
Depaftment of Energy 
Office of Civilian Radioactive Waste Management 

Yucca Mountain Site Chamcterization Office 
P.O. Box 98608 

Las Vegas, NV B9193-8608 

JAN 12 1996 

L. Dale Foust 
Technical Project Officer 

for Yucca Mountain 
Site Characterization Project 

TRW Environmental Safety Systems, Inc.  
Bank of America Center, Suite P-110 
101 Convention Center Drive 
Las Vegas, NV 89109 

VERIFICATION OF CORRECTIVE ACTION AND CLOSURE OF. DEFICIENCY 
REPORT (DR) YMQAD-95-D005 RESULTING FROM YUCCA MOUNTAIN QUALITY 
ASSURANCE DIVISION'S (YMQAD) AUDIT YM-ARP-95-16 OF THE CIVILIAN 
RADIOACTIVE WASTE MANAGEMENT SYSTEM MANAGEMENT AND OPERATING 
CONTRACTOR (SCPB: N/A) 

The YMQAD staff has verified the corrective action to DR 
YMQAD-95-D005 and determined the results to be satisfactory.  
As a result, the DR is considered closed.  

If you have any questions, please contact either Robert B.  
Constable at 794-7945 or Patrick V. Auer at 295-9185.  

Richard E. Spence, Director 

YMQAD:RBC-916 Yucca Mountain Quality Assurance Division 

-Enclosure: 
YMQAD-95-D005 

cc w/encl: 
T. A. Wood, HQ (RW-14) FORS 
J. G. Spraul, NRC, Washington, DC 
S. W. Zimmerman, NWPO, Carson City, NV 
R. L. Strickler, M&O, Vienna, VA 
R. P. Ruth, M&O, Las Vegas, NV 

cc w/o encl: 
W. L. Belke, NRC, Las Vegas, NV 
D. G. Sult, YMQAD/QATSS, Las Vegas, NV 
P. V. Auer, YMQAD/QATSS, Las Vegas, NV 
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TRW 
TRW Environmental 101 Convention Center Drive, WBS: 1.2.6 
Safety Systems Inc. Suite P110 QA: L 

Las Vegas, NV 89109 
702.794.1800 

Contract #: DE-ACO1-91RW00134 TJ 

LV.MG.AMS. 1/96-001 

January 02, 1996 

Mr. Richard E. Spence, Director 
Quality Assurance Division 
Yucca Mountain Site Characterization Office 
P.O. Box 98608 
Las Vegas, NV 89193-8608 

Attn: Mr. Patrick V. Auer, QAR 

Subject: Deficiency Response 
YMQAD-95-005 (SCPB: N/A) 

Dear Mr. Spence: 

In accordance with AP-16.1Q 5.6b), we are notifying YMQAD that the 

response implementation is complete. A copy of the revised procedure, 
QAP-3-9, Rev. 6, Design Analysis is attached.  

Please add this copy of the procedure to the objective evidence previously 

submitted. This completes all the required action. Please close this DR.  

Should you have any questions on this matter, please contact me at 
(702) 794-1924 or John Clark at (702) 794-5341.  

Sincerely, 

Manager 
G SnIment 

Management and Operating Contractor

TRW Inc.



LV.MG.AMS.1/96-001 
January 02, 1996 
Page 2 

Enclosure 

cc: 
G. S. Abend, M&O, Las Vegas, NV 
P. V. Auer, YMQAD, Las Vegas, 
J. J. Clark, M&O, Las Vegas,'V4_ 
B. R. Justice, Las Vegas, NV 
J. R. Massari, M&O, Las Vegas, NV 
A. 0. Thompson, M&O, Las Vegas, NV 
W. W. Wallin, M&O, Las Vegas, NV 
J. W. Willis, M&O, Las Vegas, NV 
RPC

AMS:lmh



Department of Energy 
Office of Ciian Radioactive Waste Management 

Yucca Mountain Site Characterlzation Office 
P.O. Box 98608 

Las Vegas, NV 89193-8608 

tlVn 8 19 

L. Dale Foust 
Technical Project Officer 

for Yucca Mountain 
Site Characterization Project 

TRW Environmental Safety Systems, Inc.  
Bank of America Center, Suite P-1I0 
101 Convention Center Drive 
Las Vegas, NV 89109 

VERIFICATION OF CORRECTIVE ACTION OF DEFICIENCY REPORT (DR) 
YMQAD-95-D005 RESULTING FROM YUCCA MOUNTAIN QUALITY ASSURANCE 
DIVISION'S (YMQAD) AUDIT YM-ARP-95-16 OF THE CIVILIAN RADIOACTIVE 
WASTE MANAGEMENT SYSTEM MANAGEMENT AND OPERATING CONTRACTOR 
(CRWMS M&O) (SCPB: N/A) 

The YMQAD staff has verified the corrective action to 
DR YMQAD-95-D005 and determined the results to be unsatisfactory 
because the CRWMS M&O Quality Assurance Procedure, QAP-3-9, has 
not yet been revised.  

Alden Segrest (CRWMS M&O) committed to revising the procedure by 
January 5, 1996. Verification of completion of the required 
corrective action will be performed after this date.  

If you have any questions, please contact either Robert B.  
Constable at 794-7945 or Stephen R. Maslar at 794-7762.  

Richard E. ence, Director 
YMQAD:RBC-443 Yucca Mountain Quality Assurance Division 

Enclosure: 
DR YMQAD-95-D005 

cc w/encl: 
T. A. Wood, HQ (RW-14) FORS 
J. G. Spraul, NRC, Washington, DC 
S. W. Zimmerman, NWPO, Carson City, NV 
R. L. Strickler, M&O, Vienna, VA 
Richard Jiu, M&O, Las Vegas, NV 
R. P. Ruth, M&O, Las Vegas, NV 

cc w/o encl: 
W. L. Belke, NRC, Las Vegas, NV 

GG-Sult, YMQAD/QATSS, Las Vegas, NV

YMP-5
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TRW Environmental 101 Convention Center Drive, wBS: 1.2.6 
Safety Systems Inc. Suite P110 QA: L 

SLas Vegas, NV 89109 

702.794.1800 

Contract #: DE-ACO1-91RW00134 

LV.MG.AMS.10/95-150 

October 6, 1995 

Mr. Richard E. Spence, Director 
Quality Assurance Division 
Yucca Mountain Site Characterization Office 

P.O. Box 98608 
Las Vegas, NV 89193-8608 

Attn: Mr. Steven R. Maslar, QAR 

Subject: Deficiency Response 
IWMQAD-95-005 
Calculations (SCPB: N/A) 

Dear Mr. Spence: 

In accordance with AP-16.1Q 5.6 b), we are notifying YMQAD that the 

response implementation is complete. This has been accomplished before 

the due date of October 6, 1995.  

To facilitate the QAR's verification process we are sending, as an 

attachment to this letter, a package of Objective Evidence that covers all 

of the MGDS commitments.  

Should you have any questions on this matter, please contact me at (702) 

794-1924 or John Clark at (702) 794-5341.  

sS, Manager 
MaGeS ~pmentman t 
Management and Operating Contractor

TRW Inc.



4

LV.MG.AMS. 10/95-150 
October 6, 1995 
Page 2 

Enclosure: 
Deficiency Responses 

cc: 
G. S. Abend, M&O, Las Vegas, NV 
H. A. Benton, M&O, Las Vegas, NV 
J. J. Clark, M&O, Las Vegas, NV 
B. R. Justice, M&O, Las Vegas, NV 
S. R. Maslar, M&O, Las Vegas, NV 
J. R. Massari, M&O, Las Vegas, NV 
J. R. Matras, M&O, Las Vegas, NV 
A. 0. Thompson, M&O, Las Vegas, NV 
W. W. Wallin, M&O, Las Vegas, NV 
J. W. Willis, M&O, Las Vegas, NV 
RPC

AMS:Imh
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L. Dale Foust 
Technical Project Officer 

for Yucca Mountain 
Site Characterization Project 

TRW Environmental Safety Systems, Inc.  
Bank of America Center, Suite P-l10 
1.01 Convention Center Drive 
LMs Vegas, NV 89109 

EVALUATION OF RESPONSES TO DEFICIENCY REPORTS (DR) YMQAD-95-D-004 
THROUGH YMQAD-95-D-006 RESULTING FROM YUCCA MOUNTAIN QUALITY 
ASSURANCE DIVISION'S (YMQAD) AUDIT YM-ARP-95-16 OF THE CIVILIAN 
RADIOACTIVE WASTE MANAGEMENT SYSTEM MANAGEMENT AND OPERATING 
CONTRACTOR (SCPB: N/A) 

The YMQAD staff has evaluated the responses to DRs YMQAD-95-D-004 
through YMQAD-95-D-006. The responses have been determined to be 
satisfactory. Verification of completion of the remedial actions 
will be performed after the effective date provided. Any 
extension to this date must be requested in writing, with 
appropriate justification, prior to the date. Please send a copy 
of extension requests to Deborah Sult, YMQAD/QATSS, 
101 Convention Center Drive, Suite 640, Las Vegas, Nevada 89109.  

If you have any questions, please contact either Robert B.  
Gonstable at 794-7945 or Stephen R. Maslar at 794-7762.

YMQAD :RBC-4478
Richard E. Spence, Director 
Yucca Mountain Quality Assurance Division

Enclosure: 
CARs YMQAD-95-D-004 

through YMQAD-95-D-006 

cc w/encl: 
J. G. Spraul, NRC, Washington, DC 
S. W. Zimmerman, NWPO, Carson City, NV 
T. A. Wood, HQ (RW-14) FORS 
R. L. Robertson, M&O, Vienna, VA 
Richard Jiu, M&O, Las Vegas, NV 
R. P. Ruth, M&O, Las Vegas, NV 
.F

cc w/o encl: 
W. L. Belke, NRC, Las Vegas, NV 
D. G. Sult, YMQAD/QATSS, Las Vegas, NV

YMP-5

. Department of Enemy 
Office of Civilian Radioactive Waste Management 

Yucca Mountain Site Charactetization Office 
P.O. Box 98608 

Las Vegas, NV 891 93-8608 

SEP 0 6 1995



TRW Environmental 101 Convention Center Drive, 'BS: 1.2.6 
Safety Systems Inc. Suite Pl10 QA: L 

Las Vegas, NV 89109 
702.794.1800 

Contract #: DE,-ACO1-91RW00134 AUJ 'G [1) 
LV.MG.AMS.8/95-134 

Agus 30, 1995 SAIC / QATSS 

Mr. Richard E. Spence, Director 
Quality Assurance Division 
Yucca Mountain Site Characterization Office 
P.O. Box 98608 
Las Vegas, NV 89193-8608 

Attn: Deborah Suit 

Subject: Deficiency Response (SCPB: N/A) 

Dear Mr. Spence: 

Please find enclosed responses to the following deficiencies: 

YMQAD-95-D-004 
YMQAD-95-D-005 
YMQAD-95-D-006 
YMQAD-95-P-005 

Should you have any questions on this matter, please contact me at (702) 

794-1924 or John Clark at (702) 794-5341.  

Sinerl , 

Manager 
MGD ' elopment 
Management and Operating Contractor

TRW Inc.



LV.MG.AMS.8/95-134 
August 30, 1995 
Page 2 

Enclosure: 
Deficiency Responses 

cc: 
G. B. Abend, M&O, LAS Vegas KV 
H. A. Benton, M&O, Las Vegas, NV 
J. J. Clak, M&O, Las VegasN 
B. P. Justice, M&O, Las Vegas, lV 
S. R. Maslar, M&O, Las Vegas, NV 
J. R. Massari, M&O, Las Vegas, NV 
J. R. Matras, M&O, Las Vegas, NV 
M. J. Meyer, M&O, L'Enfant, VA 
A. 0. Thompson, M&O, Las Vegas, NV 
W. W. Wailin, M&O, Las Vegas, NV 
J. W. Willis, M&O, Las Vegas, NV 
RPC

AMS:lmh



"Dpartment of Ener y 
Office of CMlian Radioactive Waste Management 

Yucca Mountain Site Characterization Office 
P.O. Box 98608 

Las Vegas, NV 89193-8608 

AUG 0 3 1995 

L. Dale Foust 
Technical Project Officer 

for Yucca Mountain Site 
Characterization Project 

TRW Environmental Safety Systems, Inc.  
101 Convention Center Drive, Suite P-110 
Las Vegas, NV 89109 

ISSUANCE OF DEFICIENCY REPORT (DR) YMQAD-95-D-004 THROUGH 
YMQAD-95-D-006 RESULTING FROM YUCCA MOUNTAIN QUALITY ASSURANCE 
DIVISION'S (YMQAD) AUDIT YM-ARP-95-16 OF THE CIVILIAN RADIOACTIVE 
WASTE MANAGEMENT SYSTEM MANAGEMENT AND OPERATING CONTRACTOR 
(SCPB: N/A) 

Enclosed are DRs YMQAD-95-D-004 through YMQAD-95-D-006 generated 
as a result of YMQAD Audit YM-ARP-95-16.  

Please identify the corrective actions to be taken and 
implemented to correct the deficiencies. PR/DR Continuation 
Pages have been provided. Send the originals of your responses 
to Deborah Sult, YMQAD/QATSS, 101 Convention Center Drive, 
Suite 640, Las Vegas, Nevada 89109. Responses to the DRs are due 
20 working days from the date of this letter. Extensions to due 
dates must be requested in writing, with appropriate 
justification, prior to the due dates.  

If you have any questions, please contact either Robert B.  
Constable at 794-7945 or Stephen R. Maslar at 79A-7762.  

Richard E. Spence, Director 
YMQAD:RBC-4152 Yucca Mountain Quality Assurance Division 

Enclosures: 
1. DRs YMOAD-95-D-004 

through YMQAD-95-D-006 
2. PR/DR Continuation Pages

YMP-5



L. Dale Foust -2- AUG 0 3 1995 

cc w/encl: 
T. A. Wood, HQ (RW-14) FORS 
J. G. Spraul, NRC, Washington, DC 
S. W. Zimmerman, NWPO, Carson City, NV 
R. L. Robertson, M&O, Vienna, VA 
T. L. Badredine, M&O, Las Vegas, NV 
Richard Jiu, M&O, Las Vegas, NV 
R. P. Ruth, M&O, Las Vegas, NV 

cc w/o encl: 
W. L. Belke, NRC, Las Vegas, NV 
D. G. Sult,-TMQAD/QATSS, Las Vegas, NV

I•



OFFIC OFb UAN 
RADIOACTIVE WASTE MANAGEMENT 

U.S. DEPARTMENT OF ENERGY 
WASHINGTON, D.C.

PERFORMANCE/DEFICIENCY REPORT 
I ConroHing Documenat- 2 Related Report No.  
QAP 3-9, Revision 5 YM-ARP-95-16 

3 Responsible Organization: 4 Discussed With: 
CEWMS M&O Hugh Benton 

6 Requlrement/Measurement Criteria: 
QAP 3-9, Revision 5, Attachment I, Item 7 
Design Analysis - requires the complete presentation of the analysis, inluding all calculations, are to be included such that any 
qualified individual could review the analysis wahout recourse to thfe origina.

6 Description of Condition: 
Contrary to the above requirement examination of *Analysis of Degadation due to Water and Gases in MPC," Document 
Identiffer BBMOO -01717.0200-00005, Revision 00, lnitial Wastge Package Probabilistic Criticality Analysis: Multi-Purpose 
Canister wah Disposal Container (TB V460--PD)" Document Identifier B00O0000-01717-2200.00080, Revision 00, and 
"Initial Waste Packgc Probabilistic Criticality Analysis: Uncanistered Fuel (TBV-069-WFD, Document Identifi 
BOOOOOOOO-01717-2200-00079, Revision 00 showed that this requirement was not complied with. These documents do provide 
the basic data and do descrie how the calculations were, peformed, but do not Includsa actual copy of these calculations. For 
example, on page 6 of 'Analysis of Degradation due to Water and Gases in MPC' the statemenis indcluded that the vapor pressure 
of water a 295K was calculated by linear t laion. Hwever, the vapor pressure actually used, as cited firm the ,ference are 
not given, nor the conversion factors from Fahrenheit to Celius, nor fiom psia to Pa The temperatures used, 71 and 72 F, the 
corresponding pressur 0.37549 and 0.38844 psi, the conversion of 295K to F(295-273.15) x 9/5 + 32 =71.33, the interpolation, 
0.33 x (0.3884 - 0.37519) + 0.37549 - 0.383064 psia, and the conversion to Pa shoud all have been shown. Similar, t details 
of the interpolation for density of saturated liquid water at 295K and the entapy of vaporization for water at 295K should hav

17 7 h,'rý

10 Response Due Date

20 Working Days from Issuance
12 Remedial Actions: 

,14 ,*eeA'AC*.e" 'v o. j

I

13 Remedial By. 114 Remedial Action Due Date.  

Date $",1oe4f" ,J 1.'.P9d" Date 
15 Reme/• .- pee ,ne 16 PR Verification•/osure 

Date_.ý" E A Date
Rev. 07/03/95

8 0• Performance Report 
Deficiency Report 

NO. MRAD-95-D-005 

PAGE 1 OF •/ 
GA: L9

I IIIII

DM'07/fr

Exhibit AP-16.10.1



OFFICE OF CIVILIAN 

RADIOACTIVE WASTE MANAGEMENT 

U.S. DEPARTMENT OF ENERGY 
WASHINGTON, D.C.

establish conmiv action.

eV A J oA,.a

S'e6 eeex'640'S'e ello A0 j 40-0-

Recu•rence:

.q"ee" ,_., ,,.. 49w~ AJ o3veJ

Rev. 07/03/95
Exiibit AP-1 6.10.2

.xt'l' ,"s-.00,0,4-.vr"



OFFICE OF CIVIUAN 
RADIOACTIVE WASTE MANAGEMENT 

U.S. DEPARTMENT OF ENERGY 
WASHINGTON, D.C.

PRIDR CONTINUATION PAGE
b

II

6 (Continued) 
been provided. It is noted that one of these values was calculated incorrectly. Identification of. or perhaps avoidance of, the error 
would have been assisted by havng the deta•ls of the calculation at hand during the review by the document checker.  

12 Remedial Actions: 

A revision will be issued for each of the documents (BOOMO O-01717-oooo0oo REV 00, looooooooo1717-2o=MM REV 
00 & BBBEOOOOO-01717-0200-0000• REV 00 ) with attachments Mustrating the steps of all hand calculations.  

A PAR on QAP-3-9 will be initiated, as specified in block 20, below.  

18 Investigative Actions: 

Of the 5 Waste Package Development documents prepared under QAP-3-9, three were the subject of this DR. The other two were 
reviewed for compliance as part of this investigation.  

In one of the documents (BBOOOOOOO-01717-0200-0a003 Rev 00) there'were a number of dimensions given in both the English 
and the metric system. All of the conversions were a single multiplication or division, by a conversion factor known to engineers 
generally. Mh were no other calculations in the document.  

In the other document (BBAOOOO}D-01717-0200.00121 Rev 00) the calculations involved repeated application of a simple 
formula to data from a large file, and tabulation of the results. The input data were identified as belonging to the Caracteristics 
Database (CDB). a QA certified database. This CDB file is in dBASE Vformat, and the source code (in dBASE programming 
language) giving the formula, which was applied to the data, is included. The checking was by an independent program which 
applied the same formula in FORTRAN.  

It is, therefore, concluded that both documents have adequate detail and explanation of the calculations.  

19 Root Cause Determination: 

No root cause determination, based upon investigative actions.  

20 Action to preclude recurrence: 

QAP-3-9 Attachment I, section 7 (Design Analysis) should be revised to read as follows: 

7. Design Analysis - The complete analy*is; Including calculations, shall be presented in sufficient detail that a qualified 
individual would be able to understand, and reproduce, the analysis without recourse to the originator.

Rev. 07/03/95

B- Performance Report 

Def•ciency Report 

No. YMQAD-95-]-05 
PAGE3 OFf Q 

OA: L.•h,

ExhibitA A16.1.3
a



Stephen R. Maslar, QAR
Date

VERIFICATION OF CORRECTIVE ACTION FOR DR YMOAD-95-D-005 

Verified implementation of corrective actions per Surveillance # 

YMP-SR-96-01. Objective evidence is included in the QA file for 

the Deficiency Report except that M&O Procedure QAP 3-9 has not 

yet been revised. M&O's commitment date for revision to QAP 3-9 

is 1/5/96. As a result of this, this DR will remain open.



OBJECTIVE EVIDENCE 

DEFICIENCY REPORT 

YMQAD-95-D-.00 

QAP-3.9 Calculation Details

J.1. Massari 
702/794-7019

ea te, r, 4 13 ý



INDEX 
DR EMCEED-95-D-005 

1. Memo W~UIamitLng response Veficlency epot-Rpse-, 2 page Date• 
S9 y Aden M-.regrest i'/,7- D-s t/,'p/qg 

.2. D •ki• ~pr E'MCE•ED-95 D 005•, P"a• 1 •f 3, tiugh 3 •-f 3.  

Dated 812/95ByStephenaR_ r , 

3. Procedure Action Request for QAP-3-9, IOC LV.WPJRM.09/95.307, 1 page 
with PAR attached, Dated 9/14/95, By John R. Massari 

4. Revision 1 of "Analysis of Degradation Due to Water and Gases in MPC," 
DI BBOOOOOOO-01717-0200-00005 REV 01, 23 Total Pages, Effective 
9/29/95, By J. Kevin McCoy 

5. Revision 1 of 'Initial Waste Package Probabilistic Criticality Analysis: 
Uncanistered Fuel," DI BOOOOOOOO-01717-2200-00079 REV 01, 98 Total 
Pages, Effective 10/6/95, By John R. Massari 

6. First three pages (sign-off sheets) of Revision 1 of "Initial Waste Package 
Probabilistic Criticality Analysis: Multi-Purpose Canister with Disposal 
Container," DI BOOOOOOOO-01717-2200-00080 REV 01, Effective 10/6/95, 
By John R. Massari. Full document available upon request.



- Interoffice Correspondence 
Civilian Radioactive Waste Management System 
Management & Operating Contractor

TRW Environmental 
Safety Systems Inc.

WBS: 1.2.2 
QA: N

Subject 
Transmittal of QAP 3-9 
PAR Regarding Level of 
Detail for Calculations 

To 
George Carruth 
TES1/30

Date 
September 14, 1995 
LV.WP.JRM.09/95.307 

cc 
H.A. Benton 
P. Gottlieb 
RPC 
A. USeyest

From 
John R. Massari 

Location/Phone 
TES3/423 
(702) 794-7019

Please find attached a PAR prepared as a reinedial action for Deficiency Report YMQAD-95-D-005 
(also attached). The PAR recommends changing QAP 3-9, Attachment I, part 7, to provide guidance 
on the level of detail required for calculations in the body of design analyses. Acceptance of a PAR 
on this subject by October 6, 1995 is one of the requirements for resolution of the above DR.  

Concurrence: 

Augh IA. Benton 
Department Manager 
Waste Package Development



Procedure Action Request QA: N 
CRWMS/M&O Page: I Of: 1 

.oECTION I - Action Request 

F1. Procedure Title 2. Procedure No. 3. Revision 

Design Analysis QAP-3-9 5 
4. Type of Action Requested 

0 Develop New Document 2] Revise Existing Document 0 Cancel Document 

5. Descrion of Action Requested 6. Reason for Change 
Revise Attachment L, item 7. to read as follows: The current wording provides no guidance on the level of detail 

for the calculations to be presented. This action is requested in 

"The complete analysis, including calculations, shall be response to Deficincy Report YMQAD-95-D-005.  

presented in sufficient detail that a qualified individual would be 
able to understand, and reproduce, the analysis without recourse' 
to the originator." 

I. Requested ly: (Prmt Name) Date: Organization: Prime: 

John Massari 08/24/95 Waste Package Development 1(702) 794-7019 

SECTION It - Action Initiation 
S. Documents Affected 

QARD Requirements Matrix 

9. Request 10. Editorial Revision T1. Action Required 12. Priorty 

0 Approved 0 Rejected 0 Yes 0] No 10 Develop [3 Revise 0 Cancel 0 Hold 0 Process 

13. Name of Author Assigned 

14. Comments 

15. Responsible Manager Name Signature Data 

16. CA Manager Name Signature Date 

SECTION III - Action Review 
"7. Recommended IndoctrinationiTraining [3 Read 0 Classroom [3 Briefing 

"-3 Other: No. of Days Required: 

* Training Name Signature Date 

19. Responsible Manager Name Signature Date



CRWMS/M&O K-,
Procedure Action Rcql-st

Page: I 0f.

SECTION I - Action Requost 
i. Procedwre T~ -- 7 'fcd; o 
Desigla 6aý,JIs I2S

4.Typo of Action ftoqueglad 

DeDvelop New Document 10 Revise Existing Document 0Cancel Document 

=e01chM ent Lt ?07, to mcad as follows: The complete ¶bcmtwrigprovdes no gIda= e n fth level of detall 
azzl~ysis. ho1&ading calcilation, ahafl bc prcs~itod in suffcicnt for thc calc~ulatons to bW pmwuW~i. Thhi mutiii 6a fcqImtcd in 
detail that a qualified indivdual would be able to undemtand, response to Deficienc ReotYQD9-D-05 
and icpwudum, the unul)yA. withiout recoums to the orignator." 

