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1.0 PURPOSE 

The purpose and objective of this calculation is to determine the structural response of the Naval 
Spent Nuclear Fuel (SNF) Long Waste Package (WP) to oblique drop events inside the Transport 
Emplacement Vehicle (hereinafter termed TEV) (Reference 2.2.22, Section 4.3.5).  The information 
regarding the WP and TEV used in this calculation is based on sketches and drawings in References 
2.2.19 to 2.2.21, and 2.2.31. 

The scope of this document is limited to reporting the calculation and results of analysis of the 
response of the Naval SNF Long WP to oblique drop events.  The results are reported in terms of 
maximum shear stress and bounds on primary stress intensities in the outer corrosion barrier 
(hereinafter termed OCB) of the WP. 
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2.3. 	DESIGN CONSTRAINTS 

None 

2.4. 	DESIGN OUTPUTS 

This calculation is performed to support information in the License Application and the 
Naval Waste Package Design Report (000-00C-DNF0-00800-000-00B). 
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3.0 	 ASSUMPTIONS 

In the course of developing this document, the following assumptions are made regarding the 
WP structural calculations 

3.1. 	 ASSUMPTIONS REQUIRING VERIFICATION 

3.1.1	 The dimensions, masses and materials of the WP and TEV used in the development of this 
calculation, corresponding to the drawings and sketches of References 2.2.19 to 2.2.21, and 
2.2.31, are assumed to be the same as the final definitive design.  The rationale for this 
assumption is that the design of References 2.2.19 to 2.2.21, and 2.2.31 is created for the 
License Application (LA). This assumption is used in Section 6.4 and will require 
verification at completion of the final definitive design. 

3.1.2 	 The drop height, drop orientation and Support Shelf (hereinafter termed as TEV Rail Ledge) 
dimensions including assumed fillet radius of one inch used in the development of this 
calculation, correspond to that listed in Figure 3-1, which is based on Reference 2.2.31.  The 
rationale for this assumption is that the design of Reference 2.2.31 is created for the License 
Application (LA). This assumption is used in Section 6.4 and will require verification at 
completion of the final definitive design. 

Figure 3-1. Layout of Naval Long on the Emplacement Pallet inside TEV 
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3.2. 	 ASSUMPTIONS NOT REQUIRING VERIFICATION 

3.2.1 	 The room temperature (RT) (20 oC [68 oF]) Poisson’s ratio of ASME SB-575 [UNS N06022] 
hereinafter termed Alloy 22, is not published in traditional sources (e.g., the ASTM, ASME 
and ASM standards, codes and metal property data).  Therefore, the RT Poisson’s ratio of 
ASME SB-443 [UNS N06625], hereinafter termed Alloy 625, is assumed for Alloy 22.  The 
chemical compositions of Alloy 22 and Alloy 625 are similar since they are both 600 series 
nickel-base alloys (Reference 2.2.5, Section II, Part B, SB-575, Table 1 and Reference 2.2.3, 
p 143, respectively). Therefore, the difference in their Poisson’s ratio is expected to be 
small.  The rationale for this expectation is that the Reference 2.2.3 pages 141, 143 and 145 
indicate small differences in RT Poisson’s ratio values for the 600 Series nickel-base alloy 
family: 

Alloy 600 [UNS N06600] = 0.290 
Alloy 625 [UNS N06625] = 0.278 
Alloy 690 [UNS N06690] = 0.289 

The impact on stress results of small differences in Poisson’s ration is anticipated to be 
negligible. The rationale for this anticipation is that the Reference 2.2.28 Table 30 stress 
formulas for cylindrical shells indicate insensitivity to Poisson’s ratio.  For the loading case 
of uniform radial shear loads (Case 8), the key breaching stress, the maximum hoop 
circumferential membrane stress, is proportional to Poisson’s ratio, ν, through the term 
(1-ν2)1/4. Using the lowest and the highest values of the three 600 Series nickel-base alloys 
ν values, 0.278 and 0.290, the difference in maximum hoop circumferential membrane stress 
values, all things being equal except ν, is a negligible 0.2%. Therefore, this study of 
parametric variations provides verification of this assumption per Reference 2.1.1 page 4 
(“Verification may include … studies of parametric variations”) and further verification of 
this assumption is not required.  This assumption is used in Section 6.1 and is consistent with 
Section 5.2.8.2 of Reference 2.2.18. 

3.2.2 	 The RT uniform strain (engineering strain corresponding to engineering tensile strength) of 
ASME SA 240 [UNS S31603] hereinafter termed 316L stainless steel [SS] is not listed in 
traditional sources. Therefore, it is assumed that the RT uniform engineering strain is 60% 
of the RT minimum specified elongation.  The rationale for this assumption is based on 
measurements of RT engineering stress-strain curves for “as received” 316L material at 
moderate strain rate (8 sec-1) (Reference 2.2.8, page 305). Therefore this assumption does 
not require verification. This assumption is used in Section 6.1.1 and corresponds to Section 
5.2.6.2. of Reference 2.2.18. 

3.2.3 	 The RT Poisson’s ratio of 316L SS is not published in traditional sources.  Therefore, the RT 
Poisson’s ratio of ASME SA-240 [UNS S31600 with modified N & C] hereinafter termed 
316 SS is assumed for 316L SS.  The chemical compositions of 316L SS and 316 SS are 
similar (Reference 2.2.5, Section II, Part A, SA240, Table 1) because they are both 300 
Series (austenitic) stainless steels. Therefore, the difference in their Poisson’s ratio is 
expected to be small.  The rationale for this expectation, is that Reference 2.2.3 page 755 



 

 

 

 

 

 
 

 

 

 
 

Thermal/Structural Analysis Calculation 
Title: Naval Long Oblique Impact inside TEV 
Document Identifier: 000-00C-DNF0-01200-000-00A Page 12 of 58 

Figure 15 indicates small differences in RT Poisson’s ratio values for the 300 Series SS 
family: 

Type 304 SS [UNS S30400] = 0.290 
Type 316 SS [UNS S31600] = 0.298 
Type 310 SS [UNS S31000] = 0.308 

The impact on stress results of small differences in Poisson’s ratio is anticipated to be 
negligible. The rational for this anticipation is that Reference 2.2.28 Table 30 stress 
formulas for cylindrical shells indicate insensitivity to Poisson’s ratio.  For the loading case 
of uniform radial shear loads (Case 8), the key breaching stress, the maximum hoop 
circumferential membrane stress, is proportional to Poisson’s ratio, ν, through the term (1-
ν2)1/4. Using the lowest and highest values of the three 300 Series SS ν values, 0.290 and 
0.308, the difference in maximum hoop circumferential membrane stress values, all things 
being equal except ν, is a negligible 0.3%. Therefore, this study of parametric variations 
provides verification of this assumption per Reference 2.1.1 Page 4 (“Verification may 
include . . .studies of parametric variations”) and further verification of this assumption is 
not required.  This assumption is used in Section 6.1 and is consistent with Section 5.2.8.2 of 
Reference 2.2.18. 

3.2.4 	 The Poisson’s ratio and density at elevated temperatures are not published in traditional 
sources for Alloy 22, 316 SS and 316L. The RT Poisson’s ratio and density are assumed for 
these materials.  The impact of using RT Poisson’s ratio and density is anticipated to be 
small. The rationale for this assumption is that the temperature sensitivities of these material 
properties are expected to be small and small variations will have negligible affect on the 
calculation’s stress results. Assumptions 3.2.1 and 3.2.3 provide parametric studies in this 
calculation that verify this for Poisson’s Ratio.  The change in density will be downward as 
the material expands, inversely related to the volumetric expansion term (1+ΔTα)3, where 
ΔT is the temperature increase above RT and α is the relative (to RT) coefficient of thermal 
expansion. Using ΔT = 280 oC and a clearly upper bound value of 10-6  (oC)-1 for the 
materials’ α values from 20 oC to 300 oC, leads to a density change of less than 0.1%. The 
total mass will remain unchanged, so the effect of density change on stress is unclear, 
however even in the unlikely event that the resulting stress effect is a magnitude greater than 
the density change, it will be negligible. These studies of variations in Poisson’s ratio and 
density provides verification of this assumption per Reference 2.1.1 page 4 (“Verification 
may include . . . studies of parametric variations”). Further verification of this assumption 
is not required. This assumption is used in Section 6.1 and is consistent with Section 5.2.8.6 
of Reference 2.2.18. 

