forging.
The shell is evaluated for normal conditions of transport (NCT) that includes internal
pressure and normal handling/tie-down loads. A finite element model (FEM) is
created utilizing ANSYS® [1] for the structural analysis of the outer shell and end
plates. The model evaluates the shell weldment for the lateral 12g and the axial 26g
impact loads. These impact values envelop the worst-case NCT side-drop and end-
drop impact loads of 11.3g and 25.5q, respectively, as noted in Appendix 2.12.9. The
neutron shield stresses due to vertical and lateral tie-down loads of 4.7g and 5.0g,
respectively, are resolved by moment and force components utilizing a cosine
pressure distribution with peaking factors. The resulting stresses are compared to the
allowable stress limits for non-containment structures in Table 2-4, Chapter 2, to
ensure that the design criterion is satisfied.

Description

The outer shell is constructed from high-strength, low-alloy carbon steel, and is
welded to the outer surface of the gamma shield. The outer cylindrical shell plate is
1/2-inch thick, and the end plates are 3/4-inches thick. The outer shell-end plate weld
joints are also qualified in the analysis. Pertinent dimensions and welds are shown in
Figure 2.12.3-1 and delineated on Drawing 19885-71-2 in Appendix 1.4.1.

Materials Input Data

The outer cylindrical shell material and end plates are SA-516 Gr 70. Since the
maximum temperature of outer shell does not exceed 300 °F, as discussed in
Chapter 3, all material properties are extracted at 300 °F. The linear elastic material
properties at this temperature for the carbon steel are:

Young's modulus: E =28.1 x 10°psi
Yield stress: Sy = 33.7 ksi
Ultimate stress: S, =70.0 ksi

The allowable stresses for the outer shell weldment analysis are provided in Table
2-4. The Young’s modulus for the polyester resin is conservatively assumed to be
5.0 x 10° psi at 300 °F, as defined in the MP197HB transport application [3]. The
compressive strength of the resin is assumed to be 3,900 psi, as defined in the TN-40
cask transport application [4].

Material Density

Due to symmetry, only a 180° segment of the outer shell is modeled and analyzed.
The weights are extracted from Table 2-7 to determine the densities of the cask, and
the resin for modeling.
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2.12.4.6

Applied Loads

The outer shell weldment is analyzed for both side and end drops to identify all the
possible maximum stresses resulting from NCT free drop events. For side drop
orientation, the acceleration due to gravity is applied on the model in the lateral
direction. For the end drop orientation, the gravitational load was applied in the axial
direction.

An internal pressure of 25 psig is applied on all the inner walls of the outer shell, and
at the interfaces of the partial penetration welds. Figure 2.12.4-1 presents the model
for the outer shell weldment evaluation for the side and end drop load configurations,
respectively.

Partial Groove/Fillet Weld Calculations

All partial penetration welds in the ANSYS® model were represented by couplings as
pin joints. Weld stresses are calculated by utilizing nodal forces at the couple nodes
that represent the welds. For partial penetration fillet welds, stresses are calculated

as follows:

Fw= (Fresultant)/[( Ltributary)(Tweld)]
where:

Fresutant = maximum resultant nodal force = (F«?+ F,? + F,?)"2
(calculated from the reaction force output listing from ANSYS® model)
Luibutary = minimum tributary length associated with the nodes

Ltributaw =T R/(n'1)

R =43.875 in (for Welds 1 and 4) or 48.375 in (for Welds 2 and 3)

n = the maximum nodes used at weld interface locations.

Tweilda = Appropriate weld throat or base metal dimension

Method of Analysis

ANSYS® Model

An FEM was created for the structural analysis of the outer shell weldment. The cask
body, outer shell, and the polyester resin were modeled utilizing elements with eight
nodes and three translational degrees of freedom per node.

Contact elements were utilized at the interface of polyester resin and outer shell, and
between the resin and the gamma shield interfaces. This gap element potentially
introduces nonlinearity in the analysis depending whether it is open or closed.
Additionally, weak spring elements (1.0 Ibi/inch stiffness) were modeled along the
interface.
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Nonlinear analyses with elastic material properties and large-deflection effects were
performed in ANSYS®. NCT analysis on the outer shell was conducted for computing
the stresses for both the side and end drops. The maximum NCT g-load (129 for side
drop and 269 for end drop), and an internal pressure of 25 psig are utilized in the
NCT analysis. The results are compared to NCT allowable stresses. Both the side
and end drop conditions satisfied the NCT membrane and bending allowable limits.

The basic geometry of the outer shell and the weld sizes utilized for analysis are
illustrated in Figure 2.12.4-2. Weld 1 is a 3/8-inch bevel groove weld plus a 3/16-inch
fillet weld cover that corresponds to an overall effective weld size of 0.508 inch. Weld
4 has two 1/4-inch bevel groove welds plus a 3/16-inch fillet weld that corresponds to
an effective weld size of 0.633 inch. All weld sizes (Weld 1 through Weld 4) are
reduced by 1/8-inch in the weld qualification in the previous section.

Partial penetration welds were simulated utilizing couplings (all degrees of freedom)
at the interface of cask to the top and bottom end plates of the outer shell. For the
interface of the outer shell longitudinal plate to its top and bottom end plates, the
welds were simulated as pin joints.

A single material number and element type is utilized to model the 1/2-inch thick
cylindrical plate, and the 3/4-inch thick top and bottom closure end plates in the
ANSYS® model. The ANSYS® model for the outer shell evaluation is shown in Figure
2.12.4-2.

Boundary Conditions

Symmetric boundary conditions are applied at the cut face of the model. For the end
drop evaluation, all bottom surface nodes of the cask are constrained in the vertical
direction, whereas for the side drop, cask nodes on the outer diameter, above the top
end plate and below the bottom end plates, are constrained up to 45° in the hoop
direction.

Tie-Down Stress Calculation

During transport, the outer shell weldment will react the vertical and lateral loads in
the two saddles and straps that form parts of the tie-down configuration. Because
there are two saddles/straps, the tie-down system secures the weight of the cask
equally. Therefore, each saddle/strap system supports half the cask weight and tie-
down.

The pressure distribution of the neutron shield on the strap and saddle is assumed to
be a cosine distribution expressed as P(0) = Pmax cOs 0.
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By symmetry, the centers of pressure are at the top and bottom of the cask, which
correspond to the areas of peak pressure exerted by the 12-inch wide tie-down strap
and saddle, respectively. The bearing areas of the outer shell weldment are
calculated to be:

Saddle Area = 1(97.75)(12) [%] = 1,433.1 in?

Strap Area = (97.75)(12) [%] — 1,842.5 in?

270,000

Half of Cask Weight =

= 135,000 Ib,,

A. Vertical Loading

Although 10 CFR 71.45(b)(1) [2] specifies a +2g vertical load, a £4.7g vertical load is
utilized to evaluate the tie-down saddles and straps. For the vertical loading case,
the upward load is supported by the strap whereas the downward load is supported
by the saddle. Therefore, the average loads on the saddle and strap are:

4.7(135,000)

Average Saddle Pressure =
1,433.1

= 442.75 psi

Average Strap Pressure = % = 344.36 psi

For a 180° cosine or sine distribution, the peak-to-average ratio is found to be n/2 =
1.571. Conservatively assuming the saddle is also a 180° cosine distribution, the
peak loads for the saddle and strap are:

Peak Saddle Pressure = 1.571 (442.75) = 695.5 psi
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Peak Strap Pressure = 1.571 (344.36) = 540.9 psi
B. Lateral Loading

For the 5g lateral load, the neutron shield is analyzed for the resultant stresses in the
outer shell weldment. The lateral load creates an overturning moment tending to
rotate the cask out of the saddle, which is restrained by a counter moment created by
a vertical force in the strap, as seen in the figure below. Assuming that the maximum
saddle pressure (Reaction Force Fs) occurs at the pivot point, the reaction
corresponds to a point that is 70° from the bottom center of the cask.

Strap Tension Force

Moment Arm Y Lateral Load

20°

Moment Arm X
Pivot Pomt

The outer radius neutron shield (outer shell), R, is 48.875 inches. The moment arms
Xand Y are the outer radius of the neutron shield multiplied by the sine and cosine of
20°, respectively.

Vertical moment arm X = Rsin 20° = (48.875) sin 20° = 16.72 inch
Horizontal moment arm Y = Rcos 20° = (48.875) cos20° = 45.93 inch

By summing the moments about the pivot point, the reaction force, Fr, can be
determined:

YM=0
FTY- FLX =0

FLX) _ 5(135,000)(16.72)

Fr=
=T Y 45.93

= 245,722 Ib
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Summing the forces in the X and Y directions solves for the strap force Fs:
XLFx=0
FL — Fssin(70°) =0

o = FL_ _ 5(135000) _ 718,320 Ibs

sin(70°) - sin(70°)

XFy=0
Fgcos(70°) — Ft

Fr _ (245,722)
cos(70°) ~  cos(70°)

Fs = = 718,443 Ib;

Since the solutions for the strap force are essentially the same in either the X-
direction or Y-direction, the force is verified. This results in a strap pressure of:

245,722

Average Strap Pressure =
1,842.5

= 133.4 psi

Peak Strap Pressure = 1.571 (133.4) = 209.5 psi

For the saddle loading conservatively assume that only one-quarter of the saddle
area (the final 35° of arc length) supports the saddle load, with a cosine pressure
distribution that is maximum at the pivot point. Conservatively assuming a n/2 (1.571
versus 1.065 for a 35° distribution) as a peaking factor for the pressure distribution,
the resultant saddle loading is:

718,443

Average Saddle Pressure = [(1L433.1)/4]

= 2,005 psi

Peak Saddle Pressure = 1.571(2005.3) = 3,150 psi
C. 59 Lateral and -4.7g Vertical Loading

Utilizing the same methodology described above, the combined loading case of 5g
lateral and —4.7g vertical is analyzed. For this loading case, summing the moments
about the pivot point solves for the reaction force Fr for this load condition:

YM=0
FTY + FvY- FLX = O

Q) g, = 30350000672) 4 70135 000) = —388,778 Ib;

= FT - Y 45.93

where, F, is the downward (negative) vertical load acting at the center of gravity (CG)
of the cask.
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The negative force indicates that the lateral induced overturning moment is much less
than the counter moment generated by the -4.7g vertical load, which means the strap
is not loaded in this case. Instead, the lateral force counteracts the downward vertical
force as if the straps were acting on the cask surface. This load case results in the
same saddle loading as the 5g lateral load over one-quarter of the saddle area.
Therefore, the average and peak saddle loadings are:

718,443

Average Saddle Pressure = [(1L433.1)/4]

= 2,005 psi

Peak Saddle Pressure = 1.571(2005.3) = 3,150 psi
D. 5g Lateral and 4.7g Vertical Loading

Using the same methodology described above, the combined loading case of 5g
lateral and +4.7g vertical is analyzed. For this loading case, summing the moments
about the pivot point solves for the reaction force Fr for this load condition:

>XM=0
FTY-F\/Y-FLX=0

+ Fy = 205800078 4 4 7(135,000) = 880,222 Iby

This load case represents a conservative worst-case loading on the strap side of the
cask by combining the 5g lateral and 4.7g vertical loads. The average and peak
bearing pressures on the straps from the outer shell weldment for this bounding case
are:

880,222
1,842.5

Average Strap Pressure = = 477 psi

Peak Strap Pressure = 1.571(477.2) = 750 psi

The worst-case average and peak bearing pressures on the saddles, as noted above,
are:

718,443

Average Saddle Pressure = [(14330)/4]

= 2,005 psi

Peak Saddle Pressure = 1.571(2005.3) = 3,150 psi

The acceptance criterion for the outer shell weldment is conservatively based only on
the compressive strength of the polyester resin that supports the 1/2-inch thick outer
cylindrical shell. Therefore, the minimum margin of safety (M.S.) for the maximum
bearing pressure is:

3,900

MS.==—-1= 40.24
3,150

Since the minimum M.S. is positive, the TN-32B HBU demonstration cask outer shell
weldment is qualified to support the vertical and lateral loads of transport for the
saddle and strap tie-down configuration.
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2.12.4.7 Analysis Results

2.124.8

The outer shell component stress results were post-processed utilizing the ANSYS®
commands that linearize the stress distribution through a requested section, resulting
in a breakdown of the various stress components. Stress linearization for the outer
shell is performed on all possible paths utilizing an ANSYS® post-processing macro.
The nodal stress intensities for all loading cases for the outer shell weldment are
shown in Figure 2.12.4-3 through Figure 2.12.4-8.

Linearized stress intensity results of the outer shell and comparison to the allowable
stress limits are summarized in Table 2.12.4-1 through Table 2.12.4-3. Weld joint
stress results are summarized in Table 2.12.4-4. The lateral and vertical load results
for the polyester resin are summarized in Table 2.12.4-5. Based on the analyses, it
has been demonstrated that the outer shell weldment and the polyester resin are
structurally adequate for the cask transportation imposed loads.
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Table 2.12.4-1
Outer Shell Top End Plate Stress Results
Stress
Stress Intensity Allowable Stress
Component Load Case Category (ksi) Stress (ksi) Ratio
. Pm 2.88 22.50 0.13
outer Shell Side Drop Pm + Po 5.36 33.75 0.16
uter She
Pm 19.75 22.50 0.88
Top End End D
i na zrop Pm + Po 20.94 3375 0.62
Maximum Pm 19.75 ) 0.88
Pm + Po 20.94 0.62
Table 2.12.4-2
Outer Shell Bottom End Plate Stress Results
Stress
Stress Intensity Allowable Stress
Component Load Case Category (ksi) Stress (ksi) Ratio
. Pm 3.16 22.50 0.14
outer Shell Side Drop Pm + Po 531 33.75 0.16
uter She
Pm 20.89 22.50 0.93
BOtE’lg]teE”d End Drop Pm + Po 22.45 33.75 0.67
Maximum Pm 20.89 0.93
Pm + Po 22.45 0.67
Table 2.12.4-3
Outer Shell Cylindrical Plate Stress Results
Stress
Stress Intensity Allowable Stress
Component Load Case Category (ksi) Stress (ksi) Ratio
. Pm 3.25 22.50 0.14
outer Shall Side Drop Pm + Po 3.29 33.75 0.10
uter She
N Pm 9.56 22.50 0.42
Cylindrical End Drop Pm + Po 10.36 33.75 0.31
Plate
Maximum Pm 9.56 0.42
Pm + Po 10.37 0.31
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Table 2.12.4-4
End Plate Weld Stress Results
Maximum Allowable Stress
Component Location Load Case Stress (ksi) | Stress (ksi) Ratio
Outer Shell Cas_llfoa;)ngn(()jultjtla;tzhell Side Drop 2.22 0.16
Weld 1 Interface End Drop 3.90 0.29
Outer Shell Side Drop 1.94 0.14
Outer Shell Longitudinal Shell and
Weld 2 Outer Shell Top End End Drop 2.47 0.18
Plate Interface
Outer Shell Side Drop 1.95 13.48 0.14
Outer Shell Longitudinal Shell and
Weld 3 Outer Shell Bottom End Drop 1.50 0.11
End Plate Interface
Outer Shell C%solf[ti:? ggelleastr;e” Side Drop 1.66 0.12
Weld 4 Interface End Drop 3.52 0.26
Maximum 3.90 0.29
Table 2.12.4-5
Polyester Resin Stress Results
Saddle Area (ksi) Strap Area (ksi) Resin Margin of Safety
Loading Case Avg Peak Avg Peak Sy (ksi) | Saddle | Strap
+ 4.7g Vertical 0.443 0.695 0.344 0.541 +5.6 +7.2
5g Lateral 2.005 3.150 0.133 0.209 +1.2 +18.6
-47gVerticaland 59 | 5505 | 3450 0 0 3.9 1.2 NA
Lateral
47gVerticaland5g | 5605 | 3450 | 0477 | 0.750 12 | +52
Lateral
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MAT NUM

'y

TN-32B HBU Cask Outer Shell FEM Model

Figure 2.12.4-1
ANSYS® Model for Outer Shell Weldment Evaluation
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Outer Shell Geometry
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Figure 2.12.4-3
NCT Side Drop — Stress Intensity
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Figure 2.12.4-4

NCT Side Drop — Outer Shell Plate Stress Intensity
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Figure 2.12.4-5
NCT Side Drop — Outer Shell Weldment Stress Intensity
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Figure 2.12.4-6
NCT End Drop —Stress Intensity
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Figure 2.12.4-7
NCT End Drop —Outer Shell Plate Stress Intensity
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Figure 2.12.4-8
NCT End Drop —Outer Shell Weldment Stress Intensity
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Appendix 2.12.5

Fracture Toughness Evaluation of the TN-32B HBU Cask
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2.12.51

2.12.5.2

Fracture Toughness Evaluation of the TN-32B HBU Cask
Introduction

This appendix documents the fracture toughness evaluation of the TN-32B HBU
demonstration cask.

Fracture Toughness Requirements of the Cask

The TN-32B HBU demonstration cask material is a ferritic steel (penetration covers
are stainless steel), and is therefore subject to fracture toughness requirements in
order to ensure ductile behavior at the lowest service temperature (LST) of —20 °F
ambient.

The inner shell and bottom inner plate are fabricated from SA-203 Gr D plate
material, 1.5 inches thick. The shell flange is 4.6 inches thick, fabricated from SA-350
Gr LF3 forging material, and the closure lid plate is 4.5 inches thick, fabricated from
SA-203 Gr D material. The 1.5-inch diameter closure lid bolts are fabricated from
SA-540 Grade B23, Class1 material.

By interpolating between values provided in NUREG/CR-3826 [1] and NUREG/CR-
1815 [2], the nil ductility transition temperatures (Tnot) of the containment boundary
materials are:

e Inner shell and bottom inner plates (1.5 in.): -80 °F
e Shell flange (4.6 in.): -137 °F
e Closure lid plate (4.5 in.): -125 °F

The fracture toughness requirements for the closure lid bolt material meet the intent
of the American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel
(B&PV) Code, Section lll, Subsection NB, NB-2333) [3]. Charpy V-notch testing was
performed on several specimens of the material at +40 °F. To satisfy Table
NB-2333-1 of this section of the ASME B&PV Code, the material should exhibit a
minimum of 25 mils lateral expansion at the “lowest service temperature”. For the
TN-32B HBU cask with the 25.84 kW decay heat load, the temperature of the closure
lid bolts under -20 °F ambient conditions (i.e., lowest service temperatures) is

+136 °F. Therefore, Charpy impact tests of the SA-540 Gr B23 Cl 1 material
performed at +40 °F demonstrated that all of the closure lid bolt material satisfies the
NB-2300 criteria.

The 1.5-inch thick plate material that formed the inner shell and inner bottom plates
were tested and resultant Tnot of -88 °F, which satisfies the NUREG fracture arrest
criteria.

From the certified material test reports contained in the fabrication data package, the
drop weight and Charpy V-notch test results of the shell flange and closure lid plate
materials utilized in the TN-32B HBU demonstration cask are tabulated in the
following table.
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Recorded Test Data for Shell Flange and Closure Lid Plate Materials

Shell Flange Closure Lid Plate
Charpy Test Results Charpy Test Results
Test Impact Lateral Test Impact Lateral
Measured | Temp. | Energy | Expansion | Measured | Temp. Energy Expansion
Tnor (°F) (°F) (Ib¢-ft) (mils) Tnor (°F) (°F) (Ibs-ft) (mils)
174 98 230 108
-139 -80 184 98 -148 -88 227 106
183 98 224 106

From the recorded test data for the TN-32B HBU demonstration cask containment
boundary materials described above, the closure lid plate and the shell flange
materials satisfy the NUREG recommended fracture arrest criteria.

Fracture Toughness Evaluation of Cask Components and Welds

A fracture toughness evaluation of the TN-32B HBU demonstration cask components
and welds based on the lowest service temperature (LST) of -20 °F is performed.
The evaluation includes the following:

o Methodology

e Locations of maximum stresses

¢ Material fracture toughness

e  Fracture toughness criteria

e  Stress intensity factor calculations
e Conclusions

e Nondestructive examination (NDE) Inspection Plan
Methodology

The allowable flaw sizes were determined utilizing linear elastic fracture mechanics
(LEFM) methodology from Section XI of ASME B&PV Code [4]. Flaws in the welds, if
they occur, are welding defects, rather than initiated cracks. There is no active
mechanism for crack initiation and growth at any of the weld locations since all the
containment welds are volumetrically examined by radiographic testing (RT) and/or
ultrasonic testing (UT) examination to ensure no unacceptable weld defects are
present.

Locations of Maximum Stresses

Figure 2.12.5-1 illustrates the selected locations on the cask for fracture toughness
analysis. Stresses are linearized at these critical locations for maximum tensile
membrane and bending stresses. Table 2.12.5-1 and Table 2.12.5-2 list the
maximum membrane and bending stresses at these selected locations under normal
conditions of transport (NCT) and hypothetical accident condition (HAC), respectively.

Page 2.12.5-2



TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

2.12.5.6 Material Fracture Toughness

The shell flange is a forged cylinder, nominally 4.6 inches thick by 9 inches long,
fabricated from SA-350 Gr LF-3 forging material. The welding of the flange to the
containment shell was performed using the sub arc welding (SAW) or flux-cored arc
welding (FCAW) processes. The closure lid outer plate is nominally 4.5 inches thick
with a 79.50-inch diameter, and fabricated from SA-203 Gr D material.

The electrodes utilized in the shell flange and closure lid plate weldments had a high
nickel content. The high alloy content of the electrodes and their typical usage in
applications where good toughness is required indicate that the expected fracture
toughness values for the weld filler material is as good as or better than that of the
base material.

The gamma shield shell is a forged cylinder, nominally 8 inches thick by 168 inches
long. The bottom shield plate is nominally 8.78 inches thick and 87.96 inches in
diameter. These components were fabricated from SA-266 CI 2, and SA-516 Gr 70
materials, respectively. Similarly, the 6-inch thick lid shield plate is made from
SA-516 Gr 70. The welding at the top flange and bottom plate was performed using
the SAW, FCAW, or shielded metal arc welding (SMAW) processes.

The closure lid and shell flange materials have enhanced fracture toughness
properties than the SA-266 utilized for the gamma shield shell. Therefore, the low
fracture toughness SA-266 forging material can be considered bounding. Itis
therefore conservative to utilize the fracture toughness properties of the SA-266
forging as the basis for qualifying the TN-32B HBU demonstration cask containment
material.

Reference 5 is a very thorough review of correlations between a range of ferritic steel
material strength levels and Charpy impact energies. Figure 2.12.5-2 (reproduced
from Figure 4-5 of Reference [5]) plots Charpy V-notch impact test results for a
normalized SA-266 forging. The actual data points are shown along with a smoothed
line that connects the average value at each test temperature. This data
demonstrates that a lower bound Charpy impact value of 18 ft-lb; is appropriate for an
exposure temperature of -20 °F. The various correlations between Kic and Kis given
in Table 4-2 of Reference [5] are compared at the 18 ft-Ibr level. Utilizing the equation
for yield strength for 36 to 50 ksi in transition in Table 4-2 of Reference [5], the
Charpy impact measurement may be transformed into a fracture toughness value:

Kid = [5E(Cv)]"? = 50,289 psi-(in)"2 = 50 ksi-(in)'?
where:
Kia = Dynamic Fracture Toughness (based on crack arrest), psi-(in)"?
E = Modulus of Elasticity, 28.1 x 108 psi (conservatively use 300 °F)
C. = Charpy Impact Measurement, 18 ft-lbs
For conservatism, the above calculated Kis was reduced to 47 ksi-(in)"? for fracture

toughness evaluations of the TN-32B HBU demonstration cask components
(containment and non-containment boundary) and welds.
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2.12.5.8

2.12.5.9

SAW, FCAW and SMAW electrodes used in the gamma shield weldments are alloyed
to provide appropriate low temperature properties. Examples are American Welding
Society (AWS) Class EN11K, E81T1, and F7P6-EH14 materials. Although Charpy
testing is not a requirement for the gamma shield shell material, testing has been
conducted by the TN-32B HBU demonstration cask fabricator on the bottom shield
plate to demonstrate the toughness of the forged material and the associated welds.
The results demonstrate that all regions of the SA-516-70 weldments have fracture
toughness values well in excess of the 18 ft- Ibr specified. Therefore, the use of the
fracture properties from the wrought material for locations at or near the weld joints is
conservative.

Fracture Toughness Criteria

Utilizing the rule of Section XI, IWB-3613 [6], the limiting fracture toughness values
are reduced by a factor of V10 for the NCT and V2 for the HAC, to define the limiting
allowable Kaiowavle. That is,

Kallowable < Kia /(N10) = 47/(N10) = 14.86 ksi-(in)"2 for normal conditions

Kallowable < Kic /(N2) = 47/(2) = 33.23 ksi-(in)"2 for accident conditions
where:

Kia = the available fracture toughness based on crack initiation for the
corresponding crack tip temperature

Kic = the available fracture toughness based on crack initiation for the
corresponding crack tip temperature

Because of the dynamic loading (1-foot and 30-foot free drops), it is appropriate to
utilize the Kiq value (47 ksi-(in)"?) calculated above for Kix and K for the following
normal and accident condition fracture toughness evaluations.

Stress Intensity Factor Calculations

The total applied stress intensity K| (applied) is determined from the membrane and
bending stresses. For purpose of analysis, the postulated surface flaws are oriented
in both the axial and circumferential directions. The surface crack depth is assumed
as 15% of component thickness. However, the maximum crack depth is limited to 1/2
inch. The crack length is assumed to be 10 times the crack depth. The assumed
crack sizes are such that they can be readily observed by visual examination.
Compared to surface cracks, same size subsurface cracks are less critical. The
results of the applied stress intensity K, calculations for NCT and HAC are shown in
Table 2.12.5-3 and Table 2.12.5-4, respectively.