7Rees= t: iprm Nwn.l Date95Ogalzt: 
JonMsalQ215Waste Package Development (72 9-7019 

SECTION 11 -Action Inhtiation 
S. Gcumemn Aflhe~d 

OARD Requirements Matrix 

S. Rewueui 10, Lfitcnal Revialo I1I. Actown go q*Ws ifbnt 

0 Approved 0ORejected 1 Uyes 131 1E3Develop 0 Revise EOcmncet 1 od ZProcess 

W. Read 

tem Ml'bk clard durig fth next wevisotL 4~ Aikc& 044 uu 

1b.- x"aepiols e nagar Pama DaIte 

G. -A.Carrath 10/12105 
if. CA Manager NaMe a WM Vout 

P. P. kuth M &Ld 10/12/95



CRWMS/M&O

FOR INFORMATION OP** 

Design Analysis Review SummaryI Complete only applicable ftems.
(D AL 

I Page: I

2. DESIGN ANALYSIS TITLE 

Analysis'of Degradition Due to Water and Gases in UPC
3. DOCUMENT IDENTIFIER (Including Rev. No.) 4. REV. NO.  

BBOOOOOOO-0 1717-0200-W0005 REV 0 1 01 
S. ORIGINATOR 6. DATE 

S.3095 
7. MCKER8. DATE 

11 eiwComments 12. Backcheck ____ 

9.Date 10. Discipline 
DaeSignature Date Yes No Signature Date

13. REMARKS 

As I. LE *A Iejfar tjH~et eAndA~jr I Aave. Jfteroiina( tI40 no* (ifucnal review is DCI rep rra kecwe 1 

r-ceyf"J 69r~s41h,, JOes gist Affect v~y Ot~e' jrafit;U~fbix.).(f ~ ?Z7'~

14. APPROVED:

rwckr WrSignatux 

CewE 5gnatzrs

.9-2 7-9 5 
Date 

f12V? 
Data 

Date 

.9 /fata
000 vWV. 02M=3J51"rA-"-

Of: I

A

10 ek 14



W IM &
Design Analysis Cover Sheet 

Complete only appIcable items.

"I. DESIGN ANALYSIS TITLE 

Analysis of Deqrdation Due to Water and Gases in MPC 
3. DOCUMENT IDENTIFIER (including Rev. No.) 4. REV. NO. 5. TOTAL. PAGES 

BBOOOOOOO-01717-0200-00005 REV 01 01 22 
6. TOTAL ATTACHMENTS 7. ATTACHMENT NUMBERS - NO. OF PAGES IN EACH 8. SYSTEM ELEMENT 

None. NtA MGDS S Element 

Print Name Signature Date 

S. Originator J.Ic'viti McCoy 5-2__-55 

10. Checker 

11. Lead Design Engineer Y4.ý-m A'. EN-rom~ ~ 3~ 
1 2.QA ManagerOJ 6 /_ _ _ _ _ __ _ _ _ 

_____ _____ ____ 4Z442
H Le, A. 6a-roi

I. -
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1. Purpose 

This analysis is prepared by the Mined Geologic Disposal System (MGDS) Waste Package 
I Development Department in response to a request received via a QAP-3-12 Design Input Data 

Request (Ref. 5.16) from WAST Design (formerly MRS/MPC Design). The request is to 
provide: 

1) Dryness requirements for the MPC cavity environment after loading and closure 
operations at the Purchaser site.  

The objective of this analysis is to provide a response to the foregoing request. The analysis 
I treats nominal loading conditions only, not accidents or accident conditions. In particular, 
I leaky (waterlogged) fuel rods are not considered. The purpose of this analysis is to provide 

the basis for the response. The response is stated in Section 8 herein.  

. 2. Quality Assurance 

• The quality assurance (QA) program applies to this analysis. This analysis focuses on 
compatibility of certain Multi-Purpose Canister WMPC) design features that interface with the 

•I MGDS. These features could potentially affect the proper function g of the MGDS waste 
package; the waste package has been identified as an MGDS Q-List item that is important to 

' safety and waste isolation (Ref. 5.15). This work is covered by Activity Evaluation Analyze 
I Material and Performance Information and Data in Support of Waste Package/Engineered 
I Barrier Segment Development (Ref. 5.2). This QAP-2-0 evaluation determined such activities 

to be subject to the requirenients of the Quality Answance Requirements and Description 
I (Ref. 5.3). Applicable procedural controls are listed in the evaluation.  

3. Method 

The Multi-Pwupose Canister (•PC) Subsystem Design Procurement Specificatibn (Ref. 5.1) 
specifies the amount of water and gases that may be present in an WPC. This design analysis 
uses the current revision of those specifications~to determine limits on internal'degradation of 
an MPC.  

The design method is to (1) analyze the wording of the specification to determine limits on 
the quantity of water and the composition of the gases that will be present in the MPC, and 
(2) determine limits on amount of degradation that could result from the available gases. The 
calculation is made for an MPC with a capacity of 21 pressurized-water reactor assemblies 
(PWRs), and qualitative arguments are used to show that additional, detailed calculations for 
other types of MPC are unnecessary.

W
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This method will determine whether the specification is adequate but will not provide an 

upper bound on the allowable amount of water.  

4. Design Inputs 

4.1 Design Parameters 

4.1.1. Design inputs come from the curent revision of the Multi-Purpose Canister (PQC) 
Subsystem Design Procurement Specification (Ref. 5.1). Relevant specifications are as 
follows: 

Section 5.1.1.7.1.A: The MPC shall be capable of being draine4 vacum-drled, and back
filled with an inert gas after SNF loading. This specification is taken to mean that the MPC 
may be analyzed as if it is actually vacuum-dried and back-filled with an inert gas.  

Section 5.1.1.7.1.C: Vacuum pumps used to vacuum dry the interior of the MAC shall be of 
such a design as to achieve an absolute pressure of 3 millibar. Operating procedures for the 
use of such vacuum pumps shall include a test that this pressure be maintained for a ten 
minute period The sensitivity of this test shall be sufficlent to demonstrate by calculton 
that the residual water content of the MPC interior is less than 0.25 volume percent.  

4.1.2. The following physical, chemical, thermal, and geometic data are used as needed in 
the analysis: 

gas constant 8.31451 J/mol'K (R•f 5.7) 
molar mass of (atomic) hydrogen: 1.00794 g/mbl (Ref 5.7) 
molar mass of (atomic) nitrogen: 14.00674 g/mol (Ref. 5.7) 
molar mass of (atomic) oxygen: 15.9994 g/tmol (Ref. 5.7) 
molar mass of chromium: 51.9961 g/tmol (Ref. 5.7) 
molar mass of iron: 55.847 g/mol'(Ref. 5.7) 
molar mass of nickel: 58.6934 g/mol (Ref. 5.7) 
molar mass of zirconium: 91.224 g/tool (Ref. 5.7) 
molar mass of molybdenum: 95.94 g/tool (Ref. 5.7) 
vapor pressure of water at 295 K 2618.4 Pa (Ref 5.6, p. E-23; calculated by linear 

interpolation as folows: "95 K =21.85 C = 71.33 F. FromRef 5h6, the vapor 
pressure of water is 0.3749 psia at 71 F and 0.38844 psia at 72 'F. By linear 
interpolation, the vapor pressure of water at 295 K is ((1 - 0.33) x 0.37549 + 0.33 x 
0.38844) psia = 0.37976 psia = (0.37976 x 6894.757) Pa = 2618.4 Pa) 9
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. density of saturated liquid water at 295 K: 997.7 kg/mr (Ref. 5.6, p. E-23, calculated by 
* I linear interpolation as follows: As shown previously, 295 K =.71.33 F. From Ref.  

, ] 5.6, the specific volume of saturated liquid water is 0.016052 ibm/fO at 71 qF and 
I 0.016054 Ibm/ft3 at 72 OF. By linear interpolation, the density of saturated liquid 
.[ water at 295 K is I / (((1 - 0.33) x 0.016052 + 0.33 x 0.016054) Ibm/f) = 62.295 

lbm/ft3 = (62.295 x 16.01846) kg/m3 = 997.87 kg/m3.) 

enthalpy of vaporization for water at 295 K: 2,448,300 J/kg (Ref. 5.6, p. E-23, calculated by 
linear interpolation as follows: As shown previously, 295 K = 71.33 *F. From Ref.  
5.6, the enthalpy of vaporization for water is 1053.5 BTU/Ibm at 71 *F and 1052.9 
BTU/Ibm at 72 *F. By linear interpolation, the enthalpy of vaporization for water at 
295 K is ((1 - 0.33) x 1053.5 + 0.33 x 1052.9) BTU/Ibmr= 1053.3 BTU/Ibm = 

(1053.3 x 2324.444) J/kg = 2,448,300 J/kg.) 
Sheat capacity at constant pressure of liquid water .at 295 K: 4179 J/kg.K (Ref. 5.6, p. E-24, 

" calculated by linear interpolation as follows: As shown previously, 295 K - 71.33 *F.  
From Ref. 5.6, the heat capacity at constant pressure of liquid water (atmospheric 
pressure) is 1.000 BTU/Ibm'°F at 60 0F and 0.998 BTU/Ibm'*F at 80 *F. By linear 

Iinterpolation, the enthalpy of vaporization for water at 295 K is (((80 - 71.33) / (80 
S60)) x 1.000 + ((71.33 - 60) / (80 - 60)) x 0.998) BTU/1bm.F = 0.9989 BTU/Ibm.OF 

I (0.9989 x 4184) J/kg.K = 4179 J/kg.K.) 

1 vapor pressure of water at the triple point (273.16 K 0.01 0C = 32.018 *F: 0.08865 psia = 

[ (0.08865 x 6894.757) Pa = 611.22 Pa (Ref. 5.6, pp. E-23, F-131) 

mole fraction of oxygen in dry air. 0.2095 (Ref. 5.6, p. F-208) 

mole fia•ton of nitrogen in dry air. 0.7809 (Ref 5.6, p. F-208) 

density of zirconium: 6.49 g/cm3 = 6490 kg/r 3 (Ref. 5.6, p. B-165) 

density of Type 316L stainless steel: 8 Mg/rn 3 = 8000 kg/r 3 (Ref. 5.12) 

nominal composition of Type 316L stainless steel (by mass): 17% -Cr, 12% Ni, 2.5% Mo, 
and balance (68.5%,) Fe. Carbon (0.03% maximum) is neglected. (Ref. 5.12) 

mass of initial uranium in fuel assembly (Babcock and Wilcox 15 x 15 / B&W Fuel 
Company Mark B4): 464.5 kg (output from sec. 6) 

inside radius of shell of 21 PWR MPC: (58.3 / 2) in. 0.74041 m (Ref. 5.11) 

inside length of shell of 21 PWRMPC: 180 in. -4.572m (Ref 5.11) 

edge length for square opening in basket fuel channels for 21 PWR.MPC: 8.8 in. 0.2235 m 
(Ref. 5.11) 

length of basket fuel channels for 21 PWR MPC: 160 in. = 4.064 m (Ref 5.11) 

thickness of 21 PWR MPC shell: I in. = 25.4 mm (Ref. 5.11) 
Sthickness of inside basket cladding for 21 PWRMPC: 0.25 i*. - 6.35 mm (Rpef. 5.11) 

I thickness of outside basket cladding for 21 PWR MPC: 0.094 in. = 2.39 mm (Ref. 5.11)
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outside diameter of fuel rod (Babcock and Wldcox 15 x 15/ B&W Fuel Company Mark B4): 
0.43 in. = 10.922 mm (output from sec. 6) 

overall length of fuel rod (Babcock and Wilcox 15 x 15 B&W Fuel Company Mark B4): 
153.68 in. = 3903.47 mm (output from sec. 6) 

thickness of fuel cladding (Babcock and Wilcox 15 x 15/ B&W Fuel Company Mark B4):..  
-0.0265 in. - 0.673 mm (output from sec. 6) 

number of fueled positions (Babcock and W'ilcox 15 xý 5 / B&W Fuel Company Mark B4): 
I 208 (output from sec. 6) 

I vapor pressure of HNO3 and H20 over solutions. of HNO3 in 1120:

mass vapor pressure of vapor pressure of 
fraction HNO3, mm Hg, at H20, mm Hg, at 
____ I20 C 25 C 120 °C 25 OC 

0.2 - - 15.2 20.6 

0.25 - 14.2 19.2 
0.3 13.2 17.8 

0.35 12.0 16.2 

0.4 - 0.12 10.8 14.6 

0.45 0.1 0.23 9.4 12.7 

0.5 0.27 0.39 7.9 10.7 

0.55 0.45 0.66. 6.7 9.1 

0.6 0.84 1.21 5.6 7.7 

0.65 1.68 -2.32 4.9 6.6 

0.7 3.00 4.10 4.1 5.5 

'0.8 8 10.5 2.4 3.2 

0.9 20 27 - 1 
1 42 57 - -

- I 

I 

- I

4.2 Criteria 

The analysis addresses the chemical properties of the fill gas and their effects on the function 
of the waste packages.• Such work is a partial response to the requirements of the Engineered .9

PC)

("-" indicates that no datum was given.) (Ref. 5.19)

M
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I Barrier Design Requirements Docwment (EBDRD) (Ref. 5.13), section 3.7.1A: Packages for 
* SNF and HLW shall be designed so that the in situ chemical, physical, and nuclear properties 

of the waste package and its interactions with the emplacement environment do not 
compromise the function of the waste packages or the performance of the underground 
facility or the geologic setting. _ 

The analysis addresses the effects of the fill gas on oxidationtreduction mattions, corrosion, 
and hydriding, and the effects of radiolysis on the fill gas. Such work is a partial response to 
the requirements of the EBDRD, section 3.7.1.B: The design of waste packages shall include, 
b But not be limited to, consideration of the following factors: solubility, oxidation/reduction 
reactions, corrosion, hydriding, gas generation, thermal effects, mechanical strength, 
mechanical stress, radiolysis, radaton damage, radionuclide retardation, leaching fire and 
explosion hazards, thermal loads, and synergistic Interactions.  

The analysis addresses the presence of chemically reactive materials in -the fill.gas. Such 
"I work is a partial response to the requirements of the EBDRD, section 3.7.1.C: The waste 
I packages shall not contain explosive or pyrophoric materials or chemically reactive materials 

In an amount that could comp omIse the ability of the underground facility to. contribute to 
waste isolation or the ability of the geologic repository to sati* the performance objectives.  

The analysis addresses the presence of free liquids. Such workis a partial response to the 
* 1 requirements of the EBDRD, section 3.7.1.D: The waste package shall not contain free 

liquids in an amount that could compromise the ability of the waste package to achieve the 
performance objectives relating to the containment of radioactive waste (because of chemical 

I interactions or formation ofpressurized vapor) or that could result in spillage and spread of 
*• contamination in the event of waste package perforation during the period through permanent 

closure.  

The analysis addresses the effect of the fill gas in degrading the ability of the MPC to 
maintain waste containment during transportation, emplacement, and retrieval. Such work is 
.a partial response to the requirements of the EBDRD, section 3.7.1.E: Waste packages shall 

I be designed to maintain waste containment during transportation, emplacement, and retrieval.  
I The more recent Mined Geologic Disposal System Requirements Docianent (MGDS-RD) (Ref.  
I 5.4) clarifies this requirement by changing "tranportation" to *transportation within the 
I MGDS'.  

43 Assumptions 

" To determine the amount of gas in the MPC, it is necessary to know the void volume of the 
C MPG and the pressure/temperature ratio at the time of filling. Rather than making a single 

(•" I assumption about the pressurehemperature ratio, separate assumptions are made about



Waste Package Development D-esign Analysis," 

Title: Analysis of Degradation Due to Water and Gases in MPC 'g - P5

Document Identifier. BBOOOOOOO-01717-0200-00005 REV 01 Page 7o0.,.  

temperature and pressure. Specific assumptions for these quantities, with values suitable for a 

21 PWR bumup credit MPC, as described in Ref 5.11, are mnade-in the following subsections.  

The quantities assumed here do not require verification. The reasoning behind this position is 

[ as follows. The amounts of degradation calculated are for complete consumption of any 
reactive species in the gas, so the amount of degradation is proportional to the quantity of 
gas. The quantity of reactive gas present will be proportional to volume times pressure 

divided by temperature. The largest credible pressure and the smallest credible temperature 
have been chosen. The volume is realistic, but, as discussed in section 4.3.1, within a factor 

of two of an absolute upper bound. It is not credible, therefore, that changes in volume, 
pressure, and temperature could cause the amounts of degradation to be more than twice what 
is predicted here. As is discussed in section 7.5, the predicted amounts of degradation are 

extremely small, and doubling the amount of degradation does not alter the conclusions of the 
analysis. There is, therefore, no need to verify the numbers that are assumed here.  

4.3.1 Void volume of MPC: The void volume of the MPC (that volume of that portion of 

the interior of the OC that is not filled with waste or interal structure) is taken to be 4 .555 

m3 for an MPC with a capacity of 21 PWRs. Tiis volume was provided by David N.  
Summers of the Vienna M&O and was supported by a non-QA analysis. The volume for 

I actual MPCs may be slightly different (For comparison, the void volume of a completely 

I empty MPC is a- (0.74041 i)2 . 4.572 m = 7.874 m3. The actual void volume is smaller 
because of the presence of the fuel, basket, and other structures.) This assumption is used in 
sections 7.1, 7.3, 7.4, and 7.7.  

4.3.2 Fill gas pressure for MPC: The MPC is taken to be filled to an absolute'pessure of 
152 kPa. This value is thesame as that chosen by David N. Summers of the Vienna M&O 

for a non-QA analysis. It is also the highest fill pressure specified for the four types of dry 

storage casks studied in PNL-6365 (Ref. 5.17, p. 4). The value for -actual MPCs is not 
I expected to be higher than this because a higher initial pressure would increase the operating 
I pressure of the MPC-but would not provide any benefits. This assumption is used in sections 

7.1, 7.4, and 7.7.  

4.3.3 Fill gas temperature for MPC: The MPC is taken to be filled at an average gas 
temperature of 295 K. This is nominal room temperature. The value for actual MPCs is 
expected to be higher because of decay heat generated by the fuel in the MPC. Therefore, 
this value is conservative, since the quantities of gas will be smaller than those calculated 
here. This assumption is used in sections 7.1, 7.3, 7.4, arid 7.7..  

4.4 Codes and Standards 

The method of analysis is not controlled by codes or standards. Conversion of non-SI 
quantities to SI is performed with conversion factors given in the American Society for.



Waste Package Dev men Design Analysis 
Thite: Analysis of Degradation Due to Water and Gases in MPC 'A 1 ( Document Identifier. BBOOOOOOO-01717-0200-00005 REV 01 .. Page -/a f •f 

Testing and Materials standard E 380-91a, "Standard Practice for Use of the International 
System of Units (SI) (the Modernized Metric System)" (Ref. 5.5).  

5. References 

5.1 Multi-Purpose Canister (•PC) Subsystem Design Procurement Specification 
(DBGOOOOOO-01717-6300-0000l REV 04, August 26, 1994) 

I 5.2 Analyze Material and Performance Information and Data in Support of Waste 
I Package/Engineered Barrier Segment Development (BB0000000-01717-2200-00004 
I REV 04, September 29, 1995) 

I 5.3 Quality Assurance Requirements and Description (DOFRW-0333P, Rev. 4, August 4, 
I 1995) 

5.4 Mined Geologic Disposal System Requirements Document (DOE/RW-0404P, 
"* BOOOOOOO-00811-1708-00002 REV 01, DCN-01, May. 1995) 

5.5 American Society for Testing and Materials,'Standard EB380-91a, "Standard Practice (for Use of the International System of Units (SI) (the Moderized Metric System)" 
(October 3, 199.1) 

5.6 CRC Handbook of Chemistry and Physics, 61st ed., Robert C. Weast, editor (CRC 
Press, Boca Raton, FL, 1980) 

5.7 CRC Handbook of Chemistry and Phycs, 74th ed., David R. Lide, editor (CRC Press, 
Boca Raton, FL, 1993), inside front cover and p. 1-1.  

5.8 D. T. Reed and- R. A. Van Konynenburg, "Effect of Ionizing Radiation on the.Waste 
Package Environment", in High Level Radioactive Waste Management: Proceedings 
of the Second International Conference, pp. 1396-1403 (American Nuclear Society, La 
Grange Park, IL, and American Society of Civil Engineers, New York, 1991) 

5.9 .American Society for Testing and Materials, Standard B 353-91, "Standard Specifica
tion for Wrought Zirconium and Zirconium Alloy Seamlets and Welded Tubes for 
Nuclear Service" (March 26, 1991) 

5.10 C. Pescatore, M. G. Cowgill, and T. M. Sullivan, Zircaloy Cladding Pferformance 
Under Spent Fuel Disposal Conditions (BNL 52235).  

5.11 MPC Conceptual Design Report (A20000000-00811-5705-00002 REV 00, September 
1994), vol. H.A, table 4.1.6-1, figures 4.2.1.1-1 and 4.2.1.1-3
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5.12 Metals Handbook, 9th ed., vol. 3, Stainless Steels, Tool Materials and Special-Purpose 
Metals (American Society for Metals, Metals Park, Ohio, 1980), pp. 34, 191.  

5.13 Engineered Barrier Design Requirements Document (YMP/CM-0024, REV 0, ICN 1, 
1 September 21, 1994) 

I 5.14 Gordon M. Barrow, Physical Chemistry, 3rd ed. (McGraw-Hill, New York, 1973), pp.  
I 548, 567.  

5.15 Q-List (YMP/90-55Q Rev. 3, December 1994) 

5.16 IOC VA.DES.NLS.1 1/94.018, "MPC Design Procurement Specification", from L. B.  
Stringer to H. A. Benton, November 9, 1994.  

5.17 R. W. Knoll and E. R. Gilbert, Evaluation of Cover Gas Impurities and Their Effects 
- on the Dry'Storage of LWR Spent Fuel (PNL-6365, November 1987) 

5.18 American Society for Testing and Materials, Standard A 480/A 480M-91a, "Standard 
Specification for General Requirements for Flat-Rolled Stainless and Heat-Resistng 
Steel Plate, Sheet, and Strip" (August 15, 1991) 

I 5.19 Chemical Engineers' Handbook, 3rd ed., John IL Perry, editor (McGraw-Hill, New 
" l- York, 1950), pp. 169-170.  

6. Use of Computer Software 

The Fuel Assemblies Data Base (FADB) (LWR Assemblies PC Database, CSCI: 
AOOOOOOOO-02268-1200-20004 VER 1.1, loaded on a 66 MHz 486 PC, ID: 108141, Serial # 

! 3088159) was used to obtain the following data: 

outside diameter of fuel rod (Babcock and Wilcox 15 x. 15 /B&W Fuel Company 
Mark B4).  

overall length of fuel rod (Babcock and Wilcox 15 x 15 B&W Fuel Company Mark 
B4) 

mass of initial uranium in fuel assembly (Babcock and Wilcox 15 x 15 B&W Fuel 
Company Mark B4) 

thickness of fuel cladding (Babcock and Wilcox 15 x 15 B&WFuel Company Mark 
B4) 

number of fueled positions (Babcock and Wilcox 15 x' 15/ B&W Fuel Company 
Mark B4J. 9
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Because of the interactive nature of FADB, no input file is given here. The description of the 
results is sufficierit to repeat the calculations. Because of the small number of data obtained, 
no output file is given here. Instead, the results are simply listed in section 4.1.2. The 
FADB software is appropriate for this application and was used only *ithin the range of 
validation.  

7. Design Analysis 

The analysis responds to requirements from the EBDRD that are listed in section 4.2. None 
of these is listed as TBD, TBV, or TBR.  

7.1 Quantity and phases of water allowed by specification 

The specification quoted in section 4.1.1 herein has been interpreted by some readers as 
meaning that up to 02.5 volume percent of the interior void volume of the loaded MPC may 
be filled with liquid water. Others have interpreted it as meaning that no liquid water will be 
present and that, by the ideal gas law, the mole fiaction of water vapor in the gas~inside the 
backfilled MPC is less than 0.0025. Still others have interpreted it as meaning that the 
residual water vapor content of the vacuum-dried MPC interior is less that 0.0025 of the ( interior void volume while the interior absolute pressure is maintained at 3 millibar.  
Although the specification may, at first glance, appear to be ambiguous about the phases of 
water present, closer examination shows that the first retation, which is discussed in this.  
"section, is untenable. The third i retation is discussed in section 7.7,-where it is shown 
that this interpretation sets the lowest limits on the concentrations of water and potentially 
reactive gases. For the balance of the analysis, the second interpretation is taken.  

* Let us examine what the first interpretation implies. C6nsider a21 PWR MPC, which has a 
* void volume of 4.555 m.3 (see. 4.3.1). Using the first interpretation, we may assume that 0.25 

I percent of this volume, 4.555 m3 x 0.0025 x 1000 L/m3 = 11.39 L, is filled with liquid water.  
Because. of the large volume of water and the fiat-bottomed shape of an MPC, there will be a 
large surface area over which water vapor can be produced. The vapor pressure of water at 

I 295 K (sec. 4.3.3) is 2618.4 Pa. If the MPC is evacuated to a pressure of 3 mhlibar f (3 x 
100) Pa = 300-Pa as specified (sec. 4.1.1), vigorous vaporization will occur. Continuous, 
rapid pumping would be necessary to achieve such low pressures while liquid water is 
present. Without rapid pumping, the specified low pressure.would not be achieved until most 

* of the water is evacuated by vacuum pumping.  

