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Table 3.9.8-9 concluded 1 9/07 Table 3.9.9-5 0 1/07
Table 3.9.8-10 0 1/07 Table 3.9.9-6 0 1/07
Table 3.9.8-10 concluded 1 9/07 Table 3.9.9-7 0 1/07
Figure 3.9.8-1 0 1/07 Table 3.9.9-8 0 1/07
Figure 3.9.8-2 0 1/07 Table 3.9.9-9 0 1/07
Figure 3.9.8-3 0 1/07 Table 3.9.9-10 0 1/07
Figure 3.9.8-4 0 1/07 Table 3.9.9-11 1 9/07
Figure 3.9.8-5 0 1/07 Table 3.9.9-12 0 1/07
3.9.9-i 0 1/07 Table 3.9.9-13 0 1/07
3.9.9-ii 1 9/07 Table 3.9.9-14 0 1/07
3.9.9-iii 0 1/07 Table 3.9.9-15 0 1/07
3.9.9-1 1 9/07 Table 3.9.9-16 1 9/07
3.9.9-2 1 9/07 Figure 3.9.9-1 0 1/07
3.9.9-3 1 9/07 Figure 3.9.9-2 0 1/07
3.9.9-4 0 1/07 Figure 3.9.9-3 0 1/07
3.9.9-5 1 9/07 Figure 3.9.9-4 0 1/07
3.9.9-6 0 1/07 Figure 3.9.9-5 0 1/07
3.9.9-7 0 1/07 Figure 3.9.9-6 1 9/07
3.9.9-8 0 1/07 3.9.10-i 0 1/07
3.9.9-9 0 1/07 3.9.10-1i 0 1/07
3.9.9-10 0 1/07 3.9.10-1 0 1/07
3.9.9-11 0 1/07 3.9.10-2 0 1/07
3.9.9-12 0 1/07 3.9.10-3 0 1/07
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3.9.10-4 0 1/07 Figure 3.9.11-1 1 9/07
3.9.10-5 0 1/07 Figure 3.9.11-2 1 9/07
3.9.10-6 0 1/07 Figure 3.9.11-3 1 9/07
3.9.10-7 0 1/07 Figure 3.9.11-4 0 1/07
3.9.10-8 0 1/07 Figure 3.9.11-5 0 1/07
3.9.10-9 0 1/07 Figure 3.9.11-6 0 1/07
3.9.10-10 1 9/07 Figure 3.9.11-7 0 1/07
3.9.10-11 1 9/07 Figure 3.9.11-8 1 9/07
3.9.10-12 1 9/07 Figure 3.9.11-9 0 1/07
3.9.10-13 1 9/07 Figure 3.9.11-10 1 9/07
3.9.10-14 1 9/07 4-i 1 9/07
3.9.10-15 1 9/07 4-ii 0 1/07
3.9.10-16 1 9/07 4-iii 1 9/07
Figure 3.9.10-1 0 1/07 4-iv 1 9/07
Figure 3.9.10-2 0 1/07 4-v 1 9/07.
Figure 3.9.10-3 0 1/07 4-1 1 9/07
Figure 3.9.10-4 0 1/07 4-2 0 1/07
Figure 3.9.10-5 0 1/07 4-3 0 1/07
Figure 3.9.10-6 0 1/07 4-4 0 1/07
Figure 3.9.10-7 0 1/07 4-5 1 9/07
Figure 3.9.10-8 0 1/07 4-6 1 9/07
Figure 3.9.10-9 0 1/07 4-7 0 1/07
Figure 3.9.10-10 0 1/07 4-8 0 1/07
Figure 3.9.10-11 0 1/07 4-9 0 1/07
Figure 3.9.10-12 0 1/07 4-10 0 1/07
Figure 3.9.10-13 0 1/07 4-11 0 1/07
Figure 3.9.10-14 0 1/07 4-12 0 1/07
Figure 3.9.10-15 0 1/07 4-13 1 9/07
Figure 3.9.10-16 0 1/07 4-14 1 9/07
Figure 3.9.10-17 0 1/07 4-15 1 9/07
Figure 3.9.10-18 0 1/07 4-16 1 9/07
Figure 3.9.10-19 0 1/07 4-17 1 9/07
Figure 3.9.10-20 0 1/07 4-18 1 9/07
Figure 3.9.10-21 0 1/07 4-19 ) 9/07
Figure 3.9.10-22 0 1/07 4-20 1 9/07
Figure 3.9.10-23 0 1/07 4-21 1 9/07
3.9.11-i 1 9/07 4-22 1 9/07
3.9.11-1 0 1/07 4-22A 1 9/07
3.9.11-2 0 1/07 4-23 0 1/07
3.9.11-3 0 1/07 4-24 0 1/07
3.9.11-4 0 1/07 4-25 0 1/07
3.9.11-5 1 9/07 4-26 0 1/07
3.9.11-6 1 9/07 4-27 1 9/07
3.9.11-7 1 9/07 4-28 1 9/07
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4-29 0 1/07 4-73 1 9/07
4-30 0 1/07 4-74 1 9/07
4-31 0 1/07 4-75 0 1/07
4-32 0 1/07 Table 4-1 1 9/07
4-33 0 1/07 “Table 4-2 1 9/07
4-34 0 1/07 Tables 4-3 & 4-4 1 9/07
4-35 0 1/07 Tables 4-5 & 4-6 1 9/07
4-36 1 9/07 Table 4-7 0 1/07
4-37 1 9/07 Tables 4-8 & 4-9 0 1/07
4-38 1 9/07 Table 4-10 1 9/07
4-39 1 9/07 Table 4-11 0 1/07
4-40 0 1/07 Table 4-11 concluded 1 9/07
4-41 0 1/07 Table 4-12 0 1/07
4-42 0 1/07 Table 4-13 0 1/07
4-43 0 1/07 Table 4-13 continued 0 1/07
4-44 0 1/07 Table 4-13 continued 0 1/07
4-45 0 1/07 Table 4-13 concluded 1 9/07
4-46 0 1/07 Table 4-14 0 - 1/07
4-47 0 1/07 Table 4-14 continued 0 1/07
4-48 0 1/07 Table 4-14 concluded 1 9/07
4-49 0 1/07 Table 4-15 0 1/07
4-50 0 1/07 Table 4-15 concluded 1 9/07
4-51 0 1/07 Table 4-16 0 1/07
4-52 0 1/07 Table 4-17 0 1/07
4-53 0 1/07 Table 4-17 concluded 1 9/07
4-54 0 1/07 Table 4-18 0 1/07
4-55 0 1/07 Table 4-19 0 1/07
4-56 0 1/07 Table 4-20 1 9/07
4-57 0 1/07 Table 4-21 1 9/07
4-58 0 1/07 Table 4-21 continued 1 9/07
4-59 1 9/07 Table 4-21 continued 1 9/07
4-60 0 1/07 Table 4-21 concluded 1 9/07
4-61 0 1/07 Table 4-22 0 1/07
4-62 0 1/07 Table 4-23 0 1/07
4-63 0 1/07 Table 4-24 0 1/07
4-64 0 1/07 Table 4-25 0 1/07
4-65 0 1/07 Table 4-26 0 1/07
4-66 0 1/07 Table 4-27 0 1/07
4-67 1 9/07 Table 4-28 0 1/07
4-68 0 1/07 Figure 4-1 0 1/07
4-69 1 9/07 Figure 4-2 0 1/07
4-70 0 1/07 Figure 4-3 0 1/07
4-71 0 1/07 Figure 4-4 0 1/07
4-72 0 1/07 Figure 4-5 0 1/07
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Figure 4-6 1 9/07 Figure 4-46 0 1/07
Figure 4-7 0 1/07 Figure 4-47 0 1/07
Figure 4-8 1 9/07 Figure 4-48 0 1/07
Figure 4-9 1 9/07 Figure 4-49 0 1/07
Figure 4-9 continued 1 9/07 Figure 4-50 0 1/07
Figure 4-10 1 9/07 Figure 4-51 0 1/07
Figure 4-10 continued 1 9/07 Appendix 4.16.1 0 1/07
Figure 4-11 0 1/07 Appendix 4.16.2 0 1/07
Figure 4-12 0 1/07 5 0 1/07
Figure 4-13 0 1/07 5-ii 1 9/07
Figure 4-14 1 9/07 5-ii 0 1/07
Figure 4-15 0 1/07 5-iv 0 1/07
Figure 4-15 concluded 1 9/07 5-1 1 9/07
Figure 4-16 -0 1/07 5-2 0 1/07
Figure 4-17 0 1/07 5-3 0 1/07
Figure 4-18 0 1/07 5-4 0 1/07
Figure 4-19 0 1/07 5-5 0 1/07
Figure 4-20 0 1/07 5-6 0 1/07
Figure 4-21 0 1/07 5-7 0 1/07
Figure 4-22 1 9/07 5-8 1 9/07
Figure 4-23 1 9/07 5-9 0 1/07
Figure 4-24 0 1/07 5-10 0 1/07
Figure 4-25 0 1/07 5-11 0 1/07
Figure 4-26 0 1/07 5-12 0 1/07
Figure 4-27 0 1/07 5-13 0 1/07
Figure 4-28 0 1/07 5-14 0 1/07
Figure 4-29 0 1/07 5-15 0 1/07
Figure 4-30 1 9/07 5-16 0 1/07
Figure 4-30 continued 1 9/07 5-17 1 9/07
Figure 4-31 1 9/07 Table 5-1 0 1/07
Figure 4-32 0 1/07 Table 5-2 0 1/07
Figure 4-33 0 1/07 Table 5-3 0 1/07
Figure 4-34 0 1/07 Tables 5-4 & 5-5 0 1/07
Figure 4-35 0 1/07 Tables 5-6 & 5-7 0 1/07
Figure 4-36 0 1/07 Table 5-8 0 1/07
Figure 4-37 0 1/07 Table 5-9 1 9/07
Figure 4-38 0 1/07 Table 5-10 0 1/07
Figure 4-39 0 1/07 Tables 5-11 & 5-12 0 1/07
Figure 4-40 0 1/07 Table 5-13 0 1/07
Figure 4-41 0 1/07 Table 5-14 0 1/07
Figure 4-42 0 1/07 Table 5-15 0 1/07
Figure 4-43 0 1/07 Table 5-16 0 1/07
Figure 4-44 1 9/07 Tables 5-17 & 5-18 1 9/07
Figure 4-45 1 9/07 Table 5-19 0 1/07
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Table 5-20 0 1/07 6-20 0 1/07
Table 5-21 0 1/07 6-21 0 1/07
Table 5-22 0 1/07 6-22 0 1/07
Table 5-23 0 1/07 6-23 0 1/07
Figure 5-1 0 1/07 6-24 0 1/07
Figure 5-2 0 1/07 6-25 1 9/07
Figure 5-3 0 1/07 6-26 0 1/07
Figure 5-4 0 1/07 6-27 0 1/07
Figure 5-5 0 1/07 Table 6-1 0 1/07
Figure 5-6 0 1/07 Table 6-2 0 1/07
Figure 5-7 0 1/07 Tables 6-3 & 6-4 1 9/07
Figure 5-8 0 1/07 Tables 6-5 & 6-6 0 1/07
Figure 5-9 0 1/07 Table 6-7 0 1/07
Figure 5-10 0 1/07 Table 6-8 0 1/07
Figure 5-11 0 1/07 Table 6-9 0 1/07
Figure 5-12 0 1/07 Table 6-10 0 1/07
Figure 5-13 0 1/07 Table 6-10 concluded 1 9/07
Figure 5-14 0 1/07 Tables 6-11 0 1/07
Figure 5-15 0 1/07 Table 6-12 & 6-13 0 1/07
Figure 5-16 0 1/07 Table 6-14 0 1/07
Figure 5-17 0 1/07 Table 6-15 0 1/07
Figure 5-18 0 1/07 Table 6-15 concluded 1 9/07
6-i 0 1/07 Table 6-16 0 1/07
6-ii 1 9/07 Table 6-16 continued 0 1/07
6-iii 0 1/07 Table 6-16 concluded 1 9/07
6-1 1 9/07 Table 6-17 0 1/07
6-2 1 9/07 Table 6-17 concluded 1 9/07
6-3 1 9/07 Table 6-18 0 1/07
6-4 0 1/07 Table 6-18 continued 0 1/07
6-5 0 1/07 Table 6-18 continued 0 1/07
6-6 0 1/07 Table 6-18 concluded & 1 9/07
6-7 0 1/07 6-19

6-8 1 9/07 Table 6-20 0 1/07
6-9 1 9/07 Table 6-20 continued 0 1/07
6-10 0 1/07 Table 6-20 concluded 1 9/07
6-11 0 1/07 Table 6-21 0 1/07
6-12 1 9/07 Table 6-21 continued 0 1/07
6-13 0 1/07 Table 6-21 continued 0 1/07
6-14 0 1/07 Table 6-21 concluded & 1 9/07
6-15 1 9/07 6-22

6-16 0 1/07 Table 6-22 continued 0 1/07
6-17 0 1/07 Table 6-22 concluded 1 9/07
6-18 0 1/07 Table 6-23 0 1/07
6-19 0 1/07 Tables 6-24 & 6-25 0 1/07
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Table 6-26 0 1/07 Figure 7-1 1 9/07
Table 6-26 continued 0 1/07 8-i 0 1/07
Table 6-26 concluded 1 9/07 8-1 1 9/07
Table 6-27 0 1/07 8-2 1 9/07
Table 6-27 continued 0 1/07 8-3 1 9/07
Table 6-27 continued 0 1/07 8-4 1 9/07
Table 6-27 concluded 1 9/07 8-5 1 9/07
Table 6-28 0 1/07 8-6 1 9/07
Table 6-29 0 1/07 8-7 1 - 9/07
Table 6-30 0 1/07 8-8 1 9/07
Table 6-30 continued 0 1/07 8-9 1 9/07
Table 6-30 concluded 0 1/07 8-10 1 9/07
Table 6-31 0 1/07 8-11 0 1/07
Table 6-32 0 1/07 8-12 1 9/07
Table 6-33 0 1/07 8-13 1 9/07
Table 6-33 concluded 1 9/07 8-14 1 9/07
Table 6-34 0 1/07 8-15 1 9/07
.Table 6-34 continued 0 1/07 Table 8-1 0 1/07
Table 6-34 concluded 1 9/07 Figure §-1 0 1/07
Figure 6-1 0 1/07 Figure 8-1 concluded 0 1/07
Figure 6-2 0 1/07 9-i 0 1/07
Figure 6-3 0 1/07 9-1 1 9/07
Figure 6-4 0 1/07 9-2 1 9/07
Figure 6-5 0 1/07 9-3 0 1/07
Figure 6-6 0 1/07 9-4 i 0 1/07
Figure 6-7 0 1/07 9-5 1 9/07
Figure 6-8 0 1/07 9-6 1 9/07
Figure 6-9 0 1/07 9-7 0 1/07
Figure 6-10 0 1/07 9-8 0 1/07
Figure 6-11 0 1/07 9-9 0 1/07
Figure 6-12 0 1/07 9-10 0 1/07
Figure 6-13 0 1/07 9-11 0 1/07
Figure 6-14 0 1/07 9-12 0 1/07
Figure 6-15 0 1/07 9-13 0 1/07
Figure 6-16 0 1/07 9-14 1 9/07
Figure 6-17 0 1/07 Table 9-1 0 1/07
Figure 6-18° 0 1/07 Table 9-2 0 1/07
Figure 6-19 0 1/07 Table 9-3 0 1/07
7-i 1 9/07 10-i 1 9/07
7-1 1 9/07 10-ii 0 1/07
7-2 0 1/07 10-1 1 9/07
7-3 0 1/07 10-2 1 9/07
7-4 0 1/07 10-3 0 1/07
7-5 0 1/07 10-4 0 1/07
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10-5 0 1/07 Figure 11-1 (withheld) not shown | not shown
10-6 0 1/07 12-1 0 1/07
10-7 0 1/07 B12-i 0 1/07
10-8 0 1/07 B12-1 0 1/07
10-9 0 1/07 B12-2 0 1/07
10-10 0 1/07 B12-3 0 1/07
Table 10-1 0 1/07 B12-4 0 1/07
Table 10-1 concluded 0 1/07 B12-5 0 1/07
Table 10-2 0 1/07 B12-6 0 1/07
Table 10-3 0 1/07 B12-7 0 1/07
Table 10-4 0 1/07 B12-8 0 1/07
Table 10-5 0 1/07 B12-9 0 1/07
Table 10-6 0 1/07 B12-10 0 1/07
Table 10-7 0 1/07 B12-11 0 1/07
Figure 10-1 0 1/07 B12-12 0 1/07
11-i 0 1/07 B12-13 0 1/07
11-1 1 9/07 B12-14 0 1/07
11-2 0 1/07 13-i 0 1/07
11-3 1 9/07 13-1 0 1/07
11-4 1 9/07 13-2 0 1/07
11-5 0 1/07 13-3 0 1/07
11-6 0 1/07 13-4 0 1/07
11-7 0 1/07 13-5 0 1/07
11-8 0 1/07 13-6 0 1/07
11-9 0 1/07 13-7 0 1/07
11-10 0 1/07 13-8 0 1/07
11-11 0 1/07 13-9 0 1/07
11-12 0 1/07 13-10 0 - 1/07
11-13 0 1/07 Table 13-1 0 1/07
11-14 0 1/07 Figure 13-1] 0 1/07
11-15 0 1/07 14-i 0 1/07
11-16 0 1/07 14-1 0 1/07
11-17 0 1/07 14-2 0 1/07
11-18 0 1/07 14-3 0 1/07
11-19 0 1/07 14-4 0 1/07
11-20 0 1/07 Appendix A Cover 1 9/07
11-21 0 1/07 A.l1-1 1 9/07
11-22 0 1/07 A.1-1 1 9/07
11-23 0 1/07 A.1-2 1 9/07
11-24 0 1/07 A.1-3 1 9/07
11-25 0 1/07 A.1-4 1 9/07
11-26 0 1/07 A.1-5 1 9/07
11-27 0 1/07 A.1-6 1 . 9/07
11-28 0 1/07 A.1-7 1 9/07
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A.1-8 1 9/07 A.3-12 1 9/07
A.1-9 1 9/07 A.3-13 1 9/07
A.1-10 1 9/07 A.3-14 1 9/07
A.l-11 1 9/07 A.3-15 1 9/07
10494-72-2001-SAR shl 0 Not shown A.3-16 1 9/07
10494-72-2001-SAR sh2 0 Not shown A.3-17 1 9/07
10494-72-2001-SAR sh3 0 Not shown A3-18 1 9/07
10494-72-2002-SAR shl 0 Not shown A.3-19 1 9/07
10494-72-2002-SAR sh2 0 Not shown A.3-20 1 9/07
10494-72-2003-SAR shl 0 Not shown A.3-21 1 9/07
10494-72-2003-SAR sh2 0 Not shown A.3-22 1 9/07
10494-72-2003-SAR sh3 0 Not shown A.3-23 1 9/07
10494-72-2003-SAR sh4 0 Not shown A.3-24 1 9/07
10494-72-2003-SAR sh5 0 Not shown A.3-25 1 9/07
10494-72-2004-SAR shl 0 Not shown A.3.9.1-i 1 9/07
10494-72-2004-SAR sh2 0 Not shown A.3.9.1-ii 1 9/07
10494-72-2004-SAR sh3 0 Not shown A.3.9.1-iii 1 9/07
10494-72-2005-SAR shl 0 Not shown A.3.9.1-1 1 9/07
10494-72-2005-SAR sh2 0 Not shown A.3.9.1-2 1 9/07
10494-72-2005-SAR sh3 0 Not shown A.3.9.1-3 1 9/07
10494-72-2005-SAR sh4 0 Not shown A.3.9.1-4 1 9/07
10494-72-2005-SAR sh5 0 Not shown A3.9.1-5 1 9/07
10494-72-9001-SAR shl 0 Not shown A.3.9.1-6 1 9/07
10494-72-9001-SAR sh2 0 Not shown A.3.9.1-7 1 9/07
10494-72-9001-SAR sh3 0 Not shown A.3.9.1-8 1 9/07
10494-72-9002-SAR shl 0 Not shown A.3.9.1-9 1 9/07
10494-72-9002-SAR sh2 0 Not shown A.3.9.1-10 1 9/07
10494-72-9002-SAR sh3 0 Not shown A.3.9.1-11 1 9/07
10494-72-9003-SAR shl 0 Not shown A.3.9.1-12 1 9/07
10494-72-9003-SAR sh2 0 Not shown A.3.9.1-13 1 9/07
10494-72-9003-SAR sh3 0 Not shown A.3.9.1-14 1 9/07
A.2-1 1 9/07 A.3.9.1-15 1 9/07
A.3-i 1 9/07 A.3.9.1-16 1 9/07
A.3-1 1 9/07 A.3.9.1-17 1 9/07
A.3-2 1 9/07 A.3.9.1-18 1 9/07
A.3-3 1 9/07 A.3.9.1-19 1 9/07
A.3-4 1 9/07 A.3.9.1-20 1 9/07
A.3-5 1 9/07 A.3.9.1-21 1 9/07
A.3-6 1 9/07 A.3.9.1-22 1 9/07
A.3-7 1 9/07 A.3.9.1-23 1 9/07
A.3-8 1 9/07 A.3.9.1-24 1 9/07
A.3-9 1 9/07 A.3.9.1-25 1 9/07
A.3-10 1 9/07 A.3.9.1-26 1 9/07
A.3-11 1 9/07 A.3.9.1-27 1 9/07
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A.3.9.1-28 1 9/07 A.3.9.2-22 1 9/07
A3.9.1-29 1 9/07 A.3.9.2-23 1 9/07
A.3.9.1-30 1 9/07 A3.9.2-24 1 9/07
A3.9.1-31 1 9/07 A.3.9.2-25 1 9/07
A.3.9.1-32 1 9/07 A.3.9.2-26 1 9/07
A.3.9.1-33 1 9/07 A3.9.2-27 1 9/07
A.3.9.1-34 1 9/07 A.3.9.2-28 1 9/07
A.3.9.1-35 1 9/07 A.3.9.2-29 1 9/07
A3.9.1-36 1 9/07 A.3.9.2-30 1 9/07
A.3.9.1-37 1 9/07 A.3.9.2-31 1 9/07
A.3.9.1-38 1 9/07 A.3.9.2-32 1 9/07
A.3.9.1-39 1 9/07 A.3.9.2-33 1 9/07
A.3.9.1-40 1 9/07 A.3.9.2-34 1 9/07
A.3.9.141 1 9/07 A.3.9.2-35 1 9/07
A.3.9.1-42 1 9/07 A.3.9.2-36 1 9/07
A3.9.1-43 1 9/07 A.3.9.2-37 1 9/07
A3.9.1-44 1 9/07 A.3.9.2-38 1 9/07
A.3.9.1-45 1 9/07 A.3.9.2-39 1 9/07
A.3.9.1-46 1 9/07 A.3.9.2-40 1 9/07
A.3.9.1-47 1 9/07 A.3.9.2-4] 1 9/07
A.3.9.2-i 1 9/07 A.3.9.2-42 1 9/07
A.3.9.2-ii 1 9/07 A.3.9.2-43 1 9/07
A.3.9.2-iii 1 9/07 A.3.9.2-44 1 9/07
A.3.9.2-1 1 9/07 A.3.9.2-45 1 9/07
A.3.9.2-2 1 9/07 A.3.9.2-46 i 9/07
A.3.9.2-3 1 9/07 A.3.9.2-47 1 9/07
A3.9.2-4 1 9/07 A.3.9.2-48 1 9/07
A.3.9.2-5 1 9/07 A.3.9.2-49 1 9/07
A.3.9.2-6 1 9/07 A.3.9.2-50 1 9/07
A.3.9.2-7 1 9/07 A3.9.2-51 1 9/07
A3.9.2-8 1 9/07 A.3.9.2-52 1 9/07
A3.9.2-9 1 9/07 A.3.9.2-53 1 9/07
A.3.9.2-10 1 9/07 A3.9.2-54 1 9/07
A.3.9.2-11 1 9/07 A.3.9.2-55 1 9/07
A3.9.2-12 1 9/07 A3.9.2-56 1 9/07
A.3.9.2-13 1 9/07 A.3.9.2-57 1 9/07
A.3.9.2-14 1 9/07 A.3.9.2-58 1 9/07
A.3.9.2-15 1 9/07 A.3.9.2-59 1 9/07
A.3.9.2-16 1 9/07 A.3.9.2-60 1 9/07
A.3.9.2-17 1 9/07 A.3.9.2-61 1 9/07
-A3.9.2-18 1 9/07 A.3.9.2-62 1 9/07
A.3.9.2-19 1 9/07 A.3.9.2-63 1 9/07
A.3.9.2-20 1 9/07 A.3.9.2-64 1 9/07
-A.3.9.2-21 1 9/07 A.3.9.2-65 1 9/07
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1. GENERAL INFORMATION

This Safety Analysis Report (SAR) describes the design and forms the licensing basis for

10CFR 72[1], Subpart L certification of the NUHOMS® HD dry spent fuel storage system. The
NUHOMS® HD System provides for the horizontal storage of high burnup spent Pressurized
Water Reactor (PWR) fuel assemblies in a dry shielded canister (DSC) that is placed in a _
Horizontal Storage Module (HSM-H) utilizing an OS187H transfer cask. The NUHOMS® HD |
System is designed to be installed in an Independent Spent Fuel Storage Installation (ISFSI) at
power reactor sites under the provision of a general license in accordance with 10CFR 72,

Subpart K. This system has been specifically optimized for high thermal loads, limited space,

and needs for superior radiation shielding performance.

The QA program applicable to this design satisfies the requirements of 10CFR 72, Subpart G and
is described in Chapter 13. The format of this SAR follows the guidance of NRC Regulatory
Guide 3.61[2]. To facilitate NRC review of this application, this SAR has been prepared in
compliance with the information and methods defined in NUREG-1536 [3], “Standard Review
Plan for Dry Cask Storage Systems” and the associated Interim Staff Guidance (ISGs).

The NUHOMS® HD System is an improved version of the Standardized NUHOMS® System
described in Certificate of Compliance (C of C) 72-1004 [4]. The 32PTH DSC included in this
application is similar to the 24PTH DSC previously included in the license for the Standardized
NUHOMS® System [5]. The HSM-H is virtually identical to the HSM-H in the 24PTH
amendment. The OS187H transfer cask (TC) is very similar to the previously licensed OS197
transfer cask but with a slightly larger diameter and closures containing seals.

The NUHOMS® HD System has been designed for enhanced heat rejection capabilities, and to
permit storage of Non Fuel Assembly Hardware (NFAH) with the fuel and/or damaged spent
fuel assemblies. Protection afforded to the public is equivalent to or has been increased relative
to standardized HSM designs [5] by substantially reducing radiation dose rates. Details of the
system design, analyses, operation, and margins are provided in the remainder of this SAR.

The NUHOMS® HD system also includes a longer DSC and a corresponding TC, designated the
32PTH Type 1 DSC and OS187H Type 1 TC, respectively. A detailed description of the 32PTH
Type 1 DSC and OS187H Type 1 TC are provided in Appendix A. The 32PTH Type 1 DSC is
stored in an HSM-H with a slightly increased support rail length. The design details of these
additional HD system components are provided in the drawings shown in Section A.1.5.

1-1
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1.1 Introduction

The type of fuel to be stored in the NUHOMS® HD System is Light Water Reactor (LWR) fuel
of the PWR type. The NUHOMS® HD System accommodates up to 32 PWR fuel assemblies
with zircaloy, (zirlo, M5) cladding, uranium dioxide (UO,), and Non-Fuel Assembly Hardware
(NFAH). Provisions have been made, as discussed in Chapter 2, for storage of up to sixteen
damaged fuel assemblies in the 32PTH DSC. The physical and radiological characteristics of
these payloads are provided in Chapter 2.

The NUHOMS® HD System consists of the following components as shown in Figure 1-1,
Figure 1-2, and Figure 1-6:

e A Horizontal Storage Module (HSM-H) that provides spent fuel decay heat removal,
physical and radiological protection for the 32PTH DSC. The HSM-H consists primarily of
thick concrete walls, a steel support structure for the 32PTH DSC, and a thick concrete door.
Each HSM-H includes provisions for thermal monitoring instrumentation. The HSM-H is
virtually identical to the HSM-H for the NUHOMS® 24PTH DSC included in UFSAR
Revision 9 [5].

e A Dry Shielded Canister (32PTH DSC) that provides confinement, an inert environment,
structural support, and criticality control for 32 PWR fuel assemblies. The 32PTH DSC shell
is a welded stainless steel pressure vessel that includes thick shield plugs at either end to
maintain occupational exposures ALARA. The 32PTH DSC basket consists of stainless steel
square tubes and support strips for structural support, and geometry control; and
aluminum/borated aluminum for heat transfer and criticality control. The 32PTH DSC is very
similar to the 24PTH DSC.

e The OS187H TC provides shielding and protection from potential hazards during the DSC
closure operations and transfer to the HSM-H. It also provides a helium environment around

the DSC during transfer operations. It is very similar to the previously licensed OS197
transfer cask for the Standardized NUHOMS® System.

e HSM-Hs are arranged in arrays to minimize space and maximize self-shielding. The 32PTH
DSC is longitudinally restrained to prevent movement during seismic events. Arrays are
fully expandable to permit modular expansion in support of operating power plants.

e The HSM-H provides the bulk of the radiation shielding for the 32PTH DSC. The HSM-Hs
can be arranged in either a single-row or a back-to-back arrangement. Thick concrete
supplemental shield walls are used at either end of an HSM-H array and along the back wall
of single-row arrays to minimize radiation dose rates both onsite and offsite.

Approval of the NUHOMS® HD System components described above is sought under the
provisions of 10CFR 72, Subpart L for use under the general license provisions of 10CFR 72,
Subpart K. The components are intended for storage on a reinforced concrete pad at a nuclear
power plant. In addition to these components, the system requires use of an onsite transfer cask,
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1.2 General Description of the NUHOMS® HD System

The NUHOMS® HD System provides for the horizontal, dry storage of canisterized Spent Fuel
Assemblies (SFAs) in a concrete HSM-H. The storage system components consist of a
reinforced concrete HSM-H and a stainless steel 32PTH DSC confinement vessel which holds
the SFAs. The general arrangement of the NUHOMS® HD System components is shown in
Figure 1-3 and Figure 1-4. The confinement boundary is defined in Section 7.1 of Chapter 7 and
is shown in Figure 7-1. This SAR addresses the design and analysis of the storage system
components, including the 32PTH DSC, the OS187H TC, and the HSM-H, which are important
to safety in accordance with 10CFR 72.

In addition to these storage system components, the NUHOMS® HD System also utilizes transfer
equipment to move the 32PTH DSCs from the plant's fuel/reactor building, where they are
loaded with SFAs and readied for storage, to the HSM-Hs where they are stored. This transfer
system consists of a transfer cask, a lifting yoke, a hydraulic ram system, a prime mover for
towing, a transfer trailer, a cask support skid, and a skid positioning system. This transfer system
interfaces with the existing plant fuel pool, the cask handling crane, the site infrastructure (i.e.
roadways and topography) and other site specific conditions and procedural requirements.
Auxiliary equipment such as a cask/canister annulus seal, a vacuum drying system and a welding
system are also used to facilitate canister loading, draining, drying, inerting, and sealing
operations. Similar transfer system and auxiliary equipment have been prev10usly licensed under
C of C 72-1004 [5].

During dry storage of the spent fuel, no active systems are requnred for the removal and
dissipation of the decay heat from the fuel. The NUHOMS® HD System is designed to transfer
the decay heat from the fuel to the canister and from the canister to the surrounding air by
conduction, radiation and natural convection.

Each canister is identified by a Model Number, XXX-32PTH-YYY-Z, where XXX identifies the
site for which the 32PTH DSC was fabricated, Z designates the basket type, and YYY is a
sequential number corresponding to a specific canister. The basket types are described in SAR
drawing no. 10494-72-10.

The NUHOMS® HD System components do not include receptacles, valves, sampling ports,
impact limiters, protrusions, or pressure relief systems.

The alternate DSC design and the alternate TC design, designated the 32PTH Type 1 DSC and
the OS187H Type 1 TC, respectively, as well as the modifications required for the HSM-H to
accommodate the 32PTH Type 1 DSC, are discussed in detail in Appendix A.

1.2.1 NUHOMS® HD System Characteristics

1.2.1.1  Dry Shielded Canister (32PTH DSC)

The key design parameters of the 32PTH DSC are listed in Table 1-1. The cylindrical shell, the
inner top cover/shield plug' (including vent and siphon cover plates), and shell bottom form the
pressure retaining confinement boundary for the spent fuel. The inner top cover/shield plug' and
shell bottom provide shielding for the 32PTH DSC so that occupational doses at the ends are
minimized during drying, sealing, handling, and transfer operations.

! See Chapter 1 drawings for option 2 and option 3 designs and Chapter 7 for confinement boundary definitions.
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The cylindrical shell and inner bottom cover plate confinement boundary welds are fully
compliant to Subsection NB of the ASME Code and are made during fabrication. The
confinement boundary weld between the shell and the inner top cover/shield plug' (including
siphon/vent cover welds) and structural attachment weld between the shell and the outer top
cover plate are in accordance with Alternatives to the ASME code as described in Section 3.10.

Both siphon and vent covers are welded after drying operations are complete. There are no
credible accidents which could breach the confinement boundary of the 32PTH DSC as
documented in Chapters 3 and 11.

The 32PTH DSC is designed for a maximum heat load of 34.8 kW. The internal basket _
assembly contains a storage position for each fuel assembly. The criticality analysis credits the
fixed borated neutron absorbing material placed between the fuel assemblies. The analysis takes
credit for soluble boron during loading operations. Sub-criticality during wet loading, drying,
sealing, transfer, and storage operations is maintained through the geometric separation of the
fuel assemblies by the basket assembly, the boron loading of the pool water, and the neutron
absorbing capability of the 32PTH DSC materials, as applicable. Based on poison material and
boron loading, several basket types are provided, as shown on drawing 10494-72-10 and
described in Chapter 6.

Structural support for the PWR fuel is provided by the basket fuel compartments and support
strips. The support strips are located periodically over the full length of the basket with
allowance provided for thermal growth. Stainless steel transition rails are provided at the basket
periphery for support and heat transfer. |

Dimensions of the 32PTH DSC components described in the text and provided in figures and
tables of this SAR are nominal dimensions for general system description purposes. Actual
design dimensions are contained in the drawings in Section 1.5.2 of this SAR. For a discussion
of the contents authorized to be stored in this DSC, see Section 2.1.1 of this SAR.

1.2.1.2  Horizontal Storage Module (HSM-H)

Each HSM-H provides a self-contained modular structure for storage of spent fuel canisterized in a

32PTH DSC. The HSM-H is constructed from reinforced concrete and structural steel. The thick

concrete roof and walls provide substantial neutron and gamma shielding. Contact doses for the

HSM-H are designed to be ALARA. The key design parameters of the HSM-H are listed in Table
1-1.

The nominal thickness of the HSM-H roof is four feet for biological shielding. Separate shield
walls at the end of a module row in conjunction with the module wall, provide a minimum thickness
of four feet for shielding. Similarly, an additional shield wall is used at the rear of the module if the
ISFSI is configured as single module arrays. Sufficient shielding is provided by thick concrete side
walls between HSM-Hs in an array to minimize doses in adjacent HSMs during loading and
retrieval operations.

" See Chapter 1 drawings for option 2 and option 3 designs and Chapter 7 for confinement boundary definitions.
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1.5 ‘Supplemental Data

1.5.1 References

1.

Title 10, Code of Federal Regulations, Part 72, “Licensing Requirements for the
Storage of Spent Fuel in an Independent Spent Fuel Storage Installation.”

U.S. Nuclear Regulatory Commission, Regulatory Guide 3.61, Standard Format
and Content for a Topical Safety Analysis Report for a Spent Fuel Dry Storage
Cask, February 1989.

U.S. Nuclear Regulatory Commission, “Standard Review Plan for Dry Cask
Storage Systems,” NUREG 1536, U.S. NRC, January 1997.

NRC Certificate of Compliance 72-1004, NUHOMS® General License Spent Fuel
Storage System, Amendment No. 8, December, 2005.

Updated Final Safety Analysis Report, Standardized NUHOMS® Horizontal
Modular Storage System for [rradiated Nuclear Fuel, Revision 9, February 2006,
USNRC Docket No. 72-1004.

Title 10, Code of Federal Regulations, Part 50, “Domestic Licensing of
Production and Utilization Facilities.”

1.5.2 Drawings

- 32PTH DSC: 10494-72-(1 to 12) (PROPRIETARY)
- OS187H: 10494-72-(15 to 21) (PROPRIETARY)

- HSM-H: 10494-72-(100 to 110) (PROPRIETARY)
- Damaged Fuel End Caps: 10494-72-30 (PROPRIETARY)

Drawings for the 32PTH Type 1 DSC and OS187H Type 1 TC are shown in Appendix A,
Section A.1.5.2.
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Table 1-1

Key Design Parameters of the NUHOMS® HD System Components

Dry Shielded Canister (32PTH DSC)®

Overall Length (in) 185.75 (max)
Outside Diameter (in) 69.75

Cavity Length (in) 164.5 (min)
Shell Thickness (in) 0.5

Design Weight of Loaded 32PTH DSC (Ibs.) 108,800

Materials of Construction

Stainless Steel Shell Assembly and
Internals, Carbon Steel and/or Stainless
Steel Shield Plugs, Aluminum

Neutron Absorbing Material

Boral™, borated aluminum, metal
matrix composite (MMC) as specified
in Chapter 9

Internal Atmosphere

Helium

Horizontal Storage Module (HSM-H):

Overall length (without back shield wall) 20°-8”

Overall width (without end shield walls) 9°-8”

Overall height 18° 6~

Total Weight not including 32PTH DSC (lbs.) 306,000

Materials of Construction Isite:;forced Concrete and Structural

Heat Removal

Conduction, Convection, and Radiation

On-Site Transfer Cask (OS187H)®

Overall Length (in) 197.1
Outside Diameter (in) 92.2
Cavity Length (in) 186.6
Lead Thickness (in) 3.60 (nom)
Gross Weight (including 32PTH DSC) (tons) 114.5

Materials of Construction

Stainless Steel Shell Assemblies and
closures with lead shielding

Internal Atmosphere

Helium

@ See appendix A for 32 PTH Type 1 DSC.
® See appendix A for OS187H Type 1 TC.
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Figure Withheld Under 10 CFR 2.390

Figure 1-9
Typical Double Module Row HSM-H ISFSI Lavout
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Figure Withheld Under 10 CFR 2.390

Figure 1-10
Typical Single Module Row HSM-H ISFSI Lavout
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Figure Withheld Under 10 CFR 2.390

Figure 1-11
Typical Combined Single and Double Module Row HSM-H ISFSI Layout
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2. PRINCIPAL DESIGN CRITERIA

The design criteria described herein for the 32PTH DSC and the OS187H TC are also applicable to
the 32PTH Type 1 DSC and the OS187H Type 1 TC discussed in Appendix A. Design criteria
applicable specifically to the 32PTH Type 1 DSC and the OS187H Type 1 TC are described in
Appendix A, Chapter A.2.

2.1 Spent Fuel to be Stored

The NUHOMS® HD System components have currently been designed for the storage of 32 intact
and or up to 16 damaged with remaining intact, Westinghouse 15x15 (WE 15x15 and WES 15x15),
Westinghouse 17x17 (WE 17x17, WEV 17x17 and WEO 17x17), Framatome ANP Advanced
17x17 MK BW (MK BW 17x17), and/or Combustion Engineering 14x14 (CE 14x14) PWR fuel
assemblies. Equivalent reload fuel assemblies that are enveloped by the fuel assembly design
characteristics listed in Table 2-1 for a given assembly class are also acceptable. Additional
payloads may be defined in future amendments to this application.

The thermal and radiological characteristics for the PWR spent fuel were generated using the
SCALE computer code package [1]. The physical characteristics for the PWR fuel assembly types
are shown in Table 2-1. Free volume in the 32PTH DSC cavity is addressed in Chapter 4. Specific
gamma and neutron source spectra are given in Chapter 5.

Although analyses in this SAR are performed only for the design basis fuel, any other intact or
damaged PWR fuel which falls within the geometric, thermal, and nuclear limits established for the
design basis fuel can be stored in the 32PTH DSC.

2.1.1 Detailed Payload Description

This payload consists of 32 PWR UO; fuel assemblies with or without Non-Fuel Assembly
Hardware (NFAH) which includes Burnable Poison Rod Assemblies, (BPRAs), Vibration
Suppression Inserts (VSI) or Thimble Plug Assemblies (TPAs). CE 14x14 fuel assemblies are to be
stored without NFAHs. Each 32PTH DSC can accommodate a maximum of sixteen damaged fuel
assemblies, with the remaining assemblies intact. The fuel to be stored in the 32PTH DSC is limited
to fuel with a maximum assembly average initial enrichment of 5.00 weight % U-235. The
maximum allowable burnup is given as a function of initial fuel enrichment but does not exceed
60,000 MWd/MTU. The minimum cooling time is five years.

The 32PTH DSC may store up to 32 PWR fuel assemblies arranged in accordance with a heat load
zoning configuration as shown in Figure 2-1, with a maximum decay heat of 1.5 kW per assembly
and a maximum heat load of 34.8 kW per DSC, (33.8 kW per DSC for CE 14x14).

The 32PTH DSC can accommodate up to 16 damaged fuel assemblies as defined in Chapter 12.
Damaged fuel assemblies shall be placed into the sixteen inner most basket fuel compartments, as
shown in Figure 2-2, which contain top and bottom end caps that confine any loose material and
gross fuel particles to a known, sub-critical volume during normal, off-normal and accident
conditions and to facilitate handling and retrievability. Reactor records, visual/videotape records,
fuel sipping, ultrasonic examination, and radio chemistry are examples of techniques utilized by
utilities to identify damaged fuel.

The end caps are sized to fit inside the fuel compartment (see drawing 10494-72-30). The bottom
end cap is slid into the fuel compartment before loading the fuel, utilizing a special tool.

2-1
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Table 2-1
Spent Fuel Assembly Physical Characteristics
Parameter WE &WES WE MK BW WEV WEO CE
15x15 17x17 17x17 17x17 17x17 14x14
Maximum Assembly
Average Initial Enrichment, 5.00 5.00 5.00 5.00 5.00 5.00
wt % U235 (max) _
Clad Material Zr-4/Zirlo | Zr-4/Zirlo M5 Zr-4/Zirlo | Zr-4/Zirlo | Zr-4/Zirlo
No of fuel rods 204 264 264 264 264 176
No of guide/instrument tubes 21 25 25 25 25 5
Assembly Length® 162.2 162.4 162.4 162.4 162.4 159.5
Max Uranium Loading 467 467 476 467 467 185
(Kg)
I . 8.424 x 8.426x | 8.425x 8.426 x 8.426 x 8.25x
Assembly Cross Section 8.424 8426 | 8425 | 8426 | 8426 | 825
Max Assembly Weight with
Insert components™® 1528 1575 1554 1533 1533 14509
(Ibs)

(1) Nominal values shown unless stated otherwise
(2) All dimensions are inches
(3) Includes allowance for irradiation growth
(4) Weights of TPAs and VSIs are enveloped by BPRAs
(5) Without NFAH
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Table 2-5
NUHOMS® HD System Major Components and Safety Classification

Component

10CFR 72

Classification”

Dry Shielded Canister (32PTH DSC)

Fuel compartment

Poison Plate

Basket Plate

Basket Rail

Weld Studs

Shell

Outer Top Cover Plate

Top Shield Plug/Inner Top Cover
Shell Bottom

Bottom Shield Plug (alternate design)
DSC Support Ring

Siphon and Vent Port Cover Plates
Grapple Ring and Grapple Support
Weld Filler Metal

Horizontal Storage Module (HSM-H)

Reinforced Concrete
32PTH DSC Support Structure
Thermal Instrumentation (if used)

ISFSI Basemat and Approach Slabs

Transfer Equipment

On-site OS187H
Transfer Cask

Cask Lifting Yoke
Transfer Trailer/Skid
Ram Assembly

Dry Film Lubricant

Auxiliary Equipment

Vacuum Drying System
Automatic Welding System
Transfer Cask/DSC Annulus Seal

Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety
Important to Safety

Important to Safety
Important to Safety

Not Important to Safety

Not Important to Safety

Important to Safety

Safety Related®

Not Important to Safety
Not Important to Safety
Not Important to Safety

Not Important to Safety
Not Important to Safety
Not Important to Safety

8]

(2) Yoke and rigid or sling lifting members are classified as “Safety Related” in accordance with 10CFR 50.