3.2.5 	Not Used. 

3.2.6 	 The RT uniform strain of Alloy 22 and 316 SS is not listed in traditional sources.  Therefore, 
it is assumed that the RT uniform strain is 90% of the RT minimum specified elongation for 
both materials.  The rationale for this assumption is based on measurement of RT 
engineering stress-strain curves for the materials (Reference 2.2.8, page 304 and 
Reference 2.2.14, S02234_001, Mechanical Deformation, file: “LL020603612251.015, 
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Instron Data yr 2002”). The use of Reference 2.2.14 was approved as the appropriate data 
for the intended use in an Information Exchange Document (Reference 2.2.29).  Therefore 
this assumption does not require verification. This assumption is used in Section 6.1.1 and 
corresponds to paragraph 5.2.6.3 of Reference 2.2.18. 

3.2.7 	 Strain-rate dependent material properties are not published in traditional sources for 
Alloy 22, 316 SS, and 316L SS.  The material properties obtained under static loading 
conditions are assumed for these materials.  The rationale for this assumption is that results 
presented in this calculation do not significantly change at the peak strain rates reached 
during the oblique drop (peak effective strain rate [maximum slope of the curve] = (0.1925-
0.03498)/(0.13682-0.12606) sec-1 = 0.15752/0.01076 {(m/m)/sec-1} = 14.639 sec-1, see 
Figure 3-2). The presented element is characterized by the highest effective plastic strain in 
the OCB of the fine mesh finite element representation (FER) at the end of the RT 
simulation.  For this value of strain rate, Reference 2.2.17 (Figures 27 and 30, pp. 42 and 45) 
indicates only a moderate strengthening of the materials.  Therefore this assumption does not 
require verification. This assumption is used in Section 6.1 and corresponds to paragraph 
5.2.5 in Reference 2.2.18. 

0.1925 

0.03498 

Figure 3-2. Effective Plastic Strain (fine mesh, 0.759m drop for limiting case [run 2B]) 

3.2.8 	The exact mass and geometry of the loaded Naval SNF canister is simplified for the purpose 
of this calculation. The maximum recordable weight, 49,320 kilogram (kg) (54.25 tons), 
Reference 2.2.24, Figure C-17, Note 3, is assumed to be distributed in a thick-walled (9.1 
inch [in]) hollow cylinder with a 15 in top plug, 3.5 in bottom lid (Reference 2.2.16, 
Enclosure 3B, Drawing 6251E52) and properties of 316L SS (Reference 2.2.16, Enclosure 3, 
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page 4). Note that this information is not available in References 2.2.23, and 2.2.24.  Hence 
this information obtained from Reference 2.2.16 is suitable for use in this calculation.  The 
increased side wall thickness is back calculated from the targeted weight and the top and 
bottom plugs are modeled using the actual dimensions (nominal thickness and diameter). 
The increased canister stiffness because of the increased side wall thickness is offset by the 
ignored SNF stiffness. The geometry of the Naval SNF canister is thus simplified for the 
purpose of this calculation. Since the overall thickness of the side wall of the Naval SNF 
canister is increased to compensate for the weight of the SNF that has not been modeled in 
the FER, the SNF weight is effectively smeared uniformly along the side wall of the Naval 
SNF canister. Therefore the overall weight of the Naval SNF canister is maintained and the 
weight distribution is reasonably representative.  Therefore, this assumption does not require 
verification. This assumption is used in Sections 6.2 and 6.4. 

3.2.9 	The loaded Naval SNF canister FER is comprised of 316L SS.  The rationale for this 
assumption is that the canister will be fabricated primarily from Type 316L SS material 
(Reference 2.2.24, Figure C-17, Note 1). Therefore, this assumption does not require 
verification. This assumption is used in Section 6.1. 

3.2.10 The friction coefficients for contacts occurring between the materials used in this calculation 
are not published in traditional sources. It is therefore, assumed that the dynamic (sliding) 
friction coefficient is 0.4 for all contacts. The rationale for this assumption is that this 
friction coefficient represents a reasonable lower bound value for most metal-on-metal dry 
contact surfaces involving steel and nickel (see Reference 2.2.15, p. 441 and Reference 
2.2.7, Table 3.2.1, page 3-26), nickel being the dominant component in Alloy 22 (Reference 
2.2.5, Section II, Part B, SB-575, Table 1).  For this drop event, minute relative motion 
between contact surfaces exists, and the choice of dynamic friction coefficient will have 
insignificant effect on the results. Therefore this assumption does not require verification. 
This assumption is used in Section 6.4 and corresponds to paragraph 5.2.14.1 of Reference 
2.2.18. 

3.2.11 The variation of functional friction coefficient between the static and dynamic values as a 
function of relative velocity between the contact surfaces is not published in traditional 
sources for the materials used in this calculation.  Therefore, the effect of relative velocity of 
the surfaces in contact is not included in this calculation by assuming that the functional 
friction coefficient and static friction coefficient, both are equal to the dynamic friction 
coefficient. This will provide a constant lower bound frictional coefficient.  A sensitivity 
study was conducted in Reference 2.2.30 that indicates the lower bound friction coefficient 
value of 0.4 used is high enough to create lock-up of the critical contact surfaces and 
therefore the impact of this assumption presented in this calculation is negligible.  The 
impact of this assumption on results presented in this document is anticipated to be 
negligible. The rationale for this assumption is that it provides bounding results by 
minimizing the impact energy dissipation by friction.  Therefore, this assumption does not 
require verification. This assumption is used in Section 6.4 and corresponds to paragraph 
5.2.14.2 of Reference 2.2.18. 
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4.0 METHODOLOGY 

4.1. QUALITY ASSURANCE 

This calculation is prepared in accordance with EG-PRO-3DP-G04B-00037 (Reference 2.1.1). 
Naval SNF Long WP is classified as a safety category item (important to safety and important to 
waste isolation) according to the Q-List (Reference 2.2.25, page A-9). The TEV is classified as a 
safety category item (important to safety and important to waste isolation) according to the Basis of 
Design for the TAD Canister-Based Repository Concept (Reference 2.2.23, Section 14.1.2). 
Therefore this calculation is subject to the requirements of the Quality Management Directive 
(Reference 2.1.2, Sections 2.1.C.1.1.a.i and 17.E.) and final the version is designated as QA: QA. 

Event sequences were taken from Provisional Event Sequence Definitions for Waste Packages 
(DC#51120) (Reference 2.2.22, Section 4.3.5) and not from Basis of Design for the TAD Canister-
Based Repository Concept (Reference 2.2.23, Section 12.2.3.1) because the BOD has not been 
updated for the new operations in the various facilities at Yucca Mountain Project. 