For reasonable temperatures, evaporative cooling of the water is insufficient to prevent vapor 
formation; the vapor pressure of water exceeds 600 Pa even at the triple point. In any event, 
the evaporative cooling effect is tmall. Evaporating enough water to increase the pressure im 
the MPC by 300 Pa requires 300 Pa . 4.555 m3 / ((8.31451 I/mol.K) - 295 K) = 0.557 mol of 
w water (sec. 4.3.1; sec. 4.3.3). Since the molar mass of water is (2 x 1.00794 + 15.9994)
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Sg/tmol = 18.01528 gfmol = 0.01801528 kg/mol, evaporating that quantity of water at 295 K 
[ requires an energy of 2,448,300 J/kg- 0.01801528 kg/mol • 0.557 inol - 24.6 WJ. Under adiabatic conditions, such evaporation will cool the water by only 24,600 J I ((4179 J/kg.K) • 

11.39 L - 0.99787 kg/L) - 0.52 K. An alternative approach to quantifying the cooling effect 
is to determine the. heat input necessary to boil water while keeping the temperature constant 
With a heat input of 24,600 J / 600 s = 41 W, water can be vaporized, at constant temper 
rtre, at a rate that increases the pressure in the MPC.by 300 Pa over the period of 10 minutes I = 600 s mentioned in the specification (sec. 4.1.1). The stnallness of this input is apparent if 
we compare it to the 14.2 kW spent fuel thermal output that is specified for thermal 
evaluations of an MPC (Ref. 5.1, section 5.1.1.9).  

The last sentence in section 5.1.1.7.1.C of Ref 5.1 is The sensitivityof this test shall be 
sufficient to demonstrate by calculation that the residual water content of the MWC interior is 
less than 0.25 volume percent. This requirement raises additional difficulties in interpreting 
the specification as allowing liquid water to be present. It has already been shown that, in the 
presence of significant volumes of liquid water, continuous and rapid pumping will be 
necessary to achieve a pressure of 300 Pa. The rate of vapor production will also depend in a 
complex way on conditions inside the MPC. It is difficult to imagine that the writers of the 
specification intended the MPC vendors to devise a test that is sufficiently sensitive to 
demonstrate, under such conditions, that less than 0.25 volume percent of the MPC interior is 
filled with liquid water.  

Interpreting the MPC specification as allowing 0.25 volume percent of liquid water raises 
numerous difficulties. It is therefore concluded that the correct interpretation of the 
specification is that the water is in the vapor phase and that the calculated mole fraction of 
water vapor in the gas inside the MPC must be less than 0.0025. To avoid futum confusion, 
it is suggested that Section 5.1.1.7.1.C of the specification (Ref. 5.1) be revised to change 
"residual water content of the MPC interior" to "water content of the gas in the filled MPC"e 

The allowable quantity of water under the second int aon can be calculated from the 
ideal gas law. For the assumed temperature, pressure, and void volume, and the maxim 

I allowable water concentration (025 volume percent), the amount of water present is 152,000 
aI Pa 4.555 m3 .0.0025 / ((8.31451 J/inol.K) - 295 K) = 0.706 mol. By using the molar mass 

I of water, it is found that the'mass of water is 0.706 mol x 18.01528 g/mol = 12.7 g (sec.  4.3.1; sec. 4.3.2; sec. 4.3.3). Alternatively, if the void volume is filled with water vapor at 
300 Pa, the quantity of water present is 300 Pa 4.555 m3 / ((8.31451 J/tool-K) - 295 K) = 
0.557 mol. The larger value is used here for conservatism and to account for any outgassing 
that may occur after evacuation.

Waste Packaoa alva~nnimonf-
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* 7.2 Effect of hydrogen from water 

Water can be decomposed by radiolysis into hydrogen, hydroxyl (OH) radicals, hydrogen 
"peroxide, oxygen, and other reactive species (Ref. 5.8). The net rate of decomposition under 
service conditions is not known. It will depend on the strength of the radiation field, the rate 
at which radiolytic products are consumed (e.g., by oxidation of metals or dissolution of 
hydrogen in metals), the rate of reverse reactions, and the effectiveness of ionized atoms of 
inert fill gas in promoting decomposition of water. However, it is conservative to assume that 
all of the water is decomposed and the products react with the waste or metal components 6f 
the MPC.  

Because of the affinity of zirconium for hydrogen, we may assume that the radiolytic 
hydrogen is absorbed by the fuel cladding and determine the effect of such hydrogen on 
embrittlement of the cladding. The mass of the cladding can be calculated as follows. If end 
pluigs are neglected, the mass of the cladding for one fuel rod can be calculated from the 
density of zirconium and the formula for the volume of a cylindrical shell to be n x (10.922 
mm - 0.673 mm) x 0.673 mm x 3903.47 mm x 10-9 m3/mm3 x 6490 kg/; 3 = 0.5490 kg; For 
an entire 21 PWR MPC, the mass of the cladding is then 208 x 21 x 0.5490 kg - 2398 kg.  

I Radiolysis of the maximum allowable amount of water (12.7 g) will produce (((2 x 1.00794) / 
"( I18.01528) x 12.7) g = 1.42 g of hydrogen, so the increase in hydrogen content of the 

"zirconium will be at most (0.00142) kg / 2398 kg = 0.59 x 10"6 = 0.59 parts per million 
(ppm). In contrast, cladding specifications (Ref. 5.9) allow up to 25 ppm of hydrogen, and 
fuel designers usually limit hydrogen pickup to 500 to 600 ppm (Ref. 5.10, p. 46) to control 
hydrogen embrittlement The additional hydrogen provided by the residual water is negligi
ble.  

7.3 Effect of oxygen 

To determine the effect of oxygen, we calculate the amount of oxygen present (from water or 
other sources). We assume (conservatively) that all of the oxygen is present in a reactive 
form. We calculate the maximum possible depth of oxidation from the amount of oxygen 
and the area of exposed metal.  

Upon evacuation of the MPC to a pressure of 300 Pa (sec. 4.1.1), and if the remaining gas in 
the MPC is conservatively taken to be dry air, the partial pressure of oxygen wul.be 300 Pa 
0.2095 = 63 Pa. The partial pressure of oxygen will remain after backfilling. The amount of 
'I residual oxygen from the dry air is thus 63 Pa -4.555 m3 / ((8.31451 JImol.K) - 295 K) = 

* I 0.117 mol (sec. 4.3.1; sec. 4.3.3). To this we add the oxygen that will become available if 
I the maximum allowable amount of water is also available. This treatment is appropriate if 

. I water outgasses after evacuation of the MPC. The mass of oxygen is 12.7 g-20 i (15.9994 
.-4 g 0 / 18.01528 g H20)-= 11.3 g from water vapor andO0.117mol 0 2 • 31.9988 g1mol 0 2 =
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/77 i'r1k 
1. 3.7 g from residual air, for a total of (11.3 + 3.7). g = 15.0 g = 15.0 g / (2 x 15.9994 g/mol) 

0.470 mol 02.  

I For the 21 PWR bumup credit MPC, the interior surfaces of the MPC are made of Type 316L 
stainless steel, which has a density of 8000 kg/M3 and a nominal composition of 17% Cr, 

[ 12% Ni, 2.5% Mo, and 68.5% (balance) Fe. The influence of carbon (0.03% C maximum) is 
I neglected. To oxidize I in3 of this materil, we need 

[ 8000 kg x 0.17 = 1360 kg Cr = (1360 kg) /(0.0519961 kgfmol) - 26,200 mol Cr, oxidation 
SJto Cr20 3 requires (3/4) x 26,200-mol = 19,600 mol O2 
J 8000 kg x 0.12 = 960 kg Ni = (960 kg) / (0.0586934 kg/mol) -16,400 inol Ni; oxidation to 
I NiO requires (1/2) x 16,400 mol= 8200 mol'O2 
I 8000 kg x 0.025 = 260 kg Mo = (200 kg) / (0.09594 kglmol) 2100 inol Mo; oxidation to 
I MoO 3 requires (3/2) x 2100 mol = 3100 tool 02 
I 8000 kg x 0.685 = 5480 kg Fe = (5480 kg) / (0.055847 kg/mol) =98,100 mol Fe; oxidation 
I to Fe20 3 requires (3/4) x 98,100 tool = 73,600 mol 02.  

- The total amount of oxygen needed is-thus (19,600 + 8200 + 3100 + 73,600) mol 02 
I 104,500 mol 02 per cubic meter of alloy. ) 

From the formulas for the areas of cylinders and circles, the area of the inner surface of the 
shell is 2c- 0.74041 mi- 4.572 m + 2c- (0.74041 M)2 = 24.7 m2; the surface area of the fuel 
channels is 21 4. 0.2235 m. 4.064 m = 76.3 mn2 ; the total exposed surface area inside the 

. MPC is at least 101 m2. A substantially larger area might be justified. The fuel basket is 
f composed of an array of square tubes. The tubes are placed so that the outer snfaces face 
I other tubes or support structures and therefore are not fully exposed. The outer surfaces of 
I the tubes are not included in the area calculation above. As a result, the treatment is 
Iconservative in that it may overestimate the depth of oxidation. The maximum depth of' 
[ oxidation for the exposed alloy is thus 0.470 tool / (104,500 mol/m3- 101 nP) = 45 nm. This 
I may be compared to thicknesses of about 25.4 mram for the shell, 6.35 mm for the inside 
I basket cladding, and 2.39 mm for the outside basket cladding. The effect of oxidationis 

considered to be negligible because the, maximum depth of oxidation is smaller than the 
permissible variations in thickness. Standard specifications for this material allow these 
members to be up to 0.25 mm, 0.25 mm, and 0.36 mmudersize, respectively (Ref. 5.18, 
Tables AI.2 and Al.17).  

Fuel cladding is zirconium with small amounts of alloying elements (Ref 5.9). For the 
purposes of calculating oxidation depths we may use the density of the pure metaL 
Zirconium has a density of 6490 kg/m3, so to oxidize I m3 of zircoMnium to ZrO2, we need 
(6490 kg/m3) / (0.091224 kg/mol) =71,100 inol 02.



-Waste Package Development Analysis 
Title: Analysis of Degradation Due to Water and Gases in MPC i2, 13 ( Document Identifier: BBOOOOO0-01717-0200-00005 REV 01 Page 1.of 22 r 

The total number of rods per MPC is 21 assemblies 208 rods/assembly = 436.8 rods. The 
area of the fuel cladding is 4368 •- •i 10.922 mm. 3903.47 mm = 585 m.2. The maximum 

I depth of oxidation for the cladding is thus 0.470 mol / (71100 mol'm3 - 585 m2) = 11 nn.  
I This may be compared to 0.673 mm, the thickness of the fuel cladding (sec. 6).• Again, the 

effect of oxidation is considered to be negligible because the maximum depth of oxidation is 
smaller than the permissible variations in thickness. Standard s "cificaoons for this material 
allow a variation in wall thickness of *10% (Ref. 5.9, Table 5).  

7.4 Effect of nitrogen 

I Radiolysis of residual nitrogen in the MPC could lead to formation of gasýous HNO3 and 
I possibly condensation of nitric acid solutions. Because of the high diffusivity of gases, 

gaseous HNO3 would be expected to produce uniform attack, the depth of attack being 
*- I limited by the amount of available oxygen. Liquid nitric acid solutions could produce 

I localized attack. This section assesses the possibility that such solutions will condense.  * I 
Upon evacuation of the MPC to a pressm- of 300 Pa, and if the remaining gas in the MPC is 
conservatively taken to be dry air, the partial pressure of nitrogen will be 300 Pa- 0.7809 
234 Pa. The partial pressure of nitrogen will remain after backflling. The amount of ( residual nitrogen is thus 234 Pa 4.555 m' / ((8.31451 J/mol-K) • 295 K) = 0.435 mol (see.  
4.3.1; sec. 4.3.3). We assume that production of HNO3 is limited by the availability of 
constituent elements. This assumption is extremely conservative. Since amount of oxygen 

I available in the gas is equivalent to only 0.470 mol 02, the amount of HNO3 that can be 
i. I formed is limited by the oxygen supply to 0.470 mol x (2/3) = 0.313 mol HNO . Since the 

I molar mass of HNO3 is (1.00794 + 14.00674 + 3 x 15.9994) g/nol = 63.01288 g/tol, this is 
I 0.313 m61 x 63.01288 g/mol=19.7gHNO3. That quantityofgaswill &veapartial 

pressure of 0.313 mol • (8.31451 S/hnol-K) - 295 K /4.555 min 169 Pa (sec. 4.3.1; sec..  
S4.3 .3).  

Under suitable conditions, gaseous HNO3 and water vapor can condense to form a solution of 
nitric acid. At equilibrium, the partial pressures of HNO3 and H20 in the gas phase are equal 
to the respective vapor pressures of these components in the solution. For condensation to 
occur, therefore, it must be possible to find a liquid composition for which the vapor 
pressures of HNO3 and H20 are both no larger than the respective partial pressures of these 
gases as calculated above. The vapor pressures of the gases at 295 K may be calculated from 
the vapor pressure data given in section 4 by interpolating according the Clausius-Clapeyron 
equation (Ref. 5.14), which states that the logarithm of vapor pressure varies linearly with 
inverse temperature. To interpolate to 295 Kfrom 20 OC - 293.15 K and 25 *C u 298.15 K, 
the appropriate equation is 

[(1t29".15 -/295)nP 293 .15 +(/295 -It 93)InPrnu)] 
2,3 (1M298.15 - 1M293.15)
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Here P is the vapor pressure of the component under consideration and the subscript indicates 
the temperature, in kelvins, at which the pressure is observed.  

From treatments of ideal solutions in physical chemistry (Ref 5.14), it is expected that vapor 
pressures will correlate more predictably with the mole firacion of the components than with 
the mass fraction. F6r a solution of two components A and B, the mole fractions may be 
obtained from the equation 

F,= XmA/IMA (2) mAI/MA, + (2) 

wheretmA and m -= I - mA are the mass fractions ofA and B, respCtively, M anad MB are 
the molar masses of A and B, respectively, and y is the mole fraction of A. As was 
calculated previously, the molar mass of H1O and HNO3 are 18.01528 g/mool and 63.01288 
g/tmol, respectively.  

Applying the two equations above gives the following results: 

Calculation of vapor pressure of HNO 3 and H20 at 295 K 

1 2 3 4 5 8 7 8 9 10 

mole mass P2&I1  P29Ls Pus s 2s5 P295  2  P2 219 pIs2 5  P295 
fraction fraction mm Hg mm H9 mm Hg Pa mm-Hg -mm Hg mm Hg Pa 
HNO 3 HNO 3  HNO 3  HNO 3  HNO HNO3 H20 H20 H2 0 H20 
0.0 .00 0.0 -218.4 
0.067 0.20 15.2 20.6 17.030 2270.5 
0.087 0.25 14.Z 19.2 '15.896 21.19.3 
0.109 0.30 13.2 17.8 14.781 1988.0 
0.133 0.35 .12 1.8.2 13.425 1789.9 
0.160 0.40 Q.12 10.8 14.6 12.089 1611.7 
0.190 0.45 0.15 0.23 0.176 23.5 9.4 12.7 10.519 1402.5 
0.222 0.50 0.27 0.39 0.310 41.3 7.9 10.7 8.849 1179.8 
0.259 0.55 0.45 0.68 0.519 69.2 6.7 9.1 7.5i3 1001.6 
0.300 .0.60 0.84 1.21 0.963 128.4 5.8 7.7 8.308 841.0 
0.347 0.65 1.88 2.32 1.896 252.7 4.9 6.6 5,477 -730.2 
0,400 0.70 3 4.1 3.372 449.5 4.1 5.5 4.576 810.1 
0.533 0.80 8 10.5 8.856 1180.7 2.4 3.2 2.673 356.3 
0.720 0.90 20 27 22.375 2983.1 1 
1.000 1.00 42 57 47.081 8276.9 0.0 

The mass fractions from column 2 are used with Equation 2 to calculate the mole fractions in 9 
column 1. The vapor pressures in columns 3 and 4 are used in Equation 1 to calculate the
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vapor pressures in column 5. The vapor pressures in columns 7 and 8 are used similarly to" 
calculate the vapor pressures in column 9. Finally, the conversion factor 1 mm Hg-= 133.322 
Pa is used to convert from the vapor pressures given in columns 5 and 9 to those in columns 
6 and 10, respectively. Note that vapor pressure data were sometimes available only at the 
higher temperature. Where this occurred, interpolation of vapor pressures by Equation 1 was 
not possible.  

In these calculations, the vapor pressure data from the table in section 4 have been 
supplemented in two ways: First, the vapor pressure of HNO3 over pure water and the vapor 
pressure of water over pure nitric acid are both zero. Second, the vapor pressure for pure 
water has been taken from the independent calulation of this quantity in section 4. To aid 
visualization, the results in the table have been plotted in the figure below.
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With this information, the question of the possibility of condensation can be answered.  
Because of the requirements of the MPC specification, the partial pressure of water vapor 
cannot be more than 152,000 Pa x 0.0025 = 380 Pa. It has also been shown above that the 
partial pressure of HNO3 cannot exceed 169 Pa. These pressures are indicated in the figure
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I by dashed lines. Because of the smallness of the partial pressure of water vapor, 
Scondensation of solutions with mole fiactions of nitric acid less than about 0.521 is 

impossible. This composition is obtained by linear interpolation on mole fraction from data 
for H20 vapor pressure at mole fractions 0.400 and 0.533: A vapor pressure of H20 of 380 
Pa is expected at a mole fraction of HNO3 of 0.400 + ((380 Pa - 610.1 Pa) / (3563 Pa 

I 610.1 Pa)) x (0.5.33 - 0.400) = 0.521. Similarly, because of the smallness of the partial 
pressure of HNO3 vapor, condensation of solutions with mole firactions of nitric acid greater 

Ithan about 0.315 is impossible. This composition is obtained by linear interpolation on mole 
I fraction from data for HNO3 vapor pressure at mole.fractions 0.300 and 0347: A vapor 

pressure of HNO3 of 169 Pa is expected at a mole fraction of HNO3 of 0.300 + ((169 Pa 
128.4 Pa) / (252.7 Pa - 128.4 Pa)) x (0.347 - 0.300) = 0.315. Therefore, condensation of 
nitric acid solutions is impossible, regardless of composition.  

S7.5 Effect of impurities in fill gas 

PNL-6365 states that the standard fill gas for dry storage casks is helium with a purity of 
I 99.995% (Ref. 5.17, p. 10), so the maximum impurity content is 0.005%, or 0.00005 x 
I (152,000 Pa) x (4.555 in3 > / ((8.31451 J/mol.K) x (295 K)) = 0.014 mol of impurities. This 
I is much smaller than the amounts of water, oxygen, and nitrogen calculated above and will 

have a negligible effect on the calculations. ) 
7.6 Other types of MPC 

t Analysis of other types of MPC will give slightly different results. For the following reasons, 
* however, the results will not differ significantly. (1) The effect of residual water on 

Shydriding is extremely small (sec. 7.2). Credible changes in fuel or'MPC desigp will not give 
significant amounts of hydriding. (2) The residual oxygen can cause only gxtremely small 
depths of oxidation (sec. 7.3). Credible changes in fuel or MPC design will not cause 

I significant amounts of oxidation. (3) The maximum possible vapor pressures of water and 
HNO3 are independent of fuel type and void volume, so condensation of nitric acid cannot 
occur, regardless of fuel or MPC type (sec. 7.4).  

7.7 Application of water content limit at h00 Pa pressure 

As mentioned previously, Section 5.1.1.7.1.C of the specification (ReL 5.1) can be interpreted 
as meaning that the water content is limited to 0.25 volume percent when the MPC interior is 

.at an absolute pressure of 300 Pa. Under thiis tation, the allowable amount of water is 
S300 Pa - 4.555 mi3 0.0025 / ((831451 R/mool-K) - 295 K) = 0.00139 mol H20-= 18.01528 

Ig/mol x 0.00139 mol H20 = 0.0251 g H20 (sec. 4.34; sec. 43.3). -.Upon ra iolysis, this 
water could be dissociated to form 0.00139 mot:H2 l 0.00139 tool x • x 1.00794 ghmol = 

I 0.00281 g H2 = 2.81 mg H2 plus (112 x:.A0139) mol =-0.000696 mol O2= 0.000696 mol x 
1(2 x 15.9994) g/tool --0.0223 g O2. Bedas "the ilAle amounts of hydrogen and oxygen
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under this interpretation are both smaller than what was calculated in.sections 7.2 and 7.3, the 
amounts of damage will also be smaller.  

In contrast to the calculation in section 7.4, the amount of HNO3 that could form is now 
I limited by the availability of hydrogen. The maximum amount of HNO3 that could be 
I -formed is (0.00139 x 2) mol =. 0.00279 mol HNO3 = 0.00279 mol x 63.01288 g/mol = 0.176 
I g HNO3. Since the amounts of HNO3 and water vapor are both smaller than the amounts 
f" calculated in section 7.4, condensation of nitric acid solutions is of even less concern.  

8. Conclusions 

Analysis of the effects of water and gases in the MPC shows that the'Multi-Purpose Canister 
(MPC) Subsystem Design Procurement Specification (Ref. 5.1) places sufficiently stringent 
conditions on the dryness requirements for the MPC cavity environment after loading and 
closure operations at the Purchaser site. The requirements of the specification are found to be 
inconsistent with the interpretation that upto 0.25 volume percent of the interior void volume 
of the loaded MPC-may be filled with liquid water. To avoid future coifdsion, it is 
suggested that Section 5.1.1.7.1.C of the specification (Ref. 5.1) be revised to change 
"residual water content of the MPC interior" to "water content of the gas in the filled MPC".  
If high-purity helium is used to fill the MPC, oxygen and nitrogen are also adequately 
controlled. The MGDS does not impose additional restrictions on water or gases beyond 
those given in Reference 5.1.  

The Multi-Purpose Canister (MPC) Subsystem Design Procurement Specification (Ref. 5.1) 
imposes sufficiently stringent requirements on the quantity of water and composition of gases 
inside the MPC that any damage to the waste package by the fill gas will be negligible. In 
view of this, the following criteria are satisfied: 

The requirements of the EBDRD, section 3.7.1 A, are met to the extent that the 
chemical properties of the fill gas do not compromise. the function of the waste 
packages.  

The requirements of the EBDRD, section 3.7.1.B, are met to the extent that the effects 
of oxidation/reduction reactions, corrosion, hydriding, and radiolysis on the fill gas 
have been analyzed and found, not to produce significant harmful effects.  

The requirements of the EBDRD, section 3.7.1.C, are met to the extent that the fill gas 
has been found not to contain chemically reactive materials in an amount that could 

* compromise the ability-of the waste package to contribute to waste isolation.  

(3 [ The requirements of the EBDRD, section 3.7. 1.D, are met to the extent that the MWC 
is found not to contain free liquids in an amount that could compromise the ability of
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the waste package to achieve the performance objectives relating to the containment of 
radioactive waste (because of chemical interactions or formation of pressuized vapor) 
or result in spillage and spread of contamination in the event of waste package 
perforation during the period through permanent closure.  

The requirements of the EBDRD, section 3.7.1E, are met to the extent that the fill gas 
will not degrade the ability of the MPC to maintain waste containment during 
transportation within the MODS, emplacement, and retrievaL
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S Purpose 

This analysis is prepared by the Mined Geologic Disposal System (MGDS) Waste 
Package Development Department (WPDD) to provide an assessment of the present waste 
package design from a criticality risk standpoint The specific objectives of this initial 
analysis are to: 

I. Establish a process for determining the probability of waste 
package criticality as a function of tinie (in terms of a cumulative 
distribution function, probability distribution function, or expected 
number of criticalities in a specified time interval) for various 
waste package, concepts; 

I 2. Demonstrate the established process by estimating the probability I of criticality as a function of time since emplacement for an intact I uncanistered fuel waste package (UCF-WP) configuration; 
3. Identif the dominant sequences leading to waste package criticality 

for subsequent detailed analysis.  

The purpose of this analysis is to document and demonstrate the deVeloped process as it 
Shas been applied to the UCF-WP. This revision is performed to correct deficiencies in I the previous revision and provide further detail on the calculations performed.  

Due to the current lack of knowledge in a number of areas, every attempt has been made .  
to ensure that the all calculations and assumptions were conservative. This analysis is 
preliminary in nature, and is intended to be superseded by at least two more versions prior * j to license application. The information and assumptions used to generate this analysis are 
unverified and have been globally assigned TBV identifier TBV-059-WPD. Future 

I versions of this analysis will update these results, possibly replacing the global TBV with 
a small number of TBV's on individual items, with the -goal of removing all TBV I designations by license application submittal. The final output of this document, the a I probability of UCF-WP criticality as a function of time, is therefore also TBV.  

This document is intended to deal only with the risk of internal criticality with unaltered 
fuel configurations. The risk of altered fuel config~uration, or external, criticalities will 
be evaluated as part of our ongoing criticality risk analyses. The results will be contained 
in interim reports, and collected into the next version of the Waste Package Probabilistic 
Criticality Analysis (1996).  

2. Quality Assurance 

This activity entails the use of risk assessment techniques to assess the probability of a 
UCF-WP criticality event This activity will also provide input for the Total System 
Performance Assessment (TSPA) which will be included -in the License Application * Design (LAD) phase and may -be used to set design requirements and material ) 

J.R. Massari Checker. L.E. Booth " '



Waste Package Qvc _)ment J Design Analysis 
Title: Initial Waste Package Probabilistic Criticality Analysis; Uncanistered Fuel clv) A: 
Document Identifier: BOOOOOOO-01717-2200-00079 REV 01. 10/5/95 Pageof 

* specifications. Therefore, it bas the potential to affect the design and fabrication 
requirements of the Waste Package/Engineered Barrier Segment. This activity can impact 

the proper functioning of the MGDS waste package; the waste package has been 
identified as an MGDS Q-List item important to safety0 s". The QA Program applies to 
this analysis. The WPDD QAP-2-0 Work Control evaluationOs2 ) determined that "Perform 
Probabilistic Waste Package Design Analysis, within which this analysis is prepared, is 
subject to QARD requirementsP3 ). Applicable procedural controls are listed in the 

* evaluation. The information and results presented in this analysis are preliminary and, at 
this time, are yet to be verified (TBV-059-WPD). Any additional'notation of TBV will 
be omitted since the TBV qualification applies universally to the contents of this 
analysis.  

