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NAC-LWT Cask SAR
P ~ Revision 38
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Issue Date "~
March 1988

August 1988

July 1989

September 1989

November 1989

June 1990

July 1990

-September 1990

November 2007
RECORD OF REVISIONS
Revision
Number : Change Description of Change

0 N/A Initial Release.

1 2.10.8 Incorporate Drop Test Results.

-2 Throughout - General rewrite and reissue to ,
incorporate NAC responses to NRC
comments.

3. Throughout ~ Provide revised stress tables. Clarify

: post-drop test revisions. Change
from Fissile Class I to Fissile Class
III. Vacuum drying required for
PWR and BWR fuels.

4 o Throughout Revise to Type B(U). Clarification of
side and end drop analyses for the
neutron shield and expansion tank.
Correct containment calculations.

~ Revise Qperating procedures.
-5 Deleted.
6 2.10.14 Incorporate failed metallic fuel as
and permissible contents of the
throughout packaging.
6 7.1 Incorporate operational changes to
(supplement) 7/1990, Revision 6.
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Issue Date -

December 1990

August 1991

October 1991

October 1994
November 1994

January 1995

March 1995

May 1995

RECORD OF REVISIONS (continued) ' _ Yo D
Revision _ ,
Number Change " Description of Change
7 2.10.13 Renumber 2.10.14 as 2.10.13.
and Revise to include evaluation of three
throughout failed metallic fuel rods per canister. -

8 2.10.13 ‘Revise to permit use of shipment of
severely failed research reactor
metallic fuel that has been
accumulated in filters using failed
fuel cans.

9 1.0, 1.1, Revise to incorporate response to

1.2,4.2, NRC questions on Revision 8.
443,7.0, ‘
7 ®

10 14 Revise License Drawings to modify

' radiographic acceptance criteria.

11 Throughout  Revise to permit shipment of MTR -

Co o fuel.

12 1.4 Revised License Drawings to
incorporate new weld and inspection
requirements. '

13 1.2,2.2, Submittal of consolidated SAR.

2.2.12.6,5.1, Revised to incorporate responses to
53.4,6.44, NRC questions on MTR fuel -
7.14 -contents.

14 14 Minor editorial corrections to

consolidated SAR.
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NAC-LWT Cask SAR

2.7.3,2.75,2.10.13.8,

3.2,34,3.5,42,43,

44,5.1,6 (all), 7.1,

- -78.1,9.0
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" ' RECORD OF REVISIONS (continued)
, Revision :

Issue Date Number  Change Description of Change

June 1995 15 Throughout Revised to incorporate up to 25
individual PWR fuel rods as
permissible contents.

August 1995 16 2.6.12.2 Revised to incorporate a
description of the canister for
individual intact PWR rods.

August 1995 17 2.6.12,5.0,5.1,53, Revised to incorporate shielding

. Table 6.2-1 analysis for 25 PWR rods and
S _editorial corrections.

October 1995 18 1,45and 6 Revise to incorporate LEU MTR
fuel elements as permissible
contents.

December 1995 19 14 Submit revised MTR basket

: o ' “drawings incorporating-
additional fabrication details.

March 1996 20 12,14,7.1and 7.2  Submit revised drawings for
alternate drain configuration.

December 1997 21 1.2,2.1.3,2.4.3,2.6, Incorporates HEU MTR analysis

' 2.7,3.1,3.4,44,5.0, for varying bumup and cool
7.1.4,7.15,82,9.0 time. Incorporates note to ,
‘ clarify bolt thread chrome-plate
requirements.
May 1998 22 1.0,1.1,1.2,2.1, Incorporates 120 element
2.6.12,2.7.7,29 TRIGA fue] analysis.
(various), 3.1, 3.4,
3.5,4.0 (all), 5.0, 5.1,
5.3, 6.0 (various), 7.0
© (alD), 8.1,9.0
November 1998 23 1.0,1.2.3,2.7.1.6, Incorporates changes for

B(U)F-85 certification.
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Issue Date

December 1998

February 1999
April 1999

June 1999

December 1999

January 2000

November 2007

RECORD OF REVISIONS (continued)

Revision
Number Change
24 1.2.3,2.2.0,2.3.0,
2.6.12,2.7.7,42,43,
4.53,5.1,5.34,64.3,
7.1,7.2
25 6.2.3 and 6.4.3
26 1.0,1.1,1.22,1.2.3,

2.6.12.7,2.7.7.6,
2.7.79,34.1.5,3.4.1.6,

3.5.3.4,42.1,453,5.0, .

5.1,5.3.6,5.3.7, 6.0,
6.1,6.2,6.2.5, 6.2.6,
6.2.7,6.3,6.3.5,6.4.5,
6.4.6,6.6.5,6.6.6, 7.0,
7.1.6,8.1.7,8.2

27 1.23.1.1.2 and 6.4.6.5

28 License drawings, 1.2,
2.3,2.7,2.10.8,2.10.13,
32,3.5,54,6.2,64,
8.3,9.0

29 Complete consolidation
of SAR for CoC
Renewal Application

Chapter 7

License Drawings 315-
40-01, 02, and 03

Page 4 of 8

Description of Change

Incorporates MTR-35 basket
configuration, failed MTR fuel
containment analysis, and various
minor editorial changes.

Added additional MTR configuration.

Incorporates TRIGA fuel cluster rod

contents and TRIGA poisoned basket

configuration.

Incorpofates increased fuel
parameters for TRIGA fuel cluster
rod contents.

Incorporates minor changes to
numerous drawings to reflect changes

facilitating fabrication and to increase

the uranium loading of NISTR MTR
fuel contents.

~Consolidated SAR, removed all

shading and revision bars and
numbered all pages to Revision 29.

Incorporated miscellaneous
corrections and clarifications in the
cask operating procedures based on
cask operating experience.

Incorporated changes in Name Plate
attachment and information (for
corporate name and B(U)F-85
designation). Revised slot dimension

on shield tank (Section G-G, sheet 4).
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RECORD OF REVISIONS (continued)

Revision
Issue Date " Number Change Description of Change
January 2000 29 License drawings Corrected material callout to 6061-
(continued) . 315-40-05 and 06 T651 AL ALY for Items 10, 17, and
: 19 on 315-04-05 and Item 5 on
315-40-06.
July 2000 30 Throughout =~ Revised to incorporate high burnup
PWR and BWR fuel rods and
McMaster MTR fuel as authorized
contents; to incorporate a revised
specification for the Ball-Lok impact
limiter attachment pins; and to
incorporate an alternate fabrication
method for the impact limiter shells.
License Drawing 315- Corrected slot dimension for neutron
' 40-03 shield gusset.
License Drawings = Incorporated revised Ball-Lok pin
315-40-01, -048, specification.
-052, -079, -084, and - ‘
094
License Drawings  Incorporated alternate fabrication
315-40-05and 06  method for the impact limiter shells.
License Drawings  Added to define the components used
315-40-098 through —  for shipment of high burnup fuel rods.
105 C
November 2000 31 Throughout Revised to incorporate drawing
, Licensing Drawings changes due to fabrication comments,
as well as specific HEU-MTR fuel for
313-40-03, 04, -08, - Argentina research reactor
099, -102, -105, and - '
106 _
January 2001 32 Throughout Incorporated MEU-MTR fuel elements
.. . bounding MTR fuel element including
Licensing Drawings

tolerances for fabrication, enrichment,
burnups and cool times. Incorporated
‘revised dimensional tolerances for
impact limiter shell dimensions and
acceptance criteria for local
scratches/gouges in the shells.

315-40-05 and -06
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Issue Date

September 2001

November 2002

May 2004

December 2004

November 2007

RECORD OF REVISIONS (continued)

~ Revision
~ Number

33

34

35

36

Change

Throughout;
Licensing Drawings
- 315-40-02, -03, -04,
-08, -10, -074, -108,

109, -110, -111,

-113
Throughout

Throughout

Complete
consolidation of
SAR for CoC
renewal application.

License drawings:

315-40-02
315-40-03
315-40-08
315-40-10
315-40-087
315-40-127
31540-128

Page 6 of 8

Description of Change

Incorporated Alternate Port Cover
design, alternate PWR fuel basket
configuration and DIDO/Petten fuel

Incorporated 02A (LEU MTR) and 02B
(MTR) '

‘Incorporated 03A, 03C, 03D, 03F &

03G (GA IFM) and 03B, 03E & 03H
(EPRI/Framatome)

General update incorporating LWT-
031 (TPBAR), LWT-04B (updated
drawings for obsolete part numbers),
LWT-04C (TPBAR RAI), LWT-04D
(-96 changes), and LWT-04F
(updates to TPBAR RALI for tritium
release limits).

Additional changes to the SAR have
been incorporated in accordance with
NRC/NAC discussions: Section 1.1,

Page 1.1-1, clarified that fuel rod insert

may also be referred to as a rod holder
and that encapsulated fuel rods are not
rod holders; Section 1.2.3, clarified that
fuel rod capsules may be placed in a
rod holder and added sketch of typical
fuel rod capsule in Figure 1.2-11 to
replace Framatome drawings; Section
1.2.3.1.2, added “intact” before
“TRIGA fuel elements” in five places
to clarify the TRIGA contents; Section

- 1.2.3.6, added “stainless steel” before

“consolidation canister” in last
paragraph to-identify the TPBAR
consolidation canister material; Figure
1.2-10 revised to eliminate unnecessary
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RECORD OF REVISIONS (continued)
_ Revision
Issue Date ' Number Change Description of Change
December 2004 36 Complete detail; added drawing 315-40-03,
. consolidation of  revision 6, to cover LWT units 1
(continued) SAR for CoC through 5 per CoC specification;
renewal . revised drawing 315-40-128, per
application. revision 1, to delete the reference to
License drawings: the Westinghouse TPBAR
" consolidation canister drawing; -
315-40-02 Figures 2.10.2-4a through —4d and
315-40-03 Figure 2.10.2-5 renumbered with
315-40-08 consecutive numbers; Table 5.1-1
315-40-10 simplified to only specify the
315-40-087 Transport Index that is based on
315-40-127 shielding per IAEA —96 regulations;
315-40-128

Tables 5.3-3a through —3d, Table
5.3-6a, Table 5.3-7a and Table 5.3-9a
renumbered consecutively; Section
5.3.6, moved Figures 5.3-9 through
5.3-15 and Figures 5.3-19 through
5.3-23 to the end of the section;
Section 5.3.7.1, added references to
Tables 5.3-26 and 5.3-27; Section
5.3.9, added reference to Figure 5.3-
24; Figure 5.3-46, corrected MCNP , -
input for 300 TPBARS at 30 days
cool times.

"Files were updated to take advantage

of automatic TOC, LOF, & LOT
numbering, correct preface page
numbers to chp# + pg number, delete
extra section breaks, and except for
Chapter 2 change page numbering to
two levels. Pagination corrected, “x”
changed to “x” in formulas, format
for continued figures and tables made
consistent, some footnotes put into
true format and made consistent, and

some automatic cross references sét

up.
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RECORD OF REVISIONS (continued)

' Revision )
Issue Date - - Number Change’ "~~~ Description of Change
June 2005 37 Incorporation of LWT- Added PULSTAR fuel,
" 04E, LWT-05A, LWT- screened can option &
05B, LWT-05C, LWT- TPBAR dunnage
05D & LWT-0SE approved amendments

. to Revision 36.
License drawings:
315-40-01, Rev. 5
315-40-086, Rev. 1
315-40-098, Rev. 3
315-40-100, Rev. 3
315-40-104, Rev. 1
315-40-129, Rev. 1
315-40-130, Rev. 1
"7 315-40-133, Rev. 0
315-40-134, Rev. 1
315-40-135, Rev. 1

November 2007 38 Incorporation of LWT- Added ANSTO, TPBAR,
05F, LWT-06A, LWT- TRIGA & Petten
06B, LWT-06C, LWT- approved amendments to
06E, LWT-06F, LWT- Revision 37.

06G, LWT-07A, LWT-
- 07B, LWT-07C, LWT-
07D & LWT-07F

License drawings:
315-40-01, Rev. 6; 315-40-02, Rev. 20;
315-40-03, Rev. 6; 315-40-03, Rev. 22;
315-40-08, Rev. 17; 315-40-048, Rev. 3;
315-40-052, Rev. 3; 315-40-079, Rev. 3;
315-40-084, Rev. 3; 315-40-085, Rev. 0;
315-40-094, Rev. 4; 315-40-104, Rev. 2;
315-40-111, Rev. 1; 315-40-124, Rev. 1;
315-40-125, Rev. 3; 315-40-127, Rev. 2;
315-40-128, Rev. 2; 315-40-133, Rev. 1;
315-40-139, Rev. 0; 315-40-140, Rev. 0;
-315-40-141, Rev. 0; 315-40-142,Rev. 0;. .. . -
315-40-145; Rev. 0 ‘
The following license drawings were deleted:
315-40-13, 315-40-14, 315-40-15, 315-40-17,
315-40-18 & 315-40-20
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LIST OF EFFECTIVE PAGES
Chapter 1 2631 e, Revision 38
14 thru 1-iVeeo, Revision 38 2641 oo, Revision 38
1-1thru -5, Revision 38 2.6.5-1 thru 2.6.5-2 ................ Revision 38
LI-1thru 1120, Revision 38 26.6-1...coo..cccverrerrresnnnnnni Revision 38
1.2-1thru 1.2-49................. Revision 38 2.6.7-1 thru 2.6.7-136.............Revision 38
I ICES PR Revision 38 X X35 N Revision 38
La-Lne. ST Revision 38 yX X Revision 38
151, ...... Revision 38 2.6.10-1 thru 2.6.10-15 ...'.......Revision 38
' v 2.6.11-1 thru2.6.11-12.......... Revision 38
+ 76 drawings in the 2.6.12-1 thru 2.6.12-91 ......... Revision 38
Chapter 1 List of Drawings 270 oo Revision 38
) , 2.7.1-1 thru 2.7.1-117............ Revision 38
Chapter 1 Appendices 1-A 2.7.2-1 thru 2.7.2-23 .............. Revision 38
through 1-G 2.7.3-1 thru 2.7.3-5 oo Revision 38
Chapter 2 2741 (i Revision 38
20§ tHIU 2XXIVerr e Revision 38 27510 2755 e Revision 38
. 2.7.6-1thru2.7.64.............. Revision 38
2] e Revision 38 o
5 11l thru 2119, Revision 38 2.7.7-1 thru 2.7.7-70.............. Rev?Sfon 38
L2212 Revin 38 o
2.1.3-1 thru 2.1.3-8............. Revision 38 - o
2.2.1-1 thru 2.2.1-3 oo Revision 38 210.1-Tthru 2.10.13 ........ Revision 38
. 2.10.2-1 thru 2.10.2-49 .......... Revision 38
2.3 Revision 38 .
2302305 Reon 38 e
A Revision 38 RS Revision 38
2.4.1-1 o Revision 38 2.10.6-1 thra 2.10.6-19 ... Revision 38
2821 e, Revision 38 o
Y G Revision 38 210.7-1 thru 2.10.7-66........Revision 38
2481 oo Revision 38 2.108-1 thru 2.10.8-67......... Rev?s?on 38
2451 e Revision 38 zig?; ;2;1;“221(1)09;%97 """" Ezzizzz 22
24.6-1 oo, Revision 38 2'10:1 (-1 thra 2:10:“_10 :::::Revision 38
2.5.1-1thru2.5.1-11........... Revision 38 210121 thru 2.10.12-31 ... Revision 38
2.5.2-1thru 2.5.2-17........... Revision 38 2 10.13-1 thru 2.10.13-17 ... Revision 38
2.6.1-1 thru 2.6.1-7............. Revision 38 2 10.14-1 thru 2.10.14-38 ... Revision 38
2.6.2-1thru2.6.2-7............. Revision 38 .
v 2.10.15-1 thru 2.10.15-10......Revision 38

NAC International
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LIST OF EFFECTIVE PAGES (Continued)

Chapter 3 '
3-ithru 3-v...e SO Revision 38
3.1-1thru 3.1-2 e, Revision 38
3.2-1thru3.2-11.......... ......Revision 38
331, Revision 38
3.4-1thru34-82............... Revision 38
3.5-1thru3.5-34................. Revision 38
3.6-1 thru3.6-12................ Revision 38
Chapter 4 '
AAthru d-iv....ocooiiinniiinnn, Revision 38
4.1-1 thrud.1-3.................. Revision 38
4.2-1 thrud.2-12................. Revision 38
4.3-1thru4.3-7...cccoovvveennee Revision 38
44-1thru4d-2............. Revision 38
4.5-1 thru 4.5-85................. Revision 38
Chapter 5
5-ithru 5-Xeeeoeoeeeeciieee, Revision 38
5-1thru5-3...coevvverireeen, Revision 38
5.1.1-1 thru 5.1.1-16........... Revision 38
5.2.1-1thru 5.2.1-7............. Revision 38
5.3.1-1 thru 5.3.1-2............ Revision 38
532-1ueee Revision 38
5.3.3-1 thru 53.3-8............. Revision 38
53.4-1thru5.3.4-19......... Revision 38
'5.3.5-1thru5.3.54........... Revision 38
5.3.6-1 thru 5.3.6-18........... Revision 38
5.3.7-1thru 5.3.7-11........... Revision 38
5.3.8-1thru 5.3.8-25........... Revision 38
5.3.9-1thru5.3.9-26.......... Revision 38
5.3.10-1 thru 5.3.10-14....... Revision 38
5.3.11-1thru 5.3.11-48....... Revision 38
5.3.12-1 thru 5.3.12-26....... Revision 38
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5.3.13-1 thru 5.3.13-17 .......... Revision 38
5.3.14-1 thru 5.3.14-21 .......... Revision 38
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5.3.16-1thru 5.3.16-5 ............ Revision 38
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Chapter 6 _
6-1 thr 6-Xi.coouveevenvereeneeene Revision 38
O-1 oo Revision 38
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6.2-1 e Revision 38
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6.2.8-1 thru6.2.8-3................ Revision 38
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6.3.4-1thru6.34-9.............. Revision 38
6.3.5-1 thru 6.3.5-12 .............. Revision 38
6.3.6-1 thru6.3.6-9........... .....Revision 38
6.3.7-1thru6.3.7-4................ Revision 38
6.3.8-1 thru 6.3.8-7 ................ Revision 38
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4 . CONTAINMENT
41 Containment Boundag‘

The containment boundary for the NAC-LWT cask consists of the 0.75-inch thick inner shell, the
4.0-inch thick bottom end plate, the 11.25-inch thick lid, and the upper ring forging. The inner
shell is Type XM-19 stainless steel and the other components are Type 304 stainless steel. The
valves used for filling and draining the cask cavity are not considered to be part of containment;
this function is provided by the valve port covers. There are two port cover designs: alternate |
and Alternate B. The alternate port cover is fabricated from SA-705, Grade 630, condition
H1150 precipitation-hardened stainless steel. The Alternate B port cover is fabricated from XM-
19 stainless steel to withstand a higher MNOP and to provide a leaktight containment boundary.
The metallic O-ring inner seal of the lid, the tetrafluoroethylene (TFE) O-ring, and the Viton® O-
ring or metallic face seals of the valve port covers are also part of the containment boundary.

The sealing surfaces for metallic O-rings and seals are machined in accordance with seal '
manufacturers’ recommendations to a finish suitable to achieve sealing reliability. The metal
face seal, located on the Alternate B port cover face, is in a 0.125-inch counterbore with a
suitable surface finish, and provides a leaktight containment boundary seal when the Alternate B
port cover design is used. '

4.1.1 Containment Penetrations

The only containment penetrations in the NAC-LWT cask are the cask cavity vent and drain
ports, and the cask lid.

4.1.2 | Seals and Welds

41.21 Seals

The O-rings of the cask lid and valve port covers are the seals that affect containment for the
radioactive contents of the NAC-LWT cask, as described in Section 4.1. Appendix 4.5.1
contains the military specification that prescribes the physical and chemical properties of the TFE
O-rings. Appendix 4.5.2 is the manufacturer’s technical bulletin for the metallic O-rings. Seal
testing, prior to cask acceptance from the manufacturer, during routine maintenance, and upon
“assembly for transportation, includes the fabrication leakage rate test, the periodic maintenance
leakage rate test, and the preshipment leakage rate test per the requirements of ANSINi4.5-
1997. Appendix 4.5.3 contains a description of the leakage testing performed using the Viton®
O-rings on the alternate port cover design at temperatures exceeding the manufacturer’s elevated
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temperature limit. Appendix 4.5.3 also contains the O-ring manufacturer’s material report on the
Viton® material. Appendix 4.5.9 contains the technical specification on the Alternate B port
cover HELICOFLEX® metallic face seal.

4.1.2.1.1 Fabrication Leakage Rate Test

Upon completion of fabrication, the cask containment shall be tested as described in Section
8.1.3. This test verifies the sealing integrity of the package to a leakage rate of not more than
5.5 x 107 std cm?/ sec (helium) for the lid seal and alternate port cover seals. Per Section 8.1.3,
the cask lid and Alternate B port cover are tested to leaktight conditions by verifying mtegnty of
the seals to a leakage rate of no more than <2 x 107 cm®/s for TPBAR contents.

41.21.2° ‘Fébrication Pressure Test

During acceptance testing, the cask containment boundary shall be hydrostatically tested using
the pressure test described in Section 8.1.2. This test verifies the sealing integrity of the package
with a hydrostatic test pressure of 209 psig for fissile material shipments.

As an additional post-fabrication test, prior to performing the first TPBAR shipment in an NAC-
LWT cask, the hydrostatic test described in Section 8.1.2 shall be performed with the Alternate B
port covers installed. The test pressure for the hydrostatic test shall be 450 psig, which is 150%
MNOP. | |

41.21.3 Preshipment Leakage Rate Test

Prior to shipment of a loaded NAC-LWT cask, the closure lid and vent and drain port cover
containment seals shall be individually leakage tested. For the alternate port covers, a pressure
drop test is performed by pressurizing the volume between the containment seal and the test seal.
This preshipment leakage rate test assures that the port covers and seals are properly installed and
that no leakage exists in excess of test sensitivity of 1 x 10 ™ ref cm®/s.

If the Viton® containment O-ring is replaced, a maintenance leakage rate test is required to be
performed per Section 8.1.3. The closure lid and Alternate B port cover both utilize metallic
O-rings for the containment boundary seal. Metallic O-rings are designed for a single use and
must be replaced prior to each loaded transport. Following installation of the closure lid and
Alternate B port covers, maintenance leakage rate tests are performed on each component in
accordance with the test procedures in Section 8.1.3.

NAC International 4.1-2



NAC-LWT Cask SAR November 2007
Revision 38

4.1.2.2 Welds

All containment vessel welds are full penetration bevel or groove welds to ensure structural and
containment integrity.

41.3 Closure

Closure of the containment vessel is provided by the twelve 1-8 UNC closure lid bolts, each
tightened to 260 ft-1b of torque. The lid bolts are SA-453, Grade 660 high alloy steel bolting
material. The lid bolts are preloaded so that the 1id seals remain fully compressed for all load
conditions. The structural adequacy of the lid bolts is documented in Sections 2.1.3.2.2,2.6.7.6
and 2.10.9. The closure lid O-ring seals are specified on Drawing No 315-40-02 in Section 1.4.
The O-ring seals and grooves are selected based on the manufacturer’s specifications to satisfy
the pressure and temperature conditions incurred by the NAC-LWT cask. The leakage test
described in Section 8.1.3 verifies that the lid seal leakage rate does not exceed 5.5 x 107
std-cm®/sec (helium) for packages that do not require a leaktight containment boundary.
Packages requiring a leaktight containment boundary are tested per Section 8.1.3 to a lid seal
leakage rate not to exceed 1 x 107 ref cm®/sec. Per ANSIN14.5, the equivalent helium leakage
rate for leaktight conditions is 2 x 107 cm?/sec.

Alternate port covers are retained by three % - 16 UNC bolts, each tightened to 100 in-lb of
torque. The bolt material for these ports covers is SA-193, Grade B6 high alloy steel. The
Alternate B port cover is retained by three ¥% - 16 UNC bolts, made from SB-637 Grade N07718
nickel alloy steel, each tightened to 280 in-lb of torque. The Alternate B port covers are required
for the transport of TPBAR contents, which require a leaktight containment configuration.
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4.2 Containment Reguirements for Normal Conditions of Transport

The NAC-LWT cask must maintain a radioactivity release rate less than 10 A,/hr under normal
conditions of transport, as required by 10 CFR 71.51 and JAEA Transportation Safety Standards
(TS-R-1). For any of the evaluated fuels, this condition is satisfied by maintaining a maximum
allowable leak rate of 6.39 x 107 ref. cm®/sec (air) at standard temperature and pressure
conditions for normal conditions of transport as shown in Table 4.2-4. The equivalent maximum
allowable helium leak rate is 1.06 x 10 std cm>/sec (helium). To ensure that the maximum
allowable leak rate is not exceeded, the cask is conservatively leak tested to 5.5 x 107 std -
cm®/sec (helium). As shown in Table 4.3-2, the allowable leak rate for accident conditions is
larger. For the transport of TPBAR contents, a leaktight containment boundary is required.
Leaktight is defined per ANSI N14.5-1997 to be 1 x 107 ref cm®/sec (2 x 107 std cm®/sec
helium).

* The limiting transport contents for the containment analysis for non-TPBAR contents are 25
BWR high burnup fuel rods, assuming that 56%, or 14, of the fuel rods are classified as
damaged. The analysis is based on the assumption that the fuel rods fail in transport, which is
considered to bound the condition in which the fuel is already damaged. This is conservative
since fuel classified as damaged is likely to have already lost initial charge and fission gases prior
to loading in the transport cask. The calculated allowable leak rate for the 14 failed rod
configuration is 1.06 x 107 std cm®/sec (helium). This value is greater than the helium leak test
condition of 5.5 x 107 cm>/sec (helium). Therefore, transport of 25 high burnup PWR or BWR
fuel rods, with up to 14 of the fuel rods classified as damaged, is acceptable.

The PULSTAR fuel element containment evaluations, compliant with a 10 CFR 71 B(U)F-96
designation as specified in the TS-R-1 compliance document, are presented in Section 4.5.8.
Both intact and damaged fuel payloads are acceptable per the revised 10 CFR 71.63, as the
plutonium produced in the PULSTAR fuel elements is in solid form.

The structural and thermal evaluations of the NAC-LWT are provided in Chapters 2 and 3,
respectively. Results of these evaluations demonstrate that cask containment is maintained
during normal conditions of transport and hypothetical accident conditions. Therefore, the
package satisfies the containment requirements of 10 CFR 71.51

421 Containment of Radioactive Material

The 10 CFR 71 limit for the release of radioactive material under normal conditions of transport
is 10 As/hr. The A; value for a mixture of isotopes is determined by using the method
described in 10 CFR 71, Appendix A. The assumed release fractions for the cask contents, with
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the exception of MTR and DIDO fuel assemblies, are obtained from NUREG/CR-6487
(Anderson) and are summarized in Table 4.2-1. The isotope curie contents for the cask design
basis PWR and BWR fuel assemblies, 25 PWR or BWR high burnup rods, and TRIGA and MTR
fuel elements and DIDO fuel assemblies are provided in Section 4.5.4. The isotopic curie
content and displaced volume associated with TRIGA fuel cluster rods are bounded by that of the
design basis TRIGA fuel element. As shown below, the allowable leak rate for TRIGA fuel
characterized as failed bounds the allowable leak rate for the TRIGA spent fuel described in
Table 1.2-1. The containment analyses for MTR and DIDO fuel are presented in Sections 4.1.1
and 4.5.7 and are performed in accordance with the methodology presented in “Bases for
Containment Analysis for Transportation of Aluminum-Based Spent Nuclear Fuel,” WSRC-TR-
98-00317, October 1998. Spiral fuel and MOATA plate bundle ANSTO basket payloads are
comprised of MTR/DIDO type fuel plates and rely on the bounding containment evaluations
performed for the similar DIDO basket. Further discussions of the ANSTO basket payloads are
included in Section 4.5.10.

The allowable leak rate for BWR fuel is primarily determined by the postulated concentration of
%Co in crud that is assumed to coat the external surface of the fuel rods and channel of the BWR
fuel assemblies. Crud is a mixture of impurities that are deposited on the exterior of the fuel
assembly by reactor cooling water during power generation. NUREG/CR-6487 estimates the
maximum *’Co concentrations on spent fuel assemblies to be 140 pCi/cm* for PWR assemblies
and 1,254 uCi/em’ for BWR assemblies at initial discharge. The calculated concentration, based
on assembly surface area, is decayed 2 years based on the required cool time for design basis
PWR and BWR fuel.

The combined payload isotopic content of the two General Atomics (GA) Irradiated Fuel
Material (IFM) Fuel Handling Units (FHUs) is 3403 Ci, 86% of which is for the TRIGA
elements in the RERTR/IFM FHU. Based on the FLIP-LEU II TRIGA element data in Table
4.5-7 through Table 4.5-9, the design basis activity inventory for a single TRIGA element is 2094
Ci. However, since up to 140 deé‘ign basis elements can be loaded in the poisoned TRIGA basket,
the cask inventory is 293,174 Ci. This bounds the 3403 Ci of the combined GA IFM payload (by
a factor of more than 80). Thus, no containment evaluation is necessary for the NAC-LWT
loaded with GA IFM.

4211 Calculation of Permissibie Leak Rates

The maximum permissible leak rate from the cask under normal conditions of transport is
determined from the 10 CFR 71 limit of 10 Ay/hr:

Rn=LNCn< Ay x 108 hr! or 2.78 x 1070 sec ™!
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‘.’ ™, where:

i
i

Lx = allowable volumetric gas leakage rate [cm®/s]

Cn = curies per unit volume (termed “activity density”) of the radioactive material that
passes through the leak path [Ci/cm’]

Ry = Release rate for normal transport conditions [Ci/sec]

Activity Density of Radioactive Material (C,)

The total inventory of fission product gases, volatiles, fines and crud for the design basis PWR
and BWR spent fuel are shown in Table 4.5-1 through Table 4.5-6. The inventories are
calculated using the source terms produced by the SAS2H sequence (Hermann) and applying the
release fractions (Table 4.2-1) and the postulated %%Co content of the crud. The *°Co content is
decayed 2 years from discharge to the design basis fuel cool time. The PWR crud analysis is
based on a single design basis fuel assembly, while the BWR crud analysis is based on 2 design
basis fuel assemblies. The total inventories for metallic fuels are calculated in the same way,
conservatively applying the release fractions for PWR and BWR spent fuel. Crud does not
contribute to the source term for metallic fuels, as crud formation is not considered to be a
o significant contaminant for MTR, research reactor, and other metallic fuels. The radionuclide

" inventory of the bounding TRIGA fuel element, the FLIP LEU with type II end fittings, is shown
in Table 4.5-7 through Table 4.5-9, for gases, volatiles and fines, respectively. The radionuclide
inventory of the TRIGA fuel cluster rods is bounded by that of the design basis TRIGA fuel |
element. The radionuclide inventory of the bounding MTR fuel element is similarly shown in
Table 4.5-10 through Table 4.5-12. The radionuclide inventory of the bounding DIDO fuel
assembly is shown in Table 4.5-19 through Table 4.5-21. As indicated by the bounding source
described in Chapter 5 and further discussed in Section 4.5.10, the spiral fuel assemblies and
MOATA plate bundles in the ANSTO basket are bounded by DIDO evaluations.

As shown in Table 4.2-2, the allowable leak rate for TRIGA fuel characterized as failed bounds
the allowable leak rate of the design basis PWR and BWR fuel, the intact high burnup 25 PWR
or BWR rod configuration, and other MTR, research reactor, and the other metallic fuels
considered. However, the 56% failed, high burnup 25 PWR or BWR fuel rod configuration
allowable release rates are the most restrictive, as shown in Section 4.5.6.

The total activity density for the contents of the cask, Cy, is:

CN = CCrud + CVolaﬁes + CFission Gas + CFines

o The activity density for crud is:
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_ fM; _ £ScN, (NgSg +Sa)

Cons == v
where:
Cwu = activity density inside containment vessel resulting from crud spallation
[Ci/cm®]
M; = total crud activity inventory [Ci]
fc = crud spallation factor
v = free volume inside containment vessel [cm’]

Sc = crud surface activity [Ci/cm’]

Nk = number of fuel rods per assembly

N, = number of assemblies

Sax= surface area per rod [cm?]

S = channel surface area [cm?®] (BWR fuel only).

The activity density for fuel fines (particulates) is:

Ceo, = £ We Ag NN, fp
\Y%
where:
Caes = activity concentration inside containment vessel resulting from fines released
from cladding breaches [Ci/cm’]
f; = fraction of fuel rod’s mass released as fines resulting from cladding breach
fs = fraction of fuel rods that develop cladding breach '
Wy = mass of the fuel in fuel rod [g]
Nx = number of fuel rods per assembly
N, = number of assemblies
Ay - = specific activity of fines emitted from cladding breach in fuel rod [Ci/g]
v = containment vessel void volume [cm?). '

The activity density for isotopes characterized as volatile and gaseous is:

=Cpy+Cp = NN, £z We (€va +Aqfs)

C

vol& gas
where:

C.ums = releasable activity concentration inside the containment vessel resulting from
gases and volatiles released from cladding breaches [Ci/cm®]
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C.i = releasable activity concentration inside the containment vessel resulting from
volatiles released from cladding breaches [Ci/cm’]

Cn = releasable activity concentration inside the containment vessel resulting from
gases released from cladding breaches [Ci/cm®)

Wy = mass of the fuel in a fuel rod [g]

Nx = number fuel rods per assembly

N, = number of assemblies

fy = fraction of rods that develop cladding breaches

Ay = specific activity of volatiles in fuel rod [Ci/g]

fv = fraction of volatiles in fuel rod released if rod develops cladding breach

A; = specific activity of gas in fuel rod [Ci/g]

fo = fraction of gas that would escape from fuel rod that develops cladding breach

A% = is the void volume inside containment vessel [cm’].

Activity Values for Radionuclides

A, values for the design basis PWR and BWR fuel crud, gases and volatiles, and fuel fines are
shown in Section 4.5.4, and summarized in Table 4.5-1 through Table 4.5-6. For those isotopes
for which no specific A, value is specified, the generic values listed in 10 CFR 71, Table A-2, are
applied. The A, value for mixtures of isotopes is calculated from: '

1
A2=—1:-‘:-—

A

F; = The fraction of isotope i with respect to the entire mixture

S; = The activity isotope i (Curies)

Sn = The total group activity (Curies)
A mixture A, value is determined for gases, volatiles, fines, and crud. These A; values are then
combined, using the same formula, to obtain a total cask mixture A; value. Based on the

releasable curie content and the cask contents A; value, the allowable leak rate for the various

spent fuel contents are summarized in Table 4.2-2.
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Maximum Allowable Leak Rates

~ Using the methodology described above, the bounding maximum allowable leak rate for all of
the NAC-LWT cask contents is calculated to be 1.32 x 10® cm*/sec. This leak rate analysis is
based on the conservative assumption that 56% of the 25 high burnup fuel rods, or 14 fuel rods,
fail in transport.

The results of the leak rate analysis of the high burnup fuel rods and the other NAC-LWT fuel
contents are shown in Table 4.2-2. The allowable release rate for HEU MTR fuel is specified as
it bounds the allowable release rate for MEU and LEU MTR fuel. Similarly, the allowable
release rate for LEU DIDO fuel is specified, since it bounds the allowable release rate for HEU
and MEU DIDO fuel. The evaluations of MTR and DIDO fuel are presented in Sections 4.1.1
and 4.5.7, respectively. Based on these results, a helium leak test value of 5.5 x 10”7 cm?/sec is
used to demonstrate containment of the NAC-LWT spent fuel contents. As shown in Table
4.2-4, this test leak rate is conservative with respect to the calculated maximum allowable leak
rate for the cask contents. A leaktight containment boundary is required for the transport of
TPBAR contents.

The allowable release rate of the TRIGA fuel is more restrictive than for the design basis PWR or
BWR assembilies because of the application of the postulated release fractions for light water
reactor fuel to the metallic TRIGA fuel. This application is highly conservative as the metallic fuel
is less subject to the release of volatile isotopes and fuel fines due to fabrication methods employed
in making the fuel. Based on a report by General Atomics for Lockheed Martin Idaho Technologies
Company, “Uranium-Zirconium Hydride Fuels for TRIGA Reactors,” (UZR-28, June 1997) fission
gas release from an unclad TRIGA element is less than 0.01% at a temperature of 400°C. The
maximum accident temperature for the TRIGA cask is conservatively assumed to be 756°F (402°C)
with air in the cask. The maximum calculated accident average cavity gas temperature is 574°F
(301°C) as shown in Section 3.5.3.2. A conservative release fraction of 1% is employed in the
containment evaluation. A 1% release represents the release fraction of the fuel at 800°C.

4.21.2 Correlation of Permissible Leak Rates to Air Standard

The maximum allowable release must be correlated to air standard leak rates, which depend on
gas temperatures, pressures, and leak path. This correlation requires calculation of the capillary
opening diameter through which the flow occurs. Depending on pressure and condition of the
flow, two flow regimes are evaluated: continuum and molecular flow. Continuum flow and
molecular flow equations are obtained from NUREG/CR-6487, Section 2. Continuum and
molecular flow can occur simultaneously and are so treated in this analysis. Both continuum and
molecular flow rate equations presented below are adjusted to upstream flow rate.
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‘. The continuum volumetric flow rate of the gas (cm®/sec), L., is given by:

L= 248x10°D" (P, —Pd)£ =F (P, _Pd)i

Pu Pu
where:

L. = continuum flow rate of gas at P, [cm®/sec]

F. = coefficient for continuum flow [cm*/atm-s]

D = capillary diameter [cm]

A = capillary length [cm]

p = fluid viscosity [cP]

" P, = upstream pressure [atm] - pressure inside containment
P; = downstream pressure [atm] - pressure outside containment

The molecular volumetric flow rate of the gas (cm?/sec), Ly, is given by:

m

S

v ez H U

=

P,
A

3.81x10°D’ —];
M P P,
L = (Pu —.Pd)P_a = Fm(Pu _Pd)-I_:—

aP

a u u

molecular volumetric flow rate of gas at P, [cm®/sec]
coefficient for molecular flow [cm’/atm-s]

capillary diameter [cm]

gas temperature [K]

gas molecular weight [g/mole]

average pressure (P,+P4)/2 [atm]

upstream pressure [atm]

downstream pressure [atm]

capillary diameter [cm]

For this analysis, the gas temperature used for molecular flow analysis is identical to the

upstream temperature.