Structures, systems and components “important to safety” are defined in 10CFR 72.3 as those features of the ISFSI whose
function is (1) to maintain the conditions required to store spent fuel safely, (2) to prevent damage to the spent fuel container
during handling and storage, or (3) to provide reasonable assurance that spent fuel can be received, handled, packaged, stored,
and retrieved without undue risk to the health and safety of the public.
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3. STRUCTURAL EVALUATION

The structural evaluation described in this chapter 3.0 is applicable to the 32PTH DSC, the
OS187H TC, and the HSM-H. See Appendix A, Chapter A.3 for descriptions of the structural
evaluation for the 32PTH Type 1 DSC, OS187H Type 1 TC, and HSM-H changes required to
accommodate the 32PTH Type 1 DSC.

3.1 Structural Design

This chapter, including its appendices, presents the structural evaluation of the NUHOMS® HD
System.

The NUHOMS® HD system consists of the 32PTH DSC basket and shell assemblies, the HSM-
H, and the OS187H Transfer Cask. The 32PTH DSC is a new dual purpose canister that is
designed to accommodate up to 32 intact PWR fuel assemblies (or up to 16 damaged assemblies,
with the remaining intact) with total heat load of up to 34.8 kw. The HSM-H is an enhanced
version of the NUHOMS® Standardized HSM and incorporates design features to enable storage
of the higher heat load 32PTH DSC. The OS187H is the modified version of OS197 transfer
cask with a redesigned shielding panel to improve the thermal performance, shortened the cavity
length and increased inside diameter to accommodate the larger diameter of 32PTH DSC.

The overall design bases for the NUHOMS® HD system are described in Chapters 1 and 2. This
Chapter discusses the structural design criteria and associated design bases applicable to the
32PTH DSC, HSM-H, and OS187H transfer cask. This Chapter also describes the ability of
these components to perform their design function during normal and off-normal operating
conditions, as well as under postulated accident conditions and extreme natural phenomena
events.

3.1.1 Discussion

The NUHOMS® HD system consists of the 32PTH DSC, a high-integrity stainless steel dry
shielded canister that provides for the dry storage of spent fuel assemblies in an inert
atmosphere; the HSM-H, a massive reinforced concrete storage module that houses and provides
environmental protection and shielding to the 32PTH DSC; and the OS187H transfer cask, a
stainless steel cask, with lead shielding, that handles and protects the 32PTH DSC during transfer
to and from the HSM-H.

Multiple HSM-Hs are grouped together to form arrays in single or double rows to provide
storage capacity consistent with available site space and reactor SFA discharge rates. The HSM-
H is placed next to, and in contact with, adjacent module(s) to form a continuous single or
double row arrays.

For purposes of the structural analyses and agreement with the criteria set forth in Regulatory
Guide 3.61 [1] and NUREG 1536 [2], a single NUHOMS® HD System 32PTH DSC plus an
HSM-H form the “cask™ cited in [1] and [2].

The codes and standards used for the design, fabrication, and construction of the NUHOMS® HD
system components, equipment, and structures are summarized in Table 3-1 and are identified
throughout the SAR. Alternatives to the ASME Code [4] are provided in Section 3.10.
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3.1.1.1 General Description of the 32PTH DSC

The principal characteristics of the 32PTH DSC are described in Chapter 1, Section 1.2.1. The
drawings in Section 1.5 provide the principal dimensions and design parameters of the 32PTH
DSC. For purposes of the structural analysis, the 32PTH DSC is divided into the 32PTH DSC
shell assembly and the internal basket assembly.

A. DSC Canister (Shell) Assembly Description

The canister shell assembly and details are shown on drawings 10494-72-2 through 10494-72-7
in Chapter 1, Section 1.5. The shell assembly is a high integrity stainless steel (SA-240 Type
304 or SA-182 Type F304) welded pressure vessel that provides confinement of radioactive
materials, encapsulates the fuel in an inert atmosphere (the canister is backfilled with Helium
before being seal welded closed), and provides biological shielding (in axial direction).

The remaining 32PTH DSC shell assembly components include the solid stainless steel top
shield plug, the grapple ring assembly, support ring, and the lifting blocks. The outer top cover,
top shield plug and shell bottom provide biological shielding during fuel loading operations and
storage of a loaded 32PTH DSC. The grapple ring assembly is welded to the shell bottom or
outer bottom cover plate for the purpose of inserting/extracting the 32PTH DSC to and from the
Horizontal Storage Module (HSM-H). The support ring, welded to the cylindrical shell, supports
the top shield plug. Four lifting blocks are welded to the inside of the shell bottom and are used
in conjunction with a lifting fixture to lift the unloaded 32PTH DSC into the transfer cask prior
to fuel loading operations.

All primary components of the 32PTH DSC are constructed from Type 304 stainless steel.
The 32PTH DSC cylindrical shell and shell bottom assembly (which includes the shell bottom
and the grapple ring assembly), and the internal basket assembly, are shop-fabricated (and
assembled) components. The top shield plug and outer top cover plate is installed at the plant
after the spent fuel assemblies have been loaded into the 32PTH DSC internal basket.

The 32PTH DSC shell assembly is designed, fabricated, examined and tested in accordance with
the requirements of Subsection NB of the ASME Code including alternatives to ASME code
specified in Section 3.10. The circumferential and longitudinal shell plate weld seams are multi-
layer full penetration butt welds. The butt weld joints are fully radiographed and inspected
according to the requirements of NB-5000 of the ASME Boiler and Pressure Vessel Code. The
full penetration inner bottom cover plate to shell weld is inspected to the same Code standards.

The 32PTH DSC top closure is designed, fabricated and inspected using alternatives to ASME
code specified in Section 3.10. The outer top cover plate and inner top cover/shield plug
(including option 2 or option 3 inner top cover as described in Chapter 1 drawings) are sealed by
separate, redundant closure welds. The inner top cover/shield plug (including option 2 or option
3 design welds as described in Chapter 1 drawings) is welded to the 32PTH DSC shell to form
the confinement boundary at the top end of the 32PTH DSC, as shown in Chapter 7, Figure 7-1.
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compartment boxes, and designed to accommodate 32 PWR fuel assemblies. The sections of the
stainless steel fuel compartments are fusion welded to Type 304 stainless steel structural plates,
sandwiched between the box sections. The fusion welds are spaced intermittently along the box
sections. Neutron poison plates, composed of a boron-aluminum alloy (or a boron carbide
aluminum metal matrix composite), are sandwiched between the sections of the stainless steel
walls of the adjacent box and the adjacent stainless steel plates. The Type 304 stainless steel
members are the primary structural components. The neutron poison plates provide criticality
control and a heat conduction path from the fuel assemblies to the canister shell. The bottom
rows of plates which are 304 SST (no poison) are also sandwiched between the fuel
compartment box sections, and provide structural support to the basket.

Stainless steel rails are oriented parallel to the axis of the canister and attached to the periphery
of the basket to establish and maintain basket orientation and to support the basket.

The nominal open dimension of each fuel compartment cell is 8.70 inches x 8.70 inches, which
provides clearance around the fuel assemblies. The overall length of the fuel basket is 162.00
inches, which is less than the canister cavity length of the canister (164.50 inches minimum) to
allow for thermal expansion, tolerances, and access to the top of the fuel assemblies.

The basket structure is open at each end. Therefore, longitudinal fuel assembly loads are applied
directly on the DSC body and not on the fuel basket structure. The fuel assemblies are laterally
supported by the stainless steel fuel compartments and structural plates, and the fuel basket is
laterally supported by the rails and the canister shell.

The circumferential orientation of the basket, relative to the canister shell, is maintained by the
four lifting blocks attached to the bottom closure assembly of the canister. The four canister
lifting blocks mate with the hollow portions of the basket outer support rails, without interfering
with the spent fuel assemblies. During normal transfer conditions, the DSC rests on four transfer
support rails, attached to the inside surface of the NUHOMS®-0S187H Transfer Cask.

3.1.1.2 General Description of the HSM-H

The details of the HSM-H module are shown in drawings 10494-72-100 through 10494-72-110
in Chapter 1, Section 1.5. The HSM-H is a free standing reinforced concrete structure designed
to provide environmental protection and radiological shielding for the 32PTH DSC. Each HSM-
H provides a self contained modular structure for the storage of a 32PTH DSC containing up to
32 PWR fuel assemblies. The HSM-H provides heat rejection from the spent fuel decay heat by
a combination of radiation, conduction and convection.

The HSM-H is a reinforced concrete structure consisting of two separate units: a base storage
unit, where the 32PTH canister is stored, and a roof that serves to provide environmental _
protection and radiation shielding. The roof is attached to the base unit by four vertical ties or by
four angle brackets. Three-foot thick shield walls are installed behind each HSM-H (single row
array only) and at the ends of each row to provide additional environmental protection and
radiological shielding.
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The HSM-H module design for 32PTH canister is identical to the HSM-H design for 24PTH
canister except the following modifications:

I. The module for the 32PTH canister is designed such that the center line of the loaded

32PTH canister is approximately four inches higher compared to that of the 24PTH
canister.
2. The diameter of the door openings in the front and rear of the front wall are

approximately four inches and two inches larger for the 32PTH canister compared to |
those of the 24PTH canister.

3. The transfer cask docking surface in the module for the 32PTH canister transfer cask is
approximately half inch wider compared to the cask docking surface for the 24PTH
canister transfer cask.

4. The diameters of the front inner circular steel plate and rear circular concrete block of the
shielded door for the 32PTH canister are approximately four inches and two inches larger |
compared to those of the 24PTH canisters.

5. For the 32PTH design the spacers at the canister stop plate of the module will be
provided similar to the 24PTH short cavity design.

The drawings in Chapter 1, Section 1.5 provide the principal dimensions and design parameters
of the HSM-H. The dimension differences between the HSM-H to be used for storing the
32PTH canister and 24PTH canister are listed in the following tables. Dimensions for the
24PTH canister are detailed in the Standardized NUHOMS® UFSAR [40].

TN drawing No. 10494-72-104 (for 32PTH data) |

HSM-H
Dimension System Type
For 32PTH Canister For 24PTH Canister
A 8 -107 8 -6
B 05 —-115/8” 05 -9”
C Q7 -5 o7 -11/2”

TN drawing No. 10494-72-107 (for 32PTH data)

HSM-H
Dimension System Type
For 32PTH Canister For 24PTH Canister
A 34.88” 33.60”
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‘ TN drawing No. 10494-72-108 (for 32PTH data)
HSM-H
Dimension System Type
For 32PTH Canister For 24PTH Canister
A 8 —-11/2” 7° -3 3/4"
B o7 -3” 06°-111/2"
C 05 —85/8” 05 -6”
D o7 -71/4 o7 -33/4
E 1’—101/2” 1’—101/2”

The design of the HSM-H for 32PTH DSC is the same as the HSM-H which is under NRC
review as Amendment 8 to CoC 1004 for 24PTH DSC. Analyses performed for HSM-H with
24PTH DSC used bounding values to envelop both 24PTH DSC and 32PTH DSC.

3.1.1.3 General Description of the OS187H On-Site Transfer Cask

The NUHOMS®-0S187H On-Site Transfer Cask consists of a structural shell, gamma shielding
material, and solid and liquid (water) neutron shield. The OS187H is the modified version of
OS197 transfer cask with a redesigned shielding panel to improve the thermal performance,
shortened the cavity length and increased inside diameter to accommodate the larger diameter of
32PTH DSC. The cavity between the DSC and the transfer cask contains an inert gas during

. transfer operations. Sets of upper and lower trunnions, welded to the structural shell of the cask
that provide support, lifting, and rotation capability for the OS187H transfer cask.

The overall dimensions of the OS187H transfer cask are 197.07 inches long and 92.20 inches in
diameter. The transfer cask structural shell is 82.70 inches in diameter. The transfer cask cavity
is 186.60 inches long and 70.50 inches in diameter. Detailed design drawings for the OS187H
Transfer Cask are provided in drawings 10494-72-15 through 10494-72-21 on Chapter 1, Section
1.5. The materials used to fabricate the transfer cask are shown in the Parts List on Drawing
10494-72-15. Where more than one material has been specified for a component, the most
limiting properties are used in the analyses in the subsequent chapters of this Safety Analysis
Report.

The gross weight of the loaded transfer cask is 114.3 tons including a maximum payload of 54.4
tons. Section 3.2.2 summarizes the weights of the NUHOMS®-0S187H packaging components.
Trunnions, welded to the structural shell of the transfer cask, are provided for lifting and
handling operations, including rotation of the packaging between the horizontal and vertical

- orientations. The OS187H cask transfers the DSC in the horizontal orientation, on a specially
designed transfer skid, with the lid end facing the direction of travel.

The transfer cask is fabricated primarily of stainless steel. Non-stainless steel members include

the cast lead shielding between the inner radial shell and the structural shell, the o-ring seals, the
resin and water neutron shield material and the carbon steel closure bolts. The lead is poured into
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the annulus in a molten state using a carefully controlled procedure. The top cover is bolted to
the top flange by 24-1 1/2 in. diameter high strength bolts and sealed with O-ring. A cover plate
is provided to seal the bottom hydraulic ram access penetration of the cask (by 12-1/2 in. high
strength bolts with O-ring) during fuel loading and transferring the canister to the ISFSI.
Drawing 10494-72-15 provides the part list for the NUHOMS®-0S187H transfer cask. Drawing
10494-72-16 shows the overall configuration of the NUHOMS®-0S187H transfer cask.
Drawing 10494-72-17 shows the details of the transfer cask top cover. The remaining drawings
(10494-72-18 through 10494-72-21) show the details of the remaining individual components
that make up the transfer cask.

The following sections provide physical and functional descriptions of each major component of
the transfer cask. Detail drawings showing dimensions of significance to the safety analyses,
welding and NDE information, as well as a complete materials list are provided in Chapter 1,
Section 1.5. Reference to these drawings is made in the following physical description sections,
and in general, throughout this SAR.

A. Transfer Cask Body and Structural Components

The shell or cask body cylinder assembly is an open ended (at the top) cylindrical unit with an
integral closed bottom end. This assembly consists of concentric inner shell and outer shell (both
SA-240 Type 304), welded to massive closure flanges (SA-182 Type F304N) at the top and
bottom ends. The inner shell is 0.50 inches thick and has a 70.50 inch inside diameter. The outer
shell is the primary structural shell and is 1.5 inches to 2.0 inches thick, and has an 82.70 inch
outside diameter. The annulus between the shells is filled with lead shielding. The lead gamma
shield is 3.60 inch thick and is poured into the annulus in a molten state using a carefully
controlled procedure.

The transfer cask bottom end assembly consists of a 2.00 inch bottom end plate and a 0.75 inch
bottom neutron shield plate, that sandwich a 2.25 inch think resin neutron shield. The RAM
access penetration at the center of the bottom end assembly is used during insertion/removal
operations to and from the HSM-H. The RAM access penetration is four inches thick in the
radial direction and 4.25 inches thick in the axial direction. A cover plate is provided to seal the
bottom hydraulic ram access penetration of the cask (by 12-1/2 in. high strength bolts with O-
ring) during fuel loading and transferring the canister to the ISFSI.

The transfer cask top cover consists of a 3 inch thick structural plate constructed from SA-240,
Type XM-19, and a top radial neutron shield constructed from resin encased in a 0.25 inch thick
SA-240 Type 304 stainless steel shell. The top cover is fastened to the top flange of the transfer
cask body with 24-1.5 inch diameter SA-540 Grade B24 Class 1 high strength steel bolts. The
top closure is designed to maintain confinement of the 32PTH DSC inside the transfer cask
during all normal, off normal and hypothetical accident conditions.

The transfer cask body provides additional radiation shielding and structural support for the
32PTH DSC. It also maintains an inert atmosphere (helium) in the cask cavity. Helium assists
in heat removal during transfer operations and provides a non-reactive environment. To preclude
air in-leakage, the cask cavity is pressurized with helium to above atmospheric pressure.
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The top trunnions are constructed from SA-182 Type FXM-19 and the bottom trunnions are
constructed from SA-182 Type 304. Both materials are stainless steel forgings. The top
trunnions are designed fabricated and tested in accordance with ANSI N14.6 [8] as single failure
proof lifting devices. Consequently they are designed with a factor of safety of six against the
material yield strength and a factor of ten against the material ultimate strength.

D. Operational Features

The NUHOMS®-0S187H transfer cask is not considered to be operationally complex and is
designed to be compatible with spent fuel pool loading/unloading methods. All operational
features are readily apparent from inspection of the General Arrangement Drawings provided in
Chapter 1, Section 1.5. The sequential steps to be followed for cask loading, testing, and
unloading operations are provided in Chapter 8.

3.1.14 Discussion of NUHOMS® HD System Drop Analysis

All lifting of the TC loaded with the DSC must be made within the existing heavy loads

requirements and procedures of the licensed nuclear power plant. The TC design has been
reviewed under 10 CFR Part 72 and found to meet NUREG-0612 [5] and ANSI N14.6 [8].

The transfer cask is transported to the ISFSI in a horizontal configuration. Therefore the only
credible drop accident during storage or transfer operations is a side drop. The transfer cask,
canister and fuel cladding are analyzed for these credible accidents in the following sections.

In addition, a vertical or corner drop accident may be credible under 10CFR50 during loading
onto trailer or during transport operations governed under 10CFR71. The transfer cask and
canister have been evaluated for these postulated accidents. However, the fuel cladding integrity
has not been demonstrated for these accident scenarios. An additional safety review by the user
is required to demonstrate fuel cladding integrity under 10CFRS50 or to demonstrate that the drop
accidents are not credible. '

The drop analyses of the NUHOMS® HD components are performed in the following
Appendices.

Appendix 3.9.1

- This appendix describes the detail analysis of the canister and basket for all the loading
conditions. For the drop loads, the canister is analyzed for the 75g side and end drops. The
canister end closure welds are analyzed for the 22g corner drop.

The basket is analyzed for 75g the side and end drops. The basket is not analyzed for the 22g
corner drop since the 75g end drop analysis bounds the 22g corner drop.
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3.2 Weights

The nominal DSC, HSM-H and OS187H Transfer Cask geometry is used to compute the weights
of the NUHOMS® HD system components.

The following densities are used to compute the component weights.

NUHOMS® HD Component Material Densities

Material Density (Ib./in".) Reference
Stainless Steel 0.29 10
Aluminum 0.098 10
Water 0.0361 10
Lead 0.41 10
Resin (neutron shield) " 0.065 Table 5-17, Chapter 5

Note:
(1) The actual resin density from Table 5-17 is 0.057 Ib/in®. However, a higher
density of 0.065 Ib/in’ is utilized to conservatively compute higher neutron
resin weight.
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3.3  Mechanical Properties of Materials

3.3.1 32PTH-DSC Material Properties

The principal material of construction for the 32PTH DSC is Type 304 stainless steel. The

32PTH DSC cylindrical shell, cover plates and shield plugs are constructed from SA-240 Type

304 stainless steel for plate material and SA-182 F304 for forging material. The 32PTH DSC
basket assembly fuel compartments and structural plate assemblies are also constructed from SA-
240 Type 304 or equivalent stainless steel. Table 3-5 contains the ASME Code material |
properties for SA-240 Type 304 and SA-182 F304 stainless steel materials.

The neutron absorber plates are constructed from boron carbide/aluminum metal matrix

composite material and the aluminum thermal conduction plates are constructed from B-209 |
(Type 1100 Aluminum). No structural credit is taken for either the neutron absorber plates or the
aluminum thermal conducting plates, except for through the thickness load transmission.

3.3.1.1 Radiation Effects on 32PTH DSC Materials

Gamma radiation has no significant effect on metals. The effect of fast neutron irradiation of
metals is a function of the integrated fast neutron fluence, which is on the order of 1x10'
neutrons/cm’ inside the 32PTH DSC after 50 years. Studies on fast neutron damage in stainless
steel, and low alloy steels rarely evaluate damage below 10'” n/cm? because it is not significant
[17]. Extrapolation of the data available down to the 10'° range confirms that there will be no
measurable neutron damage to any of the 32PTH DSC metallic components.

33.1.2  DSC Weld Material

Welding processes, welders and welding materials used for the welding of the 32PTH DSC meet
the requirements of the appropriate ASME Section III subsections and Section IX. Non-Code
welds meet the provisions of Section IX of the ASME Code or AWS D1.1[18] or D1.6 [19].
Weld metal material properties meet the requirements of Section II of the ASME Code or
associated AWS requirements.

3.3.1.3 DSC Material Brittle Fracture

Brittle fracture is not a concern for the stainless steel components, which comprises all structural
components of the DSC.
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If an ISFSI site is located in a coastal salt water marine atmosphere, then any load-bearing
carbon steel DSC support structure rail components of any associated HSM-H shall be procured
with a minimum of 0.20 percent copper content for corrosion resistance.

The sliding surface of the support rails for the DSC consists of Nitronic® 60 or equivalent
stainless steel. Carbon steel embedments in the HSM-H concrete are coated to protect them from
corrosion or they may be stainless steel. Other carbon steel components such as bolts, nuts, tie
plates, etc., are also coated. Bird screens are stainless steel. For the side heat shield with fins, the
side facing the DSC is made of anodized aluminum. The side facing the HSM-H concrete is
plain aluminum surface.

Because of the coatings and the dry environment, degradation of concrete or steel parts inside the
HSM-H is unlikely. Exterior parts or surfaces are also visible and accessible, and if any

degradation occurs from exposure to weather, it can be corrected.

34.1.5 Lubricants, Sealants, and Cleaning Agents

Lubricants may be used to coat the slide rails, the threads and shoulders of bolts, o-rings, and the
contact areas of the trunnions. Lubricants are generally selected from the list of materials
approved for contact with the pool water at the facility where wet loading occurs.

Sealants may be used at pipe threads, e.g., at quick connect fittings.
The transfer cask and DSC are cleaned during fabrication using procedures approved by
Transnuclear. After loading, exterior surfaces of the cask will be decontaminated using

procedures and decontamination agents approved at the loading facility.

The cleaning agents, sealants, and lubricants have no significant effect on the cask and canister
materials.

34.1.6 Hydrogen Generation

There is no mechanism for galvanic corrosion in the space between the DSC and the transfer
cask, because both the inner shell of the TC and the outer shell of the DSC are stainless steel, and
because the canister is sealed before the lid is placed on the transfer cask. Therefore, any
concern for hydrogen generation applies solely inside the canister during wet loading.

Monitoring of the hydrogen concentration before and during welding operations will be
performed to ensure that the hydrogen concentration does not exceed 2.4%. If the concentration
exceeds 2.4%, welding operations will be suspended and the DSC will be purged with an inert
gas.

Numerous NUHOMS® canisters fabricated using aluminum, neutron absorber, and stainless steel
have been loaded in both borated and deionized water. Hydrogen monitoring has measured
hydrogen in the range 0-2%, well below the 4% lower limit of flammability, provided that
sufficient plenum space is provided between the water in the DSC and the inner top cover/shield.
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3.6.1.1 32PTH DSC Fuel Basket Normal Condition Structural Evaluation

The fuel basket stress analysis is performed for normal condition loads during fuel transfer and
storage. The detailed stress analysis is presented in Appendix 3.9.1, Section 3.9.1.2.3. A
summary of the fuel basket load cases is provided in Appendix 3.9.1, Section 3.9.1.2.2.

The basket stress analysis is performed using a finite element method for the transfer handling,
storage dead weight, and both transfer and storage thermal load cases. A 3-dimensional cross-
section finite element model is utilized to evaluate the effect of transverse inertial loads on the
fuel basket. The finite element model is described in detail in Appendix 3.9.1, Section
3.9.1.2.3.A (page 3.9.1-7). Analytical calculations are used for the vertical dead weight load
case.

The mechanical properties of structural materials used in the basket, rail and canister are shown
in the Appendix 3.9.1, Tables 3.9.1-1 and 3.9.1-2 as a function of temperature. All structural
components of the fuel basket and support rails are constructed from SA-240, Type 304 stainless
steel, with properties taken from AMSE B&PV Code [10].

ANSYS nonlinear elastic stress analyses are conducted for computing the elastic stresses in the
fuel basket model. The nonlinearity of analysis results from the gaps in the model. In general, for
each load case, the maximum total load is applied in small steps. The automatic time stepping
program option "Autots" is activated. This option lets the program decide the actual size of the
load-substep for a converged solution. Where shell elemeénts are used, the shell middle surface
nodal stress intensity is the membrane stress intensity and top or bottom surface stress intensity
is the membrane plus bending stress intensity.

The calculated stresses in the 32PTH DSC fuel basket under normal conditions are summarized
and compared with the corresponding ASME code allowable stresses for transfer load cases in
Appendix 3.9.1, Table 3.9.1-3 and storage load cases in Appendix 3.9.1, Table 3.9.1-5.

The fusion weld is qualified by a pull test (shear). The required minimum test load is 17.1 kips.
This load corresponds to the maximum fusion weld loads generated during a 75g hypothetical
accident impact with a safety factor of 2 and a correction for material strength for room
temperature testing. The maximum force generated in the fusion welds due to transfer load is
1415 Ib (Appendix 3.9.1, page 3.9.1-11) and thermal load in fusion weld during transfer is 631 Ib
(Appendix 3.9.1, page 3.9.1-14). The combined load is 2,046 1b (2.05 kip). This combined load
is much smaller than the required test load of 17.1 Kips.

Based on the results of these analyses, the design of the 32PTH DSC basket is structurally adequate
with respect to normal condition transfer and storage loads.

3.6.1.2 32PTH DSC Canister Shell Normal Condition Structural Evaluation

This section summarizes the evaluation of the structural adequacy of the 32PTH DSC canister
under all applied normal condition loads. Detail evaluation of the stresses generated in the
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stepping program option "Autots" is activated. This option lets the program decide the actual
size of the load-substep for a converged solution. Where shell elements are used, the shell middle
surface nodal stress intensity is the membrane stress intensity and the top or bottom surface
stress intensity is the membrane plus bending stress intensity.

The calculated stresses in the 32PTH DSC fuel basket is summarized and compared with their
corresponding ASME code allowable stresses. Tables 3.9.1-4a and 3.9.1-4b of Appendix 3.9.1
show these summaries for the transfer accident loads and Table 3.9.1-5 for the storage accident
loads.

The maximum shear load in the fusion welds during the accident loading condition is calculated
in Appendix 3.9.1 (page 3.9.1-16). The calculated maximum shear force during side drop is |
7,208 Ib.

The fusion weld is qualified by a pull test (shear). The minimum test load is 17.1 kips. This test |
load includes a safety factor of 2 and a correction for material strength for room temperature

testing.

Based on the results of these analyses, the design of the 32PTH DSC basket is structurally adequate
with respect to off-normal and accident conditions of transfer and storage loads.
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3.7.1.1.2 32PTH DSC Fuel Basket Accident Condition Buckling Analysis

Buckling analysis of the fuel basket plates and support rails are only performed for the bounding
hypothetical accident condition impact loads. The accident condition buckling evaluation is
presented in detail in Appendix 3.9.1, Section 3.9.1.2.4 (page 3.9.1-26).

Only the most critical fuel basket section is analyzed in detail. The critical basket section is
depicted in Appendix 3.9.1, Figure 3.9.1-11. This approach is then validated by performing a
buckling evaluation for the entire fuel basket cross section for the worst case loading condition.

All structural members of the 32PTH fuel basket are constructed from SA-240 Type 304 or
equivalent stainless steel. A bilinear stress-strain curve for SA-240 Type 304 stainless steel is
used for the elastic-plastic buckling analysis.

The material properties used for the basket plates are taken from ASME Code, Section II, Part D

[10], at 611° F. This temperature represents an average temperature for the fuel basket section
analyzed and depicted in Appendix 3.9.1, Figure 3.9.1-11.

Nonlinear stress analyses are conducted in order to evaluate the plastic buckling loads for the
32PTH DSC basket plates. The three critical azimuth drop orientations analyzed are:

i) 0° (load applied in the direction parallel to the basket plates)
ii) 30° (load applied at 30° relative to the basket plate direction)
iii) 45° (load applied at 45° relative to the basket plate direction)

In order to calculate the buckling load, a small three-dimensional ANSY'S finite element model
is constructed using SHELL43 plastic large strain shell elements. This model is shown in
Appendix 3.9.1, Figure 3.9.1-12. The small model is constructed by selecting the appropriate
elements and nodes from full basket cross section model as described in Appendix 3.9.1, Section
3.9.1.2.3 (page 3.9.1-7). As described in Section 3.9.1.2.3.A., the stiffness from aluminum plates
is conservatively neglected but their weight is accounted for in the applied loads.

The loading on the small model are appropriately transferred from the full size basket loading. A
maximum load of 200g is applied in each analysis. The ANSYS automatic time stepping option
“AUTOTS?” is activated. This option lets the program decide the actual size of the load sub-step
for a converged solution. The program stops at the load sub-step that fails to result in a
converged solution. The last load step with a converged solution is used to compute the
allowable collapse load for the fuel basket grid.
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‘ The following table summarizes the input load and last converged load for all three load cases:
Basket 200g loads (psi) Last Max.
Orientation | Vertical Lateral Applied converged | Deflection
Load (Ib) | Pressure (psi) | Acceleration | Load (g) uy (in)
Vertical 239,400 0 (0, 200, 0) 107 0.005
30° 207,326 129.0 (-100, 173, 0) 84 0.1090
45° 169,281 182.4 (-141, 141, 0) 84 0.1277

As per stability criteria described in Section 3.1.2.1.2 of FSAR Chapter 3 and the Section 3.4.3.3
of SER “the load applied in the last converged load sub-step is considered to be the buckling
load of the structure”, therefore the allowable buckling load for the basket is 84g.

The small finite element model technique used for the buckling analyses of the fuel basket is
verified by a full basket cross section finite element analysis as well as analytical methods.
Details of these verification methods are provided in Appendix 3.9.1, Section 3.9.1.2.4 (page
3.9.1-29).

Since the critical collapse load for the 32PTH DSC basket (84g for the 30° and 45° Orientations) |
is greater than the maximum design acceleration of 75g, the basket will not fail in buckling
. during the accident condition events.
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3.10 ASME Code Alternatives

The confinement boundary of the 32PTH DSC canister shell, the inner top cover/shield plug, the inner bottom cover, the siphon vent
block, and the siphon/vent port cover plate are designed, fabricated and inspected in accordance with the ASME Code Subsections NB
to the maximum practical extent. The basket is designed, fabricated and inspected in accordance with ASME Code Subsection NG to
the maximum practical extent. Other canister components (such as outer bottom cover and shield plugs) are not governed by the

ASME Code.
ASME Code Alternatives for the 32PTH DSC
Reference
ASME Code

Section/Article Code Requirement Alternatives, Justification & Compensatory Measures

NCA All Not compliant with NCA

NB-1100 Requirements for Code Stamping of The canister shell, the inner top cover/shield plug, the inner bottom cover, and the siphon/vent port
Components cover are designed & fabricated in accordance with the ASME Code, Section 111, Subsection NB to

the maximum extent practical. However, Code Stamping is not required. As Code Stamping is not
required, the fabricator is not required to hold an ASME “N” or “NPT” stamp, or to be ASME
Certified.

NB-2130 Material must be supplied by ASME Material is certified to meet all ASME Code criteria but is not eligible for certification or Code

approved material suppliers Stamping if a non-ASME fabricator is used. As the fabricator is not required to be ASME
certified, material certification to NB-2130 is not possible. Material traceability & certification are
maintained in accordance with TN’s NRC approved QA program.
NB-4121 Material Certification by Certificate
Holder
The shell to the outer top cover weld, the shelf to the inner top cover/shield plug weld (including
option 2 or option 3 inner top cover as described in the SAR), and the siphon/vent cover welds, are
all partial penetration welds.

Category C weld joints in vessels and | As an alternative to the NDE requirements of NB-5230, for Category C welds, all of these closure

NB-4243 similar weld joints in other welds will be multi-layer welds and receive a root and final PT examination, except for the shell to

- and . . -

NB-5230 components shall be full penetration the outer top. cover weld. Th'e shell to the outer top cover welfl will be a n'lultl-.layer weld and
joints. These welds shall be examined | receive multi-level PT examination in accordance with the guidance provided in 1SG-15 for NDE.
by UT or RT and either PT or MT The multi-level PT examination provides reasonable assurance that flaws of interest will be

identified. The PT examination is done by qualified personnel, in accordance with Section V and
the acceptance standards of Section III, Subsection NB-5000. All of these welds will be designed
to meet the guidance provided in ISG-15 for stress reduction factor.
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ASME Code Alternatives for the 32PTH DSC Fuel Basket

Reference
ASME Code
Section/Article Code Requirement Alternatives, Justification & Compensatory Measures
The 32PTH DSC baskets are designed & fabricated in accordance with the ASME Code, Section
NG/NF-1100 Requirement for Code Stamping of | I, Subsection NG to the maximum extent practical as described in the SAR, but Code Stamping is
Components not required. As Code Stamping is not required, the fabricator is not required to hold an ASME N
or NPT stamp or be ASME Certified.

Material is certified to meet all ASME Code criteria but is not eligible for certification or
Code Stamping if a non-ASME fabricator is used. As the fabricator is not required to be
ASME certified, material certification to NG/NF-2130 is not possible. Material traceability &
certification are maintained in accordance with TN’s NRC approved QA program. The poison
material and aluminum plates are not used for structural analysis, but to provide criticality
control and heat transfer. They are not ASME Code Class | materials. See note 1.

Material must be supplied by
NG/NF-2130 ASME approved material
suppliers

NG/NF-4121 Material Certification by
Certificate Holder

The 32PTH DSC nameplates provide the information required by 10CFR71, 49CFR173, and
10CFR72 as appropriate. Code stamping is not required for the 32PTH DSC. QA Data
packages are prepared in accordance with the requirements of 10CFR71, 10CFR72, and TN’s

Requirements for nameplates,
NG/NF-8000 stamping & reports per NCA-

8000 approved QA program.
NCA All Not compliant with NCA.
Note:
1. Because Subsection NCA does not apply, the NCA-3820 requirements for accreditation or qualification of material organizations do not apply.

CMTR’s shall be provided using NCA-3862 for guidance.
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Notes:

Table 3-3
Summary of Stress Criteria for Subsection NG Components

Loadings Stress Category (5) Notes

Design P, <1.0S,
[NG-3221] Pn+ Py <1.58,

Pn £1.0S,, (Note 6)

[r&gglz?z] P, + P, < 1.5S,, (Note 6)
P+ Py + Q <3.0S,, (Note 4)
Level B P, < 1.08.(Note 6)

P, + P, <1.5S8,, (Note 6) Note 1

i ()
[NG 3223] P, + Py + Q <3.0S, (NOte 4)

Elaszzvzlnglysis P < 1.58n \ Notes
[NG-3224] Py + P, <2258, 2 &3
Level D

P,, <min (2.4Sp, 0.7S,)

Elastic Analysis 5" "p < 1hin (3.68,, 1.0S.)

[NG-3225, App. F]

Level D
Plastic Analysis
[NG-3225, App. F]

P, <max ( 0.7S,, Sy + (S, -S,)/3)
P, + Py < 0.9S,

. There are no pressure loads on the basket, therefore the 10% increase permitted by NG-3223(a) for

pressures exceeding the design pressure are not included.

. Evaluation of secondary stresses not required for Level C and D events.
. Criteria listed are for elastic analyses, other analysis methods permitted by NG-3224.1 are acceptable if

performed in accordance with the appropriate paragraph of NG-3224.1.

. This limit may be exceeded provided the requirements of NG-3228.3 are satisfied, see NG-3222.2 and

NG-3228.3.

. As appropriate, the special stress limits of NG-3227 should be applied.
. In accordance with NG-3222 and Note 9 of Figure NG-3221-1, the Limit Analysis provisions of NG-

3228 may be used.

. The weld strength of each fusion weld nugget shall have a minimum capacity of 16.5 kips (70°F). The

minimum capacity shall be determined by shear tests using test specimens made from production
materials.
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Resin Material Properties

Table 3-11

Modulus of Elasticity” Coefficient of Thermal Density”, p
Temperature E (psi) Expansion®, a (in./in.°F) |  (Ib./in.%) Poisson’s Ratio'!
Room
Temperature 0.16x10° — 0.065 0.20

(1) The modulus of elasticity utilized is lower than that of commercially available glass filled, polyester based

polymers. Typical values are 0.25x10° psi.

(2) The coefficient of thermal expansion for the resin material is not used in the transfer cask structural analysis.
The resin material is not a structural component, and since the resin has a very low Modulus of Elasticity
(relative to stainless steel) it’s thermal expansion is not expected to affect the stresses in the structural
components significantly.

(3) A conservative density value of 0.065 Ib/in® is utilized to estimate a higher mass for the resin while the actual
density per Table 5-17 is 0.057 Ib/in’.

(4) A Poisson’s ratio of 0.20, which is closer to that of concrete (0.17) is utilized.
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composite bottom cover assembly is constructed to evaluate the structural adequacy of this
alternate design.

3.9.1.2 32PTH DSC Fuel Basket Structural Evaluation

3.9.1.2.1 Approach

The Fuel Basket is evaluated for normal and accident condition impact and thermal loads. The
basket stress analysis is performed using a finite element method for the side drop and thermal
load cases and classical hand calculations for the end drop load cases. Buckling of the basket
plates, when subjected to lateral impact loads, is evaluated by collapse load analysis using a
finite element model to generate a relationship between displacement and applied load. A
summary of the basket load cases is provided in Section 3.9.1.2.2. Stress and buckling analyses
are provided in Sections 3.9.1.2.3 and 3.9.1.2.4, respectively.

A. Material Properties

The mechanical properties of structural materials used in the basket, rail and canister are shown

in the Table 3.9.1-1 as a function of temperature. All structural components of the fuel basket

and support rails are constructed from SA-240, Type 304 or equivalent stainless steel, with |
properties taken from AMSE B&PV Code [1]. The yield and ultimate strengths of the structural
steel, shown in Table 3.9.1-1, are the minimum values specified in the material specifications. In
general, the temperatures chosen for the evaluation of material properties for each component of
the DSC bound the maximum temperatures computed in Chapter 4.

3.9.1-2
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B. Design Criteria

For normal conditions, the basis for the basket allowable stress is the ASME Code, Section 111,
Subsection NG [2]. The primary membrane stress intensity and membrane plus bending stress
intensities are limited to S, (S, is the code allowable stress intensity) and 1.5 S,,, respectively, at
any location in the basket for Level A (Normal Service) load combinations. The average shear
stress is limited to 0.6 S,

The ASME Code provides a 3S,, limit on primary plus secondary stress intensity for Level A
conditions. This limit is specified to prevent ratcheting and distortion of a structure under
primary plus secondary loads.

For accident conditions, stresses are evaluated as short duration Level D conditions as per ASME
B&PV Code, Section 111, Appendix F [3]. When evaluating the stainless steel basket results
from the elastic analysis, the general primary membrane stress intensity in, P, shall not exceed
2.4S,, or 0.7S, and membrane plus bending stress intensity (P, + Pp) is limited to the smaller of
3.6S,, or 1.0S, The average primary shear stress is limited to the smaller of 0.42S, or 2(0.6S,,).

When evaluating the results from the non-linear elastic-plastic analysis, the general primary
membrane stress intensity, Py, shall not exceed 0.7S, and the maximum stress intensity at any
location (P; or P, + Pp) shall not exceed 0.9S,. The average primary shear stress is limited to
0.428), or 2(0.6S,).

The acceptability of a component, against buckling, is described in Section 3.1.2.1.2 of Chapter
3.

For fusion welds between the stainless steel plates and the stainless steel fuel compartment are
qualified by testing. The required minimum tested capacity of the weld connection (each weld)
shall be 17.1 Kips (at room temperature). This value is based on a margin of safety (test to
design) of 2.0, corrected for temperature difference and the maximum weld load of 7208 Ibs
calculated from a 75g side drop (see page 3.9.1-16). This margin of safety, 2, is larger than the
ASME Code-implied margin of safety for level D loads. The minimum capacity shall be
determined by shear test (pull test) of individual specimen made from production material. In
addition to the ASME Code requirements for weld qualification, as part of the weld qualification
procedure, in order to verify proper machine setting and operation, a shear test (pull test) of test
coupon from each welding machine will be performed prior to the start of each working shift.
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3.9.1.2.3 Fuel Basket Stress Analysis

A. 3D Cross Section Finite Element Model Description

A three-dimensional finite element model of the basket fuel compartments, peripheral rails and
canister is constructed using ANSYS [10] SHELL43 elements. The overall finite element model
of the basket, peripheral rails and canister is shown in Figure 3.9.1-1. For conservatism, the
strength of aluminum plates in the basket was neglected by excluding these from the finite
element model. However, their weight was accounted for by increasing the basket plates and
peripheral rail material densities. Because of the large number of plates in the basket and large
size of the basket, certain modeling approximations were necessary. In view of continuous
support of fuel compartment tubes by the peripheral rails along the entire basket length during a
side drop, only a 15.0" long slice of the basket and rail was modeled. At the two cut faces of the
model, symmetry boundary conditions were applied (UZ = ROTX = ROTY=0). The fuel
compartment tubes, structural plates, support rails, square bars, and canister shell are included in
the model and are shown individually in Figures 3.9.1-2 through 3.9.1-6.

Radial gap elements (CONTAC 52) are used to simulate the interface between the basket
peripheral rails and inner side of the canister and between canister outer radius and cask inner
radius. Each gap element contains two nodes; one on each surface of the structure. The gap
nodes specified at the inner side of cask are restrained in x, y and z directions. The gap size at
each gap element is determined by the difference between the basket rails radius and the inside
radius of the canister and between the canister outer radius and the inside radius of the cask. A
sensitivity analysis of gap size and fusion weld effectiveness study have shown that the
difference of the gaps and fusion weld effectiveness will have no significant impact to the results
of the analysis. Radial gap (and link) elements are generated using a small ANSYS macro.
Actual gap sizes for the gap element, at each radial location, were determined and input into the
model as real constants using another small ANSYS macro. This macro accepts the drop
orientation and model geometry as inputs and determines the circumferential position of each
gap element. The macro then computes the appropriate real constants and applies to appropriate
gap elements. At the operating temperatures, the initial gap sizes will be lower. Thus use of room
temperature gap sizes is conservative. Figure 3.9.1-6 shows the locations of both sets of gap
elements.

During drops on cask rails (180° side drop), the initial gaps between the canister and the cask are
modified using the ANSYS macro. Two 3 inch wide and 0.12 inch thick rails are welded to the
cask inside at 12° on both sides of vertical center line and another set of two rails are welded at
38° on both sides of the vertical center line. For the 180° side drop onto the rails, the initial gaps
at the two inner rail locations are assumed closed. In-between these two rail locations, the initial
gaps are set to 0.12 inches. On the other two rail locations, the gap statuses are initially set to
open, and the gap sizes are generated by macro and decreased by the rail thickness.
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The connections between the stainless steel fuel compartment tubes (with intermediate aluminum
plates), between the tubes and stainless steel plates as well as between the tubes and rails are
made with node couplings. The nodes of various plates are coupled together in the out-of-plane
direction so that they will bend in unison under surface pressure or other lateral loading to
simulate the through-the-thickness support provided by the aluminum plates. The fusion welds,
connecting the fuel compartment and plates, are modeled by coupling nodes in all directions. The
bolts connecting the peripheral rails with the plates are also modeled by coupling nodes (in x, y
and z directions).

