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U. S. Nuclear Regulatory Commission
Attn: Document Control Desk
One White Flint North
11555 Rockville Pike
Rockville, MD 20852

Subject: Revision 3 to Transnuclear, Inc. (TN) Application for Revision 3 to Certificate of
Compliance No. 9302 for the Model No. NUHOMS®-MP197 Packaging -
Response to Request for Supplemental Information
(Docket No. 71-9302, TAC No. L24336)

Reference: Letter from Eric Benner (NRC) to Donis Shaw (TN), "APPLICATION FOR
REVISION TO CERTIFICATE OF COMPLIANCE NO. 9302 FOR THE MODEL
NO. NUHOMS®-MP197 PACKAGING, DOCKET NO. 71-9302 -

SUPPLEMENTAL INFORMATION NEEDED," June 17, 2010

This submittal provides responses to the request for supplemental information (RSI) forwarded by
the referenced letter. Enclosures 1 and 15 herein provide each of the NRC staff RSI items and
Observations followed by a TN response, in a proprietary and a non-proprietary version,
respectively. Enclosures 5 and 7 provide changed safety analysis report (SAR) pages and
drawings, for the proprietary and non-proprietary versions, respectively. In the SAR, changed pages
are annotated as Revision 8, with changed areas indicated by italicized text and revision bars.
Enclosure 3 provides a list of changed SAR pages and drawings with the reasons for changes
indicated. For pages which were changed for multiple reasons, TN believes that changes which
apply to each reason listed on Enclosure 3 are evident. Instructions for SAR page and drawing
removal and insertion are provided in Enclosures 4 and 6, for the proprietary and non-proprietary
versions, respectively.

In addition to changes related to the RSI, Enclosure 2 describes items which also caused changes
to the SAR included in this submittal. Those changes are also indicated by italicized text and
revision bars.

Enclosures 9 through 14 are discussed within RSI responses.

This submittal includes proprietary information which may not be used for any purpose other than to
support your staff's review of the application. In accordance with 10 CFR 2.390, I am providing an
affidavit (Enclosure 8) specifically requesting that you withhold this proprietary information from
public disclosure. This submittal also includes security-related information. Accordingly, public
versions of SAR drawings are provided as part of Enclosure 7. Because Enclosure 10 consists of
computer files that are entirely proprietary, public versions are not provided.

Should the NRC staff require additional information to support review of this application, please
do not hesitate to contact Donis Shaw at 410-910-6878 or me at 410-910-6881.

7135 Minstrel Way, Suite 300, Columbia, MD 21045
Phone: 410-910-6900 * Fax: 410-910-6902
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Sincerely,

Jayant Bondre, PhD
Vice President - Engineering

cc: Christopher Staab (NRC SFST), as follows:

* six copies of this cover letter and Enclosures 1, 2, 3, 4, 5, 8, 9, 11, 12, 13, and 14

* one copy of Enclosure 10

Enclosures:

1. RSIs, Observations, and Responses (proprietary version)
2. Additional Items, Not Related to the RSI, Which Caused SAR Changes
3. List of Changed SAR Pages and Drawings, with Indication of the Reasons for

Changes
4. Page and Drawing Change Instructions for the NUHOMS®-MP1 97 Safety Analysis

Report Pages, Revision 8 (Proprietary version)
5. Replacement and New NUHOMSO-MP1 97 Safety Analysis Report Pages and

Drawings, Revision 8 (for the Proprietary version)
6. Page and Drawing Change Instructions for the NUHOMS®-MP1 97 Safety Analysis

Report Pages, Revision 8 (Non-proprietary version)
7. Replacement and New NUHOMS®-MP1 97 Safety Analysis Report Pages and

Drawings, Revision 8 (for the Non-proprietary version)
8. Affidavit Pursuant to 10 CFR 2.390
9. Listing of Disk Numbering and Contents for Computer Files
10. Computer Files Associated with Structural RSI No. 1 and Structural RSI No. 2

(proprietary)
11. A. Tsilanizara et al., "DARWIN : an Evolution Code System for a Large Range of

Applications," ICRS-9, Tsukuba, Japan, October, 1999 (associated with Criticality
RSI No. 1)

12. R. Sanchez et al., "APOLLO2: a User-oriented, Portable, Modular Code for
Multigroup Transport Calculations," ANS International Topical Meeting on Advances
in Reactor Physics, Mathematics and Computations, Paris, France, 1987 (associated
with Criticality RSI No. 1)

13. R. Sanchez, A. Herbert, Z. Stankovsky, M. Coste, S. Loubiere, C Van Der Gucht and
I. Zmijarevic, "APOLLO2 Twelve Years Later," Mathematics and Computation,
Reactor Physics and Environmental Analysis in Nuclear Applications, Madrid, Spain,
1999 (associated with Criticality RSI No. 1)

14. C. Chabert and A. Santamarina, "Qualification of the APOLLO2 assembly code using
PWR-U0 2 isotopic assays. The importance of irradiation history and thermo-
mechanics on fuel inventory prediction", Proceedings of the International Conference
- PHYSOR 2000, Pittsburgh, USA, 2000 (associated with Criticality RSI No. 1)

15. RSIs, Observations, and Responses (non-proprietary version)



Enclosure 2 to TN E-29580

Additional Items, Not Related to the RSI, Which Caused SAR Changes

Item Discussion SAR Areas AffectedNumber

1 Quality technical and editorial reviews of the SAR revealed Nearly all of the changed SAR pages
instances where changes are warranted involving spelling,
verb tense, punctuation, consistency, etc.

2 SAR Section A.7.7.4.2, Step 19, had read, in part, "If not, SAR Page A.7.7.4-5
repeat step 19." This is corrected to read, "If not, repeat
steps 18 and 19."

3 Non-proprietary versions of SAR pages A.2.13.11-18, 19, SAR Pages A.2.13.11-18, 19, and 20, for the non
and 20, Revision 6, are provided. They were inadvertently proprietary version of the SAR
omitted from the previous submittal.

4 In order to reduce the operational radiation dose, a change SAR Drawing NUH69BTH-71-1004, Revision 2 (located in
is made to the 69BTH DSC vent/drain size. SAR Section A.1.4.10.10)

5 For consistency with Transnuclears's CoC 1030 SAR Page A.8-7
Amendment 1 and CoC 1004 Amendment 11 ongoing
licensing actions, SAR Sections A.8.1.7.1 and A.8.1.7.2
are changed regarding neutron absorber tests.
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Enclosure 3 to E-29580
List of Changed SAR Pages and Drawings, with Indication of the Reasons for Changes

Reason for Change Page #

Updated revision number cover page

Updated TOC Appendix A Master Table of Contents page 8
Updated TOC Appendix A Master Table of Contents page 10
Updated TOC Appendix A Master Table of Contents page 14
Additional item 1 Appendix A Master Table of Contents page 15

Shielding Observation-3 A.1.4.3-3
Shielding Observation-3 A.1.4.3-5
Shielding Observation-3 A.1.4.3-6
Shielding Observation-3 A. 1.4.3-10
Shielding Observation-3 A.1.4.8-3
Shielding Observation-3 A.1.4.8-5
Shielding Observation-3 A.1.4.8-6
Shielding Observation-3 A.1.4.8-12
Shielding Observation-3 A.1.4.8-13
Structural RSI-1 A. 1.4.10-1
Structural RSI-1 A.1.4.10-6

SAR drawing MP197HB-71-1002 Rev. 2
Structural RSI-1 sheets 1 through 2

SAR drawing MP197HB-71-1004 Rev. 2
Structural RSI-1 sheet 1

SAR drawing NUH69BTH-71-1004 Rev. 2
Additional Item 4 sheets 1 through 6

Structural RSI-2 A.2-2
Structural RSI-2 A.2-33
Structural RSI-2 A.2-42
Structural RSI-2 A.2-49

Structural RSI-2 A.2.13.2-1
Shifted text A.2.13.2-2
Shifted text A.2.13.2-3

Updated TOC A.2.13.1 1-ii
Structural RSI-1 A.2.13.11-8
Structural RSI-1 A.2.13.11-9
Structural RSI-1 A.2.13.11-13
Structural RSI-1 A.2.13.11-65
Structural RSI-1 A.2.13.11-66
Structural RSI-1 A.2.13.11-67
Structural RSI-1 A.2.13.11-68

Updated TOC A.2.13.14-i
Structural RSI-2 A.2.13.14-1
Structural RSI-2 A.2.13.14-2
Structural RSI-2 A.2.13.14-3
Structural RSI-2 A.2.13.14-4
Structural RSI-2 A.2.13.14-5
Structural RSI-2 A.2.13.14-6
Structural RSI-2 A.2.13.14-7
Structural RSI-2 A.2.13.14-8
Structural RSI-2 A.2.13.14-9
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Enclosure 3 to E-29580
List of Changed SAR Pages and Drawings, with Indication of the Reasons for Changes

Reason for Change Page #
Structural RSI-2 A.2.13.14-10
Structural RSI-2 A.2.13.14-11
Structural RSI-2 A.2.13.14-12
Structural RSI-2 A.2.13.14-13
Structural RSI-2 A.2.13.14-14
Structural RSI-2 A.2.13.14-15
Structural RSI-2 A.2.13.14-16
Structural RSI-2 A.2.13.14-17
Structural RSI-2 A.2.13.14-18
Structural RSI-2 A.2.13.14-19
Structural RSI-2 A.2.13.14-20
Structural RSI-2 A.2.13.14-21
Structural RSI-2 A.2.13.14-22
Structural RSI-2 A.2.13.14-23
Structural RSI-2 A.2.13.14-24
Structural RSI-2 A.2.13.14-25

Updated TOC A.5-i
Updated TOC A.5-ii
Shielding RSI-3 A.5-3
Shielding Observation-3 A.5-4
Shielding RSI-1 A.5-4a
Shielding RSI-1 A.5-4b
Shifted text, Additional Item 1 A.5-4c
Shifted text, Additional Item 1 A.5-4d
Shielding RSI-1 A.5-7
Shifted text A.5-7a
Shielding RSI-3 A.5-12
Shielding RSI-3 A.5-26
Shifted text, Additional Item I A.5-26a
Shielding RSI-1 A.5-34a
Shielding RSI-1 A.5-34b
Shielding RSI-1 A.5-34c
Shifted text A.5-34d
Shifted text A.5-34e
Observation-A.7, A.8 A.5-105a
Shielding RSI-1 A.5-106
Shielding RSI-1 A.5-106a
Shielding RSI-lObservation-2 A.5-106b
Shielding RSI-1 Observation-2 A.5-108
Shielding RSI-1 A.5-133d
Shielding RSI-1 A.5-133e

Criticality RSI-1 A.6-14
Criticality RSI-1 A.6-15
Shifted text A.6-15a
Additional Item 1 A.6-31
Criticality RSI-1 A.6-31 a

Updated TOC A.7-i
Observation-A.7 A.7-1
Shifted text, Additional Item 1 A.7-1a
Structural RSI-1, 2 A.7-4
Structural RSI-1, 2 A.7-5
Structural RSI-1, 2 A.7-8
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Enclosure 3 to E-29580
List of Changed SAR Pages and Drawings, with Indication of the Reasons for Changes

Reason for Change Page #
Structural RSI-1, 2 A.7-9
Structural RSI-1, 2 A.7-20
Shifted text A.7-21

Observation-A.7, A.8 A.7.7.1-1
Shifted text A.7.7.1 -1 a
Observation-A.7, A.8 A.7.7.2-1
Shifted text A.7.7.2-2
Additional Item 1 A.7.7.2-6
Additional Item 1 A.7.7.2-7
Observation-A.7, A.8 A.7.7.3-1
Observation-A.7, A.8 A.7.7.3-2
Observation-A.7, A.8 A.7.7.4-1
Shifted text A.7.7.4-2
Additional Item 2 A.7.7.4-5
Observation-A.7, A.8 A.7.7.5-1
Observation-A.7, A.8 A.7.7.5-2
Observation-A.7, A.8 A.7.7.6-1
Shifted text A.7.7.6-2
Observation-A.7, A.8 A.7.7.7-1
Shifted text A.7.7.7-1 a
Observation-A.7, A.8 A.7.7.8-1
Shifted text A.7.7.8-1a
Observation-A.7, A.8 A.7.7.9-1
Shifted text A.7.7.9-1 a
Observation-A.7, A.8 A.7.7.10-1
Shifted text A.7.7.10-1 a
Observation-A.7, A.8 A.8-5
Observation-A.7, A.8 A.8-6
Additional item 5 A.8-7

Ndditon-Poeare 3 A.2. 13.11-18
Additional Item 3 A.2.13.11-18
Additional Item 3 A.2.13.11-19
Additional Item 3 A.2.13.1 1-20
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Enclosure 6 to E-29580

Page and Drawing Change Instructions for the NUHOMS®-MP1 97 Safety Analysis Report, Revision 8
(Non-Proprietary Version)

Current Page Replacement Page # (Rev. 8, unless otherwise noted)

cover page cover page

Appendix A Master Table of Contents page 8 Appendix A Master Table of Contents page 8
Appendix A Master Table of Contents page 10 Appendix A Master Table of Contents page 10
Appendix A Master Table of Contents page 14 Appendix A Master Table of Contents page 14
Appendix A Master Table of Contents page 15 Appendix A Master Table of Contents page 15

A.1.4.3-3 A.1.4.3-3
A.1.4.3-5 A.1.4.3-5
A.1.4.3-6 A.1.4.3-6
A.1.4.3-10 A.1.4.3-10
A. 1.4.8-3 A. 1.4.8-3
A.1.4.8-5 A.1.4.8-5
A. 1.4.8-6 A. 1.4.8-6
A.1.4.8-12 A.1.4.8-12
A.1.4.8-13 A.1.4.8-13
A.1.4.10-1 A.1.4.10-1
A.1.4.10-6 A.1.4.10-6

SAR drawing MP197HB-71-1002 Rev. 1 SAR drawing MP197HB-71-1002 Rev. 2
sheets 1 through 2 sheets 1 through 2
SAR drawing MP197HB-71-1004 Rev. 1 SAR drawing MP197HB-71-1004 Rev. 2
sheet 1 sheet 1
SAR drawing NUH69BTH-71-1004 Rev. 1 SAR drawing NUH69BTH-71-1004 Rev. 2
sheets 1 through 6 sheets 1 through 6

A.2-2 A.2-2
A.2-33 A.2-33
A.2-42 A.2-42
A.2-49 A.2-49
A.2.13.2-1 A.2.13.2-1
A.2.13.2-2 A.2.13.2-2
A.2.13.2-3 A.2.13.2-3
none, insert after page A.2.13.11-i Rev. 7 A.2.13.11-18 Rev. 6
none A.2.13.11-19 Rev. 6
none, insert after page A.2.13.11-21 Rev. 7 A.2.13.11-20 Rev. 6
none (new page) A.2.13.11-65
none (new page) A.2.13.11-66
none (new page) A.2.13.11-67
none (new page) A.2.13.11-68
none (new page) A.2.13.14-i

A.5-i A.5-i
A.5-ii A.5-ii
A.5-3 A.5-3
A.5-4 A.5-4
A.5-4a A.5-4a
A.5-4b A.5-4b
A.5-4c A.5-4c
none (new page) A.5-4d
A.5-7 A.5-7
A.5-7a A.5-7a
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Enclosure 6 to E-29580
Page and Drawing Change Instructions for the NUHOMS®-MP197 Safety Analysis Report, Revision 8

(Non-Proprietary Version)

Current Page Replacement Page # (Rev. 8, unless otherwise noted)
A.5-12 A.5-12
A.5-26 A.5-26
none (new page) A.5-26a
A.5-33 A.5-33
A.5-34b A.5-34d
A.5-34c A.5-34e
none (new page) A.5-105a
A.5-106 A.5-106
A.5-106a A.5-106a
A.5-106b A.5-106b
A.5-108 A.5-108
A.5-133a A.5-133a

A.6-31 A.6-31
none (new page) A.6-31a

A.7-i A.7-i
A.7-1 A.7-1
none (new page) A.7-1a
A.7-4 A.7-4
A.7-5 A.7-5
A.7-8 A.7-8
A.7-9 A.7-9
A.7-20 A.7-20
A.7-21 A.7-21
A. 7.7.1-1 A.7.7.1-1
none (new page) A.7.7.1 -1 a
A.7.7.2-1 A.7.7.2-1
A.7.7.2-2 A.7.7.2-2
A.7.7.2-6 A.7.7.2-6
A.7.7.2-7 A.7.7.2-7
A.7.7.3-1 A.7.7.3-1
A.7.7.3-2 A.7.7.3-2
A.7.7.4-1 A.7.7.4-1
A.7.7.4-2 A.7.7.4-2
A.7.7.4-5 A.7.7.4-5
A.7.7.5-1 A.7.7.5-1
A.7.7.5-2 A.7.7.5-2
A.7.7.6-1 A.7.7.6-1
A.7.7.6-2 A.7.7.6-2
A.7.7.7-1 A.7.7.7-1
none (new page) A.7.7.7-1 a
A.7.7.8-1 A.7.7.8-1
none (new page) A. 7.7.8-1a
A.7.7.9-1 A.7.7.9-1
none (new page) A.7.7.9-1a
A.7.7.10-1 A. 7.7.10-1
none (new page) A.7.7.10-1a

A.8-5 A.8-5
A.8-6 A.8-6
A.8-7 A.8-7
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Enclosure 7 to TN E-29580

Replacement and New NUHOMS®-MP197 Safety Analysis
Report Pages and Drawings, Revision 8 (for the Non-

proprietary version)



NON-PROPRIETARY

A
AREVA

TRANSNUCLEAR INC.

NUHOMS®-MP197 TRANSPORT PACKAGING
SAFETY ANALYSIS REPORT

Revision 8

TRANSNUCLEAR INC.

7135 Minstrel Way - Suite 300 - Columbia, MD 21045



MP197 Transportation Packaging Safety Analysis Report Rev. 8, 0 7/10 
1

A .2.13.12.12 References ........................................................................................................ A .2.13.12-27

Appendix A.2.13.13

A .2.13.13.1 Introduction ........................................................................................................ A .2.13.13-1
A .2.13.13.2 References .......................................................................................................... A .2.13.13-2

Appendix A.2.13.14

A. 2.13.14.1 Finite Element M odel ......................................................................................... A.2.13.14-2
A.2.13.14.2 Boundary and Initial Conditions ....................................................................... A.2.13.14-5
A.2.13.14.3 Results ................................................................................................................ A.2.13.14-6
A.2.13.14.4 Conclusion ......................................................................................................... A.2.13.14-7
A.2.13.14.5 References ......................................................................................................... A.2.13.14-8
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1

Chapter A.5

A.5.1 Discussion and Results ................................................................................................ A.5-I
A.5.1.1 NUHOM S® DSC Contents ................................................................................ A.5-1
A.5.1.2 Irradiated/Contaminated W aste ........................................................................ A.5-4b

A.5.2 Source Specification .................................................................................................. A.5-4c
A.5.2.1 Axial Source Distribution .................................................................................. A.5-7
A.5.2.2 Gamm a Source ................................................................................................. A.5-7a
A.5.2.3 Neutron Source ................................................................................................ A.5-10

A.5.3 M odel Specification ................................................................................................... A.5-12
A.5.3.1 Description of Radial and Axial Shielding Configuration ............................... A.5-12
A.5.3.2 Shield Regional Densities ................................................................................ A.5-15
A.5.3.3 Source Selection for Bounding Shielding Evaluation ...................................... A.5-15
A.5.3.4 Physics Specification ....................................................................................... A.5-16
A.5.3.5 Tallies ............................................................................................................... A.5-17

A.5.4 Shielding Evaluation .................................................................................................. A.5-19
A.5.4.1 Used Fuel in DSCs ........................................................................................... A.5-19
A.5.4.2 Irradiated/Contam inated W aste ........................................................................ A.5-22

A.5.5 Fuel Qualification ...................................................................................................... A.5-23
A.5.5.1 Generation of Response Functions Used for Fuel Qualification for

Transportation and Transportation FQTs ......................................................... A.5-24
A.5.5.2 Transportation FQTs for Assemblies Containing Control Components .......... A.5-26
A.5.5.3 Transportation FQTs for Assemblies with Damaged or Reconstituted Rods ..A.5-27
A.5.5.4 Decay Heat Restrictions ................................................................................... A.5-27
A.5.5.5 Methodology for Alteration of Minimum Cooling Times in

Transportation FQTs ........................................................................................ A.5-31
A.5.5.6 Shielding Sensitivity Calculations ................................................................... A.5-33
A.5.5.7 Uncertainty Evaluations for Source Terms and Shielding ............................. A.5-34a

A.5.6 References ................................................................................................................ A.5-34d
A.5.7 Input File Listing ....................................................................................................... A.5-35

A.5.7.1 Sample SAS2H!ORIGEN-S Input File ............................................................ A.5-36
A.5.7.2 Annotated MCNP Input Deck Utilizing Neutron Radiation Source for NCT

Bounding Shielding Evaluation ....................................................................... A.5-39
A.5.7.3 MCNP Input Deck Utilizing Primary Gamma Radiation Source for HAC

Bounding Shielding Evaluation ....................................................................... A.5-73
A. 5.8 VYAL-B M ixing and Installation ........................................................................ A.5-105a
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1

Chapter A.7

A.7.1

A.7.2

A.7.3
A.7.4

A.7.5
A.7.6
A.7.7

NUHOMS®-MP197HB Package Loading ................................................................... A.7-1
A.7.1.1 NUHOMS®-MP197HB Cask Preparation for Loading ................................... A.7-la
A.7.1.2 NUHOMS®-MPI97HB Cask Wet Loading ....................................................... A.7-3
A.7.1.3 NUHOMS®-MPI97HB Cask Dry Loading (Transferring a Loaded DSC or RWC

from an Overpack into an MP197HB Cask) ...................................................... A.7-7
A.7.1.4 NUHOMS'-MP197HB Cask Preparation for Transport ................................... A.7-9

NUHOMS®-MP 197HB Package Unloading ............................................................. A.7-10
A.7.2.1 Receipt of Loaded NUHOMS®-MP197HB Package from Carrier .................. A.7-10
A.7.2.2 Removal of Contents from NUHOMS®-MP197HB Cask ............................... A.7-11

Preparation of Empty Package for Transport ............................................................. A.7-14
O ther O perations ........................................................................................................ A .7-14

A.7.4.1 Leakage Testing of the Containment Boundary ............................................... A.7-14
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Appendix A.7.7.1

A.7.7.1.1 NUHOMS®-24PT4 DSC Fuel Loading ................................................................. A.7.7.1-1
A.7.7.1.2 NUHOMS®-24PT4 DSC Drying and Backfilling ................................................. A.7.7.1-2
A.7.7.1.3 NUHOMS®-24PT4 DSC Sealing Operations ........................................................ A.7.7.1-5
A.7.7.1.4 Unloading the NUHOMS®-24PT4 DSC to a Fuel Pool ......................................... A.7.7.1-5
A .7.7.1.5 R eferences .............................................................................................................. A .7.7.1-8

Appendix A.7.7.2

A.7.7.2.1 NUHOMS®-32PT DSC Fuel Loading ................................................................... A.7.7.2-1
A.7.7.2.2 NUHOMS®-32PT DSC Drying and Backfilling .................................................... A.7.7.2-3
A.7.7.2.3 NUHOMS®-32PT DSC Sealing Operations .......................................................... A.7.7.2-5
A.7.7.2.4 Unloading a NUHOMS®-32PT DSC to a Fuel Pool .............................................. A.7.7.2-6
A .7.7.2.5 R eferences .............................................................................................................. A .7.7.2-8

Appendix A.7.7.3

A.7.7.3.1 NUHOMS®-24PTH DSC Fuel Loading ................................................................ A.7.7.3-1
A.7.7.3.2 NUHOMS®-24PTH DSC Drying and Backfilling ................................................. A.7.7.3-3
A.7.7.3.3 NUHOMS®-24PTH DSC Sealing Operations ....................................................... A.7.7.3-5
A.7.7.3.4 Unloading the NUHOMS®- 24PTH DSC to a Fuel Pool ....................................... A.7.7.3-6
A .7.7.3.5 R eferences .............................................................................................................. A .7.7.3-9

Appendix A.7.7.4

A.7.7.4.1 NUHOMS®-32PTH DSC Fuel Loading ................................................................ A.7.7.4-1
A.7.7.4.2 NUHOMS®-32PTH DSC Drying and Backfilling ................................................. A.7.7.4-3
A.7.7.4.3 NUHOMS®-32PTH DSC Sealing Operations ........................................................ A.7.7.4-5
A.7.7.4.4 Unloading a NUHOMS®-32PTH DSC to a Fuel Pool ........................................... A.7.7.4-6
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Appendix A.7.7.5
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A.7.7.5.2 NUHOMS®-32PTHI DSC Drying and Backfilling ............................................... A.7.7.5-3
A.7.7.5.3 NUHOMS®-32PTHI DSC Sealing Operations ..................................................... A.7.7.5-6
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The NUHOMS®-24PTH DSCs can also accommodate up to a maximum of 12 damaged fuel
assemblies placed in cells located at the outer edge of the DSC as shown in Figure A.1.4.3-6.
Damaged PWR fuel assemblies are assemblies containing missing or partial fuel rods, or fuel
rods with known or suspected cladding defects greater hairline cracks, or pinhole leaks. The
extent of damage in the fuel rods is to be limited such that a fuel assembly needs to be handled
by normal means. The DSC basket cells which accommodate damaged fuel assemblies are
provided with top and bottom end caps.

The NUHOMS®-24PTHF DSC, an alternative version of NUHOMS®-24PTH DSC, is designed
to accommodate up to a maximum of 8 failed fuel assemblies encapsulated in individual failed
fuel cans and placed in cells located at the outer edge of the DSC as shown in Figure A. 1.4.3-6.
Failed fuel is defined as ruptured fuel rods, severed fuel rods, loose fuel pellets, or fuel
assemblies that cannot be handled by normal means. Fuel assemblies may contain breached
rods, grossly breached rods, and other defects such as missing or partial rods, missing grid
spacers, or damaged spacers to the extent that the assembly cannot be handled by normal means.

Fuel debris and damaged fuel rods that have been removed from a damaged fuel assembly and
placed in a rod storage basket are also considered as failed fuel. Loose fuel debris, not contained
in a rod storage basket may also be placed in afailedjfuel can for storage, provided the size of the
debris is larger than thefailedjfuel can screen mesh opening and it is located at a position of at
least 10" above the top of the bottom shield plug of the DSC.

Fuel debris may be associated with any type of U0 2 fuel provided that the maximum uranium
content and initial enrichment limits are met. The total weight of each failed fuel can plus all its
contents shall be less than 1682 lb.

A 24PTH DSC containing less than 24 fuel assemblies may contain either empty slots or dummy
fuel assemblies in the empty slots. The dummy assemblies are unirradiated, stainless steel
encased structures that approximate the weight and center of gravity of a fuel assembly.

A. 1.4.3.4 References

1. American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section III, Division 1 - Subsections NB, NG and NF, 1998 edition including 2000 Addenda.
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Table A. 1.4.3-2
PWR Fuel Specification for the Fuel to be Transported in the NUHOMS®-24PTH DSC

(Par I of 2)
PHYSICAL PARAMETERS:

Intact or damaged or failed unconsolidated B&W 15x 15, WE
17x17, CE 15x15, WE 15x15, CE 14x14 and WE 14x14 class

Fuel Class PWR assemblies (with or without control components) that are
enveloped by the fuel assembly design characteristics listed in
Table A. 1.4.3-4. Equivalent reload fuel manufactured by same
or other vendors but enveloped by the design characteristics
listed in Table A. 1.4.3-4 is also acceptable.
Damaged PWR fuel assemblies are assemblies containing
missing or partial fuel rods or fuel rods with known or
suspected cladding defects greater than hairline cracks or

Damaged Fuel pinhole leaks. The extent of cladding damage in the fuel rods
is to be limited such that a fuel assembly needs to be handled
by normal means.
Damaged fuel assemblies shall also contain top and bottom
end fittings or nozzles or tie plates depending on the fuel type.
Failed fuel is defined as ruptured fuel rods, severed fuel rods,
loose fuel pellets, or fuel assemblies that cannot be handled by
normal means. Fuel assemblies may contain breached rods,
grossly breached rods, and other defects such as missing or
partial rods, missing grid spacers, or damaged spacers to the
extent that the assembly can not be handled by normal means.
Fuel debris and damaged fuel rods that have been removed
from a damaged fuel assembly and placed in a rod storage

Failed Fuel basket are also considered as damaged fuel. Loose fuel debris,
not contained in a rod storage basket may also be placed in a
failedfuel can for storage, provided the size of the debris is
larger than thefailedfuel can screen mesh opening and it is
located at a position of at least 10" above the top of the
bottom shield plug of the DSC.
Fuel debris may be associated with any type of U0 2 fuel
provided that the maximum uranium content and initial
enrichment limits are met. The total weight of each failed fuel
can plus all its contents shall be less than 1682 lb.
WE 15x15 class PLSAs with following characteristics are
authorized:

Partial Length Shield Assemblies (PLSAs) * Maximum burnup, 40 GWd/MTU
" Minimum cooling time, 10 years
" Maximum decay heat, 900 Watts

Reconstituted Fuel Assemblies:
" Maximum No. of Reconstituted Assemblies per DSC 4

with Irradiated Stainless Steel Rods
" Maximum No. of Irradiated Stainless Steel Rods per 10

Reconstituted Fuel Assembly
" Maximum No. of Reconstituted Assemblies per DSC

with Unlimited Number of Low Enriched U0 2 Rods
and/or Unirradiated Stainless Steel Rods and/or Zr
Rods or Zr Pellets

NUHO9.O1O1 
A. 1.4.3-5

NUH09.0101 A.1.4.3-5



MP197 Transportation Packaging Safety Analysis Report Rev. 8, 0 7/10

Table A. 1.4.3-2
PWR Fuel Specification for the Fuel to be Transported in the NUHOMS®-24PTH DSC

_(Part2o 2)
" Up to 24 CCs are authorized for storage in 24PTH-S, 24PTH-L, and 24PTH-

S-LC DSCs.
" Authorized CCs include burnable poison rod assemblies (BPRAs), thimble

plug assemblies (TPAs), control rod assemblies (CRAs), rod cluster control
Control Components (CCs) assemblies (RCCAs), axial power shaping rod assemblies (APSRAs), orifice

rod assemblies (ORAs), vibration suppression inserts (VSIs), neutron source
assemblies (NSAs), and neutron sources.

" Design basis thermal and radiological characteristics for the CCs are listed in
Table A. 1.4.3-3.

Nominal Assembly Width for Intact and 8.536 inches
Damaged Fuel Assemblies Only
No. of Intact Assemblies <24

Up to 12 damaged fuel assemblies. Balance may be intact fuel assemblies, empty
slots, or dummy assemblies depending on the specific heat load zoning

No. and Location of Damaged configuration.

Assemblies Damaged fuel assemblies are to be placed in Locations A and/or B as shown in

Figure A.1.4.3-6. The DSC basket cells which accommodate damaged fuel
assemblies are provided with top and bottom end caps.
Up to 8 failed fuel assemblies. Balance may be intact and/or damaged fuel
assemblies, empty slots, or dummy assemblies depending on the specific heat
load zoning configuration.

No. and Location of Failed Assemblies Failed fuel assemblies are to be placed in Location A as shown in Figure

A.1.4.3-6. Failed fuel assembly/fuel debris is to be encapsulated in an individual
failedfuel can (FFC) provided with a welded bottom closure and a removable top
closure.

Maximum Assembly plus CC Weight 1682 lbs
THERMAL/RADIOLOGICAL
PARAMETERS:

Fuel Assembly Average Burnup and Per Table A. 1.4.3-5, Table A. 1.4.3-8, Table A. 1.4.3-8A and decay heat and
minimum Cooling Time (1 )(2) burnup credit restrictions below.
Maximum Decay Hea(') Limits for Zones Per Figure A. 1.4.3-1 or Figure A. 1.4.3-2 or Figure A. 1.4.3-3 or Figure A.1.4.3-4
1, 2, 3, and 4 Fuel or Figure A. 1.4.3-5.

Type 1 Basket
< 26.0 kW for 24PTH-S and 24PTH-L DSCs with decay heat limit for Zones 1,
2, 3 and 4 as specified in Figure A.1.4.3-1, or Figure A.1.4.3-2, Figure A.1.4.3-3
or Figure A.1.4.3-4.

Decay Heat(t) per DSC Type 2 Basket
Same as Type 1 Basket except <26.0 kW/DSC and < 1.3 kW/fuel assembly for
24PTH-S and 24PTH-L DSCs.
< 24.0 kW for 24PTH-S-LC DSC with decay heat limits as< 24.0 kW for 24PTH-
S-L DSC (Type 2 Basket) specified in Figure A. 1.4.3-5.
Per Table A.1.4.3-8 for intact fuel assemblies and per Table A.1.4.3-8A for

Burnup Credit Restrictions(f) damaged orfailed fuel assemblies.

Notes:
(1) Minimum cooling time is the longer of that given in Table A. 1.4.3-5; that calculated via the decay heat equation given

in Table A.1.4.3-9 based on the restrictions provided in Figures A.1.4.3-1, A.1.4.3-2, A.1.4.3-3 or A.1.4.3-4; and
Table A. 1.4.3-8 or Table A. 1.4.3-8A.

(2) An additional cooling time of 8 years is required for damaged and/or failed fuel assemblies in addition to that obtained
from Table A. 1.4.3-5, when 5 or more damaged and/or failed fuel assemblies are loaded.

NUHO9.0 101 
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Notes: Table A.1.4.3-5:

* BU = Assembly average burnup.
* Use burnup and enrichment to lookup minimum cooling time in years. Licensee is

responsible for ensuring that uncertainties in fuel enrichment and bumup conservatively
applied in determination of actual values for these two parameters.

* Round burnup UP to next higher entry, round enrichments DOWN to next lower entry.
* Fuel with an initial assembly average enrichment either less than 0.7 or greater than 5.0 wt.%

U-235 is unacceptable for transport.
* Fuel with a burnup greater than 62 GWd/MTU is unacceptable for transport.
* Fuel with a burnup less than 10 GWd/MTU is acceptable for transport after 10-years cooling.
* Example: An assembly with an initial enrichment of 4.85 wt. % U-235 and a burnup of 41.5

GWd/MTU is acceptable for transport after 10-year cooling time as defined by 4.8 wt. % U-
235 (rounding down) and 42 GWd/MTU (rounding up) on the qualification table (other
considerations not withstanding).

* Even though cooling times less than 15 years are shown in this table, the minimum cooling
time requirement for criticality from Table A. 1.4.3-8 and Table A. 1.4.3-8A for transportation
is 15 years.

* The cooling times offailed, damaged, and intact assemblies are identical. However, when
loading five or more damaged and/or failed fuel assemblies per DSC, an additional cooling
time of 8 years is required for only damaged and/or failed fuel assemblies.

NUHO9.0101 
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pinhole leaks. The extent of damage in the fuel rods is to be limited such that the fuel assembly
will still be able to be handled by normal means. Missing fuel rods are allowed. The DSC basket
cells which accommodate damaged fuel assemblies are provided with top and bottom end caps.

The NUHOMS®-61BTHF DSC, an alternative version ofNUHOMS®-61BTH DSC discussed in
Section A. 1.4.8.2 is designed to accommodate up to a maximum of four failed fuel assemblies in

failedffuel cans placed in cells located atthe outer edge of the DSC as shown in Figure A.1.4.8-9.
Failed fuel is defined as ruptured fuel rods, severed fuel rods, loose fuel pellets, or fuel
assemblies that cannot be handled by normal means. Fuel assemblies may contain breached rods,
grossly breached rods, and other defects such as missing or partial rods, missing grid spacers, or
damaged spacers to the extent that the assembly cannot be handled by normal means.

Fuel debris and damaged fuel rods that have been removed from a damaged fuel assembly and
placed in a rod storage basket are also considered as failed fuel. Loose fuel debris, not contained
in a rod storage basket may also be placed in afailedjfiel can for storage, provided the size of the
debris is larger than thefailedfuel can screen mesh opening and it is located at a position of at
least 10" above the top of the bottom shield plug of the DSC.

Fuel debris may be associated with any type of U0 2 fuel provided that the maximum uranium
content and initial enrichment limits are met. The total weight of each failed fuel can plus all its
content shall be less than 705 lb.

A 61BTH DSC containing less than 61 fuel assemblies may contain dummy fuel assemblies in
the empty slots. The dummy assemblies are unirradiated, stainless steel encased structures that
approximate the weight and center of gravity of a fuel assembly.

The NUHOMS®-61BTH DSC may transport up to 61 BWR fuel assemblies arranged in any of
the eight alternate heat load zoning configurations shown in Figure A. 1.4.8-1 through A. 1.4.8-8.