3. Method 

A quantitative estimate of the probability of a UCF-WP criticality event, and the dominant 
sequences leading to this event, will be determined using the method of fault tree analysis.  
In the first step, a qualitative Failure Modes and Effects Analysis (FMEA) will be 
performed to determine the credible initiating events, and UCF-WP failure modes which 
could lead to criticality. This process is similar to that used for failure mode analysis of 
complex systems, such as those in a nuclear power plant. In the present case the system 
is the engineered barrier (whose components include the barriers and basket of the waste 
package). Failure modes for components within the defined system are evaluated for their 
impact on other components and the system as a whole.  

The FMEA will be conducted within the framework of a fault tree analysis. The analysis 
method includes the following steps: 

" 1. Definition of the system to be analyzed and its boundaries; 
2. Performance of a quialitative Failure Modes and Effects Analysis 

(FMEA) to determine the credible initiating events and subsequent 
individual component failure modes (basic events) which could lead 
to criticality; 

3. Development of the fault tree-logic structure indicating the 
sequences of events which could lead to waste package criticality 
(the top event); 

4. Description of discrete events and those which take place continuously 
over time; 

5. Estimation of probabilities of discrete events and probability 
density functions (probabilities per unit time) based on the current 
understanding of their likelihood of Qccurrence; 

6. Quantification of the fault tree to determine the probability of 
occurrence of the top event (waste package criticality).  

S( Initiating and basic event probabilities used in the fault tree will be determined by 

*Origfinator: J.R. Massari Cieckez. _LE. Booth
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UCF-WP Basket Inner Length: 
Length from Basket to Inner Lid 
Outer Barrier Material: 
Outer Barrier Thickness: 
Inner Barrier Material: 
Inner Barrier Thickness: 
Basket Absorber Material: 
Filler Material:

4580 mm, Reference 5.32 
5 mm, Reference 5.32 
ASTM A 516 Carbon Steel, Key 042, Reference 5.5 
100 mm, Reference 5.7 
Incoloy Alloy 825, Key 042,-Reference 5.5 
.20 mm, Reference 5.7 
Borated Type 316 Stainless Steel Reference 5.7 
Inert Gas, Reference 5.7

Emplacement Drift and Near-field Environment
Thermal Loading: 
Backfill: 
Drift Diameter.  
TSw2 Volumetirc Fracture Freq.:

24.2 MTU/acre Reference 5.11 
None, Key 046, Reference 5.5 
4.27 m (14 ft), Reference 5.11 
19.64 ractures/rn Reference 5.24

Materials Corrosion Data

All materials corrosion data used as input to -develop distributions is provided in Table 
7.6 and Attachment I.  

WP Criticality Data 

Figure 6.8.3-5, Time Effects'on Criticality Potential - 21PWR Metallic Multi-Barrier WP 
Design (No Additional Neutron Absorbers Added), Reference 5.7.  

Table 2, Percentiles of Burnup and Criticality, Reference 5.25.  

4.2 Criteria 

The analysis addresses the probability of criticality events. Such -work is a partial 
response to the following requirements:

The Engineered Barrier Segment design organization shall establish and execute a 
reliability, availability, and maintainability program to support Integrated Logistics 
Support and the general engineering program for the Engineered Barrier Segment.  

Originator. J.R. Massari C r
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statistical analysis of experimental information on UCF-WP material degradation, witd the " 
assistance of empirical, mathematical models of underlying physical mechanisms and 
forecasts of the environmental conditions and hazards which make up the initiating events.  

4. Design inputs 

4.1 Design Parameters

I I 
I
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( Reliability shall be addressed as an element of design reviews. [EBDRD 3 .2-5.1.1]04) '•L 

The Engineered Barrier Segment shall be designed to ensure that a nuclear criticality 
accident is not possible unless at least two unlikely, independent, and concurrent or 

sequential changes have occurred in the conditions essential to nuclear criticality safety.  
Each system shall be design'ed for criticality safety under normal and accident conditions.  
The calculated effective multiplication factor must be sufficiently below unity to show at 

least a five percent margin, after allowance for the bias in the method of calculation and 

the uncertainty in the experiments used to validate the method of calculation. [EBDRD 
3.2.2.6.A]('A) 

4.3 Assumptions 

Assumptions and their bases are given in Section 7, in connection with the individual 
S-events. They have been italicized for easy identification and generally contain a form of 

SI the word "assume" (note: single words and titles which may be italicized are not 
assumptions). The assumptions are generally conservative, so that they involve larger 
probabilities of the events in the sequences leading to criticality. The only exception is 

for the corrosion events, for which we have attempted to be as realistic as possiblewithin 
the context of presently available experimental and theoretical understanding.  

4.4 Codes and Standards C_ 
The following document was used as a standard for the construction and evaluation of 
fault tree models: 

* Fault Tree Handbook, NUREG-0492, U.S. Nuclear Regulatory Commission, Washington, 

D.C., January 1981"'s 

* 5. References.  

5.1 "Yucca Mountain Site Characterizaon Project Q-List," YMP/90-55Q, REV 3, 
December 1994 

I 5.2 'Perform Probabilistic Waste Package Design Analyses SCPB:N/A," DI# 
I BBOODOOOO-01717-2200-00030 REV 01, August 30, 1995 

I 5.3 "Quality Assurance Requirements and Description," DOFJRW-0333P, REV 4, 
SI August 4, 1995, 

5.4 "Engineered Barrier Design Requirements Document," YMPICM-0024 REV 0, 
ICN 1, September 21, 1994 

C5.5 "Controlled Design Assumptions Document, DI# BOOOOOO-0017174600-00032 

Originator. J.R. Massari 1(ciecker. LE. Booth
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5.6 'Fault Tree Handbook," NUREG-0492, U.S. Nuclear Regulatory Commission, 
Washington D.C., January 1981 

5.7 'Initial Summary Report for Repository/Waste Package Advanced Conceptual 
Design," DI# B00000000-01717-5705-00015 REV 00, August 29, 1994 

5.8 Modarres, M., 'What Every Engineer Should Know About Reliability And Risk 
Analysis," Marcel Dekker, Inc., New York, NY, 1993 

I 5.9 McCoy, J.L, 'Updated Report on .RIP/YMIM Analysis of -Designs," DI# 
S I BBAOOOOO-01717-5705-00002 REV 02, July 13, 1995 

5.10 Stahl, David, "Waste Package Corrosion Inputs," IOC LV.WP.DS.06/3.107, June 
21, 1993 

5.11 Bahney I. R.H., "Thermal Evaluations of Waste Package Emplacement," DI# 
BBAOOOOOO-01717-4200-00008 REV 00, July 21, 1994 

5.12 Buscheck, TA., Nitao, JJ, Saterilie, S.F, 'Evaluation of Thermo-Hydrological 
Performance in Support of the Thermal Loading Systems Study, i` High Le.el 
Radioactive Waste Management: Proceedings of the Fifth. International 
Conference, (American Nuclear Society, La Grange Park, IL, and American 
Society of Civil engineers, New York, 1994), pp. 592-610 

5.13 Sandia National Laboratories, "Total-System Performance Assessment for Yucca 
Mountain - SNL Second Iteration" (TSPA-1993) (SAND93-2674), April 1994 

5.14 Knief, R.A., "Nuclear Criticality Safety -Theory and Practice,' American Nuclear Society, La Grange Park, IL,. 1993 

5.15 'Initial Demonstration of the .NRC's Capability to Conduct a Performance 
SAssessment for a High-Level Waste Repository," NUREG-1327, May 1992 

5.16 Gdowski, G.E., Bullen, D.B., "Survey of Degradation Modes of Candidate 

Materials for High-Level Radioactive- Waste Disposal Containers,' UCID-21362 
Vol. 2, August 1988 

5.17 "Immersion Studies On Candidate Container Alloys For The Tuff Repository," 
NUREG/CR-5598, May 1991 

5.18 'CRC Handbook Of Chemistry aid APhysics," 66th Edition, CRC Press, Inc., Boca 
Raton, FL, 1985 -j IOriginator: J.R. ,Ma :ssari [ Checker. -E 'ot
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5.19 "Swedish Nuclear Fuel and Nuclear Waste Management Co, Site Characterization 
and Validation - Final Report," STRIPA PROJECT 92-22 (April 1992) 

5.20 'ASM Handbook, Volume 13 - Corrosion," ASM International, December 1992 

5.21 McCright, R.D., Halsey, W.G., Van Konynenburg, tLA., "Progress Report On The 
Results Of Testing Advanced Conceptual Design Metal Barrier Materials Under 
Relevant Environmental Conditions For A Tuff Repository,." UCID-21044.  
December 1987 

5.22 Jones, D.A., Howryla, R.S., 'Electrochemical Sensor to Monitor Atmospheric 
Corrosion in Repository Environments," presented at Waste Package Workshop, 
Las Vegas, Nevada, September 21-23, 1993 

5.23 "Pitting, Galvanic, and Long-Term Corrosion Studies on Candidate Container 
Alloys for the Tuff Repository," NUREG/CR-5709, January 1992 

5.24 Bauer, SJ., Hardy, M.P., LUi M., 'Fracture Analysis and Rock Quality Designa
tion Estimation for the Yucca Mountain Site haracterization Project," SAND92
0449, February 1993 

5.25 Gottlieb, P., 'Waste Package Design Basis Fuel Analysis', DI# BBAOOOOOOO
01717-0200-00121 REV 00, February 22, 1994 

5.26 Cerne, S.P., Hermann, O.W., and Westfall, R.M., "Reactivity and Isotopic 
Composition of Spent PWR Fuel as a Function of Initial Enrichment, Burnup, and 
Co6ling Time-, Oak Ridge National Laboratory, 1§87 (ORNIJCSDITM-244) 

5.27 National Research Council, "Ground Water at Yucca Mountain, How High Can 
it Rise", National Academy Press, Washington, D.C., 1992 

5.28 Andrews, R., Dale, T., and McNeish, J., *Total System Performance Assessment
1993: An Evaluation of the Potential Yucca Mountain Repository", DI# 
BOOOOOOOO-01717-2200-00099 REV 01, 1994.  

5.29 Flint, A.L., Flint, LE., "Spatial Distribution of Potential Near Surface Moisture 
Flux at Yucca Mountain%, Proceedings of the Fifth Annual International 
Conference on High Level Radioactive Waste Management, pp. 2352-2358, 
American Society of Civil Enginers, 1994 

5.30 Anna, L. 0., USGS, Private communication 

5.31 Wheatfall, W.L., "Metal Corrosion in Deep-Ooean Efiironments," Naval 
( Engineers Jounal, NNA.890919.02S0, August 1967.
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5.32 Wallin, W.E., wWaste Package Sizing Spreadsheet ACD Sizing, Masses anŽ 8' 
SI Costing,3 IOC LV.WP.WEW.7/95-229, July 14, 1995.  

6. Use of Computer Software 

Microsoft Excel version 4.0 spreadsheet. software was used to plot certain graphs, and as 
" I a general calculational aid. Plotting of the fault tree diagr~ns was performed using 
ICAFTA version 2.3. Evaluation of McIoy's corrosion model utilized a simple C code 

provided by McCoy. Matbcad+ version 5.0 was used to perform the convolutions of the 
various distributions, the quantification of the fault tree, and to perform some additional 
calculations and plots. All software used meets the QAP-SI-0 definition of Computational 
Support Software. All software inputs, user defined formulas, algorithms, and outputs 

- .are contained in Attachment L 

7. Design Analysis 

7.1 System Description 

The first step in performing any risk analysis is to provide a clear and concise description 
of the boundaries of the system to be analyzed. The system boundary for this analysis 
includes the waste package and the local drift environment into:Which it has been 
emplaced (see Figure 7.1). These are collectively referred to as the engineered'barrier 
system in the context of this analysis. Events which may affect the local drift environ
ment but are not part of the system defined here, tuch as changes in water infiltration rate 
or climate, are considered external events (which are usually initiating events).  

The waste package concept to be evaluated in this analysis is the 21 Pressurized Water 
Reactor (PWR) fuel assembly Uncanistered Fuel Waste Package (UCF-WP) described 

- in section 6.2.3 of Reference 5.7. Criticality risk foi the emplacement package containing 
the Multi-Purpose Canister (MPQC is evaluated in a companion document to this. Other 
spent fuel configurations will be included with the update of this analysis planned for 
April 1996. In the UCF-WP, spent nuclear fuel (SNF) assemblies are isolated from the 
external environment by a container consisting of two layers or barriers. The outer barrier 
consists of 100 mm of A 516 carbon steel corrosion allowance material. The inner barrier 
is fabricated from 20 mm of Incoloy Alloy 825 corrosion resistant material. Two designs 
have been proposed for the internal basket s ; an interlocking plate basket (ILB) 
design, and a bundled tube basket design. The ILB design provides criticality control by 
fabricating all plates separating fuel assemblies from neutron absorbing material. This 
material consists of 10 mm of borated Type 316 stainless steel. The tube design achieves 
criticality control by placing each asembly in neutron absorbing Type 316 borated 
stainless steel tubes that are 5 mm thick (resulting in 10 mm of borated stainless steel 
between adjacent assemblies). For the current mudysis, both designs will be triated 
identically as a single 10 mm thickness of stainless steeL The rmainder of the interior 
of the UCF-WP is asmwed to contain only an inert gas and no filler-mwaterialP-. The

Originator: J.R. Massari I. Checker: LE. Booth
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UCF-WP design is assumed to have an inner cavity length of 4.585 mO32).  

The local emplacement environment to be used in this evaluation is consistent with the 

horizontal in-drift emplacement concept using a low-thermal loading (242 MTU/acre) 
strategy and 4.27 mn (14 ft) drifts. It is also assumed that backfdling of the emplacement 

drifts has not been performedL With a low thermal loading, the near-field temperatures 

fall below the boiling point of water within 200 years following last emplacementuP).  

The lower temperatures result in reduced rock stresses, providing more stable and longer 

lived emplacement drift openings. However, the relatively quick drop below the boiling 

point of water (as opposed to that for a high thermal loading) greatly reduces the time 

before liquid water can 'come into contact with the waste package. The presence of water 

would result in more rapid corrosion of the waste package barriers and enhance the 

subsequent leaching of the neutron absorber material from the basket structure. It also 

allows for the possibility that the waste package interior could fill with water (which is 

the most efficient moderator available in the natural environment) immediately following 

breach of the outer and inner barriers, thus creating an environment for neutron 

moderation. Therefore, within the present understanding of the Yucca Mountain hydro

thermal processes, evaluating the UCF-WP with a low thermal load is a conservative 
assumption with respect to criticality. It should be noted that the recent CRWMS/M&O 
TSPA-93028) has shown the intermediate thermal loading (57 kW/acre) to be more 

stressing with respect to radionuclide release. If that alternative is under active 

consideration at the time of the next revision of this document (1996) then it will be 
included.

Originator. J.R. Massari Qekr B ot
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7.2 Failure Modes and*Effects Analysis 

To assist in the development of the fault tree logic diagram, the technique of failure 
modes and effects analysis (FMEA) has been applied to the system of the waste package 
and its local drift environment. The FMEA process is qualitative in nature and is useful 
in determining sequences of events which can cause the defined system to fail to perform 
its intended function. The mission of the engineered barrier system being evaluated by 
this analysis. is to safely contain fissile material and other radionuclides and isolate them 
from the accessible environment. In accomplishing the above mission, one of the 
functions performed by the system is to maintain the waste package in a subcritical 
condition. This is the function to be evaluated by -this analysis, and the failure of the 
waste package to remain suberitical will represent the top event of the fault tree to be 
developed in Section 7.3. For the events in the more probable (but still unlikely) 
sequences leading to criticality, the probability of discrete events and probability density 
functions (pdf) for the events continuous in time will be developed in Section 7.4. These 
events can also be interpreted as engineered barrier system component failure modes, with 
their relationships provided inTable 7.1.  

Event seauences leading to criticality 

This analysis considers only water moderated criticality internal to the waste package.  
It has been shown that unmoderated criticality is impossible for intact light water reactor Sfuel w ith fissile content less than 5% .14). W ater is the only m oderator present .n the 
waste package environment which can enter the waste package. External criticality, 
which could involve moderation'by silica, will be considered in the 1996 version of this 
analysis.  

While a large list of event sequences (scenarios) involving extensive water intrusion has 
been proposed for performance analyses of radionuclide containment 0-'1 (ix., magmatic 
intrusion, excavation by future drilling, etc.), most of these could not result in criticality.  
Only two basic scenarios are capable of introducing water into the local drift environ
ment in a manner which could create the conditions necessary for a criticality event.  
These involve 1) the possible concentration of'the episodic infiltration flux by a fracture 
directly over a waste package (hereafter referred to as the "concentration" scenario), and 
2) the possible flooding of a drift due to an external event producing a significant rise in 
the water table (for which the principal mechanisms are changing of the climate to wetter 
conditions" or a severe tectonic event) or high infiltration combined with poor drift 
drainage. These event sequences (scenarios) can be described in terms of the following 
specific events: 

1. Concentration of the flow so as to directly impinge upon the waste package (e.g., 
flowing fractures in the drift directly above the waste package, or flooding of the 
entire drift). A fract=ur configuration leading to such concentration is assumed to 

1 be stable with respect to minor geologic changes over thousands of years, but not 

Originiator. J.R. Massaii Checker. LE. Booth
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necessarily with respect to events on a 100,000 ye time scale which couý0 d 1 
produce major geologic changes, 

2. Increased water flow or flooding, 
3. Breach of the waste package to permit moderator entry (primarily by corrosion); 
4. Leach of the neutron absorber from the containing matrix, 
5. Ponding of water in the waste package to serve as a stable moderator (which is 

a direct consequence if the alternative floodinig is used in steps I or 2 above), and 
6. All of the above events act on a package which has enough fissile material to go 

critical (SNF with high enough enrichment and low enough burnup).  

The above water intrusion scenarios are conditional on the temperature of the rock in the 
local drift environment being below 100TC. The initiating events for this analysis are 
therefore defined as infiltration flow (nominal and high rates), flooding due to climate 
change, and flooding due to severe tectonic activity.  

Component Failure Modes 

Of the 6 events (or conditions) listed above as being essential ingredients of a criticality 
sequence (scenario), the third and fourth can be viewed. as. failure modes of individual 
components of the waste package: the barriers (inner and outer) component and the basket 
component.  

Failure Modes of the Immediate Rock Environment 

The repository is based on the assumption that the rock environment (including available 
moisture) will severely limit infiltrating water and prevent its coming into contact with 
the waste package. The presence of concentration fractures in the drift ceiling above a 
waste package which could direct infiltrating water onto a waste package represents one 
mode of failure of this environment. Another possible mode of failure is the collapse of 
a drift opening in such a way that a local dam is created, causing flooding of the drift if 
sufficient infiltration flow is available to the drift by the fractures described above.  
However, as mentioned previously, drift flooding can also occur in the absence a drift 
failure mode due to an initiating event which causes a rise in the water table to the 
repository horizon.  

There are also several possible rock failure modes which could directly affect the integrity 
of the waste package. These include events which could impose a severe mechanical 
stress on the waste package, such as the impact of a falling rock or shearing by the 
movement of a new or unidentified fault. However, subsequent flooding of the drift and 
leaching of the neutron absorber would be required bfore a criticality event could occur.  
Further information on the frequency of a rockfall striking the package., and the variation 
in the structural response of the WP as. it-degrades, will be required before sch sequences 
,can be represented in the fault tree diagram. As this information is s']l under develop
ment, these sequences will be specifically included in future analyses.  

!Oriator J.R Massari ChekerLE. Booth
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Table 7.1. Summary of Engineered Barrier System Failure Modes and Criticality Effects
.......... .... .............  .................. ...... ..........  .................... .............. ......... ........  -06 ... U .... ......... ....... . ...............

Immediate 
rock environ
ment.  
(Surrounding 
the emplace
ment drift)

. . .. . . . . . . . . . . . . . . . .a ____. ... __

Fails to prevent 
infiltrating water 
from contacting 
waste package

Fails to prevent 
mechanical dam
age to waste pack
age.

Hydraulically con
ductive ceiling frac
ture concentrates 
infiltrating water 
onto waste package

Drift collapse forms 
a damn, preventing 
drainage of infiltrat
ing water from 
drift.

Eventual corrosion 
of barriers, and 
possible filling of 
WP, and leaching 
of neutron absorber.

I 4

Eventual flooding 
of drift add immer
sion of one or more 
WPs. Eventual cor
rosion of barriers, 
filling of WP, and 
leaching of absorb
er.

I 4
Rock fall or fault
ing incident on 
waste pckage, 
which may be par
tially degraded by 
corrosion,

Possible breach of 
W'P barriers de
pending on amount 
of applied stress 
and degree of bar
rier degradation.

Requires infiltra
tion of surface wa
ter to initiate se
quence. Requires 
proper corrosion 
hole configuration 
to fill WP.

Requires infiltra
tion of surface wa
ter to initiate seo 
quence. However, 
flooding may occur 
in the absence of 
drift failure modes 
due to other initiat
ing events.

Sequence not in
cluded in current 
fault tree.

Provide an environ
ment which ensures 
long waste package 
life by limiting 
contact with water 
and other hazards

.________. _ I I
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Table 7.1. Summary of Engineered Barrier System Failure Modes and Criticality Effects 

.. . . . . .. . . . . . . .......... ... ......... X 

Waste Package Isolate SNF from Waste package Corrosion of barni- WP eventually Rate of corrosion Barriers environment and barriers breached, ers by intruding breached. Immedi- varies according to prevent intrusion of allowing modem- water. ate filling under drift conditions.  water to interior. tor entry and neu- flooded conditions. Rates of sufficient tron absorber re- Specific corrosion magnitude to cause 
moval. hole configuration breach in the time 

required for filling frame of this anal
by overhead drip- ysis ate conditional 
ping. on water intrusion.  

Pre-existing WP barriers Sequence not in
through-wall defect breached. Immned- eluded in current 
in both barriers ate filling if flood- fault tree.  

_,___,, _, _ .. ... ed conditions occur.  
Waste Package Maintain SNF in a Insufficient neu- Suffic'ient 'Ueutron Waste package trit- Leaching is condi.  Basket subcritical condi- tron absorber absorber leached icality if fuel as- tional on waste tion available to main- from basket materi- semblies maintain package breach 

tain sub-criticality ai by intruding wa- appropriate geoine- and intrusion of 
under moderated ter try and basket filled water.  
conditions with water.  

Basket material WP criticality if Sequence not in
doped with insuffi- fuel assemblies cluded in current 
cient absorber dur- maintain proper ge-' fault tree.  
ing fabrication ometry and basket 
-- _ _,,,_filled with water.
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0? 111V7.3 Development of Fault Tree Logic

The fault tree approach is a deductive process whereby an undesirable event, called the 
top event, is postulated, and the possible means for 'this event to occur arie systematically 
deduced. In this analysis, the undesired event is waste package criticality. In the 
previous section, the deductive FMEA process was performed to -determine the basic 
criticality scenarios, initiating events, and engineered barrier, system failure modes that 
could lead to a waste package criticality event.- In this section, the results of the FMEA 
will be used to develop the fault tree logic diagram.  

The fault tree diagram is a graphical representation of the various parallel and sequential 
combinations of faults that lead to the occurrence of the top event. The methodology and 
symbols usedin the construction of the fauh tree diagramare given in the Fault Tree 
Hahdbook'S.-, Figure 7.2 is provided as a reference for the. symbols utilized in this 
analysis. The fault tree developed from the engineered barrier system FMEA is shown 
in Figure 7.3, The fault tree was plotted using CAFTA version 2.3 fault tree analysis 
software. In addition to a one line description, each intermediate gate, basic event, and 
conditional event, is uniquely identified with an acronym. These icronyms will be used 
as identifiers for each gate and event in the, quantification of the fault tree that is 
performed in Section 7.5. These acronyms are individually identified with the complete 
event descriptions in the headings of the subsections of Section 7.4, where we have also 
given the derivation of the associated probabilities and probability density functions.

SOriginator:. J.R. Massari Cecker. LE. Booth I
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PRIMARY EVENT SYMBOLS 

BASIC EVENT - A basic initiating fault requiring no further develop
Ment 

CONDITIONING EVENT - Specific conditions or restrictions that 
apply to any logic gate (used primarily with PRIORITY AND and 
INHIBIT gates) 

UNDEVELOPED EVENT - An event which is not further developed 
either because it is of insufficient consequence or because infor
mation is unavailable 

EXTERNAL EVENT - An event which is normally expected to occur 

INTERMEDIATE"EVENT SYMBOLS 
INTERMEDIATE EVENT - A fault event that occurs beause of one 

or more antecedent causes acting through logic gates

GATE SYMBOLS

0O
AND - Output fault occurs if all of the input faults occur 

OR - Output fault occurs if at least one of the input faults occurs 

INHIBIT - Output fault occurs if the (single) input fault-occurs in the 
presence of an enabling condition (the enabling condition is 
represented by a CONDITIONING EVENT drawn to the right of 
the gate) I

Figure 7.2. Definitions of Event and Gate Symbols Used in Analysis

Oflginator. J.R. Massari Checker. LE. Booth
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7.4 Development of Probabilities and Probablllty Density Functions (pd") 

The following sections provide a detailed description of the esdtimon of the probabilities 
of discrete events and the probability density function of events which are continuous in 
time. All basic, conditional, and initiating events in the fault tree diagram for the system 
defined in Section 7.1. Event identifiers used to abbreviate the full description in the 
analysis of the fault tree are given in parentheses. Event probabilities and pdfs have been 
summarized in Table 7.7. Copies of the actmal calculations performed in this section are 
-contained in Attachment L.  

