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. ' November 26, 2012

U.S. Nuclear Regulatory Commission
11555 Rockville Pike
Rockville, MD 20852-2738

Attn: Document Control Desk

Subject: Resubmission of an Application for a NRC Certificate of Compliance
(CoC) for the NAC MAGNATRAN Transport Cask

Docket No. 71-9356

References: 1. Safety Analysis Report for the MAGNATRAN Transport Cask,
Revision A10, NAC International, December 2010

2. Safety Analysis Report for the MAGNATRAN Transport Cask,
Revision 12A, NAC International, October 2012

3. U.S. Nuclear Regulatory Commission (NRC) Certificate of
Compliance (CoC) No. 1031 for the NAC International
MAGNASTOR Cask System, Amendment No. 2, January 30, 2012

4. Final Safety Analysis Report (FSAR) for the NAC MAGNASTOR
. Cask System, Revision 2, NAC International, April 2012

5. Submission of an Application for the NRC Certificate of Compliance
(CoC) for the NAC MAGNATRAN Transport Cask, NAC
International, January 19, 2011

6. Application for the Model No. MAGNATRAN Transport Cask —
Supplemental Information Needed, U.S. NRC, April 1, 2011

NAC International (NAC) has developed a transportation cask system for the loaded
MAGNASTOR® (References 3 and 4) Transportable Storage Canisters (TSCs). The
transportation cask system is designated with the model name MAGNATRAN. After
submission to the NRC for certification (References 1 and 5), the NRC requested NAC
provide supplemental information (Reference 6) prior to accepting the application for
technical review. NAC has addressed all Requests for Supplemental Information (RSIs)
and General Observations (GOs). All responses and a complete Safety Analysis Report
(Reference 2) are enclosed with this letter.

NAC hereby applies for a NRC Certificate of Compliance.(COC) for the MAGNATRAN
Transport Cask under the provisions of the Code of Federal Regulations, 10 CFR 71.
The package identification requested is USA/9356/B(U)F-96.
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Reference 2 demonstrates that the MAGNATRAN Transport Cask satisfies all applicable
requirements of the Code of Federal Regulations, 10 CFR 71. Reference 2 has been
formatted in accordance with the requirements of NRC Regulatory Guide 7.9, Revision 2
and the Standard Review Plan for Transportation Packages for Spent Fuel, NUREG-
1617.

The MAGNATRAN Transport Cask is designed to safely transport a TSC containing up
to 37 undamaged PWR fuel assemblies in a 37 PWR basket assembly, or up to 87
undamaged BWR fuel assemblies in a 87 BWR basket assembly. The cask is also
designed to transport up to four damaged fuel cans (DFC) in the DF Basket Assembly
that has four enlarged fuel cells, each of which accommodates a DFC.

The DF Basket Assembly has a capacity of up to 37 undamaged PWR fuel assemblies,
including the four DFC locations. Undamaged PWR fuel assemblies may be placed
directly into any of the four damaged fuel cells. The MAGNATRAN Transport Cask is
also designed to transport a GTCC TSC containing up to 32,000 pounds of Greater than
Class C (GTCC) waste in a GTCC waste basket liner.

Primarily based on their lengths, two categories of PWR fuel assemblies and two
categories of BWR fuel assemblies have been evaluated for transport. Two lengths of
TSCs (long and short) are designed to transport the two categories of PWR and BWR
fuel assemblies. The short TSC is also designed to transport damaged fuel in the DF
Basket Assembly and GTCC waste. A spacer is used in the MAGNATRAN Transport
Cask cavity to axially position the short TSC and limit its potential movement during
cask handling and transport.

The principal components of the MAGNATRAN Transport Cask are:

e Transportable Storage Canister
e Transport Cask
e Impact Limiters
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The MAGNATRAN Transport Cask is described in detail (including materials of
construction, design characteristics and authorized contents) and is depicted on the
license drawings contained in Chapter 1 of Reference 2 as required by 10 CFR 71.33.
Package evaluation is presented in Chapters 2 through 6 per the requirements of 10 CFR
71.35. Chapter 2 of Reference 2 contains the structural evaluation of the MAGNATRAN
Transport Cask. Chapters 3 and 4 contain the thermal and containment evaluations,
respectively. In Chapters 5 and 6, the shielding and nuclear criticality evaluations are
presented. Chapters 7 and 8 contain the package operations and acceptance tests and
maintenance program, respectively. In accordance with the requirements of 10 CFR
71.37(a), the NRC-approved NAC International Inc. Quality Assurance Program has
been applied to the design and analysis of the MAGNATRAN packaging.

This application package is presented as a full nonproprietary and full proprietary
version. The proprietary information described within the affidavit subsequent to this
letter, pursuant to 10 CFR 2.390, duly executed by Mr. George Carver, Vice President,
Engineering, is provided in a separate sealed package marked “NAC PROPRIETARY

INFORMATION.” The nonproprietary version of this application package clearly

identifies every page where proprietary information has been removed. Each page of the
proprietary version is clearly identified as “NAC PROPRIETARY INFORMATION?” at
the top of the page.

This submittal consists of one hard copy of the nonproprietary and the proprietary
versions of this application package, including this cover letter and proprietary affidavit
in accordance with 10 CFR 2.390. Enclosed within this package are the proprietary
calculations, data input and output files supporting the structural, thermal, shielding and
nuclear criticality analyses described in Reference 2. The following is the enclosure
structure of the proprietary and nonproprietary packages.

Nonproprietary Package

Submittal 'Book 1 of 2 :
MAGNATRAN Submittal Cover Letter and Affidavit.
Enclosure 1 - RSI Responses
Enclosure 2 — RSI GO Responses

Enclosure 3 — RSI and GO Supporting Documents
Enclosure 4 - Calculations

Submittal Book 2 of 2
Enclosure 5 - MAGNATRAN SAR Revision 12A

! Individual binders associated with the submittal package are referred to as “books” herein.
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Proprietary Package
Submittal Book 1 of 4
MAGNATRAN Submittal Cover Letter and Affidavit
Enclosure 1 — RSI Responses
Enclosure 2 — RSI GO Responses
Enclosure 3 — RSI and GO Supporting Documents

Submittal Books 2 & 3 of 4
Enclosure 4 — Calculations

Submittal Book 4 of 4
Enclosure 5 - MAGNATRAN SAR Revision 12A

NAC requests that a post-submission presentation meeting be scheduled shortly after the
NRC technical review team has been assembled for the MAGNATRAN application. Due
to the proprietary nature of part of the application, NAC will request a portion of the
post-submission meeting be closed to the public. A separate request for scheduling the
public/closed meeting, including appropriate agenda, presentation slides and proprietary
affidavit, will be provided in a prompt manner. A draft CoC will be provided to the NRC
by March 1, 2013 to support CoC development by the SFST review team.

NAC is submitting this application for the approval of the MAGNATRAN Transport
Cask in support of ongoing and anticipated MAGNASTOR storage projects and is
requesting that the NRC apply the Focused Review Process for the technical review.
Since the MAGNATRAN Transport Cask configuration is similar to another currently
licensed NAC transport cask system (i.e., NAC-STC — Docket No. 71-9235), and since
all the analytical methods used in the development of the application represent previously
accepted methods used in similar applications, NAC hereby requests the NRC to target
issuing of a CoC for the MAGNATRAN Transport Cask by December 31, 2013.

If there are any questions and/or comments regarding this application, please contact me
on my direct line at 678-328-1274.

Sincerely, go
T~
e e

Anthony L Patko
Director, Licensing
Engineering

Enclosures

ED20120129



NAC

NAC INTERNATIONAL

(FRINTERNATIONAL AFFIDAVIT PURSUANT TO 10 CFR 2.390

George Carver (Affiant), Vice President, Engineering, of NAC International, hereinafter referred to as
NAC, at 3930 East Jones Bridge Road, Norcross, Georgia 30092, being duly sworn, deposes and says

that:

1. Affiant has reviewed the information described in Item 2 and is personally familiar with the trade -
secrets and privileged information contained therein, and is authorized to request its withholding.

2. The information to be withheld includes the following NAC Proprietary Information that is being
provided to support the technical review of NAC’s Request for a Certificate of Compliance (CoC)
(No. 9356) for the NAC International MAGNATRAN Transport Cask.

e MAGNATRAN RSI 3-1 - NAC Response
e MAGNATRAN GO 3-6 - NAC Response Supporting Documents
o NAC Proprietary Calculations

O

ED20120129

Calculation No. 71160-2007, Structural Evaluation of the Neutron Absorber Retainer,
Revision 3, (Data Disk I of 1)

Calculation No. 71160-2035, Structural Evaluation of PWR Fuel Assembly Spacer for
Transportation, Revision 2, (Data Disk 1 of 1)

Calculation No. 71160-2101, Struictural and Thermal Material Properties —
MAGNASTOR/MAGNATRAN Cask System, Revision 6, (Data Disk 1 of 1)
Calculation No. 71160-2108, Transport Cask Structural Evaluation, Revision 2, (Data
Disk 1 of 1)

Calculation No. 71160-2110, MAGNATRAN Transport Cask Lifting Trunnion Structural
Analysis, Revision 1, (Data Disk 1 of 1)

Calculation No. 71160-2113, Transport Cask Neutron Shielding Structural Evaluation,
Revision 2, (Data Disk 1 of 1)

“Calculation No. 71160-2116, Structural Evaluation of MAGNATRAN Canister,

Revision 1, (Data Disk 1 of 1)

Calculation No. 71160-2117, PWR Basket Structural Evaluation — Transport, Revision 1,
(Data Disk 1 thru 5 of 5)

Calculation No. 71160-2118, BWR Basket Structural Evaluation — Transport, Revision 1,
(Data Disk 1 thru 7 of 7) '

Calculation No. 71160-2119, BWR Basket Stability Evaluation — Transport, Revision 1,
(Data Disk 1 thru 4 of 4)

Calculation No. 71160-2120, Canf._stér Snacer Structural Evaluation — Transport,
Revision 1, (Data Disk 1 of 1) '

Calculation No. 71160-2126, Fuel Rod Accident Evaluation, Revision 1, (Data Disk 1 of
1)

Calculation No. 71160-2127, PWR DFC Basket Structural Evaluation — Transport,
Revision 1, (Data Disk 1 thru 4 of 4)

Calculation No. 71160-2132, Structural Evaluation of MAGNATRAN TSC3 and TSC4,
Revision 1, (Data Disk 1 of 1)

Calculation No. 71160-2138, MAGNATRAN Balsa-Redwood Impact Limiter Free Drop
Structural Evaluation, Revision 3, (Data Disk 1 thru 6 of 6)

_Iiage 16f4
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o Calculation No. 71160-2145, PWR Basket Stability Evaluation — Transport, Revision 5,
(Data Disk 1 thru S of 5)

o Calculation No. 71160-2155, BWR Fuel Assembly Impact Calculation, Revision 0, (Data
Disk 1 of 1)

o Calculation No. 71160-3011, Effective Property Calculation of PWR/BWR Fuel
Assembly and Poison Plate for Transport Condition of the NAC MAGNATRAN System,
Revision 0, (Data Disk 1 of 1)

o Calculation No. 71160-3013, Thermal Evaluation of MAGNATRAN Transport
Cask/BWR Canister, Revision 0, (Data Disk 1 of 1)

o Calculation No. 71160-3014, Thermal Evaluation of NEWGEN Transport Cask/PWR
Canister, Revision 2, (Data Disk 1 of 1)

o Calculation No. 71160-3015, MAGNATRAN PWR/BWR Cask/Basket Hypothetical Fire
Accident Analyses, Revision 1, (Data Disk 1 of 1)

o Calculation No. 71160-3045, Evaluation of the Convection Film Coefficient for the
MAGNATRAN Cask Surface, Revision 0, (Data Disk 1 of 1)

o Calculation No. 630073-2140, Structural Evaluation of MAGNATRAN GTCC TSC,
Revision 2, (Data Disk 1 thru 3 of 3)

o MAGNATRAN Shielding Sample Data Files, (Data Disk 1 of 1)
-0 MAGNATRAN Ceriticality Sample Data Files, (Data Disk 1 of 1)

e MAGNATRAN SAR, Revision 12A, — Proprietary Version, including:
o NAC International Proprietary License Drawings

o 71160-500, Revision 3P - Shipping Configuration, Transport Cask, MAGNATRAN
71160-502, Revision 2P - Transport Cask Body, MAGNATRAN
71160-505, Revision 3P - Lid Assembly, Transport Cask, MAGNATRAN
71160-531, Revision 1P - Impact Limiter, Transport Cask, MAGNATRAN
71160-551, Revision 10P - Fuel Tube Assembly, MAGNASTOR - 37 PWR
71160-575, Revision 11P - Basket Assembly, MAGNASTOR - 37 PWR
71160-591, Revision 6P - Fuel Tube Assembly, MAGNASTOR — 87 BWR
71160-598, Revision 5P - Basket Support Weldments, MAGNASTOR - 87 BWR
71160-599, Revision 6P - Basket Assembly, MAGNASTOR — 87 BWR
71160-600, Revision 4P - Basket Assembly, MAGNASTOR - 82 BWR
71160-620, Revision 1P - Top Fuel Spacer, MAGNASTOR
71160-674, Revision 3P - DF Comer Weldment, MAGNASTOR
71160-675, Revision 3P - DF Basket Assembly, 37 Assembly PWR, MAGNASTOR

O O 0O O 0O OO0 0O 0 O

NAC is the owner of the information contained in the above documents. Thus, all of the above
identified information is considered NAC Proprietary Information. '

3. NAC makes this application for withhoiding of proprietary information based upon the exemption
from disclosure set forth in: the Freedom of Information Act (“FOIA”); 5 USC Sec. 552(b)(4) and the
Trade Secrets Act; 18 USC Sec. 1905; and NRC Regulations 10 CFR Part 9.17(a)(4), 2.390(a)(4), and
2.390(b)(1) for “trade secrets and commercial firancial information obtained from a person, and
privileged or confidential” (Exemption 4). The information for which.exemption from disclosure is
herein sought is all “confidential commercial information,” and some portions may also qualify under.

ED20120129 - Page 2 of 4



NAC

NAC INTERNATIONAL

(FRINTERNATIONAL AFFIDAVIT PURSUANT TO 10 CFR 2.390

the narrower definition of “trade secret,” within the meanings assigned to those terms for purposes of
FOIA Exemption 4. .

Examples of categories of information that fit intn the definition of proprietary information are:

a. Information that discloses a process, method, or apparatus, including supporting data and
analyses, where prevention of its use by competitors of NAC, without license from NAC,
constitutes a competitive economic advantage over other companies.

b. Information that, if used by a competitor, would reduce their expenditure of resources or improve
their competitive position in the design, manufacture, shipment, installation, assurance of quality
or licensing of a similar product.

c. Information that reveals cost or price information, production capacities, budget levels or
commercial strategies of NAC, its customers, or its suppliers.

d. Information that reveals aspects of past, present or future NAC customer-funded development
plans and programs of potential commercial value to NAC.

e. Information that discloses patentable subj ect matter for which it may be desirable to obtain patent
protection.

The information that is sought to be withheld is considered to be proprietary for the reasons set forth
in Items 4.a, 4.b, and 4.d.

The information to be withheld is being transmitted to the NRC in confidence.

The information sought to be withheld, including that compiled from many sources, is of a sort
customarily held in confidence by NAC, and is, in fact, so held. This information has, to the best of
my knowledge and belief, consistently been held in confidence by NAC. No public disclosure has
been made, and it is not available in public sources. All disclosures to third parties, including any
required transmittals to the NRC, have been made, or must be made, pursuant to regulatory provisions
or proprietary agreements, which provide for maintenance of the information in confidence. Its initial
designation as proprietary information and the subsequent steps taken to prevent its unauthorized
disclosure are as set forth in Items 7 and 8 following.

Initial approval of proprietary treatment of a document/information is made by the Vice President,
Engineering, the Project Manager, the Licensing Soecialist, or the Director, Licensing — the persons
most likely to know the value and sensitivity of the information in relation to industry knowledge.
Access to proprietary documents within NAC is limited via “controlled distribution” to individuals on
a “need to know” basis. The procedure for external release of NAC proprietary documents typically
requires the approval of the Project Manager based on a review of the documents for technical
content, competitive effect and accuracy of the proprietary designation. Disclosures of proprietary
documents outside of NAC are limited to regulatory agencies, customers and potential customers and
their agents, suppliers, licensees and contractors with a legitimate need for the information, and then
only in accordance with appropriate regulatory provisions or proprietary agreements.

NAC has invested a significant amount of time and money in the research, development, engineering
and analytical costs to develop the information that is sought to be withheld as proprietary. This
information is considered to be proprietary because it contains detailed descriptions of analytical
approaches, methodologies, technical data and/or evaluation results not available elsewhere. The
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precise value of the expertise required to develop the proprietary information is difficult to quantify,
but it is clearly substantial.

Public disclosure of the information to be withheld is likely to cause substantial harm to the
competitive position of NAC, as the owner of the information, and reduce or eliminate the availability
of profit-making opportunities. The proprietary information is part of NAC’s comprehensive spent
fuel storage and transport technology base, and its commercial value extends beyond the original
development cost to include the development of the expertise to determine and apply the appropriate
evaluation process. The value of this proprietary information and the competitive advantage that it
provides to NAC would be lost if the information were disclosed to the public. Making such
information available to other parties, including competitors, without their having to make similar
investments of time, labor and money would provide competitors with an unfair advantage and
deprive NAC of the opportunity to seek an adequate return on its large investment.

STATE OF GEORGIA, COUNTY OF GWINNETT
George Carver, being duly sworn, deposes and says:

t he has read the foregoing affidavit and the matters stated herein are true and correct to the best of his

knowledge, information and belief.

Exe

cuted at Norcross, Georgia, this éz 7 day of / QJ(/!&/,‘ ,2012.

Gegrge Carver
Vice President, Engineering

NAC International
Subscribed and sworn before me this <& = day of MV@?L&(‘ , 2012.

¢ \\\\""""
Notary Public \\\‘\:j, \-EEM(Z?I,

S geEsi 4’;,
;o OTARL ,m.(-é

o00ces
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Docket No. 71-9356
TAC No. L24511

NAC INTERNATIONAL RESPONSE

1.0 GENERAL INFORMATION

TO

REQUEST FOR SUPPLEMENTAL INFORMATION

1-1 Provide a table that clearly identifies the Transportable Storage Canister (TSC) and the
allowable fuel assembly types for each.

It is unclear what assemblies are allowed in each type of TSC.

This information is needed to satisfy regulation 10 CFR 71.33(b).

NAC International Response to RST 1-1

See below for a table correlating fuel type to TSC.

TSC Nominal Cavity Content

PWR (Long) 180 inches All PWR assemblies requested for approval.

PWR (Short) 173 inches All PWR assemblies requested for approval.
(Exception: The System 80 16x16 fuel assembly
is physically taller than the cask cavity and
therefore must be loaded into the long TSC.)

BWR (Long) 180 inches BWR/4-6 fuel assemblies with a fuel assembly
length of approximately 176 inches (typical active
fuel length 150 inches)

BWR (Short) 173 inches BWR/2/3 fuel assemblies with a fuel assembly

length of approximately 171 inches (typical active
fuel length < 150 inches)
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MAGNATRAN
Docket No. 71-9356
TAC No. L24511

NAC INTERNATIONAL RESPONSE

TO
REQUEST FOR SUPPLEMENTAL INFORMATION

1.0 GENERAL INFORMATION

1-2  Clarify the contents to be transported in the MAGNATRAN.

The acronyms used to describe the allowed fuel assemblies in Tables 1.3-6, 1.3-7, 1.3-19,
and 1.3-20 are not clearly defined or consistent throughout the application.

This information is needed to satisfy the requirements of 10 CFR 71.33(b) which gives
specific requirements for specifying the contents of the package.

NAC International Response to RSI 1-2

In order to accommodate as many fuel assembly designs as possible without analyzing each one,
NAC has defined specific bounding parameters for radiation shielding, criticality, thermal, and
structural loading. For example, this approach for PWR fuel is discussed on SAR page 1.3-22
under “PWR Fuel.”

Fuel assemblies are initially divided into categories by fuel rod array configuration. PWR fuel
assemblies are therefore divided into 14x14 to 17x17 array groupings with BWR fuel assemblies
divided into 7x7 to 10x10 array groupings. This terminology is used in Tables 1.3-6 and 1.3-19,
as these tables apply broad assembly definitions. Within a given array size, assemblies may
contain significant geometry variations that require individual analysis. The FSAR differentiates
between the variations by assigning a letter designator to the array by a baseline assembly and/or
nuclear steam supply system or core vendor (e.g, for PWR NSSS designed by Westinghouse for
a 14x14 fuel assembly, the designation WE14 or WEl14x14 (“WE” or “W”) is used; for a
General Electric BWR 7x7, the designator B7 is used). Where applicable, in particular for
criticality analysis, further subdivisions in a group are made by either adding “Hx” for PWR
assemblies or “ XXY” for BWR assemblies. The “Hx” is the designator for hybrid assembly,
the term used for an assembly constructed from characteristics bounding one or more assemblies,
with “x” being an incremented counter dependent on the number of subgroups. For BWR
assemblies the designator relates to the number of fuel rods in the lattice (“XX”) followed by an

incremental subgroup indicated “Y”, which is either “A” or “B” as at most two subgroupings are
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NAC International Response to RSI 1-2 (cont’d)

established. As noted in the footnotes to Table 1.3-6 and Table 1.3-19, specific vendor
assemblies are allowed to be loaded provided they meet key characteristics in the tables (e.g.,
AREVA and B&W replacement assemblies for WE cores would be acceptable based on meeting
the appropriate WEXX assembly characteristic).

For example, the Westinghouse 17x17 OFA assembly characteristics place it in the WE17H2
hybrid (Table 1.3-7) subgroup. The WE17H2 hybrid is part of, and bounded by, the WE17 or
WE17x17 group (Tables 1.3-9 through 1.3-10, Tables 1.3-12 through 1.3-14, and Table 1.3-16
through 1.3-18). The WE17x17 group in turn is part of, and bounded by, the 17x17 designator in
Table 1.3-6. BWR assemblies are similarly grouped.

This grouping approach for PWR fuel is discussed on SAR page 1.3-22 under “PWR Fuel” and

states:

“The bounding fuel assembly values are established based primarily on how the principal
parameters are combined, and on the loading conditions (or restrictions) established for a group
of fuel assemblies based on its parameters.”

This type of terminology for fuel assembly classification is used throughout SAR Chapters 1, 5
and 6. Therefore, NAC will incorporate new definitions in the terminology section of the SAR
for fuel assemblies. The following are the proposed definitions.

Fuel Assembly
The mechanical arrangement of nuclear fuel rods that is typically based on a square
lattice structure. For many tables that list fuel assemblies within the MAGNATRAN
Safety Analysis Report (SAR), the following naming methodology is typically used.
Note this is not an exhaustive list.

sy
Indicates the fuel assembly lattice size (square). For example, 14x14 indicates a square
lattice fuel assembly containing a 14x14 array. The number of fuel rods and guide tubes
within the array may vary and oversize tubes/rods may be present (e.g., BWR water rods
or CE oversize guide tubes).
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. NAC International Response to RSI 1-2 (cont’d)

ooy
A subgroup below lattice size. Letter indicator (“X”) defines the base assembly/nuclear
steam supply system/core vendor used to define the assembly type followed by the lattice
size (“Y”). For example W14, WE14, or WE14x14 all indicate a Westinghouse type
14x14 fuel assembly type that is part of the 14x14 lattice size grouping. Provided a fuel
assembly meets the fuel assembly characteristics required, no restriction on assembly
vendor is applied. BWR uses the simple “B” designator.

XY THZ”

A subgroup below the “X”“Y” level of array and primary fuel/NSSS/core vendor. These
subcategories are used to separate fuel assemblies within a group by key physical
characteristics. For PWR assemblies, for example, the Westinghouse 17x17 standard
(WE17HI) assembly is separated from 17x17 OFA fuel (WE17H2). GE fuel assemblies
are separated by the number of fuel rods in the array followed by a hybrid indicator (e.g.,
“A”, “B”). BWR fuel types may also be addressed within the SAR by reactor
containment type (i.e., BWR/2-3 for typical 171-inch fuel assembly length and BWR/4-6

' for typical 176-inch fuel assembly length).
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Docket No. 71-9356
TAC No. L.24511

NAC INTERNATIONAL RESPONSE

TO
REQUEST FOR SUPPLEMENTAL INFORMATION

1.0 GENERAL INFORMATION

1-3 Clarify if this system is being licensed for Pu shipments or to transport MOX? (SAR
page 6.8.1-5)

SAR Section 1.3.3 has a special requirement for shipping Pu. It is noted that Chapter 6.0
references MOX fuel critical experiments to cover actinides burnup credit for
benchmarking purposes; however, this is not a comprehensive criticality safety
evaluation for MOX fuel.

This information is needed to satisfy regulation 10 CFR 71.33(b), and 71.63.

NAC International Response to RST 1-3

The application is for transport of uranium oxide-based PWR and BWR fuel assemblies. As
described in Chapter 6, the MOX material is addressed in the context of criticality code bias of
spent (used) fuel, which resembles MOX material closer than the uranium oxide composition of
fresh fuel. No indication of MOX material is included in the Chapter 1 content description.
NAC is revising Chapter 1, Section 1.3.2 to use the term applied in the MAGNASTOR technical
specification referring to “uranium” fuel assemblies. Note that this wording applies to the
material in its unirradiated state and that the recognition must be made that spent fuel contains a
significant amount of plutonium.
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MAGNATRAN
Docket No. 71-9356
TAC No. L24511

NAC INTERNATIONAL RESPONSE

TO
REQUEST FOR SUPPLEMENTAL INFORMATION

STRUCTURAL AND MATERIALS EVALUATION

MATERIJALS EVALUATION

Revise the SAR to add, and by reference in the proposed Certificate of Compliance
(CoC), a plan to ensure, that for any TSC that has spent time in storage, that the contents
and TSC itself meet all the requirements in the CoC. This plan should include
inspections to obtain data, or analysis to support that the: 1) mechanical and thermal
properties of the components of the TSCs related to safety, and 2) contents, have not
degraded during the storage period. Provide evidence that removal of the TSC from the
storage overpack will not damage the TSC, and impact safety.