A. 1.4.8.4 References

1. American Society of Mechanical Engineers, ASME Boiler and Pressure Vessel Code,
Section III, Division I - Subsections NB, NG and NF, 1998 edition including 2000 Addenda.
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Table A.1.4.8-2
BWR Fuel Specification for the Fuel to be Transported in the NUHOMS®-61BTH DSC

(Part of 2)
PHYSICAL PARAMETERS:

Intact or damaged or failed 7x7, 8x8, 9x9 or lOx 10 BWR
assemblies manufactured by General Electric or
Exxon/ANF or FANP or ABB or reload fuel manufactured

Fuel Class by same or other vendors that are enveloped by the fuel
assembly design characteristics listed in Table A. 1.4.8-3.
Damaged fuel assemblies beyond the definition contained
below are not authorized for transport in damaged fuel
locations shown in Figure A.1.4.8-9.
Damaged BWR fuel assemblies are assemblies containing
fuel rods with known or suspected cladding defects greater
than hairline cracks or pinhole leaks. The extent of damage
in the fuel rods is to be limited such that the fuel assembly

Damaged Fuel will still be able to be handled by normal means. Missing
fuel rods are allowed.
Damaged fuel assemblies shall also contain top and bottom
end fittings or nozzles or tie plates depending on the fuel
type.
Failed fuel is defined as ruptured fuel rods, severed fuel
rods, loose fuel pellets, or fuel assemblies that cannot be
handled by normal means. Fuel assemblies may contain
breached rods, grossly breached rods, and other defects such
as missing or partial rods, missing grid spacers, or damaged
spacers to the extent that the assembly can not be handled
by normal means.
Fuel debris and damaged fuel rods that have been removed
from a damaged fuel assembly and placed in a rod storage

Failed Fuel basket are also considered as failed fuel. Loose fuel debris,
not contained in a rod storage basket may also be placed in
afailedfuel can for storage, provided the size of the debris
is larger than thefailedfuel can screen mesh opening and it
is located at a position of at least 10" above the top of the
bottom shield plug ofthe DSC.
Fuel debris may be associated with any type of U0 2 fuel
provided that the maximum uranium content and initial
enrichment limits are met. The total weight of each failed
fuel can plus all its content shall be less than 705 lb.

RECONSTITUTED FUEL ASSEMBLIES:
" Maximum No. of Reconstituted Assemblies per DSC 4

with Irradiated Stainless Steel Rods
" Maximum No. of Irradiated Stainless Steel Rods per 4

Reconstituted Fuel Assembly
" Maximum No. of Reconstituted Assemblies per DSC 61

with unlimited number of low enriched U02 rods or Zr
Rods or Zr Pellets or Unirradiated Stainless Steel Rods

No. of Intact Assemblies <61

NUHO9.O1O1 
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Table A. 1.4.8-2
BWR Fuel Specification for the Fuel to be Transported in the NUHOMS®-61BTH DSC

(Par2 of2)
Up to 16 damaged fuel assemblies, with balance intact
or dummy assemblies, are authorized for transport in
61BTH DSC.

No. and Location of Damaged Assemblies Damaged fuel assemblies may only be transported in the

2x2 compartments as shown in Figure A. 1.4.8-9. The
DSC basket cells which accommodate damaged fuel
assemblies are provided with top and bottom end caps.
Up to 4 failed fuel assemblies. Balance may be intact
and/or damaged fuel assemblies, empty slots, or dummy
assemblies depending on the specific heat load zoning
configuration.

No. and Location of Failed Assemblies Failed fuel assemblies are to be placed as shown in
Figure A. 1.4.8-9. Failed fuel assembly/fuel debris is to
be encapsulated in an individual failedjfuel can (FFC)
provided with a welded bottom closure and a removable
top closure.

Channels Fuel may be transported with or without channels,
channel fasteners, or finger springs.

Maximum Assembly Weight with Channels 705 lb
THERMAL/RADIOLOGICAL PARAMETERS'":

Maximum Initial 235U Enrichment (wt. %) Per Table A. 1.4.8-4 or Table A. 1.4.8-5.
Type I

Fuel Assembly Average Burnup and minimum Per Table A. 1.4.8-6.
Cooling Time(2) Type 2

Per Table A.1.4.8-7.
_•22.0 kW for Type 1 DSC, per Figures A.1.4.8-1

Decay Heat per DSC through A. 1.4.8-4
_•24.0 kW for Type 2 DSC, per Figures A.1.4.8-1
through A. 1.4.8-8

Minimum B 10 Content in Poison Plates Per Table A. 1.4.8-4 or Table A. 1.4.8-5.

(')Minimum cooling time is the longer of that given in Table A. 1.4.8-6, Table A. 1.4.8-7, and that calculated via the
decay heat equation given in Table A.1.4.8-8 based on the restrictions provided in Figures A. 1.4.8-1 through
A.1.4.8-8.

(2) An additional cooling time of 8 years is required for damaged fuel assemblies (and failed fuel assemblies, if
applicable) in addition to that obtained from Table A. 1.4.8-6 or Table A. 1.4.8-7, when 5 or more damaged fuel
assemblies (or a combination of damaged andfailed fuel assemblies, if applicable) are loaded.

NUHO9.01 01 
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Notes: Tables A.1.4.8-6 and Table A.1.4.8-7:

* Burnup = assembly average burnup
" Use burnup and enrichment to lookup minimum cooling time in years. Licensee is responsible for ensuring

that uncertainties in fuel enrichment and bumup are correctly accounted for during fuel qualification.
" Round bumup UP to next higher entry, round enrichments DOWN to next lower entry.
" Fuel with a lattice average initial enrichment less than 0.9 (or less than the minimum provided above for

each bumup) or greater than 5.0 wt.% U-235 is unacceptable for transportation.
* Fuel with a bumup greater than 62 GWd/MTU is unacceptable for transportation.
* Fuel with a burnup less than 10 GWd/MTU is acceptable for transportation after 7-years cooling.
* For reconstituted fuel assemblies with irradiated stainless steel rods, increase the cooling time by 1 year for

fuel assemblies in the 24 peripheral locations of the canister with cooling times less than 10 years. No
adjustment of cooling time is required for fuel assemblies in other locations or for those that have cooled
for more than 10 years.

* The cooling times for failed, damaged, and intact assemblies are identical. However, when loading five or
more damaged fuel assemblies per DSC (or a combination of damaged andfailedfuel assemblies, if
applicable), an additional cooling time of 8 years is required for only damaged fuel assemblies (andfailed
fuel assemblies, if applicable).

* Example: An assembly with an initial enrichment of 4.85 wt. % U-235 and a bumup of 41.5 GWd/MTU is
acceptable for transport after a 7-year year cooling time as defined by 4.8 wt. % U-235 (rounding down)
and 42 GWd/MTU (rounding up) on the qualification table (other considerations not withstanding).
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Table A.1.4.8-8
BWR Assembly Decay Heat for Heat Load Configurations

The decay heat (DH) in watts is expressed as:

Fl = -59.1 + 23.4*X1 - 21.1*X2 + 0.280*X12 - 3.52*Xl*X2 + 12.4*X2 2

DH= F*Exp({[1-(1.2/X3)]* -0.720}*[(X3-4.5)°l 57]* [(X2/X 1)01 32]) + 10

where,
F1 Intermediate function
X1 Assembly burnup in GWD/MTU
X2 Initial enrichment in wt. % U-235
X3 Cooling time in years (minimum 7 years)

Note: Even though a minimum cooling time of 7 years is used, the minimum cooling time requirement with five or
more damaged fuel assemblies (or a combination of damaged andfailedfuel assemblies, if applicable) from
shielding requirements is per Table A.1.4.8-6 for Type 1 DSC and A.1.4.8-7 for Type 2 DSC.
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Appendix A.1.4.10
NUHOMS®-MP197HB SAR Drawings

The following drawings for the NUHOMS®-MP 1 97HB Cask are included in Section A. 1.4.10.1.

Drawing Number

MP197HB-71-1001 Rev 1

MPI97HB-71-1002 Rev 2

MP197HB-71-1003 Rev 1

MP197HB-71-1004 Rev 2

MP197HB-71-1005 Rev 1

MP197HB-71-1006 Rev 0

MP197HB-71-1007 Rev 0

MP197HB-71-1008 Rev I

MP197HB-71-1009 Rev 1

MP197HB-71-1011 Rev 0

MPI97HB-71-1014 Rev 0

Title

NUHOMS®-MP 197HB Packaging Transport Configuration (2 sheets)

NUHOMS®-MP197HIB Packaging Parts List (2 sheets)

NUHOMS®-MP I97HB Packaging General Arrangement (1 sheet)

NUIHOMS®-MP197HB Packaging Cask Body Assembly (1 sheet)

NUHOMS®-MP197HB Packaging Cask Body Details (3 sheets)

NUHOMS®-MPI97HB Packaging Lid Assembly & Details (1 sheet)

NUHOMS®-MP197HB Packaging Regulatory Plate (1 sheet)

NUHOMS®-MP 197HB Packaging Impact Limiter Assembly
(1 sheet)

NUHOMS®-MP197HB Packaging Impact Limiter Details (1 sheet)

NUHOMS®-MP197HB Packaging Transport Configuration Outer
Sleeve With Fins Option (1 sheet)

NUHOMS®-MP197HB Packaging Internal Sleeve Design
(2 sheets)

I

The following drawings for the NUHOMS® 24PT4 DSC are included in Section A. 1.4.10.2.

Drawing Number

NUH24PT4-71-1001 Rev 0

NUH24PT4-71-1002 Rev 0

NUH24PT4-71-1003 Rev 0

Title

NUHOMS® 24PT4 Transportable Canister For PWR Fuel Basket
Assembly (5 sheets)

NUHOMS® 24PT4 Transportable Canister For PWR Fuel Main
Assembly (8 sheets)

NUHOMS® 24PT4 Transportable Canister For PWR Fuel Failed Fuel
Can (4 sheets)

NUHO9.0101 
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The following drawings for the NUHOMS® 69BTH DSC are included in Section A. 1.4.10.10.

Drawing Number

NUH69BTH-I-71-1001 Rev I

NUH69BTH-71-1002 Rev 1

NUH69BTH-71-1003 Rev 1

NUH69BTH-71-1004 Rev 2

NUH69BTH-71-1011 Rev I

NUH69BTH-71-1012 Rev I

NUH69BTH-71-1013 Rev 1

NUH69BTH-71-1014 Rev I

NUH69BTH-71-1015 Rev I

The following drawings for

Drawing Number

NUHRWC-71-1001 Rev 0

NUHRWC-71-1002 Rev 0

NUHRWC-71-1003 Rev 0

Title

NUHOMS® 69BTH Transportable Canister For BWR Fuel Main
Assembly (4 sheets)

NUHOMS® 69BTH Transportable Canister For BWR Fuel Basket -
Shell Assembly (4 sheets)

NUHOMS® 69BTH Transportable Canister For BWR Fuel Shell
Assembly (4 sheets)

NUHOMS® 69BTH Transportable Canister For BWR Fuel Alternate
Top Closure (6 sheets)

NUHOMS® 69BTH Transportable Canister For BWR Fuel Basket
Assembly (5 sheets)

NUHOMS® 69BTH Transportable Canister For BWR Fuel Transition
Rail Assembly And Details (6 sheets)

NUHOMS® 69BTH Transportable Canister For BWR Fuel
Holddown Ring Assembly (2 sheets)

NUHOMS® 69BTH Transportable Canister For BWR Fuel Damaged
Fuel Modification (1 sheet)

NUHOMS® 69BTH Transportable Canister For BWR Fuel Damaged
Fuel End Caps (1 sheet)

the Radioactive Waste Canister are included in Section A. 1.4.10.11.

Title

NUHOMS® System RWC Canister - Welded Top Shield Plug
Design Main Assembly (5 sheets)

NUHOMS® System RWC Canister - Welded Top Shield Plug
Design Inner Liner (3 sheets)

NUHOMS® System RWC Canister - Bolted Top Shield Plug Design
Main Assembly (4 sheets)

NUHO9. 0101 A.1.4.10-6
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Appendix A.2.13.6 NUHOMS®-MP 197HB Cask Containment Boundary Fatigue Evaluation

Appendix A.2.13.7 NUHOMS®-MP 1 97HB DSC (Shell Assembly) Structural Evaluation

Appendix A.2.13.8 NUHOMS®-MP197HB DSC (Basket) Structural Evaluation

Appendix A.2.13.9 NUHOMS®-MP197HB Dynamic Load Factor Determination

Appendix A.2.13.10 NUHOMS®-MP 197HB Transport Package Thermal Expansion Evaluation

Appendix A.2.13.11 NUHOMS®-MP 197HB Evaluation of Fuel Assembly under Accident
Impact Loads

Appendix A.2.13.12 NUHOMS®-MP197HB Package Impact Analysis using LS-DYNA

Appendix A.2.13.13 NUHOMS®-MP197HB ASME Code Alternatives

Appendix A. 2.13.14 MP197HB Lid Closure Evaluation Due to Delayed Impact

A.2. 1.1.1 Transportation Package (Cask)

Drawing MP 197HB-71 -1001 shows the overall transport configuration of the NUHOMS®-
MP197HB packaging. Drawings MP197HB-71-1002 and 1003 show the parts list and the
general arrangement, respectively, of the NUHOMS®-MP 1 97HB packaging. Drawing
MP197HB-71-1004 shows the cask body assembly. Drawings MP197HB-71-1005 and -1006
show the cask body and lid assembly and details. Drawing MP 197HB-71-1007 presents the
regulatory plate. Drawings MP197HB-71-1008 and -1009 provide the assembly and details of
the impact limiter. The optional external fin and internal sleeve are shown on drawings
MP197HB-71-1011 and -1014. ASME Code compliance and alternatives are provided in Section
A.2.1.4 and Appendix A.2.13.13.

The shell or cask body cylinder assembly is an open ended (at the top) cylindrical unit with an
integral closed bottom end. This assembly consists of concentric inner and outer shells, both SA-
203 Gr E, welded to a massive closure flange (SA-350 LF3) at the lid end and a flat steel plate
(SA-350 LF3) at the bottom end. The closure lid material is SA-350 LF3 or SA-203 Gr E. The
annulus between the shells is filled with lead in order to meet specified shielding requirements.
Molten lead is poured into the annulus using a carefully controlled procedure.

The front and rear double shoulder trunnions are cylindrical, SA- 182 F3 16N ferritic stainless
steel forgings. The rear pair of trunnions is designed for horizontal lifting of the cask and also
supports the rear of the cask during rotation of the cask. A set of single shoulder front trunnions
is also included in the design. These trunnions are also constructed of SA-182 F3 16N ferritic
stainless steel forgings. The double shoulder front trunnions have a minimum factor of safety of
three against yield stress or five against ultimate stress; whichever is most restrictive. The single
shoulder set of front trunnions is used for lifting when single failure proof lifting system is
required. That is, the single shoulder front trunnions have a minimum factor of safety of six
against yield stress or ten against ultimate stress, whichever is most restrictive. Only one set of
trunnions will be used depending on site and transfer operation requirements. Both the front and
rear trunnions are bolted to the cask body through a flange connection, using 12-1¼/4 in. diameter

NUH09.01 01 A.2-2
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outer shell slightly exceed the Code elastic allowables. However, as shown in Figure A.2.13.1-2,
the outer shell is not a part of the cask containment boundary. Moreover, the outer shell has been
shown to meet the ASME Code allowable stress limits for plastic analysis, as shown in Table
A.2.13.1-45.

A.2.7.1.6 Lid and Ram Access Cover Plate Bolts

The lid bolts are analyzed for the following loadings: operating pre-load, gasket seating load,
internal pressure, temperature changes, impact loads, and puncture loads. The analysis is based
on NUREG/CR 6007 [16].

The bolt preload is calculated to withstand the worst case load combination and to maintain a
clamping (compressive) force on the closure joint. Based upon the load combination results (see
Appendix A.2.13.2, Section A.2.13.2.9) it is shown that a positive (compressive) load is
maintained on the clamped joint for all load combinations except for the accident condition
impact plus pressure load. A more detailed finite element analysis is performed in Section
A.2.13.2 7 of Appendix A.2.13.2. It is concluded that there is no decompression of the seal
during the accident condition impact plus pressure loading condition. Since the seal exists all
along the circumference of the cask lid seal, the internal contents will not leak during the worst
case loading condition.

A summary of the calculated stresses is listed in the Table A.2.13.2-7 of Appendix A.2.13.2. The
lid bolt evaluation due to delayed impact is presented in Appendix A.2.13.14.

The ram access cover plate bolts are also evaluated (Section A.2.13.2.9) using the same
methodology as described above. The results show the bolt loads are bounded by the preload and
that the bolt stresses remain below allowables.

A.2.7.1.7 Impact Limiter Attachments

The impact limiters must remain attached to the cask body before, during, and after each HAC
drop. The limiting loading condition for the impact limiter attachments is the secondary impact
(slap-down) associated with the 100 slap down 30 foot drop. This loading condition applies the
greatest separating moment between the impact limiter and cask body interface. Although this
loading condition is not limiting with respect to any other cask component, an evaluation of the
attachments is performed to demonstrate that the effected impact limiter remains in place to
insulate the cask during the subsequent hypothetical thermal accident.

The analysis and results are provided in detail in Section A.2.13.12.11 of Appendix A.2.13.12.

The analysis concludes that the impact limiter attachment design is sufficiently strong to ensure
that the impact limiters remain attached to the cask body during and following all HAC loads.

A.2.7.1.8 Cask Lead Slump and Containment Buckling Analyses

In the event of a drop of the NUHOMS®-MP 1 97HB package, permanent deformation of the lead
gamma shield may result for certain impact orientations. An analysis is performed to evaluate the
inner cylindrical shell stability and lead slump when subject to the end drop impact loads.

NUH09.0101 A.2-33
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Table A.2-4
Cask Material Properties

Material Class Temp. SY Su(2) S. E OCxl0-6
(OF) (ksi) (ksi) (ksi) ( 10-6 psi) (in/in/°F)

70 150.0 165.0 50.0 27.8 6.4

SA-540, 200 144.0 165.0 47.8 27.1 6.7
Gr. B23, ClI Sect 111 300 140.3 165.0 46.2 26.7 6.9
and Gr. B24, Sect 1 400 137.9 165.0 44.8 26.2 7.1

C Class 1 500 136.0 165.0 43.4 25.7 7.3
(Bolt) 600 133.4 165.0 41.4 25.1 7.4

1 700 129.0 158.6 --- 24.6 7.6

70 30.0 75.0 20.0 28.3 8.5
200 25.0 71.0 20.0 27.5 8.9
300 22.4 66.2 20.0 27.0 9.2

Tye34 Sect 1 400 20.7 64.0 18.6 26.4 9.5
500 19.4 63.4 17.5 25.9 9.7

600 18.4 63.4 16.6 25.3 9.8
700 17.6 63.4 15.8 24.8 10.0

70 30.0 70.0 20.0 28.3 8.5
200 25.0 66.3 20.0 27.5 8.9

SA-182, Sect 111 300 22.4 61.8 20.0 27.0 9.2
Type F304 Class 1 400 20.7 59.7 18.6 26.4 9.5

>5" 500 19.4 59.2 17.5 25.9 9.7
600 18.4 59.2 16.6 25.3 9.8

1 700 17.6 59.2 15.8 24.8 10.0

70 30.0 75.0 20.0 28.3 8.5
200 25.0 71.0 20.0 27.5 8.9

SA- 182, Sect 111 300 22.4 66.2 20.0 27.0 9.2
Type F304 Class 1 400 20.7 64.0 18.6 26.4 9.5

<5" 500 19.4 63.4 17.5 25.9 9.7
600 18.4 63.4 16.6 25.3 9.8
700 17.6 63.4 15.8 24.8 10.0

70 35.0 80. 23.3 28.3 8.5
200 28.6 80 23.3 27.6 8.9
300 25.0 76.1 22.5 27.0 9.2

Type Sect Cls 400 22.6 73.2 20.3 26.5 9.5
500 21.0 71.2 18.9 25.8 9.7

600 19.9 69.7 17.9 25.3 9.8
700 19.1 68.6 17.2 24.8 10.0

(1) SA-540 Gr. B24 Cl 1 bolt material is specified for the 1/3 scale benchmark analyses.
(2) Lid bolt will be fabricated with minimum S,, of175 ksi.

NUH09.0101 A.2-42
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A.2.13 Appendices

The detailed structural analyses of the NUHOMS®-MP I 97HB packaging are included in the
following appendices:

Appendix A.2.13.1

Appendix A.2.13.2

Appendix A.2.13.3

Appendix A.2.13.4

Appendix A.2.13.5

Appendix A.2.13.6

Appendix A.2.13.7

Appendix A.2.13.8

Appendix A.2.13.9

Appendix A.2.13.10

Appendix A.2.13.11

Appendix A.2.13.12

Appendix A.2.13.13

Appendix A. 2.13.14

NUHOMS®-MP197HB Cask Body Structural Evaluation

NUHOMS®-MP 197HB Cask Lid Bolt/Ram Access Closure Plate Bolt
Analyses

NUHOMS®-MP 1 97HB Cask Lead Slump and Containment Boundary
Buckling Analysis

NUHOMS®-MP197HB Structural Analysis of the Shield Shell

NUHOMS®-MP 1 97HB Cask Lifting and Tie-Down Devices Structural
Evaluation

NUHOMS®-MP 1 97HB Cask Containment Boundary Fatigue Evaluation

NUHOMS®-MP197HB DSC (Shell Assembly) Structural Evaluation

NUHOMS®-MP 197HB DSC (Basket) Structural Evaluation

NUHOMS®-MP 1 97HB Dynamic Load Factor Determination

NUHOMS®-MP 197HB Transport Package Thermal Expansion Evaluation

NUHOMS®-MP 1 97HB Evaluation of Fuel Assembly under Accident
Impact Loads

NUHOMS®-MP197HB Package Impact Analysis using LS-DYNA

NUHOMS®-MP197HB ASME Code Alternatives

MP197HB Lid Closure Evaluation Due to Delayed Impact

NUH09.01 01 A.2-49
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Appendix A.2.13.2
MP197HB Cask Lid Bolt Analysis

NOTE: References in this appendix are shown as [1], [2], etc. and refer to the reference list in
Section A.2.13.2.11.

A.2.13.2.1 Purpose

This appendix analyzes the ability of the cask closure bolts to maintain a leak-tight seal under
events defined by normal conditions of transport (NCT) and the hypothetical accident conditions
(HAC). Also evaluated in this section are the stresses in the bolt threads and in the internal
threads, and the lid bolt fatigue. The stress analysis is performed in accordance with
NUREG/CR-6007 [1].

Appendix A. 1.4.10 contains reference drawings for the lid bolt.

The closure lid has a diameter of 77.18 in. and consists of a 4.50 in. thick plate with a 3.94 in.
thick outer flange. The lid is bolted directly to the end of the containment vessel flange by 48
high-strength alloy steel 1.5 in. diameter bolts on a 74.81 in. diameter bolt circle. Close fitting
alignment pins ensure that the lid is centered in the vessel. The bolts material is SA-540 Gr. B23
Cl. 1 which has a yield strength of 139.1 ksi and a tensile strength of 165.0 ksi at 350 'F.

The bolt material (SA-540 Gr. B23 Cl. 1) used to fabricate the lid bolt will have a minimum
tensile strength of 175 ksi as specified in the SAR drawing (Dwg No. MP197HB-71-1002, sheet 2
of 2, rev. 2, note 16). Fine thread series will be used (1½2-12 UNF, Dwg No. MP197HB- 71-1002,
sheet I of 2, rev. 2, item 21), which has a tensile stress area of 1.58 in2.

The lid bolt analysis presented in this appendix is in accordance with NUREG/CR-6007 and
conservatively uses a 1Y-6 UNC (coarse thread) lid bolt with a tensile strength of 165 ksi. The
lid bolt evaluation due to delayed impact is presented in Appendix A.2.13.14.

The following ways to minimize bolt forces and bolt failures for shipping casks are taken
directly from [1], page xiii. All of the following design methods are employed in the NUHOMS®
- MP 197HB closure system:

Protect closure lid from direct impact to minimize bolt forces generated by free drops (use
impact limiters).

Use materials with similar thermal properties for the closure bolts, the lid, and the cask wall
to minimize the bolt forces generated by a fire accident.

Apply sufficiently large bolt preload to minimize fatigue and loosening of the bolts by
vibration.

Lubricate bolt threads to reduce required preload torque and to increase the predictability of
the achieved preload.

* Use closure lid design which minimizes the prying actions of applied loads.

* When choosing a bolt preload, pay special attention to the interactions between the preload

NUHO9.OlO1 
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and thermal load and between the preload and the prying action.

The following evaluations are made in this section:

" Bolt preload

" Gasket seating load

* Internal pressure loads

* Temperature load

* Impact load

" Puncture load

" External pressure loads

* Load combinations for normal and accident conditions

* Bolt stresses and allowable stresses

* Bearing stress

* Lid bolt fatigue

* Thread engagement length evaluation

The design parameters for the closure lid analysis taken from [1] are summarized in
Table A.2.13.2-1. The lid bolt data and material allowables are presented in Tables A.2.13.2-2 to
A.2.13.2-4. Material properties and allowable stresses for NCT and HAC analyses are based on
350 'F, which bound -40 'F, -20 'F, and 100 'F ambient conditions.

The following load cases are considered in the analysis:

1. Preload + temperature load (NCT)

2. Internal pressure + 30foot comer drop (HAC)

3. Internal pressure + puncture load (HAC)

A.2.13.2.2 Lid Bolt Load Calculations

A.2.13.2.2.1 Bolt Preload

The method of analysis is described in Table 4.1 of [1].

A bolt torque range of 950 to 1,040 ft.lb is required to ensure leak tightness against normal and
accident loadings.

Bolt preload for the minimum torque is:

F _ _Q _ 950x12

KxDb 0.135x1.5 56,296lb/bolt

N-UH09.01 01 A.2.13.2-2
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Bolt preload for the maximum torque is:

F= __Q _ 1,040x12 _-61,6301b/bolt
=KxDb 0.135x1.5

Residual torsional moment for the minimum torque is:

Mtr = 0.5 x Q = 0.5 x 950 x 12 = 5,700 in.lb/bolt

Residual torsional moment for the maximum torque is:

Mir = 0.5 x Q = 0.5 x 1,040 x 12 = 6,240 in.lb/bolt

Residual tensile bolt force:

Far = Fa = 61,630 lb/bolt

A.2.13.2.2.2 Gasket Seating Load

The analysis is described in Table 4.2 of [1].

An elastomer O-ring is used, therefore the gasket seating load is negligible, and F, 0.

A.2.13.2.2.3 Internal Pressure Load

The analysis is described in Table 4.3 of [1].

The axial force per bolt due to internal pressure is:

,r x Dig (P1% - PIoFa=
4Nb

Dig for outer seal is conservatively taken equal to the outer diameter of the outer seal groove and
is equal to (see Appendix A. 1.4.12):

Dig =72.267 (seal groove I. D.) +2 x 0.235 (groove width) = 72.737 in.

Therefore:

F. = 7r x 72.737 2 x (30-0) = 2,598 lb/bolt

4x48

The fixed edge closure lid force is:

F- = Db x(Pt•- P o) _ 74.81x (30-0) 562 lb/in
4 4

NUH09.01 01 A.2.13.2-3
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System for PWR Spent Fuel Isotopic Composition Analyses," ORNL/TM-12667, March
1995.

17. M. D. DeHart and 0. W. Hermann, "An Extension of the Validation of SCALE (SAS2H)
Isotopic Predictions for PWR Spent Fuel," ORNL/TM-13317, September 1996.

18. Transnuclear Inc, "Updated Final Safety Analysis Report (UFSAR) for the Standardized
NUHOMS® Horizontal Modular Storage System for Irradiated Nuclear Fuel," NUH-003,
Revision 11.
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A.5.8 VYAL-B Mixing and Installation

Proprietary information withheld pursuant to 10 CFR 2.390

The individual aluminum tubes containing the resin are then installed around the outside of the
cask as shown in SAR drawing MP]97HB-71-1005. The installation of the tubes into the annulus
between the cask outer shell and the neutron shield shell is controlled to maximize the tube-to-
tube contact, thus minimizing gaps between adjacent tubes.

NUH09.01110 A.5-105a
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Table A.5-1
Summary ofMP197HB NCT Dose Rates

(Exclusive Use Package for Transportation)
Transport Package Surface, Vehicle Edge, mSv/h 2 Meters from Vehicle

Radiation mSv/h (mrem/h) mrem/h) (1) Edge, mSv/h (mrem/h) (2)

Top Side Bottom Top Side Bottom Top Side Bottom
0.03 0.23 0.16 0.03 0.22 0.16 0.01 0.051 0.02

Gamma (2.7) (22.8) (16.0) (2.7) (21.6) (16.0) (0.6) (5.1)(') (1.8)
0.02 0.58 0.16 0.02 0.28 0.16 0.01 0.043 0.02

Neutron (2.4) (57.8) (16.0) (2.4) (27.6) (16.0) (0.8) (4.3)(3) (2.4)
Total(4) 0.05 0.69 0.32 0.05 0.39 0.32 0.01 0.094 0.04

(5.1) (68.7) (32.0) (5.1) (38.6) (32.0) (1.2) (9.4)(3) (4.2)
Gamma from
irradiated/ 0.37 0.30 0.72 0.37 0.24 0.72 0.077 0.083 0.083
contaminated (37.1) (30.2) (72.2) (37.1) (24.1) (72.2) (7.7) (8.3) (8.3)
waste canister

Limit 2 2 2 2 2 2 0.1 0.1 0.1
(200) (200) (200) (200) (200) (200) (10) (10) (10)

(1) Dose rates are calculated at the edges of impact limiters (ILs).
(2) Dose rates are calculated at a distance measured from ILs.
(3) Dose rates are not calculated at a distance measured from ILs.
(4) Location of the maximum total dose rate does not coincide with the position of maximum neutron or maximum

gamma dose rates. Therefore, the maximum total dose rate is less than or equal to the sum of the maximum
neutron and maximum gamma dose rate.

NUH09.0101 A.5-106
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Table A.5-la
Summary of MPI97HB NCT Dose Rates with 4 Damaged Fuel Assemblies

(Exclusive Use Package for Transportati n)
Transport Package Surface, Vehicle Edge, mSv/h 2 Meters from Vehicle, mSv/h

Radiation mSv/h (mrem/hr) (mrem/hr () (mrem/hr) (2)

Top Side Bottom Top Side Bottom Top Side Bottom
0.027 0.30 0.16 0.027 0.22 0.16 0.005 0.054 0.018

Gamma (2.7) (29.6) (15.7) (2.7) (21.6) (15.7) (0.5) (5.4)(3) (1.8)
0.025 0.64 0.17 0.025 0.31 0.17 0.008 0.048 0.025
(2.5) (63.7) (16.6) (2.5) (30.6) (16.6) (0.8) (4.8)(3) (2.5)

Total(4) 0.052 0.75 0.32 0.052 0.41 0.32 0.012 0.094 0.043(5.2) (75.2) (32.3) (5.2) (41.3) (32.3) (1.2) (9.4)(3) (4.3)

Limit 2 2 2 2 2 2 0.1 0.1 0.1
(200) (200) (200) (200) (200) (200) (10) (10) (10)

l1,)
(2)
(3)
(4)

D)ose rates are calculatea at me edges or impact limiters kiLs).
Dose rates are calculated at a distance measured from ILs.
Dose rates are not calculated at a distance measured from ILs.
Location of the maximum total dose rate does not coincide with the position of maximum neutron or
maximum gamma dose rates. Therefore, the maximum total dose rate is less than or equal to the sum of the
maximum neutron and maximum gamma dose rate.

Table A.5-lb
Summary ofMPI97HB NCT Dose Rates with 24 Damaged Fuel Assemblies

(Exclusive Use Package for Transportation)
Transport Package Surface, Vehicle Edge, mSv/h 2 Meters from Vehicle, mSv/h

Radiation mSvfh (mrem/hr) (mrem/hr)(1) (mrem/hr)(2 )

Top Side Bottom Top Side Bottom Top Side Bottom
0.027 0.21 0.16 0.027 0.20 0.16 0.005 0.039 0.017

Gamma (2.7) (21.3) (15.6) (2.7) (19.6) (15.6) (0.5) (3.9)(3) (1.7)
0.028 0.63 0.17 0.028 0.30 0.17 0.007 0.046 0.025

Neutron (2.8) (63.4) (17.1) (2.8) (30.3) (17.1) (0.7) (4.6)(3) (2.5)

Total(4) 0.055 0.74 0.33 0.055 0.39 0.33 0.01 0.079 0.043(5.5) (74.1) (32.8) (5.5) (38.7) (32.8) (1.0) (7.9)(3) (4.3)

Limit 2 2 2 2 2 2 0.1 0.1 0.1
(200) (200) (200) (200) (200) (200) (10) (10) (10)

(1)
(2)
(3)
(4)

Diose rates are calculated at mne edges or impact limiters iLLS).
Dose rates are calculated at a distance measured from ILs.
Dose rates are not calculated at a distance measured from ILs.
Location of the maximum total dose rate does not coincide with the position of maximum neutron or
maximum gamma dose rates. Therefore, the maximum total dose rate is less than or equal to the sum of the
maximum neutron and maximum gamma dose rate.
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Table A.5-2
Summary of MP I 97HB HAC Dose Rates

(Exclusive Use Package for Transportation)
1 Meter from Package Surface,

Radiation mSv/h (mrem/h) (1)

Top Side Bottom
0.02 0.18 0.02
(1.5) (17.9) (1.8)
0.17 2.94 0.56

(17.4) (294 55.8)
0.19 3.12 0.57

(18.5) 312) (57.3)
Gamma from 0.28 0.49 0.37
irradiated waste (28.4) (49.1) (37.3)
canister

10 10 10(1000) (1000) (1000)

(,) Dose rates are calculated at a distance measured from the cask surface.

Table A.5-2a
Summary of MP197HB HAC Dose Rates-Damaged Fuel

50% Rubblization 75% Rubblization
1 Meter from Package Surfacec2), 1 Meter from Package Surface~2 ,

mSv/hr (mrem/hr) mSv/hr (mrem/hr)
Radiation Top Side Bottom Top Side Bottom
Gamma 0.011 0.17 0.19 0.012 0.17 0.019

(1.1) (17.1) (1.9) (1.2) (17.3) (1.9)
Neutron 0.17 2.88 2.19 0.19 2.94 1.88

(17.3) (288) (219) (19.1) (294) (188)
Total() 0.18 3.02 2.21 0.20 3.08 1.90

(18.4) (302) (221) (20.2) (308 (190)

Limit 10 10 10 10 10 10
(1000) (1000) (1000) (1000) (1000) (1000)

' Location of the maximum total dose rate does not coincide with the position of maximum neutron or
maximum gamma dose rates. Therefore, the maximum total dose rate is less than or equal to the sum of
the maximum neutron and maximum gamma dose rate.
(2) Dose rates are calculated at a distance measured from the cask surface.
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Table A.5-4
DSC Damaged Fuel Limits

Maximum Number
of Damaged Fuel

DSC Type Assemblies Location of Damaged/Failed Fuel
24PT4 12 Peripheral compartments

32PT 0 N/A

24PTH 12(1) Peripheral compartments

32PTH 16 Central compartments

32PTH1 16 Central compartments

37PTH 44 corners in periphery of the basket
compartments

61 BT 16 4 corners in periphery of the basket
compartments

61 BTH 16(2) 4 corners in periphery of the basket
compartments

69BTH 24 4 corners in periphery of the basket
compartments

') A maximum of 8failed assemblies can be loaded.
(2) A maximum of 4 failed assemblies can be loaded
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A.7 PACKAGE OPERATIONS

NOTE: References in this chapter are shown as [1], [2], etc., and refer to the reference list in
Section A.7.5. A glossary of terms used in this chapter is provided in Section A.7.6.

This chapter contains NUHOMS®-MP 1 97HB cask loading and unloading procedures that are
intended to show the general approach to cask operational activities. The procedures in this
chapter are intended to show the types of operations that will be performed and are not intended
to be limiting. Site specific conditions and requirements may require the use of different
equipment and ordering of steps to accomplish the same objectives or acceptance criteria which
must be met to ensure the integrity of the package.

A separate operations manual (OM) will be prepared for the NUHOMS®-MP 1 97HB cask to
describe the operational steps in greater detail. The OM, along with the information in this
chapter, will be used to prepare the site-specific procedures that will address the particular
operational considerations related to the cask.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approvalfrom the
NRC.

