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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:

* Transportable Storage Canister
* Transport Cask
* Impact Limiters

ED20120129



NAC
INTERNATIONAL

US Nuclear Regulatory Commission
November 26, 2012
Page 3 of 4

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 contairmrent 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 2.3 90, 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 1Book 1 of 2

MAGNATRAN Submittal Cover Letter and Affida-it.
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.

Sincerel y,

Anthony L Patko
Director, Licensing
Engineering

Enclosures

ED20120129
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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 d&scribed 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.

• MAGNATRAN RSI 3-1 - NAC Response

* MAGNATRAN GO 3-6 - NAC Response Supporting Documents

" NAC Proprietary Calculations

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

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

o Calculation No. 711.60-2101, Strictural and Thermal Material Properties -
MAGNASTOR/MAGNATRAN Cask System, Revision 6, (Data Disk. 1 of 1)

o Calculation No. 71160-2108, Transport Cask Structural Evaluation; Revision 2, (Data
Disk 1 of 1)

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

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

o Calculation No. 71160-2116, Structural Evaluation of MAGNATRAN Canister,
Revision 1, (Data Disk 1 of 1)

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

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

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

o Calculation No. 71160-2120, Can;sterz Sp!acer Structural Evaluation - Transport,

Revision 1, (Data Disk 1 of 1)

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

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

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

o Calculation No. 71160-2138, MAGNATRAN Balsa-Redwood Impact Limiter Free Drop
Structural Evaluation, Revision 3, (Data Disk 1 thru 6 of 6)
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o Calculation No. 71160-2145, PWR Basket Stability Evaluation - Transport, Revision 5,
(Data Disk 1 thru 5 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)
o MAGNATRAN Criticality Sample Data Files, (Data Disk 1 of 1)

" MAGNATRAN SAR, Revision 12A, - Proprietary Version, including:

" NAC International Proprietary License Drawings

o 71160-500, Revision 3P - Shipping Configuration, Transport Cask, MAGNATRAN

o 71160-502, Revision 2P - Transport Cask Body, MAGNATRAN

o 71160-505, Revision 3P - Lid Assembly, Transport Cask, MAGNATRAN

o 71160-531, Revision 1P - Impact Limiter, Transport Cask, MAGNATRAN
o 71160-551, Revision lOP - Fuel Tube Assembly, MAGNASTOR- 37 PWR

o 71160-575, Revision I1P - Basket Assembly, MAGNASTOR - 37 PWR

o 71160-591, Revision 6P - Fuel Tube Assembly, MAGNASTOR - 87 BWR

o 71160-598, Revision 5P - Basket Support Weldments, MAGNASTOR - 87 BWR

o 71160-599, Revision 6P - Basket Assembly, MAGNASTOR - 87 BWR

o 71160-600, Revision 4P - Basket Assembly, MAGNASTOR - 82 BWR

o 71160-620, Revision 1P - Top Fuel Spacer, MAGNASTOR

o 71160-674, Revision 3P - DF Corner Weldment, MAGNASTOR
o 71160-675, Revision 3P - DF Basket Assembly, 37 Assembly PWR, MAGNASTOR

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 withholding 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 financial information obtained from a person, and
privileged or confidential" (Exemption 4). The infoimation for which. exemption from disclosure is
herein sought is all "confidential commercial information," and some portions may also qualify under
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the narrower definition of "trade secret," within the meanings assigned to those terms for purposes of

FOIA Exemption 4.

4. Examples of categories of information that fit into 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 subject 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.

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

6. 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.

7. Initial approval of proprietary treatment, of a document/information is made by the Vice President,
Engineering, the Project Manager, the Licensing Specialist, 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.

8. 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.

9. 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

Mr. George Carver, being duly sworn, deposes and says:

That he has read the foregoing affidavit and the matters stated herein are true and correct to the best of his
knowledge, information and belief.

Executed at Norcross, Georgia, this Z '•jday of )L•E, Ž• , 2012.

George Carver
Vice President, Engineering
NAC International

Subscribed and sworn before me this , day of Atv'&nrer ,2012.

Notar -Public
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MAGNATRAN
Docket No. 71-9356

TAC No. L24511

NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

1.0 GENERAL INFORMATION

1-1 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 RSI 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)

Page 3 of 40



"NAC PROPRIETARY INFORMATION REMOVED"

MAGNATRAN
Docket No. 71-9356

TAC No. L24511

NAC International Response to RSI 1-1 (cont'd)
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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 17xl7 array groupings with BWR fuel assemblies

divided into 7x7 to lOxlO 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 14x1 4 fuel assembly, the designation WE14 or WE14x14 ("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 are0
Page 5 of 40
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TAC No. L24511

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 17xl7 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.

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).

Page 6 of 40
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NAC International Response to RSI 1-2 (cont'd) 
TAC No. L24511

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.

A subgroup below the "X5""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

(WE17H1) 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).

0
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TAC No. L24511

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. lit 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 RSI 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.

0
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Docket No. 71-9356

TAC No. L24511

NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

2.0 STRUCTURAL AND MATERIALS EVALUATION

MATERIALS EVALUATION

2-1 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 RSJ 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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NAC 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 RAI.

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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NAC International Response to RSI 2-1 (cont'd)

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 UMS® 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

2.0 STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

2-2 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 RSI 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.

Page 12 of 40



MAGNATRAN
Docket No. 71-9356

TAC No. L24511

NAC International Response to RSI 2-2 (cont'd)

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/L RCCA is maintained consistent with the criticality evaluation.
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NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

2.0 STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

2-3 Design, Modeling, and Qualification of Impact Limiters

1. Drawing 71160-53 1. 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.

2. 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

1. 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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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, comer 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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3.0 THERMAL EVALUATION

3-1 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.

2. 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.

3. 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.

4. 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

0
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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 HAG).

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.

0
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REQUEST FOR SUPPLEMENTAL INFORMATION

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
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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 0, 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.

1 a) 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).

ib) & 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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REQUEST FOR SUPPLEMENTAL INFORMATION

3.0 THERMAL EVALUATION

3-4 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, auniform, 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 120F 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 U0 2

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 GWd/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 U0 2 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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REQUEST FOR SUPPLEMENTAL INFORMATION

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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REQUEST FOR SUPPLEMENTAL INFORMATION

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.

0
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5.0 SHIELDING EVALUATION

5-1 (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® FSAR, 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-670 1, NUREG/CR-680 1, 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

5.0 SHIELDING EVALUATION

5-2 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
MWd/MTU. Chapter 5 indicates that the maximum burnup for BWR fuel is 60
GWd/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

6.0 CRITICALITY EVALUATION

6-1 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 keff 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 keff 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.

0
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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 RS1 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.

0
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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.

0
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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

8.0 ACCEPTANCE TESTS AND MAINTENANCE EVALUATION

8-1 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 RSI 8-1

1) 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)

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 2127F 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 (Qcondout) is represented by total mass of the condensate water

(mcondout) 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 2127F is 2676 kJ/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 lbs/hour [1.0191x10-2 kg/sec,

23(kJ/sec.)/2257(kJ/kg)]. A discussion of the energy balance is contained in Section

8.1.7.1.

2) 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.

3) 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.

4) 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.
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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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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

Ultimate Tensile Strengtha, Su 75.0 75.0 75.0 71.0 66.2 64.0 63.4 63.4 62.8 60.8
(ksi)

Yield Strengtha, Sy (ksi) 30.0 30.0 30.0 25.0 22.4 20.7 19.4 18.0 16.9 16.2

Design Stress Intensitya, Sm (ksi) 20.0 20.0 20.0 20.0 20.0 18.6 17.5 16.2 15.2 -

Modulus of Elasticitya, E (106 28.8 28.7 28.3 27.6 27.0 26.5 25.8 25.1 24.1 23.5
psi)

Coefficient of Thermal
Expansiona, 8 (10-6 in/in/0F) 8.5 8.9 9.2 9.5 9.7 9.9 10.1 10.2

Poisson's Ratioa 0.31

Densityb, (lb/in 3) 0.29

Notes:
a 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.

C Extrapolated.

Page 5 of 36



MAGNATRAN
Docket No. 71-9356

TAC No. L24511

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

Value at Temperature (OF)

Property (units) -40 70 200 300 400 500 750

Ultimate Tensile Strength, 70.0 70.0 66.3 61.8 59.7 59.2 59.0
S, (ksi)

Yield Strength, Sy (ksi) 30.0 30.0 25.0 22.4 20.7 19.4 17.2

Design Stress Intensity, Sm 20.0 20.0 20.0 20.0 18.6 17.5 15.5
(ksi)

Modulus of Elasticity, E 28.8 28.3 27.6 27.0 26.5 25.8 24.4
(106 psi)

Coefficient of Thermal
Expansion, ot 8.5 8.5 8.9 9.2 9.5 9.7 10.0
(10-6 in/in/! F)

Poisson's Ratio 0.31

Density (lb/in 3) 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 (IF)

Property (units) -40 70 200 300 400 500 750

Ultimate TensileUtien si 75.0 75.0 71.0 66.2 64.0 63.4 63.3Strengtha, Su (ksi)

Yield Strengtha, Sy 30.0 30.0 25.0 22.4 20.7 19.4 17.2
(ksi)
Design Stress 20.0 20.0 20.0 20.0 18.6 17.5 15.5
Intensitya, Sm (ksi)
Modulus of Elasticitya, 28.8 28.3 27.6 27.0 26.5 25.8 24.4
E (10 6 psi)
Coefficient of Thermal
Expansiona, a 8.1 b 8.5 8.9 9.2 9.5 9.7 10.0
(10-6 infin/OF)
Poisson's Ratioa 0.31

Densitya (lb/in3) 0.291

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

Value at Temperature (OF)

Property (units) -40 70 200 300 400 500 750 800 900

UltimateTensile 100.0 100.0 99.4 94.2 91.1 89.1 85.6 84.8 82.6
Strength, Su (ksi)]
Yield Strength, Sy 55.0 55.0 47.1 43.3 40.7 38.8 35.8 35.3 34.5
(ksi)
Design Stress 33.3 33.3 33.1 31.4 30.4 29.7 28.5 28.3 -
Intensity, Sm (ksi)
Modulus of Elasticity, 28.8 28.3 27.6 27.0 26.5 25.8 24.4 24.1 23.5
E (106 psi)
Coefficient of
Thermal Expansion, 8.2 8.2 8.5 8.8 8.9 9.1 9.3 9.4 9.5
cL (10-6 in/in/F F)

Poisson's Ratio 0.31

Density (lb/in 3) 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 (IF)
Property (units) -40 70 200 300 400 500 600 700

Ultimate Strengtha,S, (ksi) 135.0 135.0 135.0 135.0 131.2 128.6 126.7 123.8

Yield Strength,, Sy (ksi) 105.0 105.0 97.1 93.0 89.7 87.0 84.7 82.5
Design Stress Intensity a, Sm (ksi) 45.0 45.0 45.0 45.0 43.7 42.9 42.2 -

Modulus of ElasticityaE 29.4 28.5 27.8 27.2 26.6 26.1 25.5 24.9
(x 106 psi) 29.4 1 28.5 1 27.8 1 27.2 1 . 255 4

Coefficient of Thermal Expansion a, X 59
(x1O-6 in/in/0F) 5.9

Poisson's Ratio a 0.31
Densityb (lb/in 3) 0.28

Notes:
a

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 S17400, 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.

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 (IF)
Property (units) -40 70 200 300 400 500 700 800

Ultimate Strengtha, S, (ksi) 70.0 70.0 70.0 69.1 68.4 68.4 68.4 65.4
Yield Strengtha, Sy (ksi) 54.9 50.0 44.2 40.5 37.6 35.4 32.3 30.5
Design Stress Intensitya, Sm (ksi) 23.3 23.3 23.3 22.8 22.7 22.7 21.4 20.3c

Modulus of Elasticitya, E 30.0 29.5 28.8 28.3 27.7 27.3 25.5 24.2
(x 106 psi)
Coefficient of Thermal Expansiona, 6.1 6.4 6.7 6.9 7.1 7.3 7.6 7.8
X (x10-6 in/in/!F)
Poisson's Ratioa 0.31
Density b (lb/in 3) b 0.284

Notes:
a

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.

c 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 TemDerature (OF)
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 a, Sy (ksi) 40.0 40.0 36.6 35.4 34.2 32.6 28.6 26.8
Design Stress Intensity a, Sm (ksi) 23.3 23.3 23.3 23.3 22.8 21.7 19.2 --
Modulus of Elasticity a, E 29.8 29.3 28.6 28.1 27.5 27.1 25.3 24.0
(x 106 psi) 29.8 29.3 28.6 28.1 27.5 21 53 4

Coefficient of Thermal Expansion a, a 6.13 6.4 6.7 6.9 7.1 7.3 7.6 7.8
(x10-6 in/in/0F) I

Poisson's Ratio a 0.31
Density (lb/in 3) 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.

Ref. 2, Metals Handbook, Density: 0.23% Carbon Steel in Page 1-49.
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Table 2.2.1-8 Mechanical Properties of SA-193, Grade B6, High Alloy Bolting Steel

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

Ultimate Strengtha, S, (ksi) 110.0 110.0 110.0 104.9 101.4 98.3 95.6 90.6

Yield Strengtha, Sy (ksi) 85.0 85.0 85.0 81.1 78.4 76.0 73.9 70.0
Design Stress Intensityb, Sm (ksi) 28.3 28.3 28.3 27.0 26.1 25.3 24.6 23.3
Bolt Stress Intensityb, Smbm (ksi) 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2
Modulus of Elasticityb, E
(x 106 psi) 29.8 29.7 29.2 28.5 27.9 27.3 26.7 25.6
Coefficient of Thermal Expansionb, (XCoefficient o5.65 d 5.69 d 5.90 6.20 6.30 6.40 6.50 6.60
(xPo.6 in/in/oF) _ _ _ _
Poisson's Ratio b 0.31

Density (Ib/in 3)c 0.28

Notes:
S mt-,p (UoF

Sjn70-a Calculated based on Design Stress Intensity, e.g.,

b
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.

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

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

Value at Temperature (IF)
Property (units) -40 70 200 300 400 500 700 800

Ultimate Strengtha, Su (ksi) 75.0 75.0 71.0 66.2 64.0 63.4 63.4 62.8

Yield Strengtha, Sy (ksi) 30.0 30.0 25.0 22.4 20.7 19.4 17.6 16.9
Design Stress Intensity a, Sm (ksi) 10.0 10.0 8.3 7.5 6.9 6.5 5.9 5.6
(Bolt Material)
Modulus of Elasticitya,E 28.8 28.3 27.6 27.0 26.5 25.8 24.8 24.1
(x 106 psi)
Coefficient of Thermalefaicnt o Thermal 8.13c 8.5 8.9 9.2 9.5 9.7 10.0 10.1
Expansiona, 's (x16 in/in/RF)
Poisson's Ratioa 0.31

Density b (lb/in 3) 0.29

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

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.

C Extrapolated.

