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1. GENERAL INFORMATION 

Overview

This Safety Analysis Report (SAR) provides the technical basis for the design, fabrication, and 

operation of the FuelSolutions™ Transportation System and serves to demonstrate compliance 

with the applicable requirements of 10CFR71.
1
 The FuelSolutions™ TS125 Transportation Cask 

is the primary component of the FuelSolutions™ Transportation System and is used in 

combination with other components and support equipment as an integral part of the 

FuelSolutions™ Spent Fuel Management System (SFMS). The FuelSolutions™ TS125 

transportation packaging, as described and analyzed in the subsequent chapters of this SAR, is 

used to safely handle, transfer, and transport canisterized spent nuclear fuel (SNF) assemblies 

off-site in accordance with the requirements of 10CFR71, and the applicable requirements of 

49CFR173.

The FuelSolutions™ SFMS is a fully integrated, canister-based system that provides for the 

storage and transport of a broad range of SNF assembly classes. The components and support 

equipment that comprise the FuelSolutions™ SFMS are shown in Figure 1.0-1. The 

transportation packaging components of the FuelSolutions™ SFMS include the FuelSolutions™ 

TS125 Transportation Cask and impact limiters, as described in this SAR, and various 

FuelSolutions™ canisters, including the VSC-24 Multi-Assembly Sealed Basket (MSB), 

described in their respective canister Transportation SARs. Taken together, these SARs are 

intended to demonstrate compliance with 10CFR71 for certification of the FuelSolutions™ 

TS125 Transportation Package in accordance with Subpart C of 10CFR71. The modular 

organization of the SARs for the FuelSolutions™ SFMS transportation certification application 

is shown schematically in Figure 1.0-2. 

A FuelSolutions™ Transportation Package is comprised of the FuelSolutions™ transportation 

packaging and its payload of SNF assemblies, which may be transported off-site by rail, barge, 

or heavy-haul truck in accordance with the applicable requirements of 10CFR71 and 

49CFR173.
2
 The FuelSolutions™ SFMS support equipment used with the FuelSolutions™ 

Transportation Package to facilitate handling and transport operations is also described in this 

SAR, to provide an understanding of the associated system interfaces and operations. 

The FuelSolutions™ TS125 Transportation Cask and impact limiters (including the cask cavity 

spacer) and the FuelSolutions™ canisters (including any fuel assembly spacers and damaged 

fuel cans), which constitute the transportation packaging, are classified as “important to safety” 

in accordance with Regulatory Guide 7.10.
3
 Accordingly, safety analyses are provided in this 

SAR for the FuelSolutions™ TS125 Transportation Cask and impact limiters. Safety analyses 

                                                

1 Title 10, Code of Federal Regulations, Part 71 (10CFR71), Packaging and Transportation of Radioactive 

Material, U.S. Nuclear Regulatory Commission, October 2004.

2 Title 49, Code of Federal Regulations, Part 173 (49CFR173), Shippers-General Requirements for Shipments and 

Packagings, U.S. Department of Transportation, October 2004. 

3 Regulatory Guide 7.10, Establishing Quality Assurance Programs for Packaging Used in the Transport of 

Radioactive Material, U.S. Nuclear Regulatory Commission, June 1986. 
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for the various FuelSolutions™ canisters are provided in the respective FuelSolutions™ Canister 

Transportation SARs. All other FuelSolutions™ SFMS support equipment, which is not part of 

the transportation packaging, is classified as “not important to safety,” with the exception of the 

transportation cask lifting yoke. The FuelSolutions™ transportation cask lifting yoke, which is 

classified as “safety-related,” is typically used within the plant’s fuel building or a facility that is 

licensed for fuel handling. Accordingly, the safety analysis for the lifting yoke is performed by 

the licensee in accordance with the applicable requirements of 10CFR50
4
 and is not included in 

this SAR or the FuelSolutions™ Canister Transportation SARs for certification under 10CFR71. 

By this SAR and the companion FuelSolutions™ Canister Transportation SARs (including the 

VSC-24 Multi-Assembly Stored Basket Transportation SAR), U.S. Nuclear Regulatory 

Commission (NRC) approval of the FuelSolutions™ Transportation Package design is sought by 

EnergySolutions Spent Fuel Division (EnergySolutions SFD) in accordance with 10CFR71, 

Subpart C. Upon review and acceptance by the NRC, the resulting Certificate of Compliance 

(C of C) would include the FuelSolutions™ TS125 Transportation Cask and impact limiters, in 

conjunction with the reviewed and approved FuelSolutions™ canisters, for the off-site transport 

of SNF assemblies. Fabrication and operation of the certified FuelSolutions™ Transportation 

Package may then be implemented by the licensee (qualified cask user/operator) in accordance 

with the general license provisions of 10CFR71. 

In addition to meeting the specific requirements of 10CFR71, the generic design basis and the 

corresponding safety analysis of the FuelSolutions™ transportation packaging contained in this 

SAR and the respective FuelSolutions™ Canister Transportation SARs are intended to bound the 

SNF assembly characteristics, design conditions, and interfaces that exist at many domestic 

power reactor sites in the contiguous United States. These FuelSolutions™ transportation SARs 

also provide the basis for component fabrication and acceptance, and the requirements for safe 

operation and maintenance of the FuelSolutions™ transportation packaging components that 

must be met by the licensee, consistent with the design basis and safety analysis documented 

herein.

Quality Assurance

All quality-affecting activities associated with this transportation license application and package 

certification are controlled under the BFS NRC-approved quality assurance (QA) program 

meeting the requirements of 10CFR50, Appendix B; 10CFR71, Subpart H; and 10CFR72,
5

Subpart G. The licensee’s QA program is to be used to control activities performed by the 

licensee (qualified cask user/operator) in accordance with 10CFR71. Additional information 

related to QA is provided in Section 1.3.1. 

Licensing Approach

BFS has elected to use a modular approach to organize the FuelSolutions™ transportation SARs, 

as illustrated in Figure 1.0-2, which separates the system elements that are common to all 

                                                

4 Title 10, Code of Federal Regulations, Part 50 (10CFR50), Domestic Licensing of Production and Utilization 

Facilities, U.S. Nuclear Regulatory Commission, 1995. 

5 Title 10, Code of Federal Regulations, Part 72 (10CFR72), Licensing Requirements for the Independent Storage of 

Spent Nuclear Fuel and High-Level Radioactive Waste, U.S. Nuclear Regulatory Commission, 1995. 
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canisters from those that are canister-specific. In addition, the generic system descriptions, 

design criteria, and analysis methodologies applicable to the safety evaluations performed for all 

system components are included in this FuelSolutions™ TS125 Transportation Cask SAR to the 

maximum extent possible. Similarly, the generic operating procedures and maintenance 

requirements applicable to all system components are included in this SAR. Specifically, 

Chapters 1 through 8 of this FuelSolutions™ TS125 Transportation Cask SAR contain the 

following information: 

1. Identification of all FuelSolutions™ Transportation System components and support 

equipment. A description of the FuelSolutions™ TS125 Transportation Cask, including 

the impact limiters and cask cavity spacer. A general description of the FuelSolutions™ 

TS125 transportation packing contents. 

2. The structural design and analysis of the FuelSolutions™ TS125 Transportation Cask 

(including the impact limiters and cask cavity spacer) for all loading conditions, 

including the design basis canister interface loadings. A synopsis of the test program 

performed to confirm the performance of the impact limiters and the methodology used 

to develop the design basis cask drop loadings. 

3. The thermal design and analysis of the FuelSolutions™ TS125 Transportation Cask for 

all design conditions, including the design basis canister interface thermal conditions. 

4. The design and analysis of the FuelSolutions™ TS125 Transportation Cask containment 

boundary.

5. Descriptions of the FuelSolutions™ Transportation Package shielding design features, 

excluding those that are unique to a particular canister design, if any. The shielding 

analysis of the FuelSolutions™ TS125 Transportation Cask, excluding that which is 

unique to a particular canister design. 

6. A summary of the criticality analysis approach. Reference to the criticality safety 

analysis contained in each FuelSolutions™ Canister Transportation SAR. 

7. The generic operating procedures for the FuelSolutions™ Transportation System, 

excluding those that are unique to a particular canister design, if any.

8. The acceptance criteria and maintenance requirements applicable to the FuelSolutions™ 

TS125 Transportation Cask and impact limiters. 

Chapters 1 through 8 of each FuelSolutions™ Canister Transportation SAR contain the 

following information: 

1. A description of the respective FuelSolutions™ canister, including delineation of the 

acceptable canister contents. 

2. The structural design and analysis of the respective FuelSolutions™ canister for all 

loading conditions. 

3. The thermal design and analysis of the respective FuelSolutions™ canister and its 

contents for all design conditions. 
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4. Reference to the FuelSolutions™ TS125 Transportation Cask containment boundary 

design and analysis contained in this SAR. 

5. The package shielding design and analysis for the respective FuelSolutions™ canister 

and the resulting package dose rates, including tabulation of the acceptable cooling times 

for the respective SNF assemblies.  

6. The criticality safety analysis for the respective FuelSolutions™ canister and tabulation 

of the maximum acceptable initial enrichment for each SNF assembly class qualified to 

be loaded into the canister. 

7. Reference to the generic FuelSolutions™ Transportation System operating procedures 

contained in this SAR. A description of any canister specific operations. 

8. Reference to the acceptance criteria and maintenance requirements contained in the 

respective FuelSolutions™ Canister Storage Final Safety Analysis Report (FSAR). 

The advantage of this approach is that once the application is reviewed and the FuelSolutions™ 

Transportation Package is certified by the NRC, the C of C can more easily be amended to 

include additional or alternate FuelSolutions™ canister designs or payloads without having to 

re-review the information contained in this FuelSolutions™ TS125 Transportation Cask SAR, 

which is applicable to all FuelSolutions™ canisters.

To facilitate this approach, canister interface parameters with the FuelSolutions™ TS125 

Transportation Cask such as canister size, weight, heat load, and dose rates are established. 

Values for these canister interface parameters are defined in this FuelSolutions™ TS125 

Transportation Cask SAR, within which all acceptance criteria for the transportation packaging 

are met. Using this approach, all FuelSolutions™ canisters and their contents that remain within 

the acceptance values established for these interface parameters, as demonstrated in the 

respective FuelSolutions™ Canister Transportation SAR, and that meet all the applicable 

acceptance criteria for the canister itself are qualified for transport with the FuelSolutions™ 

TS125 Transportation Cask. This is accomplished by submittal of additional or revised 

FuelSolutions™ Canister Transportation SARs for review and approval by the NRC, which will 

rely on this FuelSolutions™ TS125 Transportation Cask SAR as approved by the NRC. 

Safety Analysis Report Preparation

The format and content of this SAR and the associated FuelSolutions™ Canister Transportation 

SARs are based on Regulatory Guide 7.9
6
 and NUREG-1617.

7
 The provisions of these guidance 

documents and the regulatory requirements of 10CFR71 are addressed in this SAR for the 

FuelSolutions™ TS125 Transportation Cask and impact limiters, and in the companion SARs for 

the FuelSolutions™ canisters and their payloads. Table 1.0-1 provides a matrix of the topics in 

NUREG-1617 and Regulatory Guide 7.9, the corresponding 10CFR71 requirements, and a 

                                                

6 Regulatory Guide 7.9, Standard Format and Content of Part 71 Applications for Approval of Packaging of 

Radioactive Material, U.S. Nuclear Regulatory Commission, Revision 2 (draft), 1986. 

7 NUREG-1617, Standard Review Plan for Transportation Packages for Spent Nuclear Fuel, Final Report, 

U.S. Nuclear Regulatory Commission, March 2000. 
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reference to the applicable FuelSolutions™ transportation SAR section that addresses each topic. 

The formatting guidelines provided in Regulatory Guide 7.9 were closely followed when 

possible; however, in order to address the review criteria delineated by NUREG-1617, amended 

or additional subsections were added to this SAR. 

In complying with the guidance provided by NUREG-1617 and Regulatory Guide 7.9, efforts 

have been made to report the same information only once in the most relevant location in a 

particular SAR to avoid the potential for conflicts, contradictions and ambiguities, and to 

facilitate the maintenance and future updates to these SARs as required by 10CFR71. 

Appropriate cross-references are provided to aid the reader in locating information provided 

elsewhere in the SARs, when necessary to support the discussions of a particular SAR section, 

rather than to repeat the same information in that section. 

The FuelSolutions™ Storage System is addressed independently by a separate series of FSARs 

under Docket No. 72-1026, which comply with the requirements of 10CFR72. The 

FuelSolutions™ Storage System includes the FuelSolutions™ W150 Storage Cask and the 

FuelSolutions™ W100 Transfer Cask as the primary components. The FuelSolutions™ Canister 

Subsystem includes various FuelSolutions™ canisters designed to meet both the transport 

requirements of 10CFR71 and the storage requirements of 10CFR72, and thus are dual-certified 

components.  

This SAR chapter presents a general description of the FuelSolutions™ Transportation Package, 

but principally addresses the FuelSolutions™ TS125 Transportation Cask, impact limiters, and 

support equipment. Summary discussions of the FuelSolutions™ canisters are provided to 

identify them as part of the transportation packaging. Similarly, the SNF assemblies are 

identified as the contents, or payload, of the package. Further information on the 

FuelSolutions™ canisters and the corresponding payloads is provided in the respective 

FuelSolutions™ Canister Transportation SARs. General arrangement drawings of the 

FuelSolutions™ TS125 Transportation Cask and impact limiters are provided in Section 1.3.2.  
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NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

1.  General Information 

1. General 

Information 

1.5.1 General SAR 

Format 

10CFR71.31 1.0 1.0 

1.1 Introduction 1.5.2 Package Design 

Information 

10CFR71.31(a)(1)

10CFR71.31(a)(2)

10CFR71.31(b) 

10CFR71.31(c) 

10CFR71.33(a)(1)

10CFR71.33(a)(2)

10CFR71.33(a)(3)

10CFR71.35(b) 

10CFR71.59 

1.1 1.1 

1.2 Package 

Description 

1.5.3 Package 

Description 

10CFR71.33 

10CFR71.35 

10CFR71.43 

1.2 1.2 

1.2.1 Packaging 1.5.3.1 Packaging 10CFR71.31(a)(1)

10CFR71.45 

1.2.1 1.2.1 

1.2.2 Operational 

Features

1.5.3.2 Operational 

Features

10CFR71.87 1.2.2 1.2.2 

1.2.3 Contents of 

Packaging

1.5.3.3 Contents 10CFR71.55 1.2.3 1.2.3 

-- 1.5.4 Compliance with 

10 CFR Part 71 

10CFR71.31(a)(2)

10CFR71.35(a) 

10CFR71.41(a) 

1.2.4 1.2.4 

1.3 Appendix 1.5.5 Appendix 10CFR71.37 

10CFR71.33(a)(5)

10CFR71.43(a) 

10CFR71.43(b) 

10CFR71.43(c) 

10CFR71.43(d) 

10CFR71.43(e) 

10CFR71.31(c) 

1.3 1.3 

2. Structural Evaluation 

2.1 Structural Design 2.5.1 Description of 

Structural Design 

-- 2.1 2.1 
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Table 1.0-1  -  FuelSolutions™ Transportation SAR Regulatory 
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NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

2.1.1 Discussion -- 10CFR71.31(a)(1)

10CFR71.33(a)(5) 

2.1.1 2.1.1 

2.1.2 Design Criteria 2.5.1.2 Codes and 

Standards 

10CFR71.31(c) 2.1.2 2.1.2 

2.2 Weights and 

Centers of Gravity 

2.5.1.1 Descriptive 

Information 

including 

Weights and 

Centers of 

Gravity 

10CFR71.33(a)(2)

10CFR71.33(a)(5)

10CFR71.33(b)(6) 

2.2 2.2 

2.3 Mechanical 

Properties of 

Materials 

2.5.2 Material 

Properties 

10CFR71.33(a)(5) 2.3 2.3 

-- 2.5.2.1 Materials and 

Material 

Specifications

10CFR71.33(a)(5) 2.1, 2.3 2.1, 2.3 

2.4 General Standards 

for All Packages 

-- 10CFR71.43 2.4 2.4 

2.4.1 Minimum 

Package Size 

-- 10CFR71.43(a) 2.4.1 -- 

2.4.2 Tamperproof 

Feature

-- 10CFR71.43(b) 2.4.2 -- 

2.4.3 Positive Closure -- 10CFR71.43(c) 2.4.3 -- 

2.4.4 Chemical and 

Galvanic 

Reactions

2.5.2.2 Prevention of 

Chemical, 

Galvanic, or 

Other Reactions 

10CFR71.43(d) 2.4.4 2.4.4 

-- (Valves) -- 10CFR71.43(e) 2.4.5 -- 

-- (Cask Design) -- 10CFR71.43(f) 2.4.6 -- 

-- (External 

Temperatures) 

-- 10CFR71.43(g) 2.4.7 -- 

-- (Venting) -- 10CFR71.43(h) 2.4.8 -- 
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Table 1.0-1  -  FuelSolutions™ Transportation SAR Regulatory 

Compliance Cross-Reference Matrix (13 pages)

Regulatory Guide 7.9 

Section and Content 

NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

2.5 Lifting and 

Tiedown 

Standards for All 

Packages

2.5.3 Lifting and 

Tiedown 

Standards for All 

Packages

10CFR71.45 2.5 2.5 

2.5.1 Lifting Devices 2.5.3.1 Lifting Devices 10CFR71.45(a) 2.5.1 -- 

2.5.2 Tiedown Devices 2.5.3.2 Tiedown Devices 10CFR71.45(b) 2.5.2 -- 

-- 2.5.4 General 

Considerations 

for Structural 

Evaluation of 

Packaging

10CFR71.31(a)(2)

10CFR71.35(a) 

10CFR71.41(a) 

10CFR71.71 

10CFR71.73 

2.6, 2.7 2.6, 2.7 

2.6 Normal 

Conditions of 

Transport 

2.5.5 Normal 

Conditions of 

Transport 

10CFR71.35(a) 

10CFR71.41(a) 

10CFR71.43(f)

10CFR71.51(a)(1)

10CFR71.55(d)(4)

10CFR71.71 

2.6 2.6 

2.6.1 Heat 2.5.5.1 Heat 10CFR71.71(c)(1) 2.6.1 2.6.1 

2.6.2 Cold 2.5.5.2 Cold 10CFR71.71(c)(2) 2.6.2 2.6.2 

2.6.3 Reduced External 

Pressure

2.5.5.3 Reduced 

External Pressure 

10CFR71.71(c)(3) 2.6.3 -- 

2.6.4 Increased External 

Pressure

2.5.5.4 Increased 

External Pressure 

10CFR71.71(c)(4) 2.6.4 -- 

2.6.5 Vibration 2.5.5.5 Vibration 10CFR71.71(c)(5) 2.6.5 2.6.5 

2.6.6 Water Spray 2.5.5.6 Water Spray 10CFR71.71(c)(6) 2.6.6 -- 

2.6.7 Free Drop 2.5.5.7 Free Drop 10CFR71.71(c)(7) 2.6.7 2.6.7 

2.6.8 Corner Drop 2.5.5.8 Corner Drop 10CFR71.71(c)(8) 2.6.8 2.6.8 

2.6.9 Compression 2.5.5.9 Compression 10CFR71.71(c)(9) 2.6.9 -- 

2.6.10 Penetration 2.5.5.10 Penetration 10CFR71.71(c)(10) 2.6.10 -- 
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Regulatory Guide 7.9 

Section and Content 

NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

2.7 Hypothetical 

Accident 

Conditions 

2.5.6 Hypothetical 

Accident 

Conditions 

10CFR71.35(a) 

10CFR71.41(a) 

10CFR71.51(a)(2)

10CFR71.73 

2.7 2.7 

2.7.1 Free Drop 2.5.6.1 Free Drop 10CFR71.73(c)(1) 2.7.1 2.7.1 

--- 2.5.6.2 Crush 10CFR71.73(c)(2) 2.7.2 2.7.2 

2.7.2 Puncture 2.5.6.3 Puncture 10CFR71.73(c)(3) 2.7.3 -- 

2.7.3 Thermal 2.5.6.4 Thermal 10CFR71.73(c)(4) 2.7.4 2.7.3 

2.7.4 Immersion - 

Fissile Material 

2.5.6.5 Immersion - 

Fissile Material 

10CFR71.73(c)(5) 2.7.5 -- 

2.7.5 Immersion - All 

Packages

2.5.6.6 Immersion - All 

Material 

10CFR71.73(c)(6) 2.7.6 -- 

2.7.6 Summary of 

Damage 

-- -- 2.7.7 2.7.7 

-- 2.5.7 Special 

Requirement for 

Irradiated

Nuclear Fuel 

Shipments 

10CFR71.61 2.8 -- 

-- 2.5.8 Internal Pressure 

Test

10CFR71.85(b) 2.9 -- 

2.8 Special Form -- 10CFR71.75 

10CFR71.77 

2.10 2.10 

2.9 Fuel Rods -- -- 2.11 2.11 

2.10 Appendix 2.5.9 Appendix 10CFR71.73(c)(1) 2.12 2.12 
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Table 1.0-1  -  FuelSolutions™ Transportation SAR Regulatory 

Compliance Cross-Reference Matrix (13 pages)

Regulatory Guide 7.9 

Section and Content 

NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

3.  Thermal Evaluation 

3.1 Discussion 3.5.1 Description of the 

Thermal Design 

10CFR71.31(a)(1)

10CFR71.31(c) 

10CFR71.33(a)(5)

10CFR71.33(a)(6)

10CFR71.33(b)(1)

10CFR71.33(b)(3)

10CFR71.33(b)(5)

10CFR71.33(b)(7)

10CFR71.33(b)(8)

10CFR71.51(c) 

3.1 3.1 

3.2 Summary of 

Thermal 

Properties of 

Materials 

3.5.2.1 Material 

Properties  

10CFR71.31(a)(1)

10CFR71.33(a)(5) 

3.2 3.2 

3.3 Technical 

Specifications of 

Components 

3.5.2.2 Technical 

Specifications of 

Component  

10CFR71.31(a)(1)

10CFR71.33(a)(5) 

3.3 3.3 

-- 3.5.3 General 

Considerations 

for Thermal 

Evaluations 

10CFR71.31(a)(2)

10CFR71.35(a) 

10CFR71.41(a) 

3.4, 3.5 3.4, 3.5 

-- 3.5.4 Evaluation of 

Accessible

Surface

Temperatures 

10CFR71.43(g) 3.4 3.4, 

3.4 Thermal 

Evaluation for 

Normal 

Conditions of 

Transport 

3.5.5 Thermal 

Evaluation under 

Normal 

Conditions of 

Transport 

10CFR71.43(f)

10CFR71.51(a)(1)

10CFR71.71 

3.4 3.4 

3.4.1 Thermal Model -- 10CFR71.71 3.4.1 3.4.1 

3.4.2 Maximum 
Temperatures

3.5.5.1 Heat and Cold 10CFR71.71(c)(1) 3.4.2 3.4.2 

3.4.3 Minimum 
Temperatures

3.5.5.1 Heat and Cold 10CFR71.71(c)(2) 3.4.3 3.4.3 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

1-13

Table 1.0-1  -  FuelSolutions™ Transportation SAR Regulatory 

Compliance Cross-Reference Matrix (13 pages)
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NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

3.4.4 Maximum Internal 

Pressures

3.5.5.2 Maximum 

Normal 

Operating

Pressure (MNOP) 

10CFR71.71(b) 3.4.4 3.4.4 

3.4.5 Maximum 

Thermal Stresses 

3.5.5.3 Maximum 

Thermal Stresses 

10CFR71.71 3.4.5 3.4.5 

3.4.6 Evaluation of 

Package

Performance for 

Normal 

Conditions of 

Transport 

-- 10CFR71.71 3.4.6 3.4.6 

3.5 Hypothetical 

Accident Thermal 

Evaluation 

3.5.6 Thermal 

Evaluation under 

Hypothetical 

Accident 

Conditions 

10CFR71.73 3.5 3.5 

3.5.1 Thermal Model -- 10CFR71.73 3.5.1 3.5.1 

3.5.2 Package 

Conditions and 

Environment 

3.5.6.1 Initial 

Conditions 

3.5.6.2 Fire Test 

10CFR71.73(b) 3.5.2 3.5.2 

3.5.3 Package 
Temperatures

3.5.6.3 Maximum 

Temperatures 

and Pressures 

10CFR71.73(b) 3.5.3 3.5.3 

3.5.4 Maximum Internal 

Pressures

3.5.6.3 Maximum 

Temperatures 

and Pressures 

10CFR71.73(b) 3.5.4 3.5.4 

3.5.5 Maximum 

Thermal Stresses 

3.5.6.4 Maximum 

Thermal Stresses 

10CFR71.73(c)(4) 3.5.5 3.5.5 

3.5.6 Evaluation of 

Package

Performance for 

Hypothetical 

Accident Thermal 

Conditions 

-- 10CFR71.73 3.5.6 3.5.6 

3.6 Appendix 3.5.7 Appendix -- 3.6 3.6 
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NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

4.  Containment 

4.1 Containment 

Boundary 

4.5.1 Description of the 

Containment 

System 

10CFR71.31(a)(1)

10CFR71.31(c) 

10CFR71.33(a)(4)

10CFR71.33(a)(5)

10CFR71.33(b)(7)

10CFR71.43(c) 

10CFR71.43(e) 

4.1 -- 

4.1.1 Containment 

Vessel

 10CFR71.43(c) 4.1.1 -- 

4.1.2 Containment 

Penetrations 

 10CFR71.43(e) 4.1.2 -- 

4.1.3 Seals and Welds  10CFR71.43(c) 

10CFR71.43(h) 

4.1.3 -- 

4.1.4 Closure  10CFR71.43(c) 4.1.4 -- 

4.2 Requirements for 

Normal 

Conditions of 

Transport 

4.5.2 Containment 

under Normal 

Conditions of 

Transport 

10CFR71.31(a)(2)

10CFR71.33(b)(5)

10CFR71.35(a) 

10CFR71.41(a) 

10CFR71.43(f)

10CFR71.43(h) 

10CFR71.51(a)(1)

10CFR71.51(c) 

4.2 -- 

4.2.1 Containment of 

Radioactive

Material 

4.5.2.3 Compliance with 

Containment 

Criteria

10CFR71.51(a)(1) 4.2.1 -- 

4.2.2 Pressurization of 

Containment 

Vessel

4.5.2.1 Pressurization of 

Containment 

Vessel

10CFR71.71(b) 4.2.2 -- 

4.2.3 Containment 

Criterion 

4.5.2.2 Containment 

Criteria

10CFR71.43(f) 4.2.3 -- 

-- -- 10CFR71.87(i) 4.2.4 -- 

4.3 Containment 

Requirements for 

Hypothetical 

Accident 

Conditions 

4.5.3 Containment 

under

Hypothetical 

Accident 

Conditions 

10CFR71.31(a)(2)

10CFR71.35(a) 

10CFR71.41(a) 

10CFR71.51(a)(2)

10CFR71.51(c) 

4.3 4.3 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

1-15

Table 1.0-1  -  FuelSolutions™ Transportation SAR Regulatory 
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NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

4.3.1 Fission Gas 

Products 

4.5.3.2 Containment 

Criteria

10CFR71.33(b)(1)

10CFR71.33(b)(2)

10CFR71.33(b)(3) 

4.3.1 4.3.1 

4.3.2 Containment of 

Radioactive

Material 

4.5.3.2 Containment 

Criteria

10CFR71.51(a)(2) 4.3.2 -- 

4.3.3 Containment 

Criterion 

4.5.3.3 Compliance with 

Containment 

Criteria

10CFR71.51(a)(2) 4.3.3 -- 

4.4 Special 

Requirements 

-- 10CFR71.63 4.4 -- 

4.5 Appendix 4.5.4 Appendix -- -- 4.5 

5.  Shielding Evaluation

5.1 Discussion and 

Results 

5.5.1 Description of the 

Shielding Design 

10CFR71.31(a)(1)

10CFR71.31(c) 

10CFR71.33(a)(5) 

5.1 5.1 

5.2 Source 

Specification

5.5.2 Source 

Specification

10CFR71.31(a)(1)

10CFR71.33(b)(1)

10CFR71.33(b)(2)

10CFR71.33(b)(3) 

-- 5.2 

5.2.1 Gamma Source 5.5.2.1 Gamma Source  -- 5.2.2 

5.2.2 Neutron Source 5.5.2.2 Neutron Source  -- 5.2.3 

5.3 Model 

Specification

5.5.3 Model 

Specification

10CFR71.31(a) 

10CFR71.31(b) 

5.3 5.3 

5.3.1 Description of 

Radial and Axial 

Shielding 

Configuration 

5.5.3.1 Configuration of 

Source and 

Shielding 

-- 5.3.1 5.3.1 

5.3.2 Shield Regional 

Densities 

5.5.3.2 Material 

Properties 

-- 5.3.2 5.3.2 
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Section and Content 

NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

5.4 Shielding 

Evaluation 

5.5.4 Evaluation 10CFR71.31(a)(2)

10CFR71.35(a) 

10CFR71.41(a) 

10CFR71.43(f)

10CFR71.47(b) 

10CFR71.51(a)(1)

10CFR71.51(a)(2) 

5.4 5.4 

5.5 Appendix 5.5.5 Appendix -- 5.5 5.5 

6.  Criticality Evaluation 

6.1 Discussion and 

Results 

6.5.1 Description of the 

Criticality Design 

10CFR71.31(a)(1)

10CFR71.31(c) 

10CFR71.33(a)(5)

10CFR71.35(b) 

10CFR71.59(b) 

-- 6.1 

6.2 Package Fuel 

Loading 

6.5.2 Spent Nuclear 

Fuel Contents 

10CFR71.31(a)(1)

10CFR71.33(b)(1)

10CFR71.33(b)(2)

10CFR71.33(b)(3)

10CFR71.83 

-- 6.2 

6.3 Model 

Specification

6.5.3 General 

Considerations 

for Evaluations 

10CFR71.31(a)(2)

10CFR71.35(a) 

10CFR71.41(a) 

-- 6.3 

6.3.1 Description of 

Calculational 

Model 

6.5.3.1 Model 

Configuration 

 -- 6.3.1 

6.3.2 Package Regional 

Densities 

6.5.3.2 Material 

Properties 

 -- 6.3.2 
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Section and Content 

NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

6.4 Criticality 

Calculation 

6.5.4 Single Package 

Evaluation 

10CFR71.35 

10CFR71.43(f)

10CFR71.51(a)(1)

10CFR71.55(b) 

10CFR71.55(d) 

10CFR71.55(e) 

-- 6.4.2.2 

 6.5.5 Evaluation of 

Package Arrays 

under Normal 

Conditions of 

Transport 

10CFR71.35 

10CFR71.59 

-- 6.4.2.1 

 6.5.6 Evaluation of 

Package Arrays 

under

Hypothetical 

Accident 

Conditions 

10CFR71.35 

10CFR71.59 

-- 6.4.2.1 

6.4.1 Calculational or 

Experimental 

Method 

6.5.3.3 Computer Codes 

and Cross 

Section Libraries 

-- -- 6.4.1 

6.4.2 Fuel Loading or 

Other Contents 

Loading 

Optimization 

6.5.3.4 Demonstration of 

Maximum 

Reactivity 

10CFR71.55 

10CFR71.63 

-- 6.4.2 

6.4.3 Criticality Results 6.5.4 Single Package 

Evaluation 

10CFR71.55 -- 6.4.3 

 6.5.5 Evaluation of 

Package Arrays 

under Normal 

Conditions of 

Transport 

   

 6.5.6 Evaluation of 

Package Arrays 

under

Hypothetical 

Accident 

Conditions 
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Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

6.5 Critical 

Benchmark 

Experiments 

6.5.7 Benchmark 

Evaluations 

10CFR71.31(a)(2)

10CFR71.35 

-- 6.5 

6.5.1 Benchmark 

Experiments and 

Applicability 

6.5.7.1 Experiments and 

Applicability 

 -- 6.5.1 

6.5.2 Details of 

Benchmark 

Calculations 

6.5.7.2 Bias 

Determination 

 -- 6.5.2 

6.5.3 Results of 

Benchmark 

Calculations 

  -- 6.5.3 

-- 6.5.8 Burnup Credit -- -- -- 

6.6 Appendix 6.5.9 Appendix -- -- 6.6 

7.  Operating Procedures 

7.1 Procedures for 

Loading Package 

7.5.1 Package Loading 10CFR71.31(c) 

10CFR71.35(c) 

10CFR71.43(g) 

10CFR71.47(b) 

10CFR71.47(c) 

10CFR71.47(d) 

10CFR71.87 

10CFR71.89 

7.1 7.1 

7.2 Procedures for 

Unloading 

Package

7.5.2 Package 

Unloading 

10CFR71.35(c) 7.2 7.2 

7.3 Preparation of 

Empty Package 

for Transport 

7.5.3 Preparation of 

Empty Package 

for Transport 

10CFR71.87(i) 7.3 -- 

-- 7.5.4 Other Procedures 10CFR71.35(c) -- -- 

7.4 Appendix 7.5.5 Appendix 10CFR71.51(a) 7.4 -- 
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NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

8.  Acceptance Tests and Maintenance Program 

8.1 Acceptance Tests 8.2.4 Review 

Procedures

10CFR71.31(c) 

10CFR71.37 

10CFR71.85 

10CFR71.87 

10CFR71.93(b) 

8.1 -- 

8.1.1 Visual Inspection 8.2.4.1 Visual 

Inspections and 

Measurements 

8.2.4.2 Weld Inspections 

10CFR71.85(a) 

10CFR71.87(b) 

8.1.1 -- 

8.1.2 Structural and 

Pressure Tests 

8.2.4.3 Structural and 

Pressure Tests 

10CFR71.41(a) 

10CFR71.45(a) 

10CFR71.71(c) 

10CFR71.73(c) 

10CFR71.85(b) 

8.1.2 -- 

8.1.3 Leak Tests 8.2.4.4 Leakage Test 10CFR71.37(b) 

10CFR71.43(f)

10CFR71.87(c) 

8.1.3 -- 

8.1.4 Component Tests 8.2.4.5 Component Tests 10CFR71.43(d) 

10CFR71.73(c)(1)

10CFR71.87(e) 

8.1.4 -- 

8.1.5 Tests for 

Shielding Integrity 

8.2.4.6 Shielding Tests 10CFR71.87(j) 8.1.5 -- 

8.1.6 Thermal 

Acceptance Tests 

8.2.4.8 Thermal Tests 10CFR71.33(b)(7)

10CFR71.71(c) 

10CFR71.73(c) 

8.1.6 -- 

8.1.4.3 Miscellaneous 8.2.4.7 Neutron 

Absorber Tests 

10CFR71.87(g) 

10CFR71.85(c) 

8.1.7 -- 

8.2 Maintenance 

Program 

8.3.4 Review 

Procedures

10CFR71.31(c) 

10CFR71.37 

10CFR71.85(a) 

10CFR71.87(b) 

10CFR71.93(b) 

8.2 -- 

-- -- 10CFR71.85(a) 

10CFR71.87(b) 

8.2.1 -- 
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Table 1.0-1  -  FuelSolutions™ Transportation SAR Regulatory 

Compliance Cross-Reference Matrix (13 pages)

Regulatory Guide 7.9 

Section and Content 

NUREG-1617

Review Criteria 

Applicable 

10CFR71 

Requirement 

FuelSolutions™ 

Transportation 

Cask SAR 

FuelSolutions™ 

Canister 

Transportation 

SAR 

8.2.1 Structural and 

Pressure Tests 

8.3.4.1 Structural and 

Pressure Tests 

-- 8.2.2 -- 

8.2.2 Leak Tests 8.3.4.2 Leakage Tests 10CFR71.37(b) 

10CFR71.43(f)

10CFR71.87(c) 

8.2.3 -- 

8.2.3 Subsystem 

Maintenance 

-- 10CFR71.85(a) 

10CFR71.87(b) 

8.2.4 -- 

8.2.4 Valves, Rupture 

Discs, and 

Gaskets on 

Containment 

Vessel

8.3.4.3 Component Tests 10CFR71.87(c) 

10CFR71.87(e) 

8.2.5 -- 

8.2.5 Shielding -- -- 8.2.6 -- 

8.2.6 Thermal 8.3.4.5 Thermal Tests 10CFR71.85(a) 

10CFR71.87(b) 

8.2.7 -- 

8.2.7 Miscellaneous 8.3.4.4 Neutron 

Absorber Tests 

10CFR71.87(g) 8.2.8 -- 
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1.1 Introduction 

The FuelSolutions™ SFMS is a fully integrated, canister-based system that provides for the 

storage and transport of a broad range of SNF assembly classes. The FuelSolutions™ SFMS is 

designed to be suitable for most commercial reactor sites in the contiguous United States. The 

FuelSolutions™ SFMS is also designed to be suitable for the U.S. Department of Energy’s 

(DOE) Centralized Interim Storage Facility (CISF) and a Mined Geologic Disposal System 

(MGDS). In addition, it is also suitable for use at private CISFs. 

The FuelSolutions™ SFMS is comprised of four basic system components. These components 

can be used in a variety of ways to satisfy a particular licensee’s requirements throughout the life 

of the plant. A synopsis for each of the four basic components of the FuelSolutions™ SFMS is as 

follows: 

1. A FuelSolutions™ Canister is designed for dry storage of SNF in accordance with 

10CFR72 and for transportation of SNF in accordance with 10CFR71. The canister is 

placed in an overpack cask for fuel loading, closure, transfer, on-site storage, and off-site 

transport. It provides confinement for storage, criticality control, and passive heat 

removal for storage and transport, and biological shielding for closure and handling 

operations for the enclosed SNF. The canister interfaces are standardized to be 

compatible with each of the system cask components identified below. The various 

FuelSolutions™ canister designs are addressed in their respective FuelSolutions™ 

Canister Storage FSARs and Transportation SARs. As used throughout this SAR, the 

term FuelSolutions™ Canister also includes the VSC-24 Multi-Assembly Stored Basket, 

and the term FuelSolutions™ Canister Transportation SAR also includes the VSC-24 

Multi-Assembly Stored Basket Transportation SAR. The storage aspects of the VSC-24 

MSB canister design are also addressed in the VSC Storage Cask SAR. 

2. The FuelSolutions™ TS125 Transportation Cask and Impact Limiters are designed and 

licensed in accordance with 10CFR71 and are used for off-site shipment of a 

FuelSolutions™ canister. The transportation cask can be used to load or unload a canister 

with SNF in a spent fuel pool or a shielded hot cell. The transportation cask can also be 

used to transfer a sealed canister to and from either the storage cask via the transfer cask 

or to and from the transfer cask. It provides containment, structural protection, biological 

shielding, and passive heat removal for the enclosed canister and SNF. The 

FuelSolutions™ TS125 Transportation Cask and impact limiters are addressed in this 

SAR.

3. A FuelSolutions™ W150 Storage Cask provides passive vertical dry storage of a loaded 

canister in an on-site Independent Spent Fuel Storage Installation (ISFSI) or at an off-site 

CISF, in accordance with 10CFR72. The storage cask is capable of accommodating both 

vertical or horizontal canister transfer to the transfer cask. It provides biological 

shielding, structural protection, and passive convective heat removal for the enclosed 
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canister and SNF. The FuelSolutions™ W150 Storage Cask is addressed in the 

FuelSolutions™ Storage System FSAR.
8

4. A FuelSolutions™ W100 Transfer Cask provides canister loading, closure, and handling 

capability, in accordance with 10CFR50 and 10CFR72. The transfer cask has the 

capability to be used in the following operational modes: 

Loading or unloading of a canister with SNF in a spent fuel pool, in a cask receiving 

area using a fuel assembly shuttle cask and shielded loading collar, or in a shielded 

hot cell. 

Vertical transfer of a sealed canister to or from a FuelSolutions™ W150 Storage Cask 

inside the plant’s fuel building or a licensed cask handling facility. 

Horizontal transfer of a sealed canister to or from a FuelSolutions™ W150 Storage 

Cask within an ISFSI or the licensee’s owner-controlled area. 

Vertical transfer of a sealed canister to or from a FuelSolutions™ TS125 

Transportation Cask inside the plant’s fuel building or a licensed cask handling 

facility. 

Horizontal transfer of a sealed canister to or from a FuelSolutions™ TS125 

Transportation Cask within an ISFSI or the licensee’s owner-controlled area. 

The FuelSolutions™ W100 Transfer Cask provides biological shielding, structural 

protection, and passive heat removal for the enclosed canister and SNF. The transfer cask is 

addressed in the FuelSolutions™ Storage System SAR. 

FuelSolutions™ Transportation Package Designation

The FuelSolutions™ Transportation Package, Model No. TS125, can be transported off-site by 

rail, barge, or heavy-haul trailer conveyance with exclusive-use shipment controls as defined in 

10CFR71.4. The package has a maximum gross weight of 285,000 pounds. The FuelSolutions™ 

Transportation Package is a Type B(U)F, fissile material package with a maximum normal 

operating pressure (MNOP) of less than 100 psig, as defined in 10CFR71.4. 

The transport index for a loaded FuelSolutions™ Transportation Package is greater than 10, 

determined in accordance with 10CFR71.4, based on the maximum radiation level at one meter 

from the package surface (not the conveyance). Since the transport index exceeds 10, the 

external package radiation requirements of 10CFR71.47(b) apply. 

An unlimited number of FuelSolutions™ Transportation Packages is subcritical and may be 

contained in one shipment. Thus, the value of “N” determined in accordance with 

10CFR71.59(a) is effectively equal to infinity, and the criticality safety index (CSI) is equal to 0, 

in accordance with 10CFR71.59(b). No fissile material exemptions, as defined in 10CFR71.15, 

are applicable. 

                                                

8 WSNF-220, FuelSolutions™ Storage System Final Safety Analysis Report, NRC Docket No. 72-1026, BNG Fuel 

Solutions Corporation. 
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The special requirements of 10CFR71.61 for external water pressure apply since the 

FuelSolutions™ Transportation Package is a Type B package containing more than 10
5
 A2. For 

the purpose of determining requirements for fracture toughness, the transportation package is 

designated as Category I in accordance with Regulatory Guide 7.11,
9
 based on the maximum 

activity of the package contents. Since the MNOP of the package exceeds 5 psig, the 

containment system must be tested to 150% of MNOP in accordance with 10CFR71.85(b). 

FuelSolutions™ Transportation Cask and Impact Limiter Description

The FuelSolutions™ transportation cask and impact limiters, Model No. TS125, is designed to 

be used together with a FuelSolutions™ canister as packaging for the safe transport of SNF 

assemblies. Key criteria and features of the FuelSolutions™ TS125 Transportation Cask design 

are as follows:

The transportation cask provides the primary transportation packaging for a loaded 

FuelSolutions™ canister and is suitable for use in the plant’s fuel building in accordance 

with 10CFR50; at an ISFSI, CISF, or licensed cask handling facility in accordance with 

10CFR72; and for off-site transport in accordance with 10CFR71 and 49CFR173. 

A single standard transportation cask design can accommodate both short and long 

FuelSolutions™ canisters. An axial cask cavity spacer is used with the shorter 

FuelSolutions™ canisters, as described in Section 1.2.1.3. The transportation cask can 

also accommodate smaller-diameter canisters through the inclusion of a radial cavity 

spacer.

Containment during off-site transport is provided by the transportation cask’s high 

strength stainless steel inner cylindrical shell, bottom plate forging, top ring forging, 

bolted closure lid with inner O-ring seal, sealed vent port, and sealed drain port. No 

credit is taken for the containment capability of the FuelSolutions™ canister shell 

assembly for the off-site transport of intact SNF assemblies. 

The transportation cask containment boundary is designed, analyzed, and fabricated in 

accordance with the applicable provisions of Regulatory Guide 7.6
10

 and the American 

Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel (B&PV) Code, 

Section III, Division 3, Subsection WB,
 11

 as discussed in Section 1.3.3.

The transportation cask primary biological shielding and structural protection for the 

canister is provided by the transportation cask’s composite inner and outer stainless steel 

shell assembly, the lead gamma shield, and the solid neutron shield assembly. 

                                                

9 Regulatory Guide 7.11, Fracture Toughness Criteria of Base Materials for Ferritic Steel Shipping Cask 

Containment Vessels with a Maximum Wall Thickness of 4 Inches (0.1 m), U.S. Nuclear Regulatory Commission, 

June 1991. 

10 Regulatory Guide 7.6, Design Criteria for the Structural Analysis of Shipping Cask Containment Vessels,

Revision 1, U.S. Nuclear Regulatory Commission, March 1978. 

11 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Division 3, 

Subsection WB, Class TP (Type B) Containment, 1998 Edition. 
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The transportation cask outer shell, neutron shield jacket assembly, support rings, shear 

block, and rotation trunnions are designed, analyzed, and fabricated in accordance with 

the applicable provisions of ASME B&PV Code, Section III, Subsection NF,
12

 as 

discussed in Section 1.3.3. 

Support for the SNF assemblies and the maintenance of geometric spacing and neutron 

absorption capability for criticality safety under all conditions is provided by the 

FuelSolutions™ canister internal basket assembly, as described in Section 1.1 of the 

respective FuelSolutions™ Canister Transportation SAR. 

Two pair of lifting trunnions are provided for lifting and handling of the transportation 

cask. The lifting trunnions are bolted to the cask body to facilitate removal during 

transport.

The transportation cask lifting trunnions are designed, analyzed, and tested in accordance 

with 10CFR71.45, NUREG-0612,
13

 and ANSI N14.6.
14

 The associated cask lifting yoke 

is also designed, analyzed, fabricated, and tested as a special lifting device, in accordance 

with NUREG-0612 and ANSI N14.6, as described in Section 1.2.1.8. 

Energy-absorbing impact limiters, constructed of aluminum honeycomb core segments 

and a stainless steel shell, are used on either end of the cask to mitigate the deceleration 

loads on the cask, canister, and payload due to a design basis normal or hypothetical 

accident condition cask free drop. 

The impact limiters are designed by analysis and confirmed by scaled tests to provide 

sufficient crush strength to mitigate deceleration loads and provide sufficient stroke 

without bottoming out. The impact limiters are fabricated in accordance with the 

applicable provisions of the ASME B&PV Code, Section III, Subsection NF, as 

discussed in Section 1.3.3. 

These criteria and design features comply with the requirements of 10CFR71 and are consistent 

with those used for other SNF transportation packages previously approved by the NRC. The 

design of the FuelSolutions™ TS125 Transportation Cask and impact limiters is described 

further in Section 1.2.1. The design of each FuelSolutions™ canister is described in the 

respective FuelSolutions™ Canister Transportation SAR. 

                                                

12 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Division 1, 

Subsection NF, Component Supports, 1998 Edition. 

13 NUREG-0612, Control of Heavy Loads at Nuclear Power Plants, U.S. Nuclear Regulatory Commission, 1980. 

14 ANSI N14.6, Special Lifting Devices for Shipping Containers Weighing 10,000 lbs (4500 kg) or More, American 

National Standards Institute, 1993. 
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FuelSolutions™ Transportation Cask Operations Overview

The principal FuelSolutions™ TS125 Transportation Cask operations performed under the 

plant’s 10CFR50 license, a stand-alone storage and/or cask handling facility’s 10CFR72 license, 

or the certificate holder’s 10CFR71 C of C for off-site transport are as follows: 

A FuelSolutions™ canister is wet loaded with SNF in a spent fuel pool using 

conventional methods, while within a transfer cask or the FuelSolutions™ TS125 

Transportation Cask. 

Alternatively, some FuelSolutions™ canisters may be loaded with SNF while within the 

transfer cask outside the spent fuel pool, but inside the plant’s fuel building or a licensed 

cask handling facility, using a fuel assembly shuttle cask and a shielded loading collar, as 

described in the respective FuelSolutions™ Canister Storage FSAR.

Following fuel loading, the canister is vacuum dried and helium backfilled using 

conventional methods. Canister seal welding uses remote automated welding equipment. 

Some sealed FuelSolutions™ canisters can be transferred horizontally to or from a 

FuelSolutions™ TS125 Transportation Cask, using a transfer cask within an ISFSI or 

CISF, or the licensee’s owner-controlled area. 

Alternatively, a sealed FuelSolutions™ canister can be transferred vertically to or from a 

storage cask or a FuelSolutions™ TS125 Transportation Cask, using a transfer cask 

inside the plant’s (or CISF’s) cask receiving bay or a licensed cask handling facility. 

The FuelSolutions™ TS125 Transportation Cask containing a sealed FuelSolutions™ 

canister fully configured with impact limiters and secured to the intermodal skid, is 

transported off-site by rail, barge, or heavy-haul trailer. 

The operations of the FuelSolutions™ TS125 Transportation Cask are described further in 

Section 1.2.2. Operations that are unique to a FuelSolutions™ canister are described in the 

respective Storage FSAR.

Spent Fuel to be Transported

The FuelSolutions™ TS125 Transportation Cask and FuelSolutions™ canisters are designed to 

accommodate most United States commercial intact, zircaloy-clad, light water reactor SNF 

assemblies, with the exceptions noted in Section 1.2.3.1. The SNF assembly acceptance criteria 

and the corresponding bases for the structural, thermal, radiological, and criticality safety 

evaluations are provided in this SAR and the respective FuelSolutions™ Canister Transportation 

SARs. The contents of the FuelSolutions™ canister are discussed further in Section 1.2.3. 

Certain FuelSolutions™ canister designs accommodate partial fuel, damaged fuel, and mixed 

oxide (MOX) fuel. The corresponding payload acceptance criteria for these contents are included 

in the respective FuelSolutions™ Canister Storage and Transportation SARs. 
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1.2 Package Description 

The FuelSolutions™ Transportation System consists of the components and equipment that 

provide for the handling, transfer, and off-site transport of SNF in sealed canisters. A schematic 

of the FuelSolutions™ SFMS components and equipment, including those associated with the 

FuelSolutions™ Transportation System, is shown in Figure 1.2-1. The FuelSolutions™ 

Transportation System components that are classified as important to safety are also identified in 

Figure 1.2-1. The quality classifications for the FuelSolutions™ Transportation System 

components and equipment are provided in Table 1.2-1. 

The FuelSolutions™ TS125 Transportation Package described in this SAR includes the 

FuelSolutions™ transportation packaging with a payload of SNF assemblies. The 

FuelSolutions™ TS125 Transportation Package is designed to be transported by rail, barge, or 

heavy-haul truck conveyance. The FuelSolutions™ TS125 Transportation Package configured 

for rail transport is shown in Figure 1.2-2.

The FuelSolutions™ TS125 Transportation Package is designed to meet the requirements of 

10CFR71, Subparts E and F, which are applicable to a Type B(U)F package with an MNOP of 

less than 100 psig, a transportation index greater than 10, and a specific activity greater than 

10
6
 Ci, as discussed in Section 1.1. This includes compliance with the general standards for 

packages defined in 10CFR71.43(a) through (h), as discussed in Section 2.4 of this SAR. 

Table 1.0-1 provides a matrix that identifies the SAR section that specifically addresses 

compliance with each applicable requirement of 10CFR71. 

The FuelSolutions™ transportation packaging is comprised of two primary components, 

including a FuelSolutions™ TS125 Transportation Cask with impact limiters and a 

FuelSolutions™ canister. The features of the FuelSolutions™ TS125 Transportation Cask design 

provided to meet the performance requirements of 10CFR71 include: 

Austenitic stainless steel used for cask structural and containment boundary components 

Integral gamma and neutron shielding 

Energy-absorbing impact limiters 

Lifting, handling, and tiedown features. 

The FuelSolutions™ TS125 Transportation Cask and impact limiters are designed for 40 years 

of service, while satisfying the requirements of 10CFR71, as discussed in Section 2.4.9 of this 

SAR. The design considerations that assure transportation cask and impact limiter performance 

throughout the service life include consideration of the following: 

Exposure to environmental effects 

Structural fatigue effects 

Material degradation 

Maintenance and inspection provisions. 
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The adequacy of the transportation cask and impact limiter design for the intended service life is 

discussed further in Section 2.4.9 of this SAR. 

A FuelSolutions™ TS125 Transportation Cask may used to transport any FuelSolutions™ 

canister that satisfies the dimensional, weight, thermal, radiological, and subcriticality 

constraints of the cask, as described in Section 1.2.3. As shown in Figure 1.2-3, the cavity of a 

transportation cask accepts one long canister, or alternatively, one shorter canister with an axial 

cask cavity spacer as shown in Figure 1.2-7. For smaller diameter canisters, a radial spacer is 

also required. 

This SAR section provides a description of the FuelSolutions™ Transportation Package, 

focusing mainly on the FuelSolutions™ TS125 Transportation Cask and the impact limiters. An 

expanded view of a FuelSolutions™ TS125 Transportation Cask and impact limiters, as they are 

configured for transport, is provided in Figure 1.2-4. The principal characteristics of the 

transportation cask are summarized in Table 1.2-2. A summary of the design criteria for the 

transportation cask is provided in Table 1.2-3. General arrangement drawings of the 

FuelSolutions™ TS125 Transportation Cask and impact limiters are provided in Section 1.3.2. 

The FuelSolutions™ canisters and payload are addressed in the respective FuelSolutions™ 

Canister Transportation SARs. A description of the FuelSolutions™ Transportation System 

support equipment is provided in Section 1.2.1.8. 

1.2.1 Packaging 

A FuelSolutions™ Transportation Package consists of a FuelSolutions™ TS125 Transportation 

Cask and impact limiters, together with a FuelSolutions™ canister and its SNF payload. The 

FuelSolutions™ TS125 Transportation Cask cavity is sized to accommodate one 

FuelSolutions™ long canister, or alternatively, one FuelSolutions™ short canister with a cask 

cavity spacer, as shown in Figure 1.2-3.These packaging components are designed and 

fabricated to assure compliance with the requirements of 10CFR71. The FuelSolutions™ 

transportation cask and impact limiters consist of the following:  

A cask body and closure lid that provide the containment boundary, structural protection, 

and biological shielding for the package contents.

Two impact limiters that absorb energy during design basis normal conditions of 

transport (NCT) and hypothetical accident condition (HAC) free drop events.

A FuelSolutions™ canister provides an additional containment boundary, structural support, 

criticality control, and axial shielding for the SNF assemblies during transport, although no 

credit is taken for the additional containment capability. Figure 1.2-4 shows an expanded 

cutaway view of the major FuelSolutions™ TS125 Transportation Cask components. 

The transportation cask body is an assembly composed of an inner shell, an outer shell, a top 

ring forging, a bottom plate forging, and a cavity drain port, as shown in Figure 1.2-5. The cask 

body also includes a radial lead gamma shield; a radial neutron shield with cask tiedown rings, 

support angles, and jacket; a bottom end neutron shield with a support ring and jacket; a 

longitudinal shear block; and lifting trunnion mounting bosses, as shown in Figure 1.2-4. The 

inner and outer shells form the annular cavity for the lead gamma shield. The outer shell and the 

neutron shield jacket form the annular cavity for the solid neutron shield. The neutron shield 
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support angles facilitate heat rejection through the solid neutron shielding material to the outer 

surface of the cask body. The cask closure lid includes a thick recessed plate with two concentric 

O-ring seals, a cavity vent port, and a seal test port, and is secured to the cask body during 

transport with closure bolts, as shown in Figure 1.2-4 and Figure 1.2-5. The impact limiters are 

bolted to the cask body tiedown rings as shown in Figure 1.2-4, and include a shell enclosure, 

aluminum honeycomb blocks, a mounting ring, and attachment studs and nuts. 

The containment boundary components of the FuelSolutions™ TS125 Transportation Cask are 

designed and fabricated as an ASME Section III, Division 3, containment system, in accordance 

with the applicable requirements of Subsection WB, as discussed in Section 1.3.3 of this SAR. 

These include the cask body’s inner shell, top ring forging, bottom plate forging, the bolted 

closure lid and inner O-ring seal, the vent port and drain port plug assemblies, and the associated 

welds, as described below. The FuelSolutions™ TS125 Transportation Cask containment 

boundary is designed and tested to be leak tight in accordance with ANSI N14.5, as described in 

Chapter 4 of this SAR. 

The non-containment boundary components of the transportation cask body are designed and 

fabricated as an ASME Section III, Class 1 component support in accordance with the applicable 

requirements of Subsection NF, as discussed in Section 1.3.3 of this SAR. These include the 

outer shell, the neutron shield jacket assemblies, the tiedown rings, the shear block, the rotation 

trunnions, and the associated welds, as described below. The lifting trunnion mounting bosses 

are designed, fabricated, and tested in accordance with 10CFR71.45, NUREG-0612,
15

 and 

ANSI N14.6.
16

 Overpressure protection for the neutron shield cavity is provided in accordance 

with ASME Section VIII, Division 1, Subsection UG.

The impact limiter shell assembly and its attachment hardware are designed and fabricated in 

accordance with the applicable requirements of the ASME Section III, Subsection NF, as 

discussed in Section 1.3.3. The honeycomb material is tested to assure that it has the prescribed 

crush strength required. 

All FuelSolutions™ TS125 Transportation Cask body and closure lid structural materials are 

ASME Code-approved stainless steel or carbon steel materials. Welding of these materials is 

also in accordance with the applicable requirements of the ASME Code. The corresponding 

material and welding specifications and properties are shown on the drawings in Section 1.3.2, 

and described in Section 2.3 of this SAR. The associated fracture toughness requirements are 

described in Section 2.1.2 of this SAR.

The FuelSolutions™ TS125 transportation packaging design is very similar to those previously 

licensed by NRC for transport of SNF assemblies. The FuelSolutions™ TS125 transportation 

packaging is designed by analysis using conservative methods and acceptance criteria rather than 

by test, as discussed in 10CFR71.71 and 73, which is accepted practice for such similar 

packaging designs with similar design features. Table 1.0-1 provides a matrix that identifies the 

                                                

15 NUREG-0612, Control of Heavy Loads at Nuclear Power Plants, U.S. Nuclear Regulatory Commission, 1980. 

16 ANSI N14.6, Special Lifting Devices for Shipping Containers Weighing 10,000 lbs (4500 kg) or More, American 

National Standards Institute, 1993. 
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SAR section that addresses each applicable requirement of 10CFR71.71 and 73. Confirmatory 

tests of key features of the packaging are performed, however, as follows: 

Impact limiter confirmatory tests are performed as described in Section 2.10.6 of this 

SAR.

A pressure test and a leak test are performed for the transportation cask containment 

boundary during fabrication, as described in Sections 8.1.2 and 8.1.3 of this SAR. 

A thermal heat rejection test is performed for the transportation cask following 

fabrication, as described in Sections 8.1.6 of this SAR. 

Various inspections and tests are performed on the canister basket assembly following 

fabrication and prior to fuel loading, as described in Chapter 9 of the respective 

FuelSolutions™ Canister Storage FSAR. 

The supporting analysis documented in this SAR and the respective FuelSolutions™ Canister 

Transportation SAR, together with the above confirmatory tests, provide assurance that the 

requirements of 10CFR71.71 and 73 are met and that the physical condition of the package 

remains in a safe condition for all NCTs and HACs. 

The general arrangement and design details of the various components of a FuelSolutions™ 

transportation cask are provided on the drawings contained in Section 1.3.2. The 

FuelSolutions™ Transportation Package components are described in the following subsections. 

Similar information for each FuelSolutions™ canister is provided in Section 1.2.1 of the 

respective FuelSolutions™ Canister Transportation SAR. 

1.2.1.1 Transportation Cask Body and Closure Lid 

The FuelSolutions™ TS125 Transportation Cask body and closure lid completely envelop a 

FuelSolutions™ canister and its payload, as shown in Figure 1.2-3. Figure 1.2-5 shows the 

containment boundary for the FuelSolutions™ Transportation Package, which is formed entirely 

by the FuelSolutions™ TS125 Transportation Cask body and closure lid. The transportation cask 

outer shell, shown in Figure 1.2-4, provides structural protection for the inner shell that forms the 

containment boundary against free drop and puncture loads. The external impact limiters and an 

internal FuelSolutions™ canister, which are not part of the transportation package containment 

boundary, are not in shown Figure 1.2-5. 

The individual transportation cask components that form the containment boundary are the inner 

cylindrical shell, the bottom plate forging (which forms the bottom closure of the cask), the top 

ring forging and sealing surfaces, the closure lid and sealing surfaces, the closure bolts, the inner 

most closure lid O-ring seal, the cavity vent port seal gland and O-ring seal, and the cavity drain 

port seal gland and O-ring seal. All the transportation cask containment seals are metallic O-ring 

seals and are replaced after each use. The closure lid metallic O-ring seal selected is specifically 

designed for grooved face seal closure applications with an outward radial pressure of helium. 

Product literature for the metallic O-ring seals used for the transportation cask containment seals 

is provided in Section 1.3.4.1. Additional details for the transportation cask containment 

boundary design, and the ports that penetrate the containment boundary, are provided in 

Chapter 4 and Section 7.4.1 of this SAR. 
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As shown in Figure 1.2-4, the closure lid on the FuelSolutions™ transportation cask is a 

recessed removable plate that is fastened to the top ring forging of the cask body by 60 closure 

bolts. The required closure lid bolt torque is determined to assure that the containment seal 

remains leak-tight under all design basis conditions, as discussed in Chapter 2 of this SAR. As 

shown in Figure 1.2-5, the closure lid closes the top end of the transportation cask cavity and 

contains a vent port, a seal test port, and grooves for both the containment (inner) and test (outer) 

O-ring seals. The outer closure lid O-ring seal and leak test port are provided for leak testing of 

the inner closure lid containment O-ring seal and are not part of the containment boundary. 

The fabrication assembly sequence for a close-tolerance, double-walled vessel such as the 

FuelSolutions™ TS125 Transportation Cask requires that an alternative volumetric examination 

method be used for the last circumferential weld of the inner shell to the top ring forging. More 

specifically, the assembly sequence and weld examination methods used to fabricate the 

FuelSolutions™ TS125 Transportation Cask are as follows: 

1. The inner and outer cylindrical shells are rolled, and the longitudinal and circumferential 

seam welds are 100% radiographically examined. 

2. The inner shell is welded to the bottom plate forging and 100% radiographically 

examined. 

3. The outer shell is welded to the top ring forging, and the root and final weld passes are 

liquid dye penetrant examined. 

4. The outer shell subassembly is slid over the inner shell subassembly. 

5. The outer shell is welded to the bottom plate forging, and the root and final weld passes 

are liquid dye penetrant examined. 

6. The inner shell is welded to the top ring forging, each layer of the weld is liquid dye 

penetrant examined, and the lead is poured in the inner/outer shell annulus cavity. 

The FuelSolutions™ TS125 Transportation Cask assembly sequence is similar to that used for 

other transportation casks previously licensed by the NRC. It represents the best trade-off of 

achieving the required fabrication tolerances with minimal weld distortion and residual stresses, 

and provides sufficient volumetric weld examination to assure the transportation cask will 

perform its intended safety functions under all design basis conditions. The weld joint efficiency 

factors used in the structural evaluation of the transportation cask documented in Chapter 2 of 

this SAR are commensurate with the weld examination method used. 

Gamma shielding radial to the transportation cask body is provided by the inner and outer cask 

body cylindrical shells and the lead gamma shield. The gamma shield is cast-in-place and sealed 

in the annular cavity formed by the inner and outer shells and top and bottom forgings, as shown 

in Figure 1.2-4. Gamma scanning of the resulting lead pour is performed to assure the absence of 

unacceptable voids. The effects of lead shrinkage and differential thermal expansion are 

considered in the thermal analysis of the transportation cask presented in Chapter 3 of this SAR. 

Lead temperatures are maintained well below the melting point of lead for all design basis 

conditions. The effects of lead slump (plastic flow), which may occur during a design basis free 

drop of the transportation package, are considered in the structural evaluation of the 

transportation cask presented in Chapter 2 of this SAR. 
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Neutron radiation is attenuated by a solid, hydrogenous material that surrounds the cavity region 

of the transportation cask body between the impact limiters. The NS-4-FR neutron shield 

material is contained within an annular cavity formed by the outer shell, the radial neutron shield 

jacket, and tiedown rings at each end, as shown in Figure 1.2-4. The NS-4-FR neutron shielding 

material is a cast-in-place polymer material that is widely used for transportation casks. Product 

literature for the NS-4-FR neutron shielding material used for this application is provided in 

Section 1.3.4.2. Additional discussion on the properties and characteristics of NS-4-FR for this 

application are provided in Section 5.5.3 of this SAR. A layer of NS-4-FR neutron shielding 

material is also provided at the bottom end of the transportation cask. 

In addition to the neutron shield material, the neutron shield cavity also contains heat conducting 

support angles that are V-shaped carbon steel plates attached to the outside surface of the outer 

shell and the neutron shield jacket, as shown in Figure 1.2-4. The support angles conduct heat 

through the neutron shield material to the neutron shield jacket. To prevent radiation streaming 

along the support angle legs, they are formed at an angle of about 30 degrees off of the radius. 

The neutron shield jacket and thermal ribs are electroless nickel (EN) plated to prevent corrosion 

and mitigate chemical and galvanic reactions. High phosphorus EN plating with a thickness that 

is suitable for moderate service conditions is specified and is to be applied in accordance with 

the requirements of ASTM B733.
17

 EN plating has been used extensively over the past 50 years 

in a broad range of industrial applications. EN plating has been studied and tested extensively 

over the last 25 years, and nationally recognized industry standards and specifications have been 

developed for its use. The use of EN plating has been thoroughly evaluated by BFS and found to 

meet all the applicable performance requirements. The use of EN plating, including the 

generation of hydrogen, is discussed further in Section 2.4.4 of this SAR. Product literature that 

describes the properties of the EN plating used is provided in Section 1.3.4.3. 

The outer surface of the neutron shield jacket is coated with an epoxy coating to facilitate 

decontamination and heat removal. The Keeler & Long epoxy coating selected is widely used in 

the nuclear industry for reactor containment systems and SNF transfer casks that are immersed in 

spent fuel pools. It is highly durable, decontaminable, has excellent chemical resistant properties, 

and is well suited for high temperature applications. It has been fully tested by the manufacturer 

for Loss of Coolant Accident (LOCA) conditions, which are much more severe than immersion 

in a spent fuel pool. Radiation exposure tests have also been performed. In addition, BFS has 

performed emissivity and absorbtivity testing of the epoxy coating to assure that the thermal 

properties used in the thermal analysis of the transportation cask documented in Chapter 4 of this 

SAR are bounded. Product literature that describes the properties of the epoxy coating is 

provided in Section 1.3.4.4. 

The transportation cask body is provided with four removable lifting trunnions and two 

removable rotation trunnions, as shown in Figure 1.2-3. The lifting trunnions are bolted to 

trunnion mounting bosses on the transportation cask outer shell, as shown in Figure 1.2-4, to 

facilitate cask handling operations. The rotation trunnions are bolted to the cask bottom plate 

forging mounting locations. Both the lifting trunnions and the rotation trunnions are removed to 

render them inoperable during transport. The lifting trunnion mounting bosses are fitted with 

                                                

17 ASTM B733, “Standard Specification for the Autocatalytic (Electroless) Nickel-Phosphorus Coatings on Metal,” 

1997.
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shield plugs that provide additional neutron shielding prior to transport, as shown in 

Figure 1.2-4. 

The transportation cask body has a tiedown ring on both ends of the neutron shield, which is 

welded to the outer shell to provide support for the transportation package during transport. The 

tiedown rings interface with the intermodal skid, as shown in Figure 1.2-8, to resist vertical and 

lateral shock and vibration loads during transport. The tiedown rings have threaded counterbores 

to provide a means of attachment for the impact limiters to the transportation cask using the 

impact limiter attachment studs, as shown in Figure 1.2-4. 

The transportation cask body has a shear block to provide support for the transportation package 

during transport. The shear block is located on the bottom side of the transportation cask during 

transport, at the center of the cask body outer shell, as shown in Figure 1.2-4. The shear key for 

the intermodal skid, shown in Figure 1.2-8, engages the transportation cask shear block to resist 

longitudinal shock and vibration loads during transport. The shear key is fitted with a plug that 

provides additional neutron shielding during transportation cask handling and canister transfer 

operations.

A support ring is located at the bottom end of the FuelSolutions™ TS125 Transportation Cask to 

provide additional engagement length for the bottom impact limiter. The support ring is welded 

to the bottom plate forging and is not part of the transportation cask containment boundary. The 

support ring and jacket plate also form a cavity, which is filled with solid neutron shielding for 

ALARA purposes. 

1.2.1.2 Impact Limiters 

As shown in Figure 1.2-4, each end of a FuelSolutions™ TS125 Transportation Cask has an 

energy-absorbing impact limiter to mitigate the deceleration loads on the transportation cask and 

its contents due to a design basis cask free drop. The impact limiters consist of a stainless steel 

enclosure that is filled with crushable energy-absorbing materials, as shown in Figure 1.2-6. 

Each impact limiter is formed from an inner core, outer core, and end core region of bi-

directional aluminum honeycomb designed to mitigate loads for any cask drop orientation. Each 

core region consists of twelve equally sized wedge-shaped bonded aluminum honeycomb 

segments. The inner and outer core segments are interlocked with the impact limiter shell 

mounting ring and with each other. This interconnecting design assures that the impact limiters 

act as a unit for all postulated cask drop orientations. Additional product literature for the bi-

directional aluminum corrugated honeycomb material used for this application is provided in 

Section 1.3.4.5. 

Both the top and bottom impact limiters are secured to the transportation cask body with 

attachment studs and nuts, as indicated in Figure 1.2-4. The attachment studs pass through the 

impact limiter end and outer core region and engage the transportation cask body tiedown rings. 

A tamper-indicating device is provided that connects each impact limiter to the transportation 

cask to assure that the package has not been opened by unauthorized personnel during transport. 

The outer diameter of the impact limiters exceeds the Association of American Railroads (AAR) 
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envelope dimensions
18

 for unrestricted interchange; however, this does not affect compliance 

with 10CFR71 requirements. 

The impact limiters are designed by analysis using the properties of the aluminum honeycomb 

and an analytical model that simulates the energy-absorbing behavior of the impact limiters 

during a free drop of the transportation package, as discussed in Section 2.7.1 of this SAR. To 

provide additional assurance, tests of the impact limiter have been performed to confirm that the 

analytical methods used to determine the design basis deceleration loads due to a free drop of the 

transportation package are conservative, as discussed in Section 2.12. 

1.2.1.3 FuelSolutions™ Cask Cavity Spacer 

The FuelSolutions™ TS125 Transportation Cask cavity spacer is placed in the bottom of the 

transportation cask cavity when a short FuelSolutions™ canister is placed inside the cask, as 

shown in Figure 1.2-3. The cask cavity spacer is bolted to the transportation cask bottom plate 

forging and takes up the space in the cask cavity to provide positive support for the canister. The 

cask cavity spacer, shown in Figure 1.2-7, is fabricated from stainless steel and is part of the 

transportation packaging. It is designed and fabricated in accordance with the ASME B&PV 

Code, Section III, Subsection NF, for all applicable transportation conditions.

1.2.1.4 FuelSolutions™ Canisters 

The specific design characteristics of each FuelSolutions™ canister are addressed in their 

respective FuelSolutions™ Canister Transportation SAR. All canister external dimensions 

(i.e., maximum outside diameter, maximum length, and maximum weight) are standardized so 

that the interfaces with the transportation system are consistent for the FuelSolutions™ family of 

canisters. In general, the FuelSolutions™ canister interfaces are designed to use common 

auxiliary support equipment. 

FuelSolutions™ canisters are designed for both on-site dry storage and off-site transport of SNF 

assemblies. Typically, FuelSolutions™ canisters contain pressurized water reactor (PWR) or 

boiling water reactor (BWR) SNF assemblies, which may include control components or flow 

channels that are integral with the SNF assemblies. A FuelSolutions™ canister is a high integrity 

pressure vessel that provides confinement of the SNF assemblies during dry storage, and 

maintains an inert helium atmosphere in contact with the SNF assemblies to assure corrosion 

protection and enhance heat removal. For conservatism, no credit is taken for the added 

capability of the canister shell assembly to confine or contain the radioactive materials during 

transport. Credit is taken, however, for the capability of the canister shell assembly to maintain 

the helium atmosphere. 

As indicated in Figure 1.2-1, a FuelSolutions™ canister consists of a shell assembly and an 

internal basket assembly. The shell assembly provides the confinement boundary for storage 

conditions, and maintains a helium atmosphere for both storage and transport conditions. The 

shell assembly also provides radiological shielding in both the radial and primarily the axial 

directions, during both storage and transport conditions. The internal basket assembly provides 

                                                

18 Association of American Railroads, Field Manual of the Interchange Rules, 1998. 
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geometric spacing, structural support, and (with the exception of the VSC-24 MSB) criticality 

control for the SNF assemblies for both storage and transport conditions. The specific design 

features for each FuelSolutions™ canister are described further in Section 1.2.1.1 of the 

respective FuelSolutions™ Canister Transportation SAR. 

1.2.1.5 Materials of Construction and Dimensions 

The FuelSolutions™ TS125 Transportation Cask provides containment for the FuelSolutions™ 

Transportation Package during transport and acts as an environmental barrier protecting a 

FuelSolutions™ canister and its radioactive contents. The structural components of the 

transportation cask body are made of high-strength austenitic stainless steel. The gamma 

shielding is made of lead and is completely enclosed within the inner and outer shells and the top 

and bottom forgings. The neutron shielding is a solid, hydrogenous material and is also 

completely enclosed.  

The transportation cask body is protected against design basis drop events by two energy-

absorbing impact limiters (one at each end), which consist of a stainless steel enclosure filled 

with bi-directional aluminum corrugated honeycomb.  

The materials of construction and dimensions for individual components are provided on the 

drawings contained in Section 1.3.2. Additional product information for the metallic O-ring 

seals, the neutron shielding material, the EN plating used for the neutron shield jacket assembly, 

the epoxy coating used for the neutron shield jacket, and the impact limiter honeycomb is 

provided in Section 1.3.4. Similar information pertaining to the FuelSolutions™ canisters is 

provided in Section 1.2.1.1 of the respective FuelSolutions™ Canister Transportation SARs. 

1.2.1.6 Gross Weight 

The maximum gross shipping weight of a FuelSolutions™ Transportation Package, including the 

FuelSolutions™ TS125 Transportation Cask and impact limiters, a FuelSolutions™ canister, and 

its SNF payload, is 285,000 pounds. This weight is used in the safety analyses described in 

Chapter 2 of this SAR and envelopes the total weight for the FuelSolutions™ TS125 

Transportation Cask, together with the heaviest combination of FuelSolutions™ canister and its 

allowable contents. 

A breakdown of the weights of the transportation cask components is provided in Section 2.2 of 

this SAR. The weights of the FuelSolutions™ canister and content combinations are provided in 

Section 2.2 of the respective FuelSolutions™ Canister Transportation SAR. 

1.2.1.7 Other Transportation Cask Features 

Receptacles, Valves, Testing/Sampling Ports

The FuelSolutions™ TS125 Transportation Cask does not use receptacles or valves, but the 

design does include a closure lid seal test port, a cask cavity drain port, and a cask cavity vent 

port, as shown in Figure 1.2-5. The seal test port penetrates the volume between the two O-ring 

seals on the closure lid, thereby allowing the leak tightness of the lid’s containment O-ring to be 

verified prior to transport of a loaded FuelSolutions™ Transportation Package, as described in 

Section 7.4.1 of this SAR. The vent port penetrates the closure lid and thus the cask cavity to 
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facilitate draining, inerting, or venting during loading and unloading of the cask, and permits 

sampling of cask cavity gases following transport to determine if the gases are contaminated 

prior to removal of the cask closure lid. The seal test port and vent port are well recessed into the 

closure lid for protection against damage. Similarly, the drain port penetrates the cask body and 

thus the cask cavity and is used to drain water from the cask/canister annulus following canister 

fuel loading. The drain port is recessed into the bottom plate forging for protection against 

damage. The vent and drain port seal glands and O-rings are installed and leak tested prior to 

transport to seal the respective penetrations and the containment boundary. 

Heat Dissipation

There are no active devices used on a FuelSolutions™ TS125 Transportation Cask for the 

transfer or dissipation of heat. Heat dissipation from a FuelSolutions™ Transportation Package 

is entirely passive. Heat dissipation is achieved by convection and radiation from the exposed 

surfaces of the transportation cask body and impact limiters. Heat transfer through the neutron 

shielding material is aided by the carbon steel support angles and jacket.  

Coolants

No coolants are used within a FuelSolutions™ Transportation Package other than helium within 

the FuelSolutions™ canister cavity and the transportation cask cavity. 

Protrusions

There are no outer or inner protrusions on a FuelSolutions™ Transportation Package during 

transport other than two internal guide rails. The two guide rails are mounted longitudinally 

within the cavity of a FuelSolutions™ TS125 Transportation Cask to provide a hardened surface 

to facilitate horizontal transfer of a FuelSolutions™ canister, as described in the FuelSolutions™ 

Storage System SAR. Prior to transport, the removable lifting trunnions are replaced with 

trunnion shield plugs that are flush with the outside surface of the neutron shield jacket. 

Lifting and Tiedown Devices

As shown in Figure 1.2-4, the FuelSolutions™ TS125 Transportation Cask includes four 

external trunnion mounting bosses for temporary attachment of four lifting trunnions, as shown 

in Figure 1.2-3, to permit cask handling operations. These lifting devices are designed to meet 

the requirements of 10CFR71.45(a). The lifting trunnions are used to lift the FuelSolutions™ 

TS125 Transportation Cask vertically, to upend/downend the cask, to support the cask on a 

transfer skid for horizontal canister transfers, and to lift a cask horizontally during movement 

to/from an on-site transfer trailer or an intermodal transportation skid. The lifting trunnions may 

be used either two at a time (an opposing pair) for non-redundant/non-critical lifts (e.g., for cask 

upending/downending on a transfer skid or intermodal transportation skid), or four at a time for 

redundant lifting of the cask for critical lifts, as defined by NUREG 0612. The lifting trunnions 

are removed and replaced with non-protruding trunnion boss shield plugs prior to transport, as 

shown in Figure 1.2-4. Thus, the lifting trunnions are rendered inoperable during transport in 

accordance with 10CFR71.45(a). 

In addition, the FuelSolutions™ TS125 Transportation Cask includes two rotation trunnions at 

the bottom end of the transportation cask that may be used to facilitate cask 
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upending/downending operations. The rotation trunnions provide a pivot for rotating the cask to 

the horizontal and vertical orientations. The rotation trunnions are removed prior to transport. 

Thus, the rotation trunnions are rendered inoperable during transport in accordance with 

10CFR71.45(a). No supplemental shielding is required at these locations. 

The FuelSolutions™ TS125 Transportation Cask includes two tiedown rings at each end of the 

neutron shield jacket, as shown in Figure 1.2-4, that bear on the intermodal transportation skid 

tiedown rings shown in Figure 1.2-8. The intermodal skid tiedown rings capture the transport 

package and provide support transverse to the axis of the cask during transport. The 

transportation cask design also includes a shear block located on the bottom side of the cask, as 

shown in Figure 1.2-4, that engages a shear key on the intermodal skid, as shown in Figure 1.2-8. 

The shear block provides longitudinal support for the transport package during transport. These 

transportation package tiedown devices are designed for the NCT design basis loadings and meet 

the requirements of 10CFR71.45(b).  

Pressure Relief System

There is no pressure relief system in the FuelSolutions™ TS125 Transportation Cask 

containment boundary. The neutron shield cavity is protected from overpressurization during the 

HAC fire event by pressure relief devices located at the end of the neutron shield cavity. 

Shielding

The FuelSolutions™ Transportation Package contains SNF assemblies, which are both a gamma 

and a neutron radiation source. For the attenuation of gamma radiation, shielding between the 

radioactive contents and the exterior surface of a FuelSolutions™ Transportation Package is 

provided by the FuelSolutions™ canister (the shell assembly and internal basket assembly) and 

also by the FuelSolutions™ TS125 Transportation Cask (the inner and outer shells, the lead 

gamma shield, the neutron shield support angles and jacket, the closure lid, and the bottom plate 

forging). For attenuation of neutron radiation, the active fuel region at the center region of the 

transportation cask body between the impact limiters has a layer of hydrogenous, solid neutron 

shielding material. Also, the bottom end of the transportation cask includes a layer of 

hydrogenous, solid neutron shielding material.  

Package Marking

A visibly-mounted nameplate on the FuelSolutions™ Transportation Package provides the 

following information per 10CFR71.85(c):  model number, serial number, empty weight, gross 

weight, and the package identification number assigned by the NRC, which is generally the 

C of C number. For transport, the FuelSolutions™ Transportation Package marking and labeling 

is in accordance with 10CFR71.5(a). The permanent identification markings on the 

FuelSolutions™ TS125 Transportation Cask are discussed further in Section 8.1.7.1.2 of this 

SAR.

1.2.1.8 Non-Packaging Support Equipment 

The FuelSolutions™ SFMS support equipment used to facilitate canister loading, closure, and 

transfer operations is shown schematically in Figure 1.2-1, and described in Section 1.2.1.4 of 

the FuelSolutions™ Storage System SAR. In addition, FuelSolutions™ SFMS support 
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equipment is used to handle and transport the FuelSolutions™ Transportation Package, as 

described in this section. Generally, this equipment is commercial grade equipment designed for 

high reliability in a heavy industrial environment. Although this equipment is not generally 

classified as important to safety or safety related (see Table 1.2-1), calibration and preoperational 

testing of some equipment is performed to assure proper interface with system components and 

equipment that are classified as important to safety or safety related.  

Descriptions of the FuelSolutions™ Transportation Package support equipment are provided 

herein for information only to facilitate an understanding of FuelSolutions™ Transportation 

System operations and the basic design features of this equipment and its interfaces with the 

FuelSolutions™ Transportation Package. The support equipment described herein, or alternative 

similar equipment, may be used consistent with the design basis for the FuelSolutions™ 

components and equipment that are classified as important to safety or safety related.  

Intermodal Transportation Skid

The FuelSolutions™ Transportation Package intermodal transportation skid shown in 

Figure 1.2-8 supports the transportation package during off-site transport. The intermodal skid is 

a passive, welded steel structure consisting of a steel frame that supports the transportation 

package when placed on the railcar (or other mode of transport). The design features for the 

intermodal skid are as follows: 

Interfaces and is compatible with all forms of transport: rail, barge, or heavy-haul truck 

conveyance.

Facilitates horizontal or vertical (when used with the cask-turning fixture) handling of the 

transportation cask, as shown in Figure 1.2-11. 

Facilitates handling with or without the transportation cask’s impact limiters and/or the 

personnel barrier, as shown in Figure 1.2-9. 

Saddle-type supports at the fore and aft ends of the intermodal skid react vertical, lateral, and 

resultant overturning moments from the transportation package into the intermodal skid frame. 

The cask tiedown saddles are aligned with the tiedown rings on the transportation cask body 

shown in Figure 1.2-4, to facilitate direct bearing load transfer. Cask tiedown straps are used to 

capture the transportation cask in place and resist both lateral and vertical shock and vibration 

loads. The cask tiedown straps are designed to be easily removed, applying ALARA design 

principles. The cask tiedown saddles and straps are also designed to keep contact stresses with 

the transportation cask body below allowable values during transport. 

Longitudinal shock and vibration loads on the transportation package are reacted into the 

intermodal skid by a shear block located at the bottom center of the transportation cask, as 

shown in Figure 1.2-4. This shear block on the transportation cask contains a rectangular slot to 

interface with a mating shear key located on the intermodal skid, as shown in Figure 1.2-8. 

Longitudinal and lateral loads from the intermodal skid are transmitted from the base of the skid 

into a shear pin that is integral with the deck of the railcar, as shown in Figure 1.2-8. 
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Personnel Barrier

The FuelSolutions™ Transportation Package personnel barrier shown in Figure 1.2-2 interfaces 

with the railcar and the intermodal skid, and provides a physical barrier between personnel and 

the transportation cask. The personnel barrier is not part of the 10CFR71 licensed transportation 

package. The design features for the personnel barrier are as follows: 

Easily removed and replaced while remaining on the transport vehicle. 

Limits personnel access to the transportation cask while allowing for air flow around the 

transportation cask. 

Provides nameplates and markings to indicate component name, identification number(s), 

specific instructions, etc. 

The personnel barrier shown in Figure 1.2-10 is comprised of two segments, each consisting of 

expanded metal sheets with a minimum 60% open area welded to a steel frame structure. The 

expanded metal sheets allow sufficient air passage through the personnel barrier surface to 

provide full convective cooling of the transportation cask surface. 

The overall size of the personnel barrier is driven by the requirement to prevent personnel from 

access to the transportation cask outer surface, while providing a safe stand-off distance from the 

thermally hot cask surfaces, in accordance with the requirements of 10CFR71.43(g) for an 

exclusive use shipment. Each personnel barrier section is attached to the intermodal skid by use 

of the four pins that attach the personnel barrier directly to the intermodal skid during transport. 

There are two doors (per personnel barrier section) to gain access to the intermodal skid railcar 

tiedowns and the intermodal skid lift points. Four personnel barrier lift points allow each of the 

sections to be individually lifted onto or from the railcar when necessary. 

Cask-Turning Fixture

The FuelSolutions™ Transportation Package cask-turning fixture is used to rotate the 

transportation cask from a horizontal-to-vertical orientation, to or from the intermodal skid, as 

shown in Figure 1.2-11. The cask-turning fixture is a quasi-static structure that is designed to 

carry a fully loaded transportation cask. The cask-turning fixture is comprised of a steel frame 

that interfaces with the transportation cask and railcar (or other mode of transport). The height of 

the cask-turning fixture from the railcar deck relative to the intermodal skid centerline is 

controlled by mounting the cask-turning fixture on pads on the railcar deck. The height of the 

intermodal skid is similarly controlled, thus assuring close vertical alignment between the 

intermodal skid and cask-turning fixture. 

Cask Trunnion Installation/Removal Tool

The FuelSolutions™ Transportation Package trunnion installation/removal tool (trunnion tool), 

shown in Figure 1.2-12, is used to handle the transportation cask trunnions during the trunnion 

installation and removal operations. The trunnion tool is designed to allow a cask trunnion to 

hang in a near plumb orientation (trunnion centerline horizontal) from a yard crane hook while 

the trunnion is bolted or unbolted from a transportation cask trunnion mounting boss. 
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Cask/Skid Horizontal Lift Fixture

The FuelSolutions™ Transportation Package cask/skid horizontal lift fixture, shown in 

Figure 1.2-13, is used to lift the transportation cask by the lifting trunnions and the rotation 

trunnions when in the horizontal orientation. It is used to place or remove the empty or loaded 

transportation cask onto or from the intermodal skid without the impact limiters installed. In this 

mode, the horizontal lift fixture cables engage the two horizontal cask lifting trunnions and the 

two cask rotation trunnions in a 4-point pick. Alternatively, the horizontal lift fixture may engage 

the forging at the bottom end of the cask using a sling, as shown in Figure 1.2-14. 

The FuelSolutions™ Transportation Package horizontal lift fixture can also be used to lift the 

transportation cask with impact limiters installed (the trunnions have been removed), with the 

cask secured to the intermodal skid and the personnel barrier in place as shown in Figure 1.2-15. 

In this mode, the horizontal lift fixture engages the lift points on the intermodal skid.  

The cask horizontal lifting fixture is a spreader H-frame with four lifting cables or slings. The 

cask horizontal lift fixture beams are fabricated from coated carbon steel. The cask horizontal lift 

fixture contains a manual adjustment to provide for the alignment between the lifting hook and 

the load center of gravity. It is designed to accommodate a fully loaded transportation cask with 

impact limiters, while secured to the intermodal skid.  

Cask Lifting Yokes

The FuelSolutions™ TS125 Transportation Cask redundant lifting yoke, shown in Figure 1.2-16, 

is classified as safety-related and is used for the vertical lifting, handling, and 

upending/downending of the transportation cask. The redundant lifting yoke can be used for 

critical lifts using a plant’s cask handling crane inside the fuel building, in accordance with the 

plant’s 10CFR50 license. Alternatively, the same lifting yoke can be used for non-critical lifts 

outside the plant’s fuel building using a portable crane.

The redundant lifting yoke engages all four lifting trunnions of the transportation cask for critical 

lifts. The redundant lifting yoke assembly, shown in Figure 1.2-16, includes redundant A-frames 

and four pneumatically actuated lifting arms. Since the lifting yoke assembly arms engage two 

pairs of cask lifting trunnions and transfer the load to two A-frames, a redundant load path is 

provided. Two of the arms are designed to swing out of position for non-critical lifts, while the 

other two arms remain engaged to facilitate cask for cask handling operations (e.g., upending 

and downending operations), as described in Chapter 7 of this SAR. This lifting yoke is 

designed, fabricated, and tested as a dual load path lifting device in accordance with 

NUREG-0612 and ANSI N14.6.

A conventional non-redundant open J-hook yoke can also be used for non-critical lifts of the 

transportation cask for ease of operation. The cask J-hook lifting yoke is described in 

Section 1.2.1.4 of the FuelSolutions™ Storage System SAR. This yoke is also designed, 

fabricated, and tested as a non-redundant special lifting device for critical lifts, in accordance 

with NUREG-0612 and ANSI N14.6; however, the design of the transportation cask lifting 

trunnions requires the use of all four trunnions for critical lifts. 
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1.2.2 Operational Features 

The operations associated with the FuelSolutions™ TS125 Transportation Cask, impact limiters, 

and a FuelSolutions™ canister are similar to other licensed transportation packages. The 

FuelSolutions™ canisters are designed to be loaded in a spent fuel pool while inside a 

FuelSolutions™ TS125 Transportation Cask. More typically, a FuelSolutions™ canister is 

loaded in a spent fuel pool while inside a FuelSolutions™ W100 Transfer Cask and then moved 

on-site for transfer into a FuelSolutions™ W150 Storage Cask. After interim storage on-site, a 

loaded FuelSolutions™ canister can be transferred from the storage cask into a transportation 

cask using a transfer cask. With a transfer cask, a loaded FuelSolutions™ canister can be 

transferred into a transportation cask either vertically or, in most cases, horizontally using 

FuelSolutions™ SFMS support equipment. These capabilities and equipment are discussed 

further in Section 1.2.2 of the FuelSolutions™ Storage System SAR. 

Transportation Cask

The FuelSolutions™ TS125 Transportation Cask is designed for off-site transport of a 

FuelSolutions™ canister by rail, barge, or heavy-haul trailer conveyance, and to facilitate 

transfer of canisters to and from a transfer cask. The following features are incorporated in the 

design of the FuelSolutions™ TS125 Transportation Cask to facilitate these operations: 

The transportation cask closure lid is removable and face seals are used (rather than bore 

seals) to facilitate horizontal canister transfer from or to the transfer cask, and vertical 

transfer from or to the transfer cask. 

The closure lid of the transportation cask includes features to facilitate handling, which 

simplify operations and minimize the corresponding occupational exposure. 

The lifting trunnions of the transportation cask are removable to minimize protrusions 

from the cask during transport. 

The top end of the transportation cask is designed to promote easy alignment and 

centering with the transfer cask during canister transfer operations. 

Hardened steel guide rails within the transportation cask cavity provide a bearing surface 

during horizontal canister transfer.

Exposed transportation cask surfaces are polished stainless steel or coated carbon steel to 

ease cask decontamination operations. 

Impact Limiters

The impact limiters for the FuelSolutions™ TS125 Transportation Cask are designed to facilitate 

ease of installation and removal. The following features are incorporated into the design of the 

impact limiters for this purpose: 

Features are provided to facilitate proper alignment and engagement to ease bolt 

installation.

The impact limiter shells are fabricated from corrosion-resistant stainless steel. 

Lift lugs are provided for handling of the impact limiters. 
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Canister

The FuelSolutions™ canister designs incorporate several design features that facilitate canister 

transfer between casks. The key operational features of each FuelSolutions™ canister are 

discussed further in Section 1.2.2 of the respective FuelSolutions™ Canister Transportation 

SAR.

1.2.2.1 Horizontal Canister Transfer from Transfer Cask 

The FuelSolutions™ SFMS is designed for horizontal transfer of a sealed FuelSolutions™ 

canister from or to a transfer cask and a transportation cask. The basic operations for a typical 

horizontal canister transfer from a transfer cask to a transportation cask are listed below. These 

operations are described in greater detail in Section 7.1.5 of this SAR. For the purpose of 

illustration, the assumption is made that off-site transport via heavy-haul trailer to a nearby rail 

siding or barge slip is required, and that the loaded canister has already been retrieved from the 

storage cask to the transfer cask in a manner similar to that described in Section 8.2.1 of the 

FuelSolutions™ Storage System FSAR. Certain FuelSolutions™ canisters (e.g., the VSC-24 

MSB) are designed only for vertical transfer; this section does not pertain to these canisters.

Place the empty transportation cask on the intermodal skid and heavy-haul trailer. 

Tow the empty transportation cask and intermodal skid to the designated transfer area. 

Remove the transportation cask and intermodal skid from the heavy-haul trailer and place 

on suitable cribbing. 

Tow the horizontal transfer trailer and loaded on-site transfer cask to the designated 

transfer area. 

Remove the transportation cask closure lid and install the cask docking collar. Back the 

transfer trailer toward the transportation cask.  

Remove the transfer cask bottom cover and cask cavity spacer (if installed). Dock and 

align the bottom end of the transfer cask with the top end of the transportation cask and 

install the cask restraints.

Remove the transfer cask ram access cover and install the hydraulic ram on the transfer 

cask top cover. 

Actuate the hydraulic ram to slowly push the canister into the transportation cask. Retract 

the hydraulic ram, remove the cask restraints, and undock the transfer cask from the 

transportation cask. 

Remove the docking collar and install the transportation cask closure lid and seals.  

Evacuate the existing atmosphere from the transportation cask/canister annulus. Fill the 

transportation cask/canister annulus with helium and perform a preshipment leak test. 

Engage the cask horizontal lift fixture. Lift the loaded transportation cask and intermodal 

skid horizontally and place on the heavy-haul trailer. 

Secure the intermodal skid to the heavy-haul trailer. Remove the trunnions and install the 

impact limiters and personnel barrier. 
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Install the transfer cask cover plates and move the empty transfer cask to a designated 

storage area. 

Tow the loaded transportation cask to the rail siding or barge slip location. 

Horizontal canister transfer from a transportation cask to a transfer cask is nearly the reverse of 

that described above. 

1.2.2.2 Vertical Canister Transfer from Storage Cask 

The FuelSolutions™ SFMS is designed for vertical canister transfer from or to a transportation 

cask, and from or to a storage cask via a transfer cask. The basic operations for a typical vertical 

transfer of a canister from a storage cask to a transportation cask are listed below. These 

operations are described in greater detail in Section 7.1.6 of this SAR. For the purpose of 

illustration, the assumption is made that direct rail access to the plant’s cask receiving bay and 

sufficient crane capacity to lift and handle the loaded transportation cask is available. 

Upend and remove the empty transportation cask from the railcar. 

Position the empty transportation cask in the cask receiving bay of the fuel building. 

Remove the transportation cask closure lid and install the docking collar.

Position the loaded transfer cask on a bottom lid support structure in order to provide 

access to the bottom cover bolts. Install the canister vertical lift fixture. Remove the 

transfer cask bottom cover bolts.

Engage the transfer cask lifting yoke and actuate the canister vertical lift fixture to raise 

the canister slightly above the transfer cask bottom cover. 

Lift the transfer cask vertically off the bottom cover using the cask lifting yoke. Move the 

transfer cask to a position above the transportation cask. 

Dock the transfer cask with the top end of the transportation cask. After docking, align 

the transfer cask and install the cask restraints (restraints are optional). The restraints are 

not required since the transfer cask remains supported, in part, by the plant crane via the 

lifting yoke.

Actuate the canister vertical lift fixture to slowly lower the canister into the transportation 

cask. The transfer cask lifting yoke remains engaged with the transfer cask upper 

trunnions throughout the vertical transfer.

Remove the transfer cask and docking collar. Install the transportation cask closure lid 

and seals.

Evacuate the existing atmosphere from the transportation cask/canister annulus. Fill the 

transportation cask/canister annulus with helium and perform a preshipment leak test. 

Engage the lifting yoke and position the loaded transportation cask in the cask-turning 

fixture. Downend the transportation cask on the intermodal skid and railcar.  

Remove the trunnions and install the impact limiters and personnel barrier. 
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Install the transfer cask cover plates and move the empty transfer cask to a designated 

storage area. 

Vertical canister transfer from a transportation cask to a storage cask is nearly the reverse of that 

described above. 

1.2.2.3 Cask Placement on and Removal from Railcar 

The FuelSolutions™ Transportation System is designed for placement and removal of the 

transportation cask on a transport vehicle, including a suitable railcar, barge, or heavy-haul 

trailer. Placement on or removal from the transport vehicle may be performed vertically by 

downending or upending the transportation cask on the intermodal skid, or horizontally by lifting 

either the cask separately or while secured to the intermodal skid with the impact limiters and 

personnel barrier in place. The basic operations for typical transportation cask removal from a 

railcar are listed below. These operations are described in greater detail in Section 7.1.1 of this 

SAR.

Engage the horizontal lift fixture. Lift the transportation package, including the 

intermodal skid and personnel barrier, from the heavy-haul trailer. 

Place the transportation package with the intermodal skid and personnel barrier on the 

railcar.

Secure the intermodal skid to the railcar and perform a preshipment dose survey.  

Transport the loaded transportation cask to a receiving facility. 

At the receiving facility, remove the impact limiters and personnel barrier and perform a 

receipt dose survey. 

Install the trunnions and the cask-turning fixture. Engage the lifting yoke and upend the 

cask on the railcar. Move the transportation cask to the cask receiving area or shielded 

hot cell for vertical canister transfer, removal, or unloading. 

or

Install the trunnions and engage the horizontal lift fixture. Lift the loaded transportation 

cask from the intermodal skid on the railcar. Place the transportation cask on the 

horizontal transfer trailer and skid for horizontal canister transfer. 

or

Reinstall the impact limiters and personnel barrier. Engage the horizontal lift fixture and 

lift the transportation package from the railcar. Place and secure the transportation 

package on a heavy-haul trailer. 

Placement of the transportation cask on the railcar is nearly the reverse of that described above. 

Placement or removal of the transportation cask to and from a barge or heavy-haul trailer is 

similar. 
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1.2.2.4 Canister Loading, Closure, and Opening 

Basic FuelSolutions™ canister loading, closure, and opening operations are described in 

Sections 1.2.2.1 and 1.2.2.2 of the FuelSolutions™ Storage System SAR. Canister-specific 

operations, if any, are provided in Sections 1.2.2.1 and 1.2.2.2 of the respective FuelSolutions™ 

Canister Storage FSAR. 

1.2.3 Contents of Packaging 

1.2.3.1 Spent Fuel to be Transported 

The FuelSolutions™ SFMS is designed to dimensionally accommodate all domestic commercial 

PWR SNF assembly classes and Big Rock Point (BRP) BWR SNF assemblies, with the 

following exceptions at this time: 

Haddam Neck SNF assemblies 

Indian Point SNF assemblies 

LaCrosse SNF assemblies 

San Onofre 1 SNF assemblies 

South Texas SNF assemblies 

CE 16x16 and CE System 80 SNF assemblies with control components.  

The many classes of existing SNF assemblies have a broad range of physical and nuclear 

characteristics (i.e., length, width, number of fuel rods, initial enrichment, burnup, etc.) and 

include PWR SNF assemblies and BRP BWR SNF assemblies. The SNF assembly classes and 

characteristics (including enrichment, burnup, and cooling time) that are accommodated by each 

FuelSolutions™ canister are identified in the respective FuelSolutions™ Canister Transportation 

SAR.

The base design of the FuelSolutions™ Transportation Package is for intact zircaloy-clad SNF 

assemblies with no known or suspected gross cladding failures. Some FuelSolutions™ canisters 

are also designed to accommodate damaged SNF assemblies, partial SNF assemblies, and MOX 

SNF assemblies. The allowable contents of FuelSolutions™ canisters are described in 

Section 1.2.3 of the respective FuelSolutions™ Canister Transportation SAR. 

SNF assemblies that are considered to be intact (i.e., undamaged) can be placed in any cell 

location within the basket of a FuelSolutions™ canister for which it is qualified. SNF assemblies 

with known or suspected cladding defects greater than a hairline crack or a pinhole leak are 

considered damaged. Damaged fuel rods in an otherwise intact fuel assembly may be replaced 

with dummy rods that displace an equal amount of water as the original undamaged rod. Partial 

fuel assemblies that have missing fuel rods but are otherwise intact are acceptable for loading, 

when specifically qualified for the respective FuelSolutions™ canister. Similarly, fuel 

assemblies with damage to non-fuel assembly hardware (e.g., end fittings, nozzles, grid spacers) 

are acceptable for loading, when specifically qualified for the respective FuelSolutions™ 

canister.
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Several means can be used to verify that an SNF assembly is intact/undamaged, including a 

review of reactor/plant records, visual inspections, fuel rod sipping evaluations, and other means 

of non-destructive examination. At a minimum, a review of reactor records is to be performed to 

verify that each fuel assembly is undamaged, followed by an external visual examination of each 

fuel assembly for any obvious damage prior to canister loading. The purpose of this 

demonstration is to provide reasonable assurance that the fuel assembly is undamaged or that the 

damaged fuel assembly to be loaded into a FuelSolutions™ canister is canned as described 

below.

Damaged SNF assemblies, as defined above, should be canned to confine gross fuel particles to a 

known, subcritical volume. The damaged fuel assembly cans are handle-able and retrievable, and 

contain holes covered by mesh screens that allow water to flow in and out of the can interior, but 

which prevent fissile material from the damaged fuel assemblies (e.g., pellets, rod fragments) 

from exiting the can. These damaged fuel cans are placed in specified cell locations within the 

canister basket in accordance with the respective FuelSolutions™ canister qualification basis.

The FuelSolutions™ TS125 Transportation Cask design is based on the bounding 

FuelSolutions™ canister dimensions and payload weights, and the bounding thermal and 

radiological source terms that form the basis for the structural, thermal, and shielding safety 

analyses documented in this SAR. These include the following canister interface parameter 

values:

The transportation cask can physically accommodate any FuelSolutions™ canister with a 

maximum outside diameter of 66 inches, a maximum length of 192.25 inches, and a 

maximum dry loaded weight of 85,000 pounds. Short canisters require use of a cask 

cavity spacer, the weight of which is included in the maximum canister weight. 

The transportation cask can accommodate any FuelSolutions™ canister with a total 

canister heat load of 22.0 kW or less, provided that the canister thermal evaluation shows 

that the peak temperature in the transportation cask’s inner shell does not exceed that 

calculated for the design basis canister Qmax thermal profile in Chapter 3. 

The transportation cask is designed to maintain the through-wall contact surface dose rate 

to 200 mrem/hr or less, and a dose rate of 10 mrem/hr or less at 2 meters from the 

package conveyance. The transportation cask can accommodate any FuelSolutions™ 

canister and payload that does not exceed the rated radiological dose rate value. 

The basis for these bounding FuelSolutions™ canister interface parameters and the 

corresponding design basis analysis of the FuelSolutions™ TS125 Transportation Cask are 

provided in Chapters 2, 3, and 5 of this SAR. The design criteria for the FuelSolutions™ TS125 

Transportation Cask are listed in Table 1.2-3. 

The qualification of SNF assemblies to be transported consistent with the design basis analysis 

of the FuelSolutions™ TS125 Transportation Cask is provided in Section 1.2.3 of each 

FuelSolutions™ Canister Transportation SAR. Criticality safety is conservatively based on the 

most reactive possible geometric configuration along with optimum moderation, as described in 

the respective FuelSolutions™ Canister Transportation SAR. 
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1.2.3.2 Radionuclide Inventory 

The design basis gamma and neutron radiation source terms for the total payload contents and 

the corresponding radionuclide inventory of the FuelSolutions™ transportation cask varies with 

the characteristics of the payload for each FuelSolutions™ canister. The canister-specific gamma 

and neutron radiation source term values are discussed in Section 1.2.3.2 of the respective 

FuelSolutions™ Canister Transportation SAR. 

1.2.3.3 Maximum Payload Weight 

The maximum payload weight for the FuelSolutions™ transportation cask, including the weight 

of the FuelSolutions™ canister, the radioactive contents, and the cask cavity spacer for short 

canisters, is 85,000 lbs. This weight occurs for the FuelSolutions™ canister and contents that is 

the heaviest of all loaded FuelSolutions™ canisters. The specific payload weights are provided 

in the respective FuelSolutions™ Canister Transportation SARs.

1.2.3.4 Maximum Decay Heat 

The design basis decay heat load for the FuelSolutions™ TS125 Transportation Cask is 

22,000 watts. The basis for this value and a discussion of the FuelSolutions™ Transportation 

Package thermal characteristics are provided in Chapter 3 of this SAR.  

1.2.3.5 Maximum Pressure Buildup 

The FuelSolutions™ TS125 Transportation Cask is designed for a maximum internal pressure of 

75 psig. The MNOP and maximum HAC internal pressures are considerably less than the design 

pressure, as discussed in Section 3.1.5 of this SAR. The MNOP for the transportation cask is 

provided in Section 1.2.3.5 of the respective FuelSolutions™ Canister Transportation SAR. Note 

that although no credit is taken for the containment capability of the canister shell assembly, the 

transportation cask would only be subjected to these internal pressures if the canister shell is 

leaking or is breached. 

The FuelSolutions™ TS125 Transportation Cask is designed for a maximum external pressure of 

290 psig in accordance with 10CFR71.61, as discussed in Section 1.1.

1.2.4 Compliance with 10CFR71 

The FuelSolutions™ TS125 Transportation Cask described in this SAR, together with the 

FuelSolutions™ canisters described in the FuelSolutions™ Canister Transportation SAR, fully 

comply with the requirements of 10CFR71. These include the general standards for all packages 

specified in 10CFR71.43, the requirements for NCTs defined in 10CFR71.71, and the 

requirements for HACs defined in 10CFR71.73. The specific SAR sections that address these 

10CFR71 requirements are identified in Table 1.0-1. The structural, thermal, containment, 

shielding, and criticality requirements of 10CFR71 are addressed in Chapters 2 through 6 of this 

SAR and the FuelSolutions™ Canister Transportation SARs. The operational requirements of 

10CFR71 are addressed in Chapter 7 of this SAR. Operations that are specific to a 

FuelSolutions™ canister are addressed in Chapter 7 of the respective FuelSolutions™ Canister 

Transportation SAR. The acceptance test and maintenance program requirements for the 
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FuelSolutions™ TS125 Transportation Cask and impact limiters are addressed in Chapter 8 of 

this SAR. The acceptance test and maintenance program requirements for a FuelSolutions™ 

canister are addressed in Chapter 9 of the respective FuelSolutions™ Canister Storage FSAR. 
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Table 1.2-1  -  Quality Classifications of the FuelSolutions™ 

Transportation System Components and Support Equipment 

FuelSolutions™ Transportation System Component Quality Classification 

Transportation Packaging  

Transportation Cask Important to Safety 

Impact Limiters Important to Safety 

Canister Important to Safety 

Cask Cavity Spacer Important to Safety 

Support Equipment  

Intermodal Transportation Skid Not Important to Safety 

Personnel Barrier Not Important to Safety 

Cask-Turning Fixture Not Important to Safety 

Cask Trunnion Installation/Removal Tool Not Important to Safety 

Cask/Skid Horizontal Lift Fixture Not Important to Safety 

Cask Lifting Yoke (non-redundant) Safety Related 

Cask Lifting Yoke (redundant) Safety Related 
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Table 1.2-2  -  Principal Characteristics of the FuelSolutions™ TS125 

Transportation Cask 

Characteristic Transportation Cask(1)

Gross Weight 285,000 lbs. (including loaded canister and impact limiters) 

Materials of Construction (structural) Stainless Steel and Carbon Steel 

Materials Used as Neutron Absorbers and 

Moderators (excluding canister materials)

NS-4-FR Neutron Shielding 

External Dimensions 342.4 in. overall length, 143.5 in. , with Impact Limiters 

210.4 in. overall length, 94.2 in. , without Impact Limiters 

Cavity Size 193.0 in. length x 67.0 in. 

Internal Structures FuelSolutions™ Canister with Internal Basket, Axial Cask Cavity 

Spacer for shorter canisters, Radial Cask Cavity Spacer for 

smaller-diameter canisters 

External Structures Impact Limiters 

Receptacles None 

Valves None. 

Ports Drain, Vent, and Seal Test 

Means of Passive Heat Dissipation Conduction, Convection and Radiation 

Volume of Coolant None 

Type of Coolant None. Helium Used in Canister and Cask Cavity 

Outer Protrusions Lifting and Rotation Trunnions (removable) 

Inner Protrusions Guide Rails 

Lifting Devices Lifting Trunnions (redundant) 

Impact Limiters Aluminum Honeycomb and Stainless Steel Shell 

Outer Diameter:  143.5 in. 

Amount of Shielding (radial) Canister Basket and Shell (see Canister Transportation SAR) 

Inner Shell:  1.5 in. Stainless Steel 

Gamma Shield:  3.25 in. Lead 

Outer Shell:  2.65 in. Stainless Steel 

Neutron Shield (NS):  6.0 in. NS-4-FR 

NS Shell:  0.19 in. Carbon Steel 

Amount of Shielding (axial) Canister Top and Bottom Ends (see Canister Transportation SAR) 

Bottom Plate Forging:  6.00 in. Stainless Steel 

Bottom Neutron Shield:  5.0 in. NS-4-FR + 0.25 in. SS 

Closure Lid:  6:00 in. Stainless Steel  

Pressure Relief Systems None for Containment; Pressure Relief Device for N-Shield  

Closures Bolted Closure Lid  

Means of Containment  Cask Inner Shell, Bottom Plate Forging, Top Ring Forging, Bolted 

Closure Lid and Inner O-ring, Vent Port Seal Gland and O-ring, 

and Drain Port Seal Gland and O-ring. 

Model Number TS125 

Identification Individual Nameplates (see Sections 1.2.1.7 and 8.1.7) 

Note: (1)  All dimensions are nominal.
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Table 1.2-3  -  Transportation Cask Design Criteria Summary (7 pages)

Type Criteria or Reference Basis(1)

Design Life: - - 

Design 40 yrs. Section 2.4.9 

Regulatory  5 yrs. 10CFR71.38 & C of C 

Contents of Application: - - 

The applicant shall identify any established 

codes and standards proposed for use in the 

package design, fabrication, assembly, testing, 

maintenance, and use: 

- 10CFR71.31(c) 

Containment Boundary ASME Code, Section III, Subsection WB, 1998 Edition (see Section 1.3.3) NUREG-1617, Section 1.5.2.6 

Outer Shell  ASME Code, Section III, Subsection NF, 1998 Edition (see Section 1.3.3) NUREG-1617, Section 1.5.2.6 

Neutron Shield Jacket Assembly ASME Code, Section III, Subsection NF, 1998 Edition (see Section 1.3.3) NUREG-1617, Section 1.5.2.6 

Tiedown Rings, and Shear Block 10CFR71.45(b)(1) NUREG-1617, Section 2.33 

Lifting Trunnions and Trunnion Mounting 

Bosses

10CFR71.45(a), NUREG-0612 & ANSI N14.6 NUREG-1617, Section 2.33 

NUREG-1536, Section 3 

Impact Limiters (fabrication only) ASME Code, Section III, Subsection NF, 1998 Edition Reg. Guide 7.6, Section B 

Package Description: - - 

Classification Type B(U)F 10CFR71.33(a)(1) 

Gross Weight 285,000 lbs. (including loaded canister and impact limiters) 10CFR71.33(a)(2) 

Max. Empty Cask Weight See Section 2.2 ANSI/ANS 57.9 

Max. Canister/Cask on Yoke Weight See Section 2.2 ANSI/ANS 57.9 

Live Load (max. loaded canister) - Dry 85,000 lb. ANSI/ANS 57.9 

External Dimensions With Impact Limiters:    

342.4 in. overall length, 143.5 in. 

Without Impact Limiters and Trunnions: 

210.4 in. overall length, 94.1 in. 

NUREG-1617 

Cavity Size 193.0 in. length x 67.0 in. NUREG-1617 

Model Number TS125 10CFR71.33(a)(3) 
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Table 1.2-3  -  Transportation Cask Design Criteria Summary (7 pages)

Type Criteria or Reference Basis(1)

Containment System Identification Inner Shell, Bottom Plate Forging, Top Ring Forging, Bolted Closure 

Lid and Inner O-ring, Vent Port Seal Gland and O-ring, and Drain Port 

Seal Gland and O-ring. 

10CFR71.33(a)(4) 

Specific Materials of Construction, Weights, 

Dimensions, and Fabrication Methods for: 

- - 

Receptacles None. 10CFR71.33(a)(5)(i)

Nonfissile Neutron Absorbers or 

Moderators 

NS-4-FR Neutron Shield 10CFR71.33(a)(5)(ii) 

Internal/External Structures 

Supporting/Protecting Receptacles 

Internal: FuelSolutions™ Canister with Internal Basket, Cask 

Cavity Spacer for shorter canisters, Radial Cask Cavity 

Spacer for smaller diameter canisters 

External: Impact Limiters 

10CFR71.33(a)(5)(iii) 

Valves, Sampling Ports, Lifting Devices, 

and Tiedown Devices 

Valves: None. 

Sampling Ports: Drain, Vent, and Test  

Lifting Devices: Lifting Trunnions 

Tiedown Devices: Support Rings and Shear Block 

10CFR71.33(a)(5)(iv) 

Structural/Mechanical Means to 

Transfer/Dissipate Heat 

EN plated carbon steel ribs embedded in solid neutron shield material 

and EN plated carbon steel neutron shield jacket with exterior epoxy 

coating.

10CFR71.33(a)(5)(v) 

Identification/Volumes of Any Receptacles 

Containing Coolant 

None 10CFR71.33(a)(6) 

Package Contents: - - 

Identification and Maximum Radioactivity 

of Radioactive Constituents 

Varies by Fuel Type (see Section 1.2.3 of the respective 

FuelSolutions™ Canister Transportation SAR) 

10CFR71.33(b)(1) 

Identification and Maximum Quantities of 

Fissile Constituents 

"   " 10CFR71.33(b)(2) 

Chemical/Physical Form "   " 10CFR71.33(b)(3) 

Extent of Reflection "   " 10CFR71.33(b)(4) 

Amount/Identity of Nonfissile Materials 

Used as Neutron Absorbers or Moderators 

“   “ 10CFR71.33(b)(4) 
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Table 1.2-3  -  Transportation Cask Design Criteria Summary (7 pages)

Type Criteria or Reference Basis(1)

Atomic Ratio of Moderator to Fissile 

Constituents 

“   “ 10CFR71.33(b)(4) 

Maximum Normal Operating Pressure 

(MNOP) 

See Section 3.1.5 of FuelSolutions™ Canister Transportation SAR 10CFR71.33(b)(5) 

Maximum Design Pressure 75 psig - 

Maximum Weight 285,000 lbs. (including loaded canister and impact limiters) 10CFR71.33(b)(6) 

Maximum Amount of Decay Heat 22,000 watts (2) 10CFR71.33(b)(7) 

Identification/Volumes of Any Coolants N/A 10CFR71.33(b)(8) 

Package Evaluation: - - 

Allowable Number of Packages that May Be 

Transported in the Same Vehicle 

Unlimited 10CFR71.35(b) 

General Package Standards: Smallest dimension is > 10 cm. 10CFR71.43(a) 

 External, durable, intact tamper-indicating device is provided. 10CFR71.43(b) 

 Bolted containment system fasteners are used. 10CFR71.43(c) 

 Materials/construction assure no significant chemical, galvanic, or other 

reactions.

10CFR71.43(d) 

 Valves:  None. 10CFR71.43(e) 

 Designed, fabricated, and tested to prevent content loss or dispersal, 

external radiation increase, and no packaging effectiveness reduction 

during NCT. 

10CFR71.43(f)

 Designed, fabricated, and configured to limit accessible surface 

temperature < 185 F in still air at 100 F in shade. 

10CFR71.43(g) 

 No venting during transport. 10CFR71.43(h) 

Ambient Outside Temperatures: - - 

NCT Conditions: Minimum -40 F ANSI/ANS 57.9 

Maximum 100 F ANSI/ANS 57.9 

HAC Conditions: Minimum -20 F ANSI/ANS 57.9 

Maximum 100 F ANSI/ANS 57.9 
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Table 1.2-3  -  Transportation Cask Design Criteria Summary (7 pages)

Type Criteria or Reference Basis(1)

Ambient Plant Temperatures: - - 

Spent Fuel Pool 120 F ANSI/ANS 57.9 

Fuel Building 77 F ANSI/ANS 57.9 

Lifting/Tiedown Standards: - - 

Lifting Devices Minimum safety factor of 3 against yield. 10CFR71.45(a) 

 Failure does not impair other functional requirements of package. 10CFR71.45(a) 

 Other lifting devices are rendered inoperable during transport. 10CFR71.45(a) 

Tiedown Devices No stresses > yield for 2g vertical, 10g axial, and 5g transverse at 

package’s center of gravity. 

10CFR71.45(b)(1) 

 Other tiedown devices are rendered inoperable during transport. 10CFR71.45(b)(2) 

 Failure does not impair other functional requirements of package. 10CFR71.45(b)(3) 

External Radiation Standards: Radiation levels < 1000 mrem/hr. on surface of transportation cask. 

< 200 mrem/hr. on surface of personnel barrier and impact limiters. 

< 10 mrem/hr. at 2 meters from the conveyance. 

10CFR71.47(b) 

General Requirements for Fissile Material 

Packages

Remains subcritical if water leaks into the containment system for all 

design basis conditions if: 

-

 Most reactive credible configuration consistent with 

chemical/physical form of material exists. 

10CFR71.55(b)(1)/(e)(1)

 Moderation by water to the most reactive credible extent occurs. 10CFR71.55(b)(2)/(e)(2) 

 Close full reflection of the containment system by water on all sides 

occurs.

10CFR71.55(b)(3)/(e)(3)

Special Requirements for Irradiated Nuclear 

Fuel Shipments

If a Type B package contains more than 105 A2, the undamaged 

containment system can withstand an external water pressure of 

290 psig for a period > 1 hour without collapse, buckling, or inleakage 

of water. 

10CFR71.61 

Unknown Contents Properties Assumptions Fresh (unburned) fuel conservatively assumed. 10CFR71.83 
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Table 1.2-3  -  Transportation Cask Design Criteria Summary (7 pages)

Type Criteria or Reference Basis(1)

Preliminary Determinations Prior to first use of packaging for shipment of licensed materials, the 

following are performed and verified: 

-

 No cracks, pinholes, uncontrolled voids, or other defects that could 

significantly reduce packaging effectiveness. 

10CFR71.85(a) 

 Structural integrity pressure test at 150% MNOP (perform test for 

150% of bounding design pressure of 112.5 psig). 

10CFR71.85(b) 

 Package is conspicuously and durably marked with its model 

number, gross weight, and package ID assigned by NRC. 

10CFR71.85(c) 

Routine Determinations Before each shipment, the following are determined: - 

 The package is “proper” for the contents to be shipped. 10CFR71.87(a) 

 The package has unimpaired physical condition except for 

superficial defects such as marks or dents. 

10CFR71.87(b) 

 Each package closure device, including any required seals, is 

properly installed/secured and free of defects. 

10CFR71.87(c) 

 There are no systems containing liquid that are sealed and require 

space or other specific provisions for liquid expansion. 

10CFR71.87(d) 

 The N-shield pressure relief device is operable and set in accordance 

with written procedures (none for containment). 

10CFR71.87(e) 

 The package has been loaded and closed in accordance with written 

procedures.

10CFR71.87(f)

 The moderator/neutron absorber is present and in proper condition 

(see Chapter 9 of FuelSolutions™ Canister Storage FSAR). 

10CFR71.87(g) 

 Any structural part of package that could be used to lift or tie down 

package during transport is rendered inaccessible during transport. 

10CFR71.87(h) 

 The level of non-fixed (removable/smearable) radioactive 

contamination on the external package surfaces offered for shipping 

is ALARA and within 49CFR173.443 limits. 

10CFR71.87(i) 
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Table 1.2-3  -  Transportation Cask Design Criteria Summary (7 pages)

Type Criteria or Reference Basis(1)

 External radiation levels around the package and around the vehicle, 

if applicable, do not exceed the limits specified in 10CFR71.47 at 

any time during transport. 

10CFR71.87(j) 

 Accessible package surface temperatures < limits specified in 

10CFR71.43 at any time during transport. 

10CFR71.87(k) 

Opening Instructions Any special instructions needed to safely open a package have been sent 

to consignee prior to package delivery per 10CFR20.1906(e). 

10CFR71.89 

Quality Assurance Maintain and execute a quality assurance program satisfying the 

applicable criteria of 10CFR71.101 through 10CFR71.137. 

10CFR71.101(b) 

 Apply each applicable criterion in a graded quality approach (i.e., to an 

extent that is consistent with its importance to safety). 

10CFR71.101(b) 

Handling, Storage, and Shipping Establish measures to control the handling, storage, shipping, cleaning, 

and preservation of materials and equipment to be used in packaging 

per written instructions. 

10CFR71.127 

Additional Criteria: - - 

Thermal: - - 

Maximum Design (Allowable) Material 

Temperatures 

See Table 3.3-1 - 

Insolation See Table 3.1-2 10CFR71.71(c)(1) 

Retrievability (NCT and HAC) No encroachment on canisters - 

Other NCT Loads and Conditions:   

Wet/Dry Loading Wet/Dry - 

Transfer Orientation Vertical or Horizontal - 

Lifting Trunnion Test Load 150% of vertical design load (dead + handling) NUREG-0612 & 

ANSI N14.6 

HAC Design Events and Conditions: - - 

End Drop 30 feet with impact limiters - 

Side Drop 30 feet with impact limiters - 

Corner Drop 30 feet with impact limiters - 
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Table 1.2-3  -  Transportation Cask Design Criteria Summary (7 pages)

Type Criteria or Reference Basis(1)

Puncture 40-inch drop onto 6-inch diameter solid, vertical, cylindrical, mild steel 

bar mounted in essentially unyielding horizontal surface. 

10CFR71.73(c)(3) 

Fire - - 

Duration (min.) 30 minutes 10CFR71.73(c)(4) 

Temperature (avg. min.) 1,475 F 10CFR71.73(c)(4) 

Load Combinations per Regulatory Guide 7.8 - 

Notes:
(1) See Table 1.0-1 for cross-references to applicable SAR sections.
(2) As discussed in Section 3.1.3.3, a FuelSolutions™ canister’s thermal evaluation must show that the peak temperature of the cask inner shell does not 

exceed the value calculated for the Qmax profile in Chapter 3 of this SAR.
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Figure 1.2-1  -  FuelSolutions™ Spent Fuel Management System 
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Figure 1.2-2  -  FuelSolutions™ TS125 Transportation Package Configured for Rail Transport 
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Figure 1.2-3  -  Expanded View of FuelSolutions™ TS125 Transportation Cask

Configured for Canister Transfer 
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Figure 1.2-4  -  Expanded Cutaway View of FuelSolutions™ TS125 Transportation Package 

Configured for Transport
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Figure 1.2-5  -  FuelSolutions™ TS125 Transportation Package 

Containment Boundary 
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Figure 1.2-6  -  FuelSolutions™ TS125 Transportation Cask 

Impact Limiter 
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Figure 1.2-7  -  FuelSolutions™ TS125 Transportation 

Cask Cavity Spacer 
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Figure 1.2-8  -  Transportation Package Tiedown System (2 pages) 
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Figure 1.2-8  -  Transportation Package Tiedown System (2 pages) 
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Figure 1.2-9  -  Transportation Package Intermodal Transportation 

Skid Lifting Eyes 
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Figure 1.2-10  -  Transportation Package Personnel Barrier 
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Figure 1.2-11  -  Transportation Cask-Turning Fixture 
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Figure 1.2-12  -  Transportation Cask Trunnion

Installation/Removal Tool 
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Figure 1.2-13  -  Transportation Cask Horizontal Lift Fixture

(With Rotation Trunnions)
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Figure 1.2-14  -  Transportation Cask Horizontal Lift Fixture 

(Without Rotation Trunnions)
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Figure 1.2-15  -  Transportation Package/Intermodal Skid 

Horizontal Lift Fixture 
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Figure 1.2-16  -  Transportation Cask Redundant Lifting Yoke 
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1.3 Appendices 

1.3.1 Quality Assurance 

This chapter identifies the Quality Assurance (QA) program being applied by BFS to the design, 

analysis, fabrication, and testing of the FuelSolutions™ Transportation System components that 

are important to safety, and the support equipment that is either important to safety or safety-

related, as defined in Section 1.2. 

BFS is responsible for the FuelSolutions™ SFMS described in this SAR and related SARs. It is 

BFS’s policy to implement its QA program for all quality-affecting activities that are important to 

nuclear safety, and to the health and safety of workers and the public. The BFS Quality Assurance 

Manual has been approved by the NRC as meeting the requirements of 10CFR71, Subpart H under 

separate correspondence. The BFS Quality Assurance Procedures (QAPs) are used to implement 

the provisions of the BFS Quality Assurance Manual for the quality-affecting activities associated 

with the FuelSolutions™ SFMS. 

All quality-affecting activities will be controlled under an NRC-approved QA program, meeting 

the requirements of 10CFR50, Appendix B; 10CFR71, Subpart H; and 10CFR72, Subpart G. 

For activities that are performed by BFS, this program is contained in the approved BFS 

QA program.
19

 The licensee’s QA program will be used to control activities performed by the 

licensee under a separate approval by the NRC. 

The BFS QA program will be applied to the fabrication of important to safety components and 

support equipment for the FuelSolutions™ Transportation System. Fabrication activities will be 

controlled under the BFS QA program or by a qualified supplier’s QA program that has been 

approved by BFS. In addition to compliance with 10CFR71, Subpart H, guidance is taken from 

Regulatory Guide 7.10
20

 and NUREG/CR-6407
21

 to establish the BFS QAPs that implement a 

graded approach to quality assurance. These QAPs are used to establish the quality category of 

components, subassemblies, and piece parts according to each item’s relative importance to safety. 

The matrix in Table 1.3-1 shows the 10CFR71, Subpart H, criteria and the respective sections of 

the BFS Quality Assurance Manual that address the criteria. 

                                                
19Quality Assurance Program Approval, EnergySolutions Spent Fuel Division (SFD) (formerly BNG Fuel Solutions), 

Approval Number 0804, Revision 7, Docket No. 71-0804, August 18, 2006. 

20 Regulatory Guide 7.10, Establishing Quality Assurance Programs for Packaging Used in the Transport of 

Radioactive Material, U.S. Nuclear Regulatory Commission, June 1974. 

21 NUREG/CR-6407, Classification of Transportation Packaging and Dry Spent Fuel Storage System Components 

According to Importance to Safety, U.S. Nuclear Regulatory Commission, February 1996. 
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Table 1.3-1  -  Quality Assurance Criteria Matrix 

10CFR71, Subpart H 

EnergySolutions SFD 

Quality Assurance Manual 

Section Criteria Section 

71.103 Quality Assurance Organization 1 

71.105 Quality Assurance Program 2  

71.107 Package Design Control 3 

71.109 Procurement Document Control 4 

71.111 Instructions, Procedures, and Drawings 5 

71.113 Document Control 6 

71.115 Control of Purchased Material, Equipment, 

and Services 

7

71.117 Identification and Control of Materials, 

Parts, and Components 

8

71.119 Control of Special Processes 9 

71.121 Internal Inspection 10 

71.123 Test Control 11 

71.125 Control of Measuring and Test Equipment 12 

71.127 Handling, Storage, and Shipping Control 13 

71.129 Inspection, Test, and Operating Status 14 

71.131 Nonconforming Materials, Parts, or 

Components 

15

71.133 Corrective Action 16 

71.135 Quality Assurance Records 17 

71.137 Audits 18 
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1.3.2 General Arrangement Drawings 

General arrangement drawings of the FuelSolutions™ TS125 Transportation Cask and impact 

limiters are provided in this section for the following: 

FS-200, FuelSolutions™ TS125 Transportation Cask Transportation Configuration 

FS-205, FuelSolutions™ TS125 Transportation Cask Transfer Configurations 

FS-210, FuelSolutions™ TS125 Transportation Cask Body Assembly 

FS-220, FuelSolutions™ TS125 Impact Limiter 

FS-230, FuelSolutions™ Cask Cavity Spacer Assembly 
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Drawings withheld on the basis of

“Security-Related Information.” 
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1.3.3 ASME Code Compliance 

As discussed in Sections 1.1 and 1.2.1, the FuelSolutions™ TS125 Transportation Cask is 

designed and fabricated in accordance with Section III of the ASME B&PV Code to the 

maximum extent practicable, consistent with the guidance provided by NUREG-1617 and the 

approval basis for other SNF transportation packages previously licensed by the NRC. The 

extent of compliance with the applicable portions of the ASME B&PV Code and the alternative 

compliance basis in cases where compliance is not practicable is provided in Table 1.3-2 for 

Division 1 and in Table 1.3-3 for Division 3.
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Table 1.3-2  -  FuelSolutions™ TS125 Transportation Cask ASME Code Section III, Division 1 

Requirements Compliance Summary (excluding Lifting Trunnions) (3 pages) 

Item ASME Code Requirement or Issue Alternative Compliance Basis ASME Code Sections 

1 Section III, Division 1 of the ASME Code uses 

the following terminology, which is not 

consistent with the terminology used in the 

FuelSolutions™ TS125 Transportation Cask 

SAR:

The equivalent terminology or compliance basis used 

in the FuelSolutions™ TS125 Transportation Cask 

SAR is as follows: 

Throughout Subsections 

NF and NCA. 

 (a) “Design Specification” (a) The information typically contained in the Design 

Specification is included in the FuelSolutions™ 

TS125 Transportation Cask SAR. 

 (b) “Design Report” (b) The information typically contained in the Design 

Report is included in the FuelSolutions™ TS125 

Transportation Cask SAR. 

 (c) “Certificate Holder” or “Owner” (c) EnergySolutions SFD bears the responsibilities 

associated with a “Certificate Holder” or “Owner” 

relative to the FuelSolutions™ SFMS, with the 

exceptions as noted. 

 (d) “Certificate of Authorization” (d) Replaced by NRC-issued C of C.  

 (e) “Data Report” (e) Replaced by a Final Records Package and C of C 

for the fabricated TS125 Transportation Cask. 

2 The FuelSolutions™ TS125 Transportation 

Cask impact limiters are constructed to the 

requirements of Subsection NF, but not 

designed to the requirements of Article 

NF-3000 or Appendix NF-III. 

The FuelSolutions™ TS125 Transportation Cask 

impact limiters are designed by analysis and confirmed 

by scaled test to provide sufficient crush strength and 

structural integrity. 

NF-3000,

Appendix NF-III. 
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Table 1.3-2  -  FuelSolutions™ TS125 Transportation Cask ASME Code Section III, Division 1 

Requirements Compliance Summary (excluding Lifting Trunnions) (3 pages) 

Item ASME Code Requirement or Issue Alternative Compliance Basis ASME Code Sections 

3 The maximum temperature of the metal shall 

not exceed the maximum temperatures listed in 

the applicable tables of Section II, Part D, 

Subpart 1. However, the FuelSolutions™ TS125 

Transportation Cask is designed for a 

hypothetical accident condition fire that is not 

within the scope of the loading conditions 

typically considered for components designed in 

accordance with Subsection NF of the ASME 

Code.

The short-term allowable temperature limits for the 

TS125 Transportation Cask materials that are used for 

the hypothetical accident fire evaluation are defined in 

Chapter 3 of this SAR.

NF-3112.1

4 Subsection NF requires the Certificate Holder to 

certify, by application of the appropriate Code 

symbol and completion of the appropriate Data 

Report in accordance with NCA-8000, that the 

materials used comply with all the requirements 

of NF-2000 and that the fabrication and 

installation complies with the requirements of 

NF-4000. However, Code symbol stamping is 

not required for the fabrication and installation 

of the FuelSolutions™ TS125 Transportation 

Cask.

The FuelSolutions™ TS125 Transportation Cask will 

be purchased, identified, controlled, and manufactured 

in accordance with the NRC-approved EnergySolutions

SFD QA Program based on NQA-1, NRC Regulatory 

Guide 7.10, and NUREG/CR-6407 criteria. 

NCA-1281, NCA-3800, 

NCA-8000, NF-4121, 



FuelSolutions  TS125 Transportation Cask SAR     Document No. WSNF-120 

Docket No. 71-9276 September 2006

  Revision 6 1.3-8

Table 1.3-2  -  FuelSolutions™ TS125 Transportation Cask ASME Code Section III, Division 1 

Requirements Compliance Summary (excluding Lifting Trunnions) (3 pages) 

Item ASME Code Requirement or Issue Alternative Compliance Basis ASME Code Sections 

5 The Code requires the use of an Authorized 

Inspection Agency to provide inspection and 

audit services during the construction and 

installation of the supports. 

The use of an Authorized Inspection Agency is not 

required for the construction and installation of the 

FuelSolutions™ TS125 Transportation Cask. The 

activities associated with the Authorized Inspection 

Agency, including the Authorized Nuclear Inspector 

(ANI), will be replaced with auditing and inspection 

activities of the QA/QC organization performing the 

design and/or fabrication as applicable, with an 

overview by the Design Owner and Packaging Owner. 

NF-4121,

NCA-5000,

NCA-8000.
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Table 1.3-3  -  FuelSolutions™ TS125 Transportation Cask ASME Code Section III, Division 3 

Requirements Compliance Summary (4 pages)

Item ASME Code Requirement or Issue Alternative Compliance Basis ASME Code Sections 

1 Section III, Division 3 of the ASME Code uses 

the following terminology that is not consistent 

with the terminology used in the 

FuelSolutions™ TS125 Transportation Cask 

SAR:

The equivalent terminology and compliance basis used 

in the FuelSolutions™ TS125 Transportation Cask 

SAR is as follows: 

Throughout Subsections 

WA and WB. 

 (a) “Design Owner” (a) EnergySolutions SFD has the responsibility of the 

Design Owner, with the exceptions as noted. 

 (b) “Packaging Owner” (b) EnergySolutions SFD has the responsibility of the 

Packaging Owner, with the exceptions as noted. 

 (c) “Design Specification” (c) The information typically contained in the Design 

Specification is included in the FuelSolutions™ 

TS125 Transportation Cask SAR. 

 (d) “Design Report” (d) The information typically contained in the Design 

Report is included in the FuelSolutions™ TS125 

Transportation Cask SAR. 

 (e) “Construction Specification” (e) Replaced by Fabrication documents, including 

specifications, procedures, and drawings. 

 (f) “Construction Report” (f) Replaced by a Final Records Package and C of C 

for the fabricated TS125 Transportation Cask. 

 (g) “Certificate of Accreditation” (g) Replaced by NRC-issued C of C.  

2 The Code Edition and Addenda dates 

established shall be no earlier than one year 

prior to the date of filing an application for 

C of C with the Regulatory Authority. 

The Code Edition established in the FuelSolutions™ 

TS125 Transportation Cask SAR is that recognized in 

NUREG-1617.

WA-1140(a)(2).
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Table 1.3-3  -  FuelSolutions™ TS125 Transportation Cask ASME Code Section III, Division 3 

Requirements Compliance Summary (4 pages)

Item ASME Code Requirement or Issue Alternative Compliance Basis ASME Code Sections 

3 Section III, Division 3 of the Code requires that 

the Packaging Owner use a Class TP Certificate 

Holder to construct the containment system. The 

following Code requirements apply to the Class 

TP Certificate Holder: 

A Class TP Certificate Holder is not required to 

construct the containment system of the 

FuelSolutions™ TS125 Transportation Cask. 

WA-3420(e).

 (a) The Class TP Certificate Holder shall 

construct the containment system under the 

provisions of a Quality Assurance Program 

that has been accepted by the Society. The 

Quality Assurance Program shall meet the 

requirements of the latest Division 3 

Edition and Addenda issued at the time that 

the containment system is constructed. 

(a) The FuelSolutions™ TS125 Transportation Cask 

will be purchased, identified, controlled, and 

manufactured in accordance with the 

NRC-approved EnergySolutions SFD QA 

Program based on NQA-1, NRC Regulatory 

Guide 7.10, and NUREG/CR-6407 criteria. 

WA-1140(b), WA-3114, 

WA-3530.

 (b) The Class TP Certificate Holder shall 

obtain an N-type Certification of 

Authorization and apply a Code Symbol 

Stamp to the completed containment 

system of the transportation packaging. 

(b) See Item 3(a). WA-3114, WA-3130, 

WA-3520(c).

4 The Code requires that the Design Specification, 

Design Report, and Construction Specification 

be certified by one or more Registered 

Professional Engineers, competent in the 

applicable field of construction and related 

transport packaging requirements of 

ANSI/ASME N626.3. 

The design and fabrication documents for the 

FuelSolutions™ TS125 Transportation Cask are 

prepared and verified by personnel qualified in 

accordance with the NCR-approved EnergySolutions

SFD QA Program. 

WA-3255, WA-3263, 

WA-3455.
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Table 1.3-3  -  FuelSolutions™ TS125 Transportation Cask ASME Code Section III, Division 3 

Requirements Compliance Summary (4 pages)

Item ASME Code Requirement or Issue Alternative Compliance Basis ASME Code Sections 

5 The Code requires the use of an Authorized 

Inspection Agency to provide inspection and 

audit services during the construction and 

installation of the containment system. Other 

requirements related to the use of an Authorized 

Inspection Agency are as follows: 

The use of an Authorized Inspection Agency is not 

required for the construction and installation of the 

containment system of the FuelSolutions™ TS125 

Transportation Cask. 

WA-5000, WB-6000. 

 (a) The Design Owner, Packaging Owner, and 

Class TP Certificate Holder shall obtain 

written agreement with an Authorized 

Inspection Agency to provide inspection 

and audit services prior to application. 

(a) The agreement with an Authorized Inspection 

Agency is replaced with inspections by the Design 

Owner’s QA/QC group and overview by the 

Packaging Owner’s QA group. 

WA-3220(d), WA-3230, 

WA-3420(d), WA-3430, 

WA-3520(j), WA-8130. 

 (b) The Design Owner, Packaging Owner, and 

Class TP Certificate Holder shall file 

copies of the Quality Assurance Manual 

with the Authorized Inspection Agency. 

(b) The QA Manuals of the Design Owner and 

Packaging Owner are filed with the NRC as a 

separate document or as described in the SAR, but 

not filed with an Authorized Inspection Agency. 

WA-3273, WA-3471, 

WA-3583.
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Table 1.3-4  -  FuelSolutions™ TS125 Transportation Cask ASME Code Section III, Division 3 

Requirements Compliance Summary (4 pages)

Item ASME Code Requirement or Issue Alternative Compliance Basis ASME Code Sections 

6 The containment system shall be designed to 

account for buckling due to compressive 

stresses. However, the rules for evaluating 

buckling are under development. 

The inner and outer shells of the TS125 Transportation 

Cask are designed to withstand compressive loads 

without buckling in accordance with the design criteria 

of Code Case N-284-1. 

WB-3211(c), WB-3133. 

7 Stress Limits for Bolts The closure bolts are evaluated in accordance with the 

guidance and design criteria provided in 

NUREG/CR-6007.

WB-3230.

8 All Category C welded joints shall be full 

penetration welds, examined by the radiographic 

and either liquid penetrant or magnetic particle 

methods. Due to the design of the TS125 

Transportation Cask and the construction 

sequence, the root side of the inner shell-to-top 

forging ring weld joint is not accessible for 

inspection and cannot be radiographically 

examined. 

The TS125 Transportation Cask inner shell-to-top 

forging ring weld joint employs multi-pass welding, 

with each layer approximately 1/8-inch thick, and 

liquid penetrant examinations on all layers, including 

root and final. The design of the weld joint and the 

required NDE provide an adequate level of assurance 

of the weld joint integrity. 

WB-4243, WB-5231. 
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1.3.4 Product Literature 

Literature describing special materials used for the FuelSolutions™ TS125 Transportation Cask 

and impact limiters is provided in this section. 
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1.3.4.1 Helicoflex® Metallic O-Ring Seal Product Literature 

The Helicoflex
®

 metal O-ring seals used for the FuelSolutions™ TS125 Transportation Cask 

closure lid and port seals is manufactured by Garlock Inc.
22

 Helicoflex
®

 HN200 seals, with silver 

coating, stainless steel (Inconel) lining, and high temperature alloy spring, are used for their 

resistance to corrosion and radiation, sealing potential, and thermal resistance. Applicable 

excerpts from literature describing the Helicoflex
®

 metal O-rings is provided in this section 

(pages 1 - 12). 

                                                

22 Garlock Helicoflex Company, P.O. Box 9889, Columbia, South Carolina 29290. 
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The Helicofte~'~ seal represents the leading edge in seal technology for high performance sealing 
applications. Today's exireme sealing requirements have rendered traditional seals & gaskets obsolete. 
If you can't afford the losr rime associated with leaks, put your trust in the leader: Helicoflex'". 

The seating principle of the l-leiiicoflexiY family of seals is based upon the plastic deformation of a jacket of 
greater ductility than the flange materials. This occurs between the sealing face of a ftange and an elastic 
core composed of a close-wound hefical spring. The spring is selected to have a specific compression 
resistance. During compression, the resulting specific pressure forces the jacket to yield and fil! the flange 
irnperCections while ensuring positive contact with the flange sealing faces. Each coif of the helical spring acts 
independently and allows the seal to ccoform to surface irregularities on the flange surface. This combination 
of elasticity and plasticity makes the Helicoflex seal the best overaii performing seal in the industry. 

Free State In Compression 

Wide range of applications: 
Dimensional: Diameters From 0.250 inches (6.3 mm] to over 300 inches (7.6 m) 

Cross sections From 0.063 inches (1.6 mrn) to over 0.625 inches (15.9 mm) 

Temperature: Cryogenic to 18QQ aF I982 T) 
Pressure: Ultra High Vacuum b 50,000 PSI (10Q,QOQ PSI under specid conditions) 

* Excellent springback: the spring energized Melicoflex i s  capable of compensating for Flange 

distortims due to temperature and pressure cycling. 

Adapfable to a mcajority of standard flanges: ANSI, 1.50, Kf, ASA 
@ Suited to different types oF assemblies: -metal/metul with groove 

-[tat Flanges with limiter/retainer 

-3 face contact 

* Extended shelf lifo 

Exceltent resistance to corrosion and radiation 
@ Mlxiixnum relaxation: the Hekcofiex's resilient spring 

compensates for relaxation ensuring positive seal contact. 

2 For Additional information, Pi~ase Cgnsult Qur Erlgineering Staff 
1 -8OO-233- 7 722 



Cross 
Section 
TY P" 

Jacket 
Orientafion 

Section 
orientation 

I-tN single section 
HNR ground spring for precise load control (Beta Spring) 
WNV low load (Delta Seal) 
HND tandem Helicoflex seals 
WNDE tandem Helicofiex and elastomer seals 

note: "L" indicates internal limiter (ex: WLDE] 

N 

3 face 
compression 

I 

HN 

Vdve 
seats 

For Adctiliunal Information, P/ase Consult Our Engheef~rlg Staff 3 
l-8OO-2X& 172.2 



The resilient characteristic of the Helicoflex" seal ensures useful elastic recovery during service This 
elastic recovery permits the Helicoflex" seal to accomxnoduie minor distortions in the flange ossembly due 
to temperature and pressure cycling. For most sealing applications the Yo value will occur early in the 
compression curve and the Y1 vafue will occur near the end OF the decompression curve. 

The compression arid decompression cycle of the HelicoElex" seal i s  characterized by the gradual 
flattening of the compression curve. The decompression curve, which is  dishnct from the compression 
curve, is the result of a hysteresis effect and permanent deformation of the spring and jacket. 

Linear load (Ibs/in) c 

= load on the compr~ssion 
curve above which leak 
rote is at required level 

Vq = load required to reach 
optimum compression e2 

1 = loud on the decompression 
curve below which leak 
rate exceeds required level 

e2 optimum compression 

g, = compression limit beyond 
which there i s  risk of 
damaging the spring 

Ilseful elcrstic recovery 

PSI 

(maximum) 

The intrinsic power of the Helicoflex seal reflects its ability to maintain and hold system pressure for a 
given temperature at V2 and ep. This value is expressed as a specdic pressure and is noted by the 

froam temperatute) and PUB (at operating temperature). The influe 
the graph above. The tables Qn pages 10 and 11 give ?he values of 

a given temperaiure and the maximum temperature where 



Mean reaction diameter of the seal. (For a double section seal, Di = Oil + Din) 

linear load corresponding to e2 compression 

linear load on the seal to mainfain sealing in service at low pressure (-Y,,,l) 

Intrinsic power of the seal under pressure at 68°F f2OoC) when the reaction force 
of the seal is maintained at Y2, regardless of the operating conditions. 

Value of Pu at temperature 8 

Operating or proof pressure 

Note: if p, Zl;;% '1, the definition of: the seal must be modified 

This ratio must never exceed I .  

Linear tightening load on the seal at room temperature to maintain sealing 
under pressure. 

Ymr = Y 2  pPU 
P Value of Ym2 at temperature 8 .  Ym2$ = Y2 ~6 

Young's modulus of bolt material at 68°F (20"Cj 

Young's modulus oF bolt material at operating temperature 

F{ Tohl tightening load to compress the seul to the operating point fY2; ez) 
F i - x x D i x Y 2  

inches 

Ibs/inch 

Ibs/inch 

PSI 

PSI 

PSI 

Ibs/inch 

PSI 

PSI 

Fp Total hydr0stof.i~ end force FF = xh Di t2 x P (Dl, = Di in case of a single section seal) Ibs 

Fm Minimum total load to be mainfoined an the seal in service to preserve sealing, Ibs 
i.e. Fm = R: Di Ym where: Ym = the greater oF the two values: Yml or Y,?e 
(see note 1 below) 

Tofrxl load to be applied on the bolts to maintain sealing in service. 
Fs = FF + Fm 

Ibs 

s Y n c r e a s e d  vcllue 06 Fs to compensate For Young's rnoclulus at temperature Ibs 
Fs*  - Fs Et / Et, 

Fe LOAD TO BE APPLIED: If Fs*  > Fi then Fb = Fs" 
IF Fi Fs" then Fb - Fi 

Note 1 .  wherever  he working pressure is high and/or seal diaraieter is bsg, ba such an exterd !hat P Q  
2 32 Yrn, In order to remain on the sufe side, whatever the muccurucy on the lightening laud mcry he, 
~t 15 recaminended to fake the FI va/ue ~ r c  /leu oF Fm for the calcula6nn of Fs so that Fs - F, .t Fl 

Note 2: this information is provided as u rdersr1c.e cinly. 



- Cross Section fC5)-en 

Seal Cross Section I Pressure < 300 psi f20 bar1 D Pressure 2 300 psi (20 bar) j 

Secl Diameter 
Range 

0.350 lo 2 000 3 8 to 500 
2 OOl to 12 000 500 to 305.0 

12 001 to 25 000 305.0 to 635 0 
25.001 to 48 000 635 0 fo 1220.0 
48 001 b 72 000 1220 0 to 1830 0 

72 000 r 1830.0 
w+wmv.a?AWAw* u ' u x ~ m ~ ~  * H x* i/nw-ir*i-ram 

Broove Oesign: Contact our 
angineering staff br nssistanco it) 
designing non.circulctr grooves. 
Groave Finish: Most upplicntions will 
require o finbh of 1&32 RMS f0.d to 
0.8 Ro im). All mwhining & polishing 
marks must Follow seal circuinhwnce. 

in. Sea[ ladicas: The mi~iimurn 
seal I~ending rudiws 4s six tinio~ the 
seal cross section [CS). 
LseaQing Esad: The load [Y2) to seat 

For Additional Information, Pioase Consulf. Ow Engineerir~g Staff 
1 -8QO-233- 7 722 



45 " Type HN Id0 - 260 

Ssal ID (A) 

Shaft OD (E) 

1 60" Type HFI 100.200 

Axial hood (Yo] = K  9 Y2 
Shaft 0D (El = Seal ID [A] 

Cross Section 
CS 

i n  rnm 
0.102 2.6 
0.126 3.2 
0.165 4.2 
0.205 5.2 
0.252 6.4 

30" 
Other 

Jackets 
an rnm 

0.126 3.20 
0.157 4.00 
0 207 5.25 
0.260 6.60 
0.321 8 15 

L L a <  " V A W A x  W&d?+w.t< 

45" 
Other 

Jackets 
in mm 

Alvrninvm 
Jacket 

in mm 
0.163 4.15 
0.199 5.05 
0.261) 6.60 
0.327 8.317 
0.402 1Q 20 
'?I* ,"CI * . - ~ V I V V V  

60" 
Ahinurn Other I 

jacket Jackets 5 
In mm m mrn : 

The ultimate leak rate uf a ioink is a fundon OF the seal design, flange design, bolting, surface Finish and other 
fcrcrars. MelicoFIex seals are designed ro provide two ievels of service: Helium Sealing ar Bubble Searing. 

: These Helicof!ex seals are designed with a target Helium leak rate not b exceed 1 xK19 
cc/sec.atm under a AP of f atmosphere. % h ~ t  ultimate leak rate will depend on the factors fisted above. 

: These Helicaflex seals are designed with a targat air leak rate not to exceed 1x10" 
cc/sec.atrn c~nder n AP of 1 atmosphere. 

For Additional information, Please Consult Our Engineering Staff 7 
1 -8OO-233- $722 



Qperating 
load 

- 

Hydrostatic 
force 

Minimurn 
SITV~CB 

load 

Nole Due io 11s cltcular cross section, ihe Hei~coilex seal exhtb~ts a "line" loud lnsioad of on 'nrsa loud" typltaI of 
fradrttunal As a result, "m", "8 and " y "  factors are nut perfmeat when apphed to h e  Hel~cofbx sea/ The 
above eqwaloot ecpalsons were developed m aswf flange dostgnsrs cvrkh &err cral~ui(~tlorzs 



The Helicoffex'" HN208a is i$eally suited for standard raised face flanges. The resilient nature of the seal 
allows it to compensate for the extremes of high ternperotvre and pressure where traditional spiral 
wounds and double iacketed seals fail. The jacket and spring combination can be modified to meet most 
requirements of temperature and pressure. In addition, a large selection of jacket materials ensures 
chemical compatibility in corrosive and caustic media. 

Seal OD (A) 

Cross Seating Recommended 
Section Load Fhge $ 

Jacket Avallubility [inches) (Ibs/in)* Finish (RMS) j 

Alurninurn Standard 0.160 li50 63 - 125 
Silver Standard 0.160 1725 63-125 
Copper Stundard 0.855 2250 63 - 125 * 

Soft Iron Optional 0.855 2250 32 - 63 
Nickel Standard 0.150 2800 32 - 63 

I 

Mean Diameter (d) Qpiiona! 0.150 2800 32-63 1 
Hastellay C Opt~onal 0.150 2800 32-63 
Stainless Sfeel Shndard 0.150 3800 32-63 ! 
Alloy 600 Optional 0.150 3800 32-63 5 

i 
Alloy X750 Optional 0.150 4000 32-63 f 
T~tonrurn Optional 0 150 4000 32 43 4 

* >> - " n " 2 .  8 " " " , \,,%, , , a, -1 *, ,,,-&%**Au-~ 

* Note: Seat~ng load only1 Does not allow For h y d ~  ostcltic 
end farce. See pago 5 for culculations. 

Diameter 

I /2 
314 
1 
1-i/d 
1-1 J2 
2 
2- 1 /2 
3 
3-?/2 
4 
5 
6 

12 
14 
26 
111 
20 
24 

Mean 
Diameter (d 

0.827 
3 102 
ii A17 
1 890 
2.283 
2.913 
3.425 
4.173 
4.685 
5 256 
6.378 
7 500 
9.567 
11 693 
13.858 
15.098 
1 7.205 
19.567 
21,575 
25 728 

Seat QD (A 

Note: Cnnsuh oul eng~nceritig slaH for rsfher available slzas and materials. 



Max 

For Additional hformalion, Please Consu# Our Engheering St& 
1 -8OO-233- 1 722 





Note: For best resuits, the cavity should be 
lubricated with a product that is compatible 
with ihe medium to be sealed. 

Aluminum Jacket 
CS 83 Ya 

dub@ in ern in rnm Ib/in crn 
0.063 1.60 0.012 1.30 109 19 
0 102 2.60 Q.0M 0.35 137 24 
0.118 3.00 0.016 0.40 154 27 
0.157 4.00 0.020 0.50 183 32 
0200 5.10 0.020 0.50 206 36 
0.260 6.60 0.024 0.60 235 41 

Silver Jackat 

e3 

in mrn 
0.010 0.25 
0.012 0.30 
0.014 0.35 
0.018 0.45 
0.018 0.45 
0.020 0.50 

Ya 
daNi Ib/in crn 

170 30 
195 34 
206 36 
228 40 
263 46 
308 54 

I Dimensions in inches 
........................................................... L ...................................... ...-, ",,*,. .......................... I.,, 

-- .......... ",.%, ........ .-.-- ................... ","."- 

The technical r i m  contained herein is by way of example artd should not be reiied on b r  ony specific applicotitrci. Garlo(:k 
I.felicuflex will t-)r, pleased to provide specific technical datu or specificahs with respect ta any customer's particular applicuiions. Use 
of the tecZmicul dntn or spscikcations cuntainod herein without the express written approval of Garlack Helicoflax is  at user's risk and 
Garlock Melicoflex expressly disclaims respunsitnility for such use and the situations which may result therefrom. 

Garlock Welicoflex mukss no wurranty, express or implied, &tot utilization of the technology or products disclosed herein will litst 
irkfringe any industrial or intelleckual property rights of third partias. 

C.cwlock. tlelicofl~x is constarlfly invofved in engineering and developmen!. Accordingly, Godock Hekkollex reserves the right to 
cnodity, ot aray limo, the technulogy and prodvct specifications cantaiciecl herein. 

All technical &a, specifications nnd I D L ~ F I ~  information conbined herein is deemed to be ?he proprietary intellectud property ol 
Gnrlock Helicoflsx. No repmditdion, copy or use thsreof may be made withauf !he express written cansenk of Gartock Welicoflex. 

-...., ......................... ..................... ...-- .......... ........ ...- . - ............ -.. 

PQ Box 9889 90 rue de la Roche-du-Geoi 
Colutnbia, SC 29290 42029 Saint-Etienne, FRANCE 
Phone: 1-803-783-1880 Phone: 011 -33-4-77-43-51 -80 
Toll Free: 1 -8O0-233- 1722 Fax: 011 -33-4-77-43-51s52 
Fax: 1-803-783-4279 
www.helicoflex,coraa 
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1.3.4.2 GESC NS-4-FR® Solid Neutron Shielding Product Literature 

Literature describing the properties of the GESC NS-4-FR
®
 neutron shielding material used for 

the FuelSolutions™ TS125 Transportation Cask is provided in this section (pages 1–4). 

Technical Report No. NS-4-030 (pages 1–4), which documents thermal expansion for 

GESC NS-4-FR
®
, is also provided. 
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'RNAC 
f INTERNATIONAL 
GESC SHIELD MATERIALS TECHNICAL DATA 

designed for use in moderately high temperat& applications. It has ths unique characteristics of high 
strength, mechanical durdbility and fire resistivity. NS-4-FR may be loaded with lead and/or boron, 
offering excellent gamma or neutron shielding properties. NS-4-FR has been found to offer superior 
neutron shielding/attenudtion properties over equivalently loaded polyethylene. 

NS-4-FR 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 

lzod Impact Strength 

Thermal Conductivity 

Brown 

1.68 

6.07E+22 atoms/cc 

300°F 

Excellent 

4,250 psi 

0.65% 

7,600 psi 

10,500 psi 

8,780 psi 

561,000 psi 

2.9 h. - Ib./in. 

0.373 BTU/hr.-fi-"F 

Theoretical Elemental Composition 
Carbon 27.7 &.% Nitrogen 2.0 wt.% Hydrogen 6.0 wt.% 

42.8 wt.% Aluminum 21.5 wt.% 

Maximum B,C And Lead Loadings 
B,C: 6.5 wt.% 

Lead: 15 wt.% 

Applications 
Vessels, Closures, Structural Com~onents, Doon. Bricks, Crit icah Control. 

Availability 
Cast Special Shapes, Plates, Rounds, Squares, Structural Shapes (vessels, tanks, etc.) 

Dato is based on labomtory tests and should not be used for writing specificntions. Each user 
should run ilndepandent tests to confirm material suitability for each specific application. 

655 Engineering Driw Nomss, Georgia 30092 (770) 447-1 144 Fax (770) 447-1 797 



GESC SHIELD MATERIALS MATERIAL SAFETY DATA SHEET 

Section I-General Information 
DOT Hazard Class: Non-Regulated 
Trade Name: N S 4 F R  Kh 
Chemical Famity: Resin Syrtem: Propriatary 
Fonnula: 3 Comwnsnt Sntern 
Date Issued: 05/01;94 

Section 11--Compositional lnformation 

Part 1: 
Part 2: 
Part 3: 

I n g m d h t  lWA/nu 
Proprietary Non Established 
Proprietary Non Estoblirhed 
Proprietary Non Mablishui 

Section Ill-Physical Data 

Boiling Point (OF) 
Vapor Pressure (6B°F) 
Vapor Density (Air= 1) 
Frw ing  Point (OF) 

Specific Gmvity (g/cc) 
Melting Point (OF) 
Solubility i n  water 
Odor 
Percent Volatile 

P a r t  1 
2 350°F 
Nil 
1 
N/A 
1.164 
N/A 
Nil 
Sweet 
N/A 

Part 2 
>35m 
Nil 
N/A 
N/A 
0.947 
N/A 
Nil 
Slight Ammoniacal 
N/A 

Part 3 
N/A 
N/A 
N/A 
N/A 
2.42 
3 7004 
Nil 
Negligible Odor 
N/A 

Section IV-Fire And Explosion Hazard Information 
fiop.rv P a r t  I Part 2 Port 3 
Flash Point (method-PMCC) 485°F 320°F N/A 
Flammable Limits N/A N/A NIA 
Extinguishing Equipment CO,/Dry Chemical, C02/Dt-y Chemical, C02/Dry Chemical, 

Foo m Foam Foam 
Special Firs Fighting Procedures Wear full protective equipment including self-contained breathing 

a ~ w m t v t .  Cool a x ~ ~ s e d  tanks with water. 

Section V-Reactivity Data 
Stability: Thrae ports am stable. 

Incomputibllhy tr Muterials: 
Part 1: Oxidizing agantt and rnineml acids. 
Part 2: Oxidizing age& and strong l o w i s  or minsml acids 
Part 3: Soluble in strong acids and alkalies 

Ooto is baad on labomtory twh and should not t>. urod for mik'rrg sp.cificationa. Eodr u a u  
should run indopedant tub to confirm mofuiol suitability for w c h  sprcific applicah'on. 

655 Engineering Oriw N o m ,  Georgia 30092 (404) 447-1 144 fa (404) 447-1 197 



GESC SHIELD MATERIALS MATERIAL SAFETY DATA SHEET 

Pa0 1 : CO, CO,, and NO, 
Pad 2: CO, Aldehydes and acids from incomplete combustion 
Port 3: CO, CO, 

Polymerization will not qcu r  in any part. 

Section W-~ealih Hazard Data 

Routes of E m  

HuaW Huxard: 
Part 1: 
Port 2: 
Port 3: 

Slgnr of Exposunr 
Part' 1 : 
Pad 2: 
Part 3: 

NFPA Rcrtlngs: 
Health 
Flammability 
Reodivity 

Part 1 Port 2 Port3 
Inhalation Modemtely Toxic Heated Part 1 &2 will Nuisance Dud 
Skin Modemtely Toxic c o w  minor Irritation Nof an irritant 
Ingastion Modemtety Toxic and be modamtefy toxic Non expected 

May cause b u m  to skin and ayes. Liquid c o w  damage to mucous membmnes. 
Resins may cause b u m  to skin and eyes. Avoid skin contod. 
Treat as a nuisance dwt. 

My cause Asthma, skin sensitization or other allargic r e s p o ~ .  
ltqhing skin or msh. 
None Known 

Part 1 Pert 2 Port 3 
3 3 0 
1 1 0 
1 1 1 

Emergency or Flnt  Ald Pnxeduras: 
Part 1: Eye contad, flush with plenty of woter and get medical-attention. Skin contad, wosh with 

s w p  and water. If ingested, do not induce vomiting, gel medical Mention. 
Part 2: Wash thoroughly with wap and water. 
Part 3: Wash thorou~hly with map and water. lndvce vomiting if large amounts am ingested. 

Section V11 - Precautions For Safe Handling And Use 
S p i l l 4  Mderlal: 

Part 1 : Soak in  industrial ohorbent. 
Part 2: Scmpe up as much os possible, wipe remainder with rugs and solvents. Proper pmovtions 

against fire and penoml WeraxpoJure should be token. 
Port 3: Ure dry clean up procedursl; wold dusting. 

Waste Dhposalt 
Part 1: Shauld be sealed in mutol containers at approved waste sites opemted in compliance with 

Fedbml, State and Loco1 Regulotions. 
Port 2: Some as Part 1. 
Part 3: Moy be disposad at a sanitary landfill. Coruuk locol regulations. 



GESC SHIELD MATERIALS MATERIAL SAFETY DATA SHEET 

Stomgo and HandlJw: 
Part 1 : Repair leaky drums. Keep lids tightly closed ond stom at t e m p s ~ u ~  between 50-95T, 

Avoid tempsmtums above 1 1 O T  ond belaw 455. 
Part 2: Same as Part 1. 
Part 3: Avoid prolonged stomge and axporum to moisturn. 

Section Vlll-Control Measures 
Rarpimtory Protection: NlOSH approved mpimtor along with using in well ventilated arsos. 
Local Exhaust: Recommended. 

P m M n g  Clothing: 
Port 1: Rubber glovm and gauntlat along with rofaty g l a w  with side shields must be worn. 

Covamlls ond work shoes should alao ba worn at all times. Wash ~ u l a r t y  at both the 
baginning and end of the work period. 

Part 2: Same as Part 1 .  

exprsued or implied, i s  h&by made. 'jf;e recommended in dust rid^ hygiene and tab handling procadums am 
believed to be generally applicable. However, each user should twview theso recommendatiom in the specific 
contsxt of the intended us4 and datsrmins whather thsy om appropriate. 

Prepad by: Thomas A Danner 
Revised: April 5, 1994 
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2300 East Devon Avenue 
Elk Grove Village. Ullinois 60007-6120 
7081640-0800. FAX: 708/640-3838 

GESC S81ELD 3!AT!XIALS 
BI- 

TECHNICAL REPORT 

NO. NS-4-030 

THERIMAL EXPANSION COEFFICIENT OF NS-4-FR 

I Tnis shows the ASSETS that Genden Engineering 
Scrvices & Construction Co. (GESC)  purchased 

1 from Biseo Products (DISCO) on September 16, 1 1993. 
, BISCO in this document should be read GESC. 

DATE 08/14/91 

REVISION 1 



BISCO PRODUCTS TECHNICAL REPORT, NS4030, REVISION 1 

DATE: 

PRODUCT: 

TITLE: 

PURPOSE: 

CONCLUSIONS: 

CALCULATIONS: 

RESULTS: 

August 14, 1991 

Thermal Expansion Co-efficient of NS4FR (Revision 1) 

To determine the co-efficient of thermal expansion of NS-4-FR, over 
temperatures ranging from 23 OC (room temperature) to 150°C. The 
test block of NS-44% was subjected to this temperature range 
unrestrained, and then a second time while restrained. 

Unrestrained Test - A block of non-borated NS-4FR, approximately 
ll"XZ"x2" was etched in three spots in the longitudinal direction, and 
three spots in the horizontal direction. These etch marks were used 
as measuring points to determine lengths and widths at the tests 
temperatures. The block was cut from a slab manufactured from lot 
#80923-C. The block was placed in a calibrated oven to within t20C 
of the test temperature. It was heated for two hours at 40°C and six 
hours at all other noted temperatures. 

Restrained Test - The same procedure for the unrestrained test was 
used, with the only difference being that the block was restrained 
between two steel plates. The plates were connected with six bolts, 
each tightened to 40 psi. Horizontal measurements were not taken on 
the restrained test. 

The co-efficient of thermal expansion varied as the temperature 
changed from 23°C to 150°C. The values of the unrestrained test 
ranged from 0.9339 to 1.062 E-4 inch/inch/degree C, while the values 
of the restrained test ranged from ,6105 to 1.074 E-4 inch/inch/degree 
C. There was less longitudinal expansion in the restrained test. It is 
possible that the force of the steel plates applied sufficient pressure 
that the material was not able to expand as easily. 

The co-efficient of thermal expansion was calculated in inches, per 
inch, per degree celsius. The co-efficient of thermal expansion at each 
measured temperature level was calculated with reference to the room 
temperature. 

1. All calculated values are tabulated in Table 1. 

2. The calculated co-efficients of thermal expansion are plotted in 
Figure 1. 



Unrestrained Test: 

Degrees (C) 

23 
42 
70 
98 

150 

Degrees (C_Z 

Restrained Test; 

Degrees (C) 

TABLE I 

Report of Thermal Expansion of NS4FR 

Length (in) 

11.271 
11.291 
11.326 
11.358 
11.423 

Width (in) 

1.985 
1.987 
1.988 
1.988 
2.000 

Len~th fin) 

1 1.275 
1 1.298 
11.3 12 
11.328 
11.371 

Change 
in./in,ldegree 6 

Change 
in./in,/demee C 

Change . 
in./in./deeree C 

Yo Change from 23 o(; 

% Change from 23°C 

% Change from 23OC 

*--- 

0.20% 
0.33% 
0.47% 
0.85% 
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1.3.4.3 Electroless Nickel Plating Product Literature 

Reference information describing the characteristics and properties of EN plating used for 

coating the carbon steel piece parts of the FuelSolutions™ TS125 Transportation Cask neutron 

shield jacket assembly is included in this section (pages 290 - 310). 
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ELECTROLESS NICKEL PLATING 
to deposit nickel without the use of an 

has gained wide acceptance. 
Since gaining commercial use in the 950s, 

electroless nickel plating has grown rapid 1 y and 

most frequently used to plate steel and oth& met- 
als, whereas warm alkaline hypophosphi~ baths 
are used for plating plastics and 
hydride-reduced baths are also 
and copper alloys, especially in Europe. 

Electroless nickel is an engineering c ating, 
normally used because of excellent corrosi n and 
wear resistance. Elec~oless nickel coatin s are 
also frequently applied on aluminum to pro 'de a 
solderable surface and are used with mol 1 and 
dies to improve lubricity and part releash. Be- 
cause of these properties, electrdess 

those in petroleum, 

machinery (Ref 1). Some advantages and 
tions of electroless nickel coatings include! 

Advantages 
Good resistance to corrosion and wear 
Excellent uniformity 
Solderability and brazeability 
Low labor costs 

Limitations 
Higher chemical cost than electroplating, 
Brittleness 

Poor welding characteristics due to contamina- 
tion of nickel plate with nickel-phosphorus 
deposits 
Need to copper strike plate alloys containing 
significant amounts of lead, tin, cadmium, and 
zinc before electroless nickel can be applied 
Slowerplating rate, as compared to electrolytic 
methods 

Bath Composition and 
Characteristics 

Electroless nickel coatings are produced by the 
controlled chemical reduction of nickel ions onto 
a catalytic surface. The deposit itself is catalytic 
to reduction, and the reaction continues as long as 
the surface remains in contact with the electroless 
nickel solution. Because the deposit is applied 
without an electric current, its thickness is uni- 
form on all areas of an article in contact with fresh 
solution. 

Electroless nickel solutions are blends of dif- 
ferent chemicals, each perfomting important 
function. Electroless nickel soh&ion&: 

A source of nickel, usually nickel sulfate 
A reducing agent to supply electrons for the 
reduction of nickel 
Energy (heat) 
Complexing agents (chelators) to control the 
free nickel available to the reaction 
Buffering agents to resist the pH changes 
caused by the hydrogen generated during 
deposition 
Accelerators (exultants) to help increase the 
speed of the reaction ' 

Inhibitors (stabilizers) to help control reduc- 
tion 
Reaction byproducts 

The characteristics of an electroless nickel bath 
and its deposit are determined by the composition 
of these components. 

Reducing Agents 

A number of different reducing agents have 
been used in preparing electroless nickel baths, 

including sodium hypophosphite, aminoboranw, I. 
sodium borohydride, and hydrazine. ,y . 