All the mechanical and thermal properties of the materials of construction of the TSC
used in this part 71 analysis are for pristine materials. Dry loaded (SAR page 7.1-4)
canisters will have previously been in storage for some time and have been on a storage
pad for a considerable number of years. The materials properties used for the evaluation
of the safety systems and contents of the TSCs that have already been in storage service
must be representative of the conditions at the time of transport, not at the time of the
loading of the TSC. No evidence was presented to indicate that the thermal and
mechanical properties of the TSCs, or contents have not degraded during storage and are
still applicable to the transportation evaluation. No consideration has been given in the
SAR to the potential damage that may occur to the TSC during its removal from the
storage overpack.

This information is needed to meet any thermal, shielding, criticality or structural
requirements of 10 CFR 71 where the materials properties are integral to the response of
the system.

NAC International Response to RSI 2-1

Chapter 7, Section 7.1.2 of the MAGNATRAN SAR describes the activities associated with
loading of contents for the MAGNATRAN system. Page 7.1-4 addresses canisters that have
been used for on-site storage and states, in general, that canisters used for storage will be
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NAUC International Response to RSI 2-1 (cont’d)

evaluated to ensure they meet the functional and performance requirements of the
MAGNATRAN packaging certified content conditions.

Continuation of this description onto the following page, 7.1-5, details evaluations for canisters
that experienced normal or off-normal events. These canisters need only be evaluated for
potential corrosion at the welds and any damage caused by removal of the canister from the
storage overpack. Those canisters that experience accident or natural phenomena events will be
evaluated for potential degradation of the fuel, basket, and neutron absorbers. In addition, the
first paragraph of Section 7.1 states, in short, that for the transport of loaded TSCs, the contents
will be verified to be in compliance with the applicable content conditions of the CoC. These
additions to the MAGNATRAN SAR are consistent with those associated with the NAC-STC
SAR where this same question was addressed and resolved in a 2010 RAI (TAC No. L24408,
Response dated June 3, 2010).

The structural characteristics of the TSC are based on the ASME Boiler and Pressure Vessel
Code, Section III, Subsection NB. These structural code requirements are used in currently
operating nuclear power plants for an initial 40 years and, in many cases, an additional 20 years
of licensed operation. This licensed operation subjects these materials to temperatures,
pressures, and radiation levels significantly greater than those seen during dry storage. Based on
this comparison, there is reasonable assurance that the TSC will not degrade and will maintain
material properties that meet the design performance criteria for many years. This justification is
consistent with those associated with the NAC-STC SAR where this same question was
addressed and resolved in a 2010 RALI.

For those canisters that have been used for an extended period of time (i.e., a license renewal has
been approved), an aging management program will have been implemented for those SSCs
where aging effects need to be managed. This provides reasonable assurance that components
requiring aging management have not degraded during the storage time. Should NAC pursue a
license renewal in the future, the application will address the effects of aging as required by the

regulations.

With respect to canister contents, NUREG\CR-6745 and NUREG\CR-6831 demonstrate that
spent fuel maintained in a dry storage environment, similar to the MAGNATRAN and
MAGNASTOR TSCs, does not result in any significant fuel degradation. This work was
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performed by Idaho and Argonne National Labs in the early 2000s on spent fuel from Surry that
had been in dry storage for 14 years and was 18 years old. No significant mechanical or thermal
degradations were identified at Idaho when the fuel was extracted and visually examined, nor
was any degradation identified at Argonne when the fuel was destructively, nondestructively,
and physically examined.

The request to provide evidence that removal of the TSC from the storage overpack will not
damage the TSC and impact safety is provided as part of the MAGNASTOR 10 CFR 72 CoC,
Technical Specification, Appendix A, Section 5.8, Preoperational Testing and Training
Exercises. The procedure demonstrated as part of the 10 CFR 72 dry run is identical to the
procedure that is used to move the TSC from the storage overpack for off-site transport. This
procedure for retrieving the loaded TSC from the concrete overpack has been performed several
times during normal loading operations for the similar UMSs® system. Therefore, current
10 CFR 72 CoC and operational history provide adequate evidence that removal of the TSC from
the storage overpack will not damage the TSC and impact safety. This justification is consistent
with those associated with the NAC-STC SAR where this same question was addressed and
resolved as referenced previously.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

Structural Capability of for Nonfuel Hardware

Page 1.1-6. For the nonfuel hardware contents cited, identify those with potential
structural functions for maintaining the as analyzed geometry of a fuel assembly and its
ancillaries for the criticality safety evaluation. Provide a structural evaluation of the
hardware, including the rod cluster control assembly (RCCA), to demonstrate acceptable
stress, stiffness, and stability capabilities for the cask free drops associated with normal
conditions of transport (NCT) and hypothetical accident conditions (HAC).

It is understood by the staff that some hardware, such as RCCAs, are to be used to control
reactivity of an under-burned fuel assembly in a loaded cask. Given the fact that the fuel
assemblies with RCCA nozzles will need extra axial space in comparison to the ones
without, the additional space may exacerbate the secondary impact effects under the 30-
foot drop test. This may cause the fuel assemblies without RCCAs to slide out of the fuel
cells and cause an increase in reactivity. If the structural analysis cannot demonstrate this
scenario is not plausible, the applicant may need a criticality safety analysis to
demonstrate that the package design meets the criticality safety requirements of 10 CFR
71.55.

Structural capabilities for the nonfuel hardware must, therefore, be identified and
evaluated to meet the 10 CFR Part 71 requirements, including 10 CFR 71.55, 71.71(c)(7),
and 71.73(c)(1).

NAC International Response to RS] 2-2

As the following details, the full length rod cluster control assembly is the only nonfuel hardware

contents credited in the criticality evaluation. As such, no other nonfuel hardware is used for

maintaining the as analyzed geometry of a fuel assembly and its ancillaries for the criticality

safety evaluation.
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For low burnup Westinghouse PWR 15x15 fuel assemblies, full length rod cluster control
assemblies (F/L RCCAs) are used to limit system reactivity. The criticality evaluation
demonstrates the acceptability of the system configuration is maintained if extraction of the F/L
RCCA, from the fuel assembly, is limited to a maximum of 5 inches. Top spacers are used to
provide positional control of the F/L. RCCA and to limit the gap between the fuel assembly and
TSC. The top spacer consists of four legs that interface with the top nozzle of the fuel assembly
and a reinforced plate, welded to the legs, which limits the motion of the F/L. RCCA. The top
spacer is designed such that the F/L RCCA supports only its self-weight, as the weight of the fuel
assembly is transferred to the TSC lid through the legs of the spacer. The top spacer and F/L
RCCA spider body are analyzed for the 30-foot top end drop accident which bounds all
conditions of transport (see SAR Section 2.11.3). Qualification of the top spacer is provided by
evaluating the total deformation of the spacer and F/L. RCCA spider body as well as ensuring
loading will not exceed 0.7 times the plastic limit collapse load, per ASME Appendix F
subsection F-1341.4. Accordingly, the top spacer evaluation demonstrates that proper positional
control of the F/LL RCCA is maintained consistent with the criticality evaluation.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

Design, Modeling, and Qualification of Impact Limiters

1.

Drawing 71160-531. Add sufficient details to the proprietary drawings on the impact
limiter design to ensure that the use of balsa wood to aid in mitigating end impact
effects can properly be modeled and accounted for in both the end- and corner-drop
tests in the LS-DYNA cask response simulation analysis.

Section _2.12.2.3, Benchmarking of LS-DYNA Impact Limiter Analysis
Methodology. Provide scale model testing data of the impact limiter to demonstrate
benchmarking of LS-DYNA. Expand the sensitivity analyses, or parametric studies,
to identify drop orientations for which maximum damages to the cask are expected by
including also the slapdown drop effects associated with landing the balsa center
section tip onto an unyielding surface. In the expanded sensitivity analyses, bounding
conditions of zero coefficient of friction between the target and the impact limiter
must also be considered or otherwise justified.

The drop orientation parametric studies address the NAC-STC equivalent cask system
geometry, which, without additional evaluation, are inconclusive for the
MAGNATRAN in that the balsa center section may land on the target to introduce
large rotational motion and corresponding secondary impact to the cask. Additional
drop orientations must, therefore, be examined before concluding that decelerations
associated with the side drop will govern the structural evaluation of the cask system.

The impact limiter capabilities must be evaluated to meet the requirements of 10 CFR
71.73.

NAC International Response to RSI 2-3

I.

The MAGNATRAN impact limiter has been revised to have the same shape as the
currently licensed NAC-STC balsa (CY MPC configuration) impact limiter. The revised
design is sufficiently detailed in the NAC Proprietary Drawings for the impact limiter in

the MAGNATRAN design. The drawings include the wood grain orientation,
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I NAC International Response to RSI 2-3 (cont’d)

dimensions and material definitions. Drawing details are sufficient to generate the model
used in the evaluation of the impact limiter performance.

2. The revised impact limiter for MAGNATRAN has the same shape as the impact limiter
used in the quarter scaled drop tests for the NAC-STC balsa impact limiter, which were
performed at the Sandia National Laboratory. The benchmarking of the LS-DYNA
Impact Limiter analysis methodology is contained in Section 2.12.2.3. The drop test
program was comprised of a side drop, corner drop, and end drop. The side drop results
in the maximum damage to the redwood segments. The end drop results in the maximum
uniform crushing of the balsa wood segments at the impact limiter axial end. The corner
drop effectively prevents the cask from rotation and results in the maximum crush depth
of the balsa segment of the impact limiter. The crush depths of the analytical model are
summarized in Table 2.6.7-37. Cask drop orientations between the corner and side drop
would result in cask rotation. Cask rotation would increase the volume of wood to be
involved in the absorption of energy without any alteration of the load path which was
possible with the previous configuration. This eliminates the need to examine
intermediate drop angles as suggested for the previous impact limiter design. Section

. 2.12.2.3.14 is revised to contain a parametric study of the cask shallow drop as well as
the effect of the friction on the shallow angle drop condition.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

THERMAL EVALUATION

Provide further details on the design and effectiveness of the fins that are used to aid heat
transfer during NCT and HAC.

1.

Further explanation of the fins, in terms of design and effectiveness, are needed in
order to determine the adequacy in removing thermal energy from the package during
NCT and HAC. Issues to address in the text include general fin layout and design;
sketches would also be helpful.

What is the effect on package component temperatures if there is some loss of fin
effectiveness due to breakage, fouling, etc.? This should be quantified in some way;
heat exchangers, for example, use fin effectiveness and overall surface efficiency.

The need to check the conditions of the fins (the number attached to the package,
confirm the adequacy of their attachment to the package, fouling conditions, etc.)
should be explicitly stated in Chapter 7.

What is the effectiveness of the fins during hypothetical accident fire conditions,
where temperatures can reach 1475°F? Page 1.3-3 indicates that the fins are
constructed of aluminum, which has a melting point of 1220°F. Do the fins survive
the fire intact? If not, their loss must be accounted for during the fire and post fire.
Likewise, it is important to consider the eutectic temperatures of dissimilar materials
in contact.

This information is needed to determine compliance with 10 CFR 71 (71.43, 71.71,
71.73).

NAC International Response to RSI 3-1
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REQUEST FOR SUPPLEMENTAL INFORMATION

f
3.0 THERMAL EVALUATION

3-2  Provide further explanation concerning the effect of the personnel barrier on thermal
performance.

1. The thermal description should clearly state the effect of the personnel barrier, if any,
on the analyses considered in Chapter 3 and 7 of the SAR. This may require
additional analysis to determine the bounding condition.

2. The effect of the personnel barrier on natural convection (Rayleigh number, etc.) and
the boundary conditions modeled should be mentioned. The relation to Document
No. 71160-3045, if any, should be clarified.

3. Do Table 3.4-1 and Table 3.5-1, 3.5-2 include the effect of the personnel barrier?
4. Clarify the effect of the personnel barrier during HAC.

' This information is needed to determine compliance with 10 CFR 71.43, 71.71 and 71.73.

NAC International Response to RSI 3-2

1. The personnel barrier is fabricated from aluminum mesh, which allows free flow of the air
through the aluminum mesh. Due to the small surface area of the mesh and the low
emissivity of aluminum (0.22), the personnel barrier absorbs an insignificant amount of solar
energy or radiant energy from the transport cask. Therefore, the effect of the personnel
barrier on the MAGNATRAN transport thermal performance is insignificant and the
personal barrier does not need to be included in the thermal analysis of the system. The
following justification is added to Section 3.4.1.3.

“The personnel barrier is made from aluminum mesh with a large ratio of open area. Due to the
small surface area of the aluminum mesh and the low emissivity of aluminum (0.22), the
personnel barrier absorbs an insignificant amount of solar energy. The high percentage of open
area allows free flow of the air through the aluminum mesh. Therefore, natural convection is not
affected by the personnel barrier. The thermal effect of the personnel barrier on the transport
thermal performance is insignificant; therefore, the personal barrier is not explicitly included in

‘ the CFD thermal model.”
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2. The justification in Item 1 to be included in Section 3.4.1.3 will include a discussion
regarding the effect on natural convection (Raleigh number, etc.).

3. Tables 3.4-1, 3.5-1, and 3.5-2 are acceptable as written as the justification included as a
response to Item 1 dispositions the barrier to have an insignificant effect on system thermal
performance (both normal and HAC).

4. For the fire accident condition, the convection representing the fire is applied directly to the
package surface, and therefore neglects any effect of the personnel barrier on the fire
condition. In addition, the fire accident condition is expected to eliminate the aluminum
personnel barrier by melting due to the fire temperature exceeding aluminum’s melting point.
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3.0 THERMAL EVALUATION

3-3  Provide the two-dimensional and three-dimensional ANSYS and FLUENT computational
models discussed in Chapter 3 and 7.

1. Some of the thermal models were provided as part of the initial application
(Document No. 71660-3013, 3014, 3015, 3045). Provide the two-dimensional and
three-dimensional ANSYS and FLUENT computational models (input and output
files) described in Chapter 3 and 7, including the three ANSYS models described on
page 3.4-4, the four ANSYS models described on page 3.4-10, the HAC models, the
models that show the 41 hour time limit on page 7.1-5, and the models that show the
six hour time limit on page 7.2-3.

a. For the models mentioned in Section 7, additional discussion should be
provided that describes the models, boundary conditions, assumptions, transient
conditions, etc.

b. Additional discussion should be provided for the two-dimensional and three-
dimensional k-effective models, such as the geometric extent of the “average”
area, level of detail, boundary conditions, etc.

c. Provide an overall sketch of the computational models. Note: It is difficult to
grasp the extent of the models, even with the general descriptions provided
(example, page 7 of 37 of Document 71160-3014).

2. At the appropriate places in the SAR, provide references to the specific documents
(71660-3013, 3014, 3015, 3045) so that the staff can relate the SAR discussion with

the descriptions in the individual documents.

This information is needed to determine compliance with 10 CFR 71.43, 71.71, and
71.73.

NAC International Response to RSI 3-3

1. All two-dimensional and three-dimensional ANSYS and FLUENT computational models
(input and output files) described in Chapter 3, including the three ANSYS models described
on page 3.4-4, the four ANSYS models described on page 3.4-10, and the HAC models, are

Page 21 of 40



MAGNATRAN
Docket No. 71-9356
TAC No. L24511

NAC International Response to RSI 3-3 (cont’d)

provided in NAC calculations 71160-3011, 71160-3013, 71160-3014, 71160-30151, and
71160-3045.

The model that shows the 41-hour time limit on page 7.1-5 and the six-hour time limit on
page 7.2-3 is contained in NAC calculation 71160-3020 in Appendix O, which is being
transmitted to the NRC. The calculation package contains the description of the FLUENT
model, as well as the FLUENT model input used in the evaluation.

la) Section 7 describes the operational steps for loading the transport cask from the
MAGNASTOR transfer cask. The MAGNASTOR transfer cask has been licensed for
storage operations under Part 72. These operations include movement of fuel to and from
the concrete cask for long-term storage conditions (NAC calculation 71160-2028).

1b) & Ic) The discussion for the extent of the PWR fuel assembly and absorber is contained in
SAR Section 3.4.1.1.2 and Section 3.4.1.1.3, which reference figures for the PWR effective
property model definitions. The discussion for the extent of the BWR fuel assembly and
absorber is contained in SAR Section 3.4.1.2.2 and Section 3.4.1.2.3, which reference
figures for the BWR effective properties model definitions. These sections also contain
boundary condition definitions in terms of temperature constraints, heat fluxes, and heat
generations. NAC calculation 71160-3011 is the calculation for the effective property
determination. This calculation contains the macros used to generate the material property
input for the ANSYS cask model. These macros can be imported directly into ANSYS for
model generation and properties. NAC calculation 71160-3011 references two other
calculations containing model details, which are in the above-referenced SAR sections.
These are NAC calculations 71160-3001 and 71160-3002 for the PWR and BWR effective
model properties, respectively. These calculations are being submitted with RSI 3-3.

2. Calculation titles can be used in conjunction with the SAR section titles to determine which
calculations are appropriate for the SAR section of interest.
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THERMAL EVALUATION
Quantify the uncertainty in the cladding temperatures of the analyses.

The uncertainty in cladding temperature during NCT and HAC should be provided
considering that there is only a 26°F temperature difference between the computational
value of 726°F and the 752°F storage temperature limit.

This information is needed to determine compliance with 10 CFR 71.43, 71.71, 71.73.

NAC International Response to RSI 3-4

Thermal evaluations contained in the NAC MAGNATRAN SAR for the normal condition of

transport provide bounding component temperatures. Conservatisms contained in the analyses

are:

A conservative convective film coefficient
Adiabatic boundary conditions to the cask area covered by the impact limiter
A conservative fuel thermal conductivity

No credit for tube to tube contact in the horizontal transport configuration

The conservatisms are described in further detail as follows. While, with the exception of the

film coefficient, the individual conservatisms are not quantified, they assure that the overall

result is conservative and therefore does not require quantification to its uncertainty.

1. In the analyses for transport cask normal condition, a uniform, conservative, convection film

coefficient is applied to cask surface area between top and bottom impact limiters. The

portion of the cask covered by the impact limiter is modeled as adiabatic. Appendix E of

NAC calculation 71160-3014 compared maximum clad temperature calculated by the use of
a three-dimensional MAGNATRAN CFD determined film coefficient (NAC calculation
71160-3045) to the results obtained from the licensing basis film coefficient. The results of
Appendix E confirmed that the clad temperatures reported in the SAR are conservative and

are 12°F higher than the evaluation using the actual film coefficient from NAC calculation
71160-3045.
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2. NRC Information Notice 2009-23 reports a degradation of approximately 5% to 7% of UO;
thermal conductivities for every 10,000 MWd/MTU of fuel rod burnup. A degradation in
thermal conductivity of approximately 22 to 32% is therefore to be accounted for based on the
45 GWdA/MTU fuel requested for approval within the MAGNATRAN SAR (PWR may be
loaded up to 60 GWD/MTU but is restricted to four DFC locations out of a total payload of 37
assemblies; this would affect the average potential degradation by < 1%). To ensure that a
bounding condition of the fuel rod properties is used in the evaluation, the UO; thermal
conductivity for all the assemblies is conservatively reduced by 40%.

3. During transport, the cask is in the horizontal position, which results in the closure of all gaps
between adjacent basket fuel tubes. However, the thermal finite element model for this
condition contains a 0.010-inch gap (modeled as helium) between each fuel tube. Similarly,
no contact is considered for the poison plate and the adjacent components (there is a helium
gap modeled on both sides of the poison plate). The fuel assembly is also conservatively
assumed to be located in the center of the cell and there is no contact between the fuel
assembly and the fuel tube walls. The imposition of these gaps in the model results in an

‘ additional conservatism for the reported maximum fuel clad temperature.

These considerations confirm that the actual maximum clad temperature reported in the
MAGNATRAN SAR has greater than 12°F conservatism for the normal condition of transport.

The summary of the maximum component temperatures for the fire hypothetical accident
condition (HAC) is reported in Table 3.5-1. This table reports a maximum fuel clad temperature
of 893°F. The allowable clad temperature for the HAC is specified to be 1,058°F. This
corresponds to a temperature margin of 165°F, which is significantly larger than the 26°F margin
for the normal condition of transport. For the thermal evaluation of the 30-minute fire accident
condition reported in MAGNASTOR SAR Section 3.5, a film coefficient is applied to the cask
surface to simulate the fire accident boundary condition. The film coefficient applied to the
surface of the model incorporates both radiation and convection (associated with the flame). The
convection coefficient used in the thermal analyses is 50% larger than the film coefficient
provided in the PATRAM ’°95 paper (Reference 11 in SAR Section 3.6). A larger convection
film coefficient is conservative since it transfers more heat into the cask during the 30-minute
period of the fire.

Therefore, the temperature margin for the fuel clad is greater than the 165°F margin reported in
SAR Section 3.5 for the accident condition.
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3.0 THERMAL EVALUATION
3-5  Clarify the maximum pressure within the cask during accident conditions.

Page 3.5-4 states that “TSC and cask pressures are determined for two accident scenarios,
100% fuel failure OR the maximum temperature accident.” Maximum pressure within
the cask under accident conditions should assume maximum temperature AND 100%
fuel failure. The maximum pressure within the cask during accident conditions should be
updated.

This information is needed to determine compliance with 10 CFR 71.43, 71.71, and
71.73.

NAC International Response to RSI 3-5

Section 3.5.4, Maximum Internal Pressures, and Table 3.5-3 are revised to contain the system

results under accident conditions at the maximum fire accident temperature in combination with
100% fuel rod failure.
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3.0 THERMAL EVALUATION

3-6  Provide the maximum thermal stresses and interferences during HAC in order to ensure
structural integrity.

Page 3.5-4 does not address thermal stresses. The maximum thermal stresses and
interferences during HAC should be discussed to ensure structural integrity.

This information is needed to determine compliance with 10 CFR 71.43, 71.71, and
71.73.

NAC International Response to RSI 3-6

The stresses developed during the HAC due to thermal gradients are defined to be secondary
stresses. The evaluation of containment boundary structural integrity for accident conditions
does not consider secondary stresses. The only primary loading affected by the HAC is the
effect on pressure due to an increase in gas temperature. These pressures used in the evaluations
bound the pressures developed during the HAC.

During the fire accident condition, the cask shells have a significantly higher temperature than

the basket, which would allow the gap between the basket and canister and cask body to
increase.
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3.0 THERMAL EVALUATION

3-7  Provide the references listed in the MAGNATRAN analyses documents to support
confirmatory analysis.

The following references listed in the MAGNATRAN analyses documents should be
provided to support confirmatory analysis:

Document 71160-3015, Rev. 1: reference 6

Document 71160-3013, Rev. 0: references 1, 2 (confirm if the drawings listed in the
SAR are the equivalent drawings), 3, 5, and 6

Document 71160-3014, Rev. 0: references 10, 2 (confirm if the drawings listed in the
SAR are the equivalent drawings)

Document 71160-3045, Rev. 0: references 4 and 7

This information is needed to determine compliance with 10 CFR 71.43, 71.71, and
71.73.

NAC International Response to RSI 3-7

Document 71160-3015, reference 6 is the paper by Wix (“Convective Effects in a Regulatory
and Proposed Fire Model”) presented at the 1995 PATRAM International Conference, which is
included in this submittal in response to RSI 3-7.

Document 71160-3013, reference 1 is the NAC Specification that defines the design basis heat
load. The design basis heat load is listed on the cover sheet of the calculation. Submitting the
NAC Specification is not required for calculation review.

Document 71160-3013, reference 2; Document 71160-3014, reference 2; and Document 71160-
3045, reference 4 correspond to NAC Proprietary engineering drawings. The license drawings
provided with the MAGNATRAN SAR contain sufficient information to define the cask
geometry.
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Document 71160-3014, reference 10 is the specification of the film coefficient for the cask
surface. The expression for the cask surface film coefficient is listed along with its source in
MAGNATRAN SAR Section 3.2.3.

Per Section 4 of Document 71160-3045, reference 4 and reference 7 are for the definitions of the
heat load and peaking factor (for BWR and PWR fuel assemblies). The references are not
required for SAR analysis review as the design basis heat load and the power distribution are
defined in the SAR. Section 3.1 lists PWR and BWR assembly and cask maximum heat loads.
Figure 3.4-3 and Figure 3.4-7 illustrate the PWR and BWR axial heat load profiles, respectively.
Further information on the axial profile may be found in Section 5.3.

Page 28 of 40



5.0

5-1

MAGNATRAN
Docket No. 71-9356
TAC No. L24511

NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

SHIELDING EVALUATION

(See RSI 5-1 of Amendment 3 of the MAGNASTOR System Docket No. 72-1031,
ML103060029) Provide additional information demonstrating that the gamma and
neutron source terms with fuel burnup up to 70 GWd/MTU are accurate or conservative.

The applicant requests that the allowable contents in the MAGNATRAN have a
maximum burnup of 70 GWd/MTU. This exceeds the burnup level the staff has
previously approved using the method described in the MAGNATRAN SAR. The
SAS2H code of the SCALE 4.4 package used in the source term calculations has not been
validated to 70 GWd/MTU and because of this, the staff does not find that the application
has enough information to justify that the source terms up to this burnup level are either
accurate or conservative. The staff also notes that some of the SAR licensing
calculations do not have any margin in meeting regulatory limits with respect to
calculated dose rates.

The staff does not find NUREG/CR-7012 and NUREG/CR-7013 (these documents were
cited in response to RSI 5-1 for the MAGNASTOR Amendment 3 application, Docket
No. 72-1031) provide an adequate basis for use in shielding applications for high burnup
fuel since these documents were written for use in burnup credit applications. These
reports document the use of the TRITON code (versus SAS2H) and the nuclides
important for burnup credit analyses are not the same as those used for shielding
analyses.

The staff requests that the applicant provide technical information justifying the gamma
and neutron source terms with fuel burnup up to 70 GWd/MTU are accurate or
conservative. The staff finds that with little to no margin to meeting regulatory limits that
all uncertainties should also be justified.

This information is needed to verify that the applicant has satisfied the dose rate
requirements in 10 CFR 71.47 and 10 CFR 71.51.