The three events involving water:. (1) flow defining events (increased flow or repository 
flooding), (2) breach of the waste package by aqueous corrosion, (3) leach of the 
absorber by dissolution of the basket, will be represented by pdf's which will be.  
convolved together to incorporate the fact that They must occur in the sequence indicated.  
In other words, the pdf for the occurrence of all three events, with the last event occurring 
at time t, requires that event 1 take place at some time, 0< t <4, followed by event 2 at Ssome time t,+62 such that 0<tl+t2<t, which is follov~ed by event 3 -ocurig at time t.  The pdf for t is then found from the two-fold convolution 

m A ff(:1a fAVW3(" z W(1) 
0 0.  

7.4.1 Flow Defining Events.' 

These are the initiating events; all are characterized by a pdf, denoted by f,(t). All 
describe a state of flow or flooding; it is assumed that this state continues budeftnfrely 
once initiated In other words, we use a pdf to define the probability of occurrence within 
a small interval of time centered about a specific time and assume that the occurred 
condition will continue indefinitely. This is a very conservative assumption, since it is 
possible that any increased state of flow or flood will eventually revert to something like 
the original state before the enhanced corrosion rate has completed the corrosion of the 
waste package component (barrier or basket). Tbese pdfs are all in expressed in units of 
per-year.  

It should be noted that the description of Alternative flow defining events is intended to 
be qualitative only, without specifying the actual water accumulation (net of infiltration 
and outflow). The effects of these flows are treated more quantitatively in section 7.4.3 
(Corrosion Events) below.  

The events, or event scenarios, described below reflect alternative forecasts of climatologi
cal or tectonic change. As such thiy should be mutually exclusive. However, this would 
be an oversimplifiýation. The actual environmental changes over the next 1,000,000 years 
would be a mixtm-e of these four alternatives at different points b lime.. An analysis 

k based on comparison of the large number of.combinations possible would be confusing
r 

S 

hr
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and difficult-to interpret, and, considering the uncertainty in the forecast process itself, 
would not be very meaningful. For these reasons we have calculated the pdf's as if each 
event were certain to occur, given enough time. The question of how to combine these 
probabilities does not arise until we have convolved them with the corrosion breach and 
leach pdr's and with the discrete probabilities for sufficient fissile material and sufficient 
moderator (sections 7.4.4 and 7.4.6, below).  

P&f for Surface water idfltration of reositorY horizon at a low rate( f(, -for mb&/dU) 

This is the probability that a corrosively significant stream will pass through the waste 
emplacement areas. Such a stream would have to accumulate sufficient volume to fill a 
waste package to a depth of at least 1 meter. Over a period of 10,000 years, this would 
require a flow rate of 0.1 mm/y, which just appens to be the middle of the flow rate 
range presently estimated for the repository area). However, in addition to ponding in 
the package, there must be enough flow to leach out the boron absorber from the basket; 
we conservatively assume that at leas a factor of 10 increase would be required for such 
a process, for a total infiltration rate of I mm/yr. [Note: -.Tis estimation of required flow 
rate is only to define this low infiltration category. The actual rate of basket leach is 
estimated in section 7.432 (Corrosive leach of absorber/basket) below.] For such an 
increased flow rate to be maintained over many years, there would have to be a 
significant climate change (one as significant as an ice age). We very coservatively 
assume that such an event is certain to occur wthi 10,000 years (and that such an 
enhanced flow rate would be maiained thereafter). It should also be more likely at the 
end of this period than at the beginning, since such a changed climate would take 
thousands of years to develop. Nevertheless, we chose a conservative probability model, 
the uniform distribution between 1,000 and 10,000 years, which can be expressed in units 
of per year as

*1

A()= o11 .• -1000<t<O0OO

This pdf is shown in Figure 7.A, together with the resulting cdf.  

PE for surface water infiltrafton of repositooz horzon at a high rate (ff, foar ob&1dh) 

This would be an infiltration flow rate of greater than 10 mm/year, which is 10 times the 
low infiltration flow rate given above, and would be expected to give a correspondingly 
increased corrosion rate (on the waste package) and leach rate (for the boron). [It may 
be that 10 mm/yr is still so low as to not significantly disturb the corrosion passivating 
film, io that the conditional corrosion rate is not significantly higher than for low 
infiltration, but the boron leach rate would still be higher.] -.Such a high btfltration rate 
would require a very significant climate change, which we assume to be likely sometime 
between 2,000 years and 100,000 years (which wouldbe lke to mncompass several ice 
ages, and their aftermaths, which could result in increased atmospheric precipitation. As 
with the low infiltration case, we use the conservative uniform distribution, again 
expressed in units of per year

Orignator: J.R. Massari Ch(2ecker. L.E. Booth
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This pdf, together with the associated cdf, is shown in Figure 735.  

Chanue to a very wet climate mrsei water table to raeposttor horiad= (h fr 

The present tectonic trends are moving the climate in a dryer direction. For example, one 
major cause of the shift from a moist climate to a dry one oyer the past several million 
years has been the rise of the Sierra Nevada, which prevent the moist Pacific air from reaching Nevada. Flooding 6f the repository would require a substantial increase in 
rainfall, sustained over a long time period, since the proposed repository horizon is 
approximately 300 meters above the current water table. The National Research Council 
has examined the possibility of water table rise to the level of the repository 2'). They 
reported that even a 100% increase in rainfall (and a corresponding 15 fold increase in recharge) would produce an insufficient rise (raising the level only 150 meters). Their 
report also indicated that the last ice age saw only a 40% increase in precipitation (p. 6), 

& •and that as far back as 50,000 years ago the water table in, the recharge area north of 
Yucca Mountain was no more than 100 meters above itspresent level (p. 78).  

Therefore, we asswne the probability offlooding due to climate change in the next 10,000 J years to be zero. The probability of flooding thereafter is conservatively estimated from 
available geologic information. The National Research Council report cited above 
suggests that the return period for simple flooding to be greater than 106 years, and that 
the probability of flooding during the early part of this period is much less than later.  
This inequality is so small that we can conservatively assume an asymmetrlc triangular 
distribution with the upper limit at 10,000,000 years. which would be 

f-(t)=2XlO, S ooo, ooo (4) 
where t is expressed in.years, and 1i is expressed in units of per year. #6r simplicity, we 
have normalized this pdf as if -the lower limit were 0. instead of 10,000. This 
normalization approximation is valid to six significant figures, which is certainly adequate 
for this analysis. This pdf, together with the associated cdf, is shown in Figure 7.6.  

A flood of the magnitude described above would affect all packages in the repository 
equally. This situation is commonly referred to as a non-lethal shock common cause 
failure in component reliability analysiso Given a repository wide non-lethal shock, 
such as flooding and immersion of all waste packages, each waste package, will fail 
independently with a conditional probability of p (to be defined later; see section 7.4.3.1).  
Therefore, the above flooding event frequency may be applied to any given package.  
This is appropriate since the fault tree top event will be in terms of a frequency of 
criticality per package which can then be multiplled-by the number of packages to get the 
expected number of ctiticalities, in the repository. " 

I~m mmmmmmm. --
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EP& for severe tectonic actiriy raising water table to reMosiroa hornzon 0f, forrcto"fd 

Flooding can also be caused by hydrothermal or volcanic activity raising the water table 
from below. This would require a tectonic change comparable t6 the mnajor volcanic 
activity which produced Yucca Mountain in the first place. The geologic record indicates 
that this has not happened for the last 10P years. The time Scale for occurrence of this 
severe tectonic activity is, therefore, similar to that which applies to climate change 
induced flood, so the pdf for this event will be assumed to be the same as that given in 
Figure 7.6.  

This reasoning is more conservative tlan the authoritative finding that the possibility of 
a dike intrusion close to the repository is less than IO" per year and would cause only a 
10-15 meter rise in the water table anyway 0"'P'). One possible type of seismo-tectonic 
event which has been advanced as a possible initiator of repository flooding is a rupture 
in the low permeability zone imputed to be the source of the steep hydraulic gradient 
north of the site. An authoritative analysis has shown that should such a barrier. exist, its 
removal would cause no more than a 40 meter rise in the water table at the repository site 
(5.27. v. 70) 

The conditions that occur as a result of tectonically induced flooding are similar in nature 
to those of -the climatologically induced flooding. Therefore, this event can also be 
thought of in terms of a non-lethal shock leading to common cause failure of waste 
packages, and can be applied on an individual package basis as well.  

A seismo-tectonic event could release perched water if it were present in any volume, but 
any subsequent flooding of the repository would be transient only, unless all possible 
avenues of repository drainage were blocked, a very unlikely event.  

7.4.2 Concentration of flow on individual waste package 

In order to be effective in corroding a hole in the package, the nominal infiltration flow 
must be concentrated over some localized position on the package (typically by the 
location of a flowing fracture). Wis localized flow serves both to generate the corrosion 
hole and to channel the water into that hole, from where it can fill the lower half of the 
package and leach the neutron absorber., This section estimates the probability that a rock 
fracture capable of concentrating the infiltrating water exists over the waste package and 
directs the flow onto the waste package (crackswp). This probability is assumed to be 
a property of the repository which remains constant over at least 100,000 years during 
which we are concerned about corrosion from leaking of fractures on a waste package.  
It has been suggested that factures. may be a dynamic occurrence over the time periods 
of interest, and that they may even increase with time. The mechanisms which have been 
proposed include (1) changing stress patterns.(e.g., those caused by the time and/or spatial 
variations of the repository thermal load, including'the local stresses from individual 
waste packages), and/or (2) diversion to alternate fractum from flowing fracures which

Originator. J.R. Massari r Checer. L.E. Booth
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approach does not resolve the coniffict between pitting and bulk corrosion interpretations ' 
of some of the data, -but it does present the range of possible .consequences.  

f It is well known that rate -of corrosion depends on many properties of the aqueous 
environment, particularly pH, which is incorporated into corrosion models more 
sophisticated than the model used iere. However, most of the data comes from tests 
which were not controlled for these parameters, so we have chosen to use the experimen
tal data in a model which reflects the worst case parameter values- likely to be 

* encountered- in the aqueous environment.- :We have also simplified the analysis by 
neglecting dry oxidation since, (1) if water is present for any significant fraction of the time, dry oxidation wi have a small effect by comparison, and (2) if water is never 
present we can't have an internal criticality.  

For this analysis, it has been assunied tha ep rary variabes fg the rate of 
corrosion in the postulated environments are the surface taeperature of the waste 
packages and the. chemisT of the itrumding water. However, the latter wi be postulated 

• - to be constant for a gven environmet nless otherwise stated The variations in waste 
package surface temperature with respect to time and location in the. repository, provides 
the basis for the use of a. pdf to represent time to breach of a given barrier.  

StahlO'10° has summarized diversity of measurements and analytic models with he 
following time and temperature dependent equation as a heuristic representation of the 
penetration.of certain metals by aqueous corrosion, 

-PB- (6) P=Aecxp(-~) 

"where P is corrosion penetration depth, I is time (years), T is temperature (K), and,4A B, 
and c are constants. This equation is representative of experimental data for moderate 

.temperatures (up to about 350K). At higher temperatures the equatioin i expected" to be 
conservative because it does not account for the decreasing s6oubility of oxygen. The 
value of c describes the -degree of protection afforded the base metal surface by the 
corrosion products. For c = 1, the corrosion rate is independent of time if temperature 
and humidity are constant;' this is appropriate if the products of corrosion are entirely 
unprotective. For c = 0.5,. corrosion has the parabolic dependence on time that is typical 
for a layer of corrosion products that act as a diffusional barrier 'to. corrosive species.  
Intermediate values of c can be used to describe varying degrees of protectiveness.  

Stahl's formula is adequate for predicting aqueous corrosion penetration of a material that 
is held at constant temperature. However, because waste package surface temperatures 
will be time and location dependent, it becomes'necessary to put Stahl's model into a 
form that gives the rate of corrosion. Since the definition of zero time is arbithruy, it is 
also desirable to have an expression-forthe corrosion rate that does not hive an explicit 
time dependence. McCoy9 ha& proposed the following express'oi for corrosion rate, 
in which all time dependence is implicit: .  

•Originator- J.R. Massari L.E.- oot
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We asswne that there will be som density of aeuctedflow.ngfctures. We esnate 
such a density by starting with the S7"JPA 1496 and applyg it on a ract basis 
rather than an area basis. "Iis may not seem conservative since the STRIPA flowing 
area has a higher density of fractures than the rest of the drift, but is conservative since.  
we take no credit for detecting any of these high flow zones before emplacement. Since 
the t•ff at the repositozy horizon is wzsumrate4 and fifdnig water will be preferen
tidly absorbed in the rock pores rather than flowb•g through fraJhw , u we assone that 
this flowing fraction of all fractures should b reduced by a factor of 1O for a dr•i in 
the TSw2 rock wift. [Note: This is the most significant of the assumptions to be verified 
by the time of the next revision of this dobument] With this ussumption, the linear 
frequency of flowinug/dpn cefing fxý ires is estimatd to be of.0.0157 fractums per

I
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- might get plugged by some silica redistribution mechanism. However, there is no 
evidence thaf new, or alternate, fractures would possess the necessary connectivity to 
provide flow enhancement. Furthermore, there is no model of the hypothesized time 
dependent behavior, so a constant value intended to have a safety margin large enough 
to accommodate any incres with time of the number flowing fmcur will be used.  
"Wis probability will be expressed in units of per-package.  

The first step in developing a probability that a wastepackage is located under a dripping 
fracture is to determine the frequency of these fractures per unit length of drift ceiling.  
We have started with an estimate of the non-directional volumetric fracture frequency for 
the TSw2 unit of approximately 19.64 fractures per ns. from available borehole sample 
data&'•. The present, simple, model does not account for more detailed parameters, such 
as distribution of apertre sizes or fratre surface conditions;sch information w be 
incorporated into future models when it becomes available.  

For the purposes of this analysis, the most appropriate form is a linear ceiling fracture 
frequency, which can be developed from the volumetric frequency. To do this, the above 
volumetric frequency was used to determine the number of fractures in a cylindrical 
volume of rock equivalent to a I -m long section of a 4.27 m (14 ft) diameter emplace
ment drift I281 fractures). It was -then assmned that only 50% of the fractures would 
intersect the surface of the voiwne (evenly distfibuted) and that the drift ceiling 
constitued approximately 8% of the surface area of that voiwne (top 900 arc of drfi,).  
This resulted in an estimate of approximate 11.28 fractures per meter of drift ceiling.  

With the linear ceiling fracture frequency estimated, the next step is to determine the 
percentage of fractures capable of conducting and concentrating the infiltration flow. A 
study performed in the STRIPA validation drift found that 14% of the tunnel surface area 
accounted for nearly all the flowing fractires•S.' " L. The high flowing 14% actually 
had a three times higher fiacture density, suggesting that such areas could be easily 
detected and avoided. Without more data on the variable density of fractures in the 
repository horizon, and some possible correlation of such data with any flowing water, 
we take a somewhat different approach.
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Smeter of drift ceiling or 1 flowing fracture every 64 meters. This frequency will a ' 
to be verified by actual observation in the Exploratory Studies Facility.  

Lacking precise characteristics of the fracture flows in the repository horizon, this model I 
is necessarily somewhat arbitrary. It will be revised in the next version of this document, 
according to ESF measurements expected by that time. In the meantime we can have 
some confidence in the model because it is .consistent with the flowing fracture density 
in the "weeps model" developed by SandiaO0'X3 'c.W Furthermore, this result is somewhat 
consistent with the interim results of fracture mapping in the starter tunnel, which 
indicates 1 fracture per meter of drift, without restriction to ceiling, but only reduces that 
fraction slightly in order to specify connected f'actures•°). This strong connectivity is 
expected to be reduced as the tunnel reaches further under the surface, and there should 
be some additional reduction in order to specify flowing fractures.  

With the above estimate of the linear flowing fracture frequency, the probability that a 
certain number of flowing fractures, n, will be located in a given length of drift can be 
determined using a Poisson distribution, 

- Pr(n)=(AXY'¢• -CX) for XX>0, n=0,1,2,... (S) 

where X represents the frequency of flowing fractures per unit drift length, x is the length 
along the drift in question. Given the above flowing fracture frequency, and a WP inner 
cavity length of 4.585 m, the probability that a waste package does not have a flowing 
fracture over it, Pr(0), is 0.931. Therefore, the probability that a waste package has at 
least one flowing fracture over it is 1-Pr(O), or 0.069.  

7.4.3 Corrosion Events 

In this analysis, criticality cannot occpr until the waste package barriers have been 
breached by corrosion and the basket material containing the neutron absorber has been 
leached. These corrosion processes will be mcpresented by the pdfs f2 and f3 in the two
fold convolution given in section 7.4.5. This section describes the methodology for 
obtaining these pdf's.  

At the present time there is a great range in the corrosion rates derived from the accepted 
experimental data. There is no definitive model to explain even a major portion of this 
data. For this reason, we have developed a probabilistic model which reflects the wide 
variation of observations with probability distributions for failure times bf the individual 
components being corroded. In the present state of uncertainty regarding corrosion 
models, we have chosen to be realistic rather than conservative. To compensate for this 
lack of conservativism we have provided a complete alternative calculatio under the 

I worst case barrier corrosion asmnption: tt the outer and inner barriers are penetrated 
by pitting corrosion in rw time at allfolowing occurrence of the initiating event. ThIis
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T. -T.qlh 9 

Here T., and T,& are the temperatures of the waste package and drift wall, respectively, 
h is a heat transfer coefficient, and q is the heat output of the waste package. The heat 
transfer coefficient is given by the equation 

h = (98.36543 .+0.812731"Tm,, +0.0053413557.T) vx=Il (10) 

where T., = [(T, + T,) /(2 K)] -273.15, that is T, is a dimensionless quantity that is 
numerically equal to the mean temperature, expressed in degrees Celsius, of the waste 
package and drift The heat output of the waste package is taken to be 

q = exp(11.49766 -0.72388011n[tI(1 yr)]) w=ti (11) 

where t is the age of the fuel, measuring from the time of discharge. This heat output is 
suitable for fuel with an initial enrichment of 3.92% and a burnup of 42.4 GWd/MTU.  

Since the temperature drop T., - TA, predicted from Equation 9 is only that from the waste 
package to the drift wall, it is smaller than that from the waste package to the repository 
horizon. The total temperature from the waste package to the repository horizon was 
taken to be F(Tv - T,), where F is a constant that depends on the position of the waste 
package within the repository. F was chosen so that the temperature of the waste package 
would be continuous at 100 years after. emplacement. The required values of F were as 
follows:

Position F -° 

12% 2.56 

50% 2.56 

75% 2.56 

90% 2.59 

97% 2.81 

99% 3.00 

"The resulting blended temperature history is shown in Figure 7.7. The various curves 
represent time-temperature profiles at different locations in the repository; percentages 
give the fraction of waste packages that are closer to the center of the repository than the 
package in question (0% Is at the center, 25% is halfway from center to edge, and 100%
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ic ~~dl' cPeYckAlIceyp[Ahic - B /(cT)J 7 0 
dt 

Here h is a complement to the relative humidity H, and given by the expression 
J h = H(in %) - 100, and the remaining constants are equivalent to those used in 
I Stahl's equation. Equation 7 provides an expression for the corrosion rate that depends 

only on the amount of corrosion product present and the environmental conditions. The 
equation generalizes Stahl's equation in two ways: it is applicable to time-dependent 
environmental conditions, and it postulates a humidity dependence. To determine the 

I corrosion penetration during a given interval of time, Equation 7 may be reduced to a 
I problem of integration: 

.*AAfgxpE~c-Bi(c7)]dt, (8) 

where the subscripts i and f indicateinitial and final values, respectively. A C program 
provided by McCoy was used to perform the above integration for this analysis to 

I determine the times at which both barriers would be penetrated for six WP positions in 

I section 7.4.3.1.: A copypof the source code is included in Attachment 1.  

McCoy°" obtained a value of k of 0.1908 for a static environment from measurements 
by Jones(") of corrosion current as a function of humidity. Since McCoy's model is 
being used here to develop a failure distribution for a waste package in a flobded drift, 
the relative humidity will be assumed to be 100% for all times when T<100*C (the 
expression kh.c in the above formula will go to zero). This will simulate wetting of the 
waste packages as soon as physically possible after emplacement in a low thermally
loaded repository. This is a conservative assumption because (1) the repository tempera
tures (and thus the corrosion rates) may be substantially lower by the time an initiating 
event actually occurs, and (2) the actual boiling point of water at the repository horizon 
is =96*C. For times when ThO10 0C the environment is taken to be a mituure of 
superheated steam and air at atmospheric pressure..  

For early years the waste package surface temperature depends primarily on its own 

internal heat and is best determined by a drift-scale calculation; for later years it depends 
on the average heat from all the packages and is best determined by a repository scale 
calculation. For the low thermal loading case, the dividing point is approximately 100 
years after emplacement. For times less than 100 years the results of a waste package 
model developed by Bahneyc"' were used. Bahney created a three-dimensional finite 
element ANSYS model of near field and surface temperatures for a single waste package, 
with the remainder of the repository represented as an infinite grid of waste packages with 
16 m along the drift between waste packages and 95 m between drifts. For times greater 
than 100 years, modified versions of the repository scale results of Buscheck") were 
used. Buscheck calculated repository horizon temperatures for a disk-shape repository 

- I with a smeared heat source. In similar calculations that were reported previouslyc"s), the 

Oeiginator. J.P.. Massai Cee Booth
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The parameters for Alloy W25 were developed from available corrosion data ? Io 
representative environments and assumptions about the time and temperature dependence 
of the material. The temperature dependace parameter, B, was assumed to have a value 

-- of 500(I*) which is almost twice the value used for carbon steel. This assumption was 
considered appropriate for a corrosion resistant material such as Alloy 825, as it typically 

maintains this resistance over a larger -temperar range than carbon -steel. te 

protectiveness of the corrosion product layer was conservatively assumed to be similar 

to that of carbon steel, and thus, a c of 0.75 was "6hosen..:..One source of corrosion 
dataO`) indicated that Alloy 825 experienced a corrosion rate -1.01 jimlyr during 1.06 

I years of exposure to seawater at the ocean surface at 17.20C"). Using the values of B 

and c as given above, this gives an A of 31,512 rmm/yr. These parameters will be used 

[ to define the corrosion performance of Alloy 825 in the continuous wetting environment.  

Another study sponsored by the Nuclear Regulatory Commissionm) tested the corrosion 
behavior of Alloy 825 immersed in a sample of J-13 well water that was specifically 

modified to present anaggressive pitting environment (called Solution No. 20), including 
"the addition of up. to 4800 ppm peroxide to simulate radiolysis. This test, which was' 
performed at 900C for 2784 hours found a pitting corrosion rate of 9.17 pm/yr. Using 

I the same asumptions for B and c as above, this results in an A of 6 6 02 am/yr. Since 

I this environment is less aggressive than" the -seawater immersion case above, these 
* parameters will be used to define the corrosion performance of.. Alloy 825 -in the 

I intermittent wetting environment.  

.I .Table 7.2. Summary of McCoy Model Parameters for WP Barrier Materials

I Continuous Wetting .. termittnt Wetting Material. A B "c 
A B c A _ .. ] 

.(mm/yr) (K) (znm/" 

Carbon Steel 2525 2850 0.75 1 1000 " 2850 - 0.75 

Alloy 825 31512 5000 10.75 6602 % 5000 1075 

Evaluation of McCoy Model and Develomnent o( Weibuil lds 

Using the corrosion parameters identified above for carbon steel and Alloy 825, each of 
the six temperature.histories shown in Figure 7.7 were evaluated using McCoy's model 
to predict waste package breach times for differed bcattins inm he tepositry. This 
evaluation was performed on the VIP HP9000 con te O0us using'the compiled C code 
and batch files contained in Attachment L The q jetra.e the 120 mm thick dual
barrier waste package was determined byusin th#parameters for carbon steel until the 
penetration depth was equal to 100 mm (the ft.dmkess of the outer barrier), and then 
switching to the Alloy 825.paramnetrs for the iqiain 20 mm. Also, for Ate Alloy 825 
barrier, c was assued to be "75 for the-frs :-o mer .arrk"r epos'r", and

.i. . .g a-tor 1 R.- Massa..- ]-Checker. A .L .o h 
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C is the edge).'

For the functional form of the pdf for corrosion (f2 or f3) the three parameter Weibull 
distribution will be used. This distribution is'often used in reliability analysis to model 
corrosion resistance"sJ. The pdf of the Weibull distribution is given by, 

AO=A(~)P~xpE-L%~](12) 
wherel0., , and e represent the scale, shape, and location parameters respectively (all > 
0) and Q>0. The associated Weibull cdf is given by, 

, F(0z-ext-(te) ](13) 

for tŽ0. For values of t<O, both f(t) and F(t) equal zero. The values for j p, and 0 are' 
typically chosen such that the shape of the resulting distribution closely matches the distri
bution of observed time to failure data of a sample of components.  

7A.3.1 Corrosive breach of paste packase barriers 

1. Parameter Deelojpment for McCoe Model 

The first step in developing breach distributions was to determine values for the 
parameters required by McCoy's model. For aqueous general corrosion of carbon steel 
Stah]O'°) recommends A=2525 mm/yr, B= 2850K and c=0.47. Stahl indicates that these 
values are based -on corrosion tests of cast steel and iron in seawater. The ASM 
Handbook•°) also presents the results of a 9 week corrosion testing program performed 
for carbon steel in tuff groundwater at temperatures ranging from 50 to 100*C. Pitting 
corrosion rates were found to be approximately 1 mm/yr for most temperatures in the 
above range. Using Stahl's values for A and B, and assuming a c of 0.75, produces -an 
average corrosion rate at 9 weeks time similar to that reported in the ASM Handbook.  
Therefore, this analysis will =swne a c of 0.75 for carbon steeL This modification of 
c is considered appropriate, as the bxide layer formed -during corrosion of carbon steel 
(i.e., rust) is typically regarded as providing -very little protecton against a corrosive 
environment. The above parameters from Stahl, and the c determined here, will be used 
for modeling carbon steel corrosion in harsh, or continuously wetted, environments.  