Based on the maximum allowable leakage rate, the flow rate equations are solved for the

capillary diameter. Air standard (reference) properties for air are then substituted into the flow
equations to arrive at the air standard leakage rate (Lr) and leak test sensitivity. Standard
" conditions represent leakage at 298K, flowing from an upstream pressure of 1 atmosphere, to a
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downstream pressure of 0.01 atmospheres. To complete the analysis, helium leak rates are
calculated for the NAC-LWT limiting contents at standard conditions.

The cask pressure, P, is determined based on the pressure conditions for the design basis PWR
fuel as described in Section 4.2.2. This pressure is conservative because the metallic fuel,
including MTR, TRIGA and DIDO fuel, does not contain an initial charge of helium gas. The
temperature applied is that for the type of fuel considered in the leak rate evaluation as shown in
Table 4.2-3.

4.2.2 Pressurization of Containment Vessel

The maximum pressure in the cask during normal conditions of transport for the fissile material
payloads is calculated by using the methodology presented in Section 3.4.4. Assumptions
underlying this calculation are that during normal conditions of transport, 3% of the fuel rods
may fail and that 30% of the fission gases in the rods are releasable. In addition, for LWR high
burnup rods, 56% of the rods with oxide layers greater than 70 micrometers (14 rods) are assume
to fail during transport. This is conservative since fuel rods classified as damaged may have
released fission and charge gases prior to transport. Failed rods are assumed to have released the
fission gas prior to transport. The cask cavity is backfilled to 1 atm with 99.9% pure helium gas.

The gas volume (e.g., plenum and pellet to cladding gap) inside the fuel rods is conservatively
neglected when calculating the cask free volume. The maximum normal conditions cavity
pressure for the PWR fuel configuration is 1.99 atm. This pressure is conservatively applied to
all the fuels (except in the 25 PWR/BWR high burnup fuel rod analysis) to establish the
allowable leak rate. The pressure is conservative since the metallic fuels contain no initial charge
of helium gas and release a lower percentage of fission product gases. The maximum normal
condition cavity pressure used for the 25 intact PWR/BWR high burnup fuel rod analysis is 2.1
atm. For the 25 BWR/PWR rod analysis with 56% fuel rod failure, the maximum normal
condition cavity pressure is 3.2 atm for the BWR analysis, and 3.0 atm for the PWR analysis,
respectively.

Normal condition system maximum normal operating pressure (MNOP) for the transport of up to
300 production TPBARS (including up to 2 prefailed rods) is conservatively determined in
Section 3.4.4.5 as 289 psig. The TPBAR normal condition pressure assumed clad failure of all
300 TPBARSs during transport. The pressure for the second TPBAR content condition of 55
segmented TPBARS contained in a waste container is bounded by the 300 TPBAR MNOP.

NAC International 4.2-8
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423 - Containment Criteria

The standard leak rate provided in Table 4.2-4 for fissile material shipments represents the
maximum leak rate allowed if the seals were to be tested with air at an upstream pressure of 1
atm and a downstream pressure of 0.01 atm at a temperature of 25°C. This is the maximum
allowable leak rate for the containment system fabrication verification and periodic verification
leak tests described in Section 4.1, and in Chapter 8.

As specified in Section 4.1.2, the containment boundary is leak tested to 5.5 x 107 std cm®/sec
(helium). The sensitivity for these tests is required by ANSI N14.5-1997 to be one-half the test
leak rate, or 2.75 x 107 std cm’/sec (helium).

The standard leak rate for leaktight shipment per ANSI N14.5-1997 is 1 x 107 ref cm’/sec, which
is equivalent to a helium leak rate of 2 x 107 std cm®/sec. Test sensitivity for the 1 atm to vacuum
helium leak test for the leaktight containment boundary is 1 x 107 cm/sec (helium). Leaktight
containment boundary requirements are imposed on TPBAR shipments.

NAC International 4.2-9
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Table 4.2-1 Release Fractions: Normal and Accident Conditions

Fraction: Fraction:
Radionuclide Origin Normal Conditions Accident Conditions
Fuel Assumed to Fail 0.03 1.0
Fission Gas Released? 0.3 03
Volatiles Released 0.0002 0.0002
Fuel Mass Released as Fines 0.00003 - 0.00003
Crud Spallation? 0.15 1.0

! 56% for > 70 micrometer oxide layer rod shipment.
2 The release fraction from TRIGA and NRX fuel is taken as 0.01.
3 Applied only to BWR and PWR spent fuel.

Table 4.2-2 ' Allowable Release Rates for NAC-LWT Cask Contents: Normal Conditions

Crud Gas Volatiles | Fines Total A Ln
FuelType | (C) | _(©) | (©) | (©) | (€) | (C) | (cmdiseq)
WE 1515 | 4397 | 36144 | 1173 | 0400 | 4214 | 36603 | 356E-05
GE7<7 | 42808 | 24611 | 0827 | 0275 | 68521 | 15505 | 6.41E06
Metalic NRX-15| | o103 | o106 | 0095 | 0304 | 2793 | 260E-04
Intact Rods)
Metallc (NRX-9 | | 2050 | 2120 | 1804 | 6082 | 2793 | 1.30E05
Failed Rods)
25PWRRods | 0602 | 7980 | 0456 | 0242 | 6231 | 12295 | 545605
MTR" 0019 | 108851 | 0012 | 1829 | 110711 | 24745 | 142E-05
DIDC? 0011 | 53613 | 0005 | 6161 | 61789 | 7.996 | 1.32E-05
TRIGA(nact) | _— | 1011 | 0697 | 0156 | 1864 | 6161 | 158E-04
TRIGAS (Failed) | _— | 14.086 | 9711 | 2179 | 25976 | 6.161 | 1.13£:05
25 PWR Rods - ' ‘
cRodS— | 0773 | 194727 | 754 | 23708 | 266362 | 17473 | 183606
25BWRRods= | 9936 | 203314 | 44234 | 26349 |373.133 | 19828 | 132606
56% Failed

! As evaluated in Section 4.5.5, the listed values are for HEU MTR elements, which bound the
LEU and MEU MTR fuel elements.

2 As evaluated in Section 4.5.7, the listed values are for LEU DIDO assemblies, which bound the
MEU and HEU DIDO fuel assemblies.

3 Assumes 84 intact elements and 56 failed elements in sealed cans.
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Table 4.2-3 Cask Free Volumes and Pressures

Pressure (atm) Temperature Free Volume
Fuel Type Normal Accident (K) (105 cm?3)
PWR 1.991 11.41 - 5174 1.471
BWR 1.992 11.42 517.4 1.018
Metallic Fuel 1.992 - 11.42 405.2 1.018
MTR 1.992 11.42 470.2 2.293
DIDO 1.992 114 433.2 3.681
TRIGA 1.992 11.42 571.42 1.717
GA IFM N/A® N/A® 403.2 3.354
25 PWR Rods - 3.0 4,35 588.74 0.9681
56% Failed Fuel .
Fraction:
25 BWR Rods - 3.2 455 588.74 0.8932
56% Failed Fuel '
Fraction

! Based on Sections 3.4.4 and 3.5.4, the maximum calculated pressures for the PWR payload
are 1.93 atm (28.3 psia) normal condition and 8.56 atm (125.8 psia) accident conditions.
The higher pressures used in the analyses are conservative since a higher pressure will result
in a smaller leak diameter and reduced leak test requirements.

? The maximum pressure for the PWR fuel is conservatively applied.

* The temperature employed is approximately 4K lower than the maximum fuel clad
temperature calculated. The fuel clad temperature is significantly higher than the average
gas temperature in the cask. By combining the listed temperature with the cask maximum
pressure (PWR fuel) conservative leak rates are calculated.

* The normal condition temperature is conservatively applied to the 25 PWR and BWR high
burnup rod analysis.

5 These pressures result from the 100% fuel rod failure plus the design basis fire accident.

% Based on the lower temperature and larger free volume of the GA IFM, as compared to the

other contents, the pressure, although not explicitly calculated, is lower than that calculated
PWR and BWR fuel.
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Table 4.2-4 Leak Rate and Leak Test Sensitivity - Normal Conditions

Volumetric Leak Rate (cm¥ sec)
Fuel Assembly Activity Aliowable | Allowable | Allowable Test
Type! Type (Cilcm3) (L) (air) (Lr) (helium) | (helium)?
BWR GE 7x7 6.73E-04 6.41E-06 | 5.35E-06 | 7.66E-06 | 5.50E-07
TRIGA
(Failed)? FLIP-LEU Il 1.51E-04 1.13E-05 | 9.90E-06 1 .365—05 5.50E-07
MTR HEU 4.83E-04 1.42E-05 | 1.19E-05 1.62E-05 | 5.50E-07
DIDO LEU 1.68E-04 1.32E-05 | 1.46E-05 | 4.54E-06 | 5.50E-07
25 BWR ‘
Rods - 56% _ '
Failed Fuel Exxon 7x7 4.18E-03 1.32E-06 | 6.39E-07 | 1.06E-06 | 5.50E-07
Fraction

! The bounding TRIGA fuel element is the FLIP-LEU IL.
% Containment Verification Leak Test. Test Sensitivity is 2.75E-07 std. cm®/sec (hehum)
3 Assumes 84 intact TRIGA elements and 56 failed elements in sealed cans.

NAC International
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4.3 Containment Requirements for Hypothetical Accident Conditions

The 10 CFR 71 requirement for the release of radioactive material under hypothetical accident
conditions is met by ensuring that the requirement is met for the bounding fissile material
contents, 140 TRIGA fuel elements, 56 of which are characterized as failed. Calculation of the
allowable release rate is provided in Section 4.3.2.

The structural integrity of the cask containment during hypothetical accident conditions is
demonstrated in Section 2.7. Therefore, the cask containment is maintained under hypothetical
accident conditions.

As shown in Table 4.3-2, the allowable release rate in the hypothetical accident condition is
significantly larger than that for normal conditions of transport. Consequently, the bounding
allowable leak rate is that for the failed TRIGA fuel as calculated in Section 4.2.1.

Containment for shipment of the TPBARs is demonstrated by leaktight testing to 1 x 107 ref

cm’/sec. Per ANSIN14.5, the equivalent helium leakage rate for leaktight conditions is 2 x 107
3

cm’/sec.

PULSTAR fuel element specific analyses are compliant with B(U)F-96 requirements as
documented in Section 4.5.8.

4.3.1 Fission Gas Products

The accident conditions for maximum fission gas release assumes 100% rod failure and also
assume that 30% of the tritium and 30% of the %°Kr are available for release to the cask cavity.

In addition, 100% of the *°Co in the crud on the design basis PWR and BWR fuel assemblies is
conservatively assumed to be available for release as an aerosol. Due to the crud contamination
of the BWR assembly, its allowable leak rate bounds that of the PWR fuel. The metallic fuels do
not contain significant amounts of fission gas that are available for immediate release and do not
have significant levels of crud. TRIGA fuel elements are assumed to release 1% of their fission
gas products under accident conditions.

4.3.2 ‘Containment of Radioactive Materials

The NAC-LWT cask is designed to maintain a release rate of less than 1 Aj/week for the

. hypothetical accident conditions, as required by 10 CFR 71.51. The A, for the mixed
radionuclides considered to be available for release is determined by using the method described
in 10 CFR 71, Appendix A. The release fractions for the various radionuclides found in the cask
are obtained from NUREG/CR-6487 and are summarized in Table 4.2-1. The A, per week limit
is not exceeded for any NAC-LWT contents, based on the leak test described in Section 4.1.3.

NAC international 4.3-1
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43.21 Calculation of Allowable Leak Rates

The allowable leak rates under hypothetical accident conditions are calculated by using the
method described in Section 4.2.1.1 for normal conditions of transport. The total inventory of
fission product gases, volatiles, fines, and crud are calculated by using the source terms generated
by SAS2H. The assumed release fractions are shown in Table 4.2-1. Using the A; values from |
10 CFR 71, Appendix A, the mixture A, values are determined for gas, volatile, fine, and crud
mixtures for the bounding accident condition fuel contents (WE 15 x 15 PWR) as shown in
Table 4.3-1. For the 25 PWR and BWR high burnup rod analysis, A, values were also
determined and are reported in Table 4.3-3 (PWR) and Table 4.3-4 (BWR). The maximum
allowable release rates are calculated by using the hypothetical accident condition allowable
release limit:

R, =L,C, <A,xweek™ =A,x1.65x10%sec™

where:
La = volumetric gas leak rate [cm®/s]

Ca = curies per unit volume (texmed“activity density”) of the radioactive material that
passes through the leak path [Ci/cm’]

Ra = release rate for accident transport conditions

Assumptions underlying the calculations for the hypothetical accident conditions are that 100%
of the fuel cladding fails and 100% of the crud» is released. The mixture A, value for the
hypothetical accident conditions is calculated using the methodology of Section 4.2.1.1, applying
the accident condition release fractions of Table 4.2-1.

The calculated maximum allowable hypothetical accident condition leak rate for the design basis
PWR and BWR spent fuel, and for metallic fuel rods and TRIGA fuel characterized as failed, are
tabulated in Table 4.3-2. The calculated maximum allowable hypothetical accident condition
leak rate for the 25 PWR and BWR high burnup rod analysis is also reported in Table 4.3-2.

4.3.2.2 Correlation of Allowable Leak Rates to Standard Leak Rates

The maximum allowable leak rates for the hypothetical accident conditions are corrected to
standard leakage rates using the methodology described in Section 4.2.1.2. The results are
tabulated in Table 4.3-2 for the design basis PWR and BWR spent fuel, MTR HEU elements,
DIDO LEU assemblies and 140 TRIGA fuel elements, with 56 elements characterized as failed
prior to loading in the cask.
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43.2.3 = Containment Criteria

For fissile material payloads evaluated, the allowable leak rates for the hypothetical accident
conditions are much greater than those for the normal conditions of transport calculated in
Section 4.2.1. Because the cask containment is demonstrated to be maintained under
hypothetical accident conditions (Section 2.7), the maximum permissible leak rates for normal
conditions of transport are more limiting and are, therefore, used for the establishment of the
maximum allowable leak rates for the containment system fabrication and periodic verification
leak tests. For TPBAR shipments, a leaktight containment boundary is maintained.

4.3.2.4 Tritium Permeation Rate of Seals for TPBAR Shipment

The release of tritium into the cask cavity from all 300 rods, 298 rods that are event-failed and 2
rods defined to be prefailed, has the potential of releasing a significant quantity of tritium (> 1A,)
into the cask cavity. As shown in the structural analysis, the lid and pbrt cover seals retain their
ability to provide cask closure during all accident conditions. To assure that the accident release
limit of 1A2/week is not exceeded under accident conditions the port and lid seal permeation
rates are evaluated.

The formula for permeation through metal is:

PR=®xA/Ix(P, )"

where:

PR = equilibrium (steady-state) permeation rate in std cc (permeate) per sec

@ = permeability in std cc (permeate) per second per material surface area per permeate
partial pressure % through a unit material thickness

A = material surface area that is “exposed” to the permeate
1 = material thickness through which the permeate “passes”
P, = upstream permeate partial pressure

The formula for permeability is:
E
&=, xexp| - =
0 p[ RT ]

where:
& = permeability as stated previously
@, = pre-exponential permeation factor in the same units as @

E¢/R = the activation energy of the permeation process, which has been ‘normalized’ by
the universal gas constant

NAC iInternational 4.3-3
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T= absolute temperature of the metal (K).

Combining the permeation equations with an activity density of 0.16 Ci/cc, resulting from the
release of 55 Ci per event failed rod and 0.199 moles of tritiated water for each prefailed rods,
and

T = 572K — Maximum accident temperature for the seals per Table 3.5-1

®, = 7.42x10 [LLNL Report UCRL-53441] (stainless steel port seal),
2.10x10 [Fusion Science and Technology] (inconel lid seal)

Eo/R = 7,700 (stainless steel port seal), 7490 [Fusion Science and Technology]
(inconel lid seal)

0.012 inch for the port cover seal (only considering the stainless steel portion of the
seal) and 0.032 inch for the lid seal

0.15 atm — tritium partial pressure in the cask cavity based on the cask free volume,
accident condition temperature, and a release of 55 Ci of tritium per event failed
rod (conservative modeled as isotope not molecular tritium) and 0.199 moles of
tritiated water from the prefailed rods)

1

Py

yields an approximate release through seal permeation of 5 Ci/week compared to the allowable
accident release rate of 1.1 x 10° Ci/week (1Aa/week based on an A, value for tritium of
1.1 x 10* Ci).

Actual permeation release rates would be significantly lower as the accident temperatures are
short term, with elevated temperatures at the seal locations returning to normal condition
temperatures within an hour of the fire.

Similar calculations are performed for the 55 equivalent TPBARS, in segments and debris, which
may release up to 100% of the tritium contained in the pellets during transport. The pellet tritium
content represents approximately 40% of the tritium quantity in the TPBAR. At NAC-LWT
normal and accident conditions temperatures, the TPBAR components release tritium primarily
as tritiated water with only a small fraction (maximum 2%) as gaseous tritium (see Appendix 1-B
of Chapter 1). Gaseous tritium represents the basis for the seal permeation evaluation. During a
one-year transport, an additional maximum 1% of the tritiated water may undergo radiolysis and
dissociate. Conservatively applying a maximum 3% release rate to the 55 equivalent TPBAR
total inventory of 66 grams (1.2 grams per rod) yields an inventory of 0.33 moles T,. Seal
permeation rates based on the conservative temperatures discussed in the previous paragraphs
and a 3% tritium gas release are 6.5%107® Ci/hr, normal conditions, ahd 1.06 Ci/week, accident
conditions. A gaseous release of over 90% of the 1.2 grams per rod tritium inventory is required
to exceed normal condition allowables at the conservative seal temperature of 222°F. A 100%
gaseous release and resulting tritium permeation through the cask seals meets accident condition -
limits. Reducing seal temperatures less than 5°F, to account for a significantly lower decay heat
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payload (0.127 kW for the waste container TPBARs versus 1.05 kW on which the 222°F
temperature is based), permits a normal condition release of 100% of the tritium in gaseous form
while meeting the 10 Ay/hr allowable.

4.3.3 Tritium Contamination Issues

Precautions will be taken to minimize the risk of excessive contamination of NAC-LWT casks
during the loading and unloading of TPBAR contents to ensure the reusability of the NAC-LWT
casks for transport of non-TPBAR contents. In addition to ensuring the safe handling of TPBAR
contents, additional cavity gas and internal and external removable contamination surveys for

~ tritium contamination will be implemented at all TPBAR loading and unloading facilities. The

specific monitoring methods and levels of contamination to which the cask surfaces must be

* decontaminated are defined in the TPBAR loading and unloading procedures in Chapter 7. In

addition, the TPBAR procedures also include precautions for users to observe when loading,

- unloading and handling TPBARSs.

The procedures and precautions comply with the recommended practices of NUREG-1609,
Supplement 2. The results of previous loading and unloading experiences regarding the
measurement of tritium gas and contamination levels are provided in the PNNL letter in Section
1.5, Appendix 1-G of this SAR.

NAC-LWT cask units used for TPBAR transports shall comply with the specified contamination
levels, or other non-TPBAR users will be advised to incorporate tritium monitoring requirements
into their survey procedures and radiological control program.

NAC International - 4.3-5



NAC-LWT Cask SAR November 2007
Revision 38
Table 4.3-1 A Calculation for PWR Spent Fuel
Crud Gas Volatiles Fines Total
Total Activity per Assembly (Ci) 2.931E+01 | 4.016E+03 | 1.955E+05 | 4.446E+05 | 6.441E+05
Releasable Activity per Cask (Ci) | 2.931E+01 | 1.205E+03 | 3.910E+01 | 1.334E+01 | 1.287E+03
Cask Volumetric Activity (Ci/lcm3) | 1.992E-04 | 8.188E-03 | 2.658E-04 | 9.065E-05 | 8.744E-03
Az Value (Ci) 11.00000 | 281.42094 | 8.72766 | 0.81991 | 3.020E+02
Fraction of Activity 0.02278 | 0.93646 | 0.03039 | 0.01037
Fraction of Activity / Az (1/Ci) 0.00207 | 0.00333 | 0.00348 | 0.01264 | 0.02152
~ Mixture Az Value (Ci) 46.458

Table 4.3-2 Standard Leak Rates for Accident Conditions

. La
Volumetric Activity | Allowable Leak Rate
Fuel Type Assembly Type (Cilcm?) (cm3/ sec)
BWR GE 7x7 1.12E-02 3.88E-03
- PWR WE 15x15 8.74E-03 8.77E-03
MTR HEU 1.64E-02 1.35E-03
DIDO LEU 6.33E-03 1.20E-03
TRIGA (Includes
Cans) FLIP-LEU It 3.62E-04 2.81E-02
25 High BUup PR | GE 14x14 4.77E-03 6.02E-03
25 High Bunup BWR | gon 747 7.97E-03 3.91E-03

1

extended to 150 inches.
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Table 4.3-3 A, Calculation for 25 High Burnup PWR Spent Fuel Rods
Crud Gas Volatiles Fines Total
Total Activity per Assembly (Ci) | 5.150E+00 | 1.159E+03 | 3.317E+05 | 1.411E+06 | 1.744E+06
Releasable Activity per Cask (Ci) | 5.150E+00 | 3.477E+02 | 6.635E+01 | 4.234E+01 | 4.616E+02
Cask Volumetric Activity (Ci/cm3) | 5.320E-05 | 3.592E-03 | 6.853E-04 | 4.373E-04 | 4.768E-03
Az Value (Ci) 11.00000 | 283.63841 13.58800 2.12043 3.103E+02
Fraction of Activity 0.011186 0.75337 0.14374 0.09172 1.000
Fraction of Activity / Az (1/Ci) 0.00101 0.00266 | 0.01058 | 0.04326 | 0.05751
Mixture Az Value (Ci) 17.389

Table 4.3-4 A, Calculation for 25 High Burnup BWR Spent Fuel Rods

Crud Gas Volatiles Fines Total
Total Activity per Assembly (Ci) | 6.157E+01 | 1.746E+03 | 3.949E405 | 1.568E+06 | 1.965E+06
Releasable Activity per Cask (Ci) | 6.157E+01 | 5.238E+02 | 7.899E+01 | 4.705E+01 | 7.114E+02
Cask Volumetric Activity (Ci/cm3) | 6.894E-04 | 5.864E-03 | 8.844E-04 | 5.268E-04 | 7.965E-03
Az Value (Ci) 11.00000 283.89694 13.28843 1.93498 3.101E+02
Fraction of Activity 0.08655 0.73627 0.11104 0.06614 -
Fraction of Activity / A2 (1/Ci) 0.00787 | 0.00259 0.00836 0.03418 0.05300
Mixture A Value (Ci) 18.868
NAC International 4.3-7
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4.4 Special Requirements

The NAC-LWT cask may contain damaged TRIGA fuel elements, or debris, in sealed failed fuel
cans. The calculation of allowable and test leak rates for the sealed failed fuel can is similar to
the calculation performed for the cask containment boundary. Testing of the cans as a
containment boundary is not required per 10 CFR 71.

Table 4.4-1 includes the free volume, temperature, and pressure for the sealed failed fuel can
under normal conditions of transport and the hypothetical accident conditions. The A;
calculation plutonium content of the limiting TRIGA fuel element is listed in Table 4.4-2. Based
on the listed conditions, Table 4.4-3 includes the allowable and air standard leak rate (Lr). The
helium leak rate at standard conditions is 2.35 x 10" cm®/sec (He).
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Table 4.4-1 Transport Conditions for the TRIGA Sealed Failed Fuel Can
Transport Condition Normal Accident
Pressure (atm) 1.49 1.77
Temperature (K)! 571.4 679.8
Free Volume (cms3) 1269 1269

Table 4.4-2 A, Calculation for Two Canned FLIP-LEU II Elements

Crud Gas Volatiles Fines Total
Total Activity per Assembly (Ci) 2.407E+01 | 8.297E+02 | 1.241E+03 | 2.095E+03
Releasable Activity (Ci) 7.149E-01 | 4.928E-01 | 1.106E-01 | 1.318E+00
Volumetric Activity (Ci/cm3) 5.632E-04 | 3.883E-04 | 8.714E-05 | 1.039E-03
Az Value (Ci) 279.37074 | 11.08453 0.26789 2.907E+02
Fraction of Activity - 0.54226 0.37384 0.08390 -
Fraction of Activity / Az (1/Ci) 0.00194 0.03373 0.31319 0.34886
Mixture Az Value (Ci) 2.867

Table 4.4-3 Normal and Accident Condition Leak Rates for the TRIGA Failed Fuel Can

Operating Vol. Activity Leak Rates (cm3/sec)

Condition Cilem? Aliowable | AirStandard | Test Sensitivity
Normal 6.994E-05 1.139E-06 1.505E-06 7.27E-07
Accident 6.994E-04 6.763E-03 8.694E-03 N/A

The temperatures employed are approximately 4K lower than the maximum fuel clad

temperatures calculated. The fuel clad temperature is significantly higher than the average gas
temperature of the can. Employing the listed temperature provides bounding can pressures

and leak rates.

NAC International
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45 Appendices

451 Tetrafluoroethylene O-Rings

This appendix contains the SAE International Aerospace Standard AS8791 (Figure 4.5-1), which
prescribes the physical and chemical properties of the TFE O-rings. This document replaces
Military Specification MIL-R-8791D. These O-rings have an unlimited shelf life.
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Figure 4.5-1 SAE International Aerospace Standard AS8791

O A e tancing Wabiny =
Pl o/ dvancing webity - AEROSPACE 8= Asero

Land Sea Air and S,

INTERNATIONAL STANDARD

400 Commonwealth Drive, Warrendale, PA 15096-0001

Issued 1997-10

Submitted for recognition as an American Nationa! Standard

Retainer, Packing, Hydraulic, and Pneumatic,
Tetrafluoroethylene Resin

NOTICE

This document has been taken directly from U.S. Military Specification MIL-R-8791D and contains only
minor editorial and format changes required to bring it into conformance with the publishing
requirements of SAE technical standards.

The original Military Specification was adopted as an SAE standard under the provisions of the SAE
Technical Standards Board (TSB) Ruies and Regulations (TSB 001) pertaining to accelerated adoption
of govemment specifications and standards. TSB rules provide for (a) the publication of portions of
unrevised government specifications and standards without consensus voting at the SAE Committee
level, (b) the use of the existing government specification or standard format, and (c) the exclusion of
any qualified product list (QPL) sections.

1. SCOPE:
1.1 Scope:
This specification covers tetrafluoroethylene resin (hereinafter referred to as “TFE") retainers

intended for use in hydraulic and pneumatic system components as antiextrusion devices in
conjunction with packings and gaskets (see 6.1).

SAE Technical Standards Board Rules provide that: *This report is published by SAE to the state of ical and engi ing sci Theuseoﬂms report is entiraly
voluntary, and Its applicabllity and sultability for any particular use, i ing any patent infri arnsing , Is the solp of the user.”

SAE reviews each technical report at least every five years at which time it may be reaffinned, revised. or cancelied. SAE invites your written comments and suggestions.
Copyright 1937 Society of Automotive Engineers, Inc.

All rights reserved. . Printed in U.S.A.
QUESTIONS REGARDING THIS DOCUMENT: {412) 772-8510 FAX: (412) 776-0243
TO PLACE A DOCUMENT ORDER: (412) 7764970 FAX: (412) T76-0790

NAC International 4.5-2



NAC-LWT Cask SAR November 2007
Revision 38

‘. Figure 4.5-1 SAE International Aerospace Standard AS8791 (Cohtinued)

SAE AS879

2. APPLICABLE DOCUMENTS:
2.1 lssue of Documents:

The following documents, of the issue in effect on date of invitation for bids or request for proposal,
form a part of this specification to the extent specified herein:

SPECIFICATIONS
FEDERAL

PPP-B-5668 Box, Folding, Paperboard

PPP-B-836 Box, Shipping, Fiberboard

PPP-B-6840 Box, Fiberboard, Corrugated, Triple Wall
PPP-B676 Boxes, Set-Up

MILITARY

MIL-P-116 Preservation - Packaging, Methods of

MIL-B-117 Bags, Interior Packaging
MIL-P-7936 Parts and Equipment, Aeronautical, Preparation for Delivery

STANDARDS
MILITARY

MIL-STD-105 Sampling Procedures and Tables for Inspection by Attributes
MIL-STD-129 Marking for Shipment and Storage
- MS27595 Retainer, Packing Backup, Continuous Ring, Tetraflucroethylene
MS28773 Retainer, Packing Backup, Tetrafluorcethylene, Straight Thread Tube Fitting Boss
MS28774 Retainer, Packing Backup, Single Tum, Tetrafluoroethylene
MS28782 Retainer, Packing Backup, Tefion
MS28783 Ring, Gasket, Backup, Tefion

{Copies of specifications, standards, drawings, and publications required by contractors in
connection with specific procurement functions shouid be obtained from the procuring activity or as
directed by the contracting officer.) .
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2.2 Other Publications:

The following documents form a part of this specification to the extent specified herein. Unless
otherwise indicated, the issue in effect on date of invitation for bids or request for proposal shall
appty.

AMERICAN SOCIETY FOR TESTING AND MATERIALS

D 570 Method of Test for Water Absorption of Plastics (Tentative) -

D 747 Method of Test for Stiffness in Fiexure of Plastics (Tentative)

D 792 Method of Test for Specific Gravity of Plastics

D 1708  Plastics, Tensile Properfies of, by Use of Microtensile Specimens

(Copies of ASTM publications may be obtained upon apphcatlon to the American Society for Teshng
and Materials, 100 Barr Harbor Drive, West Conshohocken, PA 18428-2059.)

3. REQUIREMENTS:

3.1 Materials:

The material shall be tetrafiuoroethylene resin, hereinafter referred to as “TFE". Reprocessed TFE ‘.
shall notbe used. Bar stock and heavy wall tubing from which parts are machined shall be molded,
sintered, baked, and annealed as specified below.

3.1.1  Color: Color shall be uniformly white with no noticeable streaky or blotchy appearance. A slight
brownish tint or presence of scattered brownish specks will not be considered detrimental. The
surface shall have a waxy sheen. A dead chalklike appearance usually indicates porosity or other
unsatisfactory properties. There shall be no noticeable grainy appearance.

3.2 Data:

Unless otherwise specified in the contract or order, no data is required by this specification or any of
the documents referenced in Section 2 (see 6.2).

3.3 Design and Consfruction:

3.3.1 Shape and Dimensions: The shape and dimensions of the TFE retainers shall conform to
MS27505, MS28773, MS28774, MS28782, and MS28783 as applicable (see 6.2).

3.4 Physical Properiies:

The physical properties of the finished retainers and test specimens shall be uniform throughout and
shall satisfy the following requirements, when tested as specified in 4.5.1.

NAC International 4.5-4



NAC-LWT Cask SAR November 2007

Revision 38
'. Figure 4.5-1 SAE International Aerospace Standard AS8791 (Continued)

SAE ASETH

3.4.1 Tensile Strength: The tensile strength shall be not less than 3,000 pounds per square inch (psi),
when tested in accordance with 4.5.1.1. i

34.2 Elongation: The elongation shall be not less than 75 percent before fracture, when tested in
accordance with 4.5.1.2.

34.3 Stiffiness: The stiffness shall be a minimum of 45,000 psi when tested in accordance with 4.5.1.3.

3.4.4 Water Absorption: There shall be no water absomption in excess of 0.005 percent or decrease of
soluble matter, when tested in accordance with 4.5.1.4.

3.4.5 Dimensional Stability.: The circumferential iength of the finished retainer shall not change more
than 0.002 inch per inch and the cross-sectional dimensions of TFE material shall conform to the
applicable military standard when tested in accordance with 4.5.1.5.

3.4.6 Specific Gravity: The specific gravily value shall be 2.150 fo 2.220, when tested in accordance
with 4.5.1.6.

3.4.7 Porosity: The retainers shall axhibit no noticeable porosity, when tested in accordance with

451.7.
‘. 3.5 Workmanship:

3.5.1 Finish: Workmanship and finish of the end product shall be uniform in quality and condition. It
shall be clean, smooth, and free from foreign materials and from imperfections detrimental to
fabrication, appearance, or performance.

3.5.2 Fabrication: Retainers shall be cut from stock having diameters equal to those intended for the
end product, if available. If stock material is not available, semifinished machine stock may be
amployed and processed in accordance with 3.4.5.

4. QUALITY ASSURANCE PROVISIONS:
4.1 Responsibility for inspection:

Unless otharwise specified in the contract, the contractor is responsible for the performance of all
inspection requirements as specified herein. Except as otherwise specified in the confract, the
contractor may utilize his own facilities or any commercial laboratory acceptable to the Govemment.
The Government reserves the right to perform any of the inspections set forth in the specification
where such inspections are deemed necessary to insure supplies and services conform to
prescribed requirements.
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4.2 Sampling for Lot Acceptance:

Samples shall be selected at random from each inspection lot in accordance with MIL-STD-105 as
follows: '

a. Examination of product (4.4.1): Use inspection level! Il, and Acceptable Quality Level (AQL) 1.5
percent defective.

b. Physical properties (4.5.1): Use inspecfion leve! S-2 and AQL 1.0 percent defective.

4.2.1 Inspection Lot. A lot shall consist of all TFE retainers of one type and size made from the same
batch of material and submitted for inspection at the same time and placs.

4211 Batch: A batch shall be defined as the quantity of material recsived from the resin manufacturer
assigned the same batch number. )

421.2 Test Specimen. Specimens required for use in the elongation and tensile strength tests specified

in this specification are obtained by cutting a sample specimenin a longitudinal direction from the
TFE tubing. The tubing must be obtained from the same lot of material as the finished items.

4.3 Test Conditions: ('

4.3.1 Test Specimen: All test specimens, other than finished retainers, shall be prepared and
condilioned as specified in the test referenced herein.

43.2 Standard Temperature: Unless otherwise specified, physical properties tests (4.5.1) shall be
performed at room temperature of 75 °F + 5 °F (24 °C).

4.4 Examinations:

441 Examination of Product. Each sample retainer shall be carefully examined to determine
conformance to the requirements for workmanship (3.5), color (3.1.1), and dimensions (3.4.5).

4.4.2 Packaging, Packing, and Marking: Preparation for delivery shall be examined for conformance to
Section 5.

45 Test Methods:
451 Physical Properties:

4511 Tensile Strength: Specimens shall be tested in accordance with ASTM D 1708 at 1 inch per
minute. The mean of (5) five values of ultimate tensile strangth shall be reported.

NAC international 4.5-6
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45.1.2 Elongation: Tests shall be conducted in accordance with ASTM D 1708 at 1 inch per minute. The
mean of (5) five values shall be reported.

451.3 Stifiness: The results of stifiness tests conducted in accordance with ASTM D 747 shall be a
minimum of 45,000 psi.

4514 Water Absorption. Sample retainers as requifed (4.2) shall be subjected to the water absorption
tests, 24-hour procedure, as spedified in ASTM D 570. The percent of increase or decrease of
weight shall not exceed 0.005 percent.

4515 Dimensional Stability: Sample retainers as required (4.2) shall be subjected to air aging for a
minimum of 1 hour at 350 °F + 10 °F (177 °C) and cooled to room temperature, and shall not
have exhibited a change in circumferential length of more than 0.002 inch per inch.

4.51.6 Specific Gravity: Specific gravity shall be determined by ASTM D 792 on two finished retainers.
The specific gravity value shall be 2.150 to 2.220.

4517 Porosity: The sample part shall be dip- or brush-coated with suitable red dye penetrant. The
coat shalf be allowed to stand for 10 minutes and then shall be wiped off with a cloth saturated
with solvent. Any retained dye, other than minor indications attributable to surface machining
iregularities, is an indication of material porosity and shall be cause for rejection.

5. PACKAGING:
5.1 Packaging:

Packaging shall be level A or C in accordance with MIL-P-7936 as specified in the contract or order
(see 6.2).

5.1.1 Level A packaging shall be Method Ill of MIL-P-116. Unless otherwise specified, 50 retainers of
the same part number shall be arranged snugly side by side on a rigid cylindrical fiberboard,
plastic, or metal case and retained at the ends by suitable plastic rings. Each unit shall be
packaged within a container conforming to PPP-B-566 or PPP-B-676. Internal supports and
cantering devices shall be used on the core to prevent the retainers from contacting the inner
surfaces of the container.
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5.1.2 When two retainers per unit package are spacified, packaging shall be Method 11l of MIL-P-116.
Two retainers of the same part number shall be placed on a circular mandril or core fabricated of
fiber, plastic, or metal. The outside diameter of the mandril shall effect a snug fit to the inside
diameter of the retainers and shall be the approximate height of the two retainers combined. The
mandril shall be affixed by the use of a contact coment, to a substantially oversized (no less than 1
1/2-inch clearance from all points of circumference) fiberboard stiffener pad. Caution shall be
taken to prevent contamination of retainers by the cement. An additional fiberboard pad shall be
placed over the top of the mandril, effecting a sandwich construction of the cushion pads and
retainers. The two-cushion pads shall then be secured with pressure-sensitive tape across ali four
edges. The sandwiched pads containing the two retainers shall be inserted within a bag
conforming to class “B" or “"C" of MIL-B-117, or equivalent. Closure shall be accomplished by any
suitable means. :

5.2 Packing:

Packing shall be level A, B, or C in accordance with MIL-P-7936, as specified in the contract or order
(see 6.2).