Material Nonlinearities

The basket fuel compartments, structural plates, peripheral rails and canister shell are constructed
from SA-240, Type 304 or equivalent stainless steel. A bilinear stress-strain relationship, with
kinematic hardening, was used for each component to simulate a correct nonlinear material
behavior at the maximum operating temperature. The following elastic and inelastic material
properties are used in the analysis:

Peripheral Rails,

Basket Fuel
Material Compartments, Sq. Bars and Canister
Property and Center Outer Plates at at 500°F
Plates at 700° F 550°F
Modulus of
Elasticity, E 24.8x10° 25.6x10° 25.8x10°
(psi)
Yield Strength, 17,600 18,900 19,400
F, (psi)
\oangent £ S%of 5% of E= % of E=
' (psi), E=1.24x10 1.28x10 1.29%x10
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Since only a 15 inch length of the basket is modeled, the acceleration in axial direction is
increased to account for the entire 144 inch length.

Axial acceleration for 2g load =2.0g x 144/15.0 = 19.2¢g

To simulate the axial stress due to the above acceleration, only one side of basket is restrained in
z-direction.

For (2g axial + 2g Transverse + 2g Vertical) handling load, the pressures and accelerations are
applied simultaneously:

Therefore the acceleration applied to the model is: acel,-2.0, 2.0, 19.2

Analysis and Results

A nonlinear elastic stress analysis was conducted for computing the elastic stresses in the basket
model. The nonlinearity of analysis resulted from the gaps in the model. The total load was
applied in small steps. The automatic time stepping program option "Autots" was activated.
This option lets the program decide the actual size of the load-substep for a converged solution.
The shell middle surface nodal stress intensity is the membrane stress intensity and top or bottom
surface stress intensity is the membrane plus bending stress intensity.

Analvsis of Fusion Welds for Handling Loads

The maximum fusion weld load was computed using the finite element model side drop load
case (see page 3.9.1-16). The finite element model is modified by replacing the fusion weld
couplings with PIPE20 elements.

A static nonlinear stress run is made and results of the run are post-processed in order to extract
the axial (FX) and shear (FY and FZ) forces in the pipe elements. The maximum shear force in
anyplace of the pipe elements for the 2g handling load is 1415 lbs. The thermal loads in the
fusion welds are calculated in Section B.3 below (page 3.9.1-14). The maximum combined
shear force due to handling load and thermal load is 2.05 kips. The fusion weld load capacity is
qualified for 75g accident load by test and is 17.1 kips. The transfer loads (2g) are much smaller
than the 75g load. Thus by comparison, fusion welds capacity is judged to be much higher than
the combined handling and thermal loads.
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In Chapter 4, the basket and rail temperatures are computed for three separate vacuum drying
procedures. The table below provides the maximum basket and rail temperatures and thermal
gradients for each vacuum drying procedure.

Procedure A
At 34 hours,
Max. Temp (°F)

Procedure B
At 32 hours,
Max. Temp (°F)

Procedure C
At 40 hours,
Max. Temp (°F)

Basket Fuel 697 693 704
Compartments

Basket Rails 531 575 579

Thermal 166 118 125

Gradient, AT

From the above table, it is judged that ‘Procedure A’ case will be critical for stresses due to the
highest thermal gradient and is selected for the analysis.

Thermal material properties for material (type 304 stainless steel), taken from Reference 1, are

reproduced in Table 3.9.1-2.

The thermal analysis resulting temperature distributions for -20° F and 115° F ambient and
vacuum drying conditions closely match the temperature distributions presented in Chapter 4.

Thermal Stress Analysis

Elastic stress analyses of the basket structure are conducted in order to compute the thermal
stresses. The nodal temperature distribution from the thermal analysis results is applied to obtain
the thermal stresses in the model. The resulting nodal stress intensity distribution in the basket
fuel compartments reveals that the maximum thermal stress occurs during the vacuum drying

load case, and is 9.86 ksi.

Thermal Stresses in Support Rails during Transfer

The temperature distribution and the thermal stresses in peripheral rails are computed using the
same methodology as given above for the fuel compartments. The finite element model of the
rails is taken from the full basket model described in Section 3.9.1.2.3.A and is shown in Figure

3.9.1-9.

The resulting nodal stress intensity distribution in the support rails reveals that the maximum

thermal stress occurs during the vacuum drying load case, and is 18.70 ksi.
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Thermal Load in Fusion Welds during Transfer

The forces in x, y and z global directions in the PIPE elements (modeling the fusion welds) for
the critical vacuum dry thermal load case are tabulated for stress computation. The thermal
analysis results show that the thermal loads in the fusion welds are quite small. The maximum
shear force, Fueld, is:

Fueld= /6117 +150> =631 Ibs.

This force is combined with the force generated from 2g handling load calculated above,
therefore, the total load is:

1,4151b+ 631 Ib=2,046 Ib = 2.05kips
This load is much smaller compared to the weld capacity of 17.1 kips from test.

B.4. Summary of Fuel Basket Stresses for Normal Condition Transfer Loads

Table 3.9.1-3 summarizes basket stress analysis results and compares them with the Code
allowable stresses. For the Normal thermal condition allowable stresses, the fuel compartment
temperature is taken to be 700° F uniform, the peripheral rail temperature is taken to be 600° F
uniform and canister temperature is taken to be 500° F uniform. Based on the results of these
analyses, the basket and rails are structurally adequate for normal transfer condition loads.
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py=pn for 75g =175 x 0.875736 = 65.680 psi

The inertia loads due to the basket and peripheral rail dead weights are simulated by applying the
density and appropriate acceleration in the runs.

The aluminum plate weight is accounted for by increasing the densities of stainless steel basket
fuel compartments, large rails and small rails, as in Section 3.9.1.2.3.B.2.

Finite Element Analysis

A nonlinear static stress analysis of the structural basket is conducted for computing the stresses
for 0°, 30°, 45° and 180° (drop rails) drop orientations. The maximum load of 75g was applied in
each analysis. The automatic time stepping program option "Autots" was activated. This option
lets the program decide the actual size of the load-substep for a converged solution.
Displacements, Stresses and Forces at each node of model (for each converged substep load)
were written in ANSY'S result files. The program stops at the load substep when it fails to result
in a converged solution. In all side drop cases, the program gave converged solutions up to 75g
load. Results were extracted at the last load sub-step of 75g for evaluation.

Shear Load in Fusion Welds due to 75g Side Drop

The maximum fusion weld load was computed using the finite element model. The finite
element model is modified by replacing the fusion weld couplings with PIPE20 elements.

A static nonlinear stress run is made and results of the run are post-processed in order to extract

the axial (FX) and shear (FY and FZ) forces in the pipe elements. Reviewing the details of pipe

element forces (at ‘7’ node and ‘j* node of each pipe element) show that the axial (FX) and shear
(FZ) loads are not significant.

Conservatively, the maximum shear load in a fusion weld is computed by vectorially adding the
maximum FY and maximum FZ (irrespective of their locations in the finite element model) as
follows.

Maximum Force, FY = 7,197 1b.
Maximum Force, FZ =393 Ib.
Maximum Shear Force = [7,197% + 393%]'? = 7,208 Ib.

From the above, it is seen that the maximum shear load on a fusion weld is 7,208 1b. The fusion |
weld capacity (by test) is to match or exceed this maximum weld load.

For the fusion weld load capacity test at room temperature, it is determined to include a safety
factor of 2 and a correction for material strength for room temperature testing. Therefore, the
Required Minimum Fusion Weld Test Load = 7,208 x (2) x (¥}, at room temperature / F}, at
700°F) = 7,208 (2.0) (75.0 ksi/63.4 ksi) = 17,054 lbs = 17.1 kips
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Weld Shear Stress for 75g = (1297.3 x 75) / (22 x 0.4285) = 10,321 psi = 10.3 ksi
Allowable Shear Stress (at 550°F)=1.25,,=0.8 x 1.2 x 16.95 = 16.27 ksi. > 10.3 ksi.

The design is adequate.
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Thermal Stresses in the Basket Fuel Compartments

A 3-dimensional finite element model of the basket is used for the thermal and stress analyses of
the fuel basket. This finite element model is described in Section 3.9.1.2.3A. Due to symmetry of
temperature distribution, only a % model (see Figure 3.9.1-8) is used in this analysis. The rails
and canister are removed from the model, as they have no effect on the fuel compartment
thermal stresses. The support rails are analyzed separately.

In order to model realistic contact between the fuel compartments, the couplings are replaced by
contact elements. The couplings at the fusion weld locations are replaced by pipe elements.

Two finite element analyses are required to compute the thermal stresses in the fuel basket. The
first analysis is a thermal analysis that computes the temperature distribution at each node of the
structural model, given the temperature distribution in the thermal model described in Chapter 4.
The second finite element analysis computes the thermal stress distribution caused by the
temperature distribution computed in the first analysis.

The four-node element SHELLS57 (Thermal Shell) and LINK33 (Thermal Conduction Bar) are
used in the thermal analysis. These elements are replaced by stress elements SHELL43 and

PIPE20 in the stress analysis.

Thermal Analvses

Thermal analyses of the gross finite element model of the 32PTH DSC and fuel basket is
conducted for both hot and cold normal ambient conditions as well as for the HSM blocked vent
accident in Chapter 4. Steady-state thermal analyses of the detailed basket model, shown in
Figure 3.9.1-8, are conducted to obtain the nodal temperatures by impressing the temperature
distribution (computed in Chapter 4) as the boundary conditions for hot, cold and vent blockage
cases. Thermal analyses of a gross model of NUHOMS® 32PTH Cask, DSC and Basket were
conducted for hot and cold normal conditions and for HSM blocked vent accident in Chapter 4.
Below are given the maximum basket and rail temperatures and thermal gradients for all cases
from Chapter 4.

115° F Ambient -20° F Ambient 34 Hours After
With Fins Max. With Fins Max. Blockage with Fins
Temp. (°F) Temp. (°F) Max. Temp. (°F)
Basket Fuel 656 565 801 |
Compartments
Basket Rails : 511 418 662
Thermal Gradient, 145 147 139 |
AT
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Thermal material properties for material (type 304 stainless steel), taken from Reference 1, are
reproduced in Table 3.9.1-2.

The thermal analysis resulting temperature distributions for each thermal load case closely match
the temperature distributions presented in Chapter 4.

Thefmal Stress Analyses

Elastic stress analyses of the fuel compartment structure are conducted for computing the
thermal stresses in the fuel basket. The nodal temperature distribution from the above thermal
analysis results are applied to obtain the thermal stresses in the model.

The resulting displacements and stresses in the model are written to ANSYS result files. The

critical stresses are summarized in Table 3.9.1-5. It is seen from Table 3.9.1-5, that the maximum
thermal stress intensities in fuel compartments are developed in -20° F ambient case.
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Thermal Stresses in Peripheral Rails during Storage

Temperature distribution and thermal stresses in peripheral rails are computed using the same
methodology as given above for the fuel compartments. The finite element model of the support
rails is extracted from the model described in Section 3.9.1.2.3.A (page 3.9.1-7) and is shown in
Figure 3.9.1-9.

The resulting thermal stress intensities for the 115° F, -20° F, and blocked vent cases are
summarized in Table 3.9.1-5.

Fusion Welds Evaluation for Thermal Storage Loads

The forces in the X, Y and Z global directions, in the PIPE elements (modeling the fusion
welds), for the critical -20° F case are post processed from the ANSYS result files.

Review of the ANSYS results files reveal that the thermal loads are quite small. The maximum
shear load in a fusion weld is computed by vectorally adding the maximum FY and maximum F8
(irrespective of their location) for dead weight:

Maximum shear force = [282 + 8.4%]* =282 Ib.
The maximum shear force in the fusion weld is for seismic + normal thermal load, 1,967 Ibs. |
The fusion weld load capacity, qualified by load test (for 75g horizontal drop accident) is 17.1 |

kips. The storage seismic and thermal loads are much smaller than the test load. Thus by
comparison, fusion welds capacity is judged to be adequate for the storage loads.

C.4. Summary of Fuel Basket Stresses for Storage LLoads

~ Table 3.9.1-5 summarizes the fuel basket stress analysis results and compares them with the code
allowable stresses.

For the normal condition thermal load cases, the fuel compartment temperature is taken to be
700° F uniform, the peripheral rail temperature is taken to be 600° F uniform and the canister
shell temperature is taken to be 500° F uniform. For the HSM vent blockage hypothetical
accident condition the fuel compartment temperature is taken to be 800° F uniform and the
peripheral rail temperature is taken to be 650° F.

Based on the results of these analyses, the basket and rails are structurally adequate for the
normal and accident condition storage loads.

3.9.1-25



NUHOMS® HD System Updated Final Safety Analysis Report Rev. 1, 9/07

3.9.1.2.4 32PTH DSC Fuel Basket Buckling Analysis

This Section evaluates the 32PTH DSC basket design with respect to buckling. The basket fuel
compartments and support rails are evaluated separately in the following sections.

A. Basket Fuel Compartment Buckling Analysis

A.l. Approach

Only the most critical fuel basket section is analyzed in detail here. The critical basket section is
depicted in Figure 3.9.1-11. This approach is then validated by performing a buckling evaluation
for the entire fuel basket cross section for the worst case loading condition.

The entire basket is 162.00 inches tall. However, the inertial load of the basket plates and fuel

assemblies is conservatively assumed to be distributed over only a 144 inch length (effective fuel
assembly length).

A.2. Material Properties used for Buckling Evaluation

All structural members of the 32PTH DSC fuel basket are constructed from SA-240 Type 304 or
equivalent stainless steel. A bilinear stress-strain curve for SA-240 Type 304 stainless steel is
used for the elastic-plastic analysis.

The material properties used for the basket plates are taken from ASME Code, Section II, Part D
[1], at 611° F. This temperature represents an average temperature for the fuel basket section
analyzed and depicted in Figure 3.9.1-11.

Fuel Basket Material Properties at 611° F

Stainless Steel (SA-240 Type 304)
E=25.26 x10° psi [1]
S, =18.31 ksi [1]
Sy =63.4ksi[1]
Tangent Modulus, E7, is taken to be 5% of E,
= Er=0.05 x 25.26 x10° = 1.262x10° psi

The results of this critical basket section buckling analysis is summarized in Section 3.7.1.1.2
(Page 3-43). This result is then validated by performing a buckling evaluation for the entire fuel
basket cross section as described in the following section (Section A.3).
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A.3. Finite Element Buckling Analysis

Finite Element model

ANSYS 3D basket models used for stress analyses as described in Section 3.9.1.2.3 (page 3.9.1-
7) are used for analyzed the buckling loads.

Material Nonlinearities

The basket fuel compartments, structural plates, peripheral rails and canister shell are constructed
from SA-240, Type 304 or equivalent stainless steel. A bilinear stress-strain relationship, with
kinematic hardening, was used for each component to simulate a correct nonlinear material
behavior at the corresponding regions of the basket compartments.

Geometric Nonlinearities

Since the structure experiences large deformations before buckling, the large displacement
option of ANSYS is used for all the analyses.

Loadings

The basket is analyzed for 0°, 30°, and 45° side drop loads. The weight of boron-aluminum alloy
plate is distributed on all four sides of stainless steel boxes, and the fuel assembly weights are
distributed on the top panel of the SST-ALUM-SST sandwich for the 0° side drop load
orientation and proportionally distributed on the top & side panels for the 30° and 45° side drop
load orientations.

Maximum load of 120g was applied in 0° drop and 100g in 30° and 45° drop analyses. The
ANSYS automatic time stepping program option "Autots" was activated. This option lets the
program decide the optimal size of the load-substep for a converged solution. The program will
stop at the load substep which fails to result in a converged solution. The last load step with a
converged solution is the buckling load for the structure.
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Result
The following table summarizes the last converged load for all three load cases:
Basket Last G load calculated G Load Used For | Factor of
Drop Converged From Appendix 3.9.10 | Basket Structural Safety
Orientation Load (g) LS-DYNA Analysis Analysis

0° 102.5 63 75 1.37

30° 83.9 63 75 1.12

45° 85.6 63 75 1.14

The ANSYSS displacement plots for the last converged load steps for the 0°, 30°, and 45° drop

orientations are shown on Figures 3.9.1-24, 3.9.1-25, and 3.9.1-26, respectively.

These results are conservative because the '2” aluminum plate sandwiched between the fuel
compartments are not included in the model while their weights are accounted in the analyses.
The 14" thick aluminum plate would provide additional safety margin if they were included in the

analyses.
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D.3. Canister Finite Element Analysis for Transfer Loads

All analyzed load cases in this section are identified in Tables 3.9.1-9 and 3.9.1-10 and are
described in detail in the following sections.

Transfer Load Case 1: Deadweight + 15 psig external pressure + Thermal (Vacuum
Drying)

The metal temperature profile in the canister shell is assumed to be of the same shape as that of
the decay heat peaking factor reported in Chapter 4. The distribution of the decay heat along the
fuel effective length for normal condition is shown in the following figure.
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Three vacuum drying procedures, Procedure A, B, and C, are studied in Chapter 4. It shows that
Procedure B with 12 hours after completion of vacuum drying, among all three procedures,
produces the maximum metal temperature of 511° F in the canister. A steady-state thermal
calculation using a 2-D canister thermal model is performed to calculate the temperature
distribution throughout the canister. In this model the maximum temperature of 522° F is
applied to the canister shell in locations corresponding to that between 26 inches and 125 inches
of the active fuel length, where the maximum decay heat peaking factor occurs. Also an ambient
temperature of 100° F is applied to the outer surfaces of the canister top and bottom plates. A
steady-state thermal analysis is conducted to calculate the temperature profile in the canister.
This temperature profile is then used as the thermal load for the stress analysis. The stress
analysis of this load case contains two load steps. Load step 1 includes the primary loads of 1g
down deadweight and an external pressure of 15 psig. Load step 2 includes these primary loads
plus the secondary thermal loads from the thermal analysis.

For load step 1, the maximum stress intensity in the canister shell is 1,637 psi. The maximum
stress intensity in the area of closure weld between the shell and the top shield plug is 1.341 psi.,
and the maximum stress intensity in the area of closure weld between the shell and the top cover
plate is 410 psi.
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The following load step 2 is run based on maximum temperature. Since the maximum
temperature increased to 522° F, a scale factor of 1.05 [(522-70) / (511-70) = 1.03] is used for
the load step 2 which includes primary loads of 1g down deadweight, an external pressure of 15
psig and secondary thermal loads.

For load step 2, the maximum stress intensity in the canister shell is 18,720 psi. The maximum
stress intensity in the area of closure weld between the shell and the top is 2,114 psi., and the
maximum stress intensity in the area of closure weld between the shell and the top cover plate is
413psi.

Transfer Load Case 2: Handling, 2g Axial + 2g Transverse + 2g Vertical + 30 psig Int.
Pressure + Thermal (115° F ambient)

The handling loads applied to the canister in the horizontal orientation are analyzed in Section
3.9.1.2.3. It is judged that under the relatively light handling loads the maximum stresses in the
canister will occur in the shell section and can be obtained from the results calculated in Section
3.9.1.2.3. Therefore only the axisymmetric loads, internal pressure of 30 psig and the 115° F
ambient environment loads are analyzed in this section. The calculated stress intensities from
these two computations are then conservatively added for comparison with the corresponding
ASME Code allowable stresses.

The maximum primary membrane stress intensity and priinary membrane plus bending stress
intensity in the canister shell under the handling load of 2g are calculated, in Section 3.9.1.2.3, to
be 880 psi and 9,740 psi, respectively.

The stress analysis of this load case contains two load steps. Load step 1 includes the primary
loads of 30 psig internal pressure. Load step 2 includes this primary load plus the secondary
thermal load from the thermal analysis.

The maximum primary stress intensity in the canister was calculated to be 3,332 psi in Load Step
1 analysis. The maximum primary stress intensity in the area of closure weld between the shell
and the top shield plug is calculated to be 3,134 psi. The maximum primary stress intensity in
the area of closure weld between the shell and the top cover plate is calculated to be 656 psi.

The maximum primary plus secondary stress intensity in the canister is calculated to be 36,219
psi under load step 2. The maximum primary plus secondary stress intensity in the area of
closure weld between the shell and the top shield plug is calculated to be 3,646 psi. The
maximum primary plus secondary stress intensity in the area of closure weld between the shell
and the top cover plate is calculated to be 1,292 psi.

The maximum primary stress intensities in the canister shell calculated in Section 3.9.1.2.3 are to
be added to these maximum primary and primary plus secondary stress intensities calculated
under this Load Case for combined load evaluation per ASME stress limits. The direct addition
of stresses at the stress intensities level, in stead of at the component level, as well as the addition
of the maximum stress intensities at different locations is very conservative. This enveloping
technique is used to minimize the computer runs.
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E. E.3. Canister Finite Element Analysis for Storage Loads

All individual load cases specified in Table 3.9.1-19 are described in details in the
following sections.

Storage Load Case 1: Deadweight (1g Down)

The canister shell and fuel basket containing the fuel assemblies, resting horizontally on
the rails of a HSM-H is analyzed in Section 3.9.1.2.3.C. for storage loads. The maximum
primary membrane and membrane plus bending stress intensities in the canister shell due
to the deadweight load are calculated to be 0.4 ksi, and 4.05 ksi, respectively (see Table
3.9.1-5).

Storage Load Case 2: Internal Pressure of 30 psig

The internal pressure of 30 psig applied on the canister is analyzed in load stepl of
transfer load case 2 in Section 3.9.1.3.2.D. The maximum membrane plus bending stress
intensities in the canister, calculated in Section 3.9.1.3.2.D is 3.33 ksi (see page 3.9.1-44).

Storage Load Case 3: Seismic Loads (0.65g Axial + 0.65g Transverse + 1.3g
Vertical Down)

The seismic loads on the canister, containing the basket and the fuel assemblies and

resting on the rails of a HSM-H, are analyzed in Section 3.9.1.2.3.C (page 3.9.1-21). The
maximum primary membrane and membrane plus bending stress intensities are

calculated in Section 3.9.1.2.3.C. to be 0.63 ksi, and 6.08 ksi, respectively (see Table 3.9.1-5).
This specified seismic load includes a 1g deadweight load.

Storage Load Case 4: Thermal Load at -20° F Ambient

The maximum temperature in the canister for this thermal case is calculated in Chapter 4
to be 318° F. The temperatures in the canister calculated in Chapter 4 are applied to the
stress model in order to compute the thermal stress intensities in the canister. The
maximum secondary thermal stress intensity is calculated to be 20.60 ksi. The 20.60 ksi
stress is calculated based on canister maximum temperature of 324°F. Since the revised
temperature of 318° F is less than 324°F, therefore 20.60 ksi is conservatively used

for load combination and compare with the allowables.
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the area of closure weld between the shell and the top shield plug is calculated to be 2,112 psi.
The maximum stress intensity in the area of closure weld between the shell and the top cover
plate is calculated to be 420 psi.

Transfer Load Case 2: Handling 2g Axial + 2g Transverse + 2g Vertical + 30 psig Int.
Pressure + Thermal (115° F ambient)

The axisymmetrical loads due to an internal pressure of 30 psig and the temperature distribution
due to the 115° F ambient environment are analyzed in this load case. The calculated stress
intensities for this load case are added to the stress intensities in the canister shell computed in
Section 3.9.1.2.3.B for the transfer loads. This is the same procedure used in Section 3.9.1.3.2.D
for the standard canister design. The combined stress intensities are evaluated against ASME
code allowable stresses.

The maximum primary membrane stress intensity and primary membrane plus bending stress
intensity in canister shell due to the 2g handling load, computed in Section 3.9.1.3.2.D, are 880
psi and 9,740 psi, respectively.

The maximum stress intensity in the canister due to the primary load of 30 psig internal pressure
in load stepl is calculated to be 3,831 psi and 4,067 psi in NB components and NF components
respectively. The maximum stress intensity in the area of closure weld between the shell and the
top shield plug is calculated to be 3,134 psi. The maximum stress intensity in the area of closure
weld between the shell and the top cover plate is calculated to be 656 psi. The maximum tensile
stress normal to the effective throat of the weld between the shell and the bottom outer cover
plate is calculated to be 1,502 psi. These maximum stress intensities calculated in this load case
are added directly to the maximum stress intensities in the shell calculated in Section 3.9.1.2.3.B
for combined load evaluations. The direct addition of stresses at the stress intensities level, in
stead of at component level, as well as addition of maximum stress intensities at different
location is a conservative enveloping approach. This enveloping technique is used to minimize
the computer runs.

The maximum stress intensities in the canister due to the primary load of 30 psig internal
pressure plus the secondary temperature load in load step 2 are calculated to be 35,266 psi and
4,729 psi in NB components and NF components, respectively. The maximum stress intensity in
the area of closure weld between the shell and the top shield plug is calculated to be 3,646 psi.
The maximum stress intensity in the area of closure weld between the shell and the top cover
plate is calculated to be 1,292 psi. These calculated maximum stress intensities are to be added to
the maximum shell stress intensity calculated in Section 3.9.1.2.3.B for ASME code stress
evaluation as described above for load step 1.
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Thermal Expansion between the O.D. of Basket and I.D. of Canister Cavity

Max. OD of cold basket = 68.370 inch [68.53 - .16 min. gap =68.37 ]
Min. ID of cold canister cavity = 68.530 inch [(69.75-.12) -2 x (.50 + .05 )=68.53]
TCNH(Z) deN TBKH(B) [£3:14 DCNH DBKH DCN'H - DEKH
Event Case (°F) (in/in-F) (°F) (in/in-°F) (in) (in) (in)
Procedure A 210 8.940E-06 550 9.800E-06 68.616 68.692 -0.076
Procedure A 1V 210 8.940E-06 390 9.460E-06 68.616 68.577 0.039
\Sfy‘jﬁg’ Procedure B 360 | 9340E-06 | 485 | 9.670E-06 | 68716 | 68.644 0.071
Procedure B 510 9.720E-06 560 9.800E-06 68.823 68.698 0.125
Procedure C 500 9.700E-06 550 9.800E-06 68.816 68.692 0.124
115°F Amb.
Basket Type I, Conf. # 1 460 9.620E-06 640 9.880E-06 68.787 68.755 0.032
115°F Amb.
Basket Type I, Conf. #2 460 9.620E-06 625 9.850E-06 68.787 68.744 0.043
115°F Amb. N
Basket Type I, Conf. # 3 460 9.620E-06 630 9.860E-06 68.787 68.748 0.040
Transfer T15°F Amb
(34.8 kW) Basket Type I, Conf. #4 460 9.620E-06 640 9.880E-06 68.787 68.755 0.032
-20°F Amb. ;
Basket Type I, Conf. # 1 390 9.460E-06 570 9.800E-06 68.737 68.705 0.032
115°F Amb.
Basket Type I, Conf. # 460 9.620E-06 640 9.880E-06 68.787 68.755 0.032
1
115°F Amb.
HSM-H w/ Finned Side 400 9.500E-06 600 9.800E-06 68.745 68.725 0.020
Storage Shield
(34.8 kW) -20°F Amb.
HSM-H w/ Finned Side 280 9.160E-06 505 9.710E-06 68.662 68.659 0.003
Shield
Storage 34 hours after Blockage
Blocked Vent | HSM-H w/ Finned Side 590 9.800E-06 740 1.000E-05 68.879 68.828 0.051
(34.8 kW) Shield
Note :

(1) Temperatures used are for 0.0" hot gap between the canister and the basket.
(2) Canister temperatures are conservatively decreased from the values calculated in thermal analyses.
(3) Basket temperatures are conservatively increased from the values calculated in thermal analyses.

Dexn = 68.53 x [1+ aen X (Tena -70)]

Dgky = 68.37 x [1+ apg * (Taxn -70)]

Tenu = Temperature of hot canister

acn = Thermal expansion coefficient of canister at Teny temperature

Taxu = Temperature of hot basket

apg = Thermal expansion coefficient of basket at Tk temperature

Dcny = ID of hot canister at Tenu temperature

Dgxu = OD of hot basket at Ty temperature

Denn - Deky = diametrical clearance between the ID of the canister and the OD of the basket
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C. Thermal Expansion between the Length of Basket and Canister Cavity

The maximum basket length at room temperature, L, =162.120 inches.

The minimum canister cavity length at room temperature, L. = 164.50 inches.

Max. cold basket length = 162.120 inch
Min. cold canister cavity length = 164.500 inch
l
Event Case Teyy” | den Tou™ | 9BK LC.N“ L‘?KH Lewn N Lok
(°F) (in/in-°F) (°F) (in/in-°F) (in) (in) . (in)
Procedure A 210 8.940E-06 550 9.800E-06 164.706 162.883 1.823 |
Vacuum Procedure B 360 9.340E-06 485 9.670E-06 | 164.946 162.771 2175
Drying Procedure B 510 9.720E-06 560 9.800E-06 165.204 162.899 2.305
Procedure C 500 9.700E-06 550 9.800E-06 165.186 162.883 2.304 |
|
115°F Amb.
Basket Type I, 460 9.620E-06 640 9.880E-06 165.117 163.033 2.084
Conf. #1
115°F Amb.
Basket Type 1, 460 9.620E-06 625 9.850E-06 165.117 163.006 2.111
Conf. #2
115°F Amb.
Basket Type 1, 460 9.620E-06 630 9.860E-06 165.117 163.015 2,102
Transfer Conf. #3
(34.8 kW) 115°F Amb.
Basket Type 1, 460 9.620E-06 640 9.880E-06 165.117 163.033 2.084
Conf. #4
-20°F Amb.
Basket Type I, 390 9.460E-06 570 9.800E-06 164.998 162.914 2.084
Conf. #1
115°F Amb.
Basket Type 11, 460 9.620E-06 640 9.880E-06 165.117 163.033 2.084
Conf. #1
|
115°F Amb.
HISM-H W/ 400 9.500E-06 600 9.800E-06 | 165016 162.962 2,054
inned Side
Storage Shield
(348 kW) -20°F Amb.
HSM-H w/ 280 9.160E-06 505 9.710E-06 | 164.816 162.805 2,012
Finned Side
Shield
I
34 hours after
Storage Blocked Blockage
Vent HSM-H w/ 590 9.800E-06 740 1.000E-05 165.338 163.206 2,132
(34.8 kW) Finned Side
Shield
Note:
(1) Canister temperatures are conservatively decreased from the values calculated in thermal analyses.
(2) Basket temperatures are conservatively increased from the values calculated in thermal analyses.
Where,
LCNH =164.5x [H‘ OeN X (TCNH -70)]
LCNH =162.12 x [1+ apg % (TB]\H '70)]
Texn = Temperature of canister
acn = Thermal expansion coefficient of canister at Teny temperature
Texu = Average of temperatures of hot basket and basket rail
agk = Thermal expansion coefficient of basket at Tpyy temperature
Lenn = Length of hot canister cavity at Teny temperature
Lpky = Length of hot basket at Tpky temperature
Lenn - Leky = Hot clearance between the length of the canister cavity and the length of the basket
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D. Thermal Expansion between the Quter Diameter of the Canister and the Inner Diameter
of the Cask Body
Max. OD of cold canister = 69.870 inch
Min. ID of cold cask cavity = 70.350 inch
TCKH(]) Qck TCNH(Z) acN Dexn Denn Denn - Dku
Event Case CF) | (in-F) | (°F) | (in/in-°F) (in) (in) (in)
Procedure A | 205 |8.920E-06| 230 | 9.020E-06 | 70.435 | 69.971 0.464
Vacuum Drvin Procedure B 190 | 8.870E-06 380 9.420E-06 70.425 70.074 0.351
ymne Procedure B 265 | 9.130E-06 535 9.770E-06 70.475 70.187 0.288
Procedure C 265 | 9.130E-06 525 9.750E-06 70.475 70.180 0.295
Transfer 115°F Amb. 330 | 9.260E-06 485 9.670E-06 70.519 70.150 0.369
(34.8 kW) -20°F Amb. | 240 |9.060E-06| 500 9.700E-06 | 70.458 | 70.161 0.297
Note:

(1) Cask temperatures are conservatively decreased from the values calculated in thermal analyses.
(2) Canister temperatures are conservatively increased from the values calculated in thermal analyses.
Where, )

Dckn =70.35 x [1+ ack X (Tekn -70)]

Denn = 69.87 x [1+ acn * (Tenn -70)]

Tcky = Temperature of hot cask outer structural shell

ack = Thermal expansion coefficient of cask inner liner at Tcky temperature

Tenn = Temperature of hot canister shell

acn = Thermal expansion coefficient of canister shell at Teyy temperature

Dcky = 1D of hot cask inner liner at Tcgy temperature

Dean = OD of hot canister shell at Teny temperature

Dcky - Denn = diametrical hot clearance between the ID of the cask inner liner and the OD of the canister shell
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E. Thermal Expansion between the Length of the Canister and the Transfer Cask Cavity
Max. length of cold canister = 185.750 inch
Min. length of cold cask cavity = 186.550 inch [ 186.60 — .05 = 186.55]
m Trn® L L Lexn -
Event Case Texn | ek o | den CKH CNH Lenn
(°F) (in/in-°F) (°F) (in/in-°F) (in) (in) ((;n)
Procedure A 205 8.920E-06 230 9.020E-06 186.775 186.018 0.757
, Procedure B 190 8.870E-06 380 9.420E-06 186.749 186.292 0.456
Vacuum Drying
Procedure B 265 9.130E-06 535 9.770E-06 186.882 186.594 0.288
Procedure C 265 9.130E-06 525 9.750E-06 186.882 186.574 0.308
Transfer 115°F Amb. 330 9.260E-06 485 9.670E-06 186.999 186.495 0.504
(34.8 kW) -20°F Amb. 240 9.060E-06 500 9.700E-06 186.837 186.525 0313

Note: -

(1) Cask temperatures are conservatively decreased from the values calculated in thermal analyses.
(2) Canister temperatures are conservatively increased from the values calculated in thermal analyses.

Loy = 186.55 x [1+ Ack X (Tekn "70)]

Leng = 185.75 x [l+ Olen X (TCNH -70)]

Tcxu = Temperature of hot cask structural shell

O.ck = Thermal expansion coefficient of cask structural shell at Tcxy temperature

Tenu = Temperature of hot canister

Ocn = Thermal expansion coefficient of canister at Teny temperature

Lexn = Length of hot cask cavity at Texy temperature

Lcnn = Length of hot canister at Teny temperature

Lcks - Lonn = diametrical hot clearance between the length of the cask cavity and the length of the canister

3.9.1.4.5. Thermal Expansion Analysis Conclusions

This evaluation demonstrates that adequate clearance is provided between the 32PTH DSC fuel
basket and canister shell, and between the 32PTH DSC canister and the OS87H Transfer Cask to

permit free thermal expansions among these components due to all specified design and service
conditions.
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Table 3.9.1-3
Summary of Stresses in Fuel Compartments, Rails and Canister for Transfer Loads
Loading | Component | Service Stress Loads Stress | Allow. Stress
Level | Classification (ksi) (ksi)
Dead Fuel Comp. A P, lg Axial 0.16 16.0
Weight & Plates A P, + Py 0.16 24.0
(Cask Rail A P, 0.16 16.4
Vert.) A P, + Py 0.16 24.6
Fuel Comp. A P, 2g Vert. + 6.98 16.0
Handling | & Plates A P, + Py 2g Trans. 9.98 24.0
Loads Rail A Py, +2g Axial | 3.15 16.4
(Cask A P, + Py 13.8 24.6
Horiz.) | Canister A Po 0.88 17.5
A P, + Py 9.74 26.25
Fuel Comp. A Q 115°F 8.48 48.0
& Plates Amb.
Rail A 0 14.2 49.2
Fuel Comp. A Q -20°F 8.69 48.0
Thermal | g plates Amb.
Rail A 0 14.40 49.2
Fuel Comp. A Q Vacuum 9.86 48.0
& Plates Drying
Rail A 0 (Proc. A) 18.50 49.2
Handling | Fuel Comp. A P,+ Py+ Q | Primary 18.70 48.0
Load + & Plates plus
Normal - Secondary
Thermal Rails A P,+Py+Q 28.20 49.2
DW + Fuel Comp. A Pn+ Py+ Q | Primary 10.00 48.0
Vacuum & Plates plus
?ﬁzg’fal Rails A Pat Py g | Sccondary —e=s 492
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Table 3.9.1-4(a)

Summary of Calculated Stresses in the Fuel Basket and Canister Shell

due to 75g Drop Loads

Drop Component Stress Max. Stress | Allowable
Orientation Category (ksi) Stress (ksi)

Fuel P, 24.5 4438
Compartment P, + Py 25.6 57.06

0° and Plates
Side Drop Rails P, 22.0 44.38
P+ Py 22.3 57.06
Canister P, 4.61 44.38
P,+ Py 10.9 57.06
Fuel P 28.3 44.38
Compartment P, + P, 29.7 57.06

30° and Plates
Side Drop Rails P, 20.6 44.38
P+ Py 22.1 57.06
Canister P, 4.81 44 38
P,+ Py 11.3 57.06
Fuel P, 26.4 44.38
Compartment P, + P, 27.6 57.06

45° and Plates
Side Drop Rails P, 19.8 4438
P, + P, 22.7 57.06
Canister P 4.53 4438
P,+ Py 12.1 57.06
Fuel Py 25.5 4438
Compartment P, + Py 31.8 57.06

180° Side and Plates
Drop Rails P, 13.6 4438
(on Rails) P, + P, 37.1 57.06
Canister P, 13.2 4438
P,+ Py 36.8 57.06
End Drop Fuel Comp. Py 11.9 44.38
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Table 3.9.1-4(b)
Summary of Linearized Stresses in 7/8 inch Square Bars for 752 Side Drop Loads

Drop Max. Nodal Stress Allowable
Orientation | Stress Intensity | Category Stress
(ksi) (P + Pp) (ksi)
0° Side Drop 27.5 Py 44.38
Pn+ Py 57.06
30° Side Drop 24.7 Py, 44.38
P, + Py 57.06
45° Side Drop 247 Py, 44.38
P+ Py 57.06
180° (on rails) 41.8 P, 44.38
Side Drop P, + Py 57.06

All the Max. Nodal Stress Intensities (P, + Py) are below the Py, allowable.
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Table 3.9.1-5 -
Summary of Stresses in Fuel Compartments, Support Rails and Canister Shell
for Storage Loads

Loading | Component | Service Stress Applied | Calculated | Allowable
Level | Classification Loads Stress (ksi) | Stress (ksi)
Dead Fuel A P, 1.03 16.0
Weight | Compartment A P, + Py 2.93 24.0
(Cask Rail A Py lg Down 0.68 16.4
Horiz.) A P, + Py 4.37 24.6
Canister Shell A P, 0.38 17.5
A P, + Py 4.05 26.25
Fuel A P, 0.65¢g 8.80 16.0
Seismic | Compartment A P,+ P Axial + 9.80 24.0
Loads Rail A Py 0.65g 3.18 16.4
(Cask A P+ Py Trans.+ 12.70 24.6
Horiz.) | Canister Shell | A P 1.30g 0.63 17.5
A P, + Py Vertical 6.08 26.25
Fuel A 0 115°F 7.98 48.0
Compartment Amb.
Rail A 0 (with fins) 13.5 49.2
Fuel A Q -20°F 8.38 48.0
Thermal | Compartment Amb.
Rail A 0 (with fins) 13.7 49.2
Fuel A 0 HSM 7.04 45.6
Compartment Vent
Rail A Q Blockage 8.68 48.6
Seismic Fuel A P+ Py+Q Primary 18.18 48.0
Load + | Compartment plus
}\Ih(;”n?ﬂl Rails A Paipro | ooy —eg 492
DW -+ Fuel A Pun+ P+ Q0 Primary 9.97 45.6
Vent Compartment plus
?ﬁ:ﬁ‘;i? Rails A | P iPrg | ceondany 30 486
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Table 3.9.1-12
Summary of Calculated Stress for Normal and Off-Normal Condition Transfer Loads

Combination Stress Intensity Limits (NB-3220)
Load of Canister
Case Loads Orientation P,<S, P, +P,<158,, P+ P,+Q<385,
(S, =17,500 psi) | (1.55,=26,250 psi) | (3S,,=52,500 psi)
. 1g down + 15 psig Ext. ,
1 Press. + Vac. Dry Thermal Vertical 1.637 1,637 19,574%
s Handling 2g + 30 psigolnt. Horizontal 880 + 3,332 9,740 + 3,332 9,740 + 36,219
Press. + Thermal (115° F) =4212 =13,072 = 45,959
, | Handling2g's+ISpsigbxt. |~ 880 + 1,666 9,740 + 1,666 9,740 + 35,001
Press. + Thermal (-20 F) = 2546 =1 1406 = 4474]
30 psig Int. Press. + 80 kip
19 push + Thermal (115° F) Horizontal 7.238 7.238 34,916
30 psig Int. Press. + 60 kip
20 pull + Thermal (115° F) Horizontal 11,434 11,484 36,753
30 psig Int. Press. + 80 kip
21 push + Thermal (115° F) Horizontal 7,238 7.238 34916
30 psig Int. Press. + 80 kip
22 pull + Thermal (115° F) Horizontal 5.249 13,790 36,931
Notes: :

1. Design stress intensity, S, is taken at 500° F of material SA-240 Gr.304 and SA-182 F304.
2. A scale factor of 1.05 is used, 19,574 = 1,637 + (18,720 — 1,637) x 1.05
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Table 3.9.1-16

Summary of Calculated Stress at the End Closure Welds

for Normal and Off-Normal Condition Transfer Loads

Load
Case

Combination
Oof
Loads

Canister
Orientation

Stress Intensity Limits (NB-3220)

P, <0.8S,

(0.8S,, = 14,000 psi)

P, + Py <0.8(1.5S,)
(1.25,,=21,000 psi)

P, + P+ 0<0.83S.,)
(2.4 S, = 42,000 psi)

1g down + 15 psig Ext.

1 Press. + Vac. Dry Vertical 1,341 1,341 21539
Thermal
Handling 2¢’s + 30 psig : 880 + 3,134 9,740 + 3,134 9,740 + 4,160
2 Int. Press. + Horizontal - 4014 =12.874 = 13.900
Thermal (115° F) ’ i ’
Handling 2g’s + 15 psig
3 Ext. Press. Horizontal 882 ; 1] ii34 9’7=4(; (;- 917’?134 9’14? 2+ 025’21 8
+ Thermal (-20° F) ’ ’ ’
30 psig Int. Press.+80 kip )
19 pUSh + Thermal (1 15° F) Horizontal 3,]23 3,123 3,602
30 psig Int. Press. + 60
20 kip pull Horizontal 3,134 3,134 3,646
+ Thermal (115° F)
30 psig Int. Press.+80 kip .
21 push + Thermal (115° F) Horizontal 3,123 3,123 3,602
30 psig Int. Press.+ 80 kip .
22 pull + Thermal (115° F) Horizontal 3,134 3,134 3,646
Notes:

1. Design stress intensity, Sy, is taken at 500° F of material SA-240 Gr.304 and SA-182 F304.

2. A scale factor of 1.05 is used, 2153 = 1341 + (2114 - 1341) x 1.05
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Table 3.9.1-20
Summary of Calculated Stresses for Normal and Accident Condition Loads )

(Canister in horizontal storage position)

Stress Intensity Limits
Load Pu<Sm | Pi+ P<15S, PitP, ?Q <3
Applied Loads Sm=18.1 (1.58,= -
Case ksi) 27.15 ksi) 0 3 8m=543
ksi)
1 Deadweight (1g down) 0.4 4.05 -—- -—- |
2 30 psig Internal Pressure 3.33 3.33 --- ---
Seismic
3 (.65g Axial + .65g Trans. 0.63 6.08 --- -
+ 1.3g Vertical Down ) ©®
4 Thermal (-20° F) --- --- 20.60 ---
5 Thermal (115° F) --- --- 18.48 ---
6 Thermal (Blocked Vent) 15.50 |
7 Accident 70 psig Internal 777 777 . .
Pressure
Accident Flood
8 ( Enveloped by ext. 3.33 3.33 --- ---
‘ pressure of 30 psig)
30 psig Internal Pressure | 5 33 1 63 | 3331608 3.33 +6.08 +
3+4 + Seismic - - 20.60 _
+ Thermal (-20° F) =3.96 =941 20.60 = 30.01
30 psig Internal Pressure | 5 334 631 333 46,08 333 +6.08 +
3+5 + Seismic - - 18.48 R
+ Thermal (115° F) =3.96 =941 18.48=27.89
Deadweight + 70 psigInt. | 4, 777 | 4.05+7.77 4.05+7.77 +
1+6+7 Pressure + Thermal _ — 15.50 N ©)
(Blocked Vent) =8.17 =11.82 15.50=27.32
1+8 Deadweight + Flood 0.4+3.33 4.05+3.33 . .
(30 psig ext. pressure) =3.73 =7.38
Notes:

1.