Conclusions

Based on the results of fracture analysis of the TN-32B HBU demonstration cask
components and welds with the postulated surface crack sizes, it is concluded that
there is no potential of fracture failure due to NCT and HAC transport loadings. The
postulated surface flaw sizes are such that they can be readily detected by a visual
inspection.
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2.12.5.10

Note that the gamma shield shell is not part of the containment boundary. Cracks
postulated in the gamma shield shell will not propagate into the containment
boundary due to the geometry of the cask. If the gamma shield shell were to fracture
along the length or around the circumference, or around the weld between the
gamma shield shell and top flange, there is no credible mechanism that would result
in the gamma shielding separating from the containment vessel. The top shield plate
is welded to both the closure lid and the seven penetration sleeves, and is captured
by the containment vessel. Therefore, if the all of the welds were to completely fail,
the top shield plate would still remain inside the containment boundary, and would not
lose its shielding capability. Therefore, even if a fracture were to occur in the gamma
shield shell, or the weld between the gamma shield and top flange, or in the top
shield plate, or the welds between top shield plate and closure lid, there would be no
safety significance, since containment would be maintained, and shielding would
remain in place. The one exception is in the region of the weld of the gamma shield
shell to the bottom plate. In this region, if the weld were to completely fail, the bottom
plate could become detached and have an impact on the shielding capability of the
cask. However, the bottom trunnions are independently welded to the gamma shield
shell and the bottom shield plate. These additional attachment points (welds), as well
as the lower impact limiter, would resist detachment of the bottom shield plate from
the cask.

NDE Inspection Plan

The results of the fracture toughness analysis demonstrate that the flaws in the
gamma shield shell, and top and bottom shield plates that would result in unstable
crack growth or brittle fracture are larger than those generally observed in forged
steel and plate components. Therefore, no special examination requirements on the
gamma shield shell, top and bottom shield plates are required.

Any flaw sizes in the welds that could result in brittle fracture at -20 °F were detected
by NDE methods and repaired during the fabrication of the cask.

The liquid penetrant or magnetic particle method was in accordance with Section V,
Article 6 of ASME Code [4].
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Table 2.12.5-1
Summary of Stress Components — NCT Load Combinations

Section Membrane Stress (ksi) Bending Stress (ksi)
Max SX SY SZ SX SY Sz
Cask Location Nodes Stress (Rad.) (Tang.) (Axial) (Rad.) (Tang.) (Axial)
_ 49734-51679 Sx (N6) 1.71 0.24 0.13 2.45 0.27 2.29
B°“‘;,Tatseh'e'd 50529-51602 Sy (N6) 173 011 116 0.69 0.19 0.80
50359-49642 Sz (N6) -1.11 -0.01 0.51 3.08 0.13 3.14
Gamma Shield 14528-13915 Sy (N11) 3.65 1.23 -0.40 0.99 1.53 0.36
Cylinder Mid 14527-13916 Sz (N11) 3.61 1.22 -0.41 1.00 1.53 0.36
Gamma Shield 12935-12975 Sy (N11) 5.21 0.96 -0.15 0.61 0.98 0.21
Cylinder 11853-11730 Sz (N11) -5.31 0.58 -3.17 7.02 3.22 1.00
151091-151050 Sx (N11) 0.19 -2.05 -0.84 5.76 4.05 7.37
Shell Flange 150045-150885 Sy (N11) 2.76 0.12 -0.88 1.69 3.24 1.41
151202-163194 Sz (N11) -0.75 0.00 2.29 1.16 3.45 1.46
74808-76333 Sx (N11) -0.67 2.63 -0.04 2.03 3.47 1.23
Top Shield Plate 74854-76267 Sy (N11) 0.25 2.84 -0.41 1.50 3.54 1.70
63497-74628 Sz (N11) -0.98 -0.10 -1.23 3.05 0.76 4.28
114448-113665 Sx (N6) 1.68 0.31 1.77 5.83 0.12 5.37
Lid 114447-113631 Sy (N6) 2.56 1.26 2.73 3.86 0.40 3.90
113574-139590 Sz (N6) 1.36 -0.09 2.85 1.98 0.08 5.46
148769-148828 Sx (N15) 6.25 424 3.24 0.04 2.34 0.08
B(')’:trc‘)?; Ithnee”r?;}:te 142411142413 | Sy (N15) | 0.77 213 2.02 0.32 0.40 0.34
142411-142413 Sz (N15) 0.77 2.13 2.02 0.32 0.40 0.34
_ 36984-36893 Sx (N11) 3.59 5.00 7.80 1.23 7.37 1.26
Pes’?:gj‘é':” 36691-36586 Sy (N11) 7.33 2.85 5.52 0.68 2.49 0.77
36988-36897 Sz (N11) 2.16 5.73 6.66 0.85 9.66 2.33
Weld-1 12063-12082 Sy (N7) -11.07 5.13 3.77 1.42 8.26 1.56
11852-11832 Sz (N7) 12.47 5.83 -3.83 1.68 9.43 2.27
Weld-2 75036-73577 Sy (N11) -2.89 -2.61 -5.41 0.49 2.03 0.33
75000-73541 Sz (N11) -5.49 -0.01 -6.17 0.41 0.29 0.48
WeldPS 36499-36361 Sy (N11) -3.43 3.95 -2.53 1.28 6.45 1.20
41862-41704 Sz (N11) -6.70 6.19 -10.46 2.53 10.05 0.21
Weld-PL 36691-36586 Sy (N6) 7.33 2.85 5.52 0.68 2.49 0.77
26275-26184 Sz (N6) 4.72 4.36 1.97 1.69 7.26 0.87
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Table 2.12.5-2

Summary of Stress Components — HAC Load Combinations

Section Membrane Stress (ksi) Bending Stress (ksi)
Max S)( SY SZ SX SY SZ
Cask Location Nodes Stress (Rad.) (Tang.) (Axial) (Rad.) (Tang.) (Axial)
_ 49959-51839 Sx (A9) 0.43 -3.32 0.42 1.52 0.28 1.68
B°“‘;,Tatseh'e'd 49960-50229 Sy (A9) 0.76 213 0.76 2.24 175 2.24
49960-50229 Sz (A9) 0.76 2.13 0.76 2.24 1.75 2.24
Gamma Shield 14521-13922 Sy (A6) 2.96 -2.36 -0.29 0.38 0.16 0.29
Cylinder Mid 14526-13917 Sz (AB) 2.94 -3.08 -0.29 0.33 0.02 0.29
Gamma Shield 14518-13925 Sy (A6) 3.21 -1.93 -0.29 0.40 0.09 0.30
Cylinder 11853-11730 Sz (AB) -5.14 -0.52 -2.87 5.87 4.54 0.65
151089-151048 Sx (A5) -1.13 -3.37 -0.66 6.03 6.58 7.12
Shell Flange 151070-151039 Sy (A5) -0.02 -3.58 -0.93 6.34 7.37 6.24
164171-164198 Sz (A5) -3.99 -6.07 -1.83 1.30 4.32 0.30
74808-76333 Sx (A5) 0.46 -0.95 0.14 1.39 2.16 0.96
Top Shield Plate 74970-75823 Sy (A5) 1.02 3.57 0.32 1.69 1.74 0.84
74946-75911 Sz (A5) 0.15 1.88 0.37 0.47 0.16 1.27
114454-113641 Sx (A6) 1.29 0.08 0.94 5.21 0.58 3.21
Lid 114456-113639 Sy (A6) 0.02 1.10 -0.04 4.34 0.94 0.63
113574-139590 Sz (AB) -0.66 -0.51 0.14 1.29 0.05 3.36
142428-142431 Sx (A5) -0.55 5.48 0.49 0.58 1.58 0.47
B(')’:trc‘)?; Ithnee”r?;}:te 142179-142173 Sy (A5) 2017 471 0.93 0.11 0.51 0.07
142411-142413 Sz (A5) -0.20 -4.75 0.93 0.09 0.52 0.05
_ 36686-36581 Sx (A2) 1.84 3.92 5.88 0.86 6.68 1.23
Pes’?:gj‘é':” 36669-36572 Sy (A2) 2.79 4.95 1.90 1.60 5.97 0.86
42036-41931 Sz (A2) .73 5.11 -1.47 2.71 12.16 1.66
Weld-1 12063-12082 Sy (N1) -10.21 4.67 -3.99 1.26 7.48 1.29
11852-11832 Sz (N1) -11.24 4.99 -3.35 1.61 7.91 1.68
Weld-2 75036-73577 Sy (N5) -2.66 1.76 -5.10 0.05 0.36 0.33
74999-73540 Sz (N5) -4.84 3.43 -4.75 0.13 1.77 0.02
WeldPS 36500-36360 Sy (N9) 1.80 0.66 0.67 0.53 1.05 0.27
41859-41707 Sz (N9) 3.54 1.98 3.32 113 2.94 117
Weld-PL 36691-36586 Sy (N2) 2.21 5.04 2.23 2.28 10.08 1.90
42036-41931 Sz (N2) .73 5.11 -1.47 2.71 12.16 1.66
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Table 2.12.5-3

Summary of Stress Intensity Factors for NCT Load Combinations

Stress Allow.
Crack Crack Max Critical Intensity Stress
Component Thick. t depth, a length, I Stress Crack Factor Intensity Factor of
Location (in.) (in.) (in.) Type Direction (ksi) Factor Safety
BO“%”I“atSeh'e'd 8.75 0.500 5.00 Sx | Tangential 5.97 14.86 2.49
Gamma Shield .
Cylinder Mid 8.00 0.500 5.00 Sv Axial 3.46 14.86 4.29
Shell Flange 4.60 0.500 5.00 Sz Hoop 8.37 14.86 1.78
Top Shield Plate 6.00 0.500 5.00 Sv Axial 7.80 14.86 1.91
Lid 4.50 0.500 5.00 Sz Hoop 10.09 14.86 1.47
Inner Shell and
Bottom Inner 1.50 0.225 2.25 Sy Axial 1.73 14.86 8.60
Plate
Penetration 0.50 0.075 0.75 Sy Axial 7.20 14.86 2.07
Sleeves
Weld-1 0.50 0.075 0.75 Sv Axial 7.15 14.86 2.08
Weld-2 0.75 0.113 1.125 Sv Axial 1.05 14.86 >10
Weld-PS 0.50 0.075 0.75 Sv Axial 7.61 14.86 1.95
Weld-PL 0.50 0.075 0.75 Sv Axial 5.43 14.86 2.73

Sx (Radial Stress) — Results in tangential crack

Sy (Hoop Stress) — Results in axial crack

Sz (Axial Stress) — Results in hoop crack

Weld-1 — Flange to gamma shield weld

Weld-2 — Lid to gamma shield weld

Weld-PS — Penetration sleeves to top shield plate weld
Weld-PL — Penetration sleeves to closure lid weld
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Table 2.12.5-4

Summary of Stress Intensity Factors for HAC Load Combinations

Stress Allow.
Crack Crack Max Critical Intensity Stress
Component Thick. t depth, a length, | Stress Crack Factor Intensity Factor of
Location (in) (in) (in) Type Direction (ksi) Factor Safety
BO“%”I“atSeh'e'd 8.750 0.500 5.00 S Hoop 3.69 33.23 9.01
Gamma Shield
Cylinder Mid 8.000 0.500 5.00 Sz Hoop 0.35 33.23 >10
Gamma Shield 8.000 0.500 5.00 Sy Axial 5.42 33.23 6.13
Cylinder
Shell Flange 4.600 0.500 5.00 Sy Axial 8.36 33.23 3.97
Top Shield Plate 6.000 0.500 5.00 Sy Axial 7.7 33.23 4.64
Lid 4.500 0.500 5.00 Sx Tangential 7.63 33.23 4.35
Inner Shell and
Bottom Inner 1.500 0.225 2.25 Sz Hoop 1.20 33.23 >10
Plate
Penetration 0.500 0.075 0.75 Sy Axial 7.93 33.23 419
eeves
Weld-1 0.500 0.075 0.75 Sy Axial 6.05 33.23 5.49
Weld-2 0.750 0.113 1.125 Sy Axial 3.16 33.23 >10
Weld-PS 0.500 0.075 0.75 Sy Axial 2.31 33.23 >10
Weld-PL 0.500 0.075 0.75 Sy Axial 7.93 33.23 4.19

Sx (Radial Stress) — Results in tangential crack
Sy (Hoop Stress) — Results in axial crack
Sz (Axial Stress) — Results in hoop crack
Weld-1 — Flange to gamma shield weld
Weld-2 — Lid to gamma shield weld

Weld-PS — Penetration sleeves to top shield plate weld

Weld-PL — Penetration sleeves to closure lid weld

Page 2.12.5-10




TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

Shell
Flange
Lid
Top Shield
Plate
Penetration
Sleeves

Gamma / -
Shield

Shell

A

Inner Shell

Bottom Inner
Plate

Bottom Shield Plate

Note: Only half of the finite element model is shown above for clarity.

Figure 2.12.5-1
Critical Locations for Stress and Fracture Evaluation
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Figure 2.12.5-2
Charpy V-Notch Test Results for SA-266 Forging
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Appendix 2.12.6
Structural Analysis of the TN-32B HBU Cask Basket
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212.6 Structural Analysis of the TN-32B HBU Cask Basket
2.12.6.1 Introduction

This appendix presents the structural analysis of the TN-32B HBU demonstration
cask fuel support basket. The basket is a welded assembly of stainless steel boxes,
and is designed to accommodate the (32) HBU PWR fuel assemblies.

2.12.6.1.1 TN-32B HBU Demonstration Cask Fuel Basket Geometry

The details of the TN-32B HBU demonstration cask basket are shown in Appendix
1.4.1. The basket structure consists of an assembly of stainless steel boxes or cells
joined by fusion welded stainless steel plugs, and separated by aluminum and
neutron poison material (borated aluminum sheets). The aluminum plate and borated
aluminum (poison) plates are sandwiched between the stainless steel walls of the
adjacent box sections.

The nominal open dimension of each fuel compartment cell or box is 8.70 x 8.70
inches, which provides a minimum of 1/8-inch clearance around the fuel assemblies.
The overall basket length (160 inches) is less than the cask cavity.

Structural aluminum rails oriented parallel to the axis of the cask are attached to the
inner cavity wall of the cask body to establish and maintain basket orientation.

Under side drop loads, each fuel assembly is assumed to be uniformly supported
across the width and along the length of the box wall. The inertia of the basket

structure (weight of the basket downward “g” load) is also included in the analysis.
2.12.6.1.2 Weight

The total weight of the TN-32B HBU demonstration cask basket is 13,421 b, A
value of 1,551 Ibn, is assigned for the weight of each fuel assembly, with the total
weight of all (32) fuel assemblies 49,632 Ib,,. Under lateral inertial loading each
assembly is assumed to be uniformly supported across the width and along the
length of the box wall (160 inches).

2.12.6.1.3 Temperature
Thermal analyses are performed to obtain the temperature distributions in the basket
for various conditions. These analyses are presented in Chapter 3. The model

temperature distributions are shown in Figure 2.12.6-1.

Thermal stresses induced in the fuel basket by the applied temperature distributions
are evaluated in Section 2.12.6.2.4.
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2.12.6.2 Fuel Basket Stress Analysis

2.12.6.2.1 Approach

Bounding inertial loads of 13g and 51g are applied for the normal conditions of
transport (NCT) and hypothetical accident condition (HAC) transport cask free drop
cases, respectively. These inertial loads are extracted from the impact limiter
analyses provided in Appendix 2.12.9, and amplified with dynamic load factors
(DLFs) provided in Appendix 2.12.7. The 0° and 45° azimuth orientations are
analyzed to bound all possible drop orientations. Additionally, a 30° azimuth side
drop is analyzed separately for HAC, as shown in Figure 2.12.6-2.

The analytical analysis for the end drop impact is provided in Section 2.12.6.2.3.

The thermal stress analysis of the fuel basket is provided in Section 2.12.6.2.4.

2.12.6.2.2 Basket Finite Element Analysis for Side Impact Loads

A

Finite Element Model Description
NCT Model

A three-dimensional ANSYS® finite element model (FEM) of the fuel basket is
constructed utilizing shell elements. Only the stainless steel fuel boxes are included
in the model. For conservatism, the strength of the aluminum (1/2-inch thick) and the
borated aluminum plates in the basket are neglected by excluding these from the
finite element model. However, their weights are accounted for by increasing the
stainless steel box material densities. The solid model used in the lateral load
evaluation is shown in Figure 2.12.6-3.

To simplify analyses, only an 8-inch long symmetrical section of the basket is
modeled. At the two cut faces of the model, symmetrical boundary conditions are
applied (UZ = ROTX = ROTY = 0). The displacement constraints for the 45° side
drop angle are shown in Figure 2.12.6-4. Similar displacement constraints were
applied for the 0° side drop. For clarity, symmetry displacement constraints are not
shown.

The stainless steel basket boxes sandwich the aluminum and the borated aluminum
plates. The nodes between the steel boxes are coupled together in the out-of-plane
direction so that they will bend in unison under surface pressure or other lateral
loading. This modeling approach is to simulate the through thickness support
provided by the aluminum and borated aluminum plates.

HAC Model

A three-dimensional (3-D) ANSYS® FEM of the basket compartments, aluminum
plates, and aluminum rails is constructed using ANSYS® SHELL43 (4-node large
strain plastic shell) elements.
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The plug distance between two adjacent layers in the vertical direction is 8 inches.
The sliced portion of the basket is then 8 inches in height. The slice contains the
plugs in the middle plane along the vertical direction (Y-direction), such that
symmetrical boundary conditions can be applied to the top and bottom cross
sections. The compartment box walls and the peripheral support plates are meshed
with ANSYS® SHELL43 elements and the plugs are meshed with ANSYS® BEAM188
(3-D linear finite strain beam) elements.

Aluminum rails are bolted to the containment shell. The bolts are not structural

members, and their purpose is to secure the rails during fuel loading and fabrication.
The bolts are represented by ANSYS® COMBIN14 (longitudinal spring-damper) 3-D
springs with stiffness k = 1,000 Ib«/in. The bolts are not evaluated in this calculation.

The solid model, which includes the fuel compartments, aluminum plates, aluminum
rails (Type 1 and Type 2), and fusion welds utilized in the lateral load evaluation, is
shown in Figure 2.12.6-5 and Figure 2.12.6-6.

B. Material Properties and Design Criteria

For NCT, a linear elastic stress strain model is used to simulate linear behavior at
operating temperature. For HAC, the bilinear stress-strain relationship is used to
simulate nonlinear behavior at operating temperature. The bilinear stress-strain
relationship is applied by using ANSYS® bilinear kinematic hardening method (TB,
BKIN). In the elastic-plastic analysis, the material behavior is described by a bilinear
stress-strain curve starting at the origin with positive stress and strain values. The
initial slope of the curve is selected as the elastic modulus. At the specified yield
stress, the curve continues along the second slope defined by the tangent modulus.
Rice’s hardening rule is used, which takes into account stress relaxation with
increasing temperature. It is assumed that the tangent modulus amounts to 5% of
elastic modulus for stainless steel, and 1% of elastic modulus for aluminum alloy, as
shown in Figure 2.12.6-7 and Figure 2.12.6-8, respectively.

Table 2.12.6-1 lists the material properties utilized in all analyses of the TN-32B HBU
demonstration cask fuel basket. Table 2.12.6-2 and Table 2.12.6-3 summarize the
stress criteria for the NCT and HAC events, respectively.

C. Side Drop/Slapdown Loading Conditions

The basket structure is analyzed for 0° and 45° azimuth side drops. Due to the
basket structure symmetry, these orientations of side drops are assumed to envelop
all other possible drop orientations. Additionally, a 30° azimuth side drop is analyzed
separately for HAC (nonlinear model).

Temperatures at the cross section where the maximum temperatures occur in the
basket are used, which are selected from the normal transport condition (100 °F NCT
Solar) thermal analysis presented in Chapter 3. The temperature distribution is
applied to the NCT and HAC ANSYS® models. Figure 2.12.6-1 illustrates the
temperature contour utilized in the HAC analysis.
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The load resulting from the fuel assembly weight is applied as pressure on the fuel
compartment plates of the basket. For the 0° orientation, the pressure acts only on
the horizontal plates. For the 30° and 45-degree orientation, the pressure was
divided into components to act on both horizontal and vertical plates of the basket.
The pressures for all orientations are calculated below for 13g and 51g accelerations.
0° Orientation
Pressure for 1g, p = (fuel assembly weight)/[(panel span)(panel length)]
=1,551/[8.805(160)] = 1.10094 psi
Pressure for 13g =13(1.10094) = 14.3122 psi
Pressure for 51g =51(1.10094) = 56.1478 psi
30° Orientation
Pressure for 1g pv = psin30 = 1.10094(0.50) = 0.5505 psi
pn = pcos30 = 1.10094(0.866) = 0.9534 psi
Pressure for 51g pv = p sin30 = 51(0.5505) = 28.0739 psi
pn = p cos30 = 51(0.9534) = 48.6254 psi

45° Orientation

Pressure for 1g pv = pnh = p cos45° = 1.10094(0.7071) = 0.7785
Pressure for 13g =13(0.7785) = 10.1205 psi
Pressure for 51g = 51(0.7785) = 39.7025 psi

The load distributions for the 0° and 45° analyses for the NCT drops are shown in
Figure 2.12.6-9 and Figure 2.12.6-10, respectively. The load distribution for the 0°,
30°, and 45° HAC drops are shown in Figure 2.12.6-11 through Figure 2.12.6-13.

The accelerations applied in each run are as follows.

Orientation Inertial Load ax (g) a, (9) a; (g)
(degrees) (9) v
0 13 (NCT) 0 13 0
51 (HAC) 51 0 0
30 51 (HAC) 44 167 0 25.5
45 13 (NCT) -9.192 9.192 0
51 (HAC) 36.062 0 36.062
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D.

Side Drop Analysis and Results

NCT Side Drop Analysis and Results

Linear analyses with elastic material properties and small deflections were performed
utilizing ANSYS® for the 0° and 45° drop orientations. Loads corresponding to 13g
and 51g were applied in all NCT and HAC side drop analyses, as noted above. A
summary of reactions and input load, which reflects the fuel and basket for the 8-inch
high basket section, is provided in the following table.

Sl_de Dr_op Applied Loads Reaction Forces (lbs) Resultant
Orientation (Iby) E E E Force
(degrees) f X y ? (1bs)
0 13(3,152.63) = 40,984.19 0 40,986.0 0 40,986.0
45 13(3,152.63) = 40,984.19 | -28,982.0 | 28,982.0 0 40,986.7

The nodal membrane-plus-bending stress intensity distribution in the stainless steel
boxes at the bottom shell faces, which is the bounding case, is shown in
Figure 2.12.6-14.

The allowable stress at each nodal location varies based on the temperature at that
node. An ANSYS® macro was developed to calculate the allowable stress at each
node for membrane and membrane plus bending stresses using interpolated
allowable stress values from Table 2.12.6-2. The primary membrane (Pm) and
primary membrane plus bending (Pm+Ps) allowable for normal condition were
calculated utilizing the macro. Stress/allowable stress ratio at each node for
membrane, and membrane plus bending stresses at the temperature for that node
are calculated. The stress ratio plots for allowable calculated at each node for Py, and
Pm + Py stress categories are shown in Figure 2.12.6-15 through Figure 2.12.6-16.

The location where the allowable stress/actual stress ratio is minimum (the location
with minimum factor of safety (F.S.)) is determined along with the peak stress
regardless of temperature. The results are summarized in Table 2.12.6-4 and
Table 2.12.6-5.

The maximum stress (Pm + Py, + Q) in the stainless steel plates for normal conditions,
16.30 ksi (=12.21 ksi + maximum thermal stress is 4.09 ksi from Section 2.12.6.2.4),
is also lower than the stress limit of 52.5 ksi (3Sy, at 500 °F).

HAC Side Drop Analysis and Results

Nonlinear analyses with bilinear material properties and large deflection were
performed in ANSYS® for the 0°, 30°, and 45° drop orientations. Loads
corresponding to 51g were applied in all HAC side drop analyses. A summary of
reactions and input load, which reflects the fuel, the basket, and rails for the 8-inch
high basket section, is provided in the following table.
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OSi.de Dr9p Applied Loads Reaction Forces (lby) Resultant
rientation (Iby) E E E Force
(degrees) x y z (Ib)
0 51(3,328.96) = 169,777.0 | 169,770 0.08 -1.69 169,770.0
30 51(3,328.96) = 169,777.0 | 147,030 -0.09 84,888 | 169,775.7
45 51(3,328.96) = 169,777.0 | 120,070 -0.09 120,050 | 169,790.5

The nodal stress intensity distribution in the stainless steel boxes, aluminum plates,
and aluminum rails (Type 1 and Type 2) at the middle, top and bottom shell faces are
shown in Figure 2.12.6-17 through Figure 2.12.6-21. The primary membrane (Pnm)
and primary membrane plus bending (Pm+Ps) allowable were calculated for the
accident condition. The resultant stress ratio for allowable were calculated at each
node for P and P, + Py, stress categories and are shown in Figure 2.12.6-22 through
Figure 2.12.6-27.

The location with the minimum factor of safety, and the peak stress, regardless of
temperature, are also calculated. The results are summarized in Table 2.12.6-6
through Table 2.12.6-8.

The stress ratios for aluminum plates for 0° side drop case, exceeds the membrane
plus bending allowable at the shell bottom surface (see Figure 2.12.6-23). The
maximum stress ratio is 1.0011 (or 0.11% exceedance), which is very close to the
allowable. The maximum membrane stress ratio for the aluminum plates for that
case is 0.517. The maximum max stress ratio for 0° side drop case for the stainless
steel plates is 0.524 (see Figure 2.12.6-22). The aluminum plates primarily function
as heat conduction materials and are enclosed by stainless steel plates that have
stresses that are well within the limits. Hence, the structural integrity of the baskets is
maintained even though the stress ratios of aluminum plates marginally exceed the
allowable for that case. Moreover, other conservatisms, such as the use of rounded
up acceleration value and worst-case thermal gradients, are built into the analysis.
All other cases and basket components have stress ratios less than 1.0.
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Maximum Relative Deflection of the Basket

Absolute maximum relative deflections at all fuel compartments during the 51g side
drops of 0°, 30°, and 45° orientations are summarized in Table 2.12.6-9. The relative
deflection in the x direction is calculated for every node in Face 2 as x deflection
minus the x deflection at corresponding Face 1 node. Similarly, the relative
displacement in z direction is the difference in nodal deflections between Face 4
nodes and Face 3 nodes.