1. Section A. 7.1.1, Steps 6, 10, 11, 12, and 13
2. Section A. 7.1.2, Steps 10, 12, 13, and 13a
3. Section A. 7.1.2.3, Step 8
4. Section A. 7.1.3, Steps 1, 3, 17, 20, 22 through 2 7, and 29
5. Section A. 7.1.4, Steps 1, 2
6. Section A. 7.1.4.1, Steps 10, 14, 15, and 16
7. Section A. 7.2.1, Steps ] and 8
8. Section A. 7.2.2.1, Steps 4 and 10
9. Section A. 7.2.2.2, Step 6
10. Section A. 7.2.2.3, Step 4
11. Section A. 7.3, all steps

A.7.1 NUHOMS®-MP I 97HB Package Loading

The use of the NUHOMS®-MP 197HB cask to transport fuel offsite involves (1) preparation of
the cask for use, (2) verification that the fuel assemblies loaded in the dry shielded canister
(DSC) meet the criteria set forth in this document, and (3) installation of a DSC into the cask.
Also included herein are procedures to prepare and load fuel in an empty DSC contained in a
NUHOMS®-MP l97HB cask and to close the DSC.

The use of the NUHOMS®-MP 1 97HB cask to transport dry irradiated and/or contaminated non-
fuel bearing solid materials in radioactive waste canisters (RWCs) involves (1) preparation of the
cask for use, (2) verification that the waste to be loaded meet the criteria set forth in this
document, and (3) loading of the RWC and waste into the cask.

NUHO9.O1O1 A.7-1
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Offsite transport involves (1) preparation of the cask for transport, (2) assembly verification
leakage-rate testing of the packaging containment boundary, (3) placement of the cask onto a
transportation vehicle, and (4) installation of the impact limiters.

During shipment, the packaging contains any one of the DSCs with its authorized contents as
described in Chapter A. 1, Appendices A. 1.4.1 through A. 1.4.9 or an RWC with dry irradiated
and/or contaminated non-fuel bearing solid material as described in Appendix A. 1.4.9A.
Procedures are provided in this section for (1) transport of the cask/DSC/RWC directly from the
plant spent fuel pool and (2) transport of a DSC/RWC which was previously stored in a
NUHOMS® horizontal storage module (HSM). Section A.7.7 contains an appendix for each DSC
model detailing its loading procedures. Table A.7-3 lists these appendices.

A.7. 1.1 NUHOMS®-MP 1 97HB Cask Preparation for Loading

Procedures for preparing the cask for use after receipt at the loading site are provided in this
section and are applicable for shipment of DSCs loaded with fuel or of RWCs loaded with dry
irradiated and/or contaminated non-fuel bearing solid materials.

Intentionally left blank
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10. If loading any one of the smaller diameter DSC models (NUHOMS®-24PT4, 32PT,
24PTH, 61BT, or 61BTH) or RWCs from the MP197HB cask, install an unloading flange
which is provided to ensure that the cask internal sleeve does not slide out, should the
canister be required to be withdrawn. Depending on the DSC model being loaded, verify
that a DSC bottom spacer of appropriate height is placed at the bottom of the cask. The
height of the DSC bottom spacer required for each type of DSC is listed in Table A.7-1.

11. Place an empty DSC in the cask. Align the DSC to ensure proper positioning using the
alignment marks on the DSC and cask.

12. If damaged fuel is to be loaded in the DSC, place the required number of bottom end caps
into the cell locations that are to receive damaged fuel. For the NUHOMS®-24PT4 DSC
only, verify that the failed fuel cans, required for loading damaged fuel assemblies if
used, have replaced the guide sleeves at the locations specified for the specific
configurations of the 24PT4 DSC basket.

13. If failed fuel is to be loaded in the DSC (24PTH or 61BTH DSCs only), put the
appropriate empty failed fuel cans in the appropriate locations in the DSC. (Note: if the
failed fuel is to be loaded into the failed fuel can prior to loading into the DSC, skip this
step).

13a. Iffuel and basket spacers are required, the height of the fuel and basket spacers required
for each type of DSC is listed in Table A. 7-1.

14. Fill the cask/DSC annulus with clean or demineralized water. Place the annulus seal in
the upper cask liner recess and seal the cask/DSC annulus by pressurizing the seal with
compressed air.

15. Fill the DSC cavity with water. For the NUHOMS®-32PT, 24PTH, 32PTH, 32PTHl, and
37PTH DSCs where burnup credit is employed in the criticality analysis, a minimum
soluble boron concentration is required during loading and unloading operations.
(Appendices A.7.7.2 through A.7.7.6 provide additional details.)

NOTE: The technical specifications associated with the storage license for the
NUHOMS®-32PT, 24PTH, 32PTH, or 32PTH1 DSC prescribe a minimum
boron concentration in the DSC cavity during fuel loading/unloading
operations. The criticality analyses for the NUHOMS®-24PT4, 61BT, 61BTH,
and 69BTH DSCs employ the fresh fuel methodology ensuring that soluble
boron is not required during loading and unloading operations.

16. Move the scaffolding away from the cask as necessary.

17. Position the cask lifting yoke and engage the cask lifting trunnions.

18. Visually inspect the yoke lifting hooks to insure that they are properly positioned and
engaged on the cask lifting trunnions.

19. Lift the cask just far enough to allow the weight of the cask to be distributed onto the
yoke lifting hooks. Reinspect the lifting hooks to insure that they are properly positioned
on the cask trunnions.
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20. Optionally, secure a sheet of suitable material to the bottom of the cask to minimize the
potential for ground-in contamination. This may also be done prior to initial placement of
the cask in the plant designated preparation area.

21. Prior to the cask being lifted into the fuel pool or other loading station (referred to as fuel
poolthrough out remaining procedures), the water level in the pool should be adjusted as
necessary to accommodate the cask/DSC volume. If the water placed in the DSC cavity
was obtained from the fuel pool, a level adjustment may not be necessary.

A.7.1.2.1 DSC/RWC Wet Loading

The procedures for loading, vacuum drying, and sealing the DSC/RWC are described in detail in
Appendices A.7.7.1 through A.7.7.10 as listed in Table A.7-3.
Following the completion of the wet loading activities described in a specific appendix listed in
Table A.7-3, the MP 197HB cask is prepared for downending as described in the next section.

A.7.1.2.2 Preparing the NUHOMS®-MP197HB Cask for Downending

1. Discard and install new drain port seals.

2. If transporting any one of the smaller diameter DSC models (NUHOMS®-24PT4, 32PT,
24PTH, 61BT, or 61BTH) or RWC, place a cask spacer ring at the top of the aluminum
sleeve as shown in Drawing MP 197HB-71-1014, Chapter A. 1, Appendix A. 1.4.10.1.

3. Verify that the lid O-ring seals are new. Discard any seals that have previously been
installed in the cask and replace with new seals.

4. If necessary, apply vacuum grease to the seals and the adjoining sealing surfaces on the
cask lid.

5. Install shims, if required, to accommodate the recess of the outer top cover plate to the
DSC shell.

5a. Install the DSC top spacer ifrequired. The appropriate height of the DSC top spacer
requiredfor each type of DSC is listed in Table A. 7-1.

6. Install the cask lid. Lubricate, install and preload the lid bolts by torquing them to
approximately 200 ft-lbs. Follow the torquing sequence shown in Figure A.7-1. Repeat
the torquing process following the sequence of Figure A.7-1. Torque to approximately
400 ft-lbs in the second pass, approximately 800 ft-lbs in the third pass and between 950
and 1040 ft-lbs in the final pass. A circular pattern of torquing may then be used to
eliminate further bolt movement.

7. Install new cask vent port seals.

8. Discard and install new (2) cask test port seals.

9. Evacuate the cavity between the cask and the DSC and backfill with helium.

10. Perform the assembly verification leakage test following the procedure given in Section
A.7.4.1.
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2. Depending on the DSC model being transported, verify that the prerequisites for the
preparation of the NUHOMS®-MP197HB cask for transport in Section A.7.1.1 have been
met.

3. If loading any one of the smaller diameter DSC models (NUHOMS®-24PT4, 32PT,
24PTH, 61 BT, or 61 BTH) in the NUHOMS®-MP 1 97HB cask, install an unloading
flange which is provided to ensure that the cask internal sleeve does not slide out should
the canister be required to be inserted back into the HSM. Depending on the DSC model
being loaded, verify that a DSC bottom spacer of appropriate height is placed at the
bottom of the cask. The height of the DSC bottom spacer required for each type of DSC is
listed in Table A.7-1.

4. Remove the ram access closure plate and the lid.

5. Install the ram trunnion support assembly.

6. Using a suitable prime mover, bring the onsite transfer trailer and the NUHOMS®-
MP l97HB cask to the ISFSI site and back the trailer in front of the module face.

7. Remove the HSM door and the DSC seismic restraint assembly from the HSM.

8. Move and rough align the transfer trailer within few inches of the HSM and stabilize the
trailer by extending vertical jacks onto the jack stands.

9. Use the trailer skid positioning system and optical surveying transits to align and dock the
cask with the HSM.

10. Install the cask/HSM restraints.

11. Align the hydraulic ram cylinder in the ram trunnion support assembly.

12. Extend the ram hydraulic cylinder until the grapple contacts the DSC bottom cover.

13. Engage the DSC grapple ring with the ram grapple.

14. Retract the ram hydraulic cylinder until the DSC is fully retracted into the cask.

15. Disengage the grapple from the DSC.

16. Remove the hydraulic ram and ram trunnion support assembly.

17. Install the cask ram closure plate with new O-rings. Lubricate, install and preload the ram
closure bolts and torque them to approximately 65 ft-lbs in the first pass and to 100-125
ft-lbs in the final pass by following the torquing sequence shown in Figure A.7-1.

18. Remove the cask/HSM restraints.

19. Using the skid positioning system, move the cask to the transfer position and secure the
onsite support skid to the onsite transfer trailer.

20. Verify that the cask lid O-ring seals are new. Discard any seals that have previously been
installed in the cask.

21. If necessary, apply vacuum grease to the seals and the adjoining sealing surfaces on the
cask lid.

22. If transporting any one of the smaller diameter DSC models (NUHOMS®-24PT4, 32PT,
24PTH, 61BT, or 61BTH), place a cask spacer ring at the top of the aluminum sleeve as
shown in Drawing MP 197HB-71-1014, Chapter A. 1, Appendix A. 1.4.10.1.
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23. Install shims, if required, to accommodate the recess of the outer top cover plate to the
DSC shell.

23a. Install the DSC top spacer. The height of the DSC top spacer required for each type of
DSC is listed in Table A. 7-1.

24. Install the cask lid. Lubricate, install and preload the lid bolts by torquing them to
approximately 200 ft-lbs following the torquing sequence shown in Figure A.7-1. Repeat
the torquing process. Torque to approximately 400 ft-lbs in the second pass,
approximately 800 ft-lbs in the third pass and between 950 and 1040 ft-lbs in the final
pass. A circular pattern of torquing may then be used to eliminate further bolt movement.

25. Discard and install new cask vent port seals if necessary.

26. Discard and install new (2) cask test port seals.
27. Evacuate the cavity between the cask and the DSC and backfill with helium.

28. Remove the shear key plug assembly from the cask.
29. Perform the assembly verification leakage test following the procedure given in Section

A.7.4.1.
30. Prepare the cask for transportation in accordance with the procedure described in Section

A.7.1.4.

A.7.1.4 NUHOMS®-MP 197HB Cask Preparation for Transport

Once the NUHOMS®ý-MP 1 97HB cask has been loaded using either the wet loading procedure
described in Section A.7.1.2 or the dry loading procedure described in Section A.7.1.3 above, the
following tasks are performed to prepare the cask for transportation. The cask is assumed to be
seated horizontally in the onsite transfer skid.

1. Verify that the cask surface removable contamination levels meet the requirements of 49
CFR 173.443 [2] and 10 CFR 71.87 [3].

2. Verify that the assembly verification leakage rate testing specified in Section A.7.4.1 has
been performed. This test must be performed within 12 months prior to the shipment.

A.7.1.4.1 Placing the NUHOMS®-MP 1 97HB Cask onto the Conveyance

The procedure for placement of the cask on the conveyance is given in this section. If cask is
already on the transportation skid, rig the cask/skid, lift and place them on to the conveyance,
then skip to Step 8.

1. Using a suitable prime mover, bring the cask and onsite transfer trailer to the conveyance.
2. Remove the onsite transfer skid pillow block covers.

3. Install suitable slings around the cask top and bottom ends. (May also be rigged around
the front and rear trunnions.)

4. Lift the cask from the onsite transfer trailer.

5. Place the cask onto the transportation skid.
6. Remove the cask upper and lower trunnions and install the trunnion plugs.

7. Remove the lifting slings from the cask.
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Table A.7-1
DSC, Fuel, and Basket Spacer Nominal Heights for Each Type f DS (in.)

61 BTH 24PTH1 32PT _ __32PTH 32 PTH 1 37PTH
Canister Type 61BT 6 T 69BTH24T - 24PT4 32PT 3PH 3PH3PH3PH RWC

Type 1 Type 2 S L S-LC S-100 S-125 L-100 L-125 Typel S M L S M IDSC bottom
spacer heightt 2.20 2.20 2.20 1.24 11.7 5.7 11.7 2.2 11.7 11.7 5.7 5.7 12.5 5.25 12.5 5.25 N/A 16.25 9.0 11.75

DSCtop 0.55 0.55 0.55 0.55 0.55 0.55 0.4 0.3 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.3 0.55 0.55 0.55
spacer heighlt _

Fuel spacer 2.0 1.7 1.7 1.75 2.65 2.0 0.2 2.2 2.65 0.2 2.65 0.2 0.7 0.4 0.55 0.4 1.85 0.55 0.4 N/Ahelight2)(
3
) ___ ___

Basket spacer N/A N/A N/A NA N/A N/A N/A 0.5 N/A N/A N/A N/A 1.75 1.75 1.75 1.75 1.75 1.5 1.75 N/A
heightI I I

1 DSC top and bottom spacers can be combined to one spacer. If one spacer is used, it can be installed either on top or bottom of the DSC.
(2) Fuel spacer can be installed either on top or bottom of the fuel assembly. The actual height of the spacer may be determined using the fiel assembly geometry such that the maximum gap between

the ftel assembly and the DSC internal cavity is below 0.5 ".
• Fuel and basket spacers can be combined to one spacer.
(4) Basket spacer can be installed either on top or bottom of the basket.

NUHO9.0 101 
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Table A.7-2
Specification for Various DSCsApplicable Fuel

Applicable Fuel Specification
DSC MODEL from Chapter A.1
NUHOMS®-24PT4 Tables A. 1.4.1-1 and A. 1.4.1-2
NUHOMSw-32PT Table A. 1.4.2-2
NUHOMS®-24PTH Table A. 1.4.3-2
NUHOMS®-32PTH Table A. 1.4.4-2
NUHOMS®-32PTH1 Table A. 1.4.5-2
NUHOMS®-37PTH Table A. 1.4.6-2
NUHOMS®-61BT Table A. 1.4.7-2
NUHOMS®-61BTH Table A. 1.4.8-2
NUHOMSw-69BTH Table A. 1.4.9-1

Table A.7-3
Appendices Containing Loading Procedures for Various DSCs

DSC Model Appendix
NUHOMS®-24PT4 A.7.7.1
NUHOMS®-32PT A.7.7.2
NUHOMS®-24PTH A.7.7.3
NUHOMS®-32PTH A.7.7.4
NUHOMS®-32PTH1 A.7.7.5
NUHOMSw-37PTH A.7.7.6
NUHOMS®-61BT A.7.7.7
NUHOMS®-61BTH A.7.7.8
NUHOMS®-69BTH A.7.7.9
RWC A.7.7.10

Table A.7-4
Appendices Containing Unloading Procedures for Various DSCs

DSC Model Appendix
NUHOMS®-24PT4 A.7.7.1, Section A.7.7.1.4
NUHOMS®-32PT A.7.7.2, Section A.7.7.2.4
NUHOMS®-24PTH A.7.7.3, Section A.7.7.3.4
NUHOMS®-32PTH A.7.7.4, Section A.7.7.4.4
NUHOMS®-32PTH1 A.7.7.5, Section A.7.7.5.4
NUHOMS®-37PTH A.7.7.6, Section A.7.7.6.4
NUHOMS®-61BT A.7.7.7, Section A.7.7.7.4
NUHOMS®-61BTH A.7.7.8, Section A.7.7.8.4
NUHOMS®-69BTH A.7.7.9, Section A.7.7.9.4
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Appendix A.7.7.1
NUHOMS®-24PT4 DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.1.5. The term DSC as used in this appendix refers to the NUHOMS®-24PT4 DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approvalfrom the
NRC.

1. Section A. 7.7.1.1, Steps 5, 6, 7, and 8
2. Section A. 7.7.1.2, Steps 10, 12, 13, 18, 24, and 25
3. Section A. 7. 7.1.3, Steps 1, 3, and 4
4. Section A. 7. 7.1.4, Steps 4 and 7

A.7.7.1.1 NUHOMS®-24PT4 DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool in
accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool. As the cask is lowered into the pool, spray the exterior
surface of the cask with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact fuel assemblies are placed into a known cell location within a DSC will
typically consist of the following:

* A cask/DSC loading plan is developed to verify that the intact and damaged fuel
assemblies meet the burnup, enrichment, and cooling time parameters of the
applicable sections as listed in step 13 of Section A.7. 1.1.

* The loading plan is independently verified and approved before the fuel load.

" A fuel movement schedule is then written, verified, and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

* If loading damaged fuel assemblies, verify that the required number of failed fuel
cans for the 24PT4 DSC have replaced the guide sleeves at the authorized
locations within the 24PT4 DSC basket.

NUHO9.O101 A.7.7.1-1
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6. Prior to loading of a spent fuel assembly (SFA) into the DSC, the identity of the assembly
is to be verified by two individuals using an underwater video camera or other means.
Read and record the identification number from the fuel assembly and check this
identification number against the DSC loading plan which indicates which fuel
assemblies are acceptable for transport.

Note: If poison rodlets are required for criticality control, they must be present in the assembly
prior to insertion into the DSC. The presence and location of the poison rodlets shall be
verified to be correct by two individuals.

7. Position the fuel assembly for insertion into the selected DSC compartment and load the
fuel assembly. Repeat steps 6-7 for each SFA loaded into the DSC. After the DSC has

Intentionally left blank
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Appendix A.7.7.2
NUHOMS®-32PT DSC Wet Loading and Unloading Procedures

NOTE: References, in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.2.5. The term DSC as used in this appendix refers to the NUHOMS®-32PT DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approvalfrom the
NRC.

1. Section A. 7.7.2.1, Steps 5, 5.A, 6, 7, and 8
2. Section A. 7.7.2.2, Steps 10, 12, 13, 18, 24, and 25
3. Section A. 7. 7.2.3, Steps 1, 4, 6, and 7
4. Section A. 7. 7.2.4, Steps 4 and 7

A.7.7.2.1 NUHOMS®-32PT DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.
1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool in

accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool. As the cask is lowered into the pool, spray the exterior
surface of the cask and lifting yoke with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that intact spent
fuel assemblies (SFAs) and control components (CCs), if applicable, are placed into a
known cell location within a DSC will typically consist of the following:

* A cask/DSC loading plan is developed to verify that the fuel assemblies, and CCs,
if applicable, meet the burnup, enrichment and cooling time parameters of the
applicable section as listed in step 13 of Section A.7. 1.1. If poison rod assemblies
(PRAs) are determined to be needed, record the number required and the DSC cell
location for each of the PRAs on the loading plan.

* The loading plan is independently verified and approved before the fuel load.

* A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

5.A Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly burnup and to
prevent misloading. Fuel loading plans developed in step 5 above shall also include the
additional requirements shown in Section A. 6.3.4.

NUHO9.0101 A.7.7.2-1
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6. Prior to loading of an SFA (and CC, if applicable) into the DSC, the identity of the
assembly (and CC, if applicable) is to be verified by two individuals using an underwater
video camera or other means. Verification of CC identification is optional if the CC has
not been moved from the host fuel assembly since its last verification. Read and record
the identification number from the fuel assembly (and CC, if applicable) and check this
identification number against the DSC loading plan which indicates which fuel
assemblies (and CCs, if applicable) are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC compartment and load the
fuel assembly. Repeat steps 6-7 for each SFA loaded into the DSC. If applicable, insert
the required'number of PRAs at specific locations called out in the loading plan. After the
DSC has been fully loaded, check and record the identity and location of each fuel
assembly and CC, if applicable, in the DSC. Also record the location of each PRA
inserted in the DSC (if applicable).

8. After all the SFAs, CCs, and PRAs, if applicable, have been placed into the DSC and
their identities verified, position the lifting yoke and the top shield plug and lower the
shield plug onto the DSC.

9. Visually verify that the top shield plug is properly seated in the DSC.

10. Position the lifting yoke arms under the cask trunnions and verify that they are properly
engaged.

11. Raise the cask to the pool surface. Prior to raising the top of the cask above the water
surface, stop vertical movement.

12. Inspect the top shield plug to verify that it is properly seated within the DSC. If not,
lower the cask and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

13. Continue to raise the cask from the pool and spray the exposed portion of the cask with
demineralized water until the top region of the cask is accessible.

14. Drain any excess water from the top of the DSC shield plug back to the fuel pool.

15. Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

16. Water may be drained from the DSC back into the fuel pool or other suitable location to
meet the weight limit on the crane. Use 1-3 psig of helium to backfill the DSC per ISG-
22 [6] guidance as water is being removed from the DSC.

17. Lift the cask from the fuel pool. As the cask is raised from the pool, continue to spray the
cask with clean water.

Intentionally left blank
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personnel performing the leakage test are qualified in accordance with SNT-TC-1A [7].
Alternatively, this leakage test can be done with a test head following step 1.

5. If a leak is found, remove the outer cover plate root pass (if not using the test head), the
vent and siphon port plugs and repair the inner cover plate welds. Then repeat applicable
procedure steps from Section A.7.7.2.2, step 17.

6. Perform dye penetrant examination of the root pass weld. Weld out the outer top cover
plate to the DSC shell and perform dye penetrant examination on the weld surface.

7. Seal weld the prefabricated plug (when applicable) over the outer cover plate test port
and perform dye penetrant weld examinations.

8. Remove the automated welding machine from the DSC.

9. Open the cask drain port valve and drain the water from the cask/DSC annulus.

The cask/DSC is now ready to be prepared for downending as described in Chapter A.7, Section
A.7.1.2.2.

A.7.7.2.4 Unloading a NUHOMS®-32PT DSC to a Fuel Pool

CAUTION: The process of DSC unloading is similar to that used for DSC loading. DSC
opening operations described below are to be carefully controlled in
accordance with site procedures. This operation is to be performed under the
site's standard health physics guidelines for welding, grinding, and handling
of potentially highly contaminated equipment. These are to include the use
of prudent housekeeping measures and monitoring of airborne particles.
Procedures may require tenting, respirators, supplied air or other measures
to contain contamination and minimize the impact on the health and safety
of workers.

1. Locate the DSC siphon and vent ports using the indications on the DSC outer top cover
plate.

2. Drill a hole in the DSC outer top cover plate and remove the siphon cover plate to expose
the siphon port quick connect.

3. Drill a hole in the DSC outer top cover plate and remove the vent cover plate to expose
the vent port quick connect.

4. Sample the DSC cavity atmosphere. If necessary, flush the DSC cavity gases to the site
radwaste systems.

CAUTION:
(a) The water fill rate must be regulated during this reflooding operation to ensure that the
DSC vent pressure does not exceed 20.0 psig.

(b) Provide for continuous hydrogen monitoring of the DSC cavity atmosphere during all
subsequent cutting operations to ensure that a safety limit of 2.4% is not exceeded [4] and
[5]. Purge with 2-3 psig helium (or any other inert medium) as necessary to maintain the
hydrogen concentration safely below this limit.

NUH09.0101 A.7.7.2-6
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5. Fill the DSC with spent fuel pool water (or other plant designated water source) through
the siphon port with the vent port open and routed to the plant's off-gas system. Soluble
boron requirements per step 5.A of Section A.7.7.2.1 are applicable for the pool and DSC
cavity water.

6. Install a debris shield over the cask/DSC annulus.

7. Use a mechanical cutting system, plasma arc-gouging, or other suitable means to remove
the closure weld from the outer top cover plate.

CAUTION: Monitor the hydrogen concentration in the DSC cavity during this
step to ensure that it does not exceed 2.4% by volume [4] and [5].

8. Remove the DSC outer top cover plate.

9. Continue with cutting equipment and remove the closure weld from the DSC inner top
cover plate.

10. Remove the DSC inner top cover plate.

11. NOT USED

12. Remove excess material on the DSC inside shell surface which may interfere with top
shield plug removal.

13. Clean the cask surface of dirt and debris that may have accumulated during transportation
or weld removal.

14. Engage the cask lifting yoke to the upper trunnions and install the shield plug cables
between the yoke and the DSC top shield plug.

15. Prior to lowering the cask into the pool, adjust the pool water, if necessary, to
accommodate the volume of water which will be displaced by the cask during the
operation.

16. Lower the cask slowly into the fuel pool while spraying the exterior of the cask with
clean water.

17. Disengage the lifting yoke from the cask trunnions and remove the top shield plug.

18. Remove the fuel assemblies from the DSC.

19. Engage the lifting yoke to the cask upper trunnions, remove the cask from the pool, and
place it in the decon area.

20. Remove the water from the DSC cavity and cask/DSC annulus.

21. Remove the DSC from the cask and handle in accordance with low-level waste
procedures.

22. Decontaminate the cask inner and outer surfaces as necessary.

23. Inspect the cask hardware (including covers and valves) for damage that may have
occurred during transportation. Repair or replace as necessary.
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Appendix A.7.7.3
NUHOMS®-24PTH DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc. and refer to the reference list in
Section A.7.7.3.5. The term DSC as used in this appendix refers to the NUHOMS®-24PTH DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approval from the
NRC.

1. Section A. 7. 7.3.1, Steps 5, 5.A, 6, 7, and 8
2. Section A. 7.7.3.2, Steps 10, 12, 13, 18, 24, and 25
3. Section A. 7. 7.3.3, Steps 1, 4, 6, and 7
4. Section A. 7. 7.3.4, Steps 4 and 7

A.7.7.3.1 NUHOMS®-24PTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool in
accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool. As the cask is lowered into the pool, spray the exterior
surface of the cask and the lifting yoke with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that failed,
damaged and/or intact spent fuel assemblies (SFAs) and control components (CCs), if
applicable, are placed into a known cell location within a DSC will typically consist of
the following:

* A cask/DSC loading plan is developed to verify that the intact, damaged and
failed SFAs, and CCs, if applicable, meet the burnup, enrichment and cooling
time parameters of the applicable sections as listed in step 13 of Section A.7. 1.1.

* The loading plan is independently verified and approved before the fuel load.

* A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

" If loading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate locations in the basket.
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If loading failed fuel, verify that the required number of failed fuel cans are
installed in the appropriate locations, or, once loaded with fuel, are installed in the
appropriate locations in the basket.

5.A Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly burnup and to
prevent misloading. Fuel loading plans developed in step 5 above shall also include the
additional requirements shown in Section A. 6. 3.4.

6. Prior to loading of an SFA (and CC, if applicable) into the DSC, the identity of the SFA
(and CC, if applicable) is to be verified by two individuals using an underwater video
camera or other means. Verification of CC identification is optional if the CC has not
been moved from the host fuel assembly since its last verification. Read and record the
identification number from the SFA (and CC, if applicable) and check this identification
number against the DSC loading plan which indicates which SFAs (and CCs, if
applicable) are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC storage cell and load the
fuel assembly. Repeat steps 6-7 for each SFA loaded into the DSC. If loading damaged
fuel assemblies, place top end caps over each damaged fuel assembly placed into the
basket. If loading failed fuel, ensure that the failed fuel can lids are installed. After the
DSC has been fully loaded, check and record the identity and location of each fuel
assembly and CC, if applicable, in the DSC.

8. After all the SFAs and CCs, if applicable, have been placed into the DSC and their
identities verified, position the lifting yoke and the top shield plug (shield plug assembly)
and lower the shield plug into the DSC. Optionally the shield plug may be installed using
alternate rigging in lieu of the yoke.

9. Visually verify that the top shield plug is properly seated in the DSC.

10. Position the lifting yoke arms under the cask trunnions and verify that they are properly
engaged.

11. Raise the cask to the pool surface. Prior to raising the top of the cask above the water
surface, stop vertical movement.

12. Inspect the top shield plug to verify that it is properly seated within the DSC. If not,
lower the cask and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

13. Continue to raise the cask from the pool and spray the exposed portion of the cask with
demineralized water until the top region of the cask is accessible.

14. Drain any excess water from the top of the DSC shield plug back to the fuel pool.

Intentionally left blank
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Appendix A.7.7.4
NUHOMS®-32PTH DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.4.5. The term DSC as used in this appendix refers to the NUHOMS®-32PTH DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approval from the
NRC.

1. Section A. 7.7.4.1, Steps 5, 5.A, 6, 7, and 8
2. SectionA. 7.7.4.2, Steps 10, 12, 13, 18, 20, 21, 22, 23, and 24
3. Section A. 7. 7.4.3, Steps 1, 5, 6, and 7
4. Section A. 7.7.4.4, Steps 4 and 7

A.7.7.4.1 NUHOMS®-32PTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool in
accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool. As the cask is lowered into the pool, spray the exterior
surface of the cask and lifting yoke with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) and control components (CCs), if applicable,
are placed into a known cell location within a DSC will typically consist of the following:

* A cask/DSC loading plan is developed to verify that the intact, damaged SFAs
and CCs, if applicable, meet the burnup, enrichment and cooling time parameters
of the applicable sections as listed in step 13 of Section A.7. 1.1.

* The loading plan is independently verified and approved before the fuel load.

* A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

* If loading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate locations in the basket.

5.A Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly burnup and to
prevent misloading. Fuel loading plans developed in step 5 above shall also include
the additional requirements shown in Section A. 6. 3.4.
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6. Prior to loading of an SFA (and CCs, if applicable) into the DSC, the identity of the
assembly (and CCs, if applicable) is to be verified by two individuals using an
underwater video camera or other means. Verification of CC identification is optional if
the CC has not been moved from the host SFA since its last verification. Read and record
the identification number from the SFA (and CCs, if applicable) and check this
identification number against the DSC loading plan which indicates which SFA (and CC,
if applicable) are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC compartment and load the
fuel assembly. Repeat steps 6-7 for each SFA loaded into the DSC. After the DSC has
been fully loaded, check and record the identity and location of each fuel assembly and
CCs, if applicable, in the DSC. If loading damaged fuel assemblies, place top end caps
over each damaged fuel assembly placed into the basket.

8. After all the SFAs and CCs, if applicable, have been placed into the DSC and their
identities verified, position the lifting yoke and the top shield plug (shield plug assembly)
and lower the shield plug into the DSC. Optionally the shield plug may be installed using
alternate rigging in lieu of the yoke.

9. Visually verify that the top shield plug is properly seated in the DSC.

10. Position the lifting yoke arms under the cask trunnions and verify that they are properly
engaged.

11. Raise the cask to the pool surface. Prior to raising the top of the cask above the water
surface, stop vertical movement.

12. Inspect the top shield plug to verify that it is properly seated within the DSC. If not,
lower the cask and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

13. Continue to raise the cask from the pool and spray the exposed portion of the cask with

demineralized water until the top region of the cask is accessible.

14. Drain any excess water from the top of the DSC shield plug back to the fuel pool.

15. Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

16. As required for crane load limitations, drain water from the DSC. Use I to 3 psig of
helium to backfill the DSC per ISG-22[6] guidance as water is being removed from the
DSC cavity.

17. Lift the cask from the fuel pool. As the cask is raised from the pool, continue to spray the
cask with clean water.

Intentionally left blank
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sufficient, as a faulty valve allows the vacuum pump to continue to draw a
vacuum on the canister. Turning off the pump, or opening the suction side
of the pump to atmosphere are examples of ways to assure that the pump is
not continuing to draw a vacuum on the canister.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

19. If the DSC cavity pressure remains below the specified limit for the required duration
with the pump isolated, continue to the next step. If not, repeat steps 18 and 19.

20. Purge air from the backfill manifold, open the isolation valve, and backfill the DSC
cavity with helium to 16.5 to 18 psig and hold for 10 minutes.

21. Reduce the DSC cavity pressure to atmospheric pressure, or slightly over.

22. If the quick connect fittings were removed for vacuum drying, remove the vacuum line
adapters from the ports, and re-install the quick connect fittings using suitable pipe thread
sealant.

CAUTION: Radiation dose rates are expected to be high at the vent and siphon port
locations. Use proper ALARA practices (e.g., use of temporary shielding,
appropriate positioning of personnel, etc.) to minimize personnel exposure.

23. Evacuate the DSC through the vent port quick connect fitting to a pressure 100 mbar or
less.

24. Purge air from the backfill manifold, open the isolation valve, and backfill the DSC
cavity with helium to 2.5 ± 1 psig (stable for 30 minutes).

25. Close the valves on the helium source.

A.7.7.4.3 NUHOMS®-32PTH DSC Sealing Operations

CAUTION: During performance of steps listed in this section, monitor the cask/DSC
annulus water level and replenish as necessary to maintain cooling.

I1. Disconnect the VDS from the DSC. Weld the covers over the vent and drain ports,
performing non-destructive examination of the weld surface.

2. Temporary shielding may be installed as necessary to minimize personnel exposure
throughout the subsequent welding operations. Install a temporary test head fixture (or
any other alternative means). Perform a helium leakage test of the inner top cover/shield
plug to the DSC shell welds and siphon/vent cover welds to demonstrate that these welds
meet the "leak-light" criterion (< 1.0 x 10-7 ref. cm 3/sec) as defined in ANSI N14.5 [1]. If
the leakage rate exceeds 1.0 x 10-7 atm. cm3/sec, check and repair these welds. Verify that
the personnel performing the leakage test are qualified in accordance with SNT-TC-IA
[7].

3. Place the outer top cover plate onto the DSC and verify proper fit-up of the outer top
cover plate and the DSC shell. Install the automated welding machine onto the outer top
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Appendix A.7.7.5
NUHOMS®-32PTH1 DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc. and refer to the reference list in
Section A.7.7.5.5. The term DSC as used in this appendix refers to the NUHOMS®-32PTH1
DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approvalfrom the
NRC.

1. Section A. 7.7.5.1, Steps 5, 5.A, 6, 7, and 8
2. Section A. 7.7.5.2, Steps 10, 12, 13, 18, 24, and 25
3. Section A. 7. 7.5.3, Steps 1, 4, 6, and 7
4. Section A. 7. 7.5.4, Steps 4 and 7

A.7.7.5.1 NUHOMS®-32PTHl DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool in
accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool. As the cask is lowered into the pool, spray the exterior
surface of the cask and lifting yoke with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) and control components (CCs), if applicable,
are placed into a known cell location within a DSC will typically consist of the following:

" A cask/DSC loading plan is developed to verify that the SFAs, and CCs, if
applicable, meet the bumup, enrichment and cooling time parameters of the
applicable sections listed in step 13 of Section A.7. 1.1.

* The loading plan is independently verified and approved before the fuel load.

" A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

* If loading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate basket locations.

5.A Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly bumup and to
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prevent misloading. Fuel loading plans developed in step 5 above shall also include the
additional requirements shown in Section A. 6. 3.4.

6. Prior to loading of an SFA (and CC, if applicable) into the DSC, the identity of the
assembly (and CC, if applicable) is to be verified by two individuals using an underwater
video camera or other means. Verification of CC identification is optional if the CC has
not been moved from the host fuel assembly since its last verification. Read and record
the identification number from the SFA (and CC, if applicable) and check this
identification number against the DSC loading plan which indicates which SFAs(and
CCs, if applicable) are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC compartment and load the
fuel assembly. Repeat steps 6 through 7 for each SFA loaded into the DSC. If loading
damaged fuel assemblies, place top end caps over each damaged fuel assembly placed
into the basket. After the DSC has been fully loaded, check and record the identity and
location of each SFA and CC, if applicable, in the DSC.

8. After all the SFAs, and CCs, if applicable, have been placed into the DSC and their
identities verified, position the lifting yoke and the top shield plug and lower the shield
plug onto the DSC. Optionally, the shield plug may be installed using an alternate rigging
in lieu of the yoke.

9. Visually verify that the top shield plug is properly seated in the DSC.

10. Position the lifting yoke arms under the cask trunnions and verify that they are properly
engaged.

11. Raise the cask to the pool surface. Prior to raising the top of the cask above the water
surface, stop vertical movement.

12. Inspect the top shield plug to verify that it is properly seated within the DSC. If not,
lower the cask and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

13. Continue to raise the cask from the pool and spray the exposed portion of the cask with
demineralized water until the top region of the cask is accessible.

14. Drain any excess water from the top of the DSC shield plug back to the fuel pool.

15. Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

16. Drain a minimum of 50 gallons of water. Optionally water may be drained from the DSC
back into the fuel pool or other suitable location to meet the weight limit on the crane.
Use 1-3 psig of helium to backfill the DSC with helium gas per ISG-22 [6] guidance as
water is being removed from the DSC.