Sodium Hypophosphite Baths. The major- 
ity of electroles nickel used commercially is depos- 
ited from solutions reduced with sodium 
hypophosphite. The principal advantages of these 
solutions over those reduced with boron com- 
pounds or hydrazine include lower cost, greater 
ease of control, and better corrosion resistance of 
the deposit. 

Several mechanisms have been proposed for 
the chemical reactions that occur in hype 
phosphite-reduced electroless nickel plating so- 
lutions. The most widely accepted mechanism is  
illustrated by the following equations: 

In the presence of a catalytic surface and suffi- 
cient energy, hypophosphite ions are oxidized to 
orthophosphite. A portion of the hydrogen given 
off is absorbed onto the catalytic surface (Eq 1). 
Nickel at the surface of the catalyst is then re- 
duced by the absorbed active hydrogen (Eg 2). 
Simultaneously, some of the absorbed hydrogen 
reduces a small amount of the hypophosphite at 
the catalytic surface to water, hydroxyl ion, and 
phosphorus @q 3). Most of the hypophosphite 
present is catalytically o x i d i i  to ortho- 
phosphite and gaseous hydrogen (Eq 4) inde- 
pendently of the deposition of nickel and phos- 
phorus, causing the low efficiency of 
electroless nickel solutions. Usually 5 kg (10 
lb) of sodium hypophosphite is required to re- 
duce 1 kg (2 lb) of nickel, for an average effi- 
ciency of 37% (Ref 2,3). 

Early electroless nickel formulations were am- 
moniacal and operated at high pH. Later, acid 
solutions were found to have several advantages 
over alkaline solutions. Among these are higher 
plating rate, better stability, greater ease of con- 
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Table 1, Hypophosphite-reduced electrolp/ss nickel plating solutions 
I 

cadhl&or Add 
rmrdiUw Bath 1 Baa3 Bath4 BatbS Bath 6 

cmpositlon 
... ... ... N i l  chloride, gUozlgal) 45 (6) *(4) 30 (4) 

Nickel datc.g~L(algal) ... ... 21 (2.8) 34 (45) 45 (6) 
Sodium hypophosphite,~(~gal) 11 (1.5) l P . 3 )  lO(1.3) U(3.2) 35 (4.7) lO(1.3) 
Ammonnun chloride, & (odd)  50 (6.7) 5 ,  (6.7) ... ... ... ... 
Sodium c i m  & (odgal) lOO(13.3) ... ... ... ... ... 
Ammonium cihate, @(odgal) ... ... ... ... ... 
Ammonium hydroxide To pH ... ... ... ... 
L d c  ecib gL(odgal) ... ... ... 28 (3.7) ... ... 

... ... ... ... = acid&(oz/gal) . , . 35 (4.7) 
Anlino-aatic aciagn(odga0 ... ... ... ... ... rn(5.3) 

... sodiumh@x~=-@a~etate ph (ol/gal) ... 10 (1.3) ... ... ... 
Ropionic acia @(algal) ... ... ... 2.2 (0.3) ... ... 
Ace& acid & @/gal) ... ... ... ... ... 10 (1.3) 
succinicacid&(odgal) ... ... ... ... lO(1.3) ... 

... Leadppm ... ... 1 ... ... ... ... ... ... ... -ppn 1 

Table 2 Aminoborane- and borohydride-rkduced electroless nickel plating soiutions 

Baohydride 
Bath7 Bath8 Bath9 Bath 10 

be dissolved in the plating solution. 
~minoborane-reduced electroless nickel d u -  

tions have been formulated over wide pH rn&, 
although they are usually operated between 6&d 

9 pH. Operating temperatures for these baths 
range from 50 to 80 O C  (120 to 180 OF), but they 
can be used at temperatures as low as 30 O C  (90 
OF). Accordingly, aminoborane baths are very 
useful for plating plastics and nonmetals, which 
is their primary application The rate of deposi- 
tion varies with pH and temperature, but is usu- 
ally 7 to 12 Cun/h (0.3 to 0.5 mW). The boron 
content of the deposit &om these baths varies 
between 0.4 and 5%. Compositions akd operating 
wnditions for aminoborane baths are listed in 
Table 2 (Ref 2,5,6). 

' <Sodium Borohydride Baths. The borohy- 
dride ion is the most powerful reducing agent avail- 
able for electroless nickel plating. Any 
water-soluble borohydride may be used, although 
sodium borohydride is preferred. 

In acid or neutral solutions, hydrolysis of bom- 
hydride ions is very rapid. In the presence of 

nickel ions, nickel boride may form spontane- 
ously. If the pH of the plating solution is main- 
tained between 12 and 14, however, nickel boride 
formation is suppressed, and the reaction product 
is principally elemental nickel. One mol of so- 
dium borohydride can reduce approximately one 
mol of nickel, so that the reduction of 1 kg (2 lb) 
of nickel requires 0.6 kg (1 lb) of sodium borohy- 
dride. Deposits from bomhydride-reduced elec- 
troless nickel solutions contain 3 to 8 wt% B. 

To prevent precipitation of nickel hydroxide, 
complexing agents, such as ethylene diamine, 
that are effective between 12 to 14 pH must be 
used. Such strong wmplexing agents, however, 
decrease the rate of deposition. At an operating 
temperature of 90 to 95 O C  (195 to 205 OF), the 
plating fate of commercial baths is 25 to 30Cun/h 
(1 to 1.2 rniljh). Compositions of a borohydride- 
reduced electroless nickel bath are also shown in 
Table 2 (Ref 6). 

During the course of reduction, the solution pH 
decreases, requiring constant additions of an al- 
kali hydroxide. Spontaneous solution decompo- 
sition may occur if the bath pH is allowed to fall 
below 12. Because of the high operating pH, 
borohydride plating baths cannot be used for alu- 
minum substrates (Ref 2,5,7). 

Hydrazine Baths. Hydrazine has also been 
used to produce electroless nickel deposits. These 
baths operate at 90 to 95 OC (195 to 205 OF) and 10 
to 11 pH. Their plating rate is approximately 12 
Cun/h (0.5 ma). Because of the instabiity of hy- 
drazine at high temperrltures, however, these baths 
tend to be very unstable and difficult to control. 

Whereas the deposit &om hydrazinereduced 
solutions is 97 to 99% N, it does not have a 
metallic appearance. The deposit is brittle and 
highly stressed with poor corrosion resistance. 
The stress and brittleness are likely due to code- 
position of small amounts of basic nickel salts. 
Ni(O%, and nitrogen. Unlike hypophosphite- 
and boron-reduced nickels, hardness from a hy- 
drazine-reduced electroless nickel has very little 
commercial use (Ref 2). 

Energy 

The amount of energy or heat present in an 
electroless nickel solution is one of the most 
important variables affecting coating deposition. 
In a plating bath, temperature is a measure of its 
energy content. 

Temperature has a strong effect on the deposi- 
tion rate of acid hypophosphite-reduced solu- 
tions. The rate of deposition is usually very low 
at temperatures below 65 O C  (150 OF), but in- 
creases rapidly with increased temperature (Ref 
5). This is illustrated in Fig. 1, which gives the 
results of tests conducted using bath 3 in Table 1 
(Ref 7). The effect of temperature on deposition 
in boron-reduced solutions is similar. At tempera- 
tures above 100 OC (212 OF), electroless nickel 
solutions may decompose. Accordingly, the pre- 
ferred operating range for most solutions is 85 to 
95 OC (185 to 205 OF). 
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Temperature, O F  Sucdnate ion, mollgal 

Temperature, OC 

Fig. 1 Effect of solution temperature on the rate of deposition. Tests conducted on bath 3 at 5 pH 

Fig. 2 ~imits ofsol~bilit~fororthophos~hite in $xtro~ess nickel solutiom. Solutiomcontain 30gh(4oz/gal) nickel chlo- 
r~de (NiCI,) and 10 gR (1.3 odgal) sodiu)n hypophosphite (NaH2P$).0, without a cornplexing agent; 0, with 15 

gR (2 odgal) citric acid; A, with 39 gk (5.2 odgalb glycolic acid; A, with 78 gR (10 odgal) glycolic acid. 

Complexing Agents agents are organic acids or their salts, added to 
control the amount of free nickel available for 
reaction. They act to stabilize the solution and to 

To avoid spontaneous decomposition /of elec- retard the precipitation of nickel phosphite. 
troless nickel solutions and to control the paction Complexing agents also buffer the plating so- 
so that it occurs only on the catalytic kurface, lution and prevent its pH from decreasing too 
complexing agents are added. Conlplexing rapidly as hydrogen ions are produced by the 

Succinate ion; mollL 

Fig. 3 Effect of succinate additions on the plating rate of 
an e\ectro\essnickel sdution. Solutionscontain 16 

gh (2.1 ozlgal) nickel chloride (NiCI,) and 24 gR (3.2 &gal) 
sod~um hypophosphite (NaH2P0,). 5 gR (0.7 oz/gal) am- 
monium hydroxide (NH,OH) and 1 m& (4 mg/gal) lead at 
5 pH and 95 "C (205 OF). 

reduction reaction. Ammonia, hydroxides, or car- 
bonates, however, may also have to be added 
periodically to neutralize hydrogen. 

Original electroless nickel solutions were made 
with the salts of glycolic, citric, or acetic acids. 
Later baths were prepared using other polyden- 
tate acids, including succinic, glutaric, lactic, 
propionic, and aminoacetic. The complexing 
ability of an individual acid or group of acids 
varies, but may be quantified by the amount of 
orthophosphite that can be held in solution with- 
out precipitation (Ref 2,8). 'This is illustrated in 
Fig. 2, which shows the maximum solubility of 
orthophosphite in solutions cornpiexed with cit- 
ric and glycolic acids as a function of pH (b f9 ) .  
The complexing agent used in the plating solu-. 
tion c2m also have a pronounced effect on the 
quality of the deposit, especially on its phospho- 
NS content, internal stress, and porosity (Ref 8). 

Accelerators 

Complexing agents reduce the speed of depo- 
sition and can cause the plating rate to become 
uneconomically slow. To overcome this, orgaaic 
additives, called accelerato~s or exultants, are 
often added to the plating solution in small 
amounts. Accelerators are thought to function by 
loosening the bond between hydrogen and phw- 
phorous atoms in the hypophosphite m o l d e ,  
allowing it to be more easily removed and ab- 
sorbed onto the catalytic surface. Accelec8W 
activate the hypophosphite ion and speed the re- 
action shown in Eq 1 (Ref 2, 3). In hypo- 
phosphite-reduced solutions, succinic acid is tbt 
accelerator most frequently used. Other carbonic 
acids, soluble fluorides, and some solvents, how- 
ever, have also been used (Ref 2). The effect of 
snccinate additions upon deposition rate is i b ~ -  
trated in Fig. 3 (Ref 3). 
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fig. 5 Effect of solution pH on deposition rate and de- 
posit phosphorus content 

Inhibitors 

The reduction reaction in an electroless nictel 
plating bath must be controlled so that depositibn 
occurs at a predictable rate and only on the sdb- 
strate to be plated. To accomplish this, inhibitars, 

nickel plating solutions can operate for hours1 or 
days without inhibitors, only to decompose unex- 
pectedly. Decomposition is usually initiated ]by 
the presence of colloidal, solid particles in the 
solution. These particles may be the result of the 
presence of foreign matter (such as dust or blht- 
ing media), or may be generated in the bath as p e  
concentration of orthophosphite exceeds its s lu- 
bility limit. Whatever the source, the large su6bce 
area of the particles catalyzes reduction, lea&g 
to a self-accelerating chain reaction and decdm- 
position. This is usually preceded by increaked 
hydrogen evolution and the appearance oE a 
finely divided black precipitate throughout lthe 
solution. This precipitate consists of nickel hnd 
either nickel phosphide or nickel boride. 

Spontaneous decomposition can be controped 
by adding trace amounts of catalytic inhibitoxb to 
the solution. These inhibitors are absorbed on b y  
colloidal particles present in the solution and pre- 

Fig. 6 Cross section of a 75 (3 mils) thick electroless nickel deposit. Contains approximately 10% phosphonrs and less 
than 0.05% other elements. 400x 

vent the reduction of nickel on their surface. Tra- 
ditionally, inhibitors used with hypophosphite- 
reduced electroless nickel have been of three 
types: sulfur compounds, such as thiourea; oxy 
anions, such as molybdates or iodates; and 
heavy metals, such as lead, bismuth, tin, or 
cadmium. More recently, organic compounds, 
including oleates and some unsaturated acids, 
have been used for some functional solutions. 
Organic sulfide, thio compounds, and metals, 
such as selenium and thallium, are used to 
inhibit aminoborane- and borohydride-reduced 
electroless nickel solutions. 

The addition of inhibitors can have harmful as 
well as beneficial effects on the plating bath and 
its deposit. In samll amounts, some inhibitors 
increase the rate of deposition and/or the bright- 
ness of the deposit; others, especially metals or 
sulfur compounds, increase internal stress and 
porosity and reduce ductility, thus reducing the 
ability of the coating to resist corrosion and wear 

The amount of inhibitor used is critical. The 
presence of only about 1 mg/L (4 mg/gal) of HS- 
ion completely stops deposition, whereas at a 
concentration of 0.01 m p  (0.04 mglgal), this 
ion is an effective inhibrtor. The effect of lead 
additions on a hypophosphite-reduced succinate 
bath at pH 4.6 and 95 OC (205 OF') is shown in Fig. 
4 (Ref 3). The tests illustrated in Fig. 4 also 
showed that baths containing less than 0.1 m a  
(0.4 mglgal) Pb2+ decomposed rapidly, whereas 
baths containing higher concentrations were sta- 
ble. Excess inhibitor absorbs preferentialiy at 
sharp edges and corners, resulting in incomplete 
coverage (edge pull back) and porosity. 

Reaction Byproducts 

During electroless nickel deposition, the 
byproducts of the reduction, orthophosphite or 

borate and hydrogen ions, as well as dissolved 
metals from the substrate accumulate in the solu- 
tion. These can affect the performance of the 
plating bath. 

Orthophosphite. As nickel is reduced, oxtho- 
phosphite ion @PO$-) accumulates in the solution 
and at some point interferes with the reaction. As the 
concentration of oxthophosphite increases, there is 
usually a small decrease in the deposition late and a 
small increase in the phosphorus content of the 
deposit. Ultimately the accumulation of ortho- 
phosphite in the plating solution results in the pre- 
cipitation of nickel phosphite, causing rough 
deposits and spontaneous decomposition Ortho- 
phosphite ion also codeposits with nickel and phos- 
phoms, creating a highly stressed, porous deposit. 

The solubility of phosphite in the solution is ' 

increased when complexing agents, such as citric 
or glycolic acids, are added. This effect is shown 
in Fig. 2. However, the use of strong wmplexors, 
in other than limited quantities, tends to reduce 
the deposition rate and increase the porosity and 
brittleness of the deposit (Ref 8). 

Borates. The accumulation of metaborate ion 
(BE) from the reduction of bomhydride or of boric 
acid (H3B03) from the reduction of aminoboranes 
has little effect on electroless nickel plating baths. 
Both borohydride and aminobomte baths have b 
operated through numerous ~egenerations with only 
a slight decrease in plating rate and without decom- 
posing. W1th arninoborane-reduced solutions, the 
solubiity of boric acid is probably increased by the 
presence of amine through the formation of a wm- 
plex amhoborate (Ref 10). 

Hydrogen ions @I+), produced by the reduc- 
tion reaction, cause the pH of the bath to decrease. 
The amount of hydrogen produced, however, de- 
pends on the reducing agent being used. Because 
they are less efficient, hypophosphite-Iwlucrd s o b  
tions tend to generate more hydrogen ions than 
those reduced with boron compounds. 
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Phosphorus content, % 

F;~. 7 Effect of phosphorus content on the interpal stress 
of electroless nickel deposits on steel 

The pH of the bath has a strong effect pn both 
solution operation and the compositionl of the 
deposit. This is illustrated in Fig. 5, whicb shows 
the plating rate and deposit phosphorus icohtent 
resulting from varying solution pH values in a 
bath containing 33 g/L (4.4 odgal) of ni&el sd- 
fate and 20 g l .  (2.7 ozjgal) of sodim hypo- 
phosphite at 82 OC (180 OF) (Ref 11). 

To retard pH changes and to help keepioperat- 
ing conditions and deposit properties +nstant, 
buffers are included in electroless nickbl solu- 
tions. Some of the most frequently used!buffers 
include acetate, propionate, and succin& salts. 
Additions of alkaline materials, such as hydrox- 
ide, carbonate solutions, or ammonia, dre also 
req* periodically to neutralize d e  acid 
formed during plating. 

Properties of Electroless 
Nickel-Phosphorus Coatings 

Hypophosphite-reduced electroless nic el is an 
unusual engineering material, because of i n 3  th its 
method of application and its unique prc/perties. 
As applied, nickel-phosphorus coatings @e uni- 
form, hard, relatively brittle, lubriciousb easily 
solderable, and highly corrosion resis 
can be precipitation hardened to very hig levels 
through the use of low-temperature 3" tments, 
producing wear resistance equal to that bf com- 

for many severe applications and often 4lows it 
to be used in place of more expensivelor less 
readiiy available alloys. 

Structure. Hypophosphite-reduced el+3rdess 
nickel is one of the very few metallic gl 
an engineering material. Depending on=,": 
tion of the plating solution, commercial 
may contain 6 to 12% P dissolved in 
much as 0.25% of other elements. As appliw most 
of these coatings are amorphous; they have po crys- 
tal or phase structure. Their continuity, wever, 
depends on ltri~ composition. Coatings Jtaining 
more than 10% P and less than 0.05% imp$ties are 
typically wntinuous. Across section of onelof these 
coatings is shown in Hg. 6. 

Coatings with lower phosphorus conteqt, espe 
cially those applied fmm baths stabilized with 
heavy metals or sulfur compounds, are often po- 
rous. These deposits consist of columns df amor- 
phous material separated by cracks an4 holes. 
The presence of such discontinuities has severe 

Number of Bath Cycles 

~ i ~ .  8 intrinsic stresses as related to bath cycles for four amounts of phosphorus in deposits from acid nickel-phosphs 
solutions. Abathcycle isdefined as one complete replacement of nickel in thesolution (sometimescalled bath turn- 

over). Nickel content, 6 pR (0.8 oz/gal); pH, 4.8 

effect on the properties of the deposit, especially 
on ductility and corrosion resistance. 

As electroless nickel-phosphorus is heated to 
temperatures above 220 to 260 OC (430 to 500 
OF), structural changes begin to occur. Fit, co- 
herent and then distinct particles of nickel 
phosphite pi$) form within the alloy. Then, at 
temperatures above 320 "C (610 OF), the deposit 
begins to crystallize and lose its amorphous char- 
acter. With continued heating, nickel phosphite 
particles conglomerate and a two-phase alloy 
forms. With coatings containing more than 8% P, 
a matrix of nickel phosphite forms, whereas al- 
most pure nickel is the predominant phase in 
deposits with lower phosphorus content. These 
changes cause a rapid increase in the hardness 
and wear resistance of the coating, but cause its 
corrosion resistance and ductility to be reduced 
(Ref 2.12-14). 

Internal stress in electro1ess nickel coatings is 
primarily a function of cpating composition. As 
illustrated in Fig. 7, stress in coatings used on steel 
containing more than lo% Pis neutral or compres- 
sive (Ref 15). With lower phosphorus deposits. 
however, tensile stresses of 15 to 45 MF'a (2.2 to 6.5 
h i )  develop because of the difference in thermal 
expansion between the deposits and the substrate. 
The high level of stress in these coatings pronnotes 
cracking and porosity (Ref 12). 

The structural changes during heat treatment 
at temperatures above 220 "C (430 OF) cause a 
volumetric shrinkage of electroless nickel de- 
posits of up to 4 to 6% (Ref 16). This increases 
tensile stress and reduces compressive stress in 
the coating. 

Deposit stress can also be increased by the 
codeposition of orthophosphites or heavy metals, 
as well as by the presence of excess complexing 

agents in the plating solution. Even small quanti- 
ties of some metals can produce a severe increase 
in stress. The addition of only 5 mgIL(20 mg/gal) 
of bismuth and antimony to most baths can cause 
the deposit tensile stress to increase to as much as 
350 MPa (50 ksi). High levels of internal stress 
also reduce the ductility of the coating and in 
crease cracking (Ref 2.16). 

When using reported values for stress, it is 
important to know how the stress was measured. 
There are several methods that may yield differ- 
ent results. It is important to know whether intrin- 
sic stress (internal stress of the deposit ind* 
pendent of basis material) or total stress of the 
plated system is reported. Total stress includes the 
effect of differences in coetricient of thermal ex- 
pansion of the basis metal and the plated deposit 
(Ref 17). 

Intrinsic stress (Fig. 8) is measured using a 
spiral contractometer covered by ASTM B 636. 
Intrinsic stress is found by taking the initial and 
h a l  readings at the operating temperature of the 
plating solution. Reading at room temperature 
provides the total stress, but only for the specific 
basis metal used for the test. It is best to specify 
intrinsic stress so that comparison between de- 
posit characteristics can be made (Ref 17). 

The thickness must be constant since S~SS 
readings vary with deposit thickness. The ASTM 
thickness standard is 0.0006 in. (15 pm). 

Uniformity. One especialtybeneficialpmpeaY 
of electroless nickel is uniform mating thickness.. 
With electroplated coatings, thickness can vary @- 
nificantly depending on the shape of the part a d  
mximitv of the Dart to the anodes. These variatirn 
&I affed the u l b  performance of the 
and additional finishing may be required after plat- 
ing. With electroless nickel, the plating rate and 



0 2 4 6 8 10 12 

Phosphorus content. % 

Fig. 9 Effect of phosphorus content on coating density 
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Fig. 10 Effect of deposit phosphorus content on coefficient of thermal expansion 

coating thickness are the same on any d o n  of the 
part exposed to fksh plating solution. Grooves and 
blind holes have the same amount of coating as the 
outside of a part 

With electroless nickel, coating thickness can 
be controlled to suit the application. Coatings as 
thin as 2.5 pm (0.1 mil) are applied for electr~nic 
components, whereas those as thick as 75 to 125 
pn (3 to 5 mils) are normally used in corrosive 
environments. Coatings thicker than 250 pm (10 
mils) are used for salvage or repair of worn or 
mismachined parts (Ref 12)) 

Adhesion of electroless nickel coatings to most 
metals is excellent. The initial replacement reaction, 
which occurs with catalytic metals, together with 
the associated ability of the baths to remove submi- 
cm~copic soils, allows the deposit to establish me- 
tallic as well as mechanical bonds with the substrate. 
The bond strength of the coating to properly cleaned 
steel or aluminum substrates has been found to be at 
least300to400MPa(40to60ksi). 

noncatalytic or passive metals, such as 
stainless steel, an initial replacement reaotion 
does not occur, and adhesion is reduced. With 
propa pretreatment and activation, however, the 

bond strength of the coating usually exceeds 140 
MPa (20 h i )  (Ref 2,12,13). W1th metals such as 
aluminum, parts baked after plating for 1% h at 
190 to 210 OC (375 to 410 OF) to increase the 
adhesion of the coating. These treatments relieve 
hydrogen from the part and the deposit and pro- 
vide a very minor amount of codifision between 
coating and substrate. Baking parts is most useful 
where pretreatment has been less than adequate 
and adhesion is marginal. With properly applied 
coatings, baking has only a minimal effect on 
bond strength (Ref 2,12,14). 

The adhesion of electroless nickel deposits de- 
pends on the quality of the cleaning and prepara- 
tion steps prior to plating. Procedures for clean- 
ing and preparation for electroles hickel plating 
are generaily the same as those for electroplating. 
One exception is that electrocleane~s sometimes 
cannot be used because of fixluring restraints, 
making soak cleaning more critical. See the sec- 
tion "Retreatments for Electroless Nickel Coat- 
ings*' in this article for more information. 

Physical Properties. The density of elec- 
troless nickel coatings is inversely proportional to 
their phosphom content. As shown in Fig. 9, den- 
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sity varies fiom about 8.5 gh3 for very low phos- 
' 

phorus deposit to 7.75 glcm3 for coatings containing , 

10 to 11% P(Ref 2,13,18-20). 
The thermal and electrical propetties of these 

coatings also vary with composition. For com- 
mercial coatings, however, electrical resistivity 
and thermal conductivity are generally about 50 
to 90 pi2 - cm and 0.010 to 0.013 cal/cm - s . OC 
(2.4 to 3.1 Btu/ft . h . OF), respectively. Accord- 
ingly, these coatings are significantly less con- 
ductive than conventional conductors such as 
copper or silver. 

Heat treatments precipitate phosphorus from 
the alloy and can increase its conductivity by 
three to four times (Ref 2,13). The formulation of 
the plating solution can also affect conductivity. 
Tests with baths containing sodium acetate and 
succinic acid showed electrical resistivities of 61 
and 84 pi2 . cm, respectively (Ref 2). 

Phosphorus content also has a strong effect on 
the thermal expansion of electroless nickel. This 
is shown in Fig. 10, which shows data for deposit 
stress measurements on different substrates (Ref 
15). The coefficient of thermal expansion of high 
phosphorus coatings is approximately equal to 
that of steel. As deposited, coatings containing 
more than 10% P are completely nonmagnetic. 
Lower phosphorus coatings, however, have some 
magnetic susceptibility. The coercivity of 3 to 6% 
P coatings is about 20 to 80 Oe (1592 to 9 A/m), while that of deposits containing 7 to 9% 
is typically 1 to 2 Oe (80 to 160 A/m). Heat 
treatments at temperatures above 300 OC (570 OF') 
improve the magnetic response of electroless 
nickel and can provide coercivities of about 100 
to 300 Oe (7958 to 23,873 A/m) (Ref 11.21). 

Mechanical Properties. The mechanical 
properties of electroless nickel deposits are similar 
to those of other glasses. They have high strength, 
limited ductility, and a high modulus of elasticity. 
The ultimate tensile strength of commercial coat- 
ings exceeds 700 MPa (102 ksi) and allows the 
coating to withstand aconsidmble amount of abuse 
without damage. The effect of phosphm content 
on the strength and strain at fracture of electroless 
nickel deposits is shown in Fig. 11 (Ref 22). 

The ductility of electroless nickel coatings also 
varies with composition. High phosphorus, high 
purity coatings have a ductility of about 1 to 
1%% (as elongation). Although this is less duc- 
tile than most engineering materials, it is ade- 
quate for most coating applications. Thin Nms of 
deposit can be bent completely around them- 
selves without fracture. With lower phosphorus 
deposits, or with deposits containing metallic or 
sulfur impurities, ductility is greatly reduced and 
may approach zero (Ref 12,14). 

Hardening type heat treatments reduce both the 
strength and ductility of electroless nickel depos- 
its. Exposure to temperatures above 220 OC (428 
OF) causes an 80 to 90% reduction in strength and 
can destroy ductility. This is illustrated by Fig. 
12, which shows the effect of different 1 h heat 
treatments on the elongation at fracture of brass 
panels coated with 6% P electroless nickel (Ref 
11). The modulus of elasticity of electroless 
nickel coatings containing 7 to 11% Pis about 
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~ i ~ .  12 Effect of heat treatment on the ductility of a 6% P 
decboless nickel coating 

effect of elevated temperature on a 10% P coating 
is shown in Fig. 15 (Ref 26,27). 

Because of their high hardness, electroless 
nickel coatings have excellent resistance to wear 
and abrasion, both in the asdeposited and hard- 

Fig. 11 Effect of deposit phosphorus content on strength and strain at fracture ened conditions. Taber ~brase; Index values for 

200 GPa (29,000 hi) and is very similar to that 
of steel. 

Hardness and wear resistance are e x m e -  
ly impoltant properties for many applications. As 
deposited, the microhardness of electroless nickel 
coatings is about 500 to 600 HY100, which is ap- 
proximately equal to 48 to 52 HRC and equivdent 
to many hardened alloy steels. Heat treatment 
causes these alloys to age harden and can produce 
hardness values as high as 1100 HVlm equal to 
most comtmcial hard chromium coatings (Ref 2, 
12). figure 13 shows the effect of Merent 1-h heat 
treatments on the hardness of electroless nickel con- 
taining 10'/2% P (Ref 2). 

For some applications, high-temperature treat- 
ments cannot be tolerated because parts may 

warp, or the strength of the substrate may be 
reduced. For these applications, longer times and 
lower temperatures are sometimes used to obtain 
the desired hardness. This is illustrated in Fig. 14, 
which shows the effect of different treatment 
periods on the hardness of a coating containing 
1O1/2% P (Ref 12). ASTM specifration B 578 
requires that the Knoop hardness method be used 
for plated deposits. However, Vickers hardness 
numbers have been widely used (Ref 23-25). 

Electroless nickel coatings also have excellent 
hot hardness. To about 400 O C  (750 OF), the hard- 
ness of heat-treated electroless nickel is equal to 
or better than that of hard chromium coatings. 
Asdeposited coatings also retain their hardness 
to this temperature, although at a lower level. The 

electroless nickei and for electrodeposited nickel 
and chromium are summarized in Table 3 (Ref 
28,29,30). 

Tests with electroless nickel-coated vee-blocks 
in a Falex Wear Tester have shown a similar 
relationship between heat treatment and wear and 
confirmed the coating to be equal to hard chrome 
under lubricated wear conditions (Ref 14, 28). 
The effect of phosphorus content on the wear 
experienced by electroless nickel coatings undet 
lubricated conditions is summarized in Fig. 16. 
These rotating ball tests showed that after heat 
treatment, high phosphorus deposits provide the 
best resistance to adhesive wear (Ref 6.31). 

Frictional properties of electroless nickel 
coatings are excellent and similar to those of chm- 
mium 'Their phosphorus content provida a natural 
lubricity, which can be very useful for applications 

Temperature, OF 

Temperature, OC 

Fig. 13 Effect of heat treatment on hardness of lo%% Pelectroless nickel coating 

Treatment period, h 

~ i ~ .  14 Effect of different heattreatment periodson hardnessof a high-phosphoruselec- 
troless nickel coating 
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Test temperature, O F  

Ten temperature. O C  

~ i ~ .  15 Effect of temperature on the elevated-temperature hardness of a 10% P elec- 
troless nickel coating 

Table 3 Comparison of the Taber abraser 
resistance of different engineering coatings 

~ b e r w a r  
&ntbeatmeat ioaex, 

forlh 
'C 

mslloOO 
C-tk3 OF e).eles(a) 

Wmnickcl None None 25 
Electn,lessNi-P@) None None 17 
BecholessK1-p@) 300 570 10 
QecholesNi-P@) 500 930 6 
BecholessNiP@) 650 1200 4 
BecholessNi-B(c) None None 9 
EkctrolessNi-B(c) 400 750 3 
Hard chmmium None None 2 

(a) CS-10 abrasu wheels, lo00 g load. determined as average 
weight loss per 1000cycks for total test of 6aocycles. @))Hypo- 
phaspbitMeduced eleckoless nickel containing approximately 
9% F! (c) Borohydride-reduced elecmless nickel containing ap 
proximately 5% B 

such as plastic molding. The coefficient of friction 
for electroless nickel versus steel is about 0.13 for 
lubricated conditions and 0.4 for unlubricated wn- 
ditions. The fictional ppeaies  of these coatings 
vary little with either phosphorus wntent or with 
heat treatment (Ref 2,28,31). 

Solderability. Electroless nickel coatings can 
be easily soldered and are used in electronic appli- 
cations to facilitate soldering such light metals as 
aluminum. Fbr most components, rosin mildly sscti- 
vated (RMA) flux is specified along with wnven- 
tional tin-lead solder. Preheating the component to 
lOOto 110°C(212t02300F)improvesthee~and 
speed of joining. Wlth moderately oxidized sur- 
faces, such as those resulting fmm steam aging, 
activated rosin (RA) flux or-organic acid is usually 
quired to obtaintainG&iug of the coating (Ref2,32). 

Corrosion Resistance. Elecholess nickel is a 
barrier coating, protecting the substrate by sealing it 
off fmm the environment, rather than using sacrifi- 
cial action. Therefore, the deposit must be free of 
porn and defects. Because of its amorphous nature 

1.0 
0.8 I I I 
0.6 I As deposited - 

0.1 
0.08 
0.06 250 'C 1480 OF) fqr 1 h - 

Phosphorus content, % 

~ i ~ .  16 Effect of phosphorus content on the wear of electroless nickel coatings in rotat- 
Ing ball tests 

and passivity, the coating's corrosion resistance is 
excellent and, in many environments, superior to 
that of pure nickel or chromium alloys. Amorphous 
alloys have better resistance to attack than equiva- 
lent polycrystalline materials, because of their free- 
dom h m  grain or phase boundaries, and because of 
the glassy films that form on and passivate their 
smfaces. Some examples of the cmsion experi- 
enced in different environments are shown in Table 
4 (Ref 2, 16, 30, 33). The resistance to attack in 
neutral and acidic environments is increased as the 
phosphoxus content i s  increased in the deposit. The 
reverse is true in alkaline corrosive environments. 

Effect of Composition. The corrosion resis- 
tance of an electroless nickel coating is a function 
of its composition. Most deposits are naturally 
passive and very resistant to attack in most envi- 
ronments. Their degree of passivity and corrosion 
resistance, however, is greatly affected by their 
phosphorus content. Alloys containing more 
than 10% P are more resistant to attack than 
those with lower phosphorus contents (Ref 16, 
18) in neutral or acidic environments. Alloys 
containing low phosphorus (3 to 4%) are more 
resistant to strong alkaline environments than 
high phosphorus deposits. 

Often the tramp constituents present in an elec- 
troless nickel are even more important to its cor- 
rosion resistance than its phosphoms content. 
Most coatings are applied from baths inhibited 
with lead, tin, cadmium, or sulfur. Codeposition 
of these elements in more than pace amounts 
causes the corrosion resistance to be decreased by 
5 to 40 times (Ref 16). 

Effect of Heat Treatment. One of the most im- 
portant variables affecting the corrosion of elec- 
troless nickel is its heat treatment. As nickel- 
phosphorus deposits are heated to temperatures 
above 220 O C  (430 OF), nickel phosphide parti- 
cles begin to form, reducing the phosphorus con- 
tent of the remaining material. This reduces the 
corrosion resistance of the coating. The particles 

also create small activefpassive wrrosion cells, 
further contributing to the destruction of the de- 
posit. The deposit also shrinks as it hardens, 
which can crack the coating and expose the sub- 
strate to attack. The effect of these changes is 
illustrated in Table 5, which shows the results of 
tests with a lo%% P deposit heat treated to rep- 
resent diierent commercial treatments and then 
exposed to 10% hydrochloric acid at ambient 
temperature (Ref 16). Baking at 190 OC (375 OF), 
similar to the treatment used for hydrogenembnt- 
tlement relief, caused no significant increase in 
corrosion. Hardening, however, caused the c o r n  
sion rate of the deposit to increase from 15 pn/yr 
(0.6 miyyr) to more than 900 pm/yr (35 mil.s/yr). 
Tests in other environments showed a similar 
reduction in resistance after hardening. Where 
corrosion resistance is required, hardened coat- 
ings should not be used (Ref 16). 

Properties of Electroless 
Nickel-Boron Coatings 

The properties of deposits from borohydride- 
or aminoborane-reduced baths are similar to 
those of electroless nickel-phosphorus alloys 
with a few exceptions. The hardness of nickel-bo- 
ron alloys is very high, and these alloys can be 
heat treated to levels equal to or greater than that 
of hard chromium. Nickel-boron coatings have 
outstanding resistance to wear and abrasion. 
These coatings, however, are not completely 
amomhous and have r e d h i s t a n c e  to wrro- 
sive &vironments; furthermore, they are much 
more costly than nickel-phosphorus coatings. 
The physical and mechanical properties of boro- 
hydride-reduced electroless nickel are summa- 
rized in Table 6 (Ref 2,6,34). For comparison, 
the properties of a hypophosphite-reduced coat- 
ing containing lo%% P are also listed (Ref 12). 
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Table 4 Corrosion of electroless nickel coatings in various environments 

Acetic acid, glacial 
Acetone 
Aluminum sulfate, 27% 
Ammonia, 25% 
Ammonia ~trat-3, '20% 
Ammonium sulfate, saauated 
BenzaK 
Brine, 3%% salt, C Q  saturated 
Brine, 3%% sakH2S sruurated 
Calcium chloride,42% 
Clubon tetrachloride 
CilIicacid,sahnated 
clpxic chlaide, 5% 
Elhylece glywl 
Fenic chloride, 1 % 
Formic acid, 88% 
~ydmchlohc acid, 5% 
Hydrochloric acid, 2% 
Lactic acid, 85% 
Lead acetate, 36% 
Nihic acid, 1% 
oxalicacid, 1046 
Phenol, 9096 
Phosphoric acid, 85% 
Potassium hydroxide, 50% 
Sodium-,- 
Sodium hydroxide, 45% 
Sodium hydroxide,%% 
Sodiumsuifate.lo% 
Suhiuic acid, 65% 
Wata, acid mine, 3 3  pH 
Water, ,distiUed $ deaaated 
Water, dimed, q sahnatea 
w~Wata,seao sea (3%% salt) 

0.8 
0.08 
5 
16 
15 
3 

Nil 
5 
Ni 
0.2 
Nil 
7 
25 
0.6 
200 
13 
24 
27 
1 

0.2 
25 
3 

0.2 
3 

Nil 
1 
Ni 
0 2  
0.8 
9 
7 
Nil 
Nil 
Nil 

0.03 
0.003 
0.2 
0.6 
0.6 
0.1 
Nil 
0 2  
Ni 

0.008 
Nil 
0.3 
1 

0.02 
8 

05 
0.9 
1.1 

0.04 
0.008 

2 
0.1 

0.008 
0.1 
Ni 
0.04 
Ni 

0.008 
0.03 
0.4 
0.3 
Nil 
Nil 
Nil 

84 
Ni 
... 
40 
(c) 
3 5  
Nil 
.a. 

... 

... 
Nil 
42 
... 
0.2 
. . . 
90 
... 
... 
. . . 
... 
. . . 
... 
Nii 
(c) 
Ni 
Nii 
Ni 
... 
11 
... 
... 
Nii 
Ni 
... 

3.3 
Nil 
... 
1.6 
( 4  

0.14 
Nil 
... 
... 
... 
Nil 
1.7 
... 

0.008 
... 
3 5  
... 
... 
... 
... 
... 
... 
Nil 
(4 
Nil 
Nil 
Ni 
. . . 
0.4 
. . . 
... 
Ni 
Ni 
... 

(a)Hypophosphitereducedelectroless ~~kdc0ntainingap~roXhIak.1~ lo%% F! (b)Bomhydridereducedelecholessnickel containing 
approximately 5% B. (c) Vay rapid Specimendissolvedduring test 

Table 5 The effect of heat treatment on the 
corrosion of a 1 O W %  P electroless nickel 
deposit in 10% hydrochloric acid 

Heat 
beatment 

None 480 15 0.6 
190 'C (375 OF) for 1% h 500 20 0.8 
290 OC (550 T) for 6 h 900 1900 75 
290"C(550"I;) for 10h 970 1400 55 
340 O C  (650 OF) for 4 h 970 900 35 
4CQ°C(750T)forl h 1050 1200 47 

Structure and Internal Stress. The boron 
content of electroless nickel reduced with DMAB or 
DEAB can vary from 0.2 to 4% depending on bath 
formulation and operation. Commercial borohy- 
dride-reduced coatings typically contain 3 to 5% B. 
Unlike nickel-phosphorus coatings in the asdepos- 
ited condition, electroless nickel-boron contains 
crystalline nickel mixed with nickel-boron (typi- 
cally Ni2B) glass. These coatings also are not totally 
homogeneous and consist of phases of Werent 
composition (Ref 2,7,35). 

During heating, electroless nickel-boron age 
hardens in the same manner as nickel-phosphorus 
alloys. At temperatures over 250 OC (480 OF), 

particles of nickel boride (Ni3B) form, and at 370 
to 380 OC (700 to 715 OF), the coating crystal- 
lizes. The final structure of hardened nickel-bo- 
ron coatings consists of nickel-boron intermetal- 
lic compounds (principally Ni3B and Ni2B) and 
about IWO Ni (Ref 2,7,34). 

The internal stress level of nickel-boron depos- 
its is generally high. The effect of boron content 
and complexing agent on the stress in DMAB-re- 
duced electroless nickel coatings is shown in Ta- 
ble 7 (Ref 10). The intemal stress of borohydride- 
reduced coatings is typically 110 to 200 MPa (16 
to 29 ksi) tensile (Ref 34). 

Physical and mechanical properties of  
borohydride-reduced electroless nickel are summa- 
rized m Table 6 (Ref 2,6,34). For wmparison, the 
properties of a hypophosphite-reduced coating con- 
taining lo%% Pare also listed (Ref 12). ' T k  density 
of electroless nickel-boron is veIy similar to that of 
nickel-phosphorus coatings of equal alloy content. 
The density of borohydride-rectuced coatings con- 
taining 5% B is 8.25 g/rm in both the as-deposited 
and heat-treated condition (Ref 2.34). 

The melting point of nickel-boron coatings is 
relatively high and can approach that of metal- 
lic nickel. Sodium borohydride reduced coat- 
ings melt at 1080 OC (1975 OF), while the melt- 
ing point of DMAB-reduced coatings varies 

Table 6 Physical and mechanical properties 
of electroless nickel-boron and nickel- 
phosphorus deposits 
Properties are for coatings in the as-deposited condition, uw 
less noted. 

Ropertg 

b i t y ,  dad Obitn3) 
Melting pomt, OC (OF) 

Electrical resistivity, pS2. cm 
nKrmalconductivity, Wh. 
K(caI/~m.s.~C) 

Coefficient of thermal expan- 
sion (22-100°c,or72-212 
o F ) , p m / m . o c ~ ~ o F )  

Magnetic properties 

Internal stress,MPa Wi) 
Tensile strength 
Ductility, % elongation 
Modulus ofelasticity, GPa 

(lOspsi) 
Asdeposited hardness, 

H"l0O 
Heat-treated hardness, 400 

"C (750 OF) for l h,HVlm 
Coefficient of frictionvs 

steel, lubricated 
Wearresistance, a s d e p -  

ited, Tabermg/1000cycles 
Wearresistance, heat treated 

400°CC/500F)forlh,% 
bermg/1000cyclea 

Nonmagnetic 

(a) Borohydride-reduced elemless nickel containing approxi- 
mately 5% B. @) Hypophosphitereduced elecholess nickel con- 
taining approximately 10Vz% P. 

Table 7 Effect of boron content and 
complexing agent on internal stress in 
DMAB-reduced deposits 

(a) Basal on tests with 12% pm thick watings on a Bmner-Sen- 
deroff Spiral CMItractometer. SStresses are tensile. 

from about 1350 to 1390 OC (2460 to 2535 OF) 
(Ref 2,34). 

The electrical resistivity of 5% B coatings is 
similar to that of nickel-phosphorus alloys rang- 
ing from 89 @. cm in the as-deposited condition 
to 43 pi2 . cm after heat treatment at 1100 OC 
(2010 OF). The resistivity of 0.5% B to 1% B 
ranges from 10 to 20 pL2. cm. In the as-deposited 
condition, nickel-boron coatings are very weakly 
ferromagnetic, with coercivities about 10% of 
that of metallic nickel. Their magnetic suscepti- 
bility, however, can be increased by heat breat- 
ments at temperatures above 370 "C (700 OF) 
(Ref 2,7,34). 

The strength and ductility of nickel-boron coat- 
ings containing 5% B is only about one-fifth that 
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1 10 

Treatment time, h 

~ i ~ ,  17 Effect of heat treatments at 400 "C (752 O f l  on the strain at fracture of etectroless 
Ni-5% B and Ni-9% P coatings 

of high-phosphorus deposits. Guided bend tests 
of panels coated with 5% Ni-B showed it strain at 
fracture to be 2.5 mm/m (2.5 milsrin.). In the 
same test, the breaking strain of a hypophosphite- 
reduced electroles~ nickel containing approxi- 
mately 9% P was 5.3 d m  (5.3 milslin.). Unlike 
nickel-phosphorus coatings, however, heat a t -  
ment has little effect on the ductility of nickel-bo- 
ron. As illustrated by Fig. 17, even after 12 h at 
400 O C  (750 OF), strain at fracture declines by 
only 15% (Ref 7). The modulus of elasticity of 
bomhydride-reduced coatings ranges from 120 
GPa (17,000 ksi) in the asdeposited condition to 
180 GPa (26,000 ksi) for coatings heat treated at 
400 "C (750 OF) for 1 h (Ref 34). 

Hardness and Wear Resistance. The prin- 
ciple advantage of electroless nickel-born is its 
high hardness and superior wear resistance. En the 
as-deposited condition, m i e e s s  values of 
650 to 750 HVlw are typical for borohydride- and 
aminoborane-reduced coatings. After 1-h heat &at- 
rnents at 350 to 400 OC (660 to 750 OF) hardness 
values of 1200 HVloo can be produced. This is 
illusb.dted by Fig. 18, which shows the effect of heat 
treatment temperature on hardness (Ref 2,7,34). 

Long-term treatments (30 to 40 weeks) at tem- 
peratures between 200 and 300 OC (390 and 570 
OF) can produce hardness values of 1700 to 2000 
HVlW These low-temperature treatments result 
in a finer dispersion of nickel boride than do 
higher temperatures and in the formation of iron 
borides (such as F%B and Fe3~.2Ba8) within the 
coating (Ref 2,34). 
The wear resistance of electroless nickel-boron 

is exceptional and after heat treatment equals or 
exceeds that of hard chromium coatings. wid 
Taber wear test results for a 5% B w a h g  is 
shown in Tables 3 and 6. The effect of heat treat- 
ment and hardness on the wear experienced in 
rotating ring and block tests (similar to the Alpha 
LFW-1 test described in ASTM D 2714) (Ref 35) 

Temperature. O F  

Temperature, 'C 

~ i ~ .  18 Effect of different 1 h heat treatments on the hardness and wear resistance of 
borohydride-reduced electroless nickel 

under nonlubricated conditions is also shown in 
Fig. 18. Nickel-boron deposits containing 2.5 to 
3% B exhibit similar wear characteristics. 

Electroless nickel-boron coatings are natu- 
rally lubricious. Their coefficient of friction 
versus steel is typically 0.12 to 0.13 in the 
lubricating conditions, and 0.43 to 0.44 for dry 
wear (Ref 2,34). 

Corrosion Resistance. In general, the corro- 
sion resistance of electroless nickel-boron watings 
is less than that of high-phosphoms doys. 'Ihat is 
illustrated by Table 4, which compares the attack 
experience by hypophosphite- and bomhydride-re- 
duced coatings in different media. Tn environments 
that cause little cornsion of nickel-phosphorus, 
such as akalis and solvents, electroless nickel- 
boron is also very resistant. In environments, 
however, that cause moderate attack of nickel- 
phosphorus, such as acids and ammonia solu- 
tions, nickel-boron coatings can be severely 
corroded In strongly oxidizing media, of course, 
neither coating is satisfactory. 

Effect of Electroless Nickel Coatings 
on the Fatigue Strength of Steel 

Because of their tendency to crack under cyclic 
loads, electroless nickel coatings can cause a sig- 
nificant reduction in the fatigue strength of steel 
substrates. The magnitude of the reduction, how- 
ever, depends on the composition;heat treatment, 
and thickness of the coating, as well as the origi- 
nal fatigue strength of the steel. Several investi- 
gations have shown that the use of electroless 
nickel watings causes a 10 to 50% reduction in 
the fatigue strength and endurance limit of steel 
substrates (Ref 6,7,36-38). In these tests, fatigue 
strength of notched specimens was reduced by at 
least 15%, whereas unnotched samples showed 
relatively small reductions. 

Thickness, mils 

Thickness. pm 

~ i ~ .  19 Effect of coating thickness on the fatigue strength 
of a carbon-manganese steel 

The loss of fatigue strength has principally 
been a problem with hypophosphite-reduced 
coatings conraining less than 10% P, and with 
nickel-boron alloys. These deposits contain high 
levels of internal tensile stress and under cyclic 
stress conditions tend to crack and initiate fatigue 
failures. Other tests have impIied that this is not a 
significant problem with high-phosphorus depos- 
its (Ref 39.40). Coatings containing 101/2% or 
more phosphorus are compressively stressed on 
steel and tend to resist cracking. 

Heat treatment of electroless nickel watings 
tends to exacerbate the decrease in fatigue 
strength. Heat-treated coatings tend to be more 
highly stressed than as-deposited coatings and 
have a greater tendenc.~ to crack. Heat treating a 
high phosphorus, comp~essively stressed coating 
can cause it to become tensilelv stressed (Ref 14). 
Coatings heat treated at tempkatures above 340 
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Table 8 Effect of heat treatment of an 
electroless nickel-5% B coating on the 
fatigue strength of steel 

Not coated 350 51 
As-deposited 270 39 
250 O C  (480°F) for 1 h 260 38 
350eC(6600F)forl h 245 36 
400T(750°F)forlh 270 39 

OC (650 OF) also tend to cracked because of the 
shrinkage of the alloy. These cracks act as stress 
risers and further reduce fatigue resistance. Table 
8 shows the effect of different 1-h heat treatments 
on the fatigue strength of a 0.42% C steel (C45, 
Werkstoff 1.0503) coated with 30 pm (1.2 mils) 
of borohydride-reduced electroless nickel (Ref 
6). Heat treatments at very high temperatures, 
650 to 800 OC (1200 to 1470 OF), produce a thick 
diffusion zone between the coating and the sub- 
strate, which may eliminate or at least greatly 
reduce the effect of the coating on fatigue 
strength. 

The reduction in fatigue strength produced by 
electroless nickel deposits is also affected by the 
thickness of the coating. Thicker deposits have 
the greatest effect on fatigue strength. This is 
illustrated in Fig. 19, which shows the reduction 
in strength of a carbon-manganese steel (St52, 
Werkstoff 1.0580) produced by different thick- 
nesses of a 5% B nickel coating (Ref 6). 

Pretreatment for Electroless Nickel 
Coatings 

Proper pretreatment can be as important to the 
successful application of an electroless nickel 
coating as the actual deposit. Inadequate cleaning 
can result in lack of adhesion, roughness, coating 
porosity, and early failure. The methods osed to 
clean and prepare a metal surface for electroless 
nickel plating are similar to those used for con- 
ventional ele&oplating, although more care and 
control are reauired. One Denetrant that is uniaue 
to electroless iickel plat*g is the application df a 
strike copper plate to alloys containing signifi- 
cant amounts of lead, tin, cadmium, or zinc. This 
ensures adequate coverage and prevents contami- 
nation of the electroless solution. 

Pretreatment for Ferrous Alloys 

To prepare ferrous alloys properly for elec- 
troless nickel plating, the combination of solvent 
and alkaline degreasing, acid activation, and elec- 
trocleaning are required, with intermediate water 
rinses. These steps are discussed in other articles 
in this Volume. Recommended pretreatment pro- 
cedures for different ferrous alloys are summa- 
rized below: 

Carbon and low-alloy steel 
1. Soak clean for 10 to 30 min 

2. Rinse 
3. Elechociean at 5 V for 60 to 120 s 
4. Rinse 
5. Dip in WO HCl for 30 to 60 s. Alternatives: 10 

to 20% sulfuric acid avoids leaving chloride 
ions in pores and thus can improve salt spray 
resistance. Sutfamic acid and citric acids ,are 
also used byeficially. 

6. Rinse 
7. Electroclean at 5 V for 30 to 60 s 
8. Rinse 
9. Plate to thickness 

AUog steel (Cr or Ni > ll/z%) 
1. Soakcleanfor1Oto3Omin 
2. Rinse 
3. Electrocleanat5Vfor60tolU)s 
4. Rinse 
5. Dip in HCl acid for 30 to 60 s 
6. Rinse 
7. Electrocleanat5Vfor30to60s 
8. Rinse 
9. Dipin30%HClfor30to60s 

10. Rinse 
11. Nickel strike at 2 Ndm2 (20 Mt2) for 60 s 
1 2  Rinse 
13. Plate to thickness 

300or400seriesstainlesssteel 
1. SoakcleanforlOto30min 
2. Rinse 
3. Electroc1eanat5Vfor6Oto1U)s 
4. Rinse 
5. Dip in 3Wo HCl for 60 s 
6. Rinse 
7. ~ icke l  strike at 2 ~ / d m ~  (20 for 60 s 
8. Rinse 
9. Platetothickness 

300 series stainlass steel (complex shapes) 
1. Soak clean for 10 to 30 min 
2. Rinse 
3. Electroclean at 5 V for 60 to 120 s 
4. Rinse 
5. Dipin30%HClfor60s 
6. Rinse 
7. 10% H m 4  at 60 OC (140 OF) for 30 s. Altema- 

tive: nickel strike 
8. Plate to thickness 

400 series stainless steel (complex shapes) 
1. Soak clean for 10 to 30 min 
2. Rinse 
3. Hectroclean at 5 V for 60 to 120 s 
4. Rinse 
5. Dip in 30% HCl fix 60 s 
6. Rinse 
7. Dip in 20% HCl at 50 O C  (120 OF) for 30 s. 

Alternative: nickel strike 

8. Rinse with deionized water 
9. Plate to thickness 

In Step 1, all alkaline soak cleaners should be 
operated at their supplier's maximum recom- 
mended temperature, typically 60 to 80 OC (140 
to 175 OF). Unless otherwise indicated, all other 
processes are at ambient temperature. In Step 3, 
electrocleaning is with at least three reversals of 
current (part, cathodic/anodic, three times) at 3 to 
5 A/d& (30 to 50 A/@). Except for 300 series 
stainless steel, the final current cycle should be 
with the part anodic; with 300 series stainless 
steels, the fmal current cycle should be with the 
part cathodic to minimize the formation of an 
oxide film on its surface. 

Activation for Alloy Steels. Before e l eo  
troless plating, stainless i d  alloy steel parts must be 
chemicallv activated to obtain satisfactow adhesioh 
For this, a low pH nickel strike is nonhally used. 
l b o  common strike baths are listed below: 

Nickel sulfamate strike 
Nickel sulfamate 165-325gh 

(22-43 0 J g 4  
Nickel (as metal) 35-75 gh 

(5-lOozlgat) 
Sulfamic acid (-20 Pn, or27 oJgal) to pH 1-13 
Boric acid 30-34 gh 

(44.5 odgal) 
Hymochloric acid (20' B6) 12 mUL 

(1.5 fluidalgal) 
T- Room 
Camodeanrrntdensity 1 - 1 r  

( 1 0 - 1 0 0 ~ 3  
T i  3060s 
m @ a g g e a )  Sulfur depolarized nidocl 
operating PH 0.8-15 

Caution: Insoluble anodes cannot be used. Chlorine gas would be 
liberated from insoluble anodes. 

Nickel strikes should not be used to cover up 
improper pretreatment of plain or low-alloy steel. 
Nickel-strike activation should be considered, 
however, when processing steel with c mium 
or nickel contents of over 1.58 cart,& or 
nitrided steels, and stainless steels. Nickel-strike 
processing should follow acid activation to avoid 
drag-in of alkaline materials into the strike (Ref 
4 1-46). 

Pretreatment for  Aluminum Alloys 

L i e  steel, aluminum is catalytic to electto1eSs 
nickel deposition and could be plated after only a 
simple cleaning. Aluminum is very reactive, 
however, and oxides fonn very rapidly on its 
surface during rinsing or exposure to air. The , 
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sxide films that develop prevent metallic bonds 
from forming between the coating and the sub- 
strate and can result in adhesion failure. To avoid 
*is problem, special processing procedures are 
:equired, including deoxidizing and zincating 
x acid zinc immersion. Processing procedures 
ror aluminum alloys are discussed in the article 
In cleaning and finishing of aluminum alloys 
.n this Volume. 

Pretreatment for Copper Alloys 

Copper-base alloys are prepared for electroless 
lickel plating using procedures similar to those 
:or steei, alkalime cleaning and acid deoxidizing. 
h o  important differences exist, however: 

Copper is not catalytic to the chemical reduc- 
tion of electroless nickel, and its alloys must be 
activated chemically or electrolytically before 
they can be plated. 
Lead in ampunts of '/2 to 10% is often added to 
copper alloys to make them easier to machine. 
Unless the free lead present on the surface of 
the part is removed, adhesion failures and coat- 
ing porosity result. 

Processing procedures for copper alloys are 
ziven in the article on cleaning and fmishiig of 
mpper and copper alloys in this Volume. 

Activation. Once a copper alloy surface is 
:lean and oxide-free, it must be activated before 
:lectroless nickel can deposit To prevent reoxida- 
ion, this activation should be initiated without long 
ntermediate delays. The preferred method for initi- 
Uing deposition is an electrolytic strike in the elec- 
roless nickel bath. Using a nickel anode, the p m  
ue made cathodic at 5 V for 30 to 60 s. This applies 
t thin, electrolytic nickel-phosphorus coating and 
mvides a catalytic surface. After the current i s  
emoved, the electroless deposition can wntinue. 

Another method for initiating electroless depo- 
iition on copper alloy surfaces is to preplate sur- 
faces with electrolytic nickel. One disadvantage 
~f this method is that blind holes, internal sur- 
faces, or low current density areas may not be 
:oated by the strike, resulting in incomplete cov- 
:rage or unplated areas. The use of nickel chlo- 
ride strikes also may result in chloride contami- 
lation of the electroless nickel bath though 
irag-in. 

A third method of activating copper alloys in 
:lectroless nickel solutions is to touch them with 
a piece of steel or with another part already 
mated with e1ectroless nickel after they have 
m n  immersed in the bath. This creates a gal- 
vanic cell, producing an electric current to initiate 
fie electroless reaction. Deposition spreads until 
he whole part is covered with electroless nickel. 
However, two problems can occur with galvanic 
 tiv vat ion: 

Galvanic currents do not travel well around 
sharp curves, such as those on threads or cor- 

~ i ~ .  20 Twin tank system for electroless nickel plating. Tanks are used alternately. While one tank is k i n g  used to plate, 
the second is k i n g  passivated. Cylindrical tank is used to store 30% nitric acid for passivation. 

ners, and can leave bare spots or areas of re- 
duced thickness 

.* Passivation of the copper can occur before the 
deposit spreads across the entire surface lead- 
ing to poor adhesion 

Other methods include immersion for 15 to 30 
s in dilute solutions of ,palladium chloride (0.05 
to 0.1 @), and nickel-boron nickel strike proc- 
esses that use DMAB reducing agent. 

Leaded Alloys. UnWce other elements added 
to brass or bronze, lead does not combine with 
wpper to form an alloy. Instead, it remains in the 
metal as globules. The lead exposed during cutfing 
or machining acts as a lubricant by flowing or 
smearing across the surface. Electroless nickel does 
not deposit on lead. Unless lead smears are re- 
moved, the applied coating is porous with poor 
adhesion. Lead remaining on the surface of parts can 
also contaminate electroless nickel solutions, caus- 
ing arapid decline in plating rate and deposit quality. 

Surface lead is best removed by immersing 
parts for 30 s to 2 min in a 10 to 30% solution of 
fluoboric acid at room temperature. Sulfamic 
acid, citric acid, and dilute nitric acid have also 
been reported to be effective solutions for remov- 
ing lead. The removal of lead must occur before 
deoxidizing or bright dipping in the pretreatment 
cycle, and it is not a substitute for these steps (Ref 
2,41,47). 

Equipment for Electroless Nickel 
Plating 

Because electroless nickel is applied by a 
chemical reaction rather than by electrolytic 
deposition, special attention to design and con- 
struction of the tanks and auxiliary equipment is 
required to ensure trouble-free operation and 
quality coatings. 

Plating Tanks 

Cylindrical or bell-shaped tanks have been 
used for electroiess nickel plating, although rec- 
tangular tanks have been found to be the most 
convenient to build and operate. Rectangular 
tanks have been constructed from various materi- 
als in many different sizes. Acommon electroless 
nickel plating system is shown in Fig. 20. 

Physical Dimensions. The following factors 
should be considered when selecting the size of an 
electroless nickel plating mnk: 

0 Size of the part to be plated 
Number of parts to be plated each day 
Plating thickness required 
Platine rate of the solution (most conventional 
elect&less nickel solutions deposit betiveen 12 
and 25 pmb, or 0.5 and 1 miVh) 
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Type of rack, barrel, or basket used to support 
Parts 
Number of production hours available each 
day to process parts 
Nominal recommended work load of 1.2 
dm2b (0.5 ft2/gal) of working solution 

The size of the part or the size of the supporting 
rack, barrel, or basket usually defines the mini-' 
mum size tank that can be used. The minimum 
dimension of the tank should be at least 15 an (6 
in.) greater than the maximum dimension of the 
part or its support to allow proper agitation and 
the flow of fresh solution to all surfaces. The size 
of the tank may have to be increased, however, to 
accommodate the volume of the parts required or 
to provide a more suitable work area to solution 
,volume ratio. 

Construction Materials. The following fac- 
tors should be considered when selecting construc- 
tion materials for a plating tank: 

Operating temperature of the electroless nickel 
plating solutions, usually 85 to 9.5 OC (185 to 
205 OF) 
Tendency of tank materid to become sensi- 
tized to the deposition of electroless nickel 

0 Cost of tank material, including both initial 
construction cost and its life in a production 
environment 

With continued exposure to heated electroless 
nickel solutions, almost any surface eventually 
becomes sensitized or receptive to deposition of 
the coating. The more inert or passive the ma- 
terial selected, the less likely that plate out can 
occur. All material in contact with the plating 
solution must be repassivated periodically with 
30 vol% nitric acid to minimize deposition on 
its surface. 

The most widely used materials for tank con- 

Fig. 21 Electric immersion heater 

Heating the Solution coils are often coated with Teflon. This, however, 
reduces their heat transfer and their efficiency. 

can have harmful effects on the plating solution. 
Leaching linings prior to use is recommended. 
However, the contaminants continue to migrate 
to the surface and enter the solution (Ref 48). 
Although all of these materials have been used 
successfully, a 6 to 12 nun (0.25 to 0.5 in.) thick 
polypropylene liner installed in a steel or fiber- 
glass support tank, has proven to be the most 
troublefree material and has gained the widest 
acceptance. Polypropylene is relatively inex- 
pesive and is very resistant to plate out. The 
smooth surface of polypropylene also reduces the 
possibility of deposit nucleation. 

When constructing a polypropylene tank, only 
stress relieved, unfilled virgin material should be 
used. Welds should be made under an inert gas 
shield, such as nitrogen, to prevent oxidation of 
the polypropylene and incomplete fusion. All 
welds should be spark tested at 20,000 V before 
use to ensure integrity. 

that for electricity, the operating costs for steam 
are considerably less. 

Steam. Heating with steam is accomplished us- 
ing immersion coils or external heat exchangers. 
The most common immersion coils are those made 
of Teflon or stainless steel. 

Teflon heat exchanger coils are made of many 
small diameter Teflon tubes looped into the tank 
between manifolds. Because of the poor con- 
ductivity of the plastic, a much larger coil sur- 
face area must be used than would be needed 
with a metal heater. Teflon tubes are delicate, 
and the tubes must be protected form mechani- 
cal damage. 

Stainless steel panel coils are constructed of 
plates joined together with internal passages for 
the flow of heating medium. These coils are very 
efficient and economical. Their primary disad- 
vantage is that they are easily galvanically acti- 
vated and are prone to plate out. To prevent this, 

anodically passivated coil, however, stray cur- 
rents from the coil may affect the quality of the 
plating. Static electricity discharges from 
steam coils to the work can also cause nonuni- 
form or pitted coatings. To avoid this, coils 
should be isolated from the steam piping with 
dielectric couplings. 

Steam can also be used to heat the plating 
solution through a heat exchanger, which is 
mounted outside the tank. The heat exchangers 
are usuqlly of shell and tube or plate coil design 
and are constructed of stainless steel. The soh- 
tion is pumped through exchangers and re- 
turned to the tank, often through a filter. To 
prevent the inside of the exchanger from plat- 
ing, the solution velocity must be maintained 
above 2% m/s (8 ftjs). 

Electric. Heating with electricity is usually ac- 
complished with tube immersion heaters. The re~is- 
tance heating elements are sheathed in q m  
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Table 9 Comparison of piping and valve materials for electroless nickel plating systems 

Low 
High 

Ualerate 

High Good 
Moderate Poor 

Law Oood 
Low Limited 

Modelale Good 
Moderate Good 
Moderate Good 

titanium, or stainless steel. Stainless steel is the most 
economical material and is usually prefened. Either 
type 304 or 316 stainless steel is acceptable. Qcca- 
sionally electropolished stainless steel or Teaon- 
coated heaters are also used. The cost of these 
additions, however, cannot usually be justified for 
most applications. An electric immersion hearer is 
shown in Fig. 2 1. 

Pumps 

Pumps are used in electroless nickel plating 
systems for solution ~ s f e r  and filtration. The 
following factors should be considered when se- 
lecting pumps for electroless nickel plating sys- 
tems: 

Operating temperature of the plating solution, 
usually 85 to 95 OC (185 to 205 OF) 
Chemicals being handled in both the elec- 
troless nickel plating solution and the 30% 
nitric acid solution used for passivation 
Volume flow rate (liters per minute) required to 
allow the total tank volume to be filtered ap- 
proximately ten times each hour 

Two materials, CPVC plastic and type 304 
stainless steel, have been proven to be satisfac- 
tory for electroless nickel pumps. CPVC plastic 
is more resistant to plate out than stainless steel 
and is less expensive. However, large plastic 
pumps lack the capacity and mechanical strength 
needed to provide proper fitration in electroless 
nickel systems. Accordingly, plastic pumps are 
used for flow rates less than 300 Wmin (80 
gamin), whereas stainless steel is used for 
higher flow applications. 

Vertical Pumps. Vertical centrifugal pumps 
are now the most commonly used pumps for elec- 
troless nickel systems. These pumps can be 
mounted so only the impeller is below the solution 
level and shaft seals are notrequired. Consequently, 
maintenance of this pump is minimized. Some ver- 
tical pumps can also be mounted outside the sank, 
providing the maximum a m  for plating. 

With CPVC plastic pumps, the impeller should 
be machined or molded; glued impellers should 
not be used. All gaskets and O-rings for elec- 
troless nickel systems should be fluorocarbon 
rubber. 

The velocity of the solution through the pump 
should be at least 2% m/s (8 ft/min) to prevent the 
solution from plating out on the pump housing, 
especially when stainless steel is used. To accom- 
plish this, a pump speed of 1750 revlmin is re- 
quired. 

Piping and Valves 

Piping and valves available for electroless 
nickel systems are of four principal types: stain- 
less steel, polyvinylidene fluoiide, CPVC plastic, 
and polypropylene. The advantages and disad- 
vantages of each of these materials are sumrna- 
rized in Table 9. 

Piping components in electmless nickel plat- 
ing systems are used for air agitation spiders, tank 
outlet, pump inlet, and discharge pipes, solution 
manifolds, and deionized water fill lines. These 
pipes must be sized to minimize restrictions and 
provide proper agitation and filtration. The diameter 
of the tank outlet piping should be at least as large 
as the pump inlet connection to avoid cavitation and 
increased pump wear. CPVC plastic is normally 
used for pipe exposed to the plating solution. 

Although CPVC or other plastic pipe may be 
joined by solvent welding, threaded joints are 
preferred. Threaded connections are easier to 
make and more trouble-free, allowing repairs or 
modifications to be accomplished quickly. 
When threading plastic pipe, a plug should be 
inserted inside the pipe end to support the pipe 
and prevent collapse or thread breakage. 
Threads should be wrapped with Teflon tape 
before joining to prevent potential leakage 
from the galling of the plastic. 

Valves. Almost all of the valves used for elec- 
troless nickel systems are a ball and seat design. 
Because of prolonged exposure to stagnant plating 
solutions, inertness or resistance to deposit plate out 
is of primary impoxtance with these valves. Accord- 
ingly, polypropylene is used most often. The re 
duced strength of polypropylene at plating 
temperatures is not a problem with valves, because 
of M u  compactness and greater thickness. 

CPVC plastic valves are also used occasionally 
for eiectroless nickel systems, although their re- 
duced resistance to deposit plate out makes them 
more prone to seizure and failure due to deposit 
buildup than polypropylene. Because of their 

somewhat higher cost and tendency to activation 
and deposition, stainless steel valves are not nor- 
mally used. For valves in agitation air supply 
limes, plain PVC plastic valves may be used if 
they are mounted at least 200 mm (8 in.) away 
from hot plating solution. Valves and piping for 
steam services should be steel or stainless steel. 

Agitation 

Agitation of parts and solution is necessary 
during electroless nickel plating to provide a 
fresh supply of solution to the part and to remove 
the hydrogen produced during deposition. With- 
out consistent renewal of plating solution, local- 
ized depleted areas can occur, resulting in 
nonuniform coating thickness. Hydrogen bub- 
bles, if allowed to remain on the surface of the 
part, tend to mask plating and can cause pitting or 
fisheyes in the coating. 

Agitation is accomplished by moving the part 
mechanically through the solution, bv solution 
movement @refera61y by discharge df solution 
from a suitable filter and distributed by a sparger 
throughout the tank), or by bubbling air through 
the bath to move the solution past the part. A 
typical air agitation spider is shown in Fig. 21. 
For air agitation, a clean low-pressure air source, 
such as is provided by centrifugal blowers, is 
preferred. High-pressure air from compressors 
can introduce oil or other contaminants into the 
bath and affect deposit quality. 

Filtration 

Two types of fitration are used for electroless 
nickel systems, cartridge filters and filter bags. 
Both require the use of an external circulation 
pump, and both should be capable of removing 
particles larger than 5 pm (0.2 mil) in size. 
Wound cartridge filters are supported in CPVC or 
polypropylene chambers located outside of the 
tank. The installation cost of these filters is high, 
however, and replacement of the cartridges is a 
large maintenance cost. Also the added back pres- 
sure of the filter can significantly reduce the flow 
of the pump and often its life. 

Woven polypropylene bags are now being used 
to filter electroless nickel solutions. These bags 
are mounted above the plating tank itself, allow- 
ing the solution to flow through the bag by grav- 
ity. Fiter bags are relatively inexpensive and re- 
sult in only a minimum restriction on the 
discharge of the pump. When bags become soiled 
or begin to plate out, the change is obvious to the 
operator, and the bags can ,be quickly and easily 
replaced. Filter bags with stainless steel support 
rings rather than plated steel rings should be used. 
Plated rings can introduce cadmium or zinc into 
the bath and slow or stop deposition. A filter 
assembly is shown in Fig. 21. 

Filter cartridges and bags should be washed 
using hot water prior to use for electroless nickel. 
Antistatic agents often found in these filter media 
can be harmful to the plating solution. 
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For extremely critical applications such as 
memory disks, filtration should be through a 1 
pM filter cartridge followed by a 0.2 pM car- 
tridge using flow rates sufficient to turn over the 
volume of plating solution 10 to 20 times per 
hour. Filter discharge is best done through a 
sparger to distribute the solution uniformly in the 
tank, and not impinge on the parts being plated. 

Racking for Electroless Nickel Plating 

Because electroless nickel is applied by chemi- 
cal reduction, anode to cathode area relationships 
and cunent density considerations, usually of 
concern in electrolytical applications, are usually 
not important. This simplifies rack design. 

Construction Materials. Racks for plating 
ferrous and copper alloys should be capable of 
carrying 3 to 6 A /dm2 (30 to 60 A@) of part surface 
during el'ectrocleaning and s-g without over- 
heating or excessive voltage loss. Suitable materials 
for racks include. steel, stainless steel, copper, and 
titanium. Of these, steel or plastic coated steel is 
most often used. Stainless steel and titanim.can be 
cleaned easily in the nittic acid, but are rarely used 
because of high cost and limited current carrying 
capability. The cost of copper racks is reasonable 
and current capacity is excellent. With copper, how- 
ever, all submersed surface, except the contact 
points, should be coated to avoid copper contnmina- 
tion of the cleaning and plating solutions and to 
minimLze stripping of the coating from the fiame. 

Because electrolytic steps are not required 
when processing aluminum alloys, plastics as 
well as metals can be used to support parts. The 
materials used for racks for aluminum alloys in- 
clude polypropylene, CPVC, aluminum, and 
stainless steel. Polypropylene and CPVC are es- 
pecially useful, because they are easily con- 
structed, inexpensive, and highly resistant to plat- 
ing. Iron, nickel, or copper alloys are not suitable, 
because they are rapidly attacked by the oxidiz- 
ing and desmutting solutions used for aluminum 
alloys. 

Coatings for racks and fixtures used in elec- 
troless nickel plating have only limited life. The 
high temperatures and harsh chemicals used dur- 
ing pretreatment and stripping can cause rapid 
degradation of vinyls, epoxies, and phenolics. 
Coatings. however, do reduce current require- 
ments >&ing cleaning and striking opera-tions 
and can reduce unwanted deposition on the racks. 

Fixturing. When fixluring and positioning a 
part, the following factors should be considered: 

Hydrogen evolution: Duting the deposition of 
electroless nickel, hydrogen gas is evolved at 
the surface of the part As the hydrogen'bubble 
grows and rises, it should be able to free itself 
from the part. If hydrogen becomes trapped in 
any area of the part, such as an inverted'hole, it 
masks the surface and can reduce or prevent 
plating. 
Electrical contact: Good contact is needed be- 
tween the support and the part to ensure ade- 
quate and uniform current for electrocleaning 

and striking. Proximity to anodes is not usually 
very important with these operations, although 
in extreme cases, such as deep holes, internal 
anodes may be required. 
Rinsing: Easy rinsing is necessary to minimize 
dragout of the pretreatment cleaners and to 
prevent drag-in of contaminants to the elec- 
troless nickel bath. 

A rack should be designed to allow blind holes 
to drain easily or to all0 holes to be rinsed 
thoroughly with a hose. So e racks are designed k 
to be tipped or turned ups1 e down to ensure 
rinsing and to control drago t. During plating, 

hydrogen gas to escape. 

\ 
these holes must be positioned vertically to allow 

\ 

Bulk and Barrel Plating 

The uniform plating thickness of electroless 
nickel coatings allows many parts that would 
have to be racked if they were finished electro- 
lytically to be bulk plated. Because of the result- 
ing labor savings, coatings such as chromium can 
sometimes be replaced with electroless nickel at 
a lower overall finished cost, although the chemi- 
cal cost is higher. Four principal types of bulk 
plating are used: 

Soldier-style racking: Parts are placed so close 
together that complete coverage would be dif- 
ficult, if not impossible, with an electrolytic 
process. 
Baskets: Many bulk plating jobs can be run 
efficiently in baskets made of polypropylene 
or stainless steel, especially in smaller elec- 
troless nickel tanks. Baskets occupy much less 
space than barrels and allow more loads to be 
run. When compared to using barrels, baskets 
have the disadvantage of not mechanically agi- 
tating parts during plating. Accordingly, bas- 
kets should be shaken and moved periodically 
to allow fresh plating solution to circulate 
around parts. 
Trays: Many jobs, such as small shafts and 
bars, can be run most easily using egg crate or 
test tube rack trays. In addition, many parts, 
because of their finish or design, must be sepa- 
rated during processing to keep them from 
touching or nesting. Separated trays accom- 
plish this successfully and allow good solution 
transfer, minimizing the labor required for fix- 
turing. Trays are most often constructed of 
polypropylene, steel, or stainless steel. 
Barrels: Where very large volumes of parts are 
to be plated or continuous mechanical agita- 
tion is necessary, barrels usually provide the 
most efficient and economical methods of 
processing. 

Barrels for electroless nickel dating should be 

nickel plating, because they are prone to coating 
failures, plate out, possible contamination by 
bleedout of plasticizers or preplate preparati& 
solutions, and occasional drive failures. For elec- 
troless nickel plating, the barrel speed should be 
1 to 2 rev/min. Higher-speed barrels may be re- 
quired, however, where the solution must be 
pumped through internal passages or holes in a 
part. The drive mechanism should allow the bar- 
rel to rotate, both in the processing tanks and in 
transfer stages, to ensure free rinsing and mini- 
mize dragout. To allow adequate solution transfer 
in and out of the barrel, the hole size should be as 
large as possible and should be just capable of 
containing parts. 

All racks, baskets, trays, and barrels used for 
electroless nickel plating should be used exclu- 
sively for this operation. The use of equipment 
from other plating systems can result in contami- 
nation of the electroless nickel plating solution, in 
decomposition, or in reduced deposit quality. . 

Solution Control 

To ensure a quality deposit and consistent plat- 
ing rate, the composition of the plating solution 
must be kept relatively constant. This requires 
ueriodic analyses for the determination of pH, 
nickel content, and hypophosphite and ortho- 
phosphite concentrations, as well as careful tem- 
perature control. With modem premixed solu- 
tions, only checks of nickel content and pH are 
required. The frequency with which these analy- 
ses should be made depends on the quantity of 
work being plated and the volume and type of 
solution being used. 

Hydrogen Embrittlement Relief 

Hydrogen embrittlement is the failure that re- 
sults from the absorption of hydrogen into metals. 
Hydrogen embrittlement usually occurs in com- 
bination with residual or applied stresses in apart, 
happening most Erequently in high-strength steels 
and occasionally in other high-strength alloys. 

Hydrogen can be introduced into a metal by 
processes such as pickling, electrocleaning, acid 
activation, electroplating, or electroless deposi- 
tion. Although the hydrogen produced by el&- 
troless nickel plating is much less than that prP 
duced .by an electrolytic process, such as 
cadmium or hard chrome plating, it can be 
enough to cause cracking of high-strength steels. 
To prevent this, components are baked at 200 * 
10 OC (390 f 18 OF) to diffuse the absorbed 
hydrogen out of the steel. This usually restores 
the mechanical properties of the steel a h ~ t  
completely, helping to ensure against failure. 

The time required to remove hydrogen from a 
steel and avoid embrittlement depends on the 

made from nonfilled, nonpig;nen& polypro- strength of the steel. Longer relief &tment pen- 
pylene. If added strength is required, glass-filled ods or higher tempera- are needed as the 
polypropylene construction is prefemed.. strength of the steel increases. RecommendationS 
Polypropylene gears, rather than a belt drive, for embrittlement relief of steels on different 
should be used to turn the barrel. Plastisol-coated strength levels are summarized in Table 10. 
steel barrels are not successfuI for electroiess Longer times may be required for parts with de- 
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rable 10 Heat treatment of steels to relieve 
jydrogen embrittlement 

- 
;I050 <I52 Not required 
1051-1450 152-210 2 
1451-1800 210-260 18 
4800 >260 24 

posit thickness greater than 1 mil. Deposits are 
amorpho~s, thus there are no grain boundaries for 
he  hydrogen to follow. Shorter times may be 
used if unplated areas are present. Temperature 
lampup times should be longer than for hydro- 
gen relief of other metal deposits. Hydrogen em- 
brittlement relief treatment should begin within 4 
h of the completion of electroless nickel plating 
(Ref 2,49,50). 

Applications 

Electroless nickel is applied for five different 
applications: corrosion ksistance, wear resis- 
tance, lubricity, solderability, or buildup of worn 
or overmachined surfaces. To varying degrees, 
these pmperties are used by all segments of in- 
dustry, either separately or in combination. Appli- 
cations of these coating are given in Table 11. 

Applications for electroless nickel-boron de- 
posits in the electronics industry include wire 
bonding for IC chips, soldering, brazing, laser 
welding, low electrical resistivity, and as a diffi- 
sion barrier. 

Specifications 

The published specifications for electrobss 
nickel-phosphorus currently available in the 
United States include: 

AMS 2404, Electroless Nickel Plating (Ref 
51) 
ASTM B 656, Autocatalytic Nickel Deposi- 
tion on Metals for Engineering Use (Ref 43) 
Military Specification Requirements for Elec- 
troless Nickel Coatings (Ref 52) 

In addition, an international standard has been 
drafted by the International Standards Organization 
(Ref 50). Published standards for electroless nickel- 
boron coatings for engineering purposes are not 
available. 

Although these standards are good guidelines 
for testing and quality control, none include any 
real requirements for structural quality, corrosion 
resistance, or wear resistance. The standards con- 
sist primarily of a visual examination and simple 
tests for thickness and adhesion. Often this f o ~ e s  
industrial users to develop their own internal 
specifications for coating quality. These in-hause 
specifications can be relatively simple with re- 
quirements for only a few desired properties, or 
very detailed with requirements for substrate pre- 

~ i ~ .  22 C,ross-sectional view of a typical silicon carbide composite coating. Heater mounted in a 200 L (50 gal) electroless 
n~ckel plating tank. A bag filter is mounted on the filtration pump discharge. lOOOx 

treatment, bath operation, equipment design, de- 
posit chemistry, and properties. 

Eledroless Nickel Composite 
Coatings 

Composites are one of the most recently devel- 
oped types of electroless nickel coatings. These 
cermet deposits consist of small particles of inter- 
metallic compounds, fluorocarbons, or diamonds 
dispersed i n  an electroless nickel-phosphorus 
matrix. These coatings have a high apparent hard- 
ness and superior wear and abrasion resistance. 

Chemistry. Most composite coatings are ap- 
plied from proprietary baths. Typically, they consist 
of 20 to 30 vol% of particles entrapped in an elec- 
troless nickel containing 4 to 11% P. Most com- 
monly silicon carbide, diamond particles, 
fluorinated carbon powders, and PTFE are used, 
although calcium fluoride is also occasionally code- 
posited. The particles are carefully sized and are 
normally 1 to 3 pm in diarnteter (Ref 53-55) for 
silicon carbide and diamonds and 0.35 pm for 
PTFE. A mimgraph of a typical silicon carbide 
composite coating is shown in Fig. 22 (Ref 56). The 
baths used for composite plating are conventional 
sodium hypophosphite reduced elecfroless nickel 
solutions, with the desired particles suspended in 
them. These baths, however, are heavily stabilized 
to overcome or inhibit the very high surface area 
pFoduced by the particles. The baths othemise are 
operated normally and the nickel-phosphorus ma- 
trix is produced by ,the traditional hypophosphite 
reduction of nickel. The particles are merely caught 
or trapped in the coating as it forms. Their bond to 
the &tings is purely mechanical. 

Hardness and Wear. The primary use for 
electroless nickel composite coating is for applica- 
tions requiring maximum resistance to wear and 
abrasion. The hardnesses of diamond and silicon 
carbide are 10,000 and 4500 HV, respectively. In 
addition, the coatings are normally heat treated to 
provide maximum hardness (1000 to 1100 HVlw) 
of the electroles nickel matrix. The resulting appar- 
ent surface hardness of the composite is 1300 HVloo 
or more (Ref 53,56). 

The wear surface of a composite coating con- 
sists of very hard mounds separated by lower 
areas of hard electroless nickel. During wear, the 
mating surface usually rides on the particles and . - 
slides over the matrix. Thus, the wear charac- 
teristics of these coatings approach that of the 
particle material (Ref 53). Typical wear test re- 
sults for a silicon carbide composite coating are 
shown in Table 12 (Ref 56). 

Frictional properties of composite coatings are 
similar to those of other electroless nickels. Typi- 
cally, the coefficient of friction of these materials 
is about 0.13 in the lubricated condition and 0.3 
to 0.4 in the unlubricated condition (Ref 53,54). 

Corrosion Resistance. In generai, the corn 
sion resistance of composite coatings is signifi- 
cantly less than that of other electroless nickel 
coatings. The electroless nickel matrix contains 
large amounts of deposited inhibitor, which re- 
duces the alloy's passivity and w m i o n  resistance. 
Also, heat treated coatings aie less protective than 
are as-applied watings, both because of the conver- 
sion of the amorphous deposit to crystalline nickel 
and Ni3P and because of cracking of the d g  
(Ref 53,56). With composites, this problem is am- 
plified because of the presence of the diamond or 
intermetallic particles. The mixture of pfiosphides, 
nickel, and particles creates a very strong galvanic 
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Table 11 Applications of eledroless nickel plating 

Coating@kkmMa) 
A P P ~ ~  Bas metal W maS Reasanlorlee 

Automotive 

Heat sinks 
Ccdmetor wmponents 
Fuel injecton 
Ball shId.s 
Differential pinion ball shaRs 
Disc brake pistons and pad holders 
Transmission thrust washers 
%nmmeshgears 
Knuckle pins 
Exhaust manifolds and pipes and mufilers 
Shodtabsorbers 
Lcck components 
Hose couplings 
Gears and gear assemblies 
Fuel pump motors 
Aluminum wheels 
W ~ ~ ~ P W P  cornpMKnB 
Steering wlunmtilt wheel mponents  
Air bag hardware 
Air conditioning compessot wmpMKnrs 
Decorative plastics 
Slip yokes 

AircraWaerospace 
Bearing journals 
S m o  valves 
Compressor blades 
Hot wne hardware 
Piston heads 
Engine main shafts and propellers 
Hydraulic actuator splines 
Seal snaps and spotters 
Landing gear wmponents 
smts  
Pitot tubes 
Gyro rn 
Enginemounts 
Oil nozzle mpments 
Wi front bearing cages 
Fn& mouat insulator housing 
Ranges 
Sun gears 
Breech caps 
Shear bolts 
Engine oil feed tubes 
Flexible bearing supports 
Break attach bolts 
AntirotaIiooal plates 
Wmg flap univasal joints 
Titaniumthrustertrecks 

Printing 
Rinting rolls 
Pressbeds 

Textiles 
Feeds and guides 
Fabric knives 
spinnaeaes 
Loomratchets 
Knitting needles 

Molds and dies 
Zinc &e cast dies 
Glass molds 
Plastic injedon molds 
Plastic extrusion dies 

Aluminum 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Brass ' 

Steel 
S F 1  
Steel 
Steel 
Steel 
Carburized steel 
Steel 
Aluminum 
Steel 
Powdered metal 
Steel 
Steel 
Plastics (ABS, etc) 
Steel 

Aluminum 
Steel 
Alloy steel 
Alloy steel 
Aluminum 
Steel 
Steel 
Steel 
Aluminum 
Stainless steel 
Bmfstainless steel 
Steel 
4140Steel 
Steel 
Auoy steel 
Alloy steel 
Alloy steel 
Alloy steel 
Alloy steel 
m y  steel 
Steel, stainless steel 
Steel 
Alloy steel 
Alloy steel 
Auoy steel 
Titanium 

SteeVcast iron 
SteeVcast iron 

Steel 
Steel 
Stainless steel 
Aluminum 
Steel 

Auoy steel 
Steel 
Auoy steel 
Auoy steel 

Military 
Fuse assemblies 
Momdetonators 
Tank buret bearings 
Radar wave guides 
Mhrors 

Firearms 
CMnmercial and military firearm 

Steel 
Steel 
Alloy steel 
Aluminum 
Aluminum/beryllium 

Steel 

Cornsion resistance, solderabiity. uniformity 
Corrosion resistance 
Cmusionandwearresistance 
wearresistance 
wearresistance 
wearresimance 
wearresistaoce 
wearresistance 
wearresistance 
Corrosion resistance 
Comsionresistance and lubricitv 
Wear and corrosion resistance and lubricity 
Wear and conosion resistance 
Buildup of worn s w f w  and wear resistance 
Cormsion, wear resistance 
Corrosion resistance 
Corrosionresisrance 
Ease of movement 
Ease of movement 
Low friction 
Base coat 

... 

Wear resistance and uniformity 
Corrosion resistance, uniformity and lubricity 

... 
Corrosion and wear resistance 
wearresistance 
Buildup of worn surfaces and wear resistance 
Wearrrsistsnce 
Wear and c d o n  resistance 
Buildup of mis-machined surfaces 
Buildup of mis-machined or worn surfaces 
Corrosion and wearresistance 
Wear resistance and lubricity 
Wear and wnosion resistance 
Convsion resistance and uniionnity 
Corrosion, wear resistance 
Conmion resistance 
Corrosion, wearresistance 
wearresistance 
Corrosion, wearresistance 
Corrosion resistance 
cormsion resistance 
Cornion resistance 
Corrosion resistance 
wearresistance 
Corrosion, low friction 
Wear and conosion resistance, low friction 

Corrosion and wear resistance 
Corrosion and wear resistance 

Wearresistance 
Wearresistance 
Com,sion andwearresistance 
Wearresistaoce 
Wear resistance 

Wear resistance and pan release 
W v  resistance and part release 
Corrosion and wear resistance and part release 
Corrosionand wear mistance and panrelease 

Corrosion resistance 
Corrosion resistance 
Wear and c o r d o n  resistance 
Corrosion resistance and uniformity 
Uniformity and reflectivity 

Conosion and wearresistance and lubricity 
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Table 11 Applications of electroless nickel plating (continued) 

Brass 
steeucast iron 

Cornsion resistance 
Cotrosionandwear~i~tance 

Aluminmn 
Aluminum 
Aluminum 
Auoy steel 
ALuminum/steel 
SteeValuminum 
Steel 
SteeVbrass 

Conosion nsistance and solderabiity 
Corros'lon and wear resistance 
C o r r o s ' ~ ~  and wear resistance and uniformity 
soldaab'ity 
Corrosion resistance and soldaabiiity 
Conosion and wear resistance and solderabiity 
Corcosianresistanaand sdderabiity 
Conosion and wear resistance 
Corrosionandwacrnsistance,sol~tyandamduaivity 
Soldaab'i and weldab'ity Plastic 

Steel 
Steel 
Powder iron 

Conosionnsistance 
Wear andljrening lesislance and buildup of worn surfaces 
Conosimandwearnsistance 

Steel 
SteeValurninum 
steevaluminum 

Wear and cmusion resistance 
Wear and corrosion resistance 
Wear and corrosion raistance 

Chemieal and petroleum 
R e s s u r e v d  
ReaEtors 
Mixershalt5 
Plrmps and impellers 
Heat =-haw- 
Film and components 
'bbhbtads andIotorassemblie-s 
CMnpressM blades and imp11e15 
spray nozks 
Ball gate,plug,fheck and bumafly valves 
Valves 
QMkes and control valves 
Oil field tools 
Oil well packas andequipment 
oil weUtubiig andpumps 
hillingmudpumps 
Hydraulif systems and achrators 
Blowout preventen 

Steel 
Steel 
Steel 
Cast iFonlstee1 
Steel 
Steel 
Steel 
SteeVdumin~ 
BIZIS/*] 
Steel 
Stainless steel 
SteeVstainless steel 
St& 
Auoy steel 
Steel 
Auoy steel 
Steel 
AUoy steel 

Conosionresistance 
Carosion resistance and proaUd purity 
Conosionresistance 
ComMionandcmsionresistance 
Corrosionresistance 
Conosionandemsionresistance 
Conosion and aosion resistance 
Corrosionanderosionresistance 
Corrosion and wear resistance 
Corrosion resistance and lubric'~ty 
Wear and galling resistance and potectionagainst stress-wnusioncracldng 
Cornion and wear resistance and protection against stress-conusion ccacking 
Conosion and wear mistance 
Corrosion anderosion resistance 
CMlosionandwearresistance 
Corrosion nsistanceand pmtection against stresscorrosion cracking 
Corrosion and wearresistance and lubridy 
Corrosion and wear resistance 

w e  wgbl insbuments and equipment 
Splgsaeem 
Rllsntes 
Feedsaews and extruders 

SteeValuminum 
Steel 
Steel 
Steel 

Corrosion resistance and ease. of operation 
Corrosion resistance and cleanliness 
Corrosion resistance andcleanliness 
Corrosion and wear resistance and cleanliness 

Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 

Canosion and wear resistance and cleanliness 
High tfmperature resistance,cleanlimss, andesseofre1ease 
CleanluKss,corrosion resistance and ease of re- 
Cleanliness. camion resistance and ease of release 
cleanlinessandconosion and wear resistance 
cleanliness and ease of release 
Cleanliness and corrosion and wear resistance 

Material handf i  
~ y d r a u l i c c y ~ a n d ~  
Exhuders 
Link drive belts 
Oerusandclutches 

S t d  
Auoy steel 
Steel 
Steel 

Corrosion and wear resistance and lubricity 
Wear and c m i o n  resistance 
Wear and conosionresistance and lubricity 
Wear resistance and buildup of worn surfaces 

Mining 

Steel 
Steel 
Steeucast iron 
Steel 
Steel 

Conosion and erosion resistance 
Corrosion and wear resistance 

Corrosion mimnce 
Wood and p a p  

Steel 
Steel 
Steel 

Conusion and abrasion resistance 
Cormsiin and abrasion resistance 
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Table 11 kpplications of electroless nickel plating (continued) 

Coating thwwsda) 
AppUeatioD Bast metel P mils Reason for we 

Miscellaneous 
Chain saw engines 
Drillandtaps 
Precision tools 
Shava blades and heads 
Pen tips 

Aluminum 
Auoy steel 
Auoy steel 
Steel 
Brass 

25 1 .O Wear and wnusion resistance 
12@) Wear mistance and ease of use 

12 0.5 Wear resistance and cleanliness 
8 0.3 Wear resistance and smoorhness 
5 0.2 Corrosionresistance 

(a) Many components arc heat treated at 190 to 210 "C (375 to410 OF) for l to 3 h to improve adhesion 01 to relieve hydrogen embrittlmt @) Heat treated for l h at400 OC (750 "F) for maximum 
(c)Heattreatedfor6hat 135°C(n50Dforhy~enembrinlement r e l i e f . ( d f  ~Ohat290°C(5500F)formaxim~hardoess. ( e )Cadmiumplaredaf ter&-Iessn idte land  
for 2 h at 340 O C  (640 OF) to diffuse cadmium into the nickel. ( H for I hat 620 OC (1 150 OF) to diffuse coating into basis metal. (g) For medical, pharmaceutical, and food applications, coatings 
must befree of toxic heavy metals such as lead, cadmium, mercury, or thallium 

Table 12 Comparison of the Taber abraser 
resistance of silicon carbide composite 
coatings with other engineering materials 

Faker& 

Material Harclwss ll,OOOcy& 

400Cstainlesssteel 57 HRC 5.6 
A2todsteel 6042 HRC 5.0 
Elearolessnickel (hardened) 900-1000HV 3.7 
Hard chromium 1000-1100HV 3.0 
'bgsten carhide 1300HV 2.0 
Elecm,Iess nickel and 1300HV 0.18-0.22 

silicon carbide oomposite 

Note: Taber wear index determined for an average of bee 5000- 
cycle runs with 100 g load and (3517 abrasive test wheels 

couple accelerating attack. For applications requir- 
ing good corrosion resistance, electtoless nickel 
composite coatings are not normally used. 

Plating on Plastics 

Except for ferrous alloys, plastics are probably 
the substrate most commonly electroless nickel 
plated. The coating is typically applied to non- 
metallic~ as a conductive base for subsequent 
electroplating of both decorative and functional 
deposits. Occasionally, electroless nickel is used 
b y  itself for applications requiring resistance to 
abrasion or environmental attack (Ref 2). Be- 
cause plastics are nonconductive and are not cata- 
lytic to the chemical reduction of nickel, special 
processing steps are required to ensure adequate 
adhesion and to initiate deposition. With synthet- 
ics, metallic bonds cannot form between the coat- 
ing and the substrate. Thus, adhesion results only 
from mechanical bonding of the coating to the 
substrate surface. To improve adhesion, plastics 
are typically etched in acidic solutions or organic 
solvents to roughen their surface and to provide 
more bonding sites. - 

In order toinitiate electroless nickel plating on 
plastics (or other nonmetals) their etched surfaces 
must first be catalyzed with stannous chloride 
and palladium chloride and then accelerated in 
acid. This produces palladium nucleation sites on 
the surface for deposition. A typical pretreatment 
sequence for plastics is: 

&pasing 
Etching 
Neutralization 
Catalyzation 
Acceleration 
Electroless nickel deposition 

Thorough rinsing after each processing step is 
essential. After the electroless nickel layer has 
been completed, the part may be plated conven- 
tionally with any desired electrolytic coating (Ref 
2,57). 

Degreasing. When necessary, light soil or fin- 
gerprints can be removed from plastic parts by im- 
mersion in a mildly alkaline soak cleaner for 2 to 5 
min. A typical degreasing solution contains 25 g/L 
each of sodium carbonate and trisodium phosphate 
and is operated at 50 to 70 OC (120 to 160 OF). 
Alkaline cleaning is not always required, provided 
the plastic is carefully handled after molding and is 
not allowed to become excessively soiled. Eiger- 
prints and loose dust or dirt are normally removed 
by the etching solution. 

Etching solutions for plastics are typically 
strongly oxidizing acids that cause a microscopic 
roughening of the part's surface. These solutions 
also alter the chemical character of the surface and 
cause it to become hydrophylic. Etching not only 
improves mechanical bonding and adhesion of the 
coating to the plastic substrate, but also improves 
access of subsequent pnx;essing solutions to the - - 
surface. Most commercially used etching solutions 
are formulated with either chromic acid or mixtures 
of sulfuric acid and chromic acid or dichromate salt. 
These solutions are typically operated at 50 to 70 OC 
(120 to 160 OF) with immersion times of 3 to l0min. 
Chromic acid based solutions are particularly effec- 
tive with ABS plastics, but are also used forpolyeth- 
ylene, polypropylene, PVC, polyesters, and other 
common polymers. 

Neutralizing. After the plastic has been prop 
erly etched and rinsed, it should be neu- to 
remove residual chromium ions, which may inter- 
fere with subsequent catalyzation. Neuhalizers are 
rinsing aids and .are typically dilute acid or alkaline 
solutions, often containing wmplexing and reduc- 
ing agents. Ionic surfactants are sometimes added to 
increase the absorption of the catalyst on the surface. 
Neutralizing solutions are normally operated at 40 
OC (105 OF) with immersion times of 1 to 2 min. 

Catalyzing. In order to initiate deposition of 
the electroless nickel coating on plastics, their sur- 
faces must be catalyzed. This is nomally accom- 
plished by chemically depositing small amounts of 
palladium. The original commercial catalyzing pro- 
cedures required two processing steps. In the first 
step, stannous chloride was absorbed onto the sur- 
face from a solution of SnCl2 and HCI. After rinsing, 
the part was immersed in a solution of Pd& and 
HCl, and palladium chloride was absorbed onto the 
surface. The stannous ions then reduced the pal- 
ladous ions leaving discrete sites of metallic palla- 
dim. Currently, aone-step catalyzing dm is 
normally used. For this, a solution of stannous chlo- 
ride and palladium chlbride in hydrochloric acid is 
used. The solution consists of tin/palladium com- 
plexes and colloids s t a b W  by excess stannous 
chloride. The chloride content of the solution is 
critical and must be carefully controlled. 1-g 
immersion, globules of tin@&dium colloid absorb 
onto the plastic surface. After rinsing, nuclei of 
metallic palladium surrounded by hydrolyzed stak 
n m  hydroxide, are lefi -bed to the surface. 

Acceleration. With one-step catalyzation, a 
further step is required to remove excess stannous 
hydroxidedebm the surface and to expose the palla- 
dium nuclei. This step is called acceleration and is 
acc~mplisbed by immersing the part in a dilute 
.solution of hyclrochloric acid or an acid salt. The 
acid reacts with the insoluble stannous hydroxide 
forming soluble stannous and stannicchloride. After 
rinsing, there surface is free of tin and active cata- 
lytic sites are present. Acceleration solutions are 
typically operated at a temperature of 50 OC (120 OF) 
and are agitated with air. The parts are normally 
immersed for 30 to 60 s. 

Electroless Nickel Deposition. Most e l ee  
troless nickel solutions o p e m  at too high a tem- 
perature for plastics. High temperatures may cause 
plastics to warp. In addition, the large di£ference in 
coefficient of thermal expansion between plastics 
and electroles nickel may cause adhesion faillures 
during cooling from bath temperahms. Electdes~ 
nickel solutions for plating on plastics, thus, are 
formulated to operate at low t e m p e d -  
cally 20 to 50 OC (70 to I20 OF). These solutions are 
normally alkaline and reduced with sodium h p  
phosphite, although some DMAB solutions are also 
used. Ammonia-- plating baths a? p f d  
because of their ability to conplex excess palladim 
dmgged in with the part and to avoid spontaneous 
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decompo~iti~n. While most of these solutions are 
proprietary, some typical formulations (Ref 2) are: 

Batb 1 Bath 2 

Corn- 6 & 04gaI 

119 15 . . . . . .  
... ... 50 6.5 
106 14 50 6.5 
... ... 100 13 
65 8 . . . . . .  
... ... 45 5.8 

To pH . . . . . .  
Bath 1 Balh 2 

WcaJ plating rate, wh 3-11 3 
(mil*) (0.12-0.44) (0.12) 

Plastic parts are normally immersed in the elec- 
troless nickel solution for 5 to 10 rnin to provide 
a uniform metal film about 0.25 to 0.50 pm thick. 
This coating is sufficient to cover the surface of 
the plastics and to make them conductive for 
subsequent electroplating. These deposits typi- 
cally contain 2 to 6% E? After proper treatment the 
peel strength of 25 mm (1 in.) width strips of 
these coatings on plastics l i e  ABS and 
polypropylene is on the order of 50 to 100 N (Ref 
2,57). 
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1.3.4.4 Epoxy Coating Product Literature 

Literature describing the characteristics and properties of the self-priming polyamine epoxy 

coating No. 4500 manufactured by Keeler & Long used to coat the external surface of the 

FuelSolutions™ TS125 Transportation Cask neutron shield jacket is provided in this section 

(pages 1 - 15). 
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EPOXY SELF-PRIMING 
SURFACING ENAMEL 

GENERIC TYPE: 

PRODUCT DESCRIPTION: 

. RECOMMENDED USES: 

NOT RECOMMENDED FOR: 

COMPATIBLE UNDERCOATS: 

PRODUCT CHARACTERIST1CS: 

No. 4500 
POLYAMINE EPOXY 

A two component, high solids, polyarnine 
tough, glossy, smooth, decontaminable 
masonry and steel in a singb application. 
resistant properties. 

856 Echo Lake Road 
Watertown, CT 06795 
Tel: * (800) 23&8!596 
Fax: (800) 622-8313 

- 

epoxy formulated to provide a 
surface for interior concrete, 
Product has excellent chemical 

As a high-build primerfiopcoat for concrete and steel surfaces subject to 
radiation, decontamination, and bss-of-coolant accidents in Coating Service 
Level I Areas of nuckar power plants, 

Areas other than above, as No. 3500 can be utilized in Coating Service 
Level I1 and 111 Areas, as well as Balance of Plant, of nuclear power plants, 
with attendant cost savings. 

Epoxy Clear Curing Compound 
Epoxy Surfacer 

Solids by Volume: 
Solids by Weight: 
Recommended 
Dry Film Thickness: 

Theoretical Coverage: 
Finish 
Available Colors: 
Drying Time 8 72'~ 

To Touch: 
To Handle: 
To Recoat: 

VOC Content: 

8.0 - 50.0 mils* 
185 Sq. Ft./Gation Q 8.0 mils DFT 
Glossy 
White, tints and limited darks 

4 Hours 
8 Hours 
48 Hours 
0.6 Pounds/Gallon 
72 GramsRiter 

* Depends upon substrate. Refer to System Selection Guide SS-1 for 
specific Dm qualifications. 

December, 1994 



No. 4500 €220 

PHYSICAL DATA: 

APPLICATION DATA: 

APPLICATION METHODS: 

Weight per gallon: 
Flash Point (Pensky-Martens): 
Shelf Life: 
Pot Life O 72'~: 
Temperature Resistance: 
Viscosity @ 77% 
Gloss (60" meter): 

Storage Temperature: 
Mixing Ratio (Approx. by Volume): 

Application Procedure Guide: 
Wet Film ~ h i c k n k  Range: 
Dry Film Thickness Range: 
Temperature Range: 
Relative Humidity: 
Substrate Temperature: 
Minimum Surface Preparation: 

Induction Time @ 72"~: 
Recommended Solvent 
0 50 - 85'~: 
@ 86- 10o°F: 

Air Spray (Concrete and Carbon Steel) 
Tip Sie: 
Pressure: 
Thin: 

14.0 * 0.5 (pounds) 
>1Oo0~ 
1 Year 
2 Hours 
350"~ 
Paste 
10-90 
(depends on application 
and DFT) 

C 

55 - 8 5 O ~  
3.4:l 

- 
APG-2 
9.0 - 55.0 mils 
8.0 - 50.0 mils 
50 - I W O F  

80% Maximum 
Dew Point + 5* F 
Steel - SSPC-SP6 
Concrete - Clean and Dry 
None 

No. 4093 
No. 2200 

,073" 
30 - 60 PSlG . 

1.25 - 1.75 Gal14 Gal Kit 

Airless Spray (Concrete Floors and Carbon Steel) 
Tip Size: -01 5" - -031 " 
Pressure: 2500 - 4000 PSfG 
Thin: .5 - 1.0 GaV4 Gal Kit 

Airless Spray (Concrete Walls) 
Tip Size: -01 5" - -031 " 
Pressure: 2500 - 4000 PSlG 
Thin (Strike Flush Coat): .5 - 1.0 QV4 Gal Kit 
Thin (Body Coat): -5 - 1.5 GaV4 Gal Kit 

Brush or Roller (Concrete and Carbon Steel) 
Thin: 1.25 - 1.75 GaV4 Gal Kit 

856 Echo Lake Road 
Watertown, CT 06795 

Tel: (800) 230-8596 Fax: (800) 622-8313 

Thb infomatiin is peser~eci irccuraie md fonat in pod  kith. to asski the user in spmfication and applmlon. NO 
warranty is expre~ed or impEd. No liability is assumed. Mut t  s p e t i f i i s  are subjed to change without notice. Dam 
r&ed abwe is for white DI base color of the product. Data brother wkxs may dilfer. 



HEADQUARTERS: 
P. 0. Box 4M) 
8% Echo Lake Road 
Watertown, CT 06795 
T@l (860) 274-6701 
Fax (860) 2745957 

TWO COMPONENT SOLVENT BASED EPOXY COATING MATERIALS -. - 

NUCLEAR 
PURPOSE AND SCOPE 

This information is a procedural guide wtu'cb controls the 
appl iht i i  m 
1.1.1 No.4129EPOXYCLEARGURlNG 

COMPOUND 
1.1.2 No. 654%/71-~ EPOXY WHITE PRMER 

(or light tints) 
1 .I -3 No. 4000 EPOXY SURFACER 

1.1.4 NO. light 654&S POXY SURFACER 

6 &o. D-1 SERIES EP~XYHI-BUILD ENAMEL 
(9140 Mite or light cobs 

1.1.7 No. 4500 EPOXY SELF-P b, MING SURFACING 
ENAMEL (white or ligM tints) . 

1.1.8 No. 9600N HISOUDS EPOXY CQAl?NG 

This guide cordrots the application specifical 
recomemed tor NUCLEAR COATlNG S & g  
LEVEL ONE dthough these methods may be applied to 
levels andfor applications other than LEVEL ONE as 
required by trw project specifiqatkn 

The above coating materials have been qual'ied in 
accordance with ANSI Standards N1012 and N5.32, 
and meet the requirements of A!3W !Standards (D39f I, 
03912, D4082 and D42!56, and/or the specific 
requirements af the Architect,iEngineef. 

The above coating materials are manufactuM in 
accc~cjance with a written QtlAUlY ASSURANCE 
PROGRAM whid, meets the requirements of AppeIKTi 
B IOCFRSO and 10qR21 of Me Federal Register, ANSI 
N10f -4 and MTM D3843. 

MATERIAL STORAGE 

6548/7107, E-1 (E-2) Series, 9600N Series and, D-I 
Series should be stored indoors in a range of 4!H5 F. 

Nos. 4000,4500 and 6548-S should be stored indoors in 
a range of 55.85'~. , 

If during shipment or for some other reason these 
materials are stored outside the spFtcif~ed storage range 
temporarily, the material must be brought into the 
specified range at least 24 hours psior to application. 
Materials must be kept from freezing. 

2 4  Storage Dumtion 
24.1 Sheff life - One year from date of manufacture. 
24.2 Use pfiorto expiration date stated on container. 

3.1 Temperature 
3.1.1 The temperature of the anibient air, the 

substrate, and the coating materials should be 
controlled between 55-120"~ fa Nas. 4129, 
6548/7107, €-I (E-2) Series, 9600N Series and 
D-1 Series. 

3.1.2 7he temperature of the ambient air and the 
substrate should be controlled between 55- 
'100'F and the temperature of the coati 
material should be c o w l e d  between 55asY 
for Nos- 4000,4500 and 65484. 

Humlff i  
321 Air: Contrd either the relative humidity to 80k 

or less, or the temperature to at least 5 F above 
the dew point in the specified temperature 
mge. 

3.22 Substrate: Control fhe ternperatute of the 
subsrtrate to at least 5 F above tt-re dew poifa fn 
the specified temperature range. 

4.0 APPUCATTON PREPARATION 

4.1 
4.1.1 Pao&sg'% epoxy mcmng mate- m e -  by tnis 

uide are furnished in two component kits 
Part A- PaintlPart S-Con\leR~) and may be 9 

appUed by bmh, idler, airless spray or air. 
w- 

4.2 Mixing 
4.21 Mix the two components, Part A(Paint) a d  Part 

B (Conve&r), in the proportions furnished by 
volume %s6rring indepeme and then 
togensr. NOT suwxvmE%- 

4 2 2  Thorwghly mir: the two components by 
'boxj@ between two containers at Ieast ten 
times, or as necessaly to inswe uniformm\ay, 
aditng with the mixture in the container other 
than the on 'nal su ied by the marwfacturer. 

4-23 n*l the m%re rfeqluired for application). 
and %ox' as necessary to obtain a uniform 
mixture (See Chart below for W m u m  
allowable thinning). 

4.24 Power mbdng is acceptable but it should be 
noted that such equipment induces heat which 
in turn could shorten the pot lie significantly. 



4.24.1 Consider the shorter pot Me for Nos. 
4000.4500 and 6548-S when mixing. 

4-24.2 # is recommncied that Nos. 4000, 
4500 and 6548S nat be catalyzed or 
mked when the temperature of the 
coating material exceeds 85"~ .  since 
the pot life will be reduced to an 
incoivenien~ly short dumlion. 

3 Thinning 
4.3.1 Thin with Na 4093 EPOXY THINNER in 

acc~dance with the Chart below and the 
product specific Technical Bulletin 

4.3.2 It may be necessary to use No. 2200 EPO;ISY 
THINNER for ternper;bwes in excess of 85 F 
In order to dm-me sohmnt entrapmFmt or 
bubbling of the film. 

4.3.3 The mount and type of thInnw required 
depends upon temperature, humfdhyI d 
time since mixing and t h ~  application r n s  
4.3.3.1 Thinning is not recommended for 

Nos 4129 or Ei54&S. However, 
# 4 0 0  may be reduced using #4093 

Thinner up to 1 pint per gallon lo 
allow ease of application 

4.4 Minimum Curing lime to Recoat 
4.4.1 Reccwtkg after 2 hours is aAowabk where the 

coating is force wred within a 
tempmture~~ cyde of 1 5 0 ~ ~  for 30 
minutes w 200 F for 15 minutes 

4.4.2 Coating systems pust  be wred a minimum of 
10 days at 70 F or more before being 

ed to cmBnuous immersion 
MI cmu"."& 
5.1 Application equi ent used to app@ afl epo coating 

materids shoulK MOROVGHLY d e a n 2  at least 
every eight hours or Edter each wqrking s h i i  

!j.2 in warm or hot weather (85-120 F) -equipment should 
be cleaned every four hours. 
The reaction process of Nos. 4000,4500 and 65484 is 
rapW (19 hours pat fife at 70-85"~), and therefore it is 
essenhaf to dean equipment at least every four hours. 

4 Clean up sSwukl be accomplished by using No. 4093, 
foflowed by a final rinse wlih Mineral Spirits. 

m, 4Sm 
and 6548-4 

55-70 
7045 

85-100 
100;120 

D;I.SERIES 

DO NOT MCEED W E  VOC UMrrS ESTAQUSHED BYYOURSTATE OR LocAt REGULATWNS 

54 

E ~ Z  None 1-25 

4129 

f I 
I Air Ssrw 

#4OS30r2aM) 

I 

72-48 48-24 
4824 24-12 
2412 12-6 
72-6 W 

I ' I 

36-24 
24 
24 
24 24 

55-70 
7 M  

85-1OD,  
3Oo.120 

I 

55-70 
7085 

85-to0 
100.520 

5% 
10% 
15% 
ZQ'% 

8( 
4-2 
2-1 
1-0 

55-70 
7085 

85100 
4- 100-120 

None 
None 
NOW 

LkWW 

45 
30 
15 

None 

45 
30 
15 
Nom, 

4000 
.W 
1.33 
1.70 
206 

3.2 
2-1 
10 

LkNOtllse 

I 

4560 
5x5 

1.31 
1.a 
204 

72-48 24-18 14093~ZZOO 5% 
48i?4 18-T2 10% 
24-12 126 15% 

12-6 84 20% 

274 
3-10 
3.47 
3.83 

I 
THINEaNG NOT 

rU3uED. 
Al'?LYAS 
SUPWED 

I 
12-8 
84 
&2 
2-7 

4624 18-12 
24-12 12-8 

%2-6 12-a 
W 4-2 
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MATERIAL SAFETY DATA SHEET 

KEELER & LONG/PPG INDUSTRIES, INC. 

SECTION 1 - CHEMICAL, PRODUCT, AND COMPANY INFORMATION 

PRODUCT TRADE NAME: EPOXY SP SURF ENAMEL WHITE 

REVISION DATE: 01/05/01 (000) 0874 

CUSTOMER PART #/NAME: Not applicable 

CHEMICAL FAMILY: Epoxy 
- 

EMERGENCY MEDICAL/SPILL INFO: (304) 843-1300 (U.S.) 91-800-00-214 (MEXICO) 

TECHNICAL INFORMATION: 1-800-238-8596 

PRODUCT SAFETY/MSDS INFORMATION: 4325 ROSWNA DRIVE, P.O. BOX 9 ALLISON PARK, PA 
15101 (412) 492-5555 

DATE OF MSDS PREPARATION: 03/08/01 

PRIMARY HAZARD WARNING 
Combustible. Keep away from hea t ,  sparks, flames, and other sources  o f  i g n i t i o n .  
D o  not  smoke. May be  harmful i f  swallowed. May cause moderate skin i r r i t a t i o n .  
Causes severe  eye i r r i t a t i o n .  May be absorbed through t h e  skin. Prolonged o r  
repea ted  con tac t  may cause an a l lerg ic  s k i n  r e a c t i o n .  Vapor and/or  sp ray  m i s t  
may be harmful if inha led .  Vapor i r r i t a t e s  eyes, nose, and t h r o a t .  

THIS MATERIAL SAFETY DATA SHEET HAS BEEN PREPARED IN ACCORDANCE WITH THE OSHA 
HAZARD COMMUNICATION STANDARD (29 CFR 1910.1200), THE SUPPLIER NOTIFICATION 
REQUIREMENTS OF SARA TITLE 111, SECTION 313, AND OTHER APPLICABLE RIGHT-TO-KNOW 
REGULATIONS. 

SECTION 2 - COMPOSITION/INFORMATION ON INGREDIENTS 
REF HAZARDOUS INGREDIENTS PERCENT CAS NUMBER CARCINOGEN* --- ------- --------------- ----------- 
01 SROPYLENE GLYCOL MONOMETHYL ETHER 1 - <5 107-98-2 
02 ANTPGORITE 1 - <5 12135-86-3 
03 N-BUTYL ACETATE 1 - <5 123-86-4 
04 SILICA 20- <30 1317-95-9 
05 TITANIUM DIOXIDE 10- <20 13463-67-7 
06 TREMOLITE . 5 - <10 14567-73-8 
07 TALC 1 - 5 14807-96-6 
08 EPOXY RESIN 30- <40 25068-38-6 
09 SILICA GEL 5 - <lo 63231-67-4 

* Carcinogens: 0-OSHA; A=ACGIH; N=NTP; I=IARC 

SARA TITLE I11 & CERCLA CLASSIFICATIONS 
SARA 311/312 

REF SARA 102 RQ (LBS) SARA 302 TPQ (LBS) SARA 313 AC CH FL PR RE ---- ----------------- ------------------ -------- -- -- -- -- -- 
0 1 NOT ESTAB NOT ESTAB N Y N Y N N  
02 NOT ESTAB NOT ESTAB N N Y N N N  
02 NOTESTAB NOT ESTAB N ( W/ASBESTOS ) 
0 3 5000 l b s  NOT ESTAB N Y N Y N N  
04 NOT ESTAB NOT ESTAB N N Y N N N  
0 4 NOT ESTAl3 NOT ESTAB N (AS QUARTZ) 
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05 NOT ESTAB 
06 NOT ESTAB 
0 7 NOT ESTAB 
0 8 NOT ESTAB 
09 NOTESTAB 

NOT ESTAB 
NOT ESTAB 
NOT EST- 
NOT ESTAB 
NOT ESTm 

N N N N N N  
N . N Y N N N  
N N N N N N  
N Y N N N N  
N N N N N N  

SARA 311/312 CATEGORIES FOR THIS PRODUCT: ACUTE= Y, CHRONIC= Y, FLAMMABILITY= Y, 
PRESSURE= N, REACTIVITY= N 

OCCUPATIONAL EXPOSURE LIMITS HAVE BEEN ESTABLISHED FOR THE FOLLOWING MATERIALS: 
ACGIH U.S. OSHA 

REF TLV-TWA TLV-STEL PEL-TWA PEL-STEL ---- ---------------- ------------ ---------------- ------------ 
0 1 

C 

100 ppm 150 ppm 100 ppm 150 ppm 
02 NOT ESTAB NOT ESTAB NOT ESTAB NOT ESTAB 
02 S- NOT EST- NOT ESTAB NOT ESTAB MOT EST= .LW/ASBESTOS) 
0 3 150 PPM 200 ppm 150 ppm 200 ppm 
0 4 R- 0.1 mgh3 NOT ESTAB R- 0.1 mg/m3 NOT ESTAB 
04 S- NOT ESTAB MOT ESTAB NOT EST- NOT ESTAB (AS QUARTZ) 
0 5 10 mg/m3 NOT EST= 1 0  m g h 3  NOT ESTAB 
0 6 NOT ESTAB NOT ESTAB NOT ESTAB NOT ESTAB 
0 7 R- ' 2 mg/m3 MOT EST- R- 2 mg/m3 NOT ESTAB 
0 8 NOT ESTAB NOT EST- NOT ESTAB NOT ESTAB 
0 9 NOT ESTAB NOT ESTAB NOT ESTAB NOT ESTAB 

[C- Ceiling Limit; S- Potential Skin absorption; R- Respirable Dust] 

PRODUCT STATUS RELATIVE TO THE U.S. EPA TOXIC SUBSTANCES CONTROL ACT 

All chemical substances in this product are listed on the U.S. TSCA Inventory or 
are otherwise exempt from TSCA Inventory reporting requirements. 

SECTION 3 - HAZARDS IDENTIFICATION 

EFFECTS OF OVEREXPOSURE FROM: 

INGESTION: May be harmful if swallowed. 

EYE CONTACT: Causes severe eye irritation. 

SKIN CONTACT: May cause moderate skin irritation. May be absorbed through the 
skin. Prolonged or repeated contact may cause an allergic skin reaction. 

* 

INHALATION: Vapor and/or spray mist may be harmful if inhaled. Vapor irritates 
eyes, nose, and throat. Repeated exposure to high vapor concentrations may cause 
irritation of the respiratory system and permanent brain and nervous system 
damage. 

CHRONIC OVEREXPOSURE: Avoid long-term and repeated contact. This product 
contains crystalline silica which has been classified as a human carcinogen by 
IARC. Long-term exposures may also lead to a disabling lung condition known as 
silicosis. The risk depends on the duration and level of exposure to dust from 
sanding surfaces or mist from spray applications. Use of appropriate personal 
protective equipment and/or engineering controls should be employed whenever 
these types of operations are being performed. This product contains titanium 
dioxide. Animals inhaling massive quantities of titanium dioxide dust in a 
long-term study developed lung tumors. Studies with humans involved in 
manufacture of this pigment indicate no increased risk of cancer from exposure. 
Potential for inhalation of titanium dioxide dusts from coatings is very  
.limited. Since overexposures are not expected, there is no significant hazard 
for man. This product contains talc. In a lifetime inhalation study female rats 
exposed to an elevated respirable concentration (9 times the Permissible 
Exposure Limit) of cosmetic grade talc developed lung cancer. To date, no U.S. 
regulatory agency has classified talc as a carcinogen based on this data. The 
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manufacturer of the talc used in this product (New York State talc) states that 
the tremolite, anthophyllite and antigorite present axe of the non-asbestiform 
variety. New York State talc has been tested as a whole and in parts in several 
animal studies with no carcinogenic association demonstrated. Epidemiological 
studies of talc miners have found exposure related respiratory disease but no 
clear evidence of Lung cancer in this population of workers.. 

SIGNS AND SYMPTOMS OF OVEREXPOSUFUZ: Eye watering, headaches, nausea, dizziness, 
and loss of coordination are indications that solvent levels are too high. 
Intentional misuse by deliberately concentrating and inhaling the contents can 
be harmful or fatal. Redness, itching, burning sensation and visual disturbances 
may indicate excessive eye contact. Dryness, itching, cracking, burning, 
redness, and swelling are conditions associated with excessive skin contact. . 
MEDICAL CONDITIONS AGGRAVATED BY EXPOSURE: Not applicable. 

WARNING: This product contains a chemical known to the State of daliflornia to 
cause cancer. 

SECTION 4 - FIRST AID MEASURES 

IMPORTANT FIRST A I D  I N F O ~ T I O N :  If ingestion, any type of overexposure or 
symptoms of overexposure occur during or following the use of this product, 
contact a poison control center, emergency room or physician immediately; have 
Material Safety Data Sheet information available. 

INGESTION: Gently wipe or rinse the inside of the mouth with water. Sips of 
water may be given. Never give anything by mouth to an unconscious person. 
Contact a poison control center, emergency room or physician right away as 
further treatment may be necessary. 

EYE CONTACT: Remove contact lens and pour a gentle stream of warm water through 
the affected eye for at least 15 minutes. If irritation persists, contact a 
poison control center, emergency room, or physician as further treatment may be 
necessary. 

SKIN CONTACT: Run a gentle stream of water over the affected area for 15 
minutes. A mild soap may be used if available. If any symptoms persist, contact 
a poison control center, emergency room, or physician as further treatment may 
be.necessary. 

.INHALATION: Remove from area to fresh air. If symptomatic, contact a poison 
contxol center, emergency room or physician for treatment information. 

SECTION 5 - FIRE FIGHTING MEASURES 

FLASHPOINT: 126 Degrees F ( 52 Degrees C )  (PENSKY-MARTENS CLOSED CUP) 

FLAMMABLE LIMITS: Lower explosion limit (LEL): 1.8 

Upper explosion limit (UEL): Not available 

EXTINGUISHING MEDIA: Use National Fire Protection Association (NFPA) Class B 
extinguishers (carbon dioxide, dry chemical, or universal aqueous film forming 
foam) designed to extinguish NFPA Class I1 combustible liquid fires. 

UNUSUAL FIRE AND EXPLOSION HAZARDS: Keep this product away from heat, sparks, 
flame, and other sources of ignition (i.e., pilot lights, electric motors, 
static electricity). Invisible vapors can travel to a source of ignition and 
flash back. Do not smoke while using this product. Keep containers tightly 
closed when not in use. Closed containers may explode when overheated. Do not 
apply to hot surfaces. Toxic gases may form when this product comes in contact 
with extreme heat. 
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SPECIAL FIRE FIGHTING PROCEDURES: Water spray may be ineffective. Water spray 
may be used to cool closed containers to prevent pressure build-up and possible 
autoignition or explosion when exposed to extreme heat. If water is used, fog 
nozzles are preferable. Fire-fighters should wear self-contained breathing 
apparatus and full protective clothing. 

SECTION 6 - ACCIDENTAL RELWSE MEASURES 

STEPS TO BE TAKEN IN CASE MATERIAL IS RELEASED OR SPILLED: Provide maximum 
ventilation. Only personnel equipped with proper respiratory, skin, and eye 
protection should be permitted in the area. Remove all sources of ignition. Take 
up spilled material with sand, vermiculite, or other noncombustible absorbent 
material and place in clean, empty containers for disposal. Only the spilled 
material and the absorbant should be placed in this container. C 

WASTE DISPOSAL METHOD: Waste material must be disposed of in accordance with 
federal, state, provincial, and local environmental control reguIatioXs. Empty 
containers should be recycled or disposed of through an approved waste 
management facility. 

SECTION 7 - HANDLING AND STORAGE 
HANDLING AND STORAGE PRECAUTIONS: Do not store above 120 degrees F.(48 degrees 
C.). Store large quantities in buildings designed and protected for storage of 
NFPA Class I1 combustible liquids. 

OTHER PRECAUTIONS: Vapors may collect in low areas. If this material is part of 
a multiple component system, read the Material Safety Data Sheet(s) for the 
other component or components before blending as the resulting mixture may have 
the hazards of all of its parts. Containers should be grounded when pouring. 
Avoid free fall of liquids in excess of a few inches. 

SECTION 8 - EXPOSURE CONTROLS AND PERSONAL PROTECTION 

PERSONAL PROTECTIVE EQUIPMENT FOR: 

EYE PROTECTION: Wear chemical-type splash goggles or full face shield when 
possibility exists for eye contact due to splashing or spraying liquid, airborne 
particles, or vapors. 

SKIN PROTECTION: Wear protective clothing to prevent sk in  contact. Apron and 
gloves should be constructed of: neoprene rubber. No specific 
permeation/degradation testing have been done on protective clothing for this 
pcoduct. Recommendations for skin protection are based on infrequent contact 
with this product. For frequent contact or total immersion, contact a 
manufacturer of protective clothing for appropriate chemical impervious 
equipment. 

RESPIRATORY PROTECTION: Overexposure to vapors may be prevented by ensuring 
proper ventilation controls, vapor exhaust or fresh air entry. A NIOSH- approved 
air purifying respirator with the appropriate chemical cartridges or a 
positive-pressure, air-supplied respirator may also reduce exposure. Read the 
respirator manufacturer's instructions and literature carefully to determine the 
type of airborne contaminants against which the respirator is effective, its 
limitations, and how it is to be properly fitted and used. 

OTHER EQUIPMENT: Clean contaminated clothing and shoes. 

VENTILATION REQUIREMENTS: Provide general dilution or local exhaust ventilation 
in volume and pattern to keep the concentration of ingredients listed in Section 
2 below the lowest suggested exposure limits, the LEL below the stated limiti 
and to remove decomposition products during welding or flame cutting.. 

SECTION 9 - PHYSICAL AND CHEMICAL PROPERTIES 
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[FORMULA VALUES, NOT SALES SPECIFICATIONS] 

BOILING RANGE: 248- 2.62Degrees F 

SOLUBILITY IN WATER: 2.8 % 

VAPOR PRESSURE: 7 .9  mmHg 

WEIGHT/GALLON (LBS): 14-66 (u . s . )  

VAPOR DENSITY: Heavier t han  a i r  

p H :  Not determined 

% SOLIDS BY WEIGHT: 94.88 

SPECIFIC GRAVITY: 1.759 

EVAPORATION RATE(BuOAc=100): 84 

ODOWAPPEARANCE: Viscous l i q u i d  with an  odor c h a r a c t e r i s t i c  of  the  s o l v e n t s  
l i s t e d  i n  Sec t ion  2. 

SECTION 10 - STABILITY AND REACTIVITY 

. This  product  i s  normally s t a b l e  and w i l l  no t  undergo hazardous r e a c t i o n s .  

INCOMPATIBILITY (MATERIALS AND CONDITIONS TO AVOID): Avoid con tac t  wi th  s t r o n g  
a l k a l i e s ,  s t r o n g  mineral  a c i d s ,  o r  s t r o n g  ox id i z ing  agents .  

HAZmDOUS DECOMPOSITION PRODUCTS: May produce t h e  fol lowing hazardous 
decomposition products  when exposed t o  extreme h e a t :  carbon monoxide ; carbon 
d ioxide  ; lower molecular weight polymer f r a c t i o n s ;  ox ides  of aluminum ; Extreme 
heat inc ludes ,  bu t  is  no t  l i m i t e d  t o ,  f l a m e  c u t t i n g ,  braz ing ,  and welding. 

THIS IS THE END OF THE MSDS FOR: KL4500 (00194690.004SPSE-WHITE) 

Manufactured and Supplied by: 

KEEJJZR & LONG/PPG INDUSTRIES, INC. 

856 ECHO LAKE ROAD 

WATERTOWN, CT 06795 

oz 
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MATERIAL SAFETY DATA SHEET 

KEELER & LONG/PPG INDUSTRIES, INC. 

SECTION 1 - CHEMICAL, PRODUCT, AND COMPANY INFORMATION 

PRODUCT CODE/IDENTITY: KL4500B 

PRODUCT TRADE NAME: EPOXY SP SURF WHITE PART B 

REVISION DATE: 03/15/01 (000) 0874 

CUSTOMER PART #/NAME: Not applicable 
- 

CHEMICAL FAMILY: AMINE 

EMERGENCY MEDICAL/SPILL INFO: (304) 843-1300 (U.S.) 91-800-00-214 (MEXICO) 

TECHNICAL INFORMATION: 1-800-238-8596 

PRODUCT SAFETY/MSDS INFORMATION: 856 ECHO LAKE ROAD WATERTOWN, CT 06795 
800-876-8035 

DATE OF MSDS PREPARATION: 03/22/01 

PRIMARY HAZARD WARNING 
Harmful if swallowed. May be corrosive. This product contains a material which 
causes skin burns. This product contains a material which causes irreversible 
eye damage. May be harmful if absorbed through the skin. Prolonged or repeated 
contact may cause an allergic skin reaction. Vapor and/or spray mist may be 
harmful if inhaled. Vapor irritates eyes, nose, and throat. 

THIS MATERIAL SAFETY DATA SHEET HAS BEEN PREPARED IN ACCORDANCE WITH THE OSHA 
HAZARD COMMUNICATION STANDARD (29 CFR 1910.1200), THE SUPPLIER NOTIFICATION 
REQUIREMENTS OF SARA TITLE 111, SECTION 313, AND OTHER APPLICABLE RIGHT-TO-KNOW 
REGULATIONS. 

TRANSPORTATION OF DANGEROUS GOODS 

PROPER SHIPPING NAME: Ship ID Error. Ship ID not Found. 

NOS TECHNICAL NAME: None 

HAZARD CLASS: 0 

SUBSIDIARY CLASS: None 

UN NUMBER: UNO 

PACKING GROUP: N/A 

MARINE POLLUTANT: None 

USA-RQ, HAZARDOUS SUBSTANCE: None 

USA-RQ, HAZARDOUS SUBSTANCE THRESHOLD SHIP WEIGHT: None 

CANADA SCHEDULE XIII, 9.2: None 

CANADA SCHEDULE XI11,9.2 THRESHOLD SHIP WEIGHT: None 

SECTION 2 - COMPOSITION/INFORMAT'ION ON INGREDIENTS 
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REF HAZARDOUS INGREDIENTS,, , . --- ........................................ 
01 BENZYL ALCOHOL 
02 AMORPHOUS SILICA 
03 TITANIUM DIOXIDE 
04 SILICA GEL 
05 DIAMINOCYCLOHEXANE 
06 POLYAMINES 
07 POLYOXY PROPYLENE DIAMINE 

PERCENT 
- - - - - - - 
10- <20 
5 - <10 
20- <30 
10- <20 
5 - <lo 
10- <20 
10- <20 

CAS NUMBER CARCINOGEN* --------------- ----------- 
100-51-6 
112926-00-8 
134 63-67-7 
63231-67-4 
694-83-7 
87041-44-9 
904 6-10-0 

* Carcinogens: O=OSHA; A=ACGIH; N=NTP; I=IARC 

REF - - - - 
0 1 
02 
03 
0 4 
05 
0 6 
07 

SARA 102 RQ ------------ 
NOT ESTAB 
NOT ESTAB 
NOT EST- 
NOT ESTAB 
NOT ESTAB 
NOT ESTAB 
NOT ESTAB 

SARA TITLE I11 & CERCLA CLASSIFICATIONS 
SARA 311/312'" 

(LBS) SARA 302 TPQ (LBS) SARA 313 AC CH FL PR RE ----- ------------------ -------- -- -- -- -- -- 
NOT ESTAB N Y N Y N N -  
NOT ESTAB N N N N N N  
NOT ESTAB N N N N N N  
NOT ESTAB N N N N N N  
NOT ESTA3 N Y N N N N  
NOT ESTAB N Y N N N N  
NOT ESTAB N Y N N N N  

SAM 311/312 CATEGORIES FOR THIS PRODUCT: ACUTE= Y, CHRONIC= N, FIAMMABILITY= N, 
PRESSURE= N, REACTIVITY- N 

OCCUPATIONAL EXPOSURE LIMITS HAVE BEEN ESTABLISHED FOR THE FOLLOWING MATERIALS: 
ACGIH U.S. OSHA 

REF TLV-TWA TLV-STEL PEL-TWA PEL-STEL ---- ---------------- ------------ ---------------- ----------a- 

0 1 NOT ESTAB NOT ESTAB NOT EST- NOT ESTAB 
0 2 10 rng/m3 NOT ESTAB 6 rng/rn3 NOT ESTAB 
0 3 10 rng/m3 NOT ESTAB 10 mg/m3 NOT ESTAB 
0 4 NOT ESTAB NOT ESTAB NOT ESTAB NOT ESTAB 
0 5 NOT ESTAB NOT EST= NOT ESTAB NOT ESTAB 
0 6 NOT ESTAB NOT EST= NOT ESTAB NOT ESTAB 
0 7 NOT ESTAB NOT EST= NOT ESTAB NOT ESTAB 

[C- Ceiling Limit; S- Potential Skin Absorption; R- Respirable Dust] 

REF ACGIH TLV - BASIS - CRITICAL EFFECT(S) 
- 

---- ............................................................ 
01 NOT ESTAB; 
0 2 irritation 
03 lung 
0 4 NOT ESTAB- 
05 NOT ESTAB. 
06 NOT ESTAB. 
0 7 NOT ESTAB. 

[ACGIH TLV BASIS - CRITICAL EFFECT(S): CNS-CENTRAL NERVOUS SYSTEM; 
CVS-CARDIOVASCULAR SYSTEM; CWP-COAL WORKER'S PNEUMOCONIOSIS; 
GI-GASTROINTESTINAL] [NOT ESTAB.= NOT ESTABLISHED = NOT APPLICABLE] [NOT ESTAB. 
= NOT ESTABLISHED = NOT APPLICABLE] 

PRODUCT STATUS RELATIVE TO THE U.S. EPA TOXIC SUBSTANCES CONTROL ACT 

All chemical substances in this product are listed on the U.S. TSCA Inventory or 
are otherwise exempt from TSCA Inventory reporting requirements. 

SECTION 3 - HAZARDS IDENTIFICATION 
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EFFECTS OF OVEREXPOSURE FROM: 

INGESTION: Harmful if swallowed. 

EYE CONTACT: This product contains a material which causes irreversible eye 
damage. 

SKIN CONTACT: May be corrosive. This product contains a material which causes 
skin burns, May be harmful if absorbed through the skin. Prolonged or repeated 
contact may cause an allergic skin reaction. 

INHALATION: Vapor and/or spray mist may be harmful if inhaled. Vapor irritates 
eyes, nose, and throat. Repeated exposure to high vapor concentrations may cause 
irritation of the respiratory system and permanent brain and nervous'system 
damage. 

CHRONIC OVEREXPOSURE: Avoid long-term and repeated contact. An ingrezient in 
this product has been shown to cause genetic mutations in laboratory tests. This 
product contains titanium dioxide. Animals inhaling massive quantities of 
titanium dioxide dust in a long-term study developed lung tumors. Studies with 
humans involved in manufacture of this pigment indicate no increased risk of 
cancer from exposure. Potential for inhalation of titanium dioxide dusts from 
coatings is very limited. Since overexposures are not expected, there is no 
significant hazard for man. 

SIGNS AND SYMPTOMS OF OVEREXPOSURE: Eye watering, headaches, nausea, dizziness, 
and loss of cooxdination are indications that solvent levels are too high. 
Intentional misuse by deliberately concentrating and inhaling the contents can 
be harmful or fatal. Redness, itching, burning sensation and visual disturbances 
may indicate excessive eye contact. Dryness, itching, cracking, burning, 
redness, and swelling are conditions associated with excessive skin contact. 

MEDICAL CONDITIONS AGGRAVATED BY EXPOSURE: Not applicable. 

SECTION 4 - FIRST AID MEASURES 

IMPORTANT FIRST AID INFORMATION: If ingestion, any type of overexposure or 
symptoms of overexposure occur during or following the use of this product, 
contact a poison control center, emergency room or physician immediately; have 
Material Safety Data Sheet information available. 

INGESTION: Gently wipe or rinse the inside of the mouth with water. Sips of 
water may be given if person is fully conscious. Never give anything by mouth to 
an unconscious or convulsing person. Do Not induce vomiting. Contact a poison 
control center, emergency room or physician right away as further treatment will 
be necessary. 

EYE CONTACT: Remove contact lens and pour a gentle stream of warm water through 
the affected eye for at least 15 minutes. Contact a poison control center, 
emergency room or physician right away as further treatment will be necessary, 

SKIN CONTACT: Run a gentle stream of water over the affected area for 15 
minutes. A mild soap may be used if available. Contact a poison control center, 
emergency room or physician right away as further treatment will be necessary. 

INHALATION: Remove from area to fresh air. If symptomatic, contact a poison 
control center, emergency room or physician for treatment information. 

SECTION 5 - FIRE FIGHTING MEASURES 

FLASHPOINT: 200 Degrees F ( 92 Degrees C) (PENSKY-MARTENS CLOSED CUP) 

FLaMMABLE LIMITS: Lower explosion limit (LEL):  Not available 
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Upper explosion limit (UEL): Not available 

EXTINGUISHING MEDIA: Use National Fire Protection Association (NFPA) Class B 
extinguishers (carbon dioxide, dry chemical or universal aqueous film forming 
foam) designed to extinguish NFPA Class IZIB combustible liquid fires. 

UNUSUAL FIRE AND EXPLOSION HAZARDS: Keep this product away from heat, sparks, 
flame, and other sources of ignition (i.e., pilot lights, electxic motors, 
static electricity). Invisible vapors can travel to a source of ignition and 
flash back. Do not smoke while using this product. Keep containers tightly 
closed when not in use. Closed containers may explode when overheated. Do not 
apply to hot surfaces. Toxic gases may form when this product comes in contact 
with extreme heat. 

C 

SPECIAL EIRE FIGHTING PROCEDURES: Water spray may be ineffective. Water spray 
may be used to cool closed containers to prevent pressure build-up agd possible 
autoignition or explosion when-exposed to extreme heat. If water is used, fog 
nozzles are preferable. Fire-fighters should wear self-contained breathing 
apparatus and full protective clothing. 

SECTION 6 - ACCIDENTAL RELmSE MEASURES 

STEPS TO BE TAKEN IN CASE MATERIAL IS RELEASED OR SPILLED: Provide maximum 
ventilation. Only personnel equipped with proper respiratory, skin, and eye 
protection should be permitted in the area. Remove all sources of ignition. Take 
up spilled material with sand, vermiculite, or other noncombustible absorbent 
material and place in clean, empty containers for disposal. Only the spilled 
material and the absorbant should be placed in this container. 

WASTE DISPOSAL METHOD: Waste material must be disposed of in accordance with 
federal, state, provincial, and local environmental control regulations. Empty 
containers should be recycled or disposed of through an approved waste 
management facility. 

SECTION 7 - HANDLING AND STORAGE 

HANDLING AND STORAGE PRECAUTIONS: Do not store above 120 degrees F.(48 degress 
C.). Store large quantities in buildings designed and protected for storage of 
NFPA Class IIIB combustible liquids. 

OTHER PRECAUTIONS: Vapors may collect in low areas. If this material is part of 
a multiple component system, read the Material Safety Data Sheet(s) for the 
other component or components before blending as the resulting.mixture may have 
the hazards of all of its parts. Containers should be grounded when pouring. 
Avoid free fall of liquids in excess of a few inches. 

SECTION 8 - EXPOSURE CONTROLS AND PERSONAL PROTECTION 

PERSONAL PROTECTIVE EQUIPMENT FOR: 

EYE PROTECTION: Wear chemical-type splash goggles or full face shield when 
possibility exists for eye contact due to splashing or spraying liquid, airborne 
particles, or vapors. 

SKIN PROTECTION: Wear protective clothing sufficient to cover exposed skin 
surfaces. For applications where skin contact is likely and impermeable clothing 
is necessary, select clothing constructed of: impermeable material. No specific 
permeation/degradation testing have been done on protective clothing for this 
product. Recommendations for skin protection are based on infrequent contact 
with this product. For frequent contact or total immersion, contact a 
manufacturer of protective clothing'for appropriate chemical impervious 
equipment. 

RESPIRATORY PROTECTION: Overexposure to vapors may be prevented by ensuring 
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proper ventilation controls, vapor exhaust or fresh air entry. A NIOSH- approved 
air purifying respirator with the appropriate chemical cartridges or a 
positive-pressure, air-supplied respirator may also reduce exposure. Read the 
respirator manufacturer's instructions, and literature carefully to determine the 
type of airborne contaminants against which the respirator is effective, its 
limitations, and how it is to be properly fitted and used. 

OTHER EQUIPMENT: Clean contaminated clothing and shoes. 

VENTILATION REQUIREMENTS: Provide general dilution or local exhaust ventilation 
in volume and pattern to keep the concentration of ingredients listed in Section 
2 below the lowest suggested exposure Limits, the LEL below the stated limit, 
and to remove decomposition products during welding or flame cutting, 

SECTION 9 - PHYSICAL AND CHEMICAL PROPERTIES 
- 

[FORMULA VALUES, NOT SALES SPECIFICATIONS] 

BOILING RANGE: Not applicable 

SOLUBILITY IN WATER: .O % 

VAPOR PRESSURE: N.A. m m ~ g  

WEIGHT/GALLON (LBS): 11.62 (U.S.) 

VAPOR DENSITY: Heavier than air 

pH: Not determined 

% SOLIDS BY WEIGHT: 100.00 

SPECIFIC GRAVITY: 1.394 

EVAPORATION RATE(BuOAc=lOO): 0 

ODOR/APPEAKANCE: Viscous liquid with an odor characteristic of the solvents 
listed in Section 2. 

SECTION 10 - STABILITY AND REACTIVITY - 
This product is normally stable and will not undergo hazardous reactions. 

INCOMPATIBILITY (MATERIALS AND CONDITIONS TO AVOID) : Avoid contact with strong 
alkalies, strong mineral acids, or strong oxidizing agents. 

HAZARDOUS DECOMPOSITION PRODUCTS: May produce the following hazardous 
decomposition products when exposed to ex.treme heat: carbon monoxide ; carbon 
dioxide ; silicon oxides ; oxides of nitrogen ; Extreme heat includes, but is 
not limited to, flame cutting, brazing, and welding. 

' Hazardous Materials Identification System (HMIS) and National Fire Protection 
Association (NFPA) Ratings: 

HMIS Rating NFPA Rating ....................... ----------------------- 
HEALTH 3 HEALTH 3 
FLAMMABILITY 1 FLAMMABILITY 1 
REACTIVITY 0 INSTABILITY 0 

Rating System:O=Minirnal, l=Slight, 2=Moderate, 3=Serious, 4=Severe, *=Chronic 
Effects. . 
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Safe handling of  this product  requires that a l l  o f  the information on the MSDS 
be eva lua t ed  f o r  specific work environments and conditions of use. 

THIS IS THE E N D  O F  THE MSDS FOR: KL4500B ( 0 0 1 9 9 1 6 3 . 0 0 3 K L 4 5 0 0 B  ) 

Manufactured and Supplied by: 

PPG INDUSTRIES, TNC. 

85 6 ECHO LAKE ROAD 

WATERTOWN, CT 0 6 7 9 5  
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1.3.4.5 HexWeb™ Cross-Core® Aluminum Honeycomb Product Literature 

The HexWeb
™

 Cross-Core
®

 bi-directional aluminum corrugated honeycomb used for the 

FuelSolutions™ TS125 Transportation Cask impact limiters is manufactured by Hexcel 

Corporation.
23

 This material has a uniform static crush strength in two orthogonal principal axes 

(i.e., T1 and T2 directions) and a lower crush strength in the third axis (i.e., W direction). 

Nominal static crush strengths of 1,200 psi and 2,250 psi (along the T1 and T2 directions) are 

used for the FuelSolutions™ TS125 Transportation Cask impact limiters. Literature describing 

HexWeb
™

 Cross-Core
®

 bi-directional aluminum corrugated honeycomb is provided in this 

section (pages 1 - 4). 

                                                

23 Hexcel Corporation, 5794 West Las Positas Blvd., P.O. Box 8181, Pleasanton, California 94588-8781. 
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Description 
CROSS-CORE" honeycomb is manufactured by bonding together corrugated sheets of 5052 aluminum foil. 
Layers of corrugated foil are assembled with each layer positioned at 90 degrees to the previous layer. A flat sheet of 
foil is placed between each layer of corrugated foil. The node bond adhesive is a thermosetting type. Slices are 
cut from the corrugated block to a specified thickness, length and width. When requested, CROSS-CORE 
can be made with a corrosion resistant coating that meets Military Specification MIL-C-7438. 

Features 
The ability to absorb kinetic energy in two principal directions. Absorbs energy in the third principal 
direction, but at a lower degree. 

Uniform crush strength throughout entire range of deformation (when precrushedlprefailed). 

Very high energy density, allowing most efficient use of space. 

Damage and abrasion resistance far superior to foams. 

Crush strength can be tailored to meet special requirements. 

Crush strengths from 500 to 5000 PSI are available. 

Easily machined. 

Can be made with Corrosion resistant coating. 

Application 
Hexcel's CROSS-CORE honeycomb finds numerous uses as an energy absorption medium where a constant, 
predictable force is required to decelerate, restrain and protect moving objects. It effectively limits the load 
on an object as it is impacted by another. Crush strokes of 55% to 65% are typical. CROSS-CORE'S ability to 
absorb kinetic energy in more than one direction makes it an ideal material choice when impact may occur from 
various directions. CROSS-CORE has been used by the transportation, nuclear and aerospace industries 
in applications where predictable and uniform energy absorbing properties are required. 

Type Designation 
Hexcel Aluminum CROSS-CORE honeycomb is designated as follows: 

Material - Cell Size - Alloy - Foil Thickness - Density 

Example: 

AL - CC - I f 8  - 5052 - .0059 - 28.0 
Where: 

AL - CC - designates Aluminum CROSS-CORE 

1 I8 - is the cell size in inches (node height will be 112 of this dimension) 

5052 - indicates 5052 aluminum alloy 

,0059 - is the foil thickness in inches 

28 - is the nominal density in pounds per cubic foot 

N E E  Composites 



Dimensional Nomenclature 
- 

T = Thickness, or cell depth 
W = Expansion direction, or direction perpendicular to the ribbon 

Availability 
Aluminum CROSS-CORE honeycomb will be supplied F.O.B. Casa Grande, Arizona. Lead times may vary with the particular core 
types selected. This material is typically built to order and is not kept in stock. Please contact your nearest Hexcel Sales Office or 
Hexcel Customer Service. 

Crush Strengths 
Crush strengths other than those listed may also be available. Average crush strengths are typically f 15%. Tolerance of +lo% may 
be specially ordered. 

Density Tolerances 
While density plays a part in determining the crush strength of this material, for energy absorbing materials it is not considered the 
critical parameter. Densities listed are for reference only. Density may vary +I 5% from values listed in order to meet the required crush 
strength. 

Precrushing 
Precrushed aluminum CROSS-CORE is available for energy absorption applications. Precrushing the honeycomb eliminates the peak 
crush stress by initiating inter-cellular buckling. Note that precrushing honeycomb will result in approximately 118" of crushed material 
in the deliverable part and will reduce the amount of material available to crush. Currently, only flat surfaces may be 
precrushed. CROSS-CORE can be precrushed in both the TI and T2 directions. 



Mechanical Properties 
The following mechanical properties are typical values obtained by crush testing unconstrained 4" x 4" samples in cross-section at a 
rate of 0.5" per minute. Crush strength was determined using 1" thick samples. Stroke tests were performed using 3" thick samples. 

Hexcel Honeycomb 
Designation 

Static Crush 
Strength in 
T I  and T2 
Direction 

(PSI) 
@YP) 

Stroke in 
W direction 
(% of initial 
thickness) 

QYP) 

- 

Stroke in 
T I  and T2 
Direction 

(% of initial 
thickness) 
rn) 

66% 
65% 

60% 
56% 

52% (p) 

62% 
55% 
50% 

50% 
45% (p) 

Static Crush 
Strength in 
W Direction 

(PSI) 

CTYP) 

180 
450 
800 
950 

1 100 (P) 

(p) ind~cates preliminary data based on limited testing 

Stroke determined at the point on the LoadlDeflection curve where the load reached 125% of nominal load (onset of lock-uplbottom out) 

Effects of Temperature on Crush Strength of Aluminum CROSS-CORE 
All properties listed above were evaluated at room temperature (75' F ~ 5 '  F.) In general, the crush strength of CROSS-CORE will be 
7% to 10% higher at -20' F than at 75" F. Similarly, the crush strength will be 9% to 11% lower at 220' F than at 75' F. 

Production Testing 
Each production block of material is crush tested in both the T I  and T2 directions. Five samples are cut from each 1" thick slice, 
making a total of 1 0  samples per block. The crush strength in the T I  direction is defined as the average crush strength of all five 
samples crushed in the TI direction; likewise for the T2 direction. A block must meet the required average crush strength in both T I  
and T2 directions to be acceptable, although individual test samples may not meet the specified parameters. Other test evaluation 
methods may be specified. 

Available Sizes 
Aluminum CROSS-CORE is available in blocks as large as 10" T I  x 60" T2 x 36" W. 

Custom Processing 
Hexcel Aluminum CROSS-CORE honeycomb can be provided machined or with bonded sheets on the T I ,  T2 and W surfaces to 
meet specific customer specifications. Contact your Hexcel Sales Office for additional information. 

HEXCE Composites 



Important 
Hexcel Corporation makes no warranty, whether expressed or implied, including warranties of merchantability 
or of fitness for a particular purpose. Under no circumstances shall Hexcel Corporation be liable for incidental, 
consequential, or other damages arising out of a claim from alleged negligence, breach of warranty, strict liability 
or any other theory, through the use or handling of this product or the inability to use the product. The sole 
liability of Hexcel Corporation for any claims arising out of the manufacture, use, or sale of its products shall be 
for the replacement of the quantity of this product which has proven to not substantially comply with the data 
presented in this bulletin. Users should make their own assessment of the suitability of any product for the 
purposes required. The above supercedes any provision in your company's forms, letters, or other documents, 

For technical assistance, applications and procedures, or further information, please contact: 
Administrative Office and 
Customer Service Center 
5794 West Las Positas Blvd. ' 

P.O. Box 8181 
Pleasanton, CA 94588-8781 
Tel (925) 847-9500 
Fax (925) 734-9676 
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1.3.5 Glossary of Terms 

AISC – American Institute of Steel Construction 

Bottom Plate Forging – The bottom end of the FuelSolutions™ TS125 Transportation Cask 

body, which consists of a plate that closes the end of the cask and a short section of interfacing 

shell for attaching the inner and outer cask shells. 

Canister – The FuelSolutions™ canister is a sealed, metallic container for maintaining multiple 

SNF assemblies and any non-fuel bearing components in a dry, inert environment for interim 

storage, transport, and, for some canister designs, geologic disposal. Examples include the 

FuelSolutions™ W21 Canister, the FuelSolutions™ W74 Canister, and the VSC-24 Multi-

Assembly Sealed Basket (MSB). 

Canister Basket Assembly – The FuelSolutions™ canister internal components that maintain 

geometric spacing and provide structural support and criticality control for the SNF assemblies 

and any non-fuel bearing components.

Canister Class – Some FuelSolutions™ canisters have two similar canister designs, including a 

design that is suitable for storage and transport and a design that incorporates alternative 

materials of construction that is suitable for disposal. The FuelSolutions™ “M” class canisters 

are for storage, transport, and disposal. The FuelSolutions™ “T” class canisters are for storage 

and transportation, but not for disposal. 

Canister Shell Assembly – The FuelSolutions™ canister components that provide the on-site 

storage and transfer confinement boundary and axial gamma shielding for both storage and 

transport.

Canister Type – FuelSolutions™ canisters that accommodate more than one SNF assembly 

class and require the use of short (S) and/or long (L) canister shells; and steel (S), lead (L) or 

depleted uranium (D) shield plugs are assigned a designator (e.g., LS), which is termed the 

canister type. 

Cask – The FuelSolutions™ TS125 Transportation Cask body with closure lid without the 

impact limiters. 

Cask Body – The FuelSolutions™ TS125 Transportation Cask without the closure lid or impact 

limiters. 

Cask Cavity Spacer – A structural element used to fill the void in the FuelSolutions™ TS125 

Transportation Cask cavity when a short FuelSolutions™ canister is transported within the cask. 

Closure Bolts or Closure Lid Bolts – Fasteners that secure the closure lid to the 

FuelSolutions™ TS125 Transportation Cask body. 

Closure Lid – The removable plate that closes the top end of the FuelSolutions™ TS125 

Transportation Cask cavity and that contains a vent port, a seal test port, and grooves for both the 

containment (inner) O-ring seal and the test (outer) O-ring seal. 
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Containment Boundary – Consists of the FuelSolutions™ TS125 Transportation Cask inner 

shell, the bottom plate forging, the top ring forging, the bolted closure lid and inner O-ring, the 

vent port seal gland and O-ring, and the drain plug seal gland and O-ring. 

Containment Seal – The innermost O-ring seal, inserted into a groove in the FuelSolutions™ 

TS125 Transportation Cask closure lid, which forms a part of the containment boundary. 

Drain Port – A penetration in the FuelSolutions™ TS125 Transportation Cask bottom plate 

forging, communicating with the cask cavity, which facilitates draining the cask cavity following 

canister fuel loading operations and is sealed closed during transport. 

Dynamic Load Factor – The ratio of dynamic component response to static response. 

Fuel Assembly Spacer – A structural element used to provide an appropriate guide tube cavity 

cross-section and/or length for some classes of SNF assemblies.

FuelSolutions™ Spent Fuel Management System – The BFS canister-based, fully integrated 

system of compatible components and equipment that is designed for efficient storage, transport, 

and disposal of SNF assemblies from commercial power reactors in the contiguous United 

States.

Gamma Shield – The cast lead that fills the annulus between the FuelSolutions™ TS125 

Transportation Cask inner and outer shells. 

Gamma Shield Cavity – The volume formed by the FuelSolutions™ TS125 Transportation 

Cask inner and outer shells and the top and bottom cask forgings. 

Guide Rails – Two flat strips of anti-galling stainless steel material, welded to the 

FuelSolutions™ TS125 Transportation Cask cavity, on which the FuelSolutions™ canister 

assembly slides and rests during horizontal canister transfer and subsequent transport. 

Guide Tube – A stainless steel tube that lines the fuel cell opening, which facilitates fuel-

loading operations and maintains the position of the neutron absorber material. 

Impact Limiter – A device used to limit the impact deceleration of the FuelSolutions™ TS125 

Transportation Cask due to a free drop. 

Inner Shell – The inner wall of the FuelSolutions™ TS125 Transportation Cask body, which is 

welded at each end to the bottom plate forging and the top ring forging. 

Intermodal Transportation Skid – The skid used to secure the FuelSolutions™ TS125 

Transportation Package to the conveyance during transport and to facilitate cask handling 

operations prior to and subsequent to transport. 

Neutron Absorber – A panel of borated aluminum or stainless steel attached to the canister 

basket guide tube to provide criticality control. 

Neutron Shield – A hydrogenous material, cast into place within the neutron shield cavity. 

Neutron Shield Cavity – A cavity into which the neutron shield is cast, formed by the 

FuelSolutions™ TS125 Transportation Cask outer shell, the neutron shield jacket, and the 

tiedown rings. 
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Neutron Shield Jacket – A steel shell that forms the outer boundary of the neutron shield 

cavity.

Neutron Shield Support Angles – V-section members welded to the FuelSolutions™ TS125 

Transportation Cask outer shell and to the neutron shield jacket, which aid in transmitting heat 

from the cask interior to the ambient through the neutron shield material. 

Outer Shell – The outer wall of the FuelSolutions™ TS125 Transportation Cask body, which is 

welded at each end to the bottom plate forging and the top ring forging. 

Package – The FuelSolutions™ transportation packaging with its radioactive contents, or 

payload, as presented for transport. 

Packaging – The FuelSolutions™ transportation packaging consists of a FuelSolutions™ TS125 

Transportation Cask with impact limiters and a FuelSolutions™ canister. 

Payload – The radioactive contents of a FuelSolutions™ canister including the SNF. 

Personnel Barrier – The perforated fabrication that allows free air circulation, which is placed 

over the FuelSolutions™ TS125 Transportation Cask body between impact limiters to prevent 

personnel access to the cask exterior. 

Shear Block – A block that forms a pocket, located at the bottom of a horizontally oriented 

FuelSolutions™ TS125 Transportation Cask during transport and welded to the cask outer shell, 

which interfaces with the intermodal transportation skid to provide longitudinal support for 

shock and vibration loads during transport. 

SNF Assembly Class – Commercial SNF assemblies are identified by class (e.g., PWR SNF 

includes WE 17 x 17, B&W 15x15, etc., and BWR SNF includes GE 7 x 7, GE 8 x 8). 

SNF Assembly Type – Commercial SNF assembly designs within an SNF assembly class are 

identified by type (e.g., WE 17 x 17 OFA, B&W 15 x 15 Mark B, etc.). 

Spacer Plate – Canister basket assembly circular plate with machined openings for guide tubes 

to provide geometric separation and transverse support for the SNF. 

Spent Nuclear Fuel (SNF) – Fuel that has been withdrawn from a nuclear reactor following 

irradiation, in which the constituent elements have not been separated by reprocessing. 

Support Rod (or Tube) – Canister basket assembly rod or tube that positions and provides axial 

support for the spacer plates. 

Test Port – An opening in the closure lid, communicating with the annular region between the 

containment (inner) and test (outer) O-ring seals, which facilitates helium leak testing of the 

containment seal and is sealed closed during transport. 

Test Seal – The outermost O-ring, inserted into a groove in the closure lid, which facilitates 

helium leak testing of the containment seal. 

Tiedown Ring – A solid steel ring oriented radially outward from the FuelSolutions™ TS125 

Transportation Cask outer shell, located at each end of the neutron shield cavity, which provides 
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a bearing surface for interfacing with the intermodal transportation skid to provide transverse 

support for shock and vibration loads during transport. 

Transportation Cask – see Cask. 

Trunnion Attachment Bolts – Fasteners that attach the lifting and handling trunnions. 

Trunnion Mounting Boss – A provision in the FuelSolutions™ TS125 Transportation Cask 

outer shell for mounting of the bolt-on trunnions. 

Trunnion Seal – An elastomeric O-ring seal used to keep spent fuel pool water from entering 

the area between the trunnion and cask body when the cask is immersed for loading. 

Trunnions – Lifting attachments, each bolted to a trunnion mounting boss, which are used to lift 

and/or rotate the FuelSolutions™ TS125 Transportation Cask. 

Types of FuelSolutions™ Canisters – Within each class of FuelSolutions™ canisters, each 

separate and unique canister design is called a type of FuelSolutions™ canister. 

Top Ring Forging – The top end of the FuelSolutions™ TS125 Transportation Cask body wall, 

to which both the inner and outer cask shells are welded, contains threaded holes to interface 

with the closure lid and upper impact limiter. 

Vent Port – A penetration in the closure lid, communicating with the FuelSolutions™ TS125 

Transportation Cask cavity, which allows gas exchange within the cask interior during opening 

and closing operations and is sealed closed during transport. 
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2. STRUCTURAL EVALUATION 

This chapter presents the structural evaluation of the FuelSolutions™ TS125 Transportation 

Cask which demonstrates that it satisfies the standards specified in 10CFR71,
1
 Subpart E, under 

the conditions specified in 10CFR71, Subpart F. The effects on the performance of the package 

under the test specified in 10CFR71.71, 71.73, and 71.61 are evaluated by analysis and comply 

with the methodology presented in Regulatory Guides 7.6
2
 and 7.8.

3
 As shown in this chapter, 

the package provides adequate protection for the SNF payload during all Normal Conditions of 

Transport (NCT) and Hypothetical Accident Condition (HAC) events. The minimum design 

margins for the major cask components are summarized in Table 2.1-1 and Table 2.1-2 for NCT 

and HAC, respectively. The structural evaluation of each FuelSolutions™ canister payload is 

evaluated in the respective FuelSolutions™ Canister Transportation SAR. 

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask is performed using 

NCT and HAC loads that are bounding for all FuelSolutions™ canister designs. The NCT and 

HAC free drop equivalent static acceleration loads are calculated based on lower bound cask 

payload weight (i.e., total weight of a loaded FuelSolutions™ canister and cavity spacer 

assembly, if required). Conservatively, the canister loads applied to the inside of the 

transportation cask for the NCT and HAC free drops are based on these bounding equivalent 

static acceleration loads and an upper bound payload weight of 85 kips. In addition, the internal 

pressure and thermal loads used for the structural evaluation of the FuelSolutions™ TS125 

Transportation Cask are bounding for all FuelSolutions™ canister designs.

In accordance with Regulatory Guide 7.9,
4
 the structural assessment of the FuelSolutions™ 

Transportation Package is by analysis. The transportation cask and impact limiters are evaluated 

using a combination of computer programs and classical manual calculations. The calculations 

included in the structural evaluation are presented in sufficient detail to allow the results to be 

verified. The computer codes used for the drop loads evaluation of the impact limiters are 

described in Section 2.12.1. The adequacy drop loads computer codes and the methods used to 

determine the impact limiter force-deflection characteristics are experimentally verified. The 

tests, which include static crush and dynamic free drop testing, use scale models of the cask and 

impact limiters. A summary of the confirmatory test program is provided in Section 2.12.10. All 

structural finite element analyses are performed using the ANSYS
5
 general-purpose finite 

element program. The ANSYS program is used extensively throughout the industry and has been 

proven to provide accurate results when used properly. In accordance with the BFS Quality 

1 Title 10, Code of Federal Regulations, Part 71 (10CFR71), Packaging and Transportation of Radioactive 

Materials, United States Nuclear Regulatory Commission, October 2004. 

2 Regulatory Guide 7.6, Design Criteria for the Structural Analysis of Shipping Cask Containment Vessels,

Revision 1, U.S. Nuclear Regulatory Commission, Office of Standards Development, March 1978. 

3 Regulatory Guide 7.8, Load Combinations for the Structural Analysis of Shipping Casks for Radioactive Material,

Revision 1, U.S. Nuclear Regulatory Commission, Office of Standards Development, March 1989. 

4 Regulatory Guide 7.9, Standard Format and Content of Part 71 Applications for Approval of Packaging of 

Radioactive Material, U.S. Nuclear Regulatory Commission, Revision 2 (draft), 1986. 

5 ANSYS/Mechanical, Version 5.5, ANSYS Inc., Houston, Pennsylvania. 
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Assurance Program, the ANSYS program has been verified to provide accurate solutions to 

numerous problems with classical closed-form solutions. In addition, the specific finite element 

models used for the structural evaluation of the TS125 Transportation Cask are validated by 

comparing the results to those obtained from closed-form calculations. 
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2.1 Structural Design 

2.1.1 Discussion 

The transportation package, shown mounted on a railcar in Figure 1.2-3, consists of three major 

components: 

The transportation cask provides containment and protects the payload against 

environmental conditions and hypothetical accidents. 

The energy-absorbing impact limiters protect the cask and its contents from excessive 

impact loads during free drop conditions. 

The canister assembly payload (i.e., canister assembly containing dry SNF). 

A description of each FuelSolutions™ canister design and its specific payload, and the 

corresponding canister structural evaluation, is included in Chapter 2 of the respective 

FuelSolutions™ Canister Transportation SAR. The structural evaluation of the FuelSolutions™ 

Transportation Package is performed using bounding canister weights, loads, and thermal 

sources.

Descriptions of the FuelSolutions™ TS125 Transportation Cask and impact limiter structural 

design features are presented in the following subsections. 

2.1.1.1 Transportation Cask 

The major components of the FuelSolutions™ TS125 Transportation Cask include the cask 

body, closure lid with O-ring seals, and six removable trunnions. Drawings of the transportation 

cask are included in Section 1.3.2. An expanded view of the transportation cask (with impact 

limiters) is shown in Figure 1.2-2.  

The cask serves as the primary containment boundary for the SNF payload. The components of 

the cask that form the containment boundary are the inner shell, the bottom forging plate, the top 

forging ring, the closure lid with its metallic inner O-ring, the drain plug, the vent port plug, and 

the O-rings used to seal these plugs (as called out on Figure 1.2-6). The cylindrical internal 

cavity formed by these components is 67.0 inches in diameter and 193.0 inches in length. A pair 

of 0.13-inch thick guide rails fabricated of Nitronic
®

 60 anti-galling stainless steel is located 

within the cask payload cavity to support the canister and to prevent gouging and wear of the 

inner shell during the life of the package. 

The cask inner shell, top ring forging, bottom plate forging, and the closure lid are fabricated of 

Type XM-19 stainless steel. All inner shell seam welds and the inner shell weld to the bottom 

forging plate are 100% radiographed full penetration welds. The weld between the inner shell 

and the top forging ring is a full penetration groove weld inspected by liquid penetrant 

examination of each weld layer. 

The closure lid is slightly recessed below the top end of the cask body. The closure lid is secured 

using sixty (60) 2-8 UN-2A bolts fabricated of ASME SB-637, Grade N07718 nickel-base alloy 

bolting material. As discussed in Chapter 4, the cask containment boundary is designed to be 
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leaktight in accordance with the definition given in ANSI N14.5.
6
 The main closure seal is 

includes two concentric metallic face-type O-ring seals. The inner closure seal provides 

containment and the outer closure seal is used to perform the leak check of the containment seal. 

The vent and drain port plugs are fabricated from stainless steel and also sealed with metallic 

face-type O-ring seals. Stainless steel covers that are recessed just below the surface of the cask 

protect the vent, drain, and test ports. Each port cover includes an elastomeric O-ring seal that 

seals and protects the port cavity from the environment and prevents contamination. 

The cask outer shell is also fabricated of Type XM-19 stainless steel and may be made from 

multiple sections. All outer shell seam welds are 100% radiographed full penetration groove 

welds. The welds between the outer shell and the top and bottom forgings are full thickness 

groove welds inspected by liquid penetrant examination on root and final weld layers. 

A shear block of Type XM-19 stainless steel material is welded at the center of the outer shell to 

provide an axial restraint when the cask is on the intermodal transportation skid (Figures 1.2-5 

and 1.2-8). In addition, a 3.0-inch thick Type XM-19 stainless steel tie-down ring is welded to 

the outer shell at each end of the neutron shield. These rings provide an interface with the 

intermodal transportation skid saddles, which support the cask in vertical and lateral directions. 

As shown in Figure 1.2-5, the cask is provided with four lifting trunnions made of ASTM
7
 A564, 

Grade 630 (17-4PH) stainless steel. The lifting trunnions are removable and fastened to the cask 

by means of sixteen (16) 1 8-7 UNC-2A bolts fabricated of ASTM A320, Grade L43 alloy steel 

bolting material. The mounting boss for each trunnion is a block of Type XM-19 stainless steel 

inserted through the cask outer shell and welded in place via full penetration groove welds. Each 

trunnion is provided with an elastomeric O-ring seal located near the outer diameter to preclude 

contamination in the trunnion region during immersion in the spent fuel pool. The trunnion 

attachment bolts use Parker Stat-O-Seals
®

 for the same reason. 

A shell of castable ASTM B29 chemical-copper lead material provides gamma shielding. The 

gamma shielding material is sealed inside the annular region between the cask inner and outer 

shells.

A shell of castable hydrogenous material that surrounds the central portion of the cask provides 

neutron dose attenuation. The neutron shield material is contained within an annular cavity 

located outside the cask outer shell. The outer jacket of the neutron shield cavity is made from a 

0.19-inch thick shell of A516, Grade 70 carbon steel. A 14.5-inch long portion of the cask body 

beyond the neutron shield jacket at both ends of the cask is used to interface with the impact 

limiters. The neutron shield cavity is bridged in the radial direction by 32 carbon steel support 

angles. These support angles are spaced evenly around the cask to conduct the SNF decay heat 

from the outside surface of the outer shell to the neutron shield outer jacket. The support angles 

are fastened to the cask outer shell and outer jacket by means of full-length welds. 