Wb W

Accident loads are conservatively treated as Normal loads since the allowable stress intensities for accident loads
are higher than those for normal loads as indicated in Table 3.9.1-8.
The maximum stress intensities are obtained from Table 3.9.1-5.

Seismic load includes 1g down Deadweight. The maximum stress intensities are obtained from Table 3.9.1-5.
Seismic event is assumed not to occur with accident event of blocked vent.

For blocked vent accident condition, 3 S,, = 49.2 ksi (600°F)
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Table 3.9.1-21
Summary of Calculated Stresses for Normal and Accident Conditions of Storage L.oads |
(At End Closure Welds)"

Stress Intensity Limits
. . P+ Py P+ Py+ Q
Load Comb;?at"’" P["'0<7g'7f m | <0.7 (1.58,) <0.7(3Sw)
Case it [0.7 (1.55,) 0 [0.7 3S,) =
Loads 1267ksi] | 19,0 ksi 38.0 ksi |
Deadweight _
(1¢ down)? 0.4 4.05 |
2 30 psig Internal Pressure 3.33 3.33 -—- ---
Seismic
3 (.65g Axial + .65g Trans. 0.63 6.08 |
+ 1.3g Vertical Down )
4 Thermal (-20° F) --- --- 20.60 ---
5 Thermal (115° F) --- --- 18.48 -—-
Thermal
6 (Blocked Vent) - - 153 B
7 Accident 70 psig Internal 777 777 . .
Pressure
Accident Flood
8 ~ ( Enveloped by ext. 3.33 3.33 - ---
‘ pressure of 30 psig)
30 psig Internal Pressure
2 3.33 +0.63 3.33+6.08 3.33+6.08 +
3+4 + Seismic 4; Thermal (- —396 — 941 20.60 20.60 = 3001 ‘
20° F)
30 psig Internal Pressure
s . 3.33+0.63 3.33+6.08 3.33+6.08 +
3+5 + Seismic t Thermal ~3.96 —9.41 18.48 18.48 = 27 .89 ’
(115°F)
Deadweight + 70 psig
1+6 Internal Pressure + 0.4+7.77 4.05+7.77 15.50 4.05+7.77 +
+7 Thermal =8.17 =11.82 ' 15.50 =27.32%
(Blocked Vent) ‘
1+8 Deadweight + Flood 0.4+3.33 4.05+3.33 . .
(30 ext. pressure) =3.73 =7.38
Notes:

1.

hos e

Accident loads are conservatively treated as normal condition loads since the allowable stress intensities for accident
loads are higher than those for normal loads as indicated in Table 3.9.1-8.

The maximum stress intensities are obtained from Table 3.9.1-5.

Seismic load includes 1g down Deadweight. The maximum stress intensities are obtained from Table 3.9.1-5.
Seismic event is assumed not to occur with accident event of blocked vent

For blocked vent accident condition, 0.7 (3 S,,) = 34.44 ksi (600°F)
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Table 3.9.1-24
Summary of Calculated Stresses in the Alternate Canister Design

for Normal Condition Loads (Subsection NB components)

Stress Intensity Limits (NB-3222)

Load Combination Canister
Case of Orientation Py <Sm PrPy<1.58y | PLPstQ <3 Sm
Loads S = (1.58,= QG Sn
17,500 psi) 26,250 psi) = 52,500 psi)
1g down + 15 psig
: Exlgrl;“?rslfér;:fc' Vertical 1,657 1,657 14,668
Handling 2¢ + 30 . 880+ 3,831 | 9,740+ 3,831 | 9,740 + 35,266
2 psig Int. Press. + Horizontal 4711 @ 213571 @ ~45.006 @
Thermal (115° F) ’ ’ ’
Handling 2¢ + 15 . 880+ 1,772 | 9,740+ 1,772 | 9,740 +27,619
3 psig Ext. Press. + Horizontal — 2650 @ 211512 @ ~37350®@
Thermal (-20° F) ’ ’ ’
30 psig Int. Press. +
19 80 kip push + Horizontal 7,238 7,238 33,189
Thermal (115° F)
30 psig Int. Press. +
20 60 kip pull + Horizontal 4,115 4,115 35,029
Thermal (115° F)
Notes:

1.

2.

allowable stresses.

added to the maximum stress intensity due to the 2g transfer load from Table 3.9.1-3.

Design stress intensity, S, is taken at 500° F of material SA-240 Gr.304 and SA-182 F304; see Table 3.9.1-97 for

Maximum stress intensity in the canister due to pressure and thermal loads from this evaluation are conservatively
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Table 3.9.1-25
Summary of Calculated Stresses in the Alternate Canister Design
for Normal Condition Loads (Subsection NF components)

Combination ) Stress Intensity Limits (NF-3221.2) @
Load of Canister
Case Loads Orientation P, <S, P,+P,<158S, P,+P,+Q<28§,

(Sm=17,500 psi) | (1.55,=26,250 psi) | (2'S,=38,800 psi)

1g down + 15 psig

1 Ext. Press. + Vac. Dry Vertical 331 331 6,369
Thermal
Handling 2g’s ) 880 + 4,067 9,740 + 4,067 9,740 + 4,729
2 + 30 psig Int. Press. Horizontal —4047® 13807 @ - 14.469 @
+ Thermal (115 °F) ’ ’ ’
3 I;Ia;r;dhsnig Iziits Press Horizontal 880 + 540 9,740 + 540 9,740 + 12,448
poIg X =1,4209 =10,280? =22,188 @

+ Thermal (-20 °F)
30 psig Int. Press.

19 | +80kip push Horizontal 2,499 2,499 6,394
+ Thermal (115 °F)
30 psig Int. Press.

20 | +60 kip pull Horizontal 10,410 @ 24,790 © 30,340
+ Thermal (115 °F)

Notes:

1. Design stress intensity ( S,,) and yield stress (S,) are taken at 500° F for all materials,
see Table 3.9.1-22 for allowable stresses.

2. Maximum stress intensity in the canister due to pressure and thermal loads from this evaluation are conservatively
added to the maximum stress intensity due to the 2g transfer load from Table 3.9.1-3.

3. Linearized stress intensities through the thickness of the component plates.
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Table 3.9.1-26
Summary of Calculated Stresses in the Alternate Canister Design
for Normal Condition Loads (Subsection NF welds)

Stress Intensity
Combinatio Limits
Load ° " ton Canister (NF-3226.2)
Case Loads .| Orientation S, <038,
(0.3 S, = 19,020 psi)
1g down + 15 psig Ext. .
1 Press. + Vac. Dry Thermal Vertical 0
Handling 2g + 30 psig Int. . 9,740 + 1,502
2 | Press. + Thermal (115°F) | Horizontal Z112429
Handling 2g’s + 15 psig Ext. . 9,740 + 23
3 Press. + Thermal (-20° F) | Herizontal =9,763 @
' 30 psig Int. Press. + 80 kip .
19 push + Thermal (115° F) Horizontal 152
30 psig Int. Press. + 60 kip .
20 pull + Thermal (115° F) Horizontal 12,498
Notes:

1. Tensile strength, S,, is taken at 500° F for material SA-240 Gr.304, see Table 3.9.1-23 for allowable
stresses.

2. Maximum stress intensity in the canister due to pressure and thermal loads from this evaluation are
conservatively added to the maximum stress intensity due to the 2g transfer load from Table 3.9.1-3.
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Table 3.9.1-27
Summary of Calculated Stresses in the Alternate Canister Desion

at the End Closure Welds for Normal Condition Loads

Combination

Stress Intensity Limits ) (NB-3222)

Load Canister | pP,,<0.8S,,
of . . _ | PL+Py<0.8(1.5S,,)| PLtPy+(0<0.8(3S,)
Case Loads ~ [Orientation) (0885, = ;50 21000 psi) | (2.4 S = 42,000 psi
14,000 psi) | (1-257721,000 psi) /(2.4 5,, = 42,000 psi)
lg down + 15 psig
Ext. Press. + Vac. .
1 Dry Thermal Vertical 1,341 1,341 2,112
i +
I;:i‘;dll;‘:glfrge . 3f 880 +3,134| 9,740+ 3,134 9,740 + 3,646
: : . _ z Z @
2 Thermal (115° F) Horizontal 4,014 12,874 13,386
iﬁ‘g‘dé‘x“tg Iffe . P 880+ 1,232 | 9,740+ 1,232 9,740 + 2,247
. . . _ Q) — @) = @)
3 Thermal (-20° F) Horizontal 2,112 10,972 11,987
30 psig Int.
Press.+80 kip push .
19 - Thermal (115° F) Horizontal 3,123 3,123 3,602
30 psig Int. Press.
+ 80 kip pull + .
20 Thermal (115° F) Horizontal 3,110 3,110 3,660
Notes:

1. Design stress intensity, S,, is taken at 500° F for material SA-240 Gr.304; see Table 3.9.1-7 for allowable stresses.
2. Maximum stress intensity in the canister due to pressure and thermal loads from this evaluation are conservatively
added to the maximum stress intensity due to the 2g transfer load from Table 3.9.1-3.
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NUHCOMS 32PTH Basket Finite Element Model

Figure 3.9.1-1

32PTH DSC Basket — 3D Cross Section Finite Element Model
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Figure 3.9.1-2
32PTH DSC Basket Cross Section Finite Element Model — Fuel Compartments
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NUHOMS 32PTH Basket Finite Element Model

Figure 3.9.1-3
32PTH DSC Basket Cross Section Finite Element Model — Center and Outer Plates
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NUHOMS 32PTH Basket Finite Element Model

Figure 3.9.1-4
32PTH DSC Basket Cross Section Finite Element Model — Support Rails
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NUHOMS 32PTH Basket Finite Element Model

Figure 3.9.1-5
32PTH DSC Basket Cross Section Finite Element Model — 7/8 inch Square Bars
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Figure 3.9.1-6
32PTH DSC Basket Cross Section Finite Element Model —
Canister and Gap Elements
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Figure 3.9.1-7
32PTH DSC Basket FEM — Transfer Handling Loads Boundary Conditions
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NUHCMS 32PTH Basket — Thermal Stress Model

Figure 3.9.1-8
Fuel Compartments Finite Element Model — Thermal Analysis
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NUHCOMS 32ZPTH Rail — Thermal Stress Model

Figure 3.9.1-9
Support Rail Finite Element Model — Thermal Analysis
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NUHOMS 32PTH Basket — Dead

Figure 3.9.1-10
Finite Element Model Boundary Conditions for Dead Weight Storage Load
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Figure 3.9.1-13
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Figure 3.9.1-14
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Figure 3.9.1-22
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NUHOMS 32PTH Basket — 0 degree - Buckling Analysis

Figure 3.9.1-24
0° Drop Basket Deformation Plot
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NUHOMS 32PTH Basket — 30 degree — Buckling Analysis

Figure 3.9.1-25
30° Drop Basket Deformation Plot
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NUHOMS 32PTH Basket — 45 degree — Buckling Analysis

Figure 3.9.1-26
45° Drop Basket Deformation Plot
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Material Properties

The NUHOMS®-0S187H Transfer Cask is primarily constructed from SA-240 Type 304
stainless steel. The top cover is constructed to SA-240 Type XM-19. SA-540 Grade B24 Class 1
is used for the top cover and bottom cover bolts. Chemical lead is used for radial gamma
shielding, a proprietary polyester based polymer resin material is used for the solid axial neutron |
shielding, and liquid water is used for radial neutron shielding.

Since various temperature distributions are applied to the transfer cask model, temperature
dependent Modulus of Elasticity, E, and Coefficient of Thermal Expansion, a, are used to model
each material. The following material properties are used in the transfer cask model.

Transfer Cask Body (SA-240. type 304 Stainless Steel)

Modulus of | Coefficient of
Temperature | Elasticity, Thermal Density, p Poisson’s
E (psi) [6] Expansion, a (Ib. /in’.) [7] ratio, v [7]
(in./in.°F) [6]
70° F 28.3x10° 8.5x10° 0.29 0.3
200° F 27.6x10° 8.9x10° 0.29 0.3
300° F 27.0x10° 9.2x10° 0.29 0.3
400° F 26.5x10° 9.5x10° 0.29 0.3
500° F 25.8x10° 9.7x10° 0.29 0.3
600° F 25.3x10° 9.8x10° 0.29 0.3
Top Cover (SA-240, type XM-19 Stainless Steel)
Modulus of | Coefficient of
Temperature | Elasticity, Thermal Density, p Poisson’s
E (psi) [6] Expansion, a (Ib. /in3.) 7] ratio, v [7]
(in./in.°F) [6] '
70° F 28.3x10° 8.2x10° 0.29 0.3
200° F 27.6x10° 8.5x10° 0.29 0.3
300° F 27.0x10° 8.8x10° 0.29 0.3
400° F 26.5x10° 8.9x10° 0.29 0.3
500° F 25.8x10° 9.1x10° 0.29 0.3
600° F 25.3x10° 9.2x10° 0.29 0.3

3.9.2-5



Rev. 1. 9/07

NUHOMS® HD System Updated Final Safety Analysis Report

Top Cover Bolts and RAM Access Cover Bolts (SA-540 Grade B24 Class 1)

Modulus of | Coefficient of
Temperature | Elasticity, Thermal Density, p Poisson’s
E (psi) [6] Expansion, a (1b. /in3.) 7] ratio, v [7]
(in./in.°F) [6]
70° F 27.8x10° 6.4x10° 0.29 0.3
200° F 27.1x10° 6.7x10° 0.29 0.3
300° F 26.7x10° 6.9x10° 0.29 0.3
400° F 26.1x10° 7.1x10° 0.29 0.3
500° F 25.7x10° 7.3x10° 0.29 0.3
600° F 25.2x10° 7.4x10°° 0.29 0.3
Gamma Shield (ASTM B-29, Chemical Lead)
Modulus of | Coefficient of
Temperature | Elasticity, Thermal Density, p Poisson’s
E (psi) [8] Expansion, a (Ib. /ins.) 7] ratio, v [7]
(in./in.°F) [8]
70° F 2.35%10° 16.21x10° 0.41 0.45
200° F 2.28x10° 16.70x10° 0.41 0.45
300° F 2.06x10° 17.34x10° 0.41 0.45
400° F 1.92x10% 18.12x10° 0.41 0.45

*Extrapolated from available Reference 8 Data.

The resin material properties used to model the bottom neutron shield plate for the axisymmetric
load cases are taken from Table 3-11 and are as follows.

Coefficient of
Modulus of Thermal
Elasticity, Expansion, a Density, p Poisson’s
Temperature E (psi) (in./in.°F) (Ib. fin® J) ratio, v
Room 0.16x10° -~ 0.065 0.20
Temperature '

3.9.2-6
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Shell stresses are calculated at Trunnion-Pad intersection (in Table 3.9.2-2) and at Pad — Shell
intersection (in Table 3.9.2-3).

Load Case 2. Transfer Loads

Load Case 2A. DWW + 1g Axial

The transfer loads are as follows:

Direction g-load
Axial 1.0g
Vertical (DW) 1.0g
Lateral O0g

The top trunnion carries no axial load because it rests on a sliding support.
At the top and bottom trunnions the g-load per trunnion is:

1.0g (axial) / 2 sides / 1 set of trunnions = 0.5g axial per bottom trunnion.
1.0g (vertical) / 2 sides / 2 sets of trunnions = 0.25g vertical per top and bottom trunnion

Due to the above loads, stresses in the bottom trunnion locations will be critical since shell
thickness at the bottom trunnion intersection is thinner relative to that of the top trunnions.

Trunnion loads:

P=01Ib.

M; =0.5%250,000 x 7.135 = 891,875 in. Ib.
Mc=0.25%x250,000 x 7.135 = 445,938 in. Ib.
Mr=0.0in. Ib.

V1 =0.5%x250,000 = 125,000 Ib.

Ve =0.25%x250,000 = 62,500 Ib.

At bottom trunnion locations:
Trunnion radius, ro = 8.575 in.
Mean radius, R,, = 39.35 +1.5/2=40.1 in.
Shell thickness, 7= 1.5 in

See Table 3.9.2-4 for shell stress calculations and results.
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Load Case 2C. DW + Ig Transverse

The transfer loads are as follows:

Direction g-load
Axial Og
Vertical (DW) 1.0g
Transverse 1.0g

At the top and bottom trunnions the g-load per trunnion is:

1.0g (vertical) / 2 sides / 2 set trunnions = 0.25g vertical per trunnion
1.0g (transverse) / 2 sides / 1 set trunnions = 0.5g transverse per trunnion

Trunnion loads:

P =0.5x250,000 = 125,000 Ib.
M;=0in. Ib.

Mc=0.25x250,000x7.135 = 445,938 in. Ib.
Mr=0.0in. Ib.

Vi=01Ib.
Ve=10.25%250,000 = 62,500 Ib.

At bottom trunnion locations:

Trunnion radius, »o = 8.575 in.

Mean radius, R,, = 39.35 + 1.5/2 = 40.1 in.
Shell thickness, 7=1.5 in

See Table 3.9.2-6 for shell stresses calculations and results.

3.9.2-35
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Load Case 2D. DW + 0.5g Axial + 0.5g Vertical + 0.5g Transverse

The transfer loads are as follows:

Direction g-load
Axial 0.5¢
Vertical (DW) 1.0g+0.5=1.5¢
Transverse 0.5¢

The top trunnion carries no axial load because it rests on a sliding support.
At the top and bottom trunnions the g-load per trunnion is:

0.5g (axial) / 2 sides / 1 set of trunnions = 0.25g axial per bottom trunnion
1.5g (vertical) / 2 sides / 2 sets of trunnions = 0.375g vertical per trunnion
0.5g (transverse) / 2 sides / 1 set of trunnions = 0.25g axial per trunnion

Trunnion loads:

P =0.25%x250,000 = 62,500 Ib.

M, =0.25%250,000x7.135 = 445,938 in. Ib.
M =0.375x250,000x7.135 = 668,906 in. Ib.
M7r=10.0in. Ib.

V1, =0.25%250,000 = 62,500 Ib.

Ve =0.375x250,000 = 93,750 1b.

At bottom trunnion locations:

Trunnion radius, o = 8.575 in.

Mean radius, R, = 39.35 +1.5/2 =40.1 in.

Shell thickness, T=1.5 in
See Table 3.9.2-7 for shell stress calculations and results.
These transfer load case parameter values are determined from tables in Reference 10. The
following calculated parameters for load case 2D are given here to illustrate the typical
procedure used in spreadsheet Tables 3.9.2-2 through 3.9.2-7.

¥ =R,/T=26.7333

B =0.875xry/Ry = 0.1871

P__ 62500
R,T  40.1(1.5)
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6P 6(62,500)

4 )~ 166,667
T 1.5
M. _ 2668,906 _Lag
R2BT 40.12(0.1871)(1.5)
»6MC2 __ 6(668,906) 2347
R, BT>  40.1(0.1871)(1.5%)
M, 445938
RXLBT ~ 40.1*(0.1871)(1.5)
6ML2 _ 6(445938) 158,498
R, BT>  40.1(0.1871)(1.5%)
v, 93,750

Tyg for Ve =

2

o T  7(8575)1.5)

Txy for V= VL = 62’500 = 1,546
m,T  7(8.575)(1.5)

It may be noted that some numbers in hand calculation do not exactly match the spreadsheet |
(Table 3.9.2-7) numbers. The reason is that hand calculation results are rounded as compared to
the results in the spreadsheets.
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1. 10CFR Part 72, Licensing Requirement for Storage of Spent Fuel in an Independent Spent
Fuel Storage Installation.

2. ASME Code Section IlI, Subsection NC and Appendices, 1998, through 2000 addenda.

3. American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section I, Appendix F, 1998, through 2000 addenda.

4. ANSYS Users Manual, Rev. 5.6, 1998.
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6.  American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section II, Part D, 1998, through 2000 addenda.

7.  Baumeister & Marks, Standard Handbook for Mechanical Engineers, 7" Edition.

8.  An Assessment of Stress-Strain Data Suitable for Finite Element Elastic-Plastic Analysis
of Shipping Containers, NUREG/CR-0481.

9. Stress Analysis of Closure Bolts for Shipping Casks, NUREG/CR-6007, April 1992.

10.  Welding Research Council (WRC), Local Stresses in Spherical and Cylindrical Shells Due
To External Loadings, Bulletin 107.

11.  Special Lifting Devices for Shipping Containers Weighing 10,000 Pounds or More, ANSI
' N14.6, 1993.
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Table 3.9.2-1 (concluded)
OS-187H Transfer Cask Maximum Stresses

Maximum Allowable
Load Stress Membrane
Case Loading Service Intensity Stress Intensity
Number | Condition Level Component (ksi) (ksi)
Structural Shell 19.11 46.34
75g Top End Top Cover 27.89 65.94
8 Drop D Inner Shell 10.07 44.80
+ Internal Bottom End plates 6.56 46.34
Pressure RAM Access and Cover 4.83 48.00
Structural P, 42.95 46.34
Shell (P, or P,)+ P, 58.17 66.20°
9 75g Side D P, 60.38 65.94
Drop Top Cover P, 77.819 94,20
+ Internal (P, orP)+P, 91.90 94.20%
Pressure Inner P, 33.43 44.80
Shell (P, or P)+ P, 49.86 64.00
Bottom P, 43.88 46.34 -
End plates P, 51.267 66.20"
(P, orP)+P, 48.28 66.20
RAM P, 37.14 48.00
Access 6]
and Cover | (FmoOr Pr)+ Py 47.74 71.00
Transfer
10 Thermal D Structural Shell 28.63 58.32%
Accident
(Fire)

M p, + P, + Q allowable stress.

(&3]

618° F during the thermal accident [Chapter 4]). The allowable is taken as 3.6S,,.
®  Membrane plus bending [ (P,, or P;) + P, ] allowable stress.
@ Stresses at the edge of the impact target support at the 15° location are considered local and are compared to P,
allowable stresses.

Sm = 16.2 ksi. For SA-240 type 304 at a temperature of 650° F. (the maximum transfer cask temperature is
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. Table 3.9.2-4
Computation Spreadsheet for the (DW + 1.02 Axial) Transfer Load,
Bottom Trunnion — Local Shell Stresses

Allplied Loads Geometry Geometric Parameters
w 250000 T 1.5 gamma | 26.7333
P 0 0 8.575 beta 0.1871
ML 891875 Rm 40.1
MC 445938
MT 0
VL 125000
VvC 62500
column # = 1 2 3 4 5 6 7 8
from fig read curvesifor multiplier | abs. stressivalues | Au Al Bu Bl Cu Cl Du DI
3C AND 4C 3.5 4.5 0 0 0 0 0 0 0 0 0 0 0
1C AND 2C-1 0.088 0.054 0 0 0 0 0 0 0 0 0 0 0
3A 1.1 988 1087 : ; ] { -1087 | -1087 | 1087 1087
1A 0.09 158490 14264 | . ! ] -14264| 14264 | 14264 | -14264
3B 3 i 1976 5929 | -5929 | -5929 | 5929 | 5929 -
1B OR 1B-1 0.034 316979 10777 c | -10777 1 10777 | 10777 | -10777 § . L o, Ll
Summation of phi stresses => sigma phi =| -16706 | 4849 | 16706 | -4849 |-15351] 13177 | 15351 | -13177
3C AND 4C 35 4.5 0 0 0 0 0 0 0 0 0 0. 0
1C-1 AND 2C 0.084 0.052 0 0 0 0 0 0 0 0 0 0 0
4A 1.7 - 988 1680 | o . . .., ]-1680| -1680 | 1680 1680
2A 0.044 -] 158490 6974 | - el T 1 -eo74 | 6974 | 6974 | -6974
4B 1 1976 1976 | -1976 | -1976 | 1976 | 1976 '
2B OR 2B-1 0.05 1 316979 15849 i -15849 | 15849 | 15849 | -15849 .
Summation of X stresses => sigma X =| -17825| 13873 | 17825 | -13873 | -8653 | 5294 | 8653 | -5294
Shear stress due to torsion MT| 0 0 0 0 0 0 0 0 0
Shear stress due to load VC| 1547 | 1547 1547 | -1547 | -1547 R
Shear stress due to load VL| 3093 -3093 | -3093 | 3093 3093
Summation of shear stresses tau =| 1547 1547 | -1547 | -1547 | -3093 | -3093 | 3093 3093
stress intensities =>| 18910 | 14131 | 18910 | 14131 | 16561 | 14246 | 16561 | 14246
membrane components of sigma phi =>| -5929 | -5829 | 5929 | 5929 | -1087 | -1087 | 1087 1087
membrane components of sigma X =>| -1976 | -1976 | 1976 | 1976 | -1680 | -1680 | 1680 1680
tau =>| 1547 1547 | -1547 | -1547 | -3093 | -3093 | 3093 | 3093
membrane stress intensities =>| 6462 6462 | 6462 | 6462 | 6215 | 6215 6215 6215
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Table 3.9.2-7
Computation Spreadsheet for the (DW + 0.5¢ axial + 0.5¢g vertical + 0.52 trans.) Transfer
Load, Bottom Trunnion — Local Shell Stresses

W 250000 T . 1.5 gamma | 26.7333
P 62500 r0 8.575 beta 0.1871
ML 445938 Rm 40.1
MC 668906
MT 0
VL 62500
VC 93750
column # = 1 2 3 4 5 ) 7 8
from fig read curves|for multiplier | abs. stresslvalues Au Al Bu Bl Cu Cl Du DI
3C AND 4C 3.5 4.5 1039 3637 4676 | -4676 | -4676 | 4676 | -4676 | -3637 | -3637 | -3637 | -3637
1C AND 2C-1 0.088 0.054 | 166667 14667 9000 | -9000 { 9000 | -9000 | 9000 |-14667| 14667 |-14667 14667
3A 1.1 1 1482 1630 . . ' -1630 | -1630 | 1630 1630
1A 0.09 237734 21396 -21396) 21396 { 21396 | -21396
3B 3 988 2964 -2964 | -2964 | 2964 | 2964 ] ; ,
1B OR 1B-1 0.034 158490 5389 -5389 | 5389 | 5389 | -5389 : '
Summation of phi stresses => sigma phi =] -22029 | 6749 | -5323 | 1900 |-41330] 30796 | 4723 | -8736
3C AND 4C 35 4.5 1039 3637 4676 | -3637 | -3637 | -3637 | -3637 | -4676 | -4676 | 4676 | -4676
1C-1 AND 2C 0.084 0.052| 166667 14000 8667 | -14000| 14000 | -14000] 14000 | -8667 | 8667 | -8667 | 8667
4A 1.7 | 1482 2520 : v q -2520 | -2520 | 2520 2520
2A 0.044 237734 10460 K C -10460| 10460 | 10460 | -10460
48 1 . 988 988 ) 1 -988 -988 988 988 : .
2B OR 2B-1 0.05 158490 7924 .| -7924 | 7924 | 7924 | -7924 -
Summation of X stresses => sigma X =| -26549 | 17300 | -8724 | 3427 |-26322| 11832 | -363 | -3950
Shear stress due to torsion MT| 0 0 0 0 0 0 0 0 0
Shear stress due to load VC| 2320 | 2320 2320 | -2320 | -2320
Shear stress due to load VL| 1547 R - -1547 | -1547 | 1547 1547
Summation of shear stresses tau=| 2320 2320 | -2320 | -2320 | -1547 | -1547 1547 1547
stress intensities =>} 27528 | 17787 | 9900 | 5106 | 41488 30922 | 5952 | 9192
membrane components of sigma phi =>] -7640 | -7640 | -1712 | -1712 | -5267 | -5267 | -2006 | -2006
membrane components of sigma X =>| -4625 | -4625 | -2649 | -2649 | -7195 ) -7195 | -2156 | -2156
tau =>| 2320 2320 | -2320 | -2320 | -1547 | -1547 | 1547 1647
membrane stress intensities =>{ 8899 8899 | 4734 4734 | 8054 8054 3630 3630
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Table 3.9.2-8

NUHOMS®-OS187H Transfer Cask Local Shell Stresses and Allowables

Load Maximum Local Stress
Case Magnitude Allowable Reference
Number Load Type (ksi) (ksi) Table
P, 20.42 . 30.0 Table 3.9.2-2
6g Lifting
1 (Pad) P+ Py 55.66 60.0 Table 3.9.2-2
P, 19.35 30.0 Table 3.9.2-3
6g Lifting
(Shell) P+ P, 50.73 60.0 Table 3.9.2-3
P, 6.46 30.0 Table 3.9.2-4
2A. Transfer, ' ‘
DW + 1g Axial P+ P, 18.91 60.0 Table 3.9.2-4
P, 6.19 30.0 Table 3.9.2-5
2B. Transfer,
DW + 1g Vertical P+ Py 30.70 60.0 Table 3.9.2-5
Transfer, P, 11.03 30.0 Table 3.9.2-6
2C. DW + 1g
Transverse P+ P, 51.96 60.0 Table 3.9.2-6
Transfer, P, 8.90 30.0 Table 3.9.2-7
2D. DW +0.5g Axial '
+0.5g Vertical + P+ Py 41.48 60.0 Table 3.9.2-7
0.5g Transverse
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Figure 3.9.2-14
Canister/Cask Top Cover/Flange/CONTACS2 Element Representation
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Gap b/w canister and
inher shell
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Figure 3.9.2-15
Canister/ Cask Shell /Lead /CONTACS2 Element Representation
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Bottom Ram Access
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Figure 3.9.2-16
Canister/ Cask Bottom Access/Shell/ Flange/ Lead /CONTACS2 Element Representation
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APPENDIX 3.9.3

OS187H TRANSFER CASK TOP COVER AND RAM COVER BOLT ANALYSES
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3.9.3.12  Brittle Fracture Analysis of Top Cover Bolt

The transfer cask and its attachment bolts are designed and fabricated per ASME Subsection NC
Code [6]. The fracture toughness requirements for the bolting material are specified in Section
NC-2332.3. This section indicates that in order to meet the fracture toughness requirements, a
Charpy V-notch test shall be performed. The test shall be performed at or below the Lowest
Service Metal Temperature, and all three specimens shall meet the requirements of Table NC-
2332.3-1. The size of lid bolt is 1.5” diameter, based on Table NC-2332.3-1 the required C,
value is 25 mils (lateral expansions).

In addition to the above Charpy V-notch test, a brittle fracture evaluation is performed to
demonstrate that the brittle fracture is not a concern for the lid bolts.

The lid bolt is fabricated from SA-540 Gr. B24 CI. 1 and has the following material properties.

Material Grade Yield Strength, ksi Ultimate Tensile
(Room Temperature) Strength, ksi
(Room Temperature)
SA-540 Gr. B24 Cl. 1 150 165

In accordance with the ASME Code, Section 11, Part A [7], the bar stocks of these materials are
quenched and fully tempered (1000 — 1100°F or higher) to produce a strong and tough
microstructure.

ASM Metal Handbook [8], Figure 26 (reprdduced here in Figure 3.9.3-1) shows that a 4340 steel |
tempered at 1035°F for 1 %% hours to produce a yield strength of 158 ksi exhibits a very low

Charpy impact transition temperature (< -20°F) and an upper shelf energy of about 45 ft-lbs at
-20°F.

Figure 31 (reproduced here in Figure 3.9.3-2) shows that a medium carbon low alloy steel
tempered to a yield strength of 107 ksi (like SA-193, Grade B7) would have an upper shelf
energy of about 52 ft-lbs and absorb about 48 ft-Ibs at —20°F while material at a yield strength of
149 ksi (like SA-540 Gr. B24 CI. 1) would have an upper shelf energy of 35 ft-Ibs and absorb
about 30 ft-1bs at —20°F.

The following table summarizes the equivalent impact energy of the SA-540 Gr. B24 CI. 1 at
-20°F and the Charpy values used for the brittle fracture evaluation.

3.9.3-29
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3.9.3.14 References
1. Stress Analysis of Closure Bolts for Shipping Cask, NUREG/CR-6007, 1992.

2. American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section II, Part D, 1998 through 2000 addenda.

3. Helicoil Catalog, Heli-Coil 8-Pitch Inserts, Bulletin 913B.
4. Machinery Handbook, 21% Ed, Industrial Press, 1979.

5. Baumeister, T., Marks, L. S., Standard Handbook for Mechanical Engineers, 7t Edition,
McGraw-Hill, 1967.

6. American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section I1I, Division 1, Subsection NC, 1998, through 2000 addenda.

7. American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section II, Part A, 1998, through 2000 addenda.

8. American Society for Metals (ASM) Metal Handbook (Volume 1), Notch Toughness of
Steels Section, 9™ Edition, 1978.

9. Singular Integral Equation (Bueckner) and Asymptotic Approximation (Benthem)
10 NUREG/CR-1815 “Recommendation for Protecting Against Failure by Brittle Fracture in
Ferritic Steel Shipping Containers Up to Four Inches Thick” Lawrence Livermore National

Laboratory, June 15, 1981.

11. American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section XI, 1989.

12. American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section V, Article 6, 1998 through 2000 addenda.

3.9.3-33



NUHOMS® HD System Updated Final Safety Analysis Report Rev. 1.9/07

3.94.6 References

1.  ANSYS User’s Manual, Rev 6.0

2. American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section II, Part D and Section III, Subsection NB and Appendix F, 1998, through 2000
addenda.

3. Baumeister & Marks, Standard Handbook for Mechanical Engineers, 7" Edition.

4. An Assessment of Stress-Strain Data Suitable for Finite-Element Elastic-Plastic Analysis
of Shipping Containers, NUREG/CR-0481.

5. A Survey of Strain Rate Effects for some Common Structural Materials Used in
Radioactive Material Packaging and Transportation Systems, U.S. Energy Research and
Development Administration, Battelle Columbus Laboratories, August 1976.

6.  “Stress Analysis of Closure Bolts for Shipping Casks”, NUREG/CR-6007, April 1992

7. ANSYS User’s Manual, Rev 5.6

3.9.4-13



NUHOMS® HD System Updated Final Safety Analysis Report Rev. 1. 9/07

3.9.5.6.2 Handling Load Stresses

All four trunnions carry the axial and vertical loads while only one top trunnion and one bottom
trunnion on the same side of the cask will carry the transverse load. The axial load is carried
only by the bottom trunnions because the top trunnions rest on sliding supports.

A. DW (1g vertical) + 1g Axial

At the top and bottom trunnions the g-loads per trunnion are:

1.0g (axial) / 2 sides / 1 set trunnions = 0.5g axial per bottom trunnion.
1.0g (vertical) / 2 sides / 2 set trunnions = 0.25g vertical per trunnion

The bottom trunnions have a larger inner diameter (8 inch diameter of material is removed to
reduce the weight, see Figure 3.9.5-1) than the top trunnions (4 inch diameter, see Figure 3.9.5-
2). Also, the bottom trunnions material has lower yield and ultimate strengths relative to the top
trunnions, and therefore has lower allowable stresses. Thus, the bottom trunnions are critical with
respect to stress generated by the handling load. The transfer loads are therefore analyzed only
for the weaker bottom trunnions, which are shown in Figure 3.9.5-1.

The vector sum of 0.25g vertical and 0.5g axial = [0.25% + 0.52]1/2g =0.559g
Therefore, the lateral load at each bottom trunnion, Fi, is,

F1=250,000Ib x 0.559g = 139,750 Ib.

Stresses at Trunnion Section B-B (See Figure 3.9.5-1)

The cross-section Area, Ag.p, is,
Ap.p=7/4 (12° — 8%) = 62.83 in’
Area Moment of Inertia, Ig.g, is,
Iss =7/64 (12* — 8% =816.81 in*
Therefore, the bending moment, Mg_g, is,
Mp.g=139,7501b x (3.25 in. / 2) = 227,100 in-1b.
The maximum éhear stress due to bending for a hollow circular section, Zyay, is the following.

Tmax = 2F1/ Ap.s=2 % 139,750 b / 62.83 in® = 4,450 psi

3.9.5-7
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The maximum bending stress due to lateral load, oy, is,

ox = (Mp.p/ Ig-B) X (Hp.B /2)
= (227,100 in-Ib / 816.61 in%) (12 in. / 2) = 1,670 psi.

The stress intensity, S.7, is then,

S.L =[(6:* + 4(Tma) 1™ = [1,6707 + 4(4,450)*1*°
= 9,055 psi <S5,

The stress intensity, S.I., calculated here is conservatively considered to be primary membrane
stress, P, and is evaluated against its allowable stress, S,,, as per ASME B&PV Section 1II-NC

[3].

Sm = 20,000 psi (for SA-182 Gr.F304 at 300° F)

Stresses at Section C-C (See Figure 3.9.5-1)

Cross-section Area, Ac.c, 1S,

Ac.c=n/4 (17.15* — 8%) = 180.74 in’.
Area Moment of Inertia, Ic.c, is,

Ie.c = /64 (17.15% — 8%) = 4,045 in*.
The bending moment, Mc.c, is then,

Mcc=FxLcc
=139,750 1b x (8.75 in. — 3.25 in. / 2) = 995,720 in-lb.

The maximum shear stress due to bending for a hollow circular section, 7.y, is the following.
Toax =2 F/ Ac.c=2 % 139,750 1b / 180.74 in* = 1,550 psi.
The maximum bending stress due to lateral load, oy, is,

ox = (Mcc/ Ic.c) x (Hec /2) + Fo/ Acc
= (995,720 in-Ib / 4,045 in.%) (17.15in. / 2)=2,111 psi

The stress intensity, S.1, is,

SL=[(0 + 41"’
=[2,111% + 4(1,550)"1°° = 3,751 psi < S,

3.9.5-8
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D. DW + 0.5¢ Axial + 0.5g Vertical + 0.5¢ Transverse

At the top and bottom trunnions the g-loads per trunnion are:
0.5g (axial) / 2 sides / 1 set trunnions = 0.25g axial per trunnion
0.5g (transverse) / 1 side / 2 set trunnions = 0.25g transverse per trunnion
1.5g (vertical) / 2 sides / 2 set trunnions = 0.375g vertical per trunnion
The vector sum of 0.375g vertical and 0.125g axial = [0.375% + 0.25%]"? g=0.451g
Lateral Load at each bottom trunnion, Fj, is,
Fy=250,0001b x 0.451g=112,750 1b
Transverse Load at bottom trunnion, F5, is,

F>=250,0001b x 0.25g = 62,500 1b’

Where, the load, F5, acts as an axial load on the bottom trunnion.

Stresses at trunnion Section B-B (See Figure 3.9.5-1)

The bending moment, Mp.g, is,
Mpg=112,7501b x (3.25 in./ 2) = 183,219 in-1b.
The maximum shear stress due to bending for a hollow circular section, Zmax, is the following.
Tmax = 2F1 / Ag.p=2 % 112,750 1b /. 62.83 in*= 3,590 psi.
The maximum normal stress, oy, is,
ox = max. bending stress due to lateral (/) load + normal stress due to F, load

=(Mp.p/ Ig.) X (Hpp/2) + F3/ App

= (183,219 in-Ib / 816.61 in.*) (12 in. / 2) + 62,500 Ib / 62.83 in’.

=1,347 + 995 = 2,342 psi. '

The stress intensity, S.7, is,

S.L=[(6" + 4(Tmax)’ 1™ = [2,342% + 4(3,590)"1°°
= 17,553 psi. <Sp

3.9.5-11
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Stresses at Section C-C (See Figure 3.9.5-1)

The bending moment, Mc.c, is,

Mcc=Fi1 % Lec
=112,750 1b x (8.75 in. — 3.25 in. / 2) = 803,344 in-lb.

The maximum shear stress due to bending for a hollow circular section, 7.y, is the following.
Tnax = 2F1 / Ac.c =2 % 112,750 b/ 180.74 in®> = 1,248 psi.
The maximum normal stress, o, is,
oy = max. bending stress due to lateral load + normal stress due to axial load
=(Mc.c/Icc) *x (Hec/2) + Fy/ Acc
= (803,344 in-1b/ 4,045 in.*) (17.15 in. / 2) + 62,500 1b / 180.74 in.?
= 1,703 + 346 = 2,050 psi.

The stress intensity, S.1., is,

SL=[(0" + 4(Tma)' 1"
=[2,0507 + 4(1,248)*1°° = 3,230 psi. < S,

3.9.5-12
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Table 3.9.5-1
Summary of Computed and Allowable Trunnion Stresses

Maximum Stress

Case Load Allowable
Number T Magnitude (ksi)
ype (ksi)

Shear @

. ' Lifting 19.9 433
6g Tensile 9.8 433@
Shear )

) Lifting® 33.2 94.2
10g Tensile 496 942 @
Py ' )

3 Handling o1 200
Handling Em .1 2009

4 DW + 1.0g
Vertical P+ Py 8.1 200
Handling P 48 20.0¢)
5 DW + 1.0g

Transverse Pt Py 4.8 ' 20.0%
Handling Pm 3)

6 DW +0.5g Axial 7.6 200
+ 0.5g Vertical P, + Py 76 20.0®

+0.5g Transverse ’ ) )
Notes:

()" Stresses in the trunnions are obtained by direct ratio from 6g load.

@ Yield stress, S, for top trunnion material SA-182-FXM19 at 300° F per ANSI N14.6 [1] criterion.

®) Design Stress Intensity, S, for bottom trunnion material SA-182-F304 at 300° F per ASME Section I1I-NC [3]
criterion. Conservatively, P, + Py is compared with S,,,

@ Ultimate stress, S,, for trunnion material SA-182-FXM19 at 300° F per ANSI N14.6 [1] criterion.
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The area of the impact surface is obtained by first writing the equation for the intersection curves between
the cylinder and plane surfaces. We set up the following coordinate systems with the origin at the bottom
center of the cask.

By transforming coordinates:

a=Xxsinf +zcosé x=asin 8 - fcosl
P=-xcosf +zsind z=acosé + [sind

The equation for a cylinder is,
Payt= R
Or by transforming coordinates,
o sin*@ —2af3siné cosd + [ cos’d +y2 =R?

By setting the intersection of this surface with target surface, = ACL, the equation of the
intersection curve becomes the following.

o sin®0 — 2ACL sinf cos + ACL? cos’0 +3y* =R?

B

Figure 3.9.7-4
Geometry of C. G. Over Corner Drop
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The area, A4, as a function of the deformation is calculated by integrating the following.

o sin’6 — 2aACL sin cosd + ACL? cos’8 +y* = R?

122 e

@ min
Where y is given in above equation.

This is numerically integrated using 100 divisions and the trapezoidal rule. The results are
tabulated in Table 3.9.7-4.

> (X

Figure 3.9.7-5
Geometry of the C. G. Over Corner Drop - Area Calculation
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Referencel5 reports a Kic = 35 ksi in'? at approx1mately 300°F which is greater than
highest computed stress intensity factor, K; of 24.2 ksi in'” presented in the above table.

Therefore, the structural integrity of the damaged fuel rods, which are conservatlvely
assumed to rupture as shown in Figure 3.9.8-1, will be maintained.

3.9.8.11.2 Structural Integrity Evaluation with Fracture Geometry #2
This geometry is shown in Figure 3.9.8-2. Stress intensity factors are computed for a crack
in a fuel tube subjected to a uniform bending moment (M) using formulas given in “The
Stress Analysis of Cracks Handbook™ [13]:
- K; =0 (n*Rn*0)'? F(6)

where,
F(®) =1+ 6.8*%0/n)*? - 13.6*(0/n)"* + 20.0%(0/n)"* .