Intentionally left blank
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Appendix A.7.7.6
NUHOMS®-37PTH DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.6.5. The term DSC as used in this appendix refers to the NUHOMS®-37PTH DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approvalfrom the
NRC.

1. Section A. 7.7.6.1, Steps 5, 5.A, 6, 7, and 8
2. Section A. 7.7.6.2, Steps 10, 12, 13, 18, 24, and 25
3. Section A. 7.7.6. 3, Steps 1, 4, 6, and 7
4. Section A. 7. 7.6.4, Steps 4 and 7

A.7.7.6.1 NUHOMS®-37PTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool in
accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool. As the cask is lowered into the pool, spray the exterior
surface of the cask and lifting yoke with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) and control components (CCs), if applicable,
are placed into a known cell location within a DSC will typically consist of the following:

" A cask/DSC loading plan is developed to verify that the intact, damaged fuel
assemblies, and CCs, if applicable, meet the burnup, enrichment and cooling time
parameters of the applicable sections as listed in step 13 of Section A.7. 1.1.

* The loading plan is independently verified and approved before the fuel load.

* A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

* If loading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate basket locations.

5.A Since burnup credit is employed for demonstration of criticality safety, additional
administrative controls are required for verification of fuel assembly burnup and to
prevent misloading. Fuel loading plans developed in step 5 above shall also include the
additional requirements shown in Section A. 6. 3.4.
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6. Prior to loading of an SFA (and CC, if applicable) into the DSC, the identity of the SFA
(and CC, if applicable) is to be verified by two individuals using an underwater video
camera or other means. Verification of CC identification is optional if the CC has not
been moved from the host fuel assembly since its last verification. Read and record the
identification number from the SFAs (and CCs, if applicable) and check this
identification number against the DSC loading plan which indicates which SFAs (and
CCs, if applicable) are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC compartment and load the
fuel assembly. Repeat steps 6-7 for each SFA loaded into the DSC. After the DSC has
been fully loaded, check and record the identity and location of each fuel assembly and
CC, if applicable, in the DSC. If loading damaged fuel assemblies, place top end caps
over each damaged fuel assembly placed into the basket.

8. After all the SFAs and CCs, if applicable, have been placed into the DSC and their
identities verified, position the lifting yoke and the top shield plug (shield plug assembly)
and lower the shield plug into the DSC. Optionally the shield plug may be installed using
alternate rigging in lieu of the yoke.

9. Visually verify that the top shield plug is properly seated in the DSC.

10. Position the lifting yoke arms under the cask trunnions and verify that they are properly
engaged.

11. Raise the cask to the pool surface. Prior to raising the top of the cask above the water
surface, stop vertical movement.

12. Inspect the top shield plug to verify that it is properly seated within the DSC. If not,
lower the cask and reposition the top shield plug. Repeat steps 9 through 12 as necessary.

13. Continue to raise the cask from the pool and spray the exposed portion of the cask with
demineralized water until the top region of the cask is accessible.

14. Drain any excess water from the top of the DSC shield plug back to the fuel pool.

15. Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

16. As required for crane load limitations, drain water from the DSC back into the fuel pool
or other suitable location. Use 1 to 3 psig of helium to backfill the DSC per ISG-22[6]
guidance as water is being removed from the DSC cavity.

Intentionally left blank
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Appendix A.7.7.7
NUHOMS®-61BT DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.7.5. The term DSC as used in this appendix refers to the NUHOMS®-61BT DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approvalfrom the
NRC.

1. Section A. 7.7. 7.1, Steps 5, 6, 7, and 8
2. Section A. 7.7.7.2, Steps 10, 12, 13, 19, 25, and 26
3. Section A. 7. 7.7.3, Steps 1, 4, 6, and 7
4. Section A. 7. 7.7.4, Steps 4 and 7

A.7.7.7.1 NUHOMS®-61BT DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool in
accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool. As the cask is lowered into the pool, spray the exterior

surface of the cask and lifting yoke with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) are placed into a known cell location within a
DSC will typically consist of the following:

* A cask/DSC loading plan is developed to verify that the SFAs meet the burnup,
enrichment and cooling time parameters of the applicable sections as listed in step
13 of Section A.7.1.1.

" The loading plan is independently verified and approved before the fuel load.

* A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

* If loading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate fuel compartment tube locations before fuel
load.

NUHO9.0101 A.7.7.7- I
NUH09.0101 A.7.7.7-1



MP197 Transportation Packaging Safety Analysis Report Rev. 8, 0 7/10

6. Prior to insertion of an SFA into the DSC, the identity of the assembly is to be verified by
two individuals using an underwater video camera or other means. Read and record the
SFA identification number from the SFA and check this identification number against the
DSC loading plan which indicates which SFAs are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC fuel compartments and
load the fuel assembly. Repeat steps 6 through 7 for each SFA loaded into the DSC. If
loading damaged fuel assemblies, place top end caps over each damaged fuel assembly
placed into the basket. After the DSC has been fully loaded, check and record the identity
and location of each fuel assembly in the DSC.

Intentionally left blank
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Appendix A.7.7.8
NUHOMS®-61BTH DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc. and refer to the reference list in
Section A.7.7.8.5. The term DSC as used in this appendix refers to the NUHOMS®-61BTH
DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approval from the
NRC.

1. Section A. 7.7.8.1, Steps 5, 6, 7, and 8
2. Section A. 7.7.8.2, Steps 10, 12, 13, 19, 25, and 26
3. Section A. 7. 7.8.3, Steps 1, 4, 6, and 7
4. Section A. 7.7.8.4, Steps 4 and 7

A.7.7.8.1 NUHOMS®-61BTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool in
accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool. As the cask is lowered into the pool, spray the exterior
surface of the cask and the lifting yoke with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that failed,
damaged and/or intact spent fuel assemblies (SFAs) are placed into a known cell location
within a DSC, will typically consist of the following:

* A cask/DSC loading plan is developed to verify that the failed, damaged and/or
intact SFAs meet the burnup, enrichment and cooling time parameters of the
applicable sections as listed in step 13 of Section A.7. 1.1.

" The loading plan is independently verified and approved before the fuel load.

* A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

* If loading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate fuel compartment tube locations before fuel
load.
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If loading failed fuel, verify that the required number of failed fuel cans (FFCs)
are installed in the appropriate locations, or, once loaded with fuel, are installed in
the appropriate locations in the basket.

6. Prior to insertion of an SFA into the DSC, the identity of the assembly is to be verified by
two individuals using an underwater video camera or other means. Read and record the
fuel assembly identification number from the fuel assembly and check this identification
number against the DSC loading plan which indicates which fuel assemblies are
acceptable for transportation.

7. Position the fuel assembly for insertion into the selected DSC storage cell and load the
fuel assembly. Repeat steps 6 through 7 for each SFA loaded into the DSC. If loading

Intentionally left blank
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Appendix A.7.7.9
NUHOMS®-69BTH DSC Wet Loading and Unloading Procedures

NOTE: References in this appendix are shown as [1], [2], etc., and refer to the reference list in
Section A.7.7.9.5. The term DSC as used in this appendix refers to the NUHOMS®-69BTH
DSC.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approvalfrom the
NRC.

1. Section A. 7. 7.9.1, Steps 5, 6, 7, and 8
2. Section A. 7.7.9.2, Steps 10, 12, 13, 18, 24, and 25
3. Section A. 7. 7.9.3, Steps 1, 4, 6, and 7
4. Section A. 7.7.9.4, Steps 4 and 7

A.7.7.9.1 NUHOMS®-69BTH DSC Fuel Loading

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask/DSC and position it over the cask loading area of the spent fuel pool in
accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool. As the cask is lowered into the pool, spray the exterior
surface of the cask and the lifting yoke with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. The potential for fuel misloading is essentially eliminated through the implementation of
procedural and administrative controls. The controls instituted to ensure that damaged
and/or intact spent fuel assemblies (SFAs) are placed into a known cell location within a
DSC will typically consist of the following:

" A cask/DSC loading plan is developed to verify that the intact and damaged fuel
assemblies meet the burnup, enrichment and cooling time parameters of the
applicable sections as listed in step 13 of Section A.7.1.1.

* The loading plan is independently verified and approved before the fuel load.

" A fuel movement schedule is then written, verified and approved based upon the
loading plan. All fuel movements from any rack location are performed under
strict compliance with the fuel movement schedule.

* If loading damaged fuel assemblies, verify that the required number of bottom
end caps are installed in appropriate locations in the basket.

6. Prior to loading of an SFA into the DSC, the identity of the assembly is to be verified by
two individuals using an underwater video camera or other means. Read and record the
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identification number from the SFA and check this identification number against the DSC
loading plan which indicates which SFAs are acceptable for transport.

7. Position the fuel assembly for insertion into the selected DSC fuel compartment and load
the fuel assembly. Repeat steps 6 through 7 for each SFA loaded into the DSC. If loading
damaged fuel assemblies, place top end caps over each damaged fuel assembly placed
into the basket. After the DSC has been fully loaded, check and record the identity and
location of each fuel assembly in the DSC.

8. After all the SFAs have been placed into the DSC and their identities verified, install the
hold down ring. Alternately, the hold down ring may be placed before loading the SFAs.

Intentionally left blank
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Appendix A.7.7.10
Radioactive Waste Canister (RWC) Wet Loading Procedures

Note: The procedure outlined below applies to the final loading of either the RWC-W or the
RWC-B prior to release for shipment. Both versions of the RWC have a top shield plug (which
also serves as a bolt-on lid for the RWC-B) and an outer top cover plate. Both the plug and the
plate are welded in place prior to transport.

The steps listed below are incorporated by reference into the CoC 9302 Conditions (paragraph
7. (c)) and shall not be deleted or altered in any way without a CoC revision approval from the
NRC.

1, Section A. 7. 7.10.1, Step 6
2. Section A. 7.7.10.2, Steps ], 12, 17, and 18
3, Section A. 7.7.10.3, Steps 1, and 4

A.7.7.10.1 Wet Loading of the RWC

The starting condition for the following steps assumes completion of the cask preparation steps
in Section A.7.1.2.

1. Lift the cask and position it over the cask loading area of the spent fuel pool in
accordance with the plant's 10 CFR 50 cask handling procedures.

2. Lower the cask into the fuel pool until the bottom of the cask is at the height of the fuel
pool surface. As the cask is lowered into the pool, spray the exterior surface of the cask
with clean water.

3. Place the cask in the location of the fuel pool designated as the cask loading area.

4. Disengage the lifting yoke from the cask lifting trunnions and move the yoke clear of the
cask. Spray the lifting yoke with clean water if it is raised out of the fuel pool.

5. Using the appropriate handling tool and/or suitable hoist, load the RWC cavity. Verify
that the cask is full or install appropriate component spacers to restrain the contents
during transport. Record contents and location on the cask loading report to the extent
practical.

6. Install the liner shield plug (RWC-W), as applicable, and then install the RWC top shield
plug.

7. Position the lifting yoke with the cask trunnions and verify that it is properly engaged.

8. Raise the cask to the pool surface. Prior to raising the top of the cask above the water
surface, stop vertical movement.

9. Inspect the shield plug/lid to verify that it is properly seated within the RWC. If not,
lower the cask and reposition. Repeat steps 6 through 8 as necessary.

10. Continue to raise the cask from the pool and spray the exposed portion of the cask with
clean or demineralized water until the top region of the cask is accessible.

11. Drain any excess water from the top of the RWC back to the fuel pool.
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12. Check the radiation levels at the center of the top shield plug and around the perimeter of
the cask.

13. As required for crane load limitations, drain water from the RWC.

14. Lift the cask from the fuel pool. As the cask is raised from the pool, continue to spray the
cask with clean water.

15. Move the cask to the plant designated preparation area.

Intentionally left blank
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The source/detector distance used in the cask inspection shall be the same as that used in
establishing the maximum dose rate limit.

A.8.1.6.2 Neutron Shield

The radial neutron shield is protected from damage or loss by the aluminum and steel enclosure.
The neutron shield material, VYAL B, is a proprietary vinyl ester resin mixed with alumina
hydrate and zinc borate which are added for their fire retardant properties.

The primary function of the resin is to shield against neutrons, which is performed primarily by
the hydrogen content in the resin. The sole function of the boron is to suppress n-7 reactions with
hydrogen. The resin also provides some gamma shielding, which is a function of the overall resin
density, and is not sensitive to composition.

The proprietary process for the VYAL-B mixing and installation is described in SAR Section
A.5.8.

The following are acceptance values for density and chemical composition for the resin. The
values used in the shielding calculations of Chapter A.5 are included for comparison.

Chapter A.5 values Acceptance Testing Values
Acceptance range

Element Nominal wt % Element Wt % (wt %)
H 4.54 H 5.0 8
B 0.82 B 0.9 ±10

The minimum resin density in acceptance testing is 1.75 g/cm 3. Resin composition or density test
results which fall outside of this range will be evaluated to ensure that the shielding regulatory
dose limits are not exceeded.

Tests are performed at loading to ensure that the radiation dose limits are not exceeded for each
cask.
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A.8.1.7 Neutron Absorber Tests

CAUTION
Sections A.8.1.7.1 through A.8.1.7.4 below are incorporated by reference into the CoC 9302
Conditions (paragraph 7.(d)) and shall not be deleted or altered in any way without a CoC
revision approvalfrom the NRC. The text of these sections is shown in bold type to distinguish
them from other sections.

The neutron absorber used for criticality control in the DSC baskets may consist of any of the
following types of material. Depending on the DSC model, these neutron absorber materials may
be used alone or be paired with aluminum:

(a) Boron-aluminum alloy (borated aluminum)

(b) Boron carbide/Aluminum metal matrix composite (MMC)

(c) Boral®

These materials only serve as neutron absorber for criticality control and as heat conduction
paths. The MP 1 97HB packaging safety analyses do not rely upon their mechanical strength. The
radiation and temperature environment in the cask is not sufficiently severe to damage these
metallic/ceramic materials. To assure performance of the neutron absorber's design function only
the presence of B 10 and the uniformity of its distribution need to be verified, with testing
requirements specific to each material. The boron content of these materials is given in the
Appendices A. 1.4 for each DSC type.

References to metal matrix composites throughout this chapter are not intended to refer to
Boral®, which is described later in this section.

A.8.1.7.1 Boron Aluminum Alloy (Borated Aluminum)

See the Caution in Section A.8.1.7 before deletion or modification to this section.

The material is produced by direct chill (DC) or permanent mold casting with boron
precipitating as a uniform fine dispersion of discrete AlB 2 or TiB2 particles in the matrix of
aluminum or aluminum alloy. For extruded products, the TiB2 form of the alloy shall be
used. For rolled products, either the AlB 2, the TiB2, or a hybrid may be used.
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Boron is added to the aluminum in the quantity necessary to provide the specified
minimum B1O areal density in the final product. The amount required to achieve the
specified minimum B1O areal density will depend on whether boron with the natural
isotopic distribution of the isotopes B10 and Bll, or boron enriched in B10 is used. In no
case shall the boron content in the aluminum or aluminum alloy exceed 5% by weight.

The criticality calculations take credit for 90% of the minimum specified B1O areal density
of borated aluminum. The basis for this credit is the B10 areal density acceptance testing,
which shall be as specified in Section A.8.1.7.6. The specified acceptance testing assures
that at any location in the material, the minimum specified areal density of B10 will be
found with 95% probability and 95% confidence.

A.8.1.7.2 Boron Carbide/Aluminum Metal Matrix Composites (MMC)

See the Caution in Section A.8.1.7 before deletion or modification to this section.

The material is a composite of fine boron carbide particles in an aluminum or aluminum
alloy matrix. The material shall be produced by either direct chill casting, permanent mold
casting, powder metallurgy, or thermal spray techniques. The boron carbide content shall
not exceed 40% by volume. The boron carbide content for MMCs with an integral
aluminum cladding shall not exceed 50% by volume.

The final MMC product shall have density greater than 98% of theoretical density
demonstrated by qualification testing, with no more than 0.5 volume % interconnected
porosity. For MMC with an integral cladding, the final density of the core shall be greater
than 97% of theoretical density demonstrated by qualification testing, with no more than
0.5 volume % interconnected porosity of the core and cladding as a unit of the final
product.

Boron carbide particles for the products considered here typically have an average size of
40 microns or less. No more than 10% of the particles shall be over 60 microns.

Prior to use in the DSC, MMCs shall pass the qualification testing specified in Section
A.8.1.7.7, and shall subsequently be subject to the process controls specified in Section
A.8.1.7.8.

The criticality calculations take credit for 90% of the minimum specified B10 areal density
of MMCs. The basis for this credit is the B10 areal density acceptance testing, which is
specified in Section A.8.1.7.6. The specified acceptance testing assures that at any location
in the final product, the minimum specified areal density of B10 will be found with 95%
probability and 95% confidence.

A.8.1.7.3 Boral®

See the Caution in Section A.8.1.7 before deletion or modification to this section.
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Appendix A.2.13.14

Proprietary information on pages A.2.13.14-i and A.2.13.14-1 through
A.2.13.14-25 withheld pursuant to 10 CFR 2.390
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source term per DSC is limited to that specified in the above appendices for the DSCs containing
PWR fuel assemblies.

Therefore, a separate material composition and irradiation history is not necessary for
characterizing all of these CCs. A description of the source term calculation for the CCs is
provided in Section A.5.2.2.2. A discussion of the adjustment to the cooling times for
qualification of fuel assemblies containing CCs is provided in Section A.5.5.2.

Reconstituted fuel assemblies are those where one or more fuel rods are replaced with
"reconstituted" rods that displace the same amount of moderator in the active fuel region. Table
A.5-9 of the SAR provides material details of a reconstituted fuel assembly where the rods are
replaced with solid stainless steel after one cycle of irradiation. This assembly undergoes two
additional cycles of irradiation where the source terms of the original and reconstituted fuel
assemblies are compared. The summary of these evaluations is discussed in Section A.5.5.3.

Partial length shielding assemblies (PLSAs) are only authorized for the 24PTH DSC and are
Westinghouse 15x 15 design fuel assemblies that consist mostly of stainless steel. They are
restricted to a maximum burnup of 40 GWD/MTU and a maximum MTU loading of 0.330 as
shown on Chapter A. 1, Appendix A. 1.4.3. Therefore, they are bounded by the design basis B&W
15xl5 fuel assemblies.

Fuel qualification tables are established for each DSC to assure compliance with maximum
transportation dose rates criteria. Radiological source terms are calculated using
SAS2H/ORIGEN-S modules of SCALE [1]. Two depletion models are used for radiological
source calculation. They are based on the DB BWR and PWR FA parameters and characteristics.
Radiological sources from these two depletion models are used for qualification of BWR and
PWR assemblies for transportation, respectively. The model presented in Appendix P, Section
P.5.5.1 of reference [18] is used for DB PWR FA. SAS2H\ORIGEN-S depletion model for DB
BWR FA is developed using design characteristics and components presented in Table A.5-7 and
Table A.5-8.

To perform fuel qualification for the transportation in the cask, NCT response functions for all
the transportation cask\DSC shielding configurations are established. These response functions
were also used for determination of the bounding cask\DSC shielding configuration for
hypothetical accident conditions (HAC). No separate response functions were determined for
HAC configurations. Details on the fuel qualification methodology for transportation and
calculation of response functions are provided in Section A. 5.5.1.

The initial uranium loading (MTU) of the fuel assemblies is only employed to determine the
bounding fuel assembly design from a shielding standpoint. The design basis DSC from a
shielding standpoint is dependent on the number of fuel assemblies, fuel assembly source terms,
geometry and material layout of the basket. The response function and fuel qualification
calculations are performed to ensure that all the DSCs are similar from a shielding standpoint.

The DSCs that house the PWR fuel assemblies are constrained by higher cooling times (15 to 30
years) associated with burnup credit. This will generally result in lower fuel assembly source
terms. The 69BTH DSC contains the maximum number of fuel assemblies with the lowest
allowable cooling time of 6 years. This ensures that the source terms for 69BTH DSC are
bounding for shielding.
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MP 197 Transportation Packaging Safety Analysis Report Rev. 8, 07/10

The cask shielding performance is based on a bounding shielding evaluation. The MP 1 97HB
cask loaded with 69BTH DSC containing DB BWR assemblies results in bounding dose rates.
Because of that, DB BWR assembly is simply referred to as DB FA for the shielding evaluation
in the text of this chapter. The DB FA for normal conditions of transport (NCT) dose rate
analysis has an initial enrichment of 3.8 wt. % U-235 bundle-average burnup of 55,000
MWD/MTU with a 7 3/4 year decay time. If between 5 and 24 damaged fuel assemblies are
present, the damaged fuel assemblies shall have an additional 7¼ years of cooling time (15 years
total cooling time). This additional cooling time also applies to damaged fuel loaded into the
other DSCs authorized for transport in the MPl97HB, as the 69BTH DSC contains the largest
number of damaged fuel assemblies. The maximum number of damaged fuel assemblies and
their position within the basket for the various DSCs are summarized in Table A.5-4. The DB FA
with an enrichment of 4.3 wt. % U-235 and a bundled-average burnup of 70,000 MWD/MTU
and 21.0 year decay time generates radiological sources for the shielding performance evaluation
of the cask at HAC.

The shielding evaluation described for damaged fuel assemblies is also applicable for the DSCs
with failed fuel contents. The failed fuel contents include fuel debris and are authorized only for
the 61BTH and 24PTH DSCs. The failed fuel/fuel debris contents are required to be
encapsulated in a separate failed fuel canister. The damaged assembly source term and shielding
evaluations included herein assume that the fuel is "rubblized"for NCT thereby accounting for
failed fuel/debris. The evaluation for damaged fuel is also applicable tofailedfuel due to the
additional shielding provided by the failed fuel canister (which is not included in the damaged
shielding models). The additional cooling time requirements for damaged fuel discussed above
are also applicable tofailedfuel. The maximum number offailed fuel assemblies for the two
DSCs are also indicated in Table A. 5-4. The loading specificationsforfailedfuel in Appendix
A. 1.4.3 for 24PTH DSC and Appendix A. 1.4. 8for 61BTH DSC also include requirements to
locate the failed fuel in the same relative axial location as that of damaged fuel further ensuring
that the damaged assembly calculations are also applicable for failed fuel. Therefore, no further
evaluation offailed fuel is performed in this chapter. In addition, all subsequent discussions of
damaged fuel are also assumed to be inclusive offailedfuelfrom a shielding evaluation
standpoint unless explicitly stated otherwise.

NCT configurations are modeled with the neutron shield and impact limiters intact. Three NCT
configurations are analyzed: (1) no damaged fuel assemblies, (2) up to 4 damaged assemblies,
(3) between 5 and 24 damaged assemblies. Damaged fuel assemblies are modeled with the
active fuel length reduced to 75% of the nominal value. These shielding calculations are
performed using the Monte Carlo computer code MCNP [5]. Dose rates on the side, top and
bottom of the MP 1 97HB package are calculated for the various sources described in Section
A.5.2 and summed to give a total gamma and neutron dose rate.

Three HAC configurations are analyzed: (1) no damaged fuel assemblies, (2) up to 24 damaged
assemblies reduced to 50% of the nominal fuel assembly volume, and (3) up to 24 damaged
assemblies reduced to 75% of the nominal fuel assembly volume. HAC shielding evaluation
assumes that 75% of the neutron shield is lost. The impact limiters are assumed to be crushed
12" axially and the wood is removed. In addition, the top and bottom 0.375 inches of lead (axial
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direction) is removed to account for lead slump. Finally, the lead gamma shield radial thickness
is reduced by 0.1". These assumptions result in a more severe degradation of the cask shielding
properties than the accident conditions shown in Chapter A.2. Tests have shown that the neutron
shielding material retains more than 60% of its principal contents (hydrogen, boron) following a
design basis fire accident and a 25% credit employed in the shielding calculations is
conservative. Shielding calculations for the HAC are also performed using the MCNP code.

Fuel qualification tables (FQTs) are established for each DSC type and authorized loading
configuration. The applicable FQTs for each DSC are presented in Chapter A. 1, Appendix
A. 1.4.1.1 through Appendix A. 1.4.1.9. The individual FQTs for each DSC/loading configuration
span the authorized burnup and initial enrichment combinations allowed for the fuel to be
transported. The transportation FQTs are determined to provide minimum required cooling time
to comply only with the dose rates limit criteria for transportation. It is important to remember
however that the minimum cooling times provided in these FQTs may not be bounding for
criteria other than shielding. These tables only provide the minimum required cooling time to
meet the transportation dose rate limits. Other considerations are decay heat limits and burnup
credit limits depending on the specific DSC and loading configuration.

To evaluate the decay heat for a given assembly, one must use the applicable decay heat
equations (DHE) provided in Section A.5.5.4. Two sets of DHEs are established; one set for
BWR (maximum of 0.198 MTU) fuel and one set for PWR (maximum of 0.490 MTU) fuel.

The expected dose rates (for NCT and HAC) from the MP197HB package with a DSC loaded
with spent fuel are summarized in Tables A.5-1 through A.5-3. Results are provided for cases
with and without damaged fuel assemblies. Maximum dose rates at various distances from the
cask are provided in Tables A.5-21 through A.5-26 only for configurations without damaged fuel
assemblies. The spatial distributions of the dose rates at various distances from the cask are
shown on plots of Figure A.5-10 through Figure A.5-15 for the NCT configuration without
damaged assemblies. The results show that the MP 1 97HB transportation package complies with
dose rates restrictions of 10 CFR 71 during NCT and HAC.

Two sets of package surface dose rates are shown in Table A.5-1. The first set under the column
"Transport Package Surface" provides maximum dose rates at the external surface of the
package. The surfaces where the maximum dose rates are calculated in the axial direction (top
and bottom ends) are located at the outer surface of the impact limiters. The surfaces where the
maximum dose rates are calculated in the radial direction (side) are located at the outer surface of
the cask. The second set under the column "Vehicle Edge" provides the maximum dose rates at
the external surface of the package in the transport configuration. All the maximum dose rates in
the radial and axial direction are calculated at the outer surface of the impact limiters. Note 1 of
the Table A.5-1 provides the appropriate clarification.

The radial dose rates for these two sets of dose rates are different because they are calculated at
different locations while the axial dose rates are identical.

NUH09.01 01 A.5-4a



MP 197 Transportation Packaging Safety Analysis Report Rev. 8, 0 7/10

Dose rates restriction criteria for the transportation are the following:

" External dose rate at any point on the outer accessible surface of the vehicle under normal
conditions: 200 mrem/hr (max)

* External dose rate at any point 2 m from the outer lateral surfaces of the vehicle under
normal conditions: 10 mrem/hr (max)

* External dose rate at any point 1 m from the surface of the package under hypothetical
accident conditions: 1000 mrem/hr (max)

* The transportation package must not result in dose rates greater than 2.0 mrem/hr at
occupied locations near the package during the transportation. Ends of the conveyance
are considered the occupied locations.

• External dose rate at any point on the outer accessible surface of the package under
normal conditions: 200 mrem/hr (max)

A.5.1.2 Irradiated/Contaminated Waste

The NUHOMS®-MP 1 97HB is designed for shipment of various types of irradiated and
contaminated reactor hardware. The payload will vary from shipment to shipment and will
consist predominately of components specified in a numbered list of Section A.5.2. The
NUHOMS®-MP 197HB is designed to transport a payload of 55.0 tons of dry irradiated and/or
contaminated non-fuel bearing solid materials in the RWC. The safety analysis of the cask takes
no credit for the containment provided by the RWC.

The quantity of radioactive material is limited to a maximum of 8,182 A2 (90,000 Ci of Co60).
The radioactive material is primarily in the form of neutron activated metals, or metal oxides in
solid form. Surface contamination may also be present on the irradiated components. When a wet
load procedure (i.e., in-pool) is followed for cask loading, the cask cavity and RWC are drained
and dried to ensure that free liquids do not remain in the package during transport.

All these materials are basically neutron activated hardware that are mostly composed of steel
and are defined by a Co-60 source spectrum. Therefore, detailed material composition and
irradiation history is not necessary for the characterization of this waste. As discussed above,
since the maximum quantity of the radioactive material is restricted to 90,000 Ci of Co-60
(equivalent) and the total payload mass is restricted to 55 tons, the shielding calculations are
performed using this maximum allowable source terms. A list of the various types of irradiated
hardware materials (not necessarily an exhaustive list) is provided in Section A.5.2. A discussion
of the source specification based on the maximum allowable limits is provided in Section
A.5.2.2.3.

The decay heat load of the radioactive material is expected to be less than 5 kW, which is well
below the 26 kW limit for the cask.

NCT and HAC dose rates from the transportation cask containing the irradiated waste canister
are summarized in Table A.5-1, Table A.5-2, Table A.5-5 and also Table A.5-27, Table A.5-28.

Dose rate distributions at various distances from the cask are plotted on Figure 5-14 and Figure
5-15.
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A.5.2 Source Specification

There are five principal sources of radiation associated with transport of spent nuclear fuel that
are of concern for radiation protection:

1. Primary gamma radiation from spent fuel

2. Primary neutron radiation from spent fuel (both alpha-n reactions and spontaneous
fission)

3. Gamma radiation from activated fuel structural materials and fuel inserts

4. Capture gamma radiation produced by attenuation of neutrons by shielding material of
the cask

5. Neutrons produced by sub-critical multiplication in the fuel

The MP 1 97HB package is designed to transport LWR class of fuel assemblies in various DSC
designs or dry irradiated and/or contaminated non-fuel bearing solid material contained in the
RWC. The fuel assemblies as a function of DSC type are given in Chapter A. 1, Appendix
A. 1.4.1.1 through Appendix A. 1.4.1.9. The various fuel assembly designs were separated
according to fuel assembly array, the maximum metric tons of uranium, and the number of guide
/instrument tubes. These parameters are the significant contributors to the SAS2H/ORIGEN-S
model. The largest uranium loading results in the largest source term at any chosen enrichment
and burnup, thus the B&W 15x 15 Mark B 10 and GE-2, 3 7x7 Type G2A are bounding assembly
types for PWR and BWR spent fuel assemblies, respectively. It was established that the cask
loaded with 69BTH DSC containing bounding BWR assemblies results in the bounding dose
rates.

Fuel qualification tables (FQTs) for shielding are established to assure that the applicable dose
rate restrictions are satisfied. To establish these FQTs, the minimum cooling times were
determined for each burn-up and enrichment combination for all DSCs such that the resulting
dose rates are below the maximum NCT dose rate limit at two meters from surface of the cask.
Cooling times for all of the low burnup FQT entries are established such that the resulting dose
rates are well below the dose rate limits. For those BECT combinations where the calculated
cooling times result in dose rates that are at or slightly below the limit, the source terms at NCT
are considered equivalent. In addition, the contribution of the neutron and gamma components to
the total dose rate from these BECT combinations is also calculated as part of this evaluation.
Therefore, any one BECT combination from these "equivalent" combinations can be employed
in the NCT evaluation. The BECT combination resulting in the highest neutron radiation
component of the total dose rate at NCT can be employed to determine the design basis source
terms for HAC. This combination is designated for HAC source terms since the HAC shielding
configuration is based on substantial loss of neutron shielding. This is also discussed in Section
A.5.3.3.1 and Section A.5.5. of the SAR. The FQTs shown for the various DSCs in Appendix 1.4
also include the additional cooling time requirements from the criticality analyses.
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Table A.5-7 and Table A.5-8 provide characteristics and components of the design basis BWR
fuel assembly. The SAS2H/ORIGEN-S modules of the SCALE code are used to generate gamma
and neutron source terms for the design basis fuel assembly. The design basis radiological
sources for NCT and HAC are due to DB FA irradiated at a constant specific power of 12.4 and
15.8 MW/assembly to a total bundle average burnup of 55,000 and 70,000 MWD/MTU,
respectively. A three-cycle operating history is utilized. The assembly is burned for 292 effective
full power days per cycle, for the duration of 3 cycles with 72 day down time after each cycle
except for no down time in the last cycle.

The source terms used in the bounding shielding evaluation are generated for the fuel assembly
active fuel region, the plenum region, and the top and bottom end fitting regions. The fuel
assembly hardware materials and masses on a per assembly basis are listed in Table A.5-8. Table
A.5-10 provides the material composition of fuel assembly hardware materials. Cobalt impurities
are included in the SAS2H model.

The masses for the materials in the top end fitting, the plenum, and the bottom fitting regions are
multiplied by 0.1, 0.2, and 0.15, respectively [4] in the BWR FA model. These factors are used
to correct for the spatial and spectral changes of the neutron flux outside of the active fuel zone.
The material compositions of the fuel assembly hardware are included in the SAS2H/ORIGEN-S
model on a per assembly basis.

NUHO9.0101 
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significant bias with burnup [8]. In addition, an uncertainty analysis to quantify the
conservatisms in the source term and shielding analysis methodology is documented in Section
A. 5.5. 7. The results of these evaluations demonstrate that the conservatisms sufficiently
overcome potential uncertainties in SAS2H calculations. Therefore, no other adjustments are
made to the source terms calculated from SAS2H or dose rates due to such sources.

The NUHOMS®-MP 1 97HB is also designed for shipment of various types of irradiated and
contaminated reactor hardware. The payload will vary from shipment to shipment and will
consist predominately of the following components either individually or in combinations:

1. BWR control rod blades
2. BWR local power range monitors (LPRMs)
3. BWRifuel channels
4. BWRpoison curtains
5. PWR burnable poison rod assemblies
6. Reactor vessel and internals (PWR and BWR)

The typical cobalt-60 specific activity ranges for these items are as follows:

1. Control rod blades 1.3x10 4 _1.1x10 2 Ci/g
2. LPRMs 1.Oxl0"2 - 4.8x1 02 Ci/g
3. Fuel channels 7.8x10-5 - 2.0x10-4 Ci/g
4. Poison curtains 6.2x10-4 - 4.0x10-2 Ci/g
5. BPRAs 3.8x10 4 - 1.3x10 3 Ci/g
6. Reactor vessel and internals 2.0x10-5 - 1.3x10 2 Ci/g

Components with high specific activity are generally placed near the center of the cask. For each
shipment, the cask is normally filled to capacity, which prevents shifting of the contents during
transport. If the container is not full, appropriate component spacers or shoring is used to prevent
significant movement of the contents.

A.5.2.1 Axial Source Distribution

Axial peaking factors used for the neutron and gamma sources in BWR fuel are provided in
Table A.5-15. These peaking factors are directly obtained from those employed for BWR fuel
assemblies for the MP197 cask shown in Table 5.2-7. Table A.5-16 provides the PWR [3] fuel
peaking factors used to generate the PWR FQTs. The peaking factors for both neutron and
gamma sources are given as a function of active fuel height. These factors are used to describe
radiological source terms strength distribution along axis of fuel region in MCNP models for
bounding shielding evaluation and calculation of response functions employed during the
qualification of assemblies for transportation.

The factors in Table A.5-15 are based on typical axial burnup distributions for BWR assemblies
and typical axial water density distribution that occurs during core operation. Using the base
SAS2H/ORIGEN-S input for the 7x7 BWR, selected as the DBFA for the bounding MP197HB
cask shielding performance evaluation, neutron and gamma source terms are generated for each
axial zone as a function of burnup and moderator density. The gamma and neutron peaking
factors are generated from these source terms. This estimates both the non-linear behavior of the
neutron source with burnup and the core operating moderator density effects on the actinide
isotopics (neutron source). This axial distribution is conservative at high burnup because the
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burnup distribution will flatten out with increased burnup resulting in a reduction in the overall
peaking factor.

The PWR gamma and neutron peaking factors in Table A.5-16 are developed using a slightly
different method. The PWR gamma peaking factors are assumed to be the same as the burnup
profile (note that this assumption is verified in Table A.5-15, in which the gamma peaking
factors are computed explicitly.) The burmup profile is obtained from Table 2 of NUREG/CR-
6801 [3] for burnups >46 GWD/MTU. The non-normalized PWR neutron peaking factor is
assumed to be the fourth power of the axial burnup profile, which is a reasonable approximation.
For comparison with Table A.5-15, the PWR neutron peaking factors are also presented as a
normalized distribution in Table A.5-16.

The PWR bumup profile was obtained from NUREG/CR-6801, which was generated for burnup
credit criticality analysis. In burnup credit analyses, axial burnup profiles are highly peaked to
minimize burnup at the ends, which is the most reactive condition. These highly peaked profiles
are conservative for shielding applications since they maximize the dose rates in the mid-plane of
the active fuel. Therefore the PWR axial burnup profile employed is acceptable.

The BWR axial burnup profile is identical to the one employed in the 61BTH DSC for storage
from Chapter T.5 of the UFSAR [ 18]. It is based on a low burnup BWR fuel assembly with a
significantly peaked axial burnup profile which maximizes the dose rates in the mid-plane of the
active fuel. Therefore the BWR axial burnup profile employed is acceptable.