The ASM Handbook°, also provided general corrosion rates for immersion in tuff 
groundwater at temperatures ranging from.S0 to 100°C. These corrosion rates were found 

Ito be 0.3-0.5 mm/yr for the temperatures in the above range. Using the corrosion rate at 
the middle of this range, Stahl's value for B, and a c of 0.75, produces an A of =1000 
Imm/year. Therefore, this A will be used -with the previously defined values of B and c 
to define the corrosion performance of c€arbon. steel in mild, or intermittently wetted, 

C I environments.  

Originator. J.R. Massari ICecker. LE. Booth
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Table 7.4. Summary of Weibull Parameters for WP Barrier Corrosion PDFs

Condition 0 . I 
Intermittent Wetting 5030.3 1.737 30,000 

Continuous Wetting 425.4 10.93 8100 

Conservative Approach to Pitfng Corrosion (discounfinr waste package barriers) 

Certain experimental and theoretical studies have concluded that Alloy 825 is subject to 
pitting corrosion which can rapidly penetrate the barrier in-localized areas without having 
much metal weight loss overall so that the conventional experimental studies, summarized 
in the previous paragraph, fail to detect this potentially harmful process. For this reason 
the Sandia TSPA-930 *13) estimates a rapid corrosion process for Alloy 825 wherever it is 
contacted by a significant amount of water. For a Yucca Mountain repository environ
ment, TSPA-93 predicts penetration of an Aloy 825 barrier in only a few hundred years.  
Since at least one study has found that Alloy 825 exhibits only broad shallow pits"), or 
none at all, in water of similar chemistry as that expected at the repository horizon, it may 
be concluded that further testing will either disprove the rapid pitting theory or will 
identify modified versions of Alloy 825 (such as high molybdenum) which are immune 
to rapid pitting. By the time of the next version of this document, we expect this issue 
may be resolved. In the meantime, as an alternative, we are presenting a conservative 
approach that has no barrier at all, since a corrosion time of a few hundred years is 
approximately zero on the time scale of tens of thousands of years conside-ed here.  
These alternative, no-barrier, distributions will be further discussed in section 7.4.4.  

It should also be noted that this analysis is independent of the density of corrosion pits 
per unit area of exposed metal. 77e assumption has been made that (1) ia single pit can 
penetrate the package surface, the package can be considered breached and (2) the 
expected pit density is at least I per surface area of an individual package barrier.  

Pd! for Flood breach (C for climate & tectonc) 

Sequences involving flooding of the emplacement drift would result in the WP being 
continuously wetted. Therefore, the Weibull pdf for continuous wetting developed above 
will be used as the waste package breach distribution, f2, for the flooding sequences.  

Pd! for low infiltration breach (C for wpb&ldl) 

It if asswned that.a fracture dripping at a low rate onto a waste package would be 
incapable of maintaining the surface of the package in a continuously wetted condition 
due to evaporat This assuned Inteimtent wetting suggests that there will be a higher 
likelihood of starting corrosion pits at new locations, than continuing to extend their

Originator: J.R. Massari hI ecker. LB. Booth
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1.0 thereafter. This is equivalent to assuming the corrosion product layer becomes 

I unprotective after 5000 years and adds an extra degree of conservatism to the estimate of 

I inner barrier lifetimes. The results of the evaluation are given in Table 7.3 for both the 

I continuous and intermittent wettinj cases.  

Table 7.3. WP Time To Breach Predicted By McCoy's Model

Repository Intermittent Wetting Continuous Wetting 
Location 

Outer Inner Outer Inner 
Barrier Barrier Barrier Barrier 

Breached Breached Breached Breached 
(years) (years) (years) (years) 

12.5% 3150.1 348073 680.9 8188.9 

50% 3198.2 33364.5 681.1 8250.1 

75% 3496.4 34850 688.4 8594.4 

90% 4402.6 38286.2 762.0 9348.2 

97% 5279.5 40843.4 876.6- 9960.1 

99% 5579.7 41665.6 923.9 10174.8 

To determine the Weibull parameters for the waste package breach distributions, f2, a 

least-squares fit of the data produced by McCoy's model was performed using a Microsoft 

Excel version 4 spreadsheet An alternate check of the spreadsheet was performed by 

plotting the data for one case on Weibull probability paper. Both the spreadsheet (with 

all formulas identified) and the Weibull paper plot are included in Attachment L For both 

methods, a value for 0 was manually selected to produce the best fit of the data. The 

Weibull breach distribution, f2, parameters for the two basic environmental conditions, 

intermittent and continuous wetting of the WP barrier are summarized in Table 7.4.  

below. The continuous and intermittent wetting 'distributions described by these 

parameters are shown in Figures 7.8 and 7.9, respectively.  

Inspection of the intermittent wetting data in Table 7.3 reveals that the packages nearest 

the center of the repository (12.5%, range) breach later than those part-way out (50% 

range). It is evident that this is a direct result of the lower waste package surface 

temperatures predicted by Buscheck's model for the center-most group after the 10,000 

year mark (see Figure 7.4). As the center-most packages have the Jongest time to breach 

in the 50% range, the time to waste package breach reported for the 12.5% location was 

entered into the Excel spreadsheet at the 50% failure point; the time to breach at the 50% 

location was then entered as the 37.5% failure point. The remaining points were plotted 

according to their location on the temperature history as before.

Orgntri.R. Massaii Clekel L.E. Booth
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this mean-time-to-failure (MTIF), standard deviation, and the value of 8 determined in 
the preceding paragraph, the remaining parameters of the Weibull distribution were 
determined using the expressions, 

"M7 8+00+r(1 0+/f) (14) 

and, 

1[ where r(n) is the gamma function evaluated at n. The parameters, a and j3, were found 
I to be 19,671 and 2.098, respectively, by solying the above system of two equations and 
* two unknowns using Mathcad+ v5.0. The calculation is presented in its entirety in 
I Attachment I. These parameters were used to define the Weibull distribution for time to 
* 60% absorber leach from continuously wetted basket material.  

I The 60% neutron absorber leach pdf for the intermittent wetting case was developed by 
modification of the above lower limit, mean-time-to-corrode, and standard deviation 
developed for continuously wetted stainless steel. As before, this modification was based 
on the results of general corrosion test data for Types 304 and 316 stainless steel, and a 
further search of the -available literature was performed to locate corrosion tests of 
intermittently wetted samples. This test condition was assumed to be more applicable to 
overhead dripping than that of the continuous immersion tests used for flooding, because 
the level of water in the basket of a breached WP may change with time due to 
fluctuations in the drip rate,, evaporation rate, or the formanon of drainage holes. One 
study of Type 316 stainless steel placed at the mean tide level of the Panama Canal 
(seawater) for 16 years was found to have experienced a corrosion rate of 0.16 pm/yrO5 11.  
Another test that was performed for 304L stainless steel in aerated simulated 3-13 well 
water at 90*C for 1.5 years determined general corrosion rate to be <.k5iimlyr through 
measurements of weight loss;", In this test, the solution was allowed to evaporate, and 
new solution was added on a weekly basis. Comparison of the above test results with the 
immersion data in Table 7.6 reveals that the intermittently wetted corrosion rates may be 
an order of magnitude lower than 'those for complete immersion under the same 

. conditions. Therefore, it is assuned that doubling of~the flooding leach lower limit, 
MT7F, and standard deviation should result in a conservative distibution of the time to 
corrode 6 mm of material (thdus leaching 60% of the boron). Doubling of the above 
mentioned parameters results in a 0 of 4800 years, a MNTF of 39,646 years, and a 
standard deviation of 17,448. Using the Weibull expressions for MiTF and standard 
deviation presented in the flooding breach and leach discussion, a and P were determined 

I to have values of 39343 and 2.098. respectively, using Mathcad+ vS.0. This calculation 
i is also presented in its entirety in Attachment L 

The Weib'ull leach distribution, f, parameters for the two basic environmental conditions, 
intermittent and continuous wetting of the basket are summarized in Table 7.5 below.  

Orglgnitor J.R. Massari Checker: L.E. Botl
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- depth. Sinct-there is no information on the corrosion behavior of the barrier materials 

under conditions of intermittent wetting it was assumed that the above behavior could be 

equally represented by general corrosion data from continuously hmmnersed'samples.  

Thus, .the intermittent wetting pdf developed above will be ised as the waste package 

breach distribution, f2, for low infiltration sequences.

It is assumed that high infiltration will cause the flow rate to be szufficient to ensure that 
the surface of the waste package below a dripping fracture is continuously covered with.  

a film of water. Therefore, the continuous wetting pdf developed above will be used as 

the waste package breach distribution, f2, for high infiltration sequences.  

7.4.3.2 Corrosive leach of absorber/basket 

To determine f3 for the condition of a flooded environment, it is first assumed that the 

boron and the surrounding stainless steel matrix will leach/dissolve together. The fastest 

possible rate for this process was conservatively taken to be the same as the general 

corrosion rate of Type 316 stainless steel immersed for 16 years in seawater at the 

Panama Canal, which was found to have experienced a corrosion rate of 1.25 pm/yr°'").  

Since the basket can be attacked on both sides this rate is doubled to get a minimum 

time to conrode 10 mm of Type 316 stainless steel of 4,000 years. The fraction of basket 

corrosion which can be tolerated depends on the actual SNF characteristics. The basket 

will have sufficient boron that 20% of the basket can be lost before any of the 

commercial fuel can exceed the 5% sub-ritical safety margin with bias and uncertainty.  

The conservative assumption has been made that a loss of 60% of the basket would 

permit no more than 50% of the expected fuel to exceed the safety margin. A more.  

precise analysis based the expected characteristics of the commercial fuel discharges is 

given in section 7.4.4 below, and shows this assumption to be very conservative. This 

60%, or 6 mm thickness of basket material, would be removed in no less than 2,400 years 

of exposure to seawater. This time has, been conservatively taken.to be the lower limit 

(0) of the Weibull distribution for f3 for the continuous wetting case.  

A literature searcitwas performed to locate general corrosion data for Type 316 stainless 

steel in aqueous-environments similar to that which may result on a WP that is 

continuously wetted by infiltrating water. Information on the corrosion behavior of Type 

304 stainless steels was also included because more extensive testing has been performed 

for Type 304 than 316, and because Types 304 and 316 were found to have relatively 

similar corrosion rates in tests which included both alloys. The corrosion rate information 

that was located is shown in Table 7.6, along with the estimated time at each rate to 

uniformly corrode 6 mm of material from both sides. The mean-time-to-corrode 6 mm 

of stainless steel in tuff groundwater, J-13 well watei, and Solution No. 20 (bottom 7 

rows in table) was found to be 19,823 years, with a standard deviation of 8,724 years 

(calculated using the AVERAGE and STDEVP functions in Microsoft Excel v4.0). UsingI
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Pd for flood leach of absorbe'rbasket ff, for cf ate & tectonc) • /' 

Sequences involving flooding of the emplacement drift would result in the flooding of the 
I interior of a breached WP, thus continuously wetting the basket material. Therefore, the 
I Weibull pdf for continuous wetting developed above will be .used as the waste package 
I leach distribution, f3, for the flooding sequences.  

PE for low infiltration leach of absorber/basket (P, for wpb&ldl) 

Sequences involving water dripping onto a breached WP, as a result of low infiltration, 
I would not be expected to immediately fill the. interior of tho package. Many factors, 

including the rate of water flow into the WP and the interior temperature, will control the 
internal water level. For this reason, it is assumed dta the basket material will not be 
continuously wetted Therefore, the Weibull pcdf for intermittent wetting developed above 
will be used as the waste package leach distribution, f&, for the low infiltration sequences.  

Pd for high infiltation leach of absorber/basket 

Sequences involving water dripping onto a breached WP, as a result of high infiltration, 
I would not be expected to immediately fill the interior of the package. Many factors, 
I including the rate of water flow into the WP and the interior temperature, will control the 
.1 internal water level. For this reason, it is assumed that the basket material will not be 
I continuously wetted. Therefore, the Weibull pdf for intermittent wetting developed above 
I will be used as the waste package leach distribution, f3, for the high infiltration sequences.  

7.4.4 Probability of sufficient fissile material in a package 

After all the hazard events that are necessary for a criticality event (WP breach, absorber 
leach, and internal flooding) have occurred, there is still one fundamental requirement for 
each scenario: the SNF must have the right combination of high enough fissile material 
and low enough burnup to become critical. The criticality capability is determined by kf.  
Deterministic neutronics calculations of ka for a range of values for age, for specific 
burnup and initial enrichment indicate that after emplacement, most assemblies will have 
a peak in criticality potential at approximately 10,000 years. -In particular, 21 PWR 
assemblies having 3% initial enrichment and 20 GWd/MTU burnup (waste package 
criticality design basis fuel) in a waste package design with stainless steel basket, will 
have a peak kr-0.965 at 10,000 years which is followed by a slow decline to kdp0.932 
at 200,000 years (Ref. 5.7, Figure 6.8.3-5). The physical requirement to avoid criticality 
is kf <1.0. For licensing calculations it is usually required that k-0.95,.which provides 
a 5% safety factor. In addition, there is usually an additional amount (typically up to 
0.06) to be subtracted for bias and error. For this analysis the dividing line for 
determining criticality is k-,,0.95. This provides a conservative probabilistic estimate of 
what will actually happen,'but not, necessarily conservative enough to license a waste 
package with respect .to a deterministic estimate of worst case performance.  

IOriginator. .R. Massari 7IChecke~r. LE. Booth
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C i l The continuous and intermittent wetting distributions described by these parameters 
I shown in Figures 7.10 and 7.11, respectively.  

Table 7.5. Summary of Weibull Parameters for Absorber Leach PDFs

*1

Originator: J.R. Massari I checker: L.E. Booth
I

"Condition , [ I I e 

Intermittent Wetting 39343 2.098 4800 

Continuous Wetting 119671 2.098 2400 

Although the deterministic component of general corrosion is evident, the following 
aspects of the random component of the process should be noted in justification of the use 
of a probability distribution: 

1. Wide distribution of corrosion rates in the literature, even for 
seemingly similar water chemistry.  

2. Experimental observations typically show corrosion rates which 
decrease with time on any given sample due to passivation.  
Random convective mixing within the filled package may remove 
this passive layer from some areas, leaving fresh surface for more 
rapid corrosion.  

3. Temperature variations from one package to another will lead to 
different convection rates, which cause variations in corrosion rates 
according to the previous item.' Package to packAge variations in 
convection rate will also cause variations in boron concentration 
remaining near the leaching basket material, where it can still be 
an effective, criticality suppressing, neutron absorber.  

4. There will be -local differences in water chemistry from one waste 
package interior to another, due to differences in travel paths 
through the partly corroded containers.  

5. There are many tests in freshwater (lake and river) which show no 
measurable corrosion of Type 316 stainless steel for exposure times 
up to 16 years, suggesting that there is a significant tail on the high 
side of the distribution.  

6. In order to permit criticality, the leached boron must be removed 
from the interior volume of the waste package, either by -water flow 
out large holes, or by plating on the inner package walls as the 
water seeps through some slowly flowing leak. Both of these are 
random processes.

I Originator. J.R. Massari I Checker: L.E. Booth
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associated with sequences initiated by flooding, are represented by the acronyms climate 
and tectonc. ,Conditional probabilities for sequences initiated by low and high infiltration 
are represented by the acronyms wpb&ld and wpd&ldh, respectively.  

As discussed previously, due to apparently conflicting theories on the pitting corrosion 
behavior of Alloy 825, it was also decided to investigate a worst-case scenario in which 
the waste package barriers were penetrated in a relatively short period of time compared 
to the other events in the sequence. This was performed for each of the three event 
sequences by simply eliminating f2 from the convolution, effectively producing conditional 
breach and leach distributions which consider the barrier to be instantly breached upon 
the occurrence of the initiating event.. The convolutions were performed using the 
Mathcad worksheet in the same manner as above, and are also contained in Attachment 
I. The conditional probabilities for this no-barrier credit case are also given in Table 7.7.  

7.4.6 Probability of sufficient moderator (holes) 

For the overhead dripping scenarios, there must be holes around the middle of the 
package, but not the lower part. The most likely location is on the upper surface which 

. is most exposed to dripping water. The conditional probability of such a hole configura
Stion, given that there is s& icent corrosion to produce the holes in the first place, is 
assumed to be the product of the conditional probability of holes around the middle (0.1) 
and the conditional probability of no holes in the lower half, given that there are holes 
around the middle (0.1). This latter probability is actually quite conservative, since half 
of the weld around the lid will be in the lower, submerged, half of the horizontal package, 
and this weld is more likely to corrode and leave a hole to prevent ponding. On the other 
hand, there is a possibility that the leached/corroded material could plug up such holes, 
so that subsequent ponding could be supported even if the initial hole configuration were 
not favorable to ponding. This analysis will be refined in the next few years; by the time 
of license application it will include: 

More precise modeling of corrosion from dripping, particularly in 
welds.  
Fluid dynamic modeling of leach and ponding processes, including 
the effects of alternative hole configurations.  
Deterministic evaluation of criticality for likely flooding and 
assembly geometry configurations.  

7.47 Probability that Fuel Assemblies Maintain Geomety Re•qired For Criticality (geometry_ 

Since criticality of SN? assemblies will require nearly full moderation, there can be no 
criticality if the basket and assembly hardware, fail in such a way that the fuel rods can 
collapse into a consolidated configuration which does not permit sufficient water between 
the rods. Such a collapse would generally'require the corrosion of the fuel cladding or 
grid spacers in each assembly. It is conservatively assumed At the fuel assemblies will

Originatoi. J.R. Massari Chece. LB. Booth
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To determine the fraction of the packages which will have kff 2 0.95, we use the Design 
Basis Fuel Analysist-) which tabulated SNF statistics with respect to k. using a 
parameterization of k. developed by ORNLO20 for PWR fuel using 210 SCALE runs that 
covered a representative range of values of age, burnup, and initial enrichment. In this 
tabulation an age of 5 yrs was used. The correspondence between k., and kcf is then 
determined by calculating k. from the formula given by ORNLO'2 for the design basis 
fuel (age=5 yrs, burnup=20 GWdiMTU, initial enrichment=3%), with the resultlc,.=l.138.  
An MCNP calculation showed this criticality design basis fuel to have a kff approximately 
equal to 0.98, so the difference betvween k. and ker is 0.158. We now interpret Ref. 5.7, 
Figure 6.8.3-5, as. follows: (1)'for times of interest (2.OO0 to 200,000 years) determine 
the difference between 0.95 and kI, (2) add that difference to 1.138 to determine the k.  
which would correspond to a k&=0.95 , (3) consult the tabulation of k.; percentiles in Ref.  
5.25 to determine the percentage of SNF which would have a higher L. The results are 

I given in Figure 7.12. This curve is fitted to an 80' order log polynomial in the Mathcad 
I worksheet and used as a multiplier on each of the three conditional breach and leach pdfs 

produced in section 7.45, to determine the corsponding breached, leiched, and capable 
of criticality cdf.  

An external criticality event would be expected to require a longer time (more. waste 
package barrier corrosion, and extensive breaching of the fuel element cladding) than the 
internal criticality event sequences discussed thus far. Hence the probability of 
occurrence is correspondingly smaller, and has not been extensively studied thus far.  
Nevertheless, since this is an important topic, the final draft of this document will contain 
an estimate of the probability of the fuel being reconfigured into a flat plate mixture with 
moderator (water), and the kf which could result.  

7A.5 Evaluations of two-fold convolutions of pdf's 

The pdf for the combined flow, breach and leach events was obtained from the 
convolution of ft, f2and f3. Tbis convolution was computed by a Monte-Carlo numerical 
integration, performed in a Mafhcad+ vS.0 worksheet, to randomly sample the cdf for 
each distribution and sum the times to reach the defined flow (or flood) condition, to 
breach the waste package and to leach 60% of the boron. The resulting pdf was then 
multiplied by the criticality capable curve defined in section 7A..4 to determine the 
probability that a package will be breached, leached and capable of criticality at a given 
time. 250,000 trials were performed for each Monte-Carlo run. The fluctuations in the 
pdf are due to the random nature of the Monte-Carlo process. The conditional probability 
that a WP !as breached, leached and is criticality capable by a given time for a given 
initiating event is obtained by numerically integrating the pdf. Five rins'were performed 
to account for the Monte-Carlo fluctuation in the pdfs and the results were Averaged to 
obtain better statistical estimates of. the conditional probabilities. Probabilities of-
occurrence for each of the three conditional breach, leach, and criticality capable event 
sequences at 10,000, 20,000, 40,000, and 80,000 years, are summaiied in Table 7.7, and 
in Attachment I for the five runs that were performed. The conditional probabilities

Originator:~ J.R. Massari Checker: L.E. Booth
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Table 7.7. Summary of Fault Tree Event Probabilities For Various Times Since .Emplacement

(

.1 

*1

Time Basic and Conditional Event Probabilities 
Emplaced 

(years) cumate 
holes crackawp geometry & wpb&ldl wpb&ldh 

tect nc 

WP Barriers Provide Temporary Protection Against Moderator Entry 

10,000 1.00x104. 6.95x 10 2  1.00 0 0 0 

20,000 1.OOxIO2  6.95x104 1.00 0 0 - 1.16xlO3 

40,000 1,O0X 102 6.95x1' 2  1.00 7.89x1V 6.90x104t 1.43x10'3 

80,000 1.00xl0 2  6.95x10 2  1.00 1.20110 2.48xl 2 " 1.44x1(r' 

WP Bzrriers Given No Credit For Preventing Moderator _ny 
10,000 1.OOxlO" 6.95xl02  1.00 0 9.00xl0" 3.68x10' 

20,000 1.00xl0 2  6.95x10 2  1.00 0 3.13x10" 2.45x10 4 

40,000 I.OOxlO2 6.95x104 1.00 1.62x10 7  2.22x102  3.29x10' 

80,000 1.00xlO " 6.95.100 1.00 1.55x10 ' 4.71xlO 1.85xl02 
I I -, 1.55xl

.A 

4I

-J
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More precise modeling of the fuel -assembly structural failure 
distribution following loss of the inert environment; 
Deterministic evaluation of the criticality potential of other possible 

-.geometries which could be formed prior to complete degradation 
of the waste package structure.

Table 7.6. General Corrosion Data For Types 304 & 316 Stainless Steel 

Stainless Test Test Test Corrosion Time To 

Steel Environment Temp Duration Rate Corrode Ref.  

Type (C) (years) j (pmlyr) 6mm (y) 

316 Seawater Immersion =27 16 1.25 2,400 5.16 

316 Seawater Immersion =27 1 14,99 200 5.16 

316 Seawater Mean Tide -27 , 16 0.16 18,750 5.16 

316L J-13 Immersion 50 1.3 0.154 .19.481 5.21 

304L J-13 Immersion 50 1.3 .0.133. 22,556 5.21 

304L J-13 & 6E5 rads/hr 28 1 A.0811 36,991 5.21 

304L wld J-13 & 6E5 rads/hr 28 1 0.123 24,390 5.21 

304L J-13 Immersion 90 0.22 0.29 10,344 5.17 

304L Sol. 20 Immersion 90 0.33 0.2' 15,000 5.17 

304L Tuff Groundwater at ? 0.15 0.3 10,000 5.20 
3E5 & 6E5 rads/hr I
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always maintain a geometry which supports optimal moderation for the time frame 

covered by the current analysis. Therefore, this event has a probability of 1.0. This 
analysis will be reftned in the next few years; by the time of license application it will 
include:
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Figure 7.7. Waste Package surface temperature as a function of time for a mass 
loading of 6.0 kg U/m2 (approximately 24 MTU/acre), curves are for different 
locations in the repository (0% - center, 25% - mid-way from center to edge, 
100% - edge)
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Figure 7.10. Distribution of time to leach 60t of neutron absorbing 
material from UCF-WP basket structure for continuously wetted 
conditions.
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Figure 7.11. Distnrbution of time to leach 60% of neutron absorbing 
material from UCF-WP basket structure exposed to intermittent 
wetting conditions.
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Table 7.8. Summnary of Top Event Probabilities and Cutsets; for UCF.WP 
Time ITop Event ICutset Probabilities and Event Sequences 

('~'~u~) Probability 

____ ____(with Battier Credit) 

10,00 0 All sequences amc estimated to have an infialtesitalily smnall (zero) probability of occurience.  
20,000 8.0711-09 StO7B-09 CRACKSWP GEOME'RY' HOLES WPB&LDH20K, 
40,000, 1.1I11-06 9.9211,07' CRACKSWP GEOMETRY HOLES WPB&LDH40K( 

4.8011-09. CRACKSWP GEOMETRY HOLE WPB&WL401C 
7.89"1-8 TECMNC4K GEOMETRY 

_______ ______7.89H1-08 CUIMAIB4K GEOMETRY 

80,00 2.9611-0 1.7i&105 'CRACCswp' GEOMTrMY HOLES WPB=L8LSK 
1.0011.05 CRACKSWP GEOMTRMY HOLES WPB&LDH8OK 
1.20H1-06 'TECTWNC8OK GEOMETRY 

_______________1.2011-06 CLIMATE8K GEOMETRY 

____________(withot Barider Credt) 
101000 0.5111-08 .6.269-08 CRACKSWp GUOMMTY HOLES WPB&LDL1OK 

______2.5%"g0 CRACKSWP GEOMTRMY HOLES WPB=LHIOK 
20.000 '2.4-06- .2.176-06 CRACICSWP GEOMMTRY HOLES WPB&LDL20K 

______1.709-M7 CRACKSWP GEOhMETY HOLES WPB&LDH20K 
4M 1.809-05. 1.54"1-5 CRACJCSWP GEOMERMY HOLES WPb&LDL4OK

2.28B1-06 CRACKSWP GEOMETRY HOLES WPB&WHD4OI 
1.629-07 I1,ITECTONC40K GEOMETY 

_______1.62M10 *!LIMATE401 GEOMETRY 
80,000 4.86B-05 3.27"1.5 CRACKSWP GEOMERMY HOLES WPB&WDL&OJ 

ow..-0 CRACKSWP GEaOMTRY, HOLES WPB&WDH8OI 
1.55B1-06 TECFO4C80IC GBOMMY 

_____________1.5511-06 CLIMATE8OK GEOMETfRY
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7.5 Fault Tree Analysis '9.. `11! 