The results are calculated for all cell compartments and tabulated in Table 2.12.6-9.
The maximum total relative deflection in the critical box is approximately 0.033 inch.
It should be noted that the results presented are the total deflection at 51g;
permanent deformation will be significantly less.

2.12.6.2.3 Fuel Basket End Drop Analysis

During an end drop, the fuel assemblies and fuel compartments are forced against
the bottom of the TN-32B HBU cask. It is important to note that, for any vertical or
near vertical loading, the fuel assemblies react directly against the bottom or top end
(bottom of closure lid) of the cask, and not through the basket structure as in lateral
loading. It is the dead weight of the basket that results in axial compressive stress
during an end drop. Axial compressive stresses are conservatively computed by
assuming that all impact loads act on the compartment tubes during an end drop. A
conservative basket weight of 14.0 kips (actual weight is 13.421 kips) is utilized in the
end drop stress calculations.

Stainless Steel Basket Components

Assuming that all of the weight is supported by the stainless steel basket:
Area of steel baskets excluding area for drain cutouts:
A = 32[(w + 2t)? - w?] = 32[(8.70 — 2.91) + 2(0.105))? - (8.7-2.91)?] = 79.30 in?
Stress in steel baskets at 31g loading = 31(P/A) = 31(14,000/79.3) = 5,473 psi
Stress in steel baskets at 90g loading = 90(P/A) = 90(14,000/79.3) = 15,889 psi

The stress generated in the stainless fuel compartments is summarized as shown in
the following table.
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Condition Axial Stress Allowable Stress (Pm)
(ksi) at 500 °F (ksi)

NCT (31g) 5.47 17.5

HAC (90g) 15.89 42.0

The maximum stress (Pn + Py + Q) for normal conditions, 9.56 ksi (5.47 ksi +
maximum thermal stress of 4.09 ksi from Section 2.12.6.2.2), is also less than the
criteria of 52.5 ksi (3Sn).

2.12.6.2.4 Fuel Basket Thermal Stress Analysis

An elastic ANSYS® finite element analysis (FEA) was conducted on the basket to
evaluate the thermal stresses in the stainless steel and aluminum plates. Two
different areas in the basket were analyzed, the first configuration (Model 1) included
one 1.04-inch thick aluminum plate (2[0.5-inch thick aluminum plates] + 0.04-inch
thick borated aluminum plate), and the second configuration (Model 2) included one
0.54-inch thick aluminum plate (0.5-inch thick aluminum plate + 0.04-inch thick
borated aluminum plate). The models are similar except for the aluminum plate
thickness and the centerline distance between the aluminum middle plate and
stainless steel outer plates. The FEMs for both configurations are shown in

Figure 2.12.6-28 and Figure 2.12.6-29.

The stainless steel plates are connected by beam elements representing the
stainless steel bar and fusion welds. The aluminum plates are connected to the
stainless steel bar via gap elements. Although a gap of 0.0 inches was utilized in the
model, the actual nominal gap is 0.06 inches.

Elastic material properties that are described in Section 2.12.6.2.2B are utilized, and
a uniform temperature of 470 °F is applied.

The maximum stress intensity in the aluminum plates is 2.51 ksi. The maximum
stress intensity in the stainless steel plates is 4.09 ksi. The nodal stress intensity
distribution in the stainless steel and aluminum plates are shown in Figure 2.12.6-30
through Figure 2.12.6-33 for both configurations.

2.12.6.2.5 Basket Stress Analysis Conclusions

Stresses in the stainless steel plates and plug welds were calculated for the NCT and
HAC cask drop cases. The results for the side drop analyses are summarized in
Table 2.12.6-4 and Table 2.12.6-5 and Table 2.12.6-6 through Table 2.12.6-8 for the
NCT and HAC cases, respectively. The results for the end drop analysis are
summarized in Section 2.12.6.2.3. The thermal stresses in the stainless steel plates
are provided in Section 2.12.6.2.4. All stresses meet the stress criteria presented in
Table 2.12.6-2 and Table 2.12.6-3 for both NCT and HAC evaluations. For the 0°
side drop case, the worst-case membrane plus bending stress ratio in the aluminum
plates exceeds the allowable stress by 0.11%. This result is justified because the
stainless steel plate stresses are well within the allowable limits.
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2.12.6.3 Fuel Basket Buckling Analysis
2.12.6.3.1 Analysis Approach

The nonlinear buckling analysis is performed utilizing an incremental load approach
wherein an FEM (HAC model that is described in Section 2.12.6.2.2) with both
material (bilinear kinematic hardening with stress relaxation) and geometric
nonlinearities (contact elements, stress stiffening and large deflection effects). The
model is then subjected to gradually increasing HAC side drop loads. Nonlinear
elastic-plastic FEA is performed to obtain the load level at which buckling failure
occurs, so that safety factors may be determined.

To reduce the model runtime and better solution convergence, a lower aluminum
tangent modulus (E/Ep = 0.001%) is applied compared to the tangent modulus for
stainless steel. This approach is conservative for the prediction of buckling loads.

The three critical azimuth drop orientations analyzed are:
e 0° (load applied in the direction parallel to the basket vertical plates)
o 30° (load applied at 30° relative to the basket vertical plate direction)
o 45° (load applied at 45° relative to the basket vertical plate direction)
2.12.6.3.2 Buckling Analysis Loading Conditions
The basket structure was analyzed for 0°, 30° and 45° side drops. Due to basket
structure symmetry, these orientations of side drops are assumed to envelop other
possible drop cases of buckling.
Temperatures at the cross section where the maximum temperature occurred for the
basket were utilized from the normal transport condition of 100 °F ambient.
Figure 2.12.6-1 illustrates the temperature contour utilized in all buckling analyses.
The load resulting from the fuel assembly weight was applied as pressure on the fuel
compartment plates of the basket. At 0° orientation, the pressure acted only on the
horizontal plates; while at 30° and 45° orientations, the pressure was divided in
components to act on both horizontal and vertical plates of the basket. The
pressures for different orientations are calculated below for 120g acceleration:
0° Orientation
Pressure for 1g, p = (fuel assembly weight)/[(panel span)(panel length)}
= (1,551 Ibm)/[(8.805 in)(160 in)] = 1.10094 psi
Pressure for 120g =120(1.10094) = 132.1124 psi
30° Orientation
Pressure for 1g pv = psin30° = 1.10094(0.50) = 0.5505 psi

pr = p cos30° = 1.10094(0.8660) = 0.9534 psi
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Pressure for 120g pv = p sin30° = 120(0.5505) = 66.0562 psi
pn = p cos30° = 120(0.9534) = 114.4127 psi
45° Orientation
Pressure for 1g pv = pn = pcos 45° = 1.10094(0.7071) = 0.7785 psi
Pressure for 120g =120(0.7785) = 93.4176 psi

The accelerations applied in each run are as follows.

Orientation (degrees) Inertial Load (g) ax (9) ay (g) az (g)
0 120 120.0 0 0
30 120 103.923 0 60.0
45 120 84.853 0 84.853

The load distributions for the 30° bounding case are shown in Figure 2.12.6-34.

2.12.6.3.3 Buckling Analysis and Results

2.12.6.4

A maximum load of 120g is applied to each analysis. For each analysis
corresponding to the temperature boundary condition and a side drop orientation
angle, the ANSYS® automatic time stepping option ‘AUTOTS' is activated. This
option allows the program to determine the actual size of the load sub-step for a
converged solution. The program stops at the load sub-step that fails to result in a
converged solution. The last load step with a converged solution is the buckling load.

The resulting buckling loads and factors of safety against the applied 51g drop load
are summarized in Table 2.12.6-10. Displacement and stress intensity plots at the
last converged sub-step (buckling load) for these load cases are shown in

Figure 2.12.6-35 through Figure 2.12.6-37 and Figure 2.12.6-38 through

Figure 2.12.6-40, respectively.

Since the computed buckling loads for the TN-32B HBU basket are greater, with
reasonable factors of safety than the maximum applied 51g deceleration, the basket
will not fail in buckling during the accident condition side drop event.

Fusion Welds

The testing program for the fusion welds ensures that the fusion weld is stronger than
the base metal. Section 2.12.6.2.2 calculates stresses in the base metal for normal
condition of transport and hypothetical accident conditions and demonstrates that the
calculated stresses are below the stress limits. [f the stresses in the base metal are
below the stress limits and fusion welds are stronger than the base metal, basket
integrity is maintained and the welds are qualified.

The testing requirement for the weld nugget is provided in Note 2 of drawing 19885-
71-6, Appendix 1.4.1. The testing program for the fusion welds that was implemented
during the basket fabrication is provided below:
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The fusion spot welds that attach the stainless steel tubes or adjacent structural
shapes were performed by the gas tungsten arc welding (GTAW) fusion welding
process, and were based on ANSI/AWS D1.3-89. This welding process produces a
nugget of weld metal with a minimum 1/2-inch diameter weld shear area at the
interface of the tubes and disk.

The GTAW machine welding parameters were preset and automated. For the
production phase GTAW fusion spot welds, a 100% percent visual inspection verified
the normality of the weld zone. In addition, a mechanical test of one test coupon from
each welding machine used verified proper machine settings and operation prior to
the start of each working shift. The acceptance criterion was failure of the base metal
prior to failure of the weld area, and a visual verification of a 1/2-inch diameter fused
weld zone. Any weld repairs were performed in accordance with weld repair
procedures (WRP).

The visual acceptance criteria for the fabricated welds were performed as follows:

o Welds located up to 24 inches from the openings of the basket assemblies and
directly visible were examined by direct visual inspection utilizing the same
acceptance criteria as the workmanship samples.

o All other welds were examined by a remote visual inspection utilizing mirrors and
auxiliary lighting. This inspection verified the location, configuration and
uniformity of the welds.

Excessive defects will be ground out by mechanical means and re-welded. Lack of
penetration was repaired by re-welding over the original weld zone. Re-inspection by
visual methods to original standards was required. The automated GTAW fusion
joining process was qualified utilizing the guidelines of American Society of
Mechanical Engineers (ASME) Boiler and Pressure Vessel (B&PV) Code Section I1X
and Section VIII Appendix 17.

As part of the weld qualification procedure, nine test specimens were prepared and
tested, and documented in a test report. All nine fusion spot welded specimens were
prepared and visually inspected for surface soundness, fusion, and external nugget
size. Three of the nine specimens were sectioned and microetched.

The acceptance criteria were as follows. The fusion zone shall be sound with
complete fusion along the bond line and a 3/32-inch weld penetration into the disk
component. There shall be complete freedom from cracks along the bond line and
the adjacent heat affected base metal. Small radial cracks at the center of the weld
shall be considered non-relevant unless they exceed 1/8-inch in length, as measured
from the center of the weld to the end of the crack. The diameter of the weld nugget
shall be at least 1/2 inch.

Undercut was considered non-relevant provided thorough fusion exists between the
weld and base metal around the circumference of the weld, and the length of the
undercut does not exceed 3/16 inch.

Weld reinforcement ranged from 0.10-inch cavity (dish) to 1/16 inch to preclude
interference with the test gage.
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2.12.6.5

2.12.6.6

One of the three sectioned specimens underwent weld zone analysis and testing for
delta ferrite in accordance with NF-2433.1 [2]. Delta ferrite testing was performed on
weld samples prepared from each combination of sheet and disk heats to be spot
welded together. The acceptance criterion was also in accordance with NF-2433.2.

Peel tests were performed on three other specimens, and the acceptance criteria
were as follows. The parent metal adjacent to the weld area must fail prior to the
weld. The weld nugget at the bond line shall be free of defects, and shall be at least
1/2-inch in diameter. Three test specimens shall mechanically be tested to failure.
The base metal must fail prior to the weld zone.

Conclusions

Linear elastic analyses with small deflection effects (NCT) and nonlinear analyses
with bilinear material properties and large deflections effects (HAC) were performed in
ANSYS® for the critical azimuth side drop orientations to determine the membrane
and membrane plus bending stresses in all basket components. It was shown that the
stresses from the side and end drops are below allowable stress limits for both NCT
and HAC free drop impacts. For the NCT analyses, steel tubes, including the
intermediate aluminum plates, are connected together in the out-of-plane direction so
that they will bend in unison under surface pressure or other lateral loading to
simulate the through thickness support provided by the aluminum and borated
aluminum plates. For the HAC analyses, the steel tube-aluminum plates, steel tube-
rails, and rail-containment interactions are modeled using 3-D node-to-node contact
elements that allow only compression in the contact normal directions and with zero
friction. The HAC analysis model has both material (bilinear kinematic hardening with
stress relaxation) and geometric nonlinearities (contact elements, stress stiffening
and large deflection effects).

The nonlinear HAC model was used to determine the critical buckling load for the
basket, except large displacement and stress stiffening options were used. The
buckling analyses are reported in Section 2.12.6.3. From these analyses, a minimum
buckling load of 92.75g was determined.

ANSYS® buckling analyses performed in Sections 2.12.6.3 and 2.12.6.5 for an 8-inch
sector assumes temperatures at the hottest section for the 100 °F ambient conditions.
The minimum calculated buckling load of 92.75g provides sufficient safety factors for
all loading conditions (basket baseline g loads are provided in Section 2.7.1 of
Chapter 2).
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Table 2.12.6-1
Material Properties for TN-32B HBU Cask Fuel Basket

. Temperature Sy Su E Om Density
Part Material (°F) (ksi) | (ksi) | (psix10%) | (infin/'F) | (Iomfin®)
70 35.00 | 42.00 10.0 -
Al SB.200 200 33.20 | 36.70 9.6 12.91 x 10%
uminum - , -6
Plates | Type 6061.7651 300 27.40 | 31.70 9.2 13.22 x 10 0.098
400 13.30 | 17,70 8.7 13.52 x 106
500 438 | 7.00 8.1 -
70 30.00 | 75.00 28.3 8.5x10° | 59051
Steel Typ; 304 300 22.50 | 66.00 27.0 9.9 x 10%
Plates 400 20.70 | 64.40 26.5 10.2 x 10 | 0.290
500 1940 | 6350 | 258 105 x 106 | (HAC)
Notes:

e Material properties are obtained from ASME B&PV Code Section Il Appendices [2]. Aluminum material
properties at elevated temperatures are obtained from aluminum standards and data 2.12.6.6. ANSYS®
accepts only a maximum of six property data points to be associated with temperature table.

e Thermal expansion coefficients for stainless steel are extracted from Reference [4].

e For NCT, linear elastic material properties are used. For HAC, 5% of the elastic modulus used as the tangent
modulus for stainless steel. For aluminum alloy, 1% of the elastic modulus is used as the tangent modulus.

e The material densities of the individual components are adjusted to capture missing weights / details that were
not modeled in ANSYS®. For NCT, the weights of aluminum and borated aluminum plates are included in the
weight of the stainless steel plates. For HAC, borated aluminum plate weights are included in the weight of
aluminum plates. Moreover, the densities of the stainless steel plates, aluminum plates and aluminum rails
are individually adjusted to match the weights of the basket parts.
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Table 2.12.6-2
Basket Structural Allowable Stresses, NCT

Material Temr(»s;)ature Pm ((Sk,;it))r S) Pm + Py (1(ksss|)m or 1.5S)
70 10.50 15.75
SB-209 300 8.40 12.60
Type 6061-T651 400 4.40 6.60

500 - -

70 20.00 30.00
SA-240 300 20.00 30.00
Type 304 400 18.70 28.05
500 17.50 26.25
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Table 2.12.6-3
Basket Structural Allowable Stresses, HAC

Material Tempoerature Pm (0.7Su or Sy+1/3[S.u-S,]) Pm + Py (0.9 Sy)
(°F) (ksi) (ksi)
70 37.33 37.80
SB-209 300 28.83 28.53
Type 6061-T651 400 14.77 15.93
500 5.25 6.30
70 52.50 67.50
SA-240 300 46.20 59.40
Type 304 400 45.08 57.96
500 44 .45 57.15

Note:

1. As nonlinear elastic-plastic analysis is used to evaluate accident conditions, the general membrane stress
intensity, Pm, shall not exceed the greater of 0.7Su and Sy+1/3(Su - Sy)
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Table 2.12.6-4
NCT 0° Side Drop, Basket Stress Analysis Results

Combonent Stress!! Stress Stress (13g) | Temperature | Allowable Stress
P Location Category (ksi) (°F) (ksi)
Max Stress Pm 4.90 364.3 19.16
Stainless Steel Pm+b 12.21 409.7 27.88
Boxes and Plates _ Pm 4.90 381.0 18.95
Min F.S.
Pm+b 12.21 412.6 27.82

Note:

1. Since the allowable stress is based on the temperature of the location where the stress is occurring, two
locations are reported: Max Stress and Min F.S., where:

Max Stress: Location where maximum stress is occurring regardless of the allowable stress at that

Min F.S.:

location

Location where the factor of safety is minimum, based on the allowable stress at that

location
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Table 2.12.6-5
NCT 45° Side Drop, Basket Stress Analysis Results
Component Stress!! Stress Stress (13g) | Temperature | Allowable Stress
P Location Category (ksi) (°F) (ksi)
Max Stress Pm 3.27 393.0 18.79
Stainless Steel Pm+b 9.88 399.6 28.06
Boxes and Plates i Pm 3.22 424.3 18.41
Min F.S.
Pm+b 9.87 405.6 27.95
Note:

1. Since the allowable stress is based on the temperature of the location where the stress is occurring, two
locations are reported: Max Stress and Min F.S., where:

Max Stress: Location where maximum stress is occurring regardless of the allowable stress at that
location

Min F.S.: Location where the factor of safety is minimum based on the allowable stress at that
location
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Table 2.12.6-6
HAC 0° Side Drop, Basket Stress Analysis Results
Component Stress!? Stress Stress (51g) | Temperature | Allowable Stress
P Location Category (ksi) (°F) (ksi)
Max Stress Pm 22.92 403.3 45.06
Stainless Steel Pm+ Po 30.45 390.2 58.10
Boxes and Plates Min E.S Pm 22.92 403.3 45.06
ne.s. Pm + Po 30.45 390.2 58.10
Pm 8.46 371.1 18.84
Aluminum Plate Max Stress P+ Po 18.79 377.3 18.79
Min F.S Pm 8.36 390.0 16.17
e Pm + Po 18.71@ 378.1 18.69@
Max Stress Pm 7.66 338.3 23.45
Aluminum Rails Pm+ Po 7.96 338.3 23.71
Type 1 . Pm 7.65 340.9 23.08
Min FS. Pm + Po 7.95 340.9 23.38
Max Stress Pm 9.43 297.8 28.91
Aluminum Rails Pm+ Po 25.86 300.4 28.48
Type 2 Pm 9.43 297.8 28.91
Min F.S.
inF.S P + Po 2585 302.9 28.16

Notes:

1. Since the allowable stress is based on the temperature of the location where the stress is occurring, two
locations are reported: Max Stress and Min F.S., where:

Max Stress: Location where maximum stress is occurring regardless of the allowable stress at that
location

Min F.S.: Location where the factor of safety is minimum based on the allowable stress at that
location

2. Pmsb stress slightly exceeds the allowable stress.
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Table 2.12.6-7
HAC 30° Side Drop, Basket Stress Analysis Results
Component Stres_s“) Stress Stress _(51g) Temperature AIIowabIe_ Stress

Location Category (ksi) (°F) (ksi)
Max Stress Pm 20.30 403.3 45.06
Stainless Steel Pm+ Po 30.74 390.2 58.10
Boxes and Plates : Pm 20.30 403.3 45.06
Min F.S. Pm + Po 30.74 390.2 58.10
Max Stress Pm 7.72 386.7 16.64
Aluminum Plates Pm+ Py 18.18 380.7 18.36
Min F.S. Pm 7.71 3874 16.54
Pm+ Py 17.34 387.7 17.48
Max Stress Pm 6.77 335.3 23.87
Aluminum Rails Pm+ Po 10.20 315.1 26.63
Type 1 . Pm 6.76 337.9 23.50
Min F.S. P + Py 10.20 315.1 26.63
Max Stress Pm 13.26 289.9 29.21
Aluminum Rails Pm+ Py 24.83 290.7 28.90
Type 2 Min F.S Pm 13.25 292.3 29.12
e Pm+ Py 24.81 293.2 28.81

Note:

1. Since the allowable stress is based on the temperature of the location where the stress is occurring, two
locations are reported: Max Stress and Min F.S., where:

Max Stress: Location where maximum stress is occurring regardless of the allowable stress at that
location

Min F.S.: Location where the factor of safety is minimum based on the allowable stress at that
location
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Table 2.12.6-8
HAC 45° Side Drop, Basket Stress Analysis Results
Component Stres_s“) Stress Stress _(51g) Temperature AIIowabIe_ Stress

Location Category (ksi) (°F) (ksi)
Max Stress Pm 19.59 387.5 45.22
Stainless Steel Pm+ Po 32.70 379.7 58.25
Boxes and Plates : Pm 19.59 387.5 45.22
Min F.S. Pm + Po 32.70 379.7 58.25
Max Stress Pm 7.70 373.0 18.57
Aluminum Plates Pm+ Py 18.69 370.3 19.67
Min F.S. Pm 6.63 392.2 15.86
Pm+ Py 17.18 388.1 17.43
Max Stress Pm 8.57 334.4 23.99
Aluminum Rails Pm+ Po 12.34 315.1 26.63
Type 1 . Pm 8.57 334.4 23.99
Min F.S. P + Py 12.34 315.1 26.63
Max Stress Pm 17.88 289.9 29.21
Aluminum Rails Pm+ Py 27.43 290.7 28.90
Type 2 Min F.S Pm 17.86 292.3 29.12
e Pm+ Py 27.35 293.2 28.81

Note:

Since the allowable stress is based on the temperature of the location where the stress is occurring, two
locations are reported: Max Stress and Min F.S., where:

Max Stress: Location where maximum stress is occurring regardless of the allowable stress at that
location

Min F.S.: Location where the factor of safety is minimum based on the allowable stress at that
location
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Table 2.12.6-9

HAC Cask Drop — Maximum Relative Deflection of the Basket at all Cell Compartments

Relative Deflection (inch)
Cell # 0 Degree Drop 30 Degree Drop 45 Degree Drop
UX uz ux uz UXx uz

1 0.010 0.011 0.006 0.017 0.003 0.023
2 0.011 0.010 0.008 0.006 0.005 0.006
3 0.011 0.001 0.011 0.001 0.010 0.002
4 0.012 0.011 0.005 0.006 0.001 0.010
5 0.004 0.006 0.008 0.021 0.007 0.028
6 0.005 0.002 0.005 0.004 0.004 0.005
7 0.002 0.002 0.001 0.002 0.000 0.002
8 0.001 0.011 0.002 0.006 0.002 0.005
9 0.005 0.005 0.005 0.004 0.004 0.006
10 0.004 0.007 0.002 0.005 0.002 0.007
11 0.004 0.002 0.006 0.013 0.006 0.019
12 0.009 0.002 0.008 0.002 0.008 0.002
13 0.009 0.002 0.009 0.002 0.008 0.002
14 0.009 0.004 0.008 0.005 0.006 0.007
15 0.009 0.002 0.007 0.003 0.006 0.004
16 0.004 0.002 0.006 0.004 0.006 0.007
17 0.003 0.003 0.004 0.013 0.003 0.018
18 0.002 0.008 0.002 0.004 0.003 0.003
19 0.006 0.011 0.005 0.006 0.004 0.004
20 0.006 0.001 0.005 0.006 0.004 0.008
21 0.002 0.001 0.002 0.003 0.002 0.004
22 0.004 0.001 0.003 0.008 0.002 0.010
23 0.020 0.007 0.018 0.014 0.017 0.023
24 0.004 0.012 0.002 0.004 0.002 0.003
25 0.004 0.011 0.004 0.005 0.004 0.004
26 0.004 0.001 0.004 0.004 0.004 0.004
27 0.004 0.003 0.005 0.006 0.004 0.009
28 0.020 0.002 0.021 0.011 0.021 0.015
29 0.029 0.002 0.026 0.008 0.021 0.015
30 0.033 0.005 0.029 0.003 0.024 0.003
31 0.033 0.002 0.029 0.002 0.023 0.002
32 0.029 0.005 0.026 0.009 0.021 0.012
Max 0.033 0.012 0.029 0.021 0.024 0.028
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Table 2.12.6-10

Nonlinear Buckling — Results Summary

Basket Side Maximum Load Used in Analyses Last Ac.tual Factor
Drop | e eration | Prossure | Proscure. | Load | ' Load | J°f
Orientation ) (psi) (psi) @) (©) Safety
0° 120 132.11 0 93.00 51 1.82
30° 120 66.056 114.41 92.75 51 1.82
45° 120 93.418 93.418 97.38 51 1.91
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286.428 326.584 366.739 406.895 : 447.051 |
306.506 346.662 ~ 386.817 426.973 467.128
TN-32B HBU Basket Stress Analysis

Figure 2.12.6-1
HAC Temperature Boundary Condition
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TN-32B HBU Basket Stress Znalysis v 0°

Figure 2.12.6-2
Basket Drop Orientations — HAC Side Drop
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TYPE NUM

TN-32B HBU Basket Stress Analysis

Figure 2.12.6-3
NCT Finite Element Model for Lateral Load Evaluation
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Figure 2.12.6-4
NCT Displacement Constraints — 45° Side Drop
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TYPE NUM
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TN-32B HBU Basket Stress Analysis

Note: Contact, beam and spring elements were unselected (hidden) for simplification in this view.