4.2. USE OF COMPUTER SOFTWARE 

The qualified finite element analysis computer code used for this calculation is Livermore Software 
Technology Corporation (LSTC) LS-DYNA (V970.3858 D MPP-00, Reference 2.2.4).  This 
program was obtained from Software Configuration Management in accordance with IT-PRO-0011, 
Software Management (Reference 2.1.3), and is identified by the Software Tracking Number 10300-
970.3858 D MPP-00. LS-DYNA V970.3858 D MPP-00 (hereinafter referred to as LS-DYNA) is a 
commercially available finite element analysis code and is appropriate for structural analysis of the 
WP as performed in this calculation.  The calculation using the LS-DYNA software was executed on 
the Hewlett-Packard (HP) Itanium2 (IA64) series UNIX workstations equipped with Operating 
System HP-UX 11.22, identified with Yucca Mountain Project (YMP) tag number 501711 located in 
Las Vegas, NV. The LS-DYNA evaluation performed for this calculation is fully within the range 
of the validation performed for the LS-DYNA (Reference 2.2.4).  Access to the code was granted by 
the Software Configuration Management in accordance with the appropriate procedures.  LS-DYNA 
was used with the help of Keyword User’s Manual (Reference 2.2.13) 

The pre-processor TrueGrid V2.3.0 (Software Tracking Number 610418-2.2.0-00, hereinafter 
termed as TrueGrid), is used in this calculation solely for the purpose of meshing geometric 
representations of the WP.  The suitability and adequacy of this mesh is based on visual 
examination, engineering judgment, and the results of mesh verification in Section 7 (Table 7-2). 
TrueGrid is considered Level 2 Software per IT-PRO-0011, Software Management (Reference 2.1.3, 
Attachment 12), as stated in Section 1.2 of this procedure.  Modeling and mesh generation using 
TrueGrid were executed on the Hewlett-Packard (HP) “OPUS” computer (YMP tag number 151664) 
running operating system HP-UX 11.00.  The suitability and adequacy of generated mesh is verified 
by visual inspection. 

LS-PREPOST V1.0 (LSTC), hereinafter referred to as LS-PREPOST, is the post-processor used 
only for visual display and graphical representation of results. LS-PREPOST was executed on the 
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Hewlett-Packard (HP) “OPUS” computer (YMP tag number 151664) running operating system HP-
UX 11.00. The suitability and adequacy of displayed results is verified by engineering judgment and 
visual inspection. 

The input and output files are listed in Section 5, and Table 5-1 of this document.  They are located 
in Attachment I, the compact disc (CD) to this document.  The input files are identified by “.k” and 
“.inc” file extensions for LS-DYNA and “.tg” for TrueGrid V2.3.  The output files (d3hsp) from LS-
DYNA are also provided in Attachment I. 

Microsoft Excel 2003 (Version 11.8120.8122) SP2, which is a component of Microsoft Office 
2003, is used for performing calculations in Sections 6.2 and 7.0.  Usage of Microsoft Office in 
this calculation constitutes Level 2 software usage, as defined in IT-PRO-0011 (Reference 
2.1.3). Microsoft Office 2003 is listed in the current Level 2 usage Controlled Software Report, 
as well as the Repository Project Management Automation Plan (Reference 2.1.4, Table 6-1). 

Microsoft Excel 2003 (Version 11.8120.8122) SP2 was executed on a PC running the Microsoft 
Windows XP Professional 5.1.2600 Service Pack 2 operating system.  The calculations are 
confirmed by hand calculations. 

The other computations within this document are hand calculations. 

4.3. STRESS ANALYSIS APPROACH 

The finite-element representation (FER) of the WP is created and solved for the oblique drop events 
using True Grid V2.3 and LS-DYNA. The OCB stress results are reviewed to determine the 
maximum response location, magnitude, and expected failure location.  The results of this 
calculation are presented in terms of maximum shear stress and bounds on primary stress intensities. 
 The governing OCB stress response is compared to project structural acceptance criteria. 

The design information regarding the WP used in the FER is based on the proposed/potential designs 
presented by the drawings and sketches of References 2.2.19 to 2.2.21, and 2.2.31 (see Assumptions 
3.1.1 and 3.1.2). 

The Naval Long canister overall dimensions are consistent with the maximum values provided on 
page 2 of Enclosure 3 in Reference 2.2.16. The weight of the Naval Long canister is based on the 
maximum recordable weight (Reference 2.2.24, Figure C-17, Note 3).  The details of the Naval Long 
canister and contents are simplified per Assumption 3.2.8. 

The inner vessel cavity dimensions, end details of the inner vessel, OCB and sleeves used in this 
calculation are based from References 2.2.20 and 2.2.21. 
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5.0 LIST OF ATTACHMENTS 

Attachment I (1 CD):  Table 5-1 gives the list of files in Attachment I used in this calculation.  The 
input files are identified by “.k” and “.inc” file extensions for LS-DYNA and “.tg” for TrueGrid 
V2.3. The output files (d3hsp) from LS-DYNA are also provided.  The file sizes on the CD may 
vary with operating system. 

Table 5-1. List of Electronic Files in Attachment  

Volume in drive C has no label. 
 Volume Serial Number is 9487-F5C8 

Directory of C:\CD_OI 

07/31/2007 06:11 PM <DIR> . 
07/31/2007 06:11 PM <DIR> .. 
07/29/2007 12:34 PM <DIR> Run1A 
07/29/2007 12:59 PM <DIR> Run1B 
07/29/2007 12:28 PM <DIR> Run2A 
07/29/2007 12:22 PM <DIR> Run2B 
07/29/2007 12:44 PM <DIR> Run3A 
07/29/2007 12:52 PM <DIR> Run3B 
07/29/2007 12:57 PM <DIR> Run4 
07/29/2007 12:57 PM <DIR> Run5 
07/31/2007 09:33 AM <DIR> Run6 
07/31/2007 09:33 AM <DIR> Run7 
07/31/2007 06:11 PM 17,408 Runs_Table.xls 

1 File(s) 17,408 bytes 

Directory of C:\CD_OI\Run1A 

07/29/2007 12:34 PM <DIR> . 
07/29/2007 12:34 PM <DIR> .. 
07/18/2007 01:15 PM 8,601,037 d3hsp.Z 
07/29/2007 12:31 PM 22,749,987 NLOIIT_Std_Msh_2_End.inc 
07/19/2007 04:53 PM 54,272 NLOIIT_Std_Msh_2_End.k 
07/19/2007 06:54 PM 108,985 NLOIIT_Std_Msh_2_End.tg 

4 File(s) 31,514,281 bytes 

Directory of C:\CD_OI\Run1B
 

07/29/2007 12:59 PM <DIR> .
 
07/29/2007 12:59 PM <DIR> ..
 
07/18/2007 10:29 AM 11,630,747 d3hsp.Z
 
07/29/2007 12:56 PM 30,358,074 NLOIIT_Fine_Msh_2_End.inc
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07/19/2007 06:40 PM 54,784 NLOIIT_Fine_Msh_2_End.k 
07/19/2007 05:06 PM 112,837 NLOIIT_Fine_Msh_2_End.tg 

4 File(s) 42,156,442 bytes 

Directory of C:\CD_OI\Run2A 

07/29/2007 12:28 PM <DIR> . 
07/29/2007 12:28 PM <DIR> .. 
07/12/2007 03:10 PM 9,344,259 d3hsp.Z 
07/12/2007 03:10 PM 22,311,534 NLOIIT_Std_Msh_1_End_LS.inc 
07/19/2007 06:19 PM 7,848 NLOIIT_Std_Msh_1_End_LS.k 
07/19/2007 06:23 PM 109,121 NLOIIT_Std_Msh_1_End_LS.tg 

4 File(s) 31,772,762 bytes 

Directory of C:\CD_OI\Run2B 

07/29/2007 12:22 PM <DIR> . 
07/29/2007 12:22 PM <DIR> .. 
07/12/2007 03:10 PM 12,699,071 d3hsp.Z 
07/28/2007 10:50 AM 59,319,296 NLOIIT_Fine_Msh_1_End_LS.inc 
07/28/2007 10:47 AM 50,688 NLOIIT_Fine_Msh_1_End_LS.k 
07/19/2007 06:25 PM 112,975 NLOIIT_Fine_Msh_1_End_LS.tg 