The ratio of the true total neutron source in an assembly to the neutron source calculated by
SAS2H/ORIGEN-S for an average assembly burnup is 1.326 and 1.152 for BWR and PWR
assemblies, respectively. Therefore, the neutron source per fuel assembly as reported in Table
A.5-1 1, Table A.5-1 la, and Table A.5-12 are multiplied by 1.326 when used in MCNP models
for bounding shielding evaluation. The response function entries corresponding to neutron
radiation source are multiplied by 1.326 and 1.152 for the cask containing DSCs with BWR and
PWR assemblies, respectively.

The gamma and neutron peaking factors may be used to compute the number of particles in each
axial zone. The number of particles in each axial zone is the total source strength x fractional
zone width x normalized peaking factor. The fractional zone widths are given in Table A.5-15
and Table A.5-16. The number of particles in each zone is input to MCNP in the shielding
models. It is not necessary to input the actual number of particles in each zone on the MCNP
input card because MCNP will renormalize the distribution, although the relative number of
particles between each zone must match the true particle distribution.

A.5.2.2 Gamma Source

A.5.2.2.1 Used Fuel in DSCs

The primary gamma radiation source terms for the design basis spent fuel assembly for NCT (up
to 4 damaged assemblies), NCT damaged fuel (between 5 and 24 damaged fuel assembles), and
HAC shielding evaluation are provided in Table A.5-11, Table A.5-1 la, and Table A.5-12
respectively. The source terms in Table A.5-11 apply to both undamaged and damaged NCT
assemblies when limited to a maximum of 4 damaged fuel assemblies. When modeling 24
damaged fuel assemblies, the source terms in Table A.5-11 apply to intact fuel only, while the
source terms in Table A.5-1 la apply to damaged fuel. The spectral
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A.5.3 Model Specification

The 3-D Monte Carlo computer code MCNP [5] is used for calculating response functions, the
gamma and neutron radiation dose rates for the bounding shielding analysis of the cask. This
section provides details of the geometry, material, source term configurations, physics and tallies
description employed in the shielding models to determine the dose rates and response functions
used for qualification of fuel assemblies for transportation based solely on the dose rate limits.

Three NCT configurations are analyzed: (1) no damaged fuel assemblies, (2) up to 4 damaged
assemblies, and (3) between 5 and 24 damaged assemblies. Damaged fuel assemblies are
modeled with the active fuel length reduced to 75% of the nominal value. This value was
selected to bound any reasonable fuel damage during transport. The position of the top and
bottom nozzles and plenum regions are assumed to remain in place, see Figure A.5-6a and
Figure A.5-6b for 24-damaged and 4-damaged assembly models, respectively. Because the
volume of the active fuel has been reduced, the density increases accordingly.

Fuel damage, if any, will occur only for fuel assemblies classified as damaged prior to loading.
Vibration loads or off-normal loading will not cause intact fuel to become damaged. Therefore, it
is assumed that only fuel classified as damaged could rubblize during NCT. Because rubblizing
the fuel increases the side dose rate in the limiting location, models are run with both 4 and 24
damaged fuel assemblies. With 4 damaged assemblies, the design basis source is modeled in all
69 fuel locations. The axial source distributions for the intact fuel assemblies are obtained from
Table A.5-15. For the damaged assemblies, this distribution is modified to employ a three-zone
profile. The three-zone axial profile is applied to the rubblized fuel, combining Zones 1 and 2 as
the bottom zone, Zones 3 though 10 as the middle zone, and Zones 11 and 12 as the top zone.
This profile reflects that under NCT, large scale relocation of fuel is not anticipated.

When 24 fuel assemblies are rubblized to reduce the radial dose rate, additional cooling time is
applied to the damaged fuel assemblies. Because the dose rates are driven by the outer damaged
assemblies, the additional cooling time lowers the radial dose rates considerably.

A.5.3.1 Description of Radial and Axial Shielding Configuration

The model geometry of the shielding configuration can be viewed on Figure A.5-1 through
Figure A.5-9. Thicknesses of the major shielding components of the cask and 69BTH DSC are
summarized in Table A.5-6.

MCNP models were constructed for each DSC payload within the MP197HB cask when
calculating entries of response functions used for fuel qualification for transportation. The
models are created for the same cask geometry and material specification as in Figure A.5-1
through Figure A.5-9 and Table A.5-6.

Two types of base models were constructed for both NCT and HAC bounding shielding
evaluations and calculation of response functions (based on NCT shielding configurations). As
noted in Section A.5. 1.1, separate response functions for HAC were not determined, rather the
response functions based on NCT configurations were employed to determine the bounding HAC
source terms as well. The first one corresponds to the neutron transport problem and the second
is the gamma.
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ends of the package. An iterative approach is used for finding suitable cooling times for every
FQT bum-up and enrichment. Calculation of radiological sources using SAS2H\ORIGEN-S is
repeated until cooling time corresponding to radiological source resulting in dose rate less than
10.0 mrem/hr at two meters radial distance from side of impact limiters is identified. As stated at
the beginning of this section, the calculated cooling times are conservatively rounded up to the
nearest 1/2 year. Therefore, the cooling times in the final transportation FQTs actually stand for
minimum required cooling time not to exceed the NCT dose rate of 9.9 mrem/hr at 2 meters from
the package.

The fuel qualification methodology described above using response functions calculated based
on NCT shielding configurations ensures that the dose rates under NCT are below the
acceptable limits. No separate response functions were determined for HAC configurations. The
response functions based on NCT configurations were employed to determine the bounding HAC
source terms. As discussed in Section 5.3.3.1, the HAC configurations are based on substantial
loss of neutron shielding. Therefore, the response function methodology can be employed to rank
the allowable BECT combinations for their contribution to the neutron dose rate at 2 mfrom the
surface of the cask. The bounding BECT combination is selected as that which results in the
highest calculated neutron dose rate at NCT. In summary, the response functions are calculated
using NCT shielding configuration models for fuel qualification (determine acceptable BECT
combinations for various DSC payloads). The neutron dose rates calculated using the response
functions are employed to determine the design basis HAC source terms to ensure that the fuel
qualification methodology also ensures that the dose rates are within acceptable limits under
HA C.

A.5.5.2 Transportation FQTs for Assemblies Containing Control Components

The spent fuel assemblies transported in the cask may contain irradiated fuel inserts (BPRA,
TPA, etc.). They are referred to as control components (CCs). Control components are also
allowed to be stored or transported along with fuel assemblies. CCs include burnable poison rod
assemblies (BPRAs), thimble plugs, neutron sources, control rods, etc. It is assumed in the
assemblies' qualification that they are not necessarily bound to any specific fuel assembly and
can be removed from the assembly in which they were generated. It is expected that, for
example, a 3 year cooled assembly can be mixed with a 13 year cooled CC or 17 years cooled
FA can be mixed with 15 years cooled CCs.

From the shielding stand point, it is permissible to place CCs in any number of the fuel
compartments not in a periphery, in any DSC/TC shielding configuration. CCs in those
compartments may affect a shape of the dose rates distribution near the transportation package
but they will have a negligible effect on the dose rate maximums at the location of interest. When
the CC sources are in outer peripheral DSCs' fuel compartments, the dose rate increase is
entirely due radiation in 1.00 to 1.66 MeV energy range.

The following guidelines should be applied when fuel assemblies with control components are
considered for transportation in MP197HB transportation cask:

* CCs include burnable poison rod assemblies (BPRAs), thimble plugs, neutron sources,
control rods, etc.
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* CCs are not necessarily bounded to any specific fuel assembly and can be removed from
the assembly in which they were generated. It is expected that, for example, a 3 year
cooled assembly can be mixed with a 13 year cooled CC or 17 years cooled FA can be
mixed with 15 years cooled CC, etc.

* The maximum number of fuel assemblies with CCs that can be loaded per DSC is equal
to the number of assemblies per DSC.

* Additional cooling time is required for assemblies only in peripheral locations of the
DSCs. There are 12 peripheral compartments in DSCs with 24 FA locations and 16
peripheral compartments in DSCs with 32 or 37 locations. Number of peripheral fuel
compartments in DSCs containing BWR FAs is 24.
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AFFIDAVIT PURSUANT
TO 10 CFR 2.390

Transnuclear, Inc. )
State of Maryland ) SS.
County of Howard )

I, Jayant Bondre, depose and say that I am a Vice President of Transnuclear, Inc., duly authorized to
execute this affidavit, and have reviewed or caused to have reviewed the information which is identified as
proprietary and referenced in the paragraph immediately below. I am submitting this affidavit in conformance
with the provisions of 10 CFR 2.390 of the Commission's regulations for withholding this information.

The information for which proprietary treatment is sought is contained in Enclosures 1, 5 and 10 and
as listed below:

Enclosure 1:

* Portions of the Response to Shielding RSI No. 2

Enclosure 5:

" SAR Drawing MPI97HB-71-1002 Revision 2
" SAR Drawing MP197HB-71-1004 Revision 2
* SAR Drawing NUH69BTH-71-1004 Revision 2
" Portions of SAR Appendix A.2.13.11
* SAR Appendix A.2.13.14
* Portions of SAR Chapter A.5
* Portions of SAR Chapter A.6

Enclosure 10:

* Computer Files associated with Structural RSI No. 1 and Structural RSI No. 2

These documents have been appropriately designated as proprietary.

I have personal knowledge of the criteria and procedures utilized by Transnuclear, Inc. in designating
information as a trade secret, privileged or as confidential commercial or financial information.

Pursuant to the provisions of paragraph (b) (4) of Section 2.390 of the Commission's regulations, the
following is furnished for consideration by the Commission in determining whether the information sought to
be withheld from public disclosure, included in the above referenced document, should be withheld.

1) The information sought to be withheld from public disclosure involves certain safety analysis
report drawings, analyses, and computer files related to the design of the modified
NUHOMS®-MP197 transport cask which are owned and have been held in confidence by
Transnuclear, Inc.

2) The information is of a type customarily held in confidence by Transnuclear, Inc. and not
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customarily disclosed to the public. Transnuclear, Inc. has a rational basis for determining the
types of information customarily held in confidence by it.

3) Public disclosure of the information is likely to cause substantial harm to the competitive
position of Transnuclear, Inc. because the information consists of descriptions of the design
and analysis of dry spent fuel storage and transportation systems, the application of which
provide a competitive economic advantage. The availability of such information to
competitors would enable them to modify their product to better compete with Transnuclear,
.Inc., take marketing or other actions to improve their product's position or impair the position
of Transnuclear, Inc.'s product, and avoid developing similar data and analyses in support of
their processes, methods or apparatus.

Further the deponent sayeth not.

Ja lant Bondre
Vice President, Transnuclear, Inc.

Subscribed and sww me before this 1 5th day of July, 2010.

3Ntary Pubilic VT
MxI 0

My Commission Expires 1 0/4 /, q Aft Af Q
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Listing of Disk Numbering and Contents for Computer Files
(all files are Proprietary)

Disk ID No. Discipline System/ File Series Number
(size) Component (topics) of Files

001-10xlOHB_1.Ogap - Directory

Structural Fuel (A.2.13.1 1 - input and output files for fuel end drop 41analyses for the 10x10 fuel rod with 1.0 inch gap -
LSDYNA analysis)

002-14x14HB_1.Ogap - Directory

Structural Fuel (A.2.13.1 1 - input and output files for fuel end drop 41
Portable Hard analyses for the 14x14 fuel rod with 1.0 inch gap -

Drive LSDYNA analysis)

(Enclosure 10) 003-MP197HB-caskcasel- Directory

(61.4 GB) Structural MP197HB Cask (A.2.13.14 - input and output files for the
MP197HB Lid Closure Evaluation Due to Delayed

Impact- Case 1)

004-MP197HB-caskcase2- Directory

Structural MP197HB Cask (A.2.13.14 - input and output files for the 427
MP197HB Lid Closure Evaluation Due to Delayed

Impact - Case 2)
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A. Tsilanizara et al., "DARWIN • an Evolution Code System for
a Large Range of Applications," ICRS-9, Tsukuba, Japan,

October, 1999 (associated with Criticality RSI No. 1)



DARWIN: an evolution code system for a large range of
applications
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The aim of this article is to present the main capabilities of an evolution code system, DARWIN, developed
at CEA (France). It is devoted to radioactivity studies in various application fields such as nuclear fuel cycle,
dismantling, thermonuclear fusion, accelerator driven system, medecine etc. All types of nuclides are dealt
with: actinides, fission products, activation products, spallation products. Physical quantities calculated by
the code are isotope concentration, isotope mass, activity, radiotoxicity, gamma spectra, beta spectra, alpha
spectra, neutron production by spontaneous fission and (an) reaction, residual heating, for any cooling times
until geological times. Both analytical and numerical schemes are developed in the PEPIN2 depletion module
of DARWIN to solve the generalized coupled differential depletion equations. The depletion module PEPIN2 is
automatically linked to international evaluations (JEF2, ENDF/B6, EAF97...) both for decay data and cross-
sections, and to some transport codes such as TRIPOLI, APOLLO2 and ERANOS. These transport codes
provide neutronic data as self-shielded cross-sections and neutron fluxes. DARWIN includes a generator of
radioisotope chain built automatically from decay modes and nuclear reaction types specified in the evaluation
libraries. A "search engine" allows to determine all formation ways of a considered isotope. Several examples
are given for illustrating capabilities of DARWIN in different field applications. Some comparisons with other
codes such as ORIGEN, FISPIN and FISPACT are also presented.

KEYWORDS: Activation, Bateman, DARWIN, depletion, decay heat, radiotoxicity, spallation

I. Introduction

In order to compute physical quantities of radioactiv-
ity related to various application fields such as nuclear
fuel cycle, dismantling, thermonuclear fusion, accelera-
tor driven system or medecine, an evolution code sys-
tem called DARWIN has been developed by CEA in
cooperation with industrial companies: EDF, FRAM-
ATOME and COGEMA. Taking advantage of improve-
ment in computer technology, numerical analysis and
physical modeling, DARWIN has been written to per-
form accurate calculations which can evolve rapidly with
fine descriptions of the irradiation history and the isotope
filiation chains.

II. The DARWIN structure

1. DARWIN libraries

Figure 1 shows the processing to build DARWIN libraries
from basic nuclear data. Two main types of nuclear
data are needed: cross-sections and decay data. Today,
the neutron cross sections come from JEF2 (1) and/or
EAF97 (2) evaluation under the international ENDF/B

format. Any nuclear evaluation in ENDF/B format can
be processed. They are averaged over N energy groups.
Weighting functions in fast, epithermal and thermal en-
ergy ranges are described by fission, 1/E and Maxwellian
distributions. Data are processed using the NJOY (3) nu-
clear data processing code system.

A list of the nuclear reaction types specified in the
evaluation library is available and read as input with the
decay modes described in JEF2 decay data evaluation by
the chain generation code to perform a complete isotope
filiation chain. This program establishes and translates
the filiation rules into a DARWIN specific format. For a
specific case, a user adapted chain is available in order to
reduce the run time during the depletion calculation.

The whole decay data used by the depletion unit program
is preprocessed and its consistency tested with a special
program. Afterwards, it is stored in a file called "nuclear
constant library" in which one can find decay constants,
masses, fission yields, alpha, beta and gamma spectra
etc. A subsidiary library of biological hazard data is also
built in order to enable radiotoxicity calculations. Both
the inhalation dose factors and the ingestion dose factors
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Figure 1: From nuclear data evaluation to DARWIN li-

braries

come from the recommended ICRP-68 publishing.

2. The DARWIN package

(1) Interface programs

The DARWIN package, as shown in figure 2, is a

set of some data libraries as explained above, neu-
tronic data provided by French cell or transport

codes (APOLLO2 (4),' ERANOS (5), TRIPOLI-3 (6),
TRIPOLI-4 (7)), two code interface programs named re-
spectively PSAPHY and INTERPEP, and the main pro-

gram PEPIN2 which performs the nuclide depletion cal-

culations. The interface program PSAPHY provides

the condensed reaction rates with burnup variable self-

shielded cross-sections and neutron spectra. This inter-

face is used in burnup calculation schemes. The other in-
terface program, INTERPEP, condenses the multigroup

cross-sections using a neutron spectrum provided in the

same energy group structure as the cross-section data in

NtJOY GENDF format. From initial element mass ra-

tio of material composition, the program calculates the

isotope concentrations. INTERPEP is used in activation

scheme calculation.
In practice, a graphic user interface is available to facili-

tate the use of the DARWIN software.

(2) The depletion unit program PEPIN2

PEPIN2 solves the generalized Bateman equations which

govern the time dependence of isotope concentrations:

CELL CODE: APOLLO2, ErANOS TRANSPORT CODC: TOIPOLI4

DARWIN Libraries

a
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0ae dt
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Figure 2: Darwin package outline

* ri,F : yield rate of isotope i due to the fission of all
fissile nuclides F.

"* (on + OP )Nj (t) : production rate of isotope i due

to the spallation of the target j caused both by neu-
tron (spallation yield = onA) and proton (spallation
yield = OP ) beams at high energy (E > 20.MeV
actually). This term is provided by an intermediate
energy transport code as FLUKA (8) or HETC (9)
for example.

iE T7jNj(t) : for some isotopes i, this term is the for-
1#i

mation rate induced by five particular neutron cap-
ture reactions which are considered, i.e. if r is (n,p)
or (n,d) or (n,t) or (n,He3) or (n,He4) reaction, i is
then respectively 1l, 2 H, 3 H, 3 He, 4 He.

E Nj (t) Tj : the formation rate of isotope i due to

the other neutronic reactions. Ti is the reaction rate
of nuclide j to produce nuclide i.

E Nk(t) Aik : the production rate of isotope i due to
kqi
the radioactive decay of isotope k. Aik is the prod-
uct of the decay constant Ak of isotope k by the
radioactive decay branching ratio from isotope k to
isotope i.dNi(t)

dt
E',F >(9w.n +OgQNj (t)

+ >7NiN(t) + E7 Nj(t) Tij
l:Ai jii

+ E Nk(t) Aik
kAi

- -Ni(t) - A•iN(t)

(1) - Ti Ni(t) - \jNi(t) : the disapearance rate of iso-
tope i due to all kinds of neutron reactions and the
radioactive decay of isotope i

In practice, a quasi-static approximation is adopted to
solve equation (1) which can be written under this as-
sumption in a compact vector-matrix notation as

dN(t)dt - S + A(O, a, A)N(t) (2)
dt

where:

* Ni : concentration of isotope i.



S and A are supposed constant over each burn cycle
subinterval because of the time-dependent flux which is
assumed constant (and taken as a weighted average of the
flux in the burn cycle subinterval). The PEPIN2 mod-
ule computes easily combinations of irradiation/cooling
stages and performs a large number of isotopically de-
tailed depletion calculations. To equation (2), a fourth-
order Runge-Kutta scheme is used for irradiation, and
analytical solutions are performed during cooling stages.
The spatial aspect is taken into account by solving equa-
tion (1) over each homogenous medium containing a
space-energy-averaged neutron flux. Three configura-
tions of problems can be treated:

" Burnup calculations where S includes the fission
yield factors and where the cell code APOLLO2 pro-
vides all self-shielded cross sections.

" Activation of materials where S is zero and where
the user or a transport code (TRIPOLI-3 (6),
TRIPOLI-4 (7)) provides neutron spectra according
to the irradiation time.

" Activation of the spallation target where S contains
the production rate of spallation products which are
provided by an intermediate energy transport code
(20 MeV up to few GeV).

PEPIN2 processes also a fourth operating regime which
is characterized by very short irradiation pulses at high
repetition rates.
In the operating mode we are interested in, the neutron
flux time function can be described by

Between kth and (k + 1)th successive short irradiation
pulses, PEPIN2 automatically switches to an analytical
algorithm to solve the system of equation (2).

The principal result of PEPIN2 is the concentration of
each isotope versus irradiation or cooling times, noting
that the cooling times considered cover a large range up
to geological times. The application part of the module
carries out the different physical quantities deduced from
the concentration such as the material mass balance, the
activities and radiotoxicities, the residual heating, the a,
8, y spectra, and the estimation of neutron sources by
spontaneous fissions and (a, n) reactions.

III. Illustrative calculations

The calculations reported in this section are chosen to
illustrate the use of DARWIN in some different field ap-
plications. For some cases, a comparison of DARWIN
results is made with other codes as ORIGEN (10),
FISPIN (") and FISPACT (12) or with experimental
data.

1. UOx PWRs material balance

Examples of Calculation/Experiment comparisons are
presented in Table 1 for a material balance of PWRs
UOx fuels at several burnups. This table shows that all

25 GWd/t 40 GWd/t 50 GWd/t
0t(t) = SoE(t) (3)

where So is the total number of neutrons emitted during
the kth pulse operation and

E,(t) = if tk :_ t < tk +4-0. otherwise

In absence of fissile materials and spallation, substituting
equation (3) in equation (1) yields:

dNi(t) r) arlSoE(t)Ni(t) + T_ aijSoE(t)Nj(t) (4)
dt 154i j~i

- [uhSoE(t)]Ni(t)

For every isotope j, Nj(t) is a continuous function in the
interval [tk,tk + E ]. We can find n > 0 for which, by
subdividing [tk, tk + E] into n subintervals, we can sup-
pose that the variation of Nj(t) within the subinterval

[tk ± Pn ,tk + (P•n)E] , (p = 0,... n - 1) is very small.
To determine Ni(tk + c), n successive iterations are per-
formed. Each iteration evaluates Ni(tk + (2n)-e) for all
isotopes i from the following relation:

Ni(tk + (p + 1) E) - Ni(tk + RE) = [ H uilNI(tk + n)
n n 10i

+ E oijNj(tk + P0

- i t
-uiNi(tk + P

235U/23su , +1.2 ±2.8 +2.9 ± 3.6 +3.3 ± 4.5
UU¶/JsU' -4.6 ±0.8 -4.9 ± 0.7 -4.9 ± 0.4

238pu/23sU -12.5 ±4.8 -10.7±4.7 -9.4±4.3
27NP/-73sU -1.2 ±0.2 +0.7 ± 0.1 +2.7 ± 0.05
14Upu/231U -2.8 ±1.7 -2.1 ± 1.5 -0.1 ± 1.3
n4Ppu/iFU- -4.8 ±1.7 -3.6 ± 1.4 -0.9 ± 1.1
T4 P u/ 3U -11.8 ±4.4 -11.7 ±4.2 -9.7 ±3.7

Table 1: C/E discrepancies (%) for UOx-PWRs material
balance

results are consistent with the burnup. However, a large
under-estimation in calculations is observed for 238Pu
and 242pu. Investigations are in progress in order to re-
duce these discrepancies. Furthermore a new evaluation
of the resonance capture cross-section of 235U was re-
cently proposed; the use of this evaluation will improve
the calculation of 235U depletion versus burnup and the
236U build-up.

2. UOx 3.25% PWRs residual heating

For burnup calculations, DARWIN uses a filiation chain
of about 123 heavy nuclides and 762 fission products.
The parameterized output library saphyb created by
the APOLLO2 code provides self-shielded cross-sections,
fluxes and also fission macroscopic cross-sections for all
fissile isotopes in an energy multigroup structure. These
quantities are stored versus local burnup into the saphyb



U02 fuel assembly
Enrichment in 235U=3.25%

Cooling FISPIN ORIGEN DARWIN
time
15. d 74.08 73.16 73.36
1. m 53.66 52.51 52.78
3. m 30.04 29.40 29.58
6. m 18.94 18.54 18.64
9. m 13.76 13.47 13.52
1. y 10.84 10.63 10.63
1.25 y 8,90 8.76 8.74
1.5 y 7,50 7.41 7.37
2. y 5,58 5.53 5.46
3. y 3,46 3.45 3.35
5. y 1.90 1.92 1.80
10. y 1.18 1.20 1.10

Meas. +] Calc(x) DARWIN/ DARWIN/
point point measurement FISPACT6 0 Co 54 Mn 60 0 o 5 4 Mn

Corner iron: 0.97 0.95 1.00 1.00
binding sheet

Cladding 0.86 1.04 1.00 1.00
Tank

(thickness in cm)
3.8 3.5 1.25 1.31 1.00 1.00
7.3 7.0 0.78 1.19 0.99 1.00
12.5 10.5 0.88 1.76 0.99 1.00
12.5 14.0 0.74 0.91 1.00 1.00

Internal screening: 0.94 0.83 1.00 1.00
Internal surface

(+): Measurement point (x): Calculation point

Table 3: Activation of Chooz A PWR structure.
Comparison between Calculation and Measurement

system dedicated to study hybrid accelerator/reactor sys-
tems and waste transmutation. In this system, a special
functionality has been built to transmit to DARWIN the
source terms of spallation product residuals from HETC
and the spectra of neutrons from TRIPOLI-4. Activation
of both lead target and spallation product residuals by
the 0-20 MeV neutrons spectra is computed by DARWIN.
Figure 3 shows the activity results versus cooling times
from 0. to 1010 seconds. The effect of the residual spal-
lation products activation is clearly illustrated.

Table 2: Decay heat (kW/tU)

library and for homogenous fuel medium. The PSAPHY
interface program was run to provide one group reaction
rates at each burnup from the saphyb library and from
additional multigroup cross-sections data set. Next, a
PEPIN2 calculation is performed using PSAPHY out-
puts, the two modules are dynamically chained during
the run. Results in Table 2 correspond to two burnup
cycles of 11000 MWd/tU1 followed by one last cycle of
13000 MWd/tU; there are 42 days inter-cycle time. The
final burnup is 35000 MWd/tU. As shown in Table 2,
DARWIN results for residual heating are in good agree-
ment with those from FISPIN and ORIGEN.

3. Activation of Nuclear Reactor Struc-

tures

The activation of the Chooz A PWR (France) structures
was studied using DARWIN. The radioisotope charac-
terization of reactor structures is needed for dismantling.
In Table 3, activity ratios calculation/measurement are

given for 60Co ( 59Co (L4) 6°Co) and 54Mn

( 54Fe (n14) 
54Mn) isotopes. The discrepancies can be ex-

plained by the reactor model used for the neutron trans-
port calculation and also by the uncertainties related to
the impurity concentrations.

4. Activation of the spallation target

A thick lead target is bombarded with 700 MeV-40 mA
proton particles during one year. A calculation scheme
dedicated to accelerator driven system studies was used
to obtain the source terms of spallation product residu-
als and the spectra of neutrons in the range 0-20 MeV.
These two quantities are respectively provided by HETC
and TRIPOLI-4 codes which are integrated into a code

ltU: One ton of Uranium metal

a

1 0 t ... .. .. .. .. . ....... ..
101

100
I 0,

106

10,
104 0 0 Spallation product residuals + neutrons < 20 McV

10, [:---0 Neutrons < 20 McV only

10 -l
10 10- 10, 102 10, 104 10, 10, 10, 10,

Times (s)

0,Q

10, 10°

Figure 3: Activity of lead target versus cooling times
after 1 year of irradiation by 700 MeV at 40 mA proton
beam

5. Validation of pulsed scheme

Four computations have validated the pulsed algorithm
which is implemented in PEPIN2. The first and the sec-
ond calculations were done with a complete filiation chain
(2675 isotopes) by using respectively the non-pulsed and
the pulsed algorithm. The third and the fourth calcu-
lations were done with a reduced adapted filiation chain



(42 isotopes) by using also the non-pulsed and the pulsed
algorithm. The irradiated material is the FLiBe molten
salt mixture with initial isotopic composition given in
at.cm- 3 :

6 Li 1.800 x 1021 
7 Li 2.22 x 1022

9 Be 1.204 x 1022 
19 F : 4.81 X'10

2 2

The operating conditions are 20000 irradiation pulses of
10 ns irradiation time with 1012n/pulse; pulses are sepa-
rated by 10 minutes constant intervals.
The same results were obtained from non-pulsed and
pulsed algorithm; results of dominant nuclides are shown
in Table 4. CPU times corresponding to each case are
summarized in Table 5. For this operating mode, the use
of an adpated reduced chain with the pulsed algorithm
is recommended.

Isotopes cooling times
Os 10im 7d

6He 9.95E+7 < 1.0 < 1.0
16N 4.72E+7 < 1.0 < 1.0
2°F 4.36E+6 < 1.0 < 1.0
190 3.93E+6 < 1.0 < 1.0
8Li 2.21E+6 < 1.0 < 1.0
9Li 5.74E+5 < 1.0 < 1.0
18F 2.41E+5 2.25E+5 2.69E+1
3_H 1.96E+5 1.96E+5 1.96E-5

Table 4: Activity in Bq/cm3 of different cooling times

IV. Conclusion

Complete Reduced
chain chain

Non-pulsed
algorithm 2.68E+5 1.68E+3
Pulsed
algorithm 1.21E+5 1.13E+2

DARWIN is a multipurpose code system dedicated no-
tably to shielding studies related to radioactivity phe-
nomena. It is written in FORTRAN 77 with some C
functions and should therefore be able to run on many
different systems as Unix workstations, PC Linux or PC
Windows systems.
As shown above, DARWIN is able to deal with different
kinds of radionuclides: fission products, actinides, acti-
vation and spallation products.
DARWIN is put through a validation program which cov-
ers a large scale of applications in order to satisfy needs
and quality requirements from research and industry.

The authors acknowledge the support by COGEMA.
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Table 5: CPU times (in sec) on SUN-ULTRA/SPARCI
workstation

The "pathway search engine" was run to identify the dif-
ferent production ways of 6He (dominant nuclide at shut
down) and 'H (long live dominant nuclide). Results are
shown hereafter:

target isotope : 6He
contribution % isotope reaction isotope
88.996 9Be (n,a) 6He
7.973 7Li (n,d) 6 He
3.031 6Li (n,p) 6 He

target isotope : 3H
81.896 6Li (n,t) 3H
17.714 7Li (n,na) 3H
0.290 9Be (n,t) 3H
0.100 19F (n,t) aH

Table 6: Production ways of 6 He and 3 H
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ABSTRACT

APOLLO II is a new, multigroup transport code under development at the Commis-
sariat A l'Energie Atomique. *The code has a modular structure and uses sophisticated
software for data structuralization, dynamic memory management, .data storage and
user's macrolanguage. This paper -gives an overview of the main methods used in the
code for a) multidimensional collision-probability calculations, b). leakage calcu-
lations and c) homogenization procedures. Numerical examples are shown to demonstrate
the potentialities of the modular structure of the code and the interest of the novel
multilevel flat-flux representation used in the calculation of the collision proba-
bilities..

I. INTRODUCTION.

The multigroup transport code APOLLO I1, that is being written at the. Commissariat
a 1 'Energie Atomique, is the result of a cooperative effort between the Department
for Mechanical and Thermal Studies (DEXT) and the Department of Light-Water Reactors
(DRE). The conception of the code has greatly benefited from the cumulated experience
gained from., the: development .and use-of the multigroup transport cell code APOLLOI.,
as well as from the parallel development. of new and powerful environmental softwarie.
The code.," which * is written in FORTRAN: 77. and can: therefore be, ran. in any computer
that supports the appropriate compiler, has. been organized into a modular .structure
and uses .:three.,auxilliary: software packages-: the. ESOPE-GEMAT program1 for data
structuralization and- dynamic memory. management, t•he ARCHIVE p rogram. for permanent
data. storage, and start-up: data recovery,,. and- the GIBIANE macro language program'.

Because -.of practical'l.imitations,. a detailed account of the entire methodology
on which APOLLO II -is. based is out of the scope of this paper. Instead, we have decided
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to focus on a few selected aspects of the code and refer the reader to earlier pub-

lications for topics that are not discussed in detail here.
Multigroup cross sections data and pre-tabulated data are read by the code from

an external library. A description of the organization and contents of this' library
is given in Section II.

The code uses a recently developed model for the computation of multigroup
self-shielded cross sections for mixtures of resonance absorbers in heterogeneous
geometries and is, therefore, able to account for resonance interference effects
between inmixed as well as spatially-separated resonant isotopes. A detailed
description of this model is given in Ref.5. This model,.which is a generalization
of the procedure used in tne APOLLO code for singly resonant isotopes, accounts for
the absorption of non-resonant isotopes, and uses a variant of the intermediary
resonance approximation to correctly compute geometry-dependent resonance integrals,
and a wide-resonance approximation to generate an internal, mixture-dependent reac-
tion-rate library from the external, single-isotope library. Also, thanks to the
modular structure of the code, it is possible to perform the self-shielding calculation
in a simplified or altogether different geometry.

Multigroup, heterogeneous flux calculations are done either using a discrete
ordinate solution of the integro-differential form of the transport equation' or by
'using a collision-prcbability solution of the integral form of the transport equation.
Section III gives a detailed description of the general interface current formalism
used in APOLLO II to generate one-group collision matrices. The collision-probability
module can generate a set of collision, escape and transmission matrices suitable
for an iterative solution for fluxes and interface currents, or a single Collision
matrix for the direct calculation of the fluxes. The novelty in this formalism is
the use of a recently developed multilevel flat-flux approximation'. The program can
treat any n.umber of ID and 2D geometries that may comprise media containing small
particulates or grains. The treatment of such double heterogeneity is done by assuming
that the randomly distributed grains produce an uniform and isotropic source
throughout the host medium. Multicell approximations based on cylinderization are
also available'.

Reactor leakage is incorporated in the transport calculation through a B dif-
fusion coefficient computed in a homogenized, infinite medium. Section IV gives a
description of the leakage computational miodel including a generalization to inter-
acting assemblies.

A description of the homogenization procedures available in APOLLO II is given
in Section V, while numerical results are given in Section VI to illustrate the
performances of the code.

A rest-minimization technique is used to solve the direct or adjoint multigroup
critical-value problem. A similar technique, together with a group-rebalancing pro-
cedure, help to accelerate the internal, thermal iterations. The code can also
effectuate generalized perturbation calculations with arbitrary sources.

Finally, conclusions are given in Section VII.
In this paper we will adopt Einstein's index convention, according to which a

repeted index implies summation for all the admissible values of that index. This
rule will apply to all indexes except those between parenthesis.

I.I. THE APOLLIB II LIBRM"Y

Microscopic cross section data, pre-tabulated isotopic reaction rates for
self-shielding calculations and complementary isotopic data are read by the code from
one or more external libraries, organized according to a specific format (the APOLLIB
II Iformat). To minimize input data as well as user's errors all isotopic physical
constants (description of radioactive chaines, fission and gamma energies, etc.) are
kept in the library. Týe code can create new libraries by group collapsing: and volume
or flux homogeneization, or from an equivalence calculation. For tests and,benchmark
calculations it is also possible to create a few-group library directly from user's
input data.
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In order to minimize storage requirements we define a single microscopic transfer
cross section per isotope that accounts for anisotropic and isotropic scattering as
well as for n-2n and n-3n reactions:

q= ,a(u')P(u1-#uA2'.)
where u' and u represent lethargies and a(u) is the microscopic cross section for a
transfer reaction at lethargy u. Denoting by r any one of the elementary reactions
comprising a:

o(u) -- rO(U)
r

and therefore we have

= r
where X .=• /a is the normalized probability for reaction r and P is the transferr

kernel for reaction r. The integral over u and Q of kernel P equals the number of
.neutrons n produced by reaction r (nI=l for scattering, nr=2 for n-2n, etc.) and
therefore r . r

fP(u'-14uolJ1)dldu' = X (u)nr

is usually greater than 1. Furthermore, in order to be able to implement global
conservation relations we. need to store the microscopic cross section

a (u) = X (u)(n,-i)
wihcr r (rl

which accounts for the excess of neutrons produced by a transfer reaction.

A.. Treatment of the anisotropy and transport correction

Anisotropy of transport is handled with the usual finite angular expansion

•(u'•uS'. -~4 a=(u.'.u)Pl(Q'.fl),

where the summation in 1 is done to. a finite order N and P is the Legendre polynomial
of order 1.