¢ = Bending Stress due to Uniform Moment ‘M’ |
R = Average radius of the fuel tube
2 8 = Angle which the crack makes at the center of the tube
Ki= Stress Intensity Factor at the crack

The K 1 is computed for all the different fuel assemblies, and the results for all the fuel
assemblies are presented in Table 3.9.8-1, 3.9.8-2, 3.9.8-3, 3.9.8- 4 and 3.9.8-5.

Based on the computed K; usmg Fracture Geometries #1 & #2, a summary of the comparlsons is
presented as follows:

Fracture Geometry #1 K; Fracture Geometry #2 K;
WE & WES 15x15 24.2 33.8
WE 17x17 21.3 29.9
MK BW 17x17 19.9 ' 28.0
WEV 17x17 _ 21.3 29.9
WEO 17x17 22.6 ' 31.8
CE 14x14 8.8 3 124

3.9.8-19
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3.9.8.13 Derivation of Fuel Assembly Material Properties

Material property for low burnup fuel

The material properties used for the fuel cladding structural analysis is based on the LLNL report
“Dynamic Impact Effects on Spent Fuel Assemblies” [3] and is for low burnup fuel. The
material properties used for the drop analysis at elevated temperature are obtained from the
following methodology. '

Yield Strength of cladding: The yield stress vs. temperature is taken from Table 5 of [3, page
12] and is depicted in Figure 3.9.8-4. Since the relation between the yield strength vs.
temperature is linear, the yield strength at higher temperature is obtained by extending the curve.

Sy = 81,500 psi (725F)
S, = 80,500 psi (750°F)

Tensile Strength of cladding: The tensile strength cori‘esponding to the yield strength at the
temperatures is obtained from Figure 5 of [3, page 17] and is also depicted in Figure 3.9.8-4.

2,000 psi (725 F)

Su = 9 R
S, = 91,800 psi (750°F)

Material property for high burnup fuel -

Information Withheld Under 10 CFR.2.390
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Table 3.9.8-9 (concluded)

Derivation of Tensile Force (T) and Applied Moment (M) Relationship for a
Circular Tube
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= Crack width

—_—
-
<

N — * X0 T

Q

= TIR
2MR?2t
|

b3

O




NUHOMS® HD System Updated Final Safety Analysis Report

Rev. 1.9/07

Table 3.9.8-10 (concluded)

Tire Stiffness Calculation

All other tires: 2070 Ibs/tire

Stiffness is determined as:

Kéront= 3670/(33-30.4)=1411 Ibs/in
Kali others = 2070/(33-31.4)=1294 Ibs/in
Use K/tire =1500 Ibs/inch.

Total stiffness = 32x 1500=4.8E 4 lbs/in
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3.9.9 HSM-H STRUCTURAL ANALYSIS

3.9.9.1 Introduction

The purpose of this appendix is to present the structural evaluation of the HSM-H due to all
applied loads during storage loading operations.

- The design of the HSM-H for 32PTH DSC is the same as the HSM-H which is under NRC
review as Amendment 8 to CoC 1004 for 24PTH DSC. Analyses performed for HSM-H with
24PTH DSC used bounding values to envelop both 24PTH DSC and 32PTH DSC.

The HSM-H module design for 32PTH canister is identical to the HSM-H design for 24PTH
canister except the following modifications:

1. The module for the 32PTH canister is designed such that the center line of the loaded
32PTH canister is approximately four inches higher compared to that of the 24PTH
canister.

2. The diameter of the door openings in the front and rear of the front wall are

approximately four inches and two inches larger for the 32PTH canister compared to |
those of the 24PTH canister.

3. The transfer cask docking surface in the module for the 32PTH canister transfer cask is
approximately half inch wider compared to the cask docking surface for the 24PTH
canister transfer cask.

4. The diameters of the front inner circular steel plate and rear circular concrete block of the
shielded door for the 32PTH canister are approximately four inches and two inches larger |
compared to those of the 24PTH canisters. '

5. For the 32PTH design the spacers at the canister stop plate of the module will be
provided similar to the 24PTH short cavity design.

Analyses performed for HSM-H with 24PTH DSC used bounding values to envelop both 24PTH
DSC and 32PTH DSC. The structural evaluation provided in this appendix is identical as the
information provided in Amendment 8 to CoC 1004 for 24PTH DSC. Amendment 8 reference
sections are indicated in this appendix for cross reference.

3.9.9.2 General Description of the HSM-H

The HSM-H is a free standing reinforced concrete structure designed to provide environmental
protection and radiological shielding for the 32PTH DSC. Each HSM-H provides a self
contained modular structure for the storage of a 32PTH DSC containing up to 32 PWR spent fuel

3.9.9-1
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assemblies. The HSM-H provides heat rejection from the spent fuel decay heat by a combination
of radiation, conduction and convection. Schematic sketch of the HSM-H showing the different
components is provided in Chapter 1, Figure 1-1. The drawings in Chapter 1, Section 1.5
provide the principal dimensions and design parameters of the HSM-H.

The HSM-H is a reinforced concrete structure comprised of a base unit, where the 32 PTH DSC
is stored and a roof unit that serves to provide environmental protection and radiation shielding.
These two units are assembled together to form a single module.

The HSM-H modules may be prefabricated off-site, then transported to the ISFSI site and
installed on a reinforced concrete basemat. The HSM-H is placed next to, and in contact with,
adjacent module(s) to form a continuous single or double row arrays.

The 32PTH DSC is supported inside the HSM-H by the DSC support structure. The DSC |
support structure (rail support assembly) is comprised of two rail sections, two slotted plates and
two rail support plates. The rail support assembly provides support for the DSC during storage

and act as a sliding surface during DSC insertion and retrieval.

The air inlet vents are extending through the front on both sides of the front wall. The front wall
and the rear wall of the base unit provide support for the rails and the rail extension flanges. The
roof unit rests on the front, rear and side walls of the base unit. The air outlet vents are provided
in the roof unit.

The HSM-H front standard door is a composite door, which consists of a rectangular steel face
plate at the front attached to a circular thick steel plate and a circular reinforced concrete block at
the rear. The rectangular steel face plate of the door is attached to the front wall concrete using
four bolts anchored through four embedments. The alternate circular door is similar to the
standard door except that the front face is a circular steel plate. The circular steel plate of the
door is attached to the front wall concrete by four clamps which are located at the 45° line in
each quadrant of the door. The clamps consist of four “L* shaped clips which are bolted to the
front wall concrete through four embedments. The door provides missile protectlon and
shielding for the DSC.

The concrete door provides missile protection and shielding. End shield walls are provided at
the ends of a module array to provide the required missile and shielding protection. Similarly, an
additional shield wall is used at the rear of the module for single module rows.

The side heat shields (with fins) consist of three panels. Each panel consists of anodized |
aluminum fins mounted on the stainless steel base plates. The base plates are provided with
aluminum backing plates on the surface facing the concrete. The alternate side heat shields are

made of stainless steel and consist of four flat panels. The top louvered heat shield under the roof
consists of six panels. Each panel has two aluminum mounting bars. Horizontal louvers are
mounted on these bars. The alternate top heat shields are made of stainless steel and consist of

two flat panels. The heat shields provide thermal protection for the HSM-H concrete. ;
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During DSC insertion/retrieval operations, the transfer cask is docked with the HSM-H docking
surface and mechanically secured to the embedment provided in the front wall. The embedments
are equally spaced on either side of the HSM-H access opening.

The drawings in Chapter 1, Section 1.5 provide the principal dimensions and design parameters

of the HSM-H. The dimension differences between the HSM-H to be used for storing the
32PTH canister and 24PTH canister are listed in the following tables.

TN drawing No. 10494-72-104 (for 32PTH data)

HSM-H
Dimension System Type
For 32PTH Canister For 24PTH Canister [13]
A 8 -10” 8 —-6"
B 95 —115/8" 95 -9
C o7 =5 o7 -11/2”

TN drawing No. 10494-72-107 (for 32PTH data)

HSM-H
Dimension System Type
For 32PTH Canister For 24PTH Canister [13]
A 34.88” 33.60”
TN drawing No. 10494-72-108 (for 32PTH data)
HSM-H
Dimension System Type
For 32PTH Canister For 24PTH Canister [13]
A g -1172" 7’ —33/4"
B 07 -3 96 —111/2" -
C 05 -85/8” 05 -6
D o7 -71/4" 07 —-33/4”
E 1’—101/2” 1’-101/2”

3.9.9.3 Material Properties

The temperature dependent material properties for concrete and reinforcing steel are provided in

Chapter 3, Tables 3-6, 3-7 and 3-7A. The material properties of the Type 304 Stainless Steel
rails are identical to the ASME Code properties listed in Chapter 3, Table 3-5.

3.9.9-3
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3.9.9.5 Design Criteria

Codes and Standards

The reinforced concrete HSM-H, including the 32PTH-DSC support structures, are important to
safety NUHOMS® HD system components. Consequently, they are designed and analyzed to
perform their intended functions under the extreme environmental and natural phenomena
specified in 10CFR 72.122 [1] and ANSI 57.9 [2]. These include tornado, wind, seismic, and
flood design criteria. ”

The following table summarizes Codes and Standards for design and fabrication of these
components.

Component Code of Construction

- ACI 349-97 (Concrete); ACI 318-95 (construction)

- AISC Ninth Edition (Structural Steel)

HSM-H and 32PTH DSC Support | _ Aws D1.1-98 (Structural Welds)
Structures

- ASCE 7-95 (Loads)

- ANSI 57.9-84 (Loads & Load Combinations)

Loadings

The loadings are listed in Tables 3.9.9-1 & 3.9.9-2 and discussed in details in Section 3.9.9.6.

Loading Criteria

The ultimate strength method of ACI 349 [3] is used for the design of the HSM-H reinforced
concrete structural components. Required reinforcement is provided to meet the minimum
flexural and shear reinforcement requirements of ACI 349 and to ensure that the provided design
strength exceeds that required for the factored design loads specified in Table 3.9.9-3.

The following relationships from the ACI code are used to compute capacities of the concrete
components: :

Ultimate Moment Capacity (M,)
M, = & M, =¢ A £y (d-a/2)

3.9.9-5
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3.99.7 Finite Element Model

3.9.9.7.1 ANSYS Finite Element Model of the Rail Assembly

Description of the Rail Assembly

The HSM-H support structure consists of two rail assemblies, each at 30 degrees from the
vertical center line of the DSC. Two welded cross members connect the two rail assemblies by
four gusset plates welded to the rail web and flanges. The steel support structure supports the
DSC stored inside the module. Each rail assembly of the DSC support structure consists of the
following components:

1. W 12x96 Rail Section 187" long made from ASTM A992 material and with twelve (12)
6” diameter holes for airflow cooling of the DSC. The depth of the section is 12.71,
thickness of the web is 0.55”, width of the flange is 12.16” and thickness of the flange is
0.9” (Ref. 4).

2. - A 17 thick slotted rail support plate made from A572 Grade 50 material with 1/2"x2"
slots normal to the plate axis.

3. A 3/16” thick support plate made from Nitronic 60 (RC 29-35) material which provides
a smooth support for the DSC to slide.

4. A/ rail extension baseplate which consists of 1” thick plate ASTM A36 material.

The rail extension baseplate is attabhed to 1-1/2” diameter threaded embedments by two bolts.

Finite Element Model of the Rail Assembly

A three dimensional finite element model of the rail section, slotted plate, rail support plate and
rail extension flange was developed for the computer program ANSYS [10]. The rail sections,
slotted plates, rail support plates and extension plates were modeled using SOLID 73 element.
Each element has 8 nodes with six degrees of freedom (three translational and three rotational)
per node. The web of the W section and the stiffeners were modeled using Shell 63 element. In
order to establish compatibility of the degrees of freedom between solid and plate elements, the
ANSYS option for activating realistic in-plane rotational stiffeness (Allman rotational stiffness,
KEYOPT(3)=2) is used for the plate elements. The model is inclined by 30 degrees from the
vertical. A plot of the partial model (front end) is shown in Figure 3.9.9-1.

The model is completely restrained at the bottom end of the extension plate and supported
vertically and transversely approximately 6 from the end to simulate the connection between the
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extension plate and the front wall. The model also is supported in the vertical and transverse |
directions at approximately 12” on either side of the W section at the bottom flange (to simulate
the simple support condition of the concrete pedestals at the front and rear walls).

Finite element analysis of the above rail assembly model was performed to compute the
maximum displacements of the model, subjected to unit load normal to rail axis in and out of
plane of the curb and in the axial direction. The equivalent beam element properties such as area
(A), moment of inertia about the major axis (Ixx) and moment of inertia about the minor axis
(Iy.y) are determined by equating the maximum deflection of the beam to displacement obtained
from the finite element model.

3.9.9.7.2 ANSYS Finite Element Model of the HSM-H Combined Concrete and Steel Structure
for Structural Analysis

The structural analysis of an individual module provides a conservative estimate of the response
of the HSM-H structural elements under various static and dynamic loads for any HSM-H array
configuration. Therefore, analytical models of a single free standing HSM-H is developed in this
section for the computer program ANSYS [10]. The frame and shear wall action of the HSM-H
concrete components are considered to be the primary structural system resisting the loads. The
analytical models are evaluated for normal operating, off-normal and postulated accident loads
acting on the HSM-H.

A three dimensional finite element model of the HSM-H which includes all the concrete
components (rear wall, front wall, two side walls and the roof) was developed for the computer
program ANSYS [10]. The eight node brick element type SOLID 73 element was used to model
the concrete structure. Four layers of brick elements were used to model the concrete
components. Each node of the eight node brick element has six degrees of freedom. The DSC
was modeled using the beam elements (ANSYS element type BEAM4). The rails and the lateral
bracing between the rails (Cross beams) were also modeled using beam elements with
appropriate stiffness The mass of the DSC was lumped at the nodes representing the DSC using
lumped mass elements (ANSYS element type MASS21). Plots of the model which includes the
concrete structure and the support structure are shown in Figures 3.9.9-2. A plot of the support
structure model (which includes the DSC, rails and the cross beams) is shown in Figure 3.9.9-3.

The material properties used in the DSC support structure model are provided in Chapter 3. The
DSC support structure model is attached to the concrete at several locations (four locations at the
rear shelf, four locations in the front shelf and two locations on the front wall opening.) Each |
node of the support structure has three translational and three rotational degrees of freedoms. The
rails are supported such that they are completely restrained at the front extension plate locations
and free to rotate in all three directions and free to translate only in axial direction at the other
supports in the rear and the front shelf locations.

The DSC support structure analytical model is incorporated into the HSM-H analytical model.
The various normal, off-normal and accident loads are applied to the analytical model and
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3.9.9.8 Normal Operation Structural Analysis

The evaluation of the HSM-H for 32PTH DSC is the same as the HSM-H which is under NRC
review as Amendment 8 to CoC 1004 for the 24PTH DSC [13]. Analyses performed for the
HSM-H with 24PTH DSC used bounding values to envelop both the 24PTH DSC and the
32PTH DSC. The following table shows how the bounding loads are used for structural
evaluation of the HSM-H.

Weight Thermal
24PTH DSC (loaded weight) 93.7 kips 40.8 kw
32PTH DSC (loaded weight) 108.76 kips 34.8 kw
Weight used for HSM-H structural evaluation | 110.0 kips (max.) "
to envelop both 24PTH & 32PTH 72.0 kips (min.) ?

Thermal load used for HSM-H structural 40.8 kw
evaluation to envelop both 24PTH & 32PTH

Notes:

1. Maximum weight is used for structural evaluation of the HSM-H.

2. Minimum weight is used for stability evaluation of the HSM-H.

The following table shows the normal operating loads for which the HSM-H components are
designed. The table also lists the individual NUHOMS® HSM-H components which are affected
by each loading.

Affected Component
Load Type Slﬂ)sp((irt  HSM-H
Structure
Dead Weight X X
Normal Thermal X X
Normal Handling X X
Live Loads X

The reinforced concrete and the support steel structure of the HSM-H are analyzed for the
normal, off-normal, and postulated accident conditions using finite element models described in
Section 3.9.9.7. These models are used to evaluate concrete and support structure forces and
moments due to dead load, live load, normal thermal loads, and normal handling loads. The
methodology used to evaluate the effects of these normal loads is addressed in the following
paragraphs.

(A) HSM-H Dead Load (DW) Analysis (Section P.3.6.1.4(A) from CoC 1004 Amendment
#8)

Dead loads are applied to the analytical model by application of 1.05g where g is the
gravitational acceleration in the vertical direction (386.4 in/sec?). The 5% variation in the dead’
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HSM-H Seismic Evaluation (Section P.3.7.2.3 from CoC 1004 Amendment #8)

Seismic Loads (EQ)

As described in Section 3.9.9.6.3, the design basis accelerations for the HSM-H are 0.3g in the
horizontal directions and 0.2g in the vertical direction. These seismic accelerations are amplified
based on the results of the frequency analysis of the HSM-H, as documented in Section 3.9.9.6.3.
The resulting amplified accelerations are 0.37g and 0.33g in the transverse and longitudinal
directions, respectively and 0.20g in the vertical direction. For conservatism, a value of 0.37g is
used for both horizontal directions in the seismic analysis of the HSM-H.

Seismic Stress Analysis

An equivalent static analysis of the HSM-H is performed using the ANSYS model described in
Section 3.9.9.7 and the seismic accelerations of 0.37g horizontally (longitudinal and transverse
directions) and 0.2g vertically. These amplified accelerations are determined based on the
frequency analysis of the HSM-H.

The responses for each orthogonal direction are combined using the SRSS method.

The seismic analysis results are shown in Table 3.9.9-10 and are incorporated in the loading
combination C4C (Table 3.9.9-3) and C4S (Table 3.9.9-6) for the concrete and support structure
components, respectively.

HSM-H Seismic Overturning Analysis

The following conservative analysis is performed to show that a single freestanding HSM-H
without an end shield wall (in an array of two or more loaded modules) will not overturn due to |
seismic loads. Overturning about the long axis (i.e., in the short direction of the module) is
considered.

Stabilizing moment = Mg = (Whsm + Wase) b/2
‘Overturning moment = My = (Whem 0.4a,1+W4sc0.4a42)b/2+ Wi dian+Wascdaan2
(100% of horizontal acceleration is combined with 40% of vertical acceleration, Ref. [11])

Where: Whsm = 310 K, Weight of the HSM-H (conservatively assumed)

110 K, Weight of DSC (conservatively assumed)

52 in, Horizontal distance from CG to corner(half width of the HSM-H)
d; = 123.45 in, Height of CG of HSM-H without the DSC

o

S =
w
@]

o

d = 106 in, Height of the DSC center line

ayi = 0.20g, HSM-H peak vertical seismic acceleration

av = 0.20g, DSC peak vertical seismic acceleration

an = 0.37g, HSM-H peak horizontal seismic acceleration ‘

ap = 0.43g, DSC peak horizontal seismic acceleration (conservatively
assumed)

Mg = 21,840 K-in

\Y =

20,921 K-in
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HSM-H Heat Shield

The top heat shield (louvers) consists of six panels. Each panel has two aluminum mounting
bars. The aluminum louvers are mounted on the mounting bars. Each mounting bar is
suspended from the roof by two threaded rods. The natural lateral frequency of a typical rod is
conservatively estimated to be 9.0 Hz. The combined axial and bending stress in the hanger rods
is 24.0 ksi. The allowable axial and bending stress is 84.3 ksi.

The alternate top heat shield consists of two panels made of stainless steel plate. The panels are
suspended from the roof by fifteen 1/2” diameter rods threaded into concrete embedments. The
combined axial and bending stress in the rods is 59.5 ksi. The allowable stress is 70.2 ksi.

The side heat shields consists of three panels. Each panel is suspended from the roof by two
threaded rods, and supported laterally and longitudinally by four rods. The maximum axial plus
bending stress in the lateral and longitudinal support rods is 83.7 ksi. The allowable axial and
bending stress is 84.3 ksi. The maximum temperature used in the stress analysis of the heat
shields bounds the maximum temperatures reported in Chapter 4.

The alternate side heat shields consists of four panels, attached to the base unit side wall by 34
threaded rod stand-offs. The maximum axial and bending stress in the rods is about 1.4 ksi and
79.3 ksi, respectively. The axial and bending stress allowable for the rods is 67.9 ksi and 112.3
ksi, respectively.

HSM-H Seismic Retainers

The seismic retainer consists of a capped tube steel embedment located within the bottom center
of the round access opening of the HSM-H, and a tube steel retainer that drops into the
embedment cavity after DSC transfer is complete. The drop-in retainer extends approximately
4” above the rail to provide axial restraint of the DSC. The maximum seismically induced shear
load in the retainer is 61 kips. The maximum shear stress in the retainer is 15.25 ksi. The
allowable shear stress is 17.8 ksi.

3.9.9.12 Conclusions

The load categories associated with normal operating conditions, off-normal conditions and
postulated accident conditions are described and analyzed in previous sections. The load
combination results for HSM-H components important to safety are also presented. Comparison
of the results with the corresponding design capacity shows that the design strength of the HSM-
H is greater than the strength required for the most critical load combination.
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1.

. : Table 3.9.9-11 .
; Comparison of Highest Combined Shear Forces/Moments with the Capacities
Load . V] Vo Voz M] Mz

Component | "\ | Quantity | o le | kinse | kips/t | Kipein/fe | Kipein/ft
Computed 14.52 7.71 9.16 147.35 267.10

Comb lc -
thru 6c Capacity 75.2 14.5 14.5 298.2 298.2
Rear Wall Ratio 0.19 0.53 0.63 0.49 0.90
(Upper) Computed [ 18.44 11.37 6.08 131.14 264.5
Comb 7c Capacity 69.6 13.8 13.8 273.8 273.8
Ratio 0.26 0.82 0.44 0.48 0.97
Comb lc Compuj[ed 17.34 9.48 13.25 159.40 167.70
thru 6¢ Capacity 96.8 36.2 36.2 757.9 757.9
Rear Wall Ratio 0.18 0.26 0.37 0.21 0.22
(Lower) i Computed 9.49 6.40 20.84 154.30 251.80
Comb 7¢ Capacity 90.1 34.3 343 696.3 696.3
Ratio 0.11 0.19 0.61 0.22 0.36
Computed 18.92 12.05 13.19 177.76 163.10

Comb Ic -
thr 6o Capacity 54.4 14.8 14.8 196.9 196.9
Side Walls Ratio 0.35 0.82 0.89 0.90 0.83
(Upper) Computed | 22.37 12.08 9.10 120.24 91.05
Comb 7c Capacity 50.5 14.0 14.0 180.8 180.8
Ratio 0.44 0.86 0.265 0.67 0.50
Computed 36.17 22.33 21.12 308.10 261.55

Comb lc -
_ thru 6¢ Capacflty 63.0 23.4 23.4 -314.6 314.6
Side Walls Ratio 0.57 0.95 0.91 0.98 0.83
. (Lower) Computed 19.28 21.12 15.34 97.25 180.24
Comb 7¢ Capacity 58.7 22.2 22.2 289.0 289.0
Ratio 0.33 0.95 0.69 0.34 0.63
Comb lc Compu.ted 13.18 9.44 28.73 487.01 1022.49
thru 6c Capacity 174.6 59.1 59.10 ~ 2475.0 2375.0
Roof Ratio 0.08 0.16 0.49 0.21 0.43
Computed 7.69 11.48 28.38 386.48 897.67
Comb 7¢ Capacity 162.4 56.1 56.10 2181.7 2181.70
Ratio 0.05 0.21 0.51 0.18 0.41
Comb 1c Computed 41.82 4483 37.00 1393.19 1895.08
thru 6¢ Capacity 174.7 56.3 56.3 22573 23173
Front Wall Ratio 0.24 0.80 0.66 0.62 0.84
(Upper) Computed | 32.63 48.95 26.29 1853.0 1906.74
Comb 7¢ Capacity 159.6 53.4 53.4 2073.5 2073.5
Ratio 0.20 0.92 0.49 0.89 0.92
Comb 1c Computed 29.29 30.43 37.83 1783.50 836.92
thru 6¢ Capacity 189.0 73.6 73.6 2963.4 2963.4
Front Wall Ratio 0.16 0.42 0.52 0.60 0.28
(Lower) Computed | 48.04 45.95 41.38 1908.90 507.22
Comb 7c Capacity 176.0 69.8 69.8 2722.4 2722.4
Ratio 0.27 0.66 0.59 0.70 0.19

Note:

Comb 1c thru 6¢ includes normal thermal. Comb 7c¢ includes accident thermal (see Table 3.9.9-3)
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Table 3.9.9-16
Extension Plates and Cross Members Results

Extension Plates
Load Comb. Interaction Cross Members Stress Ratio®
Ratio'”
C1S 0.77 0.25
C2S 0.77 0.32
C3S 0.71 0.21
C4S 0.60 0.25
C5S 0.71 0.33
Notes:

(1) Axial and bending stresses are computed using axial (F) and bending moment (M,, M,)
results from Table 3.9.9-13. Interaction ratios are based on appropriate equations from
Chapter H of AISC [4].

(2) Axial stresses in the cross members are computed using axial (F,) force results from
Table 3.9.9-14. Cross member stress ratio is the axial stress in the member/axial
allowable stress.
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DSC SUPPORT STRUCTURE

Figure 3.9.9-6
Components of Support Structure
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DSC (basket and canister) Material

The following material properties are used for the Dry Shielded Canister.
Stainless Steel (SA-240 Type 304)

E =28.3x10° psi
v=0.3

The density of the DSC is adjusted so that the actual weight of the DSC is properly accounted
for. The effective density is computed in the following way.

Weight of DSC = 2 x [28,191 b (canister weight) + 29,854 Ib (basket weight) + 50,720
Ib (fuel weight)] = 54,382.5 Ib

Volume of F.E.M. = 69,807.6 in’ (from ANSYS model)
pey=54,382.51b/69,807.6 in> / (386.4 in/sec® ) = 2.016x10°> Ib-sec/in*

Concrete Material

The same concrete material properties used in the LLNL and TN-32 analyses, presented in Section
3.9.10.3, are also used for the OS187H transfer cask analysis. The concrete material properties used
in the analysis are representative and do not constitute limits for the ISFSI Pad design or any other
concrete which the loaded OS187H transfer cask is transported over. The OS187H transfer cask g-
loads used for the stress evaluation given in the Table in Section 3.9.10.5 represent the limits that
must be maintained for an 80 inch drop of the loaded OS187H transfer cask.

Soil Material

The same soil material properties used in the LLNL and TN-32 analyses, presented in Section
3.9.10.3, are also used for the OS187H transfer cask analysis. The soil material properties used in
the analysis are representative and do not constitute limits for the ISFSI Pad design or any other
concrete which the loaded OS187H transfer cask is transported over. The OS187H transfer cask g-
loads used for the stress evaluation given in the Table in Section 3.9.10.5 represent the limits that
must be maintained for an 80 inch drop of the loaded OS187H transfer cask.

Boundary Conditions

A Y2 model is employed with symmetry boundary conditions used to simulate the full structure.
Non-reflecting boundaries are used around the soil non-symmetry boundaries (bottom, left side,
right side, and back) to prevent artificial stress waves from reflecting from the boundaries of the
soil. Both dilatation and shear waves are damped as described in the LS-DYNA *BOUNDARY
command [1].

Contact boundaries between the cask and DSC, cask and lead, cask and concrete, and concrete

3.9.10-10
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and soil are modeled using surface-to surface contact elements in LS-DYNA. These contacts are
defined using part numbers defined by the ANSYS macro that transfers the ANSYS finite
element to the LS-DYNA model. A description of the LS-DYNA surface-to-surface contact
elements are provided in Reference [1].

Damping Factor

As described in the above LLNL and TN-32 impact analyses (Section 3.9.10.3), the true damping
characteristics of the cask impact event are very hard to quantify. Typical values for reinforced
concrete structures subjected to dynamic loads are in the 5 to 10% range. A 6% damping factor is
used for the LLNL and TN-32 impact analyses, for conservatism a lower bound damping factor of
5% is used for OS187H transfer cask impact analysis.

OS187H Transfer Cask Model LS-DYNA Impact Analysis

Two accident condition drop scenarios are evaluated which are considered to bound all credible
transfer cask drops during fuel transfer:

e 80 inch, 0° side drop, and
e 80 inch, 60° CG over corner drop

The cask outer surface is initially placed in contact with the concrete pad, and an initial velocity
is applied to the cask, lead, and DSC, to simulate the non-mechanistic drop events. The initial
velocity is computed by equating potential and kinetic energies.

V = potential energy = mgh

T = kinetic energy = Yamv?

= mgh = YVamv*

= v =4[2gh = [2(386.4)(80) =248.644 in /sec

With the above model, boundary conditions and initial conditions, the LS-DYNA program was
run from o = 0 seconds to #,= 0.04 seconds for both the Side Drop and the C.G. Over Corner
Drop runs. The time step was automatically chosen by the LS-DYNA program based on the
minimum model element sizes.

Transfer Cask Sections Evaluat_ed

The resulting nodal acceleration time histories, computed in the drop direction by LS-DYNA, are
averaged over several cross sections of the transfer cask. For the side drop analysis, only the
accelerations transverse to the transfer cask axis are computed since the resulting accelerations in
the direction of the cask axis are negligible. For the CG over corner drop however, the
accelerations in the drop direction are decomposed into accelerations in the longitudinal (parallel
to the cask axis) and transverse directions, since significant impact accelerations are expected in
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both orthogonal directions. Different nodal sections are selected as appropriate for each drop
orientation.

Figures 3.9.10-12 and 3.9.10-13 show the nodal sections analyzed for the side drop and CG over
corner drop.
Raw Data Filtering

As described in the TN-32 model LS-DYNA analysis, the LS-DYNA computes the nodal
accelerations at 0.4 msec intervals. Therefore, by the Nyquist theorem, the frequency content of
the nodal acceleration data, computed by LS-DYNA, ranges from zero Hz, up to the following
maximum frequency, fiax. '

Fonax = Vax1/(4x10 %) = 1,250 Hz

The lowest natural frequencies of the OS187H Transfer Cask, which can be excited by an impact
event, are much lower than this. These natural modes of the transfer cask involve small
displacements (and therefore low stresses) at frequencies higher than that of the rigid body
motion of the transfer cask. These high frequency accelerations mask the true rigid body motion
of the transfer cask, because both the low frequency rigid body acceleration and the high
frequency natural vibration accelerations superimpose. The net acceleration is contained in the
raw data computed by LS-DYNA. Therefore, filtering is necessary to remove these high

frequency accelerations.

In order to estimate the natural frequencies of the OS187H transfer cask, a modal analysis is
performed by using the ANSYS 3D finite element model described in Appendix 3.9.2 (page
3.9.2-13). The weight densities used in Appendix 3.9.2 file are all changed to mass densities (o,
= p, /386.4).

The cask is oriented in the horizontal orientation and supported at the bottom. The cask finite
element model and boundary conditions are shown in Figures 3.9.10-14 and 3.9.10-15.

The first five mode frequencies resulting from the ANSYS modal analysis are tabulated below:

Frequencies of the First Five Natural Modes of the OS187H Transfer Cask

Mode Number Frequency
Hz)
69.17
125.00
130.52
141.07
147.23

N[ WIN|—

The mode shapes of Mode 2, 3, and 4 are plotted in Figures 3.9.10-16 through 3.9.10-18.

The averaged raw data for each cross section is filtered using a low pass Butterworth filter with a
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cutoff frequency of 180 Hz in order to recover the actual rigid body acceleration of the Transfer
Cask. The Butterworth filter used in this analysis is characterized by its large number of
coefficients, small pass band ripple, and slow roll off. The cutoff frequency of 180 Hz is
conservative, because it is higher than at least the first five dominant modes of the OS187H
Transfer Cask computed above. Therefore, the response predicted by the filtered results includes
more dynamics than simply the rigid body motion of the transfer cask.

Results of LS-DYNA Analyses

The following table lists the LS-DYNA side drop results.

Summary of Impact g Load Due to Side Drop

Transfer Cask Section G Load
(see Figure 3.9.10-12)
Lid Section 62.9¢
Top Trunnion Section 55.8¢g
Middle Section 57.3g
Bottom Trunnion

Section 46.9¢
Bottom Plate Section 44.0g

Based on the Results shown in above table, the maximum acceleration in the OS187H Transfer
Cask during the 80 inch accident condition side drop event is 62.9g and occurs in the transfer
cask lid section. Also from this table, the highest acceleration in the region of the transfer cask
where the DSC rests is 57.3g during an 80 inch side drop event.

Figure 3.9.10-19 and 3.9.10-20 show the acceleration time history of the transfer cask lid section
and middle section. Figure 3.9.10-21 shows the maximum effective stress of the transfer cask
during the side drop event as computed by LS-DYNA.

The following table lists the LS-DYNA CG over corner drop results.

Summary of Impact g Load Due to CG Over Corner Drop

Transfer Cask Section
(see Figure 3.9.10-13)

Lid Section 15.5¢

Axial Accelerations
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This table shows that the maximum axial acceleration during an 80 inch CG over corner drop
accident event is 15.5g. Figure 3.9.10-23 shows the axial acceleration time history of the transfer
cask lid section. Figure 3.9.10-23 shows the maximum effective stress of the transfer cask during
the CG over corner drop event as computed by LS-DYNA.

3.9.10.5 Summary of g-Loads for the OS187H Transfer Cask Body and Lid Bolt Stress
Analyses

Based on the dynamic analysis results shown on the above table, the following table summarizes
the g loads to be used for the stress analyses of the transfer cask body and lid bolts.

Drop Maximum G Load | G Load used for
Component Orientation Computed by Stress Evaluation
LS-DYNA
Side Drop 62.9 75
Cask Body
Corner Drop 1550 750
Lid Bolt Corner Drop 15.5 21.65%
Note:

1. The transfer cask is transferred in a horizontal position held by the transfer trailer. In the axial
direction it is possible to slide into the ground and incur a corner drop. The maximum stress resulting
from DYNA corner impact analysis is plot in Figure 3.9.10-23 of this Appendix and also compared
with ASME code allowable as described in item S below. Additionally, a conservative 75g end drop
analysis of the cask body was also performed in Appendix 3.9.2.

2. A conservative 21.65g was used in the lid bolt corner drop analysis (Appendix 3.9.3, page 3.9.3-6).

The g loads used for the static stress analyses of the cask and lid bolts are reasonable and
conservative for following reasons:

1. The casks of OS187H and LLNL/TN-32 are very similar in both geometry and weight.
However, the OS187H (0.5 SS + 4.5” lead + 2.5” SS) is less rigid than the LLNL/TN-32
(9.5” thick CS shell). The less rigidity results in a lower calculated g load for the OS187H
cask than for the LLNL/TN32 cask from LS-DYNA analyses.

2. Like LLNL/TN-32 models, the OS187H model does not include the outer shell and resin.
In reality, these relatively soft components will deform and absorb energy during a drop and
will slow down the rate of deceleration to produce a lower g load.

3. All material properties at room temperature are used in the LS-DYNA analyses. In
reality, the transfer cask loaded with spent fuels will be at temperatures higher than room
temperature. The modulus of elasticity for the cask material decreases while its
temperature increases. The lower modulus of elasticity for the cask materials at the real
temperatures will produce a lower impact g-load than that calculated in this analysis for
the cask at room temperature.
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4. During the drop accident, the g loads vary along the cask length from the minimum
occurred at the bottom end to the maximum occurred at the top surface of the lid. However,
a uniform 75 g load along the cask length is conservatively used in the cask static stress
analysis. The maximum stress intensity in the cask structural shell is calculated to be 58.17
ksi (see Table 3.9.2-1 of Appendix 3.9.2, structural shell) from the static stress analysis.

5. Comparably, the maximum effective stress (Von Mises stress) in the cask structure shell is
calculated to be 29.12 ksi (see Figure 3.9.10-21 of this Appendix) from the LS-DYNA
dynamic analysis. This indicates that the static stress analysis using drop load of 75g is a
very conservative approach, which produces about twice stress value of that produced by
the dynamic LS-DYNA analysis.

6. Figure 3.9.10-23 shows the maximum effective stress (Von Mises stress) in transfer cask
due to CG over corner drop from LS-DYNA analysis. The maximum effective stress at
cask top cover plate is about 34.49 ksi, which is less than its allowable stress of 94.2 ksi
(SA-240, Type XM 19 at 300°F). The maximum effective stress in the structural shell is
about 24.0 ksi, which is less than its allowable stress of 66.2 ksi (SA-240, Type 304 at
300°F).

The g loads (including dynamic load factor) to be used for canister and basket structural analyses
are described in Appendix 3.9.11.
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Boundary Conditions

Since modal analysis is a linear analysis, all gap elements (and canister shell elements) used in
the Appendix 3.9.1 finite element model are deleted and the rails are supported at periphery.
Thus this model yields only the natural frequencies of the fuel supporting basket plates and the

rail panels.

For the 0° basket orientation, fuel is supported only by the horizontal panels, but for the 45°
basket orientation, fuel is supported by both horizontal and vertical panels. Since only the lateral
modes of vibration are significant, the master degree-of-freedoms are applied on horizontal

‘panels in y-direction and on vertical panels in x-direction.

Resulting Modes and Frequencies from the ANSYS Analysis

The first four natural frequencies of the 32PTH basket, resulting from the ANSYS modal
analysis are tabulated below.

32PTH Finite Element Modal Analysis Results

Mode Frequency for the 0° Frequency for the 45°
Number Analysis Analysis (Hz)
(Hz)
1 110.29 112.32
2 113.58 112.95
3 114.54 117.44
4 - 115.86 117.47

The first mode shape of the 0° and 45° modal analyses are plotted on Figures 3.9.11- 2 and

3.9.11- 3, respectively.

3.9.11.5 Dynamic Load Factor Calculations

An ANSYS [1] spring-mass model is developed using COMBIN 14 Spring-Damper element and
MASS21 Structural Mass element (See Figure 3.9.11-4). The spring stiffness and mass are
adjusted to produce fundamental natural frequencies for canister and basket in axial and
transverse orientations. Acceleration time-history from cask side and corner drops from Figures
3.9.11-5 and 3.9.11-6 (taken from Appendix 3.9.10) are impressed on the canister and basket
spring-mass models in a transient dynamic analysis. A damping ratio of 5% is used in these
transient dynamic analyses. The resulting canister and basket acceleration response for side and
corner drops is presented in Figures 3.9.11-7 t0 3.9.11-10. Using the maximum response values
from these figures, the dynamic load factors for both side drop and corner drop are computed in

the following table.

3.9.11-5
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Dynamic Load Factor Calculation Results

Drop Component Maximum Maximum Dynamic
Orientation Cask Response Load Factor
Acceleration | Acceleration
(From Figs. (From Figs.
3.9.11-5 and 3.9.11-7 to
3.9.11-6) 3.9.11-10)
9] (2
Side Drop Basket 57.3 67.5 1.18
Canister 59.2 1.03
Corner Drop Basket 15.5 17.5 1.10
Canister 20.8 1.30

3.9.11.6

Summary of g-Loads for 32PTH Canister and Basket Impact Analyses

Appendix 3.9.10 summarizes the maximum g-loads computed for the OS187H Transfer Cask
during an 80 inch side drop and a CG over corner drop events. The dynamic amplification factor
of 1.11 is used to compute g-loads for canister and basket impact loads for side drops and 1.34
for corner drops. These impact loads are computed in the following table:

Drop
Orientation

Acceleration
Direction

Maximum G
Load From

Maximum
Basket and Canister

G-Load Used for
Canister and

LS-DYNA
Analysis

G-Load Basket

Evaluation

Side Drop

573G " 573Gx1.18=

67.6G

Transverse 75G

Corner Drop

75G @
22G

Axial 15.5G 15.5Gx 1.3=20.2G

Note:

1.

A total of five sections ranging from the lid down to the bottom plate (see Figure 3.9.10-12 of Appendix
3.9.10) are selected in order to capture all possible g-load ranges seen by the OS187H Transfer Cask.
However, only the middle three sections (top trunnion, middle, and bottom trunnion sections) will transmit
inertial loads to the canister and basket. Therefore, only the maximum g load in these sections is used to
compute the g-loads seen by the canister and basket.

The transfer cask is transferred in the horizontal position held by the transfer trailer. In the axial direction it
is possible to slide into ground and incur a corner drop. During the corner drop, the canister with basket is
supported by the cask body in the horizontal position and the top end of the canister will slide into the cask
lid and supported by the lid. The maximum worst condition in the axial direction is end drop and transverse
condition is side drop, therefore the canister and basket were analyzed for 75g end drop and 75g side drop
in Appendix 3.9.1 to bound the corner drop.

For canister end closure weld shear stress calculation, it was conservatively assumed that the-internal weight
(basket + fuel assemblies) will impact the inner surface of the canister inner top cover without any support
from transfer cask lid. 22 g in the axial direction was used for weld stresses calculations.

3.9.11-6
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32PTH Basket Mcdal Analysis — 0 Deg (Fine Mesh)

Figure 3.9.11-1
NUHOMS 32 PTH Basket — Finite Element Model
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32PTH Basket Mcdal Analysis — 0 Deg (Fine Mesh)

Figure 3.9.11-2
NUHOMS 32 PTH Basket — First Mode Shape, 0 Degree Orientation
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Figure 3.9.11-3

NUHOMS 32 PTH Basket — First Mode Shape, 45 Degree Orientation
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Corner Drop - Basket Dynamic Acceleration Response
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THERMAL EVALUATION

The thermal evaluation described in this chapter 4.0 is applicable to the 32PTH DSC loaded
inside the OS187H TC and HSM-H. See Appendix A, Chapter A.4 for discussion of
applicability of these analyses for the 32PTH Type 1 DSC inside the OS187H Type 1 TC and
HSM-H. '

4.1 Discussion

The NUHOMS®-32PTH DSC is designed to passively reject decay heat during storage and
transfer for normal, off-normal, and accident conditions while maintaining temperatures and
pressures within specified limits. Objectives of the thermal analyses performed for this
evaluation include:

o Determination of maximum and minimum temperatures with respect to material
limits to ensure components perform their intended safety functions,

o Determination of temperature distributions to support the calculation of thermal
stresses,

e Determination of maximum DSC internal pressures for normal, off-normal, and
accident conditions, and

e Determination of the maximum fuel cladding temperature, and to confirm that this
temperature will remain sufficiently low to prevent unacceptable degradation of the
fuel during storage.

To establish the heat removal capability, several thermal design criteria are established for the
System. These are:

e Maximum temperatures of the containment structural components must not adversely
affect the containment function. '

e To maintain the stability of the neutron shield resin in the transfer cask (TC) during
normal transfer conditions, a maximum allowable temperature of 300°F is set for the
neutron shield material [1].

o A maximum fuel cladding temperature limit of 400°C (752°F) has been established
for normal conditions of storage and for short-term storage operations such as transfer
and vacuum drying [2]. During off-normal storage and accident conditions, the fuel
cladding temperature limit is 570°C (1058°F) [2].

e A maximum temperature limit of 327°C (620°F) is considered for the lead in the
transfer cask, corresponding to the melting point [3].