Figure 2.12.6-5
HAC Finite Element Model for Lateral Load Evaluation
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TYPE NUM

TN-32B HBU Basket Stress Analysis (Zoom View near Center)

Figure 2.12.6-6
HAC Finite Element Model for Lateral Load Evaluation — Zoom View near Center
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BKIN Table For Material 1
Ti= 70.000
T2= 200.00
T3= 300.00
Td4= 400.00
T5= 500.00
(®10%*1)
4000
3600
T1
3200
2800 ma
2400
T5
SIG 2000
1600
1200
800
400
0 (X10%*-3)
0 8 1.6 2.4 3.2 4
4 1.2 2 2.8 3.6
EPS
TN-32B HBU Basket Stress Analysis

Figure 2.12.6-7
Material Properties — SA-240 Type 304 — ANSYS® BKIN Model
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BKIN Table For Material 2
Ti= 70.000
T2= 200.00
T3= 300.00
Td4= 400.00
T5= 500.00
(®10%*1)
4000
3600 T1
3200
2800 T3
2400
SIG 2000
1600
1200
800
I'5
400
0 (X10%*-2)
0 .25 .5 75 1 1.25
.125 .375 625 .875 1.125
EPS
TN-32B HBU Basket Stress Analysis

Figure 2.12.6-8
Material Properties — SB-209 Type 6061-T651 — ANSYS® BKIN Model
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TN-32B HBU Basket Stress Analysis — 0 Degrees Side Drop — 13g Leading

Figure 2.12.6-9
Loading Boundary Conditions — NCT Side Drop — 0°
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TN-32B HBU Basket Stress Analysis — 45 Degrees Side Drop — 13g Loading

Figure 2.12.6-10

Loading Boundary Conditions — NCT Side Drop — 45°
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TN-32B HBU Basket Stress Analysis — 0 Degrees Side Drop — 51g Leoading

Figure 2.12.6-11
Loading Boundary Conditions — HAC Side Drop — 0°
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28.0739

30.357

32.640

34.924

37.207

39.491

41.774

44.058

46.341

48.6254

TN-32B HBU Basket Stress Analysis - 30 Degrees Side Drop - 51g Loading

Figure 2.12.6-12
Loading Boundary Conditions - HAC Side Drop — 30°
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TYPE NUM

PRES-NORM _

39.7025

TN-32B HBU Basket Stress Analysis — 45 Degrees Side Drop — blg Loading

Figure 2.12.6-13
Loading Boundary Conditions — HAC Side Drop — 45°
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TN-32B HBU Basket Stress Analysis — 0 Degrees Side Drop — 13g Loading

Figure 2.12.6-14
NCT 0° Side Drop — Stainless Steel Plates — Membrane plus Bending Stress Intensity at
Bottom Face
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A x
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.049956 .147175 .244395 .341615 .438835
TN-32B HBU Basket Stress Analysis — 0 Degrees Side Drop — 13g Loading

Figure 2.12.6-15
NCT 0° Side Drop — Stainless Steel Plates — Primary Membrane plus Bending Stress
Ratio Plot — Bottom Face
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938E-03 079244 157549 235855 314161

. 3 E— . 7 . = . .

” .040091 .118396 .196702 .275008 .353314
TN-32B HBU Basket Stress Analysis — 45 Degrees Side Drop — 13g Loading

Figure 2.12.6-16
NCT 45° Side Drop — Stainless Steel Plates — Primary Membrane plus Bending Stress
Ratio Plot — Bottom Face
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STEP=1
SUB =12

TIME=1 %
SINT (AVG)
BOTTOM

RSYS=0

DMX =.055222
SMN =31.42
SMX =30454.6

1.42 6792.12 52.8 20 5 27074.2
31.4 92. 13552. 313. 7074.
N 3411.77 10172.5 ° 16933.2 23693.9 30454.6
TN-32B HBU Basket Stress Analysis — 0 Degrees Side Drop — 51g Loading

Figure 2.12.6-17
HAC 0° Side Drop — Stainless Steel Plates — Membrane plus Bending Stress Intensity at
Bottom Face

Page 2.12.6-40



TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

STEP=1

SUB =12

TIME=1 Y
SINT (AVG) >
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SMX =30740.5

48.7488 6869.14 13689.5 20509.9 27330.3 :
3458.95 10279.3 7 17099.7 ’ 23920.1 ” 30740.5
TN-32B HBU Basket Stress Analysis — 30 Degrees Side Drop — 51g Loading

~J

Figure 2.12.6-18
HAC 30° Side Drop — Stainless Steel Plates — Membrane plus Bending Stress Intensity at
Bottom Face
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STEP=1

SUB =12

TIME=1 ¥
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TN-32B HBU Basket Stress Analysis — 30 Degrees Side Drop — 51g Loading

Figure 2.12.6-19
HAC 30° Side Drop — Aluminum Plates — Membrane plus Bending Stress Intensity at
Bottom Face
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STEP=1

SUB =12

TIME=1 ¥
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TN-32B HBU Basket Stress Analysis — 45 Degrees Side Drop — 51g Loading

Figure 2.12.6-20
HAC 45° Side Drop - Stainless Steel Plates — Membrane plus Bending Stress Intensity at
Top Face
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STEP=1

SUB =12

TIME=1 ¥
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TN-32B HBU Basket Stress Analysis — 45 Degrees Side Drop — 51g Loading

Figure 2.12.6-21
HAC 45° Side Drop — Aluminum Plates — Membrane plus Bending Stress Intensity at
Bottom Face
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TN-32B HBU Basket Stress Analysis — 0 Degrees Side Drop — 5lg Loading

Figure 2.12.6-22
HAC 0° Side Drop — Stainless Steel Plates — Primary Membrane plus Bending Stress
Ratio Plot — Bottom Face
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TN-32B HBU Basket Stress Znalysis — 0 Degrees Side Drop — 51g Loading

Figure 2.12.6-23
HAC 0° Side Drop — Aluminum Plates — Primary Membrane plus Bending Stress Ratio
Plot — Bottom Face
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TN-32B HBU Basket Stress Analysis — 30 Degrees Side Drop — 51g Leading

Figure 2.12.6-24
HAC 30° Side Drop — Stainless Steel Plates — Primary Membrane plus Bending Stress
Ratio Plot — Bottom Face
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TN-32B HBU Basket Stress Analysis — 30 Degrees Side Drop — 51g Leading

Figure 2.12.6-25
HAC 30° Side Drop — Aluminum Plates — Primary Membrane plus Bending Stress Ratio
Plot — Bottom Face
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TN-32B HBU Basket Stress Analysis — 45 Degrees Side Drop — 51lg Leading

Figure 2.12.6-26
HAC 45° Side Drop — Stainless Steel Plates — Primary Membrane plus Bending Stress
Ratio Plot — Top Face
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TN-32B HBU Basket Stress Analysis — 45 Degrees Side Drop — 51g Leading

Figure 2.12.6-27
HAC 45° Side Drop — Aluminum Plates — Primary Membrane plus Bending Stress Ratio
Plot — Top Face
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TN-32B HBU Basket Stress Analysis — Thermal Stress

Figure 2.12.6-28
Thermal Stress Analysis Model with Boundary Conditions
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TYPE NUM

TN-32B HBU Basket Stress Analysis — Themal Stress

Note:

1. Some elements were unselected (hidden) to show the BEAM188 and CONTACS52 elements through the

thickness of the basket section.
2. Model 1 & Model 2 are essentially same except for the difference in the thickness of aluminum plate and
center to center distance between aluminum and stainless steel plates.

Figure 2.12.6-29
Thermal Stress Analysis Model — Cut Section View
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TN-32B HBU Basket Stress Analysis — Modell Thermal Stress at 470F

Figure 2.12.6-30
Thermal Stress Analysis — Model 1 — Maximum Stainless Steel Stress Intensity
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TN-32B HBU Basket Stress Analysis — Modell Thermal Stress at 470F

Figure 2.12.6-31
Thermal Stress Analysis — Model 1 — Maximum Aluminum Stress Intensity
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TN-32B HBU Basket Stress Analysis — Model? Thermal Stress at 470F

Figure 2.12.6-32
Thermal Stress Analysis — Model 2 — Maximum Stainless Steel Stress Intensity
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TN-32B HBU Basket Stress Analysis — Model? Thermal Stress at 470F

Figure 2.12.6-33
Thermal Stress Analysis — Model 2 — Maximum Aluminum Stress Intensity

Page 2.12.6-56



TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

TYPE NUM
ACEL
PRES—ORM

66.0562

71.4292

76.8021

82.1751

87.548

92.9209

98.2939

103,667

109.04

114.413

:

ST

TN-32B HBU Basket Nonlinear Buckling Analysis — 30 Deg — 120g Loading

Figure 2.12.6-34
Nonlinear Buckling - Loading Boundary Conditions - Side Drop — 30°
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TN-32B HBU Basket Nonlinear Buckling Analysis — 0 Deg — 93g Loading

Figure 2.12.6-35
Nonlinear Buckling — Basket Displacement at Buckling Load — Side Drop — 0°
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Figure 2.12.6-36

Nonlinear Buckling — Basket Displacement at Buckling Load — Side Drop — 30°
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TN-32B HBU Basket Nonlinear Buckling Analysis — 45 Deg — 97.375g Loading

Figure 2.12.6-37
Nonlinear Buckling — Basket Displacement at Buckling Load — Side Drop — 45°

Page 2.12.6-60



TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

DMX =.389178

=2.41537
SMX =63241.9

N
s
o
o0
N
(@)

N
(o8]
O
=
\O

56215.3

63241. 9.

EEENEEREN
NEEENR’

L

™ :

IN-32B HBU Basket Nonlinear Buckling Analysis — 0 Deg — 93g Loading

Figure 2.12.6-38
Nonlinear Buckling — Basket Stress Intensity at Buckling Load — Side Drop — 0°
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TN-32B HBU Basket Nonlinear Buckling Analysis — 30 Deg — 92.75g Loading

Figure 2.12.6-39
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Nonlinear Buckling — Basket Stress Intensity at Buckling Load — Side Drop — 30°
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TN-32B HBU Basket Nonlinear Buckling Analysis — 45 Deg — 97.375g Loading

Figure 2.12.6-40
Nonlinear Buckling — Basket Stress Intensity at Buckling Load — Side Drop — 45°
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Appendix 2.12.7
Dynamic Load Factor for Basket Drop Analysis
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2.12.71

2.12.7.2

Dynamic Load Factor for Basket Drop Analysis
Introduction

This appendix presents the modal analysis of the TN-32B HBU demonstration cask
fuel basket. The TN-32B HBU demonstration cask basket is analyzed for 30 foot end
and side drop accidents in Appendix 2.12.6 using equivalent static methods. The
equivalent static loads for the drop evaluations of the TN-32B HBU demonstration
cask basket are determined by multiplying the baseline rigid body accelerations (as
discussed in Section 2.7.1) by the corresponding dynamic load factor (DLF). The
purpose of the evaluation in this section is to determine the DLF. The DLF is a
function of the rise time of the applied load, the duration of the load, the shape of the
load, and the modal frequencies of the structure. This section determines the
fundamental frequencies of the basket which have the most significant effect on the
response of the basket to the 30 foot drop impact. Utilizing the fundamental
frequencies of the basket structure, the DLF is determined from the curve shown in
Figure 2.12.7-7, which is extracted from NUREG/CR-3966 [1]. The results provide
the DLFs for a half-sine-wave as a function of the ratio of the impulse duration to the
natural period of the structure. The half sine wave is used because it provides a
reasonable approximation of the actual load experienced by the cask during a drop
event.

Modal Analysis of Basket Side Drop Loading Condition

Finite Element Model

Modal analyses were run using an ANSYS® [2] finite element analysis (FEA) model
similar to that described in Appendix 2.12.6. The modal analyses were performed for
0, 45, 90-degree side drops, and an end drop condition. Due to the basket structure
symmetry, these orientations are assumed to envelop all other orientations. The
model utilizes a 16-inch sector of the basket, and is modeled using solid elements
and modified such that the fuel weight is included as mass instead of pressure for the
modal analysis. The meshed FEA model is shown in Figure 2.12.7-1.

The FEA model is based on nominal dimensions from the basket geometry (Drawing
19885-71-6). There are a few minor differences between the drawing’s geometry and
the FEA model. These differences include omissions of insignificant details, such as
corner fillets and small notches. These are deemed minor and hence the resulting
DLF will not measurably change.

The maximum temperature for fuel compartments during normal conditions of
transport (NCT) of 100 °F is 463 °F without solar insolation and 468 °F with solar
(refer to Table 3-1). For conservatism, the basket was assumed to be at the highest
value of 468 °F.
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Boundary Conditions

For the side drop conditions, at the two cut faces, symmetry boundary conditions are
applied (e.g., UX = ROTY = ROTZ = 0). The FEA model uses a 16-inch section of
the basket, allowing for the symmetry condition to be established on the cut faces in
the axial direction. At the outer aluminum plate surfaces (i.e., on the drop side
support face), displacement supports constrain translation in the direction parallel and
tangential to the drop angle, while the axial direction is free. At the outer aluminum
plate surfaces (i.e., perpendicular to the drop side support face), displacement
supports constrain translation in the direction perpendicular and tangential to the drop
angle, while the axial direction is free. These boundary conditions were chosen to
eliminate modes of vibration that are incompatible with the physics of the drop. For
instance, side-to-side modes are not important because they are restrained by the
cask rails and cask wall and more importantly, because they will have no modal
weight in the drop direction and therefore will not be activated by the drop. Boundary
conditions for the 0° side drop modal analysis typical to the other side drop
orientations are shown in Figure 2.12.7-2.

For the end drop condition, all outer aluminum plate surfaces are frictionless supports
constraining translation in the direction perpendicular to the drop angle, while the
tangential and axial directions are free. For the ends, the symmetry boundary
condition does not apply. Rather, frictionless support is provided on the end drop
face only, constraining translation in the direction parallel to the drop angle, while the
lateral directions are free.

Material Properties

For FEA modal analyses, the required material properties are Young’s modulus,
Poisson’s ratio, and density. The stainless steel fuel compartment boxes are
constructed of ASTM SA-240, Type 304 stainless steel alloy, while the plugs are
ASTM SA-479, Type 304 stainless steel. The aluminum plates and basket periphery
plates are constructed of ASTM SB-209, Type 6061-T6 aluminum alloy. The borated
aluminum plates are considered ASTM SB-209, Type 6061-T6 aluminum. The
following material properties at 468 °F are used [3]:

For SA-240, Type 304 or SA-479, Type 304 at 468 °F:
E = 26.024 x 10° psi
NU= 0.29
pstt = 0.29 Iby/in®
For SB-209, 6061-T6 at 468 °F:
E = 8.292 x 10° psi
NU= 0.33
paL= 0.098 Ibn/in®

The weight of the fuel (1,551 Iby,) was added to the steel basket density and resolved
to 1/10 the 160-inch overall fuel length, matching the FEA model length of 16 inches.
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2.12.7.3

The fuel bounding area is taken over the basket fuel box width of 8.70-inch square
fuel basket and the 160-inch maximum fuel box length. The fuel box compartment
wall is 0.105 inches thick.

Except for the end drop condition, the steel modified density is increased by
projecting the volume over the length of the steel basket lower surface for the 0° and
90° drop and the lower and side surface for the 45° drop, as follows:

1551/10

Trmiecoton = 1090 Ib,

Psti.mod = Pstl

n 1551/10
(8.7x16x0.105+8.7x16X0.105)

Psti.mod.a5 = Pstl = 5.5961b,

Results of the Modal Analysis

The first six modal natural frequencies for each drop angle are summarized in the
following table. The deformed mode shape plots for the first mode of each drop are
shown in Figure 2.12.7-3, Figure 2.12.7-4, Figure 2.12.7-5, and Figure 2.12.7-6.

Results Summary - Natural Frequencies

Frequency (Hz)
Mode 0° Drop 45° Drop 90° Drop End Drop
1 308.9 235.37 328.11 473.08
2 371.59 249.71 384.58 475.4
3 417.08 296.38 411.28 493.9
4 503.25 319.43 503.13 496.49
5 615.58 340.61 543.85 1139.7
6 618.03 373.8 556.71 1241.9

Dynamic Load Factor Calculations

The DLF is computed for the end and side drops. The impact duration from the
LS-DYNA® Model (Appendix 2.12.9) is used to establish the impulse time for the DLF
calculation.

From the ratio t/T in Figure 2.12.7-7, the DLF can be determined. Of note,
NUREG/CR-3966 [1] terms the DLF as the dynamic amplification factor (DAF). A
shorter duration peak provides a lower ratio, with ratios below three providing the
highest possible DLF.

For the side drop, the shortest total peak duration is 15.2 milliseconds (ms) for the
NCT cold side drop acceleration (15.9 — 0.7 ms). For the end drop, the shortest total
peak duration is 6 ms for the NCT cold end drop acceleration.
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The DLF for end and side drops are calculated, using Figure 2.12.7-7 as the equation
for the DLF determination. From above, bounding values for the impulse duration are
15.2 ms and 6 ms for the side drop and end drop, respectively. In addition, the
lowest natural frequencies are provided in the above table as 235.37 Hz for the side
drop and 473.08 Hz for the end drop. The natural period of the basket is the inverse
of the lowest natural frequency (1/f). In the following table, the resultant DLF is
calculated as 1.11 for the end drop and 1.13 for the side drop.

Dynamic Load Factor Calculations

Natural Natural Time Impulse DLF
Drop Frequency, f Period, T Duration, t Ratio (from
Orientation (Hz) (Sec.) (Sec.) tT Figure 2.12.7-7)
End Drop 473.08 0.00211 0.006 2.84 1.11
Side Drop 235.37 0.00425 0.0152 3.58 1.13
2.12.7.4 References

1. T.A.Nelson, R. C. Chun, “Methods for Impact Analysis of Shipping Containers,”
U.S. Nuclear Regulatory Commission, NUREG/CR-3966, November 1987.

ANSYS® MAPDL and Workbench, Version 17.1, ANSYS Inc., Canonsburg, PA.

ASME Boiler and Pressure Vessel Code, Section II-D “Section Il Materials, Part

D - Properties — Includes 1992 Edition, July 1, 1992 with 1992 Addenda,”

December 31, 1992.
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Figure 2.12.71
TN-32B HBU Basket Finite Element Model
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Figure 2.12.7-2
TN-32B HBU Boundary Conditions of 0° Side Drop
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Figure 2.12.7-3
0° Side Drop - 1st Mode
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Figure 2.12.7-4
45° Side Drop - 1st Mode
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Figure 2.12.7-5
90° Side Drop - 1st Mode
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Figure 2.12.7-6
End Drop - 1st Mode
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Figure 2.12.7-7
DLF Relationship for Cask with an Impact Limiter
(Reproduced from Figure 2.15 of Reference [1])
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Appendix 2.12.9
Structural Evaluation of the Impact Limiters
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2.12.9.2

Structural Evaluation of the Impact Limiters
Introduction

This appendix is used to predict the accelerations and deformation of the impact
limiters (ILs) for multiple orientations of normal conditions of transport (NCT) and
hypothetical accident condition (HAC) free drops per 10 CFR Part 71 [1]. The
performance of the TN-32B HBU cask ILs is modeled utilizing a representation of the
1/3-scale TN-40 IL test unit described in Appendix 2.12.10. The analysis utilizes LS-
DYNA® [2] to predict the acceleration (g-loads) of the TN-32B HBU demonstration
cask in various situations and orientations.

Impact Limiter Design Comparison

The design of the TN-32 HBU demonstration cask ILs is nearly identical to the TN-40
IL design. The characteristics described herein for the TN-40 cask are found in the
TN-40 SAR [3]. The characteristics for the TN-32B HBU demonstration cask ILs are
found in Section 1.4.1 and Section 2.1.3.

The weights of the two packages are nearly identical with the gross weight of the
TN-40 package at 271.5 kips, and the maximum gross weight of the TN-32B HBU
demonstration cask at 269.0 kips. Key dimensions of the packages and the ILs are
provided in Table 2.12.9-1.

Methodology

The simulations seek to bound the response of the TN-40 1/3-scale test unit
(Appendix 2.12.10), and, therefore, bound the response of the TN-32B HBU cask,
which is of similar design, size, and weight as the TN-40 cask. The ILs are modeled
in full symmetry to capture the out-of-symmetry plane response of the internal IL
gussets. The cask body, lid, and payload are not explicitly modeled, but are
epresented by a rigid solid cylinder that approximates that of the 1/3 scale test unit
(Assumption 1). The inertial properties are calculated by hand and are assigned
directly to the model based on the dimensions of the test unit.

The package model simulation represents a drop on a completely rigid drop pad to
analyze the energy absorbing capabilities of the ILs when subjected to the testing
requirements of 10 CFR Part 71. The package is initially positioned with its lowest
point against the drop pad with an appropriate initial velocity representing an initial
drop height of either 1 foot for the NCT free drop (10 CFR 71.71) or 30 feet for the
HAC free drops (10 CFR 71.73). The package free drops are simulated at various
impact orientations for both warm and cold ambient temperature conditions. Refer to
Figure 2.12.9-1 for a view of the finite element analysis (FEA) model. The set of
simulations includes the following:

1. NCT cold 0° side drop, with adjustments to stiffen the wood core material, to
determine the highest transverse acceleration on the package during normal
conditions of transportation,

2. NCT warm 0° side drop, with adjustments to soften the wood core material, to
determine the highest transverse deformation on the package during normal
conditions of transportation,
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3. NCT cold 90° end drop, with adjustments to stiffen the wood core material to
provide input accelerations for dependent structural calculations,

4. NCT warm 90° end drop, with adjustments to soften the wood core material, to
determine the highest axial deformation on the package during normal conditions
of transportation,

5. HAC cold 0° side drop, with adjustments to stiffen the wood core material, to
determine the highest transverse acceleration on the package,

6. HAC warm 0° side drop, with moisture content adjustments to soften the wood
core material, to demonstrate that the trunnions will not strike the surface of the
drop pad,

7. HAC cold 20°, slapdown, with adjustments to stiffen the wood core material, to
determine the highest combined axial and transverse acceleration on the
package,

8. HAC warm 20°, slapdown, with adjustments to soften the wood core material, to
determine the highest combined axial and transverse acceleration on the
package,

9. HAC cold 64° center of gravity (CG) drop, with adjustments to stiffen the wood
core material, to demonstrate that the ILs provide the package adequate edge
protection in the stiffer case,

10. HAC warm 64° CG drop, with adjustments to soften the wood core material, to
demonstrate that the ILs provide the package adequate edge protection in the
softer case,

11. HAC cold 90° end drop, with adjustments to stiffen the wood core material, to
obtain the highest axial acceleration, and

12. HAC warm 90° end drop, with adjustments to soften the wood core material, to
compare against drop test results.

The material properties for these simulations are based on properties from the Wood
Handbook [5] and cases documented in Appendix 2.10.8 of the TN-40 SAR [3].

Other than remaining attached to the cask, there are no specific acceptance criteria
for the IL performance characteristics evaluated in this document. The IL provides no
protection from the HAC fire event. The IL design is driven by the cask’s ability to
remain leaktight and maintain adequate biological shielding, both of which are
demonstrated by analysis in separate calculations.

2.12.9.21 Material Properties

Both the TN-32B HBU and the 1/3-scale test unit ILs are fabricated primarily from
Type 304 stainless steel with a wood core consisting of redwood and balsa wood
(see Section 1.4.1 and Appendix 2.12.10). The ILs are secured to the cask body with
ASTM A540, Grade B21, (Class 1 on the test unit and Class 2 on the TN-32B HBU
cask) hex bolts, and are connected to each other with tie-rods fabricated from ASTM
A193, Grade B7 steel. The cask body and puncture plate are not explicitly modeled,
but are included as a rigid body (Assumption 1). These materials are assigned a
typical elastic modulus for steel.
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2.12.9.2.2 Impact Limiter Shell Material

The cask IL shell, gussets, and bolt bosses are modeled with ASTM A240/ASME SA-
240 Type 304 stainless steel using a plastic kinematic material for all simulations (LS-
DYNA® Material Model 3). The temperature of the steel ranges from -20 °F (cold
ambient temperature) to 23 °F for the cold case, and 100 °F to 145 °F for warm drop
case (Section 3.1.3).

The following properties are from Reference [4], and are converted to true stress-
strain as shown below. The elastic modulus of Type 304 (18Cr-8Ni) stainless steel is
for Material Group G found in Table TM-1, while the yield stress is found in Table Y-1.
The ultimate strength is found in Table U. The ultimate strain is considered as the
elongation from Table 2 from the material specification for SA-240 in Part A of the
American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel
(B&PV) Code. These values are presented in Table 2.12.9-2, along with the
calculated values for true stress, strain, and the tangent modulus, which are
calculated below for the cold ambient temperature range of -20 °F to 100 °F.
Calculation of the warm data (100 °F ambient with a peak shell temperature of

145 °F) is not explicitly shown. A value of 0.31 is used for Poisson’s ratio in the
model (Table PRD of Reference [4]).

o True Yield Stress: Syt = Sy (1 + (% + 0.002)) = 30.1 ksi
e  True Ultimate Stress: Sut = Su(1 + ey) = 105.0 ksi

o True Yield Strain: eye = In (1 +(2+ 0.002)) = 0.00306
e True Ultimate Strain: gut = In(1 +¢€,) = 0.336

e True Tangent Modulus: Tiant = i‘:z%i;: = 225.0 ksi

These values are utilized for the cold (-20 °F ambient) simulations, which is
reasonable for the desired simulation data. The impact accelerations and crush
deformations will not be significantly affected by the change in strength of the
stainless steel IL shell going outside the range of -20 °F to 23 °F. The high
temperature region is highly localized to the steel surrounding the cask body, which is
also backed by the relatively rigid structure of the cask. In addition, the simulation
results are predominantly driven by the crush strength of the redwood components of
the core.

The 1/4-inch thick shell is thin compared to the 144-inch IL outer diameter and would
contribute much less to the energy absorption capacity of the IL. The change to the

crush strength of the IL steel shell due to the temperature variation is assumed to be
negligible.