4 File(s) 72,182,030 bytes 

Directory of C:\CD_OI\Run3A 

07/29/2007 12:44 PM <DIR> . 
07/29/2007 12:44 PM <DIR> .. 
07/12/2007 03:10 PM 9,560,073 d3hsp.Z 
07/29/2007 12:37 PM 22,747,545 NLOIIT_Std_Msh_1_End_US.inc 
07/19/2007 06:50 PM 7,855 NLOIIT_Std_Msh_1_End_US.k 
07/19/2007 06:54 PM 109,061 NLOIIT_Std_Msh_1_End_US.tg 

4 File(s) 32,424,534 bytes 

Directory of C:\CD_OI\Run3B 

07/29/2007 12:52 PM <DIR> . 
07/29/2007 12:52 PM <DIR> .. 
07/12/2007 03:10 PM 12,598,513 d3hsp.Z 
07/29/2007 12:49 PM 30,355,676 NLOIIT_Fine_Msh_1_End_US.inc 
07/19/2007 06:51 PM 7,849 NLOIIT_Fine_Msh_1_End_US.k 
07/12/2007 03:10 PM 108,648 NLOIIT_Fine_Msh_1_End_US.tg 

4 File(s) 43,070,686 bytes 

Directory of C:\CD_OI\Run4 
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07/29/2007 12:57 PM <DIR> . 
07/29/2007 12:57 PM <DIR> .. 
07/26/2007 01:56 PM 12,180,081 d3hsp.Z 
07/26/2007 01:56 PM 29,779,344 NLOIIT_Fine_Msh_1_End_LS.inc 
07/29/2007 12:20 PM 7,819 NLOIIT_Fine_Msh_1_End_LS.k 
07/19/2007 06:25 PM 112,975 NLOIIT_Fine_Msh_1_End_LS.tg 

4 File(s) 42,080,219 bytes 

Directory of C:\CD_OI\Run5 

07/29/2007 12:57 PM <DIR> . 
07/29/2007 12:57 PM <DIR> .. 
07/26/2007 09:05 AM 11,718,297 d3hsp.Z 
07/26/2007 01:57 PM 29,779,344 NLOIIT_Fine_Msh_1_End_LS.inc 
07/29/2007 12:22 PM 7,954 NLOIIT_Fine_Msh_1_End_LS.k 
07/19/2007 06:25 PM 112,975 NLOIIT_Fine_Msh_1_End_LS.tg 

4 File(s) 41,618,570 bytes 

Directory of C:\CD_OI\Run6 

07/31/2007 09:33 AM <DIR> . 
07/31/2007 09:33 AM <DIR> .. 
07/31/2007 09:30 AM 11,349,927 d3hsp.Z 
07/29/2007 12:49 PM 30,180,627 NLOIIT_Fine_Msh_1_End_US.inc 
07/30/2007 04:57 PM 51,200 NLOIIT_Fine_Msh_1_End_US.k 
07/29/2007 12:14 PM 112,854 NLOIIT_Fine_Msh_1_End_US.tg 

4 File(s) 41,694,608 bytes 

Directory of C:\CD_OI\Run7 

07/31/2007 09:33 AM <DIR> . 
07/31/2007 09:33 AM <DIR> .. 
07/31/2007 09:29 AM 11,400,228 d3hsp.Z 
07/29/2007 12:49 PM 30,355,676 NLOIIT_Fine_Msh_1_End_US.inc 
07/30/2007 04:56 PM 7,957 NLOIIT_Fine_Msh_1_End_US.k 
07/12/2007 03:10 PM 108,648 NLOIIT_Fine_Msh_1_End_US.tg 

4 File(s) 41,872,509 bytes 

Total Files Listed:
 
41 File(s) 420,404,049 bytes
 
32 Dir(s) 28,414,402,560 bytes free
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6.0 BODY OF CALCULATION 

6.1. MATERIAL PROPERTIES 

Material properties used in this calculation are listed in this section.  Some of the temperature-
dependent and rate-dependent material properties are not available for Alloy 22, 316 SS, and 316L 
SS materials.  For all materials, RT Poisson’s ratio and density were used (see Assumption 3.2.4), 
and all properties were obtained under static loading conditions (see Assumption 3.2.7).   

Alloy 22 ASME SB-575 [UNS N06022] 
(OCB, OCB top and bottom lids, top and bottom sleeves): 

• 	 (From Reference 2.2.5, Section II, Part B, SB-575 Section 7.1) 
Density = 8690 kg/m3 (0.314 lb/in3) (at RT) 

• 	 (From Reference 2.2.5, Section II, Part D, Table Y-1) 
Yield strength = 310 MPa (45.0 ksi) (at RT) 

• 	 (From Reference 2.2.5, Section II, Part D, Table U) 
Tensile strength = 689 MPa (100 ksi) (at RT) 

• 	 (From Reference 2.2.5, Section II, Part B, SB-575 Table 4) 
Elongation = 0.45 (at RT) 

• 	 From Reference 2.2.3, p. 143;       Assumption 3.2.1 
Poisson's ratio = 0.278 (at RT)  

• 	 (From Reference 2.2.11, p. 14, Table “Average Dynamic Modulus of Elasticity”) 
(This is the best available data and suitable for use in the calculation) 
Modulus of elasticity = 206 GPa (29.9 * 106 psi) (at RT) 

316 SS ASME SA-240 [UNS S31600 with modified N & C]  
(Inner Vessel, Inner Vessel top and bottom lids, spread ring, TEV Rail Ledge): 

• 	 (From Reference 2.2.6, Table X1.1, p. 7) 
Density = 7980 kg/m3 (0.288 lb/ in3) (at RT) 

• 	 (From Reference 2.2.5, Section II, Part D, Table Y-1) 
Yield strength = 207 MPa (30.0 ksi) (at RT) 

• 	 (From Reference 2.2.5, Section II, Part D, Table U) 
Tensile strength = 517 MPa (75.0 ksi) (at RT) 

• 	 (From Reference 2.2.5, Section II, Part A, SA-240, Table 2) 
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Elongation = 0.40 (at RT) 

• 	 (From Reference 2.2.3, Figure 15, p. 755) 
Poisson's ratio = 0.30 (at RT)  

• 	 (From Reference 2.2.5, Section II, Part D, Table TM-1) 
Modulus of elasticity = 195 GPa (28.3*106 psi) (at RT) 

316L SS ASME SA-240 [UNS S31603] 
(Naval SNF canister)      Assumption 3.2.9 

• 	 (From Reference 2.2.6, Table X1.1, p. 7) 
Density = 7980 kg/m3 (0.288 lb/ in3) (at RT) 

• 	 (From Reference 2.2.5, Section II, Part D, Table Y-1) 
Yield strength = 172 MPa (25.0 ksi) (at RT) 

• 	 (From Reference 2.2.5, Section II, Part D, Table U) 
Tensile strength = 483 MPa (70.0 ksi) (at RT) 

• 	 (From Reference 2.2.5, Section II, Part A, SA-240, Table 2) 
Elongation = 0.40 (at RT) 

• 	 From Reference 2.2.3, Figure 15, p. 755        Assumption 3.2.3 
Poisson's ratio = 0.30 (at RT)  

• 	 (From Reference 2.2.5, Section II, Part D, Table TM-1) 
Modulus of elasticity = 195 GPa (28.3*106 psi) (at RT) 
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6.1.1. Calculations for True Measures of Ductility 

The material properties in Section 6.1 refer to engineering stress and strain definitions 
(Reference 2.2.9, Chapter 9): 

P L − L s =  and e = 0
 

A0 L0
 

Where P stands for the force applied during a static tensile test, L is the deformed-specimen length, 
and L0  and A0  are original length and cross-sectional area of the specimen, respectively.  It is 
generally accepted that the engineering stress-strain curve does not give a true indication of the 
deformation characteristics of a material during the plastic deformation since it is based entirely on 
the original dimensions of the specimen.  Therefore, the LS-DYNA finite element code requires 
input in terms of true stress and true strain definitions: 

P ⎛ L ⎞σ = and ε = ln⎜⎜ 
L ⎟⎟ 

A ⎝ 0 ⎠ 

The relationships between the true stress and true strain definitions and engineering stress and 
engineering strain definitions can be readily derived based on constancy of volume ( A0 ⋅ L0 = A ⋅ L ) 
and strain homogeneity during plastic deformation: 

σ = s ⋅ (1 + e) Equation 6.1.1a 

ε = ln(1 + e) Equation 6.1.1b 

These expressions are applicable only in the hardening region of stress-strain curve that is limited by 
the onset of necking. 