4-1



NUHOMS® HD System Updated Final Safety Analysis Report

Rev. 1, 9/07

6. SA-240, Type 304 Stainless Steel
Temperature Conductivity Conductivity Diffusivity Specific Heat Density
(°F) (Btu/hr--°F) [6] (Btu/hr-in-°F) (ft¥/hr) [6] (Btw/lbm-°F)? | (Ibm/in’) [3]
70 8.6 0.717 0.151 0.117 0.29
100 8.7 0.725 0.152 0.117
150 9.0 0.750 0.154 0.120
200 9.3 0.775 0.156 0.122
250 9.6 0.800 0.158 0.125
300 9.8 0.817 0.160 0.126
350 10.1 0.842 0.162 0.128
400 10.4 0.867 0.165 0.129
450 10.6 0.883 0.167 0.130
500 10.9 0.908 0.170 0.131
550 11.1 0.925 0.172 0.132
600 11.3 0.942 0.174 0.133
650 11.6 0.967 0.177 0.134
700 11.8 0.983 0.179 0.135
750 12.0 1.000 0.181 0.136
800 12.2 1.017 0.184 . 0.136
7. Aluminum
Al-1100 |
Temperature Conductivity Conductivity Diffusivity Specific Heat Density
(°F) (Btu/hr-ft-°F) [6] (Btu/hr-in-°F) (ft*/hr) [6] (Btu/lbm-°F) > | (Ibm/in’) [6]
70 133.1 11.092 3.67 0.214 0.098
100 131.8 10.983 3.61 0.216
150 130.0 10.833 3.50 0.219
200 128.5 10.708 342 0.222
250 127.3 10.608 3.35 0.224
300 126.2 10.517 3.28 0.227
350 125.3 10.442 3.23 0.229
400 124.5 10.375 3.17 0.232
Al-6061
Temperature (°F) 70 100 150 200 250 300 350 400
Conductivity (Btu/hr-ft-°F) [6] 96.1 96.9 98.0 99.0 99.8 100.6 101.3 101.9
Conductivity (Btu/hr-in-°F) 8.00 8.08 8.17 8.25 8.32 8.38 8.44 8.49 |
8. Lead
Temperature Conductivity Temperature Conductivity Specific Heat Density
(K) (W/m-K) [5] (°F) (Btu/hr-in-°F) (Btw/lbm-°F) [3] | (Ibm/in®) [3]
200 36.7 -100 1.767 0.03 0.393
250 36.0 10 1.733
300 353 80 1.700
400 34.0 260 1.637
500 32.8 440 1.579
600 314 620 1.512

% Thermal diffusivity is @ =

Cp

4-5

, this equation is used to calculate the specific heat.
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9. Poison Plates

Neutron poison plates in the basket type I are borated aluminum alloy or MMC. The minimum
conductivity of the borated material must be equal or larger than the 145 W/m-K at 100°C. It is
assumed that the conductivity of the borated aluminum alloy/MMC remains unchanged at higher
temperatures. The measured conductivities of the available borated aluminum alloys for the
entire range of 20°C to 400°C are much higher than the above requirement [7 and 8].

Basket type 11 is designed to use Boral® absorber as neutron poison plate. The Boral® absorber
possesses orthotropic thermal conductivity. To avoid any uncertainty, conductivity values of
Boral® are set conservatively to zero. An equivalent conductivity is calculated for a pair of
Boral® and aluminum-1100 plates in thermal analyses. For calculation of the equivalent
conductivity, the paired plates are considered as parallel thermal resistances. Since the
temperature gradients along the plates are much higher than the temperature gradients across the
plates, this assumption is reasonable. The following equation is used to calculate the equlvalent
thermal conductivity of paired plates.

_ kAl La +kp tp _ kAI Ly

aT Y
Lo = Total thickness of the basket plate = 0.5”

k4= Thermal conductivity of aluminum plate (Al 1100)

tA/— Thickness of the aluminum plate (¢, - £, -tolerance)
= Thickness of the Boral® plate = 0.075”

total 1o1al

Temp k - Al-1100 [6] keq for Basket Type Il |Basket type Il contains Boral® plates with a
(°F) (Btuw/hr-ft-°F) (Btuw/hr-in-°F) nominal core thickness of 0.05 in.
70 133.1 9.34 Total Boral® plate thickness is 0.075+0.004 in.
100 131.8 9.25 from reference [9]
150 130.0 9.12
200 128.5 9.02 The minimum thickness of the Al-1100 plate
250 1273 8.93 (0.4217) is considered to calculate the
300 126.2 3.86 equivalent conductivity.
350 125.3 8.79
400 124.5 8.74
650 121.3° 8.51

The minimum required thermal conductivities of the paired aluminum and poison plates will be
verified via testing as described in Chapter 9.

To minimize the thermal resistance of the basket during fire period, the conductivity of poison
plate is considered to be equal to the aluminum conductivity. Conductivity of the poison plate is
set equal to the minimum value of 145 W/m-K (6.98 Btu/hr-in-°F) during the cool down period
to maximize the thermal resistance. Specific heat and density of poison plate is set equal to those
of aluminum for transient runs.

? Extrapolated from the values in [ASME]

4-6
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4.3.1.2  Steady State HSM-H Model

Horizontal Storage Module (HSM-H) is designed to provide an independent, passive system with |
substantial structural capacity to ensure safe storage of spent fuel assemblies in NUHOMS®-
32PTH canisters. The decay heat load from stored canisters is removed via radiation, free
convection and conduction. Natural draft of air within the HSM-H cavity is created by the
temperature difference between ambient and the DSC surface, and the height difference between
the HSM-H vents. Ambient air enters the HSM-H through the inlet openings in the lower part of
the HSM-H side walls and circulates around the DSC and the side heat shields. Warm air passes
through or around the top heat shield and exits the HSM-H through the outlet openings in the

upper part of the HSM-H side walls.

Decay heat is rejected from the DSC to the HSM-H air space by convection and then is removed
from the HSM-H by natural air circulation. Heat is also radiated from the DSC surface to the
heat shields and HSM-H walls, where again natural air circulation and conduction through the
walls remove the heat. Typical flow paths are shown in Figure 4-44.

A half symmetric, three dimensional, finite element model of the HSM-H is developed using
ANSYS [16]. The model represents one module among adjacent HSM-H’s containing DSCs
with the maximum heat load of 34.8kW. Therefore, adiabatic boundary conditions are applied
over the outer surfaces of the HSM-H side walls and back wall. The HSM-H model includes the
DSC shell and shield plugs, the concrete structure, and the heat shields. The DSC content is not
considered for the steady state runs. The basket and its content are homogenized for the transient
runs. The homogenized basket properties are discussed in Section 4.4.1.1.

Conduction through components is modeled using SOLID70 elements. Conduction through air
within the HSM-H cavity is not considered for the steady state runs. Radiation between the DSC
shell, heat shields, and HSM-H walls is modeled using /AUX12 methodology. SHELL57
elements were superimposed on radiating surfaces to create the Super-element MATRIXS0. The
SHELLS57 elements were unselected prior to solving the model. The finite element model of
HSM-H is shown in Figures 4-6 to 4-8.

For the design basis heat load, 34.8 kW, the side heat shields are equipped with fins on the
surface facing the DSC. In this case, the fins and the surface facing the DSC are anodized. The
side shields are modeled as flat plates with a thickness of 0.3125” at the position of shield base
plate. Convection from the fins attached to the side shields is modeled using equivalent
convection coefficient. Calculation of the effective convection coefficients is discussed in
Section 4.11. Optionally, the alternative side heat shields without the fins may be utilized. For |
this un-finned configuration, the convection coefficient for a flat, vertical plate replaces the
effective convection coefficient over the fins. Flat side heat shields may be made from stainless
steel, aluminum or galvanized steel. If aluminum is used, the surface of the side heat shield
facing the DSC is anodized.

The top heat shield is a louver plate attached to the ceiling or a flat stainless steel plate for
HSM-H modules with stainless steel side heat shields. The louvered heat shield is modeled in its
exact geometry. The convection coefficient for the louvered top heat shield is discussed in

4-13



NUHOMS® HD System Updated Final Safety Analysis Report Rev. 1, 9/07

Section 4.11. The convection coefficients for flat, horizontal plate facing up or downwards are
considered for the flat stainless steel top heat shield. These convection coefficients are discussed
in Section 4.11 as well.

Steady State Boundary conditions for the HSM-H Model

Ambient temperatures between 0 and 100°F are considered as normal storage conditions. The
maximum day temperature of 115°F and the minimum temperature of -20°F are considered as
the maximum and minimum off-normal storage condition respectively.

Because of the large thermal inertia, the temperature responses of the HSM-H and DSC to
maximum day temperature are relatively slow. Therefore, considering an average maximum
temperature over a 24 hour period is reasonable to calculate the maximum component
temperatures during storage using steady state boundary conditions.

In order to calculate a daily average temperature given a maximum day temperature, a minimum
daily range must be specified. Reference [18] shows that the minimum daily range in the
contiguous United States is 27°F for a maximum summer ambient above 110°F. the hourly
temperature is defined in [18] as:

Thour = Timax — (percentage of the daily range) x (min daily range)

The percentages of the daily range are shown as a function of day time in [18]. The average of
the hourly temperatures over the 24 hour period gives the daily average temperature. The
following table shows the calculated daily average temperature for a maximum day temperature
of 115°F and a daily minimum range of 27°F.

Maximum day temperature = 115°F

Minimum daily range = 27°F

Time, hr % daily range [16] Tiou (°F) Time, hr | % daily range 16} Thour CF)
1 87 91.5 13 11 112.0
2 92 90.2 14 3 114.2
3 96 89.1 15 0 115.0
4 99 88.3 16 3 114.2
5 100 88.0 17 10 112.3
6 98 88.5 18 21 109.3
7 93 89.9 19 34 105.8
8 84 92.3 20 47 102.3
9 71 95.8 21 58 99.3
10 56 99.9 22 68 96.6
11 39 104.5 23 76 94.5
12 23 108.8 24 82 92.9

Daily average temperature = 100°F

A daily average temperature 105°F is used in this analysis to bound the maximum temperatures
for normal and off-normal storage conditions. To maximize the temperature gradients in the
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HSM-H concrete structure, only the off-normal storage condition of -20°F ambient is considered
for the evaluation.

The circumference of the DSC model is divided into three regions for convection boundary
conditions as shown in Figure 4-9. If the bar located on the supporting beam is slotted, the
surface of the DSC shell from -64.2° to -60° is located above the upper edge of the slots in the
slotted plate. The free convection is therefore restricted over this area. For conservatism, this
area is considered as a dead zone with no free convection. In the case that no slot is provided on
the supporting bar, the dead zone is increased to 18.9° as shown in Figure 4-9. Calculation of
free convection coefficients for the DSC regions is discussed in Section 4.11.

Similar to the DSC circumference, the cross section of the HSM-H cavity is divided into
different regions to apply the convection boundary conditions. Energy and hydraulic equations -
are combined to calculate the exit and the average bulk air temperatures for various ambient
temperatures. Section 4.13 shows the regions and describes briefly the methodology to calculate
the exit and the average bulk air temperatures in the HSM-H cavity.

Convection on HSM-H end walls is calculated using free convection correlations for vertical
surfaces at HSM-H average bulk air temperature (T.). Convection on the lower part of the side
wall, below the side heat shield, is determined using free convection correlation for vertical
surfaces at ambient temperature (T;). For the space between the side wall and the side heat
shield, free convection correlation for a narrow channel is used to determine the free convection
coefficient. For the HSM-H ceiling and the HSM-H basemat, correlations for flat horizontal
surfaces are used to determine free convection coefficients. Air temperatures for the convection
on the basemat and ceiling are ambient temperature (T.) and exit air temperature (Texit)
respectively. The calculation methods of free convection coefficients are discussed in detail in
Section 4.11. Figure 4-10 shows the convection boundary conditions applied in the HSM-H
model.

The thermal test reported in reference [25] shows that the HSM-H thermal analysis methodology
conservatively predicts the DSC and the HSM-H component temperatures.

Insolance is applied as a constant heat flux on the roof and front wall of the HSM-H, which are
exposed to the ambient. The value of the solar heat flux is taken from [17] averaged over a 24
hour period. The insolance is applied as a constant heat flux over the SURF152 elements
superimposed on the SOLID70 elements on the HSM-H roof and front wall. A solar absorptivity
of 1.0 is assumed for the concrete surface. The values of the applied heat fluxes are listed below:

Shape Insolance [17] (gcal/cm?) Averaged over 24 hr (Btu/hr-in®)
HSM roof 800 0.8537
HSM front wall 200 0.2134

Insolance is not considered for the minimum ambient temperature of -20°F.
Convection and radiation from the roof and the front wall are combined together as a total

convection coefficient. The calculation of the total convection coefficient is discussed in Section
4.11. ;
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The decay heat load is considered to be distributed evenly on the radial inner surface of the DSC
for the steady state runs in this analysis. The applied decay heat flux is:

Decay heat flux = Q 7 =3.34  Bwwhrin®or  3.25 Btu/hr-in® for CE 14x14 only
V3

i

where,
Q = total decay heat load = 34.8 kW = (118,748 Btu/hr) or 33.8 kW (115,336 Btuwhr) for CE 14x14 only
Di = inner DSC diameter = 68.75”
L = DSC cavity length = 164.5”

HSM-H modules with finned aluminum side shields and HSM-H modules with stainless steel
heat shields are evaluated with the maximum decay heat load of 34.8 kW. In order to-limit the
maximum concrete temperature below the values considered for the HSM-H with finned
aluminum side heat shields, the maximum decay heat load is decreased for the HSM-H modules
with flat aluminum or flat galvanized steel side heat shields. The maximum decay heat load for
the HSM-H modules with un-finned aluminum side heat shields is 32.0 kW, which gives a
uniform heat flux of 3.07 Btu/hr-in’.

Decay heat flux = g 7" 3.07.  Btwhr-in® for HSM-H with un-finned aluminum side heat shields
n D, _

1

Q;=32.0kW =109,194 Btu/hr

For the HSM-H modules with galvanized side heat shields, the maximum decay heat load is
limited to 26.1 kW.

Decay heat flux = Y =2.51 Btwhr-in> for HSM-H with galvanized steel side heat shields
T L

Q,=26.1 kW =89,061 Btu/hr

It is assumed that soil has a temperature of 70°F at 10° below the HSM-H basemat for hot
conditions. The soil temperature for cold condition (-20°F) is assumed to be 45°F. These
assumptions are consistent with the assumptions in the thermal analysis of the standardized HSM
design [19]. The HSM-H basemat is considered to be a 4’ thick concrete slab. Due to low
conductivity of concrete and soil, the model is insensitive to the thickness of the basemat / soil
and the soil temperature. The heat flux and fixed temperature boundary conditions applied in the
model are shown in Figure 4-11.

4.3.1.3 Steady State 32PTH DSC Model

The 32PTH DSC is a high integrity stainless steel welded pressure vessel that provideé '
confinement of radioactive material, encapsulates the fuel in a helium atmosphere, and when
placed in the transfer cask, provides radiological shielding.

A three dimensional finite element model of the 32PTH DSC is developed using ANSYS [16] to
determine the maximum fuel cladding temperature. The DSC model includes the DSC shell, .
shield plugs, basket rails, basket, and fuel assemblies. The fuel assemblies are modeled as v
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homogenized regions within the fuel compartments. The effective thermal properties for the
homogenized fuel are calculated in Section 4.8.

The following conservative assumptions are considered in developing the finite element model to
maximize the fuel cladding temperature: '

« No convection occurs within the DSC cavity,
o The basket containing the fuel assemblies is centered axially in the DSC cavity,
» Heat transfer across the contact gaps within the basket occurs only by gasous conduction.

The following gaps are considered between components in the model at thermal equilibrium:

« 0.010” gap between each two adjacent basket plates except for the following cases:

— between the aluminum inserts and the stainless steel rails — this gap is considered to be
at least 0.020” -

— between the aluminum and the poison plates, when applicable. The aluminum plate
and the poison plate are sandwiched between fuel compartments. For ease of modeling
the 0.010” gaps are placed on both sides of the paired plates. These gaps account for
the total contact resistance between the four plates shown in Figure 4-13, Detail B.

+ 0.010” gap between the basket plates and aluminum rails
« 0.100” radial gap between rails and inner shell (see Section 4.11 for justification)

The axial cold gap of 0.07” between the stainless steel support plates and the aluminum plates is
divided into a 0.01” axial gap at the bottom and a 0.060” axial gap at the top of the stainless steel
plate. All dimensions of the canister are at nominal values. Details of the finite element model
are shown in Figures 4-12 to 4-14.

Five basket types in two categories are designed for NUHOMS-32PTH DSC. Relevant
characteristics of these basket types are listed below.

Basket type 1 11

A Boron Aluminum, or Metal Boral®

B Matrix Composites (MMC) Maximum thickness 0.075”
C Maximum thickness 0.187”

D Not applicable

E Not applicable

Aluminum plates are to be paired with the poison plates to make a nominal thickness of 0.5”.
The conductivity of the borated aluminum/MMC plate depends on the boron content and the
fabrication procedure. To bound the maximum component temperature, the maximum thickness
of the boron containing plate (0.1875%) is considered in the model for basket type 1.

Paired Boral®/ aluminum plates are used in basket type 11. An effective conductivity is calculated
for the paired Boral® / aluminum plates, as discussed in Section 4.2. Other combination of
aluminum and poison plates that satisfies the conductivity requirements in Chapter 9 can be used
in the basket.
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Heat transfer from the fuel regions occurs only by conduction through the basket plates and the
rails. Conduction and radiation heat transfer are considered between the rails and the DSC shell.
Conduction through components is modeled using SOLID70 elements.

Radiation between the rails and the DSC shell is modeled using radiation LINK31 elements
using the same methodology as described in Section 4.3.1.1. Axial radiation is also considered
between the top and bottom surfaces of the fuel assemblies to the shield plugs. The emissivity of
the heavily oxidized top and bottom surfaces of the fuel assemblies are considered to be 0.9.

The material properties of Al-1100 are considered for the rail inserts and back plates in the DSC
model. Alternately, Al-6061 can be used to fabricate these components.

The DSC model is modified to evaluate the thermal effects of using alternate material Al-6061.
The conductivity of rail inserts and back plate is changed from Al-1100 to Al-6061 in the
modified model. All other material properties and boundary conditions remain unchanged. The
results are discussed in Section 4.3.2.

Steady State Boundary conditions for the DSC Model

The nodal temperatures of the DSC shell are retrieved from the transfer cask or HSM-H models
described in Sections 4.3.1.1 and 4.3.1.2, and applied to the corresponding nodes in the DSC
model via a macro described in Appendix 4.16.1.

The SOLID70 elements representing the homogenized fuel are given heat generating boundary’
conditions in the region of the active fuel length. Active fuel length is considered to be 144 [20]
beginning at approximately 4.0” above the bottom of the fuel assembly [20]. Fuel assembly has a
total length of 162” in the model. Peaking factors to apply the axial decay heat profile for the
homogenized fuel region are calculated in Section 4.7.

The maximum heat load per canister is 33.8 kW for CE 14x14 fuel assemblies and 34.8 kW for
other fuel assemblies. Since CE 14x14 fuel assembly has a shorter active fuel length than the
other assemblies, a lower total heat load is considered for CE 14x14 assembly to avoid a high
heat generating rate. The maximum decay heat per assembly is 1.5 kW. Heat load zoning, as
illustrated below, is used to maximize the number of higher heat load assemblies per DSC. The
loading requirements are as follows.
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Heat generation rates as a function of spent fuel parameters are calculated in Appendix 4.16.2.
Five extreme loading configurations are considered to bound the maximum component
temperatures. The loading configurations are shown in Figure 4-15. In the first configuration, the
heat load in the core compartments is maximized. so that zone 1 has a uniform heat load of 0.8
kW per assembly and zone 2 has a heat load of 1.1 kW per assembly. Since the total heat load is
limited to 34.8 kW, the heat load of zone 3 is 1.2 KW per assembly.

The heat load in the peripheral compartments is maximized in loading configuration 2, so that
zone 3 has a heat load of 1.5 kW per assembly and zone 2 has a heat load of 1.1 kW per
assembly. Since the total heat load is limited to 34.8 kW, the heat load of zone 1 is 0.2 kW per
assembly. A heat load of 0.2 kW per assembly for a fuel assembly in zone 1 is rather unrealistic.
To have a more realistic estimation of maximum component temperatures loading configuration
3 is considered, in which zone | has a heat load of 0.55 kW per assembly and zone 3 has a heat
load of 1.5 kW per assembly. Zone 2 is divided into two subdivisions. The first subdivision
includes the fuel assemblies around the central assemblies with a heat load of 0.925 kW per
assembly and the second subdivision located at the periphery has a heat load of 1.1 kW per
assembly.

In loading configuration 4, the heal load in zone 1 and zone 3 are maximized. so that the central
and peripheral compartments have maximum heat load. The heat load is 1.5 kW per assembly in
zone 3 and 0.8 kW per assembly in zone 1. The remaining heat load is divided uniformly over
assemblies in zone 2, which gives a heat load of 0.98 kW per assembly.

To investigate the effect of non-uniform loading in zone 1. loading configuration 5 is considered.
in which the two lower compartments in zone 1 have a heat load of 1.05 kW per assembly. It
gives a heat load of 0.55 kW per assembly for the two upper compartments in zone 1 based on
the loading restrictions.

Similar to load configuration 1, the heat load in the core compartments is maximized for
CE 14x14 assemblies in load configuration 6. The heat load of zone 3 is 1.17 kW per assembly.
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Load configuration 7 is similar to configuration 4, the heat load in zones 1 and 3 are maximized
to investigate the effect of the maximum heat load in zone 3 on the cladding temperature.

The sevenfive loading configurations discussed above are considered only for the maximum
ambient temperature of 115°F during transfer operation. For the other conditions loading
configuration 1 is evaluated, which gives the maximum DSC component temperatures for high
enriched fuel assemblies in basket type I.

Heat generating rate for each segment of the active fuel region is calculated as follows:

Q
- 4a2‘La
q =————"

0.984

where
Q = Heat load per assembly defined for each loading zone
a = half width of fuel compartment =Width of the modeled fuel assembly =.8.77/2 = 4.35”
L, =Active fuel length = 137 for CE 14x14 / 144” for other assemblies
PF = Peaking Factor from Section 4.7

The area beneath the peaking factor curve shown in Section 4.7 is 0.984. The heat generating »
value is divided by this factor to avoid any reduction of the total heat load in the model. The total
heat load applied in the model is verified by retrieving the reaction solution from the solved
model and comparing it to the maximum heat load value. Typical applied boundary conditions
are shown in Figure 4-16 ‘

4.3.2 Maximum Temperatures for Normal and Off-Normal Conditions

Steady state thermal analyses are performed using the maximum decay heat load of 34.8 kW
(33.8 kW for CE 14x14) per canister, 115°F ambient temperature, and the maximum insolation
per reference [17]. Insolation is averaged over a 12 hour period for transfer conditions and over
a 24 hour period for storage conditions.

The temperature distributions within the TC, the HSM-H, and the DSC models are shown in
Figures 4-17 to 4-23. Summaries of the maximum component temperatures are listed in Tables
4-1 and 4-2. The maximum component temperatures for 34.8 kW heat load bounds the
temperatures calculated for 33.8 kW heat load as shown in Table 4-1.

The maximum basket component temperatures for normal and off-normal storage conditions in
Table 4-2 and Table 4-4 are calculated based on DSC shell temperature profiles with the
maximum temperature of 422°F and 319°F for off-normal hot and cold conditions, respectively.
These maximum temperatures bound the maximum DSC shell temperatures resulted for HSM-H
with stainless steel heat shields. Therefore, the maximum basket component temperatures
including the maximum fuel cladding temperatures reported in Table 4-2 and Table 4-4 are the
bounding temperatures for all HSM-H variations discussed in Section 4.3.1.2.

As seen from Table 4-2, using Al-6061 instead of Al-1100 for rail inserts and back plates

increases the maximum cladding temperature by 4 °F. The temperature increase for the basket
components due to use of Al-6061 is bounded by 4 °F as well.
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The maximum temperatures calculated for off-normal conditions bound the values for the normal
conditions. Therefore, thermal stress and DSC internal pressures for both normal and off-normal
conditions are calculated based on the temperatures resulted from the maximum off-normal
conditions (115°F ambient) for conservatism.

4.3.3 Minimum Temperatures for Normal and Off-Normal Conditions

Temperature distributions under the minimum ambient temperatures of —20°F with no insolation
and the maximum design heat load are determined under steady state conditions to maximize the
temperature gradients in the TC, the HSM-H and the DSC. Figures 4-24 and 4-25 show the
temperature distributions for transfer operations and storage conditions at -20°F respectively.
Tables 4-3 and 4-4 summarize the results of these analyses.

The resultant DSC and transfer cask temperatures for the -20°F ambient during transfer and
storage are used to calculate the thermal stresses for the normal conditions at 0°F ambient.

4.3.4 Maximum Internal Pressures for Normal and Off-Normal Conditions
Maximum internal pressure within the NUHOMS®-32PTH DSC is calculated in Section 4.6.

4.3.5 Maximum Thermal Stresses for Normal and Off-Normal Conditions

Maximum thermal stresses during normal and off-normal conditions of storage and transfer are
calculated in Chapter 3.

4.3.6 Evaluation of Thermal Performance for Normal and Off-Nérmal Conditions

The thermal analysis for normal and off-normal conditions of transfer and storage concludes that
the NUHOMS®-32PTH System design meets all applicable requirements.

The maximum component temperatures calculated using conservative assumptions are lower
than the allowable limits. The maximum TC seal temperature (255°F / 124°C) during off-normal
transfer conditions is well below the 400°F long-term limit specified for continued seal function.
The maximum solid neutron shield temperature (265°F / 129°C) is below allowable limit of
300°F (149°C) and no degradation of the solid neutron shielding material is expected. The
maximum pressure within the neutron shielding panel (38.5 psia / 23.8 psig) corresponding to the
average temperature of the liquid neutron shield (265°F / 129°C) is below the set point of the
pressure relief valve (54.7 psia / 40 psig).

For all the side heat shield configurations, the maximum local temperature of the HSM-H
concrete structure is lower than 300°F as required in [22]. The concrete structure of the HSM-H
is made using Type Il cement with fine aggregates satisfying ASTM C33 or equivalents as
defined in NUREG-1536 [22].
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The calculated maximum fuel cladding temperature is lower than the temperature limit of 752°F
(400°C) considered for normal conditions of storage and short-term operations in [2]. The
comparison of the resultant maximum temperatures with the allowable limits is listed below:

Component Transfer Conditions ' Allowable / Design Limit

Cask Lid Seal 205°F 400°F

Cask Bottom Plate Seal 190°F 400°F

Lead 337°F 621°F

Liquid Neutron Shield (Temp / Press) 265°F / 23.8 psig 45 psig

Solid Neutron Shield 213 °F 300°F

Fuel Cladding 727°F 752°F

Componént Storage Conditions ' Allowable / Design Limit

Concrete in module with finned aluminum side 213°F 300°F

heat shields @ 34.8 kW

Concrete in module with flat stainless side heat 248°F 300°F

shields @ 34.8 kW

Concrete in module with un-finned aluminum 219°F 300°F

side heat shields @ 32.0 kW

Concrete in module with un-finned galvanized 213°F 300°F

steel side heat shields @ 26.1 kW :

Fuel Cladding @ 34.8 kW 684°F 752°F for normal conditions /
1058°F for off-normal conditions

The maximum DSC internal pressures for normal and off-normal storage conditions are 5.9 and
10.7 psig respectively. The maximum DSC internal pressure for normal transfer conditions is 6.4
psig and for off-normal transfer conditions is 11.2 psig. The DSC internal pressures are lower
than the design pressure limits of 15 psig for normal and 20 psig for off-normal storage and

transfer conditions.

' The TC and HSM-H models are run only with off-normal conditions at 115°F ambient. The resultant temperatures
are used to evaluate the thermal performance for both normal and off-normal conditions. The fuel cladding

temperature remains in all cases below the normal allowable limit of 752°F.

4-22



NUHOMS® HD System Updated Final Safety Analysis Report Rev. 1, 9/07

4.4  Thermal Evaluation for Accident Conditions

Three hypothetical accident cases during transfer operation are relevant for thermal evaluation:

e Loss of the TC liquid neutron shield due to damages on the shielding panel
e Loss of helium gas in annulus between the DSC and the TC
e Postulated fire engulfing the TC

It is considered in all the above cases that the transfer cask contains a fully loaded DSC. The fire
accident is postulated in which maximum amount of 300 gallons of diesel fuel is spilled onto the
ground in such a way as to completely engulf the transfer cask. Subsequent to the fire accident, it
is assumed that the seals for the TC lid and the bottom cover plate will burn, and the liquid
neutron shield will be released and evaporates completely. Therefore, the fire accident scenario
bounds the loss of liquid neutron shield and the loss of helium gas in the accident cases. The fire
accident case is analyzed to give the bounding fuel cladding temperature for the transfer accident
cases.

Since the HSM-H is located outdoors, there is a remote probability that the air inlet and outlet
openings will become blocked by snow or by debris from events such as flooding, high wind,
and tornados. The perimeter security fence around ISFSI and the location of the air inlet and
outlet openings reduces the probability of such an event. Nevertheless, it is conservatively
considered in this analysis that all the inlet and outlet openings become blocked.

The thermal mass of the HSM-H, the construction of the vent openings, and the location of the
fuel on the transfer vehicle limit the effect of a fire accident for the HSM-H. Therefore, the worst
case fire accident is bounded by the fire accident case during transfer operation.

A new model is developed to evaluate the fire accident case during transfer operation. The HSM-
H model described in Section 4.3 is slightly modified to evaluate the blocked vent accident case
during storage. The DSC model is unchanged for this evaluation. Details of the models are
discussed in section 4.4.1.

4.4.1 Thermal Models for Accident Conditions

44.1.1 Transient Transfer Cask Model

To determine the temperature distribution in the transfer cask and the DSC for fire accident case,
a three dimensional model is developed using ANSYS [16]. This model is created by selecting
the nodes and elements of the DSC model described in Section 4.3 at z-axis from 56.06” to
86.07”. The shells of TC including the annulus are then modeled around the DSC using
SOLID70 elements. LINK31 elements are created using the same methodology as described in
Section 4.3.1.1 to simulate the radiation between the DSC shell and the TC inner shell. The three
dimensional model represents a slice of the DSC within the transfer cask. The TC slice model is
shown in Figure 4-26. Axial length of the slice model is 30”.
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The insolance on the HSM-H surfaces exposed to the ambient and the soil temperature are
applied also in the same way as described in Section 4.3.1.2. Uniform heat generating boundary
conditions are applied over the elements representing the homogenized basket. The heat
generating rate for the basket elements is calculated as follows.

Heat generating rate = _Q =0.1945 Btwhr-in®
T 2
—D L
4

Q = total decay heat load = 34.8 kW = 118748 Btu/hr
Di = inner DSC diameter = 68.75”
L =DSC cavity length = 164.5”

where,

During the blockage of the vents, air within the HSM-H cavity is trapped. The convection heat
transfer under these circumstances reduces to free convection in closed cavities. However, closed
cavity convection is conservatively ignored and all convection boundary conditions within the
HSM-H cavity are removed. Only the conductivity of air is considered for this analysis. The
effect of the thermal radiation exchange between the top heat shield and the DSC is studied to
calculate the bounding component temperatures for the blocked vent conditions.

The DSC shell temperatures are retrieved from the transient HSM-H model and applied as steady
state boundary conditions to the 32PTH DSC model. This methodology over predicts the fuel
cladding temperature since the fuel assemblies heat up faster than the DSC shell. The heat
generating rates and peaking factors for the homogenized fuel regions in the DSC model are
calculated in the same way as described in 4.3.1.3. The maximum decay heat load of 34.8 kW
and loading configuration 1 (Figure 4-15) are considered for this evaluation. The DSC
temperatures for 34.8 kW decay heat load bound the temperatures for lower decay heat loads of
32.0 and 26.1 kW cases.

4.4.2 Maximum Temperatures for Accident Conditions

The maximum component temperatures resulted from the transient run of the transfer cask model
are listed in Table 4-5. Figure 4-28 shows the temperature distributions for the transfer cask fire
accident. The temperature-time histories of major components in the transfer cask OS187H
during fire accident are shown in Figure 4-29.

The transient model of the HSM-H simulates 36 hours of the blocked vents accident case. 34
hours after complete blockage of the inlet and outlet vents, the maximum concrete temperature
rises to 364°F for the HSM-H equipped with finned aluminum side heat shields and to 377°F for
the HSM-H equipped with flat stainless steel heat shields. Since lower heat loads are specified
for the HSM-H with un-finned side heat shields (aluminum or galvanized steel), it takes longer
than 34 hours of vent blockage until the maximum concrete temperature of these modules exceed
the above temperature. Typical temperature distributions for the HSM-H model during blockage
of the vents are shown in Figure 4-30.
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The DSC shell temperatures at 34 hours after blockage of the vents are retrieved from the
transient model and applied as steady-state boundary conditions to the DSC model. The typical
resultant temperature distributions are shown in Figure 4-32.

The maximum component temperatures for the blocked vent cases are listed in Table 4-6. Since
the DSC shell temperature resulted for HSM-H with finned aluminum side heat shields is higher,
the maximum basket component temperatures including the maximum fuel cladding temperature
are bounded by this case. Figure 4-33 shows the temperature-time history of major components
in the HSM-H during blockage of the vents, for the bounding case.

4.4.3 Maximum Internal Pressures for Accident Conditions

Maximum internal pressure within the NUHOMS®-32PTH DSC is calculated in section 4.6.

4.4.4 Maximum Thermal Stresses for Accident Conditions

Maximum thermal stresses during accident conditions of storage and transfer are calculated in
Chapter 3.

4.4.5 Evaluation of Thermal Performance for Accident Conditions

The thermal analysis for the accident conditions during storage or transfer operation concludes
that the NUHOMS®-32PTH System design meets all applicable requirements.

The conservative model of the transfer cask for the fire accident case shows that the maximum
fuel cladding temperature does not exceed 1036°F. This maximum temperature is lower than the
allowable limit of 1058°F.

The maximum fuel cladding temperature after blockage of the vents for 34 hours is 823°F in the
HSM-H with the design basis heat load of 34.8 kW. This temperature is well below the
maximum allowable limit of 1058°F set for fuel cladding in accident conditions.

The analysis for the blocked vent accident conditions limits the block vent duration to 34 hours.
This time limit is adequate for a combination of inspection and reaction times to remove any vent
blockage. Since the maximum concrete temperature is higher than 350°F suggested in reference
[21], the strength of the concrete structure will be verified by a test as described in Chapter 12.

The maximum DSC internal pressure 34 hours after blockage of the HSM-H vents is 14.1 psig,

- which is lower than the design pressure of 70 psig. The maximum DSC internal pressure for fire
accident case during transfer operation is 91.0 psig, which is well below 120 psig design pressure
considered for the transfer accident cases.
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4.6 Maximum Internal Pressure

The following methodology is used to determine the maximum pressures within the 32PTH DSC
during storage and transfer conditions:

e  Average cavity gas temperatures are derived from component temperatures.
e The amount of helium present within the canister after the initial backfilling is
determined via the ideal gas law.
e  The total amount of free gas within the fuel assemblies, including both fill and ﬁssmn
‘ gases, is calculated based on data reported in [28].
e The amount of released gas from the fuel rods into the DSC cavity is determined based
on the maximum fraction of the ruptured fuel rods considered in NUREG 1536 [22].
e  The amount of helium gas is added to the amount of released gases to make the total
amount of gases in the 32PTH DSC cavity.
» Finally, the maximum cavity pressures are determined via the ideal gas law.

The design pressures for the NUHOMS®-32PTH DSC are summarized in the following table.

Condition Maximum Allowable Pressure Maximum Allowable Pressure
For Storage (psig) for Transfer (psig)

Normal 15 15

Off-Normal 20 20

Accident 70 120

Based on the ideal gas law, the internal pressure of the DSC increases as the average gas
temperature increases. Since the DSC normal operating temperatures are bounded by the off-
normal temperatures, the maximum internal pressure of the DSC is conservatively calculated
based on the off-normal temperatures for both the normal and the off-normal conditions. The
average cavity gas temperatures are calculated for transfer and storage conditions with 34.8 kW,
which give the bounding maximum component temperatures. (See Table 4-1 and Table 4-2.)

The maximum fractions of the fuel rods that can rupture and release their free gases to DSC
cavity for normal, off-normal, and accident cases are 1, 10, and 100% respectively as considered
in NUREG 1536 [22].

4.6.1 Average Gas Temperature

To determine the average gas temperature, volume average temperatures of the elements
representing the helium gaps (Ty;g) and the homogenized fuel assemblies (Tr.e) are calculated
discretely from the thermal models. Although the average temperature of the homogenized fuel
elements includes the fuel rods and the helium gas between them, this average temperature is
considered as the average gas temperature within fuel compartments. The following volumes are
considered to calculate the gas average temperature:

Gas volume in the fuel compartments = Volume of the fuel compartments — Volume of the fuel rods
Volume of the fuel compartment = 8.7 x 8.7 x 162 x 32 = 392,377 in®

Volume of the fuel rods = 148,488 in’ [Chapter 3]

Gas volume in the fuel compartments (Ve comp) = 243,889 in’
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Gas volume in the void space of DSC = Total DSC cavity volume — Gas volume in the fuel compartments
Total DSC cavity volume (Vi aviry) = 308,146 i m [Chapter 3]

Gas volume in fuel compartments = 243,889 in’

Gas volume in void space of DSC (V) = 64,257 in®

The average gas temperature in the 32PTH DSC is calculated as follows:

— T , XV -T a XV i

T avg , fue e ,comp avg ,voi

psc =
14

cavity

For an average gas temperature, the mass and volume average temperatures are equal. The
results are summarized below.

Operating Condition Tpsc(CF)

Storage Normal 515
Off-Normal 515
Accident ’ 647

Transfer Normal 537
Off-Normal 537
Accident 961

Using Al-6061 instead of Al-1100 for rail inserts and back plates increases the DSC component
temperature by at most 4 °F as discussed in Section 4.3.2. A noted in Table 4-2, the DSC
component temperatures for normal and off-normal storage conditions are based on maximum
DSC shell temperature of 422°F instead of 407°F for conservatism. This conservatism
compensates more than adequate the temperature increase due to use of Al-6061. Therefore, the
average gas temperatures in the above table remain bounding for storage conditions.

The temperature increase of 4°F for transfer conditions results in an increase of at most 0.3% for
absolute average gas temperature within DSC cavity.

Temp. Increase / Absolute Fuel Cladding Temp. [Table 4-2] = 4/(723 + 460) = 0.3%

4.6.2 Amount of Initial Helium Backf{ill

The initial helium fill pressure within the canister is 2.5%1.0 psig after vacuum drying. An initial
pressure of 3.5 psig (18.2 psia) is considered here to maximize the amount of helium gas. The
finite element model developed to analyze the vacuum drying process (Section 4.5.1) is run for
steady state conditions with helium atmosphere to consider the minimum initial DSC
temperature before backfilling, which gives the maximize amount of initial helium gas.
Procedure A for vacuum drying (circulation of cool water around DSC) is considered in this run
to have the lowest DSC temperature after vacuum drying. The average gas temperature is then
calculated using the same methodology described in section 4.6.1. The initial temperature of the
backfill gas within the canister is 469°F.

7 After 48 hours of vent blockage
¥ At the end of cool down period, 120 hours after beginning of the fire
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From the backfill pressure and initial backfill gas temperature, the amount of helium backfill gas
can be calculated using the ideal gas law.
_ PV
RT
P = maximum initial canister fill pressure = 18.2 psia
V = DSC cavity volume (loaded) = 308,146 in®> = 178.3 ft* [Chapter 3]

T = initial fill temperature = 469°F = 929 R
R = universal gas constant = 10.730 psia-ft*/lbmoles-R [3]

n

Npack = 0.326 Ib-moles

4.6.3 Free Gas within Fuel Assemblies / BPRA

Maximum volume of free gas per assembly is bounded by WE 15x15 fuel assembly with 204
fuel rods for burnup rates from 35,000 to 55,000 MWd/MTU as concluded in [28]. The reported
total free gas volumes from reference [28] are extrapolated to evaluate the free gas volume at the
maximum design burnup rate of to 60,000 MWd/MTU. Figure 4-38 illustrates this extrapolation.
Based on extrapolation results, the total free gas volume at 60,000 MWd/MTU burnup rate is
1123 cc per fuel rod at standard pressure and temperature (0°C and 760 mmHg). The amount of
free gases in the fuel rods based on the ideal gas law is then:

Nfyel = (204 rods/assy)(32 assy)[(760 x 1123/1000)/ (62.361 x 273'.15)] (2.2046E-3 1bm/g)
=0.721 Ibmoles

with R = 62.361 (mmHg-lit/gmoles-K)

Customer supplied data [29] states that the Westinghouse BPRA has the largest displacement
volume and the most amount of free gas among the applicable BPRA types. The amount of free
gas in each BPRA rod is 2.0E-4 Ibmoles per reference [29].

The amount of free gas in the BPRA rods is:

nppra = (2.0E4 Ibmole/rod)(20 rod/assy)(32 assy)
=0.128 Ibmoles

Total amount of free gas is:

Nfree = Nfie} + NpprA

4.6.4 Total Amount of Gas within DSC

The total amount of gas within the DSC is equal to the amount of the initial helium backfill gas

plus any free gases within the ruptures fuel assembly rods or BPRA. All free gases within the

ruptured fuel rods/BPRAs will be released into the canister. It is assumed that the fractions of the

ruptured BPRA rods are the same as those considered for the fuel rods, i.e., 1, 10, and 100% for
‘ ~ normal, off-normal, and accident case respectively.
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Total amount of free gas released to the DSC cavity is:

Niotal = Npack + fB (nfree)
Ny = total amount of gas

(Ibmoles)

fg = fraction of the ruptured fuel rods

4.6.5 Maximum DSC Internal Pressures

Displacement volume of the BPRA is 480 in® per reference [29]. Maximum DSC internal
pressures are determined via the ideal gas law:

P=(n,, RT,. )V

total

P = pressure (psia)

V = Cavity volume =178.3(f’) without BPRAs

V = Cavity volume — BPRA volume = (308,146 — 32*480)/12° = 169.4 (ft’) with BPRAs

R = universal gas constant = 10.73 (psia-ft’/lbmoles-R)

The results are summarized in Table 4-10.

The temperature increase of 0.3% for transfer conditions discussed in Section 4.6.1 due to use of
Al-6061 for rail inserts and back plates increases the DSC internal pressure by the same ratio
according to the above equation. This small increase remains bounded by the design pressures in

Table 4-10.

4.6.6 Maximum Pressure in Annulus

The pressure in the annulus between the transfer cask and the DSC is calculated using the ideal

gas law:
T
Pann = init T
init

P..n = Annulus pressure (psia)

P;.i; = initial pressure = 3.0 psig = 16.7 psia

T = annulus average temperature (R)

T, = annulus initial temperature = 70°F = 530 R

Average annulus temperature is the volume average temperature of the annulus elements

retrieved from the transfer cask model. The results are summarized below.

Transfer Condition T ann Pann Poon

(°F) (psia) (psig)
Normal and Off-Normal 349 27.0 12.3
Accident 682 38.1 234

4-39




NUHOMS® HD System Updated Final Safety Analysis Report

Rev. 1. 9/07

_ 0.527Ra"’
[1+(1.9/Pr)'*)*"°

Nu, =max[Nu,,,Nu,,]  Nusselt number for laminar flow

Uy

Nu, =C, Ra'? Nusselt number for turbulent flow with

H
i

v 3
C, =C’/ cos’ ¢ for ~90° <g< tan"[c—’J

3
C, =C"sin*¢  for tan“(—g-%;] <P<90°

0.22
with C,V < 0.13Pr081 _
(1+0.61Pr**")*
Cl ~0.14 Sor Pr<100

Nu=[Nup)" +(Nu)y" "™ with m=6 for 1<Ra<10"

2 :Nuk

[

with

L = length of the inclined plate
k = air conductivity

‘The above correlations are incorporated in ANSYS [16] model via macro "HC _IPLD.mac” listed

in Appendix 4.16.1.

4.11.2.7 Convection Coefficient for the Louvered Top Heat Shield

The louvered top shield consists of six pieces each containing 70 inclined plates. Because of the
relatively large opening between the plates and their short length, the interference of the thermal
boundary layers is minimal, so that a convection coefficient can be calculated separately for each

plate as follows.

h,, = convection coefficient on upper surface of louver plates (positive angled)
hgown = convection coefficient on lower surface of louver plates (negative angled)

hyp and hgown are calculated using the correlations described in Sections 4.11.2.5 and 4.11.2.6 for
inclined plates. The above correlations are incorporated in ANSYS [16] model via macro

“HC LL.mac” listed in Appendix 4.16.1.
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The average bulk temperature (Tiean) is calculated as follows to use for the convection boundary
conditions within the HSM-H cavity.