5.2.1 Levels A and B: Intermediate packages of retainers shall be snugly packed in shipping containers
conforming to PPP-B-638 or PPP-B-640, overseas type for level A, and domestic type for level B.

53 Marking of Shipment:

In addition to any special marking required by the contract or order, unit packages, intermediate
packages, and shipping containers shall be marked in accordance with MIL-STD-129.

8. NOTES:
6.1 Intended Use:

The retainers are intended for use in air, nitrogen, and hydrautic applications that contain fluids
conforming to MIL-H-5606, MIL-H-8083, MIL-F-17111, MIL-L-17331, MIL-L-17672, MIL-H-19457,
and MIL-H-83282 with no adverse effect on the properties of the fluid, packings, or metal contained
in the system through the temperature range of -65 °F (-55 °C) to +275 °F {135 °C) at operating
pressure from 0 to 3,000 psi continuous and 0 to 4,500 psi intermittent.

6.2 Ordering Data:

Procurement documents should specify:
Titte, number, and date of this specification
Data requirements (see 3.2)

MS part number of the retainer desired (see 3.3.1)
Levels of preservation, packaging, and packing required (see Section 5)

coow
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6.3 Dimensional Stability:

Prior to finish machining, all material should be annealed or dimensionally stabilized by being
subjected to air aging for a minimum of 1 hour for each 0.250 inch of thickness, at 500 °F & 25 °F
(260 °C), and then cooled to room temperature at a rate of not less than 1 °F and not more than 3 °F
per minute. The annealed material should be held at a temperature of 75 °F (24 °C) or above for at
teast 16 hours prior to machining. Machining and subsequent inspection should be accomplished at
a temperature of 75 °F (24 °C) or above. Adequate tool cooling should be provided during
machining so that the temperature of the tool does not exceed 350 °F (177 °C).

PREPARED BY SAE SUBCOMMITTEE A-6C, FLUID POWER DISTRIBUTION ELEMENTS
OF COMMITTEE A-6, AEROSPACE FLUID POWER ACTUATION & CONTROL TECHNOLOGIES
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4.5.2 Metallic O-Rings O

This appendix contains the manufacturer's technical bulletins for the metallic O-rings.
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Bulletin 101C

UNITED
METALLIC
O-RINGS

Static, metal-to-metal seais

for confining gases or liquids
under adverse conditions of
pressure /temperature /ambience

A\ Y
o\'.‘. FLUORQOCARBON
4" COMPONENTS DIVISION
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United Metallic O-Rings

United Metallic O-Rings are designed to preventleakage
of gases or liquids under agverse seaing conaiions.
These static. metal-to-metal seals can withstand pres-
suresfrom righ vacuumto 100.000 psi(6.804 arm). They
can engure continuous temperatures from—425° F up
10 1.800° F {~269° C. 10 982° C.), or interrmuttent tem-
peratures up 10 3.000° F (1,650° C.). They resist radia-
ton, chiondes. corrosives. and other hostile environ-
ments. They will not detenorate with age. either in use or
in storage.

Design, Materials, Coatings, Sizes

United Metallic O-Rings, designated MOR, are made of
metal tubing (or sotid rod) which is formed into circular
orother shapesand the two ends weided together. The O-
Ring metal is stainiess stee! or other ailoys. The O-Ring
can be electroplatied with siiver, copper. indium. nickel.
gold. lead or cther metals. or it can be coated with Teflon

The fiow of the finish matenai improves the seaing,
especially under high pressure and/or vacuum. Since
tensile strength and resiience of the seal are determined
in part by metaltemper, Fluorocaroon Componentsofters
a choice of heat treanng 1o material speciticatneon or tem-
perng to customer specificatons. Tubuiar or sond wire

nngs can be manufactured in sizes ranging up 1o 25 feet
(7.8 m) or more in diameter, or as small as 250 inches
(6.4 mm)OD.

Application Characteristics

The typical application places a Metallic O-Ring in axial
compression between paraliel faces wnich are square 10
thefiuid passage or vessel axis. The sealis usually located
1N an open or closed groowve in one tace. It can also be lo-
cated in a retainer, which eliminates the need for machin-
ing a groove (see descnption of retainers on page 8).

Upon compression 10 a predetermined fixed height,
the sea! tubing buckles slightiy. resulting in two contact
areas on the seal face and maximum contact stress be-
tween the seal and the matng faces. When the flange
faces are closed. the O-Ring is under compression and
tends 1o spring back agamnst the flanges. thus exering a
positive saaling force. If the O-Ring 1s the seif-energizing
type. the pressure of the gas or liquid on the vented side
energizes the seal and further increases the sealing force
by pushing the seai aganst the flange face.

Types of Metallic O-Rings

275w, iy
d s v
L S

PARTOL: TRl I &

s o

1

el

‘w

Plain

{Not Self-Energizing or Pressure-Filled)

Made of metal tubing (or solid rod) in most metals.
This type 1s the most economical O-Ring. it is de-
signea for low to moderate pressure and vacuum
conditions.

Self-Energizing :
The inner periohery of the O-Ring is vented by small
hoies or a siot. The pressure inside the ring pecomes

NAC International 4.5-12

AL r,‘“'

T o WL IS CAgeARIE
- Self-Energizing " aagk: e ressure-Filled -

A

P & Contd iy e,

the same as in the system. Increasing the internal
pressure (increases seaiing effectiveness.

Pressure-Filled

Pressure-filled O-Rings are designed for a temoera-
ture range of 800° F. 10 2,000" F. 425" C. t0 1093" C.).
They cannot tolerate oressures as high as the self-
energizing type. The ring 1s filled with an inert gas at
about 600 psi (41 atm). At elevatea temperatures, gas
pressure increases. offsetting toss of strength in
tubing ana tncreasing seanng siress.
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Metalhc o ngs have been used successfully in
“vacuum and high pressure systems, and in critical B , ;
systems for hydraulic and lubricating oil, jet engine g5 l.
47 fuel, gasoline, rocket fuels, steam, liquid metals and >33
combustion gas. ’They also provide posmve,‘leak-
proof seals in piping systems for chemical, petro
f-chemical, oil and gas, and refmmg mdustrles Many
reciprocating engines, ‘gas _! turbines,” compressor

machines, high’ pressure filters and other"
*Z" nents rely on Metallic O- -Rings for permanent, n
o-metal seals. Several common apphcations are

Nuclear Pressure Vessel

External Pressure (Thread Joint)

Bolted Cap

NAC International 4.5-13
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Metallic O-Ring Selection Guide

To select the proper Metailic O-Ring for a particuiar apoli-
cahon, tis necessary to getermine Systerm pressure, tem-
perature, and kind of fiuig to be sealed.

1. O-Ring Type

Pressure determines it O-Ring shouid beself-energizing.

Pressurn 0-Ring Type
Vacuuwn t 100 o1 (6.81 atm Seif-enemizing not reguired
100 081 (8.81 atm and above) | Self-enemizing desuable

2. O-Ring Material
Temperature determines basic O-Ring matenal.
Temperature O-Ring Materiat
__Crvogemes to 500°F. {260° C.) 321 Sainess steel
w BO0° F.(427° C) Alfloy 600
to 1800° F. 1882° C.) Aligy X-750
atove 1800° F (882° C.) Consuit Factory
3. O-Ring Size

Tubing diameteris determined by nng OD. compression
force desired. ang avaiiable space. See compiete gata for
O-Ring size selection on pages 6 and 7.

4. Seal Load vs. Seal Ring Diameter

Curveson page 7 snow Ihe seal l0ag vs. seal ring diameter
'0 vanous tubing outer ciameters and wall thickness {or
stainiess steel tubing. For tuoing made of Alioy 600.
mutliply i10ags srown oy 1 i For Alloy X-750. mutiply oy
14

5. O-Ring Wall Thickness

The wall thickness snouid e selec:ed to provice 'he
oroper yield under COmpression Thegaata on bages b and
7 inctuge he oracucal wail tnickness gimensions that
rmay De used for eacn tupe giameter. if plaung s useo. wail
IMCKNess 1or seals mage with 125 inch (3.2mm) wbing
ang smaler snousio cause vieiging ot the plating at a 10ag
ot 400 Ibsin 7,14 kg/mm) For woing over 125 inch
{3.2mmj giameter. 800 tb/in {14 28 kg/mm) shouid be
requireq. Tetlon coaungs on rings will yieid at 100 ib/in
(1.78 kg7/mm)

6. Groove Dimensions

The proper aimensions ano surtace fimsh of the groove
are as )important in acnieving a seai as the O-Ring isel!
Asageneral guice Inthe oreparauon of jointsurfaces. ine

NAC International 4.5-14

recommended groove dimensions for internat and ex-
ternar pressure applications are shown on oage 5.

Should you need further guidance ano our recom-
mengdauons, submit the tollowing intormation regara-
ing your applicaton: 1. Temperature and pressure
ranges. 2. Space available. 3. Matenal. 4. Medium to be
seaied. 5. Available compression ioad. 6. Sketch of pro-
posed applicaton.

7. Coating or Plating
Coanng or platng of the O-Ring will provide adherence
andductility (softness) to conform to microscopic groove
or flange rreguiarities.

For unpiated seals. iquid leakage can be estimated by
the following expression:

Q=5.0x10°P
73

(Q=teakage cc/sec. P=pressure difference psi:andu=
liguid viscosity at operating conditipns. cenupoise. } if the
resuibng caicutated ieakage s 10 to 10 or fess. actual
leakage may be zero because of surface tension. it leak-
age occurs. It shouid be proportional 1o seal diameter,
and in the above expression. muitpied by D/2. D=seal
diameter. Actual leakage will probably be less than
preaicted.

For coated or plated seals. helium-leaktght joints may
be made withoroper O- Rungand coanngor piatng setec-
tons. Testresuits rangetrom 10 *to 10 “cc/sec. and iower
at one aimosonere cifferenual. Recommendea ceanng
Or piating matenais are:

Temosraturs Platng or Coatng
Crvogenic © 500° F «260° Teflon
0 1800° F.1982° C.} Sitver
0 2200°F -1186°C) Nicxet

iee page 12 v Omer COANQS BRY SUINNG

8. Sealing Surface Finish

The groove and mating flange ‘ace must nave a surtace
imisnot 16uin rms (0.4 ummjiorparernngs.anad 32-:00
win. rms (0.8 u-2.54 « mm | for plated cr coated rngs.

For gas, vacuum and ignt iquid (water), a imisn o1 16
uin.{0.4umm) rms;s recommenaged. For medium kauids
(hyoraulic oils) ang neavy lguids(tar or colymers)annisn
of 32 u1n. {0.8 u mm) rms (s recommenged. Macnining
100l Marks on groove of flange race must de conceninc

Sealsurtaces snouic be tree ot airt. gntor other ioreign
matenals.
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9, Other Design Considerations

5. These suriaces shall be fiat
within .0005 per inch
(0,01 mm) of circumferances,
and, parallel within .002

(0.0%) TR.

-

Internal Pressure External Pressure
(o] F D Aing Tetoranesy E
e Qlgmecer Groswe 0D Groows Oegta q . o'.n - Ew Growww Graove Wigm e dad
mengy/mm Incass/mm nChes/ o m Inciee/me oches/ mm ncRes/nm

03 8- 004/ 006 020/ 022 0003 A~ 004/.005 042 002
o8 B~0.:0.0:9 JE0.0%% 0076 A-010/0.15 107 005
083 B8+ 004/ 006 042/ 045 0003 A~ 004/ 006 085 002
6 8-0.10/0.35 107:114 0076 A=0.10/0.15 216 005
033 8+ 005/ 008 065/.069 0.004 A— 005/.009 112 002
23 8~-0.13023 183479 2102 A-0.13023 280 305
125 B+ 007/012 090/ 035 0.005 A 0077012 144 003
32 8-0.18/0.30 2224 0.127 A-018/0.30 166 208
156 B+ 0087014 RECTAY. ] 0.006 1 A- 0087014 .182 004
13 8+0.20:03 292:305 0.152 A-0.30/0.36 44§ 210
188 8+ 009/.015 188/.1%0 0.007 A—008/015 pz) 004
18 3-3.23038 3528.38 Q.78 A-123/038 559 210
20 8+ 011/.019 195/.200 0008 ] A=D117019 290 005
54 B~028/048 495,508 2203 4-~028/0.48 737 213
ns B+ 014/ 029 295/ 00 0012 A-~014/028 45 008
33 B-336:374 746/7852 3.305 A-0(.36/0.74 3 223
500 8+ 020/ 038 ML ] 0016 A- 0207038 645 013
27 8-051097 ‘054,108 9406 A-0%51097 ‘87 13
625 8+ 020/ 038 5207530 0016 A- 020/.038 780 017
99 8-151.097 IFTAREE 0466 4-951:097 98 39

Owmensions in tabte above are lor unptated nings Increase Qroove
death for C31incn O 8MMICross secton rings ov 2 imes the o1anng

Or COANNG tNCXNess O1 ©13teo Or coateq MNgs.

Oc not increase groove geptn an piatea or coated nngs for Cross
sectton of C63 inen 11 6mm; ancarger.

NAC International
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*Soringpack tiguresforrube giametersupto . 2501ncni6.4 mmiare
for stainiess steel Soringback for 375. 500 ang 625 ncn19.5. 12.7
anao 15.9mmitube ciamerersare 10r orecioitauon nargeneg Alioy 718.
Other values tor different materias are availabte.
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r'.,

ited Metallic O-Rings

Dlameters up to 300 inches (7620 mm)*
Tube diameters from .031 to .625 inches

.. ‘50800 -0
¥ lameter J_{Wau Thnckness

4 Isenyam uuu/- A -y EX

031 . 005 $.010, “012 -

0,15 'o,zs osoéoss
IE=cEE EREREHRE

3 {006 010 ‘012 Tots
4 o,1s 025 0,30 10,46

010 020 .
025 051 064

e e et e e e = 6 ———— e s e

012 .020 .032
030 051 o081

012 025 .032 .049
6, 0,30 0,64 0,81 1,24

ji — K __ B
315 035 049
off 0,88 1,24

RN

050 .065 T
W7 127 165 :
I 063
| .063

10 20 30 40
254,00 508,00 762.00 1016.00
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Figure 4.5-2 Metallic O-Rings Technical Bulletin (Continued) ’ '

Retainer Assemblies

Metatiic O-Rings can be used with a metal retainer plate
for mecnanicai back-up that serves the same functon as
the machined groove wall in convennonal installations.
Retainer assemblies may incorporate several Metaliic O-
Rings nto one ali metailic assembly. The O-Rings are
press-iited without cross-sechon gistortion, are secured
against dropout and are easilly handled dunng fieid
assignment or retrofit programs. The retainer plate fur-
mshes the O-Ring compression limit, controis hoop ten-
sion of the C-Ring, simplifies surtace finish operauon,
permits interchangeabiiity ot flanges. and applies o singie
or multiple O-Ring requirements. A selection of several
standard assemblies is described below:

ASA/API Pipe Flange
Seals

Metatlic O-Rings offer stauc seal reliability ana safety for
instatiation or maintenance of pioing. Over 1ong periogs
ofume. the ail-metalconstruction of Flugrocarconubuiar
Metatic O-Rings ana retainer piares maxe them :ess sus-
cepubie 10 reiaxation of seanng stresses —as compared
1o partally non-metallic gaskets.
in aaaition 10 thetr natural resilence characenstics.
Metaiic O-Rings provide the stapiity Ot a metal-to-mertal
pipe oint seat.
The naturat springtack of thir-wall metal lupirg, 2ng
unicue seit-engrgizing gesign feature. create a calarce
ohnsice ang outside torces whicT Zreven! colapse otthe
‘UCe uncer oressure cycing These same "eatures allow
Metaine O-Rings 10 respong IC variauons in 32aing sur-
laceoeriections withoutcreep or coid iow ancicaccom-
maogate nign and low lemoeratura cycing ~or Crocess
Diantooing. ‘hey withsiand termceratures from crvogenic
‘0 * 800° F [982° C.; and oressures rom vacuum 10
30.000 csi 73402 atmi ———
To maimam seat renadiity. tubular Metatic 3-Rings re- / /

Juire less Toit stress han soid. tber ‘lat metal. soiral N
NOURG Or jaCKeler Jaskels Lower seal 10ags alow a EI ] ]
L)

gJreater poltanc flange satety 1actor 10r a giver insiaiaton
0-rings ang retainer piates are availabe 'or 250710

24" 78.410 609 6 mm) pioe in ali sizes of 150 to 2500 psi

{10.210 170 1 a1m) Hiar or raisea face fianges. 3 9,7/

N
AN

7
%

o
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" Figure 4.5-2 Metallic O-Rings Technical Bulletin (Continued)

Boss Seals

United Metallic FIT-O-SEAL for boss joints combines
a stainless steel retainer and a press fit Metaliic
O-Ring. The unit is self-positioning, controls ring
compression, and can be reused. It won't deteriorate
with age and is not atfected by environment. Existing
boss can be easily retrofitted. It can seal fuels and
chemicalg from high vacuum to 10,000 psi (680 atm)
or higher, and will endure continuous temperatures
of —452° F. (—269" C.) to 1,800°F. (982° C.). Stand-
ard seal assembly available for MS33656 fitting to
MS33649 boss. Modifications available.

Flange-O-Seal

The Maetallic O-Ring is semi-fastened into the metal
retainer. The assembly is used for sealing jet engine
fuel lines and exotic missile fuel lines fram —452° F.
(—269° C.) 10 1,800°F. (982° C.).

It can be used for steel tittings MS20757 thru
MS20762 and MS33786 fitting installation. The follow-
ing assemblies are available from stock:

ot . Part 8. trey mm mn=1m nen:m-

U- 700490 4-TI0820 - 333 (0.0 = 003 (0.1%1 - 863 0.1
—12 -12 .863 1.156 210
21.92 29.36 5.33
—16 —18 1113 1.312 210
28.27 33132 533
—17 -—17 1.113 1.414 2N
2827 35.92 6.88
-20 —20 1.425 1.656 2N
36.2 42.06 5.38
—24 -—24 1.513 1.812 2N
40.97 16.02 6.88
—32 -2 2.300 2.375 33
58.42 60.33 8.46

NAC International 4.5-19
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Figure 4.5-2 Maetallic O-Rings Technical Bulletin (Continued)
Nuclear Pressure Vessel Seals

The principal application of United Metallic O-Rings
in nuclear power plants is the sealing of reactor pres-
sure-vessel heads. They are also specified tor sealing
applications on vaives, staam generators, condens-
ers, pumps, piping and other equipment components
throughout the nuciear flow chart.

United O-Rings can easily meet the three major re-
quirements of nuclear applications: high tempera-

ture ratings, high pressure ratings, and larger than
average ring diameters (see Page 2 for specifics).
United Metallic O-Rings ofter other significant
advantages in nuclear applications: they are not nor-
mally affected by damaging environments or cor-
rosives; they don‘t deteriorate with age, even in
storage, and they resist radiation and chiorides.

e - S N Y i 5 ' |
TABLE 1 O-Ring—Alloy 718 —DEFLECTION and SPRINGRACK—inches {mm)
Load Fores 375 dia. x 030 wall "t e, S00dia. x 050 wall . - 625 dia. x .03 wail
Unestrained (8.5x095 - - - 127x12N < (15.9x 1,60)
{lingar inch ¢ 2500 10/in (45 kg/ mm) 2300 Ib/in (45 ky/mm) - 4000 tb/in (71.5 kg/mm)
'Purcentage Osflection Min. Springback Deflection Min, Springback . | Deftaction Min. Spnngback
% 030 (0.76) .009 (0.23) 040 (1.02) 030039 -] .0s002n 07 (0.43) i
10% 037 (0.94) 009 (0.23) 05002 . 0131033 .| .08201.5n 017 (0.43)
12% 045 (1,14) 009 10.23) 060 (1.52) - 013033 - 075 (1.91) D17 (0.63)
16%" 080 (1.52) 093 (0.23) 080 (2.03) B13(0.33) 100 (2.54) 017 (8.6
7% 064 (1.63) 009 (0.23) 085 (2.16) 013 (0.33) 108 (2.68) 017 (0.43)
8 10 17°% comoression miy OB Wilitea with UAP inconel T18, LOSd frces may very stightly Deiow 17% 10ch COMOISSION.
Media to be Sealed Materials and Plating

Media in the nuclear power plant which United O-Rings
can successtully sealincluge: ordinary (tight) water, neavy
waler. boling water, steam, borated water, carbon dioxide.
helum. mitrogen. ligud metals inciugding sodium,
terphenyl and other phenyt fluids, and acids including
bornc acid.

Flange and Groove Details

United Metallic O-Rings do not require expensive groove
preparation and, being fiexible. are easily mstafied. On
pressure vassel head seais. a machineqa groove 1S requir-
ed. the groove diameter being determined by thelocaton
of vessel nngs so that minimum lift-off exists.

The O-Ring OD must be sufficiently large so thatupon
compression. the ring willexpand and contactthegroove
outer wall. This limits hoop tension of the ring and pro-
vides a backup that restnicts radial outward movement of
the nng whenthevesseis pressurized. Groove should be
sufficiently wide so that the O-Ring ID does notcontactthe
inside wall when the ning s compressed. Groove depth
controls the amount of comprassion and the amount of
load required to seat the nng. Table 1 shows the amount
of flange load requirea 10 seat the seal.

The O-Ring and groove dimensionstorinternaland ex-
ternal pressure appications may be getermined fromthe
dataon page 5.

10

NAC International 4.5-20

Alioy 718 isthe O-Ring material of choice on most nuciear
sealing applications. inconet 706 is also available. Alloy
718 used in United O-Rings 1s annealea and age hard-
ened. offers ophmum strength and springback. and re-
sists chiorides. radiation and corrosion. Type 304 stain-
Iess steel O-Rings are atso offered for appucationsthatare
less cnincal and where a less expensive matenal wiil suffice.

Both Alioy 718 and Type 304 stainiess steet O-Rings are
available with siiver ptatung of 004" — 006" {0.10mm—={Q.
15 mm] tmickness. Ring OD can be conrrolled 0 .010°
{0.25 mm) totat tolerance atter siver piating. The stiver
planng assures good adherence and aucthty (softness)
to conform 10 groove irreguianties. Nicxel Diaing S
recommended when seaimg sodium.

0O-Ring Fabrication
United Metallic O-Rings are tabncated by cending straight
metaltubingintocircularor otherdesirea snapes. Thetwo
ends are welded together and the weid grouna fiush.
Where the proposed size of the iabricatea O-Ring would
prohibit shipping, the company offers on-site weiding
tabrication that meets the same guanly standaras as
fapbrication performed in our piant.
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" Figure 4.5-2 Metallic O-Rings Technical Bulletin (Continued)

NAC International

Tube and Ring Dimensions

The three most common tube diameters used for
nuclear applications are shown tielow with the rec-
ommended relationship of tube diameter and wall

TABLE 4

SLO:l' or HOLE DIMENSIONS incnes imm)

thickness to the O-Ring diameter. Other tube diam- —om{ DD
eters are also availabie tor nuclear applications. See ¥
pages 6 and 7. T 290
TABLE 2 ___nam
Taba Dismeter wall Niicknsss _ O-Riny Dissaster , —
lechzs/me ©_Inchay/mm . . lecher/mm - ;: .
A s 08 . U180 o ——
Mgy 3% - 19 R 4 . !
R o 080 | 4 120260 -5
oy k| Tig 2B ﬁmmwﬂ RN
C2 B2 cgas| 083 . ..0] % 2Waduw xo E ~| 3585 |- - sw0p27) 825(159) ¢
S5 T T e ¥ s580andup -i W_ |- 03010 -~ -050 (13 063 (16)
TABLE 3 —Scel-Mm@Ey | --.375 35 Aoy
O-RING DIAMETER taeaes rmen TN SwerRoms s ( —1 ol 1R Sul w208 (52) 258 (85) )
UDT0 14 (3B57.6) v s war - | iwwff - 8 vow 0 3] -ON(18) atl 7088 24 AF-Re b E
ZVAGETE) adup By ] e 112 wemwd
“ynioss otherwise specitied
)
> ¥
STYLEA STYLEC

Retainer Clips

On nuclear pressure vessel heads, the rings are in-
stailed to the underside of the flange on the head.
This requires clips to hold the rings in proper place
and alignment during assembly of the head to the
vessel. Slots are prowvided in the O-Ring 0 receive
the retainer clips. In some instances the retaner
ciips are weided to the O-Ring. Instead of slots for
retainer clips, drilled holes with additionaf self-ener-
gizing holes can be provided. The number of slots

4.5-21

BN bW

¥y

-

or holes and their size varies in reiation to the ring
and tube diameters {see Tabies 3 and 4). The data
shown assures instaltation without excessive O-Ring
buckling in the groove and without endangering O-
Ring strength. Difterent ciipping methoos are avail-
able, depending on vessel design. for both single and
double ring applications (see drawings apove--styles
A, B and C}.
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Figure 4.5-2 Metallic O-Rings Technical Bulletin (Continued)

How to Specify O-Rings

Denotes
Mstallic O-Ring

Tubing QD

Wall Thickness

(Thirty-Seconds) (Thousandths)

| |
BHE-0 &
| | |
1

|

T

Metallic O-Ring OB
(inches) (Thousandths)

Ype
SE-Sell-energized
oniD

PF—Prassure filled
NP-—Not saif-
energized, not

Materials
1—~Alloy 718 7-~Stainless
2-—Stainiess Steel 304
Steei 321 8~Stainiess
3~Aluminum Steel 316
4-Copper 9—Stainiass
S~ Alioy 800 Steel 347
6--Alloy %750 X—As Specified
TNCoMNEL
Example: .
U2312-03625SEA

The above example, U2312-03625SEA, indicates
a type 321 staintess steet O-Ring, %,° (2.38 mm)
tube size, .012 (0.30 mm) wall thickness, 3.828°
{62.08 mm) OD, ssif-energized (ID) ang .001..002"

(0.03/0.,058 mm) silver coating.

=
Post Office Box 9889/Columbia, South Carolina 29290
Phone: 803/783-1880 Telex:57-3334

12

\\ U

pressure filled
SO—Seif-anergized
onQD
SX-Self-energized
as spec.

A—Siiver .001/.002 (0,03/0,05) N—None

B-—Silver .002/.003 (0.05/0.08) P—Lead .001/.002(0.03/0,05)
O—Teflon .001/.003 (0.03/0.08) R—Indium .001/.002 (0.03/0.05)
E—Teflon .003/.004 (0.08/0.10) T—Nickel .001/.002(0.03/0.05)
L—-Copper .001/.002 (0,03/0.05) V—Goild .0005/.001 (0.02/0,03)

Coatings

X~-As Specified

United Metallic C-Rings

United Metallic C-Rings (designated MCR) are designed for
static sealing on machinery or equipment and are available
tor internal pressure, external pressure, or axial pressure
1D/0D applications. Because C-Rings are designed with
an open side on the pressure side of the installation, the
seal is self-energizing. United C-Rings are offered in round
or irregular shapes in a broad range of sizes from .126"
(3.2 mm) OD x .032" (0,81 mm) free height to over 300" (7620
mm) QD x 27 (50.80 mm) free height. They are available in a
wide variety of metal alloys and metaitic or Teflon coatings.
Sealing appiication temperature range is from cryogenic
to 3,000° F. (1650° C.); pressure tolerances are from 10—°
torr to 100.000 psi (6.804 atm). Where customer require-
ments are large, the C-Ring provides the iowest unit price
of any high performance seai on the market. Request Bul-
ietin 102C.

FLUOROCAREBON
COMPONENTS DIVISION

Builetin 101C 5.0M-8/82

NAC International

*Copyright. Fiuorocarbon Components Division 1882
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453 Viton® O-Rings

This appendix provides a description of the leak testing performed using the Viton® O-rings on the
alternate port cover design at temperatures exceeding the manufacturer’s elevated temperature limit.
In addition, it also contains the Parker Seals Material Report on the Viton® material.

45.3.1 Alternate Port Cover O-Ring Elevated Temperature Leak Testing

The alternate port cover provides a Viton® O-ring face seal for the containment boundary. The
alternate port cover bolts are torqued to 100 inch-pounds. When torqued as specified, the inner face
of the alternate port cover will contact the sealing surface in the top forging and compress the
Viton® O-ring to create a seal. To evaluate the Viton® O-ring performance at temperatures greater
than 400°F, two test fixtures simulating the top forging of the cask and two alternate port covers
were fabricated. Two assemblies were tested simultaneously to confirm that the test results were
credible. A thermocouple was located within 0.063 inch of the centerline of the inner end O-ring
and is the transducer used to report temperature during testing.

The O-ring used in conjunction with the alternate port cover is fabricated from a material with the
trade name Viton®. The Viton® material is chosen because the operating temperature range for the
material is low enough (-40°F) to satisfy the low temperature requirements for cask operations. The
elevated temperature limit specified is 400°F. (The Parker Seals Material Report follows this test
description.) Analyses presented in Section 3.5.1 show that the maximum post-fire accident
temperature is 547°F.

NAC, with the aid of an independent laboratory, performed leak testing in excess of 550°F to
demonstrate Viton’s capability to perform at the elevated temperature and to determine the leak rate
of the alternate port cover design at the elevated temperature. It was determined that the alternate
port cover O-ring maintains its sealing capability at a temperature of 575°F after prolonged heating
above 400°F. Testing was done in accordance with NAC Specification Number 315-S-09, Revision
0. Two fixtures were put into a thermal test chamber. All the fittings attached to the test assemblies
were checked and confirmed leaktight. The assemblies were heated in a manner that conservatively
approximates the fire-transient analysis and one fixture was held at a temperature above 550°F for
more than 4 hours 37 minutes. The region inside the port cover was evacuated to below 2 psia,
backfilled with helium at 0 psig, evacuated and backfilled again and then leak checked. The leak
test procedure emulates the maintenance test of the port cover stated in Chapter 8, with one
atmosphere of pressure acting on the O-ring during the test.

NAC International 4.5-23
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Data pertinent to the test:
Test Assembly 16 Test Assembly 64 Fire-Transient
Time Above 400°F ~6:32 hours ~5:52 hours 4:37 hours
Time Above 550°F ~5:05 hours ~4:25 hours 0 hour
Maximum Seal Temperature ~575°F ~575°F 547°F

The test temperature of 550°F was selected because it approximates the maximum calculated O-ring
temperature in the fire-transient analysis. The duration was selected because it is the calculated

duration that the O-ring is above the manufacturer’s maximum recommended O-ring temperature of
400°F. This results in a conservative test due to the slower heat-up rate of the oven compared to the

heat-up rate of the port cover in the fire-transient analysis.

Each test assembly was leak checked after the temperature test, while at a temperature of
approximately 575°F. The measured leak rate for each of the assemblies was less than 4.0 x 10°%
atm-cc/sec. In conclusion, the alternate port cover provides a leaktight seal, in accordance with
ANSI N14.5, using Viton® O-rings at an elevated temperature.

NAC Iinternational
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Figure 4.5-3 Parker Seals Material Report on the Viton® Material

Sep-17-99 Q3:35P

P.O1

Software Version: 20 9/17/93
Customer identification
Company: NAC Internstione!
Contact: George Carver
Project Name:
Addrass:
City: Zip Code:
State:
Telephone No.: T70-447-1797 fax
Date/Time: 9-17-1989 1527
Qrderi s ificati
Application: O-ring Only
Compound Number: VDB35-75
Size:
Compound Information
Search Parameter
Material Seisction Mathod: Compound Search
Contained Media;
Desired Temperature Range
High:
Low:
Selected Material Information
Duromater (Shore A): 75
Polymer: Fluorocarbon GLT - LowiTemMP Corrounks.
Temperature
Normat High: 400 °F
Extended High: 400 °F
Normal Low: -40 °F
Color: . Black
Static Application Only: No
Milltary Spec.: MIL-R-83485
AMS NAS Spec.: Norne
SAE/ASTM Spec.: None
Sizing Selection Method: Known: O-ring PIN. Ssarch for: O-ring dimenaions.

inPHarm Salactinn Summary

NAC International
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Figure 4.5-3 Parker Seals Material Report on the Viton® Material (Continued)

Sep-17-99 03:35P . P.0O2

Compound Data Sheet
O-Ring Division Unitad States

MATERIAL REPORT

REPORT NUMBER: KJ0B36
DATE: 10/10/89

TITLE: Test of Parker Compound V0835-75 to MIL-R-83485, Type |.
PURPOSE: To determine if VO835-75 meets MIL-R-83485, Type .

CONCLUSION: V0835-75 mests the above specification.

Parker O-Ring Division
2380 Palumbo Drive
{exington, Kentucky 40509
(606) 269-2351

NAC international 4.5-26
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" Figure 4.5-3 Parker Seals Material Report on the Viton® Material (Continued)
Sep-17-99 03:35P P.O3
REPORT DATA
Report Number: KJ0B35
MIL-R-83485
TYPE 1, O-RINGB & VOB35-75
QRIGINAL COMPRESSION SEALS ACTUAL VALUES
Specific Gravity As determined 1.758
Hardness points 75%S 78
Tensils Strength, psi. min. 1600 1708
Elongation, % min. 120 180
Temperature Retraction, 10%
{TR-10), °F, max. -20 22
AFTER AIR AGING, 70 HRS.@
I5° + O°F, Compression Set
% of original defiection, max. 25 — {14)

AFTER AGING, 70 HRS. @ 75°F IN
TT-5-736. TYPE il

Hardness Change, pts, +5 : 77 {-1)
Tenslie Strength decreass, %, max. 30 1662 (-3)
Elongation decreass, %, max. 20 165 (-8)
Volums change, %, max. 1w 10 — (+2)
AFTER AIR AGING, 70 HRS. @

" 520° 2 5F
Hardness change, pts. +5 78 (Q)
Tensile Strength decrsase, % max. 35 1136 (-33)
Elongation dscrease, %, max. 10 235 (+31)
Weight loss, %, max. 12 -7

AFTER AIR AGING, 166 HRS @
M7° 2 5°F. COMPRESSION SET

% of original deflection, max. 25 - (15)
18 hrs. cooling - (24)
AFTER AIR AGING, 22 HRS @

382° 1 5°F, COMPRESSION SET

% of original defiection, max. 20 - (11)

NAC International 4.5-27
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Figure 4.5-3 Parker Seals Material Report on the Viton® Material (Continued)

Sap-17-99 03:35P P.O4
AFTER AGING, 70 HRS. MIL-R-83485 \
@ 347°MIL-R-83485 TYPE 1, O-RINGS % V0835-75
+5°F in AMS-3021 COMPRESSION SEALS 'ACTUAL VALUES
Herdness change, pts +0,-15 73
Tensile Strength decrease, %, max. 35 1408 (-18)
Elongation decrease, %, max. 20 171 (-6)

Volume change, % 1020 — (+16)
Compression set, % of

original defiection, max. 10 - 7

18 hr. coaling -9

NAC International 4.5-28
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454 SAS2H Output and Group A; Values for Design Basis PWR, BWR,
TRIGA, MTR and DIDO Fuel

SAS2H output is provided on a per assembly basis for Westinghouse 15x15 and GE 7x7 fuel
assemblies, TRIGA FLIP-LEU II fuel elements and for MTR HEU fuel elements, 25 PWR rods,
25 BWR rods and DIDO LEU fuel assemblies in Table 4.5-1 through Table 4.5-21. The
radionuclide inventory for the TRIGA fuel cluster rods is bounded by that of the design basis
TRIGA fuel element. Radionuclides are grouped into fission gases, volatiles, and fines. Volatiles
and gases are defined as those radionuclides listed in NUREG/CR-6487. All remaining
radionuclides are grouped as fines. A, values were obtained from 10 CFR 71.