212.9.2.3 Impact Limiter Bolting Material

The IL attachment bolt material in the 1/3-scale model is ASTM A540, Grade B21,
Class 1 steel. The IL bolt washer is also steel. The IL bolts and washers utilize the
plastic kinematic material model 3 for LS-DYNA®.
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The modulus of elasticity is 29.0 x 10° psi (for 1Cr-1/2Mo-V, the material group is C in
Table TM-1 of Reference [4]) and Poisson’s ratio is input as 0.30 in Table PRD of
Reference [4]. The elastic-plastic curve is represented by a bilinear curve with a yield
strength of 150 ksi and an ultimate strength of 165 ksi at 10% elongation [4]. The
tangent modulus for the slope of the plastic curve is determined below along with the
true stress-strain properties.

Alloy ASTM A540, Grade B21, Class 1 at 70 °F
e Elastic Modulus (200 °F): E = 29,000 ksi

e Yield Stress: Sy = 150.0 ksi

e Ultimate Stress: Su = 165.0 ksi

o Elongation: €, = 0.10

e Density: p = 0.280Ib,,/in3

o True Yield Stress: Syt = Sy (1 + (% + 0.002)) = 151.1 ksi
e  True Ultimate Stress: Sut = Su(1 +e,) = 181.5ksi

«  True Yield Strain: ey = In (1 +(2+ 0.002)) = 0.0071

e  True Ultimate Strain: gut = In(1 + €,) = 0.095

e  True Tangent Modulus: Teant = ::i;: = 345.8 ksi

2.129.24 Impact Limiter Tie-Rod Material

The IL tie-rod material in the 1/3-scale model is ASTM A193, Grade B7 steel. The IL
tie-rods use the plastic kinematic material model 3 for LS-DYNA®.

The modulus of elasticity is 29.0 x 108 psi (for 1Cr-1/5Mo, the material group is C in
Table TM-1 of Reference [4]) and Poisson’s ratio is input as 0.30 in Table PRD of
Reference [4]. The elastic-plastic curve is represented by a bilinear curve with a yield
strength of 105 ksi and an ultimate strength of 125 ksi at 16% elongation [4]. The
tangent modulus for the slope of the plastic curve is determined below, along with the
true stress-strain properties.

Alloy ASTM A193, Grade B7 at 70 °F
e Elastic Modulus (200 °F): E = 29,000 ksi

e Yield Stress: Sy = 105.0 ksi

e Ultimate Stress: Sy = 125.0 ksi

e Elongation: €, = 0.16

e Density: p = 0.280 Ib,,/in3

o True Yield Stress: Syt =S, (1 +(2+ 0.002)) = 105.6 ksi
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2.12.9.2.5

2.12.9.2.6

e  True Ultimate Stress: Sut = Sy(1 +e,) = 145.0 ksi
o True Yield Strain: eye = In (1 +(2+ 0.002)) = 0.0056
e  True Ultimate Strain: eut = In(1 +€,) = 0.148
e True Tangent Modulus: Teant = i“‘_zyt = 276.7 ksi
ut— eyt
Essentially Unyielding (Rigid Body) Material

The cask, payload, and drop pad are modeled with the rigid material model 20 for
LS-DYNA®. This material does not absorb energy and no stresses or strains are
calculated for it. The density of each component is controlled to model the
appropriate weight of the item. The elastic modulus and Poisson’s ratio of steel are
used, but only relevant to the contact algorithms. The cask, payload, and drop pad
are constrained through their respective rigid material definition. The base of the
drop pad is constrained in all directions and all rotations, which makes it a completely
immovable target surface.

Impact Limiter Wood Material

LS-DYNA® Material Type 126, *MAT_MODIFIED_HONECOMB, is utilized to
represent both balsa wood and redwood. This material type has three yield surfaces
available, of which only the first yield surface was chosen due to the uncoupled
nature of its load curves. This material model works with solid element formulations
0, 1, 2, and 9. Solid element formulation is defined in the section card as Type 1;
therefore, the local stress-strain curves (e.g., Eaau, Ebbu, and Eccu) are uncoupled
until the material reaches its fully compacted point. This point occurs at 60% strain
for redwood and 80% strain for balsa wood (Section 2.10.8.4.2 of the TN-40 SAR [3]).
Note that with this material type it is essential to maintain the stress values of the
stress-strain curve greater than zero.

This material type requires hourglass control type 2, Flanagan-Belytschko viscous
form, which is defined within the core material section card.

Material Coordinate System

The coordinate system for the core material properties is aligned with the axis of the
cask. The a-axis of the system is aligned with the axis of the cask. The b-axis
extends along the global z-axis. The c-axis is orthogonal to the other two axes and
points downward when the cask is oriented for a side drop. The defining vectors for
this coordinate system are defined for coordinate with AOPT=2.0, as shown in Figure
2-3 of the LS-DYNA® Keyword User’s Manual, Volume Il [6].
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Redwood Material Properties

The redwood may be aligned either with its grain perpendicular or parallel to the axis
of the cask. When aligned perpendicular to the package centerline, the longitudinal
properties will be oriented with the b-axis, the radial will be oriented with the a-axis,
and the tangential will be oriented with the c-axis. When aligned parallel to the
package centerline, the longitudinal properties will be oriented with the a-axis, the
radial will be oriented with the c-axis, and the tangential will be oriented with the b-
axis.

The IL wood has an average value of 109 °F in the upper IL and 111 °F in the lower
IL (Section 3.1.3) when exposed to the hottest environmental loads (i.e., the 100 °F
ambient NCT with insolation thermal case). A value of 120 °F is used for the warm
drop cases for both ILs. The average wood temperature of the upper and lower ILs
drops to -17 °F in the -20 °F ambient NCT case. A temperature of -20 °F is used for
both ILs in the cold drop cases.

A value of 12% moisture content will be used for the warm cases and a value of 6%
will be utilized for the cold cases to properly bound the deformation and acceleration
in the warm and cold cases, respectively.

Per the IL drawings (Section 1.4.1), the allowable density for redwood in the design is
from 18.7 to 27.5 Ibn/ft3 with a nominal value of 23.1 lbm/ft® (3.4596x10 Ib-s?/in*).
The value is adjusted to increase the weight of the ILs to the approximate weight
listed in the weight calculation. A value of 4.240 x 10 Ib+-s?/in* is used in the model.

Elastic Moduli

In general, the elastic moduli of wood decrease as the moisture content of the wood
increases. The moisture content for both balsa and redwood in the IL is limited to a
range of 6 to 12% (Section 1.4.1). In this evaluation, the warm material properties
are calculated based on elastic moduli at 12% moisture content while cold material
properties are calculated based on elastic moduli at 6% moisture content.

Warm Properties

The longitudinal modulus of elasticity from the Wood Handbook for old-growth at 12%
moisture content is 1.34 x 108 psi (Table 5-3b of Reference [5]).

Longitudinal Modulus of Elasticity: E;, = 1.34 X 10° psi

The change in the elastic modulus due to the 120 °F temperature is extrapolated from
the values found in Table 5-15 of Reference [5]. The percent change at 12%
moisture content is:

__ 120 °F—(68 °F)

PEw = T35 ceam (7% — 0%) + 0% = —6.7%

The longitudinal elastic modulus decreased to:

Longitudinal Modulus of Elasticity: Epp = E12(1 + pgw) = 1.25 X 10°psi
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The radial and tangential direction modulus of elasticity are 0.087¢;;,, and 0.089¢;,,
respectively (based on the ratios from Table 5-1 of the Reference [5]). The three
moduli of rigidity, from the wood handbook, are G, = 0.066¢€,y,, Gy, = 0.077€;,, and
Gea = 0.011€,;,. The values, with the wood grain aligned perpendicular to the axis of
the cask, are calculated below.

Radial Modulus of Elasticity: E., = 0.087E, = 1.09 x 10° psi
Tangential Modulus of Elasticity: Ecc = 0.089E,, = 1.11 x 10° psi
Radial/Longitudinal Shear Modulus: Gap = 0.066Ey;, = 8.25 x 10* psi
Longitudinal/Radial Shear Modulus: Gpe = 0.077Ep, = 9.63 x 10* psi
Tangential/Radial Shear Modulus: Geq = 0.011Ey, = 1.38 x 10* psi

The elastic moduli for the warm case are listed in Table 2.12.9-3.

Cold Properties

To obtain the values at 6% moisture content, Equation 5-3 in Chapter 5 of Reference
[5] is utilized with moisture content constant (M) equal to 21 from Table 5-13 for
redwood. From Table 5-3b of Reference [5], the elastic modulus for green old-growth
redwood is 1.18 x 108 psi. The modulus of elasticity for 6% moisture, E, is:

12—-Xx 12—-6
Eoe = E1s [E]Mp‘“ =E,, [h]“‘“ = 1.46 x 10° psi
Eg Eg
The change in the elastic modulus due to the -20 °F ambient temperature is doubly

interpolated between 68 °F and -58 °F and moisture content of 0 to 12%, from the
values found in Table 5-15 of Reference [5]. The percent change is:

_ —20°F—(-58°F)

) _ 0
PEc = G5or_(_s8°F) =9.78%

(0% -

+17%+(+11%)) +17%+(+11%
2 2

The longitudinal elastic modulus is increased to:
Longitudinal Modulus of Elasticity:  E'y, = Ege(1 + Pgc) = 1.60 X 10°psi

The values for the cold drop cases, with the wood grain aligned perpendicular to the
axis of the cask, are calculated below.

Radial Modulus of Elasticity: E',, = 0.087E'y, = 1.39 x 10° psi
Tangential Modulus of Elasticity: E'.. = 0.089E',, = 1.42 x 10° psi
Radial/Longitudinal Shear Modulus: G',, = 0.066E';, = 1.06 x 10° psi
Longitudinal/Radial Shear Modulus: G’y = 0.077E’, = 1.23 X 10° psi

Tangential/Radial Shear Modulus:  G'¢, = 0.011E'y, = 1.76 X 10* psi
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The elastic moduli for the cold case are listed in Table 2.12.9-3.
Stress-Strain Curves

As noted in Section 8.1.5.1.3, the acceptable range of the average compressive
stress (ACS) for redwood is 5,100 to 6,630 psi. These values will be confirmed at
ambient temperature and are independent of the moisture content of the wood. In
order to provide bounding deformation in the drop cases, the lower end value of
5,100 psi will be used for the warm cases.

Warm Properties

The change in the compressive strength parallel to the grain at 120 °F with a moisture
content of 12% is extrapolated from the values found in Table 5-15 of Reference [5].
The percent change is:

120 °F—(68 °F)

Psw = 122 °F—(68 °F) (—=25% — 0%) + 0% = —24.1%

The longitudinal compressive strength, o, is:
Opp = (1 + pSW)5,100 = 3,871 psi

The longitudinal yield strain, ey, is calculated as:

__ Opp __ 3,871

€Enp = =
bb = E . T 1.25x106

= 0.0031 in/in

Based on the relationship between the compressive lateral and longitudinal yield
stresses in Table 5-3b of Reference [5], the lateral compressive stress is estimated to
be approximately 11% of the longitudinal ACS, which is 426 psi. The lateral yield
strain, €,,, is calculated as:

cc 426 . .
€22 = €cc = ;—Cc = T = 0.0038 in/in
Due to the similarities between radial and tangential elastic moduli, the same load
curve will be used for both directions.

Based on the relationship between the compressive lateral and shear stresses in
Table 5-3b of Reference [5], the shear stress is estimated to be approximately 15% of
the longitudinal ACS, which is 581 psi. The shear yield strain, €, is calculated as:

The 581 s g
€he = €oyq = €41y = — = = 0.0060 in/in
bc ca ab Gbe 9.63x10% /

The lock-up stress for redwood is assumed to occur at 60% strain (Assumption 4).

At lock-up, the modulus for all redwood curves rises steeply. This rise proceeds until
the material reaches a maximum volumetric strain that is somewhat less than 100%.
However, the material curve extends to 100% compressive strain to help ensure
stability of the model. The lockup modulus is assumed to be 10 times the maximum
crush stress for the warm stress curves. The stress at 100% crush calculated as:
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Opp,.. = ELA€ + opp, = 100,pA€ + oy, = 10(3,871)(1.00 — 0.60) + oy, = 19,355 psi
Occl, = Ecc A€ + 0 = 100, A€ + 0, = 10(426) X (1.00 — 0.60) + o, = 2,130 psi
Ty, = Gpe A€ + Tpe = 10TH A€ + T = 10(581) X (1.00 — 0.60) + T3, = 2,905 psi
The stress-strain warm curves are shown in the first two columns of Table 2.12.9-5.

Cold Properties

The upper end of 6,630 psi will be used with the cold cases to bound the resultant
accelerations. The change in the compressive strength parallel to the grain at -20 °F
with a moisture content of 6% is interpolated from the values found in Table 5-15 of
Reference [5]. The percent change is:

_ —20°F—(-58°F)

= = 0
pSC 68 °F—(—58 oF) 244 /0

(O(y 20%+50%) 20%+50%
o —

2 2
The longitudinal compressive strength is:
0'pp = (1 + psc)6,630 = 8,248 psi

The longitudinal yield strain is calculated as:

o/ 8,248 T
€pp = =2 =—""=10.0052in/in
Erpp,  1.60X10°

Again, based on the relationship between the compressive lateral and longitudinal
yield stresses in Table 5-3b of Reference [5], the lateral compressive stress is
estimated to be approximately 11% of the longitudinal ACS, which is 907 psi. The
lateral yield strain is calculated as:

e = _ Olcc _ 907 psi
aa C€C " Eree  1.42x105 psi

= 0.0064 in/in

Based on the relationship between the compressive longitudinal and shear stresses
in Table 5-3b of the Wood Handbook, the shear stress is estimated to be
approximately 15% of the longitudinal ACS, which is 1,237 psi. The shear yield strain
is calculated as:

!
, , , e 1,237
be ca ab ™ g1 . T 1.23x105

= 0.0101 in/in

The lockup modulus is assumed to be 10 times the maximum crush stress for the
cold stress curves. The stress at 100% crush is calculated as:

O-Ibb,L = E’bb,LAe + OJbb = 100"bbA€ + OJbb = 10(8,248)(100 - 060) + OJbb = 41,240 pSl
0'ccr = E'ccLe + 0’ = 100" A€ + 6’ = 10(907 psi)(1.00 — 0.60) + o', = 4,535 psi
T = G'pe € + T'pe = 10T, A€ + T’ = 10(1,237)(1.00 — 0.60) + T’ = 6,185 psi

The stress-strain cold curves are shown in Table 2.12.9-6.
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Balsa Wood Material Properties

The balsa wood is aligned perpendicular to the package centerline, the longitudinal
properties are oriented with the b-axis, the radial are oriented with the a-axis, and the
tangential are oriented with the c-axis.

Per the IL drawings (Section 1.4.1), the allowable density for balsa wood is from 7 to
12 Ibw/ft2. The nominal value of 9.5 Ibn/ft3 (1.4228 x 10° Ib-s?/in*) is used in the
model.

Elastic Moduli

Warm Properties

The longitudinal modulus of elasticity from the Wood Handbook for balsa at 12%
moisture content is 0.49 x 10° psi (Table 5-5b of Reference [5]).

Longitudinal Modulus of Elasticity:  E;, = 4.9 x 10° psi

The change in the elastic modulus above due to the 120 °F temperature is the same
as the -6.7% extrapolated for warm redwood property above. The longitudinal
compressive strength decreases to:

Longitudinal Modulus of Elasticity:  Epp = E15(1 — pgw) = 4.57 X 10°psi

The radial and tangential direction modulus of elasticity are 0.046¢€;,;,, and 0.015¢,
respectively (based on the ratios from Table 5-1 of Reference [5]). The three moduli
of rigidity, from the wood handbook, are G,,=0.054E,,,, G,,:=0.037E,, and

Gy 0.005E,;,. The values, with the wood grain aligned perpendicular to the axis of
the cask, are calculated below.

Radial Modulus of Elasticity: E,, = 0.046E;, = 2.10 x 10* psi
Tangential Modulus of Elasticity: Ecc = 0.015E,, = 6.86 X 103 psi
Radial/Longitudinal Shear Modulus: Gap = 0.054Ey, = 2.50 x 10* psi
Longitudinal/Radial Shear Modulus: Gpe = 0.037Ep, = 1.69 x 10* psi
Tangential/Radial Shear Modulus: Gea = 0.005Ey, = 2.29 x 103 psi

The elastic moduli for the warm case are listed in Table 2.12.9-3.

Cold Properties

Equation 5-3 of Chapter 5 of Reference [5] cannot be utilized to determine the elastic
modulus at 6% moisture content without assuming values for moisture content and
the modulus of elasticity for green wood. However, given the relative toughness of
balsa wood to redwood, it is unlikely that the unaccounted moisture content change
will be significant in the analysis. Therefore, the change in strength due to the
moisture content change from 12% to 6% is not included in this analysis.
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Longitudinal Modulus of Elasticity: Eos = E1, = 4.90 X 10° psi
The change in the elastic modulus above due to the -20 °F ambient temperature is
the same as the 9.78% interpolated for redwood above. The longitudinal modulus of
elasticity increases to:

Longitudinal Modulus of Elasticity: E'bp = Ege(1 + pgc) = 5.38 X 10°psi

The values for the cold drop cases, with the c-vector, and the wood grain, aligned
perpendicular to the axis of the cask are calculated below.

Radial Modulus of Elasticity: E',a = 0.046E'y, = 2.47 x 10* psi
Tangential Modulus of Elasticity: E'.c = 0.015E", = 8.07 x 103 psi
Radial/Longitudinal Shear Modulus: G',p = 0.054E'y, = 2.91 x 10* psi
Longitudinal/Radial Shear Modulus: G'pe = 0.037E', = 1.99 x 10* psi
Tangential/Radial Shear Modulus: G'ca = 0.005E"y, = 2.69 x 103 psi

The elastic moduli for the cold case are listed in Table 2.12.9-3.
Stress-Strain Curves

As noted in Section 8.1.5.1.3, the acceptable range of the ACS for balsa wood is
1,500 to 1,930 psi. These values will be confirmed at ambient temperature and are
independent of the moisture content of the wood. In order to provide bounding
deformation in the drop cases, the lower end value of 1,500 psi will be used for the
warm cases.

Warm Curves

The change in the stresses above due to the 120 °F temperature is the same as
the -24.1% extrapolated for redwood above. The longitudinal compressive strength,
Opb>s is:

opp = (1 + psy)1,500 psi = 1,139 psi

The longitudinal yield strain, €y, is calculated as:

G 1,139 -
Epp = -2 = = 0.0025 in/in
Epp  4.57x10%

Based on the relationship observed in the redwood between the compressive lateral
and longitudinal yield strains calculated above, the lateral compressive strain of the
balsa wood is expected to be similar in magnitude, but greater than, the longitudinal
strain. Conservatively, the lateral yield strain is assumed to be the same as the
longitudinal strain. This value is utilized to calculate the lateral shear stress.

Gaa = Oce = Eaa(€aa) = (2.10 x 10%)(0.0025) = 52.5 psi
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For software stability reasons, this value will be increased to 200 psi.

Based on the relationship between the compressive longitudinal and shear stresses
in Table 5-5b of the Wood Handbook, the shear stress is estimated to be
approximately 14% of the longitudinal ACS, which is 159 psi. The shear yield strain
is calculated as:

__ Tap __  159psi
€ea = G,p | 250x10% psi
ab .50x10% psi

€ab = €Epc = = (0.0064 in/in

The lockup modulus is assumed to be 10 times the maximum crush stress for the
warm stress curves (Assumption 5). The stress at 100% crush calculated as:

Opp,. = ELA€ + opp = 100,pA€ + oy, = 10(1,139 psi)(1.00 — 0.80) + opp, = 3,417 psi

For software stability reasons, the 100% crush stress will be used in the warm balsa
materials. The stress-strain warm curves are shown in Table 2.12.9-7.

Cold Curves

The upper end of 1,930 psi will be used with the cold cases to bound the resultant
accelerations. The change in the stresses above due to the -20 °F ambient
temperature is the same as the 24.4% interpolated for the cold redwood above. The
longitudinal compressive strength is:

0'pp = (14 psc)1,930 = 2,401 psi

The longitudinal yield strain is calculated as:

O'pb __ 2,401
E/pp  5.38x10°

Elbb = = 0.0045 in/in

Again, the lateral yield strain is assumed to be the same as the longitudinal strain.
This value is used to calculate the lateral shear stress.

020 = 0'cc = E/a(€'22) = (2.47 x 10%)(0.0045) = 111 psi
For software stability, this value will be increased to 200 psi.

Based on the relationship between the compressive longitudinal and shear stresses
in Table 5-5b of Reference [5], the shear stress is estimated to be approximately 14%
of the longitudinal ACS, which is 336 psi. The shear yield strain is calculated as:

Tap _ 336
Grap  2.91x10%

€4y = €'pe = €ta = = 0.012 in/in

The lockup modulus is assumed to be 10 times the maximum crush stress for the
cold stress curves (Assumption 5). The stress at 100% crush calculated as:

O'Ibb']_‘ = E’LAE + G,bb = 100’bbA€ + OJbb = 10(2,401)(100 - 080) + o-’bb = 7,203 pSl

For software stability reasons, the 100% crush stress will be used in the warm balsa
wood materials. The stress-strain cold curves are shown in Table 2.12.9-8.
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2.12.9.3 Assumptions

2.129.4

2.12.9.4.1

The following assumptions are utilized:

1. The cask and payload are assumed to be completely rigid for the impact
simulations. The structural integrity of the cask is evaluated in a separate
calculation and the cask is significantly robust compared to the ILs. The payload
does not affect the IL performance, except for the gross package weight and is,
therefore, included with the cask as rigid.

2. The CG-over-corner drop is inclined at an angle of 64° from the horizontal plane,
which assumes that the payload and dunnage weight are evenly distributed over
the payload cavity.

3. The preload is determined by using T = KFd, where the nominal bolt torque T is 9
Ibi-ft in 1/3-scale, K is an assumed torque (nut) factor of 0.15, and d is the bolt
thread diameter of 1.5 in. The bolts are to be lubricated with a nickel-based
nuclear grade lubricant, which is the reason the torque factor is assumed to be
0.15. No preload is specified for the tie-rods.

4. For redwood crush strength curves, the wood is assumed to lock up at 60% of
volume reduction. For balsa wood crush strength curves, the lockup is at 80%.
This assumption is based upon previous analyses for this style of IL (TN-40 SAR
[3], Section 2.10.8.4.2, Assumption 4 utilizing Figure 2.10.8-2 and Figure 2.10.8-
3 as examples).

5. The lockup modulus for both the redwood and balsa wood are assumed to be 10
times the maximum crush stress. Refer to Appendix 2.10.8 of the TN-40
Transportation SAR [3]).

Computation
A general description of the computational model is followed by case-by-case details.
Model Description

A basic FEA model was created to represent the 1/3-scale TN-40 test unit and the
full-scale TN-32B HBU demonstration cask. The model was created fully symmetric
to capture the effects of the impact limiter (IL) gussets buckling along the symmetry
plane of the model.

The geometry, parts, materials, loads, and constraints for the model are explicitly
defined within a series of LS-DYNA®input files. The model consists of 77 parts,
175,034 elements, and 219,816 nodes. Each part is listed in Table 2.12.9-9 through
Table 2.12.9-11 with its material of construction; and its section, material, hourglass
and hourglass card definitions. Key properties of the section card definitions are
listed in Table 2.12.9-12. Material models and hourglass card definitions are listed in
Table 2.12.9-13 and Table 2.12.9-14, respectively.

Tied contacts are used to connect the tie-rod attachment brackets (towers in the
model) to the IL surfaces. Automatic contacts are utilized between the model
components.
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The models are initially positioned a fraction of an inch above the drop pad with an
initial velocity due to the regulatory drop height. The NCT model is given an initial
velocity of 96.3 inch/sec to represent a one-foot drop height. The HAC models are
given an initial velocity of 527.45 inch/sec to represent a thirty-foot drop height. A
body force with an acceleration of 386.4 inch/sec? is applied to the model to represent
the force of gravity.

The TN-32B HBU demonstration cask calculated maximum weight is 269,000 lbn
(Section 2.1.3). However, a maximum weight of 273,000 Ibn, is utilized in the
evaluation of the ILs. Based on the mass of the cask and the test unit, the scaling
factor for the mass-based accelerations is:

SF = [21703;)00()]1/3 — 30
,047
The model weights and the equivalent test unit component weights are compared in
Table 2.12.9-15. The model weights and the TN-32B HBU weights are compared in
Table 2.12.9-16. The comparisons demonstrate that there is very little difference
between the weight of the test unit and the model using the nominal weight of the
package. The variation between the model and the TN-32B HBU cask, considering a
scaling factor, is approximately 1%. Therefore, using an LS-DYNA® model of the
scaled test unit will provide comparable results to the full-scale TN-32B HBU
demonstration cask.

2.12.94.2 Filtering

In all cases, the time history acceleration data obtained from the numerical
simulations contains high frequency structural vibration and numerically induced
noises that are filtered out to provide an accurate assessment of the loadings on the
package. In post-processing these simulations, the time history acceleration data is
processed with a low-pass Butterworth filter. The cutoff frequencies for the filter are
based on the mass of the test article and the experience based relationship found in
Section 701.9 of IAEA Specific Safety Guide No. SSG-26 [7].

The high-pass cutoff frequency of the package is:

1

1°°)5 — 271 to 542 Hz

m

f. = {100 to 200 Hz}(

where m is the mass of the scale test unit in tons. A cutoff frequency of 600 Hz is
utilized as a bounding cutoff frequency.
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2.12.9.5 Normal Conditions of Transport Results
2.12.9.5.1 NCT Cold Side Drop (-20 °F Ambient)

The acceleration and maximum deflection of the NCT cold side drop model are
shown in Figure 2.12.9-2, Figure 2.12.9-3, and Figure 2.12.9-4. The peak acceleration
is calculated to be 33.9g, which corresponds to 11.3g in the full-scale cask. The
maximum deflection (or crush) of the ILs is estimated based on the rigid body
deflection of the cask. The maximum deflection is 0.52 inch, which equates to 1.6
inches in the full-scale package, as shown in Figure 2.12.9-3. The maximum package
deformation occurs approximately at 11.6 milliseconds and is shown in Figure
2.12.9-4.