NAC International Response to RSI 5-1

In order to minimize review time of the MAGNATRAN application, the maximum burnup for
PWR fuel is reduced to an assembly average of 60 GWd/MTU consistent with the
MAGNASTOR® F SAR, Revision 0, Amendment 1 and Amendment 2 configurations. BWR
fuel is reduced to 45 GWd/MTU.
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NAC International Response to RSI 5-1 (cont’d)

A 5% reduction in allowed heat load for fuel above 45 GWd/MTU (assembly average) is
documented within the MAGNASTOR system SER to be acceptable to cover uncertainties of the
burnup extrapolation. The relevant section of the SER is replicated below.

“Recognizing that the SAS2H depletion analysis code is only benchmarked to 46.6 GWd/MTU
for PWR fuel assemblies and to 57 GWd/MTU for BWR fuel assemblies, the applicant added an
extra 5% safety margin to the calculated source terms for the proposed loading of spent fuel
assemblies with burnup ranging from 46 GWd/MTU to 60 GWd/MTU for PWR fuels, and 57 to
60 GWd/MTU for BWR fuels. The staff considers this extra safety margin sufficient to account
for the uncertainties involved in the burnup extrapolation, based on various publications such as
NUREG/CR-6701, NUREG/CR-6801, and NUREG/CR-6802.”

The same 5% value is applied in the MAGNATRAN transport application. The source terms for
the transport application are directly extracted from the storage calculations.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

SHIELDING EVALUATION

Provide additional information on the shielding analysis for GTCC.

The staff finds that the information in Section 5.8.11 of the SAR describing the shielding
evaluation for GTCC waste is incomplete. The applicant should submit additional
information including the same (and applicable) components as the spent fuel storage
evaluations. This should include at a minimum a description and justification for
material, geometry, energy spectra, and activity, as well as any methods used to generate
the aforementioned. The applicant should include a description of and a justification for
the differences between NCT and HAC. The location of the detectors for evaluating dose
rates should be discussed and justified. Streaming paths should be identified and
discussed.

This information is needed to meet the requirements of 10 CFR 71.31 which provides
requirements for the contents of a package application.

NAC International Response to RSI 5-2

The requested information has been added to Chapter 5, Section 5.8.11 in the form of additional

text, figures, tables, and references to the fuel analysis sections where appropriate.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

5.0 SHIELDING EVALUATION

5-3  Correct inconsistent information throughout SAR when referencing maximum burnup
requested for BWR assemblies.

Table 1.3-19 indicates that the maximum burnup for BWR fuel assemblies is 45,000
MWdA/MTU. Chapter 5 indicates that the maximum burnup for BWR fuel is 60
GWdA/MTU (see pages 5.3-1, 5.8.2-3, 5.8.4-3, 5.8.5-2 and Tables 5.8.4-6, 5.8.8-5).

This information is needed to satisfy the requirements of 10 CFR 71.33(b) which gives
specific requirements for specifying the contents of the package.

NAC International Response to RSI 5-3

Chapter 5 was revised throughout to limit information presented to 45 GWd/MTU burnup.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

CRITICALITY EVALUATION

Provide the following detailed information on the benchmark analysis for the fuel
depletion analysis code:

1. List of sample identifications and isotopes included in each of the chemical assay
samples that were used in the benchmarking analysis.

2. Method used in calculating the bias and bias uncertainty that were used to adjust the
calculated cask keg with consideration that some of the chemical assay measurement
data do not include all isotopes for which burnup credit are sought.

3. Technical basis and justification for the approach used to determine the biases and
bias uncertainties of the depletion code.

4. Input files for the models for all chemical assay samples that were used in the code
benchmark analysis.

The applicant takes burnup credit for some actinides in its criticality safety analysis for
the MAGNATRAN PWR spent fuel transportation package. In Section 6.8.2.2 of the
SAR, the applicant lists the chemical assay data used in the depletion code benchmarking
analysis. However, a survey of the relevant publications indicates that some of the
chemical assay data do not include measurements for all actinides for which burnup
credit is sought. The applicant is requested to provide information as listed above and
justification for the applicability of each of the measured data to the MAGNATRAN
package safety analysis.

In addition, the SAR indicates that an approach not consistent with NUREG/CR-6811
was developed for calculating the bias and bias uncertainty of the depletion code. It is
not clear (1) how the bias and bias uncertainty were calculated using the MCNP code (in
reference to the proprietary information), and (2) why this approach is appropriate for a
finite system like the MAGNATRAN. The applicant is requested to provide information
on the rational and technical basis for the chosen approach.

This information is needed based on 10 CFR 71.35 and to enable the reviewer to confirm
compliance with 10 CFR 71.55 and 71.59.
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NAC International Response to RSI 6-1

MAGNATRAN SAR Section 6.8 was revised to address a number of items included within this
RSI. Also included in the RSI response is a copy of the bias calculation. This NAC proprietary
information is transmitted with all input and output files that were used in the generation of the
code bias in a separate, sealed envelope marked NAC PROPRIETARY INFORMATION.

SAR Section 6.8 was modified to add Table 6.8.2-1 containing the fuel isotopes used in the
calculation including nuclide IDs and cross-sections. A table listing the available isotopes in
each of the reactor sets was also added. The input section of the proprietary calculation contains
the detailed information of available isotopes in each radiochemical assay (RCA).

SAR Section 6.8 was further modified to include a brief discussion on the isotope correction
factor used to generate data for the missing isotopes in the RCA sets. Additional detail on the
correction factor is included in the proprietary calculation.

The write-up in Section 6.8 was augmented to better describe the "direct difference" approach
being applied and to include the method used in generating missing isotope data in the RCAs
(using an "f'" correction factor on the TRITON-generated data for insertion into the RCA data
set). Also, the section replaces the k-infinity calculation with a MAGNATRAN Kk calculation
to ensure applicability of the bias to the finite MAGNATRAN system.

The provided proprietary calculation includes input and output files for all the RCAs evaluated in
support of the MAGNATRAN burnup credit application.

The previously reviewed version of Section 6.8 was also modified to remove the Mihama reactor
data set. While addressing the adjustment for missing isotopes in the chemical assay, the
Mihama set was reviewed again for applicability. As observed in ORNL/M-6121, the Mihama
set contains incomplete documentation of fuel assembly design and operating parameters. The
Mihama data set also included large variations in the results for the measured-to-calculated ratios
for different axial locations in a single fuel pin and was, therefore, not recommended for use in

determining the isotopic bias and uncertainty.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

6.0 CRITICALITY EVALUATION

6-2  Provide information on misload analysis with consideration of the complicated zoned
loading patterns of the MAGNATRAN fuel baskets.

The applicant provided misload analyses in the Safety Analysis Report of the
MAGNATRAN and concluded that misload is not a credible event based on an EPRI
study. However, review of the EPRI report indicates that the conclusion of the report
was drawn not based on complete data of misload events. In addition, the EPRI report
does not include consideration of the complex loading patterns as required in the
MAGNATRAN license application. The applicant is requested to provide its own
misload analysis based on the up-to-date misload events and specific data with
consideration of the loading patterns of the fuel baskets to be transported by
MAGNATRAN.

This information is needed based on 10 CFR 71.43 and to enable the reviewer to confirm
compliance with 10 CFR 71.55 and 71.59.

NAC International Response to RSI 6-2

With the exception of allowing very low burnup assemblies in the basket center nine locations
and damaged fuel cans in four corner locations, no other zone loadings are employed within the
MAGNATRAN system. Damaged fuel cans are clearly differentiated visually from undamaged
fuel and are designed to be located in oversize basket openings only available in the corners of
the damaged fuel basket. The low burnup assemblies are required to be loaded using rod cluster
control assemblies (RCCAs) that are clearly differentiated visually from those not containing
RCCAs (Note: A maximum of nine RCCA assemblies may be loaded in MAGNATRAN). From
a reactivity standpoint, any number of RCCAs containing assemblies could be loaded, anywhere
in the basket, without a positive reactivity effect on the system (i.e., RCCAs containing
assemblies are lower in reactivity than other assemblies meeting the burnup curve requirements).
The loading limitation is based on shielding limitations associated with the RCCA activated
materials source.
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NAC International Response to RSI 6-2 (cont’d)

To address misloads, SAR Section 6.10.1.10 was rewritten to focus on the misload analysis

performed for the MAGNATRAN system rather than the previous focus on probability analysis,
backed up by a misload analysis.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

6.0 CRITICALITY EVALUATION

6-3  Clarify the maximum burnup of the fuels to be shipped by MAGNATRAN.

The applicant indicates in Table 1.3-6 of the SAR that the maximum burnup of the fuels
is 70 GWd/MTU. Page 6.8.2-1, however, indicates that the maximum burnup is 46.46
GWd/MTU. The maximum burnup for the spent fuel to be transported is not clear.

In addition, on pages 1.3-26 and 1.3-35, the applicant indicates that all fuels with burnup
greater than 45 GWd/MTU must be placed in the damaged fuel cans, which are at the
four corner locations of the fuel basket. This loading pattern could create a challenge to
the shielding design. Although Chapter 5 of the SAR presents some information on dose
rate calculations, it was not clear what loading pattern was used in the dose rate
calculation for the baskets having the damaged fuel can loaded with high burnup fuels.

This information is needed based on 10 CFR 71.43 and to enable the reviewer to confirm
compliance with 10 CFR 71.47, 71.55 and 71.59.

NAC International Response to RSI 6-3

The maximum 46.46 GWd/MTU value in Chapter 6 is listed within the subsection dealing with
actinide-only burnup credit benchmarking. It is not a limit on system operations, rather a limit
on the benchmark for burnup credit and, therefore, may be considered as an implicit limit on the
amount of burnup credit that can be taken, not the maximum burnup of fuel placed into transport.
At a given enrichment level, increasing the burnup level beyond 46.46 GWd/MTU will clearly
result in a decreasing reactivity level. Thus, an analysis (and benchmark) at the 46.46 GWd/MTU
burnup level will clearly bound assemblies with higher burnup levels (up to 60 GWd/MTU).

Undamaged fuel and damaged fuel were evaluated within Chapter 5 for maximum 70
GWd/MTU. (Note: As stated in the RSI 5-3 response, the Chapter 5 maximum burnup has been
decreased to 60 GWd/MTU.) Damaged fuel is evaluated in an identical manner to that submitted
in the MAGNASTOR Amendment 3 application with damaged fuel being allowed to migrate
into the non-fuel hardware regions (i.e., into top and bottom plenum/nozzle regions of the
assembly, top and bottom of the damaged fuel can) and it is allowed to concentrate in the active
fuel region (up to 100% of the volume occupied). The licensing analyses evaluated casks with

> 45 GWd/MTU fuel in every location (including the corners), which clearly covers casks that
contain such high burnup fuel in only four of the locations.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

7.0 OPERATING PROCEDURES EVALUATION

7-1  Add a more complete description for the drying process to the operating procedure in
SAR Section 7.1.4 Step 11.

Currently SAR Section 7.1.4 step 11 states; “Vacuum dry the TSC and verify dryness.”
Since there can be direct transfer of a TSC from the pool to the overpack (SAR Section
7.1.4 Step 17), this is insufficient. Steps including isolation of the pump, and criteria
such as hold times and pressures should be included.

This information is needed to satisfy regulation 10 CFR 71.43(d).

NAC International Response to RSI 7-1

SAR Section 7.1.4, step 11 and step 12 have been revised to incorporate additional information
on the vacuum drying process, including vacuum pump isolation, dryness verification hold
times, and acceptance pressure criterion in accordance with the standard vacuum drying process
from the MAGNASTOR® FSAR.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

ACCEPTANCE TESTS AND MAINTENANCE EVALUATION

Additional details of the thermal acceptance test must be provided in order to determine
the effectiveness of the test.

1. There should be additional discussion of the thermal acceptance test provided on
pages 8.1-24 through 8.1-26. It is unclear how the results can be used for
acceptance, especially the concept of heat rejection capability by measuring
condensate flow rate. In addition, provide mass and thermal energy balances to
validate the concept.

2. Discuss the test implementation: where the steam enters, where the steam exits,
where/how the condensate is collected, specifically where are the thermocouples
located and which temperature gradients are to be measured.

3. There should be a corresponding numerical thermal analysis of the proposed test
conditions (i.e., no insolation, ambient temperature, steam entering in/out) provided
in Chapter 3 in order to determine the appropriateness of the measured temperature
and temperature gradients.

4. Is this test to be performed at time intervals throughout the package lifetime in order
to confirm the continued effectiveness of the packaging (i.e., gap dimensions remain,
etc.)?

This information is needed to determine compliance with 10 CFR 71 (71.43, 71.71,
71.73).

NAC International Response to RS 8-1

1y

When thermal equilibrium is established, the total energy input by the dry steam is
divided into two parts, one (Qc_out) is the energy transferred out through the cask
surface, and two (Qcond_out) is the energy carried away by the condensate water. The
energy transferred out through the cask surface represents the cask capability to dissipate
heat out of the cask, which should be equal to (or larger than) the cask design heat load.
Therefore, the thermal test acceptance criteria for energy balance is specified as the total
heat rejection rate is equal to, or greater than, the cask design basis heat rejection rate.
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NAC International Response to RSI 8-1 (cont’d)

2)

3)

4)

When thermal equilibrium is established, the mass of the dry steam input (ms) at inlets
must be equal to the mass of the condensate water (mcond out ).

Enthalpy is the total energy of matter in a state that includes the internal energy
(temperature related) and pressure work (pressure specific volume product). The input of
the total dry steam (ms) with a temperature of 212°F and a pressure of 14.7 psi (or other
pressure) defines the total energy input into the cask. The energy carried away by the
condensate water (Qcond_out ) is represented by total mass of the condensate water
(mcond_out ) times enthalpy of the water at its state (water temperature is measured,

ambient pressure) flowing out of the cask.

For example, the enthalpy for saturated steam and saturated water under a pressure of 1.0
atm (14.7 psi) and 212°F is 2676 klJ/kg and 419 kJ/kg, respectively. The energy released
from dry steam (2676 kJ/kg) to saturated water (419 kJ/kg) is 2257 kJ/kg. The mass flow
rate needed for a 23kW heat source is 81 Ibs/hour [1.0191x10-2 kg/sec,
23(kJ/sec.)/2257(kl/kg)]. A discussion of the energy balance is contained in Section
8.1.7.1.

A special cask lid will be designed to have inlet for steam coming in and outlet for the
condensate water exiting. The outlet will be positioned at the lower elevation to ensure
the discharge of the condensate water. Guide pipes for steam flow will be implemented
to ensure the uniform distribution of the dry steam. The cask will be slightly tilted along
the cask axial to provide discharge of the condensate water. A guide pipe on the cask test
lid will be designed as an outlet guiding the flow of the condensate water.

A new section (Section 8.1.7.3) is added to the SAR presenting steady state analysis and
transient analyses simulating the MAGNATRAN cask thermal test.

This thermal test is performed as an acceptance test validating performance of the as-
fabricated hardware. Periodic life cycle testing is not performed since there is no
significant change in material properties and design gaps throughout the package lifetime,
therefore, the continued effectiveness of the packaging cask design is ensured.

Page 40 of 40



MAGNATRAN
Docket No. 71-9356
TAC No. L24511

NAC INTERNATIONAL

RESPONSE TO THE

UNITED STATES
NUCLEAR REGULATORY COMMISSION

REQUEST FOR SUPPLEMENTAL INFORMATION
OBSERVATIONS

APRIL 1, 2011

FOR MAGNATRAN TRANSPORT CASK LICENSE APPLICATION

(DOCKET NO. 71-9356,
TAC NO. L24511)

October 2012

Page 1 of 36



MAGNATRAN
Docket No. 71-9356
TAC No. L24511

TABLE OF CONTENTS

Page
REQUEST FOR SUPPLEMENTAL INFORMATION — OBSERVATIONS
1.0 GENERAL INFORMATION ......ccosoriveeeeeeeoeeseseeeeseeseeseeseseeeseesseeesessseoseesseeseessereessenee 3
20  STRUCTURAL AND MATERIALS EVALUATION .....ccooovovvooomeeeeeeeseesseeeersseeeeeen 4
3.0 THERMAL EVALUATION........ooocosioeeeeeeeeeeeeeeeeeeeesssssseesesesseeeesseessssseeesesesesnesssssseneos 25
40  CONTAINMENT EVALUATION.......ocoiiooooeooioeeeeooseeoeoesseseeoesseeeeeseseseeseesesnmssees oo 3]
50  SHIELDING EVALUATION.......oocoiooreeeeeeeoeeeeessoreseesseeeseesreeseessssesessseasesesensesssseenns 32
80  ACCEPTANCE TESTS AND MAINTENANCE EVALUATION .......covocommeerrreer. 36

Page 2 of 36



MAGNATRAN
Docket No. 71-9356
TAC No. L24511

NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

OBSERVATIONS
1.0 GENERAL INFORMATION
1-1  Provide non-proprietary versions of all drawings.
The drawings in the non-proprietary version and proprietary version of the SAR do not

match. The proprietary version contains drawings 71160-531 and 71160-618. The non-
proprietary version does not list or contain these drawings in Section 1.4.3.

NAC International Response to RSI 1-1

NAC has updated the list of drawings to reflect the current list of license drawings for both the
proprietary and non-proprietary versions of the SAR. Drawing 71160-618 has been removed
from the application and is no longer listed. Drawing 71160-531 is proprietary in its entirety.
Since the drawing is proprietary in its entirety, the list of drawings in the non-proprietary version
of the SAR has a note indicating that even though the drawing is listed it is being withheld
completely via 10 CFR 2.390.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

OBSERVATIONS

2.0 STRUCTURAL AND MATERIALS EVALUATION

MATERIALS EVALUATION

2-1 Provide precise references (document, page) on all the tables for materials properties.

In the case of obscure references, copies of the applicable pages of the reference should
be submitted with the SAR.

Currently there are no references on any of the tables for the sources of the material
properties. References are only given at the end of the Chapter.

NAC International Response to RSI 2-1

The material property tables from Chapter 2 are provided with detail references. Note that the
reference numbers are unique to this general observation response document and do not match
the reference numbers used in the SAR. A copy of all references except for Reference 1 (ASME
Boiler and Pressure Vessel Code) is provided for clarification.
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Table 2.2.1-1 Mechanical Properties of SA-240, Type 304 Stainless Steel

Value at Temperature (°F)

Property (units) 40 | 20 [ 70 [ 200 [ 300 | 400 | 500 | 650 | 800 | 900
(Llj(';'i')“ate Tensile Strength®, Su | 2c | 760 | 750 | 710 | 662 | 640 | 634 | 634 | 628 | 608
Yield Strengthe, Sy (ksi) 300 | 300 | 300 | 250 | 224 | 207 | 194 | 180 | 169 | 162
Design Stress Intensity2, Sy (ksi) | 20.0 | 20.0 | 200 | 200 | 200 | 186 | 175 | 162 | 152 | -

— -
FI\)/ISci))dqus of Elasticity, £ (10 288 | 287 | 283 | 276 | 270 | 265 | 258 | 251 | 241 | 235
Coefficient of Thermal 813 | 82 | 85 | 89 | 92 | 95 | 97 | 99 | 101 | 102
Expansion?, o (10-€in/in/°F)
Poisson's Ratio? 0.31
Density®, (Ib/in3) 0.29

Notes:

Ref. 1, Ultimate Tensile Strength: Table U, Page 452, Line 10. Yield Strength: Table Y-1, Page 556, Line.14.

Design Stress Intensity: Table 2A, Page 316, Line 3. Modulus of Elasticity: Material Group G in Table TM-1,
Page 671. Coefficient of Thermal Expansion: Material Group 3 in Table TE-1, Page 651. Poisson’s Ratio:

Material Group Cr-Ni-Fe-Mo-Cu-Cb in Table NF-1, Page 677.

®  Ref. 2, Metals Handbook, Density: 17-4PH in Page 1-49.

Extrapolated.
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Table 2.2.1-2 Mechanical Properties of SA-336, Type F304 Stainless Steel

Value at Temperature (°F)

Property (units) 40 70 200 300 400 500 750
Uttimate Tensile Strength, 700 70.0 66.3 61.8 59.7 5.2 59.0
S. (ksi)

Yield Strength, S, (ksi) 300 300 25.0 224 207 194 172
5:;'9” Stress Intensity, Sn | 55 20.0 20.0 200 18,6 175 155
Modulus of Elasticity, E 28.8 28.3 276 27.0 2.5 25.8 24.4
{108 psi)

Coefficient of Thermal

Expansion, o 8.5 8.5 89 9.2 9.5 9.7 10.0
(10-8infin/ °F)

Poisson’s Ratio 0.31

Density (Ib/ind) 0.291

Notes:

Ref. 1, Ultimate Tensile Strength: Table U, Page 420. Yield Strength: Table Y-1, Page 492. Design Stress
Intensity: Table 2A, Page 256. Modulus of Elasticity: Table TM-1, Page 671. Coefficient of Thermal Expansion:
Table TE-1, Page 648. Poisson’s Ratio: Table NF-1, Page 677. Density: Table NF-2, Material Cr-Ni-Fe-Mo-Cu-

Cb, Page 679.
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Table 2.2.1-3 Mechanical Properties of SA-479, Type 304 Stainless Steel

Value at Temperature (°F)

Property (units) -40 70 200 300 400 500 750
Ultimate Tensile
Strengthe, S, (k) 75.0 75.0 71.0 66.2 64.0 634 63.3
(Yk';')d Strengthe, Sy 300 30.0 25.0 2.4 207 194 172
Design Stress
Intensity?, S (k) 20.0 200 20.0 20.0 18.6 17.5 15.5
Modulus of Elasticity?, | og g 283 2756 27.0 2.5 258 2.4
E (10 6 psi)
Coefficient of Thermal
Expansion?, o 810 8.5 8.9 9.2 9.5 9.7 10.0
(10-6 infin/ °F)
Poisson’s Ratio2 0.31
Notes:

‘ ®  Ref. 1, Ultimate Tensile Strength: Table U, Page 452. Yield Strength: Table Y-1, Page 556. Design Stress

Intensity: Table 2A, Page 316. Modulus of Elasticity: Table TM-1, Page 671. Coefficient of Thermal
Expansion: Table TE-1, Page 648. Poisson’s Ratio: Material Cr-Ni-Fe-Mo-Cu-Cb in Table NF-1, Page 677.
Density: Table NF-2, Material Cr-Ni-Fe-Mo-Cu-Cb, Page 679.

Extrapolated.
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Table 2.2.1-4 Mechanical Properties of SA-240 Type XM-19 Stainless Steel

Value at Temperature (°F)

MAGNATRAN

Docket No. 71-9356
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Property (units) | -40 70 200 300 400 500 750 800 900

Ultimate Tensile
Strength. S, (ks)] 100.0 | 100.0 99.4 94.2 911 89.1 85.6 84.8 82.6
(Yk';')d Stength, S | 550 | 550 | 474 | 433 | 407 | 388 | 358 | 353 | 345
Design Stress
Intensity, Sn (ks) 33.3 333 331 314 304 29.7 285 283 -
Modulus of Elasticity,
E (108 psi) 28.8 28.3 27.6 27.0 26.5 25.8 24 .4 24.1 235
Coefficient of
Thermal Expansion, 8.2 8.2 8.5 8.8 8.9 91 9.3 94 95
o (108 infin/ °F)

Poisson’s Ratio 0.31

Density (Ib/in?) 0.291
Notes:

Ref. 1, Ultimate Tensile Strength: Table U, Page 462, Line 16. Yield Strength: Table Y-1, Page 576, Line 16.
Design Stress Intensity: Table 2A, Page 340, Line 2. Modulus of Elasticity: Table TM-1, Group G, Page 671.
Coefficient of Thermal Expansion: Table TE-1, Page 648. Poisson’s Ratio: Table NF-1, Material Cr-Ni-Fe-Mo-Cu-
Cb, Page 677. Density: Table NF-2, Material Cr-Ni-Fe-Mo-Cu-Cb, Page 679.
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Table 2.2.1-5 Mechanical Properties of SA-564/SA-693/SA-705, Type 630 (17-4 PH)
Stainless Steel

Value at Temperature (°F)

Property (units) -40 | 70 | 200 | 300 | 400 | 500 | 600 | 700
Ultimate Strengthz, S, (ksi) 135.0 | 135.0 [135.0 | 135.0 | 131.2 | 128.6 | 126.7 | 123.8
Yield Strengthz, S (ksi) 105.0 | 1050 | 971 | 93.0 | 89.7 | 87.0 | 847 | 825
Design Stress Intensity 2, S (ksi) 45.0 | 45.0 | 450 | 450 | 437 | 429 | 422 -
mgggf Elasticity, £ 204 | 85 | 278 | 272 | 266 | 261 | 255 | 249
Coeffigiept of Thermal Expansion?, o 5.9
(x10% in/in/°F)
Poisson’s Ratio 2 0.31
Density ® (Ib/ind) 0.28
Notes:

Ref. 1, Ultimate Tensile Strength: Table U, Page 438, Line 15 (bounds Lines 16-23). Yield Strength:

Table Y-1, Page 528, Line 16 (bounds Lines 17-24). Design Stress Intensity: Table 2A, Page 288, Line 5
(bounds lines 6-13). Modulus of Elasticity: Table TM-1, Material $17400, Page 671. Coefficient of
Thermal Expansion: Material Group 17Cr-4Ni-4Cu in Table TE-1, Page 652. Poisson’s Ratio: Table NF-1,
Material Cr-Ni-Fe-Mo-Cu-Cb, Page 677.

b

Ref. 2, Metals Handbook, Density: 17-4PH in Page 1-49
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Table 2.2.1-6 Mechanical Properties of SA-537, Class 1, Carbon Steel

Value at Temperature (°F)

Property (units) -40 10 200 300 400 500 700 800
Ultimate Strengtha, S, (ksi) 70.0 | 700 70.0 69.1 68.4 68.4 68.4 65.4
Yield Strength?, S, (ksi) 54.9 | 50.0 44.2 40.5 37.6 35.4 323 30.5

Design Stress Intensity?, Sm (ksi) 233 | 233 | 233 28 | 227 227 214 | 20.3¢

Modulus of Elasticity?, B 300 | 295 | 288 | 283 | 277 | 273 | 255 | 22
(x 106 psi)

Coefficient of Thermal Expansion?,
o (x108in/in/°F)

6.1 6.4 6.7 6.9 71 7.3 76 7.8

Poisson’s Ratio? 0.31
Density b (Ib/in3)® 0.284
Notes:

® Ref. 1, Ultimate Tensile Strength: Table U, Page 426, Line 24. Yield Strength: Table Y-1, Page 504, Line 24.
Design Stress Intensity: Table 2A, Page 264, Line 30. Modulus of Elasticity: Material: Carbon steel with
C<0.3% in TM-1, Page 671. Coefficient of Thermal Expansion: Material Group 1 in Table TE-1, Page 648.
Thermal Conductivity: Material Group B in Table TCD, Page 662. Poisson’s Ratio: Material Cr-Ni-Fe-Mo-Cu-
Cb in Table NF-1, Page 677.