6 ANSI N14.5, American National Standard for Radioactive Materials - Leakage Tests on Packages for Shipment,

American National Standards Institute (ANSI), Inc., 1987. 

7 American Society for Testing and Materials (ASTM) Annual Book of ASTM Standards, Steel Plate, Sheet, Strip, 

and Wire: Metallic Coated Products, Philadelphia, Pennsylvania, (Acceptable ASTM editions per ASME, 

Section II, Part A, Appendix A). 
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2.1.1.2 Impact Limiters 

The FuelSolutions™ TS125 Transportation Cask is equipped with two impact limiters, one at 

each end of the cask. The impact limiters are stepped-cylindrical assemblies, consisting of a 

stainless steel shell and cask mounting ring (i.e., the steel weldment that interfaces with the end 

of the cask), and energy-absorbing core material. Each impact limiter has a 143.5-inch outside 

diameter and an 80.0-inch overall length. The stepped-cylindrical portion on the end of the 

impact limiter has a 108.25-inch diameter and a 27-inch length. An 82.5-inch diameter by 

14.0-inch deep pocket is provided in the impact limiter to interface with the end of the cask.  

The impact limiter energy-absorbing material consists of bi-directional aluminum honeycomb, 

constructed in 30  segments for three different core regions; outer core, inner core, and end core. 

The outer core segments are keyed into the impact limiter mounting ring to prevent separation of 

the segments in the event of a free drop impact due to the cask wedging effect. The portion of the 

outer core in the cask overhang region (i.e., the region backed radially by the cask and the impact 

limiter mounting ring) has a nominal static crush strength of 2,250 psi. The static crush strength 

used for all other regions of the impact limiter is 1,200 psi. A 10% fabrication tolerance is 

required for the crush strength of all aluminum honeycomb material used to fabricate the impact 

limiters. The aluminum honeycomb material is pre-crushed to eliminate the initial spike in the 

material stress-strain curve, thus resulting in uniform crush strength. 

The impact limiter shells are fabricated of Type 304 stainless steel. The impact limiter outer 

shells are fabricated from 10 gage (0.135-inch thick) sheet metal. The inner ring that interfaces 

with the end of the cask is fabricated primarily from ¾-inch thick plate. All corner joints are 

reinforced with 0.25-inch thick rolled structural angles. The impact limiters are secured to the 

cask by means of twelve 1.0-inch diameter studs fabricated from A193, Grade B8S (Nitronic 60) 

material. Each attachment stud is threaded on both ends. The impact limiter attachment studs are 

inserted through recessed holes in the impact limiter and screwed into the tie-down rings located 

on the ends of the neutron shield. A nut and washer are placed on the end of each impact limiter 

attachment stud to secure the impact limiter to the cask body. 

2.1.2 Design Criteria 

This section defines the codes and standards applicable to the design and fabrication of the 

FuelSolutions™ Transportation Package. Established codes and standards that are appropriate 

for SNF or high-level radioactive waste transport packaging are selected and properly applied. 

These codes and standards adequately address potential failure modes of the package and 

provide adequate margins of safety to satisfy the following safety requirements of 10CFR71.51: 

For NCT, there would be no loss or dispersal of radioactive contents - as demonstrated to 

a sensitivity of 10
-6

A2 per hour, no significant increase in external surface radiation 

levels, and no substantial reduction in the effectiveness of the packaging. 

For HAC, there would be no escape of Krypton-85 exceeding 10A2 in one week, no 

escape of other radioactive material exceeding a total amount of A2 in one week, and no 

external radiation dose rate exceeding one rem per hour at one meter from the external 

surface of the package. 
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The basic allowable stress design criteria for the FuelSolutions™ TS125 Transportation Cask 

and impact limiters are described in Section 2.1.2.1. The load combinations used for the 

structural evaluation of the transportation cask are described in Section 2.1.2.2. Design criteria 

for miscellaneous structural failure modes, including brittle fracture, fatigue, and buckling are 

addressed in Section 0. The codes and standards used for the design and fabrication of the 

FuelSolutions™ canisters are described in the respective FuelSolutions™ Canister 

Transportation SARs. 

2.1.2.1 Basic Design Criteria 

This section defines the basic allowable stress design criteria used in the structural evaluation of 

the FuelSolutions™ TS125 Transportation Cask containment and non-containment structural 

components, and both containment and non-containment fasteners. 

2.1.2.1.1 Containment Structures 

The cask containment structural components are designed in accordance with Section III, 

Division 3, Subsection WB of the ASME Code,
8
 which is consistent with NUREG-1617.

9
 A 

summary of the allowable stress design criteria used for containment structures is provided in 

Table 2.1-3. The weld connecting the inner shell to the top forging ring employs PT examination 

on each weld layer in lieu of RT examination. Accordingly, the minimum detectable flaw size is 

shown to be less than the critical flaw size and the allowable stresses for the inner-shell-to-top-

ring-forging weld are 80% of the allowable stress values for the adjacent base material, in 

accordance with ISG-4.
10

 The results of an elastic plastic fracture mechanics (EPFM) analysis 

show that a 0.58-inch-deep 360  circumferential surface crack in the inner-shell-to-top-ring-

forging weld meets the ASME Section XI
11

 critical crack size limit, independent of loading 

conditions and weld metal. Thus, the minimum detectable flaw size, equal to the weld layer 

thickness of 1/8-inch, is less than the critical flaw size. Bearing stresses at the interface between 

the closure lid and top ring forging in the region of the closure containment O-ring are 

conservatively limited to the yield strength of the base materials for all NCT and HAC loadings. 

This provides additional assurance that no permanent deformation will result in the region of the 

closure containment O-ring that could potentially lead to a loss of containment. The buckling 

evaluations of the transportation cask shells are performed in accordance with ASME Code 

8 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Division 3, 

Subsection WB, Class TP (Type B) Containment, 1998 Edition. 

9 NUREG-1617, Standard Review Plan for Transportation Packages for Spent Nuclear Fuel, Final Report, 

U.S. Nuclear Regulatory Commission, March 2000. 

10 ISG-4, Cask Closure Weld Inspections, Spent Fuel Project Office Interim Staff Guidance-4, United States Nuclear 

Regulatory Commission, Revision 1, May 21, 1999. 

11 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section XI, Rules for 

Inservice Inspection of Nuclear Power Plant Components, 1998 Edition. 
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Case N-284-1.
12

 The cask lid closure bolts are evaluated in accordance with the 

recommendations of NUREG/CR-6007.
13

2.1.2.1.2 Non-Containment Structures 

The transportation cask non-containment structures, including the outer shell, neutron shield 

support rings and jacket, rotation trunnions and their shear pins and attachment bolts, and the 

impact limiter attachment bolts, are designed in accordance with Section III, Division 1, 

Subsection NF of the ASME Code,
14

 in accordance with NUREG/CR-3854
15

 and 

NUREG/CR-3019.
16

 The design criteria applicable to the cask non-containment structures are 

provided in Table 2.1-4. 

The impact limiter components are allowed to exceed the material’s yield strength for all 

conditions. The acceptance criterion for impact limiters is that all of the kinetic energy 

associated with the free drop event be absorbed without contact of a solid (non-energy 

absorbing) cask component with the “unyielding” impact surface and without exceeding the 

allowable crush range of the limiter material. 

The allowable stresses for the lifting and handling components of the cask, including the 

trunnion mounting bosses and adjacent outer shell, are based on the requirements of 

10CFR71.45(a) (i.e., one-third of the material’s minimum yield strength). Additionally, since the 

FuelSolutions™ TS125 Transportation Cask is designed to be lifted inside the power plant’s fuel 

buildings, the criteria of NUREG 0612
17

 for single-failure proof lifting devices and 

ANSI N14.6
18

 are applied to the lifting trunnions. 

The allowable stresses for the tie-down components integral with the cask, including the tie-

down rings, shear block, and adjacent potion of the outer shell, are based on the requirements of 

10CFR71.45(b) (i.e., material’s minimum yield strength). 

12 Case N-284-1, Rules for Construction of Nuclear Power Plant Components, Metal Containment Shell Buckling 

Design Methods, Section III, Division 1, Class MC, American Society of Mechanical Engineers (ASME) Boiler and 

Pressure Vessel Code, Section III, 1998 Edition. 

13 Mok, G. C., et al., Stress Analysis of Closure Bolts for Shipping Casks, NUREG/CR-6007, UCRL-ID-110637, 

U.S. Nuclear Regulatory Commission, April 1992. 

14 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Division 1, 

Subsection NF, Supports, 1998 Edition. 

15 Fischer, L. E., and Lai, W., Fabrication Criteria for Shipping Containers, NUREG/CR-3854, UCRL-53544, 

U.S. Nuclear Regulatory Commission, March 1985. 

16 Monroe, R. E., et al., Recommended Welding Criteria for Use in the Fabrication of Shipping Containers for 

Radioactive Materials, NUREG/CR-3019, UCRL-53044, U.S. Nuclear Regulatory Commission, March 1985. 

17 NUREG-0612, Control of Heavy Loads at Nuclear Power Plants, U.S. Nuclear Regulatory Commission, 

January 1980.  

18 ANSI N14.6, Special Lifting Devices for Shipping Containers Weighing 10,000 lbs (4500 kg) or More, American 

National Standards Institute, 1993. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.1-6 Revision 6 

2.1.2.2 Load Combinations 

The load combinations used for the structural evaluation of the FuelSolutions™ TS125 

Transportation Cask are developed in accordance with Regulatory Guide 7.8. The load 

combinations are based on Table 1 of Regulatory Guide 7.8, with additional load combinations 

for intermediate initial conditions that could possibly create a more limiting case for the cask 

design. The NCT and HAC load combinations are summarized in Table 2.1-5 and Table 2.1-6.  

2.1.2.3 Miscellaneous Structural Failure Modes 

2.1.2.3.1 Brittle Fracture 

With the exception of the transportation cask closure bolts and the neutron shield support angles 

and jacket, all structural components of the cask, impact limiter shells, and impact limiter 

attachment studs are fabricated of austenitic stainless steels. These materials do not undergo a 

ductile-to-brittle transition in the temperature range of interest (i.e., down to -20ºF) and, thus, do 

not need to be evaluated for brittle fracture. As stated in Regulatory Guide 7.11,
19

 “Since 

austenitic stainless steels are not susceptible to brittle failure at temperatures encountered in 

transport, their use in containment vessels is acceptable to the staff and no tests are needed to 

demonstrate resistance to brittle fracture.” 

The neutron shield jacket and support angles, which are fabricated from A516, Grade 70 carbon 

steel, are considered a Category III system in accordance with NUREG/CR-1815. The fracture 

toughness requirements for Category III systems are based on good engineering practices and 

make brittle fracture unlikely under environmental conditions encountered during transport. In 

accordance with Table 6 of NUREG/CR-1815, there are no fracture toughness requirements for 

Category III components with a thickness less than 0.4 inches.  

The transportation cask closure bolts are fabricated from SB-637, Grade N07718 nickel-base 

alloy bolting material. In accordance with Section 5 of NUREG/CR-1815,
20

 bolts are generally 

not considered as fracture-critical components because multiple load paths exist and bolting 

systems are generally redundant, as is the case with the transportation cask. However, for 

purposes of comparison, the nil-ductility transition (NDT) temperature of the closure bolts is 

calculated and compared with the requirements of NUREG/CR-1815. 

The closure bolts SB-637, Grade N07718 material is a precipitation-hardened nickel-base alloy 

having a minimum impact energy absorption for this bolting material of Cv = 48 lb-ft at a 

temperature of -110ºF.
21

 The Charpy impact measurement may be transformed into a fracture 

toughness value by using the empirical relationship from Section 4.2 of NUREG/CR-1815: 

19 Regulatory Guide 7.11, Fracture Toughness Criteria of Base Material for Ferritic Steel Shipping Cask 

Containment Vessels with a Maximum Wall Thickness of 4 Inch (0.1 m), U.S. Nuclear Regulatory Commission, 

Office of Standards Development, June 1991. 

20 Holman, W. R., and Langland, R. T., Recommendations for Protecting Against Failure by Brittle Fracture in 

Ferritic Steel Shipping Containers Up to Four Inch Thick, NUREG/CR-1815, UCRL-53013, U.S. Nuclear 

Regulatory Commission, August 1981. 

21 ARMCO Produce Data Bulletin No. S-22, ARMCO 17-4PH Precipitation-Hardening Stainless Steel, ARMCO 

Inc.
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0.5

vID inch-psi82,994EC5K

where E = 28.7 10
6
 psi at -110ºF, as extrapolated from data presented in Table 2.3-8 of 

Section 2.3. 

The dynamic fracture toughness is translated to an equivalent NDT temperature by using the 

Design Reference KID curve provided in Figure 2 of NUREG/CR-1815. By interpolation, the 

temperature relative to NDT is approximately 65°F (i.e., T - NDT = 65°F). Accordingly, the 

NDT temperature is: 

NDT = -110°F - (65°F) = -175ºF 

For Category I fracture critical components with a section thickness (bolt diameter) of 

2.0 inches, Figure 3 of NUREG/CR-1815 gives the minimum offset “A” as approximately 70ºF. 

Thus, for Lowest Service Temperature (LST) of -20ºF, the maximum NDT temperature value is: 

TNDT = LST - A = -20ºF - 70ºF = -90ºF 

The closure bolts experience a ductile-to-brittle transition temperature at -175ºF, whereas the 

criterion of NUREG/CR-1815 prescribes a maximum NDT temperature of -90ºF. The 85°F 

margin provides conservative assurance that brittle fracture will not occur in the closure bolts. 

2.1.2.3.2 Fatigue 

The cask body, closure bolts, lifting and rotation trunnion attachment bolts, and impact limiter 

attachment studs are evaluated for fatigue in the following sections. The results of the fatigue 

evaluation demonstrate that fatigue failure will not result from cyclical loading associated with 

normal conditions over the service life of the components. 

2.1.2.3.2.1 Cask Body 

Normal operating cycles do not present a fatigue concern for the cask body components over the 

40-year service life. The basis for this conclusion is reached using the six criteria of Article 

WB-3221.9(d) of the ASME Code. A summary of the six criteria and their applications are 

discussed below.

1. Atmospheric to Service Pressure Cycle 

With the exception of the neutron shield jacket and support angles, all of the transportation cask 

body structural components are fabricated from Type XM-19 stainless steel. Using the 

conservative temperature of 100 F for the cask shell during normal service (see Table 3.4-1), the 

lower bound value of Sm is determined to be 33.3 ksi. The number of cycles corresponding to a 

Sa value of 3Sm = 99.9 ksi is logarithmically interpolated as 1,809 (Table I-9.1, Figure I-9.2.1 of 

the ASME Code Appendices
22

). The cask normal shipment includes one atmospheric-vacuum 

drying-atmospheric cycle and may also include one atmospheric-design pressure-atmospheric 

cycle. All other pressure fluctuations during transportation are due to changes in atmospheric 

22 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Rules for 

Construction of Nuclear Power Plant Components, Appendices, 1998 Edition. 
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conditions where the pressure varies insignificantly. Hence, the cask may see no more than two 

pressure cycles per shipment. The TS125 Transportation Cask body is designed for 40 years of 

service with 22 shipments per year, hence, the total number of pressure cycles is estimated as 

2  40  22 = 1,760. Since this number is less than 1,809, the first criterion is satisfied. 

2. Normal Service Pressure Fluctuation 

The total number of pressure cycles over the cask lifetime is 1,809 (as determined above) and is 

less than 10
6
. As specified in this criterion, the value of S is determined for 10

6
 cycles and is 

28.3 ksi (Figure I-9.2.1 of the ASME Code Appendices). The design pressure (DP) is specified 

as 75 psig, as discussed in Section 3.4.4. Therefore, the cut-off for the significant pressure 

fluctuation is: 

psi2.21
3.33

3.2875
3

1
S

SDP
3

1SPF
m

The worst-case normal service pressure range for the FuelSolutions™ TS125 Transportation 

Cask is under 21.2 psi. Hence, no significant pressure fluctuations are expected during 

transportation. The second criterion is satisfied. 

3. Temperature Difference - Startup and Shutdown 

The temperature difference between any two adjacent points on the cask shell during startup and 

shutdown is limited to: 

F266
E2

Sa

where Sa is determined to be 124 ksi (conservatively based on 40  22 = 880 startup-shutdown 

cycles), and the values of E and  are conservatively taken as 28.1 10
6
 psi and 8.3 10

-6
 in/in/ F,

respectively. From review of the temperature distribution plots in Section 3.4, the temperature 

difference between any two points on the same cask surface does not exceed 255 F in the 

meridional direction, 173 F in the radial direction, and 180 F in the circumferential direction. 

Therefore, the third criterion is satisfied. 

4. Temperature Difference - Normal Service 

The number of temperature cycles for 880 shipments is conservatively estimated as 50  880 = 

44,000, which is well below 10
6
. Therefore, the value of S is the same as Sa of 28.3 ksi, as 

determined in the second criterion above. The significant temperature fluctuation is determined 

as:

STF = F61
103.8100,282

3.28
E2

S
6

The normal service in this criterion does not include startups and shutdowns; hence, the only 

temperature variations are due to changes in the ambient conditions. As shown in Figures 3.4-10 

and 3.4-14 (Qmax) and in Figures 3.4-12 and 3.4-16 (LHGRmax), the temperature difference 

between any two points in the cask body does not change significantly from normal cold to 

normal hot condition. Temperatures at all points drop uniformly by approximately 120 F.
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Therefore, there are no significant variations in the temperature gradient during normal service. 

The fourth criterion is satisfied. 

5. Temperature Difference - Dissimilar Materials 

The transportation cask structural components are fabricated entirely of Type XM-19 stainless 

steel and A516, Grade 70 carbon steel. Hence, dissimilar materials are used. The number of 

temperature cycles is conservatively estimated as 44,000 in (4) above. Since the specified 

number of cycles is less than 10
6
, the lower Sa value for carbon steel at 10

6
 cycles, as determined 

in Figure I-9.1 of the ASME Code Appendices, is 12.5 ksi. Therefore, the significant temperature 

fluctuation is: 

STF = F88
EE2

S

2211

a

where:

E1 = 2.81 10
7
 psi, elastic modulus of Type XM-19 stainless steel at 100 F

1 = 8.30 in/in/ F x 10
-6

, mean coefficient of thermal expansion of Type XM-19 

stainless steel at 100 F

E2 = 2.93 10
7
psi, elastic modulus of A516, Grade 70 carbon steel at 100 F

2 = 5.53 in/in/ F x 10
-6

, mean coefficient of thermal expansion of A516, Grade 70 

carbon steel at 100 F

As mentioned above, the temperature difference between any two points in the cask body does 

not change significantly from normal cold to normal hot condition. Therefore, there are no 

significant variations in the temperature gradient during normal service, and the fifth criterion is 

satisfied. 

6. Mechanical Loads 

The only mechanical loads during the cask service are those due to lifting, transfers, and 

shipment vibrations. While the number of normal 2g vibrations is not known, it can be very 

safely assumed that the number of these vibrations does not exceed 10
6
 per shipment. The 

number of all other loading fluctuations can be conservatively estimated as 100 per shipment. 

Therefore, the upper bound for total number of mechanical load cycles over the lifetime of the 

cask is (10
6
 +100)  880  1x10

9
. From Figure I-9.2.2 of ASME Code, Appendix I, for austenitic 

stainless steels, Sa at 10
9
 is 14 ksi. Since the cask stress from 2g vibrations (without thermal 

loading) is less than 14 ksi (Section 2.6.5), these vibrations are not considered significant. 

Conservatively estimating the cask lifetime number of significant load fluctuations as 100  880 

= 88,000, the corresponding Sa value is found to be 41.8 ksi. The mechanical stresses due to 

normal lifting (Section 2.5.1) and transportation shocks (Section 2.5.1) do not exceed this value 

and, therefore, the sixth criterion is satisfied. 

Therefore, fatigue is not a concern for the cask pressure boundary. A detailed analysis for cyclic 

service is not required and the limits on peak stress intensity are satisfied in accordance with 

Article WB-3221.9(d) of the ASME Code. 
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2.1.2.3.2.2 Closure Bolts 

The fatigue evaluation of the TS125 Transportation Cask’s closure bolts considers three types of 

cyclical loading associated with normal operations:  (1) atmospheric-to-service (or startup) cycle 

loading, (2) normal service fluctuation cycle loads, and (3) NCT vibration-induced loads. 

Atmospheric-to-service cycle loads are those that are present and constant during each shipment, 

such as bolt preload, internal pressure, and temperature. Generally, the number of startup cycles 

are low but the corresponding stresses are relatively high. Normal service fluctuations are those 

load cycles resulting from expected changes in ambient conditions. The number of normal 

service fluctuation cycles are higher than those due to startup, but the alternating stress intensity 

in the bolts are generally lower. NCT vibration loading is associated with many cycles, but the 

resulting stress intensities in the closure bolts are negligible, as discussed in Section 2.12.7.2.8. 

Therefore, NCT vibration loads are not considered further in the closure bolt fatigue evaluation. 

Startup Cycles

Each time the TS125 Transportation Cask is shipped with a loaded canister, the closure bolts 

experience one cycle of stress due to the bolt preload, startup pressure, and startup temperature 

(i.e., differential thermal expansion) loads. As shown in Table 2.12-12 (Cases 1 and 2), the 

maximum stress intensity in the closure bolts due to the combined effects of preload, internal 

pressure, and temperature is 57.3 ksi. Since the minimum stress intensity in the closure bolts is 

0 ksi (i.e., stress-free state), the stress difference for startup cycles is 57.3 ksi. Per WB-3216.2(e), 

the maximum alternating stress intensity, Salt, is equal to one-half of the stress difference, or 

28.7 ksi. The maximum alternating stress intensity is multiplied by a fatigue strength reduction 

factor of 5.0 in accordance with Article WB-3221.9(e)(2) to account for possible stress 

concentrations. Furthermore, the maximum alternating stress intensity is multiplied by the ratio 

of the modulus of elasticity given in Figure I-9.4 (30 x 10
6
 psi) to the value of the modulus of 

elasticity used in the analysis (i.e., Eb = 28.1 x 10
6
 psi per Table 2.3-8), in accordance with 

Article WB-3231.1(d)(2)(e). The resulting adjusted alternating stress intensity, Salt 1, is 

determined as follows: 

Salt 1 = 28.7 x 5.0 x 30.0x10
6
/28.1x10

6
 = 153 ksi 

The closure bolts are preloaded once each time the packaged is shipped, or a total of 110 times 

over the 5-year design life of the closure bolts. Additionally, the closure bolts are subjected to a 

total of 110 startup pressure and temperature cycles over the 5-year design life. Therefore, the 

closure bolts are subjected to a total of 110 cycles of the combined startup loads. The allowable 

number of cycles, N, from Figure I-9.4 (max. nominal stress  2.7Sm curve) of the ASME Code 

for an alternating stress intensity of 153 ksi is 400 cycles. Therefore, the closure bolt fatigue 

usage factor for the combined startup loads associated with preload, internal pressure, and 

temperature is: 

U1 = 110/400 = 0.28 

Normal Service Fluctuations

While in service, the TS125 transportation package experiences cyclical loading resulting from 

normal fluctuations in the ambient conditions. The cyclical loads resulting from normal service 

fluctuations include variations in both temperature (differential thermal expansion) and internal 
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pressure loads. The closure bolt fatigue usage factors for temperature- and pressure-induced 

alternating stress intensities resulting from normal service fluctuations are calculated separately 

below. Due to the large thermal mass of the TS125 transportation package, the number of normal 

service temperature and pressure fluctuations is low. Conservatively assuming two extreme 

fluctuations over the range of normal ambient temperature (i.e., between –20 F and 100 F) for 

each shipment, the total number of normal service temperature and pressure fluctuations that the 

TS125 Transportation Cask experiences, based on 22 shipments per year and a 5-year design 

life, is 220 cycles. 

The maximum alternating stress intensity in the closure bolts due to normal service temperature 

fluctuations is taken as one-half the difference between the maximum stress intensities for NCT 

hot and NCT cold conditions. As shown in Table 2.12-12, the difference in the closure bolt 

maximum stress intensity resulting from Case 1 (preload plus internal pressure + and NCT cold) 

and Case 2 (preload plus internal pressure + and NCT hot) is 4.1 ksi (= 57.3 ksi – 53.2 ksi). 

Therefore, the maximum alternating stress intensity for normal service temperature fluctuations 

is 2.1 ksi. The maximum alternating stress intensity is multiplied by a fatigue strength reduction 

factor of 5.0 in accordance with Article WB-3231.1(d)(2)(d) to account for possible stress 

concentrations. Furthermore, the maximum alternating stress intensity is multiplied by the ratio 

of the modulus of elasticity given in Figure I-9.4 (30 x 10
6
 psi) to the value of the modulus of 

elasticity used in the analysis (i.e., Eb = 28.1 x 10
6
 psi per Table 2.3-8) in accordance with 

Article WB-3231.1(d)(2)(e). The resulting adjusted alternating stress intensity, Salt 2, is expressed 

as follows: 

Salt 2 = 2.1 x 5.0 x 30.0x10
6
/28.1x10

6
 = 11 ksi 

The allowable number of cycles, N, from Figure I-9.4 (max. nominal stress  2.7Sm curve) of the 

ASME Code for an alternating stress intensity of 11 ksi, is greater than 1 x 10
6
 cycles. Therefore, 

the closure bolt fatigue usage factor for temperature-induced alternating stress intensity resulting 

from normal service fluctuations is expressed as follows: 

U2 = 220/1x10
6
 = 0.00 

The stress difference in the closure bolts due to normal service pressure fluctuations is calculated 

by scaling the maximum stress intensity due to the 75 psig design internal pressure by the 

maximum difference in the Maximum Normal Operating Pressure (MNOP). As shown in 

Table 3.4-3 of the FuelSolutions™ W21 Canister Transportation SAR,
23

 the maximum 

difference in MNOP over the range of NCT ambient conditions is 2.2 psig. Therefore, given that 

the maximum stress intensity in the closure bolt resulting from the 75 psig design internal 

pressure load is 6.8 ksi (per Table 2.12-9), the maximum stress difference in the closure bolts 

due to normal service pressure fluctuations is 0.2 ksi (= 6.8 ksi x 2.2/75). Per WB-3216.2(e), the 

maximum alternating stress intensity, Salt, is equal to one-half of the stress difference, or 0.1 ksi. 

The maximum alternating stress intensity is multiplied by a fatigue strength reduction factor of 

5.0 in accordance with Article WB-3231.1(d)(2)(d) to account for possible stress concentrations. 

Additionally, the maximum alternating stress intensity is multiplied by the ratio of the modulus 

of elasticity given in Figure I-9.4 (30 x 10
6
 psi) to the value of the modulus of elasticity used in 

                                                
23 WSNF-121, FuelSolutions™ W21 Canister Transportation Safety Analysis Report, NRC Docket 71-9276, 

EnergySolutions Spent Fuel Division, Inc. 
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the analysis (i.e., Eb = 28.1 x 10
6
 psi per Table 2.3-8), in accordance with Article 

WB-3231.1(d)(2)(e). The resulting adjusted alternating stress intensity, Salt 3, is expressed as 

follows: 

Salt 3 = 0.1 x 5.0 x 30.0x10
6
/28.1x10

6
 = 1 ksi 

The allowable number of cycles, N, from Figure I-9.4 (maximum nominal stress  2.7Sm curve) 

of the ASME Code for an alternating stress of 1 ksi is greater than 1 x 10
6
 cycles. Therefore, the 

closure bolt fatigue usage factor for internal pressure induced alternating stress intensity 

resulting from normal service fluctuations is expressed as follows: 

U3 = 220/1x10
6
 = 0.00 

Cumulative Usage Factor

The cumulative effects of cyclical loads associated with startup and normal service fluctuations 

are evaluated in accordance with Article WB-3231.1(d)(2)(f). The cumulative usage factor for 

the closure bolts is: 

U = U1 + U2 + U3

 = 0.28 + 0.00 + 0.00 

 = 0.28 

Since the cumulative usage factor does not exceed 1.0, the closure bolts are acceptable for the 

specified service conditions over their 5-year design life. 

2.1.2.3.2.3 Lifting Trunnion Attachment Bolts 

The only loads that produce significant stresses in the lifting trunnions are those associated with 

normal lifting and handling operations. The number of significant loading cycles due to normal 

lifting and handling operations is estimated at 100 cycles per shipment. Of these, it is assumed 

that only 10 cycles per shipment are associated with the critical lifting operations (i.e., where the 

entire weight of the transportation cask is supported by the lifting trunnions). Therefore, the total 

number of significant loading cycles due to the critical lifting operations is 1,100 cycles 

(i.e., 10 cycles/shipment x 110 shipments). The remainder of loading cycles (i.e., 9,900 cycles) 

are associated with vibration loading occurring during on-site transport. The fatigue usage 

factors for the lifting trunnion attachment bolts are calculated separately for the critical lift loads 

and on-site transport loads as follows. 

Critical Lift Loads

As shown in Section 2.5.1.1.3, the maximum stress in the most highly loaded lifting trunnion 

attachment bolt due to the critical vertical lift load of 146.63 kips per trunnion is 19.7 ksi. This 

stress is conservatively based on the entire weight of the cask being supported by only two lifting 

trunnions. However, the TS125 Transportation Cask is required to be lifted vertically using all 

four lifting trunnions. Therefore, the maximum stress in the most highly loaded lifting trunnion 

attachment bolt due to the critical lift is 9.85 ksi (= 19.7/2). Since the minimum stress intensity in 

the lifting trunnion attachment bolts is 0 ksi (i.e., stress-free state), the stress difference for the 

critical lift loading is 9.85 ksi. Per XIV-1221.3(b)(5), the maximum alternating stress intensity, 

Salt, is equal to one-half of the stress difference, or 4.9 ksi. The maximum alternating stress 

intensity is multiplied by a fatigue strength reduction factor of 5.0, in accordance with 
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Article XIV-1222, to account for possible stress concentrations. Furthermore, the maximum 

alternating stress intensity is multiplied by the ratio of the modulus of elasticity given in 

Figure I-9.4 (30 x 10
6
 psi) to the value of the modulus of elasticity used in the analysis 

(i.e., Eb = 26.6 x 10
6
 psi per Table 2.3-5) in accordance with Article XIV-1221.3(d). The 

resulting alternating stress intensity is: 

Salt 1 = 4.9 x 5.0 x 30.0x10
6
/26.6x10

6
 = 28 ksi 

As discussed above, a total of 1,100 significant loading cycles due to the critical lifting 

operations are assumed. The allowable number of cycles, N, from Figure I-9.4 (max. nominal 

stress  2.7Sm curve) of the ASME Code for an alternating stress intensity of 28 ksi, is 

approximately 14,000 cycles. Therefore, the lifting trunnion attachment bolt fatigue usage factor 

for alternating stress intensity resulting from the critical lift load cycles is expressed as follows: 

U1 = 1,100/14,000 = 0.08 

On-Site Transport Vibration Loads

On-site transport vibration loads are assumed to be equal to horizontal dead weight  0.15g, or 

range from +0.85g to +1.15g. The maximum stress difference in the lifting trunnion attachment 

bolt due to the on-site transport vibration loading is determined by scaling the maximum bolt 

stress calculated for the critical lift load by the ratio of the bending moments acting on the bolt 

circle. As shown in Section 2.5.1.1.6, the maximum bending moment acting on each lifting 

trunnion due to the 1.15g horizontal downending load, which is equivalent to the upper bound 

on-site vibration load, is 1,113 in-kips. Whereas, the maximum bending moment acting on each 

lifting trunnion due to the critical lift load is 1,567 in-kips. As shown in Section 2.5.1.1.3, the 

maximum stress in the most highly loaded lifting trunnion attachment bolt due to the critical 

vertical lift load is 19.7 ksi. Therefore, the maximum stress in the most highly loaded lifting 

trunnion attachment bolt due to the upper bound 1.15g on-site transport vibration load is 14.0 ksi 

(= 19.7 x 1,113/1,567). It follows that the maximum stress in the most highly loaded lifting 

trunnion attachment bolt due to the lower bound 0.85g on-site transport vibration load is 10.3 ksi 

(= 14.0 x 0.85/1.15). Therefore, the stress difference for the on-site transport vibration loading is 

3.7 ksi (= 14.0 – 10.3). Per XIV-1221.3(b)(5), the maximum alternating stress intensity, Salt, is 

equal to one-half of the stress difference, or 1.9 ksi. The maximum alternating stress intensity is 

multiplied by a fatigue strength reduction factor of 5.0 in accordance with Article XIV-1222 to 

account for possible stress concentrations. Furthermore, the maximum alternating stress intensity 

is multiplied by the ratio of the modulus of elasticity given in Figure I-9.4 (30 x 10
6
 psi) to the 

value of the modulus of elasticity used in the analysis (i.e., Eb = 26.6 x 10
6
 psi per Table 2.3-5) 

in accordance with Article XIV-1221.3(d). The resulting alternating stress intensity is: 

Salt 1 = 1.9 x 5.0 x 30.0x10
6
/26.6x10

6
 = 11 ksi 

As discussed above, a total of 9,900 cycles significant loading cycles due to the on-site transport 

vibration loading are assumed. The allowable number of cycles, N, from Figure I-9.4 

(max. nominal stress  2.7Sm curve) of the ASME Code for an alternating stress intensity of 

11 ksi is greater than 1 x 10
6
 cycles. Therefore, the lifting trunnion attachment bolt fatigue usage 

factor for alternating stress intensity resulting from the on-site transport vibration loading cycles 

is:

U1 = 9,900/1x10
6
 = 0.01 
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Cumulative Usage Factor

The cumulative effects of cyclical loads associated with normal lifting and handling are 

evaluated in accordance with Article XIV-1323. The cumulative usage factor for the lifting 

trunnion attachment bolts is: 

U = U1 + U2

 = 0.08 + 0.01 

 = 0.09 

Since the cumulative usage factor does not exceed 1.0, the lifting trunnion attachment bolts are 

acceptable for the specified service conditions over their 5-year design life. 

2.1.2.3.2.4 Rotation Trunnion Attachment Bolts 

The only loads that produce significant stresses in the rotation trunnion’s attachment bolts are 

those associated with normal lifting and handling operations. Although it is anticipated that only 

2 cycles per shipment are associated with the downending operation (i.e., where the entire 

weight of the transportation cask is supported by the rotation trunnions), 5 cycles of loading of 

this magnitude per shipment are conservatively assumed. Therefore, the total number of 

significant loading cycles due to the critical lifting operations is 550 cycles 

(i.e., 5 cycles/shipment x 110 shipments). The number of loading cycles associated with 

vibration loading occurring during on-site transport is assumed equal to the number used for the 

lifting trunnion attachment bolt fatigue evaluation, or 9,900 cycles. The rotation trunnion 

attachment bolt fatigue usage factors are calculated separately for the critical lift loads and 

on-site transport loads as follows. 

Critical Lift Loads

As shown in Section 2.5.1.2.2, the maximum stress in the most highly loaded rotation trunnion 

attachment bolt due to the downending trunnion engagement load of 143.75 kips per trunnion is 

36.4 ksi. This stress is conservatively based on the entire weight of the cask being supported by 

only two rotation trunnions. Since the minimum stress intensity in the rotation trunnion 

attachment bolts is 0 ksi (i.e., stress-free state), the stress difference is 36.4 ksi. Per 

XIV-1221.3(b)(5), the maximum alternating stress intensity, Salt, is equal to one-half of the stress 

difference, or 18.2 ksi. The maximum alternating stress intensity is multiplied by a fatigue 

strength reduction factor of 5.0 in accordance with Article XIV-1222 to account for possible 

stress concentrations. Furthermore, the maximum alternating stress intensity is multiplied by the 

ratio of the modulus of elasticity given in Figure I-9.4 (30 x 10
6
 psi) to the value of the modulus 

of elasticity used in the analysis (i.e., Eb = 26.6 x 10
6
 psi per Table 2.3-5, value at 325 F

calculated by linear interpolation) in accordance with Article XIV-1221.3(d). The resulting 

alternating stress intensity is: 

Salt 1 = 18.2 x 5.0 x 30.0x10
6
/26.6x10

6
 = 103 ksi 

As discussed above, a total of 220 cycles significant loading cycles due to the downending 

engagement load are assumed. The value of N (i.e., the allowable number of cycles) from 

Figure I-9.4 (max. nominal stress  2.7Sm curve) of the ASME Code for an alternating stress 

intensity of 103 ksi is approximately 900 cycles. Therefore, the rotation trunnion attachment bolt 
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fatigue usage factor for alternating stress intensity resulting from the downending engagement 

load cycles is: 

U1 = 550/900 = 0.61 

On-Site Transport Vibration Loads

On-site transport vibration loads are assumed to be equal to horizontal dead weight  0.15g, or 

range from +0.85g to +1.15g. The maximum stress difference in the rotation trunnion attachment 

bolt due to the on-site transport vibration loading is determined by scaling the maximum bolt 

stress calculated for the downending engagement load (143.75 kips/trunnion) by the ratio of the 

reaction loads. As shown in Section 2.5.1.1.6, the maximum load acting on each rotation 

trunnion due to the 1.15g horizontal downending load, which is equivalent to the upper bound 

on-site vibration load, is 61.15 kips/trunnion [= (293.3 – 171.0)/2]. Therefore, the maximum 

stress in the most highly loaded rotation trunnion attachment bolt due to the upper bound 1.15g

on-site transport vibration load is 15.5 ksi (= 36.4 x 61.15/143.75). It follows that the maximum 

stress in the most highly loaded rotation trunnion attachment bolt due to the lower bound 0.85g

on-site transport vibration load is 11.5 ksi (= 15.5 x 0.85/1.15). Therefore, the stress difference 

for the on-site transport vibration loading is 4.0 ksi (= 15.5 – 11.5). Per XIV-1221.3(b)(5), the 

maximum alternating stress intensity, Salt, is equal to one-half of the stress difference, or 2.0 ksi. 

The maximum alternating stress intensity is multiplied by a fatigue strength reduction factor of 

5.0 in accordance with Article XIV-1222 to account for possible stress concentrations. 

Furthermore, the maximum alternating stress intensity is multiplied by the ratio of the modulus 

of elasticity given in Figure I-9.4 (30 x 10
6
 psi) to the value of the modulus of elasticity used in 

the analysis (i.e., Eb = 26.6 x 10
6
 psi per Table 2.3-5, value at 325 F calculated by linear 

interpolation) in accordance with Article XIV-1221.3(d). The resulting alternating stress 

intensity is: 

Salt 2 = 2.0 x 5.0 x 30.0x10
6
/26.6x10

6
 = 11 ksi 

As discussed above, a total of 9,900 cycles significant loading cycles due to the on-site transport 

vibration loading are assumed. The value of N (i.e., the allowable number of cycles) from 

Figure I-9.4 (max. nominal stress  2.7Sm curve) of the ASME Code for an alternating stress 

intensity of 11 ksi is greater than 1 x 10
6
 cycles. Therefore, the rotation trunnion attachment bolt 

fatigue usage factor for alternating stress intensity resulting from the on-site transport vibration 

loading cycles is: 

U2 = 9,900/1x10
6
 = 0.01 

Cumulative Usage Factor

The cumulative effects of cyclical loads associated with normal lifting and handling are 

evaluated in accordance with Article XIV-1323. The cumulative usage factor for the rotation 

trunnion attachment bolts is: 

U = U1 + U2

 = 0.61 + 0.01 

 = 0.62 
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Since the cumulative usage factor does not exceed 1.0, the rotation trunnion attachment bolts are 

acceptable for the specified service conditions over their 5-year design life. 

2.1.2.3.2.5 Impact Limiter Attachment Studs 

The only loads that produce significant stresses in the impact limiter attachment studs are those 

associated with NCT vibration. The FuelSolutions™ transportation package is designed for a 

bounding 2g vertical vibration load. It is conservatively assumed that the number of NCT 

vibration loading cycles does not exceed 10
6
 per shipment. Therefore, the total number of NCT 

vibration loading cycles over the five-year design life of the impact limiter attachment studs is 

1.1 x 10
8
 cycles (=5 years x 22 shipments/year 1 x 10

6
 cycles/shipment). 

Each impact limiter is attached to the transportation cask body with twelve (12) evenly spaced, 

1.0-8 UNC-2A threaded studs on a 88.8-inch diameter bolt circle. When subjected to the 2g

vertical vibration loading, the inertial load of the impact limiter is assumed to be opposed by a 

uniform pressure load over the 14-inch deep cask overhang (i.e., the reaction force is centered at 

7-inches from the end of the cask). The resulting moment is reacted by tensile loads in the 

impact limiter attachment studs, as shown in Figure 2.1-1. The maximum tensile force in the 

impact limiter attachment studs is calculated assuming that the impact limiter pivots about the 

edge of the cask body and the stud forces vary linearly with the distance from the pivot point. 

The contribution of each stud to the resisting moment is a function of its magnitude, Fi, and its 

distance from the pivot point, di. As shown in Figure 2.1-1, each stud load is linearly related to 

the maximum stud load, Fmax as follows: 

D

d
FF i

i max

where D is the distance from Fmax to the pivot point. The moment resistance contribution of each 

stud is therefore: 

2max

iiii d
D

F
dFM

The total moment resistance is the sum of contributions of all the studs and is: 

2max * iitot dQ
D

F
M  and can be rearranged to 

2max
* ii

tot

dQ

DM
F

where Qi is the number of studs at the various distances from the pivot point of rotation, which is 

located at the outside edge of the cask body. The moment M about the pivot point is: 

M = F e

where the design load, F, is twice the weight of the impact limiter and e is the moment arm, 

considered to be the longitudinal distance between the impact limiter center of gravity and the 

midpoint of the 14-inch long cask overhang. As shown in Table 2.2-1, the weight of the impact 

limiter is 17.7 kips, and the center of gravity of the impact limiter assembly is located 

15.3-inches beyond the end of the cask. Thus, the moment to be resisted by the impact limiter 

attachment studs is: 
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 M = (2 x 17.7) x (7.0 + 15.3) = 789.4 kip-in. 

The distance between each attachment stud and the pivot point is:  

iRRd boi
6

cos ,  where  i varies from 0 to 6 

where the circumferential angle (in radians) of attachment stud group, measured with respect to 

the bottom centerline of the cask (i.e., 0  at the bottom and 180  at the top), is given by ( i/6),

and;

Ro = 40.9 inches, Outer radius of the cask body 

Rb = 44.4 inches, Attachment stud circle radius 

The calculation for the quantity of Qi x di
2
 is presented in Table 2.1-7. As noted previously, D 

is the distance from the pivot point to the attachment stud with the maximum load. The 

attachment stud furthest from the pivot point is the most highly loaded, hence D = 85.3 inches. 

Also, for moment equilibrium, the total resisting moment of the attachment stud group will equal 

the applied moment, M. Hence, the maximum attachment stud load Fmax is: 

kips2.1=
31,890

3.854.789

d*Q

MD
F

2

ii
max

The tensile stress area for the 1-8 UNC-2A bolt is A = 0.606 in
2
. The bolt tensile stress is: 

ksi5.3
A

Fmax

Since the minimum stress intensity in the impact limiter attachment stud is 0 ksi (i.e., studs not 

loaded in compression), the maximum stress difference for the NCT vibration loading is 3.5 ksi. 

Per XIV-1221.3(b)(5), the maximum alternating stress intensity, Salt, is equal to one-half of the 

stress difference, or 1.75 ksi. The maximum alternating stress intensity is multiplied by a fatigue 

strength reduction factor of 5.0, in accordance with Article XIV-1222, to account for possible 

stress concentrations. Furthermore, the maximum alternating stress intensity is multiplied by the 

ratio of the modulus of elasticity given in Figure I-9.2.2 (28.3 x 10
6
 psi) to the value of the 

modulus of elasticity used in the analysis (i.e., Eb = 27.0 x 10
6
 psi at 300 F per ASME BPVC, 

Section II, Part D, Table TM-1, Material Group G), in accordance with Article XIV-1221.3(d). 

The resulting alternating stress intensity is: 

Salt 1 = 1.75 x 5.0 x 28.3x10
6
/27.0x10

6
 = 9.2 ksi 

As discussed above, a total of 1.1 x 10
8
 of NCT vibration loading are assumed over the 5-year 

design life of the impact limiter attachment studs. The value of N (i.e., the allowable number of 

cycles) from Figure I-9.2.2 (Curve A) of the ASME Code for an alternating stress intensity of 

9.2 ksi is greater than 1 x 10
11

 cycles. Therefore, the impact limiter attachment stud fatigue usage 

factor for alternating stress intensity resulting from the NCT vibration load cycles is: 

U = 1.1x10
8
/1x10

11
 = 0.00 

Since there are no other significant cyclical loads acting on the impact limiter attachment studs, 

the cumulative usage factor is 0.00. Since the cumulative usage factor does not exceed 1.0, the 
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impact limiter attachment studs are acceptable for the specified service conditions over their 

5-year design life. 

2.1.2.3.3 Buckling 

The potential of buckling failure to both the inner and outer shell of the transportation cask is 

evaluated. While only the inner shell makes up the containment boundary, buckling failure of the 

outer shell could compromise the ability of the inner shell to perform as analyzed. 

The shell buckling analysis is performed in subsequent NCT and HAC subsections in accordance 

with the design criteria of ASME Code Case N-284-1. The nomenclature is followed strictly in 

order to preclude the need for a full description of the analysis within this report. The basic steps 

involved are summarized as follows: 

1. Theoretical elastic buckling stresses are determined for hoop, axial compression, and in-

plane shear loadings using classical theory. 

2. Capacity reduction factors are applied to account for the difference between classical 

theory and actual buckling stresses caused by imperfections in the fabricated shells. 

3. Plasticity reduction factors are applied for those cases where elastically determined 

buckling stresses are above the proportional limit. 

4. The worst-case compressive and in-plane shear stresses are determined for each load 

combination. The highest component stresses from every possible combination of 

applicable individual loads are taken for buckling evaluation. 

5. Elastic and inelastic buckling interaction equations are checked using the appropriate 

factors of safety, reduced theoretical stresses, and the actual stresses obtained from 

step 4. If all interaction ratios are below unity, the buckling criteria are satisfied. 
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Table 2.1-1  -  Summary of Minimum Design Margins for Normal 

Conditions of Transport 

Component
Stress
Type 

Governing 
Load

Condition

Minimum
Design
Margin

Reference
SAR

Section

Pm NCT Free Drop +3.44 2.6.7 

Pl+Pb NCT Free Drop +2.77 2.6.7 

Bottom Plate 

Forging 

Pl+Pb+Q NCT Free Drop +4.52 2.6.7 

Pm NCT Free Drop +1.77 2.6.7 

Pl+Pb NCT Free Drop +0.93 2.6.7 

Pl+Pb+Q NCT Free Drop +1.43 2.6.7 

Inner Shell 

Buckling Bounding NCT +1.27 2.6.7 

Pm NCT Free Drop +1.49 2.6.7 

Pl+Pb NCT Free Drop +1.06 2.6.7 

Inner Shell-to-Top 

Forging Weld 

Pl+Pb+Q NCT Free Drop +2.15 2.6.7 

Pm NCT Free Drop +1.77 2.6.7 

Pl+Pb Lifting +0.16 2.5.1 

Pl+Pb+Q NCT Free Drop +3.06 2.6.7 

Outer Shell 

Buckling Bounding NCT +4.88 2.6.7 

Pm NCT Free Drop +1.96 2.6.7 

Pl+Pb NCT Free Drop +1.27 2.6.7 

Top Ring 

Forging 

Pl+Pb+Q NCT Free Drop +3.53 2.6.7 

Pm NCT Free Drop +5.57 2.6.7 

Pl+Pb NCT Free Drop +0.14 2.6.7 

Closure 

Lid

Pl+Pb+Q NCT Free Drop +1.28 2.6.7 

Top Seal Region Bearing NCT Vibration + Thermal +4.10 2.6.5 

Closure Bolts Tension NCT Thermal + Internal Pressure +0.03 2.6.5 

Bearing Tie-down Loads +5.79 2.5.2 

Shear Tie-down Loads +1.43 2.5.2 

Tie-down 

Rings 

Bending Tie-down Loads +0.31 2.5.2 

Pm NCT Free Drop +1.65 2.6.7 

Pl+Pb NCT Free Drop +0.27 2.6.7 

Neutron 

Shield 

Jacket
Pl+Pb+Q NCT Free Drop +0.04 2.6.7 

Impact Limiter 

Attachment Studs 

Tension NCT Free Drop +7.22 2.6.7 

Note:
(1) Shell buckling margins evaluated based on code case N-284-1 and closure bolt design margins evaluated 

based on NUREG/CR-6007 are ratios that must be less than unity.
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Table 2.1-2  -  Summary of Minimum Design Margins for Hypothetical 

Accident Conditions 

Component
Stress
Type 

Governing 
Load

Condition

Minimum
Design
Margin

Reference
SAR

Section

Pm HAC Side Drop +1.76 2.7.1.2 Bottom Plate 

Forging 
Pl+Pb HAC End Drop +0.71 2.7.1.1 

Pm HAC Side Drop +0.63 2.7.1.2 

Pl+Pb HAC Corner Drop +0.10 2.7.1.3 

Inner Shell 

Buckling HAC Side Drop +0.54 2.7.1.2 

Pm HAC Side Drop +0.40 2.7.1.2 Inner Shell-to-Top 

Forging Weld 
Pl+Pb HAC Corner Drop +0.17 2.7.1.3 

Pm HAC Corner Drop +0.19 2.7.1.3 

Pl+Pb HAC Corner Drop +0.05 2.7.1.3 

Outer Shell 

Buckling HAC Corner Drop +0.82 2.7.1.3 

Pm HAC Side Drop +0.61 2.7.1.2 Top Ring 

Forging 
Pl+Pb HAC Side Drop +0.15 2.7.1.2 

Pm HAC Side Drop +1.10 2.7.1.2 Closure 

Lid
Pl+Pb HAC Puncture +0.13 2.7.3.3 

Top Seal Region Bearing HAC Thermal Fire +0.66 2.7.4.3 

Closure Bolts Tension HAC Puncture +0.69 2.7.3.3 

Tie-down Ring Shear HAC Corner Drop +0.43 2.7.1.3 

Pm HAC Corner Drop +0.06 2.7.1.3 Bottom Shield 

Ring Weld 
Pl+Pb HAC Corner Drop +0.01 2.7.1.3 

Pm HAC Side Drop +3.30 2.7.1.2 Neutron 

Shield Jacket 
Pl+Pb HAC Side Drop +0.04 2.7.1.2 

Impact Limiter 

Attachment Studs 

Tension HAC Oblique Drop +2.04 2.7.1.4 

Note:
(1) Shell buckling margins evaluated based on code case N-284-1 and closure bolt design margins evaluated 

based on NUREG/CR-6007 are ratios that must be less than unity.
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Table 2.1-3  -  Containment Structure Allowable Stress Limit Criteria 

Containment Structure Allowable Stresses 

Stress Category 
Normal Conditions 

(NCT)
Accident Conditions 

(HAC)

Containment Components and Welds (1) 

Primary Membrane Stress Intensity Sm Lesser of:  2.4Sm or 0.7Su

Primary Membrane + Bending Stress Intensity 1.5Sm Lesser of:  3.6Sm or Su

Primary Membrane + Secondary Stress Intensity 

Range

3.0Sm N/A 

Bearing Stress Sy 2.1Su
(2)

Pure Shear Stress 0.6Sm 0.42Su
(2)

Containment Fasteners (3)

Average Tensile Stress Sm Lesser of:  Sy or 0.7Su

Average Shear Stress 0.6Sm Lesser of 0.6Sy or 0.42Su

Average Tensile + Average Shear Rt
2 + Rs

2 < 1 Rt
2 + Rs

2 < 1 

Tensile + Shear + Bending + Residual Torsion 1.35Sm for Su>100 ksi N/A 

Notes:
(1) The containment system is designed in accordance with the allowable stress design criteria of Section III, 

Division 3, Subsection WB of the ASME B&PV Code, except as noted. The allowable stresses for the inner 

shell-to-top forging weld, which employs multi-layer PT examination in lieu of RT examination, are equal to 

80% of the allowable stresses for the adjacent base metal, in accordance with ISG-4.
(2) The special stress limits of Section III, Division 1, Appendix F of the ASME B&PV Code are used for HAC.
(3) Containment fastener stress allowables are in accordance with NUREG/CR-6007.
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Table 2.1-4  -  Non-Containment Structure Allowable Stress Criteria 

Non-Containment Structure Allowable Stresses 

Stress Category 
Normal Conditions

(NCT)
Accident Conditions 

(HAC)

Primary Membrane Stress Intensity Sm Greater of 1.2Sy and 1.5Sm,

not to exceed 0.7Su

Primary Membrane + Bending Stress Intensity 1.5Sm 150% of Primary 

Membrane Stress Intensity 

Limit 

Primary Membrane + Secondary Stress Intensity 

Range

3.0Sm N/A 

Bearing Stress Sy N/A 

Pure Shear Stress 0.6Sm 0.42Su

Peak Stress Intensity Per Section 2.1.2.3.2 N/A 

Non-Containment Fastener Allowable Stresses 

Tensile Stress Only (Ftb)

2

uS
 (ferritic) 

Lesser of Sy and 0.7Su
(1)

Shear Stress Only (Fvb)

3

uS62.0
 (ferritic) 

Lesser of 0.42Su and 0.6Sy

Combined Tensile + Shear Stresses 

1
2
vb

F

2
vf

2
tb

F

2
tf

1
2
vb

F

2
vf

2
tb

F

2
tf

Notes:
(1) When high strength bolts are used (i.e., Su > 100 ksi), the maximum value of stress at the periphery of the bolt 

cross section due to combined direct tension and bending shall not exceed Su.
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Table 2.1-5  -  Summary of NCT Load Combinations 

Applicable Initial Condition

Thermal Conditions 

Ambient Temp. Insolation Decay Heat 

Internal
Pressure

Fabrica-
tion

Loads
(applied separately) 100ºF -20ºF Max Zero Max Zero Max Min Stresses

Hot Environment 

   Cold Environment 

-40 F ambient temp.    (1) (1)

Increased External 

Pressure:  20 psia 

Minimum External 

Pressure: 3.5 psia 

(1) (1)

Vibration and Shock: 

(2)

(1) (1)

Free Drop:  1 foot drop 

(2)

Note:
(1) In accordance with Regulatory Guide 7.8, intermediate values of initial conditions that could possibly create a 

more limiting condition are evaluated.
(2) Considered only for brittle fracture.
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Table 2.1-6  -  Summary of HAC Load Combinations 

Applicable Initial Condition

Thermal Conditions 

Ambient Temperature Insolation Decay Heat 

Internal
PressureLoads

(applied sequentially) 100ºF -20ºF -40ºF Max Zero Max Zero Max Min 

Fabrica-
tion

Stresses

(1) (1)

Free Drop:  30 foot drop 

(2)

Puncture:  40 inch drop 
(2)

Thermal:  1,475ºF fire (3)

Notes:
(1) In accordance with Regulatory Guide 7.8, intermediate values of initial conditions that could possibly create a 

more limiting condition are evaluated.
(2) Considered only for brittle fracture.
(3) The HAC pre-fire steady-state condition is analyzed with zero insolation per 10CFR71.73(c)(4).
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Table 2.1-7  -  Impact Limiter Attachment Stud Qidi
2 Moment Terms 

Stud Location, 
i

Stud Quantity per 
Location, Q(1)

Moment Arm,
di (in) 

Qi * di
2

(in2)

0 0(2) -3.50 0.0 

1 2 2.45 12.0 

2 2 18.70 699.4 

3 2 40.90 3,345.6 

4 2 63.10 7,963.2 

5 2 79.35 12,593.3 

6 1 85.30 7,276.1 

Summation Qi * di
2 =  31,890 

Notes:
(1) Number of bolts located at the moment arm distance from the point of rotation.
(2) Stud contribution neglected because the moment arm is negative, meaning that the stud would not be 

loaded.
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35.4 kips

Impact Limiter
Center of Gravity

Reaction Load

Transportation
Cask Body

Impact Limiter

Pivot Point

15.3

Figure 2.1-1  -  Impact Limiter Attachment Stud Load Distribution 
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2.2 Weights and Center of Gravity 

The calculated weights and centers of gravity of the major individual subassemblies of the 

FuelSolutions™ Transportation Package are tabulated in Table 2.2-1 for the heaviest and lightest 

shipping configurations. The shipping configuration considers the loaded cask and all other 

components. Specifically, this includes the transportation cask body, closure lid, payload, and 

two impact limiters. The cask payload consists of a dry sealed canister assembly and a cask 

cavity spacer (where applicable). The cask trunnions and lifting equipment are not included in 

the cask shipping weights since they are not present during transportation.

The weights and centers of gravity shown in Table 2.2-1 are calculated based on the heaviest and 

lightest canister payloads that are currently designed for transportation inside the 

FuelSolutions™ TS125 Transportation Cask. As discussed in Section 1.2.1.5, the maximum 

gross shipping weight of the transportation package is 285,000 pounds. Furthermore, the 

maximum payload weight (i.e., loaded canister and cavity spacer, if required) for the 

transportation cask is 85,000 pounds. The structural evaluation of the FuelSolutions™ TS125 

Transportation Cask is performed using the maximum payload weight of 85,000 pounds and a 

package weight of 285,000 pounds. 

The moment of inertia of the transportation package is approximately 1.6x10
9
 lb-in

2
 for all 

shipping configurations. The corresponding radius of gyration, equal to the square root of the 

moment of inertia divided by the package weight, is approximately 77 inches for all shipping 

configurations. The package radius of gyration does not vary significantly between the heaviest 

and lightest payloads, since the payload moment of inertia is small compared to that of the cask 

and impact limiters. The drop loads evaluation presented in Section 2.12.2 is based on a 77-inch 

radius of gyration. 

The maximum hook weight of the FuelSolutions™ TS125 Transportation Cask is calculated for 

wet and dry lifting configurations for all FuelSolutions™ canister types to determine the 

maximum loads that must be considered for the design of the cask lifting devices. The wet lifting 

configuration includes water inside the canister cavity and the cask annulus, but does not include 

the weight of the cask closure lid or the canister inner and outer closure plates. The dry lifting 

configuration includes the canister closure plates and the cask closure lid. The heaviest wet hook 

weight is 251.3 kips for the W74M canister. The heaviest dry hook weight is 243.8 kips for the 

W21M-SD canister with WE 15x15 fuel with control components. As discussed in 

Section 2.5.1.1, a bounding hook weight of 255 kips (based on wet weight) is conservatively 

used for the structural evaluation of the FuelSolutions™ TS125 Transportation Cask lifting 

trunnions. A bounding hook weight of 250 kips (based on dry weight) is conservatively used for 

the structural evaluation of the rotation trunnions. 
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Table 2.2-1  -  Summary of FuelSolutions™ Transportation Package 

Weights and Centers of Gravity 

Heaviest
Configuration(2) Lightest Configuration(3)

Component
I.D.(1)

Component
Description

Weight
(lb.)

Distance to 
C.G.(4) (in.) Weight (lb.) 

Distance to 
C.G.(4) (in.) 

1.0 Cask Body(5) 153,424 100.5 153,424 100.5 

2.0 Closure Lid 7,362 207.4 7,362 207.4 

3.0 Canister 78,538 91.1 67,845 97.2 

4.0 Cavity Spacer 3,507 19.0 0 0.0 

5.0 Bottom Impact Limiter 17,666 -15.3 17,666 -15.3 

6.0 Top Impact Limiter 17,666 225.7 17,666 225.7 

Package Totals 278,163 100.2 263,963 103.2 

Notes:
(1) Refer to Figure 2.2-1 for schematic of transportation package component locations.
(2) The heaviest configuration includes the W21M-SD canister with 21 WE 15x15 fuel assemblies with control 

components.
(3) The lightest configuration includes the W74M canister with a short-load configuration of Big Rock Point 

assemblies.
(4) Reference datum is the bottom end of the cask body.
(5) In the transportation configuration, the cask body does not include the lifting or rotation trunnions.



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.2-3 Revision 6 

4.0 Cavity Spacer
(As Required)

1.0 Cask Body

3.0 Canister

2.0 Closure Lid

5.0 Bottom Impact Limiter

6.0 Top Impact Limiter

Figure 2.2-1  -  TS125 Transportation Package Weight and Center of 

Gravity Schematic 
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2.3 Mechanical Properties of Materials 

The section identifies the materials of construction for the FuelSolutions™ TS125 

Transportation Cask, impact limiters, and cask cavity spacer. The structural and on-structural 

components and the associated material specifications are listed in Table 2.3-1 and Table 2.3-2, 

respectively. Mechanical properties for the materials used for the transportation cask are 

presented in Table 2.3-3 through Table 2.3-12. The temperature-dependent material properties 

are obtained from Section II, Part D, of the ASME Code.
24

 A description of the materials used to 

fabricate the impact limiters is included in Section 2.12.2. 

The weight density and Poisson’s ratio for stainless steel used in the structural analysis are 

0.290 lb/in
3
 and 0.29, respectively. Similarly, the weight density and Poisson’s ratio for carbon 

steel used in the structural analysis are 0.283 lb/in
3
 and 0.3, respectively.

All structural materials used for the FuelSolutions™ TS125 Transportation Cask are permitted 

for use in Section III construction per Section II, Part D of the ASME Code. As discussed in 

Section 2.4.9, in the controlled environment in which the transportation cask is used, its 

materials will not experience any damage or degradation that could impair the transportation 

cask’s intended safety functions. The maximum allowable temperatures of the structural 

materials for all NCT design conditions are limited to those tabulated in ASME, Section II, 

Part D.

The static temperature-dependent mechanical properties of ASTM B29 chemical copper lead are 

summarized in Table 2.3-9. In addition, strain rate dependent plastic material properties are used 

for the lead gamma shielding for the HAC free drop analysis. Dynamic elastic-plastic lead 

properties at room temperature are obtained from NUREG/CR-0481
25

 for a strain rate of 

approximately 100 sec
-1

 representative of the strain rates for the HAC free drop conditions. 

These stresses are adjusted to account for reduced strength at elevated temperatures based on the 

lead temperature-dependent static stress-strain properties also provided in NUREG/CR-0481. 

The resulting dynamic stress-strain data for lead at 250°F, 325°F, and 375°F are shown in 

Table 2.3-10. Dynamic stress-strain lead properties at intermediate temperatures are determined 

by interpolation. 

The welding processes and weld filler materials permitted for all welds in the TS125 

Transportation Cask, impact limiters, and cavity spacer are specified on the general arrangement 

drawings contained in Section 1.3.2. The weld metals specified provide equal or greater strength 

than the specified base material strength. 

                                                
24 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section II, Materials,

Part D, Properties, 1998 Edition. 

25 NUREG/CR-0481, An Assessment of Stress-Strain Data Suitable for Finite-Element Elastic-Plastic Analysis of 

Shipping Containers, U.S. Nuclear Regulatory Commission, September 1981. 
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Table 2.3-1  -  Summary of Transportation Cask and Impact Limiter 

Structural Materials 

Component Material Specification Data Table 

Inner Shell SA-240, Type XM-19 Table 2.3-3 

Outer Shell SA-240, Type XM-19 Table 2.3-3 

Top Forging Ring SA-336, Type FXM-19 Table 2.3-3 

Bottom Forging Plate SA-336, Type FXM-19 Table 2.3-3 

Closure Lid SA-240, Type XM-19 Table 2.3-3 

Closure Bolts SB-637, Grade N07718 Table 2.3-8 

Lifting Trunnion Bosses SA-240, Type XM-19 Table 2.3-3 

Lifting Trunnions ASTM A564, Grade 630 (H1075) Table 2.3-4 

Lifting Trunnion Bolts ASTM A320, Grade L43 Table 2.3-5 

Tie-down Rings SA-240, Type XM-19 Table 2.3-3 

Shear Block SA-240, Type XM-19 Table 2.3-3 

Neutron Shield Support Angles A516, Grade 70 Table 2.3-7 

Neutron Shield Shell A516, Grade 70 Table 2.3-7 

Rotational Trunnions ASTM A564, Grade 630 (H1075) Table 2.3-4 

Rotational Trunnion Shear Pins ASTM A564, Grade 630 (H1075) Table 2.3-4 

Rotational Trunnion Bolts ASTM A320, Grade L43 Table 2.3-5 

Lifting Trunnion Plug SA-240, Type 304 Table 2.3-6 

Shear Key Plug SA-240, Type 304 Table 2.3-6 

Cavity Axial Spacer SA-240, Type 304 Table 2.3-6 

Cavity Spacer Attachment Bolts SA-193, Grade B6 Table 2.3-12 
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Table 2.3-2  -  Summary of Transportation Cask and Impact Limiter 

Non-Structural Materials 

Component Material Specification Data Table 

Impact Limiter Jacket ASTM A240, Type 304 Table 2.3-6 

Gamma Shield ASTM B29 Chemical Copper Lead Table 2.3-9 & 

Table 2.3-10 

Neutron Shielding NS-4-FR Table 2.3-11 

Cask Canister Rails Nitronic 60 Stainless Steel N/A 

Port Plugs and Caps ASME SA-240, Type 304  Table 2.3-6 

Thread Inserts (Helicoil™) AMS7245 Stainless Steel N/A 

Containment O-ring Seals Helicoflex Silver-Jacketed Metallic O-ring N/A 

Trunnion O-ring Seals Butyl, Rainier Rubber Compound N/A 

Trunnion Bolt Seals Butyl Stat-O-Seal N/A
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Table 2.3-3  -  Type XM-19 Stainless Steel Material Properties 

Material
Specification

Temperature

( F)

Yield
Strength,(1)

Sy

(ksi)

Ultimate
Strength,(2)

Su

(ksi)

Design
Stress

Intensity,(3)

Sm

(ksi)

Elastic
Modulus,(4)

E
(ksi × 103)

Mean
Coefficient
of Thermal 

Expansion,(5)

(10-6 in/in/ F)

-40 55.0 100.0 33.3 28.9 8.05 

-20 55.0 100.0 33.3 28.7 8.08 

70 55.0 100.0 33.3 28.3 … 

100 55.0 100.0 33.3 28.1 8.30

200 47.0 99.5 33.2 27.6 8.48 

300 43.4 94.3 31.4 27.0 8.65 

400 40.8 90.7 30.2 26.5 8.79 

500 38.8 89.1 29.7 25.8 8.92 

600 37.3 87.8 29.2 25.3 9.03 

SA-240/A240

SA-336

SA-479

700 36.3 86.5 28.8 24.8 9.15 

Notes:
(1) ASME B&PV Code, Section II, Part D, Table Y-1, for material annealed at 1925ºF - 1975ºF (H1).
(2) ASME B&PV Code, Section II, Part D, Table U.
(3) ASME B&PV Code, Section II, Part D, Table 2A.
(4) ASME B&PV Code, Section II, Part D, Table TM-1, Material Group G.
(5) ASME B&PV Code, Section II, Part D, Table TE-1, 22Cr-13Ni-5Mn, Coefficient B (mean from 70ºF).
(6) When necessary, values are linearly interpolated or extrapolated and given in bold text.
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Table 2.3-4  -  17-4PH Precipitation Hardened Steel 

Material Properties 

Material
Specification

Temperature

( F)

Yield
Strength,(1)

Sy

(ksi)

Ultimate
Strength,(2)

Su

(ksi)

Design
Stress

Intensity,(3)

Sm

(ksi)

Elastic
Modulus,(4)

E
(ksi × 103)

Mean
Coefficient
of Thermal 

Expansion,(5)

(10-6 in/in/ F)

-40 125.0 145.0 48.3 29.8 5.88 

-20 125.0 145.0 48.3 29.7 5.88 

70 125.0 145.0 48.3 29.2 … 

100 125.0 145.0 48.3 28.8 5.89

200 115.6 145.0 48.3 28.5 5.90 

300 110.7 145.0 48.3 27.9 5.90 

400 106.9 141.0 47.0 27.3 5.91 

500 103.5 140.0 46.0 26.7 5.91 

SA-564,

Grade 630 

(H1075)

600 100.9 136.1 45.3 26.1 5.93 

Notes:
(1) ASME B&PV Code, Section II, Part D, Table Y-1.
(2) ASME B&PV Code, Section II, Part D, Table U.
(3) ASME B&PV Code, Section II, Part D, Table 2A.
(4) ASME B&PV Code, Section II, Part D, Table TM-1, Material Group F.
(5) ASME B&PV Code, Section II, Part D, Table TE-1, 17Cr-4Ni-4Cu, Coefficient B (mean from 70ºF).
(6) When necessary, values are linearly interpolated or extrapolated and given in bold text.
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Table 2.3-5  -  SA-320, Grade L43, Bolting Material Properties 

Material
Specification

Temperature

( F)

Yield
Strength,(1)

Sy

(ksi)

Ultimate
Strength,(2)

Su

(ksi)

Design
Stress

Intensity,(3)

Sm

(ksi)

Elastic
Modulus,(4)

E
(ksi × 103)

Mean
Coefficient
of Thermal 

Expansion,(5)

(10-6 in/in/ F)

-40 105.0 125.0 35.0 28.3 5.89 

-20 105.0 125.0 35.0 28.2 5.95 

70 105.0 125.0 35.0 27.8 … 

100 105.0 125.0 35.0 27.6 6.27

200 99.0 125.0 33.0 27.1 6.54 

300 95.7 125.0 31.9 26.7 6.78 

400 91.8 125.0 30.6 26.1 6.98 

500 88.5 125.0 29.5 25.7 7.16 

600 84.3 125.0 28.1 25.2 7.32 

SA-320,

Grade L43 

700 79.2 125.0 26.4 24.6 7.47 

Notes:
(1) ASME B&PV Code, Section II, Part D, Table Y-1.
(2) ASME B&PV Code, Section III, Code Case N-249, Table 5, for Specification No. SA-354, Grade BC, bolting 

material, the temperature-dependent ultimate tensile strength values, Su, for AISI 4340 bolting material, the 

material composition of ASTM A320, Grade L43, bolts.
(3) ASME B&PV Code, Section II, Part D, Table 4.
(4) ASME B&PV Code, Section II, Part D, Table TM-1, Material Group B.
(5) ASME B&PV Code, Section II, Part D, Table TE-1, Material Group E, 1¾Ni-¾Cr-¼Mo, Coefficient B (mean 

from 70ºF).
(6) When necessary, values are linearly interpolated or extrapolated and given in bold text.
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Table 2.3-6  -  Type 304 Stainless Steel Material Properties 

Material
Specification

Temperature

( F)

Yield
Strength,(1)

Sy

(ksi)

Ultimate
Strength,(2)

Su

(ksi)

Design
Stress

Intensity,(3)

Sm

(ksi)

Elastic
Modulus,(4)

E
(ksi × 103)

Mean
Coefficient
of Thermal 

Expansion,(5)

(10-6 in/in/ F)

-40 30.0 75.0 20.0 28.9 8.21 

-20 30.0 75.0 20.0 28.7 8.26 

70 30.0 75.0 20.0 28.3 … 

100 30.0 75.0 20.0 28.1 8.55

200 25.0 71.0 20.0 27.6 8.79 

300 22.5 66.0 20.0 27.0 9.00 

400 20.7 64.4 18.7 26.5 9.19 

500 19.4 63.5 17.5 25.8 9.37 

600 18.2 63.5 16.4 25.3 9.53 

SA-240/A240

700 17.7 63.5 16.0 24.8 9.69 

Notes:
(1) ASME B&PV Code, Section II, Part D, Table Y-1.
(2) ASME B&PV Code, Section II, Part D, Table U.
(3) ASME B&PV Code, Section II, Part D, Table 2A.
(4) ASME B&PV Code, Section II, Part D, Table TM-1, Material Group G.
(5) ASME B&PV Code, Section II, Part D, Table TE-1, 18Cr-8Ni, Coefficient B (mean from 70ºF).
(6) When necessary, values are linearly interpolated or extrapolated and given in bold text.



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.3-8 Revision 6 

Table 2.3-7  -  A516, Grade 70 Carbon Steel Mechanical Properties 

Material
Specification

Temperature

( F)

Yield
Strength,(1)

Sy

(ksi)

Ultimate
Strength,(2)

Su

(ksi)

Design
Stress

Intensity,(3)

Sm

(ksi)

Elastic
Modulus,(4)

E
(ksi × 103)

Mean
Coefficient
of Thermal 

Expansion,(5)

(10-6 in/in/ F)

-40 38.0 70.0 23.3 30.0 5.03 

-20 38.0 70.0 23.3 29.9 5.10

70 38.0 70.0 23.3 29.5 ... 

100 38.0 70.0 23.3 29.3 5.53 

200 34.7 70.0 23.1 28.8 5.89 

300 33.7 70.0 22.5 28.3 6.26 

400 32.6 70.0 21.7 27.7 6.61 

500 30.8 70.0 20.5 27.3 6.91 

600 28.1 70.0 18.7 26.7 7.17 

A516,

Grade 70 

700 27.4 70.0 18.3 25.5 7.41 

Notes:
(1) ASME B&PV Code, Section II, Part D, Table Y-1.
(2) ASME B&PV Code, Section II, Part D, Table U.
(3) ASME B&PV Code, Section II, Part D, Table 2A.
(4) ASME B&PV Code, Section II, Part D, Table TM-1, carbon steels with C 0.30%.
(5) ASME B&PV Code, Section II, Part D, Table TE-1, Material Group C, Coefficient B (mean from 70ºF).
(6) When necessary, values are linearly interpolated or extrapolated and given in bold text.
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Table 2.3-8  -  SB-637, Grade N07718 Nickel Alloy Steel Bolting 

Material Properties 

Material
Specification

Temperature

( F)

Yield
Strength,(1)

Sy

(ksi)

Ultimate
Strength,(2)

Su

(ksi)

Design
Stress

Intensity,(3)

Sm

(ksi)

Elastic
Modulus,(4)

E
(ksi × 103)

Mean
Coefficient
of Thermal 

Expansion,(5)

(10-6 in/in/ F)

-40 150.0 185.0 50.0 29.6 6.86 

-20 150.0 185.0 50.0 29.5 6.88

70 150.0 185.0 50.0 29.0 --- 

200 144.0 --- 48.0 28.3 7.22 

300 140.7 --- 46.9 27.8 7.33 

400 138.3 --- 46.1 27.6 7.45 

500 136.8 --- 45.6 27.1 7.57 

600 135.3 --- 45.1 26.8 7.67 

700 134.4 --- 44.8 26.4 7.77 

SB-637,

Gr. N07718 

750 133.8 --- 44.6 26.1 7.82 

Notes:
(1) ASME B&PV Code, Section II, Part D, Table 4 for temperatures from –40 F to 70 F. Yield strength values for 

temperatures exceeding 70 F are calculated as 3Sm.
(2) ASME B&PV Code, Section II, Part D, Table 4.
(3) ASME B&PV Code, Section II, Part D, Table 4.
(4) ASME B&PV Code, Section II, Part D, Table TM-4, Grade N07718.
(5) ASME B&PV Code, Section II, Part D, Table TE-4, Grade N07718, Coefficient B (mean from 70ºF).
(6) When necessary, values are linearly interpolated or extrapolated and given in bold text.
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Table 2.3-9  -  Static Mechanical Properties of the ASTM B29 Chemical 

Copper Lead 

Temperature

( F)

Yield
Strength,

Sy

(ksi)

Ultimate
Strength,

Su

(ksi)

Elastic
Modulus,

E
(ksi × 106)

Mean Coefficient 
of Thermal 
Expansion,

(10-6 in/in/ F)

-99 --- --- 2.50 15.28 

70 --- --- 2.34 --- 

100 0.584 1.570 2.30 16.21 

175 0.509 1.162 2.20 16.58 

250 0.489 0.844 2.09 16.95 

325 0.311 0.642 1.96 17.54 

440 --- --- 1.74 18.50 

620 --- --- 1.36 20.39 

Notes:
(1) Tietz, Thomas, Determination of the Mechanical Properties of a High Purity Lead 

and a 0.058% Copper-Lead Alloy, WDAC Technical Report 57-695, ASTIA 

Document No. 151165, Stanford Research Institute, April 1958.
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Table 2.3-10  -  Dynamic Stress-Strain Properties 

of ASTM B29 Chemical Copper Lead 

Stress (psi) 

Strain (%) 70 F(1) 250 F(2) 325 F(2) 375 F(3)

0.1 1000 750 625 530 

1.0 1500 1039 759 587 

2.0 1950 1234 894 671 

3.0 2300 1366 952 740 

4.0 2550 1465 1031 796 

5.0 2800 1592 1098 824 

Notes:
(1) Figure 24 of NUREG/CR-0481.26

(2) Dynamic stress-strain values at 250 F and 325 F are calculated by scaling the dynamic 

stress-strain data at 70 F by the ratio of the static stress-strain values at elevated 

temperature to those at room temperature.
(3) The dynamic stress-strain values at 375 F are calculated by extrapolation of the stress-

strain data at lower temperatures. An approximate curve fit extrapolation is applied since 

linear extrapolation of the data is unconservative.

                                                
26 NUREG/CR-0481, SAND77-1872, R-7, An Assessment of Stress-Strain Data Suitable for Finite-Element 

Elastic-Plastic Analysis of Shipping Containers, September 1978. 
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Table 2.3-11  -  Neutron Absorber Material Properties 

Material
Specification

Temperature
(ºF)

Compression
Modulus

(ksi × 103)

Mean Coefficient of 
Thermal Expansion 

(10-5 in/in/ºF)(1)

NS-4-FR(2) 70 0.561 --- 

 110 --- 5.19 

 160 --- 5.77 

 210 --- 5.72 

 300 --- 5.90 

Notes:

(1) Thermal Expansion Coefficient of NS-4-FR, Technical Report NS-4-030, NAC International, 

Norcross, Georgia. 
(2) NS-4-FR Castable Neutron and/or Gamma Shielding Material Technical Datasheet, NAC 

International, Norcross, Georgia. 
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Table 2.3-12  -  SA-193, Grade B6 High Alloy Steel 

Bolting Material Properties 

Material
Specification

Temperature

( F)

Yield
Strength,(1)

Sy

(ksi)

Ultimate
Strength,(2)

Su

(ksi)

Design
Stress

Intensity,(3)

Sm

(ksi)

Elastic
Modulus,(4)

E
(ksi × 103)

Mean
Coefficient
of Thermal 

Expansion,(5)

(10-6 in/in/ F)

-40 85.0 110.0 28.3 29.8 5.71 

-20 85.0 110.0 28.3 29.7 5.74

70 85.0 110.0 28.3 29.2 --- 

200 81.0 --- 27.0 28.5 6.15 

300 78.3 104.4(7) 26.1 27.9 6.30 

400 75.9 --- 25.3 27.3 6.40 

500 73.8 --- 24.6 26.7 6.48 

600 71.7 --- 23.9 26.1 6.53 

SA-193,

Gr. B6 

700 69.9 --- 23.3 25.6 6.60 

Notes:
(1) ASME B&PV Code, Section II, Part D, Table 4 for temperatures from –40 F to 70 F. Yield strength values for 

temperatures exceeding 70 F are calculated as 3Sm.
(2) ASME B&PV Code, Section II, Part D, Table 4.
(3) ASME B&PV Code, Section II, Part D, Table 4.
(4) ASME B&PV Code, Section II, Part D, Table TM-1, Material Group F, 13Cr.
(5) ASME B&PV Code, Section II, Part D, Table TE-1, 13Cr, Coefficient B (mean from 70ºF).
(6) When necessary, values are linearly interpolated or extrapolated and given in bold text.
(7) Taken as 4Sm per ASME B&PV Code, Section II, Part D, Article 2-120(a)(2).
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2.4 General Standards for All Packages 

This section demonstrates that the general requirements in 10CFR71.43 are met. 

2.4.1 Minimum Package Size 

The minimum transverse dimension of the transportation cask, without impact limiters, is 

81.8 inches and the minimum longitudinal dimension is 210.4 inches. Both dimensions are 

greater than 10 centimeters (4 inches); therefore, the requirements of 10CFR71.43(a) are 

satisfied. 

2.4.2 Tamper Indicating Device 

After installing the impact limiters on the transportation cask, a single lock wire is installed 

between each impact limiter and the adjacent tie-down ring at the ends of the neutron shield. 

Once the lock wire is installed, the contents of the package cannot be accessed without its 

removal; hence, failure of the wire would indicate deliberate tampering. This satisfies the 

tamper-indicating requirement of 10CFR71.43(b). 

2.4.3 Positive Closure 

Inadvertent opening of the cask closure cannot occur for the transportation cask. On completion 

of cask loading, the sixty top closure bolts are tightened to a high torque value, thereby 

eliminating access to the containment cavity. Following containment seal leak testing, the impact 

limiters are installed onto each end of the cask, thereby eliminating all access to the outer cask 

closures, including vent, drain and test ports. Thus, inadvertent opening of the cask cannot occur, 

and the requirement of 10CFR71.43(c) is satisfied. 

2.4.4 Chemical and Galvanic Reactions 

The FuelSolutions™ TS125 Transportation Cask has been evaluated to determine that the 

materials of construction will not cause significant chemical, galvanic, or other reactions in the 

anticipated service conditions and, therefore, satisfy the requirements of 10CFR71.43(d). No 

significant chemical, galvanic, or other reactions were identified for the transportation cask 

considering its materials of construction and anticipated service conditions. 

The FuelSolutions™ TS125 Transportation Cask is constructed of stainless steel, coated carbon 

steel, chemical copper lead, solid neutron shield material, and metallic and elastomeric seals. 

The transportation cask interfaces with the cavity axial spacer, impact limiters, and a 

FuelSolutions™ canister assembly. All of materials that interface with the TS125 Transportation 

Cask are austenitic stainless steels. All external surfaces of the cask are stainless steel or coated 

carbon steel and are, therefore, suitable for outdoor service. The lead gamma shielding material 

is enclosed inside a sealed (welded) cavity. The solid neutron shielding material is not subject to 

corrosion in a thermal cycling environment and is also enclosed in a sealed (welded) cavity.  

The service conditions for the FuelSolutions™ TS125 Transportation Cask include short-term 

exposure to BWR and PWR spent fuel pool environments and long-term exposure to 

environmental conditions associated with on-site loading and transfer, on-site storage, and 

off-site transportation. The potential reactions evaluated for immersion service include general 
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aqueous corrosion, hydrogen generation from wetted cask surfaces, weld sensitization during 

welding and lead pour, and unanalyzed conditions due to lack of cleanliness and chemical 

controls during fabrication and storage activities. The potential reactions evaluated for 

transportation service include chloride-induced stress corrosion cracking (SCC) of the austenitic 

stainless steel exterior surfaces and intergranular stress corrosion cracking (IGSCC) of the 

sensitized weld heat affected zones (HAZ). 

The aqueous corrosion of stainless steel and EN-coated carbon steel is generally extremely low. 

The austenitic stainless steel materials within the transportation cask would not be expected to 

experience any significant corrosion while in the spent fuel pool environments. Stainless steel 

exhibits somewhat higher corrosion rates when exposed to the mild acidic conditions of the 

PWR spent fuel pool than in the high purity oxygen-saturated demineralized BWR fuel pool 

water. However, because austenitic stainless steels quickly form a protective passive film in the 

spent fuel pool environment, general corrosion rates quickly drop to very low levels. The coating 

on the carbon steel neutron shield jacket is for corrosion protection following canister fabrication 

and for the brief immersion period during fuel loading.  

The potential for chemical, galvanic, and other reactions that may lead to the production of 

hydrogen gas is almost exclusively associated with dry fuel storage canisters filled with water. 

Because all of the wetted surfaces of the cask are made from stainless steel or coated carbon 

steel, the hydrogen generation rates are expected to be insignificant. Furthermore, any hydrogen 

gas generated from reactions with the wetted surfaces of the transportation cask will be released 

to the environment and will not contribute to an unsafe condition. 

The austenitic stainless steel materials used to fabricate the FuelSolutions™ TS125 

Transportation Cask will experience some level of sensitization in the weld HAZ areas (no 

sensitization is anticipated due to the lead pour). The estimated corrosion rates of sensitized 

HAZ areas are approximately 1 mil/year or less in BWR spent fuel pool environments and 

2 to 5 mils/year in PWR spent fuel pool environments. For the transportation cask maximum 

accumulated immersion exposure time of 2 years or less, the maximum potential corrosion attack 

at the weld HAZ areas is conservatively estimated at approximately 4 to 10 mils. Additionally, 

some mild corrosion, on the order of 0.5 mils/year, may be expected to occur in these areas 

during the other 38 years of service. Thus, the total preferential corrosion at sensitized HAZ 

areas over the 40-year service life of the transportation cask is estimated to be approximately 23 

to 29 mils. As part of the transportation cask’s required annual maintenance program, periodic 

inspections of the exposed HAZ areas are performed using nondestructive examination methods 

to assure that cracking does not occur. 

Austenitic stainless steels are susceptible to chloride-induced corrosion cracking in aqueous 

environments containing chlorides, such as intermittent exposure to sea spray driven by wind 

and storm conditions. For the FuelSolutions™ TS125 Transportation Cask, these conditions are 

rarely experienced. However, even if SCC occurs, the annual inspections required for use of this 

transportation cask would identify this degradation mechanism and instigate any required repairs 

to maintain its structural and confinement integrity. 

Foreign materials introduced during fabrication, operation, and general storage may accelerate 

the conditions being evaluated or cause an unanalyzed condition that could lead to adverse 

reactions or deleterious conditions during loading, storage, or unloading activities. 
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Consequently, procedural controls are used to minimize surface contamination and foreign 

material intrusion during fabrication, operation, and general storage. 

2.4.5 Valves 

Other than the closure lid, there are two containment boundary penetrations—the vent port 

located in the closure lid and the drain port located in the bottom forging plate. During transport, 

the vent and drain ports are fully recessed, plugged, and covered with stainless steel protective 

covers. In addition, all ports are located under the impact limiters. Therefore, all ports are 

protected against unauthorized operation in accordance with the requirements of 10CFR71.43(e). 

2.4.6 Cask Design 

As shown in Sections 2.6, 3.4, 5.4, and 6.4, structural, thermal, shielding, and criticality 

requirements of 10CFR71.71 are analytically shown to be satisfied. Thus, the requirements of 

10CFR71.43(f) are met. 

2.4.7 External Temperatures 

The transportation cask is an exclusive use package designed for transport in a 100°F 

environment. A fully surrounding personnel barrier assures accessible surface temperatures do 

not exceed 185ºF, thus meeting the requirement of 10CFR71.43(g). 

2.4.8 Venting 

The closure lid, vent port, gamma shield annulus port, and drain port comprise the only 

penetrations into the containment boundary. Each penetration is designed to demonstrate 

“leaktight” sealing integrity (i.e., a leak rate not to exceed 1 × 10
-7

 standard cubic centimeters per 

second [scc/s] air), per ANSI N14.5. The transportation cask has no features that allow 

continuous venting during transport. Thus, the requirements of 10CFR71.43(h) are met. 

2.4.9 Cask Service Life 

The term of a 10CFR71 C of C granted by the NRC is 5 years. Nonetheless, the FuelSolutions™ 

TS125 Transportation Cask is designed for 40 years of service while satisfying the conservative 

design requirements defined in this SAR. In addition, the transportation cask is designed, 

fabricated, and inspected under the comprehensive Quality Assurance Program discussed in 

Section 1.3.1 and in accordance with the applicable requirements of the ASME Code. This 

assures high design margins, high quality fabrication, and verification of compliance through 

rigorous inspection and testing described in Chapter 8 of this SAR. The service life of each 

FuelSolutions™ canister is discussed in the respective FuelSolutions™ Canister Storage FSAR. 

The principal design considerations that bear on the adequacy of the FuelSolutions™ TS125 

Transportation Cask for the design basis service life are addressed in the following subsections. 

Exposure to Environmental Effects

All transportation cask structural materials that come into contact with spent fuel pool water are 

fabricated from austenitic stainless steel or coated carbon steel, as described in Section 2.1.1.1. 

The exposed stainless steel surfaces of the transportation cask are polished to facilitate 

decontamination. The transportation cask is designed for repeated normal condition handling and 
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shipping operations with high factors safety, particularly for the lifting and tie-down devices, to 

assure structural integrity. The resulting cyclic loading will not lead to a fatigue failure of the 

transportation cask. All other HACs are one time occurrences that do not contribute significantly 

to fatigue. The effects of fatigue on the transportation cask are specifically evaluated for a 

40-year service life in Section 2.1.2.3.2 and are shown to meet the applicable requirements of the 

ASME Code. In addition, the transportation cask uses materials that are not susceptible to brittle 

fracture during extreme cold conditions, as discussed in Section 2.1.2.3.1. 

Material Degradation

All transportation cask structural materials that are susceptible to corrosion are fabricated from 

corrosion resistant austenitic stainless steel or coated carbon steel, as described in 

Section 2.1.1.1. The controlled environment in which the transportation cask is used mitigates 

damage due to direct exposure to corrosive chemicals that may be present in other industrial 

applications. The infrequent use and relatively low neutron flux to which the transportation cask 

materials are subjected do not result in radiation embrittlement or degradation of the cask’s 

shielding materials, which could impair the transportation cask’s intended safety function. The 

transportation cask materials are selected for durability and wear resistance when subjected to 

repeated use consistent with their intended function. The canister guide rails are fabricated from 

material that is typically used for bushings and bearings and protect the inner shell of the 

transportation cask from damage during horizontal canister transportation. Similarly, protective 

sleeves are used for the trunnions to prevent damage to the load bearing components during 

repeated handling operations.

Maintenance and Inspection Provisions

The requirements for periodic inspection and maintenance of the transportation cask throughout 

the 40-year service life are defined in Chapter 8 of this SAR. These requirements include 

provisions for routine inspection of the transportation cask for damage prior to each use. In 

addition, an annual inspection is required. Precautions are taken during operations to protect the 

sealing surfaces of the closure lid and flange. The leak tightness of the cask containment 

boundary is verified during fabrication, and the seals are tested prior to each shipment. Inserts 

are used for all closure lid bolts to mitigate galling caused by repeated bolt installation and 

removal.  

Stainless steel is susceptible to “weeping” after repeated exposure to contaminated liquids. This 

effect can be minimized by maintaining the smooth surface finish on the cask to facilitate more 

thorough decontamination after each use, maintaining the cleanliness of the spent fuel pool 

during canister loading operations, and minimizing the time that the transportation cask is 

immersed in the spent fuel pool. If decontamination of the transportation cask becomes 

increasingly difficult after many exposures to the spent fuel pool water, electro-polishing can be 

performed on the exposed stainless steel surfaces. 
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2.5 Lifting and Tiedown Standards 

The following sections demonstrate the lifting and tie-down devices for the transportation cask 

meet the criteria delineated in 10CFR71.45. 

2.5.1 Lifting Devices 

In accordance with the requirements of 10CFR71.45(a), the FuelSolutions™ TS125 

Transportation Cask lifting devices are designed with a minimum safety factor of three against 

yielding when used to lift the package in the intended manner. In addition, the lifting devices are 

designed so that failure of any lifting device under excessive load would not impair the ability of 

the package to meet other requirements of 10CFR71, Subpart E. 

The FuelSolutions™ TS125 Transportation Cask is equipped with four removable lifting 

trunnions located near the closure-end of the cask and spaced at 90º intervals around the 

circumference. The cask is designed to be lifted using all four lifting trunnions at the same time. 

Each lifting trunnion is attached to a mounting boss with sixteen (16) bolts. The base of the 

lifting trunnion fits inside of an integral shear pocket located in the mounting boss, as shown in 

Figure 2.5-1. The lifting trunnion mounting bosses are fabricated from the same material as the 

cask outer shell and attached with full penetration welds. Therefore, the strength of the trunnion 

mounting boss attachment welds is equal to that of the surrounding base material. The structural 

evaluation of the lifting trunnions, lifting trunnion attachment bolts, trunnion mounting bosses, 

and the cask outer shell near the lifting trunnions is presented in Section 2.5.1.1. 

In addition, the transportation cask also is equipped with two removable rotation trunnions that 

are used to rotate the cask between vertical and horizontal. The rotation trunnions are offset 

3 inches from the cask longitudinal centerline to facilitate downending in the proper orientation. 

The FuelSolutions™ TS125 Transportation Cask rotation trunnions are used only for rotating the 

cask between vertical and horizontal orientations. Therefore, the rotation trunnions are not lifting 

devices and need not be designed in accordance with the requirements of 10CFR71.45(a). 

Instead, the rotation trunnions and their attachments to the cask are designed in accordance with 

the requirements of Subsection NF of the ASME Code. The structural evaluation of the rotation 

trunnions is presented in Section 2.5.1.2. 

2.5.1.1 Lifting Trunnion Stress Evaluation 

Since the FuelSolutions™ TS125 Transportation Cask is designed to be lifted inside the power 

plant’s fuel buildings, the criteria of NUREG-0612 for single-failure proof lifting devices are 

applied to the lifting trunnions. The NUREG-0612 criteria bounds the criteria of 10CFR71.45 

and, therefore, compliance with NUREG-0612 also demonstrates compliance with 10CFR71. 

The cask is designed to be lifted using all four lifting trunnions at the same time and, therefore, 

failure of a single trunnion would not result in uncontrolled movement of the load. 

Consequently, the allowable stresses for such dual load path arrangement are specified as the 

lower of one-third of the yield or one-fifth of the ultimate strength of the material. In accordance 

with NUREG-0612, the static weights of lifted components are also increased by 15% in 
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accordance with CMAA-70
27

 to account for dynamic nature of the handling loads. This value is 

conservative because the load is expected to be quasi-static due to very low speed of the high 

capacity cranes typically used to handle heavy casks. 

Two conditions are considered for the lifting trunnion structural evaluation: 

1. Lifting of a wet cask from the spent fuel pool – The cask weight in this condition consists 

of the transportation cask without the closure lid and impact limiters installed, a loaded 

canister without the closure plates, and water inside the canister and cask annulus. The 

maximum hook weight for this lift condition is approximately 251.3 kips. The outer shell 

temperature near the trunnions is approximately 100 F to 150 F for this case. 

2. Lifting of a dry cask for shipping (including up- and downending) – The maximum lift 

weight for this configuration (i.e., without impact limiters installed) is approximately 

243.7 kips. The maximum temperature of the cask outer shell near the lifting trunnions is 

approximately 320 F.

A bounding cask weight of 255 kips is conservatively used for the lifting trunnion structural 

evaluation. Hence, the design load, including the dynamic factor of 1.15, is: 

F = 1.15  255/2 = 146.63 kips 

The allowable stresses for the cask lifting components at a bounding design temperature of 

325 F are included in Table 2.5-1. 

2.5.1.1.1 Lifting Trunnion Shank Stresses 

Lifting loads are transmitted to the transportation cask by bending and shear of the trunnion 

shank structure. The trunnion shank stresses are calculated at the critical sections A, C, and F 

(see Figure 2.5-1). The area and section modulus are calculated per the following formulas: 

2

i

2

o dd
4

A

o

4

i

4

o

d

dd

32
S

where do and di are the outer and inner diameters of the trunnion section. 

The trunnion moment and shear force at each section are determined as: 

M = F e

V = F 

where F = 146.63 kips, the trunnion design loads, and e is the distance from the center of the 

load to the section in question.

                                                
27 CMAA-70, Specifications for Electric Overhead Traveling Cranes, Crane Manufacturers Association of America 

(CMAA), 1988. 
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The bending and shear stresses are 

S

M

A

V

The shear stress is the average stress and, therefore, is combined with the bending stress to 

determine the maximum principal stress to be compared with the allowable: 

2

2

I
22

S

The above calculations are tabulated and presented in Table 2.5-2.

2.5.1.1.2 Trunnion Shank Plate Bending Stresses 

Bending in the flat stepped area of the trunnion at point B (see Figure 2.5-1) is assessed using 

Table 24, Case 21b, of Roark
28

 (central couple on an annular plate with a fixed outer edge). In 

the Roark formula, the parameter  is determined based on the ratio of load couple radius b = 4.0 

inches to the plate radius a = 4.63 inches. Conservatively using a ratio b/a = 0.8 gives a  value 

of 0.262. From Figure 2.5-1, the plate thickness is t = 1.88 inches. The applied moment at mid-

thickness of the plate is: 

kipsin1.376
2

88.175.3
63.163.146M

Thus, the plate bending stress is: 

0.6
at

M
2bending ksi

Comparing this stress to the allowable stress of 28.8 ksi at a temperature of 325ºF, the design 

margin is: 

.8031
0.6

8.28
DM

2.5.1.1.3 Lifting Trunnion Attachment Bolts Stresses 

The trunnion is attached to the transportation cask mounting boss with sixteen evenly spaced, 

1 8-7UNC-2A bolts on a 15.37-inch bolt circle. As the cask is lifted, moment and shear loads are 

introduced at the base of the trunnion fitting. Shear loads are reacted by means of a circular shear 

lip that is part of the removable trunnion and fits closely into a recess in the cask trunnion 

mounting boss. The moment load is resisted by tension in the attachment bolts. 

                                                
28 Young, W. C., Roark’s Formulas for Stress and Strain, Sixth Edition, McGraw-Hill, Inc., 1989. 
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From Figure 2.5-1, the sum of external moments about the pivot point for a bounding trunnion 

lift load of F = 146.63 kips is: 

kipsin1,5671.0F4.193.75
2

3.00
25.3FM

Figure 2.5-2 presents the load distribution in the bolt circle resulting from application of an 

external moment. Since the trunnion and its mounting boss are very rigid, the trunnion is 

assumed to pivot about its edge, thus producing bolt tensile loads that increase in a linear manner 

from the pivot point. The contribution of each bolt to the resisting moment is a function of its 

magnitude, Fi, and its distance from the pivot point, di. As shown in Figure 2.5-2, each bolt load 

is linearly related to the maximum bolt load as follows: 

D

d
FF i

maxi

where D is the distance from Fmax to the pivot point. The moment contribution of each bolt is 

therefore:

2

i
max

iii d
D

F
dFM

The total moment is the sum of contributions of all the bolts, which is: 

2

i
max

tot d
D

F
M

and can be rearranged to: 

2

i

tot
max

d

DM
F

The outer radius of the trunnion Ro = 8.875 inches and the bolt circle radius Rb = 7.685 inches. 

The formula for the distance between each bolt and the pivot point is  

i
8

cosRRd boi ,

where i varies from 0 to 8. Thus, the sum of squared di values is 1,733 in
2
.

The value D is equal to the moment arm to the bolt furthest from the pivot point, or 16.56 inches. 

The maximum bolt load is therefore: 

2

i

max
d

MD
F  = 15.0 kips 
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Stress area for the 1 8-7 UNC-2A bolt is A = 0.763 in
2
. The bolt stress is, therefore: 

ksi.719
A

Fmax

From Table 2.5-1, the allowable stress for A320, Grade L43 bolting material at a temperature of 

325ºF is 25.0 ksi. The bolt design margin is: 

0.271
7.19

0.25
DM

2.5.1.1.4 Lifting Trunnion Base Shear Loading 

Shear stresses occur in the trunnion shear lip, and bearing stresses occur between the shear lip 

and the trunnion mounting boss (Section D on Figure 2.5-1). The shear area is represented by an 

annular area that connects the shear lip to the body of the trunnion. The shear stress is: 

2

i

2

o dd
4

63.146
 = 2.5 ksi 

where:

do = 12.75 -0.13  = 12.62 inches, the outside diameter of the lip (0.13 inches is the total 

depth of two grooves at Section D) and 

di = 9.25 inches, the inside diameter of the trunnion. 

From Table 2.5-1, the allowable stress for the trunnion material at a temperature of 325ºF is 

28.8 ksi. The design margin, including a 0.6 factor for pure shear, is: 

91.51
5.2

)6.0(8.28
DM

2.5.1.1.5 Bearing Stress Between Trunnion and Trunnion Boss 

The average bearing stress is determined using the width of contact area between the trunnion 

and trunnion boss. The contact width is calculated in accordance with Roark, Table 33, Case 2c. 

Note that for this case, the controlling component is the mounting boss (see Figure 2.5-1); hence, 

the design load is taken as 146.63 kips and the temperature is 325 F.

The width of the contact area is determined to be: 

inches48.9CpK60.1b ED

where:

p = F / w  = 146.63 / 1.52 = 96.5 kips/in, line load  

w = 1.52 inches, length of the contact area between two cylinders 
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inches5.431,5
DD

DD
K

21

21
D

D1 = 12.78 inches, D2 = 12.75 inches, diameters of the trunnion boss and trunnion lip, 

respectively

kip/in1070.6
E

1

E

1
C 25

2

2

1

2

E

E1 = 26,900 ksi, E2 = 27,800 ksi, modulus of elasticity of the trunnion boss and trunnion 

lip, respectively, at a temperature of 325ºF 

 = 0.29, Poisson’s ratio for steel  

The bearing stress is then: 

sik10.2=
48.9

5.96

b

p
b

From Table 2.5-1, the allowable bearing stress for Type XM-19 stainless steel at a temperature 

of 325ºF is 14.3 ksi. The design margin is: 

0.401
2.10

3.14
DM

2.5.1.1.6 Cask Outer Shell Stresses 

The cask outer shell stresses in the trunnion region (Section D on Figure 2.5-1) are determined 

per WRC 107.
29

 The notation below is consistent with that reference. The stress concentration 

factors do not need to be included for the following reasons: (1) the cask is fabricated of 

austenitic stainless steel, which is a ductile material, (2) the analyzed lift load is a rare 

occurrence (detailed fatigue evaluation for this loading is not required as shown in 

Section 2.1.2.3.2), and (3) per ANSI N14.6, the specified high safety factors do not apply to the 

localized stresses. 

The trunnion boss is a circular attachment with the radius of ro = 9.75 inches. The outer shell has 

a thickness of T = 2.65 inches and a mean radius Rm = 39.58 inches. The dimensionless 

parameters are: 

14.93
T

R
,ParameterShell m

                                                
29 Welding Research Council (WRC) Bulletin 107, Local Stresses in Spherical and Cylindrical Shells Due to 

External Loadings, June 1977. 
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0.22
R

)r(875.0
,ParameterAttachment

m

o

Vertical Lift

The applied design lifting force is VL = 146.63 kips. With a reference to Figure 2.5-1, the 

moment is calculated as:  

kipsin908,1
2

65.2
0.219.475.3

2

00.3
25.363.146eVM LL

Following the WRC 107 methodology with the above loads and geometric parameters, the 

following stresses are calculated:

Membrane: 

ksi6.3
TR

M

RM

N

T

N
2

m

L

2

mL

ksi1.1
TR

M

RM

N

T

N
2

m

L

2

mL

Bending:

ksi5.7
TR

M6

RM

M

T

M6
2

m

L

mL

2

ksi2.11
TR

M6

RM

M

T

M6
2

m

L

mL

2

The maximum total circumferential and longitudinal stresses are: 

ksi3.122.111.1
T

M6

T

N

ksi1.115.76.3
T

M6

T

N

2

2

Note that these stresses are of the same sign at all points of the shell (Table 4 of WRC 107). 

Since the third principal stress is 0, the maximum stress intensity is always the highest of  and 

. The normal stress minimum design margin is (the allowable for XM-19 is 14.3 ksi at 325 F):

16.01
3.12

3.14
DM
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In addition, the shear stresses due to VL can be calculated as:

ksi8.1
Tr

V

0

L

Note that these shear stresses do not need to be combined with the normal stresses because they 

exist at the different locations (different attachment sides). The yield strength for a section 

loaded in pure shear is taken as 60% of the tensile yield strength. Hence, the shear stress 

minimum design margin is (including the 0.6 reduction factor for shear): 

78.31
8.1

3.146.0
DM

Upending/Downending

For the tilt-up of the cask from the horizontal, the trunnion load is applied to the shell in 

tangential direction. The load supported by the upper trunnions is calculated conservatively 

assuming that the cask pivots about the bottom end and the cask center of gravity is located at 

the mid-length (i.e., 105.2 inches from the bottom end). Thus, the lifting trunnions, which are 

located at 180.4 inches above the bottom end of the cask, support 58.3% (= 105.2/180.4) of the 

total cask weight, or 149 kips. The design load for this lifting condition, including a 15% 

increase in load for crane hoist motion, is 171 kips. In this case, half of the design load 

(Vc = 85.5 kips) is supported by each lifting trunnion. The moment can be calculated as (see 

Figure 2.5-1): 

kipsin113,1
2

65.2
0.219.475.3

2

0.3
25.35.85eVM cc

Following the WRC 107 methodology with the above loads and geometric parameters, the 

following stresses are calculated:

Membrane:  

TR

M

RM

N

T

N
2

m

c

2

mc

= 0.7 ksi 

ksi1.1
TR

M

RM

N

T

N
2

m

c

2

mc

Bending:

ksi8.9
TR

M6

RM

M

T

M6
2

m

c

mc

2

2

m

c

mc

2 TR

M6

RM

M

T

M6
 = 5.5 ksi 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.5-9 Revision 6 

The maximum total circumferential and longitudinal stresses are: 

ksi6.65.51.1
T

M6

T

N

ksi5.108.97.0
T

M6

T

N

2

2

Again, the maximum stress intensity is always the highest of  and . The normal stress 

minimum design margin is (the allowable for XM-19 is 14.3 ksi at 325 F):

36.01
5.10

3.14
DM

In addition the shear stresses due to Vc can be calculated as: 

ksi1.1
Tr

V

0

c

Again, the shear stresses do not need to be combined with the normal stresses because they exist 

at the different locations (different attachment sides). Hence, the shear stress minimum design 

margin is (including the 0.6 reduction factor for shear):  

80.61
1.1

3.146.0
DM

The minimum design margins for all lifting components are summarized in Table 2.5-3. As can 

be seen from that table, all lifting design margins are positive. Therefore, the NUREG-0612 and 

10CFR71.45 requirements are met.  

2.5.1.1.7 Lifting Devices Overload Condition 

Lifting devices must be designed, per the requirements of 10CFR71.45(a), so that failure of any 

lifting device under excessive load does not impair the ability of the package to meet other 

requirements. Stress levels are calculated and compared to material ultimate strength to assure 

that failure of the trunnion will occur before failure of the cask wall. The results are summarized 

in Table 2.5-4. 

Since the smallest ultimate design margin in Table 2.5-4 is +5.35 for the trunnion attachment 

bolts, the bolts will fail before any component of the cask, thus satisfying the requirements of 

10CFR71.45(a).

2.5.1.2 Rotation Trunnion Stress Evaluation 

The FuelSolutions™ TS125 Transportation Cask is equipped with two removable rotation 

trunnions that are used to rotate the cask between vertical and horizontal. Each rotation trunnion 

is attached to the bottom end of the transportation cask with twelve 1
1
/8-inch diameter bolts and a 

3.00-inch diameter shear pin. The maximum weight of the dry loaded transportation cask during 

upending or downending operations (i.e., without impact limiters installed) is approximately 
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243.7 kips. The maximum loading of the rotation trunnions occurs when the cask is lowered 

vertically onto the rotation trunnions. For this condition, it is conservatively assumed that the full 

weight of the dry loaded transportation cask is supported by the rotation trunnions. Once 

engaged, the rotation trunnions support less than half of the cask weight. A bounding cask 

weight of 250 kips is conservatively used for the rotation trunnion structural evaluation. Hence, 

the design load, including the dynamic factor of 1.15, is: 

F = 1.15  250/2 = 143.75 kips 

The following subsections present the structural evaluation of the rotation trunnions and rotation 

trunnion attachment bolts for the bounding design load. Calculations are performed to determine: 

Maximum shear and bending stresses in the shaft and base of the rotation trunnion. 

Maximum tensile stress in the most highly loaded rotation trunnion attachment bolt. 

Minimum required attachment bolt thread engagement length. 

Maximum shear stress in the rotational trunnion shear pin. 

Maximum bearing stress in the rotational trunnion shear pin and the mating surface of the 

cask bottom forging plate. 

As discussed in Section 2.5.1, the rotation trunnions and their attachments are designed in 

accordance with the requirements of Section III, Division 1, Subsection NF of the ASME B&PV 

Code. The Service Level A allowable stresses for the rotation trunnions and the rotation trunnion 

attachment bolts at a bounding design temperature of 325 F are included in Table 2.5-1. 

2.5.1.2.1 Rotation Trunnion Stresses 

The maximum shear and bending stresses in the shaft and base of the rotation trunnion are 

calculated for the bounding 143.75-kip design load using hand calculations.

Rotation Trunnion Shaft Stresses

The maximum stresses at the critical sections of the rotation trunnion shaft are calculated 

assuming that the bounding design load of 143.75 kips is applied at the mid-span of the rotation 

trunnion lifting shaft (5.5-inch diameter by 3.25-inch long section). The two critical sections of 

the rotation trunnion are at the bases of the 5.5-inch diameter shaft (Section A) and the 7.0-inch 

diameter shaft (Section B), as shown in Figure 2.5-3. The bending and shear stresses at each 

section are calculated as follows: 

S

M
b

A

V
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where, the area, A and section modulus, S, are calculated based on the trunnion shaft diameters 

as follows: 

4

d
A

2

32

d
S

3

The trunnion section properties, loads, and stresses at the critical sections of the rotation trunnion 

shaft are summarized in Table 2.5-5. The maximum shear stress in the rotation trunnion shaft is 

6.1 ksi at Section A. The Service Level A allowable shear stress is limited to 0.6Sm. Therefore, 

the allowable shear stress for the rotation trunnion SA-564, Type 630 (H1075) material at a 

bounding design temperature of 325 F is 28.8 ksi (= 0.6 x 48.0). The minimum design margin 

for shear stress in the shaft of the rotation trunnion is: 

72.31
1.6

8.28
DM

The primary membrane plus bending stress intensities at the critical sections of the trunnion shaft 

are calculated as follows: 

22

b 4S.I.

As shown in Table 2.5-5, the maximum stress intensity in the rotation trunnion shaft is 19.4 ksi 

at Section B. The Service Level A allowable primary membrane plus bending stress intensity for 

the rotation trunnion SA-564, Type 630 (H1075) material at a bounding design temperature of 

325 F is 72.0 ksi. Therefore, the design margin for primary membrane plus bending stress 

intensity (Pm + Pb) at the shaft of the rotation trunnion is: 

71.21
4.19

0.72
DM

Therefore, the maximum stresses in the rotation trunnion shaft resulting from the lifting and 

handling loads satisfy the Service Level A allowable stress design criteria of Subsection NF of 

the ASME B&PV Code. 

Rotation Trunnion Base Stresses

The maximum shear and bending stresses in rotation trunnion base are evaluated using the 

formulas from Roark, Table 24, Case 20b for an annular flat plate subjected to a bending 

moment and shear force. The trunnion moment, M, at base is determined as follows: 

M  =  F e = 1184 in-kips 
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where the design load F = 143.75 kips and e is the moment arm, considered to be the distance 

between the trunnion base attachment edge and the mid point of the 3.5-inch shaft, which is 

8.24 inches as shown in Figure 2.5-3. The maximum bending stress in the base of the rotation 

trunnion is calculated as follows: 

2b
at

M
 = 17.6 ksi 

where:

a = 4.62 inches, radius of the bolt circle 

b = 2.75 inches, radius of trunnion shaft 

 = 1.067, bending stress coefficient for b/a = 0.6 

t = 3.94 inches, minimum plate thickness 

The maximum shear stress in the base of the rotation trunnion is conservatively assumed equal to 

the maximum shear stress in the shaft, or 6.1 ksi. Therefore, the maximum primary membrane 

plus bending stress intensity in the base of the rotation trunnion is: 

2222 1.646.174S.I.  = 21.4 ksi 

The Service Level A allowable primary membrane plus bending stress intensity for the rotation 

trunnion material at a bounding design temperature of 325 F is 72.0 ksi. Therefore, the design 

margin for primary membrane plus bending stress intensity (Pm + Pb) at the base of the rotation 

trunnion is: 

4.21
4.21

0.72
DM

2.5.1.2.2 Rotation Trunnion Attachment Bolt Stresses 

The rotation trunnion is attached to the transportation cask body with twelve (12) evenly spaced 

1
1
/8-7 UNC-2A cap screws on a 9.25-inch bolt circle diameter. Since the rotation trunnion is 

rigid, it is assumed to pivot about its edge, thus producing bolt tensile loads that increase linearly 

with distance from the pivot point. The contribution of each bolt to the resisting moment is a 

function of its magnitude, Fi, and its distance from the pivot point, di. As shown in Figure 2.5-4, 

each bolt load is linearly related to the maximum bolt load, Fmax as follows: 

D

d
FF i

maxi

where D is the distance from Fmax to the pivot point. The moment resistance contribution of each 

bolt is therefore: 

2

i
max

iii d
D

F
dFM
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The total moment resistance is the sum of contributions of all the bolts, which is: 

2

ii
max

tot dQ
D

F
M

and can be rearranged to: 

2

ii

tot
max

dQ

DM
F

where Qi is the number of bolts at each location (i.e., 1 or 2 for symmetry). The pivot point is at 

the outside edge of the trunnion. The moment M about the pivot point is: 

M = F e

where the design load F = 143.75 kips and e is the moment arm, considered to be the distance 

between the trunnion base attachment edge and the mid point of the 3.25-inch shaft. Hence, the 

moment to be resisted by the trunnion bolts is: 

M = 143.75 (6.5 + 6.0 – 3.94 + 3.25/2) = 1464 kip-in. 

The formula for the distance between each bolt and the pivot point is as follows: 

i
6

cosRRd boi

where i is the number of the bolt ranging from 0 to 6, and; 

Ro = 6.0 inches, outer radius of the trunnion base 

Rb = 4.62 inches, radius of the bolt circle 

The moment arm for each attachment bolt is summarized in Figure 2.5-4. As noted previously, D 

is the distance from the pivot to the bolt with the maximum load. Clearly, the bolt furthest from 

the pivot experiences the greatest load, hence D = 10.62 inches. Also, for moment equilibrium, 

the total resisting moment of the bolt group will equal the applied moment M. Hence, the 

maximum bolt load Fmax is 27.8 kips. Tensile stress area for the 1
1
/8-7 UNC-2A cap screw is 

A = 0.763 in
2
. Therefore, the maximum bolt tensile stress is 36.4 ksi. 

The Service Level A allowable tensile stress for SA-320, Grade L43 bolting material at a 

temperature of 325ºF is 62.5 ksi. Therefore, the minimum design margin for tensile stress in the 

rotation trunnion’s most heavily loaded attachment bolt is: 

72.01
4.36

5.62
DM
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2.5.1.2.3 Rotation Trunnion Bolts Engagement Length Requirement 

The minimum length of thread engagement required to withstand the maximum bolt tensile load 

without shear failure of the bolt threads of the female threads in the cask body is calculated in 

accordance with ASME B1.1-1989,
30

 Appendix B, Section B2, as follows: 

)DD(57735.0
)P/1(2

1
)D()LE()P/1(1416.3AS max2minminn   =  2.919(LE) 

where:

ASn = Minimum thread shear area for internal threads 

(1/P) = 7, number of threads per inch 

LE = Length of engagement 

Dmin = 1.1064 in., minimum major diameter of 1
1
/8-7 UNC-2A (external) thread per 

ASME B1.1-1989, Table 3A 

D2max = 1.0416 in., maximum pitch diameter of 1
1
/8-7 UNC-2B (internal) thread per 

ASME B1.1-1989, Table 3A 

Per Section 2.5.1.2.2, maximum bolt tensile load is 27.8 kips, and the lowest Service Level A 

allowable pure shear stress of the cask bottom forging plate, cask outer shell, and rotation 

trunnion attachment bolts is 18.7 ksi. Therefore, the minimum length of thread engagement 

required to meet the Service Level A allowable shear stress is: 

LE = 27.8 / (2.951 x 18.7) = 0.50 in. 

The minimum thread engagement length provided in the most highly loaded rotation trunnion 

attachment bolt is 1.07 inches. Therefore, the rotation trunnion attachment bolts have sufficient 

thread engagement to satisfy the Service Level A allowable shear stress design criteria. 

2.5.1.2.4 Shear Pin Stress Evaluation 

The average shear stress on the shear pin at the base of the rotation trunnion (Section C in 

Figure 2.5-3) due to the 143.75 kip/trunnion setdown load is calculated as follows: 

 fv = 143.75/[ (1.5)
2
] = 20.3 ksi 

The allowable shear stress in the shear pin material is 28.8 ksi. Therefore, the minimum design 

margin for shear stress in the shear pin is: 

1
3.20

8.28
DM  = +0.42 

                                                
30 American Society of Mechanical Engineers (ASME) B1.1-1989, Unified Inch Screw Thread, May 15, 1990. 
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The average bearing stress on the rotation trunnion shear pin and the mating surface of the cask 

bottom forging due to the 143.75 kip/trunnion setdown load is calculated as follows: 

 fv = 143.75/Ab

= 143.75/4.68 

= 30.7 ksi 

where;

 Ab = Projected bearing area of the shear pin onto the mating surface of the cask body. 

  = Db x Lb

  = 3.0 x 1.56 

  = 4.68 in
2

 Db = 3.0 in., Diameter of shear pin 

 Lb = 1.56 in., Minimum length of bearing engagement of pin. 

= 6.00 – (3.94 + R) – 0.25 

  = 1.56 in. 

R = 40.9 - 22 )5.4()9.40(   (see Figure 2.5-5) 

  = 0.25 in. 

The allowable bearing stress in the shear pin and cask bottom forging materials are 109.7 ksi and 

42.7 ksi, respectively. Therefore, the minimum design margin for bearing stress in the cask 

bottom forging is: 

1
7.30

7.42
DM  = +0.39 

Therefore, the maximum shear and bearing stresses in the shear pin resulting from the lifting and 

handling loads satisfy the Service Level A allowable stress design criteria of Subsection NF of 

the ASME B&PV Code. 
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Table 2.5-1  -  Material Properties and Allowable Stresses at 325 F

Item Material 

Yield
Strength

(ksi)

Ultimate
Strength

(ksi)

Allowable 
Stress
(ksi)

Trunnion Boss &  

Outer Shell 

SA-240, Type XM-19  42.8 93.4 14.3 

Lifting Trunnion ASTM A564, Grade 630 (H1075) 109.8 144.0 28.8 

Trunnion Bolts ASTM A320, Grade L43 94.7 125.0 25.0 

Table 2.5-2  -  Lifting Trunnion Shank Loads and Stresses 

Lifting Trunnion Section Section Properties, Loads, 
and Stresses A C F 

Inside diameter, di (in) 4.00 9.25 9.25 

Outside diameter, do (in) 8.00 12.75 13.25 

Area A (in2) 37.7 60.5 70.7 

Section Modulus, S (in3) 47.1 147.1 174.1 

Moment Arm, e (in) 1.75 5.50 6.84 

Shear Force, V (kips) 147 147 147 

Moment, M (in-kips) 257 806 1,003 

Average Shear Stress (ksi) 3.9 2.4 2.1 

Bending Stress (ksi) 5.4 5.5 5.8 

Maximum Principal Stress (ksi) 7.5 6.4 6.4 

Allowable Stress (ksi) 28.8 28.8 28.8 

Design Margin +2.86 +3.50 +3.48 

Notes:
(1) See Figure 2.5-1 for location of lifting trunnion stress sections.
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Table 2.5-3  -  Lifting Trunnion Design Margins Based on 

NUREG-0612(1)

Component Section Design Margin 

Trunnion Shank 2.5.1.1.1 +2.86 

Trunnion Shank Plate Bending 2.5.1.1.2 +3.80 

Trunnion Attachment Bolts 2.5.1.1.3 +0.27 

Trunnion Shear Lip Shear 2.5.1.1.4 +5.91 

Trunnion Mounting Boss Bearing 2.5.1.1.5 +0.40 

Cask Outer Shell Plate Membrane + Bending 2.5.1.1.6 +0.16 

Cask Outer Shell Plate Shear 2.5.1.1.6 +3.78 

Note:
(1) Allowable stress is the lower of Sy/3 or Su/5. Analogously to Table 2.1-4, a 0.6 factor is used to convert 

allowable normal stress into the allowable shear stress.  

Table 2.5-4  -  Lifting Trunnion Margins of Safety Based on Ultimate 

Strength (to Identify Failure Location) 

Component Section 
Stress
(ksi)

Ultimate
Strength (ksi) Margin 

Trunnion Shank 2.5.1.1.1 7.5 144.0 +18.2 

Trunnion Shank Plate Bending 2.5.1.1.2 6.0 144.0 +23.0 

Trunnion Attachment Bolts 2.5.1.1.3 19.7 125.0 +5.35 

Trunnion Shear Lip Shear 2.5.1.1.4 2.5 86.4(1) +33.6

Trunnion Mounting Boss Bearing 2.5.1.1.5 10.2 93.4 +8.16 

Cask Outer Shell Plate Membrane 

+ Bending 

2.5.1.1.6 12.3 93.4 +6.59 

Cask Outer Shell Plate Shear 2.5.1.1.6 1.8 56.0(1) +30.1 

Note:
(1) Analogously to Table 2.1-4, a 0.6 factor is used to convert the ultimate tensile strength to the ultimate shear 

strength.
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Table 2.5-5  -  Rotation Trunnion Shank Loads and Stresses 

Trunnion Section(1)

Section Properties, 
Loads, and Stresses A B 

Diameter, do (in) 5.5 7.0 

Area A (in2) 23.8 38.5 

Section Modulus, S (in3) 16.3 33.7 

Moment Arm, e (in) 1.63 4.19 

Shear Force, V (kips) 143.75 143.75 

Moment, M (in-kips) 234 602 

Average Shear Stress (ksi) 6.1 3.7 

Bending Stress (ksi) 14.3 17.9 

Stress Intensity (ksi) 18.7 19.4 

Notes:
(1) See Figure 2.5-3 for location of rotation trunnion stress sections.
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Figure 2.5-1  -  Transportation Cask Lifting Trunnion 
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9.69

1.19

1.77

3.44

11.82 16.56

F

Beaing
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Pivot
Point "O"

1.0

5.93

Figure 2.5-2  -  Trunnion Bolt Pattern Load Distribution 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.5-21 Revision 6 

Figure 2.5-3  -  Transportation Cask Rotation Trunnion 
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i Q
(1)

(Quantity) di (in) Qi * di
2
 (in

2
)

0 1 1.38 1.9

1 2 2.00 8.0

2 2 3.69 27.2

3 2 6.00 72.0

4 2 8.31 138.1

5 2 10.00 200.0

6 1 10.62 112.8

560.1Summation Qi * di
2

=

Figure 2.5-4  -  Rotation Trunnion Bolt Pattern Load Distribution 
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BEARING

AREA

Figure 2.5-5  -  Shear Pin Projected Bearing Area 
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2.5.2 Tiedown Devices 

In accordance with the requirements of 10CFR71.45(b), the FuelSolutions™ TS125 

Transportation Cask tie-down devices are designed to withstand a 2g vertical load, 5g lateral 

load, and a 10g longitudinal load (i.e., horizontal component along the direction in which the 

vehicle travels), without generating stress in any material of the package in excess of its yield 

strength.

The tie-down devices integral with the cask body consist of the tie-down rings, shear block, and 

the adjacent cask outer shell. The lifting trunnions and rotation trunnions are removed prior to 

transport and prior to installation of the impact limiters; thus, none of the trunnions are used to 

support the tie-down loads. The transportation cask rests in the intermodal skid saddles on the 

two tie-down rings welded to the cask outer shell at the ends of the neutron shield. The tie-down 

rings support the cask in the vertical and lateral directions. In addition, the shear block welded to 

the cask outer shell on the bottom side at the cask mid-length reacts the longitudinal tie-down 

loads (i.e., loading in the direction of travel).  

The transportation cask tie-down devices are analyzed for the loads of 10CFR71.45(b) (i.e., a 

transport loading of 10g longitudinal, 5g lateral, and 2g vertical). The statically applied forces 

are calculated by multiplying the inertia factor times the package (transportation cask plus 

canister plus impact limiters) bounding weight of 285,000 pounds (conservatively rounded 

upward from Table 2.2-1): 

Flon = 10 × 285,000 = 2,850,000 pounds 

Flat = 5 × 285,000 = 1,425,000 pounds 

Fver = 2 × 285,000 = 570,000 pounds 

The cask tie-down components are evaluated at the bounding temperature of 350 F. This design 

temperature is conservative when compared to the maximum temperature of the outer shell for 

NCT conditions (see Chapter 3). 

All tie-down components are fabricated of Type XM-19 stainless steel. The mechanical 

properties for this material are given in Section 2.3 and are summarized in Table 2.3-3. In 

accordance with the requirements of 10CFR71.45(b), the maximum stresses in the tie-down 

devices are limited to the material yield strength. Therefore, the maximum normal stresses are 

compared to the tensile yield strength, Sy, from the ASME B&PV Code. However, pure shear 

stresses are compared against the material yield strength in shear, which is taken as 60% of the 

tensile yield strength. 

The Type XM-19 stainless steel tie-down rings and shear block are attached to the cask outer 

shell with partial penetration groove welds. The welds are evaluated by resolving all forces into 

shear stresses applied on the weld throat and using the yield strength in shear as discussed above. 

The structural evaluation of the cask tie-down devices is presented in the following subsections. 

2.5.2.1 Shear Block Bearing Stress 

The shear block is welded directly to the cask outer shell and used to react all of the longitudinal 

inertia loads on the cask.
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The overlap of the intermodal skid shear key with the cask shear block has a half-arc of 14.5º 

(see the drawings in Section 1.3.2). The contact bearing surface is shown in Figure 2.5-6 as a 

hatched area. The bearing area and centroid are calculated using Table 1, Case 20 of Roark:

)tR2(tA = 128.1 in
2

where:

R = Neutron shield OR - chamfer = 46.9 inches, radius to outside edge of the load-bearing 

area

Ro = 40.9 inches, the outside radius of the cask outer shell, 

 = 14.5º = 0.253 radians, and 

t = R - Ro - gap = 46.9 - 40.9 - 0.25 = 5.75 inches 

The centroid of the contact area, measured from the outer edge of the shear block, is: 

R/t2

1

R

t
1

3

sin2
1Ry = 3.27 inches 

The moment arm from the cask axis (i.e., the center of gravity) to the contact area centroid is: 

yRLc = 43.63 in. 

The applied longitudinal load of Flon = 2,850 kips creates a bearing stress over the shear block 

contact area of: 

A

Flon
b  = 22.2 ksi 

The yield stress for Type XM-19 stainless steel at a temperature of 350°F is 42.1 ksi (from 

Table 2.3-3 by interpolation). The shear block bearing stress design margin is: 

0.901
2.22

1.42
DM

2.5.2.2 Shear Block Weld Stress 

The shear block is connected to the transportation cask outer shell with a 1.0-inch groove weld 

and a ½-inch cover fillet weld all around the outer edges. The shear block and cask outer shell 

are both made of Type XM-19 stainless steel material, and the weld material is conservatively 

assumed to have the same properties as XM-19 stainless steel. From the drawings in 

Section 1.3.2, the outer edge of shear block has the dimensions of: 

lo = 30.0 inches, edge distanced along the cask axis 
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wo = 36.0 inches, circumferential edge distance 

 = )3.40.3(2
180

309.40

Thus, the total weld shear area is: 

)w+(l2tA ooww  = 147.8 in
2

where:

tw = 1.12 in., effective throat of the 1.0-inch groove weld with ½-inch cover fillet 

 = 22 5.00.1

The shear stress in the welds due to the 2,850 kips longitudinal load is: 

w

lon
w

A

F
 =  19.3 ksi 

The yield stress for Type XM-19 stainless steel at a temperature of 350°F is 42.1 ksi 

(interpolated from values given in Table 2.3-3). The yield strength in pure shear is taken as 60% 

of the tensile yield strength, or 25.3 ksi. Therefore, the minimum design margin for pure shear 

stress in the shear block attachment weld due to the 10g longitudinal tie-down load is: 

1
3.19

3.25
DM  = +0.31 

2.5.2.3 Cask Outer Shell Stresses at Shear Block 

The FuelSolutions™ TS125 Transportation Cask outer shell stresses in the shear block region 

are determined using the methodology of WRC 107.
29

 Since the cask outer shell is fabricated of 

Type XM-19 stainless steel, which is a ductile material, a detailed fatigue evaluation for this 

loading is not required, as shown in Section 2.1.2.3.2. Therefore, the local stress concentration 

factors from WRC 107 are not used for the calculation of the outer shell stresses. 

The shear block is designed to resist the 10g longitudinal tie-down load, or 2,850 kips. Thus, the 

loading on the cask outer shell includes a moment ML and a force VL. For the moment analysis, 

the block is considered as a rectangular attachment equal to the size of the shear block pad plate. 

The outer shell mean radius Rm = Ro – t/2 = 40.9 – 2.65/2 = 39.58 inches. The force VL is the 

same as Flon calculated above, i.e., VL = 2,850 kips. The moment can be calculated as: 

mcLL RL850,2eVM  = 11,543 in-kips 

The rigid rectangular attachment can be described by half-width (c1 = 17.43 inches) and 

half-length (c2 = 15.0 inches) and, therefore, from WRC 107: 

m

1
1

R

c
 = 0.44 
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m

2
2

R

c
 = 0.38 

2

1  = 1.16 

9.14
T

R m

Using the above geometrical parameters and Figures 3B and 4B and Table 8 of WRC 107, the 

membrane stresses in the cask outer shell are calculated as follows: 

TR

M

RM

N
C

T

N
2

m

L

2

mL

,L  = 8.7 ksi 

TR

M

RM

N
C

T

N
2

m

L

2

mL

,L  = 4.4 ksi 

where:

 = 3 2

21  = 0.40 

Similarly, using the geometrical parameters above and Figures 1B and 2B and Table 8 of 

WRC 107, the bending stresses in the cask outer shell are calculated as follows: 

2

m

L

mL

2 TR

M6

RM

M

T

M6
 = 10.9 ksi 

2

m

L

mL

2 TR

M6

RM

M

T

M6
 = 17.4 ksi 

The maximum total circumferential and longitudinal stresses are: 

2T

M6

T

N
 = 8.7 + 10.9 = 19.6 ksi 

2T

M6

T

N
 = 4.4 + 17.4 = 21.8 ksi 

These stresses have the same sign at all points of the shell (Table 4 of WRC 107). Since the third 

principal stress is 0, the maximum stress intensity is always the highest of  and . Hence, the 

minimum design margin is (yield strength of XM-19 is 42.1 psi at 350 F):

93.01
8.21

1.42
DM
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In addition, the shear stresses due to VL are calculated conservatively assuming that the shear 

load is effectively resisted only on the sides of the pad plate (i.e., L = 30.0 in.), as follows: 

65.20.302

850,2

LT2

VL  = 17.9 ksi 

These shear stresses do not need to be combined with the normal stresses because they exist at 

the different locations (different attachment sides). Hence, the shear stress minimum design 

margin is (including the 0.6 reduction factor for shear): 

41.01
9.17

1.426.0
DM

2.5.2.4 Reaction Force in the Tie-down Rings 

The tie-down rings are integral rings welded to the cask outer shell and used to distribute the 

vertical and lateral loads into the cask outer shell. Two tie-down rings are located on each end of 

the cask neutron shield and bear against the intermodal skid support saddle. 

Support point reactions due to the applied transportation loads are determined using 

Figure 2.5-7, Figure 2.5-8, and Figure 2.5-9. The reaction force Fvl due to the overturning 

moment generated by the 10g longitudinal load, Flon = 2,850 kips, is upward on the forward ring 

and downward on the rear ring. The distance Lc is 46.63 inches as determined in Section 2.5.2.1. 

The distance between the centerlines of the tie-down rings is calculated as L = 178.4 inches 

(Section 1.3.2). Hence, from the moment balance: 

L

LF
R clon

vl  = 697 kips 

The vertical 2g load, Fver = 570 kips, produces a reaction in each tie-down ring of half this total 

vertical inertia load. Combining the resultant vertical load from overturning, with the applied 

vertical 2g load, leads to the vertical tie-down reactions as follows: 

vl
ver

1v R
2

F
R  = 982 kips  (upward reaction) 

vl
ver

2v R
2

F
R  = -412 kips  (downward reaction) 

The lateral 5g load Flat = 1,425 kips and the reaction in each tie-down ring is equal to half of the 

total force as follows: 

2

F
R lat

L  = 713 kips 

The cask shell is designed for the maximum force that exists at the upward reaction end. The 

resultant maximum reaction is kips214,1713982R 22  and is applied at the angle with 

vertical of 36
982

713
tana , as shown in Figure 2.5-10. 
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2.5.2.5 Bearing Stress in the Tie-down Rings 

With reference to Figure 2.5-10, the contact area supporting the maximum tie-down ring reaction 

load is taken as a portion of the available area that is symmetrical about the load line, i.e., the 

half-angle is 44  (= 90  - 36  - 10 ). Due to its relative flexibility and close fit with the saddles, 

the cask shell is expected to be in full contact with the saddle. Hence, the projected area of 

bearing contact is: 

)44sin(tR2A rb  = 196 in
2

where:

Rr = 47.1 inches, the outer radius of the tie-down ring 

t = 3.0 inches, thickness of tie-down ring 

The bearing stress is: 

sik2.6
196

214,1

A

R

b

b

The yield stress for Type XM-19 stainless steel at a temperature of 350°F is 42.1 ksi. The tie-

down ring bearing stress design margin is: 

79.51
2.6

1.42
DM

2.5.2.6 Outer Shell Stresses 

The outer shell stresses at the location of the tie-down rings are calculated for the maximum tie-

down ring reaction load due to the tie-down loading using hand calculations. The tie-down ring 

and the adjacent portion of the cask outer shell that are effective in bending are treated as a ring 

having a T-section, as shown in Figure 2.5-11. The effective length of the shell is determined in 

accordance with Article 8.1 of Roark, as follows: 

65.258.3956.1RT56.1b  = 15.98 inches 

where:

R = 39.58 inches, mean radius of the cask outer shell 

T = 2.65 inches, thickness of the outer shell 

The cross-section properties of the resulting ring T-section are determined as follows: 

A = Effective cross-section area 

 = (15.98)(2.65) + (3.0)(6.2) = 60.95 in
2

cg = Distance from outside of tie-down ring to the centroid of the cross-section 

 = 
95.60

)98.15x65.2(
2

65.22.6)0.3x2.6(
2

2.6

A

Ae ii
 = 6.17 inches 

R = Radius to the centroid of the cross-section 

 = Ro - cg = 40.93 inches 
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The formulas of Roark are used for the shell analysis. The neutral axis in the curved beams does 

not coincide with the center of gravity (cg) location. The radius-to-section depth ratio for the 

analyzed section is 4.6 and, since this ratio is less than 8, the neutral axis shift is determined as 

follows: 

area
r

dA

A
Rh  = 0.013 inch 

Therefore, the neutral axis radius is: 

Rna = R - h = 40.80 inches 

The section moment of inertia about the neutral axis is calculated to be I = 338 in
4
.

The tie-down loads acting on the ring are as follows: 

Self-weight of the cask (including the impact limiters) is represented as a uniform load 

around the circumference. 

Weight of the payload (canister) is applied as a concentrated load at the lower point of 

the ring. 

The total load of R = 1,214 kips is divided between these two loads in the same proportion as 

they are represented in the total weight of the package. Thus, for an upper bound package weight 

of 285 kips and an upper bound canister weight of 85 kips, the loading from the cask and canister 

are Pcask = 852 kips (= 1,214 x 200/285) and Pcan = 362 kips (= 1,214 x 85/285), respectively. 

The ring is assumed to be supported over the half angle of 44  at the outer surface. Since it is 

modeled as a thin ring with the radius of the neutral axis, this angle is projected to the neutral 

axis, as shown in Figure 2.5-12. The angle for the model is calculated to be: 

53
R

)44(sinR
sina

na

o

The Roark cases used for this analysis are Table 17, Case 15 for the cask own weight and 

Table 17, Case 12 for the canister weight. The total moment and force at each point around the 

circumference are calculated as the algebraic sum of these two cases. Case 12 is also used to 

correct the support representation in Case 15 as a point load, i.e., the total concentrated load 

(and, therefore, the reaction pressure) applied in Case 12 includes the cask self-weight. As a 

result, the concentrated force effect is eliminated in the final solution because the cask portion of 

the load in Case 12 cancels out the point reaction in Case 15.

The total moments and forces are calculated at 5  increments around the cask circumference. The 

bending stresses at the inner and outer surfaces of the ring are determined and algebraically 

added with the membrane stresses due to the axial force N. The total normal stress is: 

A

N

AhR

)hcg(M

o

o
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A

N

AhR

)hcgd(M

i

i

The negative sign for the outer fiber bending stress reflects the fact that positive moment causes 

compression in the outer fiber. The membrane force and bending moment change signs as the 

point of consideration is moved along the cask circumference. 

The shear stress is calculated as follows: 

wA

V

where:

Aw = Shear area, conservatively taken as the area of the web 

 = 3.0 x (6.2 + 2.65) 

 = 26.6 in
2

The shear stress is combined with the maximum normal stress to determine the maximum 

principal stress as follows: 

2

2

I
22

S

The maximum principal stress in the outer shell is determined to be 32.1 ksi. The yield strength 

of Type XM-19 stainless steel at 350 F is 42.1 ksi. Therefore, the resulting design margin is: 

31.01
1.32

1.42
DM

In addition, the double-sided ¾-inch partial penetration welds attaching the tie-down rings to the 

outer shell are evaluated to demonstrate that they have sufficient structural capacity to resist 

horizontal shear, thus, assuring that the section behaves as a composite. The horizontal shear at 

the weld location is determined as follows: 

tI

yaV
 = 5.2 ksi 

where:

V = 183.2 kips, maximum shear force in the ring 

a = Area beyond the location where the shear force is desired 

 = 6.2 x 3.0 

 = 18.6 in
2

y = Distance between the neutral axis and cg of the area a

 = 6.17 + 0.13 – 6.2/2 

 = 3.2 inches 

t = 3.0 inches, section thickness at the weld location 

I = 338 in
4
, section moment of inertia about its neutral axis 
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The resulting shear stress in the weld is calculated as follows: 

w

w
t2

t
f  = 10.4 

The yield strength of Type XM-19 stainless steel at 350 F is 42.1 ksi. Therefore, the minimum 

design margin for the tie-down ring attachment welds, including the 0.6 reduction factor for 

shear, is: 

43.11
2.10

6.01.42
DM

The minimum design margins for all components are summarized in Table 2.5-6. The results 

show that the design margins in all tie-down components are positive. Therefore, the 

FuelSolutions™ TS125 Transportation Cask meets the requirements of 10CFR71.45(b) for tie-

down components. 

2.5.2.7 Tie-down Device Overload Condition 

In accordance with the requirements of 10CFR71.45(b)(3), each tie-down device that is a 

structural part of the package must be designed so that failure of the device under excessive load 

would not impair the ability of the package to meet other requirements. Stress levels are 

calculated and compared to material ultimate strength to assure that failure of the tie-down 

devices will occur before failure of the cask wall. The results are summarized in Table 2.5-7. 

The smallest ultimate design margins of +1.88 are for pure shear stress in the shear block 

attachment weld and membrane plus bending stress in the tie-down ring. Therefore, the either the 

shear block attachment weld or the tie-down ring will fail before the cask outer shell. 

Furthermore, excessive loading of the cask tie-down devices would not be expected to result in 

catastrophic failure of these tie-down devices. This is because excessive bending stresses in the 

tie-down rings would result in the initiation of a plastic hinge that would allow the load to 

redistribute to a larger portion of the tie-down ring. Thus, the requirements of 10CFR71.45(b)(3) 

are satisfied. 
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Table 2.5-6  -  Tie-down Design Margins Based on Yield Criteria 

Components Subject to Tie-down Design 
Loads Section 

Design
Margin

Shear Block Bearing Stress 2.5.2.1 +0.90 

Shear Block Attachment Weld Shear Stress 2.5.2.2 +0.31 

Outer Shell Bending Stress at Shear Key 2.5.2.3 +0.93 

Outer Shell Shear Stress at Shear Key 2.5.2.3 +0.41 

Tie-down Ring Bearing Stress 2.5.2.5 +5.79 

Tie-down Ring/Outer Shell Bending Stress 2.5.2.6 +0.31 

Tie-down Ring Attachment Weld 2.5.2.6 +1.43 

Table 2.5-7  -  Tie-down Device Margins of Safety Based on Ultimate 

Strength (to Identify Failure Location) 

Component
Stress
(ksi)

Ultimate
Strength(1) (ksi) Margin 

Shear Block Bearing 22.2 92.5 +3.17 

Shear Block Weld Shear 19.3 55.5(2) +1.88

Outer Shell Membrane + Bending 21.8 92.5 +3.24 

Outer Shell Shear 17.9 55.5(2) +2.10

Support Ring Bearing 6.2 92.5 +13.9 

Support Ring Bending 32.1 92.5 +1.88 

Support Ring Attachment Weld 

Shear Stress 

10.4 55.5(2) +4.34

Note:
(1) The ultimate tensile strength of SA-240, Type XM-19 stainless steel at 350 F.
(2) A 0.6 factor is used to convert the ultimate tensile strength to the ultimate shear strength.
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14.5 14.5

Figure 2.5-6  -  Longitudinal Bearing Load Contact Area 
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Figure 2.5-7  -  Free-Body Diagram, Longitudinal Forces 

(Elevation View) 

Figure 2.5-8  -  Free-Body Diagram, Vertical Forces 

(Elevation View) 

Figure 2.5-9  -  Free-Body Diagram, Lateral Forces 

(Plan View) 
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44
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Figure 2.5-10  -  Tie-down Ring Contact Area 
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15.98

94.2
81.80

3.0

6.2 c.g. = 6.17

h =0.13

c.g.

na
2.65

Figure 2.5-11  -  Tie-down Ring Cross-Section 

for the Shell Bending Analysis 
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44

Figure 2.5-12  -  Contact Angle for the Tie-down Ring Analysis 
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2.6 Normal Conditions of Transport 

When subjected to the NCT specified in 10CFR71.71, the FuelSolutions™ TS125 

Transportation Cask meets the performance requirements specified in Subpart E of 10CFR71. 

Each NCT loading is addressed in the following subsections and shown to meet the applicable 

design criteria.

The NCT loads and load combinations are defined in accordance with the Regulatory Guide 7.8 

and 10CFR71.71(c). The loads are specified as the steady state thermal loading conditions and 

include maximum fuel decay heat, ambient conditions ranging from -40°F with no insolation to 

100°F with maximum insolation, 1-foot free drop, shock and vibration loads, and the internal or 

external pressure. 

2.6.1 Heat 

This section presents the structural evaluation of the FuelSolutions™ TS125 Transportation 

Cask for the heat load condition of 10CFR71.71(c)(1). The structural evaluation shows that the 

heat load condition does not compromise the structural integrity of the package.  

The FuelSolutions™ TS125 Transportation Cask is evaluated for the thermal gradients and 

temperatures resulting from the following thermal conditions: 

1. NCT Hot – An ambient temperature of 100 F, maximum fuel decay heat, and insolation 

in accordance with 10CFR71.71(c)(1). 

2. NCT Cold – An ambient temperature of -20 F, maximum fuel decay heat, and no 

insolation.

3. NCT Cold Environment – An ambient temperature of -40 F, maximum fuel decay heat, 

and no insolation. 

The maximum cask internal pressures and temperatures resulting from the NCT thermal 

conditions are calculated in Section 3.4 of this SAR. The bounding temperatures and pressures 

used for the structural evaluation of the FuelSolutions™ TS125 Transportation Cask are 

summarized in Section 2.6.1.1. Differential thermal expansion between the canister shell and the 

transportation cask cavity is evaluated in Section 2.6.1.2. The stresses in the transportation cask 

due to NCT thermal loading are evaluated in Section 2.6.1.3. The results of the NCT thermal 

stress evaluation demonstrate that the FuelSolutions™ TS125 Transportation Cask satisfies the 

applicable design criteria for NCT thermal conditions. 

2.6.1.1 Summary of Pressures and Temperatures 

The transportation cask temperature distributions resulting from the NCT hot condition are 

presented in Figures 3.4-10 through 3.4-13, and the maximum temperatures are summarized in 

Table 3.4-1. The maximum temperature of the cask inner shell is 369°F, and the maximum 

temperature of the outer shell is 340ºF. These temperatures exist at the warmest part of the 

shells, while the majority of shell material has temperatures well below these values. Thus, for 

all NCT mechanical loads, a bounding design temperature of 400°F is used for the cask. 
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The heat condition also results in the MNOP. As discussed in Section 3.4.4, the design pressure 

of 75 psig used for the transportation cask design bounds the MNOP for the cask loaded with 

any FuelSolutions™ canister. The canister-specific pressures are presented in the respective 

FuelSolutions™ Canister Transportation SAR and assume a release into the cask of all of the 

pressure within the canister. 

2.6.1.2 Differential Thermal Expansion 

Differential thermal expansion of the FuelSolutions™ Transportation Package is evaluated 

considering possible interference resulting from a reduction in gap sizes.The differential thermal 

expansion evaluation includes diametral and longitudinal differential thermal expansion between 

the canister and the cask cavity, and longitudinal differential thermal expansion between the 

neutron shield and the neutron shield jacket/tie-down rings. The results of the evaluation of 

differential thermal expansion show that the canister shell assembly expands freely within the 

FuelSolutions™ TS125 Transportation Cask cavity under NCT thermal loading. However, 

differential thermal expansion between the neutron shield and the neutron shield jacket/tie-down 

rings results in an interference. This interference is considered in the stress evaluation presented 

in Section 2.6.1.3. 

Canister Shell in Cask Cavity

The transportation cask cavity is designed with sufficient diametral and longitudinal clearances 

to allow free thermal expansion of all FuelSolutions™ canisters for all NCT and HAC thermal 

loading conditions. This section presents the differential thermal expansion evaluation of the 

hottest canister for the controlling NCT thermal condition. As shown in each FuelSolutions™ 

Canister Transportation SAR, the following differential thermal expansion analysis is bounding. 

As shown in Table 3.4-1, the maximum temperature difference between the canister shell and the 

cask inner shell results from the NCT cold environment (-40 F, no solar) and the LHGRmax heat 

load profile. For this condition, the maximum temperatures of the canister shell and cask inner 

shell at the hottest axial section are 377ºF and 264ºF, respectively. An upper bounding canister 

shell temperature of 450ºF is conservatively assumed along its entire length for the evaluation of 

differential thermal expansion between the canister shell and the cask cavity. A lower bound 

temperature of 240ºF is used for the cask shell for the evaluation of differential thermal 

expansion between the canister shell and the cask cavity. The resulting T between the cask 

inner shell and the canister shell is 210ºF, which is more than twice the T existing for any NCT 

thermal condition. The maximum differential diametral thermal expansion between the canister 

shell and the cask cavity is: 

)D)(70T()D)(70T(D caskcaskcaskcancancan  = 0.14 inch 

where:

can = 9.52 x 10
-6

 in/in/ F, canister mean expansion coefficient at 450 F for SA-240 

Type 316 and SA-240 Type 304 material properties 

Tcan = 450 F, bounding maximum canister temperature 

Dcan = 66.0 inches, canister outside diameter 

cask = 8.54 x 10
-6

 in/in/ F, mean expansion coefficient at 240 F
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Tcask = 240 F, lower bound cask temperature 

Dcask = 67.0 inches, cask cavity diameter 

Similarly, the maximum differential axial expansion between the canister shell and the cask 

cavity is: 

)L)(70T()L)(70T(L caskcaskcaskcancancan  = 0.42 inch 

where can, Tcan, cask, and Tcask are defined above; 

Lcan = 192.25 inches, maximum canister length 

Lcask = 193.0 inches, cask cavity length 

The remaining minimum diametral and axial clearances between the cask inner shell and the 

canister are 0.86 inches and 0.33 inches, respectively. Thus, positive clearances remain between 

the cask and the canister and no thermal expansion interference occurs.  

Neutron Shield

The transportation cask neutron shield includes NS-4-FR solid neutron shielding material 

encased in the annular region formed by the cask outer shell, neutron shield jacket, and tie-down 

rings. The mean coefficient of thermal expansion of the solid neutron shielding material is 

significantly higher than that of the surrounding steel components. Therefore, at elevated 

temperatures, the solid neutron shielding material will experience greater thermal expansion than 

the surrounding steel components. As shown on the general arrangement drawings in 

Section 1.3.2, a 1.0-inch gap is provided at the top end of the neutron shield to accommodate 

longitudinal differential thermal expansion between the solid neutron shielding material and the 

surrounding steel components (i.e., outer shell, neutron shield jacket, and tie-down rings). 

Longitudinal differential thermal expansion of the neutron shield under the most severe NCT 

thermal loading is evaluated in this section. 

The longitudinal differential thermal expansion evaluation of the neutron shield is performed 

using the temperatures resulting from the NCT hot thermal loading with the Qmax heat load axial 

profile, since this condition produces the maximum temperatures in the neutron shield, and thus 

the maximum differential thermal expansion. As shown in Table 3.4-1, the bulk average 

temperature of the solid neutron shielding material for this condition is TNS = 249 F. From 

Figure 3.4-10, the average temperatures of the cask outer shell and neutron shield jacket over the 

length of the neutron shield for this thermal condition are TOS = 302 F and TNSJ = 199 F,

respectively. The resulting longitudinal expansion of the solid neutron shield ( NS), cask outer 

shell ( OS), and neutron shield jacket ( NSJ) are calculated as follows: 

NS = NS (TNS – 70) LNS = 1.811 inches 

OS = OS (TOS – 70) LC = 0.352 inch 

NSJ = NSJ (TNSJ – 70) LC = 0.133 inch 
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where:

NS = 5.80 x 10
-5

 in/in/ F, mean coefficient of thermal expansion of solid neutron 

shield NS-4-FR material at 249 F

OS = 8.65 x 10
-6

 in/in/ F, mean coefficient of thermal expansion of outer shell 

Type XM-19 stainless steel material at 302 F

NSJ = 5.89 x 10
-6

 in/in/ F, mean coefficient of thermal expansion of neutron shield 

jacket A516, Grade 70 carbon steel material at 199 F

LNS = 174.4 inches, length of solid neutron shield 

LC = 175.4 inches, length of neutron shield cavity 

Thus, the longitudinal differential thermal expansion between the neutron shield and the cask 

outer shell is: 

 = NS - OS = 1.459 inches 

Similarly, the longitudinal differential thermal expansion between the neutron shield and the 

neutron shield jacket is: 

 = NS - NSJ = 1.678 inches 

Therefore, the longitudinal differential thermal expansion between the neutron shield and the 

surrounding steel components exceeds the 1.0-inch clearance provided, resulting in a maximum 

interference of 0.678 inches. Consequently, the resulting interference will produce stress in the 

neutron shield jacket and cask outer shell under the most severe NCT thermal loading. The 

stresses in the neutron shield jacket due to the 0.678-inch maximum interference are evaluated in 

Section 2.6.1.3. 

2.6.1.3 Stress Calculations 

This section presents the stress evaluation of the FuelSolutions™ TS125 Transportation Cask for 

NCT thermal loading. The stress evaluations of the cask are performed using a combination of 

finite element analysis and classical closed-form solutions (hand calculations). The stresses in 

the cask body, neutron shield jacket, and closure bolts are evaluated separately. 

In accordance with the requirements of Regulatory Guide 7.8, thermal loading is evaluated in 

combination with internal pressure loading and fabrication stresses. As discussed in 

Section 2.6.1.1, a bounding internal design pressure of 75 psig is conservatively used for the 

structural evaluation of the cask. The only significant fabrication stresses in the cask are those 

resulting from the lead pour and closure bolt preload. As shown in Section 2.12.8, the residual 

stresses in the cask body at room temperature due to the lead pour are small. These stresses are 

relieved by thermal expansion of the lead gamma shield under NCT thermal loading. Therefore, 

the fabrication stresses resulting from the lead pour are not combined with the stresses resulting 

from NCT thermal loading. 

2.6.1.3.1 Cask Body 

Thermal stresses in the cask body result from thermal gradients within the cask body and from 

differential thermal expansion of dissimilar materials (e.g., stainless steel cask shells and lead 
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gamma shield). In general, the thermal stresses due to thermal gradients within the cask body 

result from the coldest ambient condition with the maximum heat load. Conversely, the 

maximum stresses due to differential thermal expansion between the lead gamma shield and the 

cask shells generally results from the hottest ambient condition with the maximum heat load.  

As discussed in Section 3.1.3, the cask temperatures and thermal gradients are calculated for 

NCT hot, NCT cold, and NCT cold environment thermal conditions, considering both maximum 

heat load (Qmax) and maximum linear heat generation rate (LHGRmax) axial heat flux profiles. 

The thermal stresses in the FuelSolutions™ TS125 Transportation Cask body are calculated for 

each NCT thermal condition with both heat load profiles.  In accordance with Regulatory Guide 

7.8, thermal load combinations are evaluated for maximum decay heat and maximum internal 

pressure loading.  A bounding internal design pressure of 75 psig is conservatively used for the 

structural evaluation of the TS125 transportation cask body.  The thermal load combination 

evaluation is performed for the Qmax thermal gradients only, since they bound the LHGRmax

thermal stresses in all cases. 

The structural evaluation of the cask body for NCT thermal loading is performed using the 

axisymmetric finite element model described in Section 2.12.5.1. The cask axisymmetric finite 

element model includes all of the major structural components of the cask, including the lead 

gamma shield. However, the solid neutron shield material is not included in the model. 

Therefore, the thermal stresses in the neutron shield jacket and neutron shield support angles 

resulting from differential thermal expansion of dissimilar materials is evaluated separately, as 

discussed in Section 2.6.1.3.2. The cask body temperatures calculated in Section 3.4 and 

summarized in Table 3.4-2 are applied to the finite element model keypoints and interpolated to 

the model nodes to approximate the calculated thermal gradients in the transportation cask body.  

In addition, a uniform pressure load of 75 psig is applied to the internal surface of the TS125 

transportation cask containment boundary for the thermal plus pressure load combinations.  A 

linear-elastic static analysis is performed for each thermal loading. The resulting maximum 

thermal stresses in each of the cask body components are summarized in Table 2.6-1.  

The ASME B&PV Code recognizes general and local thermal stresses when establishing 

allowable stresses. General thermal stress, which is associated with the distortion of the 

structure, is classified as secondary. General thermal stress in the cask body includes all stresses 

except those occurring near the regions of gross structural discontinuities, such as at the ends of 

the inner and outer shells. Local thermal stresses, such as those occurring in the regions of gross 

structural discontinuities, do not produce significant distortion and need only be considered from 

the fatigue standpoint.

The results of the NCT thermal stress evaluation show that the maximum general thermal stress 

intensities in the cask body result from the NCT cold environment thermal condition with the 

Qmax heat load axial profile. However, the NCT hot thermal condition produces the highest local 

thermal stress intensities near the ends of the cask shells. As shown in Table 2.6-1, the maximum 

thermal stress intensity in the cask body, excluding the tie-down ring attachment welds, is 

27.6 ksi, occurring in the closure lid. The Service Level A allowable primary plus secondary 

(Pl+Pb+Q) stress intensity for Type XM-19 stainless steel at a bounding design temperature of 

400 F is 90.6 ksi. Therefore, the minimum design margin in the cask body (excluding the tie-

down ring attachment weld) for NCT thermal loading is: 
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28.21
6.27

6.90
DM

As shown in Table 2.6-1, the maximum stress intensity in the tie-down ring attachment weld is 

26.4 ksi for the NCT hot thermal loading with the Qmax heat load axial profile plus maximum 

internal pressure. Since the tie-down ring and cask outer shell are both fabricated from 

Type XM-19 stainless steel material, the Service Level A allowable primary plus secondary 

stress intensity for the weld is 90.6 ksi. Therefore, the minimum design margin in the tie-down 

ring attachment weld for NCT thermal loading is: 

43.21
4.26

6.90
DM

As shown in Table 2.6-1, the maximum thermal stresses in the cask inner shell result from the 

NCT cold environment thermal loading with the Qmax heat load axial profile. The maximum 

thermal stress intensity in the cask inner shell is 16.9 ksi, occurring near the top end 

(Section 15). This stress intensity is bounded by the maximum stress intensity occurring in the 

cask outer shell. However, the stresses in the cask inner shell are considered in the cask shell 

buckling evaluation.

The results of the transportation cask NCT thermal stress evaluation also show that the 

maximum bearing stress at the interface between the closure lid and top ring forging in the 

region of the containment O-ring is 7.7 ksi. The maximum bearing stress results from NCT hot 

thermal loading with the maximum allowable canister decay heat load. As discussed in 

Section 2.1.2.1.1, the maximum bearing stress in the top seal region is limited to the material 

yield strength. The yield strength of Type XM-19 stainless steel at a bounding design 

temperature of 400 F is 40.8 ksi. Therefore, the minimum design margin for bearing stress in the 

top seal region resulting from NCT thermal loading is +4.30.  

The buckling evaluation of the cask shells is performed using the maximum axial compressive, 

hoop compressive, and in-plane shear stresses in the cask shells. For NCT thermal loading, the 

cask outer shell is loaded in axial tension. Consequently, the cask outer shell will not buckling 

under NCT thermal loading. As expected, the maximum compressive stresses in the cask inner 

shell due to NCT thermal loading are bounded by those due to the combined effects of NCT free 

drop and NCT thermal loading. Therefore, buckling of the cask inner shell is controlled by the 

NCT free drop plus NCT thermal load combination evaluated in Section 2.6.7. 

2.6.1.3.2 Neutron Shield Jacket 

The neutron shield outer jacket is a 0.19-inch thick shell made of carbon steel that contains the 

hydrogenous neutron shielding material. As shown in Section 2.3, the neutron shielding material 

has a much higher coefficient of thermal expansion than the neutron shield jacket carbon steel 

material. Differential thermal expansion between the neutron shielding and the neutron shield 

jacket will cause the neutron shielding to exert radial pressure on the neutron shield jacket and 

axial pressure on the tie-down rings, resulting in thermal stress in the neutron shield jacket and 

neutron shield support angles. Outgassing from the neutron shielding material will also produce 

a pressure load on the neutron shield jacket, resulting in additional hoop stress in the neutron 

shield jacket and support angles. The neutron shield includes a pressure relief device with a 

maximum allowable working pressure of 30 psig. In accordance with Article UG-125(c) of the 
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ASME Code,
31

 the pressure relief device is required to prevent the pressure from rising more 

than 10% or 3 psi, whichever is greater, above the maximum allowable working pressure. Thus, 

the neutron shield pressure relief device is required to prevent the pressure inside the neutron 

shield from exceeding 33 psig. A bounding neutron shield internal design pressure of 35 psig is 

conservatively used for the structural evaluation of the neutron shield jacket. Due to the large 

disparity between the coefficients of thermal expansion, the worst condition exists when the 

component temperatures are the highest (i.e., 100 F ambient condition). 

The stresses in the neutron shield jacket, neutron shield support angles, and the associated welds 

are calculated using both classical hand calculations and finite element analysis. The stresses due 

to radial and longitudinal differential thermal expansion are evaluated separately, as discussed 

below. The resulting stresses from the two evaluations are combined to determine the maximum 

stresses in the neutron shield jacket, support angles, and associated welds for the controlling 

thermal condition. 

Radial Thermal Expansion Stress Evaluation

The stresses in the neutron shield jacket, neutron shield support angles, and the associated welds 

due to NCT thermal loading are determined using finite element methods. The finite element 

model used for the radial thermal expansion stress evaluation of the FuelSolutions™ TS125 

Transportation Cask neutron shield assembly includes the outer shell, neutron shield support 

angle, neutron shield jacket, and solid neutron shield, as shown in Figure 2.6-1. The finite 

element model represents a unit-thickness (plane stress) 1/64
th

 symmetrical section of the cask 

cross-section with radial symmetry planes passing through the centerline of the neutron shield 

support angle and midway between adjacent support angles.  

The cask outer shell and solid neutron shielding material are modeled using 2-D structural solid 

plane strain elements (PLANE42). The outer shell is modeled with a 38.25-inch inner radius and 

a 40.90-inch outer radius. The solid neutron shield is modeled with a 6.0-inch radial thickness. 

The neutron shield jacket and neutron shield support angle are modeled using 2-D elastic beam 

elements (BEAM3) with input section properties based on a unit depth and a 3/16-inch plate 

thickness. The non-linear interface between the solid neutron shield and the outer shell, neutron 

shield jacket, and neutron shield support angle is modeled using point-to-point gap elements 

(CONTAC52). The gap elements allow only compressive loads to be transferred across the 

interfaces, conservatively neglecting the effects of friction. The gap elements are assumed to be 

initially closed. A gap element contact stiffness of 1x10
7
 pounds/inch is modeled. 

The welded connection between the leg of the neutron shield support angle and the outer shell is 

modeled as a pinned connection by coupling the coincident nodes of the two components in the 

radial (UX) and circumferential (UY) directions. Similarly, the welded connection between the 

neutron shield jacket and the neutron shield support angle is modeled as a pinned connection by 

coupling the coincident nodes of the two components in the radial (UX) direction. Symmetry 

boundary conditions (UY=0) are applied to all nodes located on the radial symmetry planes. In 

addition, all nodes are restrained from axial translation (UZ=0) and in-plane rotation 

(ROTX=ROTY=0). The model boundary conditions are shown in Figure 2.6-2. 

                                                
31 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section VIII, Division 1, 

Part UG, General Requirements for all Methods of Construction and All Materials, 1998 Edition. 
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The temperature-dependant material properties (E and ) from Section 2.3 are used in the finite 

element model. The cask outer shell is modeled using SA-240, Type XM-19 stainless steel 

material properties from Table 2.3-3. The neutron shield jacket and neutron shield support angle 

are modeled using A516, Grade 70 carbon steel material properties from Table 2.3-7. The solid 

neutron shield is modeled using the material properties of NS-4-FR from Table 2.3-11. 

The thermal loading is applied to the finite element model as nodal temperature constraints. The 

applied temperatures, based on the hottest axial section of the transportation cask for the NCT 

hot thermal condition with the Qmax fuel decay heat loading profile, are 340 F for the cask outer 

shell, 270 F for the neutron shield support angles and solid neutron shield, and 209 F for the 

neutron shield jacket. The thermal loading is evaluated in combination with a bounding 35 psig 

internal design pressure load for the neutron shield. The 35 psig internal pressure load is applied 

to the inner surface of the neutron shield annulus separately and superimposed with the thermal 

loading.

The maximum stresses in the neutron shield jacket, neutron shield support angles, and the 

associated welds due to NCT thermal loading are summarized in Table 2.6-3. The maximum 

direct axial stress (fa) and axial plus bending stress (fa+fb) in the neutron shield jacket and 

support angle are obtained directly from the finite element solution. The maximum shear stresses 

in these components are calculated based on the nodal forces, as  = V/t. The maximum stress 

intensities in the neutron shield jacket and neutron shield support angle are calculated as follows: 

S.I. = 2

2

ba

2

ff
2

The weld shear stresses are calculated using the nodal forces from the finite element solution. 

The shear stress in the 3/16-inch groove weld connecting the neutron shield jacket to the neutron 

shield support angles is calculated as follows: 

wt

FX2

where:

2 FX = Total weld force, equal to the nodal force multiplied by 2.0 to accounting for 

symmetry 

tw = 0.1875 inch, effective weld throat 

Similarly, the shear stress in the 1/8-inch effective throat groove weld connecting the neutron 

shield support angle to the outer shell is calculated as follows: 

w

22

t

FYFX

where:

FX = Radial weld force 

FY = Circumferential weld force 
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tw = 0.125 inch, effective weld throat 

The results of the neutron shield radial thermal expansion stress evaluation in Table 2.6-3 show 

that the stresses resulting from the NCT thermal loading and internal pressure loading do not 

combine absolutely. Furthermore, the superposition of internal pressure loading with NCT 

thermal loading does not cause a significant increase in the jacket and support angle stresses 

from those due to NCT thermal loading alone. This is because the internal pressure load causes 

the neutron shield jacket to deflect outward radially, thereby partially relieving the constraints 

producing the thermal stresses. 

Longitudinal Thermal Expansion Stress Evaluation

As shown in Section 2.6.1.2, longitudinal differential thermal expansion between the neutron 

shield and the surrounding steel components results in a maximum interference of 0.678 inches 

under the most severe NCT thermal loading. This interference will produce axial compressive 

loading of the solid neutron shield and axial tensile loads in the cask outer shell and neutron 

shield jacket. The loads and stresses in the neutron shield and surrounding steel components due 

to longitudinal differential thermal expansion are evaluated using hand calculations as follows.  

Consider the statically indeterminate system consisting of the cask outer shell, the neutron shield 

and the neutron shield jacket. Assuming the neutron shield end rings to be rigid, the axial 

thermal expansion deformation of the neutron shield jacket must be the same as that of the cask 

outer shell. After the neutron shield expands to fill the 1.0-inch clearance provided at the top 

end, it will push on the end rings and stretch the cask shell and neutron shield jacket. Based on 

the principal of static equilibrium, the axial compressive load in the neutron shield will equal the 

sum of axial tensile loads in the cask outer shell and neutron shield jacket, or: 

P1 + P2 + P3 = 0 

and,

 = 2 - 1.0 = 1 = 3

where the subscripts 1, 2, and 3 refer to the cask outer shell, the neutron shield, and the neutron 

shield jacket, respectively. Recognizing that the total deflection is the sum of thermal and elastic 

deflections, the expansion equations from above become: 

1
EA

LP
L70T

EA

LP
L70T

22

22
222

11

11
111

EA

LP
L70T

EA

LP
L70T

33

33
333

11

11
111

where L1 and L3 are the lengths of the cask outer shell and neutron shield jacket between the tie-

down rings. Recognizing that L1 = L3 and P3 = - P2 - P1, these equations reduce to: 

070T70TEAEAPEAPEAEA

01L70TL70TEAEAPLEAPLEA

331133112111311 3

222111221122111122
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These equations may written in the form: 

0cPbPa

0cPbPa

22212

12111

where:

a1 = LEA 122  = 1.63x10
11

 in-lb. 

b1 = LEA 211  = -3.10x10
12

 in-lb. 

c1 = 1L70TL70TEAEA 2221112211  = -7.58x10
18

 in-lb
2
.

a2 = EAEA 311 3
 = 1.95x10

10
 lb. 

b2 = EA 11  = 1.78x10
10

 lb. 

c2 = 70T70TEAEA 33113311  = 3.77x10
16

 lb
2

A1 = 659 in
2
, cross-sectional area of cask outer shell 

E1 = 27.0x10
6
 psi, elastic modulus of cask outer shell Type XM-19 stainless steel 

material at T1=302 F

1 = 8.65 x 10
-6

 in/in/ F, mean coefficient of thermal expansion of outer shell 

Type XM-19 stainless steel material at T1=302 F

A2 = 1,655 in
2
, cross-sectional area of solid neutron shield 

E2 = 0.561x10
6
 psi, compressive modulus of solid neutron shield NS-4-FR material 

at T2=249 F

2 = 5.80 x 10
-5

 in/in/ F, mean coefficient of thermal expansion of solid neutron 

shield NS-4-FR material at T2=249 F

A3 = 59.1 in
2
, cross-sectional area of neutron shield jacket 

E3 = 28.8x10
6
 psi, elastic modulus of neutron shield jacket A516, Grade 70 carbon 

steel material at T3=199 F

3 = 5.89 x 10
-6

 in/in/ F, mean coefficient of thermal expansion of neutron shield 

jacket A516, Grade 70 carbon steel material at T3=199 F

Solving the equations simultaneously leads to the following solution for the member loads: 

baba

cbcb
P

1221

1221
1  = 2.80 x 10

5
 lbs. (tension) 

baba

cbcb

b

a

b

c

b

Pac
P

1221

1221

1

1

1

1

1

111
2  = -2.43 x 10

6
 lbs. (compression) 

PPP 213  = 2.15 x 10
6
 lbs. (tension) 
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The resulting stresses in the three components are: 

)tension(ksi43.0
in659

.lbs10x80.2

A

P
2

5

1

1
OS

)ncompressio(ksi47.1
in655,1

.lbs10x43.2

A

P
2

6

2

2
NS

)tension(ksi4.36
in1.59

.lbs10x15.2

A

P
2

6

3

3
NSJ

Evaluation of Controlling Thermal Expansion Stresses

The controlling stresses in the neutron shield jacket, neutron shield support angles, and the 

associated welds are determined based on the results of the radial and longitudinal thermal 

expansion stress evaluations discussed above. The maximum axial stress in the neutron shield 

jacket due to longitudinal differential expansion is 36.4 ksi, which is bounded by the maximum 

combined axial plus bending (hoop) stress of 55.0 ksi due to radial differential thermal 

expansion. Thus, the axial stress due to longitudinal differential expansion is an intermediate 

principal stress and does not control the maximum stress intensity in the neutron shield jacket. 