Basically, the transport correction consists on the addition of a term of the
form - (,' .1) to an anisot-ropic expansion of order N-I to "simulate" an expansion

2of order N. Although this correction is unambiguous in one-group theory, such is not
the case for multigroup transport. In APOLLO I we have adopted the following defi-
nition for the transport-corrected transfer cross section 3:

C(U-0- -1 (f.l') + qtr(u)S(u!-+u)826 2(f'l)

where the sum over 1 is for l<N. The coefficient a is calculated so that the integraltr
over u of the N Ith angular moment is preserved, while the a, s are defined to preserve
the lower-order angular moments. This gives

M (U) = (21+1)a (u) 1<N a (u') = (U -u)du

Itr tr 2N 7.l N

B. )Iultigroup cross sections

Mult~igroup cross sections are obtained by flux-weighting of basic microscopic
cross-section data: On a, multigroup mesh. The averaging procedure is defined by the
operator

<Wif>g J9 fWfdU

where W is the flux-weighting function and the integration in u is done over group
g. With this notation the multigroup cross sections are defined as follows:
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• •ag =<W, ax>g/Wg Xg <(7~ ~ g <I <W,a > > ,/W .
x x g g 2. . gg g

Here x denotes an arbitrary reaction, x is a fission spectrum and W =<W,l>
The APOLLIB II library contains for each isotope the muctigroU? crossgsections

a. (radioactive capture), a and acr' and the multigroup transfer matrices a If the
Aiotope is fissile it also includes af,. va and X. To take full advantage of vec-
torization the transfer matrices are stored in an one-dimensional array. and arranged

i4' ~ .in the order of the arrival group. Furthermore, an especial profile is used to describe
the matrix and eliminate most of its zeros, reducing thus memory requirements andi '-data transfers.

lu. COLLISION PROBABILITIES

The solution of the one-group integral transport equation with isotropic scat-
tering and sources is performed with a generalized interface current formalism. We
consider a heterogeneous, multidimensional domain D with a given distribution of
internal sources S and subjected to general boundary conditions including external

p~ii:[i, incoming angular fluxes (40), non-reentrant surfaces and geometrical motions com-
patible with the domain outline. Next, the domain is subdivided into a set of. sub-
domains {D } defining a total interface aD = {aD } and appropriate approximations
are used to describe the transport of neutrons across the interfaces. In these con-
ditions the integral transport equation for the angular flux # reads':

4, = T(F + 4 n s_) in X

[. ;.:~. ){,i...: .•@in aX_

where, with the notation of Ref. 9, X {x = (r,Q) ; r z D, 0 • 4 n} is the phase
space, += {x : r E aD, Q e 2r+ is the set of trajectories leaving (+) or entering

the interface, F = Z t + S is the collision density and s = i. F[n + 8 (x) is the
angular source entering 3D. The delta function 8 reduces the integration in x to
an integral on ax

According to our description of transport in D, T is the integral operator

Tf ft(Xw -X) f(XI) dX1'

X
with kernel+

t(x' x) = 0(r',r) 82(•s.) U (r' r)a (0s.0,) ,

where "(',r) equals 1 whenever r' and r belong to the same subdomain and is 0
otherwise, f- = s/s with a = r - r, , and k(r' - r) = exp(T)/(4 7 S2 ) is the customary

- kernel for uncollided neutrons.
The connection between the subdomains is defined by the operator •

•:': 0•,=- (xl -•X) +(X+-) d , 1
•:.- +

. 8X + +Iwhere xl+ =dS' d' is the voluie element on aX+ and the kernel • is of the form

Here 03(r) is an albedo or transmission factor and g(X) is'the exiting trajectory in

ax+ that corresponds to the entering trajectory x in BX
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A. The interface current formalism

A numerical solution of Eqs. (W) is now obtained by introducing appropriate
expansions for • in D and for i. in aX in terms of f inite sets of linearly independent
functions. The expansions for 5 and 4 are

4(r) ~ € •(r) 4(x) ~ _, (x) + J (RX) , (2)

where RX (r,-Q). The functions Ti = . have homogeneous supports D. of volume
V. such that [D. } defines a partition o 6 but, contrarily to previous methods, the
support of a function can lie in more than one subdomain. Likewise, the functions
+ = ID have supports aD x 2 n such that [aD i, is a portion of an and any aD
may lle gver more than one 8DT.

For the sake of simplicity we adopt the following normalizations

D 91(p, r = iJ a p0 12. n dx_ =6 a /(nt S
ID 8±~ V x

where S denotes the area of 3D . Also we assume that the first representation
functios in a domain and ' are constant. Then $. and J are respectivelyf±s in. a 3.0atn,•the mean flux in D. and tne total neutron current leaving (+) or ntering (-) through

4Z The interface current equations are obtained by replacing expansions: (2) into
the transport equations (1) and by projecting the resulting equations into the rep-
resentation functions.- The resulting. algebraic equations for the expansion coeffi-
cients are, in matrix notation,

V t P F Pvs J-

J+ 3 Sv F + PSS J-3 (3)

a J 0 + A ,

where V is a diagonal matrix of components V:, J3 contains the componentsf + , and
the coefficients of the collision matrices P1, P VS PSV' PSS and of the geometricalmatrix A are given by the formulas

P = J i(r) qj(r'). x(r t -1 r) dr dr'
D xDDIDI

P ia (4/S ) P't = 47c J q(r) 4Z(r',1s) k (r, - r ) IUlnj+ dr ds,
D xaD

(4)

P =4 72 S f s (r,-ic) 4s(r,,ns).c(r', - r) Q..n[ 1 Ms.nI ds ds,

an xaD

A • 7t S a 4(xx). g(x-)] (r) dx-.nI _

where the repeated index I indicates summation for all the su•kdomains.
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These coefficients obey the following reciprocity and conservation relations

tp= p V =Z P + I PSV

.!PVS S tSV ' VS + SS'
• . (5 )

t
PS S =(Ps S)t p= I A.

A S =(A S)t

Here the superscript t denotes the transpose of a matrix, S is a diagonal matrix with
elements S and V, Z, I and p are row vectors of components Vi8  E a 8.6 and8 where V~0 ik'6P n

p= O3(r) dS

aID
is the fraction of surface a effectively reflected.

B.* The flux formalism

The block structure of the collision matrices in the interface current equations
(3) makes possible an iterative solution of these equations based on repeated cal-
culations of fluxes and currents for each one of the subdomains contained in D.
However, a different way of solving these equations consists of eliminating all the
current components and obtaining thus an independent system of equations for the fluxes
that can be then solved with traditional methods. The equations so obtained are

I (6)
•SS ..

where

=P+P A
lii~l: = p + vs A sv

(7)

•SV =X.PSV

...... SS = SS

A) and Y (I A P The new collision matrices obey similar

reciprocity relations than, those for the untilted collision matricesi and satisfy
the new conservation equations

V + (.8)

L=z~v + (I - • s

- - , • . , .. , . - ., ' . • . : . • . . . .: . . . , .. . . . . •. . : . . v. . . ,S . f . , v . . . . . . -, . , , . . .. . . . . . . . . . , , , . ,. ... . , , . . . . . , • . : . . . . . . . . . . . . . . . . . . . . . . . . . . . "S
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We note that the formalism defined by Eqs. (6-8) is identical to the one that
is obtained from the well-known direcr collision probability solution for a single
domain.D.

C. Double heterogeneity

The double heterogeneity method' 0 is used when the domain contains media with
randomly dispersed grains. This is the case, for instance, for BWR's and PWR's fuels
with grains of burnable poison and for HTR's pebble bed fuel. In this method the neutron
current exiting the grains is replaced by an isotropic source uniformly distributed
in the diluent containing the grains. Hence, the emission density in diluent i is
replaced by

F •*Fi + J i'

where J is the uniform source due to the grains
g,i

= 5 q Pe F
g,i i• (i)m mn imn

Here qim is the volumetric fraction for grains of type m and Pe (P /V) is
inmn s,mn mg9

the escape probability for uncollided neutrons emitted in the n'th region of grain
m. The lower index g denotes quantities computed for a single grain. Replacing these
expressions in the interface current equations results in the new definitions

- pe p
Pimn,j q(im) mnn ij

P. -V q =v.(Pq /V + q e p
Sim) ij mr imn,jrs in g (jr) rs -imn,j

= peP a, irm q(im) P Zi Pm n

where now V. is the volume of the diluent i.
Next, tle media containing grains are homogenized. The homogeneous cross sections

E are defined such that the transmission probabilities through the media are preserved
to first order". This gives

PiJ q(i) q(j) pi hj +J iJ. q(i)(I. -- /i• i

'h

P q P -

Here qi is the volumetric fraction of diluent ii the superscript h denotes quantities

computed with the homogenized-cross sections, A!= i/i and

=.q, [I qijl - -/( P (Zi]
SSii

"q() + q - Ps)Sj ( v()S./4

where P3 (Z.) is the transmission probability for grain J when its media is replaced
by the clluient medium.
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D. The multilevel approximation

The discretization of the transport equation, either from its integro-differ-
J iential or from its integral form, determines the number of unknowns, fluxes and

currents, that must be calculated per group. In order to obtain an accurate result
the geometrical domain is divided into. regions in which the flux gradient is a priori
assumed to be small, the usual rule of thumb consisting on defining regions with
optical sizes of the order of the mean-free path. For standard transport codes, that
rely upon the use of the same spatial approximation for all the groups, the number
of spatial unknowns is determined by the largest cross section values which correspond
usually to the thermal domain. For very absorbant materials this can entail a large
number of unknowns and result in prohibitive calculational costs. A number of methods
have been developed to ease this constraint, the more popular ones being based on
the use of multifunctional approximations that account for the flux gradient-within
the regions. But still the sizes of the regions are fixed by the values of the thermal
flux gradients, and this results in a waste of computer resources for the high-energy

groups where the flux gradients are much smaller and where the use of larger regions
would give the Same overall accuracy. In contrast, the APOLLO II code takes advantage
of the variation of the cross sections with the energy to implement a nested, mul-
tilevel approximation' based on the use of a macrogroup-dependent spatial represen-

;:•::tation.

Thus, the spatial representation functions are defined by dividing the energy
domain into a set of macrogroups {G} and by using a flat-flux expansion in each
macrogroup

*g(r) - 03(r) for g c G,
G G

-. i where 0 is the characteristic function of the homogeneous domain D. The corresponding
multigroup source term reads

g gg ~gl-g ~g,
S ij s] J

where Z accounts for scattering and fission and

A = (/V) C() OG'(r) dr =Vj/V.

where g P G, g' e G' and V.. is the volume commun to regions i and j.
A difficulty with the2 multilevel model arises in the case of a depletion cal-

culation in which several, consecutive transport calculations are used to determine
the variation of the isotopic concentrations versus the assembly burnup. In this case,
the isotopic concentrations may change from one thermal region to the next and,
consequently, a region at a higher energy. level, containing several thermal regions,
may be composed of different physical media. The treatment of such heterogeneous
regions is performed by using equivalent parameters corresponding to the volume-

* weighted macroscopic cross sections.

E. Angular representations

The expansions functions for the angular flux on the interfaces are of the form

(x) f f(r) g .

Constant and linear: f Is, and g Is defining a P• approximation are used to construct
three type of angular represent~tionss : UP (uniform.in space - isotropic in angle),

0
LP (linear in space-isotropic in angle) and UP (uniform. in space -. P in angle).

01
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F. Multicell methods

Low-cost two-dimensional calculations can be performed by combining the interface
current formalism with a cylinderization technique. In these multicell methods$ the
sundomains are cylinderized using a Wigner-Askew model where collision and escape
proDabilities are computed in a volume-preserving cylinderized subdomain and trans-
mission probabilities are obtained from a separate calculation. Then, collision and
escape probabilities for cylinderized regions are renormalized in the actual cell
geometry to preserve neutron conservation. APOLLO II can perform multicell calcu-
lations in rectangular and hexagonal meshes'. A lower approximation.based on a gen-
eralized Roth model can be used for arbitrarily shaped subdomains. In this model
the transmission probabilities Q.i from side i to side j of a polygonal cell are given
by the formula

Cl-S. • (N-l)(S.+Sj)-S

(N-l)(N-2)Sj

where Q is the total transmission probability obtained from a cylinderized model,
S.. is the surface of side i, S is the total surface of the cell and N its number of
sides. Although yielding some negative values for far-from-regular cells, this formula
satisfies reciprocity and conservation relations and reduces to the usual Roth model
for regular polygons.

IV. LEAMAGE CALCULATION POR INTMCITNG ASSEMLIES

The formalism used in the APOLLO code for calculating the laplacien B2 and the
diffusion coefficient D associated to a heterogenIous assembly is based on an iterative
scheme where an artificial absorber (Z=O, Z =DB .) is introduced in a heterogeneous

acalculation -which provides a set of homogeneous .cross- sections for the .calculation
of the infinite-medium fundamental mode'. For the APOLLO II code this formalism has
been- generalized to the case- of several, mutually interacting assemblies. The ,gen-
eralization is based on a- homogenization which not only yields a set of. homogeneous
cross sections for. each assembly., but that also preserves the averaged neutron
exchanges between, assemblies. The result of this homogenization may be described as
a set: of unbounded, homogeneous, media with .a constant -source that depends on the
assemblies interchanges. A diffusion coefficient per assembly can-then be calculated
from the corresponding fundamental flux.

A. General formulation

We consider a. heterogenous medium composed, of optically large macroregions
(assemblies) which have an internal periodic structure (cells).- Assuming a spatial-
ly-modulated flux of the form:

. " .(r.,,u) - exp(-iB.r)4(r,Q,u) (9)

we obtain the equation

- .(-is + Z.)+ + A.Q÷ - q , (10)

where q is the angular emission. density. From the solution of this equation we can

define on each macroregion K a Benoist's uncorrected diffusiOn coefficient:

-. D (u)= + I • .= "__:(-:)
".2 iB.r A ...

B R Ie o4dr K
J KX4it
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where R stands for "real part" and J and $ý are respectively the volume-averaged
values of the current and the scalar f~ux associated to q.

Since the task of solving Eq.(10) in the actual, heterogeneous geometry is very
expensive and, besides, heterogeneous effects on leakage are not too important in
LWR's, one can replace the internal heterogeneities of the assemblies by a consistently
homogenized material. For this simplified procedure Eq.(lO) is averaged on each
macroregion to obtain:

(-iB.a + Z K) +K+ VKI a dS.K M = K' (12)

Integration of this equation over the angles yields.the conservation relation:

-iB.iK+ K + VK f KdS.J = FK' (13)

while a supplementary relation is obtained by expliciting + K in Eq.(12) and by
integrating the result in 12. For a B approximation (linearly anisotropic scattering)
we obtain:

4 A K F K + C K J SI51 K(u',u)iB.i K(ul )du' V J3 zk-ijs.91d~df (14)

-i -1 -2
where A,(u)=B tg (B/Z ) and C.(u)=B (1.ZKAK).

For a single, ref ected assembly the integrals over the boundary vanish and
Eqs.(13,14) give a real flux and a purely imaginary current in the B direction. This
case corresponds to the fundamental mode of an unbounded, homogeneus medium. Fur-
thermore, the diffusion coefficient given by (;l), D(u)?-iB.J/(B f), is such that
the flux $ satisfies the diffusion equation (-DV'÷Z) .

On the other hand, in the case of several assemblies mutually interacting the
flux in each homogenized assembly will+ vary from an equilibrium flux, deep in the
interior, to a transitory near the boundary. The effect of the transitory - which
materializes in Eqs.(12-14) through the integrals over WK - is to adapt the, equi-
iibrium fluxes between neighboring assemblies. As a result the equilibrium flux in
an assembly will be slightly different from its fundamental mode, the current will
not be parallel to 2, and both. and ;K will be complex. Furthermore, the diffusion
coefficient of Eq.(11) will not only account for the leakage due to the macroscopic
flux curvature but also for the leakage at the boundaries of the assemblies.

* B. Multiasseuly calculation

In order to solve Eqs.(13,14) it is necessary to estimate the boundary con-
tributions to each assembly (note that a direct computation of the. transitories in
the homogenized geometry not only will be very difficult but also, because of the
homogenization, it will not make any sense). In our scheme we use the interface current
equations to describe the interactions between the assemblies and define a homogen-
ization scheme that provides the homogenized cross sections and the averaged leakage
probabilities for each assembly. In the interface current formalism the currents at

.. the interfaces are J=(J -J )=(I-A)P F. Calculating the total net current leaving
each assembly gives -

J K = .FL'
where F1 is the averaged emission density in assembly L and X is obtained from an
appropriate averaging of (i-A)PV. H.. characterizes the contribution of assembly L
to the total current leaving assembly-q< and therefore matrix K will be used to express
the leakage term in the homogenized Eqs. (12-14):

V -1dB.j v-1 XC F(5

At this point it is important to note that X is usually obtained from a trans-
port-corrected, isotropic scattering model and, therefore, its use is consistent with
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the transport-corrected B0 approximation of Eqs. (12-14). For the more important case
of the B approximation we make the assumption that Eq.(15), with M obtained with a
transpori correction, remains valid.

Still, it remains the problem of estimating the surface contribution in the RHS
of Eq.(14). Since this term depends on the relative orientation of B at the surface
of the assemblies, it cannot be obtained from the heterogeneous calculation and we
will make the simplificative assumption B << X for all K. This gives:

and hence, according to (15),

d. -.1 ( -i, (~ KVK )- dS.j - (

K* -iK.a K K KK (K)1

Finally, the equations given, the fundamental flux are:-

-iBj + Z ( + V M FK (K) K K (K)I I K i!

K = A(K)FK + C(K) dul ZslK(u'4u) iBJK(u') - (ZKVK)(K)IFI

These equations must be simultaneously solved for all the assemblies in the geometry.
A diffusion coefficient per assembly is then obtained by using the fundamental flux
in Eq.( l).

V. EOMOMMIZATION PROCEDUR

A preliminary step in reactor coarse-mesh calculations is the preparation of
an adequate macroscopic cross section library. Detailed cell and/or assembly mul-
tigroup transport calculations are usually utilized, together with a homogenization
procedure, in the preparation of such libraries in order to correctly account for
the spectral variation of the flux within the assemblies. However, direct flux-,

.weighting leads to inaccurate results because the reaction rates obtained from a
subsequent coarse-mesn calculation are not the same as those obtained from the detailed
calculation.

Lately, a new homogenization method based on an equivalent principle, in which
the homogenized Cross sections are defined so that the conservation of the reaction
rates is preserved, has been developed . 2 . An important characteristic of this method
is that the homogenized cross' sections depend on the type of operator (transport,
diffusion) 'and onthe numerical approximation used for the solution.

An improved version of this method, which was originally intented to calculate
homogenized cross sections for multigroup transport multicell and diffusion calcu-
lations, has been implemented in APOLLO II. This allows us to establish a general
equivalence between any transport calculation that can be performed by the code
(collision probabilities, discrete ordinates) and an arbitrary coarse-mesh transport
or diffusion calculation. In contrast with previous work, we make a distinction between

:the coarse mesh that defines the. homogenized .media and the calculational mesh that
defines the numerical approximation -used to solve the coarse-mesh equations. This
allows for a better representation, of the f lux gradients in the homogenized cells
(such -as those- appearing, in: burnable-poisoned or water-hole cells) withoutý requiring

..an increase in. the number.. of. homogeneous media' to. be compute d.
We consider+ the. phaseR space 4=.xpU, .where. D and .U are respectively the spatial

and the lethargy domains, and a partition: of X into K Cells I{X 1. Each cell is of
the form X =DixUa where {Di,i=l to N}Iand {U G=i .to: M} are respectively partitions
of D and W into macroreqions and macrogroups. Then, given a set of real-valued
functions {i} defined in X, the homogenization problem consists on determining a new



- 1574 -

set of "homogenized" real-valued functions {Z} which are constant in the cells, i.e.

Zt=r in X. We construct the homogenization procedure selecting two weighting

functions, 4 and +, and by calculating the K=MxN £ s defining each Z by equating

the "reaction rates" in each cell:

T =<+,,£> <+,,Z>, a-=i to K,

where

<f , g>.= fgdrdu

since Z is constant in X we can write <+,Z> =., , where 4,=<+,I> . This implies
that the homogenized components of two artiart ross sections, T, and £, obey the

relations T'Z =T Z, and therefore all the homogenized cross sections values in
a cell can ge ddicuIa9d from the values of a selected cross section.

Volume and flux weighting can be viewed as particular cases of this formulation
with 4-=. Volume-averaged cross sections are obtained by choosing +=i, while flux-

averaged values are obtained with 4--4, where $ is the flux computed with the detailed

calculation. The homogenization procedure that preserves cell reaction rates is

obtained by setting T--4 and +=V/h, where 'D is the coarse-mesh flux obtained using

: the Z's and h is a normalization constant. Putting T =E () this last procedure
is defined by the equations:

T hT, a=l to K. (16)

For an inromogenous problem we select h=l, whereas for the eigenvalue problem h--w T

where the w 's are normalization weights satisfying the relation w T =1. In the latter

case system of equations (16) is homogeneous and we complete it by acddng a new equation

obtained from the conservation of the critical value: X=X..
A difficulty arises from the fact that for the usual transport or diffusion

opi"rators both $ and 0 satisfy group-per-group conservation relations. This entails
that, irrespectively of the values of the cross. sections.,. the following equations
are satisfied:

TG + L; = h1(TGý ) G=I to X,

where TG and L are respectively the total reaction rate and the geometrical leakage

in macrogroup G. For a perfectly reflected domain L =L =0 and the above equation gives
G G

T =hT which, in view of Eqs. (16), implies that there is a degeneracy per macrogroup.

T~ere~ore we need to add K extra conditions .to obtain an unique solution. This can

be done by imposing a condition of flux normalization per macrogroup or. Dy 'arbitrarily
fixing the values of the fluxes in one region per macrogroup. The resulting non-linear
system of equations for the T 's is-written in the functional form:+

T+Z
F(Z) = f.f , . (.17)

:where f is a vector of dimensions K+L with f --T -hT for .r=l to K, and fK=9l(1Z D)

for 1=1 to.L. Here the gl's represent extra conditions.
Finally, the homogenized cross sections are computed by mjnimizing functional

(17). We have implemented'an iterative procedure in which at each iteration the new
values of Z are obtained from a quadratic Taylor expansion of-:F:in the vicinity of
the previous E. A f inte difference approximation using- the last .two Z's Is used to

I .. estimate. the derivatives n44 d,"e•-or' the iteration, preserving thus -the

accuracy-of the result while •omputati-orl costs.

. . .. .costs.
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VI. EANPLE CALCULATIONS

To illustrate some of the novel capabilities of APOLLO II we present here two
example calculations. The calculations were performed in a CRAY XMP computer and used
isotopic data from the 99-groups APOLLIB-2 library.

Our first example consists on the determination of a critical parameter.We have
chosen to calculate the critical density of boron which makes critical (k =1) a
PWR assembly containing poisoned cells. For this calculation we have cons•der an
infinite latice of square cells generated from a basic 3x3 motif which contains eight
3%-enriched UO2 pin cells and a central poisoned cell with a Pyrex pin. The calculation
was performed using the multicell method with the standard ROTHX4 approximation and
decomposing each cell into three regions: pin, cladding and moderator. Furthermore,
only three types of cells were distinguished: center, side and corner. Thanks to
the modular structure of the code the entire calculation was done in a single run
consisting on a series of macroiterations. In each macroiteration the previous value
of the density is used to calculate the multiplication constant and, if the convergence
has not been attained, this last value is used to estimate a new value for the density.
For a precision of 10 on the multiplication constant the calculation. performed a
total of 5 macroiterations with a computing time of 7.98 seconds. The results are
shown in Table I.
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Fig. I Geometries used in the calculations

(a) Exact geometry 'ofthe motif.
(b) 3-region coarse mesh for the homogenized geometry.
(c) 10-region fine mesh for the homogenized geometry.
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TABLE I
Calculation of the critical boron density

Density (mg/cc) keff

1. 1.25761
61. 0.98383
57.46 0.99091
52.90 1.00056
53.17 1.00000

The first two values are imposed by the user

The second example illustrates the interest of the multilevel approximations.
For this case a flux-weighting homogenization was used to homogenize each one of the
3 cells of the previous calculation. Next, three k .. calculations were performed
in the two-dimensional homogenized geometry. The regions utilized for.these calcu-
lations are shown in Figure 1. Two standard multigroup calculations were done using
the two meshes shown in the Figure. Then, a multilevel calculation was also performed
using the coarse mesh in the fast level (52 groups) and the refined mesh in the thermal
level (47) groups. The results in Table II show that to achieve a good precision for
the k value requires the use of the refined mesh for the thermal groups where the

eff .
flux gradients induced by the poison are important. A comparison between the multigroup
calculation with the refined mesh and the multilevel calculation shows the interest
of the multilevel approximation: this calculation gives the same precision while
substancially reducing computation time.

TABLE II
2D calculations in a reflected assembly

calculation keff t" (sec) t'oll (sec)

coarse-mesh 0.98403 4.32 2.22
Fine-mesh 0.98869 16.20 13.15
Multilevel 0.98868 8.65 5.87

Total computing time

Time used in the Pi. calculation

VII. C0NCLUsIONS

General aspects of the multigroup transport code APOLLO II have been presented.
%; : APOLLO II is a new-generation, user-oriented, modular code which, thanks to its

modularity and the use of a user's macrolanguage, offers a great flexibility of
utilization for numerous reactor engineering problems. The code uses a sophisticated
method for the calculation of self-shielded cross sections that accounts for inter-
ference effects, and disposes of a large number of schemes for ID and 2D colli-
sion-probability calculations. These schemes are based on a recently proposed
multilevel flat-flUx. expansion., Multiassembly and .3D collision-probability calcu-

!N • lations are under development as well as the implementation of a scheme for depletion
calculations. Results presented in this paper and elsewhere show the interest of the

,II multilevel approximation for reducing computational costs while preserving accuracy.



- 1577 -

Acknowledgements

The idea of writing a new transport code was born what now looks like eons ago but
is no more than a few years. Here we would like to thank A. Kavenoky who was the main
originator of this idea. Many thanks are due also to P. Beneventi, P. Lehong and
P. Mitaut for their contributions to this work, and to A. Boivineau for her advice
in the preparation of isotopic data. One of the authors (R.S.) would like to thank
A. Karenina for helpful discussions.

References

I. A. KAVENOKY, "APOLLO: A General Code for Transport, Slowing-down and Thermali-
zation Calculations in Heterogeneous Media," CONF.73044 P1, Ann Arbor, Michigan,
April 9-11 (1973).
A. KAVENOKY and R. SANCHEZ, "The APOLLO Assembly Spectrum Code," This Meeting.

2. A. KAVENOKY and M.F. ROBEAU, "Un Syst~me d'Aide A la Programmation Scientifique
ARIANE," Premier Colloque de G~nie Logiciel, Paris, Juin 8-10 (1982).

3. M.F. ROBEAU, Personal communication.
4. M.F. ROBEAU and P. VERPEAUX, Personal communication.
5. R. SANCHEZ and J. MONDOT,"A Model for Calculating Multigroup Self-shielded Cross

Sections for a Mixture of Resonance Absorbers in Reterogeneous Media," ANS Topical
Meeting on Reactor Physics and Shielding, chicago, September 17-19 (1984).

6. G. PALMIOTTI et al, "BISTRO: A Fast Two-Dimension S Transport Code," This Meeting.
7. R. SANCHEZ and J. MONDOT, "Multilevel Transport Calculations," CNS/ANS Interna-

tional Conference on Simulation Methods in Nuclear Engineering, Montreal, October
14-16 (1986).

8. R. SANCHEZ, Nu_%,.Sci.=., 92,247 (1986).
9. R. SANCHEZ and N. J. McCORMICK, Nucl.SiEg., 80,481 (1982).
10. A. HEBERT, Personal communication.
ii. R. SANCHEZ and J. MONDOT, Internal Report.
12. A. HEBERT and A. KAVENOKY, "Development of the SPH Homogenization Method," ANS/ENS

International Topical Meeting on Advances in Mathematical Methods for the Solution
of Nuclear Engineering Problems, Munich, April 27-29 (1981).



Enclosure 13 to TN E-29580

R. Sanchez, A. Herbert, Z. Stankovsky, M. Coste, S. Loubiere,
C Van Der Gucht and I. Zmijarevic, "APOLLO2 Twelve Years
Later," Mathematics and Computation, Reactor Physics and

Environmental Analysis in Nuclear Applications, Madrid, Spain,
1999 (associated with Criticality RSI No. 1)



Mathematics and Computation, Reactor Physics and Environmental Analysis in Nuclear Applications

APOLLO2 Twelve Years Later

S. Loubi~re, R. Sanchez, M. Coste, A. Hebert, Z. Stankovski,

C. Van Der Gucht And I.Zmijarevic

Direction des R~acteurs Nucltaires
Departernent de M~canique et de Technologies

Service d'Etudes des R~acteurw et de Mathcmatiques Appliqudes
Commissariat b l'Energie Atomnique

Saclay (France)
stephane.lI bicrc~i)cea, fr

To Alain Kavenoky on the occasion of his 6 0h birthday

Abstract

The APOLLO2 code was presented at the M&C Paris meeting in 1987. Since then, a plethora of
new models and computational methods has been added to the code. This paper gives a full update
of the code status with, among others, details on the latest CEA93 multigroup isotopic library,
description of new models for computing multigroup selfshielded cross sections, and cross sections
collapsing by recent equivalence methodology. It includes also a description of the powerful 2D and
3D transport solvers that have been recently coupled into the code for full scale validation and that
might be fully implemented in the near future. A few numerical examples to illustrate APOLLO2
capabilities to treat difficult problems are also given.

1 Introduction

The last public presentation of the multigroup transport code APOLLOI was given at the 1987
M&C Int. Meeting held in Paris, France (Kavenoky, 1987). The second generation of the French
multigroup transport assembly code APOLLO2 was presented at the same meeting (Sanchez 1987).
This first version of the APOLLO2 code had been developed by the Conunissariat A I'Energie
Atomique (CEA) on its own budget. Since then the French utility Electricit6 de France and the
French reactor constructor Framatome have joined the CEA in the financial support for APOLLO2
software development. Twelve years later, the fifth version of the code is scheduled to be release to
its users. Today APOLLO2 is part of various dedicated packages used to analyze different problems
in the nuclear industry:

" The Service for Reactor Studies and Applied Mathematics (SERMA) has developed the
SAPHYR code system for reactor analysis. This package includes codes for neutronic and
thermalhydraulics core calculation, CRONOS2 (Lautard, 1990) and FLICA4 (Toumi. 1998). The
SAPHYR.system is used by the CEA to study all type of reactors, from PWRs to experimental
reactors, from spatial power reactor concepts to VVERs, from RBMKs to naval propulsion
reactors. Framatome has already integrated APOLLO2 as part of its reactor calculation package
SCIENCE (Bouffier, 1996) and Electricit6 de France is intending to integrate it in its calculation
scheme.

* For fuiel-cycle and criticality studies APOLLO2 is also part of both DARWIN (Tsilanizara,
1999) and the new French criticality package CRISTAL (Gomit, 1999) that has been developed
by the CEA and will be used by all the French companies working in this area.

APOLLO2 is the result of an interactive and cooperative effort undertaken by the entire project
team. This includes not only the group of developers of the code, but also the scientists that

- .,yP- '1298""
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participate to library elaboration, code benchmarking, code analysis, validation, calculation scheme
development and to the qualification of the industrial version of the code.

This paper is intended to describe the present status and potentialities of the code and its near-future
developments. The paper comprises two parts. The first one is consecrated to a description of the
additions and developments that since 1987 have been implemented in the code; these comprise
new physical modeling, advanced numerical methods and improved code structure. To illustrate the
potential of the actual version of APOLLO2, in the second part we present some results obtained
with the new developments.

2 Twelve Years and Four Versions Later

The multigroup transport cell code APOLLO I (Kavenoky, 1973, 1987) was conceived in the early
70s and developed through the 80s. The first version of the APOLLO2 code was released in 1987.
This version had greatly benefited from the cumulated experience gained from the development and
the use of APOLLOI, as well as from the development of brand-new powerful environmental
software.

Since 1987 numerous improvements have enriched APOLLO2. Physical models have been
enhanced, new models have been added and new methods have been implemented to greatly
increase APOLLO2's ability to treat more complex and larger problems, while fast progress in
computer architecture and computational speed has pushed still further away the original limitations
imposed by the existing hardware. Several methods are now available to minimize CPU time and
memory requirements. Among them, parallelization techniques have been introduced in the code
(Stankovski, 1994a, 1994b) for intensive collision probability calculations for large systems. In this
section we review the main improvements done in the last twelve years

2. 1 Software support package

One of the main aims of the code conceivers was that APOLLO2 should be able to perform
reference calculations, with the maximum precision allowed by the available computers, as well as
industrial and project routine calculations that would run faster and would require less precision.
They also wanted to have a code structure that would allow for an easy implementation of new
methods and models that would benefit at once of all the possibilities already available in the code.
For those two reasons the APOLLO2 code was designed as a modular structure consisting of a
predefined set of operators (functions) and a predefined set of objects (data). Indeed, APOLLO2 has
been conceived as a toolbox in which users can pick up the physics and the operator they need to
solve their specific problems. Physical, numerical and structural functions are built into modules
that perform a specific task (geometry, self-shielding, flux solver, etc.) and that can be viewed as
operators that act on input objects to create output objects. The GIBIANE macrolanguage is used to
dynamically chain the operators at run time, defining thus a particular calculation scheme fit to
specific users' goals. The implementation was made possible by the use of an extension of
FORTRAN 77 developed in the early 80s by the CEA, the ESOPE-GEMAT software package, that
allows for data structuration and dynamic memory management (that, at that time, were not
available in conventional computer languages).

Both GIBIANE and ESOPE-GEMAT can be translated into standard FORTRAN77 code source to
easy the implementation of the APOLLO2 code on various platforms.

Today the APOLLO2 code runs on all kinds of computers from CRAY (C90 or MPP) to personal
computers (PC under Solaris or Linux) or workstations of all brands (Sun/Solaris, IBM/AIX,
HP/HP-UX, SGI/IRIX, DEC Alpha/OSFI, etc.). Code development is done under strict quality
control.
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The GUI SILENE has been developed to facilitate the description and treatment of more and more
complex geometries, especially for those incorporating unstructured meshes (Stankovski, 1997a).
The latest version of SILENE, written in the JAVA language, provides pre and post treatment for
APOLLO2 and the Monte Carlo code TRIPOLI4. SILENE has been used to model the APA
assembly shown in Fig. 3 and the RJ-H geometry in Fig. 5.

The general purpose, parameterized output library SAPHYB is now be created by APOLLO2. This
library contains not only macroscopic and microscopic cross section data resulting from
homogenization and collapsing, but also fluxes, kinetic parameters and much more. The data are
self-descriptive and have been structured for easy access. The SAPHYB library can be used for end-
of-the-line applications such as whole-core CRONOS2 calculations within the SAPHYR package
and for PEPIN2 depletion calculations within the DARWIN package. A simpler output library is
used for criticality calculations with the multigroup Monte Carlo code MORET4 (Nouri, 1999)
within the CRISTAL package.

APOLLO2's modular structure and the possibilities of the GIBIANE command language (logical
IFs, DO loops, etc.) facilitate the creation of GIBIANE procedures. Each procedure is a set of
GIBIANE instructions that run a specific task using APOLLO2 modules (creation of a PWR
geometry, critical buckling calculation, iterative parametric search, etc.). The APROC procedural
libraries have become an essential part of the APOLLO2 toolbox package. These libraries comprise
collections of GIBIANE procedures that help the APOLLO2 user to run dedicated calculations
using the appropriate code options. Each APROC library is dedicated to a specific application such
as criticality calculations, absorbent analysis, propulsion reactors, etc.

2.2 Physical models

Among others, new models have been added for the calculation of multigroup selfshielded cross
sections, including subgroup methods. A P,-consistent heterogeneous-leakage model has been
added to the code for the treatment of partially voided assemblies. Also, a new equivalence method,
based on a Selengut normalization, permits a more accurate treatment of control assemblies.

A special module for perturbation analysis has been developed (Perruchot-Triboulet, 1997). The
module uses a pair of direct and adjoint calculations to generate a detailed fractional analysis of the
perturbation of the eigenvalue.

A multigroup albedo boundary condition has been added to the discrete ordinates module of
APOLLO2 to provide affordable transport calculations for large domains or small reactors (Rauck,
1999).

2.2.1 The multigroup isotopic library

Since the early 90s the new library CEA93 based on the JEF2 evaluation (Nordborg, 1994) has been
completed for the APOLLO2 code. This library is now available to the user in two standard
multigroup formats: the traditional 99-group energy mesh and the Xmas 172-group structure (Dean,
1990). Next December the sixth version of the CEA93 will be included in the APOLLO2.5 release.
The library is obtained by processing JEF2 data with NJOY (MacFarlane, 1982). The processing is
done with the same options and precisions than the ones used to prepare libraries for Monte Carlo
calculations, allowing thus for unbiased validation calculations with TRIPOLI4 (Both, 1994) or
MCNP (Briesmeister, 1986). Contrarily to the CEA86 library, used with the first version of the
code, the CEA93 does not have any cross section adjustments.

Since the beginning the multigroup isotopic library included isotopic microscopic cross sections,
pre-tabulated isotopic reaction rates for self-shielding calculations and complementary isotopic
data. For each isotope, the library contains total, radiative capture and P, scattering multigroup cross

section, orl, cr'and or', as well as multigroup transfer matrices, o-`1 . For a fissile isotope it also
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includes the multigroup cross sections u4 and vorg, and the fission spectrum Zg. A special

excess' multigroup cross section is also included to account for neutron multiplication via (n, 2n)
and (n, 3n) reactions.