0
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Table 2.2.1-10 Mechanical Properties of SA-193, Grade B8S, Bolting Steel

Value at Te perature (OF)
Property (units) -40 70 200 300 400 500 700 800

Ultimate Strengtha, Su (ksi) 95.0 95.0 74.0 62.6 56.3 52.3 48.4 47.8

Yield Strengtha, Sy (ksi) 50.0 50.0 38.9 32.9 29.6 27.5 25.4 25.1
Design Stress Intensityb, Sm (ksi) 16.7 16.7 13.0 11.0 9.9 9.2 8.5 8.4

Bolt Stress Intensityb, Smbm (ksi) 28.8 28.3 27.6 27.0 26.5 25.8 25.1 24.1
Modulus of Elasticityb, EMu of Esi i 28.8 28.3 27.6 27.0 26.5 25.8 24.8 24.1
(x 106 psi) ____ _ _ _ ___

Coefficient of Thermal Expansionb, 83 8.5 8.9 9.2 9.5 9.7 10.0 10.1
(x 10-6 in/in/0F) I I II
Poisson's Ratio b 0.31
Density (lb/in 3) c 0.29

Notes:
Sm..... (Su70°F ) ,

Sm 70*F
a Calculated based on Design Stress Intensity, e.g.,

b 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.

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

d Extrapolated.
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Table 2.2.1-11 Mechanical Properties of SB-637, Grade N07718, Nickel Alloy Bolting
Steel

Value at TemDerature (OF)
Property (units) -40 70 200 300 400 500 700

Ultimate Strengtha, Su (ksi) 185.0 185.0 177.6 173.5 170.6 168.7 165.8
Yield Strengtha, Sy (ksi) 150.0 150.0 144.0 140.7 138.3 136.8 134.4
Design Stress Intensityb, Sm (ksi) 50.0 50.0 48.0 46.9 46.1 45.6 44.8
Modulus of Elasticityb, E (x 106 psi) 29.6 29.0 28.3 27.8 27.6 27.1 26.4
Coefficient of Thermal Expansion b, X 7.0 c 7.1 7.2 7.3 7.5 7.6 7.8
(x10-6 in/in/0F)

Poisson's Ratio b 0.31
Density b (lb/in 3) 0.297

Notes:
a

Calculated based on Design Stress Intensity, e.g., (Su.ooP) = Su.,om
S~n70'F

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 N07718 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.

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

Value at Temoerature (IF)
Property (units) -40 -20 70 200 300 600

Tensile Yield Strengtha, Sy (psi) 720 b 700 b 610 b 500 370 -

Modulus of Elasticityc, E (x 106 psi) 2.45 2.42 2.28 2.06 1.94 1.5
Coefficient of Thermal Expansionc, a (x10-6 in/in/ 0F) 15.6 15.7 16.1 16.7 17.3 20.2

Poisson's Ratio d 0.4
Density (Ib/in 3) d 0.41

Notes:
a 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.

b Extrapolated.

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

d Ref. 6, Standard Handbook for Mechanical Engineers, Poisson's Ratio and Density: Basic Properties of

Several Metals, p. 6-11.

0
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Table 2.2.1-13 Mechanical Properties of NS-4-FR

Value at Temperature (OF)
Property (units) 108 158 I 212 1 302

Coefficient of Thermal Expansion a (x10-6 in/in/OF) 51.8 57.9 57.4 58.9
Compressive Modulus of Elasticity b (ksi) 561
Density b (Ibm/in 3) 0.0607

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

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

Table 2.2.1-14 Mechanical Properties of 1100-0 Aluminum Alloy

Value at Temperature (OF)

Property (units) -40 70 200 212 300 400 500 600 700

Ultimate Tensile Strengtha, S, (ksi) 14.2 13.1 10.3 10.0 8.0 6.0 4.0 2.9 2.1

Yield Strengtha, Sy (ksi) 5.1 5.0 4.6 4.6 4.2 3.5 2.6 2.0 1.6

Modulus of Elasticityb, E (106 psi) 10.3 10.0 9.6 9.6 9.2 8.7 8.1 - -

Coefficient of Thermal Expansionb, a 12.1 12.1 13.0 13.0 13.3 13.6 13.9 14.2 -
(10-6 in/in/F) II

Poisson's Ratiob 0.33

Densityb (lb/in 3)

Notes:

0.098

Required 13.1 ksi minimum ultimate strength and 5.0 ksi minimum yield 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).

b ASME Boiler and Pressure Vessel Code
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NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

OBSERVATIONS

2.0 STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

2-2 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 RSI 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.

2. 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.

3. 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 comer 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

2.0 STRUCTURAL AND MATERIALS EVALUATION

STRUCTURAL EVALUATION

2-3 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 Ill, 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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NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

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 P1, 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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NAC INTERNATIONAL RESPONSE
TO

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 00 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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NAC INTERNATIONAL RESPONSE
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 450 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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NAC INTERNATIONAL RESPONSE
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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/alumninunt-powder/working__alnu.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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NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

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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NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

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.

Page 27 of 36



MAGNATRAN
Docket No. 71-9356

TAC No. L24511

NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

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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NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

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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NAC INTERNATIONAL RESPONSE
TO

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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NAC INTERNATIONAL RESPONSE
TO

REQUEST FOR SUPPLEMENTAL INFORMATION

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 14AC 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. 72-103 1, reference the staffs 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 for the 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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NAC International Response to RSI 5-1 (cont'd)

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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NAC INTERNATIONAL RESPONSE
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REQUEST FOR SUPPLEMENTAL INFORMATION

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*

SD. Wix
GRAM. Inc.

G.F. Hohnstreiter
Sandia National Laboratories

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 propoged 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 Energy under Contract DE-AC04-4 AL85000
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! radioactive materials shipment. The dimensions of the BUSS cask body are 1.24 m long

by an outer diameter of 1.38 m. The BUSS cask body weight is 9,300 kg.

THERMAL MODEL DESCRIPTION

6,,, •The thermal model is a two-dimensional
axisymetric representation of the cask. Another
simplifying assumption is that half the length
of the cask was modeled. The model consists
of 1,457 nodes and 1,319 elements. PATRAN
was used for pre- and postprocessing of the
analysis, while P/THERMAL was used as the
thermal solver. Temperature-dependent

A.•"4, material properties were used in the analysis.
-Figure 1 presents the thermal model.

Figure 1. Thermal Model The materials in the cask, and simulated in the
thermal model, were stainless steel, air, helium,

and silicone rubber. The cask lid and body material were stainless steel. The gip
between 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 I presents the material thermal transport properties
used in the model. All material properties presented in Table I are at 25°C.

Material Thermal Density Specific Heat
Conductivity

(W/m-K) (kg/m 3 ) (J/kg-K)

Stainless Steel 13.4 7920 502
Air 0.0242 0.177 5191

Helium 0.141 1.29 992
Silicone 0.138 1300 1256

Table 1. Material Properties used in the Thermal Model

THERMAL BOUNDARY CONDITIONS

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 I 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 = 0.3f[(1100 + 273)4 -(Ts + 273)4]+ h(1100- Ts)

where,

F is the emissivity of the container surface,
C 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

0.8

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 5 and 10 W/m2.

0
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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.

E

U
U

500

400

300

200

100

Q

. ... .... .... .. .

............ .............. ........... I ........

.. .. . .. .. . ._ _ .. . .. . . .. . . .. . .. . . . . .. . . . .. . .. .. .. .. _. . .. . . .. . .

--4--Aegulastey Enetonowo,. No Con-wtin

-Regulatory Envitwent. 5 w/n.'

-Regulatory Efnvouoamint. 10 WIt.'

* 0 Proposed Envvcnm"", No Convoeno

'0 Proposed Emwoonirmni 5 W/.?'

*PtttPO*d Entot ot 10Won

0 I

0 0.2 0.4 0.6 0.8 I

Time - Hrs
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 200 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 = E7[1,(800 + 273)4 - (Ts + 273)4 1 + h(800 - Ts)

where.

E, is the emissivity of the container surface, and,
Ef is the ernissivity 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 maximum surface heat fluxes for the regulatory environment were 51.3 W/m2 , 53.9
W/m 2, and 56.4 W/m 2 for no convection and convection coefficients of 5 W/m 2 and 10
W/m 2, respectively.

The maximum surface heat fluxes for the proposed environment were 47.6 W/m 2, 51.8
W/m 2, and 56.0 W/m 2 for no convection and convection coefficients of 5 W/m 2 and 10
W/m2, 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 2 and 9.6 for 10 W/m 2 .

For the proposed environment, the percentage of convective heat transfer was 9.3 for 5
W/m 2 and 15.2 for 10 W/m 2. Again Figure 5 shows the increased sensitivity to
convective heat transfer for the proposed environment.

CONCLUSIONS

Convection contributes between 5 and 9 percent of the total heat flux for the regulatory
fire, assuming a range of between 5 and 10 W/m 2 for the convective heat transfer
coefficient. Again assuming a range of 5 to 10 W/mr for a convective heat transfer
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0
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 equivalent for the maximum surface heat flux, a
convection coefficient of 5 W/m2 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/m2. 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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Engineering Tables 1.49

Density of metals and alloys

Metal orsalloy g% .. lb/in.' Metal.or.alloy.
Density

0l60i" lb/in.' Metal or alloy
Density

g/cmn lb/in.'

Aluminum. and aluminum alloys Phosphor bronze, Incoloy . ___ ... 8:.... 8.02 0.290
10% (DI ...... -. 878 0.317 Incoloy T . .. •, . .7.98 0.288

Aluminum (99.996%) .. 2.6989 0.0975 Phosphor bronze Incoloy 901- .i.... ;..8:23 0.297
WrOughtellOys 1.25% ............ -I- AA:891 0,321 TI tool steel * .,-. .,. 8,67 0.313

.- Free-cutting phosphor M2 too[ steel .. .,...,. 8J6 0.295"(E C ; -1 0 00 l6( y • . ; '. • , ,,2 .7 0 0 .0 9 8 b r o n z e . . . . . ..2 : 8 8 9 ., 0 .3 2 1 H 4 1 t o o l s t e e l. . . . . . . 7 .8 8 0 ,2 8 5

41100,.............2.71 0.098 Cupro-nickel, 30%1 89 0.323 20W-4Cr-2V-I2C,"
2011L , i.•22 0.102 Cupro-nickel; 101 894. 0.323 steel ............. 8.89 0.321

-'20'1"4 ; • .i'..7;-.; 80 0.101 .N'ickel silver,,65r18 . :8 71 0.315 Invar (36% Ni ' . &. 8.00 0U289
20,4- ...... 2.77 .10. 4Nickelsilver$55'8.- 70 0;314 Hipernik (50%<Nii ;:9.,:8.25 0:298

221 28 0.01 1-ugh tilicon lronce6Al8 .53; 0.308 4%, S i., w. ..-.. ,-.. - .7 0.2723 0".099 0 '.10 siliob 131 t 8 5'" 0.316 10.27% S _6.97 02S52
4032 .'..7 *-t.i2.69 0.097 inum bron . .69...252
5005 ._.._. _ 2.70 0.0 R . 7 0.294
5050 , -'• : ?-.-.•.2.69 0.098 "A l ui nu m b ron ". 3 7
50 52 .... -... 2. 68 0.097 Alum inum, , s lone
5056. 0095 bronze............769 0.278 Stainless steels
5083 , . . -.- 266 0.096 Aluminum bronilll- '.7-58 0:274" and heat-resisting alloys
5086 'T.' 26 0.9 luInum ronze 12), '758 0.24515486 •=2:66 0.096 !B er'yllium P r . 823 0.297 Corrosion-re6sistant steel castings:5154 0.096 23 01.297,.•26

5357 .70 ,,i0.098 Lasting iloys CA-is-.....,.,.,,..7.612 , 0.2750
5456 U26 CA4 0.70,0960 . CAr40 . ........ '....6.2.0.2750

6061, 6063.,..-..-. .. ,.
2

.
7

0 0.098 - .. 87 031 CB30...........•.7.53 0.272
'6101.6151 .::.:: :•.'.. 2.70 0098 O 3.. "Q'2 """f 8.7 031 * CC-50 . 7.53 0.272
7075 ... ,-. .-Ž.$,2.80 001 S! CE-30 . 7.67 .027.7
7079 . . .... 2.74 0.099 89Cu-llSn ......... 878 03170.280
7178 ...... .-. ' 

2
.
8 2  

0.102 88Cu-6Sn-1,SPb . " CF-20 775 0.280
Costing alloys 7 0:31 CF-8M CF.12M 7,.7.75 0.280

87Cu-8Sn-lPb-4Zn 6-;--,8.8 6 0.32 CF-8C ...... _.7,75 0,280
A13 ._ .... 2.66 0.096 87Cuý10Sn-1Pb-2Zn 8. 8 0.32 CF-16F..........."775 0.280
43 .. ' "- :':2.69 0.097 80CuI-0Sn-10Pb '895 0.323 CH-20:: ...... 7. .. 72 0;279
108, A108 \ .",i-:279 0.101 83Cu-7Sn-7Pb-3Zn 893 0322 CK.20 ............. 7.75 0.280
A132 ..... ......... 272 0.098 85Cu-SSn-9Pb-IZn -_8.87 0,320 CN:7M , 800 0.289
D132 ..• _:.'.ýý2.76 0.100 78Cu-78n-l5Pb. ýý,9.25 0.334
F132'. .. ;2.74 0.099 70Cu-5Sn-25Pb'..9.30 0.336 Heat-resistant alloy castings
138 ...... -, 2.95 0.107 85Cu-5Sn-5Pb-5Zn . ,8.80 0.318
142.. ............ 281 ,0.101 83Ct-4Sn-6Pb-7Zn, '... .8.6 0,31 .HA .... .. ... 7.72 .0.279
195,B195.. 2.81 0.101 • 81Cu-3Sn-7Pb-9Zn 6...8.7 031 7
214 ... .. ,,_:,,2.65 0.096 76C6-2.5Sn-6.5Pb- - -7.58 0274 K
220 ........... 2.57 0.093 .. 1Z1O .............. .8.77 0.317 .H..6......... .. 767 0;277
319 ... 2.. 279 0.101 72C S3,2Z ,8.50 0.307 ..HF . ........ 7.75 0:280,
355 .2. 2 71 , 0.098 `-7,•1Sh 3Pb%29Zii.'...8.45 0 .305 HH '. 7.72 0.279.
356 ............... 2 68 0.097 610h-uSn-iPb-37Zn ,._ 8.40 0.304 .... 7.72 0.279
360 .. :.-2..: 2;E64 Q0.095 N1 angoiiesisfýb r on ze .2K77 .8

2,71 "8.098 HI_'st•0i:;..'. 1;: 8,2 030 :1L , 772( . 0.279
750 .... ,-.: 286 10i04 :61k•........... 83 0.30 ..N .. ..- , , 7 8 0.283
40E......"Al 2.81 .,,.00k 9. 07.9 0.29 -...T V792 0.286

Wrought ~~~~ ~H ....... .Nicke si02.......90........