NAC International 4.5-29



NAC-LWT Cask SAR November 2007
Revision 38
Table 4.5-1 Westinghouse 15x15 SAS2H Output and Group A; Value (Gas)
Isotope A; Isotope
Activity/Assembly Fraction Value Fraction/A, | Group Az
Isotope (Ci) of Source (Ci) (Ci) (Ci)
H3 2.16E+02 5.83E-02 1100 4.89E-05 -
KR 85 3.80E+03 9.46E-01 270 3.50E-03 -
Total 4,02E+03 - 3.55E-03 281.35

Table 4.5-2 Westinghouse 15x15 SAS2H Output and Group A; Value (Volatiles)

: Isotope A; Isotope
Activity/Assembly Fraction Value Fraction/Az Group A;

Isotope (Ci) of Source (Ci) (Cir) (Ci)
CS134 3.97E+04 2.03E-01 19 1.07E-02 -
CS137 5.17E+04 2.64E-01 16 1.62E-02 -
SR 89 1.46E+01 0.0 16 4.67E-06

SR 90 - 3.56E+04 0.182E-01 8.1 2.25E-02 -
RU103 1.73E+00 0.0 54 1.64E-07 -
RU106 6.85E+04 3.50E-01 5.4 6.49E-02 -

Total 1.96E+05 - - 1.15E-01 8.73

NAC International 4.5-30
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Table 4.5-3 Westinghouse 15x15 SAS2H Output and Group A; Value (Fuel Fines)
Activity/ : Isotope A2 Isotope
Assembly Fraction Value Fraction/Az2 | Group Az
Isotope (Ci) of Source (Ci) (Cir) (Ci)
TH234 1.51E-01 3.40E-07 8.1 4,19E-08 -
PA233 1.61E-01 3.62E-07 19 1.91E-08 -
PA234M 1.51E-01 3.40E-07 0.54 6.29E-07 -
U236 1.20E-01 2.70E-07 0.16 1.69E-06 -
U237 1.47E+00 3.31E-06 0.54 6.12E-06 -
U238 1.51E-01 3.40E-07 unfimited -
NP237 1.61E-01 3.62E-07 0.054 6.71E-06 -
NP239 1.22E+01 2.74E-05 11 2.49E-06 -
PU236 3.91E-01 8.79E-07 0.081 1.09E-05 -
PU238 1.48E+03 3.33E-03 0.027 1.23E-01 -
PU239 1.48E+02 3.33E-04 0.027 - 1.23E-02 -
PU240 2.36E+02 5.31E-04 0.027 1.97E-02 -
PU241 6.13E+04 1.38E-01 1.6 8.62E-02 -
PU242 1.09E+00 2.45E-06 0.027 9.08E-05 -
AM241 2.74E+02 6.16E-04 0.027 2.28E-02 -
AM242M 5.58E+00 1.26E-05 0.027 4,65E-04 -
AM242 5.55E+00 1.25E-05 0.54 2.31E-05 -
AM243 1.22E+01 2.74E-05 0.027 1.02E-03 -
CM242 1.20E+03 2.70E-03 0.27 1.00E-02 -
CM243 1.29E+01 2.90E-05 0.027 1.07E-03 -
CM244 1.31E+03 2.95E-03 0.054 5.46E-02 -
CM245 1.13E-01 2.54E-07 0.024 1.06E-05 -
Y90 3.56E+04 8.01E-02 8.1 9.89E-03 -
Y91 7.66E+01 1.72E-04 16 1.08E-05 -
ZR93 5.87E-01 1.32E-06 unlimited — -
ZR95 2.36E+02 5.31E-04 22 2.41E-05 -
NB95 5.18E+02 1.17E-03 27 4.32E-05 -
NB95M 2.77E+00 6.23E-06 0.54 1.15E-05 -
TC99 6.71E+00 1.51E-05 24 6.29€-07 -
RH103M 1.73E+00 3.89E-06 1100 3.54E-09 -
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Table 4.5-3 Westinghouse 15x15 SAS2H Output and Group A; Value (Fuel Fines)
(Continued)
Activity/ Isotope Az Isotope _
Assembly Fraction Value Fraction/Az2 | Group Az
Isotope (Ci) of Source (Ci) (CiY) (Ci)
RH106 6.85E+04 1.54E-01 0.54 2.85E-01 -
AG110 3.58E+00 8.05E-06 0.54 1.49E-05 -
AG110M 2.63E+02 5.92E-04 11 5.38E-05 -
CD113M 1.37E+01 3.08E-05 14 2.20E-06 -
SN119M 3.98E+00 8.95E-06 810 1.11E-08 -
SN121 9.09E-01 2.04E-06 0.54 3.79E-06 -
SN121M 1.17E+00 2.63E-06 24 1.10E-07 -
SN123 5.18E+00 1.17E-05 16 7.28E-07 -
SB125 2.36E+03 5.31E-03 27 1.97E-04 -
TE125M 5.76E+02 1.30E-03 24 5.40E-05 -
TE127 6.14E+01 1.38E-04 19 7.27E-06 -
TE127M 6.27E+01 1.41E-04 14 1.01E-05 -
BA137M 4.89E+04 1.10E-01 0.54 2.04E-01 -
CE144 8.32E+04 1.87E-01 5.4 3.47E-02 -
PR144 8.32E+04 1.87E-01 0.54 3.47E-01 -
PR144M 1.16E+03 2.61E-03 0.54 4.83E-03 -
PM146 1.63E+00 3.67E-06 0.54 6.79E-06 -
PM147 4.61E+04 1.04E-01 54 1.92E-03 -
SM151 1.73E+02 3.89E-04 270 1.44E-06 -
EU152 2.66E+00 5.89E-06 27 2.22E-07 -
GD153 9.72E-01 2.19E-06 240 9.11E-09 -
EU154 4.78E+03 1.08E-02 16 6.72E-04 -
EU155 2.76E+03 6.21E-03 81 7.66E-05 -
Total 4 45E+05 - - 1.22E+400 0.82
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Table 4.5-4 General Electric 7x7 SAS2H Output and Group A; Value (Gas)

Isotope Az Isotope
Activity/Assembly Fraction Value Fraction/A2 | Group A,
Isotope (Ci) of Source (Ci) (Ci1) (Ci)
H3 7.73E+01 5.65E-02 1100 5.14E-05 -
KR 85 1.29E+03 9.43E-01 270 3.49E-03
Total 1.37E+03 - 3.55E-03 282.03

Table 4.5-5  General Electric 7x7 SAS2H Output and Group A; Value (Volatiles)

Isotope Az Isotope
Activity/Assembly Fraction Value Fraction/A; | Group A2

Isotope (Ci) of Source (Ci) (Cir) (Ci)
CS134 1.33E+04 1.93E-01 19 1.02E-02 -
CS137 1.84E+04 2.67E-01 16 1.67E-02 -

SR 89 451E+00 6.55E-05 16 4,09E-06 -

SR 90 1.21E+04 1.76E-01 8.1 2.17E-02 -
RU103 5.90E-01 8.56E-06 54 1.59E-07 -
RU106 2.51E+04 3.64E-01 - 5.4 6.75E-02 -
Total 6.89E+04 - 8.62

NAC International
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Table 4.5-6 General Electric 7x7 SAS2H Output and Group A; Value (Fuel Fines)

Activity/ Isotope Az Isotope
Assembly Fraction Value Fraction/A2 | Group Az
Isotope (Ci) of Source (Ci) (CiY) (Ci)
TH234 6.34E-02 4,15E-07 8.1 5.13E-08 -
PA233 5.08E-02 3.33E-07 19 1.75E-08 -
PA234M 6.34E-02 4.15E-07 0.54 7.69E-07 -
U236 3.79E-02 2.48E-07 0.16 1.55E-06 -
u237 5.04E-01 3.30E-06 0.54 6.12E-06 -
U238 6.34E-02 4.15E-07 uniimited - -
NP237 5.08E-02 3.33E-07 0.054 6.16E-06 -
NP239 4.52E+00 2.96E-05 1 2.69E-06
PU236 1.07E-01 7.01E-07 0.081 8.66E-06 -
PU238 4.80E+02 3.15E-03 0.027 1.16E-01 -
PU239 5.34E+01 3.50E-04 0.027 1.30E-02 -
PU240 9.99E+01 6.55E-04 0.027 2.42E-02 -
PU241 2.11E+04 1.38E-01 1.6 8.64E-02 -
PU242 4.25E-01 2.78E-06 0.027 1.03E-04 -
AM241 9.57E+01 6.27E-04 0.027 2.32E-02 -
AM242M 1.90E+00 1.24E-05 0.027 4.61E-04 -
AM242 1.89E+00 1.24E-05 0.54 2.29E-05 --
AM243 4 52E+00 2.96E-05 0.027 1.10E-03 -
CM242 4.30E+02 2.82E-03 0.27 1.04E-02 -
CM243 4 62E+00 3.03E-05 0.027 1.12E-03 -
CM244 4 82E+02 3.16E-03 0.054 5.85E-02 -
CM245 3.72E-02 2.44E-07 0.024 1.02E-05
Y 90 1.21E+04 7.93E-02 8.1 9.79E-03
YO 2.39E+01 1.57E-04 16 9.79E-06 -
ZR 93 2.04E-01 1.34E-06 unlimited -
ZR 95 7.63E+01 5.00E-04 22 2.27E-05 -
NB 95 1.68E+02 1.10E-03 27 4.08E-05 -
NB 95M 8.97E-01 5.88E-06 0.54 1.09E-05 -
TC 99 2.39E+00 1.57E-05 24 6.53E-07 -
RH103M 5.89E-01 3.86E-06 1100 3.51E-09 -
RH106 2.51E+04 1.64E-01 0.54 3.05E-01 -
AG110 1.35E+00 8.85E-06 0.54 1.64E-05 -
AG110M 9.90E+01 6.49E-04 11 5.90E-05 -
CD113M 5.18E+00 3.39E-05 14 2.42E-06 -
SN119M 1.40E+00 9.17E-06 810 1.13E-08 -
SN121 3.46E-01 2.27E-06 0.54 4.20E-06 -
SN121M 4.46E-01 2.92E-06 24 1.22E-07 -
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Table 4.5-6 General Electric 7x7 SAS2H Output and Group A; Value (Fuel Fines)

(Continued)
Activity/ Isotope Az Isotope
Assembly Fraction Value Fraction/A; | Group Az
Isotope (Ci) of Source (Ci) (Ci) (Ci)
SN123 1.75E+00 1.15E-05 . 16 7.17E07 -
SB125 8.66E+02 5.67E-03 27 2.10E-04
TE125M 2.12E+02 1.39E-03 24 5.79E-05 -
TE127 2.14E+01 1.40E-04 19 7.38E-06 -
TE127M 2.19E+01 1.43E-04 14 1.02E-05 ~
BA137M 1.74E+04 1.14E-01 0.54 2.11E-01 -
CE144 2.73E+04 1.79-01 5.4 3.31E-02 -
PR144 2.73E+04 1.79E-01 0.54 3.31E-01 -
PR144M 3.82E+02 2.50E-03 0.54 4.64E-03
PM146 5.15E-01 3.37E-06 0.54 6.25E-06 -
PM147 1.60E+04 1.05E-01 54 1.94E-03 -
SM151 5.76E+01 3.77E-04 270 1.40E-06 - -
EU152 8.97E-01 5.88E-06 27 2.18E-07 -
GD153 3.69E-01 2.42E-06 240 1.01E-08 -
EU154 1.74E+03 1.14E-02 16 7.13E-04 -
EU155 9.69E+02 6.35E-03 81 7.84E-05 -
Total 1.53E+05 - 1.23E+00 0.81
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Table4.5-7 TRIGA (FLIP-LEU II) SAS2H Output and Group A; Value (Gas)

Activity/ isotope Isotope Group
Assembly | Fraction | AzValue | Fraction/A; Az
Isotope (Ci) of Source (Ci) (Cir) (Ci)
H3 1.07E+00 | 4.45E-02 1,100 4,04E-05 -
KR85 | 2.30E+01 | 9.56E-01 270 3.54E-03 —
Total | 2.41E+01 - - 3.58E-03 279.37

Table 4.5-8 TRIGA (FLIP-LEU II) SAS2H Output and Group A; Value (Volatiles)

Activity/ Isotope Isotope Group
Assembly | Fraction | A;Value | Fraction/Az | Az
Isotope (Ci) of Source (Ci) (Ci) (Ci)
CS134 | 1.41E+02 | 1.70E-01 19 8.94E-03
CS135 | 4.12E-03 | 4.97E-06 27 1.84E-07
CS137 | 3.43E+02 | 4.13E-01 16 2.58E-02
SR89 | 229E-03 | 2.76E-06 16 1.73E-07 -
SR90 | 2.92E+02 | 3.52E-01 8.1 4.34E-02 -
RU106 | 5.37E+01 | 6.47E-02 5.4 1.20E-02
Total 8.30E+02 - 9.02E-02 11.08

NAC International
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Table 4.5-9 TRIGA (FLIP-LEU II) SAS2H Output and Group A; Value (Fuel Fines)

I AG110

NAC International

4.5-37

Activity/ Isotope Isotope | Group
Assembly | Fraction | A:Value | Fraction/A; | Az
Isotope (Ci) of Source (Ci) (Cir) (Ci)
TH234 | 221E-04 | 1.78E-07 8.1 2.20E-08
PA233 | 1.56E-03 | 1.26E-06 19 6.61E-08 -
PA234M | 2.21E-04 | 1.78E-07 0.54 3.30E-07 -
U232 | 2.24E-04 | 1.80E-07 0.0024 7.52E-05 -
U234 | 3.38E-04 | 2.72E-07 0.16 1.70E-06 -
U236 | 1.51E-03 | 1.22E-06 0.16 7.60E-06 -
U237 | 4.49E-03 | 3.62E-06 0.54 6.70E-06 -
U238 | 221E-04 | 1.78E-07 | unlimited -
NP237 | 1.56E-03 | 1.26E-06 0.054 2.33E-05
NP238 | 3.85E-04 | 3.10E-07 0.54 5.74E-07 -
NP239 | 5.03E-02 | 4.05E-05 11 3.68E-06 -
PU236 | 2.12E-03 | 1.71E-06 0.081 2.11E-05
PU238 | 1.66E+01 | 1.34E-02 0.027 4.95E-01 -
PU239 | 4.05E-01 | 3.26E-04 0.027 1.21E-02 | -
" PU240 | 5.34E-01 | 4.30E-04 0.027 1.59E-02 -
PU241 | 1.88E+02 | 1.51E-01 1.6 9.47E-02 -
PU242 | 4.18E-03 | 3.37E-06 0.027 1.25E-04 -
AM241 | 1.81E+00 | 1.46E-03 0.027 5.40E-02 -
AM242M | 8.55E-02 | 6.89E-05 0.027 | 255E-03 -
AM242 | 8.51E-02 | 6.86E-05 0.54 1.27E-04 -
AM243 | 5.03E-02 | 4.05E-05 0.027 1.50E-03 -
CM242 | 2.88E+00 | 2.32E-03 0.27 8.59E-03 -
CM243 | 6.77E-02 | 5.45E-05 0.027 2.02E-03 -
CM244 | 5.29E+00 | 4.26E-03 0.054 7.89E-02 -
CM245 | 4.82E-04 | 3.88E-07 0.024 1.62E-05
Y 80 2.92E+02 | 2.35E-01 8.1 2.90E-02 -
Y 91 1.58E-02 | 1.27E-05 16 7.95E-07
ZR93 | 5.27E-03 | 4.25E-06 | unlimited
NB93M | 2.03E-03 | 1.64E-06 810 2.02E-09 -
ZR95 | 4.98E-02 | 4.01E-05 22 1.82E-06
NB95 | 1.10E-01 8.86E-05 27 3.28E-06 -
TC99 | 5.24E-02 | 4.22E-05 24 1.76E-06 -
RH106 | 5.37E+01 | 4.33E-02 0.54 8.01E-02 -
2.63E-03 | 2.12E-06 0.54 3.92E-06
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Table 4.5-9 TRIGA (FLIP-LEU II) SAS2H Output and Group A, Value (Fuel Fines)

(Continued)
Activity/ Isotope isotope | Group

Assembly [ Fraction | A;Value | Fraction/Az | A2

Isotope | (Ci) | of Source | (C}) (Ci) (Ci)
AG110M | 1.93E-01 1.55E-04 11 1.41E-05 -
CD113M | 5.23E-02 |. 4.21E-05 14 3.01E-06 -
SN119M | 4.04E-03 | 3.25E-06 810 4.02E-09 -
SN121 | 4.05E-03 | 3.26E-06 0.54 6.04E-06 -
SN121M | 5.22E-03 | 4.20E-06 24 1.75E-07 -
SN123 | 2.47E-03 | 1.99E-06 16 1.24E-07 -
SB125 | 4.11E+00 | 3.31E-03 27 1.23E-04 -
TE125M | 1.00E+00 | 8.06E-04 24 . 3.36E-05 -
TE127 | 1.98E-02 | 1.59E-05 19 8.39E-07 -
TE127M | 2.02E-02 | 1.63E-05 14 1.16E-06 -
BA137M | 3.24E+02 | 2.61E-01 0.54 4.83E-01 -
CE144 | 8.88E+01 | 7.15E-02 54 1.32E-02 -
PR144 | 8.88E+01 | 7.15E-02 0.54 1.32E-01 -
PR144M | 1.24E400 | 9.99E-04 0.54 1.85E-03 -
PM146 | 4.30E-03 | 3.46E-06 0.54 6.41E-06 -
PM147 | 1.30E+02 | 1.05E-01 54 1.94E-03 -
SM151 | 8.64E-01 | 6.96E-04 270 2.58E-06 -
EU152 | 6.20E-02 | 4.99E-05 27 1.85E-06 -
GD153 | 8.69E-03 | 7.00E-06 240 2.92E-08 -
EU154 | 2.75E+01 | 2.22E-02 16 1.38E-03 -
EU155 | 1.29E+01 1.04E-02 81 1.28E-04 -

Total 1.24E+03 - - 1.51E+00 0.66

NAC International
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Table 4.5-10 MTR HEU SAS2H Output and Group A; Value (Gas)

Activity/ Isotope Isotope Group
Assembly | Fraction Az Value | Fraction/A2 A
Isotope (Ci) of Source (Ci) (Cir) (Ci)
H3 3.19E+00 | 3.69E-02 1100 3.36E-05
KR 85 8.32E+01 9.63E-01 270 3.57E-03
Total 8.64E+01 - - 3.60E-03 271.74

Table 4.5-11 MTR HEU SAS2H Output and Group A; Value (Volatiles)

Activity/ Isotope Isotope Group
Assembly Fraction A; Value Fraction/A; A;
Isotope (Ci) of Source (Ci) (CiY) (Ci)
CS134 9.14E+02 3.31E-01 19 1.74E-02
CS137 8.85E+02 3.21E-01 16 20.1E-02
SR8g 3.26E-05 1.18E-08 16 7.39E-10
SR 90 8.47E+02 3.07E-01 8.1 3.79E-02
RU103 7.62E-08 2.76E-11 54 5.12E-13
RU106 1.12E+402 4.06E-02 54 7.52E-03
Total 2.76E+03 - - 8.29E-02 12.06

NAC International
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Table 4.5-12 MTR HEU SAS2H Output and Group A; Value (Fuel Fines)

Activity/ Isotope Isotope Group
Assembly Fraction Az Value Fraction/A; A
Isotope (Ci) of Source (Ci) (Ci) (Ci)
PA233 7.45E-03 2.19E-06 19 1.15E-07
U234 1.48E-03 4.34E-07 0.16 2.72E-06
U236 4.86E-03 1.43E-06 0.16 8.92E-06 -
U237 2.71E-03 7.96E-07 0.54 1.47E-06 -—
NP237 7.45E-03 2.19E-06 0.054 4.05E-05 -
NP239 6.16E-02 1.81E-05 1 1.64E-06 -
PU236 6.07E-03 1.78E-06 0.081 2.20E-05 -
PU238 1.16E+02 3.41E-02 0.027 1.26E+00 -
PU239 1.84E-01 5.40E-05 0.027 2.00E-03 -
PU240 1.32E-01 3.88E-05 0.027 1.44E-03
PU241 1.13E+02 3.32E-02 1.6 2.07E-02
PU242 2.58E-03 7.57E-07 0.027 2.81E-05 -
AM241 8.39E-01 2.46E-04 0.027 9.12E-03
AM242M 5.54E-03 1.63E-06 0.027 6.02E-05 -
AM242 5.52E-03 1.62E-06 0.54 3.00E-06 -
AM243 6.16E-02 1.81E-05 0.027 6.70E-04 -
CM242 1.38E-01 4,05E-05 0.27 1.50E-04 -
CM243 4.80E-02 1.41E-05 0.027 5.22E-04 -
CM244 1.39E+01 4,08E-03 0.054 7.56E-02 -
CM245 3.41E-03 1.00E-06 0.024 4.17E-05
CM246 1.30E-03 3.82E-07 0.024 1.59E-05
BK249 4.27E-05 1.25E-08 8.1 1.55E-09
Y 90 8.47E+02 2.49E-01 8.1 3.07E-02
Y 91 6.14E-04 1.80E-07 16 1.13E-08 -
ZR 95 3.06E-03 8.98E-07 22 4.08E-08 -
NB 95 6.73E-03 1.98E-06 27 7.32E-08 -
NB 95M 3.60E-05 1.06E-08 0.54 1.96E-08
TC99 1.03E-01 3.02E-05 24 1.26E-06 -
RH103M 7.60E-08 2.23E-11 1100 2.03E-14

NAC International
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Table 4.5-12 MTR HEU SAS2H Output and Group A; Value (Fuel Fines) (Continued)

Activity/ Isotope Isotope Group

Assembly Fraction Az Value Fraction/Az A

Isotope (Ci) of Source (Ci) (Ci) (Ci)
RH106 1.12E+02 3.29E-02 0.54 6.09E-02 -

AG110 3.32E-03 9.75E-07 0.54 1.80E-06 -
AG110M 2.44E-01 7.16E-05 b 6.51E-06 -
CD113M 1.18E-01 3.46E-05 14 2.47E-06
SN119M 1.56E-02 4.58E-06 810 5.65E-09 -
SN123 2.47E-03 7.25E-07 16 4.53E-08 -

TE123M 5.98E-05 1.76E-08 27 6.50E-10 —
SB124 7.26E-07 2.13E-10 16 1.33E-11 -

SB125 1.60E+01 4.70E-03 27 1.74E-04 -

TE125M 3.92E+00 1.15E-03 24 4.80E-05 --
TE127 8.38E-03 2.46E-06 19 1.29-07

TE127M 8.56E-03 2.51E-06 14 1.80E-07 -
TE129 2.72E-11 7.99E-15 16 4.99E-16 -

TE129M 4 25E-11 1.25E-14 1" 1.13E-15
BA137M 8.36E+02 2.45E-01 0.54 4.55E-01 -
CE141 5.84E-10 1.71E-13 16 1.07E-14 -

CE144 4 A8E+02 1.32E-01 5.4 2.44E-02

PR144 4.48E+02 1.32E-01 0.54 2.44E-01 -

PR144M 6.27E+00 1.84E-03 0.54 3.41E-03 -
PM147 3.10E+02 9.10E-02 54 1.69E-03 -

PM148 1.94E-10 5.70E-14 0.54 1.05E-13

PM148M 3.68E-09 1.08E-12 19 5.69E-14 -
SM151 3.12E+00 9.16E-04 270 3.39E-06 --
GD153 2.49E-03 7.31E-07 240 3.05E-09 -
EU154 8.10E+01 2.38E-02 16 1.49E-03 -

EU155 5.00E+01 1.47E-02 81 1.81E-04 -

TB160 6.34E-06 1.86E-09 16 1.16E-10 -

Total 3.41E+403 - - 2.19E+00 0.46
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Table 4.5-13 25 High Burnup BWR-Rod SAS2H Output and Group A; Value (Gas)

Activity/ Isotope Isotope Group
Assembly Fraction A Value Fraction/A; A2
Isotope (Ci) of Source (Ci) (Ci) (Ci)
H3 1.13E+02 6.49E-02 1100 5.90E-05 -
KR 85 1.63E+03 9.35E-01 270 3.46E-03
Total 1.75E+03 3.52E-03 283.90

Table 4.5-14 25 High Burnup BWR-Rod SAS2H Output and Group A; Value (Volatiles)

Activity/ Isotope Isotope Group
Assembly Fraction Az Value Fraction/Az Az
Isotope (Ci) of Source (Ci) (CiY) (Ci)
CS134 5.09E+04 1.29E-01 19 6.79E-03
CS136 1.30E+04 3.29E-02 14 2.35E-03
CS137 2.66E+04 6.74E-02 16 4 21E-03 --
SR 89 4 32E+04 1.09E-01 16 6.83E-03 -
SR 90 1.53E+04 3.88E-02 8.1 4.78E-03 -
RU103 1.54E+05 3.90E-01 54 7.22E-03
RU106 9.18E+04 2.33E-01 5.4 4.31E-02 -
Total 3.95E+05 7.53E-02 13.29
NAC International 4.5-42
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Table 4.5-15 25 High Burnup BWR-Rod SAS2H Output and Group A; Value (Fuel Fines)

NAC International

4.5-43

Activity/ Isotope Isotope Group
Assembly | Fraction | A;Value | Fraction/A; Az
Isotope (Ci) of Source (Ci) (Cir) (Ci)
U236 3.75E-02 | 2.39E-08 0.16 1.49E-07 —
U238 3.29E-02 | 2.09E-08 | unlimited —
NP237 | 7.35E-02 | 4.68E-08 0.054 8.67E-07
PU238 | 1.24E+03 | 7.91E-04 0.027 2.93E-02 —
PU239 2.94E+01 } 1.88E-05 0.027 6.95E-04
PU240 8.16E+01 | 5.20E-05 0.027 1.93E-03
PU241 | 1.72E+04 | 1.10E-02 1.6 6.87E-03
PU242 | 8.16E-01 | 5.20E-07 0.027 1.93E-05
AM241 | 2.01E+01 | 1.28E-05 0.027 4.75E-04 —
AM242M | 1.55E+00 | 9.89E-07 0.027 3.66E-05 -
AM243 | 1.46E+01 | 9.34E-06 0.027 3.46E-04 -
CM242 " | 1.18E+04 | 7.55E-03 0.27 2.80E-02
CM243 | 9.18E+00 | 5.86E-06 0.027 2.17E-04 -
CM244 | 4.92E+03 | 3.14E-03 0.054 5.81E-02 -
‘. CM245 | 449E-01 | 286E-07 | 0024 | 11905 | —
CM246 | 5.31E-01 | 3.38E-07 0.024 1.41E-05 -
RB86 | 3.74E+02 | 2.39E-04 14 1.71E-05 -
Y 90 1.63E+04 | 1.04E-02 8.1 1.28E-03 -
Y 91 6.28E+04 | 4.00E-02 16 2.50E-03 -
ZR 95 1.12E+05 | 7.12E-02 22 3.24E-03
NB 95 1.12E+05 | 7.16E-02 27 2.65E-03 -
NB95M | 1.27E+03 | 8.10E-04 0.54 1.50E-03 -
TC99 | 2.76E+00 | 1.76E-06 24 7.33E-08 -
RH103M | 1.54E+05 | 9.79E-02 1100 8.90E-05
RH106 9.74E+04 | 6.21E-02 0.54 1.15E-01 -
AG110 4.75E+04 | 3.03E-02 0.54 5.61E-02 -
AG110M | 1.57E+03 | 9.99E-04 1 9.08E-05
CD113M | 1.33E+01 | 8.49E-06 14 6.06E-07 -
CD115M | 5.09E+01 | 3.24E-05 14 2.32E-06
SN119M | 1.34E+01 | 8.52E-06 810 1.05E-08 -
SN123 5.36E+01 | 3.42E-05 16 2.13E-06 -
TE123M | 6.68E+00 | 4.26E-06 27 1.58E-07 -
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Table 4.5-15 25 High Burnup BWR-Rod SAS2H Output and Group A; Value (Fuel Fines)

(Continued)
Activity/ Isotope isotope Group
Assembly | Fraction | A;Value | Fraction/A2 | Az
Isotope (Ci) of Source (Ci) (Ci) (Ci)
SB124 | 2.14E+02 | 1.36E-04 16 8.52E-06
SB125 | 1.47E+03 | 9.37E-04 27 3.47E-05
TE1256M | 3.36E+02 | 2.14E-04 24 8.93E-06
TE127 | 857E+03 | 5.47E-03 19 2.88E-04
TE127M | 1.49E+03 | 9.53E-04 14 6.81E-05 —
TE129 | 2.67E+04 | 1.70E-02 16 1.07E-03 -
TE129M | 5.46E+03 | 3.48E-03 11 3.16E-04 —
BA137M | 2.52E+04 | 1.61E-02 0.54 2.98E-02 -
BA140 | 1.34E+05 | 8.52E-02 8.1 1.05E-02 —
LA140 | 1.48E+05 | 9.47E-02 1 8.61E-03 —
CE141 | 1.21E+05 | 7.74E-02 16 4.84E-03 -
PR143 | 1.05E+05 | 6.67E-02 16 4,17E-03 -
CE144 | 9.39E+04 | 5.99E-02 5.4 1.11E-02 -
PR144 | 9.49E+04 | 6.05E-02 0.54 1.12E-01 -
PR144M | 1.32E+03 | 8.43E-04 0.54 1.56E-03 -
PM146 | 1.10E+00 | 7.03E-07 0.54 1.30E-06 -
ND147 | 5.20E+04 | 3.32E-02 16 2.07E-03 -
PM147 | 1.43E+04 | 9.11E-03 54 1.69E-04 -
PM148 | 1.62E+04 | 1.03E-02 0.54 1.91E-02 -
PM148M | 2.20E+03 | 1.41E-03 19 7.40E-05 -
SM151 | 5.20E+01 | 3.32E-05 270 1.23E-07 -
EU152 | 7.55E-01 | 481E07 | 27 1.78E-08
GD153 | 9.39E+00 | 5.99E-06 240 2.49E-08
EU154 | 3.49E+03 | 2.23E-03 16 1.39E-04 -
EU155 | 2.25E+03 | 1.43E-03 81 1.77E-05 -
EU156 | 6.94E+04 | 4.42E-02 19 2.33E-03 -
TB160 | 4.40E+02 | 2.80E-04 16 1.75E-05
Total 1.57E+06 5.17E-01 1.93
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Table 4.5-16 25 High Bufnup PWR-Rod SAS2H Output and Group A; Value (Gas)

Activity/ Isotope Isotope Group
Assembly Fraction Az Value Fraction/Az A
Isotope (Ci) of Source (Ci) (Ci) (Ci)
H3 7.39E+01 6.37E-02 1100 5.79E-05 -
KR 85 1.09E+03 9.36E-01 270 3.47E-03 -
Total 1.16E+03 3.53E-03 283.64

Table 4.5-17 25 High Burnup PWR-Rod SAS2H Output and Group A; Value (Volatiles)

Activity/ Isotope Isotope Group

Assembly Fraction Az Value Fraction/A; Az
Isotope (Ci) of Source (Ci) (CiY) (Ci)
CS134 3.69E+04 1.11E-01 19 5.86E-03
CS136 9.38E+03 2.83E-02 14 2.02E-03
CS137 1.66E+04 5.01E-02 16 3.13E-03
SR 89 4.11E+04 1.24E-01 16 7.73E-03 -
SR 90 9.57E+03 2.89E-02 8.1 3.56E-03 -
RU103 1.40E+05 4.23E-01 54 7.83E-03
RU106 7.78E+04 2.35E-01 54 4 35E-02 -

Total 3.32E+05 7.36E-02 13.59
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Table 4.5-18 25 High Burnup PWR-Rod SAS2H Output and Group A; Value (Fuel Fines)

Activity/ Isotope Isotope Group
Assembly Fraction Az Value Fraction/A; A2
isotope (Ci) of Source (Ci) (Ci) (Ci)
U236 2.24E-02 1.59E-08 0.16 9.94E-08
U238 7.88E+02 5.59E-04 unlimited
NP237 4,80E-02 3.40E-08 0.054 6.30E-07 -
PU238 7.88E+02 5.59E-04 0.027 2.07E-02 -
PU239 1.99E+01 1.41E-05 0.027 5.22E-04 -
PU240 4.72E+01 3.34E-05 0.027 1.24E-03
PU241 1.20E+04 8.52E-03 1.6 5.32E-03
PU242 4.94E-01 3.50E-07 0.027 1.30E-05 -
AM241 1.01E+01 7.14E-06 0.027 2.64E-04
AM242M 8.25E-01 5.85E-07 0.027 2.17E-05
AM243 9.43E+00 6.68E-06 0.027 2.48E-04 -
CM242 7.94E+03 5.63E-03 0.27 2.08E-02
CM243 6.21E+00 4.40E-06 0.027 1.63E-04 -
CM244 3.07E+03 2.17E-03 0.054 4.03E-02 —
CM245 3.11E-01 2.20E-07 0.024 9.18E-06
CM246 3.15E-01 2.23E-07 0.024 9.31E-06
RB 86 3.07E+02 2.17E-04 14 1.55E-05 -
Y 89M 3.85E+00 2.73E-06 0.54 5.05E-06
Y 90 1.03E+04 7.32E-03 8.1 9.03E-04 -
Y9 5.94E+04 4.21E-02 16 2.63E-03 -
ZR 95 1.04E+05 7.37E-02 22 3.35E-03 -
NB 95 1.05E+05 7.41E-02 27 2.74E-03
NB 95M 1.19E+03 8.40E-04 0.54 1.56E-03 -
TC 99 1.70E+00 1.21E-06 24 5.03E-08 -
RH103M | 1.40E+05 9.92E-02 1100 9.02E-05
RH106 8.51E+04 6.03E-02 0.54 1.12E-01
AG110 4.15E+04 2.94E-02 0.54 5.44E-02
AG110M | 1.24E+03 8.82E-04 11 8.02E-05 -
CD113M | 8.11E+00 5.75E-06 14 4 11E-07 -
CD115M | 4.52E+01 3.20E-05 14 2.29E-06 -
SN119M 1.06E+01 7.48E-06 810 9.23E-09 -
SN123 4.93E+01 3.49E-05 16 2.18E-06 -
TE123M | 4.94E+00 3.50E-06 27 1.30E-07 -
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Table 4.5-18 25 High Burnup PWR-Rod SAS2H Output and Group A; Value (Fuel Fines)

(continued)
Activity/ Isotope Isotope Group
Assembly Fraction A Value Fraction/Az Az
Isotope (Ci) of Source (Ci) (Cir) (Ci)
SB124 1.78E+02 1.26E-04 16 7.86E-06
SB125 1.12E+03 7.93E-04 27 2.94E-05
TE125M 2.51E+02 1.78E-04 24 7.42E-06
TE127 7.83E+03 5.55E-03 19 2.92E-04 -
TE127M 1.36E+03 9.60E-04 14 6.86E-05 -
TE129 2.44E+04 1.73E-02 16 1.08E-03 -
TE129M 5.01E+03 3.55E-03 11 3.23E-04
BA137M 1.58E+04 1.12E-02 0.54 2.07E-02 -
BA140 1.24E+05 8.76E-02 8.1 1.08E-02 -
LA140 1.36E+05 9.61E-02 11 8.74E-03 -
CE141 1.12E+05 7.96E-02 16 4,98E-03 -
PR143 9.63E+04 6.82E-02 16 4.27E-03
CE144 8.75E+04 6.20E-02 54 1.15E-02 -
PR144 8.85E+04 6.27E-02 0.54 1.16E-01 -
PR144M 1.23E+03 8.72E-04 0.54 1.61E-03 -
PM146 8.71E-01 6.17E-07 0.54 1.14E-06
ND147 4. 74E+04 3.36E-02 16 2.10E-03
PM147 1.03E+04 7.32E-03 54 1.36E-04 -
PM148 1.48E+04 1.05E-02 0.54 1.94E-02
PM148M 1.70E+03 1.21E-03 19 6.36E-05 -
SM151 3.61E+01 2.56E-05 270 9.47E-08 -
EU152 0.00E+00 0.00E+00 27 0.00E+00 -
GD153 5.06E+00 3.58E-06 240 1.49E-08
EU154 2.26E+03 1.60E-03 16 1.00E-04 -
EU155 1.49E+03 1.06E-03 81 1.30E-05
EU156 5.94E+04 4.21E-02 19 2.21E-03
TB160 3.38E+02 2.40E-04 16 1.50E-05 -
Total 1.41E406 4.72E-01 212
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Table 4.5-19 DIDO LEU SAS2H Output and Group A; Value (Gas)

Isotope

Activity/ Isotope Group
Assembly | Fraction Az Value | Fraction/A; A2
Isotope (Ci) of Source (Ci) (Ci1) (C)
H3 1.47E+00 | 3.62E-02 1100 3.31E-05 -
KR 85 3.91E+01 9.64E-01 270 3.57E-03
Total 4.06E+01 3.6E-03 277.63

Table 4.5-20 DIDO LEU SAS2H Output and Group A; Value (Volatiles)

Activity/ Isotope Isotope Group
Assembly Fraction Az Value FractionfA2 | . Az
Isotope (Ci) of Source (Ci) (Ci1) (Ci)
CS134 1.63E+02 1.41E-01 19 7.42E-03 -
CsS137 3.73E+02 3.23E-01 "~ 16 2.04E-02
SR 89 2.93E+00 2.53E-03 16 1.12E-04
SR 90 3.59E+02 3.11E-01 8.1 3.87E-02 -
RU103 2.00E-01 1.73E-04 54 2.09E-06 -
RU106 2.58E+02 2.23E-01 5.4 4.03E-02 -
Total 1.16E+03 1.07E-01 9.36
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Table 4.5-21 DIDO LEU SAS2H Output and Group A; Value (Fuel Fines)

Activity/ Isotope Isotope | Group
Assembly Fraction Az Vaiue Fraction/Az Az
Isotope (Ci) of Source (Ci) (Ci) (Ci)
TH231 8.99E-05 1.59E-08 0.54 3.15E-08
TH234 2.42E-04 4.29E-08 8.1 5.90E-09
PA233 3.31E-04 5.87E-08 19 3.37E-09
PA234M 2.42E-04 4.29E-08 0.54 8.85E-08 -
U235 8.99E-05 1.59E-08 unlimited —
U236 1.34E-03 2.38E-07 0.16 1.58E-06
U237 9.63E-04 1.71E-07 0.54 3.57E-07 -
U238 2.42E-04 4.29E-08 unlimited -
NP237 3.31E-04 5.87E-08 0.054 1.19E-06
NP239 1.22E-03 2.16E-07 1 2.28E-08 -
PU238 1.02E+00 1.81E-04 - 0.027 7.46E-03
PU239 2.02E-01 3.58E-05 0.027 - 1.47E-03 -
PU240 3.09E-01- 5.48E-05 0.027 2.24E-03 -
PU241 4,03E+01 7.15E-03 1.6 5.00E-03 -
PU242 6.07E-04 1.08E-07 0.027 4.48E-06
AM241 1.25E-01 2.22E-05 0.027 9.57E-04 -
AM242M 5.80E-04 1.03E-07 0.027 4,55E-06
AM242 5.77E-04 1.02E-07 0.54 2.26E-07
AM243 1.22E-03 2.16E-07 0.027 9.31E-06
CM242 3.70E-01 6.56E-05 0.27 2.59E-04 -
CM243 -7.38E-04 1.31E-07 0.027 5.75E-06 -
CM244 4.67E-02 8.28E-06 0.054 1.81E-04 -
Y 90 3.59E+02 6.37E-02 8.1 8.32E-03 -
- Y91 1.10E+01 1.95E-03 16 9.48E-05 -
ZR 95 2.27E+01 4,02E-03 22 1.45E-04 -
NB 95 5.01E+01 8.88E-03 27 2.61E-04 -
NB 95M 2.67E-01 4.73E-05 0.54 6.97E-05 -
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Table 4.5-21 DIDO LEU SAS2H Output and Group A; Value (Fuel Fines) (Continued)

Activity/ Isotope Isotope Grodp
Assembly Fraction A; Value Fraction/Az A:
Isotope (Ci) of Source (Ci) (Ci) (Ci)
TC99 5.29E-02 9.38E-06 24 4.14E-07 -
RH103M 2.00E-01 3.55E-05 1100 2.20E-08
RH106 2.58E+02 4.57E-02 0.54 8.65E-02
AG110M 2.29E-01 4.06E-05 .M 3.78E-06
- CD113M -3.96E-02 7.02E-06 14 533E-07 | -
SN119M 2.00E-02 3.55E-06 810 4.38E-09
SN123 |  1.55E-01 2.75E-05 16 1.56E-06
SB125' 1.30E+01 2.30E-03 27 8.91E-05
TE125M 3.17E+00 5.62E-04 24 2.44E-05
TE127 1.27E+00 2.25E-04 19 1.06E-05 -
TE127M 1.30E+00 2.30E-04 14 1.48E-05
BA137M 3.53E+02 6.26E-02 0.54 1.22E-01
CE141 3.69E-02 6.54E-06 16 2.54E-07 o
CE144 1.89E+03 3.35E-01 5.4 6.11E-02 O
PR144 1.89E+03 3.35E-01 0.54 6.11E-01
PR144M - 2.65E+01 4.70E-03 0.54 8.58E-03
PM147 6.99E+02 1.24E-01 54 2.38E-03
SM151 6.24E-01 1.11E-04 270 4.39E-07
EU154 1.29E+01 2.29E-03 16 1.55E-04
EU155 5.06E+00 8.97E-04 81 1.19E-05
Total 5.64E+03 - 9.18E-01 1.09
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455 Containment Analysis of MTR Fuel Elements

To support the shipment of MTR fuel elements that have localized aluminum cladding corrosion, or
mechanical damage, DOE has prepared a set of reports titled “Bases for Containment Analysis for
Transportation of Aluminum-Based Spent Nuclear Fuel” (WSRC-TR-98-00317) and “Impact of
Degraded RA-3 Fuel Condition on Transportation to and Storage in SRS Basins” (WSRC-TR-2000-
00152). Report WSRC-TR-98-00317 has been presented by DOE to the NRC, and subsequently
requested by DOE to be used to justify the radionuclide activity concentrations for MTR fuel in the
NAC-LWT cask. Report WSRC-TR-2000-00152 demonstrates that mechanical damage may be
treated similarly to cladding corrosion, and that the controlling variable in the calculation is the
surface area of fuel meat exposed. The information that follows relies heavily on the methodology
and terminology presented in the WSRC reports.