®  Ref. 2, Metals Handbook, Density: 0.23% Carbon Steel in Page 1-49.

¢ Ref. 3, ASME Code Case N-707, Table 1.
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Table 2.2.1-7 Mechanical Properties of SA-695, Type B, Grade 40, and SA-696, Type C,
Carbon Steel

Value at Temperature (°F)

Property (units) -40 70 200 | 300 | 400 | 500 | 700 | 800
Ultimate Strength a, S, (ksi) 70.0 { 70.0 [ 70.0 | 70.0 | 70.0 | 70.0 | 70.0 | 64.3
Yield Strength 2, S, (ksi) 400 | 400 | 366 | 354 | 342 | 326 | 28.6 | 26.8
Design Stress Intensity a, Sm (ksi) 233 | 233 | 233 | 233 | 228 | 21.7 | 19.2 -
Modulus of Elasticity #, E 208 | 293 | 286 | 281 | 275 | 271 | 253 | 24.0
(x 106 psi)
Coefficient of Thermal Expansion ®, o | 5 43 | 64 | 67 | 69 | 71 | 73 | 76 | 78
(x10€ in/in/°F)
Poisson’s Ratio 2 0.31
Density (lb/in3) b 0.284

Notes:

a

SA-695, Type B, Grade 40: Ref. 1, Ultimate Tensile Strength: Table U, Page 426, Line 18. Yield Strength:

Table Y-1, Page 504, Line 18. Design Stress Intensity: Table 2A, Page 264, Line 25. Modulus of Elasticity:
Material: Carbon steel with C>0.3% in TM-1, Page 671. Coefficient of Thermal Expansion: Material Group 1
in Table TE-1, Page 648. Poisson’s Ratio: Material Cr-Ni-Fe-Mo-Cu-Cb in Table NF-1, Page 677.

SA696, Type C: Ref. 1, Ultimate Tensile Strength: Table U, Page 426, Line 19. Yield Strength: Table Y-1, Page
504, Line 19. Design Stress Intensity: Table 2A, Page 264, Line 26. Modulus of Elasticity: Material: Carbon
steel with C>0.3% in TM-1, Page 671. Coefficient of Thermal Expansion: Material Group 1 in Table TE-1,

Page 648. Poisson’s Ratio: Material Cr-Ni-Fe-Mo-Cu-Cb in Table NF-1, Page 677.

b
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Table 2.2.1-8 Mechanical Properties of SA-193, Grade B6, High Alloy Bolting Steel

Value at Temperature (°F)
Property (units) -40 -20 70 200 300 400 500 700

Ultimate Strengtha, S, (ksi) 1100 | 110.0 | 110.0 | 104.9 | 1014 98.3 95.6 90.6
Yield Strengtha, S, (ksi) 85.0 85.0 85.0 81.1 784 76.0 739 70.0
Design Stress Intensity®, Sm (ksi) 28.3 28.3 28.3 27.0 26.1 253 246 233
Bolt Stress Intensity®, Spom (ksi) 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2
?ﬂ"ﬂ;ﬂ; i‘)’f Elasticity", £ 208 | 297 | 202 | 285 | 279 | 273 | 267 | 258
Coefficient of Thermal Expansion®, o | s 54 | 5696 | 590 | 620 | 630 | 640 | 650 | 6.60
(x108 in/in/°F)

Poisson’s Ratio b 0.31

Density (Ib/in?) © 0.28
Notes:

Stniemp

(Su7o°r~‘) = Sutcmp

Calculated based on Design Stress Intensity, e.g., Sirorr

® Ref. 1, Design Stress Intensity: Table 4, Page 412, Line 26. Modulus of Elasticity: Material Group F in Table
TM-1, Page 671. Coefficient of Thermal Expansion: Material 12Cr in Table TE-1, Page 650. Poisson’s Ratio:
Material Cr-Ni-Fe-Mo-Cu-Cb in Table NF-1, Page 677.

Ref. 2, Metals Handbook, Density: Stainless Steel Type 410 in Page 1-49.

Extrapolated.
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Table 2.2.1-9 Mechanical Properties of SA-193, Grade B8, Bolting Steel

Value at Temperature (°F)

Property (units) -40 70 200 300 400 500 700 800
Ultimate Strengtha, Sy (ksi) 750 | 750 | 710 | 662 | 640 | 634 | 634 | 628
Yield Strength?, S, (ksi) 300 | 300 | 250 | 224 | 207 | 194 | 176 | 16.9

Design Stress Intensity 2, Sm (ksi) 10.0 10.0 83 75 50 65 . 56
(Bolt Material) : . : : : : . .

Modulus of Elasticitya,E

(x 106 psi) 288 | 283 | 276 | 270 | 265 | 258 | 248 | 241

Coefficient of Thermal
Expansion®, o (105 infinF) | 015 | 85 | 89 | 92 1 95 | 97 | 100 | 101

Poisson’s Ratio2 0.31

Density © (Ib/in3) 0.29

Notes:
® Ref. 1, Ultimate Tensile Strength: Table U, Page 452, Line 6. Yield Strength: Table Y-1, Page 556, Line.10.

Design Stress Intensity Bolt Material: Table 4, Page 416, Line 10. Modulus of Elasticity: Material Group G in
Table TM-1, Page 671. Coefficient of Thermal Expansion: Material Group 3 in Table TE-1, Page 651.

Poisson’s Ratio: Material Group Cr-Ni-Fe-Mo-Cu-Cb in Table NF-1, Page 677.
®  Ref. 2, Metals Handbook, Density: Stainless Steel Type 304 in Page 1-49.

Extrapolated.

Page 13 of 36



MAGNATRAN
Docket No. 71-9356
TAC No. L24511

Table 2.2.1-10 Mechanical Properties of SA-193, Grade B8S, Bolting Steel

Value at Temperature (°F)

Property (units) -40 70 200 300 400 500 700 800
Ultimate Strengtha, S, (ksi) 950 | 95.0 | 740 | 626 | 563 | 523 | 484 | 4738
Yield Strengtha, S, (ksi) 50.0 | 50.0 | 389 | 329 | 296 | 275 | 254 | 251
Design Stress Intensity®, Sm (ksi) 167 | 16.7 | 130 | 11.0 9.9 9.2 8.5 8.4
Bolt Stress Intensity®, Smom (ksi) 288 | 283 | 276 | 270 | 265 | 268 | 251 [ 241

Modulus of Elasticity®, E
(x 108 psi) 288 | 283 | 276 | 270 | 265 | 258 | 248 | 241

Coefficient of Thermal Expansion®, o.
(x10° in/fin/°F) 8.13d 8.5 8.9 9.2 9.5 9.7 10.0 10.1

_ Poisson’s Ratio ® 0.31
Density (Ib/in3) © 0.29
Notes:
Smlcmp

(Su70°F) - Slllcmp

Calculated based on Design Stress Intensity, e.g., Smroe

Ref. 1, Design Stress Intensity: Table 4, Page 416, Line 12. Modulus of Elasticity: Material Group G in Table
TM-1, Page 671. Coefficient of Thermal Expansion: Material Group 3 in Table TE-1, Page 651. Poisson’s
Ratio: Material Group Cr-Ni-Fe-Mo-Cu-Cb in Table NF-1, Page 677.

©  Ref. 2, Metals Handbook, Density: Stainless Steel Type 304 in Page 1-49.

Extrapolated.
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Mechanical Properties of SB-637, Grade N07718, Nickel Alloy Bolting

Value at Temperature (°F)

Property (units) -40 70 | 200 | 300 | 400 | 500 | 700
Ultimate Strengtha, S, (ksi) 185.0 | 185.0 | 177.6 | 173.5 [ 170.6 | 168.7 | 165.8
Yield Strengthe, Sy (ksi) 150.0 | 150.0 | 144.0 | 140.7 | 138.3 | 136.8 | 134.4
Design Stress Intensity®, Sy (ksi) 50.0 | 500 | 48.0 | 469 | 461 | 456 | 448
Modulus of Elasticity®, E (x 106 psi) 296 | 290 | 283 | 278 | 276 | 271 | 264
Coefficient of Thermal Expansion®, o,
(105 infin/°F) 7.0c 1 71 72 | 13 7.5 7.6 7.8
Poisson's Ratio® 0.31
Density P (Ib/in3) 0.297
Notes:
. Sty

b

Calculated based on Design Stress Intensity, e.g.,

m70°F

(Su70°F) = Su{cmp

Ref. 1, Design Stress Intensity: Table 4, Page 416, Line 33, Modulus of Elasticity, Material Group B

Nickel Steel in Table TM-4, Page 675, Coefficient of Thermal Expansion: Material NO7718 in Table TE-
4, Page 660, Poisson’s Ratio: Material Cr-Ni-Fe-Mo-Cu-Cb in Table NF-1, Page 677, Density: Table NF-2,

Material Alloy 718 in Page 679.

4

Extrapolated
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Table 2.2.1-12 Mechanical Properties of Chemical Copper Grade Lead

Value at Temperature (°F)
Property (units) 40 | -20 70 | 200 | 300 | 600
Tensile Yield Strengtha, S, (psi) 7200 (7005 | 6100 [ 500 | 370 -
Modulus of Elasticity, E (x 108 psi) 245 | 242 | 228 1 206 | 194 | 15
Coefficient of Thermal Expansione, o (x108 in/in/°F) 156 | 157 | 164 | 167 | 173 | 202
Poisson’s Ratio d 0.4
Density (Ib/in3) d 0.41

Notes:

Ref. 4, Determination of the Mechanical Properties of High Purity Lead and a 0.05% Copper-Lead Alloy,
values extrapolated and interpolated from copperized lead data, p. 21.

Extrapolated.
Ref. 5, NUREG/CR-0481, coefficient of thermal expansion from p. 56, modulus of elasticity from p.66.

Ref. 6, Standard Handbook for Mechanical Engineers, Poisson’s Ratio and Density: Basic Properties of
Several Metals, p. 6-11.
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Table 2.2.1-13 Mechanical Properties of NS-4-FR

Value at Temperature (°F)
Property (units) 108 158 212 302
Coefficient of Thermal Expansion 2 (x10-6 infin/°F) 51.8 57.9 57.4 58.9
Compressive Modulus of Elasticity b (ksi) 561
Density b (Ibm/in3) 0.0607

Notes:
? Ref. 7, GESC Shield Materials Technical Report.

®Ref. 8, GESC Shield Materials Product Data. Density calculated from specific gravity.

Table 2.2.1-14 Mechanical Properties of 1100-O Aluminum Alloy

Value at Temperature (°F)

Property (units) -40 | 70 | 200 | 212 | 300 | 400 { 500 | 600 | 700
Utimate Tensile Strengthe, S, (k) 142 [ 131 [ 103 [ 100 | 80 | 60 | 40 | 29 | 21
Yield Strengthe, S (ks 51 | 50 | 46 | 46 | 42 | 35 | 26 | 20 | 186
Modulus of Elasticity®, E (108psi) 103]100] 96 | 96 [ 92 [ 87 |81 ]| - | -
gc())eeﬁ:ﬁ;;r}t;f Thermal Expansion?, o 124 | 121 | 130 | 130 | 133 | 136 | 139 | 142 | -

Poisson’s Ratio® 0.33
Density® (Ib/ind) 0.098
Notes:

? Required 13.1 ksi minimum ultimate strength and 5.0 ksi minimum vyield strength at 70°F. Ultimate and Yield
Strengths at other temperatures extrapolated using corresponding property change/temperature change
ratios from Ref. 9 (Table 2.2, Alloy and Temper 1100-0, Page 2-5).

® ASME Boiler and Pressure Vessel Code
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MAGNATRAN
Docket No. 71-9356
TAC No. L24511

NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

OBSERVATIONS

STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

Design, Modeling, and Qualification of Impact Limiters

1. Section 2.6.7.5, Impact Limiter. Provide sufficient physical attribute details, including

wood block grain orientation and associated gusset partitioning, if any, for the impact
limiter balsa sleeve and center sections. It is unclear how the two large pieces of
balsa wood center and sleeve sections can be produced and assembled without
sufficient drawing details, including gusset partitioning. Sufficient design details are
needed to ensure proper implementation of a LS-DYNA impact limiter finite element
model in calculating free drop cask response.

2. Section 2.6.7.5.1, Impact Limiter Evaluation. For the eight HAC drops, conditions

cold and hot included, provide bounding hard copy LS-DYNA impact limiter part
deformation plots, with sufficient annotations, to delineate the crush depths
corresponding to those reported in Table 2.6.7-38.

The reported crush depths suggest various degrees of material lock ups of the wood
impact limiter. This information is needed to facilitate staff review of the

benchmarking and performance of the impact limiter finite element model.

3. Table 2.6.7-38. For the same 30-ft HAC oblique drop, explain why a larger crush
depth is calculated for the condition cold than for the hot. Explain also the seemingly
inconsistent acceleration values, which are considered for selecting the baseline
decelerations for evaluating the cask system and components.
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NAC International Response to RS] 2-2

1.

The MAGNATRAN impact limiter was revised to simplify the design and Section
2.6.7.5 has been revised to include figures showing a cut away view of the revised impact
limiter and the materials. Figures are included which define the grain orientation of the
individual sections of the impact limiter and dimensions associated with the design.
These details and the dimensions are sufficient to generate a finite element model.

Deformation plots of the impact limiters have been included in the NAC Proprietary
calculation 71160-2138. A separate table has been provided in SAR (e.g. Table 2.6.7-37)
and the calculation to define the bounding case. Since the plots contained in the
calculation show the deformation and the tables define the numerical values, the figures
themselves do not need to show the actual values of crush in the figure.

Table 2.6.7-37 reports the crush depth as well as the percent of volumetric change, which
is consistent with the LS-DYNA input for material models used in the impact limiter
evaluation. The maximum crush reported is for the side drop and is 65%. This occurs in
only one of the six radial segments of each impact limiter being crushed in the side drop.
The 65% strain does not occur in the other radial segments of the impact limiter. It is
noted that this occurs for the hot condition, in which the crush properties have been
reduced by an additional 10% for all the redwood segments in the impact limiter for the
side drop. The end drop represents a condition in which the impact limiter is uniformly
crushed, and the strain reported in Table 2.6.7-37 shows a maximum value of 54%, which
also includes a 10% reduction in all the balsa wood properties. Table 2.6.7-33 contains
the balsa wood properties and at this strain level. Lock up of the material is not being
experienced. The maximum strain contained in this table is 60%, which also does not
reflect a lock up condition, since the final value is only a 14% increase of the 50% strain
value. Further stress-strain data beyond 60% is not required for the evaluations.

The MAGNATRAN impact limiter was revised to be similar to the previous impact
limiters tested in a quarter scale test by NAC International. In the quarter scale test
program only the end drop and the corner drops were performed to assess the behavior of
the balsa wood impact limiter. The end drop and corner drop orientations have been
evaluated and the results are shown in Table 2.6.7-37. The oblique drop for the revised
design was not required due to the design revision. Table 2.6.7-37 shows that for all
orientations, the crush depths and associated strains are larger for the hot condition as
compared to the cold condition.
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NAC INTERNATIONAL RESPONSE
TO
REQUEST FOR SUPPLEMENTAL INFORMATION

OBSERVATIONS

STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

Stress Acceptance Criteria for the Closure Lid Bolt Subject to Secondary Impact

Table 2.1.2-2, Allowable Stress Limits for Containment Structures. Revise the table by

adding stress allowable for the closure lid bolts. Provide justification for considering
only the maximum axial stress for the bolts subject to the end-drop secondary impact, as
evaluated in Section 2.6.7.6.2 and 2.7.1.7.2 for the NCT and HAC cask free end drops,

respectively.

It's unclear why the bolts are not evaluated also for other stress performance criteria,
including the primary membrane-plus-bending category at the periphery of the bolt cross
section resulting from prying action produced by deformation of the connected parts, per
ASME, Section IlI, Appendix F, Section F-1335.1.

NAC International Response to RSI 2-3

Section 2.6.7.6 and Section 2.7.1.7.1 present the evaluations of the cask closure lid for the

normal conditions and accident conditions of transport. In both of these sections, it is stated that

the criteria for evaluation are contained in NUREG/CR-6007. Since the evaluation by

NUREG/CR-6607 involves interaction equations and it is specifically used for the closure bolts,

these are not included in the general stress criteria in Table 2.1.2-2.

A recent decision by the USNRC staff has led to the removal of the secondary impact

evaluations for the impact limiter and for the closure lid. Further evaluations for the closure

bolts for this loading condition have not been included.
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OBSERVATIONS

2.0 STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

2-4  Factor of Safety for PWR Basket Geometric Instability

Section 2.7.13.1, PWR Basket Stability. Re-evaluate geometric instability potential of
the PWR basket for an acceptable factor of safety, per the ASME Code Section III,
Appendix F, Section F-1341.4 provisions. For the design weight multiplier selection, as

described in the top paragraph of page 2.7.13.1-5, the basket weight must also be
considered in addition to the fuel assemblies.

The collapse load analysis as called out, per Section F-1341.3, applies to the load
determined by a "limit analysis" rather than the kinematically strain hardening analysis
considered in the application. The staff considers the Section F-1341.4 provisions
acceptable for which the applied load shall not exceed 0.7 PI, in determining the
minimum factor of safety for the basket geometric instability evaluation.

NAC International Response to RSI 2-4

As per ASME Section III, Appendix F, Subsection F-1341.4, the minimum factor of safety for
the basket stability evaluation is 1.4 (i.e., 1/0.7). In the PWR Basket stability evaluation, inertial
loading applied to the basket is due to the deceleration of the cask due to the impact limiters. A
factor of 1.2 was applied to the acceleration time history, which applied the inertial loading to
the basket. There is also a factor of 1.2 applied to the mass of the basket assembly. This extra
mass is lumped with the mass of the fuel elements representing the fuel assemblies. Therefore,
the increase in mass and acceleration results in a combined factor of 1.44 applied to the inertial
load on the basket assembly. It is concluded that the factor of safety for the PWR basket
stability evaluation for the cask side drop accident is greater than 1.4. This method is also
applied to the BWR basket stability evaluation. This discussion is added to Sections 2.7.13.1
and 2.7.13.2 for the side drop stability evaluation for the PWR and BWR basket designs,
respectively.
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REQUEST FOR SUPPLEMENTAL INFORMATION

OBSERVATIONS

2.0 STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

2-5  Figures 2.6.13-3 and 2.6.13-4. Explain why two different element discretization schemes

are used for the "pin" in analyzing the same PWR baskets but for different drop

orientations.

NAC International Response to RSI 2-5

Figures 2.6.13-3 and 2.6.13-4 show two different finite element models. The 45°model is not
generated from the 0° model. A different meshing scheme at the pin was required since the
symmetry plane cuts through the actual pin itself in a different manner between the 0° model and
the 45° model. The pin shown in Figure 2.6.13-3 for the 0° model cannot be divided along the
diagonal. While this would only affect the pins at the plane of symmetry, the model was
generated such that the pin mesh would be the same whether the pin model was at the plane of
symmetry or away from the plane of symmetry. As a result, the two meshes will have a different
appearance in the pin region.
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TO
REQUEST FOR SUPPLEMENTAL INFORMATION

OBSERVATIONS

2.0 STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

2-6  Table 2.6.14-9. Verify that the maximum stresses are correctly reported for fuel tubes.

Tube No. 12 for which all maximum stresses are reported is not delineated in Figure
2.6.14-4 for the 45° side-drop basket orientation.

NAC International Response to RSI 2-6

Figure 2.6.14-4 states in the note on the figure, “Note: Tube numbers 1, 8, and 12 are omitted.”
Tube 12 (and tubes 1 and 8) are the DF slot locations and are shown on Figure 2.6.14-6. The
reference in Table 2.6.14-9 was altered to reference Figure 2.6.14-4, which shows Tubes
referenced in Table 2.6.14-9. An additional note was added to Figure 2.6.14-4: “Tube numbers 1,
8 and 12 are shown in Figure 2.6.14-6,” and in addition, labels were added to Figure 2.6.14-6
that clearly identify which tube is 1, 8 and 12.

A similar situation exists for Figure 2.6.14-3. This figure has the following note: “Note: Tube
numbers 3 and 11 are omitted.” An additional note was added to Figure 2.6.14-3: “Tube numbers
3 and 11 are shown in Figure 2.6.14-5.” In addition, labels were added to Figure 2.6.14-5 that
clearly identify which tube is 3 and which tube is 11.

All stress tables for the PWR, PWR DF and BWR basket evaluations were reviewed to confirm
that the stresses for both normal and accident conditions of transport are reported correctly.
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REQUEST FOR SUPPLEMENTAL INFORMATION

OBSERVATIONS

3.0 THERMAL EVALUATION

3-1 It is stated that some portions of the outer package, such as the fins, are made of
aluminum. Confirm that the aluminum will not reach an ignition temperature.

NAC International Response to RSI 3-1

The cask fins are made of copper, while the cover plate for cooling fin-B is made of aluminum.
The maximum cask surface temperature for PWR and BWR configurations is 246°F and 238°F .
(Table 3.4-1 of the SAR) for normal condition, respectively. Those temperatures are well below
the aluminum melting temperature.

During the fire accident, the maximum cask surface temperature is 1443°F for both PWR and
BWR configurations. This exceeds the aluminum ignition temperature of 1440°F for layer. The

ignition temperature of 1440°F was obtained from the website:
http://www.ccohs.ca/oshanswers/chemicals/chem_profiles/aluminum_powder/working_alu.html

In the fire accident analyses, the aluminum cover plate’s temperature will exceed its melting
point before the ignition temperature is reached. Since the cover plates are on the exterior surface
of the cask, and would not be restrained by any component of the cask, the cover plates will
leave the cask surface. Therefore in the fire accident evaluation, the cover plates are assumed to
be removed at the initiation of the fire accident condition.
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OBSERVATIONS

3.0 THERMAL EVALUATION

3-2 It does not appear that the allowable pressure of the containment boundary is explicitly
mentioned in Chapter 3, such as in Table 3.4-3; this information should be provided.

NAC International Response to RSI 3-2

The applicable allowable pressure of the containment boundary is added as shown in
Table 3.4-3 for the normal condition and in Table 3.5-3 for the accident condition.
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OBSERVATIONS

3.0 THERMAL EVALUATION

3-3  Page 3.5-2 states that the NS-4-FR neutron shield does not withstand the fire and is
replaced with air during the post fire analysis. Does the material reach a temperature
where it no longer acts as a barrier during the fire? If so, the air void should replace the

shield before the 30 minute fire ends; this would be more conservative during the fire.

NAC International Response to RSI 3-3

In the fire accident analyses for both PWR and BWR configurations, the NS-4-FR neutron shield
remains functional during the 30-minute fire and is replaced by air after the fire accident. 1) The
functional NS-4-FR allows more heat to enter into the cask since it has higher thermal
conductivities than air. 2) The air replacing the NS-4-FR right after the fire traps more heat
inside the cask after the fire.

Both 1) and 2) are conservative and result in higher calculated component temperatures for the
fire accident than what will actually be developed in the physical hardware.

If the air void replaces the shield before the 30-minute fire ends, this would not be a conservative

assumption during the fire.
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OBSERVATIONS

3.0 THERMAL EVALUATION

3-4  The allowable temperatures for the components should be listed in Table 3.5-1 and Table
3.5-2; the blanks in the tables should be filled with appropriate values.

NAC International Response to RSI 3-4

The blanks in Table 3.5-1 and Table 3.5-2 for component allowable temperatures have been
filled with appropriate values.
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OBSERVATIONS

3.0 THERMAL EVALUATION

3-5  Document 71160-3014 mentions a transport cask that is not MAGNATRAN. Confirm
that the analyses are in fact for MAGNATRAN.

NAC International Response to RSI 3-5

In calculation 71160-3014, NAC-NEWGEN is used for the cask name, which was the original
name of the MAGNATRAN cask. Therefore, the analyses are in fact for MAGNATRAN.
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REQUEST FOR SUPPLEMENTAL INFORMATION

OBSERVATIONS

3.0 THERMAL EVALUATION

3-6  Color temperature contour plots should be provided in Document No. 71160-3045.

NAC International Response to RSI 3-6

All supporting calculations are being provided in color as part of the resubmittal of the
MAGNATRAN application.
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OBSERVATIONS

4.0 CONTAINMENT EVALUATION

4-1  Page 4-1 states that "No normal condition of transport or hypothetical accident condition
results in releases of the TSC contents into the cask cavity or releases from the
MAGNATRAN cask containment boundary into the atmosphere." Similar statements are
made on pages 4.2-1 and 4.3-1. Considering the potential for long term storage, the basis
for concluding that TSC contents cannot be released into the MAGNATRAN cask during
NCT and HAC should be provided.

NAC International Response to RSI 4-1

As the MAGNATRAN transport cask provides 10 CFR 71 containment of the contents, the
statements regarding TSC integrity under all conditions are removed from Chapter 4. The
wording is revised to a more general description indicating that a typical load is expected to be a
sealed TSC. A sealed TSC load is a conservative configuration as the TSC would have retained
its high pressure helium backfill, which then can be released into the cask cavity. Both normal
and HAC pressures shown in Chapter 3 are based on a TSC content release after loading into the
transport cask.
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OBSERVATIONS

5.0 SHIELDING EVALUATION

5-1  The staff finds that more justification and possibly a CoC condition for verifying the
peaking factors and the burnup profiles for the shielding analysis are required. The staff
does not find adequate justification that those used for PWR and BWR fuel are bounding
for all fuel assemblies that are to be transported in the MAGNATRAN. In its review of
MAGNASTOR (Docket No. 72-1031, reference the staff's SER on MAGNASTOR, Rev.
0, ML090350589) the staff discusses that the use of 1.08 for PWR fuel is not consistent
with the guidance in NUREG/CR-6801.