As shown in Table 2.6-3, the maximum shear stress in the neutron shield jacket from the radial 

thermal expansion stress evaluation is 2.1 ksi.  Therefore, the maximum stress intensity in the 

neutron shield jacket resulting from the worst case thermal loading is: 

2

2

bm 1.2
2

0.55
2QPP  = 55.2 ksi 

The maximum axial stress in the neutron shield support angle due to longitudinal thermal 

expansion is conservatively assumed equal to that of the neutron shield jacket, or 36.4 ksi.  The 

maximum combined axial plus bending (hoop) stress in the neutron shield support angle due to 

radial differential expansion plus pressure loading is 27.3 ksi.  Since this stress is bounded by the 

maximum axial stresses due to longitudinal differential thermal expansion, it is an intermediate 

principal stress and does not control the maximum stress intensity in the neutron shield support 

angle. As shown in Table 2.6-3, the maximum shear stress in the neutron shield support angle 

due to radial thermal expansion is 2.1 ksi.  Therefore, the maximum stress intensity in the 

neutron shield support angle resulting from the worst case thermal loading is: 

2

2

bm 1.2
2

4.36
2QPP  = 36.6 ksi 
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Thermal stress is classified as secondary in accordance with the ASME Code. The Service 

Level A allowable primary plus secondary stress intensity for A516, Grade 70 carbon steel at a 

bounding design temperature of 400 F is 65.1 ksi. Therefore, the minimum design margins for 

primary plus secondary stress intensity in the neutron shield jacket and neutron shield support 

angle due to NCT thermal loading are: 

Jacket: 1
2.55

1.65
DM  = +0.18 

Support Angle: 1
6.36

1.65
DM  = +0.78 

2.6.1.3.3 Closure Bolts 

When subjected to NCT thermal loading, the closure bolts and the closure lid expand. Since the 

coefficient of thermal expansion of the closure bolt material is lower than that of the closure lid 

material, the thermal expansion produces axial tensile loads in the closure bolts. The stresses in 

the closure bolts due to NCT thermal loading are evaluated in accordance with the requirements 

of NUREG/CR-6007, as described in Section 2.12.7. The results show that the NCT hot thermal 

loading results in a maximum tensile load of 19,952 pounds in the closure bolt. The 

corresponding tensile stress in the closure bolt is 7.2 ksi (=19.95 kips  2.77 in
2
). The closure 

bolt loads due to NCT thermal loading are combined with those due to other NCT loading 

conditions. As shown in Section 2.12.7, the maximum stress ratio in the closure bolts for the 

controlling NCT load combination is 0.97, which is less than 1.0. Therefore, the closure bolts 

meet the design criteria of NUREG/CR-6007 for NCT thermal loading. 

2.6.1.4 Comparison with Allowable Stresses 

The results of the thermal stress analyses presented in Section 2.6.1.3 demonstrate that the 

FuelSolutions™ TS125 Transportation Cask meets the allowable stress design criteria discussed 

in Section 2.1.2. In addition, the results of the fatigue analysis demonstrate that the fatigue 

performance requirements are satisfied. 

The effects of thermal loading are considered in combination with NCT vibration loading and 

NCT free drop loading in Sections 2.6.5 and 2.6.7, respectively. The combined stresses for each 

load combination meet the NCT stress acceptance criteria discussed in Section 2.1.2. Therefore, 

the FuelSolutions™ TS125 Transportation Cask satisfies all applicable performance 

requirements. 

The bounding stresses and corresponding minimum design margins in the FuelSolutions™ 

TS125 Transportation Cask components due to the bounding NCT thermal loading, evaluated 

both with and without internal pressure loading, are summarized in Table 2.6-2. Excluding the 

closure bolts, the minimum design margin is +0.18 for primary plus secondary stress intensity in 

the neutron shield jacket. For the cask body components, the minimum design margin is +2.28 

for primary plus secondary stress intensity in the closure lid. The minimum design margin for the 

closure bolts is +0.03 due to non-prying tensile stresses resulting from the combined effects of 

NCT thermal, bolt preload, and internal pressure loading. 
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Table 2.6-2  -  Summary of NCT Thermal Stress Evaluation Results 

Cask
Component

Stress
Type 

Maximum
S.I.(ksi)

Allowable 
S.I.

(ksi)

Minimum
Design

Margin(1)

Reference
SAR

Section

Bottom Forging Plate Pl + Pb + Q 8.0 90.6 +10.3 2.6.1.3.1 

Pl + Pb + Q 16.9 90.6 +4.36 2.6.1.3.1 Inner Shell 

Buckling Bounded on NCT Vibration 2.6.1.3.1 

Inner Shell-to-Top 

Forging Weld 

Pl + Pb + Q 13.9 72.5(2) +4.22 2.6.1.3.1 

Outer Shell Pl + Pb + Q 19.2 90.6 +3.72 2.6.1.3.1 

Top Forging Ring Pl + Pb + Q 12.3 90.6 +6.37 2.6.1.3.1 

Closure Lid Pl + Pb + Q 27.6 90.6 +2.28 2.6.1.3.1 

Top Seal Region Bearing 7.7 40.8(3) +4.30 2.6.1.3.1 

Closure Bolts Tensile 

Stress Ratio 

0.97 1.0 +0.03 2.6.1.3.3 

Btm. Shield Ring Weld(4) Pl + Pb + Q 15.5 90.6 +4.85 2.6.1.3.1 

Tie-down Ring Welds(4) Pl + Pb + Q 26.4 90.6 +2.43 2.6.1.3.1 

Neutron Shield Jacket Pl + Pb + Q 55.2 65.1 +0.18 2.6.1.3.2 

Support Angles Pl + Pb + Q 36.6 65.1 +0.78 2.6.1.3.2 

Support Angle Welds Shear 10.1 13.0 +0.29 2.6.1.3.2 

Notes:
(1) Design margin is equal to (allowable/stress) - 1.
(2) The allowable stresses for the inner shell-to-top forging ring weld include an 80% stress-reduction factor.
(3) The allowable bearing stress on the top flange and closure lid in the region of the containment O-ring is equal 

to the material yield strength.
(4) The stresses in the tie-down ring welds and bottom shield ring weld are from the cask body finite element 

analysis.  These stresses do not include the loads resulting from thermal expansion of the neutron shielding 

material within the neutron shield cavity.  However, the reported stresses are conservative and bounding since 

the weld loads due to thermal expansion of the neutron shielding material will oppose the loads evaluated in the 

finite element analysis and result in lower stresses.
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Table 2.6-3  -  Neutron Shield Radial Thermal Expansion Stress 

Evaluation Results 

Load Condition 

Component Stress Type 
NCT

Thermal
Internal

Pressure

NCT Thermal + 
Internal

Pressure

fa 17.1 7.9 18.0 

fa + fb 55.0 14.3 54.1 

2.1 0.1 2.1 

Pm N/A 7.9 N/A 

Pm+Pb N/A 14.3 N/A 

Neutron Shield Jacket 

Pm+Pb+Q 55.2 14.3 54.3 

fa 6.3 0.1 6.4 

fa + fb 26.4 0.9 27.3 

2.1 0.1 2.1 

Pm N/A 0.2 N/A 

Pm+Pb N/A 0.9 N/A 

Neutron Shield Support 

Angle

Pm+Pb+Q 36.6(1) 0.9 36.6(1)

Jacket/Support Angle 

Weld

Shear 4.2 0.2 4.2 

Support Angle/Outer 

Shell Weld 

Shear 9.9 0.1 10.1 

Notes:
(1) Calculated using the maximum axial stress of 36.4 ksi resulting from the longitudinal thermal expansion.
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Cask
Outer Shell

Neutron Shield
Support Angle

Neutron
Shield
Jacket

Neutron
Shield

Figure 2.6-1  -  TS125 Transportation Cask Neutron Shield Assembly 

Plane Strain Finite Element Model 

Symmetric
Boundary

Symmetric
Boundary

Weld
coupled in
UX & UY

Weld
coupled in
UX & UY

Figure 2.6-2  -  TS125 Transportation Cask Neutron Shield Assembly 

Plane Strain Finite Element Model Boundary Conditions 

.
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2.6.2 Cold 

The FuelSolutions™ TS125 Transportation Cask was evaluated for the thermal effects of a 

steady-state ambient temperature of –40 F in still air and shade in accordance with 

10CFR71.71(c)(2). In accordance with Regulatory Guide 7.8, the NCT cold environment is 

evaluated in combination with zero insolation, zero decay heat, and zero internal pressure.  

Differential thermal expansion is evaluated considering possible interference resulting from a 

reduction in gap sizes. As discussed in Section 2.6.1.2, transverse and longitudinal clearances are 

provided between the canister shell and the transportation cask cavity to permit free thermal 

expansion under all NCT and HAC thermal conditions. The NCT cold environment with zero 

insolation and zero decay heat results in a uniform temperature of –40 F throughout the 

transportation package. With the exception of the lead gamma shield and solid neutron shields, 

all of the transportation cask materials have coefficients of thermal expansion that are similar in 

magnitude. In addition, the change in temperature for the NCT cold environment is small 

( T = -110 F). Thus, differential thermal expansion resulting from this condition will not result 

in any substantial reduction in gap sizes. 

For the lead gamma shield and solid neutron shields, the NCT cold environment results in 

greater thermal contraction of the shielding materials than the surrounding stainless steel 

materials. Therefore, there is no reduction of gap sizes between the shielding materials and the 

stainless steel components in which they are encased. 

In addition, the evaluation considers the effect of the cold temperature on the transportation cask 

material properties, including possible freezing of liquids. All of the transportation cask 

structural components are fabricated entirely from austenitic stainless steel and carbon steel. As 

discussed in Section 2.1.2.3.1, the transportation cask structural materials have sufficient fracture 

toughness to preclude brittle fracture failure for the LST of –20 F. Since the NCT cold 

environment is not required to be considered in combination with the NCT and HAC free drops, 

brittle fracture failure is not a credible failure mode for the NCT cold environment. The 

transportation cask cavity and the canister are drained and backfilled with inert gas prior to being 

placed into service. Therefore, the transportation cask does not contain any liquids that could 

freeze in the NCT cold environment. 

In accordance with the requirements of Regulatory Guide 7.8, the effects of the NCT cold 

environment in combination with zero insolation and maximum decay heat are considered in the 

evaluation of the NCT hot environment presented in Section 2.6.1. The results of the 

transportation cask structural analysis for the NCT hot environment demonstrate that the 

transportation cask satisfies the requirements of Subpart E of 10CFR71 for the governing NCT 

thermal loading. 

2.6.3 Reduced External Pressure 

The effect of reduced external pressure of 3.5 psia, per 10CFR71.71(c)(3), is considered 

negligible for the transportation cask. It effectively amounts to the increase in pressure 

differential between the inside and outside of the cask. The transportation cask design internal 

pressure of 75 psig is significantly higher than the maximum inside pressure presented in any 
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FuelSolutions™ Canister Transportation SAR, including the effects of reduced external pressure. 

Therefore, the 75 psig internal design pressure analysis is conservatively bounding. 

2.6.4 Increased External Pressure 

The effect of increased external pressure of 20 psia (-5.3 psig), per 10CFR71.71(c)(4), is 

considered negligible for the transportation cask, since the cask is designed to withstand the 

290 psig HAC immersion pressure. The NCT allowable stresses are lower than the HAC 

allowable stresses by a factor that is much less than the ratio of the external pressure loads 

(i.e., 290/5.3 = 54.7). 

2.6.5 Vibration 

The FuelSolutions™ TS125 Transportation Cask is transported by rail in a horizontal 

orientation. The transportation cask is supported by the shipping cradle at the tie-down rings 

located at the top and bottom ends of the neutron shield. Although the vibration loading design 

margins are expected to be higher than those resulting from the NCT side drop loading, they are 

of interest for evaluating the potential of fatigue failure. For the NCT side drop loading evaluated 

in Section 2.6.7, the inertial loads are reacted at the impact limiter interfaces, rather than the 

shipping cradle support saddles. In addition to addressing fatigue concerns, the difference 

between the NCT vibration and NCT side drop boundary condition requires that both cases be 

evaluated.

Draft ANSI N14.23
32

 identifies the peak truck trailer vibration inputs. Table 2 of ANSI N14.23 

shows peak vibration accelerations of a trailer bed as a function of the package and tie-down 

system natural frequency. For the frequency range of 0 to 5 Hz and conservatively assuming a 

light package, Table 2 gives peak accelerations (99% level) of 2g in the vertical direction, and 

0.1g in both the lateral and longitudinal directions, while all other frequency ranges give 

significantly lower acceleration levels. This data, which relates to truck transport, may be also 

conservatively used for the rail transport, where smooth steel rails replace a variable road 

surface. The 0.1g longitudinal and lateral loads are insignificant. Therefore, a 2g vertical 

acceleration load is used for the transportation cask structural evaluation. 

The structural evaluation of the transportation cask body and neutron shield casing components 

for NCT vibration loading are performed separately. The stresses in the transportation cask body 

are evaluated in Section 2.6.5.1 using finite element analysis. The stresses in the neutron shield 

jacket and neutron shield support angles resulting from NCT vibration loading are evaluated 

separately from the cask body using hand calculations, as discussed in Section 2.6.5.2. The 

transportation cask closure bolts are evaluated for NCT vibration loading using hand calculations 

in accordance with the requirement of NUREG/CR-6007, as discussed in Section 2.12.7. The 

closure bolt stresses due to NCT vibration loading are summarized in Section 2.6.5.3. Buckling 

of the transportation cask inner and outer shells due to the bounding NCT loading is evaluated in 

Section 2.6.7.2 in accordance with the requirements of ASME Code Case N-284-1. The 

                                                
32 ANSI N14.23, Design Basis for Resistance to Shock and Vibration of Radioactive Material Packages Greater 

Than One Ton in Truck Transport, American National Standards Institute, Inc., New York, 1980. 
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structural evaluation of the FuelSolutions™ TS125 Transportation Cask for NCT vibration 

loading is presented in the following subsections. 

2.6.5.1 Transportation Cask Body 

In accordance with the requirements of Regulatory Guide 7.8, the stresses in the transportation 

cask body are evaluated for the NCT vibration loading in combination with internal pressure, 

NCT thermal, and fabrication stresses. As discussed in Section 2.6.1.1, a bounding internal 

design pressure of 75 psig is conservatively used for the structural evaluation of the 

FuelSolutions™ TS125 Transportation Cask. The NCT thermal conditions considered in 

combination with NCT vibration loading include NCT cold and NCT hot thermal loading. For 

NCT thermal loading, only the worst-case NCT thermal condition is included. As discussed in 

Section 2.6.1.3.1, the NCT cold thermal condition produces the highest general thermal stress 

intensities in the transportation cask body. Therefore, only the NCT cold thermal loading is 

evaluated in combination with the NCT vibration loading. The only significant fabrication 

stresses in the cask are those resulting from the lead pour and closure bolt preload. As shown in 

Section 2.12.8, the residual stresses in the cask body at room temperature due to the lead pour 

are small. These stresses are relieved by thermal expansion of the lead gamma shield at elevated 

temperatures. Therefore, the fabrication stresses resulting from the lead pour are not included in 

the NCT vibration load combinations. The NCT vibration load combinations are summarized as 

follows: 

(2A) NCT Vibration + Bolt Preload 

(2B) NCT Vibration + Bolt Preload + Maximum Internal Pressure 

(2C) NCT Vibration + Bolt Preload + NCT Thermal 

(2D) NCT Vibration + Bolt Preload + Maximum Internal Pressure + NCT Thermal 

The structural evaluation of the transportation cask body for NCT vibration loading is performed 

using the half-symmetry finite element model described in Section 2.12.5. The half-symmetry 

finite element model includes all of the major structural components of the transportation cask, 

including the gamma shield. However, the bottom end neutron shield and radial neutron shield 

are not included in the model. Instead, the weight of these components is apportioned to the 

supporting regions of the cask. Therefore, the stresses in the neutron shield jacket and neutron 

shield support angles resulting from NCT vibration loading are evaluated separately from the 

cask body, as discussed in Section 2.6.5.2. In addition, a separate stress evaluation of the 

transportation cask closure bolts is performed for NCT vibration loading in accordance with the 

requirement of NUREG/CR-6007, as discussed in Section 2.12.7. The closure bolt evaluation for 

NCT vibration loading is discussed in Section 2.6.5.3. 

The NCT vibration loading consists of the inertial load of the cask body, impact limiters, and 

canister. The NCT vibration loads are conservatively based on an upper bound package weight 

of 285 kips and an upper bound canister weight of 85 kips. The inertial loading from the 

transportation cask weight is accounted for by applying a 2g vertical acceleration to the finite 

element model. As discussed in Section 2.12.5, the NCT vibration loading from the weight of the 

canister on the cask inner shell and the weight of the impact limiters on the ends of the cask body 

are applied as a radial pressures, assumed to be uniform along the length of the interface and 

vary with a cosine distribution around the cask circumference. Similarly, the transverse reaction 
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loads at the tie-down rings for NCT vibration loading are also applied as radial pressures, 

varying with a cosine distribution. The methodology and assumptions used to calculate the radial 

pressures for NCT vibration loading are described in Section 2.12.5, and the applied pressure 

loads are summarized in Table 2.12-5. 

The NCT vibration loading is applied in combination with the initial conditions discussed above. 

The bolt preload, internal pressure, and NCT thermal loadings are applied to the finite element 

model as described in Section 2.12.5. A linear-elastic static analysis is performed for each load 

combination. The stresses in the cask body due to the NCT vibration loading combinations are 

evaluated at each of the 38 stress evaluation sections defined in Section 2.12.6 at azimuths of 0

(bottom centerline), 10 , 20 , 30 , 40 , 50 , 90 , and 180  (top centerline). The maximum stress 

intensities in each of the cask body components due to each NCT vibration load combination are 

summarized in Table 2.6-4. The stress intensities for those load combinations, including NCT 

thermal loading (i.e., 2C and 2D), are classified as primary plus secondary (Pl+Pb+Q) in 

accordance with the ASME B&PV Code. The results of the NCT vibration stress evaluation 

show that the maximum stress intensities in most of the cask body components result from load 

combination 2B (NCT vibration + bolt preload + internal pressure) and 2D (NCT vibration + 

bolt preload + internal pressure + maximum NCT thermal). The maximum stress intensities 

occur in the closure lid in the region of the closure bolts. These stresses are due primarily to the 

bolt preload. The membrane stress intensity in the closure lid near the region of the closure bolts 

is classified as local membrane (Pl) in accordance with the ASME B&PV code, since it is highly 

localized and does not result in any noticeable distortion of the closure lid. 

The Service Level A allowable primary membrane (Pm), primary membrane plus bending 

(Pl+Pb), and primary plus secondary (Pl+Pb+Q) stress intensities for Type XM-19 stainless steel 

at a bounding design temperature of 400 F are 30.2 ksi, 45.3 ksi, and 90.6 ksi, respectively. The 

Service Level A allowable local membrane stress intensity is equal to the allowable primary 

membrane plus bending stress intensity, or 45.3 ksi. The maximum stress intensities in each of 

the cask body components are summarized in Table 2.6-5, along with the corresponding Service 

Level A allowable stress intensities and minimum design margins. The results show that the 

maximum stress intensities in each of the cask body components due to NCT vibration loading 

meet the Service Level A allowable stress design criteria. The lowest design margin in the cask 

body components due to NCT vibration loading is +0.23 for primary membrane plus bending 

stress intensity in the closure lid. 

The results of the transportation cask NCT vibration stress evaluation also show that the 

maximum bearing stress at the interface between the closure lid and top ring forging in the 

region of the containment O-ring for all NCT vibration load combinations is 8.0 ksi. As 

discussed in Section 2.1.2.1.1, the maximum bearing stress in the top seal region is limited to the 

material yield strength. The yield strength of Type XM-19 stainless steel at a bounding design 

temperature of 400 F is 40.8 ksi. Therefore, the minimum design margin for bearing stress in the 

top seal region resulting from NCT vibration loading is +4.10. 

2.6.5.2 Neutron Shield Jacket 

The maximum stresses in the neutron shield jacket, neutron shield support angles, and associated 

welds due to NCT vibration loading are bounded by those calculated in Section 2.6.7.3 for the 

15g NCT side drop loading. As shown in Section 2.6.7.3, the neutron shield jacket components 
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meet the Service Level A allowable stress design criteria for the bounding NCT side drop load 

combinations. 

2.6.5.3 Closure Bolts 

From Subsection 4.8 of NUREG/CR-6007, resonant vibrations can produce loads in the closure 

bolts. As described in Section 2.6.5, the vibration normally incident to transport is 2g in the 

vertical direction. When the transportation cask is in the transport mode, it is oriented 

horizontally and the closure lid is supported by the step on the bottom face of the closure lid. 

Thus, no significant forces from the NCT vibration loading are transmitted to the closure bolts. 

2.6.5.4 NCT Vibration Summary 

The structural analyses presented in the preceding sections show that the FuelSolutions™ TS125 

Transportation Cask meets the applicable normal condition design criteria for the 2g vertical 

NCT vibration load, considering the worst-case load combinations in accordance with 

Regulatory Guide 7.8. The maximum stresses and minimum design margins in each structural 

component of the transportation cask are summarized in Table 2.6-5. The minimum design 

margin in the transportation cask due to NCT vibration loading is +0.23 for primary membrane 

plus bending stress intensity in the closure lid. This stress intensity occurs at the location of the 

closure bolts and is primarily due to the bolt preload. The results of the structural evaluation for 

NCT vibration loading show that the maximum stresses at all other locations within the 

transportation cask are significantly lower than the corresponding normal condition allowable 

stresses.

The fatigue evaluation presented in Section 2.1.2.3.2 demonstrates that fatigue-induced failure of 

the FuelSolutions™ TS125 Transportation Cask over its 40-year service life is not credible. This 

is shown by satisfying the six criteria of WB-3221.9(d) of the ASME Code. 
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Table 2.6-4  -  Summary of TS125 Cask Body NCT Vibration Stresses 

Load Combination Stress Intensities
(ksi) [Section / Azimuth](1)

Cask
Component

Stress
Type 2A(2) 2B(3) 2C(4) 2D(5)

Maximum
S.I. (ksi) 

Pm 1.1 [4 / 0 ] 1.2 [4 / 0 ] N/A(6) N/A(6) 1.2

Pl + Pb 2.3 [3 / 0 ] 2.9 [3 / 0 ] N/A(6) N/A(6) 2.9

Bottom 

Plate

Forging 
Pl + Pb + Q 2.3 [3 / 0 ] 2.9 [3 / 0 ] 5.7 [4 / 0 ] 6.7 [4 / 0 ] 6.7

Pm 2.4 [9 / 30 ] 2.5 [11 / 0 ] N/A(6) N/A(6) 2.5

Pl + Pb 6.1 [7 / 0 ] 7.2 [7 / 0 ] N/A(6) N/A(6) 7.2

Inner

Shell 

Pl + Pb + Q 6.1 [7 / 0 ] 7.2 [7 / 0 ] 19.6 [7 / 0 ] 20.7 [7 / 0 ] 20.7

Pm 2.1 [14 / 30 ] 2.2 [14 / 50 ] N/A(6) N/A(6) 2.2 

Pl + Pb 4.6 [14 / 0 ] 3.9 [14 / 0 ] N/A(6) N/A(6) 4.6 

Inner Shell-to-

Top Forging Weld 

Pl + Pb + Q 4.6 [14 / 0 ] 3.9 [14 / 0 ] 13.8 [14 / 0 ] 13.1 [14 / 0 ] 13.8

Pm 2.7 [21 / 0 ] 3.0 [21 / 0 ] N/A(6) N/A(6) 3.0

Pl + Pb 4.8 [21 / 0 ] 5.3 [21 / 0 ] N/A(6) N/A(6) 5.3

Outer

Shell 

Pl + Pb + Q 4.8 [21 / 0 ] 5.3 [21 / 0 ] 12.2 [21 / 0 ] 12.7 [21 / 0 ] 12.7

Pm 0.7 [30 / 30 ] 0.9 [30 / 30 ] N/A(6) N/A(6) 0.9

Pl + Pb 1.9 [30 / 0 ] 1.5 [30 / 40 ] N/A(6) N/A(6) 1.9

Top

Ring 

Forging 
Pl + Pb + Q 1.9 [30 / 0 ] 1.5 [30 / 40 ] 4.5 [30 / 0 ] 4.4 [30 / 20 ] 4.5

Pm 0.7 [34 / 50 ] 0.9 [34 / 50 ] N/A(6) N/A(6) 0.9

Pl
(7)

29.1 [35 / 0 ] 29.3 [35 / 180 ] N/A(6) N/A(6) 29.3

Pl + Pb 36.7 [35 / 0 ] 36.2 [35 / 0 ] N/A(6) N/A(6) 36.7

Closure 

Lid

Pl + Pb + Q 36.7 [35 / 0 ] 36.2 [35 / 0 ] 32.5 [35 / 0 ] 31.6 [35 / 0 ] 36.7

Top Seal Region Bearing 7.4 [39 / 10 ] 6.3 [39 / 10 ] 8.0 [39 / 10 ] 7.6 [39 / 10 ] 8.0

Pm 0.4 [36 / 20 ] 0.5 [36 / 20 ] N/A(6) N/A(6) 0.5

Pl + Pb 0.9 [36 / 0 ] 1.3 [36 / 0 ] N/A(6) N/A(6) 1.3

Bottom Shield 

Ring Attachment 

Weld 
Pl + Pb + Q 0.9 [36 / 0 ] 1.3 [36 / 0 ] 5.0 [36 / 0 ] 5.4 [36 / 0 ] 5.4

Pm 3.3 [37 / 0 ] 3.3 [37 / 0 ] N/A(6) N/A(6) 3.3

Pl + Pb 3.3 [37 / 0 ] 3.3 [37 / 0 ] N/A(6) N/A(6) 3.3

Tie-down Ring 

Attachment 

Weld 
Pl + Pb + Q 3.3 [37 / 0 ] 3.3 [37 / 0 ] 3.9 [38 / 0 ] 3.9 [38 / 0 ] 3.9

Notes:
(1) The section locations of the maximum stress intensities are shown in Figures 2.12-37 and 2.12-38. Azimuth 

location is measured from the bottom centerline of the cask.
(2) Load combination 2A includes NCT vibration + Bolt preload.
(3) Load combination 2B includes NCT vibration + Bolt preload + Maximum internal pressure.
(4) Load combination 2C includes NCT vibration + Bolt preload + Maximum NCT thermal.
(5) Load combination 2D includes NCT vibration + Bolt preload + Maximum internal pressure + Maximum NCT 

thermal.
(6) Load combinations 2C and 2D include thermal loading. Stresses due to thermal loading are classified as 

secondary in accordance with the ASME B&PV Code.
(7) The maximum membrane stress intensity in the closure lid is a local stress in the region of the closure bolts, and 

is classified a local membrane in accordance with the ASME B&PV Code.
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Table 2.6-5  -  Summary of TS125 Cask NCT Vibration Stress 

Evaluation Results 

Cask
Component

Stress
Type 

Maximum
S.I.

(ksi)

Allowable 
S.I.

(ksi)

Minimum
Design

Margin
(1)

Reference
SAR

Section

Pm 1.2 30.2 +24.2 2.6.5.1 

Pl + Pb 2.9 45.3 +14.6 2.6.5.1 

Bottom 

Plate

Forging Pl + Pb + Q 6.7 90.6 +12.5 2.6.5.1 

Pm 2.5 30.2 +11.1 2.6.5.1 

Pl + Pb 7.2 45.3 +5.29 2.6.5.1 

Inner Shell 

Pl + Pb + Q 20.7 90.6 +3.38 2.6.5.1 

Pm 2.2 24.2(2) +10.0 2.6.5.1 

Pl + Pb 4.6 36.2(2) +6.87 2.6.5.1 

Inner Shell-to-Top Forging Weld 

Pl + Pb + Q 13.8 72.5(2) +4.25 2.6.5.1 

Pm 3.0 30.2 +9.07 2.6.5.1 

Pl + Pb 5.3 45.3 +7.55 2.6.5.1 

Outer Shell 

Pl + Pb + Q 12.7 90.6 +6.13 2.6.5.1 

Pm 0.9 30.2 +32.6 2.6.5.1 

Pl + Pb 1.9 45.3 +22.8 2.6.5.1 

Top Forging Ring 

Pl + Pb + Q 4.5 90.6 +19.1 2.6.5.1 

Pm 0.9 30.2 +32.6 2.6.5.1 

Pl
(3) 29.3 45.3 +0.55 2.6.5.1 

Pl + Pb 36.7 45.3 +0.23 2.6.5.1 

Closure Lid 

Pl + Pb + Q 36.7 90.6 +1.47 2.6.5.1 

Top Seal Region Bearing 8.0 40.8(4) +4.10 2.6.5.1 

Closure Bolts Stresses due to NCT vibration are insignificant 2.6.5.3 

Pm 0.5 30.2 +59.4 2.6.5.1 

Pl + Pb 1.3 45.3 +33.9 2.6.5.1 

Btm. Shield Ring Weld 

Pl + Pb + Q 5.4 90.6 +15.8 2.6.5.1 

Pm 3.3 30.2 +8.15 2.6.5.1 

Pl + Pb 3.3 45.3 +12.7 2.6.5.1 

Tie-down Ring Welds 

Pl + Pb + Q 3.9 90.6 +22.2 2.6.5.1 

Neutron Shield Jacket Bounded by NCT Free Drop 2.6.5.2 

Support Angles Bounded by NCT Free Drop 2.6.5.2 

Support Angle Welds Bounded by NCT Free Drop 2.6.5.2 

Notes:
(1) Design margin is equal to (allowable/stress) - 1.
(2) The allowable stresses for the inner shell-to-top forging ring weld include an 80% stress-reduction factor.
(3) Local membrane stress intensity in the region of the closure bolts.
(4) The allowable bearing stress on the top flange and closure lid in the region of the containment O-ring is 

assumed equal to the material yield strength.
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Figure 2.6-3  -  TS125 Cask NCT Vibration Loading Diagram 
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2.6.6 Water Spray 

The water spray test requirement of 10CFR71.71(c)(6) is not analyzed for the transportation cask 

because it is such a massive package. Regulatory Guide 7.8 states that the massiveness of such 

large casks cause slow thermal response to sudden external temperature changes such as those 

that might be produced by a quenching water spray after a thermal exposure. Therefore, this 

requirement is of no consequence for large transportation packages such as the FuelSolutions™ 

TS125 Transportation Cask. 

2.6.7 Free Drop 

In accordance with 10CFR71.71(c)(7), a 0.3-meter (one-foot) free drop test is required for 

packages weighing more than 15,000 kg (33,100 pounds). The FuelSolutions™ Transportation 

Package weighs considerably more than 33,100 pounds, and therefore is analyzed for this 

postulated free drop condition. As discussed in Chapter 7, the only lifting and handling 

operations performed for the transportation package that are governed by 10CFR71 are 

movements between the railcar and a heavy-haul trailer. These operations are always performed 

with the transportation package in the horizontal orientation in which it is transported. 

Furthermore, the impact limiters are always installed during these operations. All other lifting 

and handling operations in which the transportation cask is either handled in a different 

orientation or without the impact limiters installed are governed by the requirements of the 

facility in which the cask is being handled, such as 10CFR50 or 10CFR72. Therefore, to satisfy 

the intent of the regulation, the FuelSolutions™ transportation package is analyzed for the NCT 

free drop only in the horizontal orientation in which it is transported. 

The FuelSolutions™ TS125 Transportation Cask is analyzed for a bounding 15g NCT one-foot 

side drop equivalent static load. As discussed in Section 2.12.4, the bounding equivalent static 

load is calculated by multiplying the peak rigid body response by the maximum dynamic load 

factor (DLF), considering all participating vibratory modes of the structural system. In 

accordance with Regulatory Guide 7.8, NCT free drop loads are evaluated in combination with 

internal pressure, thermal, and fabrication stresses. 

The structural evaluations of the transportation cask body and neutron shield casing components 

for NCT free drop loading are performed separately. The stresses in the transportation cask body 

are evaluated in Section 2.6.7.1 using finite element analysis. A buckling evaluation of the 

FuelSolutions™ TS125 Transportation Cask inner and outer shells for NCT side drop loading, 

performed in accordance with the requirements of Code Case N-284-1, is presented in 

Section 2.6.7.2. The stresses in the neutron shield jacket and neutron shield support angles 

resulting from NCT free drop loading are evaluated separately from the cask body using hand 

calculations, as discussed in Section 2.6.7.3. The transportation cask closure bolts are evaluated 

for NCT free drop loading using hand calculations in accordance with the requirement of 

NUREG/CR-6007, as discussed in Section 2.12.7. The closure bolt stresses due to NCT free 

drop loading are summarized in Section 2.6.7.4. Buckling of the transportation cask inner and 

outer shells due to the bounding NCT loading is evaluated in Section 2.6.7.2, in accordance with 

the requirements of ASME Code Case N-284-1. The structural evaluation of the FuelSolutions™ 

TS125 Transportation Cask for NCT free drop loading is presented in the following subsections. 
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2.6.7.1 Transportation Cask Body Stress Evaluation 

In accordance with the requirements of Regulatory Guide 7.8, the stresses in the transportation 

cask body are evaluated for the NCT free drop loading in combination with internal pressure, 

NCT thermal, and fabrication stresses. As discussed in Section 2.6.1.1, a bounding internal 

design pressure of 75 psig is conservatively used for the structural evaluation of the 

FuelSolutions™ TS125 Transportation Cask. The NCT thermal conditions considered in 

combination with NCT free drop loading include NCT cold and NCT hot thermal loading. For 

NCT thermal loading, only the worst-case NCT thermal condition is included. As discussed in 

Section 2.6.1.3.1, the NCT cold thermal condition produces the highest general thermal stress 

intensities in the transportation cask body. Therefore, only the NCT cold thermal loading is 

evaluated in combination with the NCT free drop loading. The only significant fabrication 

stresses in the cask are those resulting from the lead pour and closure bolt preload. As shown in 

Section 2.12.8, the residual stresses in the cask body at room temperature due to the lead pour 

are small. These stresses are relieved by thermal expansion of the lead gamma shield at elevated 

temperatures. Therefore, the fabrication stresses resulting from the lead pour are not included in 

the NCT free drop load combinations. The NCT free drop load combinations are summarized as 

follows: 

(3A) NCT Free Drop + Bolt Preload 

(3B) NCT Free Drop + Bolt Preload + Maximum Internal Pressure 

(3C) NCT Free Drop + Bolt Preload + NCT Thermal 

(3D) NCT Free Drop + Bolt Preload + Maximum Internal Pressure + NCT Thermal 

The structural evaluation of the transportation cask body for NCT side drop loading is performed 

using the half-symmetry finite element model described in Section 2.12.5. The half-symmetry 

finite element model includes all of the major structural components of the transportation cask, 

including the gamma shield. However, the bottom end neutron shield and radial neutron shield 

are not included in the model. Instead, the weight of these components is apportioned to the 

supporting regions of the cask. Therefore, the stresses in the neutron shield jacket and neutron 

shield support angles resulting from NCT side drop loading are evaluated separately from the 

cask body, as discussed in Section 2.6.7.3. In addition, a separate stress evaluation of the 

transportation cask closure bolts is performed for NCT free drop loading in accordance with the 

requirement of NUREG/CR-6007, as discussed in Section 2.12.7. The closure bolt stresses due 

to NCT free drop loading are summarized in Section 2.6.7.4. 

The NCT side drop loading consists of the inertial load of the cask body and canister. The weight 

of the impact limiters does not load the cask body for the NCT side drop since the drop loads are 

reacted at the impact limiters. The NCT side drop loads are conservatively based on an upper 

bound canister weight of 85 kips and a total weight of 249 kips (excluding the weight of the 

impact limiters) for the combined weight of the cask and canister. The inertial loading from the 

transportation cask weight is accounted for by applying a 15g vertical acceleration to the finite 

element model. As discussed in Section 2.12.5, the NCT free drop loading from the weight of the 

canister on the cask inner shell is applied as a radial pressure, assumed to be uniform along the 

length of the cask cavity and vary with a cosine distribution around the cask circumference. 

Similarly, the transverse reaction loads at the impact limiter interfaces are applied as radial 

pressures, varying with a cosine distribution around the circumference. The methodology and 
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assumptions used to calculate the radial pressures for NCT side drop loading are described in 

Section 2.12.5, and the applied pressure loads are summarized in Table 2.12-5. 

The NCT side drop loading is applied in combination with the initial conditions discussed above. 

The bolt preload, internal pressure, and NCT thermal loadings are applied to the finite element 

model as described in Section 2.12.5. A linear-elastic static analysis is performed for each load 

combination. The stresses in the cask body due to the NCT side drop loading combinations are 

evaluated at each of the 38 stress evaluation sections defined in Section 2.12.6 at azimuths of 0

(bottom centerline), 10 , 20 , 30 , 40 , 50 , 90 , and 180  (top centerline). The maximum stress 

intensities in each of the cask body components due to each NCT side drop load combination are 

summarized in Table 2.6-6. The stress intensities for those load combinations, including NCT 

thermal loading (i.e., 3C and 3D), are classified as primary plus secondary (Pl+Pb+Q) in 

accordance with the ASME B&PV Code. The results show that the maximum stress intensities 

occur in the closure lid in the region of the closure bolts (section 35 in Figure 2.12-38). These 

stresses are due primarily to the bolt preload. The membrane stress intensity in the closure lid 

near the region of the closure bolts is classified as local membrane (Pl) in accordance with the 

ASME B&PV code, since it is highly localized and does not result in any noticeable distortion of 

the closure lid. The primary membrane stress intensity in the closure lid is taken as the maximum 

membrane stress intensity at all other stress evaluation locations (i.e., sections 32, 33, and 34 in 

Figure 2.12-38).

The Service Level A allowable primary membrane (Pm), primary membrane plus bending 

(Pl+Pb), and primary plus secondary (Pl+Pb+Q) stress intensities for Type XM-19 stainless steel 

at a bounding design temperature of 400 F are 30.2 ksi, 45.3 ksi, and 90.6 ksi, respectively. The 

Service Level A allowable local membrane stress intensity is equal to the allowable primary 

membrane plus bending stress intensity, or 45.3 ksi. The maximum stress intensities in each of 

the cask body components are summarized in Table 2.6-7, along with the corresponding Service 

Level A allowable stress intensities and minimum design margins. The results show that the 

maximum stress intensities in each of the cask body components due to NCT side drop loading 

meet the Service Level A allowable stress design criteria. The lowest design margin in the cask 

body components due to NCT side drop loading is +0.14 for primary membrane plus bending 

stress intensity in the closure lid. 

The results of the transportation cask NCT free drop stress evaluation also show that the 

maximum bearing stress at the interface between the closure lid and top ring forging in the 

region of the containment O-ring for all NCT free drop load combinations is 7.8 ksi. As 

discussed in Section 2.1.2.1.1, the maximum bearing stress in the top seal region is limited to the 

material yield strength. The yield strength of Type XM-19 stainless steel at a bounding design 

temperature of 400 F is 40.8 ksi. Therefore, the minimum design margin for bearing stress in the 

top seal region resulting from NCT free drop loading is +4.23. 

2.6.7.2 Cask Shell Buckling Evaluation 

The transportation cask inner and outer shells are evaluated for buckling due to the most critical 

NCT condition using ASME Code Case N-284-1. The inner and outer shells are considered as 

unstiffened cylindrical shells. The stresses used for the buckling evaluation of the cask shells are 

obtained from the cask body NCT loading finite element analysis results. The maximum shell 

stresses occurring away from the ends, where secondary stresses occur, are used for the bucking 
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evaluation. With reference to Figures 2.12-37 and 2.12-38, the hoop, axial, and in-plane shear 

stresses at sections 10, 11, and 12 are used for the inner shell and those at sections 23, 24, and 25 

are used for the outer shell. 

The buckling analysis geometry parameters are provided in Table 2.6-8. The buckling analysis 

conservatively uses a bounding design temperature of 400°F for the inner shell and outer shell. 

The component stresses are obtained from the individual load analyses. For each loading 

condition, the stresses are evaluated for each individual load and all load combination in 

accordance with Regulatory Guide 7.8. This process and its results are presented in Table 2.6-9. 

The theoretical buckling values, reduction factors, and the buckling evaluation results in 

accordance with ASME Code Case N-284-1 are shown in Table 2.6-10. As specified in Code 

Case N-284-1, the applicable factor of safety of 2.0 is used for the NCT conditions. The 

maximum bucking interaction ratios in the cask inner and outer shells for the bounding NCT 

shell stresses are 0.44 and 0.17, respectively. Therefore, the transportation cask shells meet the 

buckling design criteria of Code Case N-284-1 for NCT loading. The minimum design margins 

for buckling of the inner and outer shells due to NCT loading are: 

DM = 1
44.0

0.1
 = +1.27 

DM = 1
17.0

0.1
 = +4.88 

2.6.7.3 Neutron Shield Jacket 

This section presents the structural evaluation of the neutron shield jacket, support angles, and 

associated welds for the 15g NCT side drop loading. The stresses in these components are 

determined using hand calculations, which are described in the following subsections. 

Neutron Shield Jacket

The neutron shield jacket consists of 32 shell plates that span distance between the neutron 

shield support angles. Each section of neutron shield jacket is welded to the adjacent neutron 

shield jacket segments and the neutron shield support angles. In the event of a side drop, the 

most heavily loaded sections of the neutron shield jacket are those on the impacted side of the 

cask. These segments are loaded by their own weight plus the weight of the solid neutron 

shielding material. The maximum stresses in the neutron shield jacket due to the NCT side drop 

loading are calculated assuming that the section of neutron shield jacket spanning between the 

neutron shield support angles behaves as a simply supported flat plate subjected to a uniform 

pressure load over its entire surface, as follows: 

j

v
t

V
f  = 154 psi 

2

j

b
t

M6
f  = 11,400 psi 
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where

V = Maximum shear stress at the ends of the span 

 = wL/2 

 = 28.9 lb. 

M = Maximum bending moment at the center of the span 

 = wL
2
/8

 = 66.8 in-lb. 

w = Uniformly distributed line load due to jacket weight and solid neutron shield for 

unit length of shell 

 = (tns ns + tj j) x 15g x 1 in. 

 = 6.27 lb/in. 

tns = 6.0 inches, neutron shield thickness 

ns = 0.0607 lb/in
3
, weight density of NS-4-FR solid neutron shielding material 

tj = 0.1875 inch, neutron shield jacket thickness 

j = 0.283 lb/in
3
, weight density of carbon steel jacket material 

L = 9.23 inches, unsupported arc length of the neutron shield jacket 

The maximum primary membrane stress intensity in the neutron shield jacket due to the 15g

NCT side drop loading is taken as twice the maximum shear stress, or 0.3 ksi (=2 x 0.154). The 

maximum primary membrane plus bending stress intensity is calculated as follows: 

2

2

)154.0(
2

4.11
2.I.S  = 11.4 ksi 

In accordance with Regulatory Guide 7.8, stresses due to NCT side drop loading are considered 

in combination with those due to internal pressure loading and NCT thermal loading. Since 

thermal stresses are classified as secondary in accordance with the ASME Code, only internal 

pressure stresses are considered for the calculation of primary stress intensities. As shown in 

Section 2.6.1.3.2, the maximum primary membrane and membrane plus bending stress intensities 

in the neutron shield jacket due to a maximum internal pressure load of 35 psig are 7.9 and 

14.3 ksi, respectively. These stress intensities are conservatively added to the maximum stress 

intensities due to the NCT side drop without respect to sign and location. Therefore, the 

maximum primary membrane and primary membrane plus bending stress intensities in the 

neutron shield jacket due to the combined effects of the NCT side drop and internal pressure 

loading are: 

Pm = 7.9 + 0.3 = 8.2 ksi 

Pl+Pb = 14.3 + 11.4 = 25.7 ksi 

The Service Level A allowable primary membrane and primary membrane plus bending stress 

intensities for A516, Grade 70 carbon steel at a bounding design temperature of 400 F are 

21.7 ksi and 32.6 ksi, respectively. Therefore, the minimum design margins for primary 
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membrane and primary membrane plus bending stress intensity in the neutron shield jacket due 

to the combined effects of NCT side drop and internal pressure loading are: 

Pm: 1
2.8

7.21
DM  = +1.65 

Pl+Pb: 1
7.25

6.32
DM  = +0.27 

For the evaluation of primary plus secondary stress intensity, the combined effects of NCT side 

drop, internal pressure, and NCT thermal loading are considered. As discussed in 

Section 2.6.1.3.2, the maximum primary plus secondary stress intensity due to the combined 

effects of internal pressure and thermal loading is 55.2 ksi. This stress intensity is conservatively 

added to the maximum primary membrane plus bending stress intensity due to the NCT side 

drop without respect to sign and location. Therefore, the maximum primary plus secondary stress 

intensity in the neutron shield jacket due to the combined effects of NCT side drop, internal 

pressure, and NCT thermal loading is: 

Pl+Pb+Q = 55.2 + 11.4 = 66.6 ksi 

As shown in Chapter 3, the maximum temperature of the neutron shield jacket for the NCT hot 

thermal condition is 209 F. The Service Level A allowable primary plus secondary stress 

intensities for A516, Grade 70 carbon steel at a bounding design temperature of 215 F is 

69.0 ksi. Therefore, the minimum design margin for primary plus secondary stress intensity in 

the neutron shield jacket due to the combined effects of NCT side drop, internal pressure, and 

NCT thermal loading is: 

Pl+Pb+Q: 1
6.66

0.69
DM  = +0.04 

Therefore, the neutron shield jacket meets the Service Level A allowable stress design criteria 

for the 15g NCT side drop loading. 

Neutron Shield Support Angles

The transportation cask includes thirty two (32) 3/16-inch thick carbon steel neutron shield 

support angles that are evenly spaced around the circumference of the cask outer shell. The 

neutron shield support angles are V-shaped sections having 6.36-inch long legs with a 50

inclusive angle. The legs of the neutron shield support angles are attached to the cask outer shell 

with full-length 1/8-inch effective throat partial penetration groove welds. The neutron shield 

jacket sections are welded to the top of each support angle with 3/16-inch full penetration welds. 

In the event of a side drop, the most heavily loaded neutron shield support angles are those on 

the impacted side of the cask. These support angles are loaded by their own weight plus the 

weight of the neutron shield jacket and solid neutron shielding material. Therefore, the total load 

supported by each support angle is: 

)W)(g15(V2F sa  = 69.2 lb/in. 
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where, V is the shear reaction from the most heavily loaded neutron shield jacket section, or 

28.9 pounds, and Wsa is the weight of the support angle per unit length, calculated as follows: 

360

130

2

1875.0
3.0275.036.6x2.)in1875.0.)(in/lb283.0(Wsa  = 0.76 lb/in. 

The total load, F, acting on the most heavily loaded neutron shield support angle is distributed 

evenly between the two support angle legs. The maximum tensile stress in each leg of the 

neutron shield support angle due to the NCT side drop loading are calculated as follows: 

.)in1875.0)(25cos(2

.in/lb2.69
fa  = 204 psi 

The shear stresses in the support angle legs are negligible. Therefore, the maximum primary 

membrane stress intensity in each leg of the most heavily loaded neutron shield support angle is 

equal to the axial stress, or 0.2 ksi. 

In accordance with Regulatory Guide 7.8, stresses due to NCT side drop loading are considered 

in combination with those due to internal pressure loading and NCT thermal loading. Since 

thermal stresses are classified as secondary in accordance with the ASME Code, only internal 

pressure stresses are considered for the calculation of primary stress intensities. As shown in 

Section 2.6.1.3.2, the maximum primary membrane and membrane plus bending stress intensities 

in the neutron shield support angle due to a maximum internal pressure load of 35 psig are 

0.2 ksi and 0.9 ksi, respectively. These stress intensities are conservatively added to the 

maximum stress intensities due to the NCT side drop without respect to sign and location. 

Therefore, the maximum primary membrane stress intensity in the neutron shield support angle 

due to the combined effects of the NCT side drop and internal pressure loading are 0.4 ksi and 

1.1 ksi, respectively. For the evaluation of primary plus secondary stress intensity, the combined 

effects of NCT side drop, internal pressure, and NCT thermal loading are considered. As 

discussed in Section 2.6.1.3.2, the maximum primary plus secondary stress intensity in the 

neutron shield support angle due to the combined effects of internal pressure and thermal loading 

is 36.6 ksi. Therefore, the maximum primary plus secondary stress intensity in the neutron shield 

jacket due to the combined effects of NCT side drop, internal pressure, and NCT thermal loading 

is 36.8 ksi. 

The Service Level A allowable primary membrane, primary membrane plus bending, and 

primary plus secondary stress intensities for A516, Grade 70 carbon steel at a bounding design 

temperature of 400 F are 21.7 ksi, 32.6 ksi, and 65.1 ksi, respectively. Therefore, the minimum 

design margins for primary membrane, primary membrane plus bending, and primary plus 

secondary stress intensity in the neutron shield support angle due to the combined effects of 

NCT side drop, internal pressure, and NCT thermal loading are: 

Pm: 1
4.0

7.21
DM  = +53.3 

Pl+Pb: 1
1.1

6.32
DM  = +28.6 
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Pl+Pb+Q: 1
8.36

1.65
DM  = +0.77 

Therefore, the neutron shield support angles meet the Service Level A allowable stress design 

criteria for the 15g NCT side drop loading. 

Neutron Shield Support Angle Attachment Welds

The legs of the neutron shield support angles are attached to the cask outer shell with full-length 

partial penetration groove welds having a 1/8-inch effective throat. The maximum shear stress in 

the neutron shield support angle attachment weld is calculated using the maximum axial load in 

the most heavily loaded neutron shield support angle leg as follows: 

.)in125.0)(25cos(2

.in/lb2.69
fv  = 305 psi 

In accordance with Regulatory Guide 7.8, stresses due to NCT side drop loading are considered 

in combination with those due to internal pressure loading and NCT thermal loading. As 

discussed in Section 2.6.1.3.2, the maximum shear stress in the neutron shield support angle 

attachment weld due to the combined effects of internal pressure and thermal loading is 10.1 ksi. 

Therefore, the maximum shear stress in the neutron shield jacket due to the combined effects of 

NCT side drop, internal pressure, and NCT thermal loading is 10.4 ksi. The Service Level A 

allowable shear stress is limited to 0.6Sm, or 13.0 ksi for the weaker base material (A516, 

Grade 70 carbon steel) at a bounding design temperature of 400 F. Therefore, the minimum 

design margin for shear stress in the neutron shield support angle attachment weld is: 

1
4.10

0.13
DM  = +0.25 

Therefore, the neutron shield support angle attachment welds meet the Service Level A 

allowable stress design criteria for the 15g NCT side drop loading. 

2.6.7.4 Closure Bolts and Impact Limiter Attachment Studs 

The stresses in the closure bolts due to NCT free drop loading are evaluated in accordance with 

the requirements of NUREG/CR-6007, as described in Section 2.12.7. As discussed in 

Section 2.12.7.2.6, no significant forces from the NCT side drop loading are transmitted to the 

closure bolts. NCT side drop loading is evaluated in combination with bolt preload (Pl), gasket 

loads (G), internal pressure loading (Pr), and thermal loading (T). The results of the closure bolt 

NCT load combination evaluation show that the NCT hot thermal loading results in a maximum 

tensile stress of 46.3 ksi and stress intensity of 57.3 ksi. The maximum stress ratio for combined 

shear and tensile stresses is 0.97. Therefore, the closure bolts meet the design criteria of 

NUREG/CR-6007 for NCT free drop loading. 

The stresses in the impact limiter attachment studs due to NCT free drop loading are evaluated in 

accordance with the requirements of Subsection NF of the ASME Code, as described in 

Section 2.12.11.1. The maximum tensile stress in the impact limiter attachment bolt due to NCT 

free drop loading is 2.7 ksi, compared to the NCT allowable bolt tensile stress of 22.2 ksi for 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.6-33 Revision 6 

A193, Grade B8S bolt material at 200 F. The minimum design margin for tensile stress in the 

impact limiter attachment stud due to NCT free drop loading is +7.22. 

2.6.7.5 NCT Free Drop Summary 

The structural analyses presented in the preceding sections show that the FuelSolutions™ TS125 

Transportation Cask meets the applicable normal condition design criteria for the bounding 15g

NCT side drop load considering the worst-case load combinations, in accordance with 

Regulatory Guide 7.8. The maximum stresses and minimum design margins in each structural 

component of the transportation cask are summarized in Table 2.6-5. The minimum design 

margin in the transportation cask due to 15g NCT side drop loading is +0.04 for primary plus 

secondary stress intensity (Pl+Pb+Q) in the neutron shield jacket. The minimum design margin in 

the transportation cask containment system components for the NCT side drop loading is +0.14 

for membrane plus bending stress intensity (Pl+Pb) in the closure lid. This stress intensity occurs 

at the location of the closure bolts and is primarily due to the bolt preload. The results of the 

structural evaluation for NCT free drop loading show that the maximum stresses at all other 

locations within the FuelSolutions™ TS125 Transportation Cask due to the NCT free drop 

loading are significantly lower than the corresponding normal condition allowable stresses. 

The results of the FuelSolutions™ TS125 Transportation Cask shell buckling evaluation 

presented in Section 2.6.7.2 demonstrate that both the inner shell and outer shell satisfy the NCT 

buckling design criteria of Code Case N-284-1 for the worst-case NCT load combinations. The 

minimum design margins for buckling of the cask inner and outer shells for the controlling NCT 

loadings are +1.27 and +4.88, respectively. 
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Table 2.6-6  -  Summary of TS125 Cask Body NCT Free Drop Stresses 

Load Combination Stress Intensities
(ksi) [Section / Azimuth]

(1)

Cask
Component

Stress
Type 3A

(2)
3B

(3)
3C

(4)
3D

(5)
Maximum
S.I. (ksi) 

Pm 6.6 [3 / 0 ] 6.8 [3 / 0 ] N/A(6) N/A(6) 6.8

Pl + Pb 10.9 [4 / 0 ] 12.0 [4 / 0 ] N/A(6) N/A(6) 12.0

Bottom 

Plate

Forging 
Pl + Pb + Q 10.9 [4 / 0 ] 12.0 [4 / 0 ] 15.4 [4 / 0 ] 16.4 [4 / 0 ] 16.4

Pm 10.9 [13 / 30 ] 10.6 [13 / 30 ] N/A(6) N/A(6) 10.9

Pl + Pb 23.5 [16 / 0 ] 23.3 [16 / 0 ] N/A(6) N/A(6) 23.5

Inner

Shell 

Pl + Pb + Q 23.5 [16 / 0 ] 23.3 [16 / 0 ] 36.6 [7 / 0 ] 37.3 [7 / 0 ] 37.3

Pm 9.7 [14 / 30 ] 9.3 [14 / 30 ] N/A(6) N/A(6) 9.7 

Pl + Pb 17.6 [14 / 20 ] 17.0 [14 / 20 ] N/A(6) N/A(6) 17.6 

Inner Shell-to-Top 

Forging Weld 

Pl + Pb + Q 17.6 [14 / 20 ] 17.0 [14 / 20 ] 23.0 [14 / 0 ] 21.9 [14 / 0 ] 23.0

Pm 10.8 [24 / 0 ] 10.9 [24 / 0 ] N/A(6) N/A(6) 10.9

Pl + Pb 17.8 [24 / 0 ] 17.9 [24 / 0 ] N/A(6) N/A(6) 17.9

Outer

Shell 

Pl + Pb + Q 17.8 [24 / 0 ] 17.9 [24 / 0 ] 21.2 [19 / 0 ] 22.3 [19 / 0 ] 22.3

Pm 10.2 [31 / 0 ] 9.9 [31 / 0 ] N/A(6) N/A(6) 10.2

Pl + Pb 20.0 [31 / 0 ] 19.4 [31 / 0 ] N/A(6) N/A(6) 20.0

Top

Ring 

Forging 
Pl + Pb + Q 20.0 [31 / 0 ] 19.4 [31 / 0 ] 18.3 [31 / 0 ] 18.2 [31 / 0 ] 20.0

Pm 4.6 [34 / 0 ] 4.8 [34 / 0 ] N/A(6) N/A(6) 4.8

Pl
(7)

28.9 [35 / 90 ] 29.2 [35 / 90 ] N/A(6) N/A(6) 29.2

Pl + Pb 39.6 [35 / 20 ] 39.7 [35 / 20 ] N/A(6) N/A(6) 39.7

Closure 

Lid

Pl + Pb + Q 39.6 [35 / 20 ] 39.7 [35 / 20 ] 35.2 [35 / 0 ] 34.6 [35 / 20 ] 39.7

Top Seal Region Bearing 7.2 [39 / 130 ] 4.9 [39 / 120 ] 7.8 [39 / 140 ] 7.0 [39 / 110 ] 7.8

Pm 6.3 [36 / 0 ] 6.4 [36 / 0 ] N/A(6) N/A(6) 6.4

Pl + Pb 16.2 [36 / 0 ] 16.5 [36 / 0 ] N/A(6) N/A(6) 16.5

Bottom Shield 

Ring Attachment 

Weld 
Pl + Pb + Q 16.2 [36 / 0 ] 16.5 [36 / 0 ] 20.1 [36 / 0 ] 20.5 [36 / 0 ] 20.5

Pm 4.4 [37 / 90 ] 4.4 [37 / 90 ] N/A(6) N/A(6) 4.4

Pl + Pb 4.4 [37 / 90 ] 4.4 [37 / 90 ] N/A(6) N/A(6) 4.4

Tie-down Ring 

Attachment 

Weld 
Pl + Pb + Q 4.4 [37 / 90 ] 4.4 [37 / 90 ] 5.2 [38 / 90 ] 5.3 [38 / 90 ] 5.3

Notes:
(1) The section locations of the maximum stress intensities are shown in Figures 2.12-37 and 2.12-38. Azimuth 

location is measured from the bottom centerline of the cask.
(2) Load combination 3A includes NCT free drop + Bolt preload.
(3) Load combination 3B includes NCT free drop + Bolt preload + Maximum internal pressure.
(4) Load combination 3C includes NCT free drop + Bolt preload + Maximum NCT thermal.
(5) Load combination 3D includes NCT free drop + Bolt preload + Maximum internal pressure + Maximum NCT 

thermal.
(6) Load combinations 3C and 3D include thermal loading. Stresses due to thermal loading are classified as 

secondary in accordance with the ASME B&PV Code.
(7) The maximum membrane stress intensity in the closure lid is a local stress in the region of the closure bolts, and 

is classified a local membrane in accordance with the ASME B&PV Code.
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Table 2.6-7  -  Summary of TS125 Cask NCT Free Drop Stress 

Evaluation Results 

Cask
Component

Stress
Type 

Maximum
S.I.

(ksi)

Allowable 
S.I.

(ksi)

Minimum
Design

Margin
(1)

Reference
SAR

Section

Pm 6.8 30.2 +3.44 2.6.7.1 

Pl + Pb 12.0 45.3 +2.77 2.6.7.1 

Bottom 

Plate

Forging Pl + Pb + Q 16.4 90.6 +4.52 2.6.7.1 

Pm 10.9 30.2 +1.77 2.6.7.1 

Pl + Pb 23.5 45.3 +0.93 2.6.7.1 

Pl + Pb + Q 37.3 90.6 +1.43 2.6.7.1 

Inner Shell 

Buckling 0.44 1.0 +1.27 2.6.7.2 

Pm 9.7 24.2(2) +1.49 2.6.7.1 

Pl + Pb 17.6 36.2(2) +1.06 2.6.7.1 

Inner Shell-to-Top 

Forging Weld 

Pl + Pb + Q 23.0 72.5(2) +2.15 2.6.7.1 

Pm 10.9 30.2 +1.77 2.6.7.1 

Pl + Pb 17.9 45.3 +1.53 2.6.7.1 

Pl + Pb + Q 22.3 90.6 +3.06 2.6.7.1 

Outer Shell 

Buckling 0.17 1.0 +4.88 2.6.7.2 

Pm 10.2 30.2 +1.96 2.6.7.1 

Pl + Pb 20.0 45.3 +1.27 2.6.7.1 

Top Forging Ring 

Pl + Pb + Q 20.0 90.6 +3.53 2.6.7.1 

Pm 4.8 30.2 +5.57 2.6.7.1 

Pl
(3) 29.2 45.3 +0.55 2.6.7.1 

Pl + Pb 39.7 45.3 +0.14 2.6.7.1 

Closure Lid 

Pl + Pb + Q 39.7 90.6 +1.28 2.6.7.1 

Top Seal Region Bearing 7.8 40.8(4) +4.23 2.6.7.1 

Pm 6.4 30.2 +3.72 2.6.7.1 

Pl + Pb 16.5 45.3 +1.75 2.6.7.1 

Btm. Shield Ring Weld 

Pl + Pb + Q 20.5 90.6 +3.42 2.6.7.1 

Pm 4.4 30.2 +5.86 2.6.7.1 

Pl + Pb 4.4 45.3 +9.30 2.6.7.1 

Tie-down Ring Welds 

Pl + Pb + Q 5.3 90.6 +16.1 2.6.7.1 

Pm 8.2 21.7 +1.65 2.6.7.3 

Pl + Pb 25.7 32.6 +0.27 2.6.7.3 

Neutron Shield Jacket 

Pl + Pb + Q 66.6 69.0(5) +0.04 2.6.7.3 

Pm 0.4 21.7 +53.3 2.6.7.3 

Pl + Pb 1.1 32.6 +28.6 2.6.7.3 

Support Angles 

Pl + Pb + Q 36.8 65.1 +0.77 2.6.7.3 

Support Angle Welds Shear 10.4 13.0 +0.25 2.6.7.3 

Impact Limiter 

Attachment Studs 

Tension 2.7 22.2 +7.22 2.6.7.4 

Notes on following page:
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Notes for Table 2.6-7:
(1) Design margin is equal to (allowable/stress) - 1.
(2) The allowable stresses for the inner shell-to-top forging ring weld include an 80% stress-reduction factor.
(3) Local membrane stress intensity in the region of the closure bolts.
(4) The allowable bearing stress on the top flange and closure lid in the region of the containment O-ring is 

assumed equal to the material yield strength.
(5) The allowable primary plus secondary stress intensity for the neutron shield jacket is based on a bounding 

temperature of 215 F.
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Table 2.6-8  -  Cask Geometry Parameters for Code Case N-284  

Geometry, Temperature, and Material Input 

Parameter Inner Shell Outer Shell 

Outside Diameter (in) 70.0 81.8 

Inside Diameter (in) 67.0 76.5 

Axial Length, L  (in) 176.0 188.0 

Temperatures (°F) 400 400 

Material XM-19 XM-19 

Geometry Output (ASME Code Case N-284 nomenclature) 

Mean Radius, R (in.) 34.25 39.58 

Shell Thickness, t (in.) 1.50 2.65 

R/t 22.83 14.93 

Unsupported Axial Length, L in) 176 188 

Unsupported Circumferential Length, L in 215.20 248.66 

M 24.55 18.36 

M 30.02 24.28 

M 24.55 18.36 
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Table 2.6-9  -  Stress Summary for NCT Buckling Evaluation 

Maximum Stress Components (ksi) 

Inner Shell  Outer Shell Load Condition or 
Combination(1)

Hoop, Axial, z Shear,  Hoop, Axial, z Shear, 

V
(2) (2) (2) (2) (2) (2) 

V+P
(2) (2) (2) (2) (2) (2) 

V+T -0.7 -5.8 0.0 
(2) (2) (2) 

V+P+T 0.0 -5.1 0.0 
(2) (2) (2) 

FD -0.3 -3.6 -0.1 0.0 -3.5 0.0 

FD+P 0.0 -2.9 0.1 0.0 -3.4 0.1 

FD+T -1.3 -9.0 -0.1 
(2) (2) (2) 

FD+P+T -0.6 -8.3 -0.1 
(2) (2) (2) 

Bounding Values  -1.3 -9.0 -0.1 0.0 -3.5 0.1 

Notes:
(1) The following notation is used for the NCT loads:  V = NCT vibration, P = Internal pressure, T = NCT thermal, 

FD = NCT side drop.
(2) Stresses are either positive (tensile) or negative (compressive) with insignificant magnitude.
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Table 2.6-10  -  Cask Buckling Summary, NCT Bounding Condition 

 Inner Shell Outer Shell Remarks 

Capacity Reduction Factors (-1511)

L 0.459 0.459 --- 

L 0.8 0.8 --- 

L 0.8 0.8 --- 

Plasticity Reduction Factors (-1610)

= L  / Fy 7.897 12.075 --- 

= L  / Fy 0.895 1.862 --- 

= L  / Fy 3.427 6.072 --- 

0.127 0.083 --- 

0.829 0.481 --- 

0.467 0.264 --- 

Theoretical Buckling Values (-1712.1.1)

C 0.6050 0.6050 --- 

el 702,153 1,073,560 --- 

C r 0.0393 0.0535 --- 

rel 45,659 94,980 --- 

C h 0.0385 0.0519 --- 

hel 44,640 92,119 --- 

C 0.1506 0.1745 --- 

el 174,770 309,648 --- 

Elastic Interaction Equations (-1713.1.1)

xa (psi) 161,104 246,321 --- 

ha (psi) 17,856 36,847 --- 

ra (psi) 18,264 37,992 --- 

a (psi) 69,908 123,859 --- 

Axial + Hoop Check (a): N/A N/A --- 

Axial + Hoop Check (b): 0.01 N/A <1, OK 

Axial + Shear Check (c): 0.06 0.01 <1, OK 

Hoop + Shear Check (d): 0.07 0.00 <1, OK 

Axial + Hoop + Shear Check (e): 0.01 N/A <1, OK 

Inelastic Interaction Equations (-1713.2.1)

xc (psi) 20,400 20,400 --- 

rc (psi) 15,149 18,257 --- 

c (psi) 32,640 32,640 --- 

Axial + Hoop Check (a): 0.44 0.17 <1, OK 

Axial + Shear Check (b): 0.44 0.17 <1, OK 

Hoop + Shear Check (c): 0.09 0.00 <1, OK 
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Figure 2.6-4  -  TS125 Cask NCT Side Drop Loading Diagram 
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2.6.8 Corner Drop 

The FuelSolutions TS125 Transportation Cask is not required to be evaluated for the corner drop 

condition on the basis that 10CFR71.71(c)(8) applies only to rectangular fiberboard or wood 

packages weighing less than 50 kg (110 pounds), or cylindrical fiberboard or wood packages 

weighing less than 100 kg (220 pounds). The transportation cask weighs much more than these 

limits and therefore does not need to be evaluated for the NCT corner drop. 

2.6.9 Compression 

The compression condition, as specified in 10CFR71.71(c)(9), applies only to packages 

weighing less than 5,000 kg (11,000 pounds). The FuelSolutions TS125 Transportation Cask 

weight exceeds 11,000 pounds and, therefore, the cask does not need to be evaluated for NCT 

compression. 

2.6.10 Penetration 

Per Regulatory Guide 7.8, the penetration condition of 10CFR71.71(c)(10) is not considered a 

general requirement for large packages without unprotected valves. The impact of the 

hemispherical end of a vertical steel cylinder of 3.2 cm (1.25-inch) diameter and 6 kg 

(13 pounds), dropped from a height of 1 meter (40 inches) will not penetrate 10 gage material. 

All materials that compose the transportation cask outer surfaces are thicker than 10 gage, and 

the mass of the package is many times that of the steel penetration cylinder. Thus, the 

FuelSolutions TS125 Transportation Cask qualifies as a very large package and, therefore, does 

not need to be evaluated for NCT penetration. 
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2.7 Hypothetical Accident Conditions 

The FuelSolutions™ TS125 Transportation Cask and its energy-absorbing impact limiters meet 

the performance requirements specified in 10CFR71 when subjected to the HACs specified in 

10CFR71.73. This is demonstrated in the following subsections, where each accident condition 

is addressed and shown to meet the applicable design criteria. In accordance with 

10CFR71.73(a), the evaluation of the package for HACs is performed based on sequential 

application of the tests of 10CFR71.73 to determine the cumulative effect on the package or 

array of packages. The cumulative damage sustained by the package for the HAC loading is 

summarized in Section 2.7.7. 

2.7.1 Free Drop 

In accordance with 10CFR71.73(c)(1), the FuelSolutions™ Transportation Package is evaluated 

for a 30-foot free drop onto a flat, essentially unyielding, horizontal surface in a position for 

which maximum damage is expected. The drop loads evaluation of the FuelSolutions™ 

Transportation Package is presented in Section 2.12.2. The rigid-body accelerations of the 

transportation package are determined for a number of impact orientations, ambient 

environments, and payload conditions. The HAC free drop impact orientations evaluated 

include:

End Drop 

Side Drop 

Center of Gravity over Corner Drop 

Oblique Drops (for primary impact angles of 30 , 45 , 60 , and 75  with respect to 

vertical).

As described in Section 2.12.2, each impact orientation is evaluated using the upper bound and 

lower bound force-deflection curves. The upper bound, or cold, force-deflection curves are 

calculated using a lower bound package weight of 270 kips, maximum aluminum honeycomb 

crush strength at cold temperature (-20 F), and an upper bound manufacturing tolerance for 

aluminum honeycomb crush strength (+10%). The lower bound, or hot, force-deflection curves 

are calculated using an upper bound package weight of 285 kips, aluminum honeycomb crush 

strength at hot temperature (200 F), and a lower bound manufacturing tolerance for aluminum 

honeycomb crush strength (-10%). The hot drop conditions, which result in the largest strains in 

the impact limiter energy-absorbing material, are evaluated to assure that the impact limiters do 

not exceed the usable stroke and bottom-out. The cold drop conditions, which produce the 

highest package rigid-body accelerations, are used to develop the design loads for the structural 

evaluation of the transportation package.

The transportation cask impact limiter drop loads evaluation is discussed in Section 2.12.2, and 

the resulting peak rigid-body accelerations are summarized in Table 2.12-2. The structural 

evaluation of the FuelSolutions™ Transportation Package is performed using equivalent static 

acceleration loads. The equivalent static acceleration is equal to the peak rigid-body acceleration 

multiplied by a DLF to account for possible dynamic amplification of the rigid-body 

accelerations. The development of the DLFs for the transportation cask is discussed in 
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Section 2.12.3. The derivation of the equivalent static design loads for the HAC free drops is 

presented in Section 2.12.4. 

The structural evaluation of each FuelSolutions™ canister designed for transportation inside the 

FuelSolutions™ TS125 Transportation Cask is presented in Chapter 2 of the respective 

FuelSolutions™ Canister Transportation SAR. The structural evaluation of the transportation 

cask for the HAC free drop loading is presented in the following subsections. In order to 

minimize the number of structural analyses that must be performed and reviewed, the worst-case 

maximum cold drop impact loads are conservatively applied to the cask with the heaviest 

payload (85 kips) and lower bound allowable stresses corresponding to maximum (hot) NCT 

temperatures. In accordance with the requirements of Regulatory Guide 7.8, free drop loading is 

evaluated in combination with the worst-case initial conditions, including thermal, internal 

pressure, and fabrication stresses. The HAC free drop load combinations considered in the 

structural evaluation are summarized in Table 2.1-6. In accordance with the ASME Code, 

general thermal stresses are classified as secondary and need not satisfy any allowable stress 

design criteria for accident (Service Level D) conditions. However, thermal stresses are 

considered in combination with the HAC free drop loads for the cask shell buckling evaluation. 

2.7.1.1 End Drop 

The FuelSolutions™ TS125 Transportation Cask is evaluated for an HAC end drop, occurring 

on either the top or bottom end of the package, considering the worst-case initial conditions in 

accordance with Regulatory Guide 7.8. The structural evaluation of the transportation cask for 

the HAC end drop is performed using equivalent static loads. The equivalent static loads are 

calculated by multiplying the peak rigid body response by a DLF to account for dynamic 

amplification within the structure. As shown in Section 2.12.2, the highest peak rigid-body 

acceleration due to the HAC end drop for a lower bound package weight of 270 kips is 42.0g,

resulting from the cold pre-drop ambient condition temperature of -20 F without insolation. The 

HAC end drop DLFs are determined based on the response frequencies of the structural system 

and the rigid body acceleration time history resulting from the cold HAC end drop condition, as 

discussed in Section 2.12.3 of this SAR. As shown in Section 2.12.4, the maximum equivalent 

static HAC end drop acceleration is 55.0g. A bounding 60g HAC end drop equivalent static 

acceleration design load is conservatively used for the structural evaluation of the 

FuelSolutions™ TS125 Transportation Cask.

While the 60g HAC end drop design load corresponds to a lower-bound package weight of 

270 kips and the upper bound force-deflection curve based on the NCT cold thermal condition, 

the structural evaluation of the FuelSolutions™ TS125 Transportation Cask for the 60g HAC 

end drop loading is conservatively performed using an upper-bound package weight of 285 kips 

and lower bound material properties and allowable stresses based on the highest cask 

temperatures for NCT hot thermal loading. Therefore, the results of the HAC end drop structural 

evaluation are bounding for all HAC end drop conditions. 

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask for the bounding 

60g HAC end drop loading includes the following: 

The stresses in the transportation cask body are evaluated using the finite element 

analysis presented in Section 2.7.1.1.1. 
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A buckling evaluation of the transportation cask inner and outer shells for HAC end drop 

loading, performed in accordance with the requirements of Code Case N-284-1, is 

presented in Section 2.7.1.1.2. 

Permanent deformation of the lead gamma shield (i.e., lead slump) resulting from the 

HAC end drop loading is evaluated in Section 2.7.1.1.3 using finite element analysis. The 

results of the lead slump analysis are considered in the shielding evaluation presented in 

Chapter 5. 

The closure bolts are evaluated for HAC end drop loading in accordance with the 

requirements of NUREG/CR-6007, as discussed in Section 2.7.1.1.4. 

The structural evaluation of the cask cavity axial spacer for HAC end drop loading is 

presented in Section 2.7.1.1.5.  

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask for HAC end drop 

loading is presented in the following subsections. The results of the HAC end drop evaluation 

demonstrate that the FuelSolutions™ TS125 Transportation Cask satisfies the accident condition 

design criteria from Section 2.1.2. 

2.7.1.1.1 Transportation Cask Body Stress Evaluation 

In accordance with the requirements of Regulatory Guide 7.8, the stresses in the transportation 

cask body are evaluated for the 60g HAC end drop loading in combination with internal 

pressure, NCT thermal, and fabrication stresses. As discussed in Section 2.6.1.1, a bounding 

internal design pressure of 75 psig is conservatively used for the structural evaluation of the 

FuelSolutions™ TS125 Transportation Cask. The NCT thermal conditions considered in 

combination with HAC end drop loading include NCT cold and NCT hot thermal loading. For 

NCT thermal loading, only the worst-case NCT thermal condition is included. As discussed in 

Section 2.6.1.3.1, the NCT cold thermal condition produces the highest general thermal stress 

intensities in the FuelSolutions™ TS125 Transportation Cask body. Therefore, only the NCT 

cold thermal loading is evaluated in combination with the HAC end drop loading. The only 

significant fabrication stresses in the cask are those resulting from the lead pour and closure bolt 

preload. As shown in Section 2.12.8, the residual stresses in the cask body at room temperature 

due to the lead pour are small. These stresses are relieved by thermal expansion of the lead 

gamma shield at elevated temperature. Therefore, the fabrication stresses resulting from the lead 

pour are not included in the HAC end drop load combinations. The HAC end drop load 

combinations are summarized as follows: 

(4A) HAC Top End Drop + Bolt Preload 

(4B) HAC Bottom End Drop + Bolt Preload 

(4C) HAC Top End Drop + Bolt Preload + Maximum Internal Pressure 

(4D) HAC Bottom End Drop + Bolt Preload + Maximum Internal Pressure

In addition, the FuelSolutions™ TS125 Transportation Cask is evaluated for the following HAC 

end drop load combinations with the worst-case NCT thermal loading. Since thermal stresses are 

classified as secondary and need not be evaluated for accident conditions in accordance with the 

ASME B&PV Code, the following load combinations are evaluated only to determine the 
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maximum compressive stresses in the cask shells for the buckling evaluation discussed in 

Section 2.7.1.1.2. 

(4E) HAC Top End Drop + Bolt Preload + NCT Thermal 

(4F) HAC Bottom End Drop + Bolt Preload + NCT Thermal 

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask body for HAC end 

drop loading is performed using the axisymmetric finite element model described in 

Section 2.12.5. The axisymmetric finite element model includes all of the major structural 

components of the transportation cask, including the gamma shield. However, the solid neutron 

shielding material, neutron shield support angles, and shear block are not included in the model. 

Instead, no structural credit is assumed for these components for the HAC end drop evaluation, 

and the weight of these components is applied as a pressure load on the supporting tie-down 

ring. The combined weight of the neutron shield support angles and shear block is distributed to 

the outside of the cask outer shell as mass elements. A bounding weight of 11,800 pounds is 

conservatively assumed for the combined weight of these components. 

The HAC end drop loading consists of the inertial load of the cask body, canister (and cavity 

axial spacer, if required), and the impact limiter opposite the impacted end. The weight of the 

impact limiter on the impacted end of the cask does not load the cask body. The HAC end drop 

loads are conservatively based on an upper bound canister weight of 85 kips. The canister 

inertial load is applied to the supporting end of the cask cavity (e.g., closure lid for a top end 

drop, or bottom forging plate for a bottom end drop) as a uniform pressure load. The canister 

pressure loading on the end of the cask cavity is calculated as follows: 

2can
.)in5.33(

.lb000,85xg60
p  = 1,447 psi 

The inertial load of the impact limiter opposite the impacted end of the cask is also applied to the 

finite element model. For the bottom end drop, the inertial load of the top end impact limiter is 

applied as a uniform pressure load over the entire top surface of the cask, calculated as follows: 

2il
.)in50.33(

.lb000,18xg60
p  = 306 psi 

For the top end drop, the combined weight of the bottom end impact limiter, bottom neutron 

shield, and bottom shield cover is applied as a uniform pressure on the outer surface of the 

bottom forging plate inside the bottom shield ring. The weights of the bottom neutron shield and 

bottom shield cover are 1,370 pounds and 326 pounds, respectively. A bounding combined 

weight of 2,000 pounds is used for the bottom neutron shield and bottom shield jacket. The 

resulting pressure loading on the bottom end of the bottom forging plate is calculated as follows: 

2il
.)in90.37(

)000,2000,18(xg60
p  = 266 psi 

The inertial loading from the transportation cask weight is accounted for by applying a 60g 

longitudinal acceleration to the finite element model. 
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The weight of the solid neutron shield is assumed to act as a uniform pressure load on the 

supporting tie-down ring. Using a bounding weight of 16.1 kips for the solid neutron shield, the 

resulting pressure load on the tie-down ring due to a 60g HAC end drop is: 

])9.40()1.47[(

100,16xg60
p

22il  = 564 psi 

The reaction load is applied as a uniform pressure to the impacted end of the cask. For the 

bottom end drop, the reaction load is applied only to the end of the bottom shield ring. This 

maximizes the bending stresses in the bottom forging plate, since the outward pressure loading 

from the canister is not offset by the reaction load. The weight included in the axisymmetric 

model is 146.2 kips. For the bottom end drop, the total equivalent weight of all externally 

applied loads is 119.1 kips. Therefore, the total bottom end drop impact load is 265.3 kips. The 

reaction pressure loading on the bottom shield ring for a 60g bottom end drop load is calculated 

as follows: 

].)in90.37(.)in90.40[(

.lb300,265xg60
p

22il  = 21,431 psi 

For the top end drop, the total equivalent weight of all externally applied loads is 121.1 kips. 

Therefore, the total top end drop impact load is 267.3 kips. The reaction pressure loading on the 

top forging ring for a 60g top end drop load is calculated as follows: 

].)in15.38(.)in90.40[(

.lb300,267xg60
p

22il  = 23,481 psi 

The HAC end drop loading is applied in combination with the initial conditions discussed above. 

The bolt preload and internal pressure loads are applied to the finite element model, as described 

in Section 2.12.5. Since thermal stresses are classified as secondary in accordance with the 

ASME B&PV Code, the NCT thermal loading is not combined with the HAC end drop loading 

for the stress evaluation. However, NCT thermal loading is combined with HAC end drop 

loading to determine the shell stresses used as input for the shell buckling evaluation presented 

in Section 2.7.1.1.2, as discussed above. For the HAC end drop load combination evaluation, a 

uniform temperature of 325 F is applied to the model. This temperature is selected to bound the 

maximum bulk average temperature (322 F) of the lead gamma shield for the NCT hot thermal 

loading, as shown in Table 3.4-1. By applying a uniform temperature to the cask finite element 

model, the stresses due to thermal gradients within the cask body are effectively eliminated. 

However, the elevated temperature does cause the lead gamma shield to expand and apply a 

pressure load on the cask outer shell. Therefore, all HAC end drop load combinations 

conservatively include some stress due to thermal loading.  

Linear-elastic static analyses are performed for each HAC end drop load combination. The 

stresses in the cask body due to the HAC end drop load combinations are evaluated at each of the 

39 stress evaluation locations defined in Section 2.12.6. The maximum stress intensities in each 

of the cask body components due to each HAC end drop load combination are summarized in 

Table 2.7-1. 
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As discussed in Section 2.1.2.1, the transportation cask containment components (i.e., inner 

shell, bottom forging plate, top forging ring, and closure lid) are designed in accordance with 

Subsection WB of the ASME B&PV Code, and the non-containment components (i.e., outer 

shell, tie-down rings, bottom shield ring, and neutron shield jacket) are designed in accordance 

with Subsection NF of the ASME B&PV Code. The accident condition allowable stress 

intensities for each of the transportation cask body components are summarized in Table 2.7-2, 

along with the maximum calculated stress intensities and the corresponding minimum design 

margins. The results show that the maximum stress intensities in each of the cask body 

components due to HAC end drop loading meet the accident condition allowable stress design 

criteria. The lowest design margin in any of the cask body components due to HAC end drop 

loading is +0.08 for membrane plus bending stress intensity in the outer shell at the bottom end 

(section 18). The stress at this section is conservatively classified as primary, although the 

ASME B&PV Code classifies bending stress at a structural discontinuity as secondary. 

Therefore, the actual minimum design margin of the cask outer shell due to the HAC end drop 

loading is greater than shown. The minimum design margin the cask containment components is 

+0.33 for membrane plus bending stress intensity at the center of the closure lid (section 32) for 

a top end drop. Therefore, the results show that the maximum stresses in the transportation cask 

body due to the bounding 60g HAC end drop loading meet the corresponding accident condition 

allowable stress design criteria. 

As shown in Table 2.7-1, the maximum bearing stress at the interface between the closure lid 

and top ring forging in the region of the containment O-ring for HAC top and bottom end drop 

loading, evaluated both with and without internal pressure loading, is 6.8 ksi. As discussed in 

Section 2.7.1.1.2, the cask shell HAC end drop buckling evaluation also considers thermal 

loading in combination with the HAC end drop and internal pressure loads. The maximum 

bearing stress at the top seal region for HAC end drop load combinations including thermal 

loading is 6.0 ksi. As discussed in Section 2.1.2.1.1, the maximum bearing stress in the top seal 

region is limited to the material yield strength. The yield strength of Type XM-19 stainless steel 

at a bounding design temperature of 400 F is 40.8 ksi. Therefore, the minimum design margin 

for bearing stress in the top seal region resulting from HAC end drop loading is +5.00. 

2.7.1.1.2 Transportation Cask Shell Buckling Evaluation 

The transportation cask inner and outer shells are evaluated for buckling due to the HAC end 

drop loading using ASME Code Case N-284-1. The inner and outer shells are considered as 

unstiffened cylindrical shells. The buckling analysis geometry parameters are provided in 

Table 2.6-8. The FuelSolutions™ TS125 Transportation Cask shell buckling analysis 

conservatively uses a bounding design temperatures of 400°F for the inner shell and outer shell. 

The stresses used for the buckling evaluation of the cask shells are obtained from the cask body 

HAC end drop finite element analysis results. The maximum shell stresses occurring away from 

the ends, where secondary stresses occur, are used for the bucking evaluation. With reference to 

Figures 2.12-37 and 2.12-38, the hoop, axial, and in-plane shear stresses at sections 10, 11, and 

12 are used for the inner shell and those at sections 23, 24, and 25 are used for the outer shell. 

The component stresses are obtained from each HAC end drop load combination finite element 

analysis results, including both top and bottom end impacts with internal pressure and NCT 

thermal loading. Note that the load combination of HAC end drop plus internal pressure plus 
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NCT thermal is not included in the cask shell buckling evaluation, since internal pressure 

loading results in tensile stresses in the cask inner shell that act opposite the compressive stresses 

due to end drop and NCT thermal loading. For each HAC end drop loading combination, the 

stresses are evaluated for each individual load and all load combination in accordance with 

Regulatory Guide 7.8. Accordingly, the HAC end drop loading is evaluated in combination with 

the worst-case NCT thermal loading. As discussed in Section 2.6.1.3.1, the NCT cold thermal 

condition produces the highest general thermal stress intensities in the FuelSolutions™ TS125 

Transportation Cask body. Therefore, only the NCT cold thermal loading is evaluated in 

combination with the HAC end drop loading. Due to the through-wall thermal gradients, NCT 

thermal loading produces compressive loading in the cask inner shell and tensile loads in the 

cask outer shell. Therefore, the worst-case loading for the cask outer shell results from the HAC 

end drop without thermal loading. The maximum stress components from each HAC end drop 

load combination are summarized in Table 2.7-3. The bounding stresses for all load 

combinations are conservatively used for the cask shell HAC end drop buckling evaluation. 

The theoretical buckling values and reduction factors are shown in Table 2.6-10, and the 

buckling evaluation results in accordance with ASME Code Case N-284-1 are shown in 

Table 2.7-4. As specified in Code Case N-284-1, the applicable factor of safety of 1.34 is used 

for the HAC conditions. The maximum bucking interaction ratios in the cask inner and outer 

shells for the bounding HAC end drop shell stresses are 0.39 and 0.27, respectively. Therefore, 

the transportation cask shells meet the buckling design criteria of Code Case N-284-1 for HAC 

end drop loading. The minimum design margins for buckling of the inner and outer shells due to 

HAC end drop loading are +1.56 and +2.70, respectively. 

2.7.1.1.3 Lead Slump Evaluation 

In the event of an HAC end drop, high axial compressive stresses occur in the lead gamma shield 

at the impacted end of the cask. The maximum axial stress in the lead gamma shield at the 

impacted end of the cask exceed the lead material yield strength, causing the lead to deform 

plastically. The resulting plastic deformation of the lead gamma shield, also referred to as lead 

slump, results in the formation of an axial gap at the end of the gamma shield cavity opposite the 

impacted end of the cask, which affects the shielding performance of the package under accident 

conditions. This section presents the structural evaluation of the FuelSolutions™ TS125 

Transportation Cask body for lead slump resulting from the 60g HAC end drop loading. The 

resulting axial gap at the end gamma shield cavity due to lead slump is considered in the 

accident shielding evaluation presented in Section 5.4.2. 

The FuelSolutions™ TS125 Transportation Cask lead slump evaluation for HAC end drop 

loading is performed using the axisymmetric finite element model described in Section 2.12.5. 

Lead slump evaluations are performed for top and bottom end impacts using the applied loading 

described in Section 2.7.1.1.1. In addition to the HAC end drop load combinations considered in 

the stress evaluation, the HAC end drop loading is evaluated in combination with NCT thermal 

loading. The results show that the maximum deformation of the lead column resulting from all 

HAC end drop load combinations ranges from 1.06 inches to 1.12 inches. The maximum 

deformation results from the 60g HAC bottom end drop loading combined with NCT thermal 

loading. The lead slump values are conservative since they include the elastic deformation in the 

lead column. As discussed in Section 5.3.1.2, the accident shielding evaluation conservatively 

models 2.0-inch axial gaps at both ends of the lead cavity. 
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2.7.1.1.4 Closure Bolt and Impact Limiter Attachment Bolt Evaluation 

The stresses in the closure bolts due to HAC end drop loading are evaluated in accordance with 

the requirements of NUREG/CR-6007, as described in Section 2.12.7. The closure bolt stresses 

are calculated for both hot and cold HAC end drop loading. The equivalent static HAC end drop 

loads for each condition are calculated using the peak rigid-body accelerations and the maximum 

DLFs. A bounding equivalent static HAC end drop load of 60g is conservatively used for the 

bolt stress evaluation. The maximum tensile load in the closure bolts due to the 60g HAC end 

drop loading is 92.5 kips.  

The closure bolt allowable stresses for hot and cold conditions are based on the maximum 

temperatures of the closure bolts resulting from NCT thermal loading. The results of the thermal 

evaluation presented in Chapter 3 show that the maximum temperature of the closure bolts for 

NCT cold and NCT hot thermal conditions are 134 F and 245 F, respectively. The allowable 

average tensile and average shear stresses for the closure bolt material at these temperatures are 

summarized in Table 2.12-13. 

The HAC end drop loading is evaluated in combination with bolt preload (Pl), gasket loads (G), 

internal pressure loading (Pr), and thermal loading (T). The resulting combined stresses and 

stress ratios for both cold impact and hot impact conditions are summarized in Table 2.12-13. 

The results of the closure bolt HAC end drop load combination evaluation show that the 

maximum stress ratio for the HAC end drop load combinations (tensile stress) is 0.34. Therefore, 

the closure bolts meet the design criteria of NUREG/CR-6007 for HAC end drop loading. 

The stresses in the impact limiter attachment studs due to HAC free drop loading are evaluated 

in accordance with the requirements of Subsection NF of the ASME Code, as described in 

Section 2.12.11.1. For the HAC end drop, the impact limiter is compressed between the impacted 

surface and the end of the cask. Therefore, HAC end drop loading does not produce any tensile 

stresses in the impact limiter attachment bolts. 

2.7.1.1.5 Cavity Spacer Assembly Evaluation 

The FuelSolutions™ TS125 Transportation Cask is designed to accommodate short 

FuelSolutions™ canisters using cask cavity spacer assembly shown in the general arrangement 

drawings in Section 1.3.2. The cask cavity spacer assembly is a stainless steel structure, 

consisting of a 3.0-inch thick circular base plate supported by two concentric ¾-inch thick 

support rings. The outer diameter of the cavity spacer assembly inner and outer support rings are 

36.0 inches and 64.5 inches, respectively. The cavity spacer assembly is secured to the bottom 

end of the transportation cask cavity using six 1½-6UNC-2A screws. 

As shown in Section 2.2, the combined weight of the heaviest canister and cavity spacer 

assembly is 82.0 kips. As discussed in Section 1.2.3.3, the maximum allowable payload weight 

for the FuelSolutions™ TS125 Transportation Cask is 85 kips. Therefore, a bounding payload 

weight of 85 kips (e.g., combined weight of loaded canister and cavity spacer assembly) is 

conservatively used for the cavity spacer assembly structural evaluation. The cavity spacer 

assembly is evaluated for the bounding 60g HAC end drop loading using hand calculations. The 

structural evaluation includes a stress evaluation of the base plate and support rings for a 60g

bottom end drop load, a buckling evaluation of the support rings for a 60g bottom end drop load, 

and a stress evaluation of the cavity axial spacer attachment bolts for a 60g top end drop load.
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Base Plate Stress Evaluation

The highest stresses in the cavity spacer assembly base plate result from a bottom end drop, for 

which the base plate supports its own weight plus the weight of the canister. The maximum 

bending stress in the cavity spacer assembly base plate is calculated for the HAC bottom end 

drop loading assuming that the combined weight of the base plate and canister is distributed 

evenly over the entire surface of the plate. The portion of the base plate inside the inner support 

ring is treated as a circular plate with fixed boundary conditions. The maximum bending moment 

in this portion of the base plate is calculated using Roark, Table 24, case 10b, as follows: 

8

qa
M

2

ra  = 57.9 in-kips/in. 

where:

q = Uniform pressure loading due to combined weight of base plate and canister 

 = 60g x [(85,000)/ (33.0)
2
]/1000

 = 1.491 ksi 

a = 17.63 inches, mean radius of inner support ring 

 = 0.3, Poisson’s ratio for stainless steel 

The portion of the base plate between the inner and outer support ring is treated as an annular 

plate with the outer edge simply supported and the inner edge fixed. The maximum bending 

moment in this portion of the base plate is calculated using Roark, Table 24, case 2d, as follows: 

2

Mrbrb qaKM  = 48.8 in-lb/in. 

where the uniform pressure load on the plate is q = 1.491 ksi from above, and: 

a = 31.88 in., mean radius of outer support ring 

B = 17.63 in., mean radius of inner support ring 

KMrb = -0.0322, coefficient from Roark, Table 24, case 2d for b/a = 0.553 

Since the maximum bending moment in the central region of the base plate is higher than the 

maximum bending moment in the outer annular region, the maximum bending stress will occur 

in the center region. Therefore, the maximum bending stress in the cavity spacer assembly base 

plate due to the bounding 60g HAC bottom end drop loading is: 

22b
0.3

)93.57(6

t

M6
f  = 38.6 ksi 
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The maximum shear stress at the outer edge of the central region (a = 17.63 inches) is calculated 

as follows: 

t2

qa

at2

)a)(q(

A

V
f

2

v  = 4.4 ksi 

The maximum primary membrane stress intensity in the base plate is equal to twice the 

maximum shear stress, or 8.8 ksi. The maximum primary membrane plus bending stress intensity 

is calculated as follows: 

2

v

2

b f
2

f
2.I.S  = 39.6 ksi 

As shown in Figure 3.4-10, the maximum temperature at the bottom end of the canister shell for 

the NCT hot thermal loading is less than 250 F. The temperature of the cavity spacer assembly 

will be lower than the temperature of the canister shell. However, a bounding design temperature 

of 300 F is conservatively used for calculating the allowable stresses for the axial spacer 

assembly. In accordance with Subsection NF of the ASME B&PV Code, the Service Level D 

allowable primary membrane and primary membrane plus bending stress intensities for 

Type 304 stainless steel at 300 F are 30.0 ksi and 45.0 ksi, respectively. Therefore, the minimum 

design margins for primary membrane and primary membrane plus bending stress intensity in 

the cavity spacer assembly base plate for the bounding 60g HAC bottom end drop loading are: 

Pm: 1
8.8

0.30
DM  = +2.41 

Pl+Pb: 1
6.39

0.45
DM  = +0.14 

These results demonstrate that the maximum stresses in the cavity axial spacer resulting from a 

60g bottom end drop meet the Service Level D allowable stress design criteria of Subsection NF 

of the ASME B&PV Code. The stresses calculated in the cavity spacer assembly base plate are 

conservative since they take no credit for the bending stiffness of the canister bottom plate. The 

actual stress in the cavity spacer assembly base plate due to a 60g bottom end drop load will be 

much lower than the values calculated. 

Support Ring Stress Evaluation

The highest stresses in the axial spacer assembly support rings result from a bottom end drop, for 

which the cavity spacer assembly supports its own weight plus the weight of the canister. 

Therefore, the total load acting on the cavity spacer assembly for a 60g bottom end drop, 

conservatively based on a bounding weight of 85 kips for the canister and cavity spacer 

assembly weight, is 5,100 kips. The resulting axial compressive stress in the cavity spacer 

assembly support rings is: 

)25.1700.18()50.3125.32[(

100,5
f

2222a  = 21.9 ksi 
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Since there are no significant stresses in the support rings other than axial compression for the 

bottom end drop, the primary membrane stress intensity is equal to the axial compressive stress. 

As discussed above, the allowable primary membrane stress intensity for Type 304 stainless steel 

material at 300 F is 30.0 ksi. The minimum design margin for primary membrane stress intensity 

in the support rings is: 

1
9.21

0.30
DM  = +0.37 

Support Ring Buckling Evaluation

The critical buckling stress in the support rings is determined using classical closed-form hand 

calculations. For a thin cylindrical tube, the critical axial compressive stress at which buckling 

occurs is calculated in accordance with Roark, Article 11.2, Equation 17, as follows: 

R

t

13

E

2

'   =  384.4 ksi 

where:

E = 27.0x10
3
ksi, modulus of elasticity of Type 304 stainless steel at 300 F

t = 0.75 inch, wall thickness of support ring 

R = 31.88 inches, mean radius of outer support ring 

 = 0.3, Poisson’s ratio for stainless steel 

It is noted on page 495 of Roark that test values indicate that the critical buckling stress may 

develop at 40% to 60% of this theoretical value. Hence, the critical buckling stress is 

conservatively taken as 40% of the theoretical critical buckling stress, or 153.8 ksi. 

For accident conditions, the applied loading is limited to 2/3 of the critical buckling load. 

Therefore, the allowable axial compressive stress is equal to 102.5 ksi for buckling. Since the 

allowable buckling stress is higher than the ultimate strength of Type 304 stainless steel at 300 F

(Su = 66.0 ksi), the cavity spacer support rings will flow plastically before buckling elastically. 

Therefore, the ultimate strength is imposed as an allowable compressive stress for the buckling 

evaluation. As discussed above, the axial compressive stress in the support rings due to the 60g

HAC bottom end drop loading is 21.9 ksi. Therefore, the minimum design margin for buckling 

of the cavity spacer assembly support rings due to the bounding 60g HAC bottom end drop 

loading is: 

1
9.21

0.66
DM  = +2.01 

Attachment Bolt Stress Evaluation

In the event of a top end drop, the screws that secure the axial spacer to the bottom end of the 

transportation cask cavity are designed to support the weight of the cavity spacer assembly. The 

tensile stress in each of six 1½–6 UNC-2A screws resulting from the 60g HAC top end drop is: 
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t

s
t

A6

Wx60
 = 25.5 ksi 

where:

Ws = 3,600 lb., bounding weight of cavity spacer assembly 

At =  1.41 in
2
, tensile stress area of 1½-6 UNC-2A screws 

In accordance with Table 2.1-4, the accident condition allowable tensile stress for 

non-containment bolts is limited to the lesser of Sy or 0.7Su. Therefore, the allowable tensile 

stress for the cavity spacer attachment bolt A193, Grade B6 material is equal to 73.1 ksi at a 

bounding temperature of 300 F. Therefore, the minimum design margin for tensile stress in the 

cavity spacer assembly attachment bolts for the bounding 60g HAC top end drop loading is: 

1
5.25

1.73
DM   =  +1.87 

The cavity spacer assembly attachment bolts satisfy the accident condition allowable stress 

design criteria for the bounding 60g HAC end drop loading. 

2.7.1.1.6 HAC End Drop Summary 

The results of the preceding structural evaluations for the HAC end drop loading demonstrate 

that the FuelSolutions™ TS125 Transportation Cask and cavity spacer have adequate structural 

integrity and satisfy the applicable structural design criteria described in Section 2.1.2. The 

maximum stresses and minimum design margins in each transportation cask structural 

component and in the cavity spacer due to the bounding 60g HAC end drop loading, considering 

the worst-case load combinations in accordance with Regulatory Guide 7.8, are summarized in 

Table 2.7-2. The minimum design margin in the transportation cask resulting from the bounding 

60g HAC end drop load is +0.08 for membrane plus bending stress intensity (Pl+Pb) in the outer 

shell. For the transportation cask containment system components (i.e., bottom forging plate, 

inner shell, top ring forging, closure lid, and closure bolts), the minimum design margin resulting 

from the bounding 60g HAC end drop load is +0.33 for membrane plus bending stress intensity 

(Pl+Pb) in the closure lid. 

The buckling evaluation of the FuelSolutions™ TS125 Transportation Cask inner and outer 

shells for the bounding 60g HAC end drop loading is presented in Section 2.7.1.1.2. The results 

of the buckling evaluation demonstrate that the FuelSolutions™ TS125 Transportation Cask 

inner and outer shells meet the accident condition buckling design criteria of Code 

Case N-284-1. The minimum design margins against buckling due to the bounding 60g HAC end 

drop loading are +1.56 for the inner shell and +2.70 for the outer shell. 

The extent of damage sustained by the FuelSolutions™ TS125 Transportation Cask, impact 

limiters, and cavity spacer assembly as a result of the HAC end drop includes only crushing of 

the impact limiter and lead slump in the transportation cask gamma shield. As shown in 

Table 2.12-2, the maximum crush depth of the impact limiter for the HAC end drop, based on a 

maximum package weight of 285 kips and a bounding impact limiter temperature of 200 F, is 

16.0 inches. This crush depth corresponds to a maximum strain of 27% in the impact limiter 

aluminum honeycomb material, which is sufficiently low to assure that bottoming out will not 
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occur in the event of an HAC end drop. The lead slump evaluation presented in Section 2.7.1.1.3 

shows that the maximum axial deformation of the FuelSolutions™ TS125 Transportation Cask 

lead gamma shield is 1.12 inches.  

The extent of damage sustained by the FuelSolutions™ TS125 Transportation Cask and impact 

limiters is considered in the thermal and shielding HAC evaluations presented in Chapters 3 

and 5, respectively. As discussed in Section 3.5.1.1, a bounding thermal evaluation is performed 

for the HAC fire assuming that the impact limiters are absent during the 30-minute fire, but 

present and undamaged during the post-fire cool down. As discussed in Section 5.3.1.2, the 

model used for the HAC shielding evaluation, which does not include the impact limiters, uses a 

bounding 2-inch axial gap at both ends of the lead gamma shield. The results of the thermal and 

shielding HAC evaluations demonstrate that the damage sustained by the FuelSolutions™ TS125 

Transportation Cask and impact limiters due to the HAC end drop does not affect the ability of 

the FuelSolutions™ Transportation Package to satisfy the requirements of 10CFR71. 
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Table 2.7-1  -  Summary of TS125 Transportation Cask Body HAC End 

Drop Stresses 

Load Combination Stress Intensities
(ksi) [Section](1)

Cask
Component

Stress
Type 4A(2) 4B(3) 4C(4) 4D(5)

Maximum
S.I. (ksi) 

Pm 2.0 [3] 11.8 [4] 1.5 [3] 12.0 [4] 12.0 Bottom Plate 

Forging Pl + Pb 11.8 [1] 51.1 [1] 10.0 [1] 53.1 [1] 53.1 

Pm 12.4 [15] 26.8 [8] 11.8 [15] 27.1 [8] 27.1 Inner Shell 

Pl + Pb 29.7 [15] 52.5 [7] 29.5 [15] 54.4 [7] 54.4 

Pm 13.7 [14] 3.6 [14] 13.1 [14] 3.9 [14] 13.7 Inner Shell-to-Top 

Forging Weld Pl + Pb 27.0 [14] 5.7 [14] 26.5 [14] 5.9 [14] 27.0 

Pm 10.5 [29] 30.0 [18] 10.7 [29] 30.4 [18] 30.4 Outer Shell 

Pl + Pb 36.5 [28] 66.6 [18] 36.5 [28] 68.0 [18] 68.0 

Pm 29.0 [31] 2.7 [30] 29.3 [31] 2.7 [30] 29.3 Top Ring 

Forging Pl + Pb 35.4 [31] 6.6 [30] 35.9 [31] 6.1 [30] 35.9 

Pm 22.1 [35] 15.2 [35] 22.5 [35] 15.4 [35] 22.5 Closure Lid 

Pl + Pb 64.9 [32] 26.2 [35] 68.2 [32] 26.5 [35] 68.2 

Top Seal Region Bearing(6) 1.0 [39] 6.8 [39] 0.7 [39] 6.6 [39] 6.8 

Pm 0.1 [36] 21.9 [36] 0.3 [36] 22.0 [36] 22.0 Bottom Shield Ring 

Attachment Weld Pl + Pb 4.3 [36] 36.5 [36] 5.3 [36] 36.9 [36] 36.9 

Tie-down Ring Shear 10.8 [38] 12.1 [37] 10.9 [38] 12.3 [37] 12.3 

Notes:
(1) The section locations of the maximum stress intensities are shown in Figures 2.12-37 and 2.12-38.
(2) Load combination 4A includes HAC top end drop + Bolt preload.
(3) Load combination 4B includes HAC bottom end drop + Bolt preload.
(4) Load combination 4C includes HAC top end drop + Bolt preload + Maximum internal pressure.
(5) Load combination 4D includes HAC bottom end drop + Bolt preload + Maximum internal pressure.
(6) Maximum bearing stress on the face of the top flange or closure lid in the region of the containment O-ring.
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Table 2.7-2  -  Summary of TS125 Transportation Cask HAC End Drop 

Evaluation Results 

Cask
Component Stress Type 

Maximum
S.I. (ksi)

Allowable 
S.I.

(ksi)

Minimum
Design

Margin
(1)

Reference
SAR

Section

Pm 12.0 63.5 +4.29 2.7.1.1.1 Bottom Plate 

Forging Pl + Pb 53.1 90.7 +0.71 2.7.1.1.1 

Pm 27.1 63.5 +1.34 2.7.1.1.1 

Pl + Pb 54.4 90.7 +0.67 2.7.1.1.1 

Inner Shell 

Buckling 0.39 1.0 +1.56 2.7.1.1.2 

Pm 13.7 50.8(2) +2.71 2.7.1.1.1 Inner Shell-to-Top Forging 

Weld Pl + Pb 27.0 72.6(2) +1.69 2.7.1.1.1 

Pm 30.4 49.0 +0.61 2.7.1.1.1 

Pl + Pb 68.0 73.4 +0.08 2.7.1.1.1 

Outer Shell 

Buckling 0.27 1.0 +2.70 2.7.1.1.2 

Pm 29.3 63.5 +1.17 2.7.1.1.1 Top Ring 

Forging Pl + Pb 35.9 90.7 +1.53 2.7.1.1.1 

Pm 22.5 63.5 +1.82 2.7.1.1.1 Closure Lid 

Pl + Pb 68.2 90.7 +0.33 2.7.1.1.1 

Top Seal Region Bearing 6.8 40.8(3) +5.00 2.7.1.1.1 

Closure Bolts Tension 46.3 136.1 +1.94 2.7.1.1.4 

Pm 22.0 49.0 +1.23 2.7.1.1.1 Btm. Shield Ring Weld 

Pl + Pb 36.9 73.4 +0.99 2.7.1.1.1 

Tie-down Ring Welds Shear 12.3 29.4 +1.39 2.7.1.1.1 

Neutron Shield Jacket Bounded by HAC side drop 2.7.1.1.1 

Pm 21.9 30.0 +0.37 2.7.1.1.5 

Pl + Pb 39.6 45.0 +0.14 2.7.1.1.5 

Cavity Spacer 

Buckling 21.9 66.0(4) +2.01 2.7.1.1.5 

Cavity Spacer Bolts Tension 25.5 73.1 +1.87 2.7.1.1.5 

Notes:
(1) Design margin is equal to (allowable/stress) - 1.
(2) The allowable stresses for the inner shell-to-top forging ring weld include an 80% stress-reduction factor.
(3) The allowable bearing stress on the top flange and closure lid in the region of the containment O-ring is equal 

to the material yield strength.
(4) As discussed in Section 2.7.1.1.5, the allowable axial compressive stress for buckling exceeds the cavity spacer 

Type 304 stainless steel material ultimate strength. Therefore, the allowable buckling stress is assumed equal to 

the ultimate strength of Type 304 stainless steel.
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Table 2.7-3  -  Stress Summary for HAC End Drop Buckling Evaluation

Maximum stress components (ksi) 

Inner Shell  Outer Shell Load Condition
or

Combination(1)
Hoop, Axial,

z

Shear, Hoop, Axial,

z

Shear,

DB -2.9 -5.1 0.0 +2.4 -8.2 0.0 

DB + P -2.0 -4.6 0.0 +2.8 -8.1 0.0 

DB + T -2.8 -10.5 0.0 -0.3 -6.1 0.0 

DT -2.6 -6.6 0.0 +1.2 -7.4 0.0 

DT + P -1.8 -6.2 0.0 +1.6 -7.2 0.0 

DT + T -3.3 -11.9 0.0 +0.3 -5.3 0.0 

Bounding Stresses  -3.3 -11.9 0.0 -0.3 -8.2 0.0 

Notes:
(1) The following notation is used for load conditions: DB = 60g HAC bottom end drop load, DT = 60g HAC top 

end drop load, P = 75 psig maximum internal pressure load, T = bounding NCT thermal loading (NCT cold).
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Table 2.7-4  -  Cask Buckling Summary, HAC End Drop Condition 

 Inner Shell Outer Shell Remarks 

Elastic Interaction Equations (-1713.1.1)

xa (psi) 240,454 367,644 --- 

ha (psi) 26,651 54,996 --- 

ra (psi) 27,259 56,705 --- 

a (psi) 104,340 184,864 --- 

Axial + Hoop Check (a): N/A N/A --- 

Axial + Hoop Check (b): N/A N/A --- 

Axial + Shear Check (c): 0.05 0.02 <1, OK 

Hoop + Shear Check (d): 0.12 0.01 <1, OK 

Axial + Hoop + Shear Check (e): N/A N/A --- 

Inelastic Interaction Equations (-1713.2.1)

xc (psi) 30,448 30,448 --- 

rc (psi) 22,610 27,249 --- 

c (psi) 18,269 18,269 --- 

Axial + Hoop Check (a): 0.39 0.27 <1, OK 

Axial + Shear Check (b): 0.39 0.27 <1, OK 

Hoop + Shear Check (c): 0.15 0.01 <1, OK 
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2.7.1.2 Side Drop 

The FuelSolutions™ TS125 Transportation Cask is evaluated for an HAC side drop, considering 

the worst-case initial conditions in accordance with Regulatory Guide 7.8. The structural 

evaluation of the transportation cask for the HAC side drop is performed using equivalent static 

loads. The equivalent static loads are calculated by multiplying the peak rigid body response by a 

DLF to account for dynamic amplification within the structure. As shown in Section 2.12.2, the 

highest peak rigid-body acceleration due to the HAC side drop for a lower bound package 

weight of 270 kips is 48.4g, resulting from the cold pre-drop ambient condition temperature of 

-20 F without insolation. The HAC side drop DLFs are determined based on the response 

frequencies of the structural system and the rigid body acceleration time history resulting from 

the cold HAC side drop condition, as discussed in Section 2.12.3 of this SAR. As shown in 

Section 2.12.4, the maximum equivalent static HAC side drop acceleration is 53.7g. A bounding 

60g HAC side drop equivalent static acceleration design load is conservatively used for the 

structural evaluation of the FuelSolutions™ TS125 Transportation Cask.

While the 60g HAC side drop design load corresponds to a lower-bound package weight of 

270 kips and the upper bound force-deflection curve based on the NCT cold thermal condition, 

the structural evaluation of the FuelSolutions™ TS125 Transportation Cask for the 60g HAC 

side drop loading is conservatively performed using an upper-bound package weight of 285 kips 

and lower bound material properties and allowable stresses based on the highest cask 

temperatures for NCT hot thermal loading. Therefore, the results of the HAC side drop structural 

evaluation are bounding for all HAC side drop conditions. 

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask for the bounding 

60g HAC side drop loading includes the following: 

The stresses in the FuelSolutions™ TS125 Transportation Cask body are evaluated using 

the finite element analysis presented in Section 2.7.1.2.1. 

A buckling evaluation of the FuelSolutions™ TS125 Transportation Cask inner and outer 

shells for HAC end drop loading, performed in accordance with the requirements of Code 

Case N-284-1, is presented in Section 2.7.1.2.2. 

Permanent deformation of the lead gamma shield (i.e., lead slump) resulting from the 

HAC end drop loading is evaluated in Section 2.7.1.2.3 using finite element analysis. The 

results of the lead slump analysis are considered in the shielding evaluation presented in 

Chapter 5. 

The closure bolts are evaluated for HAC end drop loading in accordance with the 

requirements of NUREG/CR-6007, as discussed in Section 2.7.1.2.5. 

The structural evaluation of the cask cavity axial spacer for HAC end drop loading is 

presented in Section 2.7.1.2.6.

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask for HAC side drop 

loading is presented in the following subsections. The results of the HAC side drop evaluation 

demonstrate that the FuelSolutions™ TS125 Transportation Cask satisfies the accident condition 

design criteria from Section 2.1.2. 
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2.7.1.2.1 Transportation Cask Body Stress Evaluation 

In accordance with the requirements of Regulatory Guide 7.8, the stresses in the transportation 

cask body are evaluated for the HAC side drop loading in combination with internal pressure, 

NCT thermal, and fabrication stresses. As discussed in Section 2.6.1.1, a bounding internal 

design pressure of 75 psig is conservatively used for the structural evaluation of the 

FuelSolutions™ TS125 Transportation Cask. As discussed in Section 2.6.1.3.1, the NCT cold 

thermal loading produces the highest general thermal stress intensities in the transportation cask 

body. However, maximum lead slump results from the NCT hot thermal loading. Therefore, both 

NCT cold and hot thermal loading are considered in combination with HAC side drop loading. 

The only significant fabrication stresses in the cask are those resulting from the lead pour and 

closure bolt preload. As shown in Section 2.12.8, the residual stresses in the cask body at room 

temperature due to the lead pour are small. These stresses are relieved by thermal expansion of 

the lead gamma shield at elevated temperature. Therefore, the fabrication stresses resulting from 

the lead pour are not included in the HAC side drop load combinations. The HAC side drop load 

combinations are summarized as follows: 

(5A) 60g HAC Side Drop + Bolt Preload 

(5B) 60g HAC Side Drop + Bolt Preload + 75 psig Internal Pressure 

(5C) 60g HAC Side Drop + Bolt Preload + NCT Thermal 

The cask stresses resulting from load combinations 5A and 5B are evaluated using the accident 

(Service Level D) condition allowable stress design criteria of the ASME B&PV Code. In

accordance with the ASME B&PV Code, stresses due to thermal loading are classified as 

secondary and need not be evaluated for Service Level D loading conditions. However, the cask 

shell stresses resulting from the HAC side drop load combinations that include thermal loading 

are used as input for the shell buckling evaluation presented in Section 2.7.1.2.2.

For the HAC side drop load combinations 5A and 5B, a uniform temperature of 325 F is applied 

to the model. This temperature is selected to bound the maximum bulk average temperature 

(322 F) of the lead gamma shield for the NCT hot thermal loading, as shown in Table 3.4-1. By

applying a uniform temperature to the cask finite element model, the secondary stresses due to 

thermal gradients within the cask body are effectively eliminated. However, the elevated 

temperature causes the lead gamma shield to expand and exert a pressure load on the cask outer 

shell.

The structural evaluation of the transportation cask body for HAC side drop loading is performed 

using the half-symmetry finite element model described in Section 2.12.5. The half-symmetry 

finite element model includes all of the major structural components of the transportation cask, 

including the gamma shield. However, the bottom end neutron shield and radial neutron shield 

are not included in the model. Instead, the weight of these components is apportioned to the 

supporting regions of the cask. Therefore, the stresses in the neutron shield jacket and neutron 

shield support angles resulting from HAC side drop loading are evaluated separately from the 

cask body, as discussed in Section 2.7.1.2.4. In addition, a separate stress evaluation of the 

transportation cask closure bolts is performed for HAC side drop loading in accordance with the 

requirement of NUREG/CR-6007, as discussed in Section 2.12.7. The closure bolt stresses due 

to HAC side drop loading are summarized in Section 2.7.1.2.5. 
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The HAC side drop loading consists of the inertial load of the cask body and canister. The 

weight of the top and bottom end impact limiters is not supported by the transportation cask 

body during the HAC side drop impact. Rather, the HAC side drop loads are reacted at the 

impact limiters. The HAC side drop loads are conservatively calculated based on an upper bound 

canister weight of 85 kips and a total weight of 249 kips for the combined weight of the cask and 

canister. The inertial loading from the transportation cask weight is accounted for by applying a 

60g side drop acceleration to the finite element model. As discussed in Section 2.12.5, the HAC 

side drop loading from the weight of the canister on the cask inner shell is applied as a radial 

pressure load, assumed to be uniform along the length of the cask cavity and vary with a cosine 

distribution around the cask circumference. Similarly, the impact limiter reaction loads are 

applied as radial pressures on the ends of the cask outside the neutron shield, with a uniform 

distribution along the length of the cask and a cosine distribution around the circumference. The

methodology and assumptions used to calculate the radial pressures for HAC side drop loading 

are described in Section 2.12.5, and the applied pressure loads are summarized in Table 2.12-5.

The applied pressure loading for the HAC side drop is shown in Figure 2.12-35. 

The HAC side drop loading is applied in combination with the initial conditions discussed 

above. The bolt preload, internal pressure, and NCT thermal loadings are applied to the finite 

element model as described in Section 2.12.5. Linear-elastic static analyses are performed for 

each load combination. For load combinations 5A and 5B, the stress intensities in the 

transportation cask body due to the HAC side drop loading combinations are evaluated at each of 

the 39 stress evaluation locations defined in Section 2.12.6 at azimuths of 0  (bottom centerline), 

10 , 20 , 30 , 40 , 50 , 90 , and 180  (top centerline). The maximum stress intensities in each of 

the cask body components due to HAC side drop load combinations 5A and 5B are summarized 

in Table 2.7-5. 

The results of the HAC side drop stress evaluation show that the maximum stress intensities in 

the cask body for the HAC side drop loading with and without internal pressure loading do not 

vary significantly. The maximum primary membrane and primary membrane plus bending stress 

intensities occur in the top forging plate at the base of the closure lid recess (section 31) for load 

combination 5A (HAC side drop + bolt preload).  

The accident condition (Service Level D) allowable primary membrane (Pm) and primary 

membrane plus bending (Pl+Pb) stress intensities for Type XM-19 stainless steel at a bounding 

design temperature of 400 F are 63.5 and 90.7 ksi, respectively. The maximum stress intensities 

in each of the transportation cask body components are summarized in Table 2.7-6 along with 

the corresponding allowable stress intensities and minimum design margins. The results show 

that the maximum stress intensities in each of the cask body components due to HAC side drop 

loading meet the accident condition allowable stress design criteria. The lowest design margin in 

the cask body components due to HAC side drop loading is +0.15 for primary membrane plus 

bending stress intensity in the top ring forging (section 31). The lowest design margin in any of 

the transportation cask components that form the containment boundary is +0.55 for primary 

membrane plus bending stress intensity in the cask closure lid. 

As shown in Table 2.7-5, the maximum bearing stress at the interface between the closure lid 

and top ring forging in the region of the containment O-ring for HAC side drop loading, 

evaluated both with and without internal pressure loading, is 5.0 ksi. As discussed in 

Section 2.7.1.2.2, the cask shell HAC side drop buckling evaluation also considers thermal 
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loading in combination with the HAC side drop and internal pressure loads. The maximum 

bearing stress at the top seal region for HAC side drop load combinations including thermal 

loading is 6.9 ksi. As discussed in Section 2.1.2.1.1, the maximum bearing stress in the top seal 

region is limited to the material yield strength. The yield strength of Type XM-19 stainless steel 

at a bounding design temperature of 400 F is 40.8 ksi. Therefore, the minimum design margin 

for bearing stress in the top seal region resulting from HAC side drop loading is +4.91. 

2.7.1.2.2 Transportation Cask Shell Buckling Evaluation 

The transportation cask inner and outer shells are evaluated for buckling due to the HAC side 

drop loading using ASME Code Case N-284-1. The inner and outer shells are considered 

unstiffened cylindrical shells. The buckling analysis geometry parameters are provided in 

Table 2.6-8. The FuelSolutions™ TS125 Transportation Cask shell buckling analysis 

conservatively uses a bounding design temperatures of 400°F for the inner shell and outer shell. 

The stresses used for the buckling evaluation of the cask shells are obtained from the cask body 

HAC side drop finite element analysis results. The maximum shell stresses occurring at any 

azimuth location, but away from the ends of the shells where secondary stress occur due to the 

constraint provided by the end forgings, are used for the bucking evaluation. With reference to 

Figures 2.12-37 and 2.12-38, the hoop, axial, and in-plane shear stresses at sections 10, 11, 

and 12 are used for the inner shell and those at sections 23, 24, and 25 are used for the outer 

shell.

The axial membrane ( z), hoop membrane ( ), and in-plane shear ( ) component stresses are 

obtained from each HAC side drop load combination finite element analysis results, with bolt 

preload, internal pressure, and NCT thermal loading. The maximum stress components from 

each HAC side drop load combination are summarized in Table 2.7-7. The bounding stresses for 

all load combinations are conservatively used for the cask shell HAC side drop buckling 

evaluation.

The theoretical buckling values and reduction factors are shown in Table 2.6-10, and the 

buckling evaluation results in accordance with ASME Code Case N-284-1 are shown in 

Table 2.7-8. As specified in Code Case N-284-1, the applicable factor of safety of 1.34 is used 

for the HAC conditions. The maximum bucking interaction ratios in the cask inner and outer 

shells for the bounding HAC side drop shell stresses are 0.65 and 0.48, respectively. Therefore,

the transportation cask shells meet the buckling design criteria of Code Case N-284-1 for HAC 

side drop loading. The minimum design margins for buckling of the inner and outer shells due to 

HAC side drop loading are +0.54 and +1.08, respectively. 

2.7.1.2.3 Lead Slump Evaluation 

In the event of an HAC side drop, the lead gamma shield material experiences some plastic 

deformation. The plastic deformation of the lead gamma shield, also referred to as lead slump, 

can result in circumferential movement and the thinning of the lead within the gamma shield 

cavity, which affects the shielding performance of the package under accident conditions. This 

section presents the structural evaluation of the FuelSolutions™ TS125 Transportation Cask 

body for lead slump resulting from the 60g HAC side drop loading. The resulting gaps in the end 

gamma shield cavity due to lead slump are considered in the accident shielding evaluation 

presented in Section 5.4.2. 
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The FuelSolutions™ TS125 Transportation Cask lead slump evaluation for HAC side drop 

loading is performed using the half-symmetry finite element model described in Section 2.12.5.

Lead slump evaluations are performed for the HAC side drop using the applied loading 

described in Section 2.7.1.2.1. In addition to the HAC side drop load combinations considered in 

the stress evaluation, the HAC side drop loading is evaluated in combination with NCT thermal 

loading. The results show that there is no significant thinning of the lead shielding due to the 

HAC side drop loading. As discussed in Section 5.3.1.2, the accident shielding evaluation 

conservatively models a 1.0-inch circular segment gap along the entire length of the gamma 

shield.

2.7.1.2.4 Neutron Shield Jacket 

The stresses in the neutron shield jacket, neutron shield support angles, and the neutron shield 

support angle attachment welds due to a 60g HAC side drop load are determined by scaling the 

maximum stresses calculated in Section 2.6.7.3 for a 15g NCT side drop load by the ratio of the 

side drop loads (i.e., 60g/15g = 4.0).

Neutron Shield Jacket

As shown in Section 2.6.7.3, the maximum shear and bending stresses in the neutron shield 

jacket due to a 15g side drop load are 0.154 ksi and 11.4 ksi, respectively. Therefore, the 

maximum shear and bending stresses in the neutron shield jacket due to the 60g HAC side drop 

loading are 0.62 ksi (= 0.154 x 4.0) and 45.6 ksi (= 11.4 x 4.0), respectively.

In accordance with Regulatory Guide 7.8, stresses due to HAC side drop loading are considered 

in combination with those due to internal pressure loading and NCT thermal loading. Since

thermal stresses are classified as secondary in accordance with the ASME Code, only internal 

pressure stresses are considered for the calculation of primary stress intensities. As shown in 

Section 2.6.1.3.2, the maximum primary membrane and membrane plus bending stress intensities 

in the neutron shield jacket due to a maximum internal pressure load of 35 psig are 7.9 and 

14.3 ksi, respectively. These stress intensities are conservatively added to the maximum stress 

intensities due to the HAC side drop without respect to sign and location. Therefore, the 

maximum primary membrane (Pm) and membrane plus bending (Pl+Pb) stress intensities in the 

neutron shield jacket due to the combined effects of the HAC side drop and internal pressure 

loading are: 

Pm = 7.9 + 1.2 = 9.1 ksi 

Pl+Pb = 14.3 + 45.6 = 59.9 ksi 

The Service Level D allowable primary membrane stress intensities for A516, Grade 70 carbon 

steel at a bounding design temperature of 400 F is 39.1 ksi. Therefore, the minimum design 

margin for primary membrane stress intensity in the neutron shield jacket due to the combined 

effects of HAC side drop and internal pressure loading is: 

Pm: 1
1.9

1.39
DM  = +3.30 

As shown in Chapter 3, the maximum temperature of the neutron shield jacket for the NCT hot 

thermal condition is 209 F. The Service Level D allowable primary membrane plus bending 
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stress intensities for A516, Grade 70 carbon steel at a bounding design temperature of 215 F is 

62.2 ksi. Therefore, the minimum design margin for primary membrane plus bending stress 

intensity in the neutron shield jacket due to the combined effects of HAC side drop and internal 

pressure loading is: 

Pl+Pb: 1
9.59

2.62
DM  = +0.04 

Therefore, the neutron shield jacket meets the Service Level D allowable stress design criteria of 

Subsection NF of the ASME B&PV Code for the bounding 60g HAC side drop loading. 

Neutron Shield Support Angles

As shown in Section 2.6.7.3, the maximum axial stress in the neutron shield support angle due to 

a 15g side drop load is 0.2 ksi. Therefore, the maximum axial stress in the neutron shield support 

angle due to the 60g HAC side drop loading is 0.8 ksi (= 0.2 x 4.0). 

In accordance with Regulatory Guide 7.8, stresses due to HAC side drop loading are considered 

in combination with those due to internal pressure loading and NCT thermal loading. Since 

thermal stresses are classified as secondary in accordance with the ASME Code, only internal 

pressure stresses are considered for the calculation of primary stress intensities. As shown in 

Section 2.6.1.3.2, the maximum primary membrane and membrane plus bending stress intensities 

in the neutron shield support angle due to a maximum internal pressure load of 35 psig are 

0.2 ksi and 0.9 ksi, respectively. These stress intensities are conservatively added to the 

maximum stress intensities due to the HAC side drop without respect to sign and location. 

Therefore, the maximum primary membrane stress intensity in the neutron shield support angle 

due to the combined effects of the HAC side drop and internal pressure loading are 8.7 ksi and 

15.1 ksi, respectively. 

The Service Level D allowable primary membrane and membrane plus bending stress intensities 

for A516, Grade 70 carbon steel at a bounding design temperature of 400 F are 39.1 ksi and 

58.7 ksi, respectively. Therefore, the minimum design margins for primary membrane and 

primary membrane plus bending stress intensity in the neutron shield support angle due to the 

combined effects of HAC side drop and internal pressure loading are: 

Pm: 1
7.8

1.39
DM  = +3.49 

Pl+Pb: 1
1.15

7.58
DM  = +2.89 

Therefore, the neutron shield support angles meet the Service Level D allowable stress design 

criteria for the 60g HAC side drop loading. 

Neutron Shield Support Angle Attachment Welds

As shown in Section 2.6.7.3, the maximum shear stress in the neutron shield support angle 

attachment weld due to a 15g side drop load is 0.4 ksi. Therefore, the maximum shear stress in 

the neutron shield support angle attachment weld due to the 60g HAC side drop loading is 

1.6 ksi (= 0.4 x 4.0). 
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In accordance with Regulatory Guide 7.8, stresses due to HAC side drop loading are considered 

in combination with those due to internal pressure loading. As discussed in Section 2.6.1.3.2, the 

maximum shear stress in the neutron shield support angle attachment weld due to internal 

pressure loading is 0.1 ksi. Therefore, the maximum shear stress in the neutron shield jacket due 

to the combined effects of the HAC side drop and internal pressure loading is 1.7 ksi. The 

Service Level D allowable shear stress is limited to 0.42Su, or 29.4 ksi for the weaker base 

material (A516, Grade 70 carbon steel) at a bounding design temperature of 400 F. Therefore, 

the minimum design margin for shear stress in the neutron shield support angle attachment weld 

due to the bounding 60g HAC side drop loading is: 

1
7.1

4.29
DM  = +16.3 

Therefore, the neutron shield support angle attachment welds meet the Service Level D 

allowable stress design criteria for the 60g HAC side drop loading. 

2.7.1.2.5 Closure Bolt and Impact Limiter Attachment Stud Evaluation 

The stresses in the closure bolts due to HAC side drop loading are evaluated in accordance with 

the requirements of NUREG/CR-6007, as described in Section 2.12.7. As discussed in 

Section 2.12.7.2.6, no significant forces from the HAC side drop loading are transmitted to the 

closure bolts. The HAC free drop impact orientation resulting in the highest closure bolt loading 

is the HAC end drop. 

The stresses in the impact limiter attachment studs due to HAC side drop loading are evaluated 

in accordance with the requirements of Subsection NF of the ASME Code, as described in 

Section 2.12.11.1. The results show that the maximum tensile load in the impact limiter 

attachment bolt due to the HAC side drop loading is bounded by the tensile load due to HAC 

oblique drop slapdown impact loadings. As discussed in Section 2.7.1.4.2, the impact limiter 

attachment studs meet the applicable allowable stress design criteria for the bounding loads due 

to the HAC oblique drop slapdown loading. 

2.7.1.2.6 Cavity Spacer Assembly Evaluation 

As discussed in Section 2.7.1.4.3, the cavity spacer assembly is evaluated for a bounding 

transverse load of 85g resulting from the HAC oblique drop slapdown impact. Since the HAC 

oblique drop slapdown impact loading bounds the HAC side drop impact loading, no stress 

evaluation of the cavity spacer assembly and its attachment bolts is required for the HAC side 

drop. As shown in Section 2.7.1.4.3, the cavity spacer assembly and its attachments satisfy the 

applicable structural design criteria for the bounding 85g HAC oblique drop slapdown impact 

loading. Therefore, the cavity spacer assembly also satisfies the applicable structural design 

criteria for the lower 60g HAC side drop loading. 

2.7.1.2.7 HAC Side Drop Summary 

The results of the preceding structural evaluations for the HAC side drop loading demonstrate 

that the FuelSolutions™ TS125 Transportation Cask and cavity spacer have adequate structural 

integrity and satisfy the applicable structural design criteria described in Section 2.1.2. The 

maximum stresses and minimum design margins in each transportation cask structural 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.7-26 Revision 6 

component and in the cavity spacer due to the bounding 60g HAC side drop loading, considering 

the worst-case load combinations in accordance with Regulatory Guide 7.8, are summarized in 

Table 2.7-6. The minimum design margin in the transportation cask resulting from the bounding 

60g HAC side drop load is +0.04 for membrane plus bending stress intensity (Pl+Pb) in the 

neutron shield jacket. For the transportation cask containment system components (i.e., bottom 

forging plate, inner shell, top ring forging, closure lid, and closure bolts), the minimum design 

margin resulting from the bounding 60g HAC side drop load is +0.15 for membrane plus 

bending stress intensity (Pl+Pb) in the top ring forging. 

The buckling evaluation of the FuelSolutions™ TS125 Transportation Cask inner and outer 

shells for the bounding 60g HAC side drop loading is presented in Section 2.7.1.2.2. The results 

of the 60g HAC side drop buckling evaluation demonstrate that the FuelSolutions™ TS125 

Transportation Cask inner and outer shells meet the accident condition buckling design criteria 

of Code Case N-284-1. The minimum design margins against buckling due to the bounding 60g

HAC side drop loading are +0.54 for the inner shell and +1.08 for the outer shell. 

The extent of damage sustained by the FuelSolutions™ TS125 Transportation Cask, impact 

limiters, and cavity spacer assembly as a result of the HAC side drop includes only crushing of 

the impact limiter. As shown in Table 2.12-2, the maximum crush depth of the impact limiter for 

the HAC side drop, based on a maximum package weight of 285 kips and a bounding impact 

limiter temperature of 200 F, is 17.2 inches. This crush depth corresponds to a maximum strain 

of 59% in the impact limiter aluminum honeycomb material, which is sufficiently low to assure 

that bottoming out will not occur in the event of an HAC side drop. The lead slump evaluation 

presented in Section 2.7.1.2.3 shows that there is no significant lead slump (permanent 

deformation) of the FuelSolutions™ TS125 Transportation Cask lead gamma shield resulting 

from the HAC side drop.  

The extent of damage sustained by the FuelSolutions™ TS125 Transportation Cask and impact 

limiters from the 60g HAC side drop is considered in the thermal and shielding HAC evaluations 

presented in Chapters 3 and 5, respectively. As discussed in Section 3.5.1.1, a bounding thermal 

evaluation is performed for the HAC fire assuming that the impact limiters are absent during the 

30-minute fire, but present and undamaged during the post-fire cool down. As discussed in 

Section 5.3.1.2, the model used for the HAC shielding evaluation, which does not include the 

impact limiters, uses a bounding 1-inch crescent shaped gap (lead slump) along the full length of 

the lead gamma shield. The results of the thermal and shielding HAC evaluations demonstrate 

that the damage sustained by the FuelSolutions™ TS125 Transportation Cask and impact 

limiters due to the HAC side drop does not affect the ability of the FuelSolutions™ 

Transportation Package to satisfy the requirements of 10CFR71. 
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Table 2.7-5  -  Summary of TS125 Transportation Cask HAC Side Drop 

Stresses

Load Combination Stress Intensities
(ksi) [Section / Azimuth](1)

Cask
Component

Stress
Type 5A(2) 5B(3)

Maximum
S.I. (ksi) 

Pm 22.7 [3 / 0 ] 23.0 [3 / 0 ] 23.0Bottom Plate 

Forging
Pl + Pb 33.7 [4 / 0 ] 34.5 [4 / 0 ] 34.5

Pm 39.0 [13 / 40 ] 38.6 [13 / 40 ] 39.0Inner Shell 

Pl + Pb 57.0 [13 / 40 ] 56.5 [13 / 40 ] 57.0

Pm 36.4 [14 / 50 ] 35.7 [14 / 40 ] 36.4Inner Shell-to-Top 

Forging Weld 
Pl + Pb 51.3 [14 / 40 ] 50.8 [14 / 40 ] 51.3

Pm 37.0 [24 / 0 ] 37.1 [24 / 0 ] 37.1Outer Shell 

Pl + Pb 51.3 [24 / 0 ] 51.4 [24 / 0 ] 51.4

Pm 39.4 [31 / 0 ] 39.1 [31 / 0 ] 39.4Top Ring 

Forging
Pl + Pb 78.7 [31 / 0 ] 77.9 [31 / 0 ] 78.7

Pm 30.1 [35 / 90 ] 30.2 [35 / 90 ] 30.2Closure Lid 

Pl + Pb 58.3 [35 / 0 ] 58.4 [35 / 0 ] 58.4

Top Seal Region Bearing(4)
5.0 [39 / 120 ] 2.8 [39 / 0 ] 5.0

Pm 24.2 [36 / 0 ] 24.3 [36 / 0 ] 24.3Bottom Shield Ring 

Attachment Weld 
Pl + Pb 61.5 [36 / 0 ] 61.9 [36 / 0 ] 61.9

Tie-down Ring 

Attachment Weld 

Shear 14.3 [37 / 90 ] 14.3 [37 / 90 ] 14.3

Notes:
(1) The section locations of the maximum stress intensities are shown in Figures 2.12-37 and 2.12-38. Azimuth 

location is measured from the bottom centerline of the cask.
(2) Load combination 5A includes 60g HAC side drop + Bolt preload.
(3) Load combination 5B includes 60g HAC side drop + Bolt preload + 75 psig internal pressure.
(4) Maximum bearing stress on the face of the top flange or closure lid in the region of the containment O-ring.
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Table 2.7-6  -  Summary of TS125 Transportation Cask HAC Side Drop 

Evaluation Results 

Cask
Component

Stress
Type Maximum S.I. (ksi)

Allowable 
S.I.

(1)

(ksi)

Minimum
Design

Margin
(2)

Reference
SAR

Section

Pm 23.0 63.5 +1.76 2.7.1.2.1 Bottom Plate 

Forging Pl + Pb 34.5 90.7 +1.63 2.7.1.2.1 

Pm 39.0 63.5 +0.63 2.7.1.2.1 

Pl + Pb 57.0 90.7 +0.59 2.7.1.2.1 

Inner Shell 

Buckling 0.65 1.0 +0.54 2.7.1.2.2 

Pm 36.4 50.8(3) +0.40 2.7.1.2.1 Inner Shell-to-Top 

Forging Weld Pl + Pb 51.3 72.6(3) +0.42 2.7.1.2.1 

Pm 37.1 49.0 +0.32 2.7.1.2.1 

Pl + Pb 51.4 73.4 +0.43 2.7.1.2.1 

Outer Shell 

Buckling 0.48 1.0 +1.08 2.7.1.2.2 

Pm 39.4 63.5 +0.61 2.7.1.2.1 Top Ring 

Forging Pl + Pb 78.7 90.7 +0.15 2.7.1.2.1 

Pm 30.2 63.5 +1.10 2.7.1.2.1 Closure Lid 

Pl + Pb 58.4 90.7 +0.55 2.7.1.2.1 

Top Seal Region Bearing 6.9 40.8(4) +4.91 2.7.1.2.1 

Closure Bolts Bounded by HAC End Drop 2.7.1.2.5 

Pm 24.3 49.0 +1.02 2.7.1.2.1 Btm. Shield Ring Weld 

Pl + Pb 61.9 73.4 +0.19 2.7.1.2.1 

Tie-down Ring Welds Shear 14.3 29.4 +1.06 2.7.1.2.1 

Pm 9.1 39.1 +3.30 2.7.1.2.4 Neutron Shield Jacket 

Pl + Pb 59.9 62.2(5) +0.04 2.7.1.2.4 

Pm 8.7 39.1 +3.49 2.7.1.2.4 Neutron Shield 

Support Angles Pl + Pb 15.1 58.7 +2.89 2.7.1.2.4 

Support Angle Welds Shear 1.7 29.4 +16.3 2.7.1.2.4 

Impact Limiter 

Attachment Stud 

Tension    2.7.1.2.5 

Cavity Spacer Bounded by HAC oblique drop slapdown impact 2.7.1.2.6 

Notes:
(1) All allowable stresses are conservatively based on a bounding design temperature of 400 F unless otherwise 

noted.
(2) Design margin is equal to (allowable/stress) - 1.
(3) The allowable stresses for the inner shell-to-top forging ring weld include an 80% stress-reduction factor.
(4) The allowable bearing stress on the top flange and closure lid in the region of the containment O-ring is equal 

to the material yield strength.
(5) Allowable stress intensity based on a bounding design temperature of 215 F for the neutron shield jacket.
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Table 2.7-7  -  Stress Summary for HAC Side Drop Buckling Evaluation 

Maximum stress components, ksi 

Inner Shell  Outer Shell Load
Condition or 

Combination(1)
Hoop, Axial,

z

Shear, Hoop, Axial,

z

Shear,

D -2.5 -14.3 0.1 -1.4 -14.7 -0.1 

D + P -0.9 -13.7 0.1 -1.4 -14.6 -0.1 

D + T -3.2 -19.9 0.1 -2.0 -11.6 -0.1 

Bounding Stresses -3.2 -19.9 0.1 -2.0 -14.7 0.1 

Notes:
(1) The following notation is used for load conditions: D = 60g HAC side drop load, P = 75 psig maximum 

internal pressure load, T = bounding NCT thermal loading (NCT cold).

Table 2.7-8  -  Cask Buckling Summary, HAC Side Drop Condition 

 Inner Shell Outer Shell Remarks 

Elastic Interaction Equations (-1713.1.1)

xa (psi) 240,454 367,644 --- 

ha (psi) 26,651 54,996 --- 

ra (psi) 27,259 56,705 --- 

a (psi) 104,340 184,864 --- 

Axial + Hoop Check (a): N/A N/A --- 

Axial + Hoop Check (b): 0.04 N/A <1, OK 

Axial + Shear Check (c): 0.08 0.04 <1, OK 

Hoop + Shear Check (d): 0.12 0.04 <1, OK 

Axial + Hoop + Shear Check (e): N/A N/A --- 

Inelastic Interaction Equations (-1713.2.1)

xc (psi) 30,448 30,448 --- 

rc (psi) 22,610 27,249 --- 

c (psi) 18,269 18,269 --- 

Axial + Hoop Check (a): 0.65 0.48 <1, OK 

Axial + Shear Check (b): 0.65 0.48 <1, OK 

Hoop + Shear Check (c): 0.14 0.07 <1, OK 
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Figure 2.7-1  -  Stress Contour Plot for 60g HAC Side Drop + 

75 psig Internal Pressure 
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2.7.1.3 Corner Drop 

The FuelSolutions™ TS125 Transportation Cask is evaluated for an HAC corner drop 

(i.e., center of gravity located directly over the impacted corner), occurring on either the top or 

bottom end of the package considering the worst-case initial conditions, in accordance with 

Regulatory Guide 7.8. The structural evaluation of the transportation cask for the HAC corner 

drop is performed using equivalent static loads. The equivalent static loads are calculated by 

multiplying the peak rigid body response by a DLF to account for dynamic amplification within 

the structure. As shown in Section 2.12.2, the highest peak rigid-body acceleration due to the 

HAC corner drop for a lower bound package weight of 270 kips is 36.0g, resulting from the cold 

pre-drop ambient condition temperature of -20 F without insolation. The HAC corner drop DLFs 

are determined based on the response frequencies of the structural system and the rigid body 

acceleration time history resulting from the hot and cold HAC corner drop conditions, as 

discussed in Section 2.12.3 of this SAR. As shown in Section 2.12.4, the maximum equivalent 

static HAC corner drop acceleration is 36.7g. A bounding 40g HAC corner drop equivalent static 

acceleration design load is conservatively used for the structural evaluation of the 

FuelSolutions™ TS125 Transportation Cask.

While the 40g HAC corner drop design load corresponds to a lower-bound package weight of 

270 kips and the upper bound force-deflection curve based on the NCT cold thermal condition, 

the structural evaluation of the FuelSolutions™ TS125 Transportation Cask for the 40g HAC 

corner drop loading is conservatively performed using an upper-bound package weight of 

285 kips and lower bound material properties and allowable stresses based on the highest cask 

temperatures for NCT hot thermal loading. Therefore, the results of the HAC corner drop 

structural evaluation are bounding for all HAC corner drop conditions. 

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask for the bounding 

40g HAC corner drop loading includes the following: 

The stresses in the FuelSolutions™ TS125 Transportation Cask body are evaluated using 

the finite element analysis presented in Section 2.7.1.3.1. 

A buckling evaluation of the FuelSolutions™ TS125 Transportation Cask inner and outer 

shells for HAC corner drop loading, performed in accordance with the requirements of 

Code Case N-284-1, is presented in Section 2.7.1.3.2. 

The closure bolts are evaluated for HAC corner drop loading in accordance with the 

requirements of NUREG/CR-6007, as discussed in Section 2.7.1.3.3. 

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask for HAC corner 

drop loading is presented in the following subsections. The results of the HAC corner drop 

evaluation demonstrate that the FuelSolutions™ TS125 Transportation Cask satisfies the 

accident condition design criteria from Section 2.1.2. 

2.7.1.3.1 Transportation Cask Body Stress Evaluation 

In accordance with the requirements of Regulatory Guide 7.8, the stresses in the transportation 

cask body are evaluated for the 40g HAC corner drop loading in combination with internal 

pressure, NCT thermal, and fabrication stresses. As discussed in Section 2.6.1.1, a bounding 

internal design pressure of 75 psig is conservatively used for the structural evaluation of the 
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FuelSolutions™ TS125 Transportation Cask. The NCT thermal conditions considered in 

combination with HAC corner drop loading include NCT cold and NCT hot thermal loading. For 

NCT thermal loading, only the worst-case NCT thermal condition is included. As discussed in 

Section 2.6.1.3.1, the NCT cold thermal condition produces the highest general thermal stress 

intensities in the FuelSolutions™ TS125 Transportation Cask body. Therefore, only the NCT 

cold thermal loading is evaluated in combination with the HAC corner drop loading. The only 

significant fabrication stresses in the cask are those resulting from the lead pour and closure bolt 

preload. As shown in Section 2.12.8, the residual stresses in the cask body at room temperature 

due to the lead pour are small. These stresses are relieved by thermal expansion of the lead 

gamma shield at elevated temperature. Therefore, the fabrication stresses resulting from the lead 

pour are not included in the HAC corner drop load combinations. The HAC corner drop load 

combinations are summarized as follows: 

(6A) HAC Bottom Corner Drop + Bolt Preload 

(6B) HAC Top Corner Drop + Bolt Preload 

(6C) HAC Bottom Corner Drop + Bolt Preload + Maximum Internal Pressure 

(6D) HAC Top Corner Drop + Bolt Preload + Maximum Internal Pressure 

(6E) HAC Bottom Corner Drop + Bolt Preload + NCT Cold Thermal 

(6F) HAC Top Corner Drop + Bolt Preload + NCT Cold Thermal

The cask stresses resulting from load combinations 6A through 6D are evaluated using the 

accident (Service Level D) condition allowable stress design criteria of the ASME B&PV Code. 

In accordance with the ASME B&PV Code, stresses due to thermal loading are classified as 

secondary and need not be evaluated for Service Level D loading conditions. However, the cask 

shell stresses resulting from the HAC corner drop load combinations that include thermal 

loading are used as input for the cask shell HAC corner drop buckling evaluation presented in 

Section 2.7.1.3.2.

For the HAC corner drop load combinations 6A through 6D, a uniform temperature of 325 F is 

applied to the model. This temperature is selected to bound the maximum bulk average 

temperature (322 F) of the lead gamma shield for the NCT hot thermal loading, as shown in 

Table 3.4-1. By applying a uniform temperature to the cask finite element model, the secondary 

stresses due to thermal gradients within the cask body are effectively eliminated. However, the 

elevated temperature causes the lead gamma shield to expand and exert a pressure load on the 

cask outer shell. 

The structural evaluation of the transportation cask body for HAC corner drop loading is 

performed using the half-symmetry finite element model described in Section 2.12.5. The 

half-symmetry finite element model includes all of the major structural components of the 

transportation cask, including the gamma shield. However, the bottom end neutron shield and 

radial neutron shield are not included in the model. Instead, the weight of these components is 

apportioned to the supporting regions of the cask. 

The HAC corner drop loading consists of the inertial load of the cask body, canister (and cavity 

axial spacer, if required), and the impact limiter opposite the impacted end. The weight of the 

impact limiter on the impacted end of the cask does not load the cask body. The HAC corner 
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drop loads are conservatively based on an upper bound canister weight of 85 kips and an upper 

bound package weight of 285 kips.

As discussed in Section 2.12.5, the transverse loading from the weight of the canister on the cask 

inner shell is applied as a radial pressure load, assumed to be uniform along the length of the 

cask cavity and vary with a cosine distribution around the cask circumference. Similarly, the 

transverse component of the impact limiter loads are applied as radial pressures on the ends of 

the cask outside the neutron shield, with a uniform distribution along the length of the cask and a 

cosine distribution around the circumference. The methodology and assumptions used to 

calculate the radial pressures for HAC corner drop loading are described in Section 2.12.5, and 

the applied pressure loads are summarized in Table 2.12-5. The applied pressure loading for the 

HAC bottom corner drop is shown in Figure 2.12-36. The applied pressure loading for the HAC 

top corner drop is shown in Figure 2.7-2. 

The longitudinal component of the canister inertial load is applied to the supporting end of the 

cask cavity (e.g., closure lid for a top corner drop or bottom forging plate for a bottom corner 

drop) as a uniform pressure load. The canister pressure loading on the end of the cask cavity is 

calculated as follows: 

2can,l
.)in5.33(

.lb000,85x)21cos(xg40
p  = 900 psi 

For the bottom corner drop, the inertial load of the top end impact limiter is applied to the top 

end of the model. In order to achieve moment equilibrium, the axial load from the top impact 

limiter is applied as a uniform pressure load over a 10  half angle of the top forging ring, as 

shown in Figure 2.12-36. The applied pressure load from the top end impact limiter is calculated 

as follows: 

)180/10]()15.38()90.40[(

.lb000,18x)21cos(xg40
p

22il  = 17,716 psi

For the top corner drop, the axial load from the bottom end impact limiter is applied to the end of 

the bottom shield ring. In order to achieve moment equilibrium, the axial load from the bottom 

impact limiter is applied as a uniform pressure load over a 90  half angle of the bottom shield 

ring, as shown in Figure 2.7-2. The resulting pressure loading on the bottom end of the bottom 

forging plate is calculated as follows: 

)180/90]()90.37()90.40[(

.lb000,18x)21cos(xg40
p

22il  = 1,810 psi

The inertial loading from the transportation cask weight is accounted for by applying a 40g

corner drop acceleration to the finite element model, consisting of a 37.3g longitudinal 

acceleration load and a 14.3g transverse acceleration load. 

As discussed in Section 2.12.5.2, the HAC corner drop axial reaction load is applied as pressure 

load the impacted end of the cask, distributed with a cosine distribution over the same interface 

angle as the transverse reaction load (i.e., 80  half angle). The axial reaction load is applied only 

to the end of the bottom shield ring. The peak axial pressure load corresponding to a total axial 
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impact load of 9,971 kips (= 267 kips x 37.3g) and an 80  half-angle of contact is calculated as 

follows:  

)180/80]()90.37()90.40[(

971,9

2
p

22o  = 47,452 psi 

Similarly, for the HAC top corner drop, the axial reaction load is applied as pressure load the end 

of the top forging ring, distributed with a cosine distribution over the same interface angle as the 

transverse reaction load (i.e., 80  half angle). The peak axial pressure load corresponding to a 

total axial impact load of 9,971 kips (= 267 kips x 37.3g) and an 80  half-angle of contact is 

calculated as follows:  

)180/80]()15.38()90.40[(

971,9

2
p

22o  = 51,601 psi 

The HAC corner drop loading is applied in combination with the initial conditions discussed 

above. The bolt preload and internal pressure loads are applied to the finite element model as 

described in Section 2.12.5. The bolt preload, internal pressure, and NCT thermal loadings are 

applied to the finite element model as described in Section 2.12.5. Linear-elastic static analyses 

are performed for each load combination. For load combinations 6A through 6D, the stress 

intensities in the transportation cask body due to the HAC corner drop loading combinations are 

evaluated at each of the 39 stress evaluation locations defined in Section 2.12.6 at azimuths of 0

(bottom centerline), 10 , 20 , 30 , 40 , 50 , 90 , and 180  (top centerline). The maximum stress 

intensities in each of the cask body components due to each HAC corner drop load combination 

are summarized in Table 2.7-9. 

As discussed in Section 2.1.2.1, the transportation cask containment components (i.e., inner 

shell, bottom forging plate, top forging ring, and closure lid) are designed in accordance with 

Subsection WB of the ASME B&PV Code and the non-containment components (i.e., outer 

shell, tie-down rings, bottom shield ring, and neutron shield jacket) are designed in accordance 

with Subsection NF of the ASME B&PV Code. The accident condition (Service Level D) 

allowable stress intensities for each of the transportation cask body components are summarized 

in Table 2.7-10 along with the maximum calculated stress intensities and the corresponding 

minimum design margins. The results show that the maximum stress intensities in each of the 

cask body components due to HAC corner drop loading meet the accident condition allowable 

stress design criteria. The lowest design margin in the cask body components due to HAC corner 

drop loading is +0.05 for membrane plus bending stress intensity in the outer shell. 

As shown in Table 2.7-9, the maximum bearing stress at the interface between the closure lid 

and top ring forging in the region of the containment O-ring for HAC top and bottom corner drop 

loading, evaluated both with and without internal pressure loading, is 8.0 ksi. As discussed in 

Section 2.7.1.3.2, the cask shell HAC corner drop buckling evaluation also considers thermal 

loading in combination with the HAC corner drop and internal pressure loads. The maximum 

bearing stress at the top seal region for HAC corner drop load combinations including thermal 

loading is 8.7 ksi. As discussed in Section 2.1.2.1.1, the maximum bearing stress in the top seal 

region is limited to the material yield strength. The yield strength of Type XM-19 stainless steel 

at a bounding design temperature of 400 F is 40.8 ksi. Therefore, the minimum design margin 

for bearing stress in the top seal region resulting from HAC corner drop loading is +3.69. 
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2.7.1.3.2 Transportation Cask Shell Buckling Evaluation 

The transportation cask inner and outer shells are evaluated for buckling due to the HAC corner 

drop loading using ASME Code Case N-284-1. The inner and outer shells are considered as 

unstiffened cylindrical shells. The buckling analysis geometry parameters are provided in 

Table 2.6-8. The FuelSolutions™ TS125 Transportation Cask shell buckling analysis 

conservatively uses a bounding design temperatures of 400°F for the inner shell and outer shell. 

The stresses used for the buckling evaluation of the cask shells are obtained from the cask body 

HAC corner drop finite element analysis results. The maximum shell stresses occurring at any 

azimuth location, but away from the ends of the shells where secondary stress occur due to the 

constraint provided by the end forgings, are used for the bucking evaluation. With reference to 

Figures 2.12-37 and 2.12-38, the hoop, axial, and in-plane shear stresses at sections 10, 11, 

and 12 are used for the inner shell and those at sections 23, 24, and 25 are used for the outer shell. 

The axial membrane ( z), hoop membrane ( ), and in-plane shear ( ) component stresses are 

obtained from each HAC corner drop load combination finite element analysis results, including 

both top and bottom corner impacts with internal pressure and NCT thermal loading. Note that 

the load combination of HAC corner drop plus internal pressure plus NCT thermal is not 

included in the cask shell buckling evaluation, since internal pressure loading results in tensile 

stresses in the cask inner shell that act opposite the compressive stresses due to corner drop and 

NCT thermal loading. For each HAC corner drop loading combination, the stresses are evaluated 

for each individual load and all load combination in accordance with Regulatory Guide 7.8. The 

maximum stress components from each HAC corner drop load combination are summarized in 

Table 2.7-11. The bounding stresses for all load combinations are conservatively used for the 

cask shell HAC end drop buckling evaluation. 

The theoretical buckling values and reduction factors are shown in Table 2.6-10, and the 

buckling evaluation results in accordance with ASME Code Case N-284-1 are shown in 

Table 2.7-12. As specified in Code Case N-284-1, the applicable factor of safety of 1.34 is used 

for the HAC conditions. The maximum bucking interaction ratios in the cask inner and outer 

shells for the bounding HAC corner drop shell stresses are 0.64 and 0.55, respectively. 

Therefore, the transportation cask shells meet the buckling design criteria of Code Case N-284-1 

for HAC corner drop loading. The minimum design margins for buckling of the inner and outer 

shells due to HAC corner drop loading are +0.56 and +0.82, respectively. 

2.7.1.3.3 Closure Bolt and Impact Limiter Attachment Stud Evaluation 

The stresses in the closure bolts due to HAC corner drop loading are evaluated in accordance with 

the requirements of NUREG/CR-6007, as described in Section 2.12.7. The closure bolt stresses 

are calculated for a bounding 40g equivalent static HAC corner drop load. The maximum tensile 

load in the closure bolts due to the 40g HAC corner drop load is 77.1 kips. This load is bounded 

by the maximum closure bolt load resulting from the bounding 60g HAC end drop loading. 

Consequently, the HAC corner drop does not control the design of the closure bolts. 

The stresses in the impact limiter attachment studs due to HAC corner drop loading are evaluated 

in accordance with the requirements of Subsection NF of the ASME Code, as described in 

Section 2.12.11.1. The results show that all HAC corner drop loading does not produce any 

tensile forces in the impact limiter attachment bolts.   
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2.7.1.3.4 HAC Corner Drop Summary 

The results of the preceding structural evaluations for the HAC corner drop loading demonstrate 

that the FuelSolutions™ TS125 Transportation Cask and cavity spacer have adequate structural 

integrity and satisfy the applicable structural design criteria described in Section 2.1.2. The 

maximum stresses and minimum design margins in each transportation cask structural 

component and in the cavity spacer due to the bounding 40g HAC corner drop loading, 

considering the worst-case load combinations in accordance with Regulatory Guide 7.8, are 

summarized in Table 2.7-10. The minimum design margin in the transportation cask resulting 

from the bounding 40g HAC corner drop load is +0.01 for membrane plus bending stress 

intensity (Pl+Pb) in the bottom shield ring attachment weld. For the transportation cask 

containment system components (i.e., bottom forging plate, inner shell, top ring forging, closure 

lid, and closure bolts), the minimum design margin resulting from the bounding 40g HAC corner 

drop load is +0.10 for membrane plus bending stress intensity (Pl+Pb) in the inner shell. 

The buckling evaluation of the FuelSolutions™ TS125 Transportation Cask inner and outer 

shells for the bounding 40g HAC corner drop loading is presented in Section 2.7.1.3.2. The 

results of the 40g HAC corner drop buckling evaluation demonstrate that the transportation cask 

inner and outer shells meet the accident condition buckling design criteria of Code 

Case N-284-1. The minimum design margins against buckling due to the bounding 40g HAC 

corner drop loading are +0.56 for the inner shell and +0.82 for the outer shell. 

The extent of damage sustained by the FuelSolutions™ TS125 Transportation Cask, impact 

limiters, and cavity spacer assembly as a result of the HAC corner drop includes only crushing of 

the impact limiter and potential axial permanent deformation of the transportation cask gamma 

shield (lead slump). As shown in Table 2.12-2, the maximum crush depth of the impact limiter 

for the HAC corner drop, based on a maximum package weight of 285 kips and a bounding 

impact limiter temperature of 200 F, is 34.1 inches. This crush depth corresponds to a maximum 

strain of 54% in the impact limiter aluminum honeycomb material, which is sufficiently low to 

assure that bottoming out will not occur in the event of an HAC corner drop. The amount of lead 

slump resulting from the 40g HAC corner drop is expected to be bounded by that resulting from 

the 60g HAC end drop. 

The extent of damage sustained by the FuelSolutions™ TS125 Transportation Cask and impact 

limiters from the 40g HAC corner drop is considered in the thermal and shielding HAC 

evaluations presented in Chapters 3 and 5, respectively. As discussed in Section 3.5.1.1, a 

bounding thermal evaluation is performed for the HAC fire assuming that the impact limiters are 

absent during the 30-minute fire, but present and undamaged during the post-fire cool down. As 

discussed in Section 5.3.1.2, the model used for the HAC shielding evaluation, which does not 

include the impact limiters, uses a bounding 1-inch crescent shaped gap along the full length of 

the lead gamma shield and 2-inch axial gaps at both ends of the gamma shield to reflect damage 

due to lead slump. The results of the thermal and shielding HAC evaluations demonstrate that 

the damage sustained by the FuelSolutions™ TS125 Transportation Cask and impact limiters 

due to the HAC corner drop does not affect the ability of the FuelSolutions™ Transportation 

Package to satisfy the requirements of 10CFR71. 
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Table 2.7-9  -  Summary of TS125 Transportation Cask Body HAC 

Corner Drop Stresses 

Load Combination Stress Intensities
(ksi) [Section / Azimuth](1)

Cask
Component

Stress
Type 6A(2) 6B(3) 6C(4) 6D(5)

Maximum
S.I. (ksi) 

Pm 17.7 [4 /0 ] 3.4 [4 /0 ] 17.6 [4 /0 ] 3.6 [4 /0 ] 17.7Bottom Plate 

Forging 
Pl + Pb 36.5 [4 /0 ] 7.3 [4 /0 ] 37.3 [4 /0 ] 8.4 [4 /0 ] 37.3

Pm 31.6 [8 /0 ] 30.5 [13 / 0 ] 30.7 [8 /0 ] 29.4 [13 / 0 ] 31.6Inner Shell 

Pl + Pb 82.1 [7 /20 ] 69.1 [15 / 0 ] 82.4 [7 /0 ] 67.7 [15 / 0 ] 82.4

Pm 6.5 [14 / 0 ] 33.3 [14 / 0 ] 6.4 [14 / 40 ] 32.3 [14 / 0 ] 33.3Inner Shell-to-Top 

Forging Weld 
Pl + Pb 13.8 [14 / 20 ] 62.0 [14 / 0 ] 13.4 [14 / 20 ] 60.3 [14 / 0 ] 62.0

Pm 40.7 [18 / 0 ] 29.3 [26 / 0 ] 41.2 [18 / 0 ] 29.3 [26 / 0 ] 41.2Outer Shell 

Pl + Pb 77.4 [18 / 0 ] 54.2 [28 / 0 ] 78.6 [18 / 0 ] 53.8 [28 / 0 ] 78.6

Pm 16.7 [31 / 180 ] 34.3 [31 / 0 ] 16.8 [31 / 180 ] 34.4 [31 / 0 ] 34.4Top Ring 

Forging Pl + Pb 19.5 [31 / 180 ] 45.7 [31 / 0 ] 19.7 [31 / 180 ] 45.6 [31 / 0 ] 45.7

Pm 29.7 [35 / 0 ] 28.6 [35 / 90 ] 29.7 [35 / 0 ] 28.5 [35 / 90 ] 29.7Closure Lid 

Pl + Pb 37.1 [35 / 180 ] 40.2 [35 / 0 ] 36.5 [35 / 180 ] 42.6 [32 / 0 ] 42.6

Top Seal Region Bearing(6)
8.0 [39 / 160 ] 2.9 [39 / 180 ] 7.5 [39 / 160 ] 2.6 [39 / 180 ] 8.0

Pm 49.0 [36 / 0 ] 2.1 [36 / 110 ] 49.0 [36 / 0 ] 2.1 [36 / 120 ] 49.0Bottom Shield Ring 

Attachment Weld 
Pl + Pb 82.3 [36 / 0 ] 2.1 [36 / 110 ] 82.6 [36 / 0 ] 2.7 [36 / 120 ] 82.6

Tie-down Ring 

Attachment Weld 

Shear 20.1 [37 / 0 ] 20.6 [38 / 0 ] 20.3 [37 / 0 ] 20.4 [38 / 0 ] 20.6

Notes:
(1) The section locations of the maximum stress intensities are shown in Figures 2.12-37 and 2.12-38. Azimuth 

location is measured from the bottom centerline of the cask.
(2) Load combination 6A includes HAC bottom corner drop + Bolt preload.
(3) Load combination 6B includes HAC top corner drop + Bolt preload.
(4) Load combination 6C includes HAC bottom corner drop + Bolt preload + Maximum internal pressure.
(5) Load combination 6D includes HAC top corner drop + Bolt preload + Maximum internal pressure.
(6) Maximum bearing stress on the face of the top flange or closure lid in the region of the containment O-ring.
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Table 2.7-10  -  Summary of TS125 Transportation Cask HAC Corner 

Drop Evaluation Results 

Cask
Component

Stress
Type 

Maximum S.I. 
(ksi)

Allowable 
S.I.(1)

(ksi)

Minimum
Design

Margin(2)

Reference
SAR

Section

Pm 17.7 63.5 +2.59 2.7.1.3.1 Bottom Plate 

Forging Pl + Pb 37.3 90.7 +1.43 2.7.1.3.1 

Pm 31.6 63.5 +1.01 2.7.1.3.1 

Pl + Pb 82.4 90.7 +0.10 2.7.1.3.1 

Inner Shell 

Buckling 0.64 1.0 +0.56 2.7.1.3.2 

Pm 33.3 50.8(3) +0.53 2.7.1.3.1 Inner Shell-to-Top 

Forging Weld Pl + Pb 62.0 72.6(3) +0.17 2.7.1.3.1 

Pm 41.2 49.0 +0.19 2.7.1.3.1 

Pl + Pb 78.6 82.7(4) +0.05 2.7.1.3.1 

Outer Shell 

Buckling 0.55 1.0 +0.82 2.7.1.3.2 

Pm 34.4 63.5 +0.85 2.7.1.3.1 Top Ring 

Forging Pl + Pb 45.7 90.7 +0.98 2.7.1.3.1 

Pm 29.7 63.5 +1.24 2.7.1.3.1 Closure Lid 

Pl + Pb 42.6 90.7 +1.13 2.7.1.3.1 

Top Seal Region Bearing 8.7 40.8(5) +3.69 2.7.1.3.1 

Closure Bolts Bounded by HAC end drop 2.7.1.3.3 

Pm 49.0 52.0(6) +0.06 2.7.1.3.1 Btm. Shield Ring 

Weld Pl + Pb 82.6 83.6(6) +0.01 2.7.1.3.1 

Tie-down Ring Welds Shear 20.6 29.4 +0.43 2.7.1.3.1 

Neutron Shield Jacket Bounded by HAC side drop.  

Notes:
(1) Allowable stresses are conservatively based on a bounding design temperature of 400 F unless otherwise noted.
(2) Design margin is equal to (allowable/stress) - 1.
(3) The allowable stresses for the inner shell-to-top forging ring weld include an 80% stress-reduction factor.
(4) Allowable stress intensity based on a bounding outer shell temperature of 230 F.
(5) The allowable bearing stress on the top flange and closure lid in the region of the containment O-ring is equal 

to the material yield strength.
(6) Allowable stress intensity based on a bounding outer shell temperature of 215 F.
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Table 2.7-11  -  Stress Summary for HAC Corner Drop Buckling Evaluation

Maximum stress components (ksi) 

Inner Shell  Outer Shell 
Load Condition

or
Combination(1)

z z

DB -0.4 -11.9 -2.3 -0.3 -16.3 -1.8 

DB + P 0.0 -11.2 -1.9 -0.3 -16.3 -1.8 

DB + T -0.9 -17.7 -2.8 -0.6 -13.4 -1.7 

DT -0.4 -13.1 2.0 -0.3 -15.6 2.3 

DT + P 0.0 -12.3 2.2 -0.3 -15.5 1.5 

DT + T -1.2 -18.7 2.3 -0.5 -12.5 1.2 

Bounding Stresses  -1.2 -18.7 -2.8 -0.6 -16.3 2.3 

Notes:
(1) The following notation is used for load conditions: DB = 60g HAC bottom corner drop load, DT = 60g HAC top 

corner drop load, P = 75 psig maximum internal pressure load, T = bounding NCT thermal loading (NCT cold).
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Table 2.7-12  -  Cask Buckling Summary, HAC Corner Drop Condition 

 Inner Shell Outer Shell Remarks 

Elastic Interaction Equations (-1713.1.1)

xa (psi) 240,454 367,644 --- 

ha (psi) 26,651 54,996 --- 

ra (psi) 27,259 56,705 --- 

a (psi) 104,340 184,864 --- 

Axial + Hoop Check (a): N/A N/A --- 

Axial + Hoop Check (b): 0.03 N/A <1, OK 

Axial + Shear Check (c): 0.08 0.04 <1, OK 

Hoop + Shear Check (d): 0.04 0.01 <1, OK 

Axial + Hoop + Shear Check (e): N/A N/A --- 

Inelastic Interaction Equations (-1713.2.1)

xc (psi) 30,448 30,448 --- 

rc (psi) 22,610 27,249 --- 

c (psi) 18,269 18,269 --- 

Axial + Hoop Check (a): 0.61 0.54 <1, OK 

Axial + Shear Check (b): 0.64 0.55 <1, OK 

Hoop + Shear Check (c): 0.08 0.04 <1, OK 
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Figure 2.7-2  -  HAC Top Corner Drop Interface Pressure Loading 
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2.7.1.4 Oblique Drop 

The FuelSolutions™ Transportation Package is evaluated for HAC oblique drop loading 

resulting from primary impact angles of 30 , 45 , 60 , and 75  from vertical. The structural 

evaluation of the FuelSolutions™ Transportation Package for HAC oblique drop considers the 

effects of both primary and secondary (slapdown) impact loadings. Primary impact loads are 

evaluated for the full range of HAC oblique drop angles. As shown in Section 2.12.2.5, the 

highest slapdown impact loads result from a primary impact with the package longitudinal axis 

located at approximately 75  from vertical. 

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask and the cavity 

spacer assembly for the HAC oblique drop primary and secondary impact loadings is presented 

in the following sections. The structural evaluation of each FuelSolutions™ canister is presented 

in Section 2.7.1.4 of the respective FuelSolutions™ Canister Transportation SAR. The results of 

the structural evaluation of the FuelSolutions™ TS125 Transportation Cask and cavity spacer 

assembly for the HAC oblique drop impact loading demonstrate that the design criteria discussed 

in Section 2.1.2 is satisfied. 

2.7.1.4.1 Cask Body Stresses 

For purposes of these analyses and to completely envelop the cask response, several orientations, 

ranging from horizontal (0º) to vertical (90º), are examined. The evaluation is based on the axial, 

shear, and moment forces in the transportation cask inner and outer shells as derived in 

NUREG/CR-3966.
33

 As shown in the following discussion, the maximum stresses in the 

transportation cask body resulting from the HAC oblique drop primary and secondary impact 

loadings are bounded by the cask body stresses resulting from the HAC end, corner, and side 

drops.