Tmean = (Tc+Texit)/2

The temperature of the air leaving region 8 is equal to the exit air temperature.

The HSM-H is divided into three following sections to calculate the dynamic loss coefficients.
o 1: from air entrance opening to the inlet vent at the lower part of the HSM-H sidewall
e 2: HSM-H cavity from inlet opening to outlet opening
o 3: from outlet opening at the upper part of the HSM-H sidewall to the exhaust
opening on the roof. :

Each section is divided into subsections. Hydraulic loss coefficients in subsections are calculated
using corresponding correlations from [35] and [36]. Serial loss coefficients of subsections are

added together to make the equivalent total loss coefficient (ZK—E’2 ). For calculation of the

Ei
equivalent loss coefficient for parallel flow paths see footnote on Table 4-21. Table 4-21
summarizes the results for 34.8 kW decay heat load for both HSM-H with louvered top heat
shield and finned aluminum side heat shields and for HSM-H with flat stainless steel top and
side heat shields. The results for 32.0 kW and 26.1 kW decay heat loads are listed in Tables 4-22
and 4-23 respectively.
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The concentration of the decay heat for the rubble fuels is maximized, when the rubble is |
compressed to a minimum height at one end of the fuel compartment.

To bound the maximum cladding temperature of the intact fuel assemblies, it is assumed that all
the 16 damaged fuel assemblies transform to rubble. The cladding is considered as powder but
the pellets are assumed to keep their shape in the rubble. An approximate void volume between
the pellets can be evaluated considering the area ratio of the pellet cross-section to the square
area with a width equal to the pellet outer diameter. The increased volume due to the void spaces
between pellets is then: '

{(ODyeet” - 7 ODypetier” / 4) / (1 ODypetier” / 4)}x 100 = (4/m-1) x 100 =27.32 %
The minimum height of the fuel rubble is calculated as follows.

b Vi x1273247,,
min A

where
A = cross-sectional area of the fuel compartment = 8.7 x 8.7 = 75.69 in’
Vuoz = volume of fuel pellets from Section 4.8
Vzu4 = volume of fuel cladding from Section 4.8

Table 4-24 summarizes the calculation of Hy,, for all the fuel types. The shortest height of 617 is
used for the fuel rubble. |

The thermal model of the transfer cask described in Section 4.3 is modified for the purpose of the
evaluation. It is assumed that the seals of the transfer cask and the shielding shell will be
damaged as a consequence of the hypothetical drop accident. In this event, the helium in the
annulus and the water in the shielding shell will be released to the ambient. To evaluate the
thermal effects of this accident, the transfer cask model developed in Section 4.3 is used to
determine the DSC shell temperature when the DSC contains fuel rubble. Helium conductivity in
the annulus is replaced with air conductivity. The effective conductivity in the shielding panel is
also recalculated based on air properties.

To stabilize the ANSYS run and shorten the run time, the LINK31 elements simulating the
radiation between the DSC and transfer cask are replaced with equivalent effective conductivity.
Calculations of the effective conductivities for air in annulus and in the shielding shell are based
on the methodologies described in Section 4.9. The equivalency of the applied effective
conductivities to the radiation elements (LINK31) is verified by hand comparison of the
maximum temperatures resulting from separate runs of the transfer cask slice model using
LINK31 elements and equivalent effective conductivities.

Steady state boundary conditions are used to run the transfer cask model. Total heat load of 34.8 |
kW is applied uniformly on the DSC inner radial surface. The resultant DSC shell temperatures

are transferred then to the DSC model to determine the maximum fuel temperature for this
accident case.
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Table 4-1

Maximum Component Temperatures during Transfer Operations at 115°F ambient

Maximum Temperature
34.8 kW Allowable Maximum Temperature
Component (°F) °F)
DSC shell 475
Cask inner shell 340
Lead gamma shielding 337 621 [3]
Cask structural shell 280
Neutron shield panel 263
Cask lid inner plate * 275
Cask lid outer plate 217
Solid neutron shield 265 300 [1]
Cask lid seal ' 240 400 [24]
Bottom plate seal * 255 400 [24]
Liquid neutron shield
(Bulk temperature) * 265 286.9 "
Liquid neutron shield
(Maximum temperature) 275
Maximum Temperature (°F) Allowable Max.
34.8 kW Temp. (°F)
Basket Type Type | Type Il
Component Conf.#1 | Conf.#2 | Conf.#3 | Conf.#4 | #
Fuel cladding 719 705 700 715 723 | 727 752 [2]
Fuel compartment 693 667 673 689 697 | 700
Basket Al plates 692 666 672 688 696 | 699
Basket rails 561 559 559 558 561 | 565
Maximum Temperature (°F) Allowable Max.
33.8 kW for CE 14x14 Fuel Assembly Temp. °F)
Basket Type Type |
Component Configuration # 6 Configuration # 7
Fuel cladding 717 - 712 752 [2]
Fuel compartment 689 685
Basket Al plates 689 684
Basket rails 555 552
DSC Shell 467 467

) Temperatures of cask lid, solid neutron absorber, and seals are from the transfer cask sub-models.
t Maximum temperature of cask body at seal location

! Maximum temperature of ram access ring at seal location
¥ Bulk temperature is the vohimetric average temperature of the elements in shielding segments 8 and 9, see Figure

4-2.

" 286.9°F is the saturated water temperature at 40 psig.
tt Conf. #1 with Al-1100 for rail inserts and back-plates
i Conf. #1 with Al-6061 for rail inserts and back-plates
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Table 4-2

Maximum Component Temperatures for Storage Conditions at 115°F ambient

HSM-H with Finned Aluminum Side Heat Shields
Component Maximum Temperature @ 34.8 kW Allowable Max. Temp.
(D) CE)
Fuel cladding 684" 752 [2]
Fuel compartment 656
Basket Al plates 655
Basket rails 511
DSC shell 407
Concrete structure 213 300*
Top heat shield 199
Side heat shield 188
DSC supporting structure 268
Un-finned
Flat Stainless Side Aluminum Side Un-finned Galvanized
Heat Shields Heat Shields @ 32.0 Steel Side Heat
@ 34.8 kW kW Shields @ 26.1 kW
Maximum Maximum Maximum Allowable Max.
Component Temperature (°F) | Temperature (°F) Temperature (°F) Temp. (°F)
Fuel cladding S ¥ s 752 [2]
DSC shell 420 394 368
Concrete structure 248 219 213 300
Top heat shield 245 196 186
Side heat shield 239 241 190
DSC supporting
structure 311 264 247

* The fuel cladding temperature is calculated based on bounding DSC shell temperatures with the maximum

temperature of 422°F.

¥ The ambient temperature of 115°F is the maximum off-normal temperature. Based on reference [2], maximum
allowable fuel cladding temperature is 1058°F (570°C) for off-normal storage conditions and 752°F (400°C) for
normal storage conditions. The maximum fuel cladding temperatures in Table 4-2 are all below 752°F.

! The cement type and concrete aggregates satisfy the guidelines in NUREG 1536, Section V.2 [22]
¥ Bounded by 34.8 kW case in the upper part of the table
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Table 4-3
Maximum Component Temperatures during Transfer Operations
at -20°F ambient

Component Maximum ;femperature
CF)
Fuel cladding 650
Fuel compartment 620
Basket Al plates 619
Basket rails 487
DSC shell 398
Cask inner shell 249
Lead gamma shielding 245
Cask structural shell 178
Neutron shield panel 157
Cask lid inner plate 76
Cask lid outer plate 65
Solid neutron shield 97
Cask lid seal 88
Cask bottom plate seal 70
Liquid neutron shield 162
(Bulk temperature)
Liquifi neutron shield 172
(Maximum temperature)

Table 4-4
Maximum Component Temperatures for Storage Conditions
at -20°F ambient. 34.8 kW

Maximum Temperature Maximum Temperature
CF) CF)
(Finned Aluminum (Flat Stainless Steel
Component Side Heat Shields) Side Heat Shields)
Fuel cladding” 596 !
Fuel compartment 565 !
Basket Al plates 564 T
Basket rails 418 i
DSC shell 292 306
Concrete structure 49 ' 117
Top heat shield 50 91
Side heat shield 41 85
DSC supporting structure 135 183

* The fuel cladding temperature is calculated based on bounding DSC shell temperatures with the maximum
temperature of 319°F.

* Bounded by the values for HSM-H with finned aluminum side heat shields since the maximum DSC shell
temperature is lower than 319°F.
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Table 4-5
Maximum Component Temperatures for Fire Accident Case
Transfer Cask, 34.8 kW

Component Maximum Time Allowable Max.
Temperature (hr) Temp. (°F)
()

Fuel cladding 1036 200 1058 [2]

Basket Al plates 1021 200

Basket rails 878 200

DSC shell 790 200

Gamma shell (lead) 618 200

Cask structural shell 553 200

Shielding shell 598 0.25

Table 4-6
Maximum Component Temperatures for Blocked Vent Accident Case
HSM-H with Finned HSM-H with Flat
Aluminum Side Heat Shields, Stainless Steel Heat
34.8 kW Shields, 34.8 kW
Max. Temp (°F) Allowable Max.

Component 34 hours after complete blockage Temp. (°F)
Fuel Cladding 823 - 1058 [2]
Fuel Compartment 801 ’ i
Basket Al Plates 800 i
Basket Rails _ 662 i
DSC Shell 600 582
Concrete Structure 364 377 3502177
Top Heat Shield 366 431
Side Heat Shield 471 385
DSC support Str: 497 505

" These temperatures are bounded by the values resulted for HSM-H with finned aluminum side heat shields.
¥ Capability of concrete will be verified at elevated temperatures above 350°F via test, see Chapter 12.
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Table 4-10
32PTH DSC Internal Pressure
Operating Condition Mpack fg Do Dyotal TDSC Ppsc Design
Without BPRA Pressure
(Ibmoles) | (---) | (Ibmoles) | (Ibmoles) | (°F) (psia) | (psig) (psig)
Storage Normal 0.326 0.01 0.721 0.333 515 19.5 4.8 15
Off-Normal 0.326 - 0.1 0.721 0.398 515 233 8.6 20
Accident 0.326 0.1 0.721 0.398 647 26.5 11.8 70
Transfer* | Normal 0.326 0.01 0.721 0.333 537 20.0 5.3 15 |
Off-Normal 0.326 0.1 0.721 0.398 537 23.9 9.2 20
Accident 0.326 1.0 0.721 1.047 961 89.5 74.8 120
Operating Condition Npack fs Nirce Dyoal T, Ppsc Design
With BPRA . bsc Pressure
. (Ibmoles) | (—) | (Ibmoles) | (lbmoles) | (°F) (psia) | (psig) (psig)
Storage Normal 0.326 0.01 0.849 0.334 515 20.6 5.9 15
Off-Normal 0.326 0.1 0.849 0.411 515 254 10.7 20
Accident 0.326 0.1 0.849 0411 647 28.8 14.1 70
Transfer* | Normal 0.326 0.01 0.849 0.334 537 21.1 6.4 15 |
Off-Normal 0.326 0.1 0.849 0411 537 25.9 11.2 20
Accident 0.326 1.0 0.849 1.175 961 105.7 91.0 . 120

* The average gas temperature within DSC cavity for transfer conditions increase by 0.3% if A1-6061 is used for rail
inserts and back-plates as discussed in Section 4.6.1. The DSC absolute pressure will be increased by the same
ratio. This small change remains bounded by the design pressures.
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Table 4-1 li — Concluded
Average Peaking Factors for Active Fuel Length of 137”

Height from Bottom of Active P; [4] P; (interpolated) A Pavg i
Fuel (in)
1 0 0.000 .
5.5675 ' 0.725 2452 0.441
2 11.41 0.967
13 0.989 6.497 0.874
3 19.03 1.074
20.5675 1.080 7.877 1.041
4 26.63 1.103
34.25 1.108
5 35.5675 1.108 16.500 1.100
6 41.87 1.106
49.47 1.102
7 56.19 1.098 22.757 1.103
8 57.09 1.097
59.82 1.096 3.981 1.097
9 64.69 1.094
72.31 1.094
10 73.01 1.094 14.435 1.094
11 79.91 1.095
- 87.53 1.096
12 89.82 1.096 18.410 1.095
13 95.13 1.095
102.75 1.086
14 104.82 1.079 16.366 1.091
15 110.37 1.059
114.5 - 1.011 10.207 1.054
16 117.97 0.971
119.82 0914 5.183 0.974
17 125.59 0.738
131.25 0.532 8.362 0.732
18 133.19 0.462
137 0.000 1.845 0.321
19 137 0.000
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Table 4-13 — Concluded
Effective Fuel Properties for CE 14x14

Axial Effective Conductivity

Transverse Effective Fuel Conductivity in Helium

Fuel Type CE 14x14 Fuel type CE 14x14
T, T, Tave | Qreact (Btu/hr- k No of fuel rods 176
(°F) (°F) | °F) in) (Btu/hr-in-°F)
100 181 | 140 19.968 0.0182 OD fuel rod (in) 0.440
225 291 | 258 19.969 0.0222 Clad thickness (in) 0.028
350 404 | 377 19.969 0.0271 No of guide tubes 5
475 519 | 497 19.970 0.0331 OD guide tubes (in) 1.115
600 637 | 618 19.970 0.0402 Wall thickness (in) 0.04
725 755 | 740 19.970 0.0483 No of instrument tubes ---
850 875 | 863 19.970 0.0577 OD instrument tube (in) ---
Wall thickness (in) ---
Fuel type CE 14x14
Cladding area (in®) 7.05
Compartment area (in°) 75.69
Temperature k-axial
(°F) (Btu/hr-in-°F)
212 0.0610
392 0.0642
572 0.0682
752 0.0736
932 0.0808
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Table 4-14 — Concluded
Effective Conductivity of Liquid Neutron Shielding — Sections 13 to 15
Ti To Tavg | Tavg k B v Pr Cl Ra Nu COND | Nul Nu k_eff
CH | CH | CF) | (K) | (W/m-K) /K) (m’/s) (=) (=) (=) (=) (=) (=) (Btu/hr-in-°F)
135 125 130 328 0.648 4.159E-04 5.171E-07 3.29 0.5883 5.938E+08 1.00 22.83 22.83 0.712
145 135 140 333 0.653 4.501E-04 4.815E-07 3.04 | 0.5852 6.846E+08 1.00 23.54 | 23.54 0.740
155 145 150 339 0.658 4.844E-04 4,460E-07 279 | 0.5819 7.880E+08 1.00 24.24 24.24 0.768
165 155 160 344 0.663 5.186E-04 4.104E-07 2.54 0.5780 9.066E+08 1.00 24.94 2494 0.796
175 165 170 350 0.668 5.528E-04 3.749E-07 229 | 0.5737 1.044E+09 1.00 25.64 25.64 0.825
185 175 180 356 0.671 5.858E-04 3.552E-07 2.16 0.5712 1.162E+09 1.00 26.22 26.22 0.847
195 185 190 361 0.674 6.187E-04 3.355E-07 2.03 0.5684 1.291E+09 1.00 26.79 | 26.79 0.869
205 195 200 367 0.677 6.517E-04 3.158E-07 1.90 0.5654 1.436E+09 1.00 27.37 27.37 0.892
215 205 210 372 0.680 6.846E-04 2.962E-07 1.77 0.5622 1.597E+09 1.00 27.94 27.94 0914
225 215 220 378 0.682 7.167E-04 2.802E-07 1.66 0.5593 1.755E+09 - 1.00 28.46 28.46 0.934
235 225 230 383 0.683 7.481E-04 2.681E-07 1.58 0.5570 1.906E+09 1.00 28.94 28.94 0.952
245 235 240 389 0.685 7.794E-04 2.559E-07 1.50 0.5545 2.069E+09 1.00 29.40 29.40 0.970
255 245 250 394 0.686 8.108E-04 2.437E-07 1.42 0.5518 2.246E+09 1.00 29.87 29.87 0.987
265 255 260 400 0.688 8.421E-04 2.315E-07 1.34 | 0.5490 2.439E+09 1.00 30.33 30.33 1.005
275 265 270 406 0.688 8.815E-04 2.231E-07 1.29 § 0.5471 2.647E-+-09 1.00 30.85 30.85 1.022
285 275 280 411 0.688 9.210E-04 2.147E-07 1.24 | 0.5451 2.870E+09 1.00 31.37 31.37 1.039
295 285 290 417 0.688 9.604E-04 2.063E-07 1.19 0.5430 3.111E+09 1.00 31.88 31.88 1.056
305 295 300 422 0.687 9.906E-04 1.990E-07 1.15 0.5411 3.325E+09 1.00 32.31 32.31 1.069
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Table 4-15 — Concluded |
Verification of the Calculated Effective Conductivities for Liquid Neutron Shielding
At -20°F Ambient Temperature

S;“ Ti | To | T | T k B v Pr cl Ra Nu Ca:f“:;‘fted kl\_qug: Dof'
(=) [ CRH | CH | CH| K | (WmnK) (/K) (m’/s) (=) (=) =) (=-) _| (Btu/hr-in-°F) | (Btu/hr-in-°F) | (—)
1 100 90 95 308 0.623 2.11E-04 | 7.519E-07 | 5.04 | 0.6030 | 2.232E+08 | 18.35 0.551 0.674 22.4%
2 121 107 113 319 0.637 3.33E-04 | 6.117E-07 | 3.99 | 0.5952 5.807E+08 .| 23.01 0.706 0.761 7.8%
3 138 124 130 328 0.648 4.19E-04 | 5.141E-07 | 3.27 | 0.5880 8.705E+08 | 25.15 0.785 0.762 2.9%
4 152 136 143 336 0.655 4.64E-04 | 4.672E-07 | 294 | 0.5839 1.134E+09 | 26.68 0.841 0.801 4.8%
5 161 145 152 340 0.659 494E-04 | 4.359E-07 | 2.72 0.5808 1.325E+09 | 27.59 0.876 0.827 5.5%
6 167 150 158 344 0.662 5.13E-04 | 4.162E-07 | 2.58 0.5787 1.457E+09 | 28.15 0.897 0.844 6.0%
7 170 153 161 345 0.664 5.24E-04 | 4.047E-07 | 2.50 | 0.5774 1.539E+09 | 28.48 0910 0.854 6.2%
8 171 155 162 346 0.664 5.29E-04 | 3.992E-07 | 2.46 | 0.5767 1.580E+09 | 28.63 0916 0.858 6.3%
9 172 155 163 346 0.665 5.30E-04 | 3.986E-07 | 2.46 | 0.5767 [.585E+09 | 28.65 0917 0.859 6.3%
10 170 154 161 346 0.664 5.26E-04 | 4.028E-07 | 2.49 | 0.5772 |- 1.554E+09 | 28.53 0912 0.855 6.2%
11 168 151 159 344 0.663 S5.17E-04 | 4.126E-07 | 2.56 | 0.5783 1.479E+09 | 28.24 0.901 0.847 6.0%
12 162 146 154 341 0.660 499E-04 | 4.311E-07 | 2.69 0.5803 1.293E+09 | 27.40 0.871 0.832 4.5%
13 153 138 145 336 0.655 4.68E-04 | 4.627E-07 | 2.91 0.5835 1.073E+09 | 26.26 0.829 0.753 9.1%
14 140 126 133 329 0.649 426E-04 | 5.065E-07 | 3.22 | 0.5874 8.544E+08 | 24.97 0.780 0.719 7.9%
15 122 110 116 320 0.639 3.44E-04 | 5.985E-07 | 3.90 | 0.5944 5.077E+08 | 22.18 0.682 0.712 4.4%
16 102 92 97 309 0.625 2.25E-04 | 7.357E-07 | 492 | 0.6023 2.361E+08 | 18.59 0.559 0.674 20.5%

Note: The applied ke values in the model for sections 1 and 16 at -20°F ambient are accepted, because these values are higher than the calculated values, which
cause higher temperature gradient in the model for minimum ambient conditions.
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Effective Conductivity of Air within Shielding Panel during Cool Down Period — Verification

Table 4-17 - Concluded

time | Ti* | To' | Twg® | Tu k B v pr | CL1 Ra Nu C"'ﬁl‘f:?‘ed 1‘\‘4—:52;“ D‘,f‘
) | CF) | P | P | K | WmK) | 1K) | @) | | =) | () | () | G | Bubrinh | (—)
026 | 370 | 559 | 456 | 509 | 0041 | 120E-03 | 4.00E-05 | 0.69 | 0.513 | 1.86E+06 | 47 |  0.066 0.064 2.3%
1 | 356 | 255 | 308 | 427 | 0035 | 2.4E-03 | 2.97E-05 | 069 | 0.513 | 2.18E+06 | 49 | 0040 0.038 4.4%

2 | 352 | 227 | 292 | 418 | 0035 | 2.4E-03 | 2.86E-05 | 0.69 | 0.513 | 297E+06 | 53 |  0.039 0.036 6.7%
5 | 357 | 219 | 290 | 417 | 0035 | 24E-03 | 2.856-05 | 0.69 | 0.513 | 3.30E+06 | 54 |  0.039 0.036 74%
10 | 378 | 227 | 305 | 425 | 0035 | 24E-03 | 2.956-05 | 0.69 | 0513 | 3.29E+06 | 54 | 0.041 0.038 6.9%
15 | 399 | 235 | 320 | 433 | 0036 | 23E03 | 3.05E-05 | 0.69 | 0.513 | 3.27E+06 | 54 | 0.043 0.040 6.6%
20 | 415 | 243 | 333 | 440 | 0036 | 23E-03 | 3.14E-05 | 0.69 | 0513 | 3.22E+06 | 54 |  0.045 0.042 6.2%
50 | 491 | 277 | 391 | 473 | 0039 | 2.1E-03 | 3.54E-05 | 0.69 | 0513 | 292E+06 | 53 | 0.053 0.050 5.3%
80 | 520 | 292 | 415 | 486 | 0039 | 2.1E-03 | 3.70E-05 | 0.69 | 0.513 | 2.76E+06 | 52 |  0.057 0.055 2.0%
120 | 535 | 299 | 426 | 492 | 0040 | 20E-03 | 3.78E-05 | 0.69 | 0.513 | 2.68E+06 | 52 | 0.058 0.058 0.6%
175 | 540 | 302 | 430 | 494 | 0040 | 20E-03 | 3.81E05 | 0.69 | 0513 | 2.65E106 | 52 | 0.059 0.059 0.3%
200 | 540 | 302 | 430 | 495 | 0040 | 2.0E-03 | 3.81E-05 | 0.69 | 0513 | 2.65E+06 | 52 |  0.059 0.059 0.2%

*This value is the average temperature of the structural shell retrieved from the solid elements in the model
"This value is the average temperature of the shielding shell retrieved from the solid elements in the model
This value is the average temperature of the air within the shielding shell retrieved from the model
This value is calculated using the correlations discussed in Section 4.9.
**This value is resulted from interpolation between the values used in the ANSYS model
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. Table 4-20

. TABLE IS DELETED IN ITS ENTIRETY
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Table 4-21
Summary of the Energy-Hydraulic Calculation Results for 34.8 kW
(HSM-H with Finned Aluminum Side Shields)
Section | No. of Subsection Type of Flow Resistance Ref. K K Y(Ke/Agd) | T(Ke/Agd)
Flow Paths at 115°F | at-20°F at 115°F at -20°F
(in™) (in™)
1 Two parallel | Entrance Entrance effect [35] 0.5 0.5 9.26x107 9.26x107
flows * Ao =30 x 36 = 1080 in’ Screen [35] 0.58 0.58
Inlet channel First Contraction & Friction [36] 0.03 0.03 7.84x10° | 7.68x10°
A1 =12x30=360 in’ Second Contraction &Friction [36] 0.04 0.02
Az =8x12=96 in’ Splitting [36] 0.63 0.63
Inlet opening Friction thru Sidewall ** [35] 0.04 0.04 7.43x10° 7.41x10°
Ao =8 x 148 = 1184 in’ Discharge [35] 1 1
: Equivalent Losses in Section | for two parallel flows | 2.38x10°° 2.34x10°
2 Two parallel | Flow direction change Bend [36] 0.75 0.71 1.35x107 1.27x107
flows Ag=8x 148 = 1184 in’
One flow Lower part of HSM-H cavity Friction through lower part [35] 0.01 0.01 6.26x10™" 5.64x10™"
Ao =68 x 185.25 = 12597 in’
One flow HSM-H cavity below DSC Expansion [36] 0.03 0.03 1.57x107° 1.54x10"°
A, =82.4 x 185.25 = 15260 in® Friction after expansion [35] 0.006 0.005
3 parallel Flow thru holes of the beam Orifice or perforated plates [36] 112.5 1125 2.07x10” 2.07x107
flow couples | Ag=12.7 x 185.25 = 2355 in’
Flow through slotted bar Orifice or perforated plates [36] 18.19 18.19
Ao=1x 185.25 = 185.25 in’ )
Flow bypassing Support rails Ay | Contraction with o= 30° [36] 0.04 0.04
= 12 x 185.25 = 2223 in’
One flow Middle part of HSM-H cavity DSC as solid object in flow [36] 4.20 4.65 1.82x10° 2.01x10°
Ao = 82.375x185.25=15260 in’ Friction on side heat shields [35] 0.03 0.03
One flow Upper part of HSM-H cavity Top heat shields as louver [36] 5.44 5.44 2.61x10° 2.61x107
A, = 82.375x185.25=15260 in’ Splitting to outlets [36] 0.63 0.63
v Equivalent Losses in Section 2 for one flow path | 1.81x10” 1.76x107
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Table 4-21 — Continued
Summary of the Energy-Hydraulic Calculation Results for 34.8 kW
(HSM-H with Finned Aluminum Side Shields)
Section | No. of Subsection Type of Flow Resistance Ref. Kg;i Kg; T(Ke/Agd) | T(Ke/AgD)
Flow Paths at 115°F | at-20°F at 115°F at -20°F
(in) (in™)
3 Two parallel | Outlet opening Entrance [35] | 0.5 0.5 1.86x10° 1.78x10°
flows Ao =8x148 = 1184 in® Friction thru sidewall [35] | 0.03 0.03
First bend (friction included) [36] | 2.08 1.97
Exhaust channel Friction [35] | 0.25 0.24 3.14x10° 2.97x10°
Ao =4x 148 = 592 in’ Second bend (friction included) [36] | 0.85 0.81
Exhaust to Ambient Screen [35] | 0.58 0.58 2.00x10%° 2.00x10°
Ao =6 x 148 = 888 in’ Discharge [35] | 1 1
Equivalent Losses in Section 3 for two Parallel Flows | 1.75x10°° 1.69x10°
Total Equivalent Losses (in™) | 4.31x10° | 4.20x10°
Total Equivalent Losses (ft™*) 0.089 0.087
Ambient Z(KL,/AE.Z) Texil Tmean
Ch (ft) CF) CF)
115 0.089 188 147
-20 0.087 43 12
* The equivalent loss coefficient for parallel flow paths can be expressed as follows:
2
K, 1 . . . v my, Ap,
e p 5 using continuity and pressure loss equations. Ap, = Ap, = K/. s, =p Aj v,
I X
Z j ) mz, Ap;
A |K y mg
L \__Ma Aps_ /
** Friction loss coefficient is K/ = f — with L=channel length, Dh = hydraulic diameter,
Ape
h

A

if £20.018

2

0.851'+0.0028

if  £'<0.018

0.25
& 64
,and /=011 —+— 35
and f {D Re:l [35]

h
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Table 4-21 — Continued
Summary of the Energy-Hydraulic Calculation Results for 34.8 kW
(HSM-H with Flat Stainless Steel Shields)
Section | No. of Subsection Type of Flow Resistance Ref. Kg; Kg; S(Ke/Agd) | T(Kei/Agd)
Flow Paths at 115°F | at-20°F at 115°F | at-20°F
(in™) (in")
1 Two parallel | Entrance Entrance effect [35] 0.5 0.5 9.26x107 9.26x10”
flows * Ao =30 x 36 = 1080 in’ Screen [35] 0.58 0.58
Inlet channel First Contraction & Friction [36] 0.02 0.02 7.86x10° 7.69x10°
Ao, =12 x 30 =360 in’ Second Contraction &Friction [36] 0.02 0.01
Agz=8x12=96in’ Splitting [36] 0.63 0.63
Inlet opening Friction thru Sidewall ** [35] 0.04 0.04 7.44x107 7.42x107
Ao=8x 148 = 1184 in’ Discharge [35] 1 1
Equivalent Losses in Section 1 for two parallel flows | 2.38x10°° 2.34x10°
2 Two parallel | Flow direction change Bend [36] 0.76 0.72 1.35x107. | 1.28x107
flows Ao=8x 148 = 1184 in’
One flow Lower part of HSM-H cavity Friction through lower part [35] 0.01 0.01 6.74x10™"" | 6.06x10™"
Ao =68 x 179.75 = 12223 in®
One flow HSM-H cavity below DSC Expansion [36] 0.05 0.05 2.27x107"% | 2.25x107°
A, =87.5x 179.75 = 15773 in® Friction after expansion [35] 0.006 0.005 '
Two paralle! | Flow thru holes of the beam Orifice or perforated plates [36] 105.4 105.4 2.24x107 2.24x10°
flow couples | Ag=12.7 x 179.75 = 2283 in’
Flow through slotted bar Orifice or perforated plates [36} 0 0
Ag=0in’
Flow bypassing Support rails A; | Contraction with o= 30° [36] 0.04 0.04
=12x 179.75 = 2157 in’
One flow Middle part of HSM-H cavity DSC as solid object in flow [36] 3.40 3.81 1.38x10° 1.54x107
Ao =87.5x179.75 =15773 in® Friction on side heat shields [35] 0.03 0.03
One flow Upper part of HSM-H cavity Splitting below top heat shield [36] 0.63 0.63 2.53x107 2.53x107
Ao =87.75 x 179.75 =15260 in’
Two parallel | Ag=4.88 x 179.75 = 1753 in® Contraction between shields [36] 0.62 0.62 2.02x1077 2.02x107
flows
Two parallel | Ap=4.88 x 148 =722 in’ Bend toward outlet [36] 0.84 0.79 4.03x107 | 3.81x107
flows
Equivalent Losses in Section 2 for one flow path | 7.59x107 7.31x107
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Table 4-21 — Concluded
Summary of the Energy-Hydraulic Calculation Results for 34.8 kW
(HSM-H with Flat Stainless Steel Shields)
Section | No. of Subsection Type of Flow Resistance Ref. Kg; Kg; S(Kei/Ard) | S(Kei/Ag?)
Flow Paths at 115°F | at-20°F at 115°F at -20°F
(in") (in”)
3 Two parallel | Outlet opening Entrance [35] 1 0.5 0.5 1.87x10°° 1.79x10°
: flows Ao =8x148 = 1184 in’ Friction thru sidewall [35] | 0.03 0.03
First bend (friction included) [36] | 2.09 1.98
Exhaust channel Friction [35] 1 0.25 0.24 3.15x10° 2.99x10°
Ag=4x 148 =592 in’ Second bend (friction included) [36] | 0.86 0.81 :
Exhaust to Ambient Screen [35] | 0.58 0.58 2.00x10° 2.00x10™
Ao =6x 148 = 888 in’ Discharge [35] | I 1
Equivalent Losses in Section 3 for two Parallel Flows | 1.76x10" L70x10°°
Total Equivalent Losses (in™) | 4.90x10™ 4.77x10°°
Total Equivalent Losses (ft™*) 0.102 0.099
Ambient Z(KE./AE.I) Texie Tuean
CF) (ft) CF) CF)
115 0.102 192 148
-20 0.099 46 13
* The equivalent loss coefficient for parallel flow paths can be expressed as follows:
K, 1 . L ) pV- . my, Ap,
E = P 5 using continuity and pressure loss equations. Ap, = Ap, = Kf 5 , =P AV,
E .
Z L my, Ap;
vV KI

L
** Friction loss coefficient is K = f— with L=channel length, Dh = hydraulic diameter,

f'

h

if £'>0.018

/ :{0.85 £'+0.0028

if f'<0.018°

0.25
s 64
d =011 —+— 35
and f [D Re} 331

h

m I3

Ape

ooy




NUHOMS® HD System Updated Final Safety Analysis Report Rev. 1, 9/07

Top Heat Shield
Louvered Plates (Al-1100) or
Flat Plates (Stainless Steel)
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(Stainless Steel)
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(Concrete)

Support Structure
(Carbon Steel)

Air Inlet Opening
Air Entrance

Opening
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Basket Content
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Steady-State Runs

in this Analysis
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Figure 4-6
Finite Element Model of HSM-H
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Top Shield Plug Bottom Shield Plug

Louvered Top Heat Shield
(Optional Flat Stainless Steel)

AR AR SR AT A v

W12x96

Figure 4-8
FEM of HSM-H. DSC and Support Rails
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Flat plate facing upwards
Tmean = (Tc+ T.,.;)!’z

DSC shell

Horizontal cylinder

/ Slotted Plate T ™ ATt Teght2

Support Rail
Dead Zone g

No Convection

Horizontal cylinder
Tams

For option with slotted plate on support rail

Figure 4-9
DSC Circumferential Convection Regions in the HSM-H Model




NUHOMS® HD System Updated Final Safety Analysis Report

Rev. 1. 9/07

Convection
at Toean for flat surface

Convection
at Ty fOr horizontal
cylinder

DSC Shell

18.9°
No Slots

7.5°

Support Rail

Dead zone
Convection No convection
at Ty for

horizontal

cylinder

For Option with No Slots on Supporting Bar

Figure 4-9-continued
DSC Circumferential Convection Regions in the HSM-H Model
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. Convection for a narrow strip (22.5°) at top as flat plate to Tmean
Convection at a narrow strip (15°) at bottom to T,
Convection on other areas as horizontal cylinder {0 Tmean

Positive angled

Convection over
inclined plates
at T. - Flanges

and web
Convection
over
vertical surface
at Trean—
Shield plugs
Negative angled
: Convection over Convection and
Convection over horizontal surface radiation over Top shield is modeled
vertical surface facing downwards horizontal surface as a louvered plate with
at Tmean— End walls at Te — Ceiling facing upwards Convection over
at T. - Roof inclined plates at T,

v v v ¥
PLILFTLA77770728

Convection and
Radiation over -
vertical surface

at T. - Front wall

Convection in —
narrow channels
at Trean— Fins

Convection in \
e

narrow channel
at Tmean — Back of
heat shield

Convection over
vertical surface L

at T.— Side wall
Convection in /

narrow channel

Convection
at Trmean— Back of
Horizontal surface facing upwards heat sahield

at T. - Basemat

Figure 4-10
Typical Convection Boundary Conditions in the HSM-H Model
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Top shield flat plate with
Convection over flat plate
facing up- and down-wards
at Te /

g4 4

Z N 2 '
Convection at top of
SHS at T..,

Convection over =
flat vertical surface
at Toean— Side Heat

Shield
\ "

Convection in narrow channel at
Tmean— Back of Heat Shield

Figure 4-10 — continued
Typical Convection boundary Conditions in the HSM-H Model
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Stainless Steel
SA 240. type 304

Aluminum Plates in Rail

Al 1100/ 6061

Stainless Steel
Support Plates
SA 240, type 304

Fuel Compartment
SA 240, type 304

Aluminum Inserts
Al 1100/ 6061

Detail B Detail A

0.02" gap

Figure 4-14
FEM of DSC Rails. Details
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Figure 4-15 — Concluded

0.935] 15 1.5 10.935
0.835] 0.935}0.935]0.935 | 0.935] 0.935
1.5 ]0.935}10.775[10.77510.935| 1.5
1.5 |0.935]0.775{0.775 ] 0.935| 1.5
0.935] 0.935) 0.935((0.935 } 0.935 | 0.935
0935} 15 1.5 }10.935

Thermally Bounding Loading Configurations Considered in the DSC Model

For Total Decay Heat Load of 33.8 kW, CE14x14 Fuel Assemblies
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. HSM-H with Un-finned Aluminum Side Heat Shield — 32.0 kW
Concrete Structure
= .
=
= Side Heat Shield
s -
DSC Shell i
-
HSM-H with Un-finned Galvanized Steel Side Heat Shield — 26.1 kW
Concrete Structure nisys 8.0
Side Heat Shield
-
DSC Shell =
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=
==
m
. -
— e
=
| S
=
L
HSM-H with Flat Stainless Steel Top & Side Heat Shields — 34.8 kW
Concrete Structure . Top and Side Heat
— e Shields
| St
- 183.652
% 207.167
= EEEE’E DSC Shell
ANSYS B.1
164.705
l 210,96
237.015
263.17
- e
L o s § E:":EE
=]

420.100

Figure 4-22
HSM-H Temperature Distribution 115°F Ambient

with Un-finned Side Heat Shields
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DSC Model

193.521 296.215 296
244.868 655.642

Fuel Assemblies

215.937 527.951 631.956
475.545% 578.854 6683.958

Figure 4-23
DSC Temperature Distribution during Storage. 115°F Ambient. 34.8 kW

In HSM-H with Finned Aluminum Side Heat Shields’

"These temperature distributions are calculated based on DSC maximum shell temperature of 422°F. Therefore,
these profiles are bounding for the HSM-H with flat stainless steel heat shields with maximum DSC shell
temperature of 420°F reported in Table 4-2.
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HSM-H with Finned Aluminum Side Heat Shields and Louvered Top Heat Shield

ANSYS 8.0
NODAL SOLUTION
TINE=24
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Figure 4-30
Temperature Distribution for HSM-H 34 hours after Blockage of the Vents. 34.8 kW
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| . HSM-H with Flat Stainless Steel Top and Side Heat Shields
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Figure 4-30—continued
Temperature Distribution for HSM-H 34 hours after Blockage of the Vents. 34.8 kW
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FIGURE IS DELETED IN ITS ENTIRETY

Figure 4-31
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Schematic Flow Paths through HSM-H
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FIGURE IS DELETED IN ITS ENTIRETY

Figure 4-45
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5. SHIELDING EVALUATION

The shielding evaluation presented for the NUHOMS® 32PTH System demonstrates adequacy of
the shielding design for the payload described in Chapter 2. The geometry of the NUHOMS®
System is described in Chapter 1. The heavy concrete walls and roof of the Horizontal Storage
Module (HSM-H) provide the bulk of the shielding for the payload in the storage condition.
During fuel loading and transfer operations, the combination of thick steel shield plugs at the
ends of the 32PTH-DSC and heavy steel/lead/neutron shield material of the OS187H transfer
cask provide shielding for personnel loading and transferring the 32PTH-DSC to the HSM-H.
Figure 5-1 through Figure 5-4 and Table 5-1provide the general configuration and material
thicknesses of the important components of the NUHOMS® 32PTH System.

For this shielding evaluation, source terms are calculated for the bounding Framatome ANP
Advanced MK BW 17x17 (MK BW 17x17) fuel assembly. This fuel assembly is bounding
because it contains the greatest mass of fuel.

Also included in the source term is the bounding Non-Fuel Assembly Hardware (NFAH) which
is the BPRA.

Several burnup/enrichment combinations with minimum 5 year cooling times are addressed for
the fuel to provide more flexibility in qualifying fuel for storage. These combinations form the
basis for the NUHOMS® 32PTH System fuel specifications in Chapter 12. Bounding operating
histories are assumed for the NFAH with a minimum cooling time of 4 days. The methodology,
assumptions, and criteria used in this evaluation are summarized in the following subsections.

Section 5.4 provides a three dimensional (3-D) shielding analysis for the NUHOMS® 32PTH
System using MCNP [2,6]

The shielding evaluation described in this chapter 5.0 is applicable to the 32PTH DSC in the

OS187H TC and HSM-H. See Appendix A, Chapter A.5 for discussion of applicability of these
analyses for the 32PTH Type 1 DSC in the OS187H Type 1 TC and HSM-H.

5-1
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The mass of materials in each fuel assembly region is homogenized over the volume of the
region (x-section = 71 in®). Tables 5-17 and 5-18 provide the shield regional densities for the
32PTH-DSC and OS187H TC.

The concrete for the HSM-H is chosen to be “plain” concrete with a density of 143 Ibs/ft’ with
the rebar conservatively neglected. Table 5-19 provides the concrete densities.

The actual fuel layout in the 32PTH-DSC is a cartesian array of fuel assemblies inside stainless
steel compartments surrounded by sheets of aluminum material. These regions are modeled
discretely as are the rails on the periphery of the basket. A source is modeled for each of the four
homogenized fuel assembly regions for all 32 fuel assemblies. The source regions are cuboid in
shape with the same 8.426” x 8.426” (17 times the Pitch) x-section and the appropriate axial
length.

When the transfer cask/32PTH-DSC annulus and 32PTH-DSC are filled with water, the wet
axial densities are used for the homogenized regions.

5-8
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‘ 5.5.2 Sample Input Files

(PROPRIETARY INFORMATION)

Figure Withheld Under 10 CFR 2.390
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Table 5-9
Fuel Assembly Material Masses
(kg/assembly)

Scaling Factors 0.1 0.2 1 0.2

Top Fitting Plenum Active Fuel Bottom Fitting Total
15x15
Chromium 0.1501 0.0555 2.2972 0.2166 2.7194
Manganese 0.0138 0.0060 0.1059 0.0228 0.1485
Iron 0.4879 0.2121 4.4512 0.7848 5.9360
Cobalt’ 0.0011 0.0003 0.0328 0.0009 0.0350
Nickel 0.1178 0.0268 43714 0.1017 4.6177
Zirconium 0.0000 1.1945 97.128 0.0000 98.322
Aluminum 0.0007 0.0000 0.0380 0.0000 0.0387
Silicon 0.0070 0.0030 0.0124 0.0000 0.0224
Titanium 0.0009 0.0000 0.0473 0.0000 0.0481
Niobium 0.0061 0.0000 0.3272 0.0000 0.3333
Molybdenum 0.0033 0.0000 0.1768 0.0000 0.1801
Tin . 0.0000 0.0195 1.6608 0.0182 1.6986
17x17
Chromium 0.1551 0.0698 2.3018 0.2166 2.7433
Manganese 0.0139 0.0076 0.1060 0.0228 0.1503
[ron 0.4927 0.2676 4.4595 0.7848 6.0047
Cobalt 0.0012 0.0003 0.0329 0.0009 0.0353
Nickel 0.1317 0.0339 43715 0.1017 4.6388
Zirconium 0.0000 1.0770 100.75 0.0000 101.83
Aluminum 0.0008 0.0000 0.0381 0.0000 0.0389
Silicon 0.0071 0.0038 0.0124 0.0182 0.0415
Titanium 0.0011 0.0000 0.0473 0.0000 0.0484
Niobium 0.0076 0.0000 0.3272 0.0000 0.3348
Molybdenum 0.0041 0.0000 0.1768 0.0000 0.1809
Tin 0.0000 0.0176 1.7200 0.0182 1.7558
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‘ Table 5-17
NUHOMS®HD 32PTH DSC and OS-187H Material Composition
(% weight)
Water"
Atomic | Carbo  Stainless (atm Polyester
Element Weight | n Steel' Steel 304' Aluminum' Lead' fraction)  Air’ Resin®
H 1.008 0.666 5.05
B 10.811 1.05
C 12.011 1.00 0.01 35.1
N 14.0067 75.53
(0] 15.9994 0.333 23.18 41.7
Al 26.9815 100.00 14.9
Ar 39.948 1.28
Cr 51.996 19.00
Mn 54.938 2.00
Fe 55.847 99.00 68.375
Ni 58.71 9.50 :
Zn 65.37 “2.11
Pb 207.19 100.00
density
(g/ce) 7.8212 7.92 2.702 11.17* 0.9982  0.0012 1.58

1. Ref[1], 2. Ref[3], 3. Proprietary resin formulation, 4. Use 98.5% of TD (11.344 g/cc)

Table 5-18
NUHOMS®HD 32PTH DSC and OS-187H Material Composition

(atm/b-cm) :
: Carbon Stainless . Polyester
Element Steel Steel 304 Aluminum Lead Water Dry Air Resin
H 6.673E-02 4.767E-02
B-10 2.098E-04
C 3.921E-03 6.016E-09 | 3.168E-02
N 3.897E-05
0 3.337E-02 | 1.047E-05 | 2.825E-02
Al 6.031E-02 5.986E-03
Ar 2.315E-07
Cr 1.743E-02
Mn 1.736E-03
Fe 8.349E-02 | 5.935E-02
Ni 7.718E-03
Zn* 3.499E-04
Pb 3.248E-02

*- Ignored,
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6. CRITICALITY EVALUATION

The NUHOMS® HD System is designed to meet I0CFR 72.124 1 criticality safety limits during
worst case wet loading/unloading operations with the use of fixed neutron absorbing materials
(poisons) in the flooded Dry Shielded Canister (32PTH DSC) and credit for soluble boron in the
spent fuel pool. The design assures criticality safety under all normal, off-normal and accident
conditions associated with fuel handling, 32PTH DSC handling, on-site transfer and 32PTH DSC
storage.