The following parameters are used in the subsequent calculations: 

sy ≈ σ y = yield strength 
su = engineering tensile strength 
σ u = true tensile strength 
ey ≈ ε y = strain corresponding to yield strength 
eu = engineering strain corresponding to engineering tensile strength 
        (uniform strain) 
ε u = true strain corresponding to true tensile strength 
        (true uniform strain) 

In absence of the uniform strain data in available literature, it needs to be estimated based on stress-
strain curves and elongation (strain corresponding to rupture of the tensile specimen).  For Alloy 22 
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and 316 SS, the minimum elongation for uniform strain is reduced by 10% (see Assumption 3.2.6). 
For 316L SS, the minimum elongation for uniform strain is reduced by 40% (see Assumption 3.2.2). 

For Alloy 22 the true measures of ductility are: 

eu = 0.9 ⋅ elongation = 0.9 * 0.45 = 0.41 (at RT) 
ε u = ln(1 + eu ) = ln(1 + 0.41) = 0.34  (at RT) (using Equation 6.1.1b) 

σ = s ⋅ (1+ e ) = 689 ⋅ (1+ 0.41) = 971 MPa  (at RT) (using Equation 6.1.1a) u u u 

For 316 SS the true measures of ductility are: 
eu = 0.9 ⋅ elongation = 0.9*0.40 = 0.36 (at RT) 
εu = ln(1 + eu ) = ln(1 + 0.36) = 0.31  (at RT) (using Equation 6.1.1b) 

σ u = su ⋅ (1+ eu ) = 517 ⋅ (1+ 0.36) = 703 MPa (at RT) (using Equation 6.1.1a) 

For 316L SS the true measures of ductility are: 

eu = 0.6 ⋅ elongation = 0.6*0.40 = 0.24 (at all temperatures) 
ε u = ln(1+ eu ) = ln(1+ 0.24) = 0.22   (at all temperatures) 

Using Equation 6.1.1a:
 
σ = s ⋅ (1+ e ) = 483 ⋅ (1+ 0.24) = 599 MPa (at RT)
u u u 

6.1.2. Calculations for Tangent Modulus 

The results of this simulation are required to include elastic and plastic deformations for Alloy 22, 
316 SS, and 316L SS.  When the materials are driven into the plastic range, the slope of the stress-
strain curve continuously changes. A simplification for this curve is used to incorporate plasticity 
into the FER. A standard approximation commonly used in engineering is to use a straight line that 
connects the yield point and the ultimate tensile strength point of the material (bilinear elastoplastic 
representation). The parameters used in the subsequent calculations in addition to those defined in 
Section 6.1.1 are modulus of elasticity (E) and tangent (hardening) modulus ( E1 ), the two slopes of 
this bilinear true stress – true strain curve. The tangent (hardening) modulus represents the slope of 
the stress-strain curve in the plastic region. 

In the case of Alloy 22, the strain corresponding to the yield strength is: 

ε y = σ y E = 310 ⋅106 206 ⋅109 = 1.50 ⋅10−3 (at RT) (seeSection 6.1) 
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Hence, the tangent modulus is: 

E1 = (σ u −σ y ) (ε u − ε y ) = (0.971− 0.310) (0.34 −1.50 ⋅10−3 ) =1.9527 GPa  (at RT) 
      (see Section 6.1, and 6.1.1) 

The values of tangent moduli used in this calculation are presented in Table 6-1 as follows: 

Table 6-1. Tangent Moduli at RT 

Material Tangent Modulus (GPa) Tangent Modulus (psi) 
Alloy 22 1.95 0.283*106 

316 SS 1.60 0.232*106 

316L SS 1.95 0.283*106 
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6.2. CALCULATIONS FOR SNF NAVAL CANISTER WALL THICKNESS
 

Total length of canister 	 = 210.63 in 
= (210.63)/(12*3.281) m 
= 5.3497 m 

Top lid (plug) thickness 	 = 15 in
     = (15)/(12*3.281) m
     = 0.381 m 

Bottom lid thickness 	 = 3.5 in
     = (3.5)/(12*3.281) m
     = 0.0889 m 

Canister outer diameter 	 = 66.12 in
     = (66.12)/(12*3.281) m
     = 1.6794 m 

Canister shell length 	 = (210.63) – (15 + 3.5) in 
(between lids) 	= 192.13 in
     = (192.13)/(12*3.281) m
     = 4.8798 m 

Canister weight 	 = 49.32 Tonne (Metric) 
= 49,320 kg (matches closely with LS-DYNA calculated 
weight of 49,254 kg as given in Table 7-1, part # 90) 

     = (49,320*2.2046) lb
     = 108,731 lb
     = (108,731/2000) Ton (Eng.) 
     = 54.37 Ton (Eng.) 

Canister material (316L SS) density = 7980 kg/m3 

Top lid (plug) weight = (π/4)*(dia2)*(length)*density 
(including surrounding shell) 	 = (π/4)*(1.67942)*(0.381)*(7980) kg
     = 6,735 kg
     = (6,735*2.2046) lb
     = 14,848 lb 

Bottom lid weight  	 = (π/4)*(dia2)*(length)*density 
(including surrounding shell)	 = (π/4)*(1.67942)*(0.0889)*(7980) kg
     = 1572 kg
     = (1572*2.2046) lb
     = 3465 lb 
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Shell weight (between lids) 	 = (total wt.) – wt. of (top lid & shell+ bottom lid & shell) 
     = (49,320) – (6735 + 1572) kg
     = 41, 013 kg
     = (41,013*2.2046) lb
     = 90,417 lb 

Shell ID calculation = (π/4)*(OD2 - ID2)*(shell length)*(density) 
(see Assumption 3.2.11)  = (π/4)*(1.67942 - ID2)*(4.8798)*(7980) kg
     = 41,013 kg 

(1.67942 - ID2) = {(41,013)/(7980*4.8798)*(π)}∗(4)  
= 1.341 

Shell ID	 = (1.67942 – 1.341)0.5 m 
= 1.2163 m 

Shell wall thickness (adjusted)	 = (OD – ID)/2
     = (1.6794 – 1.2163)/2 m
     = 0.2315 m
     = (0.2315 * 3.281 * 12) in
     = 9.1165 in 

6.2.1. Calculations for SNF Naval Canister CG Location for LS-DYNA 

CG location of the SNF canister: 

Canister material (316L SS) density = 7980 kg/m3

     = {(7980 * 6.24283)/(100 * 123)} lb/in3

     = 0.288 lb/in3 

Top lid (plug) weight	 = (π/4) * (canister OD2 * thickness) * density 
     = (π/4) * (66.122 * 15) * 0.288 lb 

= 14,848.67 lb 

Bottom lid weight	 = (π/4) * (canister OD2 * thickness) * density 
     = (π/4) * (66.122 * 3.5) * 0.288 lb 
     = 3,464.69 lb 

Canister shell weight = (π/4) * {(canister OD2 - canister ID2) * length)} * density 
(length between top & bottom lids) = (π/4) * {66.122 – (66.12 – 2 * 9.12)2} * 192.13} * 0.288 
     = 90,430.60 lb 
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CG location (moments taken about the bottom face of the canister) 