In accordance with NUREG/CR-3966, identification of the most critical case is based on the 

beam behavior of the cask. While it is recognized that the cask also exhibits significant shell 

characteristics, the approach is justified because higher beam stresses correspond to the higher 

loads and, therefore, higher shell effects as well. 

In Section 2.2 of NUREG/CR-3966, the maximum axial force, R, shear force, V, and bending 

moment, M, in the cask shells are given for the primary oblique impact as: 

R = F sin 

V = F cos 

M = (4/27)FL cos 

where  is the primary impact angle with respect to the impact surface, and F is the maximum 

primary (nose) impact limiter force. The impact forces and moment diagrams along the cask axis 

during this impact are illustrated in Figure 2.7-3.  

                                                
33 Nelson, T. A., and Chun, R. C., Methods for Impact Analysis of Shipping Containers, NUREG/CR-3966, 

UCRL-20639, U.S. Nuclear Regulatory Commission, November 1987. 
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For the subsequent secondary impact, the maximum values of the above parameters are: 

R = 0 

V = F 

M = (4/27)FL 

where F is the maximum secondary (trail) impact limiter force. The forces and moment diagrams 

along the cask axis during this impact are illustrated in Figure 2.7-4.  

For a side impact, the maximum axial force, shear force, and moment are given as: 

R = 0 

V = F 

M = (1/4)FL 

where F is the maximum secondary (trail) impact limiter force. The forces and moment diagrams 

along the cask axis during this impact are illustrated in Figure 2.7-5. 

The impact forces are obtained from the cask drop analysis (Section 2.12.2) for the HAC oblique 

drop impacts. For the HAC end and side drops, the impact forces are calculated based on the 

bounding 60g equivalent static design load used for these conditions. Similarly, the impact 

forces for the HAC corner drop are calculated based on the bounding 40g equivalent static 

design load used for this condition. For all impact conditions, the length (L) is conservatively 

assumed equal to the overall length of the transportation cask, or 210.4 inches. 

To perform the comparison of stressed conditions for all drop configurations, the total effect of 

axial force, shear force, and moment is calculated by determining the stresses along the cask 

length due to individual components and combining them into stress intensity using Mohr’s 

circle as follows: 

2

2

ba

2
2.I.S

where:

a = Normal stress in the cask shells due to the axial force 

b = Normal stress in the cask shells due to the bending moment 

 = Shear stress in the cask shells due to the shear force 

For the purposes of comparison, the properties of the transportation cask inner and outer shells 

are used to determine the stresses. The total cross-sectional area and section modulus are:  

2

i,o

2

o,o

2

i,i

2

o,i RRRRA  = 982 in
2

4

i,o

4

o,o

4

i,i

4

o,i

o,o

RRRR
R4

S  = 17,262 in
3
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where:

Ro,o  = 40.90 inches, outside radius of the outer shell 

Ro,i  = 38.25 inches, inside radius of the outer shell 

Ri,o  = 35.00 inches, outside radius of the inner shell 

Ri,i  = 33.50 inches, inside radius of the inner shell 

The axial, bending, and shear stresses in the cask body are calculated as follows: 

A

V

S

M

A

R
ba

The stress comparison is performed using the most critical points for each case; hence, with 

reference to Figure 2.7-3 and Figure 2.7-4, the oblique drop configurations include evaluation of 

stresses every one-third of the length. Per Figure 2.7-5, the side drop stress calculation is 

performed at the ends and at the mid-span of the cask.  

The calculations are carried out for forces and moments for all cold HAC impact cases because 

the cold conditions result in the highest drop forces. The results are summarized in Table 2.7-13. 

As seen from the results, the highest overall stress intensity results from the HAC side drop 

event. This stress intensity exists at the middle of the cask body. Furthermore, the maximum 

axial stress, shear stress, and bending stress in the cask body for each HAC oblique drop impact 

is bounded by the stresses resulting from either the HAC end, side, and corner drop impacts. 

Therefore, the detailed stress analyses performed for the HAC end drop, HAC side drop, and 

HAC corner drop impact loads are sufficient to assure that the cask is adequate for all HAC free 

drop orientations. 

2.7.1.4.2 Closure Bolt and Impact Limiter Attachment Bolt Evaluation 

The stresses in the closure bolts due to HAC oblique drop loading are evaluated in accordance 

with the requirements of NUREG/CR-6007, as described in Section 2.12.7. As discussed in 

Section 2.12.7.2.6, the closure bolt loads resulting from the HAC oblique drop loading are 

bounded by those resulting from the HAC end drop.  

The stresses in the impact limiter attachment studs due to HAC oblique drop loading are 

evaluated in accordance with the requirements of Subsection NF of the ASME Code, as 

described in Section 2.12.11.1. The results show that all HAC oblique drop primary impact 

loadings do not produce any tensile forces in the impact limiter attachment bolts. The maximum 

tensile stress in the impact limiter attachment bolt due to HAC oblique drop slapdown loading is 

12.8 ksi, compared to the HAC allowable bolt tensile stress of 38.9 ksi for A193, Grade B8S bolt 

material at 200 F. The minimum design margin for tensile stress in the impact limiter attachment 

stud due to HAC oblique drop slapdown loading is +2.04. 

2.7.1.4.3 Cavity Spacer Assembly 

The FuelSolutions™ TS125 Transportation Cask is designed to accommodate short 

FuelSolutions™ canisters using the cask cavity spacer assembly shown in the general 

arrangement drawings in Section 1.3.2. The cask cavity spacer assembly is a stainless steel 

structure, consisting of a 3.0-inch thick circular base plate supported by two concentric ¾-inch 

thick support rings. The outer diameter of the cavity spacer assembly inner and outer support 
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rings are 36.0 inches and 64.5 inches, respectively. The cavity spacer assembly is secured to the 

bottom end of the transportation cask cavity using six 1½-6 UNC-2A screws. In addition, the 

cavity spacer assembly is positioned by two 3.0-inch diameter shear pins that are designed to 

withstand transverse loading. 

In the event of an HAC oblique drop bottom end primary impacts, the cavity spacer assembly is 

loaded in the longitudinal direction by its own weight and the weight of the canister, and in the 

transverse direction by its own weight. Since the transverse loading due to the cavity spacer 

assemblies own weight is small, only the longitudinal loads due to the HAC oblique drop 

primary impact produce any significant stresses in the cavity spacer assembly. As shown in 

Section 2.12.4, the longitudinal loads resulting from the HAC oblique drop primary impacts are 

much lower than the HAC end drop load. Therefore, the stresses in the cavity spacer assembly 

resulting from the HAC oblique drop primary impact are bounded by those calculated for the 60g

HAC end drop loading. 

In the event of an HAC oblique drop slapdown impact occurring on the bottom end of the 

transportation cask, the cavity spacer assembly is subjected to large transverse acceleration 

loads. As shown in Table 2.12-4, the HAC slapdown equivalent static transverse acceleration 

load occurring near the bottom end of the transportation cask cavity (i.e., 90 inches from the 

package center of gravity) is 79.0g. A bounding transverse acceleration load of 85g is 

conservatively used for the HAC slapdown structural analysis of the cavity spacer assembly. 

Therefore, the total transverse load acting on the cavity spacer assembly and its attachment 

hardware for the HAC slapdown impact, conservatively assuming a bounding weight of 

3,600 pounds for the cavity spacer assembly, is 306 kips. 

For the HAC slapdown loading, the stresses in the cavity spacer assembly are bounded by those 

resulting from the HAC end drop loading. However, the stresses in the cavity spacer assembly 

attachments experience the highest stresses for HAC slapdown loading. The structural evaluation 

of the cavity spacer assembly attachment hardware for HAC slapdown impact loading includes a 

stress evaluation of the shear pins and the interfacing ¾-inch thick alignment plates on the 

bottom end of the cavity spacer, and a stress evaluation of the cavity spacer attachment bolts. 

Shear Pin Stress Evaluation

Each shear pin is designed to support half of the transverse impact load, or 153 kips for the HAC 

slapdown impact. The average bearing stress on the 3.0-inch diameter shear pin and the 

projected area of the ¾-inch thick cavity spacer shear plate is calculated as follows: 

75.0x0.3

153
fp  = 68.0 ksi 

The allowable bearing stress of the ¾-inch thick cavity spacer shear plate is lower than that of 

the shear pin. The Service Level D allowable bearing stress for Type 304 stainless steel at 300 F

is 138.6 ksi, in accordance with the allowable stress design criteria of Section III, Division 1, 

Subsection NF of the ASME B&PV Code. Therefore, the minimum design margin for bearing 

stress in the shear plate is: 

1
0.68

6.138
DM  = +1.04 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.7-46 Revision 6 

The cavity spacer shear plate is evaluated to assure that sufficient edge distance is provided 

between the shear pin hole and the free edge of the plate to prevent shear tear-out failure in the 

event of an HAC slapdown impact. A 3.47-inch (= 5.00 in. – 1.53 in.) edge distance is provided 

in the shear plate. The shear tear-out stress in the shear plate due to the HAC slapdown impact 

loading is: 

)75.0)(2x47.3x2(

0.153
fv  = 20.8 ksi 

The Service Level D allowable shear stress for Type 304 stainless steel at 300 F is 27.7 ksi, in 

accordance with the allowable stress design criteria of Section III, Division 1, Subsection NF of 

the ASME B&PV Code. Therefore, the minimum design margin for shear tear-out in the shear 

plate is: 

1
8.20

7.27
DM  = +0.33 

The shear pins are designed with sufficient shear area to prevent shear failure when subjected to 

HAC slapdown impact loading. The maximum shear stress in the shear pin occurs at the base of 

the threaded end that screws into the transportation cask bottom forging plate. The cross-section 

area of the shear pin, for the minimum diameter of 1.875 inches, is 2.76 in
2
. Therefore, the 

maximum shear stress in the shear pin is: 

76.2

0.153
fv  = 55.4 ksi 

The Service Level D allowable shear stress for SA-564, Grade 630 precipitation-hardened 

stainless steel at 300 F is 60.9 ksi, in accordance with the allowable stress design criteria of 

Section III, Division 1, Subsection NF of the ASME B&PV Code. Therefore, the minimum 

design margin for shear stress in the shear pin is: 

1
4.55

9.60
DM  = +0.10 

The results of the cavity spacer assembly HAC slapdown impact stress analysis demonstrate that 

the maximum stresses in the shear pin and shear plate meet the Service Level D allowable stress 

design criteria of Subsection NF of the ASME B&PV Code. 

Attachment Bolt Stress Evaluation

The cavity spacer assembly is secured to the bottom end of the transportation cask cavity using 

six 1½-6UNC-2A screws. The cavity spacer assembly bolts are designed only for tensile loading 

since the transverse loads are taken by the two shear pins, as discussed above. When subjected to 

the HAC slapdown impact transverse loading, the transverse inertial load of the cavity spacer 

assembly produces a moment about its base, which is balanced by tensile loads that are 

developed in the attachment bolts. As shown in Section 2.2, the cavity spacer assembly center of 

gravity is located at a distance of 19.0 inches from the bottom end of the transportation cask, or 

7.70 inches from the bottom end of the cask cavity. The maximum bending moment due to the 
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bounding 85g HAC slapdown impact load, conservatively assuming a maximum moment are of 

10 inches, is: 

M = F x e = 3,060 in-kips 

The bolt tensile loads are calculated assuming that the cavity spacer assembly is rigid and pivots 

about the bottom edge of the outer support ring. Therefore, the tensile load in each attachment 

bolt is proportional to the moment arm from the pivot point to the bolt centerline. The maximum 

tensile load in the attachment bolt furthest from the pivot point is calculated by solving the 

following equation: 

iidFM  = F1d1 + 2F2d2 + 2F3d3 + F4d4

where:

M = 3,060 in-kips, total bending moment 

d1 = 5.75 inches, moment arm to bolt no. 1 

 = (64.50 – 53.00)/2 

d2 = 19.00 inches, moment arm to bolt no. 2 

 = 5.75 + 26.5[1 – sin(30 )]

d3 = 45.50 inches, moment arm to bolt no. 3 

 = 5.75 + 26.5[1 + sin(30 )]

d4 = 58.75 inches, moment arm to bolt no. 4 

 = 5.75 + 2 x 26.5 

F1 = F4 x d1/d4 = 0.098F4, tensile force in bolt no. 1 

F2 = F4 x d2/d4 = 0.323F4, tensile force in bolt no. 2 

F3 = F4 x d3/d4 = 0.774F4, tensile force in bolt no. 3 

Solving the above equation gives F4 = 21.54 kips. Therefore, the maximum tensile stress in the 

most heavily loaded cavity spacer assembly attachment bolt for the bounding 85g HAC 

slapdown impact loading is: 

b

4
t

A

F
f  = 15.3 ksi 

where the tensile stress area of a 1½-6UNC-2A screw (Ab) is 1.41 in
2
.

In accordance with Section III, Division 1, Subsection NF of the ASME B&PV Code, the 

Service Level D allowable bolt tensile stress for SA-193, Grade B6 bolting steel at 300 F is 

73.1 ksi. Therefore, the minimum design margin for tensile stress in the cavity spacer attachment 

bolts due to the HAC slapdown impact loading is: 

1
3.15

1.73
DM  = +3.78 
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The attachment bolts are designed with sufficient length of thread engagement to prevent shear 

failure of the bolt threads and the mating threads in the bottom forging plate. A minimum thread 

engagement length of 1.5 inches is provided for the cavity spacer assembly attachment bolts. 

Since the bottom forging plate Type XM-19 stainless steel material has considerably lower 

strength than the attachment bolt material, the controlling thread shear stress occurs in the female 

threads of the bottom forging plate. Per Boucher,
34

 the internal thread shear area for a 

1½-6UNC-2B thread is 3.566 in
2
 per inch of thread engagement. Therefore, the maximum thread 

shear stress is: 

566.3x5.1

54.21
fv  =  4.0 ksi 

The Service Level D allowable shear stress for Type XM-19 stainless steel at 300 F is 39.6 ksi. 

Therefore, the minimum design margin for thread shear stress due to the HAC slapdown impact 

loading is: 

1
0.4

6.39
DM  = +8.90 

The results of the cavity spacer assembly attachment bolt HAC slapdown impact stress analysis 

demonstrate that the maximum stresses in the attachment bolts and the interface with the cask 

body meet the Service Level D allowable stress design criteria of the ASME B&PV Code. 

2.7.1.4.4 HAC Oblique Drop Summary 

The results of the preceding structural evaluations for the HAC oblique drop loading 

demonstrate that the FuelSolutions™ TS125 Transportation Cask and cavity spacer have 

adequate structural integrity and satisfy the applicable structural design criteria described in 

Section 2.1.2. As discussed in Section 2.7.1.4.1, the stresses in the FuelSolutions™ TS125 

Transportation Cask body due to the HAC oblique drop loading are bounded by those resulting 

from the 60g HAC end drop, 60g HAC side drop, and 40g HAC corner drop. As discussed in 

Section 2.7.1.4.2, the closure bolt stresses resulting from the 40g HAC corner drop are also 

bounded by those calculated for the 60g HAC end drop load. As shown in Section 2.7.1.4.3, the 

cavity spacer assembly and its attachment hardware satisfy the accident condition design criteria 

specified in Section 2.1.2 for a bounding 85g HAC oblique drop slapdown impact load. The 

minimum design margin for the cavity spacer assembly and its attachment hardware is +0.10 for 

pure shear stress in the shear pin. 

The extent of damage sustained by the FuelSolutions™ TS125 Transportation Cask, impact 

limiters, and cavity spacer assembly as a result of the HAC oblique drop includes only crushing 

of the impact limiter and permanent deformation of the transportation cask lead gamma shield 

(lead slump). As shown in Table 2.12-2, the maximum strain in the impact limiter for the full 

range of HAC oblique drops is 67% for the hot slapdown impact, based on a maximum package 

weight of 285 kips and a bounding impact limiter temperature of 200 F. The impact limiter 

strains resulting from the HAC oblique drops are sufficiently low to assure that bottoming out 

                                                
34 Boucher, R. C., “Strength of Threads,” Product Engineering, November 27, 1961. 
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will not occur. The amount of lead slump resulting from the HAC oblique drops is expected to 

be bounded by that resulting from the 60g HAC end drop and 60g HAC side drop loads. 

The extent of damage sustained by the FuelSolutions™ TS125 Transportation Cask and impact 

limiters from the HAC free drops is considered in the thermal and shielding HAC evaluations 

presented in Chapters 3 and 5, respectively. As discussed in Section 3.5.1.1, a bounding thermal 

evaluation is performed for the HAC fire assuming that the impact limiters are absent during the 

30-minute fire, but present and undamaged during the post-fire cool down. As discussed in 

Section 5.3.1.2, the model used for the HAC shielding evaluation, which does not include the 

impact limiters, uses a bounding 1-inch crescent shaped gap along the full length of the lead 

gamma shield and 2-inch axial gaps at both ends of the gamma shield to reflect damage due to 

lead slump. The results of the thermal and shielding HAC evaluations demonstrate that the 

damage sustained by the FuelSolutions™ TS125 Transportation Cask and impact limiters due to 

the HAC side drop does not affect the ability of the FuelSolutions™ Transportation Package to 

satisfy the requirements of 10CFR71. 
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Table 2.7-13  -  Comparison of Stresses 

for Different Drop Orientations 

Impact 

Angle
(1) 

Fmax

(10
6

lbs)

Rmax

 (10
6

lbs)

Vmax

(10
6

lbs)

Mmax

(10
8
 in-lbs) 

Axial 

Location 

Axial 

Stress

(psi)

Shear 

Stress

(psi)

Bending 

Stress

(psi)

S.I.

(psi)

    0 0 8251 0 16501 

8.10 0.00 8.10 4.26 1/2 L 0 0 24682 24682 
90

Side

    L 0 8251 0 16501 

    0 1657 6185 0 12481 

6.29 1.63 6.07 1.89 1/3 L 1105 0 10965 12069 

75

Oblique 

Primary 
    2/3 L 552 2062 5482 7309 

    1/3 L 0 2714 7216 9029 

7.99 0.00 7.99 2.49 2/3 L 0 0 14432 14432 

75

Oblique 

Secondary 
    L 0 8141 0 16282 

    0 4415 7646 0 15917 

8.67 4.33 7.51 2.34 1/3 L 2943 0 13555 16498 

60

Oblique 

Primary 
    2/3 L 1472 2549 6778 9697 

    0 5796 5796 0 12960 

8.05 5.69 5.69 1.77 1/3 L 3864 0 10275 14138 

45

Oblique 

Primary 
    2/3 L 1932 1932 5137 8056 

    0 7927 4577 0 12109 

8.99 7.78 4.49 1.40 1/3 L 5285 0 8113 13398 

30

Oblique 

Primary 
    2/3 L 2642 1526 4057 7361 

    0 10270 3942 0 12948 

10.80 10.01 3.87 1.21 1/3 L 6847 0 6989 13836 
21

Corner 
    2/3 L 3423 1314 3494 7400 

0  End 16.20 16.20 0 0 0 16501 0 0 16501 

Notes:
(1) Impact angle with respect to vertical (0  = vertical end drop, 90  = horizontal side drop).



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.7-51 Revision 6 

L

L

Figure 2.7-3  -  Force and Moment Distribution 

for an Oblique Primary Impact 
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Figure 2.7-4  -  Force and Moment Distribution for a Secondary 

(Slapdown) Impact 
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Figure 2.7-5  -  Force and Moment Distribution for a Side Impact 
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2.7.2 Crush 

The crush test of 10CFR71.73(c)(2) is required only when the specimen has a mass not greater 

than 500 kg (1,100 pounds) and an overall density not greater than 1000 kg/m
3
 (62.4 lb/ft

3
) based 

on external dimensions. Since the mass of the FuelSolutions™ Transportation Package is greater 

than 500 kg (1,100 pounds), the crush test does not apply to the FuelSolutions™ Transportation 

Package.

2.7.3 Puncture 

The transportation cask is evaluated for puncture resistance under HAC as defined in 

10CFR71.73(c)(3). The puncture event follows the 30-foot drop and is defined as a 40-inch drop 

onto a 6-inch diameter cylindrical mild steel bar in a position and location on the cask where the 

maximum damage is expected. Since the cask is previously shown to maintain integrity during 

the HAC 30-foot drop in any orientation, its ability to withstand the puncture load is not 

adversely affected. 

The puncture load used in the analysis is based on the maximum load that the mild steel bar 

could impart under the defined accident conditions. This load is applied to critical regions on the 

cask to show that under these conditions, stresses in the cask are in the allowable range and that 

the cask maintains containment integrity. The puncture load combinations are identified in 

Table 2.1-6.

2.7.3.1 Identification of the Critical Analysis Regions 

The transportation cask is analyzed in three critical regions. These critical regions determine 

local bending stresses and puncture resistance, as follows: 

1. End impact at the center of the closure lid resulting in the maximum closure lid bending 

stress.

2. Side impact away from the top and bottom forgings resulting in the maximum outer shell 

puncture potential. 

3. End impact at the center of the cask bottom resulting in the maximum bottom plate 

bending stress. 

2.7.3.2 Puncture Loading Conditions 

The maximum force that the mild steel bar can impart is assumed to be at the point that causes 

plastic flow in the steel bar. The dynamic flow stress of a mild steel bar is conservatively 

assumed to be the average of the yield and ultimate stress of the material. Using the properties of 

ASTM A36 mild carbon steel, the dynamic flow stress is: 

sik950,46
2

900,57000,36
f
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All subsequent analyses use a conservative value of f = 50 ksi. If this dynamic flow stress is 

applied over the impacting surface of the 6.0-inch diameter puncture bar, the total puncture force 

is:

2

p 0.6
4

000,50F  = 1.41 10
6
 lbs 

2.7.3.3 Closure Lid Puncture Analysis 

For the HAC puncture analysis of the closure lid, the puncture force Fp is applied as a static load 

at the center of the closure lid. The closure lid analysis is performed in three parts: 

1. The bearing load is examined to demonstrate that the closure lid interface region stress 

does not exceed the minimum yield strength of the closure lid or cask material at the 

analysis temperature. 

2. The lid is analyzed with the impact load at the center of the closure lid to demonstrate 

that the stresses are within the allowable limits. 

3. The closure bolt stresses are evaluated to demonstrate that the stresses are within the 

allowable limits.  

2.7.3.3.1 Bearing Stress at Closure Lid Interface 

Since the mating surfaces between the closure lid and the cask body are flat, the bearing stress is 

the applied load divided by the contact area. The net bearing area is determined from the gross 

bearing area by subtracting the area of the O-ring grooves, the area between the grooves, and 

one-half of the area of the 60 closure bolt holes, as follows: 

22

b

2

2I

2

1O

2

I

2

ob in216D
8

60)]RR()RR[(A

where:

Ro = 36.03 in., outer contact radius 

RI = 33.50 in., inner contact radius 

RO1 = 34.78 in., outside radius of the outer closure lid O-ring groove 

RI2 = 33.68 in., inside radius of the inner closure lid O-ring groove 

Db = 2.06 in., diameter of the closure bolt holes 

Therefore, the closure lid to upper forging mating surface stress is calculated as: 

ksi5.6
A

F

b

p

b
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The closure lid and the upper forging are both constructed of Type XM-19 stainless steel. Even 

though for accident conditions, the bearing stress evaluation is not required by the ASME Code, 

the above calculated mating surface stress is compared to the yield stress of the material to 

determine the design margin. The yield stress for XM-19 stainless at 300°F is 43.4 ksi. 

Therefore, the design margin at the mating surface due to a closure lid puncture impact is:

68.51
5.6

4.43
DM

2.7.3.3.2 Center Impact on the Closure Lid 

The maximum bending stress in the closure lid is determined by conservatively assuming the 

closure lid is a constant thickness circular plate simply supported at the location of the bolt 

circle. Furthermore, any load-diffusing effects of the impact limiter are conservatively ignored. 

The maximum bending moment occurs at the center of the closure lid. The case of a uniform 

load over a very small central circular area of radius ro is determined using Roark, Table 24, 

Case 16 as follows: 

1
r

a
ln1

4

W
M

o

= 476,039 in-lbs/in 

Since ro < 0.5t, ro is replaced in the above equation by ro': 

inch05.3t675.0tr6.1r 22

oo

where:

W = Fp = 1.41 10
6
 lbs., total puncture load 

ro = 3 inches, puncture bar radius 

 = 0.3, Poisson’s ratio of stainless steel 

a = 36.03 inches, radius of the plate, assumed equal to the bolt circle diameter  

t = 6.0 inches, closure lid thickness 

The maximum bending stress in the closure lid is therefore: 

psi340,79
t

M6
2

The shear stress resulting for the puncture load can be conservatively calculated by taking the 

total bearing load Fp and dividing by the area formed by the circumference of the puncture bar 

and the thickness of the closure lid. 

psi467,12
TD

F

p

p

s
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where:

Fp = 1.41 10
6
 lbs., total puncture load 

Dp = 6 inches, diameter of the puncture bar  

T = 6.0 inches, closure lid thickness 

The maximum membrane stress intensity twice the shear stress. The membrane stress intensity 

can therefore be evaluated as: 

psi934,242P sm

The allowable primary membrane stress intensity at 300 F for an accident condition is 66.0 ksi. 

Therefore the design margin for the membrane stress criteria is: 

65.11
9.24

0.66
DM

The stress intensity is obtained by combining the bending and shear stresses: 

psi166,834PP 22

bm

From Table 2.7-1, the allowable primary membrane plus bending stress intensity for an accident 

condition is 94.3 ksi. Therefore, the design margin for the membrane plus bending stress criteria 

is:

13.01
2.83

3.94
DM

Thus, the closure lid has a positive design margin for the HAC puncture event. 

2.7.3.3.3 Cask Closure Bolts 

The comprehensive analysis of the cask closure bolts, including the puncture analysis, is 

presented in Section 2.12.7. The results of the closure bolt evaluation show that the maximum 

prying tensile force in the closure bolts due to the HAC puncture load is 94.4 kips. The puncture 

load is evaluated in combination with bolt preload and NCT thermal loading. Internal pressure 

loading is not evaluated in combination with the puncture loading since it is an outward acting 

load that opposes the puncture load, and thus results in lower bolt forces. The maximum stress 

ratio in the closure bolts due to the HAC puncture load combinations is 0.59 for tensile stress. 

Since the maximum stress ratio is less than 1.0, the closure bolts meet the allowable stress design 

criteria of NUREG/CR-6007 for the HAC puncture loading. Therefore, the minimum design 

margin in the closure bolts for HAC puncture loading is +0.69. 

2.7.3.4 Cask Bottom Puncture Analysis 

To examine the bending stress in the cask bottom forging plate, the assumption is made that the 

bottom is a constant thickness circular plate fixed at the edge. This assumption is reasonable, 

since the cask bottom is a forging that includes a portion of the cask side wall. Similar to the top 

plate analysis, any load-diffusing effects of the impact limiter are conservatively ignored. 
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The maximum bending moment occurs at the center of the bottom plate. The case of a uniform 

load over a very small central circular area of radius ro is determined using Roark, Table 24, 

Case 17 as follows:  

'

or

a
ln1

4

W
M  = 382,081 in-lbs/in 

where:

W = Fp = 1.41 10
6
 lbs., total puncture load 

ro = 3 inches, puncture bar radius 

 = 0.3, Poisson’s ratio 

a = 40.9 inches, outside radius of the bottom forging plate 

t = 6 inches, thickness of the plate 

ro = '

or  = 3.0 inches since ro  0.5t 

The maximum bending stress in the closure lid is, therefore: 

psi680,63
t

M6
2

The shear stress resulting for the puncture load can be conservatively calculated by taking the 

total bearing load Fp and dividing by the area formed by the circumference of the puncture bar 

and the thickness of the closure lid as follows: 

TD

F

p

p

s  = 12,467 psi 

where:

Fp = 1.41 10
6
 lbs., the total puncture load 

Dp = 6 inches, the diameter of the puncture bar 

T = 6 inches, thickness of the bottom forging plate 

The maximum membrane stress intensity is twice the shear stress. The membrane stress intensity 

can therefore be evaluated as: 

psi934,242P sm

The allowable primary membrane stress intensity at 300 F for an accident condition is 66.0 ksi. 

Therefore, the design margin for the membrane stress criteria is: 

1
9.24

0.66
DM  = +1.65 
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The stress intensity is obtained by combining the bending and shear stresses: 

psi387,684PP 22

bm

The allowable primary membrane plus bending stress intensity at 300 F for an accident 

condition is 94.3 ksi. Therefore, the design margin for the membrane plus bending stress is: 

38.01
4.68

3.94
DM

Thus, the cask bottom forging plate has a positive design margin for the HAC puncture event. 

2.7.3.5 Cask Side Puncture Analysis 

In accordance with WB-3324, the necessary thickness to resist a puncture type load is as follows: 

inch25.2
S

aW
t

0.71

u

where:

W = 285,000 lbs., upper bound weight of the transportation package 

Su = 90,700 psi, ultimate tensile stress of XM-19 at 400°F 

A = 1.0 for vessels greater than or equal to 30.0 inches in diameter 

Since the outer shell thickness is 2.65 inches, the design margin is: 

1
25.2

65.2
DM  = +0.18 

Therefore, the transportation cask outer shell has a positive design margin for the puncture event. 

2.7.3.6 HAC Puncture Summary 

The preceding structural evaluation of the FuelSolutions™ TS125 Transportation Cask for the 

HAC puncture load demonstrates that the cask outer shell, closure lid, and bottom forging plate 

have sufficient thickness to resist puncture. Furthermore, the maximum stresses in the 

FuelSolutions™ TS125 Transportation Cask body resulting from the HAC puncture load satisfy 

the accident condition allowable stress design criteria specified in Section 2.1.2.1. 

The HAC puncture load combinations considered in the structural evaluation of the 

FuelSolutions™ TS125 Transportation Cask are summarized in Table 2.1-6. The HAC puncture 

load is directed inward and is counteracted by the internal pressure. The thermal stresses are 

either peak or secondary; hence, they do not need to be evaluated for Service Level D (HAC) 

conditions. Therefore, the puncture evaluation presented in the above sections is bounding and 

no load combination is required. 

The extent of damage sustained by the FuelSolutions™ TS125 Transportation Cask due to the 

HAC puncture load includes the potential for local damage to either impact limiter or the neutron 

shield. For HAC puncture drops onto the ends of the cask, the puncture bar is expected to pierce 
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the impact limiter shell and crush the impact limiter aluminum honeycomb material, but not 

separate the impact limiter from the cask body. However, the thermal and shielding HAC 

evaluations both conservatively assume that the impact limiters are not attached to the end of the 

cask. Damage to the transportation cask neutron shield due to a puncture drop onto the side of 

the cask is expected to include local damage to the neutron shield jacket and underlying support 

angle and solid neutron shielding material. A glancing blow on the side of the transportation cask 

neutron shield could potentially tear a small section of the neutron shield away from the cask 

outer shell. As discussed in Section 5.3.1.2, the shielding model used for the HAC evaluation 

conservatively assumes that the entire neutron shield is stripped away over a 20° circular sector 

over its full length. The results of the thermal and shielding HAC evaluations demonstrate that 

the damage to the FuelSolutions™ TS125 Transportation Cask and impact limiters resulting 

from the HAC puncture drop does not affect the ability of the package to satisfy the requirements 

of 10CFR71. 
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2.7.4 Thermal 

The cask thermal evaluation for the HAC fire is presented in Section 3.5. In accordance with 

10CFR71.73(c)(4), the FuelSolutions™ TS125 Transportation Cask is designed to withstand the 

30-minute fire with the flame temperature of 1,475°F. Since the cask maintains its integrity 

during the drop and puncture events, its ability to withstand the fire is not significantly affected. 

The cask load combination for the fire condition is presented in Table 2.1-6.  

2.7.4.1 Summary of Pressures and Temperatures 

The maximum heat condition is discussed in Chapter 3 and corresponds to the maximum decay 

heat payload and the 30-minute fire with the temperature of 1,475°F. The peak temperatures of 

the transportation cask during the HAC fire are summarized in Table 3.5-1. In general, the HAC 

fire condition results in increased temperatures within the cask body, but lower through-wall 

thermal gradients. The temperatures on the outer surface of the cask at the top and bottom ends 

reach relatively high values during the HAC fire since the impact limiters are conservatively 

neglected in the thermal analysis. As discussed in Section 3.5.3, the peak temperatures of the 

transportation cask remain below the short-term allowable temperatures of the cask components. 

Furthermore, the maximum HAC pressure for the transportation cask is calculated in each 

FuelSolutions™ Canister Transportation SAR based on the HAC fire temperatures and failure of 

100% of the fuel rods. The HAC pressure is well below the cask design pressure of 75 psig. 

Since the fabrication stresses are negligible for the transportation cask and the thermal stresses 

are secondary, pressure is the only load that needs to be considered for the HAC fire condition. 

2.7.4.2 Differential Thermal Expansion 

The differential thermal expansion analysis presented in Section 2.6.1.2 uses the upper-bound 

canister temperature of 450ºF and the lower bound cask inner shell temperature of 240ºF, for a 

temperature difference of 210ºF. As shown in Table 3.5-1, the maximum temperature difference 

between the canister shell and the cask inner shell before, during, and after the HAC fire is less 

than 100ºF. Therefore, the NCT differential expansion analysis is bounding for the canister 

inside the cask cavity, and no thermal expansion interference occurs during the HAC fire.  

2.7.4.3 Stress Calculations 

2.7.4.3.1 Transportation Cask Body Stresses 

Thermal stresses in the transportation cask body result from thermal gradients within the cask 

body and from differential thermal expansion of dissimilar materials (e.g., stainless steel cask 

shells and lead gamma shield). In general, the thermal stresses due to thermal gradients within the 

cask body result from the coldest ambient condition with the maximum heat load. Conversely, the 

maximum stresses due to differential thermal expansion between the lead gamma shield and the 

cask shells generally results from the hottest ambient condition with the maximum heat load. In 

accordance with the ASME B&PV Code, stresses resulting from thermal loading are generally 

classified as secondary and need not satisfy any specific allowable stress design criteria for 

accident conditions. However, thermal stresses resulting from the HAC fire condition are 
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evaluated to determine the extent of damage sustained by the FuelSolutions™ Transportation 

Package.

As discussed in Section 3.5, the transportation cask temperatures and thermal gradients are 

calculated for the HAC fire thermal condition, considering both hot and cold initial ambient 

temperatures with a maximum heat load (Qmax) axial heat flux profiles. The thermal stresses in 

the FuelSolutions™ TS125 Transportation Cask body are calculated for each HAC fire condition 

using the thermal gradients at the end of the fire (t = 30 minutes) and 35 minutes later 

(i.e., t = 65 minutes). 

The structural evaluation of the cask body for HAC fire thermal loading is performed using the 

axisymmetric finite element model described in Section 2.12.5. The cask axisymmetric finite 

element model includes all of the major structural components of the cask, including the lead 

gamma shield. However, the solid neutron shield material is not included in the model. The cask 

body temperatures calculated in Section 3.5 are applied to the finite element model keypoints 

and interpolated to the model nodes to approximate the calculated thermal gradients in the cask 

body. A linear-elastic static analysis is performed for each HAC fire thermal loading. The 

resulting thermal stresses at each stress evaluation section described in Section 2.12.6 are 

summarized in Table 2.7-14. 

The results show that the maximum thermal stress intensities in the cask body occur at the end of 

the 30-minute fire for the cold initial conditions. With the exception of the highest thermal 

stresses occurring in the outer shell at the location of the bottom shield ring and tie-down rings 

and the associated attachment welds, the thermal stresses throughout most of the cask body 

remain below the material yield strengths. The high thermal stresses in the bottom shield ring 

and tie-down rings and adjacent portions of the outer shell are caused by large temperature 

differentials between the cask outer shell and tie-down rings. Stress levels of this magnitude will 

most likely result in local yielding of the structure that will relieve the thermal stresses. As a 

result, the cask body may sustain some local damage to the tie-down rings and neutron shield 

jacket during the HAC fire, but the neutron shielding material will remain attached to the cask 

body. However, the elevated temperature of the solid neutron shielding material during the HAC 

fire event could potentially drive the moisture from the solid neutron shield and reduce its 

shielding effectiveness. As discussed in Section 5.4.2, all of the moisture from the solid neutron 

shielding material is conservatively assumed to be driven off for the accident shielding 

evaluation.

As shown in Table 2.7-14, the maximum bearing stress at the interface between the closure lid 

and top ring forging in the region of the containment O-ring due to the HAC thermal loading is 

22.5 ksi. As discussed in Section 2.1.2.1.1, the maximum bearing stress in the top seal region is 

limited to the material yield strength for all NCT and HAC loadings. As shown in Table 3.5-1, 

the peak temperature of the closure lid O-ring during the HAC fire is 549 F. The yield strength 

of Type XM-19 stainless steel at a bounding temperature of 600 F is 37.3 ksi. Therefore, the 

minimum design margin for bearing stress in the top seal region resulting from HAC thermal 

loading is +0.66. 

2.7.4.3.2 Closure Lid Bolts 

When subjected to HAC fire thermal loading, the closure bolts and the closure lid expand. Since 

the coefficient of thermal expansion of the closure bolt material is lower than that of the closure 
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lid material, the thermal expansion produces axial tensile loads in the closure bolts. The stresses 

in the closure bolts due to HAC fire thermal loading are evaluated in accordance with the 

requirements of NUREG/CR-6007, as described in Section 2.12.7. The results show that the 

HAC hot thermal loading results in a maximum tensile load of 66.2 kip in the closure bolt. The 

corresponding tensile stress in the closure bolt is 23.9 ksi (=66.2 kips  2.77 in
2
). The closure 

bolt loads due to HAC thermal loading are combined with those due to other NCT loading 

conditions. As shown in Section 2.12.7, the maximum stress ratio in the closure bolts for the 

controlling HAC thermal load combination is 0.46. Therefore, the minimum design margin in the 

closure bolts for HAC thermal loading conditions is +1.17. The results show that the closure 

bolts meet the design criteria of NUREG/CR-6007 for HAC thermal loading. 

2.7.4.4 Neutron Shield Pressure Relief Devices 

In the HAC fire event, the temperature of the hydrogenous neutron shielding material would rise 

and create potentially high steam pressure within the neutron shield cavity, which is sealed shut. 

From Table 3.5-1, the bulk average temperature of the neutron shield may be as high as 615 F

and, if no relief is provided, the pressure could rise up to the steam saturation pressure of 

270 psia.
35

 This pressure would be excessive for the neutron shield outer jacket. Therefore, a 

pressure relief mechanism is provided in the neutron shield tie-down rings to prevent 

over-pressurization and the potential failure of the neutron shield jacket. 

The maximum allowable working pressure of the neutron shield cavity pressure relief device is 

30 psig. As discussed in Section 2.6.1.3.2, a bounding internal design pressure load of 35 psig is 

used for the neutron shield jacket.  As shown in Section 2.6.1.3.2, the maximum membrane 

stress in the neutron shield jacket due to a 35 psig pressure load is 7.9 ksi. This stress is 

sufficiently low to assure that the neutron shield jacket does not fail due to internal pressure 

loading, even with consideration of the lower strength properties of the neutron shield jacket 

material at the extreme temperatures experienced during the HAC fire. 

As a result of the failure of the neutron shield pressure relief valves, the elevated temperature of 

the solid neutron shielding material during the HAC fire event could potentially drive the 

moisture from the solid neutron shield and reduce its shielding effectiveness. As discussed in 

Section 5.4.2, all of the moisture from the solid neutron shielding material is conservatively 

assumed to be driven off for the accident shielding evaluation. 

                                                
35 Baumeister, T., Marks, L., Standard Handbook for Mechanical Engineers, Eighth Edition, McGraw-Hill. 
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Table 2.7-14  -  Summary of TS125 Transportation Cask Thermal 

Stresses for HAC Fire 

Maximum Thermal Stress Intensities (ksi)

Hot Initial Ambient Cold Initial Ambient Cask
Component

Stress
Evaluation 
Section

(1)
t = 30 min. t = 60 min. t = 30 min. t = 65 min. 

1 43.3 26.9 47.5 28.3 

2 40.0 23.2 44.0 24.3 

3 37.1 33.0 39.1 34.3 

Bottom 

Forging 

Plate

4 53.4 43.6 56.6 45.1 

5 20.4 24.4 21.2 25.5 

6 59.0 41.3 62.2 42.4 

7 31.4 18.5 35.8 20.2 

8 30.8 14.1 34.3 15.2 

9 25.5 10.0 27.2 10.0 

10 16.7 8.2 17.6 8.3 

11 17.2 8.5 18.2 8.8 

12 17.0 8.2 18.0 8.3 

13 37.4 19.5 39.8 19.2 

14 42.3 22.9 44.5 24.1 

15 51.5 25.1 53.8 27.5 

16 66.5 30.1 69.7 32.4 

Inner

Shell 

17 66.6 28.5 70.1 29.9 

18 134.6 62.7 146.9 66.3 

19 149.8 57.6 164.8 61.8 

20 85.8 32.1 96.5 36.0 

21 92.2 26.9 100.6 28.4 

22 50.6 15.2 54.9 16.4 

23 6.2 4.6 7.4 4.4 

24 6.0 2.1 7.4 1.9 

25 5.8 3.8 7.0 3.7 

26 28.9 8.0 31.4 7.6 

27 80.5 18.7 87.6 19.7 

28 90.3 28.4 100.8 27.9 

Outer

Shell 

29 43.1 12.9 48.5 12.9 

30 22.5 8.4 23.4 8.8 Top Forging 

Ring 31 70.1 19.2 77.2 20.3 

32 8.6 4.0 10.2 4.9 

33 36.4 3.9 39.4 4.3 

34 26.8 6.7 29.3 15.1 

Closure 

Lid

35 30.9 27.4 30.5 32.6 

Btm. Shield Ring Weld 36 171.7 76.7 189.0 81.2 

37 142.7 30.4 157.7 33.0 Tie-down Ring 

Welds 38 133.7 25.8 148.3 27.6 

Top Seal Region 39 21.4 10.3 22.5 7.8 

Notes:
(1) See Section 2.12.6 for stress evaluation section locations.



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 2.7-65 Revision 6 

2.7.5 Immersion – Fissile 

The criticality evaluation presented in Chapter 6 considers the effect of water in-leakage. Thus, 

the requirement of 10CFR71.73(c)(5) does not apply. 

2.7.6 Immersion – All Packages 

The effect of an external pressure due to immersion in 50 feet of water, as required by 

10CFR71.73(c)(6), is of negligible consequence for the FuelSolutions™ TS125 Transportation 

Cask. The external pressure condition is clearly bounded by the cask evaluation for the external 

pressure of 290 psi presented in Section 2.8. 

2.7.7 Summary of Damage 

The preceding structural evaluation demonstrates that the FuelSolutions™ TS125 Transportation 

Cask and cavity spacer assembly have adequate structural integrity to satisfy the containment, 

shielding, subcriticality, and temperature requirements of 10CFR71. Furthermore, the structural 

evaluation shows that only minimum damage to the transportation cask and impact limiters 

would result from the HAC loads specified in 10CFR71.73. The extent of damaged incurred by 

the FuelSolutions™ TS125 Transportation Cask and impact limiters would not prevent the 

package from satisfying the containment, shielding, subcriticality, and temperature requirements 

of 10CFR71, Subpart E. In accordance with 10CFR71.73(a), the evaluation of cumulative 

damage to the transportation package for the HAC of 10CFR71.73(c) is based on the sequential 

application of the 30-foot free drop, puncture, and thermal (fire), but the water immersion test of 

10CFR71.73(c)(6) is not evaluated in sequence. 

The extent of damage to the FuelSolutions™ TS125 Transportation Cask and impact limiters 

resulting from the HAC loads is summarized below. The extent of damaged sustained by the 

FuelSolutions™ canisters due to the HAC loads, considering the effects of damage to the 

FuelSolutions™ TS125 Transportation Cask and impact limiters, is discussed in Section 2.7.7 of 

the respective FuelSolutions™ Canister Transportation SAR.  

HAC Free Drop

As discussed in Sections 2.7.1.1.6, 0, 2.7.1.3.4, and 2.7.1.4.4, the extent of damage due to the 

HAC end drop, side drop, corner drop, and oblique drop loads includes permanent deformation 

of the FuelSolutions™ TS125 Transportation Cask gamma shield (lead slump) and crushing of 

the impact limiters. The effects of the damage resulting from the HAC free drop are addressed in 

the thermal and shielding HAC evaluations presented in Chapters 3 and 5, respectively. The 

thermal HAC evaluation conservatively assumes that the impact limiters are absent during the 

30-minute fire, but present and undamaged during the post-fire cool down. Similarly, the 

shielding HAC evaluation does not take credit for shielding provided by the damaged impact 

limiters. In addition, the shielding HAC evaluation uses bounding gaps at the ends and along the 

length of the lead gamma shield to account for the potential changes in shielding geometry due 

to lead slump. The results of the thermal and shielding HAC evaluations demonstrate that the 

damage sustained by the FuelSolutions™ TS125 Transportation Cask and impact limiters due to 

the HAC free drop loading does not affect the ability of the package to satisfy the requirements 

of 10CFR71. As discussed in Section 2.12.7, the closure bolts satisfy the applicable accident 
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condition allowable stress design criteria and will maintain leak-tight containment under the 

worst-case HAC loading conditions. 

HAC Puncture

The FuelSolutions™ Transportation Package is subjected to the HAC puncture of 

10CFR71.73(c)(1) considering the damage sustained from the HAC free drop of 

10CFR71.73(c)(3). The damage to the FuelSolutions™ TS125 Transportation Cask and impact 

limiters resulting from the HAC free drop does not affect the package’s ability to withstand the 

HAC puncture. As discussed in Section 2.7.3.6, the extent of damage sustained by the 

transportation cask due to the HAC puncture includes the potential for local damage to either 

impact limiter or the neutron shield. For HAC puncture onto the ends of the cask, the puncture 

bar is expected to pierce the impact limiter shell and crush the impact limiter aluminum 

honeycomb material, but not separate the impact limiter from the cask body. However, both the 

thermal and shielding HAC evaluations conservatively assume that the impact limiters are not 

attached to the end of the cask. Damage to the transportation cask neutron shield due to a 

puncture drop onto the side of the cask is expected to include local damage to the neutron shield 

jacket and underlying support angle and solid neutron shielding material. As discussed in 

Section 5.3.1.2, the shielding model used for the HAC evaluation conservatively assumes that 

the entire neutron shield is stripped away over a 20° circular sector over its full axial length. The 

results of the thermal and shielding HAC evaluations demonstrate that the damage to the 

FuelSolutions™ TS125 Transportation Cask and impact limiters resulting from the cumulative 

effects of the HAC free drop and HAC puncture does not affect the ability of the package to 

satisfy the requirements of 10CFR71. As discussed in Section 2.12.7, the closure bolts satisfy the 

applicable accident condition allowable stress design criteria and will maintain leak-tight 

containment under the worst-case HAC loading conditions. 

HAC Fire

The FuelSolutions™ Transportation Package is subjected to the HAC thermal (fire) loading of 

10CFR71.73(c)(4), considering the damage sustained from the HAC free drop of 

10CFR71.73(c)(1) and HAC puncture of 10CFR71.73(c)(3). The damage to the transportation 

cask and impact limiters resulting from the HAC free drop and HAC puncture does not affect the 

package’s ability to withstand the HAC thermal condition. As discussed in Section 2.7.4.3.1, the 

HAC thermal condition could potentially cause local yielding of the transportation cask and local 

damage to the neutron shield. However, the solid neutron shield would remain attached to the 

cask body after the HAC thermal event. Furthermore, the elevated temperature of the 

hydrogenous neutron shielding material during the HAC fire event could potentially create high 

steam pressure within the neutron shield cavity, which would be released to the environment 

through the neutron shield pressure relief valve. Thus, the moisture from the neutron shielding 

material could be driven off during the fire and its shielding effectiveness reduced. As discussed 

in Section 5.4.2, the shielding HAC evaluation conservatively assumes that all of the moisture 

has been driven out of the solid neutron shielding material. The results of the thermal and 

shielding HAC evaluations demonstrate that the damage to the FuelSolutions™ TS125 

Transportation Cask and impact limiters resulting from the cumulative effects of the HAC free 

drop, HAC puncture, and HAC thermal (fire) does not affect the ability of the package to satisfy 

the requirements of 10CFR71. As discussed in Section 2.12.7, the closure bolts satisfy the 
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applicable accident condition allowable stress design criteria and will maintain leak-tight 

containment under the worst-case HAC loading conditions. 
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2.8 Special Requirements for Irradiated Nuclear Fuel Shipments 

In accordance with 10CFR71.61, a Type B package containing more than 10
5
 A2 must be 

designed so that its undamaged containment system can withstand an external pressure of 2 Mpa 

(290 psi) for a period of not less than one hour without collapse, buckling, or inleakage of water. 

This section provides the analysis of the FuelSolutions™ TS125 Transportation Cask 

containment system that demonstrates compliance with the requirements of 10CFR71.61. 

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask containment system 

for the 290 psig external pressure loading is performed using a combination of finite element 

methods and hand calculations. The stresses in all cask containment components, with the 

exception of the closure bolts, are calculated using finite element analysis. The results of the 

finite element analysis are used to demonstrate compliance with the accident condition allowable 

stress design criteria. In addition, the stresses in the transportation cask inner shell are used to 

evaluate shell buckling in accordance with the requirements of ASME Code Case N-284-1. The 

transportation cask closure bolt stresses are evaluated in accordance with NUREG/CR-6007. The 

structural evaluation of the FuelSolutions™ TS125 Transportation Cask containment system for 

the 290 psi external pressure loading requirement of 10CFR71.61 is discussed in the following 

paragraphs.

Containment System Stress Evaluation

The axisymmetric finite element model of the transportation cask containment system shown in 

Figure 2.8-1 is used to determine the stresses in the cask containment components for this 

loading condition. The axisymmetric finite element model includes only the cask inner shell, top 

forging ring, bottom forging plate, closure lid, and closure bolts, conservatively neglecting the 

structural support provided by all non-containment components. The model construction and 

material properties are similar to the axisymmetric finite element model described in 

Section 2.12.5.1. 

The only loading applied to the cask containment system for this condition are an external 

pressure load of 290 psig and the bolt preload. The external pressure loading is applied to all 

external surfaces of the containment system. The bolt preload is applied using an initial strain in 

the bolt element, as described in Section 2.12.5.1. The results of the linear-elastic static analysis 

are summarized in Table 2.8-1. 

The maximum stress intensities in the transportation cask containment system due to the 

290 psig external pressure loading are evaluated using the accident condition allowable stress 

design criteria of Subsection WB of the ASME B&PV Code. In addition, the maximum stresses 

in the closure seal region (i.e., closure lid and top ring forging) are limited to the material yield 

strength to assure that the inleakage requirements are met. The accident condition allowable 

primary membrane and membrane plus bending stress intensities for Type XM-19 stainless steel 

at 400 F are 63.5 ksi and 90.7 ksi, respectively. The yield strength of Type XM-19 stainless steel 

at 400 F is 40.8 ksi. As shown in Table 2.8-1, the minimum design margin in the cask 

containment components is +0.67 for membrane plus bending stress intensity in the closure lid. 

Therefore, the transportation cask containment system meets the allowable stress design criteria 

for the 290 psig external pressure loading of 10CFR71.61. 
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In addition to the stress evaluation discussed above, the transportation cask inner shell is 

evaluated for buckling in accordance with the requirements of ASME Code Case N-284-1 to 

assure that the cask containment system does not collapse or buckle under the 290 psig external 

pressure loading. The buckling analysis geometric parameters of the cask inner shell are 

provided in Table 2.6-8. The FuelSolutions™ TS125 Transportation Cask inner shell buckling 

analysis conservatively uses a bounding design temperature of 400°F.  

Buckling Evaluation

The stresses used for the buckling evaluation of the cask inner shell are obtained from the finite 

element analysis results. The maximum shell stresses occurring away from the ends, where 

secondary stresses occur, are used for the bucking evaluation. With reference to Figures 2.12-37 

and 2.12-38, the hoop, axial, and in-plane shear stresses at sections 10, 11, and 12 are used for 

the inner shell. The maximum axial and hoop compressive stresses in the cask inner shell due to 

the 290 psig external pressure loading are 3.7 ksi and 6.8 ksi, respectively. The results of the 

finite element analysis also show that there are no significant in-plane shear stresses in the cask 

inner shell away from the structural discontinuities at the ends of the shell.  

The theoretical buckling values and reduction factors are shown in Table 2.6-10, and the 

buckling evaluation results, in accordance with ASME Code Case N-284-1, are shown in 

Table 2.8-2. As specified in Code Case N-284-1, the applicable factor of safety of 1.34 is used 

for the HAC conditions. The maximum bucking interaction ratios in the cask inner shell for the 

290 psig external pressure loading is 0.30. Therefore, the transportation cask inner shell meets 

the buckling design criteria of Code Case N-284-1 for the 290 psig external pressure loading 

requirement of 10CFR71.61. The minimum design margin for buckling of the inner shell due to 

the 290 psig external pressure loading is +2.33. 

Closure Bolt Evaluation

The closure bolts are evaluated for a 290 psi external pressure load in Section 2.12.7.2.9 in 

accordance with NUREG/CR-6007. The maximum prying tensile force in the closure bolt due to 

the 290 psi external pressure load is 32.4 kips. The resulting bolt tensile stress is 11.7 ksi, which 

is significantly lower than the closure bolt material yield strength of 150 ksi. Therefore, the 

closure bolts will not yield when subjected to a 290 psi external pressure load. 
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Table 2.8-1  -  TS125 Transportation Cask Containment System 

Component Stresses Due to 290 psig External Pressure Loading 

Cask
Containment
Component(1) Stress Type 

Maximum
S.I. (ksi) 

[Section](2)

Allowable 
S.I.(3)

(ksi)

Minimum
Design

Margin(4)

Pm 8.2 [1] 63.5 +6.74 Bottom Forging 

Plate Pl + Pb 13.5 [1] 90.7 +5.72 

Pm 6.6 [11] 63.5 +8.62 

Pl + Pb 17.1 [6] 90.7 +4.30 

Inner Shell 

Buckling 0.30 1.0 +2.33 

Pm 4.8 [14] 50.8(5) +9.58Inner Shell-to-Top Forging 

Weld Pl + Pb 4.9 [14] 72.6(5) +13.8

Pm 2.2 [30] 40.8(6) +17.5Top Forging Ring 

Pl + Pb 6.4 [30] 40.8(6) +5.38

Pm 14.0 [35] 40.8(6) +1.91Closure Lid 

Pl + Pb 24.4 [35] 40.8(6) +0.67

Top Seal Region Bearing 6.2 [39] 40.8(6) +5.58 

Closure Bolts Tension 11.7 150.0(6) +11.8 

Notes:
(1) Only components that are an integral part of the containment system are considered in this analysis. No 

structural credit is taken for any non-containment components.
(2) The section locations of the maximum stress intensities are shown in Figures 2.12-37 and 2.12-38.
(3) The accident condition allowable stress design criteria of Subsection WB of the ASME B&PV Code is used for 

the evaluation of the stress intensities, except as noted. Allowable stresses are conservatively based on a 

bounding design temperature of 400 F.
(4) Design margin is equal to (allowable/stress) - 1.
(5) The allowable stresses for the inner shell-to-top forging ring weld include an 80% stress-reduction factor.
(6) The stresses in the closure seal region shall not exceed the yield stress limits.
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Table 2.8-2  -  Cask Buckling Summary, 290 psig 

External Pressure Load Condition 

 Inner Shell Remarks 

Elastic Interaction Equations (-1713.1.1)

xa (psi) 240,454 --- 

ha (psi) 26,651 --- 

ra (psi) 27,259 --- 

a (psi) 104,340 --- 

Axial + Hoop Check (a): N/A --- 

Axial + Hoop Check (b): N/A --- 

Axial + Shear Check (c): 0.02 <1, OK 

Hoop + Shear Check (d): 0.25 <1, OK 

Axial + Hoop + Shear Check (e): N/A --- 

Inelastic Interaction Equations (-1713.2.1)

xc (psi) 30,448 --- 

rc (psi) 22,610 --- 

c (psi) 18,269 --- 

Axial + Hoop Check (a): 0.30 <1, OK 

Axial + Shear Check (b): 0.12 <1, OK 

Hoop + Shear Check (c): 0.30 <1, OK 
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Figure 2.8-1  -  TS125 Transportation Cask Containment System 

Axisymmetric Finite Element Model 
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2.9 Internal Pressure Test 

In accordance with 10CFR71.85(b), where the MNOP will exceed 35 kPa (5 psi) gauge, the 

containment system shall be tested at 150% of the MNOP to verify the capability of that system 

to maintain its structural integrity at that pressure. This section presents the analysis of the 

FuelSolutions™ TS125 Transportation Cask containment system for a test pressure equal to 

150% of MNOP, or 112.5 psig. This analysis demonstrates that the containment system 

components will not yield under the test pressure, and the stresses are within the allowable stress 

limits of Section III, Division 3, Subsection WB of the ASME B&PV Code. 

A stress analysis of the FuelSolutions™ TS125 Transportation Cask for the internal pressure test 

loading is performed using the axisymmetric finite element model of the transportation cask 

containment system described in Section 2.8 and shown in Figure 2.8-1. The only loading 

applied to the cask containment system for this condition are the internal test pressure load of 

112.5 psig and the bolt preload. The internal pressure loading is applied to all internal surfaces of 

the containment system. The bolt preload is applied using an initial strain in the bolt element, as 

described in Section 2.12.5.1. The results of the linear-elastic static analysis are summarized in 

Table 2.9-1. 

In accordance with WB-3225, the maximum stresses in the containment system are limited to 

90% of the material yield strength for the internal test pressure load condition. The yield strength 

of Type XM-19 stainless steel at temperatures up to 100 F is 55.0 ksi. Therefore, the allowable 

stress for the internal pressure test is 49.5 ksi. As shown in Table 2.8-1, the minimum design 

margin in the cask containment components is +0.84 for membrane plus bending stress intensity 

in the closure lid. 

The maximum stresses in the closure bolts due to the internal test pressure are determined 

scaling the stresses calculated for the 75 psig internal pressure by 1.5. As shown in 

Section 2.12.7.2, the maximum axial tensile force and bending moment in the transportation cask 

closure bolts due to an internal pressure load of 75 psig are Fa = 4.63 kips and 

Mbb = 3.35 inch-kips, respectively. Therefore, the maximum bolt loads for the 112.5 psig 

internal test pressure load are Fa = 6.95 kips and Mbb = 5.03 inch-kips. The corresponding 

tensile stress and bending stress in the closure bolts are 2.5 ksi and 7.7 ksi, respectively. These 

stresses are much lower than 90% of the bolt material yield strength, or 135 ksi 

(= 0.9 x 150.0 ksi) at room temperature.  

Therefore, the transportation cask containment system meets the allowable stress design criteria 

for the internal test pressure loading of 10CFR71.85(b). 
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Table 2.9-1  -  TS125 Transportation Cask Containment System 

Component Stresses Due to Internal Test Pressure 

Cask
Containment
Component(1) Stress Type 

Maximum
S.I.

(ksi)
[Section](2)

Allowable 
S.I.(3)

(ksi)

Minimum
Design

Margin(4)

Pm 0.8 [3] 49.5 +60.9 Bottom Forging 

Plate Pl + Pb 3.3 [1] 49.5 +14.0 

Pm 2.6 [11] 49.5 +18.0 Inner Shell 

Pl + Pb 6.0 [6] 49.5 +7.25 

Pm 2.4 [14] 39.6(5) +15.5Inner Shell-to-Top Forging 

Weld Pl + Pb 2.5 [14] 39.6(5) +14.8

Pm 1.9 [30] 49.5 +25.1 Top Forging Ring 

Pl + Pb 3.4 [30] 49.5 +13.6 

Pm 15.5 [35] 49.5 +2.19 Closure Lid 

Pl + Pb 26.9 [35] 49.5 +0.84 

Tension 2.5 135.0 +Large Closure Bolts 

Bending 7.7 135.0 +Large 

Notes:
(1) Only components that are an integral part of the containment system are considered in this analysis. No 

structural credit is taken for any non-containment components.
(2) The section locations of the maximum stress intensities are shown in Figures 2.12-37 and 2.12-38.
(3) The stresses in the closure seal region shall not exceed the yield stress limits.
(4) Design margin is equal to (allowable/stress) - 1.
(5) The allowable stresses for the inner shell-to-top forging ring weld include an 80% stress-reduction factor.
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2.10 Special Form 

The transportation cask is not designed to carry radioactive material of special form designation 

per 10CFR71.75. Therefore, this section does not apply. 
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2.11 Fuel Rods 

Containment of the radioactive materials is provided by the cask pressure boundary, as defined 

in Chapter 4 of this SAR. Analyses of the cask containment boundary for all NCT and HAC 

demonstrate that the cask containment will not be breached.  

Structural evaluation of the fuel rods for each SNF assembly type accommodated within the 

FuelSolutions™ canisters are provided in the respective FuelSolutions™ Canister Transportation 

SARs. The fuel rod evaluation considers the potential for thermally induced cladding failure, and 

for buckling of the fuel rods for HAC free drop impact loading. The results of the fuel rod 

structural evaluations demonstrate that the fuel cladding integrity is maintained throughout the 

100-year design life of the FuelSolutions™ canister. 
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2.12 Appendices 

2.12.1 Cask Drop Load Analysis Methodology 

This section documents the methodology employed for determining the peak rigid-body response 

experienced by the FuelSolutions™ TS125 Transportation Cask during the NCT and HAC drop 

events in all applicable orientations. In order to demonstrate compliance of the transportation 

package with the NCT free drop requirements of 10CFR71.71(c)(7) and HAC free drop 

requirements of 10CFR71.73(c)(1), the special purpose computer programs CDENS, CAX, and 

B2 are used. Descriptions of these computer programs are provided in the following subsections. 

2.12.1.1 Description of CDENS and CAX Computer Program 

The CDENS and CAX computer programs are used to determine the rigid-body response of the 

FuelSolutions™ TS125 Transportation Package for all NCT and HAC free drops, with the 

exception of the HAC oblique drop slapdown, which requires the use of the B2 dynamic analysis 

computer program. The CAX computer program is used only for the HAC end drop orientation. 

The CDENS computer program is used for orientations ranging from 21º from vertical (C.G. 

over corner) to 90º from vertical (horizontal) by performing a quasi-static analysis that ignores 

rotational effects. Within this range, the drop orientations where rotational motions play no role 

in the evaluation of the free drop analyses are: 

Side Drop on the cylindrical side surfaces of both impact limiters. 

C.G. over Corner Drop with the package center of gravity directly over the impact 

limiter corner. 

In the CDENS and CAX computer programs, the impact limiters are assumed to absorb all of the 

potential energy of the drop event. In other words, the drop analyses conservatively assume that 

none of the potential energy of the free drop event is transferred to kinetic or strain energy of the 

target (i.e., the “unyielding” surface of 10CFR71), nor strain energy in the package body itself.

The CDENS and CAX computer programs both use a straightforward approach to determine the 

crush force as a function of crush depth, based on the intersection of the ground plane with the 

impact limiter. For each crush increment, the programs: 

1. Determine the impact limiter crush plane “footprint” based on the impact limiter 

geometry, drop angle, and the crush depth. 

2. Determine the crush pressure based on the strain and orientation of the impact limiter 

energy-absorbing aluminum honeycomb material within the crush plane “footprint.” 

3. Integrate the crush pressure over the crush plane footprint area to determine the total 

crush force and the center of pressure. 

The rigid-body response of the package during impact is calculated using rigid-body dynamics. 

For the HAC oblique drop orientations, CDENS assumes that the package pivots about the 

impacted end. For each crush depth increment, the work done is calculated as the average crush 
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force times the crush increment and subtracted from the kinetic energy available at the beginning 

of the crush increment. The velocity of the package at the end of the crush increment is 

calculated based on the amount of energy remaining. The package deceleration is calculated 

based on the change in velocity between crush increments. This process is repeated until all of 

the initial kinetic energy plus the energy associated with the total crush depth is dissipated. The 

CDENS program also calculates the angular velocity of the package about the impacted corner 

and the horizontal acceleration at the package center of gravity during the impact. 

The CDENS program input data includes variables to describe the following: 

Program controls (crush increment, total crush depth, and mesh divisions). 

Drop conditions (drop height and orientation). 

Overall package dimensions, weight, and radius of gyration. 

Impact limiter anisotropic material crush strength. 

Crush strength adjustment factors for fabrication, temperature, and dynamic variability. 

Dimensions of impact limiters and backing bodies. 

The input data for the CAX computer program is similar to that of CDENS, but only includes 

those variables required for the end drop orientation. A general description of the input 

parameters and assumptions used for the drop loads analysis is provided in Section 2.12.2. In 

addition, the CDENS program includes input variables to model the aluminum honeycomb 

material in the densification regions. This feature is only used for the hot HAC oblique drop 

slapdown impact with the maximum package weight, as described in Section 2.12.2.3.  

The CDENS and CAX computer programs were verified using classical problems with known 

solutions. The results of the computer program verifications demonstrate that these computer 

programs provide accurate solutions to the applicable set of problems when used properly. 

Further verification of the CDENS and CAX computer programs is provided by the confirmatory 

static and dynamic drop tests performed for the FuelSolutions™ TS125 Transportation Cask 

impact limiters, as discussed in Section 2.12.10. 

2.12.1.2 Description of B2 Computer Program 

The B2 computer program is used to determining the impact limiter deflections and package 

accelerations for the HAC oblique drop primary and secondary (slapdown) impacts. This 

program solves the rigid-body equations of motion using input parameters for the package 

weight, radius of gyration, and geometry, and for the impact limiter force-deflection curves. The 

B2 computer program output consists of maximum impact limiter deformations and a time 

history of the parameters of motion of principal interest (translational acceleration at the package 

center of gravity and angular acceleration). 

The B2 computer program was verified using classical problems with known solutions. The 

results of the B2 computer program verification demonstrate that this computer program 

provides accurate solutions to the applicable set of problems when used properly. As further 

confirmation of the B2 computer program, a sample cask drop problem is compared to output 
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from the public domain program SLAPDOWN, which was developed by Sandia National 

Laboratories (SNL). The sample problem consists of a 30-foot free drop of a package at a 10º 

initial impact angle. The package is defined with a 50-inch length, 14.43-inch radius, 4.3-kip 

weight, and a 18.75-inch radius of gyration. The primary impact force-deflection curve is 

defined as a constant 300-kip crush force from 0 to 5 inches of crush. Similarly, the secondary 

impact force-deflection curve is defined as a constant 420-kip crush force from 0 to 5 inches of 

crush. The results from the B2 and SLAPDOWN computer programs compare well, as 

demonstrated in Figure 2.12-1. Further verification of the B2 computer program is provided by 

the confirmatory slapdown drop test performed for the FuelSolutions™ TS125 Transportation 

Cask impact limiters, as discussed in Section 2.12.10. 
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Figure 2.12-1  -  Comparison of B2 and SLAPDOWN Computer Program 

Acceleration Time-History Curves 
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2.12.2 Cask Drop Load Analysis 

The NCT one-foot free drop and the HAC 30-foot free drop analyses are performed using 

analytical models of the impact limiters. The models take the form of upper and lower bound 

impact limiter force-deflection curves for various orientations of the cask. Each force-deflection 

relation is based on the impact limiter design and on dynamic- and temperature-adjusted material 

properties of the energy-absorbing materials used. The development of material properties and 

the force-deflection relations are described in the following subsections. 

2.12.2.1 Material Properties 

As discussed in Section 2.1.1.2 and shown in Figure 2.12-3, the FuelSolutions™ TS125 impact 

limiter energy-absorbing material consists of bi-directional aluminum honeycomb, constructed in 

30  segments for three different core regions: outer core, inner core, and end core. The portion of 

the outer core in the cask overhang region (i.e., the region backed radially by the cask and the 

impact limiter mounting ring) has a nominal static crush strength of 2,250 psi. The static crush 

strength used for all other regions of the impact limiter is 1,200 psi. The aluminum honeycomb 

material is pre-crushed during fabrication to eliminate the initial spike in the material stress-

strain curve, thus resulting in a uniform crush strength. 

As discussed in Section 2.1.1.2, bi-directional aluminum honeycomb has uniform crush strength 

along two orthogonal directions in the principal plane (T1 and T2 directions in Figure 2.12-2) 

and substantially lower crush strength in the third orthogonal direction (W-direction in 

Figure 2.12-2). The principal plane (i.e., T1-T2 plane) of each aluminum honeycomb segment is 

oriented along the radial-axial (R-Z) plane of the transportation cask. The crush strength of the 

bi-directional aluminum honeycomb varies slightly within the principal crush plane. The ratio of 

the crush strength at 45  from the T1-axis in the T1-T2 plane to the crush strength along the T1 

or T2-axis (i.e., “t45trat” input variable in cdens program) is equal to 130% of the nominal crush 

strength. The variation in crush strength along the W-axis also with respect to the T1 and T2 

axes is input with the “wtrat” variable in cdens program. For the 1,200 psi material, which is 

crushed in the HAC end drop, corner drop, and oblique drop primary impacts, the crush strength 

along the W-axis is equal to 35% of the nominal crush strength. For the 75  oblique drop 

primary impact, the crush strength of the 2,250 psi material along the W-axis is equal to 47.5% 

of the nominal crush strength. For the NCT side drop, HAC side drop, and HAC oblique drop 

slapdown impact, the crush strength of the 2,250 psi material along the W-axis is equal to 100% 

of the nominal crush strength. 

Prior to lock-up, bi-directional aluminum honeycomb experiences an increase in crush strength, 

referred to as densification. This increased crush strength (i.e., densification modulus) depends 

only on the nominal crush strength of the material. The impact evaluation is performed using the 

upper bound densification parameters that are based on the results of bench tests performed 

using 1,200 psi and 2,500 psi bi-directional aluminum honeycomb material, as discussed in 

Section 2.12.9.1.1. The densification strain for 2,250 psi material is determined by linear 

interpolation of the densification strains for 1,200 psi and 2,500 psi material. The densification 

strains for 1,200 psi and 2,500 psi bi-directional aluminum honeycomb material are 67% and 

62%, respectively. The densification moduli for 1,200 psi and 2,500 psi bi-directional aluminum 

honeycomb material are 25 ksi and 30 ksi, respectively. The impact limiters are designed with 
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sufficient strength to avoid significant straining beyond the densification strain for the hot 

ambient conditions and maximum package weight. The results of the impact evaluation are 

summarized in Table 2.12-2, including the maximum deflection (or crush depth) and percent 

strain.

Upper and lower bound dynamic stress-strain curves, shown in Figure 2.12-4 and Figure 2.12-5, 

are developed for the impact limiter materials considering the combined effects of manufacturing 

variability, temperature variability, and impact velocity effects. The upper bound stress-strain 

curves are conservatively based on the maximum factors for all three effects. Similarly, the 

lower bound curves are based on the minimum factors for all three effects. These factors are 

summarized in Table 2.12-1 and discussed in the following subsections. 

Manufacturing Variability

The manufacturing variability of the bi-directional aluminum honeycomb is limited to 10% for 

the 1,200 psi and 2,250 psi materials. The manufacturing variability is accounted for using the 

fgen input variable for the impact evaluation. 

Temperature Variability

The crush strength of bi-directional aluminum honeycomb varies slightly with temperature. For 

the cold ambient condition (i.e., –20 F ambient temperature, zero decay heat), the temperature of 

the impact limiter is assumed to be –20 F throughout. For hot ambient conditions (i.e., 100 F

ambient temperature, maximum decay heat), the maximum temperature of the impact limiter is 

limited to 200 F. As shown in Section 2.12.9.1.1, the static crush strength of both 1,200 psi and 

2,500 psi bi-directional aluminum honeycombs are approximately 7.5% higher at –20 F

(FT,-20=1.075) and 11% lower at 220 F than the static crush strengths at 70 F (FT,220=0.892).

These results show that the temperature variability of bi-directional aluminum honeycomb does 

not depend on the crush strength. Therefore, these factors are also applied to the 2,250 psi 

material. For the maximum impact limiter temperature of 200 F, the reduction in crush strength 

is calculated as follows: 

FT,200 = 1.0 – [(1.0 – 0.892) x (200 F - 70 F)/(220 F - 70 F)] = 0.91 

The impact evaluation is performed using upper and lower bound temperature variability factors 

(ftem) of 1.08 and 0.91, respectively. 

Impact Velocity Effects

The crush strength of bi-directional aluminum honeycomb varies with the crush rate or impact 

velocity. The impact velocities for which the impact analyses are performed include 8 fps for the 

NCT 1-foot side drop, 44 fps for the HAC 30-foot drop, and approximately 60 to 62 fps for the 

HAC slapdown impact. The impact velocity adjustment factors (Fdyn) for 1,200 psi and 2,250 psi 

material at an impact velocity of 44 fps and 60 fps were developed based on the results of 

dynamic bench tests, as discussed in Section 2.12.9.1.2. The resulting impact velocity strength 

adjustment factors at 8 fps (NCT side drop), 44 fps (HAC primary impacts), and 62 fps (typical 

for HAC slapdown) are presented in Table 2.12-1.
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The nominal static, upper bound dynamic, and lower bound dynamic stress-strain curves for 

1,200 psi and 2,250 psi bi-directional aluminum honeycomb corresponding to an impact velocity 

of 44 fps are shown in Figure 2.12-4 and Figure 2.12-5, respectively. These stress-strain curves 

include the adjustment factors for manufacturing variability, temperature variability, and impact 

velocity effects. 

Septum Strength Adjustment

In addition to the strength adjustment factors discussed above, the crush strength of 

bi-directional aluminum honeycomb is also affected by the manner in which the aluminum 

honeycomb segments are fabricated. As discussed in Section 2.1.1.2, each aluminum honeycomb 

segment is constructed using layers of bi-directional honeycomb that are bonded together using 

thin aluminum sheets (i.e., septum) and adhesive at the joints. The bonded joints increase the 

effective crush strength of the aluminum honeycomb segments. As discussed in 

Section 2.12.9.2.2, material bench tests were conducted using 2,250 psi bi-directional aluminum 

honeycomb to determine the relative increase in crush strength as a function of the impact limiter 

scale (i.e., septum spacing). The test results confirm that the crush strength of the 2,250 psi 

bi-directional aluminum honeycomb bonded segments along the primary (T2) axis is 

approximately 6% greater than that of unbonded bi-directional aluminum honeycomb for the 

full-scale impact limiter. This septum strength adjustment factor is assumed to be independent of 

the aluminum honeycomb nominal crush strength and is applied to both the 1,200 psi and 

2,250 psi aluminum honeycomb materials. 

2.12.2.2 Force-Deflection Relations 

The impact limiter force-deflection relations vary with the cask orientation to the impact surface 

and are a function of the limiter geometry and impact-absorbing material properties. The 

force-deflection curve is determined as a sum of the force contribution of the aluminum 

honeycomb inner, outer, and end core regions. In near-vertical orientations, the inner and outer 

core regions have no contribution, and the force-deflection relation is solely a function of the end 

core region. In near horizontal orientations, the drop energy is mainly absorbed by the inner and 

outer core regions, while the contribution of end core region is insignificant. 

The force-deflection contribution of the foam portion is calculated using the CDENS and CAX 

computer programs described in Section 2.12.1.1, respectively. Given an impact limiter external 

geometry, cask orientation to the impacted surface, and material properties, these programs 

perform a two-dimensional integration over the crush area of the impact limiter for each 

increment of deflection. The impact limiter modeling and backing assumptions for the different 

free drop orientations are provided in the following subsections. 

HAC End Drop

The HAC end drop dynamic force-deflection curves are determined using the CAX computer 

program. The impact limiter model geometry and backing assumptions used for the calculation 

of the HAC end drop dynamic force-deflection curves are shown in Figure 2.12-6. The impact 

limiter is modeled using the nominal dimensions of the aluminum honeycomb core regions, 

neglecting the impact limiter shell. For the end drop, the impact limiter shell and bolting tubes 

are loaded in axial compression. The force required to cause buckling or plastic flow of these 
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components, determined using hand calculations, is equivalent to a 4.8g acceleration load. The 

force contribution of the impact limiter stainless steel shell and bolting tubes for the HAC end 

drop is accounted for by adding a constant 4.8g force to the force-deflection curve.

The impact limiter is assumed to fully backed for the HAC end drop. This assumption is 

reasonable for the HAC end drop since only the end core region, which is almost entirely backed 

by the projected area of the cask, is crushed.

HAC Corner and Oblique Primary Impacts

The dynamic force-deflection curves for the HAC corner and HAC oblique drop primary impacts 

are determined using the CDENS computer program. The impact limiter model geometry and 

backing assumptions used for the calculation of the dynamic force-deflection curves for these 

impact orientations are shown in Figure 2.12-7. This model includes both the 2,250 psi material 

in the cask overhang region and the 1,200 psi material in the end regions. The conical hole in the 

end of the impact limiter is modeled as a series of stepped cylinders, since the CDENS program 

is not capable of discretely modeling conical shapes. This modeling approximation of the impact 

limiter geometry results in a slight wave pattern in the force-deflection curve for deep angle 

impact orientations (i.e., 21  and 30  from vertical) that has no significant affect on the impact 

evaluation results. The impact limiter is modeled using the nominal dimensions of the aluminum 

honeycomb core regions, neglecting the impact limiter shell. For the corner and oblique primary 

impacts, the impact limiter shell does not provide any significant resistance since it is thin and 

has very low lateral stiffness. 

For the HAC corner and HAC oblique drop primary impact orientations, the impact limiter 

material is backed by the projected area of the steel ring that mounts on the cask end 

(i.e., shadow backing). In addition, the crushed material outside the shadow backing region, but 

backed by the projected area of the inside end of the impact limiter, is assumed to be fully 

effective. The modeled backing surfaces used for the evaluation of the HAC corner and HAC 

oblique drop deep angle impacts are shown in Figure 2.12-7. 

Side Drop and Slapdown

The impact limiter model geometry and backing assumptions used for the evaluation of the NCT 

side drop, HAC side drop, and HAC oblique drop slapdown impact (i.e., primary impact at 75

from vertical and subsequent secondary impact) are shown in Figure 2.12-8. This model includes 

both the 2,250 psi material in the outer core region and the 1,200 psi material in the inner and 

outer core regions. The impact limiter is modeled using the dimensions shown in Figure 2.12-8, 

neglecting the impact limiter shell and end core region. The 1,200 psi material in the end core 

region is not included in the model since it does not experience any significant crushing for these 

drop orientations. 

For these drop orientations, the impact limiter material is backed by the projected area of the 

steel mating ring that mounts on the cask end (i.e., shadow backing). However, for horizontal 

impact orientations, the 1,200 psi material in the inner and outer core regions is only partially 

effective since it is not backed by the cask. The partial effectiveness of the 1,200 psi material is 

approximated in the model by reducing the strength of the material to 30% of the nominal crush 

strength (i.e., 360 psi). In order for this material to contribute any crush force, it must be 
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modeled with some backing. Therefore, backing is provided by extending the length steel fins 

that project from the sides of the mating ring to the bottom of the 36-inch hole in the end of the 

impact limiter. The modeled backing surfaces used for the evaluation of the NCT side drop, 

HAC side drop, and HAC oblique drop slapdown impact (i.e., primary impact at 75  from 

vertical and subsequent secondary impact) are shown in Figure 2.12-8. 

For each deflection increment, the CDENS and CAX computer programs calculate the crush area 

of the honeycomb and, using the crush strength along with application of the factors in 

Table 2.12-1, calculate the total crush force generated by the honeycomb. Plots of the resulting 

dynamic force-deflection curves are provided in Figure 2.12-9 through Figure 2.12-17 for all of 

the NCT and HAC drop orientations. The upper bound (cold) and lower bound (hot) curves are 

given in each plot. 

2.12.2.3 Impact Analysis 

The dynamic analysis of the NCT and HAC free drop impacts is performed using the special 

purpose computer programs CDENS, CAX, and B2 described in Section 2.12.1. The impact 

loads experienced by the transportation cask and canister in the NCT and HAC free drops are a 

direct function of the dynamic force-deflection relations of the impact limiters. For all impact 

orientations, the impact analysis is performed using the dynamic force-deflection curves 

calculated based on the material properties, geometry, and backing assumptions described in 

Section 2.12.2.1 and 2.12.2.2. For each impact orientation, impact analyses are performed for 

both hot and cold impact conditions. Upper and lower bound package weights of 285 kips and 

270 kips are used for the hot and cold impact conditions, respectively. A 77-inch radius of 

gyration, typical of the FuelSolutions™ TS125 Transportation Package, is used for the impact 

analyses. Other inputs and assumptions used specifically for the impact analyses are discussed 

below. The results of the impact analyses are summarized in Table 2.12-2. The resulting 

acceleration time-history curves for each of the impact orientations evaluated are shown in 

Figure 2.12-18 through Figure 2.12-26. 

Take-Up Deflection

An initial 8-inch take-up deflection is assumed for all side impact orientations (i.e., NCT side 

drop, HAC side drop, and HAC oblique drop slapdown). A take-up deflection of 2.5 inches is 

assumed for all oblique drop primary impacts. Zero take-up deflection is assumed for the HAC 

end and corner drops. The take-up deflections, which are used to model the initial attenuated 

response of the impact limiter corresponding to shifting of the impact limiter shell and aluminum 

honeycomb segments, are based on the results of the scale model static testing and account for 

the differences between the measured and theoretical impact limiter response. The take-up 

deflection parameter has the most significant effect on the side impact orientations, but very little 

impact on the oblique drop primary impacts.  

HAC End Drop Rise-Time

For the HAC end drop condition, the CAX program assumes an instantaneous rise to an initial 

impact limiter force. However, static and dynamic scale model test results show that the initial 

rise for the HAC end drop is not instantaneous. The force-deflection curve for the 8-scale static 
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end crush test shows a linear rise over the initial 0.22 inch of crush. For the full-scale impact 

limiter, the corresponding displacement is 8 x 0.22 = 1.76 inches. The initial rise time is 

calculated by dividing the 1.76-inch rise distance by the initial impact velocity of 527.5 kips 

(corresponding to a 30-foot free drop) for the HAC end drop. The resulting rise time is 

1.76/527.5 = 0.0033 seconds. The acceleration time-history curves for the HAC end drop are 

modified to include a lower bound initial rise time of 0.0025 seconds.  

Rebound Response

The acceleration time history curves include a rebound region, corresponding to unloading of the 

compressed impact limiter. For the slapdown impact evaluations, an assumed rebound time of 

0.01-seconds is used in the analysis. For all other impact evaluations, the rebound time is added 

onto the end of the acceleration time-history output from the CDENS program, assuming that the 

rebound times are equal to 1/10
th

 of the ramp-up times (i.e., tstop) and have ¼-cosine profiles.

Densification

In all cases, with the exception of the hot HAC slapdown impact, the maximum strains are lower 

than the material densification strains discussed in Section 2.12.2.1. Therefore, only the hot HAC 

slapdown impact analysis requires consideration of honeycomb densification. For the hot HAC 

slapdown impact, the maximum strains slightly exceed the densification strain of the 2,250 psi 

aluminum honeycomb material (i.e., > 62%). Therefore, the hot HAC oblique drop slapdown 

impact analysis requires additional input parameters to account for the added forces resulting 

from densification of the material. 

In order to determine the effect of densification, a hot HAC slapdown analysis is performed 

without considering the added forces resulting from densification. The results of this slapdown 

analysis show that the maximum deflection resulting from the slapdown impact is 19.72 inches, 

corresponding to a maximum strain of 67%, which exceeds the 62% densification strain for the 

2,250 psi material. Therefore, a second analysis iteration is performed to account for the 

additional forces resulting from densification of the impact limiter material. The extra force due 

to densification of the material (Fdens) is calculated as follows: 

dens

n

o

d
densdens A

L
EF

where:

Edens = 30,000 psi, densification modulus of 2,250 psi material  

d = Crush beyond densification strain 

 = 19.72 – 0.62Lo

 = 1.49 inches 

Lo = 29.4 inches, uncrushed length of impact limiter material 

 = 71.4 – 42.0 

n = 1.5, coefficient for side impact 
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Adens = Effective area crushed beyond densification strain 

 = 

o

d

c

L

w
L

3

4

 = 1,057 in
2

Lc = 14.75 inches, Length of backed region 

w = Half-width of densified region

The value of w is determined based on the width of honeycomb strained beyond densification 

(i.e., 62% strain) for the undensified crush distance of 19.72 inches according to the following 

relationship:

0.62 = 
22

i

22

o

22

ooc

wRwR

)wRR(

Where Ro = 71.4 inches, Ri =42.0 inches, and c = 19.72 inches. Based on an iterative solution, 

w = 12.12 inches and Adens = 1,057 in
2
. Using this value for Adens, the CDENS program is used to 

determine the force-deflection curve for the slapdown impact with the added forces due to 

densification, as shown in Figure 2.12-17. The B2 program is then used to determine the 

slapdown impact loads using this force-deflection curve. The resulting hot HAC slapdown 

acceleration time-history curves are shown in Figure 2.12-26, and the impact loads are 

summarized in Table 2.12-2. 

2.12.2.4 Impact Analysis Weight Sensitivity Study 

The transportation package mass properties used for the impact analyses represent a range based 

on the heaviest canisters fully loaded with fuel. An upper bound weight of 285 kips and radius of 

gyration of 77 inches are conservatively used in conjunction with the lower bound 

force-deflection curves, leading to maximum impact limiter deflections. A lower bound weight 

of 270 kips and radius of gyration of 77 inches are conservatively used in conjunction with the 

upper bound force deflection curves, leading to maximum impact decelerations. For 

transportation package configurations with weights lower than 270 kips (e.g., for canisters 

containing lighter fuel types or short-loaded canisters), the maximum impact accelerations will 

be slightly higher. In general, the higher g-loads are offset by the lower weights and do not 

control the design. To address lower weights, a package weight sensitivity study, considering 

package weights of 260 kips, 250 kips, 240 kips, and 230 kips, is performed. These results of the 

weight sensitivity study can be used for the structural evaluation of packages with weights lower 

than 270 kips. 

The weight sensitivity evaluation is performed for the weights listed above using the same input 

parameters and assumptions as those of the upper bound cold evaluations described in 

Sections 2.12.2.1 through 2.12.2.3. The results of the weight sensitivity evaluation are presented 

in Table 2.12-3. With the exception of the initial impact angle, all other material properties, 
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model geometry and backing assumptions, and impact analysis inputs are identical to those 

described in Sections 2.12.2.1 through 2.12.2.3. 

2.12.2.5 HAC Oblique Drop Slapdown Impact Angle Sensitivity Study 

In accordance with 10CFR71.73(c)(1), the FuelSolutions™ TS125 Transportation Package is 

evaluated for a 30-foot free drop onto a flat horizontal unyielding surface in the orientation that 

is expected to cause the maximum damage. The impact limiter drop loads analysis presented in 

Section 2.12.2.3 considered oblique drop impact orientations of 30º, 45º, 60º, and 75º with 

respect to vertical for a range of package weights, and upper and lower bound impact limiter 

force-deflection curves. The HAC oblique drop slapdown impact loads are calculated based on a 

75º primary impact orientation (or 15º with respect to vertical). In order to demonstrate that the 

slapdown loads resulting from the 75º HAC oblique drop orientation are bounding, a sensitivity 

study was performed to evaluate a range of HAC oblique drop orientations, which include 85º, 

80º, 75º, 70º, and 65º with respect to vertical to determine the resulting slapdown rigid body 

lateral accelerations (i.e., peak transverse acceleration load at a point 90 inches from the center 

of gravity on the secondary impact end).  

The slapdown impact evaluations are performed using a package weight of 270 kips, a 77-inch 

radius of gyration, and an upper bound limiter force-deflection curves at cold operating 

conditions to maximize the dynamic structural responses. The results of this analysis show that 

the maximum slapdown loads result from a primary impact angle of 75º to 80º (with respect to 

vertical). The slapdown loads resulting from the 75º primary impact angle are approximately 1% 

lower than those resulting from the 80º primary impact angle. Also, for the angles that were 

considered in this evaluation, the maximum acceleration difference is only 6%, indicating that 

HAC drops at slapdown angles below 65º will produce similar results.  

2.12.2.6 Impact Limiter Confirmatory Testing 

Confirmatory testing of the impact limiters (including ¼-scale dynamic and static testing of the 

impact limiters and bench testing of the energy-absorbing material) is discussed in 

Section 2.12.10. 
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Table 2.12-1  -  Aluminum Honeycomb Strength Adjustment Factors 

1,200 psi
Al-honeycomb 

2,250 psi
Al-honeycomb 

Strength Adjustment Factor Cold(1) Hot(1) Cold(1) Hot(1)

Manufacturing Variability Factor 1.10 0.90 1.10 0.90 

Temperature Variability Factor 1.08 0.91 1.08 0.91 

Septum Strength Factor 1.06 1.06 1.06 1.06 

Impact Velocity Factor at 8 fps(2) 1.04 1.03 1.05 1.04 

Impact Velocity Factor at 44 fps(3) 1.20 1.15 1.28 1.21 

Impact Velocity Factor at 62 fps(4) 1.28 1.20 1.39 1.30 

Notes:

(1) Bounding temperatures for the aluminum honeycomb material for cold and hot conditions are conservatively 

assumed at –20 F and 200 F, respectively.

(2) Corresponding to the NCT 1-foot side drop impact velocity. Values are linearly interpolated from impact 

velocity factors for 44 fps impact.

(3) Corresponding to the HAC 30-foot free drop impact velocity, excluding oblique drop secondary impacts. 

(4) Corresponding to the HAC oblique drop secondary impact velocity. Values are linearly extrapolated from 

impact velocity factors for 44 fps impact.
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Table 2.12-2  -  Summary of Impact Analysis Results 

Maximum
Rigid-Body Accelerations

(1)Impact
Orientation

(Angle wrt Vertical) 
Ambient 

Condition

Crush
Depth
(in.)

Max.
Strain
(in./in.) acg (g)  (rad/s

2
)  (rad/s) aendlat (g)

HAC 30-Foot Drop 

Cold 12.0 20% 42.0 End

(0 ) Hot 16.0 27% 31.7 

Cold 28.4 45% 36.0 C.G over Corner 

(21 ) Hot 34.1 54% 28.3 

Cold 29.0 43% 31.6 Oblique Primary 

(30 ) Hot 35.4 52% 24.0 

Cold 27.1 41% 28.2 Oblique Primary 

(45 ) Hot 33.2 54% 22.0 

Cold 23.4 42% 30.5 Oblique Primary 

(60 ) Hot 28.3 59% 24.0 

Cold 19.0 36% 21.8 138.2 3.4 53.5 Oblique Primary 

(75 ) Hot 23.2 49% 14.9 97.0 3.5 37.2 

Cold 14.5 49% 27.4 -182.5 -0.2 69.9 Oblique Slapdown 

(75 ) Hot 19.7 67% 19.3 -131.9 -0.5 50.0 

Cold 12.7 43% 48.4 HAC Side 

(90 ) Hot 17.2 59% 33.8 

NCT 1-Foot Drop 

Cold 2.7 9% 10.0 NCT Side 

(90 ) Hot 3.4 12% 8.1 

Notes:

(1) The maximum rigid-body acceleration is given by the vertical acceleration at the package c.g. (acg), the angular 

acceleration about the package c.g. ( ), and the angular velocity about the package c.g. ( ). The lateral 

acceleration at the end of the cask cavity (i.e., 90 inches from the c.g.), aendlat, is provided for reference only.
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Table 2.12-3  -  Summary of Impact Analysis Weight 

Sensitivity Study Results 

Maximum Rigid Body Accelerations  
vs. Package Weight 

Impact
Orientation

(Angle From Vertical) 

Rigid-Body 
Response

Parameter
(1)

270 kips 260 kips 250 kips 240 kips 230 kips 

HAC 30-Foot Drop 

End (0 ) acgy (g) 42.0 42.9 44.0 45.0 46.2 

C.G. over Corner (21 ) acgy (g) 36.0 36.6 37.2 37.7 38.3 

Oblique, Primary (30 ) acgy (g) 31.6 32.3 33.0 33.8 34.6 

Oblique, Primary (45 ) acgy (g) 28.2 28.9 29.7 30.5 31.3 

Oblique, Primary (60 ) acgy (g) 30.5 30.9 31.4 31.9 32.5 

acgy (g) 21.8 22.4 23.1 23.8 24.6 

 (rad/s2) 138.2 141.9 145.9 150.1 154.6 

 (rad/s) 3.4 3.4 3.4 3.4 3.4 

Oblique, Primary (75 )

aendlat (g) 53.5 55.0 56.6 58.2 60.0 

acgy (g) 27.4 28.2 29.1 30.0 31.0 

 (rad/s2) -182.5 -187.4 -192.8 -198.5 -204.6 

 (rad/s) -0.2 -0.2 -0.2 -0.2 -0.1 

Oblique, Slapdown 

(75 )

aendlat (g) 69.9 71.8 73.9 76.2 78.6 

HAC Side (90 ) acgy (g) 48.4 49.7 51.2 52.8 54.5 

NCT 1-Foot Drop

NCT Side (90 ) acgy (g) 10.0 10.2 10.4 10.6 10.9 

Notes:

(1) The maximum rigid-body acceleration is given by the vertical acceleration at the package c.g. (acg), the angular 

acceleration about the package c.g. ( ), and the angular velocity about the package c.g. ( ). The lateral 

acceleration at the end of the cask cavity (i.e., 90-inches from the c.g.), aendlat, is provided for reference only.
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W (Circumferential)

T1 (Radial)

T2 (Longitudinal)

Corrugated Al-Honeycomb
Sheets Bonded in Alternating
Orthogonal Orientations

Figure 2.12-2  -  Bi-Directional Aluminum Honeycomb Crush Directions 
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END CORE

IMPACT LIMITER SHELL

INNER CORE

BOLT TUBE ASSY.

MOUNTING RING(1,200 PSI)

(1,200 PSI)

OUTER CORE

OUTER CORE
(2,250 PSI)

(1,200 PSI)

Figure 2.12-3  -  Impact Limiter Aluminum Honeycomb Core Regions 
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Figure 2.12-4  -  1,200 psi Crush Strength Bi-Directional Aluminum 

Honeycomb Stress-Strain Curves 
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Figure 2.12-5  -  2,250 psi Crush Strength Bi-Directional Aluminum 

Honeycomb Stress-Strain Curves 
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1,200 psi Al-Honeycomb

2,250 psi Al-Honeycomb
(not modeled)

Full Backing
Modeled
(Thick Line)

Z

R

Figure 2.12-6  -  Impact Limiter Model Geometry and Backing 

for HAC End Drop Impact 
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(Thick Line)
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to model conical hole 
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Figure 2.12-7  -  Impact Limiter Model Geometry and Backing 

for HAC Corner and Oblique Drop Impact 
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1,200 psi Al-Honeycomb
(assumed 30% effective)

End Core Al-Honeycomb
not modeled for side drop

2,250 psi Al-Honeycomb

Modeled Backing
Surface (shown
as thick lines)

Horizontal fin
backing surface
(view from side)

Horizonal fin area
projection to impact

surface (dashed rectangle)

Z

R

Figure 2.12-8  -  Impact Limiter Model Geometry and Backing 

for NCT Side Drop, HAC Side and Slapdown Impacts 
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Figure 2.12-9  -  NCT Side Impact (90º - Horizontal) 

Dynamic Force-Deflection Curve 
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Figure 2.12-10  -  HAC End Impact (0º - Vertical) 

Dynamic Force-Deflection Curve 
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Figure 2.12-11  -  HAC Corner Impact (21º from Vertical) 

Dynamic Force-Deflection Curve 
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Figure 2.12-12  -  HAC Oblique Impact (30º from Vertical) 

Dynamic Force-Deflection Curve 
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Figure 2.12-13  -  HAC Oblique Impact (45º from Vertical) 

Dynamic Force-Deflection Curve 
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Figure 2.12-14  -  HAC Oblique Impact (60º from Vertical) 

Dynamic Force-Deflection Curve 
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Figure 2.12-15  -  HAC Oblique Impact (75º from Vertical) 

Dynamic Force-Deflection Curve 
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Figure 2.12-16  -  HAC Side Impact (90º - Horizontal) 

Dynamic Force-Deflection Curve 
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Figure 2.12-17  -  HAC Slapdown Impact (90º - Horizontal) 

Dynamic Force-Deflection Curve (with Densification) 
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Figure 2.12-18  -  NCT Side Drop (90º - Horizontal) 
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Figure 2.12-19  -  HAC End Drop (0º - Vertical) 

Acceleration Time History Curves 
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Figure 2.12-20  -  HAC Corner Drop (21º from Vertical) 

Acceleration Time History Curves 
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Figure 2.12-21  -  HAC Oblique Drop Primary Impact (30º from Vertical) 

Acceleration Time History Curves 

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11

Time, sec

A
c
c
e
le

ra
ti

o
n

, 
g

Cold    

Hot  

Figure 2.12-22  -  HAC Oblique Drop Primary Impact (45º from Vertical) 

Acceleration Time History Curves 
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Figure 2.12-23  -  HAC Oblique Drop Primary Impact (60º from Vertical) 

Acceleration Time History Curves 
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Figure 2.12-24  -  HAC Side Drop Impact (0º - Horizontal) 

Acceleration Time History Curves 
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2.12.3 Development of the Dynamic Load Factors 

As discussed in Section 2.12.1, the transportation cask impact during the NCT one-foot free drop 

and HAC 30-foot free drop is analyzed using a rigid body dynamic model. This model calculates 

the forces applied to the cask through the energy-absorbing impact limiters. The impact forces 

from impact limiter crush deflection are applied over a finite time and represent an impulse load 

applied to the cask. Since the cask and canister respond as elastic, rather than rigid bodies, a 

DLF is used to approximate their maximum elastic response to the load impulse. The DLF is 

defined as the ratio of the dynamic deflection (Dd) to the static deflection (Ds) caused by a static 

load of the same magnitude as that of the dynamic load on a structural system. The dynamic 

deflection, and therefore the DLF, is a function of the rise time of the load, the duration of the 

load, the shape of the loading function, the natural period, and the damping characteristics of the 

structure.

The DLF curves (i.e., DLF vs. frequency) are calculated for the controlling NCT and HAC free 

drop loads using the special purpose DLF computer program. The DLF computer program 

calculates the DFL for a damped single degree of freedom (SDOF) system as follows: 

The circular frequency ( ) is calculated for a given stiffness (k) and mass (m): 

m

k2   (undamped system) 

For a system with a damping ratio ( ), the damped circular frequency ( D) is calculated for a 

given stiffness (k) and mass (m): 

D = 
21

where:

 = c/Cc

c = 2 km , system damping coefficient 

 Cc = 2 km , critical damping

If Fi denotes the force at any given time ti, the equation of motion is given by: 

Fi = mx" + cx' +kx 

The acceleration, velocity and displacement of the SDOF system can be computed as: 

m

kx'cxF
''x iii
i

1i
1ii

i 'x
2

t''x''x
'x
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1i1i

2

1ii
i xt'x

6

t''x2''x
x

For any frequency (f), the maximum dynamic displacement (Dd) from the entire duration of the 

force time history is computed using the method above. The static displacement (Ds) is computed 

as follows: 

Ds = 
k

(max)F

where F(max) is the maximum force in the time history and k is the stiffness of the SDOF 

system. The DLF at frequency (f) is: 

DLF(f) = 
s

d

D

D

The procedure is repeated for frequencies up to 200 Hz. Figure 2.12-27 through Figure 2.12-31 

present DLF curves that are generated for each governing impact orientation, namely, the NCT 

one-foot side drop, and the HAC 30-foot side drop, end drop, C.G. over corner drop, and 

governing oblique drop slapdown impact. 
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Figure 2.12-27  -  NCT Side Drop DLF Curves 
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Figure 2.12-28  -  HAC Side Drop DLF Curves 
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Figure 2.12-29  -  HAC End Drop DLF Curves 
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Figure 2.12-30  -  HAC Corner Drop DLF Curves 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-37 Revision 6 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210

Frequency (Hz)

D
L

F

Slapdown (Secondary) Cold

Slapdown (Secondary) Hot

Figure 2.12-31  -  HAC 15º Oblique Drop, Secondary Impact  

DLF Curves 
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2.12.4 Free Drop Equivalent Static Design Loads 

This section presents the calculations to determine the bounding equivalent static accelerations 

used for the NCT and HAC free drop structural evaluations of the FuelSolutions™ TS125 

Transportation Cask. The structural evaluations for the NCT and HAC free drop conditions are 

performed using equivalent static design loads, which account for dynamic amplification of the 

peak rigid body response. The equivalent static accelerations for each impact orientation are 

calculated by multiplying the peak rigid-body acceleration by the corresponding DLF. The DLF 

for each impact orientation is calculated based on the controlling fundamental frequencies of the 

structural system, considering the participating vibration modes. The calculation of the 

fundamental system frequencies are presented in Section 2.12.4.1. The determination of the 

corresponding DLFs and the resulting equivalent static accelerations for the NCT and HAC drop 

conditions are discussed in Section 2.12.4.2. 

2.12.4.1 System Frequency Analysis 

The system frequencies considered for the FuelSolutions™ TS125 Transportation Cask include 

the dominant longitudinal and transverse vibration modes. The longitudinal modes of vibration 

considered in the structural evaluation of the transportation cask include longitudinal 

compression of the cask shells and bending of the closure lid and bottom forging plate. The 

dominant transverse vibration mode is beam bending of the cask body. The longitudinal and 

transverse vibration frequencies are evaluated in the following subsections. 

Cask Shell Compression/Extension Mode

The longitudinal frequency of the cask is determined using hand calculations. The cask inner and 

outer shells are idealized as a uniform bar with a concentrated load on the free end (closure lid 

and top impact limiter for the bottom end drop; bottom forging and bottom impact limiter for the 

top end drop). In addition, the cask body weight, equal to the remainder of the cask weight 

divided by the cavity length, is used as a uniform load per unit length. The cross sectional area is 

conservatively considered to be that of the inner and outer shells, with no credit taken for the 

stiffness of cask gamma shield or neutron shield. Although the bottom forging plate and top 

closure lid have the same thickness, the bottom forging plate is slightly heavier. Hence, the top 

end drop configuration results in a lower frequency, thus, controls. The longitudinal frequency of 

the cask shell is calculated based on Roark, Table 36, Case 7c, as shown below: 

3wLWL

AEg

2

1
f

2
  =  130 Hz 

where:

L = 193.03 inches, length of the cask cavity 

W = 28 kips, upper bound weight of the bottom forging and impact limiter 
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A = 981.7 in
2
, cross sectional area of inner and outer shells 

 = 
2222

5.120.700.705.7665.225.76
4

E = 26,500 ksi, elastic modulus of Type XM-19 stainless steel at 400 F

w = 0.772 kips/inch, upper bound weight of the cask body per unit length 

 = (Wc - Wb - Wl) / L 

Wc = 165 kips, upper bound weight of the empty cask 

Wb = 9 kips, lower bound weight of bottom forging plate 

Wl = 7 kips, lower bound weight of closure lid 

g = 386.4 in/s
2

, gravitational constant 

Lower bound weights are used for Wb and Wl to produce the upper bound weight of the cask 

body w, which, in turn, results in a lower bound frequency. 

Closure Lid/Bottom Forging Plate Bending Modes

Both mass and stiffness influence the calculation of natural frequency. The bottom forging and 

the closure lid both have the same thickness; however, since the effective diameter for bending 

analysis of the closure lid is the bolt circle diameter, the larger diameter bottom forging will have 

lower stiffness. In addition, the bottom forging is heavier. Thus, a combination of lower stiffness 

and higher mass of the bottom forging results in the lowest bending frequency. The fundamental 

bending frequency of the bottom forging plate is determined based on Roark, Table 36, Case 11, 

conservatively treating it as simply supported circular plate with a uniform loading, as follows:   

4

bb

n

Rw

Dg

2

K
f  = 156 Hz

where:

Rb = 40.9 inches, outside radius of bottom forging plate 

tb = 6.0 inches, bottom forging thickness 

wb = 0.0019 ksi, uniformly distributed upper bound weight of bottom forging 

 = 10 kips/(  x 40.9
2
)

D = 534,066 ksi, flexural stiffness of bottom forging 

 = Etb
3
/12(1-

2
)

E = 27,000 ksi, elastic modulus of Type FXM-19 stainless steel at 300 F

 = 0.3, Poisson’s ratio for stainless steel 
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g = 386.4 in/s
2
, gravitational constant 

Cask Body Beam Bending Frequency

For transverse drop loads, the W21 canister is supported by the Fuel Solutions™ TS125 

Transportation Cask body, which is supported by the impact limiters. The fundamental 

frequency of the cask body is evaluated using hand calculations. The Fuel Solutions™ TS125 

Transportation Cask inner and outer shells are conservatively evaluated as a simply supported 

beam, with a bounding package weight of 285 kips distributed uniformly over the length of the 

transportation cask. The beam bending frequency of the cask body is determined based on 

Roark, Table 36, Case 1b, as shown below: 

4

ccLw

EIg

2

87.9
f   =  100 Hz 

where:

Lc = 196.4 inches, length of cask body between centers of impact limiter engagement 

 = 210.4 inches – 14.0 inches 

wc = 1.197 kip/in., upper bound weight of the loaded cask per unit length 

 = (Wcask – WIL - Wb - Wl)/Lc

Wcask = 285 kips, upper bound weight of the transportation package 

WIL = 34 kips, lower bound weight of the two impact limiters 

Wb = 9 kips, lower bound weight of bottom forging plate 

Wl = 7 kips, lower bound weight of closure lid 

I = 706,011 in
4
, moment of inertia of outer and inner shells 

 = 
4444

5.120.700.705.7665.225.76
64

2.12.4.2 DLFs and Equivalent Static Design Loads 

Equivalent static acceleration loads, which account for dynamic amplification of the peak rigid 

body response, are used for the structural evaluation of the FuelSolutions™ TS125 

Transportation Cask. The dynamic amplification experienced in the cask is expressed as a DLF. 

The DLF is a function of the system response frequency and the characteristics of the 

acceleration time-history for each drop orientation. The governing system response frequencies 

from Section 2.12.4.1 and the corresponding DLFs from Section 2.12.3 are summarized in 

Table 2.12-4. 
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Table 2.12-4  -  Equivalent Static Free Drop Accelerations 

Free  

Drop

Condition

Participating

System Vibration 

Modes 

Natural

Frequency

(Hz)

Dynamic 

Load 

Factors
(1) 

Peak

Rigid-Body 

G-Load
(2) 

Equivalent 

Static

G-Load
(3) 

Bounding

Design 

G-Load 

NCT Side 

Drop

Beam Bending 100 1.05 10.0g 10.5g 15g

HAC End 

Drop

Longitudinal Compression 

Plate Bending 

130

156

1.31 42.0g 55.0g 60g

HAC Side 

Drop

Cask Beam Bending 100 1.11 48.4g 53.7g 60g

HAC

Corner

Drop

Cask Beam Bending 

Longitudinal Compression 

Plate Bending 

100

130

156

1.02 36.0g 36.7g 40g

HAC

Oblique

Drop

(Primary 

Impact)

Cask Beam Bending 

Longitudinal Compression 

Plate Bending 

100

130

156

1.02(4)
21.8g (75 )(5)

30.5g (60 )

28.2g (45 )

31.6g (30 )

22.2g (75 )(5)

31.1g (60 )

28.8g (45 )

32.2g (30 )

22.2g (75 )(5)

31.1g (60 )

28.8g (45 )

32.2g (30 )

HAC

Oblique

Drop

(Slapdown

Impact)

Beam Bending 100 1.13 acg=27.4g

=182.5 rad/s2

alat,end=69.9g(6)

acg=31.0g

=206.2 rad/s2

alat,end=79.0g

acg=31.0g

=206.2 rad/s2

alat,end=79.0g

Notes:
(1) Dynamic Load Factors are calculated in Section 2.12.3.
(2) Peak rigid-body accelerations for each free drop condition are calculated in Section 2.12.2. The peak g-loads 

are conservatively based on a lower bound package weight of 270 kips.
(3) The equivalent static g-load is equal to the peak g-load multiplied by the maximum DLF for all participating 

component vibration modes.
(4) The DLF for oblique drop primary impacts is based on DLF curve for C.G. over corner drop since the pulse 

shapes and durations are similar.
(5) The HAC oblique drop primary impact vertical g-loads at the package c.g. are reported for each oblique drop 

orientation evaluated (angles shown with respect to vertical).
(6) The HAC oblique drop secondary impact (slapdown) results in a peak transverse acceleration at the package 

c.g. of 27.4g and a peak angular acceleration of 182.5 rad/s2. The resulting peak transverse acceleration at a 

distance of 90 inches from the package c.g. is 69.9g.
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2.12.5 Transportation Cask Finite Element Analysis Models 

This section describes the finite element models used for structural evaluation of the 

FuelSolutions™ TS125 Transportation Cask. Two models are developed for evaluating the 

required cask load conditions: (1) a two-dimensional axisymmetry model for evaluating loading 

conditions such as internal pressure, thermal, and HAC end drop, and (2) a three-dimensional 

half-symmetry model for addressing non-axisymmetric load conditions including NCT vibration, 

NCT free drop, and all HAC free drop loadings, with the exception of the end drop. The 

ANSYS
31

 general purpose finite element code is used for the cask finite element analyses. 

General descriptions of the finite element models used for the structural evaluation are provided 

in the following subsections. 

2.12.5.1 TS125 Transportation Cask Axisymmetric Finite Element Model 

The structural evaluation of the FuelSolutions™ TS125 Transportation Cask body for 

axisymmetric loading conditions, such as internal pressure, NCT thermal, and HAC end drop 

loading, is performed using the two-dimensional axisymmetric finite element model shown in 

Figure 2.12-32. Details of the transportation cask axisymmetric finite element model are 

provided in the following subsections. 

Model Construction

The FuelSolutions™ TS125 Transportation Cask axisymmetric finite element model shown in 

Figure 2.12-32 includes the cask inner shell, lead gamma shield, outer shell, bottom forging 

plate, top forging ring, closure lid, closure bolts, tie-down rings, neutron shield jacket, bottom 

shield ring, and bottom shield cover. The bottom neutron shield, radial neutron shield, neutron 

shield support angles, and impact limiters are not discretely modeled. However, the mass of 

these components is included in the model, either as applied forces or as added mass to the 

supporting structural components. All components are modeled using the nominal dimensions 

shown in the general arrangement drawings in Section 1.3.2. The model includes PLANE42 

axisymmetric solid elements, SHELL51 axisymmetric shell elements, LINK1 spar elements, and 

CONTAC48 gap elements. 

All cask components, except the closure bolts, neutron shield jacket, and bottom shield cover are 

modeled using PLANE42 axisymmetric solid elements. Since the tie-down rings are connected 

to the cask outer shell with double-sided partial penetration welds, the tie-down rings and outer 

shell do not share common nodes. Instead, they are modeled with coincident nodes that are 

coupled at each side of the tie-down ring. The same modeling approach is used for the bottom 

shield ring to bottom forging plate interface. 

As discussed in Section 3.4.1.1, a 0.034-inch gap forms on the outside of the lead gamma shield 

at room temperature during the lead pour fabrication process. The lead gamma shield is modeled 

with no gap on the inside and a uniform radial gap of 0.034 inch on the outside at room 

temperature. A stress-free condition in the lead gamma shield is also assumed at room 

temperature since the fabrication stresses due to the lead pour are relieved over time due to creep 

effects, as discussed in Section 2.12.8. 

                                                
31 ANSYS Mechanical, Version 5.5.3, ANSYS Inc., Houston, Pennsylvania. 
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The interfaces between the closure lid and the top forging ring and between the lead gamma 

shield and the surrounding cask components are modeled using CONTAC48 gap elements with 

friction capability. The contact stiffness used for the gap elements on the closure lid is 

1x10
8
 pounds/inch. For the gamma shield gap elements, a contact stiffness of 1x10

9
 pounds/inch 

is used. Per Mark’s Handbook, the static and sliding coefficients of friction for mild steel on lead 

range from 0.3 (greasy surface) to 0.95. Therefore, a lower bound coefficient of friction of 0.3 is 

conservatively assumed for the lead gap elements. 

The neutron shield jacket and bottom shield cover are modeled using SHELL51 axisymmetric 

shell elements. The thickness of the neutron shield jacket and bottom shield cover are input as 

real constants. 

The closure bolts are modeled using a single LINK1 spar element having a cross-sectional area 

equal to that of all sixty closure bolts (i.e., 60 x 2.77 in
2
 = 166.2 in

2
). The bolt initial pre-load is 

input by specifying an initial strain corresponding to a bolt tensile stress of 45 ksi. This 

corresponds to a bolt pre-load of 110 kips, compared to the maximum bolt non-prying pre-load 

value of 108.2 kips from Section 2.12.7. 

Boundary Conditions

For internal pressure and NCT thermal loading conditions, the axisymmetric finite element 

model is pinned at a single node to provide numerical stability. Radial constraints are included at 

the cask centerline for thermal loads. For the HAC end drop loading, pressure loads are applied 

to the model on the impacted end of the cask to account for the reaction load. To provide 

numerical stability for the end drop analyses, an axial displacement constraint is applied to a 

single node on the impacted end of the cask. For the HAC bottom end drop, the center node on 

the end of the bottom shield ring is restrained axially. For the HAC top end drop, the center node 

on the end of the top forging ring is restrained axially. 

Material Properties

The temperature-dependent material properties from Section 2.3 are used in the FuelSolutions™ 

TS125 Transportation Cask axisymmetric model. The cask inner shell, outer shell, bottom 

forging plate, top forging ring, closure lid, tie-down rings, bottom shield ring, and bottom shield 

cover are modeled with the material properties of Type XM-19 stainless steel. The neutron shield 

jacket is modeled using the material properties of SA-516, Grade 70 carbon steel. The closure 

bolts are modeled using the SB-637, Grade N07718 nickel-base alloy bolting material properties. 

The lead gamma shield is modeled with ASTM B29 chemical copper lead properties. For

internal pressure and NCT thermal loading, the static lead properties from Section 2.3 are used in 

the model. Due to the severity of the HAC drop conditions and the low strength properties of 

lead at the hot drop temperature conditions, the material properties of the lead shielding have a 

significant effect on the cask response to the HAC drop loads. For the HAC end drop evaluation, 

the lead gamma shield is modeled as an elastic/plastic material, using dynamic stress-strain 

properties from Section 2.3.

Loading

The internal pressure loading is applied to the element faces on the inside of the cask cavity. The 

thermal gradients are applied as nodal temperatures to the cask axisymmetry finite element 

model. For the HAC end drops, the axial loading from the canister weight is applied as a uniform 
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pressure load over the impacted end of the package. Thus, for a bottom end drop, the canister 

loading is applied to the inside surface of the bottom forging plate and for a top end drop, the 

canister loading is applied to the inside surface of the closure lid. Further discussion of the 

loadings used for the structural evaluation of the FuelSolutions™ TS125 Transportation Cask are 

described in the respective sections of the SAR. 

2.12.5.2 TS125 Transportation Cask Half-Symmetry Finite Element Model 

The half-symmetry finite element model shown in Figure 2.12-33 and described herein is used to 

evaluate the transportation cask stresses resulting from the NCT vibration, NCT free drop, and 

HAC free drop conditions. Details of the FuelSolutions™ TS125 Transportation Cask 

axisymmetric finite element model are provided in the following subsections. 

Model Construction

The FuelSolutions™ TS125 Transportation Cask half-symmetry model shown in Figure 2.12-33 

includes the bottom forging plate, inner and outer shells, top forging ring, closure lid, lead 

gamma shield, bottom shield ring, and tie-down rings. All cask components are modeled using 

the nominal dimensions shown in the general arrangement drawings in Section 1.3.2. The bottom 

end and radial solid neutron shields, bottom shield cover, neutron shield jacket, and neutron 

shield support angles are not discretely modeled, assuming they provide no structural support. 

However, the masses of these components are applied to the model as described below. The 

major features of the transportation cask are modeled with a few exceptions as follows: 

Cask vent, test, and other ports are not included in the model since they do not 

significantly influence the response of the cask to the side drop loading. 

The seal annulus groove in the cask flange is neglected. This omission will not 

significantly affect the analysis results since the stresses in this region are low. 

The cask trunnion bosses are not discretely modeled, assuming they have no significant 

effect on the cask outer shell stresses. However, masses of the trunnion bosses and plugs 

are applied to assure conservatism. 

The cask structural components are modeled using SOLID45 brick elements. The brick elements 

exhibit three degrees of freedom at each node:  displacements in the x, y, and z directions (UX, 

UY, UZ). As discussed in Section 3.4.1.1, a 0.034-inch gap forms on the outside of the lead 

gamma shield at room temperature during the lead pour fabrication process. The lead gamma 

shield is modeled with no gap on the inside and a uniform radial gap of 0.034 inch on the outside 

at room temperature. A stress-free condition in the lead gamma shield is also assumed at room 

temperature since the fabrication stresses due to the lead pour are relieved over time due to creep 

effects, as discussed in Section 2.12.8. 

Node-to-node gap elements (CONTAC52) are used to model the non-linear interfaces between 

the closure lid and the top forging ring, and between the lead gamma shield and the surrounding 

steel components. The gap element contact stiffness and coefficient of friction values are the 

same as those described in Section 2.12.5.1. 

The closure bolts are modeled using LINK8 3D spar elements. Bolt elements are placed at each 

10  interval, corresponding to the finite element mesh. Thus, the adjusted area of each bolt 
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element is 4.62 in
2
 (= 166.2 in

2
 x 10 /360 ). The bolt initial pre-load is input by specifying an 

initial strain corresponding to a bolt tensile stress of 45 ksi. This corresponds to a bolt pre-load 

of 125 kips, compared to the maximum bolt pre-load value of 108.2 kips from Section 2.12.7. 

Boundary Conditions

For the half-symmetry model, symmetry boundary conditions are applied to the nodes located on 

the half-symmetry plane (i.e., UZ = 0 at Z = 0). Due to the manner in which the inertial loads and 

reaction loads are applied to the finite element model, theoretically no other boundary conditions 

are required for static equilibrium. While, in theory, the inertia loads of the cask and its contents 

are calculated to be equal to the impact limiter reaction loads so that static equilibrium is 

achieved, the FE methodology requires the model to be stable in order to obtain a stiffness 

matrix without singularities. Therefore, a single node at the top and bottom end of the cask away 

from the point of impact is pinned to prevent the rigid body movement. The reaction at this 

support is insignificant compared to the overall reaction force.  

Material Properties

The temperature-dependent material properties from Section 2.3 are used in the FuelSolutions™ 

TS125 Transportation Cask half-symmetry model. The cask inner shell, outer shell, bottom 

forging plate, top forging ring, closure lid, tie-down rings, and bottom shield ring are modeled 

with the material properties of Type XM-19 stainless steel. The closure bolts are modeled using 

the SB-637, Grade N07718 nickel-base alloy bolting material properties. 

The lead gamma shield is modeled with ASTM B29 chemical copper lead properties. For NCT 

vibration loading, the static lead properties from Section 2.3 are used in the model. Due to the 

severity of the NCT and HAC free drop loads and the low strength properties of lead at elevated 

temperatures, the material properties of the lead shielding have a significant effect on the cask 

response to the HAC drop loads. Therefore, the NCT and HAC free drop evaluations model the 

lead gamma shield material as an elastic/plastic material, using dynamic stress-strain properties 

from Section 2.3.  

As discussed above, the cask neutron shield, neutron shield support angles, and neutron shield 

jacket are not discretely modeled. However, the mass of these components is distributed to the 

nodes on the outside of the cask outer shell. A bounding weight of 15.3 kips (30.6 kips for the 

full cask) is conservatively used for the missing weight of these components. This weight is 

uniformly distributed to all nodes on the outside of the of the cask outer shell in between the two 

tie-down rings. 

Loading

The inertia loads of the cask components are represented by applying the drop acceleration to the 

entire model. The dead weight of the components that are not specifically modeled (neutron 

shielding material, neutron shield jacket and support angles) are apportioned to the load carrying 

structural components that are modeled. These adjustments are discussed above with the 

description of material properties. In addition, loading from the transportation cask contents and 

the reaction loads are applied as pressure loads to the cask finite element model. 
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The transverse loading on the inner shell of the cask from the canister weight due to NCT 

vibration, NCT free drop, and HAC free drop loading is applied as a radial pressure acting on the 

inside of the cask inner shell. Similarly, the transverse reaction loads at the tie-down rings for 

NCT vibration loading and at the impact limiter(s) for the NCT and HAC free drop loading are 

applied as radial pressure acting on the interfacing portion of the cask exterior. The radial 

pressure loading is assumed to be uniform along the length of the interface and vary with a 

cosine distribution around the cask circumference, as shown in Figure 2.12-35 and 

Figure 2.12-34. For a cosine pressure distribution over an arc length of o, the interface pressure 

distribution can be expressed as: 

)90cos(pp oo

where po is the pressure amplitude and is the half-angle over which the pressure is applied. 

This equation for the pressure amplitude is not exact for the finite element model due to the 

discrete representation of a curved surface as a series of flat surfaces. Thus, the final value of the 

pressure amplitude, po, was obtained by applying a distributed pressure loading to the finite 

element model, based on the above equation, and adjusting the final po value such that the 

calculated reaction force is equal in magnitude to the input force, F.

For NCT vibration loading, the package weight is balanced by the reactions at the tie-down rings 

located on the ends of the neutron shield. A 160º interface arc (80º on each side of the line of 

impact) is assumed at the tie-down rings. For the NCT and HAC side drop loading, the fuel and 

cask inertial loading is balanced by the impact limiter reactions at both ends of the cask. A 90

contact angle (i.e., 45º on each side of the impact line) is assumed for the 60g HAC side drop 

loading, as shown in Figure 2.12-34. For the 15g NCT side drop loading, a small contact angle of 

20  (i.e., 10º on each side of the impact line) is conservatively assumed. At the impact limiter 

locations, a similar distribution is assumed, as indicated in Figure 2.12-34. Note that a 160º 

interface arc (80º on each side of the line of impact) is assumed. This contact angle is reasonable 

since the impact limiters, which are flexible relative the cask body, will conform to the outside of 

the cask body for the side drop loading. The applied radial interface pressure loading for the 

HAC side drop is shown in Figure 2.12-35. 

For the HAC corner drops, the axial loading from the canister weight is applied as a uniform 

pressure load over the impacted end of the package. Thus, for a bottom corner drop, the canister 

loading is applied to the inside surface of the bottom forging plate and for a top corner drop, the 

canister loading is applied to the inside surface of the closure lid. The axial reaction loading at 

impacted end of the cask is applied the bottom shield ring for the bottom corner drop and to the 

top forging ring for the top corner drop. The axial reaction load is applied over the same 

interface angle as the transverse reaction (i.e., 80º half-angle) and assumed to vary with a cosine 

distribution. The assumed pressure distribution is used to achieve moment equilibrium about the 

corner of impact. The interface loading for the HAC bottom end drop is shown in 

Figure 2.12-36. 
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Table 2.12-5  -  Applied Radial Interface Pressure Distributions 

Pressure (psi) Distribution, Angle from Impact Location 

Drop
Condition

Interface
Loading

Total
Transverse 

Load
(kips)

Peak
Radial

Pressure
Load
(psi)

0
to

10

10
to

20

20
to

30

30
to

40

40
to

50

50
to

60

60
to

70

70
to

80

Normal Conditions of Transport 

Canister Load 170(1) 107 76 

Impact Limiter Load 36(2) 42 41 40 38 34 29 24 18 11 

2g

Vibration 

Tie-down Ring Reaction 570(3) 1,373 1,366 1,313 1,211 1,061 871 647 398 135 

Canister Load 1,275(1) 803 568 15g

Side Drop Impact Limiter Reaction 1,868(4) 2,144 2,133 2,051 1,890 1,657 1,360 1,010 622 210 

Hypothetical Accident Conditions 

Canister Load 5,100(1) 844 832 731 542 288 60g

Side Drop Impact Limiter Reaction 7,470(4) 8,574 8,532 8,204 7.561 6,628 5,439 4,042 2,489 840 

Canister Load 1,218(1) 768 543 40g Bottom 

Corner Drop Bottom End I.L. Reaction 3,827(5) 4,096 4,076 3,920 3,612 3,166 2,598 1,931 1,189 401 

Canister 1,218(1) 768 543 40g Top 

Corner Drop Top End I.L. Reaction 3,827(5) 4,096 4,076 3,920 3,612 3,166 2,598 1,931 1,189 401 

Notes:
(1) Based on bounding canister weight of 85 kips.
(2) Based on bounding impact limiter weight of 18 kips.
(3) Based on bounding package weight of 285 kips.
(4) Based on weight of cask and canister of 249 kips (= 285 – 2x18), not including weight of impact limiters.
(5) Based on weight of cask, canister, and one impact limiter of 267 kips (= 285 – 18), not including weight of impact limiter at the impacted end of the 

package.
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X

Y

Z

Figure 2.12-32  -  TS125 Transportation Cask Axisymmetric Finite 

Element Model 
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X

Y

Z

Figure 2.12-33  -  Transportation Cask Half-Symmetry 

Finite Element Model 
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Figure 2.12-34  -  Applied Pressure Load Distribution 
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X

Y
Z

Figure 2.12-35  -  HAC Side Drop Radial Interface Pressure Loading 
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11

Figure 2.12-36  -  HAC Bottom Corner Drop Interface Pressure Loading 
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2.12.6 Cask Stress Evaluation Locations 

Cask Body Stresses

In order to demonstrate conformance to the allowable stress design criteria described in 

Section 2.1.2, membrane, membrane plus bending, and total stress intensities must be determined 

at the critical cross sections of the cask body. Since the critical section locations are dependent 

on the loading, it is necessary to establish several “stress evaluation sections” to assure that all 

critical locations have been evaluated for every load condition. The stress evaluation sections 

selected for the FuelSolutions™ TS125 Transportation Cask are illustrated in Figure 2.12-37 and 

Figure 2.12-38. The locations for each evaluation section are identified in Table 2.12-6. 

A total of 39 stress evaluation locations are selected for the cask body. These include sections at 

all critical locations of the cask body. Note that multiple sections are selected in the regions of 

structural discontinuities at the ends of the cask shells, since high stresses generally occur in 

these regions. However, the stresses at structural discontinuities are generally classified as local 

or secondary. Therefore, additional stress evaluation sections are selected at a distance of Rt  

from the ends of the shells and at the ¼-points and mid-length of the shell for evaluation of 

primary stresses. Stress evaluation locations 36 through 38 are neutron shield ring attachment 

welds. The methodology for evaluating the attachment welds is addressed below. 

The surface stresses at each stress evaluation section are obtained using the ANSYS “stress 

linearization” post-processing feature. For the three-dimensional model results, section stress 

evaluations are performed at 10  intervals (circumferential direction) adjacent to the bottom of 

the model and larger intervals near the top, where the stresses are significantly lower. As 

anticipated, the critical section angle consistently occurs near the line of impact side (0  to 50

angles).

Tie-down Ring Attachment Welds

The tie-down rings are attached to the cask outer shell using double-sided partial penetration 

groove welds. The tie-down ring attachment weld shear stresses are calculated using the nodal 

forces obtained from the finite element solutions. The nodal forces are used to compute the weld 

loads due to direct tensile (N), tensile due to bending (F), and shear (V) loads acting on the 

tie-down ring welds, as follows: 

2

FF
N 2t1t

wtd

M
F

sFV
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where:

Ft1 = Nodal force at node 1 in radial direction 

Ft2 = Nodal force at node 2 in radial direction 

M = (Ft1 - Ft2)(d/2), bending moment acting on section 

Fs = Maximum nodal force at nodes 1 and 2 in longitudinal direction 

d = 3.0 inches, tie-down ring thickness 

tw = 0.75 inch, effective throat of partial penetration weld 

The maximum weld shear stress is calculated based on the combined tensile and shear loads as 

follows: 

w

22

s
t

FNV
f

Bottom Shield Ring Attachment Welds

The bottom shield ring is attached to the cask bottom plate forging using a full penetration weld. 

The bottom shield ring attachment weld stress intensities are calculated using the nodal forces 

obtained from the finite element solutions. The nodal forces are used to compute the average 

shear (fv), direct tensile (fa), and bending (fb) stresses in the weld, as follows: 

d

V
fv

d

N
fa

2b
d

M6
f

where:

V = Total shear load acting on weld 

N = Total direct normal force acting on weld 

M = Bending moment acting weld 

d = 3.0 inches, bottom shield ring thickness 
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The primary membrane (Pm) and membrane plus bending (Pl+Pb) stress intensities in the weld 

are calculated as indicated below. 

2

vs

2

am f4fP

2

vs

2

babl f4)ff(PP

Top Seal Region

The maximum bearing stress in the region of the closure O-ring (Location 39) is reported for 

each load condition. The maximum bearing stress on the faces of the top forging ring and the 

closure plate at the location of the containment O-ring is considered. The highest bearing stress 

at the interface is reported for each loading condition. The bearing stress in the top seal region is 

limited to the material yield strength to assure that no permanent deformation occurs as a result 

of the loading. 

Closure Bolts

The cask closure bolts are not addressed in the individual sections covering the NCT and HAC 

loads and their combinations. The comprehensive analysis of closure bolts in accordance with 

NUREG/CR-6007 is presented separately in Section 2.12.7. 
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Table 2.12-6  -  Cask Body Stress Evaluation Locations 

Inside Node Outside Node Evaluation 
Section Radial (in.) Axial (in.) Radial (in.) Axial (in.) 

1 0.00 11.25 0.00 5.25 

2 18.95 11.25 18.95 5.25 

3 33.50 11.25 33.50 5.25 

4 35.98 11.25 35.98 5.25 

5 33.50 11.25 35.98 11.25 

6 39.39 8.25 39.44 8.25 

7 33.50 14.25 35.00 14.25 

8 33.50 15.88 35.00 15.88 

9 33.50 19.08 35.00 19.08 

10 33.50 61.35 35.00 61.35 

11 33.50 105.20 35.00 105.20 

12 33.50 147.05 35.00 147.05 

13 33.50 190.00 35.00 190.00 

14 33.50 192.90 35.00 192.90 

15 33.50 194.28 33.50 194.28 

16 33.50 195.90 35.56 195.90 

17 33.50 197.28 35.98 197.28 

18 38.25 11.25 35.50 11.25 

19 38.25 12.75 40.90 12.75 

20 38.25 14.50 40.90 14.50 

21 38.25 17.50 40.90 17.50 

22 38.25 22.25 40.90 22.25 

23 38.25 61.35 40.90 61.35 

24 35.01 128.03 40.90 105.20 

25 38.25 147.05 40.90 147.05 

26 38.25 186.43 40.90 186.43 

27 38.25 192.90 40.90 192.90 

28 38.25 195.90 40.90 195.90 

29 38.25 197.28 37.13 200.48 

30 33.50 202.08 40.90 202.08 

31 38.15 204.28 40.90 204.28 

32 0.00 204.28 0.00 210.28 

33 18.95 204.28 18.95 210.28 

34 33.50 204.28 33.50 202.28 

35 36.03 204.29 36.03 208.28 

Notes:
(1) Axial distance from bottom end of cask.
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Figure 2.12-37  -  Cask Body Stress Section Locations, Bottom Half 
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39
(Top Seal Region)

Figure 2.12-38  -  Cask Body Stress Section Locations, Top Half 
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2.12.7 Closure Bolt Design Evaluation 

The transportation cask closure bolts are designed in accordance with the requirements of 

NUREG/CR-6007 to withstand the NCT loadings of 10CFR71.71, HAC loadings of 

10CFR71.73, and special requirements for irradiated nuclear fuel shipments of 10CFR71.61. The 

following analyses demonstrate the ability of the closure bolts to meet the criteria as specified in 

NUREG/CR-6007. The load combinations are evaluated in accordance with Regulatory Guide 

7.8 and as delineated in Section 2.1.2.2. 

2.12.7.1 Geometric and Material Properties 

The closure lid is attached to the transportation cask body using sixty (60) 2.0-inch diameter 

closure bolts fabricated of SB-637, Grade N07718 nickel-base alloy bolting material. The 

material properties of the closure bolts are found in Section 2.3, and relevant geometric 

properties are listed in Table 2.12-7. The nomenclature used to describe each property is 

consistent with NUREG/CR-6007. 

2.12.7.2 Loading 

2.12.7.2.1 Closure Bolt Forces/Moments Characteristics 

The closure bolts are loaded by operational loads such as O-ring seal seating loads, bolt 

tightening pre-load, vibration, cask internal pressure, and differential thermal expansion, and by 

NCT and HAC free drop and puncture impact loads. The bolt forces and moments for each load 

are developed in the subsections that follow. All parameter values and their descriptions are 

presented in Table 2.12-7. 

Prying forces from load cases involving outward forces on the closure lid are eliminated through 

the use of a raised-face flange outside of the bolt circle, as shown in Figure 2.12-39. As shown in 

Section 2.12.7.7, the raised-face flange prevents contact of the lid and cask flange outboard of 

the bolt circle for the most severe combination of outward forces, so prying from outward forces 

cannot occur. For this reason, the variable Dlo, the closure lid diameter at the outer edge, is 

identical with Dlb, the closure lid diameter at the bolt circle for outward forces. Prying from the 

inward acting forces, such as the puncture load, does occur and is included in the closure bolt 

structural evaluation. 

Since the closure lid and closure bolts are protected by the lip of the top forging ring and the 

closure bolt holes are oversized (compared to the clearance between the closure lid and top 

forging ring lip), the closure bolts do not need to resist shear loads. Therefore, in accordance 

with Table 4.9 of NUREG/CR-6007, evaluation for shear bolt forces is not required. 

2.12.7.2.2 Closure Bolt Forces/Moments Generated by Pre-load 

The FuelSolutions™ TS125 Transportation Cask closure bolts are pre-loaded to a torque of 

2,800 50 foot-pounds, resulting in a maximum bolt torque of Qmax = 34,200 inch-pounds and a 

minimum bolt torque of Qmin = 33,000 inch-pounds. 
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From Subsection 4.2 of NUREG/CR-6007, the maximum non-prying tensile force per bolt Famax

is:

(K)(Db)

Q
Fa max

max

where:

 K = Nut factor relating the applied torque and the achieved pre-load. 

In NUREG/CR-6007, Table 4.1, the value of K for as-received steel varies from 0.158 to 0.267. 

As stated in NUREG/CR-6007, Section 4.1, the pre-load that gives the most conservative 

analysis should be used for bolt stress analysis. In this case, a K value of 0.158 generates the 

highest pre-load and bolt stresses, and is therefore used in the analysis. 

The maximum applied pre-load force is expressed as follows: 

)Db)(K(

Q
Fa max

max  = 108,228 lb. 

The maximum torsion moment is 50% of the applied torque: 

Mtr = 0.5(Qmax) = 17,100 lb-in. 

The minimum applied pre-load force is: 

)Db)(K(

Q
Fa min

min  = 104,430 lb. 

The closure bolts are torqued following the sequence specified on the closure lid and using small 

increments to assure uniform bolt pre-loads and seal compression. Consequently, bolt prying 

loads due to pre-load are negligible. In accordance with Section 4.2 of NUREG/CR-6007, the 

residual bolt pre-load is assumed equal to the applied bolt pre-load, conservatively assuming no 

relaxation of the bolt loads after the pre-load operation. 

2.12.7.2.3 Closure Bolt Forces/Moments Generated by Gasket Loads 

The transportation cask uses two metallic O-ring seals between the closure lid and the cask. Each 

seal consists of 8-mm (0.315-inch) diameter metallic Helicoflex
®

 HN Series silver-jacketed 

O-ring. The mean diameters of the inner and outer O-rings are 67.97 inches and 69.37 inches, 

respectively. For the purpose of bolt load calculation, the seal diameter (Dlg) is assumed equal to 

the average diameter of the two O-rings, or 68.67 inches. The bolt loads due to gasket loading 

are calculated in accordance with Table 4.2 of NUREG/CR-6007. The non-prying tensile force 

per bolt (Fa) generated by the gasket seating operation is: 

Nb

yblgD
Fa   = 7,367 pounds 
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where the factors m, y, and b are defined in accordance with Appendix E of the ASME B&PV 

Code
32

 as follows: 

m = 6.5, gasket factor for a stainless steel ring joint per Table E-1210-1 

y = 26,000 psi, minimum design seating stress for a stainless steel ring joint per 

Table E-1210-1 

b = w/8, effective gasket seating width per Table E-1210-2 

 = (0.315+0.315)/8 

 = 0.0788 inch 

The torsion moment per bolt (Mt) generated by the gasket seating operation is: 

Nb

yblgDDbK5.0
Mt = 1,164 lb-in.

In accordance with Table 4.2 of NUREG/CR-6007, the minimum non-prying tensile bolt force 

(Fa) required to maintain a tight joint is: 

Nb

)PloPli(mblgD2
Fa  = 276 pounds 

where the net pressure acting on the closure lid (Pli – Plo) is 75 psi. 

2.12.7.2.4 Closure Bolt Forces/Moments Generated by Pressure Loads 

The bolt loads due to the maximum pressure difference between the interior and exterior of the 

cask are calculated in accordance with Table 4.3 of NUREG/CR-6007. A bounding internal 

design pressure load (Pli - Plo) of 75 psi is used for the closure bolt evaluation. In accordance 

with NUREG/CR-6007, the maximum non-prying tensile force per bolt due to pressure loads is: 

Nb4

)PloPli(lgD
Fa

2

 = 4,629 pounds 

The fixed-edge force (Ff) and moment (Mf) due to internal pressure loading are: 

4

PloPliDlb
Ff  = 1,351 lb/in. 

32

Dlb)PloPli(
Mf

2

 = 12,170 pounds 

                                                

32 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Division 1, 

Appendix E, Minimum Bolt Cross Sectional Area, 1998 Edition. 
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The bolt bending moment: 

Mf
KlKb

Kb

Nb

Dlb
Mbb  = 3,350 lb-in. 

where the formulas for the bolt and lid stiffnesses, Kb, Kl, and Mf are: 

64

Db

Dlb

Eb

Lb

Nb
Kb

4

 = 1.59 x 10
6
 lb. 

Dlb
Dlo

Dlb
NUI1NUI13

tlEl
Kl

2

22

3

 = 2.02 x 10
7
 lb. 

where:

NUI = 0.3, Poisson’s ratio of the closure lid material 

El = 28.3x10
6
 psi, elastic modulus of the closure lid material at 70 F

Ec = 28.3x10
6
 psi, elastic modulus of the cask material at 70 F

Eb = 29.0x10
6
 psi, elastic modulus of the closure bolt material at 70 F

Bolt shear loads due to internal pressure loading are considered negligible since the closure lid 

bolt holes are oversized. Furthermore, the design of the top flange protects the closure bolts and 

lid from shear forces due to external loading. For this reason, Table 4.9 of NUREG/CR-6007 

states that bolt shear forces are only evaluated for unprotected bolts and closure lids. 

2.12.7.2.5 Closure Bolt Forces/Moments Generated by Temperature Loads 

While the temperature of the closure bolts and of the closure lid are essentially identical in all 

cases, a thermally induced load is applied to the bolts since the thermal expansion coefficient of 

the SB-637, Grade N07718 nickel-base alloy closure bolt and Type XM-19 stainless steel 

closure lid differ. The analyzed bounding conditions are: NCT cold environment (-40 F day with 

zero insolation and zero decay heat), NCT hot (100 F day with maximum insolation and 

maximum decay heat), pre-HAC cold (-20 F day with zero insolation and zero decay heat), and 

HAC hot (fire with maximum decay heat).  

From Subsection 4.5 of NUREG/CR-6007, the maximum non-prying tensile force per bolt due to 

thermal differential expansion of the closure bolt and the closure lid is based on the following 

formula: 

(ab)(Tb)(al)(Tl)(Eb)(Db)
4

Fa 2
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where:

Eb = the elastic modulus of the closure bolt material 

Tl = the temperature change of the closure lid from a reference temperature of 70ºF 

Tb = the temperature change of the closure bolt from a reference temperature of 70ºF 

Using the geometry parameters in Table 2.12-7 and the material properties from Section 2.3, the 

tensile forces developed in each bolt are: 

Fa = 7,018 lb., NCT cold condition (Tl = Tb = 63.8ºF) 

Fa = 19,952 lb., NCT hot condition (Tl = Tb = 175.2ºF) 

Fa = 57,481 lb., HAC cold condition (Tl = Tb = 400.4ºF) 

Fa = 66,216 lb., HAC hot condition (Tl = Tb = 476ºF) 

Note that the clearance provided between the bolts and bolt holes in the lid allows for relative 

thermal expansion of the lid and flange. This feature eliminates shear forces in the closure bolts 

(i.e., Fs = 0). 

Temperature loads also include the effects of thermal gradients through the closure lid. The 

fixed-edge moment (Mf) due to the temperature gradient through the lid is calculated as follows: 

)NUI1(12

)TliTlo(tlalEl
Mf

2

The bolt bending load, Mbb, due to temperature loads is calculated as follows: 

Mf
KlKb

Kb

Nb

Dlb
Mbb

where the values of bolt stiffness (Kb) and lid stiffnesses (Kl) are previously calculated.  

Under normal conditions, the temperature on the inside of the closure lid is hotter than the 

temperature on the outside of the closure lid, causing the closure lid to deform inward. The 

inward deflection of the closure lid produces a bending moment and prying tensile load in each 

bolt. The tensile load in each closure bolt due to prying action is calculated using the equations 

given in Table 2.1 of NUREG/CR-6007 as follows: 

C2C1

P)C2(BFf)C1(B
Dlb-Dlo

2Mf

Nb

Dlb
Fap
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where:

C1 = 1 

C2 = 
EbDbNb

Lb

Dlb

tlfElfDli)(Dlo

NU11

tlEl

Dlb)3(Dlo

8
2

33

2

B = Ff   if Ff > P,   otherwise B = P 

B is the non-prying tensile force, and P is the bolt pre-load. Note that B, P, Ff, and Mf are 

quantities per unit length of bolt circle. 

The Fap calculation formulae above assume an outward bending of the closure lid. To apply the 

above formulae for the calculation of the inward prying action, the formulae are defined as 

follows: 

C2C1

P)C2(BFf)C1(B
Dlb-Dli

2Mf

Nb

Dlb
Fap

C2 = 
EbDbNb

Lb

Dlb

tlfElfDli)(Dlb

NU11

tlEl

Dlb)3(Dli

8
2

33

2

The HAC thermal load condition is hotter on the outside of the closure lid, causing the closure 

lid to displace outward. The small cut-back machined into the base of the closure lid will prevent 

prying in this case. 

Using the geometry parameters in Table 2.12-7 and the material properties from Section 2.3, the 

bolt loads due to temperature effects are calculated and summarized in Table 2.12-8. The bolt 

bending loads are only calculated for the NCT condition in accordance with Section 6.3 of 

NUREG/CR-6007, which specifies that bolt bending need not be evaluated for accident 

conditions.

2.12.7.2.6 Closure Bolt Forces/Moments Generated by Impact Loads 

The transportation cask is designed to attenuate the kinetic energy of a NCT one-foot and HAC 

30-foot free drop per 10CFR71.71(c)(7) and 71.73(c)(1), respectively. Only drop loads that are 

parallel to the cask axis (i.e., axial accelerations) are relevant to the closure bolts because the 

lateral lid inertia forces are reacted by bearing at the closure lid step and not by shear force in the 

bolts (as discussed in Sections 2.6.7.4 and 2.7.1.2 for NCT and HAC, respectively). Since the 

NCT free drop is for a horizontal orientation only (normal to the cask axis), no significant 

closure bolt forces are developed for the NCT free drop condition. 

For the HAC free drops, the HAC end drop and HAC corner drop result in the highest axial loads 

and therefore, the highest stresses in the closure bolts. Therefore, these two conditions bound the 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-66 Revision 6 

HAC side drop, HAC corner drop, and HAC oblique drops. For these two HAC free drop 

conditions, the axial accelerations are calculated and compared for the end drop (0º wrt vertical) 

and the center of gravity over corner drop (21º wrt vertical). The impact force is obtained by 

multiplying the peak impact acceleration by the DLF (to obtain the equivalent static load), and 

by cosine of the impact angle (to determine the axial component). The reaction force of the 

impact limiter on the outside of the closure lid, which would support the closure lid and relieve 

bolt loads, is conservatively ignored. 

Per NUREG/CR-6007, Appendix V, it is shown that the maximum bolt force for all oblique 

impact angles can exceed the average bolt force by as much as 34%. Conservatively, the 

maximum bolt force for the HAC corner drop is computed by raising the average bolt force by 

34%. However, this factor is not applicable for the HAC end drop. 

As a result of the impact, the maximum non-prying tensile force per bolt for the cask (with a 

protected closure lid) is calculated based on the following formulas from Section 4.6 of 

NUREG/CR-6007:

For the HAC corner drop,  

Nb

Wc)(Wlai)(DLFsin(xi)1.34
Fa

For the HAC end drop, 

Nb

Wc)(Wlai)(DLF
Fa

where:

xi = Impact angle between the cask axis and the target surface (i.e., wrt horizontal) 

DLF = Dynamic load factor to account for any difference between the rigid body 

acceleration and the acceleration of the contents and closure lid 

ai = Maximum rigid-body impact acceleration (g) of the cask 

Wl = Weight of the closure lid 

Wc = Weight of the cask contents 

Using the bounding weights of the cask closure lid and payload (W1 = 7,500 pounds, 

Wc = 85,000 pounds), the maximum tensile force in each bolt is as follows: 

For the HAC corner drop, 

Fa = 77,145 lb 
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For the HAC end drop, 

Fa = 92,500 lb (governs) 

2.12.7.2.7 Closure Bolt Forces/Moments Generated by Puncture Loads 

Since the closure lid step precludes the generation of shear loads, the most critical location and 

orientation for the 40-inch puncture drop is at the cask centerline, perpendicular to the closure lid 

surface.

From Subsection 4.7 of NUREG/CR-6007, the maximum non-prying tensile force Fa, fixed-edge 

force Ff, and fixed-edge moment Mf, per bolt due to puncture are based on the following 

formulas: 

Nb

Punxisin
Fa  = -23,500 lb. 

Dlb

)Pun)(xi(sin
Ff  = -6,228 lb. 

4

Punxisin
Mf  = -112,204 in-lb. 

where:

xi = Impact angle between the cask axis and the target surface (i.e., wrt horizontal) 

Pun = 1.41x10
6
 pounds, Flow load of the mild steel puncture bar per Section 2.7.3 

The bolt prying tensile force due to the puncture load are calculated using the formulas from 

Table 2.1 of NUREG/CR-6007. For the inward acting puncture load, the formulas are modified 

by substituting Dli for Dlo where applicable. The resulting formula for bolt prying tensile loads 

due to inward acting loads is: 

C2C1

P)C2(BFf)C1(B
Dlb-Dli

2Mf

Nb

Dlb
Fap = 94,407 lb. 

where:

C1 = 1 

C2 = 
EbDbNb

Lb

Dlb

tlfElfDli)(Dlb

NU11

tlEl

Dlb)3(Dli

8
2

33

2

P = 112,025/(  x 72.06) = 494.8 lb/in 

B = P 
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2.12.7.2.8 Closure Bolt Forces/Moments Generated by Vibration Loads 

From Subsection 4.8 of NUREG/CR-6007, resonant vibrations can produce loads in the closure 

bolts. As described in Section 2.6.5, the vibration normally incident to transport is 2g in the 

vertical direction. When the transportation cask is in the transport mode, it is oriented 

horizontally and the closure lid is supported by the step on the bottom face of the closure lid. 

Thus, no significant forces from the NCT vibration loading are transmitted to the closure bolts.  

2.12.7.2.9 Closure Bolt Forces/Moment Generated by Immersion Loads 

In accordance with 10CFR71.61, a Type B package containing more than 10
5
 A2 must be 

designed so that its undamaged containment system can withstand an external pressure of 2 MPa 

(290 psi) for a period of not less than one hour without collapse, buckling, or inleakage of water. 

The total inward load produced by the external pressure of 290 psi is calculated as: 

lbs1018.1
4

Dlb
pPim 6

2

Since the external pressure loading acts inward, the closure bolts do not experience any 

non-prying tensile loads. However, the inward acting loads produce prying forces that do load 

the closure bolts in tension. The fixed edge force, Ff, and fixed edge moment, Mf, resulting from 

a 290 psi external pressure load are calculated as follows: 

4

PloPliDlb
Ff  = -5,224 lb/in. 

32

Dlb)PloPli(
Mf

2

 = -47,058 pounds 

The bolt prying tensile force due to the 290 psi external pressure load are calculated using the 

formulas from Table 2.1 of NUREG/CR-6007. For the inward acting pressure load, the formulas 

are modified by substituting Dli for Dlo where applicable. The resulting formula for bolt prying 

tensile loads due to inward acting loads is: 

C2C1

P)C2(BFf)C1(B
Dlb-Dli

2Mf

Nb

Dlb
Fap = 32,383 lb. 

where:

C1 = 1 

C2 = 
EbDbNb

Lb

Dlb

tlfElfDli)(Dlb

NU11

tlEl

Dlb)3(Dli

8
2

33

2
 = 0.503 

P = 108,228/(  x 72.06) = 478.1 lb/in 
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B = P 

The bolt prying tensile force due to the 290 psi external pressure load is lower than that due to 

the puncture load of 94,407 pounds from Section 2.12.7.2.7. Therefore, the immersion loading is 

bounded by the puncture analysis. The closure bolt tensile stress due to the 32,383-pound tensile 

force is 11.7 ksi.

2.12.7.2.10 Summary of Forces/Moments on the Closure Bolts 

The results of non-prying tensile and shear forces in the closure lid bolts and the prying fixed-

edge forces and moments for the loading conditions addressed in Sections 2.12.7.2.1 through 

2.12.7.2.9 are summarized in Table 2.12-9 and Table 2.12-10. 

2.12.7.3 Combination of Closure Bolt Forces/Moments from Different Loads 

Per Subsection 4.9 of NUREG/CR-6007, the bolt forces for the load combinations for normal 

and hypothetical accident conditions used for the transportation cask are presented in 

Table 2.12-11. 

2.12.7.4 Closure Bolt Stress Analysis 

Per Table 5.1 of NUREG/CR-6007, the calculation of the closure bolt tensile, shear, bending, 

and torsional stresses, and stress intensity for combined stresses, are based on the load 

combinations presented in Section 2.12.7.3. The tensile stress area of a standard 2-8UNC-2A 

bolt is 2.77 in
2
. The closure bolt tensile stress Sba is defined in accordance with 

NUREG/CR-6007 as follows: 

2D

Fa
)2732.1(Sba

The closure bolt shear stress Sbs is defined as: 

2D

Fs
)2732.1(Sbs

The closure bolt bending stress Sbb is defined as: 

3D

Mbb
)186.10(Sbb

The closure bolt torsional stress Sbt is defined as: 

3D

Mtr
)093.5(Sbt

Finally, the closure bolt stress intensity Sbi is defined as: 

22
SbtSbs4SbbSbaSbi
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From Table 2.1-3, the NCT allowable average tensile stress is Sm, and the NCT allowable 

average shear stress is 0.6Sm. As shown in Chapter 3, the maximum temperatures of the closure 

bolts for NCT hot and NCT cold thermal conditions are 245 F and 134 F, respectively. For 

SB-637, Grade N07718 bolting material, the values of Sm at the maximum NCT hot and cold 

temperatures are 47.5 ksi and 49.0 ksi, respectively. Therefore, the allowable tensile stresses for 

NCT hot and NCT cold conditions are 47.5 ksi and 49.0 ksi, respectively. The allowable shear 

stresses for NCT hot and NCT cold conditions are 28.5 ksi and 29.4 ksi, respectively. The 

allowable stress intensity for NCT conditions is 1.35Sm, since the ultimate tensile strength of the 

bolts exceeds 100 ksi. Thus, the NCT allowable stress intensities for NCT hot and cold 

conditions are 64.1 ksi and 66.2 ksi, respectively. 

From Table 2.1-3, the HAC allowable average tensile stress is the lesser of 0.7Su or Sy, and the 

HAC allowable average shear stress is the lesser of 0.42Su or 0.6Sy (where Sy is the yield stress 

and Su is the ultimate stress, at temperature). Using the data from Table 2.3-9, the HAC 

allowable tensile stresses at the bounding hot and cold temperatures are 136.1 ksi and 137.2 ksi, 

respectively. The allowable shear stresses at the bounding hot and cold temperatures are 81.7 ksi 

and 82.3 ksi, respectively. Combining tension plus shear plus bending plus residual torsion is not 

applicable for HAC. 

The combination of the forces and moments are summarized under their respective labels in 

Table 2.12-11. The calculated stresses are summarized in Table 2.12-12, and their resulting 

stress ratios are summarized in Table 2.12-13. The results show that all ratios are below unity, 

with the highest value being 0.97 for tensile stress due to load case 2. 

2.12.7.5 Seal Evaluation 

The net bolt tensile loads resulting from the worst-case NCT and HAC loading combinations are 

evaluated to assure that the minimum gasket loads required to maintain leak-tight containment 

are maintained under all NCT and HAC conditions. As shown in Section 2.12.7.2.3, the 

minimum non-prying tensile bolt force required to maintain a tight joint is 276 pounds. The 

following evaluation demonstrates that the lowest net tensile force for NCT and HAC exceeds 

this minimum required non-prying tensile bolt force. 

The lowest net tensile force for NCT and HAC results from the following worst-case load 

combination: 

Lower bound bolt pre-load 

Maximum Normal Operating Pressure (MNOP) 

Maximum impact load 

Temperature load for the temperature of –20ºF (NCT Cold) with no decay heat 

This load combination is conservative because the assumed temperature is –20ºF and the internal 

pressure corresponds to the MNOP for the NCT hot condition, which is higher than that for the 

NCT cold condition.
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As analyzed in Section 2.12.7.2.2, the tensile force in each closure bolt due to the lower bound 

bolt pre-load is 104,430 pounds. As shown in Table 2.12-9, the tensile force in each closure bolt 

due to the 75 psig design internal pressure load is 4,629 pounds. As shown in Table 3.4-3 of the 

FuelSolutions™ W21 Canister Transportation SAR, the MNOP for the transportation cask is 

11.9 psig; however, for the seal evaluation a bounding MNOP of 12 psig is conservatively 

assumed. Thus, the tensile load in each closure bolt resulting from the 12 psig internal pressure 

loading is 741 pounds (= 4,629 x 12/75). 

The maximum tensile load in the closure bolts due to the controlling HAC free drop impact load 

is 92,500 pounds, as shown in Table 2.12-10. 

The non-prying tensile load in each closure bolt due to the temperature load for the temperature 

of -20 ºF (NCT Cold) with no decay heat (i.e., -20ºF uniform temperature throughout the 

transportation package) is calculated in accordance with Subsection 4.5 of NUREG/CR-6007 as 

follows:

Fa = Tb)(abTl)(alEbDb0.25 2  = -10,009 pounds 

where:

Db = 2.0 in., Closure bolt nominal diameter 

Eb = 29.5 x 10
6
 psi, Closure bolt Young’s modulus at –20ºF 

al = 8.08 x 10
-6

 in/in/ºF, Closure lid mean coefficient of thermal expansion –20ºF 

Tl = -90ºF, Closure lid temperature difference from ambient 

ab = 6.88 x 10
-6

 in/in/ºF, Closure bolt mean coefficient of thermal expansion –20ºF 

Tb = -90ºF, Closure bolt temperature difference from ambient 

Thus, the net closure bolt tensile load for the worst-case load combination is 1,180 pounds 

(= 104,430 – 92,500 – 741 – 10,009). Since the net closure bolt tensile load exceeds 276 pounds, 

which is the minimum bolt tensile load required to maintain a tight joint, the closure seal will 

maintain leak-tight containment under the worst-case NCT and HAC loading conditions. 

2.12.7.6 Closure Bolt Thread Engagement Length and Stress Area 

The closure bolt holes in the cask body are fitted with Helicoil
®

 thread inserts made from 

AMS7245 steel (essentially 18-8 stainless steel). At a conservative temperature of 200ºF, the 

shear strength of the Type XM-19 stainless steel cask body material is 0.6Sy (applying a 

0.6 reduction factor for shear) or 0.6 x 44.6 = 26.8 ksi, and the minimum ultimate tensile strength 

of the closure bolt is 185.0 ksi. According to the Helicoil
®

 catalog,
33

 for a thread hole parent 

material (i.e., the cask body) shear strength of 26.8 ksi and a bolt ultimate tensile strength of 

185.0 ksi, the recommended engagement length is 2½ nominal bolt diameters or 5.0 inches for a 

                                                

33 HeliCoil Bulletin 1000, Screw Thread Inserts, Inch Series, Design & Production Manual, HeliCoil Products, 

Division of Mite Corporation. 
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2.0-inch diameter bolt. This exceeds the 1½ bolt diameters of thread engagement required by 

Section VIII, Division 1, Part UG, Article UG-12(b) of the ASME Code. Since a 5.0-inch 

engagement length is provided for the closure bolts, strip-out of the bolt threads is not of 

concern, as the thread shear capacity is sufficient to develop the full tensile capacity of the 

closure bolt. 

2.12.7.7 Closure Lid Recess Gap Evaluation 

A 0.05-inch-deep cutback is provided in the underside of the closure lid, extending from the 

closure bolt hole center line to the edge of the lid. This feature, known as a raised-face flange, 

eliminates the bolt prying action when the closure lid displaces outward, provided that the depth 

of the cutback in the closure lid is sufficient to prevent contact with the bolting flange, as 

illustrated in Figure I.7 of NUREG/CR-6007. 

An evaluation is performed to demonstrate that the 0.05-inch-deep cutback is sufficient to 

eliminate prying under the most severe load combination, comprised of an internal pressure of 

75 psig and a 60g top end drop. The rotation of the closure lid due to the combined HAC end 

drop and internal pressure loading is calculated with the assumption that the closure lid behaves 

as a simply supported circular plate subject to a uniform pressure load. The edge rotation is 

determined using hand calculations (Roark, Table 24, Case 10a), as follows: 

8

33

10x34.5

03.361676
09615.0

D

aq
K   =  0.0141 radians 

where:

K  = 0.09615, Coefficient for ro/a = 0 per Roark, Table 24, case 10a 

q = 1,676 psi, Combined pressure load due to internal pressure (qi), canister weight 

(qc), and closure lid self-weight (ql)

qi = 75 psig, Cask design internal pressure load 

qc = Uniform pressure load on closure lid from the canister weight due to a 60g HAC 

top end drop 

 = 85,000 * 60g / (  33.0
2
)

 = 1,491 psi 

ql = Uniform pressure load due to closure lid self-weight  

 = 60g x 6.0 in. x 0.29 lb/in
3

 = 104.4 psi (conservatively use 110 psi) 

a = 36.03 in., Closure bolt circle radius 

D = 8

2

3

10x34.5
)1(12

tE
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E = 27.0x10
6
 psi, Closure lid modulus of elasticity at 300

o
F

t = 6.0 in., Closure lid thickness 

 = 0.3, Poisson’s ratio for stainless steel 

The longitudinal displacement at the edge of the closure lid due to the maximum edge rotation is 

calculated as follows: 

y =  (R – a)  = 0.03 in. < 0.05 in. 

Therefore, the 0.05-inch raised-face flange is sufficient to eliminate prying action in the closure 

bolts when the closure lid displaces outwardly under the worst-case HAC load combination. 
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Table 2.12-7  -  Closure Bolt Geometric Properties 

Property Description Value 

Db Closure bolt nominal diameter (inch) 2.00 

n Number of threads per inch of bolt length 8 

p Closure bolt thread pitch (inch) 0.125 

D Closure bolt diameter for stress calculation (inch) 1.878 

Lb Closure bolt shank length (inch) 3.8 

Nb Number of closure bolts 60 

Qmax Maximum applied pre-load torque (lb.-ft) 2,850 

Qmin Minimum applied pre-load torque (lb.-ft) 2,750 

Dlb Closure lid diameter at the bolt circle (inch) 72.06 

Dli Closure lid diameter at the inner edge (inch) 67.00 

Dlo Closure lid diameter at the outer edge (inch) 72.06(1)

Dlg Face seal diameter (inch) 68.67 

tc Cask wall thickness (inch) 7.4 

tl Closure lid thickness (inch) 6.0 

tlf Lid flange thickness (inch) 3.8 

Wl Bounding weight of closure lid (lb.) 7,500 

Wc Bounding weight of cask contents 85,000 

Notes:
(1) The closure lid design includes a raised face outside the bolt circle diameter to eliminate bolt prying loads due 

to outward acting loads. Therefore, the closure lid outside diameter is set equal to the bolt circle diameter.
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Table 2.12-8  -  Summary of Bolt Loads Due to Temperature Effects 

NCT HAC Temperature, Material Property, 
or Bolt Load Hot Cold Hot Cold 

Tli ( F) (1) 152.6 37.5 273.8 176.1 

Tlo ( F)(1) 151.5 36.2 741.6 685.8 

El (psi) 27.5x106 28.1x106 26.8x106 27.3x106

al (in/in/ F) 8.56x10-6 8.35x10-6 9.26x10-6 9.21x10-6

Fa (lb.) 19,952 7,018 66,216 57,481 

Mf (lb.) -1,110 -1,307 497,541 549,237 

Fap (lb.) 0 97 0 0 

Mbb (lb-in.) -360 -305 N/A(2) N/A(2)

Notes:
(1) Change in temperature from 70 F.
(2) Evaluation of bolt bending moment is not required for HAC loadings in accordance with NUREG/CR-6007.
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Table 2.12-9  -  Summary of Closure Bolt NCT Loads and Stresses 

Load Type 

Non-
Prying  

Fa
(lb)

Prying
Fap
(lb)

Torsion
Mtr

(in-lb)

Bending
Mbb

(in-lb)

Axial
Stress
(ksi)

Bending
Stress
(ksi)

Torsion
Stress
(ksi)

Combined
Axial

Stress
(ksi)

Combined
Shear
Stress
(ksi)

Stress
Intensity

(ksi)

Pre-load 108,228 0 17,100 0 39.07 0.00 13.15 39.07 13.15 47.1 

Gasket(1,2) 276 0 0 0 2.66 0.00 0.90 2.66 0.90 3.2 

Pressure 4,629 0 0 3,350 1.67 5.15 0.00 6.82 0.00 6.8 

Temperature (NCT Hot) 19,952 0 0 -305 7.20 -0.47 0.00 7.67 0.00 7.7 

Temperature (NCT Cold) 7,018 97 0 -360 2.53 -0.55 0.00 3.09 0.00 3.1 

Vibration 0 0 0 0 0.00 0.00 0.00 0.00 0.00 0.0 
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Table 2.12-10  -  Summary of Closure Bolt HAC Loads and Stresses 

Load Type 

Non-
Prying  

Fa
(lb)

Prying
Fap
(lb)

Torsion
Mtr

(in-lb)

Bending
Mbb

(in-lb)

Axial
Stress
(ksi)

Bending
Stress
(ksi)

Torsion
Stress
(ksi)

Combined
Axial

Stress
(ksi)

Combined
Shear
Stress
(ksi)

Stress
Intensity

(ksi)

Temperature (HAC Hot) 66,216 0 0 N.A.(1) 23.90 0.00 0.00 23.90 0.00 23.9 

Temperature (HAC Cold) 57,481 0 0 N.A.(1) 20.75 0.00 0.00 20.75 0.00 20.8 

Impact (Max) 92,500 0 0 N.A.(1) 33.39 0.00 0.00 33.39 0.00 33.4 

Puncture -23,500 94,407 0 N.A.(1) 34.08 0.00 0.00 34.08 0.00 34.1 

Immersion -17,901 32,383 0 N.A.(1) 11.69 0.00 0.00 11.69 0.00 11.7 

Note:

(1) Per NUREG/CR-6007, bolt bending stresses are not considered for the HAC conditions.
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Table 2.12-11  -  Normal and Hypothetical Accident Conditions Load Combinations 

Identification per Table 4.9 of NUREG/CR-6007

Load Combination 
Fa_pt(1)

(lb)
Fa_al(2)

(lb)
Fa_c(3)

(lb)
Fap_c(4)

(lb)
Fa(5)

(lb)
Mbb(6)

(lb-in)
Mtr(6)

(lb-in)

Case 1 – NCT Cold {Pl}{Pr}{TNCT Cold} 115,246 4,629 115,246 97 115,343 2,989 17,100 

Case 2 – NCT Hot {Pl}{Pr}{TNCT Hot} 128,180 4,629 128,180 0 128,180 3,043 17,100 

Case 3 – HAC Cold {Pl}{Pr}{THAC Cold} 165,709 4,629 165,709 0 165,709 N/A N/A 

Case 4 – HAC Hot {Pl}{Pr}{THAC Hot} 174,444 4,629 174,444 0 174,444 N/A N/A 

Case 5 – HAC Cold {Pl}{Pr}{TNCT Cold}{I} 115,246 97,129 115,246 97 115,343 N/A N/A 

Case 6 – HAC Hot {Pl}{Pr}{TNCT Hot}{I} 128,180 97,129 128,180 0 128,180 N/A N/A 

Case 7 – HAC Cold {Pl}{TNCT Cold}{Pu} 115,246 -23,500 115,246 94,504 209,749 N/A N/A 

Case 8 – HAC Hot {Pl}{TNCT Hot}{Pu} 128,180 -23,500 128,180 94,407 222,586 N/A N/A 

Notes:
(1) Fa_pt is the summation of Fa{Pl} + Fa{T}, from Table 2.12-9 and Table 2.12-10.
(2) Fa_al is the appropriate summation of Fa{G}, Fa{Pr}, Fa{I}, Fa{Pu}, Fa{V}, from Table 2.12-9 and Table 2.12-10, for the applicable load combination.
(3) Fa_c is the greater of Fa_pt or Fa_al.
(4) Fap_c is the prying load due to the fixed edge force (Ff) and moment (Mf). Large positive values of Mf_c indicate that no prying will occur, since the 

moment is not reacted, due to the step in the underside of the lid. (A negative Mf_c would indicate that prying could occur about the inside surface of the 

cask, and this prying would need to be evaluated.)
(5) Fa is the sum of Fa_c and Fap_c.
(6) Mbb, the closure bolt bending moment, and Mtr, the closure bolt residual torsional moment, are not used for HAC evaluations.
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Table 2.12-12  -  Closure Bolt Stress Analysis Results 

Load Combination 

Tensile Stress, 
Sba
(psi)

Bending
Stress, Sbb

(psi)

Torsional
Stress, Sbt

(psi)

Stress Intensity 
Sbi
(psi)

Case 1 – NCT Cold {Pl}{Pr}{TNCT Cold} 41,639 4,596 13,149 53,190 

Case 2 – NCT Hot {Pl}{Pr}{TNCT Hot} 46,273 4,680 13,149 57,338 

Case 3 – HAC Cold {Pl}{Pr}{THAC Cold} 59,821 N/A N/A N/A 

Case 4 – HAC Hot {Pl}{Pr}{THAC Hot} 62,974 N/A N/A N/A 

Case 5 – HAC Cold {Pl}{Pr}{TNCT Cold}{I} 41,639 N/A N/A N/A 

Case 6 – HAC Hot {Pl}{Pr}{TNCT Hot}{I} 46,273 N/A N/A N/A 

Case 7 – HAC Cold {Pl}{TNCT Cold}{Pu} 75,719 N/A N/A N/A 

Case 8 – HAC Hot {Pl}{TNCT Hot}{Pu} 80,353 N/A N/A N/A 
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Table 2.12-13  -  Summary of Stress Ratios 

Load Combination 

Applied
Tensile
Stress(1)

Allowable 
Tensile
Stress(2)

Tensile
Stress

Ratio, Rt 

Combined
Stress

Ratio 1(3)

Applied
Stress

Intensity(1)

Allowable 
Stress

Intensity(2)

Stress
Intensity 

Ratio 1

Case 1 – NCT Cold {Pl}{Pr}{TNCT Cold} 41,639 49,000 0.85 0.72 53,190 73,500 0.72 

Case 2 – NCT Hot {Pl}{Pr}{TNCT Hot} 46,273 47,500 0.97 0.95 57,338 71,300 0.80 

Case 3 – HAC Cold {Pl}{Pr}{THAC Cold} 59,821 137,200 0.44 0.19 N/A N/A N/A 

Case 4 – HAC Hot {Pl}{Pr}{THAC Hot} 62,974 136,100 0.46 0.21 N/A N/A N/A 

Case 5 – HAC Cold {Pl}{Pr}{TNCT Cold}{I} 41,639 137,200 0.31 0.09 N/A N/A N/A 

Case 6 – HAC Hot {Pl}{Pr}{TNCT Hot}{I} 46,273 136,100 0.34 0.12 N/A N/A N/A 

Case 7 – HAC Cold {Pl}{TNCT Cold}{Pu} 75,719 137,200 0.55 0.30 N/A N/A N/A 

Case 8 – HAC Hot {Pl}{TNCT Hot}{Pu} 80,353 136,100 0.59 0.35 N/A N/A N/A 

Notes:

(1) Applied Tensile Stress is Tensile Stress, Sba; Applied Shear Stress is Shear Stress, Sbs; Applied Stress Intensity is Stress Intensity, Sbi, all taken from 

Table 2.12-12.