The NUHOMS® 32PTH DSC criticality safety is ensured by fixed neutron absorbers, soluble
boron in the pool and favorable geometry. Burnup credit is not taken in this criticality evaluation.
The basket uses a Borated-Aluminum alloy, Aluminum/B4C metal matrix composite, or Boral®
as its fixed neutron poison material. These materials are ideal for long-term use in the radiation
and thermal environments of a DSC. The minimum required boron-10 loadin§ for the metallic
plates is 7.0 mg/cm? (90% credit taken in the criticality analysis or 6.3 mg/cm®). Metal Matrix
Composites (MMCs) at a minimum areal density of 7.0 mg/cm2 have been qualified for use as a
neutron absorber with 90% credit as justified in Section 9.1.7.2 of this SAR. Similarly, Section
9.1.7.1 provides the justification for the use of 90% credit for borated aluminum. The maximum
poison loading for the metallic plates is 50.0 mg B-10/cm?® (90% credit taken in the analysis or
45.0 mg B-10/cm?). The minimum required poison loading for Boral® plates is 9.0 mg B-10/cm?
( 75% credit). The maximum poison loading for Boral® plates is 25.0 mg B-10/cm? ( 75%
credit). In addition to utilizing five different fixed poison loadings, the soluble boron
concentration credited in the analysis is also varied from a minimum of 2000 ppm to a maximum
of 2500 ppm.

The results of the detailed analyses demonstrate that the NUHOMS® HD System is criticality
safe under normal, off normal and accident conditions including all applicable biases and
uncertainties.

The criticality evaluation described in this chapter 6.0 is applicable to the 32PTH DSC and the
OS187H TC. See Appendix A, Chapter A.6 for discussion of applicability of these analyses for
the 32PTH Type 1 DSC and OS187H Type 1 TC.
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6.1 Discussion and Results

The NUHOMS®-32PTH DSC stainless steel basket consists of an egg-crate plate design. The
fuel assemblies are housed in 32 stainless steel fuel compartments with the damaged fuel
assemblies occupying the positions shown in Chapter 12. The basket structure, including the
fuel compartments, is held together with stainless steel insert plates and the poison and
aluminum plates that form the egg crate structure. The basket compartment structure is
connected to perimeter rail assemblies, portions of it comprising of a solid aluminum interface.
The fuel compartment structure is connected to perimeter transition rail assemblies as described
shown on the drawings in Section 1.5. The poison/aluminum plates are located between the fuel
compartments.

The analysis presented herein is performed for a NUHOMS®-32PTH DSC in the NUHOMS®-
OS187H transfer cask (TC) during normal and accident loading conditions. The NUHOMS®-
OS187H TC consists of an inner stainless steel shell, lead gamma shield, a stainless steel
structural shell and a water neutron shield. This analysis is applicable to any licensed cask of
similar construction. The NUHOMS®-32PTH DSC/TC configuration is shown to be subcritical
under normal and accident conditions of loading, transfer and storage.

The 32PTH DSC contents are limited to the fuel designs listed in Section 6.1. Computer models
of the 32PTH DSC are discussed in Section 6.3. The criticality evaluation is presented in
Section 6.4. The 32PTH DSC was evaluated for the following conditions that bound normal
conditions and the off-normal and accident events listed in Chapter 11:

e varied internal moderator density (IMD) within the basket with borated water (water
density evaluated includes steam which may be generated during loading and unloading
operations),

variations in material tolerances,

variations in fuel assembly position in the compartment tubes,

fresh water in the fuel pellet - cladding annulus,

postulated change of pin pitch due to fuel grid crushing in a drop accident,

postulated failures for damaged fuel payloads.

The various effects are evaluated individually, and are combined as required to demonstrate
compliance with the requirement of I0CFR 72.124 that "before a criticality accident is possible,
at least two unlikely, independent, and concurrent or sequential changes have occurred in the
conditions essential to nuclear criticality safety.”

The criticality analysis determines the most reactive configuration for the basket and fuel
assembly position. Then criticality calculations evaluate a variety of fuel assembly types, initial
enrichments and poison loadings (fixed and soluble poison). Finally, the maximum allowed
initial enrichment for each fuel assembly type as a function of soluble boron concentration and
fixed poison loading is determined and is listed in Table 6-1.

Additionally, calculations are carried out to determine the most reactive damaged fuel assembly
(design basis damaged fuel assembly) configuration for each fuel assembly class.
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Then criticality calculations evaluate a variety of fuel assembly types, initial enrichments and
poison loadings (fixed and soluble poison). Finally, the maximum allowed initial enrichment
and the number of damaged assemblies per DSC for each fuel assembly type as a function of
soluble boron concentration and fixed poison loading is determined and is also shown in Table
6-1.

These calculations determine kegr with the CSAS25 control module of SCALE-4.4 [3] for each I
assembly type and initial enrichment, including all uncertainties to assure criticality safety under
all credible conditions.

The results of these calculations demonstrate that the maximum expected ke, including
statistical uncertainty, will be less than the Upper Subcritical Limit (USL) determined from a
statistical analysis of benchmark criticality experiments. The statistical analysis procedure
includes a confidence band with an administrative safety margin of 0.05. A series of benchmark
calculations were performed with the SCALE 4.4 PC/CSAS25 [3] package using the 44-group
cross-section library as presented in Section 6.5. The minimum value of the Upper Subcritical
Limit (USL) was determined to be 0.9419. ‘

The results of the limiting criticality analyses are summarized in Table 6-2. The maximum keg

for the normal fuel geometry is 0.9404 (kesrt20) and is based on the Westinghouse 17x17 (WE
17x17) fuel assembly design. The maximum ke for the damaged fuel geometry is 0.9402
(kesr+206) and is based on the WE 17x17 fuel assembly design.
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6.4 Criticality Calculation

This section describes the analysis methodology utilized for the criticality analysis. The analyses
are performed with the CSAS25 module of the SCALE system. A series of calculations are
performed to determine the relative reactivity of the various fuel assembly designs evaluated and
to determine the most reactive configuration without BPRAs. The most reactive intact fuel
design, for a given enrichment, as demonstrated by the analyses, is the WE 17x17 standard
assembly. The most reactive credible configuration is an infinite array of flooded casks, each
containing 32 fuel assemblies, with minimum fuel compartment ID, minimum basket structure
thickness and minimum assembly-to-assembly pitch.

A series of calculations are also performed to determine the relative reactivity of the various
damaged fuel configurations for each fuel assembly class. The most reactive damaged fuel
configuration for the WE17 and WE15 class occurs due to a postulated double-ended shear. The
most reactive damaged fuel configuration for the CE14 class occurs when the fuel rods are
arranged in an optimum pitch configuration. The most reactive credible configuration analyzed
in this calculation is an infinite array of flooded casks, each containing a maximum of 32
damaged fuel assemblies with BPRAs, with minimum fuel compartment ID, minimum basket
structure thickness and minimum assembly-to-assembly pitch.

As mentioned in Section 6.1, the NUHOMS®-32PTH DSC is evaluated to determine the
maximum initial enrichment of the fuel assemblies (both damaged and intact) per DSC for each
assembly class as a function of fixed poison loading and soluble boron concentration levels.

6.4.1 Calculational Method

6.4.1.1 Computer Codes

Criticality analyses were performed using the microcomputer application KENO-Va and the 44
neutron group library based on ENDF-B Version 5 cross-section data that are part of the SCALE
4.4 code package [3]. Validation and benchmarking of these codes is performed in accordance
with applicable QA program requirements (see Chapter 13) and is discussed in Section 6.5.

SCALE 4.4 [3] is an extensive computer package which has many applications including cross
section processing, criticality studies, and heat transfer analyses among others. The package is
comprised of many functional modules, which can be run independently of each other. Control
Modules were created to combine certain functional modules in order to make the input
requirements less complex. For the purpose of criticality analysis, only four functional modules
are used and one control module. These Modules are CSAS25, which includes the three
dimensional criticality code KENO-Va and the preprocessing codes BONAMI-S, NITAWL-II
and XSDRNPM-S.

KENO-Va, in conjunction with a suitable working library of nuclear cross section data, is used to
calculate the multiplication factor, Kes, of systems of fissile material. It can also compute
lifetime and generation time, energy dependent leakages, energy and region-dependent
absorptions, fissions, fluxes, and fission densities. KENO-Va utilizes a three-dimensional
Monte-Carlo computation scheme. KENO-Va is capable of modeling complex geometries
including facilities for handling arrays, arrays of arrays, and holes.
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SCALE 4.4 is set up so that any number of cross-section libraries may be used with the
preprocessing functional and control modules. For the purpose of this analysis, only the 44-
group ENDF/B Version 5 library is used.

The preprocessing codes used for this analysis are the functional modules BONAMI-S,
NITAWL-1I and XSDRNPM-S. They are consolidated into the control module CSAS25.

- BONAMI-S has the function of performing Bondarenko calculations for resonance self-
shielding. The cross sections and Bondarenko factor data are pulled from an AMPX master
library. The output is placed into a master library as well. Dancoff approximations allow for
different fuel lattice cell geometries. The main function of NITAWL-II is to change the format
of the master cross-section libraries to one which the criticality code (KENO-Va) can access. It
also provides the Nordheim Integral Treatment for resonance self-shielding. XSDRNPM-S
provides cell-weighted cross sections based on the specified unit cell.

The criticality analysis, using the above computer codes, is performed in compliance with the
10CFR 72 [1] requirements. Specifically, all cases are analyzed assuming that the basket in fully
flooded with borated water and the neutron shield of the transfer cask is eliminated and the cask
is flooded with fresh water. Finally, KENO V.a calculates the kegr of the system that is modeled.
A sufficiently large number of neutron histories are run so that the standard deviation is below
0.0010 for all calculations.

64.1.2 Physical and Nuclear Data

The physical and nuclear data required for the criticality analysis include the fuel assembly data
and cross-section data as described below.

Table 6-4 provides the pertinent data for criticality analysis for each fuel assembly evaluated for
the NUHOMS® HD System.

The criticality analysis used the 44-group cross-section library built into the SCALE system.

ORNL used ENDF/B-V data to develop this broad-group library specifically for criticality
analysis of a wide variety of thermal systems.
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‘ | ®) The single-ended fuel rod shear cases assume that fuel rods that form one assembly
face shear in one place and are displaced to new locations. The fuel pellets are
assumed to remain in the fuel rods.

(6) The double-ended fuel rod shear cases assume that the fuel rods that form one‘
assembly face shear in two places and the intact fuel rod pieces are separated from the
parent fuel rods.

@) Although only 16 damaged fuel assemblies are authorized contents for the DSC, all
32 fuel assemblies are considered to be damaged in the criticality analyses for
damaged fuel.

6.4.1.4  Determination of ke

The Monte Carlo calculations performed with CSAS25 (KENO V.a) use a flat neutron starting
distribution. The total number of histories traced for each calculation is approximately 800,000.
This number of histories is sufficient to achieve source convergence and produce standard
deviations of less than 0.10% in keff. The maximum Keff for the calculation is determined with
the following formula:

keff = Kgeno * 20keno.
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These results also indicate that there would be no significant effect on kess due to the presence of
aluminum cladding in case of Boral® poison due to the fact that this study also evaluates the
effect of aluminum plate thickness.

The next set of analyses determines the effect of fuel compartment size on the system reactivity.
The model starts with the most reactive geometry determined from the previous study. For this
evaluation, the compartment size is varied from 8.650 square inches to 8.750 square inches.
These results are shown in Table 6-13. These results indicate that the most reactive
configuration is with the minimum fuel compartment size because the assembly-to-assembly
pitch is minimized.

The next set of analyses determines the effect of fuel compartment box thickness on the system
reactivity. The model starts with the minimum fuel compartment width from the previous study
and the compartment thickness is varied from 0.1775 inches to 0.2325 inches. The results in
Table 6-14 show that the most reactive calculated condition occurs with nominal compartment
box thickness. The results indicate that the system reactivity is not very sensitive to the box
thickness and that the difference in k.s between the nominal and minimum thickness cases is
within statistical uncertainty. The balance of this evaluation uses the nominal box thickness
because it represents the most reactive configuration from this study.

. 6423 Determination of Maximum Initial Enrichment for Intact Assemblies

The most reactive configuration determined based on parametric studies is with the rail structure
represented with Composition 3, poison and aluminum plates at nominal thickness, fuel
compartment at minimum width and nominal thickness and the fuel assemblies positioned in the
“inward” position. The following analysis uses this configuration to determine the maximum
allowable initial enrichment as a function of poison plate loading and soluble boron
concentration for the two fuel assembly classes. Only the fuel assembly type, the fixed and
soluble poison loading is changed for each model. In addition, the internal moderator density is
varied to determine the peak reactivity for the specific configuration.

The canister / cask model for this evaluation differs from the actual design in the following ways:

e the boron-10 content in the borated aluminum poison plates is 10% lower than the
minimum required and the boron-10 content in the Boral® poison plates is 25% lower
than the minimum required

e the neutron shield and the skin of the cask are conservatively replaced with water
between the casks, and

e the worst case geometry and material conditions, as determined in the previous sections,
are modeled.

Five different fixed poison loadings are analyzed in the criticality calculations as described in
Section 6.3, corresponding to the five different types of basket based on fixed poison loading
(Type A, B, C, D and E). Four different soluble boron concentration levels are analyzed: 2000
ppm, 2300 ppm, 2400 ppm and 2500 ppm. The maximum analyzed initial enrichment is 5.0
wt. % U-235.
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6.6 Supplemental Information
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Licensing Evaluation,” NUREG/CR-0200, Rev. 6 (ORNL/NUREG/CSD-2/R6), Vol. I-11I, |
September 1998.
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Table 6-3

Authorized Contents for NUHOMS®-32PTH DSC

Assembly Type" Array
Westinghouse 17x17 Standard (WE 17x17) 17%17
Westinghouse 17x17 Vantage SH (WEV 17x17)
Westinghouse 17x17 OFA (WEO 17x17) 17x17
Framatome ANP Advanced MK BW 17x17 (MK BW 17x17) 17x17
Westinghouse 15x15 Standard (WE 15x15) 15x15
Westinghouse 15x15 Surry Improved (WES 15x15)
CE 14x14 Standard (CE 14x14) 14x14

(1

above are also acceptable.

Table 6-4

Fuel Assembly Design Parameters for Criticality Analysis

Equivalent reload fuel assemblies that are enveloped by the fuel assembly design characteristics listed

Manufacturer? Array Version Active Fuel | # Fuel Rods Pitch Fuel Pellet OD
Length per Assembly (inches) (inches)
(inches)
: Standard
Westinghouse 17x17 144 264 0.4960 0.3225
Vantage
Westinghouse 17x17 OFA 144 264 0.4960 0.3088
Framatome 17x17 MK BW 144 264 0.4960 0.3195
Westinghouse 15x15 Std / Surry 144 204 0.5630 0.3669
CE 14x14 Std 137 176 0.5800 0.3765
CE 14x14 | Ft. Calhoun 128 176 0.5800 0.3815
Manufacturer” Array Version Clad Clad OD Guide Tube | Guide Tube ID
Thickness (inches) oD Inst. Tube ID
(inches) Inst. Tube OD (inches)
(inches)
. Standard 24 @ 0.4820 24 @ 0.4500
Westinghouse 17x17 Vantage 0.0225 0.374 | @ 0.4740 1 @ 0.4440
. 24 @ 0.4820 24 @ 0.4500
Westinghouse 17x17 OFA 0.0225 0.360 1 @ 0.4740 1 @ 0.4440
24 @ 0.4820 24 @ 0.4500
Framatome 17x17 MK BW 0.0225 0.374 1 @ 0.4820 1 @ 0.4500
. 20 @ 0.5450 20 @ 0.5100
2
Westinghouse 15x15 Std / Surry 0.0243 0422 1 @ 0.5450 1 @0.5100
CE 14x14 Std 0.0280 0.440 5@l.115 5@1.035
CE 14x14 | Ft. Calhoun 0.0280 0.440 S@1.115 S @ 1.035
Note:  All dimensions shown are nominal

(1) Equivalent reload fuel assemblies that are enveloped by the fuel assembly design characteristics listed

above are also acceptable.
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Table 6-10
Results of the Fuel Assembly Positioning Studies

(Concluded)

Description

Kkeno l

Ker

Okeno l

Filename

Westinghouse 17x17 Standard Fuel Assembly

Centered, 70% IMD 0.9212 0.0008 0.9228 wel7std c070.out:
Centered, 80% IMD 0.9264 0.0007 0.9278 wel7std_c080.out:
Centered, 90% IMD 0.9233 0.0007 0.9247 wel7std_c090.out:
Centered, 100% IMD 0.9194 0.0007 0.9208 wel7std _c100.out:
Inward, 70% IMD 0.9245 0.0008 0.9261 wel7std_0070.out:
Inward, 80% IMD 0.9289 0.0008 0.9305 wel7std_0080.out:
Inward, 90% IMD 0.9277 0.0007 0.9291 wel7std_0090.out:
Inward, 100% IMD 0.9217 0.0007 0.9231 wel7std_0100.out:

CE 14x14 Standard Fuel Assembly

Centered, 60% IMD 0.8799 0.0007 0.8813 celdstd_c060.out:
Centered, 70% IMD 0.8834 0.0007 0.8848 cel4std_c070.out:
Centered, 80% IMD 0.8807 0.0007 0.8821 celdstd c080.out:
Centered, 90% IMD 0.8723 0.0007 0.8737 cel4std c090.out:
Centered, 100% IMD 0.8619 0.0007 0.8633 celdstd_c100.out:
Inward, 60% IMD 0.8826 0.0008 0.8842 cel4std 0060.out:
Inward, 70% IMD 0.8862 0.0007 0.8876 celdstd_o0070.out:
Inward, 80% IMD 0.8842 0.0007 0.8856 cel4std_0080.out:
Inward, 90% IMD 0.8772 0.0008 0.8788 celdstd_0090.out:
Inward, 100% IMD 0.8676 - 0.0007 0.8690 cel4std _o100.out:
CE 14x14 Fort Calhoun Fuel Assembly

Centered, 60% IMD 0.8808 0.0008 0.8824 celdftc_c060.out:
Centered, 70% IMD 0.8851 0.0007 0.8865 cel4ftc c070.out:
Centered, 80% IMD 0.8828 0.0007 0.8842 celdftc_c080.out:
Centered, 90% IMD 0.8756 0.0008 0.8772 celdftc_c090.out:
Centered, 100% IMD 0.8679 0.0007 0.8693 celdftc_c100.out:
Inward, 60% IMD 0.8826 0.0008 0.8842 celdftc_0060.out:
Inward, 70% IMD 0.8883 0.0007 0.8897 celdftc_0070.out:
Inward, 80% IMD 0.8865 0.0008 0.8881 celdftc 0080.out:
Inward, 90% IMD 0.8815 0.0008 0.8831 celdftc 0090.out
Inward, 100% IMD 0.8717 0.0008 0.8733 celaftc_0100.out:
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Table 6-15
WE 15x15 Class Intact Assemblies Without BPRAs - Final Results
(Concluded)
Description ] Kieno ] Okeno ] Kot " Filename
Type D Basket (32.0 mg B-10/cm?), 2400 ppm Boron, 4.7 wt. % U-235
60% IMD 0.9115 0.0007 0.9129 we15b24_p32e47_060.out:
- 70% IMD 0.9263 0.0008 0.9279 we15b24 p32e47_070.out:
80% IMD 0.9338 0.0007 0.9352 we15b24_p32e47_080.out:
90% IMD 0.9333 0.0007 0.9347 we15b24_p32e47_090.out:
100% IMD 0.9305 0.0008 0.9321 we15b24_p32e47_100.out:
Type E Basket (50.0 mg B-10/cm?), 2400 ppm Boron, 5.0 wt. % U-235
60% IMD 0.9050 0.0009 0.9068 we15b24 _p50e50_060.out:
70% IMD 0.9219 0.0010 0.9239 we15b24 p50e50_070.out:
80% IMD 0.9299 0.0009 0.9317 we15b24_p50e50_080.out:
90% IMD 0.9340 0.0011 0.9362 we15b24 _p50e50_090.out:
100% IMD 0.9319 0.0010 0.9339 we15b24_p50e50_100.out:
Type A Basket (7.0 mg B-10/cm?), 2500 ppm Boron, 3.9 wt. % U-235
60% IMD 0.9270 0.0007 0.9284 we15b25 p07e39_060.out:
70% IMD 0.9326 0.0007 0.9340 we15b25_p07e39_070.out:
80% IMD 0.9301 0.0007 0.9315 we15b25_p07e39_080.out:
90% IMD 0.9215 0.0008 0.9231 we15b25_p07e39_090.out:
100% IMD 0.9119 0.0008 0.9135 we15b25- p07e39_100.out:
Type B Basket (15.0 mg B-10/cm?), 2500 ppm Boron, 4.4 wt. % U-235 '
60% IMD 0.9282 0.0008 0.9298 we15b25_p15e44_060.out:
70% IMD 0.9355 0.0007 0.9369 we15b25 p15e44- 070.out:
80% IMD 0.9357 0.0008 0.9373 we15b25_p15e44 080.out:
90% IMD 0.9353 0.0006 - 0.9365 we15b25 p15e44_090.out:
100% IMD 0.9273 0.0008 0.9289 we15b25_p15e44_100.out:
Type D Basket (32.0 mg B-10/cm?), 2500 ppm Boron, 4.9 wt. % U-235
60% IMD 0.9171 0.0008 0.9187 we15b25 p32e49 060.out:
70% IMD 0.9316 0.0007 0.9330 we15b25_p32e49 070.out:
80% IMD 0.9364 0.0007 0.9378 we15b25_p32e49_080.out:
90% IMD 0.9383 0.0008 0.9399 we15b25_p32e49_090.out:
100% IMD 0.9336 0.0008 0.9352 we15b25_p32e49_100.out:
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Table 6-16
WE 15x15 Class Intact Assemblies With BPRAs - Final Results
(Concluded)
Description | Kieno | Okeno ] Kess Filename

Type A Basket (7.0 mg B-10/cm?), 2000 ppm Boron, 3.50 wt. % U-235
60% IMD 0.9200 0.0007 0.9214 we15bp20_p07e35_060.out:
70% IMD : 0.9312 0.0008 0.9328 we15bp20_p07e35_070.out:
80% IMD 0.9362 0.0007 0.9376 we15bp20_p07e35_080.out:
90% IMD 0.9370 0.0007 0.9384 we15bp20_p07e35_090.out:
100% IMD 0.9318 0.0007 0.9332 we15bp20_p07e35_100.out:

Type B Basket (15.0 mg B-10/cm?), 2000 ppm Boron, 3.80 wt. % U-235
60% IMD 0.9037 0.0008 0.9053 we15bp20_p15e38_060.out:
70% IMD 0.9204 0.0009 0.9222 we15bp20_p15e38_070.out:
80% IMD 0.9290 0.0007 0.9304 we15bp20_p15e38_080.out:
90% IMD 0.9335 0.0008 0.9351 we15bp20_p15e38_090.out:
100% IMD - 0.9328 0.0007 0.9342 we15bp20_p15e38_100.out:

Type D Basket (32.0 mg B-10/cm?), 2000 ppm Boron, 4.20 wt. % U-235
60% IMD 0.8903 0.0007 0.8917 we15bp20_p32e42_060.out:
70% IMD 0.9105 0.0007 0.9119 we15bp20_p32e42_070.out:
80% IMD 0.9255 0.0007 0.9269 we15bp20_p32e42_080.out:
90% IMD 0.9324 0.0007 0.9338 we15bp20_p32e42_090.out:
100% IMD 0.9354 0.0007 0.9368 we15bp20_p32e42_100.out:

Type E Basket (50.0 mg B-10/cm?), 2000 ppm Boron, 4.50 wt. % U-235
60% IMD 0.8827 0.0008 0.8843 we15bp20_p50e45_060.out:
70% IMD 0.9063 0.0008 0.9079 we15bp20_p50e45_070.out:
80% IMD 0.9236 0.0008 0.9252 we15bp20_p50e45_080.out:
90% IMD 0.9320 0.0008 0.9336 we15bp20_p50e45_090.out:
100% IMD 0.9380 0.0008 0.9396 we15bp20_p50e45_100.out:




NUHOMS® HD System Updated Final Safety Analysis Report

Rev. 1. 9/07

Table 6-17

WE 17x17 Class Intact Assemblies Without BPRAs - Final Results
(Concluded)
Description | Kyeno - | Okeno | Kot Filename

Type D Basket (32.0 mg B-10/cm?), 2400 ppm Boron, 4.7 wt. % U-235

60% IMD 0.9122 0.0007 0.9136 wel17b24 _p32e47_060.out:
70% IMD 0.9271 0.0009 0.9289 we17b24_p32e47_070.out:
80% IMD 0.9360 0.0008 0.9376 we17b24_p32e47_080.out:
90% IMD 0.9383 0.0007 0.9397 we17b24_p32e47_090.out:
100% IMD 0.9373 0.0008 0.9389 we17b24_p32e47_100.out:

Type E Basket (50.0 mg B-10/cm?), 2400 ppm Boron, 4.9 wt. % U-235

60% IMD 0.8992 0.0007 0.9006 we17b24_p50e49_060.out:
70% IMD 0.9165 0.0008 0.9181 we17b24_p50e49_070.out:
80% IMD 0.9285 0.0007 0.9299 we17b24_p50e49_080.out:
90% IMD 0.9335 0.0007 0.9349 we17b24_p50e49_090.out:
100% IMD 0.9339 0.0007 0.9353 we17b24_p50e49_100.out:

Type A Basket (7.0 mg B-1 0/cm?), 2500 ppm Boron, 3.9 wt. % U-235

60% IMD 0.9299 0.0006 0.9311 we17b25_p07e39_060.out:
70% IMD 0.9350 0.0008 0.9366 we17b25_p07e39_070.out:
80% IMD 0.9333 0.0008 0.9349 we17b25_p07e39_080.out:
90% IMD 0.9278 0.0007 0.9292 we17b25_p07e39_090.out:
100% IMD 0.9193 0.0007 0.9207 we17b25_p07e39_100.out:

Type B Basket (15.0 mg B-10/cm?), 2500 ppm Boron, 4.3 wt. % U-235

60% IMD 0.9224 0.0007 0.9238 we17b25_p15e43_060.out;
70% IMD 0.9327 0.0007 0.9341 we17b25_p15e43_070.out:
80% IMD 0.9341 0.0007 0.9355 we17b25_p15e43_080.out:
90% IMD 0.9325 0.0007 0.9339 we17b25_p15e43_090.out:
100% IMD 0.9279 0.0008 0.9295 we17b25_p15e43_100.out:

Type D Basket (32.0 mg B-10/cm?), 2500 ppm Boron, 4.8 wt. % U-235

60% IMD 0.9137 0.0009 0.9155 we17b25_p32e48_060.out:
70% IMD 0.9282 0.0009 0.9300 we17b25_p32e48_070.out:
80% IMD 0.9358 0.0008 0.9374 we17b25_p32e48_080.out:
90% IMD 0.9373 0.0007 0.9387 we17b25_p32e48_090.out:
100% IMD 0.9356 0.0007 0.9370 we17b25_p32e48_100.out:

Type E Basket (50.0 mg B-10/cm?), 2500 ppm Boron, 5.0 wt. % U-235

60% IMD 0.8996 0.0007 0.9010 we17b25_p50e50_060.out:
70% IMD 0.9174 0.0008 0.9190 we17b25_p50e50_070.out:
80% IMD 0.9273 0.0009 0.9291 we17b25_p50e50_080.out:
90% IMD 0.9326 0.0008 0.9342 we17b25_p50e50_090.out:
100% IMD 0.9329 0.0008 0.9345 we17b25_p50e50_100.out:
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Table 6-18
WE 17x17 Class Intact Assemblies with BPRAs — Final Results
(Concluded)
Description I Kkeno | Okeno ] - K | Filename
Type D Basket (32.0 mg B-10/cm?), 2500 ppm Boron, 4.7 wt. % U-235
60% IMD 0.8992 0.0007 0.9006 we17bp25_p32e47_060.out:
70% IMD 0.9154 0.0007 0.9168 ~ we17bp25_p32e47_070.out:
80% IMD 0.9272 0.0007 0.9286 we17bp25_p32e47_080.out:
90% IMD 0.9341 0.0007 0.9355 wel17bp25_p32e47_090.out:
100% IMD 0.9356 0.0008 0.9372 we17bp25_p32e47_100.out:
Type E Basket (50.0 mg B-10/cm?), 2500 ppm Boron, 5.0 wt. % U-235
60% IMD 0.8871 0.0008 0.8887 we17bp25_p50e50_060.out:
70% IMD 0.9102 0.0007 0.9116 we17bp25_p50e50_070.out:
80% IMD 0.9260 0.0007 0.9274 we17bp25_p50e50_080.out:
90% IMD 0.9343 0.0008 0.9359 we17bp25_p50e50_090.out:
100% IMD 0.9379 0.0008 0.9395 we17bp25_p50e50_100.out:
Table 6-19
Limiting Parameters for Damaged Fuel Calculations
Fuel Assembly Type Enrichment Boron Fixed Poison
Concentration Loading
CE 14x14 4.90 wt. % U-235 2300 ppm 15 mg B-10/cm?
Westinghouse 15x15 4.90 wt. % U-235 2500 ppm 32 mg B-10/cm?
Westinghouse 17x17 4.80 wt. % U-235 2500 ppm 32 mg B-10/cm?
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Table 6-20
Results of Optimum Pitch Studies
(Concluded)
Description Kieno ] Geno ] Kt I Filename
CE 14x14, 4.9 wt. % U-235, 2300 ppm, 15 mg B-10/cm” (Type B Basket)
Pitch = 0.4400", 70% IMD 0.6852 0.0007 0.6866 cel4_pitch_min_070.out:
Pitch = 0.4400", 80% IMD 0.6915 0.0008 0.6931 cel4_pitch_min_080.out:
Pitch = 0.4700", 70% IMD 0.7560 0.0008 0.7576 celd_pitch_470_070.out:
Pitch = 0.4700", 80% IMD 0.7626 0.0009 0.7644 cel4_pitch_470_080.out:
Pitch = 0.5000", 70% IMD 0.8196 0.0008 0.8212 cel4 pitch 500 070.out:
Pitch = 0.5000", 80% IMD 0.8245 0.0008 0.8261 cel4 pitch_500 080.out:
Pitch = 0.5400", 70% IMD 0.8872 0.0008 0.8888 cel4_pitch_540 070.out:
Pitch = 0.5400", 80% IMD 0.8886 0.0009 0.8904 cel4 pitch 540 080.out:
Pitch = 0.5800", 70% IMD 0.9337 0.0007 0.9351 cel4 pitch_nom_070.out:
Pitch = 0.5800", 80% IMD 0.9336 0.0007 0.9350 cel4 pitch nom_080.out:
Pitch = 0.6000", 70% IMD 0.9473 0.0007 0.9487 celd pitch_600_070.out:
Pitch = 0.6000", 80% IMD 0.9468 0.0007 0.9482 cel4 pitch 600 080.out:
Pitch = 0.6100", 60% IMD 0.9457 0.0008 0.9473 celd pitch 610 _060.out:
Pitch = 0.6100", 70% IMD 0.9491 0.0008 0.9507 cel4 pitch 610 _070.out:
Pitch = 0.6100", 80% IMD 0.9467 0.0007 0.9481 cel4 pitch 610 080.out:
Pitch = 0.6100", 90% IMD 0.9383 0.0008 0.9399 cel4_pitch_ 610 _090.out:
Pitch = 0.6100", 100% IMD 0.9290 0.0007 0.9304 cel4 pitch 610 100.out:
Pitch = 0.6200", 60% IMD 0.9500 0.0007 0.9514 celd_pitch_620 060.out:
Pitch = 0.6200", 70% IMD 0.9512 0.0007 0.9526 celd pitch_620_070.out:
Pitch = 0.6200", 80% IMD 0.9471 0.0007 0.9485 cel4 pitch 620 080.out:
Pitch = 0.6200", 90% IMD 0.9368 0.0008 0.9384 celd pitch 620 090.out:
Pitch = 0.6200", 100% IMD 0.9250 0.0007 0.9264 cel4_pitch_620_100.out:
Pitch = 0.6250", 60% IMD 0.9499 0.0007 0.9513 celd_pitch_625_060.out:
Pitch = 0.6250", 70% IMD 0.9506 0.0007 0.9520 cel4_pitch 625 070.out:
Pitch = 0.6250", 80% IMD 0.9476 0.0008 0.9492 celd pitch 625 080.out:
Pitch = 0.6250", 90% IMD 0.9372 0.0007 0.9386 cel4 pitch 625 090.out:
Pitch = 0.6250", 100% IMD 0.9234 0.0008 0.9250 celd pitch 625 100.out:
Pitch =0.6315", 60% IMD 0.9499 0.0007 0.9513 cel4 pitch_max 060.out:
Pitch =0.6315", 70% IMD 0.9500 0.0008 09516 cel4 pitch max 070.out:
Pitch = 0.6315", 80% IMD 0.9445 0.0007 0.9459 cel4_pitch_max 080.out:
Pitch = 0.6315", 90% IMD 0.9340 0.0008 0.9356 cel4_pitch_max_090.out:
Pitch =0.6315", 100% IMD 0.9187 0.0007 0.9201 cel4 pitch_max_100.out:
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Table 6-21
Results of the Single Ended Rod Shear Studies
(Concluded)
Description Kieno | Gkeno I K. ‘ Filename
CE 14x14, 4.9 wt. % U-235, 2300 ppm, 15 mg B-10/cm” (Type B Basket)
D=1.20 cm, 60% IMD 0.9336 0.0007 0.9350 cel4 ss120 060.out:
D=1.20 cm, 70% IMD 0.9402 0.0008 0.9418 cel4 _ss120 070.out:
D=1.20 cm, 80% IMD 0.9384 0.0007 0.9398 celd4_ss120_080.out:
D=1.20 cm, 90% IMD 0.9325 0.0007 0.9339 - cel4 _ss120_090.out:
D=1.20 ¢cm, 100% IMD 0.9235 0.0007 0.9249 celd_ss120_100.out:
D=1.35 cm, 60% IMD 0.9341 0.0007 0.9355 celd ssmax 060.out:
D=1.35 ¢cm, 70% IMD 0.9386 0.0007 0.9400 celd_ssmax_070.out:
D=1.35 cm, 80% IMD 0.9363 0.0008 0.9379 celd_ssmax_080.out:
D=1.35 cm, 90% IMD 0.9291 0.0008 0.9307 celd ssmax_090.out:
D=1.35 cm, 100% IMD 0.9203 0.0007 0.9217 cel4 ssmax_100.out:
Table 6-22

Results of the Double Ended Rod Shear Studies

CE 14x14, 4.9 wt. % U-235, 2300 ppm, 15 mg B-10/cm’ (Type B Basket)

Description Kieno Geno I Kesr , Filename
No Shear

Ratio=0, 60% IMD 0.9289 0.0008 0.9305 cel4_ds000_060.out:
Ratio=0, 70% IMD 0.9340 0.0008 0.9356 cel4 _ds000 070.out:
Ratio=0, 80% IMD 0.9336 0.0007 0.9350 cel4_ds000 080.out:
Ratio=0, 90% IMD 0.9284 0.0008 0.9300 cel4_ds000 _090.out:
Ratio=0, 100% IMD 0.9224 0.0007 0.9238 cel4 ds000 100.out:

Double Ended Shear with Minimum Distance Between the Sheared and Intact Rows
Ratio=5/10, 60% IMD 0.9349 0.0007 0.9363 cel4_ds001_060.out:
Ratio=5/10, 70% IMD 0.9406 0.0009 0.9424 cel4 ds001_070.out:
Ratio=5/10, 80% IMD 0.9442 0.0007 0.9456 cel4 ds001 080.out:
Ratio=5/10, 90% IMD 0.9398 0.0008 0.9414 cel4 ds001 090.out:
Ratio=5/10, 100% IMD 0.9328 0.0008 0.9344 cel4_ds001_100.out:

Double Ended Shear with Maximum Distance Between the Sheared and Intact Rows
Ratio=5/10, 60% IMD 0.9373 0.0007 0.9387 cel4_ds011_060.out:
Ratio=5/10, 70% IMD 0.9453 0.0008 0.9469 ~cel4_ds011_070.out:
Ratio=5/10, 80% IMD 0.9492 0.0008 0.9508 celd4 ds011 080.out:
Ratio=5/10, 90% IMD 0.9443 0.0007 0.9457 celd dsO11_090.out:
Ratio=5/10, 100% IMD 0.9365 0.0007 0.9379 cel4 dsO11 _100.out:
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Table 6-22
Results of the Double Ended Rod Shear Studies
(Concluded)
Description Kkeno ] Ckeno ] Ket I Filename

WE 17x17, 4.8 wt. % U-235, 2500 ppm, 32 mg B-10/cm” (Type D Basket)

Ratio=0, 60% IMD 0.9149 0.0007 0.9163 wel7_ds000_060.out:

Ratio=0, 70% IMD 0.9304 0.0009 0.9322 wel7_ds000_070.out:

Ratio=0, 80% IMD 0.9354 0.0007 0.9368 wel7_ds000_080.out:

Ratio=0, 90% IMD 0.9369 0.0007 0.9383 wel7_ds000_090.out:

Ratio=0, 100% IMD 0.9355 0.0008 0.9371 wel7_ds000 100.out:
Ratio=2/10, 60% IMD 0.9159 0.0008 0.9175 wel7_ds210_060.out:
Ratio=2/10, 70% IMD 0.9299 0.0007 0.9313 wel7_ds210_070.out:
Ratio=2/10, 80% IMD 0.9371 0.0008 0.9387 wel7_ds210_080.out:
Ratio=2/10, 90% IMD 0.9386 0.0008 0.9402 wel7_ds210_090.out:
Ratio=2/10, 100% IMD 0.9372 0.0008 0.9388 wel7_ds210_100.out:
Ratio=3/10, 60% IMD 0.9184 0.0008 0.9200 wel7_ds310_060.out:
Ratio=3/10, 70% IMD 0.9319 0.0008 0.9335 wel7_ds310_070.out:
Ratio=3/10, 80% IMD 0.9382 0.0007 0.9396 wel7_ds310_080.out:
Ratio=3/10, 90% IMD 0.9415 0.0007 0.9429 wel7_ds310_090.out:
Ratio=3/10, 100% IMD 0.9386 0.0008 0.9402 wel7_ds310_100.out:
Ratio=5/10, 60% IMD 0.9179 0.0008 0.9195 wel7_ds510_060.out:
Ratio=5/10, 70% IMD 0.9324 0.0008 0.9340 wel7_ds510_070.out:
Ratio=5/10, 80% IMD 0.9404 0.0007 0.9418 wel7_ds510_080.out:
Ratio=5/10, 90% IMD 0.9444 0.0008 0.9460 wel7_ds510_090.out:
Ratio=5/10, 100% IMD 0.9403 0.0007 0.9417 wel7 ds510 _100.out:
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‘ Table 6-26
WE 15x15 Class Damaged Assemblies With BPRAs - Final Results
(Concluded)

Description | Kieno | Okeno I Kest Filename
Type A Basket (7.0 mg B-10/cm?), 2000 ppm Boron, 3.40 wt. % U-235
60% IMD 0.9101 0.0008 0.9117 we15bpds_p07e34_060.out:
70% IMD 0.9249 0.0007 0.9263 we15bpds_p07e34_070.out:
80% IMD 0.9321 0.0008 0.9337 we15bpds_p07e34_080.out:
90% IMD 0.9324 0.0007 0.9338 we15bpds_p07e34_090.out:
100% IMD 0.9297 0.0008 0.9313 we15bpds_p07e34_100.out:
~ Type B Basket (15.0 mg B-1 0/cm?), 2000 ppm Boron, 3.75 wt. % U-235
60% IMD 0.9007 0.0007 0.9021 we15bpds_p15e38_060.out:
70% IMD 0.9205 0.0007 0.9219 we15bpds_p15e38_070.out:
80% IMD 0.9290 0.0007 0.9304 we15bpds_p15e38_080.out:
90% IMD 0.9352 0.0007 0.9366 we15bpds_p15e38_090.out:
100% IMD 0.9372 0.0007 0.9386 we15bpds_p15e38_100.out:
Type D Basket (32.0 mg B-10/cm?), 2000 ppm Boron, 4.10 wt. % U-235
60% IMD 0.8863 0.0008 0.8879 we15bpds_p32e41_060.out:
70% IMD 0.9088 0.0008 0.9104 - we15bpds_p32e41_070.out:
80% IMD 0.9211 0.0008 0.9227 we15bpds_p32e41_080.out:
90% IMD 0.9307 0.0007 0.9321 we15bpds_p32e41_090.out:
100% IMD 0.9337 0.0008 0.9353 we15bpds_p32e41_100.out:
‘ Type E Basket (50.0 mg B-1 0/cm?), 2000 ppm Boron, 4.35 wt. % U-235
60% IMD 0.8760 0.0007 0.8774 we15bpds_p50e44_060.out:
70% IMD 0.9020 0.0008 0.9036 we15bpds_p50e44_070.out:
80% IMD 0.9177 0.0008 0.9193 we15bpds_p50e44_080.out:
90% IMD 0.9274 0.0007 0.9288 we15bpds_p50e44_090.out:
100% IMD 0.9336 0.0008 0.9352 we15bpds_p50e44_100.out:
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Table 6-27
WE 17x17 Class Damaged Assemblies With BPRAs - Final Results
(Concluded)
Description ] Kyeno | Okeno ’ Kesr Filename
Type D Basket (32.0 mg B-10/cm?), 2500 ppm Boron, 4.60 wt. % U-235
60% IMD 60% IMD | 60% IMD | 60% IMD 60% IMD
70% IMD 70% IMD | 70% IMD | 70% IMD 70% IMD
80% IMD 80% IMD | 80% IMD | 80% IMD 80% IMD
90% IMD 90% IMD | 90% IMD | 90% IMD 90% IMD
100% IMD 100% IMD | 100% IMD | 100% iMD 100% IMD
Type E Basket (50.0 mg B-10/cm?), 2500 ppm Boron, 4.9 wt. % U-235
60% IMD 60% IMD | 60% IMD | 60% IMD 60% IMD
70% IMD 70% IMD | 70% IMD | 70% IMD 70% IMD
80% IMD 80% IMD | 80% IMD | 80% IMD 80% IMD
90% IMD 90% IMD | 90% IMD | 90% IMD 90% IMD
100% IMD 100% IMD | 100% IMD | 100% IMD 100% IMD
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Table 6-33
CE 14x14 Class Intact Assemblies — Final Results
(Concluded)
Description ] Kieno Okeno Ketr Filename

Type C Basket (20.0 mg B-10/cm?), 2300 ppm Boron, 5.00 wt. % U-235

60% IMD 0.9196 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>