MTR fuel elements are divided into three broad categories based on their initial enrichment. These
categories are highly enriched (HEU), medium enriched (MEU), and low enriched (LEU). Each
category was individually evaluated in Chapter 5 to determine minimum cool time as a function of
burnup. Containment evaluations were performed for each of the fuel types at 30 watts at or above
the maximum permissible burnup. The 30-watt pattern reflects full basket loads (seven elements

" per basket) and bounds the higher heat load HEU patterns. While higher fuel mass LEU elements

\ (640 grams **U) produce larger radionuclide inventories on a per element basis than those
employed in the following calculations, the high LEU mass basket is limited to four elements (refer
to Chapter 6) and is, therefore, bounded by the evaluations shown. MTR fuel element content
condition allowable leakage rates are bounded by the allowable release rates calculated for 25 high
burnup BWR fuel rods (see Sections 4.2 and 4.5.6).

The activities and A, values together with the maximum allowable normal condition leak rate for

each of the three fuel types are:
MTR LEU MTR MEU MTR HEU
Fission Gas Ci 8.84E+01 9.43E+01 8.64E+01
Fission Gas A2 2.78E+02 2.78E+02 2.78E+02
Volatiles Ci 2.79E+03 2.79E+03 2.76E+03
Volatiles Az 1.05E+01 1.09E+0 1.21E+01
Fines Ci 5.36E+03 5.05E+03 3.41E+03
Fines Az 9.56E-01 9.72€-01 4.56E-01
Allowable Leakage Rate (cm?/sec) 1.83E-05 1.94E-05 1.42E-05
‘. The detailed evaluation of the-bounding HEU MTR fuel element is shown in the following sections.
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4551 Definition of Variables

The following variables are utilized to determine the releasable quantity of radionuclides and the
corresponding allowable leakage rate from the cask. These variables are defined either within the
WSRC reports or are specific to the MTR fuel loading proposed for the NAC-LWT cask.

Fraction of Breached Fuel fy 0.10 (normal) 1.0 (accident)
Fission Gas Release Fraction fG 0.30 (normal) 1.0 (accident)
Volatile Release Fraction fv 1 x 10 (normal & accident)

Fuel Meat Spallation Fraction T 0.15 (normal) 1.0 (accident)
Crud Spallation Fraction fc 0.15 (normal) 1.0 (accident)
Depth of Corrosion Attack P 5x10% cm |

Cask Free Volume Ve 2.293 x 10° cm® (Table 4.2-3)'
Number of MTR Assemblies Assy 42 (maximum)

Gas A; Value As gas 277.74 Ci (Table 4.5-10)
Volatile A, Value Aj vol 12.06 Ci (Table 4.5-11)

Fines A, Value A) fines 0.46 Ci (Table 4.5-12)

Crud A, Value A crud 0.27 Ci (WSRC Report, Section 5.4)
Corrosion Fraction 0.5 (maximum design basis)

' Free volume associated with 42 element basket with intact MTR fuel elements. Cask free
volume would not be significantly reduced for the configuration of loose plates in an MTR plate
canister, as the additional material of the can is offset by the lack of MTR fuel assembly
hardware materials.
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45511 Calculation of MTR Fuel Element Surface Area

The physical data of the HEU design basis assembly are presented below and are based on the
shielding and source term model presented in Chapter 5. The surface area of the element is
calculated by using the exposed length and width of each of the plates in the design basis assembly,
multiplying by two to account for each side of the plate, multiplying by the number of plates, then
adding the area of the two side plates. Any variation in the fuel surface area will have a minimal
impact on the result of the evaluation since the fuel element surface area is used only to calculate
the émd radionuclide inventory, which is only a small fraction of the total inventory, as shown in
Section 4.5.5.3.1. The following variables are defined for the design basis MTR fuel element.

Number of Fuel Plates Plates = 23

Exposed Plate Width Plate Width = 6.35 cm
Exposed Plate Length Plate Length = 66.4 cm
Side Plate Width Side Width=7.5 cm

Side Plate Length Side Length = 66.4 cm
Side Plate Thickness Side Thickness = 0.475 cm

Using these variables, the total surface area of an MTR fuel element can be determined. This is
calculated as follows, using the areas of the exposed fuel plates and the side plates.

Fuel Plate Area Plate Area = 2 X Plate Width X Plate Length _
Side Plate Area Side Area = 2 x (Side Width + Side Thick) x Side Length
Total Surface Area SA = Plates X Plate Area + 2 X Side Area

SA =2.15 x 10* cm?®

455.1.2 Calculation of Exposed Meat Surface Area and Volume

To determine the releasable quantity of fuel fines, it is necessary to calculate the fuel meat surface
area of the outermost two fuel plates, and the total fuel meat volume in the fuel element. The
following variables are defined for the design basis MTR elements.

Fuel Meat Thickness per Plate Meat Thickness =0.051 cm
Fuel Meat Width per Plate Meat Width = 6.35 cm
Fuel Meat Length per Plate Meat Length = 65 cm

Using these variables, the outside surface area and total fuel meat volume of an MTR fuel element
can be determined. This is calculated as follows, using the variables listed above.
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Fuel Meat Surface Area on Meat Area = 2 x 2 X Meat Width X Meat Length

Outside Plates Meat Area = 1.651 x 10° cm®

Fuel Meat Volume Vm = Plates x Meat Thick X Meat Width x Meat Length
Vu = 484 cm® ‘

4.5.5.2 - Calculation of Releasable Radionuclides

The following sections present the releasable quantities of radionuclides determined in accordance
with the WSRC report and using the data defined in Section 4.1.1.1.

455.21 Fission Gas Radionuclide Inventory

Fission Gas Radionuclide Quantity Ag=86.4Ci (Table 4.5-10)

Fission Gas Releasable Inventory Rges = Ag X Assy X fy x fg
| Rgas = 109 Ci (normal)
Rgas = 3628 Ci (accident)

Fission Gas Activity Density Coeas = Rpas / Vo _
Ceas = 4.75 x 10™* Ci/em® (normal)
Ceas = 1.58 x 102 Ci/cm® (accident)

4.5.5.2.2 ‘Volatile Radionuclide Inventory

Volatile Radionuclide Quantity Ay=276x10°Ci (Table 4.5-11)

Volatile Releasable Quantity | Ryvo = Av X Assy X fp X fy
Ryoi = 0.116 Ci (accident)

Volatile Activity Density Cvai=Rval / Ve
Cvo1 = 5.05 x 10 Ci/em?® (normal)
Cvol = 5.05 x 107 Ci/em® (accident)

4.55.2.3 Fuel Fines Radionuclide Inventory

To calculate the fuel fines available for release, the total inventory of radionuclides in the spent fuel
other than gases and volatiles is reduced by fractions accounting for the percentage of fuel that has

NAC International 4.5-54



NAC-LWT Cask SAR November 2007
Revision 38

surface area corrosion or mechanical damage producing breached cladding. Section 5.1.3 of WSRC
report WSRC-TR-98-00317 presents a basis for determining the bounding value of fuel element
corrosion. Based on the worldwide examinations of MTR fuel elements utilized in the report, the
worst-case extent of surface corrosion was 1%. However, for this analysis, the exposed surface area
(ESA) is determined by multiplying a worst-case corrosion fraction of 50% by the surface area of
the fuel meat in the outermost two fuel plates as calculated in Section 4.5.5.1.2. As described in
Sections 4 and A.2.3 of WSRC report WSRC-TR-2000-0152, mechanical cladding damage exhibits
the same properties of radionuclide release as corrosion damage. Therefore, this ESA is considered
to be the fuel meat surface exposed by a combination of corrosion and/or mechanical damage.

Exposed Surface Area ESA = Meat Area X Corrosion Fraction
ESA = 825.5 cm® per element

Fuel Fines Radionuclide Quantity Ar=341x10°Ci (Table 4.5-12)

Fuel Fines Releasable Quantity Rines = (Ar X Assy X P X ESA X fy X T) / Vm
Riines = 122 Ci (accident)

Fuel Fines Activity Density Cines = Reines / Vc
: Coines = 7.98 x 10 Ci/em® (normal)
Cfines = 5.32 x 10 Ci/em? (accident)

45524 Crud Radionuclide Inventory

Crud Surface Activity Sc = 1.39 x 107 Ci/lem® (WSRC Report, Section 5.4)

Crud Releasable Quantity Rerud = Sc X Assy X SA X f¢
Rerua = 0.019 Ci (normal)
Rerud = 0.13 Ci (accident)

Crud Activity Density Cerud = Rerua / Ve

Cerud = 8.22 x 10® Ci/em® (normal)
Cerug = 5.48 x 107 Ci/em® (accident)
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45525 Total Radionuclide inventory

Total Activity Density Cuotat = Cgas + Cvat + Cines + Corud
Crotal = 4.83 x 10™* Ci/em® (normal)
Ciota = 1.64 % 102 Ci/fem’® (accident)

4553 Allowable Leak Rate Calculation

After the radionuclide activity concentrations have been determined for the four categories of
releasable radionuclides, the allowable normal and accident condition leak rates can be determined
in accordance with 10 CFR 71.51(a) requirements.

45531  Equivalent A, Values

The activity fractions for each of the four categories are calculated by dividing the activity density
of each by the total activity densities listed in Section 4.5.5.2.5. These fractions are listed below for
normal and accident conditions (numbers do not total exactly to 1.0 due to rounding).

Activity Fraction Symbol Normal Conditions Accident Conditions
Fission Gas Frgas 0.983 0.967
Volatile Frvol 1.05x10+4 3.09x10%
Fuel Fines Fréines 0.017 0.033
Crud Frond 1.70x104 3.35x10%

To determine the equivalent A, value of the releasable radionuclides under normal and accident
conditions, the activity fractions are divided by their respective mixture A, values as presented in
Section 4.1.1.1, the resulting four values are summed, then inverted to determine the final value as
presented below.

1
Fro | Frg | Froe | Flog

vol +
A2 gas A AZﬁncs A2 crud

Az =24.745 Ci (normal)
Az = 13.349 Ci (accident)

Equivalent A; Value A, =

2 vol
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4553.2 ‘ Leak Rafe Correlations

Using the values of activity density and A, values previously determined, the allowable leak rates
can be determined for normal and accident conditions. The normal and accident condition release
rates are defined below.

Normal Condition Allowable Release Rate R =1 x 10° Ay/hr
R =6.874 x 10 Ci/sec (normal)

Accident Condition Allowable Release Rate R =1 A,/week
' R =2.207 x 10° Ci/sec (accident)

Next, the éllowablc release rates are converted to volumetric leak rates by dividing the allowable
release rates by the total activity concentrations defined in Section 4.5.5.2.5. ’

Allowable Volumetric Leakage Rate - L=R/Cia
: L = 1.42 x 10™ cm®/sec (normat)
L=1.35 x 107 cm®/sec (accident)

4.5.5.3.3 Air Standard and Test Leak Rates

For an allowable leak rate of 1.42 x 10 em’/sec (for HEU MTR fuel in normal conditions of
transport), a helium leak from 1.99 atm to 1 atm at 470K, and a capillary length of 0.762 cm, the
capillary diameter is calculated to be 0.000565 cm. Based on these capillary dimensions, and using
the correlations in Section 4.2.1.2, the air standard leak rates and helium test leak rates are
determined. The air standard leak rate is 1.19 x 107 ref cm®/sec, with a leak test sensitivity of

5.95 x 10 ref cm®/sec. The reference air leakage rate is converted to a helium leak rate at the same
conditions (a leak from 1 atm to 0.01 atm at 298K). The equivalent helium leak rate is

1.62 x 10”° std cm’/s (He), with a sensitivity of 8.08 x 10 std cm®/s (He).

4.5.6 Evaluation of Normal Conditions Allowable Leakage Rate for 25 BWR
High Burnup Rods with up to 14 Damaged Rods

This section presents the calculation for determining the maximum allowable leakage rate for the 25
BWR rods with a 56% fuel rod failure fraction, using the methodology presented in Section 4.2.1.2.
This envelops rods placed in either a rod holder or a fuel assembly lattice. The allowable leak rate
(L) of 1.32 x 10 cm®/sec is based on a normal condition maximum allowable leak rate of

108 Ay/hr, a cask contents A, value of 19.828, and an activity density of 4.178 x 1073 Ci/em®. The
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activity density is the result of a releasable inventory of 373 Cianda cask-free volume of

89,320 cm’. Based on the allowable leak rate, the cask operating conditions and seal configuration,

the capillary diameter is determined by iteratively solving the continuum and molecular flow
equations until the allowable leak rate is met.

'L=1.32%x10"°cm’/sec=L. +L,,

The continuum volumetric flow rate of the gas (cm*/sec), L., is given by:

, 6Ty4
L =2.48x10 D

[4

Pa Pa
(B, =P - =E.(P, -P)

where:
L. = continuum flow rafe of gés at P, .[cm3/sec]
D= capillary diameter [cm]
A = capillary length [cm] = 0.762
) = fluid viscosity [cP] (He at 588K) = 0.0312
P, = upstream pressure [atm] = 3.155
Py = downstream pressure [atm] = 1.0
P.= averagé pressure (Py+P4)/2 [atm] = 2.08

The molecular volumetric flow rate of the gas (cm/sec), Ly, is given by:

. 381x10°D%.| L
M P, P,
L,= (Pu_Pd)P—=Fm(Pu—Pd)F_

m
aPﬂ u u

L, = molecular volumetric ﬂow rate of gas at P, [cm’ /sgc]
D = capillary diameter [cm]

T = gastemperature [K] = 588

M = gas molecular weight [g/mole] = 4

P, = average pressure (P,+P4)/2 [atm] = 2.08

P, = upstream pressure [atm] = 3.155

P; = downstream pressure [atm] = 1.0
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a = capillary length [cm] = 0.762

Yielding a capillary diameter of:
D =2.553x10"cm

Based on the calculated capillary diameter, air standard (reference) properties are then substituted
into the flow equations to arrive at the air standard leakage rate (Lg). Standard conditions represent
leakage at 298K, flowing from an upstream pressure of 1 atmosphere, to a downstream pressure of
0.01 atmospheres. |

The continuum volumetric flow rate of the reference condition air (cm*/sec), L, is given by:

R T A AL
apu P, P,

where:

L = continuum flow rate of gas at P, [cm3 /sec]

D = capillary diameter [cm] = 2.553x10™

A = capillary length [cm] = 0.762

p = fluid viscosity [cP] =0.0185

P, = upstream pressure [atm] = 1.00

P, = downstream pressure [atm] = 0.01

P, = average pressure (P,+P4)/2 [atm] = 0.505

Using the above parameters, solving for L. yields:

0.505

P
L =F (P —P )2 =7.502x107(1.0-0.01)———
e =F@, d)P ( )1.00

u

L, =3.75x107 ref cm’/sec
The molecular volumetric flow rate of the gas (cm®/sec), Ly, is given by:

3.81x103D3‘/g p p
L = —P,)-2 =F, (P, —P)=2
m a_P (Pu d)P m( u d)P

a u u

where:

L. = molecular volumetric flow rate of gas at P, [cm®/sec]
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D = capillary diameter [cm] =2.553x10*

T = gas temperature [K] =298

M = gas molecular weight [g/mole] =29

P, = average pressure (P,+P4)/2 [atm] = 0.505
P, = upstream pressure [atm] = 1.00

P, = downstream pressure [atm] = 0.01

a = capillary diameter [cm] = 0.762

Using these parameters, solving for Ly, yields:

L, =F, (P, - P,)~= = 5.280x10 (1.00-0.01) 2222
P 1.00

u

L, =2.640x107 ref cm*/sec

The reference air leakage rate (Lg) is calculated by summing Ly, and L,:

L, =L.+L,, =3.751x107 +2.640%x10”

Ly =6.390x107 ref cm’/sec

To complete the analysis, helium leak rates are calculated at standard conditions (1.0 to 0.01 atm
pressure drop at 298K).

For helium, the continuum volumetric flow rate of the helium gas (cm®/sec), L, at standard
conditions is given by: '

L= 280D pyB g, -p) R
ap P, P,
where:
L. = continuum flow rate of gas at P, [cm3/sec]
D = capillary diameter [cm] = 2.553x10*
A = capillary length [cm] = 0.762
p = fluid viscosity [cP] = 0.0198
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P.

upstream pressure [atm] = 1.00

Py = downstream pressure [atm] = 0.01

P, = average pressure (P, +P4)/2 {atm] = 0.505

Using the above parameters, solving for L. yields:

0.505

)
L =F (P, -P,)—%=7.009%107(1.0-0.01)——
- =F®, ")P ( )1.00

L, =3.504x107" std cm’/sec (He)

The molecular volumetric flow rate of the gas (cm®/sec), Ly, is given by:

3.81x103D31,1
L = M

P P
-P)2=F (P,-P,)—=
(Pu d)P m(u d)P

" aPa u u
where:
L. = molecular volumetric flow rate of gas at P, [cm3/sec]
D = capillary diameter [cm] = 2.553%10™
T = gas temperature [K] =298
M = gas molecular weight [g/mole] = 4

= average pressure (P, +P4)/2 [atm] = 0.505

v [T
|

e

= upstream pressure [atm] = 1.00
P, = downstream pressure [atm]} = 0.01
A = capillary diameter [cm] = 0.762
Using the these parameters, solving for Ly, yields:

L, =F,(P, —Pd)& = 1.422><10-7(1.00-0.01)&SE
P 1.00

L, =7.108x107" std cm’/sec (He)

The helium leakage rate at standard conditions is calculated by summing L, and L:
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L, =L.+L, =3.504x107 +7.108x107’

L, =1.061x10 std cm®/sec (He)

4.5.7 Containment Analysis of DIDO Fuel Assemblies

The fuel meat and clad material composition for both MTR and DIDO are similar. MTR elements
have been substituted for DIDO fuel assemblies in research reactors. Based on the material
similarity and element interchangeability, the WSRC reports used in Section 4.5.5 to justify the
radionuclide activity concentrations for MTR fuel are assumed to be appliéable to DIDO fuel. The
information that follows relies heavily on the methodology and terminology presented in the WSRC
reports.

4571 Definition of Variables

The following variables are utilized to determine the releasable quantity of radionuclides and the
corresponding allowable leakage rate from the cask. These variables are defined either within the
WSRC reports or are specific to the DIDO fuel loading proposed for the NAC-LWT cask.

Normal Accident
Name Variable Condition Condition
Fraction of Breached Fuel fo 0.10 1.0
Fission Gas Release Fraction fa 0.30 1.0
Volatile Release Fraction fv 1x 106 1x10%
Fuel Meat Spallation Fraction Te 0.15 1.0
Crud Spallation Fraction fc 0.15 1.0
Depth of Corrosion Attack P 5x104cm
Cask Free Volume Ve 3.681 x 105 cm8 (Table 4.2-3)*
Number of MTR Assemblies Assy 42 (maximum)
Gas Az Value Az gas 277.63 Ci (Table 4.5-19)
Volatile Az Value A2vol 9.36 Ci (Table 4.5-20)
Fines Az Value A2 fines 1.09 Ci (Table 4.5-21)
Crud Az Value Az crud 0.27 Ci (WSRC Report, Section 5.4)
. Corrosion Fraction 0.5 (maximum design basis)

*  Free volume associated with 42 element basket with intact DIDO fuel
assemblies.
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4.5.711 Calculation of DIDO Fuel Assembly Surface Area

The physical data of the design basis assembly are presented in Figure 6.2.8-1 and Table 6.2.8-1.
The surface area of the fuel assembly is calculated by using the dimensions of each of the four tubes
in the design basis assembly. The following variables are defined for the design basis DIDO fuel
assembly: |

Tube OD; = 6.38 cm

Tube OD, =7.36 cm

Tube OD; = 8.34 cm

Tube OD4 =9.32 cm

Tube Thickness = 0.150 cm

Tube Height = 62.5 cm

Using these variables, the total surface area of a DIDO fuel assembly can be determined. This is
calculated as follows:

Outer Tube Area; = 1t X (Tube OD;) X Tube Height
Inner Tube Area; = 1t X (Tube OD; — (2 X Tube Thickness)) x Tube Height

Total Surface Area is calculated as:

SA = Z Outer Tube Area, + Inner Tube Area,
SA=1.21x 10* em®

4.5.7.1.2 Calculation of Exposed Meat Surface Area and Volume

To determine the releasable quantity of fuel fines, it is necessary to calculate the fuel meat surface
area of the outermost fuel tube, and the total fuel meat volume in the fuel element. The following
variables are defined for the design basis DIDO fuel assembly presented in Table 6.2.8-1. Similar
to the MTR evaluation, which only considered the outermost fuel plates in the calculation of
exposed meat surface area, only the outer tube (Tube 4) is considered for DIDO fuel assemblies.

Fuel Meat Thickness per Tube, Meat Thick = 0.065 cm
Fuel Meat Length per Tube, Meat Length = 60.0 cm
Clad Thickness per Tube, Clad Thick = 0.0425 cm

Using these variables, the outside surface area and total fuel meat volume of the DIDO fuel
assemblies can be determined. This is calculated as follows, using the variables previously listed.

Fuel Meat Surface Area (Tube 4)
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Meat Area = 1t X (Tube OD4— Clad Thick) X Meat Length + 1t X (Tube OD4 — Tube
Thickness + Clad Thick) x Meat Length
Meat Area = 3.485 x 10° cm®

Fuel Meat Volume
VM =

2 2
z X [[lu_b% - Clad Thick ) - [@'— - Tube Thickness + Clad Thick ] }x Meat Length

Vp =377.37 em®

457.2 Calculation of Releasable Radionuclides

The following sections present calculation of the releasable quantities of radionuclides determined
in accordance with the WSRC report and using the data defined in Section 4.5.7.1.

4.5.7.21 Fission Gas Radionuclide Inventory

Fission Gas Radionuclide Quantity Ag=4255Ci (Table 4.5-19)

Fission Gas Releasable Inventory Reas = Ag X Assy X fy X fg [See variables presented in
Section 4.5.7.1]
Rgas = 54 Ci (normal)
Rgas = 1,787 Ci (accident)

Fission Gas Activity Density Cagas = Rgas / Vc
Ceas = 1.46 x 10 Ci/cm’® (normal)
Ceas = 4.85 107 Ci/em’ (accident)

45.7.2.2 Volatile Radionuclide Inventory

Volatile Radionuclide Quantity Av=121x10°Ci (Table 4.5-20)
Volatile Releasable Quantity Ryoi = Av X Assy X fp X fy
Ryot = 0.005 Ci (normal)
Rvol = 0.051 Ci (accident)
Volatile Activity Density Cvoi=Rvyai / V¢
Cvor = 1.38 x 10" Ci/cm® (normal)
Cyol = 1.38 x 107 Ci/cm? (accident)
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45.7.2.3 Fuel Fines Radionuclide inventory

To calculate the fuel fines available for release, the total inventory of radionuclides in the spent fuel
other than gases and volatiles is reduced by fractions accounting for the percentage of fuel that has
surface area corrosion and breached cladding. WSRC-TR-98-00317, Section 5.1.3, presents a basis
for determining the bounding value of fuel element corrosion. Based on the worldwide
examinations of MTR fuel elements utilized in the report, the worst-case extent of surface corrosion
was 1%. However, for this analysis, the exposed surface area (ESA) is determined by multiplying a
worst-case corrosion fraction of 50% by the surface area of the fuel meat in the outermost fuel tube
(Tube 4) as calculated in Section 4.5.7.1.2. As described in Sections 4 and A.2.3 of WSRC report
WSRC-TR-2000-00152, mechanical cladding damage exhibits the same properties of radionuclide
release as corrosion damage. Therefore, this ESA will be considered to be the fuel meat surface
exposed by a combination of corrosion and/or mechanical damage.

Exposed Surface Area ESA = Meat Area X Corrosion Fraction
[Meat areas are calculated in Section 4.5.7.1.2 and corrosion fraction is presented in Section 4.5.7.1]
ESA = 1743 cm” per element

Fuel Fines Radionuclide Quantity Ar=561x10°Ci (Table 4.5-21)

Fuel Fines Releasable Quantity Riines = (Ar X Assy X P X ESA x fy, X Tg) / Vu
Riines = 8.161 Ci (normal) ‘
Rfines = 544 Ci (accident)

Fuel Fines Activity Density Ciines = Riines / V
Coines = 2.22 x 10”° Ci/cm? (normal)
Ciines = 1.48 x 10 Ci/em® (accident)

45.7.2.4 Crud Radionuclide Inventory

Crud Surface Activity Sc=1.39 x 10”7 Ci/em® (WSRC Report, Section 5.4)

Crud Releasable Quantity Rerud = Sc X Assy X SA X fo
Reng = 0.011 Ci (normal)
Rerug = 0.071 Ci (accident)

Crud Activity Density Cerus = Rerua / Ve
Cerua = 2.88 x 10”® Ci/em® (normal)
Cerua = 1.92 x 107 Ci/em® (accident)
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45.7.25  Total Radionuclide Inventory

Total Activity Density Ciotat = Cgas + Cvol + Cines T Cerua
Cros = 1.68 x 10 C/cm® (normal)
Ciom = 6.33 x 107 Ci/em® (accident)

4573 Allowable Leak Rate Calculation

After the radionuclide activity concentrations have been determined for the four categories of
releasable radionuclides, the allowable normal and accident condition leak rates can be determined
in accordance with 10 CFR 71.51(a) requirements.

4.5.7.3.1 Equivalent A; Values

The activity fractions for each of the four categories are calculated by dividing the activity density
of each by the total activity densities listed in Section 4.5.7.2.5. These fractions are listed below for
normal and accident conditions (numbers do not total to 1.0 exactly due to rounding).

Normal Accident
Name Variable Conditions Conditions
Fission Gas Activity Fraction Frgas 0.861 0.757
Volatile Activity Fraction Frvol 8.19x 105 217 x 105
Fue! Fines Activity Fraction Friines 0.132 0.233
Crud Activity Fraction Frerd 1.71x 104 3.03 x 105

To determine the equivalent A, value of the releasable radionuclides under normal and accident
conditions, the activity fractions are divided by their respective mixture A, values as presented in
Section 4.5.7.1, the resulting four values are summed, then inverted to determine the final value as
presented below.

Equivalent A, Value A, = !

P  Fr, P,  Fr,
AZ gas A2 vol A2 fines AZ crud

A =7.996 Ci (normal)
A, =4.604 Ci (accident)
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457.3.2 Leak Rate Correlations

Using the values of activity density and A, values previously determined, the allowable leak rates
can be determined for normal and accident conditions. The normal and accident condition release
rates are defined below.

Normal Condition Allowable Release Rate R=1x10% A,/hr
R =2.221 x 10 Ci/sec (normal)

Accident Condition Allowable Release Rate R =1 Ay/week
R =7.612 x 10°® Ci/sec (accident)

Next, the allowable release rates are converted to volumetric leak rates by dividing the allowable
release rates by the total activity concentrations defined in Section 4.5.7.2.5.

Allowable Volumetric Leakage Rate L=R/Cia
L =1.323 x 10° cm?/sec (normal)
L =1.202 x 10° cm’/sec (accident)

458 Containment Analysis for PULSTAR Fuel Elements

Internal pressure and containment evaluations are performed for the NAC-LWT with a PULSTAR
fuel payload. Cask evaluations are performed for both a payload of 28 intact assemblies, and a
mixed payload of 14 intact assemblies and 14 cans. Since the intact assembly volume is based on
the assembly envelope and 25 elements are in each assembl’y, the internal pressure and containment
calculations bound those for TRIGA fuel rod holders containing a 4x4 array of PULSTAR fuel
elements.

Internal pressures are calculated using the Ideal Gas Law. The containment evaluation is performed
according to ANSI N14.5 and NUREG/CR-6487 guidance and satisfies all 10 CFR 71 requirements
for a B(U)F-96 cask designation.

Based on the postulated PULSTAR fuel payloads, internal pressure was calculated for the cask
cavity. Contributors to the cask pressure are the rod backfill, fission gases, cask backfill and can
backfill (where applicable). The cask, can and rods are all backfilled at 1 atm. System pressuré and
average gas temperature during normal and accident conditions are documented in Sections 3.4.4.5
and 3.5.4.4 and summarized in Table 4.5-22.
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Radionuclide activities were taken from source term and shielding evaluation documented in
Chapter 5. Radionuclide inventories for a design basis MTR basket cell payload of 25 elements are
listed in Table 4.5-23 through Table 4.5-25. Radionuclides are separated into gas, volatile and fine
sections. Also included in the tables are B(U)F-96 compliant isotope A; values and group average
A, values. In addition to the fuel material radionuclides, a source surface contamination source is
included in the analysis. Reference information on PULSTAR fuel surface contamination is not
available. As the PULSTAR fuel rods are similar to LWR fuel rods, the maximum surface
contamination available for LWR rods is applied. A 1254 puCi/cm? ®°Co activity at discharge (BWR
value from PNL-6273) is conservatively applied to the fuel assembly rods and box surfaces.
Combining the radionuclide inventories with release fractions from NUREG-1617 (applicable to the
zirconium alloy-clad UO, PULSTAR fuel elements) yields the allowable leakage rates documented
in Table 4.5-27. |

The maximum allowable release rates are then transformed into standard leak rates, which depend
‘on gas temperatures, pressures and leakage path. Flow correlations are obtained from Section 2 of
NUREG/CR-6487. Continuum and molecular flow can occur simultaneously and are treated as
such in this analysis. Normal condition temperatures are employed during air standard leak rate
calculations of both normal and accident conditions. The use of normal condition temperature is
conservative as an increase in gas temperature to accident condition levels raises gas viscosity,
which, in turn, decreases the continuum dominated flow and increases the calculated capillary
diameter. An increased capillary diameter, in turn, produces higher test leakage rates. Air standard
and helium leakage rates and test leakage rates are listed in Table 4.5-28 for both intact and
damaged fuel configurations.

For the cask, the limiting air standard leak rate for a PULSTAR fuel payload is 5.49E-06 ref
cm’/sec, with a leak rate test sensitivity of 2.74E-06 ref cm’/sec. The mixed intact/canned cask
payload is limiting. The reference air leakage rate is converted to helium cover gas leaking from
1 atm to 0.01 atm at 298K and results in a leak rate of 7.84E-06 std cm®/sec (He), with a test
sensitivity of 3.92E-06 std cm®/sec (He).
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Table 4.5-22 Pressure Summary for PULSTAR Fuel
Free Volume Gas Temp. Pressure
Payload (liters) Condition (°F) (atm) (psia) (psig)
28 Intact Assemblies 217.0 Normal 295 1.449 213 6.6
' Accident 394 2.3 34.0 19.3
14 Intact Assembilies; 233.0 Normal 295 1.8 27.2 12.5
14 Cans Accident 394 24 35.4 20.7
Table 4.5-23 PULSTAR Fuel SAS2H Output and Group A; Value (Gas)
Isotope Az Isotope
Activity/Assembly Fraction Value Fraction/A; | Group Az
Isotope (Ci) of Source (Ci) (Ci™ (Ci)
H3 3.78E+00 4.49E-02 1100 4. 08E-05 -
KR 85 8.04E+01 9.55E-01 270 3.54E-03
1131 4,58E-11 5.44E-13 19 2.86E-14
Total 8.42E+01 3.58E-03 279.47
Table 4.5-24 PULSTAR Fuel SAS2H Output and Group A; Value (Volatiles)
Isotope Az Isotope
Activity/Assembly Fraction Value Fraction/A; Group Az
Isotope (Ci) of Source (Ci) (Cir1) (Ci)
SR 89 1.66E+01 5.63E-03 16 3.52E-04
SR 90 8.78E+02 2.98E-01 8.1 3.67E-02
RU103 4.66E+00 1.58E-03 54 2.93E-05 -
RU106 5.67E+02 1.92E-01 54 3.56E-02 -
CS134 4 34E+02 1.47E-01 19 7.74E-03 -
CS136 8.23E-07 2.79E-10 14 1.99E-11 -
CS137 1.05E+03 3.56E-01 16 2.22E-02
Total 2.95E+03 1.03E-01 9.74
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Table 4.5-25 PULSTAR Fuel SAS2H Out

put and Group A; Value (Fuel Fines)

Activity/ Isotope Az Isotope ,
Assembly Fraction Value Fraction/A; | Group Az
Isotope (Ci) of Source (Ci) (Ci") (Ci)
TH234 4.12E-03 5.48E-07 8.1 6.77E-08
PA233 3.85E-03 5.12E-07 19 2.70E-08
PA234M 4.12E-03 5.48E-07 0.54 1.01E-06 -
U236 4.59E-03 6.11E-07 0.16 3.82E-06 -
U237 2.38E-02 3.17E-06 0.54 5.86E-06 -
U238 4.12E-03 5.48E-07 1E+60 5.48E-67
NP237 3.85E-03 5.12E-07 0.054 9.48E-06
NP238 1.83E-03 2.43E-07 0.54 451E-07
NP239 3.81E-02 5.07E-06 11 4.61E-07
PU236 4.99E-03 6.64E-07 0.081 8.20E-06
PU238 2.46E+01 3.27E-03 0.027 1.21E-01
PU239 5.71E+00 7.60E-04 0.027 2.81E-02
PU240 3.82E+00 5.08E-04 0.027 1.88E-02
PU241 9.95E+02 1.32E-01 1.6 8.27E-02 --
PU242 5.24E-03 6.97E-07 0.027 2.58E-05 -
AM241 6.88E+00 9.15E-04 0.027 3.39E-02 -
AM242M 4.07E-01 5.41E-05 0.027 2.01E-03
AM242 4.05E-01 5.39E-05 0.54 9.98E-05 -
AM243 3.81E-02 5.07E-06 0.027 1.88E-04 -
CM242 5.53E+01 7.36E-03 0.27 2.72E-02 -
CM243 1.02E-01 1.36E-05 0.027 5.03E-04 -
CM244 2.12E+00 2.82E-04 0.054 5.22E-03
RB 86 4.18E-06 5.56E-10 14 3.97E-11
Y 89M 1.55E-03 2.06E-07 0.54 3.82E-07
Y 90 8.78E+02 1.17E-01 8.1 1.44E-02
YO 4.17E+01 5.55E-03 16 3.47E-04 -
ZR 95 7.47E+01 9.94E-03 22 4.52E-04
NB 95 1.61E+02 2.14E-02 27 7.93E-04
NB 95M 8.79E-01 1.17E-04 0.54 2.17E-04 ~
TC 99 1.54E-01 2.05E-05 24 8.54E-07 -
RH103M 4.65E+00 6.19E-04 1100 5.62E-07 -
RH106 5.67E+02 7.54E-02 0.54 1.40E-01 -
AG110 2.76E-02 3.67E-06 0.54 6.80E-06 -
AG110M 2.03E+00 2.70E-04 1 2.46E-05 -
CD113M 1.60E-01 2.13E-05 14 1.52E-06
CD115M 2.18E-03 2.90E-07 14 2.07E-08 -
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Table 4.5-25 PULSTAR Fuel SAS2H Qutput and Group A; Value (Fuel Fines)
(Continued)
Activity/ Isotope A; Isotope
Assembly Fraction Value Fraction/A2 | Group Az
Isotope (Ci) of Source (Ci) (Cih (Ci)
SN119M 4.50E-02 5.99E-06 810 7.39E-09 -
SN123 1.91E-01 2.54E-05 16 1.59E-06
SB124 1.77E-02 2.35E-06 16 1.47E-07 --
SB125 2.43E+01 3.23E-03 27 1.20E-04 -
TE125M 5.94E+00 7.90E-04 24 3.29E-05 -
TE127 2.58E+00 3.43E-04 19 1.81E-05 -
TE12TM 2.64E+00 3.51E-04 14 2.51E-05 -
TE129 4.15E-02 5.52E-06 16 3.45E-07
TE129M 6.47E-02 8.61E-06 11 7.82E-07 -
XE131M 4.13E-08 5.49E-12 1100 4.99E-15 —
XE133 5.88E-18 7.82E-22 270 2.90E-24 -
BA136M 9.22E-08 1.23E-11 0.54 2.27E-11 -
BA137M 9.91E+02 1.32E-01 0.54 2.44E-01 --
BA140 9.59E-06 1.28E-09 8.1 1.58E-10 -
LA140 1.10E-05 1.46E-09 11 1.33E-10 -
CE141 1.54E+00 2.05E-04 16 1.28E-05 -
PR143 3.10E-05 4.12E-09 16 2.58E-10 -
CE144 1.35E+03 1.80E-01 5.4 3.33E-02 -
PR144 1.35E+03 1.80E-01 0.54 3.33E-01 -
PR144M 1.89E+01 2.51E-03 0.54 4.66E-03 -
ND147 1.42E-07 1.89E-11 16 1.18E-12 -
PM147 8.32E+02 1.11E-01 54 2.05E-03 --
PM148 1.30E-02 1.73E-06 0.54 3.20E-06 -
PM148M 2.46E-01 3.27E-05 19 1.72E-06 -
SM151 6.85E+00 9.11E-04 270 3.38E-06
EU152 6.30E-01 8.38E-05 27 3.10E-06 -
GD153 4.18E-02 5.56E-06 240 2.32E-08 -
EU154 6.28E+01 8.35E-03 16 5.22E-04
EU155 4.23E+01 5.63E-03 81 6.95E-05
EU156 8.09E-06 1.08E-09 19 5.66E-11 --
TB160 3.05E-02 4.06E-06 16 2.54E-07
TOTAL 7.52E+03 1.09E+00 0.91

NAC International
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Table 4.5-26 PULSTAR Fuel Containment Release Fractions

Component Normal | Accident
Crud Spallation Fraction 0.15 1.0
Fuel Mass Fraction Released as Fines 3x105 3x105
Fraction of Fuel Rods developing Cladding Breach 0.03 1.0
Fraction of Volatiles Released due to Cladding Breach 2x104 2x10%
Fraction of Gases Released due to Cladding Breach 0.3 0.3
Table 4.5-27 Containment Analysis Results for PULSTAR Fuel Payloads
intact Fuel | Mixed | intact Fuel | Mixed
Payload Normal Normal | Accident | Accident
Crud (Ci) 52.3 52.3 348.5 348.5
Gas (Ci) 21.2 364.2 7071 707.1
Volatiles (Ci) 0.5 8.5 16.5 16.5
Fines (Ci) 0.2 3.2 6.3 6.3
Total (Ci) 74.2 4282 | 10785 | 10785
Az (Gi) 146 40.8 252 25.2
Ln (cmd/sec) | 1.19E-05 |6.18E-06 | 8.36E-03 | 8.98E-03

Table 4.5-28 PULSTAR Fuel Leakage Rate Calculation

- intact Mixed Intact Mixed
Payload Operating Condition Normal Normal Accident Accident
Volumetric Activity Ci/cm3 3.42E-04 1.84E-03 4.97E-03 4.63E-03
Capillary Diameter cm 6.29E-04 4.60E-04 2.80E-03 2.81E03
Allowable Leakage Rate (cm3/sec) | 1.19E-05 6.18E-06 8.36E-03 8.98E-03
Air Standard Leakage Rate (cm3/sec) 1.78E-05 5.49E-06 5.79E-03 5.89E-03

Test Sensitivity (cmd¥/sec) | 8.89E-06 2.74E-06 N/A N/A

He Ref. Condition Leakage Rate | (cm%/sec) | 2.36E-05 7.84E-06 6.02E-03 6.13E-03
He Test Sensitivity (cmd/sec) | 1.18E-05 3.92E-06 3.01E-03 3.06E-03

! Fraction developing breach for canned material is 1.0.