Beam forces are plotted for the tie-rods and the IL attachment bolts. The maximum
tensile force in the tie-rods is 2,973 b, which is 26,757 Ibr in the full-scale package.
The maximum bolt force is 1,541 Ibr, which is 13,869 Ib; in the full-scale package.

2.12.9.5.2 NCT Warm Side Drop (100 °F Ambient)

The acceleration and maximum deflection of the NCT warm side drop model are
shown in Figure 2.12.9-5, Figure 2.12.9-6, and Figure 2.12.9-7. The peak
acceleration is calculated to be approximately 27.9g, which corresponds to 9.3g in the
full-scale cask. The maximum crush of the ILs is estimated based on the rigid body
deflection of the cask. The maximum deflection is 0.57 inch, which equates to 1.7
inches in the full-scale package, as shown in Figure 2.12.9-6. The maximum
package deformation occurs approximately at 13.1 milliseconds and is shown in
Figure 2.12.9-7.

Beam forces are plotted for the tie-rods and the IL attachment bolts. The maximum
tensile force in the tie-rods is 2,790 Ibs, which is 25,110 Ibs in the full scalell-scale
package. The maximum bolt force is 1,450 Ibs, which is 13,050 Ibs in the full-scale
package.

212953 NCT Cold End Drop (-20 °F Ambient)

The acceleration and maximum deflection of the NCT cold end drop model are shown
in Figure 2.12.9-8, Figure 2.12.9-9, and Figure 2.12.9-10. The peak acceleration is
calculated to be 76.4g, which corresponds to 25.5g in the full-scale cask. The
maximum deflection (or crush) of the ILs is estimated based on the rigid body
deflection of the cask. The maximum deflection is 0.23 inches, which equates to 0.69
inches in the full-scale package, as shown in Figure 2.12.9-9. The maximum package
deformation occurs approximately at 4.2 milliseconds and is shown in Figure
2.12.9-10.

Beam tensile forces are plotted for the tie-rods and the IL attachment bolts. The
maximum tensile force in the tie-rods is 2,042 b, which is 18,378 Ib¢ in the full-scale
package. The maximum bolt force is 1,987 Ibs, which is 17,883 Ibs in the full-scale
package.
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212954 NCT Warm End Drop (100 °F) Ambient

The acceleration and maximum deflection of the NCT warm end drop model are
shown in Figure 2.12.9-11, Figure 2.12.9-12, and Figure 2.12.9-13. The peak
acceleration is calculated to be 74.5g, which corresponds to 24.8g in the full-scale
cask. The maximum deflection (or crush) of the ILs is estimated based on the rigid
body deflection of the cask. The maximum deflection is 0.24 inches, which equates
to 0.72 inches in the full-scale package, as shown in Figure 2.12.9-12. The maximum

package deformation occurs approximately at 4.4 milliseconds and is shown in Figure
2.12.9-13.

Beam tensile forces are plotted for the tie-rods and the IL attachment bolts. The
maximum tensile force in the tie-rods is 1,928 Ibs, which is 17,352 Ibsin the full-scale
package. The maximum bolt force is 1,923 Ibs, which is 17,307 Ibs in the full-scale
package.

2.12.9.6 Hypothetical Accident Conditions Results
2.12.9.6.1 HAC Cold Side Drop (-20 °F Ambient)

The acceleration and maximum deflection of the cold side drop model are shown in
Figure 2.12.9-14, Figure 2.12.9-15, and Figure 2.12.9-16. The peak acceleration is
calculated to be approximately 133.8g, which corresponds to 44.69 in the full-scale
cask. The maximum crush deformation of the IL is 4.94 inches, occurs at 15.8
milliseconds, and equates to 14.8 inches in the full-scale package.

The maximum tensile force in the tie-rods is 8,552 Ibs, which is 76,968 Ib: in the full-
scale package. The maximum bolt force is 5,610 Ibs, which is 50,490 Ibs in the full-
scale package.

2.12.9.6.2 HAC Warm Side Drop (100 °F Ambient)

The acceleration and maximum deflection of the warm side drop model are shown in
Figure 2.12.9-17, Figure 2.12.9-18, and Figure 2.12.9-19. The peak acceleration is
calculated to be approximately 112.9g, which corresponds to 37.6g in the full-scale
cask. The maximum crush deformation of the IL is 5.96 inches, occurs at 18.8
milliseconds, and equates to 17.9 inches in the full-scale package.

Beam forces are plotted for the tie-rods and the IL bolts. The maximum tensile force
in the tie-rods is 8,605 Ibr, which is 77,445 Ibt in the full-scale package. The maximum
bolt force is 6,377 Ibr, which is 57,393 Ibr in the full-scale package.

2.12.9.6.3 HAC Cold 20° Slapdown (-20 °F Ambient)

The secondary impact acceleration and maximum deflection of the associated IL are
shown in Figure 2.12.9-20, Figure 2.12.9-21, and Figure 2.12.9-22. Secondary impact
acceleration is measured from the average acceleration of nodes. These nodes are
located near the attachment points of the 1/3-scale drop test accelerometers.
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The peak secondary impact acceleration is calculated to be approximately 103.1g,
which corresponds to 34.4g in the full-scale cask. The maximum crush deflection of
the IL is determined from the deformation of the exterior IL gusset, as shown in
Figure 2.12.9-21. Maximum crush is predicted to occur at 56.9 milliseconds and is:

A=857— 6'15;6'56 = 2.22in

where 8.57 inches is the width of the model of the gusset at the cask recess before
deformation, and 6.15 inches and 6.56 inches are the width of the gusset at the two
locations indicated in the figure. The full-scale crush deformation in the secondary IL
will be 6.66 inches.

Beam forces are plotted for the tie-rods and the IL bolts. The maximum tensile force
in the tie-rods is 15,400 Ibs, which is 138,600 Ibs in the full-scale package. The
maximum bolt force is 18,122 Ibs, which is 163,098 Ib: in the full-scale package.

212964 HAC Warm 20° Slapdown (100 °F Ambient)

The secondary impact acceleration and maximum deflection of the associated IL are
shown in Figure 2.12.9-23, Figure 2.12.9-24, and Figure 2.12.9-25. Secondary impact
acceleration is measured from the average acceleration of nodes 423302 (-Z
position), 425924 (-Y position), 428637 (+Y position), and 431259 (+Z position).
These nodes are located near the attachment points of the 1/3 scale drop test
accelerometers.

The peak secondary impact acceleration is calculated to be approximately 84.1g,
which corresponds to 28.0g in the full-scale cask. The maximum crush deflection of
the IL is determined from the deformation of the exterior IL gusset as shown in Figure
2.12.9-24. Maximum crush is predicted to occur at 58.6 milliseconds and is:

A =857 —“:ﬂ = 3.18in

where 8.57 inches is the width of the model of the gusset at the cask recess before
deformation, and 5.25 inches and 5.54 inches are the widths of the gusset at the two
locations indicated in the figure. The full-scale crush deformation in the secondary IL
will be 9.5 inches.

Beam forces are plotted for the tie-rods and the IL bolts. The maximum tensile force
in the tie-rods is 12,844 Ibs, which is 115,596 Ibs in the full-scale package. The
maximum bolt force is 12,418 Ibs, which is 111,762 Ibr in the full-scale package.

2.12.9.6.5 HAC Cold Corner Drop (-20°F Ambient)

The acceleration and maximum deflection of the cold corner drop, at 64° from the
horizontal, are shown in Figure 2.12.9-26, Figure 2.12.9-27, and Figure 2.12.9-28.
The peak acceleration is calculated to be approximately 87.9g, which corresponds to
29.3g in the full-scale cask. The maximum crush deformation of the IL is 8.49 inches,
occurs at 25.0 milliseconds, and equates to 25.5 inches in the full-scale package.
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Beam forces are plotted for the tie-rods and the IL bolts. The maximum tensile force
in the tie-rods is 16,620 Ibr, which is 149,580 Ibs in the full-scale package. The
maximum bolt force is 7,983 b, which is 71,847 Ibr in the full-scale package.

2.12.9.6.6 HAC Warm Corner Drop (100 °F Ambient)

The acceleration and maximum deflection of the warm corner drop, at 64° from the
horizontal, are shown in Figure 2.12.9-29, Figure 2.12.9-30, and Figure 2.12.9-31.
The peak acceleration is calculated to be approximately 67.7 g, which corresponds to
22.6 g in the full-scale cask. The maximum crush deformation of the IL is 9.90
inches, occurs at 30.0 milliseconds, and equates to 29.7 inches in the full-scale
package.

Beam forces are plotted for the tie-rods and the IL bolts. The maximum tensile force
in the tie-rods is 15,533 Ibs, which is 139,797 Ibs in the full-scale package. The
maximum bolt force is 7,045 lbt, which is 63,405 Ibr in the full-scale package.

2.12.9.6.7 HAC Cold End Drop (-20°F Ambient)

The acceleration and maximum deflection of the end drop model are shown in Figure
2.12.9-32, Figure 2.12.9-33, and Figure 2.12.9-34. The peak acceleration is
calculated to be approximately 222.7g, which corresponds to 74.2g in the full-scale
cask. The maximum crush deformation of the IL is 2.23 inches, occurs at 7.4
milliseconds, and equates to 6.7 inches in the full-scale package.

Beam forces are plotted for the tie-rods and the IL bolts. The maximum tensile force
in the tie-rods is 5,557 Ibs, which is 50,013 Ibt in the full-scale package. The maximum
bolt force is 2,541 Ibt, which is 22,869 Ibr in the full-scale package.

2.12.9.6.8 HAC Warm End Drop (100 °F Ambient)

The acceleration and maximum deflection of the end drop model are shown in Figure
2.12.9-35, Figure 2.12.9-36, and Figure 2.12.9-37. The peak acceleration is
calculated to be approximately 142.7g, which corresponds to 47.6g in the full-scale
cask. The maximum crush deformation of the IL is 3.12 inches, occurs at 11.9
milliseconds, and equates to 9.4 inches in the full-scale package.

Beam forces are plotted for the tie-rods and the IL bolts. The maximum tensile force
in the tie-rods is 5,804 Ibs, which is 52,236 Ibs in the full-scale package. The maximum
bolt force is 2,093 Ibr, which is 18,837 Ibr in the full-scale package.

2.12.9.6.9 Trunnion Clearance Check

The clearance between the drop pad and the trunnion is calculated based on the
difference between the trunnion extension beyond the cask outer surface and the
remaining thickness of the crushed IL.

During impact, the exterior surface of the cask will come into contact with the interior
cylindrical surface of the IL shell. The trunnion extends beyond the outer surface of
the cask body (i.e., gamma shield surface) by:
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L = =(102.25 — 87.96) = 7.15 inches
2

where 102.25 inches is the maximum dimension between the outer faces of the
trunnions and 87.96 inches is the maximum diameter of the cask body at the
locations of the trunnions (Section 1.4.1, Drawing 19885-71-2, Section A-A). The
thickness of the IL in the region of crush is reduced to:

Ty, = %(144 —89) — 17.9 = 9.60 inches

where 144 inches and 89 inches are the nominal inner and outer diameter of the ILs,
respectively, in the region of the cask recess (Section 1.4.1, Drawings 19885-71-9
and 19885-71-10, Section A-A), and 17.9 inches is the maximum radial crush
predicted by the analysis in Section 2.12.9.6.2. Note that this crush is about 65%
strain in the wood from the original 27.5 inches of thickness in this region of the ILs.
Based on these dimensions, a clearance of 2.45 inches remains between the
trunnions and the impact surface.

The typical gap between the steel IL shell and the wood of the IL core is modeled as
approximately 1/8 inch radially and 1/16 inch axially. Therefore, the 2.45-inch
clearance is a slightly conservative prediction for the side impact clearance than if the
wood completely filled the IL cavities.

2.12.9.6.10 Tie-Rod Stress Analysis

For the tie-rod evaluation, the forces in the tie-rods developed during the free drops
analyzed by the LS-DYNA® model will be utilized to demonstrate the acceptability of
the IL attachments.

The IL attachments are designed to keep the ILs attached to the cask body during all
NCT and HAC events. The ILs are attached to each other using 13 tie-rods, and to
the cask body by bolt attachment brackets welded to the outer shell in eight locations
(four bolting locations per IL). The HAC tensile loads in the tie-rods are listed in Table
2.12.9-21 through Table 2.12.9-28. The four cases with the highest tensile loads are
analyzed below.

2.12.9.6.11 Tie-Rods

The maximum IL surface temperature at the bracket attachment to tie-rod is
approximately 120 °F (Chapter 3, Figure 3-10), conservatively 200 °F is utilized for
the material properties. The tie-rod material is A193 Grade B7, which has an ultimate
strength, S, of 125 ksi [4] at 200 °F and a yield strength of Sy = 98 ksi [4] at 200 °F.
The maximum allowable stress is the lesser of 0.7S, or Sy (Level D, Bolted Joint,
F1335.1, [8]). Therefore, the allowable is the smaller of 0.7(125 ksi) = 87.5 ksi or Sy =
98 ksi, which is then 87.5 ksi.

The tensile area for the 1% - 8UNC-2A threaded ends of the tie-rods is 1.490 in? per
Reference [9].
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Case 1, Cold Corner Drop

For the cold corner drop case, the maximum tie-rod tensile load is 149,580 Ibf (See
Table 2.12.9-25). The tensile stress is:

_ 149,580

Otr = T yo0 = 100.4 ksi

The stress in the tie-rod is greater than the allowable stress of 87.5 ksi. In total, the
load is exceeded in the two tie-rods connecting the two ILs opposing the impact
location (See Figure 2.12.9-28). However, loss of attachment is also contingent on
failure of the attachment bolts. See Case 1 in Section 2.12.9.6.12 below.

Case 2, Warm Corner Drop

For the warm corner drop case, the maximum tie-rod tensile load is 139,797 Ibs (See
Table 2.12.9-26). The tensile stress is:

o = 139797
T ™ 1490

= 93.8 ksi

The stress in the tie-rod is greater than the allowable stress of 87.5 ksi. In total, the
load is exceeded in the top five tie-rods connecting the two ILs opposing the impact
location (See Figure 2.12.9-31). However, loss of attachment is also contingent on
failure of the attachment bolts. See Case 2 in Section 2.12.9.6.12 below.

Case 3, Cold Slap Down

For the cold slapdown case, the maximum tie-rod tensile load is 138,600 Ib; (See
Table 2.12.9-23). The tensile stress is:

- 138,600 Ibg
™ 1.490in2

= 93.0 ksi

The stress in the tie-rod is greater than the allowable stress of 87.5 ksi. In total, the
load is exceeded in the top five tie-rods connecting the two ILs opposing the impact
location (See Figure 2.12.9-22). However, loss of attachment is also contingent on
failure of the attachment bolts. See Case 3 in Section 2.12.9.6.12 below.

Case 4, Warm Slap Down

For the warm slapdown case, the maximum tie-rod tensile load is 115,596 Ibs (See
Table 2.12.9-24). The tensile stress is:

o — 11559
™ 1490

= 77.6 ksi

The stress in the tie-rod is less than the allowable stress of 87.5 ksi. Therefore, the
ILs remain attached during the warm corner drop. Note that this load bounds the
remainder of the tie-rod tensile loads in Table 2.12.9-21. Therefore, no further tie-
rods are evaluated.
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2.12.9.6.12 Attachment Bolts

The maximum IL surface temperature at the bracket attachment to bolt is
approximately 120 °F (Chapter 3, Figure 3-10), conservatively 200 °F is used for the
material allowables. The bolting material is A540 Grade B21, Class 2, which has an
ultimate strength, Sy, of 155 ksi [4] at 200 °F and a yield strength of Sy = 145.1 ksi [4]
at 200 °F. The maximum allowable stress is the lesser of 0.7Sy or Sy (Level D,
Bolted Joint, F1335.1, [8]). Therefore, the allowable is smaller of 0.7(155 ksi) = 108.5
ksi or Sy =145.1 ksi, which is then 108.5 ksi.

The minimum tensile area of the 1% - 8UNC-2A attachment bolt is the same as for
the tie-rods, i.e., 1.490 in2.

The tensile loads in the attachment bolts are listed in Table 2.12.9-29 through Table
2.12.9-36 for HAC.

Case 1, Cold Corner Drop

For the cold corner drop case, the maximum tensile load in the attachment bolts is
71,847 Ibs. The tensile stress is:

o = 71847
™ 4490

= 48.2 ksi

The tensile stress in the attachment bolt is less than the allowable stress. Therefore,
the ILs remain attached during the cold corner drop.

Case 2, Warm Corner Drop

For the warm corner drop case, the maximum tensile load in the attachment bolts is
63,405 Ibs. The tensile stress is:

_ 63,405

Otr = o0 = 42.6 ksi

The tensile stress in the attachment bolt is less than the allowable stress. Therefore,
the ILs remain attached during the warm corner drop.

Case 3, Cold Slapdown

For the cold corner slapdown, the maximum tensile load in the attachment bolts is
163,098 Ibs. The tensile stress is:

o — 163,098
™ 1490

= 109.5 ksi

The tensile stress in the attachment bolt is slightly greater than the allowable stress.
Therefore, the bolt may be damaged. Similar damage is expected on the rear
symmetrical attachment bolt. However, based on the damage assessment of
Appendix 2.12.10, the ILs will remain attached to the cask.
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Case 4, Warm Slapdown

For the warm corner slapdown, the maximum tensile load in the attachment bolts is
111,762 Ibs. The tensile stress is:

111,762 I
tr ™ 4490 in2

= 75.0 ksi

The tensile stress in the attachment bolt is less than the allowable stress. Therefore,
the ILs remain attached during the cold corner drop.

2.12.9.6.13 Tie-Rod Brackets

The material used for the tie-rod brackets and IL gussets is A-240 Type 304 stainless
steel. The allowable stress for the brackets and IL gussets is Sy or 71 ksi at 200 °F.
The load used for this analysis is 115,596 Ibs from the warm slapdown tie-rod analysis
case above.

For the 1/4 inch fillet welds that attach the brackets to the IL, the throat width is
1/4sin(45°) = 0.1768 in. For the single bracket attachment, the stress in the weld is:

Area of weld = (0.1768in)[2(13 in + 6in)] = 6.718 in?

5,5 . .
Oweld = oo = 17.2ksi < 71 ksi

For the double bracket attachment, the stress in the weld is:

Area of weld = (0.1768)[2(11 + 21.62)] = 11.534 in?

Oweld = o229 = 20,0 ksi < 71 ksi

2.12.9.6.14 Impact Limiter Gussets

Since the gussets are fillet welded on both sides to the top plate of the IL, the cross-
sectional area of the gusset is the critical tensile area. Assume the tensile force from
the tie-rods acts over the length of the 3/16-inch thick gusset plate. The load utilized
for this analysis is 115,596 Ib; from the warm slapdown tie-rod analysis case above.

Single Bracket
Active tensile area of gusset = (0.19)(20.0)=3.80 in?

115,596 .
o = —— = 30.4 ksi
gusset 3.80

The tensile stress in the single bracket is less than the allowable stress of 71 ksi.

Double Bracket

Active tensile area of gusset = (0.19)(20.0)=3.80 in?
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2(115,596) .
o =——"=60.8 ksi
gusset 3.80

The tensile stress in the double bracket is less than the allowable stress of 71 ksi.
2.12.9.6.15 Lifting Lug Analysis

The weight of the top and bottom ILs is 16,600 Ib,, each. For the following analysis
conservatively use a weight of 16,750 Ib, per impact limiter. Each IL is supported by
two lifting lugs. The material used for the lifting lugs is also ASTM A-240 Type 304
stainless steel. The maximum temperature at outer surface of IL is 144 °F (Table 3-1
of Chapter 3). From Table 2.12.9-2, the yield strength, Sy, at this temperature is 27.8
ksi. The allowable shear stress is 0.5Sy = 13.9 ksi, and the allowable primary-plus-
bending stress is Sy = 27.8 ksi [4].

A 60° angle between the slings and horizontal is assumed. This assumption allows
the slings to clear the IL. The applied load is assumed to be three times the weight of
the IL. The lifting lugs are located on the IL CG. Figure 2.12.9-38 illustrates the
geometry of the IL lifting lugs.

The tension, T, in the lifting sling is,

T_306750) 1
2 sin(60°)

=29,0111b;

The normal stress a, in the lifting lug is conservatively computed in the following way:
Normal Force F, = 29,011 sin(30°) = 14,506 Ibs
Normal Area, A = (1)(5-1.5) = 3.5 in?
Normal Stress o, = 14,506/3.5 = 4,145 psi
The bending stress g, in the lifting lug is computed in the following way.
Moment of Inertia, | = (1/12)(1)(5%) = 10.42 in*
Fo = 29,011 (cos(30°)) = 25,124 Ibs

_ 2.5(2.5)(25,124)

=15,070 psi
10.42

Op

The shear stress 7 in the lug is conservatively computed as follows.
Shear area = 2(2.5 - 0.75)(1) = 3.50 in?
1 =29,011/3.50 = 8,289 psi.

The total stress intensity, S.1,, is,

S.IL= \/(4,145 +15,070) +4(8,289)" =25,378 psi < 27,800 psi
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2.12.9.7

The stresses in the lifting lug weld are computed as follows.
Stress Area, A, = (0.375)sin(45°)((5)2+1(2)) = 3.18 in?
Normal Stress g, = 14,506/3.18 = 4,562 psi

Moment of Inertia, lweis = (2/12)(0.375)sin(45°)(5%) + (2/12)(1)[0.375 sin(45°)]°
+ 2[0.375 sin(45°)](1)(2.5%) = 8.84 in®.

| 2.5(2.5)(25,124)
8.84

oy =17,763 psi

r =(25,124)/(3.18)= 7,901 psi

The total stress intensity, S.1., is,

S.L=/(4,562+17,763) +4(7,901} =27,352psi <27,800psi

Conclusions

This analysis uses the explicit analysis functions of the finite element code LS-DYNA®
to predict the g-loads on the TN-32B HBU package. The values of the 1/3-scale test
unit accelerations, as reported in Sections 2.12.9.5 and 2.12.9.6, are summarized in
Table 2.12.9-17 below. Comparisons are made between the adjusted full size
package accelerations and the LS-DYNA® results. Based on the analysis, the
bounding values for the full-scale packages are 74.2g axially and 44.6g in the
transverse direction.

The values of the 1/3-scale test unit deformations, as reported in Sections 2.12.9.5
and 2.12.9.6, are summarized in Table 2.12.9-18 below. Comparisons are made
between the test unit deformations and the LS-DYNA® results. Based on the
analysis, the bounding value for full-size IL deformation in the radial direction is 17.9
inches. The bounding value for full-size IL deformation in the axial direction is 9.4
inches.

The NCT drop and acceleration and deformation are also shown in Table 2.12.9-19
and Table 2.12.9-20, respectively. The maximum side drop acceleration is predicted
to be 11.3 g in the cold case. The maximum radial deformation is predicted to be 1.7
inches in the warm case. The maximum NCT end drop acceleration and deformation
are 25.5¢ in the cold case and 0.72 inch in the warm case, respectively.