NAC International Response to RSI 5-1

NAC acknowledges that the NRC review staff has indicated that the NUREG/CR-6801 peaking
factor of 1.108 should be applied for generic PWR shielding analyses (NRC staff SER on
MAGNASTOR). The cited NUREG is a burnup credit guidance document that NAC does not
consider an appropriate reference for shielding guidance. It is specifically designed to produce
underburned ends which are controlling for burnup credit applications, not necessarily
conservative or appropriate for a shielding analysis.

The two primary references forming the input basis to NUREG/CR-6801 are the DLC-201
database (“Axial Burnup Profile Database for Pressurized Water Reactors”, YAEC-1937) and
Parish and C.H. Chen (Bounding Axial Profile Analysis for the Topical Report Database). The
Parish and Chen report in turn references an earlier YAEC report for data (YAEC-1918). NAC’s
MAGNATRAN SAR Section 5.3.1 bases its 1.08 shape on the earlier, more plant limited, YAEC
data. The SAR then follows the initial discussion with Figure 5.3-5, which demonstrates that the
chosen shape is applicable to the more encompassing data set in YAEC-1937.

It should be noted that within the profile section of the SAR (Section 5.3) NAC justifies that
significantly higher peaked values are acceptable for lower burned fuel.

In the context of the shielding analysis forthe MAGNATRAN cask, a difference of ~3% between
the NRC proposed and the NAC peak profile does not justify a CoC limitation as the suggested
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profile change does not have a significant safety impact. The change if applied would not result

in an increase in the limiting reported maximum dose rates. Further detail on this statement is

provided below:

Dose effect at peak burnup profile location — Applying a fourth power relationship between
neutron source and burnup, and a 1.08 to 1.108 burnup peak change, would result in a
localized increase in source of approximately 10%. For a pure neutron dose driven peak this
would result in 1 mrem/hr change for an at limit 10 mrem/hr calculated design basis
condition. This potential increase would be reduced as total dose contains a significant fuel
gamma component (affected proportional to the 3% change in profile peak), fuel hardware
component (not impacted based on analysis method), and non-fuel hardware component (not
affected by analysis method), and a smearing out of the localized peak at the bounding 2
meter dose location. To achieve any resolvable change in calculated dose a significant
number of the assemblies on the periphery of the cask would need to be at the higher peak,
an unlikely scenario based on the fuel profile database used in the analysis. Overall, the
effect at the mid-plane of a higher peaked payload is therefore expected to be minor. As
discussed in the next bullet, the location of the peak profile is not the location of the

maximum system dose.

Maximum dose location and profile effect — The maximum dose location for both PWR and
BWR systems (see Figure 5.8-13, PWR, and Figure 5.8-25, BWR) is not at the burnup
profile peak location. The peak dose is associated with reduced shielding near the top of the
cask cavity. The majority of the peak dose is hardware fuel assembly and non-fuel hardware
driven with the remaining dose associated with fuel source near the fuel ends. There is no
impact on maximum dose of a postulated burnup peak in either PWR or BWR systems.

Based on the arguments provided above, NAC believes the profiles used in the MAGNATRAN
application provide reasonable assurance that cask dose limits will be met and that a CoC

limitation on profile peak is not appropriate.
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OBSERVATIONS

5.0 SHIELDING EVALUATION

5-2  (See Observation 1 of Amendment 3 of the MAGNASTOR System Docket No. 72-1031,
ML103060029). The source spectra for gamma and neutron source terms for the
shielding analysis for high burnup fuels were not included in the SAR. In general, the
source spectra are necessary information for the staff to determine if the application
meets the regulatory requirements of the cask shielding design. This information is
missing in the SAR.

NAC International Response to RSI 5-2

Section 5.2 (subsection 5.2.3) contains source terms producing the limiting dose, in this case for
the cases producing maximum cask surface dose while maintaining the radial 2 meter dose
maximum at or below 10 mrem/hr. Under these conditions maximum dose is obtained from
lower burnup source configurations. Cask radial maximum dose rates are produced near the top
of the cask cavity where hardware activation and decay are the controlling mechanism. High
burnup fuels require extended cool times which reduce this phenomenon. As documented in
Section 5.1, maximum dose rates for axial detectors are produced by high burnup fuel. Section
5.2.3 was revised to include the top axial source term from the 14b hybrid assembly type.
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OBSERVATIONS

5.0 SHIELDING EVALUATION

5-3  The staff finds that the description of the damaged fuel evaluations for the shielding
analysis is not clear. The SAR states that there are two modeling strategies for damaged
fuel. Presumably the one that produces higher dose rates is used in the dose rate
calculations, but the staff did not see this explicitly stated. In addition, the staff is not
clear on the modeling of the damaged fuel within the MCNP shielding calculation.

NAC International Response to RSI 5-3

The SAR was revised in all applicable sections (starting in Section 5.1.2.2) to clarify that two
scenarios (strategies) for fuel redistribution were evaluated and that the reported dose rates are
obtained from the bounding scenario (the one producing maximum dose rates).

The “active fuel region” scenario was previously stated to not increase dose rates over that of the
undamaged fuel configuration. “Non-fuel hardware region” shifts were indicated to increase
dose rates. The NRC requested statement clarifies that the analysis results represented the
maximum dose, bounding, non-fuel hardware scenario and has been added.
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OBSERVATIONS

8.0 ACCEPTANCE TESTS AND MAINTENANCE EVALUATION

8-1  There is only 36°F margin between neutron shield temperature and its allowable
temperature. Considering that the neutron shield is made of polymer, which can degrade
over time due to radiation and temperature, confirm that the NS-4-FR shield will retain
its thermal properties throughout the package lifetime. Periodic acceptance tests may
have to be performed to confirm consistent thermal properties.

NAC International Response to RSI §8-1

The original material formulation owner/developer, Dow and Bisco Products, has published
material specification technical data information stating that NS-4-FR retains long term
functional stability at temperatures from -40°F to 300°F. In addition to this specific data, Bisco
Products has performed thermal tests showing stability of the material through temperatures as
high as 338°F. Beyond this data developed by Bisco Products, over the past ten years or more
several organizations associated with the current owner of the NS-4-FR technology have
performed independent investigations of off gassing and material loss when NS-4-FR is confined
in different configurations and exposed to temperature both less than and greater than 300°F.
The following reports are enclosed herewith:

1) Experimental Studies on Long-term Thermal Degradation of Enclosed Neutron
Shielding Resin, R. Asano and N. Niomura.

2) Evaluation Test on the Thermal Stability of Resin as Neutron Shielding Material for
Spent Fuel Transport Cask, Y. Momma, M. Matsumoto, M. Takani, et. al.

In summary, these reports document material stability under a number of different conditions and
temperatures ranging from 125°C (257°F) through 200°C (392°F). Both tests demonstrate that
NS-4-FR is a stable material without any observed failures in the form of cracks at prolonged
exposure to temperatures above the published specification limit of 300°F. Based on these test
results demonstrating NS-4-FR material stability at temperatures above the identified design
limits defined in the MAGNATRAN design application, periodic acceptance testing is not

required.
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Convective Effects in a Regulatory and Proposed Fire Model’
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INTRODUCTION

Radiation is the dominant mode of heat transfer in large fires. However, convection can
be as much as 10 to 20 percent of the total heat transfer to an object in a large fire. The
current radioactive material transportation packaging regulations include convection as a
mode of heat transfer in the accident condition scenario. The current International
Atomic Energy Agency (IAEA) Safety Series 6 packaging regulation states, “the
convection coefficient shall be that value which the designer can justify if the package
were exposed to the specified fire." The current Title 10, Code of Federal Regulations,
Part 71 (10 CFR 71) packaging regulation states "when significant, convection heat input
must be included on the basis of still, ambient air at 800°C (1475°F)." Two questions
that can arise in an analyst’s mind from an examination of the packaging regulations are
whether convection is significant and whether convection should be included in the
design analysis of a radioactive materials transportation container. The objective of this
study is to examine the convective effects on an actual radioactive materials
transportation package using a regulatory and a proposed thermal boundary condition.

A single thermal model with six thermal boundary conditions was used in this analysis.
The thermal boundary conditions were the regulatory thermal environment with and
without convective effects, and a proposed thermal environment with and without
convection. The proposed thermal environment is from a paper presented at
PATRAM'92 by Chris Fry (1992).

The proposed thermal environment was designed for modeling two types of
transportation casks. The first type contains low activity material which generates
negligible heat and thermal protection provided by an insulating layer on the container
exterior. The second type contains highly active materials and thermal protection is
based on high thermal capacitance of the transportation cask.

The thermal model developed for this study is based on the Beneficial Uses Shipping
System (BUSS) cask. The BUSS cask is a Type B shipping container used for non fissile

" This work was supported by the U.S. Department of Encrgy under Contract DE-AC04-4 AL85000
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materials shipment. The dimensions of the BUSS cask body are 1.24 m long

joactive
radioa® o diameter of 1.38 m. The BUSS cask body weight is 9,300 kg.

by an outer

THERMAL MODEL DESCRIPTION

C1N e The thermal model is a two-dimensional
b axisymetric representation of the cask. Another
crmehm T simplifying assumption is that half the length
of the cask was modeled. The model consists
A of 1,457 nodes and 1,319 elements. PATRAN
M- wrw  was used for pre- and postprocessing of the
analysis, while PTHERMAL was used as the
22 P S oo thermal solver. Temperature-dependent
- E::E: Cortud
Figure 1. Thermal Model

material properties were used in the analysis.
Figure | presents the thermal model.

The materials in the cask, and simulated in the
thermal mode!, were stainless steel, air, helium,
and silicone rubber. The cask lid and body material were stainless steel. The gap
petween the cask lid and body was filled with air on the outside of the seal and helium on
the inside of the seal. The seal material was silicone. Temperature-dependent thermal
conductivity was used for the stainless steel, air, and helium, while the silicone thermal
conductivity was constant. Table | presents the material thermal transport properties
used in the model. All material properties presented in Table | are at 25°C.

Material Thermal Density Specific Heat
Conductivity
(W/m-K) (kg/m3) (J/kg-K)
Stainless Steel 13.4 7920 502
Air 0.0242 0.177 5191
Helium 0.14] 1.29 992
Silicone 0.138 1300 1256

THERMAL BOUNDARY CONDITIONS

Table 1. Material Properties used in the Thermal Model

Six different thermal boundary conditions were applied to the cask thermal model. The
first set of three thermal boundary conditions was based on the IAEA Safety Series No. 6
regulations. The second set of three thermal boundary conditions was based on the
proposed thermal environment.

The IAEA Safety Series No. 6 boundary conditions consist of an 800°C environment
temperature with an emissivity of 0.9, and a package surface emissivity of 0.8 for 30
minutes. After 30 minutes, the ambient temperature drops to 38° C for the subsequent
cool down period. Convection was included in two of the thermal boundary conditions,
and the convection coefficients used were 5 and 10 W/m". These convective coefficient
values are typical for natural convection. :
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The proposed thermal environment is a modification of the IAEA Safety Series 6
regulatory thermal environment. The modifications are raising the environmental
temperature to 1 100°C and including a reduction factor of 0.3. The reduction factor is
equivalent to a flame emissivity but physically represents a reduced effective flame
temperature adjacent to the container surface and ensures the heat flux specified in the
IAEA regulations is met. The thermal environment is modeled with the following
equation.

Q= 0.350[(1 100+273)* —(Ts + 273)4]+ h(1100 — Ts)

where, ‘
€ is the emissivity of the container surface,

o is the Stefan-Bolzman constant,
Ts is container surface temperature (°C), and,
h is the convection coefficient.

Cask Fin Tip Temperature
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Figure 2. Cask Fin Temperature

The package surface emissivity was not specified in the proposed thermal boundary
conditions, so the IAEA regulation package surface emissivity of 0.8 was used. The
duration of the proposed thermal environment is 30 minutes, after which the
environmental temperature drops to 38°C for the subsequent cool down period.
Convection was included in two of the thermal boundary conditions and the convection
coefficents used were S and 10 W/m’.
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RESULTS

Figures 2 and 3 present time-temperature plots of the cask fin tip temperature and the
cask seal area temperature, respectively. The cask fin tip is where the highest
temperature on the cask occurred. The cask fin tip temperature difference due to
convection for the regulatory environment is small when compared to the proposed
environment. The larger cask fin tip temperature difference in the proposed environment
is due to the greater sensitivity to convection.
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Figure 3. Cask Surface Temperature

Figure 3 shows that adding convection does not dramatically increase the seal
temperature for this model. For the regulatory environment, the increase in seal area
temperature due to convection is between 5 and 10 °C. For the proposed environment,
the increase in seal area temperature is between 10 and 20° C. Again these results point
to the greater sensitivity to convection for the proposed environment.

Figure 4 presents the total calculated surface heat flux for all thermal boundary

conditions. The total surface heat flux was calculated using two methods. The first
method was for the regulatory environment and used the following equation.

Q =£0(e(800+273)% - (Ts +273)* ]+ h(800 - Ts) | A
where,

£_is the emissivity of the container surface, and,
€, is the emissivity of the flame.
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The second method was for the proposed environment and used the equation that defined
the proposed environment. Since the cask surface temperature was known from the
calculations, the total heat surface heat flux for both environments was calculated.

The max1mum surfacc heat fluxes for the regulatory environment were 51.3 W/m 53.9
W/m’, and 56.4 W/m’ for no convection and convection coefﬁc1ents of 5 W/m* and 10

W/m?, respectively.

The maximum surface heat fluxes for the proposed environment were 47.6 W/m 51.8
W/m and 56.0 W/m’ for no convection and convection coefficients of 5 W/m® and 10

W/m’, respectively.
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Figure 4 . Total Surface Heat Flux

Figure 5 presents the percentage amount of convective heat transfer for both thermal
environments. The percentage of convective heat transfer, when compared to the total
heat transfer, for the regulatory environment was 5.1 for 5 W/m? and 9.6 for 10 W/m?® .

For the proposed environment, the percentage of convective heat transfer was 9.3 for 5
W/m® and 15.2 for 10 W/m’. Again Figure 5 shows the increased sensitivity to
convective heat transfer for the proposed environment.

CONCLUSIONS

Convection contributes between S and 9 percent of the total heat flux for the regulatory
fire, assuming a range of between 5 and 10 W/m® for the convective heat transfer
coefficient. Again assuming a range of 510 10 W/m" for a convective heat transfer
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coefficient, the convective heat transfer loading is between 9 and 15 percent for the
proposed thermal environment.
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Figure 5. Percentage Convective Heat Transfer

An equivalent maximum heat flux between the regulatory and proposed thermal
environment can occur by including convection as a heat transfer mechanism. To make
the environments approximately equxvalem for the maximum surface heat flux, a
convection coefficient of 5 W/m? for the proposed environment and no convection for the
regulatory environment can be used. Of course there exist an infinite number of
combinations between the regulatory and proposed environments to make the maximum
surface heat flux equivalent.

Experimental data indicate that convection contributes between 10 and 20 percent toward
the total surface heat flux. Therefore, a minimum heat transfer coefficient of 10 W/m? is

recommended.

Including convection doesn't greatly affect seal temperature in this case due to the
massive size and amount of thermal capacitance. However, the convection component
will affect thin, low-capacitance components, such as fins.
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Gray cast iron 7,15(8) 0.258(a) 028"
Malleable iron 27(b) 0.262(b) 0:28 -
0,06% C steel .7:871 (.2844 0,28
0:23% C steel 7.859 0.2839 0:28
0. 4'15% C stee .844 0.2834 0.28 .
1.22% C steel :i. :17.830 . 0.2829 0.28
0:28
Low-carbon chromium-molybdenum 0,28
steels . R
0.5% Mo steel . .. 7.86 0.283 928,
1Cr-0.5Mo steel . .86 0.283 0.9
1.26Cr-0.5Mo stce 86 .« 0:283 528
2.25Cr-1.0Mo steel 0.283 02
5Cr-0,5Mo steel . 0.278 : :29
gg:?i&?:‘z:e} . 83?]2 Precipitation-hardening stainless steels
PH 15-7 Mo . 7.804 0.2819
Medium-carbon alloy steels 17-4 PH .8 0.28
1Cr-0:35Mo-0.25V * 17-7 PH 0.282
0.283 Nickel-base alloys .
0.281 D979 8:27 0:299
Nimon .25 0,298
Nimonic .27
o 0.286' PA-ZSZI .27
5.6 allow ncone .51
LG25.6 alloy 0292 Inconel “X" 550 . 30
e 7
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CASES OF ASME BOILER AND PRESSURE VESSEL CODE

CASE
N-707

Approval Date: November 2, 2004

The ASME Boiler and Pressure Vessel Standards Committee took action to
eliminate Code Case expiration dates effective March 11, 2005. This means that
all Code Cases listed in this Supplement and beyond will remain available for
use until annulled by the ASME Boiler and Pressure Vessel Standards Committee.

Case N-707

Use of SA-537, Class 1 Plate Material for Spent-Fuel
Containment Internals in Non-pressure Retaining Ap-
plications Above 700°F (370°C)

Section III, Division 3

Inquiry: Until such time as Section III, Division 3,
incorporates rules for internals, may plate material con-
forming to the requirements of SA-537, Class 1, < 1
in. (25 mm) thickness, normalized condition, be used at
temperatures above 700° (370°C), but not exceeding
850°F (455°C), for spent-fuel containment internals in
non-presssure retaining applications?

Reply: Tt is the opinion of the Committee that, until
such time as Section III, Division 3, incorporates rules

TABLE 1
TENSILE, YIELD STRENGTH, AND DESIGN
STRESS INTENSITY VALUES

for internals, plate material conforming to the require-
ments of SA-537, Class 1, £ 1 in. (25 mm) thickness,
normalized condition, may be used at temperatures above
700°F (370°C), but not exceeding 850°F (455°C), for
spent-fuel containment internals in non-pressure retaining
applications, provided that the ultimate tensile strength,
yield strength, and design stress intensity values shall be
as listed in Tables 1 and 1M, creep is determined to be
negligible, and the following requirements are met:

(a) Methods for evaluation of negligible creep are de-
scribed in Subsection NH, para. T-1324.

(b) Welding procedure and performance qualifications
shall be conducted as prescribed in Section IX.

(c) The design documentation shall reference this Case
number.

TABLE 1M
TENSILE, YIELD STRENGTH, AND DESIGN
STRESS INTENSITY VALUES

(U.S. CUSTOMARY UNITS) (SI UNITS)
For Metal For Metal
Temperature Tensile Yield Design Stress Temperature Tensile Yield Design Stress
Not Exceeding Strength, Strength, Intensity, S,, ksi Not Exceeding Strength, Strength, Intensity, Sp
°F Sy ksi Sy ksi [Note (1)1 °C Su MPa Sy MPa MPa [Note (1)1
750 67.7 31.5 21.0 400 466 217 145
800 [Note (2)] 65.4 30.5 20.3 425 [Note (2)] 452 211 141
850 [Note (2)] 61.1 29.2 19.5 450 [Note (2)1 437 204 136
475 [Note (3)] 395 : 199 133
NOTES:
(1) The values of S, do not exceed the lesser of S,/3 or % 5, at NOTES:
temperature. (1) The values of S,, do not exceed the fesser of S,/3 or % S, at
(2) Upon proionged exposure to temperatures above 800°F (425°C), temperature,

the carbide phase of carbon steel may be converted to graphite.

(2) Upon prolonged exposure to temperatures above 800°F (425°C),
the carbide phase of carbon steel may be converted to graphite.

(3) These values are provided for interpolation purposes only. The
temperature limit is 455°C (850°F).

other relevant documents.

The Committee’s function is to establish rules of safety, relating only to pressure integrity, governing the construction of boilers, pressure vessels, transport tanks
and nuclear components, and inservice inspection for pressure integrity of nuclear components and transport tanks, and to interpret these rules when questions arise
regarding their intent. This Code does not address other safety issues relating to the construction of boilers, pressure vessels, transport tanks and nuclear components,
and the Inservice inspection of nuclear components and transport tanks. The user of the Code should refer ta other pertinent codes, standards, laws, regulations or

1 (N-707)
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: VSAF Cont'ract Nof‘ 'AF 33(616) 3785 +This’ contract was 1n.t1ated un
}Pro_]e"t No. 21345 “Sh1e1d1ng Subsystexns,” Task: No. 73070 - "Sh1e1d1ng
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Center mth Mr R._F Klmger act1ng as progect engineer v
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'I‘Ius report was prepared by T. E Tletz of the Department of
',Metallurgy of Stanford Research. Inst1tute, actmg as Pro;ect Leader,
- under the superw.s1on of R."H. Thxelemann. Chalrman of the- Metallurgy
~"-‘;Department Acknowledgment is made to ‘Mr..A. Ruotola ior h1s
‘assistance throughout the test:mg phase of thls program. I L




’tempe 'atures of 'O oy

'I‘ens11e propert1es evaluated 1nc1uded the ultxmate strength; elorxga
_ ~t10n,_modu1us of elast1C1ty, proportzonal limit, and. yield strength _
.'~'_'-':,»._"Compressmn propertles evaluated were ‘the modulus of elast1c1ty, pro-A
A I f--fportxonal 11m1t, -and y1e1d strength Ultimate ‘shear strength and the -

Lo bearing y1e1d strength and. ultimate’ bearmg ‘Strength were deterrruned I :

Stress c.reep t1me curves’ were .obtained for total- strain’ values of 0 Z
0 55 1 0 and 2 0%, for creep t1mes of from 1 hour to. 500 hours ‘

- The data obtalned are summar1zed in graphu:al and tabular form,"tf-:i:'
"__‘:1n ‘the- Exper1rnenta1 Results sectlon of. th1s report ) P T

PUB LICA TION REVIEW

ThlS report has been rewewed and 1s approved

FOR THE COMMANDER.

" RICHARD RI\ENNEDY‘ Sl
 Chief, Metals Branch . . .
© ‘Materjals Laboratory ~ - ..
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o 'The propertles of lead make it the most practlcal“shleldmg matenal
- ~pre sently -available. In the de sign and development of nuclear- powered _‘
-aircraft, the structural problem of prowdmg effectwe over all shxeldxng _

" - with the lowest’ poss1ble ‘weight is most important, and requu‘es ‘that the.
' nmecham.cal propert1es of lead be suff1c1ent1y ‘known. - However, because o
. ofits low strength even at room temperature, lead ha's hot been ser1ously

' con51dered as a structural matenal and its mechamcal propernes ‘have -
. 'not been adequately determmed In add1t1on, the few studzes whzch haVe
':_'been conducted on the mechamcal propertles of lead have been at or’. ‘
'near room temperature. . o o " o ' -

Cea The ob_]ectxve of thrs program was, to determr, e the tens11e,b com— s
' ,pressmn, sbear, bearmg, and creep prOpertles of a commercxally pure Co
‘lead and a lead a110y, at: four test temperatures up' to’ 325°F x

: 11. 'Tést -Mater‘ia‘l,‘

- The two materlals évaluated-in this program were a hlgh purxty
~lead.(Doe Run Brand refined lead, 99. 995% Pb) and a. copperized. lead

L (Copperized Doe Run Brand, refmed lead, 0.058% Cu), supplied by the"

- . lead, ‘bars extruded frorn lot I were used for. the tens1le, shear, and -

L _WADC TR :7 695

- St.-.Joseph Lead Company. The. eutectxc point in the lead-copper system
occurs at approx1mate1y 0.06% copper.. The: chenucal Comp081t10n of - .
the. two test rhaterials is given in: Table 1. In the - case “of the c0ppper1zed;j

creep. specu'nens, and from jot I for the compressmn and bearmg specx-—:;
" mens. The analyses are, for all practzcal purposes, 1dent1cal for the '
two’ lots of copper1zed lead :

Manuscnpt released by author 3 January 1958 for pubhcatron as a e
W'ADC Techmcal Report" : . . R




R 2 VR

The lead wa's extruded by Morns P K1rk and Sons.: Los Angeles,
1nto bar forms hav1ng the follow1ng cross sectmns'

R T A Extruded R
- Type of Test © - - Cross Sectxon ‘

R Tensxle and C'f-ée-p: o '1/2 x 1 1/4 1nches
E -Compressmn ‘,: o 1/2 x 1/2 mches o

' 1/2 1nch round

:'."ihear ‘.,.' e

| "‘fA.:Beanng-' '. . -"_1/2 x 4 1nches k

The extrusion’ slugs were cast at 900 950°F The slugs were lZ

.. " .inches long by 4- 1/2 inches in diameter, after cropplng, with the exceptxon L
. . of the ‘bats for the bear1ng .:pec1mens whxch were extruded from'a smgle )
" slug,’ using a d1fferent extrus10n press. The extrusmn was dOne at room:
' temperature. » Flnl S o : ' '




e III "Test"Sii:'_é‘:eimensa EERSTE

-"program are gwen 1n Fxgure 1.
....thelr axes narallel to- the extrus1

s "any cold-work w1th1n the spec1mens due to machining and handlmg. The
. “'gra1n sizeés of the two materials were. con51derably d1fferent, ‘both 1'n

~ the as~ rece1ved and in- the annealed cond1t:ons' ‘the copper. add1t1on ‘
-acted as a grain sxze refmer The" average ‘annealed grain. size of the

- . copperlzed lead about 18 aralns per m1111meter.: N

"IV Exper*mental Apparatus and Pr0cedures

A “in which. cross- head travel was used as the ‘strain measurc.nent. The '

3 specxmen was p.aced in"the furnace approxunately one hour before loadmg
“to perm1t the Specunen to attain’ the test temperature. A thermocouple ,
. was. attached d1rect1y to the test specimen durmg each test and ‘the’ test

o temperatures were ma1nm1neu w1th1n + ZOF Ce : "

x 1/2 inch x 3 inches.. : F1gure 3 shows a tens11e specimen with a Baldmn

B elastxc propertles in tensxon ‘and the tensile stress- straln curve to 2% .