= [{14,848.67 * (210.63-15/2)} + (3,464.69 * 3.5/2) + {90,430.60 * (192.13/2 + 3.5)}] 
/ [(14,848.67 + 3,464.69 + 90,430.60)] 

= (3,016,210.34 + 6,063.21 + 9,003,722.7) / (108,743.96) 
    = 110.59 in 

Required CG location
 
(distance from the bottom of the external surface of the loaded canister)
 
between (bounding dimensions) = 103 in and 123 in (Reference 2.2.24, Figure C-17)
 

Therefore: 103 in < 110.59 in < 123 in 

Meets the requirements per Reference 2.2.24 

6.3. IMPACT VELOCITY 

To reduce the computer execution time while preserving all features of the problem relevant to the 
structural calculation, the WP is set in an oblique position just before impact and given an 
appropriate vertical velocity to simulate the velocity at the time of the impact (oblique free 
drop). This impact velocity is calculated considering that the WP has been lifted in a horizontal 
position to a height of 2.49 ft (0.759 m), (Reference 2.2.31). 

Use of Newton’s equation of motion determines the maximum impact velocity used for input into 
the LS-DYNA finite element (FE) simulation (Reference 2.2.10, Equation 15, p. 20): 

V2 = Vo
2 + 2gh 

where, 
Vo = initial velocity 
V = final velocity 
g = acceleration due to gravity 
h = vertical drop height. 

For this calculation: 
Vo = 0.0 m/s (WP initially at rest) 
g = 9.81 m/s2 (acceleration due to gravity) 
h = 0.759 m.(drop height) 

Substituting these values into Newton’s equation of motion, the result provides the final velocity 
of the falling WP immediately before impacting the unyielding surfaces: 

V ={ (Vo
2 + 2gh}1/2
 

{02 + 2(9.81)(0.759)}1/2  = 3.859 m/s for a 0.759 m drop height.
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6.4. FINITE ELEMENT REPRESENTATION 

A full 3-D finite-element representation (FER) is created in TrueGrid V2.3 for this calculation. 
Figures 6-1 through 6-4 depict details of the “Standard FER”, Figures 6-5 through 6-8 depict details 
of the “Refined FER”, Figure 6-9 depicts details of the “FER of Initial Contact of Lower Sleeve with 
the TEV rail ledge and subsequent upper sleeve slapdown”, and Figure 6-10 depicts details of the 
FER of Initial Contact of Upper Sleeve with the TEV rail ledge and subsequent lower sleeve 
slapdown”. 

The internal components of the WP are simplified in order to reduce the computer run time.  The 
Naval SNF canister conforms to the dimensions given in Reference 2.2.24, Figure C-17.  The shield 
plug at the top and the lid at the bottom of the Naval SNF canister have been modeled per 
dimensional details given in the referenced document.  Since the details of the spent nuclear fuel 
inside the Naval SNF canister are not available, the details have not been modeled in the FER 
directly. The side wall thickness of the Naval SNF canister is increased to account for the weight of 
the spent nuclear fuel (Assumption 3.2.8).  Since the side wall thickness of the canister is uniform, 
the weight of spent nuclear fuel is thus uniformly distributed, (smeared) along the Naval SNF 
canister side wall. The TEV rail ledge of 316 SS material is used to represent the target surface.  

The orientation of the WP and its contents for the different impact scenarios on the TEV rail ledge 
was based on Reference 2.2.31. Also, the WP inner vessel outer surface is in contact with the OCB 
shell in the area where the sleeves contact the TEV rail ledge.  This “no-gap” orientation is 
simulated to create the highest stresses in the OCB. 

A static and dynamic friction coefficient of 0.4 was applied between all the parts of the WP (see 
Assumptions 3.2.10 and 3.2.11). 

The mesh of the Standard FER is appropriately generated and refined in the contact regions 
according to standard engineering practice. The Standard FER was then further refined in the 
impact region to verify its stability in terms of mesh refinement.  The mesh refinement of the outer 
corrosion barrier for the Standard FER is almost identical in both the lower and upper regions at 
their highest stressed locations (shell and lid interface of the OCB) and the stress magnitudes were 
similar.  The volume and stress for the outer corrosion barrier elements of highest stress in the shell-
lid interface region were compared for the Standard and Refined FER’s according to the method 
described in Reference 2.2.18, Section 6.2.3. 

The travel distance of the WP to the impact point on the TEV rail ledge was reduced to a minimum 
before impact and the WP is given an initial velocity equal to 3.859 m/s for the 0.759 m drop height 
(see Section 6.3). 

Transient dynamic analysis was performed on the FER using LS-DYNA. 
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WP FER’s were created and analyzed at room temperature for the following cases and mesh 
configurations: 

Run 1A: standard mesh, 0.759 m drop @ RT, initial contact at both sleeves; V = 3.859 m/s 
Run 1B: refined mesh, 0.759 m drop @ RT, initial contact at both sleeves; V = 3.859 m/s 
Run 2A: standard mesh, 0.759 m drop @ RT, initial contact at lower sleeve; V = 3.859 m/s 
Run 2B: refined mesh, 0.759 m drop @ RT, initial contact at lower sleeve; V = 3.859 m/s 
Run 3A: standard mesh, 0.759 m drop @ RT, initial contact at upper sleeve; V = 3.859 m/s 
Run 3B: refined mesh, 0.759 m drop @ RT, initial contact at upper sleeve; V = 3.859 m/s 
Run 4: refined mesh, 0.759 m drop @ RT, initial contact at lower sleeve; V = 7 m/s 
Run 5: refined mesh, 0.759 m drop @ RT, initial contact at lower sleeve; V = 10 m/s 
Run 6: refined mesh (lower sleeve lower weld removed to simulate weld failure), 0.759 m 

drop @ RT, initial contact at upper sleeve; V = 10 m/s 
Run 7: refined mesh, 0.759 m drop @ RT, initial contact at upper sleeve; V = 10 m/s 

Notes: 

1. 	 Runs 4, 5, 6, and 7 were made at higher velocities to determine approximately the limiting 
failure velocity for ASME failure criterion. The element wall-averaged stress intensity for 
runs 4, 5, and 7 is the highest at the OCB lid and shell interface, which is the assumed failure 
(or OCB breach) location. For run 6, the element wall-averaged stress intensity is the 
highest at the OCB lid horizontal wall section at the point of contact with the lower sleeve 
(see Figures 7-29 through 7-31). Peak stresses in the weld have not been investigated in 
detail, as Appendix A of Revision 00A (Reference 2.2.30) indicates that the failure of the 
upper sleeve welds will not affect the stress response in the wall of the OCB. 

2. 	 Runs 6 and 7 were terminated at 80 ms well after the peak stresses were reached and the 
stresses stabilized to a relatively low level compared to the peak stresses. 
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Figure 6-1. Standard FER 

Figure 6-2. Standard FER Impact Area Detail 
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Figure 6-3. Standard FER Upper Sleeve Region Cut-Away 

Figure 6-4. Standard FER Lower Sleeve Region Cut-Away 
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Figure 6-5. Refined FER 

Figure 6-6. Refined FER Impact Area Detail 
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Figure 6-7. Refined FER Upper Sleeve Region Cut-Away 

Figure 6-8. Refined FER Lower Sleeve Region Cut-Away 
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Figure 6-9. FER Initial Contact of Lower Sleeve with TEV Rail (Upper Sleeve Slapdown) 

Figure 6-10. FER Initial Contact of Upper Sleeve with TEV Rail (Lower Sleeve Slapdown) 
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7.0 RESULTS AND CONCLUSIONS 

Attachment I (CD) includes the input files and result (output) files that show execution of the 
successful simulations.  The stresses are recorded every 0.0002 seconds at times near the peak 
response to ensure that all stress peaks have been captured. 