(2) NCT and HAC allowable stresses at temperature are defined in Section 2.12.7.4.

(3) (Rt)2 + (Rs)2  1 (Note: Shear stresses for all cases equal to zero. Therefore, the corresponding shear stress ratios, Rs, also equal to zero.)
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Closure Lid

Cask Body

Step in
underside
of lid

O-ring gasket
locations

Closure bolt hole
center line

Figure 2.12-39  -  Closure Bolt Analysis Configuration 
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2.12.8 Lead Pour Stress Evaluation 

During fabrication of the FuelSolutions  TS125 Transportation Cask, liquid lead is poured into 

the gamma shield annulus formed by the cask inner shell, outer shell, bottom forging plate, and 

top flange. The transportation cask is then cooled to room temperature (70°F). The lead pour is 

performed with the cask body oriented vertically. The lead is either pumped into the annulus 

from holes located near the bottom of the cask or poured into the annulus from holes at the top 

end. The temperature on the inside and outside of the cask is controlled during the lead pour to 

minimize shell stresses due to through-wall temperature gradients. In addition, the heating 

elements are used to gradually cool the lead column from the bottom end to the top end to 

achieve maximum fill of the annulus. As the lead gamma shield cools, it contracts more than the 

cask inner shell. This differential contraction causes compressive axial and hoop stresses in the 

cask inner shell. 

2.12.8.1 Hydrostatic Pressure Stresses at 620 F

Prior to pouring the liquid lead into the cask gamma shield annulus, the cask inner and outer 

shells are heated to a temperature in excess of the lead solidification temperature of 620 F. The

calculation of stresses in the cask inner and outer shells begins at the lead solidification 

temperature, Tl. This is because the stresses in the cask shells above the lead solidification 

temperature are constant, and stresses due to lead contraction begin to develop only as the lead 

solidifies. The dimensions of the cask inner and outer shells at 620 F, without liquid lead in the 

annulus, are as follows: 

R' = R(1+ T)

t' = t(1+ T)

where:

R = Mean radius of the cask shell at 70 F

t = Thickness of the cask shell at 70 F

 = 9.05 x 10
-6

 in/in/ F, mean coefficient of thermal expansion of SA-240, 

Type XM-19 stainless steel at 620 F

T = 620 F - 70 F  =  550 F

Then, the mean radius and thickness of the cask inner shell at 620 F are: 

RI' = [(33.50+35.00)/2][1 + (9.05x10
-6

)(550)]

 = 34.4205 inches 

tI' = (1.50)[1 + (9.05x10
-6

)(550)]

 = 1.5075 inches 
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and, the mean radius and thickness of the cask outer shell at 620 F are: 

RO' = [(38.25+40.90)/2][1 + (9.05x10
-6

)(550)]

 = 39.7720 inches 

tO' = (2.65)[1 + (9.05x10
-6

)(550)]

 = 2.6632 inches 

When filled with lead, the cask inner and outer shells are subjected to a hydrostatic pressure load 

that compresses the inner shell and expands the outer shell. The static head (pressure) due to the 

column of liquid lead is: 

p = h

 = 80.3 psi 

where:

 = 0.386 lb/in
3
, weight density of liquid lead 

h = Total height of lead column, including 22.0 inches for a lead overflow pipe 

 = 186.0 + 22.0 

 = 208.0 inches 

The radial deflections of cask inner shell ( RI') and outer shell ( RO') due to hydrostatic pressure 

loading from the liquid lead are calculated using Table 28, Case 1b of Roark, as follows: 

inches1050.2
'tE

)'R(p
'R 3

Is

2

I
I

inches1090.1
'tE

)'R(p
'R 3

Os

2

O
O

where, p, RI', tI', RO', and tO' are defined previously, and: 

E = 25.2x10
6
 psi, elastic modulus of SA-240, Type XM-19 stainless steel at 620 F,

calculated by linear interpolation from Table 2.3-4 

Therefore, the dimensions of the cask inner and outer shells just before solidification of the lead 

at 620 F are: 

RIi = RI' + RI' - tI'/2 = 33.6643 in. (inner shell, inner radius) 

RIo = RI' + RI' + tI'/2 = 35.1718 in. (inner shell, outer radius) 

ROi = RO' + RO' - tO'/2 = 38.4423 in. (outer shell, inner radius) 

ROo = RO' + RO' + tO'/2 = 41.1055 in. (outer shell, outer radius) 
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The hoop stresses in the cask inner and outer steel shells due to the lead hydrostatic pressure, as 

the lead begins to solidify at 620 °F, are calculated using Table 32, Cases 1b and 1d of Roark, as 

follows: 

Inner shell: psi834,1
RR

RRp
2

Ii

2

Io

2

Ii

2

Io
I  (compression) 

Outer shell: psi199,1
RR

RRp
2

Oi

2

Oo

2

Oi

2

Oo
O  (tension) 

2.12.8.2 Shell Hoop Stresses at 70 F

Lead experiences a decrease in volume upon solidification. As the lead column is cooled from 

the bottom end, it will contract and liquid lead from above will fill in between the solidifying 

lead and the outer cask inner and outer shells, thus maintaining a 80.3 psi hydrostatic pressure on 

the cask inner and outer shells. Eventually the full annular region between the cask inner and 

outer shells will be filled with solidified lead. At the bottom of the lead column, the lead will 

experience a hydrostatic pressure of 80.3 psi on all sides. Under this loading, the inner and outer 

radii of the lead are equal to the outer radius of the inner shell and the inner radius of the outer 

shell, respectively. In order to compute the total interface between the lead and the cask inner 

shell at room temperature, the stress-free (i.e., unloaded) dimensions of the solidified lead 

column at 620 F must be determined. The changes in the lead gamma shield inner and outer 

radius at 620°F for the unloaded condition are calculated from superposition of cases 1b and 1d 

of Roark, Table 32, as follows: 

a'R
ba

1b)2(1a

E

ap

ba

2

E

bap
a Lo22

l

2

l

2

l

22

l

l

2

b'R
ba

2

E

abp

ba

21b)(1a

E

bp
b Li22

l

l

2

22

l

2

l

2

l

where, p and El are defined previously, and; 

a = 38.4421 in., outer radius of lead with hydrostatic pressure constraint (=ROi)

b = 35.1718 in., inner radius of lead with hydrostatic pressure constraint (=RIo)

l = 0.45, Poisson’s ratio of lead. 

Then, the inner and outer radius of the lead gamma shield in the unloaded state at 620°F are: 

RLo' = 38.4425 inches 

RLi' = 35.1716 inches 
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At 70°F, the stress-free dimension of the lead gamma shield are: 

inches7815.34
T1

'R
R

l

Li
Li

inches0162.38
T1

'R
R

l

Lo
Lo

where RLi' and RLo' are defined above, and: 

l = 20.39 x 10
-6

 in/in/ F, mean coefficient of thermal expansion of lead at 620 F

T = 620 F - 70 F  =  550 F

Since the coefficient of thermal expansion is greater for lead than steel, during the cool-down 

from 620°F to 70 °F, the lead gamma shield separates from the outer shell and shrinks onto the 

inner shell. The interference between the cask inner shell and lead gamma shield at 70 F is: 

 = RIo – RLi = 0.2185 inch 

The interference between the cask inner shell and the lead gamma shield results in a press-fit 

condition that produces compressive hoop stresses in the inner shell and tensile hoop stresses in 

the lead. The interface pressure corresponding to an interference of 0.2185 inch is calculated 

using Eqn. 2-60 of Shigley
34

 as follows: 

s2

Ii

2

Io

2

Ii

2

Io

s

70Io
l2

Li

2

Lo

2

Li

2

Lo

l

70Li

RR

RR

E

pR

RR

RR

E

pR

where:

 = 0.2185 inch 

p70 = interface pressure between lead and inner shell at 70 F

RLi = 35.1716 inches 

RLo = 38.4425 inches 

El = 2.34x10
6
 psi, elastic modulus of lead at 70 F

l = 0.45, Poisson’s ratio of lead 

RIo = 35.00 inches 

RIi = 33.50 inches 

El = 28.3x10
6
 psi, elastic modulus of Type XM-19 stainless steel at 70 F

                                                

34 Shigley, Joseph Edward and Mischke, Charles R., Mechanical Engineering Design, Fifth Edition, McGraw-Hill 

Book Company, 1989. 
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s = 0.3, Poisson’s ratio of stainless steel 

Solving for the interface pressure, p70:

psi991p70

Using thick-walled pressure vessel theory, the corresponding hoop stress in the lead gamma 

shield is: 

psi12,017
RR

RR
p

2

Li

2

Lo

2

Li

2

Lo

70l

A stress level of this magnitude can obviously not be developed in the lead material since its 

static yield strength at room temperature is lower than 1,000 psi per NUREG/CR-0481, 

Figure 25. To fully accommodate the 0.2185-inch interference, the lead strain would reach 

0.2185/35.1716 = 0.00628 or 0.628%. From Figure 21 of NUREG/CR-0481, the tensile stress 

corresponding to this strain in chemical copper lead at room temperature is approximately 

1,000 psi. Therefore, the interface pressure sustained between the lead gamma shield and the 

cask inner shell upon cool-down is: 

psi88.7
RR

RR
)000,1('p

2

Li

2

Lo

2

Li

2

Lo
70

The resulting hoop stress in the cask inner shell due to the interface pressure, p70' = 88.7 psi, is: 

psi2,026
RR

RR
p'

2

Ii

2

Io

2

Ii

2

Io
70aI  (compression) 

From the creep curves presented in Tietz,
35

 after 1,000 hours at near room temperature 

(i.e., 100°F), the initial lead hoop stress of 1,000 psi would creep to less than 400 psi. Based on 

the creep vs. temperature curves presented in Tietz, it is estimated that the residual stress at room 

temperature (i.e., 70°F) after 1,000 hours would be approximately 500 psi. The corresponding 

lead/inner shell interface pressure and the resulting inner steel shell hoop stress are calculated as 

follows: 

psi44.3
RR

RR
)500(''p

2

Li

2

Lo

2

Li

2

Lo
70

psi1,012
RR

RR
''p''

2

Ii

2

Io

2

Ii

2

Io
70I  (compression) 

                                                

35 Tietz, Thomas, Determination of the Mechanical Properties of a High Purity Lead and a 0.058% Copper-Lead 

Alloy, WADC Technical Report 57-695, ASTIA Document No. 151165, Stanford Research Institute, April 1958. 
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2.12.8.3 Shell Axial Stresses at 70 F

In cooling from 620°F to 70°F, the lead is conservatively assumed to be bonded to the cask inner 

shell. Thus, the axial strain in the lead gamma shield resulting from cool-down is:  

00624.0Tslax  (tensile strain) 

where:

l = 20.39 x 10
-6

 in/in/ F, mean coefficient of thermal expansion of lead at 620 F

s = 9.05 x 10
-6

 in/in/ F, mean coefficient of thermal expansion of SA-240, 

Type XM-19 stainless steel at 620 F

T = 620 F - 70 F  =  550 F

From Figure 21 of NUREG/CR-0481, the tensile stress corresponding to this strain in chemical 

copper lead at room temperature is approximately 1,000 psi. Therefore, the axial force, PLa,

developed in the lead gamma shield during cool-down is: 

lbs000,748A000,1P lLa

where:

22

Io

2

Oil in748)R(RA , cross-section area of lead gamma shield at room 

temperature 

From static equilibrium, the corresponding axial stress developed in the cask inner shell, Ia, is: 

psi313,2
A

P

I

La
Ia  (compression) 

where:

22

Ii

2

IoI in323)RR(A , cross-sectional area of the inner shell at 70 °F 

This is a conservative estimate because is assumes that the cask outer shell does not share any of 

the axial load. 

As discussed in Section 2.12.8.2, the stress in the lead will creep to 50% of the initial stress level 

(i.e., 500 psi) after 1,000 hours at room temperature. Therefore, the residual axial stress in the 

cask inner shell after 1,000 hours at room temperature would reduce to approximately 1,157 psi. 
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2.12.9 Developmental Testing 

A series of specimen bench tests and sub-model tests were performed to support the 

development of the FuelSolutions™ TS125 Transportation Cask impact limiter design and inputs 

for the loads development methodology. Specimen bench tests were performed to determine the 

characteristic behavior of the individual energy-absorbing aluminum honeycomb materials used 

to fabricate the impact limiter internals. As discussed in Section 2.12.9.1, the aluminum 

honeycomb specimen bench tests performed examined the effects of crush rate, temperature, and 

impact orientation on the effective crush strength of the aluminum honeycomb materials. As 

discussed in Section 2.12.9.2, the sub-model specimen bench tests were performed to address 

specific impact limiter design and loading issues. 

2.12.9.1 Specimen Bench Tests 

The FuelSolutions™ TS125 Transportation Cask impact limiter design uses Hexcel 

CROSS-CORE
®

 bi-directional aluminum honeycomb for the energy-absorbing core material. 

This aluminum honeycomb material consists of a bonded assembly of corrugated and flat sheets 

of aluminum, with each layer of corrugated sheet rotated 90 degrees to the previous layer. This 

configuration provides two orthogonal directions of uniform crush strength referred to as the T1 

and T2 directions. The third orthogonal direction (W direction) is perpendicular to the sheets and 

has a lower crush strength than that of the T1 and T2 directions. The material is pre-crushed 

during fabrication of the impact limiters to eliminate peak crush stresses associated with 

inter-cellular buckling that are in excess of the nominal static crush stress. The typical stress-

strain behavior of pre-crushed aluminum honeycomb exhibits uniform crush strength throughout 

the entire range of deformation, as shown in Figure 2.12-40. Prior to onset of lock-up 

(i.e., bottoming out), the aluminum honeycomb material experiences a linearly increase in stress, 

which is referred to as densification. The densification region of the stress-strain curve is defined 

by the strain at the densification strain
36

 and densification modulus.
37

The product literature for CROSS-CORE
®

 bi-directional aluminum honeycomb material, 

included in Section 1.3.4.5, provides the mechanical properties for several different standard 

CROSS-CORE
®

 designations with different nominal static crush strengths. In addition, the 

product literature provides general information related to crush strength manufacturing 

tolerances, variation in crush strength and available stroke with crush direction, and the effects 

of temperature on crush strength. This data is provided for CROSS-CORE
®

 material having 

nominal static crush strengths of 1,200 psi and 2,500 psi. However, data is not provided in the 

product literature for CROSS-CORE
®

material with a nominal static crush strength of 2,250 psi. 

A series of specimen bench tests were performed to confirm the data provided in the Hexcel 

CROSS-CORE
®

 product literature for the 1,200 psi and 2,500 psi materials. In addition, 

                                                

36 Densification strain is defined as the value of strain at which densification begins, as discussed in 

Section 2.12.9.1.1 and shown as L in Figure 2.12-40. 

37 The densification modulus is defined as the slope of the stress-strain curve in the densification region, as 

discussed in Section 2.12.9.1.1 and shown in Figure 2.12-40. 
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specimen bench tests were performed to determine the mechanical properties and behavior of the 

2,250 psi material used in portions of the FuelSolutions™ TS125 Transportation Cask impact 

limiters. Both static and dynamic specimen bench tests were performed. The static bench tests 

were performed to determine the effects of temperature on the material crush strength, 

densification strain, and densification modulus. Dynamic bench tests were performed to 

determine the effect of crush rate (e.g., impact velocity) on the effective crush strength of the 

aluminum honeycomb materials. The results of these specimen bench tests were used to develop 

the mechanical properties of the aluminum honeycomb materials, which were used to evaluate 

the package rigid-body response for the NCT and HAC free drop conditions specified in 

10CFR71. The following subsections describe the static and dynamic specimen bench tests 

performed and summarize the test results. 

2.12.9.1.1 Static Bench Testing 

A series of static bench tests were performed using specimens of CROSS-CORE
®

 bi-directional 

aluminum honeycomb to characterize the various environmental and loading effects on the 

effective crush strength of the aluminum honeycomb material. The static specimen bench tests 

were conducted by Hexcel Composites in October 1998. The effects evaluated included 

variability of static crush strength, densification strain, and densification modulus with the 

direction of crush and temperature. A general discussion of CROSS-CORE
®

 bi-directional 

aluminum honeycomb material construction and behavior is provided in Section 2.12.9.1. 

Test Description

Quasi-static crush tests of CROSS-CORE
®

 bi-directional aluminum honeycomb material having 

nominal crush strengths of 1,200 psi and 2,500 psi were performed for a range of crush 

orientations and temperatures. Quasi-static crush tests were conducted along each of the 

principal axes (i.e., T1, T2, and W) for both 1,200 psi and 2,500 psi material at room 

temperature. In addition, quasi-static crush tests were performed along the T1-axis at 

temperatures of –20 F and 220 F. Three separate specimens were tested for each condition. 

The tests were performed using blocks having a 4.00-inch by 4.00-inch cross-section and a 

thickness of 2.00 inches in the direction of crushing. Pre-crushed test specimens were used for 

the static crush tests. The pre-crushed specimens were created by cutting the blocks 2.25 inches 

thick, and crushing one side 0.25 inch to attain the final 2.00-inch thickness. Each specimen had 

0.020-inch thick 5052 aluminum alloy sheets bonded to each of the 4.00-inch x 4.00-inch faces 

to help reduce the possibility of sample splitting during the test. This resulted in a nominal 

specimen thickness of 2.04 inches. All quasi-static crush tests were conducted using a head 

speed of 0.2 inch per minute. 

Test Results

The results of the quasi-static crush tests are summarized in Table 2.12-14. The average crush 

strengths shown in Table 2.12-14 represent an average over the flat response section of the 

stress-strain curves (i.e., neglecting initial rise and densification). The test results show that the 

average crush strength for 1,200 psi and 2,500 psi material at –20 F is approximately 7.5% 

higher than the average crush strength at room temperatures. The test results also show that the 
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average crush strength for 1,200 psi and 2,500 psi material at 220 F is approximately 11% lower 

than the average crush strength at room temperatures. These strength ratios are determined by 

normalizing the cold and hot T1 crush strength data by the room temperature T1 data crush 

strength. As discussed in the Hexcel CROSS-CORE
®

 product literature, the crush strength is 

generally 7% to 10% higher at –20 F and 9% to 11% lower at 220 F than the crush strength at 

room temperature. Therefore, the results of the static specimen crush tests confirm the 

information contained in the product literature. 

The densification strain and densification modulus for each test were determined as follows: 

Densification strain: 
Po

PiL
L

L

Densification modulus: 
oLe

avee
L

L/)(

A/)FF(
E

Where the equations terms are defined as follows (refer to Figure 2.12-40): 

p = Pre-crush, inches 

oL,A  = Specimen area and initial length 

As shown in Table 2.12-14, the densification strain and densification modulus does not vary 

significantly with temperature or impact orientation. The average densification strains resulting 

from the room temperature static specimen tests agree with the values given in the product 

literature. The densification behavior of the aluminum honeycomb material is most significant 

for hot conditions, which are typically considered to show that the impact limiters do not 

bottom-out. At 220 F, the average densification strain is approximately 2% to 3% higher than at 

room temperature. For the 1,200 psi material, the average densification strain and densification 

modulus at 220 F are 67.8% and 25.6 ksi, respectively. Similarly, the average densification 

strain and densification modulus for 2,500 psi material at 220 F are 61.8% and 28.1 ksi, 

respectively. In order to provide a conservative bounding drop loads evaluation, lower bound 

densification strains and upper bound densification moduli are assumed, as shown in 

Table 2.12-15. The densification design parameters used for the 2,250 psi material are 

determined by linear interpolation of the design parameters for 1,200 psi and 2,500 psi material. 

2.12.9.1.2 Crush Rate Variability Testing 

Dynamic drop-weight bench tests were performed by Simula Technologies (under contract to 

Hexcel Composites) in October 1998 to determine the effect of crush rate on the crush strength 

of the CROSS-CORE
®

 bi-directional aluminum honeycomb. These drop weight tests were all 

performed at a crush rate of 44 feet per second (fps), corresponding to the impact velocity for a 

30-foot free drop. Drop weight tests were performed for 1,200 psi material at room temperature. 

In addition, drop weight tests were performed for 2,500 psi material at temperatures of –20 F,
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70 F, and 220 F. The purpose of these drop weight tests was to determine the appropriate crush 

rate factors to apply to the different impact limiter materials in the drop loads evaluation. 

Test Descriptions

The dynamic drop weight tests were conducted by Simula Technologies using test specimens 

made from the same blocks of honeycomb material used for the static bench test described in 

Section 2.12.9.1.1. As with the static bench tests, all specimens were crushed in the T1-direction 

for the dynamic drop weight tests. The specimen thickness was measured before and after the 

drop test at four mid-side locations. The test configuration used for the dynamic bench tests 

consisted of a drop weight on a wire guide. The drop weight was raised to a height of 33 to 

34 feet above the tests specimen and released. The drop height used produced an impact velocity 

of approximately 44 fps. The impact velocity was determined by use of a laser speed trap located 

directly above the test specimen. The impacting weight was varied depending on nominal crush 

strength and temperature to obtain an acceptable test deformation without causing the 

honeycomb material to lock-up, and thus potentially damaging the accelerometers. 

Test Results

The test data collected from the drop weight dynamic crush tests performed by Simula 

Technologies included the impact velocity, drop weight, test specimen cross-sectional area 

(i.e., length and width), and the total crush depth based on pre-test and post-test thickness 

measurements. The crush rate factor, R, for each test was determined from the crush depth by 

equating the impact energy and work of crushing as follows: 

stat

ave
R

f

A/WG

where the average acceleration (Gave) is calculated as follows: 

cr

2

o
ave

)g2/(V
G

and;

fstat = Static crush force 

oV  = Impact velocity 

A,W  = Drop weight and specimen area 

cr  = Crush depth determined from thickness measurements 

The measured test data and the calculated crush rate factors for each of the drop weight tests are 

summarized in Table 2.12-16. The average crush rate factors resulting from each group of tests 

are summarized in Table 2.12-17. 
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2.12.9.2 Sub-Model Bench Tests 

Two types of sub-model tests were performed during the development of the FuelSolutions™ 

TS125 Transportation Cask impact limiter design. The first type of sub-model bench tests 

consisted of 8-scale engineering side crush tests that were performed to address design issues 

associated with the side impact orientation. Specifically, the 8-scale engineering side crush test 

was performed to examine design assumptions concerning the effective footprint, anisotropic 

behavior of the bonded honeycomb assemblies, and the importance of radial plane bonding. The 

second type of sub-model tests that were performed consisted of static crush tests of bonded 

aluminum honeycomb segments to determine the contribution of the bonded joints (septum) to 

the effective crush strength of the material. These tests were performed using 2,500 psi 

bi-directional aluminum honeycomb with 8-scale, ¼-scale, and ½-scale septum spacing. In 

addition, tests were performed using 2,250 psi bi-directional aluminum honeycomb with 

identical septum spacing to those used in the full-scale impact limiter and the ¼-scale impact 

limiter used for the confirmatory static side crush test and the confirmatory dynamic slapdown 

drop test. These tests provided information used to develop the material properties input to the 

drop loads evaluation and the pre-test predictions for the confirmatory tests. The sub-model 

bench tests are discussed in the following subsections. 

2.12.9.2.1 Engineering Side Crush Test 

An 8-scale engineering side crush test was performed to address design and loading issues 

encountered during the development of the FuelSolutions™ TS125 Transportation Cask impact 

limiter assembly. The 8-scale engineering side crush test configuration shown in Figure 2.12-41 

modeled the impact limiter in the side orientation over that portion backed by the cask (the 

14 inches of engagement with the cask). Thirty-degree wedges of honeycomb were assembled 

into a 240-degree arc on the test fixture, with a steel band representing the outer shell loosely 

tightened against the honeycomb blocks. 

Test Configuration

Hexcel Composites conducted the engineering sub-model quasi-static side crush tests using 

8-scale sub-models. The sub-model test configuration used was a partial ring (two-thirds of a 

full circle), as shown in Figure 2.12-41. The sub-model consisted of eight outer-core segments of 

2,500 psi bi-directional aluminum honeycomb material. Each block was a 30  segment with a 

depth (axial length) of 2.32 inches. The core segments were constructed with the weak W-axis of 

the honeycomb material oriented in the circumferential direction and the strong T-axis direction 

oriented radially. Gusset plates were attached to the test fixture at the center of each honeycomb 

segment (i.e., at 30º intervals). The blocks were held in place with a 28-gauge band that was 

lightly tightened around the core segments. Two configurations were tested, with and without the 

blocks bonded on the radial planes. The bonded test article had 0.006-inch aluminum septums at 

the bonded interface between adjacent blocks. Neither test configuration had any septums on the 

planes perpendicular to the longitudinal axis. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-93 Revision 6 

Test Results

Figure 2.12-42 shows the measured force-deflection data from both sub-model side crush tests 

(bonded and unbonded), along with the curve determined by analysis. The test results show that 

bonding of the segments along the radial planes had no significant effect on the performance of 

the impact limiter for the side crush orientation. Consequently, a decision was made to leave the 

radial planes between the core segments unbonded. As shown in Figure 2.12-42, the static 

force-deflection curve determined by analysis correlates well with the test data. The analysis was 

performed using a W/T strength ratio of 0.4, chosen based on an evaluation of the unbonded data 

and static specimen testing results. In addition, full backing was assumed. 

2.12.9.2.2 Septum Strength Testing 

Two series of static crush tests were conducted to determine the effect of the bonded joints 

(septums) on the effective crush strength of the aluminum honeycomb core segments used in the 

impact limiter assembly. The first series of septum strength tests, conducted by Integrated 

Technologies (Intec) and SNL in April 1999, examined the effect of reduced septum spacing on 

the effective crush strength of the aluminum honeycomb assemblies. Intec conducted static crush 

tests on 2,500 psi aluminum honeycomb material, with the septum spacing reduced to 8 and ¼ 

of the septum spacing used in the full-scale impact limiter. Similarly, SNL conducted a static 

crush tests on 2,500 psi aluminum honeycomb material, with the septum spacing reduced to ½ of 

the septum spacing used in the full-scale impact limiter. 

The second set of septum strength tests was performed by SNL in January 2001. The purpose of 

these additional septum strength tests was to document the result of septum effects on 2,250 psi 

Hexcel CROSS-CORE
®

 material, and also determine septum spacing effects within the material. 

The tests were performed using septum spacing equal to that of the full-scale impact limiter and 

the ¼-scale impact limiters used for the confirmatory static side crush test and the confirmatory 

30-foot end drop, corner drop, and slapdown drop tests. 

Test Configuration

The first series of tests was performed using 2,500 psi bi-directional aluminum honeycomb test 

specimens having septums of 0.020-inch thick aluminum sheet at the honeycomb bondlines. The 

septum spacing (i.e., separation distance between septums), the height, and width were varied to 

provide the 8-, ¼-, and ½-scale specimens. The dimensions of the test specimens used for the 

static crush tests are shown in Figure 2.12-43. The reciprocal scale factor (RSF) for the 8-, ¼-,

and ½-scale specimens are 8, 4, and 2, respectively. Crush tests were performed using a total of 

three 8-scale, three ½-scale, and one ¼-scale specimens. The specimens were crushed in the 

radial direction between two flat surfaces to obtain the required force-deflection data. 

The second series of tests was performed using two test specimens fabricated from 2,250 psi 

CROSS-CORE
®

 material. The septum spacing for these test specimens was equal to that of the 

¼-scale (4.94 inches) and full-scale (6.82 inches) outer core segments. The septum spacing RSF 

in the full-scale test specimen is 1.0. The septum spacing RSF in the ¼-scale impact limiter is 

approximately 1.4 (= 6.82/4.94). The septum spacing was determined from full-size drawing 

dimensions for both test articles. Full-size septum spacing was used for both test blocks, and 
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dimensions represented applicable scale design requirements. The nominal dimensions of the 

full-scale sample were 20 inches long by 10 inches wide and 10 inches tall. The nominal 

dimensions of the ¼–scale sample were 15 inches long by 5 inches wide and 5 inches tall. 

The samples were crushed inside of a confining fixture that prevented them from expanding in 

the directions normal to the crush direction. Both tests were performed at SNL’s Rock 

Mechanics Laboratory. To assemble the test, the confining fixture was placed on the lower table 

of an 1100-kip Minnesota Testing System (MTS) Universal Testing Machine. The crush load 

acting on the honeycomb sample was measured by load cells placed within the confining 

structure. For the ¼-scale test, a single 350-kip load cell placed in the center of the confining 

structure was used. For the full-scale test, two nominally identical 350-kip load cells were placed 

within the confining structure. The center-to-center spacing of the two load cells was 11 inches. 

A support plate was placed on top of the load cells to distribute the crushing force over the entire 

bottom of the honeycomb sample. The sides of the confining structure were lubricated with 

grease to reduce the frictional force between the honeycomb sample and the walls of the 

confining structure. The dimensions of the honeycomb sample were taken before it was placed 

on top of the support plate. A loading piston was then placed on top of the honeycomb to provide 

the required stoke. At this point, the test configuration was complete and the upper crosshead of 

the Universal Testing Machine was lowered to just above the loading piston. Figure 2.12-46 

shows a schematic of the test set-up, and Figure 2.12-47 shows the complete set-up for the full-

scale test. 

The static crush engineering tests included three types of instrumentation. The load cells that 

were placed inside the confining structure measured the actual crush force on the honeycomb 

sample. The load cell on the MTS Universal Testing Machine measured the total force applied to 

the sample, including the frictional force between the sample and the sides of the confining 

structure. The internal linear variable differential transducer (LVDT) of the MTS Universal 

Testing Machine measured the amount of crush distance. Recording of the information from this 

test was done with the data acquisition and test-control equipment that is part of the Rock 

Mechanics Laboratory. The LVDT in the MTS Universal Testing Machine has a stroke of 

5 inches. 

Test Results

Figure 2.12-45 presents typical test data (load-deflection curves) for the 8- and ½-scale septum 

specimens, compared to the force that would be expected from the honeycomb material 

certification test results. As this figure shows, the measured crush force for bi-directional 

aluminum honeycomb with bonded septum joints is noticeably higher than the nominal crush 

force (shown as a dashed line). The ratio of the measured crush force to the nominal crush force 

was calculated for each test and plotted in Figure 2.12-45 as a function of the reciprocal scale 

(e.g., reciprocal scale for ¼-scale is 4). Figure 2.12-45 summarizes the results for all of the 8-,

¼-, and ½-scale septum sub-model tests. This figure shows that the septum’s contribution to the 

crush strength varies linearly with the reciprocal of the scale factor. For the full-scale impact 

limiter, the septum strength ratio was determined by extrapolation of the curve for the 2,500 psi 

T2-direction to a reciprocal factor of 1.0. The extrapolated value was determined to be 1.06, 

resulting in a small increase in the crush strength of the honeycomb assemblies for the full-scale 

production impact limiter. 
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As discussed in Section 2.12.9.2.2, a second series of static crush tests was performed to provide 

additional information required for the drop loads evaluation and the predictions for the 

confirmatory tests. These tests were performed by SNL using blocks of 2,250 psi bi-directional 

aluminum honeycomb with bonded septum joints modeling the construction of the full-scale 

impact limiter and ¼-scale impact limiter used for the confirmatory static side crush and 

slapdown drop tests. The ¼-scale test was performed on January 18, 2001, and the full-scale test 

was performed on January 22, 2001. The ¼-scale sample had cross-section dimensions of 

4.93 inches by 14.74 inches, or a cross-sectional area of 72.7 square inches. Thus, the expected 

crush force, based on the nominal crush strength of 2,250 psi, is 163.6 kips. Figure 2.12-48 

shows the measured force-deflection curve for the specimen with the ¼-scale confirmatory test 

specimen. During the uniform crush response, the crush force was about 183,000 pounds, 

corresponding to a crush stress of approximately 2520 psi. Thus, the effective crush strength 

with the septum spacing used in the ¼-scale confirmatory test impact limiters was approximately 

12% higher than the nominal crush strength of the bare material, compared to a 15% increase 

assumed in the ¼-scale confirmatory static side crush and slapdown drop tests. Since the 

difference is within experimental accuracy, the test results confirm the assumption used in the 

pre-test prediction calculation for the confirmatory side crush and slapdown drop tests. 

The full-scale sample had cross-section dimensions of 10.0 inches by 20.5 inches, providing a 

cross-sectional area of 205 square inches. Thus, the expected crush force, based on the nominal 

crush strength of 2,250 psi, is 450 kips. It was anticipated that the total amount of crush for this 

test would be greater than the 5-inch stroke capacity of the MTS Universal Testing Machine. In 

order to get additional stroke, the sample was crushed to approximately 4 inches, the load was 

removed, and a 1.985-inch thick plate was inserted between the upper crosshead and the loading 

piston before crushing was resumed. Figure 2.12-49 shows the measured force-deflection curve 

for the full-scale impact limiter test specimen. The measured crush force during the constant 

force portion of the curves is approximately 500,000 pounds, corresponding to an effective crush 

strength of approximately 2,440 psi. Thus, the effective crush strength with the septum spacing 

used in the full-scale impact limiters was approximately 8% higher than the nominal crush 

strength of the bare material, compared to a 6% increase assumed in the drop loads analysis. 

Since the difference is within experimental accuracy, the test results confirm the assumption 

used in the full-scale drop loads evaluation. 
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Table 2.12-14  -  Static Testing Summary 

Core Type 
Designation

(Block Number) 

Nominal 
Crush

Strength
(psi)

Test
Temp.

( F)
Test

Direction

Average 
Crush

Strength
(psi)

Average 
Densification

Strain (%) 

Average 
Densification

Modulus
(ksi)

-20 T1 1324 65.9 23.6 

70 T1 1239 65.8 26.1 

70 T2 1180 66.4 21.9 

70 W 179 NA NA 

AL-CC-3/16-5052-18.0 

(A8A00)
1200

220 T1 1106 67.8 25.6 

-20 T1 2677 59.1 31.6 

70 T1 2417 60.6 20.5 

70 T2 2297 60.0 25.3 

70 W 814 NA NA 

AL-CC-1/8-5052-27.0 

(A8A06)
2500

220 T1 2169 61.8 28.1 

Table 2.12-15  -  Densification Design Parameters 

Nominal Crush Strength 
(psi)

Densification Strain
(%) 

Densification Modulus
(ksi)

1,200 67 25 

2,250(1) 62 30 

2,500 61 30 

Notes:

(1) Densification design parameters for 2,250 psi material are linearly interpolated 

based on nominal crush strength.
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Table 2.12-16  -  Drop Weight Test Results 

Nominal 
Static
Crush

Strength
(psi)

Test
Temp.

( F)

Test
Specimen

I.D.

Specimen
Area,

A
(in

2
)

Drop
Weight,

W
(lbs.)

Impact
Velocity, 

Vo

(in/s
2
)

Crush
Depth,

cr

(in.)

Average 
Static Crush 

Strength,
fstat

(psi)

Average 
g-load,

Gave

(in)

Dynamic 
Crush
Rate

Factor,

R

98-0544 16.1 73.5 44.9 1.088 1239 337 1.244 

98-0545 15.9 73.5 44.2 1.202 1239 295 1.100 1200 70 

98-0546 15.9 73.5 45.1 1.210 1239 305 1.137 

98-0538 16.0 125.4 45.3 0.980 2417 374 1.213 

98-0539 16.0 125.4 44.9 0.902 2417 401 1.299 2500 70 

98-0540 16.0 125.4 45.1 0.978 2417 372 1.205 

98-0541 16.1 111.3 44.5 0.936 2169 381 1.212 

98-0542 16.1 111.3 44.9 0.962 2169 377 1.202 2500 220 

98-0543 16.1 111.3 44.9 0.938 2169 387 1.233 

98-0548 16.0 125.4 45.1 0.778 2677 472 1.379 

98-0549 16.0 125.4 44.4 0.833 2677 425 1.245 2500 -20 

98-0550 16.0 125.4 45.1 0.838 2677 436 1.273 

Table 2.12-17  -  Summary of Crush Rate Factors 

Based on Drop Weight Test Results 

Core Type Designation 
(Block Number) 

Nominal  
Crush Strength

(psi)

Test
Temperature

(1)

( F)

Crush Rate 

Factor
(2)

, R

(44 fps) 

AL-CC-3/16-5052-18.0 

(A8A00)
1200 70 1.16 

AL-CC-1/8-5052-27.0 

(A8A06)
2500

-20

70

220

1.30

1.24

1.22

Notes:

(1) Bounding temperatures for the aluminum honeycomb material for cold and hot conditions are 

conservatively assumed at –20 F and 200 F, respectively.

(2) Ratio of dynamic crush strength to static crush strength.
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Figure 2.12-40  -  Typical Force-Deflection Curve for Bi-Directional 

Aluminum Honeycomb 

Figure 2.12-41  - 8-Scale Engineering Side Crush Sub-Model 

Side Test Configuration 
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Figure 2.12-42  - 8-Scale Engineering Side Crush Sub-Model 

Side Test Results 

Figure 2.12-43  -  Septum Sub-Model Specimens 
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Figure 2.12-44  -  Septum Sub-Model Test Results 
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Figure 2.12-45  -  Scale Effect of Septums 

Figure 2.12-46  -  Schematic of Set-up for Static Crush Tests 
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Figure 2.12-47  -  Set-up for the Full-Scale Static Crush Test 
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Figure 2.12-48  -  Measured Force-Deflection Curve for ¼-Scale 

(RSF=1.4) Septum Test 
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Figure 2.12-49  -  Measured Force-Deflection Curve for Full-Scale 

(RSF=1.0) Septum Test 
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2.12.10 Confirmatory Tests 

The impact limiter confirmatory testing program was performed by EnergySolutions Spent Fuel 

Division for the development of the FuelSolutions™ Transportation Cask impact limiters. All of 

the impact limiter confirmatory testing was performed by SNL. SNL was selected to perform the 

testing based on their extensive expertise in the area of testing transportation package impact 

limiters and the capabilities of the testing facilities available at the SNL site in Albuquerque, 

New Mexico. The FuelSolutions™ TS125 Transportation Cask impact limiter confirmatory 

testing program consisted of the following three elements:  

Development Testing – A series of specimen bench tests and sub-model tests were 

performed to support the development of the impact limiter design. Specimen bench tests 

were performed to determine the characteristic behavior of the individual energy-

absorbing aluminum honeycomb materials used to fabricate the impact limiter. The 

aluminum honeycomb specimen tests examined the effects of crush rate, temperature, 

and impact orientation on the crush properties of the aluminum honeycomb materials. In 

addition, sub-model specimen bench tests were performed to address specific impact 

limiter design and loading issues. The specimen bench tests performed are discussed in 

Section 2.12.9. 

Confirmatory Static Crush Testing – Quasi-static crush tests, using scaled impact 

limiter test articles, were performed to confirm the adequacy of the inputs used in the 

analytical tools and methodology used to calculate the impact limiter force-deflection 

relationships. These tests address the effects of impact limiter geometry and construction 

and the effects of backing
38

 on the force-displacement relationship for various impact 

orientations. In addition, the quasi-static crush tests confirm the adequacy of the 

attachments used to secure the impact limiters to the transportation cask. The 

confirmatory static crush tests performed are discussed in Section 2.12.10.1. 

Confirmatory Dynamic Drop Testing – Nine-meter (30-foot) free drop tests were 

performed using ¼-scale impact limiter test articles to confirm the adequacy of the 

analytical tools and methodology used to calculate the rigid-body response of the 

transportation package for the free drop conditions specified in 10CFR71. The dynamic 

drop tests address the dynamic response of the impact limiter energy-absorbing materials 

for various impact orientations. In addition, the dynamic drop tests confirm the structural 

adequacy of the impact limiter shell assembly and the hardware used to attach the impact 

limiter to the ends of the transportation cask. The confirmatory dynamic drop tests 

performed are discussed in Section 2.12.10.2. 

Prior to performing each confirmatory static crush test and dynamic drop test, pre-test 

predictions were developed that form the acceptance basis used to evaluate the results of the 

                                                
38 Backing provided by the cask and the internal structure of the impact limiter assembly affects the resistance 

provided by the energy-absorbing-material of the impact limiter. The energy-absorbing material located in the 

shadow of the cask (i.e., the projected area of the cask onto the target) is assumed to be fully effective. The energy-

absorbing material located outside the shadow of the cask is assumed to be only partially effective. The effects of 

backing are a function of the impact limiter construction and typically vary with impact orientation. The static crush 

tests are used to confirm the backing assumptions used in the drop loads analysis. 
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confirmatory tests. These pre-test predictions were performed using the dimensions and material 

properties of the scale-model test article. The section presents the comparison of the pre-test 

predictions to the confirmatory test results. 

2.12.10.1 Confirmatory Static Testing 

A series of scale model quasi-static crush tests were performed to confirm the adequacy of the 

analytical tools and methodology used to calculate the impact limiter force-deflection 

relationships. The force-deflection curves are calculated based on the stress-strain characteristics 

of the aluminum honeycomb core material and the geometry of the impact limiter. Since the 

analysis assumptions and inputs used to model crushing behavior of the impact limiter vary with 

impact orientation, static tests were performed for several orientations to confirm the adequacy 

of the methodology used to develop the drop loads. The orientations for which the quasi-static 

crush tests were performed are summarized in Table 2.12-18 and shown in Figure 2.12-50. These 

include the end, center of gravity over corner, and side crush orientations. The three orientations 

tested are adequate to confirm the adequacy of the analytical tools, assumptions, and inputs for 

the full range of impact orientations based on the following: 

End Crush Test – Confirms the adequacy of the inputs and assumptions used for the end 

drop orientation. The results of the end crush test are applicable to those impact 

orientations that are near vertical.

Center of Gravity over Corner Crush Test – Confirms the adequacy of the inputs and 

assumptions used for the corner drop orientation. The results of the corner crush test are 

also representative of the crush geometry and backing for the full range of oblique drop 

primary impacts.  

Side Crush Test – Confirms the adequacy of the inputs and assumptions used for NCT 

side drop, HAC side drop, and HAC oblique drop slapdown impacts. 

All static crush tests were performed using either 8-scale or ¼-scale replicas of the full-scale 

impact limiter design. Prior to performing each confirmatory static crush test, calculations were 

performed to determine pre-test predictions that form the acceptance basis used to evaluate the 

results of the confirmatory tests. The pre-test predictions were performed using the dimensions 

and material properties of the scale-model test article. The report presents the comparison of the 

pre-test predictions to the confirmatory test results. 

2.12.10.1.1 Quasi-Static End Crush Test 

The 8-scale quasi-static end crush test was conducted at SNL’s Force and Pressure Laboratory 

in Albuquerque, New Mexico, on June 2, 1999. The test data collected by SNL includes pre-test 

and post-test measurements, still photography and video photometrics, and quasi-static 

force-deflection measurements. This section provides a summary of the static end crush test 

configuration, instrumentation and data acquisition, and test results, with a comparison to the 

force-deflection curve developed using the same analytical tools and methodology employed in 

the drop loads evaluation for the full-scale impact limiter. This comparison confirms that the 

analytical tools, inputs, and assumptions used to perform the drop loads analysis accurately 

predict the static force-deflection response of the impact limiter for the end drop orientation. 
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Test Configuration

The test assembly used for the 8-scale quasi-static end crush test consisted of an 8-scale impact 

limiter assembly and a static test fixture. The static test fixture used for the end crush test was a 

rigid steel pedestal made from pipe and plate material. The 1¾-inch thick top plate upon which 

the impact limiter is supported is machined with a 10.22-inch outer diameter to simulate the 

interface with the end of the transportation cask. 

The impact limiter is placed over the end of the static test fixture. The impact limiter attachment 

studs are not included in the test article because there is little concern of the impact limiter 

detaching from the test fixture under quasi-static end crush load application. Furthermore, the 

load contribution due deformation of the attachments is easily calculated by classical analytical 

methods and accounted for in the confirmatory end drop test and the end drop loads analysis. 

The 8-scale impact limiter used for the end crush test incorporated those features of the 

full-scale impact limiter design that have a significant effect on the end crush behavior. The 

8-scale impact limiter consisted of the impact limiter shell assembly and the honeycomb 

assemblies (i.e., inner core, outer core, and end core). The overall dimensions of the 8-scale

impact limiter are shown in Figure 2.12-51. The 8-scale impact limiter used for the end crush 

test was based on a preliminary version of the full-scale impact limiter assembly, which had a 

139.5-inch outer diameter and a 19.0-inch end core length. For the final design of the full-scale 

impact limiter, the outer diameter was increased to 143.5 inches and the end core length was 

increased to 27.0 inches. In addition, the nominal crush strength of the aluminum honeycomb 

used in the region of the impact limiter that overlaps the end of the cask body was reduced from 

2,500 psi to 2,250 psi. Of these design changes, the only one directly affecting the end crush 

response is the length of the end core region. However, for the purpose of confirming the 

analytical methodology used for determining the end crush force-deflection curve, the difference 

in the end core length is not considered to be significant. The calculated static force-deflection 

curve used for comparison to the end crush test results is based on the actual dimensions and 

material properties of the 8-scale impact limiter used for the end crush test. The drop loads used 

for the structural evaluation of the transportation package are determined based on the full-scale 

impact limiter dimensions and materials. In addition, the dynamic end drop test is performed for 

the final impact limiter design, as discussed in Section 2.12.10.2.1.2. 

The impact limiter shell assembly used for the 8-scale impact limiter is similar to the full-scale 

impact limiter shell assembly, with modifications to enhance fabricability of the test article. In 

general, the non-structural components of the impact limiter shell assembly, such as the end 

plates and welds used to seal and protect the aluminum honeycomb from environmental 

conditions, are not included in the 8-scale impact limiter. The impact limiter outer shells, which 

are fabricated from 0.135-inch thick Type 304 stainless steel sheets on the full-scale impact 

limiter, are fabricated from 26-gage (0.0178-inch thick) Type 304 stainless steel sheets on the 

8-scale impact limiter. The steel weldment that mates with the end of the cask, which is 

fabricated from ½-inch and ¾-inch thick plates on the full-scale impact limiter, are fabricated 

from 16-gage (0.0595-inch thick) and 13-gage (0.09-inch thick) Type 304 stainless steel sheet on 

the 8-scale impact limiter. The only other notable difference in the shell assembly is the manner 

in which the shell components are attached. In order to simplify fabrication, the longitudinal 

seam of the outer cylindrical shells was fabricated with a lap adhesive bond of sufficient strength 
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to develop the full tensile strength of the base material as opposed to the longitudinal seam weld 

specified for the full-scale unit. Additionally, the top and bottom outer shells were attached to 

the cylindrical outer liners through non-continuous bonded clips, as opposed to the continuous 

seal weld required for the full-scale design.

The inner, outer, and end cores each consist of twelve, 30  core segments. The inner and end 

core segments are constructed of 1,200-psi nominal crush strength bi-directional aluminum 

honeycomb with 0.020-inch thick aluminum sheets (septums) at the bondlines. The outer core 

segments are constructed of 1,200 and 2,500-psi nominal crush strength bi-directional aluminum 

honeycomb with 0.020-inch thick septums at the bondlines. The distance between the septum 

bondlines is 8 of the spacing for the full-scale impact limiter. For the end crush orientation, the 

bonded joints do not significantly affect the effective crush strength of the core material. All 

honeycomb assemblies are fabricated such that the honeycomb’s principal strength directions 

align with the cask’s longitudinal and radial axes. All aluminum honeycomb material is pre-

crushed during fabrication in the same manner as the full-scale impact limiters to eliminate 

initial spikes in the force-deflection curves. 

Instrumentation and Data Acquisition

The 8-scale end crush test was performed on a 300-ton capacity manual static testing machine at 

an approximate head speed of 0.2 inch per minute. The force measurements were manually 

recorded from the dial gauge on the Tinius-Olsen machine, and the displacements were manually 

recorded from a patriot gauge with a digital displacement indicator. 

Test Results

The maximum crush depth (crosshead displacement) achieved in the 8-scale quasi-static end 

crush test was over 5 inches, which is equivalent to a full-scale displacement exceeding 

40 inches. This crush depth conservatively exceeds the 14 to 15 inches of crush (approximately 

1.8 inches for 8-scale) required to absorb all of the kinetic energy for the worst-case hot end 

drop condition. Thus, the available stroke exceeds that needed to assure that bottoming out under 

the worst-case conditions does not occur. The force-deflection curve resulting from the 8-scale

quasi-static end static test is shown in Figure 2.12-52, along with the calculated static 

force-deflection curve. The calculated force-deflection curve was determined using the 

dimensions and crush strengths of the 8-scale impact limiter with the same analytical tools and 

assumptions applied to the full-scale impact limiter drop loads evaluation. The calculated 

force-deflection curve neglects the contribution of the impact limiter shell assembly, and 

assumes that all material is effectively backed and contributes to the crush force. 

The resulting end crush force-deflection curve shows excellent agreement with the calculated 

static end crush force deflection curve. As shown in Figure 2.12-52, the general magnitude and 

slope of the test curve and calculated curve for the end crush test are within the expected 

experimental accuracy over the full range of interest. The only difference observed between the 

test results and the calculation is the initial response of the impact limiter. The test results show a 

gradual ramp-up over the first 0.2 inch of crush, whereas the calculated response shows an 

instantaneous rise. The difference results from the calculation assumption of fully effective 

backing through the entire crush range, which neglects initial shifting of the honeycomb 
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segments within the impact limiter shell assembly. However, the ramped-up response for the end 

drop orientation is accounted for by adding a take-up deflection to the calculated acceleration 

time-history curves for the ¼-scale confirmatory end drop test and the full-scale drop load 

analysis, although this effect is not significant on the resulting loads. Therefore, it is concluded 

that the analytical tools, assumptions, and inputs used to develop the static force-deflection curve 

for the end crush are adequate. 

2.12.10.1.2 Quasi-Static Corner Crush Test 

The 8-scale quasi-static corner crush test was conducted at SNL’s Force and Pressure 

Laboratory in Albuquerque, New Mexico, on June 2, 1999. The test data collected by SNL 

includes pre-test and post-test measurements, still photography and video photometrics, and 

quasi-static force-deflection measurements. This section provides a summary of the static corner 

crush test configuration, instrumentation and data acquisition, and test results, along with a 

comparison to the force-deflection curve developed using the same analytical tools and 

methodology employed in the drop loads evaluation for the full-scale impact limiter. 

Test Configuration

The test assembly used for the 8-scale quasi-static corner crush test consisted of an 8-scale

impact limiter assembly and a static test fixture. The static test fixture used for the corner crush 

test was a rigid steel pedestal made from pipe and plate material. The corner crush test fixture 

pedestal stand is oriented at an angle of 21  from vertical. The 1¾-inch thick top plate upon 

which the impact limiter is supported is machined with a 10.22-inch outer diameter to simulate 

the interface with the end of the transportation cask. 

The impact limiter is placed over the end of the static test fixture. The impact limiter attachment 

studs were not included in the test article because there was little concern of the impact limiter 

detaching from the test fixture under corner crush quasi-static load application.

The 8-scale impact limiter used for the static corner crush test is identical to the 8-scale impact 

limiter used for the static end crush test, as described in Section 2.12.10.1.1. As discussed in 

Section 2.12.10.1.1, the 8-scale impact limiter test article was based on a preliminary version of 

the full-scale impact limiter assembly. The differences between the 8-scale impact limiter test 

article and the full-scale impact limiter design noted in Section 2.12.10.1.1 are not considered 

significant for the purpose of confirming the analytical methodology used for determining the 

corner crush force-deflection curve. The calculated static force-deflection curve used for 

comparison to the corner crush test results is based on the actual dimensions and material 

properties of the 8-scale impact limiter used for the corner crush test. The drop loads used for 

the structural evaluation of the transportation package are determined based on the full-scale 

impact limiter dimensions and materials. 

Instrumentation and Data Acquisition

The 8-scale corner crush test was performed on a 300-ton capacity manual static testing machine 

at an approximate head speed of 0.2 inch per minute. The force measurements were manually 

recorded from the dial gauge on the Tinius-Olsen machine, and the displacements were manually 

recorded from a patriot gauge with a digital displacement indicator. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-110 Revision 6 

Test Results

The crush depth achieved in the corner crush test was approximately 6 inches, which bounds the 

anticipated stroke required of the design. The force-deflection curve resulting from the 8-scale

quasi-static corner static test is shown in Figure 2.12-53, along with the calculated static corner 

crush force-deflection curve. The calculated corner crush force-deflection curve was determined 

using the dimensions and crush strengths of the 8-scale impact limiter, with the same analytical 

tools and assumptions applied to the full-scale impact limiter corner drop loads evaluation. The 

calculated force-deflection curve neglects the contribution of the impact limiter shell assembly, 

and assumes that all material is effectively backed and contributes to the crush force. The 

resulting corner crush force-deflection curve shows excellent agreement with the calculated 

static corner crush force deflection curve. As shown in Figure 2.12-53, the general magnitude 

and slope of the test curve and calculated curve for the corner crush test are within the expected 

experimental accuracy over the full range of interest. Therefore, it is concluded that the 

analytical tools, assumptions, and inputs used to develop the static force-deflection curve for the 

corner crush are adequate. 

2.12.10.1.3 Quasi-Static Side Crush Test 

The confirmatory ¼-scale static side crush test was conducted on January 25, 2001, by SNL at 

SNL’s Force and Pressure Facility in Albuquerque, New Mexico. The confirmatory ¼-scale 

static side crush test was performed at room temperature. The test data collected by SNL 

includes pre- and post-test measurements, still photography and video photometrics, and 

force-deflection measurements. A description of the instrumentation and data acquisition used 

for the static side crush test is provided in this section. 

The objective of the static side crush test was to confirm the methodology, assumptions, and 

inputs used to determine the impact limiter static force-deflection curve for a side orientation. 

Prior to performing the confirmatory ¼-scale quasi-static side crush test, pre-test predictions 

were made using the actual dimensions and materials used to construct the ¼-scale test article. 

This section provides a summary of the static side crush test results and a comparison to the 

force-deflection curve developed using the same analytical tools and methodology employed in 

the drop loads evaluation for the full-scale impact limiter. 

Test Configuration

The test assembly used for the ¼-scale quasi-static side crush test consisted of a ¼-scale impact 

limiter assembly, static test fixture, and impact limiter attachment hardware. The ¼-scale impact 

limiter used for the quasi-static side crush test incorporated all features of the full-scale impact 

limiter, except for those features that do not impact its structural response. The ¼-scale impact 

limiters consisted of the inner structural shell, the honeycomb assemblies (i.e., inner core, outer 

core, and end core), and the outer cylindrical shells, as shown in Figure 2.12-54.

The impact limiter shell assembly of the ¼-scale impact limiter is fabricated using stainless steel 

sheet material with the appropriately scaled thickness. The outer shell components, which are 

0.135-inch thick full-scale, are fabricated from 20-gage (0.038-inch thick) Type 304 stainless 

steel sheet. The corner reinforcement angles, which are 0.25-inch thick full-scale, are fabricated 
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from 15-gage (0.067-inch thick) Type 304 stainless steel sheet. The cask mating ring is 

fabricated from 11-gage (0.12-inch thick) and 7-gage (0.188-inch thick) Type 304 stainless steel 

sheet, compared to the ½-inch and ¾-inch thick plate used for the full-scale impact limiter. To 

the maximum extent practical, the impact limiter shell welds are fabricated as ¼-scale 

equivalents of the full-scale impact limiter. 

The inner, outer, and end core regions of the impact limiter each consist of twelve equally spaced 

(30º) aluminum honeycomb segments. The inner and end core segments are constructed of 

1,200-psi nominal crush strength bi-directional aluminum honeycomb, with 0.020-inch thick 

aluminum sheets (septums) at the bondlines. The outer honeycomb assemblies were constructed 

of 1,200-psi and 2,250-psi nominal crush strength bi-directional aluminum honeycomb, with 

0.020-inch thick septums at the bondlines. The septum spacing within the 2,250-psi aluminum 

honeycomb region is 4.94 inches, compared to 6.82-inch spacing used in the full-scale impact 

limiter. As discussed in Section 2.12.9.2.2, the septum spacing directly affects the effective crush 

strength of the aluminum honeycomb core segments. For the septum spacing used in the ¼-scale 

impact limiter, the effective crush strength is 15% greater than the nominal crush strength. All 

honeycomb assemblies are fabricated such that the honeycomb’s principal strength directions 

align with the casks longitudinal and radial axes. All honeycomb assemblies are pre-crushed in 

the cask’s longitudinal direction.

The static test fixture used for the ¼-scale confirmatory static side crush test was fabricated 

using standard steel beam sections and plates. The static test fixture is designed with sufficient 

strength and rigidity to withstand the side crush static loading, without experiencing any 

significant deformation. The static test fixture includes a 20.45-inch diameter circular plate that 

interfaces with the impact limiter. The test fixture was fitted with twelve individual bolting block 

assemblies that provide a similar interface to that of the transportation cask. Individual bolting 

blocks are used, as opposed to a continuous ring, to facilitate removal of the impact limiter from 

the test fixture after completion of the static crush test. 

The ¼-scale impact limiter is attached to the test fixture by twelve prototypical, ¼-inch diameter 

ASTM A193, Grade B8S threaded rods with ASTM A194, Grade 8S nuts. These attachments 

clamp the impact limiter to the test fixture through welded bolt tube assemblies that pass through 

the honeycomb and seat against the impact limiter’s inner structural shell. 

Instrumentation and Data Acquisition

The confirmatory ¼-scale static side crush test loaded a ¼-scale impact limiter in a large 

capacity load frame to a displacement of approximately 5 inches at a load rate of 0.5 inch per 

minute. Deflections were determined from a calibrated displacement gage for the crush 

measurements, and crush load was determined from load cell measurements. A 600-kip capacity 

Tinius Olson hydraulic quasi-static testing machine with a 12-inch stroke and 1.2-inch per 

second maximum displacement rate was used for the test. 

An initial test velocity of 0.5 inch per minute was selected. During the test, the displacement 

versus time display was monitored, and a control wheel was adjusted to assure that a crush rate 

of approximately 0.5 inch per minute was maintained. At a load of approximately 300 kips, the 

displacement velocity was increased to 1.2 inches per minute, while the impact limiter assembly 

went through the majority of the deformation (crush). Loading of the impact limiter was 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-112 Revision 6 

terminated when the transition from linear crush of the structure reached lockup. The maximum 

load from the test was approximately 457 kips. Automated data was acquired using the MTS 

TestStar Controller. Test load and displacements were recorded at a one-second sample rate over 

the duration of the test, which lasted for approximately 12.5 minutes. 

Test Results

The maximum crosshead displacement achieved in the quasi-static side crush test was 

approximately 5.3 inches, which is equivalent to a full-scale displacement of 21.2 inches, and 

which bounds the maximum stroke calculated for the worst-case hot side drop or slapdown 

impacts. The impact limiter remained attached to the static test fixture throughout the duration of 

the test. During the test, two of the twelve attachment studs located on the crushed side of the 

impact limiter failed. However, the impact limiter remained attached to the static test fixture 

throughout the duration of the test, and the other 10 studs remained intact. Thus, the impact 

limiter attachment studs performed their intended function during the ¼-scale quasi-static side 

crush test. 

The measured force-deflection curve for the ¼-scale quasi-static side crush test is shown in 

Figure 2.12-55 with the pre-test prediction. The static side crush results show that the measured 

force-deflection curve exceeds the pre-test prediction force-deflection curve for deflections of 

approximately 2.2 inches and higher. Furthermore, the measured force-deflection curve has a 

lower initial slope than the pre-test predictions.  

As discussed in Section 2.12.10.3.1, the differences observed between the test results and the 

pre-test predictions are due to the take-up deflection and load-angle crush strength variability 

input parameters used in the pre-test prediction for the side crush orientation. The post-test 

evaluation presented in Section 2.12.10.3.1 identifies the modified input parameters that reflect 

the actual behavior of the impact limiter. Based on the results of the post-test evaluation using 

the modified input parameters, it is concluded that the analytical tools, inputs, and modified 

input parameters accurately predict the static force-deflection response for the static side crush 

condition.
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Table 2.12-18  -  Confirmatory Static Crush Test Matrix 

Static
Crush
Test

Test
Scale
Factor

Applied
Load Angle 

Test
Applicability 

End 1/8 0 Top end or bottom end impacts. 

Corner 1/8 21 Corner drop and oblique drop primary impacts. 

Side 1/4 90 Side drop and slapdown impacts. 
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APPLIED LOAD

APPLIED LOAD

END CRUSH TEST

C.G. OVER CORNER CRUSH TEST

SIDE CRUSH TEST

TEST FIXTURE

TEST FIXTURE

TEST FIXTURE

IMPACT LIMITER

IMPACT LIMITER

COMPRESSION TEST 
MACHINE UPPER 
PLATEN

COMPRESSION TEST 
MACHINE UPPER 
PLATEN

APPLIED LOAD

COMPRESSION TEST 
MACHINE UPPER 
PLATEN

IMPACT
LIMITER

Figure 2.12-50  -  Static Crush Test Diagrams 
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Figure 2.12-51  - 8-Scale Impact Limiter Configuration 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-116 Revision 6 

0

20

40

60

80

100

120

140

160

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Deflection (in.)

F
o

rc
e

 (
k

ip
s

)

Test

Calculation

Figure 2.12-52  - 8-Scale Static End Crush Force-Displacement Curve 
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Figure 2.12-54  -  Static Side Crush Test ¼-Scale

Impact Limiter Configuration 
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2.12.10.2 Confirmatory Dynamic Drop Testing 

A series of ¼-scale model 30-foot dynamic drop tests were performed to confirm the adequacy 

of the analytical tools and methodology used to calculate the rigid-body dynamic response of the 

transportation package for the HAC free drop conditions specified in 10CFR71.73(c)(1). In 

addition, the free drop tests confirm the structural adequacy of the impact limiter shell and 

attachments. Four free drop orientations have been tested, including: 

End Drop – A free drop with the package longitudinal axis orientated perpendicular to 

the target (i.e., vertical). 

Corner Drop – A free drop with the package longitudinal axis oriented at an angle of 

21  with respect to vertical. This orientation places the package center of gravity directly 

over the center of the crush force. 

Side Drop – A free drop with the package longitudinal axis oriented parallel to the target 

(i.e., horizontal). 

Slapdown – A free drop with the package longitudinal axis initially oriented at an angle 

of 75  from vertical (i.e., 15  from horizontal). This free drop condition results in a 

primary impact and as subsequent secondary impact (i.e., slapdown).  

The following sections provide a summary of each drop test performed and comparison of the 

drop test results to pre-test predictions. The results of the drop tests confirm that the analytical 

tools, methodology, inputs, and assumptions used to calculated the rigid-body response of the 

transportation package for the free drop conditions specified in 10CFR71 are adequate. 

2.12.10.2.1 General Description of Test Configuration 

2.12.10.2.1.1 Test Facility 

All of the ¼-scale confirmatory drop tests were performed by SNL at the Aerial Cable Facility 

located at SNL’s Sol Se Mete Canyon in Albuquerque, New Mexico. The Aerial Cable Facility 

includes a test pad and a pair of wire rope cables that are suspended across a mountain canyon. 

The cables, which are located 100-feet apart and have a clear span of 4,800-feet, are used to lift 

the test assembly over the test pad. The load-bearing cable has a maximum lift height of 600 feet.  

The test pad is an unyielding target that exceeds the required 10:1 reaction mass ratio established 

by the International Atomic Energy Agency.
39

 The test pad is an extensively reinforced concrete 

block with a steel armor plate cover. The reinforced concrete block is 20-feet deep, with a total 

mass of 2,000,000 pounds. The steel armor plate that covers the pad has a thickness that varies 

between 8-inches at the center and 4 inches at the ends. 

2.12.10.2.1.2 Test Assembly Configuration 

This section provides a general description of the test assemblies used to perform the ¼-scale 

confirmatory drop tests. The test assembly consists of a test fixture, scale-model impact 

limiter(s) with attachment hardware, and attached weights. The test fixture used for all four 

                                                
39 International Atomic Energy Agency, Safety Series No. 6, Regulations for the Safe Transport of Radioactive 

Materials, 1985 Edition (as amended in 1990), Vienna, Austria, 1990. 
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confirmatory drop tests is shown in Figure 2.12-56 and consists of a solid carbon steel cylinder 

representing the appropriately scaled mass moment of inertia, weight, and length of the loaded 

FuelSolutions™ TS125 Transportation Cask. The diameter of the test fixture is also an 

appropriately scaled representation of the transportation cask over the length of impact limiter 

engagement. A summary of the ¼-scale drop test assembly mass properties, along with the 

equivalent full-scale mass properties, is provided in Table-2.12-19. Comparison of the equivalent 

full-scale mass properties to those presented in Section 2.2 demonstrates that the ¼-scale drop 

test assembly provides an accurate representation of the full-scale transportation package. The 

drop test assembly’s center of gravity is located approximately at its mid-length, which is similar 

to the full-scale transportation package. The equivalent full-scale weight of the drop test 

assembly is approximately 278 kips, compared to the range of 270 kips to 285 kips considered in 

the drop loads evaluation. The equivalent full-scale rotational moment of inertia of the drop test 

assembly is equal to 1.7 x 10
9
 lb-in

2
, versus a range of 1.6 x 10

9
 lb-in

2
 to 1.7 x 10

9
 lb-in

2

considered in the drop loads evaluation. 

As described in the following subsections, the test fixture was fitted with either one or two 

¼-scale impact limiters, depending on the test configuration. For those drop conditions using 

only one impact limiter, weights were attached to the opposite end of the cask to model the mass 

of the other impact limiter. Detailed descriptions of the test assembly configurations used for 

each of the drop tests are provided in the following subsections. 

End and Corner Drop Tests

The end drop test and corner drop test were performed using the test assembly shown in 

Figure 2.12-57. The test assembly includes a test fixture, one ¼-scale impact limiter with 

attachment hardware, dummy impact limiter weights, and instrumentation. The ¼-scale impact 

limiter assembly is attached to the bottom end of the test fixture. The impact limiter assembly 

and the impact limiter attachment studs used for these drop tests are ¼-scale replicas of the 

full-scale FuelSolutions™ TS125 Transportation Cask impact limiters and attachment studs. The 

¼-scale impact limiter used for the end and corner drop tests are identical to the ¼-scale impact 

limiter used for the quasi-static side crush test, described in Section 2.12.10.1.3. The dimensions 

of the ¼-scale impact limiter are shown in Figure 2.12-54. All features of the full-scale impact 

limiter design are included in the ¼-scale impact limiters, including the impact limiter shells and 

shell welds. The mass of the impact limiter located opposite the impacted end of the test 

assembly is accounted for by including dummy impact limiter weights. 

Side Drop Test

The side drop test was performed using the test assembly shown in Figure 2.12-58. The test 

assembly included the test fixture, two ¼-scale impact limiters with attachment hardware, eight 

attached weights, and instrumentation. The ¼-scale impact limiter attachment blocks are bolted 

to the test fixture and are positioned to model the scaled attachment configuration of the full-

scale impact limiters. 

The ¼-scale impact limiters used for the side drop test incorporated those features of the 

full-scale production impact limiter that have a significant effect on its performance in the side 

drop. The ¼-scale impact limiters used for the side drop test consisted of the inner structural 

shell, the honeycomb assemblies (inner core and outer core), and the outer cylindrical shells, as 

shown in Figure 2.12-58. The overall dimension of the ¼-scale impact limiter assembly are 
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shown in Figure 2.12-59. The ¼-scale impact limiter used for the side drop test was based on a 

preliminary version of the full-scale impact limiter assembly, which had a 139.5-inch outer 

diameter and did not include the end core segments. For the final design of the full-scale impact 

limiter, the outer diameter was increased to 143.5 inches and the end core was added. 

Furthermore, the nominal crush strength of the aluminum honeycomb used in the region of the 

impact limiter that overlaps the end of the cask body was reduced from 2,500 psi to 2,250 psi. Of 

these design changes, only the changes to the outer diameter and the crush strength of the outer 

core directly affect the side drop test. However, for confirming the analytical methodology used 

for determining the rigid-body accelerations resulting from the side drop, the differences in the 

impact limiter designs are not considered significant. The calculated response used for 

comparison to the confirmatory side drop test results is based on the actual dimensions and 

material properties of the ¼-scale impact limiter and test assembly used for the confirmatory side 

drop test. The drop loads used for the structural evaluation of the transportation package are 

determined based on the full-scale impact limiter dimensions and materials. 

The outer cylindrical shells perform a structural function in that they provide constraint to the 

honeycomb core segments. The longitudinal seam of the outer cylindrical shells was fabricated 

with a lap adhesive bond with sufficient strength to develop the full tensile strength of the base 

material, as opposed to the full strength butt weld specified for the full-scale impact limiters. 

Given the functional requirements of the top and bottom outer shells, the top and bottom outer 

liners are attached to the cylindrical outer liners through non-continuous bonded clips, as 

opposed to the continuous seal weld required for the full-scale design. 

The ¼-scale impact limiters are attached to the test fixture by twelve prototypical, ¼-inch 

diameter ASTM A193, Grade B8S threaded rods with ASTM A194, Grade 8S nuts. These 

attachments clamp the impact limiters to the end of the cask through welded bolt tube assemblies 

that pass through the honeycomb and seat against the impact limiter inner structural shell. In the 

full-scale impact limiter design, the bolt tubes are seal welded to the outer shell for protection 

against the environmental elements. In the ¼-scale test articles, detrimental affects due to the 

environment are not a concern and therefore, attachment of the bolt tubes to the impact limiter 

outer shell was deemed unnecessary. The bolts thread into attachment blocks that are bolted to 

the test fixture.  

The inner and outer core each consist of twelve, 30º segment aluminum honeycomb segments. 

The inner segments are constructed of 1,200-psi nominal crush strength bi-directional aluminum 

honeycomb, with 0.020-inch thick aluminum sheets (septums) at the bondlines. The outer 

honeycomb assemblies were constructed of 1,200 psi and 2,500 psi nominal crush strength 

bi-directional aluminum honeycomb, with 0.020-inch thick septums at the bondlines. The 

septum spacing used in the ¼-scale impact limiters used for the confirmatory side drop is ¼ of 

the spacing used for the full-scale impact limiter. As discussed in Section 2.12.9.2.2, the 

effective crush strength of the 2,500 psi aluminum honeycomb material with ¼-scale septum 

spacing is equal to 130% of its nominal crush strength. All honeycomb assemblies are fabricated 

such that the honeycomb’s principal strength directions align with the casks longitudinal and 

radial axes. All honeycomb assemblies are pre-crushed in the cask’s longitudinal direction. 
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Slapdown Test

The slapdown drop test was performed using the test assembly shown in Figure 2.12-60. The test 

assembly included the test fixture, two ¼-scale impact limiters with attachment hardware, and 

instrumentation. The impact limiter assembly and the impact limiter attachment studs used for 

the end drop test are ¼-scale replicas of the full-scale FuelSolutions™ TS125 Transportation 

Cask impact limiters and attachment studs. The ¼-scale impact limiters used for the slapdown 

drop test are identical to the ¼-scale impact limiter used for the quasi-static side crush test 

described in Section 2.12.10.1.3. The dimensions of the ¼-scale impact limiter are shown in 

Figure 2.12-54. All features of the full-scale impact limiter design are included in the ¼-scale 

impact limiters, including the impact limiter shells and shell welds. 

The ¼-scale impact limiters are attached to the drop test fixture by twelve prototypical, ¼-inch 

diameter ASTM A193, Grade B8S threaded rods with ASTM A194, Grade 8S nuts. These 

attachments clamp the impact limiters to the end of the cask through welded bolt tube assemblies 

that pass through the honeycomb and seat against the impact limiter inner structural shell. The 

test fixture was fitted with twelve individual bolting block assemblies at each end that provide a 

similar interface to that of the transportation cask. Individual bolting blocks are used, as opposed 

to a continuous ring, to facilitate removal of the impact limiter from the test fixture after 

completion of the drop test. 

2.12.10.2.1.3 Instrumentation and Data Acquisition 

Data collection and reduction was performed by SNL using the Mobile Instrumentation Data 

Acquisition System (MIDAS). The 44-foot long MIDAS trailer, which was developed by SNL 

for the U.S. Department of Energy to provide efficient and accurate test data acquisition and 

analysis for radioactive material packages, was located at the drop test site.  

The test assembly was instrumented with a total of 18 accelerometers attached at various 

locations on the outer surface of the test fixture, providing sufficient redundancy. The 

accelerometers used provide accurate measurement of response frequencies up to 20 kHz and 

accelerations exceeding 1,000g. The locations of the eight accelerometer blocks, with labels A 

through H, are identified in Table 2.12-20. Accelerometer blocks A and B were mounted on the 

nose end of the test fixture (i.e., at a distance of 20.2 inches from the fixture mid-length toward 

the primary impact end) on the 180  and 0  azimuths, respectively. Similarly, accelerometer 

blocks E and F were mounted on the tail end of the test fixture (i.e., at a distance of 20.2 inches 

from the fixture mid-length opposite the primary impact end) on the 180  and 0  azimuths, 

respectively. Four accelerometer blocks (C, D, G, and H) were mounted at the mid-length of the 

test fixture on the 180 , 0 , 90 , and 270  azimuths, respectively. The accelerometers attached to 

each block for each drop test are identified in Table 2.12-20.

Photometric and photographic coverage was provided by SNL for the ¼-scale confirmatory drop 

tests. Two sets of 16-mm cameras with stadia board backgrounds, oriented at 90  from one 

another, were used for high-speed film coverage. Each set included one camera operating at 

400 frames per second (fps) and the other at 2,000 fps. The primary set of cameras was arranged 

facing south and orthogonal to the plane of rotation of the test assembly for all drop tests. The 

second set of cameras was arranged facing east during the slapdown drop test and facing west for 

the side, end, and corner drop tests. A video camera, operating at 30 fps, was also used to 
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provide real-time coverage. The video camera was oriented with the primary set of cameras 

facing south. Still photography was provided by SNL for documentation of pre-test and post-test 

examinations. 

2.12.10.2.2 30-Foot End Drop Testing and Results 

The confirmatory ¼-scale end drop test was conducted on January 24, 2001, by SNL. The test 

data collected by SNL included pre-test and post-test measurements, still photography and video 

photometrics, and acceleration time-history measurements. Prior to performing the confirmatory 

¼-scale end drop test, a pre-test prediction was made using the actual dimensions and materials 

used to construct the ¼-scale test article and the expected test conditions. This section provides a 

summary of the ¼-scale confirmatory end drop test results and a comparison to the pre-test 

prediction.

After preparing the test assembly and completing pre-test measurements and checks of the data 

acquisition equipment, the test assembly was oriented at an angle of 90  from horizontal and 

lifted to a height of 30-feet above the target. Figure 2.12-61 shows the test assembly elevated to 

30-feet above the target prior to the end drop test. The test assembly was dropped, and all test 

data was successfully acquired. The test assembly is shown after the test in Figure 2.12-62. 

Table 2.12-21 shows a comparison of the actual conditions present at the time of the end drop 

test versus those considered in the pre-test prediction calculation. In general, the test results 

show excellent agreement with the pre-test prediction. Figure 2.12-63 shows a comparison of the 

lower bound pre-test prediction with the measured axial acceleration at the package center of 

gravity. The measured test result exhibits the same general shape and pulse duration as the 

pre-test prediction, but has a peak acceleration that is slightly lower than the pre-test prediction. 

This is due in part to the difference in the weight used for the prediction and the actual weight of 

the test assembly (4,270 pounds versus 4,310 pounds). The slight over-prediction of the end drop 

acceleration is acceptable since the accelerations are bounded and the impact limiter design 

includes sufficient stroke to prevent bottoming-out for the end drop. In addition, the temperature 

of the impact limiter at the time of the end drop test was 48 F versus the assumed temperature of 

30 F used in the pre-test prediction. The higher temperature of the impact limiter results in 

slightly lower crush strength, which accounts for a small reduction in the peak g-load. The slight 

over-prediction of the end drop acceleration is acceptable, since the accelerations are bounded 

and the impact limiter design includes more than sufficient stroke to prevent bottoming-out for 

the end drop. The measured acceleration time-history curve also includes a small initial spike 

that was not present the pre-test prediction. This spike, which is smaller in magnitude that the 

peak rigid-body acceleration, is attributed to buckling of the impact limiter shell and bolt tubes, 

and does not impact the overall response of the package.  

The post-test measurements of the impact limiter show that the average crush distance resulting 

from the end drop is 3.5 inches, compared to the pre-test prediction of 3.2 inches. Upon post-test 

inspection following the end drop test, there was no noticeable failure of the impact limiter shell 

or the impact limiter attachment hardware. Therefore, the results of the 30-foot end drop test 

confirm the analytical tools, inputs, and assumptions used to determine the rigid-body response 

of the transportation package for the HAC end drop. 
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2.12.10.2.3 30-Foot Side Drop Testing and Results 

The confirmatory ¼-scale side drop test was conducted on April 28, 1999, by SNL. Prior to 

performing the confirmatory ¼-scale side drop test, pre-test predictions were made using the 

actual dimensions and materials used to construct the ¼-scale test article and the expected test 

conditions. This section provides a summary of the ¼-scale confirmatory side drop test results 

and a comparison to the pre-test predictions. 

After completing pre-test measurements and checks of the data acquisition equipment, the test 

assembly was oriented at an angle of 0  with respect to horizontal and lifted to a height of 

30-feet above the target. Figure 2.12-64 shows the test assembly elevated to 30-feet above the 

target prior to the side drop test. The test assembly was dropped, and all test data was 

successfully acquired. The test assembly is shown after the side drop test in Figure 2.12-65. 

All of the impact limiter attachment hardware withstood the side drop test and the impact 

limiters remained attached to the test fixture. As shown in Figure 2.12-65, some of the bonded 

clip angles that were used in lieu of the shell seam welds were dislodged during the side drop 

test, allowing the shell seams to open in places. However, the impact limiter shell assembly 

performed its intended function by restraining the aluminum honeycomb core segments and 

maintaining its general overall structural integrity.  

The post-test measurements of the impact limiters showed that the maximum crush depth 

resulting from the confirmatory side drop test was 3.3 inches, compared to a pre-test prediction 

of 3.2 inches. The lateral accelerometer time-history traces resulting from the 30-foot side drop 

test are shown in Figure 2.12-66. The A/C/E-accelerometers are located on the bottom side of 

the test assembly. There are three distinct pairs of accelerometers for the end and center, with the 

A/B end being the earliest and lowest while the E/F end is the latest and highest. The E/F end has 

the appearance of a secondary impact in the video, in that it clearly rebounded later than the A/B 

end. The maximum acceleration of 175g is taken as the average of the CX and DX traces. 

Table 2.12-22 shows a comparison of the actual conditions present at the time of the side drop 

test versus those considered in the pre-test prediction calculation. In general, the test results 

show excellent agreement with the pre-test prediction. Figure 2.12-67 shows a comparison of the 

side drop pre-test prediction with the measured transverse acceleration at the package center of 

gravity. The peak acceleration predicted before the side drop test is 164g. The 175g peak 

acceleration resulting from the side drop is within the 10% acceptance criteria established 

before the test. Therefore, the confirmatory side drop test was successful. Further post-test 

evaluation of the confirmatory side drop is presented in Section 2.12.10.3.1. 

2.12.10.2.4 30-Foot Corner Drop Testing and Results 

The confirmatory ¼-scale corner drop test was conducted on January 30, 2001, by SNL. Prior to 

performing the confirmatory ¼-scale corner drop test, pre-test predictions were made using the 

actual dimensions and materials used to construct the ¼-scale test article and the expected test 

conditions. This section provides a summary of the ¼-scale confirmatory corner drop test results 

and a comparison to the pre-test predictions. 

After completing pre-test measurements and checks of the data acquisition equipment, the test 

assembly was oriented at an angle of 69  from horizontal (i.e., 21  from vertical) and lifted to a 

height of 30-feet above the target. Figure 2.12-68 shows the test assembly elevated to 30-feet 
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above the target prior to the corner drop test. The test assembly was dropped, and all test data 

was successfully acquired. The test assembly is shown after the corner drop test in 

Figure 2.12-69. 

Table 2.12-21 shows a comparison of the actual conditions present at the time of the corner drop 

test versus those considered in the pre-test prediction calculation. In general, the test results 

show excellent agreement with the pre-test predictions. Figure 2.12-70 shows a comparison of 

the pre-test prediction (upper-bound axial acceleration) with the measured axial acceleration at 

the package center of gravity. The measured test result exhibits the same general shape, pulse 

duration, and peak acceleration magnitude as the pre-test prediction. The post-test measurements 

of the impact limiter show that the crush distance resulting from the corner drop was 

approximately 6.4 to 6.8 inches, compared to the pre-test prediction range of 6.8 to 7.3 inches. 

Upon post-test inspection following the corner drop test, there was no noticeable failure of the 

impact limiter shell or the impact limiter attachment hardware. Therefore, the results of the 

30-foot corner drop test confirm the analytical tools, inputs, and assumptions used to determine 

the rigid-body response of the transportation package for the HAC corner drop. 

2.12.10.2.5 30-Foot Slapdown Drop Testing and Results 

The confirmatory ¼-scale slapdown drop test was conducted on January 24, 2001, by SNL. Prior 

to performing the confirmatory ¼-scale slapdown drop test, pre-test predictions were made using 

the actual dimensions and materials used to construct the ¼-scale test articles and the expected 

test conditions. This section provides a summary of the ¼-scale confirmatory slapdown drop test 

results and a comparison to the pre-test predictions. 

After completing pre-test measurements and checks of the data acquisition equipment, the test 

assembly was oriented at an angle of 15  from horizontal (i.e., 75  from vertical) and lifted to a 

height of 30-feet above the target. Figure 2.12-71 shows the test assembly elevated to 30-feet 

above the target prior to the slapdown drop test. The test assembly was dropped, and all test data 

was successfully acquired. The test assembly is shown after the slapdown drop test in 

Figure 2.12-72. 

Table 2.12-24 shows a comparison of the actual conditions present at the time of the corner drop 

test versus those considered in the pre-test prediction calculation. In general, the test results 

show excellent agreement with the pre-test prediction for the primary impact and are slightly 

higher than the test prediction for the slapdown impact.  

Figure 2.12-73 shows a comparison of the pre-test prediction (upper-bound transverse 

acceleration) with the measured transverse acceleration at the nose (i.e., accelerometers located 

at a distance of 20.2 inches from the fixture mid-length on the primary impact end). The 

measured test result shown is the averaged values from channels AX and BX, filtered at 500 Hz. 

The measured test result exhibits the same general shape, pulse duration, and peak acceleration 

magnitude as the pre-test prediction. The measured peak transverse acceleration at the nose for 

the primary impact is approximately 186g compared to the pre-test prediction of 199g.

The transverse acceleration at the package center of gravity due to the slapdown drop primary 

and secondary impacts is shown in Figure 2.12-74, along with the corresponding pre-test 

predictions. The measured test result shown is the averaged values from channels CX, DX, GX, 

and HX, filtered at 500 Hz. The measured test result exhibits the same general shape, pulse 
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duration, and peak acceleration magnitude as the pre-test prediction for the primary impact. The 

measured peak transverse acceleration at the center of gravity for the primary impact is 

approximately 83g, compared to the pre-test prediction of 87g. The measured acceleration at the 

center of gravity during the slapdown impact is approximately 100g, compared to the pre-test 

prediction value of 85g.

Figure 2.12-75 shows a comparison of the pre-test prediction (upper-bound transverse 

acceleration) with the measured transverse acceleration at the tail (i.e., accelerometers located at 

a distance of 20.2 inches from the fixture mid-length on the secondary impact end). The 

measured test result shown is the averaged values from channels EX and FX, filtered at 500 Hz. 

The measured test result exhibits a slightly shorter pulse duration and higher peak acceleration 

magnitude than the pre-test prediction. The measured peak transverse acceleration at the tail for 

the slapdown impact is approximately 230g, compared to the pre-test prediction of 205g.

The post-test measurements of the impact limiter show that the crush distance resulting from the 

slapdown drop primary impact is 2.9 inches, compared to the pre-test prediction of 4.6 inches. 

Similarly, the measured crush depth in the secondary impact limiter is approximately 3.0 inches, 

compared to the pre-test prediction of 3.6 inches. Upon post-test inspection following the 

slapdown drop test, there was no noticeable failure of the impact limiter shell. During the test, 

two of the twelve attachment studs located on the crushed side of the impact limiter on the 

secondary impact end failed. However, the impact limiter remained attached to the test fixture 

throughout the duration of the test and all other attachment studs remained intact. Thus, the 

impact limiter attachment studs performed their intended function during the ¼-scale slapdown 

drop test. 

The post-test analysis of the slapdown drop test is presented in Section 2.12.10.3. The 

differences between the measured accelerations and pre-test predictions during the slapdown 

impact are primarily due to issues identified in the post-test analysis of the static side crush test. 

As discussed in Section 2.12.10.3.1, the assumed take-up deflection and load-angle effect of the 

aluminum honeycomb material account for the difference observed. Using the modified input 

parameters that resulted from the post-test analysis of the static side crush test, the calculations 

for the ¼-scale confirmatory slapdown test were repeated. As shown in Section 2.12.10.3, the 

results of the confirmatory calculation using the modified input parameters agree well with the 

test results, matching the general pulse shape, duration, and magnitude. Therefore, it has been 

confirmed that the analytical tools accurately model the impact limiter behavior and the package 

rigid-body response for the slapdown drop condition. 
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Table-2.12-19  -  Confirmatory Drop Test Assembly Mass Properties 

Drop Test
Assembly  

Component
Weight

(lb.)

Center of 
Gravity 
(in.)(1)

Rotational Moment 
of Inertia 
(lb-in2)

Drop Test Fixture 3,714 26.3 1.04 x 106

Top End Impact Limiter Assy. and 

Attachment Hardware 

313 -3.5 3.12 x 105

Bottom End Impact Limiter Assy. and 

Attachment Hardware 

313 56.1 3.12 x 105

Assembly Totals 4,343 26.3 1.67 x 106

Full-Scale Equivalent Totals 277,952 105.2 1.7 x 109

Notes:

(1) Longitudinal distance from the bottom end of the drop test fixture to the components center of gravity.
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Table 2.12-20  -  Accelerometer Instrumentation for Drop Tests 

Location
(2)

Accelerometers Used for Drop Tests 

Accelerometer
I.D.

(1)
Axial

(3)

(in.)
Radial

(in.)
Circum-

ferential
(4)

End
Drop

Corner
Drop

Side
Drop Slapdown

AX X X X X 

AY   X  

AZ

20.2 9.0 180

X X X X 

BX X X X X 

BY   X  

BZ

20.2 9.0 0

X X X X 

CX X X X X 

CY X X X X 

CZ

0.0 7.2 180

X X X X 

DX X X X X 

DY X X X X 

DZ

0.0 7.2 0

X X X X 

EX X X X X 

EY   X  

EZ

-20.2 9.0 180

X X X X 

FX X X X X 

FY   X  

FZ

-20.2 9.0 0

X X X X 

GX X X  X 

GY     

GZ

0.0 8.8 90

X X  X 

HX X X  X 

HY     

HZ

0.0 8.8 270

X X  X 

Notes:

(1) Accelerometer IDs are defined with X=Radial (0  and 180 ) or Circumferential (90  and 270 ),

Y=Circumferential (0  and 180 ), and Z=Axial (all locations).

(2) Location of accelerometer block with respect to the center of the test fixture.

(3) Longitudinal distance measured from mid-length of test fixture. Positive is toward the primary impact end.

(4) The 180  azimuth is on the bottom centerline of the test fixture.
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Table 2.12-21  -  Comparison of End Drop Test Results 

with Pre-Test Predictions 

Initial Condition
or Package Response 

Pre-Test
Prediction

Confirmatory Drop 
Test

Package Weight (lbs.) 4,270 4,310 

Temperature ( F) 30 48 

Drop Height 30'-0" 30'-0" 

Drop Angle (degrees from horizontal) 90.0 89.9 

Nominal Crush Strength (psi) 1,200 1,222 

Peak Acceleration (g) 157  g  177 151(1)

Maximum Crush Depth (in.) 2.8  d  3.2 3.5(2)

Notes:

(1) Peak acceleration at the mid-length of the test fixture based on average of accelerometers CZ, DZ, 

GZ, and HZ, filtered at 500 Hz.

(2) Average displacement calculated by double integration of the axial acceleration time-history curves 

at the nose (AZ/BZ accelerometers), mid-length (CZ/DZ/GZ/HZ), and tail (EZ/FZ) of the test 

assembly.

Table 2.12-22  -  Comparison of Side Drop Test Results 

With Pre-Test Predictions 

Initial Condition
or Package Response Pre-Test Prediction 

Confirmatory Drop 
Test

Package Weight (lbs.) 4,379 4,379 

Temperature ( F) 70 68 

Drop Height 30'-0" 30'-0" 

Nominal Crush Strength (psi) 1,200 / 2,500 1,236 / 2,692 

Peak Acceleration (g) 164 175(1)

Maximum Crush Depth (in.) 3.2 3.3 

Notes:

(1) Peak acceleration based on filtered average to channels CX and DX and the center of the package.
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Table 2.12-23  -  Comparison of Center of Gravity Over Corner Drop 

Test Results With Pre-Test Predictions 

Initial Condition
or Package Response Pre-Test Prediction 

Confirmatory Drop 
Test

Package Weight (lbs.) 4,270 4,272 

Temperature ( F) 30 34 

Drop Height 30'-0" 30'-0" 

Drop Angle (degrees from horizontal) 69.0 69.0 

Nominal Crush Strength (psi) 1,200 1,222 

Peak Axial Acceleration (g) 126  g  137 134(1)

Maximum Crush Depth (in.) 6.8  d  7.3 6.4 to 6.8(2)

Notes:

(1) Peak acceleration based on filtered average (500 Hz) of channels CZ, DZ, GZ, and HZ located at the 

center of the package.

(2) Average displacement calculated by double integration of the axial acceleration time-history curves at 

the nose (resultant of AX/BX and AZ/BZ accelerometers) of the test assembly.
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Table 2.12-24  -  Comparison of Slapdown Drop Test Results 

With Pre-Test Predictions 

Initial Condition
or Package Response Pre-Test Prediction 

Confirmatory 
Drop Test 

Package Weight (lbs.) 4,340 4,319 

Temperature ( F) 30 30 

Drop Height 30'-0" 30'-0" 

Primary Impact Angle (degrees from horizontal) 15.0 15.0 

Nominal Crush Strength (psi) 1,200/2,250 1,228/2,414 

Peak Transverse Acceleration at Nose 

Primary Impact (g) 
172  g  199 186(1)

Peak Transverse Acceleration at Tail 

Slapdown Impact (g) 
175  g  205 230(2)

Maximum Crush Depth 

Primary Impact (in.) 
5.0  d  4.6 2.9(3)

Maximum Crush Depth 

Slapdown Impact (in.) 
4.1  d  3.6 3.0(3)

Notes:

(1) Peak acceleration based on filtered average (500 Hz) of channels AX and BX located at a distance of 

20.2 inches from the center of the package toward the primary impact end.

(2) Peak acceleration based on filtered average (500 Hz) of channels EX and FX located at a distance of 

20.2 inches from the center of the package toward the secondary impact end.

(3) Maximum crush depths of impact limiters based on post-test measurements of the impact limiter shells. The 

measured values are lower than the expected crush depths due to elastic rebound of the impact limiter shell.
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Figure 2.12-56  -  Confirmatory Dynamic Drop Test Fixture Details 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-133 Revision 6 

C D

E F

A B

G,H

ACCELEROMETER
LOCATIONS

DUMMY IMPACT 
LIMITER MASS

DROP TEST
FIXTURE

IMPACT
LIMITER

ATTACHMENT
RODS

BOLTING BLOCK

Figure 2.12-57  -  End and Corner Drop Test Configuration 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-134 Revision 6 

Figure 2.12-58  -  Side Drop Test Configuration 
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Figure 2.12-59  -  Side Drop ¼-Scale Impact Limiter Configuration 
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Figure 2.12-60  -  Slapdown ¼-Scale Confirmatory Drop Test Assembly 
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Figure 2.12-61  -  Confirmatory ¼-Scale End Drop Test Fixture 

Elevated to 30-Feet 
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Figure 2.12-62  -  Confirmatory ¼-Scale Test Fixture 

After 30-Foot End Drop Test 
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Figure 2.12-63  -  Comparison of Confirmatory End Drop Test 

Acceleration Time-History Results and Predicted Response 
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Figure 2.12-64  -  Confirmatory ¼-Scale Side Drop Test Fixture 

 Elevated to 30-Feet 
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Figure 2.12-65  -  Confirmatory ¼-Scale Test Fixture 

After 30-Foot Side Drop Test 
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Figure 2.12-66  -  Side Drop Test Acceleration Time-Histories 
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Figure 2.12-67  -  Comparison of Confirmatory Side Drop Test 

Acceleration Time-History Results and Predicted Response 
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Figure 2.12-68  -  Confirmatory ¼-Scale Corner Drop 

Test Fixture Elevated to 30-Feet 
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Figure 2.12-69  -  Confirmatory ¼-Scale Test Fixture 

After 30-Foot Corner Drop Test 
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Figure 2.12-70  -  Comparison of Confirmatory C.G. over Corner Drop 

Test Acceleration Time-History Results and Predicted Response 
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Figure 2.12-71  -  Confirmatory ¼-Scale Slapdown Drop 

Test Fixture Elevated to 30-Feet 
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Figure 2.12-72  -  Confirmatory ¼-Scale Test Fixture  

After 30-Foot Slapdown Drop Test 
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Figure 2.12-73  -  Comparison of Confirmatory Slapdown Drop Test 

Results and Predicted Response (Transverse Acceleration at Nose) 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-145  Revision 6 

-20

0

20

40

60

80

100

120

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Time (seconds)

A
c

c
e

le
ra

ti
o

n
 (

g
)

Test Result

Pre-Test Prediction

Figure 2.12-74  -  Comparison of Confirmatory Slapdown 

Drop Test Results and Predicted Response 

(Transverse Acceleration at Center of Gravity) 
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Figure 2.12-75  -  Comparison of Confirmatory Slapdown Drop Test 

Results and Predicted Response (Transverse Acceleration at Tail) 
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2.12.10.3 Post-Test Evaluation 

This section provides an evaluation of the test results for the confirmatory tests that produced 

results differing from the pre-test predictions, as discussed in Sections 2.12.10.1 and 2.12.10.2. 

These differences were only observed for the static side crush test and the slapdown drop test. 

All other tests showed good correlation with the pre-test predictions. 

2.12.10.3.1 Static Side Crush Test Reconciliation 

As discussed in Section 2.12.10.1.3, the measured force-deflection from the ¼-scale 

confirmatory static side crush test is more linear than the pre-test prediction curve. This results in 

lower forces than the pre-test prediction for small crush values, and higher forces than the 

pre-test prediction for large crush values. This same trend is also apparent in the 8-scale

engineering sub-model side crush test force-deflection curve shown in Figure 2.12-42. Thus, it is 

clear that the differences are due to the characteristics of the impact limiter design and not due to 

test anomalies.  

The differences in the side crush force-deflection curves also affect the NCT side drop, HAC 

side drop, and HAC oblique drop slapdown conditions. For the NCT side drop, which results in 

crush depths ranging from 2.5 to 3.5 inches (0.6 to 0.9-inch equivalent for ¼-scale), the greater 

take-up deflection observed in the side crush test will result in lower peak g-load than those 

calculated using the assumptions employed in the pre-test prediction. For the HAC side drop and 

HAC oblique drop slapdown impacts, which results in crush depths ranging from 12 to 20 inches 

(3 to 5-inch equivalent for ¼-scale), the greater take-up deflection observed in the side crush test 

will result in higher peak g-load than that calculated using the assumptions employed in the 

pre-test prediction. This is consistent with the results of the slapdown drop test, which produced 

peak g-loads for the slapdown impact that exceeded the pre-test predictions. 

As shown in Figure 2.12-55, the measured force is slightly lower than the predicted force for 

deflections up to 2.2 inches. These results indicate that the initial take-up, due to shifting of the 

impact limiter core segments, occurs over a greater distance than assumed in the pre-test 

prediction. To cdens computer program that is used to calculate the force-deflection response of 

the impact limiter includes a parameter (deltake) that accounts for the initial take-up deflection. 

For the ¼-scale confirmatory static side crush pre-test prediction, a 0.625-inch value was 

assumed for this parameter. Based on the results of the test, a larger take-up deflection is 

justified. A post-test analysis of the ¼-scale confirmatory static side crush test was performed 

using a 2.0-inch value for the take-up deflection. This results in a linear rise over the first 

2.0 inches of crush, as shown in Figure 2.12-76. 

Figure 2.12-55 also shows that the slope of the measured force-deflection curve is higher and 

more linear than that of the pre-test prediction. This results in measured forces that slightly 

exceed the predicted force for deflections of 2.2 inches and higher. This difference results from 

greater effective strength of the honeycomb segments oriented with the primary axis rotated from 

the crush plane. Since only the honeycomb segments located outboard of the initial impact 

location are rotated relative to the crush plane, this effect is more significant for larger crush 

distances. The cdens computer program that is used to calculate the force-deflection response of 

the impact limiter includes a parameter (wtrat) that specifies the effective crush strength as a 
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function of load angle (i.e., off-axis crush orientations). The wtrat parameter reflects the ratio of 

the crush strength along the W-axis to that of the T1-axis or T2-axis. As discussed in 

Section 2.12.1.1, the effective crush strength of bi-directional aluminum honeycomb, fc, varies as 

a percentage of the nominal crush strength with the load angle, as follows: 

222

a
c

/sincos

f
f

where:

fa = Nominal crush strength along the T-axis 

 = Load angle, measured from the T-axis toward the W-axis 

 = W/T strength ratio (wtrat parameter) 

For the ¼-scale confirmatory static side crush pre-test prediction, a wtrat value of 0.475 was 

assumed. The effective crush strength as a function of load angle for a wtrat value of 0.475 is 

shown in Figure 2.12-77. This curve shows that, for a wtrat value a 0.475, the effective crush 

strength decreases significantly with increased load angle (i.e., at higher crush distance). This 

effect reduces the slope of the force-deflection curve at higher crush values, as observed in 

pre-test prediction curve for the side crush (see Figure 2.12-55). Since the measured 

force-deflection curve for the static side crush test has a higher slope, particularly at higher crush 

values, this led to the conclusion that the effective crush strength does not decrease significantly 

with load angle for the crush range of interest. A confirmatory analysis was performed to verify 

that increasing the wtrat value used for the ¼-scale side crush analysis to 1.0 increased the slope 

of the force-deflection curve, as observed in the confirmatory static side crush test. As shown in 

Figure 2.12-77, a wtrat value of 1.0 eliminates the effect of load angle on crush strength. The 

resulting confirmatory analysis static force-deflection curve for the side crush based on a wtrat

value of 1.0 is shown in Figure 2.12-76. This curve, which also includes the modified 2.0-inch 

take-up deflection, envelopes the measured force-deflection curve from the ¼-scale confirmatory 

static crush test.

Therefore, it is concluded that the differences between the measured force-deflection from the 

¼-scale confirmatory static side crush test and the pre-test prediction are due to these two input 

parameters, namely the deltake (take-up deflection) and wtrat (load angle effect) parameters. 

Although these effects were present during the confirmatory side drop test, they were not as 

prevalent. This is due to the higher crush strength material (2,500 psi vs. 2,250 psi) and the 

smaller impact limiter diameter (1-inch difference for ¼-scale) used in the preliminary impact 

limiter design. The higher crush strength material used for the preliminary design was also 

increased by the smaller septum spacing. As discussed in Section 2.12.9.2.2, the static crush 

strength of the 2,500 psi material used in the preliminary scale model design, which included 

septums spaced at ¼ of the spacing used in the full-scale impact limiter, was 30% greater than 

the nominal static crush strength. These differences result in a significant reduction of the crush 

depths experience by preliminary impact limiter design (about 15%).  

In order to provide further assurance that the modified input parameters for the side crush 

orientation accurately predict the response of the impact limiter, a confirmatory analysis was 
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performed with these parameters and the same methodology used to predict the drop loads for 

the confirmatory side drop test discussed in Section 2.12.10.2.3. The resulting acceleration 

time-history curve is shown in Figure 2.12-78, along with the measured acceleration time-history 

curve. The results of the confirmatory calculation using the modified input parameters provide 

better correlation with the measured acceleration time-history curve than the pre-test prediction 

calculation, as shown in Figure 2.12-78. Although both calculations provide peak accelerations 

that are within the test acceptance criteria, the acceleration time-history curve based on the 

modified input parameters provides a better match with the shape and duration of the measured 

acceleration time-history curve. Therefore, these results provide further assurance that the 

modified input parameters for the side crush orientation accurately predict the response of the 

impact limiter. 

2.12.10.3.2 Confirmatory Slapdown Drop Test Reconciliation 

As discussed in Section 2.12.10.2.5, the measured peak accelerations from the secondary impact 

of the slapdown drop test exceeded the upper-bound pre-test predictions. Following the 

confirmatory slapdown drop test, the confirmatory static side crush test was performed. As 

discussed in Section 2.12.10.1.3, the measured force-deflection curve from the static side crush 

test also did not match the pre-test predictions. The post-test confirmatory analysis of the static 

side crush test presented in Section 2.12.10.3.1 concluded that the differences observed were due 

to the assumed take-up deflection and the variation in honeycomb crush strength with load angle. 

The modified input parameters used to model these two effects, as discussed in 

Section 2.12.10.3.1, were used to calculate the response of the ¼-scale assembly to the 30-foot 

slapdown drop. The resulting confirmatory calculation acceleration time-history curves for the 

30-foot oblique drop, based on the modified input parameters identified in Section 2.12.10.3.1, 

are shown in Figure 2.12-79 through Figure 2.12-81. These results confirm that the differences 

observed between the slapdown test results and the pre-test predictions were due to the assumed 

take-up deflection and the load angle effect on honeycomb crush strength. Therefore, with the 

modifications identified in Section 2.12.10.3.1, the analytical tools, assumptions, and inputs used 

for the full-scale drop loads analysis accurately predict the rigid-body response of the 

transportation package for the HAC oblique drop primary and slapdown impacts. 
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Figure 2.12-78  -  Comparison of Confirmatory Side Drop Test Results 

and Post-Test Confirmatory Analysis 
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Figure 2.12-79  -  Comparison of Confirmatory Slapdown Drop Test 

Results with Post-Test Confirmatory Analysis (Transverse at Nose) 
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Figure 2.12-80  -  Comparison of Confirmatory Slapdown Drop Test 

Results with Post-Test Confirmatory Analysis (Transverse at C.G.) 
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2.12.11 Impact Limiter Attachment Stud Evaluation 

The impact limiter attachment studs are designed in accordance with the requirements of 

Subsection NF of the ASME Code to withstand the loading resulting from the NCT and HAC 

conditions of 10 CFR 71.71 and 10 CFR 71.73, respectively. The load conditions that produce 

stresses in the impact limiter attachment bolts include preload, NCT free drop, and HAC free 

drops. The impact limiter attachment stud evaluation is performed using hand calculations. In 

addition to evaluating the tensile stresses in the impact limiter attachment studs, the shear 

capacity of the impact limiter attachment stud’s threaded connection and the stresses in the 

tie-down ring attachment weld due to the impact limiter attachment loads are evaluated. 

2.12.11.1 Attachment Stud Stresses 

Preload

Prior to transport, each impact limiter attachment stud is torqued to 200  20 ft-pounds. The 

tensile force, F, in each impact limiter attachment stud resulting from the maximum bolt torque 

value of T = 220 ft-pounds is calculated in accordance with Bickford
40

 as follows: 

F = T/(0.20d) = 13,200 lb. 

where;

T = Maximum applied torque 

 = 220 ft-lb x 12 in/ft. 

 = 2,640 in-lb. 

d = 1.0 in., impact limiter attachment stud diameter 

The resulting maximum tensile stress in impact limiter attachment stud is 21.8 ksi (=13.2/0.605). 

For normal conditions of transport, the allowable tensile load for the impact limiter attachment 

stud material at 200 F is 22.2 ksi. Therefore, the minimum design margin for tensile stress in the 

impact limiter attachment stud due to bolt torque is +0.02. 

The end of each impact limiter attachment stud is supported by 3.0-inch diameter by 0.188-inch 

thick tube in the impact limiter shell assembly. Under normal conditions of transport, these tubes 

are designed to withstand the loads developed in the impact limiter attachment studs. The axial 

compressive stress in the tube due to the stud torque load is calculated as follows: 

fa = F/A = 7.9 ksi 

                                                

40 Bickford, J. H., An Introduction to the Design and Behavior of Bolted Joints, 3rd Edition, Marcel Dekker, Inc. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-154  Revision 6 

where;

A = cross sectional area of the tube 

 = [(3.00)
2
 – (3.00 – 2 x 0.188)

2
]/4 

 = 1.66 in
2

Since there are not other stresses in the tube, the primary membrane stress intensity is equal to 

the axial stress. For normal conditions of transport, the allowable primary membrane stress 

intensity for Type 304 stainless steel material at 200 F is 20 ksi. Therefore, the minimum design 

margin for tensile stress in the support tube due to bolt torque is +1.53. 

Drop Loads

Impact limiter loads acting normal to the cask’s longitudinal axis (i.e., shear loads) are resisted 

by the portion of the impact limiter shell assembly that interfaces with the end of the cask body. 

Therefore, the impact limiter attachment studs are not loaded in direct shear. However, the 

lateral loads produce moments about the impacted corner of the cask that produce tensile loads 

in the impact limiter attachment studs. The maximum tensile loads in the impact limiter 

attachment studs due to each drop condition are calculated based upon the maximum impact 

limiter crush forces determined in the drop loads evaluation discussed in Section 2.12.2. The 

peak vertical and horizontal forces, the maximum impact limiter crush depths, and the location 

of the crush force resultant are summarized in Table 2.12-25 for each drop orientation. 

The axial load (Fy), transverse load (Fz), and the resulting bending moment (MBx) acting on the 

impact limiter attachments due to the impact loads are calculated based on the vertical and 

horizontal impact limiter forces obtained from the drop loads analysis as follows: 

Fy = Fc x sin( ) - Fcx x cos( )

Fz = -Fc x cos( ) - Fcx x sin( )

MBx = Fc x [xfc - LOB x sin( )] + Fcx x [LOB x cos( ) + Ro x sin( ) - ]

Where Fc, Fcx, , , and xfc are provided in Table 2.12-25, and; 

Ro = 71.75 in., Outer radius of impact limiter 

LOB = 39.75 in., Axial distance from the impact limiter corner to the pivot point A. 

The resulting loads in the impact limiter attachment bolts are calculated assuming that the 

magnitude of the load due to moment MBx varies with the moment arm distance from the 

centroid location and the axial load Fz is uniformly distributed to the bolts. The centroid location 

is calculated based upon the attachment bolt areas and locations and an assumed area of 60 in
2
 at 

the impacted corner (i.e., pivot point A). The calculated centroid is located at 2.35-inches inward 

from the impacted corner (i.e., 38.9-inches from the cask centerline). 
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The results show that the only impact orientations that produce tensile loads in the impact limiter 

attachment bolts are the HAC slapdown, HAC side drop, and NCT side drop. The maximum bolt 

tensile load, resulting from the HAC slapdown impact, is 7.7 kips. The corresponding tensile 

stress in the bolt is 12.8 ksi. The HAC allowable tensile stress for the A193, Grade B8S bolt 

material at 200 F is 38.9 ksi. Therefore, the minimum design margin in the impact limiter 

attachment studs for tensile stress due to the governing HAC free drop is +2.04. 

The maximum bolt tensile load due to the NCT side drop is 1.6 kips. The corresponding tensile 

stress in the bolt is 2.7 ksi. The NCT allowable tensile stress for the A193, Grade B8S bolt 

material at 200 F is 22.2 ksi. Therefore, the minimum design margin in the impact limiter 

attachment studs for tensile stress due to the governing NCT side drop is +7.22. 

2.12.11.2 Thread Shear Capacity 

The ultimate shear capacity of the impact limiter attachment bolt threaded connection to the 

transportation cask’s tie-down ring is calculated in this section. The purpose of this calculation is 

to demonstrate that the joint’s shear capacity is greater than the tensile capacity of the impact 

limiter attachment bolt. 

The transportation cask’s tie-down ring material (SA-240, Type XM-19) has a higher strength 

than the bolt material (A-193, Grade B8S). Failure due to pure shear occurs at 55.7% of the 

ultimate tensile strength.
41

 Therefore, the following formula is used to calculate thread shear 

strength:

F = 0.557 x Su x AS x Le = 120 kips 

where;

Su = 74 ksi, Ultimate shear strength of bolt material 

AS = 1.66 in
2
/in., Thread shear area per unit length (1-8UNC 2A)

Le = 1.75 in., Effective thread engagement length for a 2-inch deep hole, 

conservatively neglecting the leading and tailing threads. 

The ultimate tensile capacity of the impact limiter attachment stud is equal to the ultimate tensile 

strength of the material multiplied by the tensile stress area of the impact limiter attachment stud, 

or 45 kips (=0.605 in
2
 x 74 ksi). Since the ultimate shear capacity of the threaded joint exceeds 

the ultimate tensile capacity of the impact limiter attachment stud, and the impact limiter 

attachment studs have been shown to be structurally adequate for all drop conditions, the thread 

shear stress is acceptable due to all drop conditions. 

                                                

41 Timoshenko, S. P., Goodier, J. N., ”Theory of Elasticity,” Third Edition, McGraw-Hill Publishing Company, 

1987.
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2.12.11.3 Tie-Down Ring Attachment Weld Stresses 

The tensile forces developed in the impact limiter attachment bolts due to the NCT and HAC 

drop loads are reacted at the transportation cask’s tie-down rings. The reaction forces at the 

tiedown rings result in shear forces and bending moments at the base of the tie-down rings that 

produce stresses in the tie-down ring attachment welds. The tie-down rings attachment welds 

consist of ¾-inch effective throat double sided partial penetration all around welds. The tie-down 

ring attachment weld stresses due to the impact limiter attachment bolt tensile loads are 

determined using classical closed-form solutions. The tie-down ring is treated as an annular plate 

with the inner edge fixed and the outer edge free. As shown in Section 2.12.11.1, the maximum 

tensile load developed in any impact limiter attachment bolt for all NCT and HAC drop 

conditions is 7.7 kips. The total load acting on the tie-down ring is conservative calculated 

assuming the maximum tensile load of 7.7 kips is developed in all 12 impact limiter attachment 

bolts. Therefore, the total load acting on the tie-down ring is 92.4 kips (= 7.7 x 12). This loading 

is treated as a uniform annular line load acting at the impact limiter attachment bolt circle radius 

of ro = 44.4-inches. The maximum shear force and bending moment acting at the base of the 

tie-down ring are calculated using Roark, Table 24, case 1l, as follows: 

Shear:
b

wr
Q o

b  = 0.359 kips/in. 

Moment: 9
9o

8

rb L
b

Cr

C

wa
M  = 1.239 in-kips/in. 

where;

a = 47.1 in., Outer radius of tie-down ring 

b = 40.9 in., Inner radius of tie-down ring 

ro = 44.4 in., Impact limiter attachment bolt circle radius 

w = 92.4/(2 ro), Annular line load 

 = 0.331 kips/in. 

C8 = 

2

a

b
11

2

1
 = 0.9127 

C9 = 

2

a

b
1

4

1

b

a
ln

2

1

a

b
 =0.1170  
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L9 = 

2

o

o

o

a

r
1

4

1

r

a
ln

2

1

a

r
 = 0.0545 

 = 0.29 

The shear force resisted by each side of the tie-down ring weld is equal to ½ of the total shear 

reaction, or 0.180 kips/inch. The moment reaction at the base of the tie-down ring is resisted by a 

force couple in the double sided weld. The distance between the weld centers is 2.25 inches 

(= 3.0 – 0.75). Therefore, the force in each weld due to the moment reaction is 0.551 kips/inch 

(= 1.239/2.25). Since the weld forces due to the shear and moment reactions act in orthogonal 

directions, the resultant shear stress in the weld is calculated as follows: 

fv = 
75.0

551.0180.0
22

 = 0.8 ksi 

The results show that the maximum shear stress in the tie-down ring attachment weld due to the 

impact limiter attachment bolt tensile forces are small compared to those stresses resulting from 

the NCT and HAC loading. Furthermore, the loads that produce these stresses act in the opposite 

direction of the loads caused by differential thermal expansion between the cask outer shell and 

the neutron shield jacket. Since the tie-down ring attachment weld stresses due to NCT thermal 

loading are greater than those due to the impact limiter attachment bolt tensile forces and act in 

the opposite direction, the tie-down ring attachment weld stresses presented in the Sections 2.6 

and 2.7 are conservative and bounding. 
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Table 2.12-25  -  Impact Limiter Drop Loads Summary 

Drop Loads Analysis Results
(1)(2)

Calculated Loads 

Drop Orientation
(Impact Angle, 

)
(2)

Vertical
Force,

Fc

(kips)

Horizontal
Force,

Fcx

(kips)

Crush
Depth,

(in.)

Force
Center,

xfc

(in.)

Shear
Force,

Fy

(kips)

Axial
Force,

Fz

(kips)

Moment,
MBx

(in-kips)

HAC End Drop  

(0 )
11,601 0 12.0 (3) 0 11,601 0 

HAC Corner Drop 

(21 )
9,991 678 28.4 31.3 2,919 9,581 -177,895 

HAC Oblique Drop 

(30 )
8,810 1,110 29.0 37.1 3,443 -8,185 -120,780 

HAC Oblique Drop 

(45 )
7,889 1,823 27.1 39.7 4,289 -6,868 -81,303 

HAC Oblique Drop 

(60 )
8,498 2,637 23.4 47.5 6,041 -6,533 11,511 

HAC Oblique Drop 

(75 )
6,586 2,300 21.0 51.6 5,766 -3,927 -90,413 

HAC Slapdown 

(90 )
7,073 0 14.5 51.5(3) 7,073 0 -60,131 

HAC Side Drop 

(90 )
6,663 0 12.7 51.5(3) 6,663 0 -56646 

NCT Side Drop 

(90 )
1,489 0 2.65 51.5(3) 1,489 0 -12,662 

Notes:

(1) Maximum crush forces resulting from the cold drop conditions bound those for the hot drop conditions and 

are used for a bounding impact limiter attachment bolt evaluation.

(2) Refer to the crush force diagram shown in Figure 2.12-82.

(3) Value calculated based upon weighted average of forces in the 2,500 psi and 1,200 psi aluminum 

honeycomb regions of the outer core. The forces in each region are assumed proportional to the crush 

strengths and crush areas.



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-159  Revision 6 

Z

Y

xfc

Ro

B

O

LBO

Fc

Fcx

A

Mbx

Fy

Fz

CRUSH
PLANE

 Figure 2.12-82  - Impact Limiter Drop Loads Diagram 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 2.12-160  Revision 6 

This page intentionally left blank. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

  Revision 6 3-1

3. THERMAL EVALUATION 

This chapter presents the evaluations that demonstrate that the FuelSolutions™ TS125 

Transportation Cask meets the thermal requirements of 10CFR71.
1
 The transportation cask is 

designed to safely transport SNF assemblies loaded in a variety of FuelSolutions™ canisters. 

The specific canister used depends on the reactor type and SNF assembly class (i.e., PWR, 

BWR, etc.), and its initial enrichment, burnup, and cooling time since discharge. The thermal 

design and safety evaluation for each FuelSolutions™ canister is provided in Chapter 3 of the 

respective FuelSolutions™ Canister Transportation SARs. 

As presented in this chapter, the FuelSolutions™ TS125 Transportation Cask is evaluated to 

assure that the thermal performance of the combined canister and transportation cask system 

complies with the regulatory safety requirements during normal conditions of transportation 

(NCT) and hypothetical accident conditions (HAC), using analytic techniques that comply with 

the methodology presented in Regulatory Guide 7.6
2
 and Regulatory Guide 7.8.

3

The maximum thermal ratings for the FuelSolutions™ TS125 Transportation Cask (i.e., the 

maximum canister heat generation levels for which the TS125 Transportation Cask is evaluated) 

are based on the applicable allowable temperatures for the fabrication materials for the 

transportation cask and impact limiters only. Whereas, the maximum transportation thermal 

ratings for each FuelSolutions™ canister (i.e., the maximum heat generation levels of the 

specific SNF assembly classes accommodated by the canister for which the transportation 

package is evaluated) are established based on the applicable allowable temperatures for the cask 

and canister materials of construction and the SNF cladding. This assures that the canister/cask 

component temperatures are maintained below their respective allowable temperatures 

throughout transportation operations, and that the fuel cladding is protected against degradation 

and gross ruptures. The maximum canister heat generation thermal rating of the transportation 

cask bounds that of each FuelSolutions™ canister, as determined in the respective 

FuelSolutions™ Canister Transportation SAR (i.e., a canister may not be loaded in the 

transportation cask unless the total heat generation of all SNF assemblies in the canister is 

bounded by the thermal ratings of the transportation cask, as defined herein). In this manner, the 

thermal safety of both the canister and the transportation cask is assured. 

This chapter presents FuelSolutions™ TS125 Transportation Cask thermal evaluation results for 

the design basis NCT and HAC cases. Section 3.2 provides the thermal properties for the 

transportation cask materials, and Section 3.3 provides the corresponding material specifications. 

FuelSolutions™ canister and SNF material properties and specifications are presented in the 

respective FuelSolutions™ Canister Transportation SARs. Transportation cask analytical model 

descriptions and thermal results are given in Sections 3.4 and 3.5 for NCT and HAC, 

1 Title 10, Code of Federal Regulations, Part 71 (10CFR71), Packaging and Transportation of Radioactive 

Materials, U.S. Nuclear Regulatory Commission, October 2004. 

2 Regulatory Guide 7.6, Design Criteria for the Structural Analysis of Shipping Cask Containment Vessels,

Revision 1, U.S. Nuclear Regulatory Commission, March 1978. 

3 Regulatory Guide 7.8, Load Combinations for the Structural Analysis of Shipping Casks for Radioactive Material,

Revision 1, U.S. Nuclear Regulatory Commission, March 1989.
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respectively. The canister analytical models, which interface with the transportation cask model, 

are described in the respective FuelSolutions™ Canister Transportation SAR. Supplemental data 

are presented in the Section 3.6 appendices. 

As discussed in Chapter 4 of this SAR, containment of all radioactive materials is provided by 

the transportation cask containment boundary. The transportation cask maximum internal 

pressure is dependent on the characteristics of the specific FuelSolutions™ canister and SNF 

payload contained within the cask. A transportation cask design pressure is established to bound 

the maximum pressures resulting from the worst-case combination of canister and SNF. 

Conservative predictions of transportation cask internal pressure for NCT and HAC are provided 

in Sections 3.4 and 3.5, respectively, of the corresponding FuelSolutions™ Canister 

Transportation SARs. 
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3.1 Discussion 

The FuelSolutions™ TS125 Transportation Package is designed to safely transport most classes 

and types of commercial SNF assemblies within a variety of FuelSolutions™ canisters. The 

transportation package consists of the FuelSolutions™ TS125 Transportation Cask together with 

its energy-absorbing impact limiters, personnel barrier, and the canister payload. The thermal 

loads imposed on the transportation package arise from the decay heat of the SNF assemblies 

and from the external environment, including insolation. The transportation package is designed 

to passively dissipate the decay heat from the SNF through the canister and transportation cask, 

while maintaining component material temperatures and SNF assembly cladding temperatures 

within their allowable values. The effects of ambient conditions on the transportation cask and 

impact limiters, including insolation, are addressed under NCT and HAC in Sections 3.4 and 3.5, 

respectively. Cold temperature conditions are also considered in component design and are 

specifically considered for the package under NCT and HAC. 

The thermal analysis of the FuelSolutions™ TS125 Transportation Cask and impact limiters is 

performed for NCT and HAC using the Thermal Desktop
®4

 and SINDA/FLUINT
®5

 computer 

programs. An overview of the Thermal Desktop
®

 and SINDA/FLUINT
®

 computer programs are 

presented in Section 3.6. 

This section provides a description of the thermal design features for the transportation package, 

the interface conditions with the FuelSolutions™ canisters, the design basis ambient conditions 

used, the design basis canister heat generation profile, the thermal modes of operation, and the 

transportation cask thermal ratings. 

3.1.1 Design Features 

The FuelSolutions™ TS125 Transportation Package design features are described in Section 1.2 

of this SAR. The FuelSolutions™ canister design features are described in Section 1.2 of the 

respective FuelSolutions™ Canister Transportation SARs. The configuration of the 

FuelSolutions™ TS125 Transportation Package is shown in Figure 1.2-2. Drawings of the 

transportation cask and impact limiters are provided in Section 1.3.2 of this SAR. This section 

summarizes the transportation package design features that affect thermal performance. 

The FuelSolutions™ transportation package consists of four major components when assembled 

for transport:  (1) the transportation cask, which provides the containment boundary and 

radiological shielding, (2) the energy absorbing impact limiters that protect the cask body from 

excessive impact loads for the NCT and HAC drop events and provide thermal protection for the 

HAC fire event, (3) a personnel barrier that provides a physical boundary between personnel and 

the hot surface of the transportation cask, and (4) a FuelSolutions™ canister, which contains dry 

SNF assemblies.  

4 Thermal Desktop®, Version 3.1, prepared for NASA, Johnson Spacecraft Center, Contracts NAS8-40560 and 

NAS8-97009, by Cullimore and Ring Technologies, Inc., Littleton, Colorado, 1999. 
5 SINDA/FLUINT®, Systems Improved Numerical Differencing Analyzer and Fluid Integrator, Version 4.1, 

prepared for NASA, Johnson Spacecraft Center, Contracts NAS9-19365 and NAS9-97017, by Cullimore and Ring 

Technologies, Inc., Littleton, Colorado, 1999. 
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3.1.1.1 Transportation Cask 

The transportation cask provides containment, structural support, and biological shielding for the 

canister and SNF payload during transportation. The transportation cask body design includes 

three distinct thermal regions of interest:  (1) the side wall, (2) the closure lid, and (3) the cask 

bottom end. The side wall region, consisting of a combination of structural steel, gamma 

shielding, and solid neutron shielding materials, provides the primary heat transfer path 

(i.e., radially outward) from the SNF to the ambient environment. The cask closure lid and 

bottom end regions are similar to each other in that they are both fabricated using 6-inch thick 

plates and forged end pieces. They differ in that the cask closure lid contains no neutron 

shielding material, while the bottom end incorporates 5 inches of solid neutron shielding 

material. A summary of the primary thermal design features of the transportation cask includes 

the following: 

The decay heat from the fuel assemblies within the canisters is transferred to the 

transportation cask through conduction and radiation. Since the inside diameter of the 

transportation cask cavity is larger than the canister outside diameter by 1.0 inch, a 

nominal 0.5-inch annulus will exist between the canister and the cask. Two 0.125-inch 

high rails attached to the cask inner shell are used to support the canister within the cask 

cavity when in the horizontal orientation. The low height of the rails will result in the 

canister being eccentric to the cask centerline when the cask is in the horizontal 

orientation.

The side wall region of the transportation cask consists of a series of concentric cylinders 

or shells. The inner stainless steel shell is surrounded by a cylinder of chemical copper 

lead for attenuating gamma radiation. This gamma shield is formed by a controlled lead 

pour procedure that minimizes the residual gap between the lead and the outer shell of 

the cask. The differential thermal expansion between steel and lead will assure that an 

intimate interface will occur between the gamma shield and the inner cask shell. A thick 

outer stainless steel shell surrounds the lead gamma shield and provides additional 

structural support.

Neutron shielding is provided by an approximately 6-inch thick shell of NS-4-FR 

material surrounding the outer shell. Thirty-two A516, Grade 70 carbon steel support 

angles are spaced lengthwise between the cask outer shell and neutron shield jacket to 

enhance heat transfer through the solid NS-4-FR neutron shielding material to the 

ambient environment. The carbon steel support angles are welded to the cask outer shell 

and outer jacket using a continuous weld seam. 

The neutron shield jacket is fabricated of 3/16-inch thick A516, Grade 70 carbon steel. 

The outer surface of the jacket is coated with an epoxy-based coating to protect the jacket 

from corrosion, raise its emissivity, and lower its solar absorptance. The continuous weld 

seam used to attach the jacket to the steel support angles provides a high heat transfer rate 

between the support angles and the jacket. The relatively high thermal conductivity of the 

carbon steel jacket then distributes the heat around the exterior of the cask for efficient 

transfer to the ambient environment.  
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The most thermally sensitive transportation cask material is the solid neutron shielding 

material. The use of Helicoflex
®

 metallic seals at the containment boundaries of closure 

lid and bottom end regions of the cask reduces the thermal sensitivity of these regions 

substantially due to the wide temperature capability exhibited by these seals. 

The annulus between the loaded canister and the transportation cask is backfilled with 

helium gas to enhance heat transfer from the canister. 

The transportation cask cavity length is designed to accommodate both the long 

(192 inches) and short (182 inches) FuelSolutions  canister configurations. A 10-inch 

cask cavity spacer must be inserted into the bottom of the cask prior to loading the short 

(182 inches) canisters. 

3.1.1.2 Impact Limiters 

An all metallic impact limiter covers each end of the transportation cask to provide energy 

absorption during NCT and HAC drop events. A summary of the thermal design features of the 

impact limiters includes the following: 

The primary shock absorbing media of the impact limiters is formed of Cross-Core
®

aluminum honeycomb. Two different compression strength rated honeycomb materials 

(i.e., 1200 and 2250 psi) are used to obtain the desired impact dampening performance. 

The Cross-Core
®

 aluminum honeycomb used in the impact limiters provides a relatively 

efficient heat transfer path between the cask ends and the ambient environment (in 

comparison to impact limiters that use polyurethane foam), while shielding the cask from 

the high impact loads and heat fluxes associated with the hypothetical accident event. 

The inner core of each impact limiter has a 36-inch bore that tapers into a reversed 

cylindrical conic section. The opening to this bore is covered with a ASTM A-240, 

Type 304 stainless steel skin to prevent personnel contact and to serve as a weather 

shield.

The outer skin of the impact limiters is fabricated from ASTM A-240, Type 304 stainless 

steel, which serves to protect the aluminum honeycomb. The inner and outer surfaces of 

the impact limiter skin are left as uncoated stainless steel. 

3.1.1.3 Personnel Barrier 

A personnel barrier is used with the intermodal skid and railcar to provide a physical boundary 

between personnel and the FuelSolutions™ TS125 Transportation Cask. A summary of the 

thermal design features includes the following: 

The personnel barrier extends between the upper and lower impact limiters. The barrier, 

together with the outer skin of the impact limiters and the intermodal skid or railcar, 

prevents inadvertent contact with the hot surfaces of the cask. 

Approximately 28 inches of clearance is provided between the cask exterior and the 

personnel barrier.
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The design of the personnel barrier provides a minimum 60% free opening, which yields 

a nearly unobstructed flow of air around the transportation cask for convective cooling 

and radiative heat transfer to the ambient environment. 

The personnel barrier is fabricated of uncoated stainless steel. 

The thermal interaction between the personnel barrier and the transportation cask is 

analyzed as part of the NCT evaluations of the cask. The personnel barrier is 

conservatively assumed to be lost prior to the HAC fire event as a result of drop damage. 

3.1.2 Design Basis Thermal Load Conditions 

The FuelSolutions™ TS125 Transportation Cask and impact limiters are evaluated in accordance 

with 10CFR71 and Regulatory Guide 7.8 for all applicable NCT and HAC thermal loads. The 

thermal analyses of the transportation cask and impact limiters presented herein are based on 

conservative assumptions and methodologies. Because of this approach, the actual thermal 

response of the transportation package to the design basis events is expected to produce larger 

positive design margins than reported herein (i.e., lower temperatures, gradients, and thermal 

stresses).

Table 3.1-1 presents the design basis initial conditions used in the evaluation of the 

FuelSolutions™ TS125 Transportation Package. These load conditions are defined as follows: 

NCT Hot: An ambient temperature of 100 F is used to evaluate the maximum 

temperatures within the cask with maximum decay heat and maximum insolation per 

10CFR71.71(c)(1) averaged over 24 hours. 

NCT Hot (no solar): This case is the same as NCT Hot, but without insolation. The 

steady-state results are used as initial conditions for the HAC Fire (hot) described below. 

Additionally, NCT Hot (no solar) serves as the basis for evaluation of the maximum 

temperature at the transportation cask personnel barrier in accordance with 

10CFR71.43(g).

NCT Cold: An ambient temperature of -20 F is used to evaluate the temperatures within 

the cask with maximum decay heat and no insolation. The steady-state results are used as 

initial conditions for the HAC Fire (cold) described below. 

NCT Cold (no heat):  This case is the same as NCT Cold, but without decay heat. This 

analytically trivial case addresses minimum material temperatures for the brittle fracture 

evaluation presented in Section 2.6.2 of this SAR. 

NCT Cold Environment:  A -40 F steady-state ambient temperature with maximum decay 

heat and zero insolation. This case is used for evaluation of the maximum thermal 

gradients and is not combined with other structural loads. 

NCT Cold Environment (no heat):  This case is the same as NCT Cold Environment, but 

without decay heat. Similar to NCT Cold (no heat), this analytically trivial case 

establishes minimum material temperatures for material compatibility and for the brittle 

fracture evaluation presented in Section 2.6.2.
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HAC Fire (cold):  Thermal conditions are evaluated as a steady-state ambient 

temperature of -20 F with maximum decay heat and zero insolation prior to the event, 

followed by a thirty-minute transient with an ambient temperature of 1475 F with 

maximum decay heat, and then back to a steady-state ambient temperature of -20 F with 

maximum decay heat and zero insolation. This case is used for evaluation of the thermal 

gradients expected under the HAC fire conditions. Comparison with the results from the 

HAC Fire (hot) case below provides an indication of the sensitivity of the package 

thermal response to the HAC event with the initial starting temperature. 

HAC Fire (hot):  Thermal conditions are evaluated as a steady-state ambient temperature 

of100 F with maximum decay heat and zero insolation prior to the event, followed by a 

thirty-minute transient with an ambient temperature of 1475 F with maximum decay heat 

and maximum insolation, and then back to a steady-state ambient temperature of 100 F

with maximum decay heat and maximum insolation per 10CFR71.71(c)(1) averaged over 

24 hours. This load case evaluates the peak temperature achieved for the various cask 

components under the HAC fire event and the associated thermal stresses. 

The 10CFR71.71(c)(1) insolation values are presented in Table 3.1-2. These values are applied 

to the transportation package as a 24-hour average. Transient insolation modeling is not 

considered
6,7

 due to the large thermal inertia of the transportation package and the relative 

magnitude of the insolation load compared to the heat load provided by the SNF.  

3.1.3 Design Basis Axial Heat Generation Profile 

The heat load content of the payload within the transportation cask is specified by a design basis 

axial heat generation profile. The axial heat generation profile is dependent on the SNF decay 

heat generation within the particular FuelSolutions™ canister to be transported. The variation in 

heat generation within a canister is a function of:  (1) the SNF assembly class; (2) the 

corresponding heavy metal content, burnup, and cooling time; (3) the total number of SNF 

assemblies in the canister; (4) the active fuel length of the SNF assemblies; and (5) the axial 

position of the SNF assembly active fuel length within the canister. These variables are set by 

either the canister type or the characteristics of the specific SNF assembly class to be loaded. 

The specific SNF assembly classes and characteristics that are accommodated by each 

FuelSolutions™ canister are discussed in the respective FuelSolutions™ Canister Transportation 

SAR.

Several factors, including burnup, determine the SNF assembly’s total heat load (kW) at the time 

of reactor discharge, and the profile of the heat load versus fuel axial position. A uniform burnup 

over the entire active fuel length would result in a flat axial heat profile with no peaks (i.e., a 

peaking factor of 1.0). Since fuel does not burn uniformly over the entire axial length, the heat 

generation from the fuel will exhibit a peak in the center region of the assembly. As burnup 

increases, the total heat load from the SNF assembly also increases, and the axial heat profile 

6 Brown, N., Gianoulakis, S., and Lake, W., Comparison of 10 CFR 71 Normal Conditions with Bounding US “Hot 

Day” Extremes, Sandia Report SAND91-2255C, October 1992. 

7 Manson, S., and Gianoulakis, S., Comparison of Spent Fuel Shipping Cask Response to 10 CFR 71 Normal 

Conditions and Realistic Hot Day Extremes, Sandia Report SAND94-0812, April 1994. 
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becomes more uniform along the active fuel length. SNF assemblies with low burnup may have a 

relatively low total heat load, but they typically exhibit locally high linear heat generation rates 

(kW/in). Thus, it is possible for a low burnup SNF assembly with limited cooling time to yield 

higher local temperatures in the canister and cask due to this locally high linear heat generation 

rate even though the assembly has a lower overall heat load. Assemblies with shorter active fuel 

lengths may also yield higher local heat generation levels, despite having a lower total heat 

generation level. 

To ensure that the cask system component temperatures calculated in the licensing basis analyses 

are not exceeded for any individual canister, both the overall heat generation (QTotal) and the 

maximum Local Heat Generation Rate (LHGR) of the loaded SNF assemblies are controlled 

parameters, as discussed in Section 3.1.3.3. Another effect that is considered in the licensing 

basis analysis is variation in the axial position of the SNF assembly’s active fuel region (over 

which the majority of heat is generated) within the transportation cask geometry for different 

SNF assembly types and canister types. As discussed below in Section 3.1.3.1, a conservative 

design basis axial heat generation profile, which addresses these effects, is developed and used 

for the Transportation Cask thermal evaluation.  

3.1.3.1 Development of Design Basis Axial Heat Generation Profiles 

Figure 3.1-1 presents the representative normalized axial heat generation profiles used for the 

PWR and BWR fuel assembly classes accommodated by FuelSolutions™ canisters. These 

profiles are based on axial burnup profiles presented in published reports for 44 GWd/MTU 

burnup PWR fuel
8
 and for 29 GWd/MTU burnup BWR fuel

9
 (i.e., for typical PWR and BWR 

assembly burnup levels). As can be seen from the figure, while the shapes of the axial heat 

generation profile curves are generally similar, the BWR fuel generates a greater portion of its 

heat in the lower half of the active fuel length and exhibits a faster fall-off in heat near the ends. 

In both cases, however, the magnitude of the curves are normalized such that the average heat 

generation over the length of the curve is equal to 1.0. As such, distributing the total heat 

generation along the length of the active portion of the SNF assembly according to the values 

specified by the curve yields the LHGR, while conserving the total heat generation. 

The “peaking factor” of an axial heat generation profile is defined as the maximum LHGR 

(kW/inch) that occurs anywhere in the profile, divided by the assembly average LHGR 

(kW/inch) that occurs over the entire span of the profile. “Normalized” axial heat generation 

profiles, such as those shown in Figure 3.1-1, are scaled such that the integrated average LHGR 

is set equal to 1.0. The normalized profiles show variation in the ratio of the LHGR at each axial 

location to the assembly average LHGR along the entire length of active fuel. Thus, the 

maximum value on the normalized profile is the peaking factor. As shown in Figure 3.1-1, the 

representative PWR and BWR axial heat generation profiles have peaking factors of 1.095 and 

1.22, respectively. 

8 DOE/RW-0495, Depletion and Package Modeling Assumptions for Actinide-Only Burnup Credit, Office of 

Civilian Radioactive Waste Management, U.S. Department of Energy, May 1997. 

9 NFS:BND:95-083, Commonwealth Edison BWR Fuel Data, Letter from A. S. Pallotta of BWR Nuclear Design, 

Nuclear Fuel Services to A. G. Panagos, July 10, 1995. 
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The transportation cask thermal analyses are performed using two different design basis canister 

axial heat generation profiles, which are referred to as the “Max Thermal” (or Qmax) and “Max 

Thermal Gradient” (or LHGRmax) profiles. The transportation cask design basis canister axial 

heat generation profiles are shown in Figure 3.1-2. Figure 3.1-2 also shows the normalized axial 

heat generation profiles of various PWR and BWR fuel assembly classes to illustrate how the 

axial span of the design basis canister axial heat generation profiles bound those covered by the 

active fuel regions of the various PWR assembly classes. The design basis canister axial heat 

generation profiles are developed based on the PWR normalized heat generation profile shown in 

Figure 3.1-1. Use of the PWR normalized heat generation profile rather than the BWR profile 

maximizes the total heat generation since both profiles are limited to the same maximum LHGR, 

as discussed in Section 3.1.3.3, and the PWR profile is more uniform (i.e., has a lower peaking 

factor) than the BWR profile. Thus, the design basis Qmax profile will produce higher peak 

temperatures in the cask body than any BWR assembly meeting the same LHGR limit. 

The Qmax profile is based on a total canister heat load of 22.0 kW, a maximum LHGR of 

0.1606 kW/inch, and an active fuel length of 150 inches. However, this profile is “stretched” at 

the top end to a length of 160 inches to cover possible variations in the position of active fuel 

regions within the transport cask. In addition, the heat generation profile between the top end of 

the 160-inch active fuel region and the top end of the canister is maintained at 0.0296 kW/inch 

(i.e., 0.184 times the maximum LHGR.)  This, along with the “stretching” of the modeled active 

fuel region, produces a total heat load that exceeds 22.0 kW and maximizes the temperatures of 

the cask closure seals that are located in the lid. These effects add to the inherent conservatism in 

the transportation cask thermal analyses. 

The LHGRmax profile has a total heat load of 17.5 kW and a maximum LHGR of 

0.2106 kW/inch, and is based on an active fuel length of 91 inches, which is representative of the 

shortest PWR fuel length (e.g., Yankee Rowe PWR fuel) anticipated to be accommodated by the 

TS125 Transportation Cask. The magnitude of the LHGRmax profile is set to produce 

temperatures within the transportation package that reach, but do not exceed, the material 

temperature limits for the controlling thermal condition. This profile was developed solely to 

examine the effects of minimum active fuel lengths, combined with maximum possible LHGR 

values, which produce the maximum axial and radial thermal gradients in the cask body that are 

considered in the TS125 Transportation Cask structural evaluation. The LHGRmax profile does 

not form the basis of any thermal requirements for FuelSolutions™ canisters to be transported in 

the TS125 Transportation Cask, as discussed in Section 3.1.3.3. 

3.1.3.2 Application of Axial Heat Generation Profiles for Cask Analysis 

The transportation cask thermal model includes the canister shell assembly, including the shield 

plugs, as boundary conditions for the qualification thermal model. The cask thermal analysis 

models heat generation within the canister shell and lids, based upon one of the two design basis 

canister axial heat generation profiles shown in Figure 3.1-2. Based upon those profiles, the local 

heat load (QLocal) at a specific axial location in the analytical models is determined as follows: 

LzN
AFL

Q
Q Total

Local )(
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where:

QLocal  = Local canister heat at the nodal location 

QTotal  = Total canister heat load (kW)  

AFL  = Active fuel length in inches for the associated axial profile (i.e., 150 inches for the  

Qmax and 91 inches for the  LHGRmax profiles) 

N(z) = Normalized heat generation (kW/inch) at the center of the region being modeled 

L = Axial length in inches of the region being modeled 

The maximum heat generation magnitudes of the Qmax and LHGRmax profiles were determined 

by increasing the magnitude of the heat generation profiles shown in Figure 3.1-2 (i.e., 

increasing QTotal) until one or more of the cask component temperatures reach the associated 

material temperature limit. The value of “QTotal” that results in the cask material temperature 

limits being reached for the Qmax profile is the thermal rating of the transportation cask. The 

corresponding maximum LHGR for each profile is equal to the average heat load (QTotal/AFL)

multiplied by the peaking factor (PF). The peaking factor is simply the maximum value of N(z) 

for the normalized heat generation profile. The maximum LHGR for the Qmax profile is the 

maximum allowable LHGR for the TS125 Transportation Cask. As discussed in Section 0, the 

LHGRmax profile does not form the basis for either the total heat generation or LHGR limits for 

the TS125 Transportation Cask. 

Note that the LHGR levels for the Qmax profile are based upon the total heat generation level 

being analyzed, divided by 150 inches, even though the actual Qmax profile is over 160 inches 

long, with additional heat being applied at the canister top end. Thus, due to the “axial 

stretching” of the heat generation profile (discussed in Section 3.1.3.1), the thermal analyses 

actually model more overall heat generation than the defined heat generation level that is being 

analyzed. This is done to conservatively account for variations in axial positions of actual 

assembly fuel zones (and heat generation profiles). Nevertheless, loaded canisters are still 

required to have overall heat generation levels equal to or less than the defined maximum total 

heat generation level that is analyzed (i.e.,  22.0 kW). 

3.1.3.3 Allowable Canister Axial Heat Generation Profiles 

The maximum allowable transportation cask heat loads are determined independent of the 

allowable heat loads for the canisters. The derivation of allowable heat load for each 

FuelSolutions™ canister for transport in the TS125 Transportation Cask is provided in Chapter 3 

of the respective FuelSolutions™ Canister Transportation SAR.

In order to assure that the design basis canister heat loads are not exceeded, the total heat load 

for any FuelSolutions™ canisters to be shipped in the TS125 Transportation Cask must not 

exceed 22.0 kW.  In addition, the canister thermal evaluation must show that the peak 

temperature in the transportation cask’s inner shell does not exceed that calculated for the TS125 

Transportation Cask design basis Qmax thermal profile. A FuelSolutions™ canister with a design 

basis axial heat generation profile that is enveloped by the design basis Qmax profile used for the 

TS125 Transportation Cask thermal evaluation will always satisfy this criteria. Furthermore, a 

FuelSolutions™ canister with a design basis axial heat generation profile that is less than 
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22.0 kW but is not enveloped by the transportation cask’s Qmax thermal profile (e.g., the 

FuelSolutions™ W74 Canister) may satisfy this criteria because the local heat generated by the 

SNF assemblies tends to be spread axially as it is transferred outward radially through the 

canister to the cask inner shell.

As discussed in Section 3.1.3.2, the LHGRmax profile analysis performed in this SAR yields the 

maximum possible thermal gradients that could occur without cask component temperature 

limits being exceeded. This is due to the fact that the overall heat load of the LHGRmax profile 

that was analyzed was not limited such that its peak LHGR remained at or below that of the Qmax

design basis profile. Instead, the heat load was increased further, until the cask component 

temperatures (above the peak section of the profile) reached their limits. Due to this conservative 

approach used in the transportation cask evaluation, there are no requirements related to the  

LHGRmax profile analysis that must be met by loaded canisters. 

3.1.4 Cask Component Temperature Summary 

The maximum allowable material temperatures for the FuelSolutions™ TS125 Transportation 

Cask and impact limiters are presented in Section 3.3. The transportation cask and impact limiter 

temperatures under the various bounding thermal load conditions are presented in Sections 3.4 

and 3.5 for NCT and HAC, respectively. These system temperatures are determined by applying 

either the maximum transportation cask thermal ratings presented in Table 3.1-3 or zero decay 

heat, depending on the applicable thermal load condition as defined in Table 3.1-1. 

The figures and tables in Section 3.4 provide a comprehensive overview of the thermal 

performance of the transportation cask under NCT conditions. As the thermal analysis of 

Section 3.4 demonstrates, all of the temperatures and temperature distributions noted from the 

analysis are well within the established thermal limits for the cask. The predicted peak cask shell 

temperature is 369 F, or 431 F below the established allowable temperature for the structural 

steel. The maximum predicted temperature of the lead material forming the gamma shield is 

362 F, or 258 F below the established melting point for the lead. The bulk average temperature 

for the lead shield under the bounding NCT load condition is 322 F. The bulk average 

temperature of the solid neutron shield material is 249 F, or 51 F below the 300 F limitation 

established to limit the loss of hydrogen from the material. 

Likewise, the thermal evaluations for HAC conditions presented in Section 3.5 demonstrate that 

the cask component temperatures will remain within the respective accident allowable 

temperatures. Despite conservative assumptions for emissivity and absorptivity and the 

worst-case modeling for potential damage to the impact limiters, the thermal evaluations 

demonstrate that cask containment boundary will remain intact and that the lead will remain well 

below its established melting point. While the ends of the cask are predicted to reach peak 

temperatures in excess of 950 F (due to the conservative modeling assumption that the impact 

limiters provide no thermal shielding during the 30-minute fire), these temperatures occur only at 

the outer surface of the cask and remote from the location of the lead. The thermal mass 

presented by the cask lid/bottom, the support rings, and the upper and lower forgings are 

sufficient to absorb the fire imposed heat flux and still maintain the metal temperatures in the 

vicinity of the lead to a peak temperature of 457 F, well below the 620 F lead melt point. In 

actuality, the presence of the impact limiters will provide a significant thermal shield between 
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the cask ends and the fire. As such, the peak temperatures at the cask ends are expected to be 

nearer to that seen for the center of the cask than to the levels predicted by this conservative 

modeling approach. Evaluation of the temperature distributions in the vicinity of the shear block 

shows that the thermal mass in this area of the cask is also sufficient to prevent lead melt 

temperatures from being reached during all portions of the HAC fire event. 

3.1.5 Transportation Cask Internal Pressure Summary 

Although the FuelSolutions™ canister shell is designed as a confinement boundary for storage 

conditions, the canister is not considered a containment boundary for transportation conditions. 

Instead, the transportation cask serves this function. In addition to the cask cavity backfill gas, 

the transportation cask is conservatively assumed to be pressurized due to a postulated release of 

fuel rod fill gas, fuel rod fission gas, control component gases, and canister backfill gas directly 

to the transportation cask cavity. The canister is backfilled with helium during closure 

operations. The quantity in moles of inert backfill gas needed for the FuelSolutions™ W21 and 

W74 canisters is determined in order to achieve 10 psig (1.68 atm) in the canister cavity under 

normal hot storage conditions (i.e., 100 F ambient at the canister thermal rating for storage 

within the FuelSolutions™ W150 Storage Cask) and with 1% rod failures.  

The transportation cask cavity is conservatively assumed to be backfilled with a quantity of 

helium sufficient to achieve 1 atm at room temperature (70 F). Since it can safely be assumed 

that the canister/cask temperatures will be above 70 F at the time of backfill, the actual cask 

cavity pressures will be less than those determined based on this assumed quantity of helium 

backfill gas. 

The transportation cask maximum internal pressure is dependent on the characteristics of the 

specific FuelSolutions™ canister and SNF payload contained within the cask. A transportation 

cask design pressure of 75 psig has been established to bound the maximum pressures resulting 

from the worst-case combination of canister and SNF. As such, the maximum normal operating 

pressure (MNOP) for the FuelSolutions™ TS125 cask with a generic canister is 75 psig. 

Conservative predictions of transportation cask internal pressure for NCT and HAC are provided 

in Sections 3.4 and 3.5 of the corresponding FuelSolutions™ Canister Transportation SARs. 

These calculations assume the rupture of 3% of the SNF and PWR control component rods under 

the NCT hot and NCT cold conditions, and 100% of the SNF and PWR control component rods 

under HAC conditions.
10

 The release of 100% of the rod fill gas, 30% of the SNF rod fission gas, 

and 30% of the gas generated within PWR control components is conservatively assumed for 

each postulated failed rod. A canister will not be qualified for transport within the 

FuelSolutions™ TS125 Transportation Cask unless the maximum MNOP of the cask/canister 

combination is demonstrated to be less than 75 psig. 

10 Table 4-1, NUREG-1617, Standard Review Plan for Transportation Packages for Spent Nuclear Fuel, Spent Fuel 

Project Office, Office of Nuclear Material Safety and Safeguards, U.S. Nuclear Regulatory Commission, 

Washington, DC 20555-0001, March 2000. 
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Table 3.1-1  -  Transportation Package Design Basis Thermal Load 

Conditions

Applicable Conditions 

Insolation Decay Heat 

Case Description 

Ambient
Temperature

( F) Max.(1) Zero Max. Zero 

1 NCT Hot(2) 100 

2 NCT Hot (no solar)(2,3,6) 100  

3 NCT Cold(2,3) -20  

4 NCT Cold (no heat)(4) -20  

5 NCT Cold Environment(5) -40  

6 NCT Cold Environment (no heat)(4) -40  

7 HAC Fire (cold)(3) -20/1475/-20  

8 HAC Fire (hot)(3) 100/1475/100 

Notes:
(1) Insolation in accordance with 10CFR71.71(c)(1), averaged over 24 hours. 
(2) Thermal conditions used to evaluate thermal acceptance criteria and for structural load combinations. 
(3) For the HAC fire event, a transient consisting of an initial steady-state initial condition (i.e., case 2 or case 3), 

followed by a 30-minute fire event, and concluded with a post-fire transient analysis to establish the peak 

temperatures.  
(4) NCT Cold and Cold Environment load conditions are evaluated without decay heat to establish minimum 

material temperatures for material compatibility and brittle fracture considerations. 
(5) NCT Cold Environment condition evaluated with maximum decay heat to establish the worst-case spacer plate 

thermal gradients. 
(6) NCT Hot (no solar) used to assure compliance with 10CFR71.43(g) criteria for accessible surface temperature. 
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Table 3.1-2  -  Insolation Data per 10CFR71.71(c)(1) 

Form and Location of Surface 
Total Insolation for a 12-hour 

Period (g cal/cm2)(1)

Flat surfaces transported horizontally; base surface None 

Flat surfaces transported horizontally; all other surfaces 800 

Flat surfaces not transported horizontally 200 

Curved surfaces 400 

Notes:
(1) The 12-hour period covers the daylight hours. Insolation for the remaining 12 hours (nights) is zero. The 

12-hour insolation values are averaged over a 24-hour period for use in the steady-state modeling due to the 

large thermal mass of the transportation package. 

Table 3.1-3  -  TS125 Transportation Cask 

Thermal Evaluation Axial Heat Generation Profile Parameters 

Design Basis Profile 

Total Canister 
Heat Load

(kW)

Maximum LHGR
(kW/in)

Max Thermal (Qmax) 22.0 0.1606 

Max Thermal Gradient (LHGRmax) 17.5 0.2106 
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3.2 Summary of Thermal Properties of Materials 

The analysis of the transportation cask and impact limiter heat transfer requires that thermal 

properties be defined for the materials used in fabrication. Table 3.2-1 tabulates the relevant 

thermal properties for the materials used in the fabrication of the FuelSolutions  TS125 

Transportation Cask and impact limiters. Table 3.2-2 provides a summary of the transportation 

cask and impact limiter material emissivity and absorptivity values used for radiation heat 

transfer analyses. Table 3.2-3 provides a summary of the fluid material properties used for 

thermal analysis. The thermal properties of the materials used in the fabrication of the 

FuelSolutions™ canisters are presented in the respective FuelSolutions™ Canister 

Transportation SARs. The material properties required for the determination of thermal stresses 

(i.e., modulus of elasticity, coefficient of thermal expansion, etc.) are presented in Chapter 2. 

The FuelSolutions™ TS125 Transportation Cask body is fabricated primarily of Type XM-19 

stainless steel, chemical copper lead, Type 304 stainless steel, A516, Grade 70 carbon steel, and 

solid neutron shielding material (NS-4-FR). The support angles within the neutron shield and the 

neutron shield jacket are fabricated from A516, Grade 70 carbon steel. Miscellaneous 

components include ASME SB-637, Grade N07718, high nickel alloy closure bolts, Helicoflex
®

metallic seals, Butyl O-ring seals, and brass vent, test and drain port plugs. The impact limiters 

are fabricated of A-240, Type 304 stainless steel and individual segments of Cross-Core
®

aluminum honeycomb. The outer shell of the impact limiters is fabricated of A-240, Type 304 

stainless steel. The canister shell assembly used for the thermal evaluation of the transportation 

cask is fabricated of Type 316 stainless steel. 

The annulus between the FuelSolutions™ canister shell and the transportation cask cavity is 

backfilled with helium to achieve 1 atm (0 psig) at the time of cask closure. 

Material properties presented in this section are taken from technical references that are 

established and recognized within the thermal analysis field. Realistic material properties are 

used for the thermal analyses presented in Sections 3.4 and 3.5. As indicted in the tables, 

variation of key thermal properties within the temperature range encountered during 

transportation is modeled as a function of temperature. The effects of material property 

uncertainties are accounted for by conservatisms in the analytical methods presented in 

Sections 3.4 and 3.5. 

The emissivity values presented in Table 3.2-2 for transportation cask materials are 

representative for the cask in the normal handling condition and will tend to increase over the 

cask lifetime due to oxidation. Any increase in surface emissivity values will enhance the 

radiation heat transfer and transportation package thermal performance over and above that 

assumed by this analysis. Section 8.2.1 of this SAR provides instructions for maintenance of the 

neutron shield jacket coating. This coating maintenance will assure that assumed emissivity and 

absorptivity values remain conservative throughout the transportation package lifetime. In 

addition, as discussed in Section 8.2.1 of this SAR, the transportation cask outer surface is 

inspected for cleanliness and maintained as necessary to allow proper decontamination. This 

periodic cask surface maintenance will assure that the assumed cask outer surface absorptivity 

remains conservative throughout the transportation package lifetime. 
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Table 3.2-1  -  Transportation Cask and Impact Limiter Homogenous 

Material Properties (3 pages) 

Material
Temperature

(°F)
Thermal Conductivity

(BTU/hr-ft-°F)
Density(1)

(lb/ft3)
Specific Heat 
(BTU/lb-°F)

-40 8.2(6) 503 0.111(6)

70 8.6  0.113 

100 8.7  0.114 

200 9.3  0.119 

300 9.8  0.122 

400 10.4  0.125 

600 11.3  0.129 

800 12.2  0.132 

1000 13.2  0.135 

1200 14.0  0.137 

Type 304/304L 

Stainless Steel (2)

1500 15.3  0.141 

-40 6.9(6) 502 0.110(6)

70 7.7  0.114 

100 7.9  0.116 

200 8.4  0.119 

300 9.0  0.124 

400 9.5  0.125 

600 10.5  0.129 

800 11.5  0.132 

1000 12.4  0.134 

1200 13.3  0.136 

Type 316 

Stainless Steel(2)

1500 14.6  0.140 

-40 5.7(6) 494 0.103(6)

70 6.4  0.113 

100 6.6  0.115 

250 7.40  0.121 

400 8.2  0.126 

600 9.3  0.132 

800 10.4  0.136 

1000 11.4  0.138 

1200 12.5  0.142 

Type XM-19 

Stainless Steel(2)

1500 14.0  0.148 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

  Revision 6 3.2-3

Table 3.2-1  -  Transportation Cask and Impact Limiter Homogenous 

Material Properties (3 pages) 

Material
Temperature

(°F)
Thermal Conductivity

(BTU/hr-ft-°F)
Density(1)

(lb/ft3)
Specific Heat 
(BTU/lb-°F)

-40 22.9(6) 489 0.096(6)

70 23.6  0.110 

200 24.4  0.118 

300 24.4  0.123 

400 24.2  0.128 

600 23.1  0.136 

800 21.7  0.149 

1000 20.0  0.165 

1200 18.2  0.189 

Type A36 or A516 

Carbon Steel(2)

1500 15.1  0.183 

NS-4-FR Solid 

Neutron 

Shielding(4,5)

-- 0.373 105 0.319 

Composite A516 C. 

Stl Angle /NS-4-FR 

Neutron Shielding(9)

-- 0.901 135 0.262 

-58 21.7 708 0.030 

32 20.4  0.030 

81 20.0   

158 19.9  0.031 

248   0.032 

261 19.4   

338   0.032 

428 18.4  0.033 

608   0.033 

621 16.4   

698   0.051 

Lead(6)

833 10.1   

68 9.93  19 0.230 

212 10.24   

1200 psi Cross- 

Core® Aluminum 

Honeycomb(3,7,8)

752 12.46   

68 16.88  28 0.230 

212 17.42   

2500 psi Cross-  

Core® Aluminum 

Honeycomb(3,7,8)

752 21.77   
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Table 3.2-1 Notes:
(1) Single values are shown for homogeneous material density, since this material property does not vary 

significantly with temperature.
(2) Material properties are from ASME Boiler and Pressure Vessel Code, Section II, Part D, 1998 Edition.
(3) General Electric, Properties of Solids, Thermal Conductivity, Metallic Materials, Heat Transfer Division, 

July 1974.
(4) NS-4-FR Technical Data Sheet, NAC International, 655 Engineering Drive, Norcross, Georgia.
(5) GESC/NAC 94-026, Specific Heat Values of NS-4-FR, December 18, 1994.
(6) Y.S. Touloukian, Thermal Conductivity - Metallic Elements and Alloys, Thermophysical Properties of Matter, 

the TPRC Data Series, Vol. 1, 1970.
(7) Material Data Sheet 2600 for Cross-Core® Aluminum Honeycomb, Hexcel Corporation.
(8) Gilmore, D. G., Editor, Satellite Thermal Control Handbook, pp. C-12 to C-16, The Aerospace Corporation 

Press, El Segundo, California, 1994.
(9) See Section 3.6.2 for development of the composite material properties.
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Table 3.2-2  -  Transportation Cask and Impact Limiter Surface 

Emissivities and Absorptivities 

Material Conditions Emissivity ( )  Absorptivity ( )

Interior & Exterior Cask Surfaces 

(XM-19 Stainless Steel(1,2))
slightly oxidized, <250 F 0.30 0.52 

Generic Canister & Inner Surface of 

Outer Shell 

(316L & XM-19 Stainless Steel(1,2))

oxidized XM-19 & 316L 0.40 n/a

Lead Shielding(3) rough, oxidized 0.6 n/a 

Impact Limiter Shell, Personnel 

Barrier(1,2)
uncoated stainless steel 0.3 0.52 

Neutron

Shield Jacket(4)
epoxy coating 0.85 0.30 

Notes:
(1) Gubareff, G. G., et al., Thermal Radiation Properties Survey, 2nd Edition, Honeywell Research Center, 1960.
(2) Frank, R. C., and Plagemann, W. L., Emissivity Testing of Metal Specimens, Boeing Analytical Engineering 

coordination sheet No. 2-3623-2-RF-C86-349, August 21, 1986.
(3) Siegel, R., and Howell, J. R., Thermal Radiation Heat Transfer, 3rd Edition, Hemisphere Publishing 

Corporation, Washington, D. C., 1992.
(4) Gilmore, D. G., Editor, Satellite Thermal Control Handbook, The Aerospace Corporation Press, El Segundo, 

California, 1994. Allowance provided for impact of surface degradation on emissivity and absorptivity.
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Table 3.2-3  -  Transportation Cask Material Properties, Fluids 

Material
Temp.

(ºF)

Thermal
Conductivity 

(BTU/hr-ft- F)

Specific
Heat

(BTU/lb-°F)
Density 
(lb/ft

3
)
(1)

Viscosity 
(centipoise)

-99 0.010 0.239 Use ideal 0.01336 

81 0.015 0.240 gas law 0.01853 

261 0.019 0.242  0.02294 

441 0.023 0.246  0.02682 

621 0.026 0.251  0.03030 

801 0.030 0.257  0.03349 

981 0.033 0.262  0.03643 

1161  0.267  0.03918 

1341 0.039 0.272  0.04177 

Air(1,2,3,7,8)

1701  0.280  0.04650 

-99 0.067 1.24 Use ideal 0.0150 

81 0.087 1.24 gas law 0.0199 

261 0.104 1.24  0.0243 

441 0.122 1.24  0.0283 

621 0.143 1.24  0.0320 

801 0.161 1.24  0.0355 

981 0.177 1.24  0.0388 

1161 0.194 1.24  0.0420 

1341 0.210 1.24  0.0450 

Helium(4,5,6,7,8)

1701 0.240 1.24  0.0508 

Notes:
(1) Eckert, E. R.G., and Drake, Jr., R. M., Analysis of Heat and Mass Transfer, McGraw-Hill 

Book Company, New York, 1972.
(2) Rohsenow, Hartnett, and Ganic, Handbook of Heat Transfer Fundamentals, 2nd Edition, 

McGraw-Hill Publishers.
(3) Kreith, F., Principles of Heat Transfer, 3rd Edition, Harper & Row Publishers.
(4) Touloukian, Y.S., Specific Heat - Nonmetallic Liquids and Gases, Thermophysical Properties 

of Matter, the TPRC Data Series, Vol. 6, 1970.
(5) Touloukian, Y.S., Thermal Conductivity - Nonmetallic Liquids and Gases, Thermophysical 

Properties of Matter, the TPRC Data Series, Vol. 3, 1970.
(6) Touloukian, Y.S., Viscosity - Nonmetallic Liquids and Gases, Thermophysical Properties of 

Matter, the TPRC Data Series, Vol. 11, 1970.
(7) The associated Prandtl number at each temperature point can be computed from the given 

table values via the equation: Prandtl number = specific heat*viscosity*2.41909/conductivity.
(8) The coefficient of thermal expansion for an ideal gas is 1/(T+459.67), where T is the gas 

temperature in degrees F. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

  Revision 6 3.3-1

3.3 Technical Specification of Components 

This section provides the material specifications for components of the FuelSolutions™ TS125 

Transportation Cask. Since the heat transfer process for the transportation package is entirely 

passive, the only applicable material specifications are the maximum and minimum allowable 

temperatures. These allowable temperatures are based on a duration of 1 year, which is the 

maximum allowable time for continuous operation of the FuelSolutions™ Transportation 

Package at the design basis thermal rating. The material specifications for FuelSolutions™ 

canisters and SNF are presented in the respective FuelSolutions™ Canister Transportation 

SARs.

The materials used in the FuelSolutions™ TS125 Transportation Cask and impact limiters that 

are considered temperature sensitive are the Helicoflex
®

 metallic seals, the NS-4-FR solid 

neutron shielding material, the lead used for gamma shielding, the impact limiter’s aluminum 

honeycomb, and the transportation cask structural components. Transportation cask and impact 

limiter component maximum allowable temperatures are summarized in Table 3.3-1 for the 

applicable thermal load conditions. The minimum allowable service temperature for all 

transportation cask and impact limiter components is below the minimum -40 F thermal load 

condition.

Stainless steel exhibits material property variations within the operating temperature range of the 

transportation cask. In compliance with the ASME B&PV Code,
11

 the maximum allowable 

temperature of stainless steel used for structural purposes is 800°F. Stainless steel has a melting 

point above 2700°F (1482 C).
12,13

 The ASME allowable temperatures apply only to thermal 

loading conditions where material properties are relied on for structural loads postulated to occur 

in the respective operating mode or load combination (such as NCT and HAC drop accidents).  

The HAC fire accident thermal condition exists for a short duration and does not need to be 

combined with a structural load condition, since the HAC drop is postulated to occur prior to the 

HAC fire. While higher, the specific limits established for the HAC fire condition are selected to 

assure that the ASME material long-term material properties are not impacted. As shown in the 

ASME Code,
14

 the strength properties of steels do not change due to short-term exposure up to 

1,000 F. Therefore, since short-term exposure to the temperatures of this magnitude does not 

have any significant effect on mechanical properties of the materials, 1,000 F is the selected 

short-term allowable temperature for the structural steels used in the cask.  

Similarly, the A516, Grade 70 carbon steel material used in the neutron shield’s support angles 

and the neutron shield outer jacket also exhibits material property variations within the operating 

temperature range of the transportation cask. Since the neutron shield outer jacket does provide 

structural containment of gases released by the NS-4-FR material, its maximum allowable 

11 ASME Boiler and Pressure Vessel Code, Section III, Division 1 - Subsections NB and NG, 1998 Edition. 

12 ASME Boiler and Pressure Vessel Code, Table NF-2, Section II, Part D, 1998 Edition. 

13 Material Engineering, Penton Publishing, December 1991. 

14 Section III, Division I, Subsection NH, Class 1 Components in Elevated Temperature Service, American Society 

of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, 1998 Edition. 
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temperature is 700°F, per the ASME B&PV Code, for NCT conditions. This allowable 

temperature is superseded by the requirements of the epoxy coating used on its exterior surface 

for emissivity enhancement and corrosion control. The neutron shield jacket coating has a 

temperature range of –40°F to 350°F.
15

 Extended operations above the 350°F are expected to 

result in the loss of the coating (see Section 3.5 for further discussion). 

The ASTM SB-637, Grade N07718, high nickel alloy closure bolts have a thermal capability 

similar to that of carbon steel. As such, its long-term allowable temperature will be 700°F, per 

the ASME B&PV Code, for NCT conditions, while a short-term exposure up to 1,000 F will be 

allowed for the HAC event.

Assuming the neutron shield coating is lost under HAC conditions and given the fact that the 

neutron shield jacket is not required to contain the outgases from the NS-4-FR material after 

initiation of the HAC event, the allowable temperature for neutron shield jacket under HAC 

conditions is its melting point (i.e., 2700°F/1482 C). The carbon support angles are not relied on 

for structural purposes. As such, the maximum allowable temperature for that component is 

1000 F for normal conditions and 2700 F for accident conditions. 

Since the chemical copper lead used for gamma shielding serves no structural purpose, its 

appropriate allowable temperature is its melting point. Chemical copper lead has a melting point 

of 620°F.
13

The nominal temperature range for the NS-4-FR solid neutron shielding material is –40°F to 

+338 F.
16

 The results of long-term cyclic tests of a NS-4-FR sample encased in a steel enclosure 

at 300 F (150 C) indicate a 2.0% weight loss in the form of water vapor.
17

 Therefore, to limit 

weight loss and its associated effect on the shielding effectiveness of the NS-4-FR material, the 

average long-term service temperature is limited to 300°F or less. Further, since the tests
17

 were 

conducted at a uniform temperature whereas the cask will exhibit a decreasing temperature 

through the material with increasing radius, the 300 F maximum average temperature is to be 

conservatively applied as a limit on the radial average of the NS-4-FR material at the hottest 

axial position. Since the NS-4-FR temperatures are lower at the ends of the cask, the bulk 

average temperature will be even lower. Thermal tests to simulate fire conditions indicated a 

weight loss of only 6% with a majority of the solid neutron shielding material remaining intact, 

except for a fairly uniform 1/8 to 3/16-inch thick black char layer.
18

 Based on the results of this 

testing, a short-term allowable temperature of 1472 F is established for the NS-4-FR material.  

The Helicoflex
®

 metallic seals used for the containment seals (i.e., the cask lid and the vent and 

drain ports) are a silver jacketed, spring seal design. Given that this type of seal is custom 

15 Keeler & Long S-1 Epoxy Coating System, Keerler & Long Inc., 856 Echo Lake Road, Watertown, Connecticut 

06795.

16 Shirai, S., et al., Evaluation Test on the Thermal Stability of Resin as Neutron Shielding Material for Spent Fuel 

Transport Cask, Sessions 10.1 and 11.1, Proceedings of 12th International Conference on the Packaging and 

Transportation of Radioactive Materials (PATRAM), May 1998, Paris, France. 

17 Asano and Niomura, Experimental Studies on Long-term Thermal Degradation of Enclosed Neutron Shielding 

Resin, PATRAM ’92, The 10th International Symposium on the Packaging and Transportation of Radioactive 

Materials, September 13-18, 1992. 

18 Boonstra, R.H., Thermal Testing of Solid Neutron Shielding Materials, General Atomics, San Diego, California. 
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designed for each application, its specific performance capabilities will vary depending on the 

materials of fabrication, the seal design, and the design of the groove in the cask’s sealing 

surface. The generic temperature capability for the metallic seals range from cryogenic to 1800ºF  

(982ºC).
19

 Two specific seal designs are used for this application. The closure lid seals are 

0.315 inch in cross section and have a long-term temperature capability from below –40 F to 

932 F. The seals used for the vent and drain ports have a cross section of 0.157 inch and a 

long-term temperature capability from below –40 F to 662 F.