O 1n. /1n /mln. o L

" mlned by using the’ deflectorneter to measute cross »head travel, and in th1$ L

L tests, the cross-head rate. was maxnta1ned at 0 150 1n /mln for a stra1n ’
rate ofO 05 in. /1n /m1n.4_--f_ S : C ,

WADC TR 57 695

The d1mens10ns of the four types of test specxmens used 1n thxs
All test spec1mens were machmed with:

.All test specunens were ngen an anneahng treatment of 2 h0urs in o
an oven-at 4P0°F after machuung and prxor to testm g, in order to- remove

high purity lead was: about 0. 35 grains per rrulhmeter and that of. the

'I‘he tens1le, compressmn, shear, and bearlng tests were cOnducted

~ ‘with a Baldwin Universal hydraulic testing machine, . using a- 600 pound " il

* full-scale‘1oad range. .This machine, with a forced air convection furnace,
T is shown in F1gure 2. F1gure 2 also shiows - a d1a1 gage mounted on:the
E movable cross- head which was used to measure ‘and control: the Crosss
- head travel rate dur1ng testing and rest1ng on the table, 2 Baldwin:

deﬂectometer which. was used. to record the cross- head. travel for tests ’

i"-A‘. Ten'sile; Test-s -
The tens11e test specxmens had a reduced cross- sectlon of 1/2 1n"h

‘microformer- extensometer in place. In this’ case the central 2 mches .
served as the gage’ ‘length. This. extensometer was:‘used to evaluate the

stram, ata crossuhead rate of 0 015 in. /mm for a stram rate of 0 005

For determlmng the ent1re stress straln curve, the stra1n was deter- »

casé the entire 3- 1nch reduced section served as the gage length For these’
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compressxon te sts were: conducted on 1/ 2 1nch x 1/ v
s'pec1mens. at a cross head travel Tate. of 0.010 in. /m1n, for a -
listram rate of 0005 in. /m /mmr Figure 4 shows the: cornpressmn test’
J':specrmen with . a Baldwm rmcroformer compressometer : The: central: ..
. ‘l:,_l inch served as the gage length Thrs compressorneter was used to :'-
= }"'evaluate the. elastrc propertres 1n compressmn and the compre551on
- _stress stram curve to 5% stram. : ; ’ R S

_ In1t1a1 compre ss1on te sts were conducted thh a compre ss1on sub-:

. iﬁ‘ress. "At'the elevated test temperatures, 1ff1cu1ty was, encountered _

.. . asa result of binding of the. press. For this reason, all the compress1on
V.. . . tests Were conducted ‘without a sub- -press, as: 1nd1cated in Figure 4. 'I'he ;
R o compressometer was also counter-balanced, with a'lead block resting" = :
“ oma pair of support rods as 1nd1cated in the. frgure. A ﬂat ground bearmg S

',"plate was placed on top of the spec1men dunng the test SR T ’

, | C Shear Tests

S e T The shear test spec1mens, 1/2 mch in d1ameter by 2. 1nches long,» ‘
.».: ; "were te sted in double shear, usmg the f1xture shown in Fxgure 5. ‘A’
B _constant cross head travel rate of 0. 005 in. /m1n was used for these

‘ ,‘:'-tests. et “ - won : : o

B "D. 'Bearing :,"I‘e'sts'.._

A The bearmg test spec1men consxsted of a flat 4 mch by 6 1nch by
1/2 inch:plate with a 1/2 inch- .diameter bearing hole whose center was ' -
+ 1inch from the edge of the plate. A 1/2 inch steel’ pin was inserted 1n
- thlS hole and pulled at a constant cross-head ra te of O 005 1n. /mrn.

Bl S

Lo _ The y1eld strength defmed as. 2% offset of the hole d1ameter, .was

_ e determined by means of a small dial gage, which measured the relatrve

A= :_' S ' pin movement-and wa's mounted .d1rect1y on the bearxng test ﬁxture, '
A shown in Flgure 6 S ST : : ;

o ' T The stress- deformatmn curve to fractule was deterr‘uned by »
' e ',_'measurmg the cross-head movement and recordmg the load and deforma-.
» tlon, u51ng the Baldw1n recorder. o ; : L :

"WADC TR 57695
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Equlpment
-—1—-—_——————-‘

.The creep te st umts used for thls progra'm are shown in-

y -_T_F1gure_ oL -One- creep un1t was used for-each test’ temperature. The"
5 'E"furnaces for malntammg constant test temperatures consisted of
- 'cyhndrlcal tanks.10. inches in diameter and 24 1nches Iong, with a vertx =
.+ .caly 2-inch-1.D,. tube passing through the ‘ceriter of each tank.: The ...
e spec1mens were heated and tested in an air’ atmosphere w1th1n the tubes. K
. _'Su1table packlng was used at the tube ends to: prevent aLr convectlon A
;through the tubes.- e T ST T ST EERURSL A

_ The specn'nens were loaded through 5 to 1 lever arm systems P
C in the case of the lower. two test’ temperatures, ‘and. by dead- we1ght load1ng
. .“in'the case of the upper two temperaturés. The test temperatures of -
.100 and 1 75°F were maintained constant within+ 2°F by water.and ¥
- lthermostatxc control- the test: temperatures ‘of 250 -and 2250F ‘were ¥ .
" mamtamed constant thhm * loF by bo111ng glycol water solut10ns and
condenser systems. e T oo , S SR

L1y
TETEA S

o An assembly of a X eep specxmen, pulhng bars, and extenso- ,

L N meter is: 'shown in F1gure 8. ‘The central 2.inches of- the spec1men served Sl

¢ . .as the gage length The gage blocks Were attached to the spec1men by -

‘ - " 7" means of four hardened, conical points pressed into the specimen and . _

R held in pIace by coil springs...-The relative movement of the gage blocks
. was. transferred through two-pairs of extension rods to & 0. 0001-1nch

" least-count dial gage outsxde the furnace _The upper’ gu1de blocks ‘had’ | 7

g pohshed surfaces wh1ch were free to move along the axis. of the pohshed
-." pulhng bar.'_ RS ABEE ' o : it

2. Te strProlf:edu-re' :

4 The test spec1men was- carefully assembled usmg a spec1al
mountmg ‘board for ahgnmg the pulling bars and extensometer:. A thermo-
couple for temperature checks durmg test was t1ed d1’°ect1y to the spec1-, RERRAE
T .men at the center of the 2 1nch gage length TR TR B

A set of chromel alumel thermocouples were callbrated usmg
.a b0111ng distilled water bath wh1ch ga\re a calibration point midway::
‘between the: four test tem‘peratures. Four: thermocouplcs were. selected
" for uniformity, and one thermocouple was used for all Lreep tests at -
one test temperature.;;. : - : : . :

_WADC TR 57-695
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0. ttaln the test temperature. &
_hand over & per1od of ‘about half a’ mxnute"‘ zero t1me was"takén whe o

'he. full load ‘was on the spec1men

: V_f' ?Exp.er,i'mént'a'li Resul..ts,-e

¥ A. Tens11e Te S,tS. S

RS ‘,s,t're'fs.sj‘-'st‘rz;iﬁ-c:'u'r,v.es't‘.{: P'a.iih're

. e The stréss- stram curves’ to fallure are presented in F1gure 9
for the two test matenals. The tests were conducted in tr1p11cate at , o
.- 'each of the. test temperatures.__ 100, “175,: 250, and 325°F, -and-at a stra1n
o “rateof 0.05 in. /fin. /min. Data on the ultimate tensile: strength and
“ ."eIOngatl.on are.- sumrnar1zed 1n Table II.. -The. elongatlon values ngen in’
-+ the ‘table were obtamed by usmg gage marks or1gina11y 3 00 mches apart
- ,'on the_ specxmen. IR o - . S : :

o Table 11

TENSILE TEST RESULTS

. L Ultxmate Tens11e Strength (psx) and Elongat1on (%) D
w el ‘. . at a. Stra1n Rate of 0. 05 in. /1n./m1n T PR
TestMaterial | Teit Temperature, °F

N T I Y - 25Q . - 325

_UTS Elong, UTS Elong. UTS .Elong. UTS Elong.. .

* High Purity Lead 11828 46.0 240 57.3 788 64.0 498 ~77.6 .

21920 44,6 1196 42,6 7198 - 50.6 488 . 72.0.

o Average 1'867.?' 43.5. '1213 °45.3 785 61.0 < 493 77.6. .

31852 40.0 . 1204 36.0 768 68.3° 492 ' 83.3 .. G0

"'v:'Copperlzed Lead 1 1580 53.6 | 11.6;{ 46.0- 826 4:2‘.:6'. - 63646.6 R

B ’{_:"z'-.,1604". 46.3 1148 47.0 846 50.6 638 56.0 =

31570 53.0° 1162 47.7 844 48.3 642 . 42.7: .. ..

| Average 1585 51.0 | 1158 46.9 839 47.2 639 48.4 + - I
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i 11 for the two test matenals tested at the four test tempera'tures The S

‘The triplicate’ tests under ‘the same test'c0nd1t1o ‘gave vi
similar stress strain cur es up to thie p01nt of neclung ‘Beyoiid this
C-point ‘the curve’s dlﬁered c0n51derab1y, die to chfferences 1n nr“ckJngv
‘-'4,-cond1t10ns, probably 1nﬂuenced by vanatmns in grain size and- grai
",:orlentatron Wwithin’ the. dlﬁerent spec1mens. The fracture strength was
_'j,':wery.nearly zero for all tests, -as- 1s mchcated by the curves ou F_1gure 9.

. , The-_-stress straln curves for the hlgh pur;ty lead were qmte
typ1cal “each exhxblung one maxxmurn, whereas the curves for the: cop-
' .-'perized lead all had two or tore maxima. In the: latter case, neckxng d1d
. not occur at the first maxirmum in the stre ss-strain curveS" this eifect
_ ."was possibly. assocrated with. recrysta]hzatlon of the flner graxn- sxze

' coppenzed lead durlng\ test.< a ' O R N

: The total elcmganon values shown in: Fxgure 9 1nc1ude some
'_eIOngatlon of the specimen beanng hole §, whichin extreme cases
amounted to about 1/16 inch per. hole, whereas in most cases 1t was less . _
. than 1/32 mch per hole: . Some elongation also occurred in the fxllet areds .f~. Bl RN

out51de the- 3-1nch reduced section, with the result that the indicated straxn S -

~ values are:larger than actual.. This problem was not. encountered in‘the 7 PR

. other tensile -or cOmpressxon tests, as the. stra1n measurements were

made d1rect1y on: the spec1men gage length ‘

F1gure 10 pre sents the average values ofthe ultlmate tens11e strength
_and elongatmn as a: runctmn of test temperature. “The high punty lead )
" had a ‘higher tensile strength at'100 and 175°F thau the copperized lead
‘and a IOWer value at ‘the hmher test temperatures of 250 and 325°F.' L
‘ shouId be noted that ‘at any one test temperature the rate of strain: harden-j SRR
' 1ng of the c0ppenzed lead 1s greater than that for the high pur1ty lead '
almost up to the point of the fir st. maxlmum.. If only the maximum assoc1-
. ated with neclung had occurred; these tests: undoubtedly would have '

a exh1b1ted h1gher ultxmate tens11e strength values. '

The percent elongatmn for. the coppenzed lead was approx:tmately
L constant at. about 50% at all test temperatures, _whereas the average '

, elongatmn of the hxgh purity lead increased frOm 43% to, 77% over the
N temperature range frOm 100 to 325°F A : ‘ -

. '2. Elast1c Propernes

. A second set of 24 ten511e spec1mens was used to e'raluate the

' e1ast1c properties and the stress- straln curve to 2% strain. A cross-ﬂ
head travel rate of 0. 015 in. /m1n was used for these: tests, for a strain
‘rate of-0.005 in. /in. /mln._ The results of these tests are shown in Flgure

B tr1p11cate tests at'any one temperature are in good agreeme at. In order R
" to show more clearly the eﬁ.'ect of temperature, the data. of- E‘xgure 11.
. d'; were plotted as stress Vs test temperature for cOnstant valu és of total
stra1n and are’ presented 1n F1gure 12 L ~
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4 , otal straxn of 2 010.; At t}us pomt the spec1rnen was
nloaded and reloaded three txmes, using the high strain maornlﬁcatmn,
the loadmg curves bemg used to evaluate the elastic modulus., This .
'Af‘procedure was used to’ evaluate the modulus ‘because the 1mtxa1 y1e1d
R ,pomt was too low in most cases to make evaluatxon p0551ble. SRR

Kl

Tens1le data for the modulus of elast1c1ty, proport1ona1 11m1t
and y1e1d strength are surnmarlzed in Table IIL. * The. tabulated values
"of the modulus of elast1c1ty ‘have been’ calculated on fhe basis of the . T

. reduced éross-sectional area at 2% straxn. For the. high purity lead “the t .Y

;‘i_average value of the modulus was 2.7 x" 10 psi;. w1th ne apparent decrease S

" from 100 to Z::OOF. Values at: 325°F could not bé evaluated with su.ff1c1ent I

. accuracy. The prOportxonal limit and’ yield. strength both show a decrease IR

"~ of about 50%. with test temperature from 100 to 325°F. For the c0pper1zed. e

~ lead:the average value of the modulus was 2.2 x 10 psi with about a. 10%

-decrease at 3250F;- the propornonal hmlt -and yield strength remained.

s practmally constant from 100 to. 250°F and then decreased about 35% at

'..325°F...-.-.- - R L . S

‘3 Effect of Straln Rate

’ o The effect of stra1n on the stress straxn curve was evaluated at ,
100 and 250°F for both test materials. F1gure 13 presents tests conducted
-at a strain rate of 0.005 in./in. /min, along with previous tests. conducted T
ata rate of 0.05 ina. /m /min. - For the high purity lead, a‘decrease ia the /.=

- strain.rate from 0.05to 0.005 im. /in./min resulted in a decrease in the . e

. ultimate tensile strength of about 30% at both’ test temperatures, ‘and also’ 7

. in a decrease in strain at the ult1mate and in the total strain to fracture. '

. For. the coppenzed lead the same decrease in straln rate resulted i in. a

15% uecrease in- the ulumate and a- sl1ght decrease 1n the elongahon to

"fracturep e

’ B'. ) Com‘pre ssion»»;l‘ests- :

The resu.lts of stress stra1n tests 1n compressxon to- 5% stram are ‘
: glven in Flgure 14. Triplicate te sts were cenducted at'each test: tempera—'{_.’.',_—f_
ture for both materlals, using a cross- head trave1 rate of 0.010 in. /m1n S
for a strain rate of 0.005.in. /in. /mln. There is some overlapping in - R
" the curves for the mgh punty lead-at small values. of strain for the. - '
" different test temperatures.,_, T}ns is most hkely due to small samplmg o
dlfferences wh1ch 1mt1ally existed frem spec:.men to’ spec1rnen. After l%
straln the curves at any one test tempereture are in close agreement =
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;The_compre,ssmn data'are shown in Fxgure 15 as. stress vs tes
temperature for various values of total strain. .At the lower test tempera-
" tures’ the stress values :for the’ copperlzed 1lead" are only -slightly hlgher
than those for the h1gh purrty lead. At 325°F this dlfference becomes " ;
A larger,,the curves for the high’ purxty lead decreas:.ng more rapldly above T
L 250°F than those for the c0pper1zed lead : C L S

VI The elast1c propertles in compress1on were evaluated from the ) ‘ R
recorded load deformatlon charts in a manrer ‘similar to. that used for- the
tensile tests. ‘A hlgh stra1n magmﬁcanon, 1 inch ‘of chart equal to 0. 10% R

o .-fstraxn, was’ used to a stra1n of 0. 3%. The test was completed at a’ 1ow g
o magmﬁcatmn, 1 inch of chart equal to 0.4% stram, to a strain of 5%.
At this point the specimen- was unloaded and reloaded three t1mes, .us1ng __
" the hrgh strain magmﬁcatmn, the loadxng curves be1ng used to evaluate the '

;elastrc modulus : - I

o The modulus of e1ast1c1ty, proportxonal 11m1t and y1eld strength

L data in: compressmn are summarlzed in Table IV, ' The tabulated: values
‘ ' .of the- modulus of elast1c1ty have beén .calculated on, the ba sis of the

- .,mcreased cross sect10nal area at 5% strarn. T

: The average value of the modulus was Z 6 x 106 ps1 for hoth matenals,f Lol
" and decreased from 2.8 x 10% psi at 100°F to about 2,4 x 10° psi at 325° Fo. -
: The pr0port1ona1 limit and yield strength values were about the same for L
'I‘the two leads at each of the three lower test temperatures. at 325°F the
- values for’ the c0ppenzed lead: were about 50% hxgher than those for the
' h1gh purxty lead - : S Lt e

' "1:‘ C. Shear Tests

The shear te st results are summanzed in Table V “and are presented
in Fxgure 16 as ultn'nate shear strength vs test temperature. These tests
.7 - were conducted by testing pins 1/2 inch in diameter by 2 inches longin ST
-._.double shear, usmg a constant cross- head travel rate of 0 005 in. /mxn.._.v,_._:;._ e

et
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‘ SHEAR TEST RESULT

w ;mateShear Strength - psi..
ata Cross head Rate of 0 OO" in, /rmn

Test Temperature, OF

fi f'.»"I‘e st Mater1a1

SRR 'ngh Punty Lead 1 SETRRHNEE 8 Y 2 640 R
P e e 2 30 6400 AL 272
: L T 30001107 063805 415 o 264
Average ... 1135 - /839 - 414 20

) Coppenzed Lead 1 i 1012 675 . 378 :

The data p01nts in Fxgure 16 repre sernt the average “values for each
set of triplicate tests. ‘At 100°F. the ultimate shear. strength of the hlgh :
purity lead was h1gher than that for the lead contammg 0.058%: copper.
However, 'the shear strength of the hxgh purity lead decreased more’ _
" rapidly with fest temperature than that-of the coppenzed lead and was S
: lower at temperatures above 160 F. AT . CLe T

e The shear tests on the coppenzed lead behaved in a s1m11ar manner.'-fu
to the tensile tests on the c0pper1zed lead, in that two max1ma m the o
'load occurred durmg each test' : ’ e e :

D Bearlng Tests

T The bear1ng tests were’ conducted at a cross-head travel rate of co

B R I 005 in./min,. and the stress- deformatxon curvesto failure are given -

: T in, Flgure 17. - For this’ purpose the stress is defined as the load divided .

. by the bearmg area, which is. taken as the’ d1ameter of the bearmg hole v S
- txmes the beanng plate thlckness T » : A

A co The bear1ng est re sults are- g1ven in. Table VI in’ terms of yleld _
L "-.strength defined as- 2% offset of the hole, d1ameter, and.ultimate beamng-;.
~ strength. The yield. strength. and ultimate Streng*h are presented 1n
:,_fF1gure 18 as a functmn of . temperature. TR

" WADC,TR 57-695
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1 e cOppertzcd lead is hlgher tha
that- ;for t: eg h1gh punty lead at all te st temperatures. "The u1t1mate o
: bearmg strength for; the h1gh punty lead at 100°F is higher- than’ that for

t}tempez atures above about 140

. Creep Te sts

The orlglnal creep data are pre sented as total straln vs. creep nme N
“in F1gure 19 for the h1gh purlty lead and in Flgure 20 for the copperlzed B
l‘ead Qo o : ; - b S . :

; Some crossmg of the stram t1me curves occurred at very 1ow stram R
. _ - values of- léss. than 0. 0004 in, /1n. No fundamental 51gn1f1cance is gnven
!ie-“" ' ' to this behavxor whxch is probably due to’ ‘one or:a’ .combination of . the- o
Lo followmg factor5° samplmg dxfferences, shght var1at10ns in 1oadmg
' ' cond1t1ons, and pOSS1ble 1n1t1a1 lag m extensometer movement. S

Greenwood and Worner * studymg the creep of 1ead demonstrated
that a rap1d 1ncrease in the creep. rate occurred when recrystalhzatnon
' took place durlng test. 'The longer ‘time‘and h1gher temperature creep
S tests of the current study were- plotted on regular coordlnate paper.; as’
S straxn against txme.' A1l the: se curves showed a contmually decreasnng
‘ ‘. creep rate with tlme 1nd1cat1ng that no- recrystalhzatmn took place under
the g1ven test cond1t1ons. Th1s was not conﬁrmed hOWever by
mlcrostructure stud1es. o R i '

, ‘In Flgure 21 and 22 the creep results are summanzed as stress-'._- i
~ creep time curves ‘for total stram values of 0 Z 0 5 1 0, and Z O%
E Ior the two test matenals. R ‘

The high punty lead 1s le ss creep resistant than the copper1zedl lead .
for the" shorter c;eep t1mes. However, for the longer creép times the
h1gh punty lead is rnore creep resistant than the copperlzed lead Th1s
is espec1a11y true at the h1gher test temperatures.. L i

It should be repeated here that the se results are for the test matenals_ o
_ - in the as-received condition, annealed prior to testing only to remove T
o anv work hardenmg due to machmmg and handhng.' The matenals were- S

*Greenwood J Ne111 and H K Worner, "Types of Creep Curves
- Obtained w1th Lead and Its D1lute Alloys..}f!' Jour Inst of Metals (1939)
64 No. _ 135 . el e U TR e

]
]
2
Ed
¥
-
e
B
2

mc =R 57-695




: '.‘tested in th1s cond1txon : n'order to_obtam the propertxes of these tw‘
" materials as normally recewed The grain sizesof the twa materials’
- as reported earlier were con51derably d1fferent both 1n the as 'recexve ‘

and ln the annealed cond1t1ons. . : '

. SeVeral studxes on‘the effect of gra1n sme on the creep of metals ‘
"_~--::A'have shown ‘that,’ for ‘any one matenal .a fine- gra1n size materlal is 1 '
. A{-:general less creep resistant than a coarser gram size matenal Thls
s attr1buted to the fact; that’ the fmer gram size: matenal is. generally

less stable structurally.. EAEINORF R SN - : SRR

T Thus, the coppenzed lead thh a very f1ne gram s*ze, ha.s less s
- creep resistance at the h1gher temperatures and longer ‘creep tunes BRI
" ‘than it would with'a coarse -grain size... Under the present test. condztxons,g
} .th1s gram ‘size effect is. apparently great enough to more than counteract
o the alloy strengthemng effect of the cOpper add1t10n. » '

s The gram size is an 1rnportant factor m the creep of metals, and N
A should be evaluated for the creep of lead at the contemplated servu:e i
o .temperatures._ T : S : AR

. VI Summary

- The tens11e, compressxon, shear, bearmg, and creep properties
“'of-a high purrty lead and a 0.058% copper-—read alloy were:. evaluated at .
test temperatures of 1oo. 175, 250, and 325°F S -

o The data are summarxzed in graphlcal and tabular form m the
: Expenmental Results sectxon of the report. ‘ ol

" 'WADC:TR 57:695 "
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ABSTRACT

Stress-strain data which degcribes the influence
of strain rate and temperature on the amechanical
reaponse of materials presently being used for light
water reactor shipping containers have been assembled.
Selection of data has been limited to that which is
suitable for use in finite-element elastic-plastic
analysis of shipping containers {e.g., they must in-
clude complets material history profiles). Based on
this information, recommendations have been made for
further work which is required to complete the neces-
sary data base.
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AN ASSESSMERT OF STRESS~STRAIN DATA SUITABLE FOR
PINITZ-ELEMENT ELASTIC-PLASTIC ANALYSIS OP SHIPPING CONTAINERS

Introduction

Recent progress in finite-element elastic-plastic anslysis

has brought with it a requirement for a more detailed deacription

of a material's response to imp ] hanical and thermal load-
ings. Unfortunately, metallurgists have in the past typically
reported the influence of such variables as tenperature and strain
rate only on selected properties (e.g., yield strength or tensile
elongation) rather than the generalized elastic-plastic repre-
gsentation required for modern computer program applications.
- Notwithstanding this shortcoming, a body of literature
exists that can form the basis for advanced conp: ter-aided design.
The purpose of this report is to assess and compile available
data, particularly those relevant to materials which are being
_used for 1ight water reactor (LNR) spent fuel shipping container
pxlmarg structures. Consequently, this assessment has been
limited to selected stainless steels, uranium, and chemical
jead. It includea, where possible, data on the stress-strain
behavior of these materials over a range of strain rates (1073
to 102 sec™l) and temperatures (-40 to 320°C; —40°F to 620°F)
thought to be typical of shipping cask environments.
This survey has considered only uniaxial detorpation, ten-
gile or compressive, and does not contain any multiaxial infor-
mation. In addition, fracture, creep, and cyclic loading condi-

tions have been excluded. Since the data sources examined in
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thias study generally did not cite whether the values given were
average or minimum data reported are thought to be typical of the

materials being examined rather than representing either average . 1

N 58
or minimum values. g2
3 3 - -
This report firast lists the materials used in typical ship- - —g ;; 555'_ EZ! {
. ) - ot @
ping cask designs and their procurement specifications. It then g E: 55 ggg ga ‘g‘gg H
3 3t} . i3 3 g 3]
discusses the available mechanical properties data, particularly SARRREEC A C T = i rirides
e 3 - 2%
stress-strain curves, treating each of the specific materials .{ Trv el o e e '1'1'%? .? 4 g, 8-,
L . ) < 433 Slest!
in separate subsections. Finally, the report recommends specific 3 = e @ Jsdd 2
j enogqeans g s = na
. areae for further research and data acquisition. "3 Iiffiffg ': L) 9 YRR
gs Aeddaddd & 3332 32 23l
; " eeeasese 3 213 L
Materials !% -] dddgsgss o 3338 3 .i'  OF
. R ) "t LI A CL DN R IS O I B O
3 @90aq9ac < g an o it}
Table I lists the chemical compositions of some of the ;' s=3saszk o cece =22
materials presently used for LWRshioping caska. Table II lists by ! -‘ 33333353 Ef 3§f§§ §§.§.§§§§§ N 4 :-'.‘-“".hg
-
the specific cask being considered and the material specification ! ;a _{ 23332392 ¢3 153534 53856834 4 t~-8 &
L c ' N . s 8ad6c0c066 40 ©0006 deccoece ! esda'e
required for procurement of the requisite structural shapes. H % 32233 ’:a.".’:a.’!g’i - at
T
o R .-x:- S;S;; :H;;;*: an £oqn' '
mmadmaaumw 'Cc Gad06C o06C00d66C O6 coee
Mechanical Properties i’ 2 210%487 R%%%eeel -
4 e 20, SNRea Anudaeaes ]
! T = $TII1 TTITILIY T raa
Austenttic Stainless Stsels 3 4 tagaann: b2 HHER IGEHS 4 q 'iam
Many investigators have examined austenitic stainless ; 23.;.71 'ZE 2
steels, because of their excellent corrosion resistance, creep | 53583323 84 .83« §§§§§§;§_,§ ’:'g-:if-!
resistance, and high toughness. However, their studies have o -2 e % 3 £
o 2Tk Srgezs Seye ze3z 1
tended to neglect the regime of stress/strain-rate/temperature . !' - h:.'"‘f ;g""“;’i""‘ggg '153 !-—ii
ssdazzazias 3 57 33E335° %0
of interest for shipping cask applications. =
Probably the most extensive compilation of stress-strain

dats may be found in studies conducted at the Oak Ridge National

12




-
-
-

Meterial Pracursasat Bpecilicatieme lor Light Ustsr Nsscter Shipping Cosks

—Metarial

——

we-s, We-3

fapeificqsiont

04
1l
nr

Spent Tosl Shipping Cack

plate, shost, fueging

ity

A

Solts ¢4 Plated

»ny

sietdtng

shislding

- Y

i

i

R R
i 2333
o H I
fresdd;iilis

382,420,898
At

o

e

=)

ARO

216

b ool
ne

n
A514
AS16
4300
4+ m
3083 A1
61 At
363 Al
»n

7 30

shest, plats, forging

A348,A912,0338,

Al82,42¢9

® 10/24 Reil Cask

H

3 i

SR

FR1 g‘

Rt
2oy dor G 53;5.
5.1 §id55Et

é ::"::'s‘

5.5.89, 3353
?:._.ﬁ 32 :
. 1 &
$13%..7 233333,

me, m9

he Bl spacitication for U),

imposad by

(with the exseption af the

ot

* Refers to $AR or ASTM epeciflcetion

those of concern to this program.