As demonstrated in the TN-40 IL tests, a few of the tie-rods and/or attachment bolts
are predicted to fail in 30-foot cold slapdown drop orientation, as noted in Table
2.12.9-23 and Table 2.12.9-31. However, the ILs will remain secured to the cask
body by the undamaged tie-rods and attachments bolts.
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Table 2.12.9-1
Package Characteristics/Dimensions
Characteristic TN-40 TN-32B HBU Difference
Envelope length, in 260.9 263.19 +0.88%
Envelope diameter, in 144.0 144.0 0%
Cask length, In 184.7M 187.19@ +1.3%
Cask neutron shield diameter, in 101.00 97.75 -3.2%
Cask diameter at IL, in 91.00 87.75 -3.6%
Cask trunnion extension, in 104.50 102.21 -2.2%
Upper IL, lbm 17,500 ® 16,600 -5.1%
Lower IL, Ibm 17,500 @ 16,600 -5.1%
Loaded cask w/o ILs, Ibm 236,500 4 235,700 ©®) -0.34%
Maximum Weight, Ibm 271,500 4 273,000 ©®) +0.55%
Impact Limiters
Overall Length, in 50.00 50.00 0%
Outer Diameter, in 144.00 144.00 0%
Cask Recess Depth, in 12.00 12.00 0%
Cask Recess Diameter, in 92.00 89.00 -3.3%
Trunnion pocket extension, in 106.00 103.5 -2.4%
Notes:
1. Length of cask with IL Spacer.
2. Length of cask with the puncture resistant plate installed.
3. Combined weight of TN-40 ILs divided by two from Table 1-1 of theTN-40 SAR [3].
4. Total loaded weight of TN-40 from Table 1-1 of theTN-40 SAR [3].
5.  For TN-32B HBU cask weights, refer to Section 2.1.3, Table 2-7.
Table 2.12.9-2
IL Shell Properties
Temperature (°F)
Property Symbol -20 to 100 145 200
Elastic Modulus, x102 ksi E 28.3 28.0 27.6
Yield Stress, ksi Sy 30.0 27.8 25.0
Ultimate Stress, ksi Su 75.0 73.2 71.0
Elongation’ eu 0.40
Density, Ibm/in® p 0.290
True Yield Stress, ksi Syt 301 27.9
True Ultimate Stress, ksi Sut 105.0 102.5
True Yield Strain, in/in €yt 0.00306 0.00299
True Ultimate Strain, in/in Sut 0.336
True Tangent Modulus, ksi Ttant 225.0 224.0

Note:

1. Elongation from Part A, Table 2, ASME B&PV Code for ASME SA-240 Type 304 stainless steel.
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Table 2.12.9-3
Mechanical Properties of Wood
Redwood Balsa Wood
Warm Cold Warm Cold
Property (120 °F) (-20 °F) (120 °F) (-20 °F)
'(';Sr;)g't“d'”a' Elastic Modulus | 4 55 x105 | 1.60x108 | 4.57 x105 | 5.38 x10°
Radial Elastic Modulus (psi) 109 x105 | 139x105 | 210 x10° | 2.47 x10¢
(Tpasri‘)ge”“a' Elastic Modulus 111%105 | 142x105 | 6.86x10° | 8.07x10°
Radial/Longitudinal Shear 8.25x10¢ | 1.06x105 | 2.50x10¢ | 2.91 x10¢
Modulus (psi)
Longitudinal/Radial Shear 9.63x10* | 1.23x10° | 1.69x10¢ | 1.99 x10
Modulus (psi)
Tangential/Radial Shear 138 x10° | 176x10* | 229x103 | 2.69 x103
Modulus (psi)
Table 2.12.9-4
Typical Wood Material Properties
Property Redwood Balsa Wood
Density 18.7 — 27.5 lom/f® 7212 lon/f3

Parallel to Grain

Crush Stress

3,871 — 8,248 psi

1,139 — 2,401 psi

Locking Strain

0.6

0.8

Locking Modulus

10 x (max. crush stress)

10 x (max. crush stress)

Perpendicular to Pour Direction

Warm Redwood Load Curves

Crush Stress 426 — 907 psi 200 psi
Locking Strain 0.6 0.8
Locking Modulus 10 x (max. crush stress) 10 x (max. crush stress)
Shear Stress 581 — 1,237 psi 159 — 336 psi
Table 2.12.9-5

Parallel to Grain

Perpendicular-to-Grain

Shear Stress

Strain (in/in) | Stress (psi) | Strain (in/in) | Stress (psi) | Strain (in/in) | Stress (psi)
0 0 0 0 0 0
0.0031 3,871 0.0038 426 0.0060 581
0.6 3,871 0.6 426 0.6 581
1 19,355 1 2,130 1 2,905
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Table 2.12.9-6
Cold Redwood Load Curves

Parallel-to-Grain Perpendicular-to-Grain Shear Stress
Strain (in/in) | Stress (psi) | Strain (in/in) | Stress (psi) | Strain (in/in) | Stress (psi)
0 0 0 0 0 0
0.0052 8,248 0.0064 907 0.0101 1,237
0.6 8,248 0.6 907 0.6 1,237
1 41,240 1 4,535 1 6,185
Table 2.12.9-7
Warm Balsa Load Curves
Parallel-to-Grain Perpendicular-to-Grain Shear Stress
Strain (in/in) | Stress (psi) | Strain (in/in) | Stress (psi) Strain (in/in) Stress (psi)
0 0 0 0 0 0
0.0025 1,139 0.0025 200 0.0064 159
0.8 1,139 0.8 200 0.8 159
1 3,417 1 3,417 1 3,417
Table 2.12.9-8

Cold Balsa Load Curves

Parallel-to-Grain

Perpendicular-to-Grain

Shear Stress

Strain (in/in) | Stress (psi) | Strain (in/in) | Stress (psi) | Strain (in/in) | Stress (psi)
0 0 0 0 0 0
0.0045 2,401 0.0045 200 0.012 336
0.8 2,401 0.8 200 0.8 336
1 7,203 1 7,203 1 7,203
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Table 2.12.9-9
TN-32B HBU Cask Model Parts, Lower IL
Item Heading Material SECID MID HGID THK
1 Outer Shell Type 304 1 1 1 0.094
2 Middle Shell Type 304 1 1 1 0.094
3 Center Shell Type 304 1 1 1 0.094
4 Recess Shell Type 304 1 1 1 0.094
5 Inner Gusset Type 304 5 1 1 0.063
6 Outer Gusset Type 304 5 1 1 0.063
7 Bolt Gusset Type 304 7 1 1 0.094
8 End Plate Type 304 1 1 1 0.094
9 Recess Plate Type 304 1 1 1 0.094
10 Inner Plate Type 304 1 1 1 0.094
12 End Balsa Balsa Wood 12 12 12 --
13 End Balsa Balsa Wood 12 12 12 --
14 End Balsa Balsa Wood 12 12 12 --
15 Redwood Redwood 15 15 12 --
16 Redwood Redwood 15 15 12 --
17 Redwood Redwood 15 17 12 --
18 Redwood Redwood 15 17 12 --
19 Redwood Redwood 15 17 12 --
20 Redwood Redwood 15 15 12 --
21 Redwood Redwood 15 15 12 --
22 Inner Balsa Balsa Wood 12 12 12 --
Large Tower Base
23 Plates Type 304 23 1 23 --
Large Tower Bolt
24 Plates Type 304 23 1 23 --
Large Tower
25 Gussets Type 304 25 1 1 0.172
Small Tower Base
26 Plates Type 304 23 1 23 --
Small Tower Bolt
27 Plates Type 304 23 1 23 --
Small Tower
28 Gussets Type 304 25 1 1 0.172
29 Lower IL Bolt 1 AS40, Grade B21, Cl 1 29 29 - 0.5
Steel
30 Lower ILBolt2 | 7940 Grade B21, Cl1 29 29 - 05
Steel
31 Lower ILBolt3 | A940 Grade B21, Clf 29 29 - 05
Steel
32 Lower ILBolt4 | A%40 Grade 821, CI 29 29 - 05
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Table 2.12.9-10
TN-32B HBU Cask Model Parts, Upper IL

Item Heading Material SECID MID HGID THK
101 Outer Shell Type 304 1 1 1 0.094
102 Middle Shell Type 304 1 1 1 0.094
103 Center Shell Type 304 1 1 1 0.094
104 Recess Shell Type 304 1 1 1 0.094
105 Inner Gusset Type 304 5 1 1 0.063
106 Outer Gusset Type 304 5 1 1 0.063
107 Bolt Gusset Type 304 7 1 1 0.094
108 End Plate Type 304 1 1 1 0.094
109 Recess Plate Type 304 1 1 1 0.094
110 Inner Plate Type 304 1 1 1 0.094
112 End Balsa Balsa Wood 12 12 12 -
113 End Balsa Balsa Wood 12 12 12 -
114 End Balsa Balsa Wood 12 12 12 -
115 Redwood Redwood 15 15 12 --
116 Redwood Redwood 15 15 12 --
117 Redwood Redwood 15 17 12 -
118 Redwood Redwood 15 17 12 --
119 Redwood Redwood 15 17 12 --
120 Redwood Redwood 15 15 12 -
121 Redwood Redwood 15 15 12 -
122 Inner Balsa Balsa Wood 12 12 12 -
Large Tower Base
123 Plates Type 304 23 1 23 --
Large Tower Bolt
124 Plates Type 304 23 1 23 --
Large Tower
125 Gussets Type 304 25 1 1 0.172
Small Tower Base
126 Plates Type 304 23 1 23 --
Small Tower Bolt
127 Plates Type 304 23 1 23 --
128 Small Tower Type 304 25 1 1 0.172
Gussets yp ’
129 Lower IL Bolt 1 A540, Grade B21, CI 1 29 29 - 0.5
Steel
130 Lower IL Bolt 2 A540, Grade B21, CI 1 29 29 - 0.5
Steel
131 Lower IL Bolt 3 AS540, Grade B21, CI 1 29 29 - 0.5
Steel
132 Lower ILBolt4 | A%40, Grade 821, CI 29 29 - 05
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Table 2.12.9-11

TN-32B HBU Cask Model Parts, Misc. Components

Item Heading Material SECID MID HGID THK
51 Tie-Rod 1 A193, Gr B7 51 51 -- 0.5
52 Tie-Rod 2 A193, Gr B7 51 51 - 0.5
53 Tie-Rod 3 A193, Gr B7 51 51 - 0.5
54 Tie-Rod 4 A193, Gr B7 51 51 -- 0.5
55 Tie-Rod 5 A193, Gr B7 51 51 - 0.5
56 Tie-Rod 6 A193, Gr B7 51 51 - 0.5
57 Tie-Rod 7 A193, Gr B7 51 51 -- 0.5
58 Tie-Rod 8 A193, Gr B7 51 51 -- 0.5
59 Tie-Rod 9 A193, Gr B7 51 51 - 0.5
60 Tie-Rod 10 A193, Gr B7 51 51 - 0.5
61 Tie-Rod 11 A193, Gr B7 51 51 -- 0.5
62 Tie-Rod 12 A193, Gr B7 51 51 - 0.5
63 Tie-Rod 13 A193, Gr B7 51 51 - 0.5
151 Cask Body RIGID MATERIAL 151 151 - -
901 Pad RIGID MATERIAL 901 901 - -
Table 2.12.9-12
Section Properties
Thickness/Diameter
SecID Element Type Form (in)
1 Shell 16 (Fully Integrated) 0.094
5 Shell 16 (Fully Integrated) 0.063
7 Shell 16 (Fully Integrated) 0.094
12 Solid 0 (1 point corotational) --
15 Solid 0 (1 point corotational) --
23 Solid 2 (Fully integrated S/R solid) --
25 Shell 16 (Fully Integrated) 0.172
o9 Beam 1 (Hughes-.Liu with cross 05
section integration)
51 Beam 1 (Hughes—.Liu with Cross 05
section integration)
151 Solid 1 (Constant stress solid _
element)
901 Solid 1 (Cons;aenr:lztr:;a)ss solid _

Page 2.12.9-31




TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

Table 2.12.9-13
Material Models

Material
ID Model Description Material Description
1 Plastic-Kinematic Type 304 @ -20 °F to 100 °F
12 Modified Honeycomb Balsa, grain perpendicular-to-axis
15 Modified Honeycomb Redwood, grain perpendicular-to-axis
17 Modified Honeycomb Redwood, grain parallel-to-axis
29 Plastic—Kinematic Alloy steel, A540, Gr B21, Cl 1
51 Plastic—Kinematic Alloy steel, A193, Gr B7
151 Rigid Material Carbon Steel
901 Rigid Material Carbon Steel
Table 2.12.9-14
Hourglass Definitions
Hourglass
HGID | Hourglass Control Type (IHQ) Coefficient (QM)
1 full projection warping stiffness (8) 0.1
12 Flanagan-Belytschko viscous form (2) --
Belytschko-Bindeman [1993] assumed strain co-rotational
23 stiffness form (6) -
Table 2.12.9-15
FEA Model/Scale Test Unit Weight Comparison
Weight (lbm)
Scale Test Finite Element Percent
Component Model Part ID( Unit? Model Difference
Lower IL 1-28 606 672.54 +11%
Upper IL 101-128 608 672.26 +11%
Loaded Cask Body 29-32, 51-63, 129-132, 8.833 8, 806 -0.31%
and hardware and 151
Total Package® | 2l Parts exgjg’)t 901 (drop 10,047 10,182 +1.34%

Notes:
1. See Table 2.12.9-9, Table 2.12.9-10, and Table 2.12.9-11 for Part ID descriptions.

2. Section 4.1 of the TN-40 IL Test Report [10].
3. Weight is average of the two test articles assembled [10].
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Table 2.12.9-16
FEA Model/ TN-32B HBU Cask Weight Comparison

Weight (lbm)
Finite Element Percent
Component Model Part ID™" TN-32B HBU®@ Model Difference
Lower IL, nominal 672.54 x (3.0) 0
weight 1-28 16,600 - 18,159 +9.4%
Upper IL, nominal ) 672.26 x (3.0)3 o
weight 101-128 16,600 - 18,151 +9.4%
Loaded Cask Body 29-32, 51-63, 129- 8806 x (3.0)° o
and hardware® 132, and 151 235,700 = 237,762 +0.87%
Total Package, all parts except 10,182 x (3.0)3 o
nominal weight 901 (drop pad) 269,000 = 274,914 ¥2.2%
Total Package, all parts except 10,182 x (3.0)2 o
maximum weight 901 (drop pad) 273,000 = 274,914 +0.70%
Notes:
1. See Table 2.12.9-9, Table 2.12.9-10, and Table 2.12.9-11 for Part ID descriptions.
2. Refer to Section 2.1.3 for maximum weight.
3. Loaded cask body and hardware minus ILs.
Table 2.12.9-17
Inertia g-Load versus Initial Angle of Impact for 30 Foot Drop
Scale Difference
Drop Case Drop Angle Model Full Size Test( (Full/Test)
Cold Side 0° 133.8 44.6 57 -22%
Warm Side 0° 112.9 37.6 -34%
Cold Slapdown 20° 103.1 34.4 -44%,
(Secondary Impact) 61
Warm Slapdown 20° 84.1 28.0 54%
(Secondary Impact)
Cold Corner 64° 87.9 29.3 34 -14%
Warm Corner 64° 67.7 22.6 -34%
Cold End 90° 222.7 74.2 57 30%
Warm End 90° 142.7 47.6 -17%
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Table 2.12.9-18
Maximum IL Deformation versus Initial Angle of Impact for 30 Foot Drop

Difference
Drop Case Drop Angle | Scale Model Full Size Test(" (Scale/Test)
Cold Side 0° 4.94 14.8 272 +82%
Warm Side 0° 5.96 17.9 ' +119%
Cold Slapdown 20° 299 6.7 _539%
(Secondary Impact)
Warm Slapdown 20° 4.69
3.18 9.5 -32%
(Secondary Impact)
Cold Corner 64° 8.49 255 85 0%
Warm Corner 64° 9.90 29.7 ' +16%
Cold End 90° 2.23 6.7 3 -26%
Warm End 90° 3.12 94 +4%

Table 2.12.9-19
Maximum Inertial g-Load during 1 Foot Drop

Drop Case Drop Angle | Scale Model Full Size
Cold Side 0° 339¢ 11.3g
Warm Side 0° 279g 93¢
Cold End 90° 76.4 g 255¢g
Warm End 90° 745¢g 248¢

Table 2.12.9-20
Maximum IL Deformation versus Initial Angle of Impact for 1 Foot Drop

Drop Case Drop Angle | Scale Model Full Size
Cold Side 0° 0.52 1.6
Warm Side 0° 0.57 1.7
Cold End 90° 0.23 0.69
Warm End 90° 0.24 0.72
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Table 2.12.9-21
Tie-Rod Loads for 30 Foot Cold Side Drop

Tie-Rod | Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (Ibs) Stress (ksi) Safety
1 184 5,861 52,749 35.39 1.47
2 176 5,369 48,321 32.42 1.70
3 150 3,230 29,070 19.51 3.49
4 120 4,255 38,295 25.69 2.41
5 90 5,110 45,990 30.85 1.84
6 60 4,326 38,934 26.12 2.35
7 30 3,304 29,736 19.95 3.39
8 4 5,504 49,536 33.23 1.63
9 356 5,937 53,433 35.85 1.44
10 315 4,033 36,297 24.35 2.59
11 266 8,552 76,968 51.63 0.70
12 274 8,388 75,492 50.64 0.73
13 240 4,626 41,634 27.93 2.13

Table 2.12.9-22
Tie-Rod Loads for 30 Foot Warm Side Drop

Tie-Rod Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (Iby) Stress (ksi) Safety
1 184 5,294 47,646 31.96 1.74
2 176 4,907 44,163 29.63 1.95
3 150 2,685 24,165 16.21 4.40
4 120 2,136 19,224 12.90 5.78
5 90 2,799 25,191 16.90 4.18
6 60 2,078 18,702 12.54 5.98
7 30 2,540 22,860 15.34 4.71
8 4 4,834 43,506 29.19 2.00
9 356 5,106 45,954 30.82 1.84
10 315 3,954 35,586 23.88 2.67
11 266 7,884 70,956 47.60 0.84
12 274 8,605 77,445 51.96 0.68
13 240 4,161 37,449 2512 2.48
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Table 2.12.9-23
Tie-Rod Loads for 30 Foot Cold Slapdown

Tie-Rod | Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (Ibs) Stress (ksi) Safety
1 184 11,941 107,469 72.09 0.21
2 176 11,516 103,644 69.52 0.26
3 150 15,284 137,556 92.27 -0.05
4 120 14,692 132,228 88.70 -0.01
5 90 15,059 135,531 90.92 -0.04
6 60 14,752 132,768 89.07 -0.02
7 30 15,400 138,600 92.98 -0.06
8 4 11,732 105,588 70.84 0.24
9 356 12,081 108,729 72.94 0.20
10 315 8,431 75,879 50.90 0.72
11 266 2,175 19,575 13.13 5.67
12 274 1,504 13,536 9.08 8.64
13 240 6,863 61,767 41.43 1.1
Table 2.12.9-24
Tie-Rod Loads for 30 Foot Warm Slapdown
Tie-Rod Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (Iby) Stress (ksi) Safety
1 184 10,206 91,854 61.62 0.42
2 176 9,676 87,084 58.42 0.50
3 150 12,648 113,832 76.36 0.15
4 120 11,959 107,631 72.20 0.21
5 90 12,069 108,621 72.87 0.20
6 60 12,022 108,198 72.58 0.21
7 30 12,844 115,596 77.55 0.13
8 4 9,822 88,398 59.30 0.48
9 356 10,349 93,141 62.49 0.40
10 315 4,121 37,089 24.88 2.52
11 266 2,929 26,361 17.69 3.95
12 274 3,512 31,608 21.20 3.13
13 240 5,753 51,777 34.73 1.52
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Table 2.12.9-25
Tie-Rod Loads for 30 Foot Cold Corner Drop

Tie-Rod | Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Iby) Force (Iby) Stress (ksi) Safety
1 184 2,377 21,393 14.35 5.10
2 176 2,893 26,037 17.47 4.01
3 150 3,096 27,864 18.69 3.68
4 120 2,985 26,865 18.02 3.86
5 90 3,818 34,362 23.05 2.80
6 60 2,437 21,933 14.72 4.95
7 30 2,664 23,976 16.09 4.44
8 4 2,530 22,770 15.28 4.73
9 356 2,372 21,348 14.32 5.11
10 315 16,620 149,580 100.35 -0.13
11 266 12,701 114,309 76.68 0.14
12 274 12,719 114,471 76.79 0.14
13 240 16,585 149,265 100.13 -0.13
Table 2.12.9-26
Tie-Rod Loads for 30 Foot Warm Corner Drop
Tie-Rod Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (Iby) Stress (ksi) Safety
1 184 2,493 22,437 15.05 4.81
2 176 2,954 26,586 17.84 3.91
3 150 3,213 28,917 19.39 3.51
4 120 2,964 26,676 17.89 3.89
5 90 3,209 28,881 19.37 3.52
6 60 2,212 19,908 13.35 5.55
7 30 2,982 26,838 18.00 3.86
8 4 2,573 23,157 15.54 4.63
9 356 2,327 20,943 14.05 5.23
10 315 15,533 139,797 93.78 -0.07
11 266 11,974 107,766 72.30 0.21
12 274 11,920 107,280 71.97 0.22
13 240 15,504 139,536 93.61 -0.07
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Table 2.12.9-27
Tie-Rod Loads for 30 Foot Cold End Drop

Tie-Rod | Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (Ibs) Stress (ksi) Safety
1 184 2,289 20,601 13.82 5.33
2 176 2,544 22,896 15.36 4.70
3 150 5,295 47,655 31.97 1.74
4 120 5,088 45,792 30.72 1.85
5 90 3,001 27,009 18.12 3.83
6 60 5,343 48,087 32.26 1.71
7 30 5,657 50,013 33.55 1.61
8 4 2,388 21,492 14.42 5.07
9 356 1,919 17,271 11.59 6.55
10 315 4,167 37,503 25.16 2.48
11 266 2,348 21,132 14.17 5.17
12 274 2,753 24,777 16.62 4.26
13 240 5,019 45,171 30.30 1.89

Table 2.12.9-28
Tie-Rod Loads for 30 Foot Warm End Drop

Tie-Rod Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (Iby) Stress (ksi) Safety
1 184 2,034 18,306 12.28 6.13
2 176 2,926 26,334 17.67 3.95
3 150 5,228 47,052 31.56 1.77
4 120 5,108 45,972 30.84 1.84
5 90 3,750 33,750 22.64 2.87
6 60 5,804 52,236 35.04 1.50
7 30 5,179 46,611 31.27 1.80
8 4 1,838 16,542 11.09 6.89
9 356 1,850 16,650 11.17 6.83
10 315 4,970 44,730 30.00 1.92
11 266 1,708 15,372 10.31 7.48
12 274 1,832 16,488 11.06 6.91
13 240 5,341 48,069 32.25 1.71
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IL Attachment Bolt Loads for 30 Foot Cold Side Drop

Table 2.12.9-29

Bolt Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (lbf) Force (lbf) Stress (ksi) Safety
1 135 1,731 15,579 10.45 9.38
2 225 5,052 45,468 30.50 2.56
3 315 5,610 50,490 33.87 2.20
4 45 1,712 15,408 10.33 9.50
5 45 1,721 15,489 10.39 9.44
6 315 1,441 12,969 8.70 11.48
7 225 1,441 12,969 8.70 11.48
8 135 1,658 14,922 10.01 9.84
Table 2.12.9-30

IL Attachment Bolt Loads for 30 Foot Warm Side Drop

Bolt Position | Scale Model Tensile Full Scale Margin of

No. (Degrees) Force (lbf) Force (lbf) Stress (ksi) Safety
1 135 1,546 13,914 9.34 10.62
2 225 6,377 57,393 38.50 1.82
3 315 6,088 54,792 36.76 1.95
4 45 1,564 14,076 9.45 10.49
5 45 1,536 13,824 9.28 10.70
6 315 1,687 15,183 10.19 9.65
7 225 1,710 15,390 10.32 9.51
8 135 1,569 14,121 9.48 10.45
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IL Attachment Bolt Loads for 30 Foot Cold Slapdown

Table 2.12.9-31

Bolt Position | Scale Model Tensile Full Scale Margin of

No. (Degrees) Force (Ibs) Force (Ibs) Stress (ksi) Safety
1 135 1,543 13,887 9.32 10.65
2 225 18,122 163,098 109.41 -0.01
3 315 17,965 161,685 108.46 0.00
4 45 1,543 13,887 9.32 10.65
5 45 14,113 127,017 85.21 0.27
6 315 3,517 31,653 21.23 4.11
7 225 3,379 30,411 20.40 4.32
8 135 14,345 129,105 86.61 0.25

Table 2.12.9-32
IL Attachment Bolt Loads for 30 Foot Warm Slapdown

Bolt Position | Scale Model Tensile Full Scale Margin of

No. (Degrees) Force (Ibs) Force (lbs) Stress (ksi) Safety
1 135 1,504 13,536 9.08 10.95
2 225 12,114 109,026 73.14 0.48
3 315 12,418 111,762 74.97 0.45
4 45 1,520 13,680 9.18 10.82
5 45 9,470 85,230 57.18 0.90
6 315 4,138 37,242 24.98 3.34
7 225 3,169 28,521 19.13 4.67
8 135 9,551 85,959 57.66 0.88

Table 2.12.9-33
IL Attachment Bolt Loads for 30 Foot Cold Corner Drop

Bolt Position | Scale Model Tensile Full Scale Margin of

No. (Degrees) Force (Ibs) Force (lbf) Stress (ksi) Safety
1 135 2,333 20,997 14.08 6.70
2 225 1,528 13,752 9.23 10.76
3 315 1,475 13,275 8.90 11.19
4 45 2,306 20,754 13.93 6.79
5 45 1,558 14,022 9.41 10.54
6 315 7,983 71,847 48.20 1.25
7 225 7,950 71,550 48.00 1.26
8 135 1,547 13,923 9.34 10.62
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Table 2.12.9-34
IL Attachment Bolt Loads for 30 Foot Warm Corner Drop

Bolt Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (Ibs) Stress (ksi) Safety

1 135 2,227 20,043 13.44 7.07

2 225 1,489 13,401 8.99 11.07

3 315 1,532 13,788 9.25 10.73

4 45 2,181 19,629 13.17 7.24

5 45 1,519 13,671 9.17 10.83

6 315 6,813 61,317 41.14 1.64

7 225 7,045 63,405 42.53 1.55

8 135 1,528 13,752 9.23 10.76

Table 2.12.9-35
IL Attachment Bolt Loads for 30 Foot Cold End Drop

Bolt Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (lbs) Stress (ksi) Safety

1 135 2,117 19,053 12.78 7.49

2 225 2,098 18,882 12.66 7.57

3 315 2,093 18,837 12.63 7.59

4 45 2,084 18,756 12.58 7.62

5 45 2,346 21,114 14.16 6.66

6 315 2,541 22,869 15.34 6.07

7 225 2,406 21,654 14.53 6.47

8 135 2,405 21,645 14.52 6.47

Table 2.12.9-36
IL Attachment Bolt Loads for 30 Foot Warm End Drop

Bolt Position | Scale Model Tensile Full Scale Margin of
No. (Degrees) Force (Ibs) Force (lbf) Stress (ksi) Safety

1 135 2,093 18,837 12.63 7.59

2 225 1,753 15,777 10.58 9.26

3 315 1,736 15,624 10.48 9.35

4 45 2,085 18,765 12.58 7.62

5 45 1,441 12,969 8.70 11.48

6 315 1,441 12,969 8.70 11.48

7 225 1,441 12,969 8.70 11.48

8 135 1,440 12,960 8.70 11.48
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NCT Cold Side Drop Deflection
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NCT COLD SIDE DROP
Time = 0.011599

Figure 2.12.9-4
NCT Cold Side Drop Deformation
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NCT Warm Side Drop Deflection
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NCT WARM SIDE DROP
Time = 0.013099

Figure 2.12.9-7
NCT Warm Side Drop Deformation
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NCT Cold End Drop Acceleration
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NCT Cold End Drop Deflection
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NCT COLD END DROP
Time = 0.0042

Figure 2.12.9-10
NCT Cold End Drop Deformation
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NCT WARM END DROP
Time = 0.0043992

Figure 2.12.9-13
NCT Warm End Drop Deformation
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HAC Cold Side Drop Deflection
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Time = 0.015799

T ‘i

Figure 2.12.9-16
HAC Cold Side Drop Deformation
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HAC Warm Side Drop Acceleration
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HAC Warm Side Drop Deflection
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HAC WARM SIDE DROP
Time = 0.018799

Figure 2.12.9-19
HAC Warm Side Drop Deformation
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HAC COLD 20 DEG SLAPDOWN
Time = 0.0569

Figure 2.12.9-22
HAC Cold Slapdown Deformation
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HAC WARM 20 DEG SLAPDOWN
Time = 0.0586

Figure 2.12.9-25
HAC Warm Slapdown Deformation
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HAC COLD CORNER DROP

100
Mat Id
a0 A A 151
5 | /&/
c
S 60
B
g B
S 40
2 I / \
)
3
S 20
h=] L
=) \
o 0
>
-20 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03
min=-0.37121 -
max=87.935 ime (s)
Figure 2.12.9-26
HAC Cold Corner Drop Acceleration
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Figure 2.12.9-27
HAC Cold Corner Drop Deflection
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HAC COLD CORNER DROP
Time = 0.024999

Figure 2.12.9-28
HAC Cold Corner Drop Deformation
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Figure 2.12.9-29
HAC Warm Corner Drop Acceleration
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Figure 2.12.9-30
HAC Warm Corner Drop Deflection

Page 2.12.9-61



TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

HAC WARM CORNER DROP
Time = 0.029999

Figure 2.12.9-31
HAC Warm Corner Drop Deformation
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HAC Cold End Drop Acceleration
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Figure 2.12.9-33
HAC Cold End Drop Deflection
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HAC COLD END DROP
Time = 0.0073992

Figure 2.12.9-34
HAC Cold End Drop Deformation
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AC Warm End Drop Acceleration
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HAC Warm End Drop Deflection
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HAC WARM END DROP
Time = 0.011899

Figure 2.12.9-37
HAC Warm End Drop Deformation
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Figure 2.12.9-38
IL Lifting Lug Geometry
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2.12.10 TN-40 Package Impact Limiter Testing

This appendix was extracted from the TN-40 Transportation Packaging Safety
Analysis Report (SAR) [1]. The impact limiter scale testing of the TN-40 cask is
utilized for benchmarking the response of the similar TN-32B HBU demonstration
cask, as described in Appendix 2.12.9.