NAC International
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459 Metallic Face Seal

This appendix contains the specification that describes the properties of the metallic port cover face
seal.
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‘GENERAL INFORMATION

The Helicoflex® secl represents the lsading edge in seal technology for high performance sealing
applications. Today's exireme saaling requirements have rendered traditional seals & goskets obsolete.
If you con't afford the lost time associated with leaks, put your trust in the leodsr: Halicoflex®.

SEALING CONCEPT

The secling principle of the Helicoflex® family of seals is based upon the plasfic deformation of @ jocket of
gmuhrdudﬂhyﬁmhﬂunganuhﬁd:. This occurs betwaen the sealing foce of a flange ond an elastic
core composed of a dose-wound helicol spring. The spring is selected to have o specific compression
resisionce. During compression, the resulting spedific pressure forces the jocket to yield and fill the flonge
imperfections while ing positive with the Aange sedling foces. Each coil of the helical spring acts
independertly and dliows the sec! to conform 1o surface ireguiarifies on the flange surface. This combination
of elasticity and plasticity makes the Helicoflex seal the best overdll performing seal in the indusiry.

neron gl

'GENERAL CHARACTERISTICS

®  Wide range of applications:

Di jonal:  Di from 0.250 inches {6.3 mm) to over 300 inches (7.6 m}

Cross sections from 0.043 inches {1.6 mm) to over 0.625 inches {15.9 mm)

Temperature:  Cryogenic to 1800°F (982 °C})

Prassure: _ Ultra High Vocuum to 50,000 PSI (100,000 PSI under special conditions)
*  Excellent springback: the spring energized Helicoflex is capable of compensating for flange

distortions due to temparature and pressure cycling.
® Adaptable to o majority of standard fanges: ANSI, 15O, KF, ASA
®  Suited to different types of assemblies:  -metal/metal with groove
flat flanges with limiter/retainer

-3 face contact
e Extended shelf life
o Excellont resistancs o cormosion and rodiat
®  Minimum relaxation: the Helicoflex's resilient spring
pensates for relaxati ing posilive seal contoct.
»  Garlock Helicofiex For ASdtonl ot Plsso Consu us Engroaro St

NAC International

4.5-74



NAC-LWT Cask SAR November 2007
Revision 38

CLASSIFICATION OF SEAL TYPE

=

CONFIGURATION GUIDE
Cross HN single saction
Section HNR  ground spring for pracise load control [Beta Spring)
vpe HNV  low load [Delta Seal)
HND  tandem Helicoflex seals

HNDE tandem Helicoflex and elastomer seals
note: “L” indicates internal limiler {ex: HLDE)

Jocket/lining | 1 = jacket only 2 = jocket with inner ;ining
== [Pl el el

t4
Orientgiion | O |O= =0 Oa0j|O=]) =0i| 00!

n
c
)
=
©
Somm
>
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=
c
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TYPICAL CONFIGURATIONS

HN200 d

Groove
assemblies

Garlock Helicoflex Fo Additional intormation, Flease Consult Our Engineering St 3

1-800-233-1722
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CHARACTERISTIC CURVE

The resilien characteristic of the Helicoflex® seal ensures useful elastic recovery during service. This
elasiic y permil tho:" flex® seal to date minor distortions in the Hange assembly due
fo temp and p . For most g applications the Yg value will occur early in the
comprassion curve and the Yy vuluo will occur near lha ond of the decompression curve.

The compression and decompression cyde of the Helicoflex® seal is characterized by the grodual
flattening of the compression curve. The decompression curve, which is distinct from the compression
curve, is the result of a hysteresis effect and permanent deformation of the spring and jocket.

DEFINI'“ON OF TERMS linear lood (Tbe/in} : ,

lood on the com
wmabovowidm Y
rate is af required jevel

= load required to reoch
opfimum compression o2 %
Y1 = load on the decompression
17 curve below which leak
rate exceeds required level
©3 = oplimum compression

e, = compression limil beyond
“ " which there ia risk of
damaging the spring

7
&
=
n
e
3
et
&)
©
L
©
K
&
©
el
w
x
L
=
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&
@
X

4 psi

68° , - Temperature (°F)

The intrinsic power of the Helicoflax seai reflects i ability to maintain and hold system pressure for a
given temperature at Y2 and e2, This value is expressed as a specific pressure and is noted by the
symbols Pu (room temperature) and Pud [at operating * ). The infl of te ture on Pu
is shown in the groph above. lehbluonpagas IOundﬂglva'hevdmofPuotéB'F(ZO'C) Pub ot
o given temp and the p where Pud = 0.

a Garlock Helicoflex For Adiional Infomation, Flease Cansult Our Enginooring Staf

1-800-233-1722
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DEFINITION OF CHARACTERISTIC VALUES
’ 2 Di  Mean reaction diometer of the sedl. [For a double section seal, Dj = Di; + Dia) inches
FSBl Y2 . linearload comssponding to ez compr ' tbs/inch
b
8 Yy Linear load on the seal to maintain sealing in service at low pressure (=Y} lbs/inch
':'E fu Intrinsic power of the seal under pressure at 68 °F {20 °C] when the reactionforca ____________PSI
o of the seal is maintained at Y, regardless of the operating conditions.
Q
Q. Pub  Value of Pu at temperature © PSt
‘2 P Operating or proof pressure 2]
€ Note: I 572555 >1, the definilion of the seal must be modified
(% This ratio must never exceed 1.
> Ym2  Lineor tightening load on the seal at room temperature to maintain sealing lbs/inch
o) under pressure. )
o Ymy ~Y2 _
8 Ymae Volve of Yoot temperoture 8. Ye2e = Y2 #5 e _Ibs/inch
Wl B Young's modulus of bokt material ot 68°F [20°C) PSI
I Etg Young's madulus of bolt material at operaling temperature PSi
LOAD CALCULATIONS
Fi Total hightening load fo compress the seal to the operating point (Y2; e2) Ibs
Ffi=mxDjx Y2
Fy Tolal hydrostotic end force Fy = %/ Djs2 x P [Dj, = Dj in case of a single section saal) Ibs
Fm Minimum totol lood 1o be maintained on the seal in service to preserve secling, Ibs
i.e. Fn = 7 Dj Ym where: Ym = the grecter of the two values: Yy or Yo2e
[see note 1 below)
Fs Total load to be applied on the bolts to maintain secling in service. Ibs
Fg=Fp+ Fm
Fs* increcsed value of F5 to compensate for Young's modulus at temp e Ibs
Fs* = Fs Bt / Bt
Fp LOAD TO BE APPLIED; FFs* > Fj then Fb = Fs* lbs

I >Fs* then Fb=F

Note 1: wh the working p is high and/or seal diometer i big, to such on extent that P-Dj
2 32 Ym, in order to remain on the safo side, whatever the i y on the ightening load may be,
il is recommended to toke the Fj volua in lieu of Fm for the calculaion of Fs 3o that Fs = F; + .

Note 2: this inf ion is provided os o ref only.
Garlock Helicoflex For Addiionalinformation, Plesss Consult Our Enginoering Staff 5
1-800-233-1722
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CALCULATIONS

= Cross Saction (CS)-8
Depth Tolerance [f) | =& X0.2: 5 .
Groove Width (g) | = See toble below
SealOD{A" |="Groove OD {C} - Clearance I}
Groove Finish = See fable below
Flotness - = Ses toble below

| CLEARANCE AND MINIMUM GROOVE WIDTH

©
Som
>
7
"
5
jog
o
=
°
T
o
ft
i=2
n
il
O
o
>
o
o
P
&

NAC International

Seal Cross Seclion Pressure < 300 psi (20 ber) Pressure 2 300 psi {20 bar)
" Clecrance Min Groove Width (:IoumnJ ce Min Groove Width
) 9 |
0059 1o 0134 15 n 34 I g>C5+2, |1=0012 )=03] g>C5+2e,
0138 1o 0272 35 1 49 J=u g>C5+2, |J=0020 )=05] g>Cs+2e,
02% 1o 0390 70 o 99 J=o, g>C5+2, |1=0028 J=07| g>C5+2e,
A ROO OLER A
Sea! Diameter Pressure < 300 psi (20 bor) Pressure 2 300 psi {20 bar)
Rangs Seal Tol va;" Seal Tok Groove Tok
[} t
0350 10 2000 38 o 500 | 0005 O.13 0005 0.13 0004 010 | 0004 0.0
2001 10 12000 500 o 3050 | 0010 0.25 0010 025 0004 0.10 0004 0.0
12001 1 25000 3050 w 6350 | 0010 025 0010 025 0006 0.15 0006 0.5
25001 10 48.000 6350 w 12200 | 0015 038 0015 038 0008 020 0008 020
48,001 to 72.000 12200 w 18300 | 0020 051 0015 038 0010 025 | 0008 020
> 72.000 > 18300 Consult our enginosring stoff Comsult our enginesring staff
Groove Design: Contoct our
racuire o finh of 16:32 RMS (0.4 1o
0.8 Ra pm}. All machining & polishing
marks myst follow seol circumierance.
Min. Seal Radius: The minimum
secl bending rodius is six fimas the
seal cross section [CS).
Seating Load: The load (Y2] to sea!
recommended © conwh our saginesting sialf Note: Machining/polishing the ssal Is opproximately 30% higher
@ mrhmuﬂfoih:v/ml due to o vightly sfiffer spring desige.
circumferance
Seal Diometer Ronge Amplitucke Tangentia! Slope Radiol Slope
0.350 10 20000 10 o 500 0.008 02 1:1000 1:100
20001 to 80.000 500 o 2000 0016 04 2:1000 2:100
l"' inindlml"' inmml

Garlock Helicoflex

For Additiona! Informetion, Please Consult Our Engineering Steff

1-800-233-1722
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THREE FACE COMPRESSION

30° Type HN U0 - 240 43" Type BN W0 - 240 60" Type HN 100- 200
L

Y e %
Skaft OD [E}
E=Shaft OD 3% 82 A=SealD 3% 3%

Axial Lood [Yo) =K-Y2 Coefficient | 30° | 45° | 60°

TShaltODE) . . | = SedDIAY. - a 2 | V4| 15 Croxs Sedtion
Clegrance () <Cs/10 X 09| 12| 14 c
"Axial Comipression {e}| =a+ey .- -

Covity Finich < 32 RMS (0.8 um)

@
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>
o
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@
L

(a

I
>

<<
c

2
7p]
@

(]
>

=
>
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O

| Dimensions in inches ] Dimensions in mm |

TARGET SEALING CRITERIA

The ulimate leak rate of a joint is @ funclion of the ss0l design, flange design, bolting, surface finish and other
foctors. Helicoflex sadls are designed to provide two levels of service: Helium Sealing or Bubble Sealing.

Helium Sealing: These Helicoflex seals are designed with o target Helium leck rote not to exceed 1x10”
cc/sec.atm under a AP of 1 atmasphere. The ultimote leak rate will depend on the factors listed above.

Bubble Sealing: These Helicofiex seals are designed with a target air leak rate not to exceed 1x10*
ec/sec.atm under a AP of 1 atmosphere.

Garlock Helicoflex For Additonal Information, Plsass Cansut Our Engineering Staff 7

1-800-233-1722
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o

greater
the two (1} or'(2) .

welllWe .
W= 2)H RHp = W,
"~ “Use the gracter = |
- otthetwo(l)or(2l - |

<R
S fEeR

EQUIVALENT SYMBOLS §

n
c
O

2

i
=

o
S

&)
Y

©
o

o

Minimum
wervice

Minimum |-

bolt load

T Use
ehatwo

the Grecter
Wori2) .

hbiws Torl2) |-

Note: Due to its circular cross sechion, the Heficoflex seal exhibits o “line” load insteod of an “area load” typical of

traditional goskets. As o re;
ol P (} 3

i

q

4

Garlock Helicoflex

NAC International

sull, “m”, “b’ and “y* factors are not pertinent when opplied 1o the Helicoflex seal. The
loped to assist flange desig: i

with their coleuk

For Additional Information, Piease Consuit Our Engineering Staff

1-800-233-1722
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ANSI B16.5 RAISED FACE FLANGE

The Helicoflex® HN208a is idedlly suited for standard raised face flanges. The resilient nature of the sec!
of high temperature and pressure where troditional spiral
wwndsanddoublo]ooblodndsfml The jocket and spring combination can be modified to meet mast
In oddition, a large selection of jacket materials ensures

ic media.

SEAL TYPE: ¥N2080o

Crois  Sealing  Recommended
Secion  load Fange
Jokat  Avallobilly (inches) [los/in)®  Finish (RMS}
w Aumimm  Sondod Q.40 NSO 8-125
O] Siver - Sondod 00 1725 - 83-125°
D) Copper Sondod 0155 2250  63-15
o Softkon  Opiosad ~ 0185 2250 .32-83
) Nickel Sondord  C.I0 2800 2.8
(TR Seal OD (A} Mecn Diometer{d) ~ Monel  Opfiosd . 0.0 2600 "R-83.
HosefloyC  Opional 0,150 2800 2.6
© Swiness Soel Siondord Q.0 3800 - -3
© Ay 600 Opional 0150 3800 2.6
el AlyX750  Opioncl 70150 . 4000 .  32-63
P Thonium Opiondl 0150 4000 2.6
0 * Note: Secting load anlyl Does noi allow for hydrostatic
o ond force. See page 5 for caleulations.
Norsinol Mean Seal OD {
_Dicmeter | Diometer (d)| 150b_| 3006 | 4005 | 600k | 500k | 1500k | 25008
/2 - | 0827 | 187 | 2126 {-21 | 212 | 2500. | 2500 | 2752
34 1002 | 2252 | 260 | 2628 | 263 | 2752 | 2752 | 3.000
B VAT 2426 | 2em {282 287 | 327 a2 | aame
17 | 1890 | 3000 | 3252 | 222 | 3252 | 3500 | 3500 | 412
2| 2837 | sam [arm |saTm | sz | sem | dem | asxsi
2 293 | 4126 | 474 | a4 | 437 | 562 | 5a% | 57%2
Tat2c] 8425 | asm | 5 | s | 59% | 6500 | 6500 | asm’
3 43 | s3m | sem | sea | S8 | es | eam | 77%2
S31/2..| 4085 | 6274 ] 6500 | 6500 | 8374 |TN/A | N/A | NAA-
4 525 | 6874 | 71 | 7000 | 7626 | 812 | 62:2 | e2:
5 1:eami| 7rs2:| 85007 8.4, |-9500 | 97523 10000 | 1.000 -
6 7.500 8752 9.874 9752 | 10.500 1.413 na» | 12.500
8 C 95670110996 | 1212 ] 12000 | 1262 | w126 ;] A3.674 | 15252
0 N6 |nanu | w22 |wix |7 |7 | vaxs | 870
o) osese | e | wex | 16500 | 18000 | wa2s | 20500 | 218287
u 500 | w7s2 | was | wooo | wam | 20500 2272 | NA
% . | 72087 202527 1252, | 1.2 {22252 | 22626 | 25252 | N/A i
18 Wsw | e (23500 [na7e (2412 2502 27752 | N/A
20 |-2575. | B8 |2575 | 25500 | 87 | 27500 | 29752 | N/A
%4 25728 | 28252 [30500 [302% |maz |329% |3s5500 | na
Note: Consult our engineering staff for other available sizes and materiols.
Garlock Helicoflex For Adoral rkomasn, Plooos Conu Our Engooriog S8
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| BUBBLE SEALING

PuBAB2F
15800 . N/A - 484
5800  N/A 464
228 4525 725 5%
- 0:039 . : . 257 7250 - 1305572
00® 1599 ‘2 w775 IW0 1085 257 7975 1885 572
1713 34 18225 W5 | 2 8700 - 28207 - 662
1827 343 W675 4495 10150 2755 &%
WAL 34318125 5220 - NG00+ 3190: ‘698
0055 2056 371 W575 5800 13050 3625 752
B “0067 2284 .7.°400. 21750 - 6615 . 521150507 4350 1942,
0276 0035 0079 2512 457 2200 7830 18125 5220 842
~0.35--0.035..0.094 279873 514~ 24650 B700 - 6090:: ;932
PRS72°¥ B 572°F
-0.063 0020 0.024 1485 228 7250 1450.-- |- 1085 .~ 17V . SQPS : 725 T'6AZ.
0075 0024 002 1599 286 7250 1595 W42 228 5075 870 662
1213007 34357975 . 1256 . 2861 5075 - Y60 680 :
7 400 sno W3 343 5800 U500 76
~1428. ° 1400.... .5800 ‘17407’
1542 400 6525 275 752
3686 457316525 2465 788
1827 457 6525 2755 842
:9884: - SMI 7250 3045 842
2056 570 7250 3335 B%
22847 S7Ver 79F5 Q770 968
%27 628 8700 4205 968
3008 C 742 9425 4640 - 1022
2°F ) PUBGE2F
: : 82777457 -IN80° T 159571 M2 - 343 T 58000 10IS: 0716
0075 0020 0024 1009 457 10440 2320 1256 343 4090 1305 716
<0020 0028.-.2227° " 814~ 11020 3045::.1° 1313:. - 400 ~7 4380+ 1740 . 7BB
Y 2512 571 1890 IS 1542 400 6615 2320 842
0,118 - 0.024-0005 -~ 2512628 < 12615..-2 4930 " :-11713 1T 487 : 7250 :2900:: 7896
0138 0024 0035 2798 485 13485 5800 | w4t s 7830 3335 o3
0.157 - 0.028:: D.0% -- 3312 13920 :6525 | 2170 57 B24S ITILS 1022
0177 0028 0035 4M &85 15225 7540 2098 628 6700 4350 M2
"0.197 1 0.028.'0.043 - 4454 15950 ;. BaSST-| 2627.7..628 ‘1. 9425 478S... 1202
0217 0028 0051 4625 1M2 16675 8990 | 2855 685 9715  S365 1202
T02367:0.031:20.063 - N/A - NZA' N/A  N/ATD| 3008 742 ':-10440.. S9AS 1202
0276 0081 007) N/A N/A N/A  N/A 3712 857  NNO 6525 1202
S0.315::0.0007 0.083 . N/ASNJAT N/A UNJAG-: | 41681 gl 7250::.1202 "
PO 752°F
0.063. 0060020 1999  -571- 13050 . GBI5-i1- 87071788 .
0075 0020 0.024 2284 571 13195 725 160 788
:0.087:+ 0,020 0.028" - 2570 - ‘528. :-13340- -7 7540 - 1595 . B96
009 0024 003 2055 485 14065 . B245 275 932
3789 97 3625 1022
: -.0. 4283 1 74350 A -
0177 0028 003 471 Mes 4930 1202
- 0.97. 0,028 -0043 ' N/A nev0. 5385-. 1292
0217 oma 051 N/A 12615 6090 1292
nma N/A -:NJA- 13630 . 6815 - -1292
N/A 14790 7540 1292
N/A 15660 - 84101292 -

For Additional information, Please Consult Our Engineering Staff

1-800-233-1722
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RADIAL COMPRESSION
G:88 135
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Note: For best resulls, the cavity should be

CHARACTERISTIC VALUES
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lubricated with a product that Is compafible
Covity OD (G} = Seal OD (B} soaled
ShatOD () - = Secl D (A} 4203 with the medium to be X
Cavity Finish < 32 RMS [0.8 um}
Axgilood .0 | =Ya .0

Yo s . Yo
mn mm in  mm n mm bfn ‘.",'.f’ n mm in mm b/fin d&-‘y
0043 160 0043 140 0010 025 170 30 |0.0463 140 0008 020 228 40
0.102 260 0.102 2460 0012 030 195 34 | 0102 240 0010 025 308 54
ons 300 0122 .10 00U 035 206 36 |0.126 320 0012 030 34 &
0.157 400 0.5 420 0018 045 228 40 |0.W5 420 00K 040 44 A
0.200 5.10 0205 520 0018 045 243 46 ! 0205 520 00K 040 525 92
0.260 6.60 0244 620 0020 050 2308 54 |0.252 640 008 045 640 N2
L"“ in indlu_F in mm I
qd,\
Too tch bywoydwongls  wymayd oravch v cnd fot © molfy of e G, s Iecleckogy end s
o be melind on ke cny wpechic eppicafion. which mey weslt hsslom. paciications costsined hassla.
G Haldior v - i Jocm  Alchecel dom, spectictions and sher nernston
oo o packicatora vt potoly  uion o e ecvsky o peches ko faove ol et e b dogd 0 b0 wadecteo
applcztons. Uss of the ichwicnl doka ot apuch hinge coy ekl o idechl ety dgha o pacperty ol Gorleck Hekculle. No sepsedvcion, copy o
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4.5.10 Containment Analysis of ANSTO Basket Payloads

Payloads evaluated in the ANSTO basket are spiral fuel assemblies similar in design to the DIDO
assemblies discussed in Section 4.5.7, and MOATA plate bundles similar in design to MTR
assemblies discussed in Section 4.5.5. The ANSTO basket is a slightly modified version of the
DIDO basket, with each basket containing seven fuel tubes designed to hold one fuel assembly or
plate bundle in each fuel tube.

DIDO | ANSTO
Parameter Basket | Basket
Fuel Assembly Openings 7 7
Fuel Tube OD (inch) 4.25 4.375
Fuel Tube Wall Thickness (inch) 0.120 0.125

The DIDO basket contains aluminum heat transfer components, while the ANSTO basket contains
additional support disks. Overall, there are no significant free volume differences between the
empty cask assembly configurations.

MOATA plate bundles, while displacing more free volume than DIDO assemblies, are limited to
maximum burnups of 30,000 MWd/MTU and a minimum cool time of 10 years, resulting in source
terms a small fraction of the DIDO payloads evaluated in Section 4.5.7. MOATA plate bundles,
therefore, do not represent a containment-limiting payload configuration.

Spiral fuel assemblies are limited to the cool time curve of the 18-watt MEU DIDO fuel assemblies.
As demonstrated in Chapter 5, Section 5.3.15, this produces a significantly lower source for the
spiral fuel than the 18-watt DIDO assembly. The lower source for the spiral fuel is attributed to a
higher fissile material mass in the DIDO evaluation (190 g 35U versus 160 g *°U for the spiral
fuel), at identical cool time and a maximum depletion of 70%, in conjunction with a lower DIDO
enrichment (40 % 2**U for the MEU DIDO fuel versus 75% *°U enrichment in the spiral fuel
calculations). For containment evaluations, the higher heat load, 25-watt DIDO configuration was
evaluated, providing additional margin for the spiral fuel assemblies. When compared to the DIDO
payload, the spiral assembly payload, therefore, has a significantly lower source of radionuclides at

a similar cask free volume. As a result, the DIDO fuel assembly containment evaluation bounds the
spiral fuel.
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5 SHIELDING EVALUATION

The NAC-LWT cask utilizes a concentric cylindrical arrangement of steel, lead, steel and water
to provide gamma shielding for the design basis fuel. The water-glycol solution in the neutron
shield tank also provides neutron shielding. The water contains 1 weight percent (wt %) boron,
. which absorbs neutrons without producing significant secondary gamma radiation. |

The PWR and BWR design basis shielding analysis uses the LOR-2 version of the ORIGEN-2
code to calculate radiation sources. The QAD-CG (Cain) and XSDRNPM (NUREG/CR-0200,
Vol, 2, F3) codes are used to calculate the cask dose rates for normal operations and hypothetical

accident conditions. The shielding analysis shows that the dose rates are below regulatory limits
specified in 10 CFR 71.47 and 71.51 as well as IAEA Transportation Safety Standards (TS-R-1).

The PWR and BWR design basis shielding analyses were performed for a 0.25 inch thick
neutron shield tank shell, while the actual fabricated thickness is only 0.24 inch (6mm). The
shell thickness difference of 0.01 inch yields a maximum dose rate increase of only 2.4 percent,
which gives lower dose rates than worst case tolerance analysis in this chapter. The analyses of
this chapter, therefore, are valid.

The MTR design basis shielding anéljsis used the SCALE package. This included SAS2H
(Herman) for source terms, and SAS4 (Tang) for three-dimensional shielding analysis. This
evaluation is presented in Section 5.3.4. This shielding analysis shows that dose rates are below
regulatory limits when the NAC-LWT contains up to 42 design basis MTR fuel elements with
less than 210 watts of decay heat per basket.

The MTR shielding analysis explicitly calculated dose rates for LEU, MEU and HEU MTR fuel
for a range of burnups and cool times to meet decay heat and dose rate limits. HEU fuel source
terms were higher and thus the HEU fuel provides the most limiting dose rates for fixed decay
heat limits.

The 25 PWR rod design basis shielding analysis used the SCALE package. This included
SAS2H for source terms and SAS| for one-dimensional radial shielding analysis. This analysis
is presented in Section 5.3.5. This shielding analysis shows that the dose rates are below
regulatory limits when the NAC-LWT contains up to 25 design basis PWR rods. A shielding
evaluation of high burnup PWR and BWR fuel rods in a rod holder is presented in Section 5.3.8.
Up to 25 PWR and BWR fuel rods are evaluated at burnups up to 80,000 MWd/MTU.

The NAC-LWT is evaluated for the transport of up to 140 TRIGA fuel elements or up to 560
TRIGA fuel cluster rods arranged in five (5) basket modules. This shielding evaluation uses the
SCALE package with the SAS2H sequence for source term identification, and SAS4, also from
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the SCALE package, to perform a three-dimensional shielding analysis. The analySis is
presented in Section 5.3.6. The analysis shows that the dose rates are below the regulatory limits
when the cask contains up to 140 TRIGA fuel elements each having a maximum decay heat of
7.5 W, or up to 560 TRIGA fuel cluster rods each having a maximum decay heat of 1.875 W.

There are two TRIGA basket configurations, non-poisoned and poisoned, as described in Section
1.2.3.1.2. Each TRIGA basket module consists of seven cells. The center cell of each non-
poisoned basket module is blocked with a stainless steel plate. Consequently, only six (6) cells
of each non-poisoned basket module are loaded with fuel. Because the shielding analyses
assumes the center cell contains the bounding TRIGA fuel elements or TRIGA fuel cluster rods
during the normal and accident conditions of transport; the evaluation of 140 fuel elements or
560 fuel cluster rods bounds the 120 fuel element / 480 fuel cluster rod configurations.

The DIDO design basis shielding analysis used the SCALE package. This included SAS2H
(Herman) for source terms, and SAS4 (Tang) for three-dimensional shieldihg analysis. This
evaluation is presented in Section 5.3.9. This shielding analysis shows that dose rates are below
regulatory limits when the NAC-LWT contains up to 42 design basis DIDO fuel assemblies with
two allowable heat loads per basket module, either 175 watts or 126 watts, dependent on the
axial position of the fuel elements in the top basket.

The DIDO shielding analysis explicitly calculated dose rates for LEU, MEU and HEU DIDO fuel
for a range of burnups and cool times to meet decay heat and dose rate limits. HEU _fuél source
terms were higher and thus the HEU fuel provides the most limiting dose rates for fixed decay
heat limits. '

The analysis of General Atomics (GA) Irradiated Fuel Material (IFM) used the SCALE package.
The GA IFM consists of two Fuel Handling Units, one containing RERTR (an Incoloy clad
TRIGA type fuel) and the other containing HTGR graphite matrix fuel material. The analysis
included ORIGEN-S for source terms and SAS1 for one-dimensional radial shielding analysis.
This evaluation is presented in Section 5.3.10. The shielding evaluation shows that dose rates are
well below regulatory limits for a combined payload of the two Fuel Handling Units.

Up to 25 high burnup intact PWR or BWR fuel rods loaded into a fuel assembly lattice are
analyzed in Section 5.3.11. Source terms were calculated using SAS2H with three-dimensional
dose rates calculated using the MCBEND Monte Carlo transport code. Up to 14 high burnup
damaged fuel rods may be loaded in a shipment of 25 PWR or BWR fuel rods, as demonstrated |
in Section 5.3.12. Damaged rods must be loaded in the rod holder. Source terms were calculated
using SAS2H with three-dimensional dose rates calculated using the MCBEND Monte Carlo
transport code.
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An analysis of the content condition of 300 production Tritium Producing Burnable Absorber Rods
(TPBARS) in a consolidation canister used the ORIGEN-S module of the SCALE package for
source terms and the MCNP code package to calculate three-dimensional dose rates. This
evaluation is presented in Section 5.3.13 and shows that dose rates are well below regulatory limits
for normal and accident conditions. The second TPBAR content condition of 55 segmented
TPBARS cooled for a minimum of 90 days is evaluated using the source terms determined by the
ORIGEN-S module of the SCALE package. This evaluation readily shows compliance with the
previously calculated regulatory dose rates for 300 production TPBARs cooled a minimum of 30
days.

A payload of up to 700 PULSTAR fuel elements is analyzed in Section 5.3.14. Source terms
were calculated using SAS2H with three-dimensional dose rates calculated using the MCNP
code. PULSTAR fuel elements may be loaded as assemblies in a 5X5 rectangular array; intact
elements in a 4x4 fuel rod insert; or intact or damaged elements and nonfuel components of fuel
assemblies in a can. Four 7-element MTR basket modules are stacked to form a 28 MTR basket
in the cask cavity. The maximum cell loading is 25 elements.

A payload of up to 42 spiral fuel assemblies or 42 MOATA plate bundles in the ANSTO basket
is analyzed in Section 5.3.15. Six 7-element ANSTO basket modules are stacked to form a 42-
assembly payload in the cask cavity. Source terms were calculated using SAS2H. Due to
similarities in the basket design to the DIDO basket and bounding source terms in the DIDO
shielding evaluation, no shielding evaluations are required to demonstrate regulatory compliance.
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51 Discussion and Results

* The NAC-LWT cask is designed for the safe transport of spent nuclear fuel from various
commercial nuclear installations and research reactors.

5.1.1 NAC-LWT Contents

The following contents constitute the design basis for transport in the NAC-LWT cask:

one Westinghouse 15 X 15 Pressurized Water Reactor (PWR) assembly
upto25 PWRrods
up to two General Electric 7 x 7 Boiling Water Reactor (BWR) assemblies
. fifteen intact metallic fuel rods or six failed metallic fuel rods
up to 42 Materials Test Reactor (MTR) research reactor fuel elements
up to 140 TRIGA fuel elements or up to 560 TRIGA fuel cluster rods
up to 25 PWR or BWR high burnup (up to 80,000 MWd/MTU) fuel rods
up to 42 DIDO research reactor fuel assemblies
two General Atomics (GA) Irradiated Fuel Material (IFM) Fuel Handling Units
up to 300 TPBARS (of which two can be prefailed)
up to 55 TPBARSs segmented during PIE and associated segmentation debris
up to 700 PULSTAR fuel elements (intact or damaged)
up to 42 spiral fuel assemblies
up to 42 MOATA plate bundles

The high burnup PWR and BWR rods may be transported in three configurations: 1) a maximum
of 25 intact fuel rods loaded in the rod holder; 2) a maximum of 25 fuel rods with up to 14
damaged fuel rods or rod fragments loaded in the rod holder; and 3) a maximum of 25 intact fuel
rods housed in a fuel assembly lattice within the NAC-LWT PWR basket. The fuel assembly
lattice may be irradiated up to an equivalent burnup of 80,000 MWd/MTU.

The metallic fuel consists of a single rod of uranium metal clad with aluminum. The intact
metallic fuel rods are placed into a transport canister that will hold five intact rods. The cask can
hold three transport canisters for a total of 15 intact metallic fuel rods. In the event the metallic
fuel has failed or is suspected of having failed, each fuel rod is sealed in its own container. The
failed metallic fuel is loaded into either one of the three holes in the metallic fuel basket or into
one of the six openings in the failed metallic fuel basket.

MTR research reactor fuel elements are typically 33 to 57 inches long, including lower nozzle
and upper handle. The fuel plates typically consist of U-Al, U3Og-Al, or USi-Al clad with
aluminum. The fuel plates are held in a parallel arrangement with two thick aluminum slotted
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pieces to form a fuel element. Standard fuel elements have between 10 and 23 fuel plates. The
active fuel region is typically 22.75 inches in height, and the fuel meat is typically 0.023-inch
thick. The highly enriched uranium (HEU) fuel has been analyzed consérvatively with an
enrichment of 90 wt % 23*U and fuel loading per element up to 380 g 2°U, with a separate
analysis performed to accommodate up to 460 g **U. The design basis fuel parameters are
provided in Table 5.1.1-1. The fuel characteristics are presented in Table 5.1.1-2. The dose rates
produced from the design basis 470 g 2**U and 640 g 25U LEU and 380 g 2°U MEU MTR fuel
are bounded by the HEU MTR design basis fuel. Therefore, a mixed loading of LEU, MEU and
HEU MTR fuel elements are also bounded by a full HEU MTR fuel element loading.

The source term characteristics of the design basis PWR fuel assembly, BWR fuel assembly,
metallic rods, 25 PWR rods and MTR fuels are given in Table 5.1.1-3. The design basis PWR
and BWR fuels require two years of cooling after discharge to meet the neutron and gamma
source, and decay heat limits of the cask. The 25 design basis PWR rods burned to 60,000
MWdA/MTU require 150 days of cooling. The design basis metallic fuel requires one year
cooling. The design basis MTR fuel requires a variable number of years cooling, after discharge,
to meet the decay heat limits of the cask. Loading configurations must conform to the limits
stated in Section 7.1.5.