The melting temperature of the 5052 aluminum used to fabricate the Cross-Core
®

 honeycomb 

material is 1100 F,
12,13

 while the cure temperature of the thermoset adhesive used to bond the 

layers of aluminum together is 350 F.
20

 However, since the structural crush capability of this 

material for the NCT and the pre-fire HAC drop scenarios will vary with the material 

temperature, a lower limit is needed to assure the assumed structural properties. The bulk 

average temperature selected for this purpose is 200 F. A maximum off-normal operating 

allowable temperature of 300 F is applied based on providing a 50 F margin below the cure 

temperature of the thermoset adhesive. An accident allowable temperature for the aluminum 

material used in the honeycomb is not needed since the impact limiters are not relied on for 

thermal protection during the HAC event. 

Thermal specifications are not need for the miscellaneous components such as the Butyl O-ring 

seals and the brass fittings used in the vent, test and drain port plugs. These components are 

outside the containment boundary of the cask and, as such, their thermal performance is not 

important to the safety function of the FuelSolutions™ TS125 Transportation Cask.  

19 Helicoflex Product Brochure #8003-233783-17221880, Garlock Helicoflex Company, Columbia, SC. 

20 Cross-Core® Product Data, Hexcel Corporation, 5794 West Las Positas Blvd., Pleasanton, California 94588-8781. 
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Table 3.3-1  -  Transportation Cask and Impact Limiter Component 

Allowable Temperatures 

Applicable Thermal Criteria (ºF) 

Cask Component NCT(1) HAC Fire and Post-fire(2)

Structural Stainless Steel -40 to 800 -40 to 1,000 

Structural Carbon Steel -40 to 700 -40 to 1,000 

Non-Structural Carbon Steel -40 to 700 -40 to 2,700(3)

Lead Gamma Shielding -40 to 620(4) -40 to 620(4)

Solid Neutron Shielding(5)

 - Maximum 

 - Maximum Radial Average 

-40 to 338 

-40 to 300 

-40 to 1472 

-40 to 1472 

Helicoflex® Metallic Seals 

 - Cask Closure 

 - Vent & Drain Ports  

-40 to 932 

-40 to 662 

-40 to 932 

-40 to 662 

Aluminum Honeycomb(6)

 - Maximum  

 - Bulk Average 

-40 to 300 

-40 to 200 

n/a

n/a

Neutron Shield Epoxy Coating -40 to 350 n/a(8)

Notes:
(1) Cases 1 through 6 in Table 3.1-1.
(2) Cases 7 and 8 in Table 3.1-1.
(3) The melting point for the A516 carbon steel material is 2700°F.
(4) The melting point for the lead gamma shielding material is 620°F.
(5) The “maximum” allowable temperature is set by the material capability. The “maximum 

radial average” temperature, set by considerations to limit outgassing from the NS-4-FR, is 

calculated at the hottest axial location.
(6) The “maximum” honeycomb temperature set to provide 50°F margin below the cure 

temperature for the thermoset adhesive used in its fabrication. The “Bulk Average” 

temperature set by structural strength considerations. Impact limiter material strength 

properties are not relied on after the HAC fire event. All drop events are postulated to occur 

before the fire event.
(7) The epoxy coating is not assumed to be present during and following the HAC fire event.
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3.4 Thermal Evaluation for Normal Conditions of Transport 

This section provides a discussion of the thermal analysis methodology and results for the 

FuelSolutions™ TS125 Transportation Cask and impact limiters under NCT. The applicable 

transportation cask thermal ratings, temperature distributions, and thermal performance are 

evaluated to verify that the transportation cask and impact limiter thermal design features 

adequately perform their intended functions under the NCTs defined in 10CFR71.71. The 

thermal evaluations of the transportation cask and impact limiters are performed using 

conservative analytical techniques. Transportation cask thermal ratings are established to assure 

that all materials are maintained within their applicable minimum and maximum allowable 

temperature during all modes of operation. 

To validate the performance of the FuelSolutions™ TS125 Transportation Cask under NCT, the 

combined thermal model for the transportation cask and impact limiters is evaluated for the 

design basis NCT cases presented in Table 3.1-1, using the enveloping canister heat generation 

profiles presented in Section 3.1.3. The analysis presented herein is designed to establish a 

thermal rating and to demonstrate that the transportation cask and impact limiter allowable 

material temperatures are not exceeded. 

The thermal model of the FuelSolutions™ TS125 Transportation Cask and impact limiters is 

described in this section. The specifics of the thermal models for the various FuelSolutions™ 

canisters, including interface with the transportation cask thermal model, are presented in 

Section 3.4.1 of the respective FuelSolutions™ Canister Transportation SARs and are not 

repeated here. 

3.4.1 Thermal Models 

3.4.1.1 Analytical Thermal Models 

The analytical thermal models of the TS125 Transportation Cask and the impact limiters are 

developed for use with the Thermal Desktop
®

 and SINDA/FLUINT
®

 computer programs. 

Section 3.6.4 presents an overview of the SINDA/FLUINT
®

 program and its past use for the 

analysis of nuclear systems. An overview of the Thermal Desktop
®

 is also provided in 

Section 3.6.4. The thermal modeling of the FuelSolutions™ TS125 Transportation Cask and 

impact limiters is presented in the following paragraphs. 

Thermal Model Description

The majority of the FuelSolutions™ TS125 Transportation Cask operations are conducted with 

the cask in the horizontal orientation. Operation of the transportation cask in the vertical 

orientation will occur during fuel loading of the canister and cask handling inside the facility, in 

accordance with 10CFR50
21

 and 10CFR72.
22

 During these conditions, the impact limiters and 

21 Title 10, Code of Federal Regulations, Part 50 (10CFR50), Domestic Licensing of Production and Utilization 

Facilities, U. S. Nuclear Regulatory Commission, 1995. 

22 Title 10, Code of Federal Regulations, Part 72 (10CFR72), Licensing Requirements for the Independent Storage 

of Spent Nuclear Fuel and High-Level Radioactive Waste, U. S. Nuclear Regulatory Commission, 1995. 
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personnel barrier are not installed and the transportation cask is not exposed to insolation. The 

absence of the impact limiter and personnel barrier will enhance both radiation and convection 

heat transfer from the cask exterior. As such, the cask temperatures in a vertically oriented 

transportation cask are bounded by those for the NCT hot operation under horizontal orientation. 

Consistent with 10CFR71, the thermal model of the transportation cask only addresses the heat 

transfer modes for the horizontal cask orientation with the impact limiters installed. 

The thermal model is developed using the Thermal Desktop
®

 computer program to define a 180

model of the entire cask assembly (i.e., cask body, impact limiters, personnel barrier and canister 

shell). Program features within the Thermal Desktop
®

 computer program automatically compute 

the various areas, lengths, thermal conductors, and view factors involved in determining the 

individual elements that make up the thermal model of the complete assembly. Modeling the 

entire cask assembly permits simulation of the axial variation in decay heat within the fuel 

assemblies, the ability to model differences in axial placement of the canister and/or the fuel 

assemblies within the canister, and an accurate determination of the thermal end effects 

introduced by the cask bottom and closure lid ends. 

Figure 3.4-1 illustrates the general configuration of the FuelSolutions™ TS125 Transportation 

Cask assembly and the layout of the various components (i.e., the impact limiters, the cask, the 

personnel barrier, and the generic short canister) used to make up the complete thermal model of 

the cask assembly. These individual thermal model components are interconnected via 

conduction and radiation conductors to form a complete cask assembly thermal model. Design 

drawings for the cask assembly are provided in Section 1.3.2 of this SAR. The following 

sections describe the thermal models for each of these individual components. 

Impact Limiters

The thermal representation of the upper and lower impact limiters are exactly the same. The 

impact limiter thermal model is divided into five basic components: the skin, the support 

structure, and the inner, outer, and end honeycomb cores. These five basic components are 

constructed as separate bodies that are joined either by contact conductance or through a 

combination of conduction and radiation conductors across an air gap. As such, no direct 

metallic connection is assumed to exist between these five basic components. Figure 3.4-2 

illustrates the solid elements used to make up the thermal model for the impact limiters. 

The primary structural element within the impact limiter’s shell structure is the ¾-inch thick 

steel support structure used at the interface where the impact limiter mates with the 

transportation cask. The thermal model of this “top hat” structure (so named because of its 

shape) is constructed using 30º wide spans of planer elements that are ¾-inch thick, of the 

specified geometry, and with edge noding. The 180º representation of the shell structure is then 

constructed by repeating this 30º wide span around the z-axis. A 30º span is selected as the basic 

model resolution since it represents the same span width as the individual blocks of honeycomb 

material used in the limiter, plus the fact that a combination of low heat fluxes and relatively 

high thermal conductance are expected to yield only a small variation in temperature in the 

circumferential direction. As such, the use of seven thermal nodes (e.g., seven thermal nodes vs. 

six solid elements due to the use of edge nodes) around the circumference of the thermal model 

is seen as providing an adequate temperature resolution for this application. 
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For simplicity, the radial fins of the shell structure are not explicitly modeled. Instead, for the 

purposes of this thermal model, the material properties in these regions have been set to property 

specifications of the adjacent honeycomb material. Since, under NCT conditions, the fins will 

tend to help conduct heat from the cask into the impact limiter material, ignoring their presence 

will be conservative.

The thermal representation of the impact limiter skin is created in the same fashion as that for the 

“top hat” or shell structure. Again, sections of 30º wide spans of planer elements with the 

specified 0.135-inch skin thickness are used. In addition to the circumferential distribution, 

temperature resolution within the skin of the impact limiter in the axial and radial directions is 

provided by 3 sections in the axial direction and four sections in the radial direction. 

The welded seam between the skin and “top hat” structure is simulated by applying a contact 

resistance across the entire interface between these two surfaces. This approach is appropriate 

since the weld dimensions are small in comparison with the contact area. A contact conductance 

of 1.0 Btu/hr-in
2
- F is specified at this interface. This is a conservative estimate of the contact 

conductance across a lightly loaded joint.
23

The inner, outer, and end core Cross-Core
®

 honeycomb sections are simulated by a series of 

solid elements that are 15º wide. This doubling in the thermal noding for the honeycomb sections 

vs. that used elsewhere in the limiter provides the ability for thermal resolution within the 

individual blocks of honeycomb (i.e., each block of honeycomb used in the limiters spans a 30º 

wide segment). Seven thermal nodes are used to provide axial temperature resolution within the 

inner honeycomb core, while eight nodes are used to provide radial temperature resolution. 

Twelve thermal nodes are used for the axial direction and six in the radial direction to provide 

thermal resolution in the outer honeycomb core. The conical shaped end core honeycomb is 

represented by two to four thermal nodes in the axial direction and nine nodes in the radial 

direction.

Heat transfer via conduction and radiation across an air gap is assumed at the radial interfaces 

between the individual blocks of honeycomb. A nominal gap of 0.25 inch is assumed between 

the inner and outer honeycomb cores. The gaps between the individual blocks of honeycomb 

making up the inner and outer cores are ignored for the purposes of this model. The level of heat 

transfer in the circumferential direction is judged to be too low to necessitate this additional level 

of complexity in the modeling. The same is true for the axial direction, plus the fact that there is 

only one joint in the axial direction. 

Conductors between the surface of the skin and the ambient are provided to simulate the 

convection and radiation heat transfer processes that will occur at these surfaces. Likewise, 

conductor and radiation connections between the inner surface of the skin and the honeycomb 

sections are used to thermally connect the skin to the internals of the limiter. A 0.13-inch air gap 

is assumed to exist between the inner, outer, and end honeycomb sections and the skin in the 

axial direction, while, based on the design drawings, a nominal radial air gap of 0.195 inch is 

assumed along the interface with the outer core and 0.19 inch along the interface with the end 

core.

23 Based on Curve #11 in Figure 8, page 4-19, Rohsenow, Harnett, and Ganic, Handbook of Heat Transfer 

Fundamentals, 2nd Edition, McGraw-Hill, Inc., 1989. 
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Given the size of the enclosure formed by the skin covering the surfaces of the inner and end 

honeycomb cores and the skin of the weather cover, heat transfer via convection is likely to 

occur within the enclosure. Determination of the magnitude of the convection is made possible 

by the inclusion of a thermal node representing the mean gas temperature within the enclosure. 

Cask Side Wall

As seen in Figure 3.4-3, the cask components are modeled in a similar fashion as that used to 

construct the impact limiters, in that a series of solid elements spanning 15º arcs in the 

circumferential direction are used to represent the inner shell, the lead gamma shield, and the 

outer shell. The axial length of the cask body is divided into fifteen solid elements to provide 

temperature resolution along the cask shells. While the radial thickness of each shell is 

represented by a single element, two thermal nodes are available to provide thermal resolution in 

the radial direction since each solid element is represented by edge nodes. Given that the 

relatively high thermal conductivity of the metals used in these shells will yield low temperature 

differences across the shells, this level of temperature resolution is adequate for this application. 

The gamma radiation shield is formed by a controlled pour of molten lead into the annular gap 

between the inner and outer stainless steel shells. As the lead solidifies, a gap will tend to form at 

the outer surface of the lead shield due to differences in thermal expansion between lead and 

stainless steel. This same difference in thermal expansion will keep the interface between the 

inner steel shell and the lead shield in intimate contact.  

Although the differential thermal expansion may leave a small air gap between only portions of 

the outside surface of the lead shield material and the outer shell of the cask, for conservatism 

this potential gap is assumed to exist over the entire surface of the lead shield. The nominal gap 

dimension can be estimated by using a differential volume calculation approach. This calculation 

is conducted in three steps. First, the volume between the inner and outer shells is determined at 

the melting temperature of lead (approximately 620 F) by computing the differential thermal 

expansion of the shells from room temperature to 620 F. Second, the “hot” volume between the 

shells is computed and a lead quantity sufficient to fill this volume is assumed to have been 

added. The controlled lead pour procedure will assure that a lead quantity of this amount is 

indeed added. Third, the differential expansion of lead is used to convert this “hot” volume to an 

equivalent weight volume at room temperature. By comparing this volume with the volume 

between the shells at room temperature an effective lead gap can be computed. Using this 

process and assuming a uniform gap, the expected gap at room conditions will be 0.034 inch.  

The actual size of the lead gap will vary as a function of the local lead and outer shell 

temperature. The lead gap reaches a dimension of 0.034 inch at room temperature and decreases 

to 0 inches at the lead melt point. The gap size is related to the local temperature via the 

equation:  Gap size = -4.32x10
-8

 (TGap)
2
 –3.09x10

-5
 TGap + 0.0359, where the gap size is in inches 

and Tgap is in °F. Figure 3.4-4 illustrates the trend of lead gap size with temperature and presents 

the fit between the above equation and the computed lead gap size across the temperature range 

expected.

The heat transfer across the gap is computed as conduction (i.e., Nusselt number = 1.0) and 

radiation across an air-filled gap as a function of the local temperatures. The conduction heat 

transfer is computed using the gap size. Radiation across the gap assumes a view factor of 1, an 

emissivity of 0.6 for rough, oxidized lead, and a conservative emissivity value of 0.4 for the 
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opposing steel surface. The lead surface will quickly oxidize, while the 0.4 estimate for the 

emissivity of the inner surface of the outer shell is conservative given the fact that the shell will 

be heated to approximately 700 F during the controlled lead pour operation. This action will 

result in the formation of an oxidation layer on the surface of the steel, raising its emissivity to 

between 0.6 and 0.8. 

The thermal model simulates the approximately 6-inch thick neutron shield and its carbon steel 

jacket as a composite material using two solid elements in the radial direction and fifteen 

elements in the axial direction. Each of these elements span a 15º arc in the circumferential 

direction. Effective thermal properties are used to account for the individual contribution of the 

NS-4-FR material, the thirty-two (32), 3/16-inch thick, A516, Grade 70 carbon steel support 

angles, and the 3/16-inch thick, A516, Grade 70 carbon steel jacket on the overall thermal 

conductivity, density, and specific heat of the neutron shield. Section 3.6.2 presents the 

methodology and calculation of the effective thermal properties assumed for this region of the 

cask. To address concerns over the long-term integrity of the NS-4-FR material, the analysis 

treats the NS-4-FR material as a dead airspace without radiation. This is a conservative approach 

since the presence of the NS-4-FR material yields an effective thermal conductivity of 

1.19 Btu/hr-ft- F (2.06 W/m- C) vs. 0.90 Btu/hr-ft- F (1.56 W/m- C) when the presence of the 

NS-4-FR material is ignored.  

Heat transfer from the neutron shield jacket shell is modeled as a combination of convection and 

radiation. The outer surface of the neutron shield jacket is coated with an epoxy coating with an 

assumed emissivity of 0.85 and a solar absorptivity of 0.3. The actual coating emissivity is 

expected to exceed 0.90, while the solar absorptivity is expected to be 0.25. As such, the thermal 

model provides conservatism in this area to account for potential damage to the coating from 

handling, road dust, etc. Because of the open design of the personnel barrier, the presence of the 

personnel barrier has essentially no effect on convection heat transfer from the neutron shield 

jacket. However, a portion ( 40%) of the radiated heat transfer from the neutron shield jacket 

shell will be intercepted by the personnel barrier and re-radiated to the ambient or reflected back 

onto the jacket. Likewise, the personnel barrier is assumed to intercept 40% of the insolation 

incident on its surface. 

The personnel barrier for the 180º section of the cask modeled is simulated by a planar surface 

divided into six sections, three in the axial direction and two in the circumferential direction. 

Each section is represented by a single thermal node that is centered on the surface. The barrier 

is an uncoated stainless steel surface with an emissivity of 0.30, a solar absorptivity of 0.52, and 

a radiation transmittance factor of 0.60 (to represent the 60% open area of the mesh). 

The cask shear block represents a significant discontinuity in the cask side wall structure. Its 

relatively high thermal conductance between the cask interior and the ambient environment will 

result in a decrease in the local temperatures under NCT conditions. The shear block is simulated 

with five solid elements to represent both the block and its reinforcement structure. For 

conservatism under NCT conditions, the block is treated as solid XM-19 material with a surface 

area equal to its projected area. This minimizes the heat transfer to the ambient via conduction, 

convection, and radiation. In actual operation, the increased surface area due to the cutout in the 

block, plus the conductance into the rail car structure, will serve to raise the level of heat 

conduction away from the region of the shear block. 
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Cask Bottom End

Figure 3.4-5 illustrates the solid elements used to simulate the heat transfer at the bottom end of 

the cask. This region of the cask is defined as that portion lying below the solid neutron shield. It 

starts with the 3-inch wide support ring, and includes the bottom plate forging, the end neutron 

shielding, the shield ring, and the neutron shield cover. The 3-inch wide support ring is simulated 

by two solid elements in the radial direction, one element in the axial direction, and in 15º arcs 

around the circumference. The material is uncoated SA-240 XM-19 stainless steel with an 

emissivity of 0.30 and a solar absorptivity of 0.52. 

The bottom plate forging is simulated by seven solid elements in the radial direction, two 

elements in the axial direction, and in 15º arcs around the circumference. As seen from the 

figure, the thermal model captures the thicken portion of the bottom forging through the use of 

trapezoidal shaped elements. The material is uncoated SA-336 XM-19 stainless steel with an 

emissivity of 0.30 and a solar absorptivity of 0.52. 

NS-4-FR material is used to provide neutron shielding on the bottom of the cask. To structurally 

protect this relatively brittle material, a 3-inch wide ring is used to carry the weight of the cask 

when the cask is setting on its bottom. This bottom shield ring is simulated by one solid element 

in the radial direction, two elements in the axial direction, and in 15º arcs around the 

circumference. The material is uncoated Type 304 stainless steel with an emissivity of 0.30 and a 

solar absorptivity of 0.52. The NS-4-FR material at the cask end is simulated by six solid 

elements in the radial direction, two elements in the axial direction, and 15º arcs in the 

circumferential direction. A 0.05-inch gap is assumed to exist between the surfaces of the 

NS-4-FR material and the bottom forging at the top and shield cover plate at the bottom. 

Radiation and conduction across the air gap is assumed at these gaps. 

The 0.25-inch Type 304 stainless steel cover over the NS-4-FR end shield is simulated by five 

thermal nodes in the radial direction and seven nodes in the circumferential direction. Although 

this modeling resolution is less than the underlying NS-4-FR material, it is adequate since the 

primary heat transfer path for this component will be axially into and out of the NS-4-FR 

material. The cover is uncoated stainless steel with an emissivity of 0.30 and a solar absorptivity 

of 0.52. 

Cask Closure Lid

The modeling approached used for the cask closure lid is essentially the same as that used for the 

cask bottom end. Figure 3.4-6 illustrates the thermal model layout used to simulate the heat 

transfer at the cask closure lid. This region of the cask begins with the 3-inch wide support ring 

and includes the cask top forging, the bolt ring, and the closure lid.

Similar to the bottom support ring, the upper support ring is simulated by two solid elements in 

the radial direction, one element in the axial direction, and in 15º arcs around the circumference. 

The material is uncoated SA-240 XM-19 stainless steel with an emissivity of 0.30 and a solar 

absorptivity of 0.52. 

Like the actual component, the thermal layout of the top forging is relatively complicated. The 

forging is simulated by four solid elements in the radial direction, eight elements in the axial 

direction, and in 15º arcs around the circumference. Although the center of the forging is actually 

a composite of the SA-336 XM-19 material of the forging and the SB-637, Grade N07718 
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material for the bolts, it is simulated as all SA-336 XM-19 stainless steel. This assumption is 

conservative for NCT conditions, since the XM-19 material has a lower thermal conductivity 

than does the SB-637, Grade N07718 bolt material. As such, the lower conductivity in this 

region will yield slightly conservative (i.e., higher) cask and canister temperatures. The top 

forging has an emissivity of 0.30 and a solar absorptivity of 0.52. 

The cask lid is simulated with seven solid elements in the radial direction, three elements in the 

axial direction, and in 15º arcs around the circumference. The lid material is uncoated SA-240 

XM-19 stainless steel with an emissivity of 0.30 and a solar absorptivity of 0.52. 

Three areas of contact conductance are defined at the closure lid. These are the areas inside the 

bolt ring, at the bolt ring, and outside the bolt ring. A contact conductance value of 

2.78 Btu/hr-in
2
- F is assumed for the area inside the bolt ring.

23
 This value is increased by a 

factor of 10 at the bolt ring to account for the presence of the bolts. The contact conductance is 

reduced to 0.05 Btu/hr-in
2
- F outside the bolt ring, since a nominal 0.05-inch air gap will exist at 

this portion of the closure lid. 

Generic Canister

The simulation of the decay heat load imposed on the transportation cask from canisterized SNF 

is accomplished for the purposes of this thermal model using a generic canister. Only the shell of 

the canister is modeled. The decay heat load is assumed to be generated within the wall of the 

canister shell and then transferred across the helium gas filled gap to the internal surfaces of the 

cask. The distribution of the heat generation is determined by the “max. thermal” and “max. 

thermal gradient” curves in Figure 3.1-2. See Section 3.1.3 for a discussion of the basis for this 

decay heat loading and its distribution of location on the cask. The canister shell material is 

Type 316 stainless steel with an emissivity of 0.4. 

The thermal simulation of the generic canister is chosen to match the FuelSolutions  short 

canister configurations. Since this modeling approach provides a conservative estimate of the 

available surface area for transferring heat from the canister to the cask, the results obtained from 

this modeling approach will bound those achieved for the FuelSolutions  long canister 

configurations.

The canister shell is modeled for NCT conditions as a collection of surfaces with zero thickness. 

A zero thickness (i.e., zero mass) canister shell is appropriate for steady-state analysis and 

provides a conservative estimate of the temperature rise under transient conditions. The side wall 

of the canister shell is simulated with six thermal nodes around the circumference and thirty-four 

thermal nodes in the axial direction. The top and bottom regions of the canister side wall are 

modeled with an additional set of with two thermal nodes around the circumference and eight 

(e.g., five at the top and three at the bottom) thermal nodes in the axial direction. The reduced 

thermal resolution at the top and bottom of the canister side wall is justified by the lower heat 

flux in these regions and the presence of the lid and bottom closure assemblies that tend to 

reduce the temperature variation in the circumferential direction. This node layout yields a total 

of 118 thermal nodes over the surface of the canister side wall. The top and bottom ends of the 

canister are simulated with five nodes distributed in the radial direction and two nodes in the 

circumferential direction, or a total of ten thermal nodes at each end of the canister. 
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Major Modeling Assumptions

The following major assumptions are used in development of the transportation cask and impact 

limiter thermal model for NCT: 

Non-axisymmetric conditions exist during horizontal operations due to the slightly 

eccentric positioning of the canister within the cask, the buoyancy-driven heat transfer 

within a horizontal canister, and variations in the convection heat transfer coefficient and 

insolation with the circumferential position on the cask. However, for the purposes of the 

thermal qualification of the cask, an axisymmetric definition of the cask is used since this 

sets the maximum thermal loading on any circumferential segment of the cask. 

The annulus between the transportation cask cavity and the canister assembly is filled 

with helium gas at one atmosphere to create an inert environment and to enhance heat 

transfer. The containment boundary of both the cask and the canister are assumed to 

remain intact. 

An air gap is assumed to exist between the lead gamma shield and the outer shell of the 

cask. Since the actual size of the gap will vary with the temperature of the cask side wall, 

the computer model uses a curve fit to automatically compute the gap size. The heat 

transfer across the gaps is modeled as a combination of conduction and radiation. 

The relatively large thermal inertia of the transportation cask permits the insolation 

values listed in 10CFR71.71 to be applied as an average insolation for steady-state 

calculations. The insolation values presented in Table 3.1-2 are applied for the applicable 

NCT cases. 

Temperature-dependent thermal properties presented in Table 3.2-1 and Table 3.2-2 are 

applied.

The solid neutron shielding material thermal properties are conservatively ignored for the 

NCT analyses.

The presence of the intermodal skid, railcar, and other miscellaneous equipment is 

ignored for the thermal modeling of the transportation cask. The physical location of 

these items is remote enough from the cask so as to not affect the convection heat 

transfer. As such, their potential negative impact on heat rejection from the cask via 

convection and radiation is minimal and largely offset by the added conductance through 

the cask support rings and into the support structures. 

The personnel barrier is used with the intermodal skid and railcar to provide a physical 

barrier between personnel and the transportation cask. The clearance between the cask 

exterior and the personnel barrier (approximately 28 inches) and the minimum 60% free 

opening of the expanded metal used for the barrier provides a nearly unobstructed flow of 

air around the transportation cask for convection heat transfer. The radiation heat transfer 

from the transportation cask exterior surface is computed assuming the personnel barrier 

has a radiation transmittance factor of 0.6. The thermal interaction between the personnel 

barrier and the transportation cask is analyzed as part of the NCT analysis of the cask. 
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The trunnions are present only during cask handling operations and when the impact 

limiters are removed. During NCT and HAC conditions, the trunnions are removed and 

the locations covered with a block of encased NS-4-FR material that is approximately the 

same thickness as the neutron shield over the remainder of the cask. As such, the 

presence of the trunnion hardware is ignored in the thermal model.  

The shear block is modeled for both NCT and HAC conditions. For NCT conditions, the 

added surface area created by the non-uniform surface of the block is conservatively 

ignored. However, for HAC conditions, the actual block surface area and an effective 

density for the shear block are used to conservatively capture the radiation and 

convection heat transfer between the cask and the ambient for the HAC event. 

Basic heat transfer relationships used in the thermal analysis are summarized in Section 3.6.1. 

3.4.1.2 Test Thermal Model 

In accordance with 10CFR71.41, detailed thermal analyses of the transportation package are 

performed to demonstrate compliance with the NCT tests specified in 10CFR71.71. As a result, 

subsequent transportation package or scale model thermal testing is not required. However, 

thermal acceptance testing of the transportation cask under simulated NCT hot conditions and 

the maximum heat load rating will be performed as discussed in Section 8.1.6 of this SAR. 

3.4.2 Maximum Temperatures 

The FuelSolutions™ TS125 Transportation Package design basis thermal load cases are 

summarized in Table 3.1-1. For the determination of the FuelSolutions™ TS125 Transportation 

Cask thermal rating, only steady-state NCT hot (case 1) is considered. The combined 

transportation cask and impact limiter thermal model is exercised using the NCT hot boundary 

conditions (100 F ambient w/solar) and the two design basis canister axial heat profiles in 

Figure 3.1-2 for determination of the transportation cask thermal rating. 

The methodology discussed in Section 3.1.3.2 is implemented for the thermal rating case. The 

allowable material temperatures in Table 3.3-1 are assumed, and the  Qmax profile (shown in 

Figure 3.1-2) is modeled. The total canister heat load (QTotal) is gradually increased until an 

allowable material temperature is reached. The results for the transportation cask maximum heat 

load (Qmax) analysis are presented in Table 3.1-3. Similarly, thermal analyses are performed 

assuming the  LHGRmax profile (shown in Figure 3.1-2), and the heat load is increased until an 

allowable material temperature is reached. The results of this analysis (i.e., temperature profiles 

and gradients through the transportation cask geometry) are used in the thermal stress 

evaluations.

Figure 3.4-7 and Figure 3.4-8 present the transportation cask component temperatures as a 

function of canister decay heat load for NCT Hot with the “max. thermal” and “max. thermal 

gradient” profiles, respectively. A comparison of the resulting transportation cask and impact 

limiter component temperatures with the allowable temperatures for operations at transportation 

cask thermal rating is presented in Table 3.4-1 under the case 1 (NCT Hot) column. As seen 

from the figures and table, the solid neutron shielding is the limiting component. The solid 

neutron shielding material (i.e., NS-4-FR) approaches its long-term, maximum allowable 

temperature of 338°F at the selected  Qmax and  LHGRmax profile heat loads (i.e., 333 and 329°F, 
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respectively). Note that the “Max. NS-4 –FR” lines displayed in Figure 3.4-7 and Figure 3.4-8 

are the peak temperatures noted for the material, while the “Ave. NS-4-FR” lines represent the 

radial average temperature at the hottest axial position. As seen from both the figures and 

Table 3.4-1, the radial average temperature at the hottest section through the NS-4-FR material is 

270°F for the  Qmax profile and 267°F for the  LHGRmax profile, or approximately 10% below its 

allowable limit of 300°F for either load condition. Since the 300 F maximum average material 

temperature criteria is applied in terms of a radial average at the hottest axial position, the bulk 

average temperature over the entire length of neutron shield is even further below the 300°F 

limit. As such, an even greater thermal margin exists for the solid neutron shielding material in 

terms of its outgassing rate. 

The FuelSolutions™ TS125 Transportation Cask design basis Qmax and LHGRmax heat 

generation profiles are applied for the full range of NCT cases presented in Table 3.1-1, in order 

to determine the resultant transportation cask and impact limiter temperatures. Maximum 

component temperatures are summarized in Table 3.4-1. All transportation cask and impact 

limiter component temperatures are within their material allowable temperatures for each load 

case. The maximum temperature of 209 F seen for the neutron shield jacket under NCT Hot 

conditions is well within the 350 F thermal rating for the coating used on the shield jacket. In 

addition to the allowable temperatures for the various components, the results demonstrate that 

the requirement of 10CFR71.41 and 71.43 are met. Specifically, even with insolations applied, 

no accessible surface of the package exceeds 185 F, per 10CFR71.43(g). 

Selected transportation cask keypoint temperatures are presented in Table 3.4-2. The entire cask 

keypoint temperature locations for the NCT cases are illustrated in Figure 3.4-9. These keypoint 

temperatures are used in the transportation cask structural analysis presented in Section 2.6 of 

this SAR. Presentation of the transportation package temperatures at the canister thermal ratings 

is provided in the respective FuelSolutions™ Canister Transportation SARs. 

Representative axial and radial temperature profiles through the cask are presented in 

Figure 3.4-10 through Figure 3.4-17 for the same conditions as presented in Table 3.4-1. The 

shape of the “max. thermal” and the “max. thermal gradient” heat load profiles used in the 

analyses is evident in each of the plots. The uneven temperature trend in the canister 

temperatures is related to the simplified manner in which the canister shell is modeled for the 

purposes of this calculation. The increase in the temperatures noted at the start and end of the 

trend lines for neutron shield skin and the neutron shield average temperatures occur because of 

the presence of the support rings at these locations. These 3-inch thick rings are fabricated of 

XM-19 stainless steel and provide a relatively low thermal resistance to the transfer of heat from 

the outer shell of the cask. 

As expected, the radial temperature profiles demonstrate that the gap between the canister and 

the inner shell of the cask, the neutron shield material, and the heat transfer from the cask 

exterior present the largest resistance to heat transfer between the cask payload and the 

environment. The radial temperature profiles also clearly show the presence of the assumed air 

gap between the lead gamma shield and the outer shell of the cask. 

The impact of a potential release of fission gases from failed fuel assemblies on the thermal 

performance is not addressed within this safety evaluation since only a generic canister shell is 

modeled. Instead, a bounding evaluation is provided within each of the FuelSolutions™ Canister 
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Transportation SARs for the range of fuel assemblies qualified for transportation within the 

respective FuelSolutions™ canister.

3.4.3 Minimum Temperatures 

The minimum temperatures in the transportation cask and impact limiter components that occur 

under the NCT cold environment (case 5, -40 F) are listed in Table 3.4-1. Note that the 

temperatures shown are for a design basis canister at the thermal rating and, therefore, do not 

represent the lowest expected component temperatures. Instead, this case represents the 

maximum thermal gradient condition. 

The low temperature compatibility of the transportation cask components is also evaluated for 

the bounding NCT cases with -20°F and -40 F ambient temperature, zero decay heat load, and 

no insolation (Table 3.1-1, cases 4 and 6). The steady-state temperatures of the transportation 

cask components for these analytically trivial cases are -20°F and -40 F, respectively. These 

temperature levels are within the allowable minimum temperatures for all components. Material 

compatibility with cold ambient environments is discussed in Section 2.6.2 of this SAR. 

3.4.4 Maximum Internal Pressures 

The transportation cask NCT internal pressures depend on the specific canister and SNF payload 

to be loaded. Determination of transportation cask NCT internal pressures is presented in 

Section 3.4.4 of the respective FuelSolutions™ Canister Transportation SARs. 

The transportation cask design internal pressure of 75 psig bounds the maximum normal 

operating pressure (MNOP) with any loaded FuelSolutions™ canister. The transportation cask is 

analyzed for this design internal pressure, as presented in Section 2.6.4 of this SAR. The MNOP 

is based on the initial cask helium backfill, the canister backfill, SNF rod fill gas, SNF fission 

gases, and PWR control component gases. Since SNF fill and fission gas quantities depend on 

the specific SNF assembly type, the maximum pressure is calculated for each SNF assembly type 

that can be accommodated by the particular FuelSolutions™ canister. 

The MNOP is determined for each FuelSolutions™ canister assuming no containment by the 

canister shell pressure boundary, an NCT hot environment (100 F ambient w/solar), an initial 

cask annulus helium backfill of 14.7 psia (at 70 F), a maximum canister backfill pressure of 

24.7 psia (at normal hot storage conditions with 1% rod failures), and a postulated failure of 3% of 

the SNF and control component rods. For each postulated rod failure, 100% of the rod fill gas, 

30% of the SNF fission gas yield, and 30% of the gas generated in PWR control components are 

assumed to be released into the cavity. The average gas temperature inside the cask is 

determined by using volume weighted averaging of the canister bulk helium temperature and the 

cask annulus bulk helium temperature.  

Worst-case canister shell and cask tolerances are considered to conservatively determine the 

smallest resultant transportation cask annulus volume. The effects of phase changes, gas 

generation, or chemical decomposition are neglected for the pressure evaluation since the 

canister is drained and vacuum dried prior to closure, the cask annulus is drained prior to 

transport, and both the canister and cask annulus are backfilled with an inert gas (helium). 
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For the purpose of determining the bounding transportation cask pressures, only the highest SNF 

burnup levels are considered. Although the quantity of helium within the SNF rods will increase 

slightly due to fission product decay over the post-irradiation time period prior to transportation, 

the reduction in canister decay heat load, corresponding cask average helium temperature, and 

resultant internal pressure will offset this effect. 

3.4.5 Maximum Thermal Stresses 

Section 2.3 of this SAR gives the thermo-mechanical properties of the transportation cask materials 

that may cause temperature-induced stresses in the transportation package. Using the temperature 

distributions determined from the NCT thermal analyses, thermal stress analyses of the 

FuelSolutions™ TS125 Transportation Cask are presented in Sections 2.6.1 and 2.6.2 of this SAR. 

The impact of differential thermal expansion on clearances between transportation package 

components is specifically addressed. These structural analyses demonstrate the ability of the 

packaging components to maintain positive design margins for all combinations of NCT loads. 

3.4.6 Evaluation of Package Performance for Normal Conditions of 

Transport

The steady-state thermal analysis results demonstrate that the transportation cask and impact limiter 

allowable material temperatures under NCT hot are met for the maximum transportation cask 

thermal rating presented in Table 3.1-3. Additionally, the minimum material temperatures under 

the NCT cold environment with zero decay heat also meet material specifications. Therefore, the 

transportation cask and impact limiters are thermally suitable for transportation of SNF within a 

FuelSolutions™ canister. 

Analysis results for NCT hot (case 1) shown in Table 3.4-1, Table 3.4-2, and Figure 3.4-10 to 

Figure 3.4-13 are used for the NCT shock and vibration, and the 1-foot drop structural evaluations 

presented in Sections 2.6.5 and 2.6.7 of this SAR, respectively. Analysis results for NCT cold 

(case 3, -20 F) presented in Figure 3.4-14 to Figure 3.4-17 are also considered in the structural 

analyses presented Sections 2.6.5 and 2.6.7 of this SAR. 
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Table 3.4-1  -  Transportation Cask and Impact Limiter Maximum 

Temperatures for NCT 

NCT Thermal Load Condition
(1)

Case 1 

(100 F/Solar)
(2)

Case 3 

(-20 F/No Solar) 

Case 5

(-40 F/ No Solar) 

Component
Qmax

( F)

LHGRmax

( F)

Qmax

( F)

LHGRmax

( F)

Qmax

( F)

LHGRmax

( F)

Limits

( F)

Canister Shell 446 468 364 390 346 377 800 

Inner Cask Shell 367 369 275 279 260 264 800 

Gamma Shield (Lead) 

   Maximum 

   Bulk Average 

361

322

362

281

269

222

271

175

254

206

256

159

620

620

Outer Cask Shell 340 336 238 234 221 218 800 

Solid Neutron Shield(3)

   Maximum 

   Max. Radial Avg. 

   Bulk Average 

333

270

249

329

267

223

230

166

14

227

164

110

217

150

124

210

147

92

338

300

300

Neutron Shield Jacket(4) 209 207 104 103 88 86 350

Personnel Barrier 139 137 -8 -9 -28 -30 185 

Impact Limiter(5)

   Bulk Ave. Honeycomb 

   Max. Honeycomb  

151

166

146

162

11

30

8

26

-8

10F

-12

6

200

300

Cask Metallic Seals 

   Cask Closure 

   Vent & Drain Ports 

245

231

234

222

134

117

121

106

117

101

105

89

932

662

Notes:
(1) All temperatures in this table are based on a Qmax of 22.0 kW with the “max. thermal” profile and LHGRmax of 

0.211 kW/in with the “max. thermal gradient” profile.
(2) Transportation cask heat load qualification is based on NCT hot conditions.
(3) The solid neutron shield material temperature is presented in three forms:  the maximum temperature, the radial 

average temperature at the axial location with the highest temperature, and a bulk average temperature across 

the length of the neutron shield. Both averages are limited to 300 F or less for outgas considerations from the 

material. Per the heat load qualification process illustrated in Figure 3.4-7 and Figure 3.4-8, the maximum 

neutron shield material temperature is below 338 F.

(4) A 350 F limit used based on the maximum operating temperature for the epoxy coating. The operating limit for 

the carbon steel material is 700 F.

(5) A 200 F limit used for bulk average temperature for structural considerations. A 300 F maximum allowable 

temperature used to provide a 50 F margin below the cure temperature for the thermoset adhesive used in the 

fabrication of the honeycomb material.
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Table 3.4-2  -  Transportation Cask Keypoint Temperatures 

 NCT Thermal Load Condition
(2)

Selected 

Transportation 

Cask

Case 1 

(100 F/

Solar)

Case 1 

(100 F/

Solar)

Case 3 

(-20 F/

No Solar) 

Case 3 

(-20 F/

No Solar) 

Case 5 

(-40 F/

No Solar) 

Case 5 

(-40 F/

No Solar) 

Keypoint
(1)

Qmax ( F) LHGRmax ( F) Qmax ( F) LHGRmax ( F) Qmax ( F) LHGRmax ( F)

1 187 152 65 21 47 2 

4 204 159 85 31 68 13 

1A 218 165 101 38 83 19 

4A 212 163 95 36 77 17 

5 219 165 101 38 83 19 

7 227 169 112 44 95 25 

10 223 167 107 42 90 23 

16 244 177 131 52 113 34 

17 243 176 129 52 112 34 

18 234 171 117 45 99 27 

19 227 168 110 43 93 24 

20 195 155 79 29 61 10 

26 365 340 273 243 258 228 

27 360 333 267 236 252 220 

28 337 308 235 202 218 185 

29 330 302 227 195 210 178 

36 295 277 189 168 173 152 

37 292 276 186 168 170 152 

38 280 268 169 155 152 138 

39 270 258 160 147 143 129 

40 225 217 114 105 97 88 

46 276 262 168 153 152 136 

49 263 251 153 140 137 123 

50 223 214 108 97 91 80 

51 226 217 112 101 95 85 

52 241 231 129 117 112 100 

54 246 235 135 122 118 106 

55 245 234 134 121 117 104 

56 222 213 106 96 89 79 

57 225 216 111 100 94 83 

58 230 221 117 106 100 89 

59 232 223 119 108 103 91 

Notes:
(1) Locations of the selected temperature keypoints are presented in Figure 3.4-9.
(2) All temperatures in this table are based on a Qmax of 22.0 kW with the “max. thermal” profile and LHGRmax of 

0.211 kW/in with the “max. thermal gradient” profile.
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Figure 3.4-1  -  Overview of TS125 Transportation Cask Thermal Model
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Figure 3.4-2  -  Impact Limiter Thermal Model Layout 
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Figure 3.4-3  -  Thermal Model Layout for Cask Body 
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Figure 3.4-4  -  Lead Gap Size as a Function of Temperature 
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Figure 3.4-5  -  Thermal Model Layout at Cask Bottom End 
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Figure 3.4-6  -  Thermal Model Layout at Cask Closure Lid 
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Figure 3.4-7  -  Transportation Cask and Impact Limiter Temperatures 

vs. Heat Load, Max. Thermal Profile 
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Figure 3.4-8  -  Transportation Cask and Impact Limiter Temperatures 

vs. Heat Load, Max. Thermal Gradient Profile 
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Figure 3.4-9  -  Transportation Cask Temperature Keypoints 
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NCT Hot (100 F), at Qmax
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Figure 3.4-13  -  TS125 Cask Radial Temperature Distribution, 

NCT Hot (100 F), at LHGRmax
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Figure 3.4-14  -  TS125 Cask Axial Temperature Distribution, 

NCT Cold (-20 F), at Qmax
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Figure 3.4-15  -  TS125 Cask Radial Temperature Distribution, 

NCT Cold (-20 F), at Qmax
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3.5 Thermal Evaluation for Hypothetical Accident Conditions 

3.5.1 Thermal Model 

3.5.1.1 Analytical Thermal Model 

This section presents the HAC fire event thermal analysis for the FuelSolutions™ TS125 

Transportation Cask and impact limiters, as specified in 10CFR71.73(c)(4). Thermal 

performance of the transportation cask and impact limiters is evaluated analytically using a 

three-dimensional thermal model. The HAC thermal model of the transportation cask is based on 

the NCT thermal model presented in Section 3.4.1. Modifications are made to the transportation 

cask and impact limiter submodels to account for postulated damage sustained from the HAC 

30-foot drop and puncture event. 

The 10CFR71 specified fire accident is assumed to occur immediately after the HAC drop event, 

as described in Section 2.7.1 of this SAR, and the puncture accident event as described in 

Section 2.7.3. This is an appropriate assumption since the postulated damage to the impact 

limiters acts to reduce the thermal resistance between the cask body and the ambient and, thus, 

reduces the cask component temperatures from those noted for the undamaged conditions. The 

initial temperature distribution in the package is taken from the steady-state conditions, as 

presented in Section 3.4.2. Insolation is ignored prior to the fire for both the HAC cold (case 7) 

and the HAC hot (case 8) events. Its effects are included during the post-fire cool down for the 

HAC hot event. Although insolation does not need to be applied during the 30-minute HAC hot 

fire period, it is conservatively assumed to be present. 

The HAC fire event is simulated by exposing the package to a convective and radiative heat flux 

resulting from an ambient air temperature of 1475ºF, with an effective emissivity of 0.9. The 

duration of the HAC fire event is 30 minutes, after which time the thermal boundary conditions 

are returned to the original pre-fire ambient temperature condition. Following the end of the 

HAC fire event, the thermal transient analysis is continued for a sufficient time to determine the 

maximum temperatures for all components. The analyses are concluded with a post-fire, steady-

state evaluation using the results from the NCT analysis presented in Section 3.4.2. Consistent 

with the requirements of 10CFR71.73(c)(4), the surface absorptivity of all external surfaces is 

set equal to a value of 0.9 for all long wave radiation interchanges. A forced convection 

environment consistent with a fire induced gas velocity of 33 feet per second is also assumed. 

After cessation of the fire, the convection environment is returned to the natural or “free” 

correlations and the effects of insolation (if applicable) are included. Both the surface 

absorptivity and emissivity are left at a value of 0.9 to account for possible sooting of the 

exterior surfaces. 

For conservatism, the credit is taken for the presence of the NS-4-FR material in the neutron 

shield during the HAC fire. As such, the composite thermal conductivity of the solid neutron 

shielding material and the carbon steel support angles is increased from 0.90 Btu/hr-ft- F

(1.56 W/m- C) to 1.19 Btu/hr-ft- F (2.06 W/m- C) at the start of the fire transient and 

maintained at that level during the HAC fire. At the end of the fire transient, the composite 

thermal properties of the neutron shield are returned to their pre-fire values. This approach is 
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conservative since it maximizes the heat input to the cask, while conservatively reducing the heat 

loss from the cask after the end of the fire.  

The shear block modeling is increased in complexity for HAC conditions. The actual shear block 

surface area and an effective density are used to conservatively capture the level of radiation and 

convection heat transfer between the cask and the ambient for the HAC event. This complexity 

was conservatively ignored for NCT conditions, since the shear block provides a relatively low 

thermal resistance for heat loss from the cask. 

The intermodal skid, the railcar, and the personnel barrier are not considered to be present during 

or after the HAC fire event. This assumption is consistent with the cask being removed from its 

mountings to the intermodal skid or railcar as the result of the drop accident that proceeds the 

HAC fire. The personnel barrier is also assumed to be lost during the same drop accident due to 

the fact that it is not attached to the cask. Assuming the loss of the intermodal skid, the railcar, 

and the personnel barrier is conservative for the HAC analysis, since their presence would serve 

to protect the transportation cask from direct exposure to the HAC fire and increase the effective 

thermal mass of the package. 

The primary modifications made for the HAC thermal model are: address the potential damage 

to the impact limiter that simulates the HAC free drop and puncture bar damage, simulate the 

loss of the personnel barrier, and adjust the surface absorptivity and emissivity of all external 

surfaces to 0.9. The 0.9 value represents a upper range value for emissivity of the epoxy coating 

used on the neutron shield (a conservative value of 0.85 is used for NCT conditions), as well as a 

conservative absorptivity value to account for possible sooting of the surfaces during the fire. 

These values for surface absorptivity and emissivity are maintained for the post-fire analysis, 

since the combination of conditions that created and maintained the values during the fire will 

also exist during the post-fire period. 

Impact Limiter Damage

A principal modification made for the HAC analysis is the simulation of a damaged impact 

limiter. Under the 10CFR71.73 specified accident event, it is postulated that the impact limiters 

will sustain damage from a drop event and subsequent puncture bar penetration. It is further 

postulated that the worst-case damage to the impact limiter will result from an oblique angle 

impact on one impact limiter and the subsequent slap down impact to the limiter at the opposite 

end of the cask. This drop scenario is projected to crush the skin of the impact limiter and the 

underlying honeycomb inward, thus increasing the effective density of the honeycomb in the 

region, with an associated increase in the thermal conductivity. The impact limiters will not be 

torn away from the cask as a result of this damage scenario. 

Several potential scenarios exist for the subsequent puncture bar attack on the cask. The most 

credible of these scenarios are a direct attack on the side wall of the cask, an oblique strike on 

one of the impact limiters, and a direct strike on the impact limiter. The first of these potential 

puncture bar attacks can be expected to result in local damage to the outer jacket of the neutron 

shield and possible local compression of the carbon steel support angles. None of these effects 

will result in any significant increase in the cask or canister temperatures. Likewise, while an 

oblique strike on the impact limiter may result in local denting of the limiter shell or a possible 

penetration of the shell, it would not result in the loss of the limiter. This conclusion is based on 
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the fact that the limiters and their attachment method are specifically designed to achieve this 

goal and anything else would not be acceptable. This is further supported by past experience 

with similar designs. 

Therefore, the puncture bar attack scenario most likely to cause the maximum damage is a direct 

attack to the limiter that results in the puncture bar penetrating through the shell of the limiter 

and into the honeycomb sections of the limiter. The force of this impact is assumed to drive the 

impact limiter into direct contact with the end of the cask, with a specifically high compression 

load directly in the area of the puncture bar. Given the weight and length of the cask, it is highly 

probable that the cask would not remain impaled on the bar, but would rotate and twist off the 

bar and end up in the horizontal orientation. This rotation and twisting is assumed to tear out a 

semi-conical shaped hole in the end of the impact limiter. Since the direction of the rotation and 

twisting cannot be predicted, the puncture bar damage is conservatively envisioned as creating a 

conical-shaped hole. 

The damage to the impact limiter resulting from the combination of the initial 30 ft (9 m) drop 

and subsequent puncture bar attack will result in higher thermal conductivity in the vicinity of 

the crushed honeycomb and an opening up of a portion of the interior of the impact limiter to 

direct exposure to the hypothetical fire event. While this damage will increase the heat input to 

the cask structure during the fire, it will also reduce the thermal resistance between the cask and 

the ambient environment during the post-fire cool down period. To conservatively bound the 

thermal effects of a damaged set of impact limiters, the thermal modeling approach used 

assumed that the impact limiters are absent during the 30-minute fire, but are in place and 

undamaged during the post-fire cool down. This approach maximizes the heat input into the cask 

structure from the fire and minimizes the post-fire cool down rate.  

Convection Modeling For HAC Conditions

10CFR71.73(c)(4)
1
 specifies that analysis of the cask for HAC conditions include exposure of 

the cask to a hydrocarbon fuel/air fire of sufficient extent and in sufficiently quiescent ambient 

conditions, to provide an average emissivity coefficient of at least 0.9, with an average flame 

temperature of at least 1475 F for a period of 30 minutes. The convective coefficient is 

determined based on the specified conditions. These conditions are modeled by assuming a quiet 

or still air environment before and after the 30-minute fire event, where the convection 

coefficients between the cask assembly and the ambient are calculated using natural convection 

correlations.

The appropriate level of forced convection to be used during the simulation of the fire event is 

based on a full-scale pool fire test conducted at Sandia National Laboratories, with the express 

intent of assessing the gas velocities and temperatures arising from such an event.
24

 The results 

at four heights above the level of the pool (e.g., approximately 1.5 to 5.3 meters) indicate a wide 

variation in velocities primarily due to the effects of wind and turbulence generated by the fire. 

While the peak velocity varied from approximately 5 to 15 meters/second, a constant value of 

10 meters per second (33 feet per second) is seen as being appropriate for capturing the 

24 Schneider, M.E and Kent, L.A., Measurements of Gas Velocities and Temperatures in a Large Open Pool Fire,

Heat and Mass Transfer in Fire - HTD Vol. 73, ASME, New York, New York 10017. 
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convection coefficients. This is especially true for the 2.6 to 4 meters above the pool, which is 

the range of interest for this cask. 

This conclusion is further supported by the recommendations of the International Atomic Energy 

Agency (IAEA).
25

 The guidelines suggest a pool fire velocity in the range of 5 to 

10 meters/second. As such, the analysis value of 10 meters/second (33 feet/second) is at the 

upper range of the IAEA recommendation. 

3.5.1.2 Test Thermal Model 

In accordance with 10CFR71.41, detailed thermal analyses of the transportation cask are 

performed to demonstrate compliance with the HAC tests specified in 10CFR71.73. As a result, 

subsequent transportation package or scale model thermal testing under simulated HAC fire 

conditions is not required. 

3.5.2 Package Conditions and Environment 

The initial temperature distribution in the package is taken from the steady-state conditions 

determined in Section 3.4 for two ambient temperatures, -20 F (case 3) and 100 F (case 2), 

maximum decay heat, and no insolation. The transportation cask is exposed to a convective and 

radiative heat flux based on ambient air at 1475 F with an effective emissivity of 0.9 during the 

HAC fire event. Although insolation does not need to be applied during the HAC fire, it is 

conservatively assumed to be present for the HAC hot (case 8) evaluation. The duration of the 

HAC fire event is 30 minutes, after which time the thermal boundary conditions are returned to 

the original ambient temperature, either -20 F without insolation or 100 F with insolation. 

Following the end of the HAC fire event, the thermal transient analysis is continued for a 

sufficient time to determine the maximum temperatures for all components.  

3.5.3 Package Temperatures 

Transportation cask and impact limiter initial and peak temperatures are presented in Table 3.5-1 

for each of the ambient conditions and at the maximum transportation cask thermal rating of 

Qmax = 22.0 kW. Figure 3.5-1 and Figure 3.5-4 present the transient temperature results for the 

evaluation of the HAC fire event under hot (100 F) and cold (-20 F) ambient conditions, 

respectively. The tabulated data in Table 3.5-1 includes the initial cask temperatures prior to the 

start of the HAC event. The peak temperatures for the impact limiters are not reported since the 

analysis approach used assumes the limiters are not present during the fire.  

All transportation cask components remain below the short-term allowable temperatures for the 

component. In fact, all cask components exhibit substantial thermal margins during the fire 

transient. This is to be expected given the relatively high thermal mass of the cask, the high 

allowable temperature for the cask seals, and the relatively thin NS-4-FR neutron shield jacket 

that acts like a radiation shield to limit the amount of heat transferred into the cask during the 

HAC event. This last point remains valid for the modeling approached used here (i.e., the heat 

transfer through the neutron shield based on an effective conductivity, as described in 

25 Advisory Material for the IAEA Regulations for the Safe Transport of Radioactive Material, Safety Series No. 37, 

Paragraph A-628.20, page 93, Third Edition, Amended 1990, International Atomic Energy Agency, Vienna, 1990. 
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Section 3.4.1) since the neutron shield is modeled with multiple layers and the thermal mass 

used reflects the lightweight nature of the skin. The large thermal mass of the transportation 

package largely mitigates the heat pulse from the fire. This is evident by the fact that structural 

steel component peak temperatures remain below not just the short-term limits, but the long-term 

allowable temperatures as well throughout the HAC fire event. As a result, only a slight 

temperature impact is seen by the FuelSolutions™ canister from the presence of the fire. Given 

that the maximum thermal rating for the neutron shield jacket coating is 350 F, the coating is 

expected to be lost during the HAC event, exposing the jacket’s sandblasted surface. However, 

the assumed sooting of the cask surfaces during the fire will maintain the effective surface 

emissivity above the regulatory requirement of 0.8 (0.90 used in the analysis for conservatism).  

Comparison of the temperatures presented in Table 3.5-1 for the canister, the inner shell, the 

gamma shield, and the outer shell shows that differential temperatures are nearly equal between 

these components regardless of the initial starting condition. As such, the thermal stresses in the 

cask will be similar for either the hot (100 F) or the cold (-20 F) ambient load conditions. See 

Section 2.7.3 of this SAR for more information. 

Due to the conservative modeling approach used for the HAC simulation, which assumes that the 

impact limiters are not in place during the 30-minute fire event), the maximum inner shell, 

gamma shield (lead), and outer shell temperatures occur at the junction with the top and bottom 

forgings. However, as indicated by the axial temperature profiles presented in Figure 3.5-2, 

Figure 3.5-3, Figure 3.5-5, and Figure 3.5-6, these peak temperatures occur only at the ends of 

these components and are not representative of the general temperature levels achieved during 

the HAC event. Therefore, the maximum inner and outer shell temperatures reported in 

Table 3.5-1 are for axial locations that lie underneath the neutron shield. Since the potential for 

melting within the lead shield is always a concern during HAC events, the maximum 

temperature reported for the gamma shield is the maximum that occurs anywhere within the 

model. As such, the reported maximum gamma shield temperatures do not coincide with the 

same locations as those for the maximum inner and outer shell temperatures, as reported in 

Table 3.5-1. 

Figure 3.5-2 and Figure 3.5-5 present the axial temperature distribution at the end of the 

30-minute fire for the HAC hot and HAC cold cases, respectively. The temperature profiles at 

the top and bottom of the cask clearly illustrate the assumed absence of the impact limiters 

during the fire. The presence of the support rings is also clearly seen at the ends of the 

temperature profile for the neutron shield material. The temperature profile for the neutron shield 

skin is off the scale in these figures.

Figure 3.5-3 and Figure 3.5-6 present the axial temperature distributions for the same respective 

conditions at the points in the fire transients where the lid bolt and lid seal temperatures reach a 

maximum. This occurs approximately 60 minutes after initiation of the fire for the HAC hot case 

and 65 minutes after initiation of the fire for the HAC cold case. Generally, the figures present a 

similar picture as that seen for the 30-minute time period. The ends of the cask are beginning to 

cool, while the interior of the cask side wall has risen in temperature slightly as the heat pulse 

from the fire is transferred inwards. The cooling of the cask that has occurred since the end of 

the 30-minute fire permits the temperature profile for the neutron shield skin to be plotted within 

the chosen scale in these figures. 
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The figures illustrate the fact that the lead material in the gamma shield remains well below its 

melting point temperature of 620 F during all portions of the fire event. While the ends of the 

cask reach peak temperatures in excess of 950 F (due to the conservative modeling assumption 

that the impact limiters provide no thermal shielding during the 30-minute fire), these 

temperature levels are reached only at the outer surface of the cask and remote from the location 

of the lead. The thermal mass presented by the cask lid/bottom, the support rings, and the upper 

and lower forgings are sufficient to absorb the fire imposed heat flux and still maintain the metal 

temperatures in the vicinity of the lead to a peak temperature of 427 F, well below the 620 F

lead melt point. In actuality, the presence of the impact limiters will provide a significant thermal 

shield between the cask ends and the fire. As such, the peak temperatures at the cask ends are 

expected to be nearer to that seen for the center of the cask than to the levels predicted by this 

conservative modeling approach. Evaluation of the temperature distributions in the vicinity of 

the shear block shows that the thermal mass in this area of the cask is also sufficient to prevent 

lead melt temperatures from being reached during all portions of the HAC fire event. 

The post-fire steady-state temperature distribution for the cask assembly is bounded by those for 

the NCT hot (case 1) and NCT cold (case 3) conditions presented in Section 3.4.2.  This 

conclusion is reached due to the following facts:  (1) the assumed absence of the personnel 

barrier will increase the radiative heat exchange with the ambient over and above the associated 

increase in insolation load, (2) the assumed damage to the impact limiters will reduce their 

overall thermal resistance, thus increasing the heat loss at the cask ends, and (3) no significant 

cask side wall or the canister payload is project to occur, which would act to increase the 

temperature rise from the canister shell to the ambient. 

The system temperatures resulting from exposure of the transportation package to the HAC fire 

event at the various canister thermal ratings are presented in Section 3.5.3 of the respective 

FuelSolutions™ Canister Transportation SARs. The Canister Transportation SARs also address 

the impact of a potential release of fission gases from failed fuel assemblies on the thermal 

performance of the packaging system for the range of fuel assemblies qualified for transportation 

within the respective FuelSolutions™ canister. This evaluation is not addressed within this SAR 

since only a generic canister shell is modeled. 

3.5.4 Maximum Internal Pressures 

The transportation cask design pressure of 75 psig bounds the HAC internal pressures presented 

in Section 3.5.4 of the respective FuelSolutions™ Canister Transportation SARs. Similar to the 

MNOP calculation presented in Section 3.4.4 of the respective FuelSolutions™ Canister 

Transportation SARs, the transportation cask maximum internal pressure during the HAC fire 

with a loaded canister is based on the initial cask helium backfill, the canister backfill, SNF rod 

fill gas, SNF fission gases, and PWR control component gases. Specifically, the pressure in the 

cask cavity is determined assuming no containment by the canister shell pressure boundary, hot 

ambient (100 F), an initial cask annulus helium backfill of 14.7 psia (at 70 F), a maximum 

canister backfill pressure of 24.7 psia (at normal hot storage conditions with 1% rod failures), and 

the postulated failure of 100% of the SNF rods. For each postulated rod failure, 100% of the rod 

fill gas, 30% of the SNF fission gas yield, and 30% of the gas generated in PWR control 

components are assumed to be released into the cavity. The average gas temperature inside the 

cask is determined by using volume weighted averaging of the canister bulk helium temperature 
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and the cask annulus bulk helium temperature. Since SNF fill and fission gas quantities depend 

on the specific fuel assembly type, the maximum pressure is calculated for each SNF assembly 

type that can be accommodated within the respective FuelSolutions™ canisters. 

The effects of phase changes, gas generation, or chemical decomposition have been neglected for 

the pressure evaluation since the canister is drained and vacuum dried prior to closure, the cask 

annulus is drained prior to transport, both the canister and cask annulus are backfilled with inert 

gas (helium), and the transportation cask containment boundary is not damaged from the 30-foot 

drop or puncture events.

3.5.5 Maximum Thermal Stresses 

Thermal stress analyses of the FuelSolutions™ TS125 Transportation Cask using the temperature 

distributions determined from the HAC fire analyses are presented in Section 2.7.3 of this SAR. 

3.5.6 Evaluation of Package Performance for Hypothetical Accident 

Conditions

The results of the HAC fire transient analyses demonstrate that the transportation cask allowable 

material temperatures during the HAC fire event are met for the maximum transportation cask 

thermal rating presented in Table 3.1-3. The analysis presented in this section demonstrates 

compliance with the HAC thermal test requirements of 10CFR71.73. Therefore, the transportation 

cask is thermally suitable for transportation of SNF within a FuelSolutions™ canister. 

The HAC fire analysis results in Table 3.5-1 and Figure 3.5-1 to Figure 3.5-6 are used for 

structural evaluations presented in Section 2.7.4 of this SAR. 
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Table 3.5-1  -  TS125 Transport Cask and Impact Limiter Temperature 

for HAC Fire(1)

Component 

Case 7 

(-20 F ambient), 

Initial/Peak
(2)

at Qmax (°F) 

Case 8 

(100 F ambient), 

Initial/Peak
(2)

at Qmax (°F) 

Max. Allowable 

Initial/Peak 

Temperature 

(°F)

Canister Shell 364 F / 424 F 446 F / 497 F 800 F / 1000 F

Inner Cask Shell 275 F / 354 F 367 F / 435 F 800 F / 1000 F

Gamma Shield (Lead) 

  Maximum(8)
269 F / 375 F 361 F / 457 F 620 F / 620 F

Outer Cask Shell 238 F / 349 F 340 F / 427 F 800 F / 1000 F

NS-4-FR Shield(3)

  Max. Radial Avg. Temp. 

  Bulk Avg. Temperature 
166 F / 612 F

141 F / 543 F

270 F / 684 F

249 F / 615 F

300 F / 1472 F

300 F / 1472 F

Shear Block 220 F / 1129 F 316 F / 1157 F 800 F / 2700 F

Neutron Shield Jacket(4)
104 F / 1287 F 209 F / 1303 F 350 F / 2700 F

Personnel Barrier(5)
-8  F/ N/A 139  F/ N/A 185 F/ N/A 

Impact Limiter(6)

   Bulk Ave. Honeycomb 

   Max. Honeycomb 
11 F/ N/A 

30 F/ N/A 

151 F/ N/A 

166 F/ N/A 

200 F/ N/A 

300 F/ N/A 

Cask Metallic Seals(7)

   Cask Closure 

   Vent & Drain Ports 

134 F / 472 F

117 F / 531 F

245 F / 549 F

231 F / 605 F

932 F / 932 F

662 F / 662 F

Notes:
(1) Temperatures in this table are based on Qmax of 22.0 kW with the “max. thermal” profile. 
(2) Post-fire steady-state temperatures bounded by the results for NCT hot (case 1) and NCT cold (case 3) 

presented in Section 3.4.2. 
(3) The solid neutron shield material temperature is presented in two forms: a radial average temperature at the 

axial location with the highest temperature and as bulk average temperature across the length of the 

neutron shield.  
(4) The neutron shield jacket short-term allowable temperature is based on the thermal rating for the epoxy 

coating (350 F), while the accident limit is based on the melting point for carbon steel (>2700 F).
(5) The personnel barrier is assumed to be lost at the start of the HAC fire. 
(6) A 200°F limit used for bulk average temperature for structural considerations. A 300°F maximum 

allowable temperature used to provide a 50°F margin below the cure temperature for the thermoset 

adhesive used in the fabrication of the honeycomb material. The impact limiter is assumed to not be present 

during the HAC fire and its material strength properties are not relied on following the HAC fire. 
(7) Temperatures for “Vent & Drain Ports” represent the maximum of either the vent or drain port seals. 
(8) The maximum gamma shield temperature occurs at the top forging. Therefore, the maximum gamma shield 

temperature location does not coincide with the cited maximum inner and outer shell temperatures location. 
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Figure 3.5-1  -  HAC Hot (100 F) Fire Transient for 

TS125 Transportation Cask26

26 The plotted inner and outer shell temperatures are for axial locations that coincide with the neutron shield and do 

not reflect the maximum temperatures reached at the ends of the cask. 
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Figure 3.5-4  -  HAC Cold (-20 F) Fire Transient for 

TS125 Transportation Cask27

27 The plotted inner and outer shell temperatures are for axial locations that coincide with the neutron shield and do 

not reflect the maximum temperatures reached at the ends of the cask. 
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3.6 Appendices 

3.6.1 Basic Heat Transfer Relationships 

The basic heat transfer relationships discussed in this section are used for the FuelSolutions™ 

TS125 Transportation Cask and impact limiter thermal analyses discussed in Sections 3.4 and 

3.5, for NCT and HAC, respectively. 

Convection From Isolated Surfaces

Natural convection from a discrete vertical surface is computed using Equations 6-39 to 6-42 of 

Rohsenow,
28

 where the characteristic length is the height of the surface. These equations are 

applicable over the range 1 < Ra < 10
12

 as follows: 

41RaCNu L
T

9/416/9
Pr492.01

503.0
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Nu

Nu
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31RaCNu V
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Pr61.01

Pr13.0V
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c NuNu
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Natural convection from upward facing horizontal surfaces is computed from Equations 7-21 

and 7-22 of Kreith,
29

 where the characteristic dimension (L) is typically the width of the surface, 

or for non-square shapes, the characteristic length may be calculated from L = 0.9 diameter for 

disk shapes and L = mean of the length and the width for rectangles. These equations are 

applicable over the range 10
5
 < Ra < 3 x 10

10
 as follows: 

7541 1021054.0 xRaRa
k

Lh
Nu c

28 Rohsenow, Harnett, and Ganic, Handbook of Heat Transfer Fundamentals, 2nd Edition, McGraw-Hill, Inc., 

1989.

29 Kreith, F., Principles of Heat Transfer, 3rd Edition, Intext Press, Inc., 1973. 
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10731 10310214.0 xRaxRa
k
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Nu c

Natural convection from downward facing horizontal surfaces is computed from Equation 7-23a 

of Kreith. The characteristic length is the length of the surface. This equation is applicable over 

the range 3 x 10
5
 < Ra < 3 x 10

10
 as follows: 

10541 10310327.0 xRaxRa
k

Lh
Nu c

Natural convection from horizontal cylindrical surfaces is computed from Equation 3-43 of 

Chapter 1 from Guyer.
30

 The characteristic length is the diameter of the cylinder. This equation 

is applicable over the range 10
-5

 < Ra < 10
12

 and is as follows: 

125

2

278169

61

1010
Pr559.01

387.0
60.0 Ra

Ra

k

dh
Nu c

Radiation Heat Transfer

Radiation heat transfer is computed using standard gray-body equations. A shape factor of 1.0 is 

assumed between the canister shell and the transportation cask and between the cask shells. The 

shape factor for the exterior cask surfaces are computed using pre-defined relationships for 

standard geometric configurations. Once the view factor F1-2 is obtained by either method, it is 

used to compute the Hottel script factor, F1-2, which represents the combined geometric shape 

and emissivity effects in a single factor. The factor is computed via the equation on page 262 of 

Kreith:
29

1
11

1
1

1
scriptHottel

22

1

211 A

A

F

2-1F

The heat transferred via radiation interchange, where  is the Stefan-Boltzmann constant, is 

computed via the Equation 1-8 of Kreith:
29

4

2

4

11 TTAq 21F

Values of (A1 F1-2) are provided in the SINDA/FLUINT input deck for each radiation conductor. 

The program automatically computes the T
4
 values using the absolute temperature and adds the 

Stefan-Boltzmann constant 

30 Guyer, E.C., Handbook of Applied Thermal Design, McGraw-Hill, Inc., 1989. 
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3.6.2 Effective Thermal Properties For Neutron Shield Region 

The effective thermal properties for the neutron shield region of the FuelSolutions  TS125 

Transportation Cask are estimated using a SINDA/FLUINT  computer model of a typical 

section of the cask’s side wall region. Included in this model are the inner and outer shells, the 

lead gamma shield, the NS-4-FR neutron absorber material, the carbon steel ribs, and the carbon 

steel neutron shield jacket. The thermal model simulates the heat transfer within and through a 

one meter long, 90  section of the cask side wall. The thermal model (“nshield-keff.inp”) was 

exercised for a range of ambient temperatures (i.e., –40 C, 0 C, 40 C, and 80 C), no solar, 

and for steady-state conditions. A fixed heat load equivalent to a cask heat loading of 22.0 kW 

with 144-inch active fuel length (i.e., 6014.87 W/m) is assumed. The model was also exercised 

with and without credit for the thermal conductivity of the NS-4-FR material to assess the 

contribution from this material to the overall conductance in the neutron shield. The properties of 

air are assumed for the case when the thermal conductivity of the NS-4-FR material is ignored. 

The resulting temperature difference from the outer shell of the cask to the neutron shield jacket 

are used, together with the equation for radial heat flow in a cylinder, to compute the effective 

thermal conductivity of the composite made of the NS-4-FR neutron absorber material, the 

carbon steel ribs, and the carbon steel neutron shield jacket. The equation for radial heat flow in 

a cylinder from Equation 2-6 of Kreith
29

 is: 

T
rr

kL
q

io

eff

)/ln(

2

where:

q  = Heat flux, watts 

L  = Length, 1 meter 

keff  = Effective thermal conductivity (W/m- K) 

ro  = Outer radius, 47.1 inches 

ri  = Inner radius, 40.9 inches 

T  = Temperature difference in radial direction ( K) 

Solving for keff  yields: 

TL

rrq
k io

eff
2

)/ln(

The results of the thermal analysis for the effective thermal conductance is presented in 

Table 3.6-1. The slight variation in computed thermal conductivity with temperature is due to the 

change in the underlying thermal conductivity for carbon steel with temperature. Based on a 

average of the values obtained at ambient temperatures of 0, 40, and 80 C, the effective thermal 

conductivity for the neutron shield region is 1.56 W/m- C, when no credit is taken for the 

thermal conductivity of the NS-4-FR material, and 2.06 W/m- C when it is. 
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The effective density of the neutron shield region is computed using a volume-weighted basis of 

the components in the shield. The total volume of the shield and its components are computed 

from: 

Volume of shield  =   [(47.1" – 3/16")
2
 - (40.9")

2
] x 12" 

 =  19,904.1 in
3
/foot of cask length

Volume of ribs  =  32 ribs x [(2 x 6.36" + 0.75") x 3/16"] x 12" 

 =   969.84 in
3
/foot of cask length 

Volume of jacket  =   [(47.1")
2
  - (47.1" – 3/16")

2
] x 12" 

 =   664.54 in
3
/foot of cask length 

Based on a density of 7.833 g/cm
3
 for carbon steel and 1.68 g/cm

3
 for NS-4-FR (see Section 3.2) 

the mean density of the neutron shield is computed as: 

Mean density  = [vol. of ribs x density + vol. of NS-4-FR x density] / total volume 

= [969.84 in2 x 7.833 g/cm3 + (19,904.1 - 969.84) in2 x 1.68 g/cm3] / 19,904.1 in3

= 1.98 g/cm
3
 w/o the neutron jacket 

or

Mean density = [(664.54 in3 + 969.84 in3) x 7.833 g/cm3 + (19,904.1 - 969.84) in2 x 1.68 g/cm3] / 

(19,904.1 in3 + 664.54 in3)

 =  2.17 g/cm
3
 w/ the neutron jacket included 

Based on the densities above and a specific heat of 514.2 J/kg-K for carbon steel and 

1335 J/kg-K for NS-4-FR (see Section 3.2), the mean specific heat of the neutron shield is 

computed as: 

Mean specific heat  = [mass of ribs x specific heat + mass of NS-4-FR x specific heat] /  

total mass 

= [969.84 in
2
 x (2.54 cm/in)

3
 x 7.833 g/cm

3
 x 514.2 J/kg-K + (19,904.1 - 969.84) in

3

x (2.54 cm/in)
3
 x 1.68 g/ cm

3
 x 1335 J/kg-K]/ [19,904.1 in

3
 x (2.54 cm/in)

3

x 1.98 g/ cm
3
 ] 

=  1177 J/kg-K w/o the neutron jacket 

or

Mean specific heat  = [(mass of ribs + jacket) x sp. heat + mass of NS-4-FR x sp. heat] / 

total mass 

= [(664.54 in
3
 + 969. 84 in

3
) x (2.54 cm/in)

3
 x 7.833 g/cm

3
 x 514.2 J/kg-K

+ (19,904.1 – 969.84) in
2
 x (2.54 cm/in)

3
 x 1.68 g/ cm

3
 x 1335 J/kg-K] /

[19,904.1 in
3
 + 664.54 in

3
) x (2.54 cm/in)

3
 x 2.17 g/ cm

3
]

=  1099 J/kg-K w/ the neutron jacket included 
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Table 3.6-1  -  Effective Thermal Conductance of Neutron Shield 

Ambient
Temperature

Heat Flux, 
W/meter

Ave. Temp. of 
Neutron Jacket 

Ave. Temp. of 
Outer Shell 

Keffective,

W/m- C

w/o credit for NS-4-FR material conductivity 

80 C 6014.873 105.55 C 190.97 C 1.58

40 C " 66.28 152.44 1.57 

0 C " 26.33 114.0 1.54 

-40 C " -14.30 75.53 1.50 

w/ credit for NS-4-FR material conductivity 

80 C 6014.873 105.55 C 170.65 C 2.08

40 C " 66.28 131.76 2.06 

0 C " 26.33 92.77 2.03 

-40 C " -14.30 52.87 2.01 
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3.6.3 Material Thermal Testing 

3.6.3.1 NS-4-FR 

The maximum bulk-average long-term allowable temperature for GESC NS-4-FR is 300 F. The 

results of long-term cyclic tests at a bulk temperature of 300 F (150 C) indicate a 2.0% weight 

loss in the form of water vapor.
31

 Although the long-term allowable material temperature is 

based on a bulk average, the solid neutron shielding material allowable temperature is 

conservatively applied as an average of a radial slice of the nodal temperatures at the hottest 

axial position. 

Thermal tests of NS-4-FR were also conducted for 30 minutes at 1472 F to 1652 F (800 C to 

900 C) to simulate fire conditions.
32

 Results of the testing indicated a weight loss of only 6% 

with a majority of the NS-4-FR material remaining intact, except for a fairly uniform 1/8 to 

3/16-inch thick black char layer. Based on the results of this testing, a maximum short-term 

allowable temperature of 1472 F is established. 

3.6.4 Computer Code Descriptions 

3.6.4.1 Thermal Desktop® Computer Code 

The analytical thermal model for the FuelSolutions  TS125 Cask is developed using the Thermal 

Desktop
®

 computer code.
33

 Thermal Desktop
®

 is a pre- and post-processor that provides a CAD-

based, PC environment for generating geometric thermal models and visualizing results. Thermal 

models can be generated using finite elements, finite difference meshes, lumped parameter 

(arbitrary) networks, or all three at once. Available CAD drawings can be used to aid the 

building of the thermal models. The code automatically calculates the model areas, lengths, and 

other factors that are required to construct the various thermal conductors needed to define the 

problem. The results of these computations are exported to a file format that is suitable for use as 

an input stream to the SINDA/FLUINT
®

 heat transfer code (see below). Included with this 

thermal model definition are the ability to assign thermo-physical properties, including constant 

and temperature-dependent capacitance and conductivity, anisotropic conductivity, and others.  

The computation of radiation heat exchange conductors is handled within the Thermal Desktop
®

computer code using the RadCAD
®

 analyzer. RadCAD
®

 is a fast thermal radiation analyzer that 

uses Monte Carlo Ray Tracing to calculate form factors, radiation conductors, and heating rates 

for true conic surface representations. If required, the RadCAD
®

 code is capable of computing 

radiation exchange factors for specular and diffuse surfaces and surfaces with angular dependent 

properties.

31 Asano and Niomura, Experimental Studies on Long-term Thermal Degradation of Enclosed Neutron Shielding 

Resin, PATRAM ’92, The 10th International Symposium on the Packaging and Transportation of Radioactive 

Materials, September 13-18, 1992. 

32 Boonstra, R.H., Thermal Testing of Solid Neutron Shielding Materials, General Atomics, San Diego, California. 

33 Thermal Desktop®, Version 3.1, Prepared for NASA, Johnson Spacecraft Center, Contracts NAS8-40560 and 

NAS8-97009, by Cullimore and Ring Technologies, Inc., Littleton, Colorado, 1999. 
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Both the Thermal Desktop
®

 computer code and its embedded RadCAD
®

 analyzer have been 

validated for use under the EnergySolutions Spent Fuel Division Quality Assurance program. 

3.6.4.2 SINDA/FLUINT® Computer Code 

The analytical thermal model for the FuelSolutions  TS125 Transportation Cask is evaluating 

using the SINDA/FLUINT
®

 heat transfer code.
34

 This finite difference, lumped parameter code 

was developed under the sponsorship of the NASA Johnson Space Center and has been evaluated 

and validated for simulating the thermal response of transportation packages.
35

 In addition, the 

SINDA/FLUINT
®

 thermal models of the FuelSolutions  storage cask and canisters have been 

benchmarked against models developed for the FLUENT
36

 and COBRA-SFS codes and found to 

provide similar results.
37

 The program is available as either a public domain code from the 

government software libraries, or from a private vendor. The program is validated for use per the 

BFS Quality Assurance program. In addition, the code has been used for the analysis and 

subsequent licensing of several other transportation packages for nuclear material, including the 

RTG transportation package
38

 and the TRUPACT-II transportation package.
39

The SINDA/FLUINT code provides the capability to simulate steady-state and transient 

temperatures using temperature-dependent material properties and heat transfer via conduction, 

convection, and radiation. Heat transfer solutions for one-, two-, or three-dimensional problems 

may be programmed. Complex algorithms may be programmed into the solution process for the 

purposes of computing the various heat transfer coefficients as a function of geometry, fluid, and 

temperatures; or, for example, to estimate the effects of buoyancy-driven heat transfer. Standard 

algorithms are used for computing the convection heat transfer from common surfaces 

(i.e., vertical and horizontal plates, cylinders, etc.) as a function of the surface geometry, the 

fluid properties, and the temperatures.  

34 SINDA/FLUINT®, Systems Improved Numerical Differencing Analyzer and Fluid Integrator, Version 4.1, 

Prepared for NASA, Johnson Spacecraft Center, Contracts NAS9-19365 and NAS9-97017, by Cullimore and Ring 

Technologies, Inc., Littleton, Colorado, 1999. 

35 SAND88-0380, Glass, R.E., et al., Standard Thermal Problem Set for the Evaluation of Heat Transfer Codes 

Used in the Assessment of Transportation Packages, Sandia National Laboratories, August 1988. 

36 FLUENT , Fluent Incorporated, 10 Cavendish Court, Centerra Resource Park, Lebanon, New Hampshire 

03766-1442, Telephone: (603) 643-2600, Fax: (603) 643-3967. 

37 Safety Evaluation Report, Docket No. 72-1026, FuelSolutions™ Storage System, Certificate of Compliance 1026, 

Nuclear Regulatory Commission, Washington D.C. 

38 DOE Docket No. 94-6-9904, Radioisotope Thermoelectric Generator Transportation System Safety Analysis 

Report for Packaging, WHC-SD-RTG-SARP-001, prepared for the U.S. Department of Energy Office of Nuclear 

Energy under Contract No. DE-AC06-87RL10930 by Westinghouse Hanford Company, Richland, Washington. 

39 NRC Certificate of Compliance Number 9218 for TRUPACT-II Package, application docket number 71-9218 

prepared for the U.S. Nuclear Regulatory Commission by Nuclear Packaging Inc., Federal Way, Washington, 

March 3, 1989. 
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4. CONTAINMENT 

Containment of all radioactive materials in the FuelSolutions™ transportation package is 

provided by the FuelSolutions™ TS125 Transportation Cask containment boundary. The design 

of the FuelSolutions™ TS125 Transportation Cask containment boundary assures that there are 

no credible design basis events that would result in a radiological release to the environment. 

The FuelSolutions™ TS125 Transportation Cask containment boundary is designed to be leak-

tight, in accordance with ANSI N14.5,
1
 during normal and hypothetical accident conditions. The 

inert atmosphere in a FuelSolutions™ canister also assures that the SNF assemblies remain 

protected from degradation, which might otherwise lead to gross cladding ruptures. 

The structural adequacy of the transportation cask is demonstrated by the analyses documented 

in Chapter 2 of this SAR. The heat removal capabilities of the FuelSolutions™ TS125 

Transportation Cask are demonstrated by the thermal analyses documented in Chapter 3 of this 

SAR.

This chapter describes the FuelSolutions™ TS125 Transportation Cask containment boundary 

design and how the design satisfies the containment requirements of 10CFR71.
2

1 ANSI N14.5, American National Standard for Radioactive Materials - Leakage Test on Packages for Shipment,

American National Standards Institute, Inc., 1997. 

2 Title 10, Code of Federal Regulations, Part 71 (10CFR71), Packaging and Transportation of Radioactive 

Material, U.S. Nuclear Regulatory Commission, 2004. 
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4.1  Description Of Containment System 

This chapter describes the FuelSolutions™ TS125 Transportation Cask containment boundary 

design and how it satisfies the containment requirements of 10CFR71, subpart E, under the 

conditions and tests of subpart F. The FuelSolutions™ TS125 Transportation System 

containment is an ASME B&PV Section III, Division 3 vessel designed to be leak-tight during 

NCT and HAC conditions, in accordance with ANSI N14.5. Containment is provided by up to 

three levels of engineered systems in addition to the fuel cladding. 

Nine components form the outer containment system. While the FuelSolutions™ canisters 

themselves provide a confinement boundary, no credit is taken for them in the transportation 

containment analysis (these canisters provide the primary confinement boundary during on-site 

storage). Unless otherwise noted, the discussion in this chapter applies only to the outer 

containment provided by the FuelSolutions™ TS125 Transportation Cask. 

The materials of construction for the FuelSolutions™ TS125 Transportation Cask and canisters 

are evaluated and selected to avoid chemical, galvanic, or other reactions. FuelSolutions™ 

canisters and the TS125/canister cavity are backfilled with inert gas to further assure that the 

materials of construction and SNF assemblies are protected from degradation due to chemical, 

galvanic reactions, or other reactions. Section 2.4.4 presents the materials evaluation for the 

TS125 Transportation Cask. Section 2.4.4 of each FuelSolutions™ Canister Transportation SAR 

presents the corresponding materials evaluation for each specific canister design. 

The structural adequacy of the transportation cask and its associated containment boundary are 

demonstrated in Chapter 2 of this SAR. The heat removal capabilities of the FuelSolutions™ 

TS125 Transportation Cask are demonstrated in Chapter 3 of this SAR. The cask design is based 

on strictly passive heat removal, and does not rely on any mechanical cooling systems.  

4.1.1 Containment Boundary 

Figure 4.1-1 and the general arrangement drawings in Section 1.3.2 of this SAR show the 

containment boundary components. The boundary is composed of the containment vessel and its 

penetrations and seals. Table 4.1-1 summarizes the design specifications for the closure system. 

There are no cask features intended to allow continuous venting during transport. 

4.1.1.1 Containment Vessel 

The following components make up the TS125 containment vessel: 

Closure lid 

Top ring forging 

Bottom plate forging 

Inner shell including longitudinal and circumferential welds 

Top forging/inner shell weld 

Bottom forging/inner shell weld. 
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The closure lid is a 5.0-inch thick Type XM-19 stainless steel plate that is closed using 60 high-

strength alloy steel closure bolts. The specified closure lid bolt torque is 200  20 ft-lbs to 

preserve containment for all normal and accident conditions. The closure lid has two grooves on 

its inner surface for metallic O-ring seals. The grooves are sized to provide 0.4-inch wide by 

0.28-inch deep seats for the O-rings. This groove size meets the manufacturer’s recommended 

profiles shown in the catalog literature presented in Section 1.3.4.2 for the design service 

conditions.

The cask closure bolts are positive fastening devices that cannot be opened unintentionally or by 

pressure that may arise within the package, as discussed in Section 4.2.2 (for NCT) and 

Section 2.7.4.1 (for HAC). The bolts are recessed within the closure lid, and the closure lid is 

recessed within the top ring forging to provide protection from damage during normal and 

accident conditions. Tamper-indicating devices protect the closure lid against unauthorized 

operation.

The top ring and bottom plate forgings are Type FXM-19 stainless steel components designed to 

be welded to the inner cask shell. The inner shell is 1.5-inch thick Type XM-19 stainless steel 

plate, and the bottom plate forging is 6.0 inches thick. All containment welds are full penetration 

to assure structural and containment integrity. Where possible, these full penetration welds are 

designed to be 100% radiographically examined in accordance with Section III, Division 3, 

Subsection WB, of the ASME Code.
3
 Multi-layer liquid penetrant examination is performed 

where radiographic examination cannot be performed. Section 1.3.3 of this SAR discusses how 

the containment boundary welds comply with Subsection WB of the ASME Code. 

4.1.1.2 Penetrations and Seals 

The FuelSolutions™ TS125 Transportation Cask’s penetrations and seals are designed and 

tested to “leaktight” standards (i.e., a leak rate not to exceed 1.0 × 10
-7

 reference cubic 

centimeters per second air or 2 x 10
-7

 cc/s helium at STP per ANSI N14.5). They are securely 

closed by positive fastening devices that cannot be opened unintentionally or by pressure that 

may arise within the package. 

The following penetrations and seals form part of the containment boundary: 

Closure lid inner O-ring 

Vent port containment seal 

Drain port containment seal. 

Each is protected against unauthorized operation by tamper-indicating devices. The vent and 

drain ports are recessed to prevent damage during normal or accident conditions. There are no 

other valves or similar devices that must be protected against unauthorized operation. There are 

no pressure relief devices in the outer containment boundary that require protection against 

unauthorized operation or an enclosure to retain any leakage.

3 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Rules for 

Construction of Nuclear Power Plant Components, 1998 Edition. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 4.1-3 Revision 6 

Closure Lid O-rings

Metallic O-ring seals provide the containment and test seals between the closure lid and top ring 

forging. The inner O-ring seal is for containment, and the outer O-ring seal serves to create a test 

annulus for verifying the inner seal’s leak tightness. The test seal enables a vacuum to be 

established to facilitate helium leak detection. The cask cavity is backfilled with helium and the 

annular void space between the containment and test O-ring seals is evacuated to leak test the 

closure lid containment seal using a helium mass spectrometer leak detector (MSLD) or 

equivalent test equipment.  

The closure lid seals are Helicoflex HN Series with a silver-jacketed stainless steel liner and a 

0.315-inch minor diameter. They are replaced after each use. The metallic seals have an 

allowable long-term operation service temperature range of –40 F to 932 F. This temperature 

range covers the entire range of service temperatures under NCT and HAC. The adequacy of the 

seals in the thermal service environment is discussed in Section 3.3 of this SAR. 

Vent and Drain Port Containment Seals

The vent and drain ports are identically sealed with port plug assemblies that include metallic 

O-ring seals, seal glands, threaded port plugs, and bolt/washers, as shown in Figure 4.1-2. An 

O-ring sealed port cover is installed over the seal assembly for weather and service protection 

only. The seal gland and O-ring are the only plug assembly components that form part of the 

containment boundary. The O-ring seal is pressed against the cask body by the seal gland, which 

is supported by the threaded port plug. A bolt connects the seal gland and port plug, and a 

washer is placed between the seal gland and port plug to allow the port plug to rotate relative to 

the seal gland.

The seal gland and port plug are stainless steel. The port plugs are tightened to a torque of 

250  25 ft-lbs to preserve containment during NCT and HAC conditions. 

The vent and drain port containment seals are Helicoflex HN Series with a silver-jacketed 

stainless steel liner and a 0.158-inch minor diameter. They are replaced after each use. Like the 

closure lid seals, these O-rings have an allowable long-term operation service temperature range 

of –40 F to 662 F. This temperature range covers the entire range of service temperatures 

under NCT and HAC. The adequacy of the seals in the thermal service environment is discussed 

in Section 3.3 of this SAR. 

4.1.1.3 Inner Containment Vessel 

Inner containment systems are features of specific FuelSolutions™ canisters. When 

FuelSolutions™ canisters include this capability, Chapter 4 of the specific FuelSolutions™ 

Canister Transportation SAR describes the inner containment system. 

4.1.2 Codes and Standards 

The TS125 containment system is designed, fabricated, examined, tested, and inspected in 

accordance with Section III, Division 3, ASME B&PV Code with certain exceptions. 

Section 1.3.3 and Table 1.3-3 of this SAR discuss the exceptions and their bases for the 

containment system. 
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Design, fabrication, maintenance, periodic, and pre-shipment leak testing requirements for the 

TS125 containment system meet ANSI N14.5 requirements for leaktight packages. Leak testing 

procedures and the leak-testing program are described in Chapters 7 and 8 of this SAR.  

Section 4.1.3 discusses the requirements for damaged SNF. The codes and standards for the 

inner containment system are generally the same as for the outer containment system. When 

FuelSolutions™ canisters include this capability, Sections 1.3 and 4.1.2 of the specific 

FuelSolutions™ Canister Transportation SAR describe the codes and standards applicable to the 

inner containment system plus any differences from those used for the outer containment system. 

The codes, standards, and criteria for the damaged fuel cans are generally the same as those of 

the outer containment system. Each FuelSolutions™ Canister Transportation SAR describes the 

design of the damaged fuel can (if the design includes one) and the related codes, standards, and 

design/fabrication criteria. 

4.1.3 Special Requirements for Damaged Spent Nuclear Fuel 

Spent nuclear fuel assemblies must meet the requirements of the Technical Specifications for the 

particular canister in which they are loaded. This evaluation includes, as a minimum, a review of 

fuel records to determine that the condition of the fuel is suitable for loading. Fuel that is known 

or suspected to be damaged is visually inspected prior to loading. If the visual inspection 

indicates no damage greater than a hairline crack or pinhole leak, the fuel may be considered 

undamaged. 

Damaged fuel (those fuel assemblies with greater than hairline cracks or pinhole leaks) may be 

loaded into FuelSolutions™ canisters when permitted by the Technical Specifications for the 

specific canister. In this case, the damaged fuel assemblies are canned in special overpacks to 

facilitate handling and confine gross fuel particles to a known subcritical volume under NCT and 

HAC conditions. Chapter 6 of each FuelSolutions™ Canister Transportation SAR presents the 

criticality analyses that demonstrate subcriticality for canned fuel. Damaged fuel cans are 

designed with screened openings to allow easy flow of water to and from the can during fuel 

loading and unloading operations. Screens are sized to permit adequate flow of water to and 

from the cans while confining any potential fuel pellets for fuel fines that may be postulated to 

occur as a result of accident conditions.

Reactor fuel elements are specifically exempted from the double-containment requirements of 

10CFR71.63, when they do not have damage greater than a hairline crack or pinhole leak. 

Damaged fuel (e.g., debris, particles, loose pellets, or fragmented rods or assemblies) may be 

loaded into FuelSolutions™ canisters when permitted by the Technical Specifications for the 

specific canister. Since all spent fuel loaded in the FuelSolutions™ TS125 cask is in solid form, 

no further requirements are imposed by 10CFR71.63, whether or not the plutonium activity 

exceeds 20 curies per package. Each FuelSolutions™ Canister Transportation SAR describes the 

design of the inner containment system (if the design includes one) and justifies any differences 

from the material specifications, codes, standards, and design/fabrication criteria used in the 

TS125 outer containment system. 
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Table 4.1-1  -  Containment System Specification Summary 

Component Specifications 

Containment System Leakage Criterion ............. “Leaktight” per ANSI N14.5 (leak rate not to 

exceed 1.0x10-7 reference cubic centimeters per 

second air or 2x10-7 cc/s helium at STP) 

Cavity Pressure................. 75 psig internal 

290 psig external 

Closure Lid Type................................... Positive closure 

Inadvertent Opening ......... Prevented by anti-tamper seal 

Thickness........................... 6.0 inches 

Material ............................ Type XM-19 Stainless Steel 

Closure Bolts Quantity ............................ 60 

Type................................... Socket Head Bolt, 2-8 UN-2Ax9LG, SB-637,  

Gr. N07718 

Closing Torque ................. 2800  50 ft-lbs 

Closure O-ring Type................................... Helicoflex HN Series Silver-Jacketed Stainless 

Steel Liner, 0.315-inch minor diameter 

Temperature...................... -40 ºF to 932 ºF 

Vent Port 

Drain Port 

Type................................... Positive closure 

Inadvertent Opening ......... Prevented by anti-tamper seal 

Seal Gland Material.......... Type 316 Stainless Steel 

O-ring ............................... Helicoflex HN Series Silver-Jacketed Stainless 

Steel Liner, 0.158-inch minor diameter 

Temperature...................... -40 ºF to 662 ºF 

Closing Torque ................. 250  25 ft-lbs 

Inner Shell Thickness........................... 1.5 inches 

Material ............................ Type XM-19 Stainless Steel 

Bottom Plate Forging Thickness........................... 6.0 inches 

Material ............................ Type FXM-19 Stainless Steel 

Miscellaneous Pressure Relief Valve ........ None 

Filters................................ None 

Continuous Venting........... None 
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Figure 4.1-1  -  FuelSolutions™ TS125 Transportation Package 

Containment Boundary 
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Figure 4.1-2  -  Transportation Cask Vent and Drain Port Components 
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4.2 Containment Under Normal Conditions of Transport 

The FuelSolutions™ TS125 Transportation Cask is designed, constructed, and prepared for 

shipment so that under the tests specified in 10CFR71.71, the package meets the containment 

requirements of 10CFR71.43(f) and 10CFR71.51(a)(1), with no dependence on filters or a 

mechanical cooling system. There are no cask features that allow continuous venting under 

transport.

The FuelSolutions™ TS125 Transportation Cask is designed so that combustible gases (e.g., 

hydrogen) do not exceed 5% of the free gas volume in any confined region of the package 

containment while the vessel is sealed and under normal transport conditions. There are up to 

three confined regions within the containment boundary:  special inner containment vessels for 

damaged fuel (optional), the canister internal cavity, and the region between the exterior of the 

canister and the interior surface of the cask containment vessel. During canister loading, the 

canister cavity is vacuum-dried and backfilled with helium such that there are only trace residual 

moisture and oxygen levels. Inner containment vessels (if present) receive a similar drying 

process. The region between the exterior of the canister and the interior surface of the cask 

containment vessel is all-stainless steel construction and it is also backfilled with helium, thus 

eliminating the potential for combustible gas generation.  

Section 4.1 above describes the FuelSolutions™ TS125 Transportation Cask design. Section 7 of 

this SAR describes the TS125 operating procedures, which include an assembly verification leak 

test (described in Section 7.4.1). Section 8 of this SAR describes the TS125 acceptance tests and 

maintenance program, which includes all leak tests performed during cask fabrication and 

service operations. 

4.2.1 Pressurization of Containment Vessel 

The FuelSolutions™ TS125 Transportation Cask is designed for a maximum normal operating 

pressure (MNOP) of 75 psig. Actual NCT internal pressures depend on the specific 

FuelSolutions™ canister and SNF payload to be loaded. Determination of transportation cask 

NCT internal pressures is presented in Section 3.4.4 of the respective FuelSolutions™ Canister 

Transportation SARs. 

The NCT internal pressure is based on the initial cask helium backfill, the canister backfill, SNF 

rod fill gas, SNF fission gases, and any PWR control component gases. Since SNF fill and 

fission gas quantities depend on the specific SNF assembly type, the maximum pressure is 

calculated for each SNF assembly type that can be accommodated by the particular 

FuelSolutions™ canister. 

Section 3.4.4 of this SAR describes the details of the NCT internal pressure calculation 

assumptions and methodology. 

4.2.2 Containment Criteria 

The FuelSolutions™ TS125 Transportation System is designed so that there would be no loss or 

dispersal of radioactive contents for NCT (as demonstrated to sensitivity of 10
-6

 A2 per hour). 

The FuelSolutions™ TS125 Transportation Cask meets this containment criterion because it is 

designed to be leaktight, as defined by ANSI N14.5. 
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Leaktight containment is demonstrated by a leakage rate less than or equal to 1x10
-7

 ref·cm
3
/s of 

air at an upstream pressure of one atmosphere (atm) absolute (abs) and a downstream pressure of 

0.01 atm abs or less. 1x10
-7

 ref·cm
3
/s of dry air is equivalent to the helium leakage rate, under the 

same conditions, of 2x10
-7

 cm
3
/s. The reference air leakage rate, LR, is therefore equal to 

1x10
-7

 ref·cm
3
/s in accordance with ANSI N14.5, paragraph 6.3.2. The package must meet this 

criterion without reliance on either filters or mechanical cooling systems. 

Since the package is a leaktight design, there are no associated allowable release rates (RA, or 

RN) or allowable leakage rates (LA or LN).

The FuelSolutions™ TS125 Transportation Cask containment criteria are defined for each of the 

five containment boundary test requirements in ANSI N14.5: design, fabrication, maintenance, 

periodic, and preshipment tests. Table 4.2-1 summarizes the acceptance criteria for each test. 

The design leakage rate test verifies that the packaging design will contain radioactive material 

for NCT. According to Section 7.2.4 of ANSI N14.5, the NCT acceptance criterion for 

packaging design verification is that leakage rate of the containment vessel is less than 

LR = 1x10
-7

 ref·cm
3
/s, which is equivalent to 2x10

-7
 cc/s helium at STP. 

The purpose of the fabrication leakage rate test is to demonstrate that the containment system, as 

fabricated, will provide the required level of containment. This test is acceptable if the leakage 

rate of the containment vessel is less than LR = 1x10
-7

 ref·cm
3
/s, which is equivalent to 

2x10
-7

 cc/s helium at STP.  

Maintenance leakage rate testing is performed prior to returning the package to service 

following maintenance, repair (e.g., a weld repair), or replacement of containment system 

components. This test is acceptable if the leakage rate of the containment vessel is less than 

LR = 1x10
-7

 ref·cm
3
/s, which is equivalent to 2x10

-7
 cc/s helium at STP.  

Periodic leakage rate testing is performed to confirm that the containment capabilities of 

packaging built to an approved design have not deteriorated during a period of use. This test is 

acceptable if the leakage rate of the containment vessel is less than LR = 1x10
-7

 ref·cm
3
/s, which 

is equivalent to 2x10
-7

 cc/s helium at STP. 

Preshipment leakage rate testing confirms that the containment system is properly assembled for 

shipment. Since the FuelSolutions™ TS125 Transportation Cask containment seals are all 

metallic O-rings that must be replaced for every shipment, the preshipment leakage rate test is 

essentially a maintenance leakage rate test and the acceptance criterion is the same. 

When FuelSolutions™ canisters require inner containment systems, as described in 

Section 4.1.1.3, the inner containment system shall independently meet leaktight requirements 

for NCT. Containment criteria for these inner containment systems are specified in Section 4.2.2 

of the specific FuelSolutions™ Canister Transportation SAR.

4.2.3 Compliance with Containment Criteria 

Compliance with the containment criteria is demonstrated by equivalent gas leakage tests. 

Table 4.2-1 summarizes how the FuelSolutions™ TS125 Transportation Cask is shown to 

comply with each of the five leak rate tests. 
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The FuelSolutions™ Transportation Package design leakage rate test is performed by analysis as 

allowed by ANSI N14.5, paragraph 7.2.3. The design leakage rate test complies with ANSI 

N14.5, because the analyses in Sections 2 and 3 of this SAR show that the package meets the 

leaktight criterion under NCT. 

The fabrication leakage rate test is performed prior to the first use of the packaging. The entire 

containment boundary is leak tested in accordance with the verification leak test described in 

Section 8.1.3 of this SAR. The package complies with the containment criteria, if the leak rate is 

less than the criteria specified in Table 4.2-1. 

Maintenance leakage rate testing is performed prior to returning the package to service 

following maintenance, repair (e.g., a weld repair), or replacement of containment system 

components, as described in Section 8.2.3 of this SAR. This testing need only be performed for 

the affected area rejoined. Reuse of components (except for metallic O-rings) is not considered 

replacement. The package complies with the containment criteria, if the leak rate is less than the 

criteria specified in Table 4.2-1. 

Periodic leakage rate testing is performed as described in Section 8.2.3.1 of this SAR to confirm 

that the containment capabilities of packaging built to an approved design have not deteriorated 

during a period of use. This testing is performed within 12 months prior to each shipment, and 

need not be performed for out-of-service packaging. It is performed for the containment 

boundary seals and closures and need not include inaccessible surfaces. The package complies 

with the containment criteria, if the leak rate is less than the criteria specified in Table 4.2-1. 

Preshipment leakage rate testing confirms that the containment system is properly assembled for 

shipment. The test is performed before each shipment, after the contents are loaded and the 

containment system has been assembled. Preshipment leakage rate testing is performed only on 

the seals that have been opened. This test is required only when the containment boundary has 

been opened for canister transfer or other reasons. The package complies with the containment 

criteria, if the leak rate is less than the criteria specified for maintenance leakage rate testing in 

Table 4.2-1, since the TS125 containment seals are replaced prior to each use. 

When FuelSolutions™ canisters require inner containment systems, as described in 

Section 4.1.1.3, the inner containment system shall independently meet leaktight requirements 

for NCT. Compliance with the containment criteria for these inner containment systems is 

discussed in Section 4.2.2 of the specific FuelSolutions™ Canister Transportation SAR. 
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Table 4.2-1  -  Summary of Compliance with Containment Criteria 

Test Reference Purpose Frequency Components Criteria 

Design N/A To verify that the containment 

system design is adequate to 

achieve the desired level of 

containment 

During design 

evaluation 

Containment boundary 

welds, seals, closures, 

valves, etc. 

Leakage rate of less than the 

reference air leakage rate, 

LR=1x10-7 ref·cm3/s (or the 

equivalent 2x10-7 cc/s helium at 

STP)

Fabrication Section 8.1.3 To demonstrate that each 

package, as fabricated, 

provides the required level of 

containment 

Prior to first use of 

each package and prior 

to final assembly in 

order to test otherwise 

inaccessible areas 

Entire containment 

boundary including welds, 

seals, closures, etc. 

Maintenance Section 8.2.3 To confirm that maintenance, 

repair, or replacement of 

components has not degraded 

the containment system 

performance 

After maintenance, 

repair (e.g., weld 

repair) or replacement 

of components of the 

containment system 

That portion of the 

containment system 

affected by the 

maintenance, repair, or 

complement replacement 

Periodic Section 8.2.3 To confirm that the 

containment capabilities have 

not deteriorated over an 

extended period of use 

Within 12 months prior 

to each shipment 

Containment boundary 

seals, closures, etc. 

Leakage rate of less than the 

reference air leakage rate, 

LR=1x10-7 ref·cm3/s (or the 

equivalent 2x10-7 cc/s helium at 

STP)

Preshipment Section 7.4.1 To confirm that the 

containment system is properly 

assembled for shipment 

Before each shipment, 

after the contents are 

loaded and the package 

is closed 

Seals that have been opened Since the TS125 has non-reusable 

seals, follow the criterion for the 

maintenance leakage test (per 

ANSI N14.5, paragraph 7.6.4) 
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4.3 Containment Under Hypothetical Accident Conditions 

The FuelSolutions™ TS125 Transportation Cask is designed, constructed, and prepared for 

shipment so that under the tests specified in 10CFR71.73, the package meets the containment 

requirements of 10CFR71.51(a)(2), with no dependence on filters or a mechanical cooling 

system. There are no cask features that allow continuous venting under transport. 

As discussed in Section 4.2, the FuelSolutions™ TS125 Transportation Cask is designed so that 

combustible gases (e.g., hydrogen) do not exceed 5% of the free gas volume in any confined 

region of the package containment while the vessel is sealed and under normal transport 

conditions.

4.3.1 Pressurization of Containment Vessel 

The FuelSolutions™ TS125 Transportation Cask MNOP of 75 psig bounds the maximum 

pressure generated by HAC conditions. Actual HAC internal pressures depend on the specific 

FuelSolutions™ canister and SNF payload to be loaded. Determination of transportation cask 

HAC internal pressures is presented in Section 3.5.4 of the respective FuelSolutions™ Canister 

Transportation SARs. 

The HAC internal pressure is based on the initial cask helium backfill, the canister backfill, SNF 

rod fill gas, SNF fission gases, and any PWR control component gases. Since SNF fill and 

fission gas quantities depend on the specific SNF assembly type, the maximum pressure is 

calculated for each SNF assembly type that can be accommodated by the particular 

FuelSolutions™ canister. 

Section 3.5.4 of this SAR describes the details of the HAC internal pressure calculation 

assumptions and methodology. 

4.3.2 Containment Criteria 

The FuelSolutions™ TS125 Transportation System is designed so that for HAC there would be 

no escape of 
85

Kr exceeding 10 A2 in one week, and no escape of other radioactive material 

exceeding a total amount A2 in one week. The package design approach is to meet this 

containment criterion by designing the package to be leaktight under HAC, in accordance with 

ANSI N14.5. Since the package is a leaktight design, there are no associated calculations for 

allowable release rates or allowable leakage rates. 

Since the package is a leaktight design, and gas leakage tests are used to demonstrate 

compliance, the HAC containment criteria are identical to the NCT criteria discussed in 

Section 4.2.2 and Table 4.2-1. 

When FuelSolutions™ canisters require inner containment systems, as described in 

Section 4.1.1.3, each containment system shall independently meet leaktight requirements for 

NCT. Containment criteria for these satisfy containment systems are specified in Section 4.2.2 of 

the specific FuelSolutions™ Canister Transportation SAR. 
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4.3.3 Compliance with Containment Criteria 

Since the package is a leaktight design, and gas leakage tests are used to demonstrate 

compliance, the HAC compliance with the containment criteria are identical to NCT, as 

discussed in Section 4.2.3 and Table 4.2-1. 
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5. SHIELDING EVALUATION 

The FuelSolutions™ TS125 Transportation Package is a Type B shipping package designed for 

exclusive use service. The package consists of the FuelSolutions™ TS125 Transportation Cask 

body, a specific FuelSolutions™ canister, and the radioactive contents. Since the shielding 

evaluation of the package is necessarily canister-specific, Chapter 5 of each FuelSolutions™ 

Canister Transportation SAR presents the complete shielding evaluation for the package as 

loaded with a specific canister. 

This chapter contains material that is common to all package configurations (e.g., all 

combinations of the FuelSolutions™ TS125 Transportation Cask body and a FuelSolutions™ 

canister), including: 

A description of the TS125 Transportation Cask body and its shielding features. 

A description of the differences between the TS125 Transportation Cask body under the 

conditions specified in 10CFR71.71 (Normal Conditions of Transport) and 71.73 

(Hypothetical Accident Conditions). 

A description of the TS125 Transportation Cask body radial and axial shielding 

configuration model used in the FuelSolutions™ package models presented in the 

individual Canister Transportation SARs. 

The shielding regional densities used to model the TS125 Transportation Cask body in 

each of the canister-specific FuelSolutions™ package models. 

A shielding calculation to evaluate the generic impact of the cask shear key on calculated 

gamma and neutron dose rates. 

A shielding calculation to evaluate the generic impact of neutron streaming through the 

radial neutron shield heat transfer fins on calculated gamma and neutron dose rates. 

A shielding calculation to evaluate the generic impact of post-accident lead slump and 

radial neutron shield damage on calculated gamma and neutron dose rates. 
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5.1 Discussion and Results 

The FuelSolutions  TS125 Transportation Package is designed to accommodate a wide variety 

of fuel assembly classes and types in different FuelSolutions  canisters.

5.1.1 FuelSolutions™ TS125 Transportation Cask 

The FuelSolutions  TS125 Transportation Cask is a steel-lead-steel transportation overpack 

designed to provide biological shielding, physical protection, and decay heat removal for one 

FuelSolutions  canister containing SNF, as described in Section 1.2.1. Drawings for the 

transportation cask are provided in Section 1.3.2 of this SAR.

Figure 5.1-1 illustrates the transportation cask shielding design features. They include in the 

radial direction thick steel inner and outer shells, a lead gamma shield, a solid radial neutron 

shield, plus additional solid neutron shielding located on the bottom cask bottom surface. 

The adequacy of the FuelSolutions™ TS125 Transportation Cask shielding design and the 

resulting dose rates are demonstrated in Chapter 5 of each FuelSolutions  Canister 

Transportation SAR.

5.1.2 FuelSolutions™ Canisters 

FuelSolutions  canisters provide confinement (credit is taken for confinement only for on-site 

storage and handling operations), criticality control, heat removal, and biological shielding. 

Although the canisters provide a nominal amount of shielding in the radial direction, the 

canister’s primary shielding function is limited to gamma shielding at the canister ends. This is 

necessary to reduce personnel exposure during canister closure, transfer, and opening operations. 

FuelSolutions  canisters may be available in more than one shield plug design (i.e., steel-DU, 

steel-lead, or solid steel), depending on the SNF assembly type to be loaded into the canister. 

Details of the canister designs are presented in each FuelSolutions™ Canister Transportation 

SAR.
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Lifting Trunnion Plug (Steel/NS-4-FR) 

Lifting Trunnion Boss (Steel) 

Neutron Shield Jacket (Steel)

Radial Neutron Shield (NS-4-FR)

Outer Shell (Steel)

Radial Gamma Shield (Lead)

Inner Shell (Steel)

Top Forging (Steel) 

Closure Lid (Steel) 

Bottom Forging (Steel) 
Neutron Shield (NS-4-FR) 

Neutron Shield Jacket (Steel) 

Impact Limiters 
Omitted for Clarity 

Figure 5.1-1  -  FuelSolutions™ TS125 Transportation Cask 

Shielding Design Features 
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5.2 Source Specification 

Section 5.2 of each FuelSolutions™ Canister Transportation SAR states the contents and the 

gamma and neutron source terms used in the canister-specific shielding analysis.  
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5.3 Model Specification 

Section 5.3 of each FuelSolutions™ Canister Transportation SAR describes the package model 

used in the canister-specific shielding analysis.

This section:

Describes the model of the TS125 Transportation Cask body used as a basis for each 

package model in the FuelSolutions™ Canister Transportation SARs. 

Describes differences between the TS125 Transportation Cask body models for the 

normal conditions and the accident conditions of transport. 

Specifies the model used to evaluate the shear key impact on calculated neutron and 

gamma dose rates (this model is generic to all FuelSolutions™ canisters). 

Specifies the model used to evaluate the impact of neutron streaming through the radial 

neutron shield heat transfer fins on calculated gamma and neutron dose rates. 

Specifies the model used to evaluate the post-accident lead slump and neutron shield 

damage impact on calculated neutron and gamma dose rates (this model is generic to all 

FuelSolutions™ canisters). 

5.3.1 Description of TS125 Transportation Cask Body Radial and 

Axial Shielding Configuration

5.3.1.1 Normal Conditions 

The R-Z transportation cask model geometry for normal package conditions is illustrated in 

Figure 5.3-1 through Figure 5.3-3. The canisters and contents are further illustrated in each 

FuelSolutions™ Canister Transportation SAR. All significant cask geometry features are 

represented, including thickness tolerances for all cask shield regions. Separate side, top, and 

bottom models are used for gamma ray calculations (Figure 5.3-1 and Figure 5.3-3), while a 

single model is used for neutron calculations (Figure 5.3-2). 

Thicknesses for each major cask shield region are presented in Table 5.3-1. For each dimension, 

the nominal value is shown along with the actual dimension used in the analysis. The lead 

thickness is reduced by 1/16 inch to account for diametral and cylindrical tolerances in the inner 

and outer cask shells. The lead thickness is further reduced by 0.034 inch to account for lead 

shrinkage during cask fabrication. The gap between the lead and the steel shells is modeled by 

moving the outer steel shell inward (while maintaining its thickness). Thus, the overall lead 

thickness is 3.1535 inches, down from a nominal value of 3.25 inches. Other minimum 

thicknesses are derived in a similar way by using the drawing or plate thickness tolerances to 

find the worst-case possible shield thicknesses. 

The ends of the impact limiters for the TS125 Transportation Cask consist of 19.0 inches of 

aluminum honeycomb material between two 0.135-inch-thick stainless steel sheets. For 

simplicity, these three layers of material are modeled as a 19.5-inch-thick slab of aluminum 

honeycomb material (as shown in Figure 5.3-2 and Figure 5.3-3). This model simplification is 
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very conservative because 0.27 inch of steel (2 x 0.135) provides much more shielding than does 

the additional 0.5 inch of modeled aluminum honeycomb material. In fact, the two steel sheets 

combined provide as much shielding as ~7 inches of the aluminum honeycomb material in the 

impact limiter ends, based on the ratio of densities between the two materials. The shielding 

analyses also conservatively neglect the 0.135-inch-thick steel shell that exists around the outer 

(side) radius of the impact limiters.  

The cask radial and axial shield region thicknesses, and the cask end geometries in general, do 

not vary between the various canister analyses. The cask cavity length, however, is variable in 

the models (it is constant for the actual hardware). The reason for this is to account for axial 

movement of the canister and thus conservatively maximize the calculated dose rates at both 

ends of the cask (simultaneously in the same model). 

There are two significant differences between the transportation cask design and the idealized 

shielding model that must be accounted for using specialized shielding models: 

The steel heat transfer fins in the radial neutron shield. 

The shear key penetration in the radial neutron shield. 

Each of these specialized shielding models is described in the subsections that follow. The 

results from these models are used to derive correction factors that are applied to the package 

shielding models presented in each FuelSolutions™ Canister Transportation SAR. 

The FuelSolutions™ TS125 Transportation Cask has removable trunnions. The trunnions mount 

onto shallow trunnion bosses, and together they form a penetration in the radial neutron shield 

material. After cask-handling operations are completed, the trunnions are removed in order to 

configure the cask for transportation. Plugs containing neutron shielding material are used to 

replace the trunnions. For simplicity, the package models in each FuelSolutions™ Canister 

Transportation SAR do not include radial neutron shield penetration, trunnion bosses, or 

trunnion plugs. Because the trunnion bosses only partially penetrate the neutron shielding 

material, and because the trunnion plugs contain additional neutron shielding material, no 

specialized shielding model is necessary. 

5.3.1.1.1 Radial Neutron Shield Heat Transfer Fins 

The FuelSolutions™ TS125 Transportation Cask has steel fins located inside the radial neutron 

shield. These fins are designed to dissipate heat from the cask outer shell to the neutron shield 

jacket. For simplicity, the package shielding models presented in each FuelSolutions™ Canister 

Transportation SAR do not include discrete models of the heat transfer fins. The presence of the 

fins is accounted for in two ways. First, the mass of the steel fins is smeared into the neutron 

shield mixture. The partial density of the pure neutron shield material is reduced by a 

corresponding amount in the neutron shield mixture. Second, a specialized shielding model is 

constructed to derive a correction factor to account for neutron streaming through the steel heat 

transfer fins (which offer less neutron shielding than the surrounding NS-4-FR). In this way, 

both gamma shielding and neutron shielding are correctly treated. 

Figure 5.3-6 illustrates the representative fin-streaming model. This model is a literal 

representation of steel fins in pure NS-4-FR neutron shielding material using nominal 
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dimensions (minimum dimensions are used in the final models described in the FuelSolutions™ 

Canister Transportation SARs). There are 32 heat transfer fins: one every 11.25 degrees. The 

model is a pie segment for half of one fin pitch; therefore, the model covers 5.625 degrees of arc. 

This is an infinite height model, so reflective boundaries are applied on both sides of the pie 

section plus the top and bottom.  

The actual cask neutron shield region configuration is azimuthally symmetrical about the 

surfaces that bisect each fin and about the surfaces halfway between the fins (i.e., the two side 

surfaces of the model shown in Figure 5.3-6). Therefore, an MCNP pie section model that 

applies reflective boundary conditions on these two surfaces (as illustrated in Figure 5.3-6) 

accurately models the actual entire cask configuration in all respects. 

In the actual cask configuration, certain neutron trajectories drawn from points within the 

neutron source zone travel straight down on the heat transfer fins. In the shielding model shown 

in Figure 5.3-6, this streaming effect is fully accounted for when a neutron is generated at the 

same off-normal trajectory, or angle, within the source region. Such a neutron would bounce off 

one or more of the reflective side surfaces, make a final bounce off the right side surface (below 

the base of the right side of the fin), and travel directly up the steel fin. Since the neutron source 

in the source zone of this model is generated with an isotropic angular distribution (as in the 

actual source zone), neutrons that bounce off the reflective side surfaces of the Figure 5.3-6 

model one or more times are very common. 

A second model is identical, except that it is filled only with the smeared NS4/steel fin mixture 

shown in Table 5.3-2. This treatment is similar to the idealized package models in each 

FuelSolutions™ Canister Transportation SAR. Differences in the results between these two 

models will be used to develop correction factors in Section 5.4.1.1. 

5.3.1.1.2 Radial Neutron Shield Shear Key Penetration 

The FuelSolutions™ TS125 Transportation Cask is designed to engage a shear key on the rail 

car skid to provide resistance to lateral transportation loads. At the point of engagement, there is 

a penetration in the cask’s radial neutron shield. For simplicity, the package models in each 

FuelSolutions™ Canister Transportation SAR do not include the shear key penetration. In order 

to account for the presence of the shear key, a specialized shielding model is necessary. 

The shear key structure has two components, one of which is a large base plate that is ~2 inches 

thick, 30 inches high, and extends over 48 degrees of arc. This plate is welded to the cask outer 

shell. The second component is a smaller, higher, steel block into which the shear key fits. For 

the analyses, it is assumed that the shear key completely fills the space in this second component 

(forming a solid block of steel). This assumption is reasonable, especially given that steel is a 

very poor neutron shield. 

The representative shear key model is 144 inches high, with reflective axial boundaries. The 

shear key steel is modeled near the axial center of the model. Thus, steel replaces the neutron 

shielding material over this local area. Although the model is infinite height, an axial neutron 

source distribution (based on a 45 GWd/MTU burnup level) is modeled. The shear key steel is 

placed directly over the axial location with the peak neutron source strength. This will 

conservatively maximize the relative effect of the shear key structure. Variations of canister and 

fuel assembly axial locations within the cask will affect the axial position of the peak burnup 
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region of the fuel relative to the cask shear key, but this model is a good bounding 

representation.

The second idealized shear key model is identical except that the shear key structure steel is 

replaced by neutron shield material. This treatment is similar to the idealized package models in 

each FuelSolutions™ Canister Transportation SAR. Differences in the results between these two 

models will be used to develop the correction factors discussed in Section 5.4.1.2. 

5.3.1.2 Accident Conditions 

The R-Z transportation cask model geometry for accident package conditions is illustrated in 

Figure 5.3-3 through Figure 5.3-5. The canisters and contents are further illustrated in each 

FuelSolutions™ Canister Transportation SAR. Similar to the normal configuration models, there 

are separate side, top, and bottom models used for gamma ray calculations (Figure 5.3-3 and 

Figure 5.3-4), while a single model is used for neutron calculations (Figure 5.3-5). 

The accident condition models for the FuelSolutions™ TS125 Transportation Cask vary from 

the normal condition models in the following ways: 

The aluminum honeycomb impact limiters are removed.  

The bottom neutron shield structure is modeled as a void (including the neutron shield, 

steel plate, and steel ring). 

The material composition of the radial neutron shield mixture is modified to remove all 

hydrogen and oxygen from the mixture. In the accident condition neutron analyses, the 
10

B is also removed from the neutron shield mixture. Thus, all “active ingredients” are 

conservatively removed from the neutron shield material, leaving only the inert materials. 

These modifications conservatively envelope the condition of the material after the fire 

test specified in 10CFR71.73(c)(4). 

Two-inch wide gaps are modeled at the bottom and top ends of the lead gamma shield 

cavity to represent lead slump due to an end drop (in the axial direction). In this way, the 

effects of a top or bottom end drop can be evaluated in a single shielding model. 

Correction factors are applied to represent lead slump due to a side drop (in the radial 

direction) and neutron shield damage from the puncture pin, as described below. 

No compression or other damage is anticipated to occur in the radial neutron shield as a result of 

the HAC drop events, as described in Section 2.7.6 of this SAR. The impact limiters and thick 

steel rings at the ends of the neutron shield protect the radial neutron shield. Damage to the 

radial neutron shield is, however, expected to occur as a result of the puncture pin drop. This 

effect is accounted for by applying an adjustment factor to the 2-D shielding model results. 

Adjustment factors are applied to the package models in each FuelSolutions™ Canister 

Transportation SAR to account for damage that might occur as a result of a cask side drop 

(i.e., horizontal lead slump), and the puncture pin drop specified in 10CFR71.73(d)(3) (e.g., 

radial neutron damage). The adjustment factors are based on the specialized model shown in 

Figure 5.3-7. The model is based on a maximum radial gap of one inch due to lead slump in a 

side drop. This model further assumes that the entire neutron shield is stripped away over a 
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20° azimuthal sector corresponding to the puncture pin. The azimuthal location of the neutron 

shield damage is assumed to be the same as the lead slump gap. 

Figure 5.3-7 shows only the small azimuthal section of the cask geometry that includes the 

gamma neutron shield gaps, although the model covers the full 360  cask geometry. The model 

is an arbitrary height with reflective boundaries applied at the top and bottom ends to model an 

infinite-height system. 

A model similar to Figure 5.3-7 is run with the nominal configuration (no lead slump gap, no 

neutron shield damage) for comparison purposes. The ratios of the results of these two models 

are used to develop adjustment factors, as described in Section 5.4.2. 

For both the end-drop and side-drop lead slump models, the magnitude of the slump is obtained 

by a simple volumetric analysis (i.e., as if the lead were a fluid), assuming no deformation of the 

cask shells. This is a very conservative approach because no credit is taken for lead stiffness. 

Section 2.7.1 of this SAR shows that no significant deformation of the shells would occur as a 

result of accident conditions. 

5.3.2 Shield Regional Densities (TS125 Only) 

Table 5.3-2 summarizes the FuelSolutions™ TS125 Transportation Cask shield regional 

densities used in the transportation shielding models. Note that these are densities used to model 

the transportation cask and impact limiters only, and that Section 5.3.2 of each individual 

FuelSolutions™ Canister Transportation SAR describes the additional shield regional densities 

for canister materials and canister contents. 

The FuelSolutions™ TS125 Transportation Cask has integral neutron shielding in the two 

locations shown in Figure 5.1-1. First, there is a radial neutron shield designed to completely 

cover the axial extent of the active fuel region. Second, there is neutron shielding designed into 

the bottom end of the transportation cask. Both these neutron shields are constructed of 

NS-4-FR, which is a proprietary neutron shielding material. 

Section 1.3 of this SAR contains a product description for NS-4-FR, a temperature-sensitive 

cast-resin material. The shielding employed in the TS125 cask includes 2 w/o B4C. This is less 

than half of the maximum B4C loading of 6.5% allowed by the standard NS-4-FR material 

specifications.

NS-4-FR has undergone test programs where it has been exposed to its maximum recommended 

service temperature over very long periods of time.
1
 Stainless steel clad samples have been 

tested along with bare samples (the stainless steel clad case being closer to actual cask 

conditions). The testing shows that the only significant effect on the material from exposure to 

elevated temperatures is the loss of bound water within the material. 

In order to account for potential variations in the density of the NS-4-FR material, a density of 

1.62 g/cm
3
 is used for the NOC shielding models, as opposed to the nominal material density of 

                                                

1 Asano, R., and Niomura, N., Experimental Studies on Long-Term Thermal Degradation of Enclosed Neutron 

Shielding Resin, 10th International Symposium on the Packaging and Transportation of Radioactive Materials 

(PATRAM), Yokohama City, Japan, September 1992. 
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1.68 g/cm
3
. Furthermore, a 2% weight loss in the form of water is assumed to account for 

potential thermal aging effects on the material. This water loss is based on test data at 300 F.

For NS-4-FR to perform for the 40-year design life assumed in the shielding calculations, the 

normal service temperature should not exceed the manufacturer’s recommended material 

temperature limit of 338 F. The thermal calculations described in Section 3.4.6 of each 

FuelSolutions™ Canister Transportation SAR show that the NS-4-FR material temperature does 

not exceed this limit for normal operating conditions.  

For HAC models, the NS-4-FR temperature limit is exceeded as a result of the fire exposure. For 

the purpose of the shielding calculation, it is assumed that the NS-4-FR material sustains 

extensive damage. The hydrogen and oxygen atom densities of the radial neutron shield mixture 

for all accident case models are reduced to zero in order to conservatively bound the shielding 

properties of NS-4-FR in this heat-damaged condition. For the accident condition neutron 

analyses, all 
10

B is also conservatively removed from the neutron shielding material. For 

simplicity, the bottom end neutron shield is modeled as void for the accident condition. 

Since there are no corrosion, galvanic, or chemical reactions identified that would affect the 

shielding properties of the NS-4-FR material, and since the normal service temperatures are 

within the material’s recommended maximum temperature limit, there are no additional controls 

needed to assure the long-term effectiveness of the shield material.  

During fabrication of the cask, measures are taken to assure that the NS-4-FR material is 

properly controlled to achieve the densities and material properties assumed in the shielding 

calculations. Chemical analyses are performed on each batch of prepared material to verify the 

concentrations of key elements such as hydrogen and boron. Before the NS-4-FR material is 

actually poured into the neutron shield cavity of the cask, the pouring procedure is tested with a 

mock-up of the cask neutron shield structure. Before proceeding with the actual pour, it must be 

demonstrated in the mock-up that the pouring procedure does not produce significant voids 

within the neutron shielding material. The overall mass of the NS-4-FR material that goes into 

the cask neutron shield region is also measured as an indication of complete filling of the neutron 

shield volume. 

The FuelSolutions™ TS125 Transportation Cask has impact limiters constructed from aluminum 

honeycomb material. Section 1.3.4 of this SAR contains product literature for the impact limiter 

material. There are two types of honeycomb material used: high strength (2250 psi), and low 

strength (1250 psi) honeycomb, as shown in Figure 5.1-1. Each of these materials is modeled as 

pure homogenized aluminum with the following densities. The high strength honeycomb has an 

aluminum density of 0.421 g/cc, or a volume fraction of 0.1559, which yields an atom density of 

9.398 x 10
-3

 atoms/barn-cm. The low strength honeycomb has an aluminum density of 

0.304 g/cc, or a volume fraction of 0.1126, which yields an atom density of 

6.786 x 10
-3

 atoms/barn-cm. 
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Table 5.3-1  -  TS125 Cask Shield Component Thicknesses 

Cask Component 
Nominal

Thickness (in.) 
Modeled

Thickness (in.) 

Inner Shell 1.50 1.49 

Lead Gamma Shield 3.25 3.1535 

Outer Shell 2.65 2.64 

Neutron Shield Region 6.00 5.91 

Neutron Shield Jacket 0.1875 0.1775 

Cask Bottom Plate 6.00 5.9375 

Cask Bottom Neutron Shield 5.00 4.875 

Cask Bottom Neut. Shld. Cap 0.25 0.24 

Cask Top Closure Lid 6.00 5.99 

Impact Limiter End Honeycomb 19.5 19.5 
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Table 5.3-2  -  FuelSolutions™ TS125 Cask Shield Regional Densities 

Atom Density (atoms/b-cm) 

SS-304 Lead XM-19 
Pure
Al1

Carbon
Steel

Pure
NS-4-FR

N-Shld.
Mixture2

H - - - - - 5.475E-02 5.190E-02 

B-10 - - - - - 2.813E-04 2.667E-04 

B-11 - - - - - 1.132E-03 1.073E-03 

C - - - - - 2.240E-02 2.124E-02 

N - - - - - 1.365E-03 1.294E-03 

O - - - - - 2.450E-02 2.323E-02 

Al - - - 6.027E-02 - 7.619E-03 7.223E-03 

Si 1.721E-03 - 0.001291 - - - - 

Ti - - - - - - - 

Cr 1.767E-02 - 0.020455 - - - - 

Mn 1.760E-03 - 0.004400 - - - - 

Fe 5.887E-02 - 0.049776 - 8.447E-02 - 4.392E-03 

Ni 8.236E-03 - 0.010297 - - - - 

Zr - - - - - - - 

Mo - - 0.001134 - - - - 

Pb - 0.032993 - - - - - 

Total 8.826E-02 0.032993 0.087353 6.027E-02 8.447E-02 1.121E-01 1.106E-01 

Notes:
(1) The side and end impact limiter regions contain aluminum at 15.59% and 11.26% the density of pure 

aluminum, respectively. 
(2) The “neutron shield mixture” refers to the homogenous mixture of heat transfer fins and pure NS-4-FR 

neutron shield in the radial neutron shield cavity. The fins occupy 5.2% of the volume. The mixture 

densities are equal to 94.8% of the pure NS-4-FR densities, with iron added at 5.2% of the pure carbon 

steel density. In the accident condition models, the hydrogen and oxygen atom densities of the radial 

neutron shield mixture are reduced to zero. In the accident condition neutron models, the 10B is also 

reduced to zero. 
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Figure 5.3-1  -  TS125 Cask Side Gamma Model for Normal Conditions 
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Figure 5.3-2  -  TS125 Cask Neutron Model for Normal Conditions 
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Figure 5.3-3  -  TS125 Cask End Gamma Models 
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Figure 5.3-4  -  TS125 Cask Side Gamma Model for Accident 

Conditions
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Figure 5.3-5  -  TS125 Cask Neutron Model for Accident Conditions 
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Figure 5.3-6  -  Neutron Shield Fin Streaming Analysis Model 
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Figure 5.3-7  -  Lead Slump/Neutron Shield Damage Model 
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5.4 Shielding Evaluation 

Section 5.4 of each FuelSolutions™ Canister Transportation SAR describes the shielding 

evaluation performed for the package, including the specific canister. The general approach to 

the shielding evaluations in the FuelSolutions™ Canister Transportation SARs is to construct a 

2-D model of the package (including fuel, canister, cask body, and impact limiters as 

appropriate), calculate the dose rate response per source particle, apply canister-unique 

adjustment factors, and then apply the generic adjustment factors developed in this section. 

This section presents the three shielding evaluations performed for the TS125 Transportation 

Cask body that are generic to all canister-specific calculations: neutron streaming through the 

radial neutron shield heat transfer fins, streaming through the shear key penetration, and the 

effects of HAC damage (lead slump and neutron shield tearing). These evaluations apply to all 

FuelSolutions™ canisters. 

The evaluations are performed using MCNP, a three-dimensional Monte-Carlo computer code 

described in Section 5.5.2 of this SAR. MCNP and the continuous energy cross-sections are used 

for the shielding calculations because of their ability to discretely model cask details in three 

dimensions and accurately calculate neutron and gamma attenuation for deep penetration and 

streaming problems. The cross-section set is coupled, and therefore takes into consideration 

secondary gamma production. The ANSI/ANS 6.1.1-1977 flux-to-dose conversion factors are 

used for evaluations. Section 5.5.1 of this SAR lists the flux-to-dose conversion factors as a 

function of energy. 

5.4.1 Normal Conditions 

5.4.1.1 Radial Neutron Shield Heat Transfer Fins 

Rigorous Fin Model

Neutron dose rate tallies are taken on the radial cask surface, the package (personnel barrier) 

surface, and two meters from the package surface using the model described in Section 5.3.1.1.1. 

These are cylinder section surfaces defined around the cask pie section shown in Figure 5.3-6. 

Dose rates are tallied over azimuthal subsections on these surfaces, including directly over the 

location where the top of the fin intersects the neutron shield outer skin (i.e., the location of 

expected maximum localized dose rate). On the two-meter surface, a tally is taken over the entire 

surface. Any localized (azimuthal) effects will have washed out by the time the two-meter plane is 

reached, so a single tally is taken over the entire surface to improve particle statistics and get a 

better measure of the overall neutron dose rate increase on that surface. 

Both models only calculate the neutron dose rate per source neutron. An absolute neutron source 

strength is not entered. As both models are infinite height, no axial neutron source distribution is 

modeled. This modeling approach is adequate for the purpose of these analyses, which is to 

calculate the percentage of increase in cask side neutron dose rates due to potential streaming 

through the fins. The analyses model the nominal cask and neutron shield fin configuration (i.e., 

the nominal dimensions). The effects of dimensional tolerances in the neutron shield structures are 

accounted for by reducing the thickness of the (homogenized) neutron shield region in the primary 

(R-Z) shielding models. 
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Homogeneous Model

In this model, dose rates are tallied on the cask surface, package surface, and two-meter surface. 

These tally surfaces are not subdivided into azimuthal subsections in this model. No azimuthal 

dose rate variations are expected for this model since it is radially symmetric. 

Results of Neutron Shield Fin Streaming Analysis 

The rigorous fin and homogeneous model results are shown in Table 5.4-1. The units are neutron 

dose rate per source neutron (mrem/hr per neutron/sec-canister). As expected, homogenizing the 

fin material in the neutron shield results in a modest underprediction in neutron dose rate (21.5%) 

at the peak azimuthal location on the cask surface due to neutron streaming, followed by lesser 

increases further from the surface of the cask (< 5%). The neutron dose rates calculated in each 

FuelSolutions™ Canister Transportation SAR are to be increased by the factors in the right 

column of Table 5.4-1 to correct for using a homogenized fin model.  

 Effects of Extreme Cold

Under extreme cold conditions (-40
o
F), the NS-4-FR neutron shielding material will shrink by 

~0.5% from its nominal dimensions. The design of the neutron shield prevents this shrinkage 

from creating cracks in the neutron shield material, or gaps through the full thickness of the 

neutron shield material. The neutron shield design includes a large number of triangular volumes 

of neutron shield material that lie between the cask body, the neutron shield outer skin, and the 

heat transfer fins, which are set at an angle with respect to the cask surfaces. When the neutron 

shield material shrinks, the triangular blocks of material will shrink within their triangular 

chambers, leaving small gaps between the material and the walls of the chamber. The neutron 

shield material is not expected to crack or split into pieces. 

If it is conservatively assumed that the blocks of neutron shield material remain in contact with 

the cask body and neutron shield outer skin, and pull away from the surfaces of the heat transfer 

fins, a gap of less than 1/64 of an inch would be created on each side of each fin. Thus, the fin 

gaps through the neutron shield would increase by ~1/32 inch, from 3/16 inch to 7/32 inch. The 

overall gap through the neutron shield material would increase in thickness by a factor of ~17%. 

The fact that the extra 1/32 inch of gap is actually air as opposed to steel is not of great 

significance, since steel has very poor neutron shielding properties. 

As shown in Table 5.4-1, the 3/16 inch heat transfer fin gaps cause a neutron dose rate increase 

factor of 4% at two meters from the cask, which corresponds to a total dose rate increase of <1%. 

A 17% increase in the gap thickness is not expected to increase the factor by more than 25%, 

resulting in a neutron dose rate increase factor (due to heat transfer fin streaming) of 5%. Thus, 

the extreme cold will cause an overall neutron dose rate increase of ~1%. This corresponds to a 

total dose rate increase (on the two meter plane) of less than 0.1 mrem/hr, which is less than one 

tenth the dose rate margin of ~1 mrem/hr that exists, for all cases, between the calculated dose 

rates and their regulatory limits. 

Based on the above, it is concluded that extreme cold conditions (-40
o
F) will not cause the 

10CFR71 cask exterior dose rate limits to be exceeded. 
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5.4.1.2 Radial Neutron Shield Shear Key Penetration 

Rigorous Shear Key Penetration Model

A dose rate tally is taken on the package surface cylinder over a localized 8-inch area directly over 

the shear key steel using the model described in Section 5.3.1.1.2. The tally area is only the size of 

the shear key itself, so it will provide an accurate estimate of the peak localized dose rate directly 

over the shear key. The neutron dose rate is tallied over this area on a dose per source neutron 

basis.

No-Penetration Model

The neutron dose rate is tallied over the same axial interval as the rigorous shear key penetration 

model. Since this model is azimuthally symmetric, the dose rate is tallied over an 8-inch high 

band that covers the entire circumference of the cask. No azimuthal dose rate variation could 

occur, so this does not affect the result, but it improves the particle statistics for this second case. 

Results of Radial Neutron Shield Shear Key Penetration Analysis

Table 5.4-2 shows the results from the two models. An increase factor of 7.34 is calculated by 

comparing the neutron dose rate obtained from the rigorous penetration model and the no-

penetration model. The peak package surface neutron dose rates calculated in each 

FuelSolutions™ Canister Transportation SAR must be multiplied by this factor to account for the 

presence of the shear key penetration before comparing to allowable dose rates. 

It is assumed that the shear key structure does not significantly affect the dose rates on the plane 

two meters from the rail car side. This is because the shear key faces the ground underneath the 

rail car and hence is not visible from the vertical planes two meters from the rail car sides.  

5.4.2 Accident Conditions 

An evaluation is performed using the model described in Section 5.3.1.2 to determine correction 

factors to apply to the neutron and gamma dose rates calculated in each FuelSolutions™ Canister 

Transportation SAR. The correction factors account for postulated damage to the neutron shield 

and lead slump (side drop), as described in Section 5.3.1.2. (Note that end drop lead slump is 

treated directly in the accident condition models.)  

The analyses calculate fuel gamma and neutron dose rates per source particle. The desired 

correction factors are obtained using the ratio of the dose rates per source particle from each 

model. The fuel gamma source spectrum is based on 45 GWd/MTU, 10-year cooled PWR fuel 

and includes gamma sources from fuel zone assembly hardware. 

Damaged Cask Model

Gamma and neutron dose rates are tallied over a narrow area directly over the center of the lead 

and neutron shield gaps. The tally is taken one meter over the surface of the cask (i.e., the accident 

condition one-meter detector surface). The tally area is approximately half the angular width that is 

covered by the gaps, so the calculated gamma and neutron dose rates correspond to the peak 

azimuthal dose rate. The tally area extends the full axial length of the model. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 5.4-4 Revision 6 

Undamaged Cask Model

For comparison, a second model is created that does not have the gamma and neutron shield gaps. 

This model is otherwise identical to the gap model described above. This second model is radially 

symmetric. Therefore, gamma and neutron dose rates are tallied over the entire cylindrical surface 

that lies one meter from the cask surface. 

Results of Accident Condition Analysis

Table 5.4-3 shows the results of the models. The damaged case dose rates are divided by the 

undamaged case dose rates to yield gamma and neutron dose rate adjustment factors. One meter 

accident gamma and neutron dose rates calculated in the FuelSolutions™ Canister Transportation 

SARs must be adjusted by these factors to account for damaged package conditions, with one 

exception. These factors should not be applied to detector locations that lie radially outward from 

the top and bottom few inches of the lead gamma shield. This is because the accident models in the 

FuelSolutions™ Canister Transportation SARs include end drop lead slump on both the top and 

bottom ends, as shown in Figure 5.3-4 and Figure 5.3-5. Applying an additional factor to account 

for lead slump due to a side drop would result in unrealistically high dose rates because that would 

effectively “double count” the lead slump effect. Furthermore, neutron dose rates would also be 

unrealistically increased because, in the area where axial lead slump occurs, there is no neutron 

shield and therefore a correction factor that accounts for neutron shield damage does not apply. 
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Table 5.4-1  -  Neutron Shield Fin Streaming Analysis Results 

mrem/hr per neutron/s-canister 

Location
Rigorous
Fin Model 

Homogenous
Model

Dose Rate 
Increase Factor 

Cask Surface 5.489E-08 4.517E-08 1.215 

Package Surface 2.687E-08 2.568E-08 1.046 

Two Meter Surface 1.341E-08 1.289E-08 1.040 

Table 5.4-2  -  Shear Key Streaming Analysis Results 

mrem/hr per neutron/s-canister 

Location

Rigorous
Penetration

Model
No-Penetration

Model

Dose Rate 
Increase Factor 

Cask Surface 3.697E-09 5.039E-10 7.34 

Table 5.4-3  -  Damaged Cask Streaming Analysis Results 

mrem/hr per particle/s-canister 

Location Damaged Model 
Undamaged

Model

Dose Rate 
Increase Factor 

1 m from Cask 

Surface, Gamma 

2.269E-15 3.608E-16 6.288 

1 m from Cask 

Surface, Neutron 

4.075E-08 2.711E-08 1.503
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5.5 Appendix 

5.5.1 Flux to Dose Conversion Factors 

All flux-to-dose conversions are performed using the ANSI/ANS-6.1.1-1977
2
 flux-to-dose 

conversion factors shown in Table 5.5-1 and Table 5.5-2. 

5.5.2 MCNP4A 

MCNP
3
 is a general-purpose, continuous-energy, generalized geometry, time-dependent, coupled 

neutron-photon-electron Monte-Carlo transport code system. MCNP treats an arbitrary three-

dimensional configuration of materials in geometric cells bounded by first- and second-degree 

surfaces and some special fourth-degree surfaces. Pointwise continuous-energy cross section 

data are used,
4
 although multigroup data may also be used. Fixed-source adjoint calculations 

may be made with the multigroup data option. For neutrons, all reactions in a particular cross-

section evaluation are accounted for. Both free gas and S(alpha, beta) thermal treatments are 

used. Criticality sources as well as fixed and surface sources are available. For photons, the code 

takes account of incoherent and coherent scattering with and without electron binding effects, the 

possibility of fluorescent emission following photoelectric absorption, and absorption in pair 

production with local emission of annihilation radiation. A very general source and tally 

structure is available. The tallies have extensive statistical analysis of convergence. Rapid 

convergence is enabled by a wide variety of variance reduction methods. Energy ranges are 0-

60 MeV for neutrons (data generally only available up to 20 MeV) and 1 keV - 1 GeV for 

photons and electrons. 

                                                

2 “Neutron and Gamma-Ray Flux-to-Dose-Rate Factors,” ANSI/ANS-6.1.1-1977, American Nuclear Society 

(1977).

3 MCNP4A: General Monte Carlo N-Particle Transport Code, Version 4A, Document No. LA-12625-M, Los 

Alamos National Laboratory, Los Alamos, New Mexico, November 1993. 

4 MCNPXS: Standard Neutron, Photon, and Electron Data Libraries for MCNP4B, RSICC Data Library DLC-189, 

Radiation Shielding Information Code Center, Oak Ridge, Tennessee. 
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Table 5.5-1  -  Gamma Flux to Dose Rate Conversion Factors 

Energy (MeV)

Factor

(rem/hr)/( /cm2-sec)

12.000 1.10E-05 

9.000 8.77E-06 

7.500 7.66E-06 

6.500 6.93E-06 

5.500 6.19E-06 

4.500 5.42E-06 

3.500 4.63E-06 

2.500 3.72E-06 

1.750 2.93E-06 

1.250 2.32E-06 

0.900 1.83E-06 

0.750 1.60E-06 

0.650 1.44E-06 

0.500 1.15E-06 

0.300 7.59E-07 

0.150 3.79E-07 

0.080 2.61E-07 

0.045 3.17E-07 

0.025 8.01E-07 

0.015 1.95E-06 
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Table 5.5-2  -  Neutron Flux to Dose Rate Conversion Factors 

Energy 
(MeV)

Factor
(rem/hr)/(n/cm2-sec)

Energy 
(MeV)

Factor
(rem/hr)/(n/cm2-sec)

1.576E+01 2.14E-04 2.402E-01 4.78E-05 

1.320E+01 1.96E-04 1.471E-01 3.08E-05 

1.111E+01 1.64E-04 8.924E-02 1.99E-05 

9.304E+00 1.47E-04 5.412E-02 1.34E-05 

8.008E+00 1.47E-04 3.635E-02 9.83E-06 

6.737E+00 1.48E-04 2.894E-02 8.22E-06 

5.516E+00 1.54E-04 2.512E-02 7.36E-06 

4.322E+00 1.49E-04 2.303E-02 6.87E-06 

3.345E+00 1.37E-04 1.845E-02 5.78E-06 

2.869E+00 1.31E-04 1.107E-02 3.87E-06 

2.596E+00 1.27E-04 5.228E-03 3.57E-06 

2.416E+00 1.25E-04 2.470E-03 3.64E-06 

2.356E+00 1.25E-04 1.019E-03 3.75E-06 

2.289E+00 1.26E-04 3.342E-04 3.95E-06 

2.076E+00 1.26E-04 1.579E-04 4.09E-06 

1.787E+00 1.27E-04 6.928E-05 4.25E-06 

1.503E+00 1.29E-04 2.397E-05 4.43E-06 

1.178E+00 1.30E-04 7.860E-06 4.56E-06 

9.117E-01 1.26E-04 3.450E-06 4.58E-06 

7.818E-01 1.16E-04 1.366E-06 4.51E-06 

6.754E-01 1.08E-04 6.452E-07 4.36E-06 

5.530E-01 9.74E-05 2.570E-07 4.08E-06 

4.334E-01 8.14E-05 5.001E-08 3.67E-06 

3.330E-01 6.42E-05 -- -- 
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6. CRITICALITY EVALUATION

This chapter presents the criticality safety evaluation basis and general methodology for the 

FuelSolutions  TS125 Transportation Package. It describes how the TS125 Transportation Cask 

and Canister Transportation SARs are organized with respect to the evaluation. Because of 

differences in the designs of canisters, their contents, and in some cases differences in 

methodologies, the material presented in each Canister Transportation SAR supercedes the 

information herein. 

The FuelSolutions  TS125 Transportation Package satisfies all of the criticality safety 

acceptance criteria consistent with the requirements of 10CFR71.55 and 10CFR71.59, including: 

1. The contents of the package must be subcritical under the following conditions:
1

The most reactive credible configuration consistent with the chemical and physical 

form of the material. 

Moderation by water to the most reactive credible extent. 

Close full reflection by water on all sides of the containment system or such greater 

reflection of the containment system as may be provided by the surrounding material 

of the package. 

2. The package must remain subcritical under “Normal Conditions of Transport” (NCT) and 

“Hypothetical Accident Conditions” (HAC). 

3. A fissile material package must be controlled by either the shipper or the carrier during 

transport to assure that an array of such packages remains subcritical. The packages are 

assumed to be stacked together in any arrangement and with close full reflection on all 

sides of the stack by water.

Since the FuelSolutions  canisters perform the primary criticality control function, the canister-

specific criticality safety evaluations are presented in Chapter 6 of the respective 

FuelSolutions  Canister Transportation SARs. In addition to presenting the evaluations 

necessary to demonstrate that the FuelSolutions  TS125 Transportation Package criticality 

safety criteria are satisfied, Chapter 6 of each FuelSolutions  Canister Transportation SAR 

describes the canister criticality control design features, specifies limiting fuel characteristics, 

and documents the analysis method validation.  

                                           

1 Title 10, Code of Federal Regulations, Part 71 (10CFR71), Packaging and Transportation of Radioactive 

Materials, U.S. Nuclear Regulatory Commission, October 2004. 
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6.1 Description of Criticality Design 

The FuelSolutions  SFMS is a canister-based dry storage and transportation system for SNF. 

The system is comprised of a family of interfacing components designed to accommodate a large 

variety of fuel assembly classes as described in Chapter 1 of this SAR. The primary system 

components of interest from a criticality control perspective are the canisters into which SNF is 

loaded. Several FuelSolutions™ canister designs are used to accommodate the full range of fuel 

assembly classes being discharged from commercial nuclear power reactors.

A FuelSolutions  canister provides the primary means of criticality control under all modes of 

operations (i.e., wet loading, closure, on-site transfer, dry storage, and off-site transportation). 

All FuelSolutions™ canister basket assemblies incorporate favorable geometry and permanent 

fixed neutron absorber material design features to assure criticality control. All FuelSolutions

basket assemblies with flux trap criticality control design features also have provisions to 

preclude preferential or uneven flooding within the canister cavity. Each FuelSolutions

canister design is described further in Section 1.2.1 of the respective FuelSolutions™ Canister 

Transportation SARs. The criticality safety evaluations presented in Chapter 6 of each 

FuelSolutions  Canister Transportation SAR demonstrate compliance with the criticality safety 

design criteria, and establish fuel assembly class-specific maximum fuel enrichments acceptable 

for loading and transport in the respective FuelSolutions
TM

 canisters.
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6.2 Spent Nuclear Fuel Contents 

The criticality safety evaluation presented in Chapter 6 of each FuelSolutions™ Canister 

Transportation SAR includes analysis of each specific fuel class accommodated by the 

respective canister design. Each fuel class to be accommodated is identified, and analysis is 

performed to establish the maximum acceptable assembly-specific fuel enrichment permitted. In 

cases where fuel assembly types incorporate multiple fuel pin enrichments, all fuel pins are 

modeled assuming a consistent pin-weighted maximum average enrichment measured at any 

axial plane over the length of the assembly. In no case are credits taken for fuel burnup or fuel-

related burnable neutron absorbers.

For canisters designed to store and transport many classes and configurations of fuel assemblies, 

fuel array parameters for the range of fuel classes may be compared and bounding fuel classes 

established for use in discrete criticality calculations. In cases where a bounding fuel class is 

established, sufficient supporting calculations are performed to demonstrate that the selected 

assembly type is indeed bounding for the specific group of assembly classes included under the 

bounding evaluation. The maximum acceptable enrichments for each candidate assembly class 

may be calculated for more than one canister loading specification, as defined in Chapter 6 of 

each FuelSolutions™ Canister Transportation SAR. 
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6.3 Model Configuration 

The model specifications for the FuelSolutions™ TS125 Transportation Package are canister-

unique and therefore are presented in Chapter 6 of each FuelSolutions  Canister Transportation 

SAR.



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 6.3-2 Revision 6 

This page intentionally left blank. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 6.4-1 Revision 6 

6.4 Criticality Evaluations 

The criticality safety evaluations for the FuelSolutions  Transportation Package are presented 

in Chapter 6 of the respective FuelSolutions™ Canister Transportation SARs. These 

FuelSolutions™ Canister Transportation SARs contain the component drawings and descriptions 

of the respective criticality safety evaluation models. 

The following information for each canister is included in the criticality safety evaluations 

contained in Chapter 6 of the respective FuelSolutions
TM

 Canister Transportation SARs:

An evaluation of each canister design under NCT, including a determination of the effect 

that the conditions and tests specified in 10CFR71.71 have on that design. 

An evaluation of HAC based on the sequential application of the tests specified in 

10CFR71.73, in the order indicated. This process determines the cumulative effect on a 

package or array of packages. 

A complete description of the contents of the packaging, including content quantities, 

dimensions, and configurations, that are most limiting in terms of criticality safety.  

A description of the packaging with emphasis on the design features pertinent to the 

criticality safety evaluation; including materials of fabrication, dimensions and volumes, 

tolerances, and limits on design features. The applied tolerances add conservatism to the 

evaluations.

The Criticality Safety Index (CSI) for criticality control. 

Simplified dimensional sketches of the calculational models.  

Tables that identify all of the different materials used in the criticality safety calculational 

models. The tables list the material, mass density of the material, constituents of the 

material, weight percent of the constituents, and atom density of the constituents.  

The identification of any differences between the package configurations and the 

calculational models. The effect of these differences on the calculated keff values is also 

discussed.

The computer codes applicable to nuclear criticality safety evaluations and the respective 

cross section data.
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6.5 Benchmark Evaluations 

The calculation methods used for the FuelSolutions  canister criticality evaluations are verified 

by comparison with critical experiment data. The data are sufficiently diverse to establish that 

the method bias and uncertainty are applicable to the range of specific canister conditions 

considered in the criticality analysis.

The set of critical experiments is analyzed to demonstrate its applicability to the canister 

criticality analysis and to establish a set of Upper Subcritical Limits (USLs) that define 

acceptance criteria in accordance with NUREG/CR-5661.
2
 Benchmark experiments that have 

compositions, configurations, and nuclear characteristics comparable to those in each 

FuelSolutions  canister design are selected.

A set of Upper Subcritical Limits is determined for the critical experiments and USL Method 1, 

Confidence Band with Administrative Margin as defined in NUREG/CR-5661. The USL 

Method 1 applies a statistical calculation of the method bias and its uncertainty, plus an 

administrative margin (0.05 k), to a linear fit of the critical experiment benchmark data. The 

USLs are determined as a function of the critical experiment system parameters; 
235

U

enrichment, water-to-fuel volume ratio, hydrogen-to-
235

U atom density ratio, and pin pitch. If 

burnup credit is used to qualify a given canister, additional benchmark evaluations, including 

fuel depletion code benchmarks, are included in addition to the criticality code benchmark 

evaluation described above. 

Since the designs and fuel specifications vary among the FuelSolutions  canisters, the actual 

criticality analysis benchmark calculations are presented in the respective FuelSolutions

Canister Transportation SARs. Section 6.5 of each FuelSolutions  Canister Transportation SAR 

contains a discussion of benchmark experiment results, including a detailed description of 

experiments selected and analyzed in each canister application. 

                                           

2 Lichtenwalter, J. J., et al., Criticality Benchmark Guide for Light-Water-Reactor Fuel in Transportation and 

Storage Packages, ORNL///TM-13211 NUREG/CR-6361, March 1997. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006 

 6.5-2 Revision 6 

This page intentionally left blank. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

 Revision 6 7-1

7. OPERATING PROCEDURES 

This chapter presents the general operating procedures for the FuelSolutions™ Transportation 

System described in Chapter 1 of this SAR and shown on the drawings provided in Section 1.3.2. 

Included are procedures for loading and unloading of a FuelSolutions™ TS125 Transportation 

Package as depicted in Figure 7.0-1. The procedures associated with loading the FuelSolutions™ 

transportation package are shown schematically in Figure 7.0-2 through Figure 7.0-4 and include 

the following: 

Moving the transportation package or cask from a railcar. 

Removing the transportation cask from a skid. 

Preparing an empty transportation cask for loading. 

Canister fuel loading in a spent fuel pool using the transportation cask. 

Horizontal transfer of a sealed canister into a transportation cask. 

Vertical transfer of a sealed canister into a transportation cask. 

Preparing a loaded transportation cask. 

Placing the transportation cask on an intermodal skid. 

Moving the transportation cask onto a railcar. 

Preparing the transportation package for shipment. 

The procedures associated with unloading the FuelSolutions™ transportation package are similar 

to those associated with loading the FuelSolutions™ transportation package and include the 

following:

Receiving and moving a loaded transportation package. 

Preparation of a loaded transportation cask for canister transfer. 

Transferring a canister from the transportation cask to a transfer cask. 

Procedures for preparing an empty FuelSolutions™ Transportation Package for transport are also 

included. The steps associated with preshipment leak testing of the FuelSolutions™ 

Transportation Package containment boundary in accordance with ANSI N14.5
1
 are provided. 

The above operations are accomplished using the FuelSolutions™ support equipment listed in 

Table 7.0-1 and described in Section 1.2.1.7 of this SAR and Section 1.2.1.4 of the 

FuelSolutions™ Storage System FSAR.
2

Generic procedures are provided herein to describe how the operations associated with the 

FuelSolutions™ Transportation System are to be performed. These procedures are not intended 

1 ANSI N14.5, American National Standard for Radioactive Materials - Leakage Test on Packages for Shipment,

American National Standard Institute, January 1997. 

2 WSNF-220, FuelSolutions™ Storage System Final Safety Analysis Report, NRC Docket No. 72-1026, BNG Fuel 

Solutions Corporation. 
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to be all-inclusive, but are provided as generic guidance for the licensee’s preparation of more 

detailed site-specific procedures. The site-specific procedures shall be consistent with the 

guidance provided in NUREG/CR-4775, and may include details for the pre-staging of work 

platforms, scaffolds, ladders, etc., to promote occupational safety.  

The generic operating procedures for the FuelSolutions™ Transportation System have been 

developed to assure that all operations required for FuelSolutions™ TS125 Transportation 

Package loading, unloading, and transport are performed safely with minimal personnel exposure 

and maximum operating efficiency. These procedures are generally applicable to all 

FuelSolutions™ canister designs. Variations of these procedures that are unique to a specific 

FuelSolutions™ canister design are provided in Chapter 7 of the respective FuelSolutions™ 

Canister Transportation SAR.

In preparing site-specific procedures, the licensee has the discretion to develop acceptable 

alternate means to accomplish the same operational objective, provided they conform to the 

safety evaluation documented in this SAR. In addition, operations associated with a loaded 

FuelSolutions™ TS125 Transportation Cask in areas governed by 10CFR50
3
 and/or 10CFR72

4

may require the preparation of site-specific 10CFR50.59 and/or 10CFR72.48 safety evaluations 

for conditions not explicitly addressed in this SAR. 

In order to maximize the operational efficiency of the FuelSolutions™ Transportation System, 

the licensee should consider the following in the preparation of site-specific operating 

procedures:

A FuelSolutions  canister can be wet loaded directly to the FuelSolutions™ TS125 

Transportation Cask in a plant’s spent fuel pool, although wet loading is typically 

performed using a FuelSolutions™ W100 Transfer Cask. It is desirable for the 

FuelSolutions™ TS125 Transportation Cask to “start clean and stay clean” (i.e., to avoid 

being exposed to contaminated spent fuel pool water, the TS125 Transportation Cask is 

used only for transporting sealed canisters). 

The design of the FuelSolutions™ TS125 Transportation Cask and most FuelSolutions™ 

canisters provide the capability for both horizontal and vertical transfers of a sealed 

canister consistent with site interface conditions. The canister is first retrieved from the 

storage cask either horizontally or vertically using the FuelSolutions™ W100 Transfer 

Cask and then transferred either horizontally or vertically to the transportation cask so 

that the top end of the canister and the SNF assemblies remain at the top end of the 

transportation cask. Some canisters provide the capability for vertical transfer only. 

Canister opening and unloading of the SNF assemblies into a spent fuel pool are typically 

performed with the canister inside the FuelSolutions™ W100 Transfer Cask after 

placement in a plant’s cask decontamination area. Procedures for these operations are 

provided in Section 8.2.3 of the FuelSolutions™ Storage System FSAR. Canister 

3 Title 10, Code of Federal Regulations, Part 50 (10CFR50), Domestic Licensing of Production and Utilization 

Facilities, U.S. Nuclear Regulatory Commission, 1995. 

4 Title 10, Code of Federal Regulations, Part 72 (10CFR72), Licensing Requirements for the Independent Storage of 

Spent Nuclear Fuel and High-Level Radioactive Waste, U.S. Nuclear Regulatory Commission, 1995. 
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opening and unloading using a FuelSolutions™ TS125 Transportation Cask would 

typically be performed in a shielded hot cell or using a dry cask-to-cask transfer system. 

Thus, canister opening and unloading using a FuelSolutions™ TS125 Transportation 

Cask is not addressed in this SAR. 

The generic operating procedures provided herein are intended to protect the health and safety of 

workers and the general public, and to minimize any risk to life and property. ALARA principles 

have been incorporated throughout the design, installation, and operational phases of the 

FuelSolutions  Transportation System. The detailed procedures developed by the licensee on a 

site-specific basis should be consistent with these principles. The operational features of the 

FuelSolutions™ Transportation System contributing to good ALARA practices, operational 

efficiency, and safety include the following: 

The FuelSolutions™ TS125 Transportation Cask lifting trunnions and closure lid are 

designed for lifting and handling in accordance with NUREG-0612 and ANSI N14.6. All 

handling operations in the plant’s fuel building are performed in accordance with 

10CFR50 operating procedures and NUREG-0612/ANSI-N14.6 commitments. During 

such critical lifts, the cask must always be lifted by all four trunnions for redundancy. As 

a further precaution, it is recommended that during horizontal movement, the cask be 

oriented approximately 45 degrees from the plane of two opposing trunnions or 

redundant lifting yoke arms. This provides greater assurance that the cask trunnions 

remain engaged with the redundant lifting yoke if there is an inadvertent impact with an 

object during horizontal movement. 

The polished stainless steel finish and decontaminable coating on the FuelSolutions™ 

TS125 Transportation Cask are designed to facilitate decontamination and removal of 

non-fixed radioactive contamination from the exposed surfaces to within 49CFR 173.443 

limits prior to shipment. Rinsing of the cask with clean demineralized water as it is 

placed into and removed from the spent fuel pool helps minimize and/or remove the 

majority of surface contamination. The remaining loose surface contamination is 

removed during the subsequent cask decontamination using cleaning agents and other 

standard means in the cask decontamination area. Only localized decontamination, if any, 

should be required after this operation. 

Given enough time and SNF decay heat, the water used to flood a newly loaded canister 

may begin to boil and potentially lead to airborne contamination. Although this 

phenomenon is not a nuclear or public safety issue, it should be avoided. Note that the 

design of the FuelSolutions™ TS125 Transportation Cask does not provide a readily 

available means (cask/canister annulus cooling) to cool the canister, as is provided for the 

FuelSolutions™ W100 Transfer Cask (discussed in Chapter 8 of the FuelSolutions™ 

Storage System FSAR). A specific canister’s SNF decay heat and the prevailing ambient 

conditions determine the time required to begin boiling inside a canister. If wet loading 

operations are to be performed using the FuelSolutions™ TS125 Transportation Cask, 

the prevention of boiling is to be addressed by the licensee on a site-specific basis. 

Care should be taken to protect the sealing surfaces of the FuelSolutions™ TS125 

Transportation Cask closure lid and top ring forging during all canister loading and 

transfer operations. The sealing surface of the top ring forging should be covered by a 
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suitable protective ring. Similarly, the port connections and covers should be protected 

from damage. These cask features facilitate leak testing of the cask containment 

boundary in accordance with ANSI N14.5 prior to shipment. 

The personnel barrier for the FuelSolutions™ TS125 Transportation Cask is designed to 

assure that the accessible surface of the package meets the temperature limits of 

10CFR71.43(g) for exclusive use shipments. 

The FuelSolutions™ TS125 transportation package is designed to assure that the external 

radiation limits of 10CFR71.47(b) are met since the transport index exceeds 10, as 

discussed in Section 1.1 of this SAR. Thus, the FuelSolutions™ TS125 transportation 

package must be transported only by exclusive use shipment as defined in 10CFR71.4, 

and must meet the requirements of 10CFR71.47(c) and (d). 

No significant radioactive waste is generated during operations associated with the 

FuelSolutions  Transportation System. Contaminated water from the spent fuel pool is 

returned to the pool or disposed of in accordance with plant procedures. 

No significant radioactive effluents are produced during transport. Any radioactive 

effluents generated during canister loading or unloading are processed in accordance with 

the plant procedures, as applicable. 

The FuelSolutions™ TS125 Transportation Cask incorporates significant biological 

shielding to reduce gamma and neutron radiation emanating from the package contents to 

within the limits specified by 10CFR71.47(b). A radiation survey of the package is 

required prior to shipment to verify that these limits are met. 

The FuelSolutions™ TS125 Transportation Cask incorporates passive features to 

dissipate the decay heat of the package contents so that the temperature of the accessible 

surface of the package is within limits specified by 10CFR71.43(g). 

The FuelSolutions™ TS125 Transportation Cask lifting trunnions and rotation trunnions 

and the intermodal skid lifting eyes are removed before each shipment and thus rendered 

inoperable for lifting the transportation package in accordance with 10CFR71.87(h). 

Note that the procedures provided herein make reference to implementation of the 

FuelSolutions™ SFMS at an operating plant using on-site dry storage at an ISFSI as a base case. 

The same or similar procedures are applicable to decommissioning plants with stand-alone 

10CFR72 ISFSIs and centralized away-from-reactor storage facilities. 
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Table 7.0-1  -  General Listing of Major Components, Equipment 

and Tools Needed for Operations 

Canister TS125 Impact Limiters 

Annulus Seal TS125 Cask Cavity Spacer 

Shield Plug Retainers TS125 Redundant Cask Lifting Yoke 

Automated Welding/Opening System Standard Lifting Slings 

Inner Closure Plate Strongback Empty Canister Lift Fixture 

Vacuum Drying System Canister Fuel Assembly Spacers 

Helium Leak Detector Damaged Fuel Cans 

W100 Transfer Cask  Miscellaneous Hoses and Fittings 

Horizontal Transfer Skid Miscellaneous Hand Tools 

Horizontal Transfer Trailer Heavy-Haul Trailer 

Hydraulic Ram Railcar 

W100 Cask Lifting Yoke Intermodal Skid 

Canister Vertical Lift Fixture Intermodal Skid Horizontal Lift Fixture 

Overflow/Pressurization Bottle Intermodal Skid Lifting Eyes 

W100 Horizontal Lift Fixture Trunnion Installation and Removal Tool 

TS125/W100 Docking Collar Personnel Barrier 

TS125 Transportation Cask Optical Survey Equipment 
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Figure 7.0-2  -  Operations for FuelSolutions™ TS125 Transportation 

Package or Cask Movement (Section 7.1.1) 
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Figure 7.0-3  -  Options for Removing FuelSolutions™ TS125 

Transportation Cask from Skid (Section 7.1.2) 
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Figure 7.0-4  -  Options for Placing FuelSolutions™ TS125 
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(Section 7.1.8) 
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7.1 Procedures for Loading Package 

The operations associated with loading the FuelSolutions™ TS125 Transportation Cask are 

similar to those of other canister based transportation casks. Depending on the conditions at a 

particular reactor site, off-site transport may involve any or all of the following general 

processes, which are described in subsequent sections. 

Removal of a FuelSolutions™ TS125 Transportation Cask from a railcar to a heavy-haul 

trailer, a horizontal transfer trailer, or directly into a fuel building. 

Removal of a FuelSolutions™ TS125 Transportation Cask from a railcar to a 

FuelSolutions™ horizontal transfer trailer. 

Direct loading of SNF assemblies into the FuelSolutions™ TS125 Transportation Cask in 

a spent fuel pool. 

Downending of a FuelSolutions™ TS125 Transportation Cask onto a FuelSolutions™ 

horizontal transfer trailer. 

Horizontal transfer of a sealed FuelSolutions™ canister into a FuelSolutions™ TS125 

Transportation Cask. 

Vertical transfer of a sealed FuelSolutions™ canister into a FuelSolutions™ TS125 

Transportation Cask. 

Installation of a FuelSolutions™ TS125 Transportation Cask onto a railcar. 

Preparation of FuelSolutions™ TS125 Transportation Cask and railcar for shipment. 

As outlined in Table 7.1-1, the procedures in this section demonstrate the ability of the 

FuelSolutions™ Transportation System to comply with the loading procedure requirements in 

10CFR71, Subpart G, and the ALARA requirements of 10CFR20.1101.
5

The codes and standards applicable to loading the FuelSolutions™ TS125 Transportation Cask 

are summarized as follows: 

10CFR20 – Standards for Protection Against Radiation 

10CFR50 – Domestic Licensing of Production and Utilization Facilities 

10CFR71 – Packaging and Transportation of Radioactive Material 

10CFR72 – Licensing Requirements for the Independent Storage of Spent Nuclear Fuel 

and High-Level Radioactive Waste 

49CFR173 – Shippers – General Requirements for Shipments and Packagings, Subpart I 

– Radioactive Materials 

NUREG-0612 – Control of Heavy Loads at Nuclear Power Plants 

NUREG/CR-4775 – Guide for Preparing Operating Procedures for Shipping Packages
6

5 Title 10, Code of Federal Regulations, Part 20 (10CFR20), Standards for Protection Against Radiation,

U.S. Nuclear Regulatory Commission. 
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ASME NQA-1 – Quality Assurance Requirements for Nuclear Facility Applications
7

ANSI N14.5 – Leak Tests on Packages for Shipment of Radioactive Materials. 