2.12.10.1 Introduction

A series of dynamic tests have been performed on one-third scale models of the
TN-40 transport package impact limiters. The tests were performed to evaluate the
effects of the 30 foot free drop hypothetical accident defined in 10 CFR 71.73(c)(1)
[2]. The test results are used to verify the analyses performed for the TN-40 transport
package. The objectives of the TN-40 impact limiter test program are:

Demonstrate that the inertia g values and forces calculated in Appendix 2.10.8,
and are utilized in the analyses presented in Appendices 2.10.1 through 2.10.7 of
Reference [1] are adequate,

Demonstrate that the extent of crush depths is acceptable, i.e., limiters do not
bottom out and the neutron shield or trunnions do not impact the target,

Demonstrate the adequacy of the impact limiter enclosure,
Demonstrate adequacy of the impact limiter attachment design,

Evaluate the effects of low temperature (-20 °F) on the crush strength and
dynamic performance of the impact limiters, and,

Evaluate the effects (puncture depth and shell damage) of a 40-inch drop onto a
scaled 6- inch diameter puncture bar on a previously crushed impact limiter, as
per 10 CFR 71.73(c)(3).

2.12.10.2 Scaling Relationships

The scale models of the TN-40 cask and impact limiter are constructed with a
geometric scale factor of 1/A = 1/3. As shown in Appendix B of Reference [3], the
following scale factors apply.

Length: Lp = ALm

Surface area: Ap =N An

Moment of inertia: lp = A* I

Section modulus: S, =N\ Sy

Weight: W, = A3 W,

Energy absorbed during drop: Eo=Woh=ANWnh=ANEqy

(from same height h)
Velocity at beginning of impact: Vp = (2gh)”2 =Vm

where: A is the scale factor, the subscript p refers to the full size, and the subscript m
refers to the model.
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During impact, the impact limiter materials will deform or crush. Since the model and
full size impact limiters are made of the same materials, they deform under the same
stress,

Sp = Sm
Therefore we have the following relationships:

Force during impact: Fp =S, Ap=Sm A2 Am = A2 Fp,
Deformation: Dp = Ep/Fp = N Em/A? Fry = A Dy
Impact duration: To=Dp/Np=ADn/Nm=ATn
Impact deceleration: a, =Vp/Tp =V /A Tm = 1/A an

2.12.10.3 Test Article Description

The test article for the dynamic tests consists of a solid carbon steel test body with an
impact limiter on each end. The test article, shown in Figure 2.12.10-1, is constructed
to be as close as possible to one-third of the full-size packaging.

The impact limiters are attached to each other by thirteen 0.5-inch diameter tie rods,
tightened snug tight. Each limiter is also fastened to the test dummy with four
0.5-inch bolts.

The test article weighs approximately 10,100 Ibr, (the total weight of the full-size
package is 271,460 Ibn), and has maximum dimensions of approximately 87.0 inches
long by 48.0 inches in diameter (the full size dimensions for the TN-40 cask are
260.87 inches long and 144.0 inches in diameter).

The test body and each impact limiter are equipped with lifting lugs to facilitate lifting
during handling and testing.

2.12.10.4 Test Description
2.12.10.4.1  Equipment and Instrumentation

The drop testing was performed at the National Technical Systems (NTS) facility
located at Acton, Massachusetts. The drop testing was performed in accordance with
approved written procedures.

Lifting and dropping the test article was accomplished using a mobile crane. A
quick-release mechanism was used to initiate the drop. It consists of a hydraulic
piston that loaded a bolt to failure releasing a shackle supporting the test article via a
rigging system. The rigging system consists of nylon straps and padded shackles to
minimize damage to the accelerometers installed on the test dummy.

An inclinometer was used to measure the initial angle (£1°) of the test body
longitudinal axis with respect to the drop pad (i.e., impact surface). A measured line,
30 feet long (+3.0, -0.0 inches), was attached to the lowest point on the test package
to assure the proper drop height.
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The impact surface was a 2-inch thick steel plate attached to a concrete block
weighing approximately 250,000 Ibn, resting on bedrock. This configuration can be
considered as an essentially unyielding surface.

A puncture bar made of cold-rolled steel was welded to the impact surface for the
40-inch (1-meter) puncture drop. The bar was scaled to match the test article
resulting in a 2-inch diameter bar with the upper end edges rounded to a radius of
approximately 0.083 inch.

Accelerometers were used to measure the impact g load for all drops performed.
Twelve PicoCoulomB (PCB) Piezotronics 353B18 accelerometers were attached to
aluminum blocks, which were bolted to the test body at 0°, 90°, 180°, and 270°
orientations at three elevations: the approximate center of gravity location and
adjacent to each impact limiter. The 12 accelerometer locations are shown in
Figure 2.12.10-2.

PCB Model 353B18 quartz shear accelerometers were used to measure the test
dummy response. These transducers have a measurement range of £500g, with a
nominal frequency range of 1 — 10,000 Hz (x5%). The accelerometers were
connected to a Spectral Dynamics, Inc. Puma System signal analyzer. The
accelerometer responses were recorded digitally and processed after completion of
the test.

The output signals were filtered using a 600 Hz low pass filter to remove the higher
frequencies present in the data. The high frequencies represent vibrations of the test
dummy due to small displacements (low stresses), which excite the accelerometers
and tend to mask the low frequency rigid body acceleration. This low frequency
acceleration is masked, because both low frequency rigid body and high frequency
natural vibration accelerations are superimposed and the net acceleration is
recorded. Filtering the data is necessary to remove these high frequency
accelerations.

2.12.10.4.2 Drop Test Orientations

A. Pre-Test Orientations

The four, 1/3-scale impact limiters that were utilized for the test are identified as 1, 2,
3, and 4. The drop test orientations were performed in the following sequence.
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Drop Test Original Sequence

Impact
Test Drop Drop Limiter Impact
Number Orientation Height Number Sequence Comments
1 -
1 0° Side Drop 30 feet 2 Limiters 1 and 2 were installed
64° 1 1st The test article was rotated 180°
so the undamaged portion of the
2 CCG-O\lljer- 30 feet 2 2nd impact limiters contacts the
orner Lrop impact surface.
3 1st Limiters 1 and 2 were removed
3 20° Slap Down | 30 feet 4 ond and replaced with limiters 3 and
4 before the drop.
3 1st Limiter 3 was removed and
o chilled at -20 °F for 24 hours
4 90° End Drop 30 feet 4 None before reinstallation on the test
dummy.
5 90° End Drop 40 3 1st Drop onto 2 inch diameter
(Puncture Test) | inches 4 None puncture bar.

The 0° side drop was performed to obtain the highest transverse acceleration and to
demonstrate that no portion of the test dummy (including trunnions) impacted the
surface of the pad.

The 64° CG-over-corner drop was performed to predict the maximum crush distance
from the corner of the impact limiter and to demonstrate the corners of the test
dummy were protected by the impact limiter.

The 20° slap down drop was performed to demonstrate that the impact limiters stay
attached to the test dummy because the second impact (slap down) puts the highest
load on the impact limiter attachments, and impact limiter stainless steel shell.

The 90° end drop orientation was performed to obtain the highest axial deceleration.
For the 90° end drop, the bottom impact limiter (3) was chilled at -20 °F for at least 24
hours in order to acquire the most conservative estimate of the axial g load.

A 40-inch puncture drop onto a 1/3-scale 6-inch diameter bar (i.e., 2-inch) was
performed in accordance with 10 CFR 71.73(c)(3) in order to evaluate the effects of
this drop on the TN-40 transport package. The test article was dropped in the 90°
end drop orientation onto the puncture bar subsequent to the 30 foot end drop. The
test article was positioned so that it impacted the puncture bar close to its axial
centerline and thus near the center of gravity. This orientation was chosen because it
assures that the puncture impact absorbs nearly 100% of the drop energy. Also, the
center of the impact limiter outer plate, where the puncture impact occurs, is the
weakest portion of the impact limiter since there are no gussets in this location.
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B. Modified Drop Tests

After the initial drop test (0° side drop), the accelerometer data was determined to be
unusable because of an auto-scaling feature of the data acquisition system that did
not perform as expected. After NTS reset the system for manual scaling, the second
planned drop was conducted. This was the 64° CG-over-corner drop using the same
pair of impact limiters. After the CG-over-corner drop test a second 0° side drop test
was performed. The same pair of impact limiters was used. The test package was
rotated 90° so that the undamaged portion of the impact limiter would contact the
impact surface, thus providing undamaged crush material. The accelerometers were
left in their original locations, but since they were equally spaced at four locations
around the test body, the desired impact accelerations could still be obtained after
reorienting the accelerometers to be perpendicular with the impact surface.

After the 90° end drop examination of the test data revealed results that were
inexplicable. Several data channels showed accelerations that were opposite sign
from the expected values and had significant differences in magnitude. In order to
salvage useful data from the existing test hardware, a second end drop was
performed at a later date using the least damaged test limiter for the impacted end
drop limiter. The limiter was not chilled; however, since the environmental control of
the wood had been compromised due to previous test damage.

The original sequence of the tests shown in Section A, above, was modified to list all
the drop tests that were performed:
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Modified Drop Test Sequence

Impact
Test Drop Drop Limiter Impact
Number Orientation Height Number Sequence Comments
1 -
1 0° Side Drop 30 feet 2 Limiters 1 and 2 installed.
64° 1 1st The 1 and 2 impact limiters were
rotated 180° so that the
2 CCG-O\éer- 30 feet 2 2nd undamaged portion of the impact
orner drop limiters face the pad.
1 - The test body and limiters were
3 0° Side Drop 30 feet rotated 90° so that an undamaged
(2nd test) 2 - portion of the impact limiters faced
the pad.
o 3 1st Limiters 1 and 2 were removed
4 207 Slap Down | 30 feet 4 2nd and replaced with limiters 3 and 4.
3 1st Limiter 3 was removed and chilled
5 90° End Drop | 30 feet 4 at —20 °F for 48 hours before being
B re-installed on the test body.
90° End Drop 40 3 1st Drop onto 2-inch diameter
6 (Puncture inches 4 uncture bar
Test) ) P '
2 1st Limiters 2 and 4 were used. The
o center portion of limiter 2 was
7 9()(253%2{)0 P 1 30 feet 4 relatively undamaged by previous
) drops and thus provided a useable
crush volume.

The test setup for the 0° side drop is shown in Figure 2.12.10-3. For the side drop
test, the accelerometers were oriented to measure accelerations in the drop direction
(perpendicular to the drop pad surface).

The test setup for the 64° CG-over-corner drop is shown in Figure 2.12.10-4. The
accelerometers located along the center of gravity and near the top and bottom
impact limiter (first impact) were oriented to measure accelerations 64° from the axis
of the test model (perpendicular to the drop pad surface when the test model is
oriented at a 64° angle). The other accelerometers were oriented to measure
accelerations parallel to the test model axis.

The same pair of impact limiters was rotated 90° so the undamaged portion of the
limiter would be face down for the second side drop (test number 3). The
accelerometers were re-oriented to measure accelerations in the drop direction
(perpendicular to the impact surface). The test setup is the same as shown in
Figure 2.12.10-3 except for the 90° rotation of the test article.
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The test setup for the 20° slap down drop is shown in Figure 2.12.10-5. The
accelerometers located along the side of the test dummy were oriented to measure
accelerations 70° from the axis of the test model (perpendicular to the drop pad
surface when the test model is oriented at a 20° angle). The accelerometers along
the top and bottom of the test dummy were oriented to measure accelerations
perpendicular to the test model axis (perpendicular to the drop pad surface during
slap down when the test modal axis is parallel to the impact surface).

The test setup for the 90° end drop is shown in Figure 2.12.10-6. The package was
oriented with the test dummy bottom facing down so that the impact occurred on the
bottom end of the package. For the end drop test, the accelerometers were oriented
to measure accelerations in the drop (axial) direction. The bottom impact limiter (3)
was kept in a temperature chamber held at a temperature of -20 °F for more than 24
hours immediately prior to the test. The time between removal of the impact limiter
from the conditioning chamber and the drop was approximately 2 hours.

Examination of the test data from the first 90° end drop revealed results that were
inexplicable. Several data channels showed accelerations that were opposite sign
from the expected values and had significant differences in magnitude. In order to
extract useful data from the existing test hardware, a second 90° end drop test (test
Number 7) was performed at a later date using the least-damaged test impact limiter
for the impacted end drop. The limiter was not chilled -20 °F; however, since the
environmental control of the wood had been compromised due to previous test
damage.

Impact limiters 2 and 4 were reused for the second 90° end drop test (test number 7).
The location and orientations of the accelerometers were same as for the first 90°
end drop test. The purpose of this test was to predict the g load at the room
temperature. The test setup was the same as for the first end drop and is shown in
Figure 2.12.10-6.

The test setup for the 90° puncture drop is shown in Figure 2.12.10-7. During the
puncture drop the package was oriented so that the puncture bar impacted on the
bottom end of the package. A 2-inch diameter solid cylindrical puncture bar, 18
inches long was utilized. The puncture bar was constructed from mild steel and was
welded to the drop pad with its long axis oriented in the vertical direction.
Accelerometer data was not taken during the puncture drop test.

A photograph of the accelerometer locations for each channel is shown in

Figure 2.12.10-8. Accelerometers 1 through 4 are on the front (left end of test
dummy), 5 through 8 are in the middle, and 9 through 12 are on the right end of the
test dummy. Note that accelerometers 4, 8 and 12 are not visible in Figure 2.12.10-8.

2.12.10.5 Data Measurement
The following data was measured and recorded before, during, and after each drop
test.
1. Prior to each drop test
a) Torque of the impact limiter bolts.

b) Impact limiter dimensions.
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c) Height from test article to drop pad.
d) Angular orientation of the test article to the impact surface.

e) Atmospheric condition data, i.e., ambient temperature, wind speed,
immediately and prior to the release of the test article.

2. During each drop test
a) Test article behavior on videotape.
b) Date and time of test.
c) Observations of damage or unexpected behavior of the test article
d) Impact acceleration time histories (excluding the puncture drop test).
3. Following each drop test

a) Observations of the damage to the test article on features other than the
limiters, i.e., attachment bolts.

b) Measurements of deformation to each impact limiter to fully describe the
extent of the damage. These measurements include:

i. Depth of internal and external crush of the impact limiter.
ii. Overall thickness of each impact limiter after each test.

iii. Dimensions of impact footprint.
2.12.10.6 Test Data and Results

For purposes of reviewing test results, it should be noted that the energy to be
absorbed by the scale model is approximately 1/27 of the full-scale TN-40 package
energy. The acceleration of the model is approximately three times that of the
full-size cask, and the crush deformation of the model limiter is approximately
one-third that of the full-size limiter. The impact force applied to the model is
determined by multiplying the mass by the rigid body acceleration (F = ma). The
model force is 1/9 of the full-scale force.

2.12.10.6.1  0° Side Drop Test

The first drop test performed was the 0° side drop. Impact limiters 1 and 2 were
installed on the test dummy. Two lifting straps were used to connect the test article to
a padded shackle that attached the test article to the release mechanism.

Figure 2.12.10-9 is a photograph of the test configuration prior to the 0° drop.

Accelerometer Data

As described in the previous section, the acceleration time history data for the first 0°
side drop test was lost due to a problem with the self-scaling routine of the data
acquisition software. After resolving the scaling problems, a second 0° side drop was
performed. The acceleration time histories from channels 2, 6, and 10 were selected
as providing the highest accelerations along the length of the test dummy. The plots
generally show a single rounded peak roughly 0.02 seconds long, with a high
frequency low amplitude signal superimposed on top of it.
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The following table shows the maximum transverse accelerations measured by the
accelerometers during the second 0° side drop (converted to full scale), as well as the
maximum acceleration predicted by ADOC as described in Appendix 2.10.8 of
Reference [1].

Measured Transverse Average Measured | Predicted Maximum
Accelerometer Acceleration (gs) Transverse Transverse
Location (converted to full scale) Acceleration (gs) Acceleration (gs)
Top (2) 68
Center of Gravity (6) 50 57 51
Bottom (10) 55

The accelerations measured during the side drop are higher than predicted by the
ADOC computer program. The acceleration results presented in the above table are
taken from the measured acceleration data filtered with a 600 Hz low pass filter.
Figure 2.12.10-10 shows the filtered acceleration time history from accelerometer 6,
which is characteristic of the acceleration plots in general. Note that the acceleration
plotted in Figure 2.12.10-10 is for the 1/3-scale package, and thus is equivalent to
three times the full-scale accelerations.

Crush Depth Measurements

After the first 0° side drop test, crush depths of the impact limiters were measured.
Even though acceleration data from the first test was not useable, the crush values
are valid. There was evidence of both inside and outside crushing. The following
table summarizes the measured and predicted crush depths for the bottom impact
limiter. A spring back of 0.50 inch is assumed (based on previous crush tests). See
Appendix 2.10.4 of Reference [3].

Impact Limiter Impact Limiter
Number 1 Number 2
Maximum Inside Crush Depth (in.) 1.44 1.50
Maximum Outside Crush Depth (in.) 0.75 0.75
Spring Back (in.) 0.50 0.50
Total Crush Depth (in.) 2.69 2.75
Predicted Crush Depth x 1/3 (in.) (From ADOC) 4.52

From the above table it can be seen that the measured crush depths are slightly less
that those predicted by the ADOC computer program. Note that the actual scale test
measurements are used for all deflection evaluations, with the ADOC results scaled
to the 1/3 scale test.

It should also be noted that neither the neutron shield nor the trunnions would contact
the impact surface during the impact. The distance between the outer diameter of the
neutron shield and the outside diameter of the impact limiter is 7.16 in. Therefore, a
clearance of 7.16 - 2.75 = 4.41 inches would remain between the impact surface and
the neutron shield, based on the measured crush depth. Similarly, a distance of 3.84
inches would remain between a trunnion and the impact surface.
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Damage Assessment

Both impact limiters remained attached to the test dummy during and after the side
drop impact. All of the tie rods and tie rod brackets remained intact, thus preventing
separation of the impact limiters from the test dummy. In addition, the impact limiter
attachment bolts remained in place, in spite of damage to two of the eight bolting
brackets.

Only a single small opening in the stainless steel shell of each of the impact limiters
was evident. Both openings consisted of a tear along the weld between two of the
outer flat plates of the impact limiter. The tears were roughly 4 inches long. Despite
these tears, all impact limiter wood remained completely confined within the shell.

Figure 2.12.10-11 through Figure 2.12.10-14 are photographs of the test article after
the 0° side drop.

2.12.10.6.2 64° CG-over-Corner Test

The second drop test performed was the 64° CG-over-corner test. Impact limiters 1
and 2 were again used. The test article was rotated about its longitudinal axis 180°
so that an undamaged portion of the limiter was exposed to the impact surface. The
rigging for this test is shown in Figure 2.12.10-15.

Accelerometer Data

Accelerometer results from accelerometers 9, 10, 11, and 12 at the upper end of the
test dummy were used to evaluate this drop orientation. These represented the four
highest accelerations. The output from accelerometer 10 is shown in

Figure 2.12.10-16. Accelerometers 9 and 11 were oriented parallel with the test
dummy axis while accelerometers 10 and 12 were adjusted so that their axes were
parallel with the drop (i.e., perpendicular to the test pad surface). The average
acceleration of the four accelerometers in the direction of the test dummy axis is
34gs. This includes correcting the values of accelerometers 10 and 12 to account for
their orientation. The predicted acceleration is taken from ADOC results given in
Appendix 2.10.8 [1]. Note that the predicted acceleration value is slightly less than
the measured value.

Measured Versus Predicted Accelerations

Measured Acceleration
Accelerometer Location (gs) (converted to full Average Measured | Predicted Maximum
(see Figure 2.12.10-2) scale) Acceleration (gs) Acceleration (gs)
9 28
Axial Acceleration | 10 37
(15t Impact) 11 39 34 %2
12 33
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Crush Depth Measurements

The crush depths of the impact limiters were measured after the CG-over-corner
drop. The following table summarizes the measured and predicted crush depths for
the bottom impact limiter. A spring back of 0.50 inch is assumed (based on previous
crush tests). See Appendix 2.10.4 of Reference [3].

Impact Limiter
Number 1
Maximum Inside Crush Depth (in.) 0.0
Maximum Outside Crush Depth (in.) 8.0
Spring Back 0.5
Total Crush Depth (in.) 8.5
Predicted Crush Depth x 1/3 (in.) (from ADOC) 10.3

The above table shows that the measured crush depths are slightly less that those
predicted by the ADOC computer program.

Damage Assessment

The primary purpose of the CG-over-corner drop test is to demonstrate that the
impact limiter has sufficient material to protect the corner of the test dummy in this
orientation and to demonstrate the adequacy of the impact limiter attachment design.

Both impact limiters remained attached to the test dummy during and after the
CG-over-corner drop impact. All of the tie-rods, and all but one of the tie-rod brackets
remained intact, thus preventing separation of the impact limiters from the test
dummy. In addition, the impact limiter attachment bolts and brackets, although
damaged, prevented the test dummy from separating from either impact limiter.

Several tears along welds on the impacted surface were noted. However, all of the
shell plates remained in place and therefore would prevent significant loss of wood
during a post-drop fire accident. The tears varied between 2 and 8 inches long.
Despite these tears, all impact limiter wood remained completely confined within the
shell.

Figure 2.12.10-17 and Figure 2.12.10-18 are photographs of the test article after the
CG-over-corner drop.

2.12.10.6.3 20° Slap Down Test

The 20° slap down drop test was performed using newly installed impact limiters 3
and 4. The test article was oriented as shown in Figure 2.12.10-5. A two-point strap
rigging system was used to lift the test model by two lifting lugs. The two legs of the
rigging system join at a single point that was shackled to the quick-release
mechanism. Figure 2.12.10-19 is a photograph of the test package rigging just prior
to the 20° slap down drop.

Page 2.12.10-11



TN-32 Transportation Cask Safety Analysis Report Rev 0a, 08/2021

Accelerometer Data

The slap down event consists of two distinct impacts. The initial impact is the smaller
of the two as it only stops the leading end of the test article and converts much of its
kinetic energy from linear to rotational. The second impact is more severe because
the velocity of the second impact limiter is greater than that resulting from a 30 foot
drop due to the added rotational velocity. The impact limiter attachment design is
also exposed to unique loads due to the centrifugal forces caused by the test dummy
rotation after the first impact.

The following table shows the maximum acceleration as measured by accelerometer
9 during the 20° slap down (converted to full scale), as well as the acceleration
predicted by ADOC.

Measured Versus Predicted Accelerations during Second Impact

Accelerometer Location | Measured Acceleration Predicted Maximum
(see Figure 2.12.10-2) (gs) Acceleration (gs)
61 78
nd
Top (2™ Impact) 9 (Transverse + Rotational) | (Transverse + Rotational)

The accelerations measured during the slap down drop test are low relative to the
maximum predicted by the ADOC computer program. The acceleration results
presented in the above table are taken from the measured acceleration data filtered
with a 600 Hz. low pass filter. Figure 2.12.10-20 shows the filtered acceleration time
history from accelerometer 9, which experienced the highest acceleration of all
locations. The plot of the accelerometer 9 located near impact limiter 4 (second
impact, highest acceleration) shows a single peak roughly 0.009 second long with a
magnitude of approximately 182 g. The initial impact causes a much smaller peak
approximately 0.035 second prior to the second impact. Note that the acceleration
shown in Figure 2.12.10-20 is for the 1/3-scale package, which is equivalent to three
times the full scale acceleration.

Crush Depth Measurements

After the slap down test, the impact limiter crush depths were measured. There was
evidence of both inside and outside crushing. The following table summarizes the
measured and predicted crush depths for the top and bottom impact limiters. A
spring back of 0.50 inches is assumed (based on previous crush tests). See
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