Laboratory and the Hauford Engineering Development iaboratory.
S8ince these examinations were in support of the LMPBR program,
they have beon‘ principally concerned with temperatures above
Table - III summarisesa the
applicable data banks presently available from these institu-
tions. These investigators have shown that while the yield
strangth of 304 stainless steel at 25°C (77°F) increagses by
48 uN/n? per decade increase in strain rate, the overall stress-—
strain behavior of the alloy does not appear to be radically
altered by these rate charges.

“rhe stress-strain curves shown in FPigures 1 through 6 and
Table IV ehould be considered only as tyélcal of the respective
alloys and product formas. BStudies [3] of different product
forms produced from a single heat of 304 stainless steel have
demonstrated that even when chemistry variables are eliminated,
variations in processing operations can cause large changes in
the stress-strain response. This effect of proceasing varia-
tions is further complicated by the rather wide chemistry allow-
ables shown in Table I, Combinations of thess factors--different
chemistry and processing--have led to considerable property
varisbility for nominally identical alloys. Examples of this
heat-to-heat variability are given in Pigures 7 and 8 for 304
and 316 stainless steels, respectively.

wwo additional phenomena, (i.e., the formation of deforma-
tion induced martensite and dynamic strain-aging) have been
obaserved during tensile straining of austenitic stainless ateels.

rhe former can result in drastic changes in the stress~strain
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PETTe.

*TABLE IV

Tensile Properties of Representative Stainless Stesl Alloya

Test Tewperature °C =~ =30 =20 0 20 100 200 300 400
Tensile Strength 159.7 141.6 127,64 89,6 68,8 63,4 83.2 63,2
ksl
Stress kei &
Type 0.02X Strain 2.6 28,0 28.7 28,2 19.7 15.2 14,3 12,8
304 0.03Z% Strain 28,7 31.4 31.8 3.0 21,5 17.9 16.6 15.5
0.1 X Btraia 33.8 33,2 33.6 3.4 22,8 19.0 17.7 16,6
0,2 % Strain 35,3 34.9 35.2 32.7 24.2 20.2 18,8 17,5
Blongation (X) *5G,1- 55,9 64.7 70,8 58.5 49.1 44.7 45,5
Reduction of Area (X) 71,0 67.0 75.0 77.4 18,5 75.2 69.6 72.0
Tensile Strength 120,7 104,8 98.6 84.7 72,1 66.8B 67.2 67.6
ksi ’
Stress kei @
0,02Z Strain 37.2 33,6 .2 28,7 22.0 18.6 17.3 16.1
0,05% Strain 42,3 37,6 33,8 30,9 24.0 19.9 18.4 17.0
316 0.1 X Strain 45.2 39,9 3.7 32,3 2.5 0.8 19.0 17.7
0,2 X Strain 48,8 41,7 37.9 34,0 26.7 22.0 20.2 18.8
Elongatiocn (X) 84,0 87,3 80.1 60.7 54.1 A8.2 43.3 45.6
Reduction of Area (Z) 74,0 74,0 62,0 77.4 76,3 75.2 68.4 69.6
Tensile Strength 147,6 127,7 110.4 835.8 71.5 63.8 60.9 62.9
ksi - .
Stress ksi @&
0.022 Strain 22,8 27.6 35,0 22,8 18.8 19,0 15.7 14,1
0.052 Strain 26,7 30.9 39.4 25.5 23,3 20.8 12,7 16.6
21 0,1 T 8train 30,0 33.2 40.5 27.3 25.1 22,2 19.3 17,7
0.2 X Strain 3,35 36,1 410 29,3 26.7 23,5 20.64 20,2
Elongation (X) 47.6 53.5 64.2 63,8 53,7 45.0 3.7 33.4
Reduction of Arves (X) 70.0 71.7 75,0 T..4 78,4 T2.0 72.0 67.2
'hnlile Strength 145,6 127,2 111.6 94,3 75.5 66,5 64,1 64,5
ks
Stress kal @
0.02X Strain 29.3 30.7 19,8 29.8 23.1 19.3 179 17,8
0.03X Strain 34,9 35.8 32.9 31.4 25,8 23,3 20.2 19.)
%7 0.1 X Strain 39.4 39,2 7.9 33,2 2.8 25,3 2.4 2.4
0,2 X Strain 44,8 42,8 40.1 35.2 29.3 127.1 23,7 22,0
0.5 T Strain . 48,8 45.2 41,0 358 - - - -
1.0 T Strain 52,4 50.2 43,7 38,8 -~ - - -
Blongation (X) 49,5 56,2 65,2 54.6 43,0 41.1 4l3 39,3
Reduction of Area (X) 69.6 64,0 75,0 72,0 65,8 72.0 70.0 67.2
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vigure 8. Steel st (a) 24°C, (b) 93°C, (e} 204°C, ana (d) 316°c 141

behavior. Pigure 9 shows a representative example of the effect
of test temparature on the banical r

P of 301, an alloy
less stable {(i.e., more prone to martensite formation) than 304.

Normally, stable austenitic stainless steels shov an increase
in yiel@ and ultinate strengths with decreasing temperatures
below ambient [2]. On the other hand, martensite-~forming grades
exhibit a slight decrease in yield but a rapid increase in
ultimate utnhgth. A sharp maxima in the tensile ductility
algso occurs (Figures 10 and 11}. Although austenitic stainless
steels (such as 304) which are used for LWR shipping casks are
typically thought to be quite stable with respect to martensite
formation, it is possible this transformstion might occur in

containers stressed at low temperatures. Unfortunately, the

et

ENGINEERING STRESS (Kp/mm®)

2 j - 1
O TR T -
ENGINEEKING STRAIN %)

. incering stress versus engineering strain for
Flgure ’ t?eg 301 t-tagi esg oteel tested at a strain rate
of 1.03 x 10" 3gec™1(5).
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Figure 10.

——SCATTER BAND EXCEPT
——WHERE INDICATED

0 100 200 0 4X &) 70
TEST TEMPERATURE. °C)

Tensile properties of standard grades
of austenitic steel in temperature
range -200 to +800°C [2).
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importance of this phenomenon cannot be quantitatively assessed
at this time.

Dynasic strain-aging, the second phencmenon 4a11uded to
above, is usually associated with a change in the strain rate
sensitivity (l.e., from an increase in flow stress with increas-
ing strain rate to a decreasa). Many consider strain-aging to
be limited tobcc metals. There is evidence, however, that aus-
tenitic stainless steals may also exhibit dynamic strain-aging.
(serzations in the stress/strain curve) particularly in the
temperature range 200 to 700°C [6]. The cross-hatched area in

Pigure 12 indicates the temperature and strain-rate regime within
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which serrated flow is encountered in an AISI 330 stainless
steel (Pe-15Cr-35K{). In & more limited investigation (7],
serrations have been reported in a type 316 stainless steel
tasted at 200°C utilizing a strain rate of 1.3 x 10" Zaec™l.
These conditions correspond with those predicted from the diagran
for type 330 stainless steel.

The eftect of strain-aging may algo be {mportant in weld
regions. Current practice involves preparation of weldments with
a msall percentage (< 10 percent) of body;-centered cubic (bee)
ferrite. This raises the pogssibility that not onl}_niqht dynamic
strain-aging take place inthe tace-centered cubic (fcc) parent
(base) metal but also in the partially bcc weld region, perhaps
under different vonditons of temperature and strain~rate.

Pinally, it should be recognized that it is virtually impos~
sible togather enough data to describe every conceivable combi~
nation of strain-rate and temperature. Por thig reason, proce~
dures for interpolation and extrapolation between a more reason~
able number oE' data points are required. 1Indeed, the ideal
gituation would be to o_btain an accurate “equation of state"
which night allow one todispense with or minimise the require-
ments for a databank. Some progress has bean made toward this
goal {8-11]. These attempts involve paramsterization of the
stress/strain curves with the aim of teporting the influences
of strain-rate, tesperature, ané material history oa these
characteristic functions. Some proposed equations .nre shown in
Table V. However, these representations all suffer from a number

of common ditticulti@s. for example, none can predict the strain

TABLE V

rjpl::al Parametric resentations Propoged
for Anltanltl:‘gtainhls smg:

.mmélon . Baference
n
1

9 =%t +exp K, axp nae 112}

Ky, n3, K3, mp are constants

g = (0, -0, )exp(—e/ec) L [13)

Ogr Oy r€ Ara constants

CPe ’
- op=Trret fep 14

C, 8, P are constants

o o~ Yn
€, =5 4['—!-—-]
114}

K, m are constants

See Appendix C for the definition of all other symbols.
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at fracture. Furthermore, phenomena such as strain-aging or

martensite formation are not presently amenable to analysis.

Uranium

The choice of uranium or dilute uranium alloys for nuclear
shielding applications is principally predicated on their high
density {18.9 gm/cﬂz) and atomic number. Some authors [15] suggest
that these materials may be considered structurally equivalent
to mild steel. However, this assumption is generally unfounded
and is extrepely misleading.

Pute uranium undergoes three phase changes between -40°C and
its melting point. Between ~40 and 633°C, the temperature region
of primary interest in this examination, its crystal structure is
orthorhombic., Between 663 and 700°C it has a complex tetragonal
gtructure, and above 770°C it undergoes a transicion to body
r>ntered cubjc. i

1he orthorhombic crystal structure of the .-xphg {or low
temperature) phase Suggests that the neci\anical and physical

properties of uranium will be highly anisotropic. Por example,

Appendix A shows that the thermal expansion behavior of single

crystal a-uranium, may vary by a factor of 5, depending upon
the particular crystallographic direction being considered.
Pncticnuy., this large anisotropy in thermal expansion results
in some graine being stressed beyond yield upon. cooliné. Sub—
seguent application of a lcad will then result in plastic flow

at vanishingly small stresses [16,17].

rr i st

Another complication which arises bacause of the anisotropic
nature of a-uranium is that both its elastic and plaatic proper-
ties (e.g., strain hardening behavior) are dependent upon prior
processing history. Highly textured naterial, where nearly'nn
of the elastically “strong" directions are aligned, shows a
tuofold difference in elastic modulus between the "strong” and
"weak® directions (see Appendix B). Pew previous investigators
have measured or even considered this textural effect whendis-
cussing the plastic deformation of uranium, - This fact makes
direct comparisona between various studte-‘ difficult and may
explain some of the scatter observed.

The mechanical properties of depleted a-uraniu. are also
quite senaitive to temperature (Pigure 13). Decreasing the test
temperature from 663°C results in an increase in tensile yield
and ultimate strength. This increase is accompanied .(to apptoxt-.
mately 350°C) by a decrease in tensile ductility. Between aso
and 25°C the ductility appears to be essentially independent
of temperature, or may exhibit a slight minima. Pinally, below
25°C the ductility decreases sharply (i.e.. a-uranium undergoes
a ductile-brittle transition at about 25°C). These ductility
changes have been associated. with fracture transitions from
ductile fajlure, involving inclusions {18,191, to mixed ductile
plus intergranular failure and, £inally, to twin-matrix [19)
cleavage fajlure at the lowest test temperature.

The ranges over which the differing temperature-ductilivy
relationships are obuervedvcan be altered in addition by changing

test conditions, a-uranium microatructure, chemistry, etc. The
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ductile~brittle transition temperature has been found to increase
with increasing strain rate [21,22), grain size [17,18), grain
shape lrregularity [23,24], internal hydrogen content {22, 25-
29], ironandaluminum content [24], residual stress level [30],
humidity [31~33), and decreasing amounts of prior strain (17,34,
35). The effect of one of these variables, grain size, on the
transition temperature is shown in Figure 14, A quantitative
assessment of the other variables awaits more detailed experi-

mental studies.

L R L 1] T 1 ! SRR

U - 200 ppenC, 50 poem AL 60 ppm S, 50 ppm Fo

5 & 3

TRANSITION TEMPERATURE °C
b o w

B

XSS S ¥ BN N W R R X R X M X
L0G, (GRAIN DIAMETERIVZ - (mmi"L/2
Figure 14. ezgzz:o/f:gut:(l;‘t:::ndiit .l-oent::l;gﬁ,tlzm
U - 300 pp2 C, 50 ppm Al, 60 ppm 34
and 50 ppm Fa {3}.

In a gimilar fashion, the ductllity above the ductile~
brittle transition region may be decreased by decreasing purity
[36] and increasing residual stress [36,37]. Differences in
residual stress level may also affect the strain bardening be-
havior of a-uranium. Figure 15{s) shows a family of sarrated
load-elongation curves of a=-uranium in which the samples have
had a high residual stress level induced in them by quenching
from elevated temperature. If the same material had been furnace
cooled, serrated yielding behavior would not have been observed
(Pigure 15(b)). The residyal atress levels auociated with
these two heat treatment procedures were not raported so that

our understanding of the influence of residual stress on the
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rate appear quite small and that the changes in flow stress .nnd
strain hardening behavior with changing temperature appear to
be of paramount importance.

These results all suggest that depleted a-tranium should
not at present be considered as a primary structural member
since it undergoes a sharp loss in ductility with decreasing
temperature. However, there is some evidence which suggests
that appropriately heat treated uranium alloys (e.q., U-2 wtt
Mo) may have a@uctilc-britth transition temperature well below

that of a-uranium (compare Pigures 13 and 18).

Lead

A review of those physical, chemical, and mechanical charac~
teristics of lead which have resulted in its widespread use for
nuclear shielding has been given by SBtukenbroeker et al., [40].
Paramount among these is lead's high density (p2g93x = 11.35 gw/
cms), low cost, and relative ease of fabrication. Although the
present examination is 1imited to "chemical" leaad, various other
lead purities and alloys may be selected for nuclear applications.

The terminology “chemical" lead is generally restricted to
material as specified by ASTM B29-55. Table I shows the atandard
chemical specification for this grade of pig lead, silver and
copper being the principal impurities.
Pb-Ag and Pb~Cu binary phase diagrama (Pigure 19) suggests that
while the Ag impurity concentration lies within the expectad
range of molid solubility, the presence of 6.04 to 0.08 weight

percent copper will result in the formation of a tvo-pbage

Consideration of the
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(Cu+i’b) alloy. It is, therefore, not surprising that this
small amount of copper has been reported to have a noticeable
effect on the mechanical properties of lead.

Although there have been a number of examinations of the
influence of strain-rate and temperature on the mechanical be-
havior of lead (42,56], application of these data to shipping
cask environments is not straightforward. In general, the avail-
able data do not include a description of either the chemistry
or thermomechanical condition for the material being examined.
Under these circumstances probably the most complete series of
exper iments that bhave been performed to date are those of Tietx
[51] (Pigure 20 through 23) and Green et al. [56] (Figures 24 and
25). The former author's results demonstrate that the mechanical
behavior of lead is quite sensitive to chemistry. 1Indeed, at
low temperatures high purity (99.995 petcent) lead 'is stronger
than lead containing 0.058 weight percent Cu, contrary to what
might be expected while at temperatures above 373 K (100°C),
the opposite trend is observed (Figure 26). It is also inter-
esting to note that the more recent results of Evans {45] (Pigures
27 and 28) do not agree with those of Tietz. Presently, the
cause of this discrepancy is undefinable, since Bvans simply
reported his material as “chemical® lead without giving any
information as to the actual chemistry, grain structure, etc.

" One final comment must be made regarding mechanical pro-
perty reproducibility at high-strain rates. Generally the
observed nmeasurement errors are large and, more importantly,

are unpredictable. For example, the undulations observed in the
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stress-strain curves shown inPigure 29 bear 1ittle relationship
to each other even though they are reported to be results of
tests ostensibly carried out at different strain rates on the
same lot of material. It 4s clear that much more care will
have tobe execcised in any further examination of the mechanical

behavior of lead and its alloys.
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Summary and Reco=mendatioensg

This reviaew of the available literature has shown that there
are many areas which require further attention before an adequate
data base will be established for use with increasingly sophis-
ticated finite-elament computer programs. Listed below are the
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authors' recommendations of those subjects which will require

further evaluation.

Mechanical Properties

1. Define the tempéut:ure. strailn-rate, and strain regions for
which strain-induced martensite and dynamic strain-aging
will control the stress-strain behavior of the austenitic

stainless steels used for LWR shipping casks.

2. Establish a data base for selected austenitic stainless
steele, "chemical" lead, and as-cast a-uranium, The data

base should include:

a. The influence of strain-rate and temperature on the
tensile, compressive, and shear properties.

b. The influence of chemistry var‘iétlon on the mechanical
properties.

e, The influence of residual stregs level and test environ--—

nent on the mechanical behavior of as-cast c—\itaniu-.

3. Developconstitutive equations todescribe the 'aezen-ntuln
behavior of LWR shipping cask matsrial under both normal and
abnormal (due to strain aging or martensitc formation) modes

‘of deformation.

Thermal Expansion (See Appendix A)

1. Batablish the thermal expansion behavior of 216, 317, 321,
and 347 stainless steel over tize temperature range -40 to
320°C (~40 to 620°F).

2. BRstablish the thermal expansion behavior of typical pre¢ %.:¢c*
forms of a-uranium used in shipping cask applications. Par:..~
cular attention should be given to the expected anisotromic
orientation dependence of the thermal expansivity.

Blntl'c' Properties (S8ee Appendiz B)

1. Extend modull messurcments for austenitic steels (304, 316,
321, 347) to the lowest operating tesperatures (-40°C)
associated with shipping casks. '

2, Determine elastic properties of 216, 308, 317, and 347

stainless steel.

3., Determine elastic properties of selected dilute ucanion

alloys (e.g., U-2Mo).

The primary emphasis of all of these stnﬁie- should be a

systematic and quantitative t including pertinent micro-

structural information rather than the largely qualitative

information available at the present time.
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APPENDIX A

Thermal Bxpansion Behavior of Selected
Btainless Steels, Uranium, and Lead

The thermal expansion behavior of stainless atcei,' uranium,

and lead are pressented below. The linear thermal expansion has:

been presented asAL/L, where (sae Appendix C for definition of

symbolsg):
AL = Ly - L,

gtainless Steeln

Tha thermal expansion behavior of the stainless steels pre-
sently being 'copsidend im tabulated in Table A~I and summarized
in Pigure A-1. rﬁo data are quite limited; none were found for
216 or 317 stainless steels. In addition, that for 321 etalnl.ess
{s well above the temperature range of primary interest for
shipping applications. However, Figure A-1 does suggest that
the thciul expansivity of many stainless steels is quite similar
and that, to a first approximation, they may be represented by
that of 304 stainless steel, i.e. [57],

AL/Ly(8) = 0.356 + 9.471 x 1074 T + 1.031 x 107672
- 2.978 x 1071013 (T in *xK)

The formation of martensite at low temperature or s-ferrite in
weldments can be expected to alter this behavior in an as yet

undetermined mannet.
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- . . a 204 STAINLESS STEEL
. TAZLE A-1 - W o 1 sTamess st
Thermal Linear Bxpansion of Stainless Steel z . -
304 Stainless (19.19 Cr, B.49 N¥i, 0.65 Mn, 0.53 8%, > /
0.068 C, 0.024 P, 0.00?7 S, balance ve) 158) ;2.0- y""
3
Temperature (K) /Ly (%) Temperature (K) WLg(%) s 9))“)}
2 Lol e))
. =1
233 -0.089 405 0.182 § -
239 -0.083 a1 0.191 /('
244 -0.076 416 0.199 £ o -
250 -0.071 422 0.207 -
255 —3-82: 436 0.22’36 .
261 -0. 4s0 0.259 3 N | . ! )
266 -0.040 464 0.281 L0 " L
272 -0.029 478 0.309 0 w @ @ W o om0 e
278 -0.024 491 0.334 TEM PERATURE, K
283 -0.013 505 0.358 }
289 -0.005 519 0.383 Pigure A-1. Thermal expansion of 304 and 321
294 0.002 533 0.402 : atainless steel.
300 0.012 547 0.429
305 0.028 561 0.455
1 0.028 575 0,484 Ucaniua
. 316 0.037 589 0,507 -
322 0.044 603 0.536 The thermal expansion behavior of a-uranium is quite complex
328 0.055 616 : 0.563
333 0.063 630 0.588 (see Table A~-II and Pigure A-2). Single crystal measuresents
339 - 0.073 644 0.614
344 0.083 658 0.636 tndicate that the expansion behavior, in contrast to stainless
350 0.091 672 0.667
355 0.100 686 0.695 gteel or lead, ishighly anisotropic and depends upon the parti~
361 0.107 700 0.724 .
366 0.118 714 0.768 cular crystal-logzaphic orientation being considered. This sug-
372 ‘0.128 741 0.809
378 0.134 755 0.831 gests that the thermal expansion coefficients of polycrystalline
B3 0.145 . 769 0,858
389 0.151 783 0.887 uranjum will be extremely sensitive to prior processing history
394 0.161 797 0.917 . : R
400 6.172 810 0,945 : and sfe expected ta be quite variable, To date there have ‘heen
no investigations of the influence of ther nanical treatment
on the thermal expansivity of g-uraniua so that any formalism
proposed to describe its bebavior must be considered as only a
firast approximation.
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TABLE A-II

Thermal Linear Bxpansion of Polystalline a~Uranium

Curve 13 (99.8 U, 0.14 C, 0.03 8i Curve 32 ("Pure” Uranium
mperature (K} AL/L (% " Temperature (K) D)

291 -0.,0032 293 0.000
373 0,127 373 0.118
473 0.306 473 0.268
573 0.506 575 0.424
673 " 0.728 673 0.5%4
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Pigure A-2. Thermal expansion behavior of a-uranium, curve
reference numbers given by Toulonkian et al. [57].

Notwithstanding, Touloukian et al. [37) recommend that the
thermal expansion behavior of polycrystalline a-uranium can be

represented by:

AL/Ly(%) = ~0.379 + 1.264 x 10737 - 8.982 x 10~8r2

+ 6.844 x 1071973 (293 x< T< 941 K).
(T in *K)

As noted above, the error limits to be associated with this
relationship must be eatablished.

Lead

The thermal expansion behavior of lead is summarized in
Pigure A-3. Although the bulk of this data refers to high
purity lead it appears that, {n thoge instances where the im—
pucity levels approach that of "chemical” lead, the expansion
bahavior remains relatively unaffected. Indeed, it has been
proposed that all of the tabulated values can be represented
to within + 3 percent over the teamperature range 100 to 600
K by the following equation [57):

AL/Ly(%) = 0.786 + 2572 x 1073T + 1.147 x 107722

+ 8.770 x 1073973 (T in *K)
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Pigure A-~3. Thermal expansion behavior of lead, curve
r;tul-;r;tlzo numbers given by Touloukian et
al. .

with the recommended values being

Temperature (K)  AL/E(3) e x 108(x-1)

100 -0.526 25.6
200 -0.261 27.5
293 0.000 28.9
400 0317 30.6
500 0.638 3.3
600 0.988 36.7

where

2= (1/5h94)aL/aT

APPENDIX B

Elastic Properties of Selected Stainless
: Steals, Uranium, and Lead

Stainless Steels

Typical values for the elastic constants of selected
stainleas steels are given in Taliles B-I through B-VII and
Pigures B~1 through B~6. RBExamination of this data indicates
that variations in chemistry within the group of austenitic
stainleas steels presently under oénsideratlon have little
effect on their elastic properties. Purthermore, increasing
temperature generally results in a gradual decrease in the
Young's and shear moduli and an accompanying increase in
Poisson's ratio. Aqal‘n, martensite formation can be expected
to cause changes. For example, the presence of martensite
has been shown to 1lower the modulus of the parent austenite

ohase [61].
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TABLE B-I

gffect of Temperature on the Elastic

Constants of Selected Stainless Steels [60]

Type

304
316
317
321

304
316
317
321
347

304
316

321
347

297

422

femperature (K)
533

644

Young's Modulus (103 ksi)

29.0
28.4
27.0
28.9
28.9

Shear Modulus (103 ksi)

11.2
11.3
11.2
11.4

27.3
27.2
26.4
27.3
27.5

10.4
10.8
10.6
10.7

26.0
26.4
25.0
25.8
26.1

9.8
10.2
9.9
10.1

Poisson's Ratio

0.30
0.26
0.25
0.28
0.28

0.31
0.26
0.28
0.29
0.29

0.31
0.30
0.31
0.30
0.30

24.8
25.6

24.5
24.8

9.3
9.2

0.32
0.34
0.31
0.3
0.31

TABLE B~IX

Young's Modulus for
Annealed 304 Stainless Steel {14)
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TABLE B-IV

Poisson's Ratio for
Annealed 304 Stainless dteel [14]
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Youny's Modulus for
Annealed 316 Stainless Steel [14)
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Shear Modulus for
Annealed 316 Stainless Steel [14]
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TABLE B-VII

Poisson's Ratio for
Annealed 316 Stainless Steel {14}
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Figure B-1. Young's modulus of 30458, annealed [14].
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Figure B-3. Shear modulus of 30483, annealed (14).
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Uranium

The influence of temperature on the elastic properties of
uranjium are presented in Table B-VIII and Pigure B~7. The solid
curve in the latter refers to the moduius of random, non-textured

polycrystalline uranium [62], while the minimum and maximum

TABLE B-VIII

Probable Values for Elastic Modull
of Non-textured Polycrystalline Uranium {64)

Young's Bhear

Temperature ulus Modulus Poisson's

—ix) (10° psi) (10° pai) Ratio
200 30.5 12.50 0.22
300 29.1 11.80 0.23
400 27.6 11.20 0.23
500 26.1 10.50 0.23
600 24.3 9.70 0.25 .
700 22.3 8.70 0.28
800 19.7 7.60 0.30

"TM

. ' ulus of e polycrystalline uranium as

Flgure 87 :outTnc.u:‘:nd of :a-s:iatu:e. The modulus of non-
textured uranium is given by the so1id line. The

paximumand minimum modull for alpha uranium from

single crystal measurements are also plotted [62,

63].

. 6% 3



values were obtained from specifically oriented uranium single
crystals [63]. These results show that, whereas the modulus of
non-textured polycrystalline uranium at 298 K is 29 x 105 psi,
it can be u'high as 41.5 x 108 psi or as low as 21.4 x 106 psi
for a textured sample.

Pinally, the authors were unable to obtain any reliable

data on the influence of dilute alloy additions {e.g., 2 weight .

percent Mo) on the elastic properties of uranium.
Lead

The influence of temperature on the Young's modulus of cast

' high purity lead is shown in FPigure B-8. Again, increasing

temperature rasults in a gradual decrease in modulus. Attempts
to locate more complete information, including values of the
shear modulus and Poisson's ratio, have been unsuccessful to

date. .

g
:
]
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0 1 1 1 1 1 1 1
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Pigure B-8. Young's modulus of lead ([65).
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APPERDIX ¢
List of Symbols’

true stress

proportional limit

true plastic strain = In{l+e)
engineering strain « Al/1;
total t-:ua strain

Young's modulus

thermal linear expansion,

= length at te-petatu.x;‘e T

= length at 293 K

® Lp - Ly
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Basic Propertiés of Several Matals

(Suaff contribution)*..

Mareriq! »

'Densuy‘T

Coefficient *

of thermal
expansion,

 in/Gn)°F) x

107¢

Thermal
conductivity,’

Btu/(h)(ft)(“F)

" Specific

“heat;’
Bru/

LGN

- “Approx

‘Thelting

temp, °F

Modulus of -
elasticity

“'Poisson’s
Ibfin? x 108

ratio -

Yield

B stressv b/~

in? x 10*

Ultimate
stress, 1b/
in* X 10°

Elongation,
%

- ‘Afuminum, 2024-T3
Aluminum, 6061-T6
Aluminum, 7079-T¢

~Berylhum,: QMV
Copper, pure
Gold; pure -
Lead, pure

Magnesium AZ31B-H24 (sheet) -

Magnesium, HK31A-H24
Molybdenum,_ wrought
Nickel, pure

Platinum h
Plutonium;"alpha phase
Silver, pure

Steel, AISEC1020 (hot-worked)
Steel, AIST 304 (sheet) -
Tantalum

Thorium, induction melt
“Titanium, B 120VCA (aged)
Tungsten

Uranium D-38;

g/cm )

21.45

7 19.0-19.7

10.5
7.85
8.03

16.6

1.6
4.85

19.3

18.97

12,6
S 13.8
13.7
6.4-10.2
5 921,

29.3
7145
e 1440

3.0
7.2
5.0

30.0

11.0°

o’

90
00
85
27 -
47207

940
1080

200
2340
1980
1950,

620
1100
1100
4730
2650
3217
1184
1760
2750
2600
5425
3200
3100
6200
2100

033

7033

033
0.024~0.030

10.42
0.40-0.45

0.35
0.35

0.32

0.39°
0.15-0.21
0.37
0.29.
0.29
.0.35
0.27
0.3
0.28
0.21

) 50
40
68

27-38

70

45

78
3351

18

17

14
1-3.5

* See “Metals Handbook”

1.3
22
29
80

See

40

8
48
39

21

28

18

2.6

37

37
120-200

30
20-50
15

8
Small

“Metals Haridbook”

2024
60
18
65
87

50-145
32

200

18600
56

35-40
Small
48
36
65
1—40

34
9

-3
4

Room-temperature properties are given. For furcher mformznm\, con&ul( xhc “\&cxalx H:mdhook or'a manufacturer's puhhcmon

‘Compllcd by \nders Lundberg, University of California, and reproduced by permission.

T obrain the preferred density units, Lg/m mulnply these values by 1,000,
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NS-4-FR
FIRE RESISTANT NEUTRON AND/OR GAMMA SHIELDING MATERILAL

i.propertys

NS-4-FR Fire Resistant Neutron Shielding Material is a high hydrogen : |
structural shielding product designed for use in moderately high temper- :

: fluid to go S bt o : :

rations and . ature applications. It has the unique characteristics. of high strength,
st seals in mechanical durability and fire resistivity.-NS-4-FR may.be loaded with
'.moi(e ;nc'* lead and/or boron, offéririg. excellent. gamma of neutron shielding

properties. NS-4-FR has be¢n foundto offer superior neutron shileding/

: atienuation properties ovef equivalently loaded polyethylene.
for almost prop T equi’ ly polyethy

, ‘PROPERTIES ;
sed for any Color Brown ) ‘
d molding Specific Gravity 1.68

Hydrogen ) :6,07E 422 atoms/cc
clothes are Max'im}lm Cun'tinuous Opgraﬁng Temperature: 300°F
Radiation Resistance Exceltent
Uitimate Tensile Strength ‘4,250 psi
Tensile Elongation 0.65%
:r materiails o Ultimate Flexural Strength 7:600 psi: :
-4 Uitimate Compression Strength 10;500:psi . i
Compression Yield. Strength §:780" psi )
. .. Compression Modulus 561,000 psi ,
protectian, Jzod Impact Strength 2.9 ft.-1bs/in. )
Thermal Conductivity 4.48.8TU-in./hr. ft.2°F
s the ; !
THEORETICAL .ELEMENTAL COMPOSITION, b ,
Carbon. 27J wt. % Nitrogen 20 wt:% :
Oxygen 28wt % Aluminum 2035 wi% "
‘Hydrogen 6.0 ~w;.":/c.'
R APPLICATIONS

Vessels, Closures, Structural-Components, Doors, Bricks, Qrit'i‘ca"lity C}:ntrpl-

!ELD dnd " AVAILABILITY
of them. Cast Special Shapes, Plates, Rounds, Squares,-Structural Shapes (vessels, tanks, étc:)

WRR No. EA790-2001 Rev. 2
Page A211 of A222
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Experimental Studies on Long-term Thermal Degradation of
Enclosed Neutron Shielding Resin

Ryoji ASANO!, Nagao NIOMURAZ

Hitachi Zosen Corporation, Japan
Ocean Cask lLease Co.,Ltd, Japan

INTRODUCTION

Resins. which ‘have high Hydrogen atom content are effective
for Neutron shleldxng and are recently used for neutron
shielding material of spent -fuel shipping casks. As the
resins themselves are easily burned at relatively low temper—
ature, which could be the problem during the fire test condl‘
tion, mixture of re51n and fire retardant which main compo—
nent is a hydrox1de compound is usually used as shleldlng
materlal The flre retardant prevents resin from: burnlng by

decomp051ng of the hydroxide compound under fire test -condi=
tion:.

When these resins are used for néutren.
cask, their temperature rises during

decay heat of spent fuel. Theré;
resin (hereafter called as "hea
ing temperature should be paid &

Furthermore, when the reésin is used for neutron shielding
material, there are two cases. One is to put it on the out-
side surface of the cask and the other is to enclose it
between two layers. In former case, the heat weight loss
occurs in air of which study report can be obtained. On the
other hand, thé- latter is the reaction in the enclosed envi-
ronment which study report can be seldom obtained. Therefore,
the study of the heat weight loss in the enclosed environment

was carried out for long term period assuming the operating
time of the real cask

TEST MATERIAL

Test material is NS—4~FR supplied by BISCQ CODO. LTD, U.S.A.
Raw materials are epoxi resin, hardener and fire retardant.
They are mixed together and hardened according to the manu-—



facturing manual supplied by BISCO. NS-4-FR is the

neutron shielding material which contains about 80% of alu-
minium hydroxide as fire retardant.

"TEST

Tests were carried out in order of basic material test, open
test, enclosed test and long term cyclic test which sxmulates
the operation term of cask. The test results are explained as

follows.
Basic material test

TG tests which can be performed comparatively easily were

carried out in order to study basic thermal characteristics
of the test material. The test conditions are as follows.

_Condi

- - Case. 2. .
Atmospheric gas Air&N, Air&N,
Gas Flow Rate(cc/min) 150 200
Temp. Rising Rate(°C/min) 3 10
Max.Temperature(°C) 220 530

Heat weight loss could ngt be detected in the Case 1. The
results of Case 2 are as follows.

(1)The weight loss of the test specimen in nitrogen gas
was much smaller than that in air between 300°C and
380°C which were shown in Fig 1. It indicates that
the test materials are decomposed and loose its

weight by oxygen in air and by heat within the tem-
perature range.

(2)Comparing the results between test material and
NS—~4~ FR without fire retardant, the weight loss of
latter is less than that of former until 360°C as
shown in Fig. 2. It indicates that the weight loss of
former is mainly due to the decomposition of alumini-
um hydroxide as fire retardant. This result means
that the decomposition of aluminium hydroxide is
important for the weight loss during low temperature.
And it is necessary to select a suitable grade of
aluminium hydroxide, as the decomposition temperature

depends on the purity and grain size of aluminium
hydroxide.

P
i)



TG test results can not be used directly for long term degra-
dation data because the test specimen was pulverized to very
small size, and reactilon and diffusion is very rapid, but
they can be good reference information.

Open test

Open tests were performed varying the shape of test specimen

and temperature to study heat weight loss in air. The results
are as follows.

t specimen

are 1mportant factoréwfor the heat welght losc.

(2)Effect of temperature _
The heat weight loss at 125°C, 150°C, 175°C and 200°C
are shown in Fig.3 as a function of time. The in—
crease of the heat weight loss is observed in 200°C

test after 1000 hr. It is supposed that generation of
_contlnues crack inside of the test specimen makes it.

easy to diffuse the decomposed resin component and
waters

Enclosed testﬂ

icted to study the effects of
welght lass. The tests were

(1)Sealed stainless steel contalnér,

Seal ¢ontainer is shown in ng
welded to seal the cavit
Enough height of conta;
avoid the effect of we!
men. Ar -gas seal hole is
immediately by water after

"hyr'with AT gas:
(2)Test Condition
Continuous test and cyclic test of 110 hr heating and
58 hr cooling which simulated the actual operating

condition of cask were performed at 125°C, 150°C and
175°C. The test duration was from 8 to 16 weeks.

(3)Test Results

Test results are shown also in Fig.3.

Main results
are as follows.



Long

for 56 weeks was about 1.1%.

(a)Test Results at 125°C

The heat weight loss at 1512 hr continuous test and
that at 1760 hr cyelic test were negligible. The heat

weight loss at this temperature is regarded as insig-
nificant.

(b)Test Results at 150°C

The heat weight losses at both 1224 hr continuous
tests, 990 hr cyelic test and 1760 hr cyclic test
were almost 1/3 of that of open test.

(¢)Test Results: at 175°C

The heat: welght losses at both 1600 hr continues

test, 1210 hr CYCllC test and. 1760 hr cyeclic test
were almost half of that of open test.

(d)Due to the few test specimens and short test period,
data scatterlng WAS observed in the test results
However, heat welght loss of enclosed test is clearly
less than. that of open test except those at 125°C
when no heat weight loss was observed.

term cyclic test at 150°C

In order to avoid scatter in test results and to esti-
mate heat weight loss during long term use of cask, long
term cyclic tests at 150°C were conducted, where temper-—
ature supposed was the maximum working temperature of
neutron shielding material during transportation. The
results are shown in F1g ER Total test specimens were
18 and maximum test period was 56 weeks. One cycle is
composed of 110 hr heating and 58 hr cooling which is
same as the enclosed test above. The heat weight loss

DISCUSSION

The relation between heat weight loss W(%) and test period
D(day) is given from Fig. 5, as follow.

W=100.63-0.218xlog D

i

Using this equation the heat weight loss for 20 years Wzo(%)
can be estimated as follow.

Woq=100. 63-0.218x10g(20x365)
=1.87(%)




From the calculation above it is encugh to have the cask
design margins of 2.0% heat weight loss even if the
scattering in the test results are taken into account.

Water drops were observed on inside surface of sealed con-
tainer when the lid was cut off to open and to take out the
test specimen from the container after test. It is considered
that these drops prevented the temperature rise of test
specimen by evaporating during the test and reduced the heat
weight loss of the specimen.

From the results, it is concluded. that NS—4-FR is effective
as neutron shielding material of cask, especially when it is
used in ‘enclosed condition.
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EVALUATION TEST ON THE THERMAL STABILITY
OF RESIN AS NEUTRON SHIELDING MATERIAL
' FOR SPENT FUEL TRANSPORT CASK

Y Momma( 1), MMatsumotw(1), M. Takani(2), S.Shirai(2), 0.Umegaki(2),
Y Jrisa(3), K. Maruoka(3), K.Sakai(4), H.Nishioka(4) and OXadota(5)

(1) Tokyo Electric Power Company (TEPCQ), 1-1-3 Uchisaiwai-cho, Chiyoda-ku, Tokyo, Japan
(2) Nuclear Fuel Transport Corporation. Lid.(NFT),1-1-3, Shiba Daimon, Minato-ku,Tokyo Japan
(3 Mitsubishi Heavy Industries L1d.(MHI), 1-1-1 Wadasaki-machi, Hyogo-ku, Kobe, Japan

(4)Genden Engineenng Services & Consmuction Comp.(GESC), 1-6+1, Ohtemachi, Chiivada-ku. Tokyo,

($)NOF Corporation. 4-20-3. Ebisu. Shibuva-kw. Tokvo; Japan

Epoxy-resin based peutron shiclding material, NS-4-FR, is used for spent-fuel transport and/or
swrage cask. In this paper the outline of thermal aging test performied to evaluate the heating effect oo
this neutron shielding material, NS-4-FR, is introduced. The test is consisted of two kinds of thermal
aging test. one is “Basic Test” and the other is “Block Heating Test”. The former is cooperatively

periormed by ten Japanese Electrical Power Companies, and the latter is.done by GESC and NOF

Outline of Basic Test
_ln order 10 obtam lhc basxc data for cvaluanon of hcanng effect on the neutron smcldmg efficiency of

: Basic Test”, :/l!was 'nﬁxmcdthmthehmnng\mdu 170 in the closed
Sysmm gives little cﬁ'ecz on thc shiclding efficiency of NS<4-FR from the view-point of cask design.

Outline of Block Heating Test
Temperanure of neutron shielding material in the acmual cask is pot uniform. To aid to evaluate the

¢ffect of temperature gradient on the shielding efficiency, thermal aging test using test blocks was
performed.

Cylindrical test block covered by thermal insulation was set upright on the electrically heated bot




plates. and the borom of the test block was kept at 170T in the air. Along the axis of the blocks,

temperanye distribution during Deaung was measured. the density and chemical dcmcm distribution

were measured after the heanng

- Based on the measured density distributon in the block, it was confirmed that it is sumdgmh',
conscrvatve 1o evaluate the weight change of NS—+FR in the actual cask by using isothermal heating

data.

BASIC TEST

Test Conditions
«Basic Test” was performed with a view 10 obtaining the data for evaluarion of heating effect on the
propertes of NS-4-FR, especially on its shielding efficiency. In this test the external appearances of

samples were observed. their weights and composition of gaseous compounds released from samples
were measured after isothermal heating over 150T.

“Thermai .agmg conditions' were determuned in conformuty 1o the internatiopai guide for the thermal.
-evaluanion and classificationof electrical insulanon (TEC Pub.216) and German s-peciﬁmﬁoﬁ on \he
tbermai evaluauon of plastics (DIN53 446). o

Thermal aging condidons such as heanng temperature. heating time. sampie size. sample numbe,

ete.. aré shown in Table 1-1.

Sample Prcpamnon
Sampies were pxcpamd by GESC through the same process by using dedicated mixing machine for ..

the actual installation.so that they have just the same properues as NS--FR'i in‘acrual cask: GESC is
the company concerming in ‘instailation of NS-4+FR inio the acrual casks.

‘Test Procedure

Each one of cylindrical sample was inseried into a sainless steal rube (sample- tube) and sealed with
end plugs so that each sample could be heated in ciosed atmosphere. Saropie for. gas analysis was'
scaled in sample tube by end piugs with valve. Before sealing air contained i sample tube was
repiaced with nitogen-oxygen mixed gas with appointed composition. Sampies were heated in
several thermostats at appointed temperarure for appointed period shown in- Tabie 1-1. Each.
témperanre of these thermostals was controlied within*=05C.
Aﬁcr acmmng of cach hcanng P°ﬂ°d~ sample tube was pulled out from thermostats' and cooled

arances of samplcs were observed and: their pbowgapb.
bv dm madmg balancc A constituent of. gas collected from

'sampic: fiiba: was;analvzcds,vby Rl graphv mass spemngmph(GC -MS) and its mmposmon
was determined by gas chmmammaphy(GC)

Test Resuits
External Appearance of Heated Samples
All the samples were observed before and after hearing. While they showed a slight change in colax,

to deformarions nor cracks which affect neumon shielding efficiency was observed in heated
samples.



Weight Change of Heated Sampies
All the samples showed some weight loss after hed)
snown in Figure 1-1. It is notceable that weight
seating period. especially cariier than 1000hr. The
qmall. Each weight loss at all the temperatures ex was; relativelysn
Q00hr &t 150T, 160, 170C and 180T were 1.4wi%, 23wt%, 29wt% and 3. S,
wspectively. The weight loss at 190C  exceeded 4wi% only after 200hr, thermal aging at this
temperature was completed at 200hr.
The averaged rate of weight loss during each beating period (AW/AM) can be cstimated based on
(s result. Figure 1-2 shows this estimated average rate of weight loss during each heating period.
From this figure, it can be confirmed that weight loss rate decreases rapidly with heating period. For
. instance. the averaged rate of weight loss at 170 between 1000~2000h+" becomes smaller than
160 of that berween 0~~100hr'"". and 1/10 of that berween 100~200h ", |

Composition of Gas released from Heated Sampie

The result of analysis on the composition of gaseous compounds reieased from sample is- shown in
Figure. 1-3. From this result it is confirmed that over 90wt% of gascous compounds is consisted ‘of
water {vapor). Therefore it could be considered that the weight loss is mainly muscd by release -of

water from NS~FR and that the sauce of water is that absorbed in NS<4-FR and/or crystal water if
aluminum hydroxide added in NS-4-FR as flame retarder. - '

BLOCK HEATING TEST

Test Method

Inorder to simulate the temperanure distribution of the shiclding material in the actual cask under its
working condition, cylindrical test blocks of NS<+FR were connnuously heated at'its bottom side
over-a hot plate at 170°C for 300hr and 2.000hr in the air. Test blocks were covered with thermal
nsulation. and the wmperanre distribution in test blocks was measured during' heating;- Figure 2-1
shows the shape and size of the test blocks. After the hearing, the test blocks were cutoﬁ'vcmcallv
dong -its -central axis. 1o observe the appearance of cross section and 1o measure the density ‘and
chemical composition in several points. - -

Test Resuit

Appearance of Heated Test Blocks

Inboth test blocks heated for 300hr and 2000br, slight change of the color was observed in the range
of about S0mm above the bowom. However, neither deformations nor cracks was observed in the

amples. The range where the color changed did not expand further regardiess of heating time,
showing its dependence only on temperanure.

Nax(1) : Averaged rates of weight loss becween 0~ 100k, 100~200b and 1000~20008r e
plotted at the points of 100hr, 200hr and 200Chr, respectively




Weight Loss Due wo Heating

Figure 2-2 shows the relation between the temperanire distribution and weight loss estimated from
measured density change in the test block heated for 2000hr. While some weight loss was observed it

was comparatvely small. The weight loss of NS-4-FR in the cask heated under the condition of:; :
Lcmocmrm'c gradient can be esimated by using this result. Assuming the temperamre of NS4-FR in
the cask is between 100 and 170°C, the average weight loss of this sample in the region of this
lempeTaLUre range can be estimated 1o be less than 1%. This value is considerably small, compared:;
with the weight loss in the “Basic Test” for 2000hr heating at 170C.

CONCLUSIONS

The thermal aging test on epoxy-resin based neutron shielding material, NS-4-FR, was pcnormcd.

The following conclusions are led. and-it was conﬁrmcd that NS-4-FR sufficicntly keeps its ncutron-

shielding efficiency under heating up'to 170°C ini closed system from the view point of cask design ;

- No deformation nor crack which may-affect the shielding -efficiency was observed in the beated,
sampie,
- Large portion of weight change (weight loss) at 150~180C occurred in early stage of heating,
carlier than 1000hr. weight loss after this was very small,

- Weight loss under 180T in closed: system was small. Those at 180°C / 5000hr and 170T /.

5000hr were. < -4wt% and < 3Wt%, mpoaivély,

- The main component of released gas: from: sample was water (vapor),

- Weight loss due to heating under the condition of temperature gradient was much smaller than thay;
isothermally heated sample. Therefore it is.conservative to evaluate a thermal aging effect on the

neutron shielding efficiency of NS—4-FR in.actual cask based on the result of isothermal heating
test
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‘ Tablc -1 _Thcrmal A.E:lnz Concuuo

in Bmc Tmt o

’ Number of j
* temp. condition | S conditions | < -3 conditions " satisfied
Temp.interval | 10T 10~25'C | satisfied
i 20T (2 10Ty (.
° Heatingtemp. | 150,160.170,180 lowest test temp. | satisfied
 and 190T 2temp. which gives
‘ longer life than
| 000k s )
iy " highest test, temp.. é
: _ Ztemp. which gives !
" ‘longer life than ‘,
100hr * ",
Heating condition ‘continuous heaung mnti;huobs,(érfcycﬁc‘) ‘ satisfied
 Heating period 100,200.500.1000, | 1,2.4, 8 16 vl satisfied
il 2000,3600and |  and 32wecks
i S000hs
¥ ; S
" Sample size | 6mm & x60mm | 120mmx 1Smm conservative from
4 ! X 10mum (same size the view-point-of
1 for measurement of | weight change
Brinell hardness; etc.) | evaluation because.
e of larger S/V ratio
" Sample number |- 5 samples il Ssampies 3 satisfied
: for weight meas. o :
" | 1sample for gas not specified.
k {. analysis * '
i
¥ f
Atmosphere closed condition to consider actual satisfied
{note 1 S
n)m : based on [EC Pub.216-1,2 WAC v
no marks : based on DINS3 446
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Figure 1.1 Weight Loss of NS-+FR by Heating in Closed System
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Figure 1.2 Change of Weight Loss Rate

Averaged weight loss rate between m-1 and m: AW/ At=(AWn—AWn-1)/ (tn—m-})-—

here AW/ Atis plotted at the pownt of ime m
AW : weight loss between m-1 and m
At: ume interval between m-1 and m
AWn : weight lossat m = (W—~Wn)/'W
AWn-1: weight lossat m-1. = (W—Wn-1) /W
W : sample weight before heanng
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Figure 2-1 Shape and Size of Test Blocks for Block Heating Test
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NAC Proprietary Calculations in Support of the MAGNATRAN Application

A S

15.
16.
17.
18.
19.

20.

21.

23.
24.
25.

Calculation No. 71160-2007, Structural Evaluation of the Neutron Absorber Retainer, Revision 3
Calculation No. 71160-2035, Structural Evaluation of PWR Fuel Assembly Spacer for
Transportation, Revision 2

Calculation No. 71160-2101, Structural and Thermal Material Properties —
MAGNASTOR/MAGNATRAN Cask System, Revision 6

Calculation No. 71160-2108, Transport Cask Structural Evaluation, Revision 2

Calculation No. 71160-2110, MAGNATRAN Transport Cask Lifting Trunnion Structural
Analysis, Revision 1

Calculation No. 71160-2113, Transport Cask Neutron Shielding Structural Evaluation, Revision 2
Calculation No. 71160-2116, Structural Evaluation of MAGNATRAN Canister, Revision 1
Calculation No. 71160-2117, PWR Basket Structural Evaluation — Transport, Revision 1
Calculation No. 71160-2118, BWR Basket Structural Evaluation — Transport, Revision 1

. Calculation No. 71160-2119, BWR Basket Stability Evaluation ~ Transport, Revision 1
11.
12.
13.
14.

Calculation No. 71160-2120, Canister Spacer Structural Evaluation — Transport, Revision 1
Calculation No. 71160-2126, Fuel Rod Accident Evaluation, Revision 1

Calculation No. 71160-2127, PWR DFC Basket Structural Evaluation — Transport, Revision 1
Calculation No. 71160-2132, Structural Evaluation of MAGNATRAN TSC3 and TSC4,
Revision 1

Calculation No. 71160-2138, MAGNATRAN Balsa-Redwood Impact Limiter Free Drop
Structural Evaluation, Revision 3

Calculation No. 71160-2145, PWR Basket Stability Evaluation — Transport, Revision 5
Calculation No. 71160-2155, BWR Fuel Assembly Impact Calculation, Revision 0

Calculation No. 71160-3011, Effective Property Calculation of PWR/BWR Fuel Assembly and
Poison Plate for Transport Condition of the NAC MAGNATRAN System, Revision 0
Calculation No. 71160-3013, Thermal Evaluation of MAGNATRAN Transport Cask/BWR
Canister, Revision 0

Calculation No. 71160-3014, Thermal Evaluation of NEWGEN Transport Cask/PWR Canister,
Revision 2

Calculation No. 71160-3015, MAGNATRAN PWR/BWR Cask/Basket Hypothetical Fire
Accident Analyses, Revision 1

. Calculation No. 71160-3045, Evaluation of the Convection Film Coefficient for the

MAGNATRAN Cask Surface, Revision 0

Calculation No. 630073-2140, Structural Evaluation of MAGNATRAN GTCC TSC, Revision 2
MAGNATRAN Shielding Sample Data Files, CD Disk 1 of 1

MAGNATRAN Criticality Sample Data Files, CD Disc 1 of 1



Proprietary Calculations withheld per 10 CFR 2.390