ANSI N14.6 – Special Lifting Devices for Shipping Containers Weighing 10,000 lbs 

(4500 kg) or More 

Specific references to the requirements of these codes and standards are included throughout this 

chapter, as applicable. 

7.1.1 Moving a FuelSolutions™ TS125 Transportation Package or 

Cask from a Railcar 

The following outline describes the major procedural steps to move a FuelSolutions™ TS125 

Transportation Package or Cask from a railcar in any one of the three ways shown in 

Figure 7.1-1. The operations that are common to all three include the following: 

1. Visually inspect the transportation package and conveyance for damage that may have 

occurred during shipping. Repair or replace damaged items if required. 

2. Inspect any tamper-indicating devices to assure that the package has not been opened by 

unauthorized personnel. 

3. Survey the transportation package and the conveyance to assure acceptable contamination 

levels in accordance with 10CFR20.1906. 

4. Assure that all equipment needed for handling and unloading/loading the transportation 

package is available and is functioning properly. 

5. Chock the railcar and install jacks to stabilize the deck of the railcar. 

6. If the plant’s fuel building has direct rail access and adequate crane capacity, and the 

transportation cask is to be up-ended and removed from the railcar/intermodal skid, proceed 

to Section 7.1.2 and complete the noted operations. 

7. If the transportation package and intermodal skid are to be lifted and moved horizontally to 

a heavy-haul trailer for intermodal transport, go to Section 7.1.1.1 and complete the noted 

operations.

8. If the transportation cask and intermodal skid are to be lifted and moved horizontally to a 

heavy-haul trailer, go to Section 7.1.1.2 and complete the noted operations. 

9. If the transportation cask is to be lifted and moved horizontally to a FuelSolutions™ 

horizontal transfer trailer, go to Section 7.1.1.3 and complete the noted operations. 

6 NUREG/CR-4475, Guide for Preparing Operating Procedures for Shipping Packages, U.S. Nuclear Regulatory 

Commission, December 1988. 

7 ASME NQA-1, Quality Assurance Requirements for Nuclear Facility Applications, The American Society of 

Mechanical Engineers, 1995. 
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7.1.1.1 Moving a FuelSolutions™ TS125 Transportation Package and Intermodal 
Skid from a Railcar to a Heavy-Haul Trailer 

NOTE:  The heavy-haul trailer used to implement the operating procedures in this section is not 

intended to have the vertical, lateral, and longitudinal adjustment capabilities of the horizontal 

transfer trailer used to implement the operating procedures in Section 7.1.1.3. 

The following steps assume that moving of an empty (or loaded) transportation package and 

intermodal skid from a railcar to a heavy-haul trailer are being performed at a railroad siding 

away from the reactor site in an area that is governed by 10CFR71. These steps may also be used 

to move an empty (or loaded) transportation package and intermodal skid to a heavy-haul trailer 

at a railroad siding outside the plant’s fuel building in an owner-controlled area governed by 

10CFR50 and/or 10CFR72. 

1. Remove the tie-down clevis caps that secure the intermodal skid to the railcar. 

2. If not already in place, install the bolt-on lifting eyes at the four corners of the intermodal 

skid.

3. Stage a heavy-haul trailer to receive the intermodal skid. 

4. Using the intermodal skid horizontal lift fixture, attach lifting cables to the four bolt-on lift 

eyes of the intermodal skid. 

5. Lift the loaded intermodal skid from the railcar to a heavy-haul trailer, orienting the 

transportation cask bottom toward the trailer’s towbar. 

NOTE:  When lifting a loaded FuelSolutions™ TS125 Transportation Cask in an area 

governed by 10CFR71, assure that the transportation cask impact limiters are installed and 

assure that the maximum lifting height does not exceed 30 feet. 

6. Disconnect the intermodal skid horizontal lift fixture lifting cables. 

7. Secure the intermodal skid to the heavy-haul trailer in accordance with 10CFR71.45. 

Reinstall the personnel barrier. 

8. Transport the intermodal skid to the plant’s fuel building or the designated canister transfer 

area governed by 10CFR50 and/or 10CFR72. 

9. Remove the personnel barrier to allow access to the transportation cask exterior surface. 

Inspect the personnel barrier for any damage that may have occurred during transport. 

10. Remove the impact limiter attachment nuts and washers from each impact limiter. Remove 

the impact limiter attachment studs and the impact limiters from the transportation cask. 

Inspect these items for any damage that may have occurred during transport. 

11. Survey the transportation cask to assure acceptable contamination levels in accordance with 

10CFR20.1906.

12. If the transportation cask is to be upended and removed from the intermodal skid, proceed to 

Section 7.1.2.1 and complete the noted operations. 

13. If the transportation cask is to remain on the intermodal skid, proceed to Section 7.1.3 and 

complete the noted operations. 
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7.1.1.2 Moving a FuelSolutions™ TS125 Transportation Cask and Intermodal 
Skid from a Railcar to a Heavy-Haul Trailer 

The following alternative steps assume that moving the empty (or loaded) transportation cask 

and intermodal skid to a heavy-haul trailer are being performed at a railroad siding outside the 

plant’s fuel building in an owner-controlled area that is governed by 10CFR50 and/or 10CFR72. 

These steps cannot be used to move a transportation cask and intermodal skid to a heavy-haul 

trailer at a railroad siding away from the reactor site in an area governed by 10CFR71, unless the 

transportation cask is empty. 

1. Remove the personnel barrier to allow access to the transportation cask exterior surface. 

Inspect the personnel barrier for any damage that may have occurred during transport. 

2. Remove the impact limiter attachment nuts and washers from each impact limiter. Remove 

the impact limiter attachment studs and the impact limiters from the transportation cask. 

Inspect these items for any damage that may have occurred during transport. 

3. Survey the transportation cask to assure contamination levels are acceptable in accordance 

with 10CFR20.1906. 

4. Remove the tie-down clevis caps that secure the intermodal skid to the railcar. 

5. If not already in place, install the bolt-on lifting eyes at the four corners of the intermodal 

skid.

6. Stage a heavy-haul trailer to receive the intermodal skid. 

7. Using the intermodal skid horizontal lift fixture, attach lifting cables to the four bolt-on 

lifting eyes of the intermodal skid. 

8. Lift the intermodal skid from the railcar to a heavy-haul trailer, orienting the transportation 

cask bottom toward the trailer’s towbar. 

NOTE:  When a loaded FuelSolutions™ TS125 Transportation Cask is lifted in an area 

governed by 10CFR50 and/or 10CFR72, the transportation cask impact limiters need not be 

installed; however, the lifting height from the railcar to the heavy-haul trailer outside the 

plant’s fuel building must not exceed the maximum lift height determined in a site-specific 

10CFR50.59 or 10CFR72.48 evaluation. 

9. Disconnect the lifting cables from the intermodal skid horizontal lift fixture and secure the 

intermodal skid to the heavy-haul trailer in accordance with 10CFR71.45. 

10. Transport the intermodal skid to the plant’s fuel building or the designated canister transfer 

area.

11. If the transportation cask is to be upended and removed from the intermodal skid, proceed to 

Section 7.1.2.1 and complete the noted operations. 

12. If the transportation cask is to remain on the intermodal skid, proceed to Section 7.1.3 and 

complete the noted operations. 
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7.1.1.3 Moving a FuelSolutions™ TS125 Transportation Cask from a Railcar to a 
FuelSolutions™ Horizontal Transfer Trailer 

The following steps assume that moving an empty (or loaded) transportation cask from a railcar 

to the horizontal transfer trailer is being performed at a railroad siding outside the plant’s fuel 

building in an owner-controlled area that is governed by 10CFR50 and/or 10CFR72. These steps 

cannot be used to move a transportation cask to the horizontal transfer trailer at a railroad siding 

away from the reactor site in an area governed by 10CFR71, unless the transportation cask is 

empty. 

1. Remove the personnel barrier to allow access to the transportation cask exterior surface. 

2. Remove the impact limiter attachment nuts and washers from each impact limiter. Remove 

the impact limiter attachment studs and the impact limiters from the transportation cask. 

3. Survey the transportation cask to assure contamination levels are acceptable in accordance 

with 10CFR20.1906. 

4. Remove the transportation cask trunnion shield plugs from the two lifting trunnion mounting 

bosses on the horizontal centerline of the cask.

5. Using the trunnion installation/removal tool, install a lifting trunnion at each of the two 

lifting trunnion mounting bosses on the horizontal centerline of the cask. Install the two 

rotation trunnions at each of the two rotation trunnion mounting locations on the cask. 

Tighten the trunnion attachment bolts to the torque specified on Drawing No. FS-205 in 

Section 1.3.2 of this SAR. 

6. Remove the two intermodal skid tie-down rings to release the transportation cask from the 

intermodal skid. 

7. Stage a FuelSolutions™ horizontal transfer trailer to receive the transportation cask. 

8. Using the transportation cask horizontal lift fixture, attach the lifting cables to the outermost 

shoulders of the lifting trunnions and the lifting sling around the bottom end of the cask. 

NOTE:  The inner shoulders of the lifting trunnions will rest on trunnion supports of the 

FuelSolutions™ horizontal transfer skid. 

9. Lift the transportation cask from the railcar to the FuelSolutions™ horizontal transfer trailer, 

orienting the transportation cask bottom toward the trailer’s towbar. 

NOTE:  When a loaded FuelSolutions™ TS125 Transportation Cask is lifted in an area 

governed by 10CFR50 and/or 10CFR72, the transportation cask impact limiters need not be 

installed; however, the lifting height from the railcar to the horizontal transfer trailer outside 

the plant’s fuel building must not exceed the maximum lift height determined in a site-

specific 10CFR50.59 or 10CFR72.48 evaluation. 

10. Install the shear key plug assembly on the transportation cask. 

11. Lower the transportation cask into the horizontal transfer skid trunnion supports until the 

weight of the transportation cask is supported by its trunnions through the horizontal transfer 

skid/trailer.
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12. Inspect the transportation cask trunnions to assure that they are properly seated on the mating 

surfaces of the horizontal transfer skid’s trunnion supports. 

13. Disconnect the lifting cables and lifting sling from the transportation cask, and secure the 

transportation cask trunnions to the horizontal transfer skid’s trunnion supports. 

14. Tow the transportation cask/horizontal transfer trailer to the plant’s fuel building or the 

designated canister transfer area. 

15. If the transportation cask is to be upended and removed from the horizontal transfer skid, 

proceed to Section 7.1.2.2 and complete the noted operations. 

16. If the transportation cask is to remain on the horizontal transfer skid, proceed to Section 7.1.3 

and complete the noted operations. 

7.1.2 Removing a FuelSolutions™ TS125 Transportation Cask from a 

Skid

The following outline describes the major procedural steps to remove a FuelSolutions™ TS125 

Transportation Cask from either the intermodal skid or the horizontal transfer skid, as shown in 

Figure 7.1-1. 

7.1.2.1 Removing a FuelSolutions™ TS125 Transportation Cask from the 

Intermodal Skid 

The following steps assume that removal of an empty (or loaded) transportation cask from the 

intermodal skid on a railcar or a heavy-haul trailer are being performed inside the plant’s fuel 

building or in an owner-controlled area that is governed by 10CFR50 and/or 10CFR72. These 

steps cannot be used to remove a transportation cask from the intermodal skid on a railcar or a 

heavy-haul trailer away from the reactor site in an area governed by 10CFR71, unless the 

transportation cask is empty. 

1. If not already performed, perform Steps 1 through 3 in Section 7.1.1.2. 

NOTE: This task is assumed to occur inside the plant’s fuel building and is assumed to 

require compliance with the plant’s NUREG-0612/ANSI N14.6 commitments. 

2. Remove the transportation cask trunnion shield plugs from the two lifting trunnion mounting 

bosses on the horizontal centerline of the cask. 

3. Using the trunnion installation/removal tool, install a lifting trunnion at each of the two 

lifting trunnion mounting bosses on the horizontal centerline of the cask. Install a rotation 

trunnion at each of the two rotation trunnion mounting locations on the cask. Tighten the 

trunnion attachment bolts to the torque values specified on Drawing No. FS-205 in 

Section 1.3.2 of this SAR. 

4. Prior to removing the transportation cask, assure that the intermodal skid is properly secured 

to the railcar or heavy-haul trailer. 

5. Install the cask-turning fixture onto the intermodal skid and engage the cask rotation 

trunnions.
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6. Remove the two intermodal skid tie-down rings to release the transportation cask from the 

intermodal skid. 

7. Attach the redundant lifting yoke to the fuel building cask handling crane. Lubricate the 

trunnion/yoke rotating surfaces as necessary to protect the wearing surfaces with a lubricant 

that has been evaluated in accordance with NRC Bulletin 96-04. Spread the off-axis pair of 

yoke arms to clear the cask as required. 

8. Engage the transportation cask lifting trunnions with the redundant lifting yoke. Lift the cask 

just far enough to allow the weight of the cask to be distributed onto the yoke arms. 

Re-inspect the yoke arms to assure they are properly positioned on the cask trunnions. 

9. Raise the top end of the transportation cask while simultaneously jacking up the bottom end 

cask-turning fixture until the shear key on the intermodal skid is cleared. 

10. Lift the top end of the cask while simultaneously moving the crane toward the cask-turning 

fixture until the cask has rotated to a vertical position. 

11. Temporarily support the transportation cask in a vertical position (provide vertical and, if 

required, lateral support) while it is engaged with the cask-turning fixture. 

NOTE:  The need for supplemental lateral support must be determined on a site-specific 

basis.

NOTE:  In cases where the cask receiving bay’s crane capacity is inadequate to lift the 

loaded transportation cask, or where vertical canister transfer of a sealed canister is being 

performed using the transfer cask, the transportation cask need not be removed from 

intermodal skid/railcar/heavy-haul trailer and Steps 17 through 24 below need not be 

performed.

12. Install the shear key plug assembly on the transportation cask. 

13. Remove the transportation cask trunnion shield plugs from the two remaining lifting trunnion 

mounting bosses. 

14. Using the trunnion installation/removal tool, install a lifting trunnion at each of the two 

remaining lifting trunnion mounting bosses. Tighten the lifting trunnion attachment bolts to 

the torque specified on Drawing No. FS-205 in Section 1.3.2 of this SAR. 

NOTE:  A temporary work platform may be required for Steps 12 through 14.

15. Lower the redundant lifting yoke until the clearance holes of the engaged pair of yoke arms 

are aligned with their associated trunnion caps. Swing the off-axis pair of yoke arms down 

over their associated trunnions. 

16. Lift the yoke to engage the transportation cask lifting trunnions with the four redundant yoke 

arms. Lift the cask just far enough to allow the weight of the cask to be distributed onto the 

yoke arms. Reinspect the yoke arms to assure that they are properly positioned on the cask 

trunnions.

17. Lift the transportation cask and secure a sheet of suitable material to the cask bottom to 

minimize the potential for contamination. 
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18. Move the transportation cask to the cask decontamination area or the area designated for 

vertical canister transfer. 

19. Disengage the yoke arms from the transportation cask trunnions and remove the redundant 

lifting yoke from the cask handling crane. 

20. Proceed to Section 7.1.3 and complete the noted operations. 

7.1.2.2 Removing a FuelSolutions™ TS125 Transportation Cask from the 
FuelSolutions™ Horizontal Transfer Skid 

The following steps assume that removal of an empty (or loaded) transportation cask from the 

horizontal transfer skid on the horizontal transfer trailer are being performed inside the plant’s 

fuel building or in an owner-controlled area that is governed by 10CFR50 and/or 10CFR72. 

These steps cannot be used to remove a transportation cask from the horizontal transfer skid on 

the horizontal transfer trailer away from the reactor site in an area governed by 10CFR71, unless 

the transportation cask is empty. 

NOTE:  This task is assumed to occur inside the plant’s fuel building and to require compliance 

with the plant’s NUREG-0612/ANSI N14.6 commitments. 

1. Position the horizontal transfer trailer so that the transfer skid is accessible to the fuel 

building cask handling crane. Support the trailer on its vertical jacks. Verify that the skid 

tie-downs are secured. Free the transportation cask trunnions from the horizontal transfer 

skid trunnion supports.

2. Attach the redundant lifting yoke to the plant’s fuel building cask handling crane. To protect 

the wearing surfaces, lubricate the trunnion/yoke rotating surfaces with a lubricant that has 

been evaluated in accordance with NRC Bulletin 96-04. Spread the off-axis pair of yoke 

arms to clear the cask as required. 

3. Engage the transportation cask lifting trunnions with the redundant lifting yoke. Lift the 

cask just far enough to allow the weight of the cask to be distributed onto the yoke arms. 

Re-inspect the yoke arms to assure they are properly positioned on the cask trunnions. 

4. Lift the cask while simultaneously moving the crane toward the cask’s rotation trunnions 

until the cask has rotated to a vertical position. 

5. Temporarily support the transportation cask in a vertical position (provide vertical and, if 

required, lateral support) while it is resting on its rotation trunnions supported by the 

horizontal transfer skid rotation trunnion supports. 

NOTE:  The need for supplemental lateral support must be determined on a site-specific 

basis.

6. Remove the transportation cask trunnion shield plugs from the remaining two lifting 

trunnion mounting bosses. 

NOTE:  A temporary work platform may be required for Steps 6 and 7.

7. Using the trunnion installation/removal tool, install a lifting trunnion at each of the two 

remaining lifting trunnion mounting bosses. Tighten the lifting trunnion attachment bolts to 

the torque specified on Drawing No. FS-205 in Section 1.3.2 of this SAR. 
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8. Lower the redundant lifting yoke until the clearance holes of the engaged yoke arms are 

aligned with their associated trunnion caps. Swing the off-axis pair of yoke arms down over 

their associated trunnions. 

9. Lift the yoke to engage the transportation cask lifting trunnions with the four redundant 

yoke arms. Lift the cask just far enough to allow the weight of the cask to be distributed 

onto the yoke arms. Re-inspect the yoke arms to assure that they are properly positioned on 

the cask trunnions.

10. Lift the transportation cask off of the horizontal transfer skid rotation trunnion supports and 

secure a sheet of suitable material to the cask bottom to minimize the potential for 

contamination. 

11. Lift the transportation cask to the cask decontamination area or the area designated for 

vertical canister transfer. 

12. Disengage the yoke arms from the transportation cask trunnions and remove the redundant 

lifting yoke from the cask handling crane. 

13. Proceed to Section 7.1.3 and complete the noted operations. 

7.1.3 Preparing an Empty FuelSolutions™ TS125 Transportation Cask 

for Loading 

The following procedure describes the major steps to prepare an empty a FuelSolutions™ TS125 

Transportation Cask for canister fuel loading or canister transfer. They may be performed with 

the transportation cask removed from the skid in the vertical orientation inside the plant’s fuel 

building. They may also be performed with the transportation cask in the horizontal orientation 

on the intermodal skid or the horizontal transfer skid at the designated canister transfer location. 

1. Review the maintenance records for the transportation cask to assure that the requirements 

of Chapter 8 of this SAR have been met. 

2. Survey the external surfaces of the transportation cask to assure that the level of non-fixed 

(removable) radioactive contamination is within the limits specified in 49CFR173.443 and 

decontaminate as required. 

3. Remove the closure bolts from the transportation cask closure lid. 

NOTE: A temporary work platform may be required to for steps 3 and 4.

4. Using a suitable crane and lifting device, remove the transportation cask closure lid and set 

it on a stand or cribbing to provide access to its double O-ring seal surface. 

NOTE:  If the cask closure lid is removed with the cask in the vertical orientation, rigging 

and handling operations must comply with the facility’s NUREG-0612/ANSI N14.6 

commitments.

5. Remove the closure lid seal test port, the vent port and the drain port covers.  

NOTE:  Protect the sealing surface of the transportation cask closure lid.

6. Survey the interior surfaces of the transportation cask in accordance with the requirements 

of 49CFR173.428 and decontaminate as required. 
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7. Remove and discard the closure lid O-ring seals if they have been previously used. 

8. Remove the vent and drain port plug assemblies and discard the O-ring seals if they have 

been previously used. 

9. Clean the empty transportation cask as necessary to comply with the ASME/ANSI NQA-1 

cleanliness standards. 

10. Visually examine accessible surfaces within the transportation cask cavity and closure lid 

for damage or debris that prevents proper loading of the canister or sealing of the cask 

closure lid in compliance with 10CFR71.87(b). 

11. Install a suitable seal protective ring onto the transportation cask’s top flange to protect the 

sealing surfaces. 

NOTE:  Protect the sealing surfaces of the transportation cask top forging ring flange and 

closure lid at all times.

12. With the cask cavity drain port plug assembly removed, install an adapter and a quick 

disconnect fitting. 

NOTE: The cask cavity drain port plug assembly as well as the closure lid vent port plug 

assembly are configured to provide closure and flow-through without complete removal 

from the cask. However, the port plug assembly may be removed from either port, and 

replaced with an appropriate adapter or fitting to facilitate or enhance plant-specific 

operating conditions or interface connections. The drain port plug assembly and vent port 

plug assembly assemblies MUST be reinstalled and leak tested in accordance with 

Section 7.4.1 prior to transportation. 

13. If a short-length FuelSolutions™ canister is to be placed inside the transportation cask, 

install the cask cavity axial spacer into the transportation cask using an appropriate lifting 

device. Tighten the bolts to the torque specified on the drawing in Section 1.3.2 of this SAR. 

14. Verify that the neutron shield pressure relief device has been replaced within the last 

12 months. Visually examine this device for any apparent damage and replace as necessary 

in compliance with 10CFR71.87(e). 

15. If needed, protect the wearing surfaces of the canister guide rails inside the transportation 

cask with a dry film lubricant that has been evaluated in accordance with NRC Bulletin 

96-04.

16. If an empty canister is to be placed in the transportation cask and loaded with SNF 

assemblies in the plant’s spent fuel pool, go to Section 7.1.4 and complete the noted 

operations.

17. If a sealed canister is to be transferred horizontally to the transportation cask, go to 

Section 7.1.5 and complete the noted operations. 

18. If a sealed canister is to be transferred vertically to a transportation cask, go to Section 7.1.6 

and complete the noted operations. 
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7.1.4 Loading of SNF Assemblies into a FuelSolutions™ Canister in 

the Spent Fuel Pool Using the FuelSolutions™ TS125 

Transportation Cask 

Loading of a FuelSolutions™ canister with SNF assemblies in the plant’s spent fuel pool is 

typically performed using a FuelSolutions™ W100 Transfer Cask, as described in Section 8.1 of 

the FuelSolutions™ Storage System FSAR. Canister fuel loading in a spent fuel pool may also 

be performed using a FuelSolutions™ TS125 Transportation Cask, as described in the following 

paragraphs. These operations must be performed inside the plant’s fuel building or other licensed 

facility that is governed by 10CFR50 and/or 10CFR72 and cannot be performed away from the 

reactor site in an area governed by 10CFR71. In the case of the VSC-24 MSB, fuel-loading 

operations are described in the storage SAR for that canister. 

7.1.4.1 Preparation of an Empty Canister for Fuel Loading 

The following outline describes the major procedural steps for preparing a FuelSolutions™ 

canister for use. The inspection and any repair of a canister are to be performed in accordance 

with written procedures. The following tasks may be performed in a suitable staging area or 

inside the plant’s cask receiving bay with the canister in a horizontal or vertical orientation, as 

practical.

1. Examine the empty canister for any physical damage that might have occurred since the 

receipt inspection was performed. The canister should be clean and any packaging material 

or loose debris removed. 

2. Inspect the quick-connect fittings on the vent and drain ports for any physical damage. 

Repair or replace the fittings, as necessary. 

NOTE:  The repair of any canister damage shall be performed and documented in 

accordance with an established procedure. 

3. Trial fit the top end shield plug, inner closure plate, and outer closure plate to reconfirm 

acceptable fit-up. 

4. Trial fit the Automated Welding/Opening System (AW/OS) shield plate to the inner and 

outer closure plates. 

5. Trial fit the lift adapter of the canister vertical lift fixture to the outer closure plate, if vertical 

canister transfer is to be performed. 

6. Remove the outer closure plate, inner closure plate, and top end shield plug. 

7. Move the empty canister into the cask receiving bay within the plant’s fuel building or to 

another suitable staging area where the empty canister can be installed in the transportation 

cask.

7.1.4.2 Installing an Empty Canister into the Transportation Cask 

Note:  Prepare the empty transportation cask in accordance with Section 7.1.3 prior to 

performing these steps. 
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1. Using the empty canister lift fixture, lower the empty canister into the transportation cask 

cavity and position the canister circumferentially to match the cask and canister alignment 

marks and to provide an approximately even canister/cask annular gap all around. The gap 

must be sufficient to permit installation and inflation of an annular seal. 

NOTE:  This operation may be performed in the cask decontamination area, the plant’s cask 

receiving bay, or a suitable staging area, depending on plant-specific conditions.

NOTE:  Rigging and handling operations must comply with the plant’s NUREG-0612/ 

ANSI N14.6 commitments. 

2. If the canister is to be loaded with fewer fuel assemblies than empty guide tubes, install 

dummy fuel assemblies in the empty guide tubes in accordance with Section 1.2.3 of the 

respective FuelSolutions™ Canister Transportation SAR. 

3. Install the shield plug retainers on the transportation cask top flange. Rotate the shield plug 

retainers to the cask exterior to permit unobstructed access for canister fuel loading. 

NOTE: Alternatively, the shield plug retainers may be installed following canister fuel 

loading as the cask breaks the water surface, depending on plant conditions. 

7.1.4.3 Placing the Empty Canister and the Transportation Cask into the Spent 

Fuel Pool 

1. Connect the cask redundant lifting yoke to the hook of the fuel building crane, if not already 

in place. 

2. Hang the top shield plug from the redundant lifting yoke using the associated yoke lifting 

cables. Adjust the lifting cables to provide a level shield plug orientation. Verify that the 

shield plug can be installed into the canister without binding. Remove the shield plug from 

the canister and lifting yoke and set it aside. 

NOTE:  Rigging and handling operations must comply with the plant’s NUREG-0612/ 

ANSI N14.6 commitments. 

NOTE:  Evaluate the limitations of the fuel building crane to assure that the lifting weight 

limits will not be exceeded. 

3. Fill the annulus between the transportation cask and canister with clean, demineralized 

water. Place the inflatable cask/canister annulus seal into the annular space between the 

transportation cask and the canister. Seal the annulus by pressurizing the seal with 

compressed air. 

NOTE:  The use of clean demineralized water, the inflatable annulus seal, and an 

overflow/pressurization bottle prescribed below assure that the interior surface of the 

transportation cask and the exterior surface of the canister are not contaminated during 

immersion in the spent fuel pool. 

4. Fill the canister cavity with water from the spent fuel pool or an equivalent source that 

meets the requirements of the plant’s technical specifications.

5. Connect an overflow/pressurization bottle to the transportation cask drain port quick-

connect fitting to maintain a positive head during pool immersion. 
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6. Verify that the spent fuel pool water level is at or above the minimum required for fuel 

transfer operations, including compensation for the water volume displaced by the cask.  

7. Remove scaffolding from around the transportation cask as necessary, to allow for 

unobstructed lifting of the cask. 

8. Engage the redundant lifting yoke with the lifting trunnions of the transportation cask. 

9. Visually inspect the yoke arms to assure that they are properly positioned and engaged on 

the cask lifting trunnions. 

10. Lift the cask just far enough to allow the weight of the cask to be distributed onto the yoke 

arms. Re-inspect the yoke arms to assure that they are properly positioned on the cask 

trunnions.

11. Lift the cask/canister and position it over the cask loading area of the spent fuel pool in 

accordance with the plant’s cask handling procedures. Remove the contamination protection 

sheet from the bottom of the transportation cask.  

12. Lower the cask into the spent fuel pool until the bottom of the cask is at the height of the 

pool water surface. As the cask is lowered into the fuel pool, spray the exterior surface of 

the cask and redundant lifting yoke with clean demineralized water to wet the surface and 

ease decontamination when the cask is removed from the pool.  

13. Place the cask in the location of the spent fuel pool designated as the cask loading area. 

14. Disengage the yoke arms from the cask lifting trunnions and move the redundant lifting 

yoke clear of the cask. Remove the lifting yoke from the spent fuel pool. Spray the 

redundant lifting yoke with clean demineralized water as it is raised out of the pool. 

7.1.4.4 Load Fuel Into the Canister 

1. Select a SNF assembly (including any integral non-fuel bearing components, such as control 

components) for loading into a FuelSolutions™ Canister. The SNF assembly must meet the 

requirements contained in the Part 71 Certificate of Compliance and Section 1.2.3 of the 

respective FuelSolutions™ Canister Transportation SAR.

2. In accordance with the plant’s fuel handling procedures, move the SNF assembly from the 

fuel pool storage rack position to a visual inspection area to record the identification 

number. 

NOTE: The SNF assembly may include irradiated hardware integral with the assembly.

3. Prior to inserting the SNF assembly into the canister, use an underwater video camera or 

other means to read and record the SNF assembly identification number. Check this 

identification number against the site-specific canister loading plan prepared by the licensee. 

Also check the plant records to verify that the SNF assembly meets the requirements 

contained in Section 1.2.3 of the respective FuelSolutions™ Canister Transportation SAR, 

indicating that it is acceptable for transport in compliance with 10CFR71.87(a). 

4. Position the SNF assembly for insertion into the selected canister guide tube and load the 

SNF assembly. Prior to release of the SNF assembly, record the location of the SNF 

assembly in the canister and verify its location against the canister loading plan.  
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5. Repeat Steps 1 through 4 for each SNF assembly to be loaded into the canister. 

6. If there are not enough SNF assemblies to fully load the canister, insert dummy fuel 

assemblies into the empty guide tube openings that do not have mechanical blocks. 

7.1.4.5 Remove Loaded Transportation Cask/Canister from Fuel Pool 

1. Suspend the top shield plug from the redundant lifting yoke using the associated yoke 

rigging cables. 

NOTE:  Rigging and handling operations must comply with the plant’s NUREG-0612/ 

ANSI N14.6 commitments. 

2. After spraying the top shield plug, rigging cables, and redundant lifting yoke with clean 

demineralized water as they enter the fuel pool, position the lifting yoke and the top shield 

plug over the cask/canister and lower the shield plug into the canister. 

3. Visually verify that the top shield plug is properly seated in the canister. 

WARNING:  The proper seating of the top shield plug should be assured to avoid 

potentially high radiation exposure of cask operating and plant personnel. 

4. Position the redundant lifting yoke and engage the cask lifting trunnions. Verify that the 

lifting yoke is properly engaged. 

5. Lift the cask just far enough to allow the weight of the cask to be distributed onto the yoke 

arms. Re-inspect the yoke arms to assure that they are properly positioned on the cask 

trunnions.

6. Raise the cask to near the pool surface, spraying the redundant lifting yoke with clean 

demineralized water as it becomes exposed to air. Prior to raising the top of the cask above 

the water surface, stop vertical movement.  

7. With the cask near the pool surface, inspect the top shield plug to verify that it is properly 

seated in the canister. If not, lower the cask and reposition the top shield plug. Repeat 

Steps 2 through 7 as necessary. 

WARNING:  The proper seating of the top shield plug should be assured prior to 

lifting the cask above the pool surface to avoid potentially high radiation exposure of 

cask operating and plant personnel. 

8. If the temporary shield plug retainers are already installed as required by a plant-specific 

condition, rotate them into place. 

NOTE:  Alternatively, if the shield plug retainers have not yet been installed due to plant 

conditions, they may be installed as the cask breaks the water surface.

9. Continue to raise the cask from the pool and spray the exposed portion of the cask and 

redundant lifting yoke with clean demineralized water, until the top region of the cask is 

accessible.

10. Check the radiation levels near the center of the top shield plug in accordance with plant-

specific procedures and ALARA requirements. If the radiation levels exceed these 

requirements, return the cask to the cask loading area in the spent fuel pool and notify the 
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cognizant management representative. Await further instructions before proceeding. If 

radiation levels are acceptable, proceed.

NOTE:  Temporary shielding may be used to lower personnel radiation exposures. The 

shielding should be installed in accordance with plant-specific procedures. 

11. Remove sufficient water from the top of the cask/canister to expose the surface of the shield 

plug.

12. Lift the cask from the spent fuel pool. As the cask is raised from the pool, continue to spray 

the cask with clean demineralized water. 

13. On a canister/plant specific basis, record the time of removal of the transportation cask from 

the fuel pool (i.e., the time the cask bottom end breaks the pool water surface). 

NOTE: Given enough time and SNF decay heat, the water used to flood a newly loaded 

canister may begin to boil, which could potentially lead to airborne contamination. 

Although this phenomenon is not a nuclear or public safety issue, it should be avoided to 

assure worker safety. The measures to prevent boiling, such as imposing a conservative time 

limit or monitoring the canister’s water temperature, are to be identified by the licensee 

based on canister-specific and plant-specific conditions.

If temperature monitoring is not used, the time limit to prevent boiling should be 

conservatively estimated based on a specific canister’s SNF decay heat, the prevailing 

ambient conditions, the calculated heat-up rate of the canister’s water, and the lead time 

required for mitigating actions. The specific mitigating actions are to be determined by the 

licensee on a plant-specific basis and may include draining the water from the canister or 

returning the cask/canister to the spent fuel pool as appropriate. Alternatively, the 

canister’s water temperature can be monitored as described below. 

14. Move the transportation cask with the loaded canister to the cask decontamination area. 

7.1.4.6 Decontaminate Transportation Cask Exterior 

1. Disconnect the redundant lifting yoke rigging cables from the top shield plug.  

2. After confirming that the lifting cables have been disconnected from the shield plug, 

disengage the redundant lifting yoke from the trunnions and move it clear of the cask. 

WARNING:  To avoid potentially high radiation exposure of cask operating and plant 

personnel, assure that the top shield plug is not lifted during disengagement/removal of 

the redundant lifting yoke.

3. Disconnect the overflow/pressurization bottle from the cask cavity drain fitting. 

4. If required by site-specific seismic criteria, install site-specific cask seismic restraint 

members. 

5. Check the radiation levels near the mid-plane (midpoint) of the transportation cask to assure 

that dose rates are below the maximum expected values shown in Chapter 5 of the 

respective FuelSolutions™ Canister Transportation SAR. If the radiation levels exceed these 

values, notify the cognizant management representative. Await further instructions before 

proceeding. If radiation levels are acceptable, proceed. 
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NOTE:  Temporary shielding may be used to lower personnel radiation exposures. The 

shielding should be installed in accordance with plant-specific procedures.

6. Remove the temporary shield plug retainers. 

7. Deflate and remove the inflatable cask/canister annulus seal. 

8. Decontaminate the exposed surfaces of the canister shell perimeter adjacent to the shield 

plug, the top interior surface of the cask, and the top exterior surface of the canister above 

and adjacent to the annulus seal location. 

9. On a plant/canister-specific basis, as necessary to prevent boiling, the canister vent port 

quick-connect fitting may be removed and a temperature measuring device with a quick-

connect fitting may be installed to monitor the canister’s water temperature while continuing 

to vent the canister. 

7.1.4.7 Install Canister Inner Closure Plate 

1. Connect a drain line to the transportation cask’s drain port and allow water from the annulus 

to drain out until the water level is approximately 12 inches below the top edge of the 

canister shell.

2. Take swipes around the accessible exterior surface of the canister shell and check that the 

non-fixed (removable) radioactive contamination does not exceed 1,000 dpm/100 cm
2
 for 

beta-gamma sources and 20 dpm/100 cm
2
 for alpha sources.

NOTE:  If the exterior of the canister has unacceptable contamination, the transportation 

cask/canister annulus may be drained and flooded as many times as necessary with clean 

demineralized water or plant-approved decontamination fluid to flush the canister’s exterior 

of any unacceptable contamination. If the unacceptable contamination persists for more than 

7 days from the start of canister loading operations, determine the cause of the unacceptable 

contamination and initiate actions to correct the cause. If the cause of the unacceptable 

contamination cannot be corrected, return the loaded transportation cask to the fuel pool, 

remove the SNF assemblies from the canister, remove the empty transportation cask and 

canister from the fuel pool, and remove the empty canister from the transportation cask for 

unrestricted access to the canister’s exterior for decontamination.

3. Cover the cask/canister annulus to prevent debris and weld splatter from entering the annulus 

(a lead “snake” can be used for this purpose). 

4. On a plant/canister-specific basis and as necessary to prevent boiling of the water within the 

canister cavity, the canister vent port quick-connect fitting can be removed and a temperature 

measuring device with a quick-connect fitting installed to monitor the canister’s water 

temperature while continuing to vent the canister. 

NOTE: Given enough time and SNF decay heat, the water used to flood a newly loaded 

canister may begin to boil, which could potentially lead to airborne contamination. Although 

this phenomenon is not a nuclear or public safety issue, it should be avoided to assure 

worker safety. The measures to prevent boiling, such as imposing a conservative time limit or 

monitoring the canister’s water temperature, are to be identified by the licensee based on 

canister-specific and plant-specific conditions.
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If temperature monitoring is used, note that the heat-up rate of the canister’s water is 

dependent on the specific canister’s decay heat and the prevailing ambient conditions. The 

canister’s water temperature should be closely monitored to determine its heat-up rate and 

the time at which boiling will occur, allowing sufficient lead time for mitigating actions to 

prevent boiling. The specific mitigating actions are to be determined by the licensee on a 

plant-specific basis and may include draining the water from the canister or returning the 

cask/canister to the spent fuel pool, as appropriate. If temperature monitoring is not used, a 

conservative time limit should be imposed as described above. 

5. Connect the vacuum drying system’s de-watering pump to the canister drain port. Remove 

approximately 15 gallons of water from the canister to lower the water level below the 

bottom of the shield plug. Return the water to the spent fuel pool. 

NOTE:  Temporary shielding may be used to lower personnel radiation exposures. The 

shielding should be installed in accordance with plant-specific procedures.

6. Check the radiation levels at the center of the top shield plug and perform radiation surveys 

in accordance with the site-specific procedures and ALARA requirements. Await further 

instructions before proceeding. If radiation levels are acceptable, proceed. 

7. Install the AW/OS onto the inner closure plate. Place the inner closure plate with the 

AW/OS onto the canister. Verify proper positioning and fit-up of the inner closure plate 

with the canister shell prior to welding.

NOTE:  Rigging and handling operations must comply with the plant’s NUREG-0612/ 

ANSI N14.6 commitments. 

8. Prior to the initiation of welding, begin monitoring the perimeter of the weld regions 

surrounding the inner closure plate and the vent and drain ports for the presence of hydrogen 

using a calibrated device capable of measuring concentrations of hydrogen to 0.4 % by 

volume.  

9. If hydrogen concentrations of 0.4 % by volume or more are detected, connect a “welding 

grade” argon source to the canister vent port. Purge the canister with argon gas prior to and 

as required during inner closure plate welding operations until the root pass of the weld is 

completed. 

CAUTION:  If tack and root pass welding of the inner closure plate and the vent and 

drain port bodies begins without an argon purge through the canister’s vent port, the 

vent port should remain vented and the perimeter of the inner closure plate and vent 

and drain port weld regions should continue to be monitored for the presence of 

hydrogen.

10. Tack weld the inner closure plate to the canister shell. Tack weld the vent and drain port 

bodies to the inner closure plate. Place the root pass welds for the inner closure plate and the 

vent and drain port bodies. Just prior to completion of the final root pass weld for the vent 

and drain port bodies, disconnect the argon gas source from the vent port. Connect a hose to 

the canister vent port and route the hose to the spent fuel pool (or other suitable water 

receiving vessel or location). Vent the canister to assure that internal pressure remains 

atmospheric during welding operations. Complete the final root pass weld of the inner 

closure plate. 
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11. Perform a dye penetrant inspection of the root pass welds of the vent and drain port adapter 

to the inner closure plate in accordance with ASME BPVC
8
 Subarticle NB-5350. 

Note:  If weld repair is required following the dye penetrant inspection, determine if the 

canister requires reestablishing an argon gas purge. If required, purge the canister with 

argon gas prior to initiating weld repairs. 

12. With the canister vented through its vent port, complete the welds of the inner closure plate 

and the vent and drain port bodies. 

CAUTION:  The canister should remain vented through its vent port at all times 

(except when used for purging) until the start of the draining process. 

13. Perform a dye penetrant weld examination of the completed welds of the vent and drain port 

bodies to the inner closure plate in accordance with NB-5350. 

7.1.4.8 Drain and Backfill Canister with Helium 

1. Re-verify that the cask/canister annulus is full before removing additional water from the 

canister.

2. Install the strongback onto the transportation cask’s top flange to support the inner closure 

plate.

3. Isolate the vacuum drying system. Open the compressed gas supply valve to allow the 

compressed inert gas (e.g., argon, helium, or nitrogen) to force the water from the canister 

cavity through the drain port, to a maximum pressure of 30 psig. Monitor the canister 

pressure during draining using the gauge on the vacuum drying system.

4. Once water stops flowing from the canister, continue to purge with compressed inert gas for 

30 minutes minimum. Isolate the compressed gas supply and disconnect the canister’s drain 

port hose. 

5. Check the radiation levels near the center of the canister top end and near the mid-plane 

(mid-point) of the cask to assure that dose rates are below maximum expected values, in 

accordance with site-specific procedures and ALARA requirements. If the radiation levels 

exceed these requirements, notify the cognizant management representative. Await further 

instructions before proceeding. If radiation levels are acceptable, proceed.

6. Open the valve on the suction side of the pump and start the vacuum drying system to draw a 

vacuum on the canister cavity. The cavity pressure should be reduced in a stepwise 

progression (e.g., 100 torr, 50 torr, 25 torr, 15 torr, 5 torr, and 3 torr). After pumping down to 

each level, shut off the valve, stop the pump, and monitor the cavity pressure. The cavity 

pressure will rise as water and other volatiles in the cavity evaporate. When the cavity 

pressure stabilizes, reactivate the vacuum pump and reduce the pressure to the next level. 

Continue this procedure until a vacuum pressure of 3 torr or lower is reached and maintained 

for at least 30 minutes.  

8 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code (BPVC) Section III, 

Division 1, Subsection NB, Class 1 Components, Article NB-5000, Examination, 1998 Edition. 
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NOTE: It may be necessary to repeat some steps, depending on the rate and extent of the 

pressure increase. The vacuum drying system may be connected to both the vent and the 

drain ports to expedite the drying process. 

NOTE:  Vacuum drying times are controlled in accordance with the requirements contained 

in Section 7.1.4 of the respective FuelSolutions™ Canister Transportation SAR. 

NOTE:  During vacuum drying, the water level of the cask/canister annulus should be 

maintained at approximately 12 inches below the top edge of the canister shell.

7. Isolate the vacuum drying system from the canister. Connect a supply of compressed helium 

gas (if not already connected) to the canister vent port via the vacuum drying system. 

8. Allow compressed helium to flow into the canister cavity. 

9. Pressurize the canister with 99.995% pure helium gas to a minimum of 12.5 psig in 

accordance with the requirements of Article NB-6000.
 9
 Test the helium leak rate of the 

welds of the inner top closure plate and the vent and drain port bodies, in accordance with 

Subarticle NB-6300, to assure that the leak rate limit of 8.52 x 10
-6

 ref-cc/sec is not 

exceeded.

Note:  The helium leak rate test satisfies both pneumatic pressure testing and helium leak 

testing requirements.

10. On demonstrating compliance with the leak rate requirement, isolate the source of 

compressed helium, and lower the canister pressure by connecting a hose routed into the 

spent fuel pool (or other suitable receiving vessel or location) to the canister drain port.

11. Re-evacuate the canister by repeating Step 6, until a stable vacuum pressure of 3 torr or less 

has been achieved and held for a minimum of 30 minutes. 

12. Isolate the vacuum drying system from the canister. Connect a supply of 99.995% pure 

compressed helium gas to the canister vent port via the vacuum drying system (if not already 

connected) with a calibrated, in-line (temperature and pressure compensating) mass flow 

meter with an integrated readout. 

13. Repressurize the canister, allowing helium to flow into the canister cavity until the helium 

backfill density meets the requirement contained in Section 7.1.4 of the respective 

FuelSolutions™ Canister Transportation SAR. Isolate the source of compressed helium and 

disconnect the vacuum drying system from the canister. 

NOTE:  The amount of helium allowed to flow into a canister is dependent on the canister 

and fuel assembly types. The amount of helium required for a fully loaded canister is 

provided in Table 7.1-1 of the respective FuelSolutions™ Canister Transportation SAR. 

If dummy fuel assemblies are loaded in place of actual SNF assemblies, the quantity of 

helium backfill gas may need to be adjusted to compensate for the differential volume 

between the dummy assemblies and the assumed SNF assembly volumes presented in 

9 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code (BPVC) Section III, 

Division 1, Subsection NB, Class 1 Components, Article NB-6000, Testing, 1998 Edition. 
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Table 7.1-1 of the respective FuelSolutions™ Canister Transportation SAR. To adjust the 

quantity of helium backfill gas, use the following methodology: 

a. Determine the volume of the dummy assemblies by measurement or calculation. 

b. Calculate the resulting canister differential free volume as follows: 

)( DUMMYPAYLOADFREE VVNV

where:

VFREE = Change in the free volume of the canister due to replacement of SNF 

assemblies with dummy assemblies (liters). 

N = Number of SNF assemblies replaced with dummy assemblies. 

VPAYLOAD = Average single assembly volume from Table 7.1-1 of the respective 

FuelSolutions™ Canister Transportation SAR for the corresponding 

canister loading condition [fuel type and configuration] (liters). 

VDUMMY = Average volume of dummy assemblies (liters). 

c. Once the differential free volume is determined, the resulting quantity of helium 

backfill gas is calculated as follows: 

FREE

FREE
HeFINALHe

V

V
mm 1

where:

mHe-FINAL = Final adjusted quantity of helium backfill gas (grams He). 

mHe = Quantity of canister backfill gas from Table 7.1-1 of the respective 

FuelSolutions™ Canister Transportation SAR for the corresponding 

canister load condition (fuel type and configuration) (liters He). 

VFREE = Canister minimum free volume from Table 7.1-1 of the respective 

FuelSolutions™ Canister Transportation SAR for the corresponding 

canister loading condition (fuel type and configuration) (liters). 

14. Place the port covers over the vent and drain ports. Tack weld the covers in place, as 

required, and place the root pass weld to the vent and drain port bodies. Complete the welds 

surrounding the vent and drain port covers. 

15. Perform a dye penetrant examination of the completed welds of the vent and drain port 

covers, in accordance with NB-5350.

16. Remove the AW/OS from the canister. 

NOTE:  The strongback attached to the inner closure plate may be removed at any time after 

Step 12. 
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7.1.4.9 Install Canister Outer Closure Plate 

1. Install the AW/OS onto the outer closure plate of the canister, and place the outer closure 

plate, with the AW/OS, onto the canister. Prior to welding, verify proper positioning and fit-

up of the outer closure plate within the canister shell. 

NOTE:  Rigging and handling operations must comply with the plant’s NUREG-0612/ 

ANSI N14.6 commitments. 

2. Place the root pass of the outer closure weld. 

3. Perform a dye penetrant examination of the root pass weld of the outer closure plate, in 

accordance with NB-5350. 

4. Place additional weld passes at the outer closure plate until approximately ½ of the 

preparation depth of the outer closure weld is filled. 

5. Perform a dye penetrant examination of the intermediate level weld surface of the outer 

closure weld, in accordance with NB-5350. 

6. Complete the remaining passes of the outer closure weld. 

7. Perform a dye penetrant examination on the completed outer closure weld, in accordance 

with NB-5350. 

8. Remove the AW/OS from the canister. 

9. Enter the date on the canister nameplate located on the outer closure plate and record the 

canister serial number. 

10. Connect a drain line to the cask cavity drain port and remove the remaining water from the 

cask/canister annulus. 

11. Proceed to Section 7.1.7 and complete the noted operations. 

7.1.5 Horizontal Canister Transfer into a FuelSolutions™ TS125 

Transportation Cask 

The following procedure describes the major steps for horizontally transferring a loaded 

FuelSolutions™ canister from a FuelSolutions™ W100 Transfer Cask to the FuelSolutions™ 

TS125 Transportation Cask, as shown in Figure 7.1-2. These operations must be performed in an 

owner-controlled area that is governed by 10CFR50 and/or 10CFR72 and cannot be performed 

away from the reactor site in an area governed by 10CFR71. Note that some qualified canisters, 

e.g., the VSC-24 MSB, can only be transferred vertically, as described in Section 7.1.6. 

It is assumed that the transfer cask, containing the loaded canister, has been secured to the 

horizontal transfer trailer and staged for horizontal transfer in accordance with the applicable 

operating procedures described in the FuelSolutions™ Storage System FSAR. The transportation 

cask and intermodal skid are positioned on cribbing or another suitable platform. The transfer 

cask is aligned and docked with the transportation cask. The canister is transferred to the 

transportation cask using the hydraulic ram. The transportation cask is then moved to a 

designated staging area for preparations for off-site transport.
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7.1.5.1 Stage the Transportation Cask for Horizontal Canister Transfer 

NOTE:  Horizontal canister transfer operations may be performed anywhere within the ISFSI or 

the site’s owner-controlled area, based on a 10CFR72.212 safety evaluation.

1. Move the transportation cask (still secured to the intermodal skid) to the area designated to 

perform horizontal canister transfer operations.  

2. If not already in place, install the bolt-on lifting eyes at the four corners of the intermodal 

skid.

3. Using the intermodal skid horizontal lift fixture, attach lifting cables to the four bolt-on 

lifting eyes of the intermodal skid. 

4. Remove the restraints that secure the intermodal skid to the heavy-haul trailer. 

5. Using a portable crane and the intermodal skid horizontal lift fixture, lift the intermodal skid 

from the heavy-haul trailer onto a platform or cribbing orienting the transportation cask top 

to facilitate docking with the transfer cask. 

NOTE: The platform or cribbing should be designed and constructed to support the loaded 

transportation cask and intermodal skid at the appropriate height for the horizontal transfer 

of the canister. 

6. Disconnect the lifting cables from the intermodal skid horizontal lift fixture and secure the 

intermodal skid to the platform or cribbing. 

7. Using a portable crane and the horizontal lid-handling fixture, engage the transportation 

cask closure lid. Unbolt the transportation cask closure lid and remove it.  

8. Install the transportation cask docking collar. 

NOTE:  Protect the sealing surfaces of the transportation cask closure lid and top ring 

forging.

7.1.5.2 Align and Dock the Transfer Cask with the Transportation Cask 

NOTE:  Prior to performing these operations, prepare the transportation cask as described in 

Section 7.1.3 of this SAR, excluding the installation of the transportation cask seal protector and 

the replacement of the cask cavity drain port plug with a quick-connect fitting. 

1. At the designated canister transfer area, position the horizontal transfer trailer to within a 

few feet of the transportation cask.

2. Check the position of the trailer to assure the centerline of the transportation cask and 

transfer cask is within the range of adjustability of the transfer skid. Reposition the trailer as 

necessary.

3. Install the horizontal lid-handling fixture on the transfer cask bottom cover, unbolt the 

transfer cask bottom cover, and remove it using a portable crane. Monitor for radiation 

streaming.  

NOTE:  Protect the sealing surfaces of the transfer cask bottom cover and flange. 
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4. Slowly back up the trailer to position the transfer trailer to within a few inches of the 

transportation cask and engage the trailer brakes. Disengage the tow vehicle and drive it 

clear of the trailer. 

5. Remove the skid tie-downs and position the transfer cask horizontally so that the bottom end 

is within a few inches of the top end of the transportation cask using the skid positioning 

system. Raise/lower the transfer cask to approximately the same height as the transportation 

cask, using the trailer hydraulic jacks for vertical positioning.

6. Using the skid positioning system, optical survey equipment, and the alignment marks on 

the transfer cask and the transportation cask, adjust the position of the transfer cask until it is 

aligned horizontally and vertically with the transportation cask. 

7. Fully insert the transfer cask into the docking collar on the transportation cask using the skid 

positioning system. 

8. Secure the transfer cask lower trunnions to the transportation cask lifting trunnions using the 

cask restraints. 

WARNING:  The transfer cask lower trunnions must be secured to the transportation 

cask lifting trunnions to avoid separation of the casks during canister transfer and 

result in potentially high radiation exposure to cask operating and plant personnel.

9. After the cask restraints are installed, verify the alignment of the transfer cask using optical 

survey equipment, in accordance with the Step 6 requirement. 

10. Using a sling and a portable crane, unbolt the transfer cask ram access cover and remove it.  

11. Install the pintle plate on the top of the canister. Attach the grapple to the end of the 

hydraulic ram. 

12. Set up the hydraulic ram and attach it to the transfer cask top cover. Using optical survey 

equipment and the alignment marks on the transfer cask and the hydraulic ram, adjust the 

position of the ram until it is aligned horizontally and vertically with the transfer cask.  

13. Engage the grapple on the hydraulic ram with the pintle. 

7.1.5.3 Transfer the Canister from the Transfer Cask to Transportation Cask 

1. Activate the hydraulic ram and push the canister into the transportation cask until it is fully 

inserted. Monitor the pressure applied by the hydraulic ram during transfer to assure that the 

maximum force on the canister does not exceed 70,000 pounds pushing or 50,000 pounds 

pulling. The canister is fully inserted when a measuring device on the hydraulic ram 

confirms that the prescribed distance has been traveled after the canister is inserted into the 

transportation cask. 

NOTE:  Canister transfers between casks should be continuously monitored by health 

physicists/radiation control technicians to assure that unexpected radiation fields are not 

experienced. The health physicist/radiation control technicians should monitor and control 

operator stay times and perform air monitoring, as required in plant-specific operating 

procedures. Temporary shielding may be used to lower personnel radiation exposures. 

Shielding should be installed in accordance with plant-specific procedures. 
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NOTE: If the hydraulic ram force limit on the canister is not met, immediately initiate action 

to stop the horizontal transfer. Move the canister back into the transfer cask. Verify proper 

alignment between the transfer cask and transportation cask, check the transportation 

cask’s rails and the canister’s top outer closure plate for damage, and adjust or repair as 

necessary. Repeat Step 1. 

2. Disengage the grapple from the pintle and retract the ram. 

3. Check the radiation levels near the mid-plane (midpoint) of the transportation cask to assure 

that dose rates are below maximum expected values, in accordance with site-specific 

procedures and ALARA requirements. If the radiation levels exceed these requirements, 

notify the cognizant management representative. Await further instructions before 

proceeding. If radiation levels are acceptable, proceed.

NOTE:  Temporary shielding may be used to lower personnel radiation exposures. The 

shielding should be installed in accordance with site-specific procedures. 

4. Disengage the hydraulic ram from the transfer cask and move it clear of the transfer cask. 

5. Install the transfer cask ram access cover using a sling and a portable crane. Tighten the 

bolts to an AISC “snug-tight” condition using a repeated star pattern. 

6. Remove the cask restraints from the transportation cask. 

7. Using the skid positioning system, disengage the transfer cask from the docking collar on 

the transportation cask.

8. Using the skid positioning system, position the skid on the trailer to install the tie-downs. 

Secure the skid to the transfer trailer and retract the vertical jacks.  

9. Tow the horizontal transfer trailer and empty transfer cask a few feet away from the loaded 

transportation cask. 

10. Replace the transfer cask bottom cover using the horizontal lid-handling fixture and a 

portable crane. Tighten the bolts to an AISC “snug-tight” condition using a repeated star 

pattern.

11. Tow the horizontal transfer trailer and empty transfer cask to the designated equipment 

storage area. 

12. Remove the docking collar from the transportation cask. Remove the pintle from the 

canister.

13. For on-site handling and transport of the transportation cask, remove the O-ring seals from 

the closure lid and lift the transportation cask closure lid into place using a horizontal 

lid-handling fixture. Install the closure bolts and tighten to the torque specified on Drawing 

No. FS-205 in Section 1.3.2 of this SAR. 

14. Stage a heavy-haul trailer to receive the intermodal skid. 

15. Using the intermodal skid horizontal lift fixture, attach lifting cables to the four bolt-on 

lifting eyes of the intermodal skid. 

16. Lift the intermodal skid from the railcar to a heavy-haul trailer, orienting the transportation 

cask bottom toward the trailer’s towbar. 
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NOTE:  When a loaded FuelSolutions™ TS125 Transportation Cask is lifted in an area 

governed by 10CFR50 and/or 10CFR72, the transportation cask impact limiters need not be 

installed; however, the lifting height from the railcar to the heavy-haul trailer outside the 

plant’s fuel building must not exceed the maximum lift height determined in a site-specific 

10CFR50.59 or 10CFR72.48 evaluation. 

17. Disconnect the lifting cables from the intermodal skid horizontal lift fixture and secure the 

intermodal skid to the heavy-haul trailer. 

18. Tow the heavy-haul trailer to the area designated to prepare the loaded transportation cask 

for shipment. 

19. Proceed to Section 7.1.7 and complete the noted operations. 

7.1.6 Vertical Canister Transfer into a FuelSolutions™ TS125 

Transportation Cask 

The following outline describes the major procedural steps for vertically transferring a loaded 

FuelSolutions™ canister from a FuelSolutions™ W100 Transfer Cask to the FuelSolutions™ 

TS125 Transportation Cask, as shown in Figure 7.1-3. These operations must be performed 

inside the plant’s fuel building or cask handling facility that is governed by 10CFR50 and/or 

10CFR72 and cannot be performed away from the reactor site in an area governed by 10CFR71. 

It is assumed that the transfer cask, containing a loaded canister, has previously been staged in 

the plant’s decontamination area for vertical canister transfer operations, in accordance with the 

applicable operating procedures described in the FuelSolutions™ Storage System FSAR. The 

transportation cask is then staged in the cask receiving bay and the transfer cask is moved from 

the cask decontamination area and docked with a transportation cask. The canister is then 

lowered into the transportation cask using the canister vertical lift fixture. The transportation 

cask, with the canister, is then downended onto a trailer and transported from the plant’s cask 

receiving bay to a designated staging area, or downended directly to a railcar for preparation for 

off-site transport. 

Note: Before initiating this operation, verify the serial number of the sealed canister and review 

the associated canister fuel loading records to assure that the SNF assemblies meet the 

requirements contained in Section 1.2.3 of the respective FuelSolutions™ Canister 

Transportation SAR. 

7.1.6.1 Stage the Empty Transportation Cask for Vertical Canister Transfer 

1. If not already performed, upend and remove the empty FuelSolutions™ TS125 

Transportation Cask from the intermodal skid or horizontal transfer skid and move it to the 

plant’s cask receiving bay for vertical canister transfer, as described in Sections 7.1.2.1 or 

7.1.2.2, respectively. 

2. If not already performed, prepare the transportation cask for canister transfer as described in 

Section 7.1.3. 

7.1.6.2 Dock the Loaded Transfer Cask with the Transportation Cask 

1. Assure that the lifting yoke is properly engaged with the transfer cask trunnions. 
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2. Using the canister lift fixture, raise the canister a small amount to assure proper engagement. 

3. Move the transfer cask from the decontamination area to the plant’s cask receiving bay. 

WARNING:  To prevent inadvertent radiation exposure to cask operating and plant 

personnel, do not lower the loaded canister from the transfer cask. Lock out the 

controls on the canister vertical lift fixture until the transfer cask is seated on the 

transportation cask docking collar. 

4. Position the transfer cask above the empty transportation cask in the cask receiving bay. 

5. Visually verify the alignment of the transfer cask with the docking collar installed on the 

transportation cask (match the alignment marks on the docking collar, transfer cask, and 

transportation cask). Lower the transfer cask onto the docking collar. 

NOTE:  Protect the sealing surfaces of the transfer cask bottom flange.

6. When needed at a plant as a positive means for assuring lateral stability, the lifting yoke 

may remain engaged with the transfer cask trunnions, maintaining a slight tension applied 

by the fuel building crane. When positive lateral stability is not needed, the alternative 

canister vertical lift fixture (described in Section 1.2.1.4.3 of the FuelSolutions™ Storage 

System FSAR) may be used and the cask restraints installed between the docking collar and 

the transfer cask lower trunnions. For the latter alternative, the lifting yoke is disengaged 

from the transfer cask.  

7.1.6.3 Transfer the Canister to the Transportation Cask 

1. Lower the canister into the transportation cask with the canister vertical lift fixture.  

2. Perform a general radiation survey of the transportation cask. Check the radiation levels 

near the mid-plane (midpoint) of the cask to assure that dose rates are below the maximum 

expected values, shown in Chapter 5 of the respective FuelSolutions™ Canister 

Transportation SAR. If the radiation levels exceed these values, notify the cognizant 

management representative. Await further instructions before proceeding. If radiation levels 

are acceptable, proceed. 

3. Remotely remove the connecting pin joining the canister vertical lift fixture to the canister 

lift adapter. 

4. Retract the canister vertical lift fixture within the transfer cask cavity. 

5. Lift the empty transfer cask from the transportation cask docking collar and move it to the 

cask decontamination area.  

NOTE:  Prior to reinstalling the transfer cask bottom cover, check the bottom flange seal 

surface and bottom cover seals for any condition that might affect water leak-tightness of 

this joint.

6. Set the transfer cask down on its bottom cover, verifying alignment with the bottom cover 

guide pins. Engage the bolts on the transfer cask bottom cover and tighten to an AISC 

“snug-tight” condition using a repeated star pattern.

7. Remove the canister lift adapter from the canister outer closure plate.  
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8. Remove the docking collar from the transportation cask. 

9. Proceed to Section 7.1.7 and complete the noted operations. 

7.1.7 Preparing a Loaded FuelSolutions™ TS125 Transportation Cask 

for Shipment 

The following outline describes the major procedural steps for preparing a FuelSolutions™ 

TS125 Transportation Cask for off-site shipment. These operations must be performed in an 

owner-controlled area that is governed by 10CFR50 and/or 10CFR72 and cannot be performed 

away from the reactor site in an area governed by 10CFR71. These operations may be performed 

with the transportation cask in the vertical or horizontal orientation. 

NOTE:   The transportation cask preparation operations described in Section 7.1.3 are to be 

completed prior to the operations that follow. 

1. As necessary, install scaffolding around the transportation cask to allow personnel access to 

the closure lid and the vent and test ports. 

2. Remove the transportation cask closure bolts and closure lid if they were previously 

installed for on-site handling and transport. Use the horizontal lid handling fixture if the 

transportation cask is in the horizontal orientation. 

3. Inspect the closure lid bolts for any damage and, if necessary, replace them. 

4. Visually examine the closure lid and top ring forging sealing surfaces for defects that may 

result in leakage and repair as necessary. 

5. Install new or unused cask closure lid metal O-ring seals as shown on the drawings in 

Section 1.3.2 of this SAR, and in accordance with the seal manufacturer’s recommendations. 

6. Visually examine the closure lid O-rings and their associated sealing surfaces for defects 

that may result in leakage and repair or replace as necessary in compliance with 

10CFR71.87(c). As necessary, apply a light coating of vacuum grease which has been 

evaluated in accordance with NRC Bulletin 96-04 to the seals and their respective sealing 

surfaces to assist in “seating” of the seal. 

7. Verify the date on the canister nameplate located on the outer closure plate and record the 

canister serial number. 

8. Using a suitable crane and lifting device, lift the transportation cask closure lid with O-ring 

seals into place and install the closure bolts. Use the horizontal lid handling fixture if the 

transportation cask is in the horizontal orientation. 

NOTE:  Rigging and handling operations must comply with the plant’s NUREG-0612/ANSI 

N14.6 commitments. 

9. Tighten the closure bolts using a calibrated bolt torque device (such as a hydraulically 

assisted socket wrench) in a stepwise manner using a repeating star pattern. Tighten the 

bolts to the torque value and sequence specified on Drawing No. FS-200 in Section 1.3.2 of 

this SAR. 

NOTE:  The detailed procedure to tighten the closure lid bolts to the required torque should 

be in accordance with the O-ring seal manufacturer’s recommendation. 
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10. If not already removed, remove the closure lid seal test port, vent port, and drain port 

covers. If not already removed, remove the vent port and drain port assemblies. 

11. Visually examine the vent port and drain port assemblies and sealing surfaces for defects 

that may result in leakage and repair or replace as necessary. 

12. Install new or unused vent and drain port assembly metal O-ring seals in accordance with 

the seal manufacturers recommendations. 

13. Visually examine the vent and drain port plug assemblies and their respective sealing 

surfaces for defects that may result in leakage and, as necessary, replace or repair in 

compliance with 10CFR71.87(c). To assist in “seating” of the seals, apply a light coating of 

lubricant to the seals and their respective sealing surfaces. The lubricant must have been 

evaluated in accordance with NRC Bulletin 96-04. 

14. Verify that the elastomeric seals on the closure lid seal test port, vent port, and drain port 

covers have been replaced within the prior 12 months. 

15. Perform the preshipment leakage test of the transportation cask containment boundary in 

compliance with 10CFR71.87(f), as described in Section 7.4.1. 

16. Perform a contamination survey of the transportation cask exterior surfaces to assure that the 

smearable surface contamination limits of 10CFR71.87(i) and 49CFR173.443 are satisfied. 

Decontaminate all exterior surfaces that exceed the allowable contamination levels. 

17. Perform another radiation survey of the transportation cask to assure that the requirements 

of 10CFR71.87(j) and 49CFR173.441 are satisfied. 

18. If the loaded transportation cask is in the vertical orientation in the fuel building or cask 

handling facility, proceed to Section 7.1.8.1 and complete the noted operations. 

19. If the loaded transportation cask is in the horizontal orientation on the horizontal transfer 

skid/trailer, proceed to Section 7.1.8.2 and complete the noted operations. 

20. If the loaded transportation cask is in the horizontal orientation on the intermodal 

skid/heavy-haul trailer, proceed to Section 7.1.9. 

7.1.8 Placing a FuelSolutions™ TS125 Transportation Cask on the 

Intermodal Skid 

The following procedure describes the major steps to place a FuelSolutions™ TS125 

Transportation Cask onto the intermodal skid in either of two ways, as shown in Figure 7.1-1. 

7.1.8.1 Downending a FuelSolutions™ TS125 Transportation Cask Onto the 

Intermodal Skid 

The following steps assume that a loaded (or empty) transportation cask is oriented vertically in 

the plant’s fuel building or a cask handling facility. It is further assumed that the placement of a 

loaded (or empty) transportation cask onto a railcar or a heavy-haul trailer with an intermodal 

skid, is being performed inside the plant’s fuel building or cask handling facility that is governed 

by 10CFR50 and/or 10CFR72. Unless the transportation cask is empty, these steps cannot be 

used to place the transportation cask onto a railcar or a heavy-haul trailer with an intermodal skid 

that is away from the reactor site in an area governed by 10CFR71. 
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NOTE:  This task is assumed to occur inside the plant’s fuel building and is assumed to require 

compliance with the plant’s NUREG-0612/ANSI N14.6 commitments. 

1. Stage the railcar or heavy-haul trailer with the intermodal skid to receive the transportation 

cask.

2. Assure that the intermodal skid is properly secured to the railcar using the tie-down clevis 

caps, or to the heavy-haul trailer. 

3. Chock the railcar or heavy-haul trailer and install jacks to stabilize the deck of the railcar or 

heavy-haul trailer. 

4. Install the cask-turning fixture onto the intermodal skid. 

5. Attach the redundant lifting yoke to the cask handling crane. To protect the wearing 

surfaces, lubricate the trunnion/yoke rotating surfaces with a lubricant that has been 

evaluated in accordance with NRC Bulletin 96-04. 

6. Engage the transportation cask lifting trunnions with the four redundant yoke arms. Lift the 

cask just far enough to allow the weight of the cask to be distributed onto the yoke arms. Re-

inspect the lifting yoke arms to assure that they are properly positioned on the cask 

trunnions.

7. Lift the transportation cask and position it with the cask-turning fixture on the intermodal 

skid.

8. Engage the cask rotation trunnions with the cask-turning fixture. 

9. Temporarily support the transportation cask in a vertical position (provide vertical and, if 

required, lateral support) while it is engaged with the cask-turning fixture. 

NOTE:  Determine the need for supplemental lateral support on a site-specific basis. 

10. Lower the redundant lifting yoke until the cask upending/downending yoke arm clearance 

holes are aligned with their respective trunnion caps. Swing the off-axis pair of yoke arms 

out to clear the cask as required. 

11. Using the trunnion installation/removal tool, remove the trunnions from the two lifting 

trunnion mounting bosses that are perpendicular to the axis of the rotation trunnions, in 

compliance with 10CFR71.87(h). 

NOTE:  A temporary work platform may be required for Steps 11 and 12.

12. Reinstall the transportation cask trunnion shield plugs into the two exposed lifting trunnion 

mounting bosses. 

13. Lift the redundant lifting yoke to engage the transportation cask lifting trunnions that are not 

in the same plane as the cask’s shear block. Lift the cask just far enough to allow the weight 

of the cask to be distributed onto the yoke arms. Re-inspect the yoke arms to assure that they 

are properly positioned on the cask trunnions. 

14. Remove the shear key plug assembly from the transportation cask. 

15. Remove the temporary support and downend the transportation cask onto the intermodal 

skid while simultaneously moving the crane away from the cask-turning fixture until the 
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cask has rotated to a horizontal position. Once horizontal, simultaneously lower the cask-

turning fixture jacks and the top end of the cask to engage shear key. 

16. Inspect the intermodal skid shear key to assure that it is properly seated inside the 

transportation cask shear block. 

17. Disengage the redundant lifting yoke from the transportation cask lifting trunnions and 

remove the lifting yoke from the cask handling crane. 

18. Remove the cask-turning fixture from the intermodal skid, and remove the cask rotation 

trunnions.

19. Using the trunnion installation/removal tool, remove the lifting trunnion from the two 

remaining lifting trunnion mounting bosses in compliance with 10CFR71.87(h). 

20. Install the transportation cask trunnion shield plugs in each of the two remaining trunnion 

mounting bosses. 

21. Perform a final contamination survey of the transportation cask exterior surfaces to assure 

acceptable contamination levels. Decontaminate all exterior surfaces that exceed the 

10CFR71.87(i) and 49CFR173.443 allowable contamination levels. 

22. Stage the impact limiters and their attachment hardware, the personnel barriers, and any 

loose intermodal skid or cask tie-down hardware. Visually inspect these items to assure that 

they are not degraded or damaged. 

23. Install the two intermodal skid tie-down rings to secure the transportation cask to the 

intermodal skid. 

24. Install the impact limiters on the ends of the transportation cask, taking care to align the 

impact limiter attachment stud holes with the threaded counterbores in the cask tie-down 

rings.

25. Install the impact-limiter-to-transportation-cask attachment studs and tighten to the torque 

specified on the drawings in Section 1.3.2 of this SAR. Install the impact limiter attachment 

washers and nuts and use a repeated star pattern to tighten them to the torque specified on 

the drawings in Section 1.3.2 of this SAR. 

26. Install the personnel barrier to restrict access to the transportation cask exterior surface. The 

personnel barrier satisfies the requirements of 10CFR71.43(g) and 10CFR71.87(k). 

27. If the transportation cask and intermodal skid are not already on the railcar, proceed to 

Section 7.1.9 and complete the noted operations. 

28. If the transportation cask and intermodal skid are already on the railcar, proceed to 

Section 7.1.10 and complete the noted operations. 

7.1.8.2 Moving a FuelSolutions™ TS125 Transportation Cask from a 
FuelSolutions™ Horizontal Transfer Trailer to the Intermodal Skid 

The following steps assume that moving a loaded (or empty) transportation cask from a 

horizontal transfer trailer to a railcar or a heavy-haul trailer with an intermodal skid is being 

performed outside the plant’s fuel building in an owner-controlled area that is governed by 

10CFR50 and/or 10CFR72. Unless the transportation cask is empty, these steps cannot be used 
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to move the transportation cask from a horizontal transfer trailer to a railcar or a heavy-haul 

trailer with an intermodal skid at a location that is away from the reactor site in an area governed 

by 10CFR71. 

1. Stage the railcar or heavy-haul trailer with the intermodal skid to receive the transportation 

cask.

2. Assure that the intermodal skid is properly secured to the railcar using the tie-down clevis 

caps, or to the heavy-haul trailer. 

3. Chock the railcar or heavy-haul trailer and install jacks to stabilize the deck of the railcar or 

heavy-haul trailer. 

4. Position the horizontal transfer trailer so that the transportation cask is accessible to the cask 

handling crane. Support the trailer on its vertical jacks. Verify that the skid tie-downs are 

secured.

5. Free the transportation cask trunnions from the horizontal transfer skid trunnion supports. 

6. Using the transportation cask horizontal lift fixture, attach lifting cables to the outermost 

shoulders of the lifting trunnions and the lifting sling around the bottom end of the cask. 

7. With a suitable crane, lift the transportation cask from the FuelSolutions™ horizontal 

transfer trailer to the railcar. 

NOTE:  When lifting a loaded FuelSolutions™ TS125 Transportation Cask, assure that the 

maximum lifting height from the railcar to the horizontal transfer trailer does not exceed a 

height determined in a site-specific 10CFR72.48 evaluation. 

8. Remove the shear key plug assembly from the transportation cask. 

9. Lower the transportation cask into the intermodal skid until the weight of the cask is 

supported by the skid’s saddles. 

10. Inspect the intermodal skid shear key to assure that it is properly seated inside the 

transportation cask shear block. 

11. Disconnect the lifting cables and lifting sling from the transportation cask. 

12. Return the horizontal transfer trailer to its storage location. 

13. Using the trunnion installation/removal tool, remove the lifting trunnions from the trunnion 

mounting bosses and the rotation trunnions in compliance with 10CFR71.87(h). 

14. Install the transportation cask trunnion shield plugs in the lifting trunnion mounting bosses. 

15. Perform a final contamination survey of the transportation cask exterior surfaces to assure 

acceptable contamination levels. Decontaminate all exterior surfaces that exceed the 

10CFR71.87(i) and 49CFR173.443 allowable contamination levels. 

16. Stage the impact limiters and their attachment hardware, the personnel barriers, and any 

loose intermodal skid or cask tie-down hardware. Visually inspect these items to assure that 

they are not degraded or damaged. 

17. Install the two intermodal skid tie-down rings to secure the transportation cask onto the 

intermodal skid. 
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18. Install the impact limiters on the ends of the transportation cask, taking care to align the 

impact limiter attachment stud holes with the threaded counterbores in the cask tie-down 

rings.

19. Install the impact-limiter-to-transportation-cask attachment studs and tighten to the torque 

specified on the drawings in Section 1.3.2 of this SAR. Install the impact limiter attachment 

washers and nuts and, using a repeated star pattern, tighten to the torque specified on the 

drawings in Section 1.3.2 of this SAR.

20. Install the personnel barrier to restrict access to the transportation cask exterior surface. The 

personnel barrier satisfies the requirements of 10CFR71.43(g) and 10CFR71.87(k). 

21. If the transportation cask and intermodal skid are not already on the railcar, proceed to 

Section 7.1.9 and complete the noted operations. 

22. If the transportation cask and intermodal skid are already on the railcar, proceed to 

Section 7.1.10 and complete the noted operations. 

7.1.9 Moving a FuelSolutions™ TS125 Transportation Package and 

Intermodal Skid from a Heavy-Haul Trailer to a Railcar 

The following procedure describes the major steps for moving a loaded (or empty) 

FuelSolutions™ TS125 Transportation Package and intermodal skid from a heavy-haul trailer to 

a railcar, as shown in Figure 7.1-1. It is assumed that these operations are being performed at a 

railroad siding away from the reactor site in an area that is governed by 10CFR71. These steps 

may also be used to move an empty (or loaded) transportation package and intermodal skid to a 

heavy-haul trailer at a railroad siding outside the plant’s fuel building in an owner-controlled 

area governed by 10CFR50 and/or 10CFR72. 

1. Verify that the intermodal skid is properly secured to the heavy-haul trailer. 

2. Stage the railcar to receive the intermodal skid. 

3. Assure that all equipment needed for lifting and handling the intermodal skid is available at 

the railroad siding and is functioning properly. 

4. Chock the railcar and install jacks to stabilize the deck of the railcar. 

5. Perform a radiation survey of the transportation package to assure the requirements of 

10CFR71.87(j) and 49CFR173.441 are satisfied. 

6. Tow the intermodal skid off-site to the railroad siding governed by 10CFR71. 

7. If not already in place, install the bolt-on lifting eyes at the four corners of the intermodal 

skid.

8. Free the intermodal skid from the heavy-haul trailer. 

9. Using the intermodal skid horizontal lift fixture, attach lifting cables to the four bolt-on lift 

eyes of the intermodal skid. 

10. Lift the intermodal skid from the heavy-haul trailer to the railcar, orienting the transportation 

cask bottom toward the cask-turning fixture location. 
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NOTE:  When lifting a loaded FuelSolutions™ TS125 Transportation Cask in an area 

governed by 10CFR71, assure that the transportation cask impact limiters are installed and 

assure that the maximum lifting height from the railcar to the heavy-haul trailer does not 

exceed 30 feet. 

11. Disconnect the intermodal skid horizontal lift fixture lifting cables. 

12. Return the heavy-haul trailer and the cask handling equipment to their storage location. 

13. Remove the personnel barrier and install the intermodal skid tie-down clevis caps to secure 

the skid to the railcar. 

14. Remove the bolt-on lifting eyes at the four corners of the intermodal skid in compliance with 

10CFR71.87(h).

15. Reinstall the personnel barrier to restrict access to the transportation cask exterior surface. 

The personnel barrier satisfies the requirements of 10CFR71.43(g) and 10CFR71.87(k). 

16. Proceed to Section 7.1.10 and complete the noted operations. 

7.1.10 Preparing the FuelSolutions™ TS125 Transportation Package 

and Railcar for Shipment 

The following procedure describes the major steps to prepare the FuelSolutions™ TS125 

Transportation Package and railcar for shipment. This procedure may be performed in an area 

that is governed by 10CFR71, 10CFR72, or 10CFR50. 

1. Install the transportation cask tamper-indicating seals. While intact, these seals indicate that 

the package has not been opened by unauthorized persons, as shown on the drawings 

provided in Section 1.3.2 of this SAR. Assure that all features used to lift or handle the 

package are rendered inoperable, in accordance with 10CFR71.87(h). 

2. Using a checklist, perform a visual inspection of the installed transportation package, 

intermodal skid, and personnel barrier to assure that it is assembled correctly and that it is in 

an unimpaired physical condition. The visual inspection should include checking for cracks 

on the intermodal skid main beam web-to-flange welds and the beam webs, and checking the 

tie-down structure for any signs of distortion or failure.

NOTE:  The tie-down structure includes the entire load path from the package to the main 

structural elements of the railcar. The inspection of the intermodal skid components may be 

performed prior to loading the transportation package on the intermodal skid.

3. Using a checklist, perform a visual inspection of the railcar to assure that is structurally 

sound and in proper working order.

NOTE: The inspection of the railcar may be performed prior to loading the transportation 

package onto the railcar. 

4. If not already performed, perform a radiation survey of the transportation package to assure 

the requirements of 10CFR71.87(j) and 49CFR173.441 are satisfied. 

5. Assure that the temperature of the accessible surfaces of the package do not exceed the limits 

specified in 10CFR71.43(g). 
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6. Assure that all documentation required to show that the transportation cask has been loaded 

and closed appropriately has been completed in compliance with 10CFR71.87(a) and (f). 

Note: Prior to shipment, verify the serial number of the sealed canister and review the 

associated canister fuel loading records to assure that the SNF assemblies meet the 

requirements contained in the C of C.

7. Inspect the transportation package nameplate (permanent labeling) to assure that it is not 

obstructed from view or degraded, and that all the information required by 10CFR71.85 is 

clear and legible. 

8. Complete all necessary shipping papers in accordance with the applicable requirements of 

49CFR172, Subpart C.
10

 These include the 10CFR71.91, 10CFR71.95 and 10CFR71.97 

requirements for records, reports, and advanced notification, respectively. 

NOTE:  ANSI 14.10 and NRC regulatory Guides 7.1, 7.2 and 7.3 provide additional guidance 

in preparing the appropriate documentation. 

9. Assure that all package markings are in accordance with the applicable requirements of 

49CFR172, Subpart D.

10. Assure that all package labeling is in accordance with the applicable requirements of 

49CFR172, Subpart E. Attach the shipment-specific label to the package and conveyance 

which has the necessary shipment information including the payload description, in 

accordance with 49CFR173.444 and 49CFR173.471. Remove any old labels from previous 

shipments. 

11. Assure that all placarding is in accordance with the applicable requirements of 49CFR172, 

Subpart F. Placards should be secured to prevent loss or degradation during transport. 

12. Prior to shipment, provide 7-day advanced notification to the governor(s) of the state(s) 

through which the transportation package will be transported in accordance with 

10CFR71.97.

13. Before the transportation package is released to the carrier for transport, the licensee must 

assure that the procedures for opening the package have been forwarded to the consignee 

receiving the package, in accordance with Section 7.2 and 10CFR71.89. 

14. Before the transportation package is released to the carrier for transport, the licensee must 

provide the shipper with written instructions delineating the special controls that are required 

during shipment. These include the radiation controls required for an exclusive use shipment, 

and response to an accident or delay during shipment, in accordance with 10CFR71.35(c), 

10CFR71.47(c), and 10CFR71.47(d). 

15. Implement the necessary licensed material safeguards and traceability measures required 

during shipment, in accordance with 10CFR73. 

16. Release the transportation package to the carrier for shipment to the consignee. 

10 Title 49, Code of Federal Regulations, Part 172 (49CFR172), Hazardous Materials Table, Special Provisions, 

Hazardous Materials Communications, Emergency Response Information, and Training Requirements, 

U.S. Department of Transportation, October 2004. 
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17. As required by 10CFR71.95, report any incidents that occur during shipment which result in 

a significant reduction of the package effectiveness, any defects with safety significance 

found after the first use of a package, any loss or theft of licensed material, or any exposure 

to personnel or to the public above the applicable regulatory limits. 

18. Proceed to Section 7.2 and complete the noted operations for package unloading. 
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Table 7.1-1  -  NUREG-1617 Operating Procedures Review and 

Package Loading Criteria Cross-Reference Matrix (2 pages)

Applicable
10CFR71

Requirement Description

FuelSolutions™
WSNF-120

Section Comments 

§31(c) Identify established codes and standards 

applicable to the criticality design. 

6.0 - 

§35(c) For fissile material shipments, include any 

proposed special controls and precautions 

for transport, loading, unloading, and 

handling and any proposed special controls 

in case of accident or delay. 

7.1.8 - 

§43(g) Package must be prepared for transport so 

that in still air at 38 C (100 F) and in shade, 

no accessible surface of a package would 

have a temperature exceeding 85 C (185 F)

in an exclusive-use shipment. 

7.1.10 On the surface of the 

personnel barrier and 

impact limiters. 

§47(b), (c), 

& (d) 

Packages requiring exclusive-use shipment 

because of external radiation levels must be 

controlled by written instructions to the 

carrier.

7.1.10 - 

§87(a) Before each shipment, the package must be 

verified to be proper for the contents to be 

shipped. 

7.0 -

§87(b) Before each shipment, the package must be 

verified to be in unimpaired physical 

condition except for superficial defects such 

as marks or dents. 

7.1.3 - 

§87(c) Before each shipment, each closure device 

of the package, including any specified 

gasket, must be verified to be properly 

installed and secured and free of defects. 

7.1.3

7.1.7

-

§87(d) Before each shipment, any system for 

containing liquid must be verified to be 

adequately sealed and to have space or other 

specified provision for expansion of the 

liquid. 

N/A There are no components 

that contain liquid during 

transportation. 

§87(e) Before each shipment of licensed material, 

any pressure relief device must be verified 

to be operable and properly set. 

7.1.3 Neutron shield cavity only. 

There are no pressure relief 

devices for the 

containment boundary. 

§87(f) Before each shipment, a verification must be 

made to ensure that the package has been 

loaded and closed appropriately. 

7.1.7

7.1.10

-
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Table 7.1-1  -  NUREG-1617 Operating Procedures Review and 

Package Loading Criteria Cross-Reference Matrix (2 pages)

Applicable
10CFR71

Requirement Description

FuelSolutions™
WSNF-120

Section Comments 

§87(g) Before each shipment of fissile material, a 

verification must be made to ensure that any 

moderator or neutron absorber, if specified, 

is present and in proper condition. 

Section 8 of the 

respective

FuelSolutions™

Canister 

Transportation 

SAR

The FuelSolutions™ 

canister baskets only have 

fixed (unremovable) 

neutron absorbers that are 

verified to be in place 

during fabrication and on-

site receipt inspections.(1)

§87(h) Before each shipment, any structural part of 

the package that could be used to lift or to 

tie-down the package during transport must 

be rendered inoperable for the purpose 

unless it satisfies the design requirements of 

10CFR71.45. 

7.1.9 -

§87(i) Before each shipment, the level of non-fixed 

(removable) radioactive contamination on 

the external surfaces of each package 

offered for shipment must be ALARA, and 

within the limits specified in 

49CFR173.443. 

7.1.3

7.1.7

7.1.10

-

§87(j) External radiation levels around the package 

and around the vehicle, if applicable, will 

not exceed the limits specified in 

10CFR71.47. 

7.1.10 - 

§87(k) Accessible package surface temperatures 

will not exceed the limits specified in 

10CFR71.43(g) at any time during 

transportation. 

7.1.10 On the surface of the 

personnel barrier and 

impact limiters, except 

during HAC fire. 

§89 Before delivery of a package to a carrier for 

transport, the licensee must send or make 

available any special instructions needed to 

safely open the package to the consignee for 

the consignee’s use in accordance with 

10CFR20.1906. 

7.1.10 - 

Notes:
(1) For canisters loaded using the TS125 Transportation Cask and directly shipped off-site, on-site receipt 

inspection requirements are discussed in Chapter 8 of the respective FuelSolutions™ Canister Transportation 

SAR. The acceptance tests and maintenance program for FuelSolutions™ canisters that are placed in on-site 

storage prior to off-site shipment are contained in Chapter 9 of the respective FuelSolutions™ Canister Storage 

FSAR.
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Figure 7.1-1  -  Transportation Cask Placement Onto and 

Removal from Railcar 
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Figure 7.1-2  -  Horizontal Canister Transfer from Transfer Cask to 

Transportation Cask 
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Figure 7.1-3  -  Vertical Canister Transfer from Transfer Cask to 

Transportation Cask 
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7.2 Procedures for Unloading Package 

The procedures in this section demonstrate the ability of the FuelSolutions™ Transportation 

System to comply with the unloading procedure requirements in 10CFR71.35(c), and the 

ALARA requirements of 10CFR20.1101 and 10CFR20.1906. Since the FuelSolutions™ SFMS 

is a canister-based system, the most likely scenario for unloading a FuelSolutions™ TS125 

Transportation Package at a centralized receiving facility is placement of the FuelSolutions™ 

canister in a FuelSolutions™ W150 Storage Cask, via the FuelSolutions™ W100 Transfer Cask, 

to await disposition and final disposal of the SNF assemblies. Thus, the operational steps 

provided in this SAR section address this most likely operational scenario. 

It is desirable for the FuelSolutions™ TS125 Transportation Cask to “start clean and stay clean,” 

i.e., to be used only for transporting sealed canisters to avoid being exposed to contaminated 

spent fuel pool water. Opening a FuelSolutions™ canister and unloading the SNF assemblies 

from the canister inside the FuelSolutions™ TS125 Transportation Cask at a centralized 

receiving facility would typically be performed in a shielded hot cell or using a dry cask-to-cask 

transfer system. Since the procedures for shielded hot cell and dry cask-to-cask transfer 

operations are necessarily site-specific, they are not provided in this SAR. A FuelSolutions™ 

canister that is to be unloaded in a spent fuel pool is transferred either vertically or horizontally 

to the FuelSolutions™ W100 Transfer Cask prior to unloading. The associated procedures for 

canister opening, reflooding, and fuel assembly removal in the FuelSolutions™ W100 Transfer 

Cask are provided in Section 8.2.3 of the FuelSolutions™ Storage System FSAR.  

With the exception of removing the SNF assemblies from a FuelSolutions™ canister as 

discussed above, unloading the FuelSolutions™ TS125 Transportation Package is the reverse of 

many of the loading operations described in Section 7.1. Receiving and unloading the 

FuelSolutions™ TS125 Transportation Package following transport includes the following 

general processes, which are described further in subsequent sections. 

Removal of a FuelSolutions™ TS125 Transportation Cask from a railcar to a heavy-haul 

trailer, a horizontal transfer trailer, or directly into a fuel building. 

Removal of a FuelSolutions™ TS125 Transportation Cask from a railcar to a 

FuelSolutions™ horizontal transfer trailer. 

Horizontal transfer of a sealed FuelSolutions™ canister into a FuelSolutions™ W100 

Transfer Cask. 

Vertical transfer of a sealed FuelSolutions™ canister into a FuelSolutions™ W100 Transfer 

Cask.

Installation of a FuelSolutions™ TS125 Transportation Cask onto a railcar. 

As discussed in the beginning of this chapter, the licensee is responsible for the preparation of 

procedures for package unloading, following the guidance provided in NUREG/CR-4775. Prior 

to receiving the FuelSolutions™ transportation package from the carrier, detailed procedures 

must be prepared which include contingency procedures for the following atypical events: 

Any special controls and precautions to define the actions to be taken in the case of accident 

or delays. These may include the use of specialized equipment for safely handling, opening 
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and unloading the contents of a transportation package that is in an impaired condition. 

These may also include provisions for the safe removal of, if any, fission gases and solid 

contaminants. 

The actions to be taken when the tamper indicating device is not intact, including notification 

of the proper authorities. 

The actions to be taken when the surface contamination or radiation survey levels do not 

meet regulatory requirements. Measures to mitigate radiation to within the applicable 

regulatory limits during unloading. 

7.2.1 Receiving and Moving a Loaded FuelSolutions  TS125 

Transportation Package 

The following procedures describe the major steps to receive a FuelSolutions™ TS125 

Transportation Package and move the transportation package or cask from a railcar in any one of 

the three ways shown in Figure 7.1-1. The operations that are common to all three include the 

following:

1. Perform Steps 1 through 5 in Section 7.1.1 to receive the transportation package from the 

carrier.

2. If the receiving facility has direct rail access and adequate crane capacity, and the 

transportation cask is to be upended and removed from the railcar/intermodal skid, proceed 

to Section 7.2.1.4 

3. If the transportation package and intermodal skid are to be lifted and moved horizontally to a 

heavy-haul trailer for intermodal transport, go to Section 7.2.1.1 and complete the noted 

operations.

4. If the transportation cask and intermodal skid are to be lifted and moved horizontally to a 

heavy-haul trailer, go to Section 7.2.1.2 and complete the noted operations. 

5. If the transportation cask is to be lifted and moved horizontally to a FuelSolutions

horizontal transfer trailer, go to Section 7.2.1.3 and complete the noted operations. 

7.2.1.1 Moving a FuelSolutions  TS125 Transportation Package and Intermodal 

Skid from a Railcar to a Heavy-Haul Trailer 

The following steps assume that a loaded transportation package and intermodal skid are being 

moved from a railcar to a heavy-haul trailer at a railroad siding away from the receiving facility 

site in an area that is governed by 10CFR71. These steps may also be used to move a loaded 

transportation package and intermodal skid to a heavy-haul trailer at a railroad siding outside the 

receiving facility in an owner-controlled area governed by 10CFR50 and/or 10CFR72. 

1. Perform Steps 1 through 11 in Section 7.1.1.1.

2. If the transportation cask is to be upended and removed from the intermodal skid, proceed to 

Section 7.2.1.4 and complete the noted operations. 

3. If the transportation cask is to remain on the intermodal skid, proceed to Section 7.2.2 and 

complete the noted operations. 
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7.2.1.2 Moving a FuelSolutions  TS125 Transportation Cask and Intermodal 

Skid from a Railcar to a Heavy-Haul Trailer 

The following alternative steps assume that the loaded transportation cask and intermodal skid 

are being moved to a heavy-haul trailer at a railroad siding outside the receiving facility in an 

owner-controlled area that is governed by 10CFR50 and/or 10CFR72. These steps cannot be 

used to move a loaded transportation cask and intermodal skid to a heavy-haul trailer at a 

railroad siding away from the reactor site in an area governed by 10CFR71. 

1. Perform Steps 1 through 10 in Section 7.1.1.2. 

2. If the transportation cask is to be upended and removed from the intermodal skid, proceed to 

Section 7.2.1.4 and complete the noted operations. 

3. If the transportation cask is to remain on the intermodal skid, proceed to Section 7.2.2 and 

complete the noted operations. 

7.2.1.3 Moving a FuelSolutions  TS125 Transportation Cask from a Railcar to a 

FuelSolutions  Horizontal Transfer Trailer 

The following steps assume that a loaded transportation cask is being moved from a railcar to the 

horizontal transfer trailer at a railroad siding outside the receiving facility in an owner-controlled 

area that is governed by 10CFR50 and/or 10CFR72. These steps cannot be used to move a 

loaded transportation cask to the horizontal transfer trailer at a railroad siding away from the 

reactor site in an area governed by 10CFR71. 

1. Perform Steps 1 through 14 of Section 7.1.1.3. 

2. Proceed to Section 7.2.2 and complete the noted operations. 

7.2.1.4 Removing a FuelSolutions  TS125 Transportation Cask from a Railcar 

The following steps assume that a loaded transportation cask is being removed from the 

intermodal skid on a railcar or a heavy-haul trailer inside the receiving facility or in an owner-

controlled area that is governed by 10CFR50 and/or 10CFR72. These steps cannot be used to 

remove a loaded transportation cask from the intermodal skid on a railcar or a heavy-haul trailer 

away from the reactor site in an area governed by 10CFR71. 

1. Perform Steps 1 through 19 in Section 7.1.2.1. 

2. Proceed to Section 7.2.2 and complete the noted operations. 

7.2.2 Preparation of a FuelSolutions™ TS125 Transportation Cask for 

Canister Transfer 

Prior to either horizontal or vertical transfer of a FuelSolutions™ canister from a 

FuelSolutions™ TS125 Transportation Cask to a FuelSolutions™ W100 Transfer Cask, perform 

the following operations to prepare the transportation cask.

1. Survey the external surfaces of the transportation cask to assure that the level of non-fixed 

(removable) radioactive contamination is within the limits specified in 49CFR173.443 and 

decontaminate as required. 
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2. If an off-normal event or condition occurred during shipment of the transportation package 

that could have resulted in apparent or suspected damage to the transportation cask, canister 

or fuel cladding, and the potential for fission gas or other radioactive materials in the cask 

cavity exists, complete Steps 3 through 7 below. Otherwise proceed to Step 8. 

3. Remove the closure lid vent port cover and install the vent/test port tool on the vent port, as 

shown in Figure 7.4-2. 

4. Connect a vacuum pump and a gas sampling radiation detector to the vent/test port tool (not 

shown). Route the vacuum pump discharge to a suitable radwaste system. 

5. Use the vent/test port tool to open the vent port seal gland, as shown in Figure 7.4-2. 

6. Using the vacuum pump, evacuate the transportation cask cavity while sampling the cask 

cavity atmosphere for the presence of fission gases or other radioactive materials. 

7. If fission gases are detected, close the vent port seal gland, as shown in Figure 7.4-2, and 

notify the cognizant management representative. Await further instructions before 

proceeding. If radiation is not detected, proceed with the subsequent operations. 

8. Remove the closure bolts from the transportation cask closure lid. 

NOTE: A temporary work platform may be required for steps 8 and 9.

9. Attach a suitable crane and lifting device to the transportation cask closure lid and set it on a 

stand or cribbing to protect its sealing surfaces.

NOTE:  If the cask closure lid is removed with the cask in the vertical orientation, rigging 

and handling operations must comply with the facility’s NUREG-0612/ANSI N14.6 

commitments.

10. Verify the date on the canister nameplate located on the outer closure plate and record the 

canister serial number. 

11. If a sealed canister is to be transferred horizontally to a transfer cask, go to Section 7.2.3.1 

and complete the noted operations. 

12. If a sealed canister is to be transferred vertically to a transfer cask, go to Section 7.2.3.2 and 

complete the noted operations. 

7.2.3 Transferring a Loaded FuelSolutions  Canister from the TS125 

Transportation Cask to a FuelSolutions™ W100 Transfer Cask 

The following procedures describe the major steps to transfer a FuelSolutions™ canister from a 

FuelSolutions™ TS125 Transportation Cask to a FuelSolutions™ W100 Transfer Cask, either 

horizontally or vertically. These steps are similar to the operations shown in Figure 7.1-2 and 

Figure 7.1-3, respectively. 

7.2.3.1 Horizontal Canister Transfer from a FuelSolutions™ TS125 

Transportation Cask to a FuelSolutions™ W100 Transfer Cask 

The following procedure describes the major steps for horizontally transferring a loaded 

FuelSolutions™ canister from a FuelSolutions™ TS125 Transportation Cask to a 

FuelSolutions™ W100 Transfer Cask, an operation similar to the one shown in Figure 7.1-2. 
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These operations must be performed in an owner-controlled area that is governed by 10CFR50 

and/or 10CFR72 and cannot be performed away from the reactor site in an area governed by 

10CFR71. The following procedure assumes that the transfer cask has been properly secured to 

the horizontal transfer trailer and staged for horizontal canister transfer in accordance with the 

applicable operating procedures described in the FuelSolutions™ Storage System FSAR. For 

some canisters, such as the VSC-24 MSB, transfer operations are performed only in the vertical 

operation, as described in Section 7.2.3.2. 

1. Stage the loaded transportation cask for horizontal canister transfer by performing the steps 

outlined in Section 7.1.5.1. 

2. Align and dock the transfer cask with the transportation cask by performing the steps 

outlined in Section 7.1.5.2. 

3. Transfer the canister from the transportation cask to the transfer cask by performing the 

operations outlined in Section 7.1.5.3 (pulling rather than pushing with the hydraulic ram). 

7.2.3.2 Vertical Canister Transfer from a FuelSolutions™ TS125 Transportation 

Cask to a FuelSolutions™ W100 Transfer Cask 

The following procedure describes the major steps for vertically transferring a loaded 

FuelSolutions™ canister from a FuelSolutions™ TS125 Transportation Cask to a 

FuelSolutions™ W100 Transfer Cask, an operation similar to the one shown in Figure 7.1-3. 

These operations must be performed inside the plant’s fuel building or cask handling facility that 

is governed by 10CFR50 and/or 10CFR72 and cannot be performed away from the reactor site in 

an area governed by 10CFR71. The following procedure assumes that the transfer cask has been 

prepared and staged for vertical canister transfer in accordance with the applicable operating 

procedures described in the FuelSolutions™ Storage System FSAR. 

1. Install the docking collar onto the transportation cask using a sling and a fuel building crane. 

NOTE:  Protect the sealing surfaces of the transportation cask top ring forging flange and 

closure lid at all times.

2. Reconnect the cask lifting yoke with the hook of the fuel building crane. Engage the lifting 

yoke with the transfer cask’s lifting trunnions.

3. With the transfer cask’s bottom cover bolts removed, lift the transfer cask just far enough to 

allow the weight of the transfer cask to be distributed onto the yoke lifting arms. Inspect the 

lifting arms to assure that they are properly positioned on the trunnions. Continue lifting the 

transfer cask, leaving the bottom cover behind. 

4. Move the transfer cask from the decontamination area to the plant’s cask receiving bay. 

NOTE:  Horizontal movement of the cask should always be in a direction perpendicular to 

the plane of the trunnions. This assures that if the cask inadvertently impacts an object, the 

cask will rotate about the lifting trunnions and remain engaged with the lifting yoke. 

5. Position the transfer cask above the docking collar on the transportation cask. 

6. Run out the chain from the canister vertical lift fixture down through the transfer cask cavity 

until the connector reaches the adapter for the canister vertical lift fixture. 
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7. Using long-handled tools, connect the canister vertical lift fixture to the vertical lift fixture 

adapter on the canister using the connecting pins. 

CAUTION: Personnel should never reach into the area between the transportation cask 

and transfer cask to connect the vertical lift fixture chain to the adapter for the canister 

vertical lift fixture.

8. Visually verify the alignment of the transfer cask with the docking collar on the 

transportation cask (i.e., match the alignment marks on the docking collar, transfer cask, and 

transportation cask). Lower the transfer cask onto the docking collar. 

NOTE: Care should be taken to protect the sealing surfaces of the transfer cask’s bottom 

cover and flange.

9. With the canister vertical lift fixture, take up the slack in the chain, verifying that the chain is 

tensioned. Lift the canister a small amount to assure proper engagement. 

10. Raise the canister into the transfer cask using the canister vertical lift fixture. Once this task 

is completed, lock out the controls for the canister vertical lift fixture. 

NOTE:  Canister transfers between casks should be continuously monitored by health 

physicists/radiation control technicians to assure that unexpected radiation fields are not 

experienced. The health physicist/radiation control technician should monitor and control 

operator stay time and perform constant air monitoring, as required in plant-specific 

operating procedures. Temporary shielding may be used to lower personnel radiation 

exposures. Shielding should be installed in accordance with plant-specific procedures.

11. Disengage the loaded transfer cask from the transportation cask. If necessary, remove the 

cask restraints from the transfer cask’s lower trunnions and docking collar. 

12. Move the transfer cask/canister from the plant’s cask receiving bay to the cask 

decontamination area and set the cask down. 

13. Check the radiation levels near the mid-plane (midpoint) of the transfer cask to assure that 

dose rates are below the maximum expected values, in accordance with plant-specific 

procedures and ALARA requirements. If the radiation levels exceed these values, notify the 

cognizant management representative. Await further instructions before proceeding. If 

radiation levels are acceptable, proceed. 

14. Disengage the lifting yoke from the cask receiving bay crane. 

Note:  Provide temporary support for the lifting yoke’s strongback and the canister vertical 

lift fixture.

15. Downend the empty transportation cask onto the intermodal skid by performing the steps 

outlined in Section 7.1.8.1 and remove the railcar or heavy-haul trailer from the cask 

receiving bay. 
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7.3 Preparation of Empty Package for Transport 

A previously used
11

 and empty FuelSolutions™ TS125 Transportation Cask is to be prepared for 

transport in accordance with the requirements of 49CFR173.427 and 49CFR173.443. These 

requirements include labeling of the packaging as “empty” and specifying the maximum level of 

internal contamination that is permitted. The following sections describe the basic operating 

steps to prepare the used and empty transportation package after a canister has been unloaded 

from the FuelSolutions™ TS125 Transportation Cask. 

7.3.1 Preparation of an Empty FuelSolutions™ TS125 Transportation 

Cask for Transport on a Railcar or Heavy-Haul Trailer  

Perform the following operations to prepare a used and empty, vertical transportation cask for 

transport by heavy-haul trailer or railcar. 

1. Downend the empty FuelSolutions  TS125 Transportation Cask on the intermodal skid a 

heavy-haul trailer (or railcar) by performing Steps 1 through 20 of Section 7.1.8.1. 

2. If the transportation cask closure lid is in place, remove its closure bolts. 

3. As necessary, using a suitable crane and lifting device, remove the transportation cask 

closure lid and set it on a stand or cribbing to provide access to its double O-ring seal 

surface.

4. Survey the interior and external surfaces of the transportation cask to assure that the level of 

non-fixed (removable) radioactive contamination is within the limits specified in 

49CFR173.428 and 49CFR173.443. Decontaminate the empty package, as required. 

5. Clean the empty transportation cask as necessary to comply with the ASME/ANSI NQA-1 

cleanliness standards. 

6. Visually examine accessible surfaces within the transportation cask cavity and closure lid 

for damage or debris that prevents proper loading of the canister or sealing of the cask 

closure lid in compliance with 10CFR71.87(b). 

7. Using a suitable crane and lifting device, install the transportation cask closure lid and re-

torque the closure bolts snug-tight. Install the closure bolts and tighten to an AISC “snug 

tight” condition using a repeated star pattern as shown on the drawings in Section 1.3.2 of 

this SAR. 

NOTE:  Protect the sealing surfaces of the transportation cask top ring forging flange and 

closure lid at all times.

8. Stage the impact limiters and their attachment hardware, the personnel barriers, and any 

loose intermodal skid or cask tie-down hardware. Visually inspect these items to assure that 

they are not degraded or damaged. 

9. As required, install the two intermodal skid tie-down rings to secure the transportation cask 

onto the intermodal skid. 

11 Used means exposed to radioactive materials, such as immersion in a spent fuel pool. 
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10. Install the impact limiters on the ends of the transportation cask, taking care to align the 

impact limiter attachment stud holes with the threaded counterbores in the cask tie-down 

rings.

11. Install the impact-limiter-to-transportation-cask attachment studs and tighten to the torque 

specified on the drawings in Section 1.3.2 of this SAR. Install the impact limiter attachment 

washers and nuts and tighten using a repeated star pattern to the torque specified on the 

drawings in Section 1.3.2 of this SAR. 

12. Install the personnel barrier to restrict access to the transportation cask exterior surface. The 

personnel barrier satisfies the requirements of 10CFR71.43(g) and 10CFR71.87(k). 

7.3.2 Preparing the Empty FuelSolutions™ TS125 Transportation 

Package and Railcar for Transport 

The following steps required to prepare the FuelSolutions™ TS125 Transportation Package and 

railcar for shipment may be performed in an area that is governed by 10CFR71, 10CFR72 or 

10CFR50.

1. Perform Steps 1 through 4 of Section 7.1.10. 

2. Perform Steps 6 through 17 of Section 7.1.10. 
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7.4 Appendix 

7.4.1 Assembly Verification Leak Test 

This section provides the procedure for the assembly preshipment leakage rate test of the 

FuelSolutions™ TS125 Transportation Cask containment prior to shipment. The vent port and 

drain ports, shown in Figure 1.2-5 and Figure 7.4-1 comprise the only penetrations in the 

containment boundary. The closure lid and the vent and drain port penetrations are designed to 

provide “leaktight” sealing capability. The seals for the closure lid, and the vent and drain port 

plug assemblies are metal O-rings which must be replaced after each use. The closure lid seal 

test port does not penetrate the containment boundary since it penetrates the lid outboard of the 

closure lid containment seal, and thus, does not include a port plug assembly. A protective port 

cover with an elastomeric O-ring is provided for the cask penetrations. The port cover O-rings 

need not be leak tested since they are not containment seals. 

ANSI N14.5, Section 2.1 defines leaktight as a leakage rate of less than or equal to 

1 × 10
-7

 ref-cm
3
/s of air or, equivalently, 2 × 10

-7
 ref-cm

3
/s of helium, at an upstream pressure of 

1 atmosphere (atm) absolute (abs) and a downstream pressure of 0.01 atm abs or less. The 

preshipment leakage rate test of the transportation cask is performed using the Evacuated 

Envelope method of ANSI N14.5, Section A.5.4. Accordingly, for leak testing to be acceptable, 

the leak detector must have a sensitivity sufficient to detect a leak rate of 5 × 10
-8

 ref-cm
3
/s of air 

or, equivalently, 1 × 10
-7

 ref-cm
3
/s of helium per ANSI N14.5, Section 8.4. 

The leak tests are performed with the FuelSolutions™ TS125 Transportation Cask loaded with a 

sealed canister and the cask cavity backfilled with helium to 1.0 + 0.1, -0.0 atm abs. The space 

between the closure lid O-ring seals and the outside of the vent and drain port assembly O-ring 

seals is evacuated and sampled to assure no helium is present, in accordance with the guidelines 

of ANSI N14.5, Section A.5.4. Following installation and leak testing, the vent, drain and test 

ports are configured for transport as shown in Figure 7.4-3. 

The following procedure steps are intended to meet the requirements of ANSI N14.5 for 

preshipment leakage testing of the FuelSolutions™ TS125 Transportation Package containment 

boundary. Other alternative approaches are acceptable as long as they meet the requirements of 

ANSI N14.5 for preshipment leakage testing. Vacuum grease may be used on the O-ring seals, 

provided it has been evaluated in accordance with NRC Bulletin 96-04 and found to be 

acceptable.

7.4.1.1 Closure Lid Outer Seal Testing 

Note: ANSI N14.5, Section A.3.2 contains requirements for packages that have two concentric 

O-ring seals where only one seal (the inner seal in this case) is relied upon for containment and 

the other seal (the outer seal in this case) as a means of establishing an interspace for leak 

testing. The later seal should not be evaluated simultaneously with the containment seal. 

Therefore, a test of the closure lid outer seal is performed in accordance with ANSI N14.5, 

Section A.5.9 prior to performing the ANSI N14.5, Section A.5.4 leak tests for the transportation 

package containment system. 
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1. If not already installed, install the cask closure lid per Steps 1 through 8 of Section 7.1.7. 

2. If not already removed, remove the transportation cask closure lid test port cover and in its 

place, install a clean (helium-free) vent/test port tool, as shown in Figure 7.4-2. 

3. In parallel with separate isolation valves, connect a vacuum pump and a calibrated helium 

mass spectrometer leak detector to the vent/test port tool (not shown). 

4. Open both isolation valves. Using the vacuum pump, evacuate the closure lid O-ring seal 

interspace to a vacuum pressure of 7 torr or less (< 0.01 atm abs = 7.6 torr). 

5. Close the vacuum pump isolation valve and monitor the vacuum pressure to assure that it 

remains at 7 torr or less for ten minutes to assure that no inleakage is occurring. 

Note:  If this vacuum pressure cannot be held, check the vent/test port tool and the vacuum 

pump fittings and seals for leaks. If necessary, these areas may be sprayed with helium and 

the helium leak detector used to isolate any leaks. Repair and/or replace any leaking 

equipment, and repeat the prerequisite procedure steps before proceeding further. 

6. Set the sensitivity of the helium leak detector to 1 × 10
-6

 ref-cm
3
/s and operate the helium 

leak detector per the manufacturer’s instructions. 

7. Continue to monitor the vacuum pressure to assure that it remains at 7 torr or less. 

8. Spray the perimeter of the closure lid/top forging ring interface with a source of 99.995% 

pure compressed helium gas. 

9. If helium is detected or the prescribed vacuum cannot be held, recheck the equipment for 

leaks and proper operation. If the equipment is functioning properly, remove the cask closure 

lid and inspect the O-ring seals and sealing surfaces. Replace both of the O-ring seals and 

reinstall the closure lid per Steps 1 through 8 of Section 7.1.7. Repeat the prerequisite 

procedure steps until the cask closure lid outer test seal meets the leak rate acceptance 

criteria.

10. Remove the vent/test port tool. 

7.4.1.2 Drain Port Leak Testing 

1. If not already removed, remove the vent port cover. 

2. If not already installed, install the vent port plug assembly with an unused O-ring seal and 

tighten to the torque value specified on the drawing in Section 1.3.2. 

3. If not already removed, remove the drain port cover. 

4. If not already installed, install the drain port plug assembly with an unused O-ring seal and 

hand-tighten.

5. Install a clean (helium-free) vent/test port tool on the drain port, as shown in Figure 7.4-2. 

6. In parallel with separate isolation valves, connect a vacuum pump and a source of 99.995% 

pure compressed helium gas to the vent/test port tool (not shown). Close the helium gas 

isolation valve. 

7. Use the vent/test port tool to open the drain port seal gland, as shown in Figure 7.4-2. 
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8. Open the vacuum pump isolation valve. Using the vacuum pump, evacuate the 

transportation cask cavity to a vacuum pressure of 7 torr or less to remove the air. 

Note:  Seven torr is selected to assure that sufficient air has been removed from the cask 

cavity prior to backfill so that the resulting helium tracer gas partial pressure is at least 

10% of the total pressure in accordance with ANSI N14.5, and to provide adequate helium 

for heat removal in accordance with Chapter 3 of this SAR.

9. Close the vacuum pump isolation valve and monitor the vacuum pressure to assure that it 

remains at 7 torr or less for ten minutes to assure that no inleakage of air is occurring and 

that sufficient air has been removed from the cask cavity. 

Note:  If this vacuum pressure cannot be held, check the vent/test port tool, the vacuum 

pump fittings, and the vent port plug assembly for leaks before proceeding further. If 

necessary, these areas may be sprayed with helium and the helium leak detector used to 

isolate any leaks. Repair and/or replace any leaking equipment, and repeat the prerequisite 

procedure steps before proceeding further. 

10. Open the helium gas isolation valve and allow the transportation cask cavity to fill with 

helium gas until a steady-state pressure of 1.0 + 0.1, -0.0 atm abs is achieved. Close the 

helium gas isolation valve. 

11. Tighten the drain port plug assembly to the torque value specified on the drawings in 

Section 1.3.2 using the vent/test port tool as shown in Figure 7.4-2. 

12. Remove the helium bottle and install a calibrated helium mass spectrometer leak detector 

(not shown). Open the associated isolation valve. 

13. Open the vacuum pump isolation valve. Using the vacuum pump, evacuate the vent/test port 

tool to a vacuum pressure of 7 torr or less (< 0.01 atm abs = 7.6 torr). 

14. Close the vacuum pump isolation valve and monitor the vacuum pressure to assure that it 

remains at 7 torr or less. 

15. Set the sensitivity of the helium leak detector to 1 × 10
-7

 ref-cm
3
/s and operate the helium 

leak detector per the manufacturer’s instructions to sample the evacuated vent/test port tool 

for the presence of helium. 

16. If helium is detected or the prescribed vacuum cannot be held, recheck the equipment for 

leaks and proper operation. If the equipment is functioning properly, remove the drain port 

plug assembly and inspect the O-ring seals and sealing surfaces. Replace the O-ring seal and 

reinstall the drain port plug assembly. Repeat the prerequisite procedure steps until the drain 

port plug assembly meets the leak rate acceptance criteria. 

17. Remove the vent/test port tool and install the transportation cask drain port cover to protect 

the drain port plug assembly, as shown in Figure 7.4-1.  

7.4.1.3 Vent Port Leak Testing 

1. Install a clean (helium-free) vent/test port tool on the vent port, as shown in Figure 7.4-2. 

2. In parallel with separate isolation valves, connect a vacuum pump and a calibrated helium 

mass spectrometer leak detector to the vent/test port tool (not shown) 
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3. Open both isolation valves. Using the vacuum pump, evacuate the vent/test port tool to a 

vacuum pressure of 7 torr or less. 

4. Close the vacuum pump isolation valve and monitor the vacuum pressure to assure that it 

remains at 7 torr or less for ten minutes to assure that no inleakage is occurring. 

Note:  If this vacuum pressure cannot be held, check the vent/test port tool and the vacuum 

pump fittings and seals for leaks. If necessary, these areas may be sprayed with helium and 

the helium leak detector used to isolate any leaks. Repair and/or replace any leaking 

equipment, and repeat the prerequisite procedure steps before proceeding further. 

5. Continue to monitor the vacuum pressure to assure that it remains at 7 torr or less. 

6. Set the sensitivity of the helium leak detector to 1 × 10
-7

 ref-cm
3
/s and operate the helium 

leak detector per the manufacturer’s instructions to sample the evacuated vent/test port tool 

for the presence of helium. 

7. If helium is detected or the prescribed vacuum cannot be held, recheck the equipment for 

leaks and proper operation. If the equipment is functioning properly, remove the vent port 

plug assembly and inspect the O-ring seals and sealing surfaces. Replace the O-ring seal and 

reinstall the vent port plug assembly. Repeat the prerequisite procedure steps until the vent 

port plug assembly meets the leak rate acceptance criteria. 

8. Remove the vent/test port tool and install the transportation cask vent port cover to protect 

the vent port plug assembly, as shown in Figure 7.4-1. 

7.4.1.4 Closure Lid Containment Seal Leak Testing 

1. If not already removed, remove the transportation cask closure lid test port cover and in its 

place, install a clean (helium-free) vent/test port tool, as shown in Figure 7.4-2. 

2. In parallel with separate isolation valves, install the vacuum pump and the helium leak 

detector (not shown) to the transportation cask test/vent port tool. 

3. Open the vacuum pump isolation valve. Using the vacuum pump, evacuate the vent/test port 

tool to a vacuum pressure of 7 torr or less. 

4. Close the vacuum pump isolation valve and monitor the vacuum pressure to assure that it 

remains at 7 torr or less. 

5. Close the vacuum pump isolation valve and monitor the vacuum pressure to assure that it 

remains at 7 torr or less for ten minutes and that no inleakage is occurring. 

Note:  If this vacuum pressure cannot be held, check the vent/test port tool and the vacuum 

pump fittings and seals for leaks. If necessary, these areas may be sprayed with helium and 

the helium leak detector used to isolate any leaks. Repair and/or replace any leaking 

equipment, and repeat the prerequisite procedure steps before proceeding further. 

6. Set the sensitivity of the helium leak detector to 1 × 10
-7

 ref-cm
3
/s and operate the helium 

leak detector per the manufacturer’s instructions to sample the evacuated vent/test port tool 

for the presence of helium. 

7. If helium is detected or the prescribed vacuum cannot be held, recheck the equipment for 

leaks and proper operation. If the equipment is functioning properly, remove the cask 
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closure lid and inspect the O-ring seals and sealing surfaces. Replace both of the O-ring 

seals and reinstall the closure lid per Steps 1 through 8 of Section 7.1.7. Repeat the 

prerequisite procedure steps until the cask closure lid containment O-ring seal is leak tight. 

8. Remove the vent/test port tool and install the closure lid seal test port cover. 
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Figure 7.4-1  -  Transportation Cask Vent and Drain Port Components 

(Closure Lid Seal Test Port Similar)
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Figure 7.4-2  -  Transportation Cask Vent and Drain Port 

Closure Operations (Closure Lid Seal Test Port Similar)
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Figure 7.4-3  -  Transportation Cask Vent, Drain and Seal Test Ports 

Configured for Transport 
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8. ACCEPTANCE TESTS AND MAINTENANCE PROGRAM 

This chapter summarizes the acceptance tests and maintenance program to be performed on the 

FuelSolutions™ TS125 Transportation Cask and its trunnions and impact limiters, which are the 

principal components of the FuelSolutions™ Transportation System that are classified as 

important to safety. The acceptance tests to be performed on each FuelSolutions™ canister, 

which are also principal components of the FuelSolutions™ Transportation System that are 

classified as important to safety, are contained in Chapter 9 of the respective FuelSolutions™ 

Canister Storage FSARs. The acceptance tests and maintenance programs to be performed on the 

FuelSolutions™ Transportation System support equipment will be in accordance with the 

fabrication specifications and maintenance manuals for this equipment. 

The following sections present the inspection and acceptance testing needed to demonstrate that 

the fabricated FuelSolutions™ TS125 Transportation Cask and its trunnions and impact limiters 

meet the design and code of construction requirements set forth in this SAR, prior to first use in 

accordance with 10CFR71.85.
 1
 In addition, the periodic maintenance programs describe the 

activities to be carried out to assure that these components are maintained in proper working 

condition, in order to continue to perform their intended functions delineated in this SAR. The 

fabrication specifications for these components will delineate the basis for acceptance testing 

activities during fabrication that clearly detail the test description, test procedures, and 

acceptance criteria, consistent with the codes and standards specified herein. The licensee shall 

develop detailed procedures for maintenance activities that clearly detail the associated 

inspections, testing, and acceptance criteria consistent with the codes and standards specified 

herein.

The term “preoperation,” used in the sections that follow relative to a transportation cask, refers 

to that period of time from completion of the receipt inspection of the FuelSolutions™ 

Transportation Cask until it is actually loaded with a FuelSolutions™ canister containing SNF 

assemblies. 

1 Title 10, Code of Federal Regulations, Part 71 (10CFR71), Packaging and Transportation of Radioactive 

Material, U.S. Nuclear Regulatory Commission, October 2004. 
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8.1 Acceptance Tests 

This section discusses the inspection and acceptance tests that are to be performed prior to first 

use of the FuelSolutions™ TS125 Transportation Cask, in accordance with 10CFR71.85. These 

inspections and tests provide assurance that the transportation cask and its trunnions and impact 

limiters are constructed and suitable for operation in accordance with the requirements set forth 

in this SAR. The inspections and acceptance testing to be performed are intended to demonstrate 

that the FuelSolutions™ Transportation System, using the FuelSolutions™ TS125 

Transportation Cask, has been fabricated in accordance with the design and code of construction 

requirements contained in Sections 1.1 and 2.1.2 of this SAR. 

These inspections and tests are also intended to demonstrate that the initial operation of the 

FuelSolutions™ Transportation System complies with the applicable regulatory requirements. 

Noncompliances encountered during the required inspections and tests performed for the 

transportation cask and its trunnions and impact limiters will be corrected or dispositioned to 

bring the item into compliance with this SAR and the associated C of C. This will be done in 

accordance with the EnergySolutions Spent Fuel Division QA Program, discussed in 

Section 1.3.1 of this SAR, or the licensee’s NRC-approved QA program. 

The FuelSolutions™ TS125 Transportation Cask and its trunnions and impact limiters are 

classified as important to safety. Individual transportation cask, trunnion, and impact limiter 

components, assemblies, and piece parts are required to be designed, fabricated, constructed, 

assembled, inspected, and tested to the quality standards commensurate with the item’s graded 

quality category. The quality categories for important to safety items are identified on the 

applicable drawings provided in Section 1.3.2 of this SAR.

The inspection and testing acceptance criteria applicable to a FuelSolutions™ TS125 

Transportation Cask and its trunnions and impact limiters are listed in Table 8.1-1 through 

Table 8.1-3 and are discussed further in the paragraphs that follow. These inspections and tests 

are intended to demonstrate that the transportation cask, trunnions, and impact limiters have been 

fabricated, constructed, and examined in accordance with the criteria contained in Section 1.1 of 

this SAR. Pre-operational testing is intended to demonstrate that the FuelSolutions™ TS125 

Transportation Cask, trunnions, and impact limiters interface properly with each other and other 

FuelSolutions™ Transportation System support equipment and will perform their intended 

operational functions described in Chapter 7 of this SAR. 
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Table 8.1-1  -  FuelSolutions™ TS125 Transportation Cask 

Inspection and Test Acceptance Criteria (4 pages)

Method of Verification 

Function Fabrication Preoperation Maintenance 

Visual

Inspection and 

Nondestructive 

Examination 

(NDE)

a) Assembly and examination of 

the containment boundary 

(inner shell, top and bottom 

forgings, closure lid and the 

associated welds) will be 

performed per ASME Code, 

Subsection WB,2 as defined in 

Section 1.1 of this SAR. 

b) Assembly and examination of 

the outer shell, trunnion 

mounting bosses, trunnions, 

shear block, tie-down rings, and 

neutron shield will be 

performed per ASME Code, 

Subsection NF,3 as defined in 

Section 1.1 of this SAR. 

c) NDE of weldments will be 

defined on drawings using 

standard AWS NDE symbols 

and/or notations. 

d) The weights of the cask body 

and closure lid will be verified 

in accordance with 

10CFR71.33. 

e) Cleanliness of the transportation 

cask will be verified on 

completion of fabrication per 

ASME NQA-1.4

f) Protection of the transportation 

cask at the completion of 

fabrication will be verified per 

ASME NQA-1. 

a) The transportation 

cask will be visually 

inspected prior to 

placement in service 

at the licensee’s 

facility, in 

accordance with 

10CFR71.85. 

b) Transportation cask 

cleanliness and 

exclusion of foreign 

material will be 

verified per ASME 

NQA-1 prior to 

placing in the spent 

fuel pool. 

c) Transportation cask 

preparation at the 

licensee’s facility 

will be verified in 

accordance with 

10CFR71.87. 

The transportation cask 

will be dimensionally 

and visually inspected 

and nondestructively 

examined per 

ANSI N14.6,5 paragraph 

6.3.1(b) during 

operation. 

2 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Division 3, 

Subsection WB, Class TP (Type B) Containment, 1998 Edition. 
3 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section III, Division 1, 

Subsection NF, Component Supports, 1998 Edition. 
4 ASME NQA-1, Quality Assurance Requirements for Nuclear Facility Applications, American Society of 

Mechanical Engineers, 1998. 
5 ANSI N14.6, Special Lifting Devices for Shipping Canisters Weighing 10,000 pounds (4,500 kg) or More,

American National Standards Institute, 1993. 
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Table 8.1-1  -  FuelSolutions™ TS125 Transportation Cask 

Inspection and Test Acceptance Criteria (4 pages)

Method of Verification 

Function Fabrication Preoperation Maintenance 

Structural and 

Pressure Tests 

a) Verification of structural 

materials will be performed and 

certified material test reports 

(CMTRs) obtained in 

accordance with the item’s 

quality category, per the 

drawings in Section 1.3.2 of this 

SAR.

b) Prior to neutron shield 

installation, a load test of the 

lifting trunnion mounting bosses 

will be performed during 

fabrication per ANSI N14.6. 

c) ASME Code WB-6000 pressure 

tests of all cask cavity 

containment boundary welds, 

plugs, and seals will be 

performed. 

None None 

Leak Tests a) Helium leak rate testing will be 

performed on all cask cavity 

containment boundary welds 

per ANSI N14.5.6

b) Helium leak rate tests of the 

cask cavity vent and drain port 

plug assemblies, and the closure 

lid seals will be performed 

during fabrication per 

ANSI N14.5. 

c) A hydrostatic pressure test will 

be performed on all neutron 

shield cavity pressure-retaining 

welds to assure they are water-

tight per ASME, Section VIII, 

Division 1, Part UG.7

None The leak tightness of the 

cask cavity vent and 

drain port plug 

assemblies, and the 

closure lid seals will be 

performed annually 

during operation per 

ANSI N14.5. 

6 ANSI N14.5, American National Standard for Radioactive Materials - Leakage Tests on Packages for Shipment,

American National Standard Institute, January 1997. 

7 American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section VIII, Division 1, 

Part UG, General Requirements for all Methods of Construction and All Materials, 1998 Edition. 
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Table 8.1-1  -  FuelSolutions™ TS125 Transportation Cask 

Inspection and Test Acceptance Criteria (4 pages)

Method of Verification 

Function Fabrication Preoperation Maintenance 

Component 

Testing 

Neutron shield pressure relief 

devices will be tested and certified 

by manufacturer at time of 

procurement per ASME, 

Section VIII, Division 1, 

Subsection UG. 

None Neutron shield pressure 

relief devices will be 

replaced annually during 

operation. 

Shielding 

Integrity 

a) Material verifications (lead 

gamma shield material, solid 

neutron shielding materials, 

shell plate, etc.) will be 

performed in accordance with 

the item’s quality category, per 

the drawings in Section 1.3.2 of 

this SAR. The required material 

certifications will be obtained. 

b) Special process controls will be 

invoked during pouring of lead 

gamma shield material in 

accordance with ASME

NQA-1.

c) A gamma scan test of the cast 

lead gamma shield will be 

performed to verify its thickness 

and the absence of unacceptable 

voids. 

d) Special process controls will be 

invoked during pouring of solid 

neutron shield material in 

accordance with ASME NQA-1. 

None None 

Thermal 

Acceptance

A thermal heat rejection test will be 

performed with the transportation 

cask in a horizontal orientation with 

an internal heat source capable of 

producing 22,000 watts suitably 

supported within the cask cavity 

following completion of assembly. 

None A thermal heat rejection 

test will be performed 

every 5 years during 

operation, if needed, to 

assure the continued 

thermal performance of 

the transportation cask. 

Criticality

Safety Tests 

See Section 9.1.4 of the respective 

FuelSolutions™ Canister Storage 

FSAR.

None None 
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Table 8.1-1  -  FuelSolutions™ TS125 Transportation Cask 

Inspection and Test Acceptance Criteria (4 pages)

Method of Verification 

Function Fabrication Preoperation Maintenance 

Cask 

Identification 

Inspection 

An identification plate will be 

placed on the transportation cask at 

completion of assembly per 

10CFR71.85(c). 

None. The identification plate 

will be periodically 

inspected per licensee 

procedures and will be 

repaired or replaced if 

damaged during 

operation. 

Functional 

Performance 

Tests

a) Pneumatic leak tightness testing 

of the annulus seal will be 

performed by the annulus seal 

manufacturer. 

b) External transportation cask 

surface finish and the neutron 

shield jacket coating will be 

inspected at completion of 

assembly. 

c) Alignment mark location 

verification inspections will be 

performed at completion of 

assembly. 

d) Fit-up test of transportation cask 

closure lid will be performed 

during fabrication. 

e) Fit-up tests of the lifting and 

rotation trunnions onto the cask 

body will be performed during 

fabrication. 

f) Fit-up tests of the transportation 

cask lifting trunnions with the 

transportation cask redundant 

lifting yoke will be performed. 

g) Fit-up test of the transportation 

cask tie-down rings and shear 

block with the intermodal skid 

will be performed. 

h) Fit-up test of the transportation 

cask bottom end with the cask-

turning fixture will be 

performed. 

i) Fit-up test of the impact limiters 

with the transportation cask will 

be performed during fabrication. 

None a) Fit-up tests of the 

closure lid, trunnions, 

and impact limiters 

are required annually 

during operation. 

b) Prior to each use, the 

neutron shield jacket 

coating will be 

inspected.
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Table 8.1-2  -  FuelSolutions™ TS125 Transportation Cask Lifting 

Trunnion Inspection and Test Acceptance Criteria (2 pages)

Method of Verification 

Function Fabrication Preoperation Maintenance 

Visual

Inspection and 

Nondestructive 

Examination 

(NDE)

a) Assembly and examination 

will be performed per ASME 

Code, Subsection NF, and 

ANSI N14.6, as discussed in 

Section 1.1 of this SAR. 

b) NDE will be defined on 

drawings using standard 

AWS NDE symbols and/or 

notations. 

c) The weights of the trunnions 

will be verified. 

d) Cleanliness of the trunnions 

will be verified on 

completion of fabrication per 

ASME NQA-1. 

e) Installation of the trunnions 

cask at the completion of 

fabrication will be verified 

per ASME NQA-1. 

a) The trunnions will be 

visually inspected 

prior to placement in 

service at the 

licensee’s facility.  

b) Trunnion cleanliness 

will be verified prior to 

placing in the spent 

fuel pool. 

c) Trunnion installation 

at the licensee’s 

facility will be 

verified.

The trunnions will be 

visually inspected and 

nondestructively examined 

per ANSI N14.6 paragraph 

6.3.1(b) during operation. 

Structural and 

Pressure Tests 

a) Verification of materials will 

be performed and certified 

material test reports (CMTRs) 

obtained in accordance with 

the item’s quality category, 

per the drawings in 

Section 1.3.2 of this SAR. 

b) A load test of the trunnions 

will be performed during 

fabrication per ANSI N14.6,
paragraph 7.3.1(b). 

None None 

Leak Tests None None  None 

Component 

Testing 

None None None 

Shielding 

Integrity 

Material verification will be 

performed in accordance with the 

item’s quality category, per the 

drawings in Section 1.3.2 of this 

SAR. The required material 

certifications will be obtained. 

None None 
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Table 8.1-2  -  FuelSolutions™ TS125 Transportation Cask Lifting 

Trunnion Inspection and Test Acceptance Criteria (2 pages)

Method of Verification 

Function Fabrication Preoperation Maintenance 

Thermal 

Acceptance

None None None 

Criticality

Safety Tests 

None None None 

Cask 

Identification 

Inspection 

None None None 

Functional 

Performance 

Tests

a) Fit-up tests of the lifting 

trunnions into their mounting 

bosses and the rotation 

trunnions to their mounting 

locations will be performed 

during fabrication. 

b) Fit-up test of the transportation 

cask lifting trunnions with the 

transportation cask redundant 

lifting yoke will be performed. 

None Fit-up tests of trunnions are 

required annually during 

operation. 
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Table 8.1-3  -  FuelSolutions™ TS125 Transportation Cask Impact 

Limiter Inspection and Test Acceptance Criteria (2 pages)

Method of Verification 

Function Fabrication Preoperation Maintenance 

Visual

Inspection and 

Nondestructive 

Examination 

(NDE)

a) Assembly and examination 

will be performed per ASME 

Code, Subsection NF, as 

defined in Section 1.1 of this 

SAR.

b) NDE of weldments will be 

defined on drawings using 

standard AWS NDE symbols 

and/or notations. 

c) The weights of the impact 

limiters will be verified. 

d) Cleanliness of the impact 

limiters will be verified on 

completion of fabrication per 

ASME NQA-1. 

e) Inspection of the impact 

limiters at the completion of 

fabrication will be verified 

per ASME NQA-1. 

a) The impact limiters 

will be visually 

inspected prior to 

placement in service 

at the licensee’s 

facility.

b) Transportation 

package preparation 

at the licensee’s 

facility will be 

verified.

The impact limiters will be 

visually inspected annually 

during operations. 

Structural and 

Pressure Tests 

Verification of materials will be 

performed and certified material 

test reports (CMTRs) obtained in 

accordance with the item’s quality 

category, per the drawings in 

Section 1.3.2 of this SAR. 

None None 

Leak Tests The impact limiter enclosure 

welds will be examined to assure 

they are weather-tight in 

accordance with ASME Code, 

Section V. 

None None 
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Table 8.1-3  -  FuelSolutions™ TS125 Transportation Cask Impact 

Limiter Inspection and Test Acceptance Criteria (2 pages)

Method of Verification 

Function Fabrication Preoperation Maintenance 

Component 

Testing 

a) Aluminum honeycomb 

materials will be tested for 

crush strength and density. 

b) A quarter scale static crush 

test has been performed, as 

discussed in Section 2.12 of 

this SAR. 

c) A quarter-scale confirmatory 

drop test has been performed 

as discussed in Section 2.12 

of this SAR. 

None None 

Shielding 

Integrity 

Material verifications will be 

performed in accordance with the 

item’s quality category, per the 

drawings in Section 1.3.2 of this 

SAR. The required material 

certifications will be obtained. 

None None 

Thermal 

Acceptance

None None None 

Criticality

Safety Tests 

None None None 

Cask 

Identification 

Inspection 

None None None 

Functional 

Performance 

Tests

Fit-up tests of the impact limiters 

will be performed during 

fabrication. 

None Fit-up tests of the impact 

limiters are required 

annually during operation. 
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8.1.1 Visual Inspection 

8.1.1.1 TS125 Transportation Cask 

The structural, thermal, radiological, and functional performance of the transportation cask is 

assured by verification of the material properties, fabrication processes, and dimensions, per the 

drawings in Section 1.3.2 of this SAR. Documentation prepared during transportation cask 

fabrication will provide evidence that materials and fabrication comply with the design 

requirements. Fit-up of the transportation cask is assured by testing operational interfaces with 

other FuelSolutions™ system components and equipment. The inspections to be performed to 

assure transportation cask performance include the following: 

1. All transportation cask materials of construction and welds will be examined in 

accordance with the requirements delineated on the general arrangement drawings in 

Section 1.3.2 of this SAR. The nondestructive examination (NDE) of welds specified on 

approved drawings is to be performed in accordance with approved procedures, detailed 

on a weld inspection plan, and performed by inspection personnel who are certified, in 

accordance with the code of construction requirements. 

2. The as-fabricated transportation cask is to be inspected for compliance with design and 

code of construction requirements, as defined in Section 1.1 of this SAR, prior to 

shipment from the fabricator’s facility. A complete inspection of all critical dimensions 

and component fit-up is to be performed. The following dimensions are to be verified to 

comply with design requirements: 

Inside diameter 

Outside diameter(s) 

Inside length 

Overall length 

Closure lid thickness and fit-up 

Closure lid, trunnion, cask-turning fixture, and impact limiter bolt size 

Lifting and rotation trunnion fit-up 

Dimensions of shear block and tie-down rings. 

3. The weights of the cask body and closure lid are to be verified prior to shipment from the 

fabricator’s facility. 

4. A documentation package is to be prepared and maintained during fabrication to include 

records and evidence that required inspections and tests have been performed and are in 

compliance with an approved QA program. Prior to shipment, the transportation cask 

documentation package is to be reviewed to verify that the cask was properly fabricated 

and inspected in accordance with the design and code of construction requirements. The 

documentation package is to include: 
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Material Test Reports 

Inspector and Welder Certification Records 

Load Test Reports 

Functional Leak Test Reports 

NDE Records 

Inspection Records 

Completed Shop Travelers and Referenced Procedures 

Nonconformance Reports 

Procurement Records 

As-Built Records. 

5. Transportation cask cleanliness will be verified as meeting the criteria specified in ASME 

NQA-1, Subpart 2.1, Class B, on completion of fabrication. 

6. Transportation cask protection at the completion of fabrication will be verified to be in 

accordance with the requirements of ASME NQA-1, Subpart 2.2, Level D. 

7. Transportation cask preparation at the licensee’s facility will be verified prior to placing 

in service, as described in Chapter 7 of this SAR. 

8. Transportation cask interior and exterior surfaces will be inspected to verify cleanliness 

and assure foreign material exclusion prior to placing in service at the licensee’s facility. 

9. Transportation cask visual and NDE inspections are to be performed in accordance with 

approved procedures to demonstrate that the as-fabricated transportation cask operates 

properly and interfaces correctly with other FuelSolutions™ system components and 

equipment. 

8.1.1.2 TS125 Transportation Cask Trunnions 

The inspections to be performed to assure transportation cask trunnion performance include the 

following:

1. Trunnion materials of construction will be examined in accordance with the requirements 

delineated on the general arrangement drawings in Section 1.3.2 of this SAR. 

2. The as-fabricated trunnions are to be inspected for compliance with design and code of 

construction requirements defined in Section 1.1 of this SAR prior to shipment from the 

fabricator’s facility. A complete inspection of all critical dimensions and component fit-

up is to be performed. 

3. The weights of the trunnions are to be verified prior to shipment from the fabricator’s 

facility. 

4. A documentation package is to be prepared and maintained during fabrication to include 

records and evidence that required inspections and tests have been performed and are in 

compliance with an approved QA program. Prior to shipment from the fabricator’s 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

  Revision 6 8.1-12

facility, the trunnion documentation package is to be reviewed to verify that these 

components were properly fabricated and inspected in accordance with the design and 

code of construction requirements. Documentation is to be provided per Section 8.1.1.1. 

5. Trunnion cleanliness will be verified as meeting the criteria specified in ASME NQA-1, 

Subpart 2.1, Class B, on completion of fabrication. 

6. Trunnion protection at the completion of fabrication will be verified to be in accordance 

with the requirements of ASME NQA-1, Subpart 2.2, Level D. 

7. Trunnion protection at the licensee’s facility will be verified to be commensurate to the 

requirements specified for fabrication. 

8. The trunnion surfaces will be inspected to verify cleanliness prior to being placed in 

service at the licensee’s facility. 

9. Trunnion visual and NDE inspections are to be performed in accordance with approved 

procedures to demonstrate that the as-fabricated trunnion operates properly and interfaces 

correctly with the associated FuelSolutions™ system equipment. 

8.1.1.3 TS125 Transportation Cask Impact Limiters 

The inspections to be performed to assure transportation cask impact limiter performance include 

the following: 

1. Impact limiter materials of construction and welds will be examined in accordance with 

the requirements delineated on the general arrangement drawings in Section 1.3.2 of this 

SAR. The NDE of welds specified on approved drawings is to be performed in 

accordance with approved procedures, detailed on a weld inspection plan, and performed 

by inspection personnel who are certified, in accordance with the code of construction 

requirements. 

2. The impact limiters are to be inspected for compliance with design and code of 

construction requirements, as defined in Section 1.1 of this SAR, prior to shipment from 

the fabricator’s facility. A complete inspection of all critical dimensions and component 

fit-up is to be performed. 

3. The weights of the impact limiters are to be verified prior to shipment from the 

fabricator’s facility. 

4. A documentation package is to be prepared and maintained during fabrication to include 

records and evidence that required inspections and tests have been performed and are in 

compliance with an approved QA program. Prior to shipment, the impact limiter 

documentation package is to be reviewed to verify that these components were properly 

fabricated and inspected in accordance with the design and code of construction 

requirements. Documentation is to be provided per Section 8.1.1.1. 

5. Impact limiter cleanliness will be verified as meeting the criteria specified in ASME 

NQA-1, Subpart 2.1, Class B, on completion of fabrication. 

6. Impact limiter protection at the completion of fabrication will be verified to be in 

accordance with the requirements of ASME NQA-1, Subpart 2.2, Level D. 
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7. Impact limiter installation at the licensee’s facility will be verified prior to placing the 

impact limiters in service. 

8. Impact limiter cask visual and NDE inspections are to be performed in accordance with 

approved procedures to demonstrate that the as-fabricated impact limiters operate 

properly and interface correctly with the associated FuelSolutions™ system equipment. 

8.1.2 Structural and Pressure Tests 

8.1.2.1 TS125 Transportation Cask 

In addition to the inspections described in Section 8.1.1.1, the structural performance of the 

transportation cask is assured by verification of the material properties, trunnion strength, and 

transportation cask dimensions during fabrication. Material compliance is to be demonstrated 

through receipt inspections to assure that it meets the specified design, code of construction, and 

procurement requirements. 

8.1.2.1.1 Pressure Testing 

The transportation cask containment boundary is to be conservatively pressure tested to 150% of 

the design pressure rather than the MNOP per the requirements of 10CFR71.85(b), to verify 

structural integrity. The cask containment boundary maximum design pressure is 75 psig, which 

bounds the maximum pressure for NOC (i.e., the MNOP) and the maximum pressure for HAC 

for all FuelSolutions™ canisters. The cask containment vessel is to be pneumatically tested 

using helium as the test medium to 112.5 psig, which is 150% of the design pressure. Due to the 

fabrication sequence for the transportation cask, the pressure testing of the containment 

boundary during fabrication will be performed with the cask outer shell and the associated weld 

joints to the top ring forging and the bottom plate forging completed. Accessible weld and base 

material inspections will be performed after the pressure test to verify maintenance of structural 

integrity and absence of any permanent deformations. Further, the containment boundary will be 

leak tested per Section 8.1.3 following pressure testing, to demonstrate containment 

leaktightness.

8.1.2.2 TS125 Transportation Cask Trunnions 

In addition to the inspections described in Section 8.1.1.2, the lifting trunnion mounting bosses 

are to be subjected to a load test in accordance with the design requirements, prior to installing 

the neutron shield. These mounting bosses may be load tested with their lifting trunnions in 

place, or the lifting trunnions and their attachment hardware may be tested independently 

without regard to the installation of the neutron shield. 

The transportation cask lifting trunnions are classified as a dual load-path “special lifting device” 

for critical loads and is subject to the requirements of ANSI N14.6. Each opposing pair of 

trunnions, attachment hardware, and mounting bosses will be load tested to 150% of the total 

weight to be lifted per ANSI N14.6, paragraph 7.3.1(b). 
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8.1.2.3 TS125 Transportation Cask Impact Limiters 

Confirmatory tests have been performed for the impact limiters, including aluminum honeycomb 

specimen tests, a quarter-scale static test, and quarter-scale impact limiter drop tests, as 

described in Section 2.12 of this SAR. The confirmatory tests demonstrate the integrity of the 

impact limiters and their attachments to the transportation cask. In addition, they confirm the 

static and dynamic crush strength, static and dynamic deformation and the resulting deceleration 

time history loads on the transportation cask and its contents, as described in Section 2.12 of this 

SAR. These scaled tests confirm that the methodology used to develop full scale loads for 

evaluation of the transportation packaging for NCT and HAC drop events are bounding, in 

accordance with 10CFR71.71(a) and 10CFR71.73(a), respectively. 

The aluminum honeycomb material used in the fabrication of the impact limiters are 

manufactured as homogenous blocks, as shown in the drawings in Section 1.3.2. Representative 

samples (specimens) of aluminum honeycomb material have been tested as part of the 

confirmatory test program to demonstrate that the static and dynamic crush strength properties 

over the range of design temperatures used to develop the NCT and HAC drop loads for the 

transportation cask, as described in Section 2.12 of this SAR, are bounding. The number of 

specimens tested from each honeycomb block are sufficient to establish a correlation between 

static and dynamic strengths as a function of temperature.  

In addition to the inspection described in Section 8.1.1.3, the honeycomb specimen tests at room 

temperature will be repeated during fabrication as a means of acceptance of the honeycomb 

material used in the fabrication of actual transportation cask impact limiters. 

8.1.3 Leak Tests 

8.1.3.1 TS125 Transportation Cask 

This section provides the requirements for fabrication leakage rate testing of the transportation 

cask containment boundary; including the cask inner shell weld joints, the top ring forging-to-

inner shell weld joint, the bottom plate forging-to-inner shell weld joint, the closure lid 

containment seal; and the vent port and drain port seal plug assemblies, in accordance with ANSI 

N14.5. A separate fabrication leak check will be performed on the neutron shield cavity, which is 

not part of the containment boundary, to assure that it is water-tight. 

8.1.3.1.1 Containment Boundary Leak Test 

The transportation cask containment boundary is designed to be “leaktight” (i.e., a leak rate not 

to exceed 1x10
-7

 ref-cm
3
/s air or, equivalently, 2x10

-7
 ref-cm

3
/s helium per ANSI N14.5, 

Section 2.1). Fabrication verification leak testing follows the guidelines of Section 7.3 of 

ANSI N14.5. For leak testing to be acceptable, the leak detector must have a sensitivity 

sufficient to detect a leak acceptance criteria of 5 × 10
-8

 ref-cm
3
/s air or better or, equivalently, 

1x10
-7

 ref-cm
3
/s helium or better per Section 8.4 of ANSI N14.5, as described in Section 7.4 of 

this SAR. 

Due to the fabrication sequence for the transportation cask, the leak testing of the containment 

boundary during fabrication will be performed with the cask outer shell and the associated weld 

joints to the top ring forging and the bottom plate forging completed. The transportation cask 
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cavity can be leak tested either prior to or after the installation of the neutron shield. This leak 

rate test assumes that the transportation cask the closure lid, vent port plug assembly, drain port 

plug assembly, and their containment seals are installed. Helium is used in this leak test at 

slightly above atmospheric pressure inside the cask’s containment boundary and an evacuated 

void at each containment boundary port, thus following the guidelines of ANSI N14.5, 

Section A.5.4, as described in Section 7.4 of this SAR. 

8.1.3.1.2 Neutron Shield Cavity Leak Test 

The transportation cask neutron shield cavity is to be leak tested prior to installation of the solid 

neutron shield material to assure that it is water-tight when subjected to internal pressure. A 

hydrostatic pressure test will be performed per ASME B&PV Code, Section VII, Division 1, 

Paragraph UG98, to 150% of the working pressure of the neutron shield cavity. 

8.1.3.2 TS125 Transportation Cask Trunnions 

The trunnions are not pressure-retaining components; therefore, leak testing is not applicable. 

8.1.3.3 TS125 Transportation Cask Impact Limiters 

Since the impact limiters are not pressure-retaining components, leak testing is not specifically 

required. However, to assure the weather tightness of the impact limiter enclosure to protect the 

internal honeycomb material from degradation, each impact limiter enclosure will be tested using 

liquid penetrant testing per ASME B&PV Code Section V, Article 6, or any of the leak tests 

specified in Section V, Article 10. 

8.1.4 Component Tests 

8.1.4.1 TS125 Transportation Cask 

8.1.4.1.1 Valves, Rupture Discs, and Fluid Transport Devices 

The transportation cask containment boundary is designed and tested to be leaktight, as 

discussed in Section 8.1.3.1.1, and has no pressure relief devices. The transportation cask has a 

pressure relief device for both the radial and bottom end neutron shield cavities. These devices 

will be tested and certified by their manufacturer at the time of procurement to prevent the 

internal pressure from rising more than 10% above the maximum allowable working pressure for 

the neutron shield cavity, in accordance with ASME Section VIII, Division 1, UG125(c). 

Capacity certification tests shall be performed in accordance with the applicable requirements of 

ASME Section VIII, Division 1, UG-131, except that a Code Symbol Stamp is not required, as 

discussed in Table 1.3-2. The pressure relief devices for the transportation cask neutron shield 

will be replaced on an annual basis during operation per an established transportation cask 

maintenance procedure. 

The transportation cask has no active valves or fluid transport devices when configured for 

transport, except for the neutron shield pressure relief devices noted above. 
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8.1.4.1.2 Gaskets 

The tests for the closure lid double O-ring seals and the vent and drain port plug assembly O-ring 

seals are described in Section 8.1.3.1.1. 

8.1.4.1.3 Miscellaneous 

None.

8.1.5 Tests for Shielding Integrity 

8.1.5.1 TS125 Transportation Cask 

8.1.5.2 Gamma Shield 

The shielding performance of the transportation cask gamma shield will be assured by 

verification of the material properties and dimensions in accordance with the general 

arrangement drawings contained in Section 1.3.2 of this SAR, and the special process controls 

invoked for lead poring in accordance with an approved QA program. The inspections to be 

performed to assure transportation cask gamma shielding performance include the following: 

1. Material compliance is to be demonstrated through receipt inspections to assure that it 

meets the specified design, code of construction, and procurement requirements. 

2. Commercial grade dedication of the lead gamma shielding is to be performed in 

accordance with an approved QA program to assure that the material properties meet or 

exceed the requirements. 

3. The thickness of the installed lead gamma shield is to be verified by qualified personnel 

performing a gamma scan test in accordance with established procedures. This test will 

assure that the lead thickness is sufficient, contains no unacceptable voids, and meets the 

requirements of this SAR. 

8.1.5.2.1 Neutron Shield 

Procurement and special process controls in accordance with an approved QA program will be 

invoked during fabrication to assure that the proper composition and quantity of NS-4-FR 

neutron shield material is placed in the neutron shield cavity.  

8.1.5.3 TS125 Transportation Cask Trunnions 

The transportation cask trunnions are removed during transport and, thus, perform no shielding 

function. See Section 8.1.5.1 for the applicable criteria for the lifting trunnion mounting boss 

shield plugs. 

8.1.5.4 TS125 Transportation Cask Impact Limiters 

The transportation cask impact limiters perform a minimal shielding function, increasing the 

distance from the package surface to the cask surface. See Section 8.1.5.1 for the applicable 

criteria.
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8.1.6 Thermal Acceptance Tests 

8.1.6.1 TS125 Transportation Cask 

The material properties established in Chapter 3 of this SAR are conservative for the analyses 

performed for all normal and hypothetical accident conditions. As such, acceptance tests for the 

material thermal properties are not performed. However, prior to initial service, the first 

completed FuelSolutions™ TS125 Transportation Cask will be subjected to a thermal heat 

rejection test. This test will be performed to demonstrate that the transportation cask passively 

rejects the design basis decay heat load from the SNF payload, in accordance with the analytical 

predictions provided in Chapter 3. 

8.1.6.1.1 Discussion of Test Setup 

The transportation cask is to be tested horizontally with an internal heat source capable of 

producing 22,000 watts suitably supported within the cask cavity. Thermocouples will be 

attached on the inner (containment) shell and the neutron shield outer jacket to record the 

thermal gradient from the inside to the outside. Power and instrumentation cables will exit the 

cask though a special temporary closure lid. 

8.1.6.1.2 Test Procedure 

Power will be applied to the heaters discussed in Section 8.1.6.1.1 for sufficient time for the cask 

to reach thermal equilibrium with temperatures recorded at a fixed interval. The cask is to be 

held at equilibrium for a minimum of one hour, then the power is turned off and the cask is 

allowed to cool without any mechanical cooling while continuing to record internal and external 

surface temperatures. Ambient conditions for the test are to be still air with a temperature of 

75 25 F and no solar insolation. 

8.1.6.1.3 Acceptance Criteria 

The acceptance criteria will be calculated prior to performing the test for the change in 

temperature across the cask wall based on the specific internal heat and the exterior 

environmental conditions using the same analytical methods used to predict the cask 

performance for the NCT.  

8.1.6.2 TS125 Transportation Cask Trunnions 

None.

8.1.6.3 TS125 Transportation Cask Impact Limiters 

None.
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8.1.7 Miscellaneous Tests 

8.1.7.1 TS125 Transportation Cask 

8.1.7.1.1 Neutron Absorber Tests 

There are no criticality safety tests required for the transportation cask since all criticality control 

is provided by the FuelSolutions™ canister. For canisters that rely on fixed borated neutron 

absorber materials for criticality control, the tests and inspections to be performed to assure 

criticality safety performance are described in Section 9.1.4 of the respective FuelSolutions™ 

Canister Storage FSARs. 

8.1.7.1.2 Cask Identification Inspections 

Each FuelSolutions™ TS125 Transportation Cask is to be identified by a permanently attached 

identification nameplate that contains the following information: 

Name of Designer — BFS 

Cask Serial Number — TS125-XX-Y 

where,  TS125 is the cask model number 

XX is a sequential number 

Y is the manufacturer identification. 

Empty Weight - XXX,XXX lbs. with impact limiters, but without trunnions. 

XXX,XXX lbs. with trunnions, but without impact limiters. 

Maximum Loaded Weight - XXX,XXX lbs. (approx.) with impact limiters, but without 

trunnions.

XXX,XXX lbs. (approx.) with trunnions, but without 

impact limiters. 

In addition, the following optional information may be added: 

Fabricator

C of C number. 

During fabrication, the transportation cask nameplate is to be verified to assure it is properly 

attached and contains the required information. Each cask nameplate is to be periodically 

inspected by the licensee to assure its integrity and legibility, in accordance with site-specific 

procedures. The nameplate is to be repaired or replaced if damaged or degraded. 
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8.1.7.1.3 Functional Performance Tests 

The functional performance of the transportation cask is assured by verification of transportation 

cask leak tightness, surface finish, component interfaces, and alignment marks. The functional 

inspections and testing to be performed to assure transportation cask performance include the 

following:

1. The transportation cask annulus seal is to be pneumatically tested by its manufacturer to 

verify the seal has no leaks. 

2. The transportation cask external surface finish is to be inspected for compliance with the 

design requirements to assure that the cask can be easily decontaminated. This requires 

smooth surfaces on all plates and welds, no re-entrant corners, and good access to all 

fittings. 

3. The neutron shield jacket coating is to be inspected to assure adequate coverage and 

adherence.

4. Proper location of the transportation cask alignment marks is to be verified in accordance 

with the design requirements to assure proper cask alignment during horizontal canister 

transfer operations.

5. Fit-up tests are to be performed for the following transportation cask components: 

Closure lid to top forging ring 

Lifting trunnions to their mounting bosses 

Rotation trunnions to cask body 

Lifting trunnions to redundant lifting yoke 

Shear block and tie-down rings to the intermodal skid 

Cask bottom end to cask-turning fixture 

Impact limiters and personnel barrier. 

8.1.7.2 TS125 Transportation Cask Trunnions 

See Section 8.1.7.1.3. 

8.1.7.3 TS125 Transportation Cask Impact Limiters 

See Section 8.1.7.1.3. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

  Revision 6 8.1-20

This page intentionally left blank. 



FuelSolutions  TS125 Transportation Cask SAR Document No. WSNF-120 

Docket No. 71-9276 September 2006

  Revision 6 8.2-1

8.2 Maintenance Program 

The FuelSolutions™ TS125 Transportation Cask and impact limiters require only a limited 

amount of periodic maintenance to properly perform their intended functions. The licensee is to 

prepare detailed procedures for performing the periodic maintenance of the transportation cask 

and impact limiters specified herein. The licensee is to maintain records that include evidence 

that all maintenance and testing performed on the transportation cask and impact limiters are in 

compliance with an approved QA program. The maintenance program is summarized in 

Table 8.2-1 through Table 8.2-3 and discussed further in the paragraphs that follow. 

8.2.1 Visual Inspection 

8.2.1.1 TS125 Transportation Cask 

Periodic visual inspection and NDE during operation of the transportation cask is to be 

performed in accordance with written procedures as follows: 

1. Prior to each use, the transportation cask is to be visually inspected for any apparent 

defects to assure that there are no cracks, pinholes, uncontrolled voids, or other defects 

that could significantly reduce the effectiveness of the packaging. This inspection is to 

include the condition of the transportation cask sealing surfaces, interior and exterior 

surfaces and cleanliness, visual integrity of welds, and the trunnion mounting bosses. A 

surface contamination survey is to be made of the transportation cask interior and 

exterior.

2. Prior to each use, the neutron shield pressure relief device is to be inspected and replaced 

as necessary. As a minimum, this device will be replaced annually during operation. 

3. Prior to each use, the neutron shield jacket coating is to be inspected for coverage, 

adherence, and significant discoloration. 

4. Prior to each use, the closure lid and top ring forging seal surfaces, seal test port, vent 

port and drain port pug assemblies are to be inspected for any defects that may result in 

leakage, and replaced as necessary. The O-rings are to be replaced prior to each use.

5. Prior to each use, both closure lid metallic O-ring seals and the vent and drain port plug 

assembly metallic O-ring seals are to be replaced. The elastomeric O-rings for the closure 

lid seal test port, vent port, and grain port covers and the lifting trunnions are to be 

replaced annually. 

6. Prior to each use, the closure lid bolts are to be inspected for any damage and replaced as 

necessary.

7. Quarterly during operation, maintenance or other nonoperating personnel shall visually 

inspect the accessible lifting trunnion boss surfaces for indications of damage or 

deformation, in accordance with ANSI N14.6. 

8. Annually during operation, the transportation cask is to be inspected for defects in 

accessible materials, fasteners, and welds, including the trunnion mounting locations. The 

accessible lifting trunnion mounting boss welds are to be dye penetrant tested or 

examined with an equivalent NDE method. Visual inspections of lifting trunnion 
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mounting bosses are to be in accordance with ANSI N14.6 to verify that no permanent 

deformation has occurred since the last inspection. Load testing of these latter cask 

components is not required. 

9. Annually during operation, the functionality of all transportation cask threaded 

components is to be verified (this includes the closure lid lifting and handling attachment 

locations, top forging ring closure lid attachment locations, lifting trunnion mounting 

bosses, rotation trunnion mounting locations, tie-down ring attachment locations for the 

impact limiters, bottom plate forging cask attachment locations for the cavity spacer, and 

the port plug and cover assemblies). 

8.2.1.2 TS125 Transportation Cask Trunnions 

Periodic visual inspection and NDE during operation of the transportation cask trunnions is to be 

performed in accordance with written procedures as follows: 

1. Prior to each use, the trunnion wearing surfaces are to be visually inspected for any 

apparent damage that would reduce their effectiveness. This inspection is to evaluate any 

damage to the trunnions and functionality of these components. 

2. Prior to each use, the trunnion attachment bolts are to be inspected for any damage, and 

replaced as necessary.

3. Quarterly during operation, maintenance or other nonoperating personnel shall visually 

inspect the lifting trunnions and their attachment bolts for indications of damage or 

deformation, in accordance with ANSI N14.6. 

4. Annually during operation, the lifting trunnions and their attachment bolts are to be 

inspected for defects. Critical trunnion areas are to be dye penetrant tested or examined 

with an equivalent NDE method. Visual inspections of the transportation cask trunnions 

and attachment hardware are to be in accordance with ANSI N14.6 to verify that no 

permanent deformation has occurred since the last inspection. Load testing of these latter 

cask components is not required.  

8.2.1.3 TS125 Transportation Cask Impact Limiters 

Period visual inspection and NDE during operation of the transportation cask impact limiters is 

to be performed in accordance with written procedures as follows: 

1. Prior to each use, the impact limiters are to be visually inspected for any apparent defects 

to assure that there are no cracks, pinholes, uncontrolled voids, or other defects that could 

significantly reduce the effectiveness of the packaging. This inspection is to evaluate the 

visual integrity of welds and general fit-up and condition of the impact limiters. 

2. Prior to each use, the impact limiter attachment studs are to be inspected for any damage, 

and replaced as necessary.
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8.2.2 Structural and Pressure Tests 

8.2.2.1 TS125 Transportation Cask 

Other than the tests required prior to first use, no structural or pressure tests are necessary to 

assure continued performance of the transportation cask. 

8.2.2.2 TS125 Transportation Cask Trunnions 

Other than the tests required prior to first use, no structural or pressure tests are necessary to 

assure continued performance of the lifting trunnions. 

8.2.2.3 TS125 Transportation Cask Impact Limiters 

Other than the tests required prior to first use, no structural or pressure tests are necessary to 

assure continued performance of the impact limiters. 

8.2.3 Leak Tests 

8.2.3.1 TS125 Transportation Cask 

ANSI N14.5 requires five leakage rate tests for the transportation cask containment boundary, 

including the design leakage rate test, fabrication leakage rate test, maintenance leakage rate test, 

periodic leakage rate test, and preshipment leakage rate test. Table 4.2-1 of this SAR summarizes 

each test’s purpose, frequency, components, and acceptance criteria. After the design and 

fabrication testing described in Section 8.1.3.1.1, there are three maintenance/operations tests to 

be performed. Compliance with the containment criteria is demonstrated by equivalent gas 

leakage tests for all three tests as follows: 

Maintenance leakage rate testing is to be performed prior to returning the transportation cask to 

service following maintenance, repair (e.g., a weld repair), or replacement of containment system 

components. This testing need only be performed for the affected area rejoined. Reuse of 

components (except for metallic O-rings) is not considered replacement. The transportation cask 

complies with the containment criteria, if the leak rate is less than the criteria specified in 

Table 4.2-1. 

Periodic leakage rate testing is to be performed to confirm that the containment capabilities of 

the transportation cask fabricated to an approved design has not deteriorated during a period of 

use. This testing is performed within 12 months prior to each shipment, and need not be 

performed when the transportation cask is out-of-service. It is performed for the containment 

boundary seals and closures and need not include inaccessible surfaces. The transportation cask 

complies with the containment criteria, if the leak rate is less than the criteria specified in 

Table 4.2-1. 

Preshipment leakage rate testing confirms that the transportation cask containment system is 

properly assembled prior to shipment. The test is performed before each shipment, after the 

contents are loaded and the containment system has been assembled, as described in Section 7.1.7 

of this SAR. The transportation cask complies with the containment criteria, if the leak rate is less 

than the criteria specified for maintenance leakage rate testing in Table 4.2-1, since the TS125 

containment seals are replaced prior to each use. 
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When FuelSolutions™ canisters require inner containment systems, as described in 

Section 4.1.1.3 of this SAR, the inner containment system shall independently meet leaktight 

requirements. Compliance with the containment criteria for these inner containment systems is 

discussed in Chapter 4 of the specific FuelSolutions™ Canister Transportation SAR. 

8.2.3.2 TS125 Transportation Cask Trunnions 

The trunnions are not pressure-retaining components; therefore, leak testing is not applicable. 

8.2.3.3 TS125 Transportation Cask Impact Limiters 

Other than the weather tightness test during fabrication, no leak tests are necessary to assure 

continued performance of the impact limiters. 

8.2.4 Subsystem Maintenance 

8.2.4.1 TS125 Transportation Cask 

All fasteners and threaded inserts are to be replaced on an as-needed basis (i.e., whenever the 

item is damaged or degraded). However, as a minimum, these components are to be replaced 

after every five years of use. No other subsystem maintenance is required for the transportation 

cask.

8.2.4.2 TS125 Transportation Cask Trunnions 

All trunnion fasteners are to be replaced on an as-needed basis (i.e., whenever the item is 

damaged or degraded). However, as a minimum, these components are to be replaced after every 

five years of use. The wearing surfaces of the trunnions are to be repaired or refurbished as 

required. No other subsystem maintenance is required for the trunnions. 

8.2.4.3 TS125 Transportation Cask Impact Limiters 

All fasteners and threaded inserts are to be replaced on an as-needed basis (i.e., whenever the 

item is damaged or degraded). However, as a minimum, these components are to be replaced 

after every five years of use. No other subsystem maintenance is required for the impact limiters. 

8.2.5 Valves, Rupture Disks, and Gaskets on Containment Vessel 

8.2.5.1 TS125 Transportation Cask 

All elastomeric O-ring and plug seals are to be replaced annually (or when damaged or 

degraded). The closure lid metallic O-ring seals, and the vent and drain port plug assembly 

metallic O-ring seals are to be replaced prior to each use. Following seal replacement and prior 

to shipment, the seal(s) are to be leakage rate tested to the requirements described in 

Section 8.2.3.1. 

There are no valves or pressure relief devices used in the transportation cask containment 

boundary. The pressure-relief devices in the neutron shield protect the neutron shield cavity from 

over-pressurization and require a visual inspection prior to each use of the transportation cask for 

potential damage. These devices require no special maintenance, but as a minimum, will be 

replaced annually during operation. 
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8.2.5.2 TS125 Transportation Cask Trunnions 

The trunnion mounting boss and trunnion attachment bolt elastomeric seals are to be replaced on 

an as-needed basis (i.e., whenever the item is damaged). However, as a minimum, these 

components are to be replaced annually. 

8.2.5.3 TS125 Transportation Cask Impact Limiters 

Not applicable. 

8.2.6 Shielding 

8.2.6.1 TS125 Transportation Cask 

Other than the tests required prior to first use, no shielding tests are necessary to assure 

continued performance of the transportation cask. 

8.2.6.2 TS125 Transportation Cask Trunnions 

Other than the material compliance verifications required during fabrication, no shielding tests 

are necessary to assure continued performance of the trunnions. 

8.2.6.3 TS125 Transportation Cask Impact Limiters 

Other than the material compliance verifications required during fabrication, no shielding tests 

are necessary to assure continued performance of the impact limiters. 

8.2.7 Thermal 

8.2.7.1 TS125 Transportation Cask 

If the transportation cask has been damaged and repaired or becomes degraded through normal 

use such that the heat removal capacity of the transportation cask cannot be assured, the thermal 

performance test for the transportation cask described in Section 8.1.6 is to be repeated. An 

assessment of the need to re-perform the thermal performance is to be made, at a minimum, 

every five years of cask service. 

Prior to each use, the neutron shield jacket coating is to be inspected for damage. Loss of the 

coating over an area of 4% or less for any one square foot area is to be recoated/repaired per the 

coating manufacturer’s instructions. 

8.2.7.2 TS125 Transportation Cask Trunnions 

Other than the material compliance verifications required during fabrication, no thermal tests are 

necessary to assure continued performance of the trunnions. 

8.2.7.3 TS125 Transportation Cask Impact Limiters 

Other than the material compliance verifications required during fabrication, no thermal tests are 

necessary to assure continued performance of the impact limiters. 
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8.2.8 Neutron Absorber Tests 

There are no criticality safety tests required for the FuelSolutions™ TS125 Transportation Cask 

since all criticality control is provided by the FuelSolutions™ canister. For canisters that rely on 

fixed borated neutron absorber materials for criticality control, the tests and inspections to be 

performed to assure FuelSolutions™ canister criticality safety performance are described in 

Section 9.1.4 of the respective FuelSolutions™ Canister Storage FSARs. 
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Table 8.2-1  -  FuelSolutions™ Transportation Cask Maintenance 

Schedule

Visual Inspections Prior to Each Use - 
Items Requiring Replacement if Damaged 

Vent and Drain Port Seals 

Closure Lid O-ring Seals 

All Fasteners and Threaded Inserts (closure lid, trunnions, cavity spacer),  

includes visual inspection and functionality verification 

Neutron Shield Pressure Relief Devices 

Neutron Shield Coating 

Sealing Surfaces and O-ring Grooves 

Trunnion Mounting Locations (Quarterly) 

Cavity Spacer Alignment Pins 

Neutron Shield Pressure relief Devices 

Replacement Interval and Test Requirements Prior to Further Use 

Component Interval Test 

Vent Port Plug Assembly Seal Each Use Leak Test per Section 8.1.2.1.1 

Drain Port Plug Assembly Seal Each Use Leak Test per Section 8.1.2.1.1 

Closure Lid O-ring Seals Each Use Leak Test per Section 8.1.2.1.1 

Port Cover Seals Annually None Required 

Closure Lid Bolts Five Years None Required 

Neutron Shield Pressure Relief 

Devices

Annually Test per Section 8.1.4.1.1  
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Table 8.2-2  -  FuelSolutions™ Transportation Cask 

Trunnion Maintenance Schedule 

Visual Inspections Quarterly and Prior to Each Use - 
Items Requiring Replacement if Damaged 

Trunnions

Trunnion Attachment Bolts 

Trunnion Wearing Surfaces 

Trunnion Mounting Locations and Trunnion Attachment Seals 

Replacement Interval and Test Requirements Prior to Further Use 

Component Interval Test 

Trunnion Attachment Bolt Seals Annually None Required 

Trunnion Mounting Boss Seals Annually None Required 

Trunnion Wearing Surfaces Five Years None Required 

Trunnion Attachment Bolts Five Years None Required 

Table 8.2-3  -  FuelSolutions™ Transportation Cask 

Impact Limiter Maintenance Schedule 

Visual Inspections Prior to Each Use -
Items Requiring Replacement if Damaged 

Impact Limiters 

Impact Limiter Attachment Studs and Nuts 

Replacement Interval and Test Requirements Prior to Further Use 

Component Interval Test 

Impact Limiter Attachment Studs and 

Nuts

Five Years None Required 