DIDO research reactor fuel elements typically consist of U-Al, U30s-Al, or U3Si,-Al that is
aluminum clad. The fuel elements are held in a concentric arrangement inside an outer
aluminum cylinder to form a fuel assembly. Fuel assemblies have 4 fuel elements. The active
fuel region is typically 23.6 inches in height, and the fuel meat is typically 0.026 inch thick. The
highly enriched uranium (HEU) fuel has been analyzed with a minimum enrichment of 90 wt %
25U and fuel loading per assembly up to 190 g 2°U. Low enriched (LEU) and medium enriched
(MEU) assemblies are evaluated at 190 g 2°U with minimum enrichments of 19 and 40 wt %
B35, respectively. The design basis fuel parameters are provided in Table 5.1.1-1. The fuel
characteristics are presented in Table 5.1.1-2. As discussed in Section 5, the dose rates produced
from the design basis LEU and MEU DIDO fuel are bounded by the HEU DIDO design basis
fuel. Therefore, a mixed loading of LEU, MEU and HEU DIDO fuel assemblies is also bounded
by a full HEU DIDO fuel assembly loading.

Two GA IFM Fuel Handling Units (packages) are intended for a single shipment in the NAC-
LWT. The first package is composed of Reduced-Enrichment Research and Test Reactor
(RERTR) type fuel, which is an Incoloy clad TRIGA fuel. The second is composed of High-
Temperature Gas-Cooled Reactor (HTGR) type fuel. Each set of IFM is packaged into stainless
steel weld-encapsulated primary and secondary enclosures. Design basis fuel parameters are
summarized in Table 5.1.1-1, with fuel characteristics presented in Table 5.1.1-2. Design basis
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sourcé terms are provided in Tablf_: 5.1.1-3. NAC-LWT combined dose rates for GA IFM are
bounded by the dose rates for PWR fuel shown in Table 5.1.1-4 through Table 5.1.1-6. '

An inventory of up to 300 production TPBARs (of which two can be prefailed) is intended for

~ multiple shipments in the NAC-LWT. A separate content condition is for the transport of up to

55 segmented TPBARSs and associated segmentation debris from PIE contained in a waste |

' _ container. Each TPBAR is a Type 316 stainless steel rod with a 0.381-invch outer diameter and a
""0.336-inch inner diameter and a post-irradiation length of approximately 154 inches. Tritium is

produced by irradiation of SLi. Design basis fuel parameters are summarized in Table 5.1.1-1

with characteristics presented in Table 5.1.1-2. Design basis source terms are provided 1 in Table

~5.1.1-3. NAC-LWT dose rates for the pay]oads of up to 300 production TPBARs in a

consolidation canister, or up to 55 segmented TPBARs in the waste container, are bounded by

the dose rates.for PWR fuel shown in Table 5.1.1-4 through Table 5 1.1-6.

‘Source terms for the high bumup PWR and BWR rods are developed using the SCALE SAS2H |
code package. Cask dose rates are evaluated using th_e SCALE SAS]1 shielding analysis
sequence. Results presented in S¢ction 5.3.8 give the required cool time for PWR and BWR rods
as a function of bumup for up to 25 intact fuel rods loaded in the NAC-LWT rod holder. The

- resulits presented in Sections 5.3.11 and 5.3.12 demonstrate that dose rate limits are met for the
shipment of fuel rods in an irradiated fuel assembly lattice and damaged fuel rods in a rod holder,
respectively.

As can be seen from Table 5.1.1:3, the PWR fuel assembly has the largest source terms and was
used as the design basis fuel for shielding analysis of PWR and BWR fuel in the NAC-LWT
presented in this section. The metallic fuel shielding analysis is presented in Section 5.3.3.
Metallic fuel is shipped with the neutron shield drained and the analysis reflects this. The MTR
- fuel shielding analysis is presented in Section 5.3.4. The design basis source terms for 25 PWR
_ rods at 60,000 MWd/MTU are well below the design basis PWR fuel assembly. However, the
self shielding of 25 PWR rods is less than the 204 rod design basis PWR fuel assembly. Thus, a |
shielding evaluation of 25 design basis PWR rods is presented in Section 5.3.5. Similarly, the
self shielding for either the 25 high burnup PWR or BWR rods at 80,000 MWd/MTU is lower
than that of the design basis assemblies. Shielding evaluations for these rods are presented in
Sections 5.3.8, 5.3.11 and 5.3.12. '

The transport of up to 140 TRIGA fuel elements is evaluated in Section 5.3.6. TRIGA fuel is a
solid metal hydridé, U-ZrH and may be high enriched (70%), or low enriched (20%). The fuel
clad is either aluminum or stainless steel. TRIGA fuel is fabricated in several configurations, as
described in Section 1.2.3.1, that vary in weight, active fuel length and overall length. The
typical fuel element length and weight is 28.3 inches and 8.82 pounds. The fuel follower control
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" rod element (FFCR) establishes the upper bound Weight (l3 2 pounds) and length (approximately
~ 45 inches). These elements can only be loaded in the top module of the TRIGA fuel basket. The
design basis TRIGA fuel parameters are presented in Table 5.1.1-1 and Table 5.1.1-2. Source
term characteristics are presented in Table 5.1. 1-3. Cooling time for TRIGA fuel is variable,
down to'a minimum of 90 days, based on the time required for the decay heat to reach 7.5 watts
In addition, the transport of TRIGA fuel cluster rods is evaluated in Section 5.3.7. These rods are

obtained from the disassembly of the 5x5 (25 rod) arrays comprising the cluster-type TRIGA fuel

as-shown in Figure 1.2-6. Only the shipment of the fuel cluster rods is analyzed here; no other
activated components of the TRIGA cluster assembly are considered for sh1pment in this '
- analysis. The TRIGA fuel cluster rod is considered to contain a maximum design-basis fuel
mass of 452 g of U-ZrH with an H to Zr ratio of 1.6 and a total uranium mass fraction of 10%.
The fuel is highly enriched (93 wt. % 235[_)). The rods are clad in Incoloy 800 and contain upper
and lower stainless steel end plugs with a mass of approximately'60 5 g each. For shipment,
each rod is placed inside an aluminum tube (ID 0.625 in, OD 0.750 in), with 16 rods occupymg
- each LWT basket opening for a total of up to 112 rods per basket or 560 rods per cask.

The basis for the dose rate evaluation of the TRIGA fuel cluster rods is a source term and one-
dimensional shielding analysis in which the minimum cooling time required for the dose rates
produced by the TRIGA fuel cluster rods to fall below the dose rates produced by the design
~ basis TRIGA fuel elements. Cooling time results are determined at a large number of fuel .

- burnup values (at approximately every 2. 5% mcrement in U depletion).

PULSTAR fuel elements are zirconium alloy-clad UOz pellets with a physical desngn
characteristic as listed in Table 5.1.1-1 and Table 5.1.1-2. PULSTAR fuel assemblies are a 5x5
rectangular array of elements surrounded by a zirconium alloy box, with aluminum upper and

lower fittings. The element pltch is nominally 0.524 x 0.606 inch. PULSTAR fuel elements are

~ analyzed at a loading of 32 grams 35U per element, an initial enrichment of 6 wt % 2*>U, and
45% U burnup. For conservatism,va cool time of one year from discharge is employed in the
shielding analysis; a cool time of at least 1.5 years is required to meet the basket cell heat load
limit of 30 W. Source term characteristics are presented in Table 5.1.1-3

Spiral fuel assemblies typically consist of 10 curved plates (also referred to as elements) of

" metallic U-Al fuel meat that is aluminum clad. The fuel elements are held in a spiral
arrangement between an inner and outer aluminum cylinder to form a fuel assembly. The active
fuel region is typically 60.325 cm in height, and the fuel meat is typically 0.061 cm thick. The
elements are nominally enriched to 80 wt % 2>°U and were conservatively evaluated at 75 wt %
535U, Maximum fuel loading per assembly is evaluated at 160 g *U. The design basis fuel
parameters are provided in Table 5.1.1-1. The fuel characteristics are presented in Table 5.1.1-2.
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Applymg MEU DIDO fuel assembly minimum cool time curves, which are based on a 40 wt %
35U enriched 190 g 2°U fuel assembly, to the spiral fuel elements produces source terms that are
bounded by the DIDO MEU fuel. Given similar basket designs, the dose rates produced by the
spu'al fuel elements are bounded by the MEU DIDO evaluahon set

MOATA fuel bundles consist of a maximum of 14 ﬂat MTR type fuel plates The fuel plates are
composed of a metallic U-Al fuel meat that is aluminum clad. ‘The fuel elements are held in
place with aluminum outer plates and pins through the top and bottom of the plate stack in their

‘ shlpment configuration. . The plates are held in a typ1cal MTR plate (12 plates per assembly) with
a comb side plate configuration during reactor operations. -The active fuel region is typically 58.4
cm in height, and the fuel meat is typically 0.1016-cm thick. The elements are nominally

- enriched to 90 wt % 235U and were conservatively evaluated at 80 wt % 2°U. Maximum fuel "
loading per plate is evaluated at 25 g 25U (nominal loading is 22 g 25U). The de51gn basis fuel
parameters are provided in Table 5.1.1-1. The fuel characteristics are presented in Table 5.1.1-2.
The gamma radiation source for the 14 fuel plate bundle is approximately 2% of the DIDO MEU
-assembly. Since the basket designs are similar, the dose rates produced by the plate bundle are
bounded by the MEU DIDO evaluation set. ' o

The shield materials are selected and arranged to minimize cask weight while maintaining overall

shield effectiveness. Lead and steel are chosen as effective gamma radiation shields, and a water

" tank on the outside of the cask is provided to efﬁclently moderate and absorb the neutron
radiation. ' '

The total neutron and gamma dose rates calculated for the normal operations conditions are

" shown in Table 5.1.1-4. Note that the maximum dose rate is on the cask lid surfaces at the top
end of the cask and does not exceed the design limit of 200 mrem/hour for the surface of the
cask. The 10 CFR 71 limits of 10 mrem/hour at two meters from the cask surface and the design
limit of 200 mrem/hour on the cask surface are met. Table 5.1.1-4 contains the total dose rates
for the hypothetical accident conditions. These dose rates are well under the 49 CFR 173 limit of
1000 mrem/hour at one meter from the cask surface. The dose rates for the lead slump accident
are shown in Table 5.1.1-5. These dose rates show that even with the lead slumped, the
hypothetical accident dose rate limits have not been exceeded and the cask is safe for transport.

The cask surface fuel centerline normal operations and hypothetical accident dose rates
calculated include neutrons and gammas originating from the fuel, neutrons and gammas
scattered from the ground and secondary gammas resulting from neutron capture in the neutron
shield. All of the other dose locations also include the contribution from the **Co in the end-
fittings. ' ‘
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,'T able 5.1.1-1  Type, Form, Quantity and Potential Sources of Design Basis Fuel |
‘Fuel Type PWR, Westinghouse 15 x 15 v
- + 3.7 wt % *°U maximum initial enrichment
. 35,000 MWd/MTU maximum burnup
2.5 kW per assembly maximum decay heat
2 years (or more) decay time after reactor discharge
Fuel Form Intact assemblies
Quantity " - 1 design basis fuel assembly

Commercial PWR nuclear power reactors
35 ‘

- BWR, General Electric 7 x 7

4.0 wt % °U maximum initial enrichment

+ 30,000 MWd/MTU maximum burnup

1.1kW per assembly maximum decay heat, 2.2 kW per cask for 2 assemblles
2 years (or more) decay tlme after reactor discharge :
Intact assemblies v

2 design basis fuel assemblies ’

Commercial BWR nuclear power reactors

35

~ High Burnup PWR or BWR rods

5.0 wt % maximum “*U initial enrichment
80,000 MWd/MTU maximum average bumup

© 2.3 kW /cask maximum decay heat

Minimum cool time dependent on burnup (See Table 5.3.8-29)
Intact rods in a fuel assembly lattice or rod holder and intact rods with up to 14 fuel

- rods classified as damaged in a rod holder

Upto 25

Commercial PWR or BWR nuclear power reactor
36 (intact rods) -

28 (intact rods in a fuel assembly lattice)

37 (intact rods with 14 rods classified as damaged)

Uranium metal fuel rods

Natural wt % U ;

1,600 MWd/MTU maximum bumup L

0.0357 kW per sound rod maximum’ decay heat, 0. 54 kW per cask for 15 sound

" fuel rods

1 year (or more) decay time after reactor discharge
Intact or encapsulated failed fuel rods

" 15 design basis fuel rods, or6 de51gn basis failed fuel rods
- Research reactors
‘25

5.1.1-6
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Table 5.1.1-1 Type, Form, Quantity and Potential Sources of Design Basis Fuel (cont’d) -

Fuel Type -

Fuel Form = -

Quantity Co-

Source of Fuel . -
Transport Indek -

~ Fuel Type -

Fuel Form -

Quantity -

. Source of Fuel -
- Transport Index -

Fuel Type -

Fuel] Form -

Quantity - -
-Source of Fuel - -
Transport Index -

Fuel Type -

NAC International

7 Matenal Test Reactor (MTR) Fuel Elements.

HEU: 90 wt % **U, Maximum burnup variable up to 660,000 MWd/MTU
for 380 g U and 577,500 MWd/MTU for 460 g *°U

MEU: 40 wt % U, Maximum burnup variable-up to 293,300 MWd/MTU
for 380 g *°U

LEU: 19 wt % U, Maximum bumup variable up to 139,300 MW d/MTU
for 470 g #°U and 640 g *°U

210 W per basket decay heat :
Variable cool time down to 90 days usmg the procedure in Section 7.1.5
Intact aluminum clad parallel plates.

Up to 42 fuel elements

Research and Material Test Reactors

45

TRIGA Fuel Element

20 to 70 wt % *°U

80% **U depletion (approximately 151 GWd/MTU for LEU fuel and
460 GWd/MTU HEU fuel)

7.5 watts per element decay heat

Variable cool time down to 90 days

Aluminum or stainless steel (304) clad rods, intact, failed or as debns
Up to 140 fuel elements

Test, Research and Isotope Reactors

25 - ‘

TRIGA Fuel Clusfer Rods

93wt % U

80% **U depletion (approximately 600 GWd/MTU) :
1.875 watts per rod decay heat-

Variable cool time down to 90 days

Incoloy 800 clad rods, intact, failed or as debris

Up to 560 fuel rods

Test, Research and Isotope Reactors
25 :

DIDO Fuel Assemblies

HEU: 90 wt % >**U, Maximum burnup variable up to 577,460 MWA/MTU or 70%
2y depletion

MEU: 40 wt % *°U, Maximum burnup variable up to 256,650 MWd/MTU or
70% **U depletion - ‘

LEU: 19 wt % ***U, Maximum burnup variable up to 121,910 MWJd/MTU or 70%
25y depletion

175 or 126 W per basket decay heat -

Variable cool time down to 180 days using the pfocedure in Section 7.1.4

5.1.1-7
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'< Table 5.1.1-1 . Type, Form, Quantity and Potential Sources of Desigh Basis Fuel ':(‘c'ont’d)
o Fuel Form - lIntact aluminum clad concentrlc fuel tubes
. Quantity - Uptod2 fuel assemblies

Source of Fuel

Transport Index

Fuel Type

Fuel Form

-

Source of Fuel -

Transport Index
Maximum Activity

Material Type

o

Material Form
antit
“Source of Material
Transport Index -

Maximum Activity

Material Type

Material Form
uanti .

Source of Material

Transport Index

* Maximum Activity

Research Reactors

. 40.1

General Atomics (GA) Irradiated Fuel Material (IFM)
RERTR (see activity inventory in Table 5.3.10-1)
HTGR (see activity inventory in Table 5. 3 10-1)
<13.05W :

* Transport after 171196

RERTR: 13 intact TRIGA elements, 7 sectioned elements
HTGR: Spherical loose fuel particles, cylindrical fuel rods, 2 fuel pebbles

' 1 Fuel Handling Unit holdmg RERTR IFM and | Fuel Handling Unit holding

HTGR IFM ‘
Research reactors, commercial LWR reactors
<l :

3403Ci

Tritium Producing Bumable Absorber Rods (TPBARS)
3.35 W/TPBARSs; 1.005 kW total’

30 days minimum cool time

Type 316 stainless steel clad TPBARs

Up to 300 TPBARSs (of which two can be prefailed)
Commercial LWR reactors '

22

12,800 CVTPBAR; 3,840,000 Ci total'

Tritium Producing Burnable Poison Rods (TPBARS)
2.31 W/TPBAR, 127 W total - -

90 days

Type 316 stainless steel clad TPBARs segmented for PIE

~ Up to 55 segmented TPBARs

Commercial LWRs
222 :

‘ 12,000 CVTPBAR, 665,500 Ci total

! Conservatively calculated for 30- day minimum cooling time. Actual minimum cooling period for thermal requirements is 90 days.
2 Couscrvatwely applied 300 TPBAR shipment transport index.

NAC International -
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Table5.1.1-1  Type, Form, Quantity and Potential Sources of Design Basis Fuel (cont’d)
Fuel Type - PULSTAR Fuel Elements
- 6Wwt%h U
-. 32 grams U per element
- 45% U depletion (burnup) A
- 210 W per basket decay heat (30 watts per basket cell) x 4 = 840W
Minimum cool time from dlscharge of 1.5 yearsl o
Fuel Form - Intact assemblies; intact elements in fuel rod insert; canned intact or failed
) elements '
Quantity - Up to 700 elements 25 elements per cell)

- Research reactors

.25

- Spiral Fuel Assemblies :
- 75 wt % U, maximum burnup variable up to 70% 2y depletion
- 18 W per assembly , 126 W per basket (at given cool time and burnup limits,

“maximum heat load is 15.7 W per assembly or 110 W per basket)

Variable cool time down to 270 days using the procedure in Section 7.1.4 for

18 W DIDO MEU fuel ‘ | : '

- Intact aluminum clad fuel plates within concentric aluminum inner and outer shells
- Up to 42 fuel assemblies
- Research reactors
- 40.1 (applied bounding MEU DIDO limit) .

- MOATA Plate Bundles

- 80 wt % U, maximum burnup variable up to 2 30,000 MWd/MTU or 4.1% U
depletion .

- Intact aluminum-clad fuel plates

.= Upto 42 bundles

- Research reactors
- 40.1 (applied bounding MEU DIDO lll‘mt)

' Conservatively evaluated at a one-year cool time and 38 watts per basket cell.
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Table 5.1.1-2  Design Basis Fuel for Shielding Evaluation
: " MTR
Parameter PWR BWR Metallic MTR (HEU) {MEU) MTR (LEY) . DIDO
Assembly Array . -15%15 Tx7’ NA | Paralle! Plates Parallel | Parallel Plates | Fuel Tubes
- : ' Plates : .
Assembly or Elemenl Weight 1650 750 1805 13.0 (max) 13.0(max) | 13.0(max) 15.0 (max)
' (Ibs) . (15 rods) _
Assembly/Element/Rod Length | - 162 [ - 176 1205 . 25.2% 26.145 - 26145 246
' {in) . _
Active Fuel Length (in). - 144 144 120.0 24.80 25.59 25.59 236
No. Rods per Assembly 204 49 NA NA - NA N/A NA
No. of Plates per Element NA | NA NA 28 23 23 4
Fue! Rod Diameter/Plate 0422 0563 1.36 0.050 0.050 0.050 0.059 .
.~ Thickness (in) a : '
Clad Material Zr4 Zr4 Al A A A A
Clad Thickness (in) 0.0243 0.032 0.080 0.0150 0.0150 0.0150 0.0167
Pellet Diameter/Meat Thickness |  0.3659 0.487 1.36 0.020 0.020 0.020 0.026
_(in) ' :
Fuel Material UQ: U0 U metal UsOs-Al UsOs-Al;, | - UsOs-Al; UsOg-Al;
' ' ‘ U-Al; or U-A; or U-Al; oor U-ALor -
UsSiz-Al UsSi-Al UsSiz-Al UaSiz-Al
Percent Theoretical Density 95 95 100 NA NA N/A N/A
Enrichment (wt % 25U) 37 40 - Natural 908 408 198 90 (HEY)
S . : : : ) 400 (MEV)
: . 199 {LEU)
Maximum Average Bumup 35,000 30,000 1,600 Variable upto | Variable up | Variable upto | Variable upto
(MWd/MTU) » 660,000 | 102933002 [ 139,3002 577,460
(HEV)
256,650
(MEU)
121,910 (LEU)
Minimum Cool Time 2Years | 2Years 1 Year Variable down | Varable | Variable down | Variable down
: 1090days® | downto 90 | to90days® | to 180 days™
days? .
U Weight (kg/assembly} 475 - 198 NA NA 1 NJA NA NA
U Weight (kg/element) NA NA 545 0422 0.950 24737 0.2111 (HEU)
‘ 0.511 3.3684 0.4750 (MEU)
. 1.0000 (LEU)
UO2 Weight (kg/assembly) 538.9 2243 NA NA NA NA NA
Notes:

. 1. Upto2 ofthe PWR rods may havc a maximum average bumup of 65,000 MWd/MTU.
2. Variable cool timie down to 90 days using the procedure in Section 7.1.4. '
3. Design Basis normal condition source term is for ACPR fuel with 86,100 MWd/MTU (50% By dcplellon) and accident

condition source term is for FLIP-LEU-II with 151,100 MWd/MTU (80% *5U depletion).

4. Detailed fuel data is presented in Tables 1.2-1 and 6.2.5-1. The values presented here are the physical values for the
bounding source terms of the ACPR and FLIP-LEU-II fuel types.

bl
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-For MTR fuel assemblies, which are cut to remove non-fuel bearing hardware prior to transport, a nominal 0.28 inch of non- -
fuel hardware will remain above and below the active fuel region to allow for fuel handling operations
Minimum cool time varies with burnup such that maximum decay heat is 1.875 wa[ts/rod
Varies with burup - see Table 5.3.8-29. »

For the shielding evaluation, lower values are conservatively assumed.

-Maximum burnup of 660,000 MWd/MTU for 380 g U and 577,500 MWd/MTU for 460 g 35U.
Variable cool time down to 180 days using the procedure in Section 7.1.4,
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© Table5.1.1-2  Design Basis Fuel for Shielding Evaluation (continued)

PWR High B/lU | High B/U BWR o " TRIGA Fuel

Parameter ' Rods | PWR Rods - Rods TRIGA* Cluster Rods | - TPBARs -
Assembly Amay NA N/A N/A N/A N/A NA
Assembly or Element Weight - | N/A N/A N/A 8.82 (nominal) 2.655
{bs) 13.2 {max) '
Assembly/Element/Rod Length 162 |- 162 1761 45 31.0 153.035
(in) - ‘ : {pre-irradiation)
Active Fuel Length (in) 144 150 150 15 25, .. N/A
No. Rods per Assembly per 25 25 25 1 o 300 Production
Shipment . or 55 Segmented
No. of Plates per Element - NA N/A N/A N/A N/A N/A
Fuel' Rod Diameter/Plate 0.422 0.440 0.570(7x7) |  1.478 0.542 0.381
Thickness (in) 1 0.4961 (other) .
Clad Material Zr-4 Zr4 Zr2 30488 Incoloy 800 316 SS
Clad Thickness (in) 0.242 0.026 .0.036 (7x7) 002 - 0.016 0.0225
! : 0.0343 {other) ’ )
Pellet Diameter/Meat Thickness | -0.3659 0.3805 0.4900 (7x7) 1.435 (max) 0.510 N/A
(in) 0.4213 (other) :
Fuel Material - Uo2 uo2 uo2 u-zd U-ZrH N/A
Percent Theoretical Density 97 95 95 95 ) N/A
Enrichment (wt % 25 U} 5.0 5.0 5.0 20 93.3 : N/A
Maximum Average Bumup 60,0001 80,000 60,000~ .| ACPR 86,100 | Variable upto N/A
(MWd/MTU) 80,000 (50% 25U 600,000
' ' FLIP-LEU-II
151,100
(80% 25Uy
Minimum Cool Time 150 150 days Varies with ACPR231 .| Vareswith 30 days for
(days) bumup’? days bumup® production
FLIP-LEU-I . TPBAR,; 90 days
: : ' 908 days |_for PIE TPBAR
U Weight (kg/assembly) 58.2 65.6 “108.8 (7x7) NA - NA _ N/A
' 91.3 (other) .
U Weight (kg/element} NA N/A NA ACPR 0.280 0.0452 -N/A
: ' FLIP-LEU-I
0.824
UO:2 Weight (kg/assembly) 66.0 66.0 745 NA NA N/A

Notes:

Up to 2 of the PWR rods may have a maximum average burnup of 65,000 MWd/MTU.

Variable cool time down to 90 days using the procedure in Section 7.1.4.

Design Basis normal condition source term is for ACPR fuel with 86,100 MWA/MTU (50% 2**U depletion) and accident
condition source term is for FLIP-LEU-II with (51,100 MWd/MTU (80% 2*U depletion).

Detailed fuel data is presented in Tables 1.2-1 and 6.2.5-1. The values presented here are the physical values for the
bounding source terms of the ACPR and FLIP-LEU-II fuel types.

For MTR fuel assemblies, which are cut to remove nonfuel-bearing hardware prior to transport, a nominal 0.28 mch of non-
fuel hardware will remain above and below the active fuel region to allow for fuel handling operations

Minimum cool time varies with burnup such that maximum decay heat is 1.875 watts/rod.

Varies with bumup — see Table 5.3.8-29.

For the shielding evaluation, lower values are conservatively assumed.

Maximum burnup of 660,000 MWd/MTU for 380 g **U and 577,500 MWd/MTU for 460 g 235U

Variable cool time down to 180 days using the procedure in Section 7.1.4.

b .W.N:—
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Table S.1.1-2- -~ Design Basis Fuel for Shielding Evkluation'(continued) ‘

o GAIFM GAIFM- - Spiral Fuel MOATA Plate
Parameter " RERTR ~ HTGR | PULSTARFuel Assembly |- Bundle
__Assembly Array N/A NA - 5x5 ‘ Spiral Plates Paralle] Plates
Assembly or Element Weight 2373 2352 | 45(assembly); 79 -13.6M
(Ibs) R 1.3 {element)
Assembly/Element/Rod Length 29.92 .- NA . - 38 (assembly) - 635cm [  584cm®2
(in) ‘ 26.2 (element) '
- Active Fuel Length (in) 2206 . N/A 241 . 60.325¢cm 584cm .
. No. Rods perAssembly’ [ 13intact; N/A 25 N/A N/A
' 7 sectioned . , '
No. of Plates per Element N/A : NA . N/A 10 maximum 14
- : Fuel Rod Diameter/Plate 0.543 NIA 0.47 0147 cm 0.203¢cm
Thickness (in) - g '
Clad Material incoloy N/A Zirconium alloy Al “Al
Clad Thickness (in) . 0.031 N/A 0.0185 0.043 cm. N/A
Pellet Diameter/Meat Thickness | =~ 0.512 . NA 0423 0.061 cm 0.1016 cm
Fuel Material U-ZH UCzUCO;UOz; | - UO “U-A U-Al
: (Th,U)Cz; or ' :
' (Th.U)0. :
Percent Theoretical Density N/A N/A 94.9% (nominal); N/A N/A
: 99.5% (analyzed) ,
Enrichment (wt % 2%5U) 19.7 93.15 (maximum} 6 : 75 - 80 -
Maximum Average Bumup - NA N/A 45 70% 235U depletion | 30,000 MWA/MTU
(MWAMTU) B ' ' 4.1% 35U depletion
Minimum Cool Time-. |- None None 1.0 Year see MEU DIDO 10yr
U Weight (kg/assembly) 8.49 0.45 13.33 0.21318 0.4375%
U Weight (kg/element) 0.42 N/A 0.53 0.02135 0.03125%
UOz Weight (kg/assembly) N/A N/A 1513 “N/A N/A

Notes: (cont’d)

-11. For 14-fuel plate bundle. , '
12. Not available for in-core configuration. Analysis mput restricted to active fuel length.
13. Based on a 160 g #*°U fissile material load and listed enrichment. '
14. Based on fuel mass per plate multiplied by 14 plates.

15. Based on 10 plates per assembly.
16. Based on 25 g 2*U and listed enrichment.

NAC International 5.1.1412
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Table 5.1.1-3  Nuclear and Thermal Source Parameters
. Gamma Source | -
Pavioad . Decay Heat " (MeVisec) Neutron Source '| Top End-Fitting | Bottom End-
u (kW) ‘ (n/sec) (g/sec) Fitting (g/sec)
o (g/sec) v
1 PWR 7.78E+15 . .
- Assembly- 25 1.97E+16 2.21E+08 - 1.49E+13 1.25E+13
2 BWR Assemblies 22 635415 1.34E408 1.16E412 2.78E412
; 1.04E+16 - .
15 Sound Metallic 'BBIEF4
Fuel Rods? 0532 4.37E+15 161E+05 - NA NA
6 Failed Metallic 3.53E+14
Fuel Rods' 003 175E415 6.ME+04 NA NA
9 - .
42 HEU MTR Elements39 . 126 . 7 42E415 1.40E+08 N/A1S N/AS
’ ' 8 - 5 15
42 MEU MTR Elements® 1.26 7.86E+15 2.88E+07 N/A’. | A
(i3S 14 ’ - 15 15
v42 LEU MTR El.ements? 1.26 751E+15 3.96E+0? ‘ ] N/A N/AS
iaa10 oot
42 DIDO Assemblies 1.05 6.07E+15 9,73E+04 NA N/A
3.47E+15 e
2
25 PWR Rods! 1.41 8.30E+15 -1.40E+08 N/A N/A

TRIGA (140 Elements)’ 2.15E+15%

Normal Condition 105 6.52E+15% 1.57E408 Note 6 Note 6

TRIGA (140 Elements)’ 2.60E+15°

Accident Condition 105 597E+5 1.06E+08 Note & Note &
General Atomics Iradiated ) --
Fuel Material 0.013 3.420E+13 1.279E+04 Note 11 Note 11
’ 5.030E+15 .

300 Production TPBARs 1.005 6.681E+15 ‘NA NA NA
55 PIE TPBARs 0127 7 5AE+14 -NA NA N/A
PULSTAR Fue! 1.05% 6.206E+15 2.115E+07 - NA N/A

; 13 - — :
Spiral Fuel Assembly 0.756 1.07E +14 4.54E+3 NA NA
MOATA Plate Bur_\dle 0.042 29 +12 <1E+3 NA N/A i
Notes:

N

N NSk w

1.
12.
13.
14,

15.

Gamma and neutron source terms conservntlvcly calculated based on design basis sound metallic fuel rods.
23 rods with 60,000 MWd/MTU burnup and two rods with 65,000 MWd/MTU burnup. Source terms as a function of cool time for the 80,000 -
MWd/MTU burnup PWR and BWR rods are presented in Section 5.3.8.

Boundmg values of the gamma and neutron source terms presented for 30W uniform loading for 80% burnup.

Based on TRIGA ACPR fuel (86,100 MWA/MTU, 231 days cooling, 50% 2*U depletion).

Based on TRIGA FLIP-LEU-1 fuel (151,100 MW&/MTU, 908 days cooling, 80% ***U depletion).

Total hardware gamma is 7.64E+14 gamma/second for ACPR fuel (86,100 MW&/MTU, 231 days cooling, 50% 2*U depletion).

TRIGA Fuel Elements are the bounding values used in dose determination for TRIGA cluster rods fuel type.

Moderator used is light water, H,0.

Moderator used is heavy water, D;0. :

Boundmg values of the gamma and neutron source terms presented for 25W uniform Ioadmg for 70% bumup HEU fuel.

Hardware activation, including end-fitting sources, for the TRIGA elemenls included in the total gamma source for GA IFM.

Cool time required to meet 30 watt per cell heat load limit is 1.5 years.

Based on-18 W per assembly heat load. .

Fuel source represents maximum magnitude gamma source obtained from the 470 g 2”U analySIs and the maximum neutron source obtained
from the 640 g »*U analysis. :

A maximum 100 grams of cadmium may be mcluded as part of the MTR fuel element or plate construction. Activation of the cadmium
produces no significant source per Section 5.3.4.

NAC International 5.1.1-13
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~ Table 5.1.14 ' Combined Dose Rates for Normal Operations Conditions

(1‘ PWR assembly, 35,000 MWd/MTU, 2-year cool time)

"NAC International

5.1.1-14

TOTAL

: Detector T _ Normal Dose Rate
Location 1D, - - Radiation (mrem/hr)
Radial at 2 m from 1 Neutron 1.25
personnel barrier, : Secondary Gamma 0.18
Fuel midplane Primary Gamma 6.71
TOTAL 8.14
Radial surface, 2 Neutron 6.53
Fuel midplane Secondary Gamma 137
- _Primary Gamma 43.44
TOTAL 51.34
Bottom surface, 3 Neutron 0.33
Axial centerfine : Primary Gamma 3651
End-fitting Gamma 17.02
. TOTAL 52.86
Bottom at 2 m from 4 Neutron 0.03
impact limiter, Primary Gamma 219
Axial centerfine End-fitting Gamma . 079
' TOTAL - 301
Top surface, 5 Neutron 0.12
Axial centerline '  Primary Gamma 54.17
o End-fitting Gamma 41.45
_ : : TOTAL 95.74
"~ Top at 2 m from impact 6 Neutron 0.01. .
~ limiter, Primary Gamma 3.82
Axial centerline End-fitting Gamma 217
_ : TOTAL 6.00
Top at Cab 7 - Neutron 0.00135
o Primary Gamma - 047
End-fitting Gamma - 0.256
0.72
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Table 5.1.1-5 Hypothetical Accident — Loss of Shielding Materials

(1 PWR assembly, 35,000 MWd/MTU, 2-year cool time)

Detector Normal Dose Rate
Location 1.D. Radiation (mremthr)

Radial surface, 8 Neutron 6.53
Fuel midplane, A Secondary Gamma 1.37
With neutron shield Primary Gamma 4344
TOTAL - 51.34

Radial surface, 9 Neutron 177.13
Fue! midplane, Secondary Gamma 0.39
Without neutron shield Primary Gamma 75.00

TOTAL 252.52

Radial at 1 m from surface, 10 Neutron 50.93
Fuel midplane, Secondary Gamma 1.52
Without neutron shield Primary Gamma 54.59

TOTAL 107.04

NAC International 5.1.1-15
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Table 5.1.1-6 Hypothetical Accident —Lead Slump ‘.
Detector Normal Dose Rate
Location LD. Radiation (mrem/hr)
Radial at 1 m from surface, 1 End-fitting Gamma 3.60
PWR top end-fitting
TOTAL 3.60
Radial at 1 m from surface, 12 End-fitting Gamma 1.31
PWR top end-fitting
TOTAL 1.31
Radial at 1 m from surface, 13 End-fitting Gamma 0.80
PWR top end-fitting
TOTAL 0.80
Radial at 1 m from surface, 14 End-fitting Gamma 0.01
PWR bottom end-fitting
TOTAL 0.01
Radial at 1 m from surface, 15 End-fitting Gamma 0.35
PWR bottom end-fitting ‘
TOTAL 0.35
Radial at 1 m from surface, 16 End-fitting Gamma 1.48
PWR bottom end-fitting
TOTAL 148 ‘.
Radial at 1 m from surface, 17 End-fittihng Gamma 0.10
BWR bottom end-fitting
_ TOTAL 0.10
Radial at 1 m from surface, 18 End-fitting Gamma 0.54
BWR bottom end-fitting
TOTAL 0.54
Radial at 1 m from surface, 19 End-fitting Gamma 0.84
BWR bottom end-fitting
TOTAL 0.84

NAC International 5.1.1-16
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5.2 Gamma and Neutron Sources

5.21 ORIGEN 2

ORIGEN?2 is used to calculate the neutron and gamma source strengths. The LOR-2 version of
ORIGEN?2 in use at the Babcock and Wilcox (B&W) computing center is used for the PWR and
BWR fuel because of the improved LWR nuclear data available for this version. The metallic
fuel sources are calculated using ORIGEN2 with the CANDU library from Atomic Energy of
Canada Limited in place of the LOR-2 library. ORIGEN?2 also calculates the gamma spectrum
and the concentration of radiologically important fission products such as *H, '*'Xe, "I, Kz,
134Cs and "’Cs. The LOR-2 data for the design basis PWR assembly is given in Table 5.2.1-1.
The gamma spectrum for the PWR assembly is shown in Table 5.2.1-2. Table 5.2.1-3 shows the
fission product inventory of the PWR assembly.

Radionuclides other than **Co present as activation products have short half-lives resulting in
rapid decay to negligible concentrations, or they emit soft X-rays or betas that cannot penetrate
the cask shielding. The ®°Co is present in significant concentrations; it has a relatively long half-
life; and it emits two energetic gammas per decay with a mean energy of 1.25 MeV. The *Co is,
therefore, the only activation product considered.

The end-fitting activation is calculated by LOR-2 using a short, hard burnup cycle and a typical
burnup cycle from Surry-2. The short cycle yielded the higher values that are used to assure
conservatism. The input data for the activation of the end-fittings is also provided in Table
5.2.1-1. The densities used in ORIGEN are obtained by using the weights of inconel for the top
and bottom end-fittings that are found in “Physical and Decay Characteristics of Commercial
LWR Spent Fuel” (Roddy). Note also that there are 4694 grams of cobalt per metric ton of
inconel. It is assumed that all of the cobalt is *Co. This assumption is conservative because it is
the **Co neutron absorption that results in the formation of the *°Co.

A Watt spectrum for >Cf is used to simulate the **Cm and the 2*Cm neutron spectra of the fuel. This
equation is provided by Westinghouse as a part of the Extended Fuel Burnup Demonstration Program
(DOE/ET34014-10).

The spectrum takes the form of:
X(E) = (0.37¢**%E)SINH(~+/2.0E )
where:

E is the neutron energy in MeV

NAC international 5211
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Table 5.2.1-4 presents the evaluated source neutron spectrum used in the shielding analysis. ' '.