In this section, the basic and time dependent conditional event probabilities developed in 
Section 7.4 are input into the fault tree developed in Section 7.3. ;The fault tree was 
evaluated at the times after emplacement for which conditional event probabilities were 
quoted in Table 7.7. Since all basic event probabilities are on a per package basis, and 
all conditional probabilities are dimensionless, the fault tree top .event will also be in 
terms of a criticality probability per package at a given point in time. This differs from 
the typical top event units for a fault tree of an active system of components, (such as a 
nuclear power plant safety system) which is usually expressed as a system failure rate or 
a probability of system failure in a given mission time. This is appropriate when the 
failure rates of the system components can be treated as constants and the mission time 
is relatively short when compared to the mean-time-to-failure of the components.  
However, when the majority of events are conditional on other events and have time 
dependent failure rates, as is the case in the current analysis, it is more useful to express 
the top event as a cumulative probability of occurrence at specific points in time.  
Evaluating the fault tree at various times will then produce a cumulative distribution for 
the occurrence of the top event (i.e., waste package criticality).  

The fault tree cutset (sequences of events) probabilities were determined using Excel v4.0 
and the top event was quantified by summing the cutset probabilities. Results of the 
quantification of the fault tree top event at each of the previously selected timesteps is 
given in Table 7.8. The individual cutsets which make up the top event probability, and 
their contribution to the top event is also shown. Table 7.8 also provides the results of 
the quantifications performed for the alternate "no-barrier" scenarios, which are intended 

*" to provide an upper bound criticality probability to address the uncertainty in barrier 
-" performance which currently exists. Figure 7.13 displays the.cumulative per-package 

criticality probability as a function of time for both the barrier and no-barrier scenarios 
(TBV). The number of waste package criticalities expected to occur by a given time can 
be approximated from this plot simply by multiplying the cumulative probability at that 
time by the number of packages.

Originator: J.R. Massari Checker- L.E. Booth,
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8. Conclusions IV? kvV,\ 

This design analysis has demonstrated a process for estimadtng the probability of waste 

package criticality as a function of time, which is described in Section 7. In particular, 

Section 7.4 describes a methodology for estimating the probabilities and pdfs of the 

events which are essential to the production of a criticality. We have used the established 

process to estimate the probability of criticality as a function of time since emplacement 

for the uncanistered fuel waste package (UCF-WP); the results are summarized in the 

cdfs shown in Figure 7.13. The cutsets presented in Table 7.8 identify the dominant 

sequences leading to waste package criticality.  

It is obvious from a review of the cutsets presented in Table 7.8 that the dominant 

sequences contributing to the rise in the probability of criticality during the first 80,000 

years are those involving water dripping on a waste package from an overhead fracture.  

As mentioned previously in the discussion on fracture frequency in section 7.4, 

information from the STRIPA validation drift suggests that flowing fractures primarily 

occurred in regions of high fracture density.- Actions taken to identify and avoid 

placement of waste packages in such -areas would significantly reduce the probability that 

a waste package would be located under such a firature, and thus reduce the rate and 

degree to which the overall waste package criticality probability rises in the first 80,000 

years. These conclusions however, are subject to validation and/or refinement of the 

assumptions made in the analysis regarding flowing fracture frequency.  

It is also evident from the cdfs shown in Figure 7.13 that the rate at which the barrier is 

assumed to be breached h a significant effect on the rate at which the criticality 

probability rises over the first 80,000 years, but little effect thereafter. The effect in the 

early years is primarily due to the uncertainty in the time.-to-breach of the waste packages 

located below flowing fractures. However, in the later years, further increases in the 

* probability of waste package criticality are primarily governed by the occurrence of events 

which produce repository flooding. As the time frame for occurrence of these events is 

on the order of several million years, and the range uncertainty in barrier performance 

spans at most only a few thousand years, there is little effect on the overall probability 

of criticality due to sequences initiated by flooding. It should be noted that the 

probability of criticality continues to slowly rise beyond 80,000 years, reflecting the 

increasing probability of repository flooding and the assumption that the fuel assembly 

geometry always remains intact. Future analyses which include external and altered fuel 

configuration criticality sequences may affect'the results for later years.  

Finally, the current analysis treated both UCF-WP basket designs identically, by assuming 

that there was a single 10 mm thickness of borated stainless steel absorber material 

between assemblies. In section 7.43.2, it was assumed that the boron would be leached 

out of the stainless steel matrix as it corroded from both sides by the process of general 

corrosion. This assumption is valid for the ILB UCF-WP design, but may be slightly 

unconservative for the tube basket UCF-WP design. Due to the fact that this design 

Origiator:. JR.1 Massari Checker: LE. Booth
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Figure 7.13. Cumulative per-package criticality probability for various tines since 
emplacement with and without credit for the WP barriers (TBV).  
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employs 5 mm thick tubes, it would present four surfaces where corrosion of the stainless 
steel (and thus boron removal) could occur. This would have the effect of reducing the 
MT7F for the absorber leach distributions by a factor of two, thus slightly raising the 
probability of criticality at a given time. Howvever, as the outside surface of one tube will 
be very close to the outside surface of the adjacent tube, there may be no credible 
mechanism for removal of the boron from the tight space, in which case, the above 
assumption would still remain valid. Also, the corrosion products may eventually plug 
the gap, preventing water entry and further corrosion between adjacent tubes. Regardless 
of which of the above scenario's is true, the tube design still remains bounded by the "no
barrier" case presented in section 7.  

While this document does not deal with the consequences of the criticality, it should be 
noted that, all numerical calculations of such processes published to date indicate that the 
energy release would be limited to boiling of water at atmospheric pressure, similar to the 
natural reactor which occurred at Oldo several billion years ago. Such a low grade 
criticality could continue for thousands of years, but simple calculations show that at an 
expected number of criticalities less than 1, the inventory of radionuclides accumulated 
by the criticality at any time during such a criticality would be an insignificant fraction 
of the nuclides already present in the spent fuel inventory of the entire repository.  

9. Attachments

Attachment I - Calculation Details

Odimator- J.R. Massai Checker L.E. Booth

)
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Carbon Steel - Continuous Wetting (Harsh) 

ASM Handbook (p. 977 Table 22) gives pitting rates for carbon steel In tuff ground water of approximately 1rmm/year for 50-1 00C range (two low anomalies at 50 & SOC ignored). Test 
duration was 9 weeks.  
Using values for A & B from above IOC of 

A:=2525mm/yr B:=28501K,

info from ASM Handbook oft :.-. yrs. P:= 1't mm,

T:=70+ 273 K (midrange) 

and solving Stahl's equation for o gives,

An(t)
c = 0.729

Based on this calculation, a c of 0.75 will be assumed for carbon steel for the remaining calculations. This rounding up is conservatiye 
because a a of I implies a constant corrosion rate and a a of .5 Implies 
a corrosion rate which decreases parabolically with time.  

Carbon Steel - Intermittent Wetnal (Mild) 
The same table in the ASM Handbook also details 9 week general corrosion rates for carbon steel In tuff groundwater of approximately 0.4 to 0.5 mm/yr for temperatures ranging from 50 to 100 C. Using a B of 2850K, the c determined above, and solving Stahl's equation for A gives, 

c :=0.75 P:=.4.t

A:= P

A = 1.048.1 d

Based on this calculation, A wi•l be assumed to be 1000 mm'yr for the intermittent wetting case, In which the dominant mechanism is assumed to be general corrosion.

�L, P&,�QUI
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CALCULATION OF CORROSION PARAMETERS FOR SECTION 74.3.1 

Start with Stahl Model detailed in IOC LV.WP.DS.06/93.107 'Waste Package Corrosion 
Inputs," 6/21/93 

where P is corrosion penetration depth 
t is time In years 

T is temperature in K 
A is a rate constant with units of mm/yr. IOC recommends 2525 mm/yr for carbon steel.  
B is the activation energy (Q) over the gas constant (R). 8 is In units of K and is Indicated to be 

2850K for carbon steel.  
c Is a constant describing protectlveness of passfve film. IOC Indicates that It typically ranges from 

0.5 to 0.8 for Carbon Steel. It specifically details tests in lake water which produced a cof 0.47.  

Use of Stahl's model is appropriate for determining parameters as all corrosion data was collected at constant 
temperature.  

Carbon steel 

ASM Handbook page 977 Table 22 summary of 1020 carbon steel corrosion In tuff groundwater

T~mncr~*hwr (ff.

50 
70 
80 
90 
100

T o m - f , I M 1aIfI -- t nr o I

401 
505 
531 
414 
320

piffinq Corrosion Rate (urm/n) 
380 

"-1018 
465 

1046 
1018

Alloy 825

UCID-21362 volume 2 page 21"Survey of Degradation Modes of Candidate Materials for High-Level Radioactive 
.Waste Disposal Containers" and NNA.890919.0280 "Metal Corrosion In Deep Ocean Environments"

Temp: 17.2C Corrosion Rate:1.01 pm/yr 
Environment Ocean Surface Immersion

Test Duration: 1.06 years

NUREG/CR-5598 Table 5.5 "Immersion Studies on Candidate Container Alloys for the Tuff Repository"

Temp: GOC Corrosion Rate: 9.17pVyr 
Environment J-13 Well Water with 4800 ppm 11202

Test Duration 2784 hours
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Parameter Summary ,

The following parameters will be used in McCoy's model to develop time to WP Barrier breach PDFs

C;ontinuous Wetting 
R • 0%

Pt 2 `0

Intermittent Wetting

Carbon Steel 2525mm/yr 2850K 

Alloy 825 31512mm/yi 5000K 

McCoy model runs on'WP HP9000 O•u$

0.75 

0.75

1000mm/yr .2850K 

6602mm/yr 5000K

"0.75 

0.75

Set parameter values In C source code files provided by McCoy 

CORRSTEAM for 100 mm Carbon Steel barrier 
CORR825 (c a 0.75) and CORR825X (c , 1) for 20 mm Alloy 825 barrier 

Compile all source code and use batch file ZOUTER to run CORRSTEAM executable. Follow Instructions given by batch file for recording and entering data. Then use batch file ZSC to run CORR825 and CORR825X 
executables. Copies of source code,.batch files, and runs attached for Continuous Wetting case.  

Blended Buscheck/Bahney curves also attached with correction factor to match Buschecles curves with 
Bahney's at 100 years Indicated by an arrow on each graph.  

RESULTS 

Continuous Wetting, 

Location CS Banrer' Breach Tmne CS & A825 Barters Breached Time 
(years) Nyears) 

12.5% 680.994 8188.91 
50% 681.133 0250.08 
75% 688.413 8594.44 
90% 762.018 9348.19 
97% 876.544 9980.06 
99% 923.987 10174.80 

Intermittent Wetting 

Location CS Barrier Breach Time CS & A825 Barriers Breached Time 
(Nears)* (years) 

12.5% 3150.10 34807.3 
50% 3198.15 - 333845 
75% 3498.40 34850.0 
90% 4402.60 382882 
97% 5279.48 40843.4 
99% 5579.68 41665.8

A

J

R
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Alloy 825 - Continuous Wetting (Hersh) 

Stahrs equation is essentially an Arrhenius corrosion model and should be applicable to Alloy 825 if the 
appropriate values can be determined for A, B, and c. However, due to a general lack of information on these 
values for Alloy 825 in the available literature, the following assumptions will be made: 

B :=5000 K Since B is an nincdator of corrosion resistance across a wide range of temperatures, and 
higher values imply increased resistance, a value approximately tWce That of carbon steel 
for Alloy 625 is appropriate for a material that is expected to be much more corrosion 
resistant.  

c :=0.75 As corrosion resistant materials such. as Alloy 825 form very protective passive films, it is 
expected that this choice for c will be conservative. To addsa further degree of conservatism 
due to the current uncertainty over the pitting corrosion performance of Alloy 825, c will be 
changed to I after 5000 years of exposure.  

To determine A, UCID -21362 Volume 2 page 21 Indicates that Alloy 825 displayed a corrosion rate of 
1.01 j•imyear during a 1.06 year test at the ocean surface, and that the corrosion took the form of pitting.  
This document did not give the temperature of the test, however, the original source document for the test 
data, NNA.890919.0280 "Metal Corrosion In Deep Ocean Environments,* does give the temperature of the 
test as 17.2 C. Using this Information, the above assumptions fbr B and c, and solving Stahrs equation for A 
gives, .  

St:= 1.06 P:= 1.Ol.10'3.t 'T:=171273 

P 

[(e).exP'(A)] . Ain3.151261Ol 

Since this data was obtained from seawater Inrmesi on, It would be expacted to represent a conservatively 
harsh enough environment for the continuous wetting condition.  

Alloy 825 - Intermittent Wettina Muild) 

For the intermittent wetting case, corrosion data from a milder environment was desired that could still be 
considered representative of potential repository conditions. NUREG/CR-5598 reported the results of 
corrosion testing of Alloy 825 inmersed In J-1 3 well water with 4800 ppm H20 2 added to simulate 
radiolysis. This test, which was performed at 9OC for 2784 hours found ai pitting corrosion rate of 
9.17j•nmyear. Using this Information, the above assumptions for S and c, and solving Stahl's equation forA 
gives, 

t:=.317 P :=9.17-10".t T:=90+273 

A:=-
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tusage: zouter (data file 'ar [new time-temperature ] I lexample: Zouter mix.temp.1 iiizý.je 
i get wastage for outer barrier as func of time 
:orrsteam.aud < $1 > zzz 
t use vi to dump all but lines the bracket failure time (at 100 m) echo delete all lines but the two that bracket 100 mm. wastage 

read x 
Szzz 

linterpolate to get failure time 
Jut -fl,3 -d' ' zzz I interp -r -xlO0 0 $2 
tshow failure time 
at $2 
f start again for inner barrier: get copy of input file 
.p $1 zzz 
" use vi to throw away part of file that applies while outer barrier

lz. %R= ete all lines Dut those that bracket the time displayed echo previously 
read x 

7± zzz 
I interpolate to get temperature at failure time for outer barrier rmt -fl,2 zzz I interp -x'cat $2'>> $2 
3ed '$s/$/ 1/' $2 1 yoo $2 
3at $1 >> $2 

Secho join first two lines, then delete starting on second line echo until the times are monotonically increasing 
- read x

C9, DJFAsi

Ls initact
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Jinclude <stdio.h> COrS+ec .4.C 
finclude <math.h>,_io&3 

Idefine c_dryox (0.33) 
Idefine c.aqcor (0.75) 

fdefine TEMPERATURE (params [0]) 
#define OLDTEMPERATURE (params[3] ) 
Idefine HUMIDITY (params(l]) 
#define OLDHUMIDITY (params [4]) 
idefine TIM (params[2]) 
tdefine OLDTIME (params[5]) 

nain() 
r 

double params[6] ; /* temperature in X, relative humidity as fracti 

double penet,_dryox = 0; /* (penetration due to dry oxidation, mm) to I/c double penet-aqcor - 0; /* (penetration due to aqueous corr., nim) to I/c 

double dryoxo; 
'double aqcor(); 
double rombergo; 

scanf ("%lf VIf lfx, &OLDTnoE, &OLDTEMPERATURE, &OLDHUMIDITY); 
OLDTEMPERATURB += 273.15; 

while (scanf(Oif %If %it', &TIME, &TEMPERATURE, &HUMIDITY) 3) 
TEMPERATURE += 273.15; 
penet-dryox += (TIME - OLDTIME) * 

romberg(dryox, 0., 1., 5,-1.e-6, (char *)params); 
penet aqcor ÷= (TIME - OLDTIME) * 

romberg(aqcor, 0., I., 5, !.e-6, (char *)params); 

printf(I%.llf if %ilf\n',TIM3, pow(penetý.dryox, cqdryox), 
pow (Aenet aqcor, - c_aqcor)); 

OLDTEMPERATURE = TEMPERATURE; 
OLDHUMIDITY = HUMIDITY; 
OLDTIME - TIME; I 

return 0; 

louble dryox(time, argv) 
double time; 
char *argv; 

double A - 178.7; 
double B- 6870.;t 
double *dargv = (double *')argv; 
double temperature; 

temperature time * dargv[0] + (I - time) * dargv[3J; 

return pow(A, 1/c dryox) * exp(-B / (c_dryox * temperature));

*muble aqcor(time, argv)
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(usage: zsc [data f ilekriame] [time to switch ci 
texample: zsc mix.lc 5199.2 
Sreat corrosion of first part of inner barrier (original value of c) 
:(.825. aud < $1 > zzz 
$use vi- to grab lines that bracket "time for c to switch 
* echo delete all lines but the two that bracket the time you specified 

read x 
T4 zzz 
f interpolate to get wastage at time of change...  
at -fl,3 -d' ' zzz interp x$2 > zfinal 
I and append the time to the same line 
Who $2 '\c' >> zfinal 
.1 start again for corrosion after c changes 

S$l-zzz 
# use vi to grab lines that bracket time for c to switch 

"echo delete all lines but the two that bracket the time you specified 
read x 

Szz z 
fand interpolate to get time and temperature at that time 
-ut -fl,2 zzz I interp -x$2 :> zfinal 
;ed '$s/$/ 1/' zfinal I yoo zfinal 
p $lzzz 

Snow use vi to get rest of temperature history 
* echo what should this say 

read delete all lines down to the time you specified 
.zU"ZZ 

;-put it together for corr825x to use 
#t zzz >> zfinal 
-F-'inally, calculate wastage for second period 
A...r825x.aud c zfinal > zout 
f now Use vi to grab lines with vastages that bracket barrier thickness 

- echo delete all but the two lines that bracket 20 mm of wastage 
"read x 

,t : 0 u t " •" " "" 
nd use interp to calculate failure time (ie., wastage 20 mM) 

•t-fl,3 -d' ' zout I interp -r -x20 .



-include <stdioh .  

.Anclude <math.h> C" 

define c_dryox (0.33) 
-define c-aqcor (0.75) 

Adefine TEMPERATURE (params [0]) 
,define OLDTEMPERATURE (params [3]) 
4efine HUMIDITY (params (1]) 
define OLDHUMIDITY (params [4]) 
ldefine TIME (params [21) 
,define OLDTI3E (params [5] ) 

amn 0.  

double params [6]; /* temperature in K, relative humidity as fracti 

double penetdryox = 0; /* (penetration due to dry oxidation, ruM) to i/c 
double penet aqcor - 0;./* (penetration due o aqueous corr., ram) to 1/c 

double dryoxo; 
double aqcor (; 
double romberg 0; 

scanf('%lf %lf WIf', &OLDTIME, &OLDTEMERATURE, &-OLDHUMIDITY)• 
' OLDTEMPERATURE += 273.15; 

while (scanf("%lf %if lfO, &TIM, &TEMPERATURE, &HUMIDITY) == 3) .  
TEMPERATURE +- 273.15; 
penet dryox += (TIME - OLDTIME) * 

romberg(dryox, 0., 1., 5, 1.e-6,. (char. )params); 
penet-aqcor +- (TIME - OLDTIME) * 

romberg(aqcor, 0., 1., 5, l.e-6, (char *)params); 

printf('I.l1f Ilf %lf\nw,TIME, pow(penet dryox, c.qryox), 
pow(penet-aqcor, caqcor)); 

OLDTEMPERATURE = TEMPERATURE; 
OLDHUMIDITY - HUMIDITY; 
OLDTIME TIME; * ) 

return 0; 

.ouble dryox(time, argv) 
double time; 
char *argv; 

double A = 178.7; 
double B - 6870.; 
double *dargv - (double *)argv; 

double temperature; 

temperature - time * dargv[o] + (1 time) * dargv[3]; 

return pow(A, 1/cdryox) * exp(-B / (cdxyox * temperature));

4Ouble aqcor(time, argv)
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-double time; 0 
- char *argv; ( 

double A - 2525.; C double B - 2850.; 
double k - 19.08; 
double *dargv - (double *)argv; 

double temperature; 
double humidity; 

temperature . time * dargv[0] + (1 - time) * dargv[3]; 
if (temperature P 373.15) 

humidity . 95143.074 / exp(24.564 - 4888.587 / temperature); / * AAAAAAAAA.. *1 
1. predicted vapor pressure at 373.15 K *1 

else 
humidity - I.;' 

return pow(A, I/cqaqcor) * 
exp(-k * (U. - humidity) / caqcor -B / (c aqcor. * temperature)
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tinclude <stdio.h, ?IAJL -~( 
#include ~inath.h> Cori&973. C. Dq 

define c dryox (0.33) 
def ine c-aqcor (1.00) 

t define T7!PERATURE (parains [0] 
ef ins OLDTEMPERATURE (params (3]) 
efine HUMIDITY (params[l]) 

idef ins .OLDHUMIDITY (paraxns (4]) 
~ efine TIM~ (params(2]) 
refine OLDTfM '(paranis[5]) 

pain( 

double params (6]; /*"temperature in X, relative humidity as fracti 

*double penet _dryox -0;. 1* (penetration due to dry oxidation, run) to I/c 
double penetaqcor; 1* (penetration due to aqueous corr., rim) to 1/c 

double dryoxo; 
double aqcor(); 

- double romberg; 

*handle 'initial wastage from previous calculation * 
scanf(*Wlf13, &penet~aqcor); 

penet-aqcor -pow(penet aqcor, 1.' / c~aqcor); 

scanf (m lf Wlf Wlfn, &OLDTIN3, &OLDTEMPERATUREa, &OLDHUMIDITY); 
OLDTEMPERATURR +- 273.15; 

*printf (NW. llf *lf rlf \no, OLDT7Ih2, pow (penet~dryox, c~dryox), 
t wilepow(penet aqcor, c aqcor)); 

wie(scanf (4Wlf %lf *lf" &TIME, &TEMPERATURS, &HUMIDITY) -=3){ 
TEMGEMATURS 4 273.15; 
penetdryox +-(TIME - OLDTIHE) 

* ~~romberg(dryox, 0,.,5, 1.e-G, (char *)paranmg); 
penet-aqcor += (TIME - OLDTIME) * 

romberg (aqcor, -0. , 1. ,5,s,1. 6- 6,,L (char *) params); 

printfC"I.1lf Vlf tlfkno,TIMB, pow(penetdryox, c dxyox), 
Pow (penet _qcor, c~aqcor)); 

OLDTEMPERATUP.3 - TEMPMU~TURE; 
OLDHUMIDITYý HUIMIDITY; 
OL~DTIME =TIME; 

return 0; 

houble. dryox(time, argv) 
* double time; 

char *argv; 

double A -=178.7;.  
double B = 6870.; 

* double *dargv = (doub'le *)a~gV;

double temperature;



t

double time; 
char *argv;

double A = 31512.; 
double B 5000.'; 
double k - 19.08; 
double *dargv- (double *)argv; 

double temperature; 
double humidity; 

temperature & time * dargv[0] + (i - time) * dargv[3]; 
humidity - time * dargv[1] + (1 - time) * dargv[4];

return pow(A, 1/caqcor) * 
exp (-k * (1. - humidity) / caqcor - B / (c aqcor * 'temperature)

DI B00O000O-01717-220P-A'0079 REV 01
i



1- -04

Ct-9) "L..  

Et ý,.Cf 9)

(-rc 

&L c(sr

AxelbiAl IK LLK 

6K 

1 /1.19. --.N I 

LAoi

1 f.7 ZLJrj V VA

vIt



t 

louble

DI B00000GO.O01717.2200 40079 REV 01 

temperature me dargvo] + (I 

.return pow(A, 1/c dryox) * exp(-B /

aqcor(time, argv) 
double time; 
char *argv; 

double A = 31512.; 
double B = 5000.; 
double k - 19.08; 
double *dargv'= (double *)argv; 

double temperature; 
double humidity; 

temperature = time * dargv[0] + (I - time) * dargv[31; 
humidity = time * dargv[l] + (I - time) * dargv[4];

return pow(A, 1/c aqco3 
exp(-k * (1. - humidity) /-c..aqcor - B /

time) * dargv[3]; 

(cdr*yox * temperatu3

I-TO 

I of,

(C~aqcor *temperature)
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Probability that WP Located Under Flowing Fracture

SVFF:= 19.64m- Reference 5.24 

ID :=4.27 m Drift Diameter (14 ft) Reference5.11 

WPJ :=4.580 m UCF-WP Basket inner length Reference 5.32 
FBDL :=.005 m Space between end of basket and Inner lid Reference 5.32 

Assumiftons 

1. 14% of fractures are flowing.  
2. 50% of fractures in cylindrical volume of tuff intersect surface of unit volume (1 m of drift length).  
3. STRIPA fraction reduced by a factor of 100 to account for fact that STRIPA rock Is saturated while TSw2 is unsaturated.  
4. Ceiling area capable of dripping on WP assumed to be top 900 arc of cylinder.  

Total number of Fractures in volume of rock that will contain drift

ID.  
R:=- L:=1. m ofdrift 

2 

Fractures intersecting surface of cylinder

F :=0.50-NF

NF =VFF.ig.R2.L NF=281.246

F =140.623

Total surface area of cylinder representing Im of drift 

wails ends 

SA :=2-x.R.L,+2.-.2.: A =42.055 m2 

Fraction of total surface area represented by ceTling

CSA 

TSA

Ceiling Surface Area 

- CSA:=-zL-2..R3L iSA 3.354 
360

". C =0.08

Fractures per 1m of drift ceiling = Fractures intersecting surfac@ ofcylinder* Fraction of su'rface that is ceiling 
CFI:=C'F CF1 = 11.214 

Flowing Fractures per m of Drift Ceiling.