While the format and the main contents have not changed, over the years new information has
enriched the CEA93 libraries. Among these one finds (n, a) and (n, p) reaction cross-section data;
and delayed neutron data are now included in the library so that APOLLO2 can calculate the
effective fraction of delayed neutrons, i3dr, and pass it to the core code CRONOS2 to perform
kinetic calculations. Transfer cross sections for some specific 'isotopes,' such as lead or light water,
have been developed at higher order of anisotropies. In the CEA93 V4 and higher versions the
developments is done up to P5. Various depletion chains are associated with the CEA93 library. The
fission chain contains around 30 heavy nuclei, 77 fission products and 8 pseudo fission products.
An extension to this chain allows treating Thorium problems. Other chains have been defined to
deal with burnable poisons such as Gadolinium, Erbium and Hafnium. A Lithium chain permits to
analyze the behavior of fusion blankets.

The implementation in APOLLO2 of the capability to dynamically generate selfshielding
quadrature tables from fine-group data has permitted the removal of these tables from the CEA93,
dramatically reducing the size of the library. The CEA93 V6 will contain over 250 isotopes and
selfshielding data for about 50 resonant isotopes.

2.2,2 Selfshielding

From the beginning, self shielding modeling has been one of the main developmental efforts of
APOLLO2. By using a problem-independent library and by invoking equivalence theorems, the
self-shielding module of APOLLO2 has the capacity of elaborating a set of problem-dependent
multigroup self-shielded cross sections for resonant isotopes (Sanchez, 1984). Computation of
selfshielded multigroup cross sections is done by solving a purely slowing-down problem with
fixed sources. A simplifying assumption allows to derive a simpler equation for the fine-structure
flux factor 4b(r, E) (Livolant, 1974). In the flat-flux collision probability fonnalism and with
isotropic scattering this equation reads:

o (E) = C(E) r4o(E)+ S(E), (1)

where E is the neutron energy, q.o(E) = {.b 0,(E), i= 'resonant'region) is the flat-flux vector of the

fine-structure flux factor for only the regions containing resonant isotopes, C is a matrix obtained
from the collision probability matrix for the problem, r0 is the slowing down operator for resonant
isotopes, and S is a source term that depends on collision probabilities and moderator scattering
cross sections (Sanchez, 1990). This problem can be solved in the actual geometry or in a simplified
one. Further, to minimize calculation effort, flat-flux regions may be grouped into larger
selfshielding regions where selfshielded cross sections will be calculated. Equation (1) is used to
compute selfshielded cross sections with an algorithm comprising two-steps: homogenization and
equivalence.

In the homogenization step, group-per-group self-shielded reaction-rates are interpolated from
infinite-medium pretabulated tables from an equivalent background cross section. Narrow (NR) and
Wide (WR) resonance approximations are used, in conjunction with pretabulated group quadrature
formulas, to obtain an accurate estimation of the geometry-dependent group resonance absorption
rate which is then used to obtain the equivalent infinite-medium background cross section. In the
second step, an equivalence procedure is applied to derive a set of multigroup selfshielded cross
sections that effectively preserves the reaction rates obtained in the first step. This is done by
iteratively solving the following non-linear problem:

r.g•(d,•) - • ,(2)

..~~~.vw-.~~ ,,, -3 0 1 ,.....~'~'



Mathematics and Computation, Reactor Physics and Environmental Analysis in Nuclear Applications

where r denotes the reaction (c ý capture, s = scattering, f = fission), x the resonant isotope, ax the

selfshielding region and T,17,, the associated reaction rate obtained in the homogenization step. At

each iteration, a collision probability calculation yields new group-integrated fluxes in terms of the
updated total cross sections ,g {or. }.

Since 1987 the selfshielding module has undergone major modifications (Coste, 1994). In order to
provide better stability and enhanced accuracy, a continuous effort has been put into the
improvement and development of selfshielding methods. The main directions of research are
improvement of the existing methodology, development of new models and elaboration of fine-
multigroup reference calculations.

As an alternative to the large constant-step quadrature formulas, new quadrature formulas based on
probability tables (PT) have been introduced. These tables are computed with CALENDF's
formalism (Ribon, 1986 and 1989) for total cross sections and their partial cross sections by
preserving group moments of positive and negative powers (H1bert, 1999). PT group collapsing can
be readily performed.

Two new models have been developed. These models share two common assumptions: scattering
is isotropic in the center-of-mass reference frame and the nuclei are heavy. These two
approximations amount to a factorization of the resonant slowingdown kernel,

crý (E --- E') = or, (E)P(E --* E') , (3)

where P(E --> E') is constant over the slowing down range. The statistical model (ST) generalizes

the NR approximation by assuming a large number of narrow resonances randomly distributed in a
given energy group (Coste, 1993):
9 STmodel: (rmo,)(E')-<Qr,,O >g, forE'(g', (4)

where <,>g. denotes group averaging. A new model, independent of the shape of the resonances,

can be derived by replacing the slowing-down operator with its group-averaged value. This 'all
resonances' TR model (Coste, 1997) is defined by the equation:

* TRmodel: (r0o0)(E')= •Wg Y <o,'a,0 >g forE'eg', (5)
g~g'

where the weight

ff -, dE1,dE'P(E -* E')(6

g fdrE' (6)

represents the mean probability of scattering from group g into group g'. At the limit when the
slowing down range is much smaller than the group width, the TR model becomes the ST model.
We recall that the TR model dispenses with any assumption on the resonance shape. To save CPU
resources and diminish memory requirements the probability P(E -+ E') is computed at infinite

dilution.

Treatment of spatial resonance interference effects can be done with two different approximations:
a generalization of Livolant's PIC formalism (Livolant, 1974) or the background matrix (BM)
model (Reuss, 1986). In the case of a spatially-distributed single resonant isotope the latter model is
exact. Treatment of energy interference effects in a mixture of resonant isotopes is done by
considering each isotope independently while replacing the other resonant isotopes by their
selfshielded cross sections.

A new method, based on the direct inversion of the collision matrix, has been introduced to stabilize
the background matrix formalism that was prone to errors introduced by loss of precision in the
calculation of the eigenvectors of the BM (Coste, 1997).
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Previos treatm~en ts of pin-temiperature-iaierit effects were done by subdjividinjg thle pin into~
Concentric rings with different average temperatures and bv treating inog resonant interactions with
the gee•ralized PIC model. Howeverbecause of the model's roughassuniptions, the results are not.!accurate enough with strong temperature gradients or for the calculation of differential effects::
(reactivity temperature coefficient). By making the assumption that isotopic cross section behavior
is similar at different temperatures, one can construct a probability table that describes region
interactions from individual single-temperature PTs, and use them to compute accurate temperature-
dependent multigrou6.Fp selfshielded cross sections (Coste, 1997). A prerequisite for this formalismi
was .the availability of:a heavy-isotope sloWing-down model that depends on :oniy a single cross

.ion This was one ofthe reasons for the introduction of the TR model.
New models bzasei:don the subgroup formalismi have also been introduCed. The basic assumption for
these models is that the group slowing-dOw11source and the group resonance structure are
uncorrelated With these imodels one departs from the 'traditional' fine-structure formalism of
Equation (I) and may treat either a slowing-down problem for the actual neutron flux, or the very
transport equation that is being solved, which usually is a critical problem with fission sources. The
subgroup assumption is well satisfied in the unresolved resonance range. and. tiherefore has
traditionally been used for fast reactors. This assumption is also legitimate for very•fine groups and,
surprisingly, it gives good results in the near therm-nal domain because the collision density there
does not change much (Coste, 1996). An extension of' the subgroup model. for the approximate
treatment of a mixture of resonant isotopes has also been developed (flebert,1997)

60o
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Figure 1•. Spatial distribution of "U'" absorption rate over 6 concentric rings
of an uranium pellet. Multigroup APOLLO2 (A2) results are compared to .. :..
fine-group APOLLO2 and Monte Carlo TRIPOI-4 (14) reference values.

The accuracy of the subgroup calculation can be greatly improved by using TPs that preserve
effective cross sections, instead of moments of cross section powers (Hebert, 1998). The reason is
that the TPs so produced incorporate niich of the resonant slowing down effects,
Benchmarking has also been a continuous activity Extensive comparisons with Monte Carlo results
have allowed determining the accuracy of the models. I.low•ver, the difficulty of separating flux
and anisotropy-ofcollision approximations from multigroupaseifshieliong effects has initiated an
activity to provide for:accurate arnd fast very fine group collision-probability calculations. A fine-
group direct implementati.nb.wsed on the subgroup model (C.oste, 1996) was first developed The
basic difficulty here wa.s data structuration. Indeed, stocking of' large transfer matrices rapidly
depletes available memory and only infinite-medium or few-region calculations could be treated•
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Lately, a linear interpolation scheme has been used to reconstruct fine-multigroup microscopic
cross sections, allowing thus for thousand-of-groups assembly calculations (Aggery, 1999). Figure
I shows an analysis of selfshielding spatial interaction in a fuel rod.

2.2.3 Cross section collapsing and homogenization

Two methods were available for creating homogenized cross sections for a few-group library. In
direct flux weighting, the multigroup transport flux result of the fine-group calculation is used to
define space-averaged cross sections in a set of macrogroups by invoking reaction-rate preservation:I IY_(Z a, I+

G gýG ic KEG' gG ict g'*G'
ZcIo ZZ, (7)
ge' kil g•G iel

where 4O is the volume-integrated scalar flux in region i, G and G' denote macrogroups and I is a
macroregion. However, this approach does not really preserve reaction rates and it fails to generate
accurate cross sections for lattices that are far from unifonn or periodic.

In this case one has to use an equivalence procedure (H-16bert, 1981) that effectively preserves
reaction rates. The formulas are as before, but in the denominators one has to use the actual fluxes
generated by the macrogroup calculation over the homogenized regions:

zyog= _> (D. (8)
gOG ;eI

In this way we make sure that the new calculation will reproduce all the reaction rates predicted by

the fine-group reference calculation. However, since the 17 depend on the unknown collapsed

cross sections orG, one has to deal with a non-linear problem that must be solved by iterations. Note
also that the homogenized and collapsed cross sections depend on the operator and on the numerical
discretization used for the macrogroup solution. A change of operator (transport --* diffusion) or of
numerical method (collision probabilities --. diamond discrete-ordinates) may result in different
cross sections values.

In a system without geometric leakage, conservation relations make the equivalence equations
become degenerated and, in order to define a unique solution, a supplementary normalization
condition has to be added per macrogroup. Conservation of the volumetric flux integral was the
standard normalization technique previously used in APOLLO2 (Hdbert, 1993b). However, this
normalization fails to produce realistic enough cross sections for controlled assemblies that
experience a fast flux drop from the high boundary value to the dip in the interior. In order to better
treat these assemblies, a new equivalence technique based on a Selengut normalization was
introduced (I-tbert, 1993c). Here, the normalization condition consists of preserving the averaged
flux over the boundary of the assembly.

2.2.4 Burnup

Fuel bumup calculations are treated in a quasi-static approximation, wherein the flux is considered
stationary but the concentrations are allowed to change with time. The depletion variable may be
time, bumup or fluence. A predictor-corrector algorithm or step-halving methods are applied to
control concentration errors

The isotopic depletion calculation module has been improved since 1987 to insure greater stability
and robustness. A Kash Karp method with automatic step size adjustment (Press, 1994) can now be
used in the integration of the isotopic depletion equations.
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2.2.5 Leakage models

The formalism used in the APOLLO2 code to calculate the buckling and the leakage coefficient D
associated to a heterogeneous geometry is based on an iterative scheme where an artificial absorber
is uniformly introduced in a heterogeneous calculation to achieve criticality. This formalism has
been generalized to the case of several mutually interacting assemblies to generate group-constant
leakage coefficients for each assembly (Zmijarevic, 1991).

Another possibility of implementing the homogeneous leakage model was added to the code. Here
critical leakage is introduced as a surface source term yielding a more realistic rendering of the
assembly critical equilibrium in the environment of the core (Sanchez, 1989) (H1bert, 1991).

The homogeneous leakage model proves insufficient for cases with strong leakage or anisotropy,
such as those involving accident analysis of partially or totally voided assemblies. The P,-consistent
heterogeneous leakage TIBERE model (Benoist, 1991) has been developed by introducing adequate
approximations in B, heterogeneous leakage theory. Unlike the homogeneous leakage model,
TIBERE yields more realistic region-dependent directional leakage coefficients. This model results
in coupled multigroup equations for the scalar fluxes and the leakage currents. In the flat-flux
collision probability approximation:

~ (9)

tViy-i JI' -= _ V'P_ 'j-_iak J + ' (9

Here D,• and JA are, respectively, the flat-flux components for fluxes and directional currents over
a set of homogeneous regions, and Pl and P,., are the ordinary and directional collision probability
matrices. The multigroup matrices represent fission and isotropic scattering, io, and anisotropic

scattering, X1. In two-dimensional XY geometries one considers radial (k=r) and axial (k=z)
currents. The factor A(B/ZY) gives the correct B, limit for an infinite homogenous-medium. Thanks
to the modular code structure, these equations can be solved using.the standard operator for outer
iterations.

The calculation of collision matrices for a periodic lattice can be very demanding in computation
time and an approximate quasi isotropic reflection boundary condition (Petrovic, 1996) can be
applied to perform less expensive calculations. Besides, this boundary condition eliminates an
inherent divergence of the B, equations in the presence of infinitely long void corridors, allowing
thus for the calculation of completely void motifs. The TIBERE model has been successfully
applied to the analysis of the EPICURE void experiment (Wohleber, 1997). In moderately voided
situations with low flux anisotropy one may assume that the leakage current is isotropic and replace
the directional probabilities with the normal ones. The resulting leakage model, although more
limited in its applications, is much more faster (Wohleber, 1997) (Grimstone, 1990).

2.3 One-group transport solvers

APOLLO2 can perform direct or adjoin( transport calculations with a fixed source or for a critical
parameter. The critical eigenvalue is calculated via external iterations that converge on the spatial
distribution of the fission source and the eigenvalue. Chebyshev acceleration can be used to
accelerate the external iterations, while upscattering is accounted for by thermal iterations that can
be accelerated with group-constant rebalancing factors together with a rest minimization technique.

New methods have been added to extend APOLLO2 capabilities to the treatment of 2D and 3D
geometries. The TDT module provides an interface-current method with the ability of treating
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unstructured 2D meshes and the 3D geometries axially generated from these meshes. A new version
of TDT based on the method of characteristics and the discrete ordinates IDT module, that treats 2D
and 3D Cartesian regular geometries with nodal and characteristics approximations, have been
coupled to APOLLO2 for full scale validation and might be implemented in a future version.

A module for the generation of angular quadratures uses a constrained functional minimization
method to calculate, among others, SN quadrature formulas with the possibility of adjusting angular
directions as well as weights (Sanchez, 1997).

2.3.1 Collision probabilities

The first solver that was implemented in APOLLO2 was based on the solution of the integral
transport equation by the classical flat-flux, collision probability (CP) method for ID (slab, cylinder
and sphere) and 2D, XY geometries. The XY solver works on a basic regular mesh but allows for
several levels of local mesh refinement and for elementary square or rectangular cells with
sectorized internal circles. The code treats several kinds of geometrical boundary conditions
(specular reflection, translations, rotations) as well as piecewise constant isotropic reflection
('white' boundary condition).

A pre-processing step allows for the treatment of media containing a random dispersion of grains,
such as pebbled or HTGR fuel or fuel with Gadolinium poison. The basic assumption used to treat
this 'double heterogeneity' problem is to replace the source of neutrons emerging from the grains
with a isotropic source uniformly distributed in the matrix that contains the grains. This assumption
separates the problem into two parts: an independent treatment of each type of grain and the
replacement of the stochastic medium by a homogeneous medium (Sanchez, 1991) (1-16bert, 1993a).

The latest improvements have been brought by TDT which is a stand-alone multigroup code for
interface-current transport calculations of unstructured XY geometries (Sanchez, 1993). The code
has been generalized to treat 3D geometries generated by axial translation of a 2D unstructured
motif. The one-group solver of TDT has been coupled for use in APOLLO2. TDT uses a classical
collision probability flat-flux approximation to treat a series of subdomains that are then connected
through interface currents. A piecewise constant angular approximation is used to represent
interface angular fluxes. Group fluxes can be calculated by iterations on interface currents or by
eliminating the latter and constructing a classical collision matrix for the fluxes. The GUI SILENE
is used to create TDT's locally-described geometries that are made out of homogeneous cells whose
perimeters may be composed by straight segments, arcs of circles or involutes of circles. Tracking
is done along trajectories defined by a constant-step angular mesh of with an angular quadrature
formula (SN and others). Either a constant-step radial quadrature or Gauss-Legendre quadratures can
be used for spatial tracking.

With the help of the geometrical and tracking facilities of TDT, a characteristics methods has been
developed with an efficient synthetic acceleration method (Sanchez, 1999). The method has ended
the test stage and its coupling with APOLLO2 is under way to perform full-scale validations before
its final implementation in a future industrial version.

2.3.2 Discrete ordinates

The first discrete-ordinates tool was based on the BISTRO 2D (xy, rz and rO) finite-differences
code (Palmiotti 1987) accelerated by DSA (Alcouffe, 1977). A general 0 scheme with positive fix
up is available in the code. Very early, a I D (slab, cylinder and sphere) DSA-accelerated solver and
a 2D linear-linear nodal method accelerated by BPA (Adams, 1988) were added to the discrete-
ordinates module.

The multidimensional discrete ordinates code IDT, that uses nodal and characteristics methods for
the discretization of the spatial variable on regular 2D and 3D Cartesian meshes (Zmijarevic, 1999),
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has been recently developed. The code offers also the usual diamond difference approximation
accelerated by DSA. There is a multigroup stand-alone version of the code but the one-group solver
has been coupled to APOLLO2 and can be also used as a module by the code. In IDT, the angular
flux is computed by a standard S, sweep and the inner iterations are accelerated by a boundary
projection synthetic acceleration scheme. Two polynomial expansions can be used for both
methods. The first one is based on a purely linear flux representation within the cells and on cell
boundaries. As opposed to the first 'linear' approximation, the second one, called bilinear, contains
also all the cross terms of the polynomial expansion up to order I in each variable, i.e., terms xy, xz,
yz and xyz. A full scale validation has been undertaken before its final implementation in
APOLLO2.

2.4 Parallel applications

In order to perform faster and larger calculations and make possible reference calculations in
reasonable times, 2D CP method has been parallelized. 2D CP calculations in periodic lattices are
one of the most time-consuming components of a flux calculation. Fortunately, this method is very
suitable for parallelization because it permits to easily split the calculations on many independent,
but similar time-consuming tasks. A complex geometry with many regions needs thousands or tens
of thousands of trajectories. The transparency of fast energy groups requires very long trajectories
(in length, and consequently in number of intersections), to the order of several hundreds
intersections. tHowever, tracking length outside the main motif can be adjusted on a group basis to
better take advantage of optical dimensions, reducing considerably tracking requirements in
intermediate and thermal groups.

A simple but efficient parallel algorithm (Stankovski, 1995, 1997b) based on the message passing
host/node programming model was introduced. Parallelization was applied to the energy group
treatment. A significant advantage of this approach is that it permits parallelization of the existing
code, requiring only very limited modifications. The parallel algorithm assigns several energy
groups to each processor. Trajectory tracking is repeated by each processor for each group, which
increases the calculation time but dramatically decreases the amount of communications. The same
geometrical data are broadcast to all processors, and the corresponding total cross-sections are sent
to every processor. As a result there is no tracking data communications between processors nor
with the central storage unit. One more advantage is that there is no overtracking because only the
necessary optical length of the trajectories is calculated for each group.

This algorithm can be applied to the case where the number of processors exceeds the number of
energy groups, as well as in the opposite situation. In the first case one processor calculates the
collision probabilities for several groups, while in the second the computation of the CP for one
group is distributed among several processors. Hence, regardless of the case the speed-up depends
only on the number of processors and is nearly independent of the number of processors to number
of group ratio. Another advantage of this approach is that it permits parallelization of the existing
code, requiring only limited modifications. Sequential/parallel computer portability is preserved,
since it is a necessary condition for an industrial code. Sequential performances are also preserved.

3 Numerical Examples

In this section we give some example calculations to illustrate the potentiality of the code for the
treatment of challenging problems.

3.1 Cell calculation with temperature profile

In this example we explore the potential of APOLLO2 to determine multigroup selshielded cross
sections that account for a temperature gradient. We have used the selshielding module of
APOLLO2 to compute space-dependent absorption rates across a 'U oxide rod surrounded by an
aluminum clad and light water, with the temperature profile given in table 1. In the same table we
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compare APOLLO2 predicted absorption rates to those obtained with a reference calculation
performed with APOLLO2 vwvith thousands of groups. We analyz.e the slowngdown of a source
uniformly dist-ibuted in the moderator between 3.35 keV and 2.25 keV. The callation w,,as done
with the 172-group standard library by subdividing the reod into 10 equivoluMetriC • :oIceCn tric
regions numbered from thc center outwards.

Table 1: 2118U absorption rates in the Ftrang 1.5 keV to 2.76 eV. Values
normalized to I neutron crossing theupper energy bound at 1.5 keV

Reý9-on Terhperatuwe A2 referenice A2 172 gro~ups

1 1427 1660 -026
2 1427 1753 -065
3 1427 1900 1.65
4 727 1614 1,26
5 7217 171 _ 0 49
6 - ~ 727 1868 06o5

_______ 72 7 2125 1 42
8........300 1996 0ý15
93100 254 1 0.57

2E-7 4238 0,44
__________ - 214 13 0ý58

3.3 Anal}11Yvis of an inert matr'ix dlesign

In thre framnework of the Frcnch studies to stabilize the plutonium balance of the French nuclear
power plants SERMIA has developed the Advanced Plutonium Assembly (APIA) concept ( 'Puill,
1997). This assembly is composed of 120 standard PWR U02 pins and 36 large annular pins
containing the plutonium (PuO 2 associated for example with CeOz). The assemblyl geomnetry shown
in Fig.3 allows using the APA assembly in today's PWVR cores without any modification of' the
standard PWR control rods.

A 172 group collision-probability TDT calculation was perf'Srmed for: the complete geomietry
containing sectorized furel elements. The power distribuitions along the angular sectors in the central
part of the plutonium ring, both at the beginning (light) and at the end ( 'dark) (if irradiation, are
shown in Fig.4 (Stan-kovski, I19971b). Irradiation flatten's uip the power distribution around the Pu pin,
that was non uniform at BOL.

r 2

4 31, i

fulu jg.oi d.*r-y a ia. vnodei: ng wilth SILFN .

:. :.:. . ,
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Figure 4: Power distribution along the sectors of an annular plutonium fuel.

3.2 Reference calculation of a U0 2 assembly with a vetyfine energy mesh
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Figure 2: 238U absorption rate in a PWR assembly.

This example shows the potentiality of the code to obtain reference results with very-fine
multigroup realistic calculations. We have calculated a 17x 17 PWR assembly composed of UO,
pins enriched at 3.25% in 2...U. The results in Fig. 2 were obtained with 11276-group 2D collision
probability calculations with 4 rings per fuel pin. "U APOLLO2 absorption rates (A2) are
compared in the figure to reference values (T4) obtained with TRIPOLI4 (Y = 10").

3.4 Jules Horowitz Reactor calculation

In the coming years CEA will undertake the construction of a new irradiation reactor (Maugard,
1998). The SAPHYR package has been used at each phase of the project to study various designs.
99-group APOLLO2 calculations with the TDT collision-probability module were carried out from
geometrical input data produced with the GUI SILENE for the assembly design shown in Fig. 5.
The assembly is composed of seven concentric cylindrical plate sections supported by Aluminum
structures. The assembly is integrated in an aluminum hexagonal wrapper tube whose edge external
dimension is 4.67 cm. The fuel is made of co-laminated fuel plates containing a dispersed silicate of
density 4.8 g U.cm-3 of fuel meat. The core is force cooled by light water with a reference thickness
of the coolant channel of 1.53 cm.

' , : • .. , . ;i '.:'; - ' ! " • ' • ; :• - . .. 3: : ; :£ • • :• '.: • ,. •/ •• 7 :" , ." • . .... " " , .... ' : . .... "' • '•: , , ;:!•... .;- 3 9 . . :13 0 9 ,.'; ;• v • ,'• ••'•.' , ,-.;" . . . .. , .



* . Mathematics mid Cornpulotion, Reacfor anscswd E~nviromnnital 4ncaIJSis mn Nuclear 4pplicalions

Table 2 shows a comparison of APOLL02 results with TRIPOLI4 Monte Carlo reference values
The good agreement: between the two codes confirm s the computational scheme elaborated for the
design of this reactor... .

Figure 5: RJ II assembly geometry.

Table 2: k,, of an RJH assembly, Flux ratios in the fourth plate over a typical

4group coarse muesh (used for core calculations) are also given. I pcmn 1'

APOLL02 I 6088 24.82 33,86 281 139
TRP 1- 6084 24 60 _7 1 2810 13.20

Ai ½5pm 0ý 07 . ý
3.5 Validationande qzialtfication .

A large number of comparisons with Monte Carlo calculations made with codes such as TRIPOLI14
or MICNP has been Carried out to validlate APOLLO2 in a wide range of applications. To minimizecross sections effects, the comparisons are made using libraries comning frmtesm vlaion

.anid processed with the .sahin tools and options. Also, APOLL02 participates in many benchmark
.alclaion (Bernnat, 1995) (1Hesketht 1997).

Confrontation to experimental data is also Continuously Made. Many experiments, realized in the
reactors. of the Commissariat a I Energie Atomnique or by other organisms around the wvorld (mainly
in the cniticality field) have been and are calculated with APOLLO2. Critical experiments
(Cathalau, 1998), criticality burnup credit (Santamnarina, 1997), spent fuel analysis (Chabert, 1996)
and capture cross-section validations (Cathalau 1995) have been studied, amiong others.
4 Conclusions

Twelve years after its birth the fifth version of the APOLLO2 code will be released by the end of
the year..A rich arid diversified multigroup library and powerful methds, for computing muligroup
selshielde crs etos o oogenizing adcollapsing cross scin eeoecu-erer
leakagernmodelsand m~odern 2D and 3D transport solvers, have been added to th c o~de.to increase
its potentialities and versatility. A modemn GUI package helps the user tocotnstrutcomplicated
calculation meshes in regular and non regular geometries, and parallel experimentationi has proved
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the potentiality of the code for very large calculations. Thanks to APOLLO2's modular structure
and to the command language GIBIANE, APROC procedural libraries can be constructed and
stored to help users run dedicated calculations using the appropriate code options. The general
purpose, parameterized output library SAPHYB organizes all the code results (macroscopic and
microscopic cross section data resulting from homogenization and collapsing, fluxes, kinetic
parameters, equivalence coefficients, etc.) for an easy access by other code packages such as
CRONOS2 and PEPIN2. Thanks to a continuous developmental effort, APOLLO2 has become an
outstanding tool for diversified applications covering a large domain of applications, from
sophisticated R&D studies that need state-of-the-art methodology to routine industrial calculations
for reactor and criticality analysis. APOLLO2 will be in use in most of the French nuclear
companies such as Electricitd de France, Framatome, Cogema, SGN, Transnuclkaire and
Technicatome.

However, life is not yet over and work is under way in new developments to be included in the sixth
version of the code which will contain 2D characteristics methods, discrete-ordinates 3D solvers,
generalized perturbation techniques and robust subgroup selfshielding models.
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ABSTRACT

The work presented in this paper is part of the qualification procedure of the
APOLLO 2 neutronic code for calculating the depletion of 17x17 UO2 PWR
assemblies. The fuel inventory calculation was qualified through the analysis of fuel
irradiated for 2 and 3 cycles in BUGEY 3 (3.9% enriched - maximum burnup fraction
: 38.3 GWd/tm) and fuel irradiated for 2, 3, 4 and 5 cycles in Gravelines (4.5%
enriched - maximum burnup fraction : 60 GWd/tm).

The determination and qualification of the APOLLO 2 calculation process for
depletion, is an important stage in reproducing an accurate inventory of the fuel.
This work also identifies the need to precisely describe the irradiation history (fuel
temperature, moderator temperature, boron control, power).

The trends observed through the BUGEY 3 programme and the Gravelines
programme are consistent and demonstrate the ability of APOLLO 2 to accurately
reproduce the fuel inventories for 17x17 UO2 PWR assemblies : the concentrations
of the main actinides U235, Pu 239, Pu 2 4o are reproduced with greater than 2%
accuracy.



INTRODUCTION

The validation-qualification process for the APOLLO 2 calculation code [1] and its
associated library of effective cross-sections CEA 93 [2] is a major task. The
qualification, a point which must be stressed here, involves comparing the results of
the "Industrial code + nuclear data library + calculation route" combination with the
measured values. The qualification using experimental results, enables the error of
the tool to be calibrated for calculating various parameters such as the initial
reactivity, the loss of reactivity per cycle, the efficiency of the soluble boron, the
material inventory... Similarly, the follow-up of PWR reactors on the basis of
APOLLO 2 provides a guarantee of the overall quality of the major core calculations
in operating conditions. This qualification process also enables any errors to be
detected with respect to the nuclear data and the processing of the evaluations, and
makes it possible to identify the trends in the CEA 93 multigroup library.

Among the PWR project parameters to be qualified, one is the subject of this study
the evolving material inventory for UO2 PWR assemblies. To do this, there is a large
amount of French experimental data : the analyses of irradiated fuels. This data
base, which provides a wealth of information for qualification purposes, is regularly
augmented with new experimental results. Amongst these, we selected two
programmes concerning 17x17 PWR fuel for the qualification of the UO2 material
inventory : BUGEY 3, which is representative of the standard French nuclear power
reactors, and Gravelines for high burnups The description of these programmes is
the subject of the first part of this paper. It then deals with the thermo-mechanical
aspects of the problem, the choices and recommendations made in particular for the
modelling of the irradiation process.

This qualification task cannot be performed correctly without first defining the
APOLLO 2 calculation route. This definition is established by comparison with the
"master" calculation results obtained using for example the TRIPOLI-4
code [3], also developed at the CEA. TRIPOLI-4 is a continuous energy Monte-Carlo
code, and APOLLO 2 is a modular code which involves both the integral equation
and the integro-differential transport equation. The APOLLO 2 datum calculation
route for evolving 17x17 U0 2 assemblies previously developed and currently
recommended, is presented in this paper.

In the second part, the results of the interpretation of the isotopic analyses of
irradiated fuels are presented together with the major trends identified and their
associated degrees of error.

The combination of this work enables the 'APOLLO 2 / CEA 93 / calculation route' to
be calibrated on the fuel inventory up to 60 GWd/tm in the calculation of major and
minor actinides in 17xl 7 U0 2 PWR.
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THE EXPERIMENTAL DATA BASE OF IRRADIATED PWR FUELS

The spent fuel analyses form the basis for the qualification of the calculations for the
neutronic evolution in the fuel [4]. Additionally, these analyses constitute a data base
which provides a wealth of information for the qualification of basic nuclear data. The
chemical assays of irradiated fuel provide information on the integrated reaction
rates involved in depletion chains and on isotopes formed only during the irradiation
process. The interest of this is therefore highly complementary to the experimental
zero power reactor studies. It is possible, for example, to obtain information on the
capture of U238, through a critical experiment, whereas a complete study of the build
up of Pu 239, necessarily involves studying irradiated fuels.

The French experimental data base for spent fuels, which is used for the
qualification of neutronic codes, covers a wide range of irradiation situations and of
types of fuels. This data base extends from FBR to PWR via BWR. With respect to
PWR, two programmes are used primarily for the qualification of APOLLO 2
depletion calculation, these are described below.

The BUGEY 3 experiment

BUGEY 3 is a 900 MWe pressurised water reactor. The experimental programme
which was conducted on it was for the first time representative of the French nuclear
power reactors. It involves standard fuel, the assembly consists of 17x17 pins clad in
zircaloy 4, with inconel spacer grids.

The programme covers two assemblies with removable pins. The first, FGA54, with
2.1% initial enrichment was irradiated for a start cycle and the second, FGC53, with
3.1% initial enrichment was irradiated for 3 cycles.
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Figure 1. Extracted pins in the FGC53 assembly
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The essential part of the neutronic experimental programme was conducted on the
FGC53 pin assembly. The positions of the pins extracted from this assembly for
chemical analysis, are represented in Figure 1.

The GRAVELINES experiment

This experiment, which is part of a vast EDF - Framatome - CEA co-operative
programme, is devoted to the study of high burnup irradiated fuels in the French
nuclear power reactors. This programme is dedicated to the extension of the
calculation route qualification to the high burnups (5 irradiation cycles) and high
enrichment values (4.5% initial enrichment). The fuel loaded in.this reactor is type
AFA; the essential difference relative to "standard" assemblies being the
composition of the spacer grids. These are made of zircaloy, only the pin retaining
springs being made of inconel (whereas in standard assemblies, they are entirely
made of inconel).

The irradiated fuel programme covers 2 assemblies. The pin extractions were
performed after 2, 3, 4 and 5 irradiation cycles, in the central zone of removable
pins. The positions of the pins extracted for chemical assays are shown in Figures 2
and 3.
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Figure 2. Extracted rods in the 4.5%
enriched FF06E2BV assembly.

Figure 3. Extracted rods in the 4.5%
enriched FF06E3BV assembly.

4



MODELLING OF THE IRRADIATION AND TEMPERATURE HISTORIES

Several studies have shown that the quality of calculation results is also dependent
on the modelling of operating parameters [4] and [5].

For example, an important parameter is the temperature variation of the fuel during
irradiation, and its radial profile within the pellet. Other essential parameters are the
variation in boron concentration during irradiation, the cooling time, the stretch-out,
the operating power, the moderator temperature.

1) Operating power

One of the parameters which must be specified for the APOLLO 2 evolution
calculation, is the operating power, for which the calculated flux is normalised. For
the cycle monitoring in APOLLO 2 calculation, the parameter retained with respect to
the history record provided by EDF, is the irradiation duration.

As the burnup increase for the assembly is known for each cycle, the mean specific
power of the assembly can be determined for each cycle.

Knowledge of the burnup of the irradiated fuel samples is crucial, since this
determines the precision with which the variation between the experimental and
calculated results can be obtained for each of the isotopes analysed. The degree of
uncertainty in determining the fluence t, may become predominant for the isotopes
at the end of the chain, such as Pu 242 (as well as Pu 238) for which the abundance is
constructed initially in relation to t". A variation of ± 1.5% for example in the burnup,
leads to an uncertainty respectively of ± 3.6% and ± 3.4% at 40 GWd/tm for Pu 238
and Pu 242.

As the burnup of the sample cannot be measured directly, it is generally deduced
from certain fission products considered as fluence indicators, such as the ratios:
Nd238 Nd235 Nd240

U238 U238 U238

These fission products are stable, additionally, the cross-sections of the dominant
fissile isotopes and their fission yields are well known. As the number of U238 nuclei
varies very little during the evolution, the degree of uncertainty associated with its
determination by calculation is very small.
The experimental analysis of these indicators for various samples leads back to the

assembly burnup used in the APOLLO 2 calculation.

2) Fuel temperature

Temperature is an essential parameter in neutronic calculations. It appears both in
the initialisation of the cross-sections and fluxes, and in calculating resonance self-
shielding. The temperature variations within a nuclear reactor result in variations in
the cross-sections, which need to be taken into account.
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A variation of ± 500C in the fuel temperature leads to a degree of uncertainty of
about 1% at 60 GWd/tm for the prediction of Pu 239.

In fact, an increase in temperature causes an increase in the resonant absorption.
The phenomenon responsible is the Doppler broadening of resonances.

The radial distribution of the fuel temperature within the pellet, and its variation
during irradiation are determined via a thermo-mechanical calculation, using the
METEOR code developed by the CEA [6]. This code enables the behaviour of a fuel
pin to be studied in relation to its geometry, the nature of its constituent materials
and the irradiation characteristics.

As the self-shielding model which was used for our calculations cannot take into
account the high temperature gradient present in a fuel pin, use is made of an
"effective temperature" which preserves the absorption reaction rate of U238.

The expression for the effective temperature, which is recommended for use for
APOLLO 2 calculations is as follows [17]

e~ff lh - - (TC - Tý
18

METEOR provides the following temperatures:

__R IR

Ttherm = T(iN).dA f.dA, Tc and Ts.
0 0

3) Cladding temperature

It has been shown that a variation in the cladding temperature has no influence on
the evolution of the isotopic inventory.

In fact , tests have to be conducted beyond the physically plausible range (T <
2000C and T > 6000C) in order to begin to perceive a variation of about 0.1%. For
our study, the temperature chosen was 4000C.

4) Moderator-coolant temperature

The temperature variation of the moderator results both in a thermal spectrum shift
and in a variation in density. As the temperature decreases, the density increases,
and the moderation of neutrons is therefore enhanced. This results in a higher
absorption of Pu 239 relative to the capture of U238 (conversion) and therefore a
deviation in the material inventory with respect to the quantities of Pu 239 and Pu 241.

The sensitivity at 40 GWd/tm around TH2o = 3060C attains + 0.24% / 0C for the ratios

Pu239 and PU241
U238 U238
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The determination of the density of the moderator is therefore an important factor in
the calculation of an accurate material inventory. The moderator temperature is
calculated by METEOR, after which the density of the water is obtained by
interpolation in the thermodynamic tables at 155 bar in our particular case.

5) Concentration of soluble boron

Monitoring of the decrease in reactivity due to burnup of the fuel, is performed
through the soluble boron present in the moderator. For the evolution calculations,
one usually chooses a mean content considered as being constant throughout the
cycle (CB = 456 ppm of boron in our 17x17 U0 2 PWR case). This choice is the
previous modelling employed in our cycle and/or qualification calculations. In order
to improve this representation (particularly Pu 239 equilibrium concentration ), a level
portion has been introduced at the end of the cycle, with a zero boron concentration.

We have additionally conducted a comparative study between irradiation with close
boron control, incorporating about 10 level portions per cycle (EDF data), and an
irradiation sequence with 1 flat The table below clearly shows that the modelling
employed does not induce any significant bias of the isotopes which are important to
the physics of reactors.

Irradiation with 10 flats/
Irradiation with 1 flat

Assembly burnup 38 430
(MWd/tm)

U4 / U8 -0.17%
U5 / U8  - 0.43%
U6 / U8  0.17%

Np 7 / U8  0.41%
Pu 8 / U8  0.75%
Pu9 / U8  0.02%
Puo / U8  0.35%
Pu1 / U8  0.26%
Pu 2 / U8 0.73%

6) Campaign extension

Campaign extension or "stretch-out" is a special operating mode frequently
employed by EDF. It consists in continuing irradiation beyond the reactivity reserves
controlled through the boron diluted in the moderator by reducing the water coolant
temperature and the power level. This effect is modelled in our calculations.

7) Inter-cycle shut-downs

These shut-downs are taken into account in our calculations through a zero power
cooling module in APOLLO 2. This modelling is essential to clearly take into account
the decrease in radioactivity such as for example :

7



Pu 241 -> Am241 (0-, T = 14.4 years) or Cm 242 -> Pu238 (cL, T = 163 days)

APOLLO 2 REFERENCE CALCULATION ROUTE
FOR DEPLETION OF 17X17 EVOLVING U0 2 PWR ASSEMBLIES

A true master calculation covering all the physical parameters precisely, results in
excessive calculation costs and cannot therefore be recommended for industrial
uses. This is the reason behind the development of the APOLLO 2 calculation route
for evolving 17x17 U0 2 assemblies. It enables the bias to be minimised between the
"master" calculations, and it satisfies our target accuracy, namely 1% for Pu 239 and
power in each pin, up to 60 GWd/tm. The APOLLO 2 calculation route uses the
CEA93 cross-section library in the European X-MAS group structure ( 172 groups),
processed from the JEF 2.2 evaluations.

The recommendations for the flux calculation are as follows:

" The spatial calculation for the UOx assembly is achieved using the UP, HETE
approximation. This enables the probability of leakage Pjs and the probability of
transmission Pss to be calculated for the true geometry, the interface currents are
considered to be linearly anisotropic. A single flux calculation point is adopted for
the moderator.

* The inter-assembly water gap is integrated within the peripheral cells of the
assembly, constituting a row of rectangular fuel cells.

* With a view to reducing the calculation cost, a grouping of cells with similar flux
within a unique 'physical cell' is recommended. It consists of 18 physical fuel cells,
2 physical "tube-guide" cells and one physical "instrumentation tube" cell (cf.
Figure 4).

" The fuel pellet is split into 4 rings (50%, 30%, 15% and 5% of the total volume of
the pellet) in order to give a faithful representation of the resonant absorption of
U238 in the pin and of the actinide and fission product concentration profiles. This
leads to the determination of 72 evolving media (18 physical cells x 4 rings).

The studies conducted for the calculation of self-shielding in 17x17 U0 2 assemblies,
also enabled recommendations to be made for this :

* The isotopes to be self-shielded are : U238, U235 , U236, Pu 239, Pu 240 , Pu241 and Pu 242.

* Self-shielding of the U238 large resonances are covered by the accurate model
UP1 . The UP0 ROTH approximation, which considers a linearly isotropic interface
flux, is adequate to ensure the quality of the self-shielding results for the other
isotopes.
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Figure 4. Multicell pattern of a 17X1 7 UOx assembly

" It is essential to differentiate between 2 self-shielded pins for the U238 in order to
adequately take into account the differences in the Dancoff effect:

- 1 pin opposite the water hole
- 1 corner + peripheral pin.

" The self-shielding of U238, U 2 36 and Pu 24 0 is considered in rings by the Direct
Method formalism[8]. A mean pellet self-shielding (Livolant formalism) is adequate
for the other isotopes.

The following recommendations may be added with respect to the evolution

" The evolution steps are : 0, 37.5, 75, 112.5, 150, 325, 500, 750, 100, 2 000,
2 500, 3 000, 4 000, 5 000, 6 000, 7 000, 8 000, 10 000 MWd/tm, then in
2 000 MWd/tm steps.

" The self-shielding calculations are conducted at the following steps : 0, 4 000,
8 000, 12 000, 24 000, 36 000, then in steps of 12 000 MWd/tm.
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QUALIFICATION OF THE PWR FUEL INVENTORY CALCULATIONS

The total experimental uncertainties correspond to the combination of the following
components obtained from sensitivity calculations :

- the evaluation of the temperature of the fuel,
- the evaluation of the temperature of the moderator,
- the precision of the cycle and power history. Table I shows for example the

deviation observed between accurate cycle follow-up, such as that
modelled by our calculations, and a simpler model (P, T and CB constant
throughout all the irradiation cycles).

- the burnup of the assembly derived from Nd and Cs isotopics,
- the chemical analyses.

Table I. Uncertainties due to cycle/power history (in %)

Isotopic ratio 30 GWj/t 40 GWj/t 50 GWj/t 60 GWj/t
U234/U238 ±0.1 ±0.2 ±0.5 ±1.0

U235/U238 ±0.1 ±0.2 ±0.3 ±0.4

U236/U238 ±0.1 ±0.1 ±0.1 ±0.1

Pu238/U238 ±1.2 ±1.4 ±1.7 ±2.0

Pu239/U238 ±0.4 ±0.4 ±0.4 ±0.4

Pu240/U238 ±0.2 ±0.2 ±0.2 ±0.2

Pu241/U238 ±0.4 ±0.5 ±0.6 ±0.7

Pu242/U238 ±0.1 ±0.1 ±0.2 ±0.3

Am241/U238 ±1.8 ±2.0 ±2.2 ±2.5

Am242/U238 ±8.0 ±10.0 ±12.0 ±15.0

Am243/U238 ±0.1 ±0.2 ±0.2 ±0.3

Cm243/U238 ±0.4 ±0.5 +0.6 ±0.9

Cm244/U238 ±0.5 ±0.6 ±0.8 ±1.0

Cm245/U238 ±0.6 ±0.7 ±0.9 ±1.1

Cm246/U238 ±0.6 ±0.6 ±0.6 ±0.7

Cm247/U238 ±0.8 ±0.9 ±1.0 ±1.1
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The trends observed in the analysis of both programmes were similar, and the
results are summarised in Tables II and III relative to Burnup and Enrichment of the
fuel, together with their associated uncertainties (in one standard deviation).

Table I1. (C-E)/E in %. Major Actinides.

Isotope 20GWd/t 40GWd/t 50GWd/t 60GWd/t
e=3.1% 3.0 2.0

U234 e=4.5% 0.4 0.2 -2.0 1.0
Uncertainty ±1.1 ±1A4 ±1.6 ±2.0

e=3.1% -0.8 -2.0
U235 e=4.5% 0.9 1.0 0.5 2.5

Uncertainty ±1.1 ±2.0 ±2.7 ±3.5
e=3.1% -3.2 -3.0

U236 e=4.5% -4.3 -3.7 -4.4 -4.2
Uncertainty ±1.3 ±0.9 ±0.7 ±0.6

e=3.1% -12.0 -3.3
Np237 e=4.5% -3.7 -3.8 -4.3 -5.0

Uncertainty ±3.0 ±2.8 ±2.8 ±2.7
e=3.1% -10.7 -6.0

Pu238 e=4.5% -10.3 -8.0 -7.7 -6.9
Uncertainty ±4.0 ±3.9 ±3.8 ±3.7

e=3.1% -3.2 -1.3
Pu239 e=4.5% -1.8 -0.2 1.2 2.4

Uncertainty ±0.9 ±1.1 ±1.2 ±1.3
e=3.1% -2.6 1.4

Pu240 e=4.5% -3.0 -1.0 -0.6 -0.4
Uncertainty ±1.9 ±1.5 ±1.3 ±1.1

e=3.1% -7.2 -6.4
Pu241 e=4.5% -6.3 -4.9 -2.8 -1.8

Uncertainty ±2.3 ±1.8 ±1.6 ±1.6
e=3.1% -8.4 -8.8

Pu242 e=4.5% -10.0 -9.0 -8.1 -8.2
Uncertainty ±4.0 ±3.4 ±3.1 ±2.8

" The U235 depletion is accurately simulated up to very high burnup fractions, even if
the quantities present become very small, and the associated uncertainty and the
sensitivity to the cross-section becomes greater.

" The abundance of U236 is underestimated by - 4% + 0.6%, principally due to the
approximately 10% underestimation of the U235 capture Resonance Integral in
JEF2. Validation tests have moreover shown [9] that the new evaluation of U235 by
Leal, Derrien and Larson, which is introduced in JEFF3 and ENDF/B6 release 5,
improves the build-up of U236 and overcomes the underestimation for this isotope.

* The abundance of Pu 238 is underestimated by about 8%, partly due to poor
formation of U236 .

" Compared to previous APOLLO1 results [10], Pu 239 is now evaluated within 2%
accuracy, thanks to the APOLLO2 space-dependent self-shielding in pellet
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concentric rings (Matrix Dilution theory) ) and the accurate Dancoff calculation
(2D lattice collision probabilities through UP1. model).

* Pu 240 closely follows the evolution of Pu239 which confirms the validity of the Pu239

capture cross section and correct handling of Doppler/self-shielding resonance for
Pu 240 at 1 eV.

" Pu 241 is slightly underestimated. Its prediction is highly sensitive to Pu 239 and
therefore to the temperature of the fuel. Moreover, when the Pu 239 is at
equilibrium, Pu 241 is quite accurately calculated.

" Pu 242 is underestimated by about 8% ± 3%.

Table Ill. (C-E)/E in %. Minor Actinides

Isotope 20GWdj/t 40GWd/t 50GWd/t 60GWd/t
e=3.1% -9.3 -10.9

Am241 e=4.5% -7.9 -4.2 -10.0 -0.5
Uncertainty ±4.2 ±3.4 ±3.2 ±3.0

e=3.1% -25.0 -39.0
Am242m e=4.5% -37.0 -25.0 -35.0 -22.0

Uncertainty ±8 ±11 +12 ±15
e=3.1% -17.0 -11.0

Am243 e=4.5% -18.0 -11.0 -19.0 -7.0
Uncertainty ±6.2 ±5.2 ±4.7 ±4.4

e=3.1%
Cm243 e=4.5% -32.0 -27.0 - -17.0

Uncertainty ±7.1 ±5.7 ±4.3
e=3.1%

Cm244 e=4.5% -27.0 -19.0 - -15.0
Uncertainty ±8.0 ±6.9 ±5.9

e=3.1%
Cm245 e=4.5% -30.0 -20.0 - -15.0

Uncertainty ±9.6 ±8.4 ±7.0
e=3.1%

Cm246 e=4.5% -37.0 -28.0 - -28.0
Uncertainty ±11.3 ±10.7 ±9.6

e=3.1%
Cm247 e=4.5% -39.0 -35.0 -35.0

Uncertainty ±13.8 ±12.8 ±11.8

" Am 241 is reasonably estimated (-5% + 3%) through cycle follow-up which improves
its estimation, as this isotope is formed by the decaying of Pu 241 -.

* Am 242 is underestimated by -25% + 10%. This result is probably due to 2 factors:
underestimation of the branching ratio of Am 241 to Am 242 and a high degree of
uncertainty with respect to c for Am 242, which is extremely high (af = 6900 barns).

" The underestimation in Pu 242 generates an underestimation for Am 243 , which in
turn generate errors for Cm 244 and Cm 245. (-20% at 40 GWd/t).

12



CONCLUSION

This study enabled the qualification of the evolving material inventory for 17x1 7 U0 2

PWR assemblies calculated using the APOLLO 2 reference calculation route and
the associated CEA93 nuclear data library based on JEF2 evaluations

Two programmes were used : BUGEY 3 (3.1% enrichment in U235) and Gravelines
for high burnups (4.5% enrichment).

The METEOR thermo-mechanical code enabled the fuel and moderator
temperatures to be obtained in relation to the irradiation. The choice of irradiation
modelling in the form of cycle follow-up was performed and showed its advantage.

This work therefore showed that APOLLO 2 correctly determines the fuel inventory:
the major actinide content -U235, Pu 239, Pu 240 - is reproduced within 2% accuracy.

The depletion qualification range for APOLLO 2 as now for U0 2, up to 4.5%
enrichment with U235 and high burnup fractions up to 61 GWd/tm.

REFERENCES

[1] - R. Sanchez, J. Mondot
"APOLLO 2 : A user-friendly code for multigroup transport calculations."
Top. Meeting on Advances in Nuclear Engineering, Computation and Radiation
Shielding, Santa Fe (USA), 1989.

[2] - S. Cathalau, A. Benslimane
"Qualification of JEF 2.2 capture cross-sections for heavy nuclides and fission
products in thermal and epithermal spectra."
Global 95, Proc. Int. Conf. on Evaluation of Emerging Fuel Cycle Systems,
Versailles (France), 1995.

[3] - J.P. Both, H. Deriennic, B. Morillon, J.C. Nimal
"A survey of TRIPOLI 4"
8th Int. Conf. on Radiation Shielding, Arlington (USA), April 24th-28th 1994.

[4] - C. Chabert, P. Marimbeau, A. Santamarina, J.C. Lefebvre, C. Poinot-Salanon
"Experimental validation of UOx and MOx spent fuel isotopic predictions."
Physor 96, Proc. Int. Conf. on the Physics of Reactors,
Mito (Japan), September 16th - 20th 1996.

[5] - G. Kyriazidis, P. Marimbeau, J.C. Lefebvre
"Impact of irradiation history on inventory prediction data for PWR fuel."
Proc. ANS Top. Meeting on Reactor Physics, Knoxville (USA), 1994.

13



[6] - C. Struzik, J.C. Melis, E. Federici
"Fuel modelling at extended burnup; comparison between METEOR 1 /
TRANSURANUS calculations and examination of fuel pins irradiated up to
60 GWd/tm."
ANS, West Palm Beach, April 1994.

[7] - C. Chabert, A. Santamarina
"Calculation of the Doppler coefficient for water reactors"
CEA Internal Memorandum (NT SPRC/LEPh 99-205)

[8] - M. Coste
"Resonant absorption of heavy nuclei in heterogeneous networks
I - APOLLO 2 self-shielding module process."
Note CEA - N - 2746, Commissariat al'Energie Atomique, France (1994).

[9] - M. Alet, A. Benslimane, C. Chabert, C. Mounier, A. Santamarina, G. Willermoz
"Qualification of the U235 Leal Derrien Larson evaluation using French integral
experiments." JEF-DOC-707,
JEF Meeting, Issy les Moulineaux (France), 16th - 17th December 1997.

[10] - P.Gaucher and A.Santamarina
"Interpretation of spent fuel analyses from French PWRs."
ANS Top. Meeting on Reactor Phys., Saratoga Springs(USA), 17-19 Sept 1986

14



Non-Proprietary Version
Enclosure 15 to TN E-29580

RSIs, Observations, and Responses

Structural

RSI-1: Develop and submit to the staff an estimate of the gap(s) between the closure lid and
contents based on various Payloads anticipated for the MP 197-HB package. Include the effect
of the gap(s) on the fuel cladding integrity under a Hypothetical Accident Condition (HAC) drop
scenario, considering the "delayed strike" scenario as associated with a design minimum gap,
and maximum potential gap as applicable.

In Appendix A.2.13.11 of the revised Safety Analysis Report (SAR) for MP 197-HB,
Transnuclear, Inc. (TN) has considered an end-drop load of about 55g, fuel-to-cask gap of 0.5",
an initial bowing of 0.0150", internal pressure of 1,059 psi, and a reduced fuel cladding
thickness by 0.027" to account for oxidation. The resultant maximum principal strain for a 14 x
14 High Burnup fuel assembly has been reported as 0.64%. Using permissible strain rate of
1.5%, TN claims that fuel assembly cladding will not fail in the event of HAC 30 ft. end drop.

The staff does not concur with the analysis presented by TN in the revised SAR, based on
similar issues related to the TN-40 application, dated June 29, 2007 that is currently being
reviewed by the staff. An independent analysis has predicted that gaps of 1" or higher will
cause significant plastic strain in the fuel cladding. An acceptable strain at failure, for the high
burn up cladding for regulatory drop under an HAC is in the range from 1.0% to 3.0%.

This information is required by the staff to verify the compliance with 10 CFR 71.71 and 10 CFR

Part 71.73 regulations.

Response to Structural RSI-1

The gap(s) between the closure lid and contents anticipated for the MP197HB package
are evaluated and summarized in SAR Appendix A.2.13.14. As shown in SAR Table
A.2.13.14-2, spacers are used to limit the maximum gap between the fuel and the
canister to 0.5 in. In SAR Appendix A.2.13.11 a maximum gap of I in. was considered
(please see the results for Case 5 in Section A.2.13.11.3.C). However the plots and
input/output files were not provided because this was not the bounding case. Result
plots for Case 5 have been added to the SAR as Figure A.2.13.11-27 and Figure
A.2.13.11-28. Also, an analysis for the bounding BWR assembly with a I in. gap is
added as Case 10. The maximum strain time-history and the corresponding principal
stain profile for Case 10 are shown in Figure A.2.13.11-29 and Figure A.2.13.11-30. For
all analyses the maximum principal strain remains below the yield strain value; thus the
fuel cladding maintains its structural integrity and, because there is no permanent
deformation of the fuel rods, the criticality analyses are not affected.

Input and Output files for both Cases 5 and 10 are included in Enclosure 10.

RSI-2: Provide the revised evaluation of the lid, and the lid bolts for various Dry Storagqe
Cannister designs that are anticipated to be shipped in the MP 197-HB package, based on the
results of the revised analysis as requested in RSI-1 above. Closure bolts stresses for shipping
casks shall meet the acceptance criteria of NUREG/CR-6007 - "Stress Analysis of Closure Bolts
for Shipping Casks."

This information is required by the staff to verify the compliance with 10 CFR 71.71 and 10 CFR
Part 71.73 regulations.
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Enclosure 15 to TN E-29580
RSls, Observations, and Responses

Response to Structural RSI-2

LS-DYNA, a dynamic finite element analysis program, is used to determine the demand
on the lid and lid closure bolts of the MP197HB cask during the 30 ft. hypothetical
accident lid end drop assuming the maximum potential gaps between the cask and its
contents. The evaluation is presented in SAR Appendix A.2.13.14. Based on the
analysis, the design of the MP197HB package is modified as follows:

- Spacers are used to limit the maximum potential gap between all components
- The lid bolt thread was changed from I Y2 - 6 UNC to I Y2 - 12 UNF
- The minimum required tensile strength for SA-540 Grade B23 Class I has been

increases to 175 ksi

Input and Output files for the analyses performed are provided in Enclosure 10.

RSI-3: Provide nodal acceleration comparisons at the gage locations for the LS-DYNA analysis
corresponding to the 1/3 scale 20 degree slapdown test gage locations.

The applicant used averaged accelerations from all accelerometers at cross-sections, but did
not provide individual comparisons of the accelerations. There are 12 gage locations, the
accelerations obtained in the test should be compared to those on the nearest node to the gage
location in the LS-DYNA analysis (plot of gage data and nearest gage location acceleration
plots). Results are requested for only the reference slapdown analysis as an example of the
procedures followed.

This information is required to assure compliance with 10 CFR 71.73(c)(1).

Response to Structural RSI-3

According to the LS-DYNA user's manual [1] the comparisons of nodal accelerations to
test results often show wide discrepancies, primarily because raw nodal accelerations
contain considerable numerical noise and their comparisons to test results are generally
meaningless and, therefore, misleading. Therefore, the accelerations from the relevant
cross-section were averaged to filter out the numerical noise. However, as requested,
nodal accelerations at the relevant locations are compared below for the 1/3 scale 20
degree slapdown case. The node locations are shown in Figure 1 below. These
accelerations are computed by differentiating the nodal velocities, which contain
considerably less numerical noise. The accelerations were further filtered at 1000 Hz for
the end locations and 180 Hz for the center locations. The acceleration time history for
the second impact (bounding impact) at accelerometer #1 is shown in SAR Figure
A.2.13.12-18, and the acceleration time history of the nearest node (Node # 178264) is
shown in Figure 2 below. Since the acceleration time histories for both the test and
analysis are relatively similar, plots are provided at this location only. These
accelerations compare very closely to the accelerations calculated by averaging the
nodal accelerations at the relevant cross-sections; therefore the SAR is not revised.
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Accelerations during First Impact

Node Numbers nearest Acceleration Average Average Average
to Test Accelerometer (g's) Acceleration Acceleration Measured
Location (g's) from cross- Acceleration from

section (g's) Test (g's)
Acceleration at 178424 16 18 18 17
the center of 178524 18
the cask 178478 20
Acceleration at 179579 34 37 35 36
the bottom of 179545 37
the cask 179489 39

Accelerations during Second Impact

Node Numbers nearest Acceleration Average Average Average
to Test Accelerometer (g's) Acceleration Acceleration Measured
Location (g's) from cross- Acceleration from

section (g's) Test (g's)
Acceleration at 178424 40 41 41 32
the center of 178524 41
the cask 178478 41
Acceleration at 178178 78 78 78 73
the top of the 178215 77
cask 178264 78
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Figure 1 - Node Locations
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Figure 2- Acceleration Time History at Node 178264

Reference:

[1] LS-DYNA Keyword User's Manual, Volumes I & 2, Version 9. 71s, Rev. 7600.398
August 17, 2006, Livermore Software Technology Corporation.

Page 4 of 11



Enclosure 15 to TN E-29580
RSIs, Observations, and Responses

Criticality

RSI-1: Provide more detailed information regarding the operation of the DARWIN code
package for determining spent fuel isotopic compositions.

Proprietary RAI 6-7 from the NRC "Request for Additional Information for Review of the Model
No. NUHOMS®-MP 197 Packaging, Docket No. 71-9302," requested a full description of the
DARWIN depletion module of the CRISTAL code package used to provide a correction to the
SAS2H calculated isotopic correction factors. Although the applicant provided a response to
this RAI, including a description of the code system and several. references, several key details
of the code are still unclear. In particular, the applicant should describe how the material cross-
sections are processed by the code, specifically the method that calculates the self-shielding.
Additionally, the applicant should specifically describe the operation of the PEPIN2 module in
calculating the depletion isotopics from the APOLLO2 multi-group flux solution.

This information is required in order for the staff to ensure that the package will meet the
criticality safety requirements of 10 CFR 71.55 and 71.59.

Response to Criticality RSI-1

SAR Section A.6.4 is modified to include four new references that provide additional
description of the DARWIN methodology.

Reference [35] is included as Enclosure 11. This reference provides a detailed
description of the DARWIN code system including the mathematical description of the
PEPIN2 program module. This reference also includes DARWIN comparisons to
ORIGEN.

Reference [36] and Reference [37] are included as Enclosure 12 and Enclosure 13,
respectively. These references provide a detailed description of the APOLLO2 code,
specifically the methodology for cross-section processing and homogenization and
treatment of self-shielding.

Reference [38] is included as Enclosure 14. This reference provides additional
validation for the APOLLO2 code for calculation of isotopic fuel inventory for PWR fuel
assemblies.

Shielding

RSI-1: Provide an evaluation to justify that the source terms used in the shielding analysis are
conservative, as requested in RAI 5-8.

The concern associated with RAI 5-8 is not necessarily the appropriateness of using SAS2H to
determine the source terms for the shielding evaluations. A significant concern arises from the
proximity of the resulting dose rates to the regulatory limits, including the limit for the package
side contact dose rates. The uncertainty values described in the application exceed the
margins between the calculated dose rates and their associated regulatory limits. It is not clear
from the current RAI response how (and to what level) the various uncertainties in the source
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term (described in the application) are compensated for by conservatisms stated to be included
in the source term models. An evaluation (including quantitative support) is needed to
demonstrate that the credited conservatisms adequately compensate for the source term
uncertainties such that the uncertainties need not be included in the shielding calculations.

As noted earlier, the concerns also include the contact dose rates on the package side. While
Table 5-1 indicates the regulatory limit is 1000 mrem/hr, the correct limit is 200 mrem/hr. That is
because the package is not enclosed; the proposed personnel barrier does not enclose the
package and so cannot be considered an enclosure for purposes of 10 CFR 71.47 or 49 CFR
173.441 dose rate limits. The calculated contact dose rate in Table 5-1 for the package side is
within a few percent of this limit.

Observation pertaining to this RSI - It is unclear to the staff why this response is considered
proprietary since it appears to only summarize and draw conclusions based on information from
publicly available documents, with other information being general in nature.

This information is needed to enable a review to confirm compliance with 10 CFR 71.47 and
71.51.

Response to Shielding RSI-1

SAR Tables A.5-1, A.5-la , A.5-1b, and the last bullet on Page A.5-4a, are corrected to
list the dose rate limit on the cask surface as 200 mrem/hr. The cask surface dose rate
of 191 mrem/hr previously listed in this table is actually located under the impact limiter
and is not subject to the transportation dose rate limit. This value is replaced with 68.7
mrem/hr, which shows significant margin to the limit of 200 mrem/hr.

As described in the response to RAI 5-8, it is estimated that the SAS2H uncertainty in
the gamma and neutron sources is 10% and 5%, respectively. These uncertainty
estimates are based upon a comparison of assay data to SAS2H results. It is important
to note that the assay data may have large uncertainties due to the quality of the
measurements. A more direct validation of source term calculations is to measure the
dose rate from these sources. Numerous measurements from various spent fuel
storage and transportation systems have indicated that the measured dose rates are
typically lower than the calculated dose rates, even when the calculations are performed
using representative source terms.

A sensitivity analysis is included in SAR Section A. 5.5.7 to evaluate the effect of the
various conservatisms employed in the source terms and shielding input models to offset
these potential uncertainties in the source term calculation methodology. The results of
these calculations demonstrate that the conservatisms sufficiently overcome potential
uncertainties in SAS2H calculations.

Response to Shielding RSI-1 Observation

This response was considered proprietary because it included results based on
sensitivity evaluations performed by TN. Sensitivity evaluation results similar to these,
when quantified in the SAR, are considered proprietary. These results are now in the
SAR, per the response to Shielding RSI-1.
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RSI-2: Include justification of the applicability of the peaking factors in Tables A.5-15 and A.5-
16 to fuel with axial blankets as part of response and application modifications for RAI 5-9.

RAI 5-9 requested justification for the factors' applicability, or the basis for their being bounding,
for all assemblies. It is not clear that the current response addresses fuel (both Pressurized
Water Reactor (PWR) and Boiling Water Reactor (BWR)) with axial blankets. Note that
assembly parameters in at least some DSCs that could represent the limiting, or bounding,
burnup, enrichment, and cooling time combinations for shielding considerations may not be high
burnup fuel.

This information is needed to enable a review to confirm compliance with 10 CFR 71.47 and
71.51.

Response to Shielding RSI-2

Proprietary Information Withheld
Pursuant to 10 CFR 2.390
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Proprietary Information Withheld
Pursuant to 10 CFR 2.390

Please refer to Enclosure 22 of TN E-29128 (the RAI Response package,) Transnuclear
Calculation MP197HB-0503 Rev. 1, for a listing of the fuel qualification tables for various
DSCs. Section 7.0 lists the fuel qualification tables calculated based on the response
function methodology. Section 5.0 lists the adjusted fuel qualification tables that are
employed as part of the fuel loading specification in SAR Appendix A. 1.4. A comparison
of the cooling times at lower bumups in these tables provides the validation of this
discussion.

RSI-3: Provide the information regarding the response functions and the basis for their use for
HAC analyses.

RAI 5-18 applies to all response functions. The current application, though, as supplemented,
provides information only for those response functions used for Normal Conditions for Transport
(NCT) analyses. The application indicates, however, that response functions are also used for
HAC analyses. Information regarding these HAC response functions, such as their
development and validation/verification, appears to be lacking in the application. Information
similar to that provided for the NCT response functions should be provided for the HAC
response functions. Staff notes that it may be helpful if the response functions for at least a few
DSCs (PWR and BWR) for both NCT and HAC conditions were provided. Staff notes that this
was done for the applicant's TN-40 Part 71 application, dated June 29, 2007.

Observation pertaining to this RSI - It is unclear to the staff why this response is considered
proprietary. The response does not discuss anything that is not already described in other
applications (like TN-40), that do not make the same information proprietary. Furthermore, the
modifications to the application apparently associated with this response are not marked
proprietary. The applicant included response functions as a non-proprietary part of that
application.

This information is needed to enable a review to confirm compliance with 10 CFR 71.47 and
71.51.

Response to Shielding RSI-3

Response functions for HAC analyses were not developed separately. The response
functions developed for the NCT analyses were utilized to determine the bounding
source terms for use in the HAC analyses. Because the neutron shield is partially lost
under HAC, the neutron component of the dose rate becomes more important under
HAC. To select the HAC source term, the NCT response function was used to compute
the dose rate at two meters from the cask. From these NCT dose rate results, the
source with the largest neutron dose rate fraction was selected as the bounding HAC
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source. This occurs for a burnup of 70 GWD/MTU and enrichment of 4.3 wt.% U-235,
where the neutron fraction of the total NCT dose rate is >85%.

Note that a brief description of the HAC source term calculation is included as part of the
responses to RAI 5-7 and RAI 5-10.

SAR Sections A.5. 1.1 and A.5.3. 1 are modified to include this clarification. Further, SAR
Section A.5.5.1 is modified to include a description of the methodology to determine the
design basis source terms from response functions.

Response to Shielding RSI-3 Observation

The response to RAI 5-18 is considered proprietary because it discusses a sensitivity
evaluation (documented in Proprietary SAR Section A.5.5.6.2) as part of the fuel
qualification methodology with response functions. While the description of the
response function methodology is not considered proprietary, the sensitivity analyses
that support the methodology are considered proprietary.

Observation pertaining to Chapters A.7 and A.8 - These two chapters are incorporated by
reference as conditions of the Certificate of Compliance (CoC) in their entirety. Some parts of
Chapter A.8 were marked explicitly as part of the CoC as part of the RAI response. It should be
clear that the whole chapter is part of the CoC. Also, some parts of these chapters are marked
proprietary. The applicant should consider revising these chapters to only include non-
proprietary information, as material referenced by the CoC must be publicly available.

Response to Observation Pertaining to Chapters A.7 and A.8

NUREG-1617, "Standard Review Plan for Transportation Packages for Spent Nuclear
Fuel," Page 1-11 states, in part, "The packaging drawings are incorporated by reference
in the certificate of compliance and become regulatory conditions for compliance."
NUREG-1617, Page 8-2 states, in part, "The commitments specified in the Acceptance
Tests and Maintenance Program section of the SAR are often incorporated by reference
into the certificate of compliance as conditions of package approval." NUREG-1617
Section 7 has no statement regarding incorporation by reference into the CoC. Based
on this, TN believes that the package drawings must be incorporated by reference into
the CoC, but there is flexibility regarding parts of SAR Chapters A. 7 and A. 8. There is
also precedence, as follows:

SAR Chapter 7 pages found at NRC ADAMS Accession Number ML073060517
describe and demonstrate an approach of using underlining to designate
operational steps which must be performed in order to maintain the validity of
cask transport regulations and safety analysis conclusions for the SAR. This
SAR (application, as supplemented) is referenced in the CoC found at NRC
ADAMS Accession Number ML 101050250.

Based on the SRP and this precedence, TN desires to leave SAR Chapter A.8
unchanged in this regard.

Additionally, TN had designated only certain steps in Chapter A. 7 as incorporated by
reference into the CoC, through CoC mark-ups of suggested changes provided
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informally, as a courtesy, to the NRC staff via the project manager during the time of the
initial application for this licensing action. Changes to Chapter A. 7, and to the new
appendices of Chapter A. 7 created in the response to RAI No. 1, are included herein,
listing those steps to be incorporated by reference. Changed CoC mark-ups reflecting
these changes will be provided informally, as a courtesy, as before.

The proprietary information in Chapter A. 7 is removed. It was redundant to information
in Chapter A. 6. Chapter A. 7 now refers to Chapter A. 6. The proprietary information in
Chapter A.8 is moved to Section A.5.8. Chapter A.8 now refers to Chapter A.5.
Precedence for this referencing approach exists in Condition 5.(b)(1)(h) of the CoC
shown at NRC ADAMS Accession Number. ML092890306.

Observation 1: Clarify the statement, in response to RAI 5-3, that the response function and
fuel qualification calculations are done to ensure that all DSCs are similar from a shielding
standpoint.

It is not clear what is meant by this statement or how the calculations are done to ensure this
condition.

This information is needed to enable a review to confirm compliance with 10 CFR 71.47 and
71.51.

Response to Shielding Observation 1

The fuel qualification for the various DSC payloads is performed by adjusting the cooling
times for the acceptable combinations of burnup and enrichment of the BWR and PWR
fuel assemblies such that the 2m dose rate(s) at NCT are below the limits. The
response functions are utilized for evaluating the various burnup, enrichment and cooling
time (BECT) combinations. Finally, the allowable BECT combinations are included as
part of the loading specifications for each DSC in Appendix A. 1.4.

Therefore, the fuel qualification based on the methodology described above ensures that
the NCT shielding configuration - defined by a) acceptable BECT combinations 2) DSC'/
Basket design and 3) Cask shielding design - results in dose rates that are
approximately the same and are below the limits.

Observation 2: Clarify the meaning of the statement in response to RAI 5-4 that describes how,'

the impact limiter crush depth in the shielding evaluations ensures the package surface
perimeter for the dose rate calculations is at the cask outer surface.

The meaning of this statement is not clear. Other statements in the application's shielding
chapter indicate some credit is taken for the impact limiters in the HAC dose rate and response'
function calculations, at least in the location of the package surface perimeter, such that the
package surface perimeter is not the cask outer surface where the impact limiters are located.

This information is needed to enable a review to confirm compliance with 10 CFR 71.51.

Response to Shielding Observation 2

The impact limiter crush depth is not employed to determine any additional geometrical
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separation between the cask surface and impact limiter surface for the HAC dose rate
calculations. The 1-meter dose rates reported in SAR Table A.5-2 and SAR Table A.5-
2a are from the cask surface and not the surface of the impact limiters.

SAR Table A.5-2 and SAR Table A.5-2a are modified to provide this clarification.

Observation 3: Provide evaluations for fuel debris.

In responding to RAI 5-16, the applicant provided new evaluations for damaged fuel for NCT
and HAC conditions. It is not clear in the application, as supplemented, that fuel that will be
loaded into a DSC as fuel debris, a subclass of damaged fuel in some DSCs, was considered.
While not all DSCs may allow fuel debris as part of the proposed contents, the shielding
evaluation should address fuel debris and provide appropriate bases and justification for
assumptions made in the evaluation, including for source term calculations for debris. It is not
clear to the staff that fuel debris was considered or that the damaged fuel evaluations, provided
in response to RAI 5-16 capture fuel debris. It is also not clear whether the fuel qualification and
response function development accounts for damaged fuel and fuel debris. The adequacy of
the fuel qualification and response functions for damaged fuel and fuel debris should be
justified.

This information is needed to enable a review to confirm compliance with 10 CFR 71.47 and
71.51.

Response to Shielding Observation 3

The "fuel debris" is considered part of the failed fuel contents and is authorized for two
DSCs only, the 61BTH DSC (maximum of 4 at corner locations) and the 24PTH DSC
(maximum of 8 at the peripheral locations). The failed fuel/fuel debris contents are
required to be encapsulated in a separate failed fuel canister. The damaged assembly
source term and shielding evaluations included as part of the response to RAI 5-16
assume that the fuel is "rubblized" at NCT, thereby accounting for failed fuel/debris.

The evaluation for damaged fuel is also applicable to failed fuel due to the additional
shielding provided by the failed fuel canister. The additional cooling time requirements
for damaged fuel (as part of fuel qualification) are also applicable to failed fuel.

SAR Chapter A.5 is modified to provide this justification. Further, the loading
specifications for failed fuel in Appendix A.1.4.3 for the 24PTH DSC and Appendix
A.1.4.8 for the 61BTH DSC are modified to clarify the qualification from a shielding
standpoint.
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