The d3hsp result file for run 2B (Attachment I), lists the Refined FER RT masses calculated by LS-
DYNA. The appropriate portion of the file is reproduced in Table 7-1 below.  As seen, the mass of 
the FER WP equals 74,199 kg.  This includes the mass of the TEV rail ledge (target block).  The 
mass of the target TEV rail ledge is 716 kg., resulting in the net mass of the WP to be 73,483 kg. 
According to Reference 2.2.19, the mass of the WP is 73,500 kg. The discrepancy between the two 
masses is 0.023% {((73,500-73,483)*100)/73,483}, which is a negligible amount. 

Table 7-1. Weight Verification 

****************************************************************************** 
 Summary of mass 
part id = 1 mass= 0.85239063E+04 
part id = 2 mass= 0.16309357E+02 
part id = 4 mass= 0.64254472E+03 
part id = 5 mass= 0.61775378E+03 
part id = 6 mass= 0.58568908E+02 
part id = 7 mass= 0.37472207E+02 
part id = 8 mass= 0.31195552E+04 
part id = 9 mass= 0.35131035E+02 
part id = 11 mass= 0.95044368E+03 
part id = 13 mass= 0.71600560E+03 ***** TEV Rail Ledge 
part id = 18 mass= 0.10226793E+05 
part id = 90 mass= 0.49254354E+05 ***** Naval Canister 

t o t a l m a s s = 0.74198838E+05 

******************************************************************************** 

Figures 7-1 to 7-38 show the location, contours, peak and wall averaged maximum shear stress from 
the LS-DYNA output at the time of maximum OCB stress response for different runs.  High stresses 
are found at the lower sleeve lower weld, OCB lower lid shell interface and OCB upper lid shell 
interface in the vicinity of the contact area of the sleeves with the TEV rail ledge. 

For the mesh refinement check, the limiting case event of initial contact of the lower sleeve with the 
TEV rail ledge is modeled using the standard (coarse) and fine mesh.  Table 7-2 shows the mesh 
refinement verification results.  As discussed in Section 6.4, the elements in the lower and upper lid 
to OCB shell interface in the vicinity of the contact area of the sleeves with the TEV rail ledge were 
used for the mesh refinement evaluation because the outer corrosion barrier was most highly stressed 
in these regions. 

Table 7-2. Mesh Verification 
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Standard Mesh Refined Mesh % 
Change 

Outer 
Corrosion 

Barrier 

EL# 
3988 

V = 6.6763E-07 m3 
EL# 
6710 

V = 1.9271E-07 m3 246 
τmax = 3.5652E+08 Pa 

(see Figures 7-3 and 7-5) 
τmax = 3.7569E+ 08 Pa 

(see Figures 7-9 and 7-11) 5.1 

For the standard mesh, element # 3988 was chosen relative to element # 18797 because the through-
wall average maximum stress was higher even though the maximum stress value for element # 
18797 was higher by 18 MPa (see Figures 7-3 to 7-8). The percent change in stress is at least one 
order of magnitude less than the percent change in volume of the element.  Thus, the standard mesh 
is deemed acceptable per Reference 2.2.18 (Section 6.2.3). 

The results obtained from LS-DYNA are reported in terms of maximum shear stress.  Since the 
maximum stress intensities are desired, the results needed to be converted.  The maximum shear 
stress (see Reference 2.2.9, Chapter 3) is defined as one half of the difference between maximum 
and minimum principal stress.  Stress intensity (see Reference 2.2.5, Section III, Division 1, 
Appendix XIII, XIII-1123(a)) is defined as the difference between maximum and minimum principal 
stress. Therefore, the results obtained from LS-DYNA are multiplied by two, to obtain the 
corresponding stress intensities. 

The maximum stresses are found by carefully examining each time step of LS-DYNA computation, 
which outputs the element with the highest magnitude of stress, at each step, for each defined part. 
Table 7-3 shows the maximum stresses in the OCB at RT for a 0.759 m drop events. Table 7-3 also 
lists the ratios of maximum stress intensity to true tensile strength.  It must be noted that wherever 
the element with maximum shear stress greater than 340 MPa (causing maximum stress intensity 
limit of 0.7 to be surpassed) did not have a through-wall thickness, an element closest to it with the 
highest stress and possible through-wall thickness in the assumed failure (or OCB breach) location 
was chosen. For example, in the limiting case run 2B, element # 37921exhibited the highest shear 
stress of 377.02 MPa but did not have the proper through-wall thickness.  Hence, the closest element 
# 6710 that exhibited maximum shear stress value of 375.69 MPa and had the through-wall 
thickness was chosen (see figures 7-9 and 7-10). 
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Table 7-3. Maximum Stress Intensity 

Run 
# 

Mesh 
Density 

Figure 
# 

Element 
# 

OCB 

Time 
Step 

(seconds 
) 

MSS 
(MPa) 
(OCB) 

SI 
(MPa) 
(OCB) u 

SI 
σ 

1A Standard None 18797 0.0140 309.92 619.84 0.638 

1B Fine 7-2 121581 0.0164 338.04 676.08 0.696 

2A 
Standard 

(wall 
average) 

7-7 3988 0.1391 325.09 650.18 0.670 

2B 
Fine 
(wall 

average) 
7-12 6710 0.1399 328.102 656.20 0.676 

3A 
Standard 

(wall 
average) 

None 65483 0.1356 310.2 620.40 0.639 

3B 
Fine 
(wall 

average) 
7-16 128235 0.1347 312.55 625.10 0.644 

4 
Fine 
(wall 

average) 
7-20 6728 0.0877 393.53 787.06 0.811 

5 
Fine 
(wall 

average) 
7-24 6710 0.0656 416.33 832.66 0.858 

6 
Fine 
(wall 

average) 
7-34 63034 0.0665 301.03 602.06 0.620 

7 
Fine 
(wall 

average) 
7-38 128235 0.0630 446.03 892.06 0.919 

Note: 
MSS: Maximum Shear Stress 
SI: Stress Intensity 
σu True Tensile Strength of Alloy 22 at RT = 971 MPa 
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High stress intensities were observed in the lower sleeve lower weld in the vicinity of the contact 
area of the lower sleeve with the TEV rail ledge.  However, Appendix A of Reference 2.2.30 
indicates that the failure of the upper sleeve welds will not affect the stress response in the wall of 
the OCB. Hence, weld stresses have not been investigated in detail in this calculation. In some 
OCB wall sections, SI/σu ratios are higher than 0.7. To verify that these maximum stress intensities 
do not cause a failure, a more detailed investigation into the source of the stress was required. 
Reference 2.2.12 provides this detailed investigation for the horizontal drop event. It concludes that 
the local primary stress intensity (PL) should be used for the failure assessment of the outer corrosion 
barrier in the region of its juncture with the sleeve.  The bending stresses contribute to the secondary 
stress intensity (Q) and need not be taken into account. 

The allowable total primary stress intensity (PL+Pb) limit in Reference 2.2.18 (Section 6.2.4) is 
0.9Su, which for the non-linear LS-DYNA simulations, translates to 0.9σu (see Reference 2.2.5, 
Section III, Division 1, Appendix F, F-1322.3(b)).  Based on the above considerations, the bending 
stresses in the OCB in the region of its juncture with the sleeve contribute to Q and Pb = 0. 
Therefore, the allowable maximum PL stress intensity is 0.9σu . 