S:=(0.14).(0.01)-CF1 1=0.0157 m'1

Probability of no flowing fractures over package Inner lid to lid length (skirts not Important for fifing) 
"Use Poisson Distribution

x ::WVi ÷'FBDL

.;* x= 4.585 m
Pr(0) =0.931

Probability of at feast one flowing fracture over 
package 

I - Pr(o) =0.0695

-•w -IV VV ~ l - ~ ~ | -l•I -plil -1 - AiI "-u # JLALJo V %W i,

. .%

O;.-x)'1-exP(- A-x) l:r(n) ;= . ." : , * ".1fi ": '': " : "



* MU

3*7. � 
so

'-3.  

) 

)

CQ0'~o4 0 - 0, 000

e1%6'

CL soot U,
5 U 1 U V UF& a 11 1 U T 9 9

-a..

Fig. 3.5 TEAM Weibudl Probability Paper

0

'110? 

'350i 

4107'I

V 
I 

U 

1'
.1.0

Ittheuso-,js



ss 

316

General Corrosion Data For 304 & 316 Stainless Steels 

Tlme To Time To Time To Test Dur.( Test Tern Test Environment Rate (um/yr) Corrode 1m torrode 3mm -Corrode 6mm 16 2 Sea lmmersion(PC 1.25 400 12oo 2400 1 27 ? sea ImmersionPC) 14.99 33 100 200 1 6. 27? Sea Mean Tide (PP .16 3-2• 9375 18750 1.3 60J-13 immersion • 0.154 324797014' 1. 2-'-'-50 J-13'1 airmmersin5rashr 0.133 3759 11276. 22556.  1 28'J- 1 i e na 'dh 0."11 616 16406. 3991.  
1 6 1 3 r 0.123 4065 12195 24390 0.23 90 J-13 Immersion 0.29 1724 5172 10345 T .me t e _So" 20 Imm both 0.s 25R 0 7500 15000 

0.5 , ?. Tuff Gn~lwtr Useso r/ "-.3 -766 00100 

Av -m To C-n31 9912- 183 S• Stwandad Deviation 146 43 O2 

7 m cord . ........ . .fr m b .o , id s uu-•u ram_ 2 R•- ate (um//_- . 1 00 unmnmn ]

-A

9/'195
"CORROD.XLs

[
316 
316 

304L 
304L Ann 
304LWe 
304L 
304L

Source 
2UC12128 vo12 

UClD21382vol-2 
UCID21--04
UC1021044 
U1.121044 
UCID21044 
NUREG/CR-5598 
NUREGACan-5508v 

ASM Handbook vol 13

9:48 AM
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prw~ar rf

Mapped 
rPavemeflt 

P100 

P200 

PS00 

AR

Starter 
Tumnel 

Rt Wall 

Left Wall

OSF Starter Tunnel Area - Tiva Canyon StratigraphIc uniL 

Comparison Criteria ___

P22 

1.95 

2.42

I 'M

Vi=L231.02 
a=0.16

P2l 
t fractiireslm

Frequency 
*# fractUreslzu

I.A* ara 
SI

ii=o.281
v=0.021 

P=Ow~s 0.35 

co=0.05 I 
I-G 1 3

p7-l. 36 1 116 

11=U6 1.24

'Percent

21.3 

$3.2 

32.0

S iM

p4=7 .

Alov I p-2 

Alco- 1331. r=0.0 1 o=6.  

Rt Wall p410I 1.4 Vp=O. 59 1 963 p416 IL102. - $X9 

0=0.29 47o=.2 =0.27 1ac-9 

Left Wall P=-Li.O F=.S9 £5p1l 9 IM 10P=14 

u=-0.2 8 I g=0.15 I #03 

Radial =.f 
DBOrehholes =.B

dimension 
2-0 

Boxt mass 

2.0, 2.1 

1,.85,1 96 

NA, 1.9

I

IM 

1j.20.0 

I.2 

I B .9 

*109

s= Simulated.. based on 20 simulations 
Md = Mapped 

=does not include thin, high density, £raiture/shce'r zones

V: Rck 2

A-7 Ttv- E~¶~ 

Pre1irninary Drafj

U

ft

MW

pltý 
prNI-Irn

I
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Inlennltlent Welllng - Borated Stainless Steel

For Inlermittent Welling, parameters 0, a, and M'TF are assumed to be doubled from 
the Continuous Wetling case to reflect milder corrosion conditions.

01 :=2.OC 

MTrPI :=2.MTrC 

ol :=2.oC 

0:=0I M1

01 =4.8-10 

MTIFI =3.96510W 

al = 1.745ol0

"rMF :=MTf a :=GI

Solve for a and p.uslng Mathcad solve block to solve system of two equations

G1ues0 

a:= 19500

Give"

MT -0 + a-r(I I )

pd):=r ap 
cmI.rQ*)(t4)

Results

Ccl = 3.9343.1 O' 

PIi = 2.098

J.

C 

(�-i'0

.a

0

(.J

P := 2.1J



DETERMINATION OF WEIDULL PARAMETERS FOR BORON LEACH (SECTION 7.4.3.2) 

Continuous Wetting - Borated Stainless Steel 

1.25.10- mmfyear general corrosion rate of 316 SS In Panama Canal.  

Time to'corrode 60%0 of 1Omm thickness of 316 SS from both sides 0 

1o.  OC :=0.6. C=A 0C 
(2.1.25.,o') 0C12.4. i0 

Prom corrosion data for 304 and 316 stainless steel C
MTrFc:= 19823 OC:=8724 

"0:=OC MTrP: MTTFC d:=oC 

Solve for a and p using Mathcad solve block to solvd system of two equations 

Guess 

Sx:-19100 p;=2,1 

Given 

MTflt'O-+ a.r I + 

2( 

, pcc '"t .,.Q*)2 I. 5 -

Results 7K 

•cC= 1.9671. 1o 

PC =2.98
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Critical Fuel Fraction 
Fit of 8th .order log polynomial to data from section 7.4.4 contained in file critfuel.pm

Define polynomial

1 
log(x) 

108x)4 Io¢:x)' 

1o~x)4 
lo8(x) 

lo8(x)
7 

log(x)

Read File Into Matrix 

M:=READPRN(critfidc)

UCF:: M•'>"' 

Determine constants to fit 
polynomial to data 

U ::; nfit(time.UCF, F)

Calculated Constants

U =

9.071 

-331 

-6.683 

6.662 
-2.732 

0.614 

-0.079 

0.006 
-1.604.10•4

Comparison of Calculated Curve with Input

n:=1- 17

0.04

0.03

UF(t) :=F(t)-U

1000 1-10 

Multiplication of PDFs by Criticality FraYifon 
i BarI er

Low lnfiftfaon UCPDF_ :=(LlPDF)z_ 1.UF(250.z)

-CRITFUELPRN Input 

UCF 
Critical 

Time (years) Fraction 

S2.1(9 0.048 

4.109 ~ 0.052 
0.054 

6.1(90.055 
0.056 

)4 UCF 0.05 

UCF00.053 

~. i~~io'0.052 
2-le 0.049 
3.10 ~ 0.047 
Me 0.045 

S0.041 
me 

0.04 

1.6.105 

3.10~

-l1op

IJo-Banier

ucPDF%_2 -=(LJPDFNB),_,.UF(250z)

9h fntfraon
M[CPDF 1 :=(HIPDF)- I.UF(250-z) - .. "PDINB_:=(DNB) -UF(20%; 

FC _F :=(FPDF)_ 1*VF(25O'z) P :=(FDFN) 1 UF(250z)

-,Pf.J

0.05 1-

i I

F(X) :=

! i

• !

I I



DI BOOOOOOGO-01717-22P" 40079 REV 01

Convolved PDFs (Congnued)

0.01 

0
0 5-104 Pie LS-10-1 

T"ýC-

a MA

jl<oo" 

o5 AvYM

Bani& Case - Nd-Barrkr Case

0.01 

moos 

a

Low

MEZ-* I

OAD4 

OL 
0 

Pi 0-3 

RDFX_ IS-10-6

High 
k*&a5on 

Fioýcffng

TOWz- I

TMZ- I T210"- I

om 

'o n 
a
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Criffcal PDFs for Each Sequence

Banfer Case
NO-Bartkr Cise

&OW4 

L'CpMz- I D.OW2

LOW 
Infiftflon

LIMMMZ- JILOW2

. -7"%-l

0.00015

0=1 
IBCPIIFZ_ I

lM7DFIMZ

0

IZIEz- I

4-IC7 

FCPDFZ_ 12-10-7 FUDM2.ý 12-10-1 

ro 0

ý6; I -

kiftaffon
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Determination of Cumulative Per-Package Crificardy ProbabTiffles from Critical PDFs

Z
UCCDF LICPDF Z- E M 

6-0 

Z- I 

MCCDFr MCPDF 

=-O 

Z- I 
FCCDFý_ FCFDFM 

-M=0

Z-1 

;lCCDFV%_,:= 
M=0 

Z-1 

H1CMFMZ-1 MCMFMx 
M-0 

Z-1 

FCPFNýe_ Fj FCPDFNB, 
M-0

I

Ouentification of sloebmic form of Fault Tree 

C Other Fault Tree Parameters

CRACKSWP:=9.54-1(r 2 

HOLES:= 1-10'2 

GEOIAMY:= I 

Ouantificsfion of Foult Tree Toý Event at 10000, 20000 -.40000, 80000 years 

VPCR1T10:=[[(CRAq1S7-L1CCD (CRAalSilP.MCýDF40)].IIOLES+2.FCCDFhl-GEOMEMY 

WPCRMO:= (CRACKSWUMMSý) +'(CRAMM*.H1CCDFs0) ]-HOLES+ 2-FCCDF,,]-GEObEMY 

W= 40:= (CRACKSWP.UCMF.,,) + (&AaCM-H1CCDF,.)]-H0iES + 2.FCCDF,.].C;Eofdmy 

-WPCRMO:= (CRACKSV-T-UCCDF..) +-(CRA0MV-rP-HlCCDF,,)]-H01.ES + 2-FCCDF32,]-GEOMETRY

jýIRPCRrrNBIO:=[[(CRACKSWP-UCCDFNB 40)+ tCRACKSWP-HICCDýM4,)]-H01,ES + 2-FC'M-FNB 40 lmoý y 

WCRnM20:=[[(CRACKSWP.UdCDFNB )+(CRACKSWP-MCCPF)iý,,)]-HOLES+2.FCMFM,,]--GEOLEMY 

ý;WMMM40:= CRACKSWP-UCCDFNB,60) + (CRACKSWP-HICCDFNB.)]-H0LES + 2-FCCDFNB -GEOMEMY 
M 

WCRnm80:= [[(CRACKSW-1JCC1DFM.) + (CRAMSW-HICa11M.)]-H0LES +1'FCCDFNB 320].GBOMEMY



SFkxooring* F~ 
vw/Barrier.  
Low InfiltrationL 

4w/ Bardier 

f-Uigh infiltration 
wl Barrier 

Flooding F 
w/o Barrier 

Low finfiltration 
wial BarrierU 

K Hgh infiltration~ 
woBarrier

0,000 years 

CCDF40 .0 

[CCDF40 0 

ICCDF. .0

Run l.  

20,000 years 

FCCDFS. 0 

U~cDF. -0 

JCCDF. - . SI

,40,000 years 

PCCDF1,60 0 

JUCCDF,. 13-I 

.. MCCDF160. 1.423*10

*80,000 years.  

FCCDM. 1-61&116' 

LICcDF3" 2.478- IV 

HICCDF320 . 1.437-162

-CDFNB. 400 FCCDFNB 3 . 0 FCCDF1NB. 0 FCC]. FNB3M .2.01 1-107 

160'0 

CCDNB~ 3.9' tf' IUCCDFNBg - 2.175-V16"HCCDFNB 1 Q.32.S91O-1hICCD)FNB 1.841.162 
402 

Note: FCCDF crmnate tedonc, LCCOF wb&KE HJCCDF = pb&Jdih

4
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e~b~.l-f- 1%

C : Cummulative Per-Packa-ge Cdcritcsty Prob blTity Plots for Each Sequence

Barider Case No-Barrier case

m04

cm

1, I
S-iu 1I-o? L5.1o 

I'Z-1

a-a(US

* Hgh I ~1'frtflion

0.041

0.02

2*10ý

4A- =oodifng
FCCFZZ V1io-

0 1-103 2-le 310 

7mg I

0 11 21 3

a

LOW* 
k hftlrffon

UOCDFz_ j

a

t I

- lz- 1

I I 

I I

lIMEZI

"IEZh1,

a I -
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10,000 years 

Flooding FCCDF. = 0 
w/ Barrier 

'Low Infiltration LICCDF = 0 
w/ Barrier - 40 

High fnfUtraIIorIWCCDF4,=0 
w/lBarrier 

Flooding FCCDFNB4=-0 
w/o Barrier 

Low Infiltration @Ct 

wlo Barrier UICCDFNB 40 = MS10

High Infitration I4CCDFNB = 4.433a10IV 
w/o Barrier 4

20,000 years 

FCCIDF =0 

ICcDF20 =0

40,000 years 

FCCDF. =0 

UICcDF160 .6.903. 160

80,000 years 

FCCIDF~ 3W U964a 1077 

U1CCDFm ,m2.477a1dO2

HICCDF30 = .078aI0ý' IICCDF160 = I.4112a10~ HCCDF320 = I437a162

FCCDFNBS = 0 PCCDFNB = 
160 'FCCDFTB=.0l0 

M32-096

LICCDFNB 0 -3.15' 10~ UCCDPNB 1 60 -2.221* 10- JCCDFNB32 - 4.707a 1072

HICMDFM u. 219-10 31.&I.*10T CcDFM 320 -1I.943'10-2

Run 03

J1ý41

I .
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Run #2

10,000 years 20,000 years 40,000 years, 

Flooding FCCF.0 FCCDF 3 .0CDF.I94*( 

Low Infiltration UICCDF4 0 U. I. 0 UCCDfls. 6.307- c10 
wt Barrier 4 6 

High InfiltrationHICCDF4.O HICCF . 1.292-l0" H[CCDF 160 .- 1.42310d
w/ Barrier g 

Flooding FCCDFNB 40-0CFNS0 C NB,2.21 
w/o Barrier .FCFB 0FCFE 6 .20*1 

Low lnfiltiaton LI~FB S671~ UCCDFNBSO, 3.144'lC73 UCCDFNB, 2.216-1 
WloBarrler- IC*B4086717 

High Infiltration MMN .9-1o'MMMO24317 'MN wlo Barrier 40~s 1.60OHCCFBQ2431 CDN~ 3.288 

Note: FCCDF climate &tectonc, UJCCDF c wpb&1d1 IICCOF c wpb&1dh

80,000 years 

FCCDF3 ~ 7.267* 10 

320m 

1gCCDF3ý. 1.447-1072I

PFCCDRNB 3 . 9.233- IV.  

L0 2UCCDFNB. -4.709.l0I.

103H[CDFNB. 1.857*10V

pljý 
e3r Of- Op
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Run #5

10,000 years 

Flooding FCCDF4 . 0 
wl Barrier 

Low Infiltration UCF= 
w/ Barrier . ICF4 

Klgh Infitratlon H]CCDF4= -0 
v- wBarrier 

Flooding FCCDFNB 4-0 
w/o Barrier 

LOW infilration LCCDFNB =9.17.1(P 
w/o Barrier 4 

High Infiltrton~~ MCFB-.2-1 
w/o Barrier=.331

20,000 years 40,000 years 80.000 years 

YFCCDFSD =0 FCCDFJ 16 -1.969-16 FCCDF320 =1.836-16' 

LICCDF~o -01 L-ccDF 16 =7.696' 10' U1CCDF3 ='2.48- IV 

MCCDF. =1.335-160 lgCCDF .=1.448-IV MCCDF~=.-441I-I 

FCCD IFNB9O0 -= FCCDFNB~ =6 6.066' 16'FCCDFNB.-=2.068' 16" 

UCCDFNB,= 3.13.10-3 UICCD)FNB 1, =2.224' IOLICCDFNB.= 4.11*102 

HICCFNB, =2.533- IV IHICcFNB1,,- 3.319. 16ThICCDFNB3 0 1.844- IV

7.

.t

I)) .A43� 
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TOPEVENT.XLS

eN

Sequence Cumulative Probabilities For Each Mo dte o Run 
climate & wpb&ldl wpb&ldh climate wpb&ldl wpb&ldh 
tectonc tectonc 

Time (yrsa Run # FwIB Uw/IB HIw/B F w/o B U w/o B HI wBo B 

10,000 1 0 0 0 0 8.99E-05 3.99E-06 

2 0 0 0 0 8.64E-05 3.99E-06 
3 0 0 0 0 8.51 E-05 4.43E-06_ 

41 0 0 ' 0 0 9.70E-05 2.66E-06 

_ _5 0 0 0 0 9.17E-05 3.32E-06 
Mean 0 0 0 0 9E-05 2.68E-06 

SD 0 0 0 0 4.74E-06 6.95E-07 

20,000 1 0 0 1.11E-05 0 3.1OE-03 2.48E-04 

2 .0 0 1.29E-05 0 3.14E-03 2.41E-04 

3 0 .0 1.08E-05 0 3.15E-03 2.29E-04 

4 0 -0 9.91E-06 0 3.10E-03 2.56E-04 

5 0 0 1.34E-05 0 3.13E-03 2.53E-04 

Mean 0 0 1.16E-05 0 3.13E-03 2.45E-04_ 

SD 0 0 1.47E-06 0 2.3E-05 1.07E-05 

40,000 1 0.OOE+00 6.11E-06 11.42E-03 0.00E+00 2.22E-02 3.29E-03 

2 1.97E-07 6.31E-06 11.42E-03 2.05E-07 92.'202 3.29E-03 

3 0 6.W0E-06 1.41E-03 0.0012+00 2.22E-02 3.26E-03 

4 0 7A.E-06 1.43E-03 0 2.22E-02 3.28E-03 

5 1.97E-07 7.70E-06 0.001 6.07E-07 2.22E-02 3.32E-03 

Mean 7.89E-08 6.9E-06 1.43E-03 1.62E-07 2.22E-02 3.29E-03 

SD 1.08E-07 6.99E-07 1.34E-05 2.64E-07 3.7E-05 2.28E-05 

80,000 1 1.62E-06 2.48E-02 1.44E-02 2.01E-06 4.71E-02 1.84E-02 

2 7.27E-07 2.48E-02 1.45E-02 923E-07 4.71E-02 1.86E-02 

3 8.96E-07 2.48E-02 1.44E-02 1.1OE-06 4.71E-02 1.84E-02 

4 9.12E-07 2.48E-02 1.43E-02 1.64E-06 4.70E-02 1;84E-02 

5 1.84E-06 2.48E-02 1.A4E-02 2.07E-06 4.71E-02 1.64E-02 

Mean 1.2E06 2.48E-02 1A4E-02 1.•5E-06 4.71E-02 1.85E-02 

SD 4.94E-07 2.12E-05 529E-05 5.21E-07 2.39E-05 6.72E-05 

crac• 6.95E-02 _ holes 1.OOE-02 
geometry 1 

CUTSETS$ 

WI Barrier Credit '10,000 20,000 40,000 80,000 

crmckswp geometry holes wpb&ldh 0 8.07E-09 9.92E-07 1.O0E-05 

crackswp geometry holes 1d0l -0 7.8E-09 1.72E-05 

tectonc geometry v 0 7.89E-O08 1,20E-06 

climate geometry -_ "_0 0 7,69E-08 1.20E-06 

TOP EVENT __0 8.7E-09 A.ISE-06 2.96E-05 

W/O Barrier Credit 10,000 2D.000 40.000 80,000 

crackswp geometry holes wpb&ldh - 2.66E-09 1.Y-'07 2.28E-06 1.28E-05 

crack ome holes btdl- __ I 6.26E-08 2.17E-06 1.54E-05 3.27E-05 
_tectonc geometry 1 _ 0 1I62E-07 1.5-E-06 

climate geometry 0 0 1.6PE-07 1.5IE-06 

TOP EVENT 7 1 6.51E-08 34- .8E5 4.86E-I5
tOAM
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CRWMS/M&O
Design. Analysis Review Summary

Complete only applicable items.

:6

0

No interdiscipline review is required becanse the revised ifformmaon does not change the conclusions and therefore issuance of 
REV 01 will not aftet aRy other organization. 10'- /f /q&5 

The De partment Manager and LDE have determined that no external review is required. .The results and conclusions have not 
changed from the previous analysis, and therfore, no external organizations are affected. • 
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Design Analysis Cover Sheet

Complete onjy applicable Items.

2. DESIGN ANALYSIS TITLE 
Inital Waste Package Pxobabilisdc Criticality Anntv~ir MuIti-Purnr Canlkter With Dimnn~n Cnntauiie- 1TEV3

3. DOCUMENT IDENTIFIER f°ncluding Rev. No.) - " 4. REV. NO. S. TOTAL PAGES 

B[ •OOOOO-01717-2200-0080 .EV M01 01 156 
S. TOTAL ATTACHMENTS 7. TTACHMENT NUMBERS- NO. OF PAGES IN EACH a. SYSTEM ELEMENT 
S"147 .v" MGDS.Sys ler nt 

_I_ •,.,Print Name Signature Date 

9. Originator John L. Massari -i l4.-.  

10. Checker " Lwie E Booth " / r , 

11. Lead Design Engineer Peter Gottlieb ~/'s/ 

12.0A Manager 1 ,j a ll,-,1" 4 '/ 

13. Department Manager Hugh A. Benton 
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CRWMS/M&O

K Design Analysis Revision cordl 

Complete orlw 4pplicable &ems. 0DJA 
IPage:/ Of: ý 

-CA1114 A

2. DESIGN ANALYSIS TITLE 

Initial Waste Package Probabilistic Criticality Analysis: Muld-Purpose Canister With Disosal Container (TBV) 
3. DOCUMENT IDENTIFIER (Including Rev. No.) 4. REVISION NO.  

BOOOOOOOO-001717-2200-00080 REV 0 1O0 
5. Revision No. 6. Total Pages 7. Description of Revision

00 

01

63 + 3 Attachments 
66 Total Pages 

56 + I Attachment 
103 Total Pages

Original Issue

Revised to provide increased detail of calculations performed. Mathcad+ v5 used in 
place of Lotus 123. Minor changes to input parameters. No changes to calculation 
method, scope, or assumptions.
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CRWMS/M&O History of Changes 

Complete only applicable Items.

I PROCEDURE NUMBER AND TITLE jREVISION NUMBER 
OAP-3-9 Desin Analysis I Revision 6 D
The changes in this revision shall be summarized below and shall include the reason(s) for the revision. The reasons shall be 
in sufficient detail on this form for through reference to other document(s)] to allow future change preparers to be sure that 
changes being made do not change customer commitments or inadvertently compromise past corrective action steps. Use 
additional History of Change pages as necessary to provide a complete summary of the changes made including identification 
of any related reports, directives etc. that required the changes. Identify changes to Customer Commitments in one Section.  
Identify changes due to Corrective Action in another section. Identify Other changes In a third section. Use additional HOCs 
or blank sheets (headed with the same information as the HOC form) as necessary to summarize the changes.  

Changes to Customer Commitments: 

None 

Changes due to Corrective Action: 

An 1.7 Deleted the words "including all calculations" as partial Remedial Action for YMQAD-95-D-005 

6.0: : Clarified timing of record submittal in partial response to Remedial Action for CAR YM-95-028 

Other Changes: 
General: Editorial changes and clarifications throughout the procedure 
3.7: Redefined Interdiscipline Review* as 'Design Review* and changed definition to reflect the QARD definition 
3.9: Defined "External Review* as *A documented evaluation of design piroucts prior to final approval 
3.12: Added definition of "Qualified Data" that reflects definition in QARD 
3.13: Redefined *Unqualified Data to reflect defimtion in QARD 
5.0, 5.1.3, 5.2.3: Added statement of expectations for order of completion for activities 
5.1.3A and Au 111.3: Reference to QAP-3-13 was deleted and instruction added to obtain DI from Location CM organization 
5.1.3B: Clarified the tracking of draft revisions prior to pproval; imcNuding on attachments 
5.2.3A: Clarified when tracking requirement is applied for TBVs and identify unqualified data and/or assumptions 
53: Inerdiscipline Review was changed to Design Review throughout the procedure 
5.3.1: Rewritten to clarify the review process selection and flow 
5.3.3: Rewritten to clarify comment documentation and resolution responsibility 
5.4: Rewritten to clarify the review process selection and flow 
5.4: Deleted the requirement for the Originator to incorporate QAP-3-1 comment resolutions into the design analysis 
5.5.1: Clarified when to identify and control unqualified data and/or assumptions 
5.6 and 5.8.2: Deleted reference to Basis for Design 
5.9: Rewritten to address editorial comments only 
5.10: Clarified requirement on marking changes on revised document and deleted re"quiement to maintain all past history on 
the current document. The Revision HIstory must summarize changes since the last revison 
Au I Clarified requirements for identification of unqualified input and the need to track TBV inputs 
Att ,Att IV and Att VI Deleted requirement to note revision number separate from the DI 

Al change histories for prior ravisions/oharges shall be reviewed in preparation of this mviuion. List change hixtories reviewed. or enter NA' 

QAP-3-9 Rev 5; QAP-3-9 Rev 4; QAP-3-9, R03, P04; QAP-3-9, R03, P03; QAP-3-9, R03, P02; QAP-3-9, R03, P01; QAP-3-9 
Rev 3 
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