The analyses are performed with the limiting design basis fuel - the PWR assembly. However,
any intact PWR, BWR or metallic fuel rods that do not exceed the thermal, reactivity and
radiological characteristics of the design basis fuels shown in Table 5.1.1-3 are acceptable for
transport in the NAC-LWT cask. ' :

NAC International 5.2.1-2
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Table 5.2.1-1 LOR-2 Input Data
PWR Fuel
Mass (kgU) 475.0
Enrichment (wt % 235U) 3.7
Bumup (MWd) . 16,625.0
(MWA/MTU) 35,000.0
Burnup Cycle v 4 Cycles
405 full power days
60 day outages
10.262 MW at full power
Average Flux (n/cm? — sec) 2.19x 101
PWR End-Fittings
Masses (kg Inconel) Top-6.8
Bottom - 5.7
Concentration (g-59Co/MT Inconel) 4694.0
Assembly Burnup (MWd) 16,625.0
(MWAMTU) 35,000.0
rradiation Cycle 3 Cycles
383 full power days
50 day outages
13.972 MW at full power
Average Fiux (nfcm2 - sec) 295x 101

NAC International 5.21-3
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Table 5.2.1-1 LOR-2 Input Data (continued)
BWR End-Fittings
Masses (kg Inconel) Top-20
Bottom - 4.8

Concentration (g-%°Co/MT Inconel) 4,694.0
Assembly Bumup (MWd) 5,580.0
MWd/MTU) 30,000.0

Irradiation Cycle 4 Cycles

227 full power days
61 day outages
6.134 MW at full power
Average Flux (n/cm2 — sec) 3.28x 101

NAC International 5214
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Table 5.2.1-2 Photon Spectrum for Design Basis Fuel
One PWR assembly with 35,000 MWd/MTU burnup and a 2-year cool time
Mean Energy Energy Source (MeV/Sec) Per Total Source Per Assembly
(MeV) Assembly (Photons/Sec)
3.500 2.717 x 1010 7.762 x 10°
2.750 6.754 x 1011 2456 x 1011
2.250 3.233x 1013 1.432 x 1013
1.830 2.038 x 1013 1.114 x 1013
1.495 3.220 x 1014 2.154 x 10%
1.160 1.929 x 10" 1.663 x 10%
0.900 1.496 x 101 1.663 x 101
0.700 3.964 x 1015 5.663 x 1015
0.500 2.909 x 1015 5.818 x 105
0.350 1.093 x 101 3.123 x 10*
0.250 7.808 x 1013 3.123 x 10
TOTALS 7.712x10% 1.268 x 1016

NAC international
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Table 5.2.1-3 Fission Product Gas Inventory

One PWR assembly with 35,000 MWd/MTU burnup and a 2-year cool time

Fission Product | Inventory - Curies/Assembly
Gases
Tritium 203.2
- Krypton-85 3,797.0
Xenon-131 Negligible
lodine-129 Negligible
Total 4,000.2
Particulates
Cesium-134 96,000
Cesium-137 50,000
Total 146,000

NAC International
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Table 5.2.1-4 Design Basis Fue] Neutron Spectrum
Group Energy (eV) nicm? - sec
1 0.20000 x 108 1.39971 x 102
2 0.64340 x 107 2.61998 x 101
3 0.30000 x 107 2.34004 x 101
4 0.18500 x 107 1.19993 x 101
5 0.14000 x 107 1.49064 x 101
6 0.90000 x 106 1.45953 x 10-1
7 0.40000 x 108 6.39921 x 102
8 0.10000 x 108 9.00005 x 103
9 0.17000 x 105 1.00002 x 10-3
10 0.30000 x 104 1.00002 x 103
11 0.55000 x 103 0.00000
12 0.10000 x 103 0.00000
13 0.30000 x 102 0.00000
14 0.10000 x 102 0.00000
15 0.30500 x 10 0.00000
16 0.17700 x 10! 0.00000
17 0.13000 x 10! 0.00000
18 0.11300 x 10t 0.00000
19 0.10000 x 101 0.00000
20 0.80000 0.00000
21 0.40000 0.00000
22 0.32500 0.00000
23 0.22500 0.00000
24 0.10000 0.00000
25 0.50000 x 10-1 0.00000
26 0.30000 x 101 0.00000
27 0.10000 x 104 0.00000

Note: Spectrum is normalized to 1 n/cm?® - sec.

NAC international
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_5.3 o Model Speéiﬁcatibn

5.3.1 Description of Radial and Axial Shielding Configuration

The gamma radiation protection provided by the NAC-LWT cask is primarily in the form of
solid shielding material, which totally surrounds the fuel. The principal components of gamma
shielding in the cask body are the 0.75-inch inner steel shell, 5.75 inches of lead, a 1.20-inch
outer steel shell, 5 inches of water, and a 0.24-inch (6mm) thick outside layer of steel

- surrounding the neutron shield. The bottom of the cask is a steel/lead/steel configuration, having
an inner steel layer 4 inches thick, a 3-inch thick layer of lead, and an outside layer of steel 3.5
inches thick. The gamma shielding at the top of the cask consists of the closure lid, which does
-not contain lead; but is made up of 11.25 inches of stainless steel.

~ The pﬁncipal neutron shielding is provided by a 5-inch water shield, which surrounds the fuel.
The water contains boron to aid in shielding by suppressing the production of capture gammas in
the water. ' '

Dose points for normal operations conditions are chosen and placed in accordance with
conditions specified in 10 CFR 71. Thus, dose points are placed at the fuel midplane on the
surface of the neutron shield jacket and at 2 meters from the personnel barrier, as illustrated in
Table 5.3.3-1. Dose points are also placed at the top and bottom at the centerline of the cask on
the surface of the outer steel, at 2 meters from the persohnel barrier and 197 inches (5 meters)
from the surface at the top of the cask (to obtain dose rates directly behind the vehicle cab).
‘These dose points are shown in Figure 5.3.3-2. The dose points are placed at the surface and at 1 -
meter from the surface for the hypothetical accident, and at 1 meter from the surface at various
points along the outside of the cask for the lead'slurrip accident. Dose points for accident
conditions are shown in Figure 5.3.3-1 and Figure 5.3.3-3 through Figure 5.3.3-5.

There is a void due to the contraction of the lead after the initial pour that is not taken into
consideration in the shielding model. It is not included because even though the lead contracts,
the mass of the lead remains constant. A void also exists between the aluminum of the basket
and the cask, which does not significantly affect the shielding results.

The 3-dimensional model for normal transport conditions contains all of the shielding described
previously in its proper configuration. (See Figure 5.3.3-1 and Figure 5.3.3-2 for details.) The
1-dimensional model for normal transport conditions contains the same shielding geometry, but
uses an ‘equiva]ent circularized source as shown in Figure 5.3.3-6. Some accident conditions will
change the configuration of the model. In the loss of neutron shield accident, it is assumed that

NAC International | 5.3.1-1
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the entire neutron shield is lost. This loss is represented ‘by a void in place of the neutron shield; - -~ ‘. ’
therefore, the configuration of the model does not change, only the material of the neutron shield.

This case is shown in Figure 5.3.3-1 as detector 9. In the lead slump accident, the cask is dropped
on its end allowing the lead to fill the gap left between the steel and the lead from the lead pour.
This creates a gap in the lead either on top or bottom, depending on cask orientation. The new
gap changes the dimensions of the model as illustrated in F igure 5.3.3-3 through Figure 5.3.3-5.

NAC International =~ 5.3.1-2
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53.2 Shield Regional Densities

Typical Westinghouse 15 x 15 PWR fuel assemblies have a mass of 459 kgU; however, a mass
of 475 kgU is chosen for conservatism.

Table 5.3.3-1 contains detailed information on source compositions and densities. The source
densities are obtained by multiplying the original fuel (UO,) density by the volume fraction of
fuel in the effective fuel region and the 95 percent theoretical density. The zirconium density is
calculated by multiplying the original zirconium density by the volume fraction of zirconium in
the effective fuel region. All shield materials and their densities are included in Table 5.3.3-2.
The steel, aluminum and iron densities are found in the Book of Standards, the Metals
Handbook, Alcoa Aluminum Handbook, and Merritt’s Standard Handbook for Civil Engineers.
The density of the water in the neutron shield is based on a water temperature of 250°F. This is
conservative since the neutron shield never actually reaches this temperature. The water is less
dense at higher temperatures; therefore, the calculated dose is higher than the actual dose at the
normal operating temperature.

NAC international 5.3.21
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" 5.3.3 Metallic Fuel Configuration

The NAC-LWT cask is also evaluated for a configuration consisting of 15 metallic fuel rods in
the cask with the neutron shield tank liquid drained and with the cask inside an International
Shipping Organization container. The gamma and neutron sources for the metallic fuel
configuration are 11.3 percent and 0.073 percent of the design basis PWR sources, respectively.
The hypothetical accident dose rates for the metallic fuel may be obtained directly from the PWR
hypothetical accident dose rates by multiplying the neutron and secondary gamma PWR values
by a factor of 7.30 x 10 and the primary gamma PWR value by a factor of 0.113, as calculated
from Table 5.1.1-3. The normal operations dose rates for the metallic fuel may be obtained from
the PWR normal operations dose rates by applying the factors given above, but the lack of
neutron shield tank fluid must be accounted for by ratioing the dose rates on the cask surface
with and without the neutron shield liquid. These dose rates are given in Table 5.1.1-5. The loss
of the neutron shield liquid results in a 27.1-fold increase in the neutron dose rate; however, the
secondary gamma dose rate decreases by 71 percent. The primary gamma dose rate increases by
73 percent with the shield liquid removed. The cask radial dose rates at the fuel midplane, which
result from this evaluation for the metallic fuel rods, are as follows:

" Normal Operations (2 meters | Hypothetical Accident (1 meter
from personnel barrier) from cask surface)
Neutron 0.025 mrem/hr 0.037 mrem/hr
Secondary Gamma 0.000 : 0.001
Primary Gamma 1.309 6.169
Total 1.334 mrem/hr 6.207 mrem/hr

The metallic fuel rod dose rates for normal operations and hypothetical accident conditions are
17 and 6 percent of the PWR dose rates, respectively. These values are less than the regulatory
limits; therefore, the metallic fuel rods are adequately shielded during transportation.

. NAC International 5.3.31
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Figure 5.3.3-1 Three-Dimensional Radial Model
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Figure 5.3.3-2 End-Fitting Model with Fuel
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Figure 5.3.3-3 Lead Slump Accident —- PWR Top End-Fitting
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‘. Figure 5.3.3-4 Lead Slump Accident —- PWR Bottom End-Fitting
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Figure 5.3.3-5 Lead Slump Accident - BWR Bottom End-Fitting
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Figure 5.3.3-6 One-Dimensional Radial Calculational Model
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Table 5.3.3-1 Source Material Compositions
QAD-CG
Element U o
Density, g/cc 2.759 0.370
Density, atoms/bam-cm 6.98E-3 1.39E-2
XSDRNPM
Isotope a5y a8y 160 Zr
Density, g/cc 0.1021 2,657 0.370 0.6344
Density, atoms/barn-cm 2.62E4 6.73E4 1.39E-2 4 18E-3
Table 5.3.3-2 Shield Material Densities and Compositions
QAD-CG XSDRNPM
Material Element (g/cc) (atom/barn-cm)
Aluminum AL 2.7 6.026E-2
Stainless Steel Fe 5.618 6.026E-2
Cr 1.445 1.67E-2
Ni 0.963 9.88E-3
Lead Pb 11.35 3.29E-2
Neutron Shield H 0.1046 5.73E-2
o 0.8373 3.15E-2
B 0.00184 1.108E-4
NAC international 53.3-8
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534 MTR Fuel Conﬁguration

A maximum of 42 MTR fuel assemblies have been analyzed for transport in the LWT cask. This
configuration consists of up to seven fuel assemblies placed radially in each of the six axial fuel
basket modules. Two alternate configurations of MTR fuel assembly loading provide for loads
of 35 assemblies in five basket modules or 28 assemblies in four basket modules.

LEU and MEU fuel is evaluated for a uniform loading of 30 W per fuel position, resulting in a
basket module maximum of 210 W (or 1.26 kW per cask). To allow flexibility in loading either
high burnup or short cooled HEU fuel, three possible fuel loading configurations are evaluated.
The configurations are based on limiting the total heat load (and corresponding gamma/neutron
source) in each basket module to a maximuin of 210 W (1.26 kW per cask). Configuration 1 is
the loading of three assemblies, having thermal outputs of 120, 70 and 20 w;tts, in close
proximity, with the 120 W assembly occupying the center cell. Configuration 2 is the uniform

~ loading of 7 MTR assemblies, each having a decay heat of 30 W. Configuration 3 has three

assemblies in line across the center of the basket, as required by the loading procedure, with a
maximum of 70 watts per assembly. These configurations are shown in Figure 5.3.4-1.

The shielding analysis evaluated all three MTR fuel types for variable burnup considering
uniform basket loading for LEU and MEU fuel and the configurations above for HEU fuel. HEU
fuel provides the limiting dose rates>and, therefore, only the HEU results are discussed in detail.
A comparison of dose rates at 2 meters from the transport vehicle is shown in Figure 5.3.4-3 for
various LEU, MEU and HEU payloads. This figure demonstrates that HEU fuel bounds the LEU
and MEU payloads. As discussed below, the HEU loading patterns produce significantly higher
dose rates than those documented in Figure 5.3.4-3 for the uniform 30 W loading.

In order to present the limiting MTR dose rates, NAC performed a parametric study in which
each of these configurations were examined using the SCALE 4.3 (ORNL,1995) SAS4 (Tang,

1995) computer code for shielding analysis and SAS2H (Herman, 1995) for source terms. The
SAS4 sequence incorporates a FORTRAN coding modification that permits the determination of

dose rate profiles along the axial and radial surfaces. This study established Configuration 1 as
the bounding conﬁguration,.with respect to axial and radial dose rates. In the case of the radial
evaluation, Configuration 1 is clearly limiting based on the concentrated source term. The axial
evaluation concluded that Configurations 1 and 3 are statistically similar and bound
Configuration 2. Configuration 1 is selected as the limiting MTR preferential loading
configuration and is the load bases for the shielding analysis.

NAC International 5.3.41
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The MTR fuel assembly consists of plates held in a parallel arrangement by thick aluminum »
slotted side plates. The number of fuel plates range from 17 to 23 per assembly, and the analysis
assumed the maximum 23 plate value for each of the three MTR fuel types.

The design basis MTR fuel assemblies were constructed using typical MTR parameters. The
physical characteristics of the analyzed LEU, MEU and HEU fuel assemblies are shown in Table
5.3.4-1. The fueled section of the assembly consists of 23 plates of 0.050-inch thickness and two
side plates 0.187-inch thick, which do not contain fuel. The fuel core of each fuel plate is a
cermet of aluminum and U-Al, which is 0.020-inch thick. The 6061 aluminum cladding has a
minimum thickness of 0.015-inch. The HEU fresh fuel load analyzed consists of either 380
grams or 460 grams of 2°U per assembly 90% enriched. The initial enrichment is used to
encompass other HEU MTR fuel types. ‘ '

The SAS2H s:equence was used to determine the gamma and neutron source terms and decay
heat loads for the evaluated MTR fuel assembly loading configurations. The SAS2H sequence
includes the ORIGEN-S code and a 1D XSDRNPM model of the fuel assembly. ORIGEN-S
performs fuel assembly depletion at specified operating conditions and calculates heat
generation, gamma and neutron spectra for a given discharge isdtopic composition as a function
of out of reactor time (cooling time). The 1D model of the fuel assembly is used to collapse the
27 group neutron cross-section library (27GROUPNDF4) into three broad energy groups for the
depletion calculation. The 1D model is based on an equivalent area representation of the
fuel/moderator cell and surrounding structural regions. Average power is based on reactor
maximum power divided by the number of assemblies in the core.

For the HEU fuel, separate analyses were performed for 25U loadings of 380 grams and 460
grams. For the 380 gram 25U loading, the maximum allowable burnup was 660,000
MWdJ/MTU. For the 460 gram 25U loading, dose rates exceeding 10 CFR 71 limits were
calculated at 660,000 MWd/MTU, so the bUmup was limited to 577,500 MWd/MTU.
Calculated dose rates are higher for the 380 gram 2°U loading at 660,000 MWd/MTU.

For the bounding HEU fuel with 380 grams 23, a series of 10 cases was run in which

burmup was varied from a minimum of 82,500 MWd/MTU to a maximum of 660,000
MWdJ/MTU. Cooling times were considered from 30 days to 6.0 years. Because the cask is
loaded based on the decay heat limits, no single design basis fuel assembly or loading
configuration exists. Design basis photon and neutron source terms for MTR assemblies with
decay heats loads of 20, 30, 70 and 120 watts are determined for the 660,000 MWd/MTU burnup
case, which was bounding.' The SAS2H results from these cases are used for the deéign basis
photon and neutron source terms and are summarized in Table 5.3.4-2 and Table 5.3.4-3 for 380
grams 25U and Table 5.3.4-4 and Table 5.3.4-5 for 460 grams 2*°U." The material densities used

NAC international : . 5.3.4-2
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in the analysis are summarized in Table 5.3.4-8. Minimum cool time curves for the various
MTR fuel and loading configurations are shown in Section 7.1.5.

MTR elements may contain a small amount of cadmium (maximum 100 grams Cd) in the form of
nonfuel hardware. Table 5.3.4-6 and Table 5.3.4-7 contain comparisdns of the cadmium light
element gamma source compared to the U-Al fuel material gamma source. The light element
source is produced during the SAS2H depletion analysis and applies 100% of the element flux
levels. Included for comparison are HEU (460 gram) and LEU (640 gram) fuel types at the
maximum allowed burnup (i.e., maximum activation) and cool times required to meet 30 watts
(uniform heat load limit per element). Also shown are conservative comparisons of the design
basis 30-watt fuel source to a 90-day-cooled Cd source. As shown in the comparison tables, the

~ cadmium source js not si gnificant to NAC-LWT cask shielding evaluations. The hardware gammé ’
source of the ¢cadmium represents less than 0.1% of the fuel garhma source at the required
*_minimum cool time and less than 2% at the conservative 90¥day-cooled Cd source. As the majority
of the Cd source is at energy lines less than 0.5 MeV and does not penetrate the NAC-LWT cask
shields, the actual effect on dose rates is even smaller than that indicated by the difference in total
source magnitude. '

Based on the MTR source term calculation, the (alpha, n) reactions in 2T Al and 8Si are included
in the MTR neutron source term. The (alpha, n) reactions in 27Al and 2Si increase the neutron
source term'by a factor of ~2.9. Consequently, a factor of 2.9 is applied to the MTR neutron
source terms. '

The SAS4 (Tang) sequence is used to calculate the dose rates at all points of interest. In this
sequence, a 1D adjoint XSDRNPM model generates biasing parameters for a 3D MORSE Monte
Carlo model of the NAC-LWT cask with the MTR fuel. SAS4 requires model symmetry about
the active fuel midplane (midplane of the six basket modules in this case). A 3D Monte Carlo
model is developed for the upper half of the cask. This model bounds the results for a lower half
model as the cask has more shielding in the axial direction at the bottom end. The upper half
model is shown in Figure 5.3.4-2. The model assumes that the fuel is at the highest point in the
basket module, that the fuel is loaded in the same way axially in all of the modules, and it ignores
the presence of the impact limiters. Detectors are placed at three radial locations of interest.
These locations are: 1) cask surface; 2) one meter from the cask surface; and 3) at two meters

from the edge of the cask conveyance.

5.3.4.1 Shielding Evaluation for MTR Fuel

This section presents the shielding analyses for normal conditions of transport, illustrates
- compliance with 10 CFR Part 71. In normal transport, the dose rate limits are: ‘

NAC International - 5.3.4-3
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e The dose rate on the surface of the package is less than 200 mrem/hr, except thzit v
localized dose rates up to 1000 mrem/hr are allowed if it is shown that the dose rate
on the surface of the ISO enclosure is less than 200 mrem/hr.

e At 2 meters from the edge of the transport vehicle the dose rate is limited to 10
mrem/hr. '

e The truck cab (defined as a point 5 meters from the NAC-LWT lid) dose rate is
limited to 2 mrem/hr.

The dose rates for the bounding loading configuration (Configuration 1) are shown in Table
5.3.4-9, Table 5.3.4-10 and Table 5.3.4-11 for the cask surface, plane of conveyance, and at 2
meters from the edge of the conveyance, respectively. These dose rates are well below the
regulatory limits. The dose rates at 1 meter from the cask surface are presented in Table
5.3.4-12, where the maximum dose rate defines the Transport Index (TT) for the cask.

The axial surface and the 5 meter (back of tractor cab) dose rates are shown in Table 5.3.4-13 and
Table 5.3.4-14. Shielding provided by the impact limiter is conservatively neglected. The axial
dose rates at the bottom of the cask are conservatively assumed to be equal to the dose rates
reported at the top.

This evaluation shows that the NAC-LWT cask, with up to 42 MTR fuel assemblies, meets the
shielding requirements of 10 CFR 71, 49 CFR 173, and IAEA Transportation Safety Standards
(TS-R-1). _

5.34.2  Accident Conditions of Transport

This section presents the accident condition shielding analyses. Under accident conditions, the
NRC limits the package dose rate to 1000 mrem/hr at 1 meter off the package surface. The only
accident condition examined in this section is the loss of the LWT liquid neutron shield.

This analysis examines Configuration 1 consistent with the limiting configuration analysis for
normal conditions of transport presented in Section 5.3.4. The accident condition source terms are

identical to the normal condition source terms. The accident condition results are presented in
Table 5.3.4-15.
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Figure 5.3.4-1 MTR Fuel Evaluated Configurations
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Figure 5.3.4-2 SAS4 Shielding Model for the MTR Fuel Basket in the NAC-LWT
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Figure 5.3.4-3 Dose Rates 2 Meters from Transport Vehicle (30 W Uniform Loading)

70

Dose Rate [mrem/hr]
v )
o n

>
w

—e—HEU - 380 gram U-235

PR I g gD -~ HEU - 460 gram U-235 | -
~&- MEU - 380 gram U-235
35k oo . —8-1EU-470 gram U-235 | _
~+—LEU - 640 gram U-235
3.0 T T T T -
0 50 100 150 200 250 300

Axisl Distance from Cask Midplane jem]

NAC International 5.3.4-7



NAC-LWT Cask SAR

November 2007
Revision 38
Table 5.3.4-1 Design Basis MTR Fuel Assembly Characteristics
Fuel Parameters Units HEU MEU LEU
Element Width fcm] 7.6 7.6 7.6
Element Depth fcm] 8.0 8.0 8.0
Side Plate Thickness [cm] 0.475 0.475 0.475
Side Plate Depth fcm] 7.5 7.5 75
Number of Plates 23 23 23
Plate Thickness [cm] 0.127 0.127 0.127
Active Fuel Length [cm] 63 65 65
Active Fuel Width fcm] 6.35 6.35 6.35
Active Fuel Thickness [cm] 0.051 0.051 0.051
Cut End Length [cm] 0.7 0.7 0.7
Fuel Composition U-Al U-Al U-Al
Wt % 25U 90 40 19
Maximum 233U per Fuel Assembly (a] 3801 380 4702
Wt % U in Fuel Composition - 30 50 75

' HEU fuel was also analyzed at 460 grams of Z°U per fuel element.
2 LEU fuel was also analyzed at 640 grams of Z°U per fuel element.
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Table 5.3.4-2 MTR Fuel Element Gamma Source Terms by Thermal Output —
380 grams >°U
Burnup MTR Assembly Thermal Output

660,000 MWd/MTU | 20 Watts | 30 Watts | 70 Watts | 120 Watts
Eni Eow {2162 Days|1413 Days | 581 Days | 330 Days
Group| (Mev) | (Mev) | (g/sec) | (alsec) | (g/sec) | (g/sec)
10.00 | 8.00 | 1.63E+03 | 1.81E+03 [ 2.08E+03| 2.21E+03
8.00 | 6.50 | 7.69E+03 | 8.52E+03 | 9.79E+03 | 1.04E+04
6.50 | 5.00 | 3.92E+04 | 4.35E+04 | 4.99E+04 | 5.30E+04
500 [ 4.00 | 9.77E+04 | 1.08E+05 | 1.24E+05| 1.32E+05
400 | 3.00 | 3.30E+07 | 1.32E+08 | 6.24E+08 | 9.96E+08
3.00 | 2.50 | 2.81E+08 [ 1.17E+09 | 5.84E+09| 9.56E+09
250 | 2.00 | 2.45E+10 [ 1.47E+11 [1.09E+12| 2.00E+12
200 | 1.66 | 6.34E+09 | 2.33E+10 | 1.32E+11 | 2.34E+11
166 [ 1.33 [593E+11 | 1.19E+12 | 3.01E+12| 4.20E+12
1.33 | 1.00 [ 1.87E+12 | 2.75E+12 | 5.21E+12| 6.81E+12
1.00 | 0.80 [ 8.36E+12| 1.61E+13 |347E+13[ 4.42E+13
080 | 0.60 |4.21E+13 | 6.14E+13 [1.14E+14| 2.15E+14
060 | 040 | 1.70E+13 | 3.41E+13 | 7.83E+13}| 1.04E+14
040 | 0.30 | 9.48E+11 | 1.71E+12 [7.11E+12]| 1.23E+13
030 | 0.20 | 1.42E+12 | 247E+12 {9.38E+12| 1.62E+13
0.20 | 0.10 | 5.22E+12 [ 9.84E+12 |4.12E+13| 7.19E+13
0.10 | 0.05 | 6.33E+12 | 1.09E+13 |4.07E+13| 7.00E+13
0.05 | 0.01 | 2.19E+13 [ 3.60E+13 | 1.26E+14 | 2.15E+14
Total - ~ | 1.06E+14 | 1.77E+14 | 4.60E+14 | 7.61E+14

a23az|as]2|a]o]|=|~|o|w|s|wn]~
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Table 5.3.4-3

MTR Fuel Element Neutron Source Terms by Thermal Qutput —
380 grams B5y

Burnup

660,000 MWd/MTU

MTR Assembly Thermal Output

20 Watts

30 Watts

70 Watts

120 Watts

Group

En
(Mev)

Eiow
(Mev)

2162 Days
(n/sec)

1413 Days
(n/sec)

581 Days
(n/sec)

330Days
(n/sec)

1

2.00E+01

6.43E+00

5.42E+04

6.06E+04

7.06E+04

7.52E+04

6.43E+00

3.00E+00

6.26E+05

6.98E+05

8.12E+05

8.67E+05

3.00E+00

1.85E+00

7.11E+05

7.90E+05

9.14E+05

8.74E+05

1.85E+00

1.40E+00

3.92E+05

4.37E+05

5.07E+05

5.39E+05

[1.40E+00

9.00E-01

5.25E+05

5.86E+05

6.81E+05

7.24E+05

9.00E-01

4.00E-01

5.69E+05

6.36E+05

7.40E+05

7.87E+05

4.00E-01

1.00E-01

1.11E+05

1.24E+05

1.45E+05

1.54E+05

1.00E-01

1.70E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

W o|i~N|lO|ln|A~]|W]|N

1.70E-02

3.00E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

—
o

3.00E-03

5.50E-04

0.00E+00

0.00E+00

0.00E+00

0.00E+00

-—
—

5.50E-04

1.00E-04

0.00E+00

0.00E+00

0.00E+00

0.00E+00

—
N

1.00E-04

3.00E-05

0.00E+Q0

0.00E+00

0.00E+00

0.00E+00

—
L

3.00E-05

1.00E-05

0.00E+00

0.00E+00

0.00E+00

0.00E+00

-—
E-N

1.00E-05

3.05E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

—
(4]

3.05E-06

1.77E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

pry
()]

1.77E-06

1.30E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

-
N

1.30E-06

1.13E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

-
oo

1.13E-06

1.00E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

—
w

1.00E-06

8.00E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

nNo
o

8.00E-07

4.00E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
—

4.00E-07

3.25E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
N

3.25E-07

2.25E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
[9%]

2.25E-07

1.00E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
N

1.00E-07

5.00E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
(4]

5.00E-08

3.00E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
D

3.00E-08

1.00E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Ny
~

1.00E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Total

NAC International

2.99E+06

5.3.4-10

3.33E+06

3.87E+06

4.12E+06



NAC-LWT Cask SAR November 2007.
Revision 38
Table 5.3.4-4 - MTR Fuel Element Gamma Source Terms by Thermal Qutput -
460 grams 2°U
Burnup MTR Assembly Thermal Output
577,500 MWd/MTU | 20 Watts | 30 Watts | 70 Watts | 120 Watts
Eni Eow |2247 Days|1467 Days| 602 Days | 341 Days
Group | (Mev) | (Mev) | (a/sec) | (a/sec) | (a/sec) | (a/sec)
1 | 1000 | 800 |1.07E+03 | 1.16E+03 [ 1.31E+03 | 1.40E+03
2 8.00 | 6.50 |5.02E+03 | 5.48E+03 |6.18E+03| 6.59E+03
3 6.50 | 5.00 | 256E+04 | 2.80E+04 |3.15E+04 | 3.36E+04
4 500 | 4.00 | 6.38E+04 | 6.97E+04 | 7.86E+04 | 8.38E+04
5 400 | 3.00 |2.70E+07 | 1.15E+08 | 5.77E+08 | 9.39E+08
6 3.00 | 250 |2.33E+08 | 1.02E+09 | 5.47E+09| 9.13E+09
7 250 | 2.00 | 2.08E+10 | 1.34E+11 [1.08E+12| 2.03E+12
8 200 | 1.66 |5.73E+09 | 2.12E+10 | 1.27E+11| 2.30E+11
8 166 | 1.33 | 549E+11 | 1.12E+12 | 2.93E+12| 4.14E+12
10 133 | 1.00 | 1.86E+12 | 2.73E+12 | 5.18E+12| 6.81E+12
" 100 | 0.80 |7.73E+12 | 1.52E+13 | 3.37E+13 | 4.34E+13
12 | 080 | 0.60 |4.20E+13 | 6.08E+13 | 1.12E+14 | 2.09E+14
13 | 060 | 040 | 1.56E+13 | 3.21E+13 | 7.58E+13| 1.02E+14
14 | 040 | 030 |9.39e+11 | 1.68E+12 | 7.05E+12| 1.24E+13
15 | 030 | 020 | 1.46E+12 | 2.44E+12 |9.31E+12| 1.63E+13
16 | 020 | 0.10 |5.34E+12 | 9.69E+12 |4.10E+13| 7.28E+13
17 | 010 | 0.05 | 6.58E+12 | 1.09E+13 |4.07E+13| 7.09E+13
18 | 0.05 | 0.01 | 2.26E+13 | 3.60E+13 | 1.26E+14 | 2.17E+14
Total - -~ | 1.05E+14 | 1.73E+14 | 4.55E+14 | 7.56E+14

NAC International
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Table 5.3.4-5

MTR Fuel Element Neutron Source Terms by Thermal Output —
460 grams 35y

Burnup

577,500 MWd/MTU

MTR Assembly Thermal Output

20 Watts

30 Watts

70 Watts

120 Watts

Group

En
(Mev)

Eiow
(Mev)

2247 Days
(n/sec)

1467 Days
{nisec)

602 Days
(n/sec)

341 Days
(ni/sec)

1

2.00E+01

6.43E+00

3.49E+04

3.83E+04

4.33E+04

4.61E+04

6.43e+00

3.00E+00

4.12E+05

4.50E+05

5.09E+05

5.46E+05

3.00E+00

1.85E+00

4.83E+05

5.24E+05

5.89E+05

6.29E+05

1.85E+00

1.40E+00

2.59E+05

2.83E+05

3.19E+05

3.38E+05

1.40E+00

5.00E-01

3.42E+05

3.74E+05

4,22E+05

4.48E+05

9.00E-01

4.00E-01

3.68E+05

4.03E+05

4.55E+05

4 84E+05

4.00E-01

1.00E-01

7.19E+04

7.87E+04

8.90E+04

9.47E+04

1.00E-01

1.70E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

W | NN |~|W|N

1.70E-02

3.00E-03

0.00E+00

0.00E+00

0.00E+00

0.00E+00

-
o

3.00E-03

5.50E-04

0.00E+00

0.00E+00

0.00E+00

0.00E+00

—
—

5.50E-04

1.00E-04

0.00E+00

0.00E+00

0.00E+00

0.00E+00

—_
N

1.00E-04

3.00E-05

0.00E+00

0.00E+00

0.00E+00

0.00E+00

S
w

3.00E-05

1.00E-05

0.00E+00

0.00E+00

0.00E+00

0.00E+00

—
>

1.00E-05

3.05E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

S
(3]

3.05E-06

1.77E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

S
»

1.77E-06

1.30E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

—
-~J

1.30E-06

1.13E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

-
o

1.13E-06

1.00E-06

0.00E+00

0.00E+00

0.00E+00

0.00E+00

—
({4

1.00E-06 1

8.00E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
o

8.00E-07

4.00E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
-—

4.00E-07

3.25E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
N

3.25E-07

2.25E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
w

2.25E-07

1.00E-07

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
o

1.00E-07

5.00E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
[,]

5.00E-08

3.00E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
[=2]

3.00E-08

1.00E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

N
~J

1.00E-08

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Total

NAC International

1.97E+06

5.3.4-12

2.15E+06

2.43E+06

2.58E+06
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‘. Table 5.3.4-6 LEU MTR Hardware Source to Fuel Source Comparison
834 Cd at 834
, days days Cd Source | Cdat90days | Cd Source
Eni Eiow Fuel 100 g Cd % of Fuel 100 g Cd % of Fuel
Group | (Mev) (Mev) | (y/sec) (y/sec) Gamma (y/sec) Gamma

1 10.00 8.00 6.30E+02 0.00E+00 0.0% 0.00E+00 0.0%

2 8.00 6.50 2.97E+03 0.00E+00 0.0% 0.00E+00 0.0%

3 6.50 5.00 1.51E+04 0.00E+00 0.0% 0.00E+00 0.0%

4 5.00 4.00 3.78E+04 0.00E+00 0.0% 0.00E+00 0.0%

5 4.00 3.00 2.57E+08 4.49E-18 0.0% 1.80E-15 0.0%

6 3.00 2.50 2.16E+09 3.23E+00 0.0% 2.55E+01 0.0%

7 2.50 200 1.72E+11 1.19E+03 0.0% 9.38E+03 0.0%

8 2.00 1.66 3.60E+10 5.80E+04 0.0% 5.04E+05 0.0%

9 1.66 1.33 8.12E+11 7.57E+07 0.0% 6.35E+08 0.1%

10 1.33 1.00 2.68E+12 8.65E+05 0.0% 2.07E+09 0.1%

11 1.00 0.80 9.90E+12 2.11E+08 0.0% 5.66E+09 0.1%

12 0.80 0.60 6.14E+13 2.87E+08 0.0% 3.49E+09 0.0%

13 . 0.60 0.40 2.21E+13 2.13E+07 0.0% 3.12E+09 0.0%

14 0.40 0.30 2.36E+12 | 2.19E+08 0.0% 3.55E+09 0.2%

15 0.30 0.20 3.34E+12 | 8.06E+08 0.0% 5.78E+09 0.2%

16 0.20 0.10 1.27E+13 4.57E+09 0.0% 2.32E+10 0.2%
‘. 17 0.10 0.05 145E+13 |~ 1.47E+10 0.1% 3.88E+10 0.3%
18 0.05 0.01 4.76E+13 5.52E+10 0.1% 1.65E+11 0.3%
Total - - 1.78E+14 7.31E+10 0.0% 2.51E+11 0.1%

NAC International 5.3.413
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Table 5.3.4-7 HEU MTR Hardware Source to Fuel Comparison
Cd at
1467 days | 1467days Cd Source | Cd at 90 days | Cd Source
En Eiow Fuel 100 g Cd % of Fuel 100 g Cd % of Fuel
Group (Mev) | (Mev) | (y/sec) (y/sec) Gamma (y/sec) Gamma
1 10.00 8.00 1.16E403 0.00E+00 0.0% 0.00E+00 0.0%
2 8.00 6.50 5.48E+03 0.00E+00 0.0% 0.00E+00 0.0%
3 6.50 5.00 2.80E+04 0.60E+00 0.0% 0.00E+00 0.0%
4 5.00 4.00 6.97E+04 0.00E+00 0.0% 0.00E+00 0.0%
5 4.00 3.00 1.15E+08 8.77E-15 0.0% 1.14E-13 0.0%
6 3.00 2.50 1.02E+09 2.69E+00 0.0% 1.23E+02 0.0%
7 2.50 2.00 1.34E+11 9.89E+02 0.0% 4.52E+04 0.0%
8 2.00 1.66 2.12E+10 4.82E+04 0.0% 2.49E+06 0.0%
9 1.68 1.33 1.12E+12 6.30E+07 0.0% 3.66E+09 0.3%
10 1.33 1.00 2.73E+12 7.02E+05 0.0% 4.30E+10 1.6%
11 1.00 0.80 1.52E+13 1.75E+08 0.0% 9.22E+10 0.6%
12 0.80 0.60 6.08E+13 _ 2.38E+08 0.0% 2.76E+10 0.0%
13 0.60 0.40 3.21E+13 4.54E+07 0.0% 5.33E+10 0.2%
14 0.40 0.30 1.68E+12 5.87E+08 0.0% 6.72E+10 4.0%
15 0.30 0.20 244E+12 2.16E+09 0.1% 1.01E+11 4.2%
16 0.20 0.10 9.69E+12 1.23E+10 0.1% 3.51E+11 3.6%
17 0.10 0.05 1.09E+13 3.01E+10 0.3% 5.20E+11 4.8%
18 0.05 0.01 3.60E+13 1.33E+11 0.4% 1.75E+12 4.9%
Total - - 1.73E+14 1.79E+11 0.1% 3.01<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>