E'. 10 ksi 7:, 7 8 028 3 :U 804 0.29Aluinm coze".HW '"-- 81 .0.294-
A" NiA . .78 0:,28 T 814 0.294
Alloy 93B . 7;55 -0.272

-Copper and copper alloys Alo 07s 7 Wrought stainless and heat .resisting:

D~~idklii•'a•:(• d•,.Allo 9. ....., ... ..' ýJ' 7:5::,J 0.327 T • 3 4 ,...J . ., 79 02

Alloy 9Dr.. e .... _ ... 7.77 0.28 isle'l0
Wrought coppers -Nickel Silver .. . Type 301 .. . , 7,9 0.29
Purec ppel ........ 8.96 -0.324 12% Ni .. I__8.95 -0.323 Tye302 .... i 0.29

16% Ni _5"8.95 0.323 .Ty 302B .... .....pe 301 0 0.29
0; . .. 8.89 0.321 Ni 885....... 0a319 Typ6 303 .7 0,29

A,'o 25r N 1868 0.32 Type 304 79 0.29
hll'kis ~ - Siliicon broisazc` ;'.~....8_;30 0.300 Type6 305 '~,,..8,0 0.29

vipihoaphSuoDIIPi . . .8.94 .0.321 Silicon brass . -.. 8 .30 0.300 TWO 308 -.. ,,... 8,0 0.29
Free-machi'ning copper , '-Type 309 ........... 7. 0.29

0.5% Te.....,.89 0.323 VTyqi 3110 .. ..... ., 19.9 0.29
1L0% Pb .... .......'ý._8:94 0.323 Iron and iron alloys -Typ,! 314 ,,...,__,_ -7.72, 0.279

Wrought alloys
Gilding, 95%r........8.86
Commeircial bronze, -' ,'

90% .......... ... ,8.80
Jewelry bronze, 87.5%. 8.78
Red brass, 85%': ..... :8.75
Low brass, 80% ;. -; 8.8.67
Cartridge brass, 70%.. .8.53
Yellow brass ........... 8Z47
Muntz metal .. .. •8:39
Leaded comn'mercial

bronze ........... 8.83
Low-leaded'brass .' ,

(tube) ..... . .. . 8.50
.Medium-leaded brass..,.,8.47
High• leade brass

8.53

High boded .rs', .- ,. 8:50

Leaded Muntcz metal ... 8.41
Forging brass . -.,,, .- 8.44
Architectural brý6ize i.' 8.47
Inhibited admiralty ..- 8.53
Naval brass . 41
Leaded naval brass 844
Manganese bronze (Ai ;8 36
Phosphor bronze,

5%. (A -. 8.86
Phosphor' bronze,

8%s•(C) ...... .28.80

Pure iron ........... 7.874 0.2845 Ty pc 3 17 . ..........8,0h8) 0.29
Ingot iron..'.... .7;866 0;2842 Tlpy J321 - ,.-.2.79 0.29

0,320, Wrought iron .......... 7.7 0428 Tyw3P17 . 8.0 0,29
Gray cast iron .,.,..... 7,15(d) 0.258a) Type 4013 . .7.7 0428"

0.318 Mal able iromi 22-.2:".72717l'b 0.262(b)i l 5p , .405 7,7 0.28
0.317 0.06h C steel 7;,..-. . 7.871 0.2844 Type 410 ... .... 5 2.27ý7 0:28
0.316 0.23/ C steel... 7.859 0.2839 Type 416 ,,-,<-..7-7 028
0.313 0.435;C steel,ýý'2 -7.,844 0.2834 lT ,pxj420 ',J 77 0:28
0.308 1.22h, C steel ý;.,i 7.830 r. 0,2829 .Type ;p430 -'.'- 2::- 727 0:28
0.306 `fypc-4301_ . ..... 7. 7 0.28
0.303 Low-carbon chromium-molybdenum Type 431 7.7 0,28

steels 41......0A, 4. .0B.-
0.319 0.5%.'Mo steel . .,...7.86 0.283 ,6 ,, _. .7.7 0.28

lCr-0.5Mo steel ... ;7.86 0.283 7.6 0.27
0 1.25Cr-05Mo steel ', .:7;86 : 04283 T '1ypL 57.7 0-28' 0.306 ' 02 : ••r:; :• 7.8 0 .28

2.25Cr-l.0Mo steel ;,:,,7.86 0.283
5Cr-0,5Mo steel .. 7.78 0,278 917 0,29

0.307 7Cr-0,5Mo steel 7.78 0.2780.307 9Cr-lMo steel .... ::-,.12-. 7.7 0,278 Precipitation-hardening stainless steels

0-307 PH 15-7 Mo _,,--_:,;, 7.804 0.2819
0.307 Medium-carbon alloy steels 17-4 PH _. .. ,., 7.8 0.28
0.304 ICr.0;35Mo-0.25V 17-7 Pt ....... 7,81 0.282
0U305 steel....... 7.86 0.283 Nickel-base alloys
0"306 Hill die s el'(Ci--. .
0.308 1.5Mo-0.4V);:.*. i7;'; .7739 0.281 D-979 '.... ,.',,. 8:27 0:299
0,304 Nimonic.80A _ .. , _.. 8.25 0,298
0:305 Other iron-base alloys Nimoni: ,.q . ,-. 8.27 0,299
0,302 ,-286 ...... 7 . 9.1•. . 0 286' M-252...__.- 8_27 0.298

0.320 16-25-6 alloy .......... 8118" 0*292 lnconel",':.. ., .,8 51 0;307
RA-330 8 ̀ 03 02' Inconel "X" 550 ,. . 8;30 0.300

I nconel 700 8. 17 0.295
0.318 :loni nu , rnconel "713C" .. ' 7913 0.2859

---- -- ----------- --
- - ------------- ---- ----------- - ... ---------- -- - --------



CASE

N-707CASES OF ASME BOILER AND PRESSURE VESSEL CODE

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 7000 (370'C), but not exceeding
850OF (455°C), for spent-fuel containment internals in
non-presssure retaining applications?

Reply: It 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
(U.S. CUSTOMARY UNITS)

For Metal
Temperature Tensile Yield Design Stress

Not Exceeding Strength, Strength, Intensity, S,,, ksi
OF S. ksi S, ksi [Note (1)]

750 67.7 31.5 21.0
800 [Note (2)] 65.4 30.5 20.3
850 [Note (2)] 61.1 29.2 19.5

NOTES:
(1) The values of 5, do not exceed the lesser of S,13 or 2/3 S at

temperature.
(2) Upon prolonged exposure to temperatures above 800HF (425'C),

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

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 IM, 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
(SI UNITS)

For Metal
Temperature Tensile Yield Design Stress

Not Exceeding Strength, Strength, Intensity, S,,,
.C S, MPa S), MPa MPa [Note (1)]

400 466 217 145
425 [Note (2)] 452 211 141
450 [Note (2)] 437 204 136
475 [Note (3)] 395 199 133

NOTES:

(1) The values of S. do not exceed the lesser of SJ3 or 2/3 Sy. at
temperature.

(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).

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, transporttanks and nuclear components,
and the Inservice inspection of nuclear components and transport tanks. The user of the Code should refer to other pertinent codes, standards, laws, regulations or
other relevant documents.

I (N-707) SUPP. 3 - NC
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NOTICES
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.. Themechanical properties f a high ýpurity lead and... 0.0 8 copper

l:,7 -ead all6oy.wer-e .de.tnnd a test tiempeeaues of 1 75,? 25,0- and. -

•. . T.ensile proprtie evaluated included the. Ilti ate- trengt,! elonga -

tio~n m•odulu.sof elasticity, 'proor tiona-l, linmit, and. yield. strengith.. - '
- Copression properties evaluated weretue modulus of relastic.ity,-ro-,-.-..
portijonal limit, and yield.stl-ngth Ultimate-shear strength'and the.

bearing yield stre-ngth. aid..ult"iate bearing.".st•rength. ere determined'.;

Stress-creep time -curves were obtained f-or totai.stiain*values of 0.2,
:.15 . 0, and,"2. 07,6.for creep. timesoffrom 1 hour .to.500 hours.

The' data obtained are surnmraizedin. graphical and talar forr - .

in the Experimental Results section of.this, report.

PUB9LICA.TION Rr-VItW'

This report has .been reviewed and is-approved':.:. .

FOR -THIE COMMANDER:_:

Chief.,Metals Branch

Materials Laboratory
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'ND..

IIntroduiction,

The. properties sof led-ma'ke.it the most prahctcal shielding material

.pesently available. In the designand developnent of nuclear-powered

aircraft, the, structural problem of providing'effective over-all sh
with the. lowest- possible weight is most important, and requires that the..
'mechanical properties oQf lead be s-ufficiently-known.': However, -because
"" ofits low.str.engt.h.e.ven: at room temperature, clad .hasnot been seriously

..considered as a. structural material"aIad its mech'anical:properties'have
not been adequately determined:. In addition," the few studies: which have
been"donducted on the "mecha.n4i-cal.properties. of lead have been:at .or**..
near room temperature.. '

The objective of .this program was to'determib'e the' toensile,. 'cor-
pre ssion,: shear, bearing, and creeep properties of a commercially pure.
lead and a.lead alloy., at four tes:t temperatures up'.to 325 0 F......

II. Test Materiial J

The two materials evaluated in this program were a high purity * .
lead .(Doe Run Brand-refined lead, 99.-995% Pb) and a copperized lead.....

(C opperized Doe Run. Brand.refinedead, 0.058% Gu), suppliedby. the.
St"f.SJ:oseph Lead.Company. The eutectic point in .the1ead-copper system
occurs at approximately 0. 06% copper..• The. chemical composition of
the. two test rhaterials is given i: Tab~le I. " In the case of the coppperized
lead, bars extruded. rom.:.lot I were used. for .the tensile, shear, and
creep. specimens, and from 3ot . for the compression and bearing speci-..

... mens. The analyses are.,. for all practical purposes, identical for- the
two'lots of copperized -lead.,

Manuscript released by author 3 Janiuary. 1958 for publication as a
WAVD C T~echnicl Report...
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:77.....~~ ~ Ta~ !iiiI .ý .... .i iiil i i~
CHE MICAL- COMPOSITION OF-TE'ST'MA TERIALS.

COPPerized Lead
Element High Purity. Lead... Lot I -1. -Lt :I:

Pb 99.9951.:.99 99..9404:

Cu.0001 .05-77 .0577

ASb, Sn .0004".0006- .0004.

Fe 0 0 001 .000' .000

Zn .00'0001 .001.1

Cd 0029 .0006 .00-05ý

S Ni, Co. .0000 ... 0000 . 000

Bi.0006- .0007 .0005

* A .00o6. .0004 .0003.-

'The lead was extruded by Morris P.. Kirk and Sons,, Los Angeles,
into bar forms having the .following cross-sections:- . .....

...... Extruded

Type of Test . Cross Section

Tensile and Cr..eep '.- l/.x 1/4 incheS:.....

Compression x 1/.. inches'

": Shear 1/2 inch rou"id.

Bearing "/Z x 4 inches

;,The Oxtrusion slugs were cast at 900-950 0 F•'. The slug5:were 12
inches long by 4.-1/Z *inches in diameter, afte-r cropping, with the exception
of the bats.for the bearing specimens w'hich: were extruded froma single*'.
slug, using a different extrusion press.' The .extrusion was done at room..":
temperature... . -

_WADC 'R.765



-III Test. Spec.im.ens ..- . .

The .dimensions of the four types of test spe cimens: used in-this
program are' given i Figure I .A. All te st. specimen-i were machined 'a-6h . ..

thiraesprall othe .extru ision- i re ction.

All teSt stpcimens; were given an, annealing tr.eatmnnt of 2 hoursin .

an oven'at 40O°F after machining and prior, to testing,. in order to remov.

any Pold-work within the. specimens due to machining and han.ling.. The

grain sizes of. the two materials were -considerably different, bOth -in

the as-received,.and inthe annealed conditions; the copper.addition

acted as a grain size refiner. The average annealed grain: size of the:

high purity lead'was-.about 0. 55. grains per .millimeter and that of.the. ".

copperized lead about .18 grains per:'millim-eter..

IV" Expeiimental.-Appara-tus and Procedures, . .....

The tensile,.*compressiion, shear,. and be8aring tests were conducted

with a Baldwin. Universal hydraulic testing machine,, using a 600-pound

full -scale load rang e. This macýhineý,'with- a force'd air convection' fur-nace,:

is shown. in Figure Z. Figure 2 also shows a dial gag.e mounted on: the

movable cross-head which was used .to measure and control:the-cross-

head travel rate during testing, and, resting ion the'table, a Baldwin./

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

in which cross-head travel was used'as thestrain measurement. The

specimen was placed in'the furnace approximately one hour before: oading

to permitjthe specimen to attain the test temperature. A thermocouple. "

was. attached directly. to 'the".test specimen during each test,. and .the test.%

temperatures were maintained: within +Z.' .

.'A. Tensile. Tests

'.The tensile te'st specimens had a reduced cross-section of 1/2 inch-::-.

x.1/2 inch x 3 inches.... Figure 3 shows a tensile specimen with a Baldwin.

microformer extensometer in pace'.Inthi-s'case the central Z inches.

q..-.. served as the gage length. This. extensometer was;:used to evaluate the,

elastic properties in tension and the ten sile stress-strain curve.to 2%

strain, at a cross-head .rate .of 0.o.in./min fora strain rate of 0..005

in. /in. /min.*.

For determining-the entire stress-strain curve, the strain was deter.-

mined by using the deflectomneter to measure. cross-head travel, and in this -

case the entire 3-inch reduced section served as the gage length. .For these,

tests,, the cross-head rate -was maintained at 0.50 in.mn for .a stra1in

rate of 0. 05 in./in./min. .

WADC 'TR 57-695 . 3
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In. both 'cases! the' tes racuvSwee -obtained ýwith a B;aldwin -

7st-re ss, stramn-recbtder.

- -~~ B. Compression Tetii- -

The compr ecssionn tests werc tncted. on 112 inch x 1/2 inch :-2

inhc specimens, at a cross-hea~id.travelirate Of. O- 0.10 in./min,, or a

st'rain rate of. 0.005 in./in'/ran,"'. Figure4 shows the compression test
S:spe cimen with.a Baldwi rnicroformer corpressometer. The central. -. -

I: inch served'as. the gage length. This:compre~ssometeir-was used to

".. .evaluathe elastic properties in compression'a-nd the.'.cOmpression.

stress-strain curve to 5% strain.-

Initial compres:sion tests were conducted with a compression sub- .
press.".A" the elevated te st temperatures:, difficulty was. encOuntered

" as a result of binding of the.p ess. For this re ason, all the comp.ression,:' .

tests were conducted 'without. a sub-pre~s's, as- indicated in Figure 4. The..

. compressometer was also counter-balanced, with a lead block re sting-

on a pair of supV:rt.rods as indicated in the figure. A flat-ground bearing

:plate was placed on top of the specimrn during the test.

C.. Shear Tests.... ....

" The shear test specimens, :1/7 inch in diameter by:Z inches long,

were tested in double ,shear, using the fixture:shown in Figure 5. A

" constant cross-head travel.. rate of 0. 005 in. /rnm was used for these..

te'sts.

D. Bearing Tests....

The bearing test specimenconsisted.of aflat 4 inch by 6 inch by
1/Z inch. plate with a 1/Z-inch-diameter bearing hole whose center was,

1 inch from the. edge of the plate.. A 1./2-inch steel pin was inserted in:

this hole. and pulled at a constant cross~.-head rate of 0. 005 in.-/min.,.

The yield strength' defined as 2% offset of the hole diameter, was

determined by means. of a small dial gage, which measured the relative
pin movement-and was mounted Adirectly on. the bearing. test fixture,

..shown iný Figure 6. ..

. The stress-deformation, curve'to fracture was determined by

. measuring the cross-head movement and recording the -load and deforma-
4. . tion, using the Baldwinrecorder.
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~I q ipment.- . ... .

The,.creep:.test units used for this.. proggram are shown in
.-- :.Figure. 7iý One-creep 'unit-was used for..each test'temp~eratue.:.. The

furnace s. fo:r maintainiig. constant test tempe'.atures. .consisted of. -'-.
cyl.indrical taniks1.0. inches in diameete-nd'Z4 .inches'.lOng,.. with a:Verti-:.i .

• cal, 2-inch-I.D.,.tube passing through the •enier of each tak..Te "-. e
specimens wefe heated'and. tested in an aiU: atmosphere within the tubes.

.,Suitable packing wa-s used at the. tube ends to. pre.vept air convection
Sth-roughthe tubes..

" The. speci. mens' were loaded through5. to 1 lever-armn systems
in th.e" case of the lower.two test'temperatu-es, and by dead-.weight loading...
in the case of the 'upper twoltemperature'.s. The test tempieratures of
1,00 and '1750 F W ere maintained constant within + 20 F by'water and
ther.mostatic control; the te st te :pierat ures "of 250and O3250 F were
maintained constant within. +"I.F by.. boiling, glycol-water. solutions! and
condenser systems. ' .

An assembly 'of a creep specimepi, -pulling bars, and extenso-
.meteris-shwn in. Figure 8. The central Z.inches of-the specimen' serv.ed

as the gage length. The gage blocks-eore attached to the specimen by.
means of.four hardened, conical'points pressed into the spelcimen and.-.
held in place, by' coil springs.... -The relative movement Of. the gage beocks
was. trans ferred through two'!pairs of extension rods'to a, 0.'0001-inch"

least-count dial gage outside.the furnace. The upper guide blocks :had
ApOished surfaces which werefreeatO move along the axis.of the polished:

:pulling bar.

2. Test..Procedýur-e,. - '

The test specimen was carefully assembled, using a special

mounting 'board for aligning the pulling bars and extensometer.., A thermo-

couple for temperature checks during test was tied directly to the speci-.
men at the center of the Z-inch gage length. •, '.

A set of chromel-alumel thermocouples. were calibrated, using
a boiling distilied water' bath which gave a calibration point midway..
between the., four. test temrPeratures. Four thermocouples were. selected. ..

for.uniformity,' and one thermocouple was used for all .c-reep tests at':-' " .
one. te's~temperature. o
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'The specimen a bly was rt*e: into the furn-ace:two-`--::- ----
S2 :hou-rS- prior. to app ic atio n o the load in- o' de r to permitthe _speci .. -:.. "

to ~alti the tettepraue.Te16&d-Wa s' 'th'n gradUally applied b-i

'hand over a period of about ha a minute; zero time was taken :when
the •.full load' was oin the specmen- n. K..

-V .Experimentf.1 Resu ts

A.Tensile Tests
. Stress -Strain Curves to Failure

.The.stress-strain curves tofailure, are p-resentedin Figure.9 9 .. .

... r- fo the two test mdterials" Th6t~etsts were conducted in triplicate at- - .. -

- - each of the test2temperatures:.100, 175:-250,.. andd3Z5°F,fand-at a strain,
rateof"0.05 in. /ih. /min. .. Data on the ultimate tensile" strength and
S elngationare-summarized in Table.II.. -The. eloingati n values given in'.
the itablei- were obtained by. using. gage marks originally 3.:-00 inches: apart
onthe..spe.cimen...

Table. II. . .. .. .. .. . .. ....... . . . - . . T b e I . : .: : i : :! i . :. . . . . . . . " : : i . •

TENSILE TEST RESULTS

Ultimate Tensile Strength" (psi) and-Elongation (%)
at a Strain Rate of 0..05. in. /in./min

."u 0
Test Material - Test Tempe rature, . F

1.-'100
UTS Elong.

ity Lead 1"18288 46.0

S 1 75
.UTS El

1". 240 57

25Q
ong. UTS Elong.

3Z5

UTS Elong..

498 77.6-High Pur
..... T• ,

".: •

.3

S21920 .44,6

3 1"852 4:0o0"

1196.42.6

Average 1867

Copperized. Lead 1 1580.

43.5

1 Z04

-121.3

36. 0

45.3

788

798

768

785

.826.

846

844

50.6 488 .:

68.3.

61. 0o

53..6

46.3,z216o4

64.0..

72. 0

1164 46.-0

1148 47.0

1.1 6Z "47.7

492 83.3 1

493 77.6-

636. 46..6:..

638 '56.0

42.6

50. 6

"5703 1 0 53.0

Average 1585: 51.0 1158 .46.9 839.

48. 3 642-

.47.2 " 639

42.7 1

48.4
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* - Tetriplicate.'te~sts under the s am-ne te st conditions. gaive very 7

similar stres.-s.rain.cUr~res-up to the point of necking*- eyo.id.thxs.:.-- . .-

i Thestress-strai cuveS for the high purit- lead weqUite . - .

- .- typici,. .each exhib~iting one maximum,. w•herea s .the curve S fo~r the. cop.--. •': ": . .":!. ... ,.:
• peri.e'd .lead all .had t,•,o or .more maxima.: In the. latter case,. nec~king did ;): "Y:I.i/
not occur at the first mi-aximum .in the .stress-striin cures;. this eect.
•.was possibly.assciated.wth recryst aiization ofgthe finer -grain-sie'

S. :."'Thetotal elngaton value shown in Figure 9 include some
-elongation of the specimen bearing hole-s, which inf extreme cagses:

.amoUnted .to about /6-incs per hole, whereas in most casesitwas lesso

.ta 1the/3-inch prerdoed s .Some e0ngaiothte. also urrte dan the filevte as

outsid~.eathe 3-inch reducOed sectionm, wit hereasul that thdres 0 ircthedsrai

values are la-rger than actunl. This Problem was not encountered'in thedid .

other tensile or coimpression tests, as the strain.measurements were t "

.made directly ongthe specimen.gagelength.

ThFigure t pre ents the average values osfthe ultimate.tensile strength

and elongation ast a function ofbtest tehperature. The high purityaead.
had a..highedr-tensile Strength .at1.00 and 175°F thas the capperized lead i
thand alowier value at the higher teSsti temperature s of 250rand i 32S0 F.. • It .

Shoutd be noted tha3 t an t aneyc one tewst temperature the rate of strainharden-...
ing of the cospelrized lead isgreater than that for the highspturity lead-
almost up to the point of the firstt malxium. If only the max.mum.associ-

'ated with necking had occu~rred., these tests :undoub~tedly.-would h~ave.....".."...." : .
exhibited highere ultimate tensile strength values.

a a h.igThepercents elongatior afor- the copperized leadwas approximately.

constant ataboute 50%at all testst tmperatures, whereasthe oaverage : . : .
elongation f f the high purity lead increased frOm 4-3% to 77% over the
temperature range foint 10oo the. f.ir .25E. . If onl t. m '

". , , .. 2. •ElaStic P roperties - . -i..i .i.•.i:i.i ::. i:•/ i"i:i !. •.i". /i""..• .i . .

exhibitedA second set ofi 4.tensiledspecimens Was used to earluate the

elastio ies and the stress-strain curve, to 2%4strain, A cross.-." he "

head travel rate of :. 0 15 in. /min was used for these- tests," for .a strain

rate of 0.u.U5 in./in./m/n-x .. The results of these tests are shown-in Figure
11. for the two test materials tested'at thefour test temperatures. The
triplicate tests at'any one temperature are in good agreeme'at. In order
to show'iore. clearly the effect of temnperature,: the data; of-'Figure 11
were.plotted as stres.s Vs. test temperature for constant values of .total -

strain and a.re presented inFigeire 12.
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.... . • _ .. : • o .. . . . . ., . .. • . , ,,- .. .. . .. . . . ... . . .. . . . . . . . .. . • , -, . . . . . . . . . , . . . . . .

--- The- elastic ..proete wrevlaed. frorm t-he xecorided -lo'ad.ý:-,

*forrinatn* a initiall using a high stra M.agnifrcaion to a.
,tano- -O-- A n h-o'hýaj',e..st~rain• of".0..3 1i'nch ofchart being .equal to 0.. 05% strain. -The tet......`..

-- •then completed by using".a ow magni•ication, l: inch:of. 6hrt equal. . . .

.: to.0.dZa trari; t-o ?a::totat :'strain 'of 2.0.O At thi s point the" specimien was<< ..

u:inl.eaded and 1reloaded th'ree times, using the high strain magnification',
the lading. curves being used to evaluate the ela stic modulus. This.-

...proced.ure -was us-ed to evaluate the modulus because the initial yield
:.point wgas too low-in most case~s to make evaluation possible.

. ..Tensile data for.-the: modulus of elasticity, proportional.limit .
and yield strength are summarized in Table. III. The tabulated values .
of the modulus of elasticity hav-ve been calculated'. on the .ba-si~s of the:'
reduced pcross -sectional area at 2.% .strain:-. .For the. high purity 'lead, the.
average. vl!.uIe of the .modulus :was Z-i.7x 106 psi,:`" with no. pparent decrease
'from 100 to"250.F. (V-alue s at. 325°F ciuld not be evaluated with sufficient
accuracy.: The proportional limit. and yield. strengthV both show a decrease
of about 50%. with test temperature from 100 to 325 0 F. For the coppe~rized.
lead:the average..value..of the modulus was--. 2 x 10 .:psi with about a. 10 . .'
decr.ease .at 3ZF;.the'pr'oportionallimit.-and yield strength remained.
practically constant from 100 to' 25-0°F and then decreased aboUt 35%"at
3250 F..

:3,; Eff ect;of Strain Rate .

.. 7 "..'-The: effect"f strai non the stress-strain-curve was evaluated at
100 and 25.0F, for both test materials. *Figure 13 presenrts tests conducted..'.
at a strain rate. of 0.:..005 in./in./min, along with previous tests. conducted
ata rate of 0.05 in./in./min.- For the high purity lead, .a decrease in the-*-.
strain: rate from 0.05 •to 0.005 in/in. a decrease in the

ultimate tensile strength of about 30% at both'test tempe~rature.s, and also P
in a decrease in strain at the ultimate and in the total -strain to fracture.
For the copperized lead, the same decrease in strain rate resulted in.a
15% decrease in the ultimate and a- slight decrease in the elongation, to''
fracture... '

B.. Compression Tests

The. results of stress-strain tests in compression to 5% strain are.
given in"Figure 14. Triplicate tests were conducted'at.each test :tempera-;,:..

.. ture for both materials, using a cross-head travel rate of 0.0.10 in. /Miin
for a strain, rate of .0. 005. in./in./min. There is some. overlapping in
the curv'e.s.for the high purity lead: at small values. of strain for the'
ififferent test temperatures.. This is most likely due to small sampling
differences which.initially existed from specimen to.specimen. After 1%
strain the ciurves at any onetest temperature are inclose agreement.'.."

~ADC E57-695 2



7RP.TOA LIMT. NDYILD.SRlGTl

S .. ... -....-.- TENSILE DATA---MOD-ULJSOF "LASTICITY

- t a Strain Rate* of. 0'.0 5 in.4i ./mirl

Tiest Mou ofEasti-city, rortna.Yield Strengkth,

Temperature,% psi X l0V nimit,. 0.Z% Offset,

FEL ~ ~' avg . p.* *psi:

Hfighý Puriity-
Lead- 1.00 3.0 3.0- 3.1-3010.-3Z

10 26 26.7 .26170. -380..

Average, 2:. 7. 10 379.

175 . . . . .** 150. - .3 2
17T5 Z. . . . 50. . 312Z.

175 2.72.52 2.5 2,:.6
175. :2..6 2.6 26 z6 103. 1 347

Ave rage. - 134.-''. 330.

Z50 2'.4! Z.'92.4 2.6. 10 .20

50 2.Z 2-.5 2. 6 Z2.4 140. 28
'250: -3.1 .2.8 3. 30 130. 260.

Average 2 i7 13. 69

32Z5 --- 90.- -- 18-.

325 ..- - 72. 180.

325% ..90. z0o.
Average, .: 84189..

Copperize~d
Lead 10. Z.52.5,2'4ý 2 5612

10 .Z2.2 584Z.30.O

100 2A.3 Z.Z4. 2.1 2.2' 300. 560.

s4 -. Average Z.3 2ý76.58

1.75. -1.9 2. 4: 2*.0. 2.ý1, 350. 5121~175: 2., 2 .. 2: .3: 2.2 260'.; 488.
175' 2. 4 .2.3 5.- 2.3 270. '528.

Average, * 293. "0-.

250. 2.3 2.3 2.3. 260., 488..:

250 1.-8 1. 1..9. 1.8- .60. 500.

25 .9'2.6 -- 71. 504

Avera ge. 2.,3 77498.

325ý 2' .212.12.0 2.20.38
'325----------------208. 320-.
325 .2,.0 2.0 1:.9. 2.0'1.0. 304.

Avrage. . 2019'31
WADC- TR.57-695 *
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* -_ o-r the hih -uDt ed a t Z5 ad-.3Z50  in s oe case aý deraee-
S .. 7.`.the. stress--striain curve-occurred after 3% tain. In these: ases o''.,

4nusual. ondition W ,bs6.eved-duri-ng.:Lest; a p essibe .•na n is , - -

.'that. r e crystallizatioii -took place at thes e higher test tempeiaturies- undetr.
the-pDarticula -test cionditions. - .-

T7he cmpre.ssin data are shown. in. Figure. 1 S as str esS vs"te St..:..

temrpe rature-for :various values of total -strain. At-the lower. test tempera-:
' ture's the stress values for th* coapperized-lead are -Q0niy•:slightly higher..

than those for the high purity lead... At 325 0 F-this difference becomes
larger, the curve s for theý high purity lead" 4ecrea sing more rapidly above: "
.Z50.0F -than those.. for the copperized lead. .

:The ela stic: properties in. corrppres sion Were: evaluAted f rom the
recorded load deformation charts in a .mann.er similar towtha.t used:. for- the
tensile tests.. A. high strain magnification, 1. inch of chart equal to 0.. 10%0.-
strain,• was used to a..strain of.0.3%6. .The test wa.s co.mpletedat a. low"
-magnification; 1i inch of chart equal to .0.4% strain, .to a strai-n of 5%.
At thispoint the specimen wa-s unloaded and reloaded three- times, using
the high strain magnification, the loading curves being used to.evaluate-the
elastic modulus.

M'The modulus of elasticity, -proportional limit, and .yielad:str.ength..."
• data in -compreSSion are summarized in Table IV.. -The- tabuiated-values.-.

of the- modulus Of elasticity have been calculated on the-basis of the.9 increa sed cross-.sectional area at 5% strain..

The average value of the modulus was- 2. 6 x 106 psi for both materials,
and decreased from Z.8 x 106 psi at .i00°F to about 2.4 kx10' psi at 3Z5°F.
The proporitional limit and yield strength values were about the same for
the two leads at each of the three'lower test temperatures; at.3250 F the
values f6r the copperized lead were about 50% higher. than those for the,
high purity lead. --

C.* Shear'Tests-

The shear test results are summarized in Table V, and are presented
in Figure 16. as ultimate. shear strength vs test temperature. These tests
were conducted by testing~plns l/Z inch in diameter.by 2. inches. long in
-double shear, using a constant cross-head travel rate of 0.005 in. rinm..
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i - - t -a.Stra in Ra te'.Oi Of.0.05 in./in./ min
:: . T-et. " M dulus-of laticity, Pro ortional Yield" Strength,"

Temperature, psiX. X. . . Limit, , 0.2% Offse .. "
. " .. ea " - 00 ": : . 2"8 2 .". . -pi . , psi.

Lead 100 -Z.8 .8 2'.8 2.8 68.50

-*

.,.

100, 2. -262. 6
oo: 3.. 30 .1 .
A verg2.

.175 2.5 • 2 7.2.6
1.75 2.8. 2.3' 2.6, 2.6-1-75. Z. 2.3 .5 2.5 5:

Average 2.6

.250: 32 2.2,3 `. 8*
250- 2.53 . .
250 2..7 2.1-. 2.4

Average 2.5

325: 2..5
325 ." --

32.5 ' -

Ave'reag.e:,"'
C oppe~iz ed

,I

C0

C opperized: ..- : -,::" :' :...Lead 100. --- 2.9

100, .92.9
;.100 .2.5 2.6,

Av'erageý

175- 2.8 2.8
.175 2.8:
175 3.1 3.2

Average

250. 2.4
250: -- 2'.6
250 .•. 4 2. 4

Ave rage'

3.25 2.4' .,> :::.'..-. '." -3Z5 .) ':• .---.-- '- -"

325
Average
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* .Table V .

SHEAR TEST.RBZSULTS

ý. limnate.- She. tength s

-.-.-'at A Cr o'ss -hea d Rate-of 0.0 -in. min-

Test* :'Test Tempe~rature, 0

TetMate'rial- Number- 0 175 Z50. 32

High'.Purity Lead-1 1.167. 640- 415. Z94.
2 13 *40 4Z -272

.3 .1107 68 415 264

.Average: 1135

Copperized Lead" 1Z- .1275 5137
.90.8 6-90 51 383

3 ý948 "66.0' 502ý .385
-.. A. 9. •.0ea.9.56., 675'.. 509.

The data points in Figure 16 represent- the averag:e va-lues'f6r each-."-a
set-of triplicate tests- At 100°F..the ultimate shear strength of the high

purity lead was higher than that for the lead goOitaini.g 0,058%..copper.

However, the shear strength.of the high purity lead decreased more
rapidly.with test. temperature than that -of the coppe)ized.lead and wa'-

lower at temperatures Above 160 F . " • -

S.The shear tests on the .copperized lead behaved in a similar manner--

. to the tensile tests on the crpperized lead, in'that two maxima in the.j load occurred during each test...

.Dý. Bearing Tests.

The bearing tests were conducted at a cross.-head travelirate of

0- . 005 in ./min,.and the stress-deformatioin curves-to failure are given
inFigUre "17... For thispurpose lte stressis defined as the loa.ddivided

by the bearing area, which is taken as the* diameter of the be aring.hole

times the bearing plate thickness.

.1

1.
4:

I
I..

- The bearing test results ar e -given in Table VI in terms of yield
• ."strength,. defined as:Z%, offset-of the: hole diameter, and.ultimriate bearing.'

strength. The-yield. strength.and ultimate strength are presented: in
Fi'ure. 18. as a function of temperature.. . . .
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SBA11 RNG TEST RESULTS

W4 - Yield Strength and Ultimate Beating Strength - - .--

- at.•.Gross-head Rate of 0.005in./min

... :.Yield .Ultimat
7Ternperaiture, Strength, Stren~gth,

-High Purity Lead .. 1:00. 10C., 2620.'.
S .00. -1060. 2780.;,
100. 100 280..

Average 1040. ZT 0

175" 681 . 1460.

d...- .- 175* 7 74.'1480
* . it~~ (:U. -i±U

Ave rage 740. 1470.

2.50 629. .-95.2.
250649.' 963.

w:250;65 919

Average - .7-304Q

32-5 . 435.,29
35443. 60,0..

.325, 451.i 564.

. . .Ayerage* 440.

Copperized -Lead 10.0. 1090.- 2280..
100* 1370., 2310.
10,0110220

Average 1200... 2280.

175 .1110. .1640.

T-Lo9-

. 1 175.
.Average

.250
Z50.

•250
..Average.

3Z5

I
1i

T

070. 1630.
100.. 1640'.,

907.12.
795.% ."1230.-
863. 1270.,.

710. . 944..
738. 947.".,.
685.. 96o.::
710. .950.•A.

S w.r-Dp M.5.7.695.

325
325

Average-
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The e•.ing yieald. strength fdorthe-cpperiied lead is highe."r tn
that h or th-• high purity:lead at allite st temperatures. The ultimate
bea rin Strength ior the high purity lead at 1.0,0 °5 is higber than tha•tfor-.:.'.
the. ciperi•ded, but beco.. mes lower. •a.t :tteiperatue s abo'v about i4. 0 F. . -•. -. ;, - "nsi0nof..the st s::e-forrnation cUrves for the c6pperized lead show -

'tha, they. eN-xhibit a .defin-i*te -decrea se in the rate of strain hardenig' then.
an. increaso pirior to -the ultimnate.. -

E,. -Cre~ep.Tests.':

:. The original creep datiaare presented as total-strain vs.creep time.
in Figure 1,9 fo..the high purity lead'and in Figure 2.0 for the copperized]. . : ead. :. .. • : - .- . .. -.

Some crossing.of the strain-timne curves occurred at very low. st"a"
. value s ofis s.e than 0.0004 in./in.. No fundamental significanc is givenn

to this behavior which is probably, due to one br a. combination of the::
following factors: sampling differences, slight'variations in loadin"g...-. •Conditions, .and possible initial lag in extensometerg.ovement.

Greenwood- and Worner,'* studying the c.reep . lead, demonstrated-
that a rapid increase in the creep:rate occurred.when recrysta11ization
took• place during test. . The longer time"and higher temperature c-eep
tests of the cur rent 'study,"weie eplotted. on regular coordinate paper.as
strain against time. Allthese -curves shoiwed a continually decreasing .. .
creep rate with time indicatig .that no recrystallization took place under -
the given test -conditins. 'This Ný;as not confirmed, however, by_
microstructure studies. A

.'In Figure 21 and ZZ the creep results are summarized as stress :
creep. time curves for total strain value s.of 02.,0'.5, 1.0,. and .0% .
for the. two test materials. ." .

-The.. high purity lead is le ss creep resistant than the copperized lead

for the shorter creep -times. However, for the longer creep times .the
high purity lead ismore creep resistant than the copperizedlead. This
is especially true at the higher.test temperatures...

:..It should be repeated here that these results are for the test materials
in the as-received condition, annealed prior to' testing only toremove .- .
any Wo:-khardening due: to machining and handling. The materials were-"
*Gre.nwood, J. Neill, andrieH.. Worner, "Types, ofCreep Gur•es .

Obtained with.Lead and Its ADiute.Alloys." Jour. Inst. of Metals (1939) : -: :.
64, No. 1, 135...
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tested 'in 'this cdition in-orde to obtain the properties of the se .o6

materia.ls .as notmally re'ceived.-The gran si z e:. of the two materials*.'.

as reported earwie were considerably different, both in the as-recei Ved7

and in the anneale conditions.................. ..... .

..Several ..studies- on the effect, of .grain size, on the creep of metals....

haveshown'that, for anyoqne material,..a fine grain ..siz.e material is in..

-generalless -creep. resistant.than a coarser grain size material.s:* This
is attributed to .the fact. that the finer .grain .size rnaterial is- generally

' le'ss .stable, structurally. :
:Thus, the tcopperized lead,- with'a very finegrain size, has less

creep resistance at- the..higher emperatures and longer creep times
than it. would witha coarse ,grain size. Unider the present.test conditi~ns,

this grainn size _effe-ct is."apparently great. enough -to more ..than counteract

the. aloy strengthening effect of the'copper addition.'". :

'The grairi size -is an important factori'in the- creep., of metals, -:and.-.". •

should be 'evaluated'for the creep of lead at the contemplated'service
teniperatures.

VSummary'

'The tensile, comrpression, shear, bearing,, and creep properties:,.,.
of 'h _h p r y l a d ' . 0 5....

.aofahigh purity lead and.a 0058%'copper-lead alloy'were evaluated at

test temperatures of 100, -.175,; 250, and 325 0 F. ..

."':The. dataare summarized. in graphical and tabular form in theTh .at , ,...r f ... in th . ,, . ,

Experimental Results- section of the report.:..
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CONTRAIT

ASS!UACT

Stress-strain data which describes the influence
of strain rate and temperature on the mechanical
response of materials presently being used for light
water reactor shinping containers have been assembled.
Selection of data has been lialted to that which is
suitable for use in finite-element elastic-plastic
analysis of shipping containers (e.g., they maut in-
clude complete material history profiles). Rased on
this information, recoeeendations have been made for
further work which Is required to complete the neces-
sary data base.
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AN ASSESSMENT OF STRESS-STRAIN DATA SUITABLE FOR
FINITE-ELEMENT ELASTIC-PLASTIC ANALYSIS OF S9IPPING CONTAINERS

Introduction

Recent progress in finite-element elas'tic-plastLc analysis

has broughtwith its requirement for s more detailed description

of a material's response to imposed mechanical and thermal load-

ings. Unfortunately, metallurgists have In the past typically

reported the influence of such variables as temperature and strain

rate only on selected properties (e.g., yield strength or tensile

elongation) rather than the genecalized elastic-plastic repre-

sentation required for modern computer program applications.

Notwithstanding this shortcoming, a body of literature

exists that can form the basis for advanced compt, tar-aided design.

The purpose of this report is to assess and compile available

data, particularly those relevant to materials which are being

used for lIght water reactor (LWR) spent fuel shipping container

primary structures. consequently, this assessment has been

limited to selected stainless steels, uranium, and chemical

lead. It includes, where possible, data on the stress-strain

behavior of these materials over a range of strain rates (10-5

to 102 sac-1) and temperatures (-40 to 320OC; -400F to 6201?)

thought to be typical of shipping cask environments.

This survey has considered only uniazial deformation, ten-

mile 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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this study generally did not cite whether the values given were

average or minimum data reported are thought to be typical of the

saterials being examined rather than representing either average

or minimum values.

This report first lists the materials used in typical ship-

ping cask designs and their procurement specifications. It then

discusses the available mechanical properties data, particularly

stress-strain curves, treating each of the specific materials

in separate subsections. Finally, the report recommends specific

areas for further research and data acquisition.

Materials

Table I lists the chemical compositions of same of the

materials presently used for LWR shipgping casks. TabloIl lists

the specific cask being considered and the material specification

required for procurement of the requisite structural shapes.

Mechanical Properties

Austenitic Stainless Stsels

Many investigators have examined austenitic stainless

steels, because of their excellent corrosion resistance, creep

resistance, and high toughness. vowever, their studies have

tended to neglect the regime of stress/strain-rate/teaperature

of interest for shipping cask applications.

Probably the most extensive compilation of stresa-strain

data may be found in studies conducted at the Oak lidge National
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Laboratory and the Seaford Engineering Develoquent iaboratory.

Since theme examinations were in Support of the LIXPR program,

they have been principally concerned with temperatures above

those of concern to this program. Table IIZ summarizes the

applicable data banks presently available from these insti'tu-

tions. These investigators have shown that while th. yield

strength of 304 stainless steel at 250C (77*F) increases by

48 KN/12 per decade increase in strain rate, the overall stress-

strain behavior of the alloy does not appear to be radically

altered by these rats char-gee.

The stress-strain curves shown in Pigures I through 6 and

Table IV should be considered only as typical of the respective

alloys and product forms. Studies [33 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 processing varia-

tions is further complicated by the rather wide chemistry allow-

ables shown in Table 1. Combinations of these factor---different

chemistry and processing--have led to considerable property

variability for nominally identical alloys. Examples of this

heat-to-heat variability are given in Figures 7 and e for 304

and 316 stainless steals, respectively.

Two additional phenomena, (i.e., the formation of deforma-

tion induced martensite and dynamic strain-aging) have been

observed during tensile straining of austenitic stainless steels.

The former can result in drastic changes in the stress-strain-
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-TAIL IV

Tensile Properties of Represeentative Stainless Steel Alloys

Test Temperature C

Tensile Strength
kei

Stress kei
Type 0.02z Strain
304 0.051 Strain

0.1 X Strain
0.2 Z Strain

Sloosation (Z)
Reduction of Area (2)

-50 -20 0 20 100 200 300 400

159.7 141.6 127.4 89.6 68.8 63.4 63.2 63.2

24.6
28.7
33.8
34.3
50.1
71.0

28.0
31.4
33.2
34.9
55.9
67.0

28.7
31.8
33.6
35.2
64.7
75.0

28.2
30.0
31.4
32.7
70.8
77.4

19.7
21.3
22.8
24.2
58.5
78.5

15.2
17.9
19.0
20.2
49.1
75.2

14.3
16.6
17.7
18.8
44.7
69.6

12.8
15.5
16.6
17.5
45.5
72.0

Tensile Strength 120.7 104.8 98.6 84.7 72.1 66.8 67.2 67.6
kni

Stress ksi 0
0.022 Strain 37.2 33.6 30.2 28.7 22.0 18.6 17.3 16.1

Type 0.05% Strain 42.3 37.6 33.8 30.9 24.0 19.9 18.4 17.0
316 0.1 Z strain 45.2 39.9 36.7 32.3 25.5 20.8 19.0 17.7

0.2 Z Strain 48.8 41.7 37.9 34.0 26.7 22.0 20.2 18.8
Elongation (2) 84.0 87.3 80.1 60.7 54.1 48.2 45.5 45.6
Reduction of Area (M) 74.0 74.0 62.0 77.4 76.3 75.2 68.4 69.6

Tensile Strength 147.6 127.7 110.4 85.8 71.5 63.8 60.9 62.9
aei

Stress ksi f
0.022 Strain 22.8 27.6 34.0 22.8 18.8 19.0 15.7 14.1

Type 0.052 Strain 26.7 30.9 39.4 25.5 23.3 20.8 17.7 16.6
321 0.1 21train 30.0 33.2 40.5 27.3 25.1 22.2 19.3 17.7

0.2 2 Strain 34.3 36.1 41.0 29.3 16.7 23.5 20.4 20.2
Elongation (2) 47.6 53.5 64.2 63.8 53.7 45.0 39.7 39.4
Reduction of Area (2) 70.0 71.7 75.0 7..4 78.4 72.0 72.0 67.2

Tensile Strengvý 145.6 127.2 111.6 94.3 75.5 46.5 64.1 64.5
kel

Stress ksL @
0.022 Strain 29.3 30.7 29.8 29.8 23.1 19.3 17.9 17.5

lTpe 0.05Z Strain 34.9 35.8 32.9 31.4 25.8 23.3 20.2 19.3
347 0.1 X Strain 39.4 39.2 37.9 33.2 27.8 25.3 22.4 20.4

0.2 2 Strain 44.8 42.8 40.1 35.2 29.3 27.1 23.7 22.0
0.5 Z Strain 48.8 45.2 41.0 35.8 - - - -
1.0 Z Strain 52.4 50.2 43.7 38.8 - - -

Elougation (M) 49.5 56.2 65.2 54.6 48.0 41.1 41.3 39.3
seduction of Area (Z) 69.6 64.0 75.0 72.0 65.8 72.0 70.0 67.2
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behavior. Figure 9 shom & representative eample of the effect

of test temperature on the mechanical response of 301, an alloy

less stable (i.e., sore prone to martensite formation) than 304.

Normally, stable austenitic stainless steels ahoy an increase

in yield and ultimate strengths with decreasing temperatures

beloer mbient [2). On the other hand, ar'tansite-foruing grades

exhibit a slight decrease in yield but a rapid increase in

ultimate strength. A sharp maxima in the tensile ductility

also occurs (iguresl0 and 11). Although austenitic stainless

I steels (such as 304) which are used for tAR shipping casks are

typically thought to be quite stable with respect to martensit.

formation, it is possible this tranaforsation might occur in

4 •containers stressed at low temperatures. Unfortunately, the

ao.

"" ~E 23K,,

90 - 93
1.

•: 60 333K_

0 2.0 40 600 80 IM 120

ENGINEEkING STRAIN (M)

Figure 9. zaginetring stress versus engineering strain for
the 301 stainleass steel tested at a strain rate
of 1.03 a l00iaec' 1 15.
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Figure 10. Tensile properties of standard grades
of austanitic steel in temperature
range -200 to +8001C 121
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Figure 11. Effect of alloy stability on tensile
properties of austenitic steels (21.

V

importance of this phenomenon cannot be quantitatively assessed

at this time.

Dynamic strain-aging, the second phenomenon alluded to

above, is usually associated with a change in the strain rate

sensitivity (i.e., from an increase in flow stress with increas-

ing strain rate to a decrease). Kany consider strain-aging to

be limited to boc metals. There is evidence, however, that as-

tenitic stainless steels nay also exhibit dynamic strain-aging.

(nerrations in the stress/strain curve) particularly in the

temperature range 200 to 7001C [6]. The cross-hatched area in

Figure 12 indicates the temperature and strain-rate regime within

IPAPERAIURE, rC)

0 IM -PUREFTD

2•

L 
w ONR 

NE

LW 2.0

Figure 12. Relationship between strain rate and
teserature for serrated flow in type
330 stainless steel (6).
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which serrated flow is encountered in an UISI 330 stainless

steel (Pe-lSCr-339i). In a more limited investigation (7],

serrations have been reported in a type 316 stainless steel

tested at 2001C utilizing a strain rate of 1.3 x 10'2%,c-1.

These conditions correspond with those predicted from the diagram

for type 330 stainless steel.

The effect of strain-aging may also be important in weld

regions. Current practice involves preparation of weldaents with

a mall percentage ( < 10 percent) of body-centered cubic (bcc)

ferrite. This raises the possibility that not only might dynamic

strain-aging take plaee in the face-centered cubic (2cc) parent

(base) metal but also in the partially boo weld region, perhaps

under different conditons of temperature and strain-rate.

Finally, it should be recognized that it it virtually impos-

sible to gather enough data to describe every conceivable combi-

nation of strain-rate and temperature. Por this reason, proce-

dures for interpolation and extrapolation between a more reason-

able number of data points are required. Indeed, the ideal

situation would be to obtain an accurate "equation of state"

which might allow one to dispense with or minimize the require-

ments for a data bank. Some progress has been made toward this

goal 18-11). These attempts involve parameterization of the

stress/strain curves with the ais of reporting the influences

of strain-rate, temperature, and material history o*i these

characteristic functions. Some proposed equations are shown in

Table V. However, these representations all suffer from a number

of cmmon difficulties. For example, none can predict the strain

I ?AML V

Typical Parmestric RepresentatioA Proposed
for Austenitic stainless stoeosl

ftuation

a ln + OzP 2.ezp n2 112]

'I, n1 , 92, n2 are constants

C- (a - 0.~ )ezpC-e/yc + a [131

so .~ #E0 are constants

01- a CPe
p C4fe 141

C. 3, P are constants

J. p

1141

3. a 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 alloysfor nuclear

shielding applications is principally predicated on their high

density (19.9 gm/cm
3
) 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 extremely misleading.

Pure uranium undergoes three phase changes between -40C and

its melting point. Between -40 and 633*C, the temperature region

of primary interest in this examination, its crystal structure is

orthorhohbic. Between 663 and 7001C it has a complex tetragonal

structure. and above 770*C it undergoes a transition to body

-ntered cubic.

1he orthorhombic crystal structure of the ;lpha (or low

temperature) phase suggests that the mechanical and physical

properties of uranium will be highly anisotropic. For example,

Appendix A shows that the thermal expansion behavior of single

crystal cs-uranium, may vary by a factor of 5, depending upon

the particular crystallographic direction being considered.

Practically, this large anisotropy in thermal expansion results

In acme grains being stressed beyond yield upon cooling. Sub-

sequent application of a load will then result in plastic flow

at vanishingly small stresses 116,17].

Another complication which arises because of the anisotropic

nature of a-uranium is that both its elastic and plastic proper-

ties (e.g., strain hardening behavior) are depLndent upon prior

processing history. Highly textured material, where nearly all

of the elastically *strong" directions are aligned, shows a

twofold difference in elastic modulus between the *strong" and

'weak* directions (see Appendix B). Few previous investigators

have measured or even considered this textural effect when dis-

cussing the plastic deformation of uranium. This fact makes

direct comparisons between various studies difficult and may

explain some of the scatter observed.

The mechanical properties of depleted a-uranium are also

quite sensitive to temperature (Figure 13). Decreasing the test

temperature from 663*C results in an increase in tensile yield

and ultimate strength. This increase is accompanied (to approxi-

mately 3501C) by a decrease in tensile ductility. Between 350

and 256C the ductility appears to be essentially independent

of temperature, or may exhibit a slight minima. Finally, below

25-C the ductility decreases sharply (i.e., c-uranium undergoes

a ductile-brittle transition at about 25-C). These ductility

changes have been associated with fracture transitions from

ductile failure, involving inclusions [1,19], to mixed ductile

plus intergranular failure and, finally, to twin-matrLx (19]

cleavage failure at the lowest test temperature.

The ranges over which the differing temperatute-uctilitY

relationships are observed can be altered in addition by changing

test conditionst-uranium microstructure, chemistry, etc. The

2726
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ductile-brittle transition temperature has been found to increase

with increasing strain rate (21,22], grain size (17,181, grain

shape irregularity (23,241, internal hydrogen content 122, 25-

29), ironandaluminum content [24], residual stress level (301,

humidity [31-331, and decreasing amounts of prior strain: [17,34,

35). The effect of one of these variablesp grain size, on the

transition temperature is shown in Figure 14. A quantitative

assessment of the other variables awaits more detailed experi-

mental studies.

N

Figure 14. Ouctile/brittle transition teyR~ltureversus loeg (grain disameter) for
U - 300 ppm C, 50 ppm Al, 60 ppm Si,
and 50 ppm Fe [31.

In a similar fashion, the ductility above the ductile-

brittle transition region maybe decreased by decreasing purity

(361 and increasing residual stress [36,371. Differences in

residual stress level may also affect the strain hardening be-

havior of a-uranium. Figure l5IS) shows a family of serrated

load-elongation curves of &-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

(Figure 15(b)). The residual stress levels associated with

these two heat treatment procedures were not reported so that

our understanding of the influence of residual stress on the

29
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C,

tensils ductility in the temperature region 50 to 350"C remains

qualitative. The same situation exists with regard to the

impurity effects since no quantitative examination has been

reported.

Finally, Figures 16 and 17 represent a summary of the pre-

sently available stress-strain curves for a-uranium. It should

be recognized that neither of these series is for as-cast a-

uranium; to date attempts to locate same have been unsuccessful.

Notwithstanding this. it appears that the changes in strain

hardening behavior that would be anticipated by increasing strain

79K

~20

ALPHA URANIUM

6 * L 4 x -
0 di 0 L4x I03
0• ft L4lx 1.0

0 0.l 10,2 0.3 0.4 .5 0.6 V7
TRUE STRAIN

Figure 16. Influence of strain rate on the true-stress versus
true-strain curves of annealed polycrystalline
a-uranium (110 We C, 35 ppm Al, 70 ppm Si. IS ppa
Cr, S ppeNo, 60 ppm Fe, 40 p3W Ni, 6 ppm Cu) at 78
and 30W- (-195 and 27*C)C38].

ELONGATION I,,

Figure 15. Load-elongation curves of a-uranium (D - 140 pp. C,
30 pp. Al, 140 ppW.Fe, 60 ppm Sil 40 pp. 02). Straln
rate 2.6 x 1-sec" 1371.
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rate appear quite small and that the changes in flow stress and

strain hardening behavior with changing temperature appear to

be of paramount importance.

These results all suggest that depleted a-uranium should

not at- present be considered as a primary structural member

since it undergo*s a sharp lose in ductility with decreasing

temperature. However, there is some evidence which suggests

that appropriately heat treated uranium alloys (e.g., 0-2 wvt

Mo) may have a ductile-brittle transition temperature vell below

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

Lead

X 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 Otukenbroeker at al. 140].

Paramount among these is lead's high density (P293K " 11.35 gaW

Cm
3

), low cost, and relative ease of fabrication. Although the

present examination is limited to *chemical' lead, various other

lead purities and alloys may be selected for nuclear applications.

o The terminology achemical- lead is generally restricted to

material as specified by ABM B29-55. Table I shows the standard

chemical specification for this grade of pig lead, silver and

copper being the principal impurities. Consideration of the

Pb-Ag and Pb-Cu binary phase diagrams (Figure. 19) auggests that

while the Ag impurity concentration lies within the expected

range of solid solubility, the presence of 0.04 to 0.04 weight

S!R percent copper will result in the formation of a two-phase

3354
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(Cu+Pb) 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

experiments that have been performed to date are those of Tietz

(51] (Figure 20 through 23) and Green etal. (56] (Figures 24 and

25). The former author's results demonstrate that the mechanical

behavior of lead is quite sensitive to chemistry. Indeed, at

low temperatures high purity (99.995 percent) 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] (Figures

27 and 28) do not agree with those of Tietr. Presently, the

cause of this discrepancy is undefinable, since Evans 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 measurement errors are large and, more importantly,

are unpredictable. For example, the undulations observed in the

Q.

S..

STRAIN - PERCENT

100

STRAIN - PERCENT

Figure 20. Triplicate tensile stress-swraincurves to failure
at a strain rate of 1 x 10-sec- [51].
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SUhAIN PEnCENT

Figure 22. Effect of strain rate on the tensile Btr*6S-Ottain
curves at 311 and 393 K (triplicate curves) (511.Pigque 21. Triplicate tensile strts-atr-•gi c•r•Y. to 2 Percent strain

at a strain rate of 8.3 1 1-•_ •_ 131).
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Figure 25. Influence of strain rate on flaw stress of ?b [561.
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" "rPbbMECU stress-strain curves shown in Pigure 29 bear little relationship
7FOMILESRs9uMtl 0 0

sM~k~ou 1 6 to each other even though they are reported to be results of

0tests ostensibly carried out at different strain rates on the

same lot of material. It is clear that much more care will

7S • have to be exercised in any further examination of the mechanical

•-Ima • = behavior of lead and its alloys.

TEST IMP0PRAIURE- V

Figure 26. Tuail* stcenth Sad eloqatioM
asa funatloe of test tesatur_
at r.t~ainrate of 8.3 x IO~se.

(511.R(M-1
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Figure 29. Stress-strain curves of lead for
four strain-rate ranges [451.
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Summary and Recommendations
", a. a, S, * ..i L, ii t, LI 6.

This review of the available literature has shown that there
Figure 27. geasi-statio true etreKs"-atin Figure a8. Cuasit-tatie true strm-tzaftin

'pema for Cehal, load t5es CUEYSS for Cbin lead test are many areas which require further attention before an adequate
data base willbe established for use with increasingly Sophis-

ticated finite-element 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 temperature, strain-rate, and strain regions for

which strain-induced martansite and dynamic strain-aging

will control the stress-strain behavior of the austenitic

stainless steels used for M2R shipping casks.

2. Establish a data base for selected austenitic staeinless

steels, "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 variation on the mechanical

properties.

c. The influence of residual stress level and test environ--

ment on the mechanical behavior of as-cast a-uranium.

3. Develop constitutive equations to describe the stress-strain

behavior of LMR shipping cask material under both normal and

abnormal (due to strain aging or martensitc formation) sodes

of deformation.

Thermal Expansion (See Appendix A)

1. Establish the thermal expansion behavior of 216, 317, 321,

and 347 stainless steel over the temperature range -40 to

3201C (-40 to 620"F).

2. Establish the thermal expansion behavior of typical prt ,eic

forms of a-uranium used in shipping cask applications. Par'..-

cular attention should be given to the expected sniaotro",le

orientation dependence of the tbermal expansivity.

lastlic Properties (See Appendix B)

L. Extend moduli measurements for auatenitic steels (304. 316,

321, 347) to the lowest operating temperatures (-406C)

associated with shipping casks.

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

stainless steel.

3. Determine elastic properties of selected dilute uranitm

alloys (e.g., U-2No).

The primary emphasis of all of these studies should be a

systematic and quantitative assessment including pertinent micro-

structural information rather than the largely qualitative

information available at the present time.
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APPENDIX A

Thermal expansion Behavior of Selected
Stainless Steels, uranium, and Lead

The thermal expansion behavior of stainless steel, uranium,

and lead are presented below. The linear thermal expansion has

been presented asAL/Lo where (see appendix C for definition of

symbols):

AL LT -LO

Stainless Steels

The thermal expansion behavior of the stainless steels pre-

sently being considered is tabulated In Table A-I and summarized

in PigureA-I. The data ere quite linited, none were found for

216 or 317 stainless steels. In addition, that for 321 stainless

is well above the temperature range of primary interest for

shipping applications. However, Figure A-1 does suggest that

the thermal 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... (571,

AL/Lo(t) - 0.358 + 9.471 x 10-4 T + 1.031 x 10-62

- 2.978 x 10-
1 0

T
3 

(T in 'K)

The formation of martansite at low temperature or 6-ferrite in

weldnents can be expected to alter this behavior in an as yet

undetermined manner.
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TALB A-I

Thermal Linear Expansion of Stainless Steel
304 Stainless (19.19 Cr, 8.49 Ni, 0.65 Ka, 0.53 Si,

0.068 C, 0.024 P, 0.007 S, balance Pe)1581

Temperature (K) D/Lo(*) Temperatare () L/Lo(%)

233 -0.089 405 0.182
239 -0.083 411 0.191
244 -0.076 416 0.199
250 -0.071 422 0.207
255 -0.058 436 0.236
261 -0.046 450 0.259
266 -0.040 464 0.281
272 -0.029 478 0.309
278 -0.024 491 0.334
283 -0.013 505 0.358
289 -0.005 519 0.383
294 0.002 533 0.402
300 0.012 547 0.429
305 0.028 561 0.455
311 0.028 575 0.484
316 0.037 589 0.507
322 0.044 603 0.536
328 0.055 616 0.563
333 0.063 630 0.588
339 0.073 644 0.614
344 0.083 658 0.636
350 0.091 672 0.667
355 0.100 686 0.695
361 0.107 700 0.724
366 0.118 714 0.768
372 0.128 741 0.809
378 0.134 755 0.831
383 0.145 769 0.858
389 0.151 783 0.887
394 0.161 797 0.917
400 0.172 810 0.945

0 2W a
1MfR-AtUK

Figure A-1. Thermal expansion of 304 and 321
stainless steel.

Uranium
The thermal expansion behavior of a-uranium is quite complex

(see Table A-11 and Figure A-2). Single crystal measurements

indicate that the expansion behavior, in contrast to stainlees

steel or lead, in highly anisotropic and depends upon the parti-

cular crystal-logrphic orientation being considered. This sug-

gests that the thermal expansion coefficients of polycrystallilre

uranium will be extremely sensitive to prior processing history

and ate expected to be quite variable. To date there have !'een

no investigations tf the influence of theraosechanicel treatment

on the thermal expansivity of &-uranium so that any formalism

proposed to describe its behavior must be considered as only a

first approximation.

I

I
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TABLZ A-1I

Themrml Linear Bxpansion of Polystalline a-Uranium

Curve 13 (99.8 U. 0.14 C 0.03 Si)
DWpePature () ,

291 -0.0032

373 0.127

473 0.306

573 0.506

673 0.728

Curve 32 V ?Mrs* Uranium)
Temperature to)7AJijs

293 0.000

373 0.118

473 0.268

575 0.424

673 0.594

Notwithstanding, TeuloUkian at &l. 157) recommend that the

thermal expansion behavior of polycrystalline a-uranium can be

represented by.

AL/ 0 (%) . -0.379 + 1.264 x lo-? - 0.982 z1-B2

+ 6.844 a 10-
1 0

T
3 

(293 1< T<941 K).

(T in *K)

An noted above, the error limits to be associated with this

relationship must be established.

Lead

The thermal expansion behavior of lead is summarized in

Figure &-3. Although the bulk of this data refers to high

purity lead it appears that, in those instances where the iv-

purity levels approach that of 'chemical" leed, the expansion

behavior remains relatively unaffected. Indeed, it has been

proposed that all of the tabulated values can be represented

to within + 3 percent over the temperature range 100 to 600

K by the following equation 157]:

AL/Lo(%) - 0.786 + 2572 x 10-
3
T + 1.147 x 10-7T2

+ 8.770 z 10-1
0

T
3

(T in XK)

Figure A-2. Thermal expansion behavior of a-uranium, curve
reference numbers given by Toulonkian etal. (571.
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APPE•DIX B

Elastic Properties of Selected Stainless
Steals, Uranium, and Lead

I

I
I

Stainless Steels

Typical values for the elastic constants of selected

stainless steels are given in Tables 8-1 through B-VIZ and

Figures 8-1 through "-6. Ezamination of this data indicates

that variations in chemistry within the group of austenitic

stainless steels presently under consideration have little

effect on their elastic properties. Furthermore, increasing

temperature generally results In a gradual decrease in the

Young's end shear moduli and an accompanying increase in

Poisson's ratio. Again, martensite formation can be expected

to cause changes. For example, the presence of martensite

has been shown to lover the modulus of the parent austenits

phase (61.

Figure A-3. Thermal expansion behavior of lead, curve
reference numbers given by Touloukian at
al. 157].

with the recommended values being

Tpeaerature (1K

100

200

293

400

500

600

-0.526

-0.261

0.000

0.317

0.639

0.988

a 106IK-1)

25.6

27.5

28.9

30.6

33.3

36.7

where

a- (l/L29 3 )dY/dT
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TABLE B-I

Effect of Temperature on the Elastic
Constants of Selected Stainless Steels 1601

Tamperature (1)
Ze 2927 422 533 644

Young's Modulus (1O3 ksi)

304 29.0 27.3 26.0 24.8

316 28.4 27.2 26.4 25.6

317 27.0 26.4 25.0 -

321 29.9 27.3 25.8 24.5

347 28.9 27.5 26.1 24.8

304

316

317

321

347

304

316

311

321

347

Shear Modulus (103 kni)

11.2 10.4 9.8

11.3 10.8 10.2

11.2 10.6. 9.9

11.4 10.7 10.1

Poisson's Ratio

0.30 0.31 0.31

0.26 0.26 0.30

0.25 0.28 0.31

0.28 0.29 0.30

0.28 0.29 0.30

9.3

9.2

9.4

9.5

0.32

0.34

0.31

0.31

0.31

TABLE B-XI
Young's Nodulus for

Annealed 304 Stalnless Steel 1141
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TABLE S.-IV

Poisson's Ratio for

Annealed 304 Stainless Steel [141
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TABLE ]-,VI
Shear Nodului for

Annealed 316 Stainless Steel [141
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TABLE D-V

Youngd's Modulus for
Annealed 316 Stainless Steel [14)

1971 ASNE CODE
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TABLE B-VXI
Poisson's Ratio for

Annealed 316 Stainless Steel 1141
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Figure B-1. Young's modulus of 30438, annealed 1141.

TUMPERATURE, DEGRES AHRMuEIT
32 aD 40 40 ROD I inin IM ,0 0 1

1110

INIPEUTU K KGW icS FAMNI
v 3 a 400 10 Iwo NON0 14M M n

I FON IWIASK CODEAND 83LI

I USE FOR 19MASAU CO*

14.0

ItoI

W.20 No 40 SM r a=
RWPMAiUk DEGRES CESIUS

Figure B-3. Shear modulus of 30438, annealed [14].
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Figure a-2. Young's modulus of 31688, annealed 114).
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Uranium

The influence of temperature on the elastic properties of

uranium are presented in Table B-VIZ! and Figure 8-7. The solid

curve in the latter refers to the modu Lus of random, non-testured

polycryetalline uranium [621, while the minimum and mazx•im

t

10o I 2M0 AM 5 am 700 800 a lo
TOAiPurATU. EGRS ELSIUS

Figure B-5. Poisson's ratio of 304SS, annealed 1141.

ToI

TSALB B-VUII
Probable Values for Elastic Noduli

of Non-textured Polycrystalline Uranium 1641
Young's Shear

mperature Nogulus Nofulus Poissoi
((psi ( 1 0g psi) Ratii

200 30.5 12.50 0.2:
300 29.1 11.80 0.2
400 27.6 11.20 0.2
500 26.1 10.50 0.2
600 24.3 9.70 0.2
700 22.3 8.70 0.2
800 19.7 7.60 0.3

WS

2
3
3
3
5.
8
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64
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Figure "-. Poisson's ratio of 3165S. annealed (141.

T, K
Figure B-7. Young's modulus Of pure polycry_•tallin -uranium an

a function of temperature. The modulus of non-
textured uranium is given by the solid line. The
maximumand minimum moduli for alpha uraniun from
single crystal measurements are also plotted [62,
631.
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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 106 psi,

it can be as high as 41.5 x 106 psi or as low as 21.4 z 10 6 psi

for a textured sample.

Finally, the authors were unable to obtain any reliable

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

percent Nso) on the elastic properties of uranium.

Lead

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

high purity lead is shown in Figure B-S. Again, increasing

temperature results 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.

E

e

30 00 1 f I I I I

000

0 1 1ox 1 1  1 EC i 1 1i
iu B. u soT usPERATURE 4 5C)

Figure B-8. Young's modulus of lead [65).

APPMfIX C

List of Symbols

W - true stress

Wp m proportional limit

f - true plastic strain = ln(l+e)

a = engineering strain - I/1o

CL - total true strain

3 - Young's modulus

AL/Lo - thermal linear expansion,

LT - length at temperature T

Lo .- length at 293 X

AL LT- Lo
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Basic Properties of Several Metals
(Staff contribution)*

Coefficient'
of thermal .Specific
expansion, Thermal heat, Approx Modulus of Yield Ultimate

Densityt in/(in)("F) x conductivity, Mru/ melting elasticity Poisson's stress, lb/ stress, Ib/ Elongation.Material g/cm3 10-1 Btu/(hXft)*Fl (lbXF) cemp, 'F Ibfin' x 10' ratio in2 X iCp in' X 10' %

-Aluminum, 2024-T3 277 12.6 110 0.23 940 10.6 .6.33 50 70 18
Aluminum, 6061-T6 2.70 13.5 90 0,23 1080 10.6 0.33 40 45 17
Aluminum, 7079-T6 2.74 13.7 70 0.23 900 10.4 0.33 68 78 14
'Beryllium, QMV 1.85 6.4-- 10.2 185 0.45 2340 40-44 0;024-0.030 27-38 33-51 1-3.5
Copper, pure 8.90 9.2 227 0.092 1980 17.0 See "Metals Handbook"
Gold, pure 19.32 . 72 0.031 1959 10.8 0.42 18 30
Lead, pure 11.34 29.3 21:4 0.031 620 2.0 0.40-0.45 1.3 2:6 20-50
Magnesium AZ31B-H24 (sheet) 1.77 14.5 '55-- 0.25 1100 6:5 0.35 22 37 15
Magnesium, HK31A-H24 1.79 14.0 66 0.13 1100 6.4 0.35 29 37 8
Molybdenum, wrought 10.3 3.0 "83 0.07. 4730 40.0 0.32 80 120-200 Small
Nickel, pure 8.9 7.2 53 0.11 2650 32.0 See "Metals Handbook"
Platinum 21.45 5.0 40 0.031 3217 21.3 0.39 20-24 35-40
Plutonium, alpha phase 19.0-19.7 30.0 4.8 0.034 1184 14.0 0. 15-0.21 40 60 Small
Silver, pure 10.5 11.0 241 0o056 1760 10-11 0.37 8 18 48
Steel, AISI C1020 (hot-worked) 7,85 6.3 27 0.10 2750- 29-30 0.29 48 65 36
Steel, AISI 304 (sheet) 8.03 9.9 9.4 0.12 2600 28 0.29 39 87 65
Tantalum 16.6 3.6 31 0.03 5425 27.0 0.35 50-145 1-40Thorium, induction melt 11.6 6.95 21.7 0.03 3200 7-10 0.27 21 32 34
Titanium, B 120VCA (aged) 4.85 5.2 4.3 0.13 3100 14.8 0.3 190 200 9
Tungsten 19.3 2.5 95 0.033 6200 50 0.28 18-600 1-3
Uranium D-38 18.97 4.0-8.0 17 0.028 2100 24 0.21 28 56 4

Room-remperature properties are given. For further information, consult the "Metals Handbook" or a manufacturer's publication.
*Compiled by \nders Lundberg, Unisersity of California, and reproduced Isy permission.
"lo obtain rte preferred density units, kg/es, multiply these -alues by 1,000,
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THERMAL EXPANSION
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NS-4-FR

FIRE RESISTANT NEUTRON AND/OR GAMMA SHIELDING MATERILAL

NS-4-FR Fire Resistant Neutron Shielding Material is a high hydrogen
structural shielding productdesigned for use in moderately high temper-
ature applications. It has the unique characteristics, of high strength,
mechanical.diurability and fire resisfiVity.,NS-4-FR may beloaded with
lead and/or boron, offering. excellent gamma or neutron shielding
properties. NS-4,FR hasbeen found to offer superior neutron shileding/
attenuation properties over equiValently loaded polyethylene.

:PROPERTIES
Color

Specific Gravity
Hydrogen

Maximum Continuous Operating Temperature.
Radiation Resistance
Ultimate Tensile Strength
Tensile Elongation
Ultimate Flexural Strength,
Ultimate Compression Strength
Compression Yield Strength
Compression Modulus

Izod Impact Strength
Thermal Conductivity

Brown
1.68

ý6,07E-+22 atoms/cc
300'F
Excellent

4.250 psi
0.65%
7,600 psi
10,500 psi

8 780 psi
56 1,000. psi
2.9 ft..tb;/in.
4.48. BTU-in./hr.,ft.'-,F

0

THEORETICAL ELEMENTAL COMPOSITION.
Carbon 27..7 wti% Nitrogen
Oxygen 42w8 wt% Aluminum
Hydrogen 6.0 wt.%

2.0 wt;%
21;5 wt.%

IELD and
ýf them.

APPLICATIONS
Vessels, Closures, Structural Components, Doors, Bricks, Criticality Control

AVAILABILITY

Cast Special Shapes, Plates, Rounds, Squares, Structural Shapes Ivessels, tanks, etc.)

0
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Experimental Studies on Long-term Thermal Degradation ofEnclosed Neutron Shielding Resin

Ryoji ASANO1 , Nagao NIOMURA2

1Hitachi Zosen Corporation, Japan2 Ocean Cask Lease Co.,Ltd, Japan

INTRODUCTION

Resins which have high Hydrogen atom content are effectivefor Neutron shielding and are recently used for neutronshielding material of spent fuel shipping casks. As theresins themselves are easily burned at relatively low temper-ature, which could be the problem during the fire test condi-tion, mixture of resin and fire retardant which main compo-nent is a hydroxide compound is usually used as shieldingmaterial.. .The fire retardant prevents resin from;.burning byýdecomposing of the hydroxide compound under fire test. condi..-tion.

When these resins are used for neutron shielding material ofcask, their temperature rises during the transportation bydecay heat of spent fuel. Therefore<, 'ther•mal degradation ofresin (hereafter called as "heat -weight 'loss") at the operat-ing temperature should be paid at.t.qention.
Furthermore, when the resin is used for neutron shieldingmaterial, there are two cases. One is to put it on the out-side surface of the cask and the other is to enclose itbetween two layers. In former case, the heat weight lossoccurs in air of which study report can be obtained. On theother hand, the latter is the reaction in the enc.losed envi-ronment which study report can be seldom obtained. Therefore,the study of the heat weight loss in the enclosed environmentwas carried out for long term period assuming the operatingtime of the real cask

TEST MATERIAL

Test material is NS-4-FR supplied by BISCO CO. LTD, U.S.A.Raw materials are epoxi resin, hardener and fire retardant.They are mixed together and hardened according to the manu-
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facturing manual supplied by BISCO. NS-4-FR is the
neutron shielding material which contains about 60% 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 simulates
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.

C~ondi.tiov. *s Case ._2..,

Atmospheri%.c gas Air&N2  Air&N2

Gas Flow. Rate(cc/min) 150 200

Temp. Rising. Rate(°C/min) 3 10

Max.Temperature(°C) 220 530,

Heat weight loss could not be detected in the Case i. The
results of Case 2 are as follows.

(l)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 wei~ght 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.
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TG test results can not be used directly for long term degra-dation data. because the test specimen was pulverized to verysmall size, and reaction and diffusion is very rapid, butthey can be good reference information.

Open test
Open tests were performed varying the shape of test specimenand temperature to study heat weight loss in air.. The resultsare as follows.

(1)Etfect of shape6 of test specimen
To study the effect of theb shape, cubi~c and: cylin-ýdrical test specimens with, nearly equal weight wertested~. I t was observed that the heat weight loss'oflatter which had larger surface ar'ea was ~always'larger than thatý of the. fornier", It indicates, thateffecets zoI surface" oxidation and surfa~ce diffusionare important factors for the heat weight lo.sF.:..

(2)Effect of temperature
The heat weight loss at 125°C, 150°C, 1,75C and 200"Care shown in Fig.3 as a f'unction of time. The in-crease of the heat weight loss is observed in 200:Ctest after 1000 hr. It is supposed that generation ofcontinues crack inside of the test specimen makes iteasy to diffuse the decomposed resin component andwater.

Enclosed test
Supposing that tqhe neu:trn shielding material is filled inthe enclosures t.ests were conducted to study the effects oifenclosed condition to the heat weight loss. The tests wereperformed on test specimen in the sealed stainless steel.conta-iner :with Ar ,atmosphere'.

(1)Sealed stainless steel container
Seal container is shown in Fig. 4, oto whiich lid -isýwelded to seal the cavity of the container perfectly.Enough helight of contai~ner cavity is proviided toavoid the effect of welding heat t the test speci-,men. Ar-gas seal hole is seal-welded and cooledimmediately by water after, replacing, air with Ar gs

(2)Test Condition
Cont"inuous test and cyclic test of 110. hr heating and58 hr cooling which simulated the actual operatingcondition of cask were performed at 125°C, 150 0 C and175°C. The test duration was from 8 to 16 weeks.

(3)Test Results
Test results are shown also in Fig.3. Main resultsare as follows.
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(a)Test Results at 125°C
The heat weight loss at 1512 hr continuous test and
that at 1760 hr cyclic 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 h r cyclic "tes~t and 1760 hr cyclic test
were almost, 1/3 of that of open test.

(c)Test Results at 1750C
The heat weight losses at. both 1600 hr continues
test, 1210 hr cyclic test and 1760 hr cyclic test
were almost half of that of open test.

(d)Due to the few test specimens and short test period,
data scatteringwas observed in the test results
However., heat weight loss of enclosed test is clearly
less than t~ha:t of open te:st except those at 125°C
when no heat w~eight loss. was observed.

Long term cyclic test at 1.50°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 0 C were conducted, where temper-
ature supposed was the maximum working temperature of
neutron shielding material during transportation. The
results are shown in Fig. .5. 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 ýtest above. The heat weight loss
for 56 weeks was about 1.1%.

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

Using this equation the heat weight loss for 20 years W20(%)
can be estimated as follow.

Wzo0 l00.63-0.218xlog(20x365)
=1 .87(%)
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From the calculation above it is enough 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-
taineer 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
spedcimen 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 TEE THERMAL STABIITrY
OF RESIN AS NEUTRON SHIELDING MATERIAL

FOR SPENT FUEL TRANSPORT CASK

Y.Momrnma 1), M.Masmoto(.1), M.Takani(2), S.Shirai(2), O.Umegaki(2),

YJrisa(3), K.Maruoka(3), K.Sakai(4), l.Nisaioka(4) and OXadota(5)

(I) Tokyo Electric Power Company (TrEPCO), 1-1-3 Uchisaiwai-cho, Qiivoda-ku, Tokyo, Japan

(2) Nuclear Fuel Transport Corporation. LUd.(NFT),I-I-3, Shiba Daimon, Minato-ku,Tokvo Japan

(3) Mitsubishi lieavy Industries Ltd.(MH-, 1-1-1 Wadasaki-machi, Hyogo-ku. Kobe, Japan
(4)Genden Enginernng Services & Consmxion Comp.(GESC), 1-6-1, Obternachi, C(iivada-ku. Tokyo,

J apn

(5) NOF Corporation. 4-20-3. Enisu. Shibuva-ki. Tokyo;.Japan

SUMMARY

Epoxy-resin based neutron shielding materiaL NS-4-F1, is used for spent fuel transport and/or
storage cask. In this paper the outline of thermal aging test performed to evaluate the heating effect on
this neutron shielding material, NS-4-FR, is introduced. The test is consisted of two kinds of thermal
apig test, one is "Basic Test" and the other is "Block Hearing Test". The former is cooperatively
performed by ten Japanese Electrical Power Companies, and the latter is.done by:GESC and NOF
Corporation

Outline of Basic Test
In order to obtain the basic data for evaluation of heating effect on the neutron shielding efficiency of

?'J.4FI. eiht f sohemalyheatedsample was measured and composido of gascaus
txpouzd e' sdfvnsml enaave Each NS-4-FR sample was scaled in a stainlesti .b ......

W ndhtdeisodt•••95he y at150- 190r- in thermostats.
• se on the s. lof this• of: sice st ",it-was i hi ed that the beating under l70 .in the dosed

system gives littile effect on the shielding efficiency of NS-4-FR from the view-point of cask design.

Outline of Block Heatng Test
Temperantre of neutron shielding material in the actual cask is not uniform. To aid to evaluate the
effect of tempexature gradient on the shielding efficiency, thermal aging test using test blocks was

Pyfdrices

Cylindrical test block covered by thermal insulaton was set upright on the electi IcaUv heated hot
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pLas and the bottom of the test block was kent at 17O0C in the ai Along he axis of the blck,
temperature distribution during hearing was measured, the densirv and chemical element distributif
were measured after the heating.
Based on the measured density distnibuton in the block, it was coafirmed that it is suffi•di
conservative to evaluate the weight change of NS-4-FR in the actaal cask by using isothermal headng
data.

BASIC TEST

Test Conditions
"Basic Test" was performed with a view to obtaining the data for evaluaton of heating effe= on the
pmperlies of NS-4-FR, especially on its shielding efdiency. In this test the external appearant of
samples were observed. their weights and composition of gaseous compounds released from sampleswere measured after isothermal heating over 150'C.
Tncrmai aging conditions were determinen in coniormity to the internauonai guide for the thermal
evaluanon and classification of electrical insulauon (TEC Pub.216) and German sec ation on the
thermal evaluation of plastics (DIN53 446).
Thermal amng conditions such as heatng temperature, heating time. sample size. sample number,
etr-. are shown in Table 1-1.

Sampie Prparatimn
Samples were prepared by GESC through the same process by using dedicated mixing machinebfor..
the actual installation so that they have just the same properties as NS-4-FR in actual cask. GESC is
the comtany concemning In installation of NS-4-FR into the actual casks.

Test, Procedure
Each one of cylindrical sample was insered into a stainless steal tube (sample tube) and sealed with
end plug so that each sample could be heated in coskd atmosphere. Sample for gas analyiss was
sealed in sample tube bv end piugs with valve. Before sealing air contained in sample tube was
repiad with niUcein-oxygen mixed gas with appointed cotfposition. Sampies were heated inseveral thermostats at appointed temperature for appointed period shown in Table 1-I. Eah.
temperan= of these thermostats was controlied within-±O•.5t
After achieving of each beating period, sample tube was pulled out from thermostats and cooled.zom cpcra=ie Ex earnappearanc;sL of sape were observed and their pbotograp
w0ý taken Each sample `wawegd by durecr reading ̀ balance. A constituent of gas colleered ftat

sapetuibe was. analyzed bygas bxnn., atography-Tnass sp=ctroaph(GC-MS) and its;composifio
was determined by gas chmMa 'graphy(GC).

Test Results
External Appearance of Heated Samples
All the samples were observed before and after heann& While they showed a slight change in color.
no deformations nor cracks which affect neutron shielding efficiency was observed in heated
samples.
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Weight Change of Heated Samples
A4 the samples showed some weight loss after hditint. Wei't•cang at each h g

sbown in Figure 1-1. It is noiceable that weight tiss hasa tendnin the early stage of
.eating period. especially earlier than OOhr. The ýpoi*oPfofwei-ght loss after IOWrwas.eXt:rm.y
mall. Each weight loss at all the trrnoeraures: except a ' .190 wa rlativeysml, andthsae

5OOOhr at 150', 160OC, 170r and 1801C were 1.4wt%, 2.3wt%, 2.9wt% and 3.9wt%,
1espectiv ly. The weight loss at 190rC exceeded 4wt% only after 200hr, thermal aging at this
temperature was completed at 200hr.
The averaged rate of weight loss during each heating period (AW/lt) can be estimatedbased on
this 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 deceases rapidly with heating period. For
instance. the averaged rate of weicht loss at 170'C between 1000"-2O00h 1 becomes smaller than
,160 of that between 0-!-" OOhP0 . and 1/10 of that between 100"-200hrP'.

Composition of Gas released from Heated Sample
The result of analvsis on the composition of gaseous compounds released from sample is shown in
Figure 1-3. From this result it is confirmed that over 90wt% of gaseous compounds is consisted of
Water (vapor). Therefore it could be considered that the weight loss is mainly caused by release of
water from NS-4-FR and that the sauce of water is that absorbed in NS-4-FR and/or crystal water in
aluminum:hydroxide added in NS-4-FR as flame retarder.

BLOCKNHEATING TEST

Test Method
In order to simulate the temperature distribution of the shielding material in the actual cask under its
working condition. cylindrical test blocks of NS-4-FR were continuously heated at its bottom side
over.a hot plate at 1701C for 300hr and 2,OOhr in the air. Test blockswere covere d with thermal
nmsuation. and the temperature distnbution 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 cut:off vertically
along its central axis to observe the appearance of cross section and to measure •h density and
dhmicai composition in several points.

Tt tResult

Appearance of Heated Test Blocks
to both test blocks heated for 300hr and 2000hr. slight change of the color was observed in the' range
of about 50mm above the bottom. However, neither deformations nor cracks was observed in the
samples. The range where the color changed did not expand further regardless of heating time,
*.wing its dependence only on temperature.

Not(1) : Averaged rates of weight loss between 0---0hr, 100-2Ohr and .. 1000 b2 r are

PkWted at the points of 100hr, 200hr and 2000hr, respcively
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Weight Loss Due to Heating

Figure 2-2 shows the relation between the temnperature dismrbuton and weight loss estimated from

measred dsity change in the test block heated for 2000hr. While some weight loss was observed it

was comparatively small. The weight loss of NS-4-FR in the cask heated under the condition of:,,

temto-ratre gradient can be estimated by using this resulL Assuming the temperature of NS-4-FR in

the cask is between 100rC and 170rC, the average weight loss of this sample in the region of this

tem.erature range can be estimated to be less than 1%. This value is considerably small, compared.;

with the weight loss in the "Basic Test" for 2000hr heating at 170tC.

CONCLUSIONS

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

The following conclusions are led. and it was confirmed that NS-4-FR sufficiently keeps its neutr'n•

shielding efficiency under heating up'to 170r in closed system from the view point of cask design;

- No deformation nor crack which may affect the shielding efficiency was observed in the heated,

sampie,
- Large portion of weight change (weight loss) at 150-180r- occurred in early stage of heating,.

earlier than lOOOhr. weight loss after this was very small

- Weight loss under 180"C in closed system was small. Those at 180'C / 5000hr and 170rC 1,

5000hr were < 4wt% and< 3w1%, respectively,
-The main omponent of released gas from sample was'water (vapor),

- Weight loss due to heating under the condition of temperature gradient was much smaller than th.ij

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 beating
test.
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Averaged weight loss rat between tn-1 andre :AWl At= (AWn- AWn.) / (tn--n-)-•
here AW/ Atis plotted at the point of time cn.
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NAC Proprietary Calculations in Support of the MAGNATRAN Application

1. Calculation No. 71160-2007, Structural Evaluation of the Neutron Absorber Retainer, Revision 3
2. Calculation No. 71160-2035, Structural Evaluation of PWR Fuel Assembly Spacer for

Transportation, Revision 2

3, Calculation No. 71160-2101, Structural and Thermal Material Properties -

MAGNASTOR/MAGNATRAN Cask System, Revision 6
4, Calculation No. 71160-2108, Transport Cask Structural Evaluation, Revision 2
5, Calculation No. 71160-2110, MAGNATRAN Transport Cask Lifting Trunnion Structural

Analysis, Revision 1

6, Calculation No. 71160-2113, Transport Cask Neutron Shielding Structural Evaluation, Revision 2
7, Calculation No. 71160-2116, Structural Evaluation of MAGNATRAN Canister, Revision 1

8, Calculation No. 71160-2117, PWR Basket Structural Evaluation - Transport, Revision 1
9. Calculation No. 71160-2118, BWR Basket Structural Evaluation - Transport, Revision 1

10. Calculation No. 71160-2119, BWR Basket Stability Evaluation - Transport, Revision I
11. Calculation No. 71160-2120, Canister Spacer Structural Evaluation - Transport, Revision 1
12. Calculation No. 71160-2126, Fuel Rod Accident Evaluation, Revision 1
13. Calculation No. 71160-2127, PWR DFC Basket Structural Evaluation - Transport, Revision 1
14. Calculation No. 71160-2132, Structural Evaluation of MAGNATRAN TSC3 and TSC4,

Revision 1
15. Calculation No. 71160-2138, MAGNATRAN Balsa-Redwood Impact Limiter Free Drop

Structural Evaluation, Revision 3

16. Calculation No. 71160-2145, PWR Basket Stability Evaluation - Transport, Revision 5
17. Calculation No. 71160-2155, BWR Fuel Assembly Impact Calculation, Revision 0
18. 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

19. Calculation No. 71160-3013, Thermal Evaluation of MAGNATRAN Transport Cask/BWR
Canister, Revision 0

20. Calculation No. 71160-3014, Thermal Evaluation of NEWGEN Transport Cask/PWR Canister,
Revision 2

21. Calculation No. 71160-3015, MAGNATRAN PWR/BWR Cask/Basket Hypothetical Fire
Accident Analyses, Revision 1

22. Calculation No. 71160-3045, Evaluation of the Convection Film Coefficient for the
MAGNATRAN Cask Surface, Revision 0

23. Calculation No. 630073-2140, Structural Evaluation of MAGNATRAN GTCC TSC, Revision 2
24. MAGNATRAN Shielding Sample Data Files, CD Disk 1 of 1
25. MAGNATRAN Criticality Sample Data Files, CD Disc I of I



Proprietary Calculations withheld per 10 CFR 2.390

0