Rigorously performed, this calculation requires: Identification of stress component (signed σx, σy, 
σz, τxy, τyz, τzx) fields across the wall of the outer corrosion barrier, averaging of the stress 
component fields to create wall-averaged stress components, translate these wall-averaged stresses 
to principle stress directions and then calculate the difference between the maximum (S1) and 
minimum (S3) principle stress direction values. This calculation results in a PL value, provided that 
the PL values exceeding 1.1 times the Pm limit do not extend for greater than R ⋅ t , where R is the 
midsurface radius and t is the thickness of the OCB (see Reference 2.2.5, Section III, Division 1, 
Appendix XIII, XIII-1123(j)). 

To simplify the calculation, the wall-average of the element total stress intensity values through the 
outer corrosion barrier (at the highest stressed element’s circumferential location) is used to define 
PL. This is a conservative representation of PL because it ignores changing principle stress planes 
through the wall and includes (by the total stress intensity values being unsigned) the secondary 
(wall-bending) and the peak stress contributions.  The through wall averaged maximum shear stress 
curves are shown in Figures 7-7, 7-8, 7-12, and 7-16 respectively. 

The allowable Pm stress limit in Reference 2.2.18 (Section 6.2.4) is 0.7Su, which for the non-linear 
LS-DYNA simulations, translates to 0.7σu (see Reference 2.2.5, Section III, Division 1, Appendix F, 
F-1322.3(b)). Therefore, the PL values that exceed 1.1 times 0.7σu = 0.77σu cannot extend for 
greater than R ⋅ t . Since none of the SI values in Table 7-3 exceeds 0.77σu for runs 1A, 1B, 2A, 
2B, 3A and 3B, the SI values can be considered (local) PL values and the PL + Pb limit is met. 

σ 

For runs 1A, and 1B, (maximum free drop events), the project tiered acceptance criteria of peak 
stressσ int < 0.7σ u is met at the OCB top and bottom lids respectively in the vicinity of the contact 
area of the sleeves with the TEV rail ledge (see Figures 7-1 and 7-2 for run 1B).  For runs 2A, 2B, 
3A, and 3B (maximum free drop events), the project tiered acceptance criteria of wall-averaged 

int < 0.77σ u is met at the assumed failure (or breach) location of the OCB lid and shell interface 
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(see Figures 7-3 through 7-16). For runs 4, 5, and 7 (impact velocities of 7 m/s, 10 m/s, and 10 m/s 
respectively), the project tiered acceptance criteria of wall-averaged σ < 0.77σ mentioned in int u 

Reference 2.2.18 (Section 6.2.4) is not met at the assumed failure (or breach) location of the OCB lid 
and shell interface. For run 6 (impact velocity of 10 m/s with lower sleeve lower weld removed to 
simulate weld failure during the lower sleeve slapdown), the project tiered acceptance criteria of 
wall-averaged σ < 0.77σ is met at the assumed failure (or breach) location of the OCB lid and int u 

shell interface (see Figures 7-32 through 7-34). However, the element wall-averaged stress intensity 
at the OCB lid horizontal wall section at the point of contact with the lower sleeve (see Figures 7-29 
through 7-31) does not meet the project tiered acceptance criteria.  As mentioned in Section 6.4, runs 
4 through 7 were made to determine approximately the limiting failure velocity for ASME failure 
criterion. 
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Figure 7-1. OCB Maximum Shear Stress (Pa) Location for Fine Mesh (run 1B) 

Figure 7-2. OCB Maximum Shear Stress for Fine Mesh (run 1B) 
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Figure 7-3. OCB Shell-Upper Lid Interface MSS (Pa) Location for Standard Mesh (run 2A) 

Figure 7-4. OCB Shell-Upper Lid Interface MSS (Pa) Location for Standard Mesh (run 2A) 
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Figure 7-5. OCB Through-Wall Maximum Shear Stress for Standard Mesh (run 2A) 

Figure 7-6. OCB Through-Wall Maximum Shear Stress for Standard Mesh (run 2A) 
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Figure 7-7. OCB Through-Wall Averaged Maximum Shear Stress for Standard Mesh (run 2A) 

Figure 7-8. OCB Through-Wall Averaged Maximum Shear Stress for Standard Mesh (run 2A) 
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Figure 7-9. OCB Shell-Upper Lid Interface MSS (Pa) Location for Fine Mesh (run 2B) 

Figure 7-10. OCB Shell-Upper Lid Interface MSS (Pa) Location for Fine Mesh (run 2B) 
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Figure 7-11. OCB Through-Wall Maximum Shear Stress for Fine Mesh (run 2B) 

Figure 7-12. OCB Through-Wall Averaged Maximum Shear Stress for Fine Mesh (run 2B) 
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Figure 7-13. OCB Shell-Lower Lid Interface MSS (Pa) Location for Fine Mesh (run 3B) 

Figure 7-14. OCB Shell-Lower Lid Interface MSS (Pa) Location for Fine Mesh (run 3B) 
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Figure 7-15. OCB Through-Wall Maximum Shear Stress for Fine Mesh (run 3B) 

Figure 7-16. OCB Through-Wall Averaged Maximum Shear Stress for Fine Mesh (run 3B) 
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Figure 7-17. OCB Shell-Upper Lid Interface MSS (Pa) Location for Fine Mesh (run 4) 

Figure 7-18. OCB Shell-Upper Lid Interface MSS (Pa) Location for Fine Mesh (run 4) 
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Figure 7-19. OCB Through-Wall Maximum Shear Stress for Fine Mesh (run 4) 

Figure 7-20. OCB Through-Wall Averaged Maximum Shear Stress for Fine Mesh (run 4) 
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Figure 7-21. OCB Shell-Upper Lid Interface MSS (Pa) Location for Fine Mesh (run 5) 

Figure 7-22. OCB Shell-Upper Lid Interface MSS (Pa) Location for Fine Mesh (run 5) 
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Figure 7-23. OCB Through-Wall Maximum Shear Stress for Fine Mesh (run 5) 

Figure 7-24. OCB Through-Wall Averaged Maximum Shear Stress for Fine Mesh (run 5) 



 

 

 
 

 

 
 

Thermal/Structural Analysis Calculation 
Title: Naval Long Oblique Impact inside TEV 
Document Identifier: 000-00C-DNF0-01200-000-00A Page 52 of 58 

Figure 7-25. Maximum Shear Stress (Pa) Location for Fine Mesh (run 6) 

Figure 7-26. Max. Shear Stress (Pa) Location (vertically along OCB Lid) for Fine Mesh (run 6) 
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Figure 7-27. OCB (Vertical) Maximum Shear Stress for Fine Mesh (run 6) 

Figure 7-28. OCB (Vertical-Averaged) Maximum Shear Stress for Fine Mesh (run 6) 
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Figure 7-29. MSS (Pa) Location (horizontally along OCB Lid) for Fine Mesh (run 6) 

Figure 7-30. OCB (Horizontal) Maximum Shear Stress for Fine Mesh (run 6) 



 

 

 
 

 

 
 

Thermal/Structural Analysis Calculation 
Title: Naval Long Oblique Impact inside TEV 
Document Identifier: 000-00C-DNF0-01200-000-00A Page 55 of 58 

Figure 7-31. OCB (Horizontal-Averaged) Maximum Shear Stress for Fine Mesh (run 6) 

Figure 7-32. OCB Shell-Lower Lid Interface MSS (Pa) Location for Fine Mesh (run 6) 
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Figure 7-33. OCB Through-Wall Maximum Shear Stress for Fine Mesh (run 6) 

Figure 7-34. OCB Through-Wall Averaged Maximum Shear Stress for Fine Mesh (run 6) 
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Figure 7-35. OCB Shell-Lower Lid Interface MSS (Pa) Location for Fine Mesh (run 7) 

Figure 7-36. OCB Shell-Lower Lid Interface MSS (Pa) Location for Fine Mesh (run 7) 
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Figure 7-37. OCB Through-Wall Maximum Shear Stress for Fine Mesh (run 7) 

Figure 7-38. OCB Through-Wall Averaged Maximum Shear Stress for Fine Mesh (run 